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Abstract: Among the many types of breast cancer (BC), Triple-Negative Breast Cancer (TNBC) is the
most alarming. It lacks receptors for the three main biomarkers: estrogen, progesterone, and human
epidermal growth factor, hence the name TNBC. This makes its treatment a challenge. Surgical
procedures and chemotherapy, performed either alone or in combination, seem to be the primary
therapeutic possibilities; however, they are accompanied by severe complications. Currently, the
formulation of drugs using natural products has been playing an important role in the pharmaceutical
industries, owing to the drugs’ increased efficacies and significantly lessened side effects. Hence,
treating TNBC with chemotherapeutic drugs developed using natural products such as flavonoids
in the near future is much warranted. Flavonoids are metabolic compounds largely present in all
plants, vegetables, and fruits, such as blueberries, onions, (which are widely used to make red wine,)
chocolates, etc. Flavonoids are known to have enormous health benefits, such as anticancer, antiviral,
anti-inflammatory, and antiallergic properties. They are known to arrest the cell cycle of the tumor
cells and induces apoptosis by modulating Bcl-2, Bax, and Caspase activity. They show a considerable
effect on cell proliferation and viability and angiogenesis. Various studies were performed at both the
biochemical and molecular levels. The importance of flavonoids in cancer treatment and its methods
of extraction and purification to date have been reported as individual publications. However, this
review article explains the potentiality of flavonoids against TNBC in the preclinical levels and also
emphasizes their molecular mechanism of action, along with a brief introduction to its methods of
extraction, isolation, and purification in general, emphasizing the fact that its quantum of yield if
enhanced and its possible synergistic effects with existing chemotherapeutics may pave the way for
better anticancer agents of natural origin and significantly lessened side-effects.
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1. Introduction

Cancer is a major disease worldwide with a very high rate of mortality. Mutations
caused by changes in lifestyle, genetic inheritance, exposure to carcinogens, etc., are major
causes of cancer progression. This deadly disease can occur in any part of the body, leading
to unchecked growth of cancerous cells. This huge rate of cell growth in a particular site
causes other non-oncogenic cells to starve for nutrients and oxygen [1]. Cancer cells can
also migrate from one region of the body to another. Therefore, it spreads all over the host’s
body—a process termed metastasis. This condition renders cancer a deadly disease. There
are several molecular pathways involved in the process of cancer progression, and using
these abnormal expressions, the disease is diagnosed and the specific stage is evaluated [2].
There are various types of cancers, based on their site of occurrence—lung, breast, colorec-
tal, blood, brain, etc. Although the causes and treatments for various malignancies are
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distinct from one another, the methods used for making the first diagnostic procedures
remain the same. These methods include physical screenings, complete blood counts (CBC),
imaging procedures such as computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET) scans, and biopsies, among others [3,4]. Tumor
biomarkers play an important role in disease diagnosis at an early stage. Treating cancers
at the beginning stage is very crucial to save the life of the patient. Hence, the scientific
community is attracted to finding an accurate biomarker and its diagnosis technique for
every type of cancer [5]. Usually, breast cancer is diagnosed and treated using the detection
of cell receptors such as estrogen, progesterone, and human epidermal growth factor. A
vast majority of triple-negative cancers comprise the basal-like molecular grouping. Several
studies have established molecular categories for TNBC [6]. There are seven molecular sub-
groups: unstable, basal-like 1, basal-like 2, immunomodulatory, mesenchymal (MES)-like,
mesenchymal stem-like (MSL), and luminal androgen receptor. Recently, the immunomod-
ulatory and MSL subtypes were refined. Despite this vast research, the classification of
TNBC genetic subgroups has had a minimal clinical effect [7,8]. In TNBC patients, these re-
ceptors test negative due to a lack of receptors for these molecules. This complexity induces
rapid progression and metastasis of TNBC in a very short period, and hence, treatment for
this type of cancer should have higher efficacy within a very short duration of treatment [9].
Recently, it has been reported that among all types of breast cancer, TNBC seems to have
the highest death rate seconding lung cancer [10]. It is also reported that TNBC affects
younger women more often than the older population. Production of neoantigens is seen
in higher levels due to the increased mutation rates and instability in genomes in TNBC
cells. This eventually increases immunogenicity [11].

There are several treatment strategies available worldwide to treat cancers. Surgical
removal of tumor tissues can be done only at the initial stages before the migration of
tumor cells. Radiation therapy is another method that uses high-energy beams to target
specific cancer cells and kill them. There are various other therapies such as radiotherapy,
chemotherapy, immunotherapy, and hormone therapy that are employed in the treatment
of TNBC [12]. Treatment mainly depends on the type of tumor; however, sometimes
combination therapies are also employed. One of the common therapies for most cancer
treatments is chemotherapy, which kills cancer cells using drugs administered in high
doses [13].

Given the lack of hormone receptor and HER2 receptor expression in TNBC, there is
a dearth of effective anticancer medications for treating TNBC patients at present [14,15].
As a result, researchers are devoting a great deal of time and energy in investigating the
molecular characteristics of the illness in the hopes of uncovering naturally occurring drugs
with the potential to cure malignancies such as TNBC. Sixty percent or more of all anticancer
medications now are derived from plant or animal sources [16]. Natural products’ active
components such as flavonoids, alkaloids, polysaccharides, terpenoids, and saponins are
proven to be effective against cancer, pain, inflammation, viruses, and germs. Finding
new anticancer medications from natural sources is important since chemoresistance is
becoming more common and difficult to treat among cancer patients, especially those with
TNBC [17]. The cost-effectiveness and ecological friendliness of flavonoids make them an
attractive alternative to traditional chemotherapy medicines [18].

Dietary flavonoids, which have showed antitumor activities in preclinical study, are
the subject of intense investigation as possible alternative therapeutics [19]. This arti-
cle examines the synergistic augmentation of conventional chemotherapy by flavonoids.
Primary research data on flavonoid–chemotherapeutic synergy in connection to TNBC
therapy were obtained from Pubmed and other scientific sources [20]. Flavonoids, such
as epigallocatechin-3-gallate (EGCG), icariin, quercetin, silibinin, etc., have the ability to
synergistically improve the effects of conventional chemotherapeutics, as shown by this
research [21]. Modulation of intracellular signaling systems associated with apoptosis,
proliferation, autophagy, motility, and chemoresistance mediates these positive effects.
Hence, this review concisely highlights factors in the extraction, isolation, and purification
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techniques implemented in increasing the bioavailability of flavonoids and also proving
the fact that flavonoids have the potential to improve existing treatment techniques and
eventually overcome cancer drug resistance. Despite excellent preclinical findings, further
research is required prior to the initiation of clinical trials [22].

Flavonoids are broadly categorized into various subgroups and a broad classification
of flavonoids has been depicted in Figure 1.
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Figure 1. Flavonoids and their broad classifications.

Plants produce secondary metabolites made up of polyphenolic compounds called
flavonoids. Numerous fruits and vegetables are rich in flavonoids, such as berries, onions,
cherries, etc. In recent days flavonoids are considered one of the best secondary metabolites
with many health benefits; hence, scientists are keenly interested in working with these
secondary metabolites for various health issues, especially for cancers [23]. Flavonoids are
active ingredients of plants that are known to have many health benefits like anticancer,
anti-inflammatory, antiallergic, and antiviral properties. It also influences the cell cycle and
acts as a chemical messenger [24,25]. Hence many scientists around the world have tested
the efficacies of various flavonoids against TNBC cells. In this review, we have consolidated
the uses of various flavonoids in TNBC treatment and explained the molecular pathways
of action against TNBC by using flavonoids as a drug candidate, as described in Figure 2.
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2. Natural Products

Flavonoids are secondary metabolites most commonly found in plants. They are
polyphenolic natural compounds that have several potential medical, nutritional, and
pharmacological uses. They are a vast family of chemicals possessing anti-inflammatory,
antioxidant, anticarcinogenic, and antimutagenic characteristics [26], and they may be
found in a wide variety of foods and drinks, including vegetables, seeds, fruits, cereals, tea,
and even certain alcoholic beverages. Humans may consume large amounts of flavonoids
without many risks of adverse effects due to their diversity, dispersion, and low toxicity [25].
There is a large amount of data proving that flavonoids affect a wide range of cancer
processes, including growth, proliferation, differentiation, inflammation, angiogenesis,
invasion, and metastasis [23], and a few of the prominent ones are mentioned below.
Moreover, a figurative representation of the mechanistic action of flavonoids affecting
various cancer signaling pathways is represented in Figure 3.
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2.1. Quercetin

Quercetin is a naturally occurring flavonoid found in onions, apples, berries, etc.
It has numerous health benefits, such as anti-inflammatory and antiviral properties. It
also reduces infection and significantly improves physical and mental health [27]. A
recently published report states that quercetin also possesses anticancer properties. It
influences the cell cycle and cell proliferation, eventually inducing apoptosis by regulating
various biological pathways. This was experimentally tested in both in vivo and in vitro
models [28]. Another study reports that quercetin suppresses the migration of MDA-
MB-468 and MDA-MB-231 cells. It also inactivates β-catenin and its associated genes.
Doxorubicin-induced motility in TNBC cells was decreased upon quercetin treatment. It
was also found to modulate E-cadherin and vimentin expressions in TNBC cells. Studies
also report that markers of Epithelial to Mesenchymal Transition (EMT) are also regulated
by quercetin. It significantly decreases cell growth and its viability. Moreover, it suppresses
cell migration by inducing changes in the cell morphology [29]. Quercetin reduces cell
viability, increases apoptosis, and arrests the cell cycle in the MDA-MB-231 cells in a time-
dependent manner. It was found to activate the JNK signaling pathway and induce the
FOXO3a activity [30].

Quercetin dose-dependently inhibits IGF1R and its downstream kinases Akt and
Erk1/2 in MDA-MB-231 cells. Quercetin inhibits EMT transcription factors Snail and Slug,
reduces IGF1 and enhances IGF-binding protein-3, and disrupts IGF1 autocrine/paracrine
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loops. In xenograft mice models, quercetin was found to inhibit MDA-MB-231 tumor
development and lung metastasis by inactivating IGF1R and downregulating Snail, Slug,
and mesenchymal markers fibronectin and vimentin, thus proving that quercetin prevents
TNBC EMT and metastasis by decreasing IGF1/IGF1R signaling [31].

2.2. Combined Effects of Quercetin and Curcumin

Comparative analyses of the combined effects of quercetin and curcumin were recently
studied in different cell lines—T4D, MDA-MB-231, MCF-7, BT-20, and MDA-MB-468 cells.
BRCA 1 mRNA expression was analyzed using qRT-PCR in all of the cell lines listed
above. Results conveyed that the T47D cells show increased expression of BRCA1 when
compared to the others. On the contrary, MDA-MB-231 displayed greatly decreased BRCA1
expression [28]. Similarly, the BRCA 1 to β actin ratio was found to be very low in the MDA-
MB-231, followed by MDA-MB-486 and BT-20; however, it was very high in the T47D cells.
Hence, MDA-MB-231 and MDA-MB-468 were taken for further study involving the use
of quercetin and curcumin treatments. Cell proliferation in both MDA-MB-231 and MDA-
MB-486 was found to decrease, by around 20% with quercetin and 50% with curcumin
when administered individually [29]. However, a significant reduction of cell viability
was discovered when combinedly treated with quercetin and curcumin. The viability
percentage in the MDA-MB-486 control was higher when compared to the MDA-MB-231
control. Increased BRCA1 expression was seen in both MDA-MB-486 and MDA-MB-231
cell lines when treated with quercetin and curcumin in combination [32].

2.3. Epigallocatechin-3-Gallate (EGCG)

Epigallocatechin-3-gallate (EGCG) is a catechin derived from gallic acid and epigallo-
catechin esters, mostly found in green tea. EGCG has been reported to possess numerous
health benefits against bone diseases, neuron regeneration, and most importantly, it pos-
sesses a significant role in cancer treatment [33]. It has been reported that EGCG can modify
pathways associated with Parkinson’s and Alzheimer’s diseases. Effects of EGCG in treat-
ing Parkinson’s and Alzheimer’s diseases were also investigated using nanotechnology [34].
It was also found that EGCG considerably promotes glucose and lipid metabolism used
to treat nonalcoholic fatty liver disease [35]. EGCG has also been proven to inhibit the
expression of NF-Kappa B and mediate EMT. Importantly, it also regulates cancer stem cell
progression and cell proliferation. It was also found to control metalloproteinases, TGFR–II,
and other pathways that are associated with cancer cell proliferation and migration [36].

EGCG was reported to downregulate the expression of antiapoptotic genes like insulin-
like growth factor-1 receptor (IGF1R) and induced myeloid leukemia cell differentiation
protein (MCL1). However, it was found to increase the expression of other genes like Bcl-2
associated athanogene 3 (BAG3), receptor-interacting serine/threonine-protein kinase 2
(RIPK2), and X-linked inhibitor of apoptosis (XIAP). The suppressive effect of EGCG on
TNBC cell migration was correlated with the suppression of VEGF production, indicating
that EGCG might be deployed to prevent breast tumor invasion [37].

2.4. Fisetin

Fisetin is a flavonoid found in a variety of plants and vegetables such as onions, apples,
cucumbers, etc. Fisetin is reported to have many medicinal properties. Recent findings
report that it possesses chemo-preventive, anti-inflammatory, and antiaging characteris-
tics [38]. It is also found to modulate various signaling pathways in the initiation and
progression of cancers [39]. Stress in the endoplasmic reticulum and pathways associated
with mitochondrial stress can be initiated by fisetin to trigger p8-dependent autophagy
in the pancreatic cancer cells. It has also been reported that fisetin inhibits the mTOR
pathway [40]. Treatment of hepatic steatosis using fisetin was tested in mice with obesity
induced by dietary supplements. Results suggest that fisetin regulates signaling pathways
of fatty acid β-oxidation and also modulates Sirt1 in hepatic steatosis, which is also called
fatty liver, i.e., accumulation of fat in the liver leading to serious illness [41]. As already
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mentioned, fisetin is known to possess antiaging properties which are achieved via its
senolytic activity on the cells. Senescence is a mechanism activated to suppress tumors, es-
pecially to stop DNA replication which has been damaged already. Such a senotherapeutic
activity is observed upon fisetin treatment which is believed to help increase the life span
and well-being of human beings [42].

Another detailed study reports that the proliferation rate was studied extensively in
both MDA-MB-231 and BT594 cell lines which were treated with different concentrations
of fisetin. The results show a significant reduction at the highest concentration (100 µm).
It is also reported that fisetin suppresses the invasion and migration of TNBC cells when
administered in high concentrations. Increased expressions of E-cadherin and claudin,
and decreased expressions of N-cadherin and vimentin, were observed with an increase in
fisetin concentration. Reduction in the levels of the PI3K-Akt-GSK-3β signaling pathway
was observed through immunofluorescence analysis. Similarly, Western blot analysis
showed upregulated PTEN expression. Significant reductions in the volume, weight, and
lung nodules of tumor masses have been observed in xenografted nude mice models [41].

In MDA-MB-231 and BT549 TNBC cells, fisetin dose-dependently reduced cell prolifer-
ation, migration, and invasion. Fisetin also reversed EMT in MDA-MB-231 and BT549 cells.
Fisetin suppressed the PI3K-Akt-GSK-3β signaling pathway and increased PTEN mRNA
and protein in a dose-dependent manner, limiting TNBC proliferation and metastasis [43].

2.5. Myricetin

Myricetin is a photochemical classified under the family of flavonoids. It is generally
found in cabbage, red grapes, and especially in most herbal beverages like green tea [44].
It is found to have several medicinal uses—in diabetes treatment, cardioprotective, anti-
hyperglycemic, antihypertensive, etc. It can also modulate mechanisms associated with
cardiovascular diseases [45]. Myricetin displays antitumor effects by arresting the cell cycle
and inducing apoptosis [46]. It is reported that myricetin can downregulate several protein
expressions and pathways such as cyclin-dependent kinase, TGF-β1, and VGFR-associated
primary open-angle glaucoma in rat models [47]. It can also modulate the effects of obesity
by increasing the expression of the adipose tissue SIRT3 protein responsible for obesity in
humans [44].

It is also reported that myricetin decreased the percentage of cell numbers by ap-
proximately more than 50% in MDA-MB-231, MDA-MB-468, MCF-7, and SK-BR-3 cells
in a dose-dependent manner. It increased the HDF cell number with an increase in its
concentration. A comparative study on the decrease of cell number in MDA-MB-231 and
MDA-MB-468 was done between myricetin and other natural compounds like resveratrol,
EGCG, doxorubicin, and cisplatin. Myricetin was found to display better inhibition than
other compounds. Early apoptosis and late apoptosis were studied in the presence of
myricetin, and the results display a considerable increase in apoptosis. Myricetin also
generates autooxidation by which hydrogen peroxide is generated in the extracellular
space, creating reactive oxygen species, thereby inducing apoptosis [44].

In TNBC cells treated with myricetin, early and late apoptotic cell death as well as
cell growth suppression were observed. Cell cycle, proangiogenic, and invasion effects via
mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)/protein
kinase B (PKB/also known as AKT) signaling pathways were also found to be regulated
upon myricetin treatment. The expressions of MAPK, PI3K/AKT/mTOR, I/NF-B, Hippo,
STAT3, GSK-3, Nrf2/HO-1, TLR, eNOS/NO, ACE, and AChE were also found to be
regulated by myricetin [48].

2.6. Silibinin

Silibinin is a natural flavonoid found in milk thistle seeds which has numerous medici-
nal properties, especially as an anticancer agent. It helps in cancer treatment by arresting the
cell cycle, inducing mitochondrial fusion, and triggering apoptosis [49]. Silibinin regulates
cell differentiation in acute myeloid leukemia. Combination treatments involving silibinin
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show great antitumor effects [50]. It is reported that silibinin can modulate the CFLAR-
JNK pathway in nonalcoholic steatohepatitis mice and regulate oxidative stress leading
to lipid accumulation [51]. It has also been found that silibinin helps in the treatment of
nonmelanoma skin cancer cells by activating p53 and inducing apoptosis [52]. Recently
it has been reported that silibinin decreases expressions of fibronectin-collagen in renal
tissues in the diabetic nephropathy of high fat-induced renal fibrosis mice [51]. Silibinin
facilitates chemotherapy by sensitizing cancer cells to chemotherapeutic drugs, as the BC
cells are resistant to chemotherapeutic drugs [53].

A comparative study of non-TNBC cells and TNBC cells for the expression of MMP-2,
IFN, and TGF-β2 shows higher expression in the TNBC cells than in non-TNBC cells. Silib-
inin also suppresses metastasis of TNBC cells in xenografted mice models. The expression
of TGF-β2 was found to be suppressed by silibinin. Decreased expressions of IFN and
MMP-2 induced by TGF- β2 were observed in the presence of silibinin [54]. Invasion and
migration of MDA-MB-231 cells were inhibited by silibinin. It was also found to induce
mitochondrial fusion, leading to an arrest in the migration of TNBC cells. Activation of the
NLRP3 inflammasome was inhibited by decreasing the ROS level [49].

2.7. Luteolin

Luteolin is a flavonoid predominantly found in carrots, broccoli, and black pepper. It
has been reported that luteolin has potent activity against various health ailments. Luteolin
possesses anticancer, antimicrobial and antiallergen properties [55,56]. Luteolin induces
ROS and apoptosis by modulating Wnt/β-catenin signaling, and it also modulates the
ATPases levels in colorectal cancer [57–59]. It is reported that the progression of osteoarthri-
tis is significantly decreased upon luteolin administration. Moreover, it is reported that
luteolin inhibits inflammation caused by IL-1β in the chondrocytes of rat models [59]. In
RAW264.7 macrophage cells stimulated by lipopolysaccharide, luteolin modulates the
polarization of macrophages by regulating the activation of the NLRP3 inflammasome [60].
Luteolin modulates p13k/AKT pathways to prevent cancer cell metastasis, especially in
BC cells [61]. Another study reports that luteolin has properties to treat several neurolog-
ical diseases, hence it is also considered a potent neuroprotective agent. It has also been
reported that luteolin tends to modulate receptors of adenosine such as A1 and A2A, which
promote sleep in mice models [62]. Another recent study reports that peroxiredoxin-II
activation can be enabled via luteolin administration for the effective treatment of my-
ocardial ischemia, which has been experimented in rat models [63]. Similarly, another
such study reports that the invasion and migration of MDA-MB-231 and BT5-49 have been
significantly decreased at various concentrations of luteolin. It is also reported that luteolin
decreases N-cadherin, vimentin, and slug expression, while increasing E-cadherin and
claudin expression. Another study proves that luteolin reverses EMT in in vitro models by
downregulating β-catenin expression in a dose-dependent manner. It is also reported that
luteolin suppresses metastasis, which has been proven in in vivo models [64].

As a result of genetic inactivation of the Hippo pathway, YAP/TAZ is found to be
hyperactivated in the MDA-MB-231 cells. It was also confirmed that the mRNA levels of
CTGF and CYR61, two important YAP/TAZ downstream genes, and YAP/TAZ reporter
activities were decreased by luteolin in MDA-MB-231 and 4T1 cell lines. It was also
observed that luteolin inhibited YAP and TAZ nuclear translocation, thus lowering the YAP
and TAZ levels [65].

2.8. Genistein

Genistein is found abundantly in soy, which falls under the isoflavonoid group of
compounds. It has been found that genistein has various antitumor properties. Various
reports state that genistein induces apoptosis, arrests cell cycle, inhibits cell proliferation,
reduces angiogenesis, etc. Genistein has also been reported to treat symptoms related
to menopause and enhance glucose metabolism. It is also reported that genistein is a
good natural compound to treat chronic diseases like diabetes, arthritis, cardiovascular
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diseases, etc. Genistein has been reported to modulate the activity of estrogen in women
with diseases and symptoms related to menopause [66]. It also has the potency to modulate
proteins and pathways associated with tumor progression such as those of Bcl-2, Bax, NF-
κB, MAPK, P13K/Akt, and KIF20A. It can also sensitize cancer cells to chemotherapeutic
drugs like tamoxifen and adriamycin for better treatment [67]. Genistein helps to treat
nonalcoholic fatty liver disease by regulating the metabolisms of lipids and glucose [68].

It is reported that female adult mice, when exposed to a lifetime genistein dietary
supplements, experience the methylation of BRAC 1 cytosine-guanine dinucleotide and
decreased activity of aryl hydrocarbon receptor in the mammary tissue of female mouse
offspring. Upregulated expression of ERα was observed upon genistein administration.
Antagonism of aryl hydrocarbon receptor demethylates BRCA1 upon genistein treatment.
It also decreases the expression of Cyp1b1, a target for the ARH receptor [69]. Genistein
also induces apoptosis significantly when its concentration is increased. It also arrests the
cell cycle post-72 h in a dose-dependent manner along with decreased levels of Notch-1,
Bcl-2, Bcl-xL, and cyclin-1 expressions [70].

2.9. Apigenin

Apigenin (5,7,4′-trihydroxyflavone) is a polyphenolic flavonoid with a low molecular
weight that is found in parsley, celery, onions, grapefruit, and oranges. However, apigenin
is most plentiful in chamomile tea [71]. Recent research indicates that intraperitoneal
administration of apigenin to Sprague–Dawley rats protects them against the formation
of breast cancers triggered by 7,12-dimethylbenz(a)anthracene [72]. Apigenin promotes
apoptosis preferentially in HER2-overexpressing breast cancer cells through suppression of
serine/threonine kinase Akt (protein kinase B) [73], as well as disruption of the STAT3 and
NFB signaling pathways [74]. Although the impact of apigenin on the in vivo development
of HER2-overexpressing breast cancer cells has not yet been examined, subcutaneous
injections of apigenin limit the growth of MDA-MB-231 breast cancer cells in nude mice by
inhibiting the proteasome and inducing apoptosis [75]. Importantly, apigenin has very few
negative effects on cultures of normal human cells and does not seem to be hazardous to
mice [76,77].

Recent study reports that apigenin, in combination with gefitinib, one of the EGFR
tyrosine kinase inhibitors, inhibits multiple oncogenic factors including c-Myc, hypoxia-
inducible factor 1 alpha (HIF-1) and EGFR, and damages glucose uptake and utilization by
restricting glucose transporter 1 protein expression, implying that apigenin can significantly
influence tumor progression [78].

2.10. Cyanidin-3-Glucoside

Cyanidin-3-glucoside (C3G) is a natural anthocyanin compound found in a variety
of fruits and vegetables. It is found to have many health benefits such as anticancer
properties, anti-inflammatory properties, etc. Once C3G is consumed, it is broken down in
the gastrointestinal tract. Various active metabolites of phenols, such as ferulic acid, vanillic
acid, etc., are produced during the catabolism of C3G. The availability of biological barriers
such as mucous barriers will be increased by C3G [79]. Photooxidation of A2E causes
retinal pigmentation in aged people, which is effectively controlled by the combination
of C3G and quercetin [80]. Receptor β in estrogen can be inhibited by C3G, which helps
in the prevention of tumor progression reported in mice with melanoma [81]. It is also
reported that C3G activates the expression of Sirt1 in MDA-MB-231 and BT-549 cells. It thus
decreases the cell viability in a dose-dependent manner and increases the concentration of
C3G, leading to a decrease in the cell viability by approximately 40%. C3G also decreases
the cell number, invasion, and migration of TNBC cells when subjected to an increase in
its dosage. It is also found to downregulate microRNA-138 expression. C3G modulates
E-cadherin, vimentin, snail 1, snail 2, and ZO-1 expression in MDA-MB-231 and BT-549
cells. It is found to efficiently block EMT and suppress the invasion and migration of TNBC
cells [82].
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2.11. Norwogonin

Norwogonin is different from wogonin, owing to the presence of an OH group in its
structure at the C-8 position. However, both are flavonoids. Norwogonin is found in Scutel-
laria baicalensis. Norwogonin and wogonin have both been reported to harbor significant
antitumor properties, especially against colorectal and breast cancers [83]. Norwogonin
can considerably increases the expression of Bax and subsequently lead to activation of
caspase-3, thereby inducing apoptosis in cancer cells. Decreased Bcl-2 expression is re-
ported in cancer cells upon norwogonin treatment. These results were determined by
comet assay. Norwogonin has also been found to arrest the cell cycle at the G2/M phase,
which eventually induces autophagy in in vitro studies conducted on colorectal cancer cells.
Hence, norwogonin is considered a potent antitumor agent [84]. Enterovirus 71 causes
severe illness related to hand, mouth, and neurological diseases in children. EV71 is usually
treated with Ribavirin, which is an antiviral drug used in the treatment of numerous viral
infections. It has been reported that norwogonin shows better results when compared
to such synthetic drugs. Replication of EV71 is found to be blocked by norwogonin in
combination with other flavonoids like Mosloflavone and Oroxylin A. Production of Capsid
protein in viruses can be inhibited by using norwogonin to downregulate the expression of
VP2 protein in the EV71 virus [85].

A recent study reports that norwogonin significantly arrests the cell cycle in TNBC
cells. Norwogonin decreases cell proliferation of TNBC cell lines in a dose-dependent
manner. It also modulates cyclin B1, CDK1, and cyclin D1 expressions, increases Bax and
Caspase 3 expression in a dose dependent manner, and is also reported to initiate apoptosis.
It is also found that norogonin effectively suppresses NF-κB and STAT 3 pathways [83].

Reports suggest that norwogonin upregulates p21 and downregulates CDK4 and cy-
clin D1 in TNBC cell lines, resulting in G0/G1 cell cycle arrest. Treatment with norwogonin
for 48 h increased the binding ability between the promoter of p21 and GATA-binding factor
1 (GATA-1), a zinc finger transcription factor which aids in triggering the differentiation
of megakaryocytes and erythrocytes. This suggests that norwogonin induces G0/G1 cell
cycle arrest by regulating GATA-1 associated cell cycle checkpoints [78].

2.12. Tangeretin

Owing to its antimetastatic effects on cancer cells [86–88], the citrus flavonoid tan-
geretin has the potential to be developed into a drug candidate that is specific to cancer. In
particular, this flavonoid compound prevents the spread of cancer cells that originate in
the skin, breast, and stomach. It suppresses metastasis in 7,12-dimethylbenz anthracene-
induced rat breast cancer [89]. In addition, tangeretin prevents breast cancer cells from
undergoing epithelial-mesenchymal transition (EMT), invasion, and migration [90]. This is
accomplished by downregulating the genes Notch-1, Jagged1/2, Hey-1, and Hes-1 [91].

Another recent study proves that tangeretin targets TP53, PTGS2, MMP9, and PIK3CA,
and prevents breast cancer cells from metastasis. Studies using molecular docking tech-
niques showed that tangeretin acts as an inhibitor of MMP9 and PTGS2. In addition, it has
also been proven that the PI3K/Akt signaling pathway is a possible target of tangeretin in
the process of preventing breast cancer metastasis [92].

2.13. Sophoraflavanone G

Sophoraflavanone G (SG) is extracted from the roots of Sophora flavescens, which
has been used in China for centuries to treat cold and fever. It has been reported that
SG can significantly act as an anti-inflammatory agent, especially against macrophages
stimulated by lipopolysaccharides. It also helps in the treatment of leukemia in humans
by activating the MAPK pathway, thereby inducing apoptosis in the HL-60 cells. SG
can reduce JAK and STAT protein phosphorylation to increase apoptosis in Hodgkin’s
lymphoma [93]. Neuroinflammation can be inhibited upon SG administration via various
signaling pathways such as STAT, MAPKs, Nrf2, and P13K. This effect has been studied
in BV2 microglia activated by lipopolysaccharides [94]. It has been recently reported
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that infections due to Staphylococcus aureus can be ameliorated using SG when used in
combination with norfloxacin, which has been studied in both in vivo and in vitro models.
Hence, SG with norfloxacin is considered a potential antibiotic against Staphylococcus
aureus [95]. Recently, mice that were stressed chronically were studied extensively to
understand the efficacy of SG for its antidepressant property. The result suggests that
SG can significantly reduce stress by modulating the mTOR pathway associated with
depression signals [93].

It is also reported that SG increases the intracellular ROS production. It also inhibits the
progression of MDA-MB-231 cells. It is reported that upon SG treatment, phosphorylation of
the MAPK and AKT pathways occurs. It is also reported that SG increases the production of
Bax and also decreases the activity of Bcl-xL and Bcl-2 pathways. Caspase activity has been
found to be induced by SG treatment in MDA-MB-231 cells. It is also reported to regulate
autophagy. SG significantly induces apoptosis in MDA-MB-231 cells by modulating most
of their signaling pathways [93].

SG therapy increased TNBC cell oxidative stress by producing reactive oxygen species,
raising malondialdehyde (MDA), and lowering superoxide dismutase activity in TNBC
cells. SG inhibited cell migration, invasion, and epithelial–mesenchymal transition, and also
inactivated TNBC cell EGFR–PI3K–AKT signaling. Overexpression of EGFR also reduced
the inhibitory and promotive effects of SG on cell proliferation, metastasis, apoptosis, and
oxidative stress in TNBC cells. SG inhibited tumor development and EGFR–PI3K–AKT
signaling in mice models, eventually inhibiting TNBC growth, metastasis, apoptosis, and
oxidative stress by targeting the EGFR–PI3K–AKT signaling pathway [96].

2.14. Isorhamnetin

Isorhamnetin (IH) is a flavonoid found in Polygonaceae plants possessing antitumor
effects against lung, esophageal, gastric, colorectal, cutaneous, and breast malignancies [97].
IH inhibits migration, invasion, cell proliferation, and apoptosis via multiple signaling path-
ways (p38/STAT3, MEK, Akt/mTOR). IH modulates PI3K/AKT/mTOR/p70S6K/ULK
signaling to promote autophagy in human breast cancer cells [98]. IH inhibits mitophagy
and promotes mitochondrial fission and death in TNBC cells but not in the estrogen-
dependent breast cancer cell lines. Bax mitochondrial translocation and cytochrome c
release followed these events; oxidative stress caused CaMKII (Thr286) and Drp1 (S616)
phosphorylation and mitochondrial translocation. IH inhibited tumor development and
induced apoptosis in TNBC xenograft mice via activating CaMKII and Drp1 (S616). These
data further imply that IH may be a new chemotherapeutic agent of traditional origin in
TNBC therapy [99].

Recent findings in MCF7 and BT549 cells report that IH inhibits the proliferation and
promotion of apoptosis, induces cycle arrest in G1 phase, reduces phosphorylation of cell
proliferation pathway proteins AKT and ERK and the expression of proliferating nuclear
antigen Ki67, decreases expression of Bcl-2, increases expression of Bax, and promotes
shearing of caspase-3 [100]. Similar findings in MCF7, T47D, BT474, BT-549, MDA-MB-231,
and MDA-MB-468 suggest that IH inhibits proliferation and promotion of apoptosis, as
well as inhibits the Akt/mTOR and MEK/extracellular signal-regulated kinase phosphate
cascade reaction [101]. Another such research conducted on TNBC cells like MDA-MB-231
and MDA-MB-468 and their consecutive xenograft mouse model studies indicate that IH
promotes apoptosis and activates mitochondrial dependent apoptosis pathways [102].

In TNBC cell lines like MCF7, T47D, BT474, BT-549, MDA-MB-231, and MDA-MB-468,
isorhamnetin was found to induce cycle arrest in G1 phase, decrease phosphorylation
of AKT, ERK, and Ki67, increase expression of Bax, and promote shearing of caspase-3.
Furthermore, it was shown to prevent the activation of the mitogen-activated protein
kinase/extracellular signal-regulated kinase phosphatase cascade in TNBC cell lines. Fur-
thermore, the mitochondrial dependent apoptotic pathway was shown to be activated in
both TNBC cells and their related xenograft mice models [103].
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2.15. Genkwanin

Genkwanin is a flavonoid predominantly obtained from Tephroseris kirilowii (a peren-
nial plant widely distributed in China) [104], and it was reported to induce cytotoxicity
in MDA-MB-231 cells after 24-h treatment. In addition to this, it was also proven that
genkwanin induced cell cycle arrest at the G2/M phase, and a significant reduction in the
levels of phosphorylated cell division control protein 2 homolog (CDC2) kinase and cyclin
B1 were also observed. Genkwanin was also reported to improve the potency of apoptosis
induction and decrease the levels of BCL-2 and BCL-XL as well as total PARP-1 expression,
while simultaneously raising the levels of p53 and cleaving caspase-3 [105]. Genkwanin
also induced autophagy in MDA-MB-231 cells, and treatments resulted in a marked aug-
ment in microtubule-associated protein light chain 3 (LC3) puncta formation, accumulation
of LC3-II, and an increase in the levels of autophagy-related gene 5 (ATG5), in addition
to a decrease in the levels of p62 and the inhibition of PI3K/AKT/mTOR/p70S6K/ULK
signaling. According to the results of a molecular docking study, genkwanin was able to
dock in the ATP binding pocket of PI3K, which resulted in a further reduction in the PI3K
kinase activity [98].

In a similar manner, flavonoids isolated from Astragalus membranaceus, such as cam-
panulin, ononin, calycosin, and formononetin, were evaluated for their ability to inhibit the
development of breast cancer. Following treatment with genkwanin, there was a substantial
increase in the degree of apoptotic induction, although there was a significant decrease
in the level of mTOR [106]. Substantial anticancer effects were seen in in vivo research
using mice. In addition to this, it was discovered that it inhibited the Akt/mTOR signaling
pathway, which was confirmed via Western blot results [107]. This was accomplished by
activating caspases and stimulating angiogenic activities [108]. It was also discovered that
genkwanin inhibited the Akt/mTOR signaling pathway, which resulted in the inductions
of autophagy and apoptosis [109,110].

Genkwanin proved to be lethal to MDA-MB-231 cells. It also caused G2/M phase
arrest and cyclin B1 and CDC2 kinase dephosphorylation in them. It also induced apoptosis
more potently by decreasing BCL-2, BCL-XL, and total PARP-1 and increased p53 and
cleaved caspase-3 levels. It also induced autophagy in MDA-MB-231 cells, which increased
LC3 puncta formation, LC3-II accumulation, and ATG5 levels, decreased p62, and inhibited
PI3K/AKT/mTOR/p70S6K/ULK signaling [105].

2.16. Kaempferol

One of the most prevalent aglycone flavonoids is kaempferol. It’s a yellow-colored
tetrahydroxyflavone with four hydroxy groups at positions 3, 5, 7, and 4 [111]. Kaempferol
may be found in many different plant components, including seeds, leaves, fruits, flowers,
and even vegetables [112]. Cardioprotective, neuroprotective, anti-inflammatory, antidia-
betic, antioxidant, antibacterial, antitumor, and anticancer agents are few of the prominent
properties of kaempferol and its glycosylated derivatives [111,113]. Epidemiological stud-
ies have shown that a high kaempferol consumption is connected with lower incidence
of several cancers, such as cancers of the skin, liver, colon, ovary, pancreas, stomach, and
bladder [114].

Breast cancer has become more prevalent over the last several decades, and it is now
the most common cancer in women [115]. Kaempferol has been reported to successfully
suppress the proliferation of breast cancer cell lines VM7Luc4E2, MDA-MB-231, and MCF-7
at micromolar doses [116–118]. Furthermore, kaempferol has been found to significantly
suppress bisphenol A (BPA) and triclosan (TCS)-induced antiapoptotic mechanisms [119],
trigger cell cycle arrest in the G2/M stage, and even cause apoptosis and DNA fragmenta-
tion at the sub-G0 phase.

Kaempferol was also found to increase the levels of proapoptotic enzymes and pro-
teins, such as cleaved caspase-9, -7, -3, p21, p53, Bax, PARP, and p-ATM, [113] and decrease
the levels of antiapoptotic proteins Bcl-2, polo-like kinase 1 (PLK-1), pAKT, phosphorylated
insulin receptor substrate 1 (pIRS-1), phosphorylated mitogen-activated protein kinase
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(pMEK)1/2, cyclin-dependent kinase 1 (CDK1), cyclins A, B, D1, and E, and cathepsin
D [116,120]. When compared to non-TNBC cells (control), kaempferol reduced cell mi-
gration and invasion stages in TNBC cells. This is explained by the downregulation of
RhoA and activation of Rac1 in TNBC cells, as well as the activation of human epidermal
growth factor receptor-2 (HER2)-silencing, as well as SK-BR-3 and ER/PR-silencing in
non-TNBC cells [117], indicating that kaempferol’s antiproliferative action is triggered
via the ER-dependent pathway, which mediates cellular processes such as development,
differentiation, and proliferation [113].

Furthermore, kaempferol has been reported to dramatically stimulate mitogen-activated
protein kinase (MAPK) cascades, which are critical signaling pathways involved in the
control of normal cell proliferation, survival, and differentiation. Indeed, kaempferol has
been demonstrated to activate extracellular signal-regulated kinase (ERK), as well as MEK1
and ELK1, while inhibiting EMT and metastasis. When the MAPK signaling pathway
is triggered, it activates the transcription factor activator protein-1 (AP-1), cathepsin B
and D, and MMP-2 and -9, which inhibit cell adhesion, migration, and invasion, respec-
tively [121–123]. In addition, kaempferol has been shown to lower glucose transporter 1
(GLUT1) mRNA levels and prevent the uptake of (3)H-deoxy-D-glucose ((3)H-DG) and
monocarboxylate transporter 1 (MCT1), resulting in extracellular lactate accumulation [115]
and eventually apoptotic cell death in TNBC cells [113].

Kaempferol significantly reduces MDA-MB-231 cell invasion and inhibits matrix
metalloproteinase-3 (MMP-3) activity. The hydrolytic activity of MMP-3 casein and the
capacity of breast cancer cells to invade are both significantly reduced by kaempferol.
Moreover, kaempferol was shown to prevent matrix metalloproteinase-related breast cancer
cell invasion. By inhibiting the PKC/MAPK/AP-1 cascade and, in turn, MMP-9 production
and activity, kaempferol prevents the invasion of cancer cells [124].

2.17. Icariin

Icariin is a prenylated flavanol glycoside that is extracted from the medicinal plant
Herba epimedii. It has been reported to have a wide variety of pharmacological effects includ-
ing aphrodisiac, antidepressant, osteogenic, and cardiovascular protectant. Additionally,
it has immunomodulatory activities [125]. It has been found that icariin may act as an
efficient NF-B inhibitor, which enhanced Fanconi anaemia hematopoietic stem cell function
and reduced murine lupus nephritis [126,127].

Studies conducted in recent years have shown that icariin inhibits growth of cancer
cells in many different types of tumors, including osteosarcoma, prostate, lung, and gastric
cancer cells [125]. However, the role of icariin in breast cancer and the molecular pathways
that are connected to it has not yet been elucidated. Since NF-B is involved in breast cancer,
it is proposed that icariin would be a good candidate in treating breast cancer [125].

The tumor microenvironment (TME) is a multifaceted biosphere that is made of
immunological, stromal, and malignant cells [128]. Icariin was reported to suppress the
immune microenvironment in breast cancer models, which resulted in the production of
antitumor effects, according to a number of studies. Indeed, icariin was reported to increase
SIRT6 expressions, reduce PD-L1 levels, and inhibit the expression of nuclear NF-B p65 in
4T1 tumors [125].

On the surface of cancer cells, a protein called programmed cell death-ligand 1 (PD-L1)
is present, which is essentially an inhibitory molecule. It does damage by attaching itself
to a protein called programmed death 1 (PD-1) that is found on immune cells and then
prevents the activation of the immune system as a result of this interaction. In addition,
it has also been shown that abnormal activation of the NF-kB signaling pathway further
begins the PD-1/PD-L1 signaling pathway, which ultimately results in immune evasion by
the tumor in TNBC cells via icariin treatment [129].

MDSCs, also known as myeloid-derived suppressor cells (MDSCs) are also found
on these cells. MDSCs are extremely diverse immunosuppressive cells that are formed
in bone marrow, and they often aggregate in great numbers inside the tumors to block
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the antitumor effects of T lymphocytes [130]. An experimental investigation indicated
that icariin inhibited the course of illness by significantly reducing the population of
MDSCs in tumors and increasing the number of tumor-infiltrating CD4+ and CD8+ T
lymphocytes [125].

Icariin preferentially decreased TNBC cell growth and induced apoptosis in both dose-
and time-dependent manners, but had minimal cytotoxicity in normal breast cells. Icariin
also induced mitochondria-mediated cell death, by increasing Bax/Bcl-2 and ROS levels.
Icariin upregulated SIRT6, which inhibited breast cancer cell motility and invasion by
inhibiting NF-B/EMT pathway activation. Oss-128167, a SIRT6 inhibitor, greatly reduced
icariin’s antimigration and antiinvasion activities. Icariin inhibited tumor development and
lung metastasis in MDA-MB-231 and 4T1 tumor mice models via modulating the tumors’
immunosuppressive microenvironments [125,131].

A cumulative representation of all the above mentioned flavonoids along with their
structure and Pubchem ID has been listed below as Figure 4 for better understanding.
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2.18. General Extraction, Separation, and Purification Procedures for Flavonoids

Milling, grinding, and homogenizing are the fundamental steps of every extraction
process. This process is affected by variables such as the compound’s chemical composition,
the extraction technique used, the particle size of the sample, and the existence of any
potential interferences [132]. Prior to analysis, extraction is the primary step in the recovery
and separation of bioactive phytochemicals from plant sources. If necessary, the removal of
undesirable phenolics and nonphenolic compounds such as waxes, lipids, terpenes, and
chlorophylls is desired, and further stages may also be performed [133].

Polyphenolic and simple phenolic analysis in natural plants usually begins with
liquid-liquid or solid-liquid extraction. Due to their simplicity, effectiveness, and versatility,
they remain the most used methods. Methanol, ethanol, acetone, diethyl ether, and ethyl
acetate are common extraction solvents [134]. However, pure organic solvents cannot
extract extremely polar phenolic acids (benzoic, cinnamic acids), hence alcohol–water or
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acetone–water combinations are preferred. Waxes, oils, sterols, and chlorophyll may be
extracted from plant matrices using less polar solvents such dichloromethane, chloroform,
hexane, and benzene. Factors such as pH, temperature, sample-to-solvent volume ratio,
and the duration of extraction also affect the process. Extractions are usually done two to
three times and the samples will finally be pooled to obtain the desired volume [133].

Solid flavonoids are often extracted by Soxhlet extraction. Most of the solvents used
are water, methanol, or acetonitrile. This extraction technique is claimed to take approxi-
mately 12 h. This similar method of extraction yielded quantifiable phenolic acids from
Tilia europea, Urtica dioica, Mentha spicata, Hypericum perforatum, and Echinacea purpurea
aerial parts, ultimately yielding flavonoids [135,136]. Supercritical fluid extraction (SFE)
removes biodegradable compounds using high temperatures and oxygen. Such extracts
lack chlorophyll and other supercritical CO2-insoluble nonpolar molecules. CO2 cannot
fully extract highly polar flavonoids. Controlling pressure or adding organic modifiers like
methanol increases supercritical fluid solvating power and extraction efficiency [137,138].
Pressurized fluid extraction uses common solvents at regulated temperatures and pressures
and is frequently used in natural product extraction [139]. It can be mechanized, utilizes
less solvent in less time, and keeps samples oxygen- and light-free, making it a strong
nutraceutical product. Catechin and epicatechin from tea leaves and grape seeds may
be extracted using this method [140]. Isoflavonoids from Radix astragali were simultane-
ously extracted and determined using a microwave-assisted extraction method [141]. This
method outperformed Soxhlet, reflux, and ultrasonic extractions. Conventional extraction
affects flavonoid glycoside integrity with an extended extraction procedure, thereby re-
ducing its repeatability [142]. Other mechanical methods, such as vortexing followed by
centrifugation, mechanical stirring, and continuous rotational extraction, are also used to
improve the molecular interactions of flavonoids [143,144].

Thin-layer chromatography is used to determine phenolic acids in natural prod-
ucts [145,146]. Due to its high sample throughput, it is ideal for screening plant extracts
for pharmacologically active compounds before instrumental analysis [147]. TLC usually
uses silica as a stationary phase and develops plates using 2-(diphenylboryloxy)ethylamine
and polyethylene glycol or AlCl3. UV light or densitometry at 350–365 or 250–260 nm is
employed for its detection [133].

Gas chromatography, a powerful separation technique, is utilized to purify numerous
volatile chemicals. Its sensitivity and selectivity increase when used along with mass spec-
trometry [148]. The OH group in phenolic compounds increases the chances of hydrogen
bonds, eventually raising the melting point. However, the main drawback in this technique
is the poor volatility of the phenolic substance [149]. Gas chromatography is often used to
analyze plant phenolic acids. Alkali, acid, or enzymatic hydrolysis may liberate phenolics
from ester and glycosidic linkages and remove lipids from the extract to prepare samples
for GC [150]. Gas phase analysis needs chemical derivatization, sample extraction, isolation,
and cleanup. Early studies with derivatized phenolics used flame ionization detection (FID)
and mass spectrometry. Most GC–MS work is done in electron impact ionization mode
with 70 eV set as the ionization voltage and a scan range around 650 m/z [151].

HPLC has dominated in the field of phenolic compound separation for the past
20 years [145]. HPLC allows simultaneous separation of all components and their deriva-
tives or resulting products [152]. They can detect low analyte concentrations in the presence
of multiple interfering and coeluting substances [153]. HPLC is widely used to analyze
phenolic compounds from plant-derived and biological matrices due to the vast variety
of commercially available columns, including those employed in next-generation sor-
bents with fit-for-purpose qualities, and (ii) the ability to adjust between two or more
columns [154].

Using phosphate or borate buffers, capillaries of 50–100 lm id, voltages of 10–30 kV,
and injection volumes of 10–50 nL, capillary electrophoresis (CE), CZE, and MEKC are
other equally relevant methods [155]. UV, electrochemical, and MS detectors are usually
employed in these techniques. Most capillary electrophoretic phenolic compound investi-
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gations include natural product research, including plants, vegetables, herbs, and other
plant or fruit-derived items [156]. Tea catechins and theaflavins were analyzed by CE and
HPLC with UV detection [157].

Most isolated flavonoids are tested for purity using spectrophotometers. The solvents’
and solutions’ pH affect simple phenolic absorption maxima in the range of 220 and
320 nm [158]. Both UV and visible spectroscopy methods are used to identify isolated
phenolic chemicals, notably flavonoids [159,160]. However, developing a suitable UV
test is difficult and highly reliant on the material being analyzed. The Folin–Denis test
quantifies total phenolics in plant materials [161]. The process reduces phosphomolybdic–
phosphotungstic acid (Folin–Denis) reagent to a blue compound in an alkaline solution.
Phosphomolybdic-phosphotungstic-phenol absorbs at 760 nm. Similarly, Folin–Ciocalteu
assays measure plant food phenolic content [162,163]. Folin-Denis and Folin-Ciocalteu
reagents cannot detect all extract phenolic groups. The vanillin technique is for detecting the
purity levels of flavan-3-ols, dihydrochalcones, and proanthocyanidins with a single bond
at the 2,3-position and free metahydroxy groups on the B ring [164]. Vanillin test standards
include catechin, a monomeric flavan-3-ol. This test detects polymeric proanthocyanidins
better than monomeric flavan-3-ols. This test is better known for detecting and quantifying
proanthocyanidins in plant materials. The total caffeic acid, total flavonoids, and total
tannins may be measured spectrophotometrically by complexing phenolics with Al (III)
which complexes with the flavonoid’s carbonyl and hydroxyl groups [165,166].

2.19. Limitations

The development of flavonoids is greatly limited by their low extraction yield, com-
plex extraction procedures, high cost, difficulty of epidemiological investigations, and
unfavorable pharmacokinetic (PK) properties. To address these restrictions, adaptable
solutions are being implemented. Future research is required to assess if these solutions can
be deployed safely and economically. Despite preclinical data suggesting that flavonoids
have anticancer and cancer-preventive effects, the development of dietary flavonoids as
approved drugs for clinical usage has been obstructed by several challenges. The ex-
pense and time required for epidemiological research, the extraction and purification of
flavonoids from their natural sources, and PK challenges, among others, are predominant
difficulties questioning the use of flavonoids in disease treatment [167]. One of the greatest
obstacles in the extraction of flavonoids from their natural plant sources is that the yield is
very low (micrograms/milligrams concentration per kg of plant material used) implying
that the continual extraction of these substances might lead to the extinction of the plant
source [168].

In plants, flavonoids are often found complexed with other substances which act
together to produce therapeutic effects. Additionally, various secondary metabolites, miner-
als, and vitamins from the same source are found complexed with flavonoids [167]. Hence,
it is reported that the therapeutic activity may be due to the combined effect of a flavonoid’s
association with other compounds [169]. This flavonoid complexation makes it difficult to
separate and identify the precise molecule responsible for specific pharmacological actions.
Moreover, after the discovery of the active flavonoid, there is a multistep process required
to isolate and purify it from other compounds using various analytical techniques. Multiple
procedures, including solvent extraction, column chromatography, medium-pressure liquid
chromatography, vacuum column chromatography, and preparative high-performance liq-
uid chromatography (HPLC) may be employed to isolate particular compounds [170,171].
The implementation of such processes is very time-consuming and involves consider-
able expenditures [172]. Variation in flavonoid composition reduces the predictability of
flavonoid yields during extraction, resulting in inconsistent data after each extraction [173].
Another restriction of flavonoid extraction is that these compounds are often unstable,
exposing them to a high degree of degradation or change of their chemical structures
during purification, resulting in the loss of their activities.
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Typically, flavonoids have unsuitable PK profiles [136,174] (i.e., absorption, distribu-
tion, metabolism, excretion, and toxicity [ADMET]) that are characterized by low solubility,
poor oral absorption, and significant hepatic metabolism by phase I and phase II en-
zymes [175]. Flavonoids are often consumed along with other dietary components, leading
to their complexations or precipitations, thereby reducing their absorptions and bioavail-
abilities [176,177]. In addition, flavonoids may undergo considerable deglycosylation prior
to their absorptions by the epithelial cells of the small intestine [178,179]. The unabsorbed
flavonoids might enter the colon and be degraded by intestinal bacteria [180], reduced [181],
or hydrolyzed [182]. For example, only 20–30% of an oral dosage of quercetin is bioavail-
able [183]. Within six hours of incubation under normal physiological circumstances
(Hanks’ Balanced Salt solution, pH 7.4), quercetin degrades [184]. Similarly, the flavonoid
silybin has a limited anticancer impact due to its extensive metabolism and poor oral
absorption [185,186]. These PK limitations impede the clinical development of flavonoids,
since the needed in vivo levels cannot be attained even with large oral dosages [187,188].
Ingestion of greater quantities of flavonoids for a more potent antiproliferative action may
also result in proliferative and inflammatory responses [189,190].

Another important limitation of using flavonoids in cancer treatment is owing to
their various in vivo interactions. Flavonoids are known to alter the bioavailability and
effectiveness of several drugs. Certain flavonoids, for instance, might influence CYPs [191]
and conjugation enzymes [192], in addition to other enzymes like amylase [193] and glu-
cosidases [194], bovine hemoglobin [195], multidrug resistance transporters [196], colonic
microbiota [197], and plasma proteins [198,199].

2.20. Future Perspectives of Flavonoid Research

Natural health products based on flavonoids need green technology that can scale
up to produce large quantities of metabolites while still protecting the consumers and the
environment. Caution is needed when giving flavonoid supplements to cancer patients,
since flavonoids may counteract the effects of radiation and other chemotherapeutic agents.
Consequently, it may be more preferable to conduct research directed towards new delivery
systems, such as nano-emulsions and nanoparticles. These delivery systems should be
expected to have enhanced target specificity and safety. Improved bioavailability, targeted
administration, and increased therapeutic efficiency of specific flavonoids need the coop-
eration of researchers from a variety of fields to discover more effective and safe delivery
mechanisms for these compounds. Although most of the major flavonoids’ metabolisms
and pharmacokinetics have been reported, the significance of unabsorbed flavonoids in dis-
ease prevention and therapy, as well as the interaction of unabsorbed flavonoids with colon
microbiota and the consequent metabolites, must be elucidated. It is for this reason that
flavonoid nanotechnology, flavonoid-microbiome pharmacology, and flavonoid-inspired
therapies are still relatively new areas of study in the field of biomedical sciences.

3. Conclusions

Several studies have been conducted to analyze the effective treatment regimen that
can be implemented in treating TNBC like radiotherapy, chemotherapy, etc. All of these
treatments have their own side effects, and hence the research community is interested in
finding alternatives that have minimalistic toxicity. Flavonoids are metabolic compounds
largely present in all plants, vegetables, and fruits. They have various health benefits
such as anticancer, antiviral, anti-inflammatory, and antiallergic properties. They display
considerable effects on the inhibition of cell proliferation, viability, and angiogenesis. To
conclude, TNBC treatment can be effectively done by incorporating the above-mentioned
natural products, as they majorly induce apoptosis by modulating Bcl-2, Bax, caspase-3,
notch, cyclin, NF-kB, and STAT 3-like pathways. Notable differences can be seen in various
cancer cell lines such as the MDA-MB-231, MDA-MB-468, HCC1806, BT-549, HCC70, etc.
Hence, these natural products need extensive evaluation in the future in both in vivo and
in vitro models for better understanding and development of drugs with minimal toxicity
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and great efficacy towards cancer treatments. This review was made as an attempt to
concisely highlight the ability of flavonoids in treating TNBC, along with their molecular
mechanism of action, a brief introduction to their methods of extraction, isolation, and
purification in general, and highlighting their possible synergistic effects with existing
chemotherapeutics.
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