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Background: COVID-19 manifests with varying degrees of severity across different age groups; adults typically experience
more severe symptoms than children. Matrix metalloproteinases (MMPs), known for their role in tissue remod-
eling and immune responses, may contribute to the pathophysiological disparities observed between these
groups. We sought to delineate differences in serum MMP profiles between adult and pediatric COVID-19 pa-
tients, assess the influence of anti-inflammatory treatment on MMP levels, and examine potential implications
for long-term consequences.

Material/Methods: Serum samples from adult and pediatric COVID-19 patients, alongside controls, were analyzed for MMP-1,

MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-12, MMP-13, EMMPRIN, TNF-o, TIMP-1, TIMP-2,
TIMP-3, and TIMP-4. A subset of adult patients received treatment with glucocorticoids, tocilizumab, and con-
valescent plasma, and MMP levels were compared with those of untreated patients.

Results: Elevated levels of MMP-1, MMP-7, TIMP-1, and TIMP-2 were observed in adult and pediatric patients. Adult
patients displayed higher concentrations of MMP-3, MMP-8, MMP-9, TNF-a,, and TIMP-4 than children. Post-
treatment reduction in MMP-1, MMP-8, MMP-9 levels was observed, with median decreases from 21% to 70%.
MMP-3 and MMP-7 remained largely unchanged, and MMP-2 concentrations increased after treatment. Notably,
anti-inflammatory treatment correlated with reduced post-treatment MMP levels, suggesting potential thera-
peutic benefit.

Conclusions: Distinctive inflammatory responses in COVID-19 were evident between adults and children. While certain MMPs
exhibited post-treatment reduction, the persistence of elevated levels raises concerns about potential long-
term consequences, including lung fibrosis. Our findings emphasize the need for personalized treatment strat-
egies and further investigation into the dynamics of MMP regulation in COVID-19.
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Introduction

Matrix metalloproteinases (MMPs) are a family of enzymes
that play a pivotal role in tissue remodeling and homeostasis
within the extracellular matrix of various tissues and organs.
These enzymes are zinc-dependent endopeptidases, and their
primary function is to regulate the turnover and degradation
of extracellular matrix components, such as collagen, elastin,
and proteoglycans. MMPs are crucial for various physiologi-
cal processes, including embryogenesis, wound healing, tissue
repair, and immune response modulation [1]. However, dys-
regulated MMP activity has been implicated in various path-
ological conditions, such as cancer metastasis, arthritis, and
cardiovascular diseases, due to their ability to degrade extra-
cellular matrix structures and facilitate tissue damage [2-4].

MMPs have emerged as significant players in the context of
COVID-19 pathology. Studies have shown that patients with
COVID-19, particularly those with severe disease, exhibit el-
evated levels of certain MMPs in their serum [5]. MMPs are
thought to contribute to the pathophysiology of COVID-19 by
promoting inflammation and tissue damage. Specifically, they
can disrupt the integrity of the endothelial barrier, facilitating
the leakage of immune cells and pro-inflammatory molecules
into tissues. This endothelial dysfunction is associated with the
development of acute respiratory distress syndrome, a severe
complication of COVID-19 [6]. Additionally, MMPs can be in-
volved in the remodeling of lung tissue, which could contribute
to long-term pulmonary complications in survivors of severe
COVID-19 [7]. A study comparing serum MMP-3 and MMP-9
levels in patients with COVID-19 at hospital admission and 1
week later suggests a role for MMP-3 in early lung inflamma-
tion stages [8]. Proteomic analysis of lung biopsies from pa-
tients with COVID-19 revealed a notable increase in MMP-1,
MMP-2, MMP-7, MMP-8, and MMP-14 levels, compared with
non-COVID-19 counterparts [9]. Moreover, higher concentra-
tions of MMP-2 and MMP-8 in tracheal aspirate fluid, along
with increased active MMP-2 levels, were observed in non-
survivors of COVID-19. These findings suggest a strong asso-
ciation between MMPs, particularly the MMP-2/MMP-8 axis,
and the severity of lung involvement in COVID-19. Imbalance
in neutrophil-derived proteases and their inhibitors, tissue in-
hibitor of matrix metalloproteinase 2 (TIMP-2) and secretory
leukocyte protease inhibitor, contributes to acute lung injury.
Animal studies have shown that blocking TIMP-2 and secreto-
ry leukocyte protease inhibitor exacerbates lung injury, high-
lighting the potential therapeutic value of modulating MMP
activity in acute lung injury [10].

While COVID-19 affects both adults and children, there are
notable differences in the pathophysiology of the disease be-
tween these age groups. Generally, children tend to experience
milder symptoms and have a lower risk of severe illness than
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do adults [11]. One key difference is the expression of ACE2
receptors, the cellular entry points for the SARS-CoV-2 virus.
Children appear to have fewer ACE2 receptors in their respi-
ratory tract, which may partially explain their reduced suscep-
tibility to severe respiratory symptoms [12]. Additionally, chil-
dren often exhibit a more robust innate immune response,
which can help control viral replication early in the infec-
tion [13]. Elevated MMP levels were observed in children with
multisystem inflammatory syndrome (MIS-C) requiring inten-
sive care, compared with those not needing it, and in children
with severe/moderate COVID-19, compared with those with
mild cases [14]. Presently, direct comparisons of MMP con-
centrations between children and adults with COVID-19 are
lacking. Understanding the role of MMPs in COVID-19 may
offer valuable insights into disease mechanisms and poten-
tial therapeutic strategies aimed at modulating MMP activi-
ty to mitigate tissue damage and inflammation. With an un-
derstanding of the importance of MMPs in the pathologies of
lung and other conditions, we aimed at comparing serum lev-
els of various MMPs in adult and pediatric patients hospital-
ized with COVID-19.

Material and Methods

Ethics Statement

This study was conducted according to the declaration of
Helsinki and approved by the Ethics Committee of Medical
University of Biatystok (approval nos. APK.002.259.2020 and
APK.002.428.2022). A written informed consent was obtained
from all studied patients or patient parents/caregivers.

Study Design and Patient Selection

We included patients who were hospitalized with COVID-19
between March 2020 and April 2021. Adult patients (n=22)
were recruited at the Department of Infectious Diseases and
Neuroinfections, while children (n=13) were recruited at the
Department of Pediatric Infectious Diseases. COVID-19 diag-
nosis was confirmed using nasopharyngeal swabs collected
from all study participants. Reverse transcription polymerase
chain reaction (RT-PCR) assays were performed on the collect-
ed swab specimens following established protocols recom-
mended by health authorities. Patients who tested positive
for SARS-CoV-2 by RT-PCR were categorized as COVID-19 cas-
es. Serum samples were collected from adult participants at 2
distinct time points. The first set of samples (T1) was obtained
from all participants upon admission to the hospital and then
stored at -80°C for subsequent analysis. For adult patients, a
second set of serum samples was collected (T2) after the res-
olution of COVID-19 symptoms but before their discharge.
We excluded patients who did not provide informed written
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consent for participation in the study. Additionally, individuals
for whom serum samples were not collected or were deemed
insufficient for analysis were excluded from the study cohort.
Patients with pre-existing conditions or comorbidities known
to significantly influence MMP levels, such as autoimmune dis-
eases, chronic inflammatory conditions, or recent surgery, were
also excluded to minimize confounding variables. Furthermore,
individuals with a history of receiving MMP-modulating ther-
apies or immunosuppressive medications were excluded to
prevent interference with the interpretation of MMP levels.
The control group consisted of 25 healthy individuals, includ-
ing 13 children and 12 adults, who exhibited no signs of acute
infection. Adult serum samples were sourced from voluntary
blood donors at the Regional Centre for Transfusion Medicine
in Biatystok. Healthy children were recruited from the outpa-
tient clinic at the University Children’s Hospital in Biatystok,
specifically among children seeking medical consultation for
reasons unrelated to acute infections.

Laboratory Analysis

Luminex assays (R&D Systems, Minneapolis, MN, USA) for
the quantitative detection of human MMPs (MMP-1, MMP-
2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-12, MMP-
13), their inducers: extracellular MMP inducer (EMMPRIN), and
tumor necrosis factor alpha (TNF-ct), and 4 tissue inhibitors
of MMPs (TIMP-1, TIMP-2, TIMP-3, TIMP-4) were performed
according to the manufacturer’s protocol on a Bio-Plex 200
System (Bio-Rad Laboratories, Hercules, CA, USA). This multi-
plex immunoassay system allows for the simultaneous mea-
surement of multiple analytes in a single serum sample. In this
study, we used 4 different Luminex kits. Serum levels of TIMPs
were measured with the 4-Plex Luminex assay (catalog num-
ber LKT003). Subsequently, 3 distinct custom assays (1-Plex,
cat. no. LXSAHM-01, 2-Plex cat. no. LXSAHM-02, and 8-Plex,
cat. no. LXSAHM-08) were used to measure other MMPs and
their inducers. This approach was necessitated by technical
constraints; MMPs cannot be multiplexed with TIMPs, and cer-
tain MMPs cannot be multiplexed together due to assay limi-
tations. Furthermore, variations in expected serum levels dic-
tated the division of assays based on the recommended serum
dilution, ensuring optimal detection sensitivity and accuracy.
The sensitivity of assays was as follows: MMP-1 2.7 pg/mL,
MMP-2 108 pg/mL, MMP-3 5.3 pg/mL, MMP-7 23.2 pg/mL,
MMP-8 34.2 pg/mL, MMP-9 13.6 pg/mL, MMP-10 1.2 pg/mL,
MMP-12 7.1 pg/mL, MMP-13 19.0 pg/mL, IL-6 1.7 pg/mL, TNF
1.2 pg/mL, TIMP-1 1.54 pg/mL, TIMP-2 14.7 pg/mL, TIMP-3
86 pg/mL, and TIMP-4 1.29 pg/mL. Prior to analysis, serum
samples were processed and stored according to standardized
protocols to ensure sample integrity. Quality control measures
were implemented to ensure the accuracy and reproducibility
of the assay results, including the use of standard reference
materials and calibration curves. The assay methodology and
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procedures were performed in accordance with manufacturer
guidelines and established laboratory protocols.

Statistical Analysis

Statistical comparisons among the 3 study groups, namely adults
with COVID-19, children with COVID-19, and control partici-
pants, were conducted using GraphPad Prism version 10.0.0 for
Windows (GraphPad Software, Boston, MA, USA, www.graphpad.
com). To assess differences in serum levels of MMPs between
these groups, a non-parametric Kruskal-Wallis test was used,
as the data did not follow a normal distribution. Subsequently,
when the Kruskal-Wallis test indicated significant differences
among the groups, the Dunn multiple comparisons post-hoc
test was applied to identify specific pairwise differences. To
assess changes in serum levels of analyzed proteins within the
adult COVID-19 patient group, a paired comparison analysis was
performed using the Wilcoxon matched-pairs signed-rank test.
The results are presented as medians with interquartile ranges
(IQR), and graphical representations were generated to illustrate
the observed differences among the study groups. All statisti-
cal tests were 2-tailed, and a significance threshold of P<0.05
was used to determine statistical significance.

Results

Data of Hospitalization

A total of 35 patients (22 adults and 13 children) were recruited
from March 2020 to April 2021. Characteristics of the studied
groups and patient details are presented in Table 1. Notably,
a number of adult patients had chronic comorbidities, mainly
hypertension and dyslipidemia. There were no comorbidities
in the pediatric cohort (Table 1).

Serum Levels of MMPs in Adult and Pediatric Patients

When compared with the control group, both adult and pedi-
atric patients had elevated serum concentrations of MMP-1,
MMP-7, TIMP-1, and TIMP-2. Elevated levels of MMP-3, MMP-
8, MMP-9, and TIMP-4 were found in the adult COVID-19 pa-
tients, but not in infected children. No differences in serum
levels of MMP-2, MMP-10, MMP-12, MMP-13, and TIMP-3 be-
tween the groups were found.

Compared with children, adult patients showed elevated
serum concentrations of MMP-3 (median, 7.4 ng/mL; IQR,
4.7-11.2 vs median, 2.0; IQR, 1.7-2.4; P=0.0003), MMP-8 (me-
dian, 4.4 ng/mL; IQR, 2.8-8.4; vs median 0.1; IQR, 0.1-0.9;
P<0.0001), MMP-9 (median, 148.9 ng/mL; IQR, 114.8-176.7
vs median, 56.6; IQR, 54.4-66.7; P=0.0016), TNF-o. (median,
5.5 pg/mL; IQR, 3.1-9.1 vs median, 0.6; IQR, 0.6-1.3; P=0.0062),
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Table 1. Characteristics of the study groups.

Adults (n=22) Children (n=13) P
Sex, females/males 15/7 6/7 0.20
CAgeyeas 54 (5063 1 04200 <001
Comorbidities, any,n %)) 1522 (68%) 013 (0% <0001
12 comorbidities,n (%) 1022 @s%) o013 % 0004
ormorenGe  s;2 o @%) o1z 0% 006
Hypertension,n (%) &2 Ge%w o013 0% 001
Dyslipidemia,n ) &2 @ o013 0% 004
Diabetes,n (%) 522 (3% o013 0% 006

APPROVED GALLEY PROOF

CRP on admission, mg/L 82.0 (7.2-140.8) 0.5 (0.3-5.9) <0.001
"""" (RPmax,mgl 1045 (1001456) 05 (0360) <0001
"""" CRP>80 mg/lonadmission  11/22 (0% o013 ©% 0002
"""" CRP>80 mg/l anytime 1222 (4% o013 0% ool
"""" Procalcitonin on admission, pg/L 007 (003-030) 005 (005006 030
"""" Procalcitoninmax, ygl 010 (006030) 006 (006006 002
"""" WBC on admission, 10° cellsyl 58 (4689 89 (8294 001
"""" WBCmax, 10°cells/yl 90 (76107 96 (93107 029
"""" lymphopenia on admission, n (%) 622 7% 213 (s%) 04
"""" lymphopenia anytime,n %) 1022 @s%) 213 (s%) o007
"""" Neutropenia on admission,n (%) o222 %) 113 @) 019
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Table 1 continued. Characteristics of the study groups.
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Adults (n=22) Children (n=13) P
Neutropenia anytime, n (%) 0/22 (0%) 5/13 (38%) 0.002
"""" AlTonadmission, UL 36 (862 16 (417) <0001
"""" ATmaci 56 (4075 18 (524 <0001
"""" D-dimers on admission, ng/mL 699 (497-1172) 343 (232655 004
"""" D-dimers max, ng/ml 1084 (993-1676) 404 (203.944) 0003
Cfreatment
"""" \CUadmission,n %) 12 @%» o013 0% 043
"""" Owygenmaskn(®%) 1022 @5%) o013 0% 0004
"""" Antibiotics,n (%) 19/22 (8% 6413 (&%) 001
"""" Remdesivin 9 22 O% 113 @ 08
"""" Antiinflammatory treatment (any), n %) 12/22 (54%) 113 6% 006
"""" Comvalescent plasma,n (%) 822 (6% o013 ©% 002
"""" Coticosteroids, n %) 1022 @5%) 113 @%) 002
"""" Toclizumabn %) 522 (8% 013 % 006

Lymphopenia and neutropenia defined according to the age-dependent reference values. Continuous data presented as median and
interquartile range, and compared using the Mann-Whitney U test. Categorical data are presented as frequencies and compared with

the chi-squared test.

and TIMP-4 (median, 0.9 ng/mL; IQR, 0.8-1.3 vs median, 0.3;
IQR, 0.07-0.4; P<0.0001), but lower concentrations of EMMPRIN
(median, 2.8 ng/mL; IQR, 2.4-3.0 vs median, 4.1; IQR, 3.5-4.5;
P=0.0002) (Figure 1).

Serum Profile of MMPs on Admission and After Treatment

Of the 8 proteins that were elevated on T1, compared with
controls, only 5 showed a significant reduction at T2 (Table 2).
A decrease at T2 was observed for MMP-1 (median decrease
21%), MMP-8 (70%), MMP-9 (48%), TIMP-1 (27%), and TIMP-
4 (26%) only. There was no significant decrease in the serum
concentrations of MMP-3 and MMP-7 between T1 and T2.
Interestingly, concentrations of MMP-2 and TIMP-2 increased
after treatment by the median 35% and 13%, respectively, when
compared with the baseline (Figure 2). Although not signifi-
cantly elevated when compared with the control group, concen-
trations of MMP-13, TNF-o,, and TIMP-3 were calculated to be
lower at T2 compared with T1, possibly due to single outliers.

Effect of Anti-Inflammatory Treatment on the Levels of
MMPs

Treatment was administered according to the current recom-
mendations of scientific societies at the time of the study.

This work is licensed under Creative Common Attribution-
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Anti-inflammatory treatment and convalescent plasma was
administered to a subset of 16 adult patients, with treatment
modalities varying among individuals. Specifically, 3 patients
received glucocorticoids only, 3 were treated with convales-
cent plasma only, 3 were treated with a combination of glu-
cocorticoids and tocilizumab, 4 received convalescent plasma
in conjunction with glucocorticoids, and 3 underwent a com-
bined treatment of convalescent plasma, glucocorticoids, and
tocilizumab. The statistical analysis was constrained by the
limited number of enrolled patients, preventing the derivation
of statistically significant results. Nevertheless, our observa-
tions indicated that the application of anti-inflammatory treat-
ment was associated with a notable reduction in the levels of
specific MMPs at T2 (Figure 3). Concentrations of MMP-2 de-
creased in 25% of treated patients versus 0% of untreated pa-
tients. For MMP-3, a decrease was observed in 81% of treat-
ed patients, as opposed to 16% untreated patients. Similarly,
a more common decrease in treated patients was noted for
MMP-8 (96% vs 67%) and MMP-9 (100% vs 50%).

Exploring Interconnections Between Laboratory
Abnormalities and MMPs/TIMPs in COVID-19 Patients

To unveil intricate associations between commonly observed
laboratory abnormalities in patients with COVID-19 and the
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D' Figure 1. Violin plots illustrating the concentration of serum levels of matrix metalloproteinases (MMPs), tissue inhibitors of
< metalloproteinases (TIMPs), extracellular matrix metalloproteinase inducer (EMMPRIN), and tumor necrosis factor-alpha

(TNF-0) in 3 study groups: (1) adults with COVID-19, (2) children with COVID-19, and (3) healthy control participants. Each
panel represents 1 protein, and the violin plots depict the distribution of data within each group. Brackets and corresponding

P values indicate significant differences between study grou
median values.

MMP/TIMP levels, we calculated the Spearman r correlation
matrix (Figure 4). Notably, our investigation evaluated connec-
tions between well-established markers of inflammation, such as
C-reactive protein (CRP), neutrophil and lymphocyte count, and
alanine aminotransferase (ALT), white blood cell count (WBC),
and D-dimers. MMP-1 exhibited positive correlations with TNF-
alpha and CRP, while MMP-2 correlated with CRP and neutrophil
count. MMP-3 and MMP-7 demonstrated associations with TNF-
alpha, CRP, and neutrophil count. Additionally, MMP-9 displayed

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

ps. Thick horizontal lines drawn inside the plots represent

a notable correlation with ALT, and MMP-10 exhibited connec-
tions with CRP and D-dimers. Interestingly, MMP-12 exhibit-
ed negative correlations with CRP, WBC, and neutrophil count.
Furthermore, significant associations were identified between
various MMPs and TIMPs, such as TIMP-1 with MMP-1 and MMP-
8, TIMP-2 with MMP-2, and TIMP-3 with MMP-1, MMP-2, and
MMP-7. The correlation matrix also unveiled interactions among
different MMPs, albeit with lower correlation strengths, under-
scoring the complexity of the interplay within the MMP system.
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Table 2. Change in the serum concentrations of measured
proteins in adult COVID-19 patients concentrations
between 2 time points: T2 (after symptom resolution
and before discharge) and T1 (upon admission).

Median fold change

(19R) o
TIMP-1 0.73 (0.56-0.97) 0.002
CTMP2 113 (1L01127) 0022
CTMP3 08 (047-125) 0041
CTMP4 074 (047-09) 0006
CMMPT 079 (037-107) 0018
CMMP2 135 (101156 0019
CMMP3 087 (058111) 0127
CMMP7 105 (082-115) 0943
CMMPs 03 (022054 0001
CMMPS 052 (038065 ©001
CMMP10 113 (08126 0384
CMMP12 098 (088112 0627
CMMP13 070 (032103 0020
CTNFe 080 (042-125) 0009
CEMMPRIN 100 (092-1.05) 0604

MMP — matrix of matrix metalloproteinases; TIMP — tissue
inhibitors of metalloproteinases; EMMPRIN — extracellular matrix
metalloproteinase inducer; TNFo. — tumor necrosis factor-alpha;
IQR - interquartile range. Statistical significance assessed using
the Wilcoxon matched-pairs signed-rank test.

Discussion

Our study presents novel insights into the serum profiles of
MMPs in adult and pediatric patients with COVID-19, revealing
distinct inflammatory responses that underline the complexity
of the disease’s pathophysiology across age groups. The sig-
nificant post-treatment reduction in specific MMPs suggests
potential efficacy of anti-inflammatory interventions in mod-
ulating the COVID-19-related inflammatory cascade.

Differences in MMP Responses Between Adults and
Children

In adult patients, we observed a substantial increase in the se-
rum concentrations of MMP-1, MMP-3, MMP-7, MMP-8, and
MMP-9, accompanied by elevated levels of TIMP-1, TIMP-2,
and TIMP-4. During the convalescent stage, MMP-3 and MMP-
7 remained largely unchanged, and MMP-2 concentrations
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increased. Conversely, the infection had no discernible im-
pact on the concentrations of MMP-10, MMP-12, MMP-13,
and TIMP-3. In the pediatric group, we identified a distinct pat-
tern characterized by a lower number of upregulated proteins.
Specifically, in children, we found no increase in concentrations
of MMP-3, MMP-8, MMP-9, and TIMP-4, as observed in adults.
These findings shed light on the divergent MMP responses in
adult and pediatric patients with COVID-19, providing a nu-
anced understanding of the systemic implications of the in-
fection. The rationale behind this investigation stemmed from
the critical need to decipher the inflammatory cascades un-
derlying COVID-19 and explore potential variations that might
contribute to the observed differences in disease severity and
outcomes between adults and children.

In our study, a noteworthy observation emerged, as we found
significantly higher serum concentrations of MMP-3, MMP-8,
and MMP-9 in adults with COVID-19 than in pediatric patients
with the same condition. To the best of our knowledge, this is
the first study to directly compare MMP profiles between chil-
dren and adults with COVID-19. This observation gains further
significance when considering existing data on severe manifes-
tations of COVID-19 in children, specifically those with MIS-C.
Previous research has indicated elevated baseline levels of MMPs,
including MMP-3, MMP-8, and MMP-9, in children with MIS-C
requiring intensive care, compared with those with less severe
presentations [14,15]. We hypothesize that a number of MMPs
were not upregulated in our pediatric cohort, because of a mild-
er course of infection, compared with the adult group. Our find-
ings align with a broader understanding of age-related differ-
ences in COVID-19 severity, encompassing variations in innate
and adaptive immune responses, endothelial function, and clot-
ting mechanisms [16,17]. Children, benefiting from a more ro-
bust and rapid innate immune response, might efficiently control
the virus, while adults can experience dysregulated responses,
leading to heightened inflammation and tissue damage [11].

Role of Specific MMPs in COVID-19

Existing literature consistently suggests that MMPs play a foun-
dational role in the severity of SARS-CoV-2 infection, contrib-
uting to complications such as acute lung injury/acute respi-
ratory distress syndrome [5]. The role of MMPs in COVID-19
stems from the pathogenesis resulting in the release of che-
mokines and pro-inflammatory markers, which cause pulmo-
nary edema. Therefore, MMPs could be used to identify the
severity of the COVID-19 stage to assess the true damage
to the lungs [8]. This is highlighted by increased MMP-3 lev-
els as the WHO COVID-19 severity stages progress [8], or by
high MMP-7 and MMP-9 levels in patients with acute respi-
ratory distress syndrome during COVID-19 [18]. Moreover, it
is evident that MMPs play diverse and distinct functions, de-
termined by their substrate specificity, expression, activation
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levels, and localization [5,19,20]. For instance, MMP-1, recog-
nized for its pivotal role in vascular remodeling and its asso-
ciation with idiopathic pulmonary fibrosis [21], was elevated
in patients hospitalized with COVID-19, particularly in severe
cases [22]. The hyperactivation of MMP-1/PAR1 signaling, lead-
ing to compromised vascular endothelial cell function and ex-
cessive inflammatory cell recruitment, emphasizes its potential
as a peripheral blood biomarker [23]. MMP-2 is a crucial mem-
ber of the MMP family, primarily responsible for the degrada-
tion of type IV collagen, a major component of the extracellu-
lar matrix. In our study, a notable increase in MMP-2 levels was
observed after recovery, indicating its potential involvement
in the pathophysiology of COVID-19. The hypothesis posits
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m Figure 2. Before-after plots of serum matrix metalloproteinases (MMPs), tissue inhibitors of metalloproteinases (TIMPs), extracellular
D. matrix metalloproteinase inducer (EMMPRIN), and tumor necrosis factor-alpha (TNF-o)) concentrations in adult COVID-19
patients. Within each subplot, lines connect paired data points from the same patient, comparing protein concentrations at
D. 2 time points: T1 (upon admission) and T2 (after symptom resolution and before discharge). Statistical significance assessed
< using the Wilcoxon matched-pairs signed-rank test is denoted by brackets above the graphs, with corresponding P values.

that the reduction in MMP-2 levels may result from system-
ic changes induced by SARS-CoV-2, linked to cytokine storms
and ACE2 imbalance [24]. MMP-2 deficiency is recognized to
predispose to inflammation, with implications for cardiovas-
cular health [25]. Elevated MMP-2 levels can indicate height-
ened RAS activation, playing a critical role in hypertension and
COVID-19 pathophysiology. Additionally, it is suggested that
patients with pre-existing hypertension may experience more
severe vascular lesions due to higher levels of Angll, which in-
duces MMP-2 via the AT-1 receptor. A proteomic analysis of
lung tissue from patients with COVID-19 revealed a positive
correlation between MMP-8 expression and MMP-2 levels, in-
dicating a potential link to the shedding of immunosuppressive
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mediators, such as sHLA-G and sTREM-1. The concurrent up-
regulation of the MMP-2/MMP-8 axis, along with neutrophil
infiltration and the generation of reactive oxygen species, lead-
ing to increased lipid peroxidation, may contribute to severe
lung tissue damage in COVID-19 [9].

MMP-9, a gelatinase associated with alveolar capillary destruc-
tion and lung injury, was markedly increased in plasma levels
in patients with COVID-19, compared with in healthy controls
in this study. The inflammatory response mediated by neutro-
phils and the activation of growth factors and TGF-1 through
MMP-9 further underscore its role in COVID-19 pathogenesis
[8,18,24]. Notably, our findings align with literature indicat-
ing the potential involvement of MMP-9 in COVID-19 [8,26].

MMP-3, also known as stromelysin-1, is recognized for its broad
substrate specificity, targeting various components of the ex-
tracellular matrix [19]. In the context of COVID-19, our study
revealed sustained elevation in MMP-3 levels. This observation
aligns with previous findings linking increased MMP-3 expres-
sion to inflammatory responses and tissue damage [8]. The
persistence of elevated MMP-3 levels suggests its potential in-
volvement in the ongoing inflammatory processes associated
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with inflammatory diseases [27,28]. Similarly, MMP-7, also
known as matrilysin, has been implicated in various patho-
logical conditions, particularly in lung diseases [29,30]. In our
study, MMP-7 levels remained consistently elevated, indicat-
ing its sustained activity during COVID-19 infection. MMP-7
is known for its role in degrading various extracellular matrix
components, including fibronectin and proteoglycans [19]. The
prolonged elevation of MMP-7 suggests its potential contribu-
tion to tissue remodeling and repair processes in response to
the viral insult. Previous research has associated MMP-7 with
impaired lung function tests 6 months after COVID-19 [21] and
idiopathic lung fibrosis [29,30], highlighting its significance in
the context of respiratory diseases.

Potential Therapeutic Implications of MMPs

The potential association between elevated MMP levels and
disease severity, as observed in both adults and children, un-
derscores the intricate interplay between MMPs and COVID-19
pathophysiology, offering insights that could contribute to fu-
ture therapeutic strategies. Our investigation revealed a nota-
ble downregulation of MMPs in patients with COVID-19 who re-
ceived anti-inflammatory treatment, including glucocorticoids,
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Figure 4. Correlation matrix of matrix metalloproteinases (MMPs), tissue inhibitors of metalloproteinases (TIMPs), extracellular
matrix metalloproteinase inducer (EMMPRIN), tumor necrosis factor-alpha (TNFa), and other laboratory results, including
C-reactive protein (CRP), white blood cell count (WBC), lymphocytes (Lymph), neutrophils (Neutr), D-dimers, and alanine
aminotransferase (ALT) in adult and pediatric COVID-19 patients. Statistical analysis conducted using Spearman’s correlation
coefficient. Color-coded representation with positive correlations in blue and negative correlations in red. R values are
displayed within cells, and missing values indicate correlations lower than 0.01.

tocilizumab, and convalescent plasma. This finding aligns with
the broader understanding of the role of these therapeutic in-
terventions in modulating the inflammatory response asso-
ciated with severe COVID-19 [31,32]. Glucocorticoids, known
for their potent anti-inflammatory effects, are reported to sup-
press the expression and activity of various MMPs [33-35], po-
tentially contributing to the observed reduction in MMP lev-
els. Tocilizumab, an interleukin-6 receptor antagonist, targets
a key mediator of the inflammatory cascade, thus influencing
downstream processes, including MMP regulation [36,37]. The
use of convalescent plasma, containing neutralizing antibodies
and anti-inflammatory factors, can also contribute to dampen-
ing the inflammatory milieu [38] and subsequently downreg-
ulating MMPs, as it was shown previously in studies linking
the use of intravenous immunoglobulins and altered levels of
MMPs [39,40]. This observed downregulation aligns with the
broader goal of anti-inflammatory treatment in mitigating the
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exaggerated immune response associated with severe COVID-19,
suggesting a potential avenue for therapeutic intervention.
However, further research is warranted to elucidate the spe-
cific mechanisms through which these treatments modulate
MMP activity and the implications of MMP downregulation
for the overall disease course and long-term outcomes in pa-
tients with COVID-19 undergoing anti-inflammatory therapies.

This concept underscores the potential for both specific and
nonspecific inhibition of MMPs as viable therapeutic strate-
gies. Effectively managing the clinical outcome of COVID-19 in-
fection requires precise and timely identification of the risk of
mortality. Therefore, gaining a comprehensive understanding
of MMP activity at specific time points or in correlation with
the severity of the disease becomes crucial. Such knowledge
offers significant implications for deciphering the mechanisms
underpinning disease progression, empowering clinicians to
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initiate timely and targeted treatment interventions for im-
proved patient outcomes.

Limitations

This study is not without limitations. The relatively small sam-
ple size and the study’s observational nature can affect the
generalizability of the findings. Additionally, while efforts were
made to control for confounding factors, the heterogeneity in
treatment regimens and the absence of longitudinal follow-
up to assess long-term outcomes limit the ability to draw de-
finitive conclusions regarding the therapeutic implications of
MMP modulation. Future research with larger, diverse cohorts
and controlled interventional designs will be essential to vali-
date these preliminary findings and elucidate the mechanisms
underlying the observed effects. Potential confounding factors,
such as differences in baseline health status, the presence of
comorbidities, and variations in treatment protocols, may have
influenced the observed MMP profiles. Although we attempted
to mitigate these effects through careful patient selection and
statistical analysis, the potential for residual confounding re-
mains. Acknowledging these limitations is crucial for the accu-
rate interpretation of the results and the design of future studies.

Conclusions

In conclusion, our study highlights the distinctive inflammato-
ry responses to COVID-19 in adults and children, emphasizing
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the complexity of the disease’s pathophysiology across age
groups. We observed a post-treatment reduction in MMP-1,
MMP-8, MMP-9 levels, with median decreases ranging from
21% to 70% across these markers in patients receiving glu-
cocorticoids, tocilizumab, or convalescent plasma. Notably,
the observed post-treatment reduction in specific MMPs sug-
gests the potential efficacy of anti-inflammatory interven-
tions in modulating the COVID-19-related inflammatory cas-
cade. However, the persistence of elevated MMP-2, MMP-3,
and MMP-7, even after treatment, raises concern about po-
tential long-term consequences, including fibrosis and chronic
respiratory dysfunction. This underscores the need for further
research to delineate the intricate dynamics of MMP regula-
tion and its implications for the clinical course and outcomes
of patients with COVID-19.
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