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Cathepsin B induces kidney
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Cathepsin B (CTSB), a key cysteine protease, plays essential roles in physiological

and pathological processes. As research progresses, interest in how CTSB

triggers different types of programmed cell death (PCD) to induce the onset

and development of diseases is increasing. Several recent studies suggest that

different types of PCD mediated by CTSB play key roles in kidney diseases. In this

review, we outline the fundamental mechanisms by which CTSB triggers different

types of PCD in several kidney diseases and discuss the function of CTSB in

various segments of the kidney. Moreover, we explore the possibilities and

prospects of using CTSB as a therapeutic target for kidney diseases.
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1 Introduction

CTSB is a cysteine protease of the papain family that is widely expressed in human

tissues and is localized mainly in lysosomal compartments and subcellular endosomes (1).

Compared with other cathepsins (cathepsins A, C, D, E, F, G, H, J, K, L, O, S, T, V, W, Y,

and Z), CTSB has received intense attention from researchers because of its involvement in

a myriad of physiological and pathological processes within the human body (2).

Since the discovery of CTSB in the 1950s, scholars have explored many of its functions.

Protein synthesis and degradation are dynamic equilibrium processes. CTSB plays a crucial

role in the intracellular degradation and processing of proteins and ensures this equilibrium

through its proteolytic activity (1). CTSB not only is involved in the regular turnover of

proteins but also participates in the activation of bioactive substances. CTSB can mediate

different types of PCD (3, 4). For example, during the process of cell apoptosis, CTSB can

cleave specific substrates, thereby promoting the process of cell apoptosis. In autophagic

cell death, CTSB participates in the formation of autophagosomes through its proteolytic

activity, ensuring the effective progression of autophagy and thus affecting the fate of cells

(1). In addition, CTSB participates in the onset and progression of inflammatory reactions

by regulating the release of inflammatory mediators, cell signaling, and other pathways.
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CTSB is closely related to various diseases. In cancer, CTSB

promotes the invasion and metastasis of tumour cells and affects the

development of cancer by regulating the tumour microenvironment

(5). In rheumatoid arthritis and osteoarthritis, the increased activity

of CTSB leads to the destruction of joint tissue (6). In osteoporosis,

CTSB participates in the process of bone resorption and affects bone

density (7). In addition, CTSB has been shown to play a

pathological role in diseases such as intracerebral hemorrhage,

liver fibrosis, pancreatitis, Alzheimer’s disease, and inflammatory

respiratory diseases (8–10).

CTSB, a key mediator, has been shown to play an important role in

kidney disease. An increasing body of evidence suggests that CTSB

induces the occurrence of kidney diseases through multiple cell death

pathways (3). Here, we focus on elucidating the mechanisms by which

CTSB induces kidney disease through different types of PCD pathways.

We also review the process of CTSB maturation, its physiological

functions, and the roles it plays in different segments of the kidney. In

addition, the CTSB protein has attracted increasing attention as a

therapeutic target for diseases (11, 12), and we further explore the role

of CTSB in the treatment of kidney diseases.
2 The maturation and physiological
functions of CTSB

The process of CTSB maturation involves a series of finely

regulated steps. First, CTSB is synthesized on ribosomes as the

inactive form preprocathepsin B. This preprocathepsin carries a

signal peptide that ensures that it is properly directed to the

endoplasmic reticulum. In the endoplasmic reticulum, signal peptides

are cleaved and the precursor is converted into procatheapsin B.

Procathepsin B subsequently undergoes glycosylation in the Golgi

apparatus, where it is modified with sugar chains with

phosphorylated mannose. These sugar chains allow procathepsin B

to be recognized by the mannose 6-phosphate receptor, directing it

towards the lysosome for translocation (3). In the acidic environment

of the lysosome, precursor enzymes remove precursor peptides

through autocatalysis or the action of other proteases, ultimately

forming mature CTSB with activity. Mature CTSB is composed of a

heavy chain and a light chain, which are tightly connected through

disulfide bonds (13). This maturation process ensures that CTSB can

achieve its highest efficacy in its operating environment, which is

crucial for its activity and functionality.Within the cell, CTSB activity is

strictly regulated to ensure that it performs its physiological functions at

the right time and in specific locations. Furthermore, CTSB

demonstrates enzymatic activity across a broad pH range, functions

effectively from pH 3.0 to 7.0, andmay suffer irreversible inactivation in

overly alkaline environments.

Although CTSB often plays a pathological role in diseases such as

cancer and neurodegeneration, it also has important physiological

functions in normal cells. Recent research has revealed the decisive

impact of the tissue and cell specificity or subcellular localization of

CTSB on the diversity of its physiological functions (14). One of the

main physiological functions of CTSB is to participate in antigen

processing and presentation. Dendritic cells are key to initiating
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immune responses; they rely on CTSB to degrade antigens and then

present them to T cells. The activation of B cells and CD8+ T cells is

significantly facilitated by this process, underscoring the pivotal role of

CTSB in the adaptive immune response (15, 16). In addition to its role

in antigen processing and presentation, CTSB is involved in regulating

cellular redox homeostasis. Various redox molecules can reversibly

modify CTSB, affecting redox homeostasis in mammalian cells and

tissues. In addition, CTSB is related to the regulation of cellular ageing.

By affecting the expression of various receptors and ligands associated

with ageing, CTSBmight be involved in regulating the fate of senescent

cells (17). Overall, CTSB is a multifunctional enzyme that plays a

variety of physiological roles in mammalian cells and tissues, from

antigen processing to the regulation of redox balance and the regulation

of cellular ageing. CTSB is involved in numerous physiological

processes that are crucial for normal cellular function.
3 Function of CTSB in the kidney

CTSB is widely present in the cortex and medulla of the kidney

and is expressed in various kidney cells, with particularly high

expression levels in endothelial cells and proximal tubules (18–20).

CTSB plays different roles in different segments. In this section, the

different or similar roles of CTSB in the glomerulus, tubules are

described (Figure 1).
3.1 Function of CTSB in the
renal glomerulus

The glomerulus is a key structure involved in kidney disease, and

the impairment of its function not only leads to a decrease in the

kidney’s filtration capacity but also increases the accumulation of toxins

in the body, affecting overall health (21). In a spatial proteomics and

immunological characterization study of kidney samples from patients

with lupus nephritis, unique gene expression patterns were observed in

renal areas with different functions, including CTSB, which presented

significantly increased expression in the glomerulus, along with four

other genes. Although the specific mechanism of action of CTSB in the

glomeruli of patients with lupus nephritis has not been fully elucidated,

this finding highlights its potential importance in glomerular function

and disease progression (22). In contrast to the above trend of CTSB

expression, in the streptozotocin-induced diabetes rat model and the

high glucose-treated glomerular mesangial cell model, the expression of

cathepsins, including CTSB, and other degrading enzymes decreased.

Under physiological conditions, CTSB is involved in the degradation of

various proteins in the glomerulus, such as laminin and collagen (23).

CTSB has also been shown to degrade the basement membrane of the

glomerulus (23, 24). In diabetic nephropathy, the weakening of CTSB

activity leads to reduced degradation of the basement membrane,

resulting in excessive deposition of extracellular matrix components,

further exacerbating the thickening of the glomerular basement

membrane, which leads to glomerular filtration dysfunction and

inflammatory responses, thereby indirectly worsening diabetic

nephropathy (23–26). In addition, the podocytes lining the exterior
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1535313
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2025.1535313
of the glomerular basement membrane are crucial for preserving the

kidney’s filtration barrier (27). In diabetic patients, podocytes often

experience lysosomal dysfunction, and the activity of lysosomal

enzymes, including CTSB, decreases after treatment with advanced

glycation end products. When resveratrol and vitamin E are

administered to podocytes treated with advanced glycation end

products, CTSB enzyme activity increases, and podocyte damage is

reduced (28, 29). Reactive oxygen species (ROS) are mediators of

apoptosis induced by advanced glycation end products, and autophagy

may be triggered to repair damage caused by ROS, thereby promoting

the survival of cells treated with advanced glycation end products (30,

31). Therefore, the activation of podocyte autophagy during lysosomal

recovery may play a protective role in diabetic nephropathy (29).

However, in mouse models of glomerular or podocyte injury induced

by nephrotoxic serum, CTSB has been identified as a key mediator of

glomerular injury. Mice with CTSB knockout exhibited greater

tolerance and faster recovery under the induction of nephrotoxic

serum (32).
3.2 Function of CTSB in renal tubules

CTSB has received the most attention in the study of renal

tubules, as it is involved in the occurrence of various kidney diseases

in renal tubules. CTSB mainly exerts its effects in the proximal

tubules and collecting duct of the renal tubule.

3.2.1 Function of CTSB in the renal
proximal tubules

CTSB also participates in regulating autophagy in the proximal

tubules. Receptor-interacting protein kinase 3 (RIPK3) damages

lysosomes in sepsis-induced acute kidney injury (S-AKI). When
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RIPK3 inhibitors are used to treat mouse renal tubular cells, CTSB

activity resumes and S-AKI is relieved (33). Circulating CTSB may be

filtered by the glomerulus and taken up by megalin in proximal tubular

cells to support lysosomal function (34). In a study of severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2) tropism to the

kidney, CTSB was identified as a key factor promoting the cleavage of

the viral spike protein, a process that facilitates the invasion of SARS-

CoV-2 into proximal tubule epithelial cells type 3 cells, which are a

subtype of renal tubular cells. Therefore, most kidney damage caused

by SARS-CoV-2 is often observed in the proximal tubular region (35,

36). In addition, CTSB is closely associated with the inflammatory

response and fibrosis formation in the proximal tubules (37, 38).

3.2.2 Function of CTSB in the renal
collecting duct

Similarly, the CTSB has irreplaceable significance in the collecting

duct. Like in the glomerulus and tubules, lysosomal CTSB can also

participate in protein degradation in the collecting ducts, alleviating

kidney disease by regulating autophagy. For example, polycystic kidney

disease 1 (PKD1) gene deficiency often leads to polycystic kidney

disease. In cells isolated from the inner medullary collecting ducts of

mouse kidneys with PKD1 gene knockout, the absence of the PKD1

gene leads to lysosomal damage and reduced processing and activity of

CTSB. This change occurs because PKD1 gene defects can cause an

increase in calcium-dependent protease activity, which triggers the

hydrolysis of lysosome-related membrane proteins and causes

lysosome dysfunction. When treated with calcium-dependent

protease inhibitors, lysosome-related functions are restored, and

CTSB activity is also restored (39).

In the collecting duct, CTSB is also considered an important

participant in sodium retention and hypertension. Myristoylated

alanine-rich c-kinase substrate family proteins in the kidney are
FIGURE 1

CTSB performs different functions in different segments of the kidney.
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important for regulating epithelial sodium channel (ENaC) function

and blood pressure in the renal cortical collecting ducts, and an

upregulation of CTSB contributes to increased hydrolysis of

myristoylated alanine-rich c-kinase substrate family proteins in

diabetic kidneys (40, 41). Human ENaC is composed of four

subunits: a, b, g, and d. Among them, a - ENaC is an essential

component for the function of ENaC. CTSB can cleave a - ENaC and

activate ENaC in situ, or it may increase the activity of ENaC by acting

on proteins known to regulate the insertion, gating, recycling, or

degradation of ENaC, thereby promoting hypertension in patients

with nephrotic syndrome (42–44). In addition, when metformin is

used to treat diabetes, it can alleviate the onset and development of

diabetes-associated hypertension by targeting the CTSB-ENaC

pathway in collecting duct cells (45).
4 CTSB induces kidney diseases
through PCD

CTSB has been shown to be significantly involved in the

pathogenesis of various kidney diseases, such as acute kidney injury

(S-AKI and metal-induced AKI), diabetic nephropathy, polycystic

kidney disease, hyperuricemia nephropathy, kidney cancer,
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glomerulonephritis, and kidney transplantation (46–52). PCD is a

type of cell death that mainly includes apoptosis, pyroptosis,

necroptosis, autophagy, ferroptosis and cuproptosis and is

instrumental in health and disease (53–55). Different types of PCD

are intricately linked, and CTSB, as one of the common mediators of

different types of PCD, plays a key role in a variety of kidney

diseases (Figure 2).
4.1 CTSB induces kidney diseases by
mediating apoptosis

The integrity of lysosomal membranes is crucial for

determining cell fate. Under normal circumstances, lysosomal

membranes are relatively stable and are not freely permeable.

However, under certain physiological or pathological conditions,

lysosomal membrane permeabilization (LMP) occurs. LMP refers

to the disruption of lysosomal membrane integrity, leading to the

release of its contents (such as hydrolases, etc.) into the cytoplasm.

Under physiological conditions, LMP can promote the limited

release of lysosomal enzymes, which play important roles in the

cytoplasm and nucleus, supporting processes like cell division,

cytoskeleton rearrangement, and epigenetic regulation (56–59).
FIGURE 2

CTSB induces kidney diseases by mediating/regulating multiple PCD modalities.
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Under pathological conditions, LMP causes the massive release of

lysosomal contents, thereby triggering large-scale hydrolysis of

cytoplasmic contents, leading to fatal consequences for the cell

(57). For example, proteinuria has been recognized as a biomarker

for kidney disease, and proteinuria with nephrotoxicity can damage

lysosomes in renal tubular epithelial cells and increase lysosomal

membrane permeability (60, 61). When LMP occurs, a variety of

hydrolytic enzymes, including CTSB, are released into the

cytoplasm or extracellularly, which in turn triggers cell death

(62, 63).

Studies have shown that CTSB is involved in the initiation of

apoptosis. The pathways through which CTSB initiates apoptosis

mainly include caspase-dependent and caspase-independent

pathways. Cruzipain, a cysteine protease closely related to human

cathepsins, has been shown to directly activate caspase-3 and caspase-7,

inducing cell apoptosis. CTSB primarily participates in the cellular

apoptosis pathway by cleaving the proapoptotic factor BH3 interacting

domain death agonist (Bid). When Bid is cleaved by CSTB, it forms an

activated form of the receptor called truncated BH3 interacting domain

death agonist (tBid). tBid acts on mitochondria and is able to promote

mitochondrial membrane permeabilization (MMP), resulting in the

liberation of cytochrome C from the mitochondrial intermembrane

space, thereby initiating the caspase cascade and triggering apoptosis
Frontiers in Immunology 05
(Figure 3) (64). LMP with CTSB leakage has been shown to be strongly

associated with the development of S-AKI. In an in vitro S-AKI model

induced by lipopolysaccharide treatment in the human renal proximal

tubular epithelial cell line-2 (HK-2 cells), CTSB activity and mRNA

expression are elevated, and CTSB leads to apoptosis through

activation of the mitochondrial apoptotic pathway (65). Inhibition of

CTSB activity inhibits apoptosis and increases cell viability. CA074 is a

potent inhibitor of CTSB, and inhibition of CTSB activity by CA074

can effectively block the activation of the apoptosis-related markers

BCL-2-associated X protein (BAX)/Caspase-3/poly ADP-ribose

polymerase (PRAP) to reverse apoptosis in HK-2 cells (65). Metallic

lead is toxic to the kidneys and causes damage to kidney tubular cells.

When rat proximal tubular are exposed to lead, CTSB and cathepsin D

(CTSD) translocate from lysosomes with LMP into the cytoplasm. The

combined actions of CTSB and CTSD activate apoptosis effectors,

inducing apoptosis in rat proximal tubular. Cotreatment with CTSB

and CTSD inhibitors can significantly inhibit the apoptosis of rat

proximal tubular (66). Z-FA-FMK, a highly efficient and specific

inhibitor of CTSB, can prevent D-galactosamine/TNF-a-induced
apoptosis in renal tubular epithelial cells, further confirming the

important role of CTSB in D-galactosamine/TNF-a-induced
apoptosis in renal tubular epithelial cells (67, 68). Additionally, CTSB

has been utilized as a marker of caspase-independent apoptosis.
FIGURE 3

CTSB expressed in renal tubular epithelial cells participates in mediating/regulating different types of PCD in kidney diseases. During apoptosis, CTSB
is involved in mediating renal apoptosis by cleaving Bid. During autophagy, CTSB serves as a key protease that regulates autophagy flux and thereby
affects kidney diseases. In ferroptosis, CTSB mediates renal disease by inducing the accumulation of ROS and intelligent delivery systems that
respond to CTSB activity via the peroxidation of polyunsaturated fatty acids. During pyroptosis, CTSB triggers NLRP3 to induce pyroptosis in the
kidney. During necroptosis, CTSB facilitates the recruitment and activation of PIPK1, PIPK3, and MLKL by promoting the generation of ROS, thereby
inducing necroptosis in the kidney.
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Due to the kidney’s high demand for oxygen to maintain

metabolic activities, the high oxygen consumption of the active

reabsorption function in the renal medulla, and the limited oxygen

supply resulting from the renal medulla’s distance from the

descending vasa recta, the kidney is particularly sensitive to

hypoxic environments (69). Under hypoxia, a large amount of ROS

accumulate during metabolic processes. ROS can attack cell

membranes and their internal biomolecules, including lipids,

proteins, and nucleic acids, leading to cellular dysfunction,

triggering apoptosis and inflammatory responses, and further

causing acute or chronic kidney injury (70, 71). The connection

between ROS and CTSB is complex. The leakage of CTSB from

lysosomes contributes to a decrease in the mitochondrial membrane

potential, resulting in an increase in mitochondria-derived ROS

production (72). Moreover, the ROS generated in mitochondria

cause lysosomal membrane lipid peroxidation, which positively

promotes LMP via feedback, thereby increasing CTSB activity and

expression (73, 74). The Nuclear factor erythroid-2-related factor 2

(NRF2) pathway is a signaling pathway that plays a key role in the

cellular defense against oxidative stress and the regulation of

antioxidant protein expression. The LVYPFPGPIPN peptide from

cattle has been shown to suppress the transcription of inflammatory

factors and the apoptosis-related markers CTSB/BAX/Caspase 3 via

the NRF2 pathway, thus inhibiting apoptosis and the oxidative stress

response and ameliorating hypoxia-induced kidney injury (3, 70, 75).
4.2 CTSB induces kidney diseases by
mediating pyroptosis

Pyroptosis plays an indispensable role in the development of

kidney disease and fibrosis (76). The classic pathway of pyroptosis is

mediated by inflammasomes, which can promote the activation of

caspase family proteins, especially caspase-1. Cleaved caspase-1

promotes the maturation of interleukin-1b/18 (IL-1b/18) and

cleaves gasdermin D (GSDMD). The N-terminal fragment of

GSDMD is released and forms a membrane pore, promoting the

release of inflammatory factors such as IL-1b and IL-18 into the

extracellular space and thereby triggering an inflammatory response

and pyroptosis (Figure 3) (76–80). Inflammasomes are multimeric

protein complexes that can be activated by a variety of substances

and signaling molecules. Five main types of inflammasome have

been identified, the NOD-like receptor thermal protein domain

associated protein 4 (NLRP4), NOD-like receptor thermal protein

domain associated protein 3 (NLRP3), NOD-LRR family with

CARD 1 (NLRC1), ice-protease activating factor (IPAF), and

absent in melanoma 2 (AIM2) inflammasomes, among which the

NLRP3 inflammasome plays a central role in kidney diseases. When

cells are damaged or invaded by pathogens, damage-associated

molecular patterns (DAMPs) and pathogen-associated molecular

patterns (PAMPs) are released (81). DAMPs and PAMPs also cause

lysosomal disruption and permeabilization by interfering with

cellular metabolic pathways or protein degradation pathways. The

leakage of CTSB from lysosomes subsequently occurs, and the

leaked CTSB is also able to activate the NLRP3 inflammasome,
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triggering a cascade of inflammatory responses that ultimately lead

to pyroptosis (82).

A study of traditional Chinese medicine for the treatment of

diabetic nephropathy revealed that ginsenoside Rh2 could

ultimately alleviate diabetic nephropathy by inhibiting LMP,

reducing the expression of CTSB and cathepsin L, and inhibiting

caspase-1-mediated pyroptosis (83, 84). Hyperuricemia has become

recognized as an important risk factor for kidney disease. In a

hyperuricemia nephropathy (HN) model in which HK-2 cells were

exposed to uric acid, the transfection of a CTSB siRNA effectively

inhibited the activation of the NLRP3 inflammasome and

subsequent pyroptosis (51). Uric acid may activate the NLRP3

inflammasome through the production of ROS in mitochondria,

while at the same time, the phagocytosis of urate crystals by

macrophages leads to lysosomal rupture and the release of CTSB,

which in turn triggers the NLRP3 inflammasome; the two

mechanisms mentioned above may work synergistically to

promote the development of gouty nephropathy (85, 86). ROS are

not only key molecules that activate the NLRP3 inflammasome but

also, similar to apoptosis, can activate the NLRP3 inflammasome by

increasing CTSB activity and expression (73, 87, 88). When to rat

kidney tissue and HK-2 cells are exposed to nephrotoxic

concentrations of fluoride, fluoride increases ROS levels, enhances

LMP, and promotes the expression of CTSB and CTSD, leading to

pyroptosis and inflammation and ultimately causing kidney injury.

Rutin reduces the nephrotoxic effects of fluoride by inhibiting the

ROS-mediated LMP and activation of the gasdermin E/high

mobility group box 1 protein (HMGB1) axis (89).

Renal fibrosis is the result of an inflammatory response and is

the product of chronic injury and repair processes. In the event of

inflammation, cell damage, or hypoxia, kidney cells release various

cytokines and growth factors to promote the proliferation and

maturation of fibroblasts, resulting in the proliferation and

secretion of collagen and the formation of scar tissue (90). The

long-term fibrosis process can lead to impaired renal structural

remodeling, ultimately resulting in decreased renal function.

Excessive or persistent inflammation has been identified as the

core mechanism underlying the development of renal fibrosis (91).

CTSB acts as an upstream signaling factor for inflammatory vesicle

activation, and the subsequent induction of pyroptosis is a critical

factor in the onset of renal fibrosis (91, 92). Hederagenin, a widely

distributed pentacyclic triterpenoid compound in various medicinal

plants, can inhibit NLRP3 inflammasome activation by reducing

CTSB expression and can suppress high glucose-induced fibrosis in

human renal mesangial cells and Renal proximal tubular epithelial

cells(RPTECs) (93).
4.3 CTSB induces kidney diseases by
mediating necroptosis

Necroptosis was first discovered in the 1990s and is a regulated

form of cellular necrosis. Numerous stimuli have been shown to

trigger necroptosis, which primarily involves TNF-a, DNA-

dependent activator of interferon-regulatory factors, interferons,
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and ROS (94, 95). Necroptosis triggered by TNF-a stimulation was

the earliest discovered pathway and is the most extensively studied

process to date. The biological effects of TNF-a are not limited to

triggering necroptosis; it can also trigger apoptosis, which has been

discussed in the previous section on TNF-a-induced apoptosis of

renal tubular epithelial cells. With the involvement of caspase-8,

TNF-a tends to promote apoptosis in cells, which is attributed to

the inhibitory effect of caspase-8 on the activity of receptor-

interacting protein kinase 1 (RIPK1), a key molecule involved in

necroptosis (74). Based on this information, excluding the potential

impact of apoptosis in studies of necroptosis is particularly crucial.

In the absence of the potential impact of apoptosis, TNF-a binds to

its transmembrane receptor tumour necrosis factor receptor 1

(TNFR1), and the activation of TNFR1 promotes the assembly of

complex I, which includes TNF receptor-associated death domain,

RIPK1, and E3 ubiquitin ligase (96). RIPK1 recruits and activates its

homologue RIPK3 through phosphorylation. RIPK3 recruits and

phosphorylates the kinase mixed lineage kinase domain-like protein

(MLKL), the executioner of the necroptosis pathway (97), which

interacts with RIPK3, ultimately disrupting the cell membrane and

inducing necroptosis (Figure 3).

LMP and the leakage of CTSB are also associated with

necroptosis-induced kidney disease (74, 98). In a study of oxalate-

induced acute kidney injury (AKI), calcium oxalate (CaOx) crystals

were shown to exert direct cytotoxic effects on renal tubular cells by

inducing necroptosis associated with the mitochondrial

permeability transition (MPT). LMP and CTSB leakage are both

involved in the CaOx crystal-induced MPT process. Loss of the

mitochondrial outer membrane potential, ROS production, and

necrotic apoptosis induced by CaOx crystals are prevented by the

CTSB inhibitor CA074Me (99). Similarly, in a diabetic nephropathy

model induced by high glucose levels in normal rat kidney-52E

cells, CTSB acts as an upstream signal for a decrease in or loss of the

mitochondrial membrane potential. It can promote ROS

generation. The increased ROS levels can activate RIPK1, recruit

RIPK3, promote the formation of the necrosome, and

phosphorylate MLKL. Phosphorylated MLKL translocates to the

cell membrane and causes membrane permeabilization and rupture,

leading to necroptosis in normal rat kidney-52E cells (100); similar

results were reported in a cisplatin-induced AKI study (101, 102).

Additionally, ROS induce LMP through a positive feedback loop,

which further promotes the release of CTSB and CTSD into the

cytoplasm, thereby potentiating necroptotic apoptosis (74).
4.4 CTSB induces kidney diseases by
regulating autophagy

Autophagy is an internal self-digestive process that breaks down

and recycles the cell’s own components, such as damaged organelles

and proteins, to maintain cellular health and function. Under

pathological conditions, autophagy can be abnormally activated, and

excessive autophagy or autophagy dysfunction can lead to cell death.

Autophagy is intricately linked to several kidney diseases, including

acute kidney injury, diabetic nephropathy, and heavy metal-induced
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kidney injury. However, the occurrence of these kidney injuries is not

entirely dependent on autophagic cell death. The damage caused

during autophagic clearance often leads to kidney damage by

inducing other forms of cell death and activating inflammasomes

(103). When human HK-2 cells are exposed to uric acid, autophagy is

activated, which further induces the activation of the NLRP3

inflammasome and subsequent pyroptosis, resulting in HN (51).

CTSB has been verified to participate in the activation of

inflammasomes triggered by autophagy. The increase in autophagy

and the degradation of autophagosomes result in the release of CTSB

from lysosomes, which in turn activates the NLRP3 inflammasome.

The use of autophagy inhibitors can effectively ameliorate kidney

damage. 3-methyladenine is an effective inhibitor of autophagy.

Treatment of HN rats with 3-methyladenine resulted in a significant

decrease in CTSB expression compared to the HN group, and the HN

of rats in the 3-methyladenine treatment group improved (51). Under

the aforementioned conditions, inhibiting autophagy helps prevent cell

death (Figure 3).

Current research does not provide direct evidence that CTSB

can induce kidney disease by directly mediating autophagic cell

death, but CTSB may play a role in kidney disease by regulating

autophagy. CTSB is a key protease involved in the degradation of

the autophagosomal contents; it controls the expression of

autophagy-related proteins and maintains the size and number of

autophagosomes in the cell, thereby affecting autophagy flux (104).

In kidney diseases, when CTSB is inhibited, autophagy flux

decreases, which in turn leads to a decline in renal function. In S-

AKI, autophagy has a protective effect on the kidneys. In the LPS-

induced S-AKI model, protein kinase 3 impedes the function of

transcription factor EB. As a target gene of the transcription factor

EB, which is involved in lysosomal function, CTSB expression is

also correspondingly downregulated, leading to impaired

autophagy and exacerbated renal injury (33). Inhibiting protein

kinase 3 can effectively restore autophagy and protect the kidneys.

Similarly, Z-VAD-FMK can block the activity of CTSB. In cisplatin-

induced kidney injury, Z-VAD-FMK blocks the subsequent

maturation of autophagosomes by inhibiting the activity of CTSB,

ultimately leading to impaired autophagy flux and a deterioration of

kidney function (49). In addition, green tea polyphenols play a

similar role in high-fat diet-induced chronic kidney disease, where

green tea polyphenols improve autophagy flux by affecting CTSB,

which ultimately exerts a protective effect on the kidneys (105).

CTSB is only active in acidic environments. When the pH of

lysosomes increases, the activity and expression of acidic hydrolytic

enzymes such as CTSB in lysosomes decrease. Sidt2 plays a key role

in maintaining lysosomal function and renal physiology. When

Sidt2 is absent, lysosomal function is impaired and the internal pH

is elevated, leading to a decrease in the activity of hydrolytic

enzymes, such as CTSB, which further triggers impaired

autophagic degradation and renal dysfunction (106). In studies of

kidney injury induced by tacrolimus, tacrolimus damages lysosomal

acidification and reduces the activity of CTSB and the expression of

the transcription factor EB. Klotho helps alleviate kidney injury by

improving the lysosomal dysfunction caused by tacrolimus, thereby

reducing the impairment of the autophagy clearance capacity (107).
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4.5 CTSB induces kidney diseases by
mediating ferroptosis

Ferroptosis is a novel form of regulated cell death that is dependent

on iron. The depletion of glutathione, inactivation of glutathione

peroxidase 4, disruption of iron metabolism, production of oxidative

stress, and peroxidation of polyunsaturated fatty acids are characteristic

manifestations of ferroptosis (108, 109). Recent studies point to a

pivotal role for ferroptosis in the development of various diseases (8,

110). Ferroptosis also plays a key role in kidney diseases such as acute

kidney injury, chronic kidney injury and kidney cancer, and inhibiting

ferroptosis has been shown to alleviate kidney injury (111, 112). For

example, spliceosome-associated protein 130 released by renal tubular

epithelial cells undergoing ferroptosis has been shown to promote

macrophage polarization via the mincle signaling pathway, which is

involved in S-AKI (113). In studies of kidney injury and fibrosis, the

synergistic effects of melatonin and zileuton have been shown to inhibit

ferroptosis through the protein kinase B/mammalian target of

rapamycin/NRF2 signaling pathway (114). In addition, the roles of

specific molecules in renal ferroptosis have also been studied. For

example, dipeptidase 1 and charged multivesicular body protein 1A

have been identified as key factors with roles in renal ferroptosis,

suggesting that they regulate this cell death pathway (115). Selenium

has also been shown to inhibit the microRNA-202-5p/mitochondrial

calcium uptake 1 axis, thereby alleviating renal ferroptosis caused by

mercuric chloride (116).
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The existing evidence suggests that CTSB mediates ferroptosis

and is also referred to by scholars as the executioner of ferroptosis

(117–119). Erastin is known to induce ferroptosis, and inhibiting

CTSB can reduce the sensitivity of cells to erastin-induced iron

deposition, further indicating the involvement of CTSB in the

ferroptosis process (120–122). CTSB can be transported from

lysosomes to the nucleus, where it can cause nuclear oxidative

damage or induce the peroxidation of polyunsaturated fatty acids

through the MMP-ROS axis, thereby triggering ferroptosis and the

onset of kidney diseases (123, 124). Moreover, erastin can trigger

ferroptosis, which is enhanced by the transcription factor EB.

Polystyrene nanoparticles trigger lysosomal stress and the nuclear

translocation of transcription factor EB, reduce the levels of CTSB,

decrease ROS levels, and inhibit ferroptosis (125) (Figure 3).
5 CTSB as a potential therapeutic
target for kidney diseases

The role of CTSB in the occurrence of an increasing number of

diseases has been reported, whichmakes it a hot topic in the research of

emerging therapeutic targets. Interventions targeting CTSB, such as

inhibiting its activity or regulating its expression levels, have become

important strategies for treating various diseases. Thus, CTSB is

becoming a new target in disease treatment. In cancer research,

CTSB is considered one of the most comprehensive therapeutic
TABLE 1 Inhibitors/drugs targeting CTSB or CTSB-related pathway for kidney disease therapy.

Inhibitor/
Drugs

CTSB or CTSB-
related pathway

Related cells/diseases Type of
cell death

Reference

Metformin CTSB-ENaC pathway Collecting duct cells/Diabetes-associated hypertension / (45)

Hydroxychloroquine CTSB HK-2 cells/
Renal ischemia/reperfusion injury

/ (37)

CA074 CTSB HK-2 cells/S-AKI Apoptosis (65)

CA074 CTSB Rat proximal tubular/Lead-induced kidney injury Apoptosis (66)

Z-FA-FMK CTSB Renal tubular epithelial cells/
D-galactosamine or TNF-a-induced kidney injury

Apoptosis (68)

LVYPFPGPIPN
peptide

NRF2 pathway-CTSB Human embryonic kidney 293 cells/Hypoxia-induced kidney
injury

Apoptosis (75)

Ginsenoside Rh2 LMP-CTSB Diabetic nephropathy Pyroptosis (48)

Rutin ROS-LMP-CTSB HK-2 cells/Fluoride-induced kidney injury Pyroptosis (89)

Hederagenin CTSB Human renal mesangial cells and RPTECs/High glucose-induced
kidney fibrosis

Pyroptosis (93)

CA074Me CTSB HK-2 cells and primary renal tubular epithelial cells of mice/
Oxalate-induced AKI

Necroptosis (99)

Z-VAD-FMK CTSB Porcine kidney proximal tubule epithelial cells/Cisplatin-
induced AKI

Autophagy (49)

Green tea
polyphenols

CTSB HK-2 cells/High-fat diet-induced
chronic kidney disease

Autophagy (105)

Klotho LMP-CTSB HK-2 cells/Tacrolimus-induced renal
injury

Autophagy (107)
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targets, and CTSB inhibitors are used as anticancer agents (7, 126, 127).

In various diseases, such as inflammatory diseases and

neurodegenerative diseases, the inhibition of CTSB helps to slow the

progression of the disease (128).

CTSB has also been mentioned many times as an effective

intervention target for kidney diseases, including diabetic

nephropathy and hypoxia-induced kidney damage (75, 129–131)

(Table 1). For example, in hypoxia-induced chronic kidney disease,

results from network pharmacology and molecular docking

research suggest that CTSB and IL-1b may be key targets for

treating hypoxic kidney injury (75). In addition, studies on

human renal cell carcinoma samples have highlighted the

therapeutic potential of CTSB in renal cell carcinoma, and the

combined inhibition of the vascular endothelial growth factor and

CTSB pathways has become a new treatment strategy for patients

with metastatic renal cell carcinoma (47).

In terms of drug development, CTSB is considered a promising

target. Although some progress has been made in drug research

targeting CTSB, no drugs have been approved for clinical treatment

to date. The development and optimization of CTSB inhibitors is an

important direction in the field of drug discovery. The inhibitors used

in early studies could be classified into three main categories:

endogenous inhibitors, synthetic inhibitors, and natural inhibitors

(126). Endogenous inhibitors primarily consist of stefins, including

stefin A and stefin B, along with cystatin C. Synthetic inhibitors are

predominantly CA074 and its derivatives, such as CA074Me. The

natural inhibitors used primarily include E-64. Recently, more

advanced methods have been researched, such as humanized CTSB

antibody inhibitors, nanoparticles that degrade CTSB, intelligent

delivery systems that respond to CTSB activity, CTSB-reactive

programmed brain-targeted delivery systems, and the development

of new dual-functional fluorescent probes for CTSB self-elimination

(132–135). In the future, an increasing number of new technologies will

be used to target CTSB, opening a new chapter in the treatment of

many diseases, including kidney diseases.
6 Conclusions

The functions of CTSB, a lysosomal protease, are extensive and

complex, and its roles in cellular physiology and pathology cannot

be ignored. In the kidney, CTSB plays an irreplaceable role in

mediating/regulating the induction of kidney diseases by inducing

different types of PCD (3, 136). CTSB may not singularly mediate/

regulate a certain PCD-induced renal disease, as described above,

during the progression of renal disease. CTSB may be involved in

complex renal diseases by mediating/regulating two or more types

of PCD. CTSB plays different/similar roles in different forms of

PCD, which has potential for the development of new therapies.

Future research needs to further explore the interactions between

CTSB and different forms of PCD. Kidney diseases, such as AKI and

chronic kidney disease, have complex pathological features and lack
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specific diagnostic and treatment options. CTSB provides scholars

with new diagnostic and treatment ideas for kidney diseases. The

detection of CTSB may be a method for the early diagnosis of

kidney disease, and CTSB-targeted treatment can effectively slow

the progression of kidney disease (137).

In conclusion, in-depth research on CTSB not only helps us

understand its key roles in physiological and pathological processes

but also provides an important direction for the development of

new diagnostic and therapeutic strategies. In the future, more

functions and the therapeutic potential of CTSB in kidney

diseases will be revealed, providing scholars with new strategies

and methods and demonstrating its significant value in the field of

renal diseases in modern medicine.
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Glossary

AKI Acute kidney injury
Frontiers in Immunol
AIM2 Absent in melanoma 2
ASC Apoptosis-associated speck-like protein containing a CARD
BAX BCL-2-associated X protein
Bid BH3 interacting domain death agonist
CaOx Calcium oxalate
CTSB Cathepsin B
CTSD Cathepsin D
DAMPs Damage-associated molecular patterns
ENaC Epithelial sodium channels
GSDMD Gasdermin D
HK-2 cells Human renal proximal tubular epithelial cell line-2
HMGB1 High mobility group box 1 protein
HN Hyperuricemia nephropathy
IL-18 Interleukin-18
IL-1b Interleukin-1b
IPAF Ice-protease activating factor
LMP Lysosomal membrane permeabilization
MLKL Mixed lineage kinase domain-like protein
MMP Mitochondrial membrane permeabilization
MPT Mitochondrial permeability transition
ogy 13
N-GSDMD N-terminal domain of gasdermin D
NLRC1 NOD-LRR family with CARD 1
NLRP3 NOD-like receptor thermal protein domain associated

protein 3
NLRP4 NOD-like receptor thermal protein domain associated

protein 4
NRF2 Nuclear factor erythroid-2-related factor 2
PAMPs Pathogen-associated molecular patterns
PCD Programmed cell death
PKD1 Polycystic kidney disease 1
PRAP Poly ADP-ribose polymerase
RIPK1 Receptor-interacting protein kinase 1
RIPK3 Receptor-interacting protein kinase 3
ROS Reactive oxygen species
RPTECs Renal proximal tubular epithelial cells
S-AKI Sepsis-induced acute kidney injury
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
tBid Truncated BH3 interacting domain death agonist
TNF-a Tumour necrosis factor-a
TNFR1 Tumour necrosis factor receptor 1
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