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Acetylcholine, Fatty Acids, and Lipid Mediators Are Linked
to COVID-19 Severity
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Lipid and cholinergic mediators are inflammatory regulators, but their role in the immunopathology of COVID-19 is still unclear.
Here, we used human blood and tracheal aspirate (TA) to investigate whether acetylcholine (Ach), fatty acids (FAs), and their
derived lipid mediators (LMs) are associated with COVID-19 severity. First, we analyzed the perturbation profile induced by
SARS-CoV-2 infection in the transcriptional profile of genes related to the ACh and FA/LM pathways. Blood and TA were used
for metabolomic and lipidomic analyses and for quantification of leukocytes, cytokines, and ACh. Differential expression and
coexpression gene network data revealed a unique transcriptional profile associated with ACh and FA/LM production, release,
and cellular signaling. Transcriptomic data were corroborated by laboratory findings: SARS-CoV-2 infection increased plasma
and TA levels of arachidonic acid, 5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid, 11-hydroxy-5Z,8Z,12E,14Z-eicosatetraenoic
acid, and ACh. TA samples also exhibited high levels of PGE2, thromboxane B2, 12-oxo-5Z,8Z,10E,14Z-eicosatetraenoic acid, and
6-trans-leukotriene B4. Bioinformatics and experimental approaches demonstrated robust correlation between transcriptional
profile in Ach and FA/LM pathways and parameters of severe COVID-19. As expected, the increased neutrophil-to-lymphocyte
ratio, neutrophil counts, and cytokine levels (IL-6, IL-10, IL-1b, and IL-8) correlated with worse clinical scores. Glucocorticoids
protected severe and critical patients and correlated with reduced Ach levels in plasma and TA samples. We demonstrated that
pulmonary and systemic hyperinflammation in severe COVID-19 are associated with high levels of Ach and FA/LM.
Glucocorticoids favored the survival of patients with severe/critical disease, and this effect was associated with a reduction in ACh
levels. The Journal of Immunology, 2022, 209: 250�261.

Severe acute respiratory syndrome coronavirus 2�infected
individuals may be asymptomatic or present clinical manifes-
tations ranging from acute respiratory distress syndrome to

systemic hyperinflammation and organ failure. These events have
been attributed mostly to cytokine storm, diffuse alveolar damage
immunopathology, and viral load (1�5). However, autopsies of
deceased patients with COVID-19 suggest that immune mediators
other than cytokines contribute to their persistent systemic inflam-
mation (6).
Bioactive lipids (oxylipins) perform several biological functions

(7), and bioactive lipid mediators (LMs) derived from arachidonic
acid (AA) metabolism, especially eicosanoids, are efficient bio-
markers of protection (8) or severity in inflammation (9, 10), includ-
ing respiratory diseases (7, 11). High concentrations of eicosanoids
were detected in the bronchoalveolar lavage (BAL) of patients with
SARS-CoV-2 infection, suggesting the participation of LMs in
COVID-19 (12).
A publication from our laboratory has reported the essential role

PGE2 signaling via EP2/4 receptors in the excessive acetylcholine
(ACh) release associated with cardiac dysfunction (10). This correla-
tion between ACh and PGE2 also occurs in vascular inflammation
associated with hypertension (13). Interestingly, ACh is involved in
Takotsubo syndrome, an inflammatory heart disease associated with

COVID-19 (14, 15). ACh is a neurotransmitter released by the sym-
pathetic and parasympathetic systems (16) that can also be produced
by leukocytes (17) and airway epithelial cells (18). In addition, ACh
regulates metabolism (19), cardiac function (20), airway inflamma-
tion (21), and cytokine production (22).
Despite the recent advances in understanding COVID-19, the role

of LMs and ACh in the immunopathology of the disease still needs to
be clarified. Here, we conducted a multifaceted study that included
blood transcriptome, lipidomic, and metabolomic analyses, as well as
ACh quantification in plasma and tracheal aspirates (TAs) from
patients at different clinical stages of the disease. Our findings demon-
strated a robust correlation between elevated levels of ACh and fatty
acids (FAs)/LMswith the severity of COVID-19.

Materials and Methods
Ethical considerations

The participants included in the study signed the informed consent form elabo-
rated according to the National Council on Human Research and the research
ethics committee of the Faculdade de Ciências Farmacêuticas de Ribeirão
Preto da Universidade de São Paulo. The approved protocol (Certificate of
Ethics Presentation and Appreciation CAAE: 30525920.7.0000.5403). All par-
ticipants were older than age 16 y and were selected according to the inclusion
and dichotomization criteria of the World Health Organization adapted
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according to support ventilation and oxygen requirement, as indicated in
Supplemental Table I. Demographic and laboratory and clinical findings data
from all participants in this study are provided in the supplemental material.

Study design and blood collection

This is an observational and descriptive study conducted from June 2020 to
January 2021. After the admission procedure, blood samples were collected in
the first 24 h from patients with COVID-19 (n 5 195) who had positive naso-
pharyngeal swab results from RT quantitative PCR and/or serological assays
to detect anti�SARS-CoV-2 IgM/IgG/IgA. Participants with COVID-19 who
received care at two medical centers upon spontaneous demand were classified
as asymptomatic to mild (Asy-to-mild; n 5 36), moderate (n 5 50), severe (n
5 54), or critical (n 5 55). Criteria for clinical classification of patients were
defined at the time of sample collection. We used two control groups: those
who were SARS-CoV-2-negative (healthy participants; n 5 46) and hospital-
ized intubated donors negative for SARS-CoV-2 (critical control patients; n 5
13). The critical control patients were intubated for different clinical primary
conditions as indicated in the supplemental material. Blood samples from
healthy control subjects and from Asy-to-mild, nonhospitalized participants
were collected at the Centro de Desenvolvimento Cient́ıfico e Tecnológico,
Parque Supera (Ribeirão Preto, São Paulo, Brazil) or at the residence of the
patients assisted by the Brazilian Public Health System (Sistema Único de
Saúde). Blood examinations of healthy participants and nonhospitalized
patients were performed at the Serviço de Análises Cĺınicas, Faculdade de
Ciências Farmacêuticas de Ribeirão Preto, Universidade de São Paulo,
Ribeirão Preto, São Paulo, Brazil. Clinical laboratory data included markers of
liver and kidney function, cardiac enzymes, coagulation factors, RBCs, hemo-
globin, platelets, and total and differential leukocytes in the blood samples.
Plasma was separated from whole blood samples and stored at −80◦C for
cytokine and ACh measurement. For lipidomic and metabolomic analyses,

plasma samples were immediately diluted in methanol (1:1 v/v) and stored at
−80◦C.
Tracheal aspirate collection and processing

Tracheal aspirate (TA) samples were collected from hospitalized COVID-19
critical patients (n 5 38) and critical control subjects (n 5 13). TA samples
were collected as described before (23) and processed, and cell-free superna-
tant was used for lipidomic and metabolomic analyses and cytokine and
ACh quantification. After counting total cells, the leukocyte numbers were
adjusted to 1 × 109 cells/L for differential counts in cytospin preparations.

Transcriptomic analysis

To investigate the impact of ACh- and FA-related pathways on the gene
expression perturbation in COVID-19, we analyzed transcriptomic data from
the participants’ whole blood leukocytes deposited on the ArrayExpress data-
base at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-11240. Sixty-six samples were distributed into five groups accord-
ing to hospitalization and clinical classification: healthy participants (n 5 12);
Asy-to-mild patients (n 5 12), moderate care patients (moderate) (n 5 8),
moderate hospitalized patients (n 5 6), severe patients (n 5 14), and critical
patients (n 5 14). We targeted the analysis on two lists of ACh- and FA-re-
lated genes obtained from the Reactome pathways (supplemental material).
Characterization of transcript perturbation and association with patients’ data
were performed with base R functions, PCATools, and sjPlot. Differential
expression analyses between previously described clinical groups were per-
formed with limma using age, sex, body mass index (BMI), hypertension,
diabetes, and outcome as covariates. Pathway overrepresentation was per-
formed with clusterProfiler on Reactome pathways. A network based on the
Spearman correlation was constructed, analyzed, and graphically represented
using the R packages igraph, Intergraph, and ggnetwork. Other graphical
representations were plotted using ggplot2 and pheatmap. We used
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other publicly available RNA-sequencing transcriptome datasets of whole
blood leukocytes from patients with COVID-19 and non�COVID-19
individuals obtained from the Gene Expression Omnibus repository
(https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE157103 to
investigate the consistency of transcriptional changes detected after analysis of
our reference transcriptome data. We extracted two extreme conditions to per-
form differential expression analysis by asking for changes in patients with
COVID-19 with mechanical ventilation and intensive care unit support (n 5
42), and non�COVID-19 and non�intensive care unit patients (n 5 10). Dif-
ferentially expressed genes (DEGs) were defined on the basis of Benjamini
and Hochberg�adjusted p values<0.05 to control for false discovery.

HPLC tandem mass spectrometry (LC-MS/MS)

Reagents. Eicosanoids, free FAs (AA, eicosapentaenoic acid, and docosa-
hexaenoic acid), and metabolites as mol. wt. standards and deuterated inter-
nal standards were purchased from Cayman Chemical Co. (Ann Arbor, MI).
HPLC-grade acetonitrile (ACN), methanol (MeOH), and isopropanol were
purchased from Merck (Kenilworth, NJ). Ultrapure deionized water (H2O)
was obtained using the Milli-Q water purification system (Merck-Millipore,
Kenilworth, NJ). Acetic acid and ammonium hydroxide were obtained from
Sigma-Aldrich (St. Louis, MO).

Sample preparation and extraction. The plasma (250 ml) in EDTA-contain-
ing tubes (Vacutainer EDTA K2; BD Diagnostics, Franklin Lakes, NJ) and
TA (250 ml) samples were stored in MeOH (1:1 v/v) at −80◦C. Three addi-
tional volumes of ice-cold absolute MeOH were added to each sample for
protein denaturation during 18 h at −20◦C. To each sample, 10 ml of internal
standard solution was added and centrifuged at 800 × g for 10 min at 4◦C.
The resulting supernatants were collected and diluted with deionized water
(ultrapure water; Merck-Millipore, Kenilworth, NJ) to obtain 10% MeOH
(v/v) of final concentration. In the solid phase extraction, a Hypersep C18
500-mg column (3 ml) (Thermo Scientific, Bellefonte, PA) equipped with an
extraction manifold collector (Waters, Milford, MA) was used. The diluted
samples were loaded into the preequilibrated column and washed using 2 ml
of MeOH and H2O containing 0.1% acetic acid, respectively. Then, the car-
tridges were flushed with 4 ml of H2O containing 0.1% acetic acid to
remove hydrophilic impurities. The lipids that had been adsorbed on the
solid phase extraction sorbent were eluted with 1 ml of MeOH containing
0.1% acetic acid. The eluate solvent was removed in a vacuum (Concentrator
Plus, Eppendorf, Germany) at room temperature and reconstituted in 50 ml
of MeOH/H2O (7:3 v/v) for LC-MS/MS analysis.

LC-MS/MS analysis and lipid data processing. LC was performed using an
Ascentis Express C18 column (Supelco, St. Louis, MO) with the length of
100 mm, inner diameter 4.6 mm, and a particle size of 2.7 mm in an HPLC sys-
tem (Nexera ×2; Shimadzu, Kyoto, Japan). Then, 20 ml of extracted sample
was injected into the HPLC column. Elution was carried out under a binary gra-
dient system consisting of phase A, composed of H2O, ACN, and acetic acid
(69.98:30:0.02 v/v/v) at pH 5.8 (adjusted with ammonium hydroxide), and
phase B, composed of ACN and isopropanol (70:30 v/v). Gradient elution was
performed for 25 min at a flow rate of 0.5 ml/min. The gradient conditions
were as follows: 0 to 2 min, 0% B; 2 to 5 min, 15% B; 5 to 8 min, 20% B; 8 to
11 min, 35% B; 11 to 15 min, 70% B; and 15 to 19 min, 100% B. At 19 min,
the gradient was returned to the initial condition of 0% B, and the column was
reequilibrated until 25 min. During analysis, the column samples were main-
tained at 25◦C and 4◦C in the autosampler. The HPLC systemwas directly con-
nected to a TripleTOF 56001 mass spectrometer (AB SCIEX, Foster City,
CA). An electrospray ionization source in negative ion mode was used for
high-resolution multiple-reaction monitoring scanning. An atmospheric pres-
sure chemical ionization probe was used for external calibrations of the cali-
brated delivery system. Automatic mass calibration (<2 ppm) was performed
periodically after each of the five sample injections using atmospheric pressure
chemical ionization probe negative calibration solution (AB SCIEX, Foster
City, CA) injected via direct infusion at a flow rate of 300 ml/min. Additional
instrumental parameters were as follows: nebulizer gas, 50 c; turbo gas, 50 c;
curtain gas, 25 c; electrospray voltage, −4.0 kV; temperature of the turbo ion
spray source, 550◦C. The dwell time was 10 ms, and a mass resolution of
35,000 was achieved at a mass-to-charge ratio (m/z) of 400. Data acquisition
was performed using Analyst software (AB SCIEX, Foster City, CA). Qualita-
tive identification of the lipid species was performed using PeakView (AB
SCIEX, Foster City, CA). MultiQuant (AB SCIEX, Foster City, CA) was used
for the quantitative analysis, which allows the normalization of the peak inten-
sities of individual molecular ions using an internal standard for each class of
lipid. Each compound was quantified using internal standards and calibration
curves, and the specific mass transitions of each lipid were determined accord-
ing to our previously published method (24) (supplemental material). The final
concentration of lipids was normalized by the initial volume of plasma or TA
fluid (ng/ml).

Metabolomic analysis. Untargeted metabolomic data were analyzed as pre-
viously described by our group (25, 26). Briefly, metabolite was extracted,
and samples were transferred to autosampler vials for LC-MS analysis using
a TripleTOF56001 mass spectrometer (AB SCIEX, Foster City, CA) cou-
pled to an ultra-HPLC system (Nexera ×2; Shimadzu, Kyoto, Japan).
Reverse-phase chromatography was performed similarly to the lipid analyses
above. Mass spectral data were acquired with negative electrospray ioniza-
tion, and the full scan of m/z ranged from 100 to 1500. ProteoWizard soft-
ware (27) was used to convert the wiff files into m/z XML files. Peak
peaking, noise filtering, retention time, m/z alignment, and feature quantifica-
tion were performed using apLCMS (28). Three parameters were used to
define a metabolite feature: m/z, retention time (min), and intensity values.
Data were log2 transformed, and only features detected in at least 50% of
samples from one group were used in further analyses. Missing values were
imputed using half the mean of the feature across all samples. Mummichog
(version 2) was used for metabolic pathway enrichment analysis (mass accu-
racy <10 ppm) (29). Statistical analysis of untargeted metabolomic data was
performed with the R package limma and moderated F-test.

Acetylcholine measurement. ACh was measured in heparinized plasma (SST
Gel Advance; BDDiagnostics, Franklin Lakes, NJ) and in TA using a commer-
cially available immunofluorescence kit (ab65345; Abcam, Cambridge, UK)
according to the manufacturer’s instructions. Briefly, ACh was converted to
choline by adding the enzyme acetylcholinesterase to the reaction, which
allows total and free choline measurement. The amount of ACh present in the
samples was calculated by subtracting the free choline from the total choline.
The products formed in the assay react with the choline probe and can be mea-
sured by fluorescence with excitation and emission wavelengths of 535 and
587 nm, respectively (Paradigm Plate Reader; SpectraMax, San Diego, CA).
The concentration of ACh was analyzed using SoftMax software (SpectraMax,
Molecular Devices, Sunnyvale, CA), expressed as pmol/ml.

Cytokine quantification. The cytokines IL-6, IL-8, IL-1b, IL-10, and TNF
were quantified in heparinized plasma and TA fluid samples using a BD
Cytometric Bead Array Human Inflammatory Kit (BD Biosciences, San
Jose, CA), according to the manufacturer’s instructions. Briefly, after sample
processing, the cytokine beads were counted using a flow cytometer
(FACSCanto II; BD Biosciences, San Jose, CA), and analyses were per-
formed using FCAP Array (3.0) software (BD Biosciences, San Jose, CA).
The concentrations of cytokines were expressed as pg/ml.

Statistical analysis. Normality of data distribution was analyzed using the
Kolmogorov-Smirnov test. All analyses were performed using two-tailed
tests, with a significance value of p < 0.05 and a 95% confidence interval
(CI). Because the data did not have Gaussian distribution, they were ana-
lyzed using the Mann-Whitney test (to compare two groups) or the Kruskal-
Wallis test, followed by Dunn’s posttest to compare three or more groups.
Spearman’s correlation was performed to identify correlation between
plasma and TA levels of ACh and FAs/LMs related to COVID-19 clinical
parameters and laboratory findings. More specifically, the following parame-
ters of patients with COVID-19 were used to construct the correlation
matrix: the cytokines IL-1b, TNF, IL-10, IL-6, and IL-8; ACh; 5-hydroxy-
6E,8Z,11Z,14Z-eicosatetraenoic acid (5-HETE), 11-hydroxy-5Z,8Z,12E,14Z-
eicosatetraenoic acid (11-HETE), 12-oxo-5Z,8Z,10E,14Z-eicosatetraenoic
acid (12-oxo-ETE), thromboxane B2 (TXB2), 5-oxo-6E,8Z,11Z,14Z-eicosate-
traenoic acid (5-oxo-ETE), 15-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid
(15-HETE), PGE2, 6-trans-leukotriene B4 (6-trans-LTB4), 5S,12R-LTB4,
prostaglandin D2, 15-oxo-hydroxyeicosatetraenoic acid (15-oxo-HETE), 12-
hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid (12-HETE); laboratory tests,
including whole blood cells, WBCs, neutrophils, lymphocytes, platelets,
International Standardized Index, urea, creatinine, lactate, and C-reactive pro-
tein; and the clinical characteristics severity, BMI, and days of hospitaliza-
tion. The differences were considered statistically significant at p < 0.05.

Binomial logistic regression analysis was performed to examine the disease
severity and death rate in patients with COVID-19 treated with glucocorticoids
(GCs), ACh, and FA/LM using Jamovi Project (version 1.6, 2021); the model
was adjusted by sex, BMI, and age for patient groups at different stages of the
disease. Results were tabulated using GraphPad Prism software (version 9.0)
and Project R. Transcriptomic and metabolomic data were analyzed using the
software packages indicated in their respective sections.

Results
Modifications in acetylcholine and fatty acid�/lipid
mediator�related gene expression are associated with
COVID-19 severity

We analyzed blood transcriptomic data in 66 participants from our
cohort (E-MTAB-11240). Comparative analysis of the first principal
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component (PC1) of the total transcriptome PC analysis indicated
that ACh and FA/LM-related genes figured out the SARS-CoV-
2�induced gene perturbation. FA/LM genes were more strongly
associated with COVID-19 severity gene signature than ACh genes
(Fig. 1A). The multiple regression approach revealed positive asso-
ciations of clinical scores and hypertension with PC1 variations in
ACh and FA/LM gene sets; however, the impact of clinical scores
was more robust (Fig. 1B). There was a strong positive association
between PC1 variations in FA/LM gene sets and neutrophil-to-lym-
phocyte ratio (NLR) (Fig. 1B).
On the basis of a comparative analysis of all clinical groups taken

in pairs, we detected 65 DEGs (11 for ACh and 54 for FA/LM) pre-
sent in at least one clinical group (false discovery rate [FDR]-adjusted
p < 0.05), which were clustered in downregulated (cluster 1) and
upregulated (cluster 2) gene expression profiles relative to COVID-19
severity (Fig. 1C, supplemental material). Interestingly, we codetected
DEGs related to ACh and FA pathways in both clusters, even consid-
ering subsequent roots in the clustering dendrogram; this transcrip-
tional profile suggested crosstalk between ACh and FA/LM-related
genes. The first two major terms in the enrichment analysis using the
Reactome pathways of the DEGs were mitochondrial FA b-oxidation
and eicosanoid receptor ligands for cluster 1 and AAmetabolism, leu-
kotriene, and eoxin synthesis for cluster 2 (supplemental material).
We identified the DEGs with the most representative profiles of tran-
scriptional variation associated with ACh (SLC5A7, RIMS1, PTPRF,
PPFIA2,UNC13B,GNAQ,CHRNA5,CHRM5) and FA/LMpathways
(ALOX5AP, ALOX5,CYP1B1,MAPKAPK2,OLAH, LTB4R, THEM4,
CYP4F2, CYP4F3, DPEP2, ACSL1, PTGS1, OXER1, HACL1) in the
supplemental material.
Correlation network analysis revealed a strong association between

FA/LM and ACh pathway DEGs and COVID-19 severity parameters,
such as clinical score and NLR (Fig. 1D, supplemental material). The
upregulated expression of ALOX5 and ALOX5AP genes demonstrated
their central importance for network connectivity (Fig. 1D). Based on
network data, four DEGs of the ACh pathway (GNAQ, RIMS1,
PPFIA2, and UNC13B) were positively correlated with COVID-19
severity parameters. We also observed a strong correlation between
ALOX5 and GNAQ gene expression, which are involved in FA/LM
metabolism and ACh cell signaling, respectively (Fig. 1D). However,
downregulated DEGs were detected only in FA metabolism pathways
(THEM4 and HACL1) that were negatively correlated with clinical
score and NLR (Fig. 1D).
To amplify the robustness of our transcriptome results, we analy-

zed other publicly available whole blood leukocytes RNA-sequenc-
ing transcriptome data from patients with COVID-19 and patients
without COVID-19 (Gene Expression Omnibus accession no.
GSE157103) (30). Interestingly, comparative analysis between the
E-MTAB-11240 and GSE157103 transcriptome datasets indicated
that in the set of 65 DEGs associated with the ACh and FA path-
ways detected in the individuals from our cohort, 32 DEGs were
also detected in the GSE157103 dataset, and 26 exhibited the same
pattern of gene regulation (supplemental material). This comparison
reinforces the involvement of the ACh and FA/LM pathways in the
transcriptional perturbation associated with COVID-19 severity.

The severity of COVID-19 correlates with increased levels of
acetylcholine and fatty acids/lipid mediators

We analyzed blood samples from healthy participants and partici-
pants with COVID-19 to perform nontargeted metabolomic analysis.
A total of 8791 metabolite features were present in at least 50% of
all samples, and the relative abundance of 595 metabolite features
(FDR-adjusted p < 0.05) was altered in the groups studied
(Supplemental Fig. 1). Two-way hierarchical clustering based on
significant metabolic features resulted in three well-differentiated

clusters: one for healthy participants, one for patients with Asy-to-
moderate COVID-19, and one for patients with severe/critical
COVID-19 (Supplemental Fig. 1). Pathway analysis revealed that the
main significant metabolic pathways are enriched in features involved
in FA biosynthesis, metabolism, activation, and oxidation (Fig. 2A).
Compared with healthy participants, patients with COVID-19 showed
an increased abundance of FA, such as linoleic acid, tetradecanoate,
and dodecanoate (Fig. 2B�D).
The analysis of TA metabolomes from hospitalized patients with-

out COVID-19 and patients with critical COVID-19 showed distinct
abundance of metabolic features between these groups (FDR-adjusted
p < 0.05). Hierarchical analysis enabled the definition of different
clusters that corresponded to metabolic features for critically ill
patients with or without COVID-19 (Supplemental Fig. 1). SARS-
CoV-2 infection induced changes in lung metabolism, as revealed by
disturbances in sphingolipids, b-oxidation of trihydroxyprostanoyl-
CoA, biosynthesis, and metabolism of steroid hormones, vitamin D3,
and glycerophospholipids (Fig. 2E). Interestingly, 25-hydroxyvitamin
D3 [25(OH)D3], 24,25-dihydroxyvitamin D3, and 23S,25,26-trihy-
droxyvitamin D3 levels were higher in TAs from severe/critical
patients than in critical control participants (Supplemental Fig. 1). In
plasma lipidomic analysis, compared with healthy participants,
patients with critical COVID-19 exhibited significantly higher levels
of AA and 5-HETE, but 11-HETE levels in critical patients were sig-
nificantly increased only when compared with patients with moderate
COVID-19 (Fig. 2F�H). AA was the most abundant lipid identified,
and its levels correlate with the COVID-19 severity.
When compared with critical control participants, patients with

critical COVID-19 had augmented TA levels of AA, 12-oxo-ETE,
5-HETE, 6-trans-LTB4, PGE2, TXB2, and 11-HETE (Fig. 2I). Our
results showed that the metabolic pathways related to cyclooxygen-
ase and lipoxygenase were more perturbed (5-HETE > TXB2 >
PGE2 ≈ 12-oxo-ETE > 6-trans-LTB4) in the TAs of patients with
critical COVID-19 when compared with critical control participants.
TAs and blood samples from patients with critical COVID-19
showed distinct profiles of FA/LM, demonstrating that markers of
hyperinflammation in systemic and pulmonary microenvironments
are not identical.
The absolute leukocyte and neutrophil counts, but not the lym-

phocyte counts, were significantly higher in patients with severe
and critical COVID-19 than in healthy participants (Supplemental
Fig. 2). Basophil and eosinophil counts were reduced in severe
COVID-19 compared with Asy-to-moderate disease (Supplemental
Fig. 2). Compared with healthy participants, patients with severe
COVID-19 had similar whole blood monocyte counts and elevated
platelet counts (Supplemental Fig. 2). We detected a significant
increase in neutrophil counts from TAs of patients with critical
COVID-19, as compared with critical control individuals, and lym-
phocyte numbers tended to be increased (Supplemental Fig. 2).
Plasma cytokine quantification identified significant elevation in
IL-8, IL-6, and IL-10 in patients with moderate, severe, and critical
COVID-19 when compared with healthy participants. The IL-1b
and TNF levels of critical patients resembled those of the remaining
groups evaluated in this study (Supplemental Fig. 2). In contrast to
the eicosanoids, critical patients with or without SARS-CoV-2
exhibited similar TA cytokine profiles (Supplemental Fig. 2).
Patients with critical COVID-19 exhibited significantly higher

plasma ACh levels than healthy and asymptomatic participants, indi-
cating that this marker increased with disease severity (Fig. 3A).
Interestingly, patients with severe and critical COVID-19 treated
with GCs exhibited significantly lower plasma ACh levels than
non�GC-treated patients in the same clinical conditions (Fig. 3B).
TA samples from non�GC-treated critical patients had ∼16-fold
higher ACh levels than their plasma samples. Similar to what we
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FIGURE 1. Variations in blood transcriptional profiles of ACh- and FA/LM-related genes are correlated with COVID-19 severity. (A) Linear regression
analysis of the associations between PC1 and the variation in expression levels of transcripts of ACh- and FA/LM-related genes. (B) Forest plot for standard-
ized b-coefficients obtained from multivariate linear regression analysis of the association between PC1 of ACh- and FA/LM-related genes and patients’
data. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Heatmap of DEGs (transcriptome-wide FDR-adjusted <0.05) across clinical groups, as determined using the
limma protocol and the covariates age, sex, BMI, diabetes, hypertension, and outcome in the regression model. The samples and transcript expression were
clustered using the Ward’s minimum variance method with Euclidean distance. (D) Network of correlations among DEGs, clinical scores, and NLRs using
circrand layout. The correlation pairs were selected based on absolute Spearman’s rho >0.6 and p < 0.05. Triangles represent the nodes; their color repre-
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sents the normality and downregulation, respectively, of each cluster profile.
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FIGURE 2. Metabolomic and lipidomic analyses reveal increased levels of free FAs and LMs in plasma samples and TAs from patients with COVID-19.
Analysis of untargeted MS data demonstrated metabolic pathway enrichment in (A) plasma samples and (E) TAs. (B�D) Plasma metabolomics shows a sig-
nificant increase of free FA levels in patients with COVID-19 (n 5 10 asymptomatic; n 5 12 moderate; n 5 16 severe; n 5 13 critical), as compared with
healthy participants (n 5 20). (E) TA metabolomics shows increased levels of sphingolipid metabolism, b-oxidation of trihydroxyprostanoil-CoA, biosynthe-
sis and metabolism of steroidal hormones, vitamin D3, and glycerophospholipids (n 5 13 critical control participants; n 5 38 patients with critical COVID-
19). Differential abundance was calculated using the limma package for R, and FDR was controlled using the Benjamini-Hochberg method. Mummichog
software version 2.3.3 was used for pathway enrichment analysis. (F�H) Plasma lipidomic analysis was performed using targeted MS, which confirmed the
elevation of AA, 11-HETE, and 5-HETE according to COVID-19 severity (n 5 20 healthy participants; n 5 10 asymptomatic; n 5 12 moderate; n 5 15
severe; n 5 16 critical). (I) Lipidomic analysis was performed using targeted MS and confirmed the elevation of LM derived (Figure legend continues)
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detected in plasma samples, GC treatment completely inhibited ACh
release in TA from critical individuals. Although ACh levels in
non�GC-treated critical control participants were detected, the con-
centration was lower than those detected in patients with critical
COVID-19 (Fig. 3C).
To understand whether the levels of FAs/LMs and ACh measured

in plasma samples and TAs were associated with inflammatory bio-
markers and/or clinical parameters of COVID-19, we performed
Spearman’s correlation analysis among pairs of these variables. In
blood, all FAs/LMs detected (AA, 5-HETE, and 11-HETE) were
strongly or moderately correlated with ACh. FA/LM and ACh con-
centrations were positively, moderately, or strongly correlated with
disease severity, whereas 5-HETE and ACh levels correlated moder-
ately with the patients’ hospitalization period (Fig. 3D). Increased
levels of FAs/LMs and ACh correlated positively in plasma samples
that varied from weak to strong intensities with inflammatory or
thrombotic markers, such as neutrophil counts, international normal-
ized ratio, IL-1b, IL-6, and IL-8 (Fig. 3D).
In addition, high TA levels of AA, 5-HETE, and 12-HETE, from

patients with critical COVID-19 positively correlated with the ele-
vated BMI values, whereas 5-oxo-ETE showed a positive correla-
tion with patients’ hospitalization period (Fig. 3E). Furthermore,
high ACh TA levels presented a high PGE2 positive correlation,
whereas IL-10 presented a negative correlation, in patients with crit-
ical COVID-19 (Fig. 3E).

Glucocorticoid therapy prevents severity and lethality in patients
with COVID-19

To understand the effect of independent variables such as GC, AA,
ACh, 5-HETE, and 11-HETE levels on the severity and outcome of
COVID-19, a binomial logistic regression analysis was performed
using a model adjusted for sex, BMI, and age. Considering that the
statistical model included patients from moderate to critical groups,
as well as the odds ratio (OR) and 95% CI, we identified beneficial
effects of GC therapy related to disease progression and lethality,
and this effect was more prominent in severe patients (Fig. 4A, 4B).
Interestingly, this beneficial action of GC therapy was associated
with reduced levels of ACh (death, GC, OR, 0.38; 95% CI,
0.002�0.6; p 5 0.021; severity, GC, OR, 0.02; 95% CI,
0.001�0.48; p 5 0.015). However, ACh levels did not show a sig-
nificant association with both outcomes, and this event could be
related to the inhibitory effect of GC therapy on ACh production
(Fig. 4A�D). Although statistical analyses detected no significant
differences, among the groups, they revealed that the independent
variable 11-HETE had a tendency towards the risk of severity and
death (death, 11-HETE, OR, 4.5; 95% CI, 0.24�86.0; p 5 0.307;
severity, 11-HETE, OR, 2.0; 95% CI, 0.002�1525.7; p 5 0.832)
(Fig. 4A, 4B).

Discussion
SARS-CoV-2 induces a hyperinflammation syndrome associated
with metabolic alterations in the host, and it may favor viral infec-
tion (31). On the basis of our analyses of whole blood leukocyte
transcriptome, laboratory findings, and clinical data, we demon-
strated that the uncontrolled innate immune response induced by

SARS-CoV-2 infection is associated with high FA/LM and ACh
production, mainly in patients with severe and critical disease.
Increased levels of FA/LM and ACh are also correlated in other
inflammatory processes such as scorpion envenomation and hyper-
tension (10, 32, 33).
The analysis of the whole blood leukocyte transcriptomic analysis

of 66 patients in our cohort indicated that transcriptional disturbance
associated with COVID-19 severity included alterations in the ACh
and FA/LM pathways. In this sense, patients with severe and critical
disease showed altered expression of genes related to synthesis,
secretion, and cellular signaling of ACh and FA/LM. We detected
upregulated genes encoding proteins involved in choline transport
and synaptic vesicle exocytosis (SLC5A7 and UNC13B), proinflam-
matory events associated with ACh cell signaling (PPFIA2 and
GNAQ) and enzymes of FA production derivatives (ALOX5,
ALOX5AP, PTGS1, and OLAH), and expression of proinflammatory
cholinergic and LM or eicosanoid receptors (CHRM5, CHRNA5,
OXER1, and LTB4R). We also detected a strong reduction in the
expression of two genes associated with FA metabolism (THEM4
and HACL1) that encode proteins with anti-inflammatory properties
(34, 35). The HACL1 gene product regulates the peroxisome prolif-
erator-activated receptor-a signaling pathway and impairs the endo-
genous production of odd-chain FA metabolites, which favors
hyperinflammation and COVID-19 severity (34, 36�38). The
THEM4 gene product participates in the anti-inflammatory action of
vitamin D by downmodulating synthesis of LM derived from the
COX-2 pathway (39). In this sense, reduced expression of this gene
in patients with COVID-19 restrains the beneficial effects of vitamin
D in controlling disease progression.
Our findings suggest the existence of crosstalk between lipid and

cholinergic mediators favoring COVID-19 severity. GNAQ mRNA
upregulation is an excellent example of this event. It encodes the G
protein�coupled receptor of the Gq/11 family that regulates both the
signal transduction of muscarinic receptors involved in inflammatory
processes (40) and the activity of phospholipase C-b (41), an enzyme
that mediates the 1,2-diacylglycerol release and indirect increase of
Ca21 influx, leading to cytosolic phospholipase A2 activation and
high AA release in activated human neutrophils (42). Furthermore,
laboratory findings together with transcriptomic data from our cohort
supported the existence of an interface of neutrophilia with ACh/
FA/LM pathways in COVID-19 severity. Reanalysis of public tran-
scriptome data from hospitalized patients with and without
COVID-19 (GSE157103) using DEGs identified in our transcriptome
dataset reinforced our findings, showing that ACh and FA/LM path-
ways were involved in COVID-19 severity. The genes with similar
expression profiles in both analyses were GNAC, UNC13B, ALOX-5,
ALOX5AP, THEM4, HACL1, and PTGS1. Together, these data indi-
cated that high levels of ACh and FA/LM, combined with high
expression of their receptors associated with proinflammatory activi-
ties, contributed to COVID-19 immunopathology.
FA/LM metabolism is one of the most altered pathways during

COVID-19 (43). These biomolecules, such as oleic acid, AA, and
PGE2, could actively participate in virus fusion with host cell mem-
branes, endocytosis, viral replication, and inflammation induction
(44). Our metabolomic analysis revealed that the profile of meta-
bolic pathways in blood and TAs is related to the synthesis and

from AA metabolism by lipoxygenase (LOX), cyclooxygenase (COX) and P450 pathway in TAs from patients with critical COVID-19 (n 5 19) as compared
with critical control participants (n5 11). Blood was collected within the first 24 h of admission in the health care unit, and TAs were collected from intubated
critical patients (median, 6 d) with a confirmed diagnosis of SARS-CoV-2 infection (critical COVID-19) and from intubated patients without SARS-CoV-2
infection (critical control). Statistics in B�D and F�G were calculated by ANOVA followed by Mann-Whitney posttest; statistics in I were calculated by Student
t test; significance is indicated by bars where p< 0.05. The bars in B�D and F�I represent the median ± 95% CI, and the dots represent data dispersion.
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FIGURE 3. Severe and critical phases of COVID-19 are characterized by increased systemic and pulmonary release of ACh, which is inhibited by treat-
ment with GCs and correlates with FA/LM levels and clinical parameters. (A) Compared with healthy participants (n 5 18), plasma ACh concentration
(pM/ml) was increased in SARS-CoV-2�infected patients according to disease severity (n 5 10 asymptomatic; n 5 12 moderate; n 5 14 severe; n 5 16 crit-
ical). (B) Treatment with GCs decreased plasma ACh concentration (pM/ml) in patients with severe (n 5 9 non-GC; n 5 5 GC) and critical (n 5 6 non-GC;
n 5 9 GC) COVID-19. (C) Critical SARS-CoV-2�infected patients not treated with GCs (n 5 3) exhibited increased TA ACh concentration (pM/ml) com-
pared with critical patients treated with GCs (n 5 13) and critical non�COVID-19 control participants (n 5 17). (D) Spearman’s correlation between plasma
levels of FA/LM and ACh and COVID-19 clinical parameters (n 5 15 moderate; n 5 27 severe; n 5 22 critical). (E) Spearman’s correlation between TA
levels of FA/LM and ACh and COVID-19 clinical parameters (n 5 18 patients with critical COVID-19). Statistics in A and C were calculated by ANOVA
followed by Mann-Whitney posttest, with significance indicated by bars, where p < 0.05; the bars represent the median ± 95% CI, and the dots represent
data dispersion. Statistics in B were calculated by Mann-Whitney test, with significance indicated by bars, where p < 0.05. Statistics in D and E were calcu-
lated by the nonparametric Spearman’s correlation matrix between the levels of FA/LM and ACh, and clinical parameters were plotted using the GraphPad
Prism version 9.0 package. Red shades indicate positive correlations; blue shades represent negative correlations; black circles indicate p < 0.05, which was
the threshold of significance. Blood and TA fluid were collected during hospitalization, on average, 6 to 17 d after admission. GCs (methylprednisolone from
40 to 500 mg/kg/d or dexamethasone from 1.5 to 6.0 mg/kg/d) were administered i.v.
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degradation of FAs, sphingolipids, steroid hormones, and vitamin
D3. Linoleic acid, one of the main precursors of AA synthesis in
mammals (45), is the best example of FAs whose levels were
increased according to COVID-19 severity. The role of AA in
COVID-19 is still controversial and poorly understood. Some authors
have reported that AA is beneficial to the host because this eicosanoid
can induce disturbances in the virus membrane, reducing virus viabil-
ity and cellular infection (46). Other authors have reported a clear
association between low serum levels of AA and enhanced systemic
inflammation in deceased patients with COVID-19, suggesting that
dysregulated FA/LM levels are related to disease progression (47).
Another interesting fact is that sphingolipid-rich microdomains in the
epithelial cell membrane regulate the plasma membrane fluidity and
facilitate virus fusion and its genome released into the host cell (44).
The role of vitamin D3 in COVID-19 has been widely discussed.
Some studies have proposed that vitamin D supplementation is benefi-
cial for patients with COVID-19 because of its anti-inflammatory and
antiviral properties (48, 49). However, the vitamin D metabolites
25(OH)D3 and 24,25-dihydroxyvitamin D3 are associated with
increased ALOX5 mRNA expression and 5-lipoxygenase activity
(50). The 5-lipoxygenase is an enzyme that can be expressed by acti-
vated neutrophils and participates in the synthesis of proinflammatory
AA metabolites, such as LTB4 and 5-HETE, whose levels are height-
ened in patients with critical COVID-19 (51�53), as described here.
Interestingly, we demonstrated that 25(OH)D3, 24,25(OH)2D3, and
23S,25,26-trihydroxyvitamin D3 levels were higher in TAs from
severe/critical patients than in critical control participants, reinforcing
the concept that vitamin D could be associated with detrimental effects
on COVID-19.
We also demonstrated a wide range of LM alteration in TAs of

patients with critical COVID-19. More precisely, we detected ele-
vated production of 6-trans-LTB4, PGE2, TXB2, and 12-oxo-ETE.

Similarly, these metabolites are found in high concentrations in spu-
tum from patients with chronic obstructive pulmonary disease�
associated eosinophilic airway inflammation (54). During SARS-
CoV-2 infection, cell death generates cell debris and causes a stress
response in the endoplasmic reticulum that enhances COX activation
(55), but it reduces the activity of 15-hydroxy-PG-dehydrogenase-
(NAD1), an enzyme that degrades PGE2, with a consequent
increase in PGE2 level (8). PGE2 acts as a functional amplifier of
IL-6 (56) and IL-1b release (10, 57) and may contribute to persis-
tent and exacerbated lung and heart inflammation in patients with
COVID-19. However, IL-1b upregulates COX-2 expression and
PGE2 release, indicating that these mediators participate in an
inflammation amplification cycle (10, 57, 58). We did not detect dif-
ferences between TA levels of IL-1b from patients with critical
COVID-19 compared with critical control participants. However,
we detected a slight increase in plasma levels of IL-1b in patients
with COVID-19. Thus, we cannot rule out the participation of
IL-1b in the regulation of COX-2 activation in patients with severe
COVID-19. Increased IL-1b and PGE2 promote pulmonary edema,
airway obstruction, cell recruitment, and reduced proliferation of
human pre-B cells (57, 59�61).
Thrombotic complications and neutrophil extracellular traps are

associated with COVID-19 severity (62, 63). In this sense, patients
with severe COVID-19 have increased levels of TXB2, a marker of
platelet activation, in plasma and airways (64�66). In addition to
platelet hyperreactivity, the enhanced platelet�neutrophil and plate-
let�monocyte interactions may contribute to poor outcomes in
COVID-19 (65, 66). Here, we found increased neutrophil counts in
TAs of patients with critical COVID-19 and increased levels of
TXB2. In addition, another upregulated LM in TAs of patients with
critical COVID-19 is 6-trans-LTB4, a nonenzymatic degradation
product of LTA4 (67). 6-Trans-LTB4 is detected in high
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FIGURE 4. GCs protect against disease progres-
sion and death. Data were analyzed by binomial logis-
tic regression, and the results were reported as OR and
95% CI with the independent variables GC, AA,
ACh, 5-HETE, and11-HETE; themodelwas adjusted
by comorbidity, sex, BMI, and age for groups of
patients in different stages of disease. (A) Binomial
logistic regression analyses considering severity as a
dependent variable, with the logistic regression model
significant (p< 0.001; McFadden R2 5 0.73; Nagel-
kerkeR25 0.85; accuracy5 0.93; specificity5 0.93;
sensitivity 5 0.93; area under the curve 5 0.97) in
patients with COVID-19 (moderate, n5 15; severe, n
5 27; critical, n 5 22). (B) Binomial logistic regres-
sion analyses considering death as a dependent vari-
able, with the logistic regression model significant (p
< 0.001; McFadden R2 5 0.73; Nagelkerke R2 5
0.85; accuracy5 0.93; specificity5 0.88; sensitivity
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n5 50moderate; n5 54 severe; n5 55 critical). (D)
Plasma ACh levels in patients with severe and critical
COVID-19 treated with GCs (n5 15 GC discharged;
n 5 22 GC death). Statistics in C were calculated by
ANOVA and Mann-Whitney posttest; statistics in D

were calculated by Student t test; significance was
indicated when p < 0.05. The bars represent the
median ± 95% CI, and the dots represent the data
dispersion.
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concentrations in blood from deceased patients with COVID-19
(47). In addition, 6-trans-LTB4 activates neutrophils, increases the
expression of ICAM-1 on the cell surface, and promotes their adher-
ence and interaction with endothelial cells, which in turn favors leu-
kocyte infiltration (68). Our results demonstrated that SARS-CoV-2
infection promoted an FA/LM storm linked to the worst COVID-19
outcome. We identified an FA/LM profile associated with disease
severity and characterized by a low diversity of mediators with sig-
nificantly increased concentrations in plasma (AA, 5-HETE, and 11-
HETE) and TA samples (AA, 12-oxo-ETE, 5-HETE, 6-trans-LTB4,
PGE2, TXB2, and 11-HETE). Curiously, Zaid et al. (51) detected
significantly high levels of some eicosanoids (12-HHTrE, LTB4,
TXB2, and PGE2) in TA from patients with severe COVID-19.
Other studies have described FA/LM signatures associated with
severe COVID-19 that are composed of a high diversity of molecu-
lar species in serum (52) and TA samples (12). The above-men-
tioned reports indicate a robust correlation between dysregulation of
the FA/LM lipidome and COVID-19 severity; however, the differ-
ences among these studies may be associated with the use of distinct
study designs or experimental approaches, such as type and volume
of biological samples, limitations of sensitivity in the detection, and
sample processing and extraction procedures. Of note, the inaccessi-
bility of TA samples from healthy subjects restricted our investiga-
tion to hospitalized patients with critical COVID-19 and intubated
subjects who presented health issues except for COVID-19 (critical
control subjects). This limitation may be associated with some data
variation in these studies and the low species diversity in the FA/
LM signature detected in the biological samples from our patients.
The present study reported that SARS-CoV-2 infection induced
ACh release at pulmonary and systemic levels and that this effect
was more pronounced in the infection site, where the ACh concen-
tration was ∼16-fold higher. ACh is produced primarily by the ner-
vous system (16), but lung epithelial cells and leukocytes also
release this molecule (17, 69). Neutrophils are important sources of
ACh, whose release can be stimulated by LMs such as 11-HETE
(70). The 11-HETE is elevated in both the blood and TAs of
patients with critical COVID-19. ACh induces mucus secretion,
bronchoconstriction, inflammation, lung remodeling (21), cardiac
dysfunction (10), and the release of IL-8 (22). An interesting fact is
that low ACh concentration was detected in the TA from critical
control patients, as opposed to the high concentration detected in
patients with critical COVID-19. In critical control participants, this
event may be associated with low levels of PGE2 because this lipid
is a strong inducer of ACh (10).
The ACh binding to its receptor triggers the release of AA-

derived eicosanoids (71). Indeed, therapies involving nicotinic recep-
tors have been proposed for the treatment of COVID-19 (72) based
on the anti-inflammatory effects and the nicotine-mediated desensiti-
zation of the ACE2 receptor. Recent studies have reported that nico-
tine and smoking upregulate ACE2 receptor expression in COVID-
19 (73). Therefore, our findings raise concerns for the therapeutic
use of nicotinic agonists to treat COVID-19, because patients with
severe/critical disease release large amounts of ACh and exhibit
increased CHRM3 gene expression that encodes the cholinergic
muscarinic receptor 3. In addition, some authors have proposed the
use of AA to treat COVID-19 because of its antiviral and anti-
inflammatory effects (46). However, our findings indicate that such
a strategy may be inadequate once AA metabolites could favor
hyperinflammation and lethality in patients with COVID-19.
A variety of protocols have been proposed as complementary treat-

ments due to the heterogeneous clinical manifestation of COVID-19.
In this sense, the effectiveness of GC administration has been reported
in hospitalized patients with acute respiratory distress syndrome
caused by COVID-19 and patients who receive respiratory support

(74). GCs prevent inflammation induced by alveolar damage caused
by cytokine and chemokine storms; however, GCs may delay virus
elimination and alter lymphocyte proliferation (75) The classically
described mechanism of GC action is the inhibition of phospholipase
A2 and COX-2, two enzymes involved in AAmetabolism (76). Dexa-
methasone inhibits PGE2 synthesis and thus limits ACh release and
avoids cardiac dysfunction (10). The reduction of proinflammatory
LMs may then explain the clinical benefits of GCs for patients with
COVID-19. The GC treatment of patients with severe and critical
COVID-19 reduced ACh levels in plasma and TA.
Interestingly, Spearman’s correlations detected that the blood lev-

els of AA, 5-HETE, and 11-HETE, as well as ACh, in patients with
COVID-19 correlated positively with disease severity, and plasma
levels of 5-HETE and ACh correlated positively with days of hospi-
talization. In TAs, ACh and PGE2 levels correlated positively and
moderately. Circulating neutrophil count levels correlated positively
with COVID-19 severity, and neutrophilia is an indicator of severe
respiratory symptoms and unfavorable outcomes in COVID-19 (77).
As expected, neutrophils were the main cells whose counts were
increased in the blood and TAs of patients with severe and critical
COVID-19, and here we demonstrated that this phenomenon in
blood is associated with lipid storm. Surprisingly, we did not detect
a correlation between blood FA/LM and BMI, but elevated levels of
AA, 5-HETE, and 12-HETE positively correlated with BMI in TA
samples. Obesity is a well-established risk factor for the develop-
ment of severe forms of COVID-19 (78), a disorder that may favor
the generation of persistent inflammation because of increased eico-
sanoids (79). Taken together, our data demonstrated a correlation
between FA/LM, ACh, and clinical markers of COVID-19 at pul-
monary and systemic levels, suggesting that these molecules partici-
pate in COVID-19 progression.
The logistic regression analysis indicated that high levels of 11-

HETE (severity OR, 4.5; death OR, 2.0) tended to be a risk factor
for the development of severe forms of COVID-19 and death even
after adjusting the model for sex, BMI, comorbidities, and age. In
the literature, male sex has been described to be related to the infec-
tion rate, severity, and mortality of COVID-19 (80).
Binomial logistic regression analysis demonstrated that adminis-

tration of GCs protected patients from developing critical forms of
COVID-19 and the outcome of death even after adjusting the model
for sex, BMI, comorbidities, and age. However, the protective
effects of GCs were more prominent in patients with severe disease.
In this regard, ∼88% of surviving patients with severe COVID-19
were treated with GCs, and only 67% of patients in the critical
group experienced recovery with GC therapy (Fig. 4C). This could
be explained by the fact that critical patients are in a serious medical
condition that causes nonresponsiveness to GC therapy, an event
known as the “point of no return” (10, 57). As described here, the
RECOVERY clinical trials have also reported that GC therapy
reduces the lethality rates more effectively in patients with severe
COVID-19 who receive respiratory support than in patients who
receive no respiratory support (74). It should be noted that the
lethality rates of GC-treated patients with severe COVID-19 in our
cohort were higher than those reported in the RECOVERY trial
(74). Similarly, the CoDEX trial has reported that GC therapy is
useful even when the baseline lethality rate of the participants is
high (81). Several reasons could explain this difference, including
the low mean partial pressure of oxygen/fraction of inspired oxygen
ratio and the burden of the health care system in a resource-limited
country such as Brazil (81). Interestingly, these findings corroborate
the analysis of binomial logistic regression data about the protective
effect of GCs (Fig. 4), which was associated with a reduction of
ACh levels. In contrast, the FA/LM levels did not differ significantly
between discharged and deceased patients with severe or critical
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disease treated or not with GCs. The ineffective response to GC
could be associated with the AA production from GC-insensitive
sources (82), linoleic acid (83), or enzymatic hydrolysis of endocan-
nabinoids (84, 85). Future investigations are required to clarify the
mechanism of the apparent crosstalk between FA/LM and choliner-
gic mediators in the severity of COVID-19.
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Pimentel, L. H. Faccioli, E. A. Del-Bel, and V. Tumas. 2022. Metabolic profile in
plasma and CSF of levodopa-induced dyskinesia in Parkinson’s disease: focus on
neuroinflammation. Mol. Neurobiol. 59: 1140�1150.

27. Chambers, M. C., B. Maclean, R. Burke, D. Amodei, D. L. Ruderman, S. Neumann,
L. Gatto, B. Fischer, B. Pratt, J. Egertson, et al. 2012. A cross-platform toolkit for
mass spectrometry and proteomics.Nat. Biotechnol. 30: 918�920.

28. Yu, T., Y. Park, J. M. Johnson, and D. P. Jones. 2009. apLCMS—adaptive proc-
essing of high-resolution LC/MS data. Bioinformatics 25: 1930�1936.

29. Li, S., Y. Park, S. Duraisingham, F. H. Strobel, N. Khan, Q. A. Soltow, D. P.
Jones, and B. Pulendran. 2013. Predicting network activity from high throughput
metabolomics. PLOS Comput. Biol. 9: e1003123.

30. Overmyer, K. A., E. Shishkova, I. J. Miller, J. Balnis, M. N. Bernstein, T. M. Peters-
Clarke, J. G. Meyer, Q. Quan, L. K. Muehlbauer, E. A. Trujillo, et al. 2021. Large-
scale multi-omic analysis of COVID-19 severity. Cell Syst. 12: 23�40.e7.

31. Batabyal, R., N. Freishtat, E. Hill, M. Rehman, R. Freishtat, and I. Koutroulis.
2021. Metabolic dysfunction and immunometabolism in COVID-19 pathophysi-
ology and therapeutics. Int. J. Obes. 45: 1163�1169.

32. Wong, S. L., F. P. Leung, C. W. Lau, C. L. Au, L. M. Yung, X. Yao, Z. Y. Chen,
P. M. Vanhoutte, M. Gollasch, and Y. Huang. 2009. Cyclooxygenase-2-derived
prostaglandin F2a mediates endothelium-dependent contractions in the aortae of
hamsters with increased impact during aging. Circ. Res. 104: 228�235.

33. Edwards, J. M., C. G. McCarthy, and C. F. Wenceslau. 2020. The obligatory role of
the acetylcholine-induced endothelium-dependent contraction in hypertension: can
arachidonic acid resolve this inflammation? Curr. Pharm. Des. 26: 3723�3732.

34. Jenkins, B., E. de Schryver, P. P. Van Veldhoven, and A. Koulman. 2017. Peroxi-
somal 2-hydroxyacyl-CoA lyase is involved in endogenous biosynthesis of hepta-
decanoic acid.Molecules 22: 1718.

35. Thomas, T., D. Stefanoni, J. A. Reisz, T. Nemkov, L. Bertolone, R. O. Francis,
K. E. Hudson, J. C. Zimring, K. C. Hansen, E. A. Hod, et al. 2020. COVID-19

260 ACETYLCHOLINE AND FATTY ACIDS PATHWAYS IN SEVERE COVID-19
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/209/2/250/1486598/ji2200079.pdf by guest on 01 O
ctober 2023

https://BioRender.com


infection alters kynurenine and fatty acid metabolism, correlating with IL-6 levels
and renal status. JCI Insight 5: e140327.

36. Heffernan, K. S., S. M. Ranadive, and S. Y. Jae. 2020. Exercise as medicine for
COVID-19: on PPAR with emerging pharmacotherapy. Med. Hypotheses 143:
110197.

37. Venn-Watson, S., R. Lumpkin, and E. A. Dennis. 2020. Efficacy of dietary odd-
chain saturated fatty acid pentadecanoic acid parallels broad associated health
benefits in humans: could it be essential? Sci. Rep. 10: 8161.

38. Yao, J., J. Yan, J. Wu, J. Yu, B. He, X. Chen, and Z. Chen. 2021. Predicting target
genes of San-Huang-Chai-Zhu formula in treating ANIT-induced acute intrahepatic
cholestasis rat model via bioinformatics analysis combined with experimental valida-
tion. Evid. Based Complement. Alternat. Med. 2021: 5320445.

39. Wang, Q., Y. He, Y. Shen, Q. Zhang, D. Chen, C. Zuo, J. Qin, H. Wang,
J. Wang, and Y. Yu. 2014. Vitamin D inhibits COX-2 expression and inflamma-
tory response by targeting thioesterase superfamily member 4. J. Biol. Chem.
289: 11681�11694.

40. Maeda, S., Q. Qu, M. J. Robertson, G. Skiniotis, and B. K. Kobilka. 2019. Struc-
tures of the M1 and M2 muscarinic acetylcholine receptor/G-protein complexes.
Science 364: 552�557.

41. Waldo, G. L., T. K. Ricks, S. N. Hicks, M. L. Cheever, T. Kawano, K. Tsuboi,
X. Wang, C. Montell, T. Kozasa, J. Sondek, and T. K. Harden. 2010. Kinetic
scaffolding mediated by a phospholipase C-b and Gq signaling complex. Science
330: 974�980.

42. Balsinde, J., E. Diez, and F. Mollinedo. 1991. Arachidonic acid release from
diacylglycerol in human neutrophils. Translocation of diacylglycerol-deacylating
enzyme activities from an intracellular pool to plasma membrane upon cell acti-
vation. J. Biol. Chem. 266: 15638�15643.

43. Li, Y., Y. Zhang, R. Lu, M. Dai, M. Shen, J. Zhang, Y. Cui, B. Liu, F. Lin,
L. Chen, et al. 2021. Lipid metabolism changes in patients with severe COVID-
19. Clin. Chim. Acta 517: 66�73.

44. Abu-Farha, M., T. A. Thanaraj, M. G. Qaddoumi, A. Hashem, J. Abubaker, and
F. Al-Mulla. 2020. The role of lipid metabolism in COVID-19 virus infection and
as a drug target. Int. J. Mol. Sci. 21: 3544.

45. Le, H. D., J. A. Meisel, V. E. de Meijer, K. M. Gura, and M. Puder. 2009. The
essentiality of arachidonic acid and docosahexaenoic acid. Prostaglandins Leu-
kot. Essent. Fatty Acids 81: 165�170.

46. Das, U. N. 2020. Can bioactive lipids inactivate coronavirus (COVID-19)? Arch.
Med. Res. 51: 282�286.

47. Palmas, F., J. Clarke, R. A. Colas, E. A. Gomez, A. Keogh, M. Boylan, N. McEvoy,
O. J. McElvaney, O. McElvaney, R. Alalqam, et al. 2021. Dysregulated plasma lipid
mediator profiles in critically ill COVID-19 patients. PLoS One 16: e0256226.

48. Martineau, A. R., and N. G. Forouhi. 2020. Vitamin D for COVID-19: a case to
answer? Lancet Diabetes Endocrinol. 8: 735�736.

49. Murdaca, G., G. Pioggia, and S. Negrini. 2020. Vitamin D and Covid-19: an update
on evidence and potential therapeutic implications. Clin. Mol. Allergy 18: 23.

50. Somjen, D., S. Katzburg, M. Grafi-Cohen, E. Knoll, O. Sharon, and G. H. Posner.
2011. Vitamin D metabolites and analogs induce lipoxygenase mRNA expression
and activity as well as reactive oxygen species (ROS) production in human bone
cell line. J. Steroid Biochem. Mol. Biol. 123: 85�89.
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