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Abstract 

Emodin is a naturally occurring anthraquinone and has been of great interest as a multi-target anticancer 

agent with potential anti-metastatic effects. There is a growing body of evidence that emodin inhibits the 

progression of cancer by regulating essential events of epithelial–mesenchymal transition (EMT) and 

extracellular matrix remodeling. It suppresses matrix metalloproteinases and other associated proteolytic 

enzymes, thus hindering tumor invasion and metastatic spread. Emodin also suppresses key EMT-related 

transcription factors, such as Snail, Slug and Twist resulting in lower expression of mesenchymal markers, 

recovery of epithelial phenotype and lack of cellular motility. These effects are mechanistically mediated 

by disrupting central oncogenic pathways including transforming growth factor-β (TGF-β)/Smad, 

Akt/mTOR, MAPK and other signaling pathways that promote EMT plasticity. Recent research also 

indicates that emodin has a role in regulating cytoskeletal organization, ROS signal, and interactions with 

the tumor microenvironment that promote metastatic behavior. Although there is strong preclinical 

evidence, there are still a number of translational gaps. This limits its possible therapeutic use due to low 

bioavailability, low stability, and inconsistent tumor responsiveness. Possible resistance mechanisms, such 

as the compensatory activation of other pathways such as Wnt/ β-catenin and survival signaling cascades, 

are not sufficiently characterized. There is also lack of clinical validation with few controlled trials assessing 

safety and anti-metastatic efficacy across different types of cancer. The future directions are to focus on 

optimization of formulation and delivery, improvement of the pharmacokinetics, patient stratification, 

biomarker-based guided, and rigorous comparisons of combination regimens with chemotherapy, 

radiotherapy, and targeted agents. These approaches can be used to achieve the full potential of emodin as 

a therapeutic candidate, which is a metastasis-modulating agent. 
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1. Introduction 

Metastasis is the main characteristic of malignant tumors and is responsible for about 90% of 

cancer deaths [1]. The EMT is a vital biological phenomenon in which epithelial tumor cells gain 

fibroblast-like and mesenchymal cell properties, leading to increased migration, invasiveness, and 

resistance to apoptosis [2]. Plasticity in the EMT phenotype facilitates tumor cells to separate from 

the primary tumor mass, invade the adjacent tissue, intravasate into the circulation, and seed at 

distant organ sites. EMT is managed through intricate regulatory networks, where important 

transcription factors like Snail, Slug, Twist, and ZEB1/ZEB2 play a major role by repressing epithelial 

markers (E-cadherin) and at the same time promoting mesenchymal ones (N-cadherin, vimentin) [3]. 

Furthermore, the signaling of the TGF-β and matrix metalloproteinases (MMPs) are also very 

important in the process of breaking down the extracellular matrix and invading tumor cells.   

In general, EMT can be divided into three main categories: Types I, II, and III. Type I is described 

as the process by which cells move from one area of the embryo to another during early development 

to form organs and other tissues. Type II is related to wound healing with fibroblasts repairing and 

rebuilding damaged tissues. Type III is a pathological process in which epithelial cells undergo 

changes similar to those in development (Type I) and wound healing (Type II), but instead, this 

transition leads to the formation and spread of cancerous cells through the same signaling pathways 

[3].  

The highly aggressive behavior of metastatic tumors underscores the critical need for successful 

therapeutic interventions interfering with the pathways of EMT. Currently, conventional therapies 

are incapable to halt metastasis, which has led to the search for new anti-metastatic agents. Due to 

their lower incidence of unwanted effects compared with conventional therapies and the possibility 

of affecting multiple signaling pathways, the use of natural products has become a popular 

alternative to synthetic or chemically developed medicines. Emodin, a novel bioactive anthraquinone 

obtained from different medicinal herbs like Rheum palmatum, Polygonum cuspidatum, and Cassia 

obtusifolia, among others, has captured attention as a potential medicinal agent for treating cancer [4]. 

Several investigations have revealed the various ways in which emodin impacts biological processes, 

contributing to its anticancer and anti-metastatic effects, including the downregulation of EMT 

transcription factors, suppression of MMP activity, and inhibition of TGF-β pathways, which are 

implicated in the metastatic process.  

Moreover, the heterogeneity of tumors is another important obstacle to treating cancer as 

different subpopulations develop various resistance mechanisms [5]. Emodin is promising in 

overcoming this by acting on the ATP-binding cassettes transporters like P-glycoprotein, which 

inhibits intracellular excretion of chemotherapeutics like cisplatin and paclitaxel. It also enhances the 

sensitivity of drugs by regulating the apoptosis-related pathways, such as Rap1 and PI3K/Akt [6]. 

Although these are the advantages, poor pharmacokinetics, rapid glucuronidation and low 

bioavailability limit the clinical translation of emodin. Emerging methods, including co-

administration with adjuvants like piperine and the development of nanoparticle-based delivery 

systems (e.g., PLGA and Fe3O4-PEG), have shown improved solubility, tumor targeting, and cellular 

uptake [7,8]. Nonetheless, a significant translational gap remains due to limited human data, 

underscoring the need for further preclinical and clinical validation.  

In view of these observations, this review thoroughly assesses the present knowledge of 

emodin's molecular mechanisms in the suppression of EMT and metastasis, analyzes its potential as 

a therapy in various cancers, and considers future possibilities of clinical translation. By synthesizing 

evidence from various preclinical and clinical studies, we intend to highlight the contribution of 

emodin as an anti-metastatic therapeutic agent with great promise. 

2. Research Objectives and Scope  
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This review aims to: (i) collate evidence on the anti-metastatic mechanisms of emodin, with a 

special focus on EMT regulation; (ii) assess the quality of evidence currently available in preclinical 

in vitro and in vivo experiments; (iii) identify gaps in research and the limitations in clinical 

translations; and (iv) recommend further research to facilitate the research and development of 

emodin as an anti-metastatic treatment. 

2.1. Literature Search Strategy 

This narrative review is based on peer-reviewed journals published between 2015-2025 and 

includes studies on the effect of emodin on cancer metastasis or EMT. A systematic search was 

accomplished in the following three databases: PubMed, Web of Science and Scopus. Searching terms 

used included "emodin" combined with either "epithelial-mesenchymal transition" or "EMT" (i.e., 

primary terms), along with secondary terms which were "metastasis", "invasion" or "migration". 

Additional analytical terms used were "matrix metalloproteinase (MMP)", "TGF-β", "Snail", "Slug" 

and "Twist". The studies were selected based on relevance to emodin's anti-metastatic mechanisms, 

especially molecular pathway elucidation and therapeutic potential. Through this analysis, we aim 

to provide an integrated perspective on emodin’s potential as an anti-metastatic agent and highlights 

its relevance for the development of novel cancer treatment strategies. 

2.2. Inclusion Criteria 

Articles with original research, as well as review type of articles that were published in English 

and examined both the impact of emodin on EMT, cancer metastasis, or related molecular pathways, 

were considered. The criteria for inclusion encompassed both in vitro and in vivo experiments, along 

with clinical trials and case reports related to emodin. 

2.3. Exclusion Criteria 

The conference abstracts without full-text access, studies concentrating solely on other 

anthraquinone derivatives, papers lacking substantial mechanistic elucidation, and duplicate 

publications were among the categories from which, the studies were excluded. 

3. Overview of Emodin's Anti-Metastatic Properties 

The literature search identified several relevant studies, where the analyses revealed three 

primary mechanisms by which emodin inhibits cancer metastasis:(i) inhibition of EMT transcription 

factors, (ii) suppression of MMP activity, and (iii) disruption of TGF-β signaling pathways. 

3.1. Mechanisms of Metastasis and EMT in Cancer 

The EMT is a physiological process which is essential for embryogenesis, wound healing, and 

tissue repair. Epithelial cells adopt a mesenchymal-like cell phenotype via the EMT which liberates 

them to migrate and invade the tissues. In contrast, during cancer progression, EMT is 

inappropriately triggered, allowing neoplastic epithelial cells to acquire mesenchymal cell-like 

characteristics which, again, makes them more capable of migrating, invading, and moving to other 

places forming new tumors. Hence, it is a vital act in the process of metastasis The transcription 

factors Snail, Slug, Twist, and the zinc finger E-box binding homeobox proteins (ZEB1/2) are the main 

controllers and drivers of the EMT in cancer. These regulators downregulate the expression of 

epithelial markers while simultaneously upregulating the expression of mesenchymal markers. The 

epithelial marker E-cadherin is involved in cell adhesion, while N-cadherin and vimentin are the 

indicators of mesenchymal character. Tumor cells are transformed into a mesenchymal type, 

allowing them to detach from the primary tumor and subsequently metastasize [10]. Tumor cells start 

acquiring mesenchymal characteristics, i.e., EMT, when they receive signals from the tumor or the 

surrounding microenvironment. These signals can be inflammation, low oxygen, or growth factors. 
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TGF-β is the main trigger for EMT (Figure 1), making tumor cells more adaptable, better at avoiding 

the immune system, and more resistant to treatment [11].   

 

Figure 1. TGF-β–driven induction of EMT in cancer. The illustration depicts TGF-β signaling as a central inducer 

of EMT, promoting loss of epithelial cell junctions and polarity while activating EMT-associated transcription 

factors (SNAIL, SLUG, TWIST). These molecular and cytoskeletal changes promote a transformation to the 

mesenchymal phenotype that is characterized by increased migratory potential, invasive capacity, stem cell 

properties, degradation of extracellular matrix, evasion from the immune system and increased resistance to 

therapy. 

One more essential element of metastasis is the loosening of the extracellular matrix (ECM) 

which is the component providing support to the tissues. The ECM is degraded by the increased 

activity of MMPs, especially MMP-2 and MMP-9, thus allowing the tumor cells to spread. The 

transcription factors related to EMT and the MMP-induced ECM degradation assist in tumor invasion 

and metastasis to the distant organs [12]. As a result, therapeutic strategies targeting EMT and 

invasion-related pathways including natural compounds such as emodin have gained increasing 

attention [13]. 

Key Molecular Players: 

1. E-cadherin to N-cadherin Switch: During EMT, E-cadherin levels decrease while N-cadherin 

levels increase. This change facilitates cell detachment and migration. 

2. Cytoskeletal Reorganization: EMT causes major changes in the cytoskeleton. Cells lose 

epithelial cytokeratin networks and gain mesenchymal vimentin filaments.  

3. Extracellular Matrix Remodeling: MMPs, especially MMP-2 and MMP-9, degrade basement 

membrane components, creating pathways for tumor cell invasion. 

The dynamic plasticity of cancer cells, enabling transitions between epithelial and mesenchymal 

states, allows them to bypass EMT inhibition by activating compensatory signaling pathways that 

sustain invasiveness [14]. However, due to the redundancy and complexity of EMT regulation, cancer 
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cells may activate alternative pathways (e.g., Wnt/β-catenin, Notch, and PI3K/Akt), to preserve their 

metastatic potential. Although emodin can inhibit downstream targets of Wnt/β-catenin signaling, 

such as Cyclin D1 and c-MYC, persistent activation of these pathways may contribute to therapeutic 

resistance [15]. Therefore, effectively targeting EMT-driven metastasis requires a multi-targeted 

approach, where emodin is combined with inhibitors of parallel signaling pathways to ensure 

comprehensive suppression of tumor progression. 

3.2. Emodin-Directed downregulation of MMP-2 and MMP-9 

Among the MMPs, MMP-2 (gelatinase A) and MMP-9 (gelatinase B) serve as the main tumor 

invasion and metastasis drivers due to their ability to degrade the ECM. Various signaling pathways, 

including NF-κB, MAPK, and TGF-β, have been identified as regulators of the expression of these 

proteases [16,17]. Emodin prevents MMP-2 and MMP-9 activity by blocking their transcriptional 

regulators instead of directly affecting the enzymes. Specifically, emodin prevents NF-κB from 

activating MMP gene expression by stabilizing its cytoplasmic inhibitor, IκBα, thereby preventing 

NF-κB from translocating to the nucleus, which leads to a decrease in MMP production [18,19]. In 

addition, emodin can inhibit both ERK1/2 and p38 activation to block MAPK pathways which leads 

to decreased MMP transcription and reduced invasive potential [20]. Emodin also inhibits the 

phosphorylation of Smad2/3, thus inhibiting TGF-β signaling. This pathway has previously been 

established to be one of the major pathways driving EMT. By inhibiting Smad2/3 phosphorylation, 

emodin suppresses TGF-β–driven transcriptional programs, including MMP expression (Figure 2) 

[21–23]. These mechanisms may represent an overall decrease in ECM degradation and inhibition of 

metastasis signalling. 

 

Figure 2. Emodin-mediated downregulation of MMP-2 and MMP-9 expression through inhibition of NF-κB, 

MAPK, and TGF-β signaling. Emodin prevents NF-κB (p65/p50) nuclear translocation and MMP gene 

transcription by stabilizing the cytoplasmic inhibitor IκBα. Emodin also reduces MMP transcription through 

inhibition of MAPK signaling via suppression of ERK1/2 and p38 activation. Additionally, the TGF-β signaling 

pathway is disrupted by emodin because it prevents Smad2/3 from undergoing phosphorylation, which leads 

to reduced MMP expression, and diminished ECM breakdown, as well as, decreased tumor invasion and 

metastatic potential. 

Although emodin demonstrates strong capacity to block both MMP-2 and MMP-9 in several 

different cancer models, the effectiveness of emodin's role may significantly rely on a number of 

factors including the type of tumor, the structure and characteristics of the microenvironment around 

the malignant cell(s), and other potential inhibitors that may act as caveats. For example, the 

phenomenon of “invasion redundancy” remains a significant challenge, as aggressive cancer cells 
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may utilize alternative mechanisms such as urokinase plasminogen activator (uPA) or cathepsins or 

MMP-independent ECM degradation to sustain invasiveness [24], and thus adversely affecting 

emodin's overall inhibition potential on MMP activity. To overcome this limitation, emodin also 

modulates multiple upstream signaling pathways, including p38, Akt, ERK1/2, and DNMT, 

contributing to a wider suppression of the metastatic cascade [25]. Preclinical studies further support 

its efficacy in reducing tumor invasion in cancers such as breast and pancreatic models [25,26]. 

Nevertheless, to enhance its clinical potential, emodin’s multi-targeted action should be 

complemented with agents that inhibit parallel proteolytic pathways, ensuring more comprehensive 

control of tumor progression. 

3.3. Cancer Type-Specific Effects 

Emodin has shown anti-metastatic effects in several cancer models. In breast cancer cell lines 

like MDA-MB-231 and MCF-7, treatment with emodin (25-100 µM) reduced MMP-2 activity by 60-

80% and MMP-9 expression by 70-85%. This was linked to less cell invasion in the Matrigel assay 

[27]. In hepatocellular carcinoma cells (HepG2 and MHCC-97H), emodin also lowered MMP-2 and 

MMP-9 levels in a dose-dependent way and reduced cancer cell migration and invasion at 50 µg/mL 

concentration [28]. In vivo studies with xeno-transplantation models showed a clear drop in the 

metastatic potential of these cancer cells. Likewise, in NSCLC, A549, and NCI-H-460 lung cancer cell 

lines, emodin at concentrations of 25, 50, and 75 µM decreases cell proliferation in a dose- and time-

dependent manner. It also induces concentration-dependent apoptosis [29].  

Though, these findings may underscore the context-dependent but broadly conserved anti-

metastatic activity of emodin, they also highlight the importance of identifying tumor subtypes that 

most likely respond to emodin. Responsiveness is closely linked to specific pathway dependencies, 

particularly tumors with elevated TGF-β activity or strong EMT gene signatures [30]. The subtypes 

like non-small cell lung cancer and triple-negative breast cancer are more vulnerable since they are 

highly dependent on Smad/TGF-B signaling that is targeted by emodin [31]. Furthermore, 

biomarkers such as elevated baseline levels of MMP-2/9 and elevated levels of EMT markers like 

vimentin and Snail can also be used to predict sensitivity to therapy [32]. Cancer cells that employ 

tyrosine kinase or aryl hydrocarbon receptor pathways have also demonstrated enhanced apoptotic 

responses to emodin [33,34]. Thus, molecular stratification using these signatures will be essential in 

selecting the patients with the highest likelihood of responding to emodin as an adjuvant anti-

metastatic agent. 

4. Emodin-mediated suppression of EMT by blocking Snail, Slug, and Twist 

Apart from ECM remodeling, emodin also blocks metastasis by inhibiting the transcriptional 

regulators of EMT. Snail, Slug, and Twist are transcription factors that suppress epithelial identity 

and promote mesenchymal differentiation of tumor cells. This increases their motility and spread 

[35]. Several reports suggest that emodin inhibits EMT by suppressing the activation of these factors 

and their associated pathways [36]. Emodin reduces Snail and Slug protein levels, blocks their nuclear 

entry, and promotes their proteasomal degradation (Figure 3). As a result, E-cadherin expression and 

epithelial tissue integrity are restored [37,38]. This effect involves activation of glycogen synthase 

kinase-3β (GSK-3β), which phosphorylates β-catenin and leads to its ubiquitin-mediated proteasomal 

degradation. Supporting this mechanism, Hu et al. showed that emodin exerts anti-invasion effects 

on A2780 and SK-OV-3 epithelial ovarian cancer cell lines. Specifically, it reduced GSK-3β 

phosphorylation at Ser9 and decreased total β-catenin levels. These changes downregulated EMT in 

vitro [39]. 
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Figure 3. Inhibition of EMT by Emodin via inhibition of major EMT transcriptional regulators. The figure shows 

that emodin inhibits EMT by preventing the activation and nuclear activity of the transcription factors Snail, 

Slug, and Twist and associated Akt/mTOR signaling. It leads to decreased mesenchymal marker (N-cadherin 

and vimentin) expression, normalization of E-cadherin expression and re-differentiating to an epithelial 

phenotype, which restricts the tumor cell motility and metastatic potential. 

Emodin also downregulates Twist1, a key pro-EMT regulator that increases mesenchymal 

markers, such as N-cadherin and vimentin, by reorganizing the cytoskeleton and enhancing cancer 

cell motility. Emodin inhibits Twist1 by blocking the Akt/mTOR signaling pathway, thereby reducing 

its transcriptional activity and suppressing mesenchymal gene expression (Figure 4) [40,41]. In 

parallel, emodin inhibits TGF-β/Smad, NF-κB, and MAPK signaling pathways, previously discussed 

as central EMT regulators, thereby exerting coordinated control over EMT induction and 

maintenance [42,43]. The net outcome of these actions is re-establishment of epithelial characteristics, 

reduced cytoskeletal plasticity, and diminished metastatic potential. However, there is variability of 

emodin after treatment among various cancer types as well as variability in effective breast cancer 

treatment due to resistance developing with compensatory mechanisms associated with Wnt/β-

catenin signaling.  
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Figure 4. Emodin suppresses the Akt/mTOR and related signalling pathways that inhibit Twist1 (an EMT 

regulator) and transcription. This downregulates mesenchymal gene expression and expression of N-cadherin 

and vimentin, inhibits reorganization of cytoskeleton and motility of cancer cells, and enhances re-induction of 

epithelial properties with decreased metastatic capacity. 

Inhibitors of these compensatory pathways when used together with emodin can inhibit such 

adaptive escape mechanisms. Moreover, emodin can be used to augment therapeutic efficacy by 

serving as a chemosensitizer, blocking drug efflux transporters such as P-glycoprotein, and thereby 

amplifying intracellular concentrations of chemotherapeutic agents’ cisplatin and doxorubicin [44]. 

This synergistic strategy not only accelerate the retention of drugs but also rehydrates apoptotic 

sensitivity in resistant tumor subpopulations, which allows a more efficient blockage of metastatic 

progression and control of tumor heterogeneity [45]. Nevertheless, its bioavailability and stability in 

vivo require further optimization. Additional scientific investigations must be conducted to improve 

its therapeutic capabilities and treatment efficiency for metastatic cancer.  

5. Transforming Growth Factor-Beta 

The TGF-β exhibits a dual role in cancer, functions as a tumor suppressor during cancer initiation 

by slowing down cell growth yet promotes EMT along with metastasis in advanced malignancies. 

Sustained TGF-β signaling induces mesenchymal marker expression and suppresses epithelial 

adhesion, facilitating tumor dissemination [46]. Emodin inhibits TGF-β signaling by decreasing 

Smad2/3 phosphorylation and nuclear translocation, which are key mediators of TGF-β-induced 

EMT. Once phosphorylated by the TGF-β receptors (TβRI/TβRII), SMAD2 and SMAD3 translocate to 

the nucleus to promote the transcription of EMT-promoting genes Snail, Slug, and Twist. By 

inhibiting this process, emodin preserves epithelial consistency through the suppression of 

mesenchymal gene expression. Beyond canonical Smad, emodin interferes with the TGF-β action 

through non-Smad pathways as well, such as PI3K/Akt and MAPK/ERK signaling [47,48]. In concert 

with TGF-β action, these non-Smad signaling pathways contribute to cancer cell invasion by 

promoting cell survival and motility. This dual inhibitory approach highlights the potential of the 

broader spectrum of intervention offered by emodin in TGF-β-related malignancy action. 

Consistent with its anti-EMT effects, emodin not only suppresses the expression of tumor 

conditioned medium (TCM) induced Arg1 and colony stimulating factor (CSFr1) but also the 

expression of MMP-2 and MMP-9 [49], stabilizes E-cadherin-mediated cell adhesion [50], and inhibits 

actin cytoskeletal remodeling [51]. Preclinical studies further indicate that emodin attenuates TGF-β–

induced cancer stem cell phenotypes associated with chemoresistance and metastatic progression 

[52]. Even with TGF-β inhibition, resistance mechanisms remain challenging. Some cancer cells 

activate other EMT inducers, such as the Notch or Wnt signaling pathways. Others switch to an 

integrin-mediated invasion route by upregulating these pathways. This compensatory path 

undermines TGF-β inhibition [53]. There is also variability in TGF-β dependency across different 

types of cancer, making it difficult to assess the effectiveness of emodin. Combination therapy 

targeting compensatory pathways, such as with PI3K inhibitors or anti-integrin agents, may further 

enhance emodin's ability to inhibit invasion. Key mechanisms, effects, and supporting studies, 

including preclinical and related clinical highlights, have been summarized in the table below.  

Table 1. Overview of Previously Reported Preclinical Studies Highlighting the Key Mechanisms of Emodin 

Across Various Cancer Types. 

Mechanism 
Molecular 

Target 
Effect 

Cancer  

Type 
Key Findings 

Clinical 

Relevance 

Smad2/3 

Phosphorylation 

Inhibition 

TβRI kinase 

activity 

Blocks nuclear 

translocation and 

EMT gene 

transcription 

Breast Cancer 

(MDA-MB-

231) 

65% reduction in 

Smad2/3 

phosphorylation; 

restored E-

Potential 

biomarker for 

treatment 

response 
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cadherin 

expression 

Non-Smad 

PI3K/Akt 

Suppression 

PI3K/Akt 

signaling 

Decreases cell 

survival and 

motility 

Hepatocellular 

Carcinoma 

(HepG2) 

70% reduction in 

Akt 

phosphorylation; 

enhanced 

apoptosis 

Combination 

potential with 

PI3K inhibitors 

Non-Smad 

MAPK/ERK 

Inhibition 

ERK1/2 

phosphorylation 

Limits migratory 

and invasive 

capacity 

Colorectal 

Cancer 

(SW480) 

60% decrease in 

ERK activation; 

reduced MMP-9 

expression 

Predictive 

biomarker for 

MAPK 

pathway 

dependency 

MMP-2/MMP-9 

Downregulation 

MMP 

transcription 

Reduces ECM 

degradation and 

invasion 

Lung Cancer 

(A549) 

80% reduction in 

MMP activity; 

decreased 

invasion by 75% 

Monitoring 

biomarker for 

therapeutic 

efficacy 

E-cadherin 

Stabilization 

Adherens 

junction 

integrity 

Maintains cell-

cell adhesion 

Pancreatic 

Cancer 

(PANC-1) 

3-fold increase in 

E-cadherin; 

reduced 

cytoskeletal 

remodeling 

Prognostic 

indicator for 

treatment 

response 

CSC Property 

Suppression 

CD44+/CD24- 

population 

Reduces self-

renewal and 

chemoresistance 

Breast Cancer 

(MCF-7) 

50% decrease in 

CSC population; 

2-fold enhanced 

doxorubicin 

sensitivity 

Combination 

therapy with 

chemotherapy 

Resistance 

Mechanism 

Notch/Wnt 

pathway 

activation 

Compensatory 

EMT induction 

Glioblastoma 

(U87) 

Partial EMT 

restoration via 

Notch signaling 

upregulation 

Need for 

combination 

with pathway 

inhibitors 

Emodin has specific, albeit limited mechanisms, by which it can inhibit TGF-β-mediated cancer 

cell invasion, for example emodin may suppress Smad2/3 phosphorylation through binding to, or 

inhibiting TβRI kinase, or inducing Smad7 an inhibitory regulator, possibly minimizing off-target 

effects as compared to broad spectrum TGF-β inhibitors [54]. It also inhibits non-Smad pathways, 

including the PI3K/Akt and MAPK/ERK pathways, that drive invasion and associate TGF-β with 

angiogenesis via vascular endothelial growth factor receptor 2. This points to the possibility of an 

additive effect of emodin's anti-invasive and anti-angiogenic activities [55]. Moreover, by inhibiting 

CSC-related features driven by TGF-β, emodin could also reduce metastatic seeding and long-term 

recurrence, improving survivorship for some metastatic disease [56]. Although clinical trials of 

emodin are limited, TGF-β inhibitors (galunisertib) were an effective adjunct therapy for metastatic 

cancers; thus far, however, few therapies have effectively used this mechanism [57]. 

While this information is promising, multiple challenges exist to achieve the full potential of 

emodin. The TGF-β signaling-directed biomarker-guided selection can be used to determine patients 

who may respond best to emodin therapy. Tumors that express high levels of TGF-β1, high 

phosphorylation of Smad2/3, and high expression of TGF-β receptors (TβRI/TβRII) are associated 

with active canonical TGF-β signaling and are thus more responsive to the inhibitory action of 

emodin [58]. Increased nuclear localization of Smad complexes is also indicative of pathway 

activation and possible sensitivity. Moreover, cancers with pronounced TGF-β-mediated EMT 

characteristics, including decreased E-cadherin and increased mesenchymal markers, might be 

especially vulnerable to emodin-mediated repression. Non-invasive markers such as liquid biopsy-

based measurements of circulating TGF-β1, and phosphorylated Smad proteins could be used to 
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stratify patients, and monitor them [59]. Thus, selecting patients based on TGF-β pathway activity 

can improve therapeutic precision and maximize the clinical benefit of emodin. However, the 

majority of available data and results are described from cell lines, therefore the efficacy of emodin 

will need thorough investigation and validation in animal models of orthotopic or human-derived 

xenografts.  

6. Translational Evidence for Emodin in Tumor Progression and Metastasis 

A growing body of preclinical evidence demonstrates the translational importance of emodin as 

an anti-metastatic agent. In numerous in vitro experiments, emodin has been found to effectively 

inhibit the migration and invasion of cancer cells, primarily due to its action in reducing EMT-related 

traits and modifying the extracellular matrix, rather than simply exerting cytotoxic effects [60–64]. 

These results are confirmed and backed by in vivo studies. Specifically, emodin-treated xenograft 

models demonstrate that tumors grow more slowly, fewer cancer cells spread throughout the body, 

and there is a reduced formation of blood vessels, indicating that both the cells and the tumor 

microenvironment are affected [65–67]. However, the degree of impact depends on the type of cancer, 

dose, administration, and experimental model. This highlights the need for optimized delivery 

methods and standardized evaluations.  

Tumor heterogeneity is still the most important factor for determining the effect of the treatment. 

The partial resistance that has been seen in some models seems to be related to the activation of the 

alternative Wnt/β-catenin and PI3K/Akt signaling pathways [68], which may allow the cells to go 

through EMT and invade the tissues even under emodin treatment. Moreover, the unfavorable 

pharmacokinetic properties of this compound, like rapid metabolism and low systemic 

bioavailability, prevent it from effectively exposing the tumor in vivo. Nevertheless, new methods, 

such as the use of nanoparticles in drug delivery and the structural modification of emodin, are 

providing promising ways to enhance drug stability, bioavailability, and tumor targeting [69–71]. 

The use of emodin to augment the efficacy of conventional cancer therapies is one of the 

promising directions. Research has shown that emodin can be used along with chemotherapeutic 

agents like cisplatin and doxorubicin to enhance cancer cell-apoptosis and inhibit drug resistance 

mechanisms (72,73). It is especially applicable in malignant cancers where EMT helps in developing 

chemoresistance. Similarly, emodin has been shown to enhance the efficacy of radiation therapies by 

blocking the DNA repair signaling pathways and causing an increase in cancer cell death [74,75]. The 

emodin-based combinatorial products with the inhibitors of kinase or immunotherapeutic products 

could be a more effective way to approach the reduction of tumor growth and metastatic spread. 

However, it still requires rigorous clinical evaluation so as to determine optimal dose schedules and 

the potential toxicity of its interaction with other medications [76].  

Taken together, these results establish emodin as a biologically active anti-metastatic agent with 

promising translational prospects, as well as underscore the critical barriers that need to be overcome 

before clinical implementation. Although nanoparticle-based delivery systems and structural 

changes have enhanced its stability, bioavailability and tumor targeting, and combination strategies 

with chemotherapeutic, radiotherapeutic, and targeted agents have shown enhanced efficacy, these 

approaches alone may not be sufficient to overcome the challenges that tumor heterogeneity and 

resistance mechanisms present. Thus, rigorous validation of emodin translation into clinical activity 

in terms of well-designed clinical trials, optimization of dosing schedules, and accurate patient 

stratification will eventually determine successful translation of emodin into clinical outcomes. 

7. Clinical Applications and Future Prospects 

The capability of emodin to influence the various pathways related to the processes of EMT and 

metastasis has shown its promise as an anti-metastatic drug along with other therapies. Nevertheless, 

the clinical conversion entails numerous hurdles such as poor pharmacokinetics, the 

interdependency of different tumors on EMT-related pathways, and scant safety data in humans. The 
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future clinical development should focus on biomarker-driven patient selection which would help in 

recognizing tumor subtypes that are most likely to benefit from emodin-based treatment. Through 

rational combination treatment strategies like, combining emodin with chemotherapy, EMT 

inhibitors, targeted kinase inhibitors, or immunotherapeutic agents, one might be able to augment 

the effectiveness of the treatment while simultaneously dismantling the resistance mechanisms. Such 

pairs might be much more useful especially in cancer cases where EMT is one of the contributing 

factors to the resistance to chemo and immune therapy.  

In order to expedite clinical validation, early-phase trials must focus on safety, 

pharmacokinetics, biomarker responses and optimal dosing as opposed to relying only on tumor 

shrinkage, with special emphasis on patients with EMT- or TGF-β–driven tumors. Pharmacokinetic 

factors, such as rapid metabolism and glucuronidation can be overcome with the use of modern 

delivery systems like nanoparticles, liposomes, and targeted carriers, which increase stability, 

circulation time, and tumor selectivity. The interpatient variability in metabolic pathways also 

emphasizes the importance of tailored dosing regimen. Also, the combination regimens (controlled 

dosage or lower dose) could minimize gastrointestinal and hepatic toxicity. In this context, emodin 

would best suit as a chemosensitizer in combination therapies, enhancing the effectiveness while 

minimizing adverse effects and overcoming resistance mechanisms.  

8. Conclusion 

Emodin demonstrates significant potential as an anti-metastatic agent by disrupting key 

processes involved in cancer spread, including EMT regulation, ECM remodeling, and pro-invasive 

signaling. Studies in preclinical phases have indicated that emodin can prevent metastasis in a variety 

of cancer models, but the therapeutic results vary with the context and the method of drug delivery. 

The main obstacles to the transfer of this treatment to the clinic are the poor bioavailability of emodin, 

tumor-specific resistance, and lack of clinical validation. Improving bioavailability, investigating 

combined treatments, and using molecular stratification in clinical trials can be the distances to be 

covered in order to explore the full potential of emodin in the clinic. With further preclinical and 

clinical research, emodin could serve as an adjuvant anti-metastatic therapy, especially for EMT-

driven tumors. 
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