Eur Food Res Technol (2014) 238:121-128
DOI 10.1007/s00217-013-2091-x

ORIGINAL PAPER

Characterization and density functional theory study of the
antioxidant activity of quercetin and its sugar-containing

analogues

Weirong Cai - Yong Chen - Liangliang Xie -
Hong Zhang - Chunyuan Hou

Received: 7 June 2013 / Revised: 24 August 2013 / Accepted: 27 August 2013 / Published online: 14 September 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract Inhibition of free radicals using quercetin,
hyperin and rutin is examined to determine their antioxi-
dant effects and the structure—activity relationships of fla-
vonoids. Two species of the free radicals are used, includ-
ing hydroxyl radical (-OH) and superoxide anion radical
(O,7-). Density functional theory calculations under the
level of B3LYP/6-311G (d) have been utilized to explore
the structure, molecular properties and antioxidant abilities
of the three flavonoids. Bond dissociation enthalpy (BDE)
and frontier molecular orbital energy gap are investigated.
They are compared with the experiment results assayed by
the spectrophotometric. All of the flavonoids show a high
activity on inhibiting -OH and O, - radicals. Scavenging
activity determined by half maximal inhibitory concentra-
tion (ICs,) values of the three flavonoids decreases in the
order: quercetin > hyperin > rutin. The calculations show
that quercetin owns the lowest BDE values, which agree
well with the experimental results of antioxidant activity
determined by ICs, values.
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Abbreviations

DFT Density functional theory

SARs Structure—activity relationships

BDE Bond dissociation enthalpy

ICs, Half maximal inhibitory concentration

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
IHBs Intramolecular hydrogen bonds

ZPE Zero-point energy

HAT H-atom transfer

VC Vitamin C

SA Salicylic acid

-OH Hydroxyl radical

0, Superoxide anion radical
Introduction

Free radicals such as hydroxyl radical (-OH) and superox-
ide anion radical (O, -) are toxic compounds produced by
the oxidative reaction. They have a high activity and can
slowly cause severe damage to the cells [1]. They can attack
the cell membrane or react with serum protease. Flavonoids
typically show strong antioxidant activity by scavenging
free radicals [2]. Some flavonoids’ antioxidant capacity is
equivalent with the antioxidants like vitamin C (VC) and
vitamin E (VE) [3]. The radical scavenging properties of
flavonoids are based on the phenol hydroxyl and the pos-
sibility of stabilization of the resulting phenoxyl radicals
through hydrogen bonding or extended electron delocaliza-
tion [4]. A number of studies have established the hierar-
chy of flavonoids in terms of their antioxidant activities and
the corresponding structure—activity relationship (SAR) in
vitro [5, 6]. The existing data are principally focused on
the effects of the position and number of hydroxyl group in
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molecule on antioxidant activity [7, 8], little is concern on
the effect of sugar group in flavonoids. Meanwhile, the use
of only one free radical is unsuitable for evaluating antioxi-
dant capacity of flavonoids and the use of different methods
in the various reaction systems is usually inconsistent. This
contradiction hinders the understanding of the antioxidant
capacity of flavonoids.

The aforementioned problem caused by the diversity of
oxidants can be resolved through theoretical calculation. In
theoretical calculations, several studies have explored and
elucidated the antioxidant activity of flavonoids. Van Acker
et al. [9] have used ab initio method to evaluate the anti-
oxidant activity of flavonoids and found that the formation
of intramolecular hydrogen bonds (IHBs) can be useful for
the antioxidant activity. Figen et al. [10] have used AM1 to
optimize the geometry of naringenin and genistein, while
using ab initio RHF including full MP2 to calculate the
electronic properties of the system. More recently, Monica
et al. [11] have used density function theory (DFT) to study
the antioxidant activity of apigenin, luteolin and taxifolin,
and bond dissociation enthalpy (BDE) is used to measure
flavonoids’ antioxidant activity [12, 13]. Their results show
that B-ring of flavonoids is the most important site for anti-
oxidant activity. So the study of the electronic and molecu-
lar properties is important to understand the mechanism of
the antioxidant activity of these compounds.

This study is focused on the effect of sugar group in fla-
vonoids. In our work, quercetin, hyperin (quercetin-3-ga-
lactoside) and rutin (quercetin-3-rhamnoglucoside) (Fig. 1)
are chosen to investigate the SAR, especially the C-3 sugar
group effect of flavonoids, and compared with the results

R1=H Quercetin
R2=Galactose Hyperin
R3=Rhamnoglucoside Rutin

Fig. 1 Structures of quercetin, hyperin and rutin
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of two spectrophotometric assays. In this research, the geo-
metrical features of the three compounds have been stud-
ied to confirm the capacity of their antioxidant activity, the
BDE and other electronic properties together with highest
occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energies have been eluci-
dated. Experimental and theoretical values are compared
with each other among the three flavonoids to discuss the
effect of the sugar group in molecules. Property and capac-
ity studies of flavonoids by experiment and theoretical cal-
culation method can contribute to the ongoing interest in
the understanding of flavonoids for better exploitation in
the field of biology and food science.

Materials and methods
Chemical reagents

Quercetin, hyperin, rutin and VC are purchased from Alad-
din Chemistry Co., Ltd. (Shanghai, China). Pyrogallol,
Tris, hydrochloric acid, FeSO,, salicylic acid (SA), H,0,
and ethanol are purchased from Shanghai Chemical Rea-
gent Co. Ltd. (Shanghai, China).

-OH assay

Fenton reaction method is used to create the -OH radical
generating system model in vitro. A slight modification
is made according to Ref. [14]: 2 mmol/L FeSO, 5 mL
and 6 mmol/L H,0, 5 mL are put into 25-mL colorimet-
ric tubes, the mixture is shaken well and then, 6 mmol/L
salicylic acid is added to the mark. In a 37 °C water bath,
keeping for 15 min, the absorbance is measured at 510 nm,
which is recorded as A,. Then, a certain concentration of
1 mL flavonoid solution is added to the reaction mixture.
By keeping the water bath for 15 min, its absorbance A, is
measured. The antioxidant activities of the three flavonoids
are compared with standard antioxidant VC.

Scavenging rate (%) = (Ag — Ax) /Ao x 100.

O, -assay

O, radicals are produced by pyrogallol autoxidation
method by making a slight modification according to Ref.
[15]. About 0.1 mL of sample solution is added to 3.0 mL
of 50 mM tris—HCI buffer (pH 8.2) for 10 min at 25 °C,
and then 0.1 mL of 3 mM pyrogallol (positive) or 10 mM
HCI (control) are added in the assay system. After the mix-
ture is rapidly shaken, its absorption value is determined
at 325 nm in 0.5 min interval of 4 min (keeping the auto-
oxidation rate of pyrogallol at 0.050-0.065 OD/min). The
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antioxidant activities of the three flavonoids are compared
with standard antioxidant VC.

Inhibition rate (%) = (AA1/At — AA,JAt) | (AA1/Ar)
x 100

AA,/At represents pyrogallol auto-oxidation reaction rate
and AA /At means pyrogallol auto-oxidation reaction rate
after adding the sample solutions.

Quantum chemical calculations

For ease of discussion, generic term FlaOH has been used to
represent the antioxidant molecule. All computations have
been implemented with the Gaussian 03 program package.
DFT method under B3LYP/6-311G (d) basis set is adopted
[16]. The structure optimization, frequency and energy cal-
culations intend for phenoxyl radicals (FlaO-) for all the
compounds are obtained by removing the H-atom from the
absolute minimum of neutral compounds (FlaOH) at the
same level of theory. While carrying out these calculations,
unrestricted open shell (UB3LYP) method is employed. It
has been observed from the harmonic vibration frequencies
that all the conformations for these radicals have no imagi-
nary frequency. The BDE is calculated by the following
expressions: BDE = H(FlaO-) + H(H-) — H(FlaOH) [17].
The zero-point energy (ZPE) is taken into account to correct
the BDE values in the reaction at 298 K.

Statistical analysis

All samples are prepared in triplicate. Each sample anal-
ysis is performed in triplicate. All results presented are
mean + SD of at least three independent experiments.
Statistical analysis (ANOVA with a statistical significance
level set at P < 0.05 and linear regression) is carried out
with Minitab 15.

Results and discussion
Radical scavenging activity against -OH radical

The scavenging rate of the three flavonoids and VC is
shown in Fig. 2 and the half maximal inhibitory concen-
tration (ICs,) values are shown in Table 1. From Fig. 2,
we can know that the three flavonoids and VC have a high
activity on scavenging -OH radical in vitro and in the range
of 0.01-0.08 mg/mL; the clearance rate of the three fla-
vonoids increases with the concentration increase. In the
-OH assay, the highest scavenging activity against -OH is
quercetin while the lowest is rutin. The clearance rate of
the three flavonoids does not differ much when the concen-
tration is lower than 0.05 mg/mL. When the concentration
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Fig. 2 Radical scavenging activity against -OH radical

Table 1 Radical scavenging activities of rutin, hyperin, quercetin
and VC

Compound IC4y (mg/mL)
-OH radical O, radical

Quercetin 0.034 £+ 0.005 0.42 + 0.09
Hyperin 0.059 £ 0.004 2.74 £0.07
Rutin 0.081 £ 0.007 14.39 £ 0.11
Vitamin C 0.034 £ 0.004 0.26 & 0.08
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Fig. 3 Radical scavenging activity against O, - radical

of quercetin reaches 0.08 mg/mL, its clearance rate can be
86.4 % and its antioxidant activity is close to VC. The fla-
vonoids exhibit different scavenging properties against -OH
radical depending upon the structure. C3—OH of flavonoids
replaced by sugar group may inhibit its antioxidant and as
the sugar group increases, antioxidant activity decreases.
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Fig. 4 The stable form of (a)

quercetin a, hyperin b and
.9

rutin ¢

&

Sugar group may play a steric effect to inhibit antioxidant
activity in the antioxidant process.
Radical scavenging activity against O, - radical

The scavenging activity of flavonoids and VC of the O,
generated by the pyrogallol autoxidation system is exam-
ined. The ICs, values of quercetin, hyperin and rutin on
scavenging O, - radical are listed in Table 1. The inhibi-
tion rate of pyrogallol autoxidation of the three flavonoids
is displayed in Fig. 3. The scavenging activity of querce-
tin, hyperin and rutin decreases in the order: querce-
tin > hyperin > rutin. ICs;, values of quercetin, hyperin, rutin
and VC are 0.42, 2.74, 14.39 and 0.26 mg/mL, respectively.
Quercetin shows the strongest antioxidant activity of the
three flavonoids in different free radical generating system.
The scavenging mechanism of O, - radical may be a cou-
pled hydrogen atom electron transfer where the electron is
transferred from the superoxide anion radical to flavonoid
and the hydrogen atom is transferred from flavonoid to the
radical [18]. Sugar group that substitutes C3—OH in flavo-
noids also plays a negative role in scavenging O, - radical.

Geometry optimization

Geometry optimization is carried out under the B3LYP/6-
311G (d) basis set of Gaussian 03. The optimized structures
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Table 2 The bond distances, bond angles and dihedral angles of the
three flavonoids

Geometry Quercetin Hyperin Rutin
Bond distances (A)
R(12,13) 0.99515 0.99638 0.99575
R(14,15) 0.97194 0.97198 0.97205
R(16,17) 0.97491 0.97591 0.97710
R(18,19) 0.96989 0.96958 0.96956
Bond angles (°)
A(5,12,13) 109.76169 109.22203 109.47016
A(1,2,1)) 112.45586 110.47392 111.12312
Dihedral angles (°)
D(3,2,1',2") —179.99758 154.82533 —162.03076

of the most stable conformation of quercetin, hyperin and
rutin along with the pattern of IHBs are shown in Fig. 4. A
part of calculating bond distances, bond angles and dihedral
angles is displayed in Table 2. Vibration frequencies which
calculated in the same level of theory have confirmed sta-
tionary points with no negative eigenvalues observed in the
force constant matrix (Fig. 4).

From the optimized molecular structure of the three fla-
vonoids, it can be seen that the 2, 3-double bond exists in
the three flavonoids, and it ensures m-electron delocaliza-
tion between the B- and C-rings, which contribute to the
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stabilization of FlaO-, after H-abstraction [19]. For querce-
tin, 2, 3-double bond and the C3—-OH group make it planar
and C-ring expands the planar structure as the connect ring.
It is beneficial for the H-atom transfer (HAT) and it forms
the more stable half-quinone free radical in scavenging the
free radical. Compared with all phenol hydroxyl groups
on quercetin molecular, C5-OH bond length is noticeably
longer than the others. It may be related to the ketone group
in C-ring which forms an IHB with the C5-OH group, so
that the C5—OH bond distances are stretched. The hydrogen
bond is also found between the 3’-OH and 4'-OH groups
in the three flavonoid compounds by comparing the bond
distance as shown in Table 2. The two hydrogen bonds,
between the 3'-OH and 4'-OH groups, the 5-OH and
C4-0 ketone groups may use for stabilizing the structure
[20].

In contrast, the benzopyrone and phenyl rings are not
planar in rutin and hyperin. The calculated A-to-B dihedral
angles of rutin and hyperin are 17.97° and 25.18°, respec-
tively. The A-to-B dihedral angles may be caused by the
sugar group in the C-ring. Different A-to-B dihedral angles
lead the flavonoids molecule conformation to reverse
and make molecule lose coplanar varying degrees. It will
weaken the electronic distribution of flavonoid molecules,
and be an important factor of different antioxidant activity
in unique flavonoid compounds.

BDE values

It is appropriately certificated that BDE for the O-H bond
is of specific importance to acquaint the mechanism of
radical scavenging activity [21], because a weak O—H bond
means the faster reaction rate and high antioxidant activ-
ity. Free radical scavenging capacity of flavonoids is also
generally related to the existence of OH groups in a specific
position on the flavonoid core.

Optimization of the geometry of the radical species
formed after HAT of the three flavonoid compounds is
carried out starting from the optimized geometry of the
absolute minimum structures of the neutral version. The
removal of H-atom from the C3’, C4’, C5 and C7 posi-
tions in the three flavonoid compounds gives rise to four
radical species. The radical species created by the removal
of H-atom from the C3'-OH group of quercetin is called
as C3’-OH quercetin radical species. In the same way,
remaining three radical species are generated and named.
The same methodology has been adopted for the genera-
tion and naming of the four radical species of rutin and
hyperin. Geometry optimizations on the radicals are cal-
culated by the UB3LYP/6-311G (d) method in gas phase.
During the optimization of the radical species of the three
flavonoid compounds, no geometrical parameter constraint
is employed [22].

Table 3 The computed BDE values for the three flavonoid
compounds (kcal/mol)

Specials 5-OH 7-OH 3'-OH 4'-OH
Quercetin 89.7 76.3 65.8 75.9
Hyperin 90.5 77.4 67.6 76.2
Rutin 94.8 82.5 73.8 81.1

The computed BDE values for the three flavonoid
compounds are shown in Table 3 and from it we can see
that quercetin has the lowest BDE in 3'-OH at 65.8 kcal/
mol; 3’-OH in rutin and hyperin also provides a low
BDE value at 73.8 and 67.6 kcal/mol, respectively. In
our calculation, BDE values in the gas phase of the four
radical species of quercetin, rutin and hyperin leading to
the consistent following BDE sequence: C3'-OH < C4'-
OH < C7-0OH < C5-OH. It clearly confirms that H-transfer
from B-ring (3'-OH) is much easier than from A-ring (5—
OH and 7-OH), and BDE of C5-OH group is higher than
others. This difference is related to the fact that a hydrogen
bond exists between the C5—OH group and adjacent ketone
group. The result is that BDE on this site is higher because
the H-atom removal implies the cleavage of the hydro-
gen bond. Similarly, H-atom removal from C4’-OH also
implies the breaking of the hydrogen bond. B-ring is more
active than A-ring. The BDE value of C4'-OH in B-ring
is lower than the OH in A-ring though the hydrogen bond
exists between C4'-OH and C3’-OH. These findings are
consistent with the results which are found by Dhaouadi
et al. [23, 24]. Judging from the lowest BDE, the number of
phenol hydroxyl group for each natural flavonoids and its
relative energy values are obtained according to the HAT
mechanism; our results are in good agreement with those
obtained in the experiment [25-27], and we can describe
the activities of the flavonoids under study in the following
order: quercetin > hyperin > rutin, which are in accordance
with the experimental results determined by spectrophoto-
metric assays.

Frontier molecular orbital theory

The frontier orbital calculated for the three flavonoid com-
pounds at the level of B3LYP/6-311G (d) in the gas phase
is shown in Fig. 5, and the frontier orbital energy is also
indicated in Table 4. The active site can be demonstrated
visually by the distribution of frontier orbital. From
Fig. 5, we can find that the HOMO of the three flavonoid
compounds is mainly distributed in the B-ring, while the
LUMO allocated in the C-ring. So the higher ability to
respond to the functional site is mainly focused on B-ring
and the conjugate part. The electron-donating capability of
a molecule can be determined by the values of HOMO; a
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Fig. 5 The frontier orbital
calculated for quercetin, hyperin
and rutin

rutin (HOMO)

Table 4 The frontier orbital energy and energy gap of quercetin,
hyperin and rutin (eV)

Flavonoids HOMO LUMO Egp
Quercetin —-5.93 —2.37 3.56
Hyperin —6.18 —2.57 3.61
Rutin —6.67 -2.93 3.74

high HOMO corresponds with a strong capability to donate
electrons [28]. It can be seen from Table 4 that quercetin
possesses the highest HOMO among the three flavonoid
compounds, while rutin owns the lowest. Based on our
calculations, the trend for computing HOMO is scarcely

@ Springer
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quercetin (LUMO)

rutin (LUMO)

different from that of BDE, correspond to the arrangement:
quercetin > hyperin > rutin.

Another parameter to be given importance is the
energy gap (E,,,) of these three compounds. The band
gap of quercetin flavonoid compound is calculated as
3.56 eV, whereas for rutin and hyperin it is 3.61 and
3.74 eV, respectively. The band gap energy difference
between quercetin and hyperin is only 0.05 eV, and the
difference in the band gap energies of quercetin and rutin
is found to be 0.18 eV. The lower the E,,,, the easier the
electrons inspire and the more vigorous the antioxidant.
The low magnitude of the band gap energy indicates that
the flavonoid compounds could be a highly reactive sys-
tem. The different energy of E,,, in flavonoid compounds
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is a representation of molecular planarity and a quantum
electronic feature of the frontier orbital [29]. The anal-
ysis of band gap values obtained for quercetin, hyperin
and rutin are in accord with the results of the frontier
orbital theory.

Conclusion

In this paper, we have utilized two spectrophotometric
assays and B3LYP/6-311G (d) method to explore the struc-
tural features and molecular properties of three naturally
occurring flavonoid compounds including quercetin, rutin
and hyperin. The study has concerned the determination of
scavenging radical activity in vitro and geometrical prop-
erties in order to identify the contribution of the sugar
group of the antioxidant activity. In addition to that various
molecular descriptors such as the BDE, HOMO and Egap
of the flavonoid compounds have also been obtained and
studied, which are relevant to show evidence of antioxidant
activity.

Our study indicates that the dihedral angles between
A-ring and B-ring of rutin and hyperin may be caused
by the sugar group at C3. It may weaken the antioxi-
dant activity and it is an important factor of different
antioxidant activity in different flavonoid compounds.
The role of B-ring is found to dominate the antioxidant
property of the three compounds based on the analy-
sis of the results. Comparison among the three consid-
ered molecules indicates quercetin as the flavonoid that
requires the lowest energy for H-atom transfer mecha-
nisms. Low values of the BDE and energy gap show that
the ortho-phenolic hydroxyl group on the B-ring is the
most active. The activities of the three flavonoid com-
pounds may be arranged in the following order: querce-
tin > hyperin > rutin and it is an agreement with the
experiment results we get.

The above finding undoubtedly indicates that the sugar
group in the molecule plays a negative effect for antifree
radical activity of flavonoids. C-ring 3—-OH replaced by
sugar group can decrease the antioxidant activity of fla-
vonoids. By increasing the number of sugar group, the
antifree radical effects decrease sequentially. We hope the
study of the property and capacity of the antioxidant can
contribute to the ongoing interest in the understanding of
flavonoids for better exploitation in the field of biology and
food science.
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