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Keywords: ABSTRACT: Hepatocellular carcinoma (HCC) is a significant health problem and a
leading cause of cancer-related deaths worldwide, mainly because of delayed diagnosis

Allicin, Hepatocellular carcinoma, and the presence of multiple clones and a lack of effective treatment. Targeted therapies

Apoptosis, p53 mutation, Reactive and immunotherapy offer limited survival gains, and often result in drug resistance,
OXygen species (ROS), M_'tOC_h”a| toxicity and high expense. One of the major factors that contributes to therapeutic failure
dysfunction, Caspase activation, is the inactivity of the tumor suppressor p53 which leads to resistance and apoptosis.

PI3K/Akt pathway, NF-xB signaling,  Natural compounds have proven to be multi-targeted agents of interest in this context.
Natural compounds, Drug resistance, The bioactive compound of Allium sativum, allicin (diallyl thiosulfinate), has been noted

Precision oncology for its p53-independent anticancer properties. This review compiles the current evidence
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HCC. It underscores studies suggesting that some of these mechanisms can act without
Ph.D. Scholar, p53 signaling, but there is a lack of direct evidence from the HCC models that have been
Chitkara College of Pharmacy, validated in p53 deficient cells, and the redox modulating, mitochondrial dysfunction,
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140417, Punjab, India. highlighted. Furthermore, allicin can modulate key pathways, such as PISK/Akt, MAPK,

and NF-kB, which are involved in the crosstalk between apoptosis and autophagy, thus

E-mail:suryavardhansingh2000@gmail.com  fyrther stimulating the killing of tumour cells even in resistant phenotypes. “Importantly,
this review provides a ROS-metabolic cell-centric mechanism that elucidates how allicin
may be selectively pro-apoptotic to HCC cells, bypassing p53-resistant cells, thereby
providing support for the hypothesis that resistance in HCC is correlated with p53
dysfunction. Further research is still required to confirm and provide direct evidence of
the selective targeting of p53-resistant HCC.” Although there is promising preclinical
evidence potential bioavailability, pharmacokinetics, and clinical validation issues are
large hurdles. In conclusion, allicin is a promising therapeutic agent for HCC, and further
research is needed using advanced drug delivery systems and clinical trials to establish its
efficacy.

INTRODUCTION: Hepatocellular carcinoma  Although diagnostic & therapeutic approaches have
(HCC) is the most common primary liver cancer & improved, HCC remains a clinical challenge
a major cause of cancer-related morbidity &  because of its late presentation, high recurrence &
mortality *. low response to conventional treatments 2.

QUICK RESPONSE CODE A major feature of HCC is its complex molecular
' 10.13040/upsR 09758232, 17(10) 281350 | Neterogeneity, which includes alterations in

multiple signaling pathways involved in regulating
cell growth, death, blood vessel formation & spread
of the tumor. In particular, alterations in the tumor
=i suppressor p53 play an important role in the
DOI link: https://doi.org/10.13040/IJPSR.0975-8232.17(10).2813-50 progression of hepatocarcinoma °.
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Defects in p53 cause dysfunction in the regulation
of the apoptotic pathway, allowing cancer cells to
evade cell death & become resistant to
chemotherapy. This has prompted a recent focus on
the development of therapeutic compounds that can
induce apoptosis independent of p53 4. Bioactive
natural products have emerged as potential
candidates in this respect because they can interact
with several pathways, are less toxic and can
modulate key pathways. In particular, the sulfide
compound allicin, found in garlic, has
demonstrated potent anti-cancer activity in several
cancers, including HCC °.

Recent studies have demonstrated allicin's ability to
induce apoptosis in cancer cells with p53 mutations
or inactivation, suggesting its potential as a new
therapeutic compound. This review aims to
comprehensively explore the molecular responses
of allicin-induced apoptosis in HCC, with a special
focus on its potential to overcome resistance
through p53 mutations °. This article is intended to
be a narrative review that summarizes the current
knowledge of molecular mechanisms, therapeutic
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potential and translational challenges of allicin in
HCC, including the differences between Wild-Type
p53, p53 Loss-of-Function Mutations, p53-Null
Status & Gain-of-Function Mutant p53 conditions;
the focus would be on allicin's role in apoptosis &
p53 independent signaling pathways °.

Global Burden, Therapeutic Limitations, and
Emerging Role of Natural Compounds in
Hepatocellular Carcinomas: The Hepatocellular
carcinoma (HCC) is one of the leading causes of
cancer-related death worldwide, especially in areas
with high prevalence of hepatitis B and C
infections, like East Asia and Sub-Saharan Africa ®.
Long-term inflammation, fibrosis and cirrhosis of
the liver are caused by these infections, which lead
to liver cancer. Moreover, the global epidemiology
of HCC is changing, as the incidence of metabolic
disorders such as NAFLD, alcoholic liver disease
and metabolic syndrome continues to increase.
Although there have been improvements in
diagnosis and therapy, prognosis is poor because
the condition is often identified too late and there
are few effective treatments °.

TABLE 1: DIRECT EVIDENCE OF ALLICIN ACTIVITY IN HEPATOCELLULAR CARCINOMA MODELS

Experimental Model TP53 Status Major Findings Evidence Type Reference
HepG2 Wild-type p53 ROS generation and apoptosis Direct 7
Hep3B p53-null Apoptotic response observed Direct 7

Huh7 TP53-mutant Reduced viability and apoptosis Direct 7

Current treatment options (such as surgery, liver
transplantation, locoregional and systemic therapy)
offer little benefit. Modest improvement in survival
with targeted drugs (sorafenib and lenvatinib) that
can be resistant, toxic, and costly; Immunotherapy

has variable efficacy and immune related side
effects. Failure of treatment is associated with p53
dysfunction, tumor heterogeneity and cancer stem
cells, all of which can lead to resistance and
recurrence *°.

TABLE 2: INDIRECT EVIDENCE SUPPORTING POTENTIAL P53-INDEPENDENT MECHANISMS OF ALLICIN

Disease Model Compound Mechanism Identified Limitation Reference
Breast cancer Allicin ROS-mediated apoptosis Non-HCC 11
Colon cancer Allicin Caspase activation Non-HCC 12

Glioma Allicin Mitochondrial dysfunction Non-HCC 13

Natural compounds are showing potential to
become promising multi-target anticancer drugs in
HCC. Phytochemicals like curcumin, resveratrol
and epigallocatechin gallate have anti-cancer
properties at relatively low toxicity levels, through
apoptosis, proliferation inhibition and inhibition of

angiogenesis *. In particular, many of them can

induce apoptosis p53 independently, which may
give a therapeutic advantage in drug-resistant HCC.
This underscores the potential of bioactive agents
such as allicin as new approaches to overcome
resistance and enhance clinical outcomes °.

TABLE 3: STUDIES EXCLUDED FROM DIRECT INTERPRETATION DUE TO MODEL OR COMPOUND DIFFERENCES

Original Model Compound Investigated Reason for Exclusion Reference
Cardiac hypertrophy Allicin Non-cancer model 15
Cholangiocarcinoma Allicin Different malignancy 16
Colon cancer DADS Different compound 17
Various cancers Coptisine Unrelated compound 18
International Journal of Pharmaceutical Sciences and Research 2814
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Rationale for Investigating Allicin in HCC:
Allicin ~ (diallyl  thiosulfinate), a bioactive
component of Allium sativum, is a compound with
powerful antioxidant, anti-inflammatory and pro-
apoptotic anticancer activity °. Its pleiotropic
nature enables the regulation of key signaling
pathways that play a role in tumour growth and
survival. In hepatocellular carcinoma (HCC),
allicin has a selective cytotoxicity in cancer cells,
largely due to the induction of oxidative stress
through the generation of reactive oxygen species
(ROS) resulting in mitochondrial dysfunction and
apoptosis 2.

Interestingly, allicin can induce apoptosis
independent of p53, thus overcoming a major
source of chemoresistance in HCC.

Mechanistically, allicin induces both intrinsic &
extrinsic apoptosis, including caspase activation, &
regulates key pathways such as PI3K/Akt, MAPK
& NF-xB 2. Additionally, it has an impact on
autophagy & modulates the cell cycle, addressing
multiple hallmarks of cancer. While stability and
bioavailability pose challenges, the ability of allicin
to overcome p53-resistant pathways & to exert
multi-pathway anti-cancer effects makes it a
promising candidatdie for further research as an
agent against HCC %,

REVIEW METHODOLOGY:

Review Design: This manuscript is a narrative
review that critically summarizes the current
evidence for the anti-cancer effects of allicin in
hepatocellular carcinoma (HCC). It highlights
particular mechanisms of p53-dependent and p53-
independent  apoptosis, signaling  pathways,
preclinical studies, drug disposition issues and
translational barriers.

Literature Search Strategy: A thorough literature
search was performed utilizing electronic databases
such as PubMed, Scopus, Web of Science, and
Google Scholar. The articles were chosen from a
period of 20 years spanning from January 2000 to
June 2026. The following single and combined
terms were used in the search: Allicin, Allium
sativum, Garlic-derived organosulfur compounds,
Hepatocellular carcinoma, HCC, Liver cancer, p53,
TP53 mutation, p53-deficient, p53-null, Apoptosis,
Autophagy, Reactive oxygen species,
PI3K/Akt/mTOR, MAPK, NF-«kB.
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Example Search String: Allicin or Allium sativum
& Hepatocellular carcinoma or HCC AND p53 or
TP53 mutation or p53 deficiency & Apoptosis or
Cell death or Anticancer activity.

Inclusion Criteria:
Studies were included if they:

e Takes one or more of the purified forms of
allicin.

e Assessed anticancer effects in models of

hepatocellular carcinoma.

e Studied molecular mechanisms related to
apoptosis,  oxidative  stress,  autophagy,
regulation of cell cycle, or signaling pathways.

e Published in an English language, peer-
reviewed journal in an in vitro, in vivo or
relevant preclinical model.

Exclusion Criteria:
Studies were excluded if they:

e Focused exclusively on the compounds from
garlic, not specifically on allicin.

e Did not have any relatives with cancer or HCC.

e Consists entirely of conference abstracts,
editorials, letters, patents or unpublished
materials.

e Did not present sufficient methodological
information or relevance to the topic of the
review.

e Made unnecessary duplications of information
that had already been published elsewhere.

Study Selection and Data Extraction: The title
and abstracts retrieved from the database search
were screened for relevance. The next step was to
review articles that met the inclusion criteria
following the extraction of full text articles.

Data on study design, experimental model, p53
status, concentration/dosage of allicin, treatment
time, molecular targets, signaling pathways and key
outcomes were extracted and summarized.
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Evidence Synthesis:

The studies selected were analyzed qualitatively
and categorized into key thematic areas, which
include:

e Changes in TP53 and biology of hepatocellular
carcinoma.

e The chemical composition and pharmacological
actions of allicin.

e The mechanisms involved in the induction of
apoptosis.

e Independent and dependent pathways that
involve p53.

e Modulation of oncogenic signaling pathways.

e The evidence provided by preclinical studies in
HCC models.

e Methods of drug delivery.
e Safety, toxicity and translation considerations.

Limitations of the Review: Preclinical data
predominates in this review and the experimental
models used are heterogeneous, the formulation
and dosage of allicin are variable, and there are few
studies focusing on allicin in p53 deficient HCC
models.

Biology of Hepatocellular Carcinoma: HCC is a
complex &multifaceted cancer, characterised by
complex molecular alterations, genetic instability &
activation of multiple pathways #. HCC
development is typically a multi-stage process that
evolves from chronic liver injury to fibrosis &
cirrhosis, and ultimately to cancer. This
transformation is driven by ongoing inflammatory
stimuli, oxidative stress & the accumulation of
genetic & epigenetic changes **. A hallmark of
HCC is the dysfunction of critical regulatory
pathways that control cell proliferation, death &
differentiation. In particular, alterations in tumor
suppressor genes, such as p53, and activation of
oncogenic pathways result in sustained cell growth
& evasion of apoptosis 2. In addition, the tumor
microenvironment plays a pivotal role in disease
progression through the processes of angiogenesis,
immune evasion and potential metastasis.
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E-ISSN: 0975-8232; P-ISSN: 2320-5148

Understanding the biology of HCC is essential to
identify new treatment targets, especially those that
may overcome the resistance associated with p53
dysfunction .

Molecular Pathogenesis of Hepatocellular
Carcinoma:  The  molecular  mechanisms
underlying HCC involve a dynamic interplay
between genetic & epigenetic alterations &
environmental influences %’. The development of
chronic liver diseases, including viral hepatitis,
alcohol-induced liver injury & metabolic diseases,
leads to a cycle of liver damage & repair. This
process promotes DNA damage, chromosomal
instability & the development of oncogenic
mutations 2. Key genetic changes in HCC include
mutations in tumor suppressor genes (such as p53)
& alterations in pathways regulating cell cycle,
apoptosis & DNA repair. The inactivation of p53 is
especially important in allowing the cell to evade
apoptosis when exposed to stress, allowing the
tumor to survive & grow 2°. Epigenetic changes,
including DNA methylation, histone modifications,
& non-coding RNA dysregulation also contribute
to altered gene expression in HCC. These changes
can lead to the activation of oncogenes or
inactivation of tumor suppressors, respectively,
without altering the underlying DNA code *
Oxidative stress is also important in hepatic
carcinogenesis. Elevated production of reactive
oxygen species (ROS) leads to the peroxidation of
lipids, damage of proteins & mutations in DNA,
further promoting this transformation. These
molecular ~ mechanisms  contribute to the
development and progression of HCC .

Key Oncogenic Signaling Pathways (MAPK,
PI3K/Akt, NF-kB): HCC is characterized by
aberrations in intracellular signaling pathways,
which contribute to enhanced growth, survival,
neovascularization, & metastatic potential. In
particular, the MAPK, PI3K/Akt & NF-xB
pathways play important roles in tumor
development ¥. The MAPK pathway is involved in
regulating cell proliferation, differentiation &
survival. Its dysregulation, often through upstream
activation by growth factor receptors, leads to
increased cell growth & survival. The PI3K/Akt
pathway is another significant oncogenic pathway
commonly activated in HCC *. PI3K activation
results in the phosphorylation of Akt, promoting
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cell survival by blocking apoptosis & promoting
protein synthesis through downstream effectors
such as mTOR. This pathway is also involved in
the metabolic reprogramming & angiogenesis of
tumors 3*. The NF-kappa B pathway is crucial in
regulating inflammation and immunity. In HCC,
sustained activation of NF-kB promotes the
expression of anti-apoptotic proteins, cytokines,
and growth factors, thereby promoting tumour cell
survival, chronic inflammation & therapeutic
resistance *°. These pathways are not isolated but
rather interact with each other to form an intricate
network that drives hepatocarcinogenesis. This
network of pathways is important to consider when
designing therapeutic interventions *®. One of the
limitations of the current literature is that many
pathways that are generally associated with allicin's
effects like PIBK/Akt/mTOR, MAPK/ERK, NF-
kB, VEGF, EMT, MMP regulation, ER stress, and
autophagy pathways have not been
comprehensively evaluated in HCC models.
Therefore, it is important to interpret the findings in
these pathways with caution unless it was validated
by direct evidence from an allicin treated HCC
system ¥’

Critical Considerations of ROS-Mediated
Anticancer Activity of Allicin: A common theory
of how allicin works against cancer is by producing
Reactive Oxygen Species (ROS). However, the
relationship between the allicin and cellular redox
is complicated and requires careful study. Allicin is
a very reactive thiol-modifying agent, which is
easily able to interact with any protein containing
low molecular thiol (e.g., GSH), which has cysteine
residues. Thus, its biological effects may vary
depending on concentration, duration of exposure,
antioxidant capacity of the cell, and the natural
redox state of the cell to which it is applied .

Allicin could have antioxidant or cytoprotective
effects when used at low concentrations, which is
hypothesized to be through the modulation of
cellular redox signaling pathways. However, at
high concentrations, it can exceed antioxidant
capacities which can result in excessive ROS
production, oxidative stress, mitochondrial
dysfunction and activation of cell-death pathways.
Therefore, allicin should not be considered just a
pro-oxidant compound, its effect may be context
dependent *°.

International Journal of Pharmaceutical Sciences and Research
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A proposed explanation for the specificity of
anticancer activities of ROS-producing agents is
that tumor cells tend to have higher basal ROS
levels than normal cells, which is attributed to
increased  metabolic  activity, mitochondrial
dysfunction and oncogenic signaling. This means
that cancer cells can function nearer to the limit of
their tolerance for oxidative stress, making them
more sensitive to additional oxidative stress
induced by allicin. But the direct evidence on the
selective ROS-mediated cytotoxicity of allicin on
HCC cells and its protection on normal hepatocytes
remains limited. So, the safety of tumor selectivity
should be considered a working hypothesis and not
confirmed “.

One of the intracellular antioxidant systems and a
main target for the thiol-modification effect of
allicin is glutathione. Lowering the cell's
glutathione concentrations could increase oxidative
stress and help kill cancer cells. However, over-
activation of the GSH pathway may make normal
tissues more susceptible to oxidative stress. Thus, it
is important to understand how glutathione plays a
role in both tumour and non-tumour hepatic cells to
determine the therapeutic potential and safety
profile of allicin **.

Because hepatocytes have a very high metabolic
activity and are involved in a large number of
xenobiotic metabolisms, ROS production might
result in excessive amount of oxidative damage to
healthy liver tissue. Adverse effects include lipid
peroxidation, mitochondrial dysfunction, DNA
damage and impaired hepatic function. Although
many studies are done on the anticancer activity,
relatively fewer studies focus on the oxidative
damage of normal hepatocytes. Therefore,
additional toxicological investigations are needed
5(2) ensure the safety margin of allicin based therapy

One of the major difficulties in the use of ROS in
anticancer therapy is the narrow window of
therapeutic action. The insufficient induction of
ROS cannot adequately induce the death of tumor
cells, and over production of ROS can cause
toxicity in healthy tissues. Thus, the therapeutic
efficacy of allicin is likely to depend on balancing
between inducing selective oxidative stress in
tumor cells and the normal function of normal
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cells. Optimal therapeutic window for allicin in
HCC should be identified by establishing dose
response relationship, getting redox biomarkers and
safety thresholds *.

Autophagy: Cytoprotective Versus Cytotoxic
Effects in HCC: Autophagy is a cellular process
that is still preserved and maintains the balance of
the cell, by breaking down and recycling damaged
organelles and proteins. Autophagy has a dual role
in the context of cancer, either helping to preserve
the viability of tumor cells or to Kkill them,
depending on the context **.

Under metabolic stress, oxidative stress, or anti-
cancer therapies, Autophagy acts as a protective
mechanism to supply nutrients, remove damaged
cellular components, and to help the cells adapt to
adverse microenvironments. On the other hand,
overactive apoptotic responses can result in an
antitumoral effect .

Thus, measuring levels of autophagy markers such
as accumulation of LC3-II, up-regulation of Beclin-
1 or down-regulation of p62 is not sufficient to
determine whether autophagy is beneficial or
disadvantageous. It is essential to make functional
experiments to elucidate the biological role of
autophagy activation “.

Many studies have suggested that allicin can
impact pathways related to autophagy, but the
current evidence is not conclusive on whether these
pathways of autophagy are a survival pathway or
cell death pathway in the context of HCC that is
treated with allicin. The majority of the research
focuses on changes in autophagy-related markers
without directly evaluating the consequences of
blocking or promoting autophagy. Based on current
evidence, it is therefore confirmed that autophagy-
related responses exist, but there is no clear

distinction between protective and harmful
autophagy in HCC *'.
Future studies should employ inhibitors of

autophagy, such as chloroquine, bafilomycin A1, 3-
methyladenine and knock-down of key autophagy
regulators (ATG5, ATG7 and Beclin-1), to
determine whether autophagy induced by allicin is
beneficial or detrimental. Increased apoptosis and
decreased cell survival when autophagy is inhibited
would indicate a cytoprotective nature of
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autophagy. Conversely, if autophagy inhibition is
associated with increased cell death and decreased
cell survival, it would suggest that autophagy is a
cytotoxic/pro-death process .

Tumor Microenvironment in HCC Progression:
The HCC tumor microenvironment (TME) is a
dynamic environment that consists of cancer cells,
stromal cells, immune cells, extracellular matrix
(ECM) and soluble factors “°. It plays a vital role in
tumor initiation, progression and therapeutic
resistance. Inflammation is a prominent feature of
the HCC microenvironment, often resulting from
persistent viral infections or metabolic insults.
Inflammatory  cells release cytokines and
chemokines that promote tumor proliferation, new
blood vessel formation and immune escape *°.
Moreover, cancer-associated fibroblasts (CAFs)
contribute to extracellular matrix remodelling and
provide a scaffold for cancer growth. Immune
dysregulation is another important aspect of the
HCC microenvironment. Tumor cells evade the
immune system by activating anti-inflammatory
pathways, such as regulatory T cells and
suppressing cytotoxic T cells **. This establishes an
immunosuppressive  milieu, facilitating tumor
progression. Hypoxia in the TME also contributes
to the aggressiveness of the disease by promoting
the stability of hypoxia-induced factors (HIFs),
which triggers new blood vessel formation,
metabolic reprogramming and metastasis %
Increased oxidative stress in the TME also causes
DNA damage and genomic instability of cancer
cells. Overall, the dynamic relationship between
cancer cells and the TME is important in disease
development and response to therapy. A dual
approach to target cancer cells and the TME is a
potential avenue to improve therapy in HCC

The P53 Tumor Suppressor in Cancer: The
protein p53 is a tumor suppressor and is often
referred to as the "guardian of the genome". It is
crucial for maintaining genomic integrity by
regulating the cell's response to various stress
stimuli, such as DNA damage, oxidative stress and
oncogene activation >*. Upon activation, p53 has a
range of downstream consequences, including cell
cycle arrest, DNA repair, senescence, and
apoptosis. In cancer, p53 is one of the most
commonly mutated tumor suppressors, particularly
in the liver cancer (hepatocellular carcinoma or
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HCC) *°. This is because mutations in the p53 gene
result not only in the loss of its anti-oncogenic
activities but can also confer gain-of-function
properties, which actively contribute to tumor
growth, spread, and drug resistance. Disruption of
p53-mediated apoptosis is of particular importance
as it enables cancer cells to evade cell death, a
hallmark of cancer °,

Understanding the structural and functional
features of p53 protein and how it becomes mutated
and deregulated is essential for the development of
therapeutic strategies to tackle the issue of
resistance to apoptosis in HCC *’.

Distinguishing Wild-Type p53, p53 Loss-of-
Function Mutations, p53-Null Status, and Gain-
of-Function Mutant p53: While the term "p53
deficiency” is frequently used in cancer studies, it
actually encompasses multiple distinct, biologically
unique molecular states and their impact on tumor
cell behavior, response to therapy and prognosis.
Therefore, it is crucial to differentiate these
conditions  when  discussing  hepatocellular
carcinoma (HCC) %

Wild-Type p53: The normal p53 protein acts as a
tumour suppressor and plays a pivotal role in the
maintenance of genomic stability. The wild-type
form of p53, in response to DNA damage or
oxidative stress or oncogenic signals, can induce
cell cycle arrest, DNA repair, senescence, and/or
apoptosis through the activation of genes like p21,
Bax, PUMA, and NOXA. Tumors with intact wild-
type p53 tend to be more sensitive to therapies that
are reliant on p53 apoptotic pathways >°.

Loss-of-Function TP53 Mutations: In TP53, loss-
of-function mutations result in a decrease in DNA-
binding ability and loss of tumor-suppressive
functions. Consequently, cancer cells are less likely
to undergo apoptosis when exposed to cellular
stress, like anti-cancer therapy. These mutations
help tumors to grow, to make cells unstable and to
become resistant to treatment .

p53-Null Status: p53-null tumors express no p53
protein as a result of deletion of the p53 gene or of
nonsense mutations or other factors that prevent the
production of p53 protein. In contrast with loss-of-
function mutant p53 cells, p53-null cells do not
generate any dysfunctional p53 protein.
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They are entirely reliant on alternative stress-
response and apoptotic pathways and are a distinct
biological entity ®*.

Gain-of-Function Mutant p53: Some mutations
in TP53 result in the formation of long-lived
mutant proteins which lose their normal tumor
suppressor functions and acquire new oncogenic
ones. These gain of function mutants can increase
proliferation, invasion, metastasis, metabolic
reprogramming, stemness, and resistance to
chemotherapy. The occurrence of gain-of-function
mutant p53 is often associated with more
aggressive disease and poor prognosis ®.

Relevance to Allicin-Based Therapy: These
molecular states may have different responses to
allicin.  While existing evidence suggests that
allicin  induces apoptosis through  multiple
mechanisms including ROS production,
mitochondrial dysfunction, caspase activation, etc.,
apart from those that do not involve p53, there is a
dearth of direct comparison studies examining the
effects of allicin in wild-type p53, loss of function
p53 mutant, gain of function p53 mutant, and p53
null HCC. Thus, there are some indications that
allicin could be useful in overcoming some of the
p53-mediated resistance, but there is no evidence of
it being effective in all TP53 molecular variants .

Structure and Function of p53: p53 is a
transcription factor and comprises of a number of
different domains that are involved in its
regulation. These include an  N-terminal
transactivation domain, a middle DNA-binding
domain, and a C-terminal oligomerization domain
8, The DNA-binding domain is particularly
important, enabling p53 to regulate the expression
of its target genes involved in cell cycle arrest and
cell death. Under normal conditions, p53
concentrations are kept low through constant
degradation by the E3 ubiquitin ligase, MDM2 .
In response to stress, p53 is stabilized and activated
by post-translational modifications, such as
phosphorylation and acetylation, allowing it to
accumulate in the nucleus and function as a
transcription factor. Activated p53 induces the
transcription of genes that are important for cell
cycle arrest (e.g. p21), DNA repair and apoptosis
(e.g. Bax, PUMA, NOXA) ®. By doing so, p53
blocks the propagation of genetic errors and blocks
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tumor growth. In addition, p53 can also regulate  both anti- and pro-apoptotic members of the Bcl-2
mitochondrial apoptosis directly by interacting with  family of proteins .

Structure of p53
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FIG. 2: TP53 ALTERATIONS IN HEPATOCELLULAR CARCINOMA
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One common cause is the exposure to aflatoxin B1,
a potent hepatocarcinogen, and results in a
particular mutation at codon 249 of the p53 gene.
p53 dysfunction is also due to chronic hepatitis
virus infections. The hepatitis B virus (HBV)
encodes the HBx protein, which may bind to p53
and decrease its transcriptional activity, impairing
its tumor suppressor function °. Similarly, the
hepatitis C virus (HCV) is associated with indirect
mechanisms of p53 inactivation via oxidative stress
and inflammation. Apart from mutations, p53 can
also be inactivated by elevated levels of negative
regulators such as MDM2 that lead to p53
degradation °’. Moreover, epigenetic modifications
and alterations in upstream pathways also result in
p53 inactivation in HCC. These events lead to
either the complete loss of p53 function or
production of mutant p53 proteins with altered or
oncogenic functions .

Impact of p53 Loss on Apoptosis Resistance: p53
alteration & mutation has profound effects on the
apoptotic pathway in cancer cells ®. Under normal
conditions, p53 is essential in inducing apoptosis in
response to stress by inducing the expression of
pro-apoptotic genes & suppressing anti-apoptotic
proteins '°. But a mutation or deactivation of p53
upsets this balance ™. This results in cancer cells
becoming resistant to apoptosis, allowing them to
survive despite DNA damage & other forms of
stress. This is one of the main reasons why
conventional treatment approaches fail, as many of
them rely on p53-mediated apoptosis to kill cancer
cells " Furthermore, mutant p53 proteins can exert
dominant-negative effects on any wild-type p53
that remains & may acquire new functions that
promote cell survival, invasion & metastasis. This
enhances the aggressiveness of the tumour & adds
to the complexities of therapy "®. Inactivation of
p53 also leads to dysfunction of mitochondrial
apoptosis, reduced caspase activation, & increased
expression of anti-apoptotic proteins such as Bcl-2.
Thus, exploring p53-independent pathways is an
important aspect of cancer therapy, particularly in
hepatocellular carcinoma (HCC) ™.

Clinical Significance of p53 Mutations: p53 gene
mutations play a significant role in hepatocellular
carcinoma (HCC). These mutations are often
associated with higher disease stage, lower tumor
differentiation, increased metastatic potential and
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reduced survival. As a result, p53 mutations are
considered a critical prognostic factor in HCC ™.
p53 mutations not only impact prognosis but also
therapeutic response. In general, cancers with
mutant p53 are less responsive to chemotherapy
and radiotherapy, largely because of diminished
p53-dependent apoptosis. This highlights the need
for new therapies independent of p53 ®. Up to
now, research has focused on developing targeted
treatments that seek to restore p53 activity or
exploit deficiencies associated with p53 loss.
However, these approaches remain challenging due
to the diversity of p53 mutations "°. In this sense,
naturally occurring compounds such as allicin
might be an alternative to induce apoptosis in a
p53-independent manner. This makes them
particularly effective in the treatment of HCC
patients with p53-mutant tumors that are resistant
to conventional treatment *'.

Allicin: Chemistry and Pharmacological Profile:
Allicin (diallyl thiosulfinate) is a highly reactive,
organosulfur compound that is the primary active
ingredient in garlic responsible for its therapeutic
effects '®. This compound has attracted significant
attention for its diverse biological properties,
including its antimicrobial, antioxidant, anti-
inflammatory & antitumor effects. With respect to
hepatocellular  carcinoma (HCC), allicin is
particularly important for its ability to regulate the
cellular redox state, induce apoptosis & disrupt
cancerous pathways '’. Chemically, allicin is a
thiosulfinate and has a reactive sulfur atom that
binds to hydroxyl groups of proteins and low-
molecular-weight antioxidants, such as glutathione.
This feature is key to many of its biological
activities, including its ability to alter cellular
signalling pathways and trigger oxidative stress in
cancer cells While allicin has potential
therapeutic applications, its potential use in cancer
treatment is limited by factors such as chemical
instability,  rapid  metabolism and  poor
bioavailability. As such, it's imperative to
understand its chemistry and pharmacology to
optimise its use in cancer therapy .

Source and Biosynthesis from Garlic: Allicin is
derived from Allium sativum and is not present in
intact garlic bulbs. Rather, it is generated
enzymatically when garlic tissue is damaged (for
example, crushed or chopped) to expose the
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enzyme alliinase to a substrate (alliin, S-allyl-L-
cysteine sulfoxide) 2. Damage to the tissue enables
alliinase to rapidly convert alliin to allicin by a
series of reactions. This reaction takes place very
rapidly and results in the formation of allicin, an
unstable and reactive compound ®. Allicin
synthesis is part of the plant's natural defence
mechanism against pathogens and damage %
However, because of the instability of allicin, it can
also transform into other secondary sulfur
compounds, such as diallyl disulfide, diallyl
trisulfide and ajoene, which may also contribute to
the health effects of garlic extracts .

Distinguishing Allicin from Other Garlic-
Derived Organosulfur Compounds: Garlic is
loaded with a variety of biologically active
organosulfur compounds (OSCs), including allicin,
ajoene, diallyl sulfide (DAS), diallyl disulfide
(DADS) and diallyl trisulfide (DATS).

E-ISSN: 0975-8232; P-ISSN: 2320-5148

These compounds have some similarities in
biological properties, but differ greatly in chemical
structure, stability, metabolism, cellular targets and
pharmacological effects. For example, allicin is a
highly reactive thiosulfinate that is formed from
alliin by the action of enzymes during tissue
damage. However, ajoene, DAS, DADS and DATS
are secondary sulfur compounds, which are formed
by the breakdown or processing of allicin *°. All of
these compounds possess distinct pharmacokinetic
and molecular characteristics, and can activate
different signaling pathways. So, outcomes from
the studies performed with ajoene, DAS, DADS, or
DATS cannot be equated with activity of allicin.
This review provides brief descriptions of the
studies on these compounds individually and does
not provide the conclusive evidence that the effect
of allicin in HCC can be attributed to those of
organosulfur compounds of garlic .

TABLE 4: COMPARISON OF MAJOR GARLIC-DERIVED ORGANOSULFUR COMPOUNDS

Compound Chemical Class Relationship to Allicin Direct Evidence for Interpretation
HCC
Allicin Thiosulfinate Primary active compound Yes Direct evidence
Ajoene Sulfur-containing Allicin degradation Limited Indirect evidence
derivative product
DAS Monosulfide Distinct OSC Limited Cannot be attributed to allicin
DADS Disulfide Distinct OSC Available Separate pharmacological entity
DATS Trisulfide Distinct OSC Available Separate pharmacological entity

Chemical Structure and Stability: The chemical
name of allicin is diallyl thiosulfinate and it is
characterised by the presence of a sulfinyl
functional group (-S(O)-S-) bridging two allyl
groups %. This structure confers high reactivity,
particularly towards thiol-containing compounds
such as cysteine residues in proteins and the
tripeptide, glutathione ®°.

The reactivity of allicin is important for its
biological activity, since it can change the structure
and function of proteins and enzymes via thiol-
disulfide exchange reactions. Such reactions can
disrupt various key processes in cancer cells,
culminating in oxidative stress, mitochondrial
damage and cell death ®’. Despite its potent
biological effects, allicin is highly unstable under
physiological conditions. It is highly sensitive to
temperature, pH and enzymes, and rapidly degrades
into a range of organosulfur compounds. This poses
significant challenges for its formulation, storage &
therapeutic applications %.
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Pharmacokinetics and Bioavailability: Allicin's
pharmacokinetics are complex because of its rapid
reactivity & instability. After oral administration,
allicin is typically not present in its original form in
the bloodstream . Rather, it is rapidly converted
into metabolites, including allyl methyl sulfide,
diallyl disulfide & other sulfur compounds. The
uptake of allicin-derived compounds mainly occurs
in the gut, where they can reach systemic
circulation & exert their effects *°. But active
allicin is generally thought to be poorly
bioavailable due to its metabolism and excretion.
The distribution of allicin metabolites in different
tissues, such as the liver, is of particular interest for
the treatment of HCC ®. These metabolites can
retain activity & contribute to the observed in vivo
pharmacological effects. To overcome issues
related to low bioavailability, recent research has
focused on novel drug delivery strategies, including
nano-formulations, liposomal formulations and
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prodrugs, to enhance stability, delivery and
bioavailability .
Safety and Toxicological Profile: Allicin is

generally considered safe for dietary consumption
(via garlic, Allium sativum); but its safety at higher
doses must be evaluated .

Animal studies have indicated that allicin displays
selective toxicity towards cancer cells, largely
attributable to the heightened susceptibility of
cancer cells to oxidative damage compared to
healthy cells. This property highlights its potential
as a therapeutic agent against cancer, particularly
hepatocellular carcinoma (HCC) .

On the other hand, allicin can be cytotoxic towards
non-malignant cells in a dose-dependent manner.
The high thiol group reactivity of allicin can
deplete antioxidant stores (such as glutathione) in
cells, promoting excessive levels of reactive
oxygen  species, membrane damage and
mitochondrial dysfunction. These effects may play
a role in cytotoxicity in normal tissues, esBpeciaIIy
in the liver and the gastrointestinal system ™.

Animal studies have suggested that high doses of
allicin or garlic extracts can cause gastrointestinal
irritation, liver toxicity and altered liver enzyme
activity, but these are typically associated with
supra-physiological concentrations. Additionally,
allicin might exhibit mild hemolytic effects at
elevated levels due to interactions with red blood
cell membranes .

Another  key consideration is  herb—drug
interactions. Allicin may influence cytochrome
P450 enzymes, potentially altering drug
metabolism. It also has an anticoagulant effect due
to inhibition of platelet aggregation, which may
lead to bleeding when used with antiplatelet or
anticoagulant drugs *.

Toxicological evaluations also highlight the
importance of dose & formulation considerations
% " Sustained release formulations may help in
minimising systemic toxicity and improving
efficacy. Also, allicin content in different garlic
products may vary, & hence could lead to variation
in  pharmacological activity, which requires
standardisation °’. Overall, while allicin has a good
safety profile at moderate dosages, its dose-
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dependent toxicity, instability & drug interactions
need to be carefully investigated. Targeted drug
delivery, pharmacokinetics and clinical safety
studies are warranted to fully ascertain its
therapeutic potential in HCC %,

Anticancer Properties of Allicin: Allicin (diallyl
thiosulfinate)  from  Allium  sativum  has
demonstrated a wide range of anticancer effects in
various cancers including hepatocellular carcinoma
(HCC) "". Allicin's therapeutic potential stems from
its multi-functional mode of action, which
facilitates the simultaneous regulation of key
cellular processes, such as cell growth, death,
invasion and new blood vessel formation. Another
distinctive feature of the anticancer effects of
allicin is its ability to selectively induce oxidative
stress-induced death in cancer cells .

Through the elevation of intracellular reactive
oxygen species (ROS), allicin alters the cell's redox
balance, leading to mitochondrial dysfunction and
induction of apoptosis. These processes can occur
in the absence of p53, making allicin promising for
the treatment of p53-mutant tumors '®. In addition
to its ability to induce apoptosis, allicin also targets
multiple oncogenic pathways such as PI3K/Akt,
MAPK and NF-xB, thereby suppressing tumor
growth and enhancing the efficiency of cancer
treatment .

Overview of Antitumor Activity: Allicin has
considerable antitumor activities, which are
mediated by a combination of cytotoxic, anti-
proliferative and pro-apoptotic effects *. In a time-
and concentration-dependent manner, allicin has
been shown to decrease the viability of different
cancer cells, including HCC, in vitro. The cytotoxic
responses are primarily mediated by oxidative
stress, leading to the damage of macromolecules,
including DNA, proteins and lipids ™. A key
advantage of allicin is its cancer selectivity, which
can be attributed to the elevated basal level of
oxidative stress and metabolic state of the cancer
cells. As a result, allicin-induced reactive oxygen
species (ROS) further enhance the vulnerability of
cancer cells to oxidative stress ‘%2, In-vivo studies
also confirm the antitumor activity of allicin by
showing its ability to decrease tumor growth,
reduce tumor size, and increase survival in animals.
And, allicin has been shown to enhance the
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efficacy of conventional chemotherapeutic drugs,
suggesting its potential use in combination with
chemotherapies %,

Effects on Cell Proliferation and Cell Cycle
Arrest: Crucially, the ability of allicin to induce
cell cycle arrest may occur independently of p53,
which is particularly important in HCC where p53
mutations are prevalent . Allicin can engage
other pathways in p53-deficient or p53-mutated
cells, such as the induction of cyclin-dependent
kinase inhibitors, p21 and p27, in a p53-
independent manner. Mechanistically, allicin
down-regulates key proteins involved in cell cycle
progression, such as cyclin D1, cyclin B1 and
CDKSs, resulting in cell cycle arrest ', This, in
turn, blocks DNA replication and inhibits tumor
growth. In addition, allicin-induced oxidative stress
results in DNA damage and reinforces the cell
cycle arrest ' Allicin also interferes with
signaling pathways that promote cell proliferation,
such as PI3K/Akt and MAPK, which can be
overactive in HCC. This reduces survival responses
and sensitises cancer cells to apoptosis. As a result,
allicin is a potent anti-proliferative agent, even in
the absence of functional p53 **’.

Anti-metastatic and Anti-angiogenic Effects:
Metastasis and angiogenesis are critical steps in the
development of cancer and play an important role
in the poor prognosis of hepatocellular carcinoma.
Allicin has demonstrated significant potential in
suppressing  both  processes via  multiple
mechanisms %, Allicin's anti-metastatic effect is
primarily achieved by inhibiting the migration and
invasion of cancer cells. It downregulates matrix
metalloproteinases (MMPs), particularly MMP-2 &
MMP-9, which are involved in the destruction of
the extracellular matrix & metastatic spread of
cancer cells 1. Simultaneously, allicin enhances
the levels of tissue inhibitors of metalloproteinases
(TIMPs), which helps to maintain the integrity of
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the extracellular matrix and prevents metastasis **°.
In addition, allicin affects the epithelial-
mesenchymal transition (EMT), which is crucial to
metastasis. Allicin downregulates the expression of
mesenchymal markers such as N-cadherin &
vimentin, and upregulates the expression of
epithelial markers such as E-cadherin, thus
maintaining the epithelial phenotype and blocking
the acquisition of invasive traits .

Furthermore, allicin has potent anti-angiogenic
effects, crucial for tumor growth and metastasis. It
decreases the production of vascular endothelial
growth factor (VEGF) and other angiogenic
markers, preventing the formation of new blood
vessels required for the survival and growth of a
tumour 2. Further to this, allicin interferes with
hypoxia-inducible signalling pathways, reducing
angiogenic responses under hypoxic conditions in
the tumor 2. Importantly, allicin's anti-metastatic
and anti-angiogenic effects are closely linked to the
regulation of major signaling pathways such as
PI3K/Akt, MAPK and NF-kB. This disruption of
key pathways undermines the molecular
underpinnings of tumor growth and metastasis ***.
In conclusion, allicin's ability to limit growth,
metastasis, and angiogenesis highlights its potential
as a multifunctional anti-cancer drug, especially in
the case of hepatocellular carcinoma, a highly

metastatic and resistant cancer 1*°.

Mechanisms of Allicin-Induced Apoptosis in
Hepatocellular Carcinoma: Allicin  (diallyl
thiosulfinate) of Allium sativum triggers apoptosis
in HCC via p53 independent pathways. It is thiol-
reactive and causes cellular redox imbalance,
mitochondrial damage and activation of important
death pathways such as the caspases, Bcl-2 family
proteins and ER stress. These effects allow the
chemoresistance induced by p53 to be overcome in
HCC M°,

TABLE 5: MOLECULAR MECHANISMS OF ALLICIN-INDUCED APOPTOSIS IN HCC

Mechanism Molecular Targets p53 Dependence Cellular Outcome  Supporting Evidence  Ref.
ROS generation  ROS, GSH depletion Independent Oxidative stress, In-vitro studies [117]
apoptosis

Mitochondrial Baxt, Bel-2| Partial Cytochrome c release Cell line studies [118]
pathway

Caspase Caspase-3, -9 Independent Apoptosis execution  Experimental models  [119]
activation

ER stress CHOP, GRP78 Independent Apoptosis induction In-vitro evidence [120]

Cell cycle arrest Cyclins, CDKs Dependent/Independent Growth inhibition Multiple studies [121]
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Reactive Oxygen Species (ROS)-Mediated
Cytotoxicity: The rapid accumulation of reactive
oxygen species (ROS) by allicin is one of the major
causes of apoptosis *%. Allicin causes a reduction
in antioxidant levels (such as glutathione) and
modifies redox-sensitive proteins via thiol-disulfide
exchange reactions, thereby placing cancer cells
under excessive oxidative stress &

Elevated ROS levels result in:

Oxidative modifications of DNA, proteins and
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Activation of stress kinases (e.g. JNK and p38
MAPK).

° I 123.

Loss of mitochondrial membrane potentia

HCC cells are generally in a higher basal level of
oxidation and are therefore more sensitive to
increased ROS. This redox selectivity enables
allicin to selectively kill tumor hepatocytes and not
normal cells **
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FIG. 3: PROPOSED MECHANISMS OF ALLICIN-INDUCED ROS GENERATION

Mitochondrial Dysfunction and Intrinsic
Apoptosis Pathway: Allicin also affects the
integrity of mitochondria by thiol modification and
ROS generation, playing a key role in intrinsic
apoptosis This results in  membrane
depolarization, permeability changes and the
release of cytochrome c that leads to the formation
of apoptosomes and hence downstream apoptosis.
This is a mitochondrial pathway that is largely
independent of p53 which allows for apoptosis in
p53-deficient HCC cells *2°.

Activation of Caspase Cascade (Caspase-3, -8, -
9): The caspases are the key effectors of apoptosis
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and allicin strongly activates the intrinsic and
extrinsic caspase pathways '*. The release of
cytochrome ¢ from mitochondria activates the
initiator caspase-9 via the formation of the
apoptosome, which in turn activates the
executioner caspase-3 *%

At the same time, allicin can also activate the
extrinsic pathway via activation of death receptors
that leads to activation of caspase-8. The extrinsic
and intrinsic pathways work together to accelerate
apoptosis %

Once activated, caspase-3 induces apoptosis by:
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e Inducing structural and

cleavage.

regulatory protein

¢ Inducing DNA fragmentation.

e Inducing membrane blebbing and apoptotic
bodies formation *%°.

Allicin's capacity to activate caspase-3, -8 and -9 in
a p53-independent manner suggests that it may
have therapeutic potential in  p53-mutant

hepatocellular carcinoma (HCC) **.

Modulation of Bcl-2 Family Proteins: The Bcl-2
protein family controls the integrity of the
mitochondrial membrane, and is involved in the

regulation of apoptosis. Allicin shifts the balance of
the pro-apoptotic and anti-apoptotic members of

this family .

In particular, allicin:

This shift

Up-regulates pro-apoptotic proteins such as

Bax and Bak.

Reduces

proteins like Bcl-2 and Bel-xL 2.

in the Bax/Bcl-2

the expression of anti-apoptotic

ratio promotes

mitochondrial outer membrane permeabilization
(MOMP), facilitating the release of cytochrome ¢

128

and activation of caspases ~".
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Significantly, these regulatory effects occur in the
absence of p53, implying that allicin can bypass the
conventional p53-mediated transcriptional control
of Bcl-2 family genes 7.

Endoplasmic Reticulum Stress-Induced
Apoptosis: Allicin also induces apoptosis through
the induction of endoplasmic reticulum (ER) stress.
Protein misfolding and redox dysregulation in the
I1533R activates the unfolded protein response (UPR)

Prolonged or severe ER stress activates the
apoptotic pathway via:

e Upregulation of CHOP (C/EBP homologous
protein).

e ER-associated caspase activation (e.g. caspase-
12 in models).

e ER calcium leakage and further contribution to
mitochondrial dysfunction **,

The allicin-induced ER stress is closely linked to
oxidative stress and vice versa, amplifying the
caspase-dependent  apoptotic  process.  This
mechanism provides a mechanism by which allicin
can selectively kill cancer cells, in a p53-
independent manner *°.

TABLE 6: MOLECULAR MECHANISMS OF ALLICIN-INDUCED APOPTOSIS IN HCC

Mechanism Key Molecular Events Major p53 Dependency Supporting Evidence Ref.
Biomarkers/ (Standardized Findings)
Proteins
ROS-Mediated Increased intracellular ROS 1, GSH Independent Observed in HepG2, Hep3B  [135]
Oxidative Stress ROS, depletion of 1, lipid cells; ROS-triggered
glutathione, oxidative peroxidation apoptosis widely reported
damage
Mitochondrial Loss of mitochondrial A¥m |, Independent Mitochondrial pathway [136]
Dysfunction membrane potential, Cytochrome ¢ activation in HCC xenograft
cytochrome c release 1 models
Caspase Activation of intrinsicand  Caspase-3, -8, Independent Caspase cascade activation  [137]
Activation extrinsic pathways -9 1, PARP confirmed in multiple in
cleavage vitro studies
Bcl-2 Family Increased pro-apoptotic Bax 1, Bak 1, Independent Bax/Bcl-2 ratio shift [138]
Modulation proteins, decreased anti- Bcl-2 |, Bel- reported in HCC models
apoptotic proteins xL |
ER Stress- Activation of unfolded CHOP 1, Independent ER stress-mediated [139]
Induced protein response (UPR) Caspase-12 1, apoptosis documented in
Apoptosis Ca?" release 1 oxidative stress models
Death Receptor Activation of extrinsic Fas, TRAIL, Independent Death receptor signaling [140]
Pathway apoptosis signaling Caspase-8 1 reported in natural

compound studies
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P53-Independent Mechanisms of Allicin Action:
One of the major problems with treatment of HCC
is the inactivation of p53, which decreases the
induction of apoptosis and increases the resistance
to drugs . A promising solution would be the
induction of p53 independent cell death by allicin
(diallyl thiosulfinate) contained in Allium sativum.
It exerts its effect through oxidative stress
modulation, activation of alternative tumor
suppression mechanisms and induction of apoptosis
gmd autophagy, overcoming resistance in HCC cells

Apoptosis in p53-Mutant and p53-Null Cells:
Allicin has been reported to induce apoptosis in
cancer cells, regardless of p53 status, including
p53-mutant and p53-null models '*2. This is
particularly relevant in hepatic cancer (HCC) as
impairment of the p53 function is often observed
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and associated with a poor outcome and drug
resistance. In terms of mechanism, allicin triggers
apoptosis via the generation of reactive oxygen
species (ROS) and subsequent mitochondrial
dysfunction, leading to the release of cytochrome c,
and activation of the caspase-9 and caspase-3 .
These events occur in the absence of p53-mediated
transcriptional responses, implying that allicin's
interaction with intrinsic apoptotic components can
occur independently of p53 signaling. In addition,
allicin  can also induce extrinsic apoptotic
pathways, which involves death receptor
stimulation and activation of caspase-8 . The
activation of intrinsic and extrinsic pathways
ensures the successful execution of apoptosis, even
in the absence of p53. This ability to bypass p53-
mediated apoptosis highlights the potential of
allicin in treating chemoresistant HCC **.

Apoptotic Pathways Potentially Influenced by Allicin
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Alternative Tumor Suppressor Pathways (p73,
p21): When p53 is absent or inactivated, other
pathways of tumor suppression are able to
compensate. One such pathway is mediated by p73,
a structural and functional homolog of p53 that is
critical for the regulation of apoptosis and cell
cycle arrest **°. Allicin has been shown to switch
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FIG. 4: APOPTOTIC PATHWAYS POTENTIALLY INFLUENCED BY ALLICIN

on p73-dependent gene expression, leading to the
activation of pro-apoptotic genes, including Bax,
PUMA, and NOXA. Unlike p53, p73 is less
frequently mutated in cancer, making it an
attractive therapeutic target. Furthermore, allicin
can activation the expression of the cyclin-
dependent kinase inhibitor p21 in a p53-
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independent manner, resulting in cell cycle arrest
and decreased proliferation of tumor cells **. This
could be through transcription factors such as Spl
or stress-induced signaling pathways in response to
oxidative stress. In this way, allicin restores
essential regulatory processes that are usually lost
in p53-deficient HCC cells, via the alternative

tumor suppressor pathways **'.

Role of Autophagy in Cell Death: Autophagy is a
highly regulated process that enables the
degradation and reutilisation of  cellular
components. Autophagy in cancer can play a
double role, acting as a survival mechanism or an
alternative form of cell death, depending on the
context %, In HCC cells, allicin has been found to
regulate autophagy, primarily through the induction
of oxidative stress and the inhibition of cell
survival pathways, including the
phosphatidylinositol 3-kinase (PI3K) pathway.
Activation of autophagy proteins, such as LC3-II
and Beclin-1, has been observed after allicin
treatment **°. Autophagy can be used as a backup
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mechanism to eliminate damaged cells in the
absence of p53. Allicin-induced autophagy can lead
to excessive cell self-destruct and cell death,
especially when it is accompanied by mitochondrial
damage and reactive oxygen species (ROS)
accumulation. Thus, autophagy is important to the
overall antitumor effects of allicin, especially in
tumors with defective apoptosis **.

Crosstalk between Apoptosis and Autophagy:
Apoptosis and autophagy are tightly coupled
processes of cell survival. Allicin regulates their
crosstalk via PI3K/Akt, MAPK and NF-«xB
pathways. Allicin induces apoptosis and autophagy
by inhibiting PI3K/Akt/mTOR and down-
regulating Bcl-2 through the activation of Beclin-1
151 Autophagy is protective in the early stages of
HCC, but promotes cell death in the later stages. In
this way, allicin is able to kill tumor cells even
when p53 is not present 2. A comparative
overview of p53-dependent and p53-independent
apoptotic pathways relevant to hepatocellular
carcinoma is shown in Table 7.

TABLE 7: COMPARISON OF P53-DEPENDENT AND P53-INDEPENDENT APOPTOTIC PATHWAYS IN HCC

Feature p53-Dependent p53-Independent Relevance in Role of Allicin  References
Pathway Pathway HCC
Trigger DNA damage Oxidative stress, ER p53 often Activates both [153]
stress mutated
Key Proteins p53, Bax, p21 Caspases, ROS, CHOP Resistance Bypasses p53 [152]
common
Mechanism Transcription Direct apoptosis Impaired in Alternative [152]
regulation signaling HCC pathway
Therapeutic Value Limited in mutated Highly valuable Overcomes Strong potential [152]
tumors resistance

TABLE 8: EVIDENCE SUPPORTING THE RELATIONSHIP BETWEEN ALLICIN ACTIVITY AND TP53 STATUS

IN HEPATOCELLULAR CARCINOMA

Experimental TP53 Allicin  Allicin  Treatment Measured Principal Evidence Ref.
Model Status Purity Dose Duration Endpoints Findings Classification
HepG2 cells  Wild-type Specify  Specify Specify Cell viability, Apoptosis Direct evidence  [154]
p53 from apoptosis observed in for allicin; not
source markers, ROS p53- evidence of
generation competent p53-
HCC cells independence
Hep3B cells p53-null  Specify  Specify Specify Cell viability, Activity Direct evidence  [154]
from caspase observed for p53-null
source activation, despite HCC
apoptosis absence of
p53
Huh7 cells TP53- Specify  Specify Specify Apoptosis, Response Direct evidence  [154]
mutant from ROS, observed in  for mutant TP53
source mitochondrial TP53-mutant HCC
dysfunction cells
HCC animal TP53 Specify  Specify Specify Tumor Antitumor Direct evidence [38]
model status volume, effect if allicin used in
International Journal of Pharmaceutical Sciences and Research 2828
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reported/n
ot
reported
Breast cancer TP53- Specify  Specify Specify
model mutant or
reported
status
Colon cancer TP53 Specify  Specify Specify
model status
reported
DADS/DATS  Variable Not Specify Specify
studies allicin

apoptosis observed HCC
markers
Apoptosis Mechanistic Indirect [11]
pathways support only  evidence (non-
HCC)
ROS, Suggests Indirect [155]
apoptosis p53- evidence (non-
independent HCC)
pathways
Signaling Mechanistic Indirect [156]
pathways insight only evidence
(different
compound)

Interpretation of Evidence Categories:
Direct Evidence:
e Allicin was used as the compound tested.

e Hepatocellular carcinoma models were used in
the experiments.

e TP53 status was either reported or characterized
using experimental methods.

e Apoptosis or other endpoints were measured

directly ***,

Indirect Evidence

e Research was carried out in cancer models
other than HCC.

e Other garlic compounds in addition to allicin
(DADS, DATS, ajoene) were also studied.

e No specific information about TP53 status was
given.

e Research was able to give mechanistic
information and was not directly used to test the
central hypothesis in HCC %,

Available data suggest that allicin can induce
apoptosis and/or oxidative stress in multiple models
of cancer. However, there has been little direct
evidence of selective p53-independent function in
HCC. While some studies using p53-null and
TP53-mutant HCC models support this proposed
mechanism, the majority of the literature is
indirect, examining other forms of cancer, p53-
competent systems or examining other garlic-
derived compounds other than allicin.

International Journal of Pharmaceutical Sciences and Research

Based on this, the available evidence suggests that
allicin can trigger apoptotic pathways independent
of p53, although there is no clear evidence of being
selectively effective on p53-deficient HCC **.

Modulation of Cell Signaling Pathways by
Allicin: Allicin (diallyl thiosulfinate) from Allium
sativum exhibits its chemopreventive effects
through efficient modulation of several of these
intercellular pathways of signaling that regulate
survival, proliferation, inflammation and stress
responses *’. For HCC, these pathways are
frequently dysregulated, contributing to the growth,
spread and resistance of the tumors. A key feature
of allicin is its ability to modulate multiple
oncogenic signaling pathways, thus disrupting the
complex network of signaling pathways that drive
malignant phenotypes ™%, Many of these functions
are independent of p53, thus overcoming a
significant barrier to the treatment of HCC. These
actions involve the regulation of PI3K/Akt/mTOR,
MAPK, NF-xB and oxidative stress response
pathways **°.

PI3K/Akt/mTOR Pathway Inhibition:
PI3K/Akt/mTOR pathway is a critical mediator of
cell survival, growth, metabolism and angiogenesis
and is frequently dysregulated in HCC **°. When
this pathway is activated, it allows tumors to grow
by inhibiting cell death and increasing the synthesis
of proteins. Allicin has been shown to block this
pathway at multiple points. It decreases PI3K
activation, which causes a reduction in the
phosphorylation of Akt and therefore decreases the
downstream target mTOR *®'. This leads to a
decrease in protein synthesis, impairs cell
proliferation and increases apoptosis. In addition,
allicin’s inhibition of the PI3K/Akt/mTOR pathway
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facilitates the induction of autophagy, particularly
under stress. Interestingly, this suppression occurs
even in p53-deficient cells, suggesting allicin's

ability to bypass p53-mediated survival
mechanisms %
MAPK Pathway Regulation: The mitogen-

activated protein kinase (MAPK) pathway plays an
essential role in regulating a range of cellular
processes, including growth, differentiation and
stress responses *°°. This pathway includes sub-
pathways such as ERK, JNK and p38 MAPK,
which have distinct functions. Allicin has context-
specific effects on MAPKSs. It blocks the ERK
pathway, which is typically associated with cell
growth and survival, thereby impeding tumor
development . At the same time, allicin activates
stress-response kinases such as JNK and p38
MAPK that are involved in the induction of
apoptosis. JNK and p38 pathway activation leads to
an up-regulation of pro-apoptotic genes and
enhanced mitochondrial-mediated apoptosis .
These effects are strongly linked to the reactive
oxygen species (ROS) and oxidative stress that
allicin induces. Allicin, through its differential
modulation of the MAPK sub-pathways, shifts the
survival-apoptosis equilibrium in cells, enhancing
its anti-cancer activities in  hepatocellular
carcinoma (HCC) *®°.

NF-kB Suppression: The NF-kappa B pathway is
a key transcriptional regulator for inflammation,
immunity and survival. In HCC, sustained
activation of the NF-xB pathway contributes to the
growth of tumors by upregulating the expression of
anti-apoptotic proteins, cytokines, and growth
factors 1°®. Allicin has been shown to suppress NF-
kB pathway by preventing the phosphorylation and
degradation of NF-kappa B inhibitor (IxBa,).

E-ISSN: 0975-8232; P-ISSN: 2320-5148

This blocks NF-kB from entering the nucleus,
reducing the expression of NF-kB target genes that
promote survival and inflammation. As a result,
allicin downregulates the pro-survival proteins Bcl-
2 and survivin, as well as pro-inflammatory
cytokines involved in tumor growth **’. This
facilitates the induction of cancer cell death and

may reduce inflammation of the tumor.
Importantly, allicin's  suppression of  NF-
kBsignaling is p53-independent, further

highlighting its  therapeutic  potential  for
overcoming apoptosis resistance in HCC .

Regulation of Oxidative Stress Signaling:
Signaling by oxidative stress plays a dual role in
cancer, both promoting tumorigenesis and driving
cell death when the levels of reactive oxygen
species (ROS) become excessive. Allicin plays a
major role in modulating this balance through its
effects on redox signaling . Alicin uses its
reactive sulfur atom to interact with thiol groups,
reducing the concentration of intracellular
antioxidants such as glutathione. This, in turn,
increases ROS levels, triggering stress-sensing
pathways and apoptosis. Allicin also modulates
redox-sensitive transcription factors and pathways,
including Nrf2, JNK and p38 MAPK. While there

may be an initial induction of antioxidant
responses, sustained oxidative stress leads to
mitochondrial dysfunction and induction of
apoptosis '°°. Hepatocellular carcinoma (HCC)

cells already exhibit elevated basal oxidative stress,
and the production of ROS by allicin exceeds the
tolerance of the cells, leading to selective
cytotoxicity. This approach is particularly effective
in cells lacking p53, where other mechanisms of
stress response play an important role in cell
survival 7.

TABLE 9: MODULATION OF KEY ONCOGENIC SIGNALING PATHWAYS BY ALLICIN

Pathway Normal Role in HCC Effect of Allicin Downstream Impact Therapeutic Ref.
Relevance
PI3K/Akt/mTOR Promotes survival, Inhibition of PI3K Reduced protein Overcomes drug [171]
growth, angiogenesis and Akt synthesis, increased resistance
phosphorylation apoptosis
MAPK (ERK, Regulates proliferation  ERK |, INK/p38 1 Suppression of Enhances stress- [172]
JNK, p38) and stress response proliferation, induction =~ mediated cell death
of apoptosis
NF-xB Promotes inflammation Inhibits NF-xB Reduced cytokines, Reduces tumor [173]
and anti-apoptotic activation Bcl-2 | survival and
signaling inflammation
Oxidative Stress Maintains redox ROS DNA damage, Selective cytotoxicity [152]
International Journal of Pharmaceutical Sciences and Research 2830
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Pathway balance overproduction apoptosis induction in cancer cells
Nrf2 Pathway Antioxidant defense Dysregulation by Redox imbalance Enhances ROS- [174]
allicin mediated killing
Autophagy Survival or death Induces autophagy ~ Autophagic cell death Alternative pathway  [153]
(PIBK/MTOR mechanism in p53-deficient cells
axis)

Direct Versus Indirect Evidence for p53-
Independent Activity of Allicin In HCC:
Although allicin has been well documented to
induce apoptosis in many cancer models, there
have been very few reports of allicin-induced p53-
independent apoptosis in hepatocellular carcinoma
(HCC). To distinguish between the direct evidence
from validated p53-deficient HCC models and

indirect evidence from other experimental systems
154

Direct evidence includes studies showing that
allicin-induced apoptosis in HCC cell lines with
well-known TP53 alteration, including TP53-
mutant (e.g., Huh7) and p53-null (e.g., Hep3B),
and mechanistic validation that apoptosis can be
induced by allicin without p53 signaling. The
studies provide the strongest support for a p53-
independent mechanism ***.

On the other hand, much of the current literature is
indirect evidence and comprises:

e The research was carried out in non-HCC
cancer cell lines.

e Studies of other organosulfur compounds from
garlic besides allicin.

e Experiments showing general ROS induced
apoptosis but not assessing p53 status.

e Reports of apoptotic signaling pathways as the
mechanism linking to p53 independence
without direct evidence .

Conclusive evidence of the selective efficacy of
allicin against HCC cells that lack p53 is still
lacking, but current research suggests that allicin
can act through alternative apoptotic pathways,
which are p53 independent. Additional studies
using genetically characterized HCC models and
direct comparisons of wild-type and p53 deficient
models are required **.

TABLE 10: DIRECT AND INDIRECT EVIDENCE SUPPORTING P53-INDEPENDENT ANTICANCER ACTIVITY

OF ALLICIN IN HEPATOCELLULAR CARCINOMA

Evidence Category Evidence Example Models Interpretation
Strength
HCC with wild-type p53 Direct HepG2 Demonstrates apoptosis but not p53 independence
HCC with p53-null status Direct Hep3B Supports possible p53-independent activity
HCC with TP53 mutation Direct but Huh7 Suggests activity despite altered p53
limited
Non-HCC cancer models Indirect Colon, breast, lung Cannot be directly extrapolated to HCC
cancer cells
Garlic compounds other Indirect DADS, DATS, Mechanistically informative but not proof for allicin
than allicin ajoene studies
General ROS/apoptosis Indirect Various cell systems Support mechanism but not HCC-specific p53-
studies independent activity

Preclinical Evidence: Preclinical data provide
important information about the anti-cancer
potential of allicin (diallyl thiosulfinate) from
Allium sativum *". Allicin has been shown to be
anti-proliferative, pro-apoptotic, anti-metastatic and
anti-angiogenic in both in-vitro and in-vivo models
of hepatocellular carcinoma (HCC). Crucially, this
is also observed in p53 wild-type and mutant
disease, highlighting its potential role in resistant
disease **°.
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Overall, preclinical studies indicate that allicin
exerts its anti-tumor effects by generating reactive
oxygen species (ROS), mitochondrial dysfunction,
caspase activation, and regulation of survival
pathways (PI3K/Akt, MAPK and NF-«xB). This
evidence is highly supportive for translational
studies %,

In-vitro Studies in HCC Cell Lines: Considerable
in-vitro studies show that allicin decreases the
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survival and proliferation of HCC cell lines in a
dose- and time-dependent manner. Commonly used
models include HepG2 (wild-type p53), Hep3B (no
p53) and Huh7 (mutant p53) to directly test p53-
independent effects .

Notable findings from in-vitro studies include:

e Apoptosis is observed with condensation of
nuclei, the fragmentation of DNA, and
increased Annexin V staining *'’.

e Caspase activation (caspase-3,
PARP cleavage *'®.

-8, -9) and

e Depolarization of the mitochondrial membrane
and release of cytochrome ¢ **°.

e Generation of reactive oxygen species (ROS)
and induction of oxidative stress **.

Importantly, allicin induces similar proapoptotic
effects in p53-wild and p53-null cell lines, thus
validating its p53-independent mechanism of
action.

Additionally, allicin curbs cell growth by arresting
the cell cycle (at GO/G1 or G2/M phases) and
suppressing cyclins and CDKs 4.

Research also shows the suppression of PI3K/Akt
pathways, activation of JNK/p38 MAPK pathways
and inhibition of NF-«xB, which effectively switch

the survival pathway to the apoptotic pathway 5.

In-vivo Animal Models: In-vivo studies conducted
using xenograft and chemically induced HCC
models also confirm the anti-cancer activity of

allicin *¥. In mice, treatment with allicin or garlic
extracts is associated with:

¢ Reduced tumor size and weight.
e Slowed tumor growth and development.
e An increased apoptotic index in tumor tissues.

e Suppression of angiogenesis, with decreased

microvessel density and VEGF levels %2,

Microscopic studies show increased apoptosis in
tumor tissues, with condensed chromatin and high

caspase activity. Additionally, allicin-treated
animals often show changes in oxidative stress
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indices, with elevated lipid peroxidation levels in
tumors, and enhanced antioxidant capacity in non-
tumoral tissues %,

More importantly, allicin shows a favourable
toxicity profile when administered in-vivo with low
systemic toxicity at therapeutic concentrations.
This specificity enhances its prospects as a lead
compound for further preclinical and clinical
development **,

Comparative Efficacy with Standard
Chemotherapeutics: Comparative research on
allicin combined with conventional chemotherapies
highlight the potential of allicin as an independent
or adjunct therapeutic agent '%.

Conventional therapies for advanced HCC, like
Sorafenib, primarily target angiogenesis and cell
proliferation but often encounter resistance and
adverse effects .

Allicin has multiple comparative advantages:

e Broad range of targets, reducing the risk of
drug resistance.

e Activity against p53-mutant or deficient cells,
in contrast to many drugs.

e Lower toxicity towards healthy cells, improving

selectivity .

In combination with other treatments, allicin has
been shown to:

e Enhance the efficacy of chemotherapeutic
drugs by increasing their ability to induce
cancer cell death.

e Reduce the required drug dosages, thereby
minimising side effects.

e Reverse resistance by regulating survival
132

signalling and oxidative stress ~*.

These findings suggest that allicin may act as a
chemosensitizer, improving the effectiveness of
conventional therapies. However, issues of
formulation, dose and bioavailability remain to be
resolved in future studies **.
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TABLE 11: SUMMARY OF PRECLINICAL STUDIES ON ALLICIN INHCC

Study Type Model/System Dose/Concentration Key Findings Outcome References
In-vitro HepG2 (p53 WT) 10-100 uM ROS generation, Apoptosis [152]
caspase activation induction
In-vitro Hep3B (p53 null) 20-80 uM p53-independent Confirms [152]
apoptosis resistance bypass
In-vitro Huh7 (p53 mutant) 25-100 uM Cell cycle arrest Reduced [187]
(G2/M), mitochondrial proliferation
dysfunction
In-vivo Xenograft mouse 5-50 mg/kg Tumor volume |, Tumor suppression [20]
model apoptosis 1
In-vivo Chemically induced Variable Reduced angiogenesis, Anti-angiogenic [188]
HCC VEGF | effect
Combination  Allicin + Sorafenib Variable Enhanced apoptosis, Synergistic effect [189]
Study reduced resistance
Mechanistic ~ Multiple HCC lines Dose-dependent PI3K/Akt inhibition, Multi-target action [190]
Study NF-kB suppression

Clinical Potential and Therapeutic Implications:
The growing body of preclinical evidence suggests
that allicin (diallyl thiosulfinate) from Allium
sativum has the potential to treat hepatocellular
carcinoma (HCC). Its ability to induce apoptosis
through  multi-targeted and, mainly, p53-
independent pathways distinguish it from the
majority of conventional agents that rely on p53
functionality This feature is particularly
important in HCC, as p53 gene mutations are
common and confer resistance. Allicin has the
potential to be used in clinical practice, not only as
an effective anticancer agent, but also as a
modulator of response to existing therapies, thereby
enhancing their efficacy. Given its favourable
safety profile seen in preclinical investigations, and
its capacity to target several hallmarks of cancer,
future research into allicin's clinical potential is
needed %°.

Allicin as a Standalone Therapeutic Agent: The
characteristics of allicin support its potential use as
a standalone treatment for HCC. Allicin's
multifunctional properties enable it to interfere with
multiple processes that are vital to tumor
progression, such as cell proliferation, apoptosis,
angiogenesis & metastasis. Unlike conventional
chemotherapies that typically have one target,
allicin  disrupts complex signaling pathways,
including PI3K/Akt, MAPK, NF-kB, and oxidative
stress 1.

Importantly, allicin induces apoptosis in both p53-
wild-type and p53-mutant cancer cells, making it
particularly relevant for p53-mutant HCC patients,
with limited therapeutic options. Its selective toxic
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effect on cancer cells, depending on the different
redox status, also adds to its therapeutic appeal .

Clinically, allicin could be explored as:

e A first-line treatment for early- or low-burden
disease.

e A maintenance therapy to prevent recurrence.

e A prophylactic treatment for at risk polpulations
(e.g., those with chronic liver disease) *®.

However, its development as a single agent will
depend on resolving pharmacokinetic issues and

determining dosing guidelines ***.

Combination Therapy with Chemotherapy/
Targeted Drugs: Perhaps the most exciting
application for allicin is as an adjunct or
combination therapy. Current therapies for
advanced HCC, such as Sorafenib and Lenvatinib,

are often plagued with issues such as resistance,
side effects and short survival '%.

Allicin can enhance treatment outcomes by:

e Enhancing the sensitivity of cancer cells to
chemotherapy through increased oxidative
stress and reduced threshold for apoptosis.

e Suppressing survival pathways (such as
PI3K/Akt and NF-xB), often associated with
resistance.

e Lowering the effective doses
potentially reducing side effects.

of drugs,
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e Inhibiting resistant cancer cells, such as p53-
deficient cells 1%,

In addition, allicin may synergise with the novel
immunotherapies by regulating the tumor
microenvironment and suppressing inflammation,
but this remains to be investigated '*3. Therefore,
using allicin as part of a combination therapy may
provide a multimodal approach, which could

increase the effectiveness and decrease the
resistance .
Challenges in Clinical Translation: Despite

allicin's potential therapeutic effects in cancer,
there are a number of issues that must be resolved
before its effective delivery can be applied in the
clinic A major challenge is its inherent
instability and instability, which results in poor
bioavailability of the active molecule following
administration. This is exacerbated by unfavourable
pharmacokinetic characteristics such as rapid
metabolism and erratic absorption ***. A further key
consideration is standardization. The amount of
allicin can vary depending on the source,
preparation and processing of garlic products,
thereby producing varied effects. Therefore, precise
formulation and quality control are crucial for its
clinical advancement *".

Additional challenges include:

e Insufficient clinical trial data on efficacy and
safety.

e Herb-drug interactions, particularly with
warfarin and drugs metabolised by liver
enzymes.
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e Therapeutic dose and toxicity studies **°.

To overcome these challenges, future studies
should focus on:

e Generating new drug delivery
(nanoparticles, liposomes) for
stability and targeting.

systems
enhanced

e Well-designed clinical trials to validate efficacy
and safety.

e The discovery of biomarkers
response and enable personalised treatment

to predict
196

Allicin-Specific Drug Delivery Systems: Current
Evidence and Limitations: Allicin has been
hindered from clinical development because of its
chemical instability, degradation and low
bioavailability. For this reason, a number of
delivery strategies have been investigated to
increase the stability, circulation time, tumor
accumulation, and prevent off-target effects of
allicin. It is important, however, to distinguish
between experimental systems for delivering allicin
and between general nanocarrier systems that have
not been specifically tested with allicin **.

At present, the evidence for the delivery of allicin
to the HCC is limited. Thus, conclusions for the
delivery of allicin deduced from the nanocarriers
developed for other drugs should not be considered
as conclusive for hepatocellular carcinoma. Instead,
these systems should be considered as platforms
that need to be further validated with allicin *%.

TABLE 12: ALLICIN-SPECIFIC DRUG DELIVERY SYSTEMS AND EXPERIMENTAL EVIDENCE

Formulation  Composition Allicin Loading/ Stability Release Experimental Therapeutic  Safety
Type Encapsulation Findings Characteristics Model Outcome Findings
Liposomal Specify Report actual value Report Report actual Cell Observed Report
allicin original study actual value line/animal outcome findings
value model
Polymeric Specify Report actual value Report Report actual Experimental Observed Report
nanoparticles  original study actual value model outcome findings
value
Nanoemulsio Specify Report actual value Report Report actual Experimental Observed Report
n formulation  original study actual value model outcome findings
value
Other Specify Report actual value Report Report actual Experimental Observed Report
validated original study actual value model outcome findings
allicin value
systems
International Journal of Pharmaceutical Sciences and Research 2834
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Liposomal Delivery Systems: Encapsulation of
allicin in liposomes is proposed to improve the
stability of allicin and protect it from premature
degradation. But the therapeutic potential of
liposomal allicin depends on the experimental
validation of enhanced encapsulation efficiency,
chemical stability, controlled release,
pharmacokinetics and anti-tumor activity.

Thus, claims about the effect of liposomal allicin
should be supported by actual studies of the
formulation, and not be extrapolated from
liposomal delivery systems used for other
anticancer drugs *%°.

Polymeric and Ligand-Targeted Systems: Other
interesting nanosystems, such as polymeric
nanoparticles and ligand-targeted ones, have been
pursued as possible ways to improve the tumor-
selective delivery. Much of the available data,
however, is from research on therapeutic
ingredients other than allicin.

These delivery systems should be accepted as
potential options for future treatment of HCC, but
are not specific to allicin. The formulation
composition, bioavailability of allicin, its loading
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efficiency, release rate, biodistribution, therapeutic
effects, and toxicity are important factors to
consider when evaluating these technologies 2%.

Limitations: In the existing literature, there are no
studies on allicin delivery in the context of
hepatocellular carcinoma. A considerable amount
of the conversation on delivery using
nanotechnology has come from other drugs,
unrelated disease models, or other compounds
found in garlic.

Thus, the studies cannot be considered as
unequivocal proof of the delivery of allicin to
HCC. Stabilized allicin formulations should be
further evaluated in clinically-relevant animal
models of HCC using standardized characterization
methods, pharmacokinetic analysis, efficacy
studies, and safety evaluations 2.

Safety,  Toxicity, and Pharmacological
Considerations: Allicin, a bio-active organosulfur
compound derived from garlic (Allium sativum),
has demonstrated promising anti-cancer activity in
hepatocellular carcinoma (HCC) by induction of
apoptosis and regulation of oxidative stress **°.
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However, its therapeutic use is constrained by
problems like pharmacokinetic instability, dose-
dependent toxicity and potential interactions with
conventional chemotherapeutic agents. Allicin is
highly unstable and readily metabolises into
secondary sulfur metabolites, such as diallyl sulfide
and diallyl disulfide, which can contribute to its
therapeutic and toxic effects 2%2. Furthermore, its
high level of reactivity with thiol-containing
proteins can cause non-specific cell damage at high
concentrations. Therefore, it is important to
properly evaluate the safety, toxicity and
pharmacology of allicin, especially in chronic liver
disease and impaired liver function observed in
HCC 2%,

Dose-Dependent Effects: Allicin shows a biphasic
dose-dependent effect on its biological activity.
Low to moderate doses of allicin offer
cytoprotective and anti-cancer effects primarily via:

e Generation of reactive oxygen species (ROS)-
induced apoptosis.

e Mitochondrial activation
cytochrome c, caspase-9).

(release of

e Manipulation of tumor suppressor pathways,
including the partial re-establishment of p53-
independent apoptosis .

In  hepatocellular carcinoma models, low
concentrations of allicin have been shown to induce
apoptosis in cancer cells without affecting normal
hepatocyte cells, which may be explained by the
differences in the redox status of cancer cells and
normal cells ’.

In contrast, at higher concentrations, allicin can:

e Generate excessive oxidative stress culminating
in necrosis.

e Damage mitochondria of healthy cells.

o 'f&lter the redox balance and damage proteins

This limited window of efficacy highlights the need
for dose optimization strategies. Animal studies
suggest that delivery via controlled-release systems
(such as nanoparticles and liposomes) may enhance

therapeutic effectiveness and minimise toxicity 2°°.
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Toxicological Concerns: Allicin is naturally
derived, but it's not without its toxic side. There are
a number of toxicological concerns 2.

Hepatotoxicity and Cytotoxicity: Allicin is toxic
to cancer cells, but can also exacerbate liver
damage, particularly in people with cirrhosis or
hepatitis. High doses have been linked to:

e Increased liver enzymes (ALT, AST)
e Lipid peroxidation and damage to membranes
e Mitochondrial swelling and dysfunction **?

Gastrointestinal and Systemic Effects: Oral
administration of allicin or garlic extracts can lead
to irritation of the gastrointestinal tract, including:

¢ Nausea, vomiting, and stomach discomfort
e Changes in gut microbiota at elevated doses %

Genotoxicity and Oxidative Damage: While
allicin produces reactive oxygen species (ROS) for
its anti-cancer effect, excess ROS can cause:

e DNA strand breaks

e Oxidation of lipids and proteins in healthy
tissues

However, recent studies suggest that genotoxicity
is mainly dose-dependent and reversible 2.

Pharmacokinetic Limitations:
Allicin demonstrates:
e Low bioavailability

e Quick metabolism and clearance from the
system

e Instability under physiological conditions

This makes it less therapeutic and suggests
formulation approaches to increase stability and
delivery %.

Herb-Drug Interactions: The concurrent use of
allicin and conventional anti-cancer drugs or other
medications could pose considerable risks of herb—
drug interactions, particularly in multi-medicated
HCC patients 2%,
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Cytochrome P450 Modulation: Allicin and its

metabolites may affect liver enzymes that
metabolise drugs, including:
e Activation or deactivation of CYP450

isoenzymes (e.g. CYP3A4, CYP2EL).
e Altered drug elimination and concentrations.
This could result in:
e Higher toxicity of chemotherapy agents.

e Reduced efficacy as a result of accelerated

metabolism 2%,

Interaction with Chemotherapeutic Agents:
Allicin may also synergise or antagonise with drugs
like:

e Sorafenib (the current treatment for HCC).

e Doxorubicin and cisplatin.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Possible outcomes may include:

e Increased apoptosis via ROS enhancement and
mitochondrial sensitisation.

e Increased risk of hepatotoxicity and oxidative
stress %,

Anticoagulant and Antiplatelet Effects: Garlic-
derived compounds (such as allicin) have
antiplatelet activity, which may:

e Amplify the effects of anticoagulants (such as
warfarin).

e Increase the risk of bleeding (especially in

patients with liver disease and coagulopathy)
210

Clinical Implications: Due to these interactions, it
IS necessary to closely monitor when allicin is used
as an adjunct. Suggestions include dose reduction,
therapeutic drug monitoring and avoiding self-
supplied supplements .

TABLE 13: PHARMACOLOGICAL, TOXICOLOGICAL, AND DRUG DELIVERY CONSIDERATIONS OF ALLICIN

Parameter Description Challenges Proposed Solutions  Clinical Implication Ref.
Bioavailability Rapid metabolism, low Poor absorption Nanoformulations, Improved therapeutic ~ [211]
systemic availability liposomes levels
Chemical Highly unstable (thiol- Rapid Encapsulation Sustained drug [212]
Stability reactive) degradation strategies release
Dose-Dependent  Low dose = therapeutic; Narrow Controlled dosing Safer clinical use [132]
Effects high dose = toxic therapeutic systems
window
Toxicity Hepatotoxicity, oxidative Off-target Targeted delivery Reduced systemic [132]
damage at high doses effects toxicity
Herb-Drug CYP450 modulation, Drug Monitoring & dose Safer combination [213]
Interactions anticoagulant effects interactions adjustment therapy
Nanotechnology Enhanced targeting and Scale-up Advanced Precision oncology [214]
Delivery stability challenges nanocarriers application
Targeted Tumor-specific delivery Limited clinical Ligand-based Improved selectivity — [215]
Therapy (e.g., GPC3 receptors) validation targeting

Critical Analysis and Research Gaps: There are
hardly any studies in the literature to explain the
different redox responses of HCC cells versus
normal hepatocytes to allicin exposure. Future
studies should investigate glutathione depletion,
markers of oxidative damage, antioxidant
responses, and cell viability in both cancerous and
healthy liver models to quantify these. It is
important to conduct these studies to determine if
there is a clinically relevant therapeutic window for
allicin administered through ROS €.

Critical Appraisal of Current Evidence:
Although a number of studies have demonstrated
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the therapeutic efficacy of allicin in hepatocellular
carcinoma (HCC), the available data are mostly
preclinical and are of variable nature, especially
under p53 deficient conditions **2. The majority of
studies are based on in-vitro cell lines of cancer
cells (such as HepG2, Huh7) that fail to fully
reflect the tumor microenvironment, tumor genetic
heterogeneity and metabolic complexity of human
HCC. Therefore, the implications of these results
for translation are somewhat restricted. In addition,
a major drawback in all of the aforementioned
studies is the use of different allicin concentrations,
different exposure times and different assay
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procedures 2. In many reports, the effective

concentrations of allicin are above the
physiologically achievable plasma levels (usually
in the low micromolar range, 10-100 pM), and
there are concerns about the clinical feasibility and
dose extrapolation %.

Limitations in Mechanistic Interpretations: The
anticancer activity of allicin, which has been
attributed to a variety of pathways including ROS
production, mitochondrial dysfunction, activation
of caspases and NF-kB and modulation of signaling
pathways such as PI3K/Akt and MAPK, has been
studied separately, without a holistic biological
context. Importantly, the causal relationship of
these pathways has yet to be adequately validated,
with the majority of studies using indirect markers,
not pathwagl-specific inhibition and/or genetic
validation **. This suggests that some mechanisms
reported might be secondary or non-specific stress
mechanisms that are not the primary therapeutic
targets. Further, the focus on p53-independent
apoptosis, while conceptually intriguing, is not
well-validated in various HCC models. The
evidence that allicin is specific in this regard is less
conclusive because of the limited evidence that it
targets p53 deficient tumours over p53 normal
counterparts 2%,

Limitations regarding p53-Specific Targeting:
Although there are several reports that allicin can
inhibit the proliferation of cancer cells via
apoptosis mechanisms that do not necessarily
require the p53 activity, there is no direct evidence
supporting the selective activity of allicin in p53-
null and p53-mutant HCC models. The majority of
the literature focuses on the general apoptotic and
oxidative stress pathways but does not directly
compare the response of p53-defective and p53-
silent HCC models. However, the current evidence
suggests that allicin could overcome p53-mediated
resistance pathways, but does not rule out the use
of allicin as a targeted drug for p53 non-functional
HCC #°. This theory needs to be proven by future
studies in genetically modified p53-null and p53
mutant HCC models. One important piece of the
puzzle is the missing mechanism of action of
autophagy in HCC under the effect of allicin. The
majority of existing studies are based on
autophagic marker measurements, but lack
autophagic flux and loss-of-function studies.
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Thus, the role of autophagy as a protective
response to the stress response caused by allicin or
as a mechanism for killing tumour cells is not yet
certain. The application of both pharmacological
and genetic approaches to autophagy modulation
should be included in future studies to resolve this

issue 222,

Gaps in Preclinical and In-vivo Evidence: The
move from in-vitro results to in-vivo confirmation
has not been sufficiently covered. Some animal
studies indicate a tumor-suppressive effect of
allicin, but these studies have a number of
limitations:

e Small sample sizes.
e Lack of proper controls.
e Lack of pharmacokinetic and toxicity studies *°.

Furthermore, the immunological and stromal
interactions seen in human HCC are not
recapitulated by commonly used tumor xenograft
models in these studies. There has been a lack of
studies based on orthotopic or genetically
engineered mouse models which further restricts

the strength of current preclinical evidence 2.

Pharmacokinetic and Bioavailability
Challenges:
Allicin Instability and Chemical Reactivity:

Allicin's chemical instability is a major hurdle to its
therapeutic use. When the garlic tissue is injured,
allicin, a highly reactive thiosulfinate, is rapidly
synthesized from alliin by the enzyme alliinase.
Allicin, as soon as it is produced, rapidly reacts
with thiolcontaining molecules and automatically
breaks down into several other secondary sulfur
compounds. Consequently, the biological exposure
of allicin exhibits poor stability in storage,
formulation, and biological exposure. This
instability makes it difficult to interpret the
experimental results, and the biological activity
noted after allicin treatment could be due to
metabolites produced during the conversion of
allicin. Thus, the pharmacological activities
attributed to allicin must be interpreted realizing
that the exposure can be a complex combination of
sulphur-containing compounds instead of a single
molecule ™,
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Formation of Secondary Sulfur Metabolites:
Allicin can rapidly convert to a number of
secondary organosulfur compounds, including
ajoene, diallyl sulfide (DAS), diallyl disulfide
(DADS), diallyl trisulfide (DATS) and other sulfur
containing compounds. Because of these
metabolites’ distinct pharmacological properties
and biological targets, it can be difficult to
determine the importance of whether the
therapeutic effects are due to allicin or its
downstream metabolites. This challenge represents
a major drawback in the evaluation of the
mechanism and comparison of experimental data
from different studies ®*.

Challenges in Measuring Systemic Exposure:
Due to the quick chemical changes of intact allicin,
accurate evaluation of systemic allicin exposure is
challenging. Therefore, it is difficult to accurately
measure the circulating levels of allicin, and the
pharmacokinetic data have been reported on an
indirect basis that is based on measurements of
sulfur-containing metabolites rather than allicin
itself. The absence of standardized analytical
methods further adds to the difficulties of
comparison between different studies and makes
the concept of dose-exposure relationships,
indispensable for clinical applications, difficult to
understand %22,

Formulation-Dependent Variability: There may
be major differences between garlic preparations,
methods of extraction, formulation and the way in
which it is administered. The different forms of
garlic extracts, purified allicin products, aged garlic
formulations, encapsulated products and synthetic
allicins may differ significantly in allicin content,
stability, and bioavailability. Thus, the results from
one formulation cannot be reliably applied to
another. It is therefore critical to standardize
formulation methods and employ quality-control
measures to improve clinical relevance and
reproducibility 22,

Experimental Concentrations versus Clinically
Achievable  Exposure: There is another
translational challenge in experimental studies,
which is the difference between the concentration
used in experimental studies and the concentration
that could be achieved in-vivo. Many in-vitro
studies employ micromolar levels of allicin that are
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able to promote apoptosis, oxidative stress and
growth inhibition in cancer cells. But, it remains
uncertain whether such levels can be attainably
achieved and maintained in tumor tissues after oral
or systemic administration in humans. Therefore,
conclusions about the mechanisms of action from
experiments should not be used to infer the
mechanisms of action in humans unless supported
by experimental pharmacokinetic and
pharmacodynamic data %,

Translational and Clinical Limitations of Allicin
Therapy:

Limited Clinical Evidence: Although promising
preclinical data, there are yet significant clinical
findings to back the use of allicin as a treatment for
hepatocellular carcinoma (HCC). The vast majority
of the information available is limited to in vitro
studies, animal research or mechanistic studies.
There is currently a lack of clinical evidence
supporting the efficacy, optimal dosing protocols,
safety and survival benefits of allicin for HCC
patients. Therefore, the existing theories about its
therapeutic effects need to be taken with a grain of
salt and should be considered to be hypotheses at
this point 1,

Uncertainty Regarding Effective Dose: One
major obstacle to translation is the lack of well-
defined therapeutic dosing guidelines. Many
experimental trials have been done at
concentrations that are often not achievable in
human tissues because of the instability of allicin,
its rapid metabolism and low bioavailability. This
means that it is uncertain whether the
concentrations used in  experiments are
concentrations that can be used clinically. Further
pharmacokinetic and dose escalation studies are
required to determine safe and biologically
effective dose regimens %,

Hepatotoxicity Considerations: Since the liver is
already compromised in HCC patients due to
cirrhosis, chronic hepatitis or a diminished hepatic
reserve, it is important to evaluate hepatotoxicity.
Although allicin is generally considered to be safe
as a natural compound, there remains a lack of
comprehensive studies on liver-specific toxicity,
biochemical  abnormalities,  histopathological
changes and chronic liver effects. At present, there
is no evidence that it is not hepatotoxic 2.
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Bleeding Risk: The chemicals found in garlic have
been associated with both antiplatelet and
anticoagulant actions. Therefore, high doses of
allicin may theoretically increase the risk of
bleeding, especially for people using blood-
thinning medications, who have had invasive
procedures, and have very low blood platelet
counts (thrombocytopenia) as a result of more
advanced cancer treatments. This is especially
relevant with patients who have hepatocellular
carcinoma (HCC), who frequently have additional

coagulation disorders due to chronic liver disease
225

Gastrointestinal Adverse Effects: In addition,
potential  gastrointestinal  side effects like
abdominal pain, nausea, dyspepsia, bloating, and
gastrointestinal tract irritation are to be considered.
These effects are generally thought to be
manageable, but the incidence and intensity of
these reactions in those taking concentrated allicin
preparations remains poorly characterized %%°.

Herb-Drug Interactions: Another important
potential translation challenge is the potential for
herb-drug interactions. Garlic products might
impact drug metabolizing enzymes, transport
proteins and platelet activity, and alter the
pharmacokinetics or pharmacodynamics of drugs
used concurrently. When considering the
complexity of treatment regimens often used in
oncology, a comprehensive evaluation of clinically
relevant interactions is warranted prior to broad
clinical application %’

Interactions with Anticancer Therapies: The
possible interactions between allicin and the
standard chemotherapy drugs are not fully
understood. Experimental studies have indicated
some synergistic effects, but there is not clinical
evidence available to confirm that allicin increases
the effectiveness of treatment, changes toxicity
profiles, affects treatment resistance or affects the
pharmacologic effects of the approved systemic
therapies. Future studies should examine the
interactions of the chemotherapy, targeted therapy
and immunotherapy, and locoregional treatment
?Ogtions that are frequently used to manage HCC

Product Standardization and Quality Control:
One of the challenges in standardization is the wide
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variation in the amount of allicin that can be found
in garlic depending on the garlic source, processing
methods, storage conditions, extraction methods
and formulation technologies. Reproducibility and
therapeutic outcome can be significantly affected
by differences in purity, stability and active
compound concentration. Therefore, developing
standardized manufacturing processes and rigorous
quality control will be important to successful
clinical use of allicin %%,

Risk of Overgeneralization and Publication
Bias: The vast majority of published studies have
reported favorable results, suggesting that
publication bias may have occurred. Few negative
or inconclusive results are reported, which may
lead to an overestimation of the therapeutic effects
of allicin. In addition, overgeneralization of the
findings across different types of cancer and
experimental systems occurs without adequate
evidence to support the extrapolations. It
compromises the scientific integrity & can mislead
the future course of research 2%°.

Future Research Directions to Address Current
Gaps: Further research works are needed to
develop stabilized allicin formulations, targeted
delivery system, controlled release system &
comprehensive pharmacokinetic studies. Improved
knowledge of absorption, distribution, metabolism
and elimination, as well as tumor specific exposure
will play an important role when determining if
pharmacologically effective exposure levels can be
safely achieved in patients with HCC. These
studies are crucial to bridge the gap between the
encouraging preclinical results and clinical
implementation. Additional studies are needed to
reinforce the scientific & practical value of allicin
therapy, including:

e Experiments with standard and
designs.

repeatable

e The use of clinically relevant in vivo models.

e Conducting in-depth pharmacokinetic and
toxicity analysis.

e Designing new drug delivery systems to
enhance product stability and bioavailability.

Start structured and safe clinical trials for safety
and effectiveness.
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e Combination of multi-omics approaches for
mechanistic validation.

e Comparative studies with existing anticancer
drugs %*°.

Summary of Critical Insights: To conclude,
allicin has demonstrated a wide range of molecular
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targets & mechanisms that show promise for
anticancer activity, but the existing evidence is
biased against its preclinical use, lacks proper
validation of mechanisms, suffers  from
pharmacokinetic limitations, and lacks clinical
evidence. These challenges must be overcome to
make allicin a therapeutic prospect of HCC.

TABLE 14: RESEARCH GAPS AND FUTURE OPPORTUNITIES IN ALLICIN-BASED HCC THERAPY

Identified Gap Evidence Limitation Impact on Therapy Proposed Solution
Lack of clinical trials Mostly preclinical data No clinical validation Conduct RCTs
Poor bioavailability Rapid degradation Low efficacy Nanocarriers
Mechanistic ambiguity Incomplete pathways Weak targeting Multi-omics studies
Toxicity data lacking Limited safety studies Clinical risk Long-term evaluation

Standardization issues Variable dosing

Inconsistent results Protocol harmonization

Future Perspectives and Research Directions:
While preclinical studies strongly suggest that
allicin has pro-apoptotic effects in hepatocellular
carcinoma (HCC), particularly in overcoming
resistance associated with p53 mutations, its
clinical use remains limited. Recent research
highlights the need for a translation from
mechanistic insights to clinical relevance. The next
steps should focus on integrating allicin with
modern approaches in cancer treatment, including
targeted  therapy, biomarker-driven  patient
stratification, &  precision  medicine.  An
interdisciplinary approach that combines molecular
biology, pharmacology and clinical oncology is
essential to exploit the therapeutic potential of
allicin. Furthermore, advances in drug delivery &
systems biology may help to better & safer use
allicin for the treatment of HCC.

Need for Clinical Trials in HCC: To date, the
majority of evidence regarding the anti-cancer
effects of allicin is based on in vitro and animal
studies, with limited human data. The need for
well-designed clinical trials to address its safety,
tolerability, pharmacokinetics and efficacy in HCC
patients is pressing.

Clinical studies should examine:

e Phase | studies to determine the maximum

tolerated dose (MTD) & dose-limiting
toxicities.
e Phase II/IIl studies to evaluate efficacy

measures, such as overall survival (0S) &
progression-free survival (PFS).
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e Assessment of combination
including with current therapies,
sorafenib or immunotherapies.

treatments,
such as

e Recruitment of patients with p53-mutated
cancers, as a result of the mechanistic
importance derived from allicin's apoptotic
pathways.

In addition, it is critical to establish formulations of
allicin with improved stability & bioavailability to
ensure uniform conditions for clinical use.

Identification of Novel Molecular Targets:
Although allicin is known to induce apoptosis
through oxidative stress and mitochondrial
pathways, the full spectrum of allicin targets is
unknown. Future research should investigate and
validate other targets that are involved in the
survival, proliferation and resistance of the tumor,
particularly those in p53-negative HCC.

Potential targets include:

e Oxidation-sensitive pathways
Nrf2/Keapl, MAPK, NF-xB).

(e.g.,

e Epigenetic enzymes, like histone deacetylases
(HDACs) and DNA  methyltransferases
(DNMTSs).

e Autophagy proteins and their role in survival or
death.

Cancer stem cell (CSC) markers, which are
associated with relapse and resistance.
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High-throughput technologies such as proteomics,
transcriptomics, and CRISPR screening may help
with the identification of new targets and
understanding the multi-targeted actions of allicin.

Biomarker-Based Patient Stratification: HCC is
a highly heterogeneous disease, with a wide range
of responses to treatment. It's essential to use
biomarker-based stratification to identify the
patients most likely to benefit from allicin
treatments.

Future efforts should include:

e Discovering predictive biomarkers such as p53
mutation status, markers of oxidative stress &
gene expression patterns indicative of
apoptosis.

e Developing companion diagnostics to guide
treatment.

e Utilising liquid biopsy technologies (circulating
tumour DNA, exosomes) for monitoring
treatment response in real time.

Through molecular stratification of patients, we can
enhance treatment outcomes & avoid unnecessary
toxic effects.

Advances in Precision Oncology: The era of
precision oncology offers a unique opportunity to
incorporate allicin in personalized treatment
strategies for HCC. Precision medicine can be used
to align treatment strategies with genetic &
molecular traits to improve efficacy and reduce
toxicity.

Future prospects include:

e Multimodal approaches that combine allicin
with targeted therapies, immunotherapy (such
as immune checkpoint inhibitors) & epigenetic
drugs.

¢ Nanotechnology-based drug delivery systems
(such as nanoparticles and liposomes) to
enhance targeted delivery to tumors and
pharmacokinetics.

e Use of artificial intelligence (Al) &
bioinformatics approaches to predict patient
outcomes & optimize treatment strategies.
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e Exploration of multi-omics  (genomics,
proteomics, and metabolomics) to understand
complex tumor mechanisms & guide treatment.

Importantly, precision oncology approaches may
exploit allicin's ability to bypass impaired p53
pathways and initiate alternative apoptotic
pathways to overcome a major challenge in anti-
HCC therapy.

CONCLUSION: To conclude, HCC remains a
therapeutic challenge because of the late detection
of tumors, tumor heterogeneity and the high
incidence of loss of p53 function, resulting in
resistance to treatment. Traditional treatments do
not prove very effective, making it necessary to
look for other, more effective, methods. Allicin is
an organosulfur compound found naturally, with
great potential to be a multi-targeted, p53-
independent anticancer agent. The versatility of its
mechanisms is reflected in its capacity to disrupt
redox homeostasis, to cause mitochondrial
dysfunction, to activate caspase-dependent
apoptosis, and to modulate endoplasmic reticulum
stress. In  addition, the modulation of
apoptosis/autophagy balance by allicin increases its
therapeutic effects especially in HCC resistant
phenotypes. Therapeutic treatment based on ROS,
proposed in this study, is a novel concept that can
be used to explain allicin's anticancer effects and its
ability to overcome chemoresistance. Some of
these drawbacks to translation into clinical
application include instability, limited
bioavailability and lack of clinical evidence.
Further studies will be needed to validate the
therapeutic potential of allicin through standardized
experimental studies, development of more
sophisticated drug delivery systems, and properly
designed clinical trials. These developments
suggest that allicin could be a new promising
approach for HCC management or a complement
of the current therapeutic strategies.
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