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Abstract  

 Quercetin, a flavonoid abundant in fruits and vegetables, has garnered significant attention for its therapeutic 

potential in breast cancer treatment. Despite its promising bioactivity, clinical applications of quercetin remain limited 

due to challenges in synthesis, structural stability, and bioavailability. This systematic review examines recent 

advancements in quercetin synthesis through diverse chemical reactions aimed at improving efficiency and 

pharmacological properties. Key strategies such as the Algar-Flynn-Oyamada reaction, regioselective esterification, and 

glycosylation are discussed alongside structural modifications like methylation and glycosylation to enhance chemical 

reactivity and bioactivity. The reviewed methods demonstrate notable progress in optimizing quercetin production and 

stability. Structural modifications have shown significant influence on the therapeutic efficacy of quercetin derivatives. 

However, challenges such as low yield and complex reaction conditions persist. Emerging approaches, including novel 

catalytic systems and sustainable synthetic methods, offer promising solutions for large-scale production. While 

substantial progress has been made in quercetin synthesis, further research is essential to refine existing methods and 

explore innovative strategies for improving reaction selectivity and scalability. Addressing these gaps will expand the 

application of quercetin in pharmaceutical and biomedical research, particularly in breast cancer therapy, paving the way 

for more effective treatments and improved patient outcomes. 
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Introduction 

 Quercetin a flavonoid found in a variety of fruits 

and vegetables, has shown potential as an anticancer 

agent, particularly in the treatment of breast cancer. As 

a modulator of estrogen receptor alpha (ERα), quercetin 

interacts directly with this receptor, influencing the 

transcription of genes associated with cancer cell growth 

[1]. Quercetin has been shown to inhibit breast cancer 

cell proliferation and increase apoptosis. A study in the 

journal “Cancer Letters” showed that quercetin reduced 

the growth of MCF-7 cells by inducing apoptosis 

through the p53 pathway [2]. Quercetin may help 

improve the effectiveness of breast cancer therapy by 

reducing resistance to hormone therapy. Quercetin may 

also make cancer cells more sensitive to tamoxifen, a 

drug often used in breast cancer treatment [3]. 

Quercetin’s potential in breast cancer therapy makes it a 

promising candidate for the development of new, more 

effective and safe therapies. 

 However, challenges in developing quercetin-

based therapies include low bioavailability and stability 

of the compound in the body [4]. Quercetin synthesis 

has made great progress in recent years. Various 

chemical methods, such as the Algar-Flynn-Oyamada 

reaction and regioselective esterification, have been 

used to produce quercetin derivatives with improved 

therapeutic properties. These innovations not only 

improve the bioactivity of quercetin but also pave the 
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way for the development of more effective breast cancer 

therapies [5]. 

 The synthesis of quercetin and its derivatives has 

advanced significantly to improve their bioavailability, 

stability, and therapeutic efficacy. Various innovative 

approaches have been explored, including the 

development of quercetin-loaded nanoformulations, 

such as nanoarchaeosomes and polymeric nanoparticles, 

to address its hydrophobicity and limited solubility. 

These novel delivery systems have demonstrated the 

ability to enhance quercetin’s anticancer activity by 

improving cellular uptake and prolonging systemic 

circulation, while also reducing the adverse effects 

commonly associated with conventional 

chemotherapeutic agents [6]. Furthermore, recent 

advancements in chemical modifications, such as 

glycosylation, methylation, and halogenation, have 

shown potential in optimizing quercetin’s 

pharmacokinetic profile and bioactivity. This review 

provides an in-depth analysis of recent trends in 

quercetin synthesis, emphasizing key chemical 

strategies and their impact on quercetin’s function as an 

ERα modulator in breast cancer therapy. By integrating 

findings from recent studies, we aim to elucidate the 

molecular mechanisms underlying quercetin’s 

anticancer effects and its potential applications in breast 

cancer treatment.   

 

Methods 

 This research employed a scoping review 

methodology following the framework by Arksey and 

O’Malley (2005) and Levac et al. (2010) [53,54]. The 

objectives of this approach were to examine the extent 

and nature of research activities, determine the value of 

conducting a full systematic review, summarize and 

disseminate findings, and identify research gaps in the 

existing literature. The study focused on exploring 

synthesis trends, chemical reactions, and the role of 

quercetin as an estrogen receptor alpha (ERα) modulator 

in breast cancer therapy. The PEO (Population, 

Exposure, Outcome) framework was utilized to develop 

the scoping review questions, ensuring a structured and 

comprehensive approach.

 

Table 1 Framework PEO. 

P (Population) E (Exposure) O (Outcomes)/(T) Themes 

Quercetin-related studies 
Synthesis trends, chemical 

reactions, and ERα modulation 

Potential role in breast 

cancer therapy 

Mechanisms, 

modifications, challenges 

 

 

 To identify relevant studies, a literature search 

strategy was implemented based on predefined inclusion 

and exclusion criteria. The inclusion criteria covered 

studies published within the last 10 years (2015 - 2024), 

written in English, and discussing quercetin synthesis, 

chemical modifications, and its role in ERα modulation 

for breast cancer therapy. Exclusion criteria included 

opinion articles, review articles, commentaries, book 

reviews, and studies that did not provide sufficient 

methodological details or were unrelated to the research 

scope. The search process was conducted across 

multiple scientific databases, including PubMed, 

Scopus, ScienceDirect, and other databases. Key search 

terms included “Quercetin synthesis” or “Flavonoid 

synthesis”, “Estrogen Receptor Alpha” and “Breast 

Cancer Therapy”, and “Trends” and “Chemical 

Reactions”. 

 The selection of articles followed the PRISMA 

Flowchart, which outlines the 4 main stages of the 

systematic review process: Identification, Screening, 

Eligibility, and Inclusion. In the identification phase, 

relevant studies were retrieved from databases, and 

duplicate records were removed. The screening phase 

involved an initial evaluation of titles and abstracts 

based on the inclusion and exclusion criteria. In the 

eligibility phase, a full-text review was conducted to 

assess the relevance and quality of each article. Finally, 

in the included phase, studies that met all criteria were 

selected for qualitative synthesis. The entire process is 

visually represented in the PRISMA flowchart (Figure 

1), ensuring a clear and structured approach to article 

selection. 
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Figure 1 Flow chart of number of studies identified. 

 

 Development of the synthesis of quercetin 

compounds and its derivatives  

 Quercetin is a flavonoid known for its biological 

activities, but its low water solubility presents a major 

challenge for its therapeutic application [7]. Various 

synthetic methods have been developed to improve the 

solubility of quercetin derivatives, driven by growing 

interest in their therapeutic potential. These trends are 

evident in diverse reaction schemes. Chemical synthesis 

offers the advantage of producing quercetin in larger 

quantities at lower costs while enabling structural 

modifications to enhance activity and reduce side effects 

[8]. Over the years, synthetic approaches have evolved, 

incorporating environmentally friendly technologies to 
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Scopus (n = 120) 

PubMed (n = 95) 

Other databases (n = 25) 

Keywords: “Quercetin synthesis”, 
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“Breast Cancer Therapy”, and 
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minimize waste and improve process efficiency [9]. 

Recent advancements, such as enzymatic synthesis and 

specific catalysts, have facilitated new discoveries in 

quercetin modification [10]. Studies continue to explore 

derivatives with targeted chemical substitutions that 

enhance bioavailability and therapeutic efficacy, 

reinforcing quercetin’s potential for innovative 

applications in flavonoid-based drug design [11].

 

 

Figure 2 Synthesis of a glycidyl derivate of quercetin [12]. 

 

 The synthesis, molecular structure, and optical 

properties of glycidyl derivatives of quercetin are 

examined in this study, which focuses on the preparation 

of glycidyl ethers utilizing epichlorohydrin. The 

reaction process can be seen in Figure 2. The research 

assesses the quadratic polarizabilities of these 

derivatives, revealing a notable divergence between 

experimental and theoretical values; however, a 

significant correlation is still observed. This relationship 

facilitates preliminary estimations of the nonlinear 

optical properties of quercetin derivatives, suggesting 

potential applications in the development of new 

polymers. Nonetheless, the study identifies steric 

hindrances associated with glycidation and varying 

spectral effects influenced by the positioning of 

hydroxyl groups as limitations [12].

 

 

Figure 3 General methodologies towards modified forms of quercetin [8]. 

 

 The review on research progress in modifying 

quercetin for anticancer agents highlights recent 

advancements in synthesizing quercetin derivatives 

aimed at anticancer applications. The reaction process 

can be seen in Figure 3. It emphasizes key synthetic 

strategies that involve modifications to the phenolic 

hydroxyl groups and the C-4 carbonyl residue, 

employing methods such as etherification and 

esterification. Successful modifications, including 

double sulfonation and oxovanadium (IV) 

complexation, are discussed for their role in enhancing 

anticancer properties; however, the limited number of 

studies restricts a comprehensive analysis of the 

structure-activity relationship [8].
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Trends Sci. 2025; 22(8): 9423   5 of 15 

  

 

 

Figure 4 Representative scheme for the preparation of quercetin-3-oleate [13]. 

 

 The synthesis of quercetin-3-oleate is presented 

through an environmentally friendly method utilizing 

pancreatic porcine lipase to enhance polyphenol 

bioavailability. The reaction process can be seen in 

Figure 4. This synthesis involves the reaction of 

quercetin with oleic acid in acetone with PPL as a 

catalyst; however, challenges arise from signals related 

to the phenolic OH group during analysis. Additionally, 

other commonly used enzymes, such as Candida 

antarctica Lipase B®, do not yield quercetin esters, 

indicating a necessity for alternative synthetic 

approaches [13].

 

 

Figure 5 General Method for the preparation of compound [14]. 

  

 A pentamethoxy derivative of quercetin, was 

synthesized to improve its anticancer potential against 

the MDA-MB231 breast cancer cell line by enhancing 

stability, solubility, and bioavailability through 

methylation. The reaction process can be seen in Figure 

5. The synthesis involved reacting quercetin with 

dimethyl sulfate in the presence of anhydrous potassium 

carbonate under reflux in acetone, followed by 

recrystallization to obtain a pure product. Spectral 

analysis confirmed successful methylation, and 

biological testing revealed significant antiproliferative 

activity, reducing cell viability by 56.3 % with an IC50 

of 2.042 µM in MDA-MB231 breast cancer cell lines. 

However, the synthesis required precise reaction control 
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to optimize yield, and bulky substituents potentially 

affected binding efficiency in docking studies, 

indicating a need for further testing to assess in vivo 

efficacy and selectivity [14].

 

 

Figure 6 Reagents and reaction conditions: Step 1 ethyl chloroacetate, K2CO3 (excess), DMF, rt. Step 2 LiOH·H2O, 

THF/H2O, rt. Step 3 SOCl2 (excess), reflux, 75 °C; NH4OH (excess), 0 °C – rt [15]. 

  

 Utilizing the Williamson ether synthesis, this 

research creates quercetin-acetamide derivatives by 

modifying phenol hydroxyl groups. The multistep 

process, requiring precise control over reaction 

conditions and chromatographic purification, poses 

challenges. Nonetheless, the resulting derivatives are 

evaluated for biological activity, demonstrating notable 

antiproliferative effects against cancer cell lines, with 

enhanced cytotoxicity compared to their parent 

compounds. These findings suggest potential for further 

development in anticancer therapy [15]. The reaction 

process can be seen in Figure 6.

 

 

Figure 7 Synthesis of 3,7-dioleylquercetin (OQ). Oleyl bromide, Na2CO3, DMSO, then rt 30 h. Abbreviation: rt, room 

temperature [16]. 
 

 

 

 

 

 

 

 

 

 



Trends Sci. 2025; 22(8): 9423   7 of 15 

  

 

 The reaction process can be seen in Figure 7. A 

novel derivative, 3,7-dioleylquercetin, demonstrates 

reduced toxicity and potent tyrosinase inhibition 

activity. This selective substitution reaction utilizes 

oleyl bromide for targeted hydroxyl group substitution 

but faces challenges related to achieving selectivity 

during hydroxyl group substitution and synthesizing 

derivatives efficiently without extensive multi-step 

protection strategies [16].

 

 

Figure 8 Synthesis of new quercetin hybrids by one-pot reaction of α-amidoalkylation [17]. 

 

 Research on quercetin hybrids focuses on their 

synthesis via one-pot amidoalkylation with benzazole 

derivatives, showcasing promising radical scavenging 

properties. The reaction process can be seen in Figure 

8. The study optimizes conditions to achieve high 

yields; however, it encounters limitations concerning 

certain adducts and solvent effectiveness that affect 

product solubility and yield [17].

 

 

Figure 9 Ester modification of flavonoid at the C-3 position [18]. 

 

 Finally, a regioselective synthesis method for 

creating esters of quercetin is developed to enhance their 

potential antiviral and anticancer activities. This method 

employs esterification and selective hydrolysis at 

specific positions while requiring meticulous control 

over temperature and reagents. However, maintaining 

selectivity during the hydrolysis process remains a 

significant challenge [18]. The reaction process can be 

seen in Figure 9.

. 
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Figure 10 Synthetic route of target compounds [19]. 

 

 The design and synthesis of quercetin derivatives 

containing quinoline moieties aim to improve their 

anticancer properties through modifications to hydroxyl 

groups using specific reactions such as methyl 

protection and etherification. The reaction process can 

be seen in Figure 10. Although this process necessitates 

controlled reaction conditions and purification steps that 

may limit scalability, it is crucial for obtaining high-

quality derivatives with potential therapeutic 

applications [19]. 

 Modification of the chemical structure of 

quercetin has been extensively studied due to its 

potential applications in the pharmaceutical and 

nutraceutical fields [20]. Various chemical reactions 

have been utilised to improve the bioavailability and 

efficacy of quercetin derivatives. One significant 

approach is the glycosylation of quercetin to improve its 

solubility. Studies have reported that the synthesis of 

quercetin glycosides increases its water solubility and 

biological activity [21]. In addition, glycosylated 

derivatives showed enhanced antioxidant properties, 

indicating a promising avenue to improve quercetin’s 

functional applications [22].  

 Acylation reactions have also been explored for 

quercetin modification. The introduction of various acyl 

groups to the quercetin backbone has been shown to 

improve its pharmacokinetic properties. Research shows 

that acetylation produces quercetin derivatives with 

enhanced stability and bioactivity, which could be 

beneficial in developing therapeutic agents [23]. In 

addition, methylation of quercetin has been documented 

as a strategy to increase its bioavailability. The 

methylated form of quercetin exhibits increased 

absorption in biological systems, leading to enhanced 

biological effects compared to the parent compound 

[24]. These modifications have been associated with 

enhanced anti-inflammatory effects in various cellular 

models. Furthermore, the synthesis of quercetin metal 

complexes has emerged as an innovative strategy to 

enhance its bioactivity [25].  

 Complexation with transition metals has been 

shown to significantly enhance the antioxidant activity 

of quercetin, providing a potential method for 

developing new functional materials and therapeutic 

agents [26]. In another study, structural modification of 

quercetin through the formation of derivatives with 

different alkyl chains was investigated. The results 

showed that certain quercetin alkyl derivatives had 

enhanced anticancer activity, which highlights the 

importance of alkyl chain length and structure in 

modulating biological effects [27]. In addition, the 

introduction of halogen substituents at various positions 

on the quercetin structure has been reported to affect its 

biological activity. Halogenated quercetin derivatives 

showed enhanced cytotoxicity against cancer cell lines, 

indicating that halogenation is a viable strategy to 

enhance the therapeutic potential of quercetin [28,29]. 

Specifically, cytotoxicity was evaluated against 3 
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human cancer cell lines MGC-803, HCC827, and 

OVCAR-3-in vitro [28]. Lastly, enzyme-mediated 

modification has attracted attention due to its mild 

reaction conditions and regioselectivity. In addition, 

studies assessing ALR2 inhibition demonstrated that 

enzymatic modification of quercetin yields derivatives 

with altered properties, providing a biocatalytic 

approach for the sustainable synthesis of quercetin 

derivatives with potential applications in functional 

foods and pharmaceutical [29,30].

 

 

Figure 11 Quercetin target to estrogen receptor signaling [55]. 

 

  

The role of quercetin as a modulator of Estrogen 

Receptor Alpha (ERα) 

 Increased apoptosis in mutant cells 

 Quercetin has been shown to significantly increase 

apoptosis in cancer cells, including those with genetic 

mutations. The process of apoptosis, or programmed 

cell death, is an important mechanism in the control of 

cell growth and elimination of potentially harmful cells. 

Research shows that quercetin can trigger the apoptotic 

pathway through activation of pro-apoptotic proteins 

such as Bax and suppression of anti-apoptotic proteins 

such as Bcl-2 [31]. For example, a study by Benziane et 

al. [32], showed that quercetin can increase Bax 

expression and decrease Bcl-2 expression in breast 

cancer cells, leading to increased cell death. In addition, 

quercetin can also affect the p53 signalling pathway, 

which plays an important role in the cell’s response to 

DNA damage. By increasing the activity of p53, 

quercetin can induce genetically damaged cells to enter 

the apoptotic pathway, thereby reducing cancer cell 

proliferation [32]. 

 

 Inhibition of DNA synthesis 

 In addition to promoting apoptosis, quercetin also 

plays a role in inhibiting DNA synthesis. This 

mechanism is particularly important in the context of 

cancer, where uncontrolled DNA synthesis can lead to 

cancer cell proliferation [33]. Quercetin can disrupt the 

cell cycle by inhibiting enzymes involved in DNA 

replication, such as DNA polymerase. A study by 

Srivastava et al. [34], showed that quercetin can reduce 

DNA polymerase activity in cancer cells, leading to a 

decrease in DNA synthesis and, in turn, inhibiting 

cancer cell growth. In addition, quercetin can also affect 

signalling pathways involved in cell cycle regulation, 

such as the MAPK and PI3K/Akt pathways, which 

contribute to the inhibition of cancer cell proliferation 

[34]. Furthermore, quercetin has been reported to 

downregulate PCNA (Proliferating Cell Nuclear 

Antigen) and TOP2A (Topoisomerase II Alpha), both of 

which are crucial for DNA replication, leading to 

impaired DNA synthesis. Additionally, quercetin 

reduces the expression of RRM2 (Ribonucleotide 

Reductase M2 Subunit) and the MCM2-7 complex, 



Trends Sci. 2025; 22(8): 9423   10 of 15 

  

which play essential roles in DNA replication initiation 

and nucleotide synthesis. Through these mechanisms, 

quercetin induces G1-phase arrest by suppressing CDK2 

and Cyclin A/E, while simultaneously upregulating p21 

and p27, 2 key inhibitors of cyclin-dependent kinases. 

Moreover, quercetin also interferes with the 

JAK/STAT3 signaling pathway, which is involved in 

cell proliferation, further reinforcing its role in 

inhibiting cancer cell growth [52]. 

  

 Anti-carcinogenic effects 

 Quercetin has various anti-carcinogenic effects 

that have been researched in depth. In addition to 

promoting apoptosis and inhibiting DNA synthesis, 

quercetin also shows the ability to reduce inflammation, 

which is an important risk factor in cancer development 

[35]. Quercetin can lower levels of pro-inflammatory 

cytokines such as TNF-α and IL-6, which contributes to 

a healthier tumour microenvironment [36]. A study by 

Ren et al. [37] found that quercetin can reduce 

inflammation and promote apoptosis in prostate cancer 

cells, suggesting the potential of this compound in 

cancer therapy. Moreover, beyond its known effects, 

recent insights suggest that quercetin’s modulation of 

the tumour microenvironment extends beyond cytokine 

reduction, potentially influencing immune cell 

infiltration and suppressing cancer-associated 

fibroblasts, which are critical in sustaining tumour 

progression. 

 In addition, quercetin may also function as a 

chemopreventive agent by inhibiting the formation of 

carcinogenic compounds and repairing DNA damage 

caused by carcinogenic substances. Research by Bhatiya 

et al. [38] showed that quercetin can reduce the 

formation of carcinogenic adducts in cancer cells, 

indicating the potential of this compound in cancer 

prevention. Furthermore, emerging evidence highlights 

quercetin’s role in stabilizing DNA repair mechanisms 

by modulating key genes involved in oxidative stress 

response, such as Nrf2 and PARP1, which enhances its 

ability to prevent mutagenesis and malignant 

transformation. 

 

 Interaction with ERα 

 Quercetin plays a crucial role in modulating 

estrogen receptor alpha (ERα), which is significant in 

breast cancer progression [39]. By interacting with ERα, 

quercetin influences cell proliferation pathways, 

potentially through allosteric modulation at alternative 

binding sites, as suggested by Seo et al. [40]. It also 

disrupts ERα-mediated signaling by inhibiting MAPK 

and PI3K/Akt pathways, reducing phosphorylation of 

downstream effectors, and suppressing oncogenic gene 

expression such as CCND1, MYC, and BCL2 [41].  

Research by Ziang et al. [42] confirms that quercetin 

decreases PI3K/Akt activity, inhibiting breast cancer 

cell growth. Additionally, quercetin impacts cell cycle 

progression by reducing the number of cells in the S and 

G2/M phases, as shown by Barra et al. [43]. Its anti-

estrogenic effects further inhibit ERα activation and 

estrogen-driven proliferation, with Wang et al. [44] 

demonstrating reduced estrogen receptor expression and 

cancer cell growth. Quercetin may also enhance 

hormonal therapy effectiveness; Wang et al. [3] reported 

increased breast cancer cell death when combined with 

tamoxifen. Studies using MCF-7 and T47D (ER-

positive) cells confirm quercetin’s ability to enhance 

hormonal therapy sensitivity, while MDA-MB-231 cells 

highlight its impact on hormone-independent breast 

cancer [45-47]. These findings underscore quercetin’s 

therapeutic potential as an ERα modulator in breast 

cancer treatment. Estrogen receptor alpha (ERα) 

modulators have been extensively studied in various 

breast cancer cell types, particularly focusing on ER-

positive cells in Table 2.
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Table 2 Estrogen receptor alpha (ERα) modulators have been extensively studied in various breast cancer cell types, 

particularly focusing on ER-positive cells. 

Types of breast 

cancer cells 

studied 

ERα modulators Mechanism of action Therapeutic effects Gene regulation References 

MCF-7 Cells 

 

Tamoxifen Tamoxifen functions as an 

ERα antagonist, inhibiting 

cancer cell growth by 

binding to ERα and 

preventing activation of 

estrogen target genes. 

Reduced MCF-7 cell 

proliferation and 

increased apoptosis in 

breast cancer cells. 

 

Modification of gene 

expression related to cell 

growth and differentiation, 

including Cyclin D1 and 

p21. 

 

[48] 

T47D Cells 

 

Exogenous estrogens 

(e.g. estradiol) and anti-

estrogens (e.g. 

tamoxifen, raloxifene) 

Estrogen binds to ERα, 

triggering transcription of 

genes that favour cell 

proliferation. Anti-estrogens 

may inhibit this effect. 

 

Estradiol increases 

T47D cell proliferation, 

while tamoxifen can 

reduce tumour growth 

by modulating ERα 

activity. 

Expression of genes such as 

STAT5A was only seen 

after treatment with 

progression in T47D cells. 

This suggests that ERα 

modulation may also affect 

complex intracellular 

signalling pathways. 

[49] 

MDA-MB-231 

Cells 

 

Tamoxifen: Ineffective 

Raloxifene: Some 

studies show potential as 

an estrogen modulator in 

triple negative cells, but 

data is still limited 

SERMs (Selective 

Estrogen Receptor 

Modulators): Potential 

as a therapeutic option, 

but effectiveness has not 

been fully verified in 

triple negative cells. 

MDA-MB-231 has active 

signalling pathways, 

including activation of Rac3 

which is involved in the 

organisation of the actin 

citoskeleton and cell 

migration. Rac3 activation 

triggers signalling pathways 

that promote invasion and 

metastasis through secretion 

of inflammatory factors 

such as IL-6, IL-8, and 

GRO. 

Depleting Rac3 can 

reduce the invasive and 

metastatic activity of 

MDA-MB-231 cells 

through decreasing the 

production of MMP-9 

and other inflammatory 

factors. 

 

Genes such as MMP-9 

(matrix metalloproteinase 9) 

are involved in invasion and 

metastasis, as well as other 

EMT-related genes. 

 

[50] 

Mutant ERα 

Variants 

(Y537S, Y537N, 

Y537C, and 

others) 

 

Studies have highlighted 

the importance of 

mutant ERα variants in 

understanding resistance 

mechanisms, as they 

exhibit altered responses 

to modulator. 

Mutant variants such as 

Y537S exhibit ligand-

independent constitutive 

activity, causing activation 

of growth signalling 

pathways even in the 

absence of estrogen. 

This variant contributes 

to resistance to 

hormonal therapy, so 

new therapies are 

needed to treat breast 

cancers containing this 

mutation. 

IRS1, MMP-9, and other 

genes involved in invasion 

and metastasis. 

 

[51] 

 

 

Challenges and opportunities for future research 

 Although preliminary results are promising, there 

are significant challenges that need to be addressed in 

the development of quercetin as a therapeutic agent. One 

of the primary obstacles is quercetin’s low 

bioavailability, which may limit its effectiveness in 

cancer treatment. To overcome this, further research is 

essential to explore other chemical reactions and 

develop formulations that can enhance the absorption of 

quercetin in the body. Additionally, larger clinical 

studies are required to evaluate the effectiveness of 

quercetin specifically in the treatment of breast cancer, 

as well as to determine the optimal dosage and potential 

interactions with other cancer therapies. Furthermore, 

the importance of further exploration in optimizing 

quercetin’s structure to enhance its biological activity 

must be emphasized, as structural modifications may 
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lead to improved therapeutic properties and broader 

clinical applications. 

 Future studies may focus on high-throughput 

screening of quercetin derivatives to refine structure-

activity relationships, facilitating targeted modifications 

that enhance anticancer efficacy. The development of 

new synthetic methods, such as selective hydroxyl 

group protection, could allow for precise modifications, 

leading to more potent anticancer agents [8]. 

Additionally, exploring enzymatic synthesis and 

alternative biocatalysts may improve the efficiency of 

esterification while ensuring sustainability. 

 Given quercetin’s interaction with estrogen 

receptor alpha (ERα), further research should 

investigate how specific structural modifications 

influence ERα binding affinity and downstream 

signaling pathways. This could help develop quercetin 

derivatives with enhanced selectivity for estrogen-

dependent breast cancer treatment. Advanced analytical 

techniques should also be utilized to validate these 

structural modifications and their biological effects. By 

expanding green synthesis approaches, researchers may 

achieve more sustainable production of quercetin esters 

with improved bioavailability and therapeutic potential 

for pharmaceutical and nutraceutical applications [13]. 

 

Conclusions 

 Overall, quercetin demonstrates significant 

potential as an anticancer agent, particularly in breast 

cancer therapy, through its ability to modulate ERα 

activity, induce apoptosis, and regulate the cell cycle. 

Advances in quercetin synthesis, including various 

chemical modifications, have contributed to improving 

its pharmacological properties and enhancing its 

bioactivity. Existing studies highlight the importance of 

optimizing synthetic strategies to increase yield, 

stability, and biological effectiveness. Additionally, 

diverse synthesis methods—such as enzymatic 

modification, halogenation, and glycosylation—have 

been explored to enhance solubility, bioavailability, and 

therapeutic efficacy. However, despite promising 

findings, challenges remain in refining efficient and 

scalable synthesis methods while maintaining biological 

activity. Future research should focus on developing 

innovative synthetic approaches, improving reaction 

selectivity, and exploring novel catalytic systems to 

enhance quercetin production. Furthermore, more in-

depth studies are needed to evaluate the clinical 

relevance of different quercetin derivatives and their 

potential applications in breast cancer treatment. 
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