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Malignant Melanoma (MM) is a highly invasive and easily metastasizing skin cancer.

Although current treatments have made certain progress in targeted therapy and

immunotherapy, drug resistance and side effects remain urgent problems to be

addressed. Oridonin, an active diterpenoid compound derived from the traditional

Chinese medicine herb Rabdosia rubescens, has garnered widespread attention in

recent years for its multi-target anti-tumor effects. This review systematically

summarizes the research progress of oridonin in the treatment of malignant

melanoma, focusing on its multiple molecular mechanisms, including inhibition of

tumor cell proliferation, induction of apoptosis, inhibition of invasion andmetastasis,

suppression of angiogenesis, and modulation of the immune microenvironment.

Through in vitro cell experiments and in vivo animal model studies, oridonin has

demonstrated significant anti-melanoma activity and has shown potential synergistic

effects when used in combination with existing therapies. Additionally, the

optimization of pharmacokinetics and toxicology of oridonin has laid a foundation

for its clinical application. However, clinical trial data on oridonin are still limited, and

future high-quality clinical studies are needed to verify its safety and efficacy. As a

natural product with multiple anti-tumor mechanisms, oridonin exhibits broad

prospects as a potential therapeutic agent for malignant melanoma, but further

basic and clinical research is required to promote its clinical translation.
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1 Introduction

Malignant Melanoma (MM) is a highly malignant tumor

originating from melanocytes that mainly occurs on the skin but

can also occur in the mucous membrane and eye (1). In recent

years, with the increase of ultraviolet exposure rate and people’s

attention to skin health, the incidence of malignant melanoma has

shown an increasing trend (2). Despite its relative rarity, malignant

melanoma has a significantly higher fatality rate than other types of

skin cancer due to its highly aggressive and rapidly metastatic

nature. According to statistics, the five-year survival rate of

advanced malignant melanoma is still low, and there is an urgent

need to develop new effective treatment strategies (3, 4).

At present, the treatment of malignant melanoma mainly depends

on surgical resection, radiotherapy, chemotherapy, targeted therapy,

and immunotherapy (5). In recent years, with the progress of molecular

biology and immunology, targeted therapies (such as BRAF inhibitors,

MEK inhibitors) and immune checkpoint inhibitors (such as anti-PD-

1 and anti-CTLA-4 antibodies) have achieved certain results in

prolonging the survival of patients (6). However, these therapies still

face challenges such as drug resistance, high treatment costs, and

significant side effects, which limit their wide application and further

improvement of clinical effectiveness (7). Therefore, the development

of new, effective, and less toxic anti-melanoma drugs has become the

focus of current research.

Oridonin is one of the main active components extracted from

Rabdosia rubescens, a diterpenoid compound (8). In recent years,

oridonin has attracted wide attention due to its various biological

activities, especially its remarkable effect in the field of anti-tumor

(9). According to the previous literature, oridonin can not only

inhibit the proliferation and induce apoptosis of various tumor cells,

but also inhibit tumor invasion and metastasis, inhibit angiogenesis,

and regulate the immune microenvironment of the body through

multiple mechanisms of action (10, 11). These multi-target, multi-

pathway anti-tumor properties make it a unique advantage in the

treatment of complex and highly heterogeneous malignant

melanoma (12).

In addition, natural products and their derivatives have always

played an important role in the development of anticancer drugs

(13). Because of their structural diversity and biological activity,

natural products have become an important source for the

discovery of novel anticancer drugs (14). As a natural product,

oridonin not only has good pharmacological activity, but its

relatively low toxic side effects and multiple mechanisms of action

provide a theoretical basis and practical possibility for its

application in the treatment of malignant melanoma (15).

Based on the above background, this review aims to

systematically summarize the research progress of oridonin in the

treatment of malignant melanoma, focusing on its various molecular

mechanisms and its anti-tumor effects in vitro and in vivo

experiments. At the same time, this paper will also evaluate the

potential and challenges of the clinical application of oridonin, and

look forward to its future development direction. Through a

comprehensive review of the existing research results, we hope to
Frontiers in Oncology 02
provide a valuable reference for the further research and clinical

application of oridonin as a new anti-melanoma drug.
2 Overview of malignant melanoma

2.1 Pathological features and epidemiology
of malignant melanoma

MM originates from melanocytes and mainly occurs on the

surface of the skin, but can also occur in mucous membranes (such

as mouth, nasal cavity, perianal) and (such as uvea) (16). MM is

highly invasive and can quickly metastasize through lymph and

blood circulation to key organs such as liver, lung, brain, and bone,

seriously threatening the life of patients (2). According to the

location of the disease, cell morphology, and clinical

manifestations, MM can be divided into superficial spreading

type, nodular type, terminal freckle-like type, and malignant

freckle-like type, and these subtypes have significant differences in

molecular pathological characteristics, clinical progression rate, and

prognosis (17, 18). MM shows high molecular heterogeneity.

Common driver gene mutations include BRAF (especially BRAF

V600E), NRAS, c-KIT, etc. (19). These mutations are distributed

differently in different populations and subtypes, which directly

affect the sensitivity to targeted drugs and clinical treatment

strategies. Although some patients have a significant response to

molecular targeting or immunotherapy in the short term, with the

extension of treatment time, tumor cells often develop drug

resistance through genomic changes, signaling pathway

reprogramming, and microenvironment adaptation, leading to

relapse (20). Globally, the incidence of MM is increasing year by

year, especially in high ultraviolet radiation areas such as Europe,

the United States, and Australia and in white groups (21). The main

risk factors of MM include excessive exposure to ultraviolet rays

(UVB, UVA), a large number of or atypical moles, family history

(especially related to CDKN2A, CDK4, and other genetic factors),

and immune dysfunction, among which DNA damage and

oxidative stress caused by ultraviolet light are considered to be

the core mechanisms inducing malignant transformation of

melanocytes (22, 23).
2.2 Current status and limitations of
treatment of malignant melanoma

For early localized lesions, surgical resection is still the most

effective radical treatment (24, 25). However, for advanced patients

who have developed extensive metastases, surgery often provides

only palliative relief (26). Traditional chemotherapy drugs such as

dacarbazine and temozolomide are used in the systematic treatment

of melanoma (27, 28), but their response rates are low and they are

prone to drug resistance (29). Radiation therapy has a low overall

sensitivity to melanoma and is only used as an adjunctive or

palliative treatment in a few cases (30). With the development of
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molecular biology, molecular targeted drugs targeting BRAF V600E

mutation and MEK pathway, such as vemurafenib, dabrafenib, and

trametinib, have made remarkable progress, significantly

prolonging the survival of patients (31, 32). However, most

patients develop resistance in the short term after the use of

targeted drugs, and some patients do not carry targeted genetic

mutations (33, 34). In recent years, immune checkpoint inhibitors,

such as nivolumab, pembrolizumab, and ipilimumab, represented

by PD-1/PD-L1 (35) and CTLA-4 (36), have significantly improved

the long-term survival rate of patients with melanoma and have

become an important treatment option, especially in advanced or

metastatic cases. However, these drugs are expensive and may cause

serious immune-related adverse events, which limit their wide

application and general improvement of clinical efficacy (37).

Whether through traditional chemotherapy or targeted therapy,

melanoma cells can acquire resistance through various mechanisms

such as rearrangement (38), de novomutations (39), and alternative

signaling pathway activation (40).Additionally, immunotherapy

faces the challenge of tumor immune evasion (41). In addition,

targeted drugs and immune checkpoint inhibitors are often

associated with significant side effects, such as rashes, liver

toxicity, endocrine disruption, and severe immune responses,

which can lead to treatment interruption (42, 43). At the same

time, high drug costs also bring a heavy economic burden to

patients and the medical system (44, 45). Although biomarkers

such as BRAF V600E mutation and PD-L1 expression level have

been used to guide clinical medication to some extent, there is still a

lack of systematic, reliable, and universal markers to accurately

predict individual efficacy and prognosis (46). The highly

heterogeneous nature of melanoma makes it difficult for a single

marker to cover all patient subtypes (47). Although early diagnosis

and treatment can improve the cure rate, the easy metastatic nature

of melanoma means patients remain at high risk of recurrence after

surgery or systemic treatment, and the five-year survival rate of

patients with advanced or metastatic disease is still low,

underscoring the need for new comprehensive treatment

strategies to extend survival and improve quality of life (48, 49).
2.3 New therapeutic strategies and
potential value of Chinese medicine
components

Multi-target or multi-pathway intervention, or the combination

of chemotherapy, targeted therapy, and immunotherapy (50), can

help overcome the problem of resistance to single drugs (51, 52).

The rise of personalized medicine and precision medicine further

requires screening of more matched treatment options at the

genetic, protein, and metabolic levels to obtain optimal efficacy

and minimize side effects (53). For example (54), by using

tyrosinase as a “needle” and dual-functionalized polysaccharides

with tyrosine and triphenylphosphine as a “rope,” researchers

constructed a melanin network within melanoma cells to target

mitochondria and slow down tumor metabolism. Simultaneously,

combining this approach with photothermal therapy to inhibit
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tumor growth offers a novel strategy for non-pharmacological

organelle regulation in cancer treatment.

There are abundant anti-tumor active molecules in traditional

Chinese medicine and other national medicines, which provide a

new possibility for the treatment of melanoma (55, 56). These

natural products typically have multiple targeting mechanisms,

relatively low toxicity side effects, and a wide range of raw

material sources (57). A number of previous studies have shown

that the active monomer or compound of traditional Chinese

medicine can inhibit the growth and metastasis of malignant

melanoma by inducing tumor cell apoptosis, inhibiting

an g i o g e n e s i s , a nd r e g u l a t i n g t h e t umo r immune

microenvironment (58). For example, research has shown (59)

that the water-soluble total protein extract from Pueraria (PLP)

can effectively inhibit melanin synthesis and proliferation in B16

melanoma cells by suppressing tyrosinase activity, downregulating

MITF and its associated melanogenic enzymes, and triggering

apoptosis via the mitochondrial pathway.

Among these natural compounds, oridonin, a bioactive

diterpenoid isolated from Rabdosia rubescens, has garnered

significant attention in cancer research due to its multi-target

mechanisms and low toxicity. Current research trends highlight

its potential in cancer treatment, particularly in gastric cancer,

where it has been shown to induce apoptosis through caspase

activation and inhibit the PI3K/AKT/mTOR signaling pathway,

which is frequently dysregulated in malignancies (60). However,

there is a notable lack of data on oridonin’s efficacy and

mechanisms in melanoma, leaving a critical gap in understanding

its broader therapeutic applications.

Future studies should focus on exploring oridonin’s role in

other cancer types, such as melanoma, to validate its multi-target

effects and immune-modulating capabilities. For instance, its ability

to enhance the activity of cytotoxic T cells and natural killer (NK)

cells, thereby promoting an anti-tumor immune response, could be

particularly relevant in cancers with immune evasion mechanisms.

Additionally, oridonin’s selective targeting of cancer cells while

sparing normal tissues minimizes systemic toxicity, making it a

safer alternative to traditional chemotherapeutic agents.

The integration of oridonin into multi-target therapeutic

strategies, combined with the synergistic effects and low toxicity

profiles of other traditional Chinese medicine components, offers a

promising avenue for the development of personalized and

precision medicine approaches in cancer treatment. This aligns

with the growing emphasis on leveraging natural compounds to

address the limitations of conventional therapies, such as drug

resistance and adverse effects, and to provide more effective and

safer treatment options.
3 Basic information and
pharmacological study of oridonin

Oridonin is a diterpenoid compound with the chemical formula

C20H28O6, extracted from Rabdosia rubescens, a plant of the

Lamiaceae family (61) (See Figure 1) (62). It typically exists in the
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form of needle- or plate-like crystals and possesses a unique core

structure: an ent-kaurane-type diterpenoid skeleton (63).

Structurally, oridonin features multiple functional groups

(including hydroxyl and ketone groups), which often play crucial

roles in its binding to cellular targets (9, 64). The pharmacological

activities of oridonin are not limited to its anticancer effects but also

include the following aspects:
Fron
Anti-inflammatory and immunomodulatory: Studies have

shown (65 ) tha t o r i don in ma in l y exe r t s i t s

immunomodulatory and anti-inflammatory effects by

inhibiting the activation of the NLRP3 inflammasome

and reducing the release of inflammatory factors such as

IL-1b and IL-18. This makes it a potential candidate

compound for the treatment of inflammatory diseases.

Anti-bacterial and anti-viral: Some literature reports (66)

indicate that oridonin and its derivatives exhibit

inhibitory activity against Gram-positive and Gram-

negative bacteria, as well as several viral strains.

Cardiovascular protection: Research has found (67) that

oridonin can effectively reduce oxidative stress levels in

Atherosclerosis related models and also provides some

protection to vascular endothelial function.
However, oridonin is most notably recognized for its potential

in cancer therapy, encompassing multiple mechanisms such as
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inducing tumor cell apoptosis, blocking the cell cycle, inhibiting

angiogenesis, and enhancing immune function (68).
4 Molecular mechanism of oridonin in
inhibiting malignant melanoma

Oridonin is a natural diterpenoid compound extracted from the

Labiatae plant Rabdosia rubescens and other plants. Due to its novel

structure and relatively low toxic side effects, it has attracted much

attention in the research of various malignant tumors in recent

years (69). In malignant melanoma, oridonin exerts a synergistic

anti-tumor effect through multiple signaling pathways and

molecular targets, including inducing apoptosis, blocking the cell

cycle, inhibiting angiogenesis, suppressing cell migration and

invasion, regulating multiple key signaling pathways, reshaping

the tumor immune microenvironment, and interfering with

autophagy and metabolic reprogramming.
4.1 Inducing apoptosis

The apoptosis of MM cells induced by oridonin mainly depends

on the following pathways: mitochondrial-dependent apoptosis and

the activation of the p53 pathway related to DNA damage response.

The mechanism pathway diagram is shown in Figure 2.
FIGURE 1

Oridonin’s 2D Structure. The chemical structure of Oridonin in FIGURE 1 of this manuscript is cited from PubChem (95), and the specific URL is as
follows: https://pubchem.ncbi.nlm.nih.gov/compound/5321010.
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4.1.1 Mitochondrial-dependent apoptosis
Zhang CL (70) et al. found that oridonin induces apoptosis in

A375-S2 cells through the caspase pathway regulated by Bax, which

depends on the cytochrome c/caspase-9 apoptosome. In the

intrinsic pathway, oridonin upregulates the expression of pro-

apoptotic proteins Bax and Bak, while downregulating the levels

of anti-apoptotic proteins Bcl-2 and Bcl-XL, resulting in a

significant increase in the Bax/Bcl-2 ratio. This change disrupts

the integrity of the outer mitochondrial membrane, leading to the

loss of mitochondrial membrane potential and the release of

cytochrome c into the cytoplasm. Cytochrome c in the cytoplasm

combines with Apaf-1 and dATP to form an apoptosome, which

then activates caspase-9, subsequently activating downstream

caspase-3 and caspase-7 in a cascade reaction, ultimately

triggering programmed cell death. Moreover, some studies have

shown (71) that the pro-apoptotic effect of oridonin is partly

attributed to its interference with IGF-1R signal transduction,
Frontiers in Oncology 05
leading to the activation of p53 protein and the initiation of the

intrinsic apoptotic pathway in cells.

4.1.2 DNA damage response and p53 pathway
Chun-Ling Zhang (72) et al. found that oridonin can promote

apoptosis by activating the p53 and ERK signaling pathways, including

regulating the expression ratio of Bax and Bcl-xL proteins and inducing

the release of mitochondrial cytochrome c into the cytoplasm.

Specifically, oridonin can trigger the DNA damage response pathway

in the form of DNA double-strand breaks or base mismatches,

activating checkpoint kinases such as ATM/ATR, and stabilizing and

activating the p53 protein. The activated p53 not only upregulates the

transcription of apoptosis genes such as PUMA and NOXA, promoting

cell apoptosis, but also blocks the cell cycle at the G1/S or G2/M phase

when the DNA damage is repairable, providing time for repair. Once

the repair fails, the p53 signaling axis will further strengthen the

apoptotic program, thereby eliminating severely damaged cells.
FIGURE 2

Oridonin-induced apoptosis of MM cells is mainly dependent on mitochondria-dependent apoptosis and activation of p53 pathway related to DNA
damage response. FIGURE 2 in this manuscript was drawn by ourselves, and the drawing was done using the Figdraw website.
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4.2 Inhibiting angiogenesis

Malignant melanoma has a high demand for blood supply.

Oridonin weakens the formation of tumor neovascularization

through multiple pathways (73). Jin-Huan Jiang et al. (74) found

in in vitro experiments that oridonin not only inhibits the

proliferation, migration, and tube formation of endothelial cells

induced by vascular endothelial growth factor (VEGF), but also

causes human umbilical vein endothelial cells (HUVECs) to arrest

at the G2/M phase and induce apoptosis. Mechanism studies have

shown that the anti-angiogenic effect of oridonin is at least partly

due to the downregulation of VEGFR2-mediated FAK/MMPs,

mTOR/PI3K/Akt, and ERK/p38 signaling pathways, thereby

reducing the invasion, migration, and tube formation of

HUVECs. In addition, oridonin can down-regulate the gene and

protein expression of VEGF and its receptor VEGFR-2 (KDR/Flk-

1), interfere with subsequent kinase cascade reactions, and

significantly reduce the formation of new blood vessels. By

inhibiting the VEGF/VEGFR signaling pathway, oridonin

effectively blocks the angiogenic requirements of tumors, thereby

inhibiting the growth and spread of malignant melanoma.
4.3 Inhibition of cell migration and invasion

Oridonin can significantly weaken the invasiveness of

melanoma cells and reduce their metastatic potential. Chun-Yu Li

et al. (75) found that oridonin mainly inhibits the migration,

invasion, and adhesion of melanoma cells by suppressing the

PI3K/Akt/GSK-3b signaling pathway, and simultaneously inhibits

the EMT process induced by TGF-b1. In terms of EMT reversal,

oridonin can down-regulate the expression of key transcription

factors such as Snail, Slug, Twist, and ZEB1, reduce the content of

N-cadherin and vimentin, and up-regulate E-cadherin, thereby

maintaining the epithelial phenotype of cells and blocking their

transformation into a highly invasive state.
4.4 Regulation of the immune
microenvironment

Malignant melanoma employs multifaceted strategies to evade

immune surveillance, including upregulation of the PD-L1/PD-1

axis, where tumor cell-derived PD-L1 binds PD-1 on T cells to

suppress their activation and effector functions. Concurrently, the

tumor microenvironment (TME) becomes immunosuppressive

through infiltration of regulatory T cells (Tregs) and myeloid-

derived suppressor cells (MDSCs), which secrete cytokines like

IL-10 and TGF-b to establish a tolerogenic niche. Additionally,

melanoma cells impair antigen presentation by downregulating

MHC-I expression and disrupting antigen-processing machinery,

thereby escaping detection by CD8+ T cells (76). Oridonin

promotes the anti-tumor activity of immune cells through

multiple mechanisms, thereby reversing this escape phenomenon

(77). In contrast, the bioactive diterpenoid oridonin counteracts
Frontiers in Oncology 06
these immune evasion mechanisms through multimodal

immunomodulation. It enhances cytotoxic lymphocyte activity by

amplifying tumor-infiltrating CD8+ T and natural killer (NK) cell

populations, upregulating their production of perforin, granzyme B,

and interferon-g (IFN-g), which collectively enhance melanoma cell

recognition and lysis.According to the studies by Guo et al. and

Hwang et al., oridonin regulates different immune cell signaling

pathways, demonstrating its immunomodulatory and antitumor

effects. In the study by Guo et al., oridonin inhibits the TGF-b
receptor signaling pathway by reducing the phosphorylation of

downstream Smad2/3, thereby suppressing the differentiation of

regulatory T cells (Tregs) and enhancing antitumor immune

responses. Key experimental parameters include the use of 4T1

breast cancer cell lines and BALB/c mouse models, oridonin

concentration gradients of 5 mM and 10 mM, flow cytometry to

detect the proportion of Tregs, Western blot to analyze changes in

signaling proteins, and ELISA to measure TGF-b levels. In the study

by Hwang et al., oridonin enhances the cytotoxic activity of natural

killer (NK) cells, potentially by activating the NKG2D receptor and

promoting the release of perforin and granzyme. Key experimental

parameters include the use of A549 lung cancer cell lines and

human peripheral blood NK cells, oridonin concentration gradients

of 10 mM and 20 mM, CCK-8 assays to evaluate tumor cell viability,

LDH release assays to assess cytotoxicity, flow cytometry to detect

NK cell activation markers, and ELISA to measure cytotoxic factors.

These two studies reveal that oridonin exerts its antitumor effects by

modulating the TGF-b receptor signaling pathway to inhibit Treg

differentiation and by enhancing NK cell activity through the

activation of cytotoxic pathways (78, 79). These synergistic

actions position oridonin as a promising candidate for reversing

melanoma-induced immune tolerance. Yan-Feng Liu et al. (80)

found that oridonin can significantly increase the killing efficiency

of NK-92 MI cells on THP1 cells, and this effect may be closely

related to its up-regulation of the expression levels of NKG2D

ligands such as MICB, ULBP1, and ULBP2, as well as the

promotion of the release of interferon-g and tumor necrosis

factor-b. However, the current relevant research evidence is still

limited, and the experiments were not specifically conducted for

malignant melanoma but were widely verified in vitro with various

cancer cells. Further experimental verification is needed to establish

its specific mechanism and clinical application potential in MM.

In vitro experiments serve as the foundation for evaluating the

anti-malignant melanoma activity of oridonin. Through the

aforementioned studies, it is evident that various melanoma cell

lines (such as A375) are utilized to systematically assess its effects on

tumor cell proliferation, apoptosis, migration, and invasion

capabilities. Firstly, MTT or CCK-8 cell proliferation assays

demonstrate that oridonin significantly inhibits the proliferation

of MM cells in a dose-dependent manner. For instance, in A375

cells, the IC50 value of oridonin is approximately 5-15 mM, and cell

viability significantly decreases with increasing doses (60).

Additionally, colony formation assays further confirm the

inhibitory effect of oridonin on MM cell proliferation, as the

number of cell colonies is markedly reduced after treatment,

indicating its potential for long-term suppression of cell
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proliferation (75). In apoptosis studies, flow cytometry analysis

shows that the apoptosis rate of MM cells significantly increases

after treatment with oridonin (70). Further Western blot analysis

reveals that oridonin upregulates the expression of pro-apoptotic

proteins such as Bax and caspase-3 while downregulating the

expression of anti-apoptotic protein Bcl-2, suggesting that it

induces cell apoptosis by modulating the Bcl-2 family proteins

and the caspase pathway (70, 72). Furthermore, Hoechst 33342

staining and Annexin V-FITC/PI double staining assays also show

that MM cells treated with oridonin exhibit typical apoptotic

morphology, such as nuclear fragmentation and chromatin

condensation (70). The effects of oridonin on the migration and

invasion capabilities of MM cells are assessed through scratch

assays and Transwell invasion assays. The results indicate that

oridonin significantly inhibits the migration and invasion of MM

cells, with the inhibitory effect positively correlated with the dose

(75). Molecular mechanism studies further reveal that oridonin

downregulates the expression of matrix metalloproteinases (MMP-

2, MMP-9) and inhibits the expression of epithelial-mesenchymal

transition (EMT)-related transcription factors such as Snail and

Twist, thereby reducing the invasive and migratory potential of MM

cells (75).
4.5 Tumor-specific targeting and
minimized off-toxicity

Oridonin, a natural antitumor compound, achieves tumor-

specific targeting and reduces off-target effects through synergistic

strategies combining targeted delivery systems and selective

cytotoxicity. Current studies demonstrate that drug targeting

specificity can be enhanced by nanocarriers to improve tumor

tissue accumulation while minimizing systemic toxicity (81).

Furthermore, chemical modifications, such as biotin conjugation

or integration of redox-active moieties, enhance tumor cell

selectivity and induce specific cell death pathways (82, 83).

The application of nanocarrier systems represents a primary

strategy to enhance tumor targeting. Nanoparticles leverage the

enhanced permeability and retention (EPR) effect in tumor tissues

for selective drug delivery, thereby reducing off-target effects (81).

For instance, biotin-conjugated gold complexes disrupt redox

homeostasis in tumor cells by inhibiting thioredoxin reductase

(TrxR) and inducing ferroptosis, further improving tumor

selectivity (82).

Studies on nanocarriers reveal that nanoparticle-mediated drug

delivery significantly increases drug accumulation in tumor tissues

while sparing normal cells. For example, engineered nanoparticles

improve drug permeability and tumor tissue retention, a strategy

widely applied in treating breast cancer, lung cancer, and other solid

tumors (81). This approach provides a promising technical

foundation for targeted delivery of oridonin. For instance, for the

melanoma subtype with overexpression of FR+ and CD44, the dual-

targeting nanoparticles (folic acid-hyaluronic acid conjugates)

provide a new approach for the targeted delivery of

podophyllotoxin through a GSH-responsive release strategy (84).
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Similarly, aptamer-functionalized drugs (such as triptolide)

enhance tumor-specific targeting through a controlled release

mechanism, suggesting that the combination of oridonin with

aptamers may improve its delivery efficiency (85).

Additionally, biotin-conjugated gold complexes exhibit remarkable

tumor cell selectivity. By suppressing TrxR activity and triggering

ferroptosis, these complexes enhance radiosensitivity in tumor cells

with minimal impact on normal tissues (82). This mechanism offers

critical insights into optimizing oridonin’s tumor selectivity through

tailored chemical modifications.

Redox-active compounds, such as the M/A drug combination,

also demonstrate tumor-specific cytotoxicity. These agents induce

mitochondrial superoxide overproduction and membrane

depolarization in tumor cells, achieving selective cytotoxicity

while preserving normal cell viability (83). This redox modulation

mechanism suggests that oridonin could exploit similar pathways

for tumor-specific targeting.

Current trends in antitumor drug targeting focus on optimizing

delivery systems and chemical modifications. Nanocarrier

technology has advanced to clinical trials, demonstrating

significant advantages in multiple cancer types (81). Furthermore,

emerging strategies targeting tumor-specific vulnerabilities, such as

redox homeostasis disruption and ferroptosis induction, provide

novel directions for drug design (82, 83).

However, existing studies face limitations, including insufficient

long-term safety assessments of nanoparticles and incomplete

unders tand ing of the i r behav ior in complex tumor

microenvironments. Future research should integrate oridonin’s

structural features with nanocarrier delivery and chemical

modifications to enhance targeting specificity, therapeutic efficacy,

and systemic safety.
5 Clinical translation and application
prospects of oridonin in malignant
melanoma

Oridonin, a natural diterpenoid compound with multifaceted

anti-tumor activity, has shown significant promise in the treatment

of MM in recent years. However, the transition from basic research

to cl inical applicat ion presents numerous chal lenges

and opportunities.
5.1 Preclinical studies

Comprehensive preclinical studies are essential for the clinical

translation of oridonin. Existing research demonstrates that

oridonin exerts significant inhibitory effects on MM cells both in

vitro and in vivo. For instance, in vitro studies using A375

melanoma cell lines have shown that oridonin induces apoptosis,

suppresses angiogenesis, and inhibits cell migration and invasion,

effectively reducing tumor growth and metastasis (60, 75). In vivo

studies in xenograft mouse models further confirm these findings,

with oridonin significantly reducing tumor volume and metastatic
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potential (70). However, preclinical research remains insufficient.

Beyond validating its anti-tumor efficacy, further investigation into

its pharmacokinetics, optimal administration routes, and dose

optimization is essential to establish a solid scientific foundation

for subsequent clinical trials.
5.2 Safety and toxicity evaluation

The clinical translation of oridonin necessitates thorough

evaluation of its safety and toxicity. Although in vitro and animal

studies suggest relatively low toxicity, its safety profile in humans

must be rigorously validated through clinical trials. For example, in

a preclinical toxicity study, oridonin exhibited a favorable safety

profile in mice, with no significant organ toxicity observed at

therapeutic doses (60). However, determining the maximum

tolerated dose (MTD) and safe therapeutic window is a critical

prerequisite for its clinical application. Additionally, the long-term

safety of oridonin and its impact on normal cells warrant in-depth

investigation to ensure its clinical use is both safe and sustainable.
5.3 Pharmacokinetics and
pharmacodynamics

Pharmacokinetic (PK) and pharmacodynamic (PD) studies are

pivotal for the clinical application of oridonin. Existing evidence

suggests that the absorption, distribution, metabolism, and excretion

(ADME) characteristics of oridonin in vivo are complex, which

impacts its bioavailability and anti-tumor efficacy (9). For instance,

studies have shown that oridonin has low oral bioavailability due to

extensive first-pass metabolism, necessitating alternative

administration routes such as intravenous delivery (86). To

optimize its clinical use, advanced pharmacokinetic modeling and

pharmacodynamic evaluation are required to determine the optimal

route of administration (e.g., oral or intravenous), dosing frequency,

and dose intensity. Additionally, the application of nanotechnology

and drug delivery systems—such as liposomal encapsulation and

nanoparticle carriers—has been shown to significantly enhance the

bioavailability and targeting efficiency of oridonin, while reducing

systemic toxicity and improving therapeutic efficacy (86, 87).The

design of hydroxyl acid-sensitive acetal ester bonds (88) indicates that

the targeted release of drugs in the tumor microenvironment can

significantly enhance therapeutic efficacy. Such technology may be

applied to the development of nanoformulations of oridonin to

optimize its pharmacokinetic properties.
5.4 Combination therapy strategies

Given the high heterogeneity and complex resistance

mechanisms of malignant melanoma, monotherapy often fails to

achieve satisfactory outcomes. Oridonin, with its multi-target and

multi-mechanism mode of action, holds potential for combination
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therapy with other treatment modalities, such as targeted therapy,

immunotherapy, radiotherapy, and chemotherapy (89). In addition

to malignant melanoma, other types of malignant tumors have been

extensively studied in terms of combination therapy strategies. For

example, research has shown (90) that the combination of oridonin

with BRAF inhibitors can effectively delay the development of

resistance. When combined with immune checkpoint inhibitors

(78), it may further enhance antitumor effects by boosting the host

immune response. Firstly, the role of the PI3K/AKT signaling

pathway in tumor drug resistance has been widely discussed. The

excessive activation of this pathway promotes the proliferation,

invasion and metastasis of tumor cells by regulating downstream

proteins, while resisting conventional treatment (91). The

inhibitory strategy targeting the PI3K/AKT pathway is regarded

as an important direction to overcome drug resistance, which may

provide a reference for the research of oridonin. Secondly, the

adaptive changes of mitochondria in tumor drug resistance are

another important mechanism. Mitochondria provide energy and

metabolic flexibility for tumor cells through dynamic changes and

signal integration, thereby enhancing their viability (92). These

adaptive changes include mitochondrial dynamics regulation,

metabolic pathway remodeling, and mitochondrial-mediated

apoptosis regulation. (92) points out that drug development and

delivery strategies targeting mitochondria may effectively overcome

chemotherapeutic resistance. Furthermore, other studies have also

mentioned the role of tumor stem cells (such as breast cancer stem

cells) in drug resistance. These cells enhance their resistance to

radiotherapy and chemotherapy through complex signaling

pathway reprogramming and interaction with the tumor

microenvironment (93, 94). Although these mechanisms do not

directly mention melanoma, similar molecular mechanisms may

also apply to the drug resistance of melanoma. These explorations

of combination therapy strategies provide diverse options for the

clinical application of oridonin, which holds significant

clinical importance.
6 Discussion

In the context of current therapeutic strategies for melanoma,

overcoming tumor heterogeneity and immune evasion remains a

primary challenge in both clinical and research domains. On one

hand, common genetic mutations in melanoma, such as BRAF,

NRAS, and NF1, result in multiple potential resistance pathways

within the MAPK signaling axis. Although BRAF or MEK

inhibitors initially achieve promising therapeutic outcomes,

resistance inevitably emerges rapidly (40). On the other hand, the

tumor immune microenvironment (TIME), characterized by the

infiltration of immunosuppressive cells (e.g., Tregs and MDSCs)

and the overexpression of immune checkpoint molecules, impairs

the host immune system’s ability to generate durable and effective

cytotoxic responses against melanoma cells (45). While the advent

of immunotherapy has brought new hope to patients with advanced

melanoma, not all individuals respond to immune checkpoint
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inhibitors (ICIs) targeting PD-1/PD-L1 or CTLA-4, with primary or

acquired resistance being a persistent obstacle in a subset of

patients (36).

Against this backdrop, oridonin, through its multi-target and

multi-mechanism modes of action, exhibits significant potential for

combating melanoma. It not only directly inhibits tumor cell

proliferation and invasion but also interferes with angiogenesis

and enhances the cytotoxic activity of immune cells. These

properties provide a rationale for its use in combination therapy

strategies. For example, combining oridonin with BRAF or MEK

inhibitors could simultaneously target escape routes within the

MAPK signaling axis and alternative proliferation pathways,

thereby delaying or potentially reversing resistance (90).

Additionally, its immunomodulatory effects on the tumor

microenvironment (TME) establish a theoretical foundation for

combination with PD-1/PD-L1 or CTLA-4 inhibitors, potentially

overcoming immune tolerance in certain patients (78). Notably, as

emerging immune checkpoints such as LAG-3 and TIM-3 are

integrated into clinical trials, and engineered T-cell therapies (e.g.,

CAR-T or TCR-T) are expanded into solid tumors (91, 95),

oridonin’s potential to activate both innate and adaptive

immunity may enable synergistic effects with these novel

immunotherapeutic strategies.

However, for oridonin to transition from bench to bedside,

several critical challenges must be addressed. First, it’s in vivo

pharmacokinetics (PK) remain poorly understood. Factors such

as low bioavailability, variability in plasma concentrations across

different administration routes (e.g., oral vs. intravenous), and

limitations imposed by first-pass hepatic metabolism and plasma

protein binding need to be carefully studied (86). Second, there is a

lack of systematic studies on the optimal dosage range, interactions

with existing first- or second-line therapies, and potential toxicity to

normal tissues (87). To address these limitations, the development

of advanced drug delivery systems—such as nanoparticle

formulations and liposomal encapsulation—may improve

oridonin’s stability, targeting specificity, and therapeutic index,

while minimizing toxicity. Such innovations could pave the way

for large-scale clinical trials (86, 87). Third, given the high

heterogeneity in melanoma’s molecular subtypes and disease

stages, patients’ responses to oridonin—both in terms of pathway

regulation and immune remodeling—are likely to vary. This

underscores the importance of identifying biomarkers that can

guide patient selection and align therapeutic strategies within the

framework of precision medicine (89).

Oridonin demonstrates multiple mechanisms of action that

align closely with current trends in molecularly targeted therapy

and immunotherapy for melanoma. It also has the potential to

address some of the limitations and challenges associated with

monotherapies. However, existing research remains insufficient,

and robust supporting data are urgently needed. From both

research and clinical perspectives, future efforts should focus on

comprehensive investigations into its pharmacokinetics, toxicology,

and efficacy in large animal models. Early-phase, multicenter
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clinical trials should then explore optimal dosing regimens and

combination therapy strategies. Simultaneously, leveraging

molecular subtyping and biomarker-driven precision medicine

approaches could help identify patient populations most likely to

benefit from oridonin-based therapies. Achieving these

breakthroughs is essential for oridonin to emerge as a safe and

effective “novel weapon” in the fight against melanoma, addressing

the clinical challenges of treatment resistance, recurrence, and

disease progression.
7 Conclusion

Oridonin, a natural diterpenoid compound extracted from Rabdosia

rubescens and other plants of the Lamiaceae family, has demonstrated

significant anti-tumor potential in preclinical studies and basic research

on malignant melanoma. Existing literature and experimental findings

indicate that oridonin exerts its anti-cancer effects through multi-target

and multi-pathway mechanisms, primarily including the induction of

intrinsic apoptosis, inhibition of angiogenesis, suppression of tumor cell

migration and invasion, and remodeling of the immune

microenvironment. Due to its diverse modes of action, oridonin not

only effectively inhibits melanoma cell proliferation and metastasis but

also holds promise for synergistic effects when used in combination with

current targeted therapies and immunotherapies.

In terms of clinical applications, while oridonin has shown

promising anti-tumor activity and relatively manageable toxicity

profiles in in vitro models, limitations such as poor water solubility,

low stability, as well as the incomplete elucidation of potential

resistance mechanisms and selectivity toward normal tissues remain

critical barriers to its clinical translation. These limitations indicate

that oridonin, in its current form, is not yet sufficient to replace

existing standard therapies. Therefore, conducting further

multicenter, high-quality clinical trials to systematically evaluate

its pharmacokinetic properties, safety, and efficacy, as well as

optimizing its delivery methods and dosage regimens, is key to

advancing its clinical development. In particular, oridonin shows

great potential for combination strategies, such as pairing with

immune checkpoint inhibitors or BRAF inhibitors, which could

enhance overall treatment efficacy for malignant melanoma while

delaying the emergence of resistance. Furthermore, leveraging

nanotechnology or chemical modifications to improve its

bioavailability offers a promising approach to overcoming its

current limitations in clinical applications.

In summary, oridonin exhibits definitive anti-tumor effects and

significant research value in the field of malignant melanoma. Its

multifaceted mechanisms of action provide a new therapeutic

avenue for addressing the highly aggressive and drug-resistant

nature of melanoma. With continued advancements in drug

delivery systems and clinical studies, oridonin holds the potential

to become an integral component of comprehensive melanoma

treatment strategies in the future, offering patients more effective

and safer therapeutic options.
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