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Abstract

Reported discrepa the understanding of the molecular mechanisms of
antioxidant reactivi The consequent problems necessitate systematic investiga-
tions on the mol i res of antioxidants and their correlation with antioxidant

investigate the ical-scavenging properties, and the related mechanisms of action
were studiggd

gap), and spin delocalization of the phenoxyl radicals (D). The results dem-
onstrate e molecular mechanisms regulating the antioxidant action were more complex
than hydrog8@®r electron-transfer processes and explain previous contradictions. Meanwhile,
a satisfactory quantitative structure—activity relationship (QSAR) model was established
which should be of predictive value in evaluating or screening hydroxyl radical-scavenging
antioxidants.
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1. Introduction

The hydroxyl radical is the most reactive species derived from
and reacts with organic compounds at near diffusion-controlled ra
oxidative damage to DNA, amino acids, proteins, and membr

ical-quenching reaction have not been explored.

Some authors tried to identify the intermediates order to de-
termine the reaction pathway of hydroxyl radi phen8fics, but contro-
versy arose [8,9]. A recent study performed et al. [10] showed
that one-electron oxidation of ferulic acid dical first proceeded
by an addition reaction, and then the radic products underwent water
elimination to yield phenoxyl radicals. Simi ere reported by Dwibedy
et al. [11], who proposed that phengli one-electron oxidation to
give phenoxyl type radical species. escriptors representing O-H bond
dissociation energy (BDE) [12-15] on-donating properties [12,13,
16-19] have been obtained to st in part the oxidation of phenolic
acid.

However, some discrep
mechanisms of hydroxyl

ng reactivity of antioxidants. The energy
ar orbital (Egomo), which determines the elec-
oopmans’ theory, exhibited good correlation
antioxidant in some studies [12,16], but suffered se-
antioxidant activity of flavonoids that have intra-
[17,18]. Further, Fyomo can give a correct prediction
tween molecules with or without a meta-methyl group,
2]. On the other hand, some authors [14,15] confirmed
BDE in predicting the activities of several series of antiox-

be more complex in nature than hydrogen-abstraction or electron-transfer alone in
governing the hydroxyl radical-quenching reactivity. This raises the questions of
how and to what extent hydrogen- and electron-transfer processes regulate the reac-
tivity of antioxidants. Moreover, how do they influence each other? Furthermore,
what mechanisms may underlie the free radical reactions and how are they related
to electron- and hydrogen-transfer processes? These questions prompted us to
perform the present work so that new light could be shed on the mechanisms and
resolve the controversy.
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2. Materials and methods

2.1. Chemicals

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione), caffeic acid (3,4-dihydroxy-
cinnamic acid), and protocatechuic acid (3,4-dihydroxybenzoic acid) were purchased
from Sigma Chemical (St. Louis, MO, USA). 2-Thiolbarbituic acidegid 2-deoxy-
D-ribose were obtained from Beijing Jingke Chemical (Beijing,
Chemie GmbH (Steinheim, Switzerland), respectively. All othed@he ere of
analytical grade and were obtained from Beijing Chemical ij
gen-free de-ionized water was used to prepare all solution

2.2. Luminol-enhanced chemiluminescence assay

The chemiluminescent method has been widel g the antioxidant
potential [20-24] based on the quenching of t inescence (CL) signal.
Herein, we optimized the conditions of the een Fenton’s reagent
and luminol by a LKB Wallac 1251 lumino ¢ Oy, Finland) with two dis-
pensers. The reaction mixture contained, in e of 1.0 mL, the following
reagents at the final concentrati x 107*mol/L Fe*'-EDTA,
4.4 x 10~*mol/L H,0,, and 2.0 x 1 Juminol. The reaction was started by
dispensing Fe*’-EDTA and H,O, ixture, and carried out in a
KH,PO,~NaOH buffered soluts 0.050 mol/L at final concentration) at
room temperature (25 + 1°C curves were recorded immediately after
initiation of the reaction.

2.3. Thiobarbituric ecies (TBARS) assay on hydroxyl radical-
scavenging activity

with phenohc compounds in 10mM KH,PO,~NaOH buffer (pH
7.4). ED % nd FeCl, were premixed and dispensed into the reaction mixture to trig-
ger the Fen¥@h reaction by a LKB 1291 dispenser (LKB Wallac, Finland). The mix-
ture was fully mixed immediately after reaction initiation using a pulse mixer (LKB
Wallac, Finland), and incubated at room temperature (25 + 1°C) for 5 s. The reaction
was stopped by dispensing 1 mL of 10% (w/v) trichloroacetic acid [29], and reaction
mixture was mixed with 1 mL of 1% (w/v) 2-thiobarbituric acid (TBA, in 50 mM
NaOH containing 0.02% BHA), then further heated at 80 °C for 15min to develop
the chromophore. For spectrophotometric determinations, the above-developed
chromophore was measured directly by reading the absorbance at 532 nm. For fluo-
rescent determinations, the chromophore was extracted with 3 mL of 1-butanol, and
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the fluorescence intensity of the organic phase was recorded at 553 nm with excitation
at 532 nm, with a Perkin—-Elemer LS50B luminescence spectrometer. All the solutions
were made up immediately before use in de-aerated water except FeCl,, which was
dissolved in 1 mM of oxygen-free HCI for the preparation of Fe(II) solution.

2.4. Evaluating the activities of phenolic compounds to scavenge hydroxyl radical

hydroxyl radicals was assessed according to their quenching effect
The LKB Wallac 1251 luminometer was employed to measur

culated as Ix (%) = (1 — Si/Sp) x 100%.
In the 2-deoxy-D-ribose degradation assay, the de

The fluorescence intensity in the absence (/) or pr of ph®holic compounds
was measured by a Perkin—Elmer LS50B luminesgence s ometer. Similarly, the
absorbance at 532 nm in the absence (4) or e tested compounds
was recorded using a HP-8453 UV-Vis ometer (Hewlett—Packard,
USA). The inhibitory rate was calculat 0) = (1 = Li/I) x 100% or
(1 —Ai/Ao) x 100%.

2.5. Quantum chemical calculation

tion of a parent phenoli C (/7p)7and that of its phenoxyl radical (,), the
enthalpy of single ele (E., approximated by the difference between
the heat of formatio i diate cation radical and that of the parent phe-

nolic compounds) i ibution of the phenoxyl free radical (D;) and the in-
termediate catj i , and the HOMO and LUMO energy levels.
Calculation o. rameters was performed at a restricted level for parent com-
pounds and at ted level for neutral radicals and radical cations with
AMI m i ssian 94 package [31]. On the basis of frequency analysis,
the en e compounds were obtained, which include the zero-point en-
ergy c0 ould be noted that only the most stable conformation of antiox-

idants and@leir corresponding phenoxyl free radical were taken into consideration
in discussin®@he possible hydroxyl radical scavenging mechanisms. For example,
conformations possessing hydrogen bonds were selected in the calculation because
hydrogen bonds stabilized both the molecules and the corresponding phenoxyl free
radicals to a greater extent [32,33].

2.6. Statistical analysis

The analysis of variance (ANOVA) was used to assess the significance in the
quantitative structure-activity relationship and the correlation between computed



Z. Cheng et al. | Bioorganic Chemistry 31 (2003) 149-162 153

theoretical parameters. When the F-ratio of ANOVA was significant, the correlation
or the contribution of theoretical parameters to established models was assessed by
the least significant difference method (P < 0.05). All statistical analyses were per-
formed by the statistical package SAS for windows, version 6.12 (SAS Institute,
USA).

3. Results and discussion

Although a significant body of literature concerning the sgguc

otometric assay. The AM1
er semi-empirical methods

Iuminescence (CL), fluorescence (FL), and
method (Austin model 1), which was bet
[37] and even as good as ab initio methods [1
ical study because it is such a power:
[30,38,39]. Regression analyses on the'
lated theoretical parameters werg

elucidate reaction mechanisms
lly measured activities and calcu-
to determine the interdependences of
n between antioxidant potentials and
mechanistic determinants, g . QSAR model could be defined for the
overall evaluation and p, amproxidant activities.

3.1. Optimization of Q@ system

To optimize conditions, we investigated the effects of (1) mixing

order of reaggdiifs, uffer concentration, (3) reactant concentrations, and (4) pH
- 0 OH Oy -OH
X OH Ry Rg
R3 R R1 R7 R5 R11 Rg
2 Re Rio
14 5-10 11-15

Fig. 1. Chemical structures of the selected phenolic antioxidant compounds. 1, o-Coumaric acid, Ry = OH,
R, = R;=H. 2, p-Coumaric acid, R; =OH, R; = R, =H. 3, Ferulic acid, R, = OCH3,R; =0H, R; =H.
4, Caffeic acid, R, = R;=0H, R;=H. 5, Catechol, Ry=0H, Rs =Rs =R;=H. 6, Pyrogallol,
R; = Rs=0H, Rs = R; =H. 7, Phloroglucinal, Rs = R; =0OH, R, = R¢=H. 8, Resorcinol, Rs=0H,
Ry =Rg =R;=H. 9, Hydroquinone, R¢=OH, R; = Rs; = R;=H. 10, p-Aminophenol, R¢ = NH,,
Ry =Rs =R;=H. 11, Protocatechuic acid, Ry =R;)=OH, Rg=R;;=H. 12, Gallic acid,
Ry = Ry = R;; =OH, Ry =H.13, Salicylic acid, Ry =OH, Ry = Ry = Rj; = H. 14, m-Hydroxy-benzoic
acid, Ro=O0H, Rg = R}y = R;; =H. 15, p-Hydroxy-benzoic acid, Rj, =OH, Rg = Ry = R;; =H.
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value on the CL signal. Mixing order of reactants played a key role in the CL reac-
tion, with the most sensitive signals and relatively fast reaction observed when H,O,
was dispensed last to initiate the CL reaction. Fig. 2 revealed the effects of reactant
concentrations on the CL intensity. A H,O, concentration of 4.4 x 10~*mol/L was
chosen for other measurements since it produces a strong CL signal, while higher
concentrations cause substantial background levels. As an essential catalyst, Fe*"
serves a major function in the CL reaction, particularly in controllingsthe reaction

When luminol was at a concentration of 2.0 x 107* an at
6.0 x 10~*mol/L, the CL signal passed through a maximu ¢ n de-
creased.

The CL intensity shows strong pH-dependency from
continuously with the increase of pH, whereas an inc

citation of luminol, while high ionic strength incre
cence-quenching collision between excited lumino
ity, the investigation
on antioxidant activities was performed [41,42], and 50mM of

KH2P04*NELOH buffer.
3.2. Scavenging effects of phenolic co

The compounds were tested
duced from Fenton’s reagent 4

ncy to scavenge hydroxyl radicals pro-
nental models. In the first test, luminol

was attacked and excited b dycal. A quick CL reaction occurred (less
than 10 s) and yielded str, scence when luminol was mixed with Fen-
ton’s reagent. Chemil eeguenching effects can discriminate between se-
lected compounds 1 radical-scavenging ability. The second test

was based on the ical-induced degradation of deoxyribose, where alde-

Relative chemiluminecence
[o~]
<
T

0 0.4 0.8 1.2
Concentration (mM)

Fig. 2. Effects on the chemiluminescence signal of concentrations of Fe(II) (A) and luminol (H). The ex-
perimental conditions are specified in Section 2.
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and a lower detection limit but is more sensitive to experimental conditions, the
chromophore was quantified by fluorescence as well as the spectrophotometric assay
to ensure the accuracy of the results and to avoid the bias described by Visioli et al.
[43]. The antioxidant potentials were quantified by the concentration causing 50%-
inhibition (ICsy) of the FL and CL signals, and the absorbance at 532 nm. The de-
tailed results are listed in Table 1.

Fig. 3 compares the results from the three analytical methods. O
sults of the spectrophotometric method agree well with that

ly, the re-
assay

Table 1
In vitro hydroxyl radical scavenging activities (ICsp/uM, mean+SD)

Compounds CL assay FL assay As3; assay Compounds

60.8+£2.7 521+42 539+3.0
61.5+£39 564+29 589+1.9
58.0+£32 53.7+38 512+1.7
39715 41.0+34 423+£22
321+£0.7 342+£12 31.6+15
280+18 31.8+24 28.0£1.0
64.7+42 704+63 68.1+2.7
66.4+13 688+36 655+3.1

As3, assay

+2.6 362+14
9+1.1 188+0.8
525+2.7 503+1.0
47641 49.0+2.6
77.1+£49 754+35
83.6+3.6 798+32
86.2+59 822426

R INN A WN =

uorescence assay

100

100

Fluorescence assay

Fig. 3. The correlation between the results determined by fluorescent (FL), chemiluminescent (CL), and
spectrophotometric asaay (ICsp: in uM). (A) ICs(FL) = 1.024(10.032)ICs(4s3,) + 0.082(£0.008),
n=15 r*=0.9873, F = 1008.39, P<0.0001; (@) ICs,(CL) = 1.082(40.065)ICsy(FL) — 8.313(%3.741),
n=15, 12 =0.9550, F =276.62, P<0.0001.
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(> = 0.9873, P <0.0001) and that of CL assay (> = 0.9526, P <0.0001). Moreover,
a good relationship exists between the result of FL assay and that of CL assay
(r* = 0.9550, P <0.0001). ANOVA strongly suggests that there is no significant dif-
ference among the three series of results.

In the hydroxyl radical-scavenging reaction, the compounds with two hydroxyl
groups on the benzene ring (compounds 11, 12) are more reactive than monohydr-
oxylated ones (compounds 13, 14, 15). In addition, the catecholic Qamyrogallolic

the resorcinol structure (compounds 7, 8). These differences are d
hydrogen-abstraction is facilitated by electron donating substi

occupied molecular orbital of the radical [13,44,45]. Furt
tion of the phenoxyl radical can be achieved due to th quinone or
semi-quinone species after hydrogen-transfer [13]. spect accounts for
the activity difference to some extent.

3.3. Theoretical studies by computational che

Theoretical parameters employed to char i cal scavenging activity can
be roughly grouped into three classes: indi ting O-H bond dissociation
enthalpy (BDE), such as AH; [13,37] a e BDE [12]; (2) parameters represent-
ing electron-donating ability, such as 18 pagpotential (IP) or relative adiabatic
ionization potential AH,, [12,13
as activation energy of inter L i dical E, or Ey) [12,19]; and (3) factors
stabilizing the corresponding c
i Ciree radical-scavenging mechanism, we cal-
parameters, including heat of formation of a
parent molecule (H, phenoxyl radical (H,), the heat of formation
of cation radical istribution of phenoxyl free radical (D}) and the inter-
mediate cation the HOMO and LUMO energy levels. The AH; va-
lue was calcu difference between H, and H,, and the activation energy
of intermedj (E.) [19], was approximated by the difference between

yopmans’ theory [47] and molecular orbital theory, the HOMO
®lmines the ionization potential (IP) and so is correlated with the ability
of the phen3§® compounds to donate electrons. This principle was demonstrated
by the excellent correlation between the HOMO energy and the activation energy
of intermediate cation radicals as shown in the following equation:

Eromo = —1.055(0.040)E, — 6.547(+0.755) n = 15,
2 =0.9813, F = 683.19, P<0.0001. (1)

Interestingly, a correlation was observed between £, and AH; (Eq. (2)), suggesting an
electron-transfer mechanism in the hydrogen-abstraction process, or that these two



Table 2

Computed theoretical parameters by AM1 method?*

Compounds H, H, H. AH;
1 -96.71 —-73.58 97.34 23.13
2 -98.71 -73.64 92.54 25.07
3 -136.0 -112.2 49.51 23.88 49.49
4 -142.2 -118.1 46.24 24.13 47.81
5 —66.21 —44.03 1224 93.62
6 -110.5 —88.30 78.64 101.1
7 -111.3 —83.00 105.9
8 —66.34 —-38.92 127.3 . 93.36
9 —65.54 85.14
10 -21.67 91.85
11 —-142.2 65.04

63.23
58.96
57.70
67.27

D

0.1522

0.1204
0.3106 0.1529
0.3150 0.0794
0.3539 0.1219
0.3483 0.0429
0.3781 0.0778
0.3825 0.0742
0.3539 0.1503
0.3322 0.1132
0.3151 0.0794
0.3346 0.0435
0.3350 0.1541
0.3394 0.1997
0.3926 0.1204

29I-6#1 (£00Z) [€ Austway) supsioorg [ v ja 3uay) 7

LS1
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processes coexist and influence each other. However, the relationship between AH;
and HOMO energy is less satisfactory in spite of its good correlation with E, (see Eq.
(3)). The difference arises presumably from the calculation process where electron
reorganization after electron transfer was neglected when calculating the HOMO
energy, but was taken into consideration when calculating the activation energy of
intermediate cation radicals. Reasonably, electron reorganization accompanied the
electron abstraction process, and played a significant role in hydrox ical-scav-
enging reaction [12]

E, = 2.322(£0.597)AH; + 134.342(40.032)

n=15,r=0.7331, F = 15.10, P<0.0019. (2)
Eromo = —2.347(£0.671)AH; — 105.747(+£16.777)
n=15, r=0.7547, F =12.22, P<0.0039. (3)

In addition to the facility of hydrogen transfer an
the phenoxyl radical resulting from hydroge
responsible for good antioxidant activity [46 ¢ relationship shown in Fig. 4(A)
also confirmed this conclusion, that is, the | drogen-transfer was deter-
mined by the stability of the neutral radical ( extent. Generally, electron-
attracting substituents and hyper-co i
main inducing factors of radical sta
important for antioxidant compounds

transfer, the stability of

y spin distribution, Dg [19]). The
regression analyses on AH, - showed that the factors facilitating
hydrogen-abstraction also ingle electron transfer (see Eq. (2)).
However, factors stabilizi o ation radicals appear independent from

Since the a i jvities measured by the three analytical methods produce

signiﬁ% e t results (> = 0.9873, 0.9550, 0.9526, respectively), we

0.5 — 0.25 5
A

045 | 02 - L 4
. 04 r ., 015 ¢ 00:
a 035 | M (=] ol b . “ .

03 | e 005 |

0.25 ; - ; : 0 . . :

17.5 22.5 27.5 325 025 03 035 04 045
AHe D,"

Fig. 4. The correlation between D] and AH; and D;. (A) @: D;=0.007(+0.002)AH; +0.176
(£0.038), n =15, > = 0.6515, F =21.82, P<0.0004; (B) #: D = 0.609(£0.548)D} — 0.092(£0.193),
n=15, r» =0.0866, F =123, P<0.2869.
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selected one of them (ICsy-A453,) to investigate the correlation between experimentally
measured activities and computed theoretical parameters. A linear relationship was
derived between the ICsy and AH;, ionization potential (Egowmo), enthalpy of single
electron transfer (£,), spin distribution of phenoxyl radicals (D;), and the chemical
hardness (H-Lg.p). The relationship can be described by the following stepwise equa-
tions:

ICsp = 6.462(+0.685) AH; — 107.790(£17.127)

n=15, r* =0.8724, F =88.88, P<0.0001, (4)
ICsp = 7.030(£0.512) AH; + 0.266(40.072)H-Ly,p —
n =15 r* =0.9403, F =94.43, P<0.0001, (5)
ICs) = 5.558(+0.439) AH; — 0.585(=0.124)E,
— 146.007(%24.309)
n=15, 1 =009802, F=181.23, P (6)
ICsy = 5.780(£0.426) AH; — 0.585(=0. .381(40.812) Enomo
+0.179(£0.048)H-Ly,, .188)
n=15 r=0.9846, F = 160} (7)
ICs) = 4.628(+0.448) 618(@.732)E, — 3.377(40.810)Exomo
+0.261(£0 . 6.377(+71.869)D! — 183.610(+18.016)
n=15r* = 8.08, P <0.0001. (8)

[13,37], the AH; value determines the facility of hy-
compounds to free radicals. The smaller the AH;

olic compounds poorer antioxidants (Eq. (4)).
o to the principle of maximum hardness [49,50], chemical systems at equi-
librium are @ghard as possible, i.e., the most stable structure of the molecule is the one
with the maximum H-Lg,, [51,52]. Thus, the H-L,,, reflects the reactivity of com-
pounds, and the molecules with larger H-L,,,, are less active in the radical reaction
than those with smaller H-L,,,. The regression Eqs. (5)—(8) confirm this assumption
and reveal that the negative contribution of H-Lg,, to antioxidant activity is signif-
icant (P < 0.0001), indicating its value in predicting antioxidant properties.

With further standardization of the Eq. (8), AH; and the H-L,,, were found to
contribute most to the QSAR model, and were thus the best predictors of antioxi-
dant activity. Although other parameters did not contribute to the model as much
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as the former two descriptors, inclusion of them in the stepwise multi-linear regres-
sion markedly improved the correlation between antioxidant activity and molecular
orbital theoretical parameters (i.e., #*> increases from 0.8724 to 0.9933). The relative
contribution and statistical significance of these parameters are: AH; 87.8%,
P <0.0001 (F =106.96); Egomo 0.5%, P<0.0024 (F=17.37); E, 4.0%, P <0.0008
(F=24.26); D; 09%, P<0.0075 (F=11.75); and H-L,, 6.8%, P<0.0001,
(F=40.84). The statistical significance of the physicochemical parameg

tron-transfer alone governed the antioxidant activities of phenoli
bility of phenoxyl radical, electron rearrangement, and the
parent molecules all played key roles in regulating the be
pounds in free radical reactions. In practical terms, the in i igxidant activ-

electron transfer and the ionization potential.

It should be noted that although some variab
other, they were not eliminated from the QSA
tical information was not missing [53-57]. O
tial least square analysis (PLSA) and princip

somewhat with each
important mechanis-
jon approaches such as par-

ginal, but the new variables may be o

definite elucidation of free radigs mechanisms [56,60]. More seriously,

those methods in which corre Tyl are systematically eliminated, can lead
to loss of information when sewerdy [60]. Therefore, Randic et al. [53-56],
who have generated sati R"Mmodels in their studies, addressed in detail
the principles for m ing egression methods. Following Randic et al.

ctively the unrelated variables among the calculated

wise regression
i eters that were to be screened, and find the best multiple-

physico-che
variable model

4. Con

In this p , we carried out a theoretical investigation on the possible mecha-
nisms governing the hydroxyl radical scavenging reactivity of a series of phenolic an-
tioxidants by computational chemistry, and explored the correlation between
experimentally determined antioxidant activity and molecular orbital characteristics.
Based on the interdependence of physico-chemical variables and their correlation
with antioxidant activity, it is reasonable to conclude that multiple mechanisms reg-
ulate the antioxidant actions of phenolic compounds in a significant way although
they contribute to the antioxidant activity to different degrees. If the hydroxyl
radical-quenching reactivity was only ascribed to one mechanism, bias is inevitable
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when assessing or predicting antioxidant activity. That is why some authors
[12,14-18] arrived at contradictory conclusions when explaining the differences in
antioxidant activity using only O—H bond dissociation energy or the HOMO energy
level.
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