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Abstract: Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn’s disease (CD), is a
significant global health issue characterized by a complex etiology and high rates of recurrence. IBD increases the
risk of acquiring colorectal cancer (CRC). CRC, the third leading cause of cancer worldwide, is becoming increasingly
prevalent each year. Treatments targeting IBD and associated CRC do not yield effective results. One of the cell
death processes associated with IBD pathogenesis is apoptosis. Although apoptosis helps maintain the intestinal
barrier of the gut, excessive apoptosis is linked to the development of IBD and contributes to the growth and pro-
gression of CRC. In IBD, pro-apoptotic molecules are elevated, while they decrease in CRC. Therefore, therapies that
inhibit pro-apoptotic molecules in IBD and enhance apoptosis in CRC may help prevent IBD and the associated CRC.
This article reviews the mechanisms of apoptosis and its involvement in IBD and CRC. It also examines possible
therapies, including gene and combination therapies that target apoptosis molecules and their signaling pathways

in IBD and CRC.
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Introduction

Apoptosis is an inherently programmed phe-
nomenon that regulates cell death and clears
malfunctioning cells. In 1972, Kerr et al. first
used the term “apoptosis” to describe “physio-
logical phenomena of broad significance in tis-
sue dynamics” [1]. Cells undergoing apoptosis
are characterized by chromatin condensation,
nuclear fragmentation, internucleosome de-
oxyribonucleic acid (DNA) fragmentation, plas-
ma membrane vacuole formation, corn kernel-
ization (the appearance of plasma membrane
boiling, which usually occurs within minutes),
budding of cell debris (apoptotic bodies), pres-
ervation of organelle stability, and eventual
phagocytosis [2]. Apoptosis is a form of pro-
grammed cell death in which specific molecular
mechanisms guide cells to change their ef-
fect on the environment. The most in-depth
research is currently on apoptosis, necroptosis,
and pyroptosis. Of these, apoptosis is thought

to be immunologically inactive (silent) and well
coordinated [3] to avoid the occurrence of in-
flammatory responses around apoptotic cells.

Homeostasis and transformation are critical
to human health, and apoptosis is crucial in
growth, immune surveillance, and neoplas-
tic development [4]. Intestinal epithelial cells
(IECs) act as an interface between organisms
and gastrointestinal content, emphasizing the
importance of maintaining cell viability under
the onslaught of pathogens, toxins, and cyto-
Kines, and maintaining an equilibrium between
cell growth and apoptosis [5]. It has been found
that the loss of gut cells due to apoptosis large-
ly offsets the number of cells needed to pro-
duce the intestinal epithelium, which is regulat-
ed by this process [6].

Inflammatory bowel disease (IBD) is a collec-
tion of persistent, nonspecific gut inflamma-
tory illnesses caused by immunological, genet-
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ic, environmental, and other factors, with the
major hallmarks being abdominal pain, weight
loss, and diarrhea. IBD, including ulcerative
colitis (UC) and Crohn’s disease (CD), has sig-
nificantly increased in both developed and
developing countries, with an increasing age of
onset that was previously affecting children
and young adults [7]. IBD is an important risk
factor for colorectal cancer (CRC) [8]. There-
fore, researching treatment methods and their
effects on IBD is crucial to reducing the occur-
rence of IBD and CRC. Lately, the pathogenesis
of apoptosis in IBD has gradually been high-
lighted [9]. The development of IBD is triggered
by excessive IEC apoptosis, which compromis-
es the gut barrier, permits ‘dangerous’ bacteria
to colonize, and initiates chronic inflammation
[10]. Additionally, the pathophysiology of IBD-
developed CRC, sometimes referred to as coli-
tis-associated cancer (CAC), includes apoptosis
[11]. This article examines the mechanisms of
apoptosis and their role in IBD and CRC. This
review will also examine effective treatment
strategies for CRC and IBD through the regula-
tion of apoptosis.

Mechanisms and pathways of apoptosis
Cellular mechanisms

Cytochrome c's release from mitochondria is a
crucial part of apoptosis, which is controlled by
an equilibrium between pro- and anti-apoptotic
B-cell lymphoma-2 (Bcl-2) family proteins, initi-
ator caspases (caspase-8, -9, and -10), and
effector caspases (caspase-3, -6, and -7) [3].
Based on the activating chemical, apoptosis
can be classified as extrinsic or intrinsic.

Dysregulation of intracellular homeostasis le-
ads to mitochondrial membrane permeabiliza-
tion (MOMP), causing the intrinsic route to
release cytochrome c¢ into the cytoplasm
through the mitochondrial membrane gap
(Figure 1). MOMP is due to the creation of pores
in the outer mitochondrial membrane by oli-
gomerized Bcl-2 pro-apoptotic factors (Bcl-2-
associated X protein (BAX), Bcl-2-killer (BAK),
etc.) [12]. When MOMP releases cytochrome c,
it causes apoptosomes to develop and cas-
pase-3 to become active [13]. Cytochrome c,
apoptosis protease-activator factor 1 (Apaf-1),
2'deoxyadenosine 5'-triphosphate (dATP), and
procaspase-9 are all found in the enormous
apoptosome. The apoptosome stimulates the
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apoptotic initiator caspase-9, which subse-
quently breaks down the precursors of cas-
pase-3 and caspase-7, leading to the execu-
tion of apoptosis by caspase-3 and caspase-7
[14, 15]. Once activated, caspase-3 and cas-
pase-7 activate several other procaspases
downstream, resulting in an apoptosis-amplify-
ing cascade [15-17].

In contrast to the intrinsic route, cell surface
death receptors trigger the extrinsic route. In
other words, the signal is derived from the out-
side of the cell (Figure 1). When death recep-
tors are activated by their ligands, they oligo-
merize and attract adaptor proteins such
as Fas-associated protein with death domain
(FADD) or tumor necrosis factor receptor super-
family member 1A (TNFRSF1A) associated via
death domain (TRADD). This process activates
caspase-8 and caspase-10 simultaneously,
forming a death-inducing signaling complex
(DISC) [18-24]. In most cases, respiratory chain
complexes (RCC) | and Il work in conjunction
with DISC [25], culminating in the activation of
caspase and the occurrence of a caspase cas-
cade. The intrinsic and the extrinsic pathways
are not entirely independent. When caspase-
8/10 is activated, RCC Il in the extrinsic path-
way can also generate feedback into the in-
trinsic pathway and promote MOMP indirectly
through the Bcl-2 family’s homology domain 3
(BH3) interacting domain death agonist (BID)
[26].

Regulators of apoptosis

During apoptosis, the pro-apoptotic and anti-
apoptotic teams struggle to pull the rope in the
“death game” to maintain a delicate balance of
apoptosis. The following are the key proteins
responsible for regulating apoptosis.

Bcl-2 family: The interplay of anti- and pro-
apoptotic proteins in the Bcl-2 family initiates
the intrinsic route. The Bcl-2 family is grouped
by four preserved Bcl-2 homology domains
(BH1-4) [27]. Three subgroups of the Bcl-2 fa-
mily have been identified according to function-
al and structural traits [28]. The first group
includes BH3 proteins such as Bcl-2 interacting
mediator of cell death (BID), P53 up-regulated
modulator of apoptosis (PUMA), and Bcl-2 as-
sociated agonist of cell death (BAD). They
detect cell damage and activate the second
group of members in either a direct or indirect
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Figure 1. Apoptosis is caused by two key routes known as the intrinsic and
extrinsic routes. MOMP induces the intrinsic route. BAK/BAX oligomers gen-
erate holes in the mitochondrial outer membrane, releasing cytochrome
¢ and SMAC/DIABLO into the cytosol. Pro-apoptotic or anti-apoptotic Bcl-
2 family proteins modulate BAK/BAX activity. Cytochrome ¢ interacts with
Apaf-1, incorporating procaspase-9 and forming the apoptosome. Auto-pro-
teolytic cleavage within the apoptosome activates caspase-9, commencing
the caspase-processing cascade. P53 can inhibit the expression of Bcl-2/
Bcl-xL, and P53 accumulation can also activate BAK/BAX. The extrinsic
route is initiated by death receptors located on the cell surface. When death
receptors connect with their ligands, the extrinsic route is activated. Fas and
TRAIL attract FADD from the cell’s death domain (DD) and combine it, form-
ing a group. Subsequently, they recruit caspase-8 via the death effector do-
main (DED) to facilitate its oligomerization. The oligomerized caspase-8 ex-
poses DED to connect more caspase-8 to form a caspase-8 filament, further
forming DISC. The self-activated caspase-8/10 activates the downstream
effect caspase-3/7, which in turn causes the caspase cascade amplifica-
tion effect. After TNFR binds to its ligand, it can combine with TRAF-2 and
TRADD while simultaneously recruiting receptor-interacting protein kinase
(RIPK1) and FLIP to form complex | in the early stage of apoptosis. This
complex prevents the apoptotic function of caspase-8. Subsequently, the
relevant protein is internalized to form complex I, which induces mitochon-
drial MOMP through BID regulation in an intrinsic manner. FLIP, NF-kB, and
IAP family members can inhibit the occurrence of apoptosis. The caspase
cascade is the common endpoint of the intrinsic and extrinsic pathways.
Afterward, nuclear fragmentation occurs, DNA is digested, and apoptotic
bodies form, releasing “eat-me” signals to attract phagocytes.

manner. The second group of members is the
apoptosis executor, which consists of BAK,
BAX, and Bcl-2-related ovarian killer (BOX), and
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is responsible for punching
holes within the mitochondrial
membrane so that the mito-
chondrial contents leak. The
third group consists of anti-
apoptotic proteins like Bcl-2
and Bcl-xL, which hinder the
work of the first or second
groups of proteins [29].

In normal cells, anti-apoptotic
proteins (e.g., Bcl-xL) and pro-
apoptotic proteins (e.g., BAX,
BAK) undergo heterodimeriza-
tion by binding to their BH3
motifs, thereby blocking their
action [30]. However, when the
cell is damaged or stops re-
ceiving survival signals, the
BH3-only protein frees BAX
and BAK by sequentially inhib-
iting Bcl-2 and Bcl-xL. There-
fore, BH3 may be the site of
pro-apoptotic inhibitor action.
Clinically, there have been stu-
dies on the combination of
BH3-mimetic drugs and STING
agonists to treat TP53-mutant
blood cancer [31]. BclxL al-
so prevents the formation of
apoptosomes by interacting
with the cell death abnormality
gene 4 (CED-4)-like moiety of
Apaf-1, and caspase-9 assem-
bles with its NH2-terminal cas-
pase recruitment domain [32].
Targeting the anti-apoptotic
Bcl-2 protein is an appealing
cancer therapeutic strategy
since malignancy is character-
ized by Bcl-2 protein-mediated
resistance to intrinsic apopto-
sis [33].

Caspase: Caspase is the exec-
utor of apoptosis, and the cas-
pase cascade is the common
endpoint of both extrinsic and
intrinsic pathways. All caspas-
es are present in cells as dor-
mant zymogens and are pro-

teolytically stimulated to participate in ap-
optosis. The initiator is auto-activated, trigger-
ing a chain reaction of subsequent caspases.
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Once stimulated, the caspase effector hydro-
lyzes the broad-spectrum cellular target, lead-
ing to cell death, ensuring tightly regulated ac-
tivation [34]. Caspases are regulated through
transcriptional mechanisms and post-transla-
tional modifications. Additionally, caspase ac-
tivity is influenced by various molecules, such
as the inhibitors of apoptosis proteins (IAP)
family and the second mitochondria-derived
activator of caspase/direct inhibitor of ap-
optosis-binding protein with low Pl (SMAC/
DIABLO), among others (see section Death
receptors and dependence receptors below).
Understanding the mechanisms of these sites
can provide reference targets for IBD and can-
cer treatment.

Death receptors and dependence receptors:
The extrinsic route is triggered by two kinds of
receptors found in plasma membranes: death
receptors, which are triggered by the interac-
tion of similar ligands, and dependency recep-
tors, which become active when their particu-
lar ligand levels drop below a predetermined
threshold [35, 36].

The death receptors involved in apoptosis
include TNF receptor 1 (TNFR1), Fas (CD95),
and TNF-related apoptosis-inducible recep-
tor (TRAILR). Their ligands include TNF, FasL
(CD95-ligand), and TNF-related apoptosis-in-
ducing ligand (TRAIL) [37]. TRAIL and Fas acti-
vate apoptosis through similar mechanisms.
Neither the death receptors nor their ligands
are already trimers before binding, which has
often been misunderstood in the past [38].
When the receptor and ligand bind, a higher-
order complex is formed, which exposes a
“death domain (DD)” inside the cell. Con-
formational changes in intracellular DD can
bind FADD, a small cytosolic protein that also
has DD. Subsequently, they are assembled in-
to groups through DD-DD interactions, expos-
ing the death effector domain (DED), which
attracts and oligomerizes caspase-8, further
forming DISC. TNF-a or interferon can upre-
gulate Fas, increasing cellular sensitivity to
FasL, leading to apoptosis [39]. Unlike Fas and
TRAIL, TNFR1 binds to the ligand, exposing DD,
which binds to TNF-receptor-associated fac-
tor-2 (TRAF-2) and TRADD rather than FADD.
TRADD can enhance the binding of TRAF-2
while attracting other compounds, such as
receptor-interacting protein kinase (RIPK1) and
clAP. RIPK1 induces the formation of different
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complexes and regulates apoptosis via multiple
signaling pathways.

The extrinsic pathway can also be activated by
dependence receptors that detect the with-
drawal and absence of their ligands. More than
20 dependence receptors have been discov-
ered, and some have been shown to inhibit
tumor development by inducing apoptosis.
Under normal physiological conditions, these
receptors promote cell proliferation, survival,
and differentiation, but when their ligand avail-
ability decreases to a certain threshold, they
activate the caspase cascade, which promotes
apoptosis [35].

Other apoptosis molecules: Numerous signal-
ing molecules indirectly influence cell death by
modulating Bcl-2 family and caspase expres-
sion, activation, and function. In addition, some
molecules affect the apoptosis mechanism by
modulating the expression of related genes
and binding to death receptors.

The protein FLICE-like inhibitory protein (FLIP)
regulates the extrinsic apoptotic pathway. It
can also bind to FADD in DISC through the
DED-DED connection, which prevents the pro-
duction of the caspase-8 filament, thus regu-
lating apoptosis [40]. RIPK1 is another protein
that regulates the extrinsic apoptotic pathway.
During the early phases of stimulation, the
recruitment of TRADD, ubiquitinated RIPK1,
caspase-8, and FLIP to DISC inhibits the pro-
apoptotic activity of caspase-8, forming what
is called complex |, a pro-survival complex.
Additionally, RIPK1 promotes the transcription
of some pro-survival genes, such as FLIP,
through the nuclear factor (NF)-kappaB essen-
tial modulator (NF-kB) pathway. When TNFR1
activates NF-kB, cells avoid apoptosis and
instead produce inflammatory cytokines. Even-
tually, NF-kB may be internalized or detached
from the receptor. If NF-kB is either ineffective
or has a minimal impact, apoptosis may be rein-
itiated [19].

In mammals, the IAP family regulates apoptosis
negatively and is characterized by a baculo-
viral IAP repeat domain (BIR) [41]. The most
researched X-linked inhibitor of apoptosis pro-
tein (XIAP), 1AP1/2, comprises three distinct
domains, each serving specific functions [42].
XIAP inhibits initiator caspase-9 through the
binding of four amino acids on its BIR3 domain
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to the N-terminal tetrapeptide of the caspase-9
small subunit [43], and the connection region
between BIR1 and BIR2 targets effector cas-
pase-3 and caspase-7 specifically. Research
has shown that XIAP can enter the inner mito-
chondrial compartment and inhibit the activa-
tion of SMAC on caspase through its E3 ligase
activity [44]. In addition, IAP proteins, including
IAP1 and IAP2, adversely control apoptosis via
their processes, including their Ub-E3 ligase
activity, which ubiquitinates RIPK1 and sub-
sequently stimulates the transcription factor
NF-kB [45]. The mitochondrial contents SMAC/
DIABLO, released alongside cytochrome ¢, can
compete with caspase-9 for binding to XIAP.
This action allows caspase-9 to be released
through its similar IAP-binding tetrapeptide
motif, alleviating XIAP’s inhibition of apoptosis
[46]. SMAC can also be combined with IAP
to relieve the blocking of caspases 3 and 7,
although the mechanism is currently unclear.
IAP’s anti-apoptotic action helps tumor cells
evade apoptosis, and SMAC can function as an
intrinsic 1AP antagonist [47]. In the past few
years, several IAP protein inhibitors have been
designed to mimic the endogenous IAP antago-
nist, but no IAP inhibitors have been approved
for marketing worldwide. Previously, xevinapant
has been awarded a breakthrough therapy de-
signation by the US Food and Drug Admini-
stration (FDA). According to the phase Il clinical
data, xevinapant has the potential to sig-
nificantly enhance the standard therapy for
patients with head and neck cancer, which is
expected to be approved as an innovative ther-
apy for cancer patients [48].

P53 is a pro-apoptotic regulator. Over half of
human cancers have P53 mutations [49]. It
attacks the promoter domains of many pro-
apoptotic Bcl-2 proteins that regulate their pro-
duction and inhibit transcription of pro-survival
Bcl-2 genes [50, 51]. Moreover, P53 also func-
tions in the cytosol and mitochondria in a tran-
scription-independent manner. Stress-induced
accumulation of P53 results in the direct acti-
vation of BAX and BAK [52].

Role of apoptosis in immune response and
inflammation

Unlike necroptosis and pyroptosis, which ampli-

fy the immune response, apoptosis is often
conserved, immune, “inert”, and associated
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with mechanisms that minimize the immune
response. The conventional processes of ne-
croptosis and pyroptosis involve cell membra-
ne rupture through a lytic mechanism, which
releases intracellular pro-inflammatory sub-
stances. These substances are then convert-
ed into damage-associated molecular patterns
(DAMPs), triggering an inflammatory response.
In contrast, apoptosis sends signals to phago-
cytic cells to gather at the site of cell death.
This process creates membrane-coated frag-
ments called “apoptotic bodies”, which carry an
“eat me” signal. This signal attracts phagocy-
tic cells, helping to suppress the immune
response. At present, the most deeply studied
“eat me” signal is phosphatidylserine (PtdSer,
PS) exposure. PtdSer in healthy cells is always
confined to the cytoplasmic leaflet by “flip-
pase”, and apoptosis activates “scramblase”
and inactivates “flippase”, which leads to PS
exposure and “eat me” signals, and both condi-
tions are indispensable, ultimately promoting
the recognition, phagocytosis, and digestion of
phagocytic cells. The Adenosine Triphospha-
tase (ATPase) Phospholipid Transporting 11C
gene (ATP11C) and the cell division cycle pro-
tein 50A (CDC50A), both belonging to the
PA-ATPase family, are necessary for the flipping
of phosphatidylserine (PS) to the outer layer of
the plasma membrane [53, 54]. Rapid apop-
totic cell removal by phagocytic cells inhibits
the discharge of pro-inflammatory cell contents
[55]. Other signals about phagocytosis on the
surface of apoptotic cells are shown in Table 1.
Apoptotic cells, in addition to actively promot-
ing autophagocytosis, also inhibit inflammation
and help to repair surrounding tissues. Studies
have found that cells inhibit inflammation, cell
proliferation, and wound healing during apopto-
sis by secreting metabolites and using them in
surrounding healthy cells [56]. This suggests
that apoptotic cells are not inert cells waiting to
be removed, but positive workers who actively
repair surrounding tissues before death. How-
ever, if tissues do not effectively remove apop-
totic cells, such as when nerve injury-induced
protein (NINJ) induces secondary membrane
rupture during apoptosis, it can also cause an
infammatory response [57].

Apoptosis in the gastrointestinal tract

The intestinal epithelium comprises a single
layer of IECs depressed inward, forming crypts

Am J Transl Res 2025;17(7):5718-5745



The role of apoptosis in IBD and CRC

Table 1. Phagocytosis-related signals on the surface of apoptotic cells

Types of signal Molecules Type of specimen Mechanism Reference
“Find me” LPC MCEF-7 breast cancer cells IPLA2, upon cleavage by caspase, facilitates the release of LPCs in dying cells, [155]
signal promoting monocyte recruitment.
S1P Jurkat and U937 leukemia cells  Apoptosis stimulation leads to SphK1 elevation, which is linked to S1P [156]
production, which recruits macrophages to the site of apoptotic cells.
CX3CL1 Burkitt Lymphoma cells The soluble chemokine fragment of fractalkine, which is typically located on the [157]

plasma membrane and acts as an intercellular adhesion molecule, is released
as a 60 kDa fragment during apoptosis and can act as a chemoattractant.

The nucleotides Jurkat cells, primary thymocytes, Early apoptotic cells release the nucleotides ATP and UTP via PANX1, which [158]
ATP and UTP MCEF-7 cells, lung epithelial cells are then induced by P2Y2 on monocytes, resulting in a “find me” signal that
attracts monocytes.

“Eat me” PtdSer Many different cell types The two recognition modes of PtdSer include direct recognition by phagocytic [159]
signal receptors (e.g., TIM-4) and indirect recognition, in which bridging molecules

(e.g., MFG-E8) bind to PtdSer, which is recognized by membrane proteins. Thus,

PtdSer mediates the structural rearrangement of phagocytic cells’ cytoskeleton

to make cadaveric uptake easier.

ICAM-1 Many different cell types Alteration in ICAM-1 epitopes on the cell surface leads to the release of an “eat [160]
me” signal.
CRT Murine CT26 colon cancer cells  When cells die due to ER stress, elF2a is phosphorylated by activated protein [161, 162]

kinase RNA-like ER kinase, causing CRT to translocate from the ER to the cell
surface. The phagocytes’ low-density lipoprotein receptor-related protein (CD91)
detects this and absorbs the cells.

Abbreviations: LPC, Lipid lysophosphatidylcholine; MCF-7, Michigan cancer foundaion-7; iPLA2, Calcium-independent phospholipase A2; S1P, Sphingosine 1-phosphate; SphK1,
S1P kinase 1; CX3CL1, Fractalkine; ATP, Adenosine triphosphate; UTP, Uridine triphosphate; PANX1, Pannexin 1; PtdSer, Phosphatidylserine; TIM-4, T cell immunoglobulin and
mucin-domain-containing molecule 4; MFG-E8, Milk fat globule-epidermal growth factor (EGF) factor 8; ICAM-1, Intercellular adhesion molecule-1; CRT, Calreticulin; ER, Endoplasmic
reticulum.
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Figure 2. Changes in the intestinal environment between healthy individuals and those with IBD. Healthy humans
have an intact intestinal barrier, which includes the integrity of the mucosal membrane and a dense arrangement
of IECs that can withstand physical and chemical harm. The intestinal epithelium of IBD patients exhibits morpho-
logical alterations, including decreased tight junctions and increased apoptosis. Furthermore, the colonic mucus
layer is significantly thin, allowing bacteria to colonize the intestine and infiltrate intestinal tissue via intercellular
gaps, resulting in an inflammatory response marked by an increase in pro-inflammatory T cells and a decrease in

anti-inflammatory T cells.

and villous structures (Figure 2). IECs are made
up of different cell types, each performing its
function. The general epithelial cell lineage con-
sists of differentiated stem cells, proliferative
progenitor cells located in crypts, and terminal-
ly differentiated cells growing along the crypt-
villus axis [58, 59]. Differentiated cells can be
further divided into secretory and absorptive
cells according to their specific functions.
Absorptive cells are the predominant IECs in
the intestine; they are closely linked to create a
physical barrier and significantly increase the
absorptive surface area through the microvilli
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on their surfaces [58-60]. Secretory cells
include Paneth cells, goblet cells, and entero-
endocrine cells. Paneth cells confined to crypts
express antimicrobial peptides such as defen-
sins, lysozyme, or phospholipase A, which help
the host defend against broad-spectrum fungi,
bacteria, and some viruses [61, 62]. Goblet
cells, found in the small intestine’s crypt-villous
axis and the large intestine’s crypts, help pro-
tect against physical and chemical damage by
releasing mucus (mostly mucin2 (MUC2)) into
the intestinal space [63]. Enteroendocrine cells
can be found in the upper part of the crypt-vil-
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lous axis, which coordinates intestinal function
by secreting specific gut hormones [64]. The
intestinal epithelium possesses an extraordi-
nary capacity for regeneration, accomplishing
a renewal cycle of the intestine in about 4-5
days. Epithelial cells proliferate, differentiate,
and migrate along the crypt-villous axis to the
apex of the villi as they mature, eventually fall-
ing off into the lumen [65]. In addition to differ-
entiating stem cells and proliferating progenitor
cells, Paneth cells also evade this migration
and settle on villi [66]. Exfoliated epithelium is
often “squeezed out” by other cells, and tight
junction proteins underneath the exfoliated
cells ensure that adjacent cells can come
together to fill the gaps created by the exfoliat-
ed cells [67], so that a single exfoliated cell
does not affect the integrity of the intestinal
barrier (Figure 2). Apoptosis is a normal part of
the natural renewal of the intestinal epithelium,
and the integrity of the intestinal structure and
barrier is inseparable from the strict control of
epithelial cell proliferation and death.

Large-scale IEC apoptosis, leading to villous
atrophy and barrier disruption, plays a central
role in inflammatory diseases of the gastroin-
testinal tract, including IBD. In individuals suf-
fering from IBD, elevated apoptosis is found at
the site of acute inflammation along the crypt-
villous axis [68, 69]. Under pathophysiological
conditions, excessive |IEC apoptosis leads to
inflammation, which subsequently transforms
into necroptotic mechanisms, generating more
pathological features than apoptosis and po-
tentially triggering additional cell death mecha-
nisms, like pyroptosis and ferroptosis [70].
Overall, increased IEC mortality and loss of
barrier integrity will promote additional inflam-
mation, more damage to the intestinal epitheli-
um, and perhaps dysbiosis, creating a vicious
cycle.

Apoptosis in IBD
Role of apoptosis in IBD pathophysiology

IBD is a persistent inflammation of the intes-
tines, including CD and UC. IBD pathology is
complicated and encompasses at least three
interacting factors: genetic predisposing fac-
tors, gut microbiota, and immune-mediated tis-
sue damage [5].
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IEC death is a common pathogenic charac-
teristic of IBD-induced inflammation that dis-
rupts the intestinal barrier's integrity. Never-
theless, little is known about the molecular
mechanisms of apoptosis in the gut inflamma-
tory response. Increased IEC apoptosis and dis-
ruption of intestinal mucosal integrity and bar-
rier function were detected in the inflammatory
sites/tissues of patients with UC and CD [71].
More epithelial cells with markers of apoptosis
were found in the affected and surrounding
uninvolved areas of individuals with untreated
active UC compared to healthy colonic crypts.
This included indicators such as terminal
deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) positivity, expression of Fas
(CD95) and Fas ligand (FasL), along with mor-
phological characteristics indicative of DNA
laddering and apoptosis [72].

IBD causes increased levels of inflammatory
cytokines. TNF-a levels are elevated in system-
ic and intestinal tissues in patients with IBD
[73, 74], along with the IBD risk alleles (e.g.,
RELA, NFKB1, TNFAIP3) associated with TNF
signaling identified by genome-wide associa-
tion studies (GWAS), indicating that TNF-a has
an essential function in IBD [75]. Deleting
TNF-a AU-rich elements (ARE) in mice increas-
es homeostatic levels of TNF-ooc mRNA and over-
production [76].

In IBD, an inappropriate immune response
leads to continuous stimulation of the immune
system, in which immune cells involved in apop-
tosis play a pivotal role. For example, T cells
resist apoptosis by enhancing the expression
of anti-apoptotic factors, such as Bcl-2, Bel-xL,
FLIP, etc., so that activated T cells accumulate
excessively in the intestine and produce a large
number of cytokines, resulting in the persis-
tence and expansion of mucosal inflammation
[77]. Intrinsic lymphocytes (LPLs) cause in-
flammatory cell infiltration in inflamed tissues
through a similar mechanism [78]. Over-apop-
tosis undercompensates regulatory T (Treg)
cells, which is thought to result in chronic acti-
vation of T cells [79]. Monocytes and M1 mac-
rophages that invade the lamina propria of
intestinal tissue directly disrupt the epithelial
barrier through dysregulation of tight junction
proteins and induce apoptosis of epithelial
cells, thereby driving intestinal inflammation in
IBD [80].
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Dysregulation of apoptosis in IBD

While apoptosis appears to be related to gut
structural integrity, it is undeniable that disrupt-
ed or elevated levels of apoptosis can cause
serious gut disorders. Based on this idea, mul-
tiple investigations have shown that phenotypic
animals with higher intestinal epithelial apopto-
sis are more susceptible to spontaneous or
induced intestinal inflammation.

Studies have shown that the deletion of cas-
pase-8 or FADD leads to impaired apoptosis
and the development of chronic inflammatory
diseases such as IBD [81]. Its immunodeficien-
cy may stem from caspase-8’s failure to clea-
ve and inactivate NEDD4 binding protein 1
(N4BP1), a protein that inhibits the expression
of pro-inflammatory cytokines and chemokines
[82]. Although the specific mechanism is not
well understood, TNF-a can upregulate the lev-
els of RIPK3 and cylindromatosis (CYLD) mole-
cules in the necroptotic signaling pathway in
the presence of caspase-8 and FADD, resulting
in the apoptotic program to necroptosis, which
uses its inflammatory properties to cause dam-
age to the intestinal barrier, thereby promoting
mucosal ulcer formation [83].

NF-kB promotes IEC survival and intestinal
immunological homeostasis, possibly through
TNF signaling. Studies have shown that mice
specifically deficient in the IEC gene NEMO (an
essential modulator of NF-kB) were character-
ized by the development of chronic colitis short-
ly after birth [60, 84]. Another study has shown
that NEMO deficiency leads to excessive TNF-
dependent apoptosis within the epithelium, fol-
lowed by barrier disruption and bacterial trans-
location into the intestinal wall, which drives
inflammation [84]. Inappropriate bacterial colo-
nization can lead to intestinal complications
such as fibrosis, particularly due to adherent
invasive Escherichia coli (AIEC). A study de-
monstrated that yersinin produced by AIEC in
mouse models of IBD promotes intestinal fibro-
sis [85]. Blocking TNF or toll-like receptor (TLR)
signaling in these mice suppressed colitis for-
mation, indicating a tight relationship between
NF-kB activity, epithelial cell apoptosis, bacte-
rial translocation, and gut inflammation. These
data suggest that modulating apoptosis can
be a promising therapeutic strategy.
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Therapeutic implications

Anti-TNF-a antibodies: TNF-o is among the
most relevant pro-inflammatory agents in IBD.
TNF-« levels in IBD patients are directly related
to disease severity. Anti-TNF therapy has been
demonstrated to be especially useful for IBD
patients, and it represents an important mile-
stone in the treatment of IBD, which was first
introduced in the 1990s [86]. Anti-TNF mono-
clonal antibodies bind and neutralize TNF by
inhibiting pro-inflammatory cytokine secretion,
inhibiting chemokine secretion, and downregu-
lating the inflammatory response (Figure 3).
These effects can be mediated by direct neu-
tralization of soluble TNF and membrane-bound
TNF interactions. Infliximab, an anti-TNF-a« mo-
noclonal antibody administered intravenously,
can produce and sustain moderate to severe
active luminal CD and moderate to severe
active UC in adults and children [87, 88]. In a
subgroup of CD patients treated with anti-
TNF-a, it was reported to downregulate IEC
death and restore the epithelial barrier [89,
90]. However, not all patients respond well to
treatment and may develop resistance and
negative consequences. In recent years, many
studies have been conducted on the prediction
of TNF-a inhibitor resistance at the transcrip-
tion and translation levels of genes. For exam-
ple, high expression of the cytokine oncostatin
M (OSM) in human intestinal stromal cells is
closely related to the failure of TNF-neutralizing
therapy [91]. These studies have helped to bet-
ter understand the mechanism of IBD resis-
tance to infliximab treatment and help patients
make a transition.

Targeted treatment of IBD based on the NF-kB
pathway: NF-kB is important for IEC survival
and immune homeostasis. Therefore, inhibitor
kappa B kinase (IKK), a key molecule in the
NF-kB pathway, is considered a target for IBD
treatment (Figure 3). Clinically, 5-aminosalicylic
acid (5-ASA) is the treatment of choice for UC
and can inhibit the activity of IKK in IECs [92,
93]; however, in some patients, it has moder-
ate efficacy or severe and irreversible side
effects (Figure 3). In another study, targeted
inhibition of the NF-kB pathway enhanced dex-
tran sodium sulfate (DSS)-induced IBD [94].
Thus, NF-kB may be a target for IBD treatment
in one cell type but promote survival in another.
This complicates the effects of broadly target-
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ing NF-kB signaling in IBD and requires more
in-depth understanding and research [5].

Induction of T lymphocyte apoptosis in target-
ing IBD: Accumulating evidence suggests that
excessive CD4+ T cell activation is the primary
pathological pathway implicated in the onset
and persistence of inflammatory processes,
which impacts treatment. A probable key ele-
ment in pathogenesis is increased T cell resis-
tance to apoptosis, which disrupts mucosal
homeostasis and allows for an unchecked
buildup of activated CD4+ T cells, consequently
amplifying the inflammatory response [95]. An
important regulator of T cell death is signal
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transducer and activator of transcription 3
(STAT3). The interleukin-6 (IL-6)/sIL-6 R com-
plex interacts with gp130 on the CD4+ T cell
membrane, resulting in an elevated expression
of STAT3 and nuclear translocation. This induc-
es anti-apoptotic genes, like Bcl-xL, resulting in
greater T cell resilience to apoptosis in the lam-
ina propria. Subsequently, T cell expansion con-
tributes to the persistence of chronic intestinal
inflammation (Figure 3). Patients with active
CD have demonstrated clinical benefit using a
recently produced humanized anti-IL-6R mono-
clonal antibody that triggers intestinal T cell
death [96]. These findings elucidate to some
extent the pathogenesis implicated in IBD.
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Table 2. Other examples of targeted apoptosis for the treatment of IBD

Therapgutm Type of condition Targets Mechanism of action Reference
strategies (s)
S1P receptor 1 and uc NF-kB, TNF-a S1P, a protein similar to TNF-a, activates NF-kB, triggering inflammation [163]
5 agonist (ozanimod) and immune responses. Ozanimod reduces inflammation by binding to S1P
receptors 1 and 5.
LR uc Th17/Treg cells, JAK-STAT LR ethanol extract fights UC by balancing Th17 and Treg cells. LRWE reduc- [164]
signaling pathway es inflammation and apoptosis by inhibiting the JAK-STAT signaling pathway
by lowering p-JAK2, p-STAT3, Bcl-2, and BAX protein expression.
Si Shen Wan uc PLC-y1, PIBK/AKT signaling SSW inhibits apoptosis in IECs by activating PLC-y1 and inhibiting AKT phos- [165]
pathway phorylation, thereby inhibiting the PI3K/AKT signaling pathway.
THP uc TNF-a, SOCS1/JAK2/STAT3 THP downregulates pro-inflammatory cytokines IL-6, TNF-a, and IL-17 [166]
signaling pathway and enhances forkhead box protein P3 expression. It also modulates the
SOCS1/JAK2/STAT3 pathway and supports the intestinal mucosal barrier.
Probiotics (LP082) uc TNF-a, NF-kB pathway The probiotic LPO82 protects the intestinal mucosal barrier, reduces inflam- [167]
mation, and regulates microbial imbalance by inhibiting TNF-at and the
NF-kB pathway.
Fuzi-ganjiang herb ucC MAPK, NF-kB and STAT3 The fuzi-ganjiang combination shows notable anti-inflammatory effects in [168]
signaling pathway DSS-induced UC mice, possibly inhibiting MAPK, NF-kB, and STAT3 signaling
pathways.
GQ uc IL-6/JAK2/STAT3 signaling, GQ alleviated DSS-induced UC by suppressing IL-6/JAK2/STAT3 signaling to [169]
Treg and Th17 cell restore Treg and Th17 cell homeostasis in colonic tissue.
Daphnetin uc JAK2/STAT3 signal, Bcl-2 Daphnetin acts in UC via REG3A-activated JAK2/STAT3 signaling, increasing [170]
family proteins, caspase anti-apoptotic protein Bcl-2 and reducing pro-apoptotic proteins BAX and
cleaved caspase 3.
Fufangxiaopi formula uc TLR4/NF-kB and MAPK FF inhibits pro-inflammatory reactions and reduces TNF-qa, iNOS, IL-6, IL- [171]
(FF) signaling pathways 18, and COX-2 production by blocking TLR4/NF-kB and MAPK signaling in
RAW264.7 cells.
MBP uc NF-kB MBP alleviates DSS-induced UC by inhibiting the TLR4/MAPK/NF-kB signal- [172]
ing pathway and modulating the gut microbiota.
Licorice uc NF-kB signaling pathway Licorice reduces inflammation, strengthens the gut mucosal barrier via the [173]
TLR4/MyD88/NF-kB regulatory route, and balances T helper cell develop-
ment.
DZT uc NF-kB, STAT3/5 pathway Mitigates UC by targeting IKKo/B and JAK2 kinases to block the NF-kB and [174]
STAT3/5 pathways.
ISO CD AMPK/PGC1a signaling The ISO moiety activates the AMPK/PGC1a pathway, reducing apoptotic [175]
pathway, caspase, Bcl-2 IECs by lowering cleaved-caspase-3/caspase-3 and BAX levels while in-
protein family creasing Bcl-2. This alleviates TNBS-induced intestinal barrier dysfunction

and CD-like colitis in mice.
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Curcumin UC, CD NF-kB, TNF-a, p38MAPK Curcumin effectively inhibits inflammation by blocking TNF-a-mediated [176, 177]
NF-kB activity and reducing inflammatory activity by decreasing p38 MAPK
activity.

MPST UcC, CD PI3K/AKT pathway MPST directly interacts with AKT, reducing its phosphorylation and overex- [178]

pression, decreasing caspase-3 protein levels, increasing BCL-xL protein
levels, and inhibiting IEC apoptosis.

The JAK inhibitor UcC, CD JAK-STAT signaling pathway Tofacitinib inhibits JAK1 and JAK3 signal transduction pathways, reducing [179]
(Tofacitinib) inflammatory responses and preventing apoptosis.
OPEN UC, CD P53 PFT-a, an inhibitor of P53, effectively reduces excessive apoptosis in IECs. [10]

Abbreviations: IBD, Inflammatory bowel disease; UC, Ulcerative colitis; CD, Crohn disease; S1PR, Sphingosine 1-phosphate receptor; MAPK, Mitogen-activated protein kinase; MPST,
3-mercaptopyruvate sulfurtransferase; PI3K, Phosphatidylinositol 3-kinase; AKT, Protein kinase B; IEC, Intestinal epithelial cell; JAK, Janus kinase; STAT, Signal transducer and
activator of transcription; LR, Linderae Radix; LRWE, LR aqueous extract; PLC-y1, Phospholipase C gammal; THP, Tetrastigma hemsleyanum polysaccharide; SOCS1, Suppressor of
cytokine signaling1; LPO82, Lactobacillus plantarum HNUO82; DSS, Dextran sodium sulfate; GQ, Gegen Qinlian decoction; IL-6, Interleukin 6; REG3A, Regenerating protein 3 alpha;
TLR, Toll-like receptor; FF, Fufangxiaopi formula; iNOS, Inducible nitric oxide synthase; COX-2, Cyclooxygenase-2; MBP, Mesona chinensis Benth polysaccharides; MyD88, Myeloid
differentiation factor-88; DZT, Demethylzeylasteral; IKK, Inhibitor kappa B kinase; ISO, Isongifolene; AMPK, AMP-activated protein kinase; PGC1la, Peroxisome proliferator-activated
receptor-gamma coactivator-1 alpha; TNBS, 2,4,6-trinitrobenzene sulfonic acid; OPEN, Oral pifithrin-oc embedded nanomedicine; PFTaq, Pifithrin-o.
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There is potential for novel therapy approaches
based on good pathophysiological principles.
Some other strategies for targeting apoptosis
for IBD are described in Table 2.

Apoptosis in CRC

Cells evade apoptosis in CRC formation by sev-
eral mechanisms, including blocking intrinsic
and extrinsic pathways, regulating the apopto-
sis execution cascade, and reducing P53 ex-
pression. The precise mechanisms are detailed
below.

The role of apoptosis in CRC development

CRC is one of the most serious complications
of IBD. Patients with long-term IBD have an
increased risk of CRC compared to the general
population. The mechanism of the carcinogenic
process associated with IBD is not well under-
stood, but it is generally thought to be the result
of chronic inflammation of the gut. Inhibition of
apoptosis is regarded as one of the signatures
of tumors, and apoptosis decreases during
tumor progression [97]. Tumors can avoid
apoptosis by using both intrinsic and extrinsic
mechanisms, as well as epigenetic changes.

Escape from extrinsic pathways: Death recep-
tors such as Fas and TRAILR are downregulat-
ed or mutated, allowing apoptosis signals to be
directly blocked outside the cell. It has been
demonstrated that some genetic abnormalities
contribute to tumor cells’ resistance to Fas-
mediated apoptosis. Fas transcriptional sup-
pression is a frequent carcinogenic factor in
epithelial transition [98]. The cytosolic side of
the protein TNFR1 has a death site [99].
Expression of TNFR 1/TNF-a has been report-
ed in various tumor forms, including leukemia,
breast cancer, and hepatocellular carcinoma,
and is adversely linked with illness progression
[100-102]. The absence of dependence recep-
tors contributes to the apoptotic evasion of
cells. Deleted in colorectal cancer (DCC) is a
receptor for Netrin-1 and exists as a depen-
dence receptor. DCC is absent or significantly
reduced in approximately 50% of colon cancers
[2]. Moreover, abnormal expression of DCC has
also been found in other tumors, including gas-
tric and esophageal cancer. It has been found
that the deletion of DCC is related to chromo-
some 18q. In over 70% of primary CRCs, the
loss of allele on chromosome 18q (loss of het-
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erozygosity) leads to a decrease in the expres-
sion of DCC on the cell surface [103]. However,
current studies have shown that mice with DCC
knockout have reduced tumor susceptibility,
although other genes that suppress tumors are
present on 18q, suggesting DCC may not be
a typical gene that suppresses tumors [104,
105]. Chromosome 18q encodes two impor-
tant tumor suppressor genes: SMAD2 and
SMADA4. The loss of these genes can lead to
inhibited apoptosis and disruptions in the cell
cycle. However, the deletion of 18qg shows little
correlation with tumor survival or prognosis. As
a result, the current status of 18q deletion
does not serve as a valuable prognostic mark-
er, indicating that more in-depth research is
needed in this area. Another resistance mecha-
nism reported in several human tumors is the
overexpression of the anti-apoptotic protein
FLIP recruited at the DISC level, which prevents
caspase-8 induction and thus makes cells im-
mune to apoptosis mediated by death recep-
tors [40, 106, 107].

Escape from intrinsic pathways: Alterations in
certain components of intrinsic pathways can
play an important role in the development of
tumors. Overexpression of anti-apoptotic pro-
teins and/or downregulation of pro-apoptotic
proteins drives tumor development, and Bcl-xL
elevation has been documented in CRC [108],
which prevents MOMP and cytochrome c re-
lease by binding to and neutralizing pro-apop-
totic proteins. These overexpressed proteins
give tumor cells a multidrug resistance pheno-
type, preventing them from experiencing apop-
tosis [109]. On the contrary, genetic mutations
or epigenetic silencing can lead to loss of pro-
apoptotic protein function (e.g., BAX, BID). CRC
has been linked to changes in the pro-apoptotic
BAX gene, leading to resistance to anticancer
treatments [110]. TP53 is the gene encoding
P53, and its loss is common in CRC because it
bridges the gap between adenoma and cancer.
Therefore, TP53 is among the most significant
genes that decrease cancer. Its deletion or
mutation results in an inability to respond to
DNA damage or stress signals, thereby driving
tumor development [111]. The in vivo role of
non-transcriptional P53-mediated apoptosis is
poorly understood; however, it is clear that
many important cancer regulators inhibit the
development of tumors by modulating the sta-
bility of P53. For example, serine beta-lacta-
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mase-like protein (LACTB) is expected to
become a potential treatment target for CRC
[112].

In the apoptosis execution stage, IAP protein
expression and/or function are disrupted due
to genetic aberrations, increased expression of
their mRNA or proteins, or absence of endoge-
nous antagonists like SMAC [47]. SMAC binds
to a variety of IAP proteins, including XIAP, c-IAP
1, and c¢-IAP 2, through its evolutionarily highly
conserved amino-terminal amino acid residue
(Ala-Val-Pro-lle), which promotes caspase acti-
vation and apoptosis [113-115]. In this regard,
several cancer forms have been shown to have
high IAP expression levels, which is thought to
be a sign of a poor prognosis for patients [116,
117].

Epigenetic changes: Epigenetics refers to sta-
ble changes in gene expression caused by
chromosomal changes without changes in the
original gene sequence. DNA methylation, non-
coding RNA (ncRNA) dysregulation, histone mo-
difications, and other factors play important
roles in cancer epigenetics. MicroRNAs (miR-
NAs), in the context of ncRNAs, are among the
most researched epigenetic components in
tumors because of their significance in control-
ling gene expression. These miRNAs attach to
several MRNAs’ 3'UTR region, thereby causing
their breakdown or translation inhibition, such
as miR-34a, which promotes and inhibits P53
acetylation by targeting sirtuin 1 (SIRT1), for-
min-like protein 2 (FMNL2), and E2F transcrip-
tion factor 5 (E2F5) [118, 119].

Another focus in the field of ncRNAs is long
non-coding RNA (IncRNA), which is commonly
associated with cancer and modifies epigene-
tic marks in the nucleus by activating or inhibit-
ing chromatin-modifying proteins. However, in
the cytoplasm, they may function as miRNA
bait, regulate translation and splicing, and act
as proto-oncogenes or tumor suppressor ge-
nes [120]. Therefore, INcRNAs perform a key
function in cell differentiation and proliferation,
which are directly related to cancer. When it is
a proto-oncogene, overexpression upregulates
important tumor markers, such as poub5fipl
(OCT4), increasing the risk of CRC [121]. Under
physiological conditions, IncRNAs function as
tumor suppressor genes that control the ex-
pression of P53-dependent genes, so that
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when IncRNA expression is decreased, the
genes regulated by them are altered, creating
resistance to apoptosis, thereby increasing
their proliferation.

DNA methylation is one of the most prevalent
epigenetic modifications that regulate gene
expression. Alterations in normal DNA methy-
lation patterns include DNA hypomethylation
(which pathologically occurs in the normal un-
methylated regions of the genome) and DNA
hypermethylation (which typically occurs in the
CpG islands of gene promoters), and these can-
cers with hypermethylation of DNA are defined
as having a “CpG island methylation pheno-
type” (or CIMP). There is strong evidence that
promoter CpG hypermethylation is associated
with transcriptional repression of tumor sup-
pressor genes in cancer cells [122]. This evi-
dence is notably strong in the case of CRC,
where this aberrant hypermethylation has been
found in the promoter region of important
tumor suppressor genes, including cyclin-
dependent kinase inhibitor 2A (CDKN2A) and
adenomatous polyposis coli (APC). In con-
trast, hypermethylation outside the CpG island
appears to be positively correlated with gene
expression [123].

Targeting apoptosis in CRC therapy

CRC is a prevalent cancer of the gastrointesti-
nal tract that poses a significant clinical chal-
lenge. Management of CRC has traditionally
consisted of surgery, often in combination with
chemotherapy. Nonetheless, inoperable CRC
(metastatic CRC) is a complicated issue that
requires novel therapeutic options. Currently,
various treatment options for CRC have been
established, including chemotherapy and tar-
geted medicine. However, chemotherapy drugs
work by inhibiting rapidly dividing cells but
indiscriminately kill all cells (including bone
marrow, gastrointestinal mucosa, and hair folli-
cles), resulting in serious side effects such as
bone marrow suppression, anemia, hair loss,
nausea, and so on [124]. In addition to this,
long-term chemotherapy produces specific tox-
icity to cells, such as ototoxicity, nephrotoxicity,
pulmonary toxicity, neurotoxicity, or Raynaud’s
syndrome [124]. Some cancer cells develop
resistance through gene copy number changes,
chromosomal instability, or drug efflux pump
mechanisms, resulting in ineffective treatment
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[125]. Targeted drugs are also helpless against
the evolution of drug resistance, and tumors
activate escape attacks through target muta-
tions or bypass signals, resulting in reduced
efficacy [126]. On the other hand, the cost of
targeted drug development and treatment is
too high, making it difficult for the public to
afford treatment costs.

The limitations of traditional chemotherapy and
targeted drugs have driven the exploration of
alternative treatments to improve therapy out-
comes, reduce side effects, and reduce the
likelihood of acquiring secondary tumors. For
example, apoptosis inducers and gene therapy
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are emerging drugs and treatment strategies,
and their related clinical evaluation experi-
ments are a major research hotspot.

Emerging therapeutic targets of apoptosis
Pharmacological agents

Restoring the apoptotic pathway through drugs
that target apoptotic pathways constitutes a
promising anti-cancer treatment (Figure 4).

In the extrinsic pathway, metabolic inhibitors
that downregulate c-FLIP and interferon to
enhance caspase-8 activation are intended to
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allow tumor-to-death receptor-induced apopto-
sis. Moreover, stimulation of extrinsic pathways
to induce apoptosis may eliminate resistance
to therapeutics that work by damaging DNA, as
apoptosis that relies on death receptors can
happen without the stress response (Figure 4).
One example of this treatment technique is the
ligand TRAIL, which is known to induce apopto-
sis in several types of tumor cells [127]. These
include recombinant human TRAIL, monoclonal
antibodies agonistic to death receptor 4 (DR4)
and DR5, and all-trans retinoic acid (ATRA)
[128, 129]. The structure of tiny molecules tar-
geting and promoting caspase-8 induction of
TRAIL-induced cell death in sensitive malignan-
cies is an innovative strategy. Research in vari-
ous cell lines, including leukemia and prosta-
te cancer cells, has demonstrated that in the
presence of TRAIL, the small molecule CaspPro
facilitates the activation of caspase-8 and cas-
pase-3 and the cleavage of polyadenosine-
diphosphate-ribose polymerase (PARP), ulti-
mately resulting in cell death [130]. Due to its
distinct lethality to transformed cells versus
normal cells, Apo2/TRAIL offers promise as a
possible tumor therapeutic agent.

These anti-cancer strategies focus on target-
ing intrinsic pathways to develop inhibitors for
anti-apoptotic proteins that are often overex-
pressed in tumor cells. This includes creating
agents that act directly on the inner mitochon-
drial membrane, agents that antagonize the
anti-apoptotic members of the Bcl-2 protein
family, and agents that enhance the activity of
pro-apoptotic members of the Bcl-2 protein
family, such as BAX [131] (Figure 4). Arsenic tri-
oxide is a drug that targets the promyelocytic
leukemia protein-retinoic acid receptor alpha
(PML-RAR«) protein in the inner mitochondrial
membrane. At low concentrations, it causes
differentiation, while at high concentrations, it
destroys the membrane sites. However, the
mechanism is to degrade PML-RARa protein
[132]. The BH3 mimic binds to the hydrophobic
groove of the anti-apoptotic protein, mimicking
the binding of the BH3-only protein to the pro-
survival protein, resulting in the discharge of
the BH3-only protein from the complex and
induction of BAX and BAK. Currently, multiple
BH3 mimetics are being studied as Bcl-2 in-
hibitors at various stages of human clinical tri-
als, including ABT 199 (venetoclax), ABT-737,
GX 15-070 (obatoclax), and TW 37, among oth-
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ers [131]. The study of Bcl-2 family antagonists
is evolving, highlighting the relevance of these
compounds as effective antitumor agents.

Antibody-drug conjugates (ADCs) are a promis-
ing delivery system that combines the target-
ing ability of monoclonal antibodies with the
benefits of cytotoxic chemotherapeutic agents.
ADCs comprise antibodies, cytotoxic payloads,
and linkers designed to deliver cytotoxic drugs
to tumors in a targeted manner. This new anti-
tumor therapy acts like a “biological missile”
that destroys tumor cells while improving the
therapeutic index and reducing systemic toxici-
ty. So far, various ADCs have been tested and
approved for several solid tumors, including
CRC. One of the most critical factors in ADC
design is the selection of target antigens highly
expressed on the surface of cancer cells, as
ADCs activate apoptotic signals by targeting
tumor-specific antigens to deliver pro-apoptotic
toxins precisely to cancer cells. HER2 is highly
expressed on the surface of many cancer cells,
and an ADC drug (Enhertu) targeting HER2 has
been successfully used in HER2-positive breast
cancer [133]. Cytotoxic medicines’ pro-apop-
totic action may be beneficial against HER2-
positive CRC, which accounts for 3-5% of all
CRC cases.

Gene therapy approaches

Gene therapy is promising because it allows
personalized treatments, including gene edit-
ing techniques and virus-directed enzyme-pro-
drug therapy. The concept of addressing mu-
tations in the therapy of CRC has aroused in-
terest in the scientific community. The muta-
tions play a crucial role in the development of
cancer, making them specific targets for tu-
mors. Additionally, they are usually expressed
in most tumor cells [134]. Due to P53’s power-
ful apoptotic action, gene therapy can be used
in cancer trials that target P53. The common
goal of all P53-targeting techniques is to acti-
vate P53 in tumor cells expressing wild-type
P53 or restore its function in cells expressing
the deficient type of P53 [52]. The first gene
therapy product, Gendicine (recombinant hu-
man P53 adenovirus), was marketed in 2004.
Gendicine-transduced cells express the wild-
type P53 protein, which suppresses tumors,
is activated by cellular stress, and either pro-
motes DNA repair and cell cycle arrest or,
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depending on the degree of cellular stress,
encourages programmed cell death (apoptosis,
senescence, and/or autophagy). In brief, by
recovering P53 function and therefore “brak-
ing” the process of cell division, cancer forma-
tion is subsequently prevented [135]. Although
Gendicine has been used in clinical treatment
for many years, there is still a lack of standard
treatment options for P53-targeted gene thera-
py, which needs further investigation in clinical
treatment [136].

Genetic mutation accumulation has a substan-
tial impact on the evolution of CRC. Conven-
tional gene editing techniques have numerous
limitations, including gene editing effective-
ness (Figure 4). In contrast to other methods,
clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas9-mediated ge-
nome editing is simple and effective and can
achieve precise editing. The mechanism of
CRISPR/Cas9 gene editing is simply a three-
step process: the first step is that the host’s
CRISPR system precisely detects the proto-
spacer adjacent motifs (PAMs) of the foreign
gene and cleaves them into appropriately sized
spacer sequences; in the second step, CRIS-
PR sites are transcribed with assistance from
RNase Ill, Cas1/Cas2 complexes, and addition-
al Cas proteins to form effector complexes
(crRNP), forming flanking arrays in CRISPR
arrays; finally, the infection-specific genetic
memory is created in the CRISPR/Cas9 system
[137]. This allows specific genes to be edited
into certain cells, resulting in precise genome
editing (Figure 4). Conventional genetic therapy
approaches include gene modification or sub-
stitution, virus-directed enzyme-prodrug thera-
py (VDEPT), immunogenetic therapy, and other
treatments [138], but clinical efficacy is poor.
CRISPR/Cas9-based genetic treatment is ach-
ievable due to the accurate editing of single
guide RNA (sgRNA)-guided Cas9 nucleases. It
has been found that systemic administration of
Cas9 ribonucleoprotein (RNP) to dual-target
mutant Apc and Kirsten rat sarcoma viral onco-
gene (Kras) using HA-decorated phenylboronic
dendrimer (HAPD) can substantially limit CRC
growth in xenograft mice and considerably
decrease CRC-related lung and liver metasta-
sis [137, 139]. However, since several gene
mutations accumulate to cause cancer, more
study is needed to identify additional genes
and transport systems that cause minimal sys-
temic harm.
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Combination therapies

There is evidence that combination therapies
have given relatively satisfactory clinical results
in inhibiting tumor progression and improving
patient survival compared with monotherapy.
Combination therapy has emerged as a novel
anti-cancer strategy.

Combination therapies can combine apoptosis
regulation with existing treatments. For exam-
ple, chemotherapy drugs induce apoptosis
through DNA damage but are limited by the
anti-apoptotic mechanism of tumor cells, such
as Bcl-2 overexpression. The combination of
chemotherapy and pro-apoptotic drugs can
enhance efficacy. Clinical studies have shown
that the BH3 analogue navitoclax significantly
enhances the Killing of TP53 wild-type CRC
cells by the chemotherapy drug oxaliplatin by
inhibiting Bcl-2/Bcl-xL. In addition, chemother-
apeutic multidrug resistance (MDR) and TRAIL
resistance are common in CRC cells. Cancer
cells evade the effects of chemotherapy by
overexpressing chemoefflux pump proteins and
genetic mutations, inducing CRC to become
resistant to anti-epidermal growth factor recep-
tor (anti-EGFR) therapy [140]. Photodynamic
therapy (PDT), on the other hand, can stimu-
late cells to produce reactive oxygen species
(ROS) by triggering photosensitizers in cells
with lasers so that excess ROS induces apop-
tosis by upregulating death receptors and/or
downregulating anti-apoptotic proteins to make
CRC cells sensitive to TRAIL [141, 142]. In the
study by She et al., they used the Ze-IR700 pho-
tosensitizer with high affinity for epidermal
growth factor receptor (EGFR) for tumor cell-
targeted PDT, and after that, measured the
effect of PDT on gene expression in CRC cells
by RNA sequencing, thereby evaluating the syn-
ergistic antitumor effects of long-acting TRAIL
and PDT in mice bearing chemo-MDR and
TRAIL-resistant CRC cell tumor grafts. The stu-
dy found that pretreatment of CRC cells with
PDT targeting tumor cells significantly increas-
ed (10-60-fold) the sensitivity of these CRC
cells to TRAIL by upregulating death receptors.
The combination of long-acting TRAIL and PDT,
rather than monotherapy, greatly induced
apoptosis in CRC cells, effectively eradicating
large (~150 mm?3) CRC tumor xenografts in
mice [143]. This suggests that the combination
of long-acting TRAIL and PDT has the potential
to fight chemotherapy MDR and TRAIL-resistant

Am J Transl Res 2025;17(7):5718-5745



The role of apoptosis in IBD and CRC

CRC, which may be developed as a new strate-
gy for the precision treatment of refractory
CRC.

Immunotherapy can also have a synergistic
effect with targeted therapy, which has become
the mainstay of treatment in these situations.
It can tailor interventions to specific molecular
properties. Immunotherapy has transformed
cancer treatment by using the immune system
to combat cancerous cells (Figure 4). Targeted
cancer treatments specifically target the genet-
ic mechanisms that lead to tumor growth, such
as modifications that facilitate cellular prolifer-
ation or preventthe death of cells. Nevertheless,
tumor cells may stimulate different signaling
routes to escape the restricted proliferative
routes attacked by these medicines. This is
commonly termed adaptive resistance. Immu-
notherapy is the most promising method for
preventing cancer and its recurrence since it
stimulates the body’s immunological cells to
attack tumors. Nonetheless, cancer also be-
comes resistant to immunotherapy by down-
regulating antigens recognized by immunologi-
cal cells, decreasing the immune system’s abil-
ity to detect it [144]. Furthermore, immunolo-
gical checkpoint molecules like programmed
cell death ligand 1 (PD-L1) and immunosup-
pressive cells like Treg cells are important con-
tributors to the suppression of the tumor mi-
croenvironment. These chemicals and cells
actively suppress the activity of natural killer
(NK) and cytotoxic T cells, hinder the immune
system’s capacity to mount a successful anti-
tumor response, and ultimately lessen the
efficacy of immunotherapy [145, 146]. Conse-
quently, the justification for integrating immu-
notherapies and targeted treatments in cancer
therapy stems from their potential for synergis-
tic interactions and complementary modes of
action [147]. In one study, inhibiting both pro-
grammed cell death protein 1 (PD-1) and the
vascular endothelial growth factor receptor
(VEGFR) 2 simultaneously decreased the
growth of colorectal tumors [148]. Another
study found that VEGFR 2 suppression drama-
tically reduced tumor neovascularization in a
mouse model of CRC [149]. On the other hand,
tumor angiogenesis was unaffected by PD-1
inhibition. Nevertheless, PD-1 inhibition caus-
es an increase in numerous pro-inflammatory
cytokines, which enhances the immune reac-
tion. This hybrid pathway, which targets the
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immunological system and neoplastic vascula-
ture, synergistically regulates the tumor micro-
environment, showing potential applications in
CRC treatment [150]. Therefore, integrating
specific therapy and immunotherapy may im-
prove efficacy compared to either treatment
alone.

Many clinical trials have shown that combina-
tion therapy for CRC is effective and potentially
beneficial; however, it may come at the expense
of higher toxicity and cost. It has the potential
to lead to worse outcomes, emphasizing the
importance of randomized clinical trials and
appropriate patient selection. When integrating
these medicines, clinicians want to leverage
their advantages while reducing their short-
comings, eventually generating a stronger and
more successful treatment method. Cancer is
projected to progress from “controllable” to
“cured” in the future due to transdisciplinary,
interdisciplinary, and technological innovations.
A summary of drug categories and targets is
shown in Table 3.

Challenges and limitations

Targeted apoptosis is currently a hot topic in
the treatment of CRC and IBD, but its clinical
application still faces many challenges. The
first is treatment safety, where drugs targeting
Bcl-2 family proteins or IAPs may affect normal
cells that rely on these proteins. For example,
the Bcl-2 inhibitor venetoclax has significant
efficacy in hematologic tumors but may cause
cytopenias (such as thrombocytopenia, neutro-
penia, etc.) [151, 152]. Moreover, it can be
speculated that the high proliferation of normal
IECs may exacerbate toxicity in CRC. However,
in the treatment of IBD, over-inhibition of apop-
tosis may promote the development of chronic
diseases into tumors. The second is the vari-
ability of the response. Considering the hete-
rogeneity in heredity and phenotype among
patients, it has become challenging to antici-
pate useful biomarkers for targeted apoptotic
therapies in individuals. Since targeted medica-
tions rely heavily on the target, they are only
effective in patients with specific molecular
markers, resulting in a limited number of peo-
ple who can benefit from them. For example,
about 15% of individuals diagnosed with lung
carcinoma (non-small cell) carry EGFR defects,
so EGFR inhibitors are only effective in these
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Table 3. Summary of CRC drug categories and targets

Categories Targets Drugs References
Pharmacological FLIP-inhibitor recombinant human TRAIL, monoclonal [128, 129]
Agents antibodies agonistic to DR4 and DR5, and ATRA
PML-RARx protein Arsenic trioxide [132]
BH3-mimetic ABT 199, ABT-737, GX 15-070, TW 37 [131]
HER2 Enhertu (ADC drug) [133]
Gene Therapies P53 Genedicine [135]
Mutated gene CRISPR/Cas9-mediated genome edition [137, 139]
Combination Chemotherapy + BH3-mimetic Chemotherapy + navitoclax [140]
Therapies PDT + ligand TRAIL Ze-IR 700 + ligand TRAIL [143]
Immunotherapy + target PD-1 inhibition + VEGFR2 [149]

therapy
Abbreviations: ATRA, all-trans retinoic acid; ADC, anti-drug conjugates; BH3, homology domain3; CRC, colorectal cancer;
CRISPR, clustered regularly interspaced short palindromic repeats; DR, death receptor; FLIP, FLICE-like inhibitory protein; PML-
RARaq, promyelocytic leukemia protein-retinoic acid receptor alpha; PDT, photodynamic therapy; PD-1, programmed cell death

protein 1; TRAIL, TNF-related apoptosis-inducing ligand; VEGFR, vascular endothelial growth factor receptor.

15% of patients, and the treatment of patients
who respond is quite constrained [153]. Finally,
the signaling pathways and molecular mecha-
nisms of chronic inflammation in the gut and
apoptosis in cancer require further investiga-
tion. The complex interaction between apopto-
sis, immunity, and inflammatory responses re-
mains unknown, necessitating more in-depth
research to uncover its mysteries.

Future directions

Based on our current understanding of the
mechanism linking IBD, CRC, and apoptosis,
we can make recommendations for future
areas of inquiry. Treatment can be tailored
based on patient-specific biomarkers to avoid
recovery delays due to ineffective treatments.
Biomarkers can be used to identify patients
who may benefit from targeted apoptosis thera-
py. At the same time, developing liquid biopsy
technologies can be utilized to track tumor
dynamics in real time and guide the treatment
regimen adjustments [154]. In addition, the
synergistic effect of integrating multiple thera-
peutic approaches, such as chemotherapy, tar-
geted therapy, immunotherapy, and radiothera-
py, can also prevent patients from developing
treatment resistance. However, some sighaling
pathways, such as the downstream signaling
and mechanism of TNF, are still unclear, and
more in-depth research and clinical trials are
needed to explore new, valuable therapeutic
targets in the apoptosis pathway. In addition to
traditional monodisciplinary study and treat-
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ment, strengthening collaboration among on-
cology, gastroenterology, and immunology gen-
erates new ideas for treating gastrointestinal
disorders in patients. This allows people to pro-
mote innovative research in the context of IBD
and CRC. In conclusion, there is no doubt that
drugs that target dysregulated apoptotic path-
ways have a wide range of applications in can-
cer therapy. The recent intensive efforts dedi-
cated to targeting the apoptotic pathway are
optimistic and support the creation of new
strategies for medication discovery and thera-
peutics.

Conclusion

Apoptosis is essential for growth, immune sur-
veillance, and neoplastic development. In the
intestine, the imbalance of apoptosis regula-
tion leads to IBD and even CRC. The mecha-
nisms and signaling pathways of the apoptosis
program and the associated anti-apoptotic and
pro-apoptotic molecules provide targets for
therapeutics. Many studies have shown that
inhibition of apoptosis in IECs can improve IBD,
while activation of apoptosis in cancer cells can
treat CRC. However, traditional therapies for
the treatment of IBD and CRC have many limita-
tions, and there is still a lot of room for improve-
ment in research on targeted apoptosis for IBD
and CRC treatment. More emerging treatment
options, such as pharmacological agents, gene
therapy, and combination therapies that target
apoptosis, are being explored. In future stud-
ies, specific therapeutics targeting receptors
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and apoptotic chemicals, should be investigat-
ed further in large preclinical and clinical trials.
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