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Medicine, University of Texas Health Science Center, Houston, TX, United States

Ischemic stroke is a serious cerebrovascular event that results in cell death,
blood-brain barrier dysfunction, tissue degradation, and inflammation, often
leading to permanent disability or death. As the incidence of ischemic stroke
continues to rise globally, it is crucial to examine the mechanisms of the
various proteins and molecules contributing to worsened patient outcome
and recovery. Cathepsin L, a cysteine protease known for degrading tissues in
lysosomes and elsewhere, may play a role in brain tissue loss and inflammation
after stroke. Studies have suggested that cathepsin L appears in the ischemic
core shortly after stroke is induced. Using immunohistochemical staining, mass
spectrometry, and other assays, the increase of cathepsin L in the brain was
correlated with extracellular matrix and perlecan degradation after ischemic
stroke. Additionally, injection of a cathepsin L inhibitor significantly reduced
brain infarct size and improved functional scores. More research is needed to
elucidate cathepsin L's role in post-stroke inflammation and brain damage, in
order to further explore the factors contributing to worsened patient outcome
after ischemic stroke and work toward finding better therapeutic interventions.

KEYWORDS

cathepsin L, acute ischemic stroke, extracellular matrix, middle cerebral artery
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Introduction

Stroke is a leading cause of cerebrovascular accidents (CVAs), affecting over 33
million people a year globally (Feigin et al., 2014). CVAs causes two types of brain
injury: ischemic stroke and hemorrhagic stroke. Ischemic stroke involves brain vessel
occlusion and blockage and accounting for about 80% of all CVAs (Donnan et al.,
2008). Symptoms from ischemic stroke manifest slowly over several hours, depending
on the area of the brain affected (Ojaghihaghighi et al., 2017) and a cascade response
to an ischemic core. The ischemic cascade, referring to the neurochemical events in the
penumbra set in motion by focal cerebral ischemia, involves generation of free radicals
and usually results in oxidative stress and cell death, blood-brain barrier dysfunction and
loss of microvascular integrity (Brouns and De Deyn, 2009). Pro-inflammatory cytokines
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and chemokines are secreted, causing leukocyte invasion and
accumulation in the brain region (Woodruff et al,, 2011) and
leading to tissue injury and infarction (Huang et al., 2006).
At present, many studies have shown that the inflammatory
mediation of leukocytes plays an important role in ischemic
stroke, including the discovery of these mediator adhesion
molecules such as selectins, integrins, and immunoglobulins,
cells from the MCAO model. Factors such as IL-1, IL-6,
TNF-a and TGF-b) and chemokines such as CINC and MCP-
1, these inflammatory factors are produced immediately after
an ischemic attack leading to irreversible cerebral infarction
(Wangand Lo, 2003) Brain tissue in ischemic stroke suffers from
microvascular leakage and rupture due to oxidative damage
to lipid-rich membrane structures in the blood-brain barrier.
Appears early after the onset of perfusion injury (Chan, 1994;
Asahi et al., 2000).

Acute ischemic stroke is classified into permanent or
transient stroke as per cerebral blood flow restoration. The
brain is the most sensitive to blood supply reduction out of
all the organs; with its high metabolic activity and low level
of stored glucose, lack of oxygen causes brain damage to set
in quickly (Kalogeris et al., 2012). Permanent damage depends
on the degree and duration of oxygen deprivation, and it
spreads outward from the ischemic core to the penumbra,
where the damage can be stopped or reversed in some cases.
Transient ischemia may cause reperfusion injury, occurring
when blood flows back into the ischemic core rapidly after
oxygen deprivation has occurred. As a result, oxidative stress,
platelet activation, leukocyte activation, and other mechanisms
cause the functional outcome of stroke to be worsened (Lin
et al., 2016). Another effect is a decrease in neuron density,
occurring after 24 h of reperfusion when using a primate model
(Hamann et al., 1996). A computed tomography CT scan uses
a series of X-rays to create detailed images of the brain. CT
scans can show brain hemorrhages, ischemic strokes, tumors, or
other diseases. Computed Tomography Scanning Angiography
is used to see blood vessels in the neck and brain in more
detail (Kidwell and Wintermark, 2008). To detect the area of
damage in the brain, computed tomography (CT) and magnetic
resonance imaging (MRI) scans are generally used. Computed
tomography (CT) has been widely used in the diagnosis of brain
trauma, stroke, and other diseases due to its rapid detection
and ease of use (Kidwell and Wintermark, 2008). However,
compared with CT, magnetic resonance imaging (MRI) has
unique advantages in accuracy. Though MRI scan duration is
longer than CT, it is known to be more sensitive in the detection
of ischemia (Vymazal et al., 2012). Magnetic Resonance Imaging
(MRI) uses strong radio waves and a magnetic field to create a
detailed view of your brain. MRI can be used to detect brain
tissue damage from ischemic stroke and cerebral hemorrhage
(Thomalla et al., 2018). Magnetic resonance angiography, or
magnetic resonance venography, provides a better view of
intracranial arteries and veins. For ischemic stroke, the use of
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diffusion-weighted imaging (DWI) sequences can rapidly detect
the area of acute ischemia, thereby providing a reference for
patients to select an appropriate endovascular treatment time
window as soon as possible (Leslie-Mazwi et al., 2016; Nogueira
et al., 2018). Additionally, Carotid ultrasonography uses sound
waves to generate detailed images of the inside of the carotid
arteries in the neck, showing fatty deposits (plaques) and blood
flow in the carotid arteries. Cerebral angiography, as the gold
standard for diagnosing cerebrovascular disease, can be seen
in detail under X-ray imaging to observe cerebral arteries and
carotid arteries (Powers et al., 2018).

Although significant efforts have been made in improving
preventive and supportive measures, it is more difficult
to develop treatments to combat the effects of ischemic
stroke. Intravenous thrombolytic therapy is currently the most
important measure to restore blood flow. Recombinant tissue
plasminogen activator (rt-PA) and urokinase are currently
commonly used thrombolytic drugs. Presently, the only available
therapies are thrombolysis with tissue plasmogen activator
(tPA) and surgical removal of blood clots (Iadecola and
Anrather, 2011). However, most stroke victims only receive
supportive care due to safety concerns and a narrow time
frame (<4.5h after stroke onset) for tPA treatment. In
addition, patient, and hospital characteristics such as age,
time of day when stroke happened, gender, and hospital
inexperience with tPA greatly affected if the treatment was
administered in time (Fonarow et al., 2011). The greatest risk
of intravenous thrombolysis is hemorrhagic transformation. rt-
PA dose and blood pressure were closely related to the risk
of hemorrhagic transformation after thrombolysis (Anderson
et al., 2016, 2019). Clinically, the benefit and bleeding risk can
be assessed based on the specific conditions of the patient,
and the dose of rt-PA and the target of blood pressure
control can be selected. Endo-vascular interventional therapy
is an extremely important surgical intervention, including
endovascular mechanical thrombectomy, arterial thrombolysis,
and angioplasty. Endovascular mechanical thrombectomy is
the most important progress in the treatment of acute
ischemic stroke in recent years, which can significantly improve
the prognosis of patients with ischemic stroke caused by
acute large artery occlusion (Goyal et al, 2017; Kim et al,
2019). Surgery has become an important method for the
treatment of hypertensive intracerebral hemorrhage due to its
advantages of rapid removal of hematoma, relief of intracranial
hypertension, and release of mechanical compression, mainly
including craniotomy for hematoma removal, burr hole
drainage, decompressive craniectomy, minimal invasive surgery
based on precise stereotaxic puncture equipment, ventricular
drainage/thrombolytic drug application, etc. (Mendelow et al.,
2005, 2013, 2015; Mould et al., 2013).

With very limited treatment options for stroke, improving
recovery after cerebral ischemia is crucial; research has been
done to study the proteins that may play a role in tissue
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degradation and damage in the brain after arterial occlusion.
Cathepsin L, one of cysteine proteases known for degrading
proteins throughout the body, has been linked to such
deleterious effects after ischemia. The purpose of this paper is
to gather the research on ischemic stroke and cathepsin activity
to analyze the relationship between them and the current gaps
in knowledge on this topic. As the populations of developed
countries age and incidences of stroke become more prevalent,
as predicted by epidemiologists using the Dijon Stroke Registry
(Bejot et al., 2019), it is ever more important to understand the
factors contributing to brain damage after ischemia to search for
a possible drug target/treatment to improve recovery.

Cathepsin L

Many studies have found that human cathepsins are
involved in multiple physiological processes and are highly
related to most human diseases (Turk et al., 2012; Novinec and
Lenarcic, 2013). There are a large number of protease cathepsins
in the lumen of the lysosomal structure of almost all organisms,
which are a class of endolysosomal proteases based on their
active site amino acid residues and different chemical structures.
Cathepsins are divided into several types, including serine types:
cathepsins A and G, aspartic acid types: cathepsins D and E,
and the most numerous cysteine types: cathepsins B, C, F, H,
K, L, O, S, V, W and X (Bright et al., 2016; Vidak et al., 2019;
Yadati et al., 2020). Cathepsins are widely involved in various
cellular activities in cells, such as the synthesis and activation of
hormones, the process of apoptosis and autophagy, efc. Several
studies have found that cathepsins B and L are involved in
the pathophysiological process of various neurological diseases,
such as ischemic stroke, Alzheimer’s disease, Parkinson’s disease,
and traumatic brain injury (Lipton, 1999; Xu et al,, 2013;
Yamashima, 2013).

Cathepsin L is a papain-like cysteine proteinase ubiquitously
expressed in human tissues and usually active in a slightly
acidic pH. Though originally thought to be lysosomal, research
has shown that it also is involved in processes in the
nucleus, cytoplasm, and plasma membranes of cells (Turk
et al.,, 2012). Besides degrading intracellular and extracellular
proteins, cathepsin L also plays a role in regulation of cell-
cycle progression (Goulet et al., 2004), as well as being involved
in cell signaling and antigen presentation. Cathepsin L was
shown to process proneuropeptides into active hormones and
neuropeptides in secretory vesicles for cell-cell communication
(Funkelstein et al, 2010). Honey et al. (2002) found that
mice deficient in cathepsin L showed inefficient selection of
CD4™ T cells, so cathepsin L may play an important part in
the adaptive immune response by generating MHC class 1I
peptide epitopes (Honey et al., 2002). Research has shown that
increased levels of cathepsin L are correlated with decreased
heart function in dilated cardiomyopathy (Mehra et al., 2017),
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increased inflammation in rheumatoid arthritis (Weitoft et al.,
2015), and increased malignancy of certain cancers (Olson and
Joyce, 2015). Since cathepsin L is upregulated in different tumors
and can facilitate cancer cell migration, many studies have been
conducted to study it as a possible anti-metastasizing drug target
(Parker et al., 2015). Cysteine proteases have also been linked to
the occurrence of abdominal aortic aneurysms, with aortic wall
samples showing significantly higher expression of cathepsin
B, H, L and S, supporting the postulation that cathepsins are
involved in aneurysm expansion (Abisi et al., 2007).

Our preliminary data have demonstrated that when
cerebrovascular epithelial cells from bEND.3 cell line are
cultured and subjected to hypoxia ischemia (HI) conditions,
cathepsin L activity was decreased in cell lysates and increased in
the supernatant (data not shown), indicating that ischemia may
activate cathepsin L secretion in endothelial cells.

In addition, research has shown that active cathepsin L
released during stroke may play a role in degradation of micro-
vessel tissues, worsening stroke outcome. A study conducted
by Fukuda et al. using human cathepsin reagents on brain
tissue samples from 30 adolescent male baboons examined the
immunoreactivity of vascular matrix components. The animals
underwent MCAO for 1, 1.5, 2, or 3 hours with varying
reperfusion times. It was found that damage to the vascular
perlecan after focal ischemia may be due to cathepsins B and L,
which appear shortly in the ischemic core after MCAO (Fukuda
et al., 2004). This is the first evidence implicating cathepsins B
and L in degradation of cerebral tissues.

Cathepsins accumulate lipofuscin leading to rupture
of lysosomal membranes. Membrane damage results in
the release of cathepsin B, which further stimulates the
inflammasome (Cai et al, 2012; Nakanishi, 2020a,b). The
formation of lysosomal membranes is dynamic and excessive
autophagy will reduce the stability of lysosomal membranes.
This process leads to lysosomal membrane leakage, including
lysosomal proteases, such as cathepsin B and L, etc. (Canu
et al., 2005). In many invasive or metastatic tumors, cysteine
cathepsins contain CpG islands, and their promoter regions
affect
methylation regulation in tumor cells (Yadati et al, 2020).

undergo epigenetic regulatory modifications and
In addition, cathepsin D is involved in the biological process
of endosome trafficking and colocalization in brain neuronal
cells (Yamasaki et al., 2007). Deficiency of cathepsin D may
delay central nervous system myelination by inhibiting
proteolipid protein trafficking from late endosome/lysosome
to plasma membrane (Guo et al., 2018). These previous studies
suggest that cathepsins might play different roles in early and
late stages of stroke. Based on these evidences, cathepsins
might exacerbate infarction by stimulating inflammasome
during early stages of stroke. However, cathepsins could
play a “double-edged sword” role and more evidences are
required to conclude their good or bad impact on long-term

stroke outcomes.
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FIGURE 1

Cathepsin L's roles in cell damage after stroke. After lysosomal rupture/leakage, cathepsin L activates the NLRP3-inflammasome and leads to
pyroptosis, or it can cleave Bid to tBid, be translocated to the mitochondrion. Proapoptotic factors such as cytochrome ¢, AlF, and Smac/Diablo
are released into the cytosol as a result and trigger apoptosis.

Gu et al. used cerebral tissue samples from 10 adolescent permanent MCAO differs from the transient model used in
baboons as well as adult mice. MCAO was achieved in awake many other studies to mimic ischemic stroke in humans (the
animals using an implanted balloon device placed prior to the mice show primary core damage, with the maximum damage
experimental way to middle cerebral artery occlusion, lasted being achieved at the 3-h mark, unlike tMCAO), the pMCAO
3h. Immunoreactive cathepsin L was found in the ischemic model is still widely considered suitable for simulating human
core of both primate and murine models about 2h after ischemic stroke (Fluri et al., 2015).
onset of ischemia (Gu et al., 2015). Ex vivo protease secretion Cathepsins L and B released into the cytoplasm of cells
assays and extracellular matrix degradation assays showed that by lysosomal rupture may also play a role in the activation
cathepsin L release during ischemia disturbed micro-vessel of the NOD-like receptor protein (NLRP3)-inflammasome
integrity. However, limitations of this study included how (Figure 1), eventually leading to pro-inflammatory cytokine
frozen brain tissue in the experiment can “spill” cathepsin L release, exacerbation of tissue injury, and pyroptosis, cell death.
and other proteinases, which causes unanticipated extracellular There are some researches indicated that Cathepsin L (CatL)
matrix degradation. is a potent collagenase involved in atherosclerotic vascular

After stroke, Cathepsin L may indirectly affect autophagy remodeling and dysfunction in animals and humans. Studies
through activation of the cathepsins-tBid-mitochondrial have suggested that cathepsin L may be involved in the process
apoptotic signaling pathway (Figure 1) (Papadopoulos and of apoptosis, and its mechanism is related to the activation of
Meyer, 2017). Cathepsins and other lysosomal enzymes induce the key apoptotic protein Caspase-3 in neurons (Ishisaka et al.,
mitochondrial permeability transition (MPT) by activation 1999). Genomic studies have found that both Cathepsin L and
of Bid. Bid is converted to tBid, its proapoptotic form, and Cathepsin B are involved in the neuronal death process mediated
truncated to mitochondria, where pro-apoptotic factors by microglia f-amyloid (AB) activation (Boland and Campbell,
such as cytochrome c¢, apoptosis inducing factor (AIF), and 2004). Studies suggest that Cathepsin L is a member of the
Smac/DIABLO are activated and released into the cytosol AB-stimulated apoptotic cascade. In addition, pro-cathepsin L
(Qin et al., 2008). Though generally good for cell survival, secreted outside cells can act on various extracellular matrices
autophagy in context of cerebral ischemia is harmful, causing and degrade matrix components, thereby affecting cell survival
neuronal cell death and apoptosis (Rami and Kogel, 2008). and facilitating tumor cell metastasis (Jean et al., 2006, 2008).
When an autophagy inhibitor 3-MA was injected into male Some recent in vivo experimental studies have shown that the
Sprague-Dawley rats after permanent MCAO, cathepsin B lysosomal system may be involved in neurodegenerative diseases
and L expression was reduced (Zhou et al, 2017). Though (Lee et al., 2006; Zhang et al., 2007). Pro-cathepsin L secreted to

Frontiers in Stroke 04 frontiersin.org


https://doi.org/10.3389/fstro.2022.1050536
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Ma et al.

the outside of cells can act on a variety of extracellular matrices
and degrade matrix components, thereby affecting cell survival.
In addition, some studies have found that compared with other
cathepsin, the protein and enzyme activity of cathepsin L (CTSL)
are significantly increased in the carotid artery and blood of
aged mice. In vitro recombinant CTSL can promote vascular
endothelial cells senescence (Chwieralski et al., 2006; Cai et al.,
2017; Fu et al., 2017).

Cathepsin L inhibitors for stroke
treatment

These findings above point toward cathepsin inhibition as
a possible strategy to reduce micro vessel injury and the other
consequences of ischemic stroke.

The selective cathepsin B/L inhibitor Cbz-Phe-Ser(OBzl)-
CHNj, cysteine protease inhibitor 1 (CP-1), is part of
the peptidyl-diazomethane family. It is a small lipophilic
polypeptide that can select for cathepsins without also selecting
for calpains or caspases. CP-1 was injected into rats immediately
following reperfusion after 2h of MCAO in a study conducted
by Seyfried et al. Results showed that infarct volume was
significantly reduced in rats given intravenous CP-1 compared
to the controls, and CP-1’s effect on neurons is thought to
be protective instead of directly affecting reperfusion. This is
supported by the fact that cerebral blood flow was not affected
after injection of CP-1(Seyfried et al., 2001). This data supports
that cathepsin inhibition could be beneficial after focal ischemia
occurs, by reducing infarct volume post-ischemia. Toxicity
has been pointed out as a possible concern about cathepsin
inhibitors in cells (Li et al., 2017), but Seyfried et al. noted that
the dose used in their experiment did not cause cell toxicity.

Anagli et al. also studied CP-1’s effects on postischemic
processes with a murine model consisting of male rats subjected
to MCAO using the intravascular suture method, discovering
that CP-1 caused a significant reduction in serum albumin
leakage into the brain, which is a marker of blood-brain barrier
integrity. These results were indicative of decreased secondary
ischemic damage and improved neurological recovery of the rats
used in the study (Anagli et al.,, 2008), and this supports the
idea that cathepsin inhibition may be beneficial for improving
ischemic stroke prognosis and recovery.

In 2011, Yang et al. conducted a study on CP-1 using a
murine model to examine how injection of the inhibitor affected
rats’ recovery from induced intracerebral hemorrhage (ICH).
Though ICH is not a major part of ischemia, it is thought that
the same proteolytic pathways may be activated due to cellular
stress. Results showed that the 40 male rats treated with CP-1
had significantly reduced apoptosis and tissue loss compared to
controls, as well as increased angiogenesis and synaptophysin
density 2 weeks after CP-1 treatment (Yang et al., 2011).

Based on these studies, CP-1 may be helpful in treatment
of focal ischemia by improving cellular survival after ICH and
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lessening neuronal damage. However, more research is needed
to fully explore the effects of cathepsin inhibition, the specific
mechanisms behind inhibition, and its potential for treating
stroke patients. Also, CP-1 was found to be an irreversible
inhibitor, which is usually not preferred for drug discovery
because irreversible inhibitors permanently change the target
protein and may cause an immune response. However, there
have been successful drugs created using the same irreversible
mechanism (Dana and Pathak, 2020).

The events leading to permanent damage in the brain
after ischemic stroke have also been connected to increased
metalloproteinase (MMP) activity in plasma, besides cathepsins
and other proteases. MMPs are enzymes that have been shown
to degrade the extracellular matrix (ECM) of the cerebral basal
lamina (Del Zoppo et al., 2012). There are two types of MMPs,
constitutive and inducible. The constitutive enzymes, MMP-2
and 14, remain close to the site of activation. The inducible
enzymes, MMP-3 and 9, are activated by free radicals and
enzymes during inflammation in the brain (Yang and Rosenberg,
2015). Inducible MMP activity has been linked to ischemic
reperfusion injury, with myocardial infarct size reduced in
MMP-9 knockout mice (Romanic et al., 2002). Heo et al. used
gelatin zymography to show that MMPs significantly increased
in ischemic basal ganglia of primates along with neuron injury
1h after MCAO (Heo et al., 1999). Interestingly enough, MMPs
have been linked to cathepsins as well; regarding experimental
myocardial infarction, it was shown that early cathepsin L release
after heart tissue injury correlates with MMP-9 activation (Sun
et al, 2011). In another study, when a cathepsin and calpain
inhibitor was injected in adult male rats before induced cerebral
ischemia, MMP-9 activation was reduced, and infarction volume
was decreased overall (Tsubokawa et al., 2006). Ren et al. used
the blood replacement treatment for stroke mice and indicated
BR therapy possible by reducing the cascading inflammatory
response in stroke by decrease the level of MMP-9 in the
blood (Ren et al, 2020). Future studies may focus on MMP-
9’s interactions with cathepsin L and how both might regulate
stroke outcomes.

There are cytokines, or small secreted proteins released
by cells, that are connected to cathepsin L activity in cancers
and other diseases. Pro-inflammatory cytokines often contribute
the worsening of conditions such as atherosclerosis and
rheumatoid arthritis (Isomaki and Punnonen, 1997). Using
bone marrow-derived macrophages from mice, Tumor Necrosis
Factor-a and Interleukin-1f were found to be responsible
for cathepsin L and S upregulation during the immune
response to bacterial lipopolysaccharide (LPS). Interferon-f
may also induce cathepsin L secretion, perhaps by a different
mechanism (Creasy and Mccoy, 2011). In another study,
Interleukin-6 induced upregulation of cathepsin L, whereas
Transforming Growth Factor-f1 suppressed cathepsin B and
L expression (Gerber et al., 2001). The IL-10-secreting B cells
is a major regulatory cell type in stroke, and suggests that
the enhancement of regulatory B cells could potentially serve
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as a new therapy for this devastating neurological disease

(Ren et al., 2011). However, it has not been reported if

IL-10 modulates stroke outcomes by affecting cathepsin L

signal pathway.

The Table I below summarizes the research progress on

cathepsin L and stroke:

TABLE 1 Summary of research relating cathepsin activity to ischemic stroke.

References

Purpose

Sample Size

10.3389/fstro.2022.1050536

Translational significance

We evaluated levels of cathepsin L in plasma of 30

acute stroke patients (stroke onset within 24 h, confirmed by

MRI) compared to age matched controls by enzyme-linked

immunosorbent assay. Our preliminary data have demonstrated

Outcome Measures

Findings

Fukuda et al. (2004)

Gu et al. (2015)

Zhou et al. (2017)

Seyfried et al. (2001)

Anagli et al. (2008)

Yang et al. (2011)

Tsubokawa et al. (2006)

Examine if active proteases
(MMPs, cathepsins) can
degrade vascular matrix after

MCAO

Examine cathepsin Ls roles
and interactions with MMPs

during ischemia

Elucidate the mechanisms of
ischemia-induced autophagy
using pMCAO and OGD

models

- Test the selective cathepsin
inhibitor CP-1 for
cerebroprotectivity after
stroke and toxicity

- Determine if cathepsins
contribute to neuronal
death after ischemia

- Investigate the effects of
selective inhibition of
cathepsins B/l (using CP-1)
on postischemic protein

changes

- Investigate CP-1’s ability to
aid in functional and
histological recovery after

intracerebral hemorrhage

- Investigate the role of the
calpain and cathepsin B
inhibitor E64d on MMP-9
activation after cerebral

ischemia

30 adolescent male baboons

10 adolescent male baboons,
unknown number of adult

mice

Unknown number of male

Sprague-Dawley rats

81 male Wistar rats

Unknown number of male

Wistar rats

40 adult male Wistar rats

65 adult male Sprague Dawley

rats

- Ex vivo assays quantifying the effects
of proteases on the immunoreactivity
of vascular matrix components

- Protease inhibition tests

- Ex vivo protease secretion assays
- Extracellular matrix

degradation assays

Immunofluorescence analysis

Western blot analyses

- lysosomal staining

In vitro toxicity assays

Functional scoring of rat behavior
- Examination of rat brain

lesion volume

- Cathepsin B activity assay
- SDS-PAGE and Western Blot Analysis

Mass spectrometry and analysis

- Neurological functional studies

Quantified

immunohistochemical staining

- Neurological scoring

Infarction volume evaluation

Morphological assessment

and zymography

- Generation of active MMPs that

degraded microvessel tissue

Active cathepsin B and L were
generated 2 h after MCAO and were
found to degrade perlecan

- Cathepsin L but not B appears in the

acidic ischemic core within 2 h

Cathepsin L degrades microvessel
matrix and interacts with MMPs

inhibition reversed

Autophagy
ischemia-induced  activation  of

cathepsin B and L

Inhibition of autophagy blocks
cathepsins-tBid-mitochondrial
apoptotic signaling pathway
CP-1

significantly reduced infarct
volume and improved rats’ functional

scores at certain dosages

Lysosomal cathepsins B/L contribute

to cerebral injury after ischemia

- CP-1 reduced infarct volume,

neurological deficits, cathepsin B
activity, and albumin leakage in the
brain

- CP-1 helps with neurological recovery
after stroke

treated with CP-1

- Rats showed

reduced apoptosis/tissue loss

Neurological function improved after

CP-1 treatment

- Cathepsin B and L are involved in
neuronal cell death after ICH

the inhibitor

- Pretreatment with

reduced infarction volume and
neurological deficits

- Cathepsin B and calpain inhibitor
E64d inhibits the upregulation of

MMP-9 also
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that cathepsin L is significantly increased in plasma from stroke
patients compared to controls (Figure 2). The data suggest that
cathepsin L offers a translational significance in stroke. However,
it is unclear if cathepsin L is a key culprit that exacerbates
stroke evolution, and more research needs to be done to
further evaluate the translational value by targeting cathepsin L
in stroke.

Perspectives and conclusion

In summary, the rising number of incidences of ischemic
stroke is a public health concern. Though preventive and
supportive care has been improved, there is a great need
for the development of treatments to combat the cerebral
tissue degradation, inflammation, and blood-brain barrier
dysfunction occurring after ischemia. Thus, it is prudent to
examine the mechanisms of tissue injury to identify possible
treatment methods.

The research articles summarized above in this mini-review
paper connect cathepsins to many of the harmful after-effects
of stroke. Cathepsin L accompanies selective MMPs, serine
proteases and other proteases in ischemic regions. Both can
indicate changes in the vascular microenvironment caused by
focal ischemia. Cathepsins are involved in numerous important
processes in cells; in fact, increased expression of cathepsins
has been linked to diseases such as dilated cardiomyopathy,
cancer malignancy, rheumatoid arthritis, and now focal cerebral
ischemia. Many studies have confirmed the potential mechanism
of action that microglia activated during ischemia may be
damaged by ischemic core area.

Cathepsin L, specifically, appears in the ischemic core in
the brain after stroke and is correlated with ECM and perlecan
degradation. Studies conducted with CP-1, a selective cathepsin
B/L inhibitor, showed that blocking cathepsin expression after
MCAO reduced infarct volume and was thought to have a
protective effect on neurons. Though CP-1 looks promising
as a possible treatment for reducing the effects of ischemia,
more research is needed to illuminate cathepsin Ls full role
in focal cerebral ischemia and the side effects of cathepsin
inhibition using the mechanism of irreversible inhibition. Other
matrix proteases produced in ischemic stroke also interact
with cathepsin L in micro-vessels through activated microglia,
leading to matrix destruction under focal ischemic conditions,
and this research direction may further establish potential basis
for successful treatment of ischemic stroke.

An
pathological changes, and currently, there is no single drug or

acute ischemic stroke wusually causes systemic
treatment to eliminate these complicated responses (Brouns
and De Deyn, 2009; Ren et al., 2020). Our previous research
shows that whole-blood substitution therapy is expected to
address the systemic pathological response caused by stroke.

Certainly, replacing certain amount of whole-blood in stroke
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FIGURE 2

Ischemia increases cathepsin L levels in plasma of acute stroke
patients. Blood was collected from combined controls (16
healthy controls and 28 stroke mimic controls) and 30 stroke
patients (within 24 hours of stroke onset prior to medical
intervention). Cathepsin L levels were significantly elevated in
plasma of stroke patients. Mean + S.D. Student's t-test *,

p < 0.05.

mice may reduce the cascading inflammatory response by
decreasing the level of MMP-9 (Ren et al., 2020). This treatment
becoming a breakthrough treatment is because this strategy may
reduce the mortality of acute stroke patients and improve stroke
prognosis, providing a reliable experimental basis for future
clinical trials of exchange transfusion therapy (Ren et al., 2020).
Although, the role of cathepsin L is not evaluated in this study,
replacing whole-blood in stroke mice could reduce cathepsin
L level in circulating blood. If cathepsin L is a major culprit of
exacerbating infarction following stroke, targeting cathepsin
L could effectively improve stroke outcomes rather than a
whole-blood replacement therapy. To explore new treatment
strategies for stroke, more in-depth studies are required for
evidence of how cathepsins regulate the pathological process
of stroke.

Author contributions

XSR conceived and edited the manuscript. LM drafted the
manuscript. SW wrote and edited the manuscript. AMG, HC,
HH, ASP, JA, JPS, RSK, and HAC performed the research.
All authors contributed to the article and approved the
submitted version.

Funding

The study was supported by UTHealth new faculty start-up
and NSF funding 1916894 (PI: XSR).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fstro.2022.1050536
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Ma et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

Abisi, S., Burnand, K. G., Waltham, M., Humpbhries, J., Taylor, P. R., and Smith,
A. (2007). Cysteine protease activity in the wall of abdominal aortic aneurysms. J.
Vasc. Surg. 46, 1260-1266. doi: 10.1016/j.jvs.2007.08.015

Anagli, J., Abounit, K., Stemmer, P., Han, Y., Allred, L., Weinsheimer,
S., et al. (2008). Effects of cathepsins B and L inhibition on postischemic
protein alterations in the brain. Biochem. Biophys. Res. Commun. 366, 86-91.
doi: 10.1016/j.bbrc.2007.11.104

Anderson, C. S., Huang, Y., Lindley, R. L, Chen, X,, Arima, H., Chen, G, et al.
(2019). Intensive blood pressure reduction with intravenous thrombolysis
therapy for acute ischaemic stroke (ENCHANTED): an international,
randomised, open-label, blinded-endpoint, phase 3 trial. Lancet 393, 877-888.
doi: 10.1016/S0140-6736(19)30038-8

Anderson, C. S., Robinson, T., Lindley, R. L, Arima, H., Lavados, P. M,
Lee, T. H., et al. (2016). Low-dose versus standard-dose intravenous alteplase
in acute ischemic stroke. N. Engl. J. Med. 374, 2313-2323. doi: 10.1056/
NEJMoal515510

Asahi, M., Asahi, K., Wang, X,, and Lo, E. H. (2000). Reduction of tissue
plasminogen activator-induced hemorrhage and brain injury by free radical spin
trapping after embolic focal cerebral ischemia in rats. J. Cereb. Blood Flow Metab.
20, 452-457. doi: 10.1097/00004647-200003000-00002

Bejot, Y., Bailly, H., Graber, M., Garnier, L., Laville, A., Dubourget, L., et al.
(2019). Impact of the ageing population on the burden of stroke: the dijon stroke
registry. Neuroepidemiology 52, 78-85. doi: 10.1159/000492820

Boland, B., and Campbell, V. (2004). Abeta-mediated activation of the apoptotic
cascade in cultured cortical neurones: a role for cathepsin-L. Neurobiol. Aging 25,
83-91. doi: 10.1016/S0197-4580(03)00034-4

Bright, N. A., Davis, L. J., and Luzio, J. P. (2016). Endolysosomes are the
principal intracellular sites of acid hydrolase activity. Curr. Biol. 26, 2233-2245.
doi: 10.1016/j.cub.2016.06.046

Brouns, R, and De Deyn, P. P. (2009). The complexity of neurobiological
processes in acute ischemic stroke. Clin. Neurol. Neurosurg. 111, 483-495.
doi: 10.1016/j.clineuro.2009.04.001

Cai, J, Qi, X, Kociok, N., Skosyrski, S., Emilio, A., Ruan, Q. et al
(2012). beta-Secretase (BACE1) inhibition causes retinal pathology by vascular
dysregulation and accumulation of age pigment. EMBO Mol. Med. 4, 980-991.
doi: 10.1002/emmm.201101084

Cai, J., Zhong, H., Wu, J., Chen, R. F.,, Yang, H., Al-Abed, Y., et al. (2017).
Cathepsin L promotes vascular intimal hyperplasia after arterial injury. Mol. Med.
23,92-100. doi: 10.2119/molmed.2016.00222

Canu, N, Tufi, R,, Serafino, A. L., Amadoro, G., Ciotti, M. T., and Calissano,
P. (2005). Role of the autophagic-lysosomal system on low potassium-induced
apoptosis in cultured cerebellar granule cells. J. Neurochem. 92, 1228-1242.
doi: 10.1111/§.1471-4159.2004.02956.x

Chan, P. H. (1994). Oxygen radicals in focal cerebral ischemia. Brain Pathol 4,
59-65. doi: 10.1111/§.1750-3639.1994.tb00811.x

Chwieralski, C. E., Welte, T., and Buhling, F. (2006). Cathepsin-regulated
apoptosis. Apoptosis 11, 143-149. doi: 10.1007/s10495-006-3486-y

Creasy, B. M., and Mccoy, K. L. (2011).
cysteine cathepsins during TLR responses. Cell Immunol.
doi: 10.1016/j.cellimm.2010.11.004

Dana, D., and Pathak, S. K. (2020). A review of small molecule
inhibitors and functional probes of human cathepsin L. Molecules 25, 698.
doi: 10.3390/molecules25030698

Del Zoppo, G. J., Frankowski, H., Gu, Y. H., Osada, T., Kanazawa, M., Milner, R.,
et al. (2012). Microglial cell activation is a source of metalloproteinase generation
during hemorrhagic transformation. J. Cereb. Blood Flow Metab. 32, 919-932.
doi: 10.1038/jcbfm.2012.11

Donnan, G. A, Fisher, M., Macleod, M., and Davis, S. M. (2008). Stroke. Lancet
371, 1612-1623. doi: 10.1016/S0140-6736(08)60694-7

Cytokines  regulate
267, 56-66.

Frontiersin Stroke

08

10.3389/fstro.2022.1050536

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Feigin, V. L., Forouzanfar, M. H., Krishnamurthi, R., Mensah, G. A., Connor,
M., Bennett, D. A, et al. (2014). Global and regional burden of stroke during 1990-
2010: findings from the Global Burden of Disease Study 2010. Lancet 383, 245-254.
doi: 10.1016/S0140-6736(13)61953-4

Fluri, F., Schuhmann, M. K., and Kleinschnitz, C. (2015). Animal models of
ischemic stroke and their application in clinical research. Drug Des. Devel. Ther.
9, 3445-3454. doi: 10.2147/DDDT.S56071

Fonarow, G. C., Smith, E. E., Saver, J. L., Reeves, M. J., Bhatt, D. L., Grau-
Sepulveda, M. V., et al. (2011). Timeliness of tissue-type plasminogen activator
therapy in acute ischemic stroke: patient characteristics, hospital factors, and
outcomes associated with door-to-needle times within 60 minutes. Circulation 123,
750-758. doi: 10.1161/CIRCULATIONAHA.110.974675

Fu, G. X, Chen, A. F, Xu, Q. M, Han, B. B, Huang, G. Z, and
Zhong, Y. (2017). Cathepsin L deficiency results in reactive oxygen species
(ROS) accumulation and vascular cells activation. Free Radic. Res. 51, 932-942.
doi: 10.1080/10715762.2017.1393665

Fukuda, S., Fini, C. A, Mabuchi, T, Koziol, J. A, Eggleston, L.
L. Jr, and Del Zoppo, G. J. (2004). Focal cerebral ischemia induces
active proteases that degrade microvascular matrix. Stroke 35, 998-1004.
doi: 10.1161/01.STR.0000119383.76447.05

Funkelstein, L., Beinfeld, M., Minokadeh, A., Zadina, J., and Hook, V. (2010).
Unique biological function of cathepsin L in secretory vesicles for biosynthesis of
neuropeptides. Neuropeptides 44, 457-466. doi: 10.1016/j.npep.2010.08.003

Gerber, A., Wille, A., Welte, T., Ansorge, S., and Buhling, F. (2001). Interleukin-
6 and transforming growth factor-beta 1 control expression of cathepsins B
and L in human lung epithelial cells. J. Interferon Cytokine Res. 21, 11-19.
doi: 10.1089/107999001459114

Goulet, B., Baruch, A., Moon, N. S., Poirier, M., Sansregret, L. L., Erickson, A.,
etal. (2004). A cathepsin L isoform that is devoid of a signal peptide localizes to the
nucleus in S phase and processes the CDP/Cux transcription factor. Mol Cell 14,
207-219. doi: 10.1016/S1097-2765(04)00209-6

Goyal, N., Tsivgoulis, G., Pandhi, A., Chang, J. ], Dillard, K, Ishfaq,
M. F, et al. (2017). Blood pressure levels post mechanical thrombectomy
and outcomes in large vessel occlusion  strokes. Neumlogy 89, 540-547.
doi: 10.1212/WNL.0000000000004184

Gu, Y. H.,, Kanazawa, M., Hung, S. Y., Wang, X,, Fukuda, S., Koziol, J. A., et al.
(2015). Cathepsin L acutely alters microvessel integrity within the neurovascular
unit during focal cerebral ischemia. J. Cereb. Blood Flow Metab. 35, 1888-1900.
doi: 10.1038/jcbfm.2015.170

Guo, D. Z,, Xiao, L., Liu, Y. ], Shen, C,, Lou, H. F,, Lv, Y., et al. (2018). Cathepsin
D deficiency delays central nervous system myelination by inhibiting proteolipid
protein trafficking from late endosome/lysosome to plasma membrane. Exp. Mol.
Med. 50, e457. doi: 10.1038/emm.2017.291

Hamann, G. F., Okada, Y., and Del Zoppo, G. J. (1996). Hemorrhagic
transformation and  microvascular integrity =~ during focal  cerebral
ischemia/reperfusion. J. Cereb. Blood Flow Metab. 16, 1373-1378.
doi: 10.1097/00004647-199611000-00036

Heo, J. H., Lucero, J., Abumiya, T., Koziol, J. A., Copeland, B. R, and
Del Zoppo, G. J. (1999). Matrix metalloproteinases increase very early during
experimental focal cerebral ischemia. J. Cereb. Blood Flow Metab. 19, 624-633.
doi: 10.1097/00004647-199906000-00005

Honey, K., Nakagawa, T., Peters, C., and Rudensky, A. (2002). Cathepsin L
regulates CD4+ T cell selection independently of its effect on invariant chain:
a role in the generation of positively selecting peptide ligands. J. Exp. Med. 195,
1349-1358. doi: 10.1084/jem.20011904

Huang, J., Upadhyay, U. M., and Tamargo, R. J. (2006). Inflammation
in stroke and focal cerebral ischemia. Surg. Neurol. 66, 232-245.
doi: 10.1016/j.surneu.2005.12.028

Tadecola, C., and Anrather, J. (2011). Stroke research at a crossroad: asking the
brain for directions. Nat. Neurosci. 14, 1363-1368. doi: 10.1038/nn.2953

frontiersin.org


https://doi.org/10.3389/fstro.2022.1050536
https://doi.org/10.1016/j.jvs.2007.08.015
https://doi.org/10.1016/j.bbrc.2007.11.104
https://doi.org/10.1016/S0140-6736(19)30038-8
https://doi.org/10.1056/NEJMoa1515510
https://doi.org/10.1097/00004647-200003000-00002
https://doi.org/10.1159/000492820
https://doi.org/10.1016/S0197-4580(03)00034-4
https://doi.org/10.1016/j.cub.2016.06.046
https://doi.org/10.1016/j.clineuro.2009.04.001
https://doi.org/10.1002/emmm.201101084
https://doi.org/10.2119/molmed.2016.00222
https://doi.org/10.1111/j.1471-4159.2004.02956.x
https://doi.org/10.1111/j.1750-3639.1994.tb00811.x
https://doi.org/10.1007/s10495-006-3486-y
https://doi.org/10.1016/j.cellimm.2010.11.004
https://doi.org/10.3390/molecules25030698
https://doi.org/10.1038/jcbfm.2012.11
https://doi.org/10.1016/S0140-6736(08)60694-7
https://doi.org/10.1016/S0140-6736(13)61953-4
https://doi.org/10.2147/DDDT.S56071
https://doi.org/10.1161/CIRCULATIONAHA.110.974675
https://doi.org/10.1080/10715762.2017.1393665
https://doi.org/10.1161/01.STR.0000119383.76447.05
https://doi.org/10.1016/j.npep.2010.08.003
https://doi.org/10.1089/107999001459114
https://doi.org/10.1016/S1097-2765(04)00209-6
https://doi.org/10.1212/WNL.0000000000004184
https://doi.org/10.1038/jcbfm.2015.170
https://doi.org/10.1038/emm.2017.291
https://doi.org/10.1097/00004647-199611000-00036
https://doi.org/10.1097/00004647-199906000-00005
https://doi.org/10.1084/jem.20011904
https://doi.org/10.1016/j.surneu.2005.12.028
https://doi.org/10.1038/nn.2953
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Ma et al.

Ishisaka, R., Utsumi, T., Kanno, T., Arita, K., Katunuma, N., Akiyama, J., et al.
(1999). Participation of a cathepsin L-type protease in the activation of caspase-3.
Cell Struct. Funct. 24, 465-470. doi: 10.1247/csf.24.465

Isomaki, P., and Punnonen, J. (1997). Pro- and anti-inflammatory cytokines in
rheumatoid arthritis. Ann. Med. 29, 499-507. doi: 10.3109/07853899709007474

Jean, D., Rousselet, N., and Frade, R. (2006). Expression of cathepsin L in human
tumor cells is under the control of distinct regulatory mechanisms. Oncogene 25,
1474-1484. doi: 10.1038/sj.0nc.1209196

Jean, D., Rousselet, N., and Frade, R. (2008). Cathepsin L expression is up-
regulated by hypoxia in human melanoma cells: role of its 5-untranslated region.
Biochem. J. 413, 125-134. doi: 10.1042/BJ20071255

Kalogeris, T., Baines, C. P., Krenz, M., and Korthuis, R. J. (2012). Cell
biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 298, 229-317.
doi: 10.1016/B978-0-12-394309-5.00006-7

Kidwell, C. S., and Wintermark, M. (2008). Imaging of intracranial haemorrhage.
Lancet Neurol. 7, 256-267. doi: 10.1016/S1474-4422(08)70041-3

Kim, T. J., Park, H. K, Kim, J. M., Lee, J. S., Park, S. H., Jeong, H. B, et al.
(2019). Blood pressure variability and hemorrhagic transformation in patients with
successful recanalization after endovascular recanalization therapy: a retrospective
observational study. Ann. Neurol. 85, 574-581. doi: 10.1002/ana.25434

Lee, D. C, Close, F. T., Goodman, C. B., Jackson, I. M., Wight-Mason,
C., Wells, L. M., et al. (2006). Enhanced cystatin C and lysosomal protease
expression following 6-hydroxydopamine exposure. Neurotoxicology 27, 260-276.
doi: 10.1016/j.neuro.2005.11.011

Leslie-Mazwi, T. M., Hirsch, J. A., Falcone, G. J., Schaefer, P. W., Lev, M. H.,
Rabinov, J. D,, et al. (2016). Endovascular stroke treatment outcomes after patient
selection based on magnetic resonance imaging and clinical criteria. JAMA Neurol
73, 43-49. doi: 10.1001/jamaneurol.2015.3000

Li, Y. Y, Fang, J., and Ao, G. Z. (2017). Cathepsin B and L inhibitors:
a patent review (2010 - present). Expert Opin. Ther. Pat. 27, 643-656.
doi: 10.1080/13543776.2017.1272572

Lin, L., Wang, X., and and, Yu, Z,. (2016). Ischemia-reperfusion Injury in the
brain: mechanisms and potential therapeutic strategies. Biochem. Pharmacol. 5,
213. doi: 10.4172/2167-0501.1000213

Lipton, P. (1999). Ischemic cell death in brain neurons. Physiol. Rev. 79,
1431-1568. doi: 10.1152/physrev.1999.79.4.1431

Mehra, S., Kumar, M., Manchanda, M., Singh, R, Thakur, B. Rani,
N, et al. (2017). Clinical significance of cathepsin L and cathepsin
B in dilated cardiomyopathy. Mol. Cell. Biochem. 428, 139-147.
doi: 10.1007/s11010-016-2924-6

Mendelow, A. D., Gregson, B. A, Fernandes, H. M., Murray, G. D., Teasdale, G.
M., Hope, D. T., et al. (2005). Early surgery versus initial conservative treatment
in patients with spontaneous supratentorial intracerebral haematomas in the
International Surgical Trial in Intracerebral Haemorrhage (STICH): a randomised
trial. Lancet 365, 387-397. doi: 10.1016/S0140-6736(05)70233-6

Mendelow, A. D., Gregson, B. A., Rowan, E. N., Francis, R, Mccoll, E,
Mcnamee, P,, et al. (2015). Early Surgery versus Initial Conservative Treatment in
Patients with Traumatic Intracerebral Hemorrhage (STITCH[Trauma]): the first
randomized trial. J. Neurotrauma 32, 1312-1323. doi: 10.1089/neu.2014.3644

Mendelow, A. D., Gregson, B. A, Rowan, E. N, Murray, G. D., Gholkar, A.,
Mitchell, P. M, et al. (2013). Early surgery versus initial conservative treatment in
patients with spontaneous supratentorial lobar intracerebral haematomas (STICH
11): a randomised trial. Lancet 382, 397-408. doi: 10.1016/S0140-6736(13)60986-1

Mould, W. A., Carhuapoma, J. R, Muschelli, J., Lane, K., Morgan, T. C,
Mcbee, N. A, et al. (2013). Minimally invasive surgery plus recombinant tissue-
type plasminogen activator for intracerebral hemorrhage evacuation decreases
perihematomal edema. Stroke 44, 627-634. doi: 10.1161/STROKEAHA.111.000411

Nakanishi, H. (2020a). Cathepsin regulation on microglial function. Biochim.
Biophys. Acta Proteins Proteom 1868, 140465. doi: 10.1016/j.bbapap.2020.140465

Nakanishi, H. (2020b). Microglial cathepsin B as a key driver of
inflammatory brain diseases and brain aging. Neural Regen. Res. 15, 25-29.
doi: 10.4103/1673-5374.264444

Nogueira, R. G., Jadhav, A. P, Haussen, D. C., Bonafe, A., Budzik, R. F., Bhuva,
P., etal. (2018). Thrombectomy 6 to 24 hours after stroke with a mismatch between
deficit and infarct. N. Engl. . Med. 378, 11-21. doi: 10.1056/NEJMoal706442

Novinec, M., and Lenarcic, B. (2013). Papain-like peptidases: structure, function,
and evolution. Biomol. Concepts 4, 287-308. doi: 10.1515/bmc-2012-0054

Ojaghihaghighi, S., Vahdati, S. S., Mikaeilpour, A., and Ramouz, A.
(2017). Comparison of neurological clinical manifestation in patients
with hemorrhagic and ischemic stroke. World J. Emerg. Med. 8, 34-38.
doi: 10.5847/wjem.j.1920-8642.2017.01.006

Frontiers in Stroke

09

10.3389/fstro.2022.1050536

Olson, O. C., and Joyce, J. A. (2015). Cysteine cathepsin proteases: regulators
of cancer progression and therapeutic response. Nat. Rev. Cancer 15, 712-729.
doi: 10.1038/nrc4027

Papadopoulos, C., and Meyer, H. (2017). Detection and clearance of damaged
lysosomes by the endo-lysosomal damage response and lysophagy. Curr. Biol. 27,
R1330-R1341. doi: 10.1016/j.cub.2017.11.012

Parker, E. N., Song, J., Kishore Kumar, G. D., Odutola, S. O., Chavarria,
G. E., Charlton-Sevcik, A. K., et al. (2015). Synthesis and biochemical
evaluation of benzoylbenzophenone thiosemicarbazone analogues as potent
and selective inhibitors of cathepsin L. Bioorg Med. Chem. 23, 6974-6992.
doi: 10.1016/j.bmc.2015.09.036

Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis, N.
C., Becker, K, et al. (2018). 2018 guidelines for the early management of patients
with acute ischemic stroke: a guideline for healthcare professionals from the
American Heart Association/American Stroke Association. Stroke 49, e46-e110.
doi: 10.1161/STR.0000000000000158

Qin, A. P., Zhang, H. L., and Qin, Z. H. (2008). Mechanisms of lysosomal
proteases participating in cerebral ischemia-induced neuronal death. Neurosci.
Bull. 24, 117-123. doi: 10.1007/s12264-008-0117-3

Rami, A., and Kogel, D. (2008). Apoptosis meets autophagy-like cell death
in the ischemic penumbra: two sides of the same coin? Autophagy 4, 422-426.
doi: 10.4161/auto.5778

Ren, X., Akiyoshi, K., Dziennis, S., Vandenbark, A. A, Herson, P. S,
Hurn, P. D, et al. (2011). Regulatory B cells limit CNS inflammation and
neurologic deficits in murine experimental stroke. J. Neurosci. 31, 8556-8563.
doi: 10.1523/J]NEUROSCI.1623-11.2011

Ren, X., Hu, H., Faroogi, I, and Simpkins, J. W. (2020). Blood substitution
therapy rescues the brain of mice from ischemic damage. Nat. Commun. 11, 4078.
doi: 10.1038/s41467-020-17930-x

Romanic, A. M., Harrison, S. M., Bao, W., Burns-Kurtis, C. L., Pickering, S.,
Gu, J., et al. (2002). Myocardial protection from ischemia/reperfusion injury by
targeted deletion of matrix metalloproteinase-9. Cardiovasc. Res. 54, 549-558.
doi: 10.1016/S0008-6363(02)00254-7

Seyfried, D. M., Veyna, R, Han, Y., Li, K,, Tang, N., Betts, R. L., et al. (2001).
A selective cysteine protease inhibitor is non-toxic and cerebroprotective in rats
undergoing transient middle cerebral artery ischemia. Brain Res. 901, 94-101.
doi: 10.1016/S0006-8993(01)02289-2

Sun, M., Chen, M., Liu, Y., Fukuoka, M., Zhou, K, Li, G., et al. (2011). Cathepsin-
L contributes to cardiac repair and remodelling post-infarction. Cardiovasc. Res.
89, 374-383. doi: 10.1093/cvr/cvq328

Thomalla, G., Simonsen, C. Z., Boutitie, F., Andersen, G., Berthezene,
Y., Cheng, B., et al. (2018). MRI-guided thrombolysis for stroke with
unknown time of onset. N. Engl. J. Med. 379, 611-622. doi: 10.1056/
NEJMoal804355

Tsubokawa, T., Solaroglu, I, Yatsushige, H., Cahill, ], Yata, K, and
Zhang, J. H. (2006). Cathepsin and calpain inhibitor E64d attenuates matrix
metalloproteinase-9 activity after focal cerebral ischemia in rats. Stroke 37,
1888-1894. doi: 10.1161/01.STR.0000227259.15506.24

Turk, V., Stoka, V., Vasiljeva, O., Renko, M., Sun, T., Turk, B, et al
(2012). Cysteine cathepsins: from structure, function and regulation to
new frontiers. Biochim. Biophys. Acta 1824, 68-88. doi: 10.1016/j.bbapap.
2011.10.002

Vidak, E., Javorsek, U., Vizovisek, M., and Turk, B. (2019). Cysteine cathepsins
and their extracellular roles: shaping the microenvironment. Cells 8, 264.
doi: 10.3390/cells8030264

Vymazal, J., Rulseh, A. M., Keller, J., and Janouskova, L. (2012). Comparison
of CT and MR imaging in ischemic stroke. Insights Imaging 3, 619-627.
doi: 10.1007/s13244-012-0185-9

Wang, X., and Lo, E. H. (2003). Triggers and mediators of hemorrhagic
transformation in cerebral ischemia. Mol  Neurobiol. 28, 229-244.
doi: 10.1385/MN:28:3:229

Weitoft, T., Larsson, A., Manivel, V. A, Lysholm, J., Knight, A, and
Ronnelid, J. (2015). Cathepsin S and cathepsin L in serum and synovial fluid
in rheumatoid arthritis with and without autoantibodies. Rheumatology 54,
1923-1928. doi: 10.1093/rheumatology/keud86

Woodruff, T. M., Thundyil, J., Tang, S. C, Sobey, C. G., Taylor, S.
M., and Arumugam, T. V. (2011). Pathophysiology, treatment, and animal
and cellular models of human ischemic stroke. Mol. Neurodegener. 6, 11.
doi: 10.1186/1750-1326-6-11

Xu, J., Wang, H,, Ding, K., Lu, X,, Li, T., Wang, J., et al. (2013). Inhibition of
cathepsin S produces neuroprotective effects after traumatic brain injury in mice.
Mediators Inflamm. 2013, 187873. doi: 10.1155/2013/187873

frontiersin.org


https://doi.org/10.3389/fstro.2022.1050536
https://doi.org/10.1247/csf.24.465
https://doi.org/10.3109/07853899709007474
https://doi.org/10.1038/sj.onc.1209196
https://doi.org/10.1042/BJ20071255
https://doi.org/10.1016/B978-0-12-394309-5.00006-7
https://doi.org/10.1016/S1474-4422(08)70041-3
https://doi.org/10.1002/ana.25434
https://doi.org/10.1016/j.neuro.2005.11.011
https://doi.org/10.1001/jamaneurol.2015.3000
https://doi.org/10.1080/13543776.2017.1272572
https://doi.org/10.4172/2167-0501.1000213
https://doi.org/10.1152/physrev.1999.79.4.1431
https://doi.org/10.1007/s11010-016-2924-6
https://doi.org/10.1016/S0140-6736(05)70233-6
https://doi.org/10.1089/neu.2014.3644
https://doi.org/10.1016/S0140-6736(13)60986-1
https://doi.org/10.1161/STROKEAHA.111.000411
https://doi.org/10.1016/j.bbapap.2020.140465
https://doi.org/10.4103/1673-5374.264444
https://doi.org/10.1056/NEJMoa1706442
https://doi.org/10.1515/bmc-2012-0054
https://doi.org/10.5847/wjem.j.1920-8642.2017.01.006
https://doi.org/10.1038/nrc4027
https://doi.org/10.1016/j.cub.2017.11.012
https://doi.org/10.1016/j.bmc.2015.09.036
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1007/s12264-008-0117-3
https://doi.org/10.4161/auto.5778
https://doi.org/10.1523/JNEUROSCI.1623-11.2011
https://doi.org/10.1038/s41467-020-17930-x
https://doi.org/10.1016/S0008-6363(02)00254-7
https://doi.org/10.1016/S0006-8993(01)02289-2
https://doi.org/10.1093/cvr/cvq328
https://doi.org/10.1056/NEJMoa1804355
https://doi.org/10.1161/01.STR.0000227259.15506.24
https://doi.org/10.1016/j.bbapap.2011.10.002
https://doi.org/10.3390/cells8030264
https://doi.org/10.1007/s13244-012-0185-9
https://doi.org/10.1385/MN:28:3:229
https://doi.org/10.1093/rheumatology/keu486
https://doi.org/10.1186/1750-1326-6-11
https://doi.org/10.1155/2013/187873
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

Ma et al.

Yadati, T., Houben, T., Bitorina, A., and Shiri-Sverdlov, R. (2020). The Ins and
outs of cathepsins: physiological function and role in disease management. Cells 9,
1679. doi: 10.3390/cells9071679

Yamasaki, R., Zhang, J., Koshiishi, I., Sastradipura Suniarti, D. F., Wu, Z,,
Peters, C., et al. (2007). Involvement of lysosomal storage-induced p38 MAP
kinase activation in the overproduction of nitric oxide by microglia in cathepsin
D-deficient mice. Mol. Cell Neurosci. 35, 573-584. doi: 10.1016/j.mcn.2007.05.002

Yamashima, T. (2013). Reconsider Alzheimers disease by the ’calpain-
cathepsin hypothesis'—a perspective review. Prog. Neurobiol. 105, 1-23.
doi: 10.1016/j.pneurobio.2013.02.004

Yang, D., Han, Y., Zhang, J., Ding, C., Anagli, J., and Seyfried, D. M.
(2011). Improvement in recovery after experimental intracerebral hemorrhage

Frontiers in Stroke

10

10.3389/fstro.2022.1050536

using a selective cathepsin B and L inhibitor. J. Neurosurg. 114, 1110-1116.
doi: 10.3171/2010.6.JNS091856

Yang, Y., and Rosenberg, G. A. (2015). Matrix metalloproteinases as therapeutic
targets for stroke. Brain Res. 1623, 30-38. doi: 10.1016/j.brainres.2015.04.024

Zhang, Z., Lee, Y. C., Kim, S. J., Choi, M. S., Tsai, P. C., Saha, A, et al.
(2007). Production of lysophosphatidylcholine by cPLA2 in the brain of mice
lacking PPTT1 is a signal for phagocyte infiltration. Hum. Mol. Genet. 16, 837-847.
doi: 10.1093/hmg/ddm029

Zhou, X. Y., Luo, Y., Zhu, Y. M,, Liu, Z. H,, Kent, T. A,, Rong, J. G,, et al. (2017).
Inhibition of autophagy blocks cathepsins-tBid-mitochondrial apoptotic signaling
pathway via stabilization of lysosomal membrane in ischemic astrocytes. Cell Death
Dis. 8, €2618. doi: 10.1038/cddis.2017.34

frontiersin.org


https://doi.org/10.3389/fstro.2022.1050536
https://doi.org/10.3390/cells9071679
https://doi.org/10.1016/j.mcn.2007.05.002
https://doi.org/10.1016/j.pneurobio.2013.02.004
https://doi.org/10.3171/2010.6.JNS091856
https://doi.org/10.1016/j.brainres.2015.04.024
https://doi.org/10.1093/hmg/ddm029
https://doi.org/10.1038/cddis.2017.34
https://www.frontiersin.org/journals/stroke
https://www.frontiersin.org

	Cathepsin L and acute ischemic stroke: A mini-review
	Introduction
	Cathepsin L
	Cathepsin L inhibitors for stroke treatment
	Translational significance
	Perspectives and conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


