
Citation: Gęgotek, A.; Zarkovic, N.;

Orehovec, B.; Jaganjac, M.; Sunjic,

S.B.; Skrzydlewska, E. Short Survey

on the Protein Modifications in

Plasma during SARS-CoV-2 Infection.

Int. J. Mol. Sci. 2023, 24, 14109.

https://doi.org/10.3390/

ijms241814109

Academic Editors: Manuela Rizzi

and Pier Paolo Sainaghi

Received: 1 September 2023

Revised: 7 September 2023

Accepted: 13 September 2023

Published: 14 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Short Survey on the Protein Modifications in Plasma during
SARS-CoV-2 Infection
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Abstract: Although the COVID-19 pandemic has ended, it is important to understand the pathology
of severe SARS-CoV-2 infection associated with respiratory failure and high mortality. The plasma
proteome, including protein modification by lipid peroxidation products in COVID-19 survivors
(COVID-19; n = 10) and deceased individuals (CovDeath; n = 10) was compared in samples col-
lected upon admission to the hospital, when there was no difference in their status, with that of
healthy individuals (Ctr; n = 10). The obtained results show that COVID-19 development strongly
alters the expression of proteins involved in the regulation of exocytosis and platelet degranula-
tion (top 20 altered proteins indicated by analysis of variance; p-value (False Discovery Rate) cutoff
at 5%). These changes were most pronounced in the CovDeath group. In addition, the levels
of 4-hydroxynonenal (4-HNE) adducts increased 2- and 3-fold, whereas malondialdehyde (MDA)
adducts increased 7- and 2.5-fold, respectively, in COVID-19 and CovDeath groups. Kinases and
proinflammatory proteins were particularly affected by these modifications. Protein adducts with
15-deoxy-12,14-prostaglandin J2 (15d-PGJ2) were increased 2.5-fold in COVID-19 patients, including
modifications of proteins such as p53 and STAT3, whereas CovDeath showed a decrease of approx-
imately 60% compared with Ctr. This study for the first time demonstrates the formation of lipid
metabolism products—protein adducts in plasma from survived and deceased COVID-19 patients,
significantly distinguishing them, which may be a predictor of the course of SARS-CoV-2 infection.

Keywords: COVID-19; plasma proteome; protein adducts; 4-hydroxynonenal; malondialdehyde;
15-deoxy-12,14-prostaglandin J2

1. Introduction

The pandemics of COVID-19 caused by infection with the SARS-CoV-2 coronavirus
have affected the entire world. According to official data from the World Health Organiza-
tion (accessed on 26 June 2023), about seven million people died from this disease within
four years (2019–2023) [1]. The early symptoms of SARS-CoV-2 infection resembled those
of influenza infection. Many patients suffered from respiratory failure leading to interstitial
changes in the lungs. However, in severe cases, renal failure, coagulation disorders, and
sepsis occurred, which were the cause of the high mortality rate of the disease [2].

Therefore, the pathophysiology of COVID-19 has been extensively studied. Data
from the Web of Science Core Collection (accessed on 26 June 2023) show that more
than 120,000 articles have been published addressing the changes caused by SARS-CoV-2
infection (Figure 1) [3]. However, less than 1% of these studies used a comprehensive
proteomics approach to identify specific biomarkers for this disease or molecules that could
predict the course of infection.
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Figure 1. The number of published studies on changes in patients’ bodies caused by SARS-CoV-2 
infection over the past 10 years, with emphasis on proteomics studies and articles containing anal-
yses of protein modifications. Data obtained from Web of Science Core Collection (accessed on 26 
June 2023) [3]. 

Previously, it has been described that the development of COVID-19 is also accom-
panied with a significant disturbance of redox homeostasis resulting in a high level of 
oxidative stress that is related to the severity of the damage caused by the infection [4,5]. 
The decrease in the activity of antioxidant enzymes (superoxide dismutases 1 and 2) and 
the decrease in the amount of low-molecular-weight antioxidants (glutathione, vitamins 
A and E) observed in the patient’s plasma [4] also favors pro-oxidant metabolism in the 
patient’s body. As a consequence of COVID-19, increased lipid metabolism has been ob-
served, due to both oxidative stress and increased activity of phospholipase A2 (PLA2), 
lipoxygenases (LOXs), and cyclooxygenases (COXs) [5,6], manifested by an increased 
level of lipid metabolism products, including reactive aldehydes, such as 4-hydroxynon-
enal (4-HNE) and malondialdehyde (MDA), and cyclization products like neuropros-
tanes/isoprostanes and prostaglandins [4,5,7]. 

The above-mentioned lipid peroxidation products have been identified as signaling 
agents in the promotion of proinflammatory pathways, including activation of the NFκB 
factor [8–11]. In addition, lipid-peroxidation-derived reactive aldehydes can bind to the 
nucleophilic amino acid side chain of proteins modifying protein structure and function, 
which is true for both proinflammatory proteins and proteins related to antioxidant re-
sponse or apoptosis [12]. To date, however, little is known about the modification of pro-
teins by lipid peroxidation products that have occurred in the bodies of COVID-19 pa-
tients. Of particular importance seem to be data correlating the degree of protein modifi-
cation by 4-HNE with the severity and impact of SARS-CoV-2 infection, which may even 
lead to death [7]. MDA adducts with the innate immune system protein (protein D) are 
also equally important for neutralizing the SARS-CoV-2 virus [13]. These data already 
show how important protein modifications by products of lipid metabolism are for the 
course of infection and how important they can be for the treatment process. Therefore, 
the aim of this study was to analyze the proteomic profile of plasma samples derived from 
deceased and surviving COVID-19 patients with particular reference to the rate of for-
mation and biological efficacy of proteins modified by products of lipid metabolism, such 
as reactive aldehydes 4-HNE and MDA, as well as 15-deoxy-12,14-prostaglandin J2 (15d-
PGJ2), in comparison with healthy individuals. 

Figure 1. The number of published studies on changes in patients’ bodies caused by SARS-CoV-2
infection over the past 10 years, with emphasis on proteomics studies and articles containing analyses
of protein modifications. Data obtained from Web of Science Core Collection (accessed on 26 June
2023) [3].

Previously, it has been described that the development of COVID-19 is also accom-
panied with a significant disturbance of redox homeostasis resulting in a high level of
oxidative stress that is related to the severity of the damage caused by the infection [4,5].
The decrease in the activity of antioxidant enzymes (superoxide dismutases 1 and 2) and the
decrease in the amount of low-molecular-weight antioxidants (glutathione, vitamins A and
E) observed in the patient’s plasma [4] also favors pro-oxidant metabolism in the patient’s
body. As a consequence of COVID-19, increased lipid metabolism has been observed,
due to both oxidative stress and increased activity of phospholipase A2 (PLA2), lipoxyge-
nases (LOXs), and cyclooxygenases (COXs) [5,6], manifested by an increased level of lipid
metabolism products, including reactive aldehydes, such as 4-hydroxynonenal (4-HNE)
and malondialdehyde (MDA), and cyclization products like neuroprostanes/isoprostanes
and prostaglandins [4,5,7].

The above-mentioned lipid peroxidation products have been identified as signaling
agents in the promotion of proinflammatory pathways, including activation of the NFκB
factor [8–11]. In addition, lipid-peroxidation-derived reactive aldehydes can bind to the
nucleophilic amino acid side chain of proteins modifying protein structure and function,
which is true for both proinflammatory proteins and proteins related to antioxidant re-
sponse or apoptosis [12]. To date, however, little is known about the modification of
proteins by lipid peroxidation products that have occurred in the bodies of COVID-19
patients. Of particular importance seem to be data correlating the degree of protein modifi-
cation by 4-HNE with the severity and impact of SARS-CoV-2 infection, which may even
lead to death [7]. MDA adducts with the innate immune system protein (protein D) are also
equally important for neutralizing the SARS-CoV-2 virus [13]. These data already show
how important protein modifications by products of lipid metabolism are for the course of
infection and how important they can be for the treatment process. Therefore, the aim of
this study was to analyze the proteomic profile of plasma samples derived from deceased
and surviving COVID-19 patients with particular reference to the rate of formation and
biological efficacy of proteins modified by products of lipid metabolism, such as reactive
aldehydes 4-HNE and MDA, as well as 15-deoxy-12,14-prostaglandin J2 (15d-PGJ2), in
comparison with healthy individuals.
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2. Results

Proteomics analyses revealed differences in protein expression among the three study
groups: COVID-19 survivors (COVID-19), COVID-19 deceased patients (CovDeath), and
healthy donors who were set as the control group (Ctr). Below are described point by
point the most important statistically significant results, including those resulting from gel
profiling, PCA statistical analysis, as well as levels of individual top-altered proteins and
their modifications by lipid peroxidation products. Differences between all studied groups
were already observed during sample preparation, as the lower parts of the SDS-PAGE gels
varied in the distribution of bands between samples (Figure 2).
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The expression of 299 of these proteins was found to be significantly altered (Figure 
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Figure 2. Electrophoretic separation and staining with Coomassie Brilliant Blue R-250 of plasma
proteins from healthy donors (Ctr, n = 10) and COVID-19 patients (COVID-19—surviving patients,
n = 10, and CovDeath—deceased patients, n = 10). The lines of the black frames indicate how the gels
were cut before protein digestion.

A comprehensive proteomics workflow allowed the identification and label-free quan-
tification of 1477 proteins in all analyzed samples that met the established cut-off parame-
ters, as described in methodological section (Supplementary file T1).

The expression of 299 of these proteins was found to be significantly altered (Figure 3A).
PCA showed distinct proteomic signatures for the Ctr and CovDeath groups, whereas the
COVID-19 survivor group showed partial overlap with the Ctr or CovDeath groups, despite
the strong concentration of samples in the upper-right corner of the plot, (Figure 3B).
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This distribution was consistent with the clustering of samples in the case of the top 
twenty modified proteins shown in the heatmap (Figure 4A). For half of these proteins, 
the main function was defined as regulation of exocytosis (10/20) and platelet degranula-
tion (9/20), including fibronectin (FN1, P02751), transforming growth factor β-3 propro-
tein (TGFB3, P10600), apolipoprotein A-I (APOA1, Q6PGN4), transgelin-2 (TAGLN2, 
P37802), fructose-bisphosphate aldolase A (ALDOA, P02647), growth/differentiation fac-
tor 8 (MSTN, O14793), α2-HS-glycoprotein (AHSG, P02765), coagulation factor XIII A1 
(F13A1, P00488), complement C3 (C3, P01024), and tetranectin (CLEC3B, P05452) (Figure 
4B). Moreover, 70% of them were found to be glycoproteins (KW-0325) (14/20) and 65% of 
them were modified by the formation of a bond between the thiol groups of two peptidyl-
cysteine residues (KW-1015) (13/20) (Figure 4C). 
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among the different study groups. A significant increase in the level of proteins modified 
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from patients who did not survive because of infection. 

The dominant 4-HNE-modified proteins were serpin A12 (Q8IW75), inhibitor of NF-
κB kinase (O15111), macrophage migration inhibitory factor (P14174), and kinases: aden-
osine kinase (P55263), MAPK 10 (P53779), and non-specific serine/threonine protein ki-
nase (Q9Y6B5). All proteins modified by 4-HNE are shown in Figure 6. For protein ad-
ducts with MDA, the highest level was observed in COVID-19 surviving patients, which 
was seven times higher than the Ctr group. In the CovDeath group, the level of MDA–
protein adducts was about 2.5 times higher than the Ctr group. This result was related to 
the increased levels of MDA adducts with kinases (cAMP-dependent protein kinase 
(P22612), ribose-phosphate pyrophosphokinase 3 (P21108), and MAP kinase-activated 
protein kinase 2 (P49137)), which were mainly observed in COVID-19 surviving patients. 
Histones H2A (Q8IUE6) and H3 (Q5TEC6) were also altered to an increased extent (Figure 
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in the COVID-19 surviving group, a decrease of up to 60% was observed in the COVID-
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and activator of transcription 3 (STAT 3, P40763), and apoptosis inhibitor 5 (API5, 
Q9BZZ5) (Figure 8). 

Figure 3. The results of statistical analysis of protein level quantified in plasma from healthy donors
(Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and CovDeath (COVID-
19 deceased patients, n = 10). (A) One-way ANOVA showing p distribution within all data and
(B) results of principal-component analysis (PCA).

This distribution was consistent with the clustering of samples in the case of the
top twenty modified proteins shown in the heatmap (Figure 4A). For half of these pro-
teins, the main function was defined as regulation of exocytosis (10/20) and platelet
degranulation (9/20), including fibronectin (FN1, P02751), transforming growth factor β-3
proprotein (TGFB3, P10600), apolipoprotein A-I (APOA1, Q6PGN4), transgelin-2 (TAGLN2,
P37802), fructose-bisphosphate aldolase A (ALDOA, P02647), growth/differentiation factor
8 (MSTN, O14793), α2-HS-glycoprotein (AHSG, P02765), coagulation factor XIII A1 (F13A1,
P00488), complement C3 (C3, P01024), and tetranectin (CLEC3B, P05452) (Figure 4B). More-
over, 70% of them were found to be glycoproteins (KW-0325) (14/20) and 65% of them were
modified by the formation of a bond between the thiol groups of two peptidyl-cysteine
residues (KW-1015) (13/20) (Figure 4C).

The protein expression profile was not the only factor that distinguished the analyzed
groups. The degree of protein modification by lipid peroxidation also varied considerably
among the different study groups. A significant increase in the level of proteins modified
by reactive aldehydes was observed (Figure 5). In plasma from COVID-19 patients, 4-HNE–
protein adducts increased more than two-fold and more than three-fold in plasma from
patients who did not survive because of infection.

The dominant 4-HNE-modified proteins were serpin A12 (Q8IW75), inhibitor of NF-κB
kinase (O15111), macrophage migration inhibitory factor (P14174), and kinases: adenosine
kinase (P55263), MAPK 10 (P53779), and non-specific serine/threonine protein kinase
(Q9Y6B5). All proteins modified by 4-HNE are shown in Figure 6. For protein adducts with
MDA, the highest level was observed in COVID-19 surviving patients, which was seven
times higher than the Ctr group. In the CovDeath group, the level of MDA–protein adducts
was about 2.5 times higher than the Ctr group. This result was related to the increased
levels of MDA adducts with kinases (cAMP-dependent protein kinase (P22612), ribose-
phosphate pyrophosphokinase 3 (P21108), and MAP kinase-activated protein kinase 2
(P49137)), which were mainly observed in COVID-19 surviving patients. Histones H2A
(Q8IUE6) and H3 (Q5TEC6) were also altered to an increased extent (Figure 7). Interestingly,
although a 2.5-fold increase in 15d-PGJ2 protein adducts was observed in the COVID-19
surviving group, a decrease of up to 60% was observed in the COVID-19 deceased group
(Figure 5). This was particularly true for proteins such as p53 (S5LQU3), collapsin response
mediator protein 1 (CRMP1, X5DNI1), signal transducer and activator of transcription 3
(STAT 3, P40763), and apoptosis inhibitor 5 (API5, Q9BZZ5) (Figure 8).
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biological pathways in which proteins selected in the heatmap participate and (C) structural modi-
fications of these proteins. Data analyzed using STRING.11.5. Keywords used (KW): (KW-0325) pro-
tein containing one or more covalently linked carbohydrates of various types, i.e., from monosac-
charides to branched polysaccharides, including glycosylphosphatidylinositol-inositol (GPI) and 
glycosaminoglycans (GAG); (KW-1015) protein which is modified by the formation of a bond be-
tween the thiol groups of two peptidyl-cysteine residues. 

Figure 4. (A) Heatmap and clustering for the top 20 altered proteins from the plasma from healthy
donors (Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and CovDeath
(COVID-19 deceased patients, n = 10). Protein expression levels (log transformed) were scaled to
the row mean. The color key relates the heatmap colors to the standard score (z-score), which is
the deviation from the row mean in units of standard deviation above or below the mean. (B) The
main biological pathways in which proteins selected in the heatmap participate and (C) structural
modifications of these proteins. Data analyzed using STRING.11.5. Keywords used (KW): (KW-0325)
protein containing one or more covalently linked carbohydrates of various types, i.e., from monosac-
charides to branched polysaccharides, including glycosylphosphatidylinositol-inositol (GPI) and
glycosaminoglycans (GAG); (KW-1015) protein which is modified by the formation of a bond between
the thiol groups of two peptidyl-cysteine residues.
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Figure 5. Total level of protein modifications by lipid peroxidation products 4-hydroxynonenal (4-
HNE), malondialdehyde (MDA), and 15-deoxy-12,14-prostaglandin J2 (15d-PGJ2) in plasma from 
healthy donors (Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and 
CovDeath (COVID-19 deceased patients, n = 10). The levels of lipid peroxidation product–protein 
adducts were estimated based on the peak intensity of modified peptides. Mean values ± SD are 
presented. a statistically significant differences vs. Ctr group, p < 0.05; b statistically significant dif-
ferences vs. COVID-19 group, p < 0.05. 

 

Figure 5. Total level of protein modifications by lipid peroxidation products 4-hydroxynonenal
(4-HNE), malondialdehyde (MDA), and 15-deoxy-12,14-prostaglandin J2 (15d-PGJ2) in plasma from
healthy donors (Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and
CovDeath (COVID-19 deceased patients, n = 10). The levels of lipid peroxidation product–protein
adducts were estimated based on the peak intensity of modified peptides. Mean values ± SD are
presented. a statistically significant differences vs. Ctr group, p < 0.05; b statistically significant
differences vs. COVID-19 group, p < 0.05.
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Figure 6. The level of 4-hydroxynonenal (4-HNE)–protein adducts in plasma from healthy donors
(Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and CovDeath (COVID-19
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based on the peak intensity of modified peptides. a statistically significant differences vs. Ctr group,
p < 0.05; b statistically significant differences vs. COVID-19 group, p < 0.05.
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p < 0.05; b statistically significant differences vs. COVID-19 group, p < 0.05.
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Figure 8. The level of 15-deoxy-12,14-prostaglandin J2 (15d-PGJ2)–protein adducts in plasma from
healthy donors (Ctr, n = 10), COVID-19 patients (COVID-19—surviving patients, n = 10), and
CovDeath (COVID-19 deceased patients, n = 10). The levels of lipid peroxidation product–protein
adducts were estimated based on the peak intensity of modified peptides. a statistically significant
differences vs. Ctr group, p < 0.05; b statistically significant differences vs. COVID-19 group, p < 0.05.
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3. Discussion

Since the COVID-19 pandemic has dominated the modern world, the researchers are
putting joint efforts to understand the pathogenesis of this disease. The fact that COVID-19
patients can develop pneumonia, severe symptoms of acute respiratory distress syndrome,
and multiple-organ failure connected with post-acute conditions, further encourages an
in-depth analysis of this disease [14,15]. The results obtained in this study show that
COVID-19 development strongly alters the expression of proteins involved in the regulation
of exocytosis and platelet degranulation, simultaneously increasing 4-HNE/MDA–protein
adducts, thus affecting the structure of kinases and proinflammatory proteins. In addition,
in the plasma of COVID-19 patients who survived and those who died, different changes
(increase and decrease, respectively) were found for the protein adducts with 15d-PGJ2. It
has been described previously that infection with COVID-19 triggers a systemic immune
response in the human body, manifested by increased expression of proinflammatory
cytokines, including interleukins (IL-1, 6, 8) and tumor necrosis factor α (TNFα) [16–19].
However, it remains unclear whether some of the proinflammatory proteins are specific to
COVID-19 and how signaling pathways are involved in the progression of infection [20,21].
In this study, the whole proteome of plasma from COVID-19 patients was analyzed, with
particular attention to metabolic pathways associated with different responses between
survivors and deceased patients, as well as differences in the interaction of protein and
lipid peroxidation products in the study groups.

3.1. COVID-19-Induced Changes in Protein Profile

The results of this study clearly show that half of the twenty major proteins whose
expression is altered in the plasma of COVID-19 patients are involved in the regulation
of exocytosis and platelet degranulation. These observations are in agreement with data
from the literature, and both processes enable the spread of the virus in the body [22,23].
After replication in lysosomes, the virus requires an extracellular egress and simultane-
ously blocks autophagy [24]. This is the mechanism by which SARS-CoV-2 interacts with
host proteins to promote its spread. Moreover, the previously described changes in ex-
ocytosis, which regulates protein expression, are closely associated with the severity of
COVID-19 [23], which is also observed between survivors and deceased patients in our
study. At the same time, the activation of platelets stimulates the host immune system
to fight SARS-CoV-2 infection [25]. Platelets contain multiple receptors that interact with
specific ligands, including proteins of pathogens [26]. These are receptors such as Toll-
like receptors (TLRs) or the family of C-type lectin receptors, but also glycoproteins that
allow pathogens to interact with platelets [27]. The aforementioned receptors are con-
sidered important components in the activation of the innate immune response against
SARS-CoV-2 [28]. Moreover, platelet activation or degranulation during COVID-19 may
promote vascular and coronary thrombosis [28]. It was found that platelets in severely ill
COVID-19 patients were much more hyperactivated than those in mildly ill patients [29,30].
Moreover, the results of this study indicated that in the patients with the worst prognosis,
most of the proteins responsible for platelet degranulation are silenced, suggesting that
the body capitulates and stops making an effort to eliminate the pathogens. However, this
observation was not true for transgelin-2 (TAGLN2, P37802), whose levels were highest
in the CovDeath group. The biological roles of transgelin-2 are not fully understood, but
it is known that it is involved in apoptosis inhibition, induction of cell proliferation, and
promotion of cancer metastasis, corresponding to stimulation of the expression of ABC
transporters and PI3K/Akt kinase activity [31]. In the lung, transgelin-2 has been found
to be involved in reducing pulmonary resistance in asthma by airway muscle cell relax-
ation [32]. Thus, it is possible that transgelin-2 has a significant role in lung function in
COVID-19 patients. However, transgelin-2 cannot be a COVID-19 prognostic biomarker be-
cause its high levels are also associated with other diseases such as asthma, type 2 diabetes,
or cancer [33–35].



Int. J. Mol. Sci. 2023, 24, 14109 9 of 15

The function and activity of individual proteins are influenced not only by their
concentration but also by all post-translational modifications. It is well known that during
the development of the disease, various pathological conditions, including oxidative stress
and inflammation, affect the protein structure and function of signaling molecules and
enzymatic proteins by modifying their active centers [36,37]. The obtained results show
that within the top twenty altered proteins, more than half are modified by the formation of
a bond between the thiol groups of two peptidyl-cysteine residues. This is certainly related
to the oxidative stress found in COVID-19 patients [4,38]. The formation of double bonds
between cysteine residues within or between proteins is due to the decrease in the amount
of reduced thiol group donors, including glutathione and thioredoxin, but also to increased
activity of enzymes (glutathione peroxidase and thioredoxin reductase) that also use them
as cofactors [4]. In addition, the proportion of proteins forming double bonds is lower in
the CovDeath group compared to the survivors, which also corresponds to smaller changes
in antioxidant system levels/activities compared to the control group [4]. This may suggest
that the degree of protein modification may be a predictor of disease progression.

3.2. Protein Modifications by Reactive Aldehydes in COVID-19 Patients

Reactive aldehydes such as 4-HNE or MDA are the main known products of lipid
peroxidation with the described role of signaling molecules both in health and disease [39].
The rate of increase of these molecules determines whether cells will survive by activating
their antioxidant system or whether they induce mutation or apoptosis [39]. In the plasma
of COVID-19 patients, a strong increase in the activity of enzymes responsible for lipid
metabolism, such as phospholipase A2, is one of the factors explaining the increase in
lipid peroxidation products, including the aforementioned reactive aldehydes [5]. As a
result, both 4-HNE and MDA can directly interact with proteins, altering their structure
and function. In general, such adducts support the antioxidant response through changes
in transcriptional activity or stimulate proinflammatory signaling, although interactions
with particular proteins can lead to specific effects [12].

The amount of the 4-HNE-modified proteins in the plasma of COVID-19 patients
compared with the other protein modifications analyzed confirmed our previous findings
suggesting that 4-HNE may be directly involved in the pathogenesis of COVID-19, espe-
cially with a lethal outcome [7,11,40]. Namely, the 4-HNE-modified proteins were first
detected in the kidneys of the deceased COVID-19 patient [38]. Further study involving
severely ill COVID-19 patients revealed higher levels of the 4-HNE-modified proteins upon
admission to the hospital in the plasma of patients who died after five days than were the
levels of the 4-HNE–protein adducts in plasma of survivors [7]. Moreover, dynamic changes
of the 4-HNE–protein adducts in plasma indicating a kind of systemic oxidative stress
response to the SARS-CoV-2 infection were observed upon admission only for patients
who recovered, being absent in the plasma of patients who eventually passed away [7].
Preliminary immunohistochemical findings conducted for the 4-HNE–protein adducts in
the lungs of one deceased patient, applying the same monoclonal antibody specific to the
4-HNE–histidine adducts used for the ELISA detection of the 4-HNE–protein adducts in
plasma, suggested that 4-HNE might be associated with the fatal outcome. That was later
confirmed in another study by the post-mortem immunohistochemical evaluation of the
vital organs of the additional nine patients [11].

It is likely that modification of proteins by 4-HNE might occur during the process of
death, causing their abundance in the organs of the dead patients, but in spite of that, their
distribution was not random and diffuse, as inflammatory cells were immunohistochemi-
cally negative, while blood vessels and their content, as well as edematous liquid, were
strongly positive for 4-HNE [11,38]. It is also certain that 4-HNE–protein adducts were
increased at the time of admission to the hospital in the plasma of patients who eventually
died when there was no difference in any relevant parameter between these patients and
survivors [7]. Therefore, we assume that modification of proteins by 4-HNE in patients
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with COVID-19 might be relevant for the pathogenesis of the disease and its final outcome,
at least in severely ill patients.

In the current study of plasma samples collected upon admission to the hospital,
when there was no difference between the status of survivors and patients who eventually
passed away revealed that the 4-HNE modifications mainly affected proteins involved in
immune response, including serpin A12 (Q8IW75), inhibitor of NF-κB kinase (O15111),
and macrophage migration inhibitory factor (MIF, P14174). Serpins are potent serine
protease inhibitors with potential anti-inflammatory properties [41]. It is known that
their oxidative modifications lead to their inactivation [42]; therefore, the formation of
adducts with 4-HNE should also suppress their anti-inflammatory effect. At the same
time, 4-HNE activates the NF-κB-dependent proinflammatory signaling pathway [43], also
by interacting with the inhibitor of NF-κB kinase as well as with other kinases important
for proinflammatory signaling. Unfortunately, there are no data in the literature on how
such modification affects the functioning of MIF. MIF is a cytokine whose activity arrests
immune cell movement [44], thereby blocking the inflammatory response. Moreover, the
isoform of MIF has been described as an important determinant of COVID-19 symptomatic
infection and severity [42,43]. Therefore, further attention should be paid to this protein
and the modification of its structure depending on the isoform, which would improve the
prognosis of disease progression.

To date, little is known about the activity of specific proteins modified by MDA.
In the plasma of the COVID-19 patients studied, a large group of modified MDA pro-
teins are kinases (MAP kinase-activated protein kinase 2 (MAPKAPK2, P49137), ribose-
phosphate pyrophosphokinase 3 (PRPS1L1, P21108), and cAMP-dependent protein kinase
(PKA, P22612)). Some kinases are known to be activated when modified with MDA [12].
For example, in SARS-CoV-infected Vero E6 cells, MAPKAPK2 is activated resulting in
p38/MAPK pathway stimulation leading to the upregulation of Bax expression, which in
turn triggers apoptosis and severely damages lung tissue [45,46]. Therefore, additional
MDA-induced kinase upregulation further worsens the health of patients. Moreover,
transcriptomic analysis of SARS-CoV-2 infection highlighted a correlation between the
host-associated signaling pathway and the virus based on the PKA-dependent pathway. In
cells in which this pathway was knocked down using small interfering RNAs, replication
of SARS-CoV-2 genetic material was inhibited by approximately 50% [47]. However, in
COVID-19 patients, histones H2A (Q8IUE6) and H3 (Q5TEC6) were also modified by MDA
to an increased extent. Extracellular (plasma) histones are nuclear proteins that can be
released into the extracellular space during apoptosis, necrosis, or netosis formation. Under
oxidative stress associated with inflammation and disease development, histones stimulate
the release of prototypical sepsis cytokines and decreased cell integrity [48]. Therefore,
it has been described that plasma histones are significantly increased in COVID-19 pa-
tients [49]. Moreover, the formation of MDA adducts with histones promotes their activity,
e.g., by increasing their binding (DNA or protein) properties [50]. Combining these facts
with the observed increase in MDA–histone adducts in COVID-19 patients, which was
particularly high in those who did not survive the infection, such changes could be an
additional prognostic factor in the course of disease development.

3.3. Formation of Prostaglandin–Protein Adducts in Plasma of COVID-19 Patients

Prostaglandins (PGs) are the products of enzymatic PUFA metabolism with very broad
signaling functions, including the regulation of inflammation and pain sensation [51]. PGJ2,
among other PGs, is characterized by a cyclopentenone ring with reactive α,β-unsaturated
carbonyl groups that can form adducts with cysteine residues in proteins [52]. Some of
the PGJ2, including 15d-PGJ2, have anti-inflammatory and antiviral effects, which is being
attempted to be used in COVID-19 therapies [53]. This may be due to the fact that a signifi-
cant increase in 15d-PGJ2 levels is observed in the plasma of patients with mild COVID-19,
whereas no such observation has been made in severe COVID-19 patients who consequently
do not survive SARS-CoV-2 infection [5]. The results obtained in this study confirm this, as
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the amount of 15d-PGJ2-modified proteins is highest in COVID-19 survivors, whereas in
deceased COVID-19 patients, the amount of 15d-PGJ2-modified proteins is decreased. This
has been demonstrated for p53 and STAT3, which are both factors involved in proliferation,
apoptosis, but also inflammation and carcinogenesis [54,55]. Moreover, both proteins are
inactivated after modification with 15d-PGJ2 [56,57]. Earlier studies have found STAT3 to
be increased in COVID-19 patients [58]; therefore, its modification by 15d-PGJ2 counteracts
this change and possibly could lead to restoring homeostasis in COVID-19 survivors. How-
ever, since the interaction between SARS-CoV-2 and p53 is not clear [59], further research
is needed to understand the biological relevance of 15d-PGJ2–p53 adducts in plasma of
COVID-19 patients.

3.4. Limitations

The results obtained in this study are subject to certain limitations. Due to the use
of non-target proteomic analysis, the number of studied samples was limited to a small
representative group of patients, who could be at different stages of the disease, which
could not be determined by classical diagnostic methods. Moreover, it is not possible to
distinguish if proteome changes, notably protein modifications by the lipid peroxidation
products, observed in plasma of decreased patients were caused by SARS-CoV-2 infection,
the reaction of the organism to it in the period of at least five days before the death, or by
the dying process. Additionally, in the case of some unstable lipid peroxidation product–
protein adducts, the sample preparation used for proteomic analysis may mean that some
of the complexes were not detected in this analysis.

4. Materials and Methods
4.1. Samples Collection

Plasma samples were collected upon admission to the hospital from a group of
10 COVID-19 survivors (6 females and 4 males) with a mean age of 62 (54–70) years
and from 10 later-deceased patients with COVID-19 (6 females and 4 males) with a mean
age of 68 (62–77) years who were treated during the period December 2020 to February
2022 at the Clinical Hospital Dubrava in Zagreb, which served as a national COVID-19
center. Patients were randomly selected from a group of 66 (COVID-19 survivors) and 22
(COVID-19 deceased) patients, whose results of classical analysis have previously been pub-
lished [4,5]. The number of patients in each group was selected as 10 to provide convergent
apparatus conditions to all injections and to ensure high-statistical-power analysis [60]. The
control group consisted of ten healthy donors (6 females and 4 males) with a mean age of
43 (30–56) years. The study was conducted in accordance with the Declaration of Helsinki,
according to the approval of the ethics committee 2020-1012-13 of the Dubrava Clinical
Hospital in Zagreb and written informed consent was obtained from all participants.

Blood samples were collected in ethylenediaminetetraacetic acid (EDTA) tubes and
centrifuged at 3000 g for 20 min to separate plasma. The antioxidant butylhydroxytoluene
was added to the plasma samples, which were stored at −80 ◦C until analysis.

4.2. Protein Separation and Digestion

Total protein concentration was measured by Bradford assay [61] and 30 µg of proteins
was mixed with sample loading buffer (Laemmle buffer containing 5% 2-mercaptoethanol),
heated at 95 ◦C for 7 min, and separated on 12% Tris-Glycine SDS-PAGE gels. Following
electrophoresis, gels were fixed in 40% methanol and 10% acetic acid for 1 h and stained
with Coomassie Brilliant Blue R-250 for 4 h. Complete lanes were excised from the gel
and sliced into eight sections (Figure 2). Each band in the gel was reduced with 10 mM
1,4-dithiothreitol (DTT) and alkylated with 50 mM iodoacetamide (IAA). Samples were
then in-gel digested overnight at 37 ◦C with trypsin (Promega, Madison, WI, USA) at a
ratio of 1:50 (trypsin:proteins). Digestion was stopped by the addition of 10% formic acid
(FA) in an amount to ensure a final concentration in the samples of 0.1% [62]. The obtained
peptide mixture was collected, dried under inert gas, and frozen until analysis.
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4.3. Proteomic Analysis and Protein Identification

Dried peptides were reconstituted in 5% acetonitrile (ACN) with 0.1% FA and sepa-
rated using a high-performance liquid chromatography system (Ultimate 3000; Dionex,
Idstein, Germany) on a 150 mm × 75 mm PepMap RSLC capillary analytical C18 column
with 2 µm particle size (Dionex, LC Packings) at a constant flow rate of 0.300 µL/min.
Solvents used for separation were solvent A (5% ACN with 0.1% (v/v) FA) and solvent B
(90% ACN with 0.1% (v/v) FA), and the separation gradient was set to increase from 5% to
60% B over 55 min. The Q Exactive HF mass spectrometer with an electrospray ionization
source (ESI) (Thermo Fisher Scientific, Bremen, Germany) was used to analyze the eluted
peptides. The conditions for the analysis for peptide identification have been described in
detail previously [63].

Raw data were searched against the UniProtKB-SwissProt database (taxonomy: Homo
sapiens, release February 2023) using Proteome Discoverer 2.0 (Thermo Fisher Scientific,
Seattle, WA, USA). Peptide mass tolerance was set to 10 ppm, MS/MS mass tolerance
was set to 0.02 Da, and up to two missed cleavages were allowed. Dynamic modifications
were set as cysteine carbamidomethylation/carboxymethylation, methionine oxidation,
and lipid peroxidation products (4-HNE, MDA, 15d-PGJ2) with cysteine/lysine/histidine
adducts [64,65]. Label-free quantification of proteins was based on the signal intensities
of precursor ions, and the amount of lipid peroxidation product–protein adducts was
estimated based on the peak intensity of peptides modified by 4-HNE, MDA, or 15d-PGJ2.
Only proteins with at least three identified peptides longer than six amino acid residues
and at least two unique peptides were selected for further analysis.

4.4. Statistical Analysis

The label-free quantification results of each protein using the open-source Metabo-
Analyst 5.0 software (http://www.metaboanalyst.ca (accessed on 1 April 2023)) [66] were
log-transformed, auto-scaled (mean-centered and divided by the standard deviation of
each variable), and normalized by the median of the protein intensities obtained for each
sample, ensuring normal distribution of the samples [67]. All missing values (a total of 12
(<0%) missing values were detected) were replaced by 1/5 of the positive minimum values
of the corresponding variables. To improve the results, the data were statistically filtered
for variables that were nearly constant throughout the experimental conditions (variables
detected using the interquartile range (IQR) at 40%) [68]. MetaboAnalyst 5.0 was also used
for biostatistical analysis, including analysis of variance (ANOVA with false discovery
rate (FDR) <5%), principal-component analysis (PCA), a heatmap, and boxplots. Protein
functions were determined using the STRING.11.5 database [69].

5. Conclusions

Although the pandemic of aggressive COVID-19 seems to be under control, SARS-CoV-2
virus infection continues to be a significant medical problem affecting people around the
world. Understanding the different metabolic responses of patients to the presence of this
virus could help develop targeted therapies based on targeted immune response support.
This study for the first time demonstrates the formation and biological efficacy of adducts
of proteins—products of lipid metabolism, such as reactive aldehydes 4-HNE and MDA, as
well as 15d-PGJ2 in plasma from surviving and deceased COVID-19 patients, significantly
distinguishing them, which may be a predictor of the course of SARS-CoV-2 infection.
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43. Łuczaj, W.; Gęgotek, A.; Skrzydlewska, E. Antioxidants and HNE in Redox Homeostasis. Free Radic. Biol. Med. 2017, 111, 87–101.
[CrossRef]

https://doi.org/10.3390/ijms241612994
https://doi.org/10.3390/jcm11112951
https://doi.org/10.1038/s43587-021-00067-x
https://doi.org/10.1101/2022.07.25.22278025
https://doi.org/10.1038/s41419-022-04674-3
https://doi.org/10.1016/j.immuni.2020.10.008
https://doi.org/10.1016/j.devcel.2021.10.006
https://www.ncbi.nlm.nih.gov/pubmed/34706264
https://doi.org/10.1161/CIRCRESAHA.122.321930
https://www.ncbi.nlm.nih.gov/pubmed/37167360
https://doi.org/10.1038/nrmicro1425
https://www.ncbi.nlm.nih.gov/pubmed/16710325
https://doi.org/10.1111/j.1538-7836.2011.04264.x
https://doi.org/10.1186/s12959-021-00311-9
https://doi.org/10.1161/CIRCRESAHA.120.317703
https://doi.org/10.3389/fimmu.2022.807934
https://doi.org/10.1158/1535-7163.MCT-19-0261
https://doi.org/10.1126/scitranslmed.aam8604
https://doi.org/10.1016/j.metop.2020.100074
https://doi.org/10.3390/molecules27010079
https://doi.org/10.1016/j.tibs.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31256982
https://www.ncbi.nlm.nih.gov/pubmed/16244388
https://doi.org/10.1016/S0891-5849(02)00780-3
https://www.ncbi.nlm.nih.gov/pubmed/11978481
https://doi.org/10.3389/fcell.2022.807149
https://doi.org/10.1155/2014/360438
https://doi.org/10.1002/ehf2.12958
https://doi.org/10.2174/1871529X11313020003
https://doi.org/10.1016/S0925-4439(01)00025-4
https://doi.org/10.1016/j.freeradbiomed.2016.11.033


Int. J. Mol. Sci. 2023, 24, 14109 15 of 15

44. Grieb, G.; Merk, M.; Bernhagen, J.; Bucala, R. Macrophage Migration Inhibitory Factor (MIF): A Promising Biomarker. Drug News
Perspect. 2010, 23, 257–264. [CrossRef] [PubMed]

45. Shin, J.J.; Fan, W.; Par-Young, J.; Piecychna, M.; Leng, L.; Israni-Winger, K.; Qing, H.; Gu, J.; Zhao, H.; Schulz, W.L.; et al. MIF Is a
Common Genetic Determinant of COVID-19 Symptomatic Infection and Severity. QJM Int. J. Med. 2023, 116, 205–212. [CrossRef]
[PubMed]

46. Hemmat, N.; Asadzadeh, Z.; Ahangar, N.K.; Alemohammad, H.; Najafzadeh, B.; Derakhshani, A.; Baghbanzadeh, A.; Baghi, H.B.;
Javadrashid, D.; Najafi, S.; et al. The Roles of Signaling Pathways in SARS-CoV-2 Infection; Lessons Learned from SARS-CoV and
MERS-CoV. Arch. Virol. 2021, 166, 675–696. [CrossRef] [PubMed]

47. Yang, Q.; Tang, J.; Cao, J.; Liu, F.; Fu, M.; Xue, B.; Zhou, A.; Chen, S.; Liu, J.; Zhou, Y.; et al. SARS-CoV-2 Infection Activates
CREB/CBP in Cellular Cyclic AMP-Dependent Pathways. J. Med. Virol. 2023, 95, e28383. [CrossRef]

48. Ekaney, M.L.; Otto, G.P.; Sossdorf, M.; Sponholz, C.; Boehringer, M.; Loesche, W.; Rittirsch, D.; Wilharm, A.; Kurzai, O.;
Bauer, M.; et al. Impact of Plasma Histones in Human Sepsis and Their Contribution to Cellular Injury and Inflammation. Crit.
Care 2014, 18, 543. [CrossRef]

49. de Vries, F.; Huckriede, J.; Wichapong, K.; Reutelingsperger, C.; Nicolaes, G.A.F. The Role of Extracellular Histones in COVID-19.
J. Intern. Med. 2023, 293, 275–292. [CrossRef]

50. Kreuz, S.; Fischle, W. Oxidative Stress Signaling to Chromatin in Health and Disease. Epigenomics 2016, 8, 843–862. [CrossRef]
51. Ricciotti, E.; FitzGerald, G.A. Prostaglandins and Inflammation. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 986–1000. [CrossRef]
52. Figueiredo-Pereira, M.E.; Corwin, C.; Babich, J. Prostaglandin J2: A Potential Target for Halting Inflammation-Induced Neurode-

generation. Ann. N. Y. Acad. Sci. 2016, 1363, 125–137. [CrossRef]
53. Shahzad, S.; Willcox, M. Immuno-Pathogenesis of nCOVID-19 and a Possible Host-Directed Therapy Including Anti-Inflammatory

and Anti-Viral Prostaglandin (PG J2) for Effective Treatment and Reduction in the Death Toll. Med. Hypotheses 2020, 143, 110080.
[CrossRef]

54. Aggarwal, B.B.; Kunnumakkara, A.B.; Harikumar, K.B.; Gupta, S.R.; Tharakan, S.T.; Koca, C.; Dey, S.; Sung, B. Signal Transducer
and Activator of Transcription-3, Inflammation, and Cancer. Ann. N. Y. Acad. Sci. 2009, 1171, 59–76. [CrossRef] [PubMed]

55. Jin, S.; Levine, A.J. The P53 Functional Circuit. J. Cell Sci. 2001, 114, 4139–4140. [CrossRef] [PubMed]
56. Kim, S.-J.; Cho, N.-C.; Han, B.; Kim, K.; Hahn, Y.-I.; Kim, K.P.; Suh, Y.G.; Choi, B.Y.; Na, H.-K.; Surh, Y.-J. 15-Deoxy-∆12,14-

Prostaglandin J2 Binds and Inactivates STAT3 via Covalent Modification of Cysteine 259 in H-Ras-Transformed Human Breast
Epithelial Cells. FEBS Lett. 2021, 595, 604–622. [CrossRef] [PubMed]

57. Kim, D.-H.; Kim, E.-H.; Na, H.-K.; Sun, Y.; Surh, Y.-J. 15-Deoxy-∆12,14-Prostaglandin J2 Stabilizes, but Functionally Inactivates
P53 by Binding to the Cysteine 277 Residue. Oncogene 2010, 29, 2560–2576. [CrossRef]

58. Jafarzadeh, A.; Nemati, M.; Jafarzadeh, S. Contribution of STAT3 to the Pathogenesis of COVID-19. Microb. Pathog. 2021,
154, 104836. [CrossRef]

59. Milani, D.; Caruso, L.; Zauli, E.; Al Owaifeer, A.M.; Secchiero, P.; Zauli, G.; Gemmati, D.; Tisato, V. P53/NF-kB Balance in SARS-
CoV-2 Infection: From OMICs, Genomics and Pharmacogenomics Insights to Tailored Therapeutic Perspectives (COVIDomics).
Front. Pharmacol. 2022, 13, 871583. [CrossRef]

60. Levin, Y. The Role of Statistical Power Analysis in Quantitative Proteomics. Proteomics 2011, 11, 2565–2567. [CrossRef]
61. Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of

Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
62. Medzihradszky, K.F. In-Solution Digestion of Proteins for Mass Spectrometry. Methods Enzymol. 2005, 405, 50–65. [CrossRef]
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