
Cite as
Hałucha KJ, Banaszkiewicz M, Rak-Pasikowska A, 
Bil-Lula I. MMP-2 inhibition prevents platelet activation 
in ischemia/reoxygenation conditions. Adv Clin Exp Med. 
2022;31(12):1375–1384. doi:10.17219/acem/152286

DOI
10.17219/acem/152286

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
Iwona Bil-Lula
E-mail: iwona.bil-lula@umw.edu.pl

Funding sources
The research was partially performed in the Screening 
Laboratory of Biological Activity Test and Collection 
of Biological Material, Faculty of Pharmacy with Division 
of Medical Analytics, Wroclaw Medical University, Poland, 
supported by the ERDF Project within the Innovation 
Economy Operational Programme POIG.02.01.00-14-122/09. 
This research was financially supported  
by the Ministry of Health subvention according  
to number of STM.D010.20.130 from the IT Simple  
system of Wroclaw Medical University.

Conflict of interest
None declared

Acknowledgements
The authors would like to acknowledge Dr. Aneta Wrzyszcz 
for her valuable suggestions.

Received on December 17, 2021
Reviewed on March 26, 2022
Accepted on July 22, 2022

Published online on September 22, 2022

Abstract
Background. Platelets play a fundamental role in myocardial infarction and the pathogenesis of ischemia/
reoxygenation (I/R) injuries. They contain matrix metalloproteinases (MMPs) that are involved in arterial 
thrombosis. The MMP inhibitor doxycycline has been shown to exert protective effects in I/R injuries involving 
various organs and mechanisms.

Objectives. To explore the influence of doxycycline on platelet activation and MMP-2 activity during I/R.

Materials and methods. Platelets isolated from the blood of healthy human volunteers were subjected 
to chemical I/R conditions. The study included aerobic controls (AERO), I/R platelets and I/R platelets pretreated 
with doxycycline (I/R+D). The concentration of doxycycline used was standardized to 10 µM. The analysis 
of platelet activation markers and platelet microvesicles (PMVs) was performed using flow cytometry. 
Adenosine diphosphate (ADP)-induced and collagen-induced aggregation, as well as MMP-2 activity and 
its concentration in platelets were evaluated.

Results. Doxycycline decreased the expression of activated glycoprotein IIb/IIIa on platelets (p = 0.043). 
Additionally, an increased expression of CD63 was observed in buffers containing PMVs after doxycycline 
administration (p = 0.043). The ADP-dependent aggregation of I/R platelets was significantly lower in com-
parison to AERO (p = 0.022). Furthermore, there was a stronger tendency of enhanced ADP-dependent 
aggregation in I/R platelets pretreated with doxycycline compared to platelets that underwent I/R without 
doxycycline. Higher MMP-2 activity was observed in I/R+D platelets compared to I/R platelets (p < 0.01).

Conclusions. The inhibition of platelet MMP-2 by doxycycline attenuated platelet activation and protected 
platelets by preserving their aggregation ability. 
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Background

In  myocardial infarction (MI), platelets participate 
in thrombus formation and the microembolization from 
unstable plaque rupture and intravascular intervention. 
Moreover, in acute MI, the triggered inflammation, in ad-
dition to  platelet–leukocyte and platelet–endothelium 
interactions, leads to the release of vasoconstrictor and 
pro-inflammatory molecules from platelet microvesicles 
(PMVs) and exosomes.1 Changes in the shape of platelet 
and an enhancement in mean platelet volume have been 
observed in acute MIs.2 Several studies have revealed that 
platelets activate and contribute to cardiac ischemia/reoxy-
genation injury (IRI),1 critical limb ischemia3 and ischemic 
strokes.4 The impact of platelets on the reperfused myo-
cardium depends on their activation status.5 The activa-
tion of platelets leads to the release of PMVs and granules 
containing growth factors as well as pro-inflammatory 
and proapoptotic molecules.1,6 Platelet microvesicles are 
membrane fragments from 0.1 µm to 1.0 µm in diameter 
that form from platelets and other cells due to cell activa-
tion or apoptosis. Platelet microvesicles express surface 
proteins characteristic of platelets, modulate intercellular 
interactions and have prothrombotic properties.6 It is well 
known that platelet activation, aggregation and subsequent 
thrombus formation play a major role in the pathophysi-
ological process that underlies MIs.

Matrix metalloproteinases (MMPs) are a family of zinc- 
and calcium-dependent proteolytic enzymes involved 
in vascular remodeling.7 Platelets contain MMP-2, which 
is localized in the cytosol and is translocated to the ex-
tracellular space during platelet activation.8 Platelet-de-
rived MMP-2 amplifies the response of platelets to low 
concentrations of agonists such as collagen, arachidonic 
acid and adenosine diphosphate (ADP).9–11 The MMP-2 
is involved in the formation of an atherosclerotic plaque 
and is released from platelets in vivo after the exposure 
to a damaged vessel wall at the site of vascular injury.12 
The inactivation of MMP-2 genes in mice has been shown 
to protect against arterial thrombosis, indicating that 
MMP-2 plays a promoting role in arterial thrombosis and 
can lead to the formation of an occlusive thrombus.11

Regulation of platelet activation and agonist-induced ag-
gregation by intracellular MMP-2 has been associated with 
glycoprotein (GP) IIb/IIIa receptors that bind to fibrino-
gen and von Willebrand factor.13 Moreover, by binding 
MMP-2, GP IIb/IIIa receptors facilitate the MMP-2-de-
pendent cleavage of platelet PAR-1 and subsequent platelet 
activation.14

Antiplatelet therapy is widely used with good efficiency 
in the treatment of MIs and ischemic strokes. Current an-
tiplatelet therapy aimed at preventing cardiac IRI includes 
a cyclooxygenase (COX) inhibitor – aspirin. However, 
there is a group of patients resistant to aspirin. This resis-
tance has been correlated with an increased level of plasma 
oxidative stress markers in patients with coronary artery 

disease (CAD).15 Cangrelor and ticagrelor are inhibitors 
of the P2Y12 receptor and have shown to have protec-
tive effects independently of their anti-aggregatory ef-
fect.16,17 The  interaction with platelets is  required for 
the cardiac protection of cangrelor.16 Cardioprotection 
induced by ticagrelor was related to a ticagrelor-medi-
ated release of sphingosine-1-phosphate and adenosine 
from platelets.17 As antiplatelet therapy may have unex-
pected mechanisms of action and aspirin resistance, there 
is a need to search for new treatment options against IRI 
and to learn about new mechanisms of action of currently 
available drugs.

Doxycycline is a well-documented inhibitor of MMPs 
due to its ability to bind zinc and calcium ions. It is pre-
sumed that doxycycline can inhibit pro-MMP activation 
by suppressing oxidative stresses.18 A protective effect 
of doxycycline was shown in the hearts and kidneys of rats 
subjected to IRI.19,20 In addition, the protective role of dox-
ycycline used at subthreshold doses (1 µM) in the combi-
nation with subthreshold doses of a myosin light chain 1 
(MLC1) phosphorylation inhibitor has been described.19

Objectives

Doxycycline is a well-documented inhibitor of MMPs, 
and platelets contain and release MMP-2 upon activa-
tion.1,2 Since MMP-2 may reinforce a platelet response 
to agonists such as collagen and ADP in atherosclerotic 
plaque formation, we aimed to evaluate if the inhibition 
of MMP-2 in platelets by doxycycline can reduce plate-
let activation and aggregation. In addition, we evaluated 
whether doxycycline could potentially reduce arterial 
thrombus formation during coronary vessel obstruction.

We examined the effects of doxycycline in doses rang-
ing from 5 µM to 30 µM on platelet activation in isch-
emia/reoxygenation (I/R) conditions in order to establish 
the  lowest effective drug concentration. We  explored 
changes in activation, the release of PMVs, and aggrega-
tion of platelets subjected to doxycycline and I/R. We mea-
sured MMP-2 concentrations and activity in isolated plate-
lets subjected to I/R to assess the impact of doxycycline 
on MMP-2 release from platelets.

Materials and methods

Materials

Blood was obtained from 15 healthy human volunteers 
who had not used any medications for at  least 14 days. 
Blood was collected using the S-Monovette® 10 mL blood 
collection system containing 106 mM of sodium citrate 
(Sarstedt, Nümbrecht, Germany). The study was approved 
by the Ethics Committee of the Wroclaw Medical Univer-
sity, Poland (approval No. KB-165/2020).
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Platelet isolation

The  isolation of  platelets was performed using 
the method described by Wrzyszcz et al.21 For platelet 
isolation, a continuous density gradient medium (Opti
Prep™; Sigma-Aldrich, St. Louis, USA) was used. In brief, 
to prevent platelet activation, a prostacyclin (PGI2; Sigma-
Aldrich) was added to the blood (final concentration: 2 μg/
mL). To obtain platelet-rich plasma (PRP), the blood was 
centrifuged at 200 g for 20 min at 22°C. The PRP was then 
diluted (1 part of PRP per 1 part of HEPES buffer (140 mM 
NaCl, 20 mM HEPES, pH 7.4)), layered onto the surface 
of the gradient (3 mL of PRP over 5 mL of density gradient) 
and centrifuged at 300 g for 20 min at 22°C. We allowed 
the rotor to decelerate without braking. The suspension 
was extracted except for the last 0.5 mL just above the pel-
let of cells (leukocytes, erythrocytes). After collection, 
the suspension was washed in a HEPES buffer with the ad-
dition of PGI2 (final concentration: 0.3 μg/mL). All samples 
were prepared in the same way. Isolated platelets were 
resuspended in a stabilizing buffer (5.5 mmol/L HEPES, 
63.7 mmol/L CaCl2, 5 mmol/L KCl, 2.1 mmol/L MgCl2, 
5.5 mmol/L glucose, and 10 mmol/L taurine enriched with 
55 μmol/L CaCl2 and 0.75 mg/mL bovine serum albumin 
(BSA)). The platelet count of the suspensions was quanti-
fied using a KX-21N (Sysmex, Kobe, Japan) hematology 
analyzer.

Chemical I/R protocol

The I/R procedure was performed on 12-well culture 
plates with inserts (with 1.0-μm pores and 0.4-μm pores; 
ThinCertTM; Greiner Bio-One, Kremsmünster, Austria) 
dedicated for multi-well plates, in order to allow or prevent 
the PMVs from entering through the porous membrane. 
Additionally, the use of inserts made it possible to not have 
to centrifuge the platelets after each step of the proce-
dure, which could affect their activation. Freshly isolated 
blood platelets were suspended in stabilizing buffer and 
placed in the insert. The buffer was added to the wells. 
The  I/R procedure consisted of 3 stages: stabilization, 
ischemia and reoxygenation. The study included platelets 
untreated with I/R (AERO), platelets that underwent I/R, 
and platelets that underwent I/R with doxycycline (I/R+D) 
(Fig. 1). The concentration of doxycycline (selected from 
the range of 5–30 µM) was used to determine the lowest 
concentration that produced a reduction in the expression 
of platelet activation markers. The I/R+D platelets were 
pretreated with doxycycline 5 min before the I/R proto-
col. Appropriate buffers were added to the wells during 
the subsequent stages of the experiment, and the inserts 
with platelets were not removed from the wells for the du-
ration of the experiment. During the first phase, a stabiliz-
ing buffer was added to the wells. After 15 min, the buffer 
was removed and the platelets were exposed to ischemia 

Fig. 1. A. Experimental 
protocol for aerobic 
controls (AERO), ischemia/
reoxygenation (I/R), and 
I/R platelets pretreated 
with doxycycline 
(I/R+D) groups; B. Platelet 
microvesicles (PMVs) 
migrating through 
the insert with a porous 
membrane
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for 15 min by using a fresh portion of stabilizing buffer 
with 4.4 mmol/L of 2-deoxyglucose to prevent glycolysis 
and 4.0 mmol/L of sodium cyanide as a cell respiratory 
inhibitor. After 15 min, the buffer used for ischemia was 
removed and a fresh portion of stabilizing buffer was added 
for 20 min to simulate a reoxygenation process. The buffers 
and isolated platelets were collected for cytometric analysis 
before and after ischemia, as well as after reoxygenation. 
An aggregation of isolated platelets was performed imme-
diately after reoxygenation. The rest of the buffers and iso-
lated platelets were stored at −80°C until further analysis.

Flow cytometry analysis of platelet 
activation markers

The state of platelet activation was determined by mea-
suring the surface expression of P-selectin (CD62P), acti-
vated GP IIb/IIIa (PAC-1) and CD63 antigen. The platelets 
and the buffers (potentially containing PMVs) were fixed 
immediately after the collection with 1% paraformalde-
hyde in phosphate-buffered saline (PBS) for 30 min at 4°C, 
centrifuged (1200 g for 5 min), washed in PBS, and then re-
suspended in Stain Buffer (BD Biosciences, Franklin Lakes, 
USA). The fixed samples were incubated with fluorescently-
labeled monoclonal antibodies: fluorescein isothiocyanate 
conjugated anti-human CD41/CD61 (clone PAC-1), phy-
coerythrin conjugated anti-human CD62P (clone AK-4), 
and phycoerythrin-Cy7 conjugated anti-human CD63 an-
tigen (clone H5C6) or a fluorescently labeled nonspecific 
mouse IgG antibody (isotype control) for 20 min at room 
temperature (all antibodies were from BioLegend, San Di-
ego, USA). Finally, the samples were washed, centrifuged, 
resuspended in PBS, and analyzed within 3 h. The PMVs 
were analyzed by setting gates based on 0.5-µm calibration 
beads. The analysis was performed using CyFlow Space 
(Sysmex) and 20,000 events were collected per sample.

Platelet aggregation

Platelet aggregation was carried out on each collected 
platelet suspension using light transmission aggregometry 
(Chrono-Log Corporation, Havertown, USA). Aggregation 
was performed according to the Platelet Physiology Sub-
committee of the International Society on Thrombosis and 
Haemostasis (SSC/ISTH) recommendations for the stan-
dardization of light transmission aggregometry at 37°C, 
with constant stirring of platelet samples at 1000 rpm us-
ing a disposable stirrer.22 Suspensions of platelets were 
adjusted to a count of 250 × 103/μL. After 1 min of incuba-
tion with fibrinogen (Sigma-Aldrich; final concentration: 
200 μg/mL) at 37°C, the aggregation was induced by adding 
the appropriate agonist. The following agonists were used: 
5.02 μg/mL collagen and 10.26 µM ADP (all from HYPHEN 
BioMed, Neuville-sur-Oise, France). The aggregation curve 
and the maximum platelet aggregation were recorded over 
6 min after the agonist addition.

Gelatin zymography

The  activity of  MMP-2 was evaluated with gelatin 
zymography of  the  platelets after the  I/R procedure. 
The  samples were thawed just before use and protein 
concentrations were determined using the Bradford Pro-
tein Assay (Bio-Rad, Hercules, USA). Gelatin zymogra-
phy was performed with the modification, as previously 
described.23 After electrophoresis (Mini-Protean II; Bio-
Rad) in 7.5% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) with copolymerized gelatin 
(1 mg/mL; Sigma-Aldrich), the gels were washed 3 times 
in 2.5% Triton X-100 for 20 min to remove SDS and then 
incubated in an enzyme assay buffer (0.05 M Tris-HCl, 
pH 7.5, 5 mM CaCl2, 0.2 M NaCl, 0.05% NaN3) at 37°C for 
18 h. After incubation, the gels were stained with a mixture 
of 0.3% Coomassie brilliant blue (CBB) R-250 and 0.2% 
CBB G-250. The gels were scanned using a densitometer 
(GS-800; Bio-Rad) and analyzed based on standard activ-
ity using Quantity One software (Bio-Rad). The relative 
activity of MMP-2 was expressed in arbitrary units (AU) 
as an activity per µg of total protein.

Platelet homogenization

Platelet pellets were suspended in a homogenization buf-
fer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1% Triton® 
X-100, Protease Inhibitor Cocktail without ethylenediami-
netetraacetic acid (EDTA) set III (Sigma-Aldrich)) on ice. 
The cells underwent 3 cycles of freezing in liquid nitrogen 
and thawing at 37°C, and then were homogenized mechan-
ically on ice (3 × 10 s) using a hand-held homogenizer. Cell 
homogenates were centrifuged for 5 min (14,000 g at 4°C) 
to collect the supernatant. The supernatants were stored 
at −80°C and thawed prior to analysis.

Analysis of MMP-2 concentrations 
in platelets

The MMP-2 content of platelet homogenates was mea-
sured using the quantitative Quantikine enzyme-linked 
immunosorbent assay (ELISA) Assay for Total MMP-2 
(R&D Systems, Minneapolis, USA) according to the manu-
facturer’s instructions. Before ELISA, total protein concen-
trations were measured using the Bradford Protein Assay 
(Bio-Rad). The MMP-2 concentrations in platelets were 
expressed as ng per µg of total protein.

Statistical analyses

Statistical analyses of the results were performed in Sta-
tistica 13 (StatSoft Inc., Tulsa, USA). Only the zymography 
results showed a normal distribution (K-S test p > 0.2; Lil-
liefors correction p > 0.2). The F test to check the variance 
homogeneity was performed, the variance of the zymog-
raphy results was homogeneous (p = 0.893, F = 1.155). 
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The results were then analyzed using the appropriate test: 
parametric t-test (normal data distribution) and nonpara-
metric (non-normal data distribution) Friedman’s analy-
sis of variance (ANOVA) by ranks test with the Dunn’s 
post hoc test or paired Wilcoxon test. The correlation was 
assessed using the Spearman’s test. The results were ex-
pressed as mean ± standard error of the mean (M ±SEM). 
A value of p < 0.05 was considered statistically significant.

Results

Working doxycycline concentrations

The surface expression of activated GP IIb/IIIa was sig-
nificantly lower in I/R+D platelets compared to I/R plate-
lets in the following concentrations of doxycycline: 30 µM, 
20 µM and 10 µM (paired Wilcoxon test: p = 0.046, T = 1; 
p = 0.025, T = 2; and p = 0.036, T = 3, respectively; Fig. 2). 

Moreover, the surface expression of P-selectin was signifi-
cantly lower in I/R+D platelets compared to I/R platelets 
in a concentration of 30 µM (Friedman’s ANOVA by ranks 
test: p = 0.011, χ2 = 9, degrees of freedom (df) = 2) and 
20 µM (Friedman’s ANOVA by ranks test: p = 0.030, χ2 = 7, 
df = 2), as was CD63 in concentration of 30 µM (Friedman 
ANOVA by ranks test: p = 0.042, χ2 = 6.333, df = 2, data not 
shown). A decreased expression of the above markers was 
not observed for platelets pretreated with 5 µM of doxycy-
cline. Therefore, the lowest active drug concentration used 
in the study was 10 µM, based on the reduction of the ex-
pression of GP IIb/IIIa receptor on the platelet’s surface.

An influence of doxycycline on surface 
expression of platelet activation markers

The decrease in activated GP IIb/IIIa surface expres-
sion in I/R+D platelets compared to I/R platelets of ap-
prox. 7.5% (paired Wilcoxon test: p = 0.043, T = 0) was 

Fig. 2. Expression of activated glycoprotein IIb/IIIa on platelets pretreated with different concentrations of doxycycline: 30 µM (A), 20 µM (B), 10 µM (C), and 
5 µM (D) after the ischemia/reoxygenation (I/R) procedure. The differences between I/R and 30 µM, 20 µM, and 10 µM of doxycycline (paired Wilcoxon test): 
A. 30 µM: p = 0.046, T = 1; B. 20 µM: p = 0.025, T = 2; C. 10 µM: p = 0.036, T = 3; n = 6/group

AERO – aerobic control; I/R – platelets underwent ischemia/reoxygenation; I/R+D30/20/10 – platelets underwent I/R following pretreatment with 30 µM, 
20 µM and 10 µM of doxycycline, respectively.
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observed (Fig. 3A). Changes in the binding of P-selectin 
(paired Wilcoxon test: p = 0.075, T = 2) and CD63 (paired 
Wilcoxon test: p = 0.463, T = 7) based on the platelets 
exposure to doxycycline was not observed.

Interesting results were obtained after the  last step 
of the procedure. Cytometric analysis of the buffers showed 
an increased surface expression of CD63 on PMVs after 
using inserts with a pore diameter of 1.0 µm in the I/R+D 
series compared to the I/R series (paired Wilcoxon test: 
p = 0.043, T = 0; Fig. 3B). No significant changes in CD63 
surface expression were observed in buffers after using 
inserts with a pore diameter of 0.4 µm, which significantly 
reduced the transfer of PMVs into the buffer. In addition, 
there was a  trend towards a higher expression of acti-
vated GP IIb/IIIa and P-selectin in buffers analyzed after 
the last step of the procedure in the I/R+D series compared 
to the I/R series, regardless of the diameter of insert used.

An influence of I/R and doxycycline 
on platelet aggregation

The  aggregation was performed in  platelets taken 
from inserts with a pore diameter of 1.0 µm, which sig-
nificantly reduced the presence of PMVs in the inserts. 
Adenosine diphosphate (ADP)-dependent aggregation 
of platelets that underwent I/R and I/R with doxycycline 
was significantly lower in comparison to aerobic controls 
(Friedman’s ANOVA by ranks test: p = 0.022, χ2 = 7.684, 
df = 2; Dunn’s multiple comparisons post hoc tests: I/R 
compared to AERO: p = 0.0003, I/R+D compared to AERO: 
p = 0.0417). Additionally, there was a strong tendency for 
an enhanced ADP-dependent aggregation of I/R+D plate-
lets compared to I/R platelets. The collagen-dependent 
aggregation showed no significant changes after the use 
of doxycycline (Fig. 4).

An impact of doxycycline on MMP-2 
activity and concentration in platelets

Zymogram analysis revealed a 36% higher MMP-2 ac-
tivity in I/R+D platelets compared to I/R platelets (t-test: 
p = 0.007, t = 6.771, df = 3) when 1.0-µm diameter in-
serts were used (potential MMP-2 in PMVs was elimi-
nated; Fig. 5A). The examination of MMP-2 concentra-
tions in platelets revealed a strong tendency (Friedman’s 
ANOVA by ranks test: p = 0.091, χ2 = 4.8, df = 2) for higher 
MMP-2 levels in platelets treated with doxycycline (Fig. 5B). 
Additionally, a correlation between MMP-2 activity and 
the expression of activated GP IIb/IIIa on I/R+D plate-
lets was observed but was not significant due to the small 
sample size (p = 0.233, Fig. 6). Interestingly, the use of a 0.4-
µm pore size insert did not change the MMP-2 activity 
in platelets between series. Additionally, no differences 
in  MMP-2 activity were noticed between the  studied 
groups after the ischemia stage. The activity and concen-
tration of MMP-2 were undetectable in buffers.

Discussion

The protective effects of doxycycline against ischemia 
have been shown to involve various organs and mecha-
nisms. Doxycycline displays a protective effect by inhibit-
ing MMP-2 in myocardial IRI studies.19 In cerebral isch-
emia, the protection of doxycycline was associated with 
MMP-9, MMP-2 and PKCδ inhibition and upregulation 
of tight junction proteins.24,25 Another protective mecha-
nism of doxycycline was presented in a model using rat 
hepatocytes, where the protection against hypoxia and 
cell death was associated with the inhibition of mitochon-
drial calcium uniporters.26 Tetracyclines have therapeutic 

Fig. 3. Expression of activated glycoprotein (GP) IIb/IIIa on platelets after the ischemia/reoxygenation (I/R) procedure (A) and of CD63 on platelet 
microvesicles (PMVs) in the buffers after I/R procedure using pores with a diameter of 1.0 µm (B)

AERO – aerobic control; I/R – platelets underwent ischemia/reoxygenation; I/R+D – platelets underwent I/R following pretreatment with 10 µM 
of doxycycline; * p < 0.05. Data are expressed as median (middle line), box as 25th–75th percentiles, whiskers indicate minimum and maximum values (paired 
Wilcoxon test): A. p = 0.043, T = 0, n = 7/group; B. p = 0.043, T = 0, n = 5/group.
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potential in cardiovascular diseases, especially in cardiac 
IRI, due to the involvement of MMP-2 in the degradation 
of cardiac contractile proteins, including troponin I.27 
The MMP-2 inhibition by doxycycline improved the re-
covery of cardiac mechanical function and led to a reduced 
endothelial permeability in cardiac IRI.27 Additionally, 
doxycycline was able to protect cardiac tissue using a much 
lower concentration when combined with myosin light 
chain kinase inhibitors than doxycycline alone.19 In addi-
tion to cardiac IRI, the protective effects of doxycycline 
against IRI have also been demonstrated in the kidneys and 
the nervous system.24,28 In a rat stroke model, doxycycline 
preserved the function of blood–brain barrier and attenu-
ated cerebral infarction.24 The numerous in vitro and ani-
mal model studies suggesting that doxycycline can protect 
various organs against IRI and cell death have resulted 

Fig. 6. Correlation between MMP-2 activity in platelets and activated 
glycoprotein IIb/IIIa expression on platelets pretreated with doxycycline 
after the ischemia/reoxygenation (I/R) procedure

Spearman’s correlation: p = 0.233, r = 0.7, n = 5.

Fig. 5. The MMP-2 activity (A) and concentration (B) in platelets normalized to protein concentrations

AERO – aerobic control; I/R – platelets underwent ischemia/reoxygenation; I/R+D – platelets underwent I/R following pretreatment with 10 µM 
of doxycycline; * p < 0.05. Data are expressed as median (middle line), box as 25th–75th percentiles, whiskers indicate minimum and maximum values; 
A. t-test: p = 0.007, t = 6.771, df = 3; B. Friedman analysis of variance (ANOVA) by ranks test: p = 0.091, χ2 = 4.8, df = 2; I/R+D compared to AERO and I/R;  
n = 5/group (A); n = 5/group (B).

Fig. 4. Platelet aggregation after the ischemia/reoxygenation (I/R) procedure induced by adenosine diphosphate (ADP) (A) and collagen (B)

AERO – aerobic control; I/R – platelets underwent ischemia/reoxygenation; I/R+D – platelets underwent I/R following pretreatment with 10 µM 
of doxycycline. Data are expressed as median (middle line), box as 25th–75th percentiles, whiskers indicate minimum and maximum values; Friedman 
analysis of variance (ANOVA) by ranks test (A): χ2 = 7.684, df = 2, p = 0.022; Dunn’s multiple comparisons post hoc test: I/R compared to AERO: p = 0.0003; 
I/R+D compared to AERO: p = 0.0417; n = 6/group (A); n = 6/group (B).
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in clinical trials evaluating doxycycline in the treatment 
of I/R. Patients with ST-elevation myocardial infarction 
(STEMI) and left ventricular (LV) dysfunction treated with 
timely primary percutaneous intervention and short-term 
treatment with doxycycline were shown to have decreased 
infarct sizes and severities and a reduction in LV dysfunc-
tion and remodeling.29 These changes were associated with 
plasma levels of tissue inhibitors of metalloproteinase 2 
(TIMP-2), since doxycycline therapy resulted in higher 
plasma levels of TIMP-2.29 In patients with active CAD, 
subantimicrobial doses of doxycycline reduced the lev-
els of C-reative protein (CRP), interleukin 6 (IL-6) and 
pro-MMP-9. The authors suggested that doxycycline may 
potentially exert beneficial effects on inflammation and 
prevent coronary plaque rupture events.30

In  this study, we demonstrated that doxycycline de-
creased platelet activation in I/R conditions. Doxycycline 
reduces platelet activation by decreasing the expression 
of GP IIb/IIIa on platelets. At  the moment, we do not 
know the mechanism of  action of doxycycline. In our 
study, we demonstrated that I/R platelets pretreated with 
doxycycline presented higher activity and concentra-
tion of MMP-2 than I/R platelets without doxycycline. 
The MMP-2 is released from platelets as a result of their 
activation.8 Moreover, MMP-2 was shown to  regulate 
platelet activation and aggregation by the interaction be-
tween MMP-2 and GP IIb/IIIa.13 Our findings confirmed 
that the mechanism of doxycycline underlying platelet 
activity is based on the interaction of MMP-2 and platelet 
GP IIb/IIIa in I/R conditions. Furthermore, the released 
MMP-2 mediates the activation of consecutive platelets 
by increasing the expression of P-selectin, one of the plate-
let activation markers.31 The increased activity and concen-
tration of MMP-2 in platelets subjected to I/R+D, as well 
as the lack of increase in the concentration and activation 
of MMP-2 in the extracellular space and the decreased ac-
tivity of platelets, prove the mechanism of action of doxy-
cycline in our model. Similar results were demonstrated 
in the in vitro model of knockout mice, MMP-2−/−, where 
the inactivation of the MMP-2 gene impaired P-selectin 
expression and decreased the formation of platelet/leu-
kocyte aggregates upon in vivo activation.11 We showed 
that doxycycline’s mechanism of action on platelets arises 
from the blocking of MMP-2 release from platelets, lead-
ing to a decrease in the expression of activated GP IIb/IIIa 
on platelets, a key player in thrombus formation contrib-
uting to MI. The intracellular-active MMP-2 was shown 
to affect the activation and aggregation of platelets through 
the hydrolytic activation of talin, which is associated with 
the activation of GP IIb/IIIa.13 Platelets release pro-MMP-2 
and the active form of MMP-2 at the site of vascular dam-
age in vivo. The amount of MMP-2 released locally is ca-
pable of enhancing the response of platelets to a stimu-
lus.12 Additionally, platelets are a major source of MMP-2 
in acute coronary syndrome (ACS) patients.31 The MMP-2 
contributed to cardiac contractile dysfunction following 

I/R through the degradation of cardiac contractile pro-
teins. We have shown that doxycycline prevents platelet 
activation by inhibiting MMP-2 release. Given the partici-
pation of MMP-2 in the degradation of cardiac contrac-
tile proteins and the fact that platelets were the source 
of MMP-2, it seems that doxycycline may prevent cardiac 
injury through the regulation of platelet MMP-2.

Previous data have shown that MMP-2 released from 
platelets was able to facilitate ADP-, collagen- and throm-
bin-induced aggregation, although MMP-2 alone did not 
induce resting platelet aggregation.10 On the other hand, 
high concentrations of MMP-2 inhibited collagen-induced 
aggregation of platelets.9 We demonstrated that doxycy-
cline did not affect collagen-induced platelet aggregation. 
Our results are partially consistent with a study using 
healthy rats, where intravenous administration of doxycy-
cline resulted in no changes in ADP and collagen-induced 
platelet aggregation after 15 min.32 Our results also re-
vealed that doxycycline had a strong tendency to enhance 
ADP-induced platelet aggregation in  I/R. This finding 
is opposite to another study using healthy dogs, in which 
doxycycline administered at  therapeutic antimicrobial 
concentrations had no effect on platelet aggregation us-
ing 2 agonists: ADP and platelet-activating factor (PAF).33 
Another study reported a positive correlation between 
levels of ADP-induced aggregation and GP IIb/IIIa content 
in healthy volunteers and patients with ACS within the first 
hour upon admission to the hospital. However, after a few 
days, there was no correlation between ADP-induced ag-
gregation and GP IIb/IIIa content in ACS patients.34 Dis-
crepancies in the results obtained by us and other research-
ers may be both due to the dose of doxycycline and the final 
concentration of agonist. Additionally, in our research, 
in addition to the use of doxycycline, platelets were also 
exposed to I/R, which undoubtedly affected them in a dif-
ferent way than after the use of doxycycline alone. Also, 
collagen is a strong agonist. Therefore, it is possible that 
slight changes in platelet aggregation caused by doxycy-
cline may not have significantly affected their response 
to this agonist. We showed that ADP-induced platelet ag-
gregation capacity decreased when platelets were subjected 
to  I/R and I/R with doxycycline compared to platelets 
in aerobic conditions. Interestingly, I/R platelets pretreated 
with doxycycline presented a strong tendency to increase 
ADP-induced platelet aggregation capacity compared 
to I/R platelets without the drug. It seems that as a result 
of I/R, the aggregation capacity of platelets is reduced and 
their function is impaired, similar to the case of, for ex-
ample, the storage of platelets.35 At the same time, the use 
of doxycycline had a protective effect on the maintenance 
of platelet function in I/R.

Platelets microvesicles, as mentioned, are released from 
platelets during their activation in response to stimulants 
such as oxidative stress.6 Vélez et al. showed that in STEMI, 
the PMV fibrinogen is upregulated; therefore, PMVs may 
be involved in the excessive platelet aggregation responsible 
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for atherothrombosis.36 Jung et al. showed that in STEMI 
patients, circulating PMV levels are correlated with the de-
gree of ischemia.37 In this research, we used inserts with 
2 different pore diameters: 1.0 µm to allow the PMVs en-
ter the buffers and 0.4 µm to prevent penetration by most 
of the PMVs. For this reason, the use of the appropriate 
pore size allowed us to study the changes resulting from 
the presence or absence of PMVs, since MI triggers PMVs, 
which contain pro-inflammatory, proapoptotic and pro-
thrombotic properties.6 By using inserts allowing the sepa-
ration of platelets from PMVs, we confirmed the release 
of PMVs in I/R conditions. We demonstrated that platelets 
pretreated with doxycycline showed enhanced CD63 ex-
pression on PMVs after I/R in comparison to PMVs from 
platelets without doxycycline when 1.0-µm inserts were 
used. According to our knowledge, there is no evidence 
explaining the interaction between CD63 and doxycycline. 
Tetraspanin CD63, present on lysosomes and membranes 
of dense granules in resting platelets, is expressed on plate-
let membranes as a result of their activation. The CD63 
is a common platelet-derived exosomal marker that is also 
present on PMVs.6,38 However, pharmacotherapy, especially 
antiplatelet drugs, have been shown to reduce the level 
of PMVs released.6 This effect may be dose-dependent since 
low-dose acetylsalicylic acid therapy did not reduce the re-
lease of PMVs into the microcirculation.39 Additionally, 
PMVs may be a potential biomarker for the response to anti-
platelet therapy. As in the case of clopidogrel, increased lev-
els of circulating PMVs were observed in ACS patients with 
a high on-treatment platelet reactivity compared to patients 
with a low on-treatment reactivity on clopidogrel.40 In our 
model, we observed an increase in the expression of CD63 
on PMVs, which may be related to concentrations of doxy-
cycline being not sufficient to reduce the release of PMVs.

Enhanced activation and aggregation of  platelets 
is a well-established component of the pathophysiology 
of MIs. This study revealed a new possibility for the ap-
plication of doxycycline in antiplatelet therapy.

Limitations

A limitation of our study is the small sample size, which 
could have affected the results. Therefore, further research 
on this topic should be based on a larger number of cases.

Conclusions

In our research, we showed that the inhibition of platelet 
MMP-2 by doxycycline attenuated platelet activation and 
protected platelets by preserving their aggregation abil-
ity. The use of doxycycline in cardiac IRI may indicate 
a two-fold benefit: first, protection of cardiac contractile 
proteins, and second, prevention of platelet activation and 
unwanted aggregation. Doxycycline should be taken into 
consideration for antiplatelet therapy and MI prevention.

ORCID IDs
Kornela Jagoda Hałucha  https://orcid.org/0000-0002-0465-4912
Marta Banaszkiewicz  https://orcid.org/0000-0002-1248-3244
Alina Rak-Pasikowska  https://orcid.org/0000-0002-6864-043X
Iwona Bil-Lula  https://orcid.org/0000-0002-2769-0166

References
1.	 Ziegler M, Wang X, Peter K. Platelets in cardiac ischaemia/reperfu-

sion injury: A promising therapeutic target. Cardiovasc Res. 2019; 
115(7):1178–1188. doi:10.1093/cvr/cvz070

2.	 Amraotkar AR, Song DD, Otero D, et al. Platelet count and mean 
platelet volume at the time of and after acute myocardial infarc-
tion. Clin Appl Thromb Hemost. 2017;23(8):1052–1059. doi:10.1177 
/1076029616683804

3.	 Wisman PP, Teraa M, de Borst GJ, Verhaar MC, Roest M, Moll FL. 
Baseline platelet activation and reactivity in patients with critical 
limb ischemia. PLoS One. 2015;10(7):e0131356. doi:10.1371/journal.
pone.0131356

4.	 Schmalbach B, Stepanow O, Jochens A, Riedel C, Deuschl G, Kuhlen-
bäumer G. Determinants of platelet-leukocyte aggregation and 
platelet activation in stroke. Cerebrovasc Dis. 2015;39(3–4):176–180. 
doi:10.1159/000375396

5.	 Mirabet M, Garcia-Dorado D, Inserte J, et al. Platelets activated by tran-
sient coronary occlusion exacerbate ischemia-reperfusion injury 
in rat hearts. Am J Physiol Heart Circ Physiol. 2002;283(3):H1134–H1141.  
doi:10.1152/ajpheart.00065.2002

6.	 Badimon L, Suades R, Fuentes E, Palomo I, Padró T. Role of plate-
let-derived microvesicles as crosstalk mediators in atherothrom-
bosis and future pharmacology targets: A link between inflamma-
tion, atherosclerosis, and thrombosis. Front Pharmacol. 2016;7:293. 
doi:10.3389/fphar.2016.00293

7.	 Galis Z, Khatri J. Matrix metalloproteinases in vascular remodel-
ing and atherogenesis: the good, the bad, and the ugly. Circ Res. 
2002;90:251–262. doi:10.1161/hh0302.105345

8.	 Sawicki G, Sanders E, Salas E, Wozniak M, Rodrigo J, Radomski M. Local-
ization and translocation of MMP-2 during aggregation of human 
platelets. Thromb Haemost. 1998;80(11):836–839. doi:10.1055/s-0037 
-1615367

9.	 Sawicki G, Salas E, Murat J, Miszta-Lane H, Radomski MW. Release 
of gelatinase A during platelet activation mediates aggregation. 
Nature. 1997;386(6625):616–619. doi:10.1038/386616a0

10.	 Falcinelli E, Guglielmini G, Torti M, Gresele P. Intraplatelet signaling 
mechanisms of the priming effect of matrix metalloproteinase-2 
on platelet aggregation. J Thromb Haemost. 2005;3(11):2526–2535. 
doi:10.1111/j.1538-7836.2005.01614.x

11.	 Momi S, Falcinelli E, Giannini S, et al. Loss of matrix metalloprotein-
ase 2 in platelets reduces arterial thrombosis in vivo. J Exp Med. 2009; 
206(11):2365–2379. doi:10.1084/jem.20090687

12.	 Falcinelli E, Giannini S, Boschetti E, Gresele P. Platelets release active 
matrix metalloproteinase-2 in vivo in humans at a site of vascular inju-
ry: Lack of inhibition by aspirin. Br J Haematol. 2007;138(2):221–230.  
doi:10.1111/j.1365-2141.2007.06632.x

13.	 Soslau G, Mason C, Lynch S, et al. Intracellular matrix metalloprotein-
ase-2 (MMP-2) regulates human platelet activation via hydrolysis of talin. 
Thromb Haemost. 2014;111(1):140–153. doi:10.1160/TH13-03-0248

14.	 Sebastiano M, Momi S, Falcinelli E, Bury L, Hoylaerts MF, Gresele P. 
A novel mechanism regulating human platelet activation by MMP-2–
mediated PAR1 biased signaling. Blood. 2017;129(7):883–895. doi:10. 
1182/blood-2016-06-724245

15.	 Kranzhofer R, Ruef J. Aspirin resistance in coronary artery disease 
is correlated to elevated markers for oxidative stress but not to 
the expression of cyclooxygenase (COX) 1/2, a novel COX-1 polymor-
phism or the PlA 1/2 polymorphism. Platelets. 2006;17(3):163–169.  
doi:10.1080/09537100500441101

16.	 Cohen MV, Yang XM, White J, Yellon DM, Bell RM, Downey JM. Can-
grelor-mediated cardioprotection requires platelets and sphingo-
sine phosphorylation. Cardiovasc Drugs Ther. 2016;30(2):229–232. 
doi:10.1007/s10557-015-6633-2

17.	 Penna C, Aragno M, Cento AS, et al. Ticagrelor conditioning effects 
are not additive to cardioprotection induced by direct nlrp3 inflam-
masome inhibition: Role of RISK, NLRP3, and redox cascades.  
Oxid Med Cell Longev. 2020;2020:1–12. doi:10.1155/2020/9219825



K.J. Hałucha et al. MMP-2 impact on platelets in IRI1384

18.	 Ramamurthy NS, Vernillo AT, Greenwald RA, et al. Reactive oxygen 
species activate and tetracyclines inhibit rat osteoblast collagenase. 
J Bone Miner Res. 1993;8(10):1247–1253. doi:10.1002/jbmr.5650081013

19.	 Cadete VJJ, Sawicka J, Bekar LK, Sawicki G. Combined subthreshold 
dose inhibition of myosin light chain phosphorylation and MMP-2 
activity provides cardioprotection from ischaemic/reperfusion injury 
in isolated rat heart. Br J Pharmacol. 2013;170(2):380–390. doi:10.1111/
bph.12289

20.	 Cortes AL, Gonsalez SR, Rioja LS, et al. Protective outcomes of low-
dose doxycycline on renal function of Wistar rats subjected to acute 
ischemia/reperfusion injury. Biochim Biophys Acta Mol Basis Dis. 2018; 
1864(1):102–114. doi:10.1016/j.bbadis.2017.10.005

21.	 Wrzyszcz A, Urbaniak J, Sapa A, Woźniak M. An efficient method 
for isolation of representative and contamination-free population 
of blood platelets for proteomic studies. Platelets. 2017;28(1):43–53. 
doi:10.1080/09537104.2016.1209478

22.	 Cattaneo M, Cerletti C, Harrison P, et al. Recommendations for 
the standardization of light transmission aggregometry: A consen-
sus of the working party from the Platelet Physiology Subcommit-
tee of SSC/ISTH. J Thromb Haemost. 2013;11(6):1183–1189. doi:10.1111/
jth.12231

23.	 Krzywonos-Zawadzka A, Franczak A, Sawicki G, Bil-Lula I. Mixture 
of MMP-2, MLC, and NOS inhibitors affects NO metabolism and pro-
tects heart from cardiac I/R injury. Cardiol Res Pract. 2020;2020:1561478.  
doi:10.1155/2020/1561478

24.	 Wang Z, Xue Y, Jiao H, Liu Y, Wang P. Doxycycline-mediated protec-
tive effect against focal cerebral ischemia-reperfusion injury through 
the modulation of tight junctions and PKCδ signaling in rats. J Mol 
Neurosci. 2012;47(1):89–100. doi:10.1007/s12031-011-9689-x

25.	 Lee H, Park JW, Kim SP, Lo EH, Lee SR. Doxycycline inhibits matrix 
metalloproteinase-9 and laminin degradation after transient glob-
al cerebral ischemia. Neurobiol Dis. 2009;34(2):189–198. doi:10.1016/j.
nbd.2008.12.012

26.	 Schwartz J, Holmuhamedov E, Zhang X, Lovelace GL, Smith CD, 
Lemasters JJ. Minocycline and doxycycline, but not other tetracy-
cline-derived compounds, protect liver cells from chemical hypox-
ia and ischemia/reperfusion injury by inhibition of the mitochon-
drial calcium uniporter. Toxicol Appl Pharmacol. 2013;273(1):172–179. 
doi:10.1016/j.taap.2013.08.027

27.	 Castro MM, Kandasamy AD, Youssef N, Schulz R. Matrix metallo-
proteinase inhibitor properties of tetracyclines: Therapeutic poten-
tial in cardiovascular diseases. Pharmacol Res. 2011;64(6):551–560. 
doi:10.1016/j.phrs.2011.05.005

28.	 Moser MAJ, Sawicka K, Sawicka J, et al. Protection of the transplant 
kidney during cold perfusion with doxycycline: Proteomic analysis 
in a rat model. Proteome Sci. 2020;18(1):3. doi:10.1186/s12953-020-
00159-3

29.	 Cerisano G, Buonamici P, Gori AM, et al. Matrix metalloproteinases 
and their tissue inhibitor after reperfused ST-elevation myocardial 
infarction treated with doxycycline: Insights from the TIPTOP trial. 
Int J Cardiol. 2015;197:147–153. doi:10.1016/j.ijcard.2015.06.024

30.	 Brown DL, Desai KK, Vakili BA, Nouneh C, Lee HM, Golub LM. Clin-
ical and biochemical results of the metalloproteinase inhibition 
with subantimicrobial doses of doxycycline to prevent acute cor-
onary syndromes (MIDAS) pilot trial. Arterioscler Thromb Vasc Biol. 
2004;24(4):733–738. doi:10.1161/01.ATV.0000121571.78696.dc

31.	 Gresele P, Falcinelli E, Loffredo F, et al. Platelets release matrix metal-
loproteinase-2 in the coronary circulation of patients with acute 
coronary syndromes: Possible role in sustained platelet activation.  
Eur Heart J. 2011;32(3):316–325. doi:10.1093/eurheartj/ehq390

32.	 Bengmark S, Göransson G, Zoucas E. Defects in hemostasis produced 
by antibiotics: An in vivo study in the rat. Eur Surg Res. 1981;13(4): 
290–298. doi:10.1159/000128196

33.	 Webb JF, Schilling TF. Zebrafish in comparative context: A sympo-
sium. Integr Comp Biol. 2006;46(5):569–576. doi:10.1093/icb/icl017

34.	 Yakushkin VV, Zyuryaev IT, Khaspekova SG, Sirotkina OV, Ruda MY, 
Mazurov AV. Glycoprotein IIb-IIIa content and platelet aggregation 
in healthy volunteers and patients with acute coronary syndrome. 
Platelets. 2011;22(4):243–251. doi:10.3109/09537104.2010.547959

35.	 Sperling S, Vinholt PJ, Sprogøe U, Yazer MH, Frederiksen H, Nielsen C. 
The effects of storage on platelet function in different blood products.  
Hematology. 2019;24(1):89–96. doi:10.1080/10245332.2018.1516599

36.	 Vélez P, Parguiña A, Ocaranza-Sánchez R, et al. Identification of a cir-
culating microvesicle protein network involved in ST-elevation myo-
cardial infarction. Thromb Haemost. 2014;112(4):716–726. doi:10.1160/
TH14-04-0337

37.	 Jung C, Sörensson P, Saleh N, Arheden H, Rydén L, Pernow J. Circulating 
endothelial and platelet derived microparticles reflect the size of myo-
cardium at risk in patients with ST-elevation myocardial infarction. 
Atherosclerosis. 2012;221(1):226–231. doi:10.1016/j.atherosclerosis. 
2011.12.025

38.	 van der Zee PM, Biró É, Ko Y, et al. P-Selectin- and CD63-exposing 
platelet microparticles reflect platelet activation in peripheral arteri-
al disease and myocardial infarction. Clin Chem. 2006;52(4):657–664.  
doi:10.1373/clinchem.2005.057414

39.	 Lubsczyk B, Kollars M, Hron G, Kyrle PA, Weltermann A, Gartner V. 
Low dose acetylsalicylic acid and shedding of microparticles in vivo 
in humans. Eur J Clin Invest. 2010;40(6):477–482. doi:10.1111/j.1365-
2362.2010.02299.x

40.	 Kafian S, Mobarrez F, Wallén H, Samad B. Association between 
platelet reactivity and circulating platelet-derived microvesicles in 
patients with acute coronary syndrome. Platelets. 2015;26(5):467–473.  
doi:10.3109/09537104.2014.940304


