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Abstract

Cancer continues to be a major global health burden, necessitating the development of effective and targeted therapies.
The conceptual framework of the ten hallmarks of cancer has advanced our understanding of tumor biology and guided
the discovery of novel therapeutic strategies. Natural products, particularly phytochemicals, have emerged as a valuable
source of anticancer agents due to their biological activity. One such compound is xanthorrhizol, a bioactive
sesquiterpenoid extracted from Curcuma xanthorrhiza. This literature review explores the anticancer mechanisms of
xanthorrhizol through the lens of the hallmarks of cancer, providing a structured overview of current experimental
findings and identifying gaps for future investigation. Xanthorrhizol exerts broad anticancer effects through its influence
on multiple cancer hallmarks, namely proliferation, apoptosis, angiogenesis, inflammation, and metastasis. While
promising, more mechanistic and clinical studies are needed to validate its use as an anticancer therapy.
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1. Introduction

Cancer is a complex and life-threatening disease characterized by the uncontrolled growth and division of abnormal
cells in the body. It encompasses over 200 distinct disease types, each with its own molecular profile, clinical behavior,
and response to treatment [1-2]. Despite decades of intensive research and the development of therapies, cancer
remains a leading cause of morbidity and mortality worldwide. In 2022 alone, 20 million new cancer cases and 9.7
million cancer-related deaths occurred worldwide [3].

The progression and persistence of cancer are driven by a set of biological traits, referred to as the hallmarks of cancer,
initially proposed by Hanahan and Weinberg in 2000 and later expanded in 2011 [4,5]. These hallmarks include
sustained proliferative signaling, evasion of growth suppressors, resistance to cell death, replicative immortality,
induction of angiogenesis, and activation of invasion and metastasis. In addition to these original six hallmarks, four
emerging hallmarks have been identified to further define the malignant phenotype: deregulating cellular energetics,
avoiding immune destruction, genome instability and mutation, and tumor-promoting inflammation [5]. Together,
these hallmarks provide a comprehensive framework for understanding tumor biology and serve as a foundation for
the development of targeted cancer therapies.

Standard treatment modalities for cancer include surgery, chemotherapy, radiotherapy, and hormonal or targeted
therapies. While these approaches have significantly improved survival outcomes, several critical limitations persist.
Cancer cells are highly adaptive, often developing resistance to chemotherapeutic agents through genetic and epigenetic
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modifications. Additionally, conventional treatments are frequently associated with significant toxicity, leading to a
compromised quality of life and poor treatment adherence. In low- and middle-income countries, these challenges are
compounded by socioeconomic disparities and restricted access to specialized oncologic care, which collectively hinder
treatment continuity and patient adherence. The financial burden of long-term therapy further exacerbates inequities
in care delivery. Consequently, there is a growing interest in exploring more accessible, safer, and cost-effective
alternatives, including bioactive compounds derived from traditional medicinal plants that are culturally integrated and
widely available. These challenges underscore the urgent need for alternative or adjunctive therapies that are effective,
less toxic, and more accessible [6].

One such compound is xanthorrhizol, a bisabolane-type sesquiterpenoid isolated from Curcuma xanthorrhiza, which is
traditionally used in Southeast Asian medicine to treat various ailments such as digestive disorders, bacterial infections,
fever, and arthritis [7]. Xanthorrhizol has demonstrated a wide range of biological activities, including anti-
inflammatory, antimicrobial, antioxidant, and notably, anticancer effects [8]. Given its abundance and potential for
large-scale extraction, xanthorrhizol represents a cost-effective and accessible alternative or adjunctive therapy for
cancer. Therefore, in this review, we explore the potential of xanthorrhizol as a multi-targeted anticancer agent through
the lens of the hallmarks of cancer. By organizing current literature findings around each hallmark, we aim to highlight
the mechanistic basis of xanthorrhizol’s activity, identify therapeutic implications, and underscore its promise as a
candidate for integrated cancer treatment strategies.

2. Methods

This review employed a narrative literature review approach to synthesize current evidence on the anticancer effects
of xanthorrhizol, particularly in relation to the hallmarks of cancer. A comprehensive search was conducted using
scientific databases including PubMed, Google Scholar, and ScienceDirect. Search terms included combinations of
keywords such as “xanthorrhizol,” “Curcuma xanthorrhiza,” “cancer,” “anticancer,” “hallmarks of cancer,” “cell cycle,”
“apoptosis,” “angiogenesis,” and “metastasis.” Only articles published in English and Indonesian were included. Eligible
studies were selected based on their investigation of the pharmacological properties of xanthorrhizol, including in vitro,
in vivo, and selected clinical studies.

The findings were synthesized thematically according to the ten biological hallmarks of cancer described by Hanahan
and Weinberg [5]. This framework guided the structured discussion of the molecular mechanisms and therapeutic
potential of xanthorrhizol across multiple cancer-related processes.

3. Results and Discussion

3.1. Cancer pathogenesis

Cancer arises from a series of molecular and cellular alterations that disrupt the tightly regulated mechanisms
controlling cell growth, differentiation, and death. These changes are often driven by the accumulation of somatic
mutations, which are acquired and occur over a person’s lifetime, and, in some cases, germline mutations, which are
inherited and may predispose individuals to specific cancer types [9]. For instance, germline mutations in the BRCA1
and BRCAZ2 genes significantly increase the risk of developing hereditary breast and ovarian cancers, with lifetime risks
as high as 72% and 69%), respectively [9-10]. Inherited mutations in genes such as TP53, APC, MLH1, and RET have also
been implicated in a range of other cancers including colorectal, endocrine, and soft tissue tumors [11]

Beyond inherited susceptibility, the vast majority of cancers are sporadic and arise due to environmental exposures
(e.g., carcinogens, radiation, infections), lifestyle factors (e.g., smoking, diet, obesity), and errors in DNA replication.
These mutational events can activate oncogenes, inactivate tumor suppressor genes, and interfere with DNA repair
mechanisms, ultimately leading to the breakdown of cellular homeostasis [12]. As a result, cells begin to acquire features
that confer survival advantages in the hostile tumor microenvironment.

Hanahan and Weinberg’s framework of the hallmarks of cancer distills the complex processes of carcinogenesis into ten
defining traits, with each of them reflecting a specific functional capability that cancer cells acquire to sustain growth,
resist elimination, and invade surrounding tissues [5].

3.2. Current management of cancer

Cancer management has significantly advanced over the past few decades through the adoption of multidisciplinary
treatment strategies tailored to tumor type, stage, molecular profile, and patient-specific factors. Standard therapeutic
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modalities include surgery, chemotherapy, radiotherapy, immunotherapy, hormonal therapy, and molecularly targeted
agents. Treatment selection is generally guided by parameters such as tumor size, histological grade, metastatic spread,
and the presence of actionable molecular or receptor-based biomarkers (e.g., hormone receptors, epidermal growth
factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), PD-L1, and others) [13-14].

Surgical resection remains a cornerstone of curative therapy for many solid tumors, including breast, colorectal, lung,
and head and neck cancers [15]. Depending on tumor location and extent, procedures may range from organ-sparing
surgeries to radical resections. While surgery often offers the best chance for long-term survival in localized cancers, it
is not without complications. Patients may face risks such as postoperative infection, bleeding, seroma formation, or
organ dysfunction [16]. Moreover, long-term physical and psychosocial effects, such as altered body image, chronic pain,
or reduced mobility, can significantly impact quality of life. For example, in breast and head and neck cancers,
postoperative appearance changes have been associated with higher rates of anxiety, depression, and social withdrawal.
Surgical procedures also carry risks of skin necrosis [17-20].

Chemotherapy plays a central role in both curative and palliative settings. It is commonly used as neoadjuvant therapy
to reduce tumor burden before surgery or as adjuvant therapy to eliminate micrometastatic disease and prevent
recurrence. Standard regimens often include agents such as platinum compounds, anthracyclines, and taxanes.
However, chemotherapy is associated with systemic toxicity, including myelosuppression, nausea, fatigue, alopecia,
mucositis, and neuropathy, all of which can hinder adherence and quality of life. Long-term cardiac dysfunction is a
notable concern with anthracycline-based therapies, with studies reporting subclinical cardiac abnormalities and
increased risk of heart failure years after treatment [21-22].

Hormonal therapy is employed in cancers driven by hormone signaling, such as breast, prostate, and endometrial
cancers [23]. Agents like tamoxifen, aromatase inhibitors, or androgen deprivation therapy are effective in reducing
recurrence and progression. However, their long-term use is often accompanied by adverse effects such as menopausal
symptoms, decreased libido, hot flashes, thromboembolic events, and bone demineralization, which may impair
treatment adherence [24-25].

Emerging treatment strategies such as immune checkpoint inhibitors, CAR-T cell therapy, and targeted therapies (e.g.,
tyrosine kinase inhibitors, monoclonal antibodies) have transformed the landscape of oncology, particularly in
malignancies such as melanoma, non-small cell lung cancer, and hematologic cancers. Nevertheless, these treatments
also carry risks of immune-related adverse events, resistance mechanisms, and high financial burden, all of which
require careful consideration in clinical decision-making [26-27].

3.3. Traditional management of cancer

Table 1 Hallmark-Specific Antitumor Actions of Xanthorrhizol

Hallmark of | Molecular Targets & Mechanisms | Model Evidence References
Cancer
Resisting cell | Activation of caspase-3, -8, -9; | MDA-MB-231 and MCF-7 breast cancer | 29, 30, 31,
death increased Bax/Bcl-2 ratio; | cells, HeLa cervical cancer cells, HepG2 | 32, 33

upregulation of tumor suppressor p53 | liver cancer cells
Sustaining Downregulation of cyclin D1, CDK4/6; | HCT116 colon cancer cells, MDA-MB- | 34, 35, 36
proliferative suppression of EGFR expression 231 breast cancer cells, murine B16
signaling melanoma cells, human DU145

prostate carcinoma cells

Evading growth | No reported activity - -
suppressors
Enabling No reported activity - -
replicative
immortality
Inducing Downregulation of VEGF and HIF-1a; | Mouse xenograft models with MDA- | 37
angiogenesis reduced microvessel density MB-231, HUVECs
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Activating Inhibition of MMP-2, MMP-9 | Murine CT26 lung cancer cells, MDA- | 34,38
invasion and | expression; decreased E-cadherin | MB-231 breast cancer cells
metastasis suppression; reduction in motility and

invasiveness
Deregulating Increased ROS SCC-15 oral squamous cell carcinoma 39
cellular
energetics
Avoiding immune | No reported activity - -
destruction
Genome No reported activity - -
instability = and
mutation
Tumor- Inhibition of NF-kB, COX-2 and iNOS | LPS-induced RAW264.7 macrophages 40
promoting expression
inflammation

CDK = cyclin-dependent kinases; EGFR = epidermal growth factor receptor; VEGF = vascular endothelial growth factor; HIF-1a = Hypoxia-Inducible
Factor-1 alpha; HUVEC = human umbilical vein endothelial cells; MMP = matrix metalloproteinases; ROS = reactive oxygen species; NF-kB = nuclear
factor kappa B; COX-2 = cyclooxygenase-2; iNOS = inducible nitric oxide synthase; LPS = lipopolysaccharide

Natural plant products, such as ginseng, turmeric, flaxseed, xanthorrhizol, and garlic, have been used for centuries in
the treatment of various ailments [28]. In cancer management, while surgery, chemotherapy, radiotherapy, and
hormonal therapies remain the mainstays, increasing attention has been given to plant-derived compounds for their
potential to complement conventional treatments. Among these, xanthorrhizol has attracted significant scientific
interest due to its multi-targeted anticancer effects. Several studies have investigated its role in modulating key
biological processes involved in cancer progression, making it a promising candidate for further research and potential
therapeutic use [29-40]. Evidence presented in these studies suggests that xanthorrhizol interferes with several core
mechanisms that underlie cancer development and progression, including unchecked cell proliferation, evasion of
growth suppression, resistance to apoptosis, and other defining traits of malignancy. Mapping xanthorrhizol’s activity
onto these processes can offer insight into how it exerts therapeutic effects across multiple cellular pathways.

Xanthorrhizol has demonstrated promising anticancer properties through its effects on key hallmarks of cancer. Based
on available evidence, xanthorrhizol primarily targets several well-characterized hallmarks, including resisting cell
death, sustaining proliferative signaling, inducing angiogenesis, activating metastasis, deregulating cellular energetics,
and promoting inflammation.

3.4. Resisting cell death

Under normal physiological conditions, cells undergo programmed cell death to eliminate damaged, dysfunctional, or
potentially dangerous cells. This mechanism is crucial for maintaining tissue homeostasis and preventing malignant
transformation. Apoptosis occurs via two main pathways: the intrinsic (mitochondrial) and extrinsic (death receptor-
mediated) pathways. These are tightly regulated by a balance between pro-apoptotic proteins (e.g. Bax) and anti-
apoptotic proteins (e.g. Bcl-2), along with a cascade of caspases. Cancer cells evade apoptosis by tipping this balance
toward survival, often through overexpression of anti-apoptotic proteins or suppression of death-inducing signals. This
resistance to cell death allows tumor cells to survive despite genetic damage or external therapies that would normally
trigger apoptosis [41].

Xanthorrhizol has been shown to restore apoptotic sensitivity by modulating key regulatory proteins such as p53, Bax,
and Bcl-2. The upregulation of pro-apoptotic factors and downregulation of anti-apoptotic proteins result in
mitochondrial membrane depolarization, cytochrome c release, and subsequent caspase activation. This leads to the
activation of caspase-9, followed by caspase-3. In addition, xanthorrhizol activates caspase-8, suggesting engagement
of the extrinsic apoptotic pathway as well. These dual actions trigger cell death in cancer cells while sparing normal
cells [29-33].

3.5. Sustaining proliferative signaling

Uncontrolled cell proliferation is a fundamental hallmark of cancer, driven by the persistent activation of growth-
promoting signaling pathways. Normally, cellular proliferation is tightly regulated by extracellular signals such as
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growth factors, which bind to receptors like EGFR and HER2 on the cell surface. Through activation of intracellular
cascades, primarily the PI3K/Akt and MAPK/ERK pathways, cell survival, metabolism, and division are promoted [42].

Progression through the cell cycle is further regulated by proteins called cyclins and their partners, the cyclin-
dependent kinases (CDKs). In particular, cyclin D1 and CDK4/6 drive the transition from the G1 phase to the S phase,
committing cells to DNA replication [43]. In many cancers, these signaling and regulatory proteins are overexpressed
or constitutively active, resulting in sustained, unregulated cell proliferation [44].

Xanthorrhizol demonstrates potent antiproliferative activity against cancer cells by targeting multiple nodes within the
proliferative network. It induces cell cycle arrest at both G0/G1 and G2/M phases by downregulating cyclins A, B1, and
D1, and their associated kinases CDK1, CDK2, and CDK4. This results in the inhibition of retinoblastoma protein (pRb)
phosphorylation, preventing the release of E2F transcription factors required for S phase entry. Additionally,
upregulation of CDK inhibitors such as p21 and p27 by xanthorrhizol further suppresses CDK activity, reinforcing cell
cycle blockade and preventing DNA replication and mitosis [34-36].

3.6. Inhibiting angiogenesis

Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is a critical process that allows tumors
to secure an adequate supply of oxygen and nutrients, enabling their growth and metastatic spread. Vascular endothelial
growth factor (VEGF), as a key driver in angiogenesis, stimulates the growth of blood vessels and is typically upregulated
in tumors, particularly under hypoxic conditions. In response to hypoxia, cells increase the expression of hypoxia-
inducible factor-1a (HIF-1a), a transcription factor that activates genes responsible for angiogenesis, including VEGF
[45]. Xanthorrhizol has been shown to inhibit angiogenesis by downregulating VEGF expression and suppressing HIF-
1o It also impairs endothelial cell proliferation, migration, and tube formation, all of which are processes essential for
the development of new vasculature [37].

3.7. Activating invasion and metastasis

Metastasis is a defining feature of malignant tumors and a leading cause of cancer-related mortality. This complex,
multistep process involves detachment from the primary tumor mass, degradation of the extracellular matrix (ECM),
intravasation into the bloodstream or lymphatics, survival in circulation, extravasation into secondary tissues, and
colonization. At the molecular level, cancer cells acquire motility and invasive capabilities through epithelial-to-
mesenchymal transition (EMT), which is orchestrated by transcription factors such as Snail, Slug, Twist, and ZEB1 [46-
47]. This transition reduces epithelial markers (e.g., E-cadherin) and enhances mesenchymal markers (e.g., N-cadherin,
vimentin), facilitating tissue invasion and dissemination [48].

Xanthorrhizol has shown efficacy in reducing metastasis-associated behaviors in breast cancer cells through the
suppression of EMT via restoration of E-cadherin expression. Furthermore, xanthorrhizol inhibits the activity of matrix
metalloproteinases (MMP-2 and MMP-9), which are critical for ECM degradation and metastasis. These effects are
particularly relevant in aggressive tumor types, such as triple-negative breast cancer, but may extend to other cancers
where nuclear factor-kappa B (NF-kB) and MMPs play a central role in metastatic spread [34, 38].

3.8. Deregulating cellular energetics

Unlike normal cells, which primarily rely on mitochondrial oxidative phosphorylation, cancer cells preferentially utilize
aerobic glycolysis, a phenomenon known as the Warburg effect. This metabolic shift supports the increased biosynthetic
and energetic demands of proliferating tumor cells and is regulated by factors such as HIF-1a, which promotes the
expression of glycolytic genes including GLUT1, hexokinase 2, and lactate dehydrogenase A. However, this altered
metabolism comes at a cost: it produces elevated levels of reactive oxygen species (ROS) as metabolic by-products.
While moderate ROS levels can promote cancer cell survival by activating pro-survival pathways such as HIF-1a and
GLUT1, excessive ROS leads to metabolic stress, protein damage, and cell death [49]. To counteract this, cancer cells
enhance their antioxidant defense mechanisms, notably through the glutathione and thioredoxin systems, to maintain
redox balance and avoid cytotoxicity. Xanthorrhizol exploits this metabolic vulnerability by further increasing ROS
levels in cancer cells, tipping the redox balance toward oxidative stress-induced death [39].

3.9. Tumor-promoting inflammation

Chronic inflammation creates a tumor-permissive microenvironment by promoting cellular proliferation, inhibiting
apoptosis, facilitating angiogenesis, and enabling metastatic dissemination. One of the central molecular drivers of this
inflammatory state is the transcription factor NF-kB, which regulates the expression of numerous pro-inflammatory
cytokines and enzymes, including cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [50-51]. While
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NF-xB plays a vital role in immune defense, its sustained activation in tumors can lead to persistent inflammation that
fuels cancer cell survival and resistance to therapies [52].

Xanthorrhizol disrupts this inflammation-driven oncogenic signaling by inhibiting key pro-inflammatory mediators.
Specifically, it potently suppresses the expression and activity of COX-2 and iNOS, enzymes responsible for the
production of prostaglandin E2 (PGE2) and nitric oxide (NO), respectively. These inflammatory molecules contribute to
DNA damage, immune evasion, and tumor-promoting angiogenesis. The inhibitory effect of xanthorrhizol on COX-2
correlates with a marked reduction in COX-2 protein expression in activated macrophages, suggesting that its anti-
inflammatory action occurs at the transcriptional or translational level [40].

3.10. Future research prospects

While these findings suggest a multi-targeted mechanism, current data is insufficient to support the claim that
xanthorrhizol interferes with all ten hallmarks of cancer. In contrast to more extensively studied phytochemicals such
as curcumin or thymoquinone, xanthorrhizol’s functional reach appears more restricted, with limited or inconclusive
evidence regarding its role in particular hallmarks, including avoiding immune destruction, evading growth
suppressors, enabling replicative immortality, and genome instability and mutation [53].

In line with Hanahan and Weinberg’s updated hallmark framework, rational anticancer therapy may benefit from agents
like xanthorrhizol that selectively target multiple cancer-enabling processes [5]. While xanthorrhizol may not serve as
a broad-spectrum anticancer agent on its own, its well-documented effects on proliferation, apoptosis, and angiogenesis
make it a strong candidate for inclusion in co-chemotherapy regimens [29-40]. Future studies should focus on
identifying synergistic combinations of xanthorrhizol with other phytochemicals or chemotherapeutic agents and
evaluating these in integrative cancer models that better reflect the complexity of tumor biology.

3.11. Safety profile

Current evidence suggests that xanthorrhizol and its source plant Curcuma xanthorrhiza exhibit a favorable safety
profile in preclinical models. In acute toxicity studies, mice tolerated oral doses of xanthorrhizol up to 500 mg/kg
without experiencing lethality or noticeable changes in behavior [54]. In longer-term exposure studies, daily
administration of 150 mg/kg of C. xanthorrhiza extract over a 90-day period did not result in mortality or abnormalities
in behavior, external morphology, hematological parameters, or spermatogenesis [56]. Taken together, these findings
support the non-toxic nature of xanthorrhizol in both acute and sub-chronic settings.

Nonetheless, while these data indicate a high threshold for toxicity in animal models, critical gaps remain. The genotoxic
and reproductive safety profiles of xanthorrhizol have not been thoroughly investigated. Additionally, the therapeutic
window and optimal dosing in disease-specific contexts remain to be defined. More comprehensive toxicological
evaluations, particularly in human-relevant systems, are necessary before clinical application can be considered.

4., Conclusion

Xanthorrhizol demonstrates considerable therapeutic potential in the treatment of cancer through its ability to target
apoptosis resistance, proliferation, angiogenesis, metastasis, inflammation, and cellular energetics deregulation.
Preclinical studies indicate a favorable safety profile, but comprehensive toxicological evaluations and clinical
investigations are needed to fully establish its therapeutic potential. Future research should prioritize exploring
synergistic combinations of xanthorrhizol with existing chemotherapeutics and natural compounds, aiming to enhance
efficacy and overcome cancer complexity through integrative treatment strategies.
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