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Abstract: Idiopathic pulmonary fibrosis (IPF) is the most common form of idiopathic interstitial
pneumonia, and it has a worse prognosis than non-small cell lung cancer. The pathomechanism
of IPF is not fully understood, but it has been suggested that repeated microinjuries of epithelial
cells induce a wound healing response, during which fibroblasts differentiate into myofibroblasts.
These activated myofibroblasts express α smooth muscle actin and release extracellular matrix to
promote matrix deposition and tissue remodeling. Under physiological conditions, the remodeling
process stops once wound healing is complete. However, in the lungs of IPF patients, myofibroblasts
re-main active and deposit excess extracellular matrix. This leads to the destruction of alveolar tissue,
the loss of lung elastic recoil, and a rapid decrease in lung function. Some evidence has indicated
that proteasomal inhibition combats fibrosis by inhibiting the expressions of extracellular matrix
proteins and metalloproteinases. However, the mechanisms by which proteasome inhibitors may
protect against fibrosis are not known. This review summarizes the current research on proteasome
inhibitors for pulmonary fibrosis, and provides a reference for whether proteasome inhibitors have
the potential to become new drugs for the treatment of pulmonary fibrosis.

Keywords: idiopathic pulmonary fibrosis; proteasome inhibitor; transforming growth factor-beta

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, and usually lethal
disease characterized by an abnormal fibrotic response involving large areas of the lungs.
Risk factors associated with IPF include smoking, environmental factors, comorbidities, and
viral infections [1]. Most patients have persistent dyspnea and limited exercise tolerance
resulting in a poor quality of life. Many patients develop pulmonary hypertension and are
at an increased risk of pulmonary embolism and sudden cardiac death [2]. The molecular
mechanisms underlying the pathogenesis and development of IPF are unclear, however
molecules including chemokines, cytokines, growth factors, adenosine, glycosaminogly-
cans, and non-coding RNA, and cellular processes, including apoptosis, senescence, hy-
poxia, endothelial–mesenchymal transition, oxidative stress, mitochondrial dysfunction,
endoplasmic reticulum stress, and alternative polyadenylation have been linked with the
development of IPF [3]. Pirfenidone and nintedanib are the mainstays of current medical
treatment of IPF, however they do not completely prevent or improve lung function. It is
essential to find additional drugs that can effectively reduce the pro-fibrotic maturation
of lung fibroblasts, and ultimately prevent IPF progression. Understanding the molecular
mechanisms of IPF will aid in drug discovery. The wound healing response induced by

Cells 2022, 11, 1543. https://doi.org/10.3390/cells11091543 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells11091543
https://doi.org/10.3390/cells11091543
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-9770-8544
https://orcid.org/0000-0002-2558-2209
https://doi.org/10.3390/cells11091543
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells11091543?type=check_update&version=2


Cells 2022, 11, 1543 2 of 20

repeated microinjuries of epithelial cells during which fibroblasts differentiate into myofi-
broblasts is a major contributor to IPF. Activated myofibroblasts express α smooth muscle
actin (α-SMA) and release extracellular matrix (ECM) to promote matrix deposition and
tissue remodeling [4,5]. In general, the remodeling process stops once wound healing is
complete; however, myofibroblasts remain active and deposit excess ECM in the lungs of
patients with IPF. This leads to the destruction of alveolar tissue, the loss of lung elastic
recoil, and a rapid decrease in lung function. Several studies have suggested that proteaso-
mal inhibition can decrease the expressions of ECM proteins and metalloproteinases. In
addition, proteasome inhibitors have been reported to inhibit transforming growth factor
(TGF)-β1-induced collagen I and tissue inhibitor of metalloproteinase-1 [6,7]. However,
the mechanisms by which proteasomal inhibition may protect against fibrosis are not fully
understood. This review summarizes the current research on proteasome inhibitors for
pulmonary fibrosis, and provides a reference for whether proteasome inhibitors have the
potential to become new drugs for the treatment of pulmonary fibrosis.

2. Risk Factors for Idiopathic Pulmonary Fibrosis
2.1. Intrinsic Risk Factors

Intrinsic risk factors including genetic susceptibility, aging, male sex, the lung mi-
crobiome, and comorbidities have been associated with the pathogenesis of IPF [8]. The
susceptibility genes associated with the pathogenesis of IPF are currently classified into
four categories: (1) genes related to alveolar stability (such as SFTPC, SFTPA1, SFTPA2);
(2) genes related to accelerated cellular senescence by disrupting telomerase function (such
as TERT, TERC, DKC1, PARN, and RTEL1); (3) genes related to host defense (such as
MUC5B and TOLLIP); and (4) genes related to impaired integrity of the epithelial bar-
rier (such as DSK) [8,9]. In addition, two genome-wide association studies reported that
variants of MUC5B and TOLLIP are common [10,11].

IPF is also considered to be an age- and sex-related disease. IPF occurs mainly in
elderly over 60 years of age, and the incidence and prevalence increase with age [12].
Germline mutations in telomerase (TERT) or its RNA component (TERC) are present in up
to 10% of patients with IPF. Even in patients with IPF without a mutation in the telomerase
gene, telomeres in peripheral blood leukocytes and in lung tissue have been reported to
be shorter than those in controls [13,14]. Globally, IPF is more prevalent in men, possibly
due to sex hormones. Several animal studies have indicated that male sex hormones are
associated with accelerated fibrosis, and that female sex hormones may have a protective
effect against pulmonary fibrosis [15,16]. However, the effects of sex hormones are organ-
and species-specific, so sex hormone studies in humans are needed to determine their role
in IPF. Testosterone is the most important male sex hormone. Plasma testosterone and
leucocyte telomere length are significantly reduced, and testosterone is positively correlated
with leucocyte telomere length in male patients with IPF [17]. Estrogen is a female sex
hormone and may also contribute to the potential role of sex-specific differences in the
lung. For example, TGF-β1 (a central factor in the development of pulmonary fibrosis)
inhibits the expression of estrogen receptors, especially estrogen receptor alpha (ESR1) in
human bronchial epithelial cells. In addition, TGF-β1 and estrogen inversely regulated the
expression of several genes participating processes, such as extracellular matrix renewal,
airway smooth muscle cell contraction, and calcium flux regulation [18].

The microbiome refers to the symbiotic and pathogenic microorganisms that make up
the microbial ecosystem, and it has gained attention for its potential association with the
initiation, perpetuation, and exacerbation of the fibrotic process in IPF [19]. Patients with
IPF had a greater bacterial burden in bronchoalveolar lavage fluid (BALF) compared to
controls and patients with moderate chronic obstructive pulmonary disease (COPD) [8,20].
Compared with healthy individuals, the microbiome of patients with IPF is enriched in
Haemophilus, Streptococcus, Neisseiria, and Veillonella genera, which may play a causative role
in acute exacerbation of IPF. Bacteria can cause epithelial alveolar injury and activate an
immune cascade response due to their presence alone, the following pro-inflammatory and
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pro-fibrotic cascades leading to changes in lung architecture [21]. Greater bacterial burden
in patients with IPF may be a biomarker for rapidly progressive disease and predicts worse
survival [22]. In addition, mutations in the gene encoding MUC5B, which is essential for
mucociliary clearance and in host-bacterial defense, have been associated with an increased
incidence of IPF [23].

Common comorbidities in patients with IPF include gastroesophageal reflux (GER),
obstructive sleep apnea, diabetes mellitus (DM), and herpesvirus infection. Repetitive
lung injury from GER with subsequent secondary and chronic microaspiration has been
considered as a risk factor in the pathogenesis of IPF. The prevalence of hiatal hernia on CT
scan indicate that GER-related hiatal hernias occur more frequently in patients with IPF
than in those with asthma or COPD [24]. The effect of anti-acid therapy on lung function
changes are inconsistent [25,26], but the use of anti-acid therapy has been shown to be
associated with longer survival. In addition, laparoscopic anti-reflux surgery may provide
benefit on lung function of patients with IPF [27].

Obstructive sleep apnea is characterized by periodic apneas or hypopneas due to
repetitive collapse of the upper airway during sleep. Despite the proximal occlusion, the
respiratory muscles continue to make efforts to inspiration, so that the pleural pressure
fluctuates greatly, resulting in traction microinjuries to the alveoli. These injuries result
in aberrant epithelial cell activation, which, in combination with fibroblast recruitment, is
involved in the pathogenesis mechanisms of IPF. [28,29].

Although definitive impacts of DM on the lungs is unclear, several studies have
focused on the relationship between DM and pulmonary fibrosis. The hyperglycemia-
mediated overproduction of advanced glycation end products leading to oxidative injury,
and the subsequent overexpression of pro-fibrotic cytokines, fibroblast proliferation, and
ECM deposition have been suggested as potential mechanisms by which DM may be a risk
factor for IPF [30]. Metformin is the most commonly used oral diabetes medications, and it
has been demonstrated to attenuate TGF-β1-mediated epithelial-mesenchymal transition
(EMT) in vitro. In addition, metformin was also demonstrated to attenuate and reverse
fibrosis in the bleomycin mouse model of pulmonary fibrosis [31,32].

Chronic viral infection, especially with members of the Herpesviridae family, cause
repetitive alveolar epithelial injuries leading to the dysregulation of repair-responses, which
has been proposed to be a mechanism of pulmonary fibrosis in IPF [33]. There are a greater
proportion of Herpesviridae viruses have been identified in lung tissue and serum from
subjects with IPF as compared to control subjects [34,35].

2.2. Extrinsic Risk Factors

As with other lung diseases, cigarette smoking is closely related to IPF. However,
the mechanisms by which smoking affects the onset and progression of IPF are not fully
understood. Cigarette smoking has been demonstrated to stimulate the overexpression
of genes associated with EMT and a fibroblast-like phenotype in vitro [36], acceleration
of telomere shortening in vivo [37], endoplasmic reticulum stress [38], and repetitive me-
chanical stretch [3,8]. Nicotine, the main chemical in tobacco, has addictive properties and
can itself induce the production of TGF-β, an important mediator of fibrosis in IPF [39].
Consistent evidence has confirmed that cigarette smoking is associated with an increased
rate of lung function loss, and that long-term smoking is an independent factor for IPF
development. Moreover, IPF patients with a history of smoking have been reported to have
shorter survival compared to those who have never smoked [3].

In addition, certain occupational and environmental exposure to pollutants may be
associated with IPF. Some of the most common occupations involve exposure to such
pollutants, including metallurgy, farming, textile work, welding, and veterinarians. For
example, analyses of autopsy results from the United Kingdom [40] and Japan [41] found
that metal workers had a relatively high risk of death from IPF. In addition, studies in
Sweden and the United States have reported a direct relationship between exposure to wood
dust and the risk of IPF. However, a significant number of IPF patients do not have any
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history of occupational exposure to pollutants. Some environmental factors, including dust,
fibers, fumes, and particulate matter, may also contribute to the pathogenesis of IPF [3].

3. Mechanisms of Pulmonary Fibrosis

Pulmonary fibrosis is an end-stage pathological change caused by chronic repetitive
alveolar injuries of various causes (such as heredity, infection, and environmental exposure),
resulting in excessive ECM deposition and accumulation. In contrast to pulmonary fibrosis
induced by drugs, viral infection, or acute lung injury which may be partially stabilized
and reversed after treatment, IPF is persistent and irreversible even after aggressive treat-
ment [42,43]. After the hazard has been eliminated, reversible pulmonary fibrosis gradually
resolves with treatment. Almost all animal models of pulmonary fibrosis are characterized
by spontaneous regression. Bleomycin-induced pulmonary fibrosis animal models have
the advantages of simple modeling method, low cost, and obvious fibrotic lesions, and so
they are widely used in research [44]. In general, 28 days after bleomycin injury, the fibrotic
lesions gradually regress and eventually approach normal [45]. IPF is the most common
progressive pulmonary fibrosis disease and is considered to be absolutely irreversible. Due
to the unclear pathogenesis and lack of relevant animal models, it is difficult to elucidate
the causes and mechanisms by which irreversible pulmonary fibrosis occurs. Recently,
researchers showed that repetitive intratracheal instillation of bleomycin in young mice or
a single dose of bleomycin in aged mice resulted in persistent pulmonary fibrosis without
spontaneous resolution, and these models can provide the basis for pathogenesis studies
on persistent pulmonary fibrosis [46–48].

The pathogenesis of persistent pulmonary fibrosis involves a complex network. Lung
injury induces fibroblast recruitment, leading to collagen deposition and fibrosis. In addi-
tion, abnormal alveolar epithelial hyperplasia and the overproduction of mucin due to the
incomplete differentiation of alveolar epithelia, which may cause interference with wound
healing and promote pulmonary fibrosis. The loss of the endothelial phenotype and high
vascular permeability cause pulmonary vascular dysfunction, which may induce abnormal
vascular remodeling and further enlarges the fibrotic lesions, and then lead to the persis-
tent and progressive development of pulmonary fibrosis. Although the pathogenesis of
irreversible pulmonary fibrosis is unclear, factors associated with the development of fibro-
sis, including apoptosis resistance of (myo)fibroblasts, dysfunction of pulmonary vessels,
cell mitochondria and autophagy, aberrant epithelial hyperplasia, and lipid metabolism
disorder have been reported [48]. The wound repair process can be dysregulated in any
stage of fibrosis associated with IPF. The most significant wound healing stages leading to
the development of pulmonary fibrosis are represented in Figure 1.

3.1. Apoptosis Resistance of (Myo)Fibroblasts

In the process of wound healing, fibroblasts are recruited to the injured area by epithe-
lial injury-induced inflammation and differentiate into myofibroblasts induced by TGF-β.
Normally, myofibroblasts gradually undergo apoptosis as the wound heals. However,
in pathological conditions, persistent activation of (myo)fibroblasts leads to excessive
scar hyperplasia and organ fibrosis [49]. Altered levels of apoptosis resistance in IPF
(myo)fibroblasts lead to their persistent activation and pulmonary fibrosis [50]. In the
fibrotic lung, elevated levels of reactive oxygen species (ROS)-related factor NADPH oxi-
dase 4 (Nox4) induce lung fibroblasts to transform into a senescent and apoptosis-resistant
phenotype, promoting pulmonary fibrosis. The expression of Nox4 has been reported
to be significantly increased, and the expression of Nrf2, an antioxidant factor that can
neutralize Nox4, to be significantly decreased in lung fibroblasts from patients with IPF and
bleomycin-induced pulmonary fibrosis mice [51]. In IPF, dysfunction of death factor Fas
signaling induces lung fibroblasts which are resistant to apoptosis and retain the pro-fibrotic
phenotype and persistently activate COL1A1 and α-SMA promoters [52].
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Figure 1. Overview of wound healing leading to the development of fibrosis. Epithelial cell injury
induces the secretion of inflammatory mediators and triggers platelet activation, thereby increasing
vascular permeability and the recruitment of leukocytes. These inflammatory cells release pro-fibrotic
cytokines, such as TGF-β, which mediate activation and recruitment of fibroblasts, differentiation
of myofibroblasts, and release of ECM components, thereby promoting wound healing. Abnormal
wound repair responses lead to the irreversible and excessive scar tissue within the lungs of patients
with IPF.

3.2. Dysfunction of Pulmonary Vessels

Pulmonary vessels are responsible for carrying blood for gas exchange and nutrient
transport in a mature lung. In addition, pulmonary capillary endothelial cells (PCECs)
release various cytokines to support the development, regeneration, and wound healing
of the lungs. An imbalance in the abundance of pulmonary vascular endothelial cells
and progenitors, as well as an imbalance between profibrotic and antifibrotic cytokines
may result in aberrant vascular remodeling and alveolar capillary permeability changes.
The degree of increased vascular permeability has been associated with the prognosis of
patients with IPF [48,53].

Following lung injury, endothelial cells increase the expression of nitric oxide syn-
thase 3 (NOS3) to synthesize endothelial nitric oxide synthase, which causes nitric oxide
activate soluble guanylate cyclase, thereby promoting inactivation of lung fibroblasts and
regression of pulmonary fibrosis [54]. Lung injury induce the activation of PCECs and
the expression of chemokine receptor CXCR7, which protects alveolar epithelial cells from
injury by inhibiting Jag1-Notch pathway-mediated EMT and pulmonary fibrosis. However,
the degeneration of pulmonary vessels causes the reduction in vessel density, the loss of the
endothelial phenotype and unable to encode NOS3 by endothelial cells, thereby resulting
in persistent pulmonary fibrosis. Chronic lung injury caused by repetitive bleomycin instil-
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lation has been shown to suppress the expression of CXCR7 and promote the recruitment of
macrophages around vessels [48,55], which stimulates PCECs to increase Wnt/β-catenin-
dependent Jag 1 (one Notch ligand), thereby promoting persistent pulmonary fibrosis
through the sustained activation of Notch signaling in perivascular fibroblasts [48,55].

3.3. Mitochondrial Dysfunction

Mitochondrial dysfunction is considered an important pathological feature of pul-
monary fibrosis. Peroxisome proliferator-activated receptor gamma co-activator 1-alpha
(PGC1α) is a transcriptional coactivator. In addition to regulating mitochondrial biogenesis,
oxidative phosphorylation, and ROS detoxification, PGC1α also mediates the regression
of fibrotic lesions [56]. The stable inhibition of PGC1α has been demonstrated to reduce
mitochondrial mass and function in IPF lung fibroblasts [57]. Mitochondrial dysfunction
induces persistent pulmonary fibrosis through activating a pro-fibrotic fibroblast phenotype
and promoting the senescence of adjacent cells via a paracrine mechanism. In addition,
PTEN-induced putative kinase 1 (PINK1) is a key regulator of mitochondrial function,
and is low expression in aged-related lungs and IPF lungs [48,58]. In addition, a lower
expression of PINK1 has been shown to cause mitochondrial dysfunction in type II alveolar
epithelial cells (ATIIs), leading to endoplasmic reticulum stress and mitophagy dysfunc-
tion. Furthermore, a deficient expression of PINK1 in ATIIs can induce the release of
profibrotic factors.

3.4. Autophagy Dysfunction

Autophagy is an important cytoprotective mechanism that can maintain cellular
homeostasis and regulate redox balance. In fibroblasts and alveolar epithelia, decreased
autophagy induces activation of lung fibroblasts and promotes pulmonary fibrosis. More-
over, autophagy dysfunction induces apoptosis-resistant lung fibroblasts and persistent
pulmonary fibrosis by activating the mammalian target of rapamycin signaling pathway
in IPF lung fibroblasts. In lung endothelial cells, impaired autophagic flux induces the
changes of endothelial structure and affects the progression of pulmonary fibrosis, which
may be accompanied by a loss of the autophagy gene ATG7 [59,60].

3.5. Aberrant Epithelia Hyperplasia and Dysfunction

The alveolar epithelium is composed of type I alveolar epithelial cells (ATIs) and
ATIIs [61]. Histological analysis showed that more ATIIs in the lungs of patients with
IPF or bleomycin-induced pulmonary fibrosis mice compared with controls, particularly
prominent in areas close to fibrobastic foci consisting of small dome-shaped collections
of spindle-forming (myo)fibroblasts within a myxoid-appearing matrix [62]. Specimens
from the control group showed normal alveolar characteristics similar to ATIs and ATIIs
lined with thin-walled alveolar septa. Specimens from patients with IPF present with
the pathological pattern of usual interstitial pneumonia (UIP), including patchy fibrosis
and architectural distortion and fibroblast foci [63]. In normal lungs, ATIs cover over
90% of the alveolar surface. During lung injury, ATIs are susceptible to damage and
even death. ATIIs are regarded as stem cells of the alveolar epithelium to participate
alveolar epithelial repair [61,64]. Lung injury induces the activation and proliferation of
surfactant-producing ATIIs to form wound clots, which are constructed by hyperplasia
of ATIIs covering exposed alveolar surfaces, the activation of local coagulation pathways,
and initiation of provisional matrix formation [65]. Hyperplastic ATIIs regulate apoptosis
and have the ability to transdifferentiate into ATIs to re-establish a fully functional alveolar
epithelium [66]. During normal wound healing, lung tissue eventually returns to its original
structure and function as the provisional matrix gradually dissipates. However, persistent
disturbance of the epithelial basement membrane following extensive damage may lead
to alveolar collapse and ATIIs fail to re-epithelialize [67]. This results in the initiation of
an abnormal wound repair response, whereby epithelial cells, mainly ATIIs, release pro-
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fibrotic cytokines, growth factors, and other chemokines at the site of injury to promote the
activation and proliferation of (myo)fibroblasts and to increase ECM stiffness in IPF [68,69].

3.6. Lipid Metabolism Disorder

The balance of lipid metabolism is critical for maintaining the structure and function
of the alveolar epithelium. Excessive accumulation of cholesterol leads to alveolar collapse
and injury [70]. Elongation of long-chain fatty acids family member 6 and stearoyl CoA
desaturase 1 are lipid metabolism-related molecules, and levels of these molecules have
been reported to be reduced in IPF lungs [71,72]. In addition, suppression of these genes in
mice has been shown to increase fibrosis susceptibility. Sequencing data have revealed that
the genes and signaling pathways related to lipid metabolism are down-regulated in the
lungs of IPF patients and in aged mice with bleomycin injury [73,74].

3.7. Transforming Growth Factor-Beta in Idiopathic Pulmonary Fibrosis

Growth factors, such as TGF-β, insulin-like growth factor-1 (IGF-1), binding proteins,
tumor necrosis factor-alpha (TNF-α), platelet-derived growth factor (PDGF), interleukins
(ILs), endothelin-1, connective tissue growth factor (CTGF), vascular endothelial growth
factor (VEGF), and fibroblast growth factor (FGF) have been shown to be involved in the
pathology of IPF at a molecular level. Of these factors, TGF-β has been identified as a
central factor in the development of pulmonary fibrosis [3]. Alveolar epithelial damage
leads to the recruitment of fibroblasts, which are activated by TGF-β, resulting in collagen
deposition and organ fibrosis. TGF-β is a superfamily of more than 35 structurally different
protein isoforms, of which TGFβ-1, TGFβ-2, and TGFβ-3 are present only in mammals
and are known to act as major pro-fibrotic factors in the pathogenesis of fibrosis through
multiple pathways, and to exhibit different phenotypes and functions [2,75]. TGF-β was
named after the discovery of the protein TGFβ-1, which is highly expressed in IPF [6].
In fibrosis, TGF-β has both stimulatory and inhibitory properties. TGFβ-1 is involved
in the promotion and induction of fibrosis in various tissues. In addition, TGF-β1 is the
only isoform of TGF-β to affect the function of the endocrine system. In IPF, TGF-β acts
as a pro-fibrotic factor in the process of EMT through both Smad-dependent and Smad-
independent pathways. If TGF-β is activated through the Smad-dependent pathway, it
affects the genetic level of α-SMA, collagen, and PAI-1 [76]. In addition, TGF-β causes the
upregulation of IGF in fibrotic tissue and fibroblast cells, resulting in altered lung function.
TGF-β is a pleiotropic cytokine which damages lung tissue, and plays a role in lung tissue
development and in maintaining homeostasis in other tissues of the lungs [77,78].

3.8. Inflammation

Inflammation and changes in innate and adaptive immune responses have also been
implicated in the development of IPF. Inflammatory cells in the lungs of patients with IPF
have been shown to produce increased levels of ROS, which can drive the production of
pro-inflammatory cytokine, including IL-1β [67]. The secretion of IL-1β has been associated
with the progression of fibrosis by enhancing the expressions of the inflammatory mediators
IL-6 and TNF-α, disrupting alveolar structure, and increasing lung fibroblasts, as well as
collagen deposition [79]. In addition, IL-1β has been shown to increase lung infiltration by
neutrophils and macrophages, and to increase the expressions of matrix metalloproteinase
and chemokine ligands [80]. IL-1β in BALF has also been shown to stimulate the release of
the pro-fibrotic cytokines TGF-1 and PDGF [79].

The pro-inflammatory cytokine IL-17A is expressed by CD4+ T-helper (TH-17) cells, and
has been linked with enhanced the recruitment of neutrophil and TGF- and IL-1β-mediated
fibrosis [81]. In addition, increased percentage of neutrophil in BALF is considered to be
a prognostic predictor of early mortality in patients with IPF [82]. TH-1 effector T cells
are thought to induce anti-fibrotic activities through the production of interferon-γ [83],
and TH-2 effector T cells are thought to promote fibrosis through the production of some
cytokines, such as IL-4, IL-5, and IL-13 [84,85].
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4. The Mainstay of Medication and The Potential of Proteasome Inhibitors for IPF

Pirfenidone and nintedanib were approved by the FDA for the treatment of IPF in
2014 based on positive phase 3 trials, and they are currently the mainstay of medical
therapy for IPF, with acceptable safety and tolerability. With the approval of pirfenidone
and nintedanib for patients with mild-to-moderate IPF, early diagnosis is a prerequisite for
earlier treatment. These drugs help to prevent further scarring and slow the progression of
the disease, but do not cure IPF. In addition, there are insufficient data on proven effective
treatments for severe IPF, although it may also be because patients with severe IPF usually
not participate in randomized, prospective, multicenter, international trials [86]. It is
necessary to find novel effective treatment strategy for IPF. New drugs and combinations
of pirfenidone or nintedanib with other drugs have subsequently been developed. For
example, the autotaxin-lysophosphatidic acid (ATX/LPA) pathway, CTGF, pentraxin-2,
G protein-coupled receptor agonists/antagonists, αvβ6 integrin, and galectin-3 are novel
targets that have been shown to be effective in phase 2 clinical trials [18]. In addition,
several studies have indicated that proteasome inhibition can provide anti-fibrotic effects
in different tissues and in several experimental mouse models. However, the effect of
proteasome inhibitors on pulmonary fibrosis remains controversial. The mechanisms
mediating these anti-fibrotic effects have yet to be fully elucidated, however they appear to
involve the attenuation of pro-fibrotic TGF-β signaling. In the following sections, we review
relevant studies on the effect of proteosome inhibitors on pulmonary fibrosis, and evaluate
the potential of using proteasome inhibitors in the treatment of pulmonary fibrosis.

A number of different treatments, with advantages and disadvantages, have been used
to induce pulmonary fibrosis in animals. Although none of them induce the same pathology
as human IPF, each model recapitulates some key features of IPF and provide a convenient
platform to study collagen regulation in disease settings. Agents for inducing pulmonary
fibrosis in animals include etiologic agents (such as asbestos, silica, and radiation) and
chemical agents (such as bleomycin, monocrotaline, fluorescein isothiocyanate, oxidants,
and phorbol myristate acetate). The bleomycin-induced lung fibrosis model is the most
widely used [87]. Bleomycin is an anticancer drug that induces DNA damage in target cells,
and is usually administered as a single dose in saline or PBS by intratracheal, intranasal,
intraperitoneal, oropharyngeal, or intravenous routes. A continuous or repetitive delivery
method of bleomycin induce more fibrosis in the lung, and fibrotic phenotype more similar
to IPF than single bleomycin delivery methods [47]. Selecting an appropriate mouse strain
is important because there is strong evidence that genetic background can influence the
degree of pulmonary fibrosis following bleomycin treatment. C57BL/6J mice are the most
commonly used strain for bleomycin treatment, because of the reproducibly high levels of
inducible lung collagen deposition for at least 12 weeks [88].

4.1. Pirfenidone and Nintedanib

Pirfenidone is an anti-fibrotic and anti-inflammatory drug which reduces fibroblast
proliferation and the accumulation of collagen [89]. Pirfenidone should be taken three
times daily with meals, with a target dose of 801 mg, which is usually achieved within two
weeks. The details are a dose of 267 mg administered three times a day (801 mg/day) for
1 week, a dose of 534 mg administered three times a day (1602 mg/day) for 1 week, and
then a dose of 801 mg administered three times daily thereafter (2403 mg/day). Baseline
liver enzyme levels should be measured prior to taking pirfenidone, and subsequently
monitored at monthly for 6 months, and then every 3 months thereafter. Pirfenidone
should not be administered to patients with Child-Pugh Class C hepatic impairment or
those requiring dialysis [90,91]. Side effects of pirfenidone include rash, photosensitivity,
and gastrointestinal discomfort. Therefore, patients taking pirfenidone are advised to
avoid exposure to sunlight or use sunscreen and clothing to protect from sun exposure. In
addition, if gastrointestinal symptoms persist with pirfenidone with meals, antacids and
antiemetics may be prescribed. However, omeprazole may modulate pirfenidone level,
so omeprazole treatment should be avoided in patients taking pirfenidone. If side effect
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symptoms or hepatotoxicity occur, the dose can be reduced, or temporarily discontinued
and then reintroduced after a few weeks using a slower dose titration. [92]. Because
pirfenidone is mainly metabolized by cytochrome P450 1A2 (CYP1A2) enzymes, patients
should avoid the concomitant use of other CYP1A2 inhibitors (e.g., fluvoxamine and
ciprofloxacin) or inducers (e.g., tobacco, omeprazole, and rifampicin) [93].

Nintedanib is a small-molecule inhibitor of receptor tyrosine kinases, including FGF re-
ceptor, PDGF receptor, and VEGF receptor [94]. Nintedanib should be taken orally 150 mg
twice daily, and liver enzymes should be monitored monthly for 3 months and every
3 months thereafter. In addition, nintedanib treatment is not recommended for patients
with moderate or severe liver impairment (Child-Pugh Class B or C) [90]. Side effects of
nintedanib include diarrhea and nausea, which can often be effectively controlled with
antidiarrheal medications or antiemetics [95,96]. As with pirfenidone treatment, when side
effect symptoms or hepatotoxicity occur, the dose can be reduced, or temporarily discon-
tinue and reintroduce after a few weeks using a slower dose titration. Since nintedanib is a
substrate of P-glycoprotein (P-gp) and CYP3A4, the co-administration with oral doses of
P-gp and CYP3A4 inhibitors (e.g., ketoconazole and erythromycin) should be avoided, so
as not to increase exposure to nintedanib [97].

Multiple trials have demonstrated that both pirfenidone and nintedanib were asso-
ciated with a reduction in mortality compared to placebo, and could effectively reduce
lung volume loss, regardless of the initial reported forced vital capacity and diffusing
capacity of the lung for carbon monoxide [98,99]. Of note, nintedanib may increase the
risk of bleeding by inhibiting VEGF receptor signal transduction, so pirfenidone may be
a better option than nintedanib when patients receive full-dose anticoagulation or dual
antiplatelet therapy [94,100]. However, the higher proportion of bleeding in clinical trials
of patients taking nintedanib compared to placebo were minor events, such as bruising
or epistaxis. Therefore, nintedanib may be selected over pirfenidone based on a patient’s
inability to avoid sun exposure, and in those with pre-existing dermatologic conditions.
The co-administration of nintedanib and pirfenidone has been shown to have a manageable
safety and tolerability profile in patients with IPF, with no relevant effects on pharmacoki-
netic drug–drug interactions [90,101,102]. However, clinical trials are still needed to assess
whether this combination can improve efficacy.

4.2. Overview of Proteasome Inhibitors and the Effects of Proteasome Inhibitors in Patients with
Pulmonary Fibrosis

The ubiquitin-proteasome system is responsible for the programmed degradation of
most intracellular proteins. Proteins are targeted for proteasomal degradation by linkage to
polyubiquitin chains as a degradation signal. Polyubiquitination proceeds along a cascade
of enzymatic reactions involving E1, E2, and E3 enzymes which transfer activated ubiquitin
to lysine residues of substrate proteins. The polyubiquitinated proteins are then trans-
ferred to and hydrolyzed by proteasomes [103,104]. Proteasomes are multimeric protease
complexes and the center of cellular protein degradation, thereby activating or shutting
down some pathways. The 26S proteasome is a multicatalytic enzyme complex, compris-
ing a 20S core catalytic complex with 19S regulatory subunits at each end. The 20S core
catalytic complex contains three active sites residing in the β5, β2, and β1 subunits that
cleave polypeptides after different amino acids, which are named chymotrypsin-like (CT-L),
trypsin-like (T-L), and caspase-like (C-L) active sites, respectively [105]. Proteasomes are
present in all cells, but they are relatively abundant in multiple myeloma cells, making that
disease a target for proteasome inhibitors. Many proteasome inhibitors are currently in
development. Although several protease inhibitors are developed, the molecular mech-
anism has not been fully studied. These compounds have commonly been reported to
be inhibitors of the NF-κB pathway. However, the regulation of the NF-κB pathway by
the same proteasome inhibitor may still vary depending on the cell type. In addition,
proteasome inhibitors have been reported to induce apoptosis by regulating pathways
other than NF-κB. These compounds incorporate different chemical warheads to inhibit
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the catalytic activity of the proteasome. Currently, proteasome inhibitors used in research
or clinical treatment for multiple myeloma were listed in Table 1. Several studies are
also actively investigating the effectiveness of proteasome inhibitors in various diseases
including pulmonary fibrosis.

Table 1. Examples of proteasome inhibitor classes.

Compound FDA Approval Class Effect Activity Administration

MG-132 just used in laboratories peptide aldehydes reversible T-L, CT-L N/A

Bortezomib FDA approval in 2003 boronic acid reversible CT-L IV, SC

Carfilzomib FDA approval in 2012 epoxyketones irreversible CT-L IV

Oprozomib currently in clinical trials epoxyketones irreversible CT-L Oral

Ixazomib FDA approval in 2015 boronic acid reversible CT-L IV, Oral

Delanzomib currently in clinical trials boronic acid reversible CT-L IV, Oral

Marizomib currently in clinical trials salinosporamide irreversible T-L, CT-L, C-L IV, Oral

T-L, trypsin-like activity; CT-L, chymotrypsin-like activity; C-L, caspase-like activity.

4.2.1. MG-132

The first synthetic proteasome inhibitor contained a peptide backbone with an alde-
hyde on its C terminus forming a reversible complex with the active site threonine. MG-132,
originally named ZLLLal, is a modified version with a different peptide backbone, and it is
more potent and cell permeable [106].

Studies indicated that MG-132 suppress NF-κB activity in various cells by inducing
nuclear translocation and accumulation of IκBα, which then binds with NF-κB p50/65 and
interferes DNA binding activity of NF-κB [107,108]. The combination therapy of MG-132
and GSK-470, a PDK1 inhibitor, induce apoptosis by inhibiting phosphorylation of mTOR
and AKT, and inducing nuclear accumulation of PTEN in multiple myeloma cells [109].

Myocardial remodeling is an adaptive response of the myocardium to several forms of
stress, ultimately leading to cardiac fibrosis, left ventricular dilation, and loss of contractility.
MG-132 has been shown to suppress the activity of matrix metalloproteinases (MMPs)
and the RNA expressions of MMPs and collagens in rat cardiac fibroblasts. In addition,
MG-132 treatment over 12 weeks was shown to effectively suppress the expressions of
MMPs and collagens in spontaneously hypertensive rats, resulting in a marked reduction
in cardiac fibrosis compared with control animals [6,110]. In NRK-49F cells (rat renal
interstitial fibroblasts), MG-132 was shown to downregulate the expressions of CTGF,
α-SMA, fibronectin and collagen III simulated by TGF-β1 [111].

Tank binding protein kinase-1 (TBK1) is a kinase that was recently identified as
a candidate regulator of fibroblast activation. Reducing the activity or expression of
TBK1 has been shown to result in a 40–60% reduction in smooth muscle actin stress fiber
levels and a 50% reduction in the deposition of the ECM components collagen I and
fibronectin in TGF-stimulated normal and IPF fibroblasts. In addition, yes-associated
protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are related
mechanosensory proteins known to regulate fibroblast activation [112]. TBK1 stabilizes
YAP/TAZ levels by reducing YAP/TAZ proteasome degradation, and TBK1 knockdown
or inhibition has been shown to reduce the total and nuclear protein levels of YAP/TAZ.
The treatment of fibroblasts with MG-132 has been shown to result in increased YAP/TAZ
levels in both TBK1 siRNA and non-targeting siRNA control-treated cells [113]. These
results suggest that proteasome inhibitors may promote fibroblast activation by reducing
YAP/TAZ proteasome degradation.

4.2.2. Bortezomib

Bortezomib, a dipeptide boronic acid derivative, is the first proteasome inhibitor
to receive FDA approval for the treatment of multiple myeloma and other plasma cell
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malignancies, and it has been associated with significant improvements in response rates
and overall survival in front-line and relapsed/refractory settings [104,114]. Numerous
clinical trials of bortezomib focusing on its efficacy in other tumors, in combination with
other drugs, and for non-cancer applications have also been conducted [106]. Bortezomib
is formulated as a mannitol ester and administered via intravenous or subcutaneous
routes. Bortezomib is rapidly cleared from the body; however, accumulation occurs after
repeated dosing [115].

Many studies indicated that bortezomib stabilized the inhibitor IκB in cytosol leading
to reduced activation of NF-κB [116,117]. Bortezomib also inhibits cyclin turnover, which
affects cyclin-dependent kinase (CDK) activity. This may be particularly relevant to the
action of bortezomib for treating mantle cell lymphoma, as which often caused by a gene
translocation that causes the overexpression of cyclin D1 [118]. In addition, bortezomib
affects telomerase activity [119], kinases such as JNK, tumor suppressors such as p53, and
the Bcl-2 family of proteins has been reported [106].

Several studies have investigated the potential of bortezomib for the treatment of
fibrosis. In a mouse study of bile duct ligation-induced cirrhosis, a single dose of bortezomib
was given three days after bile duct ligation, which significantly reduced the expressions
of α-SMA and collagen, and attenuated the severity of histological fibrosis [120]. In a
murine model of thrombopoietin-induced myelofibrosis, reduced levels of TGF-β1 in bone
marrow fluid and impaired development of spleen fibrosis after bortezomib treatment for
four weeks have also been demonstrated. Moreover, bortezomib treatment impaired the
development of osteosclerosis and increased one year survival rate from 8 to 89% after
12 weeks of treatment [121]. In both human dermal fibroblasts and murine fibroblasts,
bortezomib has been shown to reduce collagen I mRNA expression [7]. In addition,
bortezomib effectively inhibit TGF-β1-mediated target gene expression by inhibiting Smads
activated transcription in primary human lung fibroblasts from normal individuals and
patients with IPF, and in skin fibroblasts from patients with scleroderma. This response
is due to increased abundance and activity of peroxisome proliferator activated receptor
γ, a Smad-mediated transcriptional repressor [122]. In addition, bortezomib inhibits the
pro-fibrotic activity induced by BALF from patients with pulmonary fibrosis. Notably,
bortezomib treatment is effective even with bleomycin-induced acute lung injury peaking
and TGF-β1 activation in the lung, which differs from other therapeutic strategies shown
to inhibit bleomycin-induced pulmonary fibrosis [122].

However, some studies have raised concerns. For example, bortezomib has been
shown to inhibit the chymotryptic activity of proteasomes but to enhance JNK and TGF-β
signaling, which has been shown to promote fibrosis in vivo. Moreover, bortezomib failed
to prevent bleomycin-induced lung inflammation and fibrosis or attenuate skin fibrosis in
TSK-1/1 mice [7]. Furthermore, another study indicated that the therapeutic administration
of bortezomib could diminish the severity of pulmonary fibrosis, and that this effect was
independent of proteasome inhibition, and rather attributable to the induction of dual-
specificity protein phosphatase 1 [123].

4.2.3. Carfilzomib

Carfilzomib, originally derived from the naturally occurring epoxomicin, received ini-
tial FDA approval for relapsed and refractory myeloma in 2012, and it is the only approved
drug with a reactive epoxide pharmacophore, a feature previously considered unsuitable
for drug development. Carfilzomib, such as bortezomib, is administered intravenously
and is a useful treatment to overcome some forms of bortezomib resistance [124]. Carfil-
zomib has been demonstrated to have fewer off-target effects and stronger proteasome
inhibition effects relative to bortezomib [125,126]. In addition, the reported rates of pe-
ripheral neuropathy are >60% lower in patients receiving carfilzomib compared to those
receiving bortezomib.

In chronic lymphocytic leukemia cells, carfilzomib potently induces apoptosis by
caspase-dependent and occurs irrespective of p53 status. In addition, carfilzomib promotes
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atypical activation of NF-κB, which is manifested by loss of cytoplasmic IkBα, phospho-
rylation of IκBα and DNA binding of NF-κB p50/p65, without subsequent increases in
canonical NF-κB target gene transcription [127].

4.2.4. Oprozomib

Oprozomib is a truncated derivative of carfilzomib, and it is the first orally bioavailable
epoxyketone-based proteasome inhibitor. Orally bioavailable proteasome inhibitors could
allow for more flexible dosing and be more convenient for patients. In addition, oral
oprozomib was shown to delay tumor growth in a myeloma xenograft with efficacy similar
to intravenous carfilzomib [128]. Both oprozomib and carfilzomib have been shown to
inhibit the chymotrypsin-like activity of proteasomes and induce cell death in myeloma cell
lines and primary cells from patients. In addition, oprozomib has been shown to decrease
the viability of multiple myeloma cell lines and primary tumor cells from patients without
affecting the viability of normal hematopoietic cells [124].

One study reported that local lung-specific treatment with oprozomib resulted in
an antifibrotic effect without systemic toxicity in a mouse model of pulmonary fibrosis.
Oprozomib was less toxic than bortezomib and was highly selective for the chymotrypsin-
like active site of proteasomes. In addition, oprozomib treatment eliminated the expression
of collagen-I and α-SMA induced by TGF-β in primary mouse lung fibroblasts. However,
locally applied oprozomib failed to reduce fibrosis in bleomycin-challenged mice, and
resulted in accelerated weight loss and increased mortality [105]. Specifically targeting
activated proteasome complexes in the fibrotic lung to the right degree and at the right time
point may be necessary for the treatment of pulmonary fibrosis with proteasome inhibitors.

4.2.5. Ixazomib

Ixazomib was the first oral proteasome inhibitor approved by the FDA for the treat-
ment of relapsed multiple myeloma in 2015 [125]. It preferentially inhibits CT-L activities
of the 20S proteasome, with 10- and 1000-fold less potency for C-L and T-L activities,
respectively. Ixazomib is similar in selectivity and potency to bortezomib, however the
proteasome binding kinetics of these two molecules are different. Both ixazomib and
bortezomib exhibit time-dependent reversible proteasome inhibition, however, the protea-
some dissociation half-life (t1/2) of ixazomib is about 6-fold faster than that of bortezomib
(t1/2 of 18 and 110 min, respectively) [129]. In addition, preliminary pharmacokinetic
results indicate that the fixed-dose administration of ixazomib is feasible, making oral
administration of the drug very convenient.

4.2.6. Delanzomib

As with bortezomib, delanzomib is a reversible proteasome inhibitor of the peptide
boronic acid class, and it exhibits similar potency against proteolytic activities of pro-
teasomes in human erythrocytes, multiple myeloma, and HeLa cancer cells. However,
delanzomib has been shown to be active as an oral formulation in preclinical studies,
and delanzomib has shown greater and more sustained dose-related inhibition of tumor
proteasome activity than bortezomib following the maximum tolerated dose of bortezomib
or delanzomib in severe combined immunodeficiency mice. In addition, delanzomib has
shown similar or better single-agent antitumor activity in primary multiple myeloma
plasma cells in vitro compared to bortezomib [130].

4.2.7. Marizomib

Marizomib (NPI-0052, Salinosporamide A) is an orally active, small molecule pro-
teasome inhibitor derived from Salinospora tropica (marine actinomycete bacteria) [131].
Unlike other peptide-based proteasome inhibitors, marizomib has a β-lactone-γ-lactam
bicyclic ring structure without a linear peptide backbone. In multiple myeloma cells and
purified proteasomes, marizomib has been shown to irreversibly inhibit proteasome ac-
tivity at nanomolar concentrations [132]. In addition, marizomib can target proteasomes
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more broadly, as it inhibits all three major proteolytic activities (preferentially inhibiting
CT-L activity, followed by T-L activity and to a much lesser extent C-L activity) [133–135].
Marizomib has been tested in phase I, II, and III clinical trials in a variety of cancers, in-
cluding refractory multiple myeloma, leukemia, lymphoma, glioblastoma, and malignant
glioma. The results from these trials have shown that marizomib either as monotherapy or
in combination with pomalidomide is well-tolerated and demonstrates promising activity
in relapsed and refractory multiple myeloma [131].

Although the molecular mechanism of newly developed next generation of proteasome
inhibitors still needs to be investigated. It has been reported that bortezomin, carfilzomib,
and marizomib can inhibited the activity of non-canonical NF-κB signaling pathway and
induced the apoptosis in cytarabine-resistant HL60 Cells [136]. Bortezomin and marizomib
decrease the viability of pulmonary arterial smooth muscle cells by restoring mitofusin-2
expression under hypoxic conditions [137].

5. Challenges in the Treatment of Pulmonary Fibrosis with Proteasome Inhibitors

Peripheral neuropathy is a common and often dose-limiting toxic side effect of many
active chemotherapeutic agents [138]. The National Cancer Institute lists chemotherapy-
induced peripheral neuropathy as a reason for discontinuing treatment [139]. Peripheral
neuropathy refers to damage, inflammation, or degeneration of peripheral nerves. The
main symptoms of peripheral neuropathy are numbness, tingling, paresthesia, dysesthesia,
pain, and weakness [140]. Bortezomib has been reported to induce autonomic peripheral
neuropathy, causing neuropathic pain, orthostatic hypotension, bradycardia, sexual dys-
function, and constipation. Therefore, low toxicity is an important requirement for the
development of the next generation of proteasome inhibitors [140,141].

In addition, proteasome inhibitors targeting a single active site have been shown to
lead to compensatory activation of other active sites resulting in drug resistance, so that
efficient inhibition of more than one active site is required to induce cell death [105,131,142].
The development of irreversible pan-proteasome inhibitors may be an effective way to
overcome drug resistance. Currently, the only irreversible pan-proteasome inhibitor of T-L
activity, CT-L activity, and C-L activity in development is marizomib [131], and clinical trials
have indeed shown that marizomib is well-tolerated with promising activity in relapsed
and refractory multiple myeloma [131,143].

In conclusion, current evidence indicates that proteasome inhibitors have anti-fibrosis
effects, such as reducing fibroblast proliferation, differentiation into myofibroblasts, and
collagen synthesis. However, the in vivo efficacy of proteasome inhibitors in pulmonary
fibrosis and the dependence on proteasome inhibition have yet to be conclusively defined.
Based on our review of the current research, the bottlenecks encountered in the use of
proteasome inhibitors are as follows: (1) proteasome inhibitors cause anti-fibrosis effects
through mechanisms other than proteosome inhibition [123]; (2) the activity of proteasome
inhibitors leads to the accumulation of several proteins that are degraded by the proteasome
machinery, but does not target a single protein [136]; (3) several proteasome inhibitors only
inhibit one activity site of proteasomes, which causes compensatory activation of other
activity sites, resulting in drug resistance [131,136]; and (4) toxicity of proteasome inhibitors
causes side effects, making them difficult to apply in vivo [140,141]. At present, studies
associated anti-fibrotic effect of proteasome inhibitors focus on fibroblasts, however, several
studies demonstrated that the importance of proteasome function in maintaining ATIIs
homeostasis [144,145]. In ATIIs of mice, partial deletion of RPT3, which promotes assembly
of active 26S proteasome, leads to augmented cell stress and cell death. Acute loss of ATIIs
resulted in alveolar surfactant depletion and alveolar epithelial barrier disruption leading
to lethal acute respiratory distress syndrome [144]. These results point to the importance of
proteasome function in maintaining ATIIs homeostasis and this issue requires attention in
the development of proteasome inhibitor treatment for IPF. Understanding the complex
mechanisms of proteasome inhibitors, developing irreversible pan-proteasome inhibitors,
and reducing the toxicity of proteasome inhibitors are important issues that must be solved
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before proteasome inhibitors are used in the treatment of pulmonary fibrosis. An overview
of risk factors and treatment for IPF is shown in Figure 2.
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Figure 2. Overview of risk factors and treatments for idiopathic pulmonary fibrosis. The risk factors
for idiopathic pulmonary fibrosis (IPF) include intrinsic risk factors (such as genetic susceptibility,
aging, male sex, the lung microbiome, and comorbidities) and extrinsic risk factors (such as cigarette
smoking and environmental exposure). Pirfenidone and nintedanib are the mainstay of medical
therapy for IPF. Although the role of proteasome inhibitors in pulmonary fibrosis remains uncertain,
they have been reported to potentially have anti-fibrotic effects.
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100. Grześk, G.; Woźniak-Wiśniewska, A.; Błażejewski, J.; Górny, B.; Wołowiec, Ł.; Rogowicz, D.; Nowaczyk, A. The Interactions of
Nintedanib and Oral Anticoagulants-Molecular Mechanisms and Clinical Implications. Int. J. Mol. Sci. 2020, 22, 282. [CrossRef]

101. Richeldi, L.; Fletcher, S.; Adamali, H.; Chaudhuri, N.; Wiebe, S.; Wind, S.; Hohl, K.; Baker, A.; Schlenker-Herceg, R.;
Stowasser, S.; et al. No relevant pharmacokinetic drug-drug interaction between nintedanib and pirfenidone. Eur. Respir. J. 2019,
53, 1801060. [CrossRef]

102. Ogura, T.; Taniguchi, H.; Azuma, A.; Inoue, Y.; Kondoh, Y.; Hasegawa, Y.; Bando, M.; Abe, S.; Mochizuki, Y.; Chida, K.; et al.
Safety and pharmacokinetics of nintedanib and pirfenidone in idiopathic pulmonary fibrosis. Eur. Respir. J. 2015, 45, 1382–1392.
[CrossRef] [PubMed]

103. Landis-Piwowar, K.R.; Milacic, V.; Chen, D.; Yang, H.; Zhao, Y.; Chan, T.H.; Yan, B.; Dou, Q.P. The proteasome as a potential
target for novel anticancer drugs and chemosensitizers. Drug Resist. Updates: Rev. Comment. Antimicrob. Anticancer. Chemother.
2006, 9, 263–273. [CrossRef] [PubMed]

104. Teicher, B.A.; Tomaszewski, J.E. Proteasome inhibitors. Biochem. Pharmacol. 2015, 96, 1–9. [CrossRef] [PubMed]
105. Semren, N.; Habel-Ungewitter, N.C.; Fernandez, I.E.; Königshoff, M.; Eickelberg, O.; Stöger, T.; Meiners, S. Validation of the 2nd

Generation Proteasome Inhibitor Oprozomib for Local Therapy of Pulmonary Fibrosis. PLoS ONE 2015, 10, e0136188. [CrossRef]

http://doi.org/10.1172/JCI12568
http://doi.org/10.1165/rcmb.2004-0309OC
http://doi.org/10.1084/jem.20092121
http://doi.org/10.1378/chest.07-1948
http://www.ncbi.nlm.nih.gov/pubmed/18071016
http://doi.org/10.1002/hep.510230538
http://www.ncbi.nlm.nih.gov/pubmed/8621153
http://doi.org/10.1172/JCI7325
http://www.ncbi.nlm.nih.gov/pubmed/10491413
http://doi.org/10.1016/j.rmed.2018.12.015
http://doi.org/10.1183/16000617.0047-2017
http://doi.org/10.1002/cti2.1153
http://doi.org/10.1165/ajrcmb.27.2.4674
http://doi.org/10.1016/j.rmed.2017.07.062
http://doi.org/10.21037/jtd.2019.04.62
http://doi.org/10.1183/16000617.0057-2017
http://doi.org/10.1183/09059180.00011514
http://www.ncbi.nlm.nih.gov/pubmed/25726556
http://doi.org/10.1186/s12931-015-0276-5
http://www.ncbi.nlm.nih.gov/pubmed/26400368
http://doi.org/10.1183/09031936.00174914
http://www.ncbi.nlm.nih.gov/pubmed/25745043
http://doi.org/10.1056/NEJMra1705751
http://doi.org/10.1038/s41598-019-48593-4
http://doi.org/10.1007/s13318-018-0467-9
http://doi.org/10.1016/j.rmed.2016.02.001
http://doi.org/10.1016/S2213-2600(16)30326-5
http://doi.org/10.3390/ijms22010282
http://doi.org/10.1183/13993003.01060-2018
http://doi.org/10.1183/09031936.00198013
http://www.ncbi.nlm.nih.gov/pubmed/25504994
http://doi.org/10.1016/j.drup.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17197231
http://doi.org/10.1016/j.bcp.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25935605
http://doi.org/10.1371/journal.pone.0136188


Cells 2022, 11, 1543 19 of 20

106. Fricker LD: Proteasome Inhibitor Drugs. Annu. Rev. Pharmacol. Toxicol. 2020, 60, 457–476. [CrossRef]
107. Juvekar, A.; Manna, S.; Ramaswami, S.; Chang, T.P.; Vu, H.Y.; Ghosh, C.C.; Celiker, M.Y.; Vancurova, I. Bortezomib induces

nuclear translocation of IκBα resulting in gene-specific suppression of NF-κB–dependent transcription and induction of apoptosis
in CTCL. Mol. Cancer Res. 2011, 9, 183–194. [CrossRef]

108. Wu, X.; Chen, Z.; Yang, Y.; Dong, Y.; Liu, H.; Kuang, S.; Luo, K. Impact of proteasome inhibitor MG-132 on expression of NF-κB,
IL-1β and histological remodeling after myocardial infarction. Exp. Ther. Med. 2018, 16, 1365–1372. [CrossRef]

109. Zhang, J.; Yang, C.; Zhou, F.; Chen, X. PDK1 inhibitor GSK2334470 synergizes with proteasome inhibitor MG-132 in multiple
myeloma cells by inhibiting full AKT activity and increasing nuclear accumulation of the PTEN protein. Oncol. Rep. 2018,
39, 2951–2959. [CrossRef]

110. Meiners, S.; Hocher, B.; Weller, A.; Laule, M.; Stangl, V.; Guenther, C.; Godes, M.; Mrozikiewicz, A.; Baumann, G.; Stangl, K.
Downregulation of matrix metalloproteinases and collagens and suppression of cardiac fibrosis by inhibition of the proteasome.
Hypertens. 2004, 44, 471–477. [CrossRef]

111. Han, L.; Zhu, B.; Chen, H.; Jin, Y.; Liu, J.; Wang, W. Proteasome inhibitor MG132 inhibits the process of renal interstitial fibrosis.
Exp. Ther. Med. 2019, 17, 2953–2962. [CrossRef]

112. Szeto, S.G.; Narimatsu, M.; Lu, M.; He, X.; Sidiqi, A.M.; Tolosa, M.F.; Chan, L.; De Freitas, K.; Bialik, J.F.; Majumder, S.; et al.
YAP/TAZ Are Mechanoregulators of TGF-β-Smad Signaling and Renal Fibrogenesis. J. Am. Soc.Nephrol. 2016, 27, 3117–3128.
[CrossRef] [PubMed]

113. Aravamudhan, A.; Haak, A.J.; Choi, K.M.; Meridew, J.A.; Caporarello, N.; Jones, D.L.; Tan, Q.; Ligresti, G.; Tschumperlin, D.J.
TBK1 regulates YAP/TAZ and fibrogenic fibroblast activation. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 318, L852–L863.
[CrossRef] [PubMed]

114. Bross, P.F.; Kane, R.; Farrell, A.T.; Abraham, S.; Benson, K.; Brower, M.E.; Bradley, S.; Gobburu, J.V.; Goheer, A.; Lee, S.L.; et al.
Approval summary for bortezomib for injection in the treatment of multiple myeloma. Clin. Cancer Res. 2004, 10, 3954–3964.
[CrossRef] [PubMed]

115. Orlowski, R.Z.; Stinchcombe, T.E.; Mitchell, B.S.; Shea, T.C.; Baldwin, A.S.; Stahl, S.; Adams, J.; Esseltine, D.L.; Elliott, P.J.;
Pien, C.S.; et al. Phase I trial of the proteasome inhibitor PS-341 in patients with refractory hematologic malignancies. J. Clin.Oncol.
2002, 20, 4420–4427. [CrossRef] [PubMed]

116. Gandolfi, S.; Laubach, J.P.; Hideshima, T.; Chauhan, D.; Anderson, K.C.; Richardson, P.G. The proteasome and proteasome
inhibitors in multiple myeloma. Cancer Metastasis Rev. 2017, 36, 561–584. [CrossRef] [PubMed]

117. Hatake, K.; Mishima, Y.; Terui, Y. Proteasome inhibitors. Cancer Chemother. 2004, 31, 999–1002.
118. Jares, P.; Colomer, D.; Campo, E. Molecular pathogenesis of mantle cell lymphoma. J. Clin. Investig. 2012, 122, 3416–3423.

[CrossRef]
119. Uziel, O.; Cohen, O.; Beery, E.; Nordenberg, J.; Lahav, M. The effect of Bortezomib and Rapamycin on Telomerase Activity in

Mantle Cell Lymphoma. Transl. Oncol. 2014, 7, 741–751. [CrossRef]
120. Pan, X.; Hussain, F.N.; Iqbal, J.; Feuerman, M.H.; Hussain, M.M. Inhibiting proteasomal degradation of microsomal triglyceride

transfer protein prevents CCl4-induced steatosis. J. Biol. Chem. 2007, 282, 17078–17089. [CrossRef]
121. Wagner-Ballon, O.; Pisani, D.F.; Gastinne, T.; Tulliez, M.; Chaligné, R.; Lacout, C.; Auradé, F.; Villeval, J.L.; Gonin, P.;

Vainchenker, W.; et al. Proteasome inhibitor bortezomib impairs both myelofibrosis and osteosclerosis induced by high throm-
bopoietin levels in mice. Blood 2007, 110, 345–353. [CrossRef]

122. Mutlu, G.M.; Budinger, G.R.; Wu, M.; Lam, A.P.; Zirk, A.; Rivera, S.; Urich, D.; Chiarella, S.E.; Go, L.H.; Ghosh, A.K.; et al.
Proteasomal inhibition after injury prevents fibrosis by modulating TGF-β(1) signalling. Thorax 2012, 67, 139–146. [CrossRef]
[PubMed]

123. Penke, L.R.K.; Speth, J.; Wettlaufer, S.; Draijer, C.; Peters-Golden, M. Bortezomib Inhibits Lung Fibrosis and Fibroblast Activation
without Proteasome Inhibition. Am. J. Respir. Cell Mol. Biol. 2022, 66, 23–37. [CrossRef] [PubMed]

124. Allegra, A.; Alonci, A.; Gerace, D.; Russo, S.; Innao, V.; Calabrò, L.; Musolino, C. New orally active proteasome inhibitors in
multiple myeloma. Leuk. Res. 2014, 38, 1–9. [CrossRef] [PubMed]

125. Yang, Y.; Li, Y.; Gu, H.; Dong, M.; Cai, Z. Emerging agents and regimens for multiple myeloma. J. Hematol. Oncol. 2020, 13, 150.
[CrossRef] [PubMed]

126. Wang, J.; Fang, Y.; Fan, R.A.; Kirk, C.J. Proteasome Inhibitors and Their Pharmacokinetics, Pharmacodynamics, and Metabolism.
Int. J. Mol. Sci. 2021, 22, 11595. [CrossRef] [PubMed]

127. Gupta, S.V.; Hertlein, E.; Lu, Y.; Sass, E.J.; Lapalombella, R.; Chen, T.L.; Davis, M.E.; Woyach, J.A.; Lehman, A.; Jarjoura, D.; et al.
The proteasome inhibitor carfilzomib functions independently of p53 to induce cytotoxicity and an atypical NF-κB response in
chronic lymphocytic leukemia cells. Clin. Cancer Res. 2013, 19, 2406–2419. [CrossRef] [PubMed]

128. Chauhan, D.; Singh, A.V.; Aujay, M.; Kirk, C.J.; Bandi, M.; Ciccarelli, B.; Raje, N.; Richardson, P.; Anderson, K.C. A novel orally
active proteasome inhibitor ONX 0912 triggers in vitro and in vivo cytotoxicity in multiple myeloma. Blood 2010, 116, 4906–4915.
[CrossRef] [PubMed]

129. Kupperman, E.; Lee, E.C.; Cao, Y.; Bannerman, B.; Fitzgerald, M.; Berger, A.; Yu, J.; Yang, Y.; Hales, P.; Bruzzese, F.; et al. Evaluation
of the proteasome inhibitor MLN9708 in preclinical models of human cancer. Cancer Res. 2010, 70, 1970–1980. [CrossRef]

http://doi.org/10.1146/annurev-pharmtox-010919-023603
http://doi.org/10.1158/1541-7786.MCR-10-0368
http://doi.org/10.3892/etm.2018.6308
http://doi.org/10.3892/or.2018.6369
http://doi.org/10.1161/01.HYP.0000142772.71367.65
http://doi.org/10.3892/etm.2019.7329
http://doi.org/10.1681/ASN.2015050499
http://www.ncbi.nlm.nih.gov/pubmed/26961347
http://doi.org/10.1152/ajplung.00324.2019
http://www.ncbi.nlm.nih.gov/pubmed/32159970
http://doi.org/10.1158/1078-0432.CCR-03-0781
http://www.ncbi.nlm.nih.gov/pubmed/15217925
http://doi.org/10.1200/JCO.2002.01.133
http://www.ncbi.nlm.nih.gov/pubmed/12431963
http://doi.org/10.1007/s10555-017-9707-8
http://www.ncbi.nlm.nih.gov/pubmed/29196868
http://doi.org/10.1172/JCI61272
http://doi.org/10.1016/j.tranon.2014.09.004
http://doi.org/10.1074/jbc.M701742200
http://doi.org/10.1182/blood-2006-10-054502
http://doi.org/10.1136/thoraxjnl-2011-200717
http://www.ncbi.nlm.nih.gov/pubmed/21921091
http://doi.org/10.1165/rcmb.2021-0112OC
http://www.ncbi.nlm.nih.gov/pubmed/34236953
http://doi.org/10.1016/j.leukres.2013.10.018
http://www.ncbi.nlm.nih.gov/pubmed/24239172
http://doi.org/10.1186/s13045-020-00980-5
http://www.ncbi.nlm.nih.gov/pubmed/33168044
http://doi.org/10.3390/ijms222111595
http://www.ncbi.nlm.nih.gov/pubmed/34769030
http://doi.org/10.1158/1078-0432.CCR-12-2754
http://www.ncbi.nlm.nih.gov/pubmed/23515408
http://doi.org/10.1182/blood-2010-04-276626
http://www.ncbi.nlm.nih.gov/pubmed/20805366
http://doi.org/10.1158/0008-5472.CAN-09-2766


Cells 2022, 11, 1543 20 of 20

130. Dorsey, B.D.; Iqbal, M.; Chatterjee, S.; Menta, E.; Bernardini, R.; Bernareggi, A.; Cassarà, P.G.; D’Arasmo, G.; Ferretti, E.; De
Munari, S.; et al. Discovery of a potent, selective, and orally active proteasome inhibitor for the treatment of cancer. J. Med. Chem.
2008, 51, 1068–1072. [CrossRef]

131. Raninga, P.V.; Lee, A.; Sinha, D.; Dong, L.F.; Datta, K.K.; Lu, X.; Kalita-de Croft, P.; Dutt, M.; Hill, M.; Pouliot, N.; et al.
Marizomib suppresses triple-negative breast cancer via proteasome and oxidative phosphorylation inhibition. Theranostics 2020,
10, 5259–5275. [CrossRef]

132. Park, J.E.; Miller, Z.; Jun, Y.; Lee, W.; Kim, K.B. Next-generation proteasome inhibitors for cancer therapy. Transl.Res. 2018,
198, 1–16. [CrossRef] [PubMed]

133. Manasanch, E.E.; Orlowski, R.Z. Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 2017, 14, 417–433. [CrossRef]
[PubMed]

134. Levin, N.; Spencer, A.; Harrison, S.J.; Chauhan, D.; Burrows, F.J.; Anderson, K.C.; Reich, S.D.; Richardson, P.G.; Trikha, M.
Marizomib irreversibly inhibits proteasome to overcome compensatory hyperactivation in multiple myeloma and solid tumour
patients. Br. J. Haematol. 2016, 174, 711–720. [CrossRef] [PubMed]

135. Chauhan, D.; Catley, L.; Li, G.; Podar, K.; Hideshima, T.; Velankar, M.; Mitsiades, C.; Mitsiades, N.; Yasui, H.; Letai, A.; et al. A
novel orally active proteasome inhibitor induces apoptosis in multiple myeloma cells with mechanisms distinct from Bortezomib.
Cancer Cell 2005, 8, 407–419. [CrossRef] [PubMed]

136. Wang, S.Y.; Shih, Y.H.; Shieh, T.M.; Tseng, Y.H. Proteasome Inhibitors Interrupt the Activation of Non-Canonical NF-κB Signaling
Pathway and Induce Cell Apoptosis in Cytarabine-Resistant HL60 Cells. Int. J. Mol. Sci. 2021, 23, 361. [CrossRef] [PubMed]

137. Chen, I.-C.; Liu, Y.-C.; Wu, Y.-H.; Lo, S.-H.; Wang, S.-C.; Li, C.-Y.; Dai, Z.-K.; Hsu, J.-H.; Yeh, C.-Y.; Tseng, Y.-H. Proteasome
Inhibitors Decrease the Viability of Pulmonary Arterial Smooth Muscle Cells by Restoring Mitofusin-2 Expression under Hypoxic
Conditions. Biomed. 2022, 10, 873.

138. Visovsky, C. Chemotherapy-induced peripheral neuropathy. Cancer Investig. 2003, 21, 439–451. [CrossRef]
139. Areti A, Yerra VG, Naidu V, Kumar A: Oxidative stress and nerve damage: Role in chemotherapy induced peripheral neuropathy.

Redox Biol. 2014, 2, 289–295. [CrossRef]
140. Kaplan, G.S.; Torcun, C.C.; Grune, T.; Ozer, N.K.; Karademir, B. Proteasome inhibitors in cancer therapy: Treatment regimen and

peripheral neuropathy as a side effect. Free. Radic. Biol. Med. 2017, 103, 1–13. [CrossRef]
141. Alé, A.; Bruna, J.; Navarro, X.; Udina, E. Neurotoxicity induced by antineoplastic proteasome inhibitors. Neurotoxicology 2014,

43, 28–35. [CrossRef]
142. Meiners, S.; Ludwig, A.; Stangl, V.; Stangl, K. Proteasome inhibitors: Poisons and remedies. Med. Res. Rev. 2008, 28, 309–327.

[CrossRef] [PubMed]
143. Spencer, A.; Harrison, S.; Zonder, J.; Badros, A.; Laubach, J.; Bergin, K.; Khot, A.; Zimmerman, T.; Chauhan, D.; Levin, N.; et al. A

phase 1 clinical trial evaluating marizomib, pomalidomide and low-dose dexamethasone in relapsed and refractory multiple
myeloma (NPI-0052-107): Final study results. Br. J. Haematol. 2018, 180, 41–51. [CrossRef] [PubMed]

144. Sitaraman, S.; Na, C.L.; Yang, L.; Filuta, A.; Bridges, J.P.; Weaver, T.E. Proteasome dysfunction in alveolar type 2 epithelial cells is
associated with acute respiratory distress syndrome. Sci. Rep. 2019, 9, 12509. [CrossRef] [PubMed]

145. Katzen, J.; Beers, M.F. Contributions of alveolar epithelial cell quality control to pulmonary fibrosis. J. Clin. Investig. 2020,
130, 5088–5099. [CrossRef] [PubMed]

http://doi.org/10.1021/jm7010589
http://doi.org/10.7150/thno.42705
http://doi.org/10.1016/j.trsl.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29654740
http://doi.org/10.1038/nrclinonc.2016.206
http://www.ncbi.nlm.nih.gov/pubmed/28117417
http://doi.org/10.1111/bjh.14113
http://www.ncbi.nlm.nih.gov/pubmed/27161872
http://doi.org/10.1016/j.ccr.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16286248
http://doi.org/10.3390/ijms23010361
http://www.ncbi.nlm.nih.gov/pubmed/35008789
http://doi.org/10.1081/CNV-120018236
http://doi.org/10.1016/j.redox.2014.01.006
http://doi.org/10.1016/j.freeradbiomed.2016.12.007
http://doi.org/10.1016/j.neuro.2014.02.001
http://doi.org/10.1002/med.20111
http://www.ncbi.nlm.nih.gov/pubmed/17880010
http://doi.org/10.1111/bjh.14987
http://www.ncbi.nlm.nih.gov/pubmed/29076150
http://doi.org/10.1038/s41598-019-49020-4
http://www.ncbi.nlm.nih.gov/pubmed/31467330
http://doi.org/10.1172/JCI139519
http://www.ncbi.nlm.nih.gov/pubmed/32870817

	Introduction 
	Risk Factors for Idiopathic Pulmonary Fibrosis 
	Intrinsic Risk Factors 
	Extrinsic Risk Factors 

	Mechanisms of Pulmonary Fibrosis 
	Apoptosis Resistance of (Myo)Fibroblasts 
	Dysfunction of Pulmonary Vessels 
	Mitochondrial Dysfunction 
	Autophagy Dysfunction 
	Aberrant Epithelia Hyperplasia and Dysfunction 
	Lipid Metabolism Disorder 
	Transforming Growth Factor-Beta in Idiopathic Pulmonary Fibrosis 
	Inflammation 

	The Mainstay of Medication and The Potential of Proteasome Inhibitors for IPF 
	Pirfenidone and Nintedanib 
	Overview of Proteasome Inhibitors and the Effects of Proteasome Inhibitors in Patients with Pulmonary Fibrosis 
	MG-132 
	Bortezomib 
	Carfilzomib 
	Oprozomib 
	Ixazomib 
	Delanzomib 
	Marizomib 


	Challenges in the Treatment of Pulmonary Fibrosis with Proteasome Inhibitors 
	References

