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ARTICLE INFO ABSTRACT

Keywords: Flavonoids are plant bioactive compounds of great interest in nutrition and pharmacology, due to their
Antitumor remarkable properties as antioxidant, anti-inflammatory, antibacterial, antifungal and antitumor drugs. More
Apigenin than 5000 different flavonoids exist in nature, with a huge structural diversity and a plethora of interesting
Colorectal cancer . . . 3 . . . .

Eriodictyol pha.rmacologlcal proper.tlesA In this work, five flavonoids were teste(.i for their potential us.e as antitumor drugs
Flavonoids against three CRC cell lines (HCT116, HT-29 and T84). These cell lines represent three different stages of this
Luteolin tumor, one of which is metastatic. Xanthohumol showed the best antitumor activity on the three cancer cell lines,
Neuropathic pain even better than that of the clinical drug 5-fluorouracil (5-FU), although no synergistic effect was observed in the
Mucositis combination therapy with this drug. On the other hand, apigenin and luteolin displayed slightly lower antitumor
Naringenin activities on these cancer cell lines but showed a synergistic effect in combination with 5-FU in the case of
Xanthohumol

HTC116, which is of potential clinical interest. Furthermore, a literature review highlighted that these flavonoids
show very interesting palliative effects on clinical symptoms such as diarrhea, mucositis, neuropathic pain and
others often associated with the chemotherapy treatment of CRC. Flavonoids could provide a double effect for
the combination treatment, potentiating the antitumor effect of 5-FU, and simultaneously, preventing important

side effects of 5-FU chemotherapy.

1. Introduction

Colorectal cancer (CRC) is the most frequent type in the world
population, with 1,931,590 new cases/year in 2020, leading to impor-
tant patient comorbidities and high costs for health systems [1-3]. Pa-
tients usually enter monitoring intervention programs, where short- or
medium-term periodic colonoscopies are recommended, as well as
modifications in their dietary habits, including lower intake of saturated
fat, alcohol, barbeque foods and cured meats (which contain recognized
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carcinogens, such as benzopyrenes and nitrosamines) together with
higher intake of calcium, vitamin D, vegetables and fruits (which pro-
vide important preventive nutraceuticals, such as flavonoids and pre-
biotic fibers) [2,4,5].

CRC is a complex multifactorial disease, involving genetic mutations
and epigenetic alterations, causing, after several decades of life, changes
in genes involved in cellular differentiation or regulatory processes in
colonocytes [6]. Initial stages in the development of this cancer take
place at the colon mucosa crypts, involving the stem cells placed at the
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bottom of these crypts. Their altered cellular multiplication generates
aberrant crypt foci (ACF), evolving towards microadenoma, then ade-
noma (polyp), and finally to adenocarcinoma and metastasis [7,8].

CRC treatment depends on the development stage. Relative survival
(at 5 years) in stage 1 is 92.5%, but in stage 2C is only 58.8% [9].
Current treatment for first stages is usually surgery resection, with good
prognosis, but with common relapses. In advanced stages, the most
common treatments are chemotherapeutic agents, such as 5-fluorouracil
(5-FU), capecitabine, oxaliplatin, irinotecan, anti-VEGF (vascular
endothelial growth factor) antiangiogenic drugs (bevacizumab) and
anti-EGFR (epithelial growth factor receptor) antibodies (cetuximab).
Drug combinations (such as 5-FU, irinotecan and oxaliplatin, FOLFOX-
IRI) are very common in these cancer treatments, as this allows a
reduction in drug doses and expands patient survival. However,
important side effects usually arise, such as mucositis, diarrhea, neuro-
toxicity and neutropenia [10-12].

Flavonoids are plant secondary metabolites with widespread pres-
ence in these living organisms, where they exert antioxidant, antifungal
and antibacterial bioactivities, among others. These polyphenols show a
C6-C3-C6 chemical structure [13]. All of them may have usefulness in
the context of CRC, as antiproliferative agents, acting as sensitizers for
cancer cells or reducing the oxidative stress caused by pharmacological
drugs used in these treatments [14,15]. Moreover, flavonoids have
properties that also might make them useful to counteract or prevent
some side effects of chemotherapy, but this has been scarcely studied
[16,17].

In this work, an in vitro study on the anti-proliferative effects of 5
flavonoids (the flavones apigenin and luteolin, the flavanones nar-
ingenin and eriodictyol, and the chalcone xanthohumol) on human
normal colon fibroblasts and CRC cell lines has been carried out, in
comparison with 5-FU treatment. For those three flavonoids with higher
anti-proliferative activity, a combination treatment with 5-FU was also
performed in the cancer cell lines. Finally, a review of the antitumor
effects on cancer (and specifically on CRC) of these plant flavonoids has
been carried out, as well as a review on the potential palliative effects of
these important plant nutraceuticals for cancer treatment side effects.

2. Materials and methods
2.1. Cell lines

The selected human CRC cell lines HCT116 (epithelial morphology,
carcinoma, primary, mutated in KRAS and PIK3CA), HT-29 (epithelial
morphology, adenocarcinoma, primary, mutated in APC, BRAF,
PIK3CA, SMAD4 and TP53) and T84 (epithelial morphology, adeno-
carcinoma, metastasis in lung, mutated in APC, KRAS, PIK3CA and
TP53) were maintained in DMEM/F12 1:1 supplemented with 2 mM L-
glutamine, 10% FBS, penicillin (100 IU/mL) and streptomycin (100 pg/
mL). Similarly, the CCD-18Co fibroblasts cell line (ATCC, crl-1459) from
human normal colon was maintained in a-MEM with 2 mM L-glutamine,
10% FBS, 1.5 g/L sodium bicarbonate, 1 mM sodium pyruvate, 0.1 mM
non-essential amino acids, penicillin (100 IU/mL) and streptomycin
(100 pg/mL). The cells were grown at 37 °C with 5% CO5 in a humidified
CO5, incubator (Thermo Scientific 8000DH).

2.2. Cell viability assays

Each plate contained controls, and different concentration series
with three to six replicates each. Cells were grown in a 96-well plate
(HCT116: 5.5 x 10> cells/well; HT-29: 8.3 x10% T84: 1.1 x 10% CCD-
18Co: 5 x 10°) for 24 h to 75% confluence until complete adherence. At
that point, the flavonoids were added with the corresponding dilution to
the culture plate. The extracts were resuspended in H»0/0.1% DMSO
and were further incubated for 48 h. All the extracts were filtered
through a 0.22 um filter for sterility. IC50 concentrations were calcu-
lated with Quest Graph™ IC50 Calculator.
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Assayed concentrations were 0, 10, 20, 30, 40 and 50 uM for all
compounds (the flavonoids, i.e., xanthohumol, luteolin, naringenin,
eriodictyol and apigenin, as well as 5-FU) in the four cell lines; and 0, 20,
40, 60, 80 and 100 uM in the case of T-84 cell line for apigenin, nar-
ingenin and eriodictyol.

In the case of the combined viability assays, the different flavonoids
were combined with 5-FU. For these assays, a fixed flavonoid concen-
tration was added that was able to produce 30% cell death for the
different cancer cell lines. In the case of HCT116, the corresponding
concentrations were 13.63 uM for apigenin, 9.6 uM for luteolin and 5.95
uM for xanthohumol. In the case of HT-29, the corresponding concen-
trations were 55 pM for apigenin, 44.6 pM for luteolin and 19.3 pM for
xanthohumol. Flavonoids were assayed in the normal (non-tumoral)
colonic cell line at a concentration of 40 pM. These flavonoids concen-
trations were used in combination with different 5-FU concentrations
(10, 20, 30, 40, 50 pM).

Cancer cell viability assays were carried out using the Neutral Red (3-
amino-7-dimethylamino-2-methyl-phenazinehydrocloride) cell uptake
method. The culture medium was removed, and 100 pL of Neutral Red
(40 pg/mlL, dissolved in culture medium) was added to each well of the
plate and incubated at 37 °C for 2 h. After the incubation time, Neutral
Red was removed, and the cells washed twice with 150 uL PBS. Finally,
150 uL of Neutral Red de-stain solution (1% acetic acid-50% ethanol)
was added in order to extract the dye from the cells. Finally, after 10 min
of agitation, the OD was measured at 560 nm, using a microtiter plate
reader spectrophotometer (GLOMAX, Promega). Viability of normal
cells was determined using the MTT method. Briefly, 10 pL of MTT so-
lution was added in each well containing 100 pL of culture medium, to
achieve a final concentration of 0.45 mg/mL. Cells were then incubated
for 3 h at 37 °C. After this, medium was removed, and formazan crystals
were dissolved with DMSO. Absorbance was read at 570 nm using a
FLUOstar Omega microplate reader (BMG Labtech).

The results were analyzed with CalcuSyn software. In each case, the
combination index (CI) was obtained, allowing the effect of these
combinations to be classified as synergistic (CI value below 0.85), ad-
ditive (CI value between 0.85 and 1.10) or antagonistic (CI value above
1.10).

2.3. Statistical analyses

Data was expressed as the mean value + S.E.M. Comparison between
compounds in tumor cell lines with respect to the control cells was
performed using two-way ANOVA test with Dunnett’s multiple com-
parisons test. Graph Pad Prism 9 (Graph Pad Software) was used for
statistical analysis and graphical representation. Differences between
groups were considered significant when p-value < 0.05. The statistical
significances are indicated in the figures (*p < 0.05; **p < 0.005; ***p
< 0.0005; ****p < 0.0001).

2.4. Review studies

PubMed database was analyzed for the anticancer bioactivity data
(mainly on CRC) using the keywords naringenin, apigenin, eriodictyol,
luteolin and xanthohumol, together with cancer or with colon cancer; a
total of 32 selected publications were reviewed.

In the case of palliative effects, the search keywords were intestinal
transit, diarrhea, gastric ulcer, gastrointestinal toxicity, colitis, intestinal
inflammation, intestinal mucositis, oral mucositis, neurotoxicity, pain
and nociception; all of them were combined with each flavonoid
keyword; a total of 17 selected publications were reviewed.

3. Results
3.1. Cell viability in vitro assays with flavonoids and 5-FU

In the in vitro experiments with the HCT116 carcinoma cell line,



J. Fernandez et al.

naringenin showed no effect as an antitumor compound (Fig. 1). Erio-
dictyol had a IC50 of 54.2 uM, apigenin 21.8 uM, luteolin 14.3 uM and
xanthohumol 9.4 pM, even stronger as an antitumor drug than 5-FU
(IC50 14.3 puM) in this cell line (Fig. 1). In the case of xanthohumol,
30 uM caused 97.9% cancer cell death in HCT116, whereas in CCD-
18CO control cells, this flavonoid caused, at 30 puM, 68.4% cell death
induction. A similar effect was observed with luteolin at 30 uM (88.95%
cell death induction in HCT116, in contrast with 21.92% cell death in-
duction in CCD-18CO control cells) and apigenin at 30 uM (67.08% cell
death induction in HCT116, in contrast with 4.55% cell death induction
in control CCD-18CO cells) (Fig. 1).

Compared with the HCT116 line, the tested flavonoids showed lower
antitumoral activities, generally without statistical significance, in the
case of the HT-29 adenocarcinoma cell line (Fig. 1). Here, naringenin,
apigenin and eriodictyol had no effect at all. Luteolin caused cell death
at a similarly low level as CCD-18CO control cells (Fig. 1). However,
xanthohumol (IC50 31.1 pM) caused 96.3% cell death in HT-29 at
50 uM, and affected CCD-18CO control cells in a similar manner (91.7%
cell death at the same concentration), without statistically significant
differences. In this case, 5-FU (Fig. 4) (IC50 73 uM) induced 47.5% cell
death at 50 uM in HT-29, similar to its relatively mild effects in CCD-
18CO cells (42.3% cell death induction) (Fig. 1).

Metastatic T-84 cell line is more resistant than the two other CRC cell
lines used in this study. In this cell line, the resistance to 5-FU is very
high, as it can be observed in Fig. 2: at 10 pM the cell death was 27.5%,
and above this concentration there was no further induction of cell death
(Fig. 2). Apigenin and naringenin lacked antitumor activity in this cell
line, with no effect even at 50 uM concentration (Fig. 2). Eriodictyol
showed no statistically significant differences with respect to CCD-18CO
control cells at 40 pM, inducing 28.5% cell death in T-84 (Fig. 2).
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Luteolin (IC50 35.3 uM) has a statistically significant antitumor effect,
in comparison with CCD-18CO normal cells, above 30 uM, causing
44.3% cell death at this concentration (Fig. 2). Finally, xanthohumol
was the most active flavonoid on T-84 cell line, with an IC50 23.2 uM,
and causing 92.8% cell death at 50 uM (Fig. 2), although its effect on
CCD-18CO normal cells was quite similar (91.7% cell death) (Fig. 2).

Those flavonoids showing better antitumor activities (apigenin,
luteolin and xanthohumol) were used in combination with 5-FU, in
order to study potential synergistic effects on the adenocarcinoma (HT-
29) and carcinoma (HCT116) cancer cell lines. The flavonoid concen-
tration selected for these combination antitumor assays was the one
causing 30% cell death in the corresponding cell line.

In the case of HCT116 cells, xanthohumol IC50 value in combination
with 5-FU was 14.5 uM, but this combined treatment did not show
statistically significant differences with respect to treatment with only 5-
FU (IC50 14.3 uM). The best concentration point CI for this combined
treatment was 1.3 (antagonistic effect) (Fig. 3). The combination ther-
apies of luteolin and 5-FU (IC50 4.8 uM) or apigenin and 5-FU (IC50
1.2 uM) showed statistically significant differences with respect to single
treatment with 5-FU (Fig. 3). For these two combinations, the CI were (at
the best concentration point) 0.67 and 0.29 respectively, which indicate
a synergistic effect in both cases.

On the other hand, the combination antitumor assays in HT-29 cell
line showed statistically significant differences with respect to single
treatment with 5-FU in most cases (Fig. 3). IC50 values were 18.7 pM
(combination of xanthohumol and 5-FU), 16.2 uM (combination of
luteolin and 5-FU) and 15.8 pM (combination of apigenin and 5-FU), in
contrast to IC50 value of 73.0 in the case of 5-FU alone. CI for these three
combinations were 0.92 (xanthohumol combination), 0.99 (luteolin
combination) and 0.98 (apigenin combination), indicating an additive
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Fig. 1. Cell viability assays in the two CRC cell lines HCT116 (black circles) and HT-29 (black squares), as well as in the normal cell line CCD-18CO (dashed lines),
treated with the five selected flavonoids or with the antitumoral drug 5-FU. Statistically significant results (compared with CCD-18CO control cells) for each con-

centration point are indicated with asterisks.
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Fig. 2. Cell viability assays in the metastatic T-84 (black circle) CRC cell line, as well as in the normal cell line CCD-18CO (dashed lines), treated with the five
selected flavonoids or with the antitumoral drug 5-FU. Statistically significant results (compared with CCD-18CO control cells) for each concentration point are

indicated with asterisks.
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effect in all three cases.

3.2. Antitumor effects of flavonoids in cancer

Apigenin (Fig. 4A) is a flavone present in parsley, oranges, olive oil,
pistachios and several herbs (onion, rosemary, sage, oregano) [18]. In
SKOV3 ovarian cancer cells, apigenin downregulates the expression of
Mecl-1, inducing apoptosis in these tumor cells [19]. This plant metab-
olite is able to inhibit p38 activation (phosphorylation) in HCT116 CRC
cell line, inhibiting the multiplication of these cells; and its inhibitory
effects are also associated to the inhibition of the expression of NF-kB
and Snail transcription factors, blocking the epithelial to mesenchymal

transition [20-22]. In a mouse model for CRC using azoxymethane as
tumor inducer, apigenin antitumor effects were dependent on the
presence of gut microbiota, in particular of several Bacteroides and
Actinobacteria taxons, as depleting mice gut microbiota by using anti-
biotic therapy in these animals reduced the antitumor effects of this
flavonoid [23].

Luteolin (Fig. 4B) is another flavone whose biological activities have
been attributed to the hydroxyl moieties in rings A and B, and the 2,3
double bond in ring C [24]. Luteolin is present in human diet from
different sources, such as olive oil, herbs (sage, thyme, rosemary) and
other foods (lentils, pistachio, olives, artichokes) and has shown anti-
neoplastic effects against multiple cancers, including leukemia,
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Fig. 4. Chemical structures of the flavonoids apigenin (A), luteolin (B), naringenin (C), eriodictyol (D), xanthohumol (E) and the chemotherapy drug 5-fluorura-

cil (F).

melanoma, as well as pancreatic, prostate, liver, breast, colorectal, lung,
brain, and gastric cancer [18,25]. One of the mechanisms found to be
involved in this antitumor role is its effect as pro-oxidant, sensitizing
lung cancer cells to tumor necrosis factor (TNF)-triggered apoptosis,
which is exerted by luteolin through reactive oxygen species (ROS)--
mediated NF-kB suppression [26].

In a mouse model of liver cancer, the antineoplastic effect of luteolin
has been attributed to its antiinflammatory function. In this animal
model, intraperitoneal administration of luteolin decreased the levels of
glutathione as well as inflammatory cytokines, including IFN-y and IL-2
[27,28]. In HT-29 human CRC cell line, luteolin anti-oxidant effect
reduced the mitochondrial membrane action potential, increasing Bax
expression, inhibiting Bcl-2 titers and causing cytochrome C release to
the cytoplasm and triggering apoptosis via caspase-9 and caspase-3. In
HT-29 CRC cell line, luteolin reduced intracellular ROS through the
activation of antioxidant enzymes like SOD (superoxide dismutase) and
CAT (catalase), as well as through increasing levels of reduced gluta-
thione. In this cell line, the apoptosis induction was due to activation of
the AKT signaling pathway via JNK and p38 induction [29,30].

Naringenin (Fig. 4C) is a flavanone present in wine, grapefruit and
almonds, among other common foods [18]. This flavonoid is able to
induce apoptosis in LNCaP prostate cancer cells by activating AKT
phosphorylation and increasing their sensitivity to ROS [31]. Its anti-
tumor effects are also associated to the expression of estrogen receptors
(ER) a or  in tumor cells, such as DLD-1 CRC cell line. This flavonoid
induces apoptosis in these CRC cells via p38 activation (MAPK signaling
pathway) and further stimulation of ATF3 transcription factor [32,33].

Eriodictyol (Fig. 4D), another flavanone present in diverse herbs
(such as marjoram) and in foods (such as almonds and pistachios),
possesses an extra hydroxyl group in B ring (in comparison with nar-
ingenin) and a 2,3-unsaturation in the C-ring, which are important for its
beneficial biological properties [18,34]. Eriodictyol exerts multiple
therapeutic effects including anti-oxidant, anti-inflammatory,
anti-diabetic, anti-obesity, hepatoprotection, neuroprotection and car-
dioprotection [35]. This flavanone exerts antioxidant ability through the
upregulation of antioxidative defenses. For example, this flavonoid is
able to preserve mitochondrial function of human hepatocellular cancer
cells (HepG2) by significantly decreasing the intracellular ROS and lipid
peroxidation [36]. A different anticancer mechanism in another human
lung cancer cell line has been also described, where induction of
mitochondrial-mediated apoptosis and G2/M cell cycle arrest in addi-
tion with inhibition of m-TOR/PI3K/Akt signaling pathway were
observed after treatment with eriodictyol [37]. Lipid peroxidation in-
hibition mediated by eriodictyol antioxidant activity was also observed
accompanying a significant reduction in the number of polyps and ACF
in a rat model of colon carcinogenesis, with enhanced SOD, CAT and

reduced glutathione activities in the animals treated with eriodictyol
[38].

Xanthohumol (Fig. 4E) is a chalcone found in the female in-
florescences of hops (Humulus lupulus). About 4-14% of the dry weight
of hops are polyphenols, xanthohumol being the most abundant com-
pound among the prenylated flavonoids (85% of total content) [39]. The
presence of xanthohumol in diet is mainly due to beer consumption, as
hops are one of the main ingredients in beer brewing. The diet intake of
this type of prenylated flavonoid is very low because xanthohumol is
converted into the flavonone isoxanthohumol by thermal processes
during brewing [40]. Therefore, dietary intake of xanthohumol would
not be enough to support appropriate body levels for its bioactivity [39].
Pharmacokinetic studies have shown that after oral administration of
xanthohumol, bioavailability of this compound is very low because
about 80% of the xanthohumol that is consumed in the diet is excreted in
the feces and urine [41,42]. Anti-inflammatory effects of xanthohumol
have been described as being produced by the inhibition of cyclo-
oxygenase 2 (Cox-2), which is responsible for the synthesis of prosta-
noids, involved in cellular inflammation processes. This inhibition is
mediated by iNOS suppression, induced by LPS (lipopolysaccharide)
[43]. In addition, antiangiogenic effects, which are essential to limit
tumor metastasis, have been corroborated in in vitro assays. Xantho-
humol is able to suppress the formation of microvasculature and reduce
tumor extension [44].

In cancer cells, glycolysis (Warburg effect) is preferred as an energy
source. The initial reaction is carried out by the mitochondrial HK
(hexokinase) enzymes. Among them, the HK2 isoform is overexpressed
in several cancers such as CRC, leading to higher resistance to apoptosis
[45]. Xanthohumol is able to reduce HK2 protein levels in vitro. This
decrease appears to be mediated by AKT inhibition, which is part of the
epidermal growth factor receptor (EGFR) signaling pathway. Therefore,
xanthohumol may act on the EGFR pathway by directly inhibiting AKT
protein, leading to a reduction in HK2 levels that will block glycolysis
and induce apoptosis in tumor cells [46]. In addition to this pathway,
xanthohumol can act at different levels, either by overexpressing pro-
apoptotic proteins such as Bax and different caspases (3, 6, 9) or by
blocking anti-apoptotic proteins such as Bcl-2. It can also inhibit
different proliferative proteins such as Notch-1 or mTOR and stop the
cell cycle mediated by p53 or p21 [47-49].

Several studies in animal models show that xanthohumol does not
cause toxicity, even at concentrations of 500 mg/kg. Furthermore, at
sub-chronic toxicity doses (above 1000 mg/kg), only a slight hepato-
toxicity has been observed in these animals, which may be reversible
after decreasing the dose administered. This high concentration could be
toxic due to direct cytotoxic processes, mitochondrial damage or
oxidative stress. In spite of this, the concentrations to produce this liver
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damage are very high and could hardly be reached into the bloodstream
with a normal diet [50]. On the other hand, administration of xantho-
humol in animals at earlier stages of CRC significantly reduces preneo-
plastic lesions (ACF). In addition, this flavonoid reduced iNOS and Cox-2
levels, an inhibited the Wnt/B-catenin pathway, suggesting it is able to
reduce inflammatory and cell proliferation processes. Moreover, an in-
crease in apoptosis processes induced by the caspase 3 and Bax pathway
was observed. Therefore, in vivo studies have shown that xanthohumol
can act as an antitumor agent at all levels, reducing inflammation, cell
proliferation and increasing apoptosis, which led to a decrease in pre-
neoplastic lesions in CRC [51], without relevant toxic effects [49].

3.3. Flavonoids as palliative bioactive agents of side effects associated to
cancer chemotherapy

Chemotherapy-induced side effects are an important drawback of
conventional (cytotoxic) cancer treatment that worry both patients and
clinicians [52,53]. Among them, those affecting the gastrointestinal
system (nausea, vomiting, mucositis, diarrhea, constipation) mainly
occur during treatment and are reasonably well managed in most pa-
tients. However, in some cases these adverse effects may be severe, or
patients may be refractory to prophylactic treatment, and quality of life
is greatly reduced [54]. Even fatalities may occur due to dehydration
and electrolyte imbalance in case of heavy uncontrolled vomiting and
diarrhea [55]. On the other hand, neuropathic pain due to neurotoxic
effects on the peripheral nervous system may develop during treatment
[56,57]. Remarkably, this adverse effect is a frequent sequel of cancer
treatment that may remain long after treatment has ceased, imposing a
substantial decrease in the quality of life of cancer survivors [58,59].

The flavonoids selected for the present study have been shown to

Table 1
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exert antioxidant and anti-inflammatory properties that might be
beneficial to prevent or palliate some of the chemotherapy-induced side
effects mentioned above. However, they have been only scarcely studied
in the context of chemotherapy. Here, a specific literature search was
performed in Pubmed database using the following keywords and their
combinations (flavonoid AND adverse effect): apigenin, eriodictyol,
luteolin, naringenin, xanthohumol (flavonoids); nausea, vomiting,
emesis, mucositis, diarrhea, neuropathy, neurotoxicity and pain
(adverse effects). This allowed us to identify 17 reports dealing with all
the flavonoids studied here, except xanthohumol. As shown in Table 1,
only two studies were identified that evaluated the potential benefits of
these flavonoids to prevent or alleviate chemotherapy-induced adverse
effects affecting the gastrointestinal tract. One of them evaluated the
effect of apigenin on the oral mucositis induced by 5-FU in the hamster
model [60]. In this case, apigenin accelerated healing of the mucosal
lesions, probably through the inhibition of the expression of different
inflammatory factors [61]. The second study used irinotecan in the
mouse to induce intestinal mucositis and tested the effects of luteolin
administered in a preventive fashion (before the antineoplastic drug was
injected). In this case, the flavonoid prevented intestinal damage and
reduced the consequent occurrence of diarrhea and weight loss through
the partial agonism of peroxisome proliferator-activated receptor-y
(PPAR-y) [62], an intracellular receptor whose activation displays
anti-inflammatory actions [63]. In other gastrointestinal inflammation
and diarrhea models, unrelated with the use of antineoplastic drugs, not
only apigenin [64] and luteolin [65,66], but also naringenin [67] and
eriodictyol [68] were able to prevent the development of damage and
symptoms in the gastrointestinal tract, through anti-inflammatory and
antioxidant effects that protected the mucosa. In addition, naringenin
[69] and apigenin [64] were also able to reduce motility and secretion,

Effects of the flavonoids of interest (naringenin, apigenin, luteolin, eriodictyol and xanthohumol®) on the gastrointestinal system with potential usefulness in the

context of prevention or palliation of chemotherapy-induced side effects.

Condition Associated to Model Treatment Flavonoid Effect Mechanism Reference
Intestinal transit - Mouse - Naringenin  Inhibition of gastrointestinal ap-adrenergic agonism and calcium [69]
motility and secretion channel blockade
Diarrhea Castor oil or Mouse Preventive Apigenin Antidiarrheal and Opioid receptor agonism [72,73]
MgSOy4 (oral) and palliative antispasmodic effect: inhibition
of intestinal motility and
reduction of water absorption
Diarrhea Castor oil (oral) Rat and Preventive Luteolin Antidiarrheal effect Na* reabsorption through [66]
mouse enterocyte Na'/K'-ATPase
Gastric ulcer Ethanol/HCI (oral) Mouse Preventive Eriodictyol Gastroprotective effect Reduction of oxidative stress [68]
and indomethacin (reduction of the number of
@4.p.) gastric lesions)
Gastrointestinal Diclofenac Rat Preventive Luteolin Reduction of hemorrhages, Reduced levels of MDA, AOPP, [65]
toxicity (diarrhea (oral) + NaF (oral) mucosal erosions, and cell protein carbonyls, H,0,, and NO,
and bleeding) necrosis enhanced GSH-Px, GST and SOD
activities, and increased GSH and
protein levels.
Colitis Acetic acid Rat Preventive Apigenin Anti-inflammatory effect: Suppression of NOS and COX-2 [64]
(intrarectal) reduction of MPO and enzyme induction and inhibition of
macroscopic and histological IL-4
inflammatory alterations
Intestinal DSS (oral) Mouse Preventive Naringenin  Anti-inflammatory effect Inhibition of NF-kB activity, [74]
inflammation reduction of inflammatory cytokine
production and negative regulation
of inflammatory mediators
Intestinal mucositis Irinotecan (i.p.) Mouse Preventive Luteolin Prevention of intestinal damage  Partial agonism of PPARy (anti- [62]
and reduction of diarrhea and inflammatory effects)
weight loss
Oral mucositis 5-FU (i.p.) Hamster Palliative Apigenin Reduction of healing time and Inhibition of the expression of [60,61]

number of inflammatory cells

inflammatory factors (IL-6, IL-8 and
ICAM-1)

Abbreviations: AOPP, advanced oxidation protein products; COX-2, cyclooxygenase 2; DSS, dextran sodium sulfate; GSH, glutathione; GSH-Px, glutathione peroxidase;
GST, glutathione S-transferase; ICAM-1, intercellular adhesion molecule 1; IL-4, interleukin 4; IL-6, interleukin 6; IL-8, interleukin 8; i.p., intraperitoneal injection;
MDA, malondialdehyde; MPO, myeloperoxidase; Na*/K*-ATPase, sodium/potassium pump; NF-kB, nuclear factor kappa B; NO, nitric oxide; NOS, nitric oxide syn-
thase; PPARy, peroxisome proliferator-activated receptor gamma; SOD, superoxide dismutase.

# No result was found for this compound in the literature review.
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through the inhibition of calcium channels (naringenin) and activation
of the presynaptic ap-adrenergic (naringenin) and opioid (apigenin)
receptors, which inhibit neurotransmitter release in the gastrointestinal
tract [70,71].

Importantly, the potential beneficial effect of the selected flavonoids
in chemotherapy-induced neuropathic pain has not been directly eval-
uated [16,17]. However, it has been proven in preclinical models of
neuropathic pain of other etiologies. Thus, in the mouse model of sciatic
nerve ligation (a surgical model of asymmetric neuropathic pain [75]),
luteolin, given before the surgery, was able to reduce pain and poten-
tiate morphine-induced analgesia [76]. This effect is probably involved
in the reduction of both pro-inflammatory cytokine expression and nitric
oxide (NO) release [77]. In another neuropathic model, induced by the
injection of streptozotocin (STZ, a toxin that specifically destroys
pancreatic p cells, leading to hyperglycemia and type 1 diabetes mellitus
[78,791), naringenin (combined with insulin) reduced both hypergly-
cemia and the associated neuropathic pain in the rat, through antioxi-
dant and anti-inflammatory mechanisms [80]. Like
chemotherapy-induced neuropathy, diabetic neuropathy is also sym-
metric (affects both sides of the body) and develops in a “glove-and--
stocking” fashion [81]. Therefore, these results suggest that at least
naringenin could be useful to reduce the impact of chemotherapy on the
peripheral nervous system through neuroprotective effects, but this
warrants further investigation. Interestingly, in models of acute and
inflammatory pain, naringenin [82], as well as apigenin [83] and erio-
dictyol [84], showed antinociceptive effects. Moreover, in some models
of neurotoxicity, eriodictyol (in vitro) [85,86] and apigenin (in vivo)
[87] were able to exert specific neuroprotective effects, further sup-
porting the possibility that these flavonoids may be useful neuro-
protectants also applicable to cancer chemotherapy, as found for other
flavonoids [16,17]. These results are summarized in Table 2.

Table 2
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4. Discussion

Diet is a very important factor in the development of some cancer
types, such as CRC. This neoplasia is the most common type in Western
populations, with 35 new cases per 100,000 habitants, mainly due to the
high intake of saturated fat and processed meat products (a source of
carcinogens such as benzopyrenes, nitrosamines, etc.) [90]. CRC initi-
ates in the colon mucosa, showing development of ACF, due to muta-
tions in stem cells (which are placed at the bottom of each colon mucosa
crypt), which after several decades evolves towards polyps (micro-
adenomas) of small diameter (mm), then to adenomas, and finally to
adenocarcinomas with eventual metastasis to distant organs (liver,
lung). In CRC cells, one of the most frequent alterations involves f-cat-
enin cytosolic degradation (Wnt pathway), which is reduced, and
therefore allows this protein, normally with structural functions, to
translocate in higher amounts to the cell nucleus, where it acts as a
transcriptional factor, enhancing the expression of genes involved in
cellular proliferation. This slow degradation of p-catenin is usually
caused by a malfunction of the Wnt signaling pathway, due to a muta-
tion in the apc gene (sporadic, during the patient’s life, or hereditary at
birth) [91].

From the different flavonoids assayed in this work, the naringenin
flavanone did not show any antitumor activity in any of the three
different CRC cell lines (including a metastatic one, T-84) (Figs. 1 and 2),
so it was not assayed on normal cells. The absence of antitumor activity
can be explained, in the cases of HT-29 and T-84 cell lines, due to the
mutations they possess in TP53 gene, a key tumor suppressor gene which
induces apoptosis and cellular cycle arrest, after activation by upstream
factors, such as p38 (MAPK pathway) [92,93].

In these in vitro experiments, apigenin blocked cellular proliferation
only in HCT116 in a statistically significant manner between 10 pM and
40 pM, inhibiting by 79.7% its proliferation at 40 uM (Fig. 1). This cell
line possesses a functional p38 protein kinase (a known target for api-
genin downregulation) and its downstream p53 transcriptional factor.

Effects of the flavonoids of interest (naringenin, apigenin, luteolin, eriodictyol and xanthohumol®) on the peripheral nervous system with potential usefulness in the

context of prevention or palliation of chemotherapy-induced side effects.

Condition Associated to Model Treatment  Flavonoid Effect Mechanism Reference
Neurotoxicity Glutamate (in vitro) HT22 and Preventive  Eriodictyol = Neuroprotective effect and low Restoration of antioxidant [85]
BV2 neuronal cytotoxicity per se enzyme activities (SOD, GSH-R
cell lines and GSH-Px) and inhibition of
NO production by microglial
cells.
Neurotoxicity H,0- (in vitro) PCl2cellline  Preventive  Eriodictyol  Inhibition of cell death associated Regulation of HO-1 expression [86]
with HyO»-induced oxidative and y-GCS activation of the Nrf2/
stress. ARE pathway
Acute pain Capsaicin (i.pl.) Rat and Preventive  Eriodictyol Antinociceptive effect TRPV1 antagonism and [84]
mouse antioxidant activity
Nociception Acetic acid (i.p.), Mouse Preventive  Apigenin Reduction of abdominal Cholinergic receptor activation [83]
formalin (i.pl.) or hot contortions (acetic acid) and paw- and opioid agonism
plate licking (formalin and hot plate)
Nociception and Hot plate, acetic acid  Rat and Preventive  Naringenin  Antinociceptive and anti- Suppression of inflammatory [82,88]
inflammation (i.p.) and mouse inflammatory effect cytokines and possible COX
carrageenan (i.pl.) inhibition
Neurotoxicity Acrylonitrile Rat Preventive  Apigenin Protection against neurotoxicity, Reduction of oxidative stress and [87]
(intragastric) inhibition of neuroinflammation, inhibition of the TLR4 / NF-kB
and suppression of neuronal signaling pathway
apoptosis
Neuropathic pain ~ Sciatic nerve ligation =~ Mouse Preventive  Luteolin Antinociceptive and morphine Reduction of TNF-a, IL-1, IL-6 [76,77,
potentiating effect and NO and IL-1p expression 89]
Neuropathic pain ~ Streptozotocin (i.p.) Rat Palliative Naringenin ~ Reduction of hyperglycemia and Modulation of oxidative stress, [80]

associated to
DM

reversal of neuropathic pain in
conjunction with insulin

inflammatory cytokine release
and MMP inhibition

Abbreviations: COX, cyclooxygenase; DM, diabetes mellitus; GSH-Px, glutathione peroxidase; GSH-R, glutathione reductase; HO-1, hemooxygenase; IL-1, interleukin
1; IL-1B, interleukin 1 beta; IL-6, interleukin 6; i.p., intraperitoneal injection; i.pl., intraplantar injection; MMP, matrix metalloproteinases; Nrf2/ARE, nuclear
erythroid factor 2/antioxidant response element; SOD, superoxide dismutase; TLR4/NF-kB, toll like receptor 4/nuclear factor kappa B; y-GCS, y-glutamylcysteine

synthetase.
# No result was found for this compound in the literature review.
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However, p53 is mutated in HT-29 and T-84 cell lines, as well as apc
(generating a constitutive activation of the cell cycle via p-catenin). It
has been recently described that at least three p38 isoforms are present
in HCT116 cell line, the activation of p38a and p38f being necessary for
triggering apoptosis (probably due to p53 downstream activation). In
contrast, the activation of p388 isoform is necessary for activating cell
survival. According to this, the apoptosis induction after apigenin
treatment in HCT116 could rely on the presence of p53, a transcriptional
factor which is actually mutated in HT-29 and T-84, therefore protecting
these two cancer cell lines from the apigenin antitumor effect [23,94]. In
CCD-18CO normal cells apigenin did not cause growth inhibition at the
tested concentrations (Figs. 1 and 2).

The ring B hydroxylation of naringenin generates eriodictyol,
another flavanone that produced a moderate inhibition of cell growth in
HCT116 and T-84 cell lines, and almost no inhibition on normal cells nor
in HT-29 cells (Figs. 1 and 2), which share as a common cancer pro-
moting feature a mutation in KRAS®?3P gene, which generates, in turn, a
constitutively activated RAS GTPase [95,96]. Eriodictyol has been
described, in other tumor cell lines (such as skin fibroblasts), to inhibit
downstream cell cycle signal transducers depending on RAS, such as
RSK2 serine/threonine kinase [97]. Therefore, the antitumor effect of
eriodictyol on HCT116 and T84 could rely on its inhibition of RSK2,
which blocks upstream cellular multiplication signals from constitu-
tively activated RAS.

In a similar way to apigenin, luteolin is another flavone, but with an
extra hydroxylation in ring B. Luteolin antitumor effect on the three CRC
cell lines studied here showed a similar pattern to apigenin, acting
mostly on HCT116, but with stronger inhibition on this cell line than
apigenin (Fig. 1). Luteolin does show some inhibition on T-84 cells, an
effect which was absent in the case of apigenin, and also shows less
inhibition of normal CCD-18CO cells (Fig. 2). The antitumor effect of
luteolin could be based, as in the case of apigenin, on an inhibition of
p38 isoforms activation, blocking the cell survival signaling in these cell
lines, or alternatively, to its direct interaction with p53, a key factor for
apoptosis induction in cancer cells, which is present in HCT116, but
mutated in the other two cell lines [94,98].

From the different flavonoids tested in this work, xanthohumol is the
one that shows a better cancer cell inhibition, with statistical signifi-
cance in HCT116 CRC cell line (Figs. 1 and 2). Xanthohumol induced
over 92% cell viability in all three cell lines. This general antitumor
effect, independently from the cell line, may be due to a global inhibi-
tory effect of this flavonoid on cancer cell glycolysis, a key metabolic
process, as xanthohumol is a known inhibitor of hexokinase 2 (HK2),
and downregulation of this key enzyme generates liberation of mito-
chondrial cytochrome C and apoptosis induction [46]. Although xan-
thohumol also exerted high cytotoxicity in CCD-18CO, in vivo animal
studies with this chalcone have shown a lack of side effects, even at high
concentrations (500 mg/kg) [50]. Interestingly, xanthohumol anti-
tumor effects are better than the commercial drug 5-FU, at the same
concentrations, for the three CRC cell lines (Figs. 1 and 2).

Different signaling pathways involved in CRC development may be
tackled by using combination therapy involving nutraceutical com-
pounds (such as flavonoids and other polyphenols) together with con-
ventional antitumor drugs (such as 5-FU). These combination therapies
may induce chemosensitization in cancer cells, avoiding resistance
mechanisms commonly present in cancer cells (such as ROS resistance,
apoptosis inhibition, alterations in mitochondrial function, multidrug
transport systems activation, etc.) [99]. In this work, another alternative
was used to test if there was a synergistic effect of the tested flavonoids,
on CRC cell lines, in combination with 5-FU. For this, those flavonoid
concentrations causing a 30% cell viability inhibition (apigenin, luteolin
and xanthohumol in HCT116 and HT-29 cell lines) were used in com-
bination with 10-50 uM 5-FU (Fig. 3).

In the case of the combination treatment in HCT116, the strong
antitumor effect of xanthohumol showed an antagonistic effect when
combined with the pharmaceutical drug. However, the combination of
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5-FU with apigenin or luteolin showed a synergistic effect, which could
be explored in the future using an appropriate animal model for this
cancer type.

Finally, in the case of the combined treatment in HT-29, the three
tested combinations are additive. This is also of interest, as the necessary
treatment concentration for 5-FU could be reduced in patients, when
using combination therapy with flavonoids. This strategy might even-
tually reduce in a proportional way the appearance of adverse side ef-
fects in these patients, an alternative which may be worth exploring in
the future. Regarding this, luteolin has shown potential as a palliative
agent, preventing neuropathic pain in an animal model for sciatic nerve
ligation, as well as diarrhea, bleeding, and mucositis (even in combi-
nation with the antitumor irinotecan, one of the usual treatments in
combined therapy with 5-FU, such as FOLFIRI) (see Section 3.3, Tables 1
and 2). As a future prospect, luteolin could be used in vivo alone, or in
combination with 5-FU, in order to check if under these conditions, it
exerts palliative effects against this antitumor drug, as well as to even-
tually demonstrate that its combination with the drug shows a syner-
gistic effect in vivo, as it has demonstrated in vitro in the case of HCT116
cell line. Similarly, apigenin was demonstrated to exert protective ef-
fects against 5-FU-induced oral mucositis [60,61] as well as diarrhea
(Table 1) and neurotoxicity (Table 2) of non-chemotherapy etiologies,
suggesting that this compound might also be promising in this context.

5. Conclusions

Xanthohumol, as a single treatment, acts with high efficiency against
all three stages of CRC represented by the three cell lines tested in this
work (adenocarcinoma and metastatic stage), its antitumor effect being
better than that of current pharmacological drugs in use for chemo-
therapy of this cancer, such as 5-FU. However, this chalcone does not
provide an extra synergistic effect in combination treatment. Further-
more, it lacks specificity against tumoral cells, as normal fibroblasts
were also, to a great extent, inhibited by this chalcone.

On the other hand, the structurally related flavones apigenin and
luteolin, show an interesting antitumor effect in HCT116 cell line,
especially luteolin. Moreover, these two flavonoids show a synergistic
effect in combination treatment with 5-FU, which is a novel interesting
feature and paves the way towards their future application in preclinical
and clinical uses, especially in the case of the luteolin, which lacks
toxicity against normal fibroblasts.

Also, importantly, of all these flavonoids, apigenin, luteolin, nar-
ingenin and eriodyctiol (xanthohumol has not yet been specifically
evaluated) show interesting palliative effects on symptoms typically
associated to CRC chemotherapy (diarrhea, ulcers, gastric bleeding,
colitis, mucositis, pain, etc.), which is of great interest as an additional
property to their antitumor activities and a potential added advantage in
their use as combination therapy with canonical antitumor drugs, such
as 5-FU, for preventing or reducing the important adverse side effects
(both digestive and neurologic) of these CRC treatment.
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