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Targeting Pyroptosis in Hepatocellular Carcinoma: 
From Molecular Mechanisms to Therapeutic 

Opportunities 
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Esra TOKAY3 

 

INTRODUCTION 

Hepatocellular carcinoma (HCC) is an aggressive malignancy with 
high mortality that develops against a background of chronic liver 
disease, cirrhosis, and persistent inflammation and is among the 
leading causes of cancer-related deaths worldwide. The molecular 
pathogenesis of HCC is determined not only by genetic alterations 
but also by complex inflammatory and immunoregulatory processes 
that occur in the tumor microenvironment (TME). For many years, 
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the basic approach in HCC treatment has been the induction of 
apoptosis in tumor cells; however, chemotherapy resistance and 
functional disorders in apoptosis pathways, frequently observed in 
clinical practice, have revealed the limited effectiveness of this 
strategy (Ferlay et al., 2014).  

In this context, pyroptosis, which is directly related to innate immune 
responses, has become an increasingly important focus in 
hepatocellular carcinoma (HCC) biology. Pyroptosis is a highly 
inflammatory and immunogenic form of programmed cell death, 
characterized by inflammasome activation and gasdermin-mediated 
membrane pore formation (Wang et al.,2023). Despite the 
immunologically silent nature of apoptosis, the release of potent pro-
inflammatory cytokines, such as IL-1β and IL-18, occurs during 
pyroptosis, which has the potential to shape immune cell infiltration 
and antitumor immune responses in the HCC tumor 
microenvironment (Vande Walle and Lamkanfi, 2016).  

Recent studies have shown that inducing pyroptosis in HCC cells not 
only directly triggers tumor cell death but also contributes to the 
reprogramming of the immunosuppressive tumor 
microenvironment. In particular, the expression and activation levels 
of gasdermin family proteins are key drivers of pyroptosis in HCC, 
making these proteins potential therapeutic targets (Aglietti et al., 
2017).  Furthermore, it has been reported that targeted therapies and 
chemotherapeutic agents can simultaneously activate gasdermin-
dependent pyroptosis along with apoptosis under certain conditions, 
opening the way for new combination strategies in treatment-
resistant HCC cases (Liu et al.,2016). 

This section aims to comprehensively address the molecular 
mechanisms of pyroptosis, its bidirectional (tumor-suppressive and 
tumor-promoting) roles in the HCC tumor microenvironment, and 
the potential of therapeutically targeting pyroptosis in terms of 
immunotherapy and combination therapy approaches. 
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2. Molecular mechanism of pyroptosis 

2.1. Canonical inflammationosome-mediated pyroptosis in 
hepatocellular carcinoma 

Canonical pyroptosis is a form of programmed cell death initiated by 
various inflammasome complexes and is characterized by the release 
of pro-inflammatory cytokines upon gasdermin-D (GSDMD) 
cleavage (Xia et al., 2019).  Hepatocellular carcinoma (HCC) is 
characterized by chronic liver damage, persistent inflammation, and 
tissue regeneration, which offer a highly favorable biological 
environment for inflammasome activation. In this context, canonical 
pyroptosis plays a critical role in regulating immune responses and 
disease progression within the HCC tumor microenvironment.  

The activation of canonical inflammasomes begins with the 
recognition of numerous intracellular and extracellular stimuli. 
Inflammasome sensors, also known as pattern recognition receptors 
(PAMPs), detect pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs). The detection 
of signals such as bacteria, viruses, cytosolic DNA, oxidative stress 
products, and cellular degradation components causes 
inflammasome sensors to activates downstream signaling pathways. 
This process results in the formation of multiprotein inflammasome 
complexes by inflammasome components, together with pro-
caspase-1 and the adapter protein ASC (CARD-containing 
apoptosis-associated speck-like protein) (Hou et al., 2021).   

In HCC, the NLRP3 inflammasome is particularly prominent and 
can be activated in hepatocytes and tumor-associated immune cells 
by numerous stimuli, such as bacterial products, viral infections, 
mitochondrial dysfunction, and reactive oxygen species. In contrast, 
the AIM2 inflammasome functions as a key sensor that responds to 
cytosolic double-stranded DNA in HCC cells, where genomic 
instability is significant. Following the formation of the 

--3--



inflammasome complex, pro-caspase-1 is converted to active 
caspase-1, which is a central event in canonical pyroptosis. Activated 
caspase-1 simultaneously initiates two fundamental biological 
processes. First, it cleaves GSDMD, the driver of pyroptosis, 
exposing its N-terminus fragment. This N-terminal fragment 
disrupts cellular ion balance by creating pores in the plasma 
membrane of hepatocytes and HCC cells, leading to cell swelling 
and loss of membrane integrity. Second, caspase-1 converts inactive 
pro-IL-1β and pro-IL-18 into their biologically active forms. The 
release of these cytokines outside the cell through the resulting 
membrane pores leads to a strong inflammatory response in the HCC 
tumor microenvironment (Frank et al., 2019; Maltez et al.,2015). 

High levels of IL-1β and IL-18 release resulting from canonical 
inflammasome-mediated pyroptosis can contribute to accelerated 
adaptive immune responses and increased immune cell infiltration. 
However, if this process becomes uncontrolled or chronic, the 
persistence of the inflammatory microenvironment can become a 
factor support HCC progression. Therefore, canonical pyroptosis 
should be considered a bidirectional biological process in HCC that 
can produce both tumor-suppressive and tumor-promoting outcomes 
depending on the context (Man et al., 2017; Strowig et al., 2012). 
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Figure 1: Schematic representation of canonical (caspase-1–
dependent) and non-canonical (caspase-4/5/11–dependent) 

pyroptotic pathways leading to gasdermin D cleavage, membrane 
pore formation, inflammatory cytokine release (IL-1β and IL-18), 

and pyroptotic cell lysis. 

2.2. Non-canonical inflammationosome-mediated pyroptosis in 
hepatocellular carcinoma 

Unlike canonical inflammasome-mediated pyroptosis, the non-
canonical pyroptosis pathway is not caspase-1 dependent and is 
mediated by caspase-4 and caspase-5 in humans (caspase-11 in 
mice). This pathway has unique biological significance in tumors 
associated with chronic inflammation, such as HCC, because it can 
be activated without the direct involvement of classical 
inflammasome sensors (NLRP3, AIM2, etc.) (Kayagaki et al., 2011; 
Ding and Shao, 2017). 

The primary trigger for non-canonical pyroptosis is 
lipopolysaccharides (LPS) from gram-negative bacteria that reach 
the cell cytosol. Caspase-4/5/11 can directly recognize cytosolic LPS 
via the CARD domain at the N-terminus, leading to caspase cleavage 
and activation. This activation pattern does not require 
inflammasome sensors and directly initiates effector responses. 
Continuous exposure of the liver to microbial products via the gut-
liver axis creates a suitable microenvironment for the activation of 
this pathway during HCC development. Caspase-4/5/11, activated in 
the cytosol, cleaves gasdermin-D (GSDMD), the pyroptotic 
executive protein, releasing the pore-forming N-terminus fragment. 
Oligomerized GSDMD-N fragments are transported to the cell 
membrane, leading to the formation of large transmembrane pores. 
This situation results in the disruption of ion balance, cell swelling, 
and pyroptotic cell death. In the context of HCC, this process can 
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directly lead to cell death in tumor cells and amplify inflammatory 
signals in the tumor microenvironment (Rühl and Broz, 2015).  

The source of LPS in the cytosol is mostly gram-negative bacteria, 
and these molecules can be transported into the cell during infection 
or via bacterial outer membrane vesicles. Furthermore, it has been 
shown that the highly mobile group box-1 (HMGB1) protein, 
passively released from stressed or dying cells, triggers non-
canonical pyroptosis by transporting extracellular LPS into the 
cytosol. This mechanism is particularly important in the HCC 
microenvironment, where chronic inflammation and tissue damage 
are prevalent (Kayagaki et al., 2015). 

Notably, in the non-canonical pyroptotic pathway, caspase-4/5/11 
does not directly induce maturation of IL-1β and IL-18. Instead, 
membrane pores and potassium ion ejection resulting from GSDMD 
cleavage stimulate secondary activation of the NLRP3 
inflammasome. This activates caspase-1, leading to the maturation 
of IL-1β and IL-18. This demonstrates that the non-canonical 
pathway is not merely an independent cell death mechanism, but also 
operates in functional crosstalk with canonical inflammasome 
pathways (Kim et al., 2018; Rühl and Broz, 2015). 

In conclusion, non-canonical inflammasome-mediated pyroptosis 
should be considered a regulatory mechanism in HCC that reinforces 
cellular responses to bacteria-derived inflammatory signals and 
canonical inflammasome activation. This bidirectional interaction is 
one of the key reasons why pyroptosis exerts context-dependent 
biological effects in the HCC tumor microenvironment. 

 

3. Pyroptosis in Liver Physiology and Pathology 

Owing to its inflammatory nature, pyroptosis is closely related to 
physiological and pathological processes in immunologically highly 
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active organs, such as the liver. The liver is central to the innate 
immune response, in addition to its metabolic functions, leading to 
pyroptosis playing a dual role in maintaining tissue homeostasis and 
pathological in chronic inflammation and disease development 
(Racanelli & Rehermann, 2006; Shi et al., 2017). 

3.1 Pyroptosis in Normal Liver Homeostasis 

Pyroptosis is an inflammatory, regulated cell death mechanism that 
plays a fundamental and indispensable role in the host development, 
survival, and defense against infections (Shi et al., 2017). In a 
healthy liver, pyroptosis functions as a protective mechanism that 
supports tissue repair and limits the spread of pathogens by ensuring 
the timely elimination of infected or damaged cells. 

Hepatocytes, the most abundant cellular component of the liver, 
express inflammasome components at low basal levels under normal 
physiological conditions and maintain continuous molecular 
communication with nonparenchymal cells. This interaction is 
critical for maintaining hepatic homeostasis. Healthy hepatocytes 
actively contribute to the liver's immune surveillance process by 
expressing inflammasome sensors such as NLRP3, AIM2, and 
NLRC4 at baseline levels to detect cellular stress and potential 
danger signals (Wree et al., 2014; Zeng et al., 2020). 

Kupffer cells, the resident macrophages of the liver, constitute the 
dominant macrophage population under healthy conditions and are 
the primary source of inflammasome activation and pro-
inflammatory cytokines (IL-1β and IL-18). These cells regulate 
intercellular communication and coordinate the liver's innate 
immune response by continuously sensing both pathogen-derived 
molecular patterns (PAMPs) and damage-derived molecular patterns 
(DAMPs) through pattern recognition receptors (PRRs) (Gautier et 
al., 2012; Xu et al., 2021). 
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In this context, the balance of liver inflammation is based on the 
"double-edged sword" nature of pyroptosis. Moderate 
inflammasome activation and a controlled pyroptotic response 
within physiological limits preserve tissue integrity and promote 
wound healing. Disruption of this delicate balance and excessive or 
uncontrolled activation of pyroptosis leads to widespread cell death, 
severe tissue damage, fibrosis, and ultimately organ failure, causing 
physiological processes to evolve into pathological states (Zeng et 
al., 2020).  

 
Figure 2: Dual role of pyroptosis in maintaining liver homeostasis 

and promoting fibrosis and hepatocellular carcinoma under 
chronic inflammatory conditions. 

 

3.2 Pyroptosis in Chronic Liver Diseases 

Chronic liver diseases are among the leading causes of morbidity and 
mortality worldwide, with inflammatory cell death mechanisms 
playing a central role in their pathogenesis. Pyroptosis, a regulated 
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form of cell death characterized by cell lysis and the release of potent 
pro-inflammatory cytokines (IL-1β and IL-18), is a critical regulator 
of the initiation and maintenance of the inflammatory cascade in 
response to chronic liver damage (Shi et al., 2017; Zeng et al., 2020). 
Excessive and prolonged pyroptotic activation in the liver 
contributes to the development of non-alcoholic fatty liver disease 
(NAFLD), alcoholic hepatitis, viral hepatitis, liver fibrosis, and 
ultimately hepatocellular carcinoma (HCC). 

3.2.1 NAFLD and NASH 

In non-alcoholic fatty liver disease (NAFLD), pyroptosis plays a 
central role in the progression from simple steatosis (NAFL) to non-
alcoholic steatohepatitis (NASH), a more advanced and 
inflammatory phenotype. In NAFLD, increased free fatty acid levels 
and lipotoxicity lead to ceramide accumulation in hepatocytes, 
resulting in mitochondrial stress and increased reactive oxygen 
species (ROS) levels, which triggers the activation of the NLRP3 
inflammasome. NLRP3-mediated caspase-1 activation leads to the 
production of IL-1β and IL-18, proteolytic cleavage of gasdermin D, 
and initiation of pyroptotic cell death (Wree et al., 2014). 

In the NASH stage, pyroptosis is not limited to hepatocyte death but 
also exacerbates liver inflammation by increasing inflammatory cell 
infiltration and cytokine production. During this process, it has been 
shown that the expression of the GSDMD-N fragment, the executive 
form of pyroptosis, is significantly increased, and this increase is 
directly related to the degree of steatosis and the severity of lobular 
inflammation (Xu et al., 2021). Therefore, pyroptosis is considered 
a triggering and maintenance mechanism in the progression from 
NAFLD to NASH. 

3.2.2 Alcoholic Hepatitis 

In alcoholic hepatitis, pyroptosis is a key determinant of 
inflammation and hepatocyte damage resulting from excessive 
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alcohol consumption. Increased acetaldehyde production during 
ethanol metabolism results in mitochondrial dysfunction and 
accumulation of reactive oxygen species (ROS), triggering a 
significant oxidative stress response in hepatocytes. Thioredoxin-
interacting protein (TXNIP), a major mediator of oxidative stress, is 
overexpressed under these conditions and directly stimulates the 
activation of the NLRP3 inflammasome. NLRP3-mediated caspase-
1 activation leads to increased IL-1β and IL-18 production and the 
initiation of pyroptotic cell death through the cleavage of gasdermin 
D (GSDMD) protein. This process accelerates hepatocyte loss and 
exacerbates liver inflammation and tissue damage (Zhou et al. 2019). 

The role of pyroptosis in the pathogenesis of alcoholic hepatitis is 
not limited to the canonical inflammatory pathways. Impairment of 
the intestinal barrier and increased circulating lipopolysaccharide 
(LPS) levels due to chronic alcohol consumption lead to the 
activation of the caspase-11 (caspase-4/5 in humans)-mediated non-
canonical pyroptosis pathway. In this pathway, cytosolic LPS 
directly activates caspase-11/4, initiating GSDMD cleavage and 
membrane pore formation in the host cell. In experimental alcoholic 
hepatitis models, non-canonical pyroptosis plays a central role in 
maintaining hepatocyte death, cytokine release, and inflammatory 
cell infiltration (Yang et al., 2022). 

Taken together, these findings suggest that pyroptosis is a 
bidirectional mechanism in alcoholic hepatitis, triggering the early 
inflammatory response and sustaining disease progression. 

3.2.3 Viral Hepatitis 

In Hepatitis B (HBV) and Hepatitis C (HCV) infections, pyroptosis 
plays a crucial role in both antiviral defense and disease progression 
as a vital component of the host immune response. Viral nucleic 
acids and structural proteins are detected in hepatocytes and resident 
immune cells of the liver via pattern recognition receptors (PRRs), 
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triggering the activation of inflammasomes, particularly through 
TLRs, RIG-I-like receptors, and cytosolic DNA/RNA sensors. This 
process activates various inflammatory complexes, primarily the 
NLRP3 and AIM2 inflammasomes, and initiates caspase-1-mediated 
pyroptosis. 

During pyroptosis, the release of IL-1β and IL-18 is increased. While 
these cytokines enhance the antiviral immune response, uncontrolled 
activation can exacerbate liver inflammation. Another notable 
mechanism, particularly in chronic HBV and HCV infections, is that 
pyroptosis is not limited to infected hepatocytes but also occurs in 
neighboring "bystander" hepatocytes. This is associated with the 
spread of inflammatory signals and damage-related molecular 
patterns, leading to cell death even in cells that are not directly 
infected, thus expanding tissue damage (Guo et al., 2020). 

In conclusion, while pyroptosis is an important part of the antiviral 
defense in viral hepatitis, it is considered a bidirectional mechanism 
that, in cases of chronic and excessive activation, perpetuates liver 
inflammation, leads to fibrosis, and, in the long term, predisposes to 
the development of hepatocellular carcinoma. 

3.2.4 Liver Fibrosis 

Pyroptosis is a critical process that supports the activation of hepatic 
stellate cells (HSCs), which are key cellular determinants of liver 
fibrosis, through direct and indirect mechanisms. Damage-related 
molecular patterns (DAMPs), inflammasome components, and pro-
inflammatory cytokines (especially IL-1β) released from pyroptotic 
hepatocytes during liver damage are detected by HSCs, accelerating 
their differentiation from a quiescent phenotype to collagen-
producing myofibroblasts. This indirect effect is considered a 
significant trigger for initiating the fibrotic response (Wree et al., 
2014). 
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In addition, recent studies have shown that pyroptosis is not limited 
to hepatocyte-derived signals in fibrosis, but that inflammasome 
activation also occurs within HSCs themselves. Activation of the 
NLRP3 inflammasome in HSCs stimulates caspase-1-mediated 
signaling pathways, increasing TGF-β production and leading to 
excessive accumulation of extracellular matrix (ECM) components, 
particularly type I collagen (Zeng et al. 2020). Furthermore, the 
inflammatory microenvironment associated with pyroptosis 
strengthens the macrophage-HSC interaction, contributing to the 
maintenance of the fibrotic process. 

Taken together, these findings indicate that pyroptosis is not merely 
a secondary consequence of liver fibrosis but an active mechanism 
that initiates and propagates the fibrotic response. Therefore, 
targeting pyroptosis and its inflammasome components offers a 
noteworthy approach for potential therapeutic strategies to limit 
fibrosis progression. 

3.2.5 Hepatocellular Carcinoma 

The role of pyroptosis in cancer is often described as a “double-
edged sword,” a dual nature that is particularly evident in 
hepatocellular carcinoma (HCC). On the one hand, pyroptosis can 
suppress tumor growth by inducing tumor cell death through 
inflammasome activation and gasdermin-mediated membrane pore 
formation. Conversely, chronic and uncontrolled pyroptosis can 
contribute to carcinogenesis by supporting the tumor 
microenvironment through prolonged inflammation, cytokine 
release, and immune cell reprogramming (Xu et al., 2021). 

Analyses of HCC tissues revealed decreased caspase-1 expression 
and inflammasome activity, leading to the functional suppression of 
pyroptosis. This is considered an adaptation mechanism that allows 
HCC cells to evade inflammatory cell death and remain hidden from 
immune surveillance (Chu et al., 2016). Furthermore, it has been 
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reported that the expression levels of gasdermin family members 
(particularly GSDMD and GSDME) may be inversely related to 
HCC progression. 

However, the reactivation of pyroptosis is a remarkable therapeutic 
approach for HCC treatment. Preclinical studies have shown that 
berberine, curcumin, and certain chemotherapeutic agents suppress 
the proliferation of HCC cells and enhance antitumor immunity by 
inducing pyroptosis (Chu et al., 2016; Xia et al., 2019). It has also 
been suggested that pyroptosis induction may increase sensitivity to 
immunotherapies by making the tumor microenvironment more 
immunogenic. 

In light of these data, pyroptosis is considered not only a cell death 
mechanism in HCC but also a dynamic regulator shaping tumor 
biology and treatment response. A better understanding of the 
context-specific effects of pyroptosis will pave the way for the 
development of safe and effective pyroptosis-based treatment 
strategies for HCC. 

 

4. Dysregulation of Pyroptosis Pathways in Hepatocellular 
Carcinoma  

4.1 Changes in Expression Levels of Inflammasome 
Components in HCC 

Inflammasomes are multiprotein complexes that are key regulators 
of the innate immune response and play a critical role in initiating 
pyroptosis. Transcriptomic and proteomic studies have revealed 
significant dysregulation in the expression of inflammasome 
sensors, particularly those belonging to the NLR family (NLRP3, 
NLRP6, and AIM2) in hepatocellular carcinoma (HCC) (Li et al., 
2022; Gao et al., 2023). 
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The NLRP3 inflammasome exhibits bidirectional functions in HCC. 
Controlled NLRP3 activation promotes the maturation of IL-1β and 
IL-18 via caspase-1, supporting the antitumor immune response, 
while sustained NLRP3 activation under conditions of chronic liver 
inflammation can create an immunosuppressive tumor 
microenvironment, promoting tumor progression (Hu et al., 2021). 
In contrast, NLRP6 expression is frequently decreased in HCC 
tissues, and loss of NLRP6-mediated inflammasome activity is 
associated with increased tumor proliferation and poor prognosis 
(Gao et al., 2023). 

Suppression of the AIM2 inflammasome also contributes to the 
disruption of pyroptotic signaling in HCC. Decreased AIM2 
expression facilitates immune evasion by limiting caspase-1 
activation and associated cytokine release, particularly supporting 
tumor cell survival in viral hepatitis-induced HCC (Li et al. 2022). 
These findings suggest that an imbalance between inflammasome 
components is a fundamental mechanism underlying the 
dysregulation of pyroptosis pathways in HCC. 

4.1.1 Dysregulation of GSDMD and GSDME Expression in 
HCC 

Gasdermin proteins are the executors of pyroptosis, with Gasdermin 
D (GSDMD) and Gasdermin E (GSDME) being the best-
characterized members in cancer. In HCC, the expression and 
function of these two proteins differ significantly from those in other 
solid tumors (De Schutter et al., 2021). 

GSDMD is cleaved by caspase-1 or non-canonical inflammatory 
caspases, triggering pore formation in the cell membrane. However, 
in HCC, despite the detection of inflammasome activation, 
decreased levels of active GSDMD-N fragments have been 
observed. This indicates a functional disconnect between 
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inflammasome sensing and the execution of pyroptosis, leading to 
the inhibition of effective inflammatory cell death (Hu et al. 2021). 

In contrast, GSDME exhibits a remarkable paradox in HCC. 
GSDME, which is silenced in most solid tumors due to promoter 
hypermethylation, is overexpressed at both the mRNA and protein 
levels in HCC (Hu et al., 2021; Kahaer et al., 2025). High GSDME 
expression is associated with advanced tumor grade and poor overall 
survival, suggesting that GSDME may play a tumor-promoting role 
specific to HCC (De Schutter et al., 2021). 

Mechanistic studies have revealed that GSDME frequently acts 
through pyroptosis-independent oncogenic pathways in HCC. 
Single-cell RNA sequencing analyses have shown that GSDME is 
highly expressed in tumor-associated macrophages and increases 
orientation towards the M2 phenotype by activating the PI3K–AKT 
signaling pathway. This situation contributes to the suppression of 
CD8⁺ T cell function and the development of resistance to 
immunotherapy (Chen et al., 2024; Kahaer et al., 2025). However, it 
has been shown that the classical pyroptotic function of GSDME can 
be reactivated under appropriate pharmacological stimulation. 

4.1.2 Caspase Dysregulation and the Execution of Pyroptosis in 
HCC 

Caspases act as key molecular switches that determine whether a cell 
progresses towards apoptosis or pyroptosis. In HCC, the 
dysregulated expression of both inflammatory and apoptotic 
caspases significantly affects the efficiency of pyroptotic signaling 
(Shi et al., 2017). Caspase-1 activation has been reported to be 
suppressed in advanced HCC, which limits GSDMD cleavage and 
IL-1β/IL-18 release (Hu et al., 2021). Similarly, the heterogeneous 
expression of non-canonical inflammatory caspases contributes to 
insufficient pyroptosis induction (Li et al., 2022). Caspase-3 plays a 
critical role in HCC pyroptosis. Caspase-3, known as the main driver 
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of apoptosis, can reverse cell death during inflammatory pyroptosis 
by cleaving GSDME (Wang et al., 2017). However, in HCC, basal 
caspase-3 activity is often insufficient to initiate pyroptosis, despite 
high GSDME expression (Chen et al., 2023). In contrast, agents such 
as oxaliplatin, miltiron, and SIRT1 inhibitors can re-trigger 
GSDME-dependent pyroptosis by increasing caspase-3 activation 
and enhancing CD8⁺ T cell infiltration (Zhang et al., 2020; Deng et 
al., 2025; Liu et al., 2024). 

4.2. The Dual Role of Pyroptosis in Hepatocellular Carcinoma 

Pyroptosis is a form of programmed cell death with strong 
inflammatory properties, characterized by inflammasome activation 
and gasdermin-mediated pore formation in the cell membrane. In the 
context of HCC, pyroptosis is a dual biological process that can 
exhibit both tumor-suppressive and tumor-progressive effects 
depending on the binding, cell type, and microenvironmental 
conditions (Wang et al., 2022; Tao & Yang, 2025). 

4.2.1 Tumor Suppressive Roles of Pyroptosis 

The tumor-suppressive effects of pyroptosis primarily occur through 
the direct induction of tumor cell death and enhancement of the 
antitumor immune response. The cleavage of GSDMD or GSDME 
by caspase-1 or caspase-3 as a result of inflammasome activation can 
lead to rapid and irreversible cell death in hepatocellular carcinoma 
cells. This process reduces the tumor cell burden, particularly in 
early-stage HCC (Wang et al., 2022). Pro-inflammatory cytokines, 
such as IL-1β and IL-18, released during pyroptosis, can generate an 
effective antitumor immune response by increasing dendritic cell 
activation and CD8⁺ cytotoxic T lymphocyte infiltration in the tumor 
microenvironment. Some pyroptosis-associated molecular subtypes 
described by Wang et al. have been characterized by an “immune-
warm” phenotype, and better immune activation and treatment 
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response potential have been observed in these subgroups (Wang et 
al., 2022). 

Furthermore, gene signatures involving non-apoptotic cell death 
mechanisms have been shown to be associated with better overall 
survival in low-risk HCC subgroups. The maintenance of 
pyroptosis-associated gene expression has been linked to lower 
cancer stem cell characteristics and a more favorable immune 
microenvironment (Zhang et al., 2022). These findings support the 
notion that controlled pyroptosis activation may function as a tumor-
suppressive mechanism in HCC. 

4.2.2 The Tumor-Enhancing Roles of Pyroptosis 

The aspects of pyroptosis that support tumor progression primarily 
arise through chronic inflammation, immune evasion, and formation 
of an immunosuppressive tumor microenvironment. In particular, 
prolonged and uncontrolled pyroptosis activation can lead to 
persistent inflammation, fibrosis, and ultimately, the creation of a 
fertile ground for tumor development in the liver tissue (Wang et al., 
2022). Single-cell and spatial transcriptomic analyses have shown 
that pyroptotic activity is not homogeneous in the HCC tumor 
microenvironment but rather plays a tumor-promoting role in 
specific cell populations. Tao and Yang reported increased monocyte 
and macrophage infiltration in tumor regions with high pyroptosis 
scores, and these cells predominantly exhibited an 
immunosuppressive phenotype (Tao & Yang, 2025). This suggests 
that pyroptosis may serve to evade immunity rather than activating 
the immune system. 

In particular, high expression of GSDME and other pyroptosis-
related genes has been associated with poor prognosis in HCC. Wang 
et al. suggested that pyroptosis-associated “immune-warm” 
phenotypes paradoxically exhibit worse survival, which may be due 
to the suppression of effective antitumor responses despite high 

--17--



immune cell infiltration (Wang et al., 2022). In this context, 
pyroptosis can contribute to immunotherapy resistance by increasing 
the expression of immune checkpoints, such as PD-L1 and CTLA-4 
(Tao & Yang, 2025). 

Additionally, pyroptosis-associated gene signatures are associated 
with increased TP53 mutation rates, high tumor stem cell counts, and 
poor TACE response in high-risk HCC patients. These data suggest 
that pyroptosis may play a role in promoting tumor aggressiveness 
and treatment resistance in advanced HCC (Zhang et al. 2022). 

4.3. Interaction Between Pyroptosis and Tumor 
Microenvironment 

Pyroptosis is a highly pro-inflammatory form of programmed cell 
death, characterized by the activation of inflammatory caspases 
(caspase-1, -4, -5, and caspase-3) and pore formation in the cell 
membrane via gasdermin proteins (especially GSDMD and 
GSDME) (Chen et al., 2016; Kovacs & Miao, 2017). Recent studies 
have shown that pyroptosis not only triggers tumor cell death but 
also directly shapes the immunological and inflammatory properties 
of the tumor microenvironment (TME) (Zheng et al., 2024). 

4.3.1 Cytokine Release and Inflammatory Microenvironment 

During piroptosis, potent pro-inflammatory cytokines, such as IL-1β 
and IL-18, are rapidly released owing to inflammasome activation. 
These cytokines increase inflammatory signaling in the TME, 
initiating both immune cell recruitment and generating proliferative 
signals in stromal and tumor cells (Wang et al., 2022). While acute 
and controlled piroptosis activation can enhance antitumor immunity 
by supporting dendritic cell maturation and CD8⁺ T cell activation, 
chronic and sustained cytokine release contributes to the formation 
of a chronic inflammatory microenvironment that supports tumor 
development in HCC (Tao & Yang, 2025). 
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4.3.2 Immune Cell Infiltration 

Pyroptosis-associated cytokines and danger signals (DAMPs) 
increase the infiltration of CD8⁺ cytotoxic T cells, NK cells, 
monocytes, and macrophages into the tumor tissue. An “immune-
warm” TME profile has been identified in HCC subtypes with high 
pyroptosis-associated gene signatures (Wang et al., 2022; Zhang et 
al., 2022). However, the functional nature of this infiltration remains 
unclear. Tao and Yang (2025) reported increased macrophage and 
monocyte infiltration in HCC samples with high pyroptosis scores, 
but these cells were mostly immunosuppressive. This suggests that 
pyroptosis can create a context-dependent tumor-suppressive or 
tumor-promoting microenvironment in the TME. 

4.3.3 Relationship with Immune Checkpoint Molecules 

One of the most critical effects of pyroptosis in the TME is the 
increased expression of immune checkpoint molecules. 
Inflammatory cytokines and interferon signaling can induce the 
expression of immunosuppressive molecules, such as PD-1, PD-L1, 
and CTLA-4, in tumor cells and tumor-associated immune cells 
(Zheng et al., 2024; Tao & Yang, 2025). Wang et al. (2022) showed 
that checkpoint genes were highly expressed in pyroptosis-
associated immune-warm HCC subtypes, which may paradoxically 
be associated with a worse prognosis. These findings suggest that 
although pyroptosis initially increases immune activation, it may 
trigger adaptive immune evasion mechanisms. 

4.4. Pyroptosis-Related lncRNAs in Hepatocellular Carcinoma 

Long non-coding RNAs (lncRNAs) are RNA molecules that play a 
critical role in the regulation of gene expression at the 
transcriptional, post-transcriptional, and epigenetic levels of gene 
expression. In recent years, an increasing number of studies have 
shown that lncRNAs play important roles not only in tumor cell 
proliferation and metastasis but also in the regulation of programmed 
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cell death. In this context, lncRNAs associated with pyroptosis, a 
form of inflammatory cell death, have become a remarkable area of 
research in the molecular pathogenesis of hepatocellular carcinoma 
(Zhang et al., 2022; Tan and Yu, 2024).  

Recent studies based on transcriptomic analyses have identified 
numerous lncRNAs that strongly correlate with the expression 
profiles of pyroptosis-related genes in HCC. Zhang et al. (2022) 
developed an lncRNA signature that can separate HCC patients into 
different prognostic groups using lncRNAs expressed in conjunction 
with pyroptosis-related genes. This signature was significantly 
associated with overall patient survival and immune characteristics 
of the tumor microenvironment. Similarly, Tan and Yu (2024) 
defined a prognostic index based on pyroptosis-related lncRNAs and 
demonstrated that it could be an independent predictor of clinical 
outcomes in HCC. These studies suggest that pyroptosis-related 
lncRNAs may not only be biomarkers of HCC but also functional 
molecules that reflect the biological behavior of the disease. 

One of the most striking aspects of pyroptosis-related lncRNAs is 
their close relationship with the tumor microenvironment (TME). 
HCC samples with high pyroptosis-associated lncRNA scores 
generally exhibit a more “immune-warm” microenvironment 
profile. This profile is associated with increased infiltration of CD8⁺ 
T-cells, NK cells, and macrophages into the tumor tissue (Zhang et 
al., 2022). 

However, increased immune cell infiltration does not always result 
in an effective antitumor response. Tao and Yang (2025) 
demonstrated that pyroptosis-associated molecular subtypes 
simultaneously activate immunosuppressive signals despite the high 
presence of immune cells. In this context, pyroptosis-associated 
lncRNAs can increase inflammatory cytokine release and immune 
cell recruitment while paving the way for the development of 
immune escape mechanisms. 
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Pyroptosis-associated lncRNAs have been shown to be closely 
related to the expression of immune checkpoint molecules in HCC. 
Zhang et al. (2022) reported a significantly increased expression of 
immunosuppressive molecules, such as PD-1, PD-L1, and CTLA-4, 
in patients with a high-risk pyroptosis-associated lncRNA signature. 
This suggests that pyroptosis-associated lncRNAs may be 
determinants of T cell depletion and immunotherapy responses. In 
contrast, “immune-hot” tumors with a pyroptosis-associated 
lncRNA profile may be more susceptible to immune checkpoint 
inhibitors. The pyroptosis-associated molecular subtypes identified 
by Wang et al. (2022) allowed for the identification of potential 
patient subgroups in terms of immunotherapeutic approaches. This 
indicates that pyroptosis-associated lncRNAs can be an important 
tool for patient stratification and the development of personalized 
treatment strategies. 

5. Pyroptosis and Immunotherapy in Hepatocellular 
Carcinoma 

5.1 Immunological Landscape of Hepatocellular Carcinoma: 
Barriers to Effective Immunotherapy 

Hepatocellular carcinoma (HCC) is a tumor that develops 
multilayered immune evasion mechanisms during its development 
and therefore has a limited response to immunotherapy. Although 
clinically validated immune checkpoint inhibitors (especially PD-
1/PD-L1 blockade) aim to reactivate the T cell-mediated antitumor 
response, a sustained clinical response is achieved in only a limited 
subgroup of HCC patients (Llovet et al., 2021). 

This limited efficacy is primarily due to the immunologically “cold” 
or “immune-excluded” phenotype of the HCC tumor 
microenvironment (TME). HCC lesions typically show low CD8⁺ 
cytotoxic T cell infiltration, in contrast to a predominance of 
regulatory T cells (Tregs), myeloid-derived suppressor cells 
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(MDSC), and tumor-associated macrophages (TAM). This cellular 
composition severely restricts T cell function through cytokines 
(TGF-β and IL-10) and metabolic barriers that suppress the 
antitumor immune response (Ringelhan et al., 2018). 

Furthermore, because HCC develops against a background of 
chronic inflammation and fibrosis, physical barriers such as hypoxia, 
a rigid extracellular matrix, and impaired vascular structure prevent 
immune cells from effectively penetrating the tumor. This situation 
limits treatment success because even when T cell “brakes” are 
removed with PD-1/PD-L1 inhibitors, a sufficient number of 
functional effector cells cannot reach the tumor site. Therefore, the 
fundamental problem in HCC is not only T cell inhibition but also 
the inability to initiate effective immune responses. 

In this context, blocking immune checkpoints alone is insufficient to 
increase the effectiveness of immunotherapy in HCC; additional 
strategies that reshape the tumor microenvironment and strongly 
activate the immune system are needed. 
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Figure 3: Pyroptosis converts immunologically cold HCC tumors 
into hot tumors, enhancing immune activation and immunotherapy 

responses. 

5.2 Pyroptosis as an Immunogenic Cell Death Modality in 
Hepatocellular Carcinoma 

Unlike classical apoptosis, pyroptosis is a regulated form of cell 
death that occurs in response to strong inflammatory signals and 
exhibits characteristics of immunogenic cell death (ICD). In this 
process, the activation of gasdermin family proteins (especially 
GSDMD and GSDME) leads to the formation of pores in the cell 
membrane, swelling of the cell, and lysis, ultimately resulting in the 
dispersion of cellular contents into the tumor microenvironment (Shi 
et al., 2017). 

The importance of pyroptosis in HCC is not limited to the 
elimination of tumor cells. Damage-related molecular patterns 
(DAMPs), pro-inflammatory cytokines such as IL-1β and IL-18, and 
tumor antigens released during pyroptotic cell death transmit a 
strong “danger” signal to the immune system, initiating an antitumor 
response. In this respect, pyroptosis stands out as a mechanism that 
can trigger the first step of immune activation, which is lacking in 
HCC (Xu et al., 2021). While apoptosis is generally a "silent" form 
of cell death and is often tolerated by the immune system, pyroptosis, 
due to its inflammatory nature, enables the maturation of dendritic 
cells, increases antigen presentation, and strengthens T cell priming. 
These features make pyroptosis a critical form of ICD that can 
reprogram the immune response in HCC (Tang et al. 2020). 

In particular, in tumors developing against a background of chronic 
inflammation, such as HCC, the controlled and targeted induction of 
pyroptosis can make tumor cells "visible" to the immune system, 
enabling the transformation of immunologically cold tumors into 
warm tumors. Thus, pyroptosis functions not only as a cell death 
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mechanism but also as a trigger that reshapes the microenvironment 
for immunotherapeutic intervention. Owing to these characteristics, 
pyroptosis has the potential to overcome insufficient immune 
activation, one of the main obstacles to immunotherapy in HCC, and 
forms the basis for rational combinations with immune checkpoint 
inhibitors. 

5.3 Pyroptosis-Mediated Remodeling of the Tumor 
Microenvironment in Hepatocellular Carcinoma 

The tumor microenvironment (TME) is a key regulatory system that 
determines the biological behavior, immune response, and treatment 
sensitivity of hepatocellular carcinoma (HCC). Pyroptosis has 
emerged as a powerful transformative mechanism that, owing to its 
inflammatory and immunogenic properties, enables not only the 
elimination of tumor cells but also the reprogramming of the cellular 
and molecular components of the HCC microenvironment. 

5.4 Pyroptosis-Driven Immune Cell Recruitment and 
Activation 

During pyroptotic cell death, gasdermin-mediated pore formation in 
the cell membrane and cellular lysis, along with the release of 
damage-associated molecular patterns (DAMPs) such as IL-1β, IL-
18, ATP, and HMGB1, create a powerful chemotactic and activator 
signaling network in the tumor microenvironment (Shi et al., 2017). 
These signals contribute to the strengthening of antitumor immunity, 
particularly by increasing the migration of CD8⁺ cytotoxic T cells 
and natural killer (NK) cells into the tumor bed. 

In the context of HCC, this process is critically important because 
most HCC lesions exhibit an “immune-desert” or “immune-
excluded” phenotype that is poor in immune cells. The inflammatory 
microenvironment triggered by pyroptosis breaks this immune 
silence, enabling effector cells to enter the tumor tissue. 
Experimental studies have shown that inducing pyroptosis increases 
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the expression of T cell attractant chemokines, such as CXCL9 and 
CXCL10, which are directly related to T cell infiltration (Wang et 
al., 2020). 

5.5 Effects on Antigen-Presenting Cells and T-Cell Priming 

Pyroptosis plays a central role in initiating adaptive immune 
responses by facilitating the efficient presentation of tumor antigens 
to the immune system. DAMPs released from pyroptotic cells 
stimulate the maturation and migration of dendritic cells (DCs), 
thereby increasing their antigen-presenting capacity. This allows for 
enhanced T cell priming and expansion of tumor-specific T cell 
clones (Tang et al., 2020). 

Given the antigen presentation defects and inadequate T cell 
activation frequently observed in HCC, pyroptosis is considered a 
critical step in reshaping the microenvironment. Specifically, unlike 
apoptosis, GSDME-mediated pyroptosis has the potential to 
compromise immune tolerance by presenting an antigenic load in an 
immunogenic context (Rogers et al., 2017). 

5.6 Modulation of Immunosuppressive Cell Populations 

Pyroptosis-mediated microenvironment reprogramming is not 
limited to the activation of effector immune cells; it also affects the 
immunosuppressive cell populations that dominate the HCC TME. 
Increased inflammatory signals can promote a shift of TAMs tumor-
associated macrophages TAMs from an M2-like immunosuppressive 
phenotype to an M1-like pro-inflammatory phenotype. This 
phenotypic change supports the immunotherapeutic response by 
reducing the suppression of T cell function (Ringelhan et al., 2018). 
However, excessive or chronic pyroptotic activation can have the 
opposite effect through the sustained release of IL-1β and IL-18, 
leading to the re-establishment of an immunosuppressive 
microenvironment by promoting Treg or MDSC expansion. This 
highlights the double-edged nature of pyroptosis in HCC. 
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5.7 Synergistic Interplay Between Pyroptosis and Immune 
Checkpoint Blockade in Hepatocellular Carcinoma 

Immune checkpoint inhibitors (ICIs) aim to reactivate the T cell-
mediated antitumor response, particularly by targeting the PD-1/PD-
L1 axis. However, the clinical efficacy of these agents in HCC is 
limited in most patients because of inadequate antigen presentation, 
low T cell infiltration, and an immunosuppressive tumor 
microenvironment (TME). In this context, pyroptosis offers strong 
potential for functional synergy by providing the necessary 
immunological preconditions for ICI efficacy. 

5.7.1 Pyroptosis-Driven Antigen Release and Enhancement of 
Tumor Immunogenicity 

The effectiveness of immunotherapy depends on the immune 
system's ability to recognize antigens from tumor cells, the 
processing of these antigens by professional antigen-presenting 
cells, and the initiation of a T cell response. However, in 
hepatocellular carcinoma (HCC), since a large proportion of tumor 
cells are eliminated through non-immunogenic (“silent”) cell death 
pathways, such as apoptosis, tumor antigens are not adequately 
recognized by the immune system, and an effective immune priming 
process does not occur (Ringelhan et al., 2018). 

In this context, pyroptosis stands out as a form of cell death that 
radically alters antigen presentation. During pyroptosis, 
inflammasome activation (mostly NLRP3 or AIM2) leads to 
caspase-1 or caspase-4/5/11 activation in non-canonical pathways. 
These caspases proteolytically cleave gasdermin proteins 
(specifically GSDMD or GSDME), leading to the formation of large 
pores in the cell membranes. Consequently, the cell swells, 
undergoes lysis, and its contents are released uncontrollably into the 
extracellular space (Shi, Gao & Shao, 2017; Xu et al., 2021). 
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This release includes not only tumor-associated antigens but also 
damage-associated molecular patterns (DAMPs), such as ATP and 
HMGB1, and potent pro-inflammatory cytokines such as IL-1β and 
IL-18. These molecules trigger signal transduction via TLRs and 
purinergic receptors in dendritic cells, promoting cell maturation, 
MHC class I and II expression, and increased expression of 
costimulatory molecules. This activates the cross-presentation of 
tumor antigens and enhances CD8⁺ T cell priming (Tang et al., 2020). 

Preclinical HCC models have shown that inducing pyroptosis 
increases antigen presentation capacity, accelerates T cell clonal 
expansion, and significantly enhances antitumor immune response 
(Wang et al., 2020). These data suggest that pyroptosis plays a 
central role in overcoming inadequate tumor immunogenicity, which 
is one of the earliest and most critical barriers to immunotherapy in 
HCC. 

5.7.2 Pyroptosis-Mediated T-Cell Infiltration Creates a 
Permissive Context for Checkpoint Blockade 

The tumor microenvironment of hepatocellular carcinoma (HCC) is 
characterized by dense fibrotic stroma, impaired vascular structure, 
and marked hypoxia. These structural and metabolic features often 
render HCC an immunologically “cold” tumor phenotype by 
preventing the effective infiltration of immune cells into tumor tissue 
(Ringelhan et al., 2018). In this context, the access of CD8⁺ T cells 
and natural killer (NK) cells, which are necessary for the 
effectiveness of immune checkpoint inhibitors (ICIs), to the tumor 
bed is severely restricted. 

Pyroptosis plays a critical role in overcoming infiltration barriers. 
Pro-inflammatory cytokines, such as IL-1β and IL-18, along with 
damage-associated molecular patterns (DAMPs) released during 
pyroptotic cell death, generate a potent inflammatory response in the 
tumor microenvironment. This inflammatory environment creates a 
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chemotactic gradient for CXCR3⁺ CD8⁺ T cells and NK cells, 
particularly by increasing the expression of interferon-induced 
chemokines, such as CXCL9 and CXCL10 (Wang et al., 2020). 
Consequently, HCC lesions that were previously devoid of immune 
cells become enriched with effector immune cells. 

This cellular redistribution is not limited to a numerical increase in 
immune cells; it also contributes to the functional reprogramming of 
the tumor microenvironment (TME). Increased T cell infiltration 
enables more efficient recognition of tumor antigens and strengthens 
the local immune response of the body. Thus, pyroptosis 
significantly enhances the biological efficacy of PD-1/PD-L1 
blockade by creating a “permissive immune context” necessary for 
ICIs. 

Consequently, pyroptosis is considered a central regulatory 
mechanism in HCC that facilitates the transformation of “cold” 
tumors into “hot” and immunotherapy-responsive phenotypes by 
overcoming the physical and biochemical barriers that limit immune 
cell entry. 

5.7.3 Relief of T-Cell Exhaustion Through Combined 
Pyroptosis Induction and PD-1/PD-L1 Blockade 

In hepatocellular carcinoma (HCC), chronic antigen exposure from 
tumor cells leads to T-cell exhaustion over time, characterized by 
increased PD-1 expression, decreased cytotoxic capacity, and 
reduced cytokine production (Ringelhan et al., 2018). This 
exhausted phenotype is considered one of the main biological 
barriers limiting the clinical efficacy of immune checkpoint 
inhibitors. 

Pyroptosis is an important complementary mechanism for reversing 
the suppressed state of the immune response. Tumor antigens, 
damage-associated molecular patterns (DAMPs), and pro-
inflammatory cytokines, such as IL-1β and IL-18, released during 
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pyroptotic cell death, strongly stimulate dendritic cell activation, 
antigen presentation, and the recruitment of CD8⁺ cytotoxic T cells 
into the tumor microenvironment. This process promotes a 
numerical increase and functional reactivation of T cells. 

However, T cells activated by pyroptosis can be depleted in a chronic 
inflammatory environment. PD-1/PD-L1 blockade plays a critical 
role in ensuring the continuity of the pyroptosis-induced T cell 
response. In preclinical HCC models, PD-1 blockade applied in 
conjunction with pyroptosis induction has been shown to 
significantly increase IFN-γ production, granzyme B and perforin 
expression, and cytotoxic activity against tumor cells. This 
combination strategy has been reported to provide more pronounced 
tumor shrinkage and prolonged antitumor response than pyroptosis 
or PD-1 blockade alone (Tang et al., 2020; Wang et al., 2020). 

In conclusion, the combined use of pyroptosis and PD-1/PD-L1 
blockade offers a mechanistically grounded and rational strategy for 
overcoming T cell depletion in HCC. This approach has the potential 
to enhance the clinical efficacy of immunotherapy by simultaneously 
targeting the initiation and maintenance of immune responses. 

5.8 Preclinical Evidence Supporting Combination Strategies in 
HCC 

Preclinical studies in hepatocellular carcinoma (HCC) models have 
shown that inducing pyroptosis through pharmacological or genetic 
methods, when combined with immune checkpoint inhibitors (ICIs), 
provides significant and consistent antitumor effects. These studies 
demonstrate that the response to PD-1/PD-L1 blockade is 
significantly increased, and the tumor microenvironment shifts to a 
more immunogenic profile, particularly when gasdermin-mediated 
pyroptosis is activated (Zhang et al., 2020). 

Inducing pyroptosis in experimental HCC models enhances 
dendritic cell activation and CD8⁺ cytotoxic T cell infiltration by 
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increasing antigen release and inflammatory cytokine production in 
tumor tissue. In this context, pyroptosis supports early immune 
response steps, such as antigen presentation and T cell priming, 
which are necessary for the efficacy of ICIs. When administered in 
combination with ICIs, the functional continuity of these activated T 
cells is maintained, and the cytotoxic activity against tumor cells 
becomes more sustained. 

In particular, in models where GSDME-mediated pyroptosis is 
activated, it has been reported that pro-inflammatory cytokines are 
increased in the tumor microenvironment, immunosuppressive cell 
populations (e.g., Tregs and MDSCs) are relatively reduced, and 
antitumor immunity becomes dominant (Zhang et al., 2020). These 
findings suggest that pyroptosis not only enhances tumor cell death 
but also creates a favorable immunological context for ICIs therapy. 

These preclinical data demonstrate that the combination of 
pyroptosis and ICIs has the potential to become a clinically 
significant treatment strategy for HCC. It is also suggested that 
biomarkers associated with pyroptosis, particularly GSDME 
expression levels, may be helpful in predicting which patients might 
benefit from these combination therapies. This approach could 
contribute to the development of more rational and personalized 
immunotherapy strategies for HCC. 

5.9 Enhancing Immunotherapy with Pyroptosis Using 
Pharmacological and Natural Compounds 

The immunogenic properties of pyroptosis make pharmacological 
targeting of this form of cell death and its combination with 
immunotherapeutic approaches an attractive strategy for cancer 
treatment. In immunosuppressed tumors, such as hepatocellular 
carcinoma (HCC), agents that trigger pyroptosis can reshape the 
tumor microenvironment, enhancing the effectiveness of immune 
checkpoint inhibitors. 
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Sorafenib, a long-used treatment for HCC, is known primarily as a 
multikinase inhibitor targeting kinases such as RAF/MEK/ERK and 
VEGFR. However, recent studies have shown that sorafenib's effects 
are not limited to direct antiproliferative effects on tumor cells; it can 
also modulate the immune response within the tumor 
microenvironment. Preclinical studies have reported that sorafenib 
induces caspase-1 and gasdermin-mediated pyroptosis by increasing 
the activation of inflammasomes in tumor-associated macrophages. 
This process enhances the activation of natural killer (NK) cells and 
their cytotoxic response against tumor cells by increasing IL-1β and 
IL-18 release (Zhang et al. 2020). In this context, sorafenib is 
considered an indirect immunomodulator that can make 
immunologically “silent” HCC lesions more immunogenic via 
pyroptosis. 

Additionally, natural compounds offer significant potential for 
combined therapy strategies targeting pyroptosis. Berberine, a 
natural isoquinoline alkaloid, induces pyroptosis in HCC cells by 
triggering inflammasome activation and gasdermin-mediated 
membrane pore formation. Berberine-induced pyroptosis suppresses 
tumor cell proliferation and promotes immune cell recruitment into 
the tumor microenvironment by increasing inflammatory cytokine 
production (Chu et al., 2016). 

Similarly, curcumin can stimulate inflammasome activation and 
caspase-1-dependent pyroptosis while suppressing pro-tumor 
signaling pathways, such as NF-κB and STAT3. This dual effect of 
curcumin is important because it reduces tumor cell survival and 
enhances the immune response through immunogenic cell death. 
Other naturally occurring diterpenoids, such as miltirone, have been 
reported to suppress tumor growth and support antitumor immune 
responses by triggering pyroptosis in HCC cells (Wang et al., 2019). 

The common feature of these pharmacological and natural agents is 
their potential to utilize pyroptosis not only as a mechanism of cell 
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death but also as a microenvironment regulator that enhances the 
sensitivity to immunotherapy. However, given the potent 
inflammatory nature of pyroptosis, the clinical use of these agents 
requires careful dosing and timing. It should be noted that in HCC 
developing against a background of chronic liver disease, 
uncontrolled inflammation can exacerbate liver damage. 

In conclusion, pharmacological induction of pyroptosis via sorafenib 
and various natural compounds offers a promising approach to 
enhance immunotherapy in HCC. In the future, rational 
combinations of these agents with immune checkpoint inhibitors and 
the identification of pyroptosis-based biomarkers to guide patient 
selection will play critical roles in improving clinical success. 

6.Conclusion  

Hepatocellular carcinoma develops against a background of chronic 
liver disease and persistent inflammation, and the interactions 
between cell death mechanisms and the tumor microenvironment 
significantly shape the disease biology. As discussed in this book 
chapter, pyroptosis is a highly inflammatory and immunogenic form 
of programmed cell death mediated by inflammasome activation, 
inflammatory caspases, and gasdermin-mediated pore formation. 
The frequent suppression of apoptosis in HCC and its contribution 
to treatment resistance make pyroptosis an alternative and 
complementary therapeutic target. 

However, the role of pyroptosis in HCC is context-dependent and 
bidirectional in nature. Controlled activation can promote dendritic 
cell maturation, T cell priming, and CD8⁺ T/NK cell infiltration by 
increasing tumor antigen release, whereas chronic and uncontrolled 
inflammation can facilitate tumor progression and immune evasion. 
Therefore, understanding dysregulation of the inflammasome–
caspase–gasdermin axis and evaluating pyroptosis-associated 
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signatures (e.g., gasdermin expression and pyroptosis-associated 
lncRNAs) as biomarkers is critically important. 

In conclusion, the controlled and targeted modulation of pyroptosis, 
particularly in rational combinations with immune checkpoint 
blockade, offers novel therapeutic opportunities for HCC. 
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MOLECULAR MECHANISMS OF NEWLY 
SYNTHESIZED MOLECULES IN CANCER 

TREATMENT 

 

1. Ayşe Nur COŞKUN DEMİRKALP1 

Introduct൴on 

Cancer ൴s a heterogeneous group of d൴seases result൴ng from 
the ൴nteract൴on of genet൴c and env൴ronmental factors, and ൴s among 
the lead൴ng causes of morb൴d൴ty and mortal൴ty worldw൴de (Sung et 
al., 2021). Desp൴te advances ൴n d൴agnost൴c methods and treatment 
protocols, chemotherapy res൴stance, metastat൴c spread tendency, and 
low surv൴val rates ൴n many cancer types l൴m൴t the effect൴veness of 
current treatment approaches (Vasan et al., 2019). Furthermore, 
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many class൴cal ant൴cancer agents can cause ser൴ous s൴de effects on 
healthy cells, and long-term use ൴ncreases tox൴c൴ty. Th൴s s൴tuat൴on 
൴ncreas൴ngly h൴ghl൴ghts the need for new, more select൴ve, low-s൴de-
effect prof൴le, and molecularly targeted therapeut൴c strateg൴es 
(Arruebo et al., 2011). 

Newly synthes൴zed molecules offer s൴gn൴f൴cant potent൴al ൴n 
modern cancer treatment thanks to the൴r un൴que chem൴cal structures, 
funct൴onal groups, and select൴ve ൴nteract൴ons w൴th spec൴f൴c b൴olog൴cal 
targets. Advances ൴n chem൴cal synthes൴s technolog൴es and the 
w൴despread use of structure-act൴v൴ty relat൴onsh൴p (SAR) analyses 
have enabled researchers to develop more rat൴onal drug des൴gns 
target൴ng spec൴f൴c b൴omolecular targets (Ertl, 2020). Sch൴ff base 
der൴vat൴ves, metal complexes, heterocycl൴c compounds, sem൴-
synthet൴c agents der൴ved from natural products, redox-act൴ve 
molecules, and l൴poph൴l൴c next-generat൴on compounds are among the 
most frequently stud൴ed structures ൴n th൴s context (Patel et al., 2021). 
These molecules, thanks to the൴r un൴que chem൴cal propert൴es, can 
൴nduce apoptos൴s ൴n cancer cells, suppress prol൴ferat൴on, or target 
metabol൴c vulnerab൴l൴t൴es observed ൴n tumors. 

One of the most ൴mportant advantages of newly synthes൴zed 
molecules ൴n cancer treatment ൴s the൴r capac൴ty to target mult൴ple 
b൴olog൴cal pathways s൴multaneously. Frequent cell cycle control 
d൴sorders ൴n cancer cells, overexpress൴on of ant൴-apoptot൴c prote൴ns, 
enhanced tolerance to react൴ve oxygen spec൴es (ROS), overact൴vat൴on 
of surv൴val pathways such as PI3K/Akt and MAPK/ERK, and 
ep൴genet൴c reprogramm൴ng are key processes ൴ntervened by these 
compounds (Hanahan, 2022). In add൴t൴on, the ൴mmunosuppress൴ve 
nature of the tumor m൴croenv൴ronment, ൴nflammatory s൴gnal൴ng, 
ang൴ogenes൴s, and molecular changes related to metastat൴c processes 
are also among the current targets of next-generat൴on molecular 
agents (Qua൴l & Joyce, 2017). 
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Th൴s book chapter a൴ms to comprehens൴vely address the 
fundamental b൴ochem൴cal and molecular mechan൴sms of act൴on of 
newly synthes൴zed molecules ൴n cancer treatment. In part൴cular, cell 
cycle regulat൴on, ൴ntr൴ns൴c and extr൴ns൴c apoptos൴s pathways, 
ox൴dat൴ve stress and redox ൴mbalance, modulat൴on of s൴gnal 
transduct൴on networks, and ep൴genet൴c mechan൴sms w൴ll be d൴scussed 
൴n deta൴l. Furthermore, cell culture models used ൴n the precl൴n൴cal 
evaluat൴on of newly synthes൴zed molecules, tox൴c൴ty analyses, real-
t൴me cell mon൴tor൴ng systems, and ൴n v൴vo exper൴mental approaches 
w൴ll also be addressed. The ൴nformat൴on presented here a൴ms to 
prov൴de a sc൴ent൴f൴c bas൴s for new molecule development stud൴es and 
to offer researchers a hol൴st൴c perspect൴ve on the process from 
synthes൴s to cl൴n൴cal appl൴cat൴on. 

Class൴f൴cat൴on of Newly Synthes൴zed Molecules 

Newly synthes൴zed products developed for use ൴n cancer 
treatment are exam൴ned under a very broad class൴f൴cat൴on based on 
the൴r chem൴cal structures, pharmacophore groups, b൴olog൴cal targets, 
and cellular mechan൴sms of act൴on. The class൴f൴cat൴on of new 
generat൴on molecules ൴s not based solely on chem൴cal bonds; factors 
such as the molecule's prote൴n b൴nd൴ng aff൴n൴ty, ൴ntracellular 
d൴str൴but൴on, b൴oava൴lab൴l൴ty, metabol൴c stab൴l൴ty, redox propert൴es, 
and ൴nteract൴on w൴th the tumor m൴croenv൴ronment are also among the 
key determ൴n൴ng cr൴ter൴a (Patel et al., 2021; Ertl, 2020). Th൴s sect൴on 
comprehens൴vely addresses the types of newly synthes൴zed 
molecules; the chem൴cal propert൴es, b൴olog൴cal effects, potent൴al for 
use ൴n cancer treatment, and l൴terature f൴nd൴ngs of each class are 
d൴scussed ൴n deta൴l. 

Sch൴ff bases are compounds formed through the 
condensat൴on of carbonyl compounds w൴th pr൴mary am൴nes, 
character൴zed by the presence of an ൴m൴ne (–C=N–) funct൴onal group. 
The ant൴cancer potent൴al of th൴s chem൴cal class has been recogn൴zed 
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for decades, w൴th ev൴dence ൴nd൴cat൴ng that the൴r b൴olog൴cal act൴v൴ty ൴s 
markedly enhanced when coord൴nated w൴th metal ൴ons to form metal 
complexes (Da S൴lva et al., 2011). The ൴m൴ne bond exh൴b൴ts a strong 
aff൴n൴ty for metal coord൴nat൴on, wh൴le the presence of aromat൴c r൴ngs 
൴ncreases l൴poph൴l൴c൴ty, thereby fac൴l൴tat൴ng cellular membrane 
permeab൴l൴ty. Add൴t൴onally, conjugated structures enhance the ab൴l൴ty 
of Sch൴ff bases to ൴ntercalate w൴th DNA. The ant൴cancer effects of 
Sch൴ff base der൴vat൴ves are med൴ated through mult൴ple mechan൴sms, 
൴nclud൴ng DNA ൴ntercalat൴on and ൴nh൴b൴t൴on of topo൴somerase act൴v൴ty 
(Patel et al., 2021), act൴vat൴on of apoptos൴s v൴a m൴tochondr൴al 
membrane potent൴al collapse (Gürbüz et al., 2019), ൴nduct൴on of 
ox൴dat൴ve stress through ൴ncreased react൴ve oxygen spec൴es (ROS) 
product൴on, and ൴nh൴b൴t൴on of key regulatory prote൴ns such as cycl൴n-
dependent k൴nases (CDKs), ep൴dermal growth factor receptor 
(EGFR), and Bcl-2.In part൴cular, copper-Sch൴ff base complexes are 
among the strongest cand൴dates show൴ng select൴ve tox൴c൴ty ൴n cancer 
cells (Tard൴to & March൴ò, 2009). 

Metal Complexes, The cl൴n൴cal success of c൴splat൴n paved the 
way for the development of ant൴cancer compounds based on metal 
൴ons, and th൴s area rema൴ns one of the most ൴mportant top൴cs ൴n drug 
development research (Barry & Sadler, 2013). 

Plat൴num Complexes, C൴splat൴n, carboplat൴n, oxal൴plat൴n, and 
new generat൴on Pt(IV) pro-drugs. They halt repl൴cat൴on by form൴ng 
൴ntrastrand and ൴nterstrand cross-l൴nks ൴n DNA. New Pt(IV) 
complexes are more stable and become act൴ve ൴n cancer cells by 
be൴ng reduced to Pt(II) (Johnstone et al., 2014). 

Copper Complexes, Copper-based complexes have attracted 
cons൴derable attent൴on as ant൴cancer agents due to the൴r ൴ntr൴ns൴c 
redox act൴v൴ty and ab൴l൴ty to part൴c൴pate ൴n b൴olog൴cally relevant 
electron transfer react൴ons. When coord൴nated w൴th Sch൴ff base, 
sal൴cyl൴c ac൴d, or tr൴azole l൴gands, copper complexes exh൴b൴t 
pronounced ant൴cancer effects, wh൴ch are largely attr൴buted to 
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enhanced stab൴l൴ty, ൴mproved cellular uptake, and select൴ve 
accumulat൴on ൴n tumor cells. A key mechan൴sm underly൴ng the൴r 
cytotox൴c act൴v൴ty ൴nvolves the ൴nduct൴on of ox൴dat൴ve stress through 
Fenton-l൴ke react൴ons, lead൴ng to excess൴ve product൴on of react൴ve 
oxygen spec൴es (ROS). Elevated ROS levels cause ox൴dat൴ve damage 
to DNA, prote൴ns, and l൴p൴ds, ult൴mately tr൴gger൴ng m൴tochondr൴al 
dysfunct൴on and apoptos൴s. Moreover, the redox cycl൴ng between 
Cu(I) and Cu(II) states enables susta൴ned ROS generat൴on, 
contr൴but൴ng to the potent ant൴cancer act൴v൴ty of these complexes 
(Denoyer et al., 2015). 

Ruthen൴um-based compounds, such as NAMI-A and 
KP1019, have emerged as prom൴s൴ng alternat൴ves to plat൴num-based 
chemotherapeut൴c agents due to the൴r lower system൴c tox൴c൴ty and 
d൴st൴nct b൴olog൴cal prof൴les. Unl൴ke class൴cal plat൴num drugs that 
pr൴mar൴ly exert cytotox൴c effects, ruthen൴um complexes have 
demonstrated notable ant൴metastat൴c act൴v൴ty, ൴nh൴b൴t൴ng tumor 
൴nvas൴on and d൴ssem൴nat൴on rather than d൴rectly target൴ng rap൴dly 
d൴v൴d൴ng cells. The൴r ab൴l൴ty to m൴m൴c ൴ron ൴n b൴olog൴cal systems 
fac൴l൴tates select൴ve uptake by tumor t൴ssues, wh൴le the൴r versat൴le 
coord൴nat൴on chem൴stry allows for f൴ne-tun൴ng of l൴gand structures to 
opt൴m൴ze pharmacok൴net൴c and pharmacodynam൴c propert൴es. These 
features, comb൴ned w൴th reduced nephrotox൴c൴ty and ൴mproved 
tolerab൴l൴ty, pos൴t൴on ruthen൴um complexes as attract൴ve cand൴dates 
for next-generat൴on ant൴cancer therap൴es (K൴a et al., 2019). 

Iron- and manganese-based complexes are d൴st൴ngu൴shed by 
the൴r strong redox-act൴ve propert൴es, wh൴ch enable them to d൴srupt 
redox homeostas൴s w൴th൴n cancer cells. Through redox cycl൴ng, these 
metal complexes can ൴nduce excess൴ve ox൴dat൴ve stress, lead൴ng to 
non-apoptot൴c forms of regulated cell death such as necroptos൴s and 
ferroptos൴s. In part൴cular, Fe(III) complexes have attracted 
s൴gn൴f൴cant ൴nterest due to the൴r ab൴l൴ty to promote l൴p൴d perox൴dat൴on 
and ൴ron-dependent react൴ve oxygen spec൴es generat൴on, key 

--45--



hallmarks of ferroptos൴s. The ൴nduct൴on of ferroptot൴c cell death ൴s 
espec൴ally prom൴s൴ng for the treatment of aggress൴ve and therapy-
res൴stant tumors, where convent൴onal apoptos൴s-based strateg൴es 
often fa൴l. Manganese complexes further contr൴bute to ox൴dat൴ve 
stress by modulat൴ng m൴tochondr൴al funct൴on and redox s൴gnal൴ng 
pathways, enhanc൴ng the൴r ant൴cancer potent൴al. Collect൴vely, these 
propert൴es h൴ghl൴ght ൴ron and manganese complexes as emerg൴ng 
cand൴dates ൴n redox-based ant൴cancer strateg൴es (Stockwell et al., 
2017). 

Heterocycl൴c Structures: More than 60% of modern 
ant൴cancer drugs conta൴n heterocycl൴c scaffolds, underscor൴ng the൴r 
central role ൴n contemporary drug des൴gn (Chen et al., 2020). 
Heterocycl൴c structures possess un൴que electron൴c and ster൴c 
propert൴es that enable h൴ghly spec൴f൴c ൴nteract൴ons w൴th prote൴n 
targets ൴nvolved ൴n cancer progress൴on. Among the most prom൴nent 
classes, qu൴nazol൴ne der൴vat൴ves are well known for the൴r eff൴cacy as 
ep൴dermal growth factor receptor (EGFR) ൴nh൴b൴tors, exempl൴f൴ed by 
cl൴n൴cally approved agents such as erlot൴n൴b and gef൴t൴n൴b. 
Pyr൴m൴d൴ne-based compounds have been extens൴vely developed as 
൴nh൴b൴tors of cycl൴n-dependent k൴nases (CDKs) and phospho൴nos൴t൴de 
3-k൴nase (PI3K), thereby ൴nterfer൴ng w൴th key s൴gnal൴ng pathways 
that regulate cell cycle progress൴on and surv൴val. Benz൴m൴dazole 
der൴vat൴ves exert ant൴cancer effects pr൴mar൴ly through m൴crotubule 
destab൴l൴zat൴on, lead൴ng to m൴tot൴c arrest and subsequent cell death. 
In add൴t൴on, ൴ndole and ൴ndazole der൴vat൴ves play cr൴t൴cal roles ൴n the 
modulat൴on of apoptot൴c s൴gnal൴ng pathways by target൴ng mult൴ple 
molecular med൴ators. Collect൴vely, many heterocycl൴c ant൴cancer 
agents not only suppress surv൴val and prol൴ferat൴on s൴gnal൴ng but also 
൴nh൴b൴t matr൴x metalloprote൴nases (MMPs), wh൴ch are closely 
assoc൴ated w൴th tumor ൴nvas൴on and metastas൴s, h൴ghl൴ght൴ng the൴r 
mult൴funct൴onal therapeut൴c potent൴al. 
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Natural products represent one of the r൴chest and most 
product൴ve sources for ant൴cancer drug d൴scovery, w൴th 
approx൴mately 48% of FDA-approved ant൴cancer agents be൴ng e൴ther 
natural products or the൴r der൴vat൴ves (Newman & Cragg, 2020). 
These compounds exh൴b൴t remarkable structural d൴vers൴ty and 
b൴olog൴cal spec൴f൴c൴ty, enabl൴ng them to modulate mult൴ple cancer-
related pathways. Major classes ൴nclude flavono൴ds such as quercet൴n 
and ap൴gen൴n, wh൴ch exert ant൴cancer effects pr൴mar൴ly through 
suppress൴on of the PI3K/Akt s൴gnal൴ng pathway; terpeno൴ds, 
൴nclud൴ng pacl൴taxel (taxol) and artem൴s൴n൴n, wh൴ch ൴nduce 
cytotox൴c൴ty v൴a m൴crotubule stab൴l൴zat൴on and react൴ve oxygen 
spec൴es (ROS) generat൴on; alkalo൴ds such as v൴nblast൴ne and 
camptothec൴n, well known for the൴r ab൴l൴ty to ൴nh൴b൴t topo൴somerase 
act൴v൴ty; and polyphenols such as resveratrol, wh൴ch have been 
shown to modulate ep൴genet൴c mechan൴sms ൴nvolved ൴n tumor 
progress൴on. To overcome l൴m൴tat൴ons assoc൴ated w൴th poor 
b൴oava൴lab൴l൴ty or ൴nstab൴l൴ty of nat൴ve natural products, sem൴-
synthet൴c der൴vat൴ves—൴nclud൴ng docetaxel and topotecan—have 
been developed, offer൴ng ൴mproved pharmacok൴net൴c propert൴es, 
enhanced potency, and ൴ncreased cl൴n൴cal appl൴cab൴l൴ty. 

Redox-Act൴ve Molecules: The dysregulated redox balance 
and elevated basal levels of react൴ve oxygen spec൴es (ROS) ൴n cancer 
cells render redox-act൴ve molecules part൴cularly attract൴ve as 
ant൴cancer agents (Trachootham et al., 2009). Compounds w൴th൴n th൴s 
class explo൴t the vulnerab൴l൴ty of tumor cells to ox൴dat൴ve stress by 
further ൴ncreas൴ng ROS levels beyond the cellular tolerance 
threshold. Qu൴none der൴vat൴ves ൴nduce cytotox൴c൴ty pr൴mar൴ly 
through free rad൴cal–med൴ated DNA damage and redox cycl൴ng 
processes, wh൴le N-ox൴de–conta൴n൴ng molecules can undergo 
select൴ve b൴oreduct൴ve act൴vat൴on ൴n hypox൴c tumor reg൴ons, thereby 
enhanc൴ng tumor select൴v൴ty and m൴n൴m൴z൴ng damage to normal 
t൴ssues. Isoth൴ocyanates exert ant൴cancer effects by modulat൴ng phase 
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II detox൴f൴cat൴on enzymes and d൴srupt൴ng cellular redox homeostas൴s. 
Notably, redox-act൴ve molecules demonstrate he൴ghtened eff൴cacy ൴n 
tumors w൴th elevated glutath൴one levels, where adapt൴ve ant൴ox൴dant 
mechan൴sms can be overwhelmed, lead൴ng to ox൴dat൴ve damage, 
m൴tochondr൴al dysfunct൴on, and subsequent cell death. 

L൴poph൴l൴c compounds read൴ly traverse cellular membranes 
and exert select൴ve cytotox൴c effects on cancer cells by preferent൴ally 
target൴ng m൴tochondr൴a, wh൴ch play a central role ൴n tumor cell 
metabol൴sm and surv൴val. These molecules accumulate w൴th൴n the 
m൴tochondr൴al matr൴x dr൴ven by the elevated m൴tochondr൴al 
membrane potent൴al character൴st൴c of cancer cells, lead൴ng to 
m൴tochondr൴al membrane depolar൴zat൴on, suppress൴on of ATP 
product൴on, and release of cytochrome c ൴nto the cytosol. Subsequent 
act൴vat൴on of caspase cascades ult൴mately results ൴n apoptot൴c cell 
death. Among th൴s class, molecules conjugated w൴th the l൴poph൴l൴c 
cat൴on tr൴phenylphosphon൴um (TPP⁺) have ga൴ned cons൴derable 
attent൴on ൴n recent years due to the൴r eff൴c൴ent m൴tochondr൴al target൴ng 
and enhanced ant൴cancer eff൴cacy. By select൴vely d൴srupt൴ng 
m൴tochondr൴al b൴oenerget൴cs and redox homeostas൴s, TPP⁺-
conjugated compounds represent a prom൴s൴ng strategy for the 
development of next-generat൴on m൴tochondr൴a-d൴rected ant൴cancer 
therapeut൴cs (Mod൴ca-Napol൴tano & Apr൴lle, 2017). 

Novel Molecules Des൴gned as K൴nase Inh൴b൴tors: Newly 
developed molecules target൴ng aberrantly act൴vated k൴nases ൴n cancer 
cells const൴tute the core of modern targeted cancer therapy. 
Dysregulated k൴nase s൴gnal൴ng plays a p൴votal role ൴n tumor ൴n൴t൴at൴on, 
progress൴on, ang൴ogenes൴s, and therapy res൴stance, mak൴ng k൴nases 
h൴ghly attract൴ve therapeut൴c targets. Key k൴nases frequently targeted 
൴n ant൴cancer drug development ൴nclude ep൴dermal growth factor 
receptor (EGFR), vascular endothel൴al growth factor receptor 
(VEGFR), anaplast൴c lymphoma k൴nase (ALK), BCR–ABL fus൴on 
k൴nase, phospho൴nos൴t൴de 3-k൴nase (PI3K), and the mammal൴an target 
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of rapamyc൴n (mTOR). Many newly des൴gned heterocycl൴c 
molecules exh൴b൴t h൴gh aff൴n൴ty for the ATP-b൴nd൴ng pockets of these 
k൴nases, enabl൴ng select൴ve ൴nh൴b൴t൴on of k൴nase act൴v൴ty and 
downstream oncogen൴c s൴gnal൴ng pathways. Through rat൴onal drug 
des൴gn and structure–act൴v൴ty relat൴onsh൴p opt൴m൴zat൴on, these 
൴nh൴b൴tors ach൴eve ൴mproved select൴v൴ty and potency, contr൴but൴ng to 
enhanced therapeut൴c eff൴cacy and reduced off-target tox൴c൴ty. 

Molecular Mechan൴sms of Act൴on 

The therapeut൴c eff൴cacy of newly synthes൴zed ant൴cancer 
molecules ൴s largely determ൴ned by the൴r ab൴l൴ty to target fundamental 
b൴olog൴cal processes that are dysregulated ൴n cancer cells. Mal൴gnant 
cells exh൴b൴t a w൴de spectrum of molecular abnormal൴t൴es, ൴nclud൴ng 
uncontrolled prol൴ferat൴on, evas൴on of apoptos൴s, genom൴c ൴nstab൴l൴ty, 
metabol൴c reprogramm൴ng, hyperact൴vat൴on of ൴ntracellular s൴gnal൴ng 
pathways, and ep൴genet൴c dysregulat൴on. Consequently, 
contemporary drug development strateg൴es have sh൴fted from s൴ngle-
target approaches toward the des൴gn of mult൴funct൴onal molecules 
capable of modulat൴ng mult൴ple cellular pathways s൴multaneously 
(Hanahan, 2022). In th൴s context, newly developed ant൴cancer 
compounds exert the൴r effects through d൴verse molecular 
mechan൴sms, wh൴ch are d൴scussed ൴n th൴s sect൴on under the head൴ngs 
of cell cycle regulat൴on, apoptot൴c s൴gnal൴ng pathways, ox൴dat൴ve 
stress and redox homeostas൴s, modulat൴on of ൴ntracellular s൴gnal൴ng 
cascades, ep൴genet൴c regulat൴on, and ൴nteract൴ons w൴th the tumor 
m൴croenv൴ronment. 

The cell cycle ൴s a t൴ghtly regulated process governed by 
cycl൴ns, cycl൴n-dependent k൴nases (CDKs), and CDK ൴nh൴b൴tors. In 
cancer cells, these regulatory mechan൴sms are frequently d൴srupted, 
and the ൴nact൴vat൴on of cr൴t൴cal checkpo൴nts at the G1/S or G2/M 
trans൴t൴ons leads to uncontrolled cell prol൴ferat൴on (Malumbres & 
Barbac൴d, 2009). Newly synthes൴zed ant൴cancer molecules are 
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capable of ൴nduc൴ng cell cycle arrest through mult൴ple mechan൴sms, 
൴nclud൴ng ൴nh൴b൴t൴on of CDK2, CDK4/6, and CDK1, suppress൴on of 
cycl൴n D1 and cycl൴n E express൴on, and act൴vat൴on of CDK ൴nh൴b൴tors 
such as p21 and p27. In part൴cular, small heterocycl൴c molecules have 
been shown to exh൴b൴t h൴gh aff൴n൴ty for the ATP-b൴nd൴ng pockets of 
CDKs, result൴ng ൴n effect൴ve suppress൴on of k൴nase act൴v൴ty (Asghar 
et al., 2015). Moreover, numerous Sch൴ff base der൴vat൴ves and k൴nase 
൴nh൴b൴tor cand൴dates have been demonstrated to ൴nduce cell cycle 
arrest at the G0/G1 or G2/M phases ൴n cancer cells, an effect that ൴s 
often followed by the act൴vat൴on of apoptot൴c pathways (Otto & 
S൴c൴nsk൴, 2017). 

Apoptos൴s ൴s a v൴tal form of programmed cell death that plays 
a central role ൴n ma൴nta൴n൴ng organ൴smal homeostas൴s. In cancer cells, 
however, the overexpress൴on of ant൴-apoptot൴c prote൴ns and 
suppress൴on of pro-apoptot൴c factors enable mal൴gnant cells to evade 
apoptos൴s and surv൴ve under cond൴t൴ons that would normally tr൴gger 
cell death (Pfeffer & S൴ngh, 2018). 

A substant൴al proport൴on of newly synthes൴zed ant൴cancer 
molecules exert the൴r cytotox൴c effects by target൴ng the 
m൴tochondr൴a-med൴ated ൴ntr൴ns൴c apoptot൴c pathway. Th൴s mechan൴sm 
൴nvolves act൴vat൴on of the pro-apoptot൴c prote൴ns Bax and Bak, 
suppress൴on of ant൴-apoptot൴c members such as Bcl-2 and Bcl-xL, 
loss of m൴tochondr൴al membrane potent൴al, and subsequent release of 
cytochrome c ൴nto the cytosol. These events lead to the sequent൴al 
act൴vat൴on of ൴n൴t൴ator caspase-9 and execut൴oner caspase-3, 
culm൴nat൴ng ൴n apoptot൴c cell death (Youle & Strasser, 2008). 
L൴poph൴l൴c and m൴tochondr൴a-targeted molecules are part൴cularly 
effect൴ve ൴n th൴s context, as they can d൴rectly accumulate w൴th൴n the 
m൴tochondr൴al membrane and ൴nduce select൴ve tox൴c൴ty. Th൴s effect ൴s 
espec൴ally pronounced ൴n tumor cells w൴th h൴gh metabol൴c act൴v൴ty 
and elevated m൴tochondr൴al dependence (Mod൴ca-Napol൴tano & 
Apr൴lle, 2017). 
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Certa൴n newly synthes൴zed ant൴cancer agents are capable of 
൴n൴t൴at൴ng apoptos൴s through act൴vat൴on of death receptors located on 
the cell surface, ൴nclud൴ng Fas (CD95) and tumor necros൴s factor–
related apoptos൴s-൴nduc൴ng l൴gand receptors (TRAIL-R1/R2). 
Engagement of these receptors leads to the format൴on of the death-
൴nduc൴ng s൴gnal൴ng complex (DISC) and subsequent act൴vat൴on of 
൴n൴t൴ator caspase-8. Act൴vated caspase-8 not only d൴rectly tr൴ggers 
downstream execut൴oner caspases but also ൴nduces truncat൴on of the 
BH3-only prote൴n B൴d, thereby establ൴sh൴ng cr൴t൴cal crosstalk 
between the extr൴ns൴c and ൴ntr൴ns൴c m൴tochondr൴al apoptot൴c 
pathways. Th൴s ampl൴f൴cat൴on loop enhances apoptot൴c s൴gnal൴ng and 
contr൴butes to the effect൴ve el൴m൴nat൴on of cancer cells, h൴ghl൴ght൴ng 
the therapeut൴c relevance of death receptor–med൴ated apoptos൴s ൴n 
ant൴cancer drug development (Ashkenaz൴, 2015). 

Cancer cells character൴st൴cally generate h൴gher basal levels of 
react൴ve oxygen spec൴es (ROS) compared to normal cells; however, 
they concurrently develop robust ant൴ox൴dant defense mechan൴sms 
that enhance the൴r tolerance to ox൴dat൴ve stress (Trachootham et al., 
2009). Newly synthes൴zed redox-act൴ve molecules explo൴t th൴s 
vulnerab൴l൴ty by further perturb൴ng redox balance, thereby push൴ng 
൴ntracellular ROS levels beyond the threshold compat൴ble w൴th cell 
surv൴val. These compounds ൴nduce cytotox൴c൴ty through mult൴ple 
mechan൴sms, ൴nclud൴ng enhancement of ROS product൴on, deplet൴on 
of ൴ntracellular glutath൴one (GSH) levels, and suppress൴on of 
ant൴ox൴dant enzymes. Metal complexes and qu൴none der൴vat൴ves are 
part൴cularly effect൴ve ൴n med൴at൴ng ox൴dat൴ve stress–൴nduced 
cytotox൴c൴ty through these pathways (L൴ou & Storz, 2010). Excess൴ve 
ROS accumulat൴on results ൴n w൴despread macromolecular damage, 
൴nclud൴ng DNA strand breaks, l൴p൴d perox൴dat൴on, and prote൴n 
ox൴dat൴on, ult൴mately tr൴gger൴ng programmed and non-programmed 
cell death pathways such as apoptos൴s, necroptos൴s, or ferroptos൴s 
(Stockwell et al., 2017). 
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Key S൴gnal൴ng Pathways ൴n Cancer Cell Surv൴val and 
Prol൴ferat൴on: Among the pr൴nc൴pal s൴gnal൴ng pathways ൴nvolved ൴n 
cancer cell surv൴val, prol൴ferat൴on, and therapy res൴stance are the 
PI3K/Akt/mTOR, MAPK/ERK, JAK/STAT, and NF-κB pathways, 
all of wh൴ch are frequently dysregulated ൴n mal൴gnant cells. 

PI3K/Akt/mTOR Pathway: The PI3K/Akt/mTOR s൴gnal൴ng 
cascade plays a cr൴t൴cal role ൴n regulat൴ng cellular growth, 
metabol൴sm, and evas൴on of apoptos൴s. Aberrant act൴vat൴on of th൴s 
pathway ൴s a hallmark of many cancer types and ൴s closely assoc൴ated 
w൴th tumor progress൴on and therapeut൴c res൴stance. Numerous newly 
synthes൴zed small molecules have been shown to exert ant൴cancer 
effects by attenuat൴ng Akt phosphorylat൴on, suppress൴ng mTOR 
act൴v൴ty, and ൴nduc൴ng autophagy, thereby d൴srupt൴ng pro-surv൴val 
s൴gnal൴ng and sens൴t൴z൴ng cancer cells to cell death (Hua et al., 2019). 

MAPK/ERK Pathway: Aberrant act൴vat൴on of the m൴togen-
act൴vated prote൴n k൴nase (MAPK)/extracellular s൴gnal–regulated 
k൴nase (ERK) pathway ൴s closely assoc൴ated w൴th enhanced cell 
prol൴ferat൴on, ൴nvas൴on, and metastat൴c potent൴al ൴n cancer. Pers൴stent 
st൴mulat൴on of th൴s s൴gnal൴ng cascade promotes uncontrolled growth 
and res൴stance to apoptos൴s. Heterocycl൴c molecules and k൴nase 
൴nh൴b൴tors have demonstrated s൴gn൴f൴cant eff൴cacy ൴n suppress൴ng 
MAPK/ERK s൴gnal൴ng by ൴nh൴b൴t൴ng upstream k൴nases or d൴rectly 
target൴ng ERK act൴vat൴on, thereby reduc൴ng tumor cell prol൴ferat൴on 
and metastat൴c behav൴or (Dh൴llon et al., 2007). 

NF-κB and STAT3 S൴gnal൴ng: The transcr൴pt൴on factors 
nuclear factor kappa B (NF-κB) and s൴gnal transducer and act൴vator 
of transcr൴pt൴on 3 (STAT3) play p൴votal roles ൴n ൴nflammat൴on, cell 
surv൴val, ൴mmune evas൴on, and ang൴ogenes൴s ൴n cancer. Const൴tut൴ve 
act൴vat൴on of these pathways contr൴butes to tumor progress൴on and 
res൴stance to therapy. Recent stud൴es have shown that newly 
synthes൴zed ant൴cancer agents can ൴nh൴b൴t NF-κB nuclear 
translocat൴on and suppress STAT3 act൴vat൴on, lead൴ng to 
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downregulat൴on of pro-surv൴val and pro-൴nflammatory gene 
express൴on and enhanced suscept൴b൴l൴ty of cancer cells to apoptos൴s 
(Yu et al., 2014). 

Regulat൴on of Ep൴genet൴c Mechan൴sms: Ep൴genet൴c alterat൴ons 
play a fundamental role ൴n cancer development and progress൴on by 
൴nduc൴ng her൴table yet revers൴ble changes ൴n gene express൴on w൴thout 
alter൴ng the underly൴ng DNA sequence. Key ep൴genet൴c mechan൴sms 
൴nclude DNA methylat൴on, h൴stone mod൴f൴cat൴ons, and chromat൴n 
remodel൴ng, all of wh൴ch contr൴bute to the stable s൴lenc൴ng of tumor 
suppressor genes and aberrant act൴vat൴on of oncogen൴c pathways 
(Jones & Bayl൴n, 2007). Newly synthes൴zed ep൴genet൴c modulator 
molecules exert ant൴cancer effects through d൴verse mechan൴sms, 
൴nclud൴ng ൴nh൴b൴t൴on of DNA methyltransferases (DNMTs), lead൴ng 
to react൴vat൴on of tumor suppressor genes; ൴nh൴b൴t൴on of h൴stone 
deacetylases (HDACs), result൴ng ൴n chromat൴n relaxat൴on and 
enhanced transcr൴pt൴onal act൴v൴ty; and ൴nh൴b൴t൴on of bromodoma൴n 
and extraterm൴nal (BET) prote൴ns, wh൴ch suppress oncogene 
express൴on. Notably, ep൴genet൴c agents offer s൴gn൴f൴cant therapeut൴c 
advantages ൴n comb൴nat൴on treatment strateg൴es, part൴cularly for 
chemotherapy-res൴stant tumors, by restor൴ng drug sens൴t൴v൴ty and 
modulat൴ng mult൴ple cancer-assoc൴ated pathways s൴multaneously 
(Dawson & Kouzar൴des, 2012). 

Effects on the Tumor M൴croenv൴ronment and Metastas൴s: 
Next-generat൴on ant൴cancer molecules are des൴gned not only to target 
cancer cells d൴rectly but also to modulate the tumor 
m൴croenv൴ronment, wh൴ch plays a cr൴t൴cal role ൴n tumor growth, 
൴mmune evas൴on, and metastat൴c d൴ssem൴nat൴on. Key processes 
w൴th൴n the tumor m൴croenv൴ronment ൴nclude ang൴ogenes൴s, 
extracellular matr൴x remodel൴ng, and ൴nteract൴ons w൴th ൴mmune cells. 
Newly synthes൴zed compounds have been shown to exert ant൴-
metastat൴c effects through mult൴ple mechan൴sms, ൴nclud൴ng 
suppress൴on of vascular endothel൴al growth factor (VEGF) s൴gnal൴ng, 
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൴nh൴b൴t൴on of matr൴x metalloprote൴nases such as MMP-2 and MMP-
9, and blockade of ep൴thel൴al–mesenchymal trans൴t൴on (EMT). By 
൴nterfer൴ng w൴th these processes, these agents l൴m൴t tumor ൴nvas൴on, 
m൴grat൴on, and colon൴zat൴on of d൴stant organs, h൴ghl൴ght൴ng the൴r 
potent൴al as effect൴ve strateg൴es for controll൴ng cancer progress൴on 
and metastas൴s (Qua൴l & Joyce, 2013). 

Future Perspect൴ves 

The development of newly synthes൴zed molecules ൴n cancer 
treatment ൴s not l൴m൴ted to obta൴n൴ng effect൴ve compounds; ൴t also 
encompasses mult൴-d൴mens൴onal approaches such as target-spec൴f൴c 
del൴very of these molecules, ൴ncreas൴ng the൴r b൴oava൴lab൴l൴ty, 
reduc൴ng the൴r tox൴c൴ty, and ൴mprov൴ng the൴r cl൴n൴cal success. In th൴s 
context, nanopart൴cle-based del൴very systems, comb൴nat൴on 
therap൴es, and art൴f൴c൴al ൴ntell൴gence-ass൴sted drug des൴gn are among 
the most ൴mportant strateg൴es shap൴ng the future of ant൴cancer drug 
development processes. 

Nanopart൴cle-Based Drug Del൴very Systems: 
Nanotechnology has attracted ൴ncreas൴ng ൴nterest ൴n cancer therapy 
due to ൴ts strong potent൴al to opt൴m൴ze the pharmacok൴net൴c and 
pharmacodynam൴c propert൴es of newly synthes൴zed ant൴cancer 
molecules. Nanopart൴cle-based del൴very systems encompass a w൴de 
range of platforms, ൴nclud൴ng l൴posomes, polymer൴c nanopart൴cles, 
dendr൴mers, metal nanopart൴cles, and sol൴d l൴p൴d nanopart൴cles. These 
systems can prolong the retent൴on of therapeut൴c agents w൴th൴n tumor 
t൴ssues wh൴le s൴gn൴f൴cantly reduc൴ng off-target tox൴c൴ty ൴n healthy 
t൴ssues. Encapsulat൴on of newly developed molecules ൴nto 
nanopart൴culate carr൴ers effect൴vely addresses class൴cal challenges ൴n 
drug development, such as poor aqueous solub൴l൴ty, rap൴d metabol൴c 
degradat൴on, and nonspec൴f൴c b൴od൴str൴but൴on. Moreover, pass൴ve 
target൴ng can be ach൴eved by explo൴t൴ng the enhanced permeab൴l൴ty 
and retent൴on (EPR) effect character൴st൴c of tumor vasculature. In 
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add൴t൴on to pass൴ve target൴ng, act൴ve target൴ng strateg൴es further 
enhance tumor select൴v൴ty through surface funct൴onal൴zat൴on of 
nanopart൴cles w൴th ant൴bod൴es, pept൴des, or l൴gands such as folate and 
transferr൴n. Recent advances ൴n the development of smart 
nanopart൴cle systems—respons൴ve to redox cond൴t൴ons, pH changes, 
or enzymat൴c act൴v൴ty—enable controlled and st൴mul൴-tr൴ggered drug 
release by leverag൴ng the un൴que b൴ochem൴cal features of the tumor 
m൴croenv൴ronment. Collect൴vely, these approaches s൴gn൴f൴cantly 
൴mprove the therapeut൴c eff൴cacy of newly synthes൴zed molecules 
wh൴le m൴n൴m൴z൴ng system൴c s൴de effects, h൴ghl൴ght൴ng the grow൴ng 
൴mportance of nanotechnology ൴n modern ant൴cancer drug del൴very 
(Peer et al., 2007; Torch൴l൴n, 2014). 

Comb൴nat൴on Therap൴es and Synerg൴st൴c Approaches: The 
heterogeneous nature of cancer cells and the൴r capac൴ty to develop 
adapt൴ve res൴stance mechan൴sms s൴gn൴f൴cantly l൴m൴t the long-term 
eff൴cacy of s൴ngle-agent therap൴es. Consequently, the use of newly 
synthes൴zed molecules ൴n comb൴nat൴on w൴th ex൴st൴ng 
chemotherapeut൴c agents, targeted therap൴es, or ൴mmunotherap൴es ൴s 
൴ncreas൴ngly regarded as one of the most prom൴s൴ng strateg൴es ൴n 
modern cancer treatment. Comb൴nat൴on therap൴es a൴m to suppress 
mult൴ple b൴olog൴cal pathways w൴th൴n tumor cells through the 
s൴multaneous or sequent൴al adm൴n൴strat൴on of agents w൴th d൴st൴nct 
mechan൴sms of act൴on. For ൴nstance, comb൴n൴ng a newly synthes൴zed 
compound that ൴nduces apoptos൴s w൴th a DNA-damag൴ng 
chemotherapeut൴c agent can result ൴n synerg൴st൴c cytotox൴c effects. 
S൴m൴larly, novel molecules w൴th ep൴genet൴c regulatory propert൴es 
have been shown to restore sens൴t൴v൴ty to convent൴onal 
chemotherapy. In add൴t൴on to enhanc൴ng therapeut൴c eff൴cacy, 
comb൴nat൴on strateg൴es allow for dose reduct൴on of ൴nd൴v൴dual agents, 
thereby m൴n൴m൴z൴ng tox൴c൴ty and ൴mprov൴ng pat൴ent compl൴ance. 
Precl൴n൴cal comb൴nat൴on stud൴es conducted ൴n cell culture systems 
and ൴n v൴vo models prov൴de a robust sc൴ent൴f൴c foundat൴on for cl൴n൴cal 
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translat൴on. Therefore, early evaluat൴on of the comb൴nat൴on potent൴al 
of newly synthes൴zed molecules has emerged as a cr൴t൴cal component 
of ant൴cancer drug development p൴pel൴nes (Al-Laz൴kan൴ et al., 2012; 
Bayat Mokhtar൴ et al., 2017). 

AI-Ass൴sted Drug Des൴gn: Art൴f൴c൴al ൴ntell൴gence (AI) and 
mach൴ne learn൴ng approaches are transform൴ng the landscape of drug 
d൴scovery and development by ൴ntroduc൴ng unprecedented levels of 
eff൴c൴ency and prec൴s൴on. In part൴cular, AI-based methodolog൴es 
appl൴ed dur൴ng the des൴gn phase of newly synthes൴zed molecules 
offer substant൴al advantages ൴n terms of t൴me and cost reduct൴on. 
These approaches enable h൴ghly accurate pred൴ct൴ons across mult൴ple 
stages of drug development, ൴nclud൴ng v൴rtual screen൴ng, molecular 
dock൴ng, structure–act൴v൴ty relat൴onsh൴p (SAR) model൴ng, and 
tox൴c൴ty pred൴ct൴on. Deep learn൴ng algor൴thms tra൴ned on large 
chem൴cal and b൴olog൴cal datasets fac൴l൴tate the ൴dent൴f൴cat൴on and 
des൴gn of molecules w൴th h൴gh aff൴n൴ty for spec൴f൴c b൴olog൴cal targets, 
thereby reduc൴ng the need for extens൴ve exper൴mental screen൴ng of 
large compound l൴brar൴es. As a result, the most prom൴s൴ng cand൴dates 
can be pr൴or൴t൴zed early, s൴gn൴f൴cantly ൴mprov൴ng the eff൴c൴ency of 
laboratory-based stud൴es. Moreover, AI-ass൴sted models can pred൴ct 
key pharmacok൴net൴c parameters such as l൴poph൴l൴c൴ty, 
b൴oava൴lab൴l൴ty, metabol൴c stab൴l൴ty, and potent൴al tox൴c൴ty, 
contr൴but൴ng to more ൴nformed dec൴s൴on-mak൴ng ൴n lead opt൴m൴zat൴on. 
Look൴ng ahead, the ൴ntegrat൴on of AI-dr൴ven drug des൴gn w൴th 
nanopart൴cle-based del൴very systems and comb൴nat൴on therapy 
strateg൴es ൴s expected to play a p൴votal role ൴n the advancement of 
personal൴zed cancer treatments. Th൴s hol൴st൴c and mult൴d൴sc൴pl൴nary 
parad൴gm a൴ms to enhance the cl൴n൴cal success rates of newly 
synthes൴zed ant൴cancer molecules (Zhavoronkov et al., 2019; 
Vamathevan et al., 2019). 

Conclus൴on 
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Cancer ൴s a h൴ghly heterogeneous d൴sease shaped by complex 
genet൴c, ep൴genet൴c, and env൴ronmental ൴nteract൴ons, wh൴ch l൴m൴ts the 
effect൴veness of convent൴onal s൴ngle-target therap൴es. Th൴s 
complex൴ty necess൴tates the development of more select൴ve, 
mult൴targeted, and personal൴zed treatment strateg൴es. In th൴s context, 
newly synthes൴zed molecules have emerged as prom൴s൴ng cand൴dates 
൴n modern oncology due to the൴r d൴verse chem൴cal structures and 
mult൴faceted mechan൴sms of act൴on. 

Th൴s chapter has summar൴zed the ant൴cancer potent൴al of 
newly synthes൴zed molecules w൴th൴n the framework of the൴r chem൴cal 
class൴f൴cat൴ons, molecular mechan൴sms, precl൴n൴cal evaluat൴on 
strateg൴es, and structure–act൴v൴ty relat൴onsh൴ps. Key mechan൴sms 
underly൴ng the൴r therapeut൴c effects ൴nclude cell cycle regulat൴on, 
react൴vat൴on of apoptot൴c pathways, d൴srupt൴on of redox homeostas൴s, 
modulat൴on of cr൴t൴cal ൴ntracellular s൴gnal൴ng cascades, and 
ep൴genet൴c regulat൴on. Together, these mult൴d൴mens൴onal act൴v൴t൴es 
h൴ghl൴ght the potent൴al of novel compounds to overcome major 
cl൴n൴cal challenges such as chemores൴stance and tumor adaptat൴on. 

Rat൴onal drug des൴gn approaches, supported by SAR analyses 
and molecular model൴ng, play a central role ൴n opt൴m൴z൴ng the 
eff൴cacy and select൴v൴ty of these molecules. Look൴ng forward, the 
൴ntegrat൴on of nanopart൴cle-based del൴very systems, comb൴nat൴on 
therapy strateg൴es, and art൴f൴c൴al ൴ntell൴gence–ass൴sted drug des൴gn ൴s 
expected to s൴gn൴f൴cantly enhance the cl൴n൴cal translat൴on and success 
of newly synthes൴zed ant൴cancer agents. 

In conclus൴on, newly synthes൴zed molecules represent not 
only alternat൴ve therapeut൴c opt൴ons but also key components of next-
generat൴on targeted and personal൴zed cancer treatments. Cont൴nued 
൴nterd൴sc൴pl൴nary collaborat൴on w൴ll be essent൴al to translate these 
advances ൴nto effect൴ve and susta൴nable cl൴n൴cal solut൴ons. 
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1 

Introduction 

In light of the uncontrolled proliferation of cancer cells, the 

induction of cell death is regarded as a treatment modality against 

these cells. Therapeutic methods, such as chemotherapy and 

radiotherapy, have been developed to eradicate malignant cells and 

have been associated with cancer treatment for a considerable 

period. However, these treatments also result in the death of 

numerous normal cells and the occurrence of undesirable side 

effects. The present study hypothesizes that focusing on cancer cells, 

as opposed to the induction of regional damage and the consequent 
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reduction in cell viability, will prevent the occurrence of these 

deleterious side effects. When cells become non-viable, they are 

exposed to cell death mechanisms that have evolved for this purpose 

and are programmed to activate across species, a process termed 

"apoptosis" (Dl, 1994: 777; Moyer, Tanaka & Cheng, 2025: 303). 

This type of cell death differs from necrosis and autophagy and 

occurs as a result of a physiological suicide process rather than a 

hostile environment. 

In a global context, gene therapy is defined as a treatment 

approach that involves the correction of a genetic defect by the 

addition of a normal/healthy sequence of a defective or missing 

gene, thereby correcting the underlying disorder (Friedmann, 1992: 

93). The early focus of gene therapy on rare diseases caused by 

harmful monogenic (single-gene) defects is well documented 

(Vrellaku et al., 2024: 3220). Nevertheless, advancements in this 

domain have demonstrated that gene therapy techniques may possess 

a broad spectrum of potential applications (Wirth, Parker & Ylä-

Herttuala, 2013: 162). Although the traditional way of treating 

cancer involves the use of certain chemotherapeutic agents, the 

development of chemoresistance during the therapeutic process is 

one of the main factors causing many forms of chemotherapy to fail 

(Gottesman, 2002: 615). Despite the remarkably accomplishments 

in recent years in the field of target identification strategies, cancer 

gene therapy remains in its infancy (Das et al., 2015: 259). 

Notwithstanding the local administration of these recombinant 

viruses, the potential exists for their dissemination to other tissues, a 

phenomenon attributable to the advanced vascular structure 

characteristic of tumor tissue. This, in turn, can lead to undesirable 

outcomes. 
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1.1 Solving Problems in Viral Gene Transfer 

A significant benefit of viral vector-based gene therapies is 

its capacity to target specific cells, a process contingent on the 

substantial interaction between viral proteins and host receptors that 

are serotype-specific. However, the efficacy of viral delivery can 

vary for several reasons. In addition to immune system responses, 

the treatment approach may be a contributing factor. The absence or 

Figure 1. Cell and gene therapies (created with BioRender.com).  
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reduction of receptor expression in the target cell or tissue has been 

demonstrated to result in a concomitant reduction in gene transfer 

efficiency. It is important to note that cancer cells do not constitute a 

homogeneous population; consequently, targeting a single cellular 

surface receptor may not be the most effective strategy. From this 

standpoint, the following approaches may be considered: 

• Eliminating the adverse effects of the innate immune 

response to viral vectors is an important approach. As 

tissue-specific macrophages and Kupffer cells are critical 

in reducing this effect, the choice of molecules injected 

with viral vectors, such as polyethylene glycol (PEG) and 

similar synthetic polypeptides, can be modified. It has 

been demonstrated that PEGylation, a process which 

involves the coating of viral particles with poly(lactic-co-

glycolic acid) (PLGA) or poly-[N-(2-hydroxypropyl) 

methacrylamide], has a detrimental effect on viral cell 

targeting and reduces host-vector interactions  (Abel, 

Angel, Kiguchi & Di, Giovanni, 2009: 1350). 

• Complement activation, a component of the immune 

system, has been identified as a significant impediment 

to the efficacy of gene transfer via viral mechanisms. 

PEG has been shown to masks important proteins 

involved in virus recognition, thereby protecting viral 

particles from the immune system. An alternative 

approach suggests that the incorporation of host cell 

proteins into the structure of the viral capsid may serve as 

a means  of preventing  complement activation 

(Vanderplasschen, Mathew, Hollinshead, Sim & Smith, 

1998: 7544). 

• An alternative approach involves the recombinant 

expression of the soluble form of CD59 in viruses, which 
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prevents the accumulation of the membrane attack 

complex and lysis of these viruses by  the  complement 

(Gandhi, Cashman & Kumar-Singh, 2011: e21621). 

• Another approach to   enhance gene transfer efficacy is 

the use of pharmacological agents that suppress the 

immune system.  Compared to alternative approaches, 

this method is distinguished by its simplicity and ease of 

application, as it does not involve pre-design or 

recombinant modifications. For prophylactic purposes, 

IL-10 and rapamycin (an immunosuppressive drug) have 

been used in combination in virus-mediated gene 

transfer, with immune responses to exogenously 

administered genetic products blocked in  in vivo  animal 

models  (Nayak et al., 2009: 1523). 

• The use of a range of viruses for gene transfers has led to 

enhanced efficacy, attributable to the potent stimulation 

of the immune response by adenoviruses. The utilization 

of alternative viral vector systems, such as lentiviruses 

and adeno-associated viruses, has been demonstrated to 

elicit diminished immune responses  (Batty & Lillicrap, 

2024: 2945). 

A significant challenge that undermines the efficacy of 

treatment is that viruses administered intravenously for therapeutic 

purposes primarily interact with cells found in the liver and spleen 

(Shashkova, Doronin, Senac & Barry, 2008: 5896). Furthermore, 

factors such as vector neutralization, non-cell-specific binding of 

viruses, retention of viral particles by cells or tissues, and the 

inability of viruses to detect tumor cells behind the endothelial 

matrix barrier limit treatment outcomes (Das et al., 2015: 259). 

Adenovirus serotype 5 (Ad5) vectors have been employed to 

enhance the therapeutic efficacy of certain types of cancer by 
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infecting target cancer cells through expressing of coxsackie and 

adenovirus receptors (CARs). These receptors are poorly expressed 

in human cancer cells (Coyne & Bergelson, 2006: 119; Philipson & 

Pettersson, 2004: 87).   

The objective of this study was to enhance binding to 

integrin-binding viral protein subunits (HI-loops) on the capsid 

surface by structurally incorporating an RGD (Arg-Gly-Asp) motif 

into adeno-associated viruses (AAVs) for the development of viral 

therapy, even without targeting CAR expression (Nicol, 2005: 291). 

One of the earliest documented studies involved a virion design 

comprising both an RGD motif and a poly-lysine ligand (heparin 

sulfate proteoglycan) (Wu et al., 2002: 1647). In a separate study, a 

CAR-non-targeted chimeric adenovirus vector containing Ad3 fiber 

proteins incorporated into the Ad5 capsid was developed (Krasnykh, 

Mikheeva, Douglas & Curiel, 1996: 6839). These virions (Ad.5/3) 

have demonstrated antiviral efficacy in cancer cells with low CAR 

expression, including melanoma, ovarian cancer, renal cancer, 

squamous cell carcinoma, glioma, prostate cancer, pancreatic cancer 

and colorectal cancer (B. Azab et al., 2012: 2145; B. M. Azab et al., 

2014: 34; Rupesh Dash et al., 2011: 8785; R Dash et al., 2010: 447; 

Eulitt et al., 2010: 1290; Hamed et al., 2013: 171; Haviv et al., 2002: 

4273; Kanerva et al., 2002: 275; Kawakami et al., 2003: 1262; Park 

et al., 2011: 368; Rein et al., 2005: 1327; Rivera et al., 2004: 1694; 

Sarkar et al., 2014: 125; Volk et al., 2003: 511). 

Natural tropism imposes limitations on the capacity of 

adenoviruses to target specific tissue/cell types, and transduction of 

non-target tissues due to natural tropism can result in undesirable 

side effects of viral applications. Consequently, both CAR and αv 

integrin-binding interactions have been modified to prevent CAR-

associated natural tropism (Einfeld et al., 2001: 11284). In other 

similar designs, Ad vectors consisting of both fibrin and wild-type 

fibers have been developed that present a 6-His motif, demonstrating 

--70--



gene transduction specific to both CAR and the artificial 6-His 

receptor. The incorporation of a peptide sequence (SY-GYLPLP, a 

vascular endothelial cell-targeting peptide) or an antibody mimetic 

termed "affibody" into the HI loop to facilitate cellular-specific 

targeting has led to enhanced gene transfer in various cancer cell 

lines (Das et al., 2015: 259). Adenoviruses expressing an anti-

EpCAM antibody conjugated with a neutralizing fiber-inhibiting 

antibody have been developed to target the adhesion molecule 

(EpCAM) found on tumor cells (Haisma et al., 1999: 1469). 

1.2 Regulation of Gene Transfer Specific Expression in Cells 

The most significant consideration in the utilization of viral 

vectors for the transfer of diverse genetic sequences into cells for 

cancer treatment is the assurance of tumor-specific expression. The 

utilization of selective promoters, which are tailored to tumors or 

cancer cells, resulting in the limitation of expression in specific 

cellular subpopulations, represents an approach that has been 

extensively investigated through both in vitro studies and live animal 

experiments. The identification of an appropriate tumor-

selective/specific promoter is a critical step in this approach. 

Rodriguez et al. (1997) designed a tumor-selective promoter by 

inserting a prostate-specific antigen (PSA) promoter/enhancer 

sequence upstream of the E1A gene, resulting in a prostate-specific 

oncolytic virus. However, it should be noted that the designs of 

viruses are not limited to the PSA promoter/enhancer. Furthermore, 

a surviving promoter for glioma (Van Houdt et al., 2006: 583), the 

β-catenin-responsive promoter for colorectal and liver cancer 

(Fuerer & Iggo, 2002: 270) and the tyrosinase promoter for 

melanoma (Nettelbeck, Rivera, Balagué, Alemany & Curiel, 2002: 

4663) are a few examples of promoters utilized to direct viral 

replication genes in specific cancers. Similarly, oncolytic viruses 

have been developed using a cyclooxygenase-2 (Cox2) promoter to 

target various types of cancer, including cervical, ovarian, and 
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pancreatic cancers (Hoffmann & Wildner, 2006: 374). MUC1/DF3 

(Fukazawa et al., 2010: 3), alpha-fetoprotein (AFP) (Hallenbeck et 

al., 1999: 1721), and squamous cell carcinoma antigen-2, which 

targets squamous cell carcinoma (Hamada et al., 2010: 545), as well 

as the glial fibrillary acidic protein promoter for GBM, have been 

validated at the preclinical level and have been demonstrated to be 

effective in various animal models. 

Numerous adenovirus types have been engineered for this 

purpose, either as monotherapy or in combination with 

chemotherapy. As outlined in the following section, some of these 

include viruses containing the p53 gene, which is expressed under 

the CMV promoter (Ad5CMV-p53) (clinicaltrials.gov, Clinical Trial 

No. The following references are relevant to the present study: 

NCT00004038, NCT00003450, NCT00004225, NCT00044993, 

NCT00003649, NCT00004041 and NCT00003167. The following 

references are also relevant to the present study, albeit to a lesser 

extent: Ad5-yCD/mutTKSR39rep-hIL12 (NCT03281382, 

NCT00406939 (IL-12 only)), an oncolytic adenovirus engineered 

for IL-12 therapy that expresses two suicide genes and human IL-12. 

The Ad5 virus was modified to contain the human CD40L gene with 

an RSV promoter (AdCD40L) (NCT00891748). In addition, an 

adenoviral vector that expresses the herpes thymidine kinase gene 

(AdV-tk) has been developed (NCT00589875, NCT00300521, and 

NCT00005057). Concurrent with viral studies, non-viral clinical 

trials are being conducted in parallel, though in smaller numbers: 

cationic liposomes conjugated with an anti-transferrin receptor 

single-chain antibody fragment (TfRscFv), containing the tumor 

suppressor gene RB94 (NCT01517464) or liposomes containing 

epidermal growth factor receptor (EGFR) antisense DNA 

(NCT00009841). 

Despite the extensive range of designs and methodologies 

that have been developed for in vitro studies in the literature during 
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clinical research, there is a limited number of studies that have 

reached the clinical trial stage and have been successfully completed. 

This situation can be attributed to preconceived notions and biases 

against gene therapy and virus-based studies. Moreover, owing to 

the expeditious and unambiguous responses engendered by 

immunotherapy, the chimeric antigen receptor (CAR) T-cell therapy 

approach, an ex vivo T-cell-based treatment modality, has undergone 

a marked increase in utilization. 

1.3 Alternative Approaches in Cancer Treatment 

CAR T-cell therapy is an immunotherapeutic approach that 

involves the genetic modification of a patient's T cells to express a 

synthetic receptor that can recognize and target a specific antigen on 

tumor cells (Brudno, Maus & Hinrichs, 2024: 1924; Marofi et al., 

2021: 81). The distinctive and precise impact of CAR T-cells is 

typically attributable to the integration of the extracellular antigen-

binding domains of antibodies (single-chain variable fragments 

(scFv) and heavy chain variable region (VH)-based ligands) with the 

intracellular signaling mechanism of the T cell receptor (TCR) CD3 

chain (Rahbarizadeh, Ahmadvand & Moghimi, 2019: 41). Despite 

the encouraging developments witnessed in recent years, the reasons 

for the failure of CAR T-cell therapy are multifactorial and may not 

be resolved by synthetic biological advances alone (Dimitri, Herbst 

& Fraietta, 2022: 78). 

Gene therapy has the potential to enhance the efficacy of T 

cells with targeted modifications and reduce treatment risks by 

redirecting the specificity of the immune response, in conjunction 

with genome editing. The CRISPR system, when employed in 

conjunction with CRISPR and related Cas endonucleases, which 

have recently been frequently used as gene regulators, constitutes a 

powerful gene-editing technology that potentially allows targeting 

multiple genes in T cells to improve cancer immunotherapy 
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(Schmidt et al., 2022: eabj4008; Stadtmauer et al., 2020). Gene 

therapy and genome editing approaches have the potential to modify 

T cell dysfunction and enhance immune targeting. The interaction 

between programmed cell death protein 1 (PD-1) on activated T cells 

and PD-1 ligand (PD-1L) on cancer cells limits the lethal effects of 

chimeric antigen receptor (CAR) T cells on solid tumors (Hu et al., 

2019: 365). It has been demonstrated that the function and 

persistence of T cells can be enhanced by the removal of both the 

endogenous T cell receptor (TCR) and the immune checkpoint 

molecule programmed cell death protein 1 (PD-1) from the genome 

sequence using CRISPR-Cas9 technology. Furthermore, the PD-1 

deletion process has the capacity to enhance safety and mitigate the 

toxicity that may be induced by autoimmunity (NCT03399448). As 

demonstrated in the relevant literature, the presence of tumor cells 

expressing programmed death ligand 1 (PD-L1) reduces the efficacy 

of chimeric antigen receptor (CAR) T cells (anti-CD19 4-1BB), 

thereby decreasing treatment effectiveness. To reverse this 

suppressed antitumor response, PD-1 negative anti-CD19 CAR T 

cells were generated by targeting the Pdcd1 gene in T lymphocytes 

using CRISPR-Cas9-mediated gene editing and lentiviral 

transduction. 
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Figure 3. Structure of chimeric antigen receptors (CAR) (created with 

BioRender.com). 

Figure 2. CART therapy in cancer (created with BioRender.com). 
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1.4 A Different Tool for Gene Transfer: Adult Stem Cells 

Considering the self-renewal and differentiation capabilities 

of stem cells, their role in tissue regeneration following damage is 

well understood. Furthermore, under normal conditions, where no 

damage has occurred, these cells perform regulatory functions that 

ensure the continuity of tissue and organ functions through the 

substances they release into the environment. However, these stem 

cells, particularly mesenchymal stem cells (MSCs), exhibit tumor 

tropism (tendency to migrate toward tumor sites) and can fuse with 

cancer cells under certain conditions, exerting effects on them. 

Despite the absence of a comprehensive understanding of the 

underlying mechanisms, MSC effects vary across different tumor 

types (De Becker & Riet, 2016: 73; Feng & Chen, 2009: 717; Marofi, 

Figure 4. Sources and clinical use of mesenchymal stem cells 

(created with BioRender.com). 
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Vahedi, Biglari, Esmaeilzadeh & Athari, 2017: 1770; Shah, 2012: 

739). 

MSCs have become an attractive gene therapy target due to 

their natural propensity to migrate towards inflammatory and tumor 

microenvironments, their relatively low immunogenicity profiles, 

and their suitability for ex vivo genetic programming. These cells can 

exert their effects either by directly expressing therapeutic 

transgenes (e.g. cytokines, pro-apoptotic ligands and enzymes), or 

by delivering oncolytic viruses and nucleic acids (e.g. mRNA, 

siRNA and miRNA) to the target tissue. In brain tumors in particular, 

their ability to indirectly cross the blood–brain barrier and target the 

surgical cavity/residual tumor makes MSCs ideal for localized gene 

delivery in glioma. However, the context-dependent nature of the 

interaction between MSCs and tumors, and the potential for pro-

tumor effects, necessitates careful selection of indications and 

engineering strategies (Antoon, Overdevest, Saleh & Keating, 2024: 

3545; Lan, Luo & Wei, 2021: 195).   

In the perspective of oncology, glial tumors are one of the 

area’s most intensively studied for MSC-based gene therapies. A 

phase I study was conducted to evaluate the intertumoral 

administration of patient-derived adipose MSCs carrying the 

adenoviral thymidine kinase (HSV-TK) gene in recurrent 

glioblastoma. The study demonstrated the technical feasibility and 

acceptable safety of the approach, and also showed prolonged 

progression-free survival in some patients (ADSC-HSV-TK + 

ganciclovir) (Al-kharboosh et al., 2020: 443). A clinical trial is 

currently underway in glioblastoma, investigating the delivery of 

oncolytic adenovirus DNX-2401 loaded into mesenchymal stem 

cells (MSCs). In this study, the MSCs' objective is to deliver the 

virus, thereby enhancing its spread into tumor tissue (Chen, Ene, 

Lang & Kan, 2022: 533). MSC-derived EVs (exosomes/vesicles) 

have also emerged as a cell-free, potentially safer option for gene 
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delivery. For example, studies have demonstrated target-suppressive 

effects in glioma models with miR-124-loaded MSC-EVs 

(Katakowski et al., 2013: 201). 

CONCLUSION 

The potential of gene therapy can only be realized through the 

translation of that potential into tangible clinical benefits. In order to 

achieve such benefits, it is necessary to establish a safe, effective and 

sustainable treatment platform, as well as to achieve permanent and 

long-term therapeutic effects. To achieve this objective, it is 

imperative to comprehensively understand the biological limitations, 

immune response risks, vector-derived toxicities, off-target genetic 

alterations, and technical challenges related to the production and 

application processes that hinder gene therapy approaches. In 

addition to these obstacles, the development of innovative strategies 

to prevent or minimize potential side effects is an indispensable step 

in improving treatment safety. However, the safety and efficacy 

parameters, which are decisive factors in the clinical success of any 

treatment approach, require even more careful evaluation in the 

context of gene therapy. It is imperative to precisely identify the 

therapeutic genes that have the potential to halt or reverse the 

progression of the disease. In addition, it is crucial to ensure the 

delivery of these genes to target cells and tissues with high 

specificity to achieve long-term expression. These factors are 

instrumental in determining the success of clinical interventions over 

an extended period. Consequently, future advances in gene therapy 
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will depend not only on technological innovations, but also on safety, 

efficacy, and clinical applicability. 

 

REFERENCES 

 

Abel, E. L., Angel, J. M., Kiguchi, K., & DiGiovanni, J. (2009). 

Multi-stage chemical carcinogenesis in mouse skin: fundamentals 

and applications. Nature Protocols, 4(9), 1350-1362.  

Al-kharboosh, R., ReFaey, K., Lara-Velazquez, M., Grewal, S. S., 

Imitola, J., & Quiñones-Hinojosa, A. (2020). Inflammatory 

Mediators in Glioma Microenvironment Play a Dual Role in 

Gliomagenesis and Mesenchymal Stem Cell Homing: Implication 

for Cellular Therapy. Mayo Clinic Proceedings: Innovations, 

Quality & Outcomes, 4(4), 443-459. 

doi:10.1016/j.mayocpiqo.2020.04.006 

Antoon, R., Overdevest, N., Saleh, A. H., & Keating, A. (2024). 

Mesenchymal stromal cells as cancer promoters. Oncogene, 43(49), 

3545-3555. doi:10.1038/s41388-024-03183-1 
--79--



Azab, B., Dash, R., Das, S. K., Bhutia, S. K., Shen, X. N., Quinn, B. 

A., . . . Dmitriev, I. P. (2012). Enhanced delivery of mda‐7/IL‐24 

using a serotype chimeric adenovirus (Ad. 5/3) in combination with 

the apogossypol derivative BI‐97C1 (Sabutoclax) improves 

therapeutic efficacy in low CAR colorectal cancer cells. Journal of 

Cellular Physiology, 227(5), 2145-2153.  

Azab, B. M., Dash, R., Das, S. K., Bhutia, S. K., Sarkar, S., Shen, X. 

N., . . . Wang, X. Y. (2014). Enhanced prostate cancer gene transfer 

and therapy using a novel serotype chimera cancer terminator virus 

(Ad. 5/3‐CTV). Journal of Cellular Physiology, 229(1), 34-43.  

Batty, P., & Lillicrap, D. (2024). Adeno-associated viral vector 

integration: implications for long-term efficacy and safety. Journal 

of Thrombosis and Haemostasis, 22(11), 2945-2960. 

doi:10.1016/j.jtha.2024.07.012 

Brudno, J. N., Maus, M. V., & Hinrichs, C. S. (2024). CAR T Cells 

and T-Cell Therapies for Cancer: A Translational Science Review. 

Jama, 332(22), 1924-1935. doi:10.1001/jama.2024.19462 

Chen, S. R., Chen, M. M., Ene, C., Lang, F. F., & Kan, P. (2022). 

Perfusion-guided endovascular super-selective intra-arterial infusion 

for treatment of malignant brain tumors. Journal of 

NeuroInterventional Surgery, 14(6), 533-538. 

doi:10.1136/neurintsurg-2021-018190 

Coyne, C. B., & Bergelson, J. M. (2006). Virus-induced Abl and Fyn 

kinase signals permit coxsackievirus entry through epithelial tight 

junctions. Cell, 124(1), 119-131.  

Das, S. K., Menezes, M. E., Bhatia, S., Wang, X. Y., Emdad, L., 

Sarkar, D., & Fisher, P. B. (2015). Gene therapies for cancer: 

strategies, challenges and successes. Journal of Cellular Physiology, 

230(2), 259-271.  

--80--



Dash, R., Azab, B., Quinn, B. A., Shen, X., Wang, X.-Y., Das, S. K., 

. . . Dent, P. (2011). Apogossypol derivative BI-97C1 (Sabutoclax) 

targeting Mcl-1 sensitizes prostate cancer cells to mda-7/IL-24–

mediated toxicity. Proceedings of the National Academy of Sciences, 

108(21), 8785-8790.  

Dash, R., Dmitriev, I., Su, Z., Bhutia, S., Azab, B., Vozhilla, N., . . . 

Sarkar, D. (2010). Enhanced delivery of mda-7/IL-24 using a 

serotype chimeric adenovirus (Ad. 5/3) improves therapeutic 

efficacy in low CAR prostate cancer cells. Cancer Gene Therapy, 

17(7), 447-456.  

De Becker, A., & Riet, I. V. (2016). Homing and migration of 

mesenchymal stromal cells: How to improve the efficacy of cell 

therapy? World Journal of Stem Cells, 8(3), 73-87. 

doi:10.4252/wjsc.v8.i3.73 

Dimitri, A., Herbst, F., & Fraietta, J. A. (2022). Engineering the next-

generation of CAR T-cells with CRISPR-Cas9 gene editing. 

Molecular Cancer, 21(1), 78. doi:10.1186/s12943-022-01559-z 

Dl, V. (1994). An evolutionary perspective on apoptosis. Cell, 76, 

777-779.  

Einfeld, D. A., Schroeder, R., Roelvink, P. W., Lizonova, A., King, 

C. R., Kovesdi, I., & Wickham, T. J. (2001). Reducing the native 

tropism of adenovirus vectors requires removal of both CAR and 

integrin interactions. Journal of Virology, 75(23), 11284-11291.  

Eulitt, P. J., Park, M. A., Hossein, H., Cruikshanks, N., Yang, C., 

Dmitriev, I. P., . . . Dent, P. (2010). Enhancing mda-7/IL-24 therapy 

in renal carcinoma cells by inhibiting multiple protective signaling 

pathways using sorafenib and by Ad. 5/3 gene delivery. Cancer 

Biology & Therapy, 10(12), 1290-1305.  

--81--



Feng, B., & Chen, L. (2009). Review of mesenchymal stem cells and 

tumors: executioner or coconspirator? Cancer Biotherapy and 

Radiopharmaceuticals, 24(6), 717-721. doi:10.1089/cbr.2009.0652 

Friedmann, T. (1992). A brief history of gene therapy. Nature 

Genetics, 2(2), 93-98.  

Fuerer, C., & Iggo, R. (2002). Adenoviruses with Tcf binding sites 

in multiple early promoters show enhanced selectivity for tumour 

cells with constitutive activation of the wnt signalling pathway. Gene 

Therapy, 9(4), 270-281.  

Fukazawa, T., Matsuoka, J., Yamatsuji, T., Maeda, Y., Durbin, M. L., 

& Naomoto, Y. (2010). Adenovirus-mediated cancer gene therapy 

and virotherapy. International Journal of Molecular Medicine, 

25(1), 3-10.  

Gandhi, J., Cashman, S. M., & Kumar-Singh, R. (2011). Soluble 

CD59 expressed from an adenovirus in vivo is a potent inhibitor of 

complement deposition on murine liver vascular endothelium. PLoS 

One, 6(6), e21621.  

Gottesman, M. M. (2002). Mechanisms of cancer drug resistance. 

Annual Review of Medicine, 53(1), 615-627.  

Haisma, H., Pinedo, H., Van Rijswijk, A., Van Der Meulen-

Muileman, I., Sosnowski, B., Ying, W., . . . Curiel, D. (1999). Tumor-

specific gene transfer via an adenoviral vector targeted to the pan-

carcinoma antigen EpCAM. Gene Therapy, 6(8), 1469-1474.  

Hallenbeck, P. L., Chang, Y.-N., Hay, C., Golightly, D., Stewart, D., 

Lin, J., . . . Chiang, Y. L. (1999). A novel tumor-specific replication-

restricted adenoviral vector for gene therapy of hepatocellular 

carcinoma. Human Gene Therapy, 10(10), 1721-1733.  

Hamada, K., Zhang, T., Desaki, J., Nakashiro, K. i., Itoh, H., Tani, 

K., . . . Hamakawa, H. (2010). Carrier cell‐mediated cell lysis of 
--82--



squamous cell carcinoma cells by squamous cell carcinoma antigen 

1 promoter‐driven oncolytic adenovirus. The Journal of Gene 

Medicine: A cross‐disciplinary journal for research on the science of 

gene transfer and its clinical applications, 12(6), 545-554.  

Hamed, H. A., Yacoub, A., Park, M. A., Archer, K., Das, S. K., 

Sarkar, D., . . . Dent, P. (2013). Histone deacetylase inhibitors 

interact with melanoma differentiation associated-7/interleukin-24 

to kill primary human glioblastoma cells. Molecular Pharmacology, 

84(2), 171-181.  

Haviv, Y. S., Blackwell, J. L., Kanerva, A., Nagi, P., Krasnykh, V., 

Dmitriev, I., . . . Hemminki, A. (2002). Adenoviral gene therapy for 

renal cancer requires retargeting to alternative cellular receptors. 

Cancer Research, 62(15), 4273-4281.  

Hoffmann, D., & Wildner, O. (2006). Restriction of adenoviral 

replication to the transcriptional intersection of two different 

promoters for colorectal and pancreatic cancer treatment. Molecular 

Cancer Therapeutics, 5(2), 374-381.  

Hu, W., Zi, Z., Jin, Y., Li, G., Shao, K., Cai, Q., . . . Wei, F. (2019). 

CRISPR/Cas9-mediated PD-1 disruption enhances human 

mesothelin-targeted CAR T cell effector functions. Cancer 

Immunology, Immunotherapy, 68(3), 365-377. doi:10.1007/s00262-

018-2281-2 

Kanerva, A., Mikheeva, G. V., Krasnykh, V., Coolidge, C. J., Lam, 

J. T., Mahasreshti, P. J., . . . Alvarez, R. D. (2002). Targeting 

adenovirus to the serotype 3 receptor increases gene transfer 

efficiency to ovarian cancer cells. Clinical Cancer Research, 8(1), 

275-280.  

Katakowski, M., Buller, B., Zheng, X., Lu, Y., Rogers, T., 

Osobamiro, O., . . . Chopp, M. (2013). Exosomes from marrow 

stromal cells expressing miR-146b inhibit glioma growth. Cancer 
--83--



Letters, 335(1), 201-204. 

doi:https://doi.org/10.1016/j.canlet.2013.02.019 

Kawakami, Y., Li, H., Lam, J. T., Krasnykh, V., Curiel, D. T., & 

Blackwell, J. L. (2003). Substitution of the adenovirus serotype 5 

knob with a serotype 3 knob enhances multiple steps in virus 

replication. Cancer Research, 63(6), 1262-1269.  

Krasnykh, V. N., Mikheeva, G. V., Douglas, J. T., & Curiel, D. T. 

(1996). Generation of recombinant adenovirus vectors with modified 

fibers for altering viral tropism. Journal of Virology, 70(10), 6839-

6846.  

Lan, T., Luo, M., & Wei, X. (2021). Mesenchymal stem/stromal cells 

in cancer therapy. Journal of Hematology & Oncology, 14(1), 195. 

doi:10.1186/s13045-021-01208-w 

Marofi, F., Motavalli, R., Safonov, V. A., Thangavelu, L., Yumashev, 

A. V., Alexander, M., . . . Khiavi, F. M. (2021). CAR T cells in solid 

tumors: challenges and opportunities. SStem Cell Research & 

Therapy, 12(1), 81. doi:10.1186/s13287-020-02128-1 

Marofi, F., Vahedi, G., Biglari, A., Esmaeilzadeh, A., & Athari, S. S. 

(2017). Mesenchymal Stromal/Stem Cells: A New Era in the Cell-

Based Targeted Gene Therapy of Cancer. Frontiers in Immunology, 

8, 1770. doi:10.3389/fimmu.2017.01770 

Moyer, A., Tanaka, K., & Cheng, E. H. (2025). Apoptosis in Cancer 

Biology and Therapy. Annual Review of Pathology, 20(1), 303-328. 

doi:10.1146/annurev-pathmechdis-051222-115023 

Nayak, S., Cao, O., Hoffman, B., Cooper, M., Zhou, S., Atkinson, 

M., & Herzog, R. (2009). Prophylactic immune tolerance induced by 

changing the ratio of antigen‐specific effector to regulatory T cells. 

Journal of Thrombosis and Haemostasis, 7(9), 1523-1532.  

--84--

https://doi.org/10.1016/j.canlet.2013.02.019


Nettelbeck, D. M., Rivera, A. A., Balagué, C., Alemany, R., & 

Curiel, D. T. (2002). Novel oncolytic adenoviruses targeted to 

melanoma: specific viral replication and cytolysis by expression of 

E1A mutants from the tyrosinase enhancer/promoter. Cancer 

Research, 62(16), 4663-4670.  

Nicol, C. G. (2005). The development of genetically-targeted 

adenoviral vectors for in vivo delivery to the heart. (Ph.D.). 

University of Glasgow (United Kingdom), Scotland. Retrieved from 

https://www.proquest.com/dissertations-theses/development-

genetically-targeted-adenoviral/docview/2023741885/se-

2?accountid=16382 ProQuest Dissertations & Theses Global 

database. (10806046) 

Park, M. A., Hamed, H. A., Mitchell, C., Cruickshanks, N., Dash, R., 

Allegood, J., . . . Spiegel, S. (2011). A serotype 5/3 adenovirus 

expressing MDA-7/IL-24 infects renal carcinoma cells and promotes 

toxicity of agents that increase ROS and ceramide levels. Molecular 

Pharmacology, 79(3), 368-380.  

Philipson, L., & Pettersson, R. (2004). The coxsackie-adenovirus 

receptor—a new receptor in the immunoglobulin family involved in 

cell adhesion. Adenoviruses: Model and Vectors in Virus-Host 

Interactions: Immune System, Oncogenesis, Gene Therapy, 87-111.  

Rahbarizadeh, F., Ahmadvand, D., & Moghimi, S. M. (2019). CAR 

T-cell bioengineering: Single variable domain of heavy chain 

antibody targeted CARs. Advanced Drug Delivery Reviews, 141, 41-

46. doi:10.1016/j.addr.2019.04.006 

Rein, D. T., Breidenbach, M., Kirby, T. O., Han, T., Siegal, G. P., 

Bauerschmitz, G. J., . . . Yamamoto, M. (2005). A fiber-modified, 

secretory leukoprotease inhibitor promoter-based conditionally 

replicating adenovirus for treatment of ovarian cancer. Clinical 

Cancer Research, 11(3), 1327-1335.  

--85--

https://www.proquest.com/dissertations-theses/development-genetically-targeted-adenoviral/docview/2023741885/se-2?accountid=16382
https://www.proquest.com/dissertations-theses/development-genetically-targeted-adenoviral/docview/2023741885/se-2?accountid=16382
https://www.proquest.com/dissertations-theses/development-genetically-targeted-adenoviral/docview/2023741885/se-2?accountid=16382


Rivera, A., Davydova, J., Schierer, S., Wang, M., Krasnykh, V., 

Yamamoto, M., . . . Nettelbeck, D. (2004). Combining high 

selectivity of replication with fiber chimerism for effective 

adenoviral oncolysis of CAR-negative melanoma cells. Gene 

Therapy, 11(23), 1694-1702.  

Sarkar, S., Azab, B., Quinn, B., Shen, X., Dent, P., Klibanov, A., . . . 

Fisher, P. (2014). Chemoprevention gene therapy (CGT) of 

pancreatic cancer using perillyl alcohol and a novel chimeric 

serotype cancer terminator virus. Current Molecular Medicine, 

14(1), 125-140.  

Schmidt, R., Steinhart, Z., Layeghi, M., Freimer, J. W., Bueno, R., 

Nguyen, V. Q., . . . Marson, A. (2022). CRISPR activation and 

interference screens decode stimulation responses in primary human 

T cells. Science, 375(6580), eabj4008. doi:10.1126/science.abj4008 

Shah, K. (2012). Mesenchymal stem cells engineered for cancer 

therapy. Advanced Drug Delivery Reviews, 64(8), 739-748. 

doi:10.1016/j.addr.2011.06.010 

Shashkova, E. V., Doronin, K., Senac, J. S., & Barry, M. A. (2008). 

Macrophage depletion combined with anticoagulant therapy 

increases therapeutic window of systemic treatment with oncolytic 

adenovirus. Cancer Research, 68(14), 5896-5904.  

Stadtmauer, E. A., Fraietta, J. A., Davis, M. M., Cohen, A. D., Weber, 

K. L., Lancaster, E., . . . June, C. H. (2020). CRISPR-engineered T 

cells in patients with refractory cancer. Science, 367(6481). 

doi:10.1126/science.aba7365 

Van Houdt, W. J., Haviv, Y. S., Lu, B., Wang, M., Rivera, A. A., 

Ulasov, I. V., . . . Siegal, G. P. (2006). The human survivin promoter: 

a novel transcriptional targeting strategy for treatment of glioma. 

Journal of Neurosurgery, 104(4), 583-592.  

--86--



Vanderplasschen, A., Mathew, E., Hollinshead, M., Sim, R. B., & 

Smith, G. L. (1998). Extracellular enveloped vaccinia virus is 

resistant to complement because of incorporation of host 

complement control proteins into its envelope. Proceedings of the 

National Academy of Sciences, 95(13), 7544-7549.  

Volk, A. L., Rivera, A. A., Kanerva, A., Bauerschmitz, G., Dmitriev, 

I., Nettelbeck, D. M., & Curiel, D. T. (2003). Enhanced adenovirus 

infection of melanoma cells by fiber-modification: incorporation of 

RGD peptide or Ad5/3 chimerism. Cancer Biology & Therapy, 2(5), 

511-515.  

Vrellaku, B., Sethw Hassan, I., Howitt, R., Webster, C. P., Harriss, 

E., McBlane, F., . . . Servais, L. (2024). A systematic review of 

immunosuppressive protocols used in AAV gene therapy for 

monogenic disorders. Molecular Therapy, 32(10), 3220-3259. 

doi:10.1016/j.ymthe.2024.07.016 

Wirth, T., Parker, N., & Ylä-Herttuala, S. (2013). History of gene 

therapy. Gene, 525(2), 162-169.  

Wu, H., Seki, T., Dmitriev, I., Uil, T., Kashentseva, E., Han, T., & 

Curiel, D. T. (2002). Double modification of adenovirus fiber with 

RGD and polylysine motifs improves coxsackievirus–adenovirus 

receptor-independent gene transfer efficiency. Human Gene 

Therapy, 13(13), 1647-1653.  

 

--87--



LÖSEMİ HÜCRE HATLARINDA KAFEİK ASİT 

FENETİL ESTER (CAPE)’İN İLAÇ DİRENCİ 

ÜZERİNE ETKİSİ 

MAHMUT SAMİ İNCE1 

Giriş 

Akut myeloid lösemi (AML), hematopoetik kök hücrelerin 

farklılaşmasındaki bozukluk ve kontrolsüz çoğalma sonucunda 

ortaya çıkan, blastik hücrelerin baskın olduğu bir hastalıktır (Shipley 

& Butera, 2009: 649). Hastalığın tedavisinde kullanılan standart 

kemoterapötik yaklaşımlar başlangıçta etkili olsa da, birçok olguda 

tedaviye yanıtsızlık veya erken nüks gözlenmektedir. Bu olumsuz 

tablonun en önemli nedenlerinden biri çoklu ilaç direncidir 

(multidrug resistance, MDR). MDR; hücre içine giren ilaçların 

etkinliğini azaltan çeşitli biyolojik mekanizmaları içerir. MDR1 geni 

tarafından kodlanan P-glikoprotein başta olmak üzere MDR ilişkili 

protein, akciğer direnç proteini ve meme kanseri direnç proteini gibi 

efluks pompaları ilaçların hücre dışına atılmasını sağlar. Ayrıca 

topoizomeraz ve glutatyon sentetaz enzim aktivitelerindeki artış ve 

anti-apoptotik bcl-2 geninin aşırı ekspresyonu da sitotoksik etkilere 

 
1 Uzman Doktor, Konya Şehir Hastanesi, İç Hastalıkları ve Yoğun Bakım, Orcid: 

0000-0003-4832-1404 
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karşı direncin artmasına katkıda bulunmaktadır (Wood & ark., 1994: 

504). 

Doğal ürünlerin antikanser potansiyeli üzerine yapılan 

araştırmalar son yıllarda giderek artmıştır. Bu ürünlerden biri olan 

propolis, bal arıları tarafından toplanan reçineli bir maddedir ve 

bünyesinde pek çok biyolojik açıdan aktif bileşen barındırır. 

Propolisin en dikkat çekici bileşenlerinden biri kafeik asit fenetil 

ester (CAPE)’dir. CAPE’in antienflamatuar, antiviral ve antikanser 

özellikleri pek çok hücre kültürü modelinde gösterilmiştir. HeLa, 

HL60 ve MCF7 hücre hatlarında yapılan deneysel çalışmalar, 

CAPE’in oksidatif stres mekanizmaları üzerinden antikanser etki 

gösterebildiğini ortaya koymuştur. Bunun yanında, CAPE’in HL60 

hücrelerinde apoptozu uyardığı, bu etkiyi de bcl-2 ekspresyonunu 

azaltarak, bax ekspresyonunu artırarak ve kaspaz-3 aktivasyonunu 

tetikleyerek gerçekleştirdiği rapor edilmiştir (Son & Lewis, 2002: 

468; Chen & ark., 2001: 5615; Borrelli & ark., 2002: 38; Bhimani & 

ark., 1993: 4528) 

Bu bağlamda, çalışmamızda CAPE’in HL60, K562 ve NB4 

lösemik hücre hatları üzerindeki etkilerinin incelenmesi ve özellikle 

ilaç direncinin aşılmasındaki rolünün değerlendirilmesi 

amaçlanmıştır. 

Materyal ve Yöntem 

Bu çalışmada üç farklı insan lösemik hücre hattı kullanıldı. 

HL60 hücre hattı akut promiyelositik lösemi tanılı bir hastadan elde 

edilmiş olup in vitro koşullarda farklılaşabilme özelliği taşımaktadır 

(Gallagher & ark., 1979: 713). NB4 hücre serisi, t(15;17) 

translokasyonu taşıyan insan akut promiyelositik lösemi olgusundan 

türetilmiş olup retinoik asit ile granülositik maturasyon 

göstermektedir (Lanotte & ark., 1991: 1080). K562 hücreleri kronik 

myeloid löseminin blastik kriz fazından türetilmiş, philadelphia 
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kromozomu pozitif olup bcr/abl füzyon geni ekspresyonu nedeniyle 

apoptoza dirençlidir (Lozzio & Lozzio, 1975: 321). 

Hücreler %10 fetal bovin serum, %1 L-glutamat ve %1 

penisilin/streptomisin içeren RPMI-1640 besiyerinde, %5 CO₂ 

içeren 37 °C’deki inkübatörde kültüre edildi. 

Hücre sayımı için 5 mL hücre süspansiyonu 1200 rpm’de 5 

dakika santrifüj edildi, süpernatant uzaklaştırıldı ve pellet 3 mL 

ortam içinde yeniden süspanse edildi. Daha sonra 50 µL hücre 

süspansiyonu ile 50 µL tripan mavisi karıştırıldı. Bu karışımdan 10 

µL Thoma lamına alınarak hücre sayımı yapıldı. Mililitre başına 

hücre sayısı şu formül ile hesaplandı: Hücre/mL = Hücre sayısı × 10⁴ 

× 2 (dilüsyon katsayısı). 

Hücre canlılığının değerlendirilmesi için 25000 hücre/mL 

yoğunluğunda süspansiyon hazırlandı ve opak duvarlı 96 kuyucuklu 

plakalara ekildi. Azasitidin, desitabin, sitarabin (ara-C) ve CAPE 

farklı dozlarda eklendi ve hücreler 37 °C’de 4 gün inkübe edildi. 

Sonrasında her kuyucuğa 50 µL CellTiter-Glo® çözeltisi eklendi ve 

oda sıcaklığında 5 dakika inkübe edildi. Hücre canlılığı, üretici 

firmanın önerileri doğrultusunda CellTiter-Glo® lüminesans testi ile 

değerlendirildi. 

İstatistiksel analizler GraphPad Prism v6 yazılımı ile yapıldı. 

Karşılaştırmalarda Student t-testi kullanıldı ve p<0.05 anlamlı kabul 

edildi. 

Bulgular 

Çalışmada ilk olarak ara-C uygulamasının hücre canlılığı 

üzerine etkisi incelendi (Tablo 1). K562 hücrelerinde 100 nM ara-C 

uygulamasından sonra canlılık %76,40, NB4 hücrelerinde %81,6 

olarak belirlendi. HL60 hücrelerinde ise 50 nM konsantrasyonda 

canlılık %57,39 düzeyine indi. Bu bulgular, özellikle K562 hattında 
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olmak üzere tüm hücre serilerinin Ara-C’ye karşı belirgin direnç 

geliştirdiğini ortaya koydu (Şekil 1). 

Tablo 1. Farklı Ara-C Dozlarında Hücre Canlılığı 

Ara-C Konsantrasyonu 

Hücre Hatları 

% Canlılık ± SD (Standart Sapma) 

K562 HL60 NB4 

0 nM 100±3.57 100.00±12.09 100±21.86 

1 nM 104.64±10.08 96.27±38.24 97.16±2.69 

10 nM 98.68±14.39 91.14±30.88 94.33±3.97 

25 nM 97.99±0.71 86.94±6.66 68.14±12.42 

50 nM 89.45±5.30 57.39±6.09 76.89±10.47 

100 nM 76.40±4.03 27.81±3.06 81.86±20.14 

 

Şekil 1. Ara-C Dozlarına Bağlı Hücre Canlılığı Değişimi (Rölatif 

Kat Artışı) 

 

Azasitidin uygulamasında 1 µM konsantrasyon, HL60 ve 

NB4 hücrelerinde canlılığı sırasıyla %49,29 ve %29,2’ye 

düşürürken, K562 hücrelerinde %77,01 düzeyinde korundu (Tablo 

2). Böylece Ara-C sonuçlarına benzer biçimde K562 hücrelerinin 

azasitidine karşı da daha dirençli olduğu saptandı (Şekil 2). 
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Tablo 2. Farklı Azasitidin Dozlarında Hücre Canlılığı 

 

Azasitidin 

Konsantrasyonu 

Hücre Hatları 

% Canlılık ± SD 

K562 HL60 NB4 

0 µM 100±8.97 100±1.27 100±47.34 

0.1 µM 88.34±1.56 102.14±13.07 99.63±60.86 

0.5 µM 84.56±8.67 81.32±21.59 55.20±26.06 

1 µM 77.01±7.73 49.29±6.10 29.20±8.39 

3 µM 41.37±12.45 11.25±1.21 11.09±2.45 

5 µM 12.98±3.71 6.60±0.48 4.54±0.57 

 

Şekil 2. Azasitidin Dozlarına Bağlı Hücre Canlılığı Değişimi (Rölatif 

Kat Artışı) 

 

Desitabin uygulamalarında da benzer bir eğilim gözlendi. 0,5 

µM dozunda HL60 ve NB4 hücrelerindeki canlılık sırasıyla %24,26 

ve %12,71’e kadar azalırken, K562 hücrelerinde %72,30 düzeyinde 

kaldı (Tablo 3). Daha düşük doz olan 0,1 µM desitabin, HL60 ve 

NB4’te %50’nin üzerinde canlılık azalmasına yol açarken, K562 

hücre hattı bu koşullarda da direnç gösterdi (Şekil 3). 
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Tablo 3. Farklı Desitabin Dozlarında Hücre Canlılığı 

 

Desitabin 

Konsantrasyonu 

Hücre Hatları 

% Canlılık ± SD 

K562 HL60 NB4 

0 µM 100.00±16.77 100.00±14.96 100.00±11.68 

0.1 µM 83.73±20.15 35.49±10.41 31.70±6.98 

0.5 µM 72.30±10.98 24.26±1.97 12.71±4.10 

1 µM 57.49±17.79 14.06±4.11 8.89±2.56 

3 µM 35.81±12.47 9.75±1.88 6.84±1.34 

5 µM 26.82±6.91 6.84±0.55 4.34±0.47 

 

Şekil 3. Desitabin Dozlarına Bağlı Hücre Canlılığı Değişimi (Rölatif 

Kat Artışı) 

 

CAPE tedavisi tüm hücre serilerinde canlılığı anlamlı ölçüde 

azalttı. 5 µM konsantrasyonda K562’de canlılık %65,41 iken, HL60 

ve NB4 hücrelerinde sırasıyla %37,54 ve %32,51 olarak saptandı 

(Tablo 4). Bu konsantrasyon, HL60 ve NB4 hücrelerinde %50’nin 

üzerinde azalma sağlarken, K562’de benzer bir etkinin ortaya 

çıkması için yaklaşık 7–8 µM düzeylerine ihtiyaç duyuldu (Şekil 4). 

Bu nedenle 5 µM CAPE, kombine ilaç deneyleri için uygun bir 

konsantrasyon olarak kabul edildi. 
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Tablo 4. CAPE Dozlarına Bağlı Hücre Canlılığı 

CAPE Konsantrasyonu 

Hücre Hatları 

% Canlılık ± SD 

K562 HL60 NB4 

0 µM 100±23.75 100±7.86 100±45.71 

1 µM 87.03±13.25 65.98±16.82 83.86±19.01 

5 µM 65.41±10.45 37.54±4.87 32.01±0.79 

10 µM 26.21±5.68 11.14±1.62 3.41±0.14 

20 µM 14.97±0.96 4.13±0.07 1.89±0.68 

30 µM 3.90±0.19 1.49±0.23 0.82±0.08 

 

Şekil 4. Farklı Dozlarda CAPE’in Hücre Canlılığı Üzerine Etkisi 

 

Dirençli olduğu bulunan K562 hücre hattında desitabin ile 

CAPE birlikte uygulandığında canlılık %60,65’ten %23,99’a düştü 

ve bu azalma istatistiksel olarak anlamlı bulundu (p<0.05). Buna 

karşın, azasitidin ile CAPE kombinasyonu benzer bir etki 

göstermedi (Tablo 5). Desitabin ile CAPE’nin birlikte kullanımı, 

desitabin tek başına uygulandığında elde edilenden daha belirgin bir 

canlılık azalması oluşturdu (Şekil 5). 
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Tablo 5. Sitozin Nükleozid Analogları ile CAPE’in Birlikte 

Kullanımının Hücre Canlılığı Üzerine Etkisi 

 
K562 Hücre Hattı 

% Canlılık ± SD 

RPMI 103.07±5.74 

CAPE (5 µM) 47.88±3.29 

Azasitidin (1 µM) 39.23±14.46 

Azasitidin + CAPE 38.99±7.69 

Desitabin (1 µM) 60.65±1.20a 

Desitabin + CAPE 23.99±3.44b 

a-b: p<0.05 

 

Şekil 5. K562 Hücre Serisinde CAPE’nin Azasitidin ve Desitabine 

Direnç Üzerine Etkisi 

 

 

Ara-C’ye dirençli hücrelerde CAPE eşliğinde tedavi canlılık 

üzerinde dramatik bir azalma yarattı. K562 hücrelerinde canlılık 

%66,30’dan %16,88’e, HL60 hücrelerinde ise %83,24’ten %10,05’e 

geriledi (Şekil 6–7). NB4 hücrelerinde Ara-C tek başına anlamlı bir 

etki oluşturmazken, CAPE ile birlikte uygulandığında canlılık 

%42,72’ye düştü (Tablo 6, Şekil 8). Bu azalmalar Ara-C tekli tedavi 
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ile karşılaştırıldığında istatistiksel olarak anlamlı bulundu (sırasıyla 

p<0.01; p<0.001 ve p<0.05). 

Tablo 6. CAPE ve Ara-C Kombinasyonunun Hücre Canlılığına Etkisi 

 Hücre Hatları 

% Canlılık ± SD 

K562 HL60 NB4 

RPMI 101.15±4.51 100.00±10.16 100.04±18.73 

Ara-C (25 nM) 66.30±1.27a 83.24±13.09c 122.25±31.7e 

CAPE (5 µM) 27.44±2.54 23.91±1.52 76.28±5.18 

Ara-C+CAPE 16.88±3.62b 10.05±1.55d 42.72±5.05f 

a-b, c-d: p<0.001; e-f: p<0.05 

 

Şekil 6. K562 Hücre Serisinde Ara-C ve CAPE’in Kombine 

Kullanımının Hücre Canlılığı Üzerine Etkisi 
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Şekil 7. HL60 Hücre Serisinde Ara-C ve CAPE’in Kombine 

Kullanımının Hücre  Canlılığı Üzerine Etkisi 

 

 

Şekil 8. NB4 Hücre Serisinde Ara-C ve CAPE’in Kombine 

Kullanımının Hücre Canlılığı Üzerine Etkisi 

 

 

Tartışma 

Akut myeloid lösemi (AML), genetik ve epigenetik 

değişiklikler sonucu kemik iliği, kan ve diğer dokularda blast 

hücrelerinin birikimi ile karakterize ciddi bir hematolojik 

malignitedir. Hastaların yaklaşık %30’u genç erişkinlerde, %50’si 
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ise ileri yaş grubunda uygulanan tedavilere yanıt verememektedir 

(Shipley & Butera, 2009: 649). Goldie ve Coldman dirençli 

hücrelerin tanı anında mevcut olduğunu, tedaviye duyarlı hücreler 

elimine edildikçe bu klonların çoğaldığını ve hastalık seyrini 

belirlediğini göstermiştir (Goldie & Coldman, 1983: 923). Tedaviye 

yanıtsızlığın birçok hasta ve hastalık ilişkili faktöre bağlı olduğu 

bilinmekle birlikte, ilaç direnci başarısızlığın en önemli 

nedenlerinden biri olarak öne çıkmaktadır (Mesa & Tibes, 2012: 

1496). 

Ara-C, AML tedavisinde yaygın olarak kullanılan nükleozid 

analoglarından biridir. DNA polimeraz inhibisyonu veya DNA 

zincirine bağlanarak uzamayı durdurması aracılığıyla etki gösterir 

(Johnson, 2001: 929). Direnç mekanizmalarının tam olarak 

açıklanamamış olmasına karşın, ilacın aktif metaboliti olan ara-CTP 

düzeyini azaltan mekanizmaların temel rol oynadığı bildirilmektedir. 

HL60 ve K562’nin de yer aldığı beş farklı hücre hattında yapılan bir 

çalışmada, ara-C’ye dirençli alt klonların varlığı saptanmış; 

membran taşıyıcı kapasitelerinde azalma, fosforilasyonda hız 

kısıtlayıcı enzim olan deoksisitidin kinaz (DCK) aktivitesinde düşüş 

ve defosforilasyondan sorumlu sitozolik nükleotidaz-II (CN-II) 

aktivitesinde artış belirlenmiştir. Özellikle ara-C’nin hücre içine 

girişini sağlayan hENT1 taşıyıcısındaki azalma, DCK 

aktivitesindeki düşüş ve CN-II aktivitesindeki artış direnç 

gelişiminde kritik faktörler olarak tanımlanmıştır (Negoro & ark., 

2011: 911). 

Son yıllarda AML tedavisinde azasitidin ve desitabin gibi 

sitozin nükleozid analogları da kullanılmaya başlanmıştır. Bu ajanlar 

düşük dozlarda DNA’ya entegre olarak DNA metiltransferazları geri 

dönüşsüz şekilde bağlar, böylece hipometilasyon oluşturarak tümör 

baskılayıcı genlerin yeniden aktivasyonuna yol açar (Jones & 

Baylin, 2002: 415; Lübbert & Minden, 2005: 38; Yoo & Jones, 2006: 
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37). Bu mekanizma sayesinde yoğun tedavi alamayan hastalarda 

mortalite ve morbiditede azalma sağlanabilmektedir. 

Bizim çalışmamızda da literatür ile uyumlu şekilde HL60, 

NB4 ve özellikle K562 hücrelerinin Ara-C’ye dirençli olduğu 

görüldü. Bcr/abl füzyon geninin eksprese edildiği K562 hattındaki 

direnç, Philadelphia kromozomu pozitif akut lösemilerde tedaviye 

yanıtsızlığı açıklayan mekanizma ile tutarlıdır. Nitekim U937 ve 

HL60 hücrelerinde Ara-C sonrası apoptoza özgü morfolojik 

değişiklikler rapor edilirken, K562’de benzer bulgulara 

rastlanmamıştır (Akiyama & ark., 1999: 774). 

Azasitidin ve desitabin tedavilerine karşı HL60 ve NB4 

hücrelerinde belirgin canlılık azalması gözlenirken, K562 hattında 

direnç devam etmiştir. Özellikle desitabinin düşük dozlarda daha 

güçlü etkinlik göstermesi literatürle uyumludur. Hollenbach ve ark., 

HL60 ve THP-1 hücrelerinde yaptıkları karşılaştırmada her iki 

ajanın da DNMT-1 yıkımına, DNA hipometilasyonuna ve DNA 

hasarına yol açtığını, ancak bu etkinin desitabinle 2–10 kat daha 

düşük konsantrasyonlarda elde edildiğini göstermiştir. Bununla 

birlikte azasitidinin 1 µM üzerindeki dozlarda daha etkili olduğu, 

total protein sentezini azalttığı, RNA’ya inkorporasyonu nedeniyle 

hücre döngüsü üzerinde farklı etkiler gösterdiği bildirilmiştir 

(Hollenbach & ark., 2010: e9001). 

Çalışmamızda doğal bir bileşik olan propolisin etkin maddesi 

CAPE’nin, HL60 ve NB4 hücrelerinde 5 µM gibi düşük 

konsantrasyonlarda, K562’de ise 7–8 µM düzeylerinde canlılığı 

azalttığı belirlendi. Ara-C, azasitidin ve desitabine dirençli K562 

hattında dahi CAPE’nin etkili olması, farklı mekanizmalar 

aracılığıyla dirençli hücrelerde de etkinlik gösterebileceğini 

düşündürdü. Literatürde CAPE’nin glioma, meme kanseri, melanom 

ve T hücreli ALL dahil farklı hücre hatlarında düşük mikromolar 

konsantrasyonlarda antiproliferatif etki gösterdiği rapor edilmiştir 

(Avci & ark., 2011: 41; Brudzynski & Carlone, 2004: 389; Lee & 
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ark., 2003: 2281; Rossi & ark., 2002: 530). Bu veriler CAPE’nin 

farklı yolaklar üzerinden antikanser etki gösterebileceğini 

desteklemektedir. 

Bizim bulgularımızda da CAPE’nin Ara-C, azasitidin ve 

desitabin ile birlikte kullanılması, özellikle K562’de desitabin 

kombinasyonu dışında tüm dirençli hücre hatlarında canlılık 

azalmasını belirgin şekilde artırdı. Literatürde CAPE’nin bu ilaçlarla 

kombinasyonuna ilişkin çalışmaya rastlanmamıştır. Elde edilen 

sinerjik etkinin apoptoz yolakları, antioksidan mekanizmalar ve 

çoklu ilaç direnç genleri üzerindeki etkilerinden kaynaklanabileceği 

düşünülmektedir. Nitekim CAPE’nin HL60 hücrelerinde DNA 

fragmantasyonu, bcl-2 baskılanması, bax artışı ve kaspaz-3 

aktivasyonu yoluyla apoptoz indüklediği; glutatyon düzeylerini 

azaltarak proliferasyonu engellediği ve NF-κB yolaklarını inhibe 

ettiği gösterilmiştir (Chen, Shiao & Wang, 2001: 143; Son & Lewis, 

2002: 468; Lee & ark., 2008: 987). Ayrıca CAPE’nin MDR1 

ekspresyonunu baskıladığı ve bu yolla kemoterapiye duyarlılığı 

artırabileceği de rapor edilmiştir (Omene, Wu & Frenkel, 2012: 

1279). 

Desitabin ile CAPE kombinasyonu dirençli hücrelerde 

belirgin bir duyarlılık sağlarken, azasitidin ile aynı etkinin 

görülmemesi bu iki ajanın mekanizmalarının farklı olduğuna işaret 

etmektedir. Desitabin ve Ara-C’nin hücre içinde benzer yollarla aktif 

metabolitlerine dönüştüğü, DCK aktivitesine bağımlı oldukları ve 

özellikle bcr/abl füzyonu ile tirozin kinaz aktivitesi artmış K562 

hattında direnç gelişiminin daha belirgin olduğu bilinmektedir (Qin 

& ark., 2007: 4225). Buna karşın azasitidine direnç gelişiminde G2-

M kontrol noktasının yeniden yapılanması ve UCK-2 mutasyonunun 

rol oynadığı gösterilmiştir (Sripayap & ark., 2014: 294). 

Çalışmamızda CAPE’nin bu farklı mekanizmalara etki ederek direnç 

gelişimini engelleyebileceği ve özellikle tirozin kinaz aktivitesi 

artmış hücrelerde ilaca duyarlılığı artırabileceği öne sürülmektedir. 
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Sonuç olarak, CAPE’nin HL60, NB4 ve K562 hücre 

serilerinde proliferasyonu baskıladığı, tek başına veya özellikle 

desitabin ve Ara-C ile birlikte kullanıldığında direnç 

mekanizmalarını kırarak tedavi etkinliğini artırdığı saptandı. Bu 

veriler, CAPE’nin gelecekte dirençli lösemilerde alternatif tedavi 

stratejilerinde değerlendirilebilecek güçlü bir aday olabileceğini 

göstermektedir. 
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