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Abstract

Severe Acute Respiratory Syndrome Coronavirus-2 (COVID-19) is a respiratory disease that causes dysfunction in respiration.
Since late 2019, this virus has infected and killed millions of people around the world and imposed many medical and therapeutic
problems in the form of a pandemic. According to recent data, COVID-19 disease can increase the risk of stroke, which can be
deadly or cause many neurological disorders after the disease. During the last two years, many efforts have been made to introduce
new therapies for management of COVID-19-related complications, including stroke. To achieve this goal, several conventional
drugs have been investigated for their possible therapeutic roles. Minocycline, a broad-spectrum, long-acting antibiotic with anti-
inflammatory and antioxidant properties, is one such conventional drug that should be considered for treating COVID-19-related
stroke, as indirect evidence indicates that it exerts neuroprotective effects, can modulate stroke occurrence, and can play an effective
and strategic role in management of the molecular signals caused by stroke and its destructive consequences. The matrix metal-
loprotease (MMP) signaling pathway is one of the main signaling pathways involved in the occurrence and exacerbation of stroke;
however, its role in COVID-19-induced stroke and the possible role of minocycline in the management of this signaling pathway
in patients with COVID-19 is unclear and requires further investigation. Based on this concept, we hypothesize that minocycline
might act via MMP signaling as a neuroprotective agent against COVID-19-induced neurological dysfunction, particularly stroke.
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serious medical implications. The World Health Organiza-
tion reports that, as of May 2022, COVID-19 has infected
more than 522 million people, causing more than 6.27 mil-
lion deaths worldwide (Moolla et al. 2021; Pomara et al.
2021; Bottcher et al. 2021). Although SARS-CoV-1 and
Middle East Respiratory Syndrome Coronavirus are simi-
lar to COVID-19 and cause comparable symptoms, these
viruses did not cause pandemics due to their lower severity
and infectivity (Begum et al. 2021; da Salva et al. 2021;
Gholami et al. 2021; Molaei et al. 2021). Coronaviruses
may directly or indirectly cause vasculopathy, coagulopathy,
and stroke. Subsequently, these types of stroke can lead to
neural degeneration, mainly caused by hypoxia/ischemia
(Becker 2020; Gholami et al. 2021; Roberts et al. 2020).
Despite abundant data regarding COVID-19-induced stroke,
the main signaling pathway in this lethal phenomenon is
unknown and its molecular basis remains undefined (Fri-
sullo et al. 2020; Kahraman and Vural 2022; Nannoni et al.
2021; Sanchez and Rosenberg 2022; Al-Gburi et al. 2021).
Therefore, it is important to evaluate COVID-19-induced
stroke and subsequent neurodegeneration and characterize
the underlying molecular mechanisms to determine new
treatment strategies against COVID-19. The matrix metallo-
protease (MMP) pathway is one of the main signaling path-
ways involved in stroke and hypoxia/ischemia phenomenon
(Costru-Tasnic et al. 2021; Montaner et al. 2019); however,
its exact role in pathogenesis of COVID-19-induced stroke
remains unclear (Frisullo et al. 2020; Kahraman and Vural
2022; Nannoni et al. 2021; Sanchez and Rosenberg 2022;
Al-Gburi et al. 2021).

Introduction of new drugs and advancement of potential
therapies for patients with COVID-19 should be aimed at
preventing COVID-19 post-infection complications such
as stroke and neurodegeneration (Gholami et al. 2021;
Laudanski et al. 2021; Menéndez et al. 2022). One drug
that might have neuroprotective effects and anti-stroke
properties is minocycline (Laudanski et al. 2021; Liu
et al. 2021). Previous studies indicate that minocycline
has a protective effect on stroke-induced destructive sign-
aling pathways; however, its effect on COVID-19-induced
stroke and hypoxia/ischemia and its involvement in MMP
is unknown and needs assessment (Liu et al. 2021; Lu
et al. 2021). We hypothesize that minocycline might pro-
vide protective effects against COVID-19-induced stroke
via inhibition of the MMP signaling pathway, which has a
critical role in stroke and ischemia/hypoxia.

COVID-19-induced stroke

Coronaviruses may directly or indirectly cause vascular
degeneration, coagulation cascade disturbances and stroke;
subsequently, these types of stroke can lead to neural degen-
eration (Becker 2020; Roberts et al. 2020). Patients infected
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with SARS-CoV-2 show development of abnormal blood
clotting as an inflammatory response to the virus (Lazzaroni
et al. 2021; Roberts et al. 2020), thereby causing increased
risk of blood clots, which can lead to stroke if a blood clot
blocks an artery to the brain (Hess et al. 2020; Lazzaroni
et al. 2021; Markus and Brainin 2020). Recent analyses show
that 1.4% of COVID-19 cases had acute cardiovascular dis-
ease, with 87.4% of these occurring as acute ischemic stroke.
Moreover, compared to uninfected individuals with stroke,
patients with COVID-19-associated stroke were younger,
had higher NIH stroke scale values (NIHSS), higher fre-
quency of large vessel occlusion and higher in-hospital mor-
tality rate (Nannoni et al. 2021; Zhang et al. 2021). Stroke
is more likely to occur in patients with severe COVID-19
infections who have pre-existing vascular risk factors (Tang
and Zheng 2022; Wijeratne et al. 2020). Although more epi-
demiologic population-based studies are required to further
assess the incidence of stroke in individuals with COVID-19,
several studies have suggested a close relationship between
COVID-19 and stroke (Nannoni et al. 2021; Tang and Zheng
2022; Zhang et al. 2021). As stroke can cause neurological
dysfunction, it is likely that COVID-19-induced neurobe-
havioral and neurological dysfunction such as cognition
impairment, dementia, epilepsy, motor disorder, anxiety,
and mood-related disorders are caused by cellular disorders
and neurodegeneration associated with stroke (Feyissa et al.
2019; Gillespie et al. 2011; Kooi et al. 2017) (Fig. 1).
Indirect evidence indicates that COVID-19-induced
stroke involves mitochondrial dysfunction, oxidative
stress, inflammation, and apoptosis in neuronal cells
(Avula et al. 2020; Spence et al. 2020). Additionally, mito-
chondrial dysfunction in stroke-affected tissues can dam-
age multiple parts of the brain and central nervous system
(Spence et al. 2020; Wang et al. 2020). Stroke can cause
disturbances in oxidative stress balances (Avula et al.
2020; Rodrigo et al. 2013; Spence et al. 2020), activation
of lipid and protein peroxidation in neuronal cells, reduc-
tion of antioxidant activity and inhibition of brain capacity
via free radical scavenging (Cherubini et al. 2005; Orel-
lana-Urzda et al. 2020; Rodrigo et al. 2013). Based on this
concept, it is likely that COVID-19-induced stroke causes
neurodegeneration via activation of oxidative stress path-
ways (Cherubini et al. 2005; Orellana-Urzuta et al. 2020;
Rodrigo et al. 2013). Stroke-induced neuro-inflammation,
apoptosis and neuronal cell death have been well stud-
ied, and stroke-associated neurodegenerative events likely
involve these events (Anrather and Iadecola 2016; Nilupul
et al. 2006). Similarly, stroke associated with COVID-19
infection likely causes activation of neuro-inflammation,
apoptosis and neuronal cell cascades, resulting in neurode-
generation (McAlpine et al. 2021; Wijeratne et al. 2020).
COVID-19-induced stroke-possibly via activation of mito-
chondrial dysfunction, oxidative stress, inflammation, and
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Fig.1 COVID-19-induced
stroke and hypoxia can cause
behavioral disturbances such

as anxiety, depression and ﬂ

Covid-19

psychosis, and can exacerbate
neurodegenerative disorders
and diseases such as cognition
impairment, dementia, epilepsy,
motor disorders, multiple scle-
rosis, Parkinson’s disease and
Alzheimer’s disease

Hypoxia\Ischemic\Stroke

apoptosis-likely affects neuronal cells, causing COVID-
19-induced neurological and neurobehavioral dysfunction.

Despite the preponderance of indirect data from a range
of studies, the signaling pathway for COVID-19-induced
stroke is unknown. Understanding the involved signaling
cascades is critical to preventing and treating COVID-19-in-
duced stroke.

The MMP signaling pathway definition and its role
in stroke

Degradation of extracellular matrix (ECM) components is
important for promoting normal embryonic development,
angiogenesis and cell repair in the body. MMPs are a
group of extracellular zinc-dependent proteolytic enzymes
that play critical roles in ECM degradation (Rosell and
Lo 2008; Yang and Rosenberg 2015). However, MMP
signaling malfunction can cause abnormal ECM degrada-
tion, which can lead to vascular complications. This large
family of MMP enzymes contains small proteins such as
MMP-7 and large enzymes such as MMP-14. Although
these enzymes differ in substrate specificity, they are
arranged similarly in structure, with each containing a
catalytic zinc site, a hemopexin site, a transmembrane
site and a fibronectin binding site (Rosell and Lo 2008;
Yang and Rosenberg 2015). Functionally, these enzymes
are first secreted in a latent form that protects cells from
damage, and then activated to degrade ECM and recruit
inflammatory cells to the damaged area. The MMPs are
immediately inactivated by proteins such as tissue inhib-
itors to metalloproteinases (TIMPs), thereby maintain-
ing normal homeostasis in the ECM (Chirco et al. 2006;
Rosell and Lo 2008).

This family of protein/enzymes contain constitutive
enzymes, such as MMP-2 and MMP-14, and inducible
enzymes such as MMP-3 and MMP-9 (Ramos-Fernandez
et al. 2011; Yang and Rosenberg 2015). The constitutive
enzymes play a critical role in maintaining the integrity of
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basement membranes and acting to prevent the overgrowth
of ECM (Rosell and Lo 2008; Yang and Rosenberg 2015),
whereas inducible enzymes are commonly activated after
initiation of neuro-inflammation and free radical cascades
ECM (Rosell and Lo 2008; Yang and Rosenberg 2015).
MMP-2, also known as gelatinase A, and MMP-9 play criti-
cal roles in astrocytic foot processes for binding to endothe-
lial cells (EC) (Jin et al. 2010; Zhao et al. 2006). MMP-2
is activated by a proteolytic process that is mediated by a
complex of MMP-2, TIMP2, and MMP-14; formation of
this complex causes activation of MMP-14, which activates
MMP-2. This interplay between activation and inactiva-
tion prevents extensive damage caused by MMP-2, while
allowing removal of excess ECM to maintain the integrity
of the basal lamina around blood vessels (Jin et al. 2010;
Zhao et al. 2006). Microglia, macrophages, and infiltrat-
ing neutrophils are the primary sources of MMP-3 and
MMP-9, which are activated after neuro-inflammation via
the oxidative stress pathway. MMP-8 and MMP-13 are also
involved in injury cascades in periodontal tissue, however,
their role in stroke is unclear (Adibhatla and Hatcher 2008).
Neuro-inflammatory cascade components, such as activator
protein-1 (AP-1) and nuclear factor kappa B (NF-xB), play
critical roles in activation of MMP-3 and MMP-9. Cytokines
such as tumor necrosis factor alpha (TNF-a) and interleukin
1 beta (IL-1p) also cause activation of MMP-3 and MMP-9
(Rossell and Lo 2008; Yang and Rosenberg 2015). During
neuro-inflammation caused by viral or bacterial infection,
for example, a number of cytokines are released, which acti-
vate MMP-3 and MMP-9 (Lakhan et al. 2013; Rossell and
Lo 2008; Yang and Rosenberg 2015) (Fig. 2).

As depicted in Fig. 2, the MMP pathway is one of the
main signaling pathways involved in stroke and hypoxia/
ischemia (Costru-Tasnic et al. 2021; Montaner et al. 2019).
Hypoxia/ischemia events activate two pathways. In the
first pathway, activation of the hypoxia-inducing factor
causes activation of MMP-2 (Kim and Han 2006; Loor and
Schumacker 2008). In the second pathway, activation of
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Fig.2 Hypoxia/ischemia/stroke can cause vascular endothelia injury
which can lead to production of pro-inflammatory cytokines, such as
TNF-a and IL-1p, and free radicals. This phenomenon causes acti-
vation of NF-kP, which leads to activation of MMP-9. In a second
pathway, hypoxia/ischemia/stroke can cause activation of PAR-1,
t-PA and LRP, activating the conversion of plasminogen to plasmin,
which in turn activates furin, leading to MMP3 activation. In a third
pathway, hypoxia/ischemia/stroke activates furin via activation of
HIF-o, and furin triggers the activation of MMP14; active MMP14
causes activation of MMP2, and TIMP regulates MMP2 activity. In
addition to these pathways that activate MMP-2, MMP-3 and MMP-

cytokines, such as TNF-a and IL-1p, lead to activation of
MMP-3 and MMP-9 (Du et al. 2020; Loor and Schumacker
2008). Subsequently, MMP-2 and —9 levels are elevated
several hours after ischemia (Ramos-Fernandez et al. 2011).
Activation of MMP-2 and —9 cause degradation of ECM,
which leads to disruption of the ECM of the blood brain
barrier (BBB) (Rempe et al. 2016; Webb et al. 2017); this
phenomenon can cause increased susceptibility of the brain
to intrinsic and extrinsic toxic agents, leading to post-stroke
neurodegeneration (Rempe et al. 2016).

While the role of MMP signaling is a prominent feature
in the molecular biology of stroke and in post-stroke neu-
rodegeneration, its involvement in COVID-19-associated
stroke and its potential role in the pathophysiology of cor-
onavirus-induced neurological dysfunction and post-stroke
neurodegeneration have not been clarified. On the other
hand, stroke is associated with numerous neurodegenera-
tive events and diseases such as cognition impairment,
dementia, epilepsy, motor disorder, anxiety, and mood
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9, other components such as microglia, macrophage and infiltrating
neutrophils activate MMP-9, all of which lead to disruption of the
extracellular matrix. Disruption of the extracellular matrix can lead
to BBB disruption, which initiates neural degeneration. Abbrevia-
tions: TNF-a, tumor necrosis factor-alpha; IL-1p, interleukin-1 beta;
NF-xB, nuclear factor kappa B; PAR, protease activated receptor 1;
t-PA, tissue plasminogen activator; LRP, lipoprotein receptor-related
protein; MMP, matrix metalloproteinase; HIF, hypoxia-inducible fac-
tor; TIMP, tissue inhibitors of matrix metalloproteinase; BBB, blood
brain barrier

related disorder (Fig. 1). Thus, as the MMP signal pathway
is involved in coronary stroke, we hypothesize that MMP
signaling may play a similar critical role in the occurrence
of neurological complications associated with COVID-
19-associated stroke. Therefore, it is important to evaluate
the role of the MMP signaling pathway in COVID-induced
stroke and post-stroke-induced neurological dysfunction.

Minocycline may function via the MMP signaling
pathway to prevent COVID-19-induced stroke

New drugs and the advancement of potential therapies
for patients with COVID-19 should be aimed at prevent-
ing COVID-19-induced downstream effects such as stroke
and neurodegeneration (Gholami et al. 2021; Laudanski
et al. 2021; Menéndez et al. 2022). An important aspect
of proposing drugs for the prevention and management of
COVID-19-induced stroke and neurodegeneration should
consider their neuroprotective role (Gholami et al. 2021;
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Laudanski et al. 2021; Menéndez et al. 2022). Furthermore,
the proposed drugs should target the underlying mechanisms
of COVID-19-induced stroke and post-stroke neurologi-
cal events (Gholami et al. 2021a, b; Laudanski et al. 2021;
Menéndez et al. 2022). To this end, candidate agents should
target the MMP signaling pathway and have both anti-stroke
and neuroprotective effects.

Due to its neuroprotective effects, minocycline is
a candidate drug as a potential treatment for COVID-
19-induced stroke (Oliveira et al. 2020; Sing et al. 2020;
Xiao 2020). Minocycline is a broad-spectrum and long-
acting antibiotic with anti-inflammatory and antioxidant
properties (Wang et al. 2017; Zheng et al. 2019). Despite
being an antibiotic, in recent years, different effects and
properties of this drug have been elucidated, particularly
concerning its positive effects on brain disorders and neu-
rodegenerative disease (Hiskens et al. 2021; Motaghine-
jad and Motevalian 2022; Strickland et al. 2021; Yama-
saki et al. 2021). Minocycline is a potent neuroprotective
agent, showing protective effects against several neuro-
degenerative diseases and disorders such as Alzheimer
Disease, Parkinson’s Disease, multiple sclerosis, cerebral
ischemia, and drug (alcohol and nicotine) abuse-induced
neurodegeneration (Berens et al. 2020; Gholami and Mot-
aghinejad 2021; Motaghinejad et al. 2020; Romero-Miguel
et al. 2021; Sharma et al. 2010; Thomas and Le 2004). Our
earlier studies showed that minocycline has antioxidant,
anti-inflammatory, and anti-apoptotic effects (Abbasza-
deh et al. 2018; Naderi et al. 2017; Yang et al. 2020).
Minocycline has been evaluated for its effectiveness in
stroke (Chen et al. 2017; Li et al. 2022; Lu et al. 2021),
and these studies indicated that minocycline can inhibit
ischemia/hypoxia-induced neural cell damage and injury
(Chen et al. 2017; Li et al. 2022; Lu et al. 2021). Further-
more, the use of minocycline for treating multiple types of
stroke has been evaluated in both animal and human stud-
ies (Fagan et al. 2010, 2011). Several previous studies sug-
gest that the mechanism by which minocycline exerts its
effects against stroke and ischemia events involves MMPs
(Chang et al. 2017; Switzer et al. 2011).

Previous studies showed that minocycline causes neural
function repair and modulates oxidative stress (Naderi et al.
2020; Sakata et al. 2012; Matsukawa et al. 2009). Addition-
ally, minocycline inhibits activation of lipid and protein per-
oxidation in neuronal cells during neurodegenerative events
such as stroke, causes activation of antioxidant activity, and
activates brain capacity via free radical scavenging (Kraus
et al. 2005; Plane et al. 2010). Experimental and clinical stud-
ies have showed that minocycline exerts anti-inflammation
properties by reducing oxidative stress, decreasing apoptosis,
inhibiting leukocyte migration and microglial activation, and
decreasing MMP activity (Chen et al. 2017). Furthermore,
minocycline positively affects neural stem cell survival by

reducing cytokine production and inhibiting pro-apoptosis
and apoptotic biomarkers (Chen et al. 2017; Lampl et al.
2007; Rueger et al. 2012; Vedantam and Moller 2015).
Minocycline exerts its protective effects against lethal stroke
by modulating activation of mitochondrial biogenesis and
preventing mitochondrial dysfunction (Chen et al. 2017;
Zhang 2019). In addition to its effects against stroke-induced
mitochondrial dysfunction, oxidative stress, inflammation,
and apoptosis, minocycline protects neuronal cells against
experimental stroke or ischemia via inhibition of MMP-2 and
MMP-9, two major components of the MMP- signaling path-
way (Machado et al. 2006; Switzer et al. 2011). Moreover,
minocycline prevents increased BBB permeability, edema,
and hemorrhage after ischemic stroke by inhibiting MMP-2
and 9 (Chang et al. 2017; Switzer et al. 2011).

Other studies indicate that minocycline acts via activa-
tion of protective proteins, such as cAMP responses element
binding protein (CREB), brain derived neurotrophic factor
(BDNF) and protein kinase B (Akt), to modulate stroke-
induced neuronal damage (Motaghinejad et al. 2020; Zhao
et al. 2015). Similar previous studies demonstrated that
minocycline confers neuroprotective effects against stroke-
induced neurological dysfunction via inhibition of inflam-
matory cascades such as the Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) pathway, NF-xB,
cyclooxygenase (COX) and nitric oxide synthetize (NOS)
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genes such as Nrf;,
\ BDNF, BCL-2,
CREB and AKT
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in inflammatory

parameters such as
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Fig.3 Proposed mechanism of minocycline in the management of
stroke and ischemia events. Abbreviations: Nfr2, nuclear factor eryth-
roid 2-related factor 2; BDNF, brain derived neurotrophic factor;
BCL-2, B-cell lymphoma 2; CREB, cAMP responses element bind-
ing protein; AKT, protein kinase B; NF-kB, nuclear factor kappa B;
COX, cyclooxygenase; NOS, nitric oxide synthase
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Fig.4 Possible mechanism of minocycline: modulation of MMP
pathway during stroke. Minocycline may provide protective effects
against COVID-19-induced stroke, neurodegeneration, and organ
damage. COVID-19-induced hypoxia/ischemia likely causes activa-
tion of HIF, which causes activation of MMP-2. This coronavirus-
induced hypoxia/ischemia can cause activation of cytokines such

(Chen et al. 2017; Liu et al. 2021; Yi et al. 2019). Further,
neurotrophic signaling and migration of neural stem cells
were modulated by administration of minocycline in stroke-
induced neuronal dysfunction (Kim and Suh 2009). Other
work has suggested that minocycline can reduce infarct size
during stroke, likely by modulating apoptosis and inflam-
mation (Fig. 3).

Despite multiple studies showing the positive effect
of minocycline against stroke and other neurological
dysfunction, its effects in COVID-19-induced stroke and
post-stroke-induced neurodegeneration and neurological
disorders remain unclear. While several reports have sug-
gested that minocycline might have therapeutic effects for
improving COVID-19 symptoms, its effects on COVID-
19-induced stroke, as well as its effect on intracellular
signals, are unknown (Oliviera et al. 2020; Singh et al.
2020; Xiao 2020). Several studies have revealed a posi-
tive effect of minocycline in modulating MMPs in stroke
(Machado et al. 2006); however, it remains unknown
whether minocycline is effective against COVID-
19-induced stroke, neurodegeneration and neurological
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as TNF-a and NF-kB, which leads to activation of MMP-9. Both
MMP-2 and —9 cause degradation of the ECM, which leads to BBB
disruption and degeneration of critical organ tissue. Minocycline is
a good candidate for treating COVID-19-induced stroke due to its
inhibitory effect on the MMP signaling pathway, neurodegeneration,
and organ damage. Abbreviations: ECM, extracellular matrix

dysfunctional and whether it exerts its effects via modu-
lation of the MMP signaling pathway. Figure 4 depicts
a schematic of how minocycline may provide protective
effects against COVID-19-induced stroke, neurodegenera-
tion, and organ damage.

Conclusions

COVID-19-induced stroke and neurologic dysfunction has
emerged as a new disease process that could afflict millions
worldwide for the duration of the pandemic. With the aim
of developing drug therapies to treat patients with COVID-
induced stroke, we hypothesize that minocycline might be
effective against COVID-19-induced stroke and neurologi-
cal dysfunction by modulating the MMP pathway. Thus, we
believe minocycline should be evaluated in animal models
and human subjects for its protective effects against COVID-
19-induced stroke and neurodegeneration, with an emphasis
on the evaluation of the MMP signaling cascade.
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