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At present, the role of active ingredients of traditional Chinese medicine in tumor therapy has
gradually attracted people’s attention, and anthraquinones, which are structurally similar to
adriamycin and epirubicin, are one of the hotspots of research. Emodin (1,3,8-trihydroxy-6-
methylanthraquinone) is a natural anthraquinone compound isolated from rhubarb, Polygonum
cuspidatum, and aloe vera. In recent years, emodin has received widespread attention for its
remarkable anti-tumor effects, and its anti-breast cancer effects are manifested as induction of
apoptosis, inhibition of tumor cell proliferation, inhibition of invasion and metastasis of tumor
cells, and anti-tumor drug resistance. Moreover, emodin can act against multiple types of breast
cancer cells by acting on different targets. In this paper, we reviewed the latest research progress
on the anti-breast cancer effects of emodin and its anti-tumor mechanism, to provide reference
and information for the treatment of breast cancer and the development of anti-tumor drugs.
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PERK protein kinase R-like endoplasmic reticulum kinase
TAMs tumor-associated macrophages
TME tumor microenvironment
TFH Thin-film hydration
DOX doxorubicin
MDR multidrug resistance
MLE multi-component magnetic liposomal emodin capsule
5-FU 5-fluorouracil
TQ Thymoquinone
EG emodin-8-O-p-D glucoside
PTX paclitaxel
OH O OH
HO I I I
(6]

1. Introduction

Breast cancer (BCa) is a major health problem for women worldwide [1].In recent years, breast cancer has been recognized as a
series of diseases with distinct pathologies, molecular structures, and clinical

Features [2].These diseases have different presentations, morphology, biology and clinical subtypes [3]. The classification of breast
cancer subtypes has been evolving, and the generally acceptable classification is based on an immunologic perspective that divides
breast cancer into four subtypes: luminal A, luminal B, HER2-positive, and triple-negative, based on estrogen (ER), progesterone (PR),
and human epidermal growth factor (HER2) [4].Depending on the type of breast cancer, different types of medications are needed. For
patients with HER2-positive breast cancer, trastuzumab, a HER2-specific monoclonal antibody, can be used to improve the survival
rate of patients with early-stage breast cancer [5].Endocrine therapy with aromatase inhibitors can be used in patients with ER or
PR-positive breast cancer, but prescription tamoxifen can also be used if there are cases of intolerance to inhibitors or if there is a risk of
osteoporosis [6].Finally, triple-negative breast cancer (TNBC) is often treated with chemotherapy. (see Table 1, Figs. 1-5)

Compared with traditional chemotherapeutic drugs, traditional Chinese medicine (TCM) have some unique advantages in modern
medicine, such as low price, low toxicity and side effects, easy to be accepted by patients, etc. In the clinical basic experiments, some
TCM ingredients have also verified that they can effectively intervene in breast cancer cells [7].Therefore, emodin (1,3,8-trihydrox-
y-6-methyl-anthraquinone) extracted from rhubarb, semen cassiae, and Polygonum multiflorum and other traditional Chinese med-
icines, as a tyrosine protein kinase inhibitor and an anticancer drug, is similar to the commonly used chemotherapeutic drugs for breast
cancer, mitoxantrone and adriamycin, which have an anthraquinone structure. A large number of studies have shown that emodin has
inhibitory effects on a variety of tumor cells, including lung cancer, breast cancer, liver cancer and ovarian cancer cells [8].Therefore,
this paper explores the potential significance of emodin in breast cancer treatment from the perspective of antitumor mechanism.

Emodin is a broad-spectrum anticancer agent.To the best of our knowledge, it may be harmful by inhalation causing respiratory
irritation, and is harmful if ingested or taken and may cause skin irritation if absorbed through the skin.

The 1 % component has been identified by IARC as a probable or definite human carcinogen. The chemical, physical and toxi-
cological properties have not been fully investigated.

Table 1
y, triple-negative breast cancer (TNBC).
Drug Combination Possible mechanisms Targets Reference
Emodin+5-fluorouracil Apoptosis NRARP 13,40
Emodin + thymoquinone Proliferation, Migration NA 38,41
Emodin + Tamoxifen Overexpression CyclinD1 P-ERK 42,43
Emodin + Curcumin Proliferation, Migration, Apoptosis MiR-34 44,45
Emodin + Berberine Proliferation, Migration, Apoptosis SIK3 46,47,48
mTOR
Akt
Possible mechanisms Real Modules (animals/cell) Targets Reference
Apotosis MCEF-7 FASL, MCL1, CCND1l, C-MYC 10,11
MCF-7 AhR-CYP1A1 12
Proliferation MCF-7 PI3K. AKT, BCL-2, cyclinD1 18,19
MDA-MB-453 HER-2 22,23
4T1 M2 polarization 19
Invasion TNBC CCL5 24,25
MDA-MB-435 NF-kB., ATP, P2X7 26,27
Macrophages TGF-pl, P2X7, EMT 28,29,30
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Fig. 1. Mechanism of emodin inducing apoptosis in breast cancer.
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Fig. 2. Mechanism of emodin suppressing proliferation in breast cancer.
2. Anti-breast cancer mechanism of emodin
2.1. Promote apoptosis of breast cancer cells

Apoptosis is a non-lytic form of cell death that can be induced by a variety of stimuli, including physiological and pathologic
factors. In general, apoptosis affects tumor formation and progression through intrinsic or extrinsic pathways [9].It has been suggested
that an important hallmark of cancer is the disruption of the apoptotic mechanism, therefore, induction of apoptosis is an important
strategy for anti-tumor therapy [10].Emodin has pro-apoptotic effects on both ER(—) and ER(+) breast cancer cells. For example,
Wing-Yan et al. found that emodin could induce growth inhibition and apoptosis in breast cancer MCF-7 cells (ER-+) by regulating the
expression of apoptosis-related genes, such as FASL, MCL1, CCND1, and C-MYC, and the mechanism may be related to the promotion
of intrinsic and extrinsic apoptotic pathways and inducing cell cycle arrest [11].NingZhang et al. further found that emodin is a potent
aryl hydrocarbon receptor (AhR) agonist, and emodin may exert its inhibitory effect on MCF-7 cells by activating the AhR-CYP1A1
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Fig. 3. Mechanism of emodin suppressing metastasis and invasion in breast cancer.
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Fig. 4. Mechanism of emodin’s multi-drug resistance in breast cancer.

signaling pathway [12].Several studies have found that treatment of breast cancer cells Bcap-37 (ER+) and ZR-75-30 (ER(+); PR(—);
HER2(+)) with emodin greatly reduced levels of Bcl-2 and increased the levels of c-casp3, PARP, p53, and Bax, and that its inhibitory
growth and apoptosis-inducing effects were time- and dose-dependent [13,14].

2.2. Inhibition of tumor cell proliferation

Cell proliferation is the most common cellular biological feature, and malignant proliferation generally occurs in tumor tissue cells,
e.g., the rate of proliferation is significantly increased and the proteins that regulate proliferation are altered [15].In addition, the cell
cycle is a fundamental process of life activity, and cell cycle dysregulation leading to unrestricted cell proliferation is one of the
important factors in tumorigenesis [16].Studies have demonstrated that emodin has good anti-tumor proliferation activity against
ER+ and ER-breast cancer tumor cells. The inhibitory effect on ER + breast cancer was particularly pronounced [17].

Early studies have found that emodin blocks estrogen-induced ERa expression, which in turn down-regulated the expression of its
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Fig. 5. Mechanism of emodin’s combination of drugs in breast cancer.

downstream proteins, cyclin D1 and Bcl-2 protein, to exert tumor suppression, and also exerted an inhibitory effect on ER+ and ER-
breast cancer tumors by decreasing the expression of PI3K/Akt protein [18]. Sakalli-Tecim et al. obtained similar conclusions through
bioinformatics analysis and further suggested that FOXO1 plays a key signaling molecule role in the proliferation of ER(+) breast
cancer cells, and that emodin intervention in MCF-7 cells could promote FOXO1 expression while inhibiting the expression of PI3K,
AKT, BCL-2, and cyclinD1. Spindle attachment checkpoint (SAC) may be a key target for emodin intervention in triple-negative breast
cancer [19].

Due to the poor oral utilization of emodin, it may only have an inhibitory effect on early-stage tumors, with poor direct toxicity on
advanced tumors or areas with poor blood supply, and its antitumor effects may be related to the tumor microenvironment. Song et al.
suggested that emodin can inhibit triple-negative breast cancer cells by inhibiting adipocyte secretion of CCL5 (chemokine (C-C motif)
ligand 5) and thus inhibiting AKT expression, promoting GSK3 activation, which in turn inhibits the expression of epithelial-
mesenchymal transition and invasion-related markers (waveform protein, snail, (MMP)-2 and MMP-9) [17]. Studies have shown
that emodin can exert tyrosine kinase inhibition by preventing the binding of tyrosine kinase to ATP [20,21]. When HER-2 is over-
expressed and activating mutations, it increases intracellular tyrosine kinase expression. Therefore, using HER-2 overexpressed breast
cancer cells MDA-MB-453, one study found that emodin and emodin derivative DK-V-47 significantly inhibited tyrosine kinase activity
in HER-2 overexpressed breast cancer cells, which in turn inhibited proliferation and metastasis of tumor cells [22].Stephen Iwano-
wycz et al. [23] Performed in vitro experiments using triple-negative breast cancer 4T1 cells and murine-derived breast cancer cells,
and found that the antitumor effects of emodin may be related to the tumor microenvironment. Other experiment results suggest that
emodin can inhibit tumor growth by inhibiting macrophage infiltration and M2 polarization, increasing T-cell activation and
decreasing tumor angiogenesis, as well as blocking feed-forward loops between breast cancer cells and tumor-associated macrophages
(TAMs). Sakalli-Tecim [19]et al. provide data further suggesting that rhodopsin may affect breast cancer growth by modulating the
tumor microenvironment (TME). In clinical therapy then, if administered at an early stage of cancer development, emodin may be most
effective in treating early-stage breast cancer or inhibiting tumor recurrence or metastasis after surgical removal of the primary tumor.

2.3. Inhibition of tumor cell metastasis and invasion

Cancer metastasis is the result of a combination of tumor cells and tumor microenvironment cells [24].Inhibition of tumor cell
metastasis plays a crucial role in cancer therapy [25].SONG et al. [17]found that emodin inhibited the secretion of CCL5 from adi-
pocytes, and suppressed tumor growth and metastasis by inhibiting EMT of TNBC cells, indicating that emodin has a novel role in
preventing the metastasis of TNBC, and it is a promising research prospect as a novel therapeutic drug for preventing TNBC. Not only
that, Abdellatef et al. [26] found that emodin was able to control the migration and invasive ability of TNBC by inhibiting NF-xB
activity and the expression of its downstream target molecules. Bilel Jelassi et al. Suggested that emodin might be effective in
inhibiting human breast cancer invasion by inhibiting P2X7. 1 pM and 10 uM emodin elevated ATP-induced intracellular Ca®" con-
centration by 35 % and 60 %,respectively. Emodin specifically inhibited P2X7-mediated calcium efflux with an IC50 of 3 pM. At low
concentrations (<10 pM), emodin had little effect on the activity of breast cancer cells but significantly reduced the invasion of
P2X7-positive breast cancer cells, such as MDA-MB-435 cells (highly metastatic cells of human breast cancer) by a mechanism-related
to the prevention of the increase in ATP-induced gelatinolytic activity. However, it had no effect on P2X7-negative MDA-MB-468 cells



R. Chen et al. Heliyon 10 (2024) 38628

[27]. Previously, it was found that emodin antagonizes the P2X7 on macrophages in colon cancer, thereby inhibiting macrophage
M2-type polarization and suppressing the inflammatory response [28]. Recently, it has also been shown in TNBC, that emodin also
interferes with breast cancer cells and macrophages via the P2X7, thereby inhibiting systemic inflammatory responses and reducing
systemic and tumor-local M2-type macrophages, thus inhibiting BC metastasis to the lungs [29]. It has also been shown that TGF-p1
secreted by macrophages can influence breast cancer cells to undergo EMT through autocrine and paracrine effects. It is evident that
emodin inhibits EMT and reduces the number of CSC/TIC in breast cancer cells by blocking TGF-p1-mediated interaction between
macrophages and breast cancer cells. Moreover, the brief use of emodin before surgery can significantly reduce the recurrence of lung
metastasis of breast cancer after surgery [30].

3. Reversal of multidrug resistance in breast cancer

The mainstay of breast cancer treatment is chemotherapy, but its major limiting factor is multidrug resistance, which can lead to
inactivation of chemotherapeutic agents and a mortality rate capable of exceeding 90 %, and multidrug resistance is mainly caused by
the overexpression of drug transporters and related enzymes in breast cancer cells [31,32].Drug resistance in HER2-positive breast
cancer is associated with mutations. PI3KCA-activating mutations are present in about 20-30 % of patients, which in turn mediate
trastuzumab resistance. TNBC usually have genetic abnormalities associated with drug resistance. Therefore, the mechanism of breast
cancer drug resistance involves metabolic reprogramming, altered DNA damage repair mechanisms, and inflammatory responses of
ERCC1 overexpression can lead to multidrug resistance to chemotherapy in cancer treatment. ERCC1 is a DNA damage repair gene, and
NRCC1 is a key enzyme for tumor cell NER in radiotherapy-induced DNA damage.Fu et al. showed in vitro that emodin down-regulated
ERCCI1 protein expression and reversed multidrug resistance in MCF-7/Adr cells, but ERCC1 plays a specific role in reversing drug
resistance needs to be further investigated [33]. In addition, Kim et al. found that doxorubicin (DOX) is a cytotoxic drug for the
treatment of breast cancer, but its multidrug resistance (MDR) affects its application in the clinic [34,35]. Subsequently, Li et al.
investigated the role of emodin in breast cancer against DOX resistance, and showed that emodin could inhibit BC cell proliferation by
regulating the AKT1/PI3K/mTOR signaling pathway, which in turn increase the sensitivity of BC cells to DOX, and reverse the
development of their resistance to DOX [36].Inflammatory response also plays a role in promoting multidrug resistance in breast
cancer, and emodin may also play a role in combating multidrug resistance in BCa by inhibiting inflammatory response, but the exact
mechanism remains to be investigated.

4. New dosage forms

Liposomes have good biocompatibility and stability and can effectively encapsulate lipophilic and hydrophilic molecules [37].
Liposomes have become a major material for drug delivery therapy, and in clinical applications, liposomes can attenuate off-target
toxicity of various drugs, and promote transportation in blood circulation as well as diffuse distribution of drug distribution, thus
improving clinical efficacy [38].Although emodin has a wide range of pharmacological activities, it also has limitations such as low
oral utilization and poor solubility, which greatly restrict its clinical application in the treatment of breast cancer. Therefore, SONG
et al. designed and manufactured a multi-component magnetic liposomal emodin capsule (MLE), which adopts the Thin-film hydration
(TFH) method to better disperse the molecules with high magnetic properties in aqueous solution, enhance the specific targeting effect
and greatly improve the chemotherapeutic effect on breast cancer cells. In addition, the excellent magnetic resonance properties of this
compound can be used to observe and judge the magnetic field-directed aggregation within tumors to facilitate clinical diagnosis and
treatment [39].

The poor pharmacokinetic parameters of emodin, as well as its very low water solubility and high permeability, greatly limit its
clinical application.In order to enhance the antitumor activity, Tuli HS et al. investigated nanotechnology drug carriers such as
nanoparticles, nanofibers, nano-transfers, and nanoemulsions in order to increase sustained drug release of emodin, thereby increasing
the availability and duration of action of the drug.These results suggest that as nanotechnology-mediated drug delivery can offer
promising potential applications in cancer therapy, in addition, this novel form of drug delivery may be a promising approach for
cancer treatment.

5. Combination of drugs

The combination of antitumor drugs is now a new trend in cancer treatment, where the combined use of antitumor drugs from the
point of view of the action target, drug sensitivity, and cell cycle proliferation may provide a multiplier effect. It has been demonstrated
that survival time can be prolonged and the chance of single-drug resistance can be reduced by the combination of different drugs [40].
A rational combination of therapeutic agents based on the disease spectrum will provide the greatest benefit to BC patients [41].In
terms of combination therapies, it can be divided into two main categories: combination with chemotherapeutic agents and combi-
nation with active derivatives.

5.1. Chemotherapy treatment
First, 5-fluorouracil (5-FU)resistance is a major obstacle in the treatment of malignant tumors, Zu et al. found that emodin can

reverse its 5-Fu resistance through the PI3K/Akt signaling pathway [13].The data suggest that a regimen combining emodin with 5-FU
not only silences NRARP, but also induces tumor cell senescence, thereby significantly enhancing the efficacy of cancer chemotherapy
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[42]. The combination therapy of thymoquinone and emodin synergistically enhances breast cancer cell apoptosis, inhibits cell
migration, and effectively reduces stem cell rate [40]. Thymoquinone (TQ; 2-isopropyl-5-methylbenzo-1,4-quinone) is the main active
ingredient of black asclepiad and has shown favorable therapeutic efficacy in many studies [43]. The combination of tamoxifen and
emodin can limit the growth and migration of MCF-7 breast cancer cells, inhibit the growth of breast cancer stem cells, and reverse
chemoresistance while reducing systemic toxicity [40].Tamoxifen is the most commonly used drug for the treatment of ER(+) breast
cancer [44]. Kim et al. found that the combination of tamoxifen and emodin antagonized the overexpression of the cyclin D1 and PERK
(protein kinase R-like endoplasmic reticulum kinase) in ER-positive breast cancer cell lines [45].

5.2. Combined active derivative therapy

Curcumin is the active ingredient extracted from turmeric and has a wide range of pharmacological effects, including anti-tumor,
anti-bacterial, anti-inflammatory, anti-oxidant, anti-hepatotoxic, anti-hyperlipidemic, anti-viral and anti-Alzheimer’s disease effects
[46].Curcumin and emodin are both potent anticancer agents, and GUO et al. found that curcumin and emodin synergistically
inhibited the proliferation and invasion of breast cancer cells through the up-regulation of miR-34a, the combination of the two
reduced breast cancer cell viability and induced apoptosis, and that the combination also synergistically inhibited invasion. Thus, the
combination of the two compounds suggests new directions for clinical practice and modern medicine in applying breast cancer
therapy [47].In addition, the combination therapy of emodin with berberine is promising. Berberine is an isoquinoline alkaloid iso-
lated from Berberis vulgaris. It has a wide range of pharmacological properties, inhibiting the proliferation of various cancer cells and
hindering invasion and metastasis. Recent evidence suggests that berberine may improve the efficacy and safety of radiotherapy [48].
Lavanya Ponnusamyet et al.found that emodin and berberine exert anticancer effects by inhibiting the SIK3/mTOR/Akt pathway,
thereby inhibiting breast cancer growth and promoting apoptosis. However, further studies in vivo and in other clinical cancer models
are needed for clinical therapeutic applications [49].Finally, Yan et al. demonstrated that the combination of emodin-8-O-3-D
glucoside (EG) and paclitaxel (PTX) synergistically inhibit the viability and invasive metastasis of human breast cancer cells in vitro
based on the cellular level, but the clinical studies are still needed to explore whether the combination of the two drugs can exert the
effect of inhibition of tumor growth and metastasis in vivo [50].However, further studies in vivo and in other clinical cancer models are
needed for clinical therapeutic applications [49].

6. Concluding remarks and outlook for the future

In recent years, TCM can regulate the balance of the body from the holistic view of the organism, reduce drug resistance in tumors,
improve the quality of life of patients, and achieve the purpose of treating diseases [51]. Many chemical components contained in TCM
have been extracted and widely used in clinical practice, and have shown better efficacy. Emodin is a natural anthraquinone active
ingredient extracted from the plant rhubarb, and a large number of studies have shown that it has great potential in tumor therapy,
especially in breast cancer treatment. Emodin can inhibit many types of breast cancer by acting on different targets, and it is expected
to become a broad-spectrum new anticancer drug in the future.

However, the poor solubility and low oral utilization of emodin have affected its application in clinical practice. Therefore,
designing novel emodin derivatives or utilizing novel drug delivery systems to improve drug utilization or efficacy will be one of the
future research directions. In addition, with a deeper understanding of the mechanism of action, the combined use of different drug
groupings to improve the efficacy is also one of the future research directions.

The toxic effects of emodin have been of concern to researchers for a long time. The toxic effects on the liver have been extensively
reported, and in vitro studies have shown that 30uM of emodin can induce time-dependent apoptosis of L-02 cells [52].In addition,
emodin may interfere with the metabolism of glutathione (GSH) and fatty acids in human liver [53].There are also studies showing
that the hepatotoxicity of emodin may be induced by activating the IRE1 a - XBP1 axis to induce endoplasmic reticulum stress in
HepG2 cells, thereby inducing hepatocyte apoptosis [54].Animal experiments also showed that after intervention with 30 mg/kg and
90 mg/kg emodin, although no abnormalities were found in rat liver function tests, morphological observations showed a significant
increase in hepatic inflammatory cell infiltration and slight changes in hepatic sinus structure [55].

At the same time, studies have shown that emodin also has nephrotoxicity. After intraperitoneal injection of emodin (0.4, 0.6, and
0.8 g/kg) for 14 days, mouse renal tubular epithelial cells were significantly damaged, endothelial cells were swollen, blood clots were
formed in the blood vessels, and blood urea nitrogen and creatinine levels were significantly increased. The mechanism is related to the
iron induced apoptosis induced by emodin by inhibiting the Notch1/Nrf2/glutathione peroxidase 4-axis [56].

Also, emodin also has reproductive toxicity, which can significantly reduce sperm count and inhibit its activity. Especially at
extremely high concentrations (4 g/kg), it can cause irreversible damage [57].

Although emodin has hepatorenal and reproductive toxicity, with the invention of new dosage forms and delivery systems, its
toxicity and side effects can be significantly reduced while increasing its solubility and oral utilization [55].

The use of emodin in clinical medicine is still relatively immature, but human beings are working on various ways to find effective
methods and drugs to treat cancer in order to achieve the goal of curing cancer.

Due to its wide range of pharmacological effects and high efficacy as an anticancer active ingredient, emodin has always been a
hotspot in the research of domestic and foreign pharmaceutical scholars.

In summary, emodin can inhibit breast cancer cell proliferation, induce tumor cells, anti-metastasis and play an important role in
breast cancer treatment in various ways.
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