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Resumo As doenças autoimunes (DAI) são doenças crónicas com uma elevada taxa de 

prevalência que afetam cerca de 4% da população mundial e 5% da população 
portuguesa. Existem várias DAI dentro das quais as mais comuns incluem a 
esclerose múltipla (do inglês multiple sclerosis, MSs), artrite reumatóide (do inglês 
rheumatoid arthritis, RA), lúpus eritematoso sistémico (do inglês systemic lupus 
erythematosus, SLE) e esclerose sistémica (do inglês systemic sclerosis, SS) que 
serão estudadas nesta Tese. As DAI são doenças debilitantes que tornam o 
paciente incapaz de viver a vida diária normal e têm um grande impacto na 
economia da sociedade e dos sistemas de saúde. O processo fisiopatológico da 
maioria das DAI não é totalmente compreendido, e cada DAI parece ter 
características patológicas específicas que ainda são desconhecidas, o que 
conduz ao uso de ferramentas de diagnóstico inadequadas e à falta de 
biomarcadores específicos para cada doença, muitas vezes precedendo 
situações clínicas incorretamente diagnosticadas. Sentindo a necessidade 
urgente de uma nova abordagem de diagnóstico (além dos parâmetros 
imunológicos) e de novos e mais específicos biomarcadores para amenizar o 
desafio de diagnosticar as DAI, a lipidómica pode ser vista como uma nova 
ferramenta para enfrentar este desafio, o que é corroborado pelos poucos estudos 
que abordam alterações do perfil lipídico nas DAI. No entanto, a alteração da 
homeostase lipídica nas DAI tem sido pouco estudada e a maioria dos estudos 
relata dados de ensaios enzimáticos/colorimétricos. Muito poucos referem as 
alterações no lipidoma deste tipo de patologias através da análise lipidómica, o 
que poderia fornecer novos conhecimentos sobre os distúrbios e adaptações 
lipídicas nas DAI para elucidar completamente os mecanismos moleculares que 
regulam a homeostase lipídica nestas patologias. Espera-se que seja possível 
propor novos biomarcadores, bem como desenhar estratégias terapêuticas 
inovadoras de acordo com a nova “medicina de precisão”.  
Assim, o principal objetivo da presente Tese consistiu na identificação do lipidoma 
de plasma, soro e sangue total das DAI mais prevalentes, nomeadamente MSs, 
SLE e SS, usando abordagens lipidómicas baseadas em espectrometria de 
massa (do inglês mass spectrometry, MS) acoplada à cromatografia líquida (do 
inglês liquid chromatography, LC). Pretendeu-se identificar uma assinatura 
lipidómica específica para a descoberta de biomarcadores lipídicos de cada DAI 
estudada, na esperança de melhorar a  medicina personalizada e de precisão. A 
oxidação de espécies lipídicas, em particular os ésteres de colesterol, também foi 
objeto de estudo, na tentativa de entender o processo de peroxidação lipídica 
induzida por condições de stress oxidativo características das DAI. Um objetivo 
adicional desta Tese foi determinar a viabilidade do sangue seco em cartão (do 
inglês dried blood spots, DBS) como uma abordagem pré-analítica alternativa 
para a análise lipidómica clínica. 
Seguindo o objetivo principal desta Tese, e para obter um conhecimento mais 
aprofundado sobre as DAI, a análise lipidómica do soro de pacientes com MSs, 
comparando com controlos saudáveis, mostrou que o perfil lipídico muda com o 
estado da doença e a espécie lipídica fosfatidilcolina [PC (38:1)] poderia ser um 
possível biomarcador desta doença. Além disso, estudou-se sangue total e 
plasma de pacientes diagnosticados com SLE e SS, onde se determinou que a 
espécie PC(38:1) pode não ser um marcador exclusivo para a MSs, mas sim para 
as DAI, uma vez que a sua abundância estava alterada em ambas SLE e SS. O 
conteúdo de esfingomielina e ceramidas no plasma de SS mostrou-se 
aumentado, podendo ser considerado o seu uso como marcadores específicos 
desta DAI.  

 
 
 
 



 
 
 
 
 
 
 
 
 
Resumo  A correlação entre inflamação, stress oxidativo e lípidos nas DAI foi avaliada no 

caso da RA. Foi realizada uma revisão da literatura a respeito da RA, uma das 
DAI mais prevalentes, e onde já foram reportadas alterações lipídicas 
relacionadas com o aumento do stress oxidativo. No entanto, o foco das 
investigações tem sido nas alterações do perfil de ácidos gordos, existindo 
apenas alguns estudos com aplicação de abordagens lipidómicas. Todavia, há 
evidências de alteração de algumas espécies de fosfolípidos, como PC e 
fosfatidilinositóis, e algumas espécies de lípidos oxidados, como os ácidos 
hidroxieicosatetraenóicos e os ácidos hidroxioctadecadienóicos. Numa tentativa 
de otimizar as abordagens baseadas em MS para a identificação de lípidos 
oxidados nas DAI, foram sintetizadas espécies de éster de colesterol oxidado e 
caracterizadas por LC-MS/MS. Foi determinada a sua fragmentação específica, o 
que será útil para a identificação destas espécies em doenças relacionadas com 
stress oxidativo, como é o caso das DAI. 
Além disso, os DBS foram avaliados para atender ao propósito do 
desenvolvimento de um método menos invasivo passível de ser aplicado na 
análise lipidómica das DAI. Inicialmente, foi realizada uma revisão bibliográfica 
das aplicações dos DBS na lipidómica onde foram destacados os principais 
procedimentos e interferências, bem como alguns resultados já descritos sobre 
este assunto. No entanto, não há consenso sobre este tema e devem ser feitos 
esforços para harmonizar e padronizar os procedimentos/protocolos utilizados de 
forma a aplicar este método de colheita de sangue em análises de lipidómica 
clínica de rotina. Por último, o perfil lipídico de crianças saudáveis foi avaliado 
usando amostras de DBS, que mostrou variar com a idade. O método utilizado 
para extrair e analisar os lipídios dos DBS mostrou-se eficiente, o que significa 
que o uso do método DBS pode ser aplicado no futuro para o estudo das DAI.  
Atualmente, são necessárias estratégias que forneçam marcadores da doença e 
do estado da doença adequados a um diagnóstico preciso, uma intervenção 
oportuna e uma melhor gestão da doença, especialmente em doenças 
multifatoriais e de diagnóstico complexo como as DAI. Esta Tese tentou ir ao 
encontro dos desafios da saúde, criando, por um lado, oportunidades para uma 
vida mais salutar, repleta de bem-estar e cuidados adequados. Por outro lado, 
contribui para a evolução do conhecimento sobre as assinaturas lipídicas das DAI 
e o possível uso dos DBS como substituto das amostras convencionais, todos 
contribuindo para o inovador método da medicina de precisão. A medicina 
personalizada/de precisão beneficiaria do diagnóstico precoce personalizado de 
episódios de recaída, auxiliado pela análise lipidómica, para promover um 
tratamento mais eficaz para cada paciente com DAI. 
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Abstract Autoimmune diseases (AID) are chronic diseases with a high prevalence rate that 
affect approximately 4% of the world population and 5% of Portugal`s population. 
There are several different AID and the most common include multiple sclerosis 
(MSs), rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and 
systemic sclerosis (SS), which will be studied in this thesis. AID are debilitating 
diseases that make the patient incapable of living the normal daily life. It highly 
impacts the economy of both society and health care systems. The 
pathophysiological process of the majority AID is not fully understood, and each 
AID seems to have specific pathological features that are still mostly unknown. 
This leads to impaired proper diagnostic tools and lack of specific biomarkers for 
each disease, often preceding poorly diagnosed clinical situations. Feeling the 
urgent need for a new diagnostic approach (besides the immunological factors) as 
well as new and more specific biomarkers to ease the challenge of diagnosing 
AID, lipidomics can be seen as a new approach to face this challenge. This is 
supported by the few studies that have addressed some alterations in lipid profile 
in AID. Nonetheless, the alteration in lipid homeostasis in AID has been scarcely 
studied and most of the studies report data from enzymatic/colorimetric 
experiments. Very few addressed the changes in the lipidome of this type of 
pathologies through lipidomic analysis, which could give new knowledge on the 
lipid disturbances and adaptations in AID to fully elucidate the molecular 
mechanisms regulating lipid homeostasis in these pathologies. Hopefully it will be 
possible to propose new biomarkers as well as to design innovative therapeutic 
strategies in agreement with the nowadays so-called precision medicine.   
Thus, the main goal of the present Thesis was to fingerprint the plasma, serum, 
and whole blood lipidome of the most prevalent AID, namely MSs, SLE and SS, by 
using mass spectrometry (MS) based lipidomic approaches coupled to liquid 
chromatography (LC). It was intended to identify a specific lipidomic signature for 
lipid biomarkers discovery of each AID studied, hoping to improve precision and 
personalized medicine. Oxidation of lipid species, in particular cholesteryl esters, 
was also explored in an attempt to understand the lipid peroxidation process 
induced by oxidative stress conditions, which are characteristic of AID. An 
additional objective of this Thesis was to ascertain dried blood spots (DBS) as an 
alternative pre-analytical approach for clinical lipidomic analysis.  
Following the main goal of this Thesis, and to gain a more in-depth knowledge on 
AID, lipidomic analysis of serum from MSs patients, comparing with healthy 
controls, showed that the lipid profile changes with disease status and the lipid 
species phosphatidylcholine [PC (38:1)] could be a possible biomarker of this 
disease. In addition, the whole blood and plasma of patients diagnosed with SLE 
or SS diseases were studied and it was determined that PC(38:1) may not be an 
exclusive marker for multiple sclerosis but instead for AID, once its abundance 
was altered in both SLE and SS as well. Sphingomyelin and ceramides content in 
plasma of SS was shown to be upregulated and could be used as specific markers 
of this AID.  

 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
Abstract  The correlation between inflammation, oxidative stress, and lipids in AID was 

evaluated in the case of RA. It was performed a review of the literature regarding 
RA, one of the most prevalent AID, and known to be correlated with lipid alteration 
and increased oxidative stress. However, the major work was focused on the 
alterations of the fatty acid profile and only few in lipidomic studies, but giving 
evidence of alteration of some phospholipid species, such as PC and 
phosphatidylinositols, and few oxidized lipid species like hydroxyeicosatetraenoic 
acids and hydroxyoctadecadienoic acids. In an attempt to optimize MS-based 
approaches for the identification of oxidized lipids in AID, oxidized cholesteryl ester 
species were synthesised and characterized by LC-MS/MS, and the specific 
fragmentation fingerprinting was identified, which will be useful for their 
identification in oxidative stress related diseases such as AID. 
Furthermore, DBS were evaluated to meet the purpose of the development of a 
less invasive method for lipidomic analysis in AID. Initially a bibliographic revision 
of DBS applications in lipidomics was performed and key procedures and 
interferences were highlighted, as well as few previous findings on these subjects. 
There is no consensus on this topic and efforts should be made to harmonize and 
standardize the procedures/protocols used to apply this blood collection method 
on routine clinical lipidomic analysis. Lastly, the lipid profile of healthy children was 
evaluated using DBS samples. The lipid profile was shown to change with age and 
the method used to extract and analyse the lipids from the DBS was proven 
efficient, meaning that the use of DBS method can be further exploited to the study 
of AID.        
Nowadays, there is an urgent need for strategies that provide disease and 
disease-state markers suitable for accurate diagnosis, timely intervention and a 
better disease management, especially in multifactorial diseases and of complex 
diagnosis like AID. This Thesis tried to meet health challenges, creating 
opportunities for good health, well-being, and healthcare, by contributing to the 
evolution of knowledge concerning AID lipidomic signatures and the possible use 
of DBS as a substitute of conventional samples, all contributing to the innovative 
method of precision medicine. Personalized/precision medicine would benefit from 
the tailored early diagnosis of relapse episodes, aided by lipidomic analysis, to 
promote a more effective treatment to each AID patient. 
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1.1 Understanding autoimmune diseases  

Autoimmune diseases (AID) are chronic multifactorial diseases that are increasing their 

prevalence and are responsible for high rates of morbidity and mortality. Worldwide, the 

population affected by an AID corresponds to approximately 4%[1]. In Portugal, it is estimated that 

half a million people suffer from an AID, which corresponds to 5% of the country`s population. 

There are over 80 different AID with different degrees of rarity. The most common AID include 

type 1 diabetes, multiple sclerosis, rheumatoid arthritis, systemic lupus erythematosus, Crohn's 

disease, psoriasis and scleroderma[2]. Thus, in this Thesis, efforts were made to broad the 

knowledge on multiple sclerosis (MSs), rheumatoid arthritis (RA), systemic lupus erythematosus 

(SLE) and scleroderma, also known as systemic sclerosis (nomenclature used in this work from 

here forward, SS). AID are associated with debilitating conditions that incapacitate the patients and 

bring economic burdens not only for the patients and their families but also for the society and 

health care systems. One of the major difficulties regarding AID is the lack of proper diagnostic 

tools and specific biomarkers for each disease leading many times to misdiagnosed/undiagnosed 

situations. Additionally, there is a shortage of qualitative methods that allow the prediction of 

relapse episodes or the outcome of the treatment. The fact that the pathophysiological process of 

the majority AID is not fully known, and that each AID seems to have specific pathological 

features, is a setback for the improvement of clinical tools for a better healthcare. 

In AID there is a deregulation of the immune system. This system is the body defence 

mechanism against disease, aimed to maintain homeostasis. It serves to identify foreign pathogens, 

commonly known as antigens, and prevent their potentially harmful effects[3]. There are two types 

of immunity, innate and acquired, and regardless which type, a fully functional immune system has 

the ability to recognise and distinguish foreign pathogens from “self” molecules, which need to be 

protected[4]. This protective mechanism is essential to keep homeostasis, but of foremost 

importance for patients with a compromised immune system`s function. Therefore, when the body 

starts to look at their own molecules as antigens, the immune response becomes directed to the 

body itself, leading to the development of an AID[5]. Thus, an impaired and defective immune 

system is the basis of AID pathogenesis[6].  

The pathogenesis of AID is an undeniably complex process. It is influenced by several 

factors (multifactorial diseases), such as genetic, environmental, life style and hormonal, that work 

together to disrupt the normal tolerance of the immune system towards self-antigens (Figure 1.1-

1)[7]. 
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Figure 1.1-1. Autoimmune diseases (AID): risk factors and common examples of AID. These diseases are 

multifactorial and affect almost 4% of the population in the world. Their development is influenced by 

different factors such as the patient’s lifestyle, the surrounding environment, genetics, and hormonal 

imbalance. There are plenty of AID, all of them with different pathogenesis and development, but among the 

most common are multiple sclerosis, systemic lupus erythematosus, rheumatoid arthritis and systemic 

sclerosis. 

 

There are a large number of AID that are clinically different, and each have an heterogenous 

development. Some are more prevalent than others and there are AID that are so rare that only 

affect a very small percentage of the population. For instance, SLE has a prevalence of 43.7 per 

100 000 persons[8] while catastrophic antiphospholipid syndrome affects only 5 people per million 

in the general population[9]. Although the number of diseases is high and their characteristics are 

different, AID share some physiological processes and symptoms. Autoantigen recognition as non-

self, amplification of the immune response, chronic inflammation and tissue destruction are some 

mechanistic threads that AID have in common[10].  

AID can be classified in two different categories (Figure 1.1-2): systemic or organ-specific[11]. 

Systemic AID are characterized by the immune response being directed against self-antigens 

scattered throughout the body, leading to a widespread tissue damage and involvement of multiple 

organs. It is the case of the diseases studied in this Thesis that are all systemic AID. Meanwhile, in 

organ-specific AID the immune response only attacks self-antigens expressed in specific 

organs[12]. Type 1 diabetes and Graves disease are two examples of organ-specific AID that 

particularly affect the beta cells of the endocrine pancreas and the thyroid gland, respectively. 
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However, the existence of an AID, either systemic or organ-specific, does not prevent the 

occurrence of another AID in the same patient. In fact, both types of AID can coexist in the same 

person, either by consequence of each other or all at the same time, supported by the presence of 

autoantibodies directed against the corresponding autoantigens[13]. 

  

Figure 1.1-2. Autoimmune diseases (AID) are divided in two different categories: systemic and organ-

specific. Systemic AID affect multiple organs while in organ-specific AID the immune response is directed 

to a particular organ. Common AID are shown as an example of each category as well as the organ involved. 

 

 Another characteristic shared by AID is that the disease activity changes throughout the 

patient`s life, meaning that the pathological process is dynamic and oscillates between worsening 

and improvement[14]. Since the appearance of the symptoms, the patient experiences remission 

and relapse periods. In remission periods the disease is in an inactive state while in relapse periods 

there is an exacerbation of disease activity, severity and symptoms[15]. This way, it would be 

highly beneficial for the patient if there was a possibility to predict relapse episodes and intervene 

carefully with appropriate therapeutic strategies to prevent the worsening of symptoms. However, 

there are no specific diagnostic tools or biomarkers that allow the prediction of these periods. To 

face this drawback and prevent these debilitating periods, new studies are needed to understand the 

mechanism of disease and to find new biomarkers. Personalized medicine would benefit from the 

tailored early diagnosis of relapse episodes in order to promote a more effective treatment to each 

AID patient.  

The diagnosis of AID is based on clinical and laboratory data that should be specific for 

each disease as any other pathology. However, AID have different forms of manifesting and 
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patients display diverse combinations and overlapping clinical and laboratory features[16]. There 

are many symptoms and molecular manifestations (laboratory findings) that are common in distinct 

AID. This way, finding the pathogenesis and achieve a definite diagnosis of AID has been 

challenging since it is not a straightforward process. Due to scientific, epidemiological and genetic 

breakthroughs, many classification criteria of AID needed to be updated[17]. The diagnostic 

criteria provide guidelines that physicians can follow through and in which clinical observations 

can be tested, therefore reaching a more specific diagnosis. Nonetheless, the establishment of good 

diagnostic criteria does not imply a less challenging early diagnosis[17].     

A hallmark of AID is the production of high-affinity autoantibodies that attack 

autoantigens[18]. Low titers of autoantibodies are normally produced in the human body, 

indicating a normal health status. On the contrary, high autoantibody titers may be indicative of an 

AID[19]. Antinuclear antibodies (ANAs) are autoantibodies that attack self-proteins within cell 

nucleus structures. A positive test result for ANAs may indicate the presence of a systemic AID, 

such as SLE, drug-induced lupus, SS, Sjögren syndrome, mixed connective tissue disease, 

polymyositis /dermatomyositis, RA, oligoarticular juvenile chronic arthritis, polyarteritis nodosum, 

or an organ-specific AID such as Grave`s disease, Hashimoto thyroiditis or autoimmune hepatitis. 

ANAs also have been detected in chronic infectious diseases, including viral infections 

(parvovirus, hepatitis C), tuberculosis, parasitic infections (schistosomiasis), and bacterial 

endocarditis. Other factors that yield ANA-positive test results include cancers, markers of the 

future development of AID, certain medications, and having relatives with an AID[19]. 

Thus, the testing for ANAs is important in the diagnosis of AID, however, the test result 

for ANAs in itself has no significant meaning if there is no clinical correlation[20]. As ANAs have 

very low specificity, an individual positive or negative test result gives no information to the 

patient or clinician, therefore, ANAs test must always be accompanied by the testing of other more 

specific biomarkers. There are other types of autoantibodies that are tested for AID as well, 

however, similarly to what happens with ANAs, these autoantibodies can be detected in several 

AID (Table 1.1-1). 
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Table  1.1-1. Different types of autoantibodies evaluated in laboratory tests for AID diagnosis. 

Autoantibody Autoantigen Associated AID 

Anti-dsDNA Double stranded-DNA 

Highly specific for SLE 

Correlated with relapse periods (active, 

severe disease) 

Anti-Extractable 

Nuclear Antigens: 

• Anti-Sm 

• Anti-RNP 

 

• Anti-SSA (Ro) 

 

 

• Anti-SSB (La) 

 

 

Smith 

Proteins containing U1-RNA 

 

Ribonucleoproteins 

 

 

Ribonucleoproteins 

 

 

Highly specific for SLE 

SLE, RA, SS, Sjogren`s syndrome, MCTD 

Sjogren`s syndrome, SLE (subacute 

cutaneous lupus), neonatal SLE 

Sjogren`s syndrome, SLE, neonatal SLE 

Anti-centromere 
Chromosome 

(centromere/kinetochore region) 

Limited SS, pulmonary 

hypertension, primary biliary cirrhosis 

Anti-Scl 70 DNA topoisomerase I Diffuse SS 

Anti-Jo-1 

(anti-synthetase Abs) 

Antibody to signal 

recognition protein 

Inflammatory myopathies with poor 

prognosis 

Anti-PM/Scl 
Antibody to nucleolar 

granular component 
Polymyositis/SS overlap syndrome 

Anti-Mi-2 
Antibodies to a nucleolar 

antigen of unknown function 
Dermatomyositis 

MCTD: mixed connective tissue disease. Adapted from Castro et al[21]. 

 

This way, a set of laboratory tests including several different biomarkers is needed to 

accomplish a better diagnosis. This set of laboratory tests must include parameters like a complete 

blood count, comprehensive metabolic panel, acute phase reactants (inflammatory markers), 

immunologic studies, serologies, flow cytometry, cytokine analysis, and HLA typing[21]. Even 

though some tests may not be specific for a certain disease, like the erythrocyte sedimentation rate 

analysed in the blood count component, they are very helpful to assess disease activity or even 

indicate the severity of organ involvement or damage. This way, having a comprehensive set of 

laboratory tests proves to be useful in the diagnosis, prognosis, and management of patients with 

AID. 

In conclusion, and given the fact that AID are polygenic, genetic markers alone are unlikely 

to be proven useful for early diagnosis because they have low positive predictive value[17]. This 

way, it is needed a new approach and new and more specific biomarkers to ease the challenge of 
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diagnosing AID. In this line of thought, lipidomics can be seen as a new approach to face this 

challenge. 

 

 

1.2 Clinical lipidomics as a potential new diagnostic/prognostic approach for AID 

Lipids are very important molecules for the regulation of physiological and pathological 

processes of the organism. They are the building blocks of cell membranes, serve as energy 

storage, and influence numerous cellular processes by directly participating as both primary and 

secondary messengers[22]. Phospholipids are the most abundant membrane lipids and are involved 

in the formation of the characteristic lipid bilayer structure of biological membranes, and are also 

important signalling molecules[23]. Sphingolipids act as mediators of physiological processes 

involved in cell proliferation, survival, inflammation, senescence and death[22]. Alterations of lipid 

metabolism and profile have been frequently associated with disturbances in the homeostasis 

leading to the development of a pathological state. Thus, lipids have gained substantial clinical 

relevance for their implications in a large number of human diseases. Many studies reported 

misbalances in lipid homeostasis in cancers and cardiovascular diseases, and some in 

neurodegenerative diseases[15]. However, little is known regarding lipids in AID. The majority of 

the studies report data from enzymatic/colorimetric experiments but very few address the changes 

in the lipidome of this type of pathologies through lipidomic analysis[15]. Thus, several questions 

remain unanswered in the field of lipid research in AID. A deeper comprehension of the lipid 

changes and adaptations is needed to fully elucidate the molecular mechanisms regulating lipid 

homeostasis in health and loss of homeostasis in AID as well as the specific alterations for each 

type of AID. This will be of utmost importance for the proposing of biomarkers as well as to design 

innovative therapeutic strategies in agreement with the nowadays so-called precision medicine.  

Lipidomics is an “omic” field of research that studies the alterations of lipids using mass 

spectrometry-based approaches. Mass spectrometry (MS) is able to reveal and identify, without 

ambiguity, the full structural details of a molecular lipid species. Due to its high sensitivity, it is 

possible to perform the identification of several lipid components from a complex mixture simply 

by analysing the different fragmentation patterns under tandem MS (MS/MS) conditions as well as 

allowing lipid species quantification[24].  

Lipid analysis follows a routine MS workflow (Figure 1.2-1) that starts with a pre-analytical 

stage, which refers to sample collection and treatment (step one). More and more attention has been 

given to this step because it highly influences the results of lipidomic analysis. Various pre-

analytical parameters have been proven to affect the stability, type and quantity of lipids extracted. 

The most important pre-analytical parameters to significantly affect the results comprise the 
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transport and storage conditions, the type of sample (variations in the matrix affect the lipid 

volume, the extraction efficiency, and the chromatographic results), and the haematocrit[25]. Then, 

the lipids from the sample (for example plasma, serum, whole blood or cells) are extracted using 

organic solvents (step two). There are plenty of extraction protocols, which some of them are more 

suitable for a specific type of sample. The third step is data acquisition by MS based approaches, 

where the total lipid content can be analysed either by targeted or untargeted analysis, depending 

on the goal of the research. Targeted lipidomic analysis is used to identify and quantify specific 

lipids, aiming to profile specific markers or unravel specific pathways. In this case it can be applied 

a direct infusion MS approach without prior separation of the compounds. On the other hand, 

lipidomics can be used in an untargeted manner, looking for the identification and quantification of 

as much lipid species as possible. Untargeted lipidomic analysis is generally used for screening 

purposes, normally to compare different groups or biological conditions (for instance, an analysis 

of pathology vs health status)[26, 27]. This type of approach is a high throughput lipidomic 

technique with the application of a chromatographic separation of the lipids, most commonly liquid 

chromatography coupled with mass spectrometry (LC-MS), in which the lipids are separated 

according with their different polarities. Regarding the mass spectrometer component, the most 

used ionization source is Electrospray Ionization and different mass analysers have been used to 

identify the lipidome of different diseases, such as the Linear Ion Trap, Triple Quadrupole, Time of 

Flight and Orbitrap, differing between them in several parameters like resolution, mass range, scan 

rate, detection limits and sensitivity[28]. The final step of the MS workflow is data analysis. The 

interpretation of the (LC-)MS and MS/MS spectra allows the identification and quantification of 

the lipid species, either in the positive or in the negative modes, depending on the structural 

features (polarity) of the polar head group[29]. Several bioinformatic tools can be used for data 

analysis and treatment, such as MS-DIAL, MZmine, among others[30, 31]. Having said that, the 

procedures (of each MS workflow step) must be optimized and standardized to increase the 

consistency and reproducibility of the experimental procedure and allow the comparison of 

research work data between different labs, for instance in international microsampling cohorts, 

promoting a harmonization of the lipidomics research field. 
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Figure 1.2-1. Mass spectrometry-based lipidomics workflow for the analysis of the lipidome of diseases, 

such as AID. 

 

The identification of each lipid specie is made based on the retention time (RT), once each 

lipid class typically displays a characteristic RT range, m/z value and exact mass of the ions 

identified in the MS spectra, along with characteristic fragment ions or neutral losses for each class 

found in MS/MS spectra. In the positive mode it is possible to detect preferentially 

phosphatidylcholines (PC), lyso-PC, sphingomyelins and ceramides, due to the formation of the 

positive ion [M+H]+. Neutral lipids like diacylglycerol, triacylglycerol and cholesteryl esters are 

also usually identified in the positive mode as [M+NH4]+ or [M+Na]+ adducts. In the negative 

mode it is preferentially detected the presence of phosphatidylethanolamine (PE), lyso-PE 

(although PE class can also be identified in the positive mode), phosphatidylinositol, 

phosphatidylglycerol, phosphatidic acids and phosphatidylserines with the formation of [M-H]─ 

ions. The identification of the fatty acyl chain composition and information on the remaining 

structural features of the molecule is obtained through interpretation of MS/MS spectra of each 

lipid species. In negative ion mode for instance, it is possible the identification of carboxylate 

anions, RCOO─ ions, which enables the identification of the fatty acids (FA) present in a specific 

lipid specie. The interpretation of MS/MS data is crucial on lipidomic research once it enables the 

identification of the fragment ions characteristic of each lipid class and pinpoints the molecular 
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structure of polar lipids, including the identification of the polar head group and of FA chains[32]. 

LC-MS lipidomic approach was employed on the research studies described in the present Thesis 

for the identification of the lipidome of AID and in the dried blood spots method test. The 

procedures used for the identification of ions and characteristic fragmentation of each lipid class, 

along with the strategies for peak integration for quantitative purposes, are clarified in detail 

throughout the following chapters. 

Besides the application of lipidomics for research purposes, the use of this type of analysis is 

broadening during the recent years to unravel the deregulation of lipid homeostasis in diseases, 

giving rise to the field that is now called clinical lipidomics. Clinical lipidomics merges the 

medical sphere with the lipid science in a new and integrative way. It intends to “measure the large 

scale of lipid species of patient samples, understand disease-specific lipidomic profiles, and fuse 

with clinical phenomics”[33]. Clinical lipidomics has very defined goals such as to identify disease 

biomarkers, to comprehend the underlying mechanisms of pathology development and become a 

standardized, reliable, and reproductible approach to diagnose diseases and monitor therapeutic 

strategies. More than a mere high throughput measurement of lipids from patient samples, clinical 

lipidomics aims to connect the patient lipid profile with its clinical phenotypes to achieve a better 

identification of disease severity, stage, duration and prognosis. Clinical lipidomics works together 

with precision medicine to provide the best outcome possible concerning treatment and health care 

to the individual patient and society.  

In clinical settings, the pre-analytical stage (sample treatment before any further procedure) 

is very important and it is presented as a challenge for clinical lipidomics (the first step of the MS 

workflow) because many times the samples reach the laboratory poorly accommodated or were not 

stored in the best conditions to prevent lipid degradation. In addition, patients with chronic diseases 

have to perform routine analysis, which can become a tedious and painful practice by the common 

venipuncture method. Also, they need to go to medical services quite often for blood collection, 

which can be inconvenient specially for elderly patients or children. Hence, healthcare agenda aims 

to smooth the procedure of blood collection, making it a less invasive method that can be 

performed by the patient himself at home, avoiding specialized handling, storage and transport 

conditions (to ease the pre-analytical stage), and lowering the costs to the healthcare entities. The 

feasibility of dried blood spots (DBS) as a new sampling approach in autoimmune patients, as a 

possible substitute of the traditional methods[25] is a very promising approach.    

DBS have been used for a long time in newborn screening programs for the detection of 

metabolic disorders[34]. The application of DBS in metabolomics[35, 36] and proteomics[37] 

studies is also well established due to the several advantages that DBS offer. From a single circle of 

blood, it is possible to analyse thousands of compounds only by using small volumes (µL) of 
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capillary blood deposited in the DBS paper card[38]. Thus, this microsampling method is very 

simple and easy to perform, making it possible for the patient to collect the sample at home, instead 

of having to go to a specialized entity to blood collection. Besides, DBS are a very stable matrix 

and the samples do not need to be immediately refrigerated facilitating their accommodation and 

transport[39]. There is evidence that lipids are stable in DBS therefore this type of sample could 

also be useful in lipidomic analysis (besides being a promising replacement of venipuncture for the 

routine analysis of AID)[40]. Nevertheless, the analysis of lipids from DBS samples is not yet well 

established in the lipidomics field and there is a need for more investigation on its applicability on 

this area. From the few studies that are already published on this matter, one may draw the 

conclusion that the pre-analytical and analytical methods need to be standardized and harmonized 

so that different laboratories may have concise results (Figure 1.2-2). Even though, it seems that 

DBS are as effective as plasma/serum/whole blood samples, reaching high levels of sensitivity and 

specificity during MS and MS/MS analysis, although scarcely used in lipidomics. 

 

 

 

 

Figure 1.2-2. DBS current applications and advantages. Possible use of DBS method in clinical lipidomics 

after standardization and checking of protocols. 
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1.3 Thesis objectives and outline 

Lipidomics is an emerging field of research, however its applicability in the investigation of 

AID is still scarce[15, 41, 42]. In this Thesis it was proposed to fingerprint the plasma, serum, and 

whole blood lipidome of the most prevalent AID, namely MSs, SLE and SS, and to use lipidomic 

data as a toolbox to identify specific lipidomic signature for lipid biomarkers discovery of different 

AID.  

Currently, strategies that provide disease and disease-state markers suitable for accurate 

diagnosis, timely intervention and a better disease management (“precision medicine”), particularly 

those in scenarios of multifactorial diseases, are highly needed. Universities and hospitals needed 

to work together to meet social and health challenges, creating opportunities for good health, well-

being, and healthcare.  

The lack of knowledge regarding plasma/serum/whole blood lipidomics and oxidative 

lipidomic changes in AID encouraged the proposition of this Thesis with the following main 

objectives:  

(1) fingerprint the lipidomic signature in each AID;  

(2) screening of oxidized phospholipids in each AID;  

(3) identification, in each AID, of specific markers of disease activity that allow the 

prediction in a timely manner of the occurrence of relapsing episodes and/or markers to monitor 

clinical/treatment outcomes and disease progression;  

(4) identification of a possible variation of the lipidomic signatures with age and sex of AID 

patients that can be used as targets for personalized therapies;  

(5) development and validation of a non-invasive test for lipid profiling: blood spot test.  

These specific goals are addressed in the present Thesis along five Chapters, described 

below: 

 

Chapter 1. Introduction 

A general introduction is provided on the current knowledge of AID. Lipidomic studies on this 

type of pathologies are found to be scarce and challenging, yet important for the evolution of the 

understanding of such diseases. The workflow of MS based approaches applied to clinical 

lipidomics is discussed as well as an innovative non-invasive method of lipid analysis easier to 

standardize the pre-analytical stage of the lipidomic analysis. 

 

Chapter 2. Lipidomic analysis in autoimmune diseases 

This chapter is divided into three subchapters: 
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• Chapter 2.1 Current knowledge on lipidomics in Multiple Sclerosis provides a systematic 

review of international peer-reviewed scientific literature on lipidomic studies on MSs to 

understand the state of the art concerning the relationship between the lipid profile and this 

pathology. This chapter was published in the journal Multiple Sclerosis and Related 

Disorders. 

• Chapter 2.2 Lipidomic Analysis in Multiple Sclerosis shows the serum phospholipidomic 

signature of MSs that was determined, revealing promising new putative biomarkers. It 

was published in the journal Archives of Biochemistry and Biophysics. 

• Chapter 2.3 Lipidomics Analysis in Systemic Lupus Erythematosus and Systemic Sclerosis 

concerns a lipidomic analysis comparing SLE and SS whole blood and plasma samples. 

Possible future biomarkers were considered. This chapter was submitted to the Journal of 

Proteome Research. 

  

Chapter 3. Clinical lipidomics, autoimmune diseases and oxidative stress 

This chapter is divided into two subchapters: 

• Chapter 3.1 Current knowledge on lipidomics and oxidative stress in Rheumatoid Arthritis 

provides a systematic review of international peer-reviewed scientific literature on 

lipidomic and oxidative stress studies on RA to understand the state of the art concerning 

the relationship between the lipid profile, oxidation and the disease. This chapter was 

published in the journal Antioxidants. 

• Chapter 3.2 Oxidation studies on cholesteryl esters reveals the fragmentation patterns of 

oxidized cholesteryl esters species, important in cardiovascular diseases. This knowledge 

may now be applied in the lipidomic analysis of AID since cardiac involvement is also a 

comorbidity of this type of pathologies. It was published in the Journal of the American 

Society for Mass Spectrometry.  

 

Chapter 4. Novel pre-analytical methods in Clinical lipidomics 

This chapter is divided into two subchapters:  

• Chapter 4.1 Clinical lipidomics and the use of dried blood spots provides a comprehensive 

review of international peer-reviewed scientific literature on lipidomic analysis using dried 

blood spots. Type of paper cards, extraction methods and lipidomic based mass 

spectrometry approaches were addressed. This chapter was published in the journal 

Analytical and Bioanalytical Chemistry. 

• Chapter 4.2 Lipidomic analysis using dried blood spots discloses that the lipid profile of 

children varies according with the age. The lipid profile was determined using dried blood 
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spots and liquid chromatography-mass spectrometry-based approaches. It was published in 

the journal Molecular Omics. 

 

Chapter 5. Concluding remarks and future perspectives 

In this final Chapter, the main findings reported on Chapters 2, 3 & 4 are discussed in an 

integrated way, with some guidelines being suggested for future research trials. 

All the research studies presented in this Thesis are under the scope of clinical lipidomics 

with the goal to improve the knowledge in this science field regarding AID and contribute to a 

more refined precision medicine.     
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Abstract  

Multiple sclerosis is a chronic inflammatory and neurodegenerative disease of the central 

nervous system, and it is one of the most common neurological cause of disability in young adults. 

It is known that several factors contribute to increase the risk of development and pathogenesis of 

multiple sclerosis, nonetheless, but the true etiology of this pathology remains unknown. Similar to 

other inflammatory diseases, oxidative stress and lipid peroxidation are also associated to multiple 

sclerosis. Alterations in the lipid profile seem to be a hallmark of this pathology which can 

contribute to the dysregulation of lipid homeostasis and lipid metabolism in multiple sclerosis. 

Lipidomic studies analysed in this review clearly demonstrate the role of lipids in inflammatory 

processes, in immunity, and in the onset and development of multiple sclerosis. Several 

investigations reported alterations of some molecular lipid species, in particular, with decrease of 

fatty acids (FA) 18:2 and 20:4 and total polyunsaturated FA, with compensatory increases of 

saturated FA with shorter carbon chains. Oxidized phospholipids were reported in few studies as 

well. Also, it was shown that clinical lipidomics has potential as a tool to aid both in multiple 

sclerosis diagnosis and therapeutics by allowing a detailed lipidome profiling of the patients 

suffering with this disease.  
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1. Multiple sclerosis 

Multiple sclerosis is a chronic inflammatory and neurodegenerative disease of the central 

nervous system (CNS), and it is one of the most common neurological (non-traumatic) cause of 

disability in young adults (Rahmanzadeh et al., 2019; Society, 2020). This disease  leads to a 

progressive accumulation of disability that affects around 2.3 million people worldwide being  

most prevalent in women (Federation, 2013; Ortiz et al., 2013). Multiple Sclerosis is a 

demyelinating disease where myelin and oligodendrocytes (myelin producing cells) are destroyed 

(Love, 2006). Myelin is a lipid bilayer that protects axons from external damage and enhances 

neural signalling and transmission. Therefore its destruction increases neurological malfunctioning 

due to impaired axonal tracts and leads to the formation of focal lesions, known as plaques (Love, 

2006; Ortiz et al., 2013). Multiple sclerosis is a disease that affects brain, spinal cord and the optic 

nerves. The main symptoms include fatigue, tremor, motor dysfunction, nystagmus, numbness, loss 

of coordination or balance, disturbances in speech and vision, cognitive impairment and acute 

paralysis (Hurwitz, 2009; Ortiz et al., 2013). However, symptoms and signs depend on the location 

of the multiple sclerosis lesions in the CNS (Hurwitz, 2009). According to the clinical signs, four 

disease courses have been identified in multiple sclerosis (Hurwitz, 2009; Magalhaes and Salgado, 

1983; Society, 2020; Thompson et al., 2018):  

i. Clinically isolated syndrome (CIS): is the first episode of neurological symptoms 

in the CNS, caused by inflammation and demyelination, in a patient not known to have multiple 

sclerosis. Patients with a clinical condition of CIS may or may not progress to develop multiple 

sclerosis. There are several conditions with similar multiple sclerosis symptoms, thus, to establish 

an accurate diagnosis, it needs to be considered a differential diagnosis in all patients presenting 

with CIS.  

ii. Relapsing-remitting multiple sclerosis (RRMS): is the most common disease 

course affecting approximately 85% of multiple sclerosis patients. It is characterized by well-

defined relapses of new, or already existing neurological symptoms (active disease state), followed 
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by periods of partial, or complete, remission (inactive disease state). During those periods, the 

symptoms may disappear, or continue and become permanent. The diagnosis needs to meet the 

magnetic resonance imaging (MRI) criteria with objective clinical and radiological evidences, 

proving dissemination in both time and space  

iii. Secondary progressive multiple sclerosis (SPMS): is characterized by at least 

one relapse, after which follows a progressive worsening of neurological function over time. It can 

initiate as CIS and develop slowly into SPMS. As SPMS progresses, patients become more 

disabled. This course of multiple sclerosis is responsible for the highest degree of disability of 

multiple sclerosis patients.   

iv. Primary progressive multiple sclerosis (PPMS): is the rarest course of multiple 

sclerosis, only approximately 15% of multiple sclerosis patients have PPMS. It is characterized by 

a slowly worsening of the neurological function from the onset of symptoms. This course of 

multiple sclerosis may be confused with other pathologies therefore the diagnostic criteria should 

be strictly applied as explained below.  

The diagnosis of multiple sclerosis is not a straightforward process, there are several other 

diseases that resemble multiple sclerosis in terms of symptomatology. The revised McDonald 

criteria (Thompson et al., 2018) is the most used to reach a consensual and accurate diagnosis of 

multiple sclerosis. It allows an earlier diagnosis and includes specific guidelines for using MRI and 

cerebrospinal fluid (CSF) analysis to speed up the diagnostic process (Hurwitz, 2009; Society, 

2020; Thompson et al., 2018). The diagnosis requires not only a clear evidence of at least two CNS 

lesions located in separate areas and formed in different points in time but also, the exclusion of all 

other possible diagnosis for the CNS lesions (Hurwitz, 2009; Magalhaes and Salgado, 1983; Poser 

et al., 1983; Society, 2020). Nevertheless, it is necessary to find biochemical parameters, or 

biomarkers, that help multiple sclerosis diagnosis process and may even predict its relapses.      

Multiple sclerosis is a multifactorial disease influenced by both genetic and environmental 

factors. Modifications of several gene loci increase the risk of developing multiple sclerosis and 

confirmed evidence points to immune-associated human leukocyte antigen class II locus 



29 

 

(Baranzini, 2011). Epigenetic changes may also be a contributing factor. Similarly, dysregulation 

of microRNAs in blood and brain of multiple sclerosis patients have been reported (Hassani and 

Khan, 2019), and they may interrelate with the immune system and viral infections, specially 

Epstein-Barr virus infection. Nonetheless, the mechanisms of their interaction are still unknown.    

Although there is some controversy whether to classify, or not, multiple sclerosis as an 

autoimmune disease (AID), multiple sclerosis pathogenesis is linked to a deep dysregulation of the 

immune system (Society, 2020). The classification of multiple sclerosis as an AID is based on the 

hyperactivity of adaptive immune response, particularly auto-reactive B cells, T cells (CNS antigen 

specific CD4+ T cells) and antibodies, and accumulation of immune cells at lesion sites (Afshar et 

al., 2019).  

B cells in multiple sclerosis play different roles, acting as both drivers and regulators of the 

disease. The pathogenic involvement of B cells is proved by the beneficial effect accomplished by 

B cell depletion therapy. This type of therapy is performed with anti-CD20, such as Rituximab, and 

promotes the depletion of B cells without affecting plasmocytes directly, leading to the 

improvement of multiple sclerosis (Rahmanzadeh et al., 2019; Thi Cuc et al., 2019). Normal 

functioning B cells produce anti-inflammatory interleukin-10 (IL-10) but, in multiple sclerosis 

patients this function is impaired (Duddy et al., 2007; Knippenberg et al., 2011). Consequently, this 

pathological defect of incorrect production of IL-10 may enable multiple sclerosis onset and 

progression (Thi Cuc et al., 2019). However, more studies are needed to understand the mechanism 

of the defective IL-10 production by B cells from multiple sclerosis patients, in order to adapt new 

therapeutic strategies and achieve positive outcomes. Multiple animal model and clinical studies 

have demonstrated up and downregulation of different cytokines in both CSF and brain tissue of 

multiple sclerosis patients. The imbalance on cytokines levels is extended to a decreased 

production of other anti-inflammatory cytokines (such as IL-4 and TGF-β by Th2 cells) and an 

increased generation of pro-inflammatory ones (as IFN-γ and TNF-α by Th1 cells and IL-17, IL-

21, IL-22 and IL-26 by Th17 cells), related with an increased immune response (for further 

information see (Ghasemi et al., 2017; Göbel et al., 2018)). 
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T cells, mainly CD4+ T cells, are recognised as the primary drivers of multiple sclerosis. 

Myelin reactive CD4+ T cells, that have escaped from a defective peripheral tolerance, can be 

primed after encountering molecular mimicry, CNS-sequestered antigens or bystander activation 

(Rahmanzadeh et al., 2019). Once activated, autoreactive T cells will go through the blood brain 

barrier, or the blood-CSF barrier, and enter the CNS initiating an inflammatory attack against 

myelin sheaths. T cell invasion in CNS is associated with the formation of plaques in the brain 

white matter of multiple sclerosis patients (Kivisakk et al., 2009). However, immune-mediated 

inflammation do not rely solely on CD4+ T cells; CD8 T cells, B cells and innate immunity are also 

fundamental players (as reviewed in (Rahmanzadeh et al., 2019)). Another subset of T cells, 

CCR5+ γδ TEMRA cells, may be a participator in the demyelination process once they are 

significantly depleted in relapse RRMS patients, which makes this cell subset an attractive 

peripheral blood biomarker for disease monitoring (Monteiro et al., 2018).  

An additional important player of neuroinflammation are platelets, which are overactivated 

in multiple sclerosis (Dziedzic and Bijak, 2019). In multiple sclerosis pathophysiology, activated 

platelets are responsible for the formation of new neuroinflammatory lesions in CNS, since  they 

interact with T cells and induce autoreactive T cells infiltration in CNS (Morel et al., 2017). The 

involvement of platelets in inflammatory and neurodegenerative events is also suggested by the 

haematological profile of multiple sclerosis patients, in which the number of platelets in circulation 

is higher than normal (Hon et al., 2012). 

Although several factors contribute to increase the risk of development and pathogenesis of 

multiple sclerosis, the true etiology of this chronic, inflammatory, neurodegenerative and immune-

mediated disease remains unknown. Similar to other inflammatory diseases, oxidative stress and 

lipid peroxidation are associated to multiple sclerosis, detailed in the following chapters.                      

2. Oxidative stress in multiple sclerosis 

Chronic inflammatory pathologies are characterized by increased oxidative stress 

conditions. Multiple sclerosis neuroinflammation is associated with oxidative stress by at least two 



31 

 

different mechanisms: 1) production of high levels of reactive oxygen species (ROS) by microglia, 

astrocytes and neutrophils; and 2) arachidonic acid (AA) signalling through the activation of 

cyclooxygenase and lipoxygenase pathways (Ortiz et al., 2013). Mitochondrial dysfunction is also 

a key factor in multiple sclerosis progression. It contributes to increase oxidative stress levels by 

overproduction of ROS leading to many neurodegenerative processes characteristic of multiple 

sclerosis (Adamczyk et al., 2017). Similarly to mitochondrial dysfunction, platelet overactivation in 

multiple sclerosis also leads to the production of pro-inflammatory agents (like ROS), which in 

turn activate other platelets (Dziedzic and Bijak, 2019; Saluk-Juszczak et al., 2000), increasing 

(neuro)inflammatory, neurodegenerative and oxidative stress conditions in multiple sclerosis 

patients. Increased oxidative stress contributes develop brain damages and several mechanisms 

responsible for multiple sclerosis plaques formation (Goes et al., 2001). The neurotransmitter 

glutamate is responsible for increasing oxidative stress as well (Gilgun-Sherki et al., 2004). It was 

detected an upregulation of glutamate levels in CSF associated with higher severity and course of 

multiple sclerosis. This way, overproduction of glutamate by macrophages might induce axonal 

damage and oligodendrocytes death in multiple sclerosis plaques (Gilgun-Sherki et al., 2004). The 

human brain is extremely susceptible to oxidative stress due to its high consumption of oxygen, 

low activity and concentration of antioxidant enzymes, and elevated content of easily peroxidizable 

fatty acids (FA), such as polyunsaturated fatty acids (PUFA) (Ortiz et al., 2013).     

Endogenous antioxidant defences are important players in controlling the oxidative status 

of the organism and multiple sclerosis have their antioxidant defence line dysregulated in order to 

face the excessive oxidative conditions that occur in this pathology (Ibitoye et al., 2016; Ortiz et 

al., 2013). Superoxide dismutase, catalase, heme oxygenase 1 and glutathione peroxidase are 

antioxidant enzymes that have their levels significantly increased in active demyelinating plaques 

of multiple sclerosis brain (Horssen et al., 2008). High concentrations of glutathione peroxidase 

and superoxide dismutase found in serum also suggest a response to minimize oxidative damage to 

cells (Ibitoye et al., 2016; Ortiz et al., 2013). However, other antioxidant enzymes have either their 

activity decreased in plasma of multiple sclerosis patients, like paraoxonase, or obtained mixed 
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results in different studies or tissues (Ibitoye et al., 2016; Langemann et al., 1992). In CSF of 

multiple sclerosis, superoxide dismutase was decreased and catalase activity had the opposite trend, 

evidencing its potential as a diagnostic biomarker in multiple sclerosis (Ibitoye et al., 2016). These 

controversial results reveal the complex and multifactorial aspect of this disease, unveiling the need 

for more exploratory investigations, in different tissue and fluid samples, to understand the defence 

line of antioxidant mechanisms of multiple sclerosis.       

The use of antioxidants and substances that have an impact on antioxidant pathways affect 

the disease course, leading to less pronounced neuroinflammation and neurodegeneration, by 

reducing disease severity and causing faster remissions (Chiurchiù, 2014; Gilgun-Sherki et al., 

2004). For instance, melatonin supplementation was confirmed to improve the antioxidant defence 

line in multiple sclerosis (Emamgholipour et al., 2016). In addition to immunotherapy, antioxidants 

may represent a possible and highly helpful supplementation to multiple sclerosis therapy, reducing 

oxidative stress levels.     

Oxidative stress is a fundamental factor in multiple sclerosis pathogenesis and disease 

course. In relapses, oxidative stress processes are intensified, as expected, leading to 

neurodegeneration over time (Adamczyk and Adamczyk-Sowa, 2016). Several oxidative stress 

markers are found to be increased even before inflammatory responses in multiple sclerosis 

patients (Wang et al., 2014), suggesting that the overproduction of ROS and dysregulation of the 

oxidant/antioxidant system precedes the neuroinflammatory processes in multiple sclerosis. 

However, more studies are needed to clarify this matter.  

3. The role of lipids in multiple sclerosis pathogenesis  

Lipids have several important biological functions and are central players in mediating 

intra and intercellular signalling pathways. Alterations in lipid metabolism and individual lipid 

molecular species have been suggested to play important roles on multiple sclerosis pathogenesis 

and contribute to disease severity.  

The metabolic pathway of AA is overactivated in the CNS of multiple sclerosis patients 
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(Palumbo, 2017). AA is released from the phospholipid (PL) bilayer of cellular membranes by 

phospholipase A2 enzyme, which is over activated due to the elevated concentrations of ROS and 

cytokines in multiple sclerosis (Rajda et al., 2017). In turn, released AA, via cyclooxygenases and 

lipoxygenases, produces pro-inflammatory prostaglandins and leukotrienes, respectively, that are 

upregulated in this pathology (Palumbo, 2017). These pro-inflammatory derivatives of AA have 

been suggested to be involved in the pathogenic mechanisms of demyelination, axonal pathology 

and oligodendrocyte loss, contributing to the development of motor disabilities. Scientific evidence 

shows that CSF and post-mortem brains of multiple sclerosis patients have increased levels of AA 

metabolic pathway (Palumbo, 2017). Also, prostaglandins PGD2, PGE2 and PGF2, and leukotrienes 

LTB4 and LTC4, are upregulated in CSF of patients with multiple sclerosis (Dore-Duffy et al., 

1991; Neu et al., 2001; Rosnowska et al., 1981).  

The activation of platelets (discussed above) is responsible for the overactivation of the AA 

pathway as well. Peripheral blood platelets of multiple sclerosis patients were found to excessively 

express cyclooxygenase 2, which contributes to a hyper-induced AA cascade (Morel et al., 2016).      

 Additionally, changes in plasma FA have been correlated with multiple sclerosis. Most of 

the epidemiological studies state that diets rich in saturated FA negatively correlate with multiple 

sclerosis, increasing the prevalence of this pathology. On the other side, diets rich in PUFA seem to 

decrease the risk of multiple sclerosis development and may even ameliorate multiple sclerosis 

symptoms (Harbige and Sharief, 2007). Haghikia and co-authors  (Haghikia et al., 2015) 

determined that long chain, especially C14-C18, are able to supress the differentiation potential of 

regulatory T cells and decrease the anti-inflammatory cytokine IL-10 expression. In contrast, short 

chain FA with a three to five carbon atom backbone were found to induce regulatory T cells and 

supress the production of pro-inflammatory Th17 cells, promoting an anti-inflammatory 

environment (Haase et al., 2018).  

Ceramides (Cer) have been suggested as signalling molecules in CSF of multiple sclerosis 

leading to mitochondrial dysfunction. Cer with short carbon chains in the C2 position of the 

sphingosine backbone were found to stimulate oxygen species production in hippocampal glial 
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cells, resulting in oxidative stress reactions and neuronal death (Darios et al., 2003; Falluel-Morel 

et al., 2004; Halmer et al., 2014). Moreover, imbalanced cytokine production and activity, namely 

for the TNF-α, together with stress responses, were associated with Cer accumulation (Singh et al., 

1998). TNF-α mediated signalling is related with activation of phospholipase A2 and the release of 

AA, which in turn leads to the activation of sphingomyelinases that cleave sphingomyelin (SM) to 

release Cer (Jana and Pahan, 2010; Jayadev et al., 1997). In this way, the imbalance of cytokines 

modulates PL and sphingolipid metabolism.      

As described in the previous chapter, increased oxidative stress is harmful in multiple 

sclerosis and contributes to the formation of oxidized lipids. Lipid peroxidation is an alarming 

process in multiple sclerosis pathogenesis since it can stimulate apoptotic events (Ibitoye et al., 

2016; Noseworthy et al., 2000). PUFA are prone to be oxidized therefore lipid peroxidation can 

affect the integrity and functionality of cell membranes and myelin sheaths. Lipid peroxidation 

products, such as malondialdehyde (MDA); 4-hydroxy-2-nonenal (4-HNE); 4-hydroxy-2-hexenal 

and isoprostanes, cross-react with proteins and contribute to increase oxidative stress conditions 

and (neuro)inflammation (Ortiz et al., 2013). The 4-HNE is a well-known reactive carbonyl specie, 

that was found to be present in elevated concentrations in foamy macrophages and astrocytes in 

active demyelinating multiple sclerosis lesions (Ortiz et al., 2013). Also, 4-HNE along with ROS 

are detrimental to cellular viability, CNS and blood-brain barrier integrity and functionality 

(Horssen et al., 2008; Usatyuk et al., 2006).  

Several studies have identified increased levels of lipid peroxidation products and ROS in 

CSF and plasma of multiple sclerosis patients, which, along with mitochondrial damage, strongly 

reiterates the importance of oxidative damage in multiple sclerosis progression  (Gilgun-Sherki et 

al., 2004; Haider et al., 2011; Ibitoye et al., 2016; Ortiz et al., 2009; Qin et al., 2007). Increased 

levels of lipid peroxidation are shown by markedly higher concentrations of isoprostanes and MDA 

in plasma, serum, brain and CSF (Adamczyk and Adamczyk-Sowa, 2016; Calabrese et al., 2002; 

Greco et al., 1999; Haider et al., 2011; Ibitoye et al., 2016; Karg et al., 1999; Mattsson et al., 2007). 

Lipid oxidation is associated with ongoing demyelination and neurodegeneration in active plaques 
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of multiple sclerosis. Oxidized PL (ox-PL) have been identified by the monoclonal antibody E06 in 

multiple sclerosis (Haider et al., 2011; Qin et al., 2007). There is an accumulation of ox-PL within 

active areas of multiple sclerosis lesions which is associated with disease severity (Haider et al., 

2011). Oxidized phosphatidylcholine (ox-PC) was significantly higher in multiple sclerosis plaques 

being considered has a marker for neuroinflammation in multiple sclerosis brain (Qin et al., 2007). 

The formation of ox-PC may be a result of a defective clearance of apoptotic cells, which also 

leads to proinflammatory conditions, stimulating multiple sclerosis development (Elliott and 

Ravichandran, 2010).       

Cholesteryl ester hydroperoxides are useful markers of lipid peroxidation of lipoproteins 

and were found to be significantly increased in plasma of multiple sclerosis patients (Ferretti et al., 

2005). Moreover, oxidized low-density lipoproteins (LDL) and lipid peroxidation products were 

observed in actively demyelinating lesions in multiple sclerosis brains (Newcombe et al., 1994).  

In summary, changes in the lipid profile seem to be a hallmark of multiple sclerosis (Figure 

1). There are evidences that lipid peroxidation leads to alterations in lipids, which can contribute to 

the dysregulation of lipid homeostasis and lipid metabolism in multiple sclerosis patients, as will be 

detailed in the next chapter. 

 



36 

 

 

Figure 2.1-1 Overview of the main physio-pathological alterations occurring in multiple sclerosis, 

including changes related with lipid metabolism and profile. 

 

4. Lipidomics in multiple sclerosis  

It is well accepted that changes in lipid metabolism and lipids at molecular level can occur 

as a consequence of metabolism adaptation in a pathological environment. Thus, lipids can be used 

as important biomarkers of this disease. High-throughput lipidomics analysis allows the evaluation 

of the variation of lipids at a molecular level (Figure 2) and has been used with a clinical purpose 

for the study of several chronic diseases, including diseases of the immune system (Zhao et al., 

2014). Clinical lipidomics empowers the understanding of metabolic mechanisms, identification of 

diagnostic biomarkers and therapeutic targets. Besides that, aims to be a reliable and constant 

approach to disease diagnostics and therapy monitorization (Lv et al., 2018).  
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Figure 2.1-2 Lipidomics workflow in multiple sclerosis: from sample collection to biomarker 

discovery contributing to the understanding of disease pathology. 

 

Studies on the variation of the multiple sclerosis lipid profile at a molecular level using 

lipidomics were gathered in this review. The research was conducted on PubMed data base with 

the following keywords: lipid profile, lipidomic(s), phospholipid(s), fatty acid(s), sphingomyelin, 

sphingolipid(s), ceramide(s) and oxidized, combined with multiple sclerosis. All studies published 

until 2020 were analysed. The studies that did not use mass spectrometry (MS) techniques were not 

taken into consideration. To structure this review, the studies were divided according to the type of 

sample used for the lipidomic approaches and organized in a chronological order. 

4.1 Lipidomic analysis of serum/plasma of multiple sclerosis 

The analysis of the serum/plasma reveals important information since it is the body fluid 

that most reflect the metabolic alterations induced by pathologies. Actually, the highest volume of 

studies focused on lipid analysis has been performed in serum/plasma samples using mainly gas 

chromatography-mass spectrometry (GC-MS) for profiling of FA.  

Through GC-MS, Baker and colleagues (Baker et al., 1964) detected a significant reduction 

of FA 18:2. This reduction of FA 18:2 was also detected to be more evident in multiple sclerosis 

patients with increased disease severity, while the concentrations of the other FA analysed 

remained remarkably constant. The low proportions of plasma FA 18:2 may be due to multiple 
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sclerosis pathology that changes lipid metabolism, resulting in alterations in the uptake rate of FA 

18:2 from the plasma, or in its intake (Baker et al., 1964). In line with these evidences, Love and 

co-workers (Love et al., 1974) also observed a significant decrease in FA 18:2 levels in multiple 

sclerosis patients, along with a significant reduction of FA 18:0 and increase of FA 16:0; 16:1 and 

18:1. The authors also confirmed the correlation between the decrease of FA 18:2 and the increase 

of multiple sclerosis severity (Love et al., 1974). According with the previous studies, Neu (Neu, 

1983) found significantly diminished concentrations of FA 18:2, as well as of FA 20:4 and total 

PUFA levels in multiple sclerosis. On the other side, it was determined a significant increase of FA 

12:0; 14:0; 16:1; 18:1, as well as total levels of saturated FA (Neu, 1983). Cherayil (Cherayil, 

1984) analyzed plasma neutral lipids of multiple sclerosis patients and also observed a significant 

decrease of FA 18:2 and 20:4, and increase of FA 16:0 and 18:1. Navarro and co-worker (Navarro 

and Segura, 1988) conducted a detailed study of different plasma lipid fractions in multiple 

sclerosis and detected a marked reduction of FA 18:0 in free FA and SM fractions; FA 18:1 in 

triglyceride (TG) fraction; FA 18:2 in SM, cholesterol high density lipoproteins (HDL) and 

cholesteryl esters (CE) fractions; and FA 20:4 in cholesterol HDL fraction. Additionally, it was 

determined a significant increase of FA 14:1 in CE fraction; FA 16:0 in cholesterol HDL, LDL + 

very low-density lipoproteins (VLDL) and CE fractions; FA 16:1 in free FA, CE and TG fractions; 

FA 18:2 in free FA fraction; and FA 20:0; 20:4 and 24:1 in SM fraction (Navarro and Segura, 

1988). The reduction of FA 18:2 was primarily evident in the CE fraction and slightly in the TG 

and PL fractions (Navarro and Segura, 1988). Another very detailed study on plasma PL, CE and 

TG was made by Holman and colleagues (Holman et al., 1989), where they identified significant 

decreases of FA 20:1; 20:2; 20:3; 20:4; 22:0; 22:4; 22:5; 22:6 and 24:1, and in total levels of ω-3 

FA, ω-6 FA and PUFA of multiple sclerosis patients. On the other hand, it was determined 

markedly increased concentrations of FA 14:0; 15:0; 16:0; 16:1 and 18:0, and total levels of 

saturated FA and branched FA (Holman et al., 1989).  

The low levels of total ω-3 FA, ω-6 FA and PUFA in multiple sclerosis indicate that the 

polyunsaturation process was impaired. Metabolic alterations of multiple sclerosis lipid metabolism 
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caused a decrease of PUFA that was compensated with an elevation of total saturated FA. The 

considerable deficiency of unsaturation reduces the fluidity of the membrane`s lipid bilayer. 

However, the increase of branched FA could partially compensate the decreased fluidity caused by 

PUFA deficiency (Holman et al., 1989). On the other side, the increase of FA 15:0 in multiple 

sclerosis patients suggests an increased synthesis of odd-chain FA, which may promote fluidity of 

membrane PL. This way, high concentrations of shorter chain, saturated, branched and odd-chain 

FA could have compensatory effects on membranes` fluidity caused by deficiency of PUFA 

(Holman et al., 1989).   

Through MS combined with liquid chromatography (LC), Del Boccio and collaborators 

(Del Boccio et al., 2011a) found markedly reduced levels of lyso-phosphatidylcholine (LPC) 

species, LPC(16:0), LPC(18:0) and LPC(18:1), and unequivocally increased concentrations of 

lyso-phosphatidylethanolamine (LPE) species, LPE(24:1),  in multiple sclerosis patients (Del 

Boccio et al., 2011a). Also, a decrease in LPC/PC ratio was observed highlighting a specific trend 

in reduced LPC in multiple sclerosis. Kurz and co-workers (Kurz et al., 2018) quantified the level 

of sphingolipids in plasma of multiple sclerosis and found significantly decreased concentrations of 

C16:0-lactosylceramide (LacCer) and significantly increased levels of C16:0-Cer; C16:0-

glucosylceramide (GlcCer); C18:0-LacCer; C18:0-GlcCer; C24:0-Cer; C24:1-Cer and C24:1-

GlcCer (Kurz et al., 2018).  

In contrast, (Karlsson et al., 1971), (Shukla and Clausen, 1978) and (Wilkins et al., 2009) 

did not find statistically significant differences between the plasma lipid profile of multiple 

sclerosis patients and controls. Further studies are needed to characterize multiple sclerosis lipid 

profile and metabolism.  

To conclude, the studies previously mentioned suggest that there are alterations in multiple 

sclerosis lipid metabolism that can be evaluated through serum/plasma lipidomic analysis. Overall, 

plasma FA alterations are manifested as a considerable deficit of FA 18:2 and total PUFA, a less 

pronounced deficit of FA 20:4 (AA) and an increase of short chain FA.   
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Table  2.1-1. Main lipid variations observed in serum/plasma of multiple sclerosis patients reported in published lipidomic studies, available in PubMed 

data base, using MS approaches. 

Reference Analytical method Lipid extraction method 

Results 

↓ Reduction ↑ Increase 

(Baker et al., 

1964) 
GC-MS Sperry and Brand method 18:2 - 

(Karlsson et al., 

1971) 
GC-MS 

Chloroform/methanol 

(1:1, v/v) 
NSD NSD 

(Love et al., 

1974) 
GC-MS INF 18:0; 18:2 16:0; 16:1; 18:1 

(Shukla and 

Clausen, 1978) 
GC-MS INF NSD NSD 

(Neu, 1983) GC-MS Modified Folch 18:2; 20:4; Σ PUFA 12:0; 14:0; 16:1; 18:1; Σ saturated FA 

(Cherayil, 1984) GC-MS 
Isopropanol/heptane/NH2SO4 

(40:10:1, v/v/v) 
18:2; 20:4 16:0; 18:1 

(Navarro and 

Segura, 1988) 
GC-MS Isopropanol (1:5, v/v) 

In FFA fraction: 18:0 

In SM fraction: 18:0; 18:2 

In cholesterol HDL fraction: 18:2; 20:4 

In CE fraction: 18:2 

In TG fraction: 18:1 

 

In FFA fraction: 16:1; 18:2 

In SM fraction: 20:0; 20:4; 24:1 

In cholesterol HDL and LDL+VLDL 

fractions: 16:0 

In CE fraction: 14:1; 16:0; 16:1 

In TG fraction: 16:1 

(Holman et al., 

1989) 
GC-MS 

Chloroform/methanol 

(2:1, v/v) 

20:1; 20:2; 20:3; 20:4; 22:0; 22:4; 22:5; 

22:6; 24:1; Σ ω-3; Σ ω-6; Σ PUFA 

14:0; 15:0; 16:0; 16:1; 18:0; 

Σ saturated FA; Branched FA 

(Wilkins et al., 

2009) 
GC-MS INF NSD NSD 

(Del Boccio et 

al., 2011b) 
LC-MS Modified Bligh and Dyer 

LPC(16:0); LPC(18:0); LPC(18:1) 

LPC/PC ratio 
LPE(24:1) 

(Kurz et al., 

2018) 
LC-MS/MS 

Methanol/chloroform/hydrochloric 

acid (15:83:2, v/v/v) 
C16:0-LacCer 

C16:0-Cer; C16:0-GlcCer; C18:0-LacCer; 

C18:0-GlcCer; C24:0-Cer; C24:1-Cer; 

C24:1-GlcCer 
NSD: no significant differences; INF: information not found  
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4.2  Lipidomic analysis of erythrocytes of multiple sclerosis 

 Erythrocytes, or red blood cells (RBC), usually have bigger diameters in multiple sclerosis, 

which is positively correlated with the activity of the disease (Plum and Fog, 1959; Prineas, 1968). 

Therefore, erythrocytes` fragility, lipid content and possible alterations of the lipid metabolism and 

profile are higher than non-pathological erythrocytes. Up to date and to the best of our knowledge, 

GC-MS was the only MS approach used in lipidomic works performed in RBC. 

 Gul and colleagues (Gul et al., 1970) analysed total PL fraction of RBC and it was verified 

that multiple sclerosis patients had significantly lower concentrations of FA 18:2. In agreement 

with these results, Cherayil (Cherayil, 1984) not only determined reduced levels of FA 18:2, but 

also markedly higher levels of FA 16:0 and 16:1 in RBC of multiple sclerosis. On the other hand, 

Evans and collaborator (Evans and Dodd, 1989) found FA 18:1 to be considerably reduced and FA 

18:2 and 22:6 to be elevated. However, it should be noticed that these results were from multiple 

sclerosis patients receiving dietary supplements containing PUFA, once the dada obtained for 

multiple sclerosis patients without supplementation did not statistically differ from healthy controls 

(Evans and Dodd, 1989). Navarro and co-worker (Navarro and Segura, 1989) separated PL 

fractions [LPC, PC, SM, phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylinositol (PI) and phosphatidic acid] of RBC by thin-layer chromatography and 

lipidomic analysis revealed significant reductions of PC molecular species with 18:2 and 20:4; SM 

molecular species with 23:0 and 24:1; PE molecular species with 18:0; 20:3; 20:4 and 22:4 and 

remaining PL species with 18:2 and 20:4 (Navarro and Segura, 1989). They also determined 

significantly increased concentrations of PC molecular species bearing 14:0; 16:0 and 16:1; SM 

molecular species carrying 14:0; 16:0; 18:0 and 18:1; PE molecular species having 14:0; 16:0 and 

18:1 and remaining PL species with 16:0 and 18:0. In PL fractions, there was a decrease of very 

long chain FA, in particular PUFA, and an increase of short chain FA with lower degree of 

unsaturations in multiple sclerosis. As explained before, the reduction of PUFA and long chain FA, 

may induce a reduction in membrane fluidity and resistance that can be compensated by the 
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increase of saturated FA with shorter carbon chains. Aupperle and partners (Aupperle et al., 2008) 

studied the FA content of membrane PL of RBC of multiple sclerosis patients and verified that the 

levels of FA 20:3 ω-6; 20:5 ω-3; 22:6 ω-3; total ω-3; total ω-6 and total PUFA were significantly 

reduced while FA 14:0; 18:0; 18:1 ω-9; 22:1 ω-9 and total monounsaturated FA (MUFA) had the 

opposite behaviour, having markedly higher concentrations in multiple sclerosis. The reduction of 

ω-3 and ω-6 FA may be explained by the increased activity of phospholipase A2 and higher 

eicosanoid production that are characteristic of multiple sclerosis, and might deplete certain ω-3 

and ω-6 FA from RBC membrane pools (Aupperle et al., 2008; Palumbo, 2017). The authors also 

studied the relationship between FA levels of multiple sclerosis and depression, no significant 

correlations between groups were found (Aupperle et al., 2008). Hon`s research group conducted 

several studies on erythrocytes of multiple sclerosis however only one obtained significant results 

(G. M. Hon et al., 2009b). It was found markedly reductions of PC molecular species bearing 

C20:4 ω-6 and PE molecular species carriers of C22:4 ω-6 in multiple sclerosis erythrocyte 

samples (G. M. Hon et al., 2009b). Moreover, the decrease of PC with C20:4 ω-6 was inversely 

correlated with disease severity and inflammation. These authors attributed the reduction of C20:4 

ω-6 in erythrocytes membrane to an insufficient uptake of this FA due to depleted plasma stores 

(G. M. Hon et al., 2009b).   

Unlike the previously described investigations, (Koch et al., 2006) and (G. M. Hon et al., 

2009a; Hon et al., 2011) did not find statistically significant differences between the erythrocytes 

lipid profile of multiple sclerosis patients and controls, once again revealing the complexity of 

multiple sclerosis lipid profile. 

In summary, RBC are a possible mean to evaluate lipid alterations in multiple sclerosis as 

well. A deficit in FA 18:2 and 20:4 is also detected in erythrocytes of multiple sclerosis. The 

depletion of PUFA and long chain FA in RBC of multiple sclerosis patients seems to be 

compensated by the increase of saturated FA and with shorter carbon chains. This could possibly 

be an adaptation mechanism of the organism to maintain cellular homeostasis, by trying to 

maintain cell membranes` fluidity.   
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Table  2.1-2. Main lipid variations observed in erythrocytes of multiple sclerosis patients reported in published lipidomic studies, available in PubMed 

data base, using MS approaches. 

Reference Analytical method Lipid extraction method 

Results 

↓ Reduction ↑ Increase 

(Gul et al., 1970) GC-MS Folch 18:2 - 

(Cherayil, 1984)  GC-MS Folch 18:2 16:0; 16:1 

(Evans and Dodd, 

1989) 
GC-MS INF 18:1 18:2; 22:6 

(Navarro and 

Segura, 1989) 
GC-MS Isopropanol 

PC(C18:2); PC(C20:4); SM(C23:0); 

SM(C24:1); PE(C18:0); PE(C20:3); 

PE(C20:4); PE(C22:4) 

Remaining PL species with C18:2; C20:4 

PC(C14:0); PC(C16:0); PC(C16:1); 

SM(C14:0); SM(C16:0); SM(C18:0); 

SM(C18:1); PE(C14:0); PE(C16:0); 

PE(C18:1) 

Remaining PL species with C16:0; C18:0 

(Koch et al., 

2006) 
GC-MS INF NSD NSD 

(Aupperle et al., 

2008) 
GC-MS 

Methanol/chloroform 

(1:2, v/v) (Dodge and 

Phillips 1967), Folch 

20:3 ω-6; 20:5 ω-3; 22:6 ω-3 

Σ ω-3; Σ ω-6; Σ PUFA 

14:0; 18:0; 18:1 ω-9; 22:1 ω-9 

Σ MUFA 

(G. M. Hon et al., 

2009b) 
GC-MS Folch PC(C20:4 ω-6); PE(C22:4 ω-6) - 

(G. M. Hon et al., 

2009a) 
GC-MS Folch NSD NSD 

(Hon et al., 2011) GC-MS Folch NSD NSD 

NSD: no significant differences; INF: information not found 
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4.3 Lipidomic analysis of peripheral blood mononuclear cells (PBMC) of multiple 

sclerosis 

 Changes in the membrane PL composition have a direct impact on immune cell functions. 

Some examples of these effects are the changes in physical properties of the membrane, cell 

signalling pathways, production of lipid mediators and eicosanoid production as part of the 

inflammation process (Calder, 2007). PBMC are peripheral blood cells that have a round nucleus, 

which include lymphocytes and monocytes, and are affected by lipid changes. In the lipidomic 

investigations of PBMC analysed in this review, GC-MS was still the most used technique, but LC-

MS approaches are starting to be performed.  

 Cherayil (Cherayil, 1984) analysed FA methyl esters from lymphocytes of multiple 

sclerosis patients and saw a significant reductions of FA 18:2, in agreement with the results 

obtained in the same study for RBC and plasma. Hon and co-workers conducted several 

investigations on PBMC and reported different results (G. Hon et al., 2009; G. M. Hon et al., 

2009a; Hon et al., 2011). Initially, this team analysed PBMC membrane FA composition of PC, 

PE, PS, PI and SM and found markedly reduced levels of PE bearing 22:4 ω-6; PS with 22:4 ω-6 

and total 22:4 ω-6 in multiple sclerosis patients (G. Hon et al., 2009). The authors state that the 

lower levels of ω-6 PUFA may be due to an increased production of eicosanoids that regulate an 

elevated number of inflammatory effects (G. Hon et al., 2009). Additionally, they found 

considerably higher concentrations of PI with 22:0; SM with 14:0; total 14:0 and total SM saturated 

FA (G. M. Hon et al., 2009a). Lastly, Hon and colleagues found significantly lower concentrations 

of PE bearing 18:1 ω-7 and total PE MUFA on PBMC of multiple sclerosis patients (Hon et al., 

2011). The increase in saturated FA and decrease of MUFA might be associated with an increased 

risk of developing multiple sclerosis (Harbige and Sharief, 2007). Through MALDI-TOF/TOF and 

GC-MS lipidomic approaches, and compared with the previous researchers, Vergara and 

colleagues (Vergara et al., 2015) obtained opposing results to those published in previous studies. 

Their results revealed markedly reduced levels of total saturated FA and increased levels of 
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PG(42:0) or PI(36:2); PI(40:5); cardiolipin CL(72:8); CL(74:10); total ω-6; total MUFA and total 

PUFA on human CD4+ T lymphocytes in multiple sclerosis (Vergara et al., 2015). Using high-

performance LC-MS/MS lipidomic approaches, Kurz and partners (Kurz et al., 2018) identified 

significantly decreased concentrations of C16:0-LacCer; C24:0-Cer and C24:1-Cer. Similarly to 

the results obtained by this team for plasma lipidomic analysis, Cer levels in white blood cells of 

multiple sclerosis patients did not correlate with disease severity and drug treatment (Kurz et al., 

2018).  

To conclude, PBMC are a practical mean to evaluate lipid alterations in multiple sclerosis 

however, lipidomic analysis revealed inconsistent results. Increase/decrease of PUFA and 

decrease/increase of saturated FA and short chain FA were reported by different studies. 

Nonetheless, even with conflicting results, it is possible to verify that multiple sclerosis induced 

lipid compositional changes preferably occur at the molecular-specie level. 
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Table  2.1-3. Main lipid variations observed in PBMC of multiple sclerosis patients reported in published lipidomic studies, available in PubMed data 

base, using MS approaches. 

Reference 
Analytical 

method 
Lipid extraction method 

Results 

↓ Reduction ↑ Increase 

(Cherayil, 

1984) 
GC-MS 

Chloroform/methanol 

(2:1, v/v) 
18:2 - 

(G. Hon et al., 

2009) 
GC-MS Modified Folch 

PE(C22:4 ω-6); PS(C22:4 ω-6) 

Σ C22:4 ω-6 
- 

(G. M. Hon et 

al., 2009a) 
GC-MS Folch - 

PI(C22:0); SM(C14:0) 

Σ C14:0; Σ SM saturated FA  

(Hon et al., 

2011) 
GC-MS Folch 

PE(C18:1 ω-7) 

Σ PE MUFA 
- 

(Vergara et 

al., 2015) 

MALDI-

TOF/TOF, GC-

MS 

Bligh and Dyer  Σ saturated FA 
PG(42:0) or PI(36:2); PI(40:5); CL(72:8); 

CL(74:10); Σ ω-6; Σ MUFA; Σ PUFA  

(Kurz et al., 

2018) 
LC-MS/MS 

Methanol/chloroform/hydrochloric 

acid (15:83:2, v/v/v) 
C16:0-LacCer; C24:0-Cer; C24:1-Cer - 
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4.4 Lipidomic analysis of cerebrospinal fluid of multiple sclerosis 

 CSF is in direct contact and accurately reflects changes that may happen in the CNS and 

so, it is a reliable and great source of information regarding pathological alterations of the CNS. 

Lipidomic work in CSF was performed using GC-MS and LC-MS/MS approaches.   

 Neu (Neu, 1983) analysed by GC-MS the FA methyl esters of CSF, of multiple sclerosis 

patients and found significant decreases of FA 18:2; 20:4 and total PUFA and increases of FA 

16:0; 16:1; 18:0 and 18:1. It should be noted that once again it is seen the deficit of FA 18:2, 20:4 

and PUFA being compensated with higher levels of saturated FA. Through targeted LC-MS/MS 

approaches, Vidaurre and colleagues (Vidaurre et al., 2014) identified significantly increased levels 

of C16:0-Cer; C16:0-monohexosylCer and C24:0-Cer. These findings are in agreement with the 

results obtained by Kurz and partners (Kurz et al., 2018) for plasma lipidomic analysis of multiple 

sclerosis. Pieragostino and co-workers (Pieragostino et al., 2018) performed an untargeted 

lipidomic analysis on CSF of patients with multiple sclerosis that showed marked reductions of 

PC(28:0); PC(28:1); PC(35:4); PC(36:1); PC(36:8); PC(37:6); LPC(18:1); LPC(20:4); 

SM[d18:0/16:1(9Z)(OH)]; SM(d18:1/13:0); SM(d18:1/14:0); SM(d18:1/16:0); SM(d18:2/20:0); 

SM(d18:2/22:1) and SM[d18:1/24:1(15Z)] in multiple sclerosis. On the other side, PC(32:2) and 

PC(36:3) showed significantly higher levels in multiple sclerosis patients than in controls 

(Pieragostino et al., 2018). The authors state that the low levels of SM in multiple sclerosis are able 

to discriminate disease with good statistical performances and suggest SM to serve as potential 

biomarkers of this disease. Nogueras and collaborators (Nogueras et al., 2019) performed a non-

targeted lipidomic approach as well and found that PC(P27:1); PS(40:3); TG(37:2); TG(44:4); 

TG(44:5); TG(50:1); TG(52:3); TG(55:5); TG(56:6); TG(57:4); TG(57:7); TG(58:1); TG(58:3); 

TG(59:6); TG(60:10); TG(61:8); TG(61:10); TG(62:8); diglyceride [DG(32:1)]; 22:0 CE; cholest-

5-en-3alpha-ol; C20-Sulfatide and Ceramide-Phosphate(d42:2) had significantly reduced 

concentrations in multiple sclerosis. It was also determined considerably increased concentrations 

of FA 18:3 ω-3; FA 20:0; PC(25:2); PC(42:6); PE-N-methylethanolamine(O,O-28:0); PE(21:0); 
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TG(56:4); TG(57:6); TG(59:2); TG(63:8); TG(64:10); DG(18:3); DG(32:2); DG(36:6); DG(38:6); 

DG(38:7); DG(39:2); DG(42:5); 5-beta-cholestane-3alpha, 7-alpha-diol; 5-beta-

dihydrotestosterona; 12-methyl-10-oxo-tridecanoic acid; N-oleoylethanolamine and GlcCer(d42:0) 

(Nogueras et al., 2019). An up-regulation of DG and down-regulation of TG may be justified by a 

defect of the acyl-CoA:diacylglycerol acyltransferase enzyme, associated with a worse insulin 

sensitivity (Penesova et al., 2015). However, a limitation of this study is that the non-multiple 

sclerosis group was not composed of healthy controls (Nogueras et al., 2019).   

 In summary, CSF gives important information of alterations on lipid profile and 

metabolism of multiple sclerosis. A deficit in FA 18:2; 20:4 and PUFA is also detected in CSF of 

multiple sclerosis. Untargeted lipidomic is a useful tool to understand changes that are broadly 

distributed at a molecular level of multiple sclerosis lipid profile. SM demonstrate potential to 

become putative biomarkers of this pathology. 
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Table  2.1-4. Main lipid variations observed in CSF of multiple sclerosis patients reported in published lipidomic studies, available in PubMed data 

base, using MS approaches.   

Reference Analytical method Lipid extraction method 

Results 

↓ Reduction ↑ Increase 

(Neu, 1983) GC-MS Modified Folch 18:2; 20:4; Σ PUFA 16:0; 16:1; 18:0; 18:1 

(Vidaurre et al., 

2014) 
LC-MS/MS Modified Bligh and Dyer - C16:0-Cer; C16:0-monohexosylCer; C24:0-Cer  

(Pieragostino et 

al., 2018) 
LC-MS/MS Modified Bligh and Dyer 

PC(28:0); PC(28:1); PC(35:4); PC(36:1); 

PC(36:8); PC(37:6); LPC(18:1); LPC(20:4) 

SM(d18:0/16:1(9Z)(OH)); SM(d18:1/13:0); 

SM(d18:1/14:0); SM(d18:1/16:0); 

SM(d18:2/20:0); SM(d18:2/22:1); 

SM(d18:1/24:1(15Z)) 

PC(32:2); PC(36:3) 

(Nogueras et 

al., 2019) 

LC-MS/MS;  

GC-MS 
MTBE/ultrasonic bath 

PC(P27:1); PS(40:3) 

TG(37:2); TG(44:4); TG(44:5); TG(50:1); 

TG(52:3); TG(55:5); TG(56:6); TG(57:4); 

TG(57:7); TG(58:1); TG(58:3); TG(59:6); 

TG(60:10); TG(61:8); TG(61:10); 

TG(62:8); DG(32:1); 22:0 CE;  

cholest-5-en-3alpha-ol; C20-Sulfatide; 

CerP(d42:2) 

18:3 ω-3; 20:0; PC(25:2); PC(42:6);  

PE-NMe(O,O-28:0); PE(21:0); TG(56:4); 

TG(57:6); TG(59:2); TG(63:8); TG(64:10) 

DG(18:3); DG(32:2); DG(36:6); DG(38:6); 

DG(38:7); DG(39:2); DG(42:5) 

5beta-cholestane-3alpha, 7alpha-diol; 

5beta-dihydrotestosterona;  

12-methyl-10-oxo-tridecanoic acid;  

N-oleoylethanolamine; GlcCer(d42:0) 
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4.5 Lipidomic analysis of other types of matrices of multiple sclerosis 

 Besides serum/plasma, erythrocytes, PBMC and CSF, there are other types of samples that 

were analysed with lipidomic approaches and revealed interesting results regarding changes in the 

lipid profile and metabolism of multiple sclerosis.   

 Platelets, as mentioned before, are important players in multiple sclerosis pathogenesis. 

Thus, using a GC-MS approach, Gul and co-workers (Gul et al., 1970) analysed the FA 

composition of PL from platelets and determined significantly lower levels of FA 18:2 in multiple 

sclerosis patients. Platelets have been described to have increased adhesiveness which might be 

correlated with platelet FA 18:2 levels (Gul et al., 1970).  

 The demyelination process in multiple sclerosis involves the breakdown of PL of the 

myelin sheaths, therefore, the analysis if the lipid profile of multiple sclerosis brain may disclose 

important alterations of lipids in multiple sclerosis brains. Through GC-MS approaches, Moscatelli 

and colleague (Moscatelli and Isaacson, 1969) found no significant differences between 

sphingolipids of multiple sclerosis and controls. The most likely explanation for the non-significant 

findings is the fact that only one sample of multiple sclerosis tissue was available. In contrast to 

Moscatelli, Craelius and collaborators (Craelius et al., 1981) analysed FA methyl esters from the 

brain and found markedly reduced levels of FA 24:4 in multiple sclerosis. Using shotgun 

lipidomics, Wheeler and partners (Wheeler et al., 2008) identified significantly reduced 

concentrations of SM(d18:1/16:0); SM(d18:1/20:0); SM(d18:1/22:0); SM(d18:1/24:0); C18:0-Cer; 

C20:0-Cer; C22:0-Cer; C24:0-Cer; monomeric, dimeric and trimeric cholesterol and total 

cholesterol. PE(C18:2); PE(C20:2); PE(C22:2); Σ PE; PS(C16:2); PS(C18:2) and lysine and 

histadine adducts of 4-HNE were determined to be significantly increased. Levels of these lipid 

molecular species varied with disease activity (Wheeler et al., 2008). Ho and co-workers (Ho et al., 

2012) determined significantly lower levels of PS [1-palmitoyl-2-oleoyl-sn-glycero-3-(phosphor-L-

serine)(POPS)] and ox-PC derivatives [1-hexadecyl-2-azelaoyl-sn-glycero-3-phosphocholine 

(azPC); 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (azPC ester) and 1-palmitoyl-2-
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glutaroyl-sn-glycero-3-phosphorylcholine (PGPC)] in multiple sclerosis samples, consistent with 

the decrease of PC levels. PS and ox-PC derivatives with saturated FA may serve as natural 

inhibitors of inflammation in the CNS. However, this protective mechanism is compromised in 

multiple sclerosis due to the attack of the immune system to these lipid species (Ho et al., 2012). 

Dasgupta and co-worker (Dasgupta and Ray, 2017) quantified Cer, monoGlcCer and sphingosine 

content of brain samples of multiple sclerosis patients and found a reduction in total monoGlcCer 

and total Cer levels and an increase in total sphingosine and total psychosine levels in multiple 

sclerosis brain matter. Concentrations of sphingosine higher than normal lead to oligodendrocyte 

death, with consequent demyelination. 

   The eye can be considered an extension of the CNS, reflecting physiopathological 

alterations caused by diseases. This way, Cicalini and colleagues (Cicalini et al., 2019) conducted a 

lipidomic analysis on tears of multiple sclerosis patients to obtain information about the lipid 

profile of this biological fluid and demonstrate its potential as a source of biomarkers. The team 

verified significantly decreased levels of PC(32:1); PC(32:2); PC(33:0); PC(34:5); PC(35:1); 

PC(36:5); PC(37:5); PC(38:0); PC(38:1); PC(40:2); PC(40:7); PC(40:8); PC(P32:0); LPC(17:1); 

LPC(20:2); LPC(20:3); LPC(20:4); LPC(22:6); SM(d18:0/14:0);  SM(d18:0/22:0); 

SM(d18:1/12:0); SM(d18:1/18:0); SM(d18:1/20:0); SM(d18:1/24:0); SM(d18:2/14:0); 

SM(d18:2/22:1) and SM(d18:1/24:1(15Z)) in multiple sclerosis (Cicalini et al., 2019). On the other 

side, PC(36:3); PC(36:4) and LPC(18:0) showed the opposite trend in patients with multiple 

sclerosis (Cicalini et al., 2019).  

In summary, different types of matrices present different types of results, nonetheless, they 

all should be considered as important information to improve our knowledge on multiple sclerosis. 

A noteworthy aspect that should be considered is the reduction of SM levels in multiple sclerosis 

tears, in particular SM(d18:1/24:1(15Z)), that is consistent with the results obtain by Pieragostino`s 

team (Pieragostino et al., 2018) for CSF and is in agreement with the accumulation of neurotoxic 

ceramides in CSF (Vidaurre et al., 2014).  
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Table  2.1-5. Main variations in lipid composition observed in other types of matrices (platelets (Gul et al., 1970), brain (Craelius et al., 1981; Dasgupta 

and Ray, 2017; Ho et al., 2012; Moscatelli and Isaacson, 1969; Wheeler et al., 2008) and tears (Cicalini et al., 2019)) of multiple sclerosis patients 

reported in published lipidomic studies, in PubMed data base, using MS approaches.   

Reference Analytical method Lipid extraction method 

Results 

↓ Reduction ↑ Increase 

(Gul et al., 

1970) 
GC-MS Folch 18:2 - 

(Moscatelli and 

Isaacson, 1969) 
GC-MS Folch NSD NSD 

(Craelius et al., 

1981) 
GC-MS Folch 24:4 - 

(Wheeler et al., 

2008) 

Triple-quadrupole 

ESI-MS/MS 
Modified Bligh and Dyer 

SM(d18:1/16:0); SM(d18:1/20:0); 

SM(d18:1/22:0); SM(d18:1/24:0); C18:0-

Cer; C20:0-Cer; C22:0-Cer; C24:0-Cer;  

Monomeric, Dimeric and Trimeric 

Cholesterol; Σ Cholesterol 

PE(C18:2); PE(C20:2); PE(C22:2); Σ PE; 

PS(C16:2); PS(C18:2); Lysine and Histadine 

adducts of 4-HNE 

(Ho et al., 

2012) 

Triple-quadrupole 

ESI-MS; 

LC-HRMS 

INF azPC; azPC ester; PGPC; POPS - 

(Dasgupta and 

Ray, 2017) 
GC-MS 

Chloroform/methanol/water 

(2:4:1, v/v/v)  
Σ MonoGlcCer; Σ Cer Σ sphingosine; Σ psychosine 

(Cicalini et al., 

2019) 
LC-ESI-MS/MS 

Methanol extraction 

solution PerkinElmer® 

PC(32:1); PC(32:2); PC(33:0); PC(34:5); 

PC(35:1); PC(36:5); PC(37:5); PC(38:0); 

PC(38:1); PC(40:2); PC(40:7); PC(40:8); 

PC(P32:0); LPC(17:1); LPC(20:2); 

LPC(20:3); LPC(20:4); LPC(22:6); 

SM(d18:0/14:0);  SM(d18:0/22:0); 

SM(d18:1/12:0); SM(d18:1/18:0); 

SM(d18:1/20:0); SM(d18:1/24:0); 

SM(d18:2/14:0); SM(d18:2/22:1); 

SM(d18:1/24:1(15Z)) 

PC(36:3); PC(36:4); LPC(18:0) 

NSD: no significant differences; INF: information not found 
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All of these studies clearly demonstrate the role of lipids in inflammatory processes, in 

immunity, and in the onset and development of multiple sclerosis (Figure 3). Also, clinical 

lipidomics has potential as a tool to aid both in multiple sclerosis diagnosis and therapeutics by 

allowing a detailed lipidome profiling of multiple sclerosis patients. This detailed multiple 

sclerosis lipid profile is the first step for the identification of new lipid biomarkers of disease 

and targets for (personalized) therapy.  

 

 

Figure 2.1-3 Summary of main results gathered using lipidomics based on mass spectrometry 

approaches in the analysis of different human samples reported in published work related to 

Multiple Sclerosis including type of matrix (platelets, brain, tears; CSF: cerebrospinal fluid; 

PBMC: peripheral blood mononuclear cells; RBC: red blood cells) and the number of 

lipidomics studies per matrix. 

 

5. Concluding remarks and future perspectives           

 Lipids are recognized to have important biological functions, they are fundamental in 

many signalling pathways that are related with the maintenance of cell and tissue homeostasis. 

Changes in lipid metabolism, lipid profile and individual lipid molecular species are key 

parameters of several pathologies, including multiple sclerosis. Alteration in lipids metabolism, 

in particular AA pathway, are well established and there are evidences of alterations in the lipid 

profile of multiple sclerosis patients, showing the importance that lipid regulation has in 

multiple sclerosis pathogenesis. Several studies reported alterations of some lipid entities in 

particular, deficit of FA 18:2, FA 20:4 and total PUFA, with compensatory increases of 

saturated FA with shorter carbon chains. Oxidized PL were also reported in few studies. 
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Alteration in lipids seems to be a common issue in multiple sclerosis that is far from being 

completely elucidated due to the controversial results obtained for the same matrix type. 

Therefore, it is of utmost importance to improve the screening methodologies to evaluate the 

alterations in lipid profile of multiple sclerosis. Clinical lipidomics is nowadays the best 

methodological approach to understand the modulation of lipid metabolism in multiple 

sclerosis, advance knowledge on multiple sclerosis pathology and identify potential disease 

biomarkers. To standardize knowledge of the multiple sclerosis lipid profile, it should be 

considered an untargeted and targeted lipidomic approach to analyse the entire multiple 

sclerosis lipidome on the same type of matrix. Thus, clinical lipidomics would contribute to a 

more precise and early diagnosis, evaluation of disease progression, to predict relapse episodes, 

and evaluate therapy strategies and outcomes. Utmost, clinical lipidomic approaches could be a 

promising tool to personalised medicine. 
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Abstract 

 

Multiple sclerosis is a neurodegenerative disease causing disability in young adults. 

Alterations in metabolism and lipid profile have been associated with this disease. Several 

studies have reported changes in the metabolism of arachidonic acid and the profile of fatty 

acids, ceramides, phospholipids and lipid peroxidation products. Nevertheless, the 

understanding of the modulation of circulating lipids at the molecular level in multiple sclerosis 

remains unclear. In the present study, we sought to assess the existence of a distinctive lipid 

signature of multiple sclerosis using an untargeted lipidomics approach. It also aimed to assess 

the differences in lipid profile between disease status (relapse and remission). For this, we used 

hydrophilic interaction liquid chromatography coupled with mass spectrometry for 

phospholipidomic profiling of serum samples from patients with multiple sclerosis. Our results 

demonstrated that multiple sclerosis has a phospholipidomic signature different from that of 

healthy controls, especially the PE, PC, LPE, ether-linked PE and ether-linked PC species. 

Plasmalogen PC and PE species, which are natural endogenous antioxidants, as well as PC and 

PE polyunsaturated fatty acid esterified species showed significantly lower levels in patients 

with multiple sclerosis and patients in both remission and relapse of multiple sclerosis. Our 

results show for the first time that the serum phospholipidome of multiple sclerosis is 

significantly different from that of healthy controls and that few phospholipids, with the lowest 

p-value, such as PC(34:3), PC(36:6), PE(40:10) and PC(38:1) may be suitable as biomarkers for 

clinical applications in multiple sclerosis. 

 

 

 

 

 

Keywords: multiple sclerosis; lipidomic; mass spectrometry; lipid profile; phospholipids; 

plasmalogens 



63 

 

1. Introduction 

Multiple sclerosis is a chronic disease characterized by neurodegeneration, 

demyelination and (neuro)inflammation, resulting in severe neurological impact and disability 

in young adults [1]. This pathology is responsible for a progressive disability where the acute 

phases are the most debilitating for the patients. It affects approximately 2.3 million people 

worldwide, mostly women [2].  

Four disease courses are considered for this disease, classified according with clinical 

signs and symptoms. These courses are clinically isolated syndrome, relapsing-remitting 

multiple sclerosis (RRMS), secondary progressive multiple sclerosis and primary progressive 

multiple sclerosis, of which RRMS is the most common [3,4]. The diagnosis of multiple 

sclerosis is based on clinical parameters and imaging, but it is a long and often delayed task, 

preventing early initiation of treatment [5]. Much effort has been made to overcome this 

drawback, but the early diagnosis of multiple sclerosis remains a difficult task and definitive 

diagnostic tests are not available. Moreover, the monitoring of disease progression and the 

efficacy of therapeutic approaches are also based on clinical parameters and lack specific 

markers or tests to predict or early detect a period of remission [6]. Thus, it is difficult if not 

impossible to apply early therapeutic or preventive strategies to prevent worsening of symptoms 

and periods of relapse. Thus, there is a need to find new reliable biomarkers not only to help and 

improve the diagnosis of multiple sclerosis but also for more accurate monitoring of disease 

progression [7].  

The lack of biomarkers is mainly due to the heterogeneous pathophysiology of this 

disease which is not fully understood. Multiple sclerosis is a demyelinating disease in which the 

myelin sheath around the nerves is destroyed [8]. Myelin has a high lipid content, mainly 

composed of phosphatidylethanolamine, glucosyl-ceramides, phosphatidylcholine, 

sphingomyelin, ceramides and sulfatides. Changes in its lipid composition may be associated 

with impaired myelin function [9]. Therefore, lipids would be promising candidates to be useful 

biomarkers of this disease [10,11]. Also, lipids are key players in the regulation of inflammatory 

responses and can modulate activated immune cells in autoimmune diseases [12].  
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Changes in lipid metabolism and lipid profile have been reported in a few studies of 

multiple sclerosis, and it has been suggested to play a fundamental role in the pathogenesis and 

severity of this disease [13,14]. Although most studies have focused on the variation in fatty 

acid metabolism [6]. The arachidonic acid metabolic pathway has been reported to be 

overactivated in the central nervous system of patients with multiple sclerosis [15]. 

Prostaglandins and hydroxyeicosatetraenoic acids were elevated in the cerebrospinal fluid of 

patients with multiple sclerosis due to overactivation of arachidonic acid metabolism and 

neuroinflammation[16]. Deficiency of polyunsaturated fatty acids (PUFAs) and increased short-

chain FA have also been reported in other studies (as recently reviewed in [6]). Omega-3 lipids, 

which have a protective role by preserving the blood-brain barrier, are significantly reduced in 

the serum of patients with multiple sclerosis [17,18].  

Regarding phospholipids (PL), lyso-phosphatidylcholines are reduced in plasma [19]. 

Ceramides (Cer), well-known signalling molecules associated with mitochondrial dysfunction 

and cell apoptosis, are significantly increased in the plasma and cerebrospinal fluid of patients 

with multiple sclerosis [20,21]. The lipid peroxidation products of 4-hydroxynonenal, 

isoprostanes, malondialdehyde and cholesteryl ester hydroperoxides have been found at 

increased concentrations in plasma and serum of multiple sclerosis [6]. Despite studies showing 

a positive correlation of lipids in this disease, no study has looked for an alteration in serum PL 

in this pathology.  

Analysis of lipid variation at the molecular level using high-throughput lipidomic 

techniques provides an understanding of the contribution of lipids to disease development and 

its molecular mechanisms, which could be useful and have a purpose for the study of several 

chronic diseases in clinical lipidomics [22,23].  

In the present study, we sought to make a comprehensive assessment of the variation in 

the serum phospholipid profile of patients with multiple sclerosis compared to control patients, 

using an untargeted lipidomics approach. It also aimed to assess the differences in lipid profile 

between disease status (relapse and remission).  
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2. Materials and methods 

2.1 Reagents   

To perform the PL separation of the samples by solid-phase extraction, acetonitrile 

(ACN) was acquired from Fisher Scientific (Leicestershire, UK) and formic acid and 

ammonium hydroxide were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). 

To quantify the PL in each sample, dichloromethane was purchased from Fisher Scientific, 70% 

perchloric acid was obtained from Chem-Lab NV (Zedelgem, Belgium), NaH2PO4·2H2O was 

purchased from Riedell-de Haën (Seelze, Germany), ammonium molybdate (NaMoO4·H2O) 

was acquired from Panreac (Barcelona, Spain) and the L(+)-ascorbic acid from VWR 

Chemicals (Leuven, Belgium). Internal standards of PL 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (dMPC, PC 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine 

(dMPE, PE 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-)glycerol (dMPG, PG 

14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (dMPS, PS 14:0/14:0), 

tetramyristoylcardiolipin (TMCL, CL 14:0/14:0/14:0/14:0), 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylinositol (dPPI, PI 16:0/16:0), N-heptadecanoyl-D-erythro-

sphingosylphosphorylcholine (SM d18:1/17:0), 1-nonadecanoyl-2-hydroxy-sn-glycero-3-

phosphocholine (LPC 19:0) and 1,2-dimyristoyl-sn-glycero-3-phosphate (dMPA, PA 14:0/14:0) 

for HILIC-MS analysis were obtained from Avanti® Polar Lipids, Inc (Alabaster, AI, EUA). 

The solvents for LC-MS were ACN, methanol (Fisher Scientific), Milli-Q water and ammonium 

acetate (Sigma-Aldrich). Dichloromethane was also purchased from Fisher Scientific. All 

solvents were of high-performance liquid chromatography (HPLC) grade and were used without 

any additional purification. Milli-Q water was used for all experiments, filtered through a 

0.22mm filter and obtained using a Milli-Q Millipore system (Synergy®, Millipore Corporation, 

Billerica, MA, USA). 
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2.2 Serum samples   

Serum samples from patients with multiple sclerosis and healthy controls were provided 

by Centro Hospitalar Cova da Beira (CHCB). Participating patients (n=24) were diagnosed with 

RRMS and were followed up at CHCB before sample collection for this study. The diagnosis 

was based on clinical, MRI, and biochemical criteria, according to the 2010 MacDonald criteria 

[24]. Exclusion criteria were active infections, local or systemic diseases that affect the immune 

system, pregnancy, and corticosteroids or other treatments for multiple sclerosis in addition to 

IFN-β. To allow participation in this study, all healthy control volunteers (HC) (n=30) were 

guaranteed to be healthy, showing no signs of active infection, autoimmune disease, and 

treatment with immunomodulatory drugs. HC samples were age- and gender-matched. The 

study protocol was approved by the CHCB`s Ethics Committee. Summary information on 

patients with multiple sclerosis and healthy controls is shown in Table 1. After collection, serum 

samples were stored at −80 °C until further study of the lipid profile. 

 

Table  2.2-1. Demographic and clinical characteristics of patients with multiple sclerosis 

(RRMS) and healthy controls (HC). 

 Remission RRMS (n=17) Relapse RRMS (n=7) HC (n=30) 

Age (years)* 46.5 ± 12.3 40.9 ± 14.7 49.5 ± 10.1 

Sex (% women) 94.1 % 71.4 % 76.7% 

EDSS-score* 1.5 ± 0.8 3.0 ± 1.4 - 

Disease duration (years)* 12.2 ± 7.2 4.3 ± 4.0 - 

*Values represent the mean ± standard deviation. 

 

2.3 Phospholipid extraction and phosphorus measurement  

 Solid-phase extraction (SPE) was used to separate PL from serum samples as previously 

described by Anjos et al [25] with modifications. The SPE procedure required three eluents 

prepared before the extraction of PL. Eluent 1 consisted of ACN with 1% formic acid. Eluent 2 

was pure ACN. Eluent 3 was ACN with 5% ammonium hydroxide. After the preparation of the 

mobile phases, a volume of 100 µL of serum from each sample was mixed with 900 µL of 

eluent 1 in a Pyrex tube. Each tube was vortexed for 30 seconds, then centrifuged at 2000 rpm 
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for 5 minutes for protein precipitation. The resulting supernatant from each tube was transferred 

to a Hybrid SPE-PL column (HybridSPE® - Phospholipid 30 mg, SUPELCO, Sigma-Aldrich, 

Bellefonte, PA) that was already placed in a vacuum Visiprep SPE Vacuum Manifold 

(SUPELCO) system and previously conditioned with 1 mL of ACN. After elution of almost all 

the supernatant, the columns were washed with 1 mL of eluent 2 and with 1 mL of eluent 1. At 

this stage, the collection tubes were replaced by new ones and the PL retained on the Hybrid 

SPE-PL columns were eluted with two consecutive 1 mL aliquots of eluent 3. The flow-through 

was collected and dried under a stream of nitrogen. The samples were dissolved in 400 μL of 

dichloromethane and transferred individually to a HAMILTON glass syringe. All samples were 

filtered with a Millex® - LH 0,45 µm filter (low protein binding hydrophilic LCR Membrane 

for clarification of aqueous and organic solutions). The filtered samples were collected in vials 

and dried under a stream of nitrogen.  

2.4 Phospholipid quantification by phosphorous measurement 

The quantification of the total PL recovered after extraction was carried out according 

to the method of Bartlett & Lewis [26]. The detailed experimental procedures have been 

previously described by Anjos et al [25]. The PL extracts were dissolved in 100 µL of 

dichloromethane, and a volume of 10 µL was transferred, in duplicate, to a glass tube, 

previously washed with 5% nitric acid. The solvent was dried under a stream of nitrogen and a 

volume of 125 µL of 70 % perchloric acid was added to each tube. The samples were incubated 

in a heat block (Stuart, U.K.) for 1h at 180 °C. After cooling to room temperature, a volume of 

825 µL of Milli-Q water, 125 µL of 2.5% ammonium molybdate (2.5 g/ 100 mL of Milli-Q 

water), and 125 µL of 10% ascorbic acid (0.1 g/1 mL of Milli-Q water) were added to each 

sample, with a vortex mixing between each addition. The samples were then incubated in a 100 

°C water bath for 10 min. Then the samples were immediately cooled in a cold-water bath. 

Phosphate standards of 0.1 to 2 µg of phosphorus (P) were prepared from sodium dihydrogen 

phosphate dihydrate (NaH2PO4•2H2O, 100 μg/mL of P). The standards underwent the same 

experimental procedure as the samples without the heat block step. Absorbance was measured at 

797 nm in a Multiskan GO 1.00.38 Microplate Spectrophotometer (Thermo Scientific, Hudson, 
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NH, USA) controlled by SkanIT software version 3.2 (Thermo Scientific™). The amount of P 

present in each sample was calculated by linear regression. For each lipid extract, the amount of 

total PL was calculated by multiplying the amount of phosphorus by 25. 

2.5 Lipid extract analysis by Hydrophilic interaction liquid chromatography-mass 

spectrometry (HILIC-MS) 

2.5.1 Sample preparation  

The PL extracts obtained from serum samples were resuspended in dichloromethane to 

have a PL concentration of 1 μg PL/μL. Subsequently, in a vial with a micro-insert, 5 μL of 

each sample, 4 μL of a mixture of internal standards and 91 μL of the initial chromatographic 

phase were added. The internal standard mixture contained 0.02 μg of phosphatidylcholine (PC, 

14:0/14:0), 0.02 μg of phosphatidylethanolamine (PE, 14:0/14:0), 0.012 μg of 

phosphatidylglycerol (PG, 14:0/14:0), 0.08 μg of phosphatidylinositol (PI, 16:0/16:0), 0.04 μg 

of phosphatidylserine (PS, 14:0/14:0), 0.08 μg of phosphatidic acid (PA, 14:0/14:0), 0.02 μg of 

lyso-PC (LPC, 19:0), 0.02 μg of sphingomyelin (SM, d18:1/17:0) and 0.08 μg of cardiolipin 

(CL, 14:0/14:0/14:0/14:0). The initial chromatographic phase consisted of two mobile phases at 

a proportion of 10% of eluent A (50% acetonitrile, 25% methanol, 25% water and 2.5 mM 

ammonium acetate) and 90% of eluent B (60% acetonitrile, 40% methanol and 2.5 mM 

ammonium acetate). 

2.5.2 Data and statistical analysis  

The PL were separated by HILIC, according to the polarity of the moiety group, using 

an Ascentis Si HPLC Pore column (100 mm x 1 mm; 3 μm, Sigma-Aldrich) inserted into an 

HPLC system (Ultimate 3000 Dionex, Thermo Fisher Scientific, Bremen, Germany) with an 

autosampler coupled online to a Q-Exactive™ Hybrid Quadrupole-Orbitrap™ Mass 

Spectrometer (Thermo Fisher Scientific, Bremen, Germany).  

A volume of 5 μL of each sample mixture was injected into the HPLC column, at a flow 

rate of 50 μL/min. The temperature of the column oven was maintained at 35 °C. Elution started 

with 10% of mobile phase A, which was held isocratically for 2 minutes, followed by a linear 
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increase to 90% of mobile phase A within 13 minutes and maintained for 2 minutes. After that, 

conditions returned to the initial settings in 13 minutes (3 min to decrease to 10% of phase A 

and a re-equilibration period of 10 min prior next injection). The Q-Exactive™ orbitrap mass 

spectrometer with a heated electrospray ionization source was operated using a 

positive/negative switching toggles between positive (electrospray voltage of 3.0 kV) and 

negative modes (electrospray voltage of −2.7 kV). The sheath gas flow was 15 U, auxiliary gas 

was 5 U, the capillary temperature was 250 °C, the S-lenses RF was 50 U and the probe`s 

temperature was 130 °C. Full scans MS spectra were acquired both in positive and negative 

ionisation modes in an m/z range of 400-1600, with a resolution of 70.000, automatic gain 

control (AGC) target of 1x106 and maximum injection time of 100 ms. For tandem MS 

(MS/MS) experiments, a top-10 data-dependent method was used. The top 10 most abundant 

precursor ions in full MS were selected to be fragmented in the collision cell HCD. A stepped 

normalized collision energy™ scheme was used and ranged between 20, 25 and 30 eV. MS/MS 

spectra obtained were those combining the information obtained with the three collision 

energies. The MS/MS spectra were obtained with a resolution of 17,500; AGC target of 1x105; 

an isolation window of 1 m/z; scan range of 200-2000 m/z; and maximum injection time of 50 

ms. The cycles consisted of one full scan mass spectrum and ten data-dependent MS/MS scans, 

which were repeated continuously throughout the experiments, with the dynamic exclusion of 

60 s and intensity threshold of 1x104. Data acquisition was carried out using the Xcalibur data 

system (V3.3, Thermo Fisher Scientific, USA).  

LC-MS data were processed and integrated using the MZmine v2.42 software [27]. This 

software enabled filtering and smoothing, PL peak detection, PL peak alignment and 

integration, and PL assignment and identification against an in-house database, which contains 

information on the exact mass and retention time (RT) for each PL molecular species. The 

identification of the PL species was performed as described previously [25,28]. Briefly, to 

correctly identify the PL species, during the processing of raw data by MZmine, all peaks of 

raw intensity less than 1x104 and error greater than 5 ppm were excluded. The assignment of 

each PL species was confirmed by analysis and interpretation of the MS/MS spectra. PC, LPC 
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and SM were analysed in the LC-MS spectra in the positive ion mode, as [M+H]+ ions. The 

presence of the fragment ion at m/z 184, corresponding to the phosphocholine polar head group, 

in the MS/MS of [M+H]+ ions allows identifying PL molecular species belonging to the PC, 

LPC and SM classes, which were further differentiated by the characteristic retention times. PC, 

LPC and SM were also analysed in the LC-MS spectra in the negative ion mode, as acetate 

adducts ([M+CH3COO]− ions). MS/MS spectra of [M+CH3COO]− ions of these three PL classes 

should display the typical fragment ion at m/z 168 (phosphocholine polar head group minus a 

methyl moiety). Carboxylate anions of fatty acyl chains can also be seen for PC and LPC. PE 

and LPE classes were analysed both in positive ([M+H]+ ions) and negative ion modes ([M−H]− 

ions). The neutral loss of 141 Da (phosphoethanolamine polar head group) can be observed in 

the MS/MS acquired in the positive mode, while the fragment ion at m/z 140 

(phosphoethanolamine polar head group) and the carboxylate anions of fatty acyl chains can be 

found in MS/MS data from negative ion mode. For structural identification of PC, LPC, SM, PE 

and LPE, the MS/MS data was analysed in positive and negative ion modes, however, for 

quantification purposes, only LC-MS positive ion mode data was used. PI and PG species 

together with the lyso forms of PI (LPI) and PG (LPG) were analysed in negative ion mode, as 

[M−H]− ions. These species were identified based only on the RT and exact mass 

measurements, no MS/MS spectrum was found. An example of the MS/MS fragmentation 

patterns of each PL classes analysed in the present study is available in the supplementary 

material.  

Relative quantification was performed by exporting the peak area values to a computer 

spreadsheet. For normalization of the data, the peak areas of the extracted ion chromatograms 

(XIC) of the PL precursors of each class were divided for the peak area of the internal standards 

selected for the class.  

The data sets composed of the XIC areas obtained by the HILIC-MS analysis were 

normalized to the internal standard, generalized log2, normalized with EigenMS [29], 

autoscaled and analysed statistically. Missing values were replaced with half of the minimum 

positive values detected in the data set. Principal component analysis (PCA) was performed 
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using the R libraries FactoMineR [30] and factoextra [31], and the ellipses were drawn 

assuming a multivariate normal distribution and a level of 0.95. Univariate statistical analysis 

was performed using the Wilcoxon or Kruskal−Wallis test following a post hoc Dunn test. A p-

value < 0.05 was considered an indicator of statistical significance. Heatmaps were created 

using the R package pheatmap using “Euclidean” as the clustering distance and “ward.D” as the 

clustering method [32]. Univariate and multivariate statistical analyses were performed using R 

version 3.5.1 in Rstudio version 1.1.4. All graphics and boxplots were created using the R 

package ggplot2 [33]. Other R packages used for data management and graphics included plyr 

[32], dplyr [34] and tidyr [35]. The areas under curve (AUC) of Receiver operative 

characteristic (ROC) curves were used to determine the diagnostic effectiveness of important 

phospholipids using the R packages Caret [36], using a Random Forest model with the default 

parameters, and pROC [37]. 

3. Results  

3.1 Characterization of the serum samples 

 To assess the changes in the PL profile associated with multiple sclerosis, we analysed 

the serum of 24 patients diagnosed with multiple sclerosis (from now on referred to as MSs) and 

30 healthy controls samples (HC), as summarized in Table 1. All patients and controls were 

adults aged 20 to 60 years. A total of 94.1% and 71.4% of the patients in remission (MSs_Rem) 

and relapse (MSs_Rel), respectively, were female. 

3.2 Identification of the serum phospholipid profile of patients with MSs and HC 

The PL profile of MSs and HC serum was analysed by high-resolution HILIC-MS and 

MS/MS platform. This lipidomic analysis allowed to identify 161 different PL species 

(molecular ions) belonging to 9 different classes, namely phosphatidylcholine (PC) comprising 

diacyl, alkyl-acyl and alkenyl-acyl species, lyso PC (LPC), phosphatidylethanolamine (PE) 

including diacyl, alkyl-acyl and alkenyl-acyl species, lyso PE (LPE), phosphatidylglycerol 

(PG), lyso PG (LPG), phosphatidylinositol (PI), lyso PI (LPI) and sphingomyelin (SM) 

(Supplementary Table S1). PC, LPC, PE, LPE and SM species were identified by analysis of 
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exact mass, retention time and MS/MS spectra, while PG, LPG, PI and LPI species were 

identified by exact mass and retention time. Statistical analysis, including multivariate and 

univariate statistical analysis grouped the data as follows: 1) comparing HC with MSs (healthy 

vs overall disease) and 2) comparing HC with MSs_Rem and MSs_Rel patients. 

3.2.1 Comparison of serum phospholipidome from HC versus patients with MSs 

(health vs disease)  

The differences between the PL profile of HC (30 controls) and patients with MSs (24 

patients), regardless the disease state (remission or relapse), were assessed using multivariate 

statistical analysis. Data from LC-MS analysis were auto-scaled and then subjected to principal 

component analysis (PCA) to show the clustering trends of the two experimental groups. The 

PCA plot showed that the two groups were separated in two different clusters, in a two-

dimensional score plot that represented the analysis describing 31.3% of the total variance, 

including dimension 1 (24%) and dimension 2 (7.3%), with major discrimination in dimension 1 

(Figure 1). HC samples were scattered on the right region of the PCA plot while MSs samples 

were scattered on the left region.  

Considering the variables that contributed the most to group discrimination, 16 PL 

molecular species were identified that showed the most significant discriminating power 

between conditions using variable importance in projection (VIP) (Supplementary Figure S4). 

Eight of these PL species with higher discriminating potential were ether-linked (akyl-acyl and 

alkenyl-acyl), PC (5 species) and PE (3 species), which are generally decreased in MSs.  
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Figure 2.2-1 Principal component analysis (PCA) in a two-dimensional score scatter plot of PL 

profiles from serum from healthy control (Control) and disease (MSs) groups. 

 

Also, a univariate analysis of the HILIC-MS data of the two conditions was performed 

(Supplementary Table S2), and the Wilcoxon test showed that the 16 major contributors with 

the lowest q-value (q<0.05) were selected (Figure 2) corresponding to 7 PC, 3 ether-linked PC, 

3 ether-linked PE, and 3 LPE species, all with statistically significant lower levels in MSs. We 

predicted the test dataset using a trained model and found that the random forest predicts with 

an accuracy of 100%. Next, we have performed a Receiver operative characteristic (ROC) 

analysis to further characterize the predictive value of these top 5 PL independently 

(Supplementary Figure S5). We found that all 5 PL had an area under the curve (AUC) >0.96. 
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Figure 2.2-2. Box plots of the 16 most discriminating PL species with the lowest q-values 

obtained from a univariate analysis of HC (1) and MSs patients (2) using the Wilcoxon test. q < 

0.05 for all comparisons. 

 

Additionally, we carried out a hierarchical clustering analysis (HCA) on the 

phospholipid data sets from the two conditions (Figure 3). The results were used to create a 

heatmap of the top 25 PL species with the lowest q-values in the Wilcoxon test, and a 

dendrogram with a two-dimensional hierarchical clustering of the functional state and variables 

that reflect the most important native PL species contributing to differentiate MSs disease from 

HC. The resulting HCA dendrogram (Figure 3) showed a noticeable separation of the two data 

in the first dimension (upper hierarchical dendrogram) where samples are clustered 

independently into two groups, control and disease (MSs). Moreover, the clustering of 

individual PL species also shows two principal clusters: the first group includes a single PL 

specie, PE(40:10), which is more abundant in MSs, while the second group had 24 different PL 

species which are less abundant in MSs than HC, and included  11 plasmalogens species, 

namely 6 PE plasmalogens, 5 PC plasmalogens, 8 PC species (with 7 PC bearing PUFA), 3 LPE 

with PUFA, 1 PE and 1 PG species. 
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Figure 2.2-3. Two-dimensional hierarchical clustering heatmap of the 25 most discriminating 

PL molecular species of Control and MSs groups. Relative abundance levels are shown on the 

red-yellow-blue scale, with the numbers indicating the fold difference from the overall mean. 

The red colour of the tile indicates high abundance and blue indicates low abundance. Null 

values were displayed in yellow. The clustering of the control and disease groups is represented 

by the dendrogram at the top. The clustering of individual PL molecular species is represented 

by the dendrogram on the left. 

 

3.2.2 Comparison of serum phospholipidome from HC versus patients with 

MSs_Rem and MSs_Rel  

 The PL profile was compared considering the disease status. Thus, the MSs PL profile 

of the serum from the two groups, MSs_Rem (n=17) and MSs_Rel (n=7), were compared to 

HC. Multivariate analysis of the datasets was performed and the PCA plot generated showed 

that, in a two-dimensional score plot, the HC group separates from the two MSs groups (Figure 

4). The PCA plot also showed the separation of the two conditions, MSs_Rem and MSs_Rel, 

although some overlapping of the 95% confidence ellipse was observed. The PCA score plot 

described 32.7.% of the total variance, including dimension 1 (24.8%) and dimension 2 (7.9%), 

where dimension 1 was the major discriminant. The HC samples were scattered in the right 

region of the plot while the MSs_Rem and MSs_Rel samples were scattered on the left region 

of the plot. The 16 PL molecular species that showed the most significant discriminating power 

between conditions in PCA analysis  (Supplementary Figure S6), using VIP scores, included 7 

PC (2 diacyl PC plus 5 alkyl-acyl PC), 4 PE (2 diacyl PE and 2 PE plasmalogens), 2 PG, 1 PI, 1 

LPE and 1 LPG specie. Boxplots, which report the normalized intensities of the 16 PL species, 
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show the PL species with higher discriminating potential between MSs groups, such as PE (P-

34:5), PE (30:2) and LPG14:0 species which were found to have lower levels in MSs_Rel than 

in HC and MSs_Rem.   

 

Figure 2.2-4. PCA of the serum phospholipidome from control, MSs_Rel and MSs_Rem. PCA 

in a two-dimensional score scatter plot of PL profiles obtained in both positive and negative 

modes from healthy control (Control), MSs_Rel and MSs_Rem groups.  

 

Also, a univariate analysis (Kruskal−Wallis test followed by Dunn’s multiple 

comparison post-hoc test) was performed on the HILIC-MS data, to test for significant 

differences between the three conditions (Supplementary Table S3). The main 16 contributors 

from the Kruskal−Wallis test with the lowest q-value (with q<0.05) were selected (Figure 5) and 

correspond to 7 PC, 2 ether-linked PC, 5 ether-linked PE, and 2 LPE species, all with 

statistically significantly higher levels in control samples. Dunn's test of multiple comparisons 

revealed that 16 species were significantly different between HC and MSs_REM, 15 between 

HC and MSs_REL, and 1 (PC 38:1) between MSs_REL and MSs_REM.  
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Figure 2.2-5. Box plots of PL molecular species with the lowest 16 q-values of the Kruskal-

Wallis test followed by the Dunn multiple comparison tests of Control, MSs_Rel and 

MSs_Rem. q < 0.05 was considered statistically significant: a, control vs MSs_Rem and control 

versus MSs_Rel; b, MSs_Rel versus MSs_Rem. 

 

The results of the Kruskal-Wallis test were also used to create a heatmap of the 25 PL 

species with the lowest q-values. The dendrogram with two-dimensional hierarchical clustering 

of disease status and variables (Figure 6) shows the most important native PL species 

contributing to differentiate MSs-Rel and MSs-Rem from HC samples. It is possible to observe 

that in the first dimension, in the top hierarchical dendrogram, the samples are clustered 

independently into two groups, control versus disease, and it was not possible to achieve 

complete discrimination between the two statuses of disease. The clustering of the individual PL 

species allowed for the identification of two principal clusters: the first which included 6 ether-

linked PE that is more abundant in the HC group and less abundant in the disease groups, while 

the second contains different PL species which are also more abundant in the HC group and the 

MSs-Rel, but with low abundance in MSs-Rem, including 4 PC plasmalogens, 8 PC(including 6 

PC bearing PUFA) and 3 LPE species and 1 LPC. 
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Figure 2.2-6. Two-dimensional hierarchical clustering heat map of the 25 most discriminating 

PL molecular species of the control, MSs_Rel and MSs_Rem groups. Relative abundance levels 

are shown on the red-yellow-blue scale, with the numbers indicating the fold difference from 

the overall mean. The red colour of the tile indicates high abundance and blue indicates low 

abundance. Null values were displayed in yellow. The clustering of the HC, MSs_Rel and 

MSs_Rem groups is represented by the dendrogram at the top. The clustering of individual PL 

molecular species is represented by the dendrogram on the left. 

 

Univariate analysis (Figure 2 and Figure 5) indicates that the 16 PL molecular species 

that most significantly contribute to discriminating HC from MSs and HC from patients with 

MSs_Rem and MSs_Rel mainly include PC and PE species, bearing PUFA, and PC and PE 

alkyl-acyl species, and some lyso PL. There was variation in 13 PL molecular species revealing 

the lowest abundance of PC(34:3); PC(36:6); PC(38:1); PE(P-38:6); PC(36:5); PC(34:2); 

PC(34:4); PE(P-38:7); PE(P-38:5)/PE(O-38:6); LPE(20:5); PC(P-38:6); LPE(20:4) and 

PC(32:2) in MSs (overall disease) and MSs_Rem and MSs_Rel. ROC analysis (supplementary 

figure S5) have shown, that the five variables with the lowest p-value  distinctive had very high 

AUC value (>0.96) two had a AUC > 0.99 (PC(34:3) and PC(36:6)), showing a potential high 

diagnostic performance of multiple sclerosis. The boxplots in Figure 2, which compared HC 

with MSs, also showed that PC(P-34:2)/PC(O-34:3); PC(P-36:4)/PC(O-36:5) and LPE(18:2) 

were significantly downregulated in MSs and contributed to differentiate the two groups. In the 

second analysis (Figure 5), PC(P-36:2)/PC(O-36:3); PE(P-36:3)/PE(O-36:4) and PE(P-

38:3)/PE(O-38:4) were also significantly decreased in the MSs_Rem and MSs_Rel groups. The 

lower levels of PC(34:3); PC(34:2); PC(36:5); PC(38:1); PC(P-36:2)/PC(O-36:3); PC(34:4); 
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LPE(20:5); PC(32:2) and LPE(20:4) in the MSs_Rem group show a deeper alteration in lipid 

metabolism. The result of the hierarchical cluster analysis represented by a heatmap (Figures 3 

and 6) also confirms that PC and PE are the PL classes that contribute the most to differentiate 

all the groups. 

 

4. Discussion 

Lipids have important biological functions with critical roles in inflammatory and 

immune processes and have been correlated with the pathophysiology of many diseases, 

including autoimmune diseases such as MSs [6]. They have been shown to contribute to the 

pathogenesis and severity of MSs. MSs is characterized by demyelination and myelin is mainly 

composed of lipids, but their role in MSs is scarcely addressed [10]. In this study, a 

phospholipidomic profiling of serum samples from patients with MSs was carried out, aiming to 

elucidate the adaptations of the PL profile concerning the health status, and associated with the 

different statuses of this disease. Lipidomics data were analyzed by multivariate principal 

component analysis (PCA) as well as univariate and hierarchical cluster analysis (HCA) for 

visualization and interpretation of results. Of all the patients included in this study, a total of 

94.1% of MSs_Rem patients and 71.4% of MSs_Rel patients were female, which is in 

agreement with the epidemiological evidence indicating that MSs is three times more prevalent 

in women [38]. 

Initially, a comparison between healthy controls and patients with the disease (HC vs 

MSs) was performed to assess the differences between health and disease. Analysis of the PCA 

score plot (Figure 1) indicated that the lipidome of the two conditions differ from each other, 

which means that the serum PL profile of MSs is different from HC. Then the lipid profile was 

also compared taking into account the status of the disease. RRMS is characterized by periods 

of relapse and remission that affect the patient’s daily life. During periods of relapse, the 

(neuro)inflammatory conditions worsen, so it is expected to observe major or dissimilar changes 

in the lipid profile. The analysis of PCA scores scatter plot (Figure 4) revealed that HC differed 

from MSs, however, the MSs_Rem and MSs_Rel 95% confidence ellipses partially intercept 
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and as such are not fully discriminated. This means that while considering that in remission 

there are fewer (if any) symptoms, there is also a modulation of the lipid profile which is 

different from typical health conditions. Even in the absence of symptoms, the lipid profile does 

not return to the level of healthy status and the significance of this imbalance should be 

carefully assessed. 

In this work, patients with MSs had a lower abundance of plasmalogens PC and PE 

species, compared to controls, and differences were mainly observed in PC and PE species with 

PUFA. PC is the most abundant class of PL in cell membranes and plasma [39]. In our models, 

few PC species discriminated HC from MSs and HC from MSs_Rem and MSs_Rel. Different 

PC species have contributed to this differentiation such as plasmalogens PC(P-38:6); PC(P-

36:2)/PC(O-36:3); PC(P-36:4)/PC(O-36:5); PC(P-34:2)/PC(O-34:3); PC(P-36:5) and the diacyl 

species PC(34:4); PC(36:6); PC(32:2); PC(36:3); PC(36:5); PC(34:3); PC(34:2) and PC(38:1). 

However, only PC(38:1) was statistically different between MSs_Rel and MSs_Rem, being 

lower in MSs_Rem (Figure 5). PC(38:1) was identified as PC(18:1/20:0), thus bearing an oleic 

acid (FA 18:1). Trépanier et al reported a significant reduction in oleic acid in post-mortem 

brain tissue from mouse models with induced demyelination and from patients with MSs [40]. 

In our study, comparing HC to MSs groups, we also found significantly lower levels of the 

molecular species PC(34:2), PC(36:3), and PC(38:1), all of which contained oleic acid in their 

composition. Cicalini et al also found a markedly decreased PC(38:1) in tears from patients with 

MSs [41]. The decrease in PL species may be due to a decrease in oleic acid biosynthesis which 

may result from the dysregulation of different pathways, such as i): formation and reduced 

levels of 18:1 precursors, namely palmitate (C16:0), stearate (C18:0) or palmitoleate (C16:1); ii) 

this may be the result of downregulation of desaturases, as ∆9-desaturase, which converts FA 

18:0 into FA 18:1 n-9 and FA 16:0 into FA 16:1 n-9; or iii) it may ultimately derive from the 

downregulation of ELOVL6 elongase which converts FA 16:0 into FA 18:0 (Supplementary 

Figure S7). 

PE is the second most abundant class of PL in cells and is the major class of PL in 

myelin sheaths. The results gathered in the present work showed that the PE species contributed 
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to differentiate HC from MSs and HC from MSs_Rel and MSs_Rem. These species were 

PE(34:3); PE(P-36:6); PE(P-38:6); PE(P-38:7); PE(P-36:3)/PE(O-36:4); PE(P-38:5)/PE(O-

38:6); PE(P-38:3)/PE(O-38:4), generally lower in disease. Another feature noted when 

comparing MSs phospholipidome (overall disease) with HC, was the significantly higher 

concentrations of PE(40:10) in MSs. The majority of PC and PE species that showed variation 

were esterified to PUFA and were decreased in MSs. The significant reduction in serum PE and 

PC species in MSs has also been reported by Villoslada et al[42]. 

PE may have a role in the immune response by modulating CD300 receptor in chronic 

inflammatory diseases and are also known to participate in autoimmune diseases. However, the 

exact function of the receptors of this family is unclear and may upregulate or downregulate 

immune responses [43]. PC is fundamental in proliferative growth and programmed cell death 

[44]. Therefore, these alterations in phospholipidome may be correlated with increased chronic 

activation of the immune system in patients with MSs, in which PL have important functions 

[45]. In addition, we have found among the PC and PE species several ether-linked species, 

namely the PC and PE plasmalogens. These species had significantly lower levels in MSs, 

MSs_Rel and MSs_Rem, compared to controls. Plasmalogens are considered to be important 

endogenous antioxidants, playing a key role in cellular antioxidant defence, so their reduction in 

disease conditions may be an indicator of an increased oxidative environment in MSs [46,47]. 

Plasmalogens have also been recognised as important antioxidants in myelin [46]. Myelin is 

highly enriched in PE species, in particular in plasmalogens, and the decrease in PE may be due 

to damage to the myelin that occurs during demyelination [48,49]. Plasmalogen-deficient 

mammalian cells are considerably more susceptible to oxidative stress-induced death than high 

plasmalogen mammalian cells, corroborating the protective role of plasmalogens as antioxidants 

[46,50,51]. Accordingly, our results of significantly lower abundances of PC and PE 

plasmalogen species in MSs serum may indicate alterations of the myelin lipid-rich sheaths, 

making them more vulnerable to oxidative damage, known to be increased in this pathology.  

In this work, we found that several PC and PE phospholipids bearing PUFA species had 

significantly lower abundances in MSs. This decrease could be due to degradation by lipid 
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peroxidation processes that can occur in MSs, in the two groups with different disease status. 

An increase in oxidative stress has been described in MSs, leading to exacerbation of disease 

activity and severity [6,52]. The identification of oxidized lipids was not the scope of our work, 

but oxidized PL has already been found in the plasma of patients with MSs [42,53,54]. 

The LPE class also contributed to the discrimination of HC and MSs and of HC, 

MSs_Rem and MSs_Rel, particularly with three species, LPE(20:4); LPE(20:5) and LPE(18:2). 

These LPE species with PUFA were shown to be significantly reduced in MSs, which correlates 

well to the results showing that patients with MSs have a FA 18:2, 20:4 and PUFA deficiency in 

plasma and serum [6]. PUFA are also known to have immunomodulatory effects which are 

associated with their ability to suppress T cell activation and function [55]. Thus, the reduction 

in PUFA levels in patients with MSs observed in our work indicates that this may contribute to 

the activation of T cells in this pathology. MS is mediated by effector T cells, even in remission 

MSs patients the IL-17 and Th/c17 cells seemed to contribute to perpetuating chronic 

inflammation [56]. Moreover, the decrease in LPE(20:5) in MSs is noteworthy because 

LPE(20:5) can arise from degradation of PE(40:10) by phospholipases [57]. In the analysis of 

control versus MSs, PE(40:10) shows higher abundances in patients with MSs which may 

indicate altered PLA2 activity in patients with MSs and  decreased LPE(20:5) biosynthesis. For 

future work, it would be interesting to investigate PLA2 activity. In the HC vs MSs_Rem and 

MSs_Rel comparison, LPC(20:5) also contributes to differentiate the lipid profile, being 

downregulated in MSs_Rem and MSs_Rel patients. 

Del Boccio et al [19], Kurz et al [20] and De Oliveira et al [58] also analysed MSs 

plasma and serum samples using LC-MS/MS techniques but these authors only explored 

alterations on lyso-PL[19], ceramides[20] and other lipid species[58]. To our knowledge, our 

study is the first to assess phospholipidome changes of several classes of PL using LC-MS/MS.  

5. Conclusion 

From this study, we can conclude that the pathogenesis of MSs was associated with 

changes in the lipid profile and that patients with MSs have a significantly different PL profile 

compared to healthy controls. Our results showed that the phospholipidomic signature of MSs is 
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significantly different from that of healthy controls, in particular for the PE, PC, LPE and ether-

linked PE and PC species. Based on the comparison of MSs_Rel and MSs_Rem, our models 

had less discriminating power, and the species that showed significant differences were mainly 

PC species, particularly PC(38:1). PC and PE plasmalogens, as well as PC and PE species 

bearing PUFA, had significantly lower levels in MSs disease and MSs_Rel and MSs_Rem. 

PE(40:10) and PC(38:1) may be considered as possible serum biomarkers of this disease due to 

their significant variations in patients with MSs and may be suitable for clinical applications. 

These results provide new insights on changes in the lipidome profile in MSs and may help 

improve our understanding of the characteristics of MSs pathogenesis. Clinical lipidomics is 

one of the best approaches to better understand these disease-induced changes and find suitable 

biomarkers for personalized MSs medicine. 
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Abstract 

Autoimmune diseases (AID), such as systemic lupus erythematosus (SLE) and systemic 

sclerosis (SS), are complex conditions involving immune system dysregulation. Diagnosis is 

challenging, requiring biomarkers for improved detection and prediction of relapses. Lipids 

have emerged as potential biomarkers due to their role in inflammation and immune response. 

This study uses an untargeted C18 RP-LC-MS lipidomics approach to comprehensively assess 

changes in lipid profiles in patients with SLE and SS. By analyzing whole blood and plasma, 

the study aims to simplify the lipidomic analysis, explore cellular-level lipids, and compare lipid 

signatures of SLE and SS with healthy controls, enhancing understanding of these AID. Our 

findings showed variations in the lipid profile of SLE and SS, particularly in sphingomyelins 

(SM), ceramides (Cer), phosphatidylserines (PS), and phospholipid species bearing 

polyunsaturated fatty acids (PUFAs). SM and Cer molecular species showed significant 

increases in plasma samples from SS patients, suggesting an atherosclerotic profile and 

potentially serving as future lipid biomarkers. PS species in whole blood from SLE patients 

exhibited elevated levels supporting previously reported dysregulated processes of cell death 

and defective clearance of dying cells in this AID. Moreover, decreased phospholipids bearing 

PUFA were observed, potentially attributed to the degradation of these species through lipid 

peroxidation processes. This observation is consistent with the increased oxidative stress 

environment associated with persistent inflammatory states in SLE and SS. Further studies are 

needed to better understand the role of the plasticity of lipids in the pathological mechanisms 

underlying SLE and SS. 
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1. Introduction 

Autoimmune diseases (AID) are a heterogeneous group of conditions in which the immune 

system attacks the body´s tissues and organs without an apparent trigger1. Systemic AID are 

characterized by the presence of autoantigens that are distributed throughout the body, leading 

to the involvement of multiple organs and tissues2. Systemic lupus erythematosus (SLE) and 

systemic sclerosis (SS) are two of the most prevalent AID worldwide, with reported prevalence 

rates of 43.7 per 100 0003 and 17.6 per 100 000 individuals4, respectively.  

In SLE, pathogenic autoantibodies are generated by dysfunctional immunocompetent cells, 

including T cells, B cells, and dendritic cells, which are distributed throughout the body5,6. This 

chronic and debilitating disease is characterized by systemic inflammation in multiple organs, 

and its primary clinical features include fatigue and musculoskeletal symptoms7. SLE is more 

prevalent in women, with a female-to-male ratio of 9:1. Diagnosis of SLE is a complex process 

that involves the use of the Systemic Lupus International Collaborating Clinics (SLICC) 

classification criteria, which encompasses a set of immunological and clinical criteria that the 

patient must meet to be diagnosed with SLE8.  

SS is a connective tissue AID characterized by a complex interplay of immune system 

activation, vasculopathy, and generalized tissue fibrosis9. As a systemic AID, it can affect all 

major organs, with vascular disease being the most common early manifestation10. SS is a 

relatively rare rheumatological disorder that is also more prevalent in women than men, with 

reported female-to-male ratios ranging from 3:1 to 8:111. Diagnosis of SS is challenging and 

usually requires fulfilment of the 2013 European League Against Rheumatism (EULAR) and 

American College of Rheumatology (ACR) classification criteria, which include immunological 

and clinical signs and symptoms12. 

SLE and SS are both debilitating systemic AID that significantly impacts patients, society, 

and health care systems. Although they exhibit distinct clinical phenotypes, there are some 

pathogenic features that they share, including loss of tolerance against self-nuclear antigens, 

activation of plasmacytoid dendritic cells, T cells, and B cells, auto-antibody production, 

platelet activation, and increased tissue damage13. 
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Despite the international guidelines, the diagnosis of SLE and SS can be difficult due to the 

low specificity and predictive value of the immunological parameters used to diagnose them14. 

Therefore, it is important to find biomarkers that can ease the diagnosing process, be used to 

evaluate the outcome of the therapeutics of the disease, and predict relapse episodes. Lipids 

have been considered promising molecules in the research of biomarkers of chronic diseases 

associated with inflammation. Lipids play biological functions that are related to the 

maintenance of cell and tissue homeostasis and have a key signalling role in inflammation and 

immune response. Disrupting lipid homeostasis can have a severe impact on the onset and 

progression of several pathologies.   

There is evidence of dysregulation in lipid metabolism in patients with SLE and SS, 

indicating the importance of lipid regulation in the pathogenesis of these AID. In the case of 

SLE, some molecular lipid species, such as plasmalogens, fatty acids (FA), and oxidized 

phospholipids, have been reported to be altered, although results are not consistent and different 

studies show contradictory findings as reviewed recently1. FA, specifically C20:4, C20:5, and 

C22:6, are either increased or decreased depending on the study and type of sample15–18. 

Triglycerides (TG) also display dissimilar behaviour based on the esterified FA. TG endowed 

with C18:2 fatty acyl moieties were decreased in the serum of SLE patients, while C22:6 TG 

were increased19. Regarding phospholipids (PL), lysophosphatidylethanolamine (LPE) with 

C20:4 and C22:619, phosphatidylethanolamine (PE) species with C18:2 and C22:6 and 

phosphatidylinositol (PI) species with C18:220 were increased in SLE. In contrast, PE with 

C20:419,20, phosphatidylcholine (PC) with C18:0 and C18:219, PI with C20:4 and 

lysophosphatidylcholine (LPC) with C18:220 were significantly reduced in these patients. 

Sphingomyelins (SM) with N18:1 and N18:0 and ceramides with N24:1 were significantly 

increased in SLE serum, while ceramides with N22:0-N24:0 (with hydroxyl groups) were found 

to be reduced20. As for SS, there are limited studies on lipid alterations. Nevertheless, increased 

serum levels of lysophosphatidic acid (20:4) and sphingosine 1-phosphate have been reported21. 

PC plasmalogen species and SM were found to be significantly increased in the plasma of SS 

patients, while PE plasmalogen species were significantly reduced22. The profiles of plasma FA 
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and acylcarnitine (CAR) are also altered, with reported increases of FA C12:0, C14:0 and 

C20:0, CAR and CAR 5:0, and reduction in CAR 8:0 and CAR 16:023. Other lipid molecules 

characteristic of inflammatory and oxidative stress conditions, such as leukotrienes and 

isoprostanes, have also been found to be elevated in both diseases. Leukotriene B424 and 

cysteinyl leukotriene25 were found to be elevated in the serum and exhaled breath condensate of 

patients with SLE and SS, respectively. Isoprostanes, such as F2-isoprostane and 8-isoprostane, 

also had increased concentrations in both diseases26–28.    

It is crucial to improve the screening methodologies for evaluating changes in the lipid 

profile of SLE and SS due to the contradictory or limited results and investigations. To this aim, 

lipidomics represents the best methodological tool for studying the lipidome of AID and its 

modifications, enabling the identification of potential disease biomarkers. The identification of 

the lipid profile and its variations at the molecular level is accomplished using high-throughput 

lipidomic techniques and can be used to identify lipid biomarkers, which provide an 

understanding of the contribution of lipids to disease development and its molecular 

mechanisms. This clinical lipidomic information could be useful and contribute to the study of 

chronic diseases such as AID29,30.  

In this study, our objective was to comprehensively assess and compare the changes in the 

lipid profile of patients with Systemic Lupus Erythematosus (SLE) and Systemic Sclerosis (SS) 

by using an untargeted C18 RP-LC-MS lipidomic approach in both whole blood and plasma. 

We aimed to simplify the lipidomic analysis in clinical settings by analysing whole blood, 

eliminating the need for centrifugation to collect the plasma, and to determine whether lipids at 

the cellular level experienced any changes. Plasma samples were also analysed as they are the 

most commonly used fluid in research. The lipidomic signatures of both AID were then 

compared with those of healthy controls.  
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2. Materials and methods  

2.1 Reagents  

To perform the lipid extraction by Methyl tert-butyl ether (MTBE) method, methanol 

(MeOH) was acquired from Fisher Scientific (Leicestershire, UK) and MTBE was obtained 

from Merck KgaA (Germany). To quantify the PL in each sample, dichloromethane (CH2Cl2) 

was purchased from Fisher Scientific, 70% perchloric acid was obtained from Chem-Lab NV 

(Zedelgem, Belgium), NaH2PO4•2H2O was purchased from Riedell-de Haën (Seelze, Germany), 

ammonium molybdate (NaMoO4·H2O) was acquired from Panreac (Barcelona, Spain) and the 

L(+)-ascorbic acid from VWR Chemicals (Leuven, Belgium). Internal standards of PL 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (dMPC, PC 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (dMPE, PE 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-

)glycerol (dMPG, PG 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (dMPS, PS 

14:0/14:0), tetramyristoylcardiolipin (TMCL, CL 14:0/14:0/14:0/14:0), 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylinositol (dPPI, PI 16:0/16:0), N-heptadecanoyl-D-erythro-

sphingosylphosphorylcholine (SM d18:1/17:0), N-heptadecanoyl-D-erythro-sphingosine (Cer 

d18:1/17:0), 1-nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 19:0) and 1,2-

dimyristoyl-sn-glycero-3-phosphate (dMPA, PA 14:0/14:0) for RP-LC-MS analysis were 

obtained from Avanti® Polar Lipids, Inc (Alabaster, AI, EUA). Solvents for LC-MS were 

acetonitrile (ACN), MeOH, isopropanol (Fisher Scientific), Milli-Q water, and CH2Cl2. All 

solvents were of high-performance liquid chromatography (HPLC) grade and were used without 

any additional purification. Ammonium acetate (Sigma-Aldrich) was also used for LC-MS. 

Milli-Q water was used for all experiments, filtered through a 0.22 mm filter and obtained using 

a Milli-Q Millipore system (Synergy®, Millipore Corporation, Billerica, MA, USA). 

 

2.2 Whole blood/plasma samples   

Whole blood and plasma samples were obtained from individuals diagnosed with 

systemic lupus erythematosus (SLE) and Systemic sclerosis (SS) at Centro Hospitalar e 
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Universitário de Coimbra (CHUC). The inclusion criteria for SLE and SS patients (n=11 for 

SLE, n=10 for SS) were based on clinical and biochemical criteria according to the Systemic 

Lupus International Collaborating Clinics (SLICC) classification criteria (for SLE)8 and the 

2013 European League Against Rheumatism/American College of Rheumatology 

(EULAR/ACR) classification criteria (for SS)12. Exclusion criteria included active infections, 

local or systemic diseases affecting the immune system, pregnancy, corticosteroid use, and 

relapse phases. Healthy control volunteers (n=10) were carefully selected to ensure their overall 

health status, absence of active infections, AID, immunomodulatory drug treatment, and 

lipoprotein profiles within the reference range. Age and gender were matched between the 

control group and the patient groups. The study protocol was approved by the Ethics 

Committees of both CHUC. Following collection, whole blood and plasma samples were stored 

at -80°C until subsequent analysis of the lipid profile. 

 

2.3 Lipid extraction  

The MTBE method was used to separate the lipids from whole blood/plasma samples31. 

Briefly, 200 μL of the samples were transferred to a glass tube to which was added 750 μL of 

cold MeOH. Each tube was vortex for 20 s and sonicate for 10 min in ice. Then, 2.5 mL of cold 

MTBE was added and the tubes were incubated for 30 min in ice, under stiring (75 rpm) with 

vortex every 5 min. After the 30 min incubation, 625 μL of milli-Q water were added to each 

tube, vortex for 20 s and incubated again for 10 min in ice at 75 rpm. Finally, the extracts were 

centrifuged at 2000 rpm for 10 min and the upper phase (lipids) was collected into a new glass 

tube. The extracts were dried under a nitrogen stream. The extracts were then filtered by 

dissolving them into 400 µL of CH2Cl2 and transferring them into a HAMILTON glass syringe 

with a filter (low protein binding hydrophilic LCR Membrane for clarification of aqueous and 

organic solutions). The filtered samples were collected in vials, dried under a stream of 

nitrogen, and stored at -80ºC. 
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2.4 Phospholipid quantification by phosphorous measurement 

The quantification of the total PL recovered after extraction was carried out according to the 

method of Bartlett & Lewis32. The detailed experimental procedures have been previously 

described by Ferreira et al33. The PL extracts were dissolved in 200 µL of dichloromethane, and 

a volume of 10 µL was transferred, in duplicate, to a glass tube, previously washed with 5% 

nitric acid. The solvent was dried under a stream of nitrogen and a volume of 125 µL of 70 % 

perchloric acid was added to each tube. The samples were incubated in a heat block (Stuart, 

U.K.) for 1h at 180°C. After cooling to room temperature, a volume of 825 µL of Milli-Q water, 

125 µL of 2.5% ammonium molybdate (2.5 g/ 100 mL of Milli-Q water), and 125 µL of 10% 

ascorbic acid (0.1 g/1 mL of Milli-Q water) were added to each sample, with a vortex mixing 

between each addition. The samples were then incubated in a 100°C water bath for 10 min. 

Then the samples were immediately cooled in a cold-water bath. Phosphate standards of 0.1 to 2 

µg of phosphorus (P) were prepared from sodium dihydrogen phosphate dihydrate 

(NaH2PO4•2H2O, 100 μg/mL of P). The standards underwent the same experimental procedure 

as the samples without the heat block step. Absorbance was measured at 797 nm in a Multiskan 

GO 1.00.38 Microplate Spectrophotometer (Thermo Scientific, Hudson, NH, USA) controlled 

by SkanIT software version 3.2 (Thermo Scientific™). The amount of P present in each sample 

was calculated by linear regression. For each lipid extract, the amount of total PL was calculated 

by multiplying the amount of phosphorus by 25. 

2.5 Lipid extract analysis by C18 Reverse-phase liquid chromatography-mass 

spectrometry (RP-LC-MS) 

2.5.1 Sample preparation 

The lipid extracts obtained from whole blood/plasma samples were resuspended in 

dichloromethane to have a PL concentration of 1 μg PL/μL. Subsequently, in a vial with a 

micro-insert, 10 μL of each sample, 8 μL of a mixture of internal standards and 82 μL of 

isopropanol:MeOH (1:1) were added. The internal standard mixture contained 0.04 μg of 

phosphatidylcholine (PC, 14:0/14:0), 0.04 μg of phosphatidylethanolamine (PE, 14:0/14:0), 

0.024 μg of phosphatidylglycerol (PG, 14:0/14:0), 0.08 μg of phosphatidylinositol (PI, 
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16:0/16:0), 0.08 μg of phosphatidylserine (PS, 14:0/14:0), 0.16 μg of phosphatidic acid (PA, 

14:0/14:0), 0.04 μg of lyso-PC (LPC, 19:0), 0.04 μg of sphingomyelin (SM, d18:1/17:0), 0.08 

μg of ceramide (d18:1/17:0) and 0.16 μg of cardiolipin (CL, 14:0/14:0/14:0/14:0). The initial 

chromatographic phase consisted of two mobile phases at a proportion of 68% of eluent A (60% 

acetonitrile, 40% methanol, 10 mM ammonium formate and 0.1% formic acid) and 32% of 

eluent B (90% isopropanol, 10% acetonitrile, 10 mM ammonium formate and 0.1% formic 

acid). 

2.5.2 Data and statistical analysis 

Lipids were separated by a C18 reverse phase column, using an Ascentis® Express 90 Å 

C18 HPLC column (15 cm x 2.1 mm; 2.7 μm, Supelco®) inserted into an HPLC system 

(Ultimate 3000 Dionex, Thermo Fisher Scientific, Bremen, Germany) with an autosampler 

coupled online to a Q-Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo 

Fisher Scientific, Bremen, Germany).  

A volume of 5 μL of each sample mixture was injected into the HPLC column, at a flow 

rate of 260 μL/min. The temperature of the column oven was maintained at 50 °C. Elution 

started with 32% of mobile phase B, and the gradient used was: 45% B (1.5 min), 52% B (4 

min), 58% B (5 min), 66% B (8 min), 70% B (11 min), 85% B (14 min), 97% B (18 min, 

maintained for 7 min), and 32% B (25.01 min, followed by a re-equilibration period of 8 min 

prior next injection). The Q-Exactive™ orbitrap mass spectrometer with a heated electrospray 

ionization source was operated in the positive mode (electrospray voltage of 3.0 kV) and 

negative modes (electrospray voltage of -2.7 kV). The sheath gas flow was 35 U, the auxiliary 

gas was 3 U, the capillary temperature was 320 °C, the S-lenses RF was 50 U and the probe`s 

temperature was 300 °C. Full scans MS spectra were acquired both in positive and negative 

ionisation modes in an m/z range of 300-1600, with a resolution of 70.000, automatic gain 

control (AGC) target of 3x106 and maximum injection time of 100 ms. For tandem MS 

(MS/MS) experiments, a top-10 data-dependent method was used. The top 10 most abundant 

precursor ions in full MS were selected to be fragmented in the collision cell HCD, with the 

dynamic exclusion of 30 s and an intensity threshold of 8x104. The MS/MS spectra were 
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obtained with a resolution of 17,500; an AGC target of 1x105; an isolation window of 1 m/z; and 

a maximum injection time of 100 ms. A stepped normalized collision energy™ scheme was 

used and ranged between 25 and 30 eV for the positive ion mode and between 20, 24 and 28 for 

the negative ion mode. The MS/MS spectra obtained were those combining the information 

obtained with the different collision energies applied to each ionization mode. Data acquisition 

was carried out using the Xcalibur data system (V3.3, Thermo Fisher Scientific, USA). PC, LPC 

and SM were analysed in the LC-MS spectra in the positive ion mode, as [M+H]+ ions. The 

presence of the fragment ion at m/z 184, corresponding to the phosphocholine polar head group, 

in the MS/MS of [M+H]+ ions allows identifying PL molecular species belonging to the PC, 

LPC and SM classes, which were further differentiated by the characteristic retention times. The 

identification of PC, LPC and SM classes was confirmed in the LC-MS spectra in the negative 

ion mode, as formate adducts ([M+HCOO]- ions). MS/MS spectra of [M+HCOO]- ions of these 

three PL classes should display the typical fragment ion at m/z 168 (phosphocholine polar head 

group minus a methyl moiety). Carboxylate anions of fatty acyl chains can also be seen for PC 

and LPC. PE and LPE classes were analysed in negative ion mode ([M−H]- ions). The fragment 

ion at m/z 140 (phosphoethanolamine polar head group) and the carboxylate anions of fatty acyl 

chains can be found in the MS/MS data from negative ion mode. PI and PS species were 

analysed in negative ion mode, as [M−H]- ions. The presence of the fragment ion at m/z 241, 

corresponding to the phosphoinositol polar head group, in the MS/MS of [M-H]- ions, allows 

the identification of PI molecular species. PS species were identified in the MS/MS of [M-H]- 

ions by the neutral loss of -87Da from the molecular ion. The identification of the remaining 

lipid species belonging to the classes of carnitines (CAR), ceramides (Cer), cholesteryl esters 

(CE, fragment ion at m/z 369), diacylglycerols (DG) and triacylglycerols (TG), was made in 

LC-MS spectra in the positive ion mode, as [M+H]+ ions (CAR and Cer), [M+NH4]+ ions (CE) 

and [M+NH4]+ ions (DG and TG) respectively. 

LC-MS data were processed using the Lipostar software (version 2.1.1 x64)34. This software 

was used for raw data import, peak detection, and identification. Lipid assignment and 

identification was made against a database created from LIPID MAPS structure database 
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(version December 2022), that was then fragmented using the DM Manager Module in Lipostar, 

according to Lipostar fragmentation rules. The raw files were imported directly and aligned 

using the settings according to Lange et al35. Briefly, automatic peak picking was performed 

with SDA smoothing level set to high and minimum S/N ratio 3. Automatic isotope clustering 

settings were set to 7 ppm with an RT tolerance of 0.2 min. The MS/MS filter was applied to 

keep only features with MS/MS spectra for identification. Lipid identification was made 

according to the following parameters: 5 ppm precursor ion mass tolerance and 10 ppm product 

ion mass tolerance. The automatic approval was performed to keep structures with a quality of 

2-4 stars. The lists with the identified and approved species results were exported and we used 

MZmine software (v2.42)36 to perform relative quantification.  

Relative quantification was performed by exporting the peak area values to a computer 

spreadsheet. For data normalization, the peak areas of the extracted ion chromatograms (XIC) of 

the lipid precursors of each class were divided by the peak areas of the internal standards 

selected for the class. Missing values were replaced by 1/5 of the minimum positive values 

detected in the data set. Univariate and multivariate statistical analyses were performed using R 

version 3.5.1 in Rstudio version 1.1.4. The data sets were then normalized to the internal 

standard, generalized log2, and EigenMS37. Principal component analysis (PCA) was performed 

using the R libraries FactoMineR38 and factoextra39. Heatmaps were created using the R 

package pheatmap using “Euclidean” as the clustering distance and “ward.D” as the clustering 

method40. The normality of the data was tested with the Shapiro−Wilk test. To test the 

significance of the differences between conditions, we used either the ANOVA or 

Kruskal−Wallis test, followed by Tukey’s or Dunn’s test, respectively, using the R package 

Rstatix41. A p-value < 0.05 was considered an indicator of statistical significance. All graphics 

and boxplots were created using the R package ggplot242. 
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3. Results  

3.1 Characterization of the whole blood/plasma samples 

We conducted a study to assess the changes in the lipid profile associated with systemic 

lupus erythematosus (SLE) and systemic sclerosis (SS) by analysing whole blood and plasma 

samples (62 samples, 31 blood and 31 plasma) from 11 SLE patients, 10 SS patients and 10 

healthy control samples, as summarized in Table 1. All patients and controls were adults aged 

between 19 and 82 years old. A total of 90.9% in SLE and 100% of the patients in SS were 

female, with ages of 40.2 ± 13.7 and 54.2 ± 17.9 years, respectively. 

 

Table  2.3-1. Demographic and clinical characteristics of patients with systemic lupus erythematosus 

(SLE), systemic sclerosis (SS) and controls.  

 SLE (n=11) SS (n=10) Controls (n=10) 

Age (years)* 40.2 ± 13.7 54.2 ± 17.9 65.2 ± 11.4 

Sex (% women) 90.9% 100% 80% 

*Values represent the mean ± standard deviation. 

 

3.2 Lipid profile in SLE and SS patients  

The lipid profile of both whole blood and plasma samples from SLE and SS patients, as 

well as healthy control subjects was analysed using a high-resolution C18 RP-LC-MS/MS 

platform. This comprehensive lipidomic analysis allowed for the identification of 246 distinct 

lipid species (molecular ions) in the whole blood samples and 245 lipid species in the plasma 

samples (Supplementary Table S1). These identified species belonged to 13 different lipid 

classes, namely phosphatidylcholine (PC) comprising of diacyl, alkyl-acyl and alkenyl-acyl 

species, lyso PC (LPC), phosphatidylethanolamine (PE) including diacyl, alkyl-acyl and 

alkenyl-acyl species, lyso PE (LPE), phosphatidylinositol (PI), phosphatidylserine (PS), 

sphingomyelin (SM), ceramide (Cer), galactosylceramide (GalCer), fatty acylcarnitine (CAR), 

cholesteryl ester (CE), diacylglycerol (DG) and triacylglycerol (TG). The lipid species from all 

classes were identified through analysis of exact mass, retention time and MS/MS spectra 

(Supplementary Table S1). 
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3.2.1 Comparison of the whole blood lipidome of SLE and SS patients versus 

Controls  

We compared the lipid profile of patients diagnosed with SLE (n=11), SS (n=10) and health 

controls (n=10) using statistical analysis. Data from LC-MS analysis were analysed with 

principal component analysis (PCA) to visualize the clustering trends of the three experimental 

groups. The PCA scores plot revealed that the three groups formed three different clusters (95% 

confidence interval), in a two-dimensional score plot describing 28.6% of the total variance, 

including dimension 1 (19.7%) and dimension 2 (8.9%) (Figure 1). Control samples were 

scattered in the right region of the PCA plot, while SLE and SS samples were scattered in the 

left region with a small overlap between the two diseases. It should be noted that, after careful 

consideration and treatment of the statistical data, it was confirmed that the triangle at the top of 

the score plot belonging to SLE whole blood group is not an outlier and it falls under the 95% 

confidence ellipse.  

  

Figure 2.3-1. Two-dimensional principal component analysis (PCA) score plot generated based on the 

lipid profiles extracted from whole blood samples for Controls, SLE and SS patients` samples. 

To test for significant differences between the three groups, univariate analysis was 

conducted on the LC-MS data. The analysis revealed that the 16 major contributors with the 

lowest q-value (q<0.05) (Figure 2) corresponded to 1 Cer, 6 PC, 1 PE, 2 ether-linked PE, 2 PS 

and 4 TG species. All these species showed statistically significant differences between the 
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groups. The 16 species include 11 PL (PC, PE and PS), 1 sphingolipid (Cer) and 4 neutral lipids 

(TG). Of the 16 identified species, Cer, TG and ether-linked PE exhibited increased abundances 

in SLE and SS compared to the control group, whereas PC species and PS(40:5) showed 

decreased concentrations in both diseases. PE(36:4) and PS(40:4) showed opposite behaviours 

in SLE and SS diseases, with significant increases in SLE and marked decreases in SS. 

 

 

Figure 2.3-2. Box plots of the 16 most discriminative lipid species in whole blood with the lowest q-

values obtained from a univariate analysis of Controls, patients with SLE and with SS using ANOVA and 

Tukey tests. *q < 0.05, **q < 0.01, ***q < 0.001, and ****q < 0.0001.  

 

Lastly, a hierarchical clustering analysis (HCA) was performed on the lipid data sets 

from the three groups (Figure 3). The resulting heatmap depicts the top 50 lipid species with the 

lowest q-values in the ANOVA test, and a dendrogram displaying a two-dimensional 

hierarchical clustering of the condition (health vs disease) and variables that reflect the most 

important lipid species that differentiate SLE and SS from controls. The HCA dendrogram 
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(Figure 3) exhibits a clear separation between healthy and disease states in the first leaf (upper 

hierarchical dendrogram) where samples are clustered independently into two groups, control 

(green) and disease, SLE (orange) and SS (purple), while patients with SLE and SS were 

independently clustered in the second leaf. The clustering of individual lipid species in the 

second dimension shows two principal clusters in the first leaf, with species displaying a 

dissimilar trend depending on the disease. The first group included 13 lipid species, namely 10 

TG, 1 Cer and 2 ether PE, all of which were significantly more abundant in SS, followed by 

SLE. The second group consisted of 37 different lipid species, which show markedly lower 

abundances in SS, compared to controls, and included 5 PE, 3 SM, 4 PS, 13 PC species, 6 ether 

species including 5 PC and 1 PE, 2 CAR, 1 LPE with essential PUFA and 3 TG species. 
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Figure 2.3-3. Two-dimensional hierarchical clustering heatmap of the 50 most discriminating lipid 

molecular species in whole blood of Control, SLE and SS groups. Relative abundance levels are shown 

on the red-yellow-blue scale, with the numbers indicating the fold difference from the overall mean. The 

red colour of the tile indicates high abundance and blue indicates low abundance. Null values were 

displayed in yellow. The clustering of the control and disease groups is represented by the dendrogram at 

the top. The clustering of individual lipid molecular species is represented by the dendrogram on the left. 

 

3.2.2 Comparison of plasma lipidome from SLE/SS patients versus Controls 

 

The plasma lipid profile was also compared to have a better understanding of the lipid 

alterations without the influence of the cellular components of blood. A multivariate analysis of 

the datasets was performed and the PCA plot generated showed a separation of the Control 

group from SLE and SS along the first principal component (PC1, Figure 4). The PCA plot also 

showed the separation of the two AID, SLE and SS along the second principal component 
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(PC2), although some overlapping of the 95% confidence ellipse was observed. The PCA score 

plot described 30.7.% of the total variance, including PC1 (18.1%) and PC2 (12.6%). Control 

samples were scattered in the right region of the plot while SLE and SS samples were scattered 

on the left region of the plot.  

 

 

Figure 2.3-4. Two-dimensional principal component analysis (PCA) score plot generated based on the 

lipid profiles obtained in both positive and negative modes from plasma lipidome for Controls, SLE and 

SS patients` samples.   

 

Also, a univariate analysis (ANOVA test followed by Tukey test) was performed on the 

RP-LC-MS data, to test for significant differences between the three conditions. The main 16 

contributors with the lowest q-value (with q<0.05) were selected (Figure 5) corresponding to 6 

Cer, 1 PC, 1 ether PE and 8 SM species, all statistically different. The 16 species include 2 PL 

(PC and PE), 8 sphingolipids (SM) and 6 sphingolipids (Cer). From these identified species, Cer 

and SM were significantly higher in SS patients and lower in SLE regarding control while ether 

PC and ether PE plasmalogen showed reduced abundances in both SLE and SS.  
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Figure 2.3-5. Box plots of lipid molecular species in plasma with the lowest 16 q-values of the Anova 

test followed by the Tukey test of Control, SLE and SS groups. *q < 0.05, ** q < 0.01, ***q < 0.001, and 

****q < 0.0001. 

Finally, HCA analysis of the plasma data set was used to create a heatmap of the top 50 

lipid species with the lowest q-values. The dendrogram with two-dimensional hierarchical 

clustering of condition (health vs disease) and variables (Figure 6) shows the most important 

lipid species contributing to differentiate SLE and SS from Control samples. It is possible to 

observe that in the first dimension, in the top hierarchical dendrogram, the samples are clustered 

independently into two groups, being the Control group (green) clustered with SLE (orange). 

The clustering of Controls and SLE samples was not expected. In the second dimension, there 

are two principal clusters: the first which included 3 LPC, 2 CAR, 1 TG, 10 PC, 1 ether-linked 

PE, 3 ether-linked PC and 1 PS that are all more abundant in the Control group and less 

abundant in the disease groups, while the second cluster contains different sphingolipids(SM 

and Cer) and neutral lipid species which are significantly more abundant in the SS group 

comparing with SLE and the Control group, including 5 TG, 14 SM, 9 Cer and 1 GalCer 

species. 
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Figure 2.3-6. Two-dimensional hierarchical clustering heat map of the 50 most discriminating lipid 

molecular species of the Control, SLE and SS groups. Relative abundance levels are shown on the red-

yellow-blue scale, with the numbers indicating the fold difference from the overall mean. The red colour 

of the tile indicates high abundance and blue indicates low abundance. Null values were displayed in 

yellow. The clustering of the Control, SLE and SS groups is represented by the dendrogram at the top. 

The clustering of individual lipid molecular species is represented by the dendrogram on the left. 

 

4. Discussion 

Clinical lipidomics is an emerging scientific discipline that seeks to merge the field of 

lipidomics with clinical medicine through the comprehensive analysis of an extensive range of 

lipid molecular species present in biological patient samples, such as plasma and whole blood. 

This approach aims to elucidate the underlying mechanisms of pathological conditions and 

identify potential biomarkers for diagnosis, prognosis, and therapeutics30. Although the 
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application of clinical lipidomics in AID remains limited, there is already some available 

information regarding lipid alterations in SLE and SS, however showing some dissimilar 

results. Nonetheless, further research on this subject is urgently needed.  

One of the primary objectives of clinical lipidomics is to establish standardized and 

harmonized protocols to ensure consistent results across different studies. Accordingly, the 

primary goal of this investigation was to gain a better understanding of the lipid profile 

alterations occurring in both whole blood and plasma samples from patients with SLE and SS. 

By employing identical protocols, we aimed to shed light on potential discriminatory lipid 

markers. Analysis of whole blood samples served two purposes: firstly, to evaluate lipid 

variations at the cellular level and, secondly, to avoid the need for centrifugation to collect 

plasma, thereby facilitating lipidomic analysis in clinical settings. Moreover, this approach 

could potentially lead to future applications of whole blood analysis using dried blood spots. 

Nevertheless, we also analysed plasma samples, as they represent the most commonly studied 

biofluid in lipidomic investigations and are routinely utilized in clinical settings for biochemical 

analyses. 

Within our study cohort, it is noteworthy that 90.9% and 100% of SLE and SS patients, 

respectively, were of the female gender, thus corroborating the well-established notion that 

these diseases predominantly affect females43,44. The average age of the patients was 40.2 ± 13.7 

years for SLE and 54.2 ± 17.9 years for SS. To analyse the lipidomics data, we employed 

multivariate principal component analysis (PCA) in addition to univariate and hierarchical 

cluster analysis (HCA) for visualization and interpretation of the results. Examination of the 

PCA score plots (Figure 1 and Figure 4) revealed that the three conditions are similarly 

clustered. In both cases, plasma and blood samples differ from controls. However, it should be 

noted that the lipid profiles of SLE and SS exhibit partial overlap, as evidenced by the partial 

intersection of the 95% confidence ellipses in the PCA score plots (Figure 1 and Figure 4). This 

partial overlap can be attributed to the inherent biological heterogeneity associated with human 

samples as well as the inflammatory conditions characteristic of AID diseases. 
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The application of univariate and hierarchical cluster analysis (HCA) provided insights into 

the specific lipid species that exhibit distinct modulation in AID. In the analysis of whole blood 

samples, the phosphatidylcholine (PC) class displayed the highest number of discriminant 

species among the top 50 discriminant ones. This class comprised 18 species, predominantly 

diacyl species with polyunsaturated fatty acids (PUFAs) (7 out of 13 species) and 5 ether-linked 

species, all of which were significantly reduced in both SLE and SS compared to the control 

group (Figure 3). However, the decrease in these species was more pronounced in SS patients 

than in SLE patients. Notably, PC(40:1), PC(42:1), PC(42:2), and PC(42:5) species exhibited 

statistically significant differences among the three groups (Controls vs SLE, Controls vs SS, 

and SLE vs SS) according to univariate analysis of blood samples, while only PC(38:5) and 

PC(40:6) showed statistically significant differences between Controls vs SLE and Controls vs. 

SS (Figure 2). 

Interestingly, in plasma samples, the PC class was the second most discriminatory in both 

AID groups, contributing with 10 diacyl species and 3 plasmanyl (-O) species. Like the findings 

in blood samples, all these PC species were significantly reduced in both AID conditions (SLE 

and SS) (Figure 6). However, only PC(40:8) showed statistically significant differences between 

Controls vs SLE and Controls vs SS (Figure 5). 

Several lipid species demonstrated similar trends in both AID conditions, regardless of the 

type of sample analysed (plasma or whole blood). PC(38:1) was consistently found to be 

significantly reduced in SLE and SS in both whole blood and plasma analyses. This lipid 

species has been previously reported as decreased in a lipidomic study of multiple sclerosis33, 

suggesting that PC(38:1) holds promise as a potential biomarker for AID in general. PC(38:4), 

PC(38:5), PC(38:6), and PC(36:5) were identified as containing C18:2, an essential fatty acid, 

and exhibited marked reductions in both SS and SLE (in plasma and whole blood). It should be 

noted that the majority of these discriminatory PC species contain long-chain PUFAs. This 

observation may indicate alterations in the incorporation of these fatty acids into cellular 

membranes, deficiencies in the elongation process, or degradation due to oxidative 

modifications, as increased oxidative stress has been reported in both diseases5,45,46. Reactive 
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oxygen species (ROS) generated under conditions of oxidative stress can attack unsaturated 

lipid species, leading to lipid peroxidation of PUFAs and also the formation of potentially toxic 

aldehydes47. Oxidative stress may also account for the reduction in ether PC species in both 

types of samples and in both AID. Ether-linked species, including plasmanyl (-O) and 

plasmenyl (-P) species, constitute a significant proportion (20%) of total PL content in 

mammals and are considered crucial endogenous antioxidants, playing a pivotal role in cellular 

antioxidant defence mechanisms48. Therefore, their reduction in SLE and SS may also serve as 

an indicator of an increased oxidative environment in these pathologies49–52. Aging, stress, and 

inflammatory stimuli have been shown to decrease the content of ether-linked species in cells. 

Conversely, the addition of these species to cells has been found to inhibit the development of 

inflammatory processes. Thus, the reduction of ether-linked species may be considered a 

potential risk factor for inflammatory diseases such as SLE and SS48.  

Triglycerides (TGs) are circulating lipids and serve as the primary source of energy for the 

body53. In the analysis of blood samples, TGs emerged as the second most discriminant lipid 

class in whole blood, comprising 13 species (Figure 3), each exhibiting distinct behaviour. Ten 

TG species demonstrated significantly higher levels in both SLE and SS compared to the 

control group, with SS patients showing the most elevated values. Among these species, only 

TG(44:0), TG(44:1), TG(44:2), and TG(46:1) exhibited statistically significant differences 

between the groups Controls vs SLE and Controls vs SS (Figure 2). On the other hand, three TG 

species containing PUFAs were significantly reduced in both SLE and SS groups, with the 

lowest values observed in SS samples. Similarly, TG species in plasma samples were found to 

be significantly increased in both SLE and SS groups. These results align with the findings 

regarding PC species bearing PUFAs, which were also found to be reduced in SLE and SS, 

particularly in SS. SLE patients often experience dyslipoproteinemia, characterized by low 

levels of HDL cholesterol and elevated levels of VLDL cholesterol and TGs54. Therefore, the 

elevated levels of TGs observed in SLE patients in this study are consistent with previously 

reported findings1,19,54. Although there is no consensus on TG levels in SS, another study has 

reported higher levels of TGs in the plasma of SS patients55. 
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The phosphatidylethanolamine (PE) class, which is the second most abundant in cellular 

membranes, contributed eight species to the differentiation of the three groups in the whole 

blood analysis, including three ether-linked species. PE(P-36:5) and PE(O-36:4) were found to 

be significantly elevated in SS patients, followed by SLE patients, compared to the control 

group. Conversely, PE(P-38:6) exhibited the lowest relative abundances in SS patients, 

followed by SLE patients, when compared to healthy volunteers. Both PE(P-36:5) and PE(O-

36:4) were considered statistically significant (Figure 2) in differentiating the control group 

from the SLE and SS groups. In the analysis of plasma samples, PE(O-36:4) was found to have 

significantly lower levels in SLE patients, followed by SS patients, compared to the control 

group. These findings indicate opposing trends for this plasmanyl species in blood and plasma 

samples, which supports the hypothesis of an altered antioxidant defence system in SLE and SS 

patients. Further investigation is necessary to understand this contrasting behaviour across 

different sample matrices. Ether-linked PE species, except for PE(P-38:6), displayed the 

opposite behaviour to ether-linked PC species. Ether-linked PC and PE species are in the outer 

and inner leaflets of the cell membrane, respectively, and have distinct functions48. However, it 

is currently unknown whether plasmanyl and plasmenyl lipids serve different functions. It was 

also found from the results gathered in this work that diacyl species of PE exhibited varying 

behaviours in blood samples depending on the disease. They were significantly increased in 

SLE and reduced in SS when compared to the control group, suggesting that these diacyl 

species, along with PE(P-36:5) and PE(O-36:4), could serve as discriminatory markers for SS. 

Meanwhile, PE(38:6) showed marked reduction in both AID conditions. Among the three 

groups (Controls vs SLE, Controls vs SS, and SLE vs SS), only PE(36:4) exhibited statistically 

significant differences (Figure 2).  

The PE species PE(36:3), PE(36:4), PE(38:5), and PE(38:6) were identified as containing 

linoleic acid (C18:2), and their decrease in the SS group supports the findings of a few PC 

species, which were also found to have C18:2 esterified and were markedly reduced in SS, and 

their reduction can also be associated with increased oxidative stress in AID. PE species serve 

as important structural phospholipids (PL) and potentially contribute to the immune response by 
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modulating CD300 receptors in chronic inflammatory diseases, such as autoimmune diseases 

(AID). However, the exact function of receptors in this family, which may induce up or 

downregulation of immune responses, remains unclear56. 

Lysophospholipids (Lyso PL) are significant signalling lipids in the inflammatory cascade 

and cellular processes such as plasma membrane remodelling, cell growth, and cell death57. 

These lipids are derived from the hydrolysis of their diacyl precursors through the action of 

phospholipases. Lyso phosphatidylcholine (PC) species are derived from PC, and this PL class 

plays a crucial role in the development of various diseases, including AID58,59. The LPC class 

also distinguished the three groups based on three species: LPC(20:4), LPC(22:5), and 

LPC(18:0), which were found to be significantly reduced in the plasma of patients with SLE 

and SS. LPC species containing PUFA are known to exhibit anti-atherogenic properties as they 

modulate the inflammatory response triggered by LPC species with saturated or 

monounsaturated fatty acids60. LPC species with PUFA are considered anti-inflammatory60, 

hence their decrease in SLE and SS patients is likely associated with an enhanced inflammatory 

state in these AID. Furthermore, this finding aligns with the atherogenic lipoprotein profile 

characteristic of SLE54. LPE(18:2) also displayed significantly lower relative abundances in 

both AID. The reduction of this lipid coincides with the decrease of C18:2, which has been 

reported for PC and PE classes and may be associated with impaired cellular processes. 

Phosphatidylserines (PS) represent the most abundant negatively charged PL in the inner 

leaflet of the bilayer cellular membrane61. In both blood and plasma samples, PS levels were 

significantly reduced in SS and followed by SLE when compared to the Control group. 

Consistent with the findings for PC species, these PS species contain long-chain PUFA, 

suggesting a possible impairment in the metabolism of these fatty acids or an increase in fatty 

acid oxidation. The slight but noticeable increase in PS(40:4) and PS(38:4) in blood samples of 

SLE compared to Controls may indicate an elevation in cell apoptosis. Apoptotic cells express 

"eat me" signals, including the exposure of PS and PE lipid species on the outer leaflet of the 

membrane62. The exposure of PS on the cell surface serves as a critical signal for efferocytosis 

and apoptosis and correlates with other major indicators of dying cells63. 
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Sphingomyelins (SM) are predominantly located in plasma membranes, lipoproteins 

(particularly LDL), and other lipid-rich tissue structures such as myelin. This lipid class plays a 

crucial role in maintaining cell membrane structure and contributes to group differentiation in 

whole blood with three species64. All SM species were found to be significantly increased in the 

plasma of patients with SS and decreased in both SLE and Control groups (Figure 6). A similar 

decreasing trend was observed for SM species in both AID when analysing whole blood. 

Among these species, SM(d36:2), SM(d36:3), SM(d42:2), SM(d42:3), and SM(d44:2) showed 

statistically significant differences between the three groups: Controls vs. SS, Controls vs. SLE, 

and SS vs. SLE. On the other hand, SM(d34:0), SM(d40:2), and SM(d38:1) exhibited statistical 

differences only between Controls vs. SS and SS vs. SLE, indicating that the plasma profile of 

SM in SLE does not undergo significant alterations compared to Controls (Figure 5). Our 

findings align with the existing literature regarding the increase of SM in the plasma of SS 

patients22. Elevated levels of SM species may be associated with atherogenesis. The hydrolysis 

of SM into ceramides (Cer) in atherogenic lipoproteins like LDL leads to lipoprotein 

aggregation and fusion, resulting in the formation of large lipoprotein aggregates resembling 

those found in extracellular regions of atherosclerotic lesions64. Fernandez et al. determined that 

SM(d38:2) was the only SM species associated with an increased risk of future cardiovascular 

disease65. In our study, we also observed an increase in SM(d38:2). Indeed, cardiovascular 

involvement in SS patients is well-documented, and the risk of atherosclerotic disease is high in 

this pathology10,66. Hence, our findings support an elevated risk of atherosclerotic events in SS 

disease. 

If the SM class is augmented, ceramides (Cer) are also expected to be increased67. Our 

results demonstrated that Cer exhibited the same behaviour as SM, with significantly higher 

abundances in the SS group compared to the SLE and Control groups (Figure 6). Among these 

Cer species, Cer(d38:1), Cer(d40:0), and Cer(d44:2) played a statistically important role in the 

plasma analysis to differentiate between the three groups: Controls vs. SS, Controls vs. SLE, 

and SS vs. SLE. However, Cer(d34:1), Cer(d42:1), and Cer(42:2) showed statistical differences 

only between Controls vs. SS and SS vs. SLE, indicating that, similar to the SM profile, the 
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profile of Cer in SLE does not undergo significant alterations compared to Controls (Figure 5). 

The increase in Cer species also supports the hypothesis of cellular apoptosis proposed for the 

observed variation of PS in SLE. Increased and accelerated apoptosis of immune cells, which is 

essential for the removal of apoptotic debris, has been observed in SLE patients. This may lead 

to inefficient clearance of dying cells and chronic exposure to intracellular autoantigens68. 

Various key immune cells in SLE patients experience accelerated apoptosis, including 

phagocytes (monocytes, macrophages, neutrophils, and immature dendritic cells), which are 

crucial for debris clearance68. 

Carnitine plays a crucial role in energy production as a vital cofactor in the transport of 

long-chain fatty acids (FA) into the mitochondria for oxidation and energy generation69. In our 

study, we observed a significant reduction of CAR(10:0), CAR(14:1), and CAR(14:2) in both 

AID, in both blood and plasma samples. Patients with SS exhibit altered lipid metabolism, 

including mitochondrial beta-oxidation of short-chain saturated FA, FA metabolism, beta-

oxidation of very long-chain FA, and carnitine synthesis pathways23. The modified profile of 

carnitine species may be indicative of dysregulated FA oxidation23. Malfunctioning of FA 

oxidation has been reported as a major contributor to the development of renal fibrosis70. Both 

inflammation and FA oxidation promote the production of pro-inflammatory cytokines, creating 

a vicious circle of chronic inflammation and fibrosis in SS71. 

Analysing the top 16 species with the lowest q-values from both sample types (Figures 2 

and 5), we observed that only Cer(d40:0) and PE(O-36:4) were common to both analyses, 

exhibiting the same variation. In whole blood samples, both species showed increased 

abundances in SLE and SS, while in plasma samples, the abundance of both lipid species 

increased in SS and decreased in SLE. These results indicate that the variation of Cer(d40:0) 

and PE(O-36:4) is not limited to the cellular level but also has physiological implications. In 

plasma samples, where cellular content does not influence the results, the variation suggests that 

the lipid profile is different from that of typical healthy conditions. PE(36:4) and PS(40:4) 

exhibited different behaviour according to the disease (increased in SLE and decreased in SS), 

suggesting that these species may serve as discriminatory markers for each disease. 
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Furthermore, our study revealed significantly lower abundances of several lipid molecular 

species containing polyunsaturated fatty acids (PUFA) in both AID. It has been shown that 

PUFA possesses immunomodulatory effects and are capable of suppressing T-cell activation 

and function72. Therefore, the decrease in PUFA levels in patients with SLE and SS may 

indicate increased T cell activation, which is a hallmark of AID13. We hypothesize that the 

decrease in PUFA levels could be attributed to the degradation of these species through lipid 

peroxidation processes, which occur in both SLE and SS due to the enhanced oxidative stress 

environment associated with persistent inflammation. Additionally, evidence suggests that SLE 

is characterized by dysregulated cell death processes and defective clearance of dying cells, as 

reflected in the lipid profile of blood samples by the increase in PS species, while the SM 

species in SS are highly suggestive of an atherosclerotic profile of the disease. 

 

5. Conclusion 

The pathology of SLE and SS exerts a significant influence on lipid metabolism, leading to 

marked changes in the lipid profile of affected patients. Our findings demonstrate that the 

lipidomic signature of SLE and SS differs significantly from that of a healthy state, particularly 

in terms of SM, Cer, and PL bearing PUFA species. The elevated levels of specific SM and Cer 

molecular species in the plasma of SS patients make them potential lipid biomarkers for the 

disease. Additionally, the significant variations of PC(38:1) in patients with AID suggest its 

potential as a plasma biomarker for AID. 

This study underscores the importance of conducting further investigations using whole 

blood samples rather than plasma/serum, as it enables the detection of lipid alterations at the 

cellular level. Moreover, blood samples are more practical for clinical purposes as they do not 

require centrifugation, thus reducing processing time. Nevertheless, the results obtained from 

this study contribute valuable insights into the metabolic changes in the lipid profile associated 

with SLE and SS, enhancing our understanding of the underlying mechanisms of AID 

pathogenesis. 
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Abstract 

Rheumatoid arthritis (RA) is a highly debilitating chronic inflammatory autoimmune disease 

most prevalent in women. The true etiology of this disease is complex, multifactorial, and is yet 

to be completely elucidated. However, oxidative stress and lipid peroxidation are associated 

with the development and pathogenesis of RA. In this case, oxidative damage biomarkers have 

been found to be significantly higher in RA patients, associated with the oxidation of 

biomolecules and the stimulation of inflammatory responses. Lipid peroxidation is one of the 

major consequences of oxidative stress, with the formation of deleterious lipid hydroperoxides 

and electrophilic reactive lipid species. Additionally, changes in the lipoprotein profile seem to 

be common in RA, contributing to cardiovascular diseases and a chronic inflammatory 

environment. Nevertheless, changes in the lipid profile at a molecular level in RA are still 

poorly understood. Therefore, the goal of this review was to gather all the information regarding 

lipid alterations in RA analyzed by mass spectrometry. Studies on the variation of lipid profile 

in RA using lipidomics showed that fatty acid and phospholipid metabolisms, especially in 

phosphatidylcholine and phosphatidylethanolamine, are affected in this disease. These 

promising results could lead to the discovery of new diagnostic lipid biomarkers for early 

diagnosis of RA and targets for personalized medicine. 
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1. Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease (AID) affecting 

almost 1% of the population worldwide and is most prevalent in women [1]. In RA, chronic 

inflammation of the synovium membrane is the crucial pathologic feature, leading to 

progressive and irreversible joint destruction, deformity, and disability, if left untreated [2]. 

Increased autoantibody production is another hallmark of RA, in particular, the rheumatoid 

factor (RF) and the anticitrullinated protein antibodies (ACPA) [3]. Both RF and ACPA have 

predictive, diagnostic, and prognostic roles, since it is possible to detect these autoantibodies 

prior to RA onset and their presence positively correlates with disease severity and joint 

destruction [4,5]. However, only about 70% of RA patients produce RF or ACPA [6], thus 

revealing that the diagnosis of RA cannot be based solely on these biomarkers. 

Besides the presence of autoantibodies, the etiology of RA is complex, multifactorial, and is 

yet to be completely elucidated. The main physiological characteristics of RA (joint 

inflammation and cartilage destruction) are the result of the infiltration of immune cells into the 

synovial joint lining and the associated complex network of cytokines [3,7,8]. Impaired adaptive 

immune responses are considered keys in RA pathogenesis. In brief, activated T helper cells 

release several pro-inflammatory cytokines into the synovial membrane and fluid [9]. Another 

set of pro-inflammatory cytokines is secreted by recently activated macrophages contributing to 

a self-amplifying pro-inflammatory loop. This induces the proliferation and differentiation of B 

cells, resulting in the production of RF and ACPA autoantibodies [3]. Fibroblasts from the 

synovial membrane produce matrix metalloproteinases that will destroy the cartilage and 

activate osteoclasts, promoting bone resorption. The release of such pro-inflammatory 

mediators induces protein modifications that enhance the immune response and chronic 

inflammation [10,11]. 

Additional pivotal cells for RA pathogenesis are monocytes and neutrophils. It has been 

suggested that an increased turnover of monocytes, migrating from the bone marrow into the 

inflamed synovia, occurs in RA [12]. The process of recruiting neutrophils into the synovium is 

a key feature of inflammatory responses in RA, and it is propelled, once more, by an intricate 
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network of cytokines [3]. The aforementioned pro-inflammatory cytokines released by 

macrophages and T cells serve as a primer of the infiltrated neutrophils. Once primed, 

neutrophils will foster joint destruction by inducing synthesis of proteins that can upregulate and 

extend neutrophil ability to secrete a large quantity of cytokines and chemokines [13,14]. 

Furthermore, neutrophils contribute to cartilage destruction in the synovial fluid, damage 

surrounding tissues, induce oxidative stress conditions due to the release of reactive oxygen 

species (ROS), increasing the inflammation status, and may be a source of ACPA contributing 

for the impaired immune response in RA [15–17]. 

Given the complex character of RA, it is believed that genetic and environmental factors 

also take part in the pathogenesis of this disease. RA susceptibility is strongly associated with 

major histocompatibility complex genes, and the genetic factors have a straight connection with 

the environmental factors [18]. The production of ACPA may be triggered by silica exposure, 

microbiota, infections, epigenetic modifications and environmental risk factors, specially 

cigarette smoking [19]. The microbiota of RA patients differs from that of the general 

population and is associated with the inflammatory conditions of this disease, while viral and 

bacterial infections contribute for the development of the autoimmune response in RA [20]. 

Additionally, RA has an increased heritability that is estimated to be 50% for ACPA-

seronegative and 70% for ACPA-seropositive [21,22]. The expression of ACPA in RA patients 

is associated with the presence of shared epitope alleles (SE) which, in turn, are associated with 

disease severity [23]. In genetically predisposed individuals, the environmental factors have a 

high impact on the risk of developing RA by inducing molecular changes to proteins that trigger 

a loss of immunological self-tolerance [3].  

Systemic effects linked to inflammation are responsible for severe physical disability of RA 

patients, diminishing their life quality. Impaired muscle function may be considered a hallmark 

of RA and several factors contribute to this process. Pro-inflammatory cytokines, as mentioned 

before, are highly involved in RA pathogenesis. Cytokines are responsible for low skeletal 

muscle function in RA patients by reducing muscle fibers contractility due to increased oxidant 

activity in the system [24]. Cytokines were found to be two times higher in RA patients’ muscle 
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compared with systemic cytokines levels [25]. The chronic inflammation in RA is also involved 

in skeletal muscle pathology. Inflammation and insulin resistance are correlated with 

diminished mitochondrial function and content, thus disrupting muscle oxidative metabolic 

capacity and increasing levels of intramyocellular lipid content [26,27]. RA patients have an 

increased risk for developing insulin resistance, which is influenced by RF seropositivity, higher 

disease activity, prednisone use, and visceral and thigh intermuscular adiposity [24,28]. The 

increased accumulation of toxic lipid mediators and consequent lipotoxicity in skeletal muscles 

may also stimulate mitochondrial dysfunction, that, together with insulin resistance, contribute 

to cardiovascular disorders and sarcopenia [29]. Insulin resistance, cardiovascular disorders, and 

sarcopenia, associated with an increased intramuscular fat compared to healthy subjects, are 

frequently associated with RA [30]. 

Although the true etiology of this chronic inflammatory, rheumatic and immune-mediated 

disease remains unknown, several factors are known to contribute to the development and 

pathogenesis of RA, (Figure 1), namely inflammation exacerbation, oxidative stress and lipid 

peroxidation, as will be detailed in the following chapters.  
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Figure 3.1-1 Main physio-pathological alterations that occur in rheumatoid arthritis (RA).  

 

2. Oxidative Stress in Rheumatoid Arthritis 

RA pathogenesis is associated with increased oxidative stress, decreased antioxidant levels, 

and impaired antioxidant defenses [20]. Reactive nitrogen species (RNS) and ROS have been 

implicated in RA pathogenesis, when they exceed physiological concentrations, especially 

through the damage of lipids of plasmatic membranes, proteins, and nucleic acids [31]. In fact, a 

fivefold increase in mitochondrial ROS production has been identified in whole blood and 

monocytes from RA patients, suggesting oxidative stress to be a pathogenic characteristic in RA 

[32]. 

The release of cytokines by T cells induces oxidative stress, thus antioxidants, such as 

glutathione, are important to reduce the oxidative status. Vitamin C and vitamin E are important 

non-enzymatic antioxidants essential to, for instance, immune system functions, repair body 

tissues and protect cell membranes from oxidative damages. However, evidence suggests that 

the antioxidant system in RA has been compromised. Serum vitamin C levels [33] and plasma 
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concentration of vitamin E [34] were significantly lower in RA patients, re-enforcing the fact 

that oxidative stress impairs the antioxidant system in RA. Additionally, low levels of 

tocopherols, β-carotene, retinols, SH groups and L-γ-glutamyl-L-cysteinylglycine have been 

found in RA patients along with low activity levels of glutathione reductase and superoxide 

dismutase [35,36]. However, these findings are not consistent in every study on enzymatic 

activity in RA patients. Superoxide dismutase, glutathione peroxidase, catalase, glutathione 

reductase, NADPH oxidase, myeloperoxidase, and arylesterase have been found to be increased, 

decreased or even without altered activity in different investigations (for further information, 

please consult the review article [32]). Nitric oxide (NO•) free radical negatively correlates with 

glutathione, which could be a compensatory effect of intracellular non-enzymatic antioxidative 

mechanisms to an increased nitrogen dioxide (NO2•) production in RA [37]. Also, the 

suppression of endothelial NO• synthase activity was found to be considered a characteristic of 

endothelial injury, leading to atherosclerosis, which is common in RA [38]. By these 

contradictory results, it is possible to assume that the antioxidant systems of RA patients are 

impaired, requiring more studies to clarify this matter. 

The immune response may become abnormal due to T cell exposure to increased oxidative 

stress by disturbing growth and death stimuli [39]. Furthermore, neutrophils from RA produce 

higher quantities of neutrophil extracellular traps (NET), ROS, and RNS than healthy people 

[3]. NETosis, the process of NET formation, is augmented in both circulating and synovial 

neutrophils of RA and is linked with ACPA seropositivity and inflammatory markers. NETosis 

contributes to the production of ACPA, which results in pro-inflammatory molecules synthesis 

[16]. This way, NET may be considered a potential biomarker of RA early diagnosis because 

the concentration of plasma levels of cell-free nucleosomes shows high sensitivity (91%) and 

specificity (92%) [40,41]. 

DNA oxidation products, such as 8-oxo-7-hydro-deoxyguanosine, are produced due to the 

reaction between hydroxyl radicals and deoxyguanosine and are found in serum and 

lymphocytes of RA [42,43]. The levels of oxidation of uric acid were higher in RA patients as 

well [44]. Protein oxidation has also been reported in RA. Oxidative stress leads to an 
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accumulation of advanced oxidation protein products [45]. Protein oxidation markers have been 

found in higher concentrations in plasma and synovial fluid of RA patients and were correlated 

with disease progress and development [44,46–49]. Higher levels of protein carbonyls and 3-

chlorotyrosine were detected in synovial fluid, and other types of RA samples, along with 

increased activity of myeloperoxidase, which catalyzes the reaction between hydrogen peroxide 

(H2O2) and chloride anion (Cl-) producing hypochlorous acid (HOCl) that can cause oxidative 

damage in the host tissue. This way, the increase of myeloperoxidase activity suggests a 

pronounced oxidative stress environment [44,50]. Hypochlorous acid can react with nitrite 

(NO2−), resulting in nitrate (NO3+), which was found to be increased in serum of RA patients 

[51]. Moreover, myeloperoxidase is known to convert low-density lipoproteins (LDL) into a 

foam cell forming LDL isoform and promote the formation of dysfunctional high-density 

lipoproteins (HDL), thus not only contributing for oxidative stress conditions but also for a 

dysregulated lipid metabolism and an atherogenic environment [52]. Synovial fluid is rich in 

hyaluronic acid (2–3 mg/mL), a glycosaminoglycan (GAG) which is a linear homopolymer of 

the disaccharide repeating units of [D-glucuronic acid-beta-(1-3)-N-acetyl-D-glucosamine] 

linked together with beta-(1-4) glycosidic linkages. Hyaluronic acid, like other GAGs and 

proteins, is highly reactive with ROS and RNS. The modifications of hyaluronan in synovial 

fluid are highly informative about the pathophysiological condition of synovial joints [53]. The 

balance between the superoxide anion radical and NO radical precursors, the intermediates such 

as H2O2, and the degradation products like the hydroxyl radical, determines which GAG 

component (i.e., hyaluronan, heparan sulphate, chondroitin sulphate) of the extracellular matrix 

is predominantly degraded and may be important in regulating disease processes. 

This way, oxidative damage biomarkers have been consistently found to be significantly 

higher in RA patients than in controls in any type of sample analyzed. Altogether, it is well 

established that prevails an oxidative stress environment in RA, leading to biomolecules 

oxidation and stimulating inflammatory responses in this debilitating pathology. Lipids are 

biomolecules that are very susceptible to the attack of ROS and RNS under oxidative stress 

conditions. Therefore, lipid peroxidation is one of the major consequences of oxidative stress. 
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Cigarette smoking for instance, which is an environmental factor that triggers RA development, 

is a source of exogenous lipid peroxidation products, which are capable not only of promoting 

the depletion of serum antioxidants that normally act as radical scavengers, but also of affecting 

directly biological macromolecules, by introducing third-party carbonyl groups into a wide 

array of proteins, such as cytoskeletal proteins, glycolytic enzymes, antioxidant enzymes, and 

endoplasmic reticulum proteins, and by attacking the free amino-groups of DNA bases [54–56]. 

Lipids, including phospholipid oxidation products, are important in the modulation in an 

inflammatory response [57]. In addition, oxidative stress and inflammation may also be 

associated with an increased dysregulation of the lipid metabolism, which is also found in RA. 

Thus, in the next chapter we will detail the role of lipids in RA. 

3. Lipids Are Key Players in Rheumatoid Arthritis 

Lipid metabolism alterations have been suggested to participate on RA pathogenesis and to 

contribute to disease severity. Lipid peroxidation is also an important consequence of oxidative 

stress. When lipids are oxidized, fluidity, and permeability of plasmatic membranes are altered, 

and membrane-bound enzymes may become dysfunctional [32]. Oxidation of lipids leads to the 

formation of lipid hydroperoxides, which are quite unstable molecules, and can decompose and 

lead to the formation of several bioactive aldehydes like 4-hydroxynonenal (HNE), 

malondialdehyde (MDA), which are electrophilic molecules that can react with proteins, leading 

to changes in their function [58]. MDA levels have been reported to be significantly higher in 

RA whole blood, plasma, serum, synovial fluid, erythrocytes and urine [34,39,42,59–64]. MDA 

levels have also been positively correlated with disease activity and levels of ROS [49]. MDA is 

highly reactive and can spontaneously break, resulting in acetaldehyde. MDA and acetaldehyde 

can react with each other, leading to the formation of malondialdehyde-acetaldehyde (MAA) 

protein adducts, which the production was increased in RA synovial tissue [65]. Besides, a 

correlation was also found between increased levels of anti-MAA antibodies and seropositivity 

for RF and ACPA, revealing a potential pathogenic role of this biomarker. Additionally, ACPA 

seropositivity was linked with increased MDA and myeloperoxidase levels in RA synovial fluid 

[59]. Thiobarbituric acid reactive substances (TBARS), usually used to measure the levels of 



132 

 

lipid oxidation and lipid carbonylated species, were found markedly elevated in RA blood as 

well [37,46,66]. Isoprostanes, formed by enzymatic oxidation of lipids, excretion, and plasmatic 

concentrations were identified as significantly higher in RA patients than in controls [64,67,68]. 

Isoprostanes excretion was also positively correlated with diminished HDL protective effect 

against coronary calcification in patients with RA [67]. 

The overproduction of eicosanoids, like the ones observed in RA, could be correlated with 

dietary polyunsaturated fatty acids (PUFA). Eicosanoids directly derive from ω-3 and ω-6 

PUFA esterified to phospholipids (PL) of the plasmatic membranes of immune cells and were 

correlated with PUFA dietary intake [69]. It is well established that arachidonic acid (AA, fatty 

acid (FA) 20:4) derived metabolites have a pro-inflammatory effect while eicosapentaenoic acid 

(EPA, FA 20:5) and docosahexaenoic acid (DHA, FA 22:6) derivatives promote an anti-

inflammatory environment. Therefore, dietary ω-3 PUFA may have favorable clinical 

applications in patients with RA [70]. Evidence suggests that there is an inverse correlation 

between the intake of ω-3 PUFA, and RA prevalence. Populations whose intake of ω-3 PUFA is 

higher have a lower incidence of RA [71,72]. A similar correlation was found to olive oil 

consumption, however in this case it is due to the increase of C18:1 consumption, which is less 

prone to oxidation, than the increased intake of ω-3 PUFA [73,74]. Clinically, ω-3 PUFA 

supplementation has been shown to reduce morning stiffness, lower tender, swollen, and painful 

joints, improve global arthritic activity, ameliorate biological parameters of inflammation and 

reduce drug requirement for disease management (for further information, please see review 

article [70]). ω-3 PUFA supplementation has beneficial effects reducing the symptoms of RA. 

However, it cannot be considered a standard treatment of this pathology. 

 

Dyslipidemia as an Important Contributor to RA Pathogenesis 

The increased concentrations of pro-inflammatory cytokines reported throughout the 

previous chapters are responsible not only for favoring oxidative stress conditions but also for 

contributing to dyslipidemia in RA patients [45]. Dyslipidemia is prevalent in 55–65% of RA 

patients and it can be detected in its early stages or even before the diagnosis of clinical RA, a 
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time in which both inflammation and autoimmunity (RF, ACPA) are typically elevated [75,76]. 

Both active or untreated RA is associated with an unfavorable lipoprotein profile, which is 

essentially characterized by decreased serum levels of HDL, and variation in levels of LDL and 

total cholesterol (TC) [77,78]. LDL and TC levels have contrasting results in several studies 

[79–81]. These discrepancies may be due to differences in the study designs such as samples 

sizes, populations, treatment effects and unconsidered confounders. The reduction of HDL leads 

to the increase of TC/HDL ratio which was correlated with disease activity and representative of 

an atherogenic index, thus being a relevant prognostic marker for the risk of cardiovascular 

diseases [81]. Moreover, a variation was reported in the composition of HDL PL that may be 

accountable for the decrease in its atheroprotective function, besides explaining the higher 

cardiovascular risk in RA [64,82]. 

Singh et al. saw significantly decreased levels of HDL and TC and increased levels of 

LDL in RA [83]. The reduction of TC levels was less pronounced than the HDL levels, 

resulting in an increase of both TC/HDL (atherogenic index) and LDL/HDL ratios [83]. Lower 

levels of TC and HDL were associated with TNF-α and higher levels of disease activity, which 

could be an explanation for the correlation between disease activity and lipoprotein levels [83]. 

Cacciapaglia et al. observed significantly lower levels of TC, LDL, triglycerides, and 

atherogenic index in RA patients with low disease activity when compared with patients with 

moderate/high disease activity [84]. It should be noted that there is a lipid paradox in RA where 

the conventional hypercholesterolemia link with cardiovascular diseases is not straight forward. 

It has been reported that patients with lower levels of TC, LDL, and atherogenic index had an 

increased risk of cardiovascular diseases than those with higher levels of lipoproteins, 

suggesting that hypercholesterolemia as a risk factor for cardiovascular diseases may not be 

applicable in RA [85]. Moreover, growing evidence suggests that specific lipoprotein 

subfractions are altered as well, which may contribute to the initiation and progression of 

atherosclerosis in RA patients [86]. All things considered, although TC and LDL levels are 

inconsistent in several studies, and may resemble those of the healthy population, the 
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lipoprotein sizes, the apolipoprotein cargo of lipoproteins and the lower levels of HDL in RA 

patients are enhancers of a pro-atherogenic dyslipidemia [78]. 

Oxidized LDL (ox-LDL) has also been reported in RA. A significant elevation of the 

ox-LDL fraction has been found in RA patients with and without carotid plaques [87,88], 

enhancing pro-atherogenic events, inflammatory responses through upregulation of chemokines, 

adhesion molecules and production of advanced glycation end-products, improving the risk of 

RA patients to develop cardiovascular complications [45,83,89]. Chronic inflammation also 

leads to HDL oxidation and reduced apolipoprotein-A-I in patients with active RA [90]. 

Changes in the lipoprotein profile seem to be a hallmark of RA and lipid peroxidation is 

also present in this disease. Dyslipidemia may, in fact, be responsible for the increased risk for 

cardiovascular diseases in RA. Nevertheless, the interaction between oxidative stress, 

inflammation and changes in the lipid profile, and the functionality of lipoproteins in RA are 

still poorly understood, and there are still conflicting results between studies revealing the need 

for more research in this field. Thus, dysregulation of lipid homeostasis and lipid metabolism at 

a molecular level was also reported, as will be detailed in the next chapter. 

4. Lipidomic Studies in Rheumatoid Arthritis 

From the evidence described in the previous chapter, it is accepted that, in fact, there are 

changes in the lipid metabolism in this pathology. The correct regulation of the lipid metabolism 

is vital for the homeostasis of the organism, thus avoiding pathological states. The dysregulation 

of lipid homeostasis affects several processes of inter and intracellular signaling and regulation 

of the immune response. Thus, the analysis of lipids and their variation is fundamental for a 

better understanding of the pathogenesis of several chronic diseases such as RA. Personalized 

medicine is the utmost tailored approach to disease management. Although the routine 

substances work for the general population, there are some patients to whom the drug effects are 

not the desired ones. To overcome this setback, biomarkers are of extreme importance to 

exclude the undesired effects of the drug treatment. These biomarkers may be autoantibodies, 

genes, or even biomolecules such as lipids. It should be noted that RA treatment involves 

corticosteroids, which are used as a powerful anti-inflammatory drug, but their effect in the lipid 
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profile is unknown. Thus, clinical lipidomics is the utmost approach to evaluate the variation of 

lipids at a molecular level in several chronic diseases, including AID [91]. The aim of clinical 

lipidomics is to understand lipid metabolism and mechanisms and identify new putative 

diagnostic biomarkers and therapeutic targets [92]. Clinical lipidomics is a reliable source of 

information regarding lipidic alterations and, hopefully, it can be seen as a promising approach 

to disease diagnostics and therapy monitorization in the near future. 

Studies on the variation of RA lipid profile at a molecular level using lipidomics were 

gathered in this review. English language publications were identified through a computerized 

search (using PubMed database) until 2020 using the following keywords: lipidomic(s), lipid 

profile, fatty acid(s), phospholipid(s), sphingolipid(s), ceramide(s), and oxidized, combined with 

rheumatoid arthritis. Studies that did not report the use of mass spectrometry (MS) techniques 

were not taken into consideration. To structure this review, the studies were divided in three 

sections: lipidomic studies on RA serum/plasma samples; lipidomic studies on other types of 

samples from RA patients; and lipidomic studies on high-risk patients to develop RA. 

a.  Lipidomic Analysis of Serum/Plasma in Rheumatoid Arthritis Patients 

Serum/plasma is the most important body fluid to portray metabolic changes. The analysis 

of serum/plasma sheds light on alterations induced by a pathological environment. The majority 

of the lipidomic studies on RA has been performed in human serum/plasma samples using 

mainly gas chromatography-mass spectrometry (GC-MS) for FA profiling, comparing RA 

patients with healthy controls, also including studies that evaluated the effect of FA diet, but not 

the effect of disease state. Few studies used liquid chromatography-mass spectrometry (LC-MS) 

for PL profiling, free fatty acids (FFA) and oxidized FA, also comparing data from 

plasma/serum from RA patients and controls (Table 1). 

i. Fatty Acid Profiling Analysis 

The studies that reported the changes in FA profile in RA patients, compared with non-

disease subjects, reported similar trends in some FA while opposite trends were reported in 

other studies. This can also be due to different experimental approaches since some studies 
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investigate the variation of FA in plasma [93–96], while others reported in phosphatidylcholine 

(PC) [97] or in total PL [98–102]. The majority of the studies reported a decrease of ω-3 FA, 

namely a decrease of 18:3 ω-3, 20:5 ω-3 or/and 22:6 ω-3. A decrease of palmitic acid (16:0) 

was seen in some studies, but was increased in others, while the saturated FA 18:0 was reported 

to decrease or not change in different studies. The ω-6 FA, such as the arachidonic acid (20:4), 

showed also contradictory variations. Other FA were also affected by disease, as will be 

described. 

Bruderlein and colleagues investigated the FA profile of serum PL of RA patients [98]. 

They determined significant decreases of FA 16:0; 18:2 ω-6 and 18:3 ω-3, and significant 

increases of FA 18:1 ω-9; 20:3 ω-6; 20:3 ω-9 and (20:3 + 20:4) ω-6/18:2 ω-6 ratio [98]. It was 

suggested that the ω-6 metabolic pathway is altered in RA patients, and it was induced by the 

persistent inflammation of this disease. The sum of ω-6 FA was constant, thus the disease 

seemed to stimulate an alteration in the content of different ω-6 FA towards higher unsaturated 

species, namely 20:3 and 20:4 [98]. When in a cell membrane, 20:3 ω-6 and 20:4 ω-6, have a 

much higher distortion, conformation wise, than that of 18:2 ω-6, due to the presence of a 

higher number of unsaturations. Changes in the abundance of these FA may affect membrane 

properties [103]. Jacobsson and co-workers analyzed the FA composition of serum PC (the 

major PL class in plasma/serum lipid profile) in RA patients of short and long disease duration 

[97]. It was verified a significant decrease of FA 16:1; 18:0; 18:2 ω-6; 18:3 ω-3; 20:5 ω-3; 22:5 

ω-3; 18:2/20:4 ratio and Σ ω-6 and a significant increase of FA 14:0; 16:0; 18:1 and  Σ saturated 

FA. These changes became more evident with the increase of disease duration [97]. The 

disturbances in FA of the ω-6 series are in agreement with the previous findings of Bruderlein 

[98]. The reduced 18:2/20:4 ratio in RA patients was suggested to be related to the degree of 

inflammation, due to an increase in the FA desaturation/elongation process, which could be the 

result of higher insulin levels (stimulates desaturation) that have been found in RA patients, or 

due to an increased synthesis of eicosanoids [104,105]. Suryaprabha and colleagues studied 

plasma concentrations of essential FA of PL and determined a marked decrease of FA 18:0; 

18:3 ω-6; 18:3 ω-3; 20:3 ω-6; 20:5 ω-3 and 22:6 ω-3 [99]. Interleukin-2 dependent T-cell 
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proliferation and tumour necrosis factor and interleukin-2 production can be blocked by PUFA, 

thus, the reduction of essential FA and their metabolites may contribute to increase the chronic 

inflammation once T-cell proliferation, tumour necrosis factor and interleukin-2 production may 

not be inhibited [106]. The low levels of EPA and DHA also contribute to the inflammatory 

state [99]. 

Non-esterified FA/FFA profile of serum in RA was also evaluated by using LC-MS 

lipidomic approaches, and revealed a significant reduction of FA 16:0; 16:1 ω-7; 18:1 ω-9 and 

20:4 ω-6 when compared with healthy controls [93]. The FA 20:5 ω-3 and 22:6 ω-3 were 

reported to have significantly lower concentrations in RA patients as well [93]. These results 

were associated with SE presence, which suggests that non-esterified FA alterations could be on 

the onset of RA development. 

ii. FA Analysis after a Fasting Period 

Changes in FA profile in RA with different diets or in a fasting/non-fasting regimen was 

also evaluated, since fasting has been shown to have significant beneficial effects in clinical 

manifestations in RA [107]. Hafström et al. evaluated the serum levels of FA of membrane PL 

of RA patients after a fasting period [100] and observed markedly reduced levels of FA 20:3 ω-

6 and markedly elevated levels of FA 20:4 ω-6 and 20:5 ω-3 comparing with RA patients before 

fasting and healthy control’s levels [100]. Haugen et al. investigated the possible impact on 

disease activity of fasting and one-year vegetarian diet in patients with RA [101]. The results 

showed that, after a vegan diet period, several FA of plasma PL were significantly decreased, 

such as FA 14:0; 16:0; 16:1; 18:0; 18:1; 18:3 ω-3; 20:1; 20:3 ω-9; 20:3 ω-6; 20:4 ω-6; 20:5 ω-3; 

22:0; 22:1 ω-11; 22:4 ω-6; 22:5 ω-6; 22:5 ω-3; 22:6 ω-3; Σ ω-6; Σ ω-3 and Σ saturated FA 

[101]. A few years forward, Fraser and co-workers evaluated free FA changes in plasma of RA 

subjects after fasting and assessed the effects upon T lymphocyte proliferation [94]. Long chain 

ω-3 and ω-6 FA are linked with the inhibition of T lymphocyte function [108–110]. However, it 

is unclear if alterations on total concentration of circulating FFA would influence the immune 

response. Firstly, Fraser determined marked increases of FFA 14:0; 16:0; 16:1 ω-7; 18:0; 18:1 

ω-9; 18:2 ω-6; 18:3 ω-3 and total FFA after a fasting period [94]. Secondly, it was shown that 
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the proliferative response of T lymphocytes was higher with the increase of FA levels. Lastly, in 

vitro tests revealed that the ratio of unsaturated/saturated FFA had a significant effect upon 

lymphocyte proliferation. Lymphocyte proliferative responses, after mitogenic stimulation in 

the presence of 1) only unsaturated FA or 2) only saturated FA, were significantly lower than 

when stimulated in the presence of a mixture of unsaturated/saturated FA [94]. The practical 

implications of this finding to in vivo situations remains uncertain. 

iii. FA Analysis after Supplementation Intake 

The effect of dietary fatty acid was also evaluated in a few studies, and dissimilar variations 

were found, which may be due to different supplements, methods, and samples. Kremer and co-

workers examined the effect of manipulation of dietary FA comparing plasma of RA patients 

with and without EPA supplementation [95]. As expected, patients taking EPA supplementation 

had significantly higher levels of plasma EPA than the patients not taking the supplementation 

[95]. Remans et al. had similar results as obtained by Kremer’s team. Remans compared the FA 

profile of PL of active RA patients receiving nutrient supplementation containing PUFA, 

including EPA, and micronutrients, with a group of active RA patients receiving placebo [102]. 

All patients receiving nutrient supplementation had significant increases of total ω-3 PUFA 

(20:5; 22:5; 22:6) and decrease of AA [102]. Although there were significant changes in plasma 

FA, the nutritional supplementation did not improve signs and symptoms of RA patients. On the 

other side, Jäntti et al. also evaluated the influence of supplementation with evening primrose 

oil (rich in FA 18:3 ω-6) and determined significantly lower concentrations of serum FA 18:1 

and EPA; and markedly increased levels of serum FA 18:2; 18:3; 20:3 and 20:4 [96]. The intake 

of evening primrose oil had contradictory effects, increasing both anti-inflammatory FA 18:3 

and pro-inflammatory AA. The increase of FA 18:3 may be regarded as favorable to help reduce 

the inflammatory status. However, the increase of AA may be considered as harmful since it is 

the precursor of pro-inflammatory prostaglandins and leukotrienes [96]. Proudman [111] 

analyzed the results of an investigation conducted previously by other authors, and therefore did 

not mention original results to be discussed in this review. PUFA supplementation should have, 

in theory, beneficial results and improve clinical symptoms because EPA and DHA compete 
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with AA for incorporation in cellular membranes, which leads to a reduction in the synthesis of 

prostaglandins and leukotrienes, thus reducing the inflammatory state [112]. However, 

investigators struggle to find the correct dosage of PUFA supplementation proven by different 

studies (with unequal doses) having different results. Having said that, more studies are needed 

to ascertain the quantity of PUFA supplementation should be administered to RA patients in 

order to maximize the results. 

iv. Phospholipidomic Profiling Analysis by LC-MS 

To our knowledge, there is only one study that reported untargeted lipidomic analysis of 

plasma PL of RA subjects. Łuczaj et al. [113] determined alterations on the PL profile that 

reflected a decrease on PC(40:2); PC(40:3) and PC(42:3), and an increase on lyso-PC (LPC) 

species LPC(16:1); LPC(24:3); PC(34:3); PC(36:3); PC(38:2); PC(38:3); PC(38:4); lyso-

phosphatidylethanolamine (LPE) species LPE(16:0); LPE(18:0); phosphatidylethanolamine 

(PE) specie PE(30:1); phosphatidylinositol (PI) species PI(36:1); PI(36:2); PI(36:3); PI(36:4); 

PI(38:3); PI(38:4) and sphingomyelin (SM) species SM(d34:2); SM(d38:1); SM(d40:1) and 

SM(d40:2) [113]. The results suggest a significantly altered PE and PC metabolism with 

enhanced PL hydrolysis by phospholipase A2. In addition, the increase of LPC in RA has 

already been associated with the induction of cyclooxygenase 2 hence contributing to systemic 

inflammation [114,115]. PC and PE can also be modified by ROS in oxidative stress conditions 

[116]. Although the main targets of oxidation are the unsaturated FA chains and PC is more 

abundant than PE, PE is more reactive over PC since it has a free amino group in the polar head, 

being a preferable target to suffer modifications induced by oxidative stress conditions and ROS 

which are enhanced in inflammation. Sphingolipids have pleotropic pro-inflammatory effects. 

Therefore, the study of its metabolism is very important. Regarding sphingolipids metabolism, 

other findings worth mentioning are the detection of increased levels of total 

monohexosylceramides (HexCer, as a sum of HexCer16:0; HexCer16:1; HexCer18:0; 

HexCer20:0; HexCer22:0; HexCer23:0; HexCer24:0 and HexCer24:1), total ceramides (Cer, as 

a sum of Cer16:0; Cer18:0; Cer20:0; Cer22:0; Cer23:0; Cer24:0; Cer24:1; Cer25:0 and 

Cer26:0;) and sphingosine (d18:1) in serum of established RA patients [117]. 
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v. Identification of Lipid Peroxidation Products by LC-MS 

Lipid peroxidation products of AA and linoleic acid in RA patients were evaluated through 

LC-MS techniques by Charles-Schoeman and co-workers [118]. It was analyzed the presence of 

hydroxyeicosatetraenoic acids (HETE) and hydroxyoctadecadienoic acids (HODE) in plasma 

lipoproteins HDL and LDL. The results showed markedly increase levels of oxidation products 

5-HETE; 15-HETE; 9-HODE and 13-HODE in both HDL and LDL fractions of RA patients 

[118]. HETE and HODE contribute to LDL oxidation which, together with their accumulation 

in HDL particles, may inhibit HDL beneficial function increasing the risk of developing 

atherosclerotic events [119,120]. Higher concentrations of these lipid peroxidation products in 

HDL are associated with the decreased antioxidant capacity of such particles. Thus, the raised 

levels of systemic inflammation, also determined in this investigation, positively correlates with 

the increased levels of free oxidized FA in HDL and LDL, reassuring the fact that RA is an AID 

with an exacerbated oxidative environment [118]. 

Overall, the serum/plasma lipidomic analysis of the studies reported above suggest that RA 

is characterized by an altered lipid metabolism. Plasma FA alterations were observed and 

revealed as significant lower levels of FA 20:5 ω-3 and 22:6 ω-3, although some contradictory 

variations were reported, as for other FA. The plasma PL profile was found to be changed with 

manifestations on PE and PC metabolism with enhanced PL hydrolysis, in a solely study that 

used lipidomic approaches. 

Some attempts were made regarding the effects of PUFA supplementation to compensate 

the lower level of ω-3 PUFA in RA, but more studies are needed to understand exactly which 

dose should be administrated and if, besides FA alterations, there are, in fact, changes 

concerning disease activity. 

Nonetheless, lipid metabolism is undeniably affected in RA. Considering the important role 

of lipids in inflammation, more studies are needed, particularly using modern lipidomics, which 

could contribute to unveil the pathophysiology of this disease, find new biomarkers, and also to 

develop better therapeutic approaches. 
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Table  3.1-1. Main lipid variations observed in serum/plasma of RA patients reported in published lipidomic studies, available in PubMed database, using MS 

approaches. 

Reference 
Analytical 

Method 

Lipid Extraction 

Method 

N° and Age (Years) 

of RA Patients 

Extra Details of the 

Study 
Molecular Specie 

Results 

↓ Decrease ↑ Increase 

FA profiling analysis 

Bruderlein et al. 

[98] 
GC-MS 

Gloster and Fletcher 

method 

20 RA 

Age: 25–66 
NSAID treatment. FA esterified to PL 16:0; 18:2 ω-6; 18:3 ω-3 

18:1 ω-9; 20:3 ω-6; 20:3 ω-9; 

(20:3 + 20:4) ω-6/18:2 ω-6 

ratio 

Jacobsson et al. 

[97] 
GC-MS INF 

Two groups: 

21 RA 

Age: 25–78 

21 RA 

Age: 3–43 

NSAID treatment. FA esterified to PC 

16:1; 18:0; 18:2 ω-6; 18:3 ω-3; 20:5 ω-

3; 22:5 ω-3; 18:2/20:4 ratio;  

Σ ω-6 

14:0; 16:0; 18:1;  Σ saturated 

FA 

Suryaprabha 

et al. [99] 
GC-MS 

Methanol:Chloroform 

(1:2, v/v) 

14 RA 

Mean age:  

33 ± 9 

Not on drugs when 

sample collection. 
FA esterified to PL 

18:0; 18:3 ω-6; 18:3 ω-3; 20:3 ω-6; 

20:5 ω-3; 22:6 ω-3 
- 

Rodríguez-Carrio 

et al. [93] 
LC-MS/MS MTBE 

124 RA 

Mean age: 52.47 ± 

12.76 

43 patients with 

smoking habits. 
Plasma FFA 

16:0; 16:1 ω-7; 18:1 ω-9; 20:4 ω-6; 

20:5 ω-3; 22:6 ω-3 
- 

Analysis after a fasting period 

Hafström et al. 

[100] 
GC-MS 

Methanol:Chloroform 

(2:1, v/v) 

14 RA 

Age: 34–65 

No steroids/NSAID 

treatment for the 

previous 3 months. 7 

days of fasting. 

FA esterified to PL 20:3 ω-6 20:4 ω-6; 20:5 ω-3 

Haugen et al. 

[101] 
GC-MS 

n-butanol (butyl 

alcohol) 

53 RA 

Mean age: 51  

Fasting period of 7–

10 days followed by 

1-year vegetarian 

diet. 

FA esterified to PL 

After vegan diet 

14:0; 16:0; 16:1; 18:0; 18:1;  

18:3 ω-3; 20:1; 20:3 ω-9; 20:3 ω-6; 

20:4 ω-6; 20:5 ω-3; 22:0; 22:1 ω-11; 

22:4 ω-6; 22:5 ω-6; 22:5 ω-3;  

22:6 ω-3; Σ ω-6; Σ ω-3;  

Σ saturated FA 

- 

Fraser et al. [94] GC-MS n-hexane 
9 RA 

Age: 31–65 

Steroids/NSAID 

treatment.  

7 days of fasting. 

Plasma FFA - 

14:0; 16:0; 16:1 ω-7; 18:0; 

18:1 ω-9; 18:2 ω-6; 18:3 ω-3; 

Σ FFA 

Analysis after supplementation intake 

Kremer et al. [95] GC-MS INF 
37 RA 

Age: INF 

NSAID treatment. 

EPA 

supplementation. 

Plasma FFA - 
With supplementation 

20:5 
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Remans et al. 

[102] 
GC-MS Bligh & Dyer method 

26 RA 

Mean age: 59.5 ± 

11.0 

Steroids treatment. 

Nutritional 

supplement with 

PUFA and 

micronutrients. 

FA esterified to PL 
With supplementation 

20:4 

With supplementation 

Σ ω-3 PUFA (20:5; 22:5; 

22:6) 

Jäntti et al. [96] GC-MS 
Methanol:Chloroform 

(1:1, v/v) 

Two groups: 10 RA 

Mean age: 50 

10 RA 

Mean age: 38 

No NSAID treatment 

for the previous 7 

days. Evening 

primrose oil/olive oil 

supplementation. 

Plasma FFA 
With supplementation 

18:1; 20:5 

With supplementation 

18:2; 18:3; 20:3; 20:4 

Phospholipidomic profiling analysis by LC-MS 

Łuczaj et al. 

[113] 
LC-MS 

Modified Folch 

method 

9 RA 

Age: 23–79 

No steroids/NSAID 

treatment. Excluded 

heavy smokers. 

Plasma PL PC(40:2); PC(40:3); PC(42:3) 

LPC(16:1); LPC(24:3); 

PC(34:3); PC(36:3); PC(38:2); 

PC(38:3); PC(38:4); 

LPE(16:0); LPE(18:0); 

PE(30:1); PI(36:1); PI(36:2); 

PI(36:3); PI(36:4); PI(38:3); 

PI(38:4); SM(d34:2); 

SM(d38:1); SM(d40:1); 

SM(d40:2) 

Identification of lipid peroxidation products by LC-MS 

Charles-

Schoeman et al. 

[118] 

LC-MS/MS Methanol/water 

10 RA 

Mean age: 49.6 ± 

11.8 

10% of the patients 

with smoking habits. 
Plasma HDL + LDL - 

5-HETE; 15-HETE; 9-HODE; 

13-HODE 

INF: information not found. 
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b. Lipidomic Analysis of Other Types of Samples of Rheumatoid Arthritis 

Patients 

Serum/plasma is undoubtedly the best source of information regarding pathologically 

induced metabolic alterations. However, the lipidomic analysis of other types of samples (body 

fluids) and also blood cells offer valuable insights into the disease as well. The works published 

to date and found in the literature describe changes in lipids, in particular FA, in synovial fluid, 

platelets, erythrocytes, PBMC, and adipose tissue of human samples (Table 2). 

Synovial fluid is extremely important in RA diagnosis. When there is a joint problem, 

synovial fluid can accumulate, causing stiffness, pain, and inflammation, therefore its analysis 

should reveal interesting results. Synovial fluid can physiologically change in volume and 

content which can occur in response to trauma, inflammation, or bacterial/fungal/viral 

penetrance, leading to an accumulation of selected molecules [121]. Thus, synovial fluid may be 

considered the body fluid of choice to obtain crucial information. Nevertheless, the collection of 

synovial fluid (arthrocentesis) is a difficult process for RA patients and even more for healthy 

volunteers. To the best of our knowledge, no studies reported the comparison of synovial fluids 

between RA patients and healthy volunteers. There is only one study that used GC-MS to 

evaluate the FA profile of the synovial fluid comparing it with the FA profile of serum from the 

same RA patient [122]. Quantitatively (% of total FA esters), the FA composition of the 

synovial fluid of RA patients was significantly lower, approximately one third of that of serum 

samples. In both biofluids, the major FA were FA 16:0; 18:1 and 18:2 (the sum of the relative 

abundances of these FA accounted for nearly 80% of FA composition) while FA 14:0; 16:1; 

18:0 and 20:4 were less abundant [122]. The synovial fluid membrane significantly contributes 

to local lipid content, by releasing lipids to the synovial fluid. Thus, the qualitative composition 

of synovial fluid and serum of RA is similar [123]. 

Platelets release pro-inflammatory microparticles after being activated, which in turn 

interact with leucocytes, promoting joint and systemic inflammation in RA [124]. Hafström and 

colleagues determined the FA profile of platelets (by GC-MS), after a fasting period and found 

markedly reduced levels of FA 20:3 ω-6 while AA and 20:5 ω-3 showed the opposite trend, 
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being markedly increased in RA subjects [100]. In this study, the composition of serum and 

platelets concerning the FA profile was equivalent, suggesting a fast exchange of lipids between 

platelets membrane and serum. 

Erythrocytes are likewise involved in RA pathobiology. Erythrocytes count is positively 

correlated with joint pathology, as well as with inflammatory biomarkers. There is also an 

alteration in the lipid distribution within erythrocytes membranes [125]. Masoom-Yasinzai et al. 

assessed the status of EPA in the membrane of RA erythrocytes and found markedly decreased 

levels of 20:5 ω-3, as compared with controls, which may suggest an impaired EPA metabolism 

in these cells [126]. Lee and colleagues investigated if erythrocyte levels of ω-3 PUFA were 

linked with disease activity and the risk of developing RA [127]. It was found significantly 

lower concentrations of FA 18:1 ω-9; 18:2 ω-6; 18:3 ω-3; 20:5 ω-3; ω-3 index and 20:5/20:4 

ratio, and significantly higher concentrations of FA 14:0; 16:0; 16:1 ω-7; 18:0 and 18:3 ω-6 

[127]. The authors determined that the risk of RA was positively correlated with the levels of 

saturated FA; 14:0; 16:0; 18:0; 16:1 ω-7; 18:3 ω-6; ω-6 PUFA; trans 18:2 and trans FA and 

disease activity was positively associated with age [127]. Lastly, Park and co-workers aimed to 

determine if ω-3 PUFA supplementation improved the clinical outcomes of RA patients [128]. 

The results showed a significant decrease of FA 18:1 ω-9; 18:2 ω-6; 20: 4 ω-6; total ω-6 PUFA 

and ω-6/ω-3 ratio, and a significant increase of FA 20:5 ω-3 and total ω-3 PUFA after 

supplementation [128]. Nevertheless, ω-3 PUFA supplementation did not ameliorate the clinical 

outcomes, both clinical symptoms and laboratory parameters, of RA patients. 

Unlike the previously described investigations, some studies with immune cells, neutrophils 

[100] and peripheral blood mononuclear cells [94] (PBMC, which include lymphocytes and 

monocytes), did not reveal statistically significant results, as will be described. Neutrophils are 

key players in RA pathogenesis, favoring, among others, an oxidative environment and cartilage 

destruction, as explained before. Hafström and collaborators determined the FA profile of 

neutrophils after a fasting period. However, the investigation did not report significant results 

[100]. Changes in the PL composition of the membrane of PBMC directly influence immune 

cell functions [129] and thus, Fraser et al. evaluated the FA profile of PBMC cellular 
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membranes, but no statistically significant differences in the amount of FA as a percentage of 

total cellular lipids between RA and healthy subjects were found [94]. 

Adipose tissue reflects the long-term FA status. Hence, its analysis would indicate if the 

lipid metabolism alterations derive from the onset of RA, or if they are established later in RA 

development. Jacobsson and co-workers analyzed the FA composition of adipose tissue of 

patients with RA which showed a significant decrease of FA 18:2 ω-6; 18:3 ω-3 and total ω-6 

[97]. These abnormalities were found to be more severe with the increase of disease duration. 

From the results described above, it cannot be concluded if different types of samples show 

the same metabolic alterations at a lipid level. However, the low levels of FA 18:2 ω-6 and 20:5 

ω-3 in erythrocytes are in agreement with the low levels found in adipose tissue and PL serum 

of RA subjects [97,98]. Furthermore, the increased levels of saturated FA are consistent with 

previous studies that also found higher levels of these FA in plasma PL of RA [97,130] and 

lower levels of EPA and other ω-3 FA. Further studies are needed to confirm or not this trend. 

Changes in PL were not studied at all besides plasma/serum. 
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Table  3.1-2. Main lipid variations observed in synovial fluid [122], platelets [100], erythrocytes [126–128], neutrophils [100], PBMC [94], and adipose tissue 

[97] of RA patients reported in published lipidomic studies, available in PubMed database, using MS approaches. 

Reference Analytical Method 
Lipid Extraction 

Method 

N° and Age (Years) of RA 

Patients 
Extra Details of the Study Molecular Specie 

Results 

↓ Decrease ↑ Increase 

Kim et al. 

[122] 
GC-MS Folch method 

10 RA 

Age: INF 
- FFA - - 

Hafström et 

al. [100] 
GC-MS 

Methanol:Chloroform  

(2:1, v/v) 

14 RA 

Age: 34–65 

No steroids/NSAID treatment 

for the previous 3 months. 7 

days of fasting. 

Membrane FA 
Neutrophils: NSD 

Platelets: 20:3 ω-6 

Neutrophils: NSD 

Platelets: 20:4 ω-6; 20:5 ω-3 

Masoom-

Yasinzai 

[126] 

GC-MS 
Chloroform:Methanol  

(2:1, v/v) 

15 RA 

Age: INF 

No steroids/hypolipidemic 

treatment. 
Membrane FA 20:5 ω-3 - 

Lee et al. 

[127] 
GC-MS INF 

100 RA 

Mean age: 48.39 ± 9.69 

Steroids/NSAID treatment. 

13% of the patients with 

smoking habits. 

Membrane FA 

18:1 ω-9; 18:2 ω-6; 

18:3 ω-3; 20:5 ω-3;  

ω-3 index; 20:5/20:4 

ratio 

14:0; 16:0; 16:1 ω-7; 18:0; 

18:3 ω-6 

Park et al. 

[128] 
GC-MS INF 

Two groups: 

41 RA 

Mean age: 49.24 ± 10.46 

40 RA 

Mean age: 47.63 ± 8.78 

Steroids/NSAID treatment. 15 

patients with smoking habits.  

ω-3 PUFA supplementation.  

Membrane FA 

With 

supplementation 

18:1 ω-9; 18:2 ω-6; 

20: 4 ω-6;  

Σ ω-6 PUFA; ω-6/ω-

3 ratio  

With supplementation 

20:5 ω-3; Σ ω-3 PUFA 

Fraser et al. 

[94] 
GC-MS Benzene 

9 RA 

Age: 31–65 

Steroids/NSAID treatment.  

7 days of fasting. 
Membrane FA NSD NSD 

Jacobsson et 

al. [97] 
GC-MS 

2% Sulfuric acid in 

Methanol:Toluene  

(1:1, v/v) 

Two groups: 

21 RA 

Age: 25–78 

21 RA 

Age: 3–43 

NSAID treatment. FA 
18:2 ω-6; 18:3 ω-3; 

Σ ω-6 
- 

NSD: no significant differences; INF: information not found. 
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c. Lipidomic Analysis of Erythrocytes from Pre-Clinical Rheumatoid 

Arthritis Subjects 

Accumulating evidence suggests that there is a pre-clinical period of increased levels of 

RA-related autoantibodies that precedes RA development [131]. This type of antibodies is 

usually detected 3–5 years prior to RA onset [132,133]. This pre-clinical phase of RA re-

enforces the multifactorial aspect of RA pathogenesis by suggesting that genetic and 

environmental factors act previously to the development of classifiable RA, leading to 

autoantibodies production [134]. This way, lipidomic investigations in pre-clinical RA subjects, 

which are considered to have a high risk of developing RA forward in their lives, may reveal 

promising results that could ultimately lead to preventive interventions (Table 3). 

As far as our knowledge goes, there are only three lipidomic studies on pre-clinical RA 

patients that used GC-MS approaches. Gan and colleagues conducted two different 

investigations, only one of which obtained reportable results [135,136]. The first study 

described significantly lower levels of 22:6; 20:5 + 22:6 and total ω-3 FA% in erythrocytes of 

patients who tested positive for anti-CCP2 autoantibodies (an RA-specific autoantibody) [135]. 

The results suggest an inverse correlation between ω-3 FA and anti-CCP2 positivity. In the 

second study, Gan and his team tested the seropositivity for several antibodies and determined 

that pre-clinical RA patients who were positive for RF and SE showed significantly decreased 

concentrations of FA 22:5 ω-3; 22:6 ω-3; total ω-3 FA% and 20:5 + 22:6 [136]. Similarly, pre-

clinical RA patients who tested positive for anti-CCP2 and SE also had markedly reduced levels 

of FA 20:5 ω-3; 22:6 ω-3; total ω-3 FA% and 20:5 + 22:6 [136]. Resembling the first 

investigation, the authors concluded that RF, anti-CCP2 and SE positivity is accompanied by 

low levels of ω-3 FA, which may be linked with RA pathogenesis and RA-related autoimmunity 

in the pre-clinical phase of this disease. Recently, Pablo et al. tested the hypothesis that higher 

levels of long-chain ω-3 PUFA were associated with a lower risk of developing RA [137]. The 

study found significantly increased levels of FA 20:3 ω-6 and 22:5 ω-3, which were increasing 

with the approaching of the time of the diagnosis [137]. It was also observed that erythrocyte 

membrane levels of FA 18:2 ω-6 were inversely correlated with the risk of developing RA, 
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meaning that higher levels of 18:2 ω-6 were associated with a lower risk of RA [137]. The 

hypothesis proposed by the authors was not confirmed. 

In summary, lipidomic analysis on erythrocytes add valuable information to the existing 

knowledge on the lipid profile of RA and pre-clinical RA. The studies of Gan et al. [135,136] 

corroborate previous findings in erythrocytes of RA patients who determined low levels of 20:5 

ω-3 and ω-3 index [126,127]. However, the investigations of Pablo et al. [137] and Gan et al. 

[136] present opposing results regarding the FA 22:5 ω-3, revealing the intricacy of the lipid 

metabolism under both pre-pathological and pathological conditions. 

 

Table  3.1-3. Main lipid variations observed in erythrocytes from subjects with high risk of 

developing RA reported in published lipidomic studies, available in PubMed database, using 

MS approaches. 

Reference 
Analytical 

Method 

Lipid Extraction 

Method 

N° and Age (Years) of 

RA Patients 

Extra 

Details of the 

Study 

Results 

↓ Decrease ↑ Increase 

Gan et al. 

[135] 
GC-MS INF 

30 pre-RA 

Mean age: 

45.6 ± 16.5 

2 patients 

with smoking 

habits. 

Anti-CCP2 + 

22:6; Σ ω-3 

FA%; 20:5 + 

22:6 

- 

Gan et al. 

[136] 
GC-MS INF 

Two groups: 

40 pre-RA 

Mean age: 

43.7 ± 15.4 

27 pre-RA 

Mean age: 

48.1 ± 13.2 

5 patients 

with smoking 

habits. 

RF + and SE + 

22:5 ω-3; 22:6 

ω-3; Σ ω-3 FA%; 

20:5 + 22:6 

Anti-CCP2 + and 

SE + 

20:5 ω-3; 22:6 

ω-3; Σ ω-3 FA%; 

20:5 + 22:6 

- 

Pablo et al. 

[137] 
GC-MS 

Chloroform:Methanol 

(2:1, v/v) 

96 pre-RA 

Mean age: 

51 ± 7.56 

29 patients 

with smoking 

habits. 

- 
20:3 ω-6; 

22:5 ω-3 

NSD: no significant differences; INF: information not found. 

 

5. Concluding Remarks and Future Perspectives 

By the evidence reported in this review, alteration of the lipid metabolism seems to be a 

characteristic of RA that is far from being completely elucidated. For some cases, dissimilar 

lipid changes were reported. Variations between studies may also be related to the experimental 

approach (whether the data are from the analysis of total FA or only from the esterified fraction) 

and data analysis process, hence the need for further studies based on standardized protocols. 

The upcoming studies should be standardized so that the results obtained are more robust and 

more easily comparable, making possible the identification of reliable biomarkers. 
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Lipid alterations can be observed even before disease manifestations, which suggests that 

these molecules are closely linked to the most widespread metabolic changes caused by 

inflammation (associated with TNF-α) [138,139]. As a result, it is important to study in deep the 

lipid modulation by RA as it can provide potential markers for early diagnosis of this disease. 

New biomarker discovery is important once early diagnosis is essential for an early treatment of 

RA and even for a better prognosis of the disease. All of the reviewed investigations clearly 

validate the importance of lipids in inflammation, autoimmunity and in the onset (pre-clinical 

RA) and development of RA. In particular, FA and PE and PC metabolism are primarily 

affected in this disease, namely a decrease of ω-3 FA, in particular 20:5 ω-3 and 22:6 ω-3 in 

serum/plasma, increase/decrease of PC and PE species, the increase of oxidized PL and the 

increase of polar lipids in their lyso form (Figure 2). Additionally, more studies are needed to 

clarify the effect of lipid supplementation on disease onset and follow-up. 

Lipids are important players in inflammation and are modulated in RA. It is very important 

to continue to advance in this research field: 1) lipidomics of plasma/serum/lipoproteins of 

patients with RA to characterize the lipidomic signature typical of RA, and in the different 

stages of the disease to unveil biomarker discovery; 2) lipidomics of immune cells for detailed 

characterization of changes in their lipid profile to understand how they can correlate with the 

dysfunction of these cells and the development of RA. In this way, clinical lipidomics, by 

allowing a detailed lipidome profiling of RA, could be a great contributor and add value on the 

personalized medical field, leading to a more precise and early diagnosis, management of 

disease progression, and evaluation of therapy strategies and outcomes. 
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Figure 3.1-2. Main lipidomic alterations described in several studies reported in this review. 

PBMC: peripheral blood mononuclear cells; GC-MS: gas-chromatography mass spectrometry; 

LC-MS: liquid-chromatography mass spectrometry. 
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Abstract 

 

Cholesteryl esters (CE) are prone to oxidation under increased oxidative stress 

conditions, but little is known about oxidized CE species (oxCE). To date, only a few oxCE 

have been identified, however mainly based on the detection of molecular ions by mass 

spectrometry (MS) or target approaches for specific oxCE. The study of oxCE occurring from 

radical oxidation is still scarcely addressed. In this work, we made a comprehensive assessment 

of oxCE derivatives and their specific fragmentation patterns to identify detailed structural 

features and isomer differentiation, using high resolution C18 HPLC-MS and MS/MS based 

lipidomic approaches. The LC-MS/MS analysis allowed to pinpoint oxCE structural isomers of 

long-chain and short-chain species, eluting at different RT. Data analysis revealed that oxCE 

can be modified either in the fatty acyl moiety or in the cholesterol ring. The location of the 

hydroxy/hydroperoxy group originates character-istic fragment ions, namely the unmodified 

cholestenyl cation (m/z 369) for the isomer with oxidation in the fatty acyl chain, or ions at m/z 

367 and m/z 385 (369+16) when oxygenation occurs in the cholesterol ring. Additionally, we 

identified CE 18:2 and 20:4 aldehydic and carboxylic short-chain products that showed a clear 

fragmentation pattern that confirmed the modification in the fatty acyl chain. Specific 

fragmentation fingerprinting allowed discrimination of the isobaric short-chain species, namely 

carboxylic short-chain products, from hydroxy-aldehyde short-chain products, with hydroxy-

cholesterol moiety. This new information is important to identify different oxCE in biological 

samples and will contribute to unravel their role in biological conditions and diseases, like 

cardiovascular disease.  

 

 

 

 

 

Keywords: cholesteryl esters oxidation, mass spectrometry, lipidomics, fragmentation, isomers 
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1. Introduction  

Cholesteryl esters (CE) are derivatives of cholesterol esterified to a saturated or unsaturated 

long-chain fatty acid (FA). They are main constituents of circulating lipoproteins, but CE 

biological roles are not fully understood1. However, CE are mostly considered as a preferred 

way to transport polyunsaturated fatty acids (PUFA), resembling the function of 

phosphatidylcholines (PC)2. In serum, enzyme lecithin-cholesterol acyl transferase associates 

preferentially with discoid HDL and catalyses the transfer of the sn-2 FA of PC to cholesterol, 

both constituents of the same particle, to produce CE and lysophosphatidylcholines3. In fact, due 

to its mechanism of synthesis, CE concentrations are strongly correlated with the corresponding 

PC subspecies concentrations in plasma and lipoproteins. Also, plasma CE composition is 

similar to that of PC, containing reasonably high proportions of the polyunsaturated moieties4,5. 

The presence of PUFA makes CE quite prone to oxidation under increased oxidative stress 

conditions associated with several diseases, generating oxidized species of CE (oxCE)4. oxCE 

may be formed by an enzymatic reaction with 15-lipoxygenase, or through lipid peroxidation 

induced by free radicals, like hydroxyl radical formed under oxidative stress conditions, 

affecting preferably the PUFA side chain6,7. oxCE have dissimilar properties from the non-

oxidized CE1. 

Disturbed homeostasis of CE and formation of oxCE may be a consequence of disease. For 

instance, in cardiovascular disease oxCE are found in deposits in the fatty lesions of 

atherosclerotic plaques playing an important role in the disease pathology and in being a major 

risk of complications8. oxCE have been detected in lipoproteins, especially in LDL, in human 

blood and atherosclerotic lesions, and have been shown to initiate proinflammatory macrophage 

activation and foam cell formation, thus being considered a promoter of inflammation8,9. oxCE 

can also decompose to produce electrophilic reactive species, like malondialdehyde or 4-

hydroxy-2-nonenal, that are able to covalently modify phosphatidylethanolamines and 

proteins10,11. Moreover, when oxCE are intracellularly hydrolysed, they release oxidized fatty 

acyl chains that when re-esterified can produce oxidized phospholipids, as oxidized PC6. 

However, oxCE are scarcely studied as opposed to what happens with oxidized PC. 



162 

 

Oxidized PC is widely studied by mass spectrometry (MS) based approaches either in 

biomimetic systems or in biological samples1, and the formation of a great variety of oxidation 

products have been identified and characterized12–14. Oxidized products of PC were found to be 

dependent on the esterified PUFA, leading to different products with dissimilar biological 

functions. The successful identification of PC oxidation products and MS fingerprinting reveals 

itself to be important to effectively demonstrated the presence and biological role of oxidized 

PC and other phospholipids, using lipidomics based on MS. This is nowadays the most 

important methodology to study lipid modifications at a molecular level12–14. But there are few 

MS and tandem mass spectrometry (MS/MS) studies of CE and even fewer regarding oxCE8,15–

20. oxCE were identified using MS methodologies in human atherosclerotic lesions, estimating 

that 23% of cholesteryl linoleate, 16% of cholesteryl arachidonate and 12% of cholesteryl 

docosahexaenoate are oxidized13. In another MS study, oxCEs have accounted for 11 to 92% of 

the CE bearing PUFA pool in atherosclerotic plaques8. However, most of the MS studies 

detected the presence of oxCE only through exact mass measurements of their molecular ions or 

target lipidomic approaches for the quantification of specific oxCE species. Those studies did 

not explore in detail the fragmentation patterns of such molecules to unequivocally determine 

the oxCE structural features and separate isomers with different locations of the oxidized moiety 

(either on the FA or on the cholesterol ring).    

In the present study, we sought to make a comprehensive assessment of oxCE derivatives 

and their specific fragmentation patterns to pinpoint detailed structural features and isomer 

differentiation. For that, we analysed the oxidized derivatives of CE 18:1 (cholesteryl oleate), 

CE 18:2 (cholesteryl linoleate) and CE 20:4 (cholesteryl arachidonate) using C18 HPLC-MS 

and MS/MS based lipidomic approaches.  

2. Methods 

2.1 Reagents   

Cholesteryl ester standards CE18:1 was purchased from Sigma-Aldrich and CE 18:2 (Item 

No. 22597) and CE 20:4 (Item No. 22595) were purchased from Cayman Chemical Company 
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(Michigan, USA). 1,2-dimyristoyl-sn-glycero-3-phosphocholine (dMPC) and 1-palmitoyl-2-

linoleoyl-sn-glycero-3-phosphocholine (PLPC) were obtained from Avanti®. For CE oxidation, 

ammonium hydrogen carbonate (NH4HCO3) was acquired from Riedel-de Haën (Germany) and 

FeCl2·4H2O and hydrogen peroxide 30 wt.% solution in water (H2O2) from Sigma-Aldrich®. To 

analyse cholesteryl ester fragmentation by MS and MS/MS, dichloromethane and methanol 

were obtained from Fisher Scientific. All solvents were of high-performance liquid 

chromatography (HPLC) grade and were used without any additional purification. 

2.2 Cholesteryl esters oxidation 

Non-oxidized CE standards were incorporated in liposomes, with PC species (dMPC and 

PLPC) and the oxidation was induced by Fenton reaction. For that, it was transferred into a 

glass vial 25 µL of dMPC, 50 µL of PLPC and 50 µL of CE standard and dried under a nitrogen 

stream. To the dried glass vial was added 55.75 µL of NH4HCO3 buffer (5 mM, pH 7.4), 0.5 µL 

of FeCl2·4H2O solution (5 mM) and 6.25 µL of H2O2 solution (500 mM, stock solution of 30% 

m/v). The glass vial was vortexed for 2 minutes and sonicated for 1 minute for the formation of 

the vesicles. This procedure was made for each CE standard (CE 18:1, CE 18:2 and CE 20:4). 

The vials were placed in a vortex mixer (Thermomixer compact, Eppendorf) at 37ºC during 

72h. After 72h the lipids were extracted by Folch method. Briefly, it was added 166.7 µL of 

dichloromethane and 83.3 µL of methanol to the glass vials with the liposomes. The mixture 

was vortexed and transferred into an eppendorf and centrifuged (Fisherbrand®) for 5 minutes at 

4000 rpm. The organic phase (lower phase) was collected into a clean glass vial, dried under 

nitrogen, and stored at -20ºC.  

2.3 Cholesteryl esters analysis by reverse phase LC-MS and MS/MS 

oxCE extracts were dissolved in dichloromethane to have a lipid concentration of 1 μg/μL. 

To perform liquid chromatography-mass spectrometry (LC-MS), an aliquot of 2.6 μL of each 

CE was mixed with 97.4 μL of a 50/50 mixture of isopropanol/methanol. The chromatographic 

phase consisted of two mobile phases: eluent A (60% acetonitrile, 40% water, 10 mM 

ammonium formate and 0.1% formic acid) and eluent B (90% isopropanol, 10% acetonitrile, 10 

mM ammonium formate and 0.1% formic acid).  
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CE standards and oxCE were separated by C18, using an Ascentis® Express 90 Å C18 

HPLC column (15 cm x 2.1 mm; 2.7 μm, Supelco®) inserted into an HPLC system (Ultimate 

3000 Dionex, Thermo Fisher Scientific, Bremen, Germany) with an autosampler coupled online 

to a Q-Exactive™ hybrid quadrupole Orbitrap™ mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). A volume of 10 μL of each sample mixture was injected into the HPLC 

column, at a flow rate of 260 μL/min. The temperature of the column oven was maintained at 50 

°C. The 33 minutes gradient was: 32% of mobile phase B (0 min), 45% B (1.5 min), 52% B (4 

min), 58% B (5 min), 68% B (8 min), 70% B (11 min), 85% B (14 min), 97% B (18 min, held 

for 7 min), 32% B (25.01 min, held for 8 min). The Q-Exactive™ orbitrap mass spectrometer 

with a heated electrospray ionization source was operated in positive mode (electrospray voltage 

of 3.0 kV). The sheath gas flow was 35 U, auxiliary gas was 3 U, the capillary temperature was 

320 °C, the S-lenses RF was 50 U and the probe`s temperature was 300 °C. Full scans MS 

spectra were acquired in positive ionisation mode in an m/z range of 300-1600, with a resolution 

of 70.000 (at m/z 200), automatic gain control (AGC) target of 1x106 and maximum injection 

time of 100 ms. For tandem MS (MS/MS) experiments, a top-10 data-dependent acquisition 

(DDA) method was used. The top 10 most abundant precursor ions in full MS were selected to 

be fragmented in the collision cell using higher energy dissociation (HCD). A stepped 

normalized collision energy™ scheme was used and ranged between 25 and 30 eV. MS/MS 

spectra obtained were those combining the information obtained with the three collision 

energies. The MS/MS spectra were obtained with a resolution of 17,500; AGC target of 1x105; 

an isolation window of 1 m/z; scan range of 200-2000 m/z; and maximum injection time of 100 

ms. The cycles of one full scan mass spectrum and ten data-dependent MS/MS scans were 

repeated continuously throughout the experiments, with the dynamic exclusion of 30 s and 

intensity threshold of 8x104. Data acquisition was carried out using the Xcalibur data system 

(V3.3, Thermo Fisher Scientific, USA). 
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3. Results 

According with the main goal of this study, we evaluated the fragmentation under HCD-

MS/MS and the structural features of oxidized derivatives of CE (CE 18:1, CE 18:2 and CE 

20:4) formed by radical oxidation and identified by MS8,15–20, which fragmentation has not been 

reported yet. The oxCE studied were the CE+O and CE+2O, corresponding respectively to the 

hydroxy derivative and di-hydroxy or hydroperoxy derivatives, the main long-chain oxidation 

products formed by hydroxyl radical as reported for PC species bearing the same unsaturated 

fatty acyl chain21,22. We also studied short-chain products that result from the cleavage of the 

unsaturated FA, from degradation of long-chain oxCE bearing 18:2 and 20:4, in analogy to what 

was reported for PC bearing the same FA23. 

Cholesteryl esters with two oxygens (CE+2O) on the sterol moiety have already been 

identified in several studies, however only through exact mass measurements, and no MS/MS 

studies were done to confirm the structural features. In fact, CE+2O can be assign as a di-

hydroxy or a hydroperoxy CE derivative. CE-OOH were identified in oxidized LDL however its 

levels are relatively low comparing with other oxidation products like hydroxy and keto24,25. 

This seems to suggest that in biological samples there is a fast conversion of CE-OOH into its 

subproducts, which may hinder its detection and characterization. Hydroperoxy derivatives are 

the first oxidation products of free radical oxidation of PUFA. These long-chain oxidation 

products are formed by the addition of oxygen to the CE, preserving the backbone structure of 

the CE molecule. The hydroperoxy derivatives can decompose and generate other long chain 

products like the hydroxy and keto derivatives, among others. The long-chain product CE 

hydroperoxyde (CE-OOH) can also suffer cleavage of the oxidized fatty acyl chain to generate 

the short-chain oxidation products, where the fatty acyl chain is truncated (Figure 1)26.  

The oxidation products of CE 18:1, CE 18:2 and CE 20:4 were analysed by LC-MS after 

72h of oxidation (Supporting Information Figure S1). oxCE were identified in MS as 

ammonium adducts, [M+NH4]+, by the RT of each oxCE species and mass accuracy (Table 1). 

The information regarding the RT was used to confirm the presence of oxCE isomers, namely 

oxCE eluting in two or more peaks at different RT.  
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In the analysis of the reconstructed ion chromatogram (RIC) obtained for the long-chain 

oxidation products (Supporting Information Figure S1), hydroxy (CE with addition of one 

oxygen atom, +O, +16 Da) and di-hydroxy and/or hydroperoxy (CE with addition of two atoms 

oxygen, +2O, +32 Da) derivatives, it was seen that, concerning oxCE 18:1, each eluted in two 

peaks, with shorter retention time when compared with the unmodified CE18:1. In the case of 

oxCE 18:2 long-chain oxidation products, CE 18:2+O eluted in two peaks and C18:2+2O eluted 

in three peaks. Regarding oxCE 20:4, the CE 20:4+O eluted in one peak, while C20:4+2O 

eluted in three unresolved peaks, probably due to the formation of several isomeric oxidation 

products. All the long-chain products eluted with shorter RT when compared with the 

unmodified ones, as expected, since the presence of oxygenated moieties in lipids are usually 

associated with higher polarity thus being less retained in the RP columns, when compared with 

the unmodified lipids. In general, oxCE with +O has shorter RT when compared with 

unmodified CE and the +2O has shorter RT than the CE+O. To confirm if different RT 

correspond to different structural isomers, all long-chain oxCE were characterized by LC-

MS/MS analysis.  

Short-chain products, which are formed due to cleavage of the FA chain in the vicinity of 

the oxidative modification, were identified by LC-MS for CE 18:2 and CE 20:4 (Supporting 

Information Figure S2). They were formed in lower abundances, and some also eluted in peaks 

with different RT suggesting the presence of structural isomers as well. The majority eluted in 

only one peak each, with exception of CE 18:2 C9 short-chain at m/z 574 that eluted in two 

peaks. Short-chain oxidation products of CE 18:2 were those with C9 terminal aldehyde (m/z 

558) and carboxylic moiety (m/z 574) or hydroxyaldehyde (m/z 574), while the short oxidation 

products of CE 20:4 were the ones with the shorted fatty acyl chain in C9, C10 and C12 with 

terminal aldehyde (Table 1). All short-chain products were characterized by MS/MS and the 

fragmentation pathways identified will be detailed below. 
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3.1 Fragmentation and structural features of oxidation products of CE 

Unmodified CE molecules are characterized for having a specific fragmentation pattern in 

the MS/MS spectra of [M+NH4]+ adducts, formed in LC-MS analysis. In the LC-HCD-MS/MS 

spectra it is possible to observe a major product ion at m/z 369.35 corresponding to the base 

peak of the MS/MS spectra (100% relative abundance (RA)), assigned as the cholestenyl 

positive ion and that is formed by the cleavage of the ester bond between the fatty acyl chain 

and the cholesterol ring. This fragmentation pattern confirms the presence of CE species17,27.  

The fragmentation patterns of CE oxidation products were analysed by LC-MS/MS of the 

corresponding [M+NH4]+ adducts. The dissociation of oxCE adducts originates several product 

ions in the MS/MS spectra that are diagnostically significant ions of oxCE products as will be 

detailed.  

3.1.1 LC-MS/MS of CE 18:1 oxidation products 

CE 18:1+O were assigned as the CE hydroxy derivatives (CE 18:1-OH) confirmed by exact 

mass measurements (Table 1), with a mass increase of +16 Da regarding the mass of the 

unmodified CE 18:1. The MS/MS of [M+NH4]+ ions of the two isomers of CE 18:1+O were 

acquired and analysed. The isomers that eluted at RT 17.25 min and 17.52 min, showed 

different fragmentation patterns (Supporting Information Figure S1). The isomer that eluted at 

shorter RT (17.25 min) showed the presence of the unmodified cholestenyl cation, at m/z 

369.35, confirming that the oxidation occurs in the fatty acyl chain (Supporting Information 

Figure S3-A). The isomer that eluted at longer RT (17.52 min) showed the ion at m/z 385.35, 

that is formed by the cleavage of the ester bond with loss of the unmodified FA, indicating that 

CE is oxidized in the cholesterol ring [Cholestenyl+O]+. The product ion at m/z 367.34, formed 

by loss of H2O from [Cholestenyl+O]+ (Supporting Information Figure S3-B), corroborates the 

presence of a hydroxy derivative linked to the cholesterol ring. Curiously, the isomer with 

oxidation in the cholesterol moiety showed higher abundance than the isomer with oxidation in 

the FA.  

CE18:1+2O have a mass increase of +32 Da regarding the mass of the unmodified CE 18:1 

and can be attributed to CE di-hydroxy derivatives (CE 18:1+(OH)2), and/or to the CE 
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hydroperoxy derivatives. CE 18:1+2O oxidation products were confirmed by exact mass 

measurements and eluted in two peaks, RT 16.19 min and RT 16.56 min (Supporting 

information Figure S1, Table 1). The MS/MS spectrum obtained at RT 16.19 min showed the 

unmodified cholestenyl cation, at m/z 369.35, confirming the oxidation in the fatty acyl chain 

(Supporting information Figure S3-C). In these spectra we do not see loss of H2O or the loss of 

HOOH to confirm if it is a hydroperoxy or a di-hydroxy derivatives as reported for oxidized PC 

in low CID MS/MS instruments12,13. However, it is expected to be hydroperoxy derivatives with 

FA bearing the hydroperoxy group since they are the main products formed in OH radical 

conditions. The isomer that eluted at RT 16.56 min showed the ion at m/z 367.34, that is 

proposed to be formed either by: i) loss of modified fatty acyl chain with a hydroxy group 

combined with loss of H2O, from the hydroxycholestenyl or ii) loss of unmodified fatty acid 

combined with loss of HOOH from the hydroperoxycholestenyl (Supporting Information Figure 

S3-D). Thus, this derivative with 2 oxygens can be a di-hydroxy product with one hydroxy in 

the cholestenyl and the other hydroxy group in fatty acyl chain. However, the hypothesis of the 

hydroperoxy derivative cannot be discarded. In this manner, this detailed analysis allowed to 

pinpoint two isomers for the CE 18:1+2O one isomer with a hydroperoxy group linked to the 

FA 18:1 and another isomer most probably as a di-hydroxy derivative.  

3.1.2 LC-MS/MS of CE 18:2 long-chain oxidation products 

CE 18:2+O eluted in one major peak at RT 16.92 min and a minor peak at RT 17.03 min 

(Supporting Information Figure S1). The MS/MS spectrum of the isomer that eluted at RT 

16.92 min showed the product ion at m/z 369.35 that confirmed the presence of an isomer with 

oxidation on the FA (Figure 2-A). The isomer that eluted at longer RT (17.03 min) showed the 

product ion at m/z 385.35, that is formed by the cleavage of the ester bond with loss of the 

unmodified FA, indicating that CE is oxidized on the cholesterol ring. This is also corroborated 

by the ion at m/z 367.34, that is formed by loss of H2O from hydroxycholestenyl ion combined 

with loss of unmodified FA. The product ion at m/z 664.51, formed by loss of H2O from the 

precursor ion [M+NH4]+, also corroborates the presence of the hydroxy moiety (Figure 2-B). 
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CE 18:2+2O oxidation products were also confirmed by exact mass and eluted in three 

peaks at RT 14.74 min, RT 15.77 min and RT 16.02 min (Supporting Information Figure S1). 

The most abundant isomer eluted at RT 15.77 min and the MS/MS showed the ion at m/z 369.35 

(Figure 2-C). Interestingly, the MS/MS of the isomer at RT 14.74 min is similar, with oxidation 

on the FA. Therefore, the isomer that elutes with shorter retention time, thus being more polar, 

should be the di-hydroxy derivative (CE 18:2+(OH)2), with di-hydroxy FA similar as reported 

for PC(16:0/18:2)-(OH)2 12, while the isomer that elutes at RT 15.77 min should be the 

hydroperoxy derivative with the hydroperoxy group linked to the FA. The last isomer that 

eluted at RT 16.02 min showed the ion at m/z 367.34 which is attributed to a di-hydroxy isomer 

with a hydroxy group linked to the cholestenyl and other to the FA. The ion at m/z 383 suggests 

the formation of a hydroperoxy isomer with loss of H2O [Cholestenyl+OO-H2O]+ (369+32-18) 

where the hydroperoxy group is on the cholestenyl cation (Figure 2-D). The detailed analysis 

allowed to pinpoint three isomers for the CE 18:2, two isomers oxidized in FA 18:2 and other 

two isomers with oxidation on the cholesterol ring. To confirm the fragmentation pattern of 

oxCE with OOH on the FA, we performed MS/MS analysis of a commercial oxCE-OOH 

standard where we identified the presence of the ion at m/z 369 and the absence of the ion at m/z 

367 (data not shown) corroborating our results.  

3.1.3 LC-MS/MS of CE 20:4 long-chain oxidation products 

The CE 20:4 hydroxy derivative eluted in one major peak at RT 16.88 min (Supporting 

Information Figure S1). The MS/MS spectrum revealed the presence of the ion at m/z 369.35, 

corresponding to the unmodified cholestenyl cation, indicating that the OH group is on the fatty 

acyl chain (Supporting Information Figure 4-A).  

Regarding the CE 20:4+2O, most probably a di-hydroxy derivative, the RIC suggests the 

presence of several isomers eluting at different RT, however we could only obtain the MS/MS 

spectra for RT 15.73 min because in other RT the peak intensity of the ions were too low and 

we could not obtain a good MS/MS data in DDA (Supporting Information Figure S1). 

Nonetheless, in the MS/MS spectra of RT 15.73 min, we were able to detect several product 

ions that suggested the presence of two isomers that could not be isolated. The product ions 
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identified were: i) the ion at m/z 369.35 (unchanged cholestenyl cation), which indicates that the 

hydroperoxy group is on the FA and thus allowing to assign a hydroperoxy CE and ii) the ion at 

m/z 367.34 corresponding to an isomer with one hydroxy group linked to the cholestenyl and 

other hydroxy to the FA, and this justifies the loss of the hydroxy fatty acid combined with loss 

of water from the hydroxy cholestenyl cation (Supporting Information Figure S4-B) (the 

hypothesis of this isomer being a hydroperoxy derivative cannot be excluded and may be 

considered as well).   

3.1.4 LC-MS/MS of CE 18:2 of short-chain oxidation products 

Few short-chain oxidation products formed by degradation of oxCE 18:2–OOH were 

observed for oxCE 18:223. Through LC-MS we were able to detect C9 aldehyde and carboxylic 

acid short-chain products of CE 18:2, with the identification of the ions at m/z 558.49 and m/z 

574.48, respectively (Supporting Information Figure S2). The ion at m/z 558.49 eluted in one 

peak at RT 13.53 min while the ion at m/z 574.48 eluted in two peaks, at RT 10.27 min and RT 

12.34 min (Supporting Information Figure S2). The relative abundances were lower compared 

with the hydroxy and hydroperoxy derivatives.  

The LC-MS/MS spectrum of CE 18:2 C9-aldehyde at m/z 558.49 (RT 13.53 min) showed 

the presence of the unmodified cholestenyl ion, at m/z 369.35, confirming that the carbon chain 

was cleaved in C9, and without any modification on the cholesterol ring (Figure 3-A). The type 

of short-chain product with a terminal aldehyde was one of the products reported during Fenton 

oxidation of PC(16:0/18:2)12.  

In the case of CE 18:2 short-chain at m/z 574.48 (RT 10.27 min and RT 12.34 min), the 

isomer that elutes at RT 12.34 min showed, in the MS/MS, the unmodified cholestenyl ion at 

m/z 369.35 indicating the presence of a shortened C9 acyl chain with a terminal carboxylic 

group (COOH) as reported for the oxidation of PC(16:0-18:2)12 (Figure 3-B). In the MS/MS 

spectra of the most abundant isomer at RT 10.27 min, the unmodified cholestenyl ion is absent, 

but instead it showed the fragment ion at m/z 385.35, attributed to the hydroxycholestenyl cation 

(m/z 369+O, m/z 369+16). This ion is indicative that, in this case, we should have an isomer 

with a shortened fatty acyl chain in C9 with a terminal aldehyde, and the hydroxy group being 
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linked to the cholesterol ring (Figure 3-C). The ion at m/z 367.34 is formed by loss of water 

from the ion at m/z 385.35 [Cholestenyl+O]+, corroborating the modification of the cholesterol 

moiety. Thus, it is a hydroxyaldehyde short chain products isomer of the carboxylic short chain 

oxCE. 

The cholestenyl ion at m/z 369.35 was identified in the MS/MS spectra of [M+NH4]+ ions of 

the short chain products at RT 12.34 min and 13.53 min indicating that the modification is in the 

acyl chain (Figure 3A and B). The results also showed that oxCE bearing modifications in the 

acyl chain and cholesterol can also be formed by radical oxidation, that is characterized to be a 

non-target oxidation, in opposition to enzymatically induced peroxidation, in a similar trend as 

previously reported for PC, phosphatidylethanolamines (PE) and phosphatidylserines oxidation 

induced by the hydroxyl radical26,28,29.  

Some of the short-chain products of oxCE were already reported in the literature but were 

only identified through exact mass measurements by precursor-ion scanning and no MS/MS 

information was pinpointed8,15. Thus, some structural information was missing, which could be 

important to understand the biological function of these oxCE species. CE 18:2 C9-aldehyde 

products were identified in vivo samples from percutaneous coronary and peripheral arterial 

interventions in humans8 and CE 18:2 C3-C9-aldehydes were identified also in vivo within 

human atherosclerotic plaques from femoral artery endarterectomy samples15. In both studies 

the formation of oxCE was proposed as a result of non-enzymatic oxidation, not ruling out 

enzymatic initiation or amplification of the oxidation process. 

3.1.5 LC-MS/MS of CE 20:4 short-chain oxidation products 

Few short-chain products of CE 20:4 were detected by LC-MS and MS/MS as well. These 

were identified as [M+NH4]+ ions at m/z 558.49, 568.47 and 596.50 and correspond to the short-

chain products formed by cleavage of the arachidonic acid at C9, C10 and C12, respectively, all 

with a terminal aldehyde in the shortened FA chain (Supporting Information Figure 5). The 

cholestenyl ion, at m/z 369.35, was identified in all MS/MS spectra of [M+NH4]+, confirming 

the identification of short-chain species with modification only in the acyl chain.  
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Several short-chain oxidation products were already reported to be formed from CE 20:4 

but were identified only through exact mass measurements8,15. CE 20:4 fatty acyl chain can be 

cleaved, most commonly, in carbon 5 (C5) and originate C5-aldehyde/carboxylic acid 

products26. Contrarily to what was expected, we could not detect C5 short-chain products, 

instead, we found the short-chain products with shortened chain with a terminal aldehyde in C9, 

C10 and C12. Different short-chain products with fatty acyl chain with different carbon length 

were reported to be formed from PAPC22,30. In these publications, the shortened chains in C9, 

C10 and C12 were also reported similarly as we have seen. In fact, C10 is a bis-allylic position, 

thus it is expected to be one of the firsts to be oxidized by abstraction of a hydrogen by the 

hydroxyl radical, leading to the formation of carbon centered radicals, that after reaction with 

O2, lead to the formation of CE-OO.. This hydroperoxyl radical can also decompose to yield the 

alkoxy derivative that will lead to CE shortened in C10. The radical in C10 can migrate to C9 or 

C11 originating the other shortened CE products. C12 short-chain products can be formed by 

initial oxidation in C13 with migration of the radical to C12.  

 

4. Discussion 

Most of the MS studies detected the presence of oxCE only through exact mass 

measurements and do not analyse in detail the fragmentation of such molecules to determine 

oxCE structural features and differentiate the isomers. In this study, we focused on the MS/MS 

analysis of oxCE, allowing the identification of several isomers. The analysis of the RIC and 

MS/MS spectra allowed the identification of isomeric oxCE, namely the discrimination of 

isomer with the oxidized moiety in the FA or with the hydroxy/hydroperoxy group in the 

cholesterol moiety.  

Firstly, we identified long-chain oxidation products of CE 18:1, 18:2 and 20:4. This analysis 

revealed the presence of different structural isomers, either with oxidation in the FA (shorter 

RT) or in the cholesterol moiety (longer RT). On the literature, the oxidation of CE is reported 

to be on the FA. In fact, those species have been identified by targeted analysis using precursor-

ion scanning of the ion at m/z 369 (cholestenyl cation)8,15–20. However, this fragment ion is only 
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observed when the oxidation is in the FA. When there is oxidation in the cholestenyl moiety it is 

seen the typical ions [Cholestenyl+nO]+ (which means 369+16 or 369+32 Da, in the case of 

hydroxy or hydroperoxy derivatives). The loss of H2O or HOOH combined with loss of FA 

from oxCE+O or oxCE+2O, respectively, leads to the formation of ions at m/z 367 and m/z 383, 

which can be seen in the MS2 spectrum rather than the ion at m/z 369. Nevertheless, and to the 

best of our knowledge, there are no studies performing precursor-ion scan of m/z 367 and only 

one study performs precursor-ion scan of m/z 385 (369+16 Da)15, thus, oxCE modified on the 

cholesterol ring have been overlooked. These isomers of oxCE were observed for every 

combination with FA 18:1, 18:2 and 20:4. We were not able to detect the loss of HOOH (-

34Da) from oxCE+2O [M+NH4]+ ion which may be due to the high energy HCD-MS of 

Orbitrap mass spectrometer, as reported for aminophospholipids31. In the MS/MS of HCD 

mode, there is a preference for the formation of ions with lower m/z while in CID the preference 

is for ions formed by low weight neutral loss31,32.  

We have identified short-chain oxidation products as well. Short-chain oxidation products 

were not observed for CE 18:1, similarly as in the case of PC bearing 18:1, due to the low 

oxidation propensity of oleic acid. On the contrary, short-chain products were seen for oxCE 

18:2 and 20:4. In the case of CE 18:2, both aldehydic and carboxylic derivatives were detected, 

as also the hydroxy aldehyde (isomeric of the carboxylic), with aldehyde in C9 terminal and the 

OH group in the cholesterol ring. This finding corroborates the possibility of oxidation in the 

two moieties of CE (FA and cholesterol ring). Regarding CE 20:4, we only detected short-chain 

aldehydes in C9, C10 and C12, rather than in C5 which is the most reported short-chain 

oxidation product for FA 20:4. In this case, we did not identify structural isomers with oxidation 

in the cholestenyl moiety, suggesting that the FA oxidizes first, as expected.  

Oddly, CE oxidation has been exclusively considered to happen in the fatty acyl chain, 

maybe because the majority of the studies only measure the exact mass or consider enzymatic 

oxidation. CE are integrated in LDL particles that may suffer modifications during oxidative 

stress conditions, where there is an increase of reactive oxygen species production, namely 

hydroxyl radical33. These environmental conditions are suitable to the occurrence of oxidative 
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modifications in CE, similarly to what happens with the oxidation of PC. Hence, oxCE may, 

likewise what has been reported for oxPC, be one of the oxidized lipids of oxLDL that may play 

an important role in the inflammatory response as well as in the development of cardiovascular 

diseases. In fact, CE with 2 oxygens  (CE 18:1+OOH, CE 18:2+OOH and CE 20:4+OOH) were 

reported in the core of lipoproteins and are known to accumulate in atherosclerotic tissue18,34, 

modulate cholesterol levels and inhibit cholesterol uptake in hepatocytes and macrophages35.  

 

5. Conclusions 

Specific oxCE molecular species can be identified by specific fragmentation fingerprinting 

of ammoniated adducts by C18 LC-MS/MS. The fragmentation of [M+NH4]+ CE molecular 

species originates a cholestenyl product, which can be used to primarily detect CE species in a 

consistent manner. The RP-LC-MS analysis was a key approach to pinpoint the presence of 

oxCE species structural isomers, eluting at different RT. These isomers were structurally 

identified by reporter fragmentation patterns obtained from tandem MS analysis. MS/MS data 

of oxCE revealed that the hydroxy/hydroperoxy can be either in the fatty acyl moiety or in the 

cholesterol ring leading to the formation of characteristic ions. In our study, we also identified 

CE 18:2 and 20:4 short-chain products that showed a clear fragmentation pattern that confirmed 

the modification in the fatty acyl chain. Some of the oxCE were not reported before, maybe 

because structural analysis by MS/MS have not been performed. To our knowledge this is the 

first study on the fragmentation of oxCE by radical oxidation, thus more studies are needed to 

understand the ionization and fragmentation of OxCE species. High resolution LC-MS/MS shed 

light on the characteristic fragmentation patterns of several oxCE species, that should be used to 

detect these species in biological samples of disease conditions, contributing for the evolution of 

knowledge on the biological role of oxCE.  
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Figure 3.2-1 Schematic representation of the oxidation process and formation of the long- and short-

chain products of oxCE (CE 20:4 given as an example). 
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Figure 3.2-2 LC-MS/MS spectra of CE 18:2 long-chain oxidation products. Diagnostic product 

ions are circled in blue. A: CE 18:2 hydroxy isomer ([M+NH4]+ at m/z 682.62) with the hydroxy 

group on the fatty acyl chain confirmed by the presence of the ion at m/z 369.35. Loss of H2O 

from the [M+NH4]+ identified at m/z 664.50. B: CE 18:2 hydroxy isomer ([M+NH4]+ at m/z 

682.62) with the hydroxy group on the cholesterol ring, confirmed by the ions at m/z 385.35 

[Cholestenyl+O]+ and at m/z 367.34 [Cholestenyl+O-H2O]+. The ion at m/z 664.50 corresponds 

to the loss of H2O from the [M+NH4]+. C: CE 18:2 hydroperoxy isomer ([M+NH4]+ at m/z 

698.61) with the hydroperoxy group on the fatty acyl chain confirmed by the presence of the ion 

at m/z 369.35. The MS/MS spectrum also revealed the ions at m/z 681.52 and at m/z 663.50 

corresponding, respectively, to the loss of NH3 and conjugated loss of NH3+H2O. D: CE 18:2 di-

hydroxy isomer (a hydroperoxy isomer structure (in orange) is also considered) ([M+NH4]+ at 

m/z 698.61) with a hydroxy group on the cholesterol ring and the other in the fatty acyl chain, 

confirmed by the ion at m/z 367.34 [Cholestenyl+O-H2O]+ (or [Cholestenyl+2O-HOOH]+ 

highlighted in orange). The ion at m/z 383.33 also confirms the presence of an hydroperoxy 

isomer [Cholestenyl+OO-H2O]+, with the hydroperoxy group linked to the cholestenyl moiety. 

Loss of NH3 from the [M+NH4]+ identified at m/z 681.52. 
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Figure 3.2-3 LC-MS/MS of oxCE 18:2 short-chain products. Diagnostic ions are circled in 

blue. A: CE 18:2 C9-aldehyde ([M+NH4]+ at m/z 558.49) with oxidation on the fatty acyl chain 

(m/z 369.35). B: CE 18:2 C9-carboxylic acid ([M+NH4]+ at m/z 574.48) with oxidation on the 

fatty acyl chain (m/z 369.35). C: CE 18:2 C9-hydroxyaldehyde ([M+NH4]+ at m/z 574.48) with 
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an OH group linked to the cholestenyl moiety, identified by the ions at m/z 367.34 and m/z 

385.35.
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Table 3.2-1. Identification by LC-MS and MS/MS of long- and short-chain oxCE products of CE 18:1; CE 18:2 and CE 20:4 formed by the hydroxyl radical 

oxidation (in bold the RT of the most intense peak). 

Lipid 

class* 
Species level* Common name* oxCE Formula 

Change in mass 

(Da) 

[M+NH4]+ 

Theoretical m/z Observed m/z 
Mass error 

(<5ppm) 
RT 

CE 18:1 

SE SE 27:1/18:1 Cholesteryl oleate CE 18:1 C45H78O2 - 668.6346 668.6358 -1.7947 19.12 

SE SE 27:1/18:1;O Hydroxy cholesteryl oleate CE 18:1 + O C45H78O3 +16 (+O) 684.6295 684.6308 -1.8988 
17.27; 

17.52 

SE SE 27:1/18:1;O2 Di-hydroxy cholesteryl oleate CE 18:1 + 2O C45H78O4 +32 (+2O) 700.6244 700.6268 -3.4255 
16.19; 

16.56 

CE 18:2 

SE SE 27:1/18:2 Cholesteryl linoleate CE 18:2 C45H76O2 - 666.6189 666.6206 -2.5502 18.66 

SE SE 27:1/18:2;O Hydroxy cholesteryl linoleate CE 18:2 + O C45H76O3 +16 (+O) 682.6138 682.6150 -1.7579 
16.92; 

17.03 

SE SE 27:1/18:2;O2 Di-hydroxy cholesteryl linoleate CE 18:2 + 2O C45H76O4 +32 (+2O) 698.6087 698.6095 -1.1451 

14.74; 

15.77; 

16.02 

SE SE 27:1/9:1;O2 
C9-carboxylic acid cholesteryl 

linoleate 
C9-carboxylic acid C36H60O4 -92 574.4835 574.4841 -1.0444 

10.27; 

12.34 

SE SE 27:1/9:1;O C9-aldehyde cholesteryl linoleate C9-aldehyde C36H60O3 -108 558.4886 558.4892 -1.0743 13.53 

CE 20:4 

SE SE 27:1/20:4 Cholesteryl arachidonate CE 20:4 C47H76O2 - 690.6189 690.6187 0.2896 18.40 

SE SE 27:1/20:4;O Hydroxy cholesteryl arachidonate CE 20:4 + O C47H76O3 +16 (+O) 706.6138 706.6138 0.0000 16.88 
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SE SE 27:1/20:4;O2 Di-hydroxy cholesteryl arachidonate CE 20:4 + 2O C47H76O4 +32 (+2O) 722.6087 722.6083 0.5535 

[14.66-

15.88]; 

15.73 

SE SE 27:1/9:2;O 
C9-aldehyde cholesteryl 

arachidonate 
C9-aldehyde C36H60O3 -132 558.4886 558.4904 -3.2230 13.50 

SE SE 27:1/10:2;O 
C10-aldehyde cholesteryl 

arachidonate 
C10-aldehyde C37H58O3 -122 568.4730 568.4731 -0.1759 12.32 

SE SE 27:1/12:3;O 
C12-aldehyde cholesteryl 

arachidonate 
C12-aldehyde C39H62O3 -94 596.5043 596.5048 -0.8382 12.32 

*According with the LipidMaps shorthand notation. 
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4. CHAPTER 4: NOVEL PRE-ANALYTICAL METHODS IN CLINICAL 
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4.1 CHAPTER 4.1: CLINICAL LIPIDOMICS AND THE USE OF 

DRIED BLOOD SPOTS 
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Abstract 

Dried blood spots (DBS) are being considering as an alternative sampling method of 

blood collection that can be used in combination with lipidomic and other omics analysis. DBS 

are successfully used in the clinical context to collect samples for newborn screening for the 

measurement of specific fatty acid derivatives, as acylcarnitines, and lipids from whole blood 

for diagnostics purposes. However, DBS are scarcely used for lipidomic analysis and 

investigations. Lipidomic studies using DBS are starting to emerge as a powerful method for 

sampling and storage in clinical lipidomics analysis, but the major research work is being done 

in the pre- and analytical steps and procedures, and few in clinical applications. This review 

presents a description of the impact factors and variables that can affect DBS lipidomic analysis, 

such as the type of DBS card, hematocrit, homogeneity of the blood drop, 

matrix/chromatographic effects and the chemical and physical properties of the analyte. 

Additionally, a brief overview of the lipidomic studies using DBS to unveil its application in 

clinical scenarios is also presented, considering the studies of method development and 

validation and, to a less extent, for clinical diagnosis using clinical lipidomics. DBS combined 

with lipidomics approaches proved to be as effective as whole blood samples, achieving high 

levels of sensitivity and specificity during MS and MS/MS analysis, which could be a useful 

tool for biomarkers identification. Lipidomic profiling using MS/MS platforms enables 

significant insights into physiological changes, which could be useful in precision medicine. 

 

 

 

 

 

 

 

Keywords: dried blood spots; mass spectrometry; lipidomics, disease biomarkers  
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1. Introduction 

Dried blood spots (DBS) are a less invasive method for blood collection and is being 

considered as an alternative to whole blood samples obtained by venipuncture or arterial 

sampling. DBS are widely used in clinical environment to collect samples for newborn 

screening, as a part of public health policies[1]. This method is also considered promising for 

clinical diagnostics and for precision medicine, since it has been reported as an effective method 

for pre-analytic stages of diagnostics[2, 3]. Research on DBS for application in medicine is 

growing and is being explored in combination with mass spectrometry[1] (MS) and in the 

context of different omics, like metabolomics[4, 5], proteomics[6] and more recently lipidomics. 

While DBS is already well established in metabolomics analysis, its use in proteomics seems to 

face some challenges regarding protein analysis and degradation. Lipidomics is starting to be 

associated with DBS, once lipids are reported to be stable enough to endure the timespan 

between sample collection and lipid extraction, even more stable than in traditional samples 

(plasma/serum/whole blood). The major research work on this method has been done 

concerning pre-analytical and analytical steps and procedures, and very few in application to 

real clinical investigations. 

Despite being a field scarcely studied, lipidomic analysis with DBS show promising results, 

revealing the need for more work to be done. In this review, we will address the most important 

findings from the use of DBS in lipidomics, highlighting as well future perspectives and 

development needed to pinpoint DBS as a good sampling and storage method, prior to lipid 

analysis for biomarker discovery, and application in clinics, diagnostics and/or therapeutic drug 

monitoring. 

 

2. Advantages and applications of DBS to study lipids in biological samples 

The DBS is a microsampling method that is very simple and easy to perform, as it requires 

only the depositing of small volumes (µL) of capillary blood onto DBS cards[1]. The collection 

of blood is easier therefore the sample can be collected at home, and it does not demand 
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specialized entities to do so. The patient can perform the sample collection by its own (or the 

parents, in the case of small children). The blood is placed directly onto the DBS card until the 

drawn circle area is full. Yet, the skin must not be punctured with the same lancet more than 

once due to risk of bacterial contamination and infection[7]. Contrarily to venipuncture and 

arterial sampling, DBS samples do not need to be immediately stored in refrigerated conditions 

after its collection. This way, the transport and accommodation of these type of samples is very 

straightforward which allows the creation of simplified biobanking facilities for storage[8]. 

Venipuncture and arterial blood collection are the most common blood collection methods, 

however, they are not considered to be the best way to collect a blood samples[9]. These 

methods have to be performed exclusively by personnel who have received proper training. 

Many patients find it inconvenient (due to dietary restrictions) and disturbing. Also, there are 

also risks related with the puncture site cleansing, storage, transportation, and potential loss or 

contamination of the blood samples once they are collected[9]. Thus, DBS have several 

advantages when compared with arterial sampling and venipuncture, as described in Figure 1. 

DBS samples enable longitudinal studies without sample degradation if they are stored 

under the right conditions according with the analyte of interest. Due to high stability of several 

blood components, like lipids, it is possible the detection of a high number of analytes in a 

single analysis. The physician has a broader understanding of the patient`s metabolism and can 

reach a more fitting diagnosis[10].  
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Figure 4.1-1 Dried blood spots (DBS) sampling method offers several advantages comparing 

with arterial/venipuncture samples. It is a minimally invasive sampling process, which can be 

performed by the patient on their own, and it is convenient to store and transfer allowing long 

distance shipments.     

 

DBS have three primary applications (Figure 2): in health-care services (in a clinical 

scenario for screening/diagnostics/follow-up), in research and surveillance studies into 

undeveloped populations, and in drug development/monitoring[10, 11].   
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Fig 4.1-2 Dried blood spots (DBS) main applications: health-care services (in a clinical scenario 

for screening/diagnostics/follow-up), research and surveillance studies, and drug 

development/monitoring. 

 

Lipids are important mediators in pathological conditions therefore its analysis could 

detect the early development of some diseases or even be considered as biomarkers of disease 

status, and be useful to evaluate the therapeutic outcomes[12]. Lipids are promising in the 

search of new putative biomarkers for diagnosis and evaluation of disease progression or to 

unravel the role of lipids in the disease pathophysiology. As pointed out before, all the 

advantages that DBS offers combined with the fact that lipids are quite stable in DBS[13], 

makes DBS suitable for its use in lipidomic analysis. It is a promising field of research, with 

potentially favourable applications in clinical environments. However, the association of DBS 

with lipid/lipidomics analysis is still in its infancy, mostly because lipidomics is an Omics field 

still in the early stage of development but with high potential applications [13], and there is not 

much information regarding its use in this area. DBS method is well-established in other omics, 

especially metabolomics[14], and there is a need for more investigation on its applicability on 

the lipidomics field. 

In this review, we aimed to gather lipidomic investigations using DBS cards. For that, 

English language publications were identified through a computerized search (PubMed 

database) until June 2021 using the following keywords: lipidomic(s), lipid(s), lipid profile(s), 

phospholipid(s), fatty acid(s) and sphingomyelin(s) combined with dried blood spot(s). A total 

of 26 publications were found. From those, a total of 21 papers were selected according with the 



192 

 

eligibility criteria chosen. We only considered research studies that used gas chromatography 

coupled with mass spectrometry (GC-MS), gas chromatography-flame ionization detection 

(GC-FID), liquid chromatography coupled with mass spectrometry (LC-MS), direct injection 

mass spectrometry (DI-MS) and supercritical fluid chromatography coupled with mass 

spectrometry (SFC-MS). Studies that did not report the use of those techniques, or were review 

papers, were not taken into consideration. From the 21 eligible studies, most of them focused on 

methodology/protocol optimization, from pre-analytical parameters evaluation to analysis 

optimization, and very few in actual clinical lipidomics investigations, as will be described. 

Most of the papers on the evaluation of pre-analytical variables that can affect the quality 

of the results of lipid analysis were focused on: i) the extraction efficiency of different methods, 

ii) factors that may affect the recovery rate of the lipids, like the type of DBS card, storage with 

antioxidants, matrix effects, and iii) lipid stability over a period of time. Others studied the DBS 

method validation in clinical cases as a possible candidate to future clinical applications by 

comparing the results with traditional methods (plasma, serum, or whole blood)[13, 15–29].  

 

3. Pre-analytical parameters that may affect lipid extraction from DBS  

The workflow of DBS starts with blood collection in the paper card, followed by 

storage/transport, lipid extraction and analysis. After blood collection, the analyte extraction 

procedure starts by punching a circle (with a set diameter) from the DBS card. Then, the analyte 

is extracted with selected extraction solvents and protocols that must be carefully chosen 

according with the physico-chemical properties of the analyte. Nonetheless, different pre-

analytical parameters may affect the amount of compound and the lipid extract recovered from 

DBS. The parameters include the transport and storage conditions, the type and quality of the 

paper of the DBS card (variations in the matrix affects the blood volume, the extraction 

efficiency as well as the chromatographic results) and hematocrit (Hct). These are probably the 

most impactful factors to significantly affect the results, this way, the procedures must be 

optimized and standardized to increase the reliability and reproducibility of the assay and allow 
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the comparison of research work data between different labs, promoting harmonization of 

lipidomic investigations.  

Storage of DBS and stability of lipids 

The solid nature of DBS paper cards and adsorption capacity make analytes less reactive 

(thus more stable) than in whole blood, plasma or serum samples thus having higher stability at 

room temperature, at least for a week[30]. It is also an advantage to monitor metabolic diseases 

diagnosed in newborn screening programs and could be promising for sample collection for 

other diseases that need monitoring. To maintain analyte stability and to control storage 

conditions, to make the sample stable during longer times, transport to the laboratory should be 

made as soon as possible. Storage conditions must account for several variables such as 

temperature, humidity and time within field, transport, and laboratory settings[31]. Temperature 

and humidity conditions have a direct impact on the stability of several analytes including 

lipids, amino acids, and DNA[32–34]. Temperature effect can be prevented by keeping samples 

in refrigerated/cooled conditions. However, reducing the storage temperature is not always the 

solution for all analytes as it is described for polyunsaturated fatty acids (PUFA). It was 

reported that few PUFA (20:4, 20:5 and 22:6) suffer significant degradation after 10 days of 

storage at -28 ºC[33]. Humidity, which can also cause lipid degradation by hydrolysis reactions, 

can be avoided by confining DBS cards in sealed bags with desiccants while transportation or 

storage[1]. Nonetheless, optimal storage settings must be determined for the analyte in question 

and the purpose of the study (momentary or longitudinal). In the case of lipids stability in DBS, 

studies reported that PUFA are stable between 21 days and 2 months at room temperature[21, 

23] and, in the case of phospholipids (PL), up to 2 weeks at 4 ºC or room temperature[13]. 

Nonetheless, there is a need for more studies on the stability of molecular species since most of 

the studies were performed on FA. 

Type of DBS cards  

There are plenty of DBS cards available on the market, and different studies used DBS 

cards from different manufacturers (Table 1). The difference on the card type between studies 

may explain the variance of results due to matrix effects. Each manufacturer produces the DBS 
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cards with a specific chemical composition, fiber density and network. This way, the same 

sample could present dissimilar results depending on the DBS card type, and consequently, on 

the matrix effect. Liu et al intended to develop a lipidomic DBS method that would allow 

samples to be stored at room temperature for at least two months[23]. For that, the team 

compared four different DBS card types: Fluka blood collection paper (Sigma-Aldrich, 

Switzerland); Whatman 903™ specimen collection paper; Whatman 3MM chromatography 

paper and Whatman ion exchange paper (46x57cm2, Whatman, United Kingdom). Changes on 

the concentration of saturated fatty acids (FA), 16:0, 18:0, 22:0 and 24:0, monounsaturated FA, 

16:1n-7, 18:1n-7, 18:1n-9 and 24:1n-9, and PUFA, 18:2 n-6, 20:3 n-6, 20:4 n-6 (arachidonic 

acid, AA), 22:4 n-6, 18:3 n-3, 20:5 n-3 (eicosapentaenoic acid, EPA), 22:5 n-3 and 22:6 n-3 

(docosahexaenoic acid, DHA), were observed according with the type of paper card used and 

the presence/absence of antioxidants[23]. It was observed a significant decrease of PUFA in 

DBS samples over 4 weeks of storage at room temperature, even though the papers were 

impregnated with butylated hydroxytoluene (BHT, an antioxidant agent) and regardless the 

DBS card type. FA composition of DBS between samples collected on Fluka blood collection 

paper, Whatman 3MM paper, and Whatman 903 paper did not suffer significant alterations at 

any time point over the storage period. However, it was noticed a lower decline in the levels of 

all long chain PUFA in the DBS samples collected on the paper card Whatman ion exchange 

when compared to the other types of papers following 4 weeks of storage at room 

temperature[23]. As far as our knowledge goes, this is the only lipidomic study comparing lipid 

stability on different card types.   

DBS cards using stabilizers  

DBS paper cards are often impregnated with stabilizers or modifiers to increase analyte 

stability and recovery efficiency (Table 1)[1]. The addition of chemicals to DBS paper may 

directly influence the results due to matrix effects. Two studies performed stability analysis 

focusing on the efficiency of adding antioxidants to prevent lipid degradation[20, 21]. Metherel 

and co-workers assessed the efficiency of adding different concentrations of BHT [0 mg/mL 

(control), 2.5 mg/mL and 5 mg/mL] to the DBS paper cards to prevent PUFA degradation and 
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test its stability[21]. The study showed that BHT provides significant protection against PUFA 

degradation in a DBS sample, in open air and room temperature storage, and that PUFA losses 

are dependent on BHT concentrations. The analysis by GC-MS showed that the degradation of 

highly unsaturated FA (AA; EPA; DHA); n-3 FA; n-6 FA and total PUFA differs with BHT 

concentrations (the ability to prevent PUFA degradation increases with higher BHT 

concentrations)[21]. The same PUFA are detected in DBS in the presence of BHT for up to 21 

days in open air. However, total PUFA levels significantly decrease after 3 and 14 days of 

storage. Also, storing DBS adsorbed in BHT in sealable containers further prevents PUFA loss 

up to 8 weeks[21].  

On the other side, Marino and colleagues validated the use of different antioxidants to 

prevent FA degradation after 15 days of blood collection[20]. The study revealed that, in 

general, antioxidants (pure or in mixtures) are not useful to accurately measure individual FA. 

However, the use of sodium sulphite or ascorbic acid or their mixture with BHT, ascorbic acid 

or gallic acid, in some cases enabled the assessment of FA. The results obtained by GC-FID 

showed that the levels of saturated FA (14:0, 16:0, 18:0 and 24:0) and unsaturated FA (trans-

16:1, 16:1, trans-18:1, 18:1, trans-18:2, 18:2, α-18:3, γ-18:3, 20:1, 20:2, 20:3, AA, EPA, 22:4, 

24:1, 22:5 and DHA) were different according with the antioxidant applied on the DBS paper 

card[20]. Although storage conditions and BHT concentration were not the same, contrarily to 

what was reported by Metherel[21], the use of BHT in this study did not prevent FA 

degradation. 
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Table 4.1-1. Analysis of the selected studies according with the type of DBS card, punch diameter, use of stabilizers and lipidomic approach. 

DBS card type 
Diameter of the 

punched disk 
Stabilizers Lipidomic approach Reference 

Guthrie cards 

Commercially available Guthrie spot cards 3.2 mm Chaeotropic buffer DI-MS Furse et al (2020)[16] 

Whatman 903 TM 

Whatman 903TM protein saver cards 3.0 mm - LC-MS Primassin et al (2010)[17] 

Whatman chromatography paper 100 mm2 BHT GC-MS Metherel et al (2013)[21] 

Whatman 903® specimen collection paper 3.2 mm - LC-MS Chuang et al (2014)[35] 

Whatman 903TM CF12® protein saver cards 144 mm2 - LC-MS Luginbühl et al (2016)[22] 

Whatman 903TM filter paper cards with BHT antioxidant 144 mm2 BHT GC-MS Mashavave et al (2016)[36] 

Whatman 903TM protein saver cards 144 mm2 - GC-MS Drzymała-Czyz et al (2017)[25] 

Whatman 903TM filter paper cards 6.0 mm LiCl DI-MS Gao et al (2017)[13] 

Whatman 903TM protein saver cards 3.0 mm - LC-MS Liao et al (2018)[27] 

Whatman 903TM filter paper cards 160 mm2 
Different antioxidants 

(pure/mixture) 
GC-FID Marino et al (2018)[20] 

Whatman 903TM protein saver cards; 10 μL Mitra® 

Microsampling Device 
6.0 mm -  LC-MS Gunash et al (2019)[29] 

Whatman 903TM filter paper cards 3.2 mm - DI-MS Snowden et al (2020)[19] 

Whatman 903TM paper (#10531018, GE Healthcare) 
Corresponding to 2.5 µL 

of blood 
- SFC-MS Le Faouder et al (2021)[37] 

Others 

Filter papers (PKU card, Tokyo, Japan) 3.0 mm - GC-MS Kimura et al (2002)[38] 

Whatman FTA DMPK-A cards 3.0 mm - LC-MS Ismaiel et al (2012)[15] 

Filter paper cards Ahlstram 226, ID Biological Systems 3.2 mm - LC-MS Koulman et al (2014)[24] 

✓ Fluka blood collection paper 

✓ Whatman 903TM specimen collection paper 

✓ Whatman 3MM chromatography paper 

✓ Whatman ion exchange paper (46x57 cm2) 

~225 mm2 BHT GC-MS Liu et al (2014)[23] 

INF 3.0 mm - DI-MS Al-Thihli et al (2014)[18] 

Whatman cellulose chromatography paper strips 100 mm2 - LC-MS Henao et al (2016)[28] 

Whatman FTA Classic Card ¼” diameter punch - LC-MS Kyle et al (2017)[39] 
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BHT: butylated hydroxytoluene; PKU: Phenylketonuria; DMPK: drug metabolism and pharmacokinetics; INF: Information not found  

PUFAcoat™ paper 6.0 mm - LC-MS Hewawasam et al (2017)[26] 
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Matrix effects in DBS  

In what concerns DBS matrix effects, these can be qualitatively assessed by analysing a 

blank DBS card[40], but also quantitatively determined by comparing the signals obtained from 

solvent extraction of a blank DBS. However, matrix effects from DBS cards are dependent on 

the type of analyte and can cause interference in the extraction efficiency, stability and 

contribute to ionization suppression or enhancement in the analysis of the extracts from DBS by 

MS lipidomic approaches[41]. Phosphatidylcholines are well known as the primary cause of 

matrix effects in LC-MS/MS and cholesterol, cholesterol esters, and triacylglycerols, when 

present at relatively high concentrations can also result in significant ion suppression effects[15, 

42]. An additional problem is the potential adsorption and non-specific binding of the lipids to 

the sampling card. DBS paper cards contain cellulose that have several -OH groups and these 

can interact with the hydrophilic head of the lipid molecules[43, 44]. This phenomenon has also 

been reported for proteins in DBS[45, 46]. When analysing samples from DBS cards, it is 

generally assumed that blood and analytes spread homogeneously. However, when the spread is 

heterogenous, which it is called chromatographic effect[1], we could have dissimilar extractions 

yield, depending on the punched circle of the blood card analysed. Chromatographic effects lead 

to significantly different results from punch to punch and it can be induced by many factors, for 

instance, the type of DBS card[47], Hct levels, portioning of cell components[48] and sample 

integrity and preparation[49]. The commercialization of DBS cards with the same chemical 

composition (to prevent matrix effects and the drawbacks associated), as well as the 

development of lipid extraction guidelines (to prevent chromatographic effects) would facilitate 

the dissemination of unbiased results.  

Haematocrit interference  

The haematocrit (Hct) is a parameter that can affect the amount of lipids and their recovery 

from DBS. Hct may be considered the major factor of variability, when using DBS for 

metabolite analysis. Higher Hct levels are associated with increased viscosity of the blood drop, 

thus having a lower spread rate of the blood onto the paper card[50]. More viscous blood has 

been shown to have an heterogenous spread across the paper than samples with lower Hct 
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levels, which is expected to translate into analytical biases[50–52]. The variation of the Hct 

value directly affects the total amount of analytes and their extraction recovery rate from DBS 

(lower extraction recoveries at higher Hct levels)[53]. When Hct values are high, sonication of 

the DBS sample has proven to be valuable to improve extraction recovery[54]. The lipidomic 

approaches were used in a study aiming to find lipid species` markers for quantification of Hct 

using DBS samples[27]. Through LC-ESI-MS, Liao et al identified 189 lipid species belonging 

to PC and SM classes. The study showed that three SM, specifically SM 44:1, SM 44:2, and SM 

44:3, had potential to be Hct estimation markers. The results revealed that the estimation errors 

for the Hct values were less than 20%, demonstrating the viability of using the identified SM 

markers to estimate the Hct values in DBS samples[27]. From the eligible studies in this review, 

the common diameter of the punch is around 3 mm. Increasing the punch diameter would be 

expected to increase the amount of lipid extract recovered. 

Overall, DBS are a promising method for a less invasive blood collection and are being 

considered as a favourable method for clinical lipidomic studies. Nonetheless, there are specific 

factors like the size of DBS punch, effect of matrix, stability, methods of extraction, among 

others that can influence the identification and quantification of the lipids. It has been 

demonstrated that Hct, blood viscosity, type of DBS card, chromatographic/matrix effects, and 

storage conditions (temperature, humidity) can induce changes in the size of the blood spots and 

an irregular distribution of the sample[55]. At the present time Hct is recognized as the most 

relevant factor that affects the characteristics of the blood spot, but other factor can have 

influence as well such as drying time, blood spreading, homogeneity, and also affects the 

reproducibility of the extraction procedures and further analysis[8]. To overcome these 

challenges, it must be considered an accurate blood spotting, possible extraction of the whole 

DBS (not a punch with a specific diameter), and other pre-analytical parameters that need to be 

optimized and harmonized like the quality of the paper card and the lipid extraction protocol 

(detailed in the next chapter).      
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4. Extraction of lipids from DBS 

The extraction of lipids from DBS is most-often performed with organic solvents, such as 

methanol (MeOH), dichloromethane (CH2Cl2) or chloroform (CHCl3), under adjusted 

proportions. It is important to emphasize the fact that, when being analysed by MS, the lipid 

signal directly reflects the amount of the initial sample, the efficiency of the extraction recovery 

and matrix effects[56]. There is not a standardized protocol to extract lipids from DBS, 

however, it is known that, depending on the polarity and composition of the lipid specie to 

analyse, there is a preferential extraction with different solvents[57].  

Several studies compared the extraction efficiency of different solvents (isolated and in 

systems) and gathered significant differences (general dry time was 3 hours after blood 

collection and storage at room temperature)[15, 26]. The ability of different absolute organic 

solvents [MeOH, acetonitrile (ACN), isopropyl alcohol (IPA), CH2Cl2, methyl tertiary-butyl 

ether (MTBE), ether or n-hexane] to extract phosphatidylcholine (PC), cholesterol (Chol), 

cholesteryl esters (CE) and triacylglycerols (TG) was investigated by Ismaiel and co-

workers[15]. The study determined that MeOH extracted the highest amount of PC comparing 

with the other organic solvents. However, when lipids were extracted from DBS with IPA and 

ACN, contained approximately, 16.0% and 2.5% of PC levels that were found in MeOH 

extracts, respectively. Ether, n-hexane and CH2Cl2 showed less than 1.0% of PC levels in the 

MeOH extract. Among other species, PC were also quantified to evaluate the lipid recovery 

rate, since it is the major phospholipid class present in blood[15]. Lyso-PC presented the same 

behaviour as well. Regarding Chol and CE, ether extracts contained the highest concentrations 

when compared to the other extraction solvents - MeOH, MTBE, n-hexane, IPA, ACN and 

CH2Cl2 extracts – which contained approximately 88, 80, 70, 38, 26, and 13% of Chol and CE 

levels in ether extracts, respectively. Extracted TG showed the same tendency, since ether 

extracts presented the highest levels of the TG whereas MeOH extracts demonstrated reduced 

levels. The remaining organic solvents - MTBE, n-hexane, IPA, ACN and CH2Cl2 extracts - 

contained approximately 89, 77, 43, 21, and 18% of TG levels that were found in ether extracts, 

respectively. These results showed that more apolar solvents are more efficient to extract apolar 
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lipids (Chol, CE and TG). Therefore, the use of MeOH extracts better PL when compared with 

other solvents.  

In the same line, Hewawasam et al analysed the extraction efficiency of five different 

extraction solvent systems (80% aqueous MeOH; 70% aqueous ACN + 12 mM ammonium 

formate + 0.02% acetic acid; 80% aqueous ACN; 80% aqueous ACN + 0.02% formic acid; 80% 

aqueous ACN + 0.05% formic acid), but in this case the efficiency of free PUFA recovery was 

evaluated by LC-MS[26]. The use of 80% aqueous MeOH resulted in a significantly higher 

extraction of the FA 18:2, EPA, DHA, and AA from DBS. Also, free PUFA in 80% aqueous 

MeOH remained stable up to 1 week of storage inside the autosampler, showing no significant 

changes[26].  

Additionally, some studies used other strategies to increase the lipid extraction efficiency, 

as sonication or addition of buffers. Henao et al determined that adding 

sonication/homogenization and acidification of pH steps can improve the extraction efficiency 

of certain lipid classes, such as phosphatidylserines (PS)[28]. Additionally, Furse et al 

discovered that treating DBS paper cards with a chaeotropic buffer [guanidinium chloride (6 M) 

and thiourea (1.5 M)] for decoagulating blood, for 24 hours prior lipid extraction, considerably 

improved the extraction efficiency of DBS. This study determined over 200 lipid species 

belonging to the classes of TG and PL[16]. Both the number and total signal intensity of lipid 

species were higher than DBS samples without the pre-treatment[16]. Gao and partners 

established a high-throughput DI-MS/MS lipidomics platform to analyse the blood lipidome 

from DBS samples[13]. To the extraction protocol it was added a lithium chloride (LiCl) 

solution to improve the extraction efficiency of acidic lipids, prevent the degradation of 

plasmalogen molecular species, and decrease spectral complexity. This method was able to 

identify and quantify, in a single DBS sample, more than 1200 lipid molecular species 

belonging to PL, glycerides, glycolipids, SM, acylcarnitines and ceramides (CER) lipid class. 

The lipid species identified and the class distribution using DBS were analogous to whole blood 

samples, but it was reported that DBS extracts contained more PL and less TG than those 

recovered using plasma and serum samples[13]. 
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To sum up, different extraction solvent systems have different polarities, therefore the 

extracted lipids will be in accordance with the polarity of the solvent. The studies agree that 

MeOH (absolute or aqueous) is the best solvent to extract PL and FA from DBS. Moreover, 

these studies do not compare the extraction efficiency of the traditional methods such as Bligh 

& Dyer[58] or Folch[59], thus, with the published data it is not possible to conclude in fact 

which is the best extraction method. More studies are needed to determine the best 

solvent/solvent system so that the extraction efficiency/recovery is maximized. Also, a 

standardization and harmonization of extraction protocols (including type of DBS cards and 

solvent quantity) is required to allow the comparison of data between different investigations. 

 

5. Lipidomics analytical methodology to screen lipids from DBS  

Initially in the sixties, the analysis of DBS was made using bacterial inhibition tests for the 

detection of phenylketonuria in newborns. Another established technique was immunoassays, 

where the production of monoclonal antibodies led to development of several diagnostic kits[1]. 

However, immunoassays have some limitations, like a possible lack of selectivity, the rather 

elevated cost of reagents per sample and the long time required for development of a new assay. 

Later in the nineties, MS-based approaches have emerged as a significant advance in clinical 

diagnosis and investigation, allowing the monitoring of several biomarkers at the same time, 

and were established as the detection technique in DBS analysis[60]. Lipid extracts are 

nowadays efficiently analysed using lipidomic approaches. Lipidomics is a field of research that 

is growing in a fast speed. It aims to understand lipids biological functions by describing and 

quantifying all lipid molecular species[61]. The sensitivity of MS instruments has significantly 

improved and nowadays it is common to analyse the lipid extract directly through LC-MS after 

its extraction or in some specific cases by DI-MS.  

5.1 MS lipidomic approach 

The combination of lipidomics and DBS follows the normal MS workflow (lipid extraction, 

data acquisition by MS approaches and data analysis). The lipidomic analysis can be untargeted, 
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aiming to identify and quantify as much lipid species as possible, and is often used for screening 

and usually for comparing different groups or biological conditions. On the other side, 

lipidomics can be used as a targeted approach, for the identification and quantification of 

specific lipids, aiming to unravel specific pathways, or profiling specific markers. The lipid 

identification can be done with the data-dependent MS/MS files that are matched against 

spectral databases and libraries search (e.g. LipidMaps, MSDial) to match known 

fragmentations from reference compounds. Quantification of each lipid species can be done 

using bioinformatics tools (e.g. MZmine and MSDial), as recently reviewed[62, 63].  Despite 

having some studies that consider lipidomics using GC-MS for FA profiling, the true lipidomics 

is based on LC-MS or DI-MS analysis. Other than identify lipid species from DBS samples, 

lipidomics also aims to quantify the molecular species present in each sample and disease 

conditions.The GC-MS or GC-FID approaches have been used combined with DBS to analyse 

the FA profiles [11, 12, 17, 18, 23, 26, 34]. GC-MS and GC-FID typically require sample 

derivatization prior extract injection, to enable the detection of hydrophilic, non-volatile and/or 

thermolabile compounds[64]. These studies mainly analysed either free or esterified FA and 

used different chromatographic columns as well as lipid extraction protocols, as reported in 

Table 2, which made the standardization and comparison for this review a rather difficult task. 

Thus, this reinforces the fact that there should be a normalization of the protocols regarding 

lipidomic analysis of DBS samples.  

From the 21 studies gathered in this review it is seen a preference for LC-MS and DI-MS 

approaches (10 and 5 studies, respectively), mostly due to its high sensitivity and precision 

(Figure 3)[1]. Reverse phase (RP) high-performance liquid chromatography (RP-HPLC) and 

hydrophilic interaction liquid chromatography (HILIC-LC), where used coupled to MS in DBS 

lipidomic studies. HILIC-LC-MS approaches are widely used in lipidomics to analyse polar 

lipids like PL[65]. However, from all the eligible studies, RP columns were the most used in 

LC-MS (RP-LC-MS) for DBS studies. 

In DI-MS the sample of the total lipid extract is directly injected in the MS without prior 

chromatographic separation and can be used as a real-time monitoring method. The published 
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works on DBS and LC/DI-MS were mainly used to identify the composition of different classes 

such as PL, sphingolipids, TG and CE and, in a few cases, carnitines, acylcarnitines or FA[13, 

15–19, 22, 24, 26–29, 35, 39].  

The SFC-MS approach is slowly reappearing after a period shadowed by the commercial 

success of LC-MS. This technique is suitable for lipid analysis and allows for a shorter 

separation than in LC[66]. It uses CO2 under pressure as an eluent because CO2
 exhibits 

favourable properties, such as being non-flammable, chemically inert, relatively nontoxic, easy 

to handle and inexpensive. The separation of oxidized lipids as well as the study of positional 

isomers can benefit from SFC-MS approaches due to the properties of this lipidomic 

approach[66]. From the eligible studies, only one study using SFC-MS matched the selection 

criteria and focused on method development and detection of complex lipids[37]. It allowed the 

identification from DBS of 500 lipid species from several classes of lipids, such as 

phospholipids, 

sphingolipids, free fatty acids, sterols, and fatty acyl-carnitines. 

 

 

Figure 4.1-3 Number of eligible studies according with the mass spectrometry (MS) analysis 

method used in studies combining DBS, lipid analysis and lipidomics. Liquid chromatography 

coupled with mass spectrometry (LC-MS) is the approach of choice, followed by gas 

chromatography coupled with mass spectrometry (GC-MS)/gas chromatography with flame 

ionization detection (GC-FID), direct injection-mass spectrometry (DI-MS) and lastly 

supercritical fluid chromatography coupled with mass spectrometry (SFC-MS). 
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5.2 Lipid profile identified from DBS samples  

Considering the identification of DBS lipid species, different lipid classes were analysed 

and identified, such as FA, PUFA[20–23, 26, 29, 36, 38], or acylcarnitines[17, 18], mainly 

analysed by GC-MS with a few studies by LC-MS. Other classes of complex lipids like 

sphingolipids[27, 35], PL, Chol, TG, prenols, CER and sterols[13, 15, 19, 24, 25, 28, 37, 39] 

were analysed either by LC-MS, DI-MS or SFC-MS. However, only one study solely reported 

the identification of several variables of the lipid fraction, not specifying lipid classes or species 

(Table 2)[16].  

The lipids identified in these studies also depend a lot on the objective of the work. Some 

studies identify FA or PC, as major lipids, or other specific classes, for pre-analytical process 

optimization, as described in the previous chapter. Others identify the lipidome, as for example 

in studies that compare whole blood with DBS, or even some when the goal is to evaluate the 

applicability of DBS and lipidomics in clinical settings, as we will describe. 

 

5.3 Lipidomics comparing DBS with whole blood or plasma/serum 

DBS was compared in several studies with whole blood/plasma/serum using FA profiling or 

complex lipids identification, by GC-MS/GC-FID, LC-MS, DI-MS and SFC-MS(Table 2). 

Most of the studies identified complex lipids from specific classes but with different levels of 

coverage and goals. Both neutral lipids, like TG, Chol and CE, and PL were identified in DBS 

lipid extracts. Only few studies identified specific classes like PC, SM, TG, either when testing 

stability or other goals like sensitivity/specificity or method optimization. Even when looking 

for specific lipid classes, the number of species identified per class was different between 

studies, mainly because in most cases the goal of the study was not a full lipid profiling. In other 

studies, it was used the quantification of lipid species to evaluate the extraction recovery, or 

other pre-analytical parameters, as buffers, addition of antioxidants and type of paper cards, as 

reported in chapter 3. 

Comparison of free FA profiling in DBS and blood was done by Gunash and co-

workers[29]. They have compared the free FA quantification ability of DBS with a novel 
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wicking device designed to collect a known volume of blood (10 µL Mitra® Microsampling 

Device)[29]. Free FA 16:0 and 18:0 were detected on the blank DBS and after using wicking 

device. The concentrations of the FA 16:0 were considerably higher on the wicking device tip 

when compared with the 6 mm DBS punch. The presence of free FA 16:0 and 18:0 in both 

materials was confirmed by ultra-high performance liquid chromatography-tandem mass 

spectrometer (UHPLC-MS/MS). This study proved that DBS has the FA 16:0 and FA 18:0 as 

contaminants, however they are present in such low abundances (lower than their presence in 

blood) that do not influence the results of DBS blood analysis[29].  

Acylcarnitines profiling in DBS and plasma, associated with different metabolic disorders, 

were assessed by Primassin and partners. They showed that free carnitine concentrations in 

plasma were generally 3.12 (±0.13) times higher than free carnitine concentrations in DBS 

samples, in patients with fatty acid β-oxidation disorders with and without an L-carnitine 

supplement[17]. In the case of patients with carnitine palmitoyltransferase I – deficiency, free 

carnitine concentrations were higher in DBS samples compared to plasma samples. Indeed, 

plasma acylcarnitine analysis have a higher sensitivity for the diagnosis of CPT2/CACT 

deficiencies while DBS acylcarnitine analysis have a higher sensitivity for CPT1 

deficiencies[67]. Also, regarding fatty acid oxidation β-disorders, Al-Thihli et al found by using 

DI-MS analysis that the sensitivity of DBS acylcarnitine profile of patients with history of 

rhabdomyolysis was lower than serum acylcarnitine profile[18]. DBS presented a sensitivity of 

71.4%, compared to serum that presented a sensitivity of 100%. Regarding specificity, the 

results showed the opposite trend. DBS acylcarnitine profile had a specificity of 100% while the 

specificity of the serum was 94.7%. The study concluded that serum acylcarnitine profile can be 

more sensitive than DBS in detecting milder forms of fatty acid oxidation β-disorders, however 

less specific[18]. 

The lipid profile of plasma, whole blood, and DBS samples of healthy breast-fed infants 

at 3 and 12 months of age were compared using DI-MS and by LC-MS to perform lipid profile 

identification[24]. The lipid species identified were from the classes of TG, SM and PC. 

Oxidized derivatives of CE, TG, PC, SM, and phosphatidylethanolamines (PE) were also 



207 

 

identified. Notably, the lipid species identified in DBS samples were not different to that of 

whole blood samples, but as expected both were different from plasma due to the presence of 

different lipid classes in whole blood. When analysing the pattern of inter-subject variability, 

the lipid profiles of plasma, whole blood and DBS revealed the same trend and the results from 

DBS were comparable or even with better precision[24].  

The composition of DBS lipidome was also compared with whole blood using untargeted 

lipidomic profiling, allowing the identification and quantification of lipid species of the main 

classes found in blood, such as PC, PE, lysophosphatidylcholine (LPC), TG and CE[25]. The 

study identified, by UHPLC-MS/MS, the following acyl species: PC(16:0/18:2; 16:0/20:4; 

16:0/20:5; 16:0/22:6; 18:0/20:5; 18:0/22:6; 18:1/22:6), LPC(16:0), PE(16:0/18:2; 16:0/22:6); 

Plasmenyl PE((P)-16:0/20:5; P-16:0/22:6; P-18:0/20:4), phosphatidylserines (PS) (18:0/18:1; 

18:0/20:3; 18:0/20:4; 18:0/22:6), TG (16:0/18:1/18:1; 16:0/18:2/20:5; 16:0/18:2/22:6; 

18:1/18:2/20:5; 16:0/18:1/22:6) and CE(18:2; 20:5; 22:6). The same lipid species were 

qualitatively and quantitatively identified in both samples showing that DBS can be used for 

comprehensive, untargeted lipidomics of the most abundant lipid species in whole blood. 

However, the number of identified species in this study is far from the average number of a 

lipidomic analysis by LC-MS, which suggests that the analysis and interpretation of the LC-MS 

results was limited. On the same line of work, the DBS blood lipidome was also studied by 

high-throughput DI-MS[26], which allowed the identification of more than 1200 lipid 

molecules. The lipids were extracted using a modified Bligh & Dyer extraction protocol to 

which was added a LiCl solution to improve the extraction efficiency of acidic lipids, prevent 

the degradation of plasmalogen molecular species, and decrease spectral complexity. This 

method was able to identify and quantify, in a single DBS sample, molecular species belonging 

to PL, glycerides, glycolipids, SM, acylcarnitines and Cer lipid class. DBS results for the 

identified lipid species and class distribution was analogous to whole blood samples, containing 

more PL and less TG, as opposed to plasma and serum samples, as expected, but similarly to 

blood due to the contribution of blood cells for the higher content in PL[13].  
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Lipidomic profiling from DBS and serum was compared, after analysis by LC-MS of 

samples collected in 2000-2001, to confirm lipid composition and stability of DBS and to assess 

if DBS would be useful time points for future use in larger cohorts of longitudinal studies of 

metabolic disease progression[39]. A total of 336 lipids were identified, from those, 194 were 

identified in the DBS and 280 were identified in the serum with 140 in common. On one side, 

PL were the most commonly identified lipids in both types of samples, with the greatest number 

of identified species belonging to PC, SM and LPC. On the other side, monoacylglycerol and 

PS classes were identified only in DBS while phosphatidic acid and vitamin E were not 

observed in DBS samples. The presence of PS only on DBS was understandable as PS lipids are 

present in the lipid membrane of erythrocytes and platelets, however PS is known to be a minor 

lipid class in lipoproteins. The study concludes that, since most lipid changes were preserved, 

DBS samples could be used in lipidomic longitudinal studies[39].  

Machine learning was also used to predict ‘clinical lipid’ concentration from lipid profile 

data when compared lipid profiling from DBS with lipid profiling from plasma[19]. In this 

study, 118 lipid species from 11 classes were identified in DBS samples with 71% of the lipids 

measured in DBS also measured in plasma samples. However, the lipid classes identified were 

not listed in the published work. Of the 44 lipid associations from the 4 predictive panels [TG, 

high density lipoproteins (HDL), low density lipoprotein (LDL) and total Chol] 82% were 

measured in DBS samples and successfully validated with a strong correlation (r = 0.917) 

observed between the individual lipid abundance and lipoprotein concentration in both DBS and 

plasma samples. When applying random forest machine learning to the lipid profile data, the 

authors obtained good estimates (r > 0.7) of the concentration of TG and HDL and modest 

estimates (r > 0.4) of LDL and total Chol. However, although the obtained accuracies are 

significantly high, they are not suitable to be used in clinical practice, evidencing that there is 

room to improvement[19].  

SFC-MS was used to develop a new analytical strategy for a high-throughput and 

comprehensive lipidomic analysis[37]. The researchers developed and optimized a new method 

that allowed the separation of 17 classes of lipids by SFC-MS-Q-TOF. However, when this 
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method was applied to the evaluation of the lipidomic profile of DBS and whole blood, they 

could only detect 13 lipid classes (CE, Chol, TG, free FA, Cer, SM, PC, PE, 

phosphatidylinositol (PI), phosphatidylglycerol (PG), LPC, LPE, acylcarnitines). In the 

comparison of these two types of samples, the authors noticed that the relative quantities were 

different between whole blood samples and DBS, especially for PC, PI, PE, LPC, TG and CE. 

Additionally, FA presented an unusual high level of detection, which is not typical. The 

qualitative profiles within each class were checked by controlling the detection of 168 different 

species. The molecular species profiling was very similar for almost all the classes. The authors 

ultimately assessed the stability of the lipids in DBS samples after 3 weeks of storage at room 

temperature in dark finding that the distribution of the main lipid classes within the total were 

similar (between the initial time and 3 weeks later), which was confirmed regarding the relative 

quantification of PC, PE, PI, SM, LPE and LPC[37]. 

Overall, all the studies that compared whole blood with DBS proved that DBS retains the 

same information in lipid profiling as the analysis of whole blood since the biological matrix is 

the same. However, one study showed that the lipid profiling in the plasma/serum was different 

when compared with DBS. 

 

5.4 DBS and lipidomics in clinical settings 

Concerning the independent use of DBS method associated with lipidomics analysis in 

clinical settings, few papers applied the DBS method to create reference intervals, measure diet 

effects and lipid levels in different pathologies comparing the results with traditional sampling 

methods (plasma/serum/whole blood samples) and healthy controls (Table 2)[22, 25, 35, 36, 

38]. These showed that DBS are not yet established as a conventional sampling method for 

clinical lipidomic analysis, however, demonstrating quite promising results for example in 

targeted analysis of acylcarnitines in newborn-screening programs.  

The levels of n-3 and n-6 long chain PUFA of DBS from Zimbabwean healthy children 

aged 7–9 years old were quantified by GC-FID to determine the reference interval for these 
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FA[36]. The n-3 long chain PUFA (EPA, docosapentaenoic acid n-3 and DHA) levels were 

significantly low while saturated fats, monounsaturated and n-6 long chain PUFA (AA) were 

surprisingly high compared to the already established reference intervals for healthy children. 

The 7-year-old children had lower EPA and higher AA values[36]. The low EPA and high AA 

levels lead to very high AA/EPA and total n-6 PUFA/total n-3 PUFA ratios, which are pro-

inflammatory, thus being a health concern matter for those children. 

To evaluate the effects of diet, FA esterified to glycerolipids in DBS were profiled by 

GC-FID and compared with the ones from venous whole blood samples in a fat challenge 

test[25]. In whole blood, PL are less affected, than the total lipid content, by recent dietary 

intake, thus are a more stable marker. The study determined that the levels of FA 18:0 esterified 

to PL were significantly lower in DBS when compared with whole blood. The FA 18:1 n-9 

esterified to PL showed the opposite behaviour, with a marked increase in DBS samples[25]. In 

contrast to whole blood total lipids, whole blood glycerophospholipids are less affected by 

recent dietary intake and thus are a more stable marker.  

A method to determine FA ethyl esters, in DBS through LC-MS/MS, was developed and 

validated by Luginbühl and colleagues[22]. This study shows the capability of the analysis of 

FA ethyl esters from DBS samples as a short-term confirmation for ethanol ingestion or in the 

absence of traditional samples (whole blood/plasma/serum). LC-MS/MS approach proved to be 

advantageous compared to preliminary tests with GC-MS and solid-phase microextraction 

(SPME) followed by GC-MS due to its higher sensitivity and shorter run-time[22].  

In the case of DBS combined with lipidomics for screening diseases, some studies 

reported its application to different pathologies. DBS were studied to identify markers in 

disease, either FA[38] or profiling polar lipid species[35]. Using GC-MS approaches, Kimura 

and partners analysed and compared the free FA levels of DBS with whole blood/serum from 

healthy controls and children with different fatty acid β-oxidation disorders[38]. Children with 

very long chain acyl-CoA dehydrogenase deficiency showed a significant increase of FA 14:1. 

Regarding medium chain acyl-CoA dehydrogenase deficiency, FA 8:0, 10:0 and 10:1 were 

significantly elevated. In multiple acyl-CoA dehydrogenase deficiency both FA 10:1 and FA 
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14:1 concentrations were markedly increased. In an infant fed with medium chain triglyceride 

milk, both FA 8:0 and FA 10:0 were increased. Children with physiological ketosis presented a 

slight elevation of FA 8:0 and FA 10:0[38].  

Lipid levels were also evaluated in DBS from Niemann–Pick disease type B (NPD-B) 

patients and compared to normal controls using LC-MS[35]. The study determined that DBS 

lyso-SM levels were considerably elevated in NPD-B patients when compared to normal 

controls, contrarily with what happens with SM levels (patient values overlapping normal 

controls)[35]. In this case, lyso-SM has the potential to become a biomarker of this disease, 

after systematic and longitudinal study of lyso-SM in clinic, evidencing the applicability of 

DBS sampling method for diagnosis, disease monitoring, therapeutic efficacy, and personalized 

medicine. 
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Table 4.1-2. Analysis of the selected studies according with the lipidomic parameters as extraction method, MS approach, identified lipids and considering 

main goals of each study. 

Lipids identified Goals Extraction method MS lipidomic approach Reference 

GC-MS/GC-FID 

Free FA profile (molecular species 

identified) 

 

✓Comparison between filter paper with whole 

blood and filter paper with serum  

Acetyl chloride + 

6% potassium carbonate + hexane 

GC-MS with a fused silica DB-

5 one 

Kimura et al 

(2002)[38] 

FA profile (molecular species 

identified) 
✓Stability   

Direct transesterification in 14% boron 

trifluoride in methanol with hexane using a 

convectional block heater set at 95 °C for 

60 minutes 

GC-MS with a DB-FFAP 

capillary column 

Metherel et al 

(2013)[21] 

FA profile (molecular species 

identified) 

✓ Stability 

✓ Comparison between DBS, plasma, whole 

blood, and erythrocytes 

1% (v/v) H2SO4 in anhydrous MeOH, 

heated at 70 ºC for 3h  

GC-FID with a BPX70 

capillary column 

 

Liu et al 

(2014)[23] 

n-3 and n-6 long-chain PUFA profile 

(molecular species identified) 

✓ Establishment of reference intervals 

✓ Comparison between groups by gender and by 

age 

Fingertip Bell method[68]  
GLC-FID with a ZB Wax 

capillary column 

Mashavave et 

al (2016)[36] 

FA profile (molecular species 

identified) 

✓ Lipid identification 

✓ Stability   

MeOH+chloroform/MeOH 

 (1:1, v/v); Modified Folch  

GC-FID with a BPX 70 

column 

Drzymała-

Czyz et al 

(2017)[25] 

FA profile (molecular species 

identified) 
✓Stability   Hexane + BF3/MeOH (14%, wt/v) 

GC-FID with a SP52-60 

capillary column 

Marino et al 

(2018)[20] 

LC-MS 

Free carnitine and γ-butyrobetaine 
✓Comparison between plasma, DBS, and 

healthy controls 
MeOH  

LC-ESI-MS/MS (quattro II 

triple-quadrupole) with a 

Gilson 231XL autosampler and 

a Hewlett-Packard HP-1100 

HPLC pump 

Primassin et 

al 

(2010)[17] 

PL (PC+LPC), Chol, CE, TG 

✓ Extraction efficiency 

✓ Ion suppression 

✓ Matrix ionization effects 

MeOH; ACN; IPA; CH3Cl2; MTBE; ether; 

n-hexane  

HPLC-MS/MS with a Luna 

Silica analytical column along 

with a Gemini C18 guard 

column 

Ismaiel et al 

(2012)[15] 

TG, PL (PC+PE), SM, CE 

✓ Comparison between DBS, plasma, and whole 

blood 

✓ Lipid identification 

✓ Stability   

H2O + MeOH + MTBE  

DI-MS: Orbitrap using a 

Triversa Nanomate; LC-MS 

(LTQ-Orbitrap) with an 

Hypersil Gold C18 column 

Koulman et 

al (2014)[24] 
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Lyso-SM ✓ Lipid identification 
MeOH/ACN/H2O 

(80:15:5, v/v/v) 

LC-MS/MS (API Qtrap 4000 

mass spectrometer System) 

with a normal-phase silica 

column 

Chuang et al 

(2014)[35] 

PL (PC+PE+PS), TG, CE (molecular 

species identified) 

✓ Optimization of the extraction protocol 

✓ Extraction efficiency 

✓ Comparison between whole blood and DBS   

Modified Folch  

[chloroform/methanol (2:1, v/v) + 0.2 M 

NaHPO4 in ddH2O] 

UHPLC-MS Q-Orbitrap with a 

C18 reverse phase column 

Henao et al 

(2016)[28] 

FA ethyl esters (molecular species 

identified) 

✓ Matrix effects 

✓ Extraction and recovery efficiency 

✓ Lipid identification 

Dried dimethyl sulfoxide + n-heptane  

LC-MS/MS (Q-Trap) with a 

coreshell Kinetex C8 column 

from Phenomenex 

Luginbühl et 

al 

(2016)[22] 

PL (PC+LPC, PS), SM, TG, 

monoacylglycerol 

✓ Stability  

✓ Comparison between serum and DBS   

Modified Folch  

[water + chloroform/methanol (2:1, v/v) at -

20 °C] 

LC-MS/MS (Orbitrap-QTOF) 

with a Waters HSS T3 column; 

LC-IMS-MS 

Kyle et al 

(2017)[39] 

Free PUFA (molecular species 

identified) 

✓ Extraction and recovery efficiency  

✓ Stability 

✓ Linearity and precision of the method 

80% aqueous MeOH; 70% aqueous ACN + 

12 mM ammonium formate + 0.02% acetic 

acid; 80% aqueous ACN; 80% aqueous 

ACN + 0.02% formic acid; 80% aqueous 

ACN + 0.05% formic acid  

LC–MS/MS (triple 

quadrupole) with an Eclipse 

plus C8 column 

Hewawasam 

et al 

(2017)[26] 

PC, SM (molecular species identified) 

✓ Lipid identification  

✓ Stability 

✓ Matrix Effect 

✓ Extraction and recovery efficiency 

✓ Repeatability 

MeOH  

UHPLC-ESI-MS (triple 

quadrupole) with an Agilent 

ZORBAX Eclipse Plus C18 

column; high resolution maXis 

UHR-TOF 

Liao et al 

(2018)[27] 

FA, LPC (molecular species 

identified) 

✓ Matrix effect 

✓ Lipid identification 

✓ Comparison between DBS, the novel wicking 

device and whole blood 

Chloroform:MeOH (2:1, v/v) + BHT + 

sodium phosphate buffer  

GC-FID with a 

nitroterephathalic acid 

modified polyethylene glycol 

capillary column; UHPLC-MS 

(Quadrupole-Orbitrap) with a 

C18 Ascentis Express column 

Gunash et al 

(2019)[29] 

DI-MS 

Acylcarnitine profile 
✓ Comparison of the sensitivities and 

specificities of DBS and serum 
MeOH  

DI-MS/MS utilizing a Waters 

Quattro Micro tandem mass 

spectrometer for MRM data 

acquisition 

Al-Thihli et 

al (2014)[18] 

PL, glycerides, glycolipids, SM, 

acylcarnitines and Cer (molecular 

species identified) 

✓ Stability 

✓ Extraction and recovery efficiency 

✓ Repeatability 

✓ Comparison between DBS, plasma, whole 

blood and serum 

Modified Bligh & Dyer 

[chloroform/methanol (1:1, v/v) + LiCl 

solution] 

QTOF-MS/MS with 

atmospheric-pressure chemical 

ionization 

Gao et al 

(2017)[13] 
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 INF: Information not found 

 

 

PL (PC+LPC), SM, CE, TG, 

diacylglycerol (molecular species 

identified) 

✓ Precision of the method 

✓ Comparison between DBS   
MTBE + H2O  

Orbitrap using a Triversa 

Nanomate and plasma 

Snowden et 

al (2020)[19] 

PL, TG ✓ Extraction efficiency INF 
Orbitrap using a Triversa 

Nanomate 

Furse et al 

(2020)[16] 

SFC-MS 

CE, Chol, TG, free FA, Cer, SM, PC, 

PE, PI, PG, LPC, LPE, acylcarnitines 

(molecular species identified) 

✓ Method development and optimization 

✓ Comparison between DBS and whole blood 

samples 

Modified Folch  

[water + CHCl3:MeOH (50:50; v/v) + 

internal standard mixture] 

UPC2-QTOF with an  

ACQUITY UPC2 

Torus diethylamine column 

Le Faouder et 

al (2021)[37] 
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6. Concluding remarks and future perspectives 

In summary, high-throughput lipidomics proves to be a robust and formidable tool to be 

applied in the analysis of DBS samples, in particular LC-MS and DI-MS. It has been 

demonstrated its functionality for investigation of population health and precision medicine in 

diverse disease states and situations. 

Clinical lipidomics is an emerging line of research that focuses on the evaluation of the 

variation of lipids at a molecular level in several diseases. The development and improvement 

of MS methods for the detection of lipid molecules has become increasingly important in 

research field. The molecular profiling of lipids that take part of the mechanisms associated with 

pathophysiological processes is not yet fully understood[8]. Therefore, the main goals are to 

comprehend the modulation of the lipid metabolism and its mechanisms, identify new possible 

therapeutic targets and diagnostic biomarkers and evaluate disease development as well as 

monitor disease therapeutics[12]. This review gathered information from different types of 

samples which can be obtained from different extraction methods and MS techniques. 

Hopefully in a near future DBS can be seen as a promising approach to disease 

diagnostics/follow-up and therapy monitorization. Thus, the question arises: would it be useful 

in clinical lipidomic analysis the implementation of the DBS sampling method as a standard 

procedure? From the studies gathered in this review it may be concluded that DBS are as 

effective as plasma/serum/whole blood samples, achieving high levels of sensitivity and 

specificity during MS and MS/MS analysis. The identification of the DBS lipidome through 

MS/MS lipidomics platforms (GC-MS, LC-MS, DI-MS and SFC-MS) provides useful and 

important perceptions that empower personalized lipidomics profiling to monitor physiological 

changes, which could be applied to the diagnosis and follow-up of a disease[13]. However, it is 

necessary to pay attention to the impact of the aforementioned factors which might influence the 

results. When analysing lipids extracted via DBS, the possible interaction between the lipidic 

molecules and DBS card components can lead to ion suppression in the MS source, as well as 

changes in chromatographic mobility during chromatographic separation and peak sharpness. 

Hence, when using DBS, it must be taken into consideration the stability of the lipids on the 
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paper cards during drying and storage, the uniformity of the blood spot, the effect of Hct, and 

the elution efficiency[8]. If the extraction and analysis method is already optimized, then DBS 

sampling would be preferable in clinical practice instead of the samples obtained by invasive 

venous blood collection, since drying of blood biomaterial decreases the risk of contamination 

with pathological and other infectious agents; and the concentration of lipids in capillary blood 

may differ from that in venous blood[69]. Additionally, there is a need for more studies showing 

the applicability of DBS in clinical lipidomics (for instance in diagnostics/follow-up of 

diseases), where it is independently used the DBS method in clinical settings without comparing 

the results with traditional samples. 

In brief, the studies gathered in this review evidence that attention should be drawn to the 

storage and lipid extraction methods. Those methods should be made a standard operating 

procedure and reinforced through quality assessments during and after implementation so that 

the variability is reduced, and the lipids stability is maximized to promote a successful 

application of DBS technology and harmonization of clinical lipidomics. Most of the published 

studies refer to method development and its validation with patients’ samples. DBS technology 

is indeed the most ethical and cost-effective method of collecting, delivering, and storing the 

biomaterial. The DBS sampling method is a promising candidate to substitute venous blood 

samples offering several advantages and its application in clinical lipidomics, although still 

scarce, has been applied in few studies looking for disease lipids biomarkers which seems to be 

quite promising. 
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Abstract  

Dried blood spot (DBS) is a minimally invasive sampling technique that has several 

advantages over conventional venipuncture/arterial blood sampling. More recently, DBS has 

also been applied for lipidomics analysis, but this is an area that requires further research. The 

few works found in the literature on lipidomics of DBS samples performed the analysis in adult 

samples, leaving pediatric ages unmapped. The objective of this study was to assess the 

variability of the lipid profile (identified by high-resolution C18 RP-LC-MS/MS) of DBS at 

pediatric age (0-10 days, 2-18 months, and 3-13 years) and to identify age-related variations. 

The results revealed that the lipidomic signature of the three age groups is significantly 

different, especially for a few species of neutral lipids and phosphatidylcholines. The main 

contributors to the differentiation of the groups correspond to 3 carnitines (Car), 2 cholesteryl 

esters (CE), 2 diacylglycerols (DG), 2 triacylglycerols (TG), 3 phosphatidylcholines (PC), 1 

ether-linked PC, 1 phosphatidylethanolamine (PE), 1 ether-linked PE and 1 phosphatidylinositol 

(PI) species, all with statistically significant differences. Additionally, lipid species containing 

linoleic acid (C18:2) were shown to have significantly lower levels in the 0-10 days group with 

a gradual increase in the 2-18 month, reaching the highest concentrations in the 3-13 year group. 

The results of this study highlighted the adaptations of the lipid profile at different pediatric 

ages. These results may help improve understanding of the evolution of lipid metabolism 

throughout childhood and should be investigated further. 
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1. Introduction  

Dried blood spot (DBS) is a standardized specimen collection method commonly used in 

several situations including neonatal screening, diagnosis, treatment monitoring and status 

assessment of congenital, metabolic, endocrine, haematological and genetic diseases. It can also 

be used in serodiagnosis for the detection of antibodies as biomarkers of infectious diseases and 

bacterial infections and for the bioenvironmental monitoring of toxic substances and persistent 

organic pollutants1. 

DBS is a minimally invasive sampling technique that has several advantages over the 

conventional collection of whole blood, serum or plasma samples. These include the low blood 

volume required (less than 25 μL), the relative stability at room temperature, thus facilitating 

storage, and transportation from the collection site to the laboratory, which reduces the risk of 

exposure to biohazards during shipment, and the fact that patients or volunteers can collect the 

sample at home, with minimal training2,3. Additionally, the spots remain stable under proper 

storage conditions for months or years after drying3. Thus, DBS is a suitable alternative to 

venous blood sampling in a home environment, where the patient needs to perform routine tests 

(e.g., patients in nursing homes or monitoring metabolic diseases), and in rural or 

underdeveloped areas, where access to good storage conditions or good laboratory facilities are 

rare4.  

More recently, DBS has also been applied for therapeutic drug monitoring, 

pharmacokinetics, genomics, proteomics, metabolomics and lipidomics1,2,5. Lipids have 

important biological roles and their monitoring is recognized to be of great value in the 

assessment of health and disease status. The lipid profile and its variation can be analysed, at the 

molecular level, using high-throughput lipidomics techniques, allowing to recognize how lipids 

contribute to the development of the disease and its molecular mechanism. This knowledge is 

useful and may have a purpose in clinical lipidomics for the study of several diseases6,7. Mass 

spectrometry (MS) methods have been used to analyse DBS, particularly in pharmacokinetic 

studies and in newborn screening to detect inborn errors of metabolism8. In particular, the use of 

DBS in lipid research is increasing, not only because lipidomic analysis on DBS have has 
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proven to be as effective as on plasma, but also because lipids in DBS are stable when stored 

under proper conditions to prevent hydrolysis and oxidation4,9,10. Polyunsaturated fatty acids 

(PUFA) were reported to be stable between 21 days and 2 months at room temperature11,12 and, 

in the case of phospholipids (PL), up to 2 weeks at 4 °C or room temperature2. However, 

reducing the storage temperature is not always the solution as it is described for few PUFA 

(20:4, 20:5, and 22:6) that suffer significant degradation after 10 days of storage at − 28 °C13. 

There is already a substantial body of research using DBS for fatty acid stability and profiling 

using gas chromatography, however, little is known about the use of DBS for lipidomic 

profiling using high-performance liquid chromatography (LC-MS) and tandem mass 

spectrometry (MS/MS)14.  

The few works found in the literature on the association of DBS with lipidomics report the 

identification in adult samples, leaving pediatric ages unexplored. However, the lipid profile can 

change with age, at least at the fatty acid level, as shown by different cohort studies that have 

assessed changes in fatty acid profile at pediatric age15,16. The objective of the present study was 

to assess the lipid profile of DBS samples from pediatric subjects and identify age-related 

variations. We performed a comprehensive assessment of the variation in the DBS lipid profile 

in children aged 0-10 days, 2-18 months, and 3-13 years, using an untargeted C18 reverse-phase 

liquid chromatography high-resolution lipidomics approach. 

 

2. Methods 

2.1 Reagents   

To extract PL from DBS, methanol (MeOH) and chloroform (CHCl3) were purchased from 

Fisher Scientific (Leicestershire, UK). To quantify the PL in each sample, dichloromethane was 

purchased from Fisher Scientific, 70% perchloric acid was obtained from Chem-Lab NV 

(Zedelgem, Belgium), NaH2PO4·2H2O was purchased from Riedell-de Haën (Seelze, Germany), 

ammonium molybdate (NaMoO4·H2O) was acquired from Panreac (Barcelona, Spain) and L(+)-

ascorbic acid from VWR Chemicals (Leuven, Belgium). Internal standards of PL 1,2-
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dimyristoyl-sn-glycero-3-phosphocholine (dMPC, PC 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (dMPE, PE 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-(10-rac-

)glycerol (dMPG, PG 14:0/14:0), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (dMPS, PS 

14:0/14:0), tetramyristoylcardiolipin (TMCL, CL 14:0/14:0/14:0/14:0), 1,2-dipalmitoyl-sn-

glycero-3-phosphatidylinositol (dPPI, PI 16:0/16:0), N-heptadecanoyl-D-erythro-

sphingosylphosphorylcholine (SM d18:1/17:0), 1-nonadecanoyl-2-hydroxy-sn-glycero-3-

phosphocholine (LPC 19:0) and 1,2-dimyristoyl-sn-glycero-3-phosphate (dMPA, PA 14:0/14:0) 

for RP-LC-MS analysis were obtained from Avanti® Polar Lipids, Inc (Alabaster, AI, EUA). 

Solvents for LC-MS were acetonitrile (ACN), MeOH, isopropanol (Fisher Scientific), Milli-Q 

water and ammonium acetate (Sigma-Aldrich). Dichloromethane was also purchased from 

Fisher Scientific. All solvents were high-performance liquid chromatography (HPLC) grade and 

milli-Q water was used for all experiments (Synergy®, Millipore Corporation, Billerica, MA, 

USA). 

2.2 Blood samples   

In this study, whole blood from children 0-13 years of age was collected by heal/fingerprick 

on multiple 1.3 cm DBS circles of PerkinElmer® 226 filter paper cards and stored at -4 ºC until 

the extraction of lipids. Storage at -4 ºC was chosen to mimic the household conditions in a 

refrigerator. Anonymized DBS samples were provided by the National Institute of Health 

Doutor Ricardo Jorge. A total of 24 DBS samples from healthy children without any inborn 

errors of metabolism were analysed by LC-MS. The samples were divided into three different 

pediatric age groups and labelled as DBS_0-10 days (subjects with 0-10 days old, 12 samples, 

33% females), DBS_2-18 months (subjects with 2-18 months old, 6 samples, 67% females) and 

DBS_3-13 years (subjects with 3-13 years old, 6 samples, 33% females).  

 

2.3 Extraction of lipids and measurement of phosphorus  

Lipids were extracted from DBS using the method of Bligh & Dyer17. For this, 5 circles of 

3.2 mm were punched out from the DBS circles and placed in extraction tubes (Pyrex tube). To 

each tube was added 1 mL of milli-Q water, 3.75 mL of a mixture of CH2Cl2: MeOH in the ratio 
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of 1: 2 (v/v) and vortexed for 1 min. Then, the tubes were left on ice for 30 min to promote the 

separation of the organic and aqueous phases. After 30 min, the tubes were again vortexed for 

30 seconds. Subsequently, 1.25 mL of CH2Cl2 and 1.25 mL of milli-Q water were added to each 

tube, vortexing for 1 min between each addition. The tubes were placed in the centrifuge 

(Mixtasel, 540 P Selecta model) for 5 min at 112 g to separate the two phases. The organic 

phase from each tube was collected for a new tube. To the aqueous phase, 1.88 mL of CH2Cl2 

was added, and the tubes were vortexed for 1 min, which were then re-centrifuged under the 

same conditions to separate the aqueous phase from the remaining organic phase. The organic 

phase was collected to a new tube, dried under a stream of nitrogen and stored at -80 ºC. 

The quantification of the total PL recovered after extraction was carried out according to the 

method of Bartlett & Lewis18. The detailed experimental procedures have been previously 

described by Ferreira et al19. Briefly, the PL extracts were dissolved in 100 µL of 

dichloromethane, and a volume of 10 µL was transferred, in duplicate, to a glass tube, 

previously washed with 5% nitric acid. The solvent was dried under a stream of nitrogen and 

125 µL of 70 % perchloric acid was added to each tube. Samples were incubated in a heating 

block (Stuart, U.K.) for 1h at 180 °C. After cooling to room temperature, a volume of 825 µL of 

milli-Q water, 125 µL of 2.5% ammonium molybdate (2.5 g/ 100 mL of milli-Q water) and 125 

µL of 10% ascorbic acid (0.1 g/1 mL milli-Q water) was added to each sample, with vortexing 

between each addition. The samples were then incubated in a water bath at 100 °C for 10 

minutes. Then the samples were immediately cooled in a cold-water bath. Phosphate standards 

of 0.1 to 2 µg phosphorus (P) were prepared from sodium dihydrogen phosphate dihydrate 

(NaH2PO4·2H2O, 100 μg/mL P). The standards underwent the same experimental procedure as 

the samples without the heat block step. Absorbance was measured at 797 nm in a Multiskan 

GO 1.00.38 Microplate Spectrophotometer (Thermo Scientific, Hudson, NH, USA) controlled 

by SkanIT version 3.2 software (Thermo Scientific™). Samples were stored in vials at -80 ºC. 

The amount of P present in each sample was calculated by linear regression. For each lipid 

extract, the amount of total PL was calculated by multiplying the amount of phosphorus by 25. 
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2.4 Reverse phase liquid chromatography-mass spectrometry (RP-LC-MS)  

2.4.1 Sample preparation  

The PL extracts obtained from DBS were resuspended in dichloromethane to have a PL 

concentration of 1 μg PL/μL. Subsequently, in a vial with a micro-insert, 10 μL of each sample, 

8 μL of a mixture of internal standards and 82 μL of isopropanol:MeOH (1:1) were added. The 

internal standard mixture contained 0.04 μg of phosphatidylcholine (PC, 14:0/14:0), 0.04 μg of 

phosphatidylethanolamine (PE, 14:0/14:0), 0.024 μg of phosphatidylglycerol (PG, 14:0/14:0), 

0.04 μg of phosphatidylinositol (PI, 16:0/16:0), 0.08 μg of phosphatidylserine (PS, 14:0/14:0), 

0.16 μg of phosphatidic acid (PA, 14:0/14:0), 0.04 μg of lyso-PC (LPC, 19:0), 0.04 μg of 

sphingomyelin (SM, d18:1/17:0), 0.08 μg of ceramide (d18:1/17:0) and 0.16 μg of cardiolipin 

(CL, 14:0/14:0/14:0/14:0).  The initial chromatographic phase consisted of two mobile phases at 

a proportion of 68% of eluent A (60% acetonitrile, 40% methanol, 10 mM ammonium formate 

and 0.1% formic acid) and 32% of eluent B (90% isopropanol, 10% acetonitrile, 10 mM 

ammonium formate and 0.1% formic acid). 

 

2.4.2 Data and statistical analysis 

Lipids were separated by a C18 reverse phase column, using an Ascentis® Express 90 Å 

C18 HPLC column (15 cm x 2.1 mm; 2.7 μm, Supelco®) inserted into an HPLC system 

(Ultimate 3000 Dionex, Thermo Fisher Scientific, Bremen, Germany) with an autosampler 

coupled online to a Q-Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo 

Fisher Scientific, Bremen, Germany). A volume of 5 μL of each sample mixture was injected 

into the HPLC column, at a flow rate of 260 μL/min. The temperature of the column oven was 

maintained at 50 °C. Elution started with 32% of mobile phase B, and the gradient used was: 

45% B (1.5 min), 52% B (4 min), 58% B (5 min), 68% B (8 min), 70% B (11 min), 85% B (14 

min), 97% B (18 min, maintained for 7 min), and 32% B (25.01 min, followed by a re-

equilibration period of 8 min prior next injection).  

The Q-Exactive™ orbitrap mass spectrometer with a heated electrospray ionization source 

was operated in the positive mode (electrospray voltage of 3.0 kV) and negative modes 
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(electrospray voltage of −2.7 kV). The sheath gas flow was 35 U, the auxiliary gas was 3 U, the 

capillary temperature was 320 °C, the S-lenses RF was 50 U and the probe`s temperature was 

300 °C. Full scans MS spectra were acquired both in positive and negative ionisation modes in 

an m/z range of 300-1600, with a resolution of 70.000, automatic gain control (AGC) target of 

1x106 and maximum injection time of 100 ms. For tandem MS (MS/MS) experiments, a top-10 

data-dependent method was used. The top 10 most abundant precursor ions in full MS were 

selected to be fragmented in the collision cell HCD. A stepped normalized collision energy™ 

scheme was used and ranged between 25 and 30 eV for positive ion mode and between 20, 24 

and 28 for the negative ion mode. The MS/MS spectra were obtained by combining different 

collision energies applied to each ionization mode. The MS/MS spectra were obtained with a 

resolution of 17,500; an AGC target of 1x105; an isolation window of 1 m/z; and a maximum 

injection time of 100 ms. The cycles consisted of one full scan mass spectrum and ten data-

dependent MS/MS scans, which were repeated continuously throughout the experiments, with 

the dynamic exclusion of 30 s and an intensity threshold of 8x104. Data acquisition was carried 

out using the Xcalibur data system (V3.3, Thermo Fisher Scientific, USA).  

LC-MS data were identified using MS-DIAL v4.720 and integrated using MZmine v2.42 

software21. Identification of the PL species was performed as previously described19,22. Briefly, 

to correctly identify the PL species, all peaks with raw intensity less than 1x104 and mass error 

greater than 5 ppm were excluded. The assignment of each PL species was confirmed by 

analysis and interpretation of the MS/MS spectra with the aid of MS-DIAL. PC, LPC and SM 

were analysed in the LC-MS spectra in the positive ion mode, as [M+H]+ ions. The presence of 

the fragment ion at m/z 184, corresponding to the phosphocholine polar head group, in the 

MS/MS of [M+H]+ ions allows identifying PL molecular species belonging to the PC, LPC and 

SM classes, which were further differentiated by the characteristic retention times 

(Supplementary Figure S1). The identification of PC, LPC and SM classes was confirmed in the 

LC-MS spectra in the negative ion mode, as formate adducts ([M+HCOO]− ions). MS/MS 

spectra of [M+HCOO]− ions of these three PL classes should display the typical fragment ion at 

m/z 168 (phosphocholine polar head group minus a methyl moiety). Carboxylate anions of fatty 
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acyl chains can also be seen for PC and LPC. PE and LPE classes were analysed in negative ion 

mode ([M−H]− ions). The fragment ion at m/z 140 (phosphoethanolamine polar head group) and 

the carboxylate anions of fatty acyl chains can be found in the MS/MS data from negative ion 

mode (Supplementary Figure S2). PI and PS species were analysed in negative ion mode, as 

[M−H]− ions. The presence of the fragment ion at m/z 241, corresponding to the 

phosphoinositol polar head group, in the MS/MS of [M-H]- ions, allows the identification of PI 

molecular species (Supplementary Figure S3). PS species were identified in the MS/MS of [M-

H]- ions by the neutral loss of -87Da from the molecular ion. The identification of the remaining 

lipid species belonging to the classes of carnitines (CAR), cholesteryl esters (CE, fragment ion 

at m/z 369) and triacylglycerols (TG), was made in LC-MS spectra in the positive ion mode, as 

[M+H]+ ions (CAR), [M+NH4]+ ions (CE) and [M+NH4]+ ions (TG) respectively. 

Diacylglycerols (DG) were identified by both [M+Na]+ and [M+NH4]+ ions. 

Relative quantification was performed by exporting the peak area values to a computer 

spreadsheet. For data normalization, the peak areas of the extracted ion chromatograms (XIC) of 

the lipid precursors of each class were divided by the peak areas of the internal standards 

selected for the class. Missing values were replaced by 1/5 of the minimum positive values 

detected in the data set. The data sets composed of the XIC areas obtained by the RP-LC-MS 

analysis were normalized to the internal standard, generalized log2 and normalized with 

EigenMS23. Principal component analysis (PCA) was performed using the R libraries 

FactoMineR24 and factoextra25, and ellipses were drawn with a level of 0.90. Univariate 

statistical analysis was performed using the ANOVA test following Tukey`s post hoc test, after 

testing for normality (Shapiro–Wilk test) and homogeneity of variance (Levene test). If 

normality was rejected, Kruskal-Wallis followed by Dunn tests were applied. P values were 

adjusted for multiple comparisons by the false discovery rate (FDR) correction (q-value). 

Heatmaps were created using the R package pheatmap using “Euclidean” as the clustering 

distance and “ward.D” as the clustering method26. Univariate and multivariate statistical 

analyses were performed using R version 3.5.1 in Rstudio version 1.1.4. All graphics and 

boxplots were created using the R package ggplot227.  
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3. Results 

The lipid profile of the DBS samples was analysed by a high-resolution RP-LC-MS and 

MS/MS platform. This lipidomic analysis allowed the identification of 156 different lipid 

species (m/z values of molecular ions) belonging to 11 different classes, namely 30 

phosphatidylcholines (PC) including diacyl, alkyl-acyl and alkenyl-acyl species, 12 lyso PC 

(LPC), 21 phosphatidylethanolamines (PE) including diacyl, alkyl-acyl and alkenyl-acyl 

species, 7 lyso PE (LPE), 3 phosphatidylinositols (PI), 3 phosphatidylserines (PS), 3 

sphingomyelins (SM), 6 carnitines (CAR), 5 cholesteryl esters (CE), 19 diacylglycerols (DG) 

and 47 triacylglycerols (TG) (Supplementary Table S1).  

The differences between the lipid profile of DBS_0-10 days (12 samples), DBS_2-18 

months (6 samples) and DBS_3-13 years (6 samples), were assessed using multivariate 

statistical analysis. The principal component analysis (PCA) plot showed that the three groups 

were separated into three different clusters (90% confidence interval), in a two-dimensional 

score plot that represented the analysis describing 44.6% of the total variance, including 

dimension 1 (27.6%) and dimension 2 (17%) (Figure 1). The samples from the group DBS_0-10 

days were scattered in the left region of the PCA plot while the group of DBS_3-13 years were 

scattered in the right region. DBS_2-18 months samples are clustered in the middle scattering to 

the right region of the PCA plot. 
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Figure 4.2-1. Principal component analysis (PCA) in a two-dimensional score scatter plot of 

lipid profiles of the 0-10 days, 2-18 months and 3-13 years groups. 

 

Univariate analysis of the RP-LC-MS data from the three groups was performed to test for 

significant differences between the three groups (Supplementary Table S2). The 16 major 

contributors with the lowest q-value (q<0.05) (Figure 2) correspond to 3 CAR, 2 CE, 2 DG, 2 

TG, 3 PC, 1 ether-linked PC, 1 PE, 1 ether-linked PE and 1 PI species, all with statistically 

significant differences. These include 6 neutral lipids (CE, DG and TG) and 7 PL. Of these, all 

PL and neutral lipids showed progressively higher levels with age. In the opposite trend, CAR 

showed higher levels in the first group (0-10 days), followed by the third group (3-13 years), 

while the middle age group (2-18 months) showed the lowest levels.   
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Figure 4.2-2. Box plots of the 16 most discriminating lipid species with the lowest q-values 

were obtained from a univariate analysis of the 0-10 days (1), 2-18 months (2) and 3-13 years 

(3) groups. *q < 0.05, ** q<0.01; ***q<0.001, ****q<0.0001. 

 

Additionally, we performed a hierarchical clustering analysis (HCA) on the lipid data sets 

of the three groups (Figure 3). The results were used to create a heatmap of the top 25 lipid 

species with the lowest q-values in the ANOVA test, and a dendrogram with a two-dimensional 

hierarchical clustering of the age and variables that reflect the most important lipid species 

contributing to differentiating DBS samples of the different age groups. The resulting HCA 

dendrogram (Figure 3) showed a noticeable separation of the three data in the first dimension 

(upper hierarchical dendrogram) where samples are independently clustered into three groups, 

DBS_0-10 days (green), DBS_2-18 months (purple) and DBS_3-13 years (orange). Moreover, 

the second dimension shows two principal clusters: the first group includes 18 lipid species, 

namely 3 PE, 3 PC, 2 CE, 3 DG, 1 PI and 6 TG, which are lower in the DBS_0-10 days group; 

while the second group has 7 different lipid species which are less abundant in the group 

DBS_2-18 months, and include 3 CAR, 2 PC plasmalogens, 1 PC specie and 1 SM species. 
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Figure 4.2-3. Two-dimensional hierarchical clustering heatmap of the 25 most discriminating 

lipid molecular species of DBS groups. Relative abundance levels are shown on the colour 

scale, with numbers indicating the fold difference from the overall mean. The clustering of the 

groups 0-10 days (green), 2-18 months (purple) and 3-13 years (orange) groups are represented 

by the dendrogram at the top. The clustering of individual lipid molecular species is represented 

by the dendrogram on the left. 

 

4. Discussion 

DBS cards are important for monitoring the health status of children and adults with 

metabolic diseases. They have been used to identify inborn errors of metabolism in newborns, 

through newborn screening programs, and to monitor disease throughout the patient’s life28. But 

more recently, DBS is being evaluated for lipidomics studies10 as a promising tool for disease 

monitoring, diagnosis and prognosis.  

Lipids are essential molecules in the body, so regulation of lipid metabolism is important to 

maintain homeostasis. Lipidomics approaches provide new insights into how the lipidome 

adapts in different circumstances allowing the understanding of multiple pathologies29. Previous 

studies have shown that the results of lipidomic analysis of DBS samples did not differ 

significantly from those obtained for whole blood samples10. Additionally, the vast majority of 

reported results have been obtained using samples from adult subjects, and very few from 
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pediatric subjects. However, as mentioned earlier, the lipid profile, especially at the fatty acid 

level, changes with age, as shown by different studies that have detected fatty acid alterations at 

different childhood ages15,16. Thus, in paediatric studies it is important to stratify the samples 

into different agesets because there are significant alterations of the lipid species. This study 

evaluated the lipid profile of DBS cards from individuals of different pediatric ages to possibly 

shed light on the variability with the age of the lipidome (not only fatty acids as in the majority 

of the studies) of blood obtained using DBS. All samples included in this study belonged to 

healthy children who were classified into three age groups, 0-10 days, 2-18 months and 3-13 

years (demographic information in Table 1). Lipidomics data were analyzed by multivariate 

principal component analysis (PCA) and hierarchical cluster analysis (HCA) as well as 

univariate analysis.  

A comparison between the three age groups was performed to assess differences between 

paediatric ages. Analysis of the PCA score plot (Figure 1) indicated that the DBS lipid profile of 

the three age groups was significantly different, most likely because the adaptation of lipid 

metabolism throughout the paediatric ages leads to variation in the abundance of lipid species. 

TGs are the body´s main store of energy30 and, in this study, six species were among the 25 

most different species (Figure 3). These TG species, namely TG(54:5); TG(52:4); TG (52:3); 

TG (54:4); TG (58:0); TG (54:6), were all significantly reduced in the 0-10 days group, 

compared to the other groups. The relative abundance of these TG species increased with age 

which agrees with the fact that TG represent 98% of the lipid fraction of the breast milk, thus, 

its consumption during child development leads to an increase of TG in the blood lipidome31. 

Also, the species that increased are those bearing PUFA residues, namely 18:2 and 22:6. The 

low levels of these species in the first days of life, and the subsequent and gradual rise in the 

other two age groups, may be attributed to the lack of fatty acid accumulation in newborns. 

TG(54:5) was identified as TG(18:1_18:2_18:2), thus bearing two linoleic acids (18:2). Linoleic 

acid is an essential fatty acid which must be obtained by consumption in the diet once it is not 

synthesized in vivo. Breast milk is rich in linoleic acid and α-linolenic acid which are the 

precursors of long-chain PUFA ω-6 and ω-3. These PUFA are essential for brain development, 
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including docosahexaenoic acid (22:6, DHA). As brain growth continues during the child’s first 

weeks of life, this intake of DHA is essential32. Therefore, reduced levels of 18:2 and 22:6 in 

newborns (0-10 days) and high levels in children 3-13 years old were expected. Indeed, the 

positively age-associated increase in C18:2 n-6 with age has been previously reported, in the 

whole blood15, serum33 and red blood cells34 from paediatric patients. 

Our results also showed that some PC species also adapt to the age of children. PC is the 

most abundant class of PL in cell membranes and plasma35. In our study, few PC species 

discriminated the 0-10 days group from the 2-18 months and 3-13 years groups. Different PC 

species contributed to this differentiation such as the diacyl species PC(36:2); PC(34:2); 

PC(32:2) and PC(36:4), and the alkyl-acyl PC(O-40:4) and PC(O-38:4). The species PC(36:2); 

PC(34:2) and PC(32:2) show significantly lower abundances in the 0-10 days group compared 

to significantly higher abundances in the 3-13 years group. The remaining PC species 

[PC(36:4); PC(O-40:4) and PC(O-38:4)] showed a different trend, being significantly reduced 

in the 2-18 month group compared to the 0-10 days and 3-13 years groups which showed 

similar abundances (Figure 2). PC(36:2) was identified as PC(18:0_18:2), thus bearing a 

linoleic acid (18:2). This trend of increasing lipid species esterified with linoleic acid with age is 

consistent with the trend observed previously for TG, reinforcing the fact that C18:2 is low at 

birth due to the lack of its consumption (breast milk content on linoleic acid changes with the 

mother`s diet and the maturity of the milk36), and is consistent with the literature for fatty 

acids15,33,34. Throughout the 0-10 days, 2-18 months, and 3-13 years age groups, there was a 

gradual increase in the levels of linoleic acid residues in PL, which is consistent with increased 

consumption of this fatty acid in the diet. A C18:2 increase in PL in erythrocytes was also 

reported by Jakobik et al who assessed erythrocyte membrane PC fatty acyl residues` levels. 

This study found that the values of linoleic acid residue (C18:2 n-6) increased significantly 

between birth and infancy and increased further in young adulthood, supporting our findings34. 

Koulman et al8 also found significant differences in PC(34:2), with linoleic acid increased in the 

12-month-old infants and PC(36:2), also identified with linoleic acid increased in the 3-month-

old infants. These results are consistent with the variability reported in the 2-18 month group in 
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our study, and with a differentiated lipidome signature dependent on the paediatric age, which 

needs to be further exploited. Additionally, the other PC species that showed an increase were 

PC(O-40:4) and PC(O-38:4), which are ether-linked species. These species had significantly 

higher levels in the 0-10 days and 3-13 year age group compared to the 2-18 months group. 

Alkyl-acyl species, namely plasmalogens are considered important players in cellular 

antioxidant defence. Also, a major function attributed to this type of lipids, particularly in the 

central nervous system, is the storage of PUFA37. Thus, we hypothesise that the increase in PC 

alkyl acyl in the group 0-10 days could be explained by the influence of the mother's 

metabolism through breast feeding, since the blood lipidome of children exclusively breastfed is 

very different than receiving an infant formula, with differences on the levels of PC, TG and 

sphingomyelins38. In the 2-18 month group, the mother`s metabolism (through the umbilical 

cord) no longer influences infant development, so the baby must begin to produce endogenous 

antioxidant defences on its own (besides the ones that receives through the breast milk), hence 

the decrease in plasmalogen levels. At the age of 3-13 years, the organism has already 

established the production of these species, explaining the subsequent increase in this age group. 

Although little is known about the role of this alkyl-PC in children, it is known that changes in 

its plasma levels have been reported in metabolic diseases such as Sjögren-Larsson syndrome39 

and phenylketonuria40. Knowledge of its plasma levels is therefore important and can be 

valuable for the diagnosis of metabolic diseases.  

PE is the second most abundant class of PL in cells and biofluids. The results gathered in 

the present work showed that PE species contributed to the differentiation between different age 

groups. PE species PE(O-34:3); PE(36:2) and PE(36:1) had significantly reduced concentrations 

in the 0-10 days group (Figure 3). PE(O-34:3) and PE(36:2) were also found to be significantly 

different when comparing the three age groups with each other (Figure 2). As described in PC, 

PE(36:2) is a PE esterified with a linoleic acid residue, supporting the results reported for other 

lipid classes. In our study, PE(36:1), bearing an oleic acid residue, followed a similar trend with 

age. It has been reported that the PE profile is maintained in homeostasis with a specific pattern 
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and that all diacyl PE and alkyl acyl PE are essential for maintaining both cell membrane 

structure and function and cell homeostasis37.  

DGs result from the hydrolysis of one fatty acid from the TG molecule and have several 

biological roles, being key intermediates in the biosynthesis of PL and a plethora of other 

metabolic pathways41,42. In this study, the DG species, in particular, DG(32:6); DG(40:4); 

DG(36:0); showed the same behaviour as their precursor molecules and were found with 

significantly lower levels in the newborn group and higher levels in the 3-13 year group. These 

results are similar to those obtained for the TG class.  

CAR is a very important class of lipids that is analysed in newborn screening programs43. In 

our work, we found that CAR(14:0); CAR(16:0) and CAR(18:0) were significantly lower in the 

2-18 months group. These results can be explained as described in the PC class, they have 

higher levels in the newborn group, lower in the 2-18 month group and increased in the 3-13 

year group due to better lipid metabolism. The establishment of age-related reference values for 

CAR, measured by MS/MS, would be important for the optimal investigation and management 

of inborn errors of the metabolism as they are currently not available44. Beken et al45 and 

Gucciardi et al46 previously determined the CAR profile of neonates but not in older children. 

Primassin et al47 analysed the concentrations of free carnitine and γ-butyrobetaine in plasma and 

DBS, but only in children with fatty acid oxidation disorders and organic acidurias. Cavedon et 

al44 determined age-related variations in CAR and free carnitine concentrations and found that 

free carnitines were significantly higher in children of older agesets than in newborns. On the 

other side, CAR concentrations tended to be significantly lower in groups of older children than 

in the newborns group44. This highlights the need for more lipidomic studies regarding the lipid 

profile of different paediatric ages to ascertain reference values.  

CE species were also detected in this study. CE(18:2) and CE(22:5) had significantly lower 

abundances in the 0-10 day group compared to the 2-18 months and 3-13 years groups. CEs are 

important for neuronal development and constitute a reserve pool of cholesterol and fatty acyl 

residues which are used for the formation of myelin sheaths and synaptic contacts48. Therefore, 

a gradual increase in its concentrations from 0-10 days (significantly reduced) to 3-13 years 
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(significantly increased) is expected. This increase with age may not only be explained by the 

high content of the breast milk in cholesterol (precursor of hormones and involved in brain 

development)32, but also by the key role of CE in brain development, and the need for PUFA 

throughout the different age groups48. The results for CE-bearing fatty acyl residue 18:2 are in 

agreement with the reduced levels of this fatty acid obtained for the other lipid classes (PI(36:2), 

PC(36:2) and PE(36:2)).  

The increase with age of lipid species with esterified PUFAs was also detected in our work, 

which is in agreement with Jakobik et al34 who showed a positive correlation with age of 

C20:5n-3, C22:6n-3, n-3 PUFAs and n-3 long-chain PUFAs, whereas C20:4n-6, n-6 PUFA and 

n-6 long-chain PUFAs showed a negative trend. However, these results are in contrast to 

Wolters et al15, revealing the need for more studies to reach value standardization.   

 

5. Conclusions 

The DBS sampling method is widely applied to newborn screening programs (typically for 

inborn errors of the metabolism associated with metabolic diseases) and has recently been 

associated with lipidomics as a tool for the diagnosis of diseases. However, most studies have 

used adult samples and the majority of them concern the optimization of the method. Very few 

studies in children focus primarily on the fatty acid profile. Our study is the first to assess 

changes in multiple classes of lipids using RP-LC-MS/MS in three different pediatric age 

groups. Our results showed that the lipidomic signature of the three age groups is significantly 

different. Lipid species containing linoleic acid residue (C18:2) were shown to have 

significantly lower levels in the 0-10 day group with a gradual increase in the 2-18 months, 

reaching the highest concentrations in the last 3-13 years group. 

The results of this work provide new insights into the lipid profile variability in children at 

different ages that may help improve our knowledge of the evolution of lipid metabolism 

throughout childhood and should be further explored in cohort studies. It also shows that DBS 

and lipidomics can be explored together for clinical lipidomics, which is one of the best 
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approaches to better understand these changes and find suitable biomarkers for precision 

medicine. 
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Concluding remarks and future perspectives 

AID are a major health concerning issue of the modern society because they affect a 

large number of people and their pathogenesis still remains unclear. The difficulty of the 

diagnosis, the lack of specific biomarkers for each disease, and the poor therapy outcomes are 

challenges that need to be overcome. Lipids have important biological functions, like their key 

role in many signalling pathways that are related with the maintenance of cell and tissue 

homeostasis. They are also being considered as important players in several diseases. Changes 

in lipid metabolism, lipid profile and individual lipid molecular species are fundamental 

parameters of several pathologies, including MSs, SLE, SS and RA. However, the plasticity and 

molecular profiling of lipids associated with pathophysiological processes is not yet fully 

understood. In this sense, clinical lipidomics is nowadays the best methodological approach to 

reveal the modulation of lipid metabolism in health and disease, expand the knowledge on 

disease pathology and pinpoint promising disease biomarkers. Thus, the present Thesis aimed to 

contribute to personalised medicine by means of exploring the lipidic signatures of the most 

common AID, by applying modern MS-based lipidomic approaches under the scope of clinical 

lipidomics. The results gathered in this Thesis allowed the enrichment of our knowledge, not 

only on lipid alterations of AID, but also on a possible new less invasive sampling method for 

lipidomic analysis.  

Alteration in lipids seems to be a common issue in MSs, one of most common AID, 

showing the importance of lipid (de)regulation in MSs pathogenesis, however, it is far from 

being completely elucidated due to controversial results reported in the literature so far. A 

systematic review on MS-based lipidomic studies on different MSs diseases and based on the 

analysis of different matrices was detailed in chapter 2.1. This review allowed to pinpoint that 

major published works focused on fatty acid analysis, showing the decrease of FA 18:2, FA 

20:4 and total PUFA, with compensatory increases of saturated FA with shorter carbon chains. 

Oxidized PL were also reported in few studies about MSs revealing that the oxidative imbalance 

is a key feature of this disease. It was concluded that the screening methodologies to address the 

changes in the lipid profile of MSs patients must be improved in a timely manner as lipids are 

promising biomarkers for the diagnosis of this disease. Additionally, an untargeted lipidomic 

approach to analyse the MSs lipidome on the same type of matrix to identify the MSs lipid 

profile should be considered. 

In chapter 2.2, to advance the lipid adaptation in MSs disease, the lipid profile of serum 

from MSs patients was evaluated. From this study, we can conclude that the phospholipidomic 

signature of MSs is significantly different from that of healthy controls. The pathogenesis of 

MSs is associated with changes in the lipid profile, namely for the diacyl PE, PC, LPE and 

ether-linked PE and PC species. Additionally, the lipid profile of MSs patients in relapse was 
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different from the one of MSs patients in remission, mainly in PC species, particularly 

PC(38:1). The significant variations of PE(40:10) and PC(38:1) in patients with MSs make 

these species possible serum biomarkers of this disease and may be suitable for clinical 

applications. These findings shed light on lipidomic changes in MSs and may help improve our 

understanding of the characteristics of MSs pathogenesis. 

Regarding the evaluation of lipid contribution to SLE and SS pathology, in chapter 2.3 

a comprehensively assessment of the blood and plasma lipid profile alterations were performed 

by the analysis of samples from patients diagnosed with one of these diseases. The results 

gathered evidence that there are marked changes in the lipid profile of SLE and SS patients, 

mainly in SM, Cer and PUFA species. The study showed that SM and Cer molecular species are 

very important to differentiate SS disease from other pathologies because these species are 

significantly increased in plasma samples of SS, namely SM(d36:2), SM(d36:3), SM(d42:2), 

SM(d42:3), and SM(d44:2) and Cer(d38:1), Cer(d40:0), and Cer(d44:2). PC(38:1) might be 

seen as a possible plasma biomarker of AID due to their significant variations in the patients 

with SLE, SS and MSs as previously seen in the study of chapter 2.2. TG levels were also found 

to be increased in plasma of SLE, corroborating previous findings of dyslipoproteinemia in SLE 

patients. Blood and plasma analysis showed comparable and consonant results. The analysis of 

blood samples instead of plasma/serum should be carefully addressed in future investigations 

because it reveals the lipid alterations that may happen at a cellular level or even in the 

surrounding tissues. Moreover, the analysis of blood samples gives new possibilities to analyse 

the lipidome of AID patients by using less invasive sampling, like the dried blood spot method, 

easily self-collected at home. This study gives new insights on the metabolic alterations in SLE 

and SS patients, which may help improve our understanding of AID pathological consequences. 

The importance of lipids in inflammation, autoimmunity and in the onset (pre-clinical 

RA) and development of RA was considered in chapter 3.1 with a systematic review of the 

published scientific literature. RA pathogenesis induces alterations of the lipid metabolism 

however these changes are not fully understood. From the evidence gathered in this review, 

lipid alterations in RA can be observed even before disease manifestations, suggesting a close 

link between lipid molecular species and the metabolic changes caused by inflammation. The 

metabolism of FA, PE and PC is primarily affected in this disease, with presence of oxidized PL 

species. Nevertheless, the results of different studies are not consistent thus an effort for 

harmonization of lipidomic workflows in the future studies of RA are needed for the 

identification of reliable biomarkers for early diagnosis of this disease is highly needed.  

Interestingly, the review manuscript of RA pointed out for a major contribution of 

oxidative stress in this disease and few OxPL were identified, however, no studies pointed out 

for oxidized cholesterol, usually a target of ROS and oxidative stress. This lack of knowledge 

on this subject could be due to the lack of knowledge on the specific fragmentation 
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fingerprinting of oxidized cholesterol in high resolution instruments. The fragmentation of 

oxCE was determined for the first time by high-resolution LC−MS/MS and the reported 

findings were presented in chapter 3.2. CE species, including CE 18:1, CE 18:2 and CE 20:4, 

were oxidized, by the hydroxyl radical generated under a Fenton-like reaction, in a mimetic 

model system of free-radical induced oxidation, and the specific fragmentation fingerprinting of 

their [M+NH4]+ adducts was identified by C18 reversed phase (RP) LC−MS/MS. The 

fragmentation of CE precursor ions originates a typical cholestenyl product ion, which is key to 

consistently assign the oxCE species for their structural characterization in lipidomic analysis. 

In this study, the RPLC−MS analysis allowed also to discriminate oxCE species structural 

isomers, eluting at different retention times. The isomeric species were identified by the typical 

fragmentation patterns obtained from tandem MS analysis, namely the hydroxy/hydroperoxy 

group can be either in the fatty acyl moiety or in the cholesterol ring, leading to the formation of 

characteristic ions such as cholestenyl with or without oxygen. This fragmentation allowed the 

identification of the oxidation in the cholesterol ring (cholestenyl with oxygen) or in the fatty 

acyl chain (cholestenyl without oxygen). Additionally, CE short-chain products resulting from 

oxidative cleavage of the fatty acyl chain in the vicinity of the oxidative modification were also 

identified and showed a clear fragmentation pattern confirming the modification in the fatty acyl 

chain. Overall, this study revealed the characteristic fragmentation patterns of several oxCE 

species. This knowledge should be applied in the detection of these species in biological 

samples of disease conditions, contributing for the detection of these oxidized lipids and to 

unravel the biological role of oxCE.  

Nowadays there has been an increasing interest in improving blood collection methods 

possible to be less invasive and able to be performed at home by the patient, particularly 

relevant in chronic diseases that requires an effective and continuous disease management and 

in elderly people. This tendency aroused our interest in exploring DBS as a pre-analytical step, 

prior to lipidomic analysis. Thus, to advance the possibility of DBS method being applied in 

(clinical) lipidomic analysis, we performed a systematic review of the scientific literature, in 

chapter 4.1, about the use of DBS for the analysis of lipids. In this review, we have analysed the 

parameters that can impact the lipid profiling from DBS samples, including type of DBS card, 

homogeneity of the blood drop, extraction efficiency of different extraction methods, matrix 

effects on lipid recovery, lipid stability, and lipidomic profiling of DBS samples. Based on the 

literature it seems that DBS is as effective as plasma/serum/whole blood samples for lipidomic 

analysis, with results achieving high levels of sensitivity and specificity (comparing with the 

conventional samples) during MS and MS/MS analysis. However, it is necessary to pay 

attention to the impact certain factors like storage conditions or the lipid extraction method, 

which might influence the results. In summary, it was demonstrated the functionality and 

applicability of DBS in the investigation of population health and precision medicine in diverse 
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disease states and situations. Hopefully in a near future, DBS can be seen as a promising 

sampling method and approach to disease diagnostics/follow-up and therapy monitorization 

instead of using the conventional pre-analytical sampling that have concerns related with the 

puncture site cleansing, storage, transportation, and potential loss or contamination of the blood 

samples during its collection. 

With the intention of testing the efficiency of DBS method in lipidomic investigations, 

the method was applied in the study of the typical lipid profile in three different pediatric age 

using RP-LC-MS/MS. The results gathered were detailed in chapter 4.2 and showed that the 

lipid species containing linoleic acid residue (C18:2) had significantly lower levels in the 0–10-

days-old group with a gradual increase in the 2–18 months, reaching the highest concentrations 

in the last 3–13-years-old group. This work sheds light on the evolution of the lipid metabolism 

throughout childhood by showing the variability of the lipid profile in children at different ages. 

It was also demonstrated that DBS and lipidomics can be explored together in clinical 

lipidomics for the purpose of finding suitable biomarkers for precision medicine and better 

understand disease-induced changes on the lipid metabolism.  

Overall, the work developed in this Thesis contributes to the development of new tools 

for clinical lipidomics and AID to meet with the 3rd goal of the Sustainable development of 

ONU - Good health and wellbeing. It also contributes to personalized medicine through the 

identification of new lipid biomarkers of AID and validation of a potential new sampling 

method (DBS), all tailored for the best therapeutic response and highest safety to ensure better 

patient care. Future investigations must continue to advance in this field of research and focus 

on: (1) lipidomics of blood/plasma/lipoproteins of patients with AID to characterize their typical 

lipidomic signature, (2) lipidomic analysis in the different stages of the disease to unveil 

biomarker discovery; and (3) lipidomics of immune cells from healthy and AID patients for 

detailed characterization of the modifications in their lipid profile to understand how they can 

correlate with the dysfunction of these cells and the development of AID pathogenesis. 
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6. CHAPTER 6: SUPPLEMENTARY DATA 
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6.1 LIPIDOMIC ANALYSIS IN MULTIPLE SCLEROSIS (Chapter 2.2) 
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PC 

 

Supplementary Figure S6.1-1. PC and LPC identification. A: LC-MS/MS spectrum of the 

[M+H]+ ion of PC(34:1) at m/z 760.586. B: LC-MS/MS spectrum of the [M+CH3COO]− ion of 

PC(34:1) at m/z 818.645. C: LC-MS/MS spectrum of the [M+H]+ ion of LPC(16:0) at m/z 

496.339. D: LC-MS/MS spectrum of the [M+CH3COO]− ion of LPC(16:0) at m/z 554.347. 

Fragment ions characteristic of PC and LPC classes are highlighted in a red box, namely the 

typical product ions at m/z 184.07 in the LC-MS/MS spectrum of [M+H]+ ions of PC that 

correspond to the phosphocholine polar head group, and the product ions at m/z 168.04 in the 

LC-MS/MS spectrum of [M+CH3COO]− ions of PC that correspond to phosphocholine polar 

head group minus a methyl group (CH3). The carboxylate anions of the fatty acyl chains were 

also identified at m/z 255.23 (R1COO−) and m/z 281.25 (R2COO−) corresponding to C16:0 and 

C18:1, respectively, forming the PC(16:0/18:1) species.  
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PE 

 

Supplementary Figure S6.1-2. PE and LPE identification. A: LC-MS/M spectrum of the 

[M+H]+ ion of PE(34:2) at m/z 716.503. B: LC-MS/MS spectrum of the [M−H]− ion of PE(34:2) 

at m/z 714.477. C: LC-MS/MS spectrum of the [M+H]+ ion of LPE(16:0) at m/z 454.345. D: 

LC-MS/MS spectrum of the [M-H]− ion of LPE(16:0) at m/z 452.278. Fragment ions 

characteristic of PE and LPE classes are highlighted in a red box, namely the typical neutral loss 

of 141 Da in the LC-MS/MS spectrum of [M+H]+ ions of PE and the typical product ions at m/z 

140.0 in the LC-MS/MS spectrum of [M−H]− ions of PE, which correspond to 

phosphethanolamine polar head group. The carboxylate anions of the fatty acyl chains were also 

identified at m/z 255.233 (R1COO−) and m/z 279.233 (R2COO−) corresponding to C16:0 and 

C18:2, respectively, forming the PE(16:0/18:2) species. 
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SM 

 

Supplementary Figure S6.1-3. SM identification. A: LC-MS/MS spectrum of the [M+H]+ ion 

of SM(d34:1) (m/z 703.530). B: MS/MS spectrum of the [M+CH3COO]- ions of SM(d34:1) 

(m/z 761.536). Fragment ions characteristic for the SM class are highlighted in a red box. The 

carboxylate anions of the fatty acyl chains could not be identified. 
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Supplementary Figure S6.1-4. Box plots of the 16 most discriminant PL molecular species 

(VIP list) obtained from PCA analysis of HC (Control) and MuS patients (MSs). The box plots 

of these PL species, which reports the PL normalized intensities, shows that the majority of the 

PL species with higher discriminant potential are ether-linked (akyl-acyl and alkenyl-acyl) PC, 

PE and LPE species, which are generally decreased in MSs. 
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Supplementary Figure S6.1-5. Receiver operator characteristic analysis of the dataset and the 

5 phospholipids with lowest with the lowest q-values in the Wilcoxon test. 
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Supplementary Figure S6.1-6. Box plots of the 16 most discriminant PL molecular species 

(VIP list) obtained from PCA analysis of HC (Control), MSs_Rel and MSs_Rem. 
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Supplementary Figure S6.1-7. Fatty acid biosynthesis pathway. Orange arrows represent the 

desaturation process of FA 16:0 and FA 18:0 by 9-desaturase. Blue arrows represent the 

elongation process by ELOVL6 and ELOVL5 elongases of FA 16:0 and FA 16:1.   
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Table  6.1-1. PL molecular species identified in MSs and HC samples by HILIC-MS. 

Lipid specie (C:N) 
Theoretical 

m/z 

Observed 

m/z 

Error 

(ppm) 

Fatty acyl chains 

(C:N) 
Formula 

PC identified as [M+H]+ 

PC(30:0) 706.5387 706.5398 -1.5569 14:0/16:0 C38H77NO8P 

PC(30:1) 704.5230 704.5245 -2.1291 14:0/16:1 C38H75NO8P 

PC(32:0) 734.5700 734.5707 -0.9529 ** C40H81NO8P 

PC(32:1) 732.5543 732.5551 -1.0921 14:0/18:1 and 16:0/16:1 C40H79NO8P 

PC(32:2) 730.5387 730.5404 -2.3270 14:0/18:2 and 16:1/16:1 C40H77NO8P 

PC(34:1) 760.5856 760.5844 1.5777 16:0/18:1 C42H83NO8P 

PC(34:2) 758.5700 758.5715 -1.9774 16:0/18:2 and 16:1/18:1 C42H81NO8P 

PC(34:3) 756.5543 756.5559 -2.1149 16:0/18:3 and 16:1/18:2 C42H79NO8P 

PC(34:4) 754.5387 754.5386 0.1325 ** C42H77NO8P 

PC(34:5) 752.5230 752.5225 0.6644 ** C42H75NO8P 

PC(36:1) 788.6169 788.6135 4.3113 16:0/20:1 and 18:0/18:1 C44H87NO8P 

PC(36:2) 786.6013 786.6018 -0.6356 
16:0/20:2 and 18:0/18:2 and 

18:1/18:1 
C44H85NO8P 

PC(36:3) 784.5856 784.5863 -0.8922 16:0/20:3 and 18:1/18:2 C44H83NO8P 

PC(36:4) 782.5700 782.5709 -1.1501 
16:0/20:4 and 16:1/20:3 and 

18:1/18:3 and 18:2/18:2 
C44H81NO8P 

PC(36:5) 780.5543 780.5543 0.0000 
16:0/20:5 and 16:1/20:4 and 

18:2/18:3 
C44H79NO8P 

PC(36:6) 778.5387 778.5377 1.2845 * C44H77NO8P 

PC(38:1) 816.6482 816.6457 3.0613 
16:0/22:1 and 18:0/20:1 and 

18:1/20:0 
C46H91NO8P 

PC(38:2) 814.6326 814.6317 1.1048 
16:0/22:2 and 18:0/20:2 and 

18:1/20:1 and 18:2/20:0 
C46H89NO8P 

PC(38:3) 812.6169 812.6191 -2.7073 
16:0/22:3 and 18:0/20:3 and 

18:1/20:2 and 18:2/20:1 
C46H87NO8P 

PC(38:4) 810.6013 810.6019 -0.7402 
16:0/22:4 and 18:0/20:4 and 

18:1/20:3 and 18:2/20:2 
C46H85NO8P 

PC(38:5) 808.5856 808.5848 0.9894 16:0/22:5 C46H83NO8P 

PC(38:6) 806.5700 806.5697 0.3719 
16:0/22:6 and 18:1/20:5 and 

18:2/20:4 
C46H81NO8P 

PC(38:7) 804.5543 804.5528 1.8644 16:1/22:6 C46H79NO8P 

PC(38:8) 802.5387 802.5354 4.1120 * C46H77NO8P 

PC(40:4) 838.6326 838.6329 -0.3577 18:0/22:4 C48H89NO8P 

PC(40:5) 836.6169 836.6151 2.1515 
18:0/22:5 and 18:1/22:4 and 

20:1/20:4 
C48H87NO8P 

PC(40:6) 834.6013 834.6009 0.4793 18:0/22:6 and 18:1/22:5 C48H85NO8P 

PC(40:7) 832.5856 832.5849 0.8408 18:1/22:6 C48H83NO8P 

PC(40:8) 830.5699 830.5680 2.2876 * C48H81NO8P 
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PC(40:9) 828.5543 828.5513 3.6208 20:4/20:5 C48H79NO8P 

PC(42:6) 862.6326 862.6313 1.5070 ** C50H89NO8P 

PC(42:7) 860.6169 860.6148 2.4401 ** C50H87NO8P 

PC(42:9) 856.5856 856.5827 3.3855 ** C50H83NO8P 

PC(44:5) 892.6795 892.6799 -0.4481 ** C52H95NO8P 

PC(O-30:0) 692.5594 692.5602 -1.1551 ** C38H79NO7P 

PC(P-30:0)/PC(O-30:1) 690.5438 690.5454 -2.3170 ** C38H77NO7P 

PC(O-32:0) 720.5907 720.5915 -1.1102 * C40H83NO7P 

PC(P-32:0)/PC(O-32:1) 718.5751 718.5755 -0.5567 * C40H81NO7P 

PC(P-34:0)/PC(O-34:1) 746.6064 746.6067 -0.4018 
P-18:0/16:0 or O-16:0/18:1 or 

O-18:1/16:0 
C42H85NO7P 

PC(P-34:1)/PC(O-34:2) 744.5907 744.5897 1.3430 

O-16:0/18:2 or O-18:2/16:0 

or O-16:1/18:1 or  

O-18:1/16:1 

C42H83NO7P 

PC(P-34:2)/PC(O-34:3) 742.5751 742.5764 -1.7507 * C42H81NO7P 

PC(P-36:1)/PC(O-36:2) 772.6220 772.6225 -0.6471 
P-20:1/16:0 or P-20:0/16:1 or 

P-18:0/18:1 or O-18:1/18:1  
C44H87NO7P 

PC(P-36:2)/PC(O-36:3) 770.6064 770.6052 1.5572 * C44H85NO7P 

PC(P-36:3)/PC(O-36:4) 768.5907 768.5911 -0.5204 O-18:2/18:2 C44H83NO7P 

PC(P-36:4)/PC(O-36:5) 766.5751 766.5759 -1.0436 * C44H81NO7P 

PC(P-38:3)/PC(O-38:4) 796.6220 796.6211 1.1298 

P-16:0/22:3 or P-16:1/22:2 or 

P-20:1/18:2 or O-16:0/22:4 or 

O-18:2/20:2  

C46H87NO7P 

PC(P-38:4)/PC(O-38:5) 794.6064 794.6072 -1.0068 * C46H85NO7P 

PC(P-38:5)/PC(O-38:6) 792.5907 792.5905 0.2523 O-16:0/22:6  C46H83NO7P 

PC(P-40:3)/PC(O-40:4) 824.6533 824.6536 -0.3638 
P-18:022:3 or P-18:1/22:2 or 

O-18:1/22:3 
C48H91NO7P 

PC(P-40:4)/PC(O-40:5) 822.6377 822.6386 -1.0940 P-18:1/22:3 or P-20:0/20:4  C48H89NO7P 

PC(P-40:5)/PC(O-40:6) 820.6220 820.6213 0.8530 ** C48H87NO7P 

PC(P-32:1)/(O-32:2) 716.5594 716.5589 0.6978 ** C40H79NO7P 

PC(P-36:5) 764.5594 764.5591 0.3924 ** C44H79NO7P 

PC(P-38:6) 790.5751 790.5738 1.6444 P-16:0/22:6 C46H81NO7P 

PC(P-40:6) 818.6064 818.6056 0.9773 * C48H85NO7P 

LPC identified as [M+H]+ 

LPC(14:0) 468.3090 468.3098 -1.7083 14:0 C22H47NO7P 

LPC(16:0) 496.3403 496.3411 -1.6118 16:0 C24H51NO7P 

LPC(16:1) 494.3247 494.3258 -2.2253 16:1 C24H49NO7P 

LPC(18:0) 524.3716 524.3723 -1.3349 18:0 C26H55NO7P 

LPC(18:2) 520.3403 520.3412 -1.7296 18:2 C26H51NO7P 

LPC(18:3) 518.3247 518.3231 3.0869 18:3 C26H49NO7P 

LPC(20:0) 552.4029 552.4038 -1.6292 20:0 C28H59NO7P 

LPC(20:1) 550.3873 550.3883 -1.8169 20:1 C28H57NO7P 

LPC(20:2) 548.3716 548.3711 0.9118 * C28H55NO7P 
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LPC(20:3) 546.3560 546.3553 1.2812 * C28H53NO7P 

LPC(20:4) 544.3403 544.3406 -0.5511 20:4 C28H51NO7P 

LPC(20:5) 542.3247 542.3234 2.3971 20:5 C28H49NO7P 

LPC(22:0) 580.4342 580.4332 1.7228 * C30H63NO7P 

LPC(22:1) 578.4186 578.4179 1.2102 * C30H61NO7P 

LPC(22:4) 572.3716 572.3723 -1.2230 22:4 C30H55NO7P 

LPC(22:5) 570.3560 570.3570 -1.7533 * C30H53NO7P 

LPC(22:6) 568.3403 568.3401 0.3519 22:6 C30H51NO7P 

LPC(24:0) 608.4655 608.4669 -2.3009 * C32H67NO7P 

LPC(O-14:0) 454.3298 454.3313 -3.3016 * C22H49NO6P 

LPC(O-16:0) 482.3611 482.3621 -2.0731 16:0 C24H53NO6P 

LPC(P-16:0)/LPC(O-16:1) 480.3454 480.3467 -2.7064 P-16:0 C24H51NO6P 

LPC(O-18:0) 510.3924 510.3942 -3.5267 18:0 C26H57NO6P 

LPC(P-18:0)/LPC(O-18:1) 508.3767 508.3777 -1.9670 P-18:0 or O-18:1 C26H55NO6P 

LPC(O-20:0) 538.4237 538.4242 -0.9286 * C28H61NO6P 

LPC(P-18:1) 506.3611 506.3616 -0.9874 * C26H53NO6P 

LPC(P-20:0) 536.4080 536.4091 -2.0507 P-20:0 C28H59NO6P 

PE identified as [M+H]+ 

PE(30:2) 660.4604 660.4606 -0.3028 * C35H67NO8P 

PE(30:3) 658.4448 658.4438 1.5187 * C35H65NO8P 

PE(34:1) 718.5387 718.5384 0.4175 16:0/18:1 C39H77NO8P 

PE(34:2) 716.5230 716.5246 -2.2330 16:0/18:2 C39H75NO8P 

PE(34:3) 714.5074 714.5095 -2.9391 * C39H73O8NP 

PE(36:4) 740.5230 740.5244 -1.8906 18:2/18:2 C41H75NO8P 

PE(36:5) 738.5074 738.5077 -0.4062 16:0/20:5 C41H73O8NP 

PE(38:4) 768.5543 768.5554 -1.4313 18:0/20:4 C43H79O8NP 

PE(38:5) 766.5387 766.5386 0.1305 * C43H77NO8P 

PE(38:6) 764.5230 764.5241 -1.4388 16:0/22:6 and 18:1/20:5 C43H75O8NP 

PE(38:8) 760.4917 760.4904 1.7094 * C43H71NO8P 

PE(40:5) 794.5700 794.5666 4.2790 * C45H81O8NP 

PE(40:6) 792.5543 792.5557 -1.7664 * C45H79O8NP 

PE(40:7) 790.5387 790.5402 -1.8974 * C45H77NO8P 

PE(40:8) 788.5230 788.5207 2.9168 * C45H75O8NP 

PE(40:9) 786.5074 786.5049 3.1786 * C45H73O8NP 

PE(40:10) 784.4917 784.4920 -0.3824 * C45H71NO8P 

PE(42:8) 816.5543 816.5526 2.0819 * C47H79NO8P 

PE(42:9) 814.5387 814.5368 2.3326 * C47H77O8NP 

PE(46:9) 870.6013 870.6020 -0.8040 * C51H85O8NP 

PE(48:5) 906.6952 906.6917 3.8602 * C53H97O8NP 

PE(48:12) 892.5856 892.5879 -2.5768 * C53H83O8NP 

PE(P-34:1)/PE(O-34:2) 702.5438 702.5422 2.2774 ** C39H77NO7P 

PE(P-34:2)/PE(O-34:3) 700.5281 700.5307 -3.7115 ** C39H75NO7P 

PE(P-34:3)/PE(O-34:4) 698.5125 698.5149 -3.4359 ** C39H73NO7P 
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PE(P-34:5) 694.4812 694.4835 -3.3118 * C39H69O7NP 

PE(P-36:1)/PE(O-36:2) 730.5751 730.5730 2.8744 ** C41H81NO7P 

PE(P-36:2)/PE(O-36:3) 728.5594 728.5601 -0.9608 O-18:1/18:2 or O-18:2/18:1  C41H79NO7P 

PE(P-36:3)/PE(O-36:4) 726.5438 726.5446 -1.1011 ** C41H77NO7P 

PE(P-36:4)/PE(O-36:5) 724.5281 724.5297 -2.2083 * C41H75O7NP 

PE(P-36:6) 720.4968 720.4974 -0.8328 ** C41H71O7NP 

PE(P-38:3)/PE(O-38:4) 754.5751 754.5716 4.6384 ** C43H81O7NP 

PE(P-38:4)/PE(O-38:5) 752.5594 752.5610 -2.1261 ** C43H79NO7P 

PE(P-38:5)/PE(O-38:6) 750.5438 750.5451 -1.7321 ** C43H77NO7P 

PE(P-38:6) 748.5281 748.5297 -2.1375 ** C43H75O7NP 

PE(P-38:7) 746.5125 746.5132 -0.9377 * C43H73O7NP 

PE(P-40:4)/PE(O-40:5) 780.5907 780.5906 0.1281 ** C45H83NO7P 

PE(P-40:5)/PE(O-40:6) 778.5751 778.5761 -1.2844 ** C45H81NO7P 

PE(P-40:6) 776.5594 776.5613 -2.4467 ** C45H79O7NP 

PE(P-40:7) 774.5438 774.5449 -1.4202 ** C45H77O7NP 

LPE identified as [M+H]+ 

LPE(14:0) 426.2621 426.2620 0.2346 ** C19H41NO7P 

LPE(16:0) 454.2934 454.2941 -1.5409 16:0 C21H45NO7P 

LPE(16:1) 452.2777 452.2778 -0.2211 16:1 C21H43NO7P 

LPE(18:0) 482.3247 482.3258 -2.2806 18:0 C23H49NO7P 

LPE(18:1) 480.3090 480.3102 -2.4984 ** C23H47NO7P 

LPE(18:2) 478.2934 478.2942 -1.6726 18:2 C23H45NO7P 

LPE(20:3) 504.3090 504.3067 4.5607 ** C25H47NO7P 

LPE(20:4) 502.2934 502.2940 -1.1945 20:4 C25H45NO7P 

LPE(20:5) 500.2777 500.2769 1.5991 ** C25H43NO7P 

LPE(22:5) 528.3090 528.3085 0.9464 ** C27H47NO7P 

LPE(22:6) 526.2934 526.2939 -0.9500 22:6 C27H45NO7P 

LPE(O-16:0) 440.3141 440.3150 -2.0440 ** C21H47NO6P 

LPE(O-18:0) 468.3454 468.3467 -2.7757 ** C23H51NO6P 

LPE(P-16:0) 438.2985 438.2992 -1.5971 P-16:0 C21H45NO6P 

LPE(P-18:0)/LPE(O-18:1) 466.3298 466.3309 -2.3588 P-18:0 C23H49NO6P 

PG identified as [M-H]- 

PG(32:0) 721.5020 721.5025 -0.6930 ** C38H74O10P 

PG(34:1) 747.5176 747.5176 0.0000 ** C40H76O10P 

PG(36:0) 777.5646 777.5650 -0.5144 ** C42H82O10P 

PG(38:5) 795.5176 795.5148 3.5197 ** C44H76O10P 

PG(38:6) 793.5020 793.5000 2.5205 ** C44H74O10P 

LPG identified as [M-H]- 

LPG(14:0) 455.2410 455.2432 -4.8326 ** C20H40O9P 

PI identified as [M-H]- 

PI(30:2) 777.4554 777.4557 -0.3859 ** C39H70O13P 

PI(36:5) 855.5024 855.4993 3.6236 ** C45H76O13P 

LPI identified as [M-H]- 
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LPI(16:0) 571.2883 571.2905 -3.8509 ** C25H48O12P 

SM identified as [M+H]+ 

SM(d30:1) 647.5128 647.5143 -2.3166 * C35H72N2O6P 

SM(d32:0) 677.5598 677.5589 1.3283 ** C37H78N2O6P 

SM(d32:1) 675.5441 675.5456 -2.2204 ** C37H76N2O6P 

SM(d32:2) 673.5285 673.5296 -1.6332 * C37H74N2O6P 

SM(d34:1) 703.5754 703.5766 -1.7056 * C39H80N2O6P 

SM(d34:2) 701.5598 701.5609 -1.5679 * C39H78N2O6P 

SM(d36:1) 731.6067 731.6080 -1.7769 * C41H84N2O6P 

SM(d36:2) 729.5911 729.5921 -1.3706 * C41H82N2O6P 

SM(d36:3) 727.5754 727.5770 -2.1991 * C41H80N2O6P 

SM(d38:1) 759.6380 759.6389 -1.1848 * C43H88N2O6P 

SM(d38:2) 757.6224 757.6237 -1.7159 * C43H86N2O6P 

SM(d38:3) 755.6067 755.6091 -3.1763 ** C43H84N2O6P 

SM(d40:1) 787.6693 787.6683 1.2696 * C45H92N2O6P 

SM(d40:2) 785.6537 785.6551 -1.7820 * C45H90N2O6P 

SM(d40:3) 783.6380 783.6392 -1.5313 * C45H88N2O6P 

SM(d42:2) 813.6850 813.6859 -1.1061 * C47H94N2O6P 

SM(d42:3) 811.6693 811.6707 -1.7248 * C47H92N2O6P 

The identification of the PL species in the negative mode was based only on the exact mass measurements and 

retention time since those species have lower abundance. Even though these species did not have MS/MS spectra, 

they were still considered to this study due to the fact that, besides having already been described in the literature 

[25,36,37], they eluted in the correct RT and the exact mass was under 5 ppm. On the other side, the identification of 

PL species in the positive mode was more efficient due to the higher abundance of these species in human serum, 

which allowed the identification of the loss of the polar head group and FA composition. C – total of carbon atoms in 

fatty acids; N – number of double bonds; *identified based on exact mass measurements, retention time and loss of 

the polar head group, no FA acyl-chain fragments observed; **identified based on exact mass measurements and 

retention time, no loss of the polar head group and FA acyl-chain fragments observed 
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Table  6.1-2. Univariate analysis of HILIC-MS data. Wilcoxon test of controls and MSs samples 

showing the 16 major contributors with the lowest p-value. 

Lipid specie F.value p-value FDR 

PC(34:3) 672 4.69E-15 7.55E-13 

PC(36:6) 671 9.38E-15 7.55E-13 

PC(38:1) 669 3.28E-14 1.76E-12 

PE(P-38:6)/PE(O-38:7) 667 8.91E-14 3.59E-12 

PC(36:5) 664 3.14E-13 1.01E-11 

PC(34:2) 663 4.55E-13 1.22E-11 

PC(34:4) 662 6.52E-13 1.31E-11 

PE(P-38:7)/PE(O-38:8) 662 6.52E-13 1.31E-11 

PE(P-38:5)/PE(O-38:6) 660 1.28E-12 2.28E-11 

LPE(20:5) 659 1.75E-12 2.82E-11 

PC(P-38:6) 658 2.38E-12 3.49E-11 

LPE(20:4) 655 5.69E-12 7.04E-11 

PC(P-34:2)/PC(O-34:3) 655 5.69E-12 7.04E-11 

PC(32:2) 654 7.49E-12 8.61E-11 

PC(P-36:4)/PC(O-36:5) 653 9.79E-12 1.05E-10 

LPE(18:2) 652 1.27E-11 1.28E-10 
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Table  6.1-3. Univariate analysis of HILIC-MS data. Kruskal−Wallis test followed by Dunn’s 

multiple comparison post-hoc test of controls, MSs_Rem and MSs_Rel samples showing the 16 

major contributors with the lowest p-value. 

Lipid specie K.W. p-value FDR 

PC(34:3) 40.02403 2.04E-09 2.28E-07 

PC(36:6) 38.56083 4.23E-09 2.28E-07 

PC(34:2) 37.97525 5.67E-09 2.28E-07 

PC(36:5) 37.76815 6.29E-09 2.28E-07 

PE(P-38:6)/ PE(O-38:7) 37.4387 7.42E-09 2.28E-07 

PC(38:1) 37.16406 8.51E-09 2.28E-07 

PE(P-38:5) /PE(O-38:6) 36.06024 1.48E-08 2.37E-07 

PC(P-36:2)/PC(O-36:3) 36.01207 1.51E-08 2.37E-07 

PE(P-36:3)/PE(O-36:4) 35.94952 1.56E-08 2.37E-07 

PC(34:4) 35.93334 1.57E-08 2.37E-07 

LPE(20:5) 35.87722 1.62E-08 2.37E-07 

PE(P-38:7) 35.69386 1.77E-08 2.38E-07 

PC(32:2) 35.21823 2.25E-08 2.48E-07 

PE(P-38:3)/PE(O-38:4) 35.21787 2.25E-08 2.48E-07 

LPE(20:4) 35.16841 2.31E-08 2.48E-07 

PC(P-38:6) 34.77273 2.81E-08 2.83E-07 
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6.2 LOOKING IN DEPTH AT OXIDIZED CHOLESTERYL ESTERS 

(Chapter 3.2) 
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Supporting Figure 6.2-1. RIC of long-chain oxCE derivatives formed by radical oxidation 

induced by the hydroxyl radical generated under Fenton reaction in a biomimetic system. The 

presence of structural isomers is seen by the different peaks eluting with different RT indicated 

in the chromatogram. 
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Supporting Figure 6.2-2. RIC of short-chain oxCE derivatives formed by radical oxidation 

induced by the hydroxyl radical generated under Fenton reaction in a biomimetic system. The 

presence of structural isomers is seen by the different peaks eluting with different RT indicated 

in the chromatogram. In the RIC of CE 18:2 short-chain products, the top black panel refers to 

two structural isomers for CE 18:2 truncated in C9. At RT 10.27 min elutes the CE 18:2 C9-

hydroxyaldehyde and at RT 12.34 min elutes the CE 18:2 C9-carboxylic acid. 
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Supporting Figure 6.2-3. LC-MS/MS spectra of CE 18:1 oxidation products. Diagnostic 

product ions are circled in blue. A: CE 18:1 hydroxy isomer ([M+NH4]+ at m/z 684.63) with the 

hydroxy group on the fatty acyl chain confirmed by the presence of the ion at m/z 369.35. B: CE 

18:1 hydroxy isomer ([M+NH4]+ at m/z 684.63) with the hydroxy group on the cholesterol ring, 

confirmed by the ions at m/z 385.35 [Cholestenyl+O]+ and at m/z 367.34 [Cholestenyl+O-

H2O]+. C: CE 18:1 hydroperoxy isomer ([M+NH4]+ at m/z 700.63) with the hydroperoxy group 

on the fatty acyl chain confirmed by the presence of the ion at m/z 369.35. D: CE 18:1 di-

hydroxy isomer (a hydroperoxy isomer structure (in orange) is also considered) ([M+NH4]+ at 

m/z 700.63) with a hydroxy group on the cholesterol ring and the other in the fatty acyl chain, 

confirmed by the ion at m/z 367.34 [Cholestenyl+O-H2O]+ (or [Cholestenyl+2O-HOOH]+ 

highlighted in orange). 
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Supporting Figure 6.2-4. LC-MS/MS spectra of CE 20:4 long-chain oxidation products. 

Diagnostic ions are circled in blue. A: CE 20:4 hydroxy isomer ([M+NH4]+ at m/z 706.61) with 

the hydroxy group on the fatty acyl chain confirmed by the presence of the ion at m/z 369.35. B: 

CE 20:4 di-hydroxy or hydroperoxy isomers ([M+NH4]+ at m/z 722.61). Identification of the 

isomer with the hydroperoxy group on the fatty acyl chain confirmed by the presence of the ion 

at m/z 369.35, which is the most abundant isomer. The MS/MS spectrum also revealed the ion at 

m/z 367.34 corresponding to the di-hydroxy isomer with an hydroxy group on the cholesterol 

ring and another on the fatty acyl chain (the hypothesis of this being a hydroperoxy isomer (in 

orange) with 2 oxygens linked to the cholestenyl ion cannot be discarded). 
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Supporting Figure 6.2-5. Short-chain products of oxCE 20:4. Diagnostic ions are circled in 

blue. A: CE 20:4 C9-aldehyde ([M+NH4]+ at m/z 558.49) with oxidation on the fatty acyl chain 

(m/z 369.35). B: CE 20:4 C10-aldehyde ([M+NH4]+ at m/z 568.47) with oxidation on the fatty 

acyl chain (m/z 369.35). C: CE 20:4 C12-aldehyde ([M+NH4]+ at m/z 596.50) with oxidation on 

the fatty acyl chain (m/z 369.35). 
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6.3 LIPIDOMIC ANALYSIS USING DRIED BLOOD SPOTS (Chapter 4.2) 
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Supplementary Figure 6.3-1. PC identification. A: LC-MS/MS spectrum of the [M+H]+ 

ion of PC(36:2) at m/z 786.6007. B: LC-MS/MS spectrum of the [M+HCOO]− ion of 

PC(36:2) at m/z 830.5914. Fragment ions characteristic of the polar head group of PC 

class (and thus also of LPC class) are highlighted in a green box, namely the typical 

product ions at m/z 184.07 in the LC-MS/MS spectrum of [M+H]+ ions of PC that 

correspond to the phosphocholine polar head group, and the product ions at m/z 168.04 

in the LC-MS/MS spectrum of [M+HCOO]− ions of PC that correspond to 

phosphocholine polar head group minus a methyl group (CH3). The carboxylate anions 

of the fatty acyl residues were also identified at m/z 279.23 (R1COO−) and m/z 283.26 

(R2COO−) corresponding to C18:2 and C18:0, respectively, forming the PC(18:0_18:2) 

species.  
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Supplementary Figure 6.3-2. PE identification. LC-MS/MS spectrum of the [M−H]− ion 

of PE(36:2) at m/z 742.5350. Fragment ion characteristic of the polar head group of PE 

class (and thus also of LPE class) is highlighted in a green box, namely the typical 

product ion at m/z 140.01 in the LC-MS/MS spectrum of [M−H]− ions of PE, which 

corresponds to the phosphoethanolamine polar head group. The carboxylate anions of the 

fatty acyl residues were also identified at m/z 281.2479 (RCOO−) corresponding to 

C18:1, forming the PE(18:1_18:1) species. 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6.3-3. PI identification. LC-MS/MS spectrum of the [M−H]− ion of 

PI(36:2) at m/z 861.5468. Fragment ion characteristic of PI class is highlighted in a green 

box, namely the typical product ion at m/z 241.01, which correspond to the 

phosphoinositol polar head group. The carboxylate anions of the fatty acyl residues were 

also identified at m/z 279.23 (R1COO−) and m/z 283.26 (R2COO−) corresponding to 

C18:2 and C18:0, respectively, forming the PI(18:0_18:2) species. 
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Table  6.3-1. Lipid species identified in DBS samples of all age groups.  

Lipid specie (C:N) 
Theoretical 

m/z 

Observed 

m/z 

Error 

(ppm) 

Fatty acyl chains 

(C:N) 
Formula 

PC identified as [M+H]+ 

PC 30:0 706.5386 706.5374 1.6984 14:0_16:0 C38H76NO8P 

PC 32:0 734.5671 734.5696 -3.4034 16:0_16:0 C40H80NO8P 

PC 32:1 732.5511 732.5534 -3.1397 
14:0_18:1 

16:0_16:1 
C40H78NO8P 

PC 32:2 730.5367 730.5370 -0.4107 
14:0_18:2 

16:1_16:1 
C40H76NO8P 

PC 34:0 762.5991 762.6004 -1.7047 16:0_18:0 C42H84NO8P 

PC 34:1 760.5852 760.5850 0.2630 16:0_18:1 C42H82NO8P 

PC 34:2 758.5699 758.5697 0.2637 16:0_18:2 C42H80NO8P 

PC 36:1 788.6162 788.6146 2.0289 
16:0_20:1 

18:0_18:1 
C44H86NO8P 

PC 36:2 786.6035 786.6007 3.5596 
18:0_18:2 

18:1_18:1 
C44H84NO8P 

PC 36:3 784.5834 784.5826 1.0196 

16:0_20:3 

18:0_18:3 

18:1_18:2 

C44H82NO8P 

PC 36:4 782.5704 782.5679 3.1946  18:2_18:2 C44H80NO8P 

PC 38:3 812.6162 812.6143 2.3381  18:0_20:3 C46H86NO8P 

PC 38:4 810.5988 810.6005 -2.0972 

16:0_22:4 

18:0_20:4 

18:1_20:3 

C46H84NO8P 

PC 38:5 808.5835 808.5844 -1.1131 
16:0_22:5 

18:0_20:5 
C46H82NO8P 

PC 40:4 838.6323 838.6353 -3.5773 * C48H88NO8P 

PC 40:5 836.6148 836.6146 0.2391 
18:0_22:5 

20:1_20:4 
C48H86NO8P 

PC 40:6 856.5817 856.5844 -3.1521 * C48H84NO8P 

PC 42:2 870.6940 870.6927 1.4931 * C50H96NO8P 

PC O-30:0 692.5577 692.5590 -1.8771 O-14:0_16:0 C38H78NO7P 

PC O-30:2 688.5229 688.5206 3.3405 * C38H74NO7P 

PC O-32:0 720.5902 720.5902 0.0000 O-16:0_16:0 C40H82NO7P 

PC O-32:1 718.5759 718.5743 2.2266 * C40H80NO7P 

PC O-34:0 748.6229 748.6206 3.0723 * C42H86NO7P 

PC O-34:1 746.6070 746.6055 2.0091 O-16:0_18:1 C42H84NO7P 

PC O-38:4 796.6205 796.6206 -0.1255 * C46H86NO7P 

PC O-38:5 794.6041 794.6058 -2.1394 * C46H84NO7P 

PC O-40:4 824.6499 824.6513 -1.6977 * C48H90NO7P 

PC O-40:5 822.6377 822.6351 3.1606 * C48H88NO7P 
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PC O-40:7 818.6079 818.6048 3.7869 * C48H84NO7P 

PC O-42:5 850.6687 850.6706 -2.2335 * C50H92NO7P 

LPC identified as [M+H]+ 

LPC 14:0 468.3081 468.3079 0.4271 14:0 C22H46NO7P 

LPC 16:0 496.3397 496.3397 0.0000 16:0 C24H50NO7P 

LPC 16:1 494.3243 494.3242 0.2023 16:1 C24H48NO7P 

LPC 18:0 524.3709 524.3715 -1.1442 18:0 C26H54NO7P 

LPC 18:1 522.3554 522.3557 -0.5743 18:1 C26H52NO7P 

LPC 18:2 520.3400 520.3399 0.1922 18:2 C26H50NO7P 

LPC 20:1 550.3867 550.3865 0.3634 20:1 C28H56NO7P 

LPC 20:3 546.3551 546.3556 -0.9152 20:3 C28H52NO7P 

LPC 20:4 544.3409 544.3392 3.1230 20:4 C28H50NO7P 

LPC 20:5 542.3251 542.3231 3.6878 20:5 C28H48NO7P 

LPC 22:5 570.3564 570.3561 0.5260 22:5 C30H52NO7P 

LPC 22:6 568.3397 568.3398 -0.1760 22:6 C30H50NO7P 

CAR identified as [M+H]+ 

CAR 14:0 372.3109 372.3101 2.1487 14:0 C21H41NO4 

CAR 16:0 400.3414 400.3419 -1.2489 16:0 C23H45NO4 

CAR 16:1 398.3263 398.3255 2.0084 16:1 C23H43NO4 

CAR 18:0 428.3729 428.3731 -0.4669 18:0 C25H49NO4 

CAR 18:1 426.3576 426.3574 0.4691 18:1 C25H47NO4 

CAR 18:2 424.3415 424.3420 -1.1783 18:2 C25H45NO4 

CE identified as [M+NH4]+ 

CE 16:0 642.6179 642.6182 -0.4668 16:0 C43H76O2 

CE 18:1 668.6343 668.6350 -1.0469 18:1 C45H78O2 

CE 18:2 666.6180 666.6190 -1.5001 18:2 C45H76O2 

CE 20:4 690.6179 690.6175 0.5792 20:4 C47H76O2 

CE 22:5 716.6201 716.6173 3.9072 22:5 C49H78O2 

DG identified as [M+Na]+ 

DG 24:3 473.3172 473.3186 -2.9578 * C27H46O5 

DG 26:1 505.3913 505.3898 2.9680 * C29H54O5 

DG 28:2 531.4072 531.4078 -1.1291 * C31H56O5 

DG 30:0 563.4688 563.4671 3.0170 * C33H64O5 

DG 30:3 557.4136 557.4132 0.7176 * C33H58O5 

DG 30:5 553.3914 553.3898 2.8913 * C33H54O5 

DG 32:0 591.4963 591.4971 -1.3525 * C35H68O5 

DG 32:1 589.4813 589.4827 -2.3750 * C35H66O5 

DG 32:6 579.4017 579.4019 -0.3452 * C35H56O5 

DG 34:0 619.5263 619.5268 -0.8071 * C37H72O5 

DG 36:0 647.5584 647.5585 -0.1544 * C39H76O5 

DG 36:5 637.4695 637.4684 1.7256 * C39H66O5 

DG 38:5 665.5015 665.5006 1.3524 * C41H70O5 

DG 40:4 695.5757 695.5728 4.1692 * C43H76O5 
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DG 44:6 747.5947 747.5920 3.6116 * C47H80O5 

DG identified as [M+NH4]+ 

DG 34:1 612.5552 612.5559 -1.1428 16:0_18:1 C37H70O5 

DG 34:2 610.5425 610.5412 2.1293 16:0_18:2 C37H68O5 

DG 36:2 638.5736 638.5721 2.3490 18:1_18:1 C39H72O5 

DG 36:3 636.5549 636.5565 -2.5135 18:1_18:2 C39H70O5 

TG identified as [M+NH4]+ 

TG 44:0 768.7070 768.7072 -0.2602 12:0_14:0_18:0 C47H90O6 

TG 44:1 766.6896 766.6915 -2.4782 12:0_18:0_14:1 C47H88O6 

TG 44:2 764.6750 764.6765 -1.9616 12:0_14:0_18:2 C47H86O6 

TG 46:0 796.7385 796.7385 0.0000 14:0_16:0_16:0 C49H94O6 

TG 46:1 794.7216 794.7228 -1.5100 14:0_16:0_16:1 C49H92O6 

TG 46:2 792.7069 792.7073 -0.5046 12:0_16:0_18:2 C49H90O6 

TG 46:3 790.6943 790.6920 2.9088 10:0_18:1_18:2 C49H88O6 

TG 48:0 824.7697 824.7689 0.9700 16:0_16:0_16:0 C51H98O6 

TG 48:1 822.7558 822.7543 1.8231 14:0_16:0_18:1 C51H96O6 

TG 48:2 820.7396 820.7384  
1.4621 14:0_16:0_18:2 C51H94O6 

TG 48:3 818.7252 818.7228 2.9314 12:0_18:1_18:2 C51H92O6 

TG 50:0 852.8033 852.8008 2.9315 16:0_16:0_18:0 C53H102O6 

TG 50:1 850.7875 850.7860 1.7631 16:0_16:0_18:1 C53H100O6 

TG 50:2 848.7715 848.7701 1.6494 16:0_16:1_18:1 C53H98O6 

TG 50:3 846.7523 846.7542 -2.2439 16:0_16:1_18:2 C53H96O6 

TG 50:4 844.7401 844.7377 2.8733 16:0_16:1_18:3 C53H94O6 

TG 52:2 876.8036 876.8015 2.3951 16:0_18:1_18:1 C55H102O6 

TG 52:3 874.7879 874.7858 2.4006 16:0_18:1_18:2 C55H100O6 

TG 52:4 872.7733 872.7699 3.8956 16:0_18:1_18:3 C55H98O6 

TG 52:5 870.7531 870.7536 -0.5742 16:1_18:2_18:2 C55H96O6 

TG 52:7 866.7220 866.7205 1.7307 16:1_16:1_20:5 C55H92O6 

TG 54:1 906.8496 906.8476 2.2054 16:0_20:0_18:1 C57H108O6 

TG 54:2 904.8330 904.8307 2.5419 16:0_18:1_20:1 C57H106O6 

TG 54:3 902.8165 902.8160 0.5538 18:0_18:1_18:2 C57H104O6 

TG 54:4 900.8003 900.8005 -0.2220 16:0_18:1_20:3 C57H102O6 

TG 54:5 898.7847 898.7849 -0.2225 16:0_18:2_20:3 C57H100O6 

TG 54:6 896.7692 896.7694 -0.2230 16:0_16:0_22:6 C57H98O6 

TG 54:7 894.7540 894.7539 0.1118 18:2_18:2_18:3 C57H96O6 

TG 54:8 892.7393 892.7390 0.3360 16:1_18:2_20:5 C57H94O6 

TG 56:0 936.8945 936.8929 1.7078 14:0_20:0_22:0 C59H114O6 

TG 56:1 934.8783 934.8790 -0.7488 16:0_22:0_18:1 C59H112O6 

TG 56:2 932.8622 932.8624 -0.2144 16:0_18:1_22:1 C59H110O6 

TG 56:3 930.8470 930.8464 0.6446 20:0_18:1_18:2 C59H108O6 

TG 56:4 928.8303 928.8319 -1.7226 18:0_18:1_20:3 C59H106O6 

TG 56:5 926.8196 926.8155 4.4237 18:1_18:2_20:2 C59H104O6 

TG 56:6 924.8012 924.8011 0.1081 16:0_18:1_22:5 C59H102O6 
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TG 56:7 922.7842 922.7849 -0.7586 16:0_18:1_22:6 C59H100O6 

TG 56:8 920.7673 920.7698 -2.7151 16:1_18:2_22:5 C59H98O6 

TG 58:0 964.9253 964.9246 0.7254 16:0_18:0_24:0 C61H118O6 

TG 58:2 960.8922 960.8943 -2.1855 16:0_20:1_22:1 C61H114O6 

TG 58:3 958.8773 958.8787 -1.4600 22:0_18:1_18:2 C61H112O6 

TG 58:4 956.8652 956.8638 1.4631 18:1_22:1_18:2 C61H110O6 

TG 58:7 950.8168 950.8157 1.1569 18:1_18:1_22:5 C61H104O6 

TG 58:8 948.8037 948.8006 3.2673 18:1_18:2_22:5 C61H102O6 

TG 58:10 944.7697 944.7702 -0.5292 18:2_18:2_22:6 C61H98O6 

TG 60:2 988.9277 988.9254 2.3258 24:0_18:1_18:1 C63H118O6 

TG 60:3 986.9122 986.9095 2.7358 18:1_18:1_24:1 C63H116O6 

PE identified as [M-H]- 

PE 32:0 690.5078 690.5075 0.4345 16:0_16:0 C37H74NO8P 

PE 32:1 688.4918 688.4900 2.6144 16:0_16:1 C37H72NO8P 

PE 34:1 716.5214 716.5204 1.3956 16:0_18:1 C39H76NO8P 

PE 36:1 744.5551 744.5531 2.6862 * C41H80NO8P 

PE 36:2 742.5366 742.5350 2.1548 18:1_18:1 C41H78NO8P 

PE 36:4 738.5059 738.5064 -0.6770 16:0_20:4 C41H74NO8P 

PE 38:4 766.5391 766.5381 1.3046 
16:0_22:4 

18:0_20:4 
C43H78NO8P 

PE 38:5 764.5241 764.519 6.1607 * C43H76NO8P 

PE 40:4 794.5704 794.5711 -0.8810 18:0_22:4 C45H82NO8P 

PE O-34:2 700.5283 700.5283 0.0000 O-16:1_18:1 C39H76NO7P 

PE O-34:3 698.5137 698.5125 1.7179 O-16:1_18:2 C39H74NO7P 

PE O-36:2 728.5580 728.5580 0.0000 O-18:1_18:1 C41H80NO7P 

PE O-36:3 726.5431 726.5417 1.9269 O-18:2_18:1 C41H78NO7P 

PE O-36:5 722.5100 722.5114 -1.9377 O-16:1_20:4 C41H74NO7P 

PE O-36:6 720.4973 720.4961 1.6655 O-16:1_20:5 C41H72NO7P 

PE O-38:5 750.5411 750.5419 -1.0659 * C43H78NO7P 

PE O-38:6 748.5255 748.5275 -2.6719 
O-18:1_20:5 

 O-18:2_20:4 
C43H76NO7P 

PE O-38:7 746.5115 746.5117 -0.2679 O-16:1_22:6 C43H74NO7P 

PE O-40:5 778.5741 778.5746 -0.6422 O-18:1_22:4 C45H82NO7P 

PE O-40:7 774.5447 774.5430 2.1948 O-18:1_22:6 C45H78NO7P 

PE O-40:8 772.5298 772.5268 3.8833 O-18:2_22:6 C45H76NO7P 

LPE identified as [M-H]- 

LPE 16:0 452.2783 452.2774 1.9899 
16:0 C21H44NO7P 

LPE 18:0 480.3095 480.3086 1.8738 
18:0 C23H48NO7P 

LPE 18:1 478.2928 478.2931 -0.6272 
18:1 C23H46NO7P 

LPE 18:2 476.2771 476.2775 -0.8398 
18:2 C23H44NO7P 

LPE 20:4 500.2782 500.2777 0.9994 
20:4 C25H44NO7P 

LPE 22:4 528.3080 528.3091 -2.0821 
22:4 C27H48NO7P 

LPE 22:6 524.2776 524.2777 -0.1907 
22:6 C27H44NO7P 
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PI identified as [M-H]- 

PI 34:1 835.5337 835.5320 2.0346 16:0_18:1 C43H81O13P 

PI 36:2 861.5496 861.5468 3.2500 18:0_18:2 C45H83O13P 

PI 38:4 885.5489 885.5472 1.9197 18:0_20:4 C47H83O13P 

PS identified as [M-H]- 

PS 36:1 788.5413 788.5442 -3.6777 
18:0_18:1 C42H80NO10P 

PS 38:4 810.5254 810.5273 -2.3442 
18:0_20:4 C44H78NO10P 

PS 40:6 834.5284 834.5260 2.8759 
18:0_22:6 C46H78NO10P 

SM identified as [M+HCOO]- 

SM 34:2;2O 745.5487 745.5488 -0.1341 12:2;2O/22:0 C39H77N2O6P 

SM 38:1;2O 803.6270 803.6277 -0.8711 * C43H87N2O6P 

SM 42:2;2O 859.6882 859.6890 -0.9306 18:1;2O/24:0 C47H95N2O6P 

C – total of carbon atoms in fatty acids; N – number of double bonds; *identified based on exact mass measurements 

and retention time, no loss of the polar head group and FA acyl-chain fragments observed. 
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Table  6.3-2. Univariate analysis of the RP-LC-MS data from of the three groups. Homogeneity 

of variances was tested using the Levine test. Normality was assessed using Shapiro-Wilk 

normality test. P-values were calculated using the ANOVA test (in green). In cases where non-

normality was suspected, p-values were calculated using the Kruskal-Wallis test (in orange). P-

values were adjusted using Benjamin-Hochberg correction (p.adj). Adjusted p-value 

significance symbols (p.adj.signif): **** p<0.0001, *** p<0.001, ** p<0.01, *p<0.05. 

Variable p.adj p.adj.signif 

PC.36.2 1.20E-05 **** 

PE.O.34.3 1.37E-05 **** 

TG.52.3 1.37E-05 **** 

PC.34.2 1.37E-05 **** 

PC.O.40.4 6.16E-05 **** 

PI.36.2 9.42E-05 **** 

DG.32.6 0.000133 *** 

PE.36.2 0.000139 *** 

CE.18.2 0.000176 *** 

CAR.16.0 0.000205 *** 

CAR.14.0 0.000234 *** 

CAR.18.0 0.000299 *** 

DG.40.4 0.000299 *** 

PC.32.2 0.000354 *** 

PC.36.4 0.000366 *** 

TG.58.0 0.000424 *** 

PC.O.38.4 0.000425 *** 

TG.54.6.TG.16.0_16.0_22.6 0.000425 *** 

PE.36.1 0.000448 *** 

TG.52.4 0.000452 *** 

TG.54.5.TG.18.1_18.2_18.2 0.000537 *** 

DG.36.0 0.000537 *** 

TG.54.4.TG.18.0_18.2_18.2 0.0006 *** 

SM.42.1.2O 0.0006 *** 

PC.38.5 0.000668 *** 

PC.O.38.5 0.000669 *** 

CAR.16.1 0.000778 *** 

TG.50.3.TG.16.1_16.1_18.1 0.000793 *** 

TG.52.2 0.000948 *** 

TG.52.5.TG.16.1_18.2_18.2 0.001061 ** 

TG.54.3.TG.18.0_18.1_18.2 0.001132 ** 

PE.O.36.5 0.001285 ** 

SM.34.2.2O 0.001298 ** 

PE.O.38.6.PE.O.18.1_20.5 0.001405 ** 

LPC.18.2 0.001561 ** 

DG.36.3 0.001903 ** 

PC.32.1 0.001903 ** 

LPE.18.2 0.002 ** 

TG.52.5.TG.16.0_16.0_20.5 0.002063 ** 
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PC.34.0 0.00216 ** 

TG.44.1.TG.12.0_18.0_14.1 0.002714 ** 

CE.18.1 0.003125 ** 

PE.O.38.6.PE.O.18.2_20.4 0.003125 ** 

PE.32.0 0.003125 ** 

TG.50.2 0.003125 ** 

PE.O.38.5 0.003125 ** 

CAR.18.2 0.003125 ** 

PC.O.30.2 0.003125 ** 

TG.56.7 0.005833 ** 

LPE.22.4 0.005833 ** 

PC.O.34.0 0.007648 ** 

TG.46.2 0.007648 ** 

TG.56.4 0.007955 ** 

TG.54.1.TG.16.0_20.0_18.1 0.007955 ** 

PC.O.32.0 0.007955 ** 

LPC.18.0 0.007955 ** 

PC.O.32.1 0.007955 ** 

CE.22.5 0.008413 ** 

TG.54.4.TG.16.0_18.1_20.3 0.008468 ** 

PC.O.34.1 0.008468 ** 

PE.38.5 0.008468 ** 

TG.56.2 0.009859 ** 

DG.44.6 0.009859 ** 

TG.56.5.TG.18.0_18.1_20.4 0.009859 ** 

DG.36.5 0.009859 ** 

PE.O.36.3 0.009859 ** 

TG.54.5.TG.16.0_18.2_20.3 0.01088 * 

PC.O.42.5 0.010929 * 

PC.O.40.7 0.011513 * 

CAR.18.1 0.011513 * 

DG.30.3 0.011513 * 

TG.44.2.TG.10.0_16.0_18.2 0.011513 * 

PC.38.4 0.012547 * 

DG.30.0 0.013291 * 

PC.32.0 0.013291 * 

LPE.16.0 0.015123 * 

TG.51.0 0.015901 * 

PC.O.40.5 0.016042 * 

PE.32.1 0.016471 * 

CE.20.4 0.016471 * 

LPC.20.4 0.016471 * 

TG.54.6.TG.16.1_18.1_20.4 0.017787 * 

LPC.20.1 0.017898 * 

LPE.20.4 0.017898 * 

PC.40.6 0.017898 * 
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PE.38.4.PE.16.0_22.4 0.019444 * 

TG.56.5.TG.18.1_18.2_20.2 0.019961 * 

PE.O.36.6 0.020924 * 

PE.O.38.7 0.021209 * 

LPC.20.3 0.022581 * 

PE.40.4 0.023425 * 

SM.38.1.2O 0.024623 * 

TG.56.6 0.025789 * 

TG.58.2.TG.16.0_20.1_22.1 0.026014 * 

PE.36.4 0.027344 * 

LPC.22.5 0.028866 * 

PS.40.6 0.030357 * 

PC.42.2 0.031205 * 

PS.38.4 0.031818 * 

TG.50.3.TG.16.0_16.1_18.2 0.031912 * 

DG.24.3 0.031912 * 

PC.40.4 0.032053 * 

CE.16.0 0.032083 * 

LPC.20.5 0.035 * 

TG.56.8 0.035693 * 

DG.30.5 0.036386 * 

TG.52.0 0.039078 * 

PE.38.4.PE.18.0_20.4 0.040385 * 

TG.44.0.TG.14.0_14.0_16.0 0.043333 * 

TG.56.1 0.04743 * 

PC.36.3 0.048449 * 

PI.34.1 0.055093 ns 

PE.34.1 0.055093 ns 

TG.46.1 0.065826 ns 

PE.O.34.2 0.071591 ns 

DG.28.2 0.078829 ns 

TG.52.7 0.079688 ns 

TG.58.7 0.080531 ns 

TG.44.1.TG.10.0_16.0_18.1 0.08136 ns 

TG.56.3.TG.20.0_18.1_18.2 0.085217 ns 

TG.58.4 0.0875 ns 

DG.32.0 0.088235 ns 

DG.26.1 0.088235 ns 

TG.48.2.TG.16.0_16.1_16.1 0.094792 ns 

DG.38.5 0.095455 ns 

TG.46.0 0.115244 ns 

PE.O.40.8 0.117137 ns 

TG.48.2.TG.14.0_16.0_18.2 0.122638 ns 

DG.36.2 0.128516 ns 

PC.O.30.0 0.130233 ns 

TG.56.3.TG.18.1_18.1_20.1 0.130577 ns 
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TG.54.1.TG.18.0_18.0_18.1 0.133588 ns 

TG.54.3.TG.18.1_18.1_18.1 0.151136 ns 

TG.48.1 0.161842 ns 

TG.58.10 0.173694 ns 

PI.38.4 0.177574 ns 

TG.58.2.TG.22.0_18.1_18.1 0.177574 ns 

PE.O.36.2 0.180109 ns 

TG.54.8 0.188949 ns 

LPC.16.0 0.22536 ns 

LPE.18.1 0.23 ns 

LPC.16.1 0.230851 ns 

LPE.18.0 0.232923 ns 

TG.48.3 0.250874 ns 

TG.44.0.TG.12.0_14.0_18.0 0.260069 ns 

TG.54.2 0.26431 ns 

TG.52.1 0.306849 ns 

TG.44.2.TG.12.0_14.0_18.2 0.351174 ns 

TG.46.3 0.351174 ns 

TG.48.0 0.355833 ns 

TG.50.4 0.410265 ns 

TG.56.0 0.423684 ns 

DG.34.1 0.435784 ns 

TG.50.1 0.476136 ns 

PS.36.1 0.483226 ns 

LPC.14.0 0.528365 ns 

LPC.22.6 0.534968 ns 

PC.34.1 0.534968 ns 

PC.30.0 0.537107 ns 

DG.34.2 0.552344 ns 

PE.O.40.5 0.56087 ns 

TG.60.3 0.589815 ns 

DG.32.1 0.613037 ns 

LPC.18.1 0.621037 ns 

TG.54.7 0.668182 ns 

LPE.22.6 0.691566 ns 

TG.58.8 0.748204 ns 

PE.O.40.7 0.76875 ns 

PC.36.1 0.783876 ns 

TG.60.2 0.788529 ns 

PC.40.5 0.819737 ns 

DG.34.0 0.842442 ns 

TG.58.3 0.906358 ns 

PC.38.3 0.92227 ns 

TG.50.0 0.927 ns 

Species underlined in green show the result of the Anova test; species underlined in orange show the result of the 

Kruskal-wallis test 
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Table  6.4-1. Lipid species identified in whole blood/plasma samples of SLE and SS patients. 

Lipid specie (C:N) 
Theoretical 

m/z 

Observed 

m/z 

Error 

(ppm) 

Fatty acyl chains 

(C:N) 
Formula 

PC identified as [M+H]+ 

PC 30:0 706.5386 706.5384 0.2831 14:0_16:0 C38H76NO8P 

PC 30:1 704.5230 704.5220 1.4194 14:0_16:1 C38H74NO8P 

PC 32:0 734.5700 734.5711 -1.4975 16:0_16:0 C40H80NO8P 

PC 32:1 732.5511 732.5508 0.4095 
14:0_18:1 

16:0_16:1 
C40H78NO8P 

PC 32:2 730.5367 730.5384 -2.3271 
14:0_18:2 

16:1_16:1 
C40H76NO8P 

PC 34:0 762.5991 762.6005 -1.8358 16:0_18:0 C42H84NO8P 

PC 34:1 760.5852 760.5854 -0.2630 16:0_18:1 C42H82NO8P 

PC 34:2 758.5699 758.5701 -0.2637 16:0_18:2 C42H80NO8P 

PC 34:3 756.5543 756.5540 0.3965 16:1_18:2 C42H78NO8P 

PC 34:4 754.5387 754.5386 0.1325 16:1_18:3 C42H76NO8P 

PC 36:0 790.6326 790.6316 1.2648 
16:0_20:0 

18:0_18:0 
C44H88NO8P 

PC 36:1 788.6162 788.6160 0.2536 
16:0_20:1 

18:0_18:1 
C44H86NO8P 

PC 36:2 786.6035 786.6011 3.0511 

16:0_20:2 

18:0_18:2 

18:1_18:1 

C44H84NO8P 

PC 36:3 784.5834 784.5841 -0.8922 
16:0_20:3 

18:1_18:2 
C44H82NO8P 

PC 36:4 782.5704 782.5695 1.1501 
16:0_20:4 

18:2_18:2 
C44H80NO8P 

PC 36:5 780.5543 780.5543 0.0000 
16:0_20:5 

16:1_20:4 
C44H78NO8P 

PC 36:6 778.5387 778.5386 0.1284 
16:1_20:5 

18:3_18:3 
C44H76NO8P 

PC 38:1 816.6482 816.6478 0.4898 
16:0_22:1 

18:0_20:1 
C46H90NO8P 

PC 38:2 814.6326 814.6316 1.2275 
16:0_22:2 

18:0_20:2 
C46H88NO8P 

PC 38:3 812.6162 812.6160 0.2461 18:0_20:3 C46H86NO8P 

PC 38:4 810.5988 810.6006 -2.2206 
18:0_20:4 

18:1_20:3 
C46H84NO8P 

PC 38:5 808.5835 808.5834 0.1237 
16:0_22:5 

18:1_20:4 
C46H82NO8P 

PC 38:6 806.5700 806.5692 0.9919 16:0_22:6 C46H80NO8P 

PC 38:7 804.5543 804.5542 0.1243 
16:1_22:6 

18:2_20:5 
C46H78NO8P 
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18:3_20:4 

PC 40:1 844.6795 844.6785 1.1839 

16:0_24:1 

18:0_22:1 

18:1_22:0 

C48H94NO8P 

PC 40:4 838.6323 838.6327 -0.4770 
18:0_22:4 

18:2_22:2 
C48H88NO8P 

PC 40:5 836.6148 836.6155 -0.8367 
18:0_22:5 

20:1_20:4 
C48H86NO8P 

PC 40:6 834.6013 834.5991 2.6360 18:0_22:6 C48H84NO8P 

PC 40:7 832.5856 832.5838 2.1619 

18:1_22:6 

18:2_22:5 

18:3_22:4 

20:2_20:5 

20:3_20:4 

C48H82NO8P 

PC 40:8 830.5699 830.5693 0.7224 
18:2_22:6 

20:4_20:4 
C48H80NO8P 

PC 40:9 828.5543 828.5514 3.5001 
18:3_22:6 

20:4_20:5 
C48H78NO8P 

PC 40:10 826.5387 826.5358 3.5086 20:5_20:5 C48H76NO8P 

PC 42:1 872.7108 872.7102 0.6875 

18:0_24:1 

18:1_24:0 

20:0_22:1 

C50H98NO8P 

PC 42:2 870.6940 870.6949 -1.0337 

18:1_24:1 

18:2_24:0 

20:0_22:2 

C50H96NO8P 

PC 42:5 864.6482 864.6494 -1.3878 

20:0_22:5 

20:1_22:4 

20:3_22:2 

C50H90NO8P 

PC 42:7 860.6169 860.6173 -0.4648 
20:1_22:6 

20:3_22:4 
C50H86NO8P 

PC 42:8 858.6013 858.6006 0.8153 
20:2_22:6 

20:4_22:4 
C50H84NO8P 

PC 42:10 854.5700 854.5695 0.5851 20:4_22:6 C50H80NO8P 

PC 44:5 892.6795 892.6805 -1.1202 22:1_22:4 C52H94NO8P 

PC O-30:0 692.5577 692.5590 -1.8771 
O-14:0_16:0 

O-16:0_14:0 
C38H78NO7P 

PC O-32:0 720.5902 720.5893 1.2490 O-16:0_16:0 C40H82NO7P 

PC O-32:1 718.5759 718.5752 0.9741 
O-14:0_18:1 

O-16:0_16:1 
C40H80NO7P 

PC O-34:0 748.6229 748.6216 1.7365 
O-16:0_18:0 

O-18:0_16:0 
C42H86NO7P 

PC O-34:1 746.6070 746.6054 2.1430 O-16:0_18:1 C42H84NO7P 

PC O-34:2 744.5907 744.5905 0.2686 O-16:0_18:2 C42H82NO7P 
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PC O-34:3 742.5751 742.5747 0.5387 
O-16:0_18:3 

O-16:1_18:2 
C42H80NO7P 

PC O-36:1 774.6377 774.6370 0.9036 O-16:0/20:1 C44H88NO7P 

PC O-36:2 772.6220 772.6218 0.2589 

O-16:0/20:2 

O-18:0_18:2 

O-18:1_18:2 

C44H86NO7P 

PC O-36:3 770.6064 770.6062 0.2595 O-16:0/20:3 C44H84NO7P 

PC O-36:4 768.5907 768.5886 2.7323 O-16:0/20:4 C44H82NO7P 

PC O-36:5 766.5751 766.5748 0.3914 
O-16:0/20:5 

O-16:1/20:4 
C44H80NO7P 

PC O-38:2 800.6533 800.6523 1.2490 
O-16:0/22:2 

O-18:0/20:2 
C46H90NO7P 

PC O-38:3 798.6377 798.6358 2.3791 O-18:0/20:3 C46H88NO7P 

PC O-38:4 796.6205 796.6212 -0.8787 O-16:0/22:4 C46H86NO7P 

PC O-38:5 794.6041 794.6060 -2.3911 

O-16:0/22:5 

O-18:0/20:5 

O-18:1/20:4 

C46H84NO7P 

PC O-38:6 792.5907 792.5903 0.5047 O-16:0/22:6 C46H82NO7P 

PC O-40:4 824.6499 824.6522 -2.7891 O-18:0/22:4 C48H90NO7P 

PC O-40:5 822.6377 822.6372 0.6078 O-18:0/22:5 C48H88NO7P 

PC O-40:6 820.6220 820.6222 -0.2437 O-18:0/22:6 C48H86NO7P 

PC O-42:2 856.7159 856.7153 0.7003 
O-18:2/24:0 

O-20:0/22:2 
C50H98NO7P 

PC O-42:3 854.7003 854.6989 1.6380 O-24:0/18:3 C50H96NO7P 

PC O-42:4 852.6846 852.6845 0.1173 O-20:0/22:4 C50H94NO7P 

PC O-42:6 848.6533 848.6546 -1.5318 O-20:0/22:6 C50H90NO7P 

PC O-44:4 880.7159 880.7141 2.0438 

O-22:1/22:3 

O-22:2/22:2 

O-24:0/20:4 

C52H98NO7P 

PC O-44:5 878.7003 878.6998 0.5690 O-22:2/22:3 C52H96NO7P 

PC P-36:5 764.5594 764.5584 1.3079 P-16:0_20:5 C44H78NO7P 

PC P-38:6 790.5751 790.5763 -1.5179 P-16:0_22:6 C46H80NO7P 

PC P-40:6 818.6064 818.6049 1.8324 P-18:0_22:6 C48H84NO7P 

PC P-42:4 850.6690 850.6689 0.1176 P-20:0_22:4 C50H92NO7P 

PC P-42:6 846.6377 846.6373 0.4725 P-20:0_22:6 C50H88NO7P 

LPC identified as [M+H]+ 

LPC 14:0 468.3081 468.3087 -1.2812 14:0 C22H46NO7P 

LPC 16:0 496.3397 496.3400 -0.6044 16:0 C24H50NO7P 

LPC 16:1 494.3243 494.3245 -0.4046 16:1 C24H48NO7P 

LPC 18:0 524.3709 524.3719 -1.9070 18:0 C26H54NO7P 

LPC 18:1 522.3554 522.3559 -0.9572 18:1 C26H52NO7P 

LPC 18:2 520.3400 520.3400 0.0000 18:2 C26H50NO7P 

LPC 18:3 518.3247 518.3229 3.4727 18:3 C26H48NO7P 
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LPC 20:1 550.3867 550.3872 -0.9085 20:1 C28H56NO7P 

LPC 20:2 548.3716 548.3715 0.1824 20:2 C28H54NO7P 

LPC 20:3 546.3551 546.3560 -1.6473 20:3 C28H52NO7P 

LPC 20:4 544.3409 544.3403 1.1023 20:4 C28H50NO7P 

LPC 20:5 542.3251 542.3247 0.7376 20:5 C28H48NO7P 

LPC 22:5 570.3564 570.3559 0.8766 22:5 C30H52NO7P 

LPC 22:6 568.3397 568.3403 -1.0557 22:6 C30H50NO7P 

LPC O-16:0 482.3611 482.3606 1.0366 O-16:0 C24H52NO7P 

LPC O-16:1 480.3454 480.3451 0.6246 O-16:1 C24H50NO7P 

LPC O-18:1 508.3767 508.3765 0.3934 O-18:1 C26H54NO7P 

CAR identified as [M+H]+ 

CAR 10:0 316.2482 316.2482 0.0000 10:0 C17H33NO4 

CAR 12:0 344.2795 344.2793 0.5809 12:0 C19H37NO4 

CAR 14:1 370.2952 370.2950 0.5401 14:1 C21H39NO4 

CAR 14:2 368.2795 368.2794 0.2715 14:2 C21H37NO4 

CAR 16:0 400.3414 400.3423 -2.2481 16:0 C23H45NO4 

CAR 16:1 398.3263 398.3262 0.2511 16:1 C23H43NO4 

CAR 18:0 428.3729 428.3733 -0.9338 18:0 C25H49NO4 

CAR 18:1 426.3576 426.3578 -0.4691 18:1 C25H47NO4 

CE identified as [M+NH4]+ 

CE 16:0 642.6179 642.6189 -1.5561 16:0 C43H76O2 

CE 18:0 670.6496 670.6504 -1.1929 18:0 C45H80O2 

CE 18:1 668.6343 668.6347 -0.5982 18:1 C45H78O2 

CE 18:2 666.6180 666.6188 -1.2001 18:2 C45H76O2 

CE 20:2 694.6496 694.6500 -0.5758 20:2 C47H80O2 

CE 20:3 692.6340 692.6343 -0.4331 20:3 C47H78O2 

CE 20:4 690.6179 690.6186 -1.0136 20:4 C47H76O2 

CE 20:5 688.6027 688.6026 0.1452 20:5 C47H74O2 

CE 22:6 714.6184 714.6185 -0.1399 22:6 C49H76O2 

Cer and GalCer identified as [M+H]+ 

Cer d(34:1) 538.5199 538.5197 0.3714 
d18:1_16:0 

d16:1_18:0 
C34H67NO3 

Cer d(36:1) 566.5512 566.5514 -0.3530 
d18:1_18:0 

d16:1_20:0 
C36H71NO3 

Cer d(38:1) 594.5825 594.5825 0.0000 
d16:1_22:0 

d18:1_20:0 
C38H75NO3 

Cer d(40:0) 624.6289 624.6286 0.4803 

d18:0_22:0 

d16:0_24:0 

d20:0_20:0 

C40H81NO3 

Cer d(40:1) 622.6138 622.6137 0.1606 
d18:1_22:0 

d16:1_24:0 
C40H79NO3 

Cer d(40:2) 620.5982 620.5986 -0.6445 d18:2_22:0 C40H77NO3 

Cer d(42:0) 652.6602 652.6605 -0.4597 d18:0_24:0 C42H85NO3 
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Cer d(42:1) 650.6451 650.6449 0.3074 d18:1_24:0 C42H83NO3 

Cer d(42:2) 648.6295 648.6296 -0.1542 d18:2_24:0 C42H81NO3 

Cer d(43:1) 664.6602 664.6608 -0.9027 d18:1_25:0 C43H85NO3 

Cer d(44:1) 678.6764 678.6762 0.2947 d18:1_26:0 C44H87NO3 

Cer d(44:2) 676.6608 676.6607 0.1478 d18:2_26:0 C44H85NO3 

GalCer d18:1_16:0 700.5722 700.5735 -1.8556 d18:1_16:0 C40H77NO8 

GalCer d18:1_22:0 784.6661 784.6667 -0.7647 d18:1_22:0 C46H89NO8 

GalCer d18:1_24:0 812.6974 812.6983 -1.1074 d18:1_24:0 C48H93NO8 

GalCer d18:1_24:1 810.6817 810.6834 -2.0970 d18:1_24:1 C48H91NO8 

DG identified as [M+NH4]+ 

DG 36:2 638.5736 638.5723 2.0358 18:1_18:1 C39H72O5 

DG 36:3 636.5549 636.5567 -2.8277 18:1_18:2 C39H70O5 

TG identified as [M+NH4]+ 

TG 42:0 740.6763 740.6766 -0.4050 14:0_14:0_14:0 C45H86O6 

TG 44:0 768.7070 768.7076 -0.7805 14:0_14:0_16:0 C47H90O6 

TG 44:1 766.6896 766.6922 -3.3912 14:0_14:0_16:1 C47H88O6 

TG 44:2 764.6750 764.6767 -2.2232 14:1_14:1_16:0 C47H86O6 

TG 46:0 796.7385 796.7387 -0.2510 14:0_16:0_16:0 C49H94O6 

TG 46:1 794.7216 794.7229 -1.6358 14:0_16:0_16:1 C49H92O6 

TG 46:2 792.7069 792.7077 -1.0092 14:0_14:0_18:2 C49H90O6 

TG 46:3 790.6943 790.6923 2.5294 14:0_14:1_18:2 C49H88O6 

TG 46:4 788.6763 788.6770 -0.8876 14:1_14:1_18:2 C49H86O6 

TG 48:0 824.7697 824.7699 -0.2425 16:0_16:0_16:0 C51H98O6 

TG 48:1 822.7558 822.7543 1.8231 
14:0_16:0_18:1 

16:0_16:0_16:1 
C51H96O6 

TG 48:2 820.7396 820.7386 
 

1.2184 
14:0_16:0_18:2 

14:0_16:1_18:1 
C51H94O6 

TG 48:3 818.7252 818.7235 2.0764 14:0_16:0_18:3 C51H92O6 

TG 48:4 816.7076 816.7078 -0.2449 14:0_16:1_18:3 C51H90O6 

TG 48:5 814.6919 814.6923 -0.4910 14:1_16:1_18:3 C51H88O6 

TG 50:1 850.7875 850.7855 2.3508 16:0_16:0_18:1 C53H100O6 

TG 50:2 848.7715 848.7705 1.1782 
16:0_16:0_18:2 

16:0_16:1_18:1 
C53H98O6 

TG 50:3 846.7523 846.7550 -3.1887 16:0_16:1_18:2 C53H96O6 

TG 50:4 844.7401 844.7382 2.2492 
14:0_18:2_18:2 

16:1_16:1_18:2 
C53H94O6 

TG 50:5 842.7232 842.7236 -0.4747 14:0_18:2_18:3 C53H92O6 

TG 50:6 840.7076 840.7083 -0.8326 14:0_18:3_18:3 C53H90O6 

TG 52:0 880.8328 880.8325 0.3406 16:0_18:0_18:0 C55H106O6 

TG 52:1 878.8171 878.8151 2.2758 
16:0_16:0_20:1 

16:0_18:0_18:1 
C55H104O6 

TG 52:2 876.8036 876.8010 2.9653 16:0_18:1_18:1 C55H102O6 

TG 52:3 874.7879 874.7852 3.0865 16:0_18:1_18:2 C55H100O6 
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TG 52:4 872.7733 872.7707 2.9790 

16:0_18:1_18:3 

16:0_18:2_18:2 

16:1_18:1_18:2 

C55H98O6 

TG 52:5 870.7531 870.7535 -0.4594 
16:0_18:2_18:3 

16:1_18:2_18:2 
C55H96O6 

TG 52:6 868.7389 868.7390 -0.1151 14:0_16:0_22:6 C55H94O6 

TG 52:7 866.7220 866.7243 -2.6537 14:0_16:1_22:6 C55H92O6 

TG 54:0 908.8641 908.8648 -0.7702 
16:0_18:0_20:0 

18:0_18:0_18:0 
C57H110O6 

TG 54:1 906.8496 906.8486 1.1027 

16:0_18:0_20:1 

16:0_18:1_20:0 

18:0_18:0_18:1 

C57H108O6 

TG 54:2 904.8330 904.8321 0.9947 
16:0_18:1_20:1 

18:0_18:1_18:1 
C57H106O6 

TG 54:3 902.8165 902.8163 0.2215 
18:0_18:1_18:2 

18:1_18:1_18:1 
C57H104O6 

TG 54:4 900.8003 900.8001 0.2220 

16:0_18:1_20:3 

16:0_18:0_20:4 

18:1_18:1_18:2 

C57H102O6 

TG 54:5 898.7847 898.7834 1.4464 

16:0_18:1_20:4 

16:0_18:2_20:3 

18:1_18:2_18:2 

C57H100O6 

TG 54:6 896.7692 896.7704 -1.3381 

16:0_18:2_20:4 

18:1_18:2_18:3 

18:2_18:2_18:2 

C57H98O6 

TG 54:7 894.7540 894.7547 -0.7823 
16:0_18:2_20:5 

18:2_18:2_18:3 
C57H96O6 

TG 54:8 892.7393 892.7400 -0.7841 
18:2_18:3_18:3 

16:1_18:3_20:4 
C57H94O6 

TG 56:0 936.8945 936.8963 -1.9212 

16:0_18:0_22:0 

16:0_20:0_20:0 

18:0_18:0_20:0 

C59H114O6 

TG 56:1 934.8783 934.8805 -2.3532 
16:0_18:1_22:0 

16:0_18:0_22:1 
C59H112O6 

TG 56:2 932.8622 932.8646 -2.5727 
16:0_18:1_22:1 

18:1_18:1_20:0 
C59H110O6 

TG 56:3 930.8470 930.8474 -0.4297 

18:0_18:1_20:2 

18:1_18:1_20:1 

18:0_18:2_20:0 

C59H108O6 

TG 56:4 928.8303 928.8319 -1.7226 18:0_18:1_20:3 C59H106O6 

TG 56:5 926.8196 926.8166 3.2369 
16:0_20:1_20:4 

18:0_18:1_20:4 
 

C59H104O6 

TG 56:6 924.8012 924.8005 0.7569 16:0_18:1_22:5 C59H102O6 

TG 56:7 922.7842 922.7841 0.1084 16:0_18:1_22:6 C59H100O6 
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TG 56:8 920.7673 920.7691 -1.9549 16:1_18:1_22:6 C59H98O6 

TG 56:9 918.7545 918.7558 -1.4150 
16:0_18:3_22:6 

16:1_18:2_22:6 
C59H96O6 

TG 58:1 962.9110 962.9120 -1.0385 
16:0_20:1_22:0 

18:0_18:1_22:0 
C61H116O6 

TG 58:2 960.8922 960.8964 -4.3709 

16:0_20:1_22:1 

18:1_18:1_22:0 

18:0_18:1_22:1 

C61H114O6 

TG 58:3 958.8773 958.8805 -3.3372 18:1_18:2_22:0 C61H112O6 

TG 58:4 956.8652 956.8629 2.4037 18:1_18:2_22:1 C61H110O6 

TG 58:5 954.8484 954.8487 -0.3142 

18:1_18:2_22:2 

18:1_18:1_22:3 

18:2_18:2_22:1 

C61H108O6 

TG 58:6 952.8328 952.8307 2.2040 

18:0_18:1_22:5 

18:1_18:1_22:4 

18:1_20:1_20:4 

C61H106O6 

TG 58:7 950.8168 950.8175 -0.7362 
18:0_18:1_22:6 

18:1_18:1_22:5 
C61H104O6 

TG 58:8 948.8037 948.8016 2.2133 

18:1_18:1_22:6 

18:1_18:2_22:5 

18:1_20:3_20:4 

C61H102O6 

TG 58:9 946.7858 946.7849 0.9506 
16:0_20:3_22:6 

18:1_18:2_22:6 
C61H100O6 

TG 60:1 990.9423 990.9431 -0.8073 18:1_20:0_22:0 C63H120O6 

TG 60:2 988.9277 988.9279 -0.2022 
18:1_20:1_22:0 

18:1_20:0_22:1 
C63H118O6 

TG 60:3 986.9122 986.9122 0.0000 
18:1_20:0_22:2 

18:1_20:1_22:1 
C63H116O6 

TG 60:4 984.8954 984.8962 -0.8123 
18:1_20:1_22:2 

18:2_20:1_22:1 
C63H114O6 

TG 60:7 978.8484 978.8469 1.5324 
18:1_20:2_22:4 

18:1_20:0_22:6 
C63H108O6 

TG 60:8 976.8328 976.8340 -1.2285 
18:1_20:1_22:6 

18:0_20:2_22:6 
C63H106O6 

TG 60:10 972.8015 972.8014 0.1028 18:0_20:4_22:6 C63H102O6 

TG 62:13 994.7858 994.7864 -0.6031 

18:1_22:6_22:6 

18:2_22:5_22:6 

18:3_22:4_22:6 

C65H100O6 

PE identified as [M-H]- 

PE 34:1 716.5214 716.5229 -2.0934 16:0_18:1 C39H76NO8P 

PE 34:2 714.5070 714.5056 1.9594 16:0_18:2 C39H74NO8P 

PE 36:1 744.5551 744.5552 -0.1343 18:0_18:1 C41H80NO8P 

PE 36:2 742.5366 742.5394 -3.7709 18:1_18:1 C41H78NO8P 

PE 36:4 738.5059 738.5077 -2.4374 16:0_20:4 C41H74NO8P 
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PE 38:4 766.5391 766.5400 -1.1741 18:0_20:4 C43H78NO8P 

PE 38:6 762.5070 762.5086 -2.0983 16:0_22:6 C43H74NO8P 

PE 38:5 764.5241 764.5216 3.2700 18:1_20:4 C43H76NO8P 

PE O-34:2 700.5283 700.5295 -1.7130 O-16:1_18:1 C39H76NO7P 

PE O-36:2 728.5580 728.5581 -0.1373 O-18:1_18:1 C41H80NO7P 

PE O-36:5 722.5130 722.5136 -0.8304 O-16:1_20:4 C41H74NO7P 

PE O-38:5 750.5411 750.5421 -1.3324 O-16:1_22:4 C43H78NO7P 

PE O-38:7 746.5115 746.5139 -3.2150 O-16:1_22:6 C43H74NO7P 

PE O-40:5 778.5741 778.5766 -3.2110 O-18:1_22:4 C45H82NO7P 

PE O-40:7 774.5447 774.5445 0.2582 O-18:1_22:6 C45H78NO7P 

PE identified as [M+H]+ 

PE 32:0 692.5230 692.5223 1.0108 16:0_16:0 C37H74NO8P 

PE 32:1 690.5074 690.5045 4.1998 16:0_16:1 C37H72NO8P 

PE(36:3) 742.5387 742.5388 -0.1347 18:1_18:2 C41H76NO8P 

PE(36:5) 738.5074 738.5062 1.6249 

16:0_20:5 

16:1_20:4 

18:2_18:3 

C41H72NO8P 

PE(38:2) 772.5856 772.5852 0.5177 
18:1_20:1 

16:1_22:1 
C43H82NO8P 

PE(38:7) 762.5074 762.5048 3.4098 

16:1_22:6 

18:2_20:5 

18:3_20:4 

C43H72NO8P 

PE(40:4) 796.5856 796.5848 1.0043 
18:0_22:4 

18:2_22:2 
C45H82NO8P 

PE(40:6) 792.5543 792.5541 0.2523 
18:0_22:6 

18:2_22:4 
C45H78NO8P 

PE(40:7) 790.5387 790.5380 0.8855 
18:1_22:6 

18:3_22:4 
C45H76NO8P 

PE(40:8) 788.5230 788.5221 1.1414 
18:2_22:6 

20:4_20:4 
C45H74NO8P 

PE(40:9) 786.5074 786.5044 3.8143 
18:3_22:6 

20:4_20:5 
C45H72NO8P 

PE O-34:3 700.5281 700.5274 0.9992 O-16:1_18:2 C39H74NO7P 

PE O-36:4 726.5438 726.5433 0.6882 O-16:0_20:4 C41H76NO7P 

PE O-36:5 724.5281 724.5281 0.0000 O-16:1_20:4 C41H74NO7P 

PE O-36:6 722.5125 722.5124 0.1384 O-16:1_20:5 C41H72NO7P 

PE O-38:4 754.5751 754.5749 0.2650 
O-16:0_22:4 

O-18:0_20:4 
C43H80NO7P 

PE O-38:5 752.5594 752.5597 -0.3986 
O-16:0_22:5 

O-18:0_20:5 
C43H78NO7P 

PE P-36:1 730.5751 730.5742 1.2319 
P-18:0_18:1 

P-16:0_20:1 
C41H80NO7P 

PE P-38:5 750.5438 750.5435 0.3997 P-18:0_20:5 C43H76NO7P 

PE P-38:6 748.5281 748.5281 0.0000 P-16:0_22:6 C43H74NO7P 
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PE P-40:4 780.5907 780.5905 0.2562 P-20:0_20:4 C45H82NO7P 

PE P-40:7 774.5438 774.5440 -0.2582 P-18:1_22:6 C45H76NO7P 

LPE identified as [M-H]- 

LPE 18:0 480.3090 480.3093 -0.6246 18:0 C23H48NO7P 

LPE 18:2 476.2777 476.2781 -0.8398 18:2 C23H44NO7P 

LPE 20:4 500.2777 500.2782 -0.9994 20:4 C25H44NO7P 

PI identified as [M-H]- 

PI 32:0 809.5186 809.5168 2.2235 16:0_16:0 C45H83O13P 

PI 38:4 885.5499 885.5482 1.9197 18:0_20:4 C47H83O13P 

PS identified as [M-H]- 

PS 38:4 810.5291 810.5285 0.7403 18:0_20:4 C44H78NO10P 

PS 40:6 834.5291 834.5269 2.6362 18:0_22:6 C46H78NO10P 

PS identified as [M+H]+ 

PS 36:1 790.5593 790.5590 0.3795 
18:0_18:1 

16:0_20:1 
C42H80NO10P 

PS 40:4 840.5749 840.5746 0.3569 
18:0_22:4 

20:0_20:4 
C46H81NO10P 

PS 40:5 838.5593 838.5580 1.5503 

18:1_22:4 

18:3_22:2 

20:1_20:4 

C46H79NO10P 

SM identified as [M+HCOO]- 

SM d(32:1) 719.5363 719.5345 2.5016 d16:1_16:0 C37H75N2O6P 

SM d(34:1) 747.5676 747.5653 3.0766 d16:1_18:0 C39H79N2O6P 

SM d(34:2) 745.5519 745.5495 3.2191 d16:1_18:1 
 

C39H77N2O6P 

SM d(36:1) 775.5989 775.5970 2.4497 d16:1_20:0 C41H83N2O6P 

SM d(36:2) 773.5832 773.5808 3.1024 d16:1_20:1 C41H81N2O6P 

SM d(38:1) 803.6302 803.6285 2.1154 d16:1_22:0 C43H87N2O6P 

SM d(40:1) 831.6615 831.6609 0.7214 d16:1_24:0 C45H91N2O6P 

SM d(40:2) 829.6458 829.6449 1.0848 d16:1_24:1 C45H89N2O6P 

SM d(42:1) 859.6928 859.6916 1.3958 d18:0_24:1 C47H95N2O6P 

SM d(42:2) 857.6771 857.6755 1.8655 d18:1_24:1 C47H93N2O6P 

SM d(42:3) 855.6615 855.6595 2.3374 d18:2_24:1 C47H91N2O6P 

SM identified as [M+H]+ 

SM d(32:2) 673.5285 673.5296 -1.6332 d18:2_14:0 C37H74N2O6P 

SM d(34:0) 705.5911 705.5892 2.6928 
d16:0_18:0 

d18:0_16:0 
C39H82N2O6P 

SM d(36:0) 733.6224 733.6220 0.5452 
d16:0_20:0 

d18:0_18:0 
C41H86N2O6P 

SM d(36:3) 727.5754 727.5749 0.6872 d18:2_18:1 C41H80N2O6P 

SM d(38:0) 761.6537 761.6536 0.1313 
d16:0_22:0 

d18:0_20:0 
C43H90N2O6P 

SM d(38:2) 757.6224 757.6231 -0.9239 
d16:1_22:1 

d18:1_20:1 
C43H86N2O6P 
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d18:2_20:0 

SM d(38:3) 755.6067 755.6075 -1.0588 d18:2_20:1 C43H84N2O6P 

SM d(40:3) 783.6380 783.6377 0.3828 d18:2_22:1 C45H88N2O6P 

SM d(44:1) 843.7319 843.7315 0.4741 d18:0_26:1 C49H100N2O6P 

SM d(44:2) 841.7163 841.7160 0.3564 d18:1_26:1 C49H98N2O6P 

C – total of carbon atoms in fatty acids; N – number of double bonds. 


