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Abstract 

Background  Long COVID involves persistent symptoms after COVID-19 recovery, affecting multiple organ systems 
for months or years. Risk factors include female sex, prior chronic conditions, severe SARS-CoV-2 infection, reinfec-
tions, and lack of vaccination. As a major public health concern, ongoing research continues to investigate its causes, 
mechanisms, and long-term effects.

Methods  Proteomic expression analysis of 171 individuals, in two time points, with confirmed SARS-CoV-2 infection, 
including 133 long COVID patients from the deeply characterized COVICAT cohort, assessed 1395 protein biomarkers 
using Olink® technology. Statistical analyses with linear mixed models examined protein expression changes, long 
COVID status, and sex-specific differences. Functional analysis included gene set enrichment analysis and protein–pro-
tein interaction networks.

Results  Findings revealed VEGFA overexpression in long COVID patients (effect size 0.322, SE = 0.098, p = 0.0013), 
along with sex-specific expression patterns and the influence of sex-hormonal status in females, with signifi-
cant overexpression of circulating VEGFA levels specifically in postmenopausal women (Mann–Whitney U test p 
value = 8.55 × 10−3). Network analysis identified 109 nodes and 274 edges, with VEGFA ranking highest in centrality. 
Dysregulated chemokine signaling, complement activation, and viral reactivation were also confirmed, consistent 
with prior studies.

Conclusions  Using high-throughput proteomic profiling in a population-based cohort, we observed that vascular 
dysfunction, particularly involving VEGFA, is a key feature of long COVID, especially in milder cases, with significant 
overexpression of VEGFA in postmenopausal women. Sex-specific proteomic patterns suggest distinct recovery 
mechanisms, highlighting the need to consider sex, vascular health, and disease severity in the pathogenesis 
and management of long COVID.
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Background
Long COVID, also known as post-acute sequelae of 
SARS-CoV-2 infection, refers to the persistence of symp-
toms long after the acute phase of COVID-19 [1]. It has 
become a major public health concern due to its wide-
spread effects and significant impact on individuals’ qual-
ity of life. Common symptoms of long COVID include 
fatigue or malaise, joint and muscle pain, persistent 
cough, sputum production, shortness of breath, chest 
discomfort, hair loss, memory problems, difficulty con-
centrating, headaches, depression, loss of smell, altered 
taste, heart palpitations, diarrhea, abdominal discom-
fort, sleep disturbances, and muscle weakness. Affecting 
multiple organ systems [2], long COVID persisted for 
up to 2 years and risk is influenced by multiple factors. 
The most common symptoms of long COVID are neuro-
logical symptoms, muscular problems, respiratory symp-
toms, and psychological and psychiatric symptoms. Sex 
dimorphism is already present here, being neurological 
and muscular symptoms more common in women, while 
respiratory symptoms were more common in men [3]. 
Research evidence links middle age, female sex, chronic 
conditions [3–5], severe initial COVID-19, multiple 
infections, and lack of vaccination to a higher risk of long 
COVID [3, 6, 7]. In addition to clinical and demographic 
factors, environmental and socioeconomic determinants 
such as low socioeconomic status [3] and exposure to air 
pollution [8] have also been associated with an increased 
risk of long COVID.

While individuals with mild or asymptomatic infec-
tions can still develop long COVID, those who experi-
ence severe acute infections, including hospitalization 
or severe respiratory distress, are at a higher risk of pro-
longed symptoms [9]. However, Mendelian randomi-
zation analysis has suggested specific host factors that 
contribute to susceptibility to long COVID independent 
from severity risk [10]. One particularly striking obser-
vation is the paradoxical sex disparity in COVID-19 
severity and long COVID incidence. While women typi-
cally experience milder acute COVID-19, they are more 
prone to developing prolonged and severe long COVID 
symptoms [11], a trend also observed by our group in the 
COVICAT study [3]. In contrast, men tend to recover 
more quickly, exhibiting fewer persistent symptoms over 
time. While much of the research has focused on the 
immediate consequences of COVID-19, the mechanisms 
behind long COVID remain an ongoing area of study.

At the molecular level, various plausible pathophysi-
ological mechanisms have been proposed [12, 13], but 
the complexity of long COVID, with symptoms span-
ning multiple organ systems and overlapping pathologies 
[14], poses significant challenges for developing robust 
diagnostic and therapeutic tools. Complement activation 

has been suggested as a significant mechanism in long 
COVID pathogenesis [15]. One of the most well-estab-
lished hypotheses suggests that dysregulation of the com-
plement system, an essential component of the immune 
response, plays a significant role in contributing to the 
pathogenesis of long COVID by driving inflammation 
and tissue damage. Dysregulation of the terminal com-
plement system, including activation of the alternative 
and classical complement pathways, may contribute to 
vascular and endothelial dysfunction often observed in 
long COVID patients [15].

An alternative hypothesis gaining support is that 
endothelial dysfunction and altered angiogenesis contrib-
ute to the pathogenesis of long COVID. A 2024 study by 
Philippe et al. found elevated VEGF-A levels in patients 
with respiratory symptoms, correlating with reduced 
lung diffusion capacity and suggesting a vascular com-
ponent to persistent pulmonary impairment [16]. Other 
angiogenic factors, such as ANG-1 and P-SEL, demon-
strate high diagnostic accuracy for long COVID, rein-
forcing vascular dysfunction as a key mechanism [17, 
18]. VEGF-A, which promotes vascular permeability 
and neuroinflammation, plays a significant role in the 
acute phase of COVID-19 and may also contribute to 
prolonged symptoms [19, 20]. Both infection and vacci-
nation appear to interact with VEGF-A signaling, poten-
tially influencing distinct stages of disease progression, 
although vaccine-related mechanisms remain to be fully 
elucidated [21].

Using a well-characterized general population cohort 
with detailed follow-up, this study applies blood prot-
eomics to uncover molecular pathways linked to long 
COVID. By analyzing differential protein expression and 
sex-specific variations across 1395 proteins related to 
immune activation, inflammation, and vascular repair, we 
aim to uncover pathways linked to symptom persistence 
and their mechanistic roles. Ultimately, our findings 
could help identify potential targets for effective treat-
ment strategies.

Methods
Design and study population
This study utilizes data from an adult COVID-19 pop-
ulation-based cohort in Catalonia (COVICAT) [3, 22], 
established in 2020 to assess the health impact of the 
COVID-19 pandemic on the population of Catalonia. 
COVICAT is a nested study survey in the GCAT cohort, 
a population-based cohort [23], which includes residents 
aged 40–65 years in Catalonia who had health data avail-
able prior to the pandemic. Participants from the GCAT 
cohort were invited to participate in COVID-19-related 
surveys and blood sampling during three distinct periods: 
June–December 2020 (baseline, n = 9548, with a sample 
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size of n = 3900), June 2021–February 2022 (first follow-
up, n = 7822, with a sample size of n = 1086), and Febru-
ary–September 2023 (second follow-up, n = 5215, with 
a sample size of n = 1395). Participants’ data is linked to 
electronic heath records of the Catalan universal cover-
age health system.

The proteomic analysis included all long COVID 
cases available from the COVICAT study, who had been 
infected with SARS-CoV-2 before the 2023 follow-up and 
had consecutive samples from both the 2020 and 2023 
follow-ups (n = 133) and never long COVID participants 
at 2023 (n = 38), totaling 342 paired samples (see flow-
chart of the study population (COVICAT study), Fig. 1). 
Samples were selected based on availability and although 
no formal matching, statistical models were adjusted 
for age and sex. Due to sample size constraints and the 
nature of the pandemic, 43.9% of participants in the 2020 
follow-up who had already been infected before that time 
were included, and this was accounted for in the analy-
sis. Online questionnaires were conducted during each 
follow-up (2020, 2021, and 2023) to collect self-reported 
data on COVID-19 symptoms, prior chronic conditions, 
vaccination status, and demographic factors such as age, 
sex, education, lifestyle, and BMI. Notably, 96.5% of the 
participants had received a COVID-19 vaccine before the 
2023 follow-up.

Ethical approval for the COVICAT study was obtained 
from the Parc de Salut Mar Ethics Committee (CEIM-
PS MAR, number 2020/9307/I) and the Hospital Uni-
versitari Germans Trias i Pujol Ethics Committee (CEI 
number PI-20–182). All participants provided informed 
consent.

Long COVID definition
Long COVID was defined according to the World Health 
Organization (WHO) definition and recent publications 
[14, 24–26] as the presence of a previous SARS-CoV-2 
infection and a self-report of at least one symptom or 
sequel for a duration of at least 3 months. The complete 
list of symptoms considered in the follow-up question-
naires for long COVID is summarized in Additional 
file  1: Table  S1. This definition aligns with the 2024 
NASEM definition of long COVID [27] as it considers a 
larger duration of symptoms (three instead of 2 months), 
compared to that of WHO. Self-reported questionnaires 

were preferred because mild cases—most common in 
our cohort—are often missing from health records, risk-
ing major bias, and direct physician exams were unfea-
sible. The criteria for SARS-CoV-2 infection have been 
described in previous publications by our group [3, 22]. 
In summary, SARS-CoV-2 infection was defined through 
self-reported positive tests or illness, record linkage with 
EHRs, or seropositivity from 2020 to 2023. Seropositivity 
was assessed based on antibody presence. For a detailed 
seroanalysis description, see Karachaliou et al. [22, 28]. A 
detailed description of the questions from 2021 and 2023 
surveys are available as Supplementary material (Addi-
tional file 2).

In concordance with our previous study [3], long 
COVID cases were classified by combining symptom 
reports from the first (2021) and second (2023) follow-
ups. Since the 2023 interview covered a 2-year follow-
up period, we ensured that symptoms in the active long 
COVID group were present in 2023 by including only 
those who reported symptoms during the week prior to 
the survey. Those who did not report symptoms during 
the last week were classified as recovered. In summary, 
the defined case groups and subgroups were as follows: 
never long COVID (n = 38, 22.2%, no long COVID symp-
toms reported in 2021 and 2023); ever long COVID 
(n = 133, 77.8%, long COVID symptoms reported in 2021 
or 2023), further divided into two subgroups: active long 
COVID (n = 92, 53.8%, long COVID symptoms reported 
in 2021 or 2023, and still experiencing the symptoms the 
week prior to the 2023 questionnaire) and recovered long 
COVID (n = 41, 24%, long COVID symptoms reported 
in 2021 or 2023, but no symptoms reported in the week 
prior to the 2023 questionnaire) (see Fig. 1). This classi-
fication allowed for the analysis of the progression and 
resolution of long COVID symptoms over time. Sociode-
mographic characteristics and symptoms of the analyzed 
patients are presented in Additional file 1: Tables S2 and 
S3, respectively.

Blood samples and proteomic profiling
Blood samples
Samples were collected in EDTA tubes at the premises of 
the Banc de Sang i Teixits de Catalonia (BST, Barcelona), 
stored at 4 °C, and processed within 24 h at the GCAT 
lab (IGTP, Badalona). After collection, the samples were 

(See figure on next page.)
Fig. 1  Overview of the samples with proteomics data in the COVICAT study and key findings related to long COVID and VEGFA. Long COVID status 
was assigned using questionnaire data, and proteomic profiles were obtained for 171 individuals, of whom 133 were classified as long COVID 
cases. Differential expression analysis revealed that 8% of proteins were significantly altered in long COVID. VEGFA emerged as the top-ranked 
protein across multiple centrality measures and was identified as the central hub of the long COVID protein network. A significant sex interaction 
was observed for VEGFA expression, and analysis in an independent sample from the COVICAT cohort showed that VEGFA was differentially 
expressed only among postmenopausal women
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Fig. 1  (See legend on previous page.)
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centrifuged, aliquoted into two fractions (plasma, buffy 
coat), and frozen at − 80 °C. Plasma samples were sent for 
protein analysis (in vials of 80 µl). To minimize bias, the 
342 paired samples were analyzed in 171 pairs to include 
samples belonging to the same individual in the same 
plate, then randomization based on sex and age.

Proteomic profiling
A high-throughput proteomics analysis was performed 
to identify key biological pathways associated with 
inflammation and cardiometabolic health. This analysis 
included a total of 1467 assays using Olink® Technology 
at TATAA Biocenter (Uppsala, Sweden), which employs 
multiplexed protein panels and Proximity Extension 
Assay (PEA) technology for highly specific and sensi-
tive measurement of protein levels. For this study, four 
high-multiplex biomarker discovery panels from Olink-
Explore 384 were used: inflammation I, inflammation 
II, cardiometabolic I, and cardiometabolic II (complete 
list in Additional file  1: Table  S4). Quality control pro-
cedures adhered to Olink’s guidelines, using normalized 
protein expression (NPX) values to ensure data reliabil-
ity and validity across all samples. Of the included assays, 
27 were excluded due to low expression or technical 
errors (missing values in all samples), while the remain-
ing assays had a 0% missing rate. Additionally, 45 assays 
were removed because they had values below the limit 
of detection in more than 75% of the samples. Six redun-
dant proteins were present in two different panels, with 
correlations (r value from linear regression) ranging from 
0.816 to 0.993; only one instance of each protein was 
retained. After quality control, 1395 proteins (95%) were 
included in the subsequent analyses. The list of proteins 
included in the analysis after quality control procedures 
is presented in Additional file 1: Table S5. For validation 
purposes, the protein of interest was analyzed in an inde-
pendent sample from COVICAT (n = 34) (see later for 
group description) using the Olink Target 48 Cytokine 
panel, which quantifies key inflammatory cytokines with 
high-sensitivity PEA technology.

Statistical analysis
We analyzed plasma protein expression changes in indi-
viduals using consecutive samples collected during the 
2020 and 2023 follow-ups. Linear mixed models were 
applied to examine protein changes and long COVID 
status. Additionally, functional and interaction analyses 
were conducted to explore biological pathways involved, 
the position of the proteins of interest within the pro-
tein–protein interaction (PPI) network, and the effect of 
sex in the association.

We first applied Unified Manifold Approximation and 
Projection (UMAP) to the entire proteomics dataset to 

uncover potential artefactual structures within the data. 
This technique utilized dimensionality reduction, trans-
forming high-dimensional data into a visually interpret-
able space, which facilitated the identification of clusters 
and relationships among biomolecular entities.

Regression analyses
Linear mixed models (LMMs) were implemented using 
the lme4 package in R, to examine differential protein 
expression between the two time points in relation to 
long COVID status. The outcome variable was the nor-
malized protein levels (NPX levels), and the variable of 
interest was long COVID status. Two separate analyses 
were performed: the first compared individuals clas-
sified as ever long COVID versus never long COVID, 
and the second involved pairwise comparisons among 
active long COVID, recovered long COVID, and never 
long COVID. As covariates, we included sex, age, 
follow-up year (sample batches from 2020 to 2023), 
and whether the subjects had been infected by SARS-
CoV-2 in 2020. Individual identifier was included as 
a random effect to account within-subject variability. 
Post hoc pairwise comparisons were performed and 
marginal means differences were estimated using the 
emmeans package with Tukey adjustment for multi-
ple comparisons. Degrees of freedom were estimated 
using Satterthwaite’s approximation.

Sex‑specific protein expression and interaction analyses
To explore sex-specific differences in protein expression 
related to long COVID, we applied the same linear mixed 
model as described earlier, but included an interac-
tion term between long COVID status and sex, with sex 
excluded as a covariate.

Multivariate analysis of VEGFA expression
Given the relationship with disease severity, immune 
response, and the observed sex differences in long 
COVID, we aim to investigate how these factors affect 
VEGFA expression with three models: (I) first, the 
effect of COVID-19 severity on protein levels; (II) sec-
ond, the strength of the immune humoral response by 
assessing IgG levels against SARS-CoV-2 as a proxy; 
and finally, (III) the potential impact of hormonal state 
by evaluating menopause status on protein expression 
in women.

Due to the high vaccination rates in our cohort, this 
analysis focused on serological SARS-CoV-2 data col-
lected in 2020, prior to vaccine administration [22] (see 
Fig. 1). The severity of the acute infection was defined 
by self-reported data on hospitalization, ICU admis-
sion, and clinical assessment of disease severity. The 
immune response strength against the infection was 



Page 6 of 16Farré et al. BMC Medicine          (2025) 23:552 

assessed through measurements of SARS-CoV-2 anti-
bodies (IgG) in plasma samples, with IgG levels log10 
transformed to normalize the data. Menopausal status 
was determined based on self-reported information 
from the pre-pandemic GCAT questionnaires in 2014 
and 2018, combined with linked EHR data, using ICD-
10 codes (N95: menopausal and female climacteric 
states, E894: postmenopausal states, E2831: ovarian 
failure, Z780: menopausal or female climacteric state, 
Z9079: other specified post procedural states, Z90722: 
postmenopausal bleeding) and ICD-9 codes (73,301: 
postmenopausal osteoporosis, V074: follow-up exami-
nation for postmenopausal status).

Additionally, VEGFA levels were measured using 
the Olink® Target 48 panel in an independent set of 34 
female participants to validate the initial finding. All par-
ticipants had completed the relevant questionnaires and 
were not pregnant at the time of the 2020 data collection. 
Blood samples were collected before any SARS-CoV-2 
infection, as confirmed by negative serological status and 
the absence of self-reported or EHR evidence of infec-
tion. To minimize potential confounding, we included 
only women who reported a single SARS-CoV-2 infec-
tion by 2023 and selected individuals with comparable 
age distributions. The final sample included 14 premeno-
pausal women (6 ever long COVID, 8 never long COVID) 
and 20 postmenopausal women (10 ever long COVID, 10 
never long COVID). Group differences were tested using 
the Mann–Whitney U test.

Statistical analyses were performed using the R statis-
tical software (version 4.3.0; R Foundation for Statisti-
cal Computing, Vienna, Austria) and Python 3.12.6. To 
account for multiple comparisons, p values were cor-
rected using the Benjamini–Hochberg false discovery 
rate (FDR) method. In addition, nominal statistical signif-
icance was defined as p value < 0.05 without correction.

Functional analysis of expression patterns
All proteins were ranked according to their coefficients 
from the ever long COVID versus never long COVID 
comparison and analyzed using gene set enrichment 
analysis (GSEA) via the WebGestalt platform [29]. The 
analysis focused on Gene Ontology (GO) terms, dis-
eases, biological pathways, and cellular function hall-
marks. GSEA assesses whether predefined sets of genes 
associated with specific biological processes, pathways, 
or cellular functions are statistically enriched at the top 
or bottom of the ranked list. By applying this approach, 
we aimed to identify key biological functions and path-
ways associated with differential protein expression, 
providing insights into the molecular mechanisms 
underlying long COVID.

Protein–protein interaction network
Significant proteins (uncorrected p value > 0.05) identi-
fied in the previous analysis were explored for protein–
protein interaction network using the STRING database 
(version 11.5; https://​versi​on-​11-5.​string-​db.​org/). We 
selected a medium-confidence interaction score thresh-
old of 0.4 to identify relevant protein interactions. Recip-
rocal edges were downloaded in TSV format, and the 
Leiden algorithm was applied for community detection 
[30], utilizing the combined score as edge weights. Cen-
trality metrics, including degree, betweenness, close-
ness, and eigenvector centrality, were computed for each 
protein using the NetworkX library. Z-scores for each 
centrality measure were calculated to evaluate the sig-
nificance of the protein of interest relative to the entire 
network. Proteins were ranked based on their centrality 
metrics to determine the position of the protein of inter-
est within the PPI network.

Results
Sociodemographic and clinical presentation of long COVID 
patients
The study included 171 SARS-CoV-2–infected individu-
als: 92 (54%) with active long COVID, 41 (24%) recov-
ered long COVID, and 38 (22%) never experiencing long 
COVID. The sociodemographic and clinical character-
istics of long COVID patients align with the risk factors 
identified in the COVICAT study; being female, having 
a lower education level, higher BMI, and greater SARS-
CoV-2 severity were associated with increased risk, 
while physical activity was a protective factor [3]. How-
ever, no differences were observed among groups related 
to age and sleep habits (see detailed data on Additional 
file  1: Tables S2 and S3). Among the 171 participants, 
117 (68.4%) were female, with a balanced sex distribu-
tion in the recovered group (49% female). The active long 
COVID patients had a higher baseline BMI (27.7 ± 5) 
compared to never long COVID group (25.4 ± 4.5), with 
the highest BMI in the recovered group (28.3 ± 5.7). 
Higher education was more common in recovered 
patients (63% vs. 45% overall). Sleep and smoking habits 
were similar across groups, but never long COVID indi-
viduals reported more physical activity, while recovered 
patients had lower alcohol consumption. Long COVID 
patients experienced more severe SARS-CoV-2 infections 
than the never long COVID group, though severity was 
similar between active and recovered cases. Vaccination 
rates were comparable, except for lower 3rd and 4th dose 
completion in the recovered group. Detailed data is in 
Additional file 1: Table S2.

In active long COVID patients, the most com-
mon symptoms were muscular (45%), neurological 

https://version-11-5.string-db.org/
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symptoms (fatigue) (45%), and respiratory problems 
(29.3%). Recovered long COVID patients reported res-
piratory symptoms (26.8%) and loss of taste or smell 
(24.4%) most frequently, with lower rates of muscu-
lar (9.8%) and neurological (14.6%) symptoms. Prior 
chronic conditions were more common in the active 
long COVID group, including joint problems (12%), 
mental health disorders (6.5%), and digestive diseases 
(11%). Recovered long COVID patients had fewer 
prior conditions, with only one case of rheumatoid 
arthritis (2.4%) and two cases of hypertension (4.9%). 
Overall, recovered long COVID patients reported 
fewer symptoms and prior chronic conditions than 
active cases. Detailed information is in Additional 
file 1: Table S5.

Protein expression patterns in long COVID
The UMAP representation revealed two clusters that 
correspond to the year of the sample, indicating that 
samples from the same timepoint are more similar than 
samples from the same individual (Additional file 3: Fig. 
S1). Hence, in the subsequent analyses, we included the 
follow-up year as a covariate in the linear mixed model 
(LMM) to account for these differences.

The LMM analysis identified 110 proteins (~ 8% of all 
assessed proteins) with nominal associations (uncor-
rected p value < 0.05) differentially expressed between 
ever long COVID and never long COVID patients; 103 
have higher levels in long COVID patients and 7 showed 
lower levels (Fig. 2). Our findings align with existing liter-
ature, confirming the overexpression of the C2 protein in 

Fig. 2  Volcano plot showing the differential expression of proteins between ever long COVID cases versus never long COVID. Nominally significant 
proteins are highlighted, with notable examples such as VEGFA, colored in red, which exhibits differences associated with long COVID status
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ever long COVID patients (β = 0.116, SE = 0.047, 95% CI 
[0.024, 0.208], p = 0.014), previously identified by Cervia-
Hasler as a key pathomechanistic factor in long COVID, 
associated with complement activation [15]. Additionally, 
we observed elevated levels of certain chemokines, such 
as CCL20, CCL22, CCL17, and CCL4, with β estimates 
of 0.370, 0.204, 0.396, and 0.216, respectively; standard 
errors of 0.177, 0.079, 0.146, and 0.084; 95% confidence 
intervals of [0.022, 0.719], [0.048, 0.359], [0.107, 0.684], 
and [0.050, 0.382]; and nominal p values of 0.037, 0.011, 
0.008, and 0.011, respectively. These findings are indica-
tive of inflammatory states and have been similarly 
highlighted in other studies examining post-COVID con-
ditions. Recent studies have shown that naturally occur-
ring anti-chemokine antibodies are associated with more 
favorable outcomes in COVID-19 and may predict the 
absence of long COVID in individuals’ post-infection. 
These findings suggest a sustained immune response 
and potential immune dysregulation following COVID-
19, highlighting the role of chemokines in the ongoing 
inflammatory processes and pathophysiology of long 
COVID [31].

A differential key finding in our study was the over-
expression of vascular endothelial growth factor A 
(VEGF-A) significantly overexpressed in individuals 
with ever long COVID compared to those without long 
COVID with an effect size estimate of 0.322 (SE = 0.098, 
95% CI [0.128, 0.516], p = 0.0013). Moreover, we identi-
fied several other proteins not previously described in 
this context. These include SEMA7A (semaphorin 7A) 
(β = 0.144, SE = 0.047, 95% CI [0.051, 0.237], p = 0.0026), 
ESAM (endothelial cell adhesion molecule) (β = 0.165, 
SE = 0.054, 95% CI [0.058, 0.272], p = 0.0027), ARNT (aryl 
hydrocarbon receptor nuclear translocator) (β = 0.576, 
SE = 0.198, 95% CI [0.185, 0.968], p = 0.0041), and FABP4 
(fatty acid binding protein 4). The full details for all pro-
teins are provided in Additional file 1: Table S6.

Given the constraints of the exploratory nature of the 
analysis, but grounded in the robustness of the observed 
results for C2 and chemokines (CCs) in long COVID 
[15, 31], we conducted a stratified analysis within long 
COVID pairwise comparisons based on symptom remis-
sion in 2023. This approach allowed us to further inves-
tigate the subgroups within long COVID and provide 
additional validation to the associations observed in the 
primary analysis. The pairwise analysis revealed signifi-
cant differences in protein expression patterns. Specifi-
cally, 69 proteins distinguished active from never long 
COVID patients (Additional file  3: Fig. S2, Additional 
file 1: Table S7), 33 proteins differentiated the active and 
recovered long COVID patients (Additional file 3: Fig. S3, 
Additional file 1: Table S8), and 12 proteins distinguished 
the recovered patients from infected patients who had 

never experienced any symptoms (Additional file 3: Fig. 
S4, Additional file 1: Table S9).

The overlap analysis revealed distinct protein expres-
sion patterns among active long COVID, recovered long 
COVID, and never long COVID individuals. The most 
pronounced differences occurred between active and 
never long COVID, while recovered individuals showed a 
partial reversion toward baseline levels, suggesting func-
tional involvement in long COVID pathophysiology. This 
suggests that long COVID is associated with sustained 
alterations in protein expression, with recovery linked to 
a gradual normalization of these changes. An Upset plot 
illustrating the overlap of differentially expressed proteins 
across multiple comparisons is shown in Fig. 3.

From identified proteins, VEGFA, with an effect size 
estimate of 0.375 (SE = 0.103, 95% CI [0.130, 0.620], 
p = 0.001) remained the best feature when compared 
active long COVID with never long COVID individuals. 
A volcano plot summarizing these findings is presented 
in Additional file 3: Fig. S2. Additionally, SEMA7A (sem-
aphorin 7A) remained overexpressed in both active and 
recovered long COVID patients compared to never long 
COVID individuals (β = 0.143, SE = 0.050, 95% CI [0.025, 
0.261], p = 0.012; and β = 0.146, SE = 0.058, 95% CI [0.009, 
0.283], p = 0.034, respectively). In contrast, four proteins, 
DLL4 (delta like canonical Notch ligand 4), LGALS1 
(galectin 1), RNASET2 (ribonuclease T2), and ST6GAL1 
(ST6 beta-galactoside alpha-2,6-sialyltransferase 1), 
were significantly overexpressed exclusively in active 
long COVID patients, not only compared to never long 
COVID individuals (β estimates of 0.551, 0.236, 0.154, 
and 0.147; p values of 0.038, 0.0019, 0.0051, and 0.034, 
respectively) but also to recovered long COVID patients 
(β estimates of 0.553, 0.163, 0.151, and 0.140; p values 
of 0.036, 0.046, 0.006, and 0.047, respectively). Detailed 
results can be found in Additional file 1: Tables S7–S9.

Functional analysis of long COVID: immune, vascular, 
and muscular changes
Gene set enrichment analysis (GSEA) identified several 
significant pathways across multiple categories, suggest-
ing a complex interplay between immune dysregula-
tion, vascular dynamics, and muscular impairment in 
the pathophysiology of long COVID. Pathway analysis 
revealed strong enrichment for immune and inflam-
matory pathways, including human cytomegalovirus 
infection (normalized enrichment score [NES] = 1.905, 
FDR = 0.0097). EBV reactivation and underlying CMV 
infection have been linked to SARS-CoV-2 infection, 
contributing to the complex risk patterns observed in 
long COVID [32]. This is concordant with our observa-
tion in the COVICAT study that ever/active long COVID 
patients exhibited elevated immunoglobulin G levels to 
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EBV early antigen-diffuse [28]. The chemokine signal-
ing pathway (NES = 1.760, FDR = 0.029) is also enriched, 
in line with the observations of [31], who described 
that naturally occurred antibodies against specific 
chemokines were omnipresent post-COVID-19 and neg-
atively correlated with the development of long COVID 
1  year post-infection. This enrichment is driven by 
CXCL8 [31], CCL5 but also by VEGFA. Angiogenesis was 
significantly enriched across multiple databases, includ-
ing Panther (NES = 1.873, FDR = 0.0023) and Wikipath-
ways (NES = 1.917, FDR = 0.0056), emphasizing vascular 
involvement [18, 33] through genes like VEGFA, HIF1A, 
and JUN.

Only seven proteins showed reduced expression, 
which is a relatively small proportion compared to the 
103 proteins that are overexpressed. Among the path-
ways, the cellular component contractile fiber (NES = 
− 2.125, FDR = 0.0056) and molecular function struc-
tural constituent of muscle (NES = − 2.374, FDR = 0.0015) 
were negatively enriched, implicating proteins such as 
ACTN2, MYL3, and DMD in potential muscle dysfunc-
tion. Additionally, the pathway striated muscle contrac-
tion showed negative enrichment in both Reactome 
(NES = − 2.118, FDR = 0.0359) and Wikipathways (NES = 
− 2.141, FDR = 0.023). Complete list of results is pre-
sented in Additional file  1: Table  S10. These findings in 
muscle pathways align with further evidence linking 

long COVID to disrupted muscle structure and function, 
potentially associated with muscular issues—one of the 
most prevalent symptoms in active long COVID patients 
[13, 34].

Network analysis
Analysis of 110 ever long COVID differentially expressed 
proteins (ever long COVID vs. never long COVID) using 
the STRING database revealed a PPI network with 109 
nodes and 274 edges. Within this network, VEGFA was 
identified as the most central protein, ranking highest 
across all centrality metrics. This suggests a crucial role 
for VEGFA in the molecular interactions associated with 
long COVID (Additional file  1: Table  S11, Additional 
file 3: Fig. S5). The calculated centrality values for VEGFA 
were degree centrality (0.385), betweenness centrality 
(0.189), closeness centrality (0.571), and eigenvector cen-
trality (0.297). Z-scores for VEGFA further underscore its 
prominence, with a degree z-score of 3.29, a betweenness 
z-score of 4.73, a closeness z-score of 1.99, and an eigen-
vector z-score of 2.63. These scores indicate that the con-
nectivity and influence of VEGFA are significantly higher 
than the average of the proteins in the network, reinforc-
ing its critical role in mediating interactions relevant to 
long COVID.

Community detection using the Leiden algorithm 
identified nine distinct clusters, or communities, within 

Fig. 3  Upset plot illustrating the overlap of differentially expressed proteins across comparisons between ever long COVID, active long COVID, 
recovered long COVID, and never long COVID groups. The plot highlights the shared and unique proteins identified in each comparison, 
emphasizing the proteins significantly altered in both ever long COVID versus never long COVID and active long COVID versus never long COVID
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the protein–protein interaction network. These com-
munities represent groups of proteins that are more 
interconnected with each other than with the rest of the 
network, suggesting potential shared biological functions 
or regulatory pathways. The overall modularity score of 
0.321 indicates a well-structured but moderately modular 
organization (Additional file 3: Fig. S6). VEGFA was posi-
tioned within the largest community, which consisted of 
20 proteins, including TGFB1, CTGF, HMOX1, BDNF, 
SERPINF1, PDGFA, CILP, DPT, ARNT, PZP, ITGBL1, 
AHNAK, STX5, ESAM, ADH4, CA4, SORT1, BACH1, 
and SCARF1 (Fig. 4). Other communities detected in this 
analysis are represented in Additional file 3: Fig. S7.

Sex‑specific interactions
We identified 35 proteins with sex-specific differ-
ences in expression when comparing ever long COVID 
vs. never long COVID, showing a nominally sig-
nificant interaction with sex. Notably, C2 (p value of 
3.63 × 10−3), VEGFA (p value = 7.78 × 10−4), TSPAN1 (p 
value = 1.63 × 10−3), M6PR (p value = 3.94 × 10−4), and 
DENND2B (1.82 × 10−3) were among the most signifi-
cant (see detailed results in Additional file 1: Table S12). 
Interestingly, relative VEGFA expression levels between 
males and females are reversed in patients with ever 
long COVID, with higher levels observed in females 
than in males. For the other proteins, a sex interaction is 
observed, although their levels converge in both sexes at 
the ever long COVID stage (Fig. 5 and Additional file 3: 

Figs. S8, S9, S10, S11, and S12). Moreover, the expression 
levels of VEGFA were slightly higher in women exposed 
to the virus compared to those not exposed, suggesting a 
gender-specific difference in response (Additional file 3: 
Fig. S13).

Multivariate modeling on VEGFA expression
Regression modeling was conducted in long COVID 
patients to examine the influence of COVID-19 sever-
ity, immune humoral response (IgG levels), and hormo-
nal status (menopausal state) on VEGFA expression. The 
results indicate that while VEGFA was significantly over-
expressed in long COVID individuals (ever and active) 
versus never long COVID, none of the models identified 
a significant impact of menopausal status, IgG levels, 
or infection severity on its expression (Additional file 1: 
Table S13).

Replication and validation
We replicated the VEGFA findings and further ana-
lyzed the impact of sex and hormonal status by stratify-
ing participants based on menopausal status. Using an 
independent assay with the same technology, VEGFA 
results were validated in a small dataset of 34 female 
participants sampled in 2020, confirming its overexpres-
sion in individuals with ever long COVID. Interestingly, 
when participants were stratified by menopausal status, 
a significant difference in circulating VEGFA levels was 
observed, specifically among postmenopausal women 
(Mann–Whitney U test p value = 8.55 × 10−3) (Fig.  6). 
This suggests that menopausal status may influence 
VEGFA expression in the context of long COVID.

Discussion
This study provides novel insights into the pathophysi-
ology of long COVID, uncovering significant immune 
dysregulation, vascular remodeling, and sex-specific dif-
ferences. By integrating comprehensive proteomic data 
from a deeply characterized, general population-based 
cohort, we identified distinct patterns in protein expres-
sion that correlate with (i) the persistence of long COVID 
symptoms and (ii) exhibit notable sex interactions. These 
findings highlight critical mechanisms that may contrib-
ute to the long-term effects of the disease and suggest a 
need for sex-specific approaches in both diagnostics and 
treatment. Our findings uncover new pathophysiologi-
cal pathways, including those associated with angiogen-
esis, such as VEGFA (vascular endothelial growth factor), 
while also corroborating prior observations, such as the 
involvement of chemokine signaling pathways, comple-
ment activation, and viral reactivation in post-COVID-19 
syndromes.

Fig. 4  Community structure of the long COVID-associated protein–
protein interaction (PPI) network, identified using the Leiden 
algorithm. The network was divided into nine distinct communities. 
The figure depicts the largest community (community 1: n = 20 
proteins), where VEGFA, the most central protein in the network, 
is located and highlighted in red to emphasize its central role
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We confirmed the enrichment of pathways such as 
chemokine signaling correlate with long COVID align-
ing with reported observations that natural occurring 
antibodies against chemokines are protective against the 
persistence of long COVID symptoms [31]. Chemokines 
have been associated with disease severity and were 
among the first widespread genetic signals to be identi-
fied in COVID-19 research [35]. Interestingly, Cheong 
et  al. described that alterations in innate immune 

phenotypes and epigenetic programs persisted for 
months following severe COVID-19 [36]. These findings 
underscore a potential interplay between viral persis-
tence, immune reprogramming, and dysregulated inflam-
matory responses that may drive the pathophysiology of 
long COVID.

Our findings highlight sex-based differences in pro-
tein expression in ever long COVID patients. For 
instance, while C2 levels were comparable in both sexes 

Fig. 5  Interaction plot depicting the expression levels of VEGFA and C2 in 2020 stratified by sex and long COVID status. The results indicate 
that the expression levels of these genes exhibited differences prior to the onset of long COVID. For C2, the expression levels in long COVID cases 
are more similar between males and females, while a greater difference is observed in the control group. In contrast, VEGFA levels show a different 
pattern: in males, expression decreases in long COVID cases compared to controls, whereas in females, expression increases in cases compared 
to controls, resulting in an “X” shaped interaction

Fig. 6  Validation of circulating VEGFA levels (pg/mL) in an independent cohort of women, stratified by menopausal status and long COVID history. 
Among postmenopausal participants, VEGFA levels were significantly higher in ever long COVID cases compared to never long COVID controls, 
suggesting a potential interaction between menopausal status and long COVID in modulating VEGFA expression
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for ever long COVID patients, there was a higher rela-
tive increase in males compared to females never long 
COVID. Conversely, proteins like VEGFA, TSPAN1, 
DENND2B, and M6PR showed an opposite trend in each 
sex: in females, these proteins were lower in never long 
COVID but increased in ever long COVID, while these 
levels decreased in ever long COVID males compared 
to females. These results suggest a complex relation-
ship between sex, immune response, recovery changes, 
and susceptibility in long COVID. TSPAN1, M6PR, and 
DENND2B are involved in immune cell communica-
tion, trafficking, and viral responses. Their sex-specific 
expression patterns, where males show higher expres-
sion in never infected states but converge in long COVID 
status, suggest that while there are inherent differences 
in immune baseline states between males and females, 
these differences may diminish during active immune 
responses. Additionally, C2, a protein involved in acti-
vating the classical complement pathway, showed nota-
ble sex differences. The complement system is a key 
component of innate immunity, and its role in immune 
regulation is known to exhibit sexual dimorphism. For 
example, previous studies have shown that complement 
system components, including C4, are elevated in women 
and contribute to their increased susceptibility to auto-
immune diseases such as systemic lupus erythematosus 
(SLE) and Sjögren’s syndrome [37]. Our findings suggest 
that such sex-specific complement activity may also play 
a role in modulating long COVID, but despite sex vari-
ations in expression, there are no significant differences 
in the response to long COVID across sex, indicating a 
more universal pattern of pathophysiological processes.

VEGFA behaves differently. This protein is a powerful 
growth factor that promotes endothelial cell migration, 
proliferation, tube formation, and survival. It also acts as 
a key regulator of vascular permeability, serving as a criti-
cal link between inflammation, permeability, and angio-
genesis. Network analysis positioned VEGFA within 
the largest community of the network, which included 
20 proteins with key roles in tissue remodeling and vas-
cular function. For example, some of the genes in the 
VEGFA-associated community, such as ARNT, SORT1, 
SERPINF1, and HMOX1, play key roles in regulating 
VEGFA-driven processes. Hypoxia signaling, medi-
ated by ARNT, regulates VEGFA expression in response 
to oxygen levels. SORT1 controls endothelial function 
and lipid metabolism, which are vital for vascular integ-
rity. SERPINF1 modulates angiogenesis by counteract-
ing VEGFA, while HMOX1 manages oxidative stress and 
inflammation, both of which influence VEGFA-driven 
vascular remodeling. These proteins collectively regulate 

VEGFA-driven vascular remodeling and inflammation, 
processes that are disrupted by SARS-CoV-2 infection 
suggesting that VEGFA’s role in long COVID patho-
physiology may extend beyond angiogenesis, involving 
complex regulatory mechanisms related to inflamma-
tion, neurovascular remodeling, and extracellular matrix 
dynamics.

Our discovery of VEGFA altered expression with long 
COVID aligns with the hypothesis of endothelial dys-
function as a contributing factor to long COVID. Sup-
porting this hypothesis, several studies have reported 
vascular abnormalities across various organ systems 
in individuals affected by COVID-19 [38], and vascu-
lar biomarkers in long COVID patients, 1 to 6 months 
post-infection [18]. The virus is known to target the 
endothelium via the angiotensin-converting enzyme 2 
(ACE2), resulting in direct damage to vascular endothe-
lial cells by spike proteins [39] affecting different organs 
[40]. A wide range of vascular complications have been 
associated with SARS-CoV-2 infection, leading some to 
propose that long COVID may primarily be a vascular 
disease, with vascular pathologies observed post-infec-
tion, which have been identified as potential manifesta-
tions of long COVID [38]. Reduced retinal vessel density 
(RVD), a surrogate marker for endothelial dysfunction, 
has been associated with long COVID [41], and a 10% of 
long COVID patients within cohort studies have retinal 
microvascular changes [42]. Recent research by Philippe 
et  al. [16] emphasizes the role of vascular endothelial 
growth factor A (VEGF-A) in reduced DLCO and radio-
logical abnormalities associated with respiratory symp-
toms in long COVID, particularly among hospitalized 
and ICU-treated patients. However, their study included 
a limited number of outpatients and underrepresented 
women, without exploring sex-based differences. Our 
study, which primarily involves mild cases, confirms that 
VEGF-A–related vascular alterations persist beyond the 
acute phase and occur independently of disease severity.

Regarding the mechanisms involved, VEGF-A’s pro-
inflammatory actions—such as increasing vascular per-
meability and promoting immune cell infiltration—may 
drive a neuroinflammatory feedback loop that contrib-
utes to long COVID symptoms [20, 21]. Angiogenesis 
biomarkers, including ANG-1 and P-SEL, have shown 
high diagnostic accuracy (96%) for identifying long 
COVID patients, underscoring vascular dysregulation 
as a central pathogenic factor [17, 18]. Although the 
hypothesis that VEGF-A–induced disruption of neuro-
vascular communication could be triggered by vaccina-
tion is intriguing [21], our study excludes vaccination as 
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a confounding variable because samples were collected 
prior to widespread vaccine availability.

Observed sex dimorphisms for VEGF-A align with 
findings from animal models underscoring the critical 
role of VEGF-A in ovarian function, particularly in fol-
licle development, where its expression appears to fol-
low dynamic patterns tightly regulated by hormonal 
signals [43]. VEGF-A expression is hormonally regulated 
with well-established sex-specific differences; estrogen 
directly enhances VEGF transcription [43, 44]. Meno-
pausal declines in estrogen are linked to altered vas-
cular signaling and increasing vascular vulnerability in 
women [45]. Higher VEGF-A expression was observed in 
long COVID patients who were postmenopausal, with a 
bimodal distribution among premenopausal individuals. 
This pattern suggests a plausible influence of female hor-
monal status on VEGF-A regulation. It is known that the 
uterus regulates circulating VEGF-A levels [46], which 
could be compromised in postmenopausal women, 
potentially increasing their susceptibility to developing 
long COVID symptomatology, suggesting the co-exist-
ence of distinct mechanistic pathways in long COVID 
females. This provides an additional clue to the sex-spe-
cific interactions observed in long COVID, providing a 
mechanistic hypothesis between sex differences in long 
COVID susceptibility and vascular health [47].

While this study provides valuable insights into the 
proteomic alterations associated with long COVID, with 
a replication in a different subsample, several limitations 
should be noted. First, the cohort, though deeply char-
acterized, was relatively small and geographically con-
strained, which may not fully capture the heterogeneity 
of populations affected by long COVID. This limitation 
could influence the generalizability of the findings to 
broader, more diverse demographics. Moreover, although 
the cohort includes adults aged 40–65—limiting gener-
alization to younger and older age groups—this range 
captures the population most commonly affected by long 
COVID and therefore does not limit the relevance of the 
findings. Similarly, while the study is geographically based 
in Catalonia, it builds on prior epidemiological research 
in this population that aligns with international evidence 
[3]. Second, the absence of a clear clinical phenotype for 
long COVID reflects the current uncertainty in defining 
the condition. This complicates symptom classification 
and documentation in epidemiological studies. Our reli-
ance on self-reported symptoms helps address this chal-
lenge by capturing cases often underreported in health 
records, especially mild ones. Third, while the study 
spanned data collection from 2020 to 2023, this temporal 
window may not encompass the entire spectrum of dis-
ease progression or resolution patterns, particularly for 

individuals with prolonged recovery trajectories. Longer-
term follow-up studies are essential to understand the 
persistence or evolution of the observed proteomic 
changes. Fourth, the integration of proteomic data offers 
a comprehensive view of molecular alterations. Although 
the enrichment results are consistent and align with 
VEGFA observations in a small subsample, they should 
be interpreted cautiously and require validation in larger, 
independent cohorts. Additionally, the analysis is limited 
by potential confounding factors—such as comorbidi-
ties, medication use, and environmental influences—that 
were not fully accounted for in this study. Finally, while 
the identification of sexually dimorphic protein expres-
sion patterns offers novel insights and has been repli-
cated in an independent sample, these findings require 
further validation in larger, independent populations.

These findings suggest sex-specific mechanisms in 
long COVID, potentially driven by hormonal regula-
tion of VEGFA and altered susceptibility in postmeno-
pausal women. While exploratory, our findings suggest 
that VEGFA may be a relevant therapeutic target in long 
COVID, warranting further research into vascular or 
endothelial-directed interventions aimed at mitigating per-
sistent symptoms. Notably, anti-VEGF therapies have been 
successfully applied in diseases characterized by pathologi-
cal angiogenesis and vascular dysfunction such as cancer 
and retinal disorders [48, 49], and recent studies propose 
vascular stabilization as a promising strategy for post-viral 
syndromes involving endothelial dysregulation [40].

Taken together, these findings contribute to a growing 
body of evidence that underscores the need for stratified 
approaches in understanding and treating long COVID. 
Such approaches must address both biological heteroge-
neity and sex-based differences.

Conclusions
This study identifies key molecular signatures underly-
ing long COVID, including immune dysregulation, vas-
cular remodeling, and sex-specific proteomic alterations. 
VEGFA emerged as a central node associated with symp-
tom persistence and showed distinct expression patterns 
across sexes. These findings suggest hormonal regulation 
may influence long COVID, but the role of hormonal 
modulation in VEGF-A expression remains preliminary 
and based on indirect evidence. Further studies with 
direct hormonal measurements are needed for con-
firmation. Our results underscore the importance of 
incorporating sex-stratified approaches in both research 
and clinical management of long COVID. Future stud-
ies should validate these findings in larger, more diverse 
populations and explore the long-term trajectories of 
proteomic changes.
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