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Abstract 

Background/Objectives: Post-COVID-19 pulmonary fibrosis (PCPF) and idiopathic pulmonary 

fibrosis (IPF) show clinical parallels, suggesting overlapping pathogenesis. This study investigated 

the dysregulation of key proteases, matrix metalloproteinases-2 and -9 (MMP-2/9), and associated 

inflammatory and endothelial markers in both conditions. Methods: We analyzed MMP-2 and MMP-

9 gene expression in peripheral blood leukocytes and corresponding plasma protein levels in patients 

6 and 12 months after SARS-CoV-2 infection, stratified by the presence (FB+) or absence (FB-) of post-

COVID pulmonary fibrosis. These groups were compared to IPF patients and pre-pandemic healthy 

controls. Results: Results showed a significant, sustained increase in MMP-2/9 in post-COVID 

patients versus controls, which was most pronounced in the PCPF group and mirrored the 

dysregulation in IPF. This proteolytic shift corresponded to a distinct systemic profile: patients 

without fibrosis showed reduced levels of acute-phase cytokines (TNF-α, IL-6), whereas patients with 

fibrosis exhibited both elevated cytokines and increased markers of endothelial dysfunction 

(Endothelin-1, sICAM-1). Conclusions: The findings demonstrate that sustained MMP-2/9 

overexpression is a hallmark of post-COVID fibrosis and is associated with a transition from systemic 

inflammation to chronic endothelial impairment. The convergence of this molecular profile in PCPF 

and IPF indicates shared pathophysiological pathways driving fibrosis. This positions MMP-2 and 

MMP-9 as promising biomarkers and potential therapeutic targets for mitigating progressive fibrotic 

lung disease. 

Keywords: idiopathic pulmonary fibrosis (IPF); post-COVID pulmonary fibrosis (PCPF); MMP-2; 

MMP-9; endothelial dysfunction; inflammatory markers 

 

1. Introduction 

The global burden of health complications following the SARS-CoV-2 pandemic has established 

post-acute sequelae of COVID-19 (or "long COVID") as a major public health concern. The clinical 

spectrum of long COVID is extensive, involving nearly all organ systems [1,2]; however, the precise 

pathogenetic mechanisms remain incompletely defined. Proposed contributors include viral 

persistence [3-6], systemic immune dysregulation, metabolic disturbances, endothelial dysfunction, 

and impaired tissue repair, which collectively may lead to cardiovascular, respiratory, endocrine, and 

immune disorders [7,8]. Investigating the molecular underpinnings of these post-viral syndromes is 

crucial for understanding fundamental disease pathophysiology and for identifying prognostic 

biomarkers and therapeutic targets. 

Matrix metalloproteinases (MMPs), particularly the gelatinases MMP-2 and MMP-9, are central 

regulators of extracellular matrix (ECM) breakdown and remodeling and are implicated in both 

tissue repair and fibrogenesis. MMPs, calcium-dependent, zinc-containing neutral endopeptidases, 
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possess broad substrate specificity. Their functions extend beyond ECM proteostasis to include the 

proteolytic activation or inactivation of cytokines, chemokines, and cell-surface receptors, thereby 

influencing immune cell recruitment, proliferation, and viability [9,10]. MMP-2 and MMP-9 are 

especially critical in alveolar and vascular remodeling due to their efficient hydrolysis of type IV 

collagen, a key structural component of basement membranes located at the epithelial/endothelial 

interface and the underlying connective tissue [11]. While essential for normal turnover, their 

overexpression and dysregulated activity are hallmarks of pathological tissue destruction and 

fibrosis. For instance, elevated MMP-9 is strongly associated with the progression of idiopathic 

pulmonary fibrosis (IPF) and aortic aneurysm [12,13], while MMP-2 contributes to vascular 

dysfunction, atherosclerosis, and plaque instability [14]. Both enzymes can degrade elastin and 

basement membranes, increasing vascular permeability, promoting leukocyte infiltration, and 

disrupting endothelial integrity. Conversely, MMPs also exhibit context-dependent anti-

inflammatory roles; for example, MMP-9 activity is necessary for resolving inflammation after 

myocardial infarction [15], and MMP-2 can proteolytically inactivate pro-inflammatory mediators 

[16,17]. 

MMPs also play a dual role in viral pathogenesis, possessing both antiviral properties and 

contributing to viral dissemination and persistence. Viruses such as HIV, HTLV-1, and hepatitis B 

stimulate hyperproduction of MMP-2, MMP-9, and MMP-14 in monocytes and T-lymphocytes, 

disrupting basement membranes and endothelial barriers – a process implicated in neuroinvasion 

and blood-brain barrier breakdown [18-21]. In COVID-19, plasma MMP-9 levels are significantly 

elevated, correlating with disease severity, leukocytosis, and the pro-inflammatory cytokine storm 

that drives acute respiratory distress syndrome (ARDS) and pulmonary fibrosis [22-24]. MMP-9 

further contributes to immunothrombosis via neutrophil and platelet activation [25]. Interestingly, 

MMP-2 levels are often decreased in acute COVID-19 plasma, possibly due to systemic ACE 

imbalance or consumption [26,27], while lung tissues show significant increases in MMP-2, MMP-7, 

MMP-8, and MMP-14 [28]. 

Notably, there is considerable evidence of striking clinical, histopathological, and molecular 

similarities between idiopathic pulmonary fibrosis (IPF) and COVID-induced pulmonary fibrosis; for 

a summary see the recent review [29]. However, few studies have described common mechanisms 

and hallmarks for IPF and other chronic pulmonary diseases, such as post-COVID pulmonary fibrosis 

(PCPF) [30]. IPF and PCPF are both progressive fibrotic lung diseases characterized by chronic 

inflammation, aberrant vascular remodeling, and immune dysregulation. While IPF is the 

prototypical progressive fibrosing interstitial lung disease, PCPF is an emerging entity following 

SARS-CoV-2 infection. They converge on key pro-fibrotic pathways – including TGF-β, IL-6, and 

TNF-α signaling – and systemic features such as endothelial injury and pro-thrombotic states [29,30]. 

This overlap suggests shared underlying mechanisms where dysregulated MMP activity may 

perpetuate a cycle of injury, failed repair, and fibrosis in both conditions. 

Despite extensive data on MMPs in acute COVID-19, their role in the chronic phase, particularly 

in post-COVID-19 syndrome with persistent respiratory sequelae, remains poorly understood. 

Evidence of prolonged SARS-CoV-2 antigen persistence [3–6] suggests that MMP dysregulation may 

continue well into the convalescent period, potentially driving ongoing inflammation and fibrotic 

remodeling. 

This study aimed to analyze the expression of MMP-2 and MMP-9 genes in peripheral blood 

leukocytes and the levels of their encoded proteins in blood plasma of patients at 6 and 12 months 

after acute COVID-19. We hypothesize that sustained dysregulation of these MMPs is associated with 

persistent inflammatory and endothelial dysfunction, reflecting a pathophysiological continuum 

shared with IPF. 

2. Materials and Methods 

2.1. Ethics  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 December 2025 doi:10.20944/preprints202512.0935.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.0935.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 11 

 

This study was conducted in accordance with the ethical principles of the World Medical 

Association Declaration of Helsinki for medical research involving human subjects. The protocol was 

approved by the Medical Ethics Committee of Petrozavodsk State University and the Ministry of 

Health of the Republic of Karelia (ethical approval no. 2, dated 09.09.2024). 

2.2. Study Participants and Materials 

This case-control study included 86 patients (mean age 47.15 ± 0.84 years; 1:1 sex ratio) with a 

history of confirmed COVID-19 (diagnosed in 2020–2021). Post-COVID patients were stratified into 

four groups according to the presence or absence of acute-phase pulmonary manifestations on 

computed tomography (CT) and the time of sample collection after infection: (a) patients without 

pulmonary involvement at 6 months post-infection (n=30); (b) patients with lung lesions and 

subsequent development of pulmonary fibrosis at 6 months post-infection. (n=16); (c) patients 

without pulmonary involvement at 12 months post-infection (n=24); (d) patients with lung lesions 

and subsequent development of pulmonary fibrosis at 12 months post-infection (n=16). The control 

group consisted of 20 conditionally healthy individuals (mean age 43.42 ± 1.14 years) from whom 

blood samples were collected and processed in 2019, prior to the pandemic. To provide a specific 

comparator for COVID-19-induced pulmonary changes, a separate group of patients diagnosed with 

idiopathic pulmonary fibrosis (IPF) was also included (mean age 63.6 ± 3.44 years, n=10). 

Exclusion criteria for all participants were: concomitant immunoinflammatory or chronic 

systemic diseases; acute infectious diseases (other than COVID 19) within the preceding 6 months; 

current tobacco use; alcohol abuse; body mass index (BMI) ≥ 28 kg·m⁻². Prior to the study, 

hematological and biochemical parameters were assessed for all enrolled donors using a BF-6800 

hematological analyzer and a CS-300B automated biochemical analyzer (Dirui, China); the quality of 

results was ensured through daily internal quality control using control sera for normal and 

pathological levels. The assessed parameters included a complete blood count, erythrocyte 

sedimentation rate, and the levels/activities of total protein, albumin, glucose, direct bilirubin, 

creatinine, urea, total cholesterol, ALT, AST, and alkaline phosphatase to ensure cohort homogeneity 

based on values approaching the Biological Reference Interval; according to the observation of [31] 

the values in COVID and post-COVID patients with comorbidity could substantially differ from 

reference interval [31]. At the time of enrollment, all participants tested negative for SARS-CoV-2. 

Participants were recruited from the Respiratory Centre of the V.A. Baranov Republican Hospital 

(Petrozavodsk, Russia). Peripheral blood samples were collected by staff of the Centre for Biomedical 

Research, KarRC RAS. Written informed consent was obtained from every participant. 

2.3. Enzyme-Linked Immunosorbent Assay (ELISA) 

The plasma levels of matrix metalloproteinases and other markers were assayed by non-

competitive enzyme-linked immunosorbent assay (ELISA) using Human ELISA kits for MMP-2, 

MMP-9, Endothelin-1, and E-Selectin (ELK Biotechnology, China); IL-6-IFA-BEST and TNFα-IFA-

BEST kits (Vector-Best, Russia) according to the manufacturers’ protocols on a microplate reader 

AMR-100 (Allsheng, China). The number of technical replicates was at least two. We used blood 

plasma, rather than serum, to determine extracellular MMP concentrations and exclude MMP 

amounts released from cells during blood coagulation. 

2.4. RNA Extraction, Quantitative Real-Time PCR  

Total RNA was isolated from peripheral blood leukocytes (PBLs), which were obtained by lysing 

whole blood with a 0.86% ammonium chloride solution, using MagZole reagent (Magen, China). 

Complementary DNA (cDNA) was synthesized from the RNA template using an MMLV RT kit 

(Eurogen, Russia). Prior to reverse transcription, the RNA was treated with 1 unit of DNase (Syntol, 

Russia) to remove genomic DNA contamination. 
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The mRNA expression levels were quantified by real-time PCR using a C1000 Touch thermal 

cycler equipped with a CFX96 optical reaction module (BioRad, USA). Primer annealing specificity 

was verified by analyzing the melting curves of the PCR amplicons. All reactions were performed 

with a minimum of three replicates. 

The relative expression of the target genes was calculated using the ΔΔCt method [32], with 

normalization to the geometric mean of two reference genes, 18S rRNA and RPL19. Primer sequences 

were sourced from [33] and are detailed in Table 1. 

Table 1. Primer sequences used for qRT-PCR; F – forward, R – reverse. 

Gene Accession number Primer sequences PCR-fragment length, b.p. 

MMP2 NM_004530.6 
F: 5'-attctggagatacaatgaggtgaag-3' 

R: 5'-gcacccttgaagaagtagctg-3' 
144 

MMP9 NM_004994.3 
F: 5'-cagagatgcgtggagagtc-3' 

R: 5'-aaggcgtcgtcaatcacc-3' 
250 

18S rRNA NR_146119 
F: 5'-agaaacggctaccacatcca-3' 

R: 5'-caccagacttgccctcca-3' 
169 

RPL19 NM_000981.4 
F: 5'-aatcgccaatgccaactc-3' 

R: 5'-ccttccgcttacctatgc-3' 
155 

2.5. Statistical Analysis  

Experimental data were processed using Microsoft Excel and Statgraphics Centurion XVI 

software. According to the Shapiro-Wilk test, the distribution of the studied parameters was non-

normal. Differences in gene expression levels and biochemical indices were evaluated using the 

Mann-Whitney U test. Correlation analysis was used to assess the relationships between parameters. 

Data are presented as median (Me) with 25th and 75th percentiles (Q1; Q3). The age of individuals 

included in the study is presented as mean ± standard error (M ± SE). Differences were considered 

statistically significant at p < 0.05. 

3. Results 

3.1. MMP-2 and MMP-9 Plasma Levels and Gene Expression 

The results of the study are presented in Figure 1 (A-D). At 6- and 12-months post-SARS-CoV-2 

infection, a significant increase in the plasma levels and leukocyte gene expression of both MMP-2 

and MMP-9 was observed compared to pre-pandemic control samples. This increase was statistically 

significant in patient groups regardless of whether the acute infection was associated with lung 

damage and subsequent fibrosis (FB+) or not (FB–). However, in both post-COVID-19 groups, MMP-

2 and MMP-9 levels remained lower than in patients with idiopathic pulmonary fibrosis (IPF), who, 

as expected, demonstrated substantially elevated levels of both MMPs compared to healthy donors. 
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Figure 1. MMP-2 and MMP-9 profiles in post-COVID-19 and idiopathic pulmonary fibrosis (IPF) patients. Gene 

expression of (A) MMP-2 and (B) MMP-9 in peripheral blood leukocytes (PBLs); circulating protein levels of (C) 

MMP-2 and (D) MMP-9 in post-COVID-19 versus IPF. Abbreviations: HD, healthy donors (pre-pandemic 

controls); 6m/12m, 6- or 12-months post-infection; FB–/FB+, patients without/with post-COVID pulmonary 

fibrosis; IPF, idiopathic pulmonary fibrosis. 

3.2. Plasma Concentration of Pro-inflammatory Cytokines 

ELISA revealed a decrease in plasma levels of TNF-α and IL-6 at 6- and 12-months post-COVID-

19 in patients whose acute infection did not involve lung damage according to CT (FB– group; Table 

2). In contrast, patients diagnosed with post-COVID pulmonary fibrosis (FB+ group) exhibited a 

significant increase in TNF-α and IL-6 levels at both time points compared to the pre-pandemic 

healthy donor (HD) control group and the FB– group. 

Table 2. Plasma levels of proinflammatory cytokines in post-COVID-19 patients with and without pulmonary 

fibrosis (FB+ and FB–, respectively). 

Protein 

Control 

Healthy Donors 

(n=20) 

Groups of Patients 

6-Month Post-COVID-19 12-Month Post-COVID-19 

FB– (n=30) FB+ (n=16) FB– (n=24) FB+ (n=16) 

TNFα, pg/ml 

2.46 

(1.89; 3.48) 

 

0.64 

(0.52; 1.47) 

p = 0.0006 

6.38 

(4.55; 7.27) 

p = 0.0120 

0.91 

(0.82; 1.18) 

p = 0.0005 

5.86 

(4.73; 7.28) 

p = 0.0018 

IL-6, pg/ml 

1.73 

(1.38; 2.17) 

 

1.00 

(0.63; 1.69) 

p = 0.0400 

2.25 

(1.25; 2.50) 

p = 0.1700 

1.13 

(0.69; 1.13) 

p = 0.0002 

4.66 

(3.86; 5.45) 

p = 0.0001 

Data are expressed as median and interquartile range (Q1–Q3). Values significantly different from healthy donor 

controls are in bold, with corresponding p-values. 

3.3. Plasma Concentration of Endothelial Dysfunction Markers 
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Analysis of endothelial dysfunction markers revealed a distinct pattern of late elevation (Table 

3). At 12 months post-infection, significant increases in Endothelin-1 (ET-1) and soluble intercellular 

adhesion molecule-1 (sICAM-1) were observed in patients with pulmonary fibrosis (FB+), with ET-1 

reaching an exceptionally high concentration. E-selectin was also elevated in the FB+ group at this 

time point, whereas soluble vascular cell adhesion molecule-1 (sVCAM-1) levels did not change 

significantly. At the 6-month time point, marker levels did not differ significantly from healthy donor 

(HD) controls, except for sICAM-1, which was elevated in the FB+ group. 

Table 3. Plasma levels of endothelial dysfunction markers in post-COVID-19 patients with and without 

pulmonary fibrosis (FB+ and FB–, respectively). 

Protein 

Control 

Healthy Donors 

(n=20) 

Groups of Patients 

6-Month Post-COVID-19 12-Month Post-COVID-19 

FB– (n=30) FB+ (n=16) FB– (n=24) FB+ (n=16) 

ET-1, pg/ml 

50.82 

(31.07; 99.37) 

 

47.18 

(37.00; 70.51) 

p = 0.8000 

50.54 

(21.44; 81.20) 

p = 0.2610 

124.16 

(98.47; 173.85) 

p = 0.0356 

404.13 

(392.47; 409.00) 

p = 0.0042 

E-selectin, 

pg/ml 

604.08 

(551.32; 758.87) 

 

642.17 

(544.21; 

883.49) 

p = 0.3700 

686.25 

(489.98; 884.93) 

p = 0.5500 

564.87 

(530.62; 665.31) 

p = 0.6300 

852.21 

(745.76; 958.66) 

p = 0.013 

sICAM, pg/ml 
724.54 

(431.58; 808.15) 

541.82 

(462.92; 

859.11) 

p = 0.8300 

1086.60 

(926.18; 

1147.17) 

p = 0.0006 

948.61 

(852.12; 

1237.01) 

p = 0.0023 

1183.04 

(1030.98; 

1233.70) 

p = 0.0010 

sVCAM, pg/ml 
0.20 

(0.14; 0.50) 

0.11 

(0.09; 0.31) 

p = 0.1690 

0.12 

(0.09; 0.39) 

p = 0.4800 

0.25 

(0.09; 0.47) 

p = 0.4550 

1.56 

(0.82; 2.29) 

p = 0.7300 

Data are expressed as median and interquartile range (Q1–Q3). Values significantly different from healthy donor 

controls are in bold, with corresponding p-values. 

3.4. Correlation of Plasma Levels of MMPs, Pro-inflammatory Cytokines, and Endothelial Dysfunction 

Markers 

Correlation analysis revealed a positive, moderate association between plasma MMP-2 and 

MMP-9 levels and Endothelin-1 (ET-1) (rₛ = 0.65, p = 0.004 and rₛ = 0.49, p = 0.009, respectively). ET-1 

and soluble intercellular adhesion molecule-1 (sICAM-1) levels were also positively correlated (rₛ = 

0.68, p = 0.01). This pattern of correlations suggests a potential link between extracellular matrix 

remodeling (reflected by MMPs), endothelial dysfunction, and systemic inflammation in the post-

COVID-19 state. 

4. Discussion 

This study demonstrates a distinct and sustained dysregulation of the systemic inflammatory 

and endothelial milieu in patients after COVID-19, with a critical divergence based on the presence 

of post-infection pulmonary fibrosis (PCPF). Our key findings reveal: (1) a persistent pro-

inflammatory state (elevated TNF-α and IL-6) specifically in patients with fibrosis (FB+) at 6 and 12 

months; (2) a delayed but marked increase in endothelial dysfunction markers (ET-1, sICAM-1, E-

selectin) in the FB+ group at 12 months; and (3) significant positive correlations between markers of 

extracellular matrix (ECM) remodeling (MMP-2, MMP-9), the potent vasoconstrictor ET-1, and the 

adhesion molecule sICAM-1. Together, these data suggest a pathophysiological triad linking 

persistent inflammation, aberrant endothelial activation, and dysregulated fibrosis in post-COVID 

pulmonary sequelae. 
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Dysregulated extracellular matrix remodeling, driven by the hyperactivation of matrix 

metalloproteinases (MMPs), is a hallmark of fibrotic lung diseases, including post-COVID-19 

complications [27,28]. Given evidence of persistent SARS-CoV-2 components in patient blood long 

after acute infection [3-6] we hypothesized that such viral persistence could contribute to sustained 

systemic alterations, including elevated MMP levels. Supporting this, we found significantly 

increased MMP-2 and MMP-9 gene expression in PBLs and corresponding plasma protein levels at 

6- and 12-months post-infection in all patients, regardless of fibrotic status (FB+ or FB–). However, 

MMP levels in post-COVID-19 cohorts remained lower than those in patients with idiopathic 

pulmonary fibrosis (IPF), a canonical fibrotic disease. While elevated MMPs in early convalescence 

may reflect tissue repair [34], their sustained elevation at 6-12 months aligns with models linking 

prolonged MMP dysregulation to chronic viral antigenemia and inflammatory sequelae [27], 

suggesting a shift from transient repair to persistent pathological remodeling.  

The immunological profiles diverged sharply based on fibrotic outcome. In patients without 

fibrosis (FB–), plasma levels of TNF-α and IL-6 decreased significantly by 6 months, indicating 

resolution of the acute hyperinflammatory state. In stark contrast, the FB+ group exhibited a 

significant and persistent increase in these cytokines at both time points. This sustained pro-

inflammatory state is consistent with the established role of TNF-α and IL-6 in driving fibroblast 

activation and progressive fibrogenesis [30,35], and suggests the presence of an unresolved 

inflammatory circuit, potentially fueled by viral persistence or autoimmune mechanisms [3,6]. 

The most novel finding is the delayed, profound endothelial dysfunction observed specifically 

in the FB+ group at 12 months. Markers of endothelial activation (sICAM-1, E-selectin) were elevated, 

but the most striking increase was in ET-1—a potent vasoconstrictor and pro-fibrotic mediator—

which reached concentrations an order of magnitude above controls. This late-phase surge suggests 

a process of cumulative microvascular injury that becomes biochemically manifest during the tissue 

remodeling phase [8,36]. The concurrent rise in adhesion molecules confirms widespread endothelial 

activation, facilitating leukocyte recruitment and perpetuating local injury [10]. 

Crucially, correlation analysis suggests these pathways are interconnected. We found positive, 

moderate correlations between plasma MMP-2/MMP-9 and ET-1, and between ET-1 and sICAM-1. 

This points to a potential feed-forward loop: persistent inflammation (TNF-α/IL-6) may drive 

endothelial dysfunction and MMP activation; MMPs can then process and activate latent ET-1 and 

cleave adhesion molecules like ICAM-1 from the endothelial surface [14,37,38]; and ET-1, in turn, can 

upregulate MMP expression and promote further fibrosis and inflammation [36,39]. Thus, we 

propose a vicious cycle where sustained inflammation, endothelial dysfunction, and MMP-mediated 

ECM remodeling reinforce each other, driving the progression and persistence of post-COVID 

pulmonary fibrosis. 

5. Conclusions 

In conclusion, our results identify a specific biochemical signature associated with post-COVID 

pulmonary fibrosis, characterized by the convergence of sustained systemic inflammation, severe 

late-phase endothelial dysfunction (dominated by ET-1), and evidence of persistent ECM 

remodeling. The correlative links between MMPs, ET-1, and inflammatory markers suggest these 

pathways are interconnected, potentially forming a self-perpetuating cycle that drives injury and 

fibrotic progression. The primary limitations of this study are its observational design and modest 

sample size, particularly in the fibrosis group, which preclude definitive causal inferences. 

Furthermore, the lack of a mechanistic model limits our ability to dissect the precise interactions 

within the proposed MMP-ET-1-inflammation axis. Despite these limitations, our findings highlight 

novel therapeutic targets. Pharmacological intervention within this axis—for instance, using 

endothelin receptor antagonists or selective MMP modulators—may represent a promising strategy 

for preventing or mitigating the progression of post-COVID pulmonary fibrosis. Future longitudinal 

studies and mechanistic investigations are warranted to validate this pathogenic loop and explore its 

therapeutic potential. 
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The following abbreviations are used in this manuscript: 

ARDS acute respiratory distress syndrome 

COVID-19 coronavirus disease 2019 

CT computed tomography 

ET-1 endothelin-1 

IL interleukin 

IPF idiopathic pulmonary fibrosis 

MMP matrix metalloproteinase 

PBLs peripheral blood leucocytes 

PCPF post-COVID-19 pulmonary fibrosis 

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 

sICAM soluble intercellular cell adhesion molecule-1 

sVCAM soluble vascular cell adhesion molecule-1 

TNFα tumor necrosis factor-alpha 
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