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Abstract. Quercetin is a natural flavonoid widely found in many foods. Its unique
pharmacological effects include antiviral, anti-inflammatory, antioxidant, and tumor growth
inhibition. Numerous experimental studies have revealed that quercetin has a significant
bioactive mechanism to inhibit the development of cancer cells, which provides a strong
scientific basis for its application in the field of anticancer. Quercetin exerts its anti-cancer effects
by regulating multiple signaling pathways, stopping the cell cycle, preventing cell proliferation,
and triggering cell death. This mechanism stops cancer cells from metastasizing and from
developing further. It has potential research value as an adjuvant therapy for cancer treatment.
In this study, the biological properties of quercetin, the mechanism of anticancer action, and the
relevant data in the preclinical and clinical stages were reviewed. This article focuses on the new
development of quercetin in the field of cancer comprehensive treatment, aiming to provide
reference for the possibility of adopting quercetin as a drug option in clinical treatment and help
improve its bioutilization efficiency in patients.
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1. Introduction

About 20 million new cases of cancer were detected in 2022, and 9.7 million people died from it globally,
according to the International Agency for Research on Cancer's most recent estimate of the incidence
and mortality of 36 forms of cancer in 185 countries. According to this report, lung cancer had the
highest incidence rate globally in 2022, accounting for nearly 2.5 million cases, followed by breast
cancer [1]. These data warn us that cancer is a major public health issue that poses a threat to human
health and social stability. The widely used treatment methods for cancer are chemotherapy and
radiotherapy. Although these traditional treatment methods can inhibit the growth, metastasis, and
deterioration of tumor cells, chemotherapy drugs have poor targeting and significant toxic side effects
on the human body [2]. While inhibiting tumor cells, chemotherapy and radiotherapy drugs often
damage the proliferation of normal cells, including hair follicle cells and bone marrow stem cells. This
has the potential to cause severe side effects and adverse reactions, such as postoperative depression in
patients.

In order to reduce these side effects, natural medicines have been widely favored in the development
of anti-tumor drugs in recent years. Notable biological properties of natural medicines include
antioxidant, antiviral, and anticancer actions. They also have the benefits of low toxicity, abundant
resources, and easy accessibility [3]. The natural active ingredient quercetin is widely found in fruits,
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plants, vegetables, and traditional Chinese medicine. It is easy to obtain and more affordable compared
to chemotherapy drugs. Moreover, as a high and abundant flavonoid compound, quercetin can inhibit
the development of various cancers, directly promote apoptosis in tumor cells [4], and have minimal
toxic side effects on normal cells. Therefore, it has garnered significant attention from medical
researchers. This paper examines quercetin's anti-cancer potential and mode of action while
summarizing its current advancements in cancer treatment.

2. Chemical Structure and Biological Properties of Quercetin

3,3', 4', 5,7-pentahydroxyflavone is the scientific name for quercetin, and its molecular formula is
C15H1007. It consists of two benzene rings and one pyran ring (Figure 1) [5]. The hydroxyl and double
bonds connected by the benzene ring in the structure play a crucial role in quercetin's antioxidant activity
[6]. The strength of its antioxidant ability is influenced by the substituents on the B and C rings [7, 8].
Quercetin is a low-molecular-weight flavonoid compound, classified among the lipophilic compounds.
It exhibits low solubility in water, poor water solubility, and low bioavailability. Quercetin has attracted
much attention for its excellent anti-cancer and antioxidant functions, as well as its role in inhibiting
inflammation and regulating the immune system. However, its extremely low water solubility and
insufficient human utilization constitute an important obstacle in the field of clinical treatment and
scientific research [9]. Therefore, researchers have explored various solutions to improve the
bioavailability of quercetin, including developing new dosage forms, solid dispersants, and emulsifiers.
Techniques such as embedding technology, polymer packaging materials like nanoparticles and micelles,
or generating complexes have been used to enhance quercetin absorption and increase its concentration
in human plasma [10, 11]. Quercetin mainly exists in the form of glycosides in nature. The different
properties of sugar groups connecting the structural skeleton of quercetin can influence its water
solubility and absorption in the human body [6]. Quercetin glycosides in their conjugated form are more
casily absorbed by the body than free quercetin [12].

Quercetin, as a natural component with significant anti-tumor properties, has shown excellent
application prospects for the prevention and treatment of tumors. At the right dose, the substance has no
adverse effect on the growth and reproduction of normal cells but can fight against tumor cells through
a variety of interaction mechanisms. A number of studies have confirmed the effectiveness of quercetin
in a variety of tumor model systems, which can not only stimulate the programmed death of tumor cells,
but also block their growth and spread paths. [12, 13]. The capacity of quercetin to function as an
antioxidant at low doses mostly indicates its preventative effect on tumors; yet, at high concentrations,
quercetin transforms into a pro-oxidant, thereby exerting a chemotherapeutic effect on tumors [13, 14].
Furthermore, human clinical trials have reported no toxic side effects associated with quercetin [15].
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Figure 1. The chemical structure of Quercetin

3. Mechanisms of Quercetin in Anti-Cancer Activity

Quercetin, as the most abundant flavonoid, has significant antioxidant effects and effectively clears free
radicals in the body. Through their effects on cell survival, proliferation, and death, reactive oxygen
species (ROS) can cause carcinogenesis. Compared to healthy cells, the concentration of reactive
oxygen species in cancer cells showed an upward trend; this enables cancer cells to survive in a high
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level of reactive oxygen species (ROS) environment while maintaining cellular activity and functional
integrity, avoiding cell damage or death caused by oxidative stress. Quercetin can be used in targeted
cancer therapy, as the high ROS levels in cancer cells make them particularly vulnerable to quercetin’s
effects, ultimately promoting cell apoptosis [16]. Quercetin can induce cell apoptosis through ROS-
mediated signaling pathways, including the p38/ASK1/AMPKal/COX2 axis [17]. Additionally,
quercetin promotes autophagy and triggers death in cancer cells via a number of mechanisms: it activates
caspase-3, By regulating core signaling pathways such as AKT and mTOR, the expression of -catenin
is reduced, and the stability of hypoxia-inducing factor (HIF-a) is maintained [18].

Quercetin causes cell cycle arrest, which stops cancer cells from proliferating, effectively preventing
their progression at critical stages of the cell cycle. One study revealed that by treating HeLa cells with
quercetin, it was observed that there was a significant stagnation of the cell cycle in the G2 and M phases,
leading to the accumulation of intracellular ROS levels and triggering the release and activation of
mitochondrial cytochrome C [19]. This process affects the apoptotic pathway and ultimately induces
tumor cell death. Another study found that quercetin can cause cell apoptosis by inhibiting the growth
and migration of several multiple myeloma cell lines and blocking the G1-M phase of the cell cycle [20].
Moreover, studies on the melanoma cell line A375 [21] revealed that B-catenin, DVL2, cyclin D1, and
Axin2 proteins play a key role in quercetin's regulation of Wnt/B-catenin signaling pathways, which
interact with each other to jointly inhibit cell proliferation.

Meanwhile, the occurrence and development of many tumors are closely related to abnormal
angiogenesis, and the imbalance of this process is directly related to the expansion and diffusion of
tumor cells. In fact, dysplasia of angiogenesis is considered to be a decisive factor in maintaining the
survival of otherwise normal cells in malignant tumors [22]. In addition, metastasis of cancer cells is
essentially their escape from the surveillance of the immune system, split off from the primary tumor,
and then enter nearby healthy cells [23]. Quercetin reduces the possibility of cancer cell growth and
metastasis by reducing vascular development at the source. It can also inhibit the expression of AKT
protein in malignant tumors of the human reproductive system by targeting the angiogenesis pathway
transmitted by VEGFR-2. Quercetin has a significant effect on slowing tumor growth [18], which plays
an indispensable role in curbing the progression of malignant tumors by intervening in many cell signal
transmission pathways and controlling angiogenesis.

4. Pre-Clinical Evidence and Clinical Studies of Quercetin in Cancer Therapy

A study found that quercetin alone has significant cytotoxic effects on PC3 prostate cancer cells and
CD44+/CD133+ stem cells. Using quercetin and MKsiRNA together was more effective at killing cells
and stopping their growth in the G1 phase of the cell cycle than using quercetin alone. By knocking
down the MK gene, quercetin can significantly inhibit the migration of CD44+/CD133+ stem cells.
Further studies showed that this combined treatment reduced the levels of proteins required for the
migration and reproduction of prostate cancer cells while inhibiting the activation of PI3K, AKT, and
ERK1/2. It is speculated that the MK gene may enhance the inhibitory effect of quercetin on the survival
and metastasis of prostate cancer stem cells by regulating the PI3K/AKT and MAPK/ERK signaling
pathways. This result suggests that using quercetin to treat tumor stem cells may be an important
research direction for its recurrence, metastasis, and drug resistance [24]. Quercetin activates a series of
proteases in the intracellular apoptotic pathway, including caspase-3, -8, and -9. They regulate the
process of apoptosis by promoting the function of Bax and Bad proteins and inhibiting the activity of
anti-apoptotic proteins such as Bel XL, Bcl-2, and Mcl-1.

Simultaneously, quercetin stimulates mitochondria to release cytochrome C into the cytoplasm [12],
thereby inducing cell apoptosis. Numerous investigations have verified that quercetin's anti-tumor
impact is demonstrated by preventing the growth of cancer cells by altering the transmission of cell
information and lowering the production of proteins linked to cell growth, enhancing cancer cell death
signals, and promoting autophagy. MCF-7 breast cancer cell lines were cultured for 24, 48, and 72 hours
in vitro with quercetin nanoparticles at concentrations ranging from 1 to 100 micromoles. The
experimental data revealed that in this concentration range, quercetin nanoparticles can effectively
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weaken the survival ability of MCF-7 cells, slow down their growth rate, and significantly inhibit the
formation of cell colonies [25]. Lee et al. and Van the Woude et al. found that quercetin-induced reactive
oxygen species (ROS) could activate AMPK in the MCF-7 cell line [26, 27].

Further analysis showed that the effect of quercetin on apoptosis and proliferation was closely related
to the concentration of quercetin used. High concentrations of quercetin (maximum tested dose of 100
puM) reduced cell survival rate, but concentrations ranging from 10 to 70 pM showed a significant
enhancement effect on cell growth and proliferation. Xu et al. [28] observed that quercetin extract with
concentrations as low as 5-20 uM can promote cell proliferation when used to treat MCF-7 cells,
increasing estrogen receptor (ER) membrane protein levels, and showed that the number of MDA-MB-
231 cells increased slightly under a higher concentration of 100 uM quercetin. However, in contrast,
this concentration of quercetin induced cell cycle arrest and apoptosis while showing inhibitory effects
on proliferation in both cell lines.

Quercetin has antioxidant and free radical scavenging properties, making it an effective
chemopreventive natural medicine and an ideal treatment for cancer prevention. Research has shown
that patients who consume large amounts of flavonoid-rich foods can reduce their risk of cancer [29]. A
study has shown that regularly administering broccoli sprouts rich in quercetin active ingredients to
patients is beneficial for pancreatic ductal adenocarcinoma (PDA) [30]. According to a different study,
by causing oxidative stress, patients who take 500 mg of quercetin every day for six months in a row
can prevent prostate cancer.

Quercetin has a wide range of pharmacological effects, but its low bioavailability and hydrophobicity
limit its use in anti-cancer therapy. Quercetin is mainly taken up by the digestive tract in the gut in the
form of glycosides. However, affected by the instability of the gastrointestinal environment, the
substance is prone to first-pass metabolism, resulting in its absorption efficiency in the human body
being not satisfactory. In addition, quercetin may cause adverse reactions to organs such as the liver and
kidney when the dose is increased, while low-dose quercetin treatment may not be effective. Therefore,
a precise dosage is required for people to take quercetin [29]. However, current research has shown [31,
32] that the gut microbiota can produce glycosidases and other molecules that help quercetin transfer to
smaller, more easily absorbed molecules in the human body. Meanwhile, quercetin can increase its
bioavailability by forming ion complexes such as glucan quercetin complexes and metal nanoparticles
for delivery [33].

5. Potential for Quercetin in Combination Cancer Therapy

The combined use of quercetin and various chemical small molecule drugs highlights its ability to
regulate signaling pathways and block cell cycle. In this way, the dosage of anti-tumor drugs can be
reduced while improving the overall effectiveness and safety of the drugs [34]. Quercetin has great
research prospects as an adjuvant therapy for cancer, and resistance to gemcitabine (GEM) is a challenge
faced by clinical doctors and advanced cancer patients. Liu and colleagues explored in detail the effect
of quercetin on gem-resistant cancer cells and its mechanism of action [35]. The study found that
quercetin showed a significant inhibitory effect on gem-resistant cancer cell lines, not only effectively
slowing down their growth rate but also significantly increasing the rate of apoptosis.

Compared to using GEM alone, the combination therapy of quercetin and GEM significantly
enhances anti-cancer efficacy. Tumor stem cells exhibit drug and radiation resistance; however, the
oxidative stress capabilities of quercetin can inhibit ataxia telangiectasia mutated protein (ATM),
promoting tumor radiosensitization [36]. Studies have also revealed that quercetin can effectively block
the transfer of Y-Box-binding protein-1 to the nucleus by reducing the expression of P-glycoprotein
[37]. This significantly improves the lethality of doxorubicin, paclitaxel, and vincristine against multi-
drug-resistant breast cancer cells and breast cancer stem cells. At the same time, quercetin combined
with chemotherapy and radiotherapy can enhance the body's sensitivity to drugs and play a protective
role in normal cells, greatly reducing the degree of toxic side effects. In the study of the AGS human
gastric cancer cell line, the effects of combined treatment with quercetin and SN-38 (an active metabolite
of irinotican and a DNA topoisomerase inhibitor) on cell viability, apoptosis rate, and B-catenin
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expression level were similar to those of high-intensity SN-38 alone. Further comparison showed that,
compared with irinotecan alone, combined quercetin treatment was more effective in inhibiting tumor
growth [38].

6. Summary

Plant-derived natural medicines have great potential to replace anti-tumor drugs. In a number of animal
experiments and in vitro studies, quercetin has shown excellent antioxidant properties, and its anti-
cancer effect is significant. The compound exerts its anticancer effects through a variety of mechanisms,
such as stimulating programmed cell death, regulating cell cycle progression, blocking angiogenesis,
and intervention of key signaling pathways such as PI3K, Wnt/B-catenin, and p35. Quercetin, as an
effective chemopreventive compound, has the advantages of low toxicity, wide pharmacological effects,
enhanced radiotherapy efficacy, abundant resources, and easy accessibility. It inhibits cancer cells
proliferation without affecting the normal growth of healthy cells. Its synergistic effects with
chemotherapy and radiotherapy can improve treatment sensitivity, positioning it as an ideal candidate
for cancer chemotherapy and as an adjunct therapy. Although quercetin has a variety of pharmacological
activities, its clinical application is greatly restricted by its poor water solubility, low bioavailability,
and susceptibility to first-pass effects. Currently, these drawbacks can be addressed by using
biopolymers and nanoparticles as carriers to enhance the delivery of quercetin or by formulating it into
ion complexes to increase bioavailability. There is substantial preclinical evidence supporting the
pharmacological effects of quercetin, and ongoing clinical trials are further confirming its anticancer
potential. However, the widespread use of quercetin in clinical practice has been inhibited by the limited
and insufficient scope of current clinical trial data. To establish the therapeutic efficacy of quercetin
against tumors, a comprehensive and sufficient number of clinical trials are essential.
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