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A long way to go: caspase inhibitors in clinical use
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Caspases are an evolutionary conserved family of cysteine-dependent proteases that are involved in many vital cellular processes
including apoptosis, proliferation, differentiation and inflammatory response. Dysregulation of caspase-mediated apoptosis and
inflammation has been linked to the pathogenesis of various diseases such as inflammatory diseases, neurological disorders,
metabolic diseases, and cancer. Multiple caspase inhibitors have been designed and synthesized as a potential therapeutic tool for
the treatment of cell death-related pathologies. However, only a few have progressed to clinical trials because of the consistent
challenges faced amongst the different types of caspase inhibitors used for the treatment of the various pathologies, namely an
inadequate efficacy, poor target specificity, or adverse side effects. Importantly, a large proportion of this failure lies in the lack of
understanding various caspase functions. To overcome the current challenges, further studies on understanding caspase function
in a disease model is a fundamental requirement to effectively develop their inhibitors as a treatment for the different pathologies.
Therefore, the present review focuses on the descriptive properties and characteristics of caspase inhibitors known to date, and
their therapeutic application in animal and clinical studies. In addition, a brief discussion on the achievements, and current
challenges faced, are presented in support to providing more perspectives for further development of successful therapeutic
caspase inhibitors for various diseases.
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FACTS

● Caspases, an evolutionary conserved family of cysteine-
dependent proteases, play essential roles in modulating
different biological processes including apoptosis, prolifera-
tion and inflammation.

● A plethora of diseases, such as inflammatory, neurological and
metabolic diseases, and cancer, are associated with the poor
regulation of caspase-mediated cell death and inflammation.

● Numerous natural and artificial caspase inhibitors have
been identified and developed with the intention for
therapeutical use.

● Due to the poor efficacy or toxic effects, only a limited
number of synthetic caspase inhibitors have advanced into
clinical trials, with none of them being successful for clinical
use yet.

OPEN QUESTIONS

● What are the non-apoptotic and non-inflammatory roles of
caspases and how do they contribute to cell function and
disease? How does caspase inhibition affect these roles?

● What alternative signaling pathways are activated upon
targeted caspase inhibition?

● In light of the emerging non-apoptotic and non-inflammatory
roles of caspases, and the activation of alternative pathways,
how can we optimally target caspases for clinical treatment
without impacting one or the other?

INTRODUCTION
Apoptosis is a tightly regulated form of programmed cell death
(PCD) that controls the activity and expression of genes and
proteins involved in proliferation, differentiation, and pro-
inflammatory cytokine activation [1–3]. Caspases are an evolu-
tionary conserved family of cysteine-dependent proteases that
are actively involved in the execution of apoptosis [4]. The
zymogens are synthesized as catalytically inactive procaspases,
composed of a large and small catalytic subunit and are activated
by trans-, recruitment-, and auto-activation [4, 5]. To date,
fourteen mammalian caspases have been identified and are
commonly classified based on their function in apoptosis and
inflammation or are grouped by their cleavage recognition
sequence for substrates (Fig. 1) [6]. Structurally, inflammatory
caspases contain a caspase activation and recruitment domain
(CARD) apart of the long pro-domain (group I) while apoptotic
initiator caspases has either a CARD or a death effector domain
(DED) present in the long pro-domain (group II) (Fig. 1) [5, 7]. In
contrast to initiator caspases, executioner caspases possess a
short pro-domain in the absence of CARD- or DED domains
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(group III) (Fig. 1) [5, 7]. Despite their structural similarity, caspases
have a high degree of specificity for their substrates, with a
specific cleavage at aspartic acid residues.
The historic belief of caspases as mediators of apoptosis and

inflammation has rendered them as attractive targets for the
treatment of several diseases including neurodegeneration,
inflammation, metabolic disease, and cancer [5, 8]. While the
use of caspase inhibitors has undoubtedly contributed to
understanding the mechanisms of cell death and inflammation
in the pathophysiology of diseases, many have failed to move
past clinical trials due to inadequate efficacy or an adverse safety
profile because of the poor target specificity and/or non-target
caspase selectivity [6, 9–12]. Despite the role of caspases in cell
death and inflammation being firmly established, emerging
evidence has shown the activation of alternative caspase-
independent cell death processes upon caspase inhibition [13].
Likewise, an increasing number of studies have revealed that
caspases and their targeted proteins mediate multiple cellular
processes far beyond their apoptotic and inflammatory function,
although these are not yet fully understood [13]. Evidently,
caspases are multifaceted enzymes and inhibiting their
activity to target their apoptotic or inflammatory functions
may not be as simple.
Here, we will review the different types of caspase inhibitors,

their mechanisms of action, and target specificity in several
pathological disorders. Also, we will highlight emerging studies on
the non-inflammatory and non-apoptotic functions of caspases,
and the crosstalk between caspase signaling and other molecular
pathways, in aid to provide better strategies in the development
of therapeutic caspase inhibitors with enhanced long-term
efficacy and reduced toxicity.

NATURAL AND SYNTHETIC CASPASE INHIBITORS
Since the discovery of cytokine response modifier A (CrmA) as
the first caspase inhibitor, several natural caspase inhibitors
were identified and numerous artificial caspase inhibitors have
been developed for the pharmacological treatment of various
diseases.

Natural caspase inhibitors: viral and cellular inhibitors

● CrmA
Various viruses naturally carry genes encoding caspase

inhibitors to protect themselves from the hosts immune
response [14–16]. CrmA was the first caspase inhibitor
discovered as a product of the cowpox virus that inhibits
caspase-1, also known as interleukin 1β (IL-1β) converting
enzyme (ICE) [17]. CrmA belongs to the serine protease
inhibitor (serpin) family and inhibits cytotoxic T cell serine
protease, granzyme B, and multiple cysteine proteases
[15, 17, 18]. CrmA efficiently inhibits caspases-1, -8, -10, and
reduces inflammation by preventing apoptosis and the
production of IL-1β and interferon γ [19, 20].

● p35 family
p35, a baculovirus protein, is another viral caspase

inhibitor that suppresses apoptosis in insect cells in response
to viral infection [21, 22]. p35 can inhibit CED-3, one of the
major protein components of the PCD pathway in C. elegans
[21] and can bind and inhibit multiple mammalian caspases
(except for caspase-9) to prevent the apoptotic response in
infected cells [23]. Moreover, baculovirus p49, a homolog of
p35, was discovered as a substrate inhibitor which prevents

Fig. 1 Structural and functional characteristics of caspases. The members of the caspase family are grouped based on their functional
contribution in inflammation (caspases-1, -4, -5, and -11) and involvement in cell death (initiation: caspases-2, -8, -9, and -10; execution:
caspases-3, -6, and -7) or by their consensus recognition sequences. Inflammatory caspases recognize the sequence Trp-Glu-His-Asp and are
classified as group I. Whilst group II and group III recognize Asp-Glu-X-Asp and (Leu/Val)-Glu-X-Asp, respectively. Although caspase-12 and -14
are classified as group I, these caspases do not share the same functional role as inflammatory group I caspases. Instead, caspase-12 is
believed to be a negative regulator of caspase-1 and to promote ER stress-induced apoptosis in rodents; and caspase-14 in epidermal
formation. Structurally, inflammatory and initiator apoptotic caspases have a long pro-domain with a CARD or DED domain component which
facilitates its recognition by a multiprotein complex or adapter molecule on death receptors, respectively, for its activation. Unlike initiator
apoptotic caspases, executioner caspases lack a CARD or DED domain and require proteolytic cleavage of the inter-subunit linker for its
dimerization and activation. Apart from the conventional functions of caspases, alternate roles including differentiation, migration and
development in various cell types have added to their functions and have revealed the possible crosstalk between caspases and other
molecular pathways. However, these roles are not yet well defined. X: represents an amino acid.
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apoptosis in vivo by inhibiting p35-insensitive initiator
caspase [24].

● Inhibitor of apoptosis (IAP) proteins

IAP genes were first identified from the Cydia pomonella
granulosis virus for being able to rescue infected cells from
apoptosis [25]. Subsequent studies identified a group of IAP
family members as a cellular component expressed in yeast, C.
elegans and mammals [26]. To date, eight IAP family members,
NAIP, XIAP, cIAP1, cIAP2, survivin, BRUCE, livin (ML-IAP, KIAP),
and ILP-2, have been identified in humans [27]. Of all the IAPs,
XIAP is the most studied because of the direct binding and
inhibition of caspase−3, −7, −9 [28–31]. Similarly, cIAP1 and
cIAP2 are two caspase inhibitors which bind and inhibit caspase
−3/−7 directly [32].

Synthetic caspase inhibitors
The dysregulation of apoptosis and inflammation plays an important
role in the development of numerous diseases. A plethora of
artificial caspase inhibitors has been developed as a potential means
of treatment for cell death-related diseases. In general, synthetic
caspase inhibitors are classified as peptide-based and non-peptide
compounds (Table 1).

● Peptide-based inhibitors

The first synthetic caspase inhibitors were developed as
peptides, on which the aspartic acid was modified with a reactive

electrophilic group, enabling the inhibitors to covalently link with
the nucleophilic active thiol site of the enzyme in a reversible/
irreversible way [8, 11].
Peptides modified with aldehyde, ketone or nitrile groups are

reversible inhibitors which bind to the catalytic cysteine and can
be hydrolyzed without altering the enzyme structurally [15, 33].
The peptide moiety is the determinant for their selectivity to
specific caspases [34]. Ac-YVAD-CHO is a potent inhibitor of
caspase-1 containing a pro-IL-1β cleavage site, while Ac-DEVD-
CHO has a stronger selectivity for caspase-3 due to its PARP
cleavage site [34]. However, the therapeutic utility of aldehyde-
based caspase inhibitors is limited by poor membrane perme-
ability, stability, and potency. Alternatively, peptides linked to
α-substituted ketone groups, e.g., chloro-(CMK) and fluoro-(FMK)
methyl ketones, acylomethyl ketones, and phosphinyloxy methyl
ketones, enable the formation of the thiomethyl ketone with the
catalytic site of cysteine to irreversibly inactivate caspases [15].
Amongst ketone-modified peptides, FMK linked inhibitors, e.g.,
Z-VAD-FMK, with improved permeability, failed as a potential
therapeutic agent due to high toxicity in vivo [35]. Q-VD-OPh, a
broad-spectrum caspase inhibitor, was synthesized with
enhanced efficacy, permeability, and nontoxic effects in vitro
even at high (500 µM or 1000 µM) concentrations [36] and
effectively maintains T cell ratios while decreasing viral loads in
SIV-infected rhesus macaques [37]. In comparison with other
carboxyterminal-conjugated caspase inhibitors, Q-VD-OPh pro-
vides valuable insight regarding the therapeutic use of artificial
caspase inhibitors in vivo.

Table 1. Commonly studied synthetic caspase inhibitors.

Types Caspase inhibitors Caspases targeted References

Peptide-based inhibitors Ac‐IETD‐CHO Caspase-8 [55]

Ac‐YVAD‐CHO Caspase-1 [55]

Ac‐DEVD‐CMK Caspase-3 [152]

[153]

Z-VAD-FMK Broad spectrum, e.g., caspase-2, -3, -8 & -9 [154]

[63]

Z-YVAD-FMK Caspase-1, -4 [155]

Boc-D-FMK Broad spectrum, e.g., caspase-3, -7–9, poor inhibitor of
caspase-2, -5, -6, -10

[154]

[156]

TRP-601 Caspase-2 [157]

Q-VD-OPh Broad spectrum, e.g., caspase-1, -2, -3, -6, -8. -9 [154]

Peptidomimetic inhibitors VX-765 (belnacasan) Caspase-1 [12]

VRT-043198 (the active metabolite of
VX-765)

Caspase-1, -4 [158]

VX-740 (pralnacasan) Caspase-1 [39]

IDN-6556 (emricasan, PF-034911390) Broad spectrum, e.g., caspase-3, -7, -8 [159]

[160]

VX-166 Broad spectrum, e.g., caspase-1, -3, -7 [161]

M826 Caspase-3 [162]

M867 Caspase-3 [162]

Non-peptidic compounds QPI-1007 (cosdosiran) Caspase-2 [163]

NCX-1000 Caspase-3, -8, -9 [12]

[164]

Isatin sulfonamides Caspase-3, -7 [165]

Allosteric caspase inhibitors FICA Caspase-3, -7 [166]

[44]

DICA Caspase-3, -7 [166]

[44]
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● Peptidomimetic inhibitors
Peptidomimetic inhibitors have been developed due to the

pharmacological drawbacks of peptidic inhibitors such as poor
stability, low potency and rapid metabolism [8, 38]. As an
irreversible pan-caspase inhibitor, IDN-6556 (emricasan) was
developed for the treatment of liver diseases. The preclinical
and clinical studies have shown its efficacy, however, some
side effects triggered by extended treatment with IDN-6556
were exposed and its clinical development was terminated
due to undisclosed reasons [12]. VX-740 (pralnacasan), a
peptidomimetic inhibitor for caspase-1, was tested in clinical
trials [39]. Orally used VX-740 possessed significant potency
for rheumatoid arthritis (RA) and osteoarthritis (OA) treatment
[40, 41]. However, the clinical trials for VX-740 were terminated
due to the liver toxicity induced by high doses in animal
models [12]. VX-765 (belnacasan), a reversible caspase-1
inhibitor, is more potent than pralnacasan for the treatment
of inflammatory diseases [12]. Nevertheless, clinical trials for
VX-765 were terminated because of its liver toxicity. Despite
the promise shown by these caspase inhibitors, very few have
entered clinical trials because of the gap between treatment
regimens in animal and clinical studies.

● Non-peptidic compounds
Limitations of peptidomimetic inhibitors have facilitated the

synthesis of other small-molecule caspase inhibitors. Isatin
derivatives (e.g., sulfonamides) are a representative group of
potent caspase-3/−7 inhibition and are of great interest for
drug development [42]. Some nitric oxide donors, e.g., NCX-
1000, have shown better potency against liver disease in
clinical trials [12, 43]. However, the adverse effects such as
reduced portal pressure resulted in its discontinuation,
indicating a long way to go before fully applying non-
peptidic caspase inhibitors for clinical use.

● Allosteric caspase inhibitors

Unlike most of the peptidomimetic or small-molecule inhibitors
which target the active site of caspases, allosteric caspase inhibitors
target the allosteric site of caspases. Two groups of compounds, 5-
fluoro-1H-indole-2-carboxylic acid (2-mercaptoethyl) amide) and 2-
(2,4-dichlorophenoxy-N-(2-mercapto-ethyl)-acetamide), were iden-
tified as allosteric caspase inhibitors which target caspase-3/-7 [44].
The chemical structure of allosteric inhibitors allows it to
advantageously bind to the dimer interface of caspases and inhibit
them. No allosteric caspase inhibitor has progressed into clinical
use, indicating that more optimizations are needed [12].

CASPASE INHIBITORS FOR DISEASES: ANIMAL MODELS AND
CLINICAL TRIALS
A number of disorders such as neurodegenerative disorders [45],
liver diseases [46], and cancer [2] are strongly associated with
abnormal caspase activity and apoptosis (Table 2). Given the
considerable challenges still faced with the development of
caspase inhibitors, no synthetic drugs have yet been applied for
the treatment of such diseases [8]. Nevertheless, it is worthwhile to
probe into the studies on caspase inhibitors, which will provide
more insights into the research and development of therapeutic
agents for various diseases.

Inflammatory diseases
Since caspases play an important role in modulating inflammation
and inflammatory disorders, caspase inhibitors have been widely
utilized to study inflammatory diseases in animal models and
clinical trials.

● Psoriasis
Psoriasis is a chronic inflammatory skin disease, whose

pathogenesis is still poorly understood [47, 48]. The increased

levels of caspase-1 and multiple proinflammatory cytokines
such as IL-1β and TNF-α have been linked to the development
of psoriasis, suggesting that caspase-1 might be a crucial
target for the treatment [49].
VX-765, a caspase-1 inhibitor, was used to treat psoriasis in

Phase I and II clinical trials (clinical trial: NCT00205465)
[6, 49, 50], which was completed in 2005. However, the
subsequent results have yet to be disclosed. Another caspase-
1 inhibitor Ac-YVAD-CMK was shown to attenuate the
imiquimod-induced psoriasis-like phenotype in a mouse
model [51]. Despite the positive inhibition of psoriasis with
Ac-YVAD-CMK more animal and clinical evidence is required
for its potential use.

● RA and OA
Arthritis is an inflammatory disorder that affects the joints,

with RA and OA being the most common types worldwide
[52]. Caspase inhibitors have been investigated for potential
treatment for arthritis. In a collagen-induced arthritis mice
model, pralnacasan, a reversible caspase-1 inhibitor, signifi-
cantly delayed the onset of inflammation and attenuated the
disease by 50–70% at doses of 50–100mg/kg b.i.d (twice of a
day) [53]. The blockade of caspase-1 was shown to reduce
joint swelling and severe cartilage damage in streptococcal
cell wall (SCW)-induced chronic arthritis mice. In collagenase-
induced female mice and a STR/1N male mouse strain, which
spontaneously develops OA, pralnacasan reduced joint
damage [41]. In Phase I clinical trials, pralnacasan showed a
50% oral bioavailability [54]. In a Phase II trial with 285 RA
patients, pralnacasan significantly inhibited the inflammatory
response without notable adverse side effects [40]. However,
these clinical trials were shut down due to liver toxicity shown
in long-term animal studies [12]. In a rabbit model of anterior
cruciate ligament transection (ACLT)-induced OA, Z-VAD-FMK
reduced the level of active caspase-3 in chondrocytes and
inhibited the cleavage of PARP, resulting in the alleviation of
cartilage lesions and confirmed the role of cell death in OA
pathogenesis [55].
A major concern of advancing peptidomimetic caspase

inhibitors for clinical trials is the considerable organ toxicity in
animal models. The pharmacokinetic liabilities of these
inhibitors have limited their efficacy in vivo and multiple
factors including the poor membrane permeability, metabolic
stability, and toxicity have restricted the therapeutic effect
[12]. Further optimization is needed regarding the structure of
these compounds as well as the regimen of treatment.

● Sepsis/septic shock (endotoxic shock)

Sepsis or septic shock (endotoxic shock) is an inflammatory
response of the host against severe infection which results in
serious cell and organ injury [56, 57]. Sepsis has been associated
with excessive lymphocyte apoptosis in the thymus and spleen
with notable lymphopenia [58]. Therefore, inhibition of caspases
may function as a potential therapy via blocking sepsis-induced
lymphocyte apoptosis [59]. The effectiveness of broad-spectrum
caspase inhibitors Z-VAD-FMK and M920, and selective caspase-3
inhibitor M791 in blocking lymphocyte apoptosis and improving
survival of sepsis was shown using a mouse cecal ligation and
puncture model [60, 61]. Treatment with Z-VAD-FMK facilitated
the accumulation of myeloid-derived suppressor cells and
alleviated lipopolysaccharide-induced endotoxic shock in mice
[62]. Local injection of the caspase-9 inhibitor Z-LEHD-FMK in a
CLP-induced septic murine model decreased apoptosis in resident
tissue cells and improved the survival of mice [58]. The
administration of VX-166, a broad-spectrum caspase inhibitor,
significantly improved survival in animal models with sepsis with
less adverse immunosuppressive effects suggesting that this
compound might be a strong candidate for the treatment of
sepsis in humans [63]. Despite the promise, without sufficient
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animal studies, subsequent clinical studies cannot investigate the
therapeutic use for sepsis treatment.

Neurological diseases
The involvement of caspases in various neurological diseases have
indicated the potential role of caspases as an encouraging
therapeutic target.

● Traumatic central nervous system (CNS) injuries
Traumatic injuries to the CNS, including traumatic brain

injury (TBI) and spinal cord injury (SCI), is initiated with primary
damage which results in a cascade of events that lead to
sustained impairments and disabilities, and prolonged neuro-
logical degeneration [64, 65]. Apoptosis plays a critical role in
contributing to the cell loss following CNS trauma, and its
inhibition with caspase inhibitors has been emerging as a
prospective treatment of CNS injuries [66].
Numerous studies have demonstrated the neuroprotective

effect of the caspase-3 inhibitor Z-DEVD-FMK on rodent
models with TBI (intracerebral infusion, 240 ng or 480 ng, 1 µl/
h) [67] and SCI (i.p, 800 or 1600 µg/kg) [68]. Treatment with
the caspase-3 inhibitor Ac-DMQD-CHO (i.v, 1 mg/kg) signifi-
cantly attenuated apoptosis and improved the functional
outcome in a rat model with SCI [69]. The application of
caspase-9 inhibitor Z-LEHD-FMK (i.v, 0.8 µM/kg) significantly
blocked apoptosis and reduced the expansion of lesion in a
SCI rat model [70]. The administration of broad caspase
inhibitors, Q-VD-OPh (i.p, 0.4 mg/kg) [71] and Boc-D-FMK
(intracerebroventricular injection, 300 nmol in 5 µl, 0.5 µl/h)
[72], also demonstrated favorable effects on neuroprotection
in animal models with traumatic CNS injuries.
Additionally, a caspase-3 inhibitor from Merck Frost Canada,

L-826791, was revealed to reduce apoptosis in the hippo-
campus and piriform cortex in preclinical trials for the
treatment of brain injury [73]. However, no follow-up clinical
studies were conducted. Due to differences in the approach,
period, and dosage of drug administration, it is difficult to
conduct a direct intercomparison of the efficacy among the
different caspase inhibitors. Nevertheless, the neuroprotection
of peptide-based caspase inhibitors on CNS trauma in animal
models indicates the potentiality of developing caspase
inhibitors as a therapeutic agent for this disease.

● Epilepsy
Epilepsy is a chronic neurological disorder with a tendency

to develop into epileptic seizures [74]. Epilepsy is often
associated with other neurological comorbidities, however,
the pathophysiology underlying the onset and development
of epilepsy is not fully understood [74, 75].
The elevated level of IL-1β in brain areas has been identified

in both rodents and humans with epilepsy, and the prominent
anticonvulsant effects induced by the inhibition of IL-1β
suggests that this cytokine might be a potential target for the
treatment of epilepsy [76, 77]. The administration of caspase-1
inhibitors, VX-740 or VX-765, suppressed seizure-induced IL-1β
production in the hippocampus of rat models and led to a
delay in seizure onset and half reduction in seizure duration
[78]. Moreover, a 15.6% reduction in seizure rate (7.0% in the
placebo group) was shown with the treatment of VX-765 in a
Phase IIa clinical trial and a delayed beneficial effect of this
compound was indicated by the animal model and the post
hoc analyses after discontinuing the administration [79]. In
terms of safety and tolerability, 72.9% subjects in the VX-765
group showed at least one treatment-emergent adverse event
(TEAE) during therapy compared with 83.3% subjects in the
placebo group. However, the rate of serious TEAE occurrence
was 6.3% in VX-765-treated patients compared with 0% of
placebo subjects [79]. Thus, further studies are required
to confirm these observations and to demonstrate the

comprehensive safety assessments before fully developing it
for clinical use.

● Neurodegenerative diseases
The prevalence of neurodegenerative diseases, including

Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS),
Huntington’s disease (HD), Parkinson’s disease (PD) and few
others, is increasing rapidly and results in a significant
proportion of morbidity and mortality worldwide [80].
However, few or no effective cure options for neurodegen-
erative disorders have been fully developed [81, 82]. All
neurodegenerative diseases are characterized by the progres-
sive loss of a particular subset of neurons associated with
neuronal death, one of which is apoptosis [80, 83]. As the core
mediators of apoptosis, caspases have been emerging as
potential therapeutic targets for the treatment of neurode-
generation with several caspase inhibitors investigated in
neurodegenerative animal models.

● Alzheimer’s disease
The activation of caspases including caspase−3, −6, −8,

−9, and cleavage of crucial proteins, such as amyloid
precursor protein and tau, have been implicated in human
brains with AD [84, 85]. A pilot study using a suitable animal
model of AD that displays caspase activation and cleavage of
AD-related proteins demonstrated that chronic treatment with
Q-VD-OPh prevented the activation of caspases, cleavage of
tau protein and limited the tau-associated pathological
changes [84]. Additionally, inhibition of caspase-3 using Z-
DEVD-FMK was proved to rescue the Alzheimer-like pheno-
types in mice models, uncovering the vital role of caspase-3 in
driving synaptic failure and contributing to the AD-associated
cognitive dysfunction [86]. VX-765 has also been shown to
alleviate cognitive impairment and delay cognitive decline in
mouse models of AD, suggesting that VX-765 may be an
effective drug for the prevention of onset of AD-associated
cognitive deficits [87, 88].

● Amyotrophic lateral sclerosis
As one of the most frequent neurodegenerative diseases,

ALS is an idiopathic and fatal disorder that affects the human
motor system [89]. The missense mutations on the gene
encoding Cu/Zn superoxide dismutase 1 (SOD1) were
discovered in subsets of familial cases with ALS, providing a
promising direction to elucidate the underlining mechanisms
and, the development of targeted treatments [90]. Using a
transgenic mouse model of ALS produced by the mutation in
SOD1 gene, the administration of Z-VAD-FMK inhibited
caspase-1 activity and delayed the onset and mortality of
ALS [91]. To elucidate the function of caspase-9 in ALS, XIAP (a
mammalian inhibitor targeting caspase−3, −7, −9) and p35 (a
baculoviral caspase inhibitor not targeting caspase-9) were
administrated in transgenic ALS mouse models, and an
attenuation effect on the disease progression was shown
only in XIAP-treated mice while the delayed onset effect was
only induced by p35, suggesting a critical role of caspase-9 in
the development of ALS [92].

● Huntington’s disease
HD is characterized by a CAG repeat expansion in the

huntingtin (HTT) gene on chromosome 4 and is the most
common autosomal-dominant progressive neurodegenerative
disorder in developed countries without an effective treat-
ment so far [93, 94]. The establishment of HD animal models
by injection of mitochondrial toxins, 3-nitropropionic acid
(3NP) and malonate, provides a useful tool to investigate the
pathological mechanisms. Two rat models treated with 3NP
suggested a significant elevation of the active form of
caspase-8, which induced truncation of Bid, a proapoptotic
protein in the Bcl-2 family, leading to its translocation from
the cytoplasm to the mitochondria and activation of
mitochondria-mediated cell death [95]. The administration of
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Q-VD-OPh was shown to effectively inhibit caspase activation
and largely reduce striatal lesions produced in rat models of
HD [95]. The treatment with M826, a caspase-3 inhibitor, was
able to suppress caspase-3 activation and provide neuropro-
tective effects in a rat model with HD [96].

● Parkinson’s disease

PD is a progressive neurological disorder that is characterized
by the degeneration of dopaminergic (DA) neurons in the
mesencephalon with prominent neuronal loss [97, 98]. Despite
the controversy of the contribution of apoptosis to neuronal loss
in PD, degeneration of DA neurons by apoptosis has been
suggested [99]. Additionally, 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP), a key reagent for establishing animal models of
PD, was found to activate caspase-3, −8, −9, and induce the
cleavage of Bid resulting in increased mitochondrial-mediated
dopaminergic cell death [100]. Notably, the above changes were
inhibited in transgenic mice expressing baculoviral caspase
inhibitor p35 in the neurons [100]. The application of Q-VD-OPh
in MPTP-treated mice induced a significant reduction of dopamine
depletion in the striatum and inhibited the loss of dopaminergic
neurons in the substantia nigra [95].
Overall, the studies of applying caspase inhibitors for the

treatment of neurodegenerative diseases, so far, have only
focused on the animal models, without substantial evidence
from clinical trials yet. Despite the increasing amount of animal
studies demonstrating promising results of several caspase
inhibitors, the current developmental process of the caspase
inhibitors as a therapeutic agent for neurodegenerative diseases
is still in the early phase with many unsolved biological issues.
The utility of different animal models in therapeutic studies differs
making it difficult to determine a best model (if any) to represent
the clinical situation; and the biological studies of the involve-
ment of caspases/apoptosis in chronic neurodegenerative disease
are not as established as that in acute neuronal injuries [73].
Therefore, it is critical to address the above-mentioned questions
to promote animal studies into feasible clinical trials and further
into the development of therapeutic caspase inhibitors for
neurological diseases.

Metabolic diseases
An extensive body of evidence have implicated metabolic
inflammation and cell death as key players in the pathogenesis
of multiple metabolic diseases such as obesity, diabetes, and
liver disease.

● Obesity
Obesity occurs from increases in adipocyte size (hypertro-

phy) and number (hyperplasia) that results in local inflamma-
tion and the accumulation of lipids in non-adipose tissues
such as the liver and skeletal muscle [101, 102]. Adipocyte
hypertrophy occurs to a certain extent before it induces
different modes of PCD (necroptosis, pyroptosis and apopto-
sis) to maintain or increase its lipid-storage capacity, which
promotes the infiltration of adipocyte tissue macrophages
that are tasked to remove the apoptotic bodies and lipid-
droplet remnants, further promoting adipose tissue inflamma-
tion [102]. The enhanced secretion of pro-inflammatory
cytokines during adipocyte hypertrophy occurs via the
activation of the caspase-1/inflammasome and contributed
to insulin resistance in several mice models (IL-1β-/-, Caspase-
1-/-, NLRP3-/-, db/db, and ob/ob mice) [103, 104]. Notably, ob/
ob mice treated with pralnacasan (100 µM) for 2 weeks
showed a significant improvement of insulin sensitivity and a
slight reduction in adipose mass and total body weight [104].
Other caspases have also been shown to be associated with

obesity-induced conditions [105, 106]. A role for caspase-2 in
adipose tissue proliferation and lipoapoptosis susceptibility

was assessed on differentiated 3T3-L1 cells and showed
significant reductions in caspase-3/-7 activity in the presence
of Z-VAD-FMK following palmitate treatment [105]. Likewise,
Ac-DEVD-CHO demonstrated an increased mRNA expression
of insulin signaling components (GLUT4, IRS1, IRS2) in human
adipose tissue treated with anti-inflammatory cytokines TNF-ɑ
or IL-6 [102]. However, these studies have utilized caspase
inhibitors as a proof of concept to further understand the
relationship between caspases and disease progression in
experimental models and were not intended as treatments for
the disease. Additionally, despite the link between caspases
and metabolic inflammation, the defined role of these
caspases remains unclear.
In the context of limited adipocyte hypertrophy, the

relationship between adipose tissue inflammation and turn-
over by targeting TGF-β–activated kinase 1 (TAK1) was
investigated and showed significant reductions of caspase-3
activity in the presence of Z-VAD-FMK in TAK1-deficient
adipocytes from mice fed a high-fat diet in vitro [101].
However, the study primarily focused on the proinflammatory
and cell death functions of TAK1 and not the caspase-induced
cell death or inflammatory mechanisms.
While several studies performed on knockout/null mice

models fed a high-fat diet have shown the therapeutic
potential of caspase-1, -8, -11, -12 deficiencies in obesity, it is
unclear if or how the use of therapeutic inhibitors would
translate in a clinical setting. A recent study on high fat diet-
fed obese LDLR-/- Leiden mice (presenting obesity-associated
hypertriglyceridemia, hypercholesterolemia, hyperglycemia,
and hyperinsulinemia) administered with the caspase-1
inhibitor, Ac-YVAD-CMK (40 mg/kg, i.p. once daily), over a
period of 12 weeks showed a delayed progression of obesity-
associated liver disease and insulin resistance with improved
adipose tissue inflammation, but no changes to body weight
or dyslipidemia were observed [107]. While this study did
therapeutically utilize the inhibitor, the authors only eval-
uated the physiological markers and not the underlying
molecular targets of the inhibitor. Therefore, its caspase
target specificity and possible activation of feedback mechan-
isms remains ambiguous.

● Diabetes
Diabetes causes a number of physiological abnormalities in

both type 1 (insulin-dependent) and type 2 (insulin-resistant)
diabetic patients with diabetic retinopathy being prevalent in
all patients [108]. Although glycaemic control has been
shown to prevent the development of diabetic retinopathy in
a number of patients, it is very difficult to accomplish and
maintain in the majority of patients [108].
The activation of several caspases (-1, -2, -3, -4, -6, -8, -9)

was associated with the progression of diabetic retinopathy.
An elevation of inflammatory caspases-1, -4, and -5 and
executioner caspase-6 was shown in the retinas of diabetic
mice over an 8-month period [109]. At the same time, the
activity of initiator apoptotic caspases-8 and -9 gradually
decreased through the duration of the disease. Despite this,
caspase-3 activity levels increased over the time course [109].
These findings indicate that the activation of caspase-3 was
independent of caspase-8 and -9, and perhaps activated by
another pathway such as the p38 MAPK, which has been
shown to be involved in caspase-3 processing during
apoptosis in several cancer cell types [109–114].
A preclinical study using minocycline, a tetracycline

antibiotic, reported the inhibition of caspase-1 activity in
the retinas of diabetic mice [115]. Whilst glucose blood
levels were not altered, caspase-1 activity was inhibited
more significantly by the drug when administered three
times a week than when it was administered daily over a
2-month period. Subsequently, diabetic mice administered
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minocycline over 6 months (three times a week) were shown
to inhibit degeneration of retinal capillaries and completely
inhibit caspase-1/-3 activities in retinal Müller cells in vitro
(high glucose), demonstrating that the antibiotic does not
inhibit caspase-1 activity only [115]. While these findings are
promising, further preclinical studies are required to
determine if the effects of minocycline are reproducible
and to understand its selectivity for caspases. Additionally,
while the clinical use of minocycline is well tolerated, there
are reports of adverse effects, albeit at high doses (50 mg/
kg), thus the long-term effects of minocycline in diabetes
need to be examined [5].
In addition to type 1 diabetes therapy, islet transplanta-

tion has become a promising treatment for many viable
patients [116, 117]. However, reductions in graft survival and
function remains a significant challenge [116]. Several
preclinical studies have evaluated the efficacy of various
caspase inhibitors in improving islet engraftment and
function. Z-VAD-FMK was shown to induce a significant
improvement in islet mass function in renal subcapsular and
intraportal transplantation by pretreatment with the inhi-
bitor (2 h before transplant) and for five days thereafter
(10 mg/kg.b.w, s.c) and was able to maintain graft function
1-year post-transplant [116]. Despite the beneficial effects of
inhibitor therapy, its activity is non-specific for caspases.
Therefore, the authors investigated a specific dipeptide
caspase inhibitor EP1013 (Z-VD-FMK) using the same
experimental approach [118]. Compared to Z-VAD-FMK,
EP1013 (10 mg/kg.b.w, 3 mg/kg.b.w or 1 mg/kg.b.w, s.c.)
was more effective in preserving transplanted islet graft and
function within portal circulation, possibly due to Z-VAD-
FMK having activity against cysteine proteases such as
cathepsin and calpain [118]. Importantly, in the chronic
study period, some of the experimental animals treated with
EP1013 died from varying causes [cirrhosis (63 weeks),
peritoneal infection (54 weeks), epithelial tumor (renal
origin, 72 weeks), and lymphosarcoma (73 weeks)], although
the exact cause of death is unknown. Based on the short-
term findings, the efficacy of the inhibitor in human islets for
transplantation (3 mg/kg.b.w, s.c) was evaluated [118]. While
the results were comparable between the control and
experimental groups, animals treated with the inhibitor
displayed improved islet yields and reached euglycemia
quicker than the control groups [118]. In another study, a
combination therapy with EP1013 (3 mg/kg.b.w s.c., days
0–10) and an immunosuppressive agent, CTLA4-Ig (0.25 mg
i.p., days 0, 2, 4, and 6 post-transplant) was assessed in
immunocompetent diabetic mice with the aim of evaluating
the efficacy of the inhibitor with regard to immune tolerance
[119]. Despite EP1013 being an inhibitor for caspases-1, -3,
-6, -7, -8, -9 [118, 119], treatment with the inhibitor alone did
not prolong graft survival. Although the specificity of the
inhibitor or measures of other cell death markers were not
confirmed, these findings could suggest that there may be
alternative cell death pathways that led to poor graft
survival rates. However, treatment with CTLA4-Ig alone, or in
combination with EP1013 showed improvements to graft
survival, more significantly in combination therapy, and
reduced functional alloreactive T-cell responses in the
grafts [119].
A more promising irreversible pan-caspase inhibitor, IDN-

6556, enhanced diabetes reversal rates post-transplant in
both mouse and human islet transplants into immunodefi-
cient diabetic mice (10 mg/kg or 20 mg/kg, i.p. twice daily,
once pre-transplant and 7 days post-transplant) [117]. The
authors further demonstrated improved glucose tolerance
and graft survival 1-month post-transplant [117]. However,
similar to the investigation of Ac-YVAD-CMK in obesity, there

is a lack of understanding in the specificity of IDN-6556 and
its long-term effects.

● Liver disease

The increasing prevalence of obesity and type 2 diabetes has
led to a concurrent incidence in non-alcoholic fatty liver disease
(NAFLD) and is now the leading cause of chronic liver disease in
western countries [120, 121]. NAFLD exists in two forms, as non-
alcoholic fatty liver (NAFL) and non-alcoholic steatohepatitis
(NASH) [120]. NAFL is characterized by the hepatic accumulation
of lipids (steatosis) without hepatocellular injury and progresses to
a more severe form of the disease, NASH, that presents with
hepatocellular apoptosis, inflammation, and fibrosis, which can
further progress to end-stage liver disease, cirrhosis, and
hepatocellular carcinoma (HCC) [121, 122].
While there is no established pharmacological treatment for

NAFLD, several experimental models have implicated extrinsic
apoptosis as the predominant cause of injury and hepatocyte
death and has been shown to be significantly upregulated in
correlation with the severity of NASH [123]. Consequently, caspase
inhibitors have been proposed as an attractive therapeutic target
for NASH. However, surviving hepatocytes in chronic liver injury
have shown to exhibit enhanced anti-apoptotic defense, limiting
the proper removal of premalignant cells, which could potentially
lead to the development of HCC [123]. Thus, the use of caspase
inhibitors may provide little benefit or even exacerbate disease
progression [122, 123], which can contribute to the challenge of
safety and efficacy with caspase inhibitors and therefore merits
consideration.
Evaluation of the pan-caspase inhibitor, emricasan, which

was also proposed to be beneficial in diabetic treatment, was
shown to efficiently inhibit apoptosis, liver injury, and inflam-
mation in several preclinical models [9, 124]. Despite emricasan
being a good therapeutic candidate for NASH, due to its
preferential distribution to the liver, well-tolerance and
potency, and its success in experimental models and in NASH
patients (25 mg, twice daily, 28 days) [125], its application failed
to translate in Phase II clinical trials. In a randomized, double-
blind, placebo-controlled study, treatment with emricasan
(5 mg/50 mg, twice daily, 72 weeks) did not improve liver
histology in patients with NASH fibrosis but worsened tissue
fibrosis and ballooning. In another Phase II trial in patients with
NASH-related cirrhosis and severe portal hypertension, emrica-
san (5/25/50 mg, twice daily, 24 weeks) again showed no
improvement in portal hypertension across the different
dosages [126]. Notably, serum levels of alanine (ALT) and
aspartate (AST) aminotransferase were directly proportional to
caspase-3/-7 activity, with increasing activity over time
[126, 127]. In a more recent clinical trial, emricasan proved
ineffective in the treatment of decompensated NASH cirrhosis
(5/25 mg, twice daily, 48 weeks) and against caspase activity
(5 mg) [128]. Despite the uniform treatment regimen (dosage
and frequency) with emricasan, its failure for long-term use
remains unknown. Perhaps, over time the cells become tolerant
to treatment with the inhibitor or may even have led to the
activation of alternative cell death pathways. Nonetheless, a
better understanding of its pharmacokinetics is needed to
improve its therapeutic approach.
Besides emricasan, other caspase inhibitors have been assessed

in the treatment of NASH. VX-166 was shown to inhibit hepatic
apoptosis thereby suppressing the development of fibrosis in a
preclinical model of NASH (6 mg/kg, orally once daily, 8 weeks)
[123]. However, no improvements to liver injury were observed
[123]. GS-9450, an irreversible inhibitor of caspase-1, -8, -9,
reduced liver enzyme levels (ALT and AST) in a Phase II trial in
patients with NASH (1/5/10/40 mg, once daily, 4 weeks) [129].
Notably, levels of ALT and AST were reduced further at higher
dosages [129]. However, the use of GS-9450 was terminated in a
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Phase II clinical trial in hepatitis C patients (10/40 mg, once daily,
24 weeks, every other day at week 25, and then once every 3 days
in week 26) due to drug-induced liver toxicity concerns
(NCT00874796). Despite the promise shown by these inhibitors,
there is not enough evidence to advocate for their use in the
treatment of NASH, which may be a result of the lack of specificity
of the inhibitors.

Cancer
The hallmarks of cancer described by Hanahan and Weinberg
has proved to be immensely influential in our understanding on
the complexities of cancer biology and its relation to drug design
[130]. These hallmarks consist of ten physiological alterations
including evading cell death, namely apoptosis, by disrupting
the balance between pro- and anti-apoptotic proteins, supres-
sing caspase function and inhibiting death receptor signaling
[2, 3, 130, 131]. Regardless of its complexity, advances in cancer
treatment, mainly with apoptosis-based agents, have resulted in
a decline in cancer mortality over the years [132]. However,
despite significant efforts of several clinically tested apoptotic-
based drugs, only one BH3-mimetic drug, venetoclax, which
selectively inhibits the Bcl-2 protein that is overexpressed in
most B-cell lymphoid malignancies, has been approved for
treatment [133]. While the promise of venetoclax has been
demonstrated, several key challenges remain, including its
sensitivity towards a small subset of B-cell malignancy subtypes
and drug resistance in a proportion of patients. Nevertheless,
numerous efforts to enhance the efficacy of venetoclax in
combination with chemotherapeutics, monoclonal antibodies,
and kinase and protease inhibitors are currently ongoing
[133, 134]. Additionally, other BH3-mimetics, which selectively
target Mcl-1 and Bcl-xL against various types of malignancies,
including solid tumors, are currently under investigation [134].
While there is hope for Mcl-1 inhibitors to be established as a
treatment, Bcl-xL inhibitors have failed to enter clinical trials due
to their toxicity.
Preclinical studies with caspase inhibitors have also demon-

strated the ability to sensitize cells to anti-cancer treatments by a
targeted induction of alternate cell death processes in caspase
inhibited conditions. Z-VAD-FMK (20 µM) promoted the infection
of monocyte chemoattractant factor-7 and MDA-MB-231 breast
cancer cells with oncolytic herpes simplex virus-1 (HSV-1) and
suppressed the growth of infected-tumor cells [135]. Similar
results were demonstrated in MDA-MB-231 breast and H460 lung
cancer cells, in which Z-VAD-FMK (50 µM) enhanced the radio-
senitization of the cells and induced autophagic cell death in vitro
[136]. Additionally, the inhibitor significantly slowed down tumor
growth (breast and lung xenografts) and tumor vasculature in
both in vitro and in vivo (2 mg/kg, i.p. once daily, 1 week) models
[136]. Likewise, the caspase-3 inhibitor, M867, reduced tumor
progression and vasculature in H460 lung cancer cells in vitro
(5 nM and 10 nM) and in vivo (2 mg/kg, i.p. once daily, 1 week) in
response to ionizing radiation [137].
Despite the abundant caspase-based inhibitors being devel-

oped for cancer treatment, very few candidates move beyond
preclinical trials. Additionally, these molecules have a
very poor success rate in clinical trials, again due to the lack
of specificity, efficacy, and, importantly, susceptibility to drug
resistance. However, in a recent study, the caspase-2 inhibitor
NH-23-C2, was shown to selectively inhibit its activity and
prevent MDM2 cleavage in reversine-treated HCT-116 colon
cancer cells and demonstrated no activity against caspase-8
and -3 with poor selectivity for cathepsins [138]. Therefore, for
effective clinical translation of caspase-based inhibitors in
cancer, the incorporation of drug design linked with a detailed
understanding of caspase function is more likely to become
increasingly valuable for the identification of a new class of
therapeutics.

CONCLUSION
Numerous preclinical studies (in vitro and in vivo) over the years
have suggested the role of caspases primarily as inflammatory
and apoptotic mediators in the various pathologies. As a result,
several caspase inhibitors have been patented targeting caspase
inflammatory and apoptotic functions. However, their applica-
tion is limited to preclinical studies due to the numerous
challenges previously mentioned. While some studies have
proposed novel therapeutic approaches using nanoparticle
delivery systems and CRISPR/Cas9 gene editing to improve drug
delivery and reduce drug-induced toxicity, and target individual
caspases, respectively, these are still short-term solutions
[139, 140]. This is because the potential of caspase inhibitory
agents is further complexed by the crosstalk between alternate
cell death and inflammatory pathways in the absence of caspase
activity, which raises concerns on the long-term efficacy of
caspase inhibitors and whether switching to alternate pathways
heightens the risk of increasing cell death and inflammatory
responses that may exacerbate the disease and needs to be
more clearly established in preclinical models. Recent advances
in the non-apoptotic and non-inflammatory functions of
caspases suggest that caspase inhibition may alter more
functions than intended. For example, caspase-8 has been
shown to be an important regulator in maintaining a balance
between apoptosis and necroptosis and is required for the
suppression of necroptotic cell death [141, 142]. Evidence also
suggests a role for caspase-8 in metabolism and immune
response by the activation of the NF-κB pathway and the
involvement in immune cell proliferation and differentiation
[143, 144]. Likewise, caspase-2 and -3 were shown to influence
metabolism independent of cell death with contradictory results
suggesting the cleavage of the transcription factor, sterol-
regulatory binding proteins (SREBPs), involved in cholesterol
and fatty acid synthesis [145–148]. Caspase-1 has also been
linked with metabolism by cleavage of SREBPs and the nuclear
receptor, peroxisome proliferator-activated gamma, involved in
insulin sensitivity and glucose metabolism [149–151]. However,
these functions are not yet completely understood which poses a
greater challenge for the development of effective inhibitors.
Furthermore, in the absence of more detailed studies, the
significance of caspases in apoptosis and inflammation, and non-
apoptotic and non-inflammatory responses, or both functions in
disease remains unclear. Nevertheless, the accumulated pre-
clinical studies provide a lead for further investigations in
understanding the exact roles of caspases (apoptotic/non-
apoptotic and inflammatory/non-inflammatory), and alternate
caspase-independent responses in disease states which impor-
tantly, will provide a better approach for targeting caspases and
therapeutic advantage.

DATA AVAILABILITY
The authors have no data to deposit on a repository.

REFERENCES
1. McIlwain DR, Berger T, Mak TW. Caspase functions in cell death and disease.

Cold Spring Harb Perspect Biol. 2013;5:1–28.
2. Pfeffer CM, Singh ATK. Apoptosis: a target for anticancer therapy. Int J Mol Sci.

2018;19:448.
3. Wong RSY. Apoptosis in cancer: from pathogenesis to treatment. J Exp Clin

Cancer Res. 2011;30:87.
4. Smith CE, Soti S, Jones TA, Nakagawa A, Xue D, Yin H. Non-steroidal anti-

inflammatory drugs are caspase inhibitors. Cell Chem Biol. 2017;24:281–92.
5. Diguet E, Gross CE, Tison F, Bezard E. Rise and fall of minocycline in neuro-

protection: need to promote publication of negative results. Exp Neurol.
2004;189:1–4.

6. Linton S. Caspase inhibitors: a pharmaceutical industry perspective. Curr Top
Med Chem. 2005;5:1697–717.

S. Dhani et al.

9

Cell Death and Disease          (2021) 12:949 



7. van Opdenbosch N, Lamkanfi M. Caspases in cell death, inflammation, and
disease. Immunity. 2019;50:1352–64.

8. Lee H, Shin EA, Lee JH, Ahn D, Kim CG, Kim JH, et al. Caspase inhibitors: a review
of recently patented compounds (2013-2015). Expert Opin Ther Pat.
2018;28:47–59.

9. Barreyro FJ, Holod S, Finocchietto Pv, Camino AM, Aquino JB, Avagnina A,
et al. The pan-caspase inhibitor Emricasan (IDN-6556) decreases liver injury
and fibrosis in a murine model of non-alcoholic steatohepatitis. Liver Int.
2015;35:953–66.

10. Howley B, Fearnhead HO. Caspases as therapeutic targets. J Cell Mol Med.
2008;12:1502–16.

11. Kudelova J, Fleischmannova J, Adamova E, Matalova E. Pharmacological caspase
inhibitors: research towards therapeutic perspectives. J Physciol Pharmacol.
2015;66:473–82.

12. MacKenzie SH, Schipper JL, Clark CA. The potential for caspases in drug dis-
covery. Curr Opin Drug Discov Dev. 2010;13:568–76.

13. Yi CH, Yuan J. The Jekyll and Hyde functions of caspases. Dev cell.
2009;16:21–34.

14. Benedict CA, Norris PS, Ware CF. To kill or be killed: viral evasion of apoptosis.
Nat Immunol. 2002;3:1013–8.

15. Callus BA, Vaux DL. Caspase inhibitors: viral, cellular and chemical. Cell Death
Differ. 2007;14:73–78.

16. Deveraux QL, Reed JC. IAP family proteins-suppressors of apoptosis. Genes Dev.
1999;13:239–52.

17. Ray CA, Black RA, Kronheim SR, Greenstreet TA, Sleath PR, Salvesen GS, et al.
Viral inhibition of inflammation: cowpox virus encodes an inhibitor of the
interleukin-1β converting enzyme. Cell. 1992;69:597–604.

18. Tesch LD, Raghavendra MP, Faarvang-Bedsted T, Gettins PGW, Olson ST. Spe-
cificity and reactive loop length requirements for crmA inhibition of serine
proteases. Protein Sci. 2005;14:533–42.

19. Miura M, Friedlander RM, Yuan J. Tumor necrosis factor-induced apoptosis is
mediated by a CrmA-sensitive cell death pathway. Proc Natl Acad Sci.
1995;92:8318–22.

20. Strasser A, O’connor L, Dixit VM. Apoptosis signaling. Annu Rev Biochem.
2000;69:217–45.

21. Xue D, Horvitz HR. Inhibition of the Caenorhabditis elegans cell-death protease
CED-3 by a CED-3 cleavage site in baculovirus p35 protein. Nature.
1995;377:248–51.

22. Jabbour AM, Hawkins CJ. The p35 family of apoptosis inhibitors. 2004. Curr
Genomics. 2004;5:215–29.

23. Ekert PG, Silke J, Vaux DL. Caspase inhibitors. Cell Death Differ. 1999;6:1081–6.
24. Zoog SJ, Schiller JJ, Wetter JA, Chejanovsky N, Friesen PD. Baculovirus apoptotic

suppressor P49 is a substrate inhibitor of initiator caspases resistant to P35
in vivo. EMBO J. 2002;21:5130–40.

25. Crook NE, Clem RJ, Miller LK. An apoptosis-inhibiting baculovirus gene with a
Zinc finger-like motif. J Virol. 1993;67:2168–74.

26. Li YY, Ming XL, Yang Y. The IAP family: endogenous caspase inhibitors with
multiple biological activities. Cell Res. 2000;10:169–77.

27. Liston P, Fong WG, Korneluk RG. The inhibitors of apoptosis: there is more to life
than Bcl2. Oncogene. 2003;22:8568–80.

28. Gyrd-Hansen M, Meier P. IAPs:from caspase inhibitors to modulators of NF-κB,
inflammation and cancer. Nat Rev Cancer. 2010;10:561–74.

29. Chai J, Shiozaki E, Srinivasula SM, Wu Q, Datta P, Alnemri ES, et al. Structural
basis of caspase-7 inhibition by XIAP. Cell. 2001;104:769–80.

30. Deveraux QL, Takahashi R, Salvesen GS, Reed JC. X-linked IAP is a direct inhibitor
of cell-death proteases. Nature. 1997;388:300–4.

31. Silke J, Ekert PG, Day CL, Hawkins CJ, Baca M, Chew J, et al. Direct inhibition of
caspase 3 is dispensable for the anti-apoptotic activity of XIAP. EMBO J.
2001;20:3114–23.

32. Roy N, Deveraux QL, Takahashi R, Salvesen GS, Reed JC. The c-IAP-1 and c-IAP-2
proteins are direct inhibitors of specific caspases. EMBO J. 1997;16:6914–25.

33. Thornberry NA. Caspase: key mediators of apoptosis. Chem Biol. 1998;5:
R97–R103.

34. Thornberry NA. The caspase family of cysteine proteases. Br Med Bull.
1996;53:478–90.

35. Van Noorden CJF. The history of Z-VAD-FMK, a tool for understanding the
significance of caspase inhibition. Acta Histochem. 2001;103:241–51.

36. Caserta TM, Smith AN, Gultice AD, Reedy MA, Brown TL. Q-VD-OPh, a broad-
spectrum caspase inhibitor with potent antiapoptotic properties. Apoptosis.
2003;8:345–52.

37. Laforge M, Silvestre R, Rodrigues V, Garibal J, Campillo-Gimenez L, Mouhamad S,
et al. The anti-caspase inhibitor Q-VD-OPH prevents AIDS disease progression in
SIV-infected rhesus macaques. J Clin Investig. 2018;128:1627–40.

38. Weber IT, Agniswamy J. Caspases: structure-guided design of drugs to control
cell death. Rev Med Chem. 2008;8:1154–62.

39. Porȩba M, Strózyk A, Salvesen GS, Dra̧g M. Caspase substrates and inhibitors.
Cold Spring Harb Perspect Biol. 2013;5:a008680.

40. Pavelka K, Kuba V, Moeller RJ, Mikkelson K, Tamasi L, Vitek P, et al. Clinical effects
of pralnacasan (PRAL), an orally-active interleukin-1β converting enzyme (ICE)
inhibitor, in a 285 patient phII trial in rheumatoid arthritis (RA). Arthritis Rheum.
2001;44:S241.

41. Rudolphi K, Gerwin N, Verzijl N, van der Kraan P, van den Berg W. Pralnacasan,
an inhibitor of interleukin-1β converting enzyme, reduces joint damage in two
murine models of osteoarthritis. Osteoarthr Cartil. 2003;11:738–46.

42. Zhenodarova SM. Small-molecule caspase inhibitors. Russian Chem Rev.
2010;79:119–43.

43. Fiorucci S, Antonelli E, Tocchetti P, Morelli A. Treatment of portal hypertension
with NCX-1000, a liver-specific NO donor. A review of its current status. Cardi-
ovasc Drug Rev. 2004;22:135–46.

44. Häcker HG, Sisay MT, Gütschow M. Allosteric modulation of caspases. Pharmacol
Ther. 2011;132:180–95.

45. Ghavami S, Shojaei S, Yeganeh B, Ande SR, Jangamreddy JR, Mehrpour M, et al.
Autophagy and apoptosis dysfunction in neurodegenerative disorders. Prog
Neurobiol. 2014;112:24–49.

46. Guicciardi ME, Gores GJ. Apoptosis as a mechanism for liver disease progression.
Semin Liver Dis. 2010;30:402–10.

47. Lowes MA, Suárez-Fariñas M, Krueger JG. Immunology of psoriasis. Annu Rev
Immunol. 2014;32:227–55.

48. Parisi R, Symmons DPM, Griffiths CEM, Ashcroft DM. Global epidemiology of
psoriasis: a systematic review of incidence and prevalence. J Investig Dermatol.
2013;133:377–85.

49. O’Brien T, Linton SD. Design of caspase inhibitors as potential clinical agents (1st
ed.). Hindawi Limited, 2008.

50. Boxer MB, Quinn AM, Shen M, Jadhav A, Leister W, Simeonov A, et al. A highly
potent and selective caspase 1 inhibitor that utilizes a key 3-cyanopropanoic
acid moiety. Chem Med Chem. 2010;5:730–8.

51. Aira LE, Gonçalves D, Bossowski JP, Rubio-Patiño C, Chiche J, Paul-Bellon R, et al.
Caspase 1/11 deficiency or pharmacological inhibition mitigates psoriasis-like
phenotype in mice. J Investig Dermatol. 2019;139:1306–17.

52. Das B, Samanta S. Molecular target and therapeutic aspects of rheumatoid
arthritis: a review. Asian J Pharm Clin Res. 2015;8:32–40.

53. Le GT, Abbenante G. Inhibitors of TACE and caspase-1 as anti-inflammatory
drugs. Curr Med Chem. 2005;12:2963–77.

54. Siegmund B, Zeitz M. Pralnacasan (Vertex Pharmaceuticals). IDrugs.
2003;6:154–8.

55. D’Lima D, Hermida J, Hashimoto S, Colwell C, Lotz M. Caspase inhibitors reduce
severity of cartilage lesions in experimental osteoarthritis. Arthritis Rheumatism.
2006;54:1814–21.

56. Hattori Y, Takano KI, Teramae H, Yamamoto S, Yokoo H, Matsuda N. Insights into
sepsis therapeutic design based on the apoptotic death pathway. J Pharmacol
Sci. 2010;114:354–65.

57. Hotchkiss RS, Nicholson DW. Apoptosis and caspases regulate death and
inflammation in sepsis. Nat Rev Immunol. 2006;6:813–22.

58. Oberholzer C, Tschoeke SK, Moldawer LL, Oberholzer A. Local thymic caspase-9
inhibition improves survival during polymicrobial sepsis in mice. J Mol Med.
2006;84:389–95.

59. Girardot T, Rimmelé T, Venet F, Monneret G. Apoptosis-induced lymphopenia in
sepsis and other severe injuries. Apoptosis. 2017;22:295–305.

60. Hotchkiss RS, Tinsley KW, Swanson PE, Chang KC, Cobb JP, Buchman TG, et al.
Prevention of lymphocyte cell death in sepsis improves survival in mice. Proc
Natl Acad ScI USA. 1999;96:14541–6.

61. Hotchkiss RS, Chang KC, Swanson PE, Tinsley KW, Hui JJ, Klender P, et al. Cas-
pase inhibitors improve survival in sepsis: a critical role of the lymphocyte. Nat
Immunol. 2000;1:496–501.

62. Li X, Yao X, Zhu Y, Zhang H, Wang H, Ma Q, et al. The caspase inhibitor Z-VAD-
FMK alleviates endotoxic shock via inducing macrophages necroptosis and
promoting MDSCs-mediated inhibition of macrophages activation. Front
Immunol. 2019;10:1–14.

63. Pagano N, Longobardi V, De Canditiis C, Zuchegna C, Romano A, Michal Andrzej
K, et al. Effect of caspase inhibitor Z-VAD-FMK on bovine sperm cryotolerance.
Reprod Domest Anim. 2020;55:530–6.

64. Arachchige Don AS, Tsang CK, Kazdoba TM, D’Arcangelo G, Young W, Steven
Zheng XF. Targeting mTOR as a novel therapeutic strategy for traumatic CNS
injuries. Drug Discov Today. 2012;17:861–8.

65. Shoichet M, Tate C, Baumann M, LaPlaca MC. Strategies for regeneration and
repair in the injured central nervous system. In: Reichert WM, editor. Indwelling
neural implants: strategies for contending with the in vivo environment. 2008.
Chapter 8.

66. Springer JE. Apoptotic cell death following traumatic injury to the central ner-
vous system. J Biochem Mol Biol. 2002;35:94–105.

S. Dhani et al.

10

Cell Death and Disease          (2021) 12:949 



67. Clark RS, Kochanek PM, Watkins SC, Chen M, Edward Dixon C, Seidberg NA, et al.
Caspase-3 mediated neuronal death after traumatic brain injury in rats. J Neu-
rochem. 2000;74:740–53.

68. Citron BA, Arnold PM, Haynes NG, Ameenuddin S, Farooque M, Santacruz K,
et al. Neuroprotective effects of caspase-3 inhibition on functional recovery and
tissue sparing after acute spinal cord injury. Spine. 2008;33:2269–77.

69. Akdemir O, Berksoy I, Karaoǧlan A, Barut Ş, Bilguvar K, Çirakoǧlu B, et al.
Therapeutic efficacy of Ac-DMQD-CHO, a caspase 3 inhibitor, for rat spinal cord
injury. J Clin Neurosci. 2008;15:672–8.

70. Çolak A, Karaoğlan A, Barut E, Köktürk S, Akyildiz AI, Taşyürekli M. J Neurosurg
Spine. 2005;2:327–34.

71. Aydoseli A, Can H, Aras Y, Sabanci PA, Akcakaya MO, Unal OF. Memantine and
Q-VD-OPh treatments in experimental spinal cord injury: combined inhibition of
necrosis and apoptosis. Turkish Neurosurg. 2016;26:783–9.

72. Piao CS, Loane DJ, Stoica BA, Li S, Hanscom M, Cabatbat R, et al. Combined
inhibition of cell death induced by apoptosis-inducing factor and caspases
provides additive neuroprotection in experimental traumatic brain injury.
Neurobiol Dis. 2012;46:745–58.

73. Legos JJ, Lee D, Erhardt JA. Caspase inhibitors as neuroprotective agents. Emerg
Drugs. 2001;6:81–94.

74. Vezzani A, Balosso S, Ravizza T. Neuroinflammatory pathways as treatment
targets and biomarkers in epilepsy. Nat Rev Neurol. 2019;15:459–72.

75. Devinsky O, Vezzani A, O’Brien TJ, Jette N, Scheffer IE, de Curtis M, et al. Epilepsy.
Nat Rev Dis Prim. 2018;3:1–24.

76. Aronica E, Crino PB. Inflammation in epilepsy: clinical observations. Epilepsia.
2011;52:26–32.

77. van Vliet EA, Aronica E, Vezzani A, Ravizza T. Review: neuroinflammatory path-
ways as treatment targets and biomarker candidates in epilepsy: emerging
evidence from preclinical and clinical studies. Neuropathol Appl Neurobiol.
2018;44:91–111.

78. Ravizza T, Lucas SM, Balosso S, Bernardino L, Ku G, Noé F, et al. Inactivation of
caspase-1 in rodent brain: a novel anticonvulsive strategy. Epilepsia.
2006;47:1160–8.

79. Bialer M, Johannessen SI, Levy RH, Perucca E, Tomson T, White HS. Progress
report on new antiepileptic drugs: a summary of the Eleventh Eilat Conference
(EILAT XI). Epilepsy Res. 2013;103:2–30.

80. Khan S, Ahmad K, Alshammari EMA, Adnan M, Baig MH, Lohani M, et al.
Implication of caspase-3 as a common therapeutic target for multi-
neurodegenerative disorders and its inhibition using nonpeptidyl natural
compounds. BioMed Res Int. 2015;2015:1–9.

81. Friedlander RM. Apoptosis and caspases in neurodegenerative diseases. N Engl J
Med. 2003;348:1365–75.

82. Muddapu VR, Dharshini SAP, Chakravarthy VS, Gromiha MM. Neurodegenerative
diseases—is metabolic deficiency the root cause? Front Neurosci. 2020;14:1–19.

83. Kanazawa I. How do neurons die in neurodegenerative diseases? Trends Mol
Med. 2001;7:339–44.

84. Rohn TT, Head E. Caspases as therapeutic targets in Alzheimer’s disease: is it
time to “cut” to the chase? Int J Clin Exp Pathol. 2009;2:108–18.

85. Rohn TT. The role of caspases in Alzheimer’s disease; potential novel therapeutic
opportunities. Apoptosis. 2010;15:1403–9.

86. D’Amelio M, Cavallucci V, Middei S, Marchetti C, Pacioni S, Ferri A, et al. Caspase-
3 triggers early synaptic dysfunction in a mouse model of Alzheimer’s disease.
Nat Neurosci. 2011;14:69–79.

87. Flores J, Noël A, Foveau B, Lynham J, Lecrux C, LeBlanc AC. Caspase-1 inhibition
alleviates cognitive impairment and neuropathology in an Alzheimer’s disease
mouse model. Nat Commun. 2018;9:3916.

88. Flores J, Noël A, Foveau B, Beauchet O, LeBlanc AC. Pre-symptomatic caspase-1
inhibitor delays cognitive decline in a mouse model of Alzheimer disease and
aging. Nat Commun. 2020;11:4571.

89. Kiernan Matthew C, Vucic S, Cheah BC, Turner MR, Eisen A, Hardiman O, et al.
Amyotrophic lateral sclerosis. Lancet. 2011;377:942–55.

90. Julien J-P. Amyotrophic lateral sclerosis: unfolding the toxicity of the misfolded.
Cell. 2001;104:581–91.

91. Li M, Ona VO, Guegan C, Chen M, Jackson-Lewis V, Andrews J, et al. Functional
role of caspase-1 and caspase-3 in an ALS transgenic mouse model. Science.
2000;288:335–9.

92. Inoue H, Tsukita K, Iwasato T, Suzuki Y, Tomioka M, Tateno M, et al. The crucial
role of caspase-9 in the disease progression of a transgenic ALS mouse model.
EMBO J. 2003;22:6665–74.

93. Ross CA, Aylward EH, Wild EJ, Langbehn DR, Long JD, Warner JH, et al. Hun-
tington disease: natural history, biomarkers and prospects for therapeutics. Nat
Rev Neurol. 2014;10:204–16.

94. Bates GP, Dorsey R, Gusella JF, Hayden MR, Kay C, Leavitt BR, et al. Huntington
disease. Nat Rev Dis Primers. 2015;1:15005.

95. Yang L, Sugama S, Mischak RP, Kiaei M, Bizat N, Brouillet E, et al. A novel
systemically active caspase inhibitor attenuates the toxicities of MPTP, mal-
onate, and 3NP in vivo. Neurobiol Dis. 2004;17:250–9.

96. Toulmond S, Tang K, Bureau Y, Ashdown H, Degen S, O’Donnell R, et al. Neu-
roprotective effects of M826, a reversible caspase-3 inhibitor, in the rat mal-
onate model of Huntington’s disease. Br J Pharmacol. 2004;141:689–97.

97. Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol, Neu-
rosurg Psychiatry. 2008;79:368–76.

98. Turmel H, Hartmann A, Parain K, Douhou A, Srinivasan A, Agid Y, et al. Caspase-3
activation in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice.
Mov Disord. 2001;16:185–9.

99. Tatton WG, Chalmers-Redman R, Brown D, Tatton N. Apoptosis in Parkinson’s
disease: signals for neuronal degradation. Ann Neurol. 2003;53:S61–S72.

100. Viswanath V, Wu Y, Boonplueang R, Chen S, Stevenson FF, Yantiri F, et al.
Caspase-9 activation results in downstream caspase-8 activation and Bid clea-
vage in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced Parkinson’s dis-
ease. J Neurosci. 2001;21:9519–28.

101. Sassmann-Schweda A, Singh P, Tang C, Wietelmann A, Wettschureck N, Offer-
manns S. Increased apoptosis and browning of TAK1-deficient adipocytes
protects against obesity. JCI Insight. 2016;1:e81175.

102. Tinahones FJ, Araguez LCI, Murri M, Olivera WO, Torres MDM, Barbarroja N, et al.
Caspase induction and BCL2 inhibition in human adipose tissue. Diabetes Care.
2013;36:513–21.

103. Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: molecular activation
and regulation to therapeutics. Nat Rev Immunol. 2019;19:477–89.

104. Stienstra R, Joosten LAB, Koenen T, van Tits B, van Diepen JA, van den Berg SAA,
et al. The inflammasome-mediated caspase-1 activation controls adipocyte
differentiation and insulin sensitivity. Cell Metab. 2010;12:593–605.

105. Machado MV, Michelotti GA, Jewell ML, Pereira TA, Xie G, Premont RT, et al.
Caspase-2 promotes obesity, the metabolic syndrome and nonalcoholic fatty
liver disease. Cell Death Dis. 2016;7:1–12.

106. Skeldon AM, Morizot A, Douglas T, Santoro N, Kursawe R, Kozlitina J, et al.
Caspase-12, but not caspase-11, inhibits obesity and insulin resistance. J
Immunol. 2016;196:437–47.

107. Morrison MC, Mulder P, Salic K, Verheij J, Liang W, van Duyvenvoorde W, et al.
Intervention with a caspase-1 inhibitor reduces obesity-associated hyper-
insulinemia, non-alcoholic steatohepatitis and hepatic fibrosis in LDLR-/-.Leiden
mice. Int J Obes. 2016;40:1416–23.

108. Fong DS, Aiello L, Gardner TW, King GL, Blankenship G, Cavallerano JD, et al.
Retinopathy in diabetes. Diabetes Care. 2004;27:S84-7.

109. Mohr S, Xi A, Tang J, Kern TS. Caspase activation in retinas of diabetic and
galactosemic mice and diabetic patients. Diabetes. 2002;51:1172–9.

110. Kralova J, Dvorak M, Koc M, Kral V. p38 MAPK plays an essential role in apoptosis
induced by photoactivation of a novel ethylene glycol porphyrin derivative.
Oncogene. 2008;27:3010–20.

111. Wang Y, Sun L, Xia C, Ye L, Wang B. P38MAPK regulates caspase-3 by binding
to caspase-3 in nucleus of human hepatoma Bel-7402 cells during anti-Fas
antibody- and actinomycin D-induced apoptosis. Biomed Pharmacother.
2009;63:343–50.

112. Campbell DS, Holt CE. Apoptotic pathway and MAPKs differentially regulate
chemotropic responses of retinal growth cones. Neuron. 2003;37:939–52.

113. Ji C, Ma H, Ren F. The roles of p38 MAPK and caspase-3 in DADS-induced
apoptosis in human HepG2 cells. Arch Biol Sci. 2010;62:245–8.

114. Zhuang S, Demirs JT, Kochevar IE. P38 mitogen-activated protein kinase med-
iates bid cleavage, mitochondrial dysfunction, and caspase-3 activation during
apoptosis induced by singlet oxygen but not by hydrogen peroxide. J Biol
Chem. 2000;275:25939–48.

115. Vincent JA, Mohr S. Inhibition of caspase-1/interleukin-1β signaling prevents
degeneration of retinal capillaries in diabetes and galactosemia. Diabetes.
2007;56:224–30.

116. Emamaullee JA, Stanton L, Schur C, Shapiro AMJ. Caspase inhibitor therapy
enhances marginal mass islet graft survival and preserves long-term function in
islet transplantation. Diabetes. 2007;56:1289–98.

117. McCall M, Toso C, Emamaullee J, Pawlick R, Edgar R, Davis J, et al. The caspase
inhibitor IDN-6556 (PF3491390) improves marginal mass engraftment after islet
transplantation in mice. Surgery. 2011;150:48–55.

118. Emamaullee JA, Davis J, Pawlick R, Toso C, Merani S, Cai SX, et al. The caspase
selective inhibitor EP1013 augments human islet graft function and longevity in
marginal mass islet transplantation in mice. Diabetes. 2008;57:1556–66.

119. Emamaullee JA, Davis J, Pawlick R, Toso C, Merani S, Cai SX, et al. Caspase
inhibitor therapy synergizes with costimulation blockade to promote indefinite
islet allograft survival. Diabetes. 2010;59:1469–77.

120. Akazawa Y, Nakao K. To die or not to die: death signaling in nonalcoholic fatty
liver disease. J Gastroenterol. 2018;53:893–906.

S. Dhani et al.

11

Cell Death and Disease          (2021) 12:949 



121. Hirsova P, Gores GJ. Death receptor-mediated cell death and proinflammatory sig-
naling in nonalcoholic steatohepatitis. Cell Mol Gastroenterol Hepatol. 2015;1:17–27.

122. Bouziana SD. Inhibition of apoptosis in the management of nonalcoholic fatty
liver disease. World J Gastrointest Pharmacol Ther. 2013;4:4–8.

123. Witek RP, Stone WC, Karaca FG, Syn WK, Pereira TA, Agboola KM, et al. Pan-
caspase inhibitor VX-166 reduces fibrosis in an animal model of nonalcoholic
steatohepatitis. Hepatology. 2009;50:1421–30.

124. Hoglen NC, Chen L, Fisher CD, Hirakawa BP, Groessl T, Contreras PC. Char-
acterization of IDN-6556 (3-[2-(2-tert-butyl-phenylaminooxalyl)-amino]-propio-
nylamino]-4-oxo-5-(2,3,5,6-tetrafluoro-phenoxy)-pentanoic acid): a liver-targeted
caspase inhibitor. J Pharmacol Exp Ther. 2004;309:634-40.

125. Shiffman M, Freilich B, Vuppalanchi R, Watt K, Chan JL, Spada A, et al. Rando-
mised clinical trial: emricasan versus placebo significantly decreases ALT and
caspase 3/7 activation in subjects with non-alcoholic fatty liver disease. Aliment
Pharmacol Ther. 2019;49:64–73.

126. Garcia-Tsao G, Bosch J, Kayali Z, Harrison SA, Abdelmalek MF, Lawitz E, et al.
Randomized placebo-controlled trial of emricasan for non-alcoholic steatohepatitis-
related cirrhosis with severe portal hypertension. J Hepatol. 2020;72:885–95.

127. Harrison SA, Goodman Z, Jabbar A, Vemulapalli R, Younes ZH, Freilich B, et al. A
randomized, placebo-controlled trial of emricasan in patients with NASH and
F1-F3 fibrosis. J Hepatol. 2020;72:816–27.

128. Frenette C, Kayali Z, Mena E, Mantry PS, Lucas KJ, Neff G, et al. Emricasan to
prevent new decompensation in patients with NASH-related decompensated
cirrhosis. J Hepatol. 2021;74:274–82.

129. Ratziu V, Sheikh MY, Sanyal AJ, Lim JK, Conjeevaram H, Chalasani N, et al. A
phase 2, randomized, double-blind, placebo-controlled study of GS-9450 in
subjects with nonalcoholic steatohepatitis. Hepatology. 2012;55:419–28.

130. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.
2011;144:646–74.

131. Fischer U, Schulze-Osthoff K. Apoptosis-based therapies and drug targets. Cell
Death Differ. 2005;12:942–61.

132. Hensley P, Mishra M, Kyprianou N. Targeting caspases in cancer therapeutics.
Biol Chem. 2013;394:831–43.

133. Lin VS, Xu ZF, Huang DCS, Thijssen R. Bh3 mimetics for the treatment of b-cell
malignancies—insights and lessons from the clinic. Cancers. 2020;12:1–24.

134. Merino D, Kelly GL, Lessene G, Wei AH, Roberts AW, Strasser A. BH3-mimetic drugs:
blazing the trail for new cancer medicines. Cancer Cell. 2018;34:879–91.

135. Wood LW, Shillitoe EJ. Effect of a caspase inhibitor, zVADfmk, on the inhibition
of breast cancer cells by herpes simplex virus type 1. Cancer Gene Ther.
2011;18:685–94.

136. Moretti L, Kwang WK, Dae KJ, Willey CD, Lu B. Radiosensitization of solid tumors
by Z-VAD, a pan-caspase inhibitor. Mol Cancer Ther. 2009;8:1270–9.

137. Kim KW, Moretti L, Lu B. M867, a novel selective inhibitor of caspase-3 enhances
cell death and extends tumor growth delay in irradiated lung cancer models.
PLoS One. 2008;3:e2275.

138. Poreba M, Rut W, Groborz K, Snipas SJ, Salvesen GS, Drag M. Potent and
selective caspase-2 inhibitor prevents MDM-2 cleavage in reversine-treated
colon cancer cells. Cell Death Differ. 2019;26:2695–709.

139. Duan L, Ouyang K, Xu X, Xu L, Wen C, Zhou X, et al. Nanoparticle delivery of
CRISPR/Cas9 for genome editing. Front Genet. 2021;12:673286.

140. Karlgren M, Simoff I, Keiser M, Oswald S, Artursson P. CRISPR-Cas9: a new
addition to the drug metabolism and disposition tool box. Drug Metab Dispos.
2018;46:1776–86.

141. Fritsch M, Günther SD, Schwarzer R, Albert MC, Schorn F, Werthenbach JP, et al.
Caspase-8 is the molecular switch for apoptosis, necroptosis and pyroptosis.
Nature. 2019;575:683–7.

142. Schwarzer R, Laurien L, Pasparakis M. New insights into the regulation of
apoptosis, necroptosis, and pyroptosis by receptor-interacting protein kinase 1
and caspase-8. Curr Opin Cell Biol. 2020;63:186–93.

143. Lemmers B, Salmena L, Bidère N, Su H, Matysiak-Zablocki E, Murakami K, et al.
Essential role for caspase-8 in toll-like receptors and NFκB signaling. J Biol Chem.
2007;282:7416–23.

144. Han JH, Park J, Kang TB, Lee KH. Regulation of caspase-8 activity at the cross-
roads of pro-inflammation and anti-inflammation. Int J Mol Sci. 2021;22:3318.

145. Logette E, le Jossic-Corcos C, Masson D, Solier S, Sequeira-Legrand A, Dugail I,
et al. Caspase-2, a novel lipid sensor under the control of sterol regulatory
element-binding protein 2. Mol Cell Biol. 2005;25:9621–31.

146. Kim JY, Garcia-Carbonell R, Yamachika S, Zhao P, Dhar D, Loomba R, et al. ER
stress drives lipogenesis and steatohepatitis via caspase-2 activation of S1P. Cell.
2018;175:133–45.e15.

147. Brown-Suedel AN, Bouchier-Hayes L. Caspase-2 substrates: to apoptosis, cell
cycle control, and beyond. Front Cell Dev Biol. 2020;8:1–17.

148. Higgins ME, Ioannou YA. Apoptosis-induced release of mature sterol regulatory
element-binding proteins activates sterol-responsive genes. J Lipid Res.
2001;42:1939–46.

149. Molla MD, Ayelign B, Dessie G, Geto Z, Admasu TD. Caspase-1 as a regulatory
molecule of lipid metabolism. Lipids Health Dis. 2020;19:1–7.

150. Yang CC, Wu CH, Lin TC, Cheng YN, Chang CS, Lee KT, et al. Inhibitory effect of
PPARγ on NLRP3 inflammasome activation. Theranostics. 2021;11:2424–41.

151. Niu Z, Shi Q, Zhang W, Shu Y, Yang N, Chen B, et al. Caspase-1 cleaves PPARγ for
potentiating the pro-tumor action of TAMs. Nat Commun. 2017;8:766.

152. Mocanu MM, Baxter GF, Yellon DM. Caspase inhibition and limitation of myo-
cardial infarct size: protection against lethal reperfusion injury. Br J Pharmacol.
2000;130:197–200.

153. Slagsvold HH, Rosseland CM, Jacobs C, Khuong E, Kristoffersen N, Gaarder M,
et al. High molecular weight DNA fragments are processed by caspase sensitive
or caspase independent pathways in cultures of cerebellar granule neurons.
Brain Res. 2003;984:111–21.

154. Chauvier D, Ankri S, Charriaut-Marlangue C, Casimir R, Jacotot E. Broad-spectrum
caspase inhibitors: from myth to reality? Cell Death Differ. 2007;14:387–91.

155. Bian ZM, Elner SG, Elner VM. Dual involvement of caspase-4 in inflammatory and
ER stress-induced apoptotic responses in human retinal pigment epithelial cells.
Investig Ophthalmol Vis Sci. 2009;50:6006–14.

156. Sheen-Chen SM, Hung KS, Eng HL. Effect of Boc-D-Fmk on hepatocyte apoptosis
after bile duct ligation in rat and survival rate after endotoxin challenge. J
Gastroenterol Hepatol. 2008;23:1276–9.

157. Chauvier D, Renolleau S, Holifanjaniaina S, Ankri S, Bezault M, Schwendimann L,
et al. Targeting neonatal ischemic brain injury with a pentapeptide-based
irreversible caspase inhibitor. Cell Death Dis. 2011;2:e203.

158. Wannamaker W, Davies R, Namchuk M, Pollard J, Ford P, Ku G. et al.(S)-1-((S)-2-
{[1-(4-amino-3-chloro-phenyl)-methanoyl]-amino}-3, 3-dimethyl-butanoyl)-pyr-
rolidine-2-carboxylic acid ((2R,3S)-2-ethoxy-5-oxo- tetrahydro-furan-3-yl)-amide
(VX-765), an orally available selective interleukin (IL)-converting enzyme/cas-
pase-1 inhibitor, exhibits potent anti-inflammatory activities by inhibiting the
release of IL-1β and IL-18. J Pharmacol Exp Ther. 2007;321:509–16.

159. Brumatti G, Ma C, Lalaoui N, Nguyen N-Y, Navarro M, Tanzer MC, et al. The
caspase-8 inhibitor emricasan combines with the SMAC mimetic birinapant
to induce necroptosis and treat acute myeloid leukemia. Sci Transl Med.
2016;8:ra69.

160. Garcia-Tsao G, Fuchs M, Shiffman M, Borg BB, Pyrsopoulos N, Shetty K, et al.
Emricasan (IDN-6556) lowers portal pressure in patients with compensated
cirrhosis and severe portal hypertension. Hepatology. 2019;69:717–28.

161. Weber P, Wang P, Maddens S, Wang PSH, Wu R, Miksa M, et al. VX-166: a novel
potent small molecule caspase inhibitor as a potential therapy for sepsis. Crit
Care. 2009;13:R146.

162. Poreba M, Szalek A, Kasperkiewicz P, Rut W, Salvesen GS, Drag M. Small
molecule active site-directed tools for studying human caspases. Chem Rev.
2015;115:12546–629.

163. Solano ECR, Kornbrust DJ, Beaudry A, Foy JWD, Schneider DJ, Thompson JD.
Toxicological and pharmacokinetic properties of QPI-1007, a chemically mod-
ified synthetic siRNA targeting caspase 2 mRNA, following intravitreal injection.
Nucleic Acid Ther. 2014;24:258–66.

164. Fiorucci S, Mencarelli A, Palazzetti B, Del Soldato P, Morelli A, Ignarro LJ. An NO
derivative of ursodeoxycholic acid protects against Fas-mediated liver injury by
inhibiting caspase activity. Proc Natl Acad Sci USA. 2001;98:2652–7.

165. Limpachayaporn P, Schäfers M, Haufe G. Isatin sulfonamides: potent caspases-3
and -7 inhibitors, and promising PET and SPECT radiotracers for apoptosis
imaging. Future Med Chem. 2015;7:1173–96.

166. Hardy JA, Lam J, Nguyen JT, O’brien T, Wells JA. Discovery of an allosteric site in
the caspases. Proc Natl Acad Sci USA. 2004;101:12461–6.

ACKNOWLEDGEMENTS
The work in the authors’ laboratories is supported by the grants from the Russian
Science Foundation (19-15-00125, caspases and their functions), the Russian
Foundation for Basic Research (18-29-09005, 20-015-00157), Stockholm (181301),
and Swedish (190345) Cancer Societies.

AUTHOR CONTRIBUTIONS
Literature search—SD, YZ, BZ; writing the original manuscript—SD, YZ; Figure and
Tables—SD, YZ; editing manuscript SD, YZ, BZ; review and editing manuscript SD, YZ,
BZ; funding BZ. All authors have read and agreed to the published version of the
manuscript.

FUNDING
Open access funding provided by Karolinska Institute.

S. Dhani et al.

12

Cell Death and Disease          (2021) 12:949 



COMPETING INTERESTS
Authors declare the absence of any competing financial interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Boris
Zhivotovsky.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s
CreativeCommons licenseandyour intendeduse isnotpermittedby statutory regulationor
exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

S. Dhani et al.

13

Cell Death and Disease          (2021) 12:949 

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A long way to go: caspase inhibitors in clinical use
	Facts
	Open questions
	Introduction
	Natural and synthetic caspase inhibitors
	Natural caspase inhibitors: viral and cellular inhibitors
	Synthetic caspase inhibitors

	Caspase inhibitors for diseases: animal models and clinical trials
	Inflammatory diseases
	Neurological diseases
	Metabolic diseases
	Cancer

	Conclusion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




