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Hypertension is one of the most common risk factors for COVID-19 clinical progression. The
identification of plasma biomarkers for anticipating worse clinical outcomes and to better understand
the shared mechanisms between hypertension and COVID-19 are needed. A hypothesis-generating
study was designed to compare plasma proteomics and metabolomics between 22 hypertensives
(HT) and 41 non-hypertensives (nHT) patients with the most unfavorable COVID-19 progression.

A total of 43 molecules were significantly differed between HT (n=22) and nHT (n=41). Random
Forest (RF) analysis identified myo-inositol, gelsolin and phosphatidylcholine (PC) 32:1 as the top
molecules for distinguishing between HT and nHT. Plasma myo-inositol and gelsolin were higher
(P=0.03 and P=0.02, respectively) and plasma PC 32:1 was lower (P=0.03) in HT compared to nHT.
Biological processes like stress response and blood coagulation, along with KEGG pathways including
ascorbate and aldarate metabolism (P=0.021) and linoleic acid metabolism (P=0.028), were altered in
hypertensive patients with the most unfavorable COVID-19 progression. There is a clear link between
hypertension and severe COVID-19. Key biological pathways to consider for improving the prognosis
and quality of life of hypertensive patients who become infected with SARS-CoV-2 include oxidative
stress, ascorbate and aldarate metabolism, lipid metabolism, immune system and inflammation.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible and pathogenic virus
responsible for coronavirus disease (COVID-19)!. Hypertension is the most common preexisting condition
in symptomatic COVID-19 patients that significantly increases the risk of hospitalization and death?®. And
although the exact mechanisms that link high blood pressure (BP) and COVID-19 severity remain unclear,
the renin-angiotensin-aldosterone system (RAAS) dysregulation may be a key factor’. During SARS-CoV-2
infection, the viral spike protein binds to the angiotensin-converting enzyme 2 (ACE2) receptor, triggering
the activation of a non-conventional RAAS axis. RAAS acts as a homeostatic regulator of vascular function.
Activation of the conventional and non-conventional RAAS axis downregulates the ACE2 receptor, contributing
to endothelial dysfunction and inflammation!®!!. Consequently, the coexistence of SARS-CoV-2 infection and
hypertension may have additive harmful effects on the patient!?.

Some studies have reported specific biomarkers for the identification of COVID-19 patients at higher
risk of adverse outcomes!?, especially for those with cardiovascular complications!*-'¢. Previous multi-omics
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analyses have advanced in the field of COVID-19 to support the prevention, diagnosis and treatment of
disease severity!’~!. However, there is a lack of biomarker-finding studies specifically focused on hypertensive
patients with SARS-CoV-2 infection. For that reason, we evaluated the proteomic and metabolomic profiles
of hypertensive patients in the acute phase of COVID-19 (hospital admission) stratified by disease severity.
Our goal is to enhance our understanding of the mechanisms behind health decline, identify biomarkers for
predicting worse clinical outcomes, and discover potential therapeutic targets.

Methods

Study cohort

The multi-omics study was performed in a cohort including 103 patients with SARS-CoV-2 infection confirmed
by polymerase chain reaction (PCR) within the first 21 days of infection at the Hospital Universitari Joan XXIII
of Tarragona (Spain). Patients were recruited between March 2020 and February 2021 (from the first to the third
pandemic waves). COVID-19 patients were classified into three groups of severity according to the inclusion
criteria described in “Diagnosis and Treatment Protocol for COVID-19 Patients (version 8 trial)”?223: mild for
patients that not require hospitalization, without symptoms or presenting mild symptoms such as fever, dry
cough, headache, asthenia, anosmia, diarrhea, fatigue and myalgia; severe for hospitalized patients presenting
with fever, mild/moderate pneumonia, mild/moderate dyspnea, or other pathologies developing severe
symptoms; and critical for hospitalized patients that required intensive care and mechanical ventilation due
to severe pneumonia, respiratory failure, hemodynamic instability, tachypneaz 30/min, O2 saturation <93%,
Pa02/FiO02 <300, lung infiltrates > 50% radiological fields in 24-48 h, septic shock, or multi-organ dysfunction/
failure. Among these 103 COVID-19 patients, 26 had hypertension and 77 were normotensives, as defined
by the World Health Organization (systolic blood pressure readings>140 mmHg and/or diastolic pressure
readings > 90 mmHg on two different days)?!. Hypertension diagnosis was documented in each patient’s medical
history. All patients with hypertension except one (25/26) were receiving antihypertensive medication.

None of the patients in the study had received the SARS-CoV-2 vaccine at the time of blood sampling. Data
was collected and stored in a database, including data related to hospitalization, such as symptoms at admission,
radiological findings, pneumonia severity, oxygen therapy, medical treatment, comorbidities, biochemical and
demographic data, and previous diseases of interest.

Sample recruitment

Blood samples were extracted on admission and processed to obtain plasma for multi-omics analysis. Plasma
samples were stored at -80°C at the BioBank of Institut d’'Investigacié Sanitaria Pere Virgili (IISPV) until its use
in the multi-omics analysis.

Proteomics

Sample preparation (12 pl) followed a protocol reported previously. Data acquisition was performed using
an LTQ-Orbitrap Velos Pro from ThermoFisher by an enhanced FT-resolution MS spectrum 4 (R=30,000
FHMW) followed by a data-dependent FT-MS/MS acquisition (R=15,000 FHMW, 40% HCD) at the Centre
for Omic Sciences (COS), Joint Unit of the Universitat Rovira i Virgili and Eurecat'®. Labeled and multiplexed
peptides (pool labelled with TMT-126 tag) were loaded on a trap nano-column (100 pm L.D.; 2 cm length; 5 pum
particle diameter, ThermoFisher Scientific, CA, USA) and separated onto a C18 reversed phase (RP) nano-
column (75 pm L.D.; 15 cm length; 3 um particle diameter, Nikkyo Technos Co. LTD, Japan) on an EASY-II
nanoLC from Thermo Fisher. The chromatographic separation was performed using Milli-Q water (0.1% formic
acid) and acetonitrile (0.1% formic acid) as mobile phase at 300 nL/min flow rate. Protein identification and
quantification were performed using Proteome Discoverer software v.1.4.0.288 (ThermoFisher Scientific, CA,
USA) by Multidimensional Protein Identification Technology (MudPIT), combining the two raw data from
each sample. For protein identification, all MS and MS/MS spectra were analyzed using the Mascot search
engine (v.2.5) combing Homo sapiens (74,449 entries) and contaminants (247 entries) databases. Two missed
cleavages and an error of 0.02 Da for FT-MS/MS fragmentation mass and 10.0 ppm for a FT-MS parent ion mass
were allowed. Protein quantification was based on the ratios between each TMT-label against-TMT label, with
normalization to the protein median.

Metabolomics

Samples were analyzed on a 7200 GC-qTOF from Agilent Technologies (Santa Clara, CA, USA) at the COS'S.
The chromatographic separation was based on Fiehn Method, using a J&W Scientific HP5-MS (30 m x 0.25 mm
i.d., 0.25 um film capillary column and helium as carrier gas using an oven program from 60 to 325 °C).
Ionization was performed by electronic impact (EI) at 70 eV in full scan mode. Metabolites were identified by
pure standards or by matching their EI mass spectra and retention time to the metabolomic Fiehn library (from
Agilent). Semi-quantification was based on internal standard response ratios.

For the hydrophobic lipids extraction, liquid-liquid extraction based on the Folch procedure was used's.
Samples were analyzed on a 1290 Infinity UHPLC coupled to a 6550 qTOF mass spectrometer from Agilent
Technologies (Santa Clara, CA, USA) at the COS. Lipid species identification was performed by matching their
accurate mass and tandem mass spectrum, when available, to Metlin-PCDL from Agilent. Chromatographic
behavior of pure standards for each family and bibliographic data were used to ensure their putative identification.
Lipid species were semi-quantified using an internal standard for each lipid family.

Multiomics analyses
A total of 429 molecules were identified, including 239 proteins and 190 metabolites (including lipid species).
Several quality control steps were applied, including sample integrity assessment, detection of outliers, and
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normalization to correct for potential technical effects. Principal component analysis (PCA) was evaluated
to ensure group homogeneity. Before statistical analysis, data normalization by median-based correction for
systematic differences, Log10 transformation, auto scaling (mean-centered and divided by the standard deviation
of each variable) were performed using MetaboAnalyst 5.0. Features with >50% of missing values were removed
and replaced by the median. Omics data were jointly integrated and analyzed in MetaboAnalyst 5.0 for Random
Forest, Heatmap, Gene Ontology (GO) enrichment and Joint Pathway analysis based on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways.

Statistical analysis

Given the sample size (< 30) in the HT group, non-parametric test was applied to be more rigorous for meaningful
differences detection between the HT and nHT groups. The distribution of severity groups (mild, severe and
critical) between HT and nHT patients was evaluated by the Kruskall-Wallis test. Comparisons between groups
were performed using the Chi-square (x2) test or the Mann-Whitney U test, as requested (IBM SPSS Statistics
26.0). Boxplot graph of selected biomolecules was generated with GraphPad Prism 9.0. Protein interactions
networks were generated with STRING 11.5 software. Correlations were analyzed using the Spearman rank
coeflicient or the point-biserial correlation coefficient, as requested (IBM SPSS Statistics 26.0). Complex figures
were created with BioRender.com. The results were considered statistically significant at P<0.05.

Results

Study characteristics

The study included 103 SARS-CoV-2-infected patients classified into mild, severe and critical (Fig. 1A). Among
the 103 patients, 26 were HT and 77 were nHT (Fig. 1B). COVID-19 severity was significantly related to the
hypertension group, as evaluated by the distribution of the three severity groups (mild, severe and critical)
between HT and nHT patients (Fig. 1B, P =0.008). Given the limited sample size in the HT mild group (n=4/26)
and to focus on the relationship between hypertension and COVID-19 severity, both HT and nHT mild patients
were excluded from the analyses (Fig. 1C).

The hypothesis-generating cohort for the study (Fig. 1C), including the most unfavorable COVID-19
patients (n=63), comprised 22 (34.9%) HT patients compared to 41 (65.1%) nHT patients. The median age
was significantly higher in the HT group (P<0.001) and most of them were men (P=0.025). The presence of
previous cardiovascular events (P=0.014), obesity (P=0.001) or lack of exercise (P=0.019), predominated in
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Fig. 1. Study characteristics. (A) COVID-19 cohort consisted of 103 patients according to COVID-19 WHO
severity?>. (B) The cohort was divided according to the presence of hypertension following WHO criteria
into HT (n=26) and nHT (n="77). (C) The most unfavorable COVID-19 patients (severe and critical) were
grouped to evaluate the relation between HT and COVID severity, and both HT and nHT mild groups were
excluded from the study. Study characteristics of each group were shown. Created with BioRender.com. HT
hypertension, nHT non-hypertension. P values < 0.05 were considered statistically significant.
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the HT group. Oxygen requirement due to COVID-19 disease was highly prevalent in HT compared to nHT
(P=0.004).

Compounds connecting unfavorable COVID-19 progression to hypertension

First, a heatmap was generated to visualize the molecules significantly different between HT and nHT (Fig. 2A).
A total of 27 molecules were increased (red) and 16 metabolites, concretely triglycerides (TG) and phospholipids
(PC), were decreased (blue) in HT compared to nHT. These results highlighted the key role of lipids in COVID-19
severity.

Next, a machine learning algorithm (Random Forest, RF) was applied to measure which molecules were
the most influential in classifying unfavorable COVID-19 progression within the context of hypertension.
Myo-inositol (metabolite), phosphatidylcholine 32:1 (PC 32:1) (lipid species) and gelsolin (P06396) (protein)
were identified as the most impactful molecules in the RF variable importance plot (Fig. 2B). Myo-inositol
and gelsolin were confirmed to be significantly increased in HT (0.122+0.120 and 0.919 £0.387, respectively)
compared to nHT (0.074 £0.034 and 0.681 £ 0.332, respectively). PC 32:1, by contrast, was significantly decreased
in HT compared to nHT (0.313+0.218 in HT vs. 0.522£0.396 in nHT) (Fig. 2C). No significant correlation
was observed among myo-inositol, PC 32:1 and gelsolin, confirming that changes in one molecule did not
predict any change in the other ones. Finally, we examined the relationships between the selected molecules and
other important clinical characteristics. Point-biserial correlation analysis discarded any association between
the three molecules and the potential confounding factors differentiating HT and nHT (Fig. 1C). Only plasma
myo-inositol was significantly correlated with diabetes mellitus (r_, =0.416; P=0.035). These findings reinforce
the important role of myo-inositol, PC 32:1 and gelsolin in COVID-19 severity, positioning them as potential
biomarker for unfavorable COVID-19 progression in HT patients.

Finally, the discriminatory capacity of selected biomarkers to identify high-risk COVID-19 patients
was analyzed by binary logistic regression. The combination of the three biomarkers demonstrated the best
discriminatory power for HT and nHT due to their high specificity and sensitivity rather than considering them
individually (AUC=0.746, Fig. 2D).

Biological mechanisms related to unfavorable COVID-19 in hypertensives

Bioinformatic analyses were performed to search for and visualize altered pathways in HT vs. nHT in the context
of unfavorable COVID-19 progression. First, a protein-protein interaction (PPI) network was created using the
STRING tool, which maps known and predicted protein-protein interactions. The network was generated by
uploading proteins that exhibited significant differences between groups (Fig. 2A) and adding five additional
proteins based on their physical (direct) or functional (indirect) interactions (Fig. 3A). The network view
(Fig. 3A) displayed 13 nodes (proteins) and 44 edges (predicted functional associations), with the different
colored lines indicating the type of evidence used in predicting the interactions. The resulting network had a
PPI enrichment P-value of < 1.0e-16, which indicated that the nodes were not randomly selected and that the
observed number of edges was significant. Moreover, functional association analysis revealed that the most
involved processes were stress response (biological process), complement and coagulation cascades and protein-
lipid complex (local network cluster).

In addition, gene ontology (GO) enrichment analysis was employed to determine whether biological
processes, molecular functions or cellular components were associated with COVID-19 severity in hypertensive
patients. This analysis revealed that humoral immune response, defence response, regulation of immune response,
adaptative immune response and blood coagulation, among others, were biological processes potentially altered
in HT patients with unfavorable COVID-19 progression (Fig. 3B). Notably, gelsolin, the protein most highly
connected to unfavorable COVID-19 progression in HT (Fig. 2B), was specifically implicated in the stress
response (Fig. 3A). Gelsolin (GSN) was connected (via text-mining) with alpha-1-B glycoprotein (A1BG), a
protein that was significantly increased in HT (P=0.02) (Fig. 2A, P04217), and with fibrinogen alpha chain
(FGA), an additional protein in the network that was also related to the stress response, complement, coagulation
and lipoprotein processes (Fig. 3A).

The multi-omics data was integrated to understand the changes in HT patients with unfavorable COVID-19
progression by joint-pathway analysis. All differentially abundant molecules (Fig. 2A) were pooled into a single
query for KEGG pathway representation, with pathway impact on the x-axis and P-value (-log10) on the y-axis.
The top contributing pathways (top right corner) included ascorbate and aldarate metabolism (P=0.021), linoleic
acid metabolism (P=0.028), alpha-linolenic acid metabolism (P=0.036) and glycosylphosphatidylinositol
(GPI)-anchor biosynthesis (P=0.049) with a P-value<0.05 (pathway enrichment) and pathway impact>0.05
(pathway topology) (Fig. 3C). Notably, myo-inositol, the molecule most closely linked to HT in unfavorable
COVID-19 progression (Fig. 2B), was the only molecule related to the most significantly changed pathway,
ascorbate and aldarate metabolism (impact 0.083, -log(P) = 1.675). These results confirm the direct involvement
of myo-inositol in the biological process of stress response, including oxidative stress.

Discussion

Hypertension affects 1.28 billion adults globally, with nearly half unaware of their condition?*. As the most
common cardiovascular comorbidity in SARS-CoV-2 infection, hypertension significantly increases the risk of
severe outcomes, including hospitalization and death?. It is still unclear how hypertension could have a direct
impact on the severity of COVID-19, although multiple complex mechanisms, such as RAAS, inflammation and
immune responses could be involved!*!1?>26, A previous population-based cohort study identified hypertension
as an important independent risk factor for the development of pneumonia and reduced pulmonary function by
promoting key factors that may predispose to infection?”. Moreover, viral infections trigger an immune response
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Fig. 2. Biomolecules related to unfavorable COVID-19 progression in hypertension. (A) Heatmap, created
by MetaboAnalyst 5.0, shows the 43 molecules significantly different (non-parametric Mann-Whitney test,

P values<0.05) between the HT and nHT. Mean values for each compound (rows) in each group (columns)
are colour-coded based on relative abundance, blue for low) and red for high. (B) RF variable importance plot
shows the 15 molecules ranked by classification accuracy to distinguish between HT and nHT. The colours
represent the accuracy power of the group (red for high and blue for low). The Y-axis indicates the name of
the compounds and the X-axis the mean decreased accuracy (from 0.000 to 0.030). Myo-inositol, PC 32:1 and
P06396 (gelsolin) showed the best feature importance in COVID-19 severity in HT. (C) Boxplot of the top
three molecules (myo-inositol, PC 32:1 and gelsolin) from RF variable importance plot (B) for each group
Y-axis indicates the relative abundance (from 0 to 2) and X-axis the name of the compounds. The horizontal
line in each boxplot indicates the mean + SEM value. (D) ROC curves of the three best molecules obtained in
RF (B) to discriminate HT from nHT using IBM SPSS Statistics 21.0. The combination of three molecules was
also evaluated (orange line, AUC=0.746). P values <0.05 were considered statistically significant.
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that contributes to elevated blood pressure, thus increasing the susceptibility of hypertensive (HT) patients to
serious complications®.

In this study, using an untargeted multi-omics approach, we made a preliminary hypothesis-generating
study to improve our understanding of the mechanisms related to COVID-19 severity in HT patients. We
sought to identify biomarkers to predict worse clinical outcomes and discover potential therapeutic targets.
Most of the biomarkers and metabolic pathways identified were previously associated with either COVID-19
progression'®2%30 or hypertension®'~3*. But of interest, we confirm the connection of these molecules and
mechanistic pathways with hypertension in unfavorable COVID-19 progression. By including these biomarkers
in risk assessment models, clinicians may better identify HT and COVID-19 patients who are at high risk of a
worse prognosis and may need closer monitoring.
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Fig. 3. (A) Representation of protein interconnection by STRING. The colors of circles (nodes) indicate
clusters of proteins participating in the same biological process or complex. Significant proteins (P

values <0.05) were determined by the non-parametric Mann-Whitney test. Connections of GSN with

FGA and A1B were from curated databases and text-mining (B) GO enrichment analysis of the significant
biological process (BP) of proteins. The number and percentage of genes encoding proteins (P values)
involved in biological processes were indicated for each BP. Y-axis indicates significant BP and X-axis percent
of genes (from 0 to 70%). (C) Joint-pathway analysis representing metabolic pathways sorted by pathway
impact (pathway topology analysis) (X-axis) and -log10 (p) (pathway enrichment analysis) (Y-axis). Each
bubble represents a unique KEGG pathway*?; the size of the bubbles shows the pathway impact value (a large
bubble represents greater enrichment), and the color denotes the level of significance by means of p-values
(darker colors represent the most significant). Only pathways with a P value<0.05 and an impact>0.05

were considered significant, and the name was displayed in the representation. The table includes values of a
match (number of metabolites in pathway/number of total metabolites in the pathway), impact, P-value and
-log10 (p). AIBG alpha-1-B glycoprotein, DG diglyceride, FGA fibrinogen alpha chain, GSN gelsolin, HT
hypertension, nHT non-hypertension, PC phosphatidylcholine, SM sphingomyelin, TG triglyceride.

Several studies have demonstrated an association between hypertension and a worse prognosis for
COVID-19%3%36. Consistent with previous reports, severe and critical COVID-19 patients predominated in
HT group, while mild cases were more present in non-hypertensive (nHT) group>*>*”-*8. Additionally, our HT
cohort consisted of men in their 60s who had multiple comorbidities. In agreement, a previous meta-analysis
including data from 30 different relevant studies identified elderly males as more likely to develop severe
COVID-19%. Age and sex differences in innate immune responses may stem from how innate immunity cells
react to inflammatory stimuli, influenced by the X chromosome and sex hormones®4!. Thus, elderly males
may be more susceptible to infections and disease severity. On the other hand, a multicenter study has linked
hypertension to an increased risk of all-cause mortality, regardless of the presence of other comorbidities®. All
these results reinforce that the coexistence of hypertension and SARS-CoV-2 infection causes poorer outcomes
and delayed recovery, especially in elderly men.

In the metabolomics approach, myo-inositol was the metabolite that best differentiated HT vs. nHT. Plasma
myo-inositol was significantly increased in HT group. Myo-inositol is a widespread and versatile molecule
previously related to vascular smooth muscular contraction in hypertension?? and heart failure®>. According
to this data, increased plasma myo-inositol levels in HT may be linked to a major production of reactive
oxygen species (ROS), which will be involved in impaired vascular function?*. Myo-inositol is a precursor for
phosphoinositides that regulate Protein Kinase C (PKC) activation and influence NADPH oxidase (NOX)-
mediated ROS production®. Thus, the oxidative stress that undergoes COVID-19 will be aggravated by
hypertension, worsening the clinical situation of hypertensive patients*®. Moreover, myo-inositol is a carbocyclic
sugar found higher in tissues that use large amounts of glucose and possesses insulin-mimetic properties*’+3.
Accordingly, it was not surprising that, in our study, plasma myo-inositol levels significantly correlated with
diabetes mellitus. In agreement, results from the BElgian and CAnadian MEtabolomics in heart failure with
preserved ejection fraction (BECAME-HF) research project identified higher plasma myo-inositol levels in
diabetic patients than their non-diabetics, although diabetes and hyperglycaemia alone did not appear to induce
myo-inositol elevation’.

Lipidomics is regarded as a subset of metabolomics due to the distinctness and functional specificity of
lipids compared to other metabolites. Our lipidomic study demonstrated a distinct lipid profile associated with
hypertension. Specifically, plasma triglycerides (TGs) were higher in nHT than HT patients. Accordingly, a
decrease in TGs levels was previously related to COVID-19 severity in HT patients, linking it to an elevated
inflammatory response®. Moreover, phosphatidylcholine (PC) 32:1, a lipid species that serves as a source
of multiple cellular signaling molecules®’, was significantly lower in HT patients. PC is the most abundant
phospholipid in mammalian cells, playing a key role in regulating lipid, lipoprotein and energy metabolism.
Small changes in PC levels can have large implications for metabolic syndrome™. In accordance with our data,
Shogli et al.** proposed PC 32:1 as biomarkers for hypertension because the imbalance of PC levels contributes
to hypertension development and are associated with higher mortality in patients with pulmonary arterial
hypertension®?. Overall, lipids are critical in the SARS-CoV-2 entry to the host, and their dysregulation can
cause an alteration of lipid metabolism, aggravating disease outcomes***1>2. The SARS-CoV-2 entry induces
the excessive immune activation (cytokine storm), which causes a dysregulation of lipids production®, thereby
worsening the clinical condition of HT patients. Indeed, orlistat, a fatty acid synthase (FASN) inhibitor, and
metformin, an AMP-activated protein kinase (AMPK) activator, may effectively suppress coronavirus replication
and reduce systemic inflammation, supporting immune homeostasis®*. Consequently, the regulation of plasma
lipids is crucial for mitigating the risk of poor prognosis.

Beyond lipid metabolism, plasma gelsolin (GSN), an actin-modulating protein, was found significantly
higher in HT group. GSN is present in most human tissues and involved in many physiological processes related
to pathological and beneficial processes®*°. Elevated circulating gelsolin was found in some types of cancers,
heart failure and HIV infection®. Regarding virus infection, of note, increased gelsolin levels were found in
HIV-associated dementia (HAD) induced likely by increased viral infection®”. Gelsolin possesses five free thiol
groups, which are prone to oxidation and reduction reactions. Thus, increased expression of gelsolin in response
to oxidative stress may be protective and/or harmful depending on the conditions®®. In this line, gelsolin was
established as a major determinant in biomechanical stress-mediated advanced heart failure. For example, in
heart failure, the gene silencing of GSN could be applied to ameliorate pathological cardiac hypertrophy through
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the p38/GATA4 signaling pathway™. Furthermore, protein-protein interaction analysis confirms the gelsolin
connection with other proteins involved in complement and coagulation pathways. Accordingly, we previously
defined proteomic signature related to complement function and coagulation in unfavorable COVID-19
outcomes'®. In agreement, a recent study provided evidence of how gelsolin regulates microvesicles (MVs)
generation from activated platelets, potentially affecting their pro-inflammatory and procoagulant functions®.
This is particularly relevant in COVID-19, as platelet hyperactivation leads to excessive MV release, contributing
to coagulation, thrombosis and microvascular dysfunction®. Due to its involvement in various diseases, gelsolin
has been proposed as a potential biomarker for inflammatory conditions*. Gene ontology (GO) enrichment
analysis identified the regulation of immune system processes, including both humoral and adaptative immune
response, defense response, and blood coagulation as biological processes potentially altered in the HT
group. The immune system’s response to SARS-CoV-2 infection is a critical factor in disease progression®":2,
The innate immune system includes the component system and is the first line immunological fight against
SARS-CoV-2. It may cause the infection to progress and exacerbate inflammation. An excessive complement
system activation has been associated with endothelial cell dysfunction, chronic and acute inflammation, and
intravascular coagulation. In severe COVID-19 cases, immunothrombosis (innate immune and coagulation
systems interaction) dysregulation has been associated with coagulopathy®*. Adaptative immune responses, the
second line for immunological clearance of SARS-CoV-2, are a critical immune system component for infected
host cell destruction and the production of virus-specific antibodies.

Finally, a joint-pathway (pathway enrichment and topology) analysis identified ascorbate and aldarate
metabolism and linoleic acid metabolism as the most contributing pathways in HT patients in the context of
COVID-19 progression. First, in agreement, a previous study by He et al.* associated metabolites of ascorbate
and aldarate metabolism with blood pressure phenotypes whereas Paul T. et al.?® described ascorbate and
aldarate metabolism as one of the pathways enriched in COVID-19 disease. Ascorbate and aldarate metabolism
is essential for tissue protection against oxidative stress. This metabolic pathway maintains the reduced state
of some enzymes and reacts with oxygen free radicals and lipid peroxidation products to mitigate the damage
caused by high oxidative stress®*®°. In this sense and closely related to hypertension, ascorbate and aldarate
metabolism was associated with renal oxidative stress injury induced by a high-fat diet in obese mice®.
Moreover, in psoriasis and psoriatic arthritis patients®, upregulation of ascorbate and aldarate metabolism has
been related to immunometabolism reprogramming in circulating Tregs positively linked with TGF and HIF-1
signaling pathways. The severity of COVID-19 infection may be increased by the reduction and exhaustion of
T cells in patients®!. Second, phosphatidylcholines are phospholipids composed of a choline head group and
glycerophosphoric acid, with two fatty acid chains. Thus, the decrease in PC 32:1 could be indirectly related
to the alterations in the linoleic acid metabolism. Linoleic acid, a polyunsaturated fatty acid, has a key role
in various chronic inflammatory and autoimmune diseases related to preventing microbial infection®®. SARS-
CoV-2 spike protein receptor binding domain could bind tightly to linoleic acid reducing the interaction and
binding of the spike protein to ACE2.

Our study had some limitations. The study cohort was relatively small due to the difficulty of finding
unvaccinated COVID-19 patients. Nonetheless, the study was designed to be a preliminary or hypothesis-
generating study. This means that it is not possible to statistically calculate the sample size since the number
of variables and their variability are unknown in advance. This uncertainty is, in fact, one of the significant
advantages of these strategies. Mild cases were excluded from the statistical analyses to focus on the relation
between hypertension and COVID-19 severity and to avoid a bias in the study outcomes. Only four
hypertensive patients progress to mild COVID-19. No regression model was used to adjust for comorbidities or
antihypertensive medications as potential confounders related to hypertension. The sample size was too small
for robust regression analyses. The models may not accurately represent the underlying relationship between the
variables and the results may be unreliable. Any adjustment for a multiplicity of comparisons should penalize
any hypothesis or result for the presence of other unrelated hypotheses or results. Nevertheless, a previous
cross-sectional, observational, retrospective multicenter study (SEMI-COVID-19 Network) suggested that
hypertension is linked to a higher risk for all-cause mortality independently of other comorbidities, sex, and
age®. In the same study, prior treatment with ACEIs/ARBs in hypertensive patients was not associated with a
higher all-cause mortality risk compared to other antihypertensives. In any case, a more in-depth evaluation
of the potential effects of multiple comorbidities and medications in hypertensive COVID-19 patients will be
highly valuable. Also, some clinical characteristics or demographic information such as the SARS-CoV-2 strain
variant or some patients habits are missing due to the impossibility of collecting data during the COVID-19
health crisis.

Conclusions

There is a clear relationship between hypertension and COVID-19 severity, demonstrating that hypertension
worsens COVID-19 progression. Detection of biomolecules and pathways affected by hypertension may be a
strategy to improve diagnosis and prevent severe outcomes in hypertensive COVID-19 patients. Myo-inositol,
PC 32:1 and gelsolin were identified as key molecules involved in the unfavorable COVID-19 progression of
hypertensive patients. Our findings highlight the implication of myo-inositol and gelsolin in stress response,
including oxidative stress, which is a key factor in COVID-19 progression. Moreover, lipidomics confirms the
critical role of bioactive lipids in cell immunometabolism reprogramming during adaptive immune response to
SARS-CoV-2 infection. Future studies increasing the sample size, particularly those including mild cases should
be considered. Also, experimental studies aimed to comprehensively validate our findings and strengthen the
robustness of the conclusions will be necessary. Although the direct clinical implementation of these findings as
a therapeutic approach presents challenges, our results may serve to enhance risk stratification. The therapeutic
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potential of bioactive lipids and gelsolin to enhance outcomes and quality of life for hypertensive patients with
SARS-CoV-2 should be explored in well-designed clinical studies.
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