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Abbreviations: NAFLD, Non-alcoholic fatty liver disease
NASH, non-alcoholic steatohepatitis
MMP, metalloproteinase
CTSs, cathepsins
CSTB, cathepsin B
LDL, low density lipoprotein
FPC, fructose-palmitate-cholesterol
CTSB+/+, wild-type
CTSB�/�, cathepsin B deficiency
FABP4, fatty acid binding protein 4
Scad, short-chain acyl dehydrogenase-1
It is well-known that there is close relationship between cardio-
vascular disease (CVD) and non-alcoholic fatty liver disease
(NAFLD). NAFLD, defined as an accumulation of lipid droplets and
triglycerides in the liver in the absence of alcohol intake, is becom-
ing one of the most common chronic liver diseases worldwide [1].
Among NAFLD, non-alcoholic steatohepatitis (NASH) has been
shown to develop into more severe stages (e.g., hepatocellular car-
cinoma and cirrhosis), leading eventually to liver failure and trans-
plantation [1]. Thus, the elucidation of the transition from
steatosis, known as the non-progressive status of the disease, to
NASH is key to a deeper understanding of NAFLD initiation and
progression. Lipid accumulation (fatty liver)-based NASH is a
metabolic disorder characterized by extensive inflammation and
remodeling of the extracellular matrix architecture of the liver
organ and associated fibrosis. Although several proteolytic systems
such as matrix metalloproteinase (MMP) and serine protease fam-
ilies participate in the pathogenesis of NAFLD and its progression,
recent evidence suggests that a ubiquitously expressed cysteine
protease is a member of lysosomal cathepsin (CTS) family, which
has been implicated in multiple chronic metabolic and inflamma-
tory disorders, including NAFLD, liver fibrosis, atherosclerosis,
and cancer (reviewed previously[2]). Human biopsy tissues of liver
inflammatory diseases overexpress CTSS, CTSB, and CTSL but show
a relatively reduced expression of their endogenous inhibitor, cys-
tatin C, suggesting a shift in the imbalance between CTSs and their
inhibitor that favors liver lipid accumulation and fibrosis (Fig. 1).
The sera of patients with cirrhosis and hepatocellular carcinoma
show greater CTSB and CTSL levels than those of controls. CTSB
inactivation suppresses hepatic injury and fibrosis, but its overex-
pression promotes liver fibrosis [3,4].

Although accumulating evidence suggests that CTSs play essen-
tial roles in the various liver diseases, little is known about the
functional relevance of this enzyme family in the pathogenesis of
NAFLD. A comprehensive review summarized the roles of the CTS
family, especially CTSB and CTSK, in lipid metabolism [5]. If a
macrophage takes up oxidized low-density lipoprotein (LDL), it
relocates CTSB from the lysosome into the cytosol, probably as a
result of the disruption of the lysosomal membrane [6]. CTSs
may also be involved in oxidized LDL degradation. Pharmacological
inhibition of CTSB suppressed naturally occurring modified LDL
degradation in vascular cell lysates by 41% under acidic conditions.
Degradation of apoB-100 by CTSK, but not by CTSS, led to the
fusion and aggregation of LDL particles and increased LDL’s ability
to bind proteoglycans, subsequently leading to the accumulation of
extracellular lipid droplets [5]. Now, as discussed in the article by
Fang et al. [7] in this issue of Translational Research, upregulated
CTSB expression is believed to be an important mediator of lipid
accumulation via the regulation of liver lipid transport and lipoge-
nesis in CTSB wild-type (CTSB+/+) NASH mice (Fig. 1). This concept
was supported by the findings that fructose-palmitate-cholesterol
(FPC) increased levels of fatty acid uptake-related CD36 (known as
an extracellular and mitochondrial lipid carrier) and of a peroxi-
some proliferator-activated receptor-c gene/protein as well as
free-fatty acid transport marker Fabp4 and lipogenesis marker
Scad1. These harmful changes were reversed by CTSB deficiency
(CTSB�/�) (Fig. 1). A limited experimental study reported that CSTF
and CTSS reduced the ability of cholesterol efflux from macro-
phages by 50% in vitro due to proteolysis of pre-high-density
lipoprotein [8]. Thus, these findings indicate that the ability of
CTSB to modulate lipid uptake, storage, and efflux is likely to con-
tribute to liver lipid accumulation in NASH mice under experimen-
tal conditions.

Fang et al. discussed the different expression patterns of inves-
tigated CTSs (CTSB and CSTK CTSS, CTSL) in liver specimens from
CTSB+/+ mice fed low-fat and FPC diets, and revealed a possible
inflammatory mechanism by which infiltrated inflammatory cells
lead to increased CTS-related collagen synthesis and degradation
[7]. First the authors showed that, as with inflammatory lesions,
liver specimens of CTSB+/+ NASHmice contained not only increased
inflammatory cytokines-related genes (tumor necrosis factor-a,
monocyte chemoattractant protein-1, intercellular adhesion mole-
cule-1, inducible nitric oxide synthase, and interleukin-1b)- and
collagen synthesis-related (transforming growth factor-b, Samd2/
3, collagen III)-related genes but also extensive activated macro-
phages. After Fang et al. characterized the liver metabolic disorder,
they reported here for the first time that very high CTSB expression
induced by inflammatory cytokines may lead to increased collagen
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Fig. 1. Illustration of CTS function in pathogenesis of NAFLD. Cathepsins can originate from hepatocytes, Kupffer cells, macrophages (Mac), and activated T cells under
inflammatory conditions. NAFLD, Non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; CTSB, cathepsin B, CTSK, cathpsin K; LDL, low density lipoprotein; TG,
triglyceride; Pro-cap-3, pro-caspase-8; FPC, fructose-palmitate-cholesterol; CETP, cholesteryl esters and triglycerides transporter; Ppar-c, peroxisome proliferator activated
receptor-c; Fabp4, fatty acid binding protein 4; Scad1, short-chain acyl dehydrogenase-1; TGF-b, transforming growth factor-b; TNF-v: tumor necrosis factor-a; MCP-1,
monocyte chemoattractant protein-1; ICAM-1, intercellular adhesion molecule-1; iNOS, inducible nitric oxide synthase; IL-6, interleukin-6.
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synthesis and accumulation to fibrosis (Fig. 1) [7]. In addition, mul-
tiple studies have been performed to explain the underlying mech-
anisms of liver fibrosis, including excessive proteolysis-related
extracellular matrix degradation and fibrosis. Recent lines of evi-
dence highlight the importance of CTSs induced by inflammatory
cytokines in the initiation and progression of cardiovascular dis-
ease [2] . Augmented CTS expression and activity could provide a
proteolytic mechanism for liver remodeling, which is associated
with the activation of a cytokine signaling pathway in the case of
NAFLD. The importance of this finding, and the increased inflam-
mation-related proteolysis, is supported by the finding that liver
specimens from NASH lesions had an abundance of infiltrated
adaptive CD4+ and CD8+ T-cells, and these cells also an important
source of CTSs.

Fang et al. studied another possible mechanism by which CTS is
involved in cell death. In the present study, the authors observed
that FPC diet-induced NASH CTSB+/+ mice had increased levels of
CTSB and tumor necrosis factor-a in liver tissues; and CTSB�/�

reversed these changes [7]. Tumor necrosis factor-a modulates
CTSB expression and proapoptotic caspases-3/-9 in macrophages
and cancer cells [9]. CTSB has been shown to activate pro-cas-
pase-3, pro-caspase-9, and BH3-interacting domain death agonist
as a mechanism to modulate cell apoptosis. Similar to the role of
mitochondrial factors in the activation of proapoptotic caspases,
CTSB may activate specific proinflammatory caspase-11 based on
the data of an affinity purification assay with the biotinylated
broad spectrum caspase inhibitor z-VAD-fmk. CTSB also degrades
NLRP10, an NACHT, LRR, and PYD domain-containing protein
(NLRP) that negatively regulates NLRP3. NLRP3, pro-caspase-3,
and pro-caspase-9 form the inflammasome complex, which facili-
tates the activations of immature caspase-1 and inflammatory
cytokines (pro-interleukin-1b and pro-interleukin-18) in oxidative
stress-induced apoptosis [10]. In addition, strikingly, a recent com-
prehensive review highlighted that the antiapoptotic molecules
Bcl-2, Bcl-xL, Mcl-1, and X chromosome-linked inhibitor of apopto-
sis are sensitive to CTSB, CTSL, and CTSH in several human tumor
cell lines (reviewed in reference[11]). Recently, we clearly demon-
strated that CTSK activity controls vascular smooth muscle apopto-
sis via the activation of pro-caspase-8 in injury-related neointimal
hyperplasia in mice [12,13]. CTSK-mediated Notch-1 activation
induces vascular endothelial apoptosis and proliferation in neovas-
cularization [14]. It has been shown that oxidized low-density
lipoprotein induced lysosomal destabilization, leading to the leak-
age of CTSB and to the activation of caspases and subsequent
macrophage apoptosis [11]. Thus, although there is no direct evi-
dence, the CTSB-mediated proapoptotic mechanism may also
apply to hepatic cells in the progression of NASH.

The literature highlights the evaluation of serum CTS levels as
biomarkers of inflammatory disease, much like the use of MMP.
For example, CTSS and CTSK were the first cysteine proteases found
to show increased protein levels in human atherosclerotic plaques
of aortic aneurysms when cystatin C was decreased [2]. Similarly,
CTSB expression also was increased in atherosclerotic complicated
lesions containing thrombi of human aortic aneurysms compared
to control arteries. Our group obtained evidence of a positive
correlation between plasma CTSK and high-sensitivity C-reactive
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protein levels [15], which reinforces other findings on the associa-
tion between the CTS family and inflammatory processes, suggest-
ing that the evaluation of circulating CTS levels may be useful for
predicting inflammatory diseases such as NAFLD. However, there
has been only a limited effort to determine whether increased cir-
culating CTSB levels can serve as specific predictive biomarkers of
NAFLD.

Important limitations of the present study include the fact that
it used an FEC-induced mouse NASH model, which is still just an
animal model that could not fully mimic human NASH or satisfac-
torily present its molecular mechanism. In the present study, the
main findings clearly demonstrated that CTSB deletion prevented
liver lipid deposition and fibrosis via the amelioration of liver lipid
transport and lipogenesis as well as inflammation. However, the
main regulator and cell source for CTSB expression and activation
remain unclear, as does the exact role of CTSB in triglyceride and
lipid intestinal absorption, transport to liver, and metabolism.
One of the important clinical issues requiring consideration is
whether human heterozygous and homozygous CTSB exhibit
liver-beneficial phenotypes. A larger-scale clinical cohort study
including pharmacological intervention with a CTSB inhibitor
would be useful to address some of these issues.

It is thus possible that, similar to constant hepatic MMP activa-
tion, CTS activation may promote hepatic triglyceride and lipid
accumulation as well as the fibrosis process by the negative regu-
lations of lipid metabolism and of interstitial matrix digestion
(Fig. 1). These findings have important implications, not only for
our understanding of inflammatory NASH but also because they
indicated that these proteolytic enzymes may also evolve into use-
ful therapeutic targets in this and other fields such as the treat-
ment of metabolic and inflammatory CVD with NAFLD.
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