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Abstract
Coronavirus disease 2019 (COVID-19) is associated with systemic inflammation, oxidative stress, and altered lipid metabolism; however,
paired characterization of plasma and erythrocyte lipid profiles remains limited. This exploratory case–control study evaluated an LC–linear
ion-trap tandem mass spectrometry (LC–IT-MS/MS) workflow for profiling selected glycerophospholipids and oxidized fatty-acid mediators in
paired plasma and erythrocyte samples from 30 hospitalized patients with moderate-to-severe COVID-19 and 30 healthy controls. Samples
were subjected to nitrogen-protected biphasic chloroform–methanol extraction, and lipid species were characterized using chromatographic
retention behavior, multistage fragmentation, and spectral-library comparison. Quantification was performed using class-representative
calibration and class-matched internal standards, while group differences were evaluated using univariate analysis, effect-size estimation,
false-discovery-rate adjustment, and exploratory principal component analysis. The method showed acceptable analytical performance, with
linearity over 1–100 ng/mL (r2 = 0.9951–0.9992), limits of quantification of 0.70–1.00 ng/mL, intra-day precision of 3.8–12.5%, and recoveries
of 86.4–108.7%. COVID-19 was associated with compartment-specific lipid alterations, including decreased plasma lysophosphatidylcholines
and plasmenyl-phosphatidylethanolamines; LPC 20:5 and LPC 20:3 decreased by approximately fourfold, while the combined abundance of
six plasmenyl-phosphatidylethanolamine species decreased by 52.7%. In erythrocytes, PE 18:1/22:6 increased 1.5-fold (126.2 versus 82.5
µg/mL), whereas total lysophosphatidylethanolamines and phosphatidylinositols decreased 4.3-fold and 2.5-fold, respectively. Erythrocyte 9-
HpOTrE, 5-HETE, and 13-HOTrE increased by 3.9, 3.6, and 2.0-fold, respectively, and exploratory principal component analysis showed
separation between COVID-19 and control samples. Paired plasma–erythrocyte LC–IT-MS/MS profiling therefore identified group-associated,
compartment-specific changes in glycerophospholipids and oxidized lipid mediators consistent with altered membrane-lipid remodeling and
oxidative lipid metabolism in hospitalized COVID-19 patients. These associations require confirmation by untargeted quantitative LC–MS/MS
using authentic standards and validation in independent, clinically characterized cohorts before considering biomarker, stratification, or
monitoring applications.

1 Introduction
Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), ranges from uncomplicated
respiratory illness to severe pneumonia, acute respiratory distress syndrome, multisystem involvement, and death [1, 2]. Beyond its respiratory
manifestations, COVID-19 is associated with systemic inflammation, oxidative stress, endothelial disturbance, and metabolic alterations that
may affect circulating and cellular lipid composition [3, 4]. Lipids contribute to membrane architecture, energy metabolism, inflammatory
signaling, lipoprotein function, and host responses to viral infection. Consequently, altered lipid metabolism has been repeatedly observed in
COVID-19 and may reflect both the systemic inflammatory state and changes in cell-membrane lipid remodeling [5–8].

Lipidomics is the systematic measurement and characterization of lipid molecular species in biological samples. In the present study, the
analysis focused on selected glycerophospholipids (GPLs), including phosphatidylcholines (PCs), phosphatidylethanolamines (PEs),
phosphatidylinositols (PIs), lysophosphatidylcholines (LPCs), lysophosphatidylethanolamines (LPEs), and ether-linked phospholipids. The
study also evaluated selected oxidized lipid mediators (oxylipins), which are oxygenated fatty-acid derivatives that may reflect altered lipid
oxidation and inflammatory lipid metabolism [9–11]. Plasmalogens, a subgroup of ether phospholipids containing a vinyl-ether bond, are of
particular analytical and biological interest because they can undergo preferential oxidative modification and are involved in membrane lipid
homeostasis [12–14].

Most clinical lipidomics studies in COVID-19 have focused on plasma or serum. Plasma reflects the circulating lipid environment, including
lipoprotein-associated and soluble lipid species influenced by systemic inflammation, metabolism, diet, medication exposure, and acute
illness. In contrast, erythrocytes provide a cell-associated membrane compartment with a distinct phospholipid composition and sustained
exposure to the circulating environment over the cell's lifespan. Erythrocyte lipid composition may therefore capture membrane-associated
lipid remodeling that is not fully represented by plasma measurements alone. Previous work has demonstrated altered erythrocyte lipid-
related metabolites, including oxysterols and acylcarnitines, in patients with COVID-19, supporting the value of erythrocytes as a
complementary matrix for investigating infection-associated metabolic changes [15–17]. Combined analysis of plasma and erythrocytes may
thus provide a broader view of compartment-associated lipid alterations than either matrix alone.

Liquid chromatography coupled with tandem mass spectrometry (LC–MS/MS) is widely used for lipid profiling because chromatographic
separation can reduce matrix complexity and tandem mass spectrometry provides structural information through characteristic
fragmentation behavior [15, 18, 19]. In particular, LC coupled with linear ion-trap multistage mass spectrometry (LC–ion-trap MSⁿ) can
characterize lipid classes and selected molecular species using retention behavior, precursor-ion detection, and diagnostic fragmentation
patterns [15, 19, 20]. However, analytical challenges remain, including matrix effects, differential ionization among lipid classes, incomplete
availability of authentic standards, co-elution of isomeric species, and the need for reproducible extraction and quality-control procedures in
complex matrices such as plasma and erythrocyte homogenates [17, 18, 21, 22]. These considerations are particularly relevant when applying
class-representative calibration approaches and when interpreting species-level measurements as semi-quantitative estimates.
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Accordingly, we applied a paired plasma–erythrocyte LC–ion-trap MS/MS workflow to characterize group-associated differences in selected
glycerophospholipids and oxidized lipid mediators in hospitalized COVID-19 patients and healthy controls. The workflow incorporated
nitrogen-protected lipid extraction, chromatographic separation, positive- and negative-ion acquisition where appropriate, class-matched
internal standards, and multistage fragmentation supported by spectral-library comparison. The primary aim was to evaluate the applicability
of this analytical approach for paired plasma and erythrocyte lipid profiling. The clinical comparison was exploratory and intended to identify
lipid features that may warrant targeted quantitative confirmation in independent, clinically characterized cohorts.

2 Materials and methodology

2.1 Materials
Reference materials and internal standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Supplier-reported purity was ≥ 99%
for each material, where specified. Class-representative calibrants were LPC 19:0, PC 17:0/17:0, PE 17:0/17:0, arachidic acid (C20:0), and PI
16:0/18:1. Internal standards were LPC 17:0, PC 19:0/19:0, PE 15:0/15:0, arachidonic acid-d11, and PI 16:0-d31/18:1. Unless an authentic
standard was available, reported concentrations for individual endogenous molecular species were estimated using the calibration response
of the corresponding class-representative standard and should be interpreted as quantitative.

2.2 Instrument
Qualitative and quantitative analyses were performed using a Thermo Scientific LTQ-XL linear ion trap mass spectrometer, coupled with an
Accela autosampler and Accela pump (San Jose, CA, USA). The electrospray ionization (ESI) compartment was used as the ion source. The
system was operated with Xcalibur® software (version 2.07 SP1) from Thermo Fisher Scientific Inc. The spray voltage was 5.0 kV; the sheath
gas flow rate was 40 mL/min; the auxiliary gas was 5 mL/min; the capillary voltage was 60 v; the capillary temperature was 345°C. The
collision energy was 35 V. The column was an Eclipse Plus C18 (3.5 µm, 4.6 x 150 mm; Agilent, Palo Alto, USA), with a column oven at 40 ± 
2°C and a tray temperature at 25°C. The mobile system was composed of (A) water: methanol: ammonium hydroxide solution 25% (75: 25:
0.4, v/v), (B) methanol: chloroform: ammonium hydroxide solution 25% (96: 4: 0.4, v/v), and (C) methanol: chloroform: ammonium hydroxide
solution 25% (75: 25: 0.4, v/v). The flow rate was 400 µL/min. The LC gradient was programmed as follows: 0–2 min; 65%A: 35%B, gradient
changed to 35%A: 65%B at 9 min, decreased to 15%A: 85%B at 30 min, to 5%A: 95%B at 40, to 1%A: 99%B at 49–70 min, switched to 100%C at
71 min, and followed by equilibration for 10 min at 65%A with 35%B, applying a dependent auto-MS fragmentation mode. The IT-MS detector
was set to monitor ions in both positive and negative scan modes over a mass range of 100–1200 m/z. The LC-MSn raw file was further
investigated using Thermo Xcalibur 4.5.474.0 (1/14/2022) and FreeStyle™ 1.8 SP2 (Modern Data Visualization Software, Version 1.8.63.0,
Build Date: July 30, 2021, Copyright © 2021 Thermo Fisher Scientific Inc.). The NIST2020 Mass Spectral Search Program was used to confirm
the retrieved mass spectra of the targeted lipids. (Version 2.4, built on March 25, 2020). The NIST database was enriched by the online
MassBank of North America (MoNA) and metadata-centric (https://mona.fiehnlab.ucdavis.edu).

2.3 Solutions and calibration levels
A mixture of chloroform and methanol (2:1, v/v) was used as the solvent matrix to prepare standard stock solutions and all other dilutions.
One liter of this solvent was sparged with nitrogen gas (99.99%) for 5 minutes to remove dissolved oxygen. The internal standard (IS) solution
was prepared in the same solvent to contain 50 ng/µL of each IS. A standard solution mixture of lipids used as calibrant was prepared to
contain 2.0 to 200.0 ng/µL each of LPC 19:0, PC (17:0/17:0), PE (17:0/17:0), C20:0, and PI (16:0/18:1). The internal standard solution mixture
was prepared to contain 50 ng/µL of each, LPC 17:0, PC (19:0/19:0), PE (15:0/15:0), arachidonic acid-d11, and PI (16:0-d31/18:1).

Eight calibration solution levels were prepared by mixing 25 µL of the internal standard solution mixture (50 ng/µL) with 100 µL of control
plasma spiked with 25 µL of the calibrant mixture. The spiked control plasma samples were extracted and reconstituted in 100 µL of
methanol.

The final calibrant concentration ranged from 1 to 100 ng/µL, with each IS at a constant concentration of 25 ng/µL. A volume of 5 µL was
injected for LC-MS analysis. Calibration was based on the analyte-to-internal-standard peak-area ratio versus nominal concentration.

A linear calibration curve was plotted as the relative MS peak area of each calibrant to the corresponding internal standard versus the
calibrant concentration. The MS area ratio of the calibrants to the internal standards was assigned as the following pairs; LPC 19:0 (+ m/z
538.4)/LPC 17:0 (+ m/z 510.3), PC (17:0/17:0) (+ m/z 762.6)/ PC (19:0/19:0) (+ m/z 818.6), PE (17:0/17:0) (+ m/z 720.5)/ PE (15:0/15:0) (+ 
m/z 664.5), C20:0 (-m/z 311.2)/ C20:4_d11 (-m/z 314.3), PI (16:0/18:1) (-m/z 835.5)/ PI (16:0-d31/18:1) (-m/z 883.8). Plasma and erythrocyte
matrices were evaluated separately for ion suppression by spiking, extracting, and analyzing each matrix independently.

2.4 Study design and participants
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Patients with general symptoms of COVID-19 infection, such as fever, chest pain with respiratory complaints, and general fatigue, are
immediately subjected to the polymerase chain reaction (PCR) test. The nasopharyngeal swab sample is collected from the COVID-19
candidate and subjected to PCR testing, given its high specificity and sensitivity [23]. PCR is a method used to detect and identify the DNA or
RNA of a pathogen or atypical cell within a sample. This technique uses primers that bind to specific segments of genetic material and
amplify them to levels detectable by the assay. A PCR test for COVID-19 targets explicitly the virus's RNA, which causes illness. Known for its
speed, accuracy, and sensitivity, this test is the gold standard for diagnosing COVID-19. This study included only hospitalized patients
clinically diagnosed with moderate to severe COVID-19 infection, in accordance with international guidelines for COVID-19 severity [24].
Patients diagnosed as asymptomatic were excluded. COVID-19 severity was classified according to standard clinical criteria [25]. Mild cases
presented with fever, cough, and general symptoms without respiratory compromise or hypoxemia. Moderate cases exhibited dyspnea,
tachypnea, and oxygen saturation ≤ 93% on room air, often accompanied by laboratory evidence of systemic inflammation such as
lymphocytopenia or elevated C-reactive protein. Severe cases showed marked respiratory distress with persistent hypoxemia despite oxygen
supplementation, PaO₂/FiO₂ <300 mmHg, and frequently elevated D-dimer or cardiac biomarkers, indicating progression toward acute
respiratory failure and systemic involvement. The plasma and erythrocyte samples collected and analyzed from each participant were paired;
however, the analyses did not account for within-person pairing.

The study exclusion criteria included pregnant women, volunteers receiving any hypolipidemic drugs or statins, diabetic patients, cases who
received streptokinase injections, and acute cases on mechanical ventilation. This study included 30 healthy volunteers and 30 COVID-19
patients, with equal male and female representation. The volunteers were aged 40–75 and admitted to the hospital under medical
supervision. Patients read, understood, and signed the informed consent form, which the hospital archived securely. Healthy volunteers were
carefully selected and had recent medical investigations within 7 days at King Abdulaziz University Hospital in Jeddah, Saudi Arabia.

2.5 Blood sample collection
A 5 mL blood sample volume was collected from the antecubital vein into sodium-EDTA tubes, swirled, and immediately sent to the analysis
lab. The blood samples were centrifuged at 3000 rpm for 15 min. The supernatant plasma was aspirated with a Pasteur pipette, transferred to
a 7-mL brown-glass vial, and kept at -80°C until analysis.

The red residue was separated, mixed with 5 mL saline (0.9% sodium chloride in water, w/v) by gentle swirling, and centrifuged at 2800 rpm
for 15 min. The upper aqueous layer was aspirated and discarded. The remaining erythrocytes were vortexed for 1 min and then placed in a
sonication bath for 15 min to homogenize the ruptured erythrocytes. The homogenate erythrocyte samples were either extracted immediately
or kept at -80°C until analysis. The plasma and erythrocyte samples were bubbled with nitrogen gas for 30 seconds before storage or
analysis.

2.6 Sample preparation for the analysis
A volume of 100 µL of plasma or erythrocyte homogenate was transferred to a screw-capped 15-mL glass test tube, mixed with 6 mL of the
extraction solvent (chloroform: methanol, 2: 1, v/v), 25 µL of the IS solution mixture, and left under a gentle stream of nitrogen gas for 30 sec
before capping. Vortexed the mixture for 2 minutes, sonicated for 15 minutes, vortexed for 30 seconds, and centrifuged at 5000 rpm for 15
minutes. The organic layer was separated by decantation into a 25-mL syringe fitted with a 0.22 µm PTFE filtration membrane, filtered into a
15-mL glass test tube, and dried with nitrogen gas over a water bath at 40°C. The remaining residue was quantitatively transferred to a 1 mL
total recovery vial using 200 µL of the same extraction solvent, and the vial was gently bubbled with nitrogen gas to dryness. The residue was
reconstituted in 50 µL chloroform: methanol (2:1, v/v), capped under nitrogen, vortexed, and 5 µL was injected for LC-IT-MS analysis. Plasma
samples were analyzed in positive MS mode, while erythrocyte extract samples were analyzed in both positive and negative MS modes. Four
plasma quality-control (QC) samples were prepared at calibrant-mixture concentrations of 5, 25, 50, and 100 ng/mL. The QC samples were
stored with the study samples at − 80°C and analyzed during the same week as the study samples.

Each analyte was quantified by extracting its corresponding precursor-ion chromatogram from the LC–IT–MS data within the specified
retention-time window and integrating the peak area. The analyte concentration was then determined from the linear calibration equation,
using the analyte-to-assigned-internal-standard peak-area ratio as the y-value.

That species without authentic standards are semi-quantitative estimates based on class-representative calibration.

2.7 Characterization of lipids
The extracted samples were subjected to IT-MSn to identify minor and major compounds derived from biogenic lipids. After lipid
characterization, the mean IT-MS2 spectra of the targeted lipids were retrieved using a collision energy of 35 V and re-analyzed by assigning

the peak of interest to its corresponding retention time. The IT-MS2 spectra of the detected precursor ions were investigated and confirmed by
the NIST 2020 database. The NIST database was updated to a release of 2022 using a retrievable NIST-format online database of the Mass
Bank of North America (MoNA) at https://mona.fiehnlab.ucdavis.edu.
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2.8 Statistical analysis
The LC-MS data were quantitatively processed using Thermo Scientific Xcalibur, version 4.6.67.17. The output quantitative report and
calibration data were saved as Microsoft Excel files. All univariate statistical parameters, including mean concentration, standard deviation,
variance, and t-test, were calculated and evaluated using Microsoft Excel. Samples with results outside the valid determination range were re-
prepared at a higher or lower final expected concentration to fall within the valid calibration range. The quantitative results from healthy and
COVID-19 patients were statistically evaluated using principal component analysis (PCA) to determine the score profile in the Multivariate
Statistical Package (MVSP, version 3.22, Kovach Computing Services, Pentraeth, Isle of Anglesey, UK, 2013).

We calculated a statistical refinement directly from the group means, standard deviations, and sample sizes shown in Tables 2–4. It includes
effect sizes, reconstructed Welch t-test p-values [26], Benjamini–Hochberg false-discovery-rate (FDR) [27] adjustment, an interpretive
summary, and a supplementary figure. To provide an effect-size and multiple-testing perspective, a secondary analysis was conducted using
the calculated group means, standard deviations, and sample sizes (n = 30 per group) for the lipid species listed in Tables 2–4. For each lipid,
the COVID-19/control fold change and log2 fold change were calculated. Standardized mean differences were estimated as Hedges’ g [28]
using the pooled standard deviation and a small-sample correction. Two-sided Welch t-test p-values were reconstructed from summary
statistics and adjusted separately within each table/panel using the Benjamini–Hochberg false-discovery-rate (FDR) procedure [27]. These
results are intended as a supplementary robustness analysis.

3 Results and discussion
To thoroughly characterize lipid species, multiple fragmentation steps (MSn) were applied [29], including extraction, separation, identification,
and quantification. This integrated workflow provides a detailed view of lipid profiles and their potential relevance to neurological and
cognitive disturbances in diseases such as COVID-19, as each technique provides complementary information.

3.1 Method optimization and validation
Ion trap mass spectrometry (IT-MS) was preferred for quantitative phospholipid (PL) analysis over other MS techniques. As absolute
quantification of PLs remains challenging with any single analytical method, untargeted IT-MS operated in scan mode was used to confirm the
presence of the target analyte at its corresponding retention time. The LC-MS method was optimized to achieve optimal lipid separation,
especially for co-eluting lipids at 40–70 min. The developed method showed fewer peak overlaps, thereby minimizing ionization suppression.
The method also provided optimal detection sensitivity. In addition, a multi-step fragmentation strategy was used to assign each fatty acid to
its precursor ion [15]. Moreover, the lipids of similar precursor ions, specifically isomers or etherial lipids, negative or positive, were
discriminated and identified [19].

Factors influencing data quality were acknowledged as potential variables, as highlighted in the Myers Review [18]. To preserve lipid chemical
integrity, samples were kept under nitrogen gas throughout the extraction process. The MS-identified lipids were confirmed with repeated
analyses using fragmentation voltages of 25, 35, and 45V and the NIST2020 database. The separated lipid entities were also screened using
an ultra-zoom ESI-MS scan and zoomed-fragmentation mode to more accurately identify dysregulated lipids. The targeted analytes, including
abnormal lipids, were then considered for quantitative analysis.

A previously published LC-IT-MS method was modified and optimized, and the technique was applied [15]. Lipid levels in healthy and COVID-
19 patients were compared and statistically analyzed for significant differences. All samples were analyzed quantitatively by applying a
collision energy of 35 volts. Peak picking was completed after confirmation with the enriched NIST2020 database. The dysregulated lipid
composition in the plasma and erythrocytes of COVID-19 patients was investigated versus that of healthy control subjects.

A modified Bligh and Dyer [21] extraction method was optimized and applied in this study to recover the highest possible lipid content from
plasma and erythrocytes. Several extraction trials have been conducted to obtain an extract with the highest yield, purity, and low red
pigmentation [17, 30]. The extraction protocol was optimized to maximize lipid recovery while ensuring extract purity and preserving the
chemical integrity and stability of the target lipid species. All extraction procedures were carried out under nitrogen gas to prevent auto-
oxidation of the biomolecules. This step helped avoid misleading results. Samples with extra-red pigmentation were re-extracted at a slower
centrifugation rate of 2500 rpm for 15 minutes. These samples were obtained from volunteers with severe COVID-19. The study profiled lipid
species in plasma and erythrocytes, including glycerophospholipids, plasmenyl-glycerophospholipids, and oxidized lipid mediators (oxylipins).
Dysregulated lipid species were subsequently examined for their association with the clinical manifestations of COVID-19.

The LC–IT–MS/MS validation data demonstrate that the method provides adequate analytical performance for the class-based, quantitative
profiling of glycerophospholipids and selected oxidized fatty-acid mediators in human plasma and erythrocyte homogenates. Table 1
summarizes the method validation data.
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Table 1
Validation results of investigated analytes

Analyte
class/calibrant

Internal
standard

Linearity
range,
ng/mL

LOD,
ng/mL

LOQ,
ng/mL

Intra-day
precision
(%RSD)

Inter-day
precision
(%RSD)

Accuracy
/recovery
(%)

Matrix
effect:
plasma
(%)

Matrix
effect:
erythrocytes
(%)

LPC; LPC 19:0 LPC 17:0 1–100 0.9992 0.20 0.70 3.8–8.6 5.2–10.4 92.1–
106.8

93.5–
105.6

89.8–108.4

PC; PC
17:0/17:0

PC
19:0/19:0

1–100 0.9986 0.30 1.00 4.5–10.2 6.3–12.7 89.4–
104.5

90.2–
106.7

87.1–110.9

PE; PE
17:0/17:0

PE
15:0/15:0

1–100 0.9978 0.35 1.00 5.1–11.3 7.0–14.2 86.4–
102.8

88.1–
104.9

84.7–109.6

Fatty
acid/oxylipin
surrogate;
C20:0

Arachidonic
acid-d11

1–100 0.9951 0.45 1.00 4.8–12.5 6.9–14.8 88.7–
108.7

91.8–
109.3

88.5–112.6

PI; PI
16:0/18:1

PI 16:0-
d31/18:1

1–100 0.9967 0.40 1.00 5.6–11.8 7.4–13.9 87.6–
105.3

89.6–
106.1

86.2–111.3

 
 
 

R
2
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Table 2
Plasma concentrations of dysregulated GPLs in healthy subjects and COVID-19-infected patients. The p-values were calculated at probability 

± 0.05, with n = 30
tR, min Name Ion, +m/z HP, µg/mL ± SD CP, µg/mL ± SD p-value *

24.23 LPC 14:0 468.4 1.18 ± 0.54 0.59 ± 0.44 < 0.001 ↓

24.96 LPC 15:0 482.4 0.73 ± 0.37 0.31 ± 0.25 < 0.001 ↓

34.61 LPC O-16:0 482.4 3.33 ± 2.98 0.70 ± 0.48 < 0.001 ↓

24.76 LPC 16:0 496.4 91.55 ± 21.92 50.88 ± 20.21 < 0.001 ↓

36.33 LPC O-18:1 508.4 0.79 ± 0.35 0.33 ± 0.18 < 0.001 ↓

39.44 LPC P18:0 508.4 0.65 ± 0.28 0.17 ± 0.17 < 0.001 ↓

25.30 LPC 18:3 518.3 0.45 ± 0.26 0.19 ± 0.18 < 0.001 ↓

28.12 LPC 18:2 520.4 49.55 ± 22.80 16.67 ± 8.18 < 0.001 ↓

31.91 LPC 18:1 522.4 28.56 ± 10.67 14.43 ± 7.28 < 0.001 ↓

36.22 LPC 18:0 524.4 27.43 ± 8.29 15.39 ± 6.89 < 0.001 ↓

25.33 LPC 20:5 542.4 1.04 ± 0.80 0.25 ± 0.19 < 0.001 ↓

28.12 LPC 20:4 544.4 20.09 ± 8.33 10.92 ± 5.08 < 0.001 ↓

30.81 LPC 20:3 546.4 8.52 ± 6.13 2.24 ± 1.51 < 0.001 ↓

38.16 LPC 20:1 550.4 0.45 ± 0.25 0.20 ± 0.15 < 0.001 ↓

28.56 LPC 22:6 568.4 3.83 ± 2.35 1.89 ± 1.13 < 0.001 ↓

56.71 PC (15:0/20:4) 768.5 17.20 ± 6.77 10.49 ± 6.35 < 0.001 ↓

54.08 PC (18:2/18:2) 782.5 20.12 ± 10.92 9.18 ± 4.59 < 0.001 ↓

55.61 PC (16:0/20:3) 784.5 102.49 ± 30.31 78.79 ± 30.53 < 0.001 ↓

56.32 PC (18:0/18:2) 786.5 153.12 ± 85.17 113.34 ± 46.02 < 0.001 ↓

56.77 PC (18:1/20:2) 812.5 52.41 ± 30.14 34.53 ± 11.27 < 0.001 ↓

55.88 PC (18:0/22:6) 834.6 14.55 ± 5.94 9.43 ± 4.50 < 0.001 ↓

55.60 PC (16:1/20:5) 778.5 3.51 ± 1.58 6.74 ± 4.50 < 0.001 ↑

55.22 PC (16:0/16:1) 732.5 7.77 ± 3.32 13.68 ± 7.28 < 0.001 ↑

  PEs decreased              

39.70 PE (P16:0/20:4) 724.5 5.63 ± 2.26 2.88 ± 1.19 < 0.001 ↓

41.90 PE (15:0/20:4) 726.5 2.70 ± 1.33 1.38 ± 0.78 < 0.001 ↓

43.57 PE (P18:0/18:1) 730.5 1.14 ± 0.43 0.57 ± 0.35 < 0.001 ↓

39.68 PE (18:1/18:2) 742.5 3.51 ± 1.97 1.91 ± 1.10 < 0.001 ↓

39.29 PE (P16:0/22:6) 748.5 2.47 ± 0.88 1.33 ± 0.50 < 0.001 ↓

42.52 PE (O-16:1/22:6) 748.5 3.06 ± 1.08 1.53 ± 0.57 < 0.001 ↓

43.18 PE (P18:0/20:5) 750.5 6.35 ± 3.30 3.06 ± 1.88 < 0.001 ↓

40.51 PE (P16:0/22:5) 750.5 2.37 ± 1.82 0.81 ± 0.38 < 0.001 ↓

42.71 PE (P18:0/20:4) 752.5 8.79 ± 3.54 4.00 ± 2.26 < 0.001 ↓

41.80 PE (22:6/17:1) 776.3 2.51 ± 1.13 1.46 ± 0.58 < 0.001 ↓

* Statistical significance, ↑ a significant increase, ↓ a significant decrease. HP: Healthy plasma samples; CP: COVID-19 plasma samples;
LPEs: Lysophosphatidylethanolamines; LPCs: Lysophosphatidylcholines; phosphatidylethanolamine; PE, phosphatidylcholine; PC, SD:
Standard deviation.
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tR, min Name Ion, +m/z HP, µg/mL ± SD CP, µg/mL ± SD p-value *

  PEs increased              

40.24 PE (16:0/18:1) 718.5 2.84 ± 1.76 4.71 ± 2.05 < 0.001 ↑

39.06 PE (16:0/20:4) 740.5 2.50 ± 1.02 6.92 ± 6.39 < 0.001 ↑

38.94 PE (16:0/22:6) 764.5 2.40 ± 1.57 4.53 ± 1.65 < 0.001 ↑

39.22 PE (18:0/20:5) 766.5 0.67 ± 0.46 1.46 ± 0.79 < 0.001 ↑

39.30 PE (18:1/20:4) 766.5 1.30 ± 0.75 2.71 ± 1.44 < 0.001 ↑

40.86 PE (16:0/22:4) 768.3 11.39 ± 7.61 16.88 ± 5.09 0.011 ↑

38.21 PE (18:3/22:6) 786.5 0.67 ± 0.47 1.30 ± 0.52 < 0.001 ↑

42.25 PE (18:1/22:5) 792.5 3.31 ± 2.26 5.07 ± 1.75 0.010 ↑

* Statistical significance, ↑ a significant increase, ↓ a significant decrease. HP: Healthy plasma samples; CP: COVID-19 plasma samples;
LPEs: Lysophosphatidylethanolamines; LPCs: Lysophosphatidylcholines; phosphatidylethanolamine; PE, phosphatidylcholine; PC, SD:
Standard deviation.

 
The squared regression coefficient was close to unity, and the response factor was close to 0.04. The ESI source was maintained and tuned
daily at + m/z 524.33 to minimize ionization suppression caused by contamination of the ion source. Samples that showed analyte
concentrations outside the calibration range were diluted or concentrated using nitrogen gas to obtain an ESI-MS response within the valid
range.
All representative lipid classes showed acceptable linearity over 1–100 ng/mL, with r2 values of 0.9951–0.9992, while the low LODs (0.20–
0.45 ng/mL) and LOQs (0.70–1.00 ng/mL) confirmed sufficient sensitivity for detecting low-abundance lipid signals. Intra- and inter-day
precision remained within 3.8–12.5% and 5.2–14.8% RSD, respectively, and extraction recoveries of 86.4–108.7% indicated reproducible
sample preparation across chemically diverse lipid classes. Matrix effects were modest in both plasma and erythrocyte homogenates,
particularly after normalization with class-matched internal standards, supporting the robustness of the workflow in these complex biological
matrices. The novelty of this approach lies in its integrated validation and application to paired plasma and erythrocyte samples, enabling
simultaneous assessment of circulating lipids and erythrocyte membrane-associated lipid remodeling. Unlike many COVID-19 lipidomic
studies focused exclusively on plasma and high-resolution discovery platforms, this work uses accessible LC–ion-trap multistage MS with
class-specific internal standards, confirmation by diagnostic fragmentation, and a nitrogen-protected extraction procedure to support
reproducible detection of glycerophospholipids, plasmalogens, lysophospholipids, phosphatidylinositols, and oxylipins.

3.2 Group-associated differences in plasma and erythrocyte lipid profiles
Special attention was drawn to the relatively abundant lipids that exhibited significant up- or down-regulation. Additionally, the biological
functions of each lipid class were correlated with the clinical symptoms. The observed group differences are consistent with altered plasma
and erythrocyte lipid composition in hospitalized COVID-19. Because this study did not measure viral membrane interactions or membrane
function, the data do not establish a direct viral mechanism.

Lipid dysregulation alters the optimal conditions required for viral replication, leading to a specific composition [7]. The LC-MS results revealed
significant dysregulation of glycerophospholipids (GPLs) in the plasma and erythrocytes of COVID-19 patients compared to healthy volunteers
(Table 2–3).
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Table 3
The measured concentration of the dysregulated GPLs in the erythrocytes of healthy volunteers and COVID-19 patients. The p-values were

calculated at probability ± 0.05, with n = 30
tR, min Name Ion, +m/z HR, µg/mL ± SD CR, µg/mL ± SD p-value *

24.96 LPC 15:0 482.4 0.13 ± 0.15 0.51 ± 0.17 < 0.001 ↑

19.01 LPE 18:0 482.4 0.10 ± 0.05 0.20 ± 0.26 0.041 ↑

15.09 LPE 22:6 526.4 0.17 ± 0.10 3.72 ± 1.88 < 0.001 ↑

17.21 LPE 16:0 454.4 3.79 ± 1.88 0.57 ± 0.99 < 0.001 ↓

17.91 LPE 17:0 468.3 1.02 ± 0.51 0.24 ± 0.33 < 0.001 ↓

15.56 LPE 18:1 480.4 3.24 ± 1.28 0.41 ± 0.73 < 0.001 ↓

14.24 LPE 18:3 476.4 2.71 ± 1.59 0.24 ± 0.37 < 0.001 ↓

19.10 LPE 20:4 502.2 3.08 ± 1.61 1.76 ± 1.49 < 0.001 ↓

14.41 LPE 20:5 500.4 0.82 ± 0.74 0.20 ± 0.17 < 0.001 ↓

54.17 PC (16:1/16:1) 730.5 1.02 ± 0.75 8.46 ± 5.22 < 0.001 ↑

59.55 PC (18:0/18:1) 788.5 24.83 ± 7.36 33.61 ± 9.38 < 0.001 ↑

55.22 PC (20:4/20:5) 828.5 4.88 ± 0.93 10.25 ± 3.56 < 0.001 ↑

55.50 PC (15:0/20:5) 766.5 1.90 ± 1.22 0.29 ± 0.21 < 0.001 ↓

55.69 PC (16:0/18:3) 756.5 3.49 ± 1.37 2.23 ± 1.26 < 0.001 ↓

55.09 PC (16:0/18:4) 754.5 2.38 ± 1.47 1.20 ± 0.38 < 0.001 ↓

55.61 PC (16:0/20:3) 784.5 29.62 ± 9.21 11.47 ± 7.13 < 0.001 ↓

55.00 PC (16:0/20:5) 780.5 4.99 ± 3.37 2.26 ± 2.76 < 0.001 ↓

56.20 PC (16:0/22:4) 810.6 3.91 ± 0.67 2.19 ± 1.18 < 0.001 ↓

55.81 PC (16:0/22:6) 806.6 14.23 ± 8.62 6.59 ± 4.61 < 0.001 ↓

55.60 PC (16:1/20:5) 778.5 3.27 ± 3.06 0.81 ± 0.81 < 0.001 ↓

55.04 PC (18:0/20:4) 810.6 11.78 ± 6.59 7.76 ± 3.77 0.010 ↓

56.34 PC (18:0/20:5) 808.6 7.27 ± 1.54 3.07 ± 1.91 < 0.001 ↓

55.39 PC (18:1/20:4) 808.6 5.36 ± 2.42 2.64 ± 0.96 < 0.001 ↓

54.08 PC (18:2/18:2) 782.5 5.03 ± 5.02 0.34 ± 0.54 < 0.001 ↓

55.88 PC (18:2/20:5) 804.5 4.60 ± 1.55 2.68 ± 1.84 < 0.001 ↓

56.65 PC (18:2/22:4) 834.5 8.48 ± 5.14 3.95 ± 1.95 < 0.001 ↓

  PEs increased              

40.24 PE (16:0/18:1) 718.5 21.75 ± 5.72 30.64 ± 6.66 < 0.001 ↑

42.81 PE (18:0/18:1) 746.5 9.39 ± 2.42 17.73 ± 3.93 < 0.001 ↑

43.68 PE (18:0/22:6) 792.5 2.52 ± 1.43 3.78 ± 2.00 0.011 ↑

44.76 PE (18:1/20:0) 774.3 23.48 ± 8.63 33.92 ± 20.98 0.012 ↑

42.58 PE (18:1/22:5) 792.5 3.94 ± 1.53 9.32 ± 4.57 < 0.001 ↑

42.56 PE (18:1/22:6) 790.5 82.46 ± 33.82 126.15 ± 73.47 < 0.001 ↑

38.21 PE (18:3/22:6) 786.5 0.78 ± 0.37 1.84 ± 0.71 < 0.001 ↑

* Statistical significance, ↑ a significant increase, ↓ a significant decrease. HR: Healthy RBCs samples; CR: COVID-19 RBCs samples; LPEs:
Lyso-phosphatidylethanolamines; LPCs: Lys-phosphatidylcholines; phosphatidylethanolamine; PE, phosphatidylcholine; PC, SD: Standard
deviation.
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tR, min Name Ion, +m/z HR, µg/mL ± SD CR, µg/mL ± SD p-value *

48.00 PE (22:6/17:1) 776.3 14.21 ± 4.09 38.33 ± 24.97 < 0.001 ↑

  PEs decreased              

40.50 PE (16:0/20:5) 738.5 1.07 ± 1.10 0.43 ± 0.47 0.010 ↓

39.22 PE (18:0/20:5) 766.5 1.58 ± 0.68 0.65 ± 0.57 < 0.001 ↓

44.11 PE (18:0/22:5) 794.5 4.89 ± 2.25 2.09 ± 0.97 < 0.001 ↓

39.30 PE (18:1/20:4) 766.5 5.26 ± 3.30 3.75 ± 1.63 0.030 ↓

40.00 PE (18:2/16:0) 716.5 5.33 ± 4.65 1.60 ± 2.63 < 0.001 ↓

41.50 PE (22:4/18:0) 796.5 4.62 ± 2.44 0.61 ± 1.21 < 0.001 ↓

44.89 PE (22:5/18:0) 794.5 18.02 ± 22.49 3.00 ± 1.28 < 0.001 ↓

40.51 PE (P16:0/22:5) 750.5 0.99 ± 0.83 0.28 ± 0.25 < 0.001 ↓

43.57 PE (P18:0/18:1) 730.5 4.10 ± 1.55 1.51 ± 1.14 < 0.001 ↓

* Statistical significance, ↑ a significant increase, ↓ a significant decrease. HR: Healthy RBCs samples; CR: COVID-19 RBCs samples; LPEs:
Lyso-phosphatidylethanolamines; LPCs: Lys-phosphatidylcholines; phosphatidylethanolamine; PE, phosphatidylcholine; PC, SD: Standard
deviation.

Tables 1–3 showed the most dysregulated glycerophospholipids (GPLs) in the plasma and erythrocytes of COVID-19 patients compared to
healthy volunteers. Considering that the sum of GPLs in the erythrocytes is not expressive, PE (16:0/18:1), PE (18:1/20:0), PE (22:6/17:1), PC
(18:0/18:1), and PE (18:1/22:6) correspond to the highest concentrations of total dysregulated lipids and are significantly accumulated. The
results showed significant increases or decreases in specific lipid levels in plasma and erythrocytes. Patients infected with COVID-19 showed
a definite abnormal pattern in GPL levels, as shown in Tables 1–3. The findings indicated significant alterations in glycerophospholipid (GPL)
levels in both plasma and erythrocytes, with specific lipids showing either increased or decreased levels. Notably, COVID-19 patients showed
a distinct abnormal pattern of GPL levels, as shown in Tables 1–3. In COVID-19 patients, glycerophospholipids within erythrocytes exhibited
notable accumulation of PE (18:1/22:6), resulting in a concentration of 126.2 µg/mL (a 1.5-fold increase, as indicated in Table 3).

In COVID-19 patients, six glycerophospholipid species containing arachidonic-acid acyl chains exhibited significant plasma differences.
Specifically, PC (18:0/18:2) and PC (16:0/20:3) accounted for 38% of down-regulated GPLs, showing a 24.8% decrease, aligning with healthy
volunteer levels. While PE (16:0/22:4) was markedly upregulated by 1.5-fold, the combined concentration of PC (15:0/20:4), PE (P18:0/20:4),
PE (P16:0/20:4), and PE (15:0/20:4) considerably decreased by 20.3%. Concurrently, the combined plasma concentration of PE (16:0/20:4)
and PE (18:1/20:4) increased by 90.4%.
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Table 4
The measured concentration of the oxi-lipids and PIs in the erythrocytes of healthy volunteers and Covid-19 hospitalized cases. p-Values

calculated at probability ± 0.05, n = 30
tR, min Name Ion, -m/z HR, µg/mL ± SD CR, µg/mL ± SD p-value *

8.5 ALA, C18:3 277.2 1.77 ± 1.84 3.08 ± 1.87 0.010 ↑

12.12 13-HOTrE 293.2 1.87 ± 1.77 3.77 ± 3.16 0.011 ↑

11.01 9-HpOTrE 309.2 3.18 ± 2.31 12.45 ± 18.87 0.011 ↑

8.79 5-HETE 319.2 0.37 ± 0.36 1.35 ± 1.86 0.010 ↑

12.42 LPI 20:4 619.3 0.40 ± 0.53 0.96 ± 0.90 0.010 ↑

12.05 LA, C18:2 279.2 22.76 ± 32.93 4.49 ± 8.41 0.011 ↓

12.38 AA, C20:4 303.2 9.14 ± 9.10 3.54 ± 3.05 0.010 ↓

12.51 C20:4-d11, IS 314.3 N/A N/A N/A N/A N/A -

15.88 LPI 18:0 599.3 7.95 ± 6.96 2.15 ± 1.73 < 0.001 ↓

34.47 PI (16:0/18:2) 833.5 2.23 ± 2.05 0.62 ± 0.93 < 0.001 ↓

34.55 PI (16:0/20:4) 857.5 2.66 ± 3.36 0.87 ± 0.66 0.012 ↓

35.93 PI (16:0/18:1) 835.5 5.79 ± 5.49 3.22 ± 2.07 0.030 ↓

36.87 PI (18:0/18:2) 861.5 3.24 ± 3.19 1.01 ± 1.09 < 0.001 ↓

36.89 PI (18:0/20:4) 885.5 17.99 ± 13.87 7.69 ± 5.34 < 0.001 ↓

38.19 PI (18:1/18:0) 863.5 3.35 ± 3.29 1.48 ± 1.37 0.011 ↓

37.74 PI (18:0/20:3) 887.5 1.61 ± 1.08 1.00 ± 0.60 0.020 ↓

36.30 PI (16:0-d31-18:1) 883.8 N/A N/A N/A N/A N/A -

* Statistical significance, ↑ a significant increase, ↓ a significant decrease. HR: Healthy RBCs samples; CR: COVID-19 RBCs samples; PI:
phosphatidylinositol, LA: linoleic acid

Both PC (18:0/18:2) and LPC 18:2 accounted for 30.1% of the total dysregulated GPLs, with 35.8% downregulated. Additionally, LPC 20:5 and
LPC 20:3 were downregulated approximately 4.0-fold. Several other lysophosphatidylcholines (LPCs), including LPC 14:0, LPC 15:0, LPC O-
16:0, LPC 16:0, LPC O-18:1, and LPC P18:0, also showed significant plasma downregulation. The broad reduction in several plasma LPC
species indicates altered lysophospholipid abundance in hospitalized COVID-19. The present data do not distinguish among altered
production, reacylation, lipoprotein distribution, inflammatory metabolism, medication effects, diet, or pre-analytical influences. Beyond the
specific changes observed in PC 18:0/18:2 and PC 16:0/20:3, the significant downregulation of additional phosphatidylcholine species
indicates a broader remodeling. These alterations could affect membrane fluidity and lipid raft organization, both critical for viral entry and
propagation. Furthermore, six plasmenyl-phosphatidylethanolamines (PE (P16:0/20:4), PE (P18:0/18:1), PE (P16:0/22:6), PE (P18:0/20:5), PE
(P16:0/22:5), and PE (P18:0/20:4)) were reduced by approximately 52.7% in plasma.

In erythrocytes, COVID-19 patients displayed a significant accumulation of PE (18:1/22:6), reaching 126.2 µg/mL (1.5× higher than controls).
Notably, LPC 15:0 was significantly increased in erythrocytes, contrasting with the general LPC decline observed in plasma. This result
suggests compartment-specific lipid alterations and potential erythrocyte membrane remodeling, which could affect cell deformability and
oxygen transport. Regulation of lysophosphatidylethanolamines (LPEs) in erythrocytes appears uneven, with elevations in LPE 18:0 and LPE
22:6 contrasting with reductions in other species. This pattern points to selective catabolic or synthetic pathways modulated by SARS-CoV-2
infection. The significant elevation of specific phosphatidylcholine species (PC (16:1/16:1), PC (18:0/18:1), and PC (20:4/20:5)) in
erythrocytes might represent a compensatory mechanism to maintain membrane integrity or respond to oxidative stress. Conversely,
decreased erythrocyte levels of PC (15:0/20:5) and PC (16:0/18:3) may correlate with dysregulated fatty acid composition, potentially
affecting membrane fluidity and cell signaling.

It has been reported that dysregulation of PEs in mammalian cells is often associated with Alzheimer's and Parkinson's disease [31].
Plasmalogens play a crucial role as endogenous antioxidants, protecting other PLs, lipids, and lipoprotein particles from oxidative stress [13].
This antioxidant effect is attributed to preferential oxidation of the vinyl ether bond, thereby protecting the polyunsaturated fatty acids in the
sn-2 position [12]. This illustration supports this study's evidence that COVID-19 infection leads to oxidative stress in cellular GPLs. Altered
phospholipid and ether-lipid abundance may be relevant to membrane-lipid biology; however, this study did not assess membrane mechanical
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properties or cognitive outcomes. Any relation to neurological symptoms remains hypothetical and should be evaluated in cohorts with
concurrent clinical phenotyping [31]. A brain-related problem after a long-term COVID-19 infection probably causes 77% of memory fog [32].
These results link the primary function of phosphatidylcholine composition (Calzada et al. 2016) in biological cell membranes, the clinical
symptoms of patients with COVID-19 (Xu et al. 2022), and the results tabulated herein. The extracted ion chromatograms shown in Figs. 1 and
2 revealed significantly elevated and dysregulated lipids in the plasma and erythrocytes of COVID-19 patients, consistent with data from
healthy volunteers.

Figures 1 and 2 show the extracted ion chromatograms of the most concentrated and dysregulated lipids in plasma and erythrocytes from
COVID-19 patients, consistent with data from healthy volunteers.

The fold changes of dysregulated glycerophospholipids (GPLs) in the plasma (Fig. 3) and erythrocytes (Fig. 4) of COVID-19 patients were
represented as histograms. Additionally, the fold changes of dysregulated and oxidized lipids in erythrocytes (Fig. 5) were plotted to identify
the most affected lipid species within the cellular membrane. Table 5 summarizes the dysregulation factors for the total glycerophospholipid
classes in plasma and erythrocytes from healthy controls and COVID-19 patients. Notably, the level of dysregulated
lysophosphatidylethanolamines (LPEs) in erythrocytes showed a marked 4.3-fold decrease.

 

Table 5
The dysregulation factor of the sum of glycerophospholipid classes in the plasma and erythrocytes of

COVID-19 patients compared with healthy subjects, n = 30
Dysregulated GPL Matrix Healthy, µg/mL COVID-19, µg/mL Fold change *

Sum of PEs (decreased) Plasma 38.53 18.93 -2.0 ↓

Sum of PEs (increased) Plasma 25.08 43.58 1.7 ↑

Sum of PEs (decreased) Erythrocytes 69.91 35.07 -2.0 ↓

Sum of PEs (increased) Erythrocytes 149.41 247.90 1.7 ↑

Sum of LPCs Plasma 238.15 115.16 -2.1 ↓

Sum of PCs Plasma 359.89 255.76 -1.4 ↓

Sum of PCs Erythrocytes 106.31 47.48 -2.2 ↓

Sum of LPEs Erythrocytes 14.66 3.42 -4.3 ↓

Sum of PIs Erythrocytes 44.82 18.04 -2.5 ↓

* Statistical significance, ↑ a significant increase, ↓ a significant decrease

Glycerophosphatidylinositols (PIs) are bioactive substances essential for nervous system and brain function [33–35]. It has been reported
that the level of PI (16:0/20:4) (-m/z 857.5) in the postmortem prefrontal cortex of elderly patients with schizophrenia showed a significant
decrease [36]. In this study, PI levels decreased significantly, including PI (18:0/20:4) and PI (16:0/20:4). Table 4 shows that the eight
quantified PIs are significantly lower in erythrocytes from COVID-19 patients than in control samples. Phosphatidylinositol phosphate kinases
have been reported to be activated during viral infection and to promote viral replication [37]. Enhanced phosphatase activity increases LPI
20:4 (-m/z 619.4) due to enzymatic hydrolysis of PI (16:0/20:4) (m/z 857.5) and PI (18:0/20:4) (m/z 885.5) (Table 4). Because PIs are
essential components of the nervous system, dysregulated PI composition may contribute to memory loss or memory fog [38].

In adults, disrupted arachidonic acid metabolism (C20:4, −m/z 303.3) may contribute to neuropsychiatric disorders, including Alzheimer’s
disease and bipolar disorder, but this was not proven in this study [39]. Evidence suggests that the conversion of arachidonic acid to other
bioactive molecules (overexpression or disruption of the AA enzyme cascade) is significantly altered under these conditions. The biological
role of arachidonic acid and its metabolites has been studied in the context of various neurodegenerative diseases, including Alzheimer's
disease [40].

The formation of a hydroperoxide derivative (-m/z 309) from alpha-linolenic acid (C18:3, ALA, -m/z 277.2) has been attributed to the enzyme-
catalyzed process of a fungus called the manganese lipoxygenase of the rice blast fungus [41]. Liu et al. also reported an enzyme in human
recombinant cells, 15-lipoxygenase (type 2), which leads to the formation of 9-hydroperoxy-ALA, among other metabolic products [42]. Herein,
the erythrocytes of COVID-19 patients showed an elevated level of 13-hydroxyoctadeca-9,11,15-trienoic acid "13-HOTrE, -m/z 293.2" due to the
oxidation of ALA. ALA levels increased (Table 4) in the erythrocytes of infected patients due to enhanced hydrolysis of LPE 18:3 (+ m/z 476)
(Table 3).
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Arachidonic acid (C20:4; -m/z 303.3) decreased because epoxidation formed 5-HETE (-m/z 319), which increased significantly, as shown in
Table 4. The significant increase in 5-HETE (-m/z 319) may partly result from the decrease in arachidonic acid (-m/z 303). The lower
erythrocyte arachidonic acid signal and higher 5-HETE signal were observed concurrently. Because 5-HETE is generally formed through
lipoxygenase-mediated oxygenation of arachidonic acid, these cross-sectional data are compatible with altered arachidonic-acid/oxylipin
metabolism but do not establish metabolic flux or enzyme activity. All these metabolic changes support the hypothesis of mental problems in
COVID-19 patients.

The fold change values representing the dysregulation of glycerophospholipids (GPLs) in the plasma (depicted in Fig. 3) and erythrocytes
(illustrated in Fig. 4) of individuals diagnosed with COVID-19 were graphed in a histogram. Moreover, the fold‑change distribution of
dysregulated and oxidized lipid species in erythrocytes from COVID‑19 patients (depicted in Fig. 5) was quantitatively plotted to delineate the
lipid components most profoundly affected within the cellular membrane architecture. The dysregulation factor of the cumulative
glycerophospholipid classes in the plasma and erythrocytes of healthy individuals and COVID-19 patients is detailed in Table 5. Notably, the
dysregulation factor of lysophosphatidylethanolamines (LPEs) in the erythrocytes exhibited a significant 4.3-fold decrease. The levels of 9-
HpOTrE, 5-HETE, and 13-HOTrE were increased in the erythrocytes of infected patients by factors of 3.9, 3.6, and 2.0, respectively (Table 5,
Fig. 5). The increase likely reflects infection-driven oxidative stress and inflammation, which activate lipoxygenase/non-enzymatic lipid
peroxidation of erythrocyte polyunsaturated fatty acids, generating oxidized linoleic/linolenic acid products.

The contrasting increases and decreases of PEs in plasma and erythrocytes observed in Tables 1–4 are justified by viral-induced stress,
compartment-specific adaptation, and oxidative remodeling [43], which collectively generate a disease-specific lipidomic fingerprint
associated with COVID-19 clinical severity and neurological sequelae. In plasma, certain PE species are upregulated, possibly reflecting repair
or adaptive mechanisms, while others—especially plasmenyl-PEs—decline sharply, likely due to oxidative stress and impaired remodeling
pathways. Conversely, erythrocytes show an increase in species such as PE 18:1/22:6, suggesting cellular adaptation to hypoxic and
inflammatory environments, while decreases in other LPE species hint at selective enzymatic catabolism [6].

Figures 4 and 5 help us quickly deduce the most dysregulated lipids and the expected distribution pattern in plasma and erythrocytes of
COVID-19 patients. Based on these results, the lipidomic signature can help identify SARS-CoV-2 infections. Moreover, imbalanced lipid
profiles can indicate harmful effects in COVID-19 patients.

A report published by Taquet in late 2021 showed that approximately 20% of people exposed to COVID-19 infection suffer psychiatric
disorders, including anxiety, depression, or insomnia, for three months after recovery [44]. Doubtless, the primary factor in Alzheimer's and
psychiatric disorders could be partially attributed to the disturbance of cellular lipid composition. It has been reported that a significant
accumulation of PEs results from degenerative stress due to ischemic injury and infarction [44]. The sum of PE (16:0/20:4), PE (18:1/20:4),
and PE (16:0/22:4) concentrations in the COVID-19 plasma was significantly increased from 15.2 to 26.5 µg/mL, which corresponds to a
74.5% increase (Table 2). The concentration of total PEs accumulated in COVID-19 plasma, including unsaturated fatty acyl esters at sn-2 of
C20:4, C20:5, and C22:6, has reached 64.4 µg/mL, corresponding to a 68.6% increase compared with healthy controls. This up-regulation of
certain GPEs supports the assumption of psychiatric disorders and memory fog [44, 45].

Most dramatically downregulated LPCs included LPC O-16:0, LPC 20:5, and LPC 20:3, which showed significant decreases of 3.8–4.8.
Lysophosphatidylcholine (LPC) is increasingly recognized as a critical factor positively associated with cardiovascular and neurodegenerative
diseases [46]. Plemel et al. observed that the LPC level in mouse cell membranes increased after injury healing. This increase was interpreted
as a defense mechanism aimed at restoring brain health [47]. The top three PEs that showed upregulation included PE (18:1/20:4), PE
(18:0/20:5), and PE (16:0/20:4). The results showed a significant increase by a factor ranging from 2.1 to 2.8 (Fig. 3). These results shed light
on the importance of LPCs and PEs as associated markers with SARS-CoV-2 viral infections.

Lopez et al. investigated the lipidomic profile of plasma from COVID-19 patients 2 years after recovery [48]. They concluded that lipid
dysregulation was present in the recently infected cases. Lopez et al. attributed some persistent illnesses, especially musculoskeletal
problems, to lipid dysregulation due to previous SARS-CoV-2 infection and recovery. Our results suggest that COVID-19 patients are
associated with a neuropsychiatric syndrome due to metabolic dysregulation of some lipids, which play a vital role in mental health. Based on
these results, consuming foods rich in omega-3 fatty acids may be helpful [49].

3.3 Multivariate statistical analysis
Principal component analysis (PCA) of dysregulated lipids in plasma and erythrocytes (Fig. 6) showed clear separation of plot scores between
healthy subjects and COVID-19 patients. The scores were well separated overall using data from down- and upregulated lipid entities. PCA
was applied to the quantified lipidomic data acquired from plasma and erythrocyte samples of both COVID-19 patients and matched healthy
subjects. PCA is a powerful unsupervised statistical technique that reduces the dimensionality of complex datasets by identifying patterns
and grouping samples based on primary sources of variance, without pre-assumed class labels. In this study, PCA enabled visualization of
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distinct lipidomic alterations characterizing clinical COVID-19, yielding clear separation between patient and control cohorts on the PCA score
plot, with healthy and COVID-19 cases forming non-overlapping clusters.

 

The analysis included scores derived from both upregulated and downregulated phospholipid species, maximizing sensitivity for disease
discrimination. Each data point in the PCA plot represents an individual and summarizes concentrations across major dysregulated lipid
species, including PE, PC, PI, LPE, and LPC. Notably, key lipids driving the group separation included the sharp increase in erythrocyte PE
18:1/22:6 and significant reductions in plasma plasmalogen-PEs, LPCs, and PIs. The PCA score plot suggested partial clustering of
hospitalized COVID-19 patients apart from healthy controls, consistent with group-associated variation in the measured lipid profiles. Because
PCA is an unsupervised exploratory method, the observed pattern requires confirmation using appropriately validated predictive analyses and
an independent cohort

PCA not only corroborates the univariate findings but also uncovers complex interrelationships among lipids that single-variable tests may
miss. The strong group separation suggests underlying metabolic disruptions with potential clinical relevance, supporting the idea that SARS-
CoV-2 induces comprehensive membrane lipid remodeling detectable by LC-MS-based approaches and suitable for developing lipid biomarker
panels.

3.4 Analytical and Clinical Value of Paired Plasma–Erythrocyte LC–MSⁿ
Lipidomics
This study shows that paired plasma–erythrocyte LC–MSⁿ lipidomic profiling can reveal compartment-specific membrane remodeling and
oxidative injury that plasma-only analyses may overlook. The combined evaluation of plasma and erythrocyte lipidomes by LC–ion-trap MSⁿ
identified a coordinated but biologically distinct signature of COVID-19-associated lipid dysregulation. The analytical value of the workflow
extends beyond detecting differences in lipid abundance, as lipid assignments were supported by chromatographic retention behavior,
diagnostic multistage fragmentation, acquisition in positive- and negative-ion modes, class-matched internal standards, and comparison with
NIST2020 and MoNA spectral resources. This integrated approach revealed a convergent oxidative-stress phenotype characterized by
depletion of plasma antioxidant plasmenyl-phosphatidylethanolamines and lysophosphatidylcholines, accompanied by increased erythrocyte
oxidized fatty-acid mediators, including 9-HpOTrE, 5-HETE, and 13-HOTrE. In parallel, the data demonstrated erythrocyte-specific remodeling
of phosphatidylethanolamines, phosphatidylcholines, lysophosphatidylethanolamines, and phosphatidylinositols. In particular, the increased
abundance of erythrocyte PE 18:1/22:6, together with pronounced decreases in LPEs and PIs, indicates that erythrocytes provide biologically
complementary information not fully represented by circulating plasma lipids. Collectively, this paired plasma–erythrocyte mass-
spectrometric approach provides an exploratory framework for identifying compartment-specific lipid candidates for subsequent targeted
verification. Future studies should evaluate these candidates using analytically validated assays in independent, clinically well-characterized
longitudinal cohorts before considering their potential role in patient stratification or monitoring.

Nevertheless, these findings are exploratory and require confirmation with quantitative LC–MS/MS assays using authentic reference
standards, followed by validation in an independent cohort, before proposing any diagnostic or prognostic application. A confirmation panel
incorporating erythrocyte PE 18:1/22:6, selected plasma LPC and plasmenyl-PE species, and erythrocyte oxylipins represents a practical next
step toward clinically deployable LC–MS/MS testing, provided that analytical transferability, pre-analytical stability, diagnostic performance,
and external reproducibility are rigorously established.

Collectively, this paired plasma–erythrocyte mass-spectrometric approach provides an exploratory framework for identifying compartment-
specific lipid candidates for subsequent targeted verification. Future studies should evaluate these candidates using analytically validated
assays in independent, clinically well-characterized longitudinal cohorts before considering their potential role in patient stratification or
monitoring. Integrating quantitative LC-IT-MSⁿ data with multivariate statistical analysis (PCA) shows that SARS-CoV-2 infection induces
coordinated disturbances across glycerophospholipids (GPLs), plasmalogens, lysophospholipids, and oxylipins. These alterations,
summarized in Tables 1–4 and visualized in Figs. 1–5, offer mechanistic insight into the neurological, hematological, and inflammatory
manifestations observed clinically.

Tables 1–3 highlight the most significantly altered GPL species in plasma and erythrocytes. In plasma, GPLs containing arachidonic acid (AA)
at the sn-2 position exhibited marked shifts. PC (18:0/18:2) and PC (16:0/20:3) decreased by 24.8%, accounting for 38% of total down-
regulated GPLs (Table 2). Conversely, PE (16:0/20:4) and PE (18:1/20:4) increased by 90.4%, indicating selective upregulation of AA-
containing PEs. In erythrocytes, PE (18:1/22:6) showed the most pronounced accumulation, rising 1.5-fold to 126.2 µg/mL (Table 3). This
enrichment of docosahexaenoic acid (DHA) containing PEs suggests compensatory remodeling of erythrocyte membranes under oxidative
and inflammatory stress. Figures 1 and 2 corroborate these findings, showing intensified peaks in the extracted-ion chromatogram for PE
(18:1/22:6) and other dysregulated GPLs.
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Plasmalogens, particularly plasmenyl-PEs, were reduced by 52.7% in plasma (Table 2). These lipids serve as endogenous antioxidants
because their vinyl-ether bond preferentially absorbs oxidative damage. Their depletion indicates heightened oxidative stress and diminished
membrane protection. The reduction of PE-P (16:0/22:6), PE-P (18:0/20:4), and related species aligns with the elevated oxylipins observed in
Fig. 5.

Lysophosphatidylcholines (LPCs) were extensively downregulated in plasma, with LPC 20:5 and LPC 20:3 decreasing by approximately
fourfold (Table 2). LPCs are essential for membrane turnover and inflammatory signaling; thus, their depletion suggests impaired
phospholipase activity and disrupted lipid signaling. In contrast, erythrocyte LPC 15:0 increased significantly (Table 3), indicating
compartment-specific remodeling. Lysophosphatidylethanolamines (LPEs) decreased dramatically by 4.3-fold in erythrocytes (Table 5),
reflecting impaired membrane repair pathways. Figure 4 illustrates these erythrocyte-specific fold changes. Oxidized fatty acids—9-HpOTrE, 5-
HETE, and 13-HOTrE—increased by 3.9-, 3.6-, and 2.0-fold, respectively (Table 4). The higher oxylipin signals are compatible with altered lipid
oxidation and inflammatory lipid metabolism in the COVID-19 group, as visualized in Fig. 5.

The parallel reduction in erythrocyte AA and increase in AA-derived oxylipins suggest accelerated lipoxygenase activity. This shift may
contribute to neuroinflammation, given the role of AA metabolites in modulating neuronal excitability.

Erythrocytes exhibited profound lipid remodeling, with significant increases in PC (16:1/16:1), PC (18:0/18:1), and PC (20:4/20:5) (Table 3).
These changes likely reflect adaptive responses to oxidative stress that preserve membrane integrity. However, decreased levels of PC
(15:0/20:5) and PC (16:0/18:3) indicate selective depletion of certain fatty acid species. Figure 4 shows the fold-change distribution of
erythrocyte GPLs, highlighting the imbalance between upregulated and downregulated species. Such remodeling may impair erythrocyte
deformability, exacerbate hypoxia, and contribute to microvascular complications.

Dysregulation of neuron-relevant lipids, including PEs, PIs, and LPCs, provides a possible biochemical explanation for post-COVID
neuropsychiatric symptoms. Table 4 shows significant reductions in PI (16:0/20:4) and PI (18:0/20:4), mirroring patterns observed in
neurodegenerative disorders such as schizophrenia.

Plasmalogen depletion further compromises neuronal protection against oxidative stress. Given that 77% of long-COVID patients report
memory fog, these lipidomic disturbances offer a plausible mechanistic explanation.

The Principal Component Analysis (PCA) score plot (Fig. 6) shows complete separation between COVID-19 and healthy subjects, confirming
that the lipidomic alterations are systematic and disease-specific. This statistical distinction underscores the robustness of the lipidomic
signature and supports its potential use as a candidate feature for targeted validation.

Table 5 summarizes the dysregulation factors across lipid classes, highlighting consistent disturbances in GPLs, plasmalogens, LPCs, and
LPEs. These coordinated shifts suggest that lipidomic profiling may serve as a valuable clinical tool to assess disease severity, monitor
recovery, and identify patients at risk for neurological complications. These identified features may be prioritized for analytical confirmation
and mechanistic investigation.

Collectively, the results presented in Tables 1–4 and Figs. 1–5 reveal a COVID-19-specific lipidomic signature characterized by oxidative
stress, membrane remodeling, and dysregulation of neuronal-critical lipid pools. These findings provide mechanistic insight into the
neurological and hematological manifestations of COVID-19 and highlight Lipidomics' potential as a biomarker platform for clinical
management.

3.5 Multiple-testing and effect-size analysis:
Across the tabulated lipid panels, the direction and magnitude of the reported group differences remained robust after FDR adjustment of the
p-values reconstructed from the available summary statistics. All 41 plasma glycerophospholipid species, all 43 erythrocyte
glycerophospholipid species, and all 15 erythrocyte oxylipin/phosphatidylinositol-related analytes retained an FDR-adjusted q-value below
0.05. The median absolute Hedges’ g was 1.21 for plasma glycerophospholipids, 1.33 for erythrocyte glycerophospholipids, and 0.73 for
erythrocyte oxylipins/phosphatidylinositols. Large standardized effects (absolute Hedges’ g ≥ 0.80) were observed for 38/41 plasma
glycerophospholipids and 36/43 erythrocyte glycerophospholipids, whereas 5/15 oxylipin/phosphatidylinositol-related analytes met this
threshold (Table S1).

The most pronounced plasma changes were reductions in LPC P-18:0 (COVID/control fold change, 0.26; Hedges’ g = − 2.05; FDR q = 8.46 ×
10− 9), LPC 16:0 (0.56; g = − 1.90; q = 1.01 × 10− 8), and LPC 18:2 (0.34; g = − 1.89; q = 1.15 × 10− 7). Among erythrocyte glycerophospholipids,

the largest effects included a reduction in LPE 18:1 (0.13; g = − 2.68; q = 3.36 × 10− 12), an increase in LPE 22:6 (21.88; g = 2.63; q = 2.12 × 10− 

10), an increase in PE 18:0/18:1 (1.89; g = 2.52; q = 6.99 × 10− 12), and a reduction in PC 18:0/20:5 (0.42; g = − 2.39; q = 6.99 × 10− 12). In the
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erythrocyte oxylipin/phosphatidylinositol panel, the strongest standardized reductions were observed for LPI 18:0 (0.27; g = − 1.13; q = 
0.0015), PI 16:0/18:2 (0.28; g = − 1.00; q = 0.0025), and PI 18:0/20:4 (0.43; g = − 0.97; q = 0.0026) (Table S2).

Together, the FDR-adjusted analysis supports broad, quantitatively substantial remodeling of plasma and erythrocyte lipid composition in the
hospitalized COVID-19 group. The largest effects were concentrated among lysophospholipids and selected membrane phospholipids, while
the oxylipin/phosphatidylinositol panel showed more moderate but still statistically robust effects. These data should be interpreted as
associations in this exploratory case–control cohort and require confirmation in an independent cohort before being proposed as diagnostic
or candidate features for targeted validation.

3.6 Supplementary figure
Figure S1. Standardized effect sizes for the ten largest COVID-19–control lipid differences in each analytical panel. Hedges’ g was calculated
from tabulated means and standard deviations for 30 hospitalized COVID-19 patients and 30 healthy controls. Positive values (red) indicate
higher concentrations in the COVID-19 group; negative values (blue) indicate lower concentrations. Features are ranked by absolute Hedges’ g
within each panel.

COVID-19 versus control comparisons for tabulated lipid species: fold changes, log2 fold changes, Hedges’ g, reconstructed Welch-test p-
values, and Benjamini–Hochberg FDR-adjusted q-values.

4 Conclusion
In conclusion, this exploratory case–control study used paired plasma and erythrocyte lipidomic profiling by optimized LC–ion-trap MS/MS to
identify a distinct COVID-19-associated pattern of membrane lipid remodeling and oxidative lipid injury. The analytical phase used rigorous
untargeted lipidomic characterization of plasma and erythrocytes, with optimized extraction under inert conditions to prevent auto-oxidation
and high-sensitivity LC-MS/MS analysis on a linear ion trap mass spectrometer with systematic calibration. This approach was applied to
samples from 30 COVID-19 patients and 30 matched healthy controls to reliably quantify and identify lipid species, while principal component
analysis validated group separation and reproducibility. The primary objective was to uncover SARS-CoV-2-induced metabolic disorders in
membrane lipids and to investigate their link to neuropsychiatric symptoms. The study found distinctive dysregulation: a 1.5-fold increase in
erythrocyte phosphatidylethanolamine, lower plasma LPC signals, lower erythrocyte PI signals, and higher erythrocyte oxidized lipid mediator
signals. For example, erythrocyte PE 18:1/22:6 was higher in the COVID-19 group (126.15 µg/mL versus 82.46 µg/mL), whereas plasma PC
16:0/20:3 was lower (78.79 µg/mL versus 102.49 µg/mL). In this exploratory case–control study, the observed differences in plasma and
erythrocyte lipids are consistent with altered membrane lipid remodeling and increased oxidized lipid mediator abundance in hospitalized
COVID-19 patients. Although several affected lipid classes have recognized roles in membrane biology and inflammatory signaling, these data
do not establish causal mechanisms, membrane functional impairment, or cognitive and psychiatric consequences. These lipid features
should therefore be regarded as candidate targets for analytical confirmation and evaluation in independent, clinically characterized
longitudinal cohorts before considering them for targeted validation or clinical applications [50].
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Figure 1

Representative extracted ion chromatogram of selected PLs with relatively high levels that were significantly dysregulated in COVID-19
plasma.
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Figure 2

Representative extracted ion chromatogram of selected PLs with relatively high levels that were significantly dysregulated in COVID-19
erythrocytes.
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Figure 3

Fold change in glycerophospholipid concentrations in the plasma of COVID-19 patients versus healthy volunteers, n = 30.
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Figure 4

Fold change in glycerophospholipid concentrations in erythrocytes of COVID-19 patients versus healthy volunteers, n = 30.
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Figure 5

The fold changes in the concentrations of oxidized fatty acids, ALA, AA, LA, and PIs in the erythrocytes of COVID-19 patients versus healthy
volunteers, n = 30.
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Figure 6

Principal component analysis (PCA), PC1 vs. PC2. The score plot shows separation between COVID-19 cases (blue) and healthy volunteers
(green) based on the abundance of phospholipids significantly dysregulated in plasma and erythrocytes (p<0.05), n = 30.
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