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Plasma Protein Binding of Herbal-
Flavonoids to Human Serum Albumin
and Their Anti-proliferative Activities
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Abstract: Herbal-flavonoids (HF) as polyphenolic secondary metabolites are taken in the
daily diet to join in many metabolic processes in the human organism. Anti-proliferative
activities and human serum albumin (HSA) binding capacities of herbal-flavonoids
namely 7,5-dimethoxyisoetin (HF1), homoorientin-6"-4-O-methyl-myo-inositol (HF2),
(2R, 3R)-(+)-dihydrokaempferol-7,4-dimethylether (HF3), eriodictyol-7,4-dimethylether
(HF4) and flavonoids isoorientin (HF5) and genkwanin (HF6) were investigated. Anti-
proliferative activities were determined by the xCELLigence system by treatment with
human prostate (PC3) and cervical cancer (Hela) cells. The binding capacities were
studied by two-dimensional (2D-FL) and three-dimensional (3D-FL) fluorescence
spectroscopy. Hela and PC3 cell lines were treated with flavonoids at 10, 50 and 100
pg/mL concentrations over a 48 hour period. Stable anti-proliferative efficacy plots
were obtained for tested flavonoids. From the flavonoids, HF3 and HF4 showed the
strongest anti-proliferative effect against PC3 and Hela cell line. HF1 and HF2 exhibited
the strongest binding capacity to the HSA corresponding to K, values of 3.81x 10° M™ and
6.00 x 10* M™, respectively. The studies revealed that the flavonoids form the basis of in
vivo preclinical studies as important nutraceuticals of the daily diet, as well as modelled
in medical and pharmacological applications.
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INTRODUCTION

Flavonoids are bioactive secondary metabolites
occurring in higherplants. They have broad-
spectrum pharmacological effects including
anticancer, antioxidant, antimicrobial,
anti-inflammatory, anti-allergic and
immunosuppressive, as well as low systemic
toxicity. Also, they have important physiological
effects such as bindingto human serum albumin
protein (Poor et al. 2012, Vanekova et al. 2019,
Pawar et al. 2019, Gecibesler & Erdogan 2019,
Gecibesler et al. 2019), inhibition and transport
of different specific enzymes (Havsteen 2002).

Furthermore, some flavonoids exhibit blood
thinner and antiplatelet activity (Guglielmone et
al. 2002, Khan et al. 2018, Bijak et al. 2019).
Human serum albumin (HSA) is the most
abundant carrier protein (about 46 mg/mL) in
blood plasma (Basken & Green 2009, Callmann
etal.2019). Itis also responsible for the transport
of endogenous and exogenous substances
such as fatty acids, amino acids, hormones,
ions and medicines (Cui et al. 2010, Naik et al.
2010, Yaseen et al. 2018, Pang et al. 2019). HSA, a
globular protein, has three domains (I, Il and 111).
Each domain is divided into two sub-domains of
A and B, respectively (IA, 1B, lIIA, 1B, IlIA and 111B).
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These sub-domains are interconnected by cross-
linked disulfide bridges. There are 17 disulfide
bridges in total, one free thiol (Cys-34) and one
tryptophan (Trp-214) in the amino acid sequence
of HSA (Bian et al. 2004). Each region of HSA
has its own specific binding property (Narazaki
et al. 1997, Sen et al. 2009, Mohan et al. 2018).
Studies on the binding of aglycone flavonoids
to the sub-domain IIA of the HSA protein have
been published by several research groups
(Kanakis et al. 2006, Bolli et al. 2010, Di Bari et
al. 2010, Rimac et al. 2017, Wang et al. 2018). The
presence of such multiple binding sites of HSA
ensures that interaction with many organic and
inorganic molecules plays an important role
in the intracellular fluxes regulator and the
pharmacokinetic behavior of many drugs, as
well as its unusual binding ability.

Bioactive flavonoids interact with proteins
and enzymes to prevent the emergence of
pathological conditions. Moreover, these
flavonoids are taken from natural products
such as fruits, vegetables and medicinal herbs
for nutraceutical purposes on a daily diet. In
previous studies, it was shown that performing
biological activity studies of isolated plant-
based natural flavonoids are crucial for the
discovery of new and effective drugs (Liu et
al. 2015, Badr et al. 2016, Gecibesler et al. 2017,
Gecibesler 2019).

Anti-proliferative activities of flavonoids
7,5’ -dimethoxyisoetin (HF1), homoorientin-
6""-4-0-methyl-myo-inositol (HF2), (2R,3R)-(+)-
dihydrokaempferol-7,4-dimethylether (HF3) and
eriodictyol-7,4'-dimethylether (HF4) against Hela
and PC3 cells and binding capacities to HSA have
not been investigated. Interactions of target
flavonoids with HSA protein were performed by
2D-FL and 3D-FL fluorescence spectroscopy and
anti-proliferative activities against Hela and
PC3 screened by xCELLigence RTCA SP system.
The most potent binding capacity to HSA was
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determined as flavonoids HF1 (3.81 x 10°M™)
and HF2 (6.00 x 10“M™). Determination of the
fluorescence parameters of the target flavonoids
is a crucial tool for understanding the functions,
structures, dynamics and interactions of
macromolecules such as proteins and enzymes
in biological systems. In the anti-proliferative
activity tests, the HF3 and HF4 produced stable
decreasing proliferation curves for Hela and
PC3 cell line at concentrations of 10, 50, and 100
pg/mL.

MATERIALS AND METHODS

Reagents

Test compounds namely 7,5-dimethoxyisoetin
(HF1), homoorientin-6"-4-0O-methyl-myo-
inositol (HF2), (2R,3R)-(+)-dihydrokaempferol-
7,4'-dimethylether (HF3), eriodictyol-7,4'-
dimethylether (HF4), isoorientin (HF5) and
genkwanin (HF6) were isolated from endemic
Phyrna ortegioides by chromatographic
techniques and their chemical structures were
determined by spectroscopic techniques. (Figure
1). All of the flavonoids were isolated from P,
ortegioides for the first time and compounds
HF1 and HF2 were reported as novel compounds
(Gecibesler et al. 2017). Sodium hydroxide, formic
acid, ethanol, human serum albumin (HSA), fetal
bovine serum (FBS), phosphate buffered saline
(PBS) penicillin-streptomycin, sterile dimethyl
sulfoxide (DMSO), Dulbecco’s Modified Eagle’s
Medium, high glucose (DMEM) was obtained
from Merck and Sigma Aldrich.

Cell culture

Hela and PC3 celllines were provided by Istanbul
University Faculty of Pharmacy. The cells were
originally purchased from the American Type
Culture Collection. The medium was prepared
by adding penicillin-streptomycin (2%) to DMEM
+ FBS (10%) mixture. The prepared medium was
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taken into 50 mL falcon tubes and stored at +4°C.
The cell lines were reproduced from previous
strains which were stocked at -80°C. Cell lines
at -80°C were brought and thawed rapidly at
37°C and the prepared medium was added and
centrifuged. After the supernatant was removed,
the remaining pellet was mixed with the
medium and transferred to cell seeding flasks.
Cell seeding flasks were placed in an incubator
containing 5% CO, at 37°C. For the growth of the
cells, the final volume of flasks was completed
with DMEM medium containing L-glutamine +
FBS (10%) to 15 mL. Passaging process of the
cells was carried out after the cells covered a
certain surface area of the flask (about 90%) and
the medium in the flask was removed cells were
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OH O
(2R,3R)-(+)-dihydrokaempferol-7,4'-dimethylether (HF3)
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Figure 1. The chemical structures of flavonoids (HF1-6).

BIOAVAILABILITY OF HERBAL-FLAVONOIDS

washed twice with sterile PBS. After washing, PBS
was removed. The trypsinization was performed
using trypsin EDTA to detach cells from the flask.

Test compound solutions

Flavonoids were dissolved in DMSO and diluted
to desired concentrations with DMEM for anti-
proliferative activity tests. The control wells
received the same amount of DMSO with test
wells (0.001% in the highest concentration). In
all experiments, the DMSO concentration was
below 1%. For the fluorimetric measurements,
the flavonoids were dissolved in ethanol and
pipetted into glass flasks. Ethanol was removed
in a nitrogen gas atmosphere.

Homoorientin-6"-4-0-methyl-myo-inositol (HF2)
OH

OCH;
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XCELLigence RTCA SP System

Proliferation experiments were performed using
an xCELLigence RTCA SP (ACEABIO, USA) System
with an incubator capable of producing moisture
at37°Cand 5% CO, (Abay et al. 2015, Oke Altuntas
et al. 2016). The system allows observation of
the anatomical and morphological states of the
cells added to the wells via microelectrodes
located at the bottom of the E-plate 96 wells.
Proliferation experiments were performed in
three steps. First, the medium (50 uL) was added
to each well of the E-plate 96 to allow thermal
equilibration for 15 minutes in the incubator. At
the end of the incubation period, the impedance
measurement was recorded by placing the plate
in the xCELLigence SP station for 1 min. Second,
the cell suspension (25.000 cells/100 pL) was
added to each of the wells by removing the
E-plate 96 from the station. The plate was left
in the sterile cabin for 30 minutes to allow the
cells to adhere to the microelectrode on the
bottom surface the E-plate-96 wells. At the end
of the waiting period, E-plate 96 was placed in
the RTCA station and performed the second
measurement for 80 min. During the second
step, the states of the cells were monitored via
microelectrodes. Flavonoids were dissolved in
sterile DMSO (20 mg/mL) and diluted with DMEM
(10, 50 and 100 pg/mL). At the end of the second
step, the compounds prepared at different
concentrations were added to the wells but
not added to the control and medium wells.
The final volumes of the wells were adjusted
to 200 pL with the medium. All measurements
were performed in three replicates. Finally, after
addition of the flavonoids, the measurements
were made by placing them in the E-plate 96
XCELLigence RTCA SP station. In the last step,
the status of the cells was monitored every
10 minutes for 48 hours. The percentage of
cell index loss over a given time interval was
calculated using the following equation [% LCI =
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(CCI-ECI /CClI) x100]. The equation shows the LCI
percentage of cell index loss, the CCl control cell
index, and the ECI experimental cell index.

Fluorescence spectroscopy

2D-FL and 3D-FL measurements of flavonoid-
HSA interactions were qualitatively and
quantitatively analyzed using a Perkin-Elmer
(Model LS 55) spectrophotometer (Namiesnik
et al. 2014). The pH for the flavonoid-HSA
interaction was adjusted to 7.2 in a phosphate
buffer of 5 uM as the concentration of the HSA
solution. The emission wavelength ranges for the
2D-FL measurements were selected to be 285-
500 nm, and the excitation wavelength 280 nm.
The excitation and emission slit spacing was set
to 5 nm and the scan speed to 1000 nm/min. For
3D-FL measurements, the emission wavelength
range was 220-450 nm. The excitation wavelength
was adjusted to 210 nm and to reach 450 nm
with an increase of 8 nm was performed in a
total of 25 scans. The excitation and emission
slit spacing was set to 5 nm and the scan speed
to 1000 nm/min. Optimum concentration ranges
for flavonoid compounds were determined to
prevent aggregation (Salci & Toprak 2017).

Interaction constant (K)

The following Stern-Volmer equation was used
to calculate the interaction constant between
HSA and flavonoids. The substances that reduce
the fluorescence intensity of fluorophores are
called quencher.

F
?0:1+KSV[Q}

In the equation, F, is the fluorescence
intensity of fluorophore in the absence of
quencher, F is the fluorescence intensity of
fluorophore in the presence quencher, [Q] is
the flavonoid concentration of added to the
reaction medium as a quencher, K, is Stern-
Volmer quenching constant.
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Binding constant (K,)

Quenching ability of a molecule, either by
complex formation or establishing interaction
in a quenching event, is evaluated by calculating
the binding constant of this molecule by the
following formula:

F,-F
log(OT)zlogKb+nlog[Q]

Here, K, is binding constant, n is the
number of connecting/interacting side, Q is the
concentration of the quencher, F, is fluorescence
intensity and F is fluorescence intensity in the
presence of a quencher (Wang et al. 2006).

Statistical analysis

Analysis results expressed as mean + standard
deviation (n=3). Statistical differences were
performed with SPSS 21 software using one-way
analysis of variance (Tukey and Duncan). The
error bars represent the standard deviation of
the experimental results.

RESULTS AND DISCUSSION

Anti-proliferative activities

The xCELLigence real-time graphs obtained in
the treatment of Hela and PC3 cells with the
flavonoids cells are shown in the Figure 2a.
Proliferation plots of flavonoids against PC3 and
Hela cells were obtained as a result of real-time
monitoring during 48-hour. Flavonoids showed
significant anti-proliferative activities against
both HelLa (human cervical carcinoma) and PC3
(human prostate cancer) cells at 10, 50 and 100
pg/mL concentrations. The flavonoids (HF1-6)
caused the loss of cell index (LCI) in a dose-
dependent manner as measured by real-time
impedance analysis on both the PC3 and the
Hela cells (Figure 2a). The LCl values at 36 hours
at different concentrations of compounds are
given in Figure 2b. The LClIs of the compounds on
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concentration-dependent cell lines at 36 hours
were statistically significant at p<0.05, <0.01 and
<0.001. The LCls at the concentrations of 10 and
50 pg/mL of the HF1 on the PC3 cells was 3.47
and 17.69%, respectively (p<0.05 and <0.01). The
LCls of the PC3 cells at concentrations of 50
and 100 pg/mL of the HF4 were 15.6 and 52.7%,
respectively (p<0.05, <0.01 and <0.001), while of
the Hela cells at the same concentrations were
0.58 and 35.1%, respectively (p<0.05 and <0.01).
The LCls at concentrations of 10 and 50 pg/mL
of the HF3 on the PC3 cells were found to be
9.75 and 30.51%, respectively (p<0.05, <0.01 and
<0.001). However, the LCls at 50 and 100 ug/mL
concentrations of the HF3 on the Hela cells
were found to be 10.63 and 25.73%, respectively
(p<0.05, <0.01 and <0.001).

The difference in the antiproliferative
activities of flavonoids against PC3 and Hela
cells is due to the differences in structural
properties of these compounds, in particular,
the regulation of hydroxyl, methoxy and other
functional groups substituted to the flavonoid
skeleton which determines their proliferation
inhibitory effects (Kanadaswami et al. 2005). Also,
Pouget et al. (2001) reported the antiproliferative
effects of these functional substituents on
different positions in the flavonoid skeleton
(Pouget et al. 2001). Another research group
proved that double bond (at C2-C3 position in
the pyran ring), ortho-catechol group (in the B
ring) and hydroxyl group (at C3 position in the
pyran ring) were important for anti-proliferative
activity (Kawaii et al. 1999). Furthermore, the
cytotoxicities of flavonoid are assumed to be
related to the position and number of hydroxyl
groups (Kilani-Jaziri et al. 2012). On the other
hand, unsubstituted flavonoids with functional
groups and monohydroxylated flavones
have low anticancer activity, whereas some
dihydroxyflavones have been reported to exhibit
high anticancer activity.

An Acad Bras Cienc (2020) 92(1) €20190819 5116



IBRAHIM HALIL GECIBESLER & MURAT AYDIN BIOAVAILABILITY OF HERBAL-FLAVONOIDS

Figure 2. The anti-proliferative activities
of flavonoids (HF1-6) against PC3 (human
prostate cancer) and HeLa (human cervical
cancer ) cell lines (=100 pg/mL, = 50 pg/
mL, = 10 pg/mL, = Control, ~ Medium)
7,5'-dimethoxyisoetin (HF1), homoorientin-
6"-4-0-methyl-myo-inositol (HF2), (2R, 3R)
-(+)-dihydrokaempferol-7,4'-dimethylether
(HF3), eriodictyol-7,4'-dimethylether (HF%),
isoorientin (HF5) and genkwanin (HF6) Cell
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The structure activity relationship (SAR) the single bond (at C2-C3 position in the pyran
was revealed by comparing the proliferation ring). On the other hand, this study showed that
inhibiting activities of the tested flavonoids, flavonoid-0O-glycosides such as HF2 and HF5, the
i.e., 7,5-dimethoxyisoetin (HF1), homoorientin- sugar part of the structure, had a less significant
6""-4-0-methyl-myo-inositol (HF2), (2R,3R)-(+)- effect on inhibition of both cell lines so that
dihydrokaempferol-7,4'-dimethylether (HF3),  6-O-glycosylation in flavonoids HF2 and HF5
eriodictyol-7,4-dimethylether (HF4), isoorientin was not necessary for antiproliferative activity.
(HF5) and genkwanin (HF6) on the HelLa and  These results appear to be more important for
PC3 cells. In particular, HF3 and HF4 showed the inhibitory potential with which functional
relatively higher antiproliferative activities than group the flavonoid skeleton is substituted (Das
the others due to the presence of methoxy and et al. 2014). Similarly, the accuracy of this result
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has been reported by different researchers that
flavone glycosides are not effective against
cancer cell lines (Martens & Mithofer 2005,
Tapas et al. 2008, Pinheiro & Justino 2012, Choi
et al. 2012). Regarding the inhibition of PC3 and
Hela cell lines treated by flavonoids HF3 and
HF4, both have proved to be important that
O-methylated and containing single bond (at
C2-C3 position in the pyran ring) play important
roles. These results are consistent with other
reported results (Bandgar et al. 2010, Bahmani et
al. 2017, Grigalius & Petrikaite 2017). Furthermore,
this study demonstrates that the presence
of the sugar groups and hydroxyl groups of
the compounds HF1, HF2, HF5 and HF6 in the
flavonoid structure is insignificant for increasing
in vitro inhibitory activity. This study also showed
that HF3 and HF4 compounds had the most
important effect on inhibition of proliferation
in PC3 and Hela cell lines, indicating that the
presence of multiple methyl ester and the
presence of single bond (at C2-C3 position in the
pyran ring) together in the compounds greatly
affected their activity.

Pouget et al. (2001) reported a study
demonstrating a structure-activity relationship
that supports our study. In their study, they
reported that the presence of methoxyl groups
in flavonoid skeleton increased antiproliferative
activity against tumour cells, greatly reducing
the effects of substitution with hydroxyl groups
(Pouget et al. 2001). Our results showed that
better effects can be achieved by substitution
of methoxyl groups in the flavonoid skeleton
at C7 and C4. Similarly, Walle et al. (2007)
showed a promising antiproliferative agent of
dimethoxyflavonoids, which differ from the
flavonoids that are substituted with hydroxyl
groups (Walle et al. 2007). In a deeper study,
methoxyflavonoids were eight times more
effective than their hydroxylated analogues.
In addition, many studies have proved that
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methoxyflavonoids are remarkable because
these compounds have higheroral bioavailability
compared to hydroxylated flavones (Walle 2007,
Walle et al. 2007, Seito et al. 2011).

When the studies on the structure-activity
relationship of methoxyflavonoids are examined,
it is worth to note that methoxy groups in
the flavonoid skeleton show antiproliferative
activity with low toxicity. (Pouget et al. 2001, Li et
al. 2006, 2007, Du & Chen 2010, Wongsrikaew et
al. 2011, 2012).

From, fruit, herb and vegetable natural
flavonoids such as apigenin, luteolin, quercetin,
naringenin and epigallocatechin have been
reported to play an important role in the
prevention of cancer and reports have shown
that the flavonoids can be inhibited by cancer
cells through different biochemical mechanisms
(Zenget al. 2014, Raha et al. 2015, Erdogan et al.
2016, Lin et al. 2017).

Thus far, it has not been reported that the
anti-proliferative activities of selected flavonoid
compounds, including 7,5'-dimethoxyisoetin
(HF1), homoorientin-6"-4-0O-methyl-myo-
inositol (HF2), (2R,3R)-(+)-dihydrokaempferol-
7,4/ -dimethylether (HF3) and eriodictyol-7,4'-
dimethylether (HF4), against PC3 and Hela
cancer cell lines. In literature, there is a very
limited number of anti-proliferative studies on
isoorientin (HF5) against PC3 and Hela cell lines
(Karakaya et al. 2017). Similarly, there is only a
limited number of anti-proliferative studies on
the genkwanin (HF6) against the Hela cancer
cell line (Awouafack et al. 2016, Hong et al. 2017).

Although the newly developed synthetic
anticancer agents are clinically successful, there
are certain limitations, such as high peripheral
neurotoxicity, complex synthesis procedures,
and drug resistance from many drug-resistant
carriers. Therefore, effective, inexpensive and
new anti-proliferative agents for the treatment
of different types of cancer from natural sources
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has become the focus of new drug discovery
(Demirtas et al. 2013, Wang et al. 2014).

Flavonoids taken in the daily diet, anti-
proliferative drug candidates, in addition to
anti-proliferative health benefits have the
importance of multi-faceted health benefits
such as cardiovascular disease protection
(Wang et al. 2014), weight management
(Tominaga et al. 2006), prevention of age-related
neurodegenerative diseases (Beking & Vieira
2010), viral and bacterial infection (Boubakeur
et al. 2015), vascular fragility (Terao 2017), allergy
(Castell et al. 2014), anti-platelet aggregation
effects (Faggio et al. 2017), anti-inflammatory
activity (Marzocchella et al. 2011), antioxidant
activity (Pal & Verma 2013, Gecibesler et al.
2016), and ion transfer effects (Trischitta &
Faggio 2006). Furthermore, some flavonoids
taken in the diet had protective effects against
the risk of smoking-related cancer (Woo & Kim
2013). In addition to flavonoids could function
as chemopreventive agents that interfered
with many cancer mechanisms by preventing
induction and differentiation of apoptosis
(Menezes et al. 2016). Also, a high intake of fresh
fruits and vegetables rich in flavonoids has been
reported to provide cancer protection against
many common human cancers such as lung,
breast, prostate, and colon (Pathak et al. 2014).

Some examples of the above-mentioned
natural flavonoids that show anti-proliferative
activity and emphasize their potential for the
development of new chemotherapeutic agents.
Therefore, 7,5'-dimethoxyisoetin (HF1) and
homoorientin-6"-4-0-methyl-myo-inositol (HF2)
and other known flavonoids, which are isolated
from P. ortegiodes and newly introduced into the
literature, can be shown as new anti-proliferative
agent candidates after further investigation of
the mechanisms of biomolecular action.
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Binding capacities
Fluorescence spectrometry is a fast, easy, and
highly reproducible method of describing the
interaction of serum albumin, which forms a
large part of plasma proteins, with bioactive
molecules. The decrease in the fluorescence
intensity (FI) of fluorophore such as tryptophan
provides useful information about the
interaction and binding type of these bioactive
molecules with the albumin molecules. In
this context, the interactions of HSA protein
with flavonoids and the fluorescence changes
of albumin were studied by two- and three-
dimensional fluorescence spectrometry. As a
result of the studies, it was obvious that the FI
of HSA decreased gradually with the increase
in the concentration of flavonoid in a constant
concentration of HSA. This decrease in the Fl of
HSA indicates that flavonoids interact with HSA.
Interactions of the flavonoids with the HSA
were chosen betweentheoptimum concentration
ranges and the emission wavelength (EM) range
of 285-500 nm. The binding capacities of the HSA
to each flavonoid were determined qualitatively
and quantitatively considering the decrease in
the Fl of HSA. HSA solution was used at a constant
concentration of 330 pg/mL in 2D-FL and 3D-FL
fluorescence spectra. The concentration of each
flavonoid has been optimized so as not to cause
aggregation with HSA. All 3D-FL spectral studies
were recorded at EM of 220-450 nm and the
excitation wavelength (EX) range at 205-402 nm.
In 2D-FL spectroscopy studies, the FI value
at the EM of 346.5 nm for the HF1 (1.25 ug/mL)
+ HSA system was 211.8 while at the same EM,
HF1 (10 pg/mL) + HSA system decreased the FI
value to 30.2. The Fls at the lowest and highest
concentrations of the HF1 molecule show
that the HF1 significantly interacts with the
fluorophore groups in the HSA present in the
medium compared to the FI value (357.4) of the
HSA (Figure 3).
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The 3D-FL and 3D map surface spectra were
picturized that the FI for the HF1 (5 ug/mL) +
HSA system was measured as 42.4 and at this Fl
the EX and the EM were recorded at 275 nm and
344 nm, respectively (A, /A : 275/344) (Figure 4).
The Fl values of the HSA and the HF2 at different
concentrations (0.63-2.5 ug/mL) ranged from 38.6
to 196.9 at the EM of 345.5 nm was recorded. The
FI was 541 in 3D-FL and 3D map surface spectra
for the HF2 (1.7 ug/mL) + HSA system. The A_ /A
values were measured as a 279/349 (Figure 4).
When figure 3 is examined, it can be seen that the
FI of HSA decreased gradually with the increase
in the concentration of the HF3. The FI in 3D-FL

Aem (nm)

and 3D map surface spectra for HF3 (5 pg/mL)
+ HSA system was 1464, and A_ /A values were
273/345 (Figure 4). The Fl in 3D-FL and 3D map
surface spectra for HF4 (3.8 pg/mL) + HSA system
was measured as 178.2 and, ASX/AQm values were
273/344 (Figure 4). The Fl value was measured
as 229 at the EM of 346 nm for the system of
HF4 (5 pg/mL) + HSA. Significant decreases in
the FlI values were observed with increasing
concentrations of HF5 for HSA + HF5 systems.
For example, the FI for the HF5 (5 pg/mL) + HSA
system was 71.8, and the EM was measured as
346 nm (Figure 4). The HF6 was able to interact
with HSA at very high concentrations (6.3-50 ug/
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Figure 4. The three-dimensional fluorescence (3D-FL) and 3D map surface spectra of HSA and HSA + flavonoid
systems. 5 pg/mL HF1 + HSA (a), 1.7 pg/mL HF2 + HSA (b), 5 pg/mL HF3 + HSA (c), 5 pg/mL HF4 + HSA (d) 5 pg/mL
HF5 + HSA (e), 37.5 pg/mL HF6 + HSA (f). Human serum albumin (HSA), 7,5'-dimethoxyisoetin (HF1), homoorientin-
6"-4-0-methyl-myo-inositol (HF2), (2R,3R)-(+)-dihydrokaempferol-7,4'-dimethylether (HF3) and eriodictyol-

7,4 -dimethylether (HF4), isoorientin (HF5) and genkwanin (HF6). The 3D-FL and 3D map surface spectra of the
flavonoid-HSA interactions were performed by the optimum experimental conditions: fluorescence intensity up
to 270, emission wavelengths from 220 to 450 nm, excitation wavelengths from 210 to 450 nm, scanning speed of

1000 nm/min and emission slit spacing of 5 nm.

mL) according to the other compounds (Figure
3). The Fls in 3D-FL and 3D map surface spectra
were measured as 1374 and, A_/A__ values for
HF6 (37.5 pug/mL) + HSA system were 271/342
(Figure 4).

The binding constant (K,) values of
the systems HSA-flavonoids (at different
concentration ranges) were ranked by decreasing
values as follows: 6.00 x 10* M" (HF2) > 3.81 x 10°
M™ (HF1) > 247 x 10* M (HF5) >5.46 x 10° M(HF3)

>4.79 x 10° M™ (HF4) >6.30 x 10* M (HF6) (Table 1).
The Stern-Volmer plot was obtained using the
fluorescence intensity rates (F,/F) of the HSA
in the absence/presence of the flavonoids and
their concentrations [Q]. When the 2D-FL and
3D-FL studies in the flavonoid-HSA system were
examined, the phenolic compounds containing
polarfunctional group showed better interaction
with the HSA (Hamid et al. 2017, Park et al.
2015). These result also demonstrated that the
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flavonoids containing the polar functional group
in our study interact strongly with the HSA.

As previously mentioned HSA is the most
abundant protein in blood plasma and is an
important carrier for many pharmaceutical
components such as flavonoids. The bioactivity
of the flavonoids from plant-based natural
products such as herbs, vegetables and fruits,
affects blood and microvascular endothelial
cells, and it is essential to detect the interaction
between serum albumin of flavonoids (Liu et al.
2010).

Flavonoids the comprehensive biological
activities and the use of this class of
compounds as traditional medicine and dietary
supplement is becoming increasingly common.
Unfortunately, researches on the flavonoids are
still limited to pharmacokinetic, bioavailability,
biogenomy and safety due to the unique
arrangement of hydroxylation, methoxylation,
hydrogenation of the C2-C3 double bond and
glycosylation in the aromatic ring structures.
Therefore, flavonoids newly discovered
from natural sources are structural changes
of flavonoids affect the binding of these
compounds to HSA. In literature, it was reported
that the hydroxylation and methoxylation in
the flavonoid skeleton increased the binding
capacity of the flavonoids to HSA, whereas the
glycosylation and hydrogenation of the C2-C3
double bond in structure decreased the binding
capacity of HSA (Cao et al. 2019).

On the other hand, the exact amount of
flavonoids to be taken with diet, which is one of
the mostimportantissues, is still unknown (Chen
et al. 2017, 2018). Based on preclinical tests using
in vitro bioactivity studies, the following can be
expressed. Inhibition of cancer cell proliferation
and interactions with macro biomolecules
of flavonoids significantly affect the chemical
structure of these compounds. However,
these in vitro studies do not take into account

BIOAVAILABILITY OF HERBAL-FLAVONOIDS

the bioavailability and biotransformation of
these compounds. Moreover, the doses and
concentrations (>10 pM) of flavonoids used in
these in vitro and in vivo preclinical studies
may be difficult to obtain only from the diet of
humans. Therefore, flavonoids may need to be
consumed as nutraceuticals to obtain beneficial
doses and further clinical studies are warranted
to test the efficacy of complementary forms of
flavonoids. Biological activity studies examining
the effects of flavonoids often use very high
concentrations that may not be physiologically
relevant. Therefore, the benefits seen in in vitro
bioactivity studies cannot be translated to in
vivo. In clinical trials, further clinical research
is warranted to investigate the bioavailability
of dietary flavonoids and changes in serum
biomarkers (Tapas et al. 2008, Jun et al. 2016,
Millar et al. 2017, Kent et al. 2018). Some studies
have shown that drugs that have a high capacity
to bind to plasma proteins have usually longer
half-life, are long-lasting, and run slowly
in the plasma (Obach 1999, Pu et al. 2018).
Therefore, the binding capacity of flavonoid to
plasma proteins may be used as some rational
indicators. Knowing the protein binding capacity
of drug candidate molecules will enable us
to obtain in-vivo activity and rational data for
drug use. The binding capacity of a drug to a
protein depends on the main factors such as
stability, distribution, excretion, metabolism of
the drug, complexing with other molecules and
interaction with tissues (Xiao & Kai 2012).

It is important to predict the molecular
bioavailability of natural flavonoids to establish
the relationship between binding capacity to
plasma protein and cancer activities to provide
reliable data for clinical application research.
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Table I. Binding constant (K,), number of attached moieties (n) and Stern-Volmer values for flavonoid-HSA

interactions.

K, and n values

BIOAVAILABILITY OF HERBAL-FLAVONOIDS

Stern-Volmer values

R? Equation K, (M) R?
0.927 y=0113x +1 0113 0.972
0.861 y = 0341x + 1 0.341 0.893
0.968 y =0.079x + 1 0.079 0.903
0.962 y =0169x + 1 0.169 0.726
0.708 y = 0.051x + 1 0.051 0.912
0.949 y = 0.015x + 1 0.015 0.973

Flavonoids Equation K, (M) n
HF1 y = 1.287x - 1419 3.81x 10" 1287
HF2 y = 1.630x - 1.222 6.00 x 10 1.630
HF3 y = 1.691x - 2.263 546 x 10° 1.691
HF4 y = 1943x - 2.319 479 x 10° 1943
HF5 y = 1192x - 1.607 247 x 10" 1192
HF6 y = 1.545x - 3196 6.30 x 107 1.545
CONCLUSIONS

For novel uses of herbal-flavonoids, anti-
proliferative activitiesand HSA binding capacities
were investigated. HF3 and HF5 showed the
strongest anti-proliferative effect against Hela
and PC3 cell lines, respectively. The HF1 and
HF2 showed a strong interaction with the blood
plasma protein HSA. Although glycosidic and
aglycone forms of flavonoids are very common,
flavonoids containing a group of inositol such as
the compound HF2 are scarce in the literature.
Therefore, considering the development of
new drugs, it is crucial to check newly isolated
natural product related compounds for their
activities in different in vitro assays. Effective
new bioactive compounds from natural sources
are considered to be the basis of pre-clinical
studies, especially in the fields of medicine,
pharmacological and biomedical applications.
In addition, semisynthetic derivatives of target
flavonoidsare becomingincreasingly widespread
in the pharmaceutical industry, especially in
food, cosmetics, medicinal, pharmaceutical and
phytotherapeutic. Thus, novel semi-synthetic
derivatives can be obtained to create new areas.
For the tested flavonoids, those with high HSA
binding affinities can be tested for their further
bioavailability by in vitro biological activity
parameters such as antioxidant, antimicrobial,

An Acad Bras Cienc (2020) 92(1)

anti-diabetic and anti-Alzheimer activities.
Apoptosis and telomerase activities can be
investigated at the molecular level using
structure-activity relations.
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