
333

http://journals.tubitak.gov.tr/biology/

Turkish Journal of Biology Turk J Biol
(2016) 40: 333-352
© TÜBİTAK
doi:10.3906/biy-1507-18

A matter of regeneration and repair: caspases as the key molecules 

Şehnaz BOLKENT*, Füsün ÖZTAY, Selda GEZGİNCİ OKTAYOĞLU, Serap SANCAR BAŞ, Ayşe KARATUĞ
Department of Biology, Faculty of Science, İstanbul University, Vezneciler, İstanbul, Turkey

*	Correspondence: sbolkent@istanbul.edu.tr 

1. Introduction
Caspases (cysteine-aspartic proteases) are intracellular 
proteolytic enzymes that have well-defined roles in 
apoptosis, but little is known about their nonapoptotic 
roles in different cell death types such as pyroptosis, 
necroptosis, autophagy, and mitotic catastrophe (Kroemer 
et al., 2009; McIlwain et al., 2013; Shalini et al., 2015) 
(Figure 1). Caspases are divided into three groups in terms 
of apoptosis and inflammation, namely inflammatory 
caspases, initiator caspases, and effector caspases. Caspases 
are important regulatory molecules providing tissue 
homeostasis by regulating cell death and inflammation 
(Lavrik et al., 2005).

In multicellular organisms, caspases are found in the 
cytoplasm of cells as inactive monomeric zymogenic 
precursors, known as procaspases; then they dimerize as 
a reaction to cell death stimulants and are activated with 
autoproteolytic cleavage (McIlwain et al., 2013; Connolly 
et al., 2014). After this autocatalytic cleavage, mature 
caspases become proteolytically active heterotetramers, 
containing two small and two large subdomains. These 
initiator caspases cause activation by the cleavage of 
downstream effector caspases, which accelerate cell 
breakdown by targeting many important cellular proteins, 
including the proteins related to signal transduction 

pathways and DNA repair, and other structural proteins. 
Active caspases cleave several substrates that take part 
in apoptosis and inflammation in a specific manner. 
The cascade of activated effector caspases is different in 
intrinsic and extrinsic pathways. Defects occurring in 
these caspases might contribute to autoimmune diseases, 
degenerative diseases, type 2 diabetes, stroke, cancer, and 
some neurological disorders (Lavrik et al., 2005; McIlwain 
et al., 2013; Shalini et al., 2015).

The function of caspases cannot be limited to cell 
death. Many studies have suggested that active caspases are 
associated with cell and tissue differentiation, compensatory 
proliferation, cell migration, neural development, immune 
response, inflammation, scar remediation, synaptic 
plasticity, stem cells and self-renewal, DNA damage, and 
aging in many biological events associated with restoring 
and regeneration, and even with tumor development and 
metastasis (Kuranaga and Miura, 2007; Li and Yuan, 2008; 
Fuchs and Steller, 2011; Miura, 2012; Shalini et al., 2015). 
The studies mentioned above have shown that caspases 
mediate apoptosis and other nonapoptotic cell deaths in 
addition to various biological processes, but especially in 
the latter case, the molecular mechanisms are not fully 
known.
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2. Caspases and cell deaths
Cell death is an important process, providing tissue 
homeostasis by recycling the cellular components that 
stimulate growth and differentiation, and by killing the 
unwanted and damaged cells. The role of caspases in cell 
death during the growth of Caenorhabditis elegans has 
been well known since the discovery of ced-3, which is the 
executioner of cell death (Ellis and Horvitz, 1986). Due to the 
discrepancies in the renomenclature of caspases, 18 caspases 
are known as of today. Caspases controlling cell death are 
caspase-2, -3, -6, -7, -8, -9, and -10, being apoptotic caspases, 
while caspases related to inflammation are inflammatory 
caspase-1, -4, -5, -11, and -12. The roles of other caspases are 
not yet clear. Apoptotic caspases are again divided into two 
groups in terms of the presence or absence of specific protein 
interaction domains through the N-terminal, respectively 
initiator caspases (caspase-2, -8, -9, and -10) and executioner 
caspases (caspase-3, -6, and -7) (McIlwain et al., 2013; 
Connolly et al., 2014; Shalini et al., 2015) (Figure 1). 

2.1. Caspases in apoptotic cell death pathways
Activation of initiator caspases in apoptotic cell death 
progresses through two pathways, one of which is intrinsic, 
regulated by mitochondrial cytochrome c and Bcl-2, while 
the other, namely the extrinsic pathway, is regulated by cell 
surface receptors (Shalini et al., 2015).
2.1.1. Intrinsic pathway (mitochondrial apoptosis) 
Several cellular stresses such as oxidative stress and DNA 
damage, an increase in cytosolic calcium concentration, 
and accumulation of unfolded proteins in endoplasmic 
reticulum cause the activation of the Bcl-2 protein family, 
which also includes proapoptotic effectors like p53 and 
Bax/Bak, and this activation causes the mitochondrial 
outer membrane permeabilization and mitochondrial 
permeability transition, eventually yielding the release of 
cytochrome c (Galluzzi et al., 2012; Shalini et al., 2015). 
Apoptosome, consisting of apoptotic protease-activating 
factor-1 (Apaf-1), cytochrome c, adenosine triphosphate 

Figure 1. Molecular pathways associated with caspases in apoptotic and nonapoptotic cell deaths, such as pyroptosis, necroptosis, and 
autophagy. In the intrinsic pathway of apoptosis: cytochrome c release from mitochondria and apoptosome formation, then caspase-9 
activation. In the extrinsic pathway of apoptosis: binding death ligand to the receptor, DISC formation, caspase-8 activation, and then 
caspase-3, -6, and -7 activation. In pyroptosis, inflammasome formation, and caspase-1 and -11 activation. In necroptosis, caspase-8 
inhibition and necrosome formation. Caspase-1- and -8-mediated pro-IL-1β and pro-IL-18 processing and IL-1β and IL-18 maturation. 
Cleavage of autophagic proteins such as Beclin and inhibition of autophagy. APAF-1: Apoptotic protease-activating factor-1; Bak: Bcl-2 
antagonist or killer; Bax: Bcl-2-associated X protein; Bid: BH3-interacting domain death agonist; Complex IIa: TRADD, procaspase-8, 
FADD, and cFLIPL; Complex IIb: stabilized RIP1 and RIP3 associate in microfilament-like complexes; cFLIP: cellular FADD-like IL-
1β-converting enzyme; DISC: death-inducing signaling complex; IAPs: inhibitors of apoptosis proteins; MLKL: mixed lineage kinase 
domain-like; MOMP: mitochondrial outer membrane permeabilization; RIP: receptor-interacting protein; tBid: proteolytically activated 
Bid. 
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(ATP), and caspase-9, is activated and then procaspase-9 
is cleaved into active caspase-9. Subsequently, active 
caspase-9 cleaves the effector caspases such as procaspase-3, 
-6, and -7 to yield active caspase-3, -6, and -7, and thus the 
active caspases stimulate cell death (McIlwain et al., 2013; 
Shalini et al., 2015). Following the induced oxidative stress 
and DNA damage, caspase-2 is also activated and cleaves 
Bid, and then stimulates mitochondrial outer membrane 
permeabilization (Shalini et al., 2015) (Figure 1).
2.1.2. Extrinsic pathway (receptor-mediated apoptosis) 
This pathway is activated by binding of the ligand to the 
death receptor on the cell surface. Based on ligands such as 
tumor necrosis factor alpha (TNF-α), Fas ligand (FasL), and 
TNF-related apoptosis-inducing ligand (TRAIL), different 
complexes are produced. Adapter proteins interact with 
cell death domains like the Fas-associated death domain/
TNF receptor-associated death domain (FADD/TRADD) 
(Lavrik et al., 2005; McIlwain et al., 2013, Shalini et al., 
2015). TNF stimulates TNF receptor-1, which constitutes 
of cellular inhibitor of apoptosis protein (cIAP), TNF 
receptor-associated factor, and receptor-interacting 
protein (RIP) 1 and forms a large complex known as 
the TRADD-dependent first complex. This complex is 
decomposed with the extraction of polyubiquitin chains 
on RIP1. A death-inducing signaling complex (DISC) then 
binds FADD and procaspase-8. Apoptosis is stimulated by 
activating the caspase-8 second complex. Cellular FLICE-
like inhibitor protein (cFLIPL) interacts by binding with 
FADD and caspase-8. Subsequently, caspase-8 cleaves 
RIP1 and RIP3, and then apoptosis starts, whereas 
inhibition of caspase-8 prevents apoptosis and initiates 
necroptosis (Shalini et al., 2015). On the other hand, active 
caspase-8 either directly initiates apoptosis and indirectly 
activates executioner caspases (caspase-3, -6, and -7), or 
stimulates the mitochondrial/intrinsic apoptotic pathway 
by cleavage of Bid to release cytochrome c (McIlwain et al, 
2013, Shalini et al., 2015). 

Mitotic catastrophe is a special example of cell death 
observed during mitosis in cells with accumulated DNA 
damage induced by various physical and chemical agents. 
Activation of caspase-2 and release of cytochrome c occur. 
The cells reach the G1 phase of the cell cycle and then die 
or exit mitosis and undergo senescence (Galluzzi et al., 
2012) (Figure 1).
2.2. Caspases in nonapoptotic cell death pathways
Caspases play important roles in necroptosis, pyroptosis, 
and autophagy, all of which are nonapoptotic cell deaths. 
2.2.1. Caspases in the necroptotic cell death pathway 
Necrosis is a nonprogrammed cell death occurring 
with several factors released from dead cells, with 
disintegration of the cell membrane after cell damage. As 
a result of inhibition of apoptosis- and autophagy-related 
specific proteins, this type of cell death can be converted 

into necrosis (Golstein and Kroemer, 2006; Kroemer 
et al., 2009). However, necroptosis is a programmed 
type of cell death mechanism that occurs in response to 
some inflammatory diseases when there is no or blocked 
caspase activity (Vercammen et al., 1998; Berghe et al., 
2014). This type of cell death was first observed in L929 
cells stimulated with TNF-α in the presence of caspase 
inhibitor, and thus it was demonstrated that low levels of 
caspase activity have a protective effect. Consequently, the 
possibility of using caspase inhibitors for the therapy of 
several diseases has been raised. The inhibition of caspase 
activation by different inhibitors blocks apoptotic cell 
death, sensitizes cells to necrotic cell death, and induces 
necroptosis (Vercammen et al., 1998; Nikoletopoulou et 
al., 2013). The role of caspase inhibitors in the therapy of 
various diseases will be revealed in greater detail when 
the molecular mechanisms of regulated necroptosis and 
interconnected signal pathways are examined. 

Necroptotic cell death was confirmed with the findings 
of proteins like RIP1 or a mitochondrial apoptosis-inducing 
factor (Delavallée et al., 2011). Necroptotic cells are defined 
with a necrotic morphology, namely disintegration in the 
cell membrane, swelling in the organelles, and increase in 
the cell volume (Vandenabeele et al., 2010). When caspase 
activity is blocked, in some conditions, RIP1, FADD, and 
cFLIPL-caspase-8 heterodimer form “ripoptosome” (a 
multiprotein complex) followed by genotoxic stress, and the 
cell goes into apoptosis. However, when caspase-8 activity 
is inhibited with cFLIPS, RIP1 and RIP3 are stabilized and 
phosphorylated. Then the mixed lineage kinase domain-
like protein is phosphorylated and necroptosis begins with 
the formation of “necrosome” (Galluzzi et al., 2012; Shalini 
et al., 2015) (Figure 1). 

Receptor interacting protein kinase 1 and 2 in TNF-, 
FasL-, and TRAIL-mediated necroptosis are important 
mediators. TRAIL induced apoptosis at pH 7.4 and at 
lower ATP levels, but TRAIL induced necroptosis at pH 
6.5 and in elevated ATP depletion. Use of RIP kinase 
inhibitors such as necrostatin-1 or geldanamycin causes 
a switch from necroptosis to apoptosis at acidic pH and 
with partial ATP saturation (Jouan-Lanhouet et al., 2012). 
When cell death receptors are stimulated, cell death 
progresses through alternative cell death pathways (Shalini 
et al., 2015) (Figure 1).
2.2.2. Caspases in the pyroptotic cell death pathway
Pyroptosis is a programmed type of cell death occurring 
after the activation of inflammatory caspases (caspase-1 
and mouse caspase-11) seen first in macrophages due to 
an infection (Monack et al., 1996; Fink and Cookson, 2005; 
Aachoui et al., 2013; Shalini et al., 2015). This is probably 
caused by the formation of membrane pores, having osmotic 
water flow into the cell, and the cell swells and lysis occurs 
(Labbé and Saleh, 2011; Aachoui et al., 2013). 
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In response to bacterial and viral infections or when 
subjected to bacterial toxins, specific pathogen- or 
danger-related molecular patterns cause the formation 
of the inflammasome complex (Bergsbaken et al., 2009). 
Caspase-1 activation is initiated by different inflammasome 
complexes (Labbé and Saleh, 2011; Shalini et al., 2015). 
Activated caspase-1 stimulates proinflammatory cytokines 
like interleukin (IL)-1 beta (β) and IL-18, transforming 
them into their mature forms (Fink and Cookson, 2005; 
Shalini et al., 2015). After being subjected to pathogens, 
toll-like receptors stimulate the transcription of nuclear 
factor kappa B (NFKB)-mediated IL-1β and IL-18 (Shalini 
et al., 2015) (Figure 1). 

In another pathway, followed by viral infection, 
interferon-β promoter stimulator 1 is added to the retinoic 
acid-inducible gene complex with the activation of retinoic 
acid-like receptors, and then a greater complex is formed 
by including caspase-8 and the DISC complex (FADD, 
TRADD, and ubiquitin-conjugated RIP1). Then ubiquitin-
conjugated RIP1 increases the phosphorylation of 
interferon regulatory factor 3. RIP1 is cleaved by activated 
caspase-8 and inhibits interferon regulatory factor 3 and 
NFκB, and it suppresses the inflammatory response (Labbé 
and Saleh, 2011; Denes et al., 2012; Shalini et al., 2015). 

Caspase-11 is activated with a different inflammasome 
rather than the one activating caspase-1, as a result of 
being subjected to toxins or bacteria for a prolonged time. 
Activated caspase-11 uses the noncanonical inflammasome 
pathway and causes pyroptosis by activating caspase-1 
(Viganò and Mortellaro, 2013). The aforementioned 
caspase-1, -4, -5, -11, and -12 are known as inflammatory 
caspases (Martinon and Tschopp, 2007; Shi et al., 2014; 
Sollberger et al., 2014) (Figure 1). 
2.2.3. Caspases in the autophagic cell death pathway 
Autophagy is a cell death mechanism, having 
cytoprotective and homeostatic functions, observed in 
growth and providing survival in response to stress. There 
is notable crosstalk among autophagy and apoptosis 
(Gozuacik et al., 2008; Shalini et al., 2015). In addition, 
autophagy can decrease the inflammatory response by 
regulating pyroptosis, which is a caspase-1-mediated cell 
death mechanism (some caspases like caspase-3 mediate 
the cleavage of important autophagic proteins, like 
Beclin) and it reduces autophagy in an indirect manner 
and promotes apoptosis. Caspase-2, -3, -6, -7, -8, and -10 
have an antiautophagic effect that inhibits autophagy, 
while caspase-3 and caspase-9 have proautophagic effects 
(Norman et al., 2010; Oral et al., 2012; Tiwari et al., 2014; 
Wu et al., 2014; Shalini et al., 2015). The roles of the 
protein–protein interactions between caspases and some 
proteins such as Atg in caspase-mediated autophagy-
apoptosis crosstalk are still unclear (Figure 1).

3. Caspases in cell proliferation
Regeneration occurs in various circumstances in response 
to damage in the tissue. These are such circumstances 
as wound healing, differentiation, and a high degree 
of proliferation in cells with the ability of growing and 
regenerating in a certain part of the body or the organs 
(Gurtner et al., 2008). It was revealed that apoptosis is a 
driving force behind regeneration. The signals of apoptotic 
cells induce proliferation that occurs during regeneration. 
This is defined as apoptosis-induced compensatory 
proliferation (Bergmann and Steller, 2010).

While caspases are principally associated with 
apoptosis, a portion of these enzymes affect proliferation. 
In the case of stress or damage, cells going through 
apoptosis may induce the proliferation of the adjacent cells. 
Experiments showing this condition were first conducted 
in Drosophila (Pérez-Garijo et al., 2004; Ryoo et al., 2004). 
Due to the fact that dying cells were quickly removed from 
the environment through phagocytosis, how these cells 
affected the compensatory proliferation was not clear. 
For this reason, p35 inhibiting the effector caspases in the 
experiments carried out in Drosophila was used in order to 
block cell death (Huh et al., 2004; Pérez-Garijo et al., 2004). 
Although the apoptotic pathway is active, p35 expression 
prevents the advancement of cell death and provides 
emission of the signals for compensatory proliferation by 
keeping cells alive. This experiment, which was carried 
out using p35, ensured the definition of the components 
in the apoptotic pathway associated with compensatory 
proliferation. In the case of the loss of the gene copy of 
Dronc, which is the initiator caspase in Drosophila that 
is similar to caspase-9, compensatory proliferation was 
suppressed, although the effector caspases were active. 
Drosophila ICE (DrICE) and death caspase-1 (Dcp-1) 
are caspases in Drosophila that are similar to caspase-3, 
which can play a role in apoptosis and compensatory 
proliferation. For this reason, there are two different cases 
in the compensatory proliferation induced by apoptosis. 
One of them is related to Dronc, which is the initiator 
caspase, and the other is related to DrICE and Dcp-1, 
which are effector caspases (Fan and Bergmann, 2008a).

There are two different types of mitogens activated by 
caspases in order to induce the compensatory proliferation. 
The first one is decapentaplegic (Dpp) in Drosophila, the 
homolog of transforming growth factor (TGF)-β, and the 
other one is the segment polarity gene wingless (Wg) in 
Drosophila, the homolog of Wnt (Pérez-Garijo et al., 2004; 
Ryoo et al., 2004). Despite this, the effect of these mitogens 
and signal pathways on compensatory proliferation 
is not completely understood. Sonic Hedgehog (Shh) 
signals are necessary in apoptosis-induced compensatory 
proliferation for the differentiation of Drosophila retina. 
Postmitotic photoreceptor neurons release Shh in response 
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to stress and then proliferation of the adjacent cells is 
induced (Fan and Bergmann, 2008b). Dronc and p53 
are necessary in Wg, Dpp, and c-Jun N-terminal kinase 
(JNK) pathways, but Shh activation occurs downstream of 
DrICE and Dcp-1 (Fuchs and Steller, 2011). In addition 
to Wnt and TGF-β, JNK signal activity was also shown in 
mammalian liver regeneration (Maeda et al., 2005; Sakurai 
et al., 2006; Zhong et al., 2006). In kidney tissue, it was 
shown that a proliferative response occurs in living cells 
for the regeneration of the damaged tubules. Supportive 
data were obtained by Gezginci-Oktayoglu et al. (2008). 
They showed that tubular epithelial cell apoptosis and 
proliferation increase in D-galactosamine/TNF-α-
induced kidney injury by caspase-3 in order to induce 
compensatory proliferation. 

Notch and Janus kinases-signal transducers and 
activators of transcription (JAK-STAT) signal pathways 
were associated with proliferation, which can be induced 
by apoptosis (Moberg et al., 2005; Thompson et al., 2005; 
Vaccari and Bilder, 2005; Herz et al., 2006). Mutations in 
ubiquitin-like modifier activating enzyme 1, which catalyzes 
the activation stage in the ubiquitin conjugation pathway, 
induce apoptosis directly and tissue growth indirectly. The 
activation of Notch and JAK-STAT signals in ubiquitin-
like modifier activating enzyme 1 mutant cells shows that 
this is necessary for indirect tissue growth (Pfleger et al., 
2007; Lee et al., 2008). JNK signals, which are important 
for compensatory proliferation and wound healing (Ryoo 
et al., 2004; Bosch et al., 2005), are activated through 
compensatory proliferation in the development of wing 
disks in Drosophila. Initial studies indicated that JNK acts 
downstream of Dronc in p35-expressing apoptotic cells in 
order to regulate the expression of mitogens (Ryoo et al., 
2004). In subsequent studies, it was found that JNK induces 
compensatory proliferation in apoptotic cells expressing 
p35 independently from the apoptotic program. The 
mutual expression of Dronc and p35 activates JNK and 
induces tissue growth. In this way, it imitates compensatory 
proliferation (Kondo et al., 2006; Pérez-Garijo et al., 2009). 
How JNK regulates Wg or Dpp is not known.

Caspases are also effective in nonapoptotic conditions, 
playing a part in cell proliferation (Kuranaga and Miura, 
2007; Yi and Yuan, 2009). The relationship between caspases 
and proliferation was revealed as a result of studies carried 
out with regard to caspases-3, -6, -7, and -8. It was shown 
that proliferation increases in vivo in caspase-3-/- B cells and 
hyperproliferation occurs following the mitogenic warning 
in vitro (Woo et al., 2003). Caspase-3 has a proliferative 
effect in forebrain cells and keratinocytes (Yan et al., 2001; 
Okuyama et al., 2004). The role of caspase-3 and -7 in the 
proliferation of stem and progenitor cells was investigated 
by the injection of caspase-3-/- or caspase-7-/- epidermal 
keratinocyte progenitor cells into the back feet of fatally 

irradiated mice. It was indicated that fatally irradiated 
caspase-3-/- and caspase-7-/- fibroblasts were less effective 
at stem and progenitor cell proliferation compared to 
wild-type fibroblasts. Proliferation is the lowest in the 
caspase-3-/- model. It is said that this type of caspase has an 
important role in this advancement. Defects were shown 
in wound healing and cell proliferation in caspase-3-/- 
and -7-/- mice. Caspase-3 and -7 are also important in 
partial hepatectomy models for the improvement in mice. 
Regenerative cell proliferation in caspase-3-/- and -7-/- mice 
decreased by approximately 50% and the studies carried 
out showed that there are executioner caspases in cell 
proliferation during wound healing and cell regeneration 
(Li et al., 2010).

It was shown that caspase-8 pushes forward the 
growth in T cells, and caspase-6 and -8 positively regulate 
the proliferation of B cells (Lens et al., 2002; Olson et al., 
2003; Beisner et al., 2005). Caspase-8 has also enhanced 
proliferation in natural killer cells. The proliferative role 
of caspase-8 was shown in immune cells (Chun et al., 
2002; Salmena et al., 2003; Beisner et al., 2005; Su et al., 
2005). Caspase-8 may initiate apoptosis, but it also plays a 
part in the regulation of NFκB activation and lymphocyte 
proliferation. Whether caspase-8 activation is apoptotic or 
nonapoptotic is defined via its activation level. Caspase-8 
transduction does not occur and its activation falls in 
proliferating cells (Su et al., 2005). Nevertheless, caspase-8 
processes and powerful activation are observed during 
FasL-induced apoptosis (Peter and Krammer, 2003). The 
c-FLIPL, which is a caspase-8-like molecule deprived 
of caspase-8 activity, is important for the regulation of 
caspase-8 activation during DISC formation (Tschopp et 
al., 1998; Micheau et al., 2002). Being more effective than 
the homodimer mutually created by caspase-8 (Boatright 
et al., 2004), c-FLIPL creates a heterodimeric form together 
with caspase-8 (Chang et al., 2002; Micheau et al., 2002; 
Boatright et al., 2004). For this reason, the activation of 
procaspase-8 increases in cases of low concentration of 
c-FLIPL. At this point, apoptosis-independent events such 
as NFκB activation and cell proliferation may follow each 
other (Kataoka and Tschopp, 2004; Dohrman et al., 2005). 
In cases of high concentrations of c-FLIPL, the interaction of 
caspase-8 and DISC is blocked and caspase-8 transduction 
is prevented; hence, the initiation of cell death is blocked, 
while c-FLIPL-mediated NFκB activation is encouraged 
(Chang et al., 2002; Peter and Krammer, 2003). The 
T-cell population is successfully proliferated as a result 
of two different interactions of caspase-8. On the other 
hand, T cells increasing in number die out if proliferation 
occurs, excessively. The primary role of caspase-8 is signal 
activation and proliferation. Only secondary events may 
turn these signals into death-induced mechanisms (Pop et 
al., 2011).
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4. Caspases in stem cell self-renewal and differentiation
Maintaining tissue growth and homeostasis depends 
on the complex relationship between self-renewal, 
differentiation, and apoptosis of the stem cells. This strong 
relationship has led to the necessity of investigating the 
possible effect of caspases on regeneration. In 2008, Janzen 
et al. drew attention to the nonapoptotic effects of caspases 
by revealing that caspase-3 mediates differentiation of the 
hematopoietic stem cells.

Stem cells are known as cells that can self-renew, 
differentiate into specific cell types, and form clones (Can, 
2014). The term ‘self-renewal’ can be defined as propagation 
via forming another self. This is a specific cellular process 
and leads to the persistence of both multipotency and 
the regenerative potential of the tissue. Two events occur 
in the process of self-renewal: first, cells enter the cell 
cycle and divide; and in the second step, one of the cells 
formed remains undifferentiated. Any problem that might 
occur in one of these two steps leads to a decrease in the 
number of stem cells and functional impairments may 
occur in the tissue. Within adult organisms, stem cells 
are located in specialized regions referred to as niches in 
every tissue. In normal homeostasis and during injury, 
these cells contribute to the repair of the damaged tissue 
by differentiating into the cell types of that tissue. The self-
renewal ability of the stem cells is a result of extracellular 
signals derived from intracellular proteins and niche 
microenvironment (Fuchs and Chen, 2013). 

In many tissues, the self-renewal of the stem cells is 
coordinated with tissue regeneration. Even though growth 
requirements and cellular hierarchy may alter based on 
tissue type, the frequency of self-renewal in adult stem 
cells solely depends on the need to differentiate (O’Brien 
et al., 2011). Based on the fact that differentiation of the 
stem cells is considered as a decrease in self-renewal 
capacity, the possibility that caspase-3 plays a critical role 
in stem cell functions was investigated. Fujita et al. (2008) 
showed that caspase activity takes place in the early stages 
of embryonic stem cell differentiation by using a caspase-3 
specific cleavage sensor. They determined that embryonic 
stem cells that do not contain caspase-3 fail differentiation 
tests under in vitro conditions, and differentiation 
did not occur in vivo when they were transplanted. 
Investigators have suggested that caspase-3 exerts these 
effects by directly cleaving pluripotency factors and at 
this point Nanog is the primary substrate. They proved 
this hypothesis by investigating self-renewal in embryonic 
stem cells that contain caspase-3-resistant Nanog factor 
and showing that differentiation is suppressed. Likewise, 
studies conducted by Janzen et al. (2008) on caspase-3-
null mice, have shown that lack of caspase-3 leads to an 
increase in the number of hematopoietic stem cells, while 
significantly decreasing the number of mature blood cells 

in circulation. On the other hand, there was no change in 
the number of apoptotic cells. When bone marrow isolated 
from caspase-3-null animals was transplanted into wild-
type animals, abnormal hematopoietic lineage profiles 
were observed. All of these findings clearly suggest that 
caspase-3, which has a well-known apoptotic role, is also 
an essential protein in stem cell growth and differentiation. 

Besides the Oct-4, Sox-2, and Nanog factor trio, 
known to play a role in regulating self-renewal, zinc finger 
DNA-binding protein Ronin prevents differentiation by 
suppressing genes such as transcription factors GATA-4 
and -6, which induce differentiation. When differentiation 
begins, Ronin is broken down via caspase-3 (Can, 2014). 
This finding revealed that caspase-3 maintains a balance 
between self-renewal and differentiation via intracellular 
molecular interactions, and this model is called the “cell-
autonomous” or “direct” model. Thus, caspase activity 
changes the behavior of the cell by modulating regulatory 
networks (Connolly et al., 2014) (Figure 2). 

Especially in a number of studies done on model 
organisms, it has been shown that the activation of 
caspases plays a key role in tissue remodeling that occurs as 
a response to tissue damage by affecting cell proliferation 
and stem cell functions. For example, in Drosophila, 
mitotic figures are reassembled in response to cell death (Li 
et al., 2009). Moreover, apoptosis in Planaria is associated 
with tissue remodeling and regeneration (Pellettieri et al., 
2010). Treatment with pan-caspase inhibitor leads to the 
prevention of regeneration of the head (Chera et al., 2009). 

Studies done on snakes, flies, and rats have revealed 
that caspase-3 is a key molecule in regulating neurogenesis 
(D’Amelio et al., 2010). Fernando et al. (2005) suggested 
that caspase-3 does not only play a role in cell death, but 
also in neural stem cell differentiation. Using primary 
neural stem cells as an in vitro system, they determined that 
caspase-3 activity in neural progenitors is associated with 
neurogenesis. Inhibition of caspase-3 during neurosphere 
differentiation does not affect apoptosis; on the other 
hand, a decrease in the expression of proteins associated 
with differentiation and an arrest in differentiation have 
been reported. In an experimental stroke model, it was also 
indicated that, during remission, active caspase-3 levels in 
neural precursor cells increase and apoptosis is not involved 
in this increase. In the same study, it was determined that 
caspase-3 activity was inhibited and there was an increase 
in neural precursor cell proliferation and migration. In 
this mechanism, caspase-3 exerts its effect by suppressing 
Akt phosphorylation (Fan et al., 2014). It has been shown 
that besides caspase-3, caspase-9 also plays a role in the 
differentiation process of muscle progenitor cells into 
myotubes and myofibers (Fernando et al., 2002; Murray et 
al., 2008). Studies show that decreases in caspase-9 levels or 
the overexpression of Bcl-xL limit myoblast differentiation 
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by decreasing the activity of caspase-3 (Murray et al., 
2008). Caspase-3 activity also plays an important role in 
the osteogenic differentiation of mesenchymal stem cells, 
and in mice with impaired caspase-3, a decrease in bone 
marrow stem cell differentiation and a low bone mineral 
density were determined (Miura et al., 2004). Without 
any alteration in apoptotic cell death, caspase-2 and -8 
also play a role in this process (Mogi and Togari, 2003). It 
was also shown that caspase-7 plays a role in odontoblast 
differentiation (Matalova et al., 2013). 

In caspase-mediated regeneration, besides the direct 
effects of caspases within the cells, paracrine molecules 
released from apoptotic cells also play an important role. 
For example, lysophosphatidylcholine (Ryborg et al., 2004), 
sphingosine-1-phosphate (Mao and Obeid, 2008), and 
fractalkine (CX3CL1; Koizumi et al., 2009) are produced 

by apoptotic cells and are well known as inflammatory 
molecules. It was also shown that they induce caspase-
dependent differentiation (Figure 2).

The relationships between caspase-3 and the three 
predominant signaling pathways, namely Wnt/β-catenin, 
Notch, and Shh, are evaluated below.

Apoptotic cells activate the Wnt/β-catenin pathway 
in neighboring cells via Wnt3. Thus, apoptotic cells are 
determined as the origin of the signal leading neighboring 
nonapoptotic cells to regenerate. Investigators have 
administered Hydra with pan-caspase inhibitors and Wnt3 
together and have proven that migration of β-catenin to 
the nucleus is stimulated and the activation of caspase-
mediated Wnt/β-catenin pathway plays a key role in 
head regeneration (Chera et al., 2009). In another study, 
it was determined that caspase-3 leads to prostaglandin 

Figure 2. The proposed models related to stem cell self-renewal and differentiation. A) Direct (cell-autonomous) model: in addition 
to the Oct-4, Sox-2, and Nanog trio, whose roles are well known in regulation of stem cell self-renewal, Ronin is another important 
molecule that suppress differentiation by inhibiting transcription factors related to differentiation such as GATA-6. Ronin and Nanog 
cleaved by caspases. MAPK: Mitogen-activated protein kinase. B) Paracrine signaling model: active caspases cause synthesis and 
secretion of various signaling molecule such as PGE2, lysophosphatidylcholine, sphingosine 1-phosphate, and CX3CL1 in apoptotic cells. 
PGE2 and Shh stimulate self-renewal in neighboring stem cells. On the other hand, lysophosphatidylcholine, sphingosine 1-phosphate, 
and CX3CL1 initiate transcription of the gene related to differentiation through caspases in neighboring stem cells, and Notch has also 
been reported to show its effects in a similar way in this situation. Shh: Sonic Hedgehog, PGE2: prostaglandin E2, CX3CL1: fractalkine, 
CX3CR1: fractalkine receptor, GPCR: G protein-coupled receptor, S1PR: sphingosine 1-phosphate receptor. Adapted from Solá et al. 
(2012).
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E2 (PGE2) production and release from apoptotic cells, 
which caused the activation of the Wnt/β-catenin pathway 
in neighboring nonapoptotic cells (Castellone et al., 2005; 
Zhao et al., 2006; Goessling et al., 2009) (Figure 2). It has 
been shown that this mechanism also plays a role in wound 
healing in mammalian cells by increasing the proliferation 
of keratinocyte progenitor cells by caspase-3 and -7 (Li 
et al., 2010). It has also been shown that some molecules 
released by pancreatic beta cells during caspase-dependent 
apoptotic death induced proliferation and differentiation 
of the neighboring cells (Bonner et al., 2010). Findings 
of these studies clearly reveal that, in order to maintain 
tissue homeostasis and replace damaged cells with new 
ones, caspase-3- or -7-mediated paracrine signals play an 
important role in inducing proliferation, migration, and 
differentiation of stem cells and progenitor cells. 

The Notch signaling pathway plays an important role 
in mammalian keratinocyte differentiation (Watt et al., 
2008). A previous study revealed that the Notch signal is 
upregulated in embryonic keratinocytes and epidermis. In 
addition, the expression of caspase-3, which is described 
as the transcriptional target of Notch, increased, and this 
signal contributes a great deal to the terminal differentiation 
of embryonic keratinocytes. In the same study, it was shown 
that in the lack of in vivo caspase-3, proliferation increased 
and differentiation decreased (Okuyama et al., 2004). 
Similarly, Fischer et al. (2014) showed that, in zebrafish, 
the Tap63/p53>Notch>caspase-3 pathway is necessary for 
both the proliferation of keratinocytes located in the basal 
layer of tubercles and differentiation, which takes place in 
the upper layers following proliferation (Figure 2).

It has been shown that morphogen Shh stimulates cell 
division and prevents differentiation into multinucleated 
myotubes both in muscle satellite cells and C2C12 cells. 
In addition, it was determined in the same study that 
Shh restrains caspase-3 activation induced by serum 
deprivation. It has been stated that all of these changes 
were reversed by cyclopamine administration, which is an 
inhibitor of the Shh pathway. Based on this study, it may be 
suggested that Shh has proliferative and survival effects on 
satellite cells (Koleva et al., 2005). 
4.1. How can caspases regulate self-renewal and 
differentiation of stem cells?
Within the scope of the studies mentioned above, this 
question comes to mind: Do caspases lead to stem 
cell differentiation by only suppressing self-renewal? 
These important events should be regulated by different 
aspects. The hypothesis that caspase-3 may interact 
with several factors to initiate the expression of genes 
that lead to differentiation of specific cell types has been 
suggested (Abdul-Ghani and Megeney, 2008). A finding 
that supports this hypothesis is that caspase-3-activated 
DNase activity leads to cell differentiation by increasing 

the expression of key regulatory genes (Larsen et al., 
2010). Further important support of this hypothesis was 
put forward by Janzen et al. (2008), namely that a decrease 
in early B lymphocyte development, which is a very late 
step in the self-renewal process of hematopoietic stem 
cells, occurs with loss of caspase-3. In addition, caspase-8 
deletion in bone marrow cells blocked the differentiation 
of monocytes into macrophages (Kang et al., 2004). These 
findings clearly reveal that caspases are key proteins that 
play a role in terminal differentiation besides suppressing 
self-renewal. 

Without a doubt, among other questions that come to 
mind regarding this mechanism are “How does caspase-3 
lead to a different cellular event in the stem cells?” and 
“How do differentiated cells limit the activity of caspase-3 
without disrupting cellular integration?” The answers 
to these questions underlie the complex mechanistic 
interactions defining the fate of the stem cell. Markedly 
similar morphological and molecular events take place in 
apoptotic or differentiated cells. Among these, the most 
remarkable ones can be considered as the reassembly of the 
elements of the cytoskeleton and outstanding changes that 
occur in chromatin and nuclear structure with membrane 
fusion and fission (Fernando and Megeney, 2007). 
Caspase-3 contributes to the formation of these changes. 
So, is the efficacy of caspase-3 the same in both events? 
A few possible mechanisms related to the regulation of 
nonapoptotic caspase function involve temporary caspase 
activation, local caspase activation, and the regulation of 
endogen caspase inhibitors (Solá et al., 2013) (Figure 3). 
It is known that low and short-term caspase signals seen 
in differentiation programs cannot cleave enough death 
substrate. However, there is always a consistent amount 
of active caspase-3 present during apoptotic signaling 
(Ishizaki et al., 1998; Zermati et al., 2001). The mechanism 
related to the fact that caspase-3 mediates differentiation 
in stem cells instead of death can be provided by the 
findings obtained from studies done on model organisms. 
For example, in Drosophila, spermatid differentiation is 
entirely based on apoptotic signaling pathways (Huh et 
al., 2004). In this system, caspase activity is regulated by 
the degradation of ubiquitin-mediated caspase proteins 
(Arama et al., 2007) (Figure 3). Such a mechanism might 
be in action in order to retain the level of caspase activity 
only at a degree that finalizes spermatid differentiation. 
It is possible that there are number of similar control 
mechanisms found in the mammalian stem cells; however, 
there are not enough studies available on the subject 
yet. In a study that explained the temporary activation 
mechanism of caspases, it was reported that, on the 
contrary to apoptotic cell death signal, Bad is temporarily 
activated at a low level and Bax is not translocated into 
the mitochondria. As a result, intermediate levels of 
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activated caspase-3 lead to nonlethal cellular events (Jiao 
and Li, 2011). In some studies, it has been suggested that 
caspase-3 is always present in living cells; however, it is 
kept bound to its inhibitors and is temporarily released for 
essential nonapoptotic functions such as caspase-mediated 
neural differentiation (Huesmann and Clayton, 2006). 
Based on another approach, access to caspase substrate 
regulates the cellular event, which will be terminated by 
the caspases. For example, it has been shown that, during 
the denucleation of erythroids, chaperone protein Hsp70 
protects GATA-1, the regulatory transcription factor of 
erythroid maturation, from proteolysis (Ribeil et al., 2007). 
It has been suggested that specific subcellular localization 
of caspases plays an important role in determining which 
cellular events caspases will mediate, and their localization 
is closely related to IAP (Plenchette et al., 2004). During 
spermatogenesis, regulation of the nonapoptotic function 
of caspases is done via the ubiquitin proteasome system, 
which targets IAP-like proteins; hereby, caspases can 
leave their inhibitory proteins and remain free (Arama et 
al., 2007; Kaplan et al., 2010). In conclusion, all of these 
findings show that, during cell remodeling, caspase activity 
is regulated by a number of mechanisms synergistically. 
Caspases cleave but do not always degrade their substrate, 
and sometimes they regulate the functions and localization 
of proteins in this way. 

5. Caspases in tissue repair
Repair is generated in tissue healing after any insult that 
causes tissue destruction when the damage cannot be 
ameliorated via cell/tissue renewal and regeneration. A 
balance between repair and regeneration is based on the 
regeneration ability of the tissue and the extent of the injury 
(Kayalar and Oztay, 2014). In the healing process, repair 
restores normal structures and functions in tissues/organs 
that do not have proliferation and regeneration abilities or 
that have lost these abilities due to pathological stimulus. 
Repair is characterized by an excessive accumulation 
of extracellular matrix (ECM) components and scar 
formation, and then resolution of scar tissue begins. Thus, 

the damaged tissue is restored at the end of repair (Duffield 
et al., 2013). Typical tissue healing/repair is generally 
divided into three phases: 1) inflammation process, 2) scar 
formation, and 3) tissue remodeling, although there is no 
definite separation among the phases. It is thought that 
one phase acts as a stimulant or initiator for the following 
phase. Many matrix proteins, growth factors, cytokines, 
chemokines, and proteases are effective through all phases 
of the repair process (Eming et al., 2014). Nowadays, 
caspases from proteases are coming into prominence with 
unexpected biological effects in addition to their apoptotic 
roles (Connolly et al., 2014). Cumulative data suggest that 
caspases may be essential proteases in the regulation and 
modulation of the repair process. These data are provided 
and discussed below in more detail.

Death of epithelial, endothelial, and mesenchymal cells 
occurs via distinct modes of cell death, such as necrosis 
and apoptosis during irreversible tissue injury caused by 
ischemia, trauma, thermal injury, infectious agents, and 
other similar insults. Apoptotic cell death, which was 
induced by intrinsic or extrinsic signals (FasL-mediated 
apoptosis), was determined in lung, liver, kidney, and 
pancreas injuries (Gezginci-Oktayoglu et al., 2008, 2011; 
Oztay et al., 2010; Gezginci-Oktayoglu and Bolkent, 
2012). Caspase-8 may either directly induce apoptosis by 
the activation of effector caspases or indirectly stimulate 
the mitochondrial pathway of cytochrome c release and 
caspase-9 activation (Shalini et al., 2015). Poly ADP ribose 
polymerase is a well-known enzyme for DNA repair 
process and is inactivated by caspase-3 cleavage during 
apoptotic death (Luo and Kraus, 2012). In the damaged 
tissue following injury, a protective response develops to 
eliminate the initial cause of cell injury, to remove debris of 
cells and tissues, and to initiate the process of repair. This 
first phase of repair is called the inflammation process. 
Indeed, it is well known that apoptosis does not result in 
an inflammatory response, because dead cells are rapidly 
cleared by phagocytic cells. So, how are caspases able to 
initiate an immune response? Vascular response to injury 
allows platelet aggregation, clot formation, and subsequently 

Figure 3. Possible mechanisms put forward regarding the regulation of caspase activity and the relevant cellular pathways without 
disturbing the cellular integrity. Specific cellular events depend on the subcellular localization and kinetics of caspase activity and the 
expression of endogenous caspase inhibitor levels. 
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development of a provisional ECM. Platelets, basophiles, 
and resident cells localized in the tissue secrete various 
cytokines, chemoattractants, inflammatory mediators, 
platelet-derived growth factor, TGF-β, and proteases. Thus, 
phagocytic and inflammatory cells, including neutrophils, 
monocytes, lymphocytes, eosinophils, and basophils, 
filtrate easily into the site of injury. Monocytes become 
macrophages. The differentiation of macrophage colony-
stimulating factor-treated monocytes into macrophages 
is realized by the activation of caspase-3 and -9 in the 
absence of apoptosis (Sordet et al., 2002). Additionally, the 
inflammatory caspase, caspase-11, leads to macrophage 
migration by regulating actin dynamics in inflammation 
(Li et al., 2007). Activated macrophages and neutrophils 
digest dead and dying cells, fibrin mesh, and clot residues. 
Recent reports have shown that apoptotic cells may also 
send “find me” signals. In the response of these signals, 
phagocytic cells migrate toward dying cells (Gregory 
and Pound, 2011). Furthermore, Cullen et al. (2013) 
determined the secretion of inflammatory cytokines and 
chemoattractants including IL-6, IL-8, the chemokine 
ligand-1, monocyte chemoattractant protein-1, and 
granulocyte-macrophage colony-stimulating factor, 
which attracted granulocytes, T cells, monocytes, and 
macrophages through FasL-induced apoptotic cells. Based 
on these data, it is suggested that tissue repair is directed 
by these molecules via the infiltration and activation of 
phagocytic and inflammatory cells, and the initiation 
of the immune system. The other type of caspase that is 
effective in inflammatory response is caspase-1. Caspase-1 
activation is necessary for the production of inflammatory 

cytokines such as IL-1β and IL-18 in macrophages during 
innate immune response. IL-1β is a lymphocyte mitogen, 
while IL-18 induces the release of interferon-gamma that 
plays an important role in activating the macrophages or 
other cells. In the absence of caspase-11, which is critical 
for caspase-1 activation, defects in IL-1β production were 
detected (Kayagaki et al., 2011). These data mentioned 
above clearly show that caspases can directly or indirectly 
regulate the inflammation processes of repair (Table).

The complex interaction of the chemical mediators 
in the inflammatory phase stimulates the proliferative 
response of the damaged tissue. Fibroblasts migrate into 
the provisional matrix, and subsequently they proliferate 
and produce de novo ECM. The proliferation of fibroblasts 
and their differentiation into myofibroblasts are induced 
by TGF-β, platelet-derived growth factor, connective 
tissue growth factor, and fibroblast growth factor 
secreted from activated epithelial cells, platelets, wound 
macrophages, and the other parenchymal cells (Antoniou 
et al., 2007; Oztay and Yilmaz, 2015). Caspase-3 and -7 
activation in apoptotic cells promotes the proliferation of 
surrounding cells during wound healing (Li et al., 2010). 
However, there is no direct evidence of caspase-induced 
fibroblast proliferation in tissue repair. On the other 
hand, several studies have noted the role of caspase in cell 
motility and migration. Procaspase-3 has a nonapoptotic 
function; it regulates the secretion of fibronectin and 
influences morphology, adhesion, and migration of 
mouse embryonic fibroblasts (Brentnall et al., 2014). 
After fibroblast proliferation, fibroblasts simultaneously 
acquire a myofibroblastic phenotype. IL-1β and/or IL-

Table. Caspases can directly or indirectly regulate and modulate the tissue repair.

Tissue response
 to injury

Phases of healing
Caspase-dependent possible 
cellular events

Relevant caspases References

Repair

Inflammation 
Apoptotic cell death
Immune cell infiltration
Immune cell activation
Macrophage differentiation

Caspase-3 and -8
Caspase-3, -9, and-11
Caspase-1 and -11
Caspase-3 and -9

Oztay et al. (2010)
Uhal et al. (1998)
Li et al. (2007)
Cullen et al. (2013)
Kayagaki et al. (2011)
Sordet et al. (2002)

Scar formation
Fibroblast migration
Myofibroblast differentiation

Caspase-3
Caspase-1

Brentnall et al. (2014)
Artlett et al. (2011)

Tissue remodeling
Resolution of inflammation by apoptosis
Apoptosis of fibroblast/myofibroblast

Caspase-8
Caspase-3

Conus et al. (2008)
Liu et al. (2014)

Fibrosis

Persisted tissue damage
Chronic inflammation
Induced cell proliferation
Excessive accumulation 
of ECM components

Induced apoptosis of epithelial cells
Apoptosis resistance of myofibroblast 

FasL-mediated apoptosis
Caspase-8-cFLIP balance

Uhal et al. (1998)
Santiago et al. (2004)
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18 can mediate collagen expression via the induction of 
TGF-β. The inhibition of caspase-1 resulted in inhibition 
of collagen, IL-1β, and IL-18 secretion in dermal and lung 
fibroblasts of patients with systemic sclerosis. In addition, 
dermal fibroblasts obtained from patients with systemic 
sclerosis, treated with a caspase-1 inhibitor, exhibited 
decreased myofibroblast differentiation (Artlett et al., 
2011). Upon vessel regression, pericytes may be released 
and develop myofibroblast features via paracrine signals 
from apoptotic endothelial cells, further encouraging the 
development of scar formation (Stoneman et al., 2009). 
Fibroblasts, and particularly myofibroblasts, which are 
resistant to apoptosis by downregulating caspase-3, 
produce and secrete a lot of collagen (Marcotte et al., 
2004) (Table). Thus, the damaged tissue will be repaired 
with a scar, which is not a ‘like for like’ replacement of the 
original tissue. 

During the resolution of the scar tissue, the 
disappearance of immune cells from the site of injury, 
the deactivation of macrophages, the reduction 
of hyperproliferation through apoptosis, and the 
digestion of excessive ECM components accumulated 
in the interstitium are induced in order to allow tissue 
remodeling. Neutrophils are cleared from the wound 
site at least in part by apoptosis. It has been noted that 
cathepsin D, by initiating neutrophil apoptosis during the 
resolution of inflammation, induces caspase-8 activation 
(Conus et al., 2008). Polymorphonuclear apoptotic 
cells are removed by macrophages (Herold et al., 2011). 
It was detected that the remaining neutrophils and 
macrophages returned to the circulatory system (Schwab 
et al., 2007). Additionally, macrophages are deactivated by 
antiinflammatory cytokines, glucocorticosteroids, cell–
cell contact, or phagocytosis (Ma et al., 2003). Apoptosis 
is also activated in order to rapidly remove the fibroblasts/
myofibroblasts increasing in number (Table). The removal 
of the excess myofibroblasts via apoptosis is accepted 
as a normal mechanism in skin wound healing models 
(Jun and Lau, 2010). Darby et al. (2002) detected that 
reduced growth factor expression, increased extracellular 
matrix turnover, and induced nitrosative stress could 
stimulate apoptosis in myofibroblasts. The inhibition of 
myofibroblast differentiation is also important in tissue 
remodeling. Liu et al. (2014) found that the deficiency 
of the smad3-dependent TGF-β signal pathway, which 
suppressed myofibroblast differentiation, promoted 
myofibroblast apoptosis by activating the caspase-3 
pathway. It seems that caspase maintains the homeostasis 
of the wound environment by balancing cell elimination 
with cell proliferation. Finally, the resolution of scar tissue 
is completed by the matrix metalloproteinase-mediated 
degradation of excessive ECM components. 

Prolonged exposure to potentially injurious agents 
and chronic/nonresolving inflammation can result in 
fibrosis. Fibrosis is characterized by an increase in the 
number of fibroblasts and the accumulation of ECM 
components such as interstitial collagens, fibronectin, 
proteoglycans, and hyaluronic acid in the ECM in wound 
healing and liver and lung fibrosis. Fibrosis can mostly 
occur in the liver, kidneys, lungs, and skin (Bataller and 
Brenner, 2005; Gezginci and Bolkent, 2007; Hewitson, 
2012; Ovet and Oztay, 2014; Bagnato et al., 2015). 
Fibrosis may refer to a pathophysiological mechanism 
underlying organ failure. An important result indicates 
an interaction between altered apoptosis and fibrosis in 
nearly all types of fibrosis. Alveolar epithelial apoptosis 
adjacent to underlying myofibroblasts was detected in 
the lung tissue removed from patients with idiopathic 
pulmonary fibrosis (IPF) (Uhal et al., 1998). Additionally, 
it was found that the fibroblasts isolated from lung biopsy 
and human lung myofibroblasts could produce factors, 
such as angiotensin peptides, capable of killing alveolar 
epithelial cells by apoptosis in pulmonary fibrosis (Uhal 
et al., 1995; Wang et al., 1999). Hagimoto et al. (1997) 
detected that FasL-mediated apoptosis induced the 
damage of alveolar epithelial cells, and ligation of the Fas 
antigen resulted in pulmonary fibrosis in mice, as well. 
Treatment with the broad spectrum caspase inhibitor 
Z-Val-Ala-Asp-fluoromethyl ketone inhibited bleomycin-
induced apoptosis of alveolar epithelial cells by preventing 
subsequent collagen accumulation in rat lung with fibrosis 
(Adamson and Bowden, 1974). Based on results of the 
studies cited above, it can be suggested that caspase-3, 
-8, and -9 probably modulate FasL-induced apoptosis of 
alveolar epithelial cells in pulmonary fibrosis (Table). It is 
known that the lungs of IPF patients present an increase in 
epithelial apoptosis together with resistance to apoptosis 
in myofibroblasts. IL-6 inhibits apoptosis by inducing 
expression of Bcl-2, which is an antiapoptotic protein, 
in primary fibroblasts of patients with IPF (Moodley 
et al., 2003). Subsequently, it was reported that TGF-β, 
thrombin, and insulin-like growth factor-1 mediate 
resistance to apoptosis in lung fibroblast by the activation 
of prosurvival phosphatidylinositol 3′-kinase (PI3K)-Akt 
signaling pathway (Kulasekaran et al., 2009). Additionally, 
resistance to FasL-mediated apoptosis in fibroblasts of 
patients with IPF developed with increased expression of 
X-linked inhibitors of apoptosis and cFLIPL (Tanaka et 
al., 2002). Santiago et al. (2004) demonstrated that cFLIPL 
downregulation sensitized human dermal fibroblasts to 
FasL-induced apoptosis. They also detected that the cFLIPL 
and caspase-8 balance regulated resistance to apoptosis in 
fibroblasts by TGF-β and IL-10, which upregulated their 
susceptibility to FasL-induced cell death. On the other 
hand, several studies have clearly indicated that substances 
secreted from dying apoptotic cells are affected by adjacent 
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cells via paracrine signaling. For example, PGE2, as its 
production pathway is directly controlled by caspase-3 
(Boland et al., 2013), secreted from apoptotic cells can 
stimulate the Wnt/β-catenin signal pathway in adjacent 
cells. In the past decade, the role of the Wnt/β-catenin 
signal pathway in tissue fibrosis has been investigated in 
great detail. This pathway is an important stimulator of 
epithelial-mesenchymal transition. The Wnt/β-catenin 
signal-dependent epithelial-mesenchymal transition 
contributes to tissue fibrosis (Konigshoff et al., 2009). It is 
still unknown whether apoptotic cells can induce Wnt/β-
catenin signal-mediated fibrosis or not.

6. Caspases in tumor cell repopulation and motility
Although caspase activation is a desired phenomenon 
due to induction of cell death, and particularly apoptosis, 
recent findings indicate that nonapoptotic levels of 
certain caspases could be related to tumor repopulation 
after radiotherapy or chemotherapy. Besides, increased 
expression of caspases has been shown in various types 
of tumor tissues, such as breast cancer tissue (Yang et al., 
2003), and these nonapoptotic high levels of caspases have 
been associated with poor prognosis and remain to be 
further investigated.

Due to the fact that tumor relapse after radiotherapy 
is a serious problem that must be overcome, molecular 
mechanisms of induced cell proliferation by dying cells 
have been studied in recent years in in vitro and xenograft 
models. Similar pathways in tissue regeneration and repair, 
as mentioned earlier, were also found in the repopulation 
of tumors after being exposed to radiation. It was observed 
that viable cells have active caspase-3 but not caspase-8. 
In these cells, caspase-3 regulates growth by stimulating 
PGE2 expression through activating calcium-independent 
phospholipase A2 (iPLA2). Absence or inhibition of 
caspase-3 using shRNA or caspase 3-/- mouse models 
abolished the release of PGE2 induced by ionizing radiation 
and mitogenic potential of irradiated cells (Huang et al., 
2011). Another study also uncovered the role of caspase-3 
in melanoma cell regrowth after treatment with anticancer 
agents, vemurafenib and indomethacin, or radiation in a 
similar pathway (Donato et al., 2014). In addition, caspase-3 
is not only activated in dying tumor cells, but also in other 
cells in the tumor microenvironment, such as endothelial 
cells (Mao et al., 2013) and fibroblasts (Huang et al., 
2011), in order to stimulate tumors cells for repopulation 
in a similar signaling pathway. It has been observed that 
molecules in charge of stimulating living tumor cells vary 
depending on different types of cancer cells. Cheng et al. 
(2015) observed that dying pancreatic cancer cells have 
active caspase-3, caspase-7, and protein kinase Cδ, and 
these active molecules lead to phosphorylation of Akt and 
p38 mitogen-activated protein kinase (MAPK), involved 

in cell proliferation. It was found that most of the tumor 
tissues have a subpopulation of tumor cells called cancer 
stem cells and these stem cells have self-renewal capacity, 
are resistant to radiotherapy and chemotherapy, proliferate 
and drive continued expansion of malignant cells, and 
serve as a reservoir of cells that cause tumor recurrence 
after therapy (Ailles and Weissman, 2007). Caspase-
mediated paracrine signaling may also stimulate cancer 
stem cells and lead to tumor repopulation. Uncovering 
these molecular pathways contributes to therapy, especially 
in patients with high caspase activity in their tumor tissues.

Besides inducing roles for cell growth, it has been 
detected that low levels of caspases are also involved in cell 
motility. The basal levels of caspase-3 and -8 in glioma cells 
have been shown to be associated with cell motility, and 
motility-associated gelsolin cleaved by these caspases may 
promote migration and invasion (Gydnia et al., 2007). The 
chemical inhibitor of caspases or gene ablation by siRNA 
attenuated cell invasion and migration. Liu et al. (2013) 
also found that the responsible caspase for cell motility 
is caspase-3 by activating matrix metalloproteinase-2. 
Caspase-3 also plays a role in ovarian carcinoma cell 
migration by activating iPLA2 and active iPLA2 generates 
arachidonic acid and lysophosphatidic acid, which are 
involved in cell migration towards laminin and blocking 
apoptosis by Akt, respectively (Zhao et al., 2006). 
Consistent with these findings, nonapoptotic caspase 
expression causes cell invasion through the JNK pathway, 
increasing the expression of matrix metalloproteinase-1 
in the Drosophila model of invasion (Rudrapatna et al., 
2013). It has also been observed that caspase-8 promotes 
cell migration through localizing peripherally to constitute 
a complex with focal adhesion kinase and calpain-2, and 
the catalytic domain is not necessary for this nonapoptotic 
function (Senft et al., 2007; Barbero et al., 2009). In 
addition to the role in migration, another mission of 
caspase-8 has been unveiled. Exposing of sublethal doses 
of TRAIL, which is used to overcome resistance in intrinsic 
apoptotic pathways, caused DNA breaks in glioma and 
mouse embryonic fibroblasts (Lovric and Hawkins, 2010). 
It has been observed that these mutations occur through 
the activation of caspase-activated DNase (CAD), which 
is inhibited by active caspase-8 substrate, the inhibitor 
of CAD. Thus, surviving doses of TRAIL provokes 
mutagenesis through caspase-8 activation. In a more recent 
study, Liu et al. (2015) showed that sublethal activation 
of caspase-3, after exposure to ionizing radiation, leads 
to genomic instability, oncogenic transformation, and 
increased tumorigenic nature in MCF10A mammalian 
cells, and the downstream effector of caspase-3 is EndoG 
in this damage. Absence of caspase-3 reduced these 
alterations. Similarly, radiation therapy-induced caspase-3 
may also amplify tumorigenic properties of surviving 
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cancer cells by mutagenesis and further investigation is 
required. 

These unusual functions of caspases that have emerged 
in recent years raise the following question: How do cancer 
cells sustain low levels of caspases and avoid cell death? 
Cancer cells are able to benefit from multifunctional roles 
of caspases by expressing high levels of antiapoptotic 
molecules. Yang et al. (2003) showed that surviving 
and X-linked IAP, two members of the inhibitors of 
apoptosis protein family, were expressed in high levels, 
and downregulation of these molecules induced apoptotic 
cell death in tumor cells. Overall, targeting caspases 
during cancer therapy must be a novel approach. It has 
been observed that administration of a pan-caspase 
inhibitor, Z-VAD, increased the radiosensitivity of 
breast and lung cancer in both in vivo and xenografts 
models (Kim et al., 2008; Moretti et al., 2009), and a 
similar approach could be considered for patients. For 
an effective complementary therapy, the use of inhibitors 
that specifically target molecules activated by caspases 
such as cyclooxygenases, PGE2 receptor, protein kinase 
C, phospho-Akt, or p38 MAPK could also be taken into 
consideration during radiotherapy or chemotherapy. 
Sensitivity to therapies could thus be increased by reducing 
cell motility, mutagenesis, and compensatory proliferation 
evolutionarily conserved. 

7. Caspases in stem cell aging
It is common knowledge that biological aging of stem 
cells causes ineffective regenerative responses to tissue 
injury, resulting in organ failure in elderly people. On 
the other hand, the success of stem cell therapy is closely 
related to cell properties, which can vary based on the 
age of donors. The molecular mechanism of the aging 
process in stem cells is poorly understood, which limits 
cell-based therapies. The factors contributing to stem cell 
aging are increasing aggregation of damaged proteins, 
mitochondrial dysfunction, reactive oxygen species, 
epigenetic alterations, DNA damage, and extracellular 
signals, and these factors affect stem cell activity (Oh et 
al., 2014). 

It was observed that there are age-related gene expression 
changes in mesenchymal stem cells. The expression of 
the p53/p21 gene and genes related to apoptosis, such as 
Fas, Bax, Bad, Apaf-1, and caspase-8, were decreased in 
bone marrow mesenchymal stem cells of aged individuals 
(Wilson et al., 2010). On the other hand, Alt et al. (2012) 
also found that aging caused decrease in the expression of 
p53 and caspase-3, -8, and -9 genes and increase in Bcl2 and 
Bax gene expression. These data suggest that aging results 
in replicative senescence due to loss of p53 and resistance 
to apoptosis, and it may also provide oncogenic characters 

to stem cells, probably for transforming to cancer stem 
cells. Due to acquired tolerance to molecular damage such 
as DNA damage and defective proteins, stem cells with the 
senescence phenotype have less proliferative capacity and 
the regeneration in tissues decreases with aging. On the 
other hand, studies with satellite cells obtained from rats 
of different ages have shown that more caspase activity is 
found related to aging. These findings suggest that these 
progenitor cells tend towards apoptotic cell death, which 
leads to muscle loss (Jejurikar et al., 2006). A recent 
study has also shown that the expression of cell death 
genes and caspase-2, -3, -6, -7, -9, and caspase-3 activity 
increased in satellite cells obtained from aged donors, 
and aged satellite cells are more prone to apoptosis, as 
demonstrated by flow cytometer analysis of annexin V/
propidium iodide staining and terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labeling technique 
(Fulle et al., 2013). The endothelial progenitor cells are 
involved in vascular repair and, by aging, these cells have 
more susceptibility to apoptosis induced by staurosporine 
due to increased activity of caspase-3 and attenuated 
expression of antiapoptotic proteins related to the PI3K/
Akt signaling pathway (Kushner et al., 2011). According 
to these findings, the roles of caspases related to cell death 
in aging may be different in stem cells and progenitor cells, 
leading to loss of regeneration potency in tissues. 

8. Future directions
Caspase-mediated cell death and inflammation can be 
accepted as one of basic causes of diseases like myocardial 
infarction, stroke, sepsis, and Alzheimer and Parkinson 
diseases. Hence, the attenuation and blocking of caspases’ 
activities via caspase inhibitors has been tested as a main 
therapeutic approach for therapy of these diseases for 
the past 20 years. The induction of apoptotic cell death 
is a promising therapeutic approach in cancer, which 
is characterized by uncontrolled cell proliferation. 
Moreover, apoptotic cell death has occurred during the 
reduction of inflammation and the resolution of scar 
tissue, as well. Although direct use of caspase inhibitors is 
preferred, especially to regulate the caspase efficacy in the 
pharmacologic modulation of cell death, this blockage can 
also trigger caspase-independent cell deaths, so it is not 
considered as a very accurate approach. For this purpose, 
while discovering drugs that inhibit inflammatory caspases 
selectively in the therapy of diseases like rheumatoid 
arthritis, and in the therapy of cancer and viral infections, 
selective activation of caspases can be a more effective 
approach. Effective therapeutic approaches such as 
antibody application, which is specific to active caspases, 
and targeting cancer cells selectively in chemotherapy 
should be taken into consideration for cell therapies. 
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Recent studies have shown that apoptotic cells are not 
silent; on the contrary, they regulate the proliferation, 
differentiation, and migration of neighboring cells 
in a paracrine manner, by the secretion of various 
substances. Caspases are important for the formation of 
new cells instead of damaged cells in apoptosis-induced 
compensatory proliferation. Proliferative caspases can 
be effective in therapeutic approaches to several diseases 
via understanding of their molecular mechanisms. The 
regeneration capacity in tumor tissue after radiotherapy 
and chemotherapy has been detected and dying cells emit 
proliferative signals that attenuate the effectiveness of the 
therapy. Inhibition of caspases or downstream molecules 
activated by caspases may attenuate tumor regrowth, 
and the use of inhibitors as adjuvants may also decrease 
tumor cell motility and mutagenesis. Additionally, stem 
cells have been considered as target cells for therapy of 
various diseases. Unfortunately, stem cell therapy is not 
satisfactory, safe, or convenient for clinical applications 
yet. The major problem is to maintain a very small amount 
of healthy and functional stem cells after transplantation; 
in other words, differentiation cannot be obtained. The 
emergence of new roles of caspases, such as suppressing 
stem cell self-renewal and inducing differentiation, have 
led to changes in the perspective on these proteins. 
In this context, new cells directed to specific terminal 
differentiation can be produced by the discovery and 
implementation of IAP-like proteins, which can keep 
caspases at a certain location and low level of transient 
activation. These newly differentiated cells produced 
under in vitro conditions can be transplanted to patients. 
Alternatively, patients can be treated with such new 
agents to induce differentiation endogenously. After 
all, the discovery and implementation of cell-targeted 

temporary activators of caspases hold promise for stem 
cell-based cell therapy. 

Response to tissue injury is directed toward either 
regeneration or repair of the tissue. Repair is a complex 
processes, which is mediated by epithelial, mesenchymal, 
and inflammatory cells and guided by several growth 
factors, cytokines, chemokines, and soluble proteins, and 
the proliferation, death, migration, and differentiation 
of cell and ECM remodeling occur. A growing body of 
evidence suggests that caspases can regulate and modulate 
every phase of repair by inducing the secretion of 
inflammatory cytokines and chemokines from apoptotic 
or inflammatory cells, cell migration, and immune cell 
infiltration. Although caspases have been considered as 
cell killers in various phases of repair in general, the effect 
of caspases playing a nonapoptotic role is still unclear 
on the scar resolution, tissue remodeling, and fibrosis of 
injured tissue in repair. For this reason, future research is 
need for illumination of this situation.

In conclusion, caspase-mediated cell death and the 
nonapoptotic response of cells are very important in tissue 
regeneration and repair. For this reason, caspase-targeted 
therapeutic approaches should come into prominence for 
the regression of tissue damage and disease progression. 
Although the therapeutic use of caspase inhibitors provides 
hopeful results in the short term in experimental studies, 
this treatment may lead to unwanted side effects due to 
ignoring the nonapoptotic roles of caspases. At this point, 
the level of caspases plays a crucial role in the direction of 
cells towards either death or regenerative and restorative 
signaling. If caspases’ temporary activation, localization, 
and relationships with inhibitors are known in detail and 
they are successfully manipulated, then effective use of 
caspase-targeted therapy may be possible in the future. 
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