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ABSTR ACT: Apoptosis is physiological cell death required for the cellular maintenance of homeostasis, and caspases play a major role in the execution of 
this process. Numerous disorders occur when levels of apoptosis within an organism are excessive, and several studies have explored the possibility of using 
caspase inhibitors to prevent these disorders. Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-[2,6-difluorophenoxy]-methyl ketone), a novel pan caspase 
inhibitor, has been used because of its efficacy to inhibit apoptosis at low concentrations, its ability to cross the blood–brain barrier, as well as being nontoxic 
in vivo. This review examines Q-VD-OPh’s ability to inhibit apoptosis in several animal models of human disease.
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Introduction
Apoptosis is an energy-dependent cell death process that helps 
maintain homeostasis as well as regulate tissue involution.1 
The characteristic features of apoptosis are caspase activa-
tion, intact plasma membrane, oligonucleosomal DNA lad-
der fragmentation, formation and phagocytosis of apoptotic 
bodies, and the lack of an inflammatory response.2,3 When 
a cell dies apoptotically, it undergoes a number of morpho-
logical changes, including condensation of the nucleus and 
cytoplasm as well as cell shrinkage. During embryogenesis, 
apoptosis is particularly important for immune and neuronal 
development.4 A number of diseases can occur when excessive 
apoptosis occurs, and this is associated with a number of auto-
immune and neurological diseases.3–6

The Role of Caspases in Apoptosis
Caspase activation plays a major role in apoptosis. Caspases, 
which are cysteine aspartyl proteases, are normally present 
as procaspases and are inactive zymogens.7 In order for a cell 
to undergo apoptosis, procaspases must become activated via 
cleavage or dimerization (Fig. 1).8–11 There are two classes of 
apoptotic caspases; initiator caspases, which are associated with 
the initiation of apoptosis (caspases 2, 8, 9, 10), and effector 
caspases, which cleave cellular substrates needed for the cell’s 
survival (caspases 3, 6, 7) (Table 1).8,9,11 Initiator caspases are 
activated by dimerization via different cell stressors that can be 
triggered either from within the cell or externally. The initia-
tor caspases then cleave and activate their substrates, the effec-
tor caspases. Effector caspases subsequently cleave essential 

survival proteins and DNA. What makes caspases unique is 
a tripeptide amino acid sequence immediately preceding an 
aspartic acid reside where cleavage occurs. Importantly, only 
substrates with sequence-specific, tripeptide-aspartyl residues 
that are structurally exposed can be cleaved by a particular 
caspase.8,11 Two predominant apoptotic pathways exist: the 
extrinsic (death receptor) pathway and the intrinsic mitochon-
drial (cytochrome c-dependent) pathway.

Extrinsic Death Receptor Pathway
The extrinsic pathway is triggered by the binding of Fas 
ligand (FasL), tumor necrosis factor (TNF)-α, or TNF-
related apoptosis-inducing ligand (TRAIL) to its cognate 
death receptor located on the plasma membrane of the cell  
(Fig. 1).12,13 When death receptors bind to their ligand, the 
receptor becomes activated and triggers the recruitment of 
apoptotic adaptor proteins, such as Fas-associated death 
domain (FADD), among others (Fig. 1).3,13 Activated recep-
tors undergo a conformational change and recruit initiator 
procaspase-8 to the intracellular death domain by binding to 
the death effector domain (DED) of procaspase-8. This forma-
tion creates a complex known as the death-inducing signaling 
complex (DISC).14 Within the DISC, caspase-8 is activated 
by autocleavage and can then trigger effector procaspase-3.14 
Two types of cells have varying reactions to the activation of 
caspase-3. In type I cells, which are generally lymphoid in ori-
gin, caspase-3 is directly activated by caspase-8, which then 
cleaves prosurvival substrates (Fig. 1).6,15,16 In type II cells, 
which include most cell types, caspase-8 is unable to directly 
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Figure 1. Extrinsic and intrinsic pathways of apoptosis. One of the major pathways for caspase activation is the extrinsic pathway. After apoptosis is initiated via 
death signal ligation in the cell membrane, a complex (DISC) is formed after FADD and procaspase-8 are recruited to the site. In type I cells, the DISC directly 
activates caspase-8; caspase-8 then activates effector caspases that go on to cleave substrates essential for survival. In type II cells, caspase-8 cleaves Bid, 
transforming it into the truncated and active form (tBid). tBid migrates to the mitochondria where it triggers the release of Bax/Bcl-2 and subsequently activates 
the intrinsic pathway. The other major apoptotic pathway for caspase activation is the intrinsic pathway. After toxic insults or DNA damage, the mitochondria 
releases cytochrome c, Apaf-1, and ATP into the cytosol of the cell, which lead to the formation of the apoptosome and the recruitment of procaspase-9. The 
apoptosome then activates procaspase-9, triggering the effector caspases and leading to the apoptotic destruction of the cell.

Table 1. Two classes of human apoptotic caspases. Caspases 
involved in apoptosis are classified as initiators (2, 8, 9, 10)  
or effectors (3, 6, 7).

ROLE OF CASPASES CASPASE

Initiator apoptotic caspases

Caspase-2

Caspase-8

Caspase-9

Caspase-10

Effector apoptotic caspases

Caspase-3

Caspase-6

Caspase-7

activate caspase-3. Caspase-8 cleaves a direct but inactive 
target, BH3 interacting-domain death agonist (Bid), into a 
truncated and active protein (tBid).15–18 tBid migrates to the 
mitochondria, resulting in the oligomerization and activation 
of Bax/Bak, thereby inducing the intrinsic pathway and sub-
sequently triggering apoptotic death of the cell.16,19

Intrinsic Mitochondrial Pathway
The intrinsic pathway is triggered by DNA damage, growth 
factor withdrawal, oxidative stress, and/or toxic insults that are 
recognized by the mitochondria of an injured cell (Fig. 1).4,7  
Apoptotic stimuli that disrupt cellular homeostatic condi-
tions, normally regulated by the prosurvival B-cell lymphoma 
domain-2 (BCL-2) family of proteins, result in an increase in 
mitochondrial membrane permeability and the subsequent loss 
of ATP.15,20,21 One of the critical proteins that escapes from 
the mitochondria is cytochrome c, which binds together with 
Apaf-1 and ATP in the cytosol to form a complex known as the 
apoptosome. Formation of the apoptosome triggers the recruit-
ment and activation of initiator procaspase-9 that can then 
cleave and activate effector procaspase-3 (Fig. 1).22,23 Effector 
caspases subsequently cleave substrate proteins that are essen-
tial for cell survival, such as poly (ADP-ribose) polymerase-1 
(PARP), used in DNA repair; lamin A, responsible for the 
condensation of chromatin and the breakdown of the nuclear 
membrane; as well as αII-spectrin, which contributes to the 
structural integrity and organization of the cell.23–29
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The Pan Caspase Inhibitor, Q-VD-OPh
Several types of caspase inhibitors are commercially avail-
able, including Boc-D-fmk and Z-VAD-fmk, which work by 
inhibiting the activation of some, but not all, initiator or effec-
tor caspases.27,28 The concern with these types of inhibitors is 
that they require much higher doses to be effective, are not true 
pancaspase inhibitors, and are toxic at higher concentrations 
(50  µM).27,28 Additionally, Z-VAD-fmk has been linked to 
the endogenous production of fluoroacetate, which is toxic to 
the cells, especially in the liver.28 Q-VD-OPh (quinolyl-valyl-
O-methylaspartyl-[-2,6-difluorophenoxy]-methyl ketone) is a 
true pancaspase inhibitor that is effective at significantly lower 
doses, is capable of crossing the blood–brain barrier, and is 
nontoxic in vivo.27,29,30 Q-VD-OPh has a significant advan-
tage over other caspases and has an effective dose of 5 µM in 
cell culture in numerous cell types and 20 mg/kg in vivo.27 
The valine–aspartate amino acids allow Q-VD-OPh to func-
tion as a broad-spectrum caspase inhibitor with IC50 values 
ranging from 25 to 400 nM for recombinant caspases 1, 3, 8, 
and 9.27 The quinolyl and phenoxy moieties are believed to 
enhance cellular permeability and substrate access. Owing to 
the clear superiority of Q-VD-OPh as a pancaspase inhibitor, 
this review will focus on its use in animal models of human 
disease.

Q-VD-OPh Inhibition of Apoptosis in Models 
of Human Disease

Ischemic stroke. Ischemic stroke is caused by a decrease 
in blood flow because of an obstruction of a cerebral artery, 
leading to a localized blood clot.31 The decrease in blood flow 
triggers hypoxic restriction and energy depletion that results 
in the initiation of apoptosis and necrosis in neuronal cells in 
the blocked region or the core.4 Tissue around the core, known 
as the penumbra, is also partially damaged by the decrease in 
blood flow, triggering inflammation and apoptosis.4,32

The involvement of caspase-1 and -3 in the damage caused 
by stroke has been supported by research in knockout mice.33,34 
Absence of caspase-1 causes a reduction in the production of 
IL-1β, resulting in neuroprotective effects.33,34 The absence of 
caspase-3 leads to cortical neurons that are resistant to death 
after oxygen-glucose deprivation.33,34 During brain infarction, 
different pathways are triggered in different areas; caspase-8 is 
activated because of ligand binding in neuronal cells in the core, 
whereas caspase-9 induces neuronal death in the penumbra.35

Stroke has recently been reported to be a sexually dimor-
phic condition.36 In male 129S6SvEv mice following mid-
dle cerebral artery occlusion and reperfusion, Q-VD-OPh 
increased the survival rate post stroke. Interestingly however, 
neuronal cells that were caspase-3 positive in the ischemic 
core were not significantly inhibited.37 In contrast, Q-VD-
OPh dramatically reduced the number of caspase-3 positive 
cells in the penumbra.37

The effectiveness of Q-VD-OPh during reperfusion was 
also tested by inducing stroke in both male and female PARP 

knockout mice (PKO).38 The absence of PARP in stroke-
induced males resulted in smaller infarct sizes but no change in 
the levels of cytosolic cytochrome c. In PKO, stroke-induced 
females, however, the infarct size was much larger and the 
amount of cytosolic cytochrome c release was higher than in 
the wild type, stroke-induced female controls.38 Administra-
tion of Q-VD-OPh was able to significantly reduce the infarct 
size in PKO and wild type, stroke-induced females, whereas 
no effect was observed in males.38

Perinatal stroke. Perinatal stroke differs from ischemic 
stroke because it occurs in newborns before or around the time 
of birth.39,40 The causes of perinatal stroke include clot for-
mation, blood vessel wall injury, and the lack of blood flow 
and can occur because of placental infections or changes in 
the concentration of procoagulant and anticoagulant proteins 
during the transition from gestation to neonatal life.40–42

Seven-day-old male and female rats with unilateral focal 
ischemia followed by reperfusion were administered Q-VD-
OPh, in order to test their efficacy in providing neuropro-
tection.43 Q-VD-OPh was neuroprotective in females and 
reduced cell death while significantly increasing the animals’ 
survival rate between 48  hours and 21  days.43 However, no 
significant effect was observed in males.43 While ischemia 
can activate caspases after reperfusion, the mechanisms that 
activate caspase-3 appear to differ between genders because 
of the mitochondrial response. In males, cytochrome c release 
was extensive and occurred quickly. In contrast, cytochrome c  
release in females was large but constant during the first 
24 hours of recovery.43

The effectiveness of Q-VD-OPh, in response to short- 
and long-term treatments, was also examined in male neo-
natal C57Bl/6 mice following the induction of stroke by 
unilateral hypoxia-ischemia (HI).44 Q-VD-OPh adminis-
tered acutely at 12 and 36 hours was able to reduce apoptosis, 
specifically casapse-3 activation, and reduce levels of inflam-
matory chemokines but not inflammatory cytokines.44 Male 
mice injected with Q-VD-OPh chronically over a 14-day 
period exhibited improved motor skills when examined a few 
weeks after the induction of stroke; however, examination a 
few months later showed that the improvements gained where 
no longer observed.44 The reasons for these findings are cur-
rently unclear but warrant further investigation.

Spinal cord injury. Spinal cord injuries are caused by a 
primary trauma that can trigger secondary damage and lead 
to permanent tissue loss through insults such as mechanical 
compression, bleeding, and edema.45 Secondary damages can 
include hemorrhaging, an inflammatory reaction, ischemia, 
interference with energy metabolism, as well as the induction 
of apoptosis.45 A number of studies suggest that both necro-
sis and apoptosis occur after spinal cord injury, with necrosis 
occurring first, followed by apoptosis.46

In order to test the efficacy of Q-VD-OPh in spinal cord 
injury, Wistar albino rats with a spinal cord injury at T8–T10 
were administered Q-VD-OPh intraperitoneally, immediately 
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after the injury.45 Hemorrhaging, necrosis, vascular thrombi, 
as well as edema were found within the cells of the spinal 
cord 24  hours later.45 Apoptosis was substantially reduced 
in animals treated with Q-VD-OPh, and the surviving ani-
mals had significantly better neurologic function than control 
animals.45

Ischemic renal failure. Acute ischemic renal failure 
occurs when blood flow to the kidneys is severely reduced.47,48 
This triggers the depletion of cellular ATP and leads to cell 
injury caused by inflammation and neutrophil infiltration.47,48 
Tissue damage caused by the activation of inflammatory cyto-
kines, such as IL-1β and IL-18, in acute renal failure has been 
shown to be reduced by caspase inhibitors.48 In a surgically 
induced model of renal failure, C57BL/6 mice treated with 
Q-VD-OPh 60 minutes before the induction of renal failure 
was able to significantly inhibit the activation of caspase-1, 
leading to the decreased levels of IL-18 and thus preventing 
neutrophil infiltration of the kidneys.49

Burn injury and cardiac dysfunction. Major burn inju-
ries, which cover over 20–40% of the body’s surface, can cause 
a number of complications, one of which is cardiac dysfunc-
tion.50,51 The occurrence of cardiac dysfunction caused by 
major burn injuries is more likely to occur in elderly individuals 
or young children who have a suppressed immune system.52,53 
Cardiac dysfunction occurs when apoptosis is triggered in 
the myocardial cells by neutrophils that become activated 
after a major burn injury.53 Sprague-Dawley rats that received 
third-degree burns and were treated with Q-VD-OPh had 
decreased levels of caspases-1, -3, -8, as well as a decrease in 
other cellular factors that contributed to cardiac dysfunction 
when compared to controls.54

Alzheimer’s disease. Alzheimer’s disease (AD) is a 
disorder that results in progressive dementia caused by the 
deposition of amyloid-β (Aβ) peptides in senile plaques, neu-
rofibrillary tangles (NFTs), and the subsequent loss of neu-
rons.4,55 Activation of caspase-3 leads to the cleavage and 
formation of Aβ and NFTs.56 Aβ peptides are formed after the 
amyloid precursor protein (APP) is cleaved by enzymatic secre-
tases, and these newly made Aβ peptides then self-aggregate 
into insoluble β-sheet structures, leading to the formation of 
extracellular plaques.56,57 NFTs are formed when paired helical 
filaments become hyperphosphorylated on the microtubule-
binding protein tau.56,58 Tau normally helps maintain microtu-
bule stability; however in AD, tau becomes impaired after it is 
abnormally phosphorylated.59 Tau’s impairment is believed to 
occur after the protein is cleaved by caspases-1, -3, -6, and 8;  
these caspases are activated when apoptosis is triggered by the 
formation of Aβ peptide.58 Once caspase-3 becomes active, it 
cleaves a number of substrates, including beclin-1, which is 
normally responsible for autophagy in cells as well as actin, 
fodrin (spectrin), and tau, which are all responsible for main-
taining cytoskeletal structure.25,58,60–63 Tau has three structur-
ally exposed cleavage sites for caspase-3, and when cleaved, it 
can impair axonal transport that leads to neuronal cell death.

In order to test the effectiveness of Q-VD-OPh, 
TgCRND8 mice that have a double mutation in APP and 
display AD pathology were treated and analyzed.61,63 The 
results indicated that APP and tau were cleaved by caspases 
and that tau accumulated with Aβ in plaque-rich areas; how-
ever, caspase-7 and not caspase-3, was observed to be the pre-
dominate effector caspase.63 Q-VD-OPh administration was 
able to reduce caspase cleavage and activation; however, no 
changes in the levels of Aβ deposition were observed.63

Parkinson’s disease. Parkinson’s disease (PD) is a neuro-
degenerative disease that is characterized by motor disorders, 
including resting tremors, slowness of movement and rigid-
ity, as well as depression, apathy, dementia, and psychosis.64,65 
These symptoms are caused by the loss of dopaminergic neu-
rons located in the substantia nigra, resulting in the reduction 
of striatal dopamine and the formation of fibrillar cytoplasmic 
inclusions or Lewy bodies.66 Caspase-3 has been identified as 
one of the primary caspases involved in the cleavage of pro-
teins associated with the symptoms of PD.66

Male Swiss Webster mice injected with 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP), a mitochondrial toxin 
known to produce symptoms of PD, undergo apoptosis in dopa-
minergic neurons.67,68 Q-VD-OPh administration inhibited 
caspase-induced apoptosis and inhibited dopamine depletion in 
mice that received a low level of MPTP (10 and 15 mg/kg); 
however, this protection did not extend to mice that received a 
higher dose of MPTP.68,69 This may be because of the induction 
of necrotic as opposed to apoptotic cell death.68,69 Q-VD-OPh 
was also able to prevent the apoptotic cell death of immunoreac-
tive neurons expressing tyrosine hydroxylase (TH), a dopamine 
precursor in the substantia nigra, thus preventing apoptosis and 
ensuring that dopamine can still be produced.68,69

Huntington’s disease. Huntington’s disease (HD) is a 
disorder that affects the central nervous system and symptoms 
include twitching, behavioral disturbances, and the develop-
ment of dementia.70 HD is an autosomal dominant disease 
that affects medium spiny striatal and cortical neurons and is 
caused by a mutation in the gene that encodes for the hunting-
tin (Htt) protein.71 The inherited mutation causes an abnormal 
expansion of a trinucleotide CAG repeat that encodes a poly-
glutamine tract expansion in the N-terminus. This mutation 
alters protein folding, resulting in the generation of aggregates 
in neurons that are involved in the neurodegeneration pro-
cess and are early pathological findings in the brains of HD 
individuals.72

3-nitropropionic acid (3NP) is a mitochondrial toxin that 
can reproduce the symptoms of HD.68 In male Lewis and 
Sprague-Dawley rats, treatment with 3NP leads to a signifi-
cant increase in the activation of caspases 8 and 9 and the 
cleavage of Bid.68 Q-VD-OPh administration was able to 
inhibit caspase activation as well as the truncation of Bid, and 
dramatically reduced striatal lesions.68

Marfan’s syndrome. Individuals with Marfan’s syn-
drome are unusually tall, have very long arms and legs, and 
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are prone to aortic root aneurysm.73 Marfan’s syndrome is 
a connective tissue disorder that affects the heart, eyes, and 
skeleton. Fibrillin-1 is a glycoprotein that plays a critical role 
in the formation of elastic fibers, which help make up the con-
nective tissue that supports and strengthens organs and other 
structures throughout the body. Marfan’s syndrome is caused 
by a heterozygous mutation in fibrillin-1 gene (Fbn1), and this 
mutation results in elevated levels of transforming growth fac-
tor beta that further contribute to the overall pathogenesis.73

To assess the role of apoptosis in the formation of early aor-
tic aneurysm, Fbn1C1039G/+ mice, which serve as a mouse model 
of Marfan’s syndrome, were treated daily with Q-VD-OPh  
from two to six weeks.74 Q-VD-OPh administration signifi-
cantly reduced aortic diameter and aortic wall elastin frag-
mentation. Although localized early aneurysm growth was 
inhibited by caspase inhibition, Q-VD-OPh could not prevent 
the eventual development of aortic aneurysms in Fbn1C1039G/+ 

mice.74

Discussion
A number of studies have used Q-VD-OPh as a therapeu-
tic agent to treat animal models of human disease that occur 
because of the activation of apoptosis.4,35,43,44,49,54,61,67 Q-VD-
OPh is a true pancaspase inhibitor that has been shown to bind 
only with caspases. Since Q-VD-OPh is nontoxic to cells, it 
provides a significant advantage over other caspases inhibitors 
that have been shown to interact with cysteine proteases such 
as cathepsins B, H, and L and cause cellular toxicity.26,28,75

It should be noted that most studies that use Q-VD-OPh 
only use DMSO as the vehicle control.35,43,44,49,54,61,67 Q-VE-
OPh is a recently developed negative control and was altered 
by replacing the aspartic acid (D) of Q-VD-OPh with glu-
tamic acid (E).28 This minimal amino acid change results in 
Q-VE-OPh being unable to inhibit caspases while retaining 
its amino acid negativity and structure and providing a true 
control for comparison in studies assessing Q-VD-OPh and 
apoptotic cell death.27,28,76,77

There have been some concerns expressed over the long-
term use of caspase inhibitors. In particular, this long-term 
use may disrupt the homeostatic balance by causing cells that 
would naturally undergo apoptosis to remain in the body 
and eventually lead to immunological compromise, autoim-
mune disease, tumors, or cancer (Table 2).35,43,44,49,54,61,67,78 In 
animal models, however, daily administration of Q-VD-OPh 
for up to four months had no reported side effects.63,74 These 
findings suggest that daily or intermittent administration of 
Q-VD-OPh may be suitable for long-term treatment; how-
ever, further studies are needed.

Conclusion
The pancaspase inhibitor Q-VD-OPh is the preferred option 
for the inhibition of apoptosis because of its superior struc-
ture, effectiveness at lower concentrations, exclusive caspase  
specificity, and more importantly, its ability to remain nontoxic 

in cells, even during long-term administration. In summary, 
Q-VD-OPh is the prototype pancaspase inhibitor that pro-
vides a clear examination of the effects of apoptosis in animal 
models of human disease. Identifying the control and regula-
tion of apoptotic cell death in disease models is essential to 
developing new therapeutic regimens as well as obtaining a 
better understanding of disease-causing mechanisms.

Acknowledgments
We would like to thank Melissa R. Kaufman and Renee E. 
Albers for critical analysis of the manuscript.

Author Contributions
Analyzed the data: CK and TLB. Wrote the first draft of the 
manuscript: CK. Contributed to the writing of the manu-
script: CK and TLB. Agreed with manuscript results and 
conclusions: CK and TLB. Jointly developed the structure 
and arguments for the paper: CK and TLB. Made critical 
revisions and approved the final version: CK and TLB. All 
authors reviewed and approved the final manuscript.

REFERENCES
 1. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with 

wide-ranging implications in tissue kinetics. Br J Cancer. 1972;26:239–257.
 2. Burz C, Berindan-Neagoe I, Balacescu O, Irimie A. Apoptosis in cancer: key 

molecular signaling pathways and therapy targets. Acta Oncol. 2009;48:811–821.
 3. Duprez L, Wirawan E, Vanden Berghe T, Vandenabeele P. Major cell death 

pathway at a glance. Microbes Infect. 2009;11:1050–1062.
 4. Favaloro B, Allocati N, Graziano V, Di Ilio C, De Laurenzi V. Role of apoptosis 

in disease. Aging. 2012;4(5):330–349.
 5. Johnson JD, Luciani DS. Mechanisms of pancreatic beta-cell apoptosis in diabe-

tes and its therapies. Adv Exp Med Biol. 2010;654:447–462.
 6. Roshal M, Zhu Y, Planelles V. Apoptosis in AIDS. Apoptosis. 2001;6(1–2):103–116.
 7. McIlwain DR, Berger T, Mak TW. Caspase functions in cell death and disease. 

Cold Spring Harb Perspect Biol. 2013;5(4):a008656.
 8. Thornberry NA. Caspases: key mediators of apoptosis. Chem Biol. 1998;5(5): 

R97–R103.
 9. Bouchier-Hayesand L, Green DR. Caspase-2: the orphan caspase. Cell Death 

Differ. 2012;19:51–57.
 10. Ferwerda B, McCall MB, de Vries MC, et al. Caspase-12 and the inflammatory 

response to Yersinia pestis. PLoS One. 2009;4(9):e6870.
 11. Earnshaw WC, Martins LM, Kaufmann SH. Mammalian caspases: structure, 

activation, substrates, and functions during apoptosis. Annu Rev Biochem. 1999; 
68:383–424.

Table 2. Human diseases with therapeutic potential by apoptotic 
inhibition. Numerous diseases, conditions, and syndromes in which 
short- or long-term inhibition of apoptosis may provide therapeutic 
benefits.

SHORT-TERM TREATMENT LONG-TERM TREATMENT

Ischemic stroke Alzheimer’s disease

Perinatal stroke Parkinson’s disease

Spinal cord injury Huntington’s disease

Renal ischemia Acute Myeloid Leukemia

Cardiac dysfunction arthritis

Graft versus host disease Human Immunodeficiency Virus

Organ transplant Liver damage caused by Hepatitis C

Reperfusion injury Marfan’s syndrome
 

http://www.la-press.com
http://www.la-press.com/journal-of-cell-death-j124


Keoni and Brown

6 Journal of Cell Death 2015:8

 12. Wang S, El-Deiry WS. TRAIL and apoptosis induction by TNF-family death 
receptors. Oncogene. 2003;22(53):8628–8633.

 13. Lavrik I, Golks A, Krammer PH. Death receptor signaling. J Cell Sci. 2005; 
15(118 pt 2):265–267.

 14. Peter ME, Krammer PH. The CD95 (APO-1/Fas) DISC and beyond. Cell Death 
Differ. 2003;10:126–135.

 15. Ozören N, El-Deiry WS. Defining characteristics of types I and II apoptotic 
cells in response to TRAIL. Neoplasia. 2002;4:551–557.

 16. Wang Y, Tjandra N. Structural insights of tBid, the caspase-8 activated Bid, and 
its BH3 domain. J Biol Chem. 2013;288:35840–35851.

 17. Korsmeyer SJ, Shatter JR, Veis DJ, Merry DE, Oltvai ZN. Bcl-2/Bax: a rheostat 
that regulates an anti-oxidant pathway and cell death. Semin Cancer Biol. 1993; 
4(6):327–332.

 18. Wang K, Yin XM, Chao DT, Milliman CL, Korsmeyer SJ. BID: a novel BH3 
domain-only death agonist. Genes Dev. 1996;10(22):2859–2869.

 19. Fan TJ, Han LH, Cong RS, Liang J. Caspase family proteases and apoptosis. 
Acta Biochim Biophys Simica. 2005;37(11):719–727.

 20. Ricci JE, Muñoz-Pinedo C, Fitzgerald P, et al. Disruption of mitochondrial 
function during apoptosis is mediated by caspase cleavage of the p75 subunit of 
complex I of the electron transport chain. Cell. 2004;117(6):773–786.

 21. Gross A, McDonnell JM, Korsmeyer SJ. BCL-2 family members and the mito-
chondria in apoptosis. Genes Dev. 1999;13(15):1899–1911.

 22. Yuan S, Akey CW. Apoptosome structure, assembly, and procaspase activation. 
Structure. 2013;21(4):501–515.

 23. Soldani C, Lazzè MC, Bottone MG, et al. Poly (ADP-ribose) polymerase cleav-
age during apoptosis: when and where? Exp Cell Res. 2001;269(2):193–201.

 24. Oberhammer FA, Hochegger K, Fröschl G, Tiefenbacher R, Pavelka M. Chroma-
tin condensation during apoptosis is accompanied by degradation of lamin A + B,  
without enhanced activation of cdc2 kinase. J Cell Biol. 1994;126(4):827–837.

 25. Brown TL, Patil S, Cianci CD, Morrow JS, Howe PH. Transforming growth 
factor beta induces caspase 3-independent cleavage of alphaII-spectrin (alpha-
fodrin) coincident with apoptosis. J Biol Chem. 1999;274(33):23256–23262.

 26. Muller S, Zhao Y, Brown TL, Morgan AC, Kohler H. TransMabs: cell-penetrating 
antibodies, the next generation. Expert Opin Biol Ther. 2005;5(2):237–241.

 27. Caserta TM, Smith AN, Gultice AD, Reedy M, Brown TL. Q-VD-OPh, a 
broad spectrum caspase inhibitor with potent antiapoptotic properties. Apoptosis. 
2003;8:345–352.

 28. Van Noorden CJ. The history of Z-VAD-FMK, a tool for understanding the 
significance of caspase inhibition. Acta Histochem. 2001;103:1403–1409.

 29. Southerland B, Kulkarni-Datar K, Keoni C, et al. Q-VE-OPh, a negative con-
trol for O-phenoxy-conjugated caspase inhibitors. J Cell Death. 2010;3:33–40.

 30. Chauvier D, Ankri S, Charriaut-Marlangue C, Cusimir R, Jacotot E. Broad-
spectrum caspase inhibitors: from myth to reality? Cell Death Differ. 2007;14: 
387–391.

 31. Dirnagl U, Iadecola C, Moskowitz MA. Pathobiology of ischaemic stroke: an 
integrated view. Trends Neurosci. 1999;22(9):391–397.

 32. Jung JE, Kim GS, Chen H, et al. Reperfusion and neurovascular dysfunction in 
stroke: from basic mechanisms to potential strategies for neuroprotection. Mol 
Neurobiol. 2010;41:172–179.

 33. Le DA, Wu Y, Huang Z, et al. Caspase activation and neuroprotection in 
caspase-3-deficient mice after in vivo cerebral ischemia and in vitro oxygen glu-
cose deprivation. Proc Natl Acad Sci U S A. 2002;99:15188–15193.

 34. Schielke GP, Yang GY, Shivers BD, Betz AL. Reduced ischemic brain injury in 
interleukin-1 beta converting enzyme deficient mice. J Cereb Blood Flow Metab. 
1998;18:180–185.

 35. Benchoua A, Guegan C, Couriaud C, et al. Specific caspase pathways are acti-
vated in the two stages of cerebral infarction. J Neurosci. 2001;21:7127–7134.

 36. Liu F, Li Z, Li J, Siegel C, Yuan R, McCullough LD. Sex differences in caspase 
activation after stroke. Stroke. 2009;40:1842–1848.

 37. Braun JS, Prass K, Dirnag U, Meisel A, Meisel C. Protection from brain damage 
and bacterial infection in murine stroke by the novel caspase-inhibitor Q-VD-
OPh. Exp Neurol. 2007;206:183–191.

 38. Liu F, Lang J, Li J, et al. Sex differences in the response to poly (ADP-ribose) poly-
merase-1 deletion and caspase inhibition after stroke. Stroke. 2011;42(4):1090–1096.

 39. Raju TN, Nelson KB, Ferriero D, Lynch JK; NICHD-NINDS Perinatal Stroke 
Workshop Participants. Ischemic perinatal stroke: summary of a workshop spon-
sored by the National Institute of Child Health and Human Development and 
the National Institute of Neurological Disorders and Stroke. Pediatrics. 2007; 
120(3):609–616.

 40. Lynch JK. Epidemiology and classification of perinatal stroke. Semin Fetal Neo-
natal Med. 2009;14(5):245–249.

 41. Nelson KB, Lynch JK. Stroke in newborn infants. Lancet Neurol. 2004;3:150–158.
 42. Suarez CR, Walenga J, Mangogna LC, Fareed J. Neonatal and maternal fibrino-

lysis: activation at time of birth. Am J Hematol. 1985;19(4):365–372.
 43. Renolleau S, Fau S, Goyenvalle C, et al. Specific caspase inhibitor Q-VD-OPh 

prevents neonatal stroke in P7 rat: a role for gender. J Neurochem. 2007;100(4): 
1062–1071.

 44. Han W, Sun Y, Wang X, Zhu C, Blomgren K. Delayed, long-term administra-
tion of the caspase inhibitor Q-VD-OPh reduced brain injury induced by neona-
tal hypoxia-ischemia. Dev Neurosci. 2014;36(1):64–72.

 45. Colak A, Antar V, Karaoğlan A, et al. Q-VD-OPh, a pancaspase inhibitor, 
reduces trauma-induced apoptosis and improves the recovery of hind-limb func-
tion in rats after spinal cord injury. Neurocirugia (Astur). 2009;20:533–540.

 46. Crowe MJ, Bresnahan JC, Shuman SL, Masters JN, Beattie MS. Apoptosis 
and delayed degeneration after spinal cord injury in rats and monkeys. Nat Med. 
1997;3:73–76.

 47. Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial injury and dys-
function during ischemic acute renal failure. Kidney Int. 2002;62:1539–1549.

 48. Kaushal GP, Ueda N, Shah SV. Role of caspases (ICE/CED 3 proteases) in DNA 
damage and cell death in response to a mitochondrial inhibitor, antimycin A.  
Kidney Int. 1997;52:438–445.

 49. Melnikov VY, Faubel S, Siegmund B, Lucia MS, Ljubanovic D, Edelstein CL. 
Neutrophil-independent mechanisms of caspase-1- and IL-18-mediated isch-
emic acute tubular necrosis in mice. J Clin Invest. 2002;110:1083–1091.

 50. Horton JW, Garcia NM, White J, Keffer J. Postburn cardiac contractile function 
and biochemical markers of postburn cardiac injury. J Am Coll Surg. 1995;181: 
289–298.

 51. Murphy JT, Horton JW, Purdue GF, Hunt JL. Evaluation of troponin-I as an 
indicator of cardiac dysfunction after thermal injury. J Trauma. 1998;45:700–704.

 52. Carlson DL, Horton JW. Cardiac molecular signaling after burn trauma. J Burn 
Care Res. 2006;27:669–675.

 53. Zhang JP, Ying X, Liang WY, et al. Apoptosis in cardiac myocytes during the 
early stage after severe burn. J Trauma. 2008;65(2):401–408.

 54. Carlson DL, Maass DL, White J, Sikes P, Horton JW. Caspase inhibition 
reduces cardiac myocyte dyshomeostasis and improves cardiac contractile func-
tion after major burn injury. J Appl Physiol. 2007;103:323–330.

 55. Duyckaerts C, Delatour B, Potier MC. Classification and basic pathology of 
Alzheimer disease. Acta Neuropathol. 2009;118:5–36.

 56. Rohn TT. The role of caspases in Alzheimer’s disease; potential novel therapeutic 
opportunities. Apoptosis. 2010;15:1403–1409.

 57. Mirra SS, Heyman A, McKeel D, et al. The consortium to establish a registry for 
Alzheimer’s disease (CERAD) part II. Standardization of the neuropathological 
assessment of Alzheimer’s disease. Neurol. 1991;41:479–486.

 58. Gamblin TC, Chen F, Zambrano A, et al. Caspase cleavage of tau: linking amy-
loid and neurofibrillary tangles in Alzheimer’s disease. Proc Natl Acad Sci U S A. 
2003;100(17):10032–10037.

 59. Bramblett GT, Goedert M, Jakes R, Merrick SE, Trojanowski JQ , Lee VM. Abnor-
mal tau phosphorylation at Ser396 in Alzheimer’s disease recapitulates development 
and contributes to reduced microtubule binding. Neuron. 1993;10:1089–1099.

 60. Rohn TT, Wirawan E, Brown RJ, Harris JR, Masliah E, Vandenabeele P. Deple-
tion of Beclin-1 due to proteolytic cleavage by caspases in the Alzheimer’s disease  
brain. Neurobiol Dis. 2011;43(1):68–78.

 61. Chishti MA, Yang DS, Janus C, et al. Early-onset amyloid deposition and cog-
nitive deficits in transgenic mice expressing a double mutant form of amyloid 
precursor protein 695. J Biol Chem. 2001;276:21562–21570.

 62. Vázquez J, Fernández-shaw C, Marina A, Haas C, Cacabelos R, Valdivieso F. 
Antibodies to human brain spectrin in Alzheimer’s disease. J Neuroimmunol. 
1996;68(1–2):39–44.

 63. Rohn TT, Kokoulina P, Eaton CR, Poon WW. Caspase activation in transgenic 
mice with Alzheimer-like pathology: results from a pilot study utilizing the cas-
pase inhibitor, Q-VD-OPh. Int J Clin Exp Med. 2009;2(4):300–308.

 64. Kleiner-Fisman G, Fisman DN, Kahn FI, Sime E, Lozano AM, Lang AE. 
Motor cortical stimulation for parkinsonism in multiple system atrophy. Arch 
Neurol. 2003;60(11):1554–1558.

 65. Zahodne LB, Fernandez HH. Pathophysiology and treatment of psychosis in 
Parkinson’s disease: a review. Drugs Aging. 2008;25(8):665–682.

 66. Samantaray S, Knaryan VH, Guyton MK, Matzelle DD, Ray SK, Banik NL. 
The parkinsonian neurotoxin rotenone activates calpain and caspase-3 leading to 
motoneuron degeneration in spinal cord of Lewis rats. Neuroscience. 2007;146: 
741–755.

 67. Turmel H, Hartmann A, Parain K, et al. Caspase-3 activation in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-treated mice. Mov Disord. 2001;16(2):185–189.

 68. Yang L, Sugama S, Mischak RP, et al. A novel systemically active caspase inhibi-
tor attenuates the toxicities of MPTP, malonate, and 3NP in vivo. Neurobiol. 
2004;17:250–259.

 69. Haavik J, Toska K. Tyrosine hydroxylase and Parkinson’s disease. Mol Neurobiol. 
1998;16(3):285–309.

 70. Roos RAC. Huntington’s disease: a clinical review. Orphanet J Rare Dis. 2010;5:40.
 71. Kremer B, Goldberg P, Andrew SE, et al. A worldwide study of the Huntington’s 

disease mutation. The sensitivity and specificity of measuring CAG repeats. N 
Engl J Med. 1994;330:1401–1406.

 72. Goldberg YP, Nicholson DW, Rasper DM, et al. Cleavage of huntingtin by apo-
pain, a proapoptotic cysteine protease, is modulated by the polyglutamine tract. 
Nat Genet. 1996;13:442–449.

http://www.la-press.com
http://www.la-press.com/journal-of-cell-death-j124


Apoptotic inhibition in models of human disease 

7Journal of Cell Death 2015:8

 73. Judge DP, Dietz HC. Marfan’s syndrome. Lancet. 2005;366:1965–1976.
 74. Emrich FC, Okamura H, Dalal AR, et al. Enhanced caspase activity contributes 

to aortic wall remodeling and early aneurysm development in a murine model of 
Marfan syndrome. Arterioscler Thromb Vasc Biol. 2015;35:146–154.

 75. Brown TL. Q-VD-OPh, next generation caspase inhibitor. Adv Exp Med Biol. 
2004;559:293–300.

 76. Lopez-Hernandez FJ, Ortiz MA, Bayon Y, Piedrafita FJ. Z-FA-fmk inhibits 
effector caspases but not initiator caspases 8 and 10, and demonstrates that novel 
anticancer retinoid-related molecules induce apoptosis via the intrinsic pathway. 
Mol Cancer Ther. 2003;2(3):255–263.

 77. Lawrence CP, Kadioglu A, Yang AL, Coward WR, Chow SC. The cathepsin B 
inhibitor, z-FA-FMK, inhibits human T cell proliferation in vitro and modulates 
host response to pneumococcal infection in vivo. J Immunol. 2006;177:3827–3836.

 78. O’Brien T, Lee D. Prospects for caspase inhibitors. Mini Rev Med Chem. 2004; 
4(2):153–165.

http://www.la-press.com
http://www.la-press.com/journal-of-cell-death-j124

