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Abstract: Cathepsins are endolysosomal proteases that can be categorized into 
different types based on their structures and active-site amino acid residue, includ-
ing cysteine (cathepsins B, C, F, H, K, L, O, S, V, W, and X), serine (cathepsins A 
and G), and aspartic (cathepsins D and E). Cathepsins can regulate diverse cellu-
lar activities such as the processing and presentation of antigens, the processing 
and activation of hormones, apoptosis, aging, and autophagy. Recently, cathepsin 
B has gained attention for its role in various neurological diseases including 
 ischemic stroke, Alzheimer’s disease, Parkinson’s disease, and traumatic brain 
injury. This chapter mainly focuses on the role of cathepsin B in brain ischemia- 
reperfusion injury in animal models of stroke.
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INTRODUCTION

Ischemic stroke is one of the leading causes of death and disability worldwide. 
The World Health Organization (WHO) defines stroke as “rapidly developing 
clinical signs of focal (or global) disturbance of cerebral function lasting more 
than 24 h or leading to death with no apparent cause other than a vascular origin” 
(1). Stroke can be categorized as of ischemic, hemorrhagic, or subarachnoid types. 
Most strokes (87%) are ischemic strokes (2). 

Ischemic stroke is a sudden interruption of the blood supply to a part of the 
brain, also known as focal ischemia. After ischemic stroke, oxygen and glucose 
deprivation leads to energy failure or adenosine triphosphate (ATP) depletion in 
the ischemic region. The ATP depletion, if long enough, triggers numerous patho-
physiological events, such as membrane depolarization, glutamate release, sodium 
and calcium influx, subcellular organelle damage, and eventually leads to tissue 
necrosis (3, 4). After focal ischemic stroke, about 80% of neurons die in the non-
perfused core with complete ischemia within 4 hours, whereas about 40% of 
neurons gradually die in the hypo-perfused penumbral region over a period of 
4  to 24 hours (5). The breakdown of the blood-brain barrier (BBB), microglia 
activation, monocyte/neutrophil infiltration, and astrogliosis are just observed 
until 24 hours after focal brain ischemia (5). 

Several decades of research have proven that post-ischemic tissue within a 
certain period can be rescued by restoring the blood supply to the ischemic 
 territory, i.e., reperfusion, as shown clinically with Alteplase (tPA) and endovas-
cular reperfusion treatments that may improve clinical outcomes. However, 
reperfusion can also inadvertently lead to ischemia-reperfusion injury (6). The 
events related to brain ischemia-reperfusion injury may include glutamate exci-
totoxicity, calcium overload, cellular and endoplasmic reticulum (ER) stress 
responses, mitochondrial dysfunction, overproduction of reactive oxygen spe-
cies, protein misfolding and aggregation, dysfunctional autophagy and endoly-
sosomal system, dysfunctional ubiquitin and proteasomal system, activation of 
numerous intracellular signaling pathways, breakdown of the BBB, expression 
of adhesion molecules and leukocyte adhesion, and post-ischemic local and 
systemic inflammation (7–11). 

The role of the post-ischemic breakdown of the BBB, microglia activation, 
monocyte/neutrophil infiltration, and astrogliosis in stroke brain injury have 
been intensively studied recently. The infiltration of inflammatory and immune 
cells is involved in the cleanup of post-ischemic tissue and cell debris but may 
also release neurotoxic mediators causing progression of stroke brain injury 
(12, 13). The activation of brain resident glial cells has been considered as a 
double-edged sword in the modulation of ischemic events. On one hand, acti-
vated microglia and astrocytes are involved in ischemic recovery through their 
promotion of anti-inflammatory responses, neurogenesis, angiogenesis, and 
synaptogenesis in the post-ischemic brain (14, 15). On the other hand, these 
cells produce proinflammatory cytokines, chemokines, reactive oxygen 
 species, etc., which could contribute to progression of stroke brain injury 
(14, 15). Therefore, understanding the post-stroke local and systemic inflam-
matory and immune responses could facilitate the development of ischemic 
stroke therapies. 
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CATHEPSINS

A protease (also called a peptidase or proteinase) is an enzyme that catalyzes pro-
teolysis, the breakdown of proteins into smaller polypeptides or single amino 
acids. They do this by cleaving the peptide bonds by hydrolysis. Proteases are 
generally classified as endo- and exo-peptidase depending upon the peptide bond 
locations to be cleaved. Proteases can be further classified into serine, cysteine, 
and aspartic proteases and metalloproteases. Exo-peptidases consist of aminopep-
tidases and carboxypeptidases. In the normal brain, proteases play a key role in 
the catabolism of cellular and extracellular proteins including peptide neurotrans-
mitters, intracellular signaling proteins, cellular structural proteins, and extracel-
lular matrix proteins (16). Abnormal protease activities have been implicated in 
the pathogenesis of a diverse number of acute brain injuries such as ischemic 
stroke and traumatic brain injury, and all types of chronic neurodegenerative dis-
orders (17). For instance, activation of matrix metalloproteinases (MMPs) may 
play a role in the BBB breakdown after stroke (18, 19). Activation of calpain may 
lead to ischemia-reperfusion brain injury (20). Activation of caspases may lead to 
cell apoptosis after stroke (21). Recently, cathepsins have been in the spotlight 
because of their role in regulating autophagy, phagocytosis, apoptosis, and inflam-
mation commonly observed in brain tissue after stroke. Cathepsins also play a key 
role in various central nervous system (CNS) disorders. Therefore, the strict regu-
lation of their activities is necessary to maintain tissue or cellular homeostasis.

Cathepsins are primarily located in the lumen of endolysosomal structures and 
are abundantly found in all organisms (22). Cathepsins are classified into cathepsin 
A, B, C, D, E, F, G, H, K, L1, L2, O, S, V, W, and Z. Most cathepsins function inside 
endolysosomal compartments (mostly late endosome and endolysosome) for degra-
dation of cellular waste cargos, but with a few exceptions. Cathepsins B and K also 
play a role in extracellular signaling and extracellular matrix remodeling (23). Some 
cathepsins can be released from the endolysosomal compartments into the cytosol to 
initiate a variety of intracellular events. For example, a small amount of intracellularly 
released cathepsins (cathepsins B, C, L, S and Z) can induce the activation of inflam-
masomes and apoptosis (24). Cathepsins can be secreted outside of cells (25), where 
they can either remain attached to the cell membrane or be released into the extracel-
lular space. Cathepsins attached to the plasma membrane can cleave membrane pro-
tein extracellular domains like integrins or membrane receptors, whereas extracellular 
cathepsins are involved in the degradation of the extracellular matrix proteins 
(22, 24, 26, 27). Cathepsins can also be involved in the recruitment of immune and 
vascular cells towards the site of injury in cardiovascular diseases (28, 29) and brain 
ischemia (30, 31). In addition, cathepsins may play a role in  specific tissues. For 
instance, cathepsin K is predominantly secreted by activated osteoclasts to degrade 
collagen and other matrix proteins during bone resorption (32).

CATHEPSIN B

Among others, cathepsin B (CTSB hereafter), is considered as a potential drug 
target for several human ailments including various cancers (33–35), 
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rheumatoid arthritis (36, 37), liver fibrosis (38), pancreatitis (39), and microbial 
infection (40–42). Additionally, CTSB has been shown to play a role in stroke 
(43–46), traumatic brain injuries, epilepsy, Alzheimer’s disease, Parkinson’s dis-
ease, and multiple sclerosis (47–54). Most cathepsins solely have endopeptidase 
activity, while CTSB has both endopeptidase and exopeptidase activity (55). 
Notably, CTSB is the most abundant cathepsin in the brain (56). CTSB is syn-
thesized on ER-associated ribosomes as a pre-proenzyme of 339 amino acids. 
While being synthesized, pre-procathepsin B is imported into the ER lumen. 
After synthesis, CTSB is cleaved by a signal peptidase inside the ER lumen to 
become proCTSB (46 kDa) (57). This proCTSB is glycosylated with high levels 
of mannose within the ER before being transported via ER-derived transport 
vesicles to the Golgi apparatus. In the Golgi, the mannose residues are modified 
to become mannose-6-phosphate (M6P) moieties. The M6P-tagged proCTSB 
and its associated M6P-receptors (M6PR) are packed together into clathrin-
coated vesicles and transported to the late endosomes (23). Once in the late 
endosomal acidic environment, M6PR releases the M6P-proCTSB and is trans-
ported back to the trans-Golgi network to be reused (58). Inside the late endo-
somal acidic environment (pH 6.0), the propeptide of proCTSB undergoes 
autocleavage or is cleaved by other cathepsins to remove the 62-amino acid 
propeptide from the N-terminus and the 6 amino acids from the C-terminus to 
become a 31–33 kDa mature single chain CTSB. The CTSB maturation contin-
ues after the late endosome fuses with a terminal lysosome to become an 
endolysosome where the 31–33 kDa mature single chain form of CTSB is fur-
ther processed into its 24–27 kDa double heavy chain form and a 5 kDa light 
chain which are linked by disulfide bonds (Figure 1) (9, 57, 59). Enzymatic 
deglycosylation reveals that the 27 kDa polypeptide is the glycosylated variant 
of the carbohydrate-free 24 kDa heavy-chain form (58). The 24-27 kDa double 
heavy chain CTSB is proteolytically active (60). 

CTSB AND ENDOLYSOSOMAL TRAFFICKING 

As described above, CTSB undergoes continuous transformations through a series 
of subcellular organelles of the ER, Golgi and endolysosomal trafficking systems. 
The endolysosomal system comprises the extension of the trans-Golgi biosyn-
thetic pathways, autophagic pathways, and endocytic (early endosome to late 
endosome) pathways. In this chapter, the endolysosomal system refers to the 
gamut of endolysosomal compartments or structures comprising the late endo-
some, endolysosome, and terminal lysosome (Figure 1) (23, 61). These three 
endolysosomal structures contain almost identical protein compositions. The late 
endosome has been considered as the precursor of the endolysosome and lyso-
some. For that reason, the commonly used lysosomal markers such as cathepsins 
and lysosomal membrane-associated proteins are major components of the late 
endosome, endolysosome, and lysosome. There are no specific protein markers 
that can differentiate the late endosome from the endolysosome (62). M6PR and 
Rab7 (ras-related protein rab-7) are the only two proteins currently known to be 
present in the late endosome and endolysosome but absent in the terminal lyso-
some (63).



Cathepsin B in Stroke 135

All endolysosomal compartments have acidic lumens, which is maintained 
by their transmembrane proton pump, i.e., vacuolar ATPase (V-ATPase) (64). 
Different densities of V-ATPase are present throughout the endolysosomal 
compartments to create a pH range from 6.0 in the late endosome to 4.5 in the 
lysosome (65). Although the late endosome receives incoming acid hydrolytic 
enzymes from the Golgi apparatus and degradation cargos from the early 
endosome and autophagosome, they cannot degrade these waste cargos effi-
ciently because of their higher intraluminal pH (6.0). They must be acidified 
by fusing with the more acidic terminal lysosome (pH 4.5) to become a hybrid 
endolysosome (23). The endolysosome is the principal intracellular site of 
acid hydrolase activity for degradation of early endosomal and autophagic 

Figure 1. Cathepsin B intracellular trafficking. CTSB is originally synthesized as a 
preproenzyme in the ER-associated polyribosome. Upon translocation to the ER, CTSB 
pre-peptide is cleaved to form a 46 kDa form of proCTSB and then glycosylated before being 
transported into the Golgi apparatus. The proCTSB in the Golgi apparatus is then 
transported via transport vesicles to the late endosome where the pro-peptide is cleaved to 
form a 33 kDa single chain form of mature CTSB. After late endosomal fusion with a lysosome 
to become an endolysosome, the 33 kDa single chain form of mature CTSB is further cleaved 
to a 24–27 kDa double heavy chain form of CTSB. Membrane fusion between late endosome 
and lysosome is mediated by the NSF-SNAP-SNAREs machinery. After fusion, active SNAREs 
become inactive complexes and must be dissociated or reactivated by the cooperative action 
of NSF ATPase and SNAP for the next round of membrane fusion.
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cargos, whereas the terminal lysosome acts as a store of acid hydrolases and is 
cathepsin-inactive (23). After degradation of the cargo, an endolysosome 
reforms into a new terminal lysosome, which is ready to fuse with another late 
endosome and participate in the next round of the endolysosome-terminal 
lysosome cycle (23).

The fusion between late endosome and terminal lysosome is facilitated by 
the cooperative action of a few protein complexes. The core proteins for 
endolysosomal fusion include: (i) N-ethyl-maleimide sensitive factor (NSF), 
(ii) soluble NSF attachment protein (SNAP), and (iii) soluble NSF attachment 
protein receptors (SNAREs) (66). SNAREs are fusion proteins and can be 
divided into vesicle or v-SNAREs, and target or t-SNAREs. Interactions 
between v- and t-SNAREs from two opposite lipid membranes form trans-
SNARE complexes, bringing two membranes nearby for their phospholipid 
membranes to merge into a single organelle. After fusion, SNAREs form inac-
tive stable complexes and must be dissociated by NSF ATPase to become the 
individual active conformations for the next round of membrane fusion (67, 
68). This reactivation requires SNAREs to connect the NSF ATPase via an 
adaptor protein SNAP (67, 68).

Mutation of the aminoacid 329 glutamate of NSF with glutamine (termed 
E329Q mutation) leads to complete cellular NSF ATPase inactivation via a 
dominant- negative mechanism (69). Expression of E329Q NSF dominant nega-
tive mutant in cell cultures leads to NSF deposition into two major subcellular 
organelle systems: (i) the Golgi apparatus, and (ii) the endolysosomal system 
(70). Meanwhile, other subcellular structures such as the ER are minimally 
affected by NSF inactivation in cell cultures (70). Therefore, NSF inactivation 
preferentially damages the Golgi apparatus and endolysosomal systems (70). 
The Golgi and endolysosomal structures are the major membrane trafficking 
organelles containing the highest amount of NSF, SNAP, and SNARE proteins 
(70). In comparison, other subcellular organelles such as ER membranes recruit 
only a little amount of NSF despite the known ability of SNAREs to bind α-SNAP 
and NSF in these subcellular organelles (70). For that reason, the Golgi appara-
tus and endolysosomal systems depend on NSF-mediated membrane fusions to 
maintain their normal structures and functions, whereas the rest of subcellular 
organelles have a minimal requirement of a functional NSF-SNAP-SNARE 
machinery to support their normal structures (70). This conclusion is further 
supported by NSF knockdown studies. Knockdown of NSF in the normal 
immortalized human kidney cells primarily results in a large-scale buildup of 
late endosomes, which can be visualized under confocal microscopy, as well as 
various endolysosomal structures containing whole organelles, membrane 
whorls, and electron-dense aggregates, that can be seen under electron micros-
copy (70).

Ischemic stroke injury leads to the inactivation of neuronal NSF ATPase (46). 
As a result, the Golgi apparatus is irreversibly fragmented, and the endolysosomal 
structures are massively increased in both size and number in post-ischemic 
 neurons (9, 46). This massive buildup of Golgi apparatus fragments and endoly-
sosomal structures eventually leads to their structural damage and the release of 
CTSB causing a progression of stroke brain injury (46).
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THE ROLE OF CTSB IN NEURONAL DEATH AND 
INFLAMMATION 

Cytoplasmic CTSB released from neuronal endolysosomal compartments may 
activate the Bax-like BH3 protein (Bid) and the Bcl-2-associated X protein (Bax) 
pathway, resulting in induction of mitochondrial outer membrane permeabiliza-
tion (MOMP) after brain ischemia (71). Both Bid and Bax are expressed in mature 
neurons (72). The full-length Bid protein does not expose its mitochondrial 
anchoring segment and is inactive in the cytosol of healthy cells. Moderately 
released CTSB cleaves the Bid autorepression domain to produce active truncated 
Bid (tBid), resulting in tBid translocation to the mitochondrial outer membrane. 
tBid then induces oligomerization of Bax to form mitochondrial outer membrane 
pores. As a result, MOMP is induced, leading to cell death (71). 

MOMP has been detected in several paradigms of neuronal death and is com-
monly considered as the ‘point of no return’ (71). A distinctive sign of MOMP is 
the cytosolic release of proteins such as cytochrome C (CytC), apoptosis inducing 
factor, endonuclease G, and high temperature requirement protein A2 (Htra2) 
from the intermembrane space between the inner and outer mitochondrial mem-
branes (73–76). CTSB-dependent Bid cleavage, as well as tBid and Bax transloca-
tion to mitochondria have been observed in in vivo and cell culture studies 
(45, 77, 78). Extensive CTSB release, however, can digest proteins indiscrimi-
nately to directly induce tissue infarction (79).

The cytoplasmic CTSB outside of endolysosomal compartments has been 
detected in neurons after global brain ischemia (44). New evidence supports that 
a microscale amount of CTSB is released from mildly damaged endolysosomal 
compartments after global brain ischemia (9, 80). This microscale CTSB release 
may be limited inside of neurons to cause a non-rupture type of cell death via the 
MOMP as described above after a brief episode of global brain ischemia (9, 80). 
When compared to a brief episode of global brain ischemia (10–15 min), pro-
longed focal brain ischemia (e.g., 1–2 hours) results in a more significant release 
of CTSB (81). A recent report suggested that CTSB was released on a large scale 
from substantially damaged endolysosomal compartments into the cytoplasm and 
eventually into the extracellular space (81). This large-scale CTSB release causes 
direct tissue infarction (81). 

The early release of CTSB occurs in post-ischemic neurons particularly into 
the  cytoplasm, which could happen due to endolysosomal structural damage 
(45). A discrete small punctate immunolabeling pattern of CTSB was seen in the 
cytoplasm of normal brain neurons (82). However, after brain ischemia, CTSB-
immunostained cytoplasmic structures were enlarged, became more numerous, 
and also showed diffuse intracellular distribution as early as at 30 min of reperfu-
sion (83) and remained elevated for at least 24 h in post-stroke neurons (9, 46). 
CTSB also leaked into the neuronal cytosol of the ischemic core region during a 
period of 1–4 h of reperfusion after 1 hour of middle cerebral artery occlusion 
(MCAO), suggesting that endolysosomal membrane integrity was rapidly lost in 
the post-ischemic core neurons (45). In addition, the CTSB levels significantly 
increased in post-ischemic neurons in the ischemic core region at 1 hour and 
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12  hours post-reperfusion after MCAO in rats (43). Similarly, increased CTSB 
immunoreactivity was detected exclusively in the penumbral neurons at two 
hours of reperfusion following 2-hour MCAO in rats (84). The immunoreactivi-
ties of CTSB, cathepsin H, and cathepsin L were significantly increased in the 
hippocampal CA1 pyramidal neurons after transient global brain ischemia in the 
gerbil and monkey models (85). These studies suggest that the level of CTSB is 
increased in post-ischemic neurons during the early phase (1-24 h) in different 
animal models. 

The level of CTSB is also upregulated in cell types other than neurons in the 
late post-ischemic phase (1-30 days) in animal brain ischemia models (86-88). 
CTSB immunolabeling showed a significant upregulation in reactive microglial 
cells and infiltrated inflammatory immune cells from 2-3 days of reperfusion 
onward until a couple of weeks after stroke (87, 88). CTSB is a key regulator of 
inflammation in non-neuronal cells after stroke (86). Typically, in a normal brain, 
neurons show a high level of CTSB, whereas non-neuronal cell types such as 
astrocytes, microglia, oligodendrocytes, and blood vessel cells display a relatively 
low level of CTSB, consistent with the observations that CTSB was barely detect-
able in the non-neuronal cell types under confocal microscopy (9, 89). However, 
the protein level of CTSB was upregulated on a large-scale in the activated microg-
lia, macrophage, cytotoxic T cells, and other infiltrated inflammatory cells during 
the late (from 24 h onward) post-ischemic phase (89). The CTSB protein level 
continuously increased during the first week after injury in a rat contusion-injured 
spinal cord model (90). In addition, peripheral inflammatory and immune cells, 
such as macrophages and cytotoxic T cells also expressed higher levels of CTSB in 
the epicenter of the injured spinal cord (89). These studies suggest that the upreg-
ulation of CTSB in peripheral inflammatory and immune cells might facilitate 
their infiltration into the brain injury area after stroke. 

Post-stroke activation of glial cells is a key part of neuroinflammation (11, 91, 
92). Microglial CTSB may play a key role in neuroinflammatory brain diseases and 
brain aging for the following reasons (47). Microglial CTSB is involved in the 
production and secretion of proinflammatory cytokine interleukin-1β through 
pyrin domain-containing protein 3 inflammasome-independent processing of 
procaspase-3 in the phagolysosomes (47). Microglial CTSB may regulate nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-κB) transcriptional 
activity through the proteolytic degradation of NF-κB inhibitor α (IκBα) (47), 
which regulates the production of diverse inflammatory mediators. These studies 
demonstrate that CTSB plays a role in the activation of microglial cells after brain 
ischemia. However, it is essential to dissect the role of CTSB in neuronal injury 
from that in the inflammatory response after brain ischemia. The potential role of 
CTSB in stroke brain injury is summarized in Figure 2.

INHIBITION OF CTSB AFTER ISCHEMIC STROKE

CTSB inhibitors have been used to study brain protection against ischemic brain 
injury in animal models. Gu and colleagues showed that treatment of rats with a 
CTSB inhibitor 2-(3’,5’-Dimethoxybenzylidene) cyclopentanone (DMBC) at 1 or 
6 hours after permanent MCAO reduced brain infarction and neurological 
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deficits (93). Seyfried et al. showed that treatment of rats with cysteine protease 
inhibitor (CP-1) at 2 hours after MCAO reduced brain infarction and functional 
deficits (94). Furthermore, post-ischemic treatment with CP-1 reduced infarct 
volume, neurological deficits, and CTSB activity in the brain in the rat hemor-
rhagic stroke model (95). Seyfried et al. also demonstrated that continuous intra-
ventricular infusion of stefin A, a CTSB inhibitor, before 2-hours of MCAO 
significantly reduced infarct volume (84). 

Zuo et al. showed that treatment of rats with bis(propyl)-cognitin (B3C) atten-
uated the number of CTSB positive cells and protein expression levels of CTSB in 
the ventral posterior nucleus of the ipsilateral thalamus and decreased tissue dam-
age after distal MCAO (96). Gauthier et al reported that treatment with cystatin C, 
an indigenous cysteine protease inhibitor, offered neuroprotection in diverse 

Figure 2. The role of CTSB in neurons and non-neuronal cells after ischemic stroke. A, Post-
stroke neurons require functional cathepsins including CTSB inside the endolysosomal 
compartments for the removal of protein aggregates, damaged organelles, and endocytic 
cargos to maintain intra-neuronal homeostasis. However, when released into the cytoplasm, 
CTSB can cleave Bid to generate tBid causing MOMP and the release of CytC, endonuclease 
G, and Htra2. The cytoplasmic CTSB-induced cascade of events that eventually contributes to 
cell death. When released from the damaged neurons into the extracellular space in a large 
quantity, CTSB can directly damage the BBB and lead to tissue infarction. B, In post-stroke 
microglial cells and infiltrated inflammatory and immune cells (macrophages and cytotoxic T 
cells), the endolysosomal compartments are required for the phagocytotic activities to 
remove dead cells and injured tissue to maintain tissue homeostasis. Macrophages secrete 
CTSB to infiltrate into brain damaged areas after stroke, thus contributing to tissue 
remodeling or damage.
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neurological disorders including stroke (97). Focal brain hypoxia was shown to 
cause extensive hippocampal tissue injury in neonatal wild-type mice, but not in 
CTSB knockout mice (98). 

It is noteworthy to mention that although several studies have demonstrated 
that treatment with CTSB chemical inhibitors such as CA-074Me and E64d might 
offer brain protection in animal ischemic stroke models, these studies should be 
interpreted with caution for the following reasons. Treatments of animals with 
chemical CTSB inhibitors increase endolysosomal concentration by about 3-fold 
due to inhibition of normal endolysosomal activity and CTSB turnover rate (54, 
99). Most chemical cathepsin inhibitors, including CA-074 and CA-074Me, are 
actually not specific for CTSB, despite manufacturer’s claims (100-102). Also, the 
effects of some CTSB inhibitors occur primarily at a pH between 4.5-5.0 and are 
ineffective at a neutral pH of 7.4 (103). The endolysosomal luminal (pH 4.5-5.0) 
CTSB activity is beneficial in degrading protein aggregates and damaged organ-
elles, while the released CTSB activity outside the endolysosomal lumen is harm-
ful after stroke (46, 79). Therefore, some chemical inhibitors prevent natural 
endolysosomal degradation activities from occurring and thus might even result 
in more cell damage after brain ischemia. At the same time, these chemical inhibi-
tors have a limited effect on the harmful CTSB activity at neutral pH outside of the 
endolysosomal lumen. An ideal inhibitor would limit its inhibitory activity to the 
harmful released CTSB while having no impact on the endolysosomal luminal 
degradation activities. 

CONCLUSION

After ischemic stroke, neuronal necrosis occurs during the early phase, mostly 
within 1-24 hours (5). In comparison, microglia activation, monocyte/neutrophil 
infiltration, and astrogliosis takes place mainly from 24 hours onward after stroke 
(5, 11, 104). CTSB trafficking in neurons is significantly impeded during the early 
post-stroke phase, resulting in CTSB release from the neuronal endolysosomal 
compartments causing progression of stroke brain injury (46, 79). The CTSB level 
is significantly upregulated in the endolysosomal compartments in non-neuronal 
cells from 24 hours onward after stroke. As schematically illustrated in Figure 2, 
CTSB may play a multidimensional role in neurons and non-neuronal cells, inside 
and outside of endolysosomal compartments after stroke. 

Brain ischemia leads to a massive buildup of protein aggregates and damaged 
organelles in post-ischemic neurons (4, 46, 105, 106). To maintain tissue and 
cellular homoeostasis, post-stroke neurons require functional cathepsins includ-
ing CTSB inside the lumen of the endolysosomal compartments to degrade endo-
cytic and autophagic cargos overproduced after brain ischemia (Figure 2A). 
Therefore, the endolysosomal luminal cathepsins should not be inhibited after 
brain ischemia. However, when released into the cytoplasm, CTSB can cleave Bid 
to generate truncated Bid (tBid) causing MOMP and the release of CytC, endo-
nuclease G, and Htra2 from the mitochondrial intermembrane/intercristae spaces 
(73–76) (Figure 2A). The cytoplasmic CTSB-induced cascade of events will even-
tually contribute to cell death (71). CTSB, when released from the damaged neu-
rons into the extracellular space in a large quantity, can digest proteins 
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indiscriminately to directly damage the BBB and lead to tissue infarction (79) 
(Figure 2A).

The CTSB level is significantly upregulated in non-neuronal cells, particularly 
infiltrated macrophages, in the injured brain region after stroke. The upregulation 
of CTSB and the endolysosomal system in inflammatory and immune cells is 
needed for phagocytosis of post-ischemic damaged tissues to maintain the tissue 
homeostasis (107) (Figure 2B). However, when released into the cytoplasm from 
endolysosomal compartments of microglial or other inflammatory cells, CTSB can 
mediate the formation of nucleotide-binding oligomerization domain-like recep-
tor and pyrin domain-containing protein 3 (NLRP3) inflammasome and activate 
caspases 1 to cleave and activate proinflammatory cytokines (e.g., interleukin 
[IL]-1β, IL-18, etc.) (107). Similarly, macrophage and other inflammatory cells 
secrete a fair amount of CTSB to facilitate their infiltration and migration into 
injured tissues to degrade extracellular matrix (ECM) proteins or even to cause 
tissue damage (98). Therefore, understanding the multidimensional role that 
CTSB plays in neurons and non-neuronal cells, inside and outside of endolyso-
somal compartments, and during the early and late phases after ischemic stroke 
may facilitate the development of corresponding strategies for the treatment of 
stroke. 
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