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Apigenin is a natural flavonoid found in several dietary plant foods such as vegetables and fruits. A large
number of studies conducted over the past years have shown that this particular natural compound has potential antioxidant, anti-inflammatory, and anticancer properties. Therefore, apigenin has generated a great deal
of interest as a possible chemotherapeutic modality due to its low intrinsic toxicity and remarkable effects on
normal versus cancerous cells, compared with other structurally related flavonoids. Here, we review its role
in anticancer research, as well as several cancer signalling pathways, including MAPK, PI3K/Akt and NF-κB
pathways, and their specific role in different cancer types. Based on the available literature, the beneficial effects of apigenin as a future anticancer modality are promising but they require further in vitro and in vivo
studies to enable its translation from bench to bedside.
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1. Introduction
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Cancer is nowadays one of the most serious life-threating diseases,
affecting people of all ages and is considered one of the leading causes
of mortality and morbidity worldwide. Statistics show it is the second
most common cause of death after cardiovascular diseases in developed countries [1]. Cancer cells are characterized by mutations and
genetic instabilities which consequently lead to impaired regulation
of cell cycle, uncontrolled proliferation and overcoming of apoptosis
and similar checkpoint mechanisms [2]. Anticancer treatments usually
use compounds that target fast-dividing cells. This approach, regrettably, has a negative side effect because normal, fast-dividing cells
such as hair follicles and epithelial cells in the digestive system are
also affected. Furthermore, one of the aggravating circumstances is
that many cancer cells gradually develop resistance to conventional
forms of therapy [3]. Therefore, many studies in the last few years
have focused on the development of an effective anticancer therapy
which would have little or no effect on normal cells.
In this regard, natural compounds from plants are proving to be
suitable candidates for such a therapy [4]. Interfering with the process
of carcinogenesis through diet or by the added digestion of natural
compounds has been termed “chemoprevention” [5]. An increasing
importance is being given today to alternative medicine and dietary
approach in prevention and treatment of cancer. A large number of
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epidemiological, in vitro, in vivo and clinical studies demonstrated
growing evidence linking increased consumption of a plant-based diet
with a reduced risk of chronic diseases such as cancer, as well as
neurodegenerative, metabolic and heart diseases [6–11]. It should be
noted that many epidemiological studies reported inconsistent results.
This can be partly explained by the fact that those studies are based
on food questionnaires, which are not always an exact source of information. Furthermore, within an abundant number of plant species,
only 10% of them have been analysed as pharmacology agents. Therefore, both in vitro and in vivo research present a better way to elucidate
the beneficial effect of plant phytochemicals. Accordingly, many researchers have dedicated their studies to analyse a possible anticancer
effect of natural compounds from vegetables and fruits.
There are many categories of plant bioactive compounds, such as
alkaloids, glycosides, polyphenols, tannins, gums, resins and oils, and
many of these phytochemicals have been shown to possess low intrinsic toxicity and exert prominent effects on cancerous versus normal
cells. An encouraging fact is that, in the last few decades, nearly 70%
of all anticancer drugs originated from natural sources or are derivatives of natural products [12].
The most extensively studied group of plant secondary metabolites are polyphenols, characterized by their structure of multiple phenol (benzene) rings [13]. Polyphenols, ranging in their structure from
small molecules to highly complex compounds, are widely distributed in various vegetables, fruits, legumes, coffee, wine, beer, spices
and nuts [4,10]. Polyphenols are further divided into flavonoids, phenolic acids, stilbenes, lignans and other polyphenols. Their structural
variance is the reason why polyphenols possess many different bio
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tioxidant effects and its role in free radical scavenging. Besides, apigenin exhibits anti-mutagenic, anti-inflammatory and antiviral effects
[21]. The actions of apigenin in inhibiting the cell cycle, diminishing
oxidative stress, improving the efficacy of detoxification enzymes, inducing apoptosis, and stimulating the immune system are also known
[21–23]. One human study demonstrated that apigenin was absorbed
systemically by a subject fed a diet rich in parsley. Results showed
that this subject had elevated levels of the antioxidant enzymes glutathione reductase and SOD [24], while the activities of catalase and
glutathione peroxidase were found to be unchanged. Other biological
effects induced by flavonoids include the reduction of plasma levels
of low-density lipoproteins, inhibition of platelet aggregation, and reduction of cell proliferation [21–23,25]. This is also apparent from another cross-sectional study conducted in Japan in which the total intake of flavonoids among women was found to be inversely correlated
with plasma total cholesterol and low-density lipoprotein concentration, after adjustment for age, body mass index, and total energy intake [26]. Moreover, the effects of flavonoids on the hematologic systems were also performed in a 7-day study of 18 healthy men and
women examining the effects of a daily dietary supplement, providing
apigenin from parsley, on platelet aggregation and other haemostatic
variables. The authors of that study observed no significant changes
in collagen- or ADP-induced platelet number, factor VII, plasminogen, and PAI-1 activity or fibrinogen concentrations [27]. These specific properties categorise apigenin as part of a class of beneficial
compounds which possess health-promoting and disease-preventing
dietary effects.
In the following chapters, including Tables and Figures, we present a summary of apigenin anticancer activities including dose ranges
used in both in vitro and in vivo studies that exerted beneficial effects
against cancer growth and development.
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logical functions; most importantly anticancer activity. This activity is
dependent on their structure, concentration and the type of cancer.
Flavonoids, a group representing 60% of all natural polyphenols,
are present in all parts of plants, especially in flowers and leaves.
Based on their structure, flavonoids can be classified into distinct
sub-groups including anthoxanthins (flavones and flavonols), flavanones, flavanols, isoflavonoids and anthocyanidins. They exert their
anticancer activity through the induction of apoptosis in cancer cells.
Studies have shown that high dietary intake of flavonoids is associated
with reduced occurrence of many types of cancer [12,13], but there
is still insufficient data on the precise mechanisms of flavonoid anticancer effects. Apart from the anticancer activity, flavonoid-mediated
health benefits include anti-oxidant activity through the removal of
free radicals, which are capable of damaging lipids, proteins and DNA
[14], anti-inflammatory, neuroprotective and antiproliferative activity,
as well as an ability to modulate signalling pathways involved in central cell processes.
One of the most abundant and most studied flavonoid is 4′,5,7-trihydroxyflavone, commonly referred to as apigenin, with molecular
structure C15H10O5 and molecular mass 270.24 g mol−1 (Fig. 1). Apigenin is found in significant quantities in a variety of vegetables and
fruits such as parsley, celery, chamomile, oranges, thyme, onions,
honey and spices, as well as beverages derived from plants; tea, beer
and wine [4,15]. The name “apigenin” comes from Apium genus in
Apiaceae family, a group of mostly aromatic flowering plants including celery, carrot and parsley [13]. It is a secondary plant metabolite,
usually found in nature in glycosylated form, more soluble than its
pure form which is unstable and quite insoluble in water and organic
solvents [9,15]. The first reference of apigenin in science literature
comes from the 1950s at what time Spicak and Subrt [16] analysed
its effect on histamine release. It was not until the 1980s that apigenin was associated with the process of carcinogenesis when Birt et
al. [17] reported its effective anti-mutagenic and anti-promotion properties. Since then, apigenin has been investigated in many studies as
a potential cancer chemopreventive agent against a wide selection of
different cancer types.
Interest in apigenin, as a beneficial and health promoting agent, has
grown in recent years because of its low intrinsic toxicity and remarkable effects on normal vs cancerous cells [18,19]. There is also very
little evidence that suggests that apigenin promotes adverse metabolic
reactions in vivo when consumed as part of a normal diet. Moreover,
apigenin has been increasingly recognized as a cancer chemopreventive agent in a series of studies done both in vitro and in vivo. This
interest could be largely attributed to its potent antioxidant and anti-inflammatory activities [19]. Indirect support to this hypothesis is provided by a study where consumption of flavonoid free diets by healthy
human volunteers has reportedly led to a decrease in the oxidative
stress markers such as antioxidant vitamins and superoxide dismutase
(SOD) activities, which are commonly associated with enhanced disease risk and progression [20].
A variety of biological effects of apigenin in a number of mammalian systems in vitro as well as in vivo are mainly related to its an
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Fig. 1. . Chemical structure of dietary flavonoid apigenin.

2. Apigenin effects in cancers
2.1. Head and neck cancer
Several studies have evaluated the effect of apigenin on head and
neck cancers. Apigenin was shown to inhibit proliferation in human
head and neck squamous carcinoma cells which was followed with
G2/M cell cycle arrest and increase in intracellular reactive oxygen
species (ROS) levels. Growth inhibition was accompanied by apoptosis through the up-regulation of both tumour necrosis factor receptor (TNF-R) and TNF-related apoptosis-inducing ligand receptor (TRAIL-R) signalling pathways [28]. A study by Chakrabarti et
al. [29] investigated the synergistic effect of human telomerase reverse transcriptase (hTERT) knockdown and apigenin treatment in human malignant neuroblastoma cells. This combination therapy led to
cell proliferation with the inhibition of invasion and induced apoptosis characterized by down-regulation of MMP-2 and -9, N-Myc,
PCNA, CDK-2, CDK-4 and cyclin D1. In the next study, same authors showed that combination of N-Myc knockdown and apigenin
exposure induced differentiation and apoptosis in SK-N-DZ and
SK-N-BE2 neuroblastoma cell lines which are known for N-Myc amplification. These effects were followed by a decrease in cell survival,
invasive potential and angiogenesis [30]. Additional study by the same
group reported that the overexpression of tumour suppressor miR-138
enhanced the pro-apoptotic effects of apigenin in human neuroblastoma cells, through both intrinsic and extrinsic pathways of apoptosis [31]. Furthermore, apigenin-mediated induction of apoptosis was
potentiated by the overexpression of Krüppel-like factor 4 (KLF4), a
zinc-finger transcription factor, in neuroblastoma cells [32].
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Apigenin has been shown to block the progression and development of progestin-dependent BT-474 breast cancer cell (BCC)
xenograft tumours in nude mice through apoptosis induction and declined HER2/neu expression [46]. This was accompanied by the apigenin-mediated down-regulation of VEGF expression. A later study
evaluated the effect of apigenin exposure in HER2-transfected MCF-7
(ER-positive) BCC. Results have shown that apigenin inhibits cell
growth by promoting extrinsic apoptotic pathway, induces p53 and
p21 expression and suppresses STAT3 and NFκB signalling [47].
The same group demonstrated that apigenin exposure led to p53-dependent apoptosis in MDA MB-453 [48], SKBR3 [49] and BT-474
[50] BCC lines. The observed cell growth inhibition was associated
with caspase-dependent extrinsic pathway of apoptosis and suppression of STAT3/VEGF signalling pathway in these HER2-overexpressing BCC.
A study by Cao et al. [51] evaluated the crosstalk of autophagy
and apoptosis in apigenin-treated BCC. Autophagy was induced simultaneously with apoptosis in T47D and MDA MB-231 BCC after apigenin treatment, which was confirmed by increased levels of
LC3-II. Furthermore, subsequent inhibition of autophagy potentiated
the apigenin-induced apoptosis. Unlike most other studies, Harrison
et al. [52] concentrated their research on a low-dose apigenin effect
in BCC. Their results showed that sub-cytotoxic concentration of apigenin blocked DNA synthesis, elevated ROS levels and repressed proliferation in a panel of BCC lines, which authors attributed to Akt
inhibition. Furthermore, apigenin has exhibited cytotoxic effects in
MCF-7 BCC, which was accompanied by morphology changes, reduced motility and decreased intracellular communication in treated
cells due to a disturbed structure and decreased amount of intracellular
α-tubulin [53].
A study conducted in order to elucidate the effect of apigenin on
ER + MCF-7 and ER− SKBR3 BCC revealed that there were no significant differences between the response of these two BCC lines to
apigenin treatment and concluded that the apigenin's antiproliferative
effect did not depend on the steroid hormone receptor status in BCC
[54].
It was shown recently that apigenin treatment blocked the expression of cytokine-activated programmed death-ligand 1 (PD-L1),
which enabled a T cell-mediated anticancer activity in BCC [55]. The
detected immune-modulating effect of apigenin was followed by G2/
M cell cycle arrest and apoptosis. Interestingly, studies have shown
that apigenin is capable of antiproliferative activity in BCC through
epigenetic regulation. The findings by Tseng et al. [56] demonstrated
that apigenin increased p21 expression via H3 acetylation induction
and histone deacetylase (HDAC) inhibition, which led to cell cycle arrest in G2/M phase in MDA MB-231 BCC.
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Similarly, induction of apoptosis was also observed in apigenin-treated FRO anaplastic thyroid carcinoma (ATC) cells. Treatment with apigenin prompted apoptosis through the increase in c-Myc
expression followed by the phosphorylation of p53 and p38 [33]. Further research revealed that the treatment with PLX4032, an inhibitor
of mutated B-Raf kinase, increased the apigenin cytotoxic effect in
ATC cells which was further potentiated with subsequent Akt inhibition [34]. Recently, same authors evaluated the effect of apigenin in
combination with TRAIL on survival of ATC cells [35]. Combination
therapy reduced cell viability via modulation of the Bcl2/Bax ratio and
the suppression of Akt augmented the observed synergistic anticancer
effect of apigenin in ATC cells. Apoptosis in human papillary thyroid carcinoma (PTC) cells exposed to apigenin was associated with
ROS production, induction of DNA damage and G2/M cell cycle arrest, which led to autophagy as witnessed by LC3-II accumulation in
treated cells [36].
Similar anticancer effects were observed in oral squamous cell carcinoma cells. Treatment with apigenin inhibited cell growth and induced apoptosis accompanied by cell cycle arrest at both G0/G1 and
G2/M checkpoints. Therefore, authors suggested apigenin could be
used as an effective cell cycle regulating agent in cells with deregulated, but still active cell cycle [37]. In other study, administration of
apigenin and another flavonoid, hydroxygenkwanin (HGK), has been
shown to exert antiproliferative effects in C6 rat glioma cells. Apigenin strongly sensitized glioma cells to apoptotic activity of HGK
through processes associated with Akt activation and suppression of
SOD activity [38]. A study using the same model cells confirmed
the apigenin's anticancer potential, which was mediated via growthand migration inhibition through both apoptosis and autophagy. Induction of differentiation and a decrease in the expression of immune
response factors was observed in rat glioma cells after apigenin treatment [39]. Another study, which aimed to investigate the effect of apigenin on glioma cells, demonstrated that apigenin inhibited cell viability through apoptosis induction in U87 human glioma cells [40].
Apoptosis was followed by an increased miR-16 expression and suppression of Bcl2 and NF-κB pathway.
Various studies have established that glucose transporter-1
(GLUT-1) is associated with chemoresistance in cancers and is considered to be an important marker of hypoxia in malignant tumours.
Study by Xu et al. [41] reported that apigenin treatment inhibits
GLUT-1 expression and by doing so sensitizes laryngeal carcinoma
Hep-2 cells to cisplatin chemotherapy. An in vivo study by the same
group showed that apigenin enhanced radiosensitivity of laryngeal
carcinoma and suppressed xenograft tumour growth through GLUT-1
and PI3K/Akt inhibition [42]. Another recent study demonstrated apigenin's cytotoxic effects in human oesophageal cancer cells. These effects were related to enhanced membrane permeability and induced
leakage of lactate dehydrogenase (LDH), which caused membrane
toxicity and led to apoptosis in apigenin-treated cells [43].
Moreover, Kim et al. [44] investigated possible therapeutic effects
of apigenin in treating CSC-like phenotypes in human glioblastoma
cells and found that apigenin markedly decreased cell viability, neurosphere formation and invasiveness in glioblastoma stem-like cells.
Furthermore, apigenin inhibited the c-Met receptor tyrosine kinase
signalling pathway and suppressed the expression of stem-like markers CD133, Nanog, and Sox2. Similarly, it was also shown recently
that apigenin exposure significantly suppressed hypoxia-induced expression of CSC markers CD105, CD44, Nanog and VEGF in head
and neck squamous cell carcinoma cells. This effect was accompanied
by the apigenin-induced decrease of CSC marker-expressing cells in
overall population [45].

3

2.3. Prostate cancer
Prostate cancer is one of the most prevalent cancers diagnosed in
men and the second leading cause of male cancer-related death after lung cancer. The abnormal changes in the insulin-like growth factor (IGF) axis are one of the markers of prostate cancer development,
progression and metastasis. In a review by Babcook and Gupta [57],
the authors reported that apigenin was capable of modulating the IGF
axis and its signalling in prostate cancer cells (PCC). Oral consumption of apigenin decreased prostate cancer levels of IGF-1 and inhibited downstream signalling followed by cell cycle arrest, growth inhibition and apoptosis in PCC. Furthermore, the same group indicated
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sustained cell cycle arrest and a decrease in migration caused by partial down-regulation of PI3K/Akt and NF-κB signalling. The same research group analysed the effect of combined therapy by cisplatin and
apigenin on prostate CSC growth and migration and found that apigenin significantly increased cisplatin cytotoxic and anti-migration activity in prostate CSC [70].
2.4. Colorectal cancer

Colorectal cancer (CRC) is a type of cancer which affects men and
women equally. Even though most colorectal tumours can be surgically treated, recurring metastases are the reason for high CRC-associated mortality. This clearly emphasizes the need for effective treatment of this disease. A study by Chunhua et al. [71] showed that
apigenin was capable of suppressing proliferation and migration in
several colorectal adenocarcinoma cell lines through the up-regulation of an actin-binding protein and potential CRC suppressor, transgelin, with a subsequent down-regulation of MMP-9. Additionally,
apigenin was observed to exert similar antiproliferative and anticancer
effects in CRC cell lines via inhibition of the Wnt/β-catenin signalling
pathway. Apigenin supressed β-catenin/TCF/LEF signalling activation and prevented the expression of Wnt target genes by blocking the
transport of β-catenin into the nucleus [72]. Furthermore, it was shown
that apigenin improved the apoptotic activity of ABT-263, a BH3
mimetic inhibitor in colon cancer cells. Apigenin down-regulated the
expression of prosurvival protein Mcl-1 and inhibited Akt and ERK
signalling pathways, which synergistically enhanced ABT-263-induced anticancer effects, both in cell and in vivo models [73]. A recent
study by Wang and Zhao [74] found that apigenin induced apoptosis
in colon carcinoma cells equally through intrinsic mitochondrial and
extrinsic pathways, which was caused by the apigenin-mediated production of ROS and induction of endoplasmic reticulum (ER) stress.
There are data in the literature describing apigenin being able to
induce both apoptosis and autophagy in colon cancer cells. Treatment
with apigenin inhibited growth of HCT116 cells through G2/M cell
cycle arrest and induced cell death, both by apoptosis and autophagy,
which authors attributed to apigenin's effect on PI3K/Akt/mTOR pathway [75]. Interestingly, Banerjee and Mandal [76] recently reported
that while high concentrations of apigenin in shorter treatment caused
apoptosis, lower concentrations over longer period of treatment led to
oxidative stress and premature senescence in CRC cell lines HT-29
and HCT-15.
Recently, it was confirmed that apigenin acted as an inhibitor of
NEDD9, a scaffolding protein strongly associated with cancer metastasis and development. Apigenin treatment decreased NEDD9 expression resulting in the suppression of CRC cell migration, invasion and
metastasis [77]. Similar antiproliferative effects were observed in gastric cancer cells where apigenin induced apoptosis through the increase of Bax/Bcl-2 expression ratio, this was followed by a decrease
in the mitochondrial membrane potential and activation of caspase-3
cascade. At the same time, apigenin showed no substantial effects on
proliferation and apoptosis of normal gastric cells [78].
Using an azoxymethane (AOM)-induced intestinal adenocarcinoma in Wistar rat model, Tatsuta et al. [79] found that apigenin
decreased the incidence of lymphatic vessel invasion of adenocarcinomas and together with in vitro results showed that apigenin supressed cancer metastasis by inhibiting phosphorylation of MAPK.
The formation of colon aberrant crypt foci (ACF) and high activity
of ornithine decarboxylase (ODC) are considered to be the prognostic
markers of colon cancer. A study by Au et al. [80] reported that dietary apigenin reduced the formation of ACF and decreased ODC ac
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that apigenin administration to TRAMP (transgenic adenocarcinoma
of the mouse prostate) mice (strain which spontaneously develops
prostatic adenocarcinoma) supressed prostate carcinogenesis by
down-regulating IGF-I/IGFBP-3 signalling. This was accompanied
with reduced angiogenesis and metastasis due to the inhibition of
VEGF, uPA, MMP-2, and MMP-9 expression. This study was designed to be comparable with consumption in humans so each mouse
was treated with 20 and 50 μg/day apigenin over a period of 20 weeks
[58].
Another study described the apigenin-mediated growth inhibitory
activity in PCC, caused by the inhibition of class I histone deacetylases (HDACs) [59]. Apigenin treatment induced cell cycle arrest followed by apoptosis in PC-3 and 22Rv1 prostate cancer cell lines,
which was further confirmed when the authors used an in vivo model
of athymic nude mice with prostate cancer xenografts. Furthermore,
apigenin was shown to bind and inhibit adenine nucleotide translocase-2, an important transporter in the inner mitochondrial membrane,
which up-regulated the death receptor 5 (DR5) and consequently induced tumour necrosis factor-related apoptosis in LNCaP and DU145
human prostate cancer cell lines [60].
A study by Shukla et al. [61] showed that apigenin supressed the
activity of the inhibitor of apoptosis (IAP) proteins, which was accompanied by a decrease in Bcl-xL and Bcl- 2 and an increase in
the active form of Bax protein. This triggered apoptosis in PC-3 and
DU145 PCC. The same research group also reported that apigenin
suppressed prostate cancer progression by targeting the PI3K/Akt/
FoxO-signalling pathway [62]. Apigenin treatment activated the FoxO3a transcription factor and induced the expression of its downstream
targets; BIM and p27, which led to cell cycle arrest and reduced viability in prostate tumours. Further studies by the same authors demonstrated apigenin's ability to bind and suppress IKKα thereby inhibiting NF-ĸB activation. This was followed by a decreased cell proliferation and invasiveness of PCC [63]. Apigenin treatment also down-regulated the expression of NF-κB-regulated genes involved in proliferation (cyclin D1 and COX-2), anti-apoptosis (Bcl-2 and Bcl-xL) and
angiogenesis (VEGF) [64].
Development of metastases is the main reason behind prostate cancer-associated mortality because primary site disease is organ-confined and rather treatable nowadays. An important factor in prostate
tissue angiogenesis is the vascular endothelial growth factor (VEGF).
Apigenin was shown to inhibit the TGF-β-induced VEGF production
in human PCC and consequently was able to supress prostate carcinogenesis by modulating the Smad2/3 and Src/Fak/Akt pathways [65].
Similarly, a study by Zhu et al. [66] also recognized the importance
of decreasing the rate of metastasis in prostate cancer treatment. They
demonstrated the apigenin-mediated inhibition of migration and invasion of DU145 PCC through the reversal of epithelial to mesenchymal
transition (EMT) followed by G2/M cell cycle arrest and apoptosis.
Another study revealed that apigenin selectively inhibited proteasomal degradation of estrogen receptor-β (ER-β), an important tumour suppressor in prostate cancer, through precise inhibition of chymotrypsin-like activity of proteasome. This resulted in PCC apoptosis
[67]. One of the mechanisms behind apigenin's chemopreventive activity in prostate cancers could be the inhibition of androgen hormone
production as was suggested by Wang et al. [68]. Apigenin was able
to inhibit steroidogenic enzymes by competing with the binding sites
and acting as steroid substrate.
Cancer stem cells (CSCs) are involved in metastasis, relapse of
cancers and drug resistance in various cancer types. Treatment with
apigenin was shown to inhibit the survival of prostate CSC through
an extrinsic apoptotic pathway [69]. Apigenin-treated prostate CSC
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sion of the IKK-β-mediated NF-κB activation. Apigenin blocked the
IKK-β activity, NF-κB DNA binding, induced apoptosis and reduced
the growth of pancreatic cancer xenografts in nude mice.
A recent study reported of an interesting activity of apigenin in
pancreatic cancer. Ikaros, a transcription factor important in lymphocyte development and anticancer immune response, is negatively regulated by casein kinase 2 (CK2). The findings of Nelson et al. [89]
showed that apigenin treatment caused specific CK2 inhibition, which
in turn stabilized Ikaros expression in pancreatic cancer. This was further confirmed using an in vivo Panc02 mice model where apigenin
exposure facilitated survival, reduced tumour size and, overall, improved the anticancer immune response in pancreatic cancer.

D

Previous studies have evaluated the effect of apigenin in melanoma
cancer cells. Apigenin treatment elevated ROS production, depleted
glutathione (GSH) and SOD levels, which triggered apoptosis through
its intrinsic pathway in human A375 melanoma cells. Cells also underwent apigenin-mediated alterations in mitochondrial functions characterized mainly by oxidative phosphorylation impairment [90]. Recently, it was shown that A2058 and A375 melanoma cells exposed
to apigenin exhibited reduced cell migration and diminished FAK and
ERK 1/2 activity, which sensitized cells to anoikis; detachment-induced apoptosis [91]. A study by Chao et al. [92] demonstrated that
non-toxic doses of apigenin supressed VEGF expression in uveal
melanoma SP6.5 and C918 cell lines in a dose- and time-dependent
manner by inhibiting PI3K/Akt and ERK1/2 signalling.
Further studies have also evaluated the role of STAT3 signalling
on the apigenin anticancer activity in melanoma cells. Exposure of
murine melanoma B16F10 to apigenin resulted in metastasis, migration and invasion inhibition via down-regulated STAT3 signalling.
This was accompanied by apigenin-influenced suppression of STAT3
downstream targets: MMP-2, -9, VEGF and Twist1 [93]. Interestingly, a recent study using same model cells showed that natural derivative of apigenin; apigenin-7-glucoside exerts antiproliferative and
differential activity in B16F10 melanoma cells. Treatment induced
apoptosis and significantly promoted melanin synthesis, as well as the
activity of tyrosinase, melanogenesis-related enzyme [94].
Study designed to assess the effect of apigenin on A375 and C8161
melanoma cell lines (different in their BRAF mutation status), revealed that apigenin inhibited cell growth through G2/M cell cycle arrest and induced apoptosis which was attributed to apigenin-mediated
inhibition of Akt/mTOR pathway [95]. Moreover, it was observed that
apigenin exposure triggered changes in the dendrite morphology in
both cell lines which authors associated with glutamate signalling inhibition.
An in vivo study by Kiraly et al. [96] suggested that apigenin may
inhibit skin cancer development by down-regulating COX-2. Apigenin exposure of non-tumour epidermis in tumour bearing SKH-1
mice decreased the expression of COX-2, prostaglandin PGE2, receptors EP1 and EP2, and increased terminal differentiation. Even though
apigenin failed to inhibit the COX-2 pathway or promote differentiation in tumours, the apigenin-treated mice exhibited diminished
COX-2 in their epidermis and developed fewer tumours.
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tivity in AOM-induced CF-1 mice model. Furthermore, ODC activity was significantly inhibited by 10 and 30 μM apigenin in Caco-2
CRC cells. The authors also evaluated colon tumorigenesis using Min
mice, a strain with mutant APC gene, predisposed to intestinal adenoma formation. Contrary to the two AOM-injected mice studies,
dietary apigenin did not supress adenoma formation in Min mice.
Similarly, it has been shown that dietary apigenin reduced the incidence of high multiplicity aberrant crypt foci (HMACF) in the colon
of Sprague-Dawley rats. Because HMACF are one of the earliest
pre-cancer changes seen in the colon, these results suggest that apigenin may have a protective role against colon carcinogenesis. Furthermore, expression of proinflammatory enzymes COX-2 and iNOS
was analyzed but the authors found that apigenin treatment had no effect on their expression in the aforementioned in vivo cancer model
[81].
An in vitro study by Zhong et al. [82] revealed that apigenin induced apoptosis and significantly reduced proliferation of human CRC
cells HCT-116 through PKCδ and ATM kinase pathways, affecting
the expression of NAG-1, p53, and p21. Apigenin modulated the expression of p53 and p21 at the translational level whereas NAG-1 was
affected at the transcriptional level. As opposed to previous studies in
Min mice [80], the results of this study showed that apigenin inhibited
intestinal tumorigenesis with evident reduction in polyp number and
load. The differences between these two in vivo studies could be due
to dissimilar treatment parameters such as way of feeding, timing of
treatment, and dosage of apigenin. A recent study by Banerjee et al.
[83] described apigenin as a potential chemotherapeutic agent against
CRC, both in vitro and in vivo, and aimed to develop a lipid nanocarrier for more effective delivery of apigenin. Using athymic nude mice,
the authors demonstrated that administration of apigenin: 1) decreased
tumour volume in both apigenin and liposomal-apigenin treated animals, being more significant with the carrier; 2) attenuated tumour
vasculature; and 3) inhibited cellular proliferation as witnessed by reduction of Ki-67. These in vivo results are of great importance because
they indicate future clinical potential of apigenin-based vesicles.
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2.5. Pancreatic cancer
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A study conducted in order to evaluate the effect of apigenin in
pancreatic cancer cells (PaCC) discovered that apigenin was able to
restore the activity of mutated p53 in MiaPaCa-2 and BxPC-3 PaCC
lines and by doing so, decrease proliferation and induce apoptosis in
those cells [84]. Apigenin treatment also promoted the binding of p53
to DNA and up-regulated the expression of p21 and pro-apoptotic
PUMA. Using the same model cells, the authors showed that apigenin
supressed mutagen-induced β-adrenergic receptor (β-AR) signalling
and subsequent activation of its downstream targets; focal adhesion
kinase (FAK) and ERK kinase. As a result, apigenin exposure reduced the mutagen-enhanced proliferation and migration of β-AR-expressing PaCC [85]. Furthermore, apigenin has been shown to effectively potentiate the anticancer effect of chemotherapeutic drugs in
BxPC-3 PaCC. Such combination therapy was able to inhibit cell proliferation where timing and concentration were shown to play a crucial role; pretreatment with apigenin was more effective than the simultaneous application of apigenin and chemotherapeutic drug [86].
A later study by the same group demonstrated that apigenin treatment
in BxPC-3 and PANC-1 PaCC lines inhibited the GSK-3β/NF-κB
signalling pathway, which led to G2/M cell cycle arrest and activated the intrinsic pathway of apoptosis [87]. Analysis of gene expression showed that growth inhibition could be related to the apigenin-enhanced expression of inflammatory genes. Similarly, Wu et
al. [88] observed that apigenin exposure in PaCC led to suppres

2.7. Liver cancer
As other studies have demonstrated, apigenin treatment in combination with cytokine TRAIL is able to induce apoptosis with better efficacy that either compound alone [35]. A similar effect was ob
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orescence molecular imaging observed a significant inhibition of liver
tumour formation in apigenin-treated Balb/c nude mice (injected with
HepG2 HCC) in comparison with the control group.
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2.8. Cervical and ovary cancer

Oral administration of apigenin has been shown to inhibit the
metastasis of ovarian cancer cell xenograft tumours in mice while in
vitro treatment supressed invasion and migration of ovarian cancer
cells. These effects were attributed to down-regulation of MMP-9 by
apigenin in exposed cells and tissues [104].
A study was designed to examine whether apigenin could be used
in the treatment of cervical cancer by targeting cervical CSC. Its results revealed that apigenin treatment inhibited the proliferation of
HeLa-derived sphere-forming cells (SFCs) and caused a loss of their
self-renewal capacity. The authors ascribed these antiproliferative effects of apigenin to the suppression of CK2, kinase associated with
maintenance of CSC properties [105]. In a similar study, Tang et al.
[106] confirmed that apigenin was able to target cervical CSC using
SFCs derived from a SKOV3 cervical cancer cell line. Apigenin exposure interfered with the self-renewal ability of SFCs through the decrease of CK2 expression and inactivation of Gli1, an oncogene involved in the Hedgehog signalling pathway. Fig. 2.
The potential antiproliferative effects of apigenin have been recently evaluated in chemoresistant ovarian cancer cells. Apigenin decreased the viability of both parental and chemoresistant SKOV3 cells
through the downregulation of TAM receptor tyrosine kinases expression. It also downregulated their downstream targets; Akt and
Bcl-xL [107]. Furthermore, apigenin cytotoxic activity was recently
tested in a panel of cervical cancer cell lines. The findings indicated that apigenin possessed a selective cytotoxic effect, which was
achieved through the elevation of ROS and LPO, and mitochondrial
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served in Huh-7 hepatocellular carcinoma cells (HCC), which were
simultaneously exposed to apigenin and TRAIL. Huh-7 cells, otherwise resistant to TRAIL therapy, were sensitized by apigenin/TRAIL
treatment, which prompted the upregulation of Bax/Bcl-2 ratio and activated caspase-dependent apoptosis [97]. A later study by the same
group reported of the similar apigenin-mediated priming of HepG2
HCC to TRAIL-induced apoptosis. The authors showed that combination therapy induced apoptosis by stimulating DR5 expression
through the ERK signalling pathway [98]. Similarly, a study by Hu
et al. [99] revealed that apigenin potentiated the cytotoxic activity of
5-flurouracil (5-FU) in SK-Hep-1 and BEL-7402 HCC. Co-treatment
activated the mitochondrial apoptotic pathway via ROS accumulation and mitochondrial membrane depolarization. The synergistic anticancer effect of apigenin/5-FU was also observed in HCC xenografts.
Apigenin has been associated with epithelial-to-mesenchymal transition in HCC. Recent findings demonstrated that exposure of
Bel-7402 and PLC HCC to apigenin resulted in change of EMT
marker expression accompanied by the inhibition of NF-κB/Snail signalling. Apigenin also inhibited proliferation, invasion and migration
of HCC cells and reduced HCC xenografts growth, which suggests
that apigenin inhibits EMT through NF-κB/Snail suppression in HCC
[100]. The use of apigenin as an efficient therapeutic drug in HCC
treatment was also confirmed in a recent study where selective toxicity of apigenin on cancerous versus non-cancerous hepatocytes was
evaluated. The results showed that apigenin enhanced ROS generation
and facilitated cytochrome c release, which led to apoptosis only in
cancerous hepatocytes [101].
There are still few in vivo studies of apigenin as a potential HCC
chemopreventive agent. Wistar albino rats treated with apigenin displayed a decreased level of lipid peroxidation (LPO) and increased
antioxidant status in induced hepatocellular carcinoma [102]. Moreover, a recent study by Li et al. [103] using bioluminescence and flu
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Fig. 2. Schematic summary of apigenin targets.
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4. Conclusions, knowledge gaps and future perspectives

In this review, we presented a summary of a number of articles
and studies which evaluated natural flavonoid apigenin as a compound
with great potential in chemotherapy of various types of cancer. Most
chemotherapeutics target and selectively kill cells that are dividing
rapidly. Unfortunately, normal fast-dividing cells such as hair follicles
and digestive epithelial cells are also affected during this approach.
For this reason, the focus of the research in the last few years has
been directed to the discovery and development of new generation of
chemotherapeutics that would target and exclusively kill only cancer
cells without any adverse effects in normal cells. Dietary flavonoids
such as apigenin represent an interesting link between diet and treatment of chronic diseases including cancer.
Previous studies have discovered a presence of cells with stem-like
properties in hematopoietic and some solid tumours. It has been established that those cancer stem cells (CSC) possess a self-renewing
capacity and can regenerate tumour, but to a lesser extent, because
they represent only a small fraction in tumour tissue. They share some
of the properties with normal stem cells such as resistance to apoptosis and drugs, which makes them an interesting target for anticancer
strategies. Evaluation of the currently available articles indicates that
apigenin can be used as an agent that targets CSC in various types of
cancer and in this way exerts its anticancer activity. Furthermore, apigenin is able to synergistically augment the effect of chemotherapeutics by overcoming the acquired resistance in cancer cells. It should be
noted that further in vivo studies are needed to confirm the apigenin
anticancer stem cell effect. Additionally, one of the present knowledge
gaps is apigenin's activity in normal stem cells, which should also be
evaluated in the future.
One of the promising future anticancer approaches is the induction of cellular senescence, reported here to be easily achieved by extended low-dose treatments of apigenin. This kind of chemotherapy
would selectively kill only those cells which are unable to respond
properly to induced stress, such as cancer cells, due to their genomic
instability. Another important issue which should be further explored
in the future studies is the ability of apigenin to act as a small-molecule inhibitor. The studies reviewed so far show that apigenin downregulates several important proteins involved in the onset and progression of cancer, such as casein kinase 2 and histone deacetylases,
which can be exploited in the development of new anticancer therapies. In this context, it is important to note the synergistic activity apigenin displays when combined with the inhibitors of signalling pathways involved in carcinogenesis. Additionally, as mentioned in the
previous chapters, apigenin shows an interesting interaction with epithelial to mesenchymal transition, a process crucial in the invasion
and metastasis of cancer cells. Therefore, future efforts should focus
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As was already mentioned in previous chapters, apigenin is able
to interact with compounds used in conventional drug chemotherapy. Earlier studies have reported of the apigenin's ability to block
cytochrome P450 (CYP) enzymes, proteins involved in the metabolism of many chemotherapeutics, which can overcome chemoresistance in many cancer types [109]. By doing so, apigenin augments
the anticancer activity of these drugs and decreases their negative effects [9,64]. A study by Johnson and de Mejia [86] described the interactions between apigenin and various chemotherapeutics in PaCC.
Their results showed that apigenin pretreatment sensitized PaCC to
chemotherapeutics 5-FU and gemcitabine and enhanced their antiproliferative effect. A similar synergistic activity of apigenin and 5-FU
was observed in hepatocellular carcinoma where apigenin exposure
increased the cytotoxic activity of 5-FU through ROS elevation and
depolarization of mitochondrial membrane [99].
Furthermore, simultaneous administration of apigenin and paclitaxel, a widely used antimicrotubule chemotherapeutic, increased
half-life of paclitaxel, and elevated its oral bioavailability and intestinal absorption in rats [110]. This was accomplished through apigenin-mediated inhibition of CYP3A4 and P-glycoprotein (P-gp), a
transporter involved in the extrusion of paclitaxel from the intestines.
An earlier study by Choi and Choi [111], reported of apigenin affecting the metabolism of oral paclitaxel, while the intravenously-administrated drug was not affected, proving that the improved bioavailability was primarily due to apigenin's inhibition of P-gp and the
subsequent increased intestinal absorption. In another study, apigenin
modulated the pharmacokinetic characteristics of orally-administered
etoposide, topoisomerase II inhibitor, by suppressing P-gp and
CYP3A4 activity, which enhanced oral exposure and increased
plasma half-life and bioavailability of etoposide. At the same time,
body clearance of intravenous etoposide was partially down-regulated by concurrent apigenin administration [112]. A study designed to
analyse the interaction between raloxifene, a breast cancer chemotherapeutic, and apigenin, demonstrated that co-administration of apigenin
increased the bioavailability of raloxifene in rats by competitively inhibiting its phase II conjugation (glucuronidation and sulfation) [113].
The ATP-binding cassette (ABC) transporter family are proteins
involved in the efflux of many chemotherapeutics and are often overexpressed in multidrug-resistant (MDR) tumour cells. P-gp is a member of the ABC family and is encoded by the ABCB1 gene. A study
conducted on docetaxel-resistant prostate cancer cells confirmed that
the overexpression of ABCB1 facilitated docetaxel resistance in those
cells. Exposure of resistant cells to apigenin down-regulated ABCB1
expression and re-established docetaxel sensitivity [114]. Saeed et al.
[115] recently investigated the interaction between apigenin and ABC
transporters BCRP (breast cancer resistance protein), ABCB5 and
P-gp in chemotherapeutic-sensitive and -resistant cancer cell lines.
The findings of their in vitro study showed apigenin acting as a
multi-specific inhibitor of all three ABC transporters, which augmented the intracellular concentration of doxorubicin and docetaxel
and improved drug cytotoxicity in chemoresistant cells. Moreover, in
silico molecular docking studies have indicated that apigenin binds to
transporters and interferes with ATP binding and cleavage, thus denying the energy necessary for the outward transport of chemotherapeutics.
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3. Role of apigenin in chemotherapy

Although most studies report that apigenin possesses favourable
drug-drug interaction profile, it may also, in certain circumstances,
interfere with the activity of chemotherapeutics. The results of Ruela-de-Sousa et al. [116] revealed that apigenin weakened the cytotoxic effect of the chemotherapeutic vincristine in leukemia cells
via the induction of autophagy and G0/G1 cell cycle arrest. As vincristine acts by disrupting microtubules, the apigenin-mediated cell
cycle arrest disabled this mechanism and protected the cells from
vincristine-induced cell death. Furthermore, it has been shown that
long-term administration of apigenin accelerated the metabolism of
imatinib and consequently lowered its circulating concentration in
rats. Contrastingly, single-dose exposure to apigenin had a negative
effect on imatinib's metabolism which resulted in its increased
bioavailability and higher plasma concentrations [117].

D

membrane potential's decrease. Apigenin exposure also inhibited migration and invasion in cervical cancer cells [108]. Table 1, Table 2.
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Table 1
Targets and mechanisms of apigenin activity in cancers.

Autophagy
decreased expression and/or activity
increased expression and/or activity

Cell cycle
decreased expression and/or activity

increased expression and/or activity
altered phosphorylation

[28,30–33,35,40,51,59,61,64,70,76,78,87,90,97,99]
[35,38,51,61,64,107]
[32,73]
[61,87]
[29,30]
[31,61,70]
[70]
[56,59,61]
[29,30]
[41,42]
[46,47,54]
[107]
[90]
[38,74,76,78,90,99,108]
[28–33,51,59,61,62,64,69,73,74,76,78,90,97]
[32,84]
[28–34,38,47–51,61,74,75,78,87,88,90,91,95,97–99]
[33–35,47–51,54,61,75,88,90,91,95,97–99]
[61,69,74,84,87,90]
[31,40]
[33,34]
[33]
[60,74,98]
[28,38,69]
[28]
[30,31]
[74]
[31]
[70]
[28,36,52,53,74,76,90,99,108]
[108]

p62
LC3-II
Beclin-1
Nrf-2
HO-1

[36]
[36,51,75]
[36]
[36]
[36]

increased expression and/or activity
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Bcl-2
Bcl-xL
Mcl-1
XIAP, cIAP-1 and -2
N-Myc
Survivin
Sharpin
HDAC-1 and -3
hTERT
GLUT-1
Her2/neu
Axl, Tyro-3
GSH, SOD
ΔΨM
Bax, Bim, Bid
Noxa, Puma
Caspase-3, -6, -7, -8, -9
PARP-1
Cytochrome c
miR-16 and -138
c-Myc
Fas
DR5
TNF-α
TRAIL
Calpain
CHOP
Smac
Apaf-1
ROS
catalase

pRb
Cyclin A, B1, D1 and E
CDK-1, -2, and -4
Cdc25C
PCNA
CK2α
p16, p21 and p27
p53
p53
MDM2
p53

[76]
[29,37,56,64,72,75,76,87]
[29,37,56,75]
[36]
[29,30]
[89,105,106]
[29,47,48,56,59,62,69,70,75,76,84]
[32,70,75]
[33,47,48,50]
[47]
[84]

VEGF
COX-2
MMP-2 and -9
HIF-1α
b-FGF
Snail, Slug
Oct-3 and -4
Sox-2
Nanog
Twist-1
Vimentin
N-cadherin
NEDD9
CD44, 105 and 133
fibronectin
Integrin subunits
E-cadherin
transgelin
Claudin-3
Occludin
keratin-8

[30,45,46,48–50,64,65,92,93]
[64]
[29,30,32,40,50,69,71,93,104]
[48–50]
[30]
[66,69,70,100]
[69]
[44]
[44,45]
[93]
[66,100]
[93,100]
[77]
[44,45]
[93]
[91]
[30,66,93,100]
[71]
[100]
[100]
[93]

UN

altered cellular location
Angiogenesis, metastasis and invasion
decreased expression and/or activity

References
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increased expression and/or activity

Targets

RR

Effect

Apoptosis
decreased expression and/or activity
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Mechanism
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Table 1 (Continued)
Effect

altered phosphorylation
altered cellular location

Targets

References

Smad-2 and -3
Smad-2 and -3
Snail

[65]
[65]
[100]

PI3K/Akt/FoxO
Src/FAK/Akt
NEDD9/Src/Akt
β-AR/Src/FAK/ERK
integrin/FAK/ERK
PI3K/Akt
Akt/P70S6K1/MMP
NF-κB
GSK-3β/NF-κB
NF-κB/MMP
NF-κB/Snail
ERK/Mcl-1
Wnt/β-catenin/TCF/LEF
c-Myc/p38/p53
MAPK/ERK
c-Met/STAT3/Akt/ERK
Her2/neu
p53
JAK/STAT
Akt/mTOR

[62]
[65]
[77]
[85]
[91]
[30,35,41,42,52,69–71,73,92,107]
[104]
[30,63,64,69,70,88]
[87]
[40]
[100]
[73]
[72]
[33]
[34,35,92,95]
[44]
[46]
[47]
[47–50,55,93]
[95]
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Mechanism

D

Signalling pathways modulated by apigenin activity
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TE

Table 2
Apigenin concentration ranges used in reviewed cancer studies.
Study type

Dose

References

in vitro

1-10 μM
1-20 μM
1-30 μM
1-40 μM
3-50 μM
10-60 μM
2-80 μM
1-100 μM
10-160 μM
10-200 μM
40-280 μM

[92,97]
[60,62,63,78,89,104]
[73,98]
[47,56,59,61,105–107]
[28,32,38,52,54,65,75,91]
[77]
[33,35,51,66,67,72,88]
[34,36,37,39,43–45,48–50,53,76,84,85,87,99,108]
[41,71,74,90]
[100]
[95]

RR

/d: once daily; /w: once per week; t.i.w.: three times per week.

UN

CO

on identifying the precise mechanisms behind this interaction. Another relevant subject for future research will be apigenin's role in the
anticancer immune response, an activity which was observed in several different cancer types. Many studies reviewed here reveal that apigenin treatment induces both apoptosis and autophagy in cancer cells.
Consequently, a better clarification of the interplay between these two
cell death modes in apigenin-treated cancer cells is needed to better
understand apigenin's role in cell death induction.
In conclusion, a few unanswered questions remain before we can
start using apigenin as a chemopreventive and chemotherapeutic
agent, specifically; its limited bioavailability and poor absorption in
humans, limited data on pharmacokinetics and accumulation in organ sites, lack of specific cellular targets, toxicological safety and inconsistency between in vivo and in vitro therapeutic dosage. Even
with these uncertainties and aforementioned knowledge gaps, the assessment of the existing literature indicates that this natural flavonoid
could be used as an effective chemopreventive and possible anticancer
agent. The beneficial effects of apigenin are indeed promising but they
require further in vitro and in vivo studies to enable its translation from
bench to bedside.
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Study type

Dose

References

in vivo

20 or 50 μg/mouse/d
50 or 100 μg/mouse/d
20 mg/kg/w
5 or 25 mg/kg/d
25 mg/kg/t.i.w.
15 or 30 mg/kg/d
25 mg/kg/d
50 mg/kg/d
75, 150 mg/kg/d
150 mg/kg/d
200 or 300 mg/kg/d

[58,59,61–64]
[42]
[77]
[56]
[89]
[88]
[73]
[46,71]
[104]
[93]
[100]
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