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Abstract: To clarify the role of the B-ring in antioxidant flavonols, we performed a comparative
study between galangin with a null B-ring and 3,5,7-trihydroxychromone without a B-ring using
five spectrophotometric assays, namely, *O,~-scavenging, 1,1-diphenyl-2-picrylhydrazyl radical
(DPPH?®)-scavenging, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical-scavenging,
2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) radical-scavenging, and Fe**-reducing activity.
The DPPH*®-scavenging reaction products of these assays were further analyzed by ultra-performance
liquid chromatography coupled with electrospray ionization quadrupole time-of-flight tandem
mass spectrometry (UPLC-ESI-Q-TOE-MS/MS) technology. In the five spectrophotometric assays,
galangin and 3,5,7-trihydroxychromone dose-dependently increased their radical-scavenging
(or Fe**-reducing) percentages. However, galangin always gave lower ICsy values than those
of 3,5,7-trihydroxychromone. In the UPLC-ESI-Q-TOF-MS/MS analysis, galangin yielded
galangin-DPPH adduct MS peaks (m/z 662, 434, 301, 227,196, and 151) and galangin-galangin
dimer MS peaks (m/z 538, 385, 268, 239, 211, 195, and 151). 3,5,7-Trihydroxychromone, however,
only generated m/z 3,5,7-trihydroxychromone-DPPH adduct MS peaks (m/z 586, 539, 227, 196,
and 136). In conclusion, both galangin and 3,5,7-trihydroxychromone could similarly undergo
multiple antioxidant pathways, including redox-dependent pathways (such as electron transfer
(ET) and ET plus proton transfer (PT)) and a non-redox-dependent radical adduct formation (RAF)
pathway; thus, the null B-ring could hardly change their antioxidant pathways. However, it did
improve their antioxidant levels in these pathways. Such improvement of the B-ring toward an
antioxidant flavonol is associated with its 7-7t conjugation, which can provide more resonance forms
and bonding sites.

Keywords: antioxidant; galangin; 3,5,7-trihydroxychromone; flavonol; structure-activity; B-ring

1. Introduction

Flavonoids are important phenolic antioxidants derived from medicinal plants (especially those
used in Chinese herbal medicines) [1,2]. Structurally, the scaffold of flavonoids consists of a chromone
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moiety (i.e., A/C fused ring) and a phenyl ring (i.e., B-ring), which are linked by a o-bond with
rotational possibilities. To the A/C fused ring or B-ring, more or less -OHs can be attached to construct
phenolic -OHs [3]. The phenolic -OH, however, can occupy any of the 3-position, 5-position, 6-position,
7-position, 8-position, 2'-position, 3'-position, 4’-position, 5'-position, and 6'-position.

Particularly, when a phenolic -OH occupies at the 3-position, it is called a flavonol (Figure 1).
Thus, flavonols are a subtype of the flavonoid family. Possibly owing to the importance of 3-OH,
its antioxidant role has been analyzed by different chemical approaches. Quantum chemistry
calculations have pointed out that the presence of a 3-OH along with a 2,3-double bond can facilitate an
electron abstraction reaction in flavonols [4]. A combined experimental and theoretical study, however,
suggested that the enthalpy change (AHs) has been calculated to be very low (32.28 kcal /mol); 3-OH,
hence, is preferentially hydrogen abstracted to form a flavonol-3-O® radical [5]. Undoubtedly, 3-OH is
regarded as an important resource for the high antioxidant ability of flavonol.

In the last decades, there have also been 11 studies on the structure—activity relationship of
phenolic -OH in flavonol [6-16]. In a word, the analysis of the structure-activity relationship of
phenolic -OH (especially 3-OH) is relatively systematical. However, there has been no study discussing
the role of flavonol scaffold (especially the B-ring) until now, to our knowledge.

Chromone moiety

Figure 1. Scaffold of flavonol.

To characterize the role of B-ring in antioxidant flavonols, galangin and its analogue
3,5,7-trihydroxychromone were selected as references in the study (Figure 2). As seen in Figure 2A,
galangin bears a 3-OH and thus belongs to the flavonol group of flavonoids. However, when it
loses the phenyl ring (i.e., the B-ring), it becomes its analogue 3,5,7-trihydroxychromone (Figure 2B).
Thus, the comparison of the antioxidant activity between galangin and 3,5,7-trihydroxychromone can
well characterize the role of B-ring in antioxidant flavonol.

Figure 2. Structural formula and molecular models of galangin and 3,5,7-trihydroxychromone:
(A), structural formula of galangin;, (B), structural formula of 3,5,7-trihydroxychromone;
(C), preferential conformation-based molecular model of galangin; and (D), preferential
conformation-based molecular model of 3,5,7-trihydroxychromone. The molecular models were
created using Chem3D Pro 14.0.



Molecules 2018, 23, 3083 3o0f12

To comparatively study the antioxidant abilities of galangin and 3,5,7-trihydroxychromone,
we applied a set of antioxidant assays in this study. The antioxidant assays included
*O, -scavenging assay (pH 7.4), 1,1-diphenyl-2-picrylhydrazyl radical (DPPH?®)-scavenging assay,
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide radical (PTIO®)-scavenging assay (pH 7.4),
2,2'-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid) radical ion (ABTS**)-scavenging assay, and
Fe**-reducing assay (pH 3.6). These antioxidant assays were conducted by using a spectrophotometric
method. The DPPH®-scavenging assay, however, was monitored by ultra-performance liquid
chromatography coupled with electrospray ionization quadrupole time-of-flight tandem mass
spectrometry (UPLC-ESI-Q-TOF-MS/MS) technology. From the perspective of antioxidant mechanism,
however, these antioxidant assays are distinctive. On the other hand, their determining conditions are
not fully identical. The DPPH®-scavenging assay and the ABTS**-scavenging assay were performed in
an organic solution, whereas PTIO®-scavenging assay, *O, ~-scavenging assay, and Fe**-reducing assay
were performed in an aqueous solution. To summarize, in the present study tried to use the above a set
of antioxidant assays to compare the antioxidant abilities of galangin and 3,5,7-trihydroxychromone.
We believe that the study will produce reliable experimental results concerning the role of B-ring in
antioxidant flavonols.

2. Results and Discussion

The *O,~ anion radical is an important radical of reactive oxygen species (ROS). The *O,~
radical, however, can participate in a Haber-Weiss reaction, even in forming *OH, a more reactive
oxygen radical [17]. Both the *O,~ and the *OH radical, however, can cause oxidative DNA lesions
(e.g., 8-ox0-7,8-dihydro-2'-deoxyguanosine lesion, 8-oxo-dG) that can induce a series of biological
consequences, such as mutagenesis [18,19]. Thus, *O,~ scavenging plays an important role in ROS
scavenging (also termed as antioxidant action).

To test whether galangin and 3,5,7-trihydroxychromone can scavenge *O, ™, we performed a
comparative analysis of the two using a pyrogallol auto-oxidation assay improved by our team [20].
The improved pyrogallol assay indicated that both galangin and 3,5,7-trihydroxychromone could
concentration-dependently increase the *O, ~-scavenging percentages at pH 7.4 (Supplementary 1
Figure S1). It means that galangin and 3,5,7-trihydroxychromone have *O, " -scavenging potential,
which can be used to explain the beneficial effects of galangin [21,22].

However, *O,~ scavenging has been involved in non-redox-dependent antioxidant pathway, such
as radical adduct formation (RAF) [23-26], and in redox-dependent antioxidant pathways, including
electron transfer (ET) [27] and ET plus proton transfer (PT) [24,25,28-30]. The so-called ET plus PT
pathways are actually divided into several different subtypes, such as proton-coupled electron transfer
(PCET) [29], double PT ET [28], ET-PT, and PT-ET [31].

To explore the non-redox-dependent RAF possibility, we mixed galangin and 3,5,7-
trihydroxychromone, respectively, with a DPPH® radical solution. Each of the reaction products
was characterized by UPLC-ESI-Q-TOF-MS/MS analysis. As seen in Figure 3D, in the reaction product
of galangin with DPPH®, at least four chromatographic peaks were found. Subsequent MS spectra
determination suggested that four chromatographic peaks 1-4 similarly presented an m/z value of 662.
This value, however, was exactly two less than the sum of the molecular weights (MW) of galangin
(MW 270) and DPPH® (MW 394). Thus, we initially assumed that the four peaks were galangin-DPPH
adducts. Among the four peaks, peak 2 could be further broken down to produce the corresponding
MS/MS spectrum, which showed four main fragments, namely, m/z 434, 301, 227, and 196 (Figure 3F).
Of these, m/z 227 and 196 were presumed to be from the DPPH® moiety (Figure 4A). In terms of these,
the galangin-DPPH adduct was assumed as (I) in Figure 4A.

Moreover, as illustrated in Figure 3H, in the reaction product of galangin with DPPH®,
one shoulder chromatographic peak was found to present an m/z of 538. This value is exactly two less
than twice the molecular weight of galangin (MW 270). Thus, we initially assumed that two galangin
molecules were dimerized via one covalent bond. The dimer was further broken in the MS/MS
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spectrum, which showed six main fragments, namely, m/z 385, 268, 239, 211, 195, and 151. Of these,
three peaks (m/z 268, 239, and 211) were shared by the galangin molecule itself (Figure 3A). According
to these and to the evidence from another flavonol, quercetin [32], the structure of galangin-galangin
dimer was presumed as the (II) formula, which can be fully elucidated in Figure 4B.
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Figure 3. Main results of galangin in the UPLC—ESI-Q—-TOF—-MS/MS analysis: (A) total ion
chromatographic diagram of galangin; (B) primary MS spectra of galangin; (C) MS/MS spectra
of galangin; (D) total ion chromatographic diagram of the RAF products of galangin with DPPH?®;
(E) primary MS spectra of galangin-DPPH® adduct; (F) MS/MS spectra of galangin-DPPH® adduct;
(H) total ion chromatographic diagram of the possible dimeric products of galangin; (I) primary MS
spectra of the galangin-galangin dimer; and (J) MS/MS spectra of the galangin-galangin dimer.
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Figure 4. Proposed RAF products of the galangin reaction with DPPH and their MS elucidations.
(A) For the galangin-DPPH adduct and the MS elucidation; (B) for the galangin-galangin dimer and
the MS elucidation (The MS spectra were in the negative ion model, and the charge imposed by the MS
field was not marked. Other linking sites between two galangin moieties or between a galangin moiety
and a DPPH moiety should not be excluded. Other reasonable cleavages should not be excluded in the
MS elucidation).
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It should be noted that the galangin-DPPH adduct and the galangin-galangin dimer may present
other structural formulas. Even the (I) and (II) formulas also have other MS spectra elucidations.
Nevertheless, it is certainly clear that, after the treatment with DPPH?®, galangin could generate two
main RAF products, i.e., galangin-DPPH adduct and galangin-galangin dimer. Thus, galangin could
mediate the RAF pathway to exert its antioxidant action.

Similarly, 3,5,7-trihydroxychromone could also generate a RAF product (Figure 5). The product
was identified as a 3,5,7-trihydroxychromone-DPPH adduct (III; Figure 6). However, there was
no relevant peak in the 3,5,7-trihydroxychromone-3,5,7-trihydroxychromone dimer (Figure 5).
In summary, both galangin and 3,5,7-trihydroxychromone could similarly undergo a RAF pathway
to exert their antioxidant actions; however, their relative RAF possibilities were not identical.
Galangin possessed more RAF possibilities than those of 3,5,7-trihydroxychromone because
galangin could produce both a galangin-radical adduct and a galangin-galangin dimer, whereas
3,5,7-trihydroxy-chromone could only produce a 3,5,7-trihydroxychromone radical adduct.
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Figure 5. Main results of 3,5,7-trihydroxychromone in the UPLC-ESI-Q-TOF-MS/MS analysis:
(A) Total ion chromatographic diagram of 3,5,7-trihydroxychromone; (B) primary MS spectra
of 3,5,7-trihydroxychromone; (C) MS/MS spectra of 3,5,7-trihydroxychromone; (D) total ion
chromatographic diagram of 3,5,7-trihydroxychromone-DPPH adduct; (E) primary MS spectra of
3,5,7-trihydroxychromone-DPPH?®; and (F) MS/MS spectra of 3,5,7-trihydroxychromone-DPPH adduct.
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Figure 6. Proposed RAF product of 3,5,7-trihydroxychromone-DPPH adduct and its MS elucidation
(Other linking sites between a 3,5,7-trihydroxychromone moiety and a DPPH moiety should not be
excluded. Other reasonable cleavages should not be excluded in the MS elucidation.).

In fact, the occurrence of RAF means that two antioxidant molecules, galangin and
3,5,7-trihydroxychromone, underwent redox-dependent antioxidant pathways to respectively transfer
to two antioxidant radicals, i.e., galangin radical (C15H9Os5®) and 3,5,7-trihydroxychromone radical
(C9H505°). The reason is that RAF depends on the covalent bonding between two radicals [33].
If an antioxidant molecule has not been transformed into an antioxidant radical, RAF cannot take
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place. Therefore, the DPPH®-scavenging assay can also be utilized to explore the redox-dependent
antioxidant pathways.

It has been documented that DPPH®-scavenging reaction is involved in several redox-dependent
antioxidant pathways [34-36], including electron transfer (ET, also called electron abstraction [4,37]),
ET plus PT (proton transfer or H* transfer), hydrogen atom transfer (HAT [38], also called hydrogen
abstraction [5]), and even RAF [39]. Essentially, HAT belongs to a special type of ET plus PT. As seen
in Supplementary 2 and Table 1, in the DPPH®-scavenging spectrophotometer assay, both galangin
and 3,5,7-trihydroxychromone efficiently scavenged a DPPH® radical. This preliminarily suggested
that their antioxidant action was also involved in the redox-dependent antioxidant pathways.

Like in case of the DPPH®-scavenging assay, our team believes that the PTIO®-scavenging assay
was also involved in the redox-dependent antioxidant pathways. However, the PTIO®-scavenging
assay was conducted in an aqueous solution [40]. As seen in Supplement 2 and Table 1,
the PTIO®-scavenging actions of galangin and 3,5,7-trihydroxychromone resembled their
DPPH®-scavenging actions. It can be inferred that both galangin and 3,5,7-trihydroxychromone could
also have redox-dependent antioxidant pathways in both the aqueous media and the organic media.

As mentioned above, a typical redox-dependent antioxidant pathway is mediated by at least an
ET reaction. To test the ET possibility, we performed a comparative measurement of both galangin and
3,5,7-trihydroxychromone using an Fe3*-reducing power spectrophotometer assay at pH 3.6. In the
Fe?*-reducing power assay, the acidic condition (pH 3.6) suppressed the H* ionization (i.e., PT) [41];
thus, the Fe3+—reducing power assay was recognized as an ET reaction. The two, however, could
increase their Fe**-reducing percentages in a dose dependent manner (Supplementary 2). This indicates
that they have ET potentials. Such ET potentials can be partly supported by the evidence from the
ABTS**-scavenging spectrophotometer assay. The ABTS**-scavenging assay was mainly characterized
by ET because the ABTS®** generation depended on the ET from (NH,4), ABTS [42,43]. Both galangin
and 3,5,7-trihydroxychromone, however, presented a strong ABTS®** -scavenging ability at 0-10 ug/mL
(Supplement 2 and Table 1).

Table 1. ICsy values (uM) of galangin and 3,5,7-trihydroxychromone in five antioxidant
spectrophotometer assays.

Assays Galangin 3,5,7-Trihydroxychromone Trolox
*O,~ scavenging 108.7 £ 4.4° 1254 +4.9° 4968.3 £157.8 ¢
DPPH?* scavenging 102+0.3% 134.1+214°¢ 369 +1.0P
PTIO® scavenging 176.7 +24.3° 395.1+£332°¢ 1863 +7.2%
Fe®* reducing 2294132 4254+ 16" 21.54+08?
ABTS*® scavenging 19.7+0.1°% 209 +03b 432+17°¢

The ICs value (in micromolar unit) was defined as the final concentration of 50% radical inhibition or relative
reducing power, calculated by linear regression analysis, and expressed as the mean £ SD (n = 3). The linear
regression was analyzed using the Origin 2017 Professional software. ICsy values with different superscripts
(a, b, or ¢) in the same row were significantly different (p < 0.05). Trolox was the positive control. The dose-response
curves are listed in Supplement 1.

Now it is clear that both galangin and 3,5,7-trihydroxychromone could similarly undergo multiple
antioxidant pathways, including redox-dependent pathways (such as ET and ET plus PT) and a
non-redox-dependent RAF pathway. However, in the redox-dependent or non-redox-dependent
antioxidant assays, galangin always gave lower ICsj values than those of 3,5,7-trihydroxychromone
(Table 1). This means that the null B-ring could hardly change their antioxidant pathways but could
improve their antioxidant levels in these pathways. Such improvement of the B-ring toward an
antioxidant flavonol can be definitively attributed to the presence of the B-ring because the null B-ring
is the mere difference between galangin and 3,5,7-trihydroxychromone.

As shown in Figures 1 and 2, the B-ring is linked to the chromone moiety via a o-bond. Although
the o-bond can rotate freely, its preferential conformation suggests that the B-ring shares a plane with
the chromone moiety. This provides a -7t conjugation possibility between a B-ring and a chromone
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moiety. However, our latest study suggested that 7-7t conjugation can improve the antioxidant levels
of phenolic antioxidants [24] because it can provide more resonance forms.

As mentioned above, 3-OH plays a critical role in antioxidant flavonol. Therefore, given that
3-OH loses a hydrogen atom via redox-dependent pathways, it may be transformed into a 3-O® radical.
Correspondingly, the galangin molecule and the 3,5,7-trihydroxychromone molecule, respectively
gave rise to the galangin-3-O°® radical (C;5H9Os5°®) and the 3,5,7-trihydroxychromone-3-O° radical
(C9H505°) (Figure 7). However, in the galangin-3-O°® radical, there were five resonance formulas
(Figure 7A), whereas there were only two resonance formulas in the 3,5,7-trihydroxychromone-3-O°®
radical. More resonance formulas mean that the galangin-3-O® radical was more stable than the
3,5,7-trihydroxychromone-3-O® radical. The higher stability of an antioxidant radical intermediate,
however, indicates a higher ability of an antioxidant molecule, and, thus, the null B-ring improved the
antioxidant level of flavonol via 7e-t conjugation.

More resonance forms also suggest more bonding sites. This can be used to explain the above
findings that: (i) galangin produced more adducts with DPPH® in the chromatographic peaks
than those of 3,5,7-trihydroxychromone (Figures 3 and 5) and (ii) galangin produced at least one
dimeric peak in Figure 3H; in contrast, 3,5,7-trihydroxychromone produced no relevant peaks.
Especially, if the resonance formula (IV) was combined with a galangin-3-O°® radical (Figure 7A),
the bonding sites would be between 3-O and 2”-C. Such linkage led to a galangin-galangin dimer (II)
in Figure 4B. In a word, 7-7t conjugation could provide not only more resonance formulas to stabilize
the antioxidant-radical intermediates but also more bonding sites to generate RAF products.
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Figure 7. Resonance formula of the galangin-3-O°® radical (Ci5H9Os5®, A) and the
3,5,7-trihydroxychromone-3-O° radical (CoH505°, B).

3. Materials and Methods

3.1. Chemicals

Galangin (Cy5H;9Os, CAS number 548-83-4, MW 270.2, purity 98%) and 3,5,7-trihydroxychromone
(CyHgOs5, CAS number 31721-95-6, MW 194.1, purity 98%) were obtained from BioBioPha
Co., Ltd. (Kunming, China). Pyrogallol, 24,6-tripyridyl triazine (TPTZ), and (&%)-6-hydroxyl-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) were obtained from Sigma-Aldrich (Shanghai,
China). 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH®, Ci3H;2N50¢) was obtained from Aladdin
Chemical, Ltd. (Shanghai, China). The 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide radical
(PTIO®) was obtained from TCI Chemical Co. (Shanghai, China). (NH4),ABTS [2,2"-azino-bis
(3-ethylbenzo-thiazoline-6-sulfonic acid diammonium salt)] was obtained from Amresco Chemical Co.
(Solon, OH, USA). Tris-hydroxymethyl aminomethane (Tris) was obtained from Dingguo Biotechnology;,
Ltd. (Beijing, China). Water and acetonitrile were of HPLC grade. FeCl;-6H,O and the other
reagents were of analytical grade and purchased from Guangdong Guanghua Chemical Plants Co.,
Ltd. (Shantou, China).
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3.2. Superoxide Anion (*O,~)-Scavenging Spectrophotometer Assay (Pyrogallol Autoxidation Method)

The superoxide anion (*O, ™ )-scavenging activity was determined using a method previously
developed in our laboratory [20]. Briefly, a 10- to 50-uL sample solution (0.5 mg/mL) was added
to 0.05 M of Tris-HCI methanol/water (1/4, v/v) buffer (pH 7.4) containing Na,EDTA (1 mM)
and the total volume was adjusted to 980 pL using the buffer. Twenty microliters of pyrogallol
(1,2,3-trihydroxylbenzene) solution (60 mM in 1 mM of HCI) was added to the sample, and the
resulting mixture was vigorously agitated before being analyzed at 325 nm every 30 s for 5 min.
The *O; ™ radical-scavenging ability was calculated as follows:

(AABZS nm,control ) _ (AA325 nm,sample )
o T T
Inhibition% = x 100%,
( AASZSnm,cantrol )
T

where AAzsnm, control is the increase in the Agzysnm, value of the mixture without the sample,
AA325 nm, sample 18 the increase in the Azps nm value of the mixture with the sample, and T is the time
required for the determination (5 min in this case).

3.3. UPLC-ESI-Q-TOF-MS/MS Analysis of DPPH® Reaction Products with Galangin and
3,5,7-Trihydroxychromone

The reaction of galangin with 3,5,7-trihydroxychromone proceeded under the conditions described
in our previous study [44]. In brief, a methanol solution of galangin was mixed with a methanol DPPH*
solution at a molar ratio of 1:2, and the resulting mixture was incubated for 10 h at room temperature.
The product was then filtered through a 0.22-pm filter for UPLC-ESI-Q-TOF-MS/MS analysis.

The UPLC-ESI-Q-TOF-MS/MS analysis was based on the method described in our previous
study [45]. The UPLC-ESI-Q-TOF-MS/MS analysis system was equipped with a Cig column (2.0 mm
i.d. x 100 mm, 2.2 um, Shimadzu Co., Kyoto, Japan). The mobile phase was used for the elution of
the system and consisted of a mixture of acetonitrile (phase A) and 0.1% formic acid water (phase B).
The column was eluted at a flow rate of 0.2 mL/min with the following gradient elution program:
0-2 min, maintained at 30% B; 2-10 min, 30-0% B; and 10-12 min, 0-30% B. The sample injection
volume was set at 1 pL for the separation of the different components. Q-TOF-MS/MS analysis
was performed on a Triple TOF 5600”* mass spectrometer (AB SCIEX, Framingham, MA, USA)
equipped with an ESI source, which was run in the negative ionization mode. The scan range was
set at 100-2000 Da. The system was run with the following parameters: ion spray voltage, —4500 V;
ion source heater, 550 °C; curtain gas (CUR, Ny), 30 psi; nebulizing gas (GS1, air), 50 psi; and Tis
gas (GS2, air), 50 psi. The declustering potential (DP) was set at —100 V, whereas the collision energy
(CE) was set at —40 V with a collision energy spread (CES) of 20 V. The RAF final products were
quantified by extracting the corresponding formula from the total ion chromatogram and integrating
the corresponding peak. The above experiments were repeated using 3,5,7-trihydroxychromone.

3.4. DPPH®-Scavenging Spectrophotometer Assay

The DPPH® radical-scavenging assay was conducted according to previously reported procedures
from the literature [46]. The experimental protocols, experimental apparatus, and formula for
calculating the inhibition percentages were similar to those previously reported. In contrast to this
previous report, the samples tested in this study were galangin and 3,5,7-trihydroxychromone, with
Trolox being used as the positive controls. The ICs, values of galangin and 3,5,7-trihydroxychromone
are shown in Table 1.

3.5. PTIO®-Scavenging Spectrophotometer Assay

The PTIO®-scavenging spectrophotometer assay was conducted in accordance with our
method [40]. In brief, the test sample solution (x = 0-10 pL, 0.5 mg/mL) was added to (20 — x)
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uL of methanol, followed by 80 uL of an aqueous PTIO® solution. The aqueous PTIO® solution was
prepared using 0.1 mM of phosphate buffer/methanol (1/4, v/v) solution (pH 7.4). The mixture was
maintained at 37 °C for 2 h, and the absorbance was then measured at 560 nm using a microplate
reader (Multiskan FC, Thermo Scientific, Shanghai, China). The PTIO® inhibition percentage was

calculated as follows:
Ag— A

Ag
where Ay is the absorbance of the control without the sample and A is the absorbance of the reaction
mixture with the sample.

Inhibition % = x 100%

3.6. Fe**-Reducing Antioxidant Spectrophotometer Assay

The Fe**-reducing antioxidant spectrophotometer assay used in this study was adapted from
the method reported by Benzie and Strain [41]. This assay can be used to give an indication of the
reducing ability of a material or mixture. The assay was performed in a buffer with a pH of 3.6. Briefly,
according to a ratio of 1:1:10, the determining reagent was freshly prepared by mixing together 10 mM
of TPTZ and 20 mM of FeCls in 0.25 M of acetic acid-sodium acetate/methanol (1/4, v/v) buffer
(pH 3.6). The test sample (x = 0-10 uL, 0.1 mg/mL) was added to (20 — x) pL of methanol, followed by
80 puL of a determining reagent. The absorbance was read at 593 nm after 30 min of incubation at 37 °C
against a blank consisting of an acetate buffer. The relative reducing power of the sample compared
with the maximum absorbance was calculated using the following formula:

: : — Amin
Relative reducing power% = —————— x 100%,
Amax — Amin
where A,y is the maximum absorbance, A,;;;;, is the minimum absorbance, and A is the absorbance of
the sample.

3.7. ABTS®-Scavenging Spectrophotometer Assay

The ABTS**-scavenging activity was estimated using the method by Li et al. [47]. The ABTS*® was
produced by mixing 350 puL of (NH4), ABTS (7.4 mM) with 350 puL of K;S,0g (2.6 mM). The mixture was
kept in the dark at room temperature for 12 h to produce an ABTS*® aqueous solution. The aqueous
solution was then diluted with methanol (about 1:50) to its A734 nm value of 0.30 £ 0.02. To estimate
the ABTS"*-scavenging activity, we added the test sample (x = 0-10 pL, 0.1 mg/mL) to (20 — x) uL of
methanol, followed by 80 uL of the ABTS** diluted solution, and then the absorbance at 734 nm was
measured 6 min after the initial mixing using methanol as the blank. The percentage inhibition was
calculated according to the formula presented in Section 3.5.

3.8. Statistical Analysis

The results were reported as the mean =+ SD of three independent measurements, the ICsq values
were calculated by linear regression analysis, and independent-sample T tests were performed to
compare the different groups. A p value of less than 0.05 was considered statistically significant.
Statistical analyses were performed using the software SPSS for Windows version 17.0 (SPSS Inc.,
Chicago, IL, USA). All of the linear regression analyses described in this paper were processed using
Origin 2017 professional software (OriginLab, Northampton, MA, USA).

4. Conclusions

Galangin with a null B-ring and 3,5,7-trihydroxychromone without a B-ring could similarly pass
through redox-dependent pathways (such as ET, ET plus PT, and HAT) and a non-redox-dependent
RAF pathway to show an antioxidant action. Although the null B-ring does not change the antioxidant
pathways, however it improves the antioxidant levels in these pathways. Such improvement of the
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B-ring can be attributed to its 7t-7t conjugation with chromone moiety. The 7-7t conjugation can provide
not only more resonance forms but also more bonding sites.
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Abbreviations

DPPH 1,1-diphenyl-2-picrylhydrazyl radical

EDTA ethylenediaminetetraacetic acid

ET electron transfer

PTIO 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
RAF radical adduct formation

ROS reactive oxygen species

SD standard deviation

SPSS Statistical Product and Service Solutions

TPTZ 2,4,6-tripyridyl triazine

Tris tris-hydroxymethyl aminomethane

Trolox (£)-6-hydroxyl-2,5,7,8-tetramethylchromane-2-carboxylic acid

UPLC—-ESI-Q—-TOF-MS/MS

ultra-performance liquid chromatography coupled with electrospray
ionization quadrupole time-of-flight tandem mass spectrometry

References

1.

10.

Li, X.C,; Tian, Y.G.; Wang, T.T.; Lin, Q.Q.; Feng, X.Y,; Jiang, Q.; Liu, Y.M.; Chen, D.E. Role of the p-Coumaroyl
Moiety in the Antioxidant and Cytoprotective Effects of Flavonoid Glycosides: Comparison of Astragalin
and Tiliroside. Molecules 2017, 22, 1165. [CrossRef] [PubMed]

Liu, J.J.; Li, X.C,; Lin, J.; Li, Y.R,; Wang, T.T.; Jiang, Q.; Chen, D.F. Sarcandra glabra (Caoshanhu) protects
mesenchymal stem cells from oxidative stress: A bioevaluation and mechanistic chemistry. BMC Complement.
Altern. Med. 2016, 16, 423. [CrossRef] [PubMed]

Li, X,; Liu, J.; Lin, J.; Wang, T.; Huang, J.; Lin, Y.; Chen, D. Protective Effects of Dihydromyricetin against
*OH-Induced Mesenchymal Stem Cells Damage and Mechanistic Chemistry. Molecules 2016, 21, 604.
[CrossRef] [PubMed]

Mendes, A.P.; Borges, R.S.; Neto, A.M.; de Macedo, L.G.; da Silva, A.B. The basic antioxidant structure for
flavonoid derivatives. J. Mol. Model. 2012, 18, 4073-4080. [PubMed]

Seyoum, A.; Asres, K; El-Fiky, EK. Structure-radical scavenging activity relationships of flavonoids.
Phytochemistry 2006, 67, 2058-2070. [CrossRef] [PubMed]

Li, X.; Mai, W.; Chen, D. Chemical study on protective effect against hydroxyl-induced DNA damage and
antioxidant mechanism of myricitrin. J. Chin. Chem. Soc. 2014, 61, 383-391. [CrossRef]

Li, X; Jiang, Q.; Wang, T.T; Liu, J.; Chen, D.F. Comparison of the Antioxidant Effects of Quercitrin and
Isoquercitrin: Understanding the Role of the 6”-OH Group. Molecules 2016, 21, 1246.

Heim, K.E.; Tagliaferro, A.R.; Bobilya, D.J. Flavonoid antioxidants: Chemistry, metabolism and
structure-activity relationships. J. Nutr. Biochem. 2002, 13, 572-584. [PubMed]

Rice-Evans, C.A.; Miller, N.J.; Paganga, G. Structure-antioxidant activity relationships of flavonoids and
phenolic acids. Free Radic. Biol. Med. 1996, 20, 933-956. [CrossRef]

Cherrak, S.A.; Mokhtari-Soulimane, N.; Berroukeche, F.; Bensenane, B.; Cherbonnel, A.; Merzouk, H.;
Elhabiri, M. In Vitro Antioxidant versus Metal Ion Chelating Properties of Flavonoids: A Structure-Activity
Investigation. PLoS ONE 2016, 11, e0165575. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/molecules22071165
http://www.ncbi.nlm.nih.gov/pubmed/28704976
http://dx.doi.org/10.1186/s12906-016-1383-7
http://www.ncbi.nlm.nih.gov/pubmed/27793132
http://dx.doi.org/10.3390/molecules21050604
http://www.ncbi.nlm.nih.gov/pubmed/27171068
http://www.ncbi.nlm.nih.gov/pubmed/22527272
http://dx.doi.org/10.1016/j.phytochem.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16919302
http://dx.doi.org/10.1002/jccs.201300396
http://www.ncbi.nlm.nih.gov/pubmed/12550068
http://dx.doi.org/10.1016/0891-5849(95)02227-9
http://dx.doi.org/10.1371/journal.pone.0165575
http://www.ncbi.nlm.nih.gov/pubmed/27788249

Molecules 2018, 23, 3083 11 of 12

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Choi, J.S.; Chung, H.Y;; Kang, S.S.; Jung, M.].; Kim, ] W.; No, J.K,; Jung, H.A. The Structure—Activity
Relationship of Flavonoids as Scavengers of Peroxynitrite. Phytother. Res. 2002, 16, 232-235. [CrossRef]
[PubMed]

Cos, P; Ying, L.; Calomme, M.; Hu, J.P.; Cimanga, K.; Poel, B.V,; Pieters, L.; Vlietinck, A.]J.; Berghe, D.V.
Structure-Activity Relationship and Classification of Flavonoids as Inhibitors of Xanthine Oxidase and
Superoxide Scavengers. J. Nat. Prod. 1998, 61, 71-76. [CrossRef] [PubMed]

Tournaire, C.; Croux, S.; Maurette, M.T.; Beck, I.; Hocquaux, M.; Braun, A.M.; Oliveros, E. Antioxidant
activity of flavonoids: Efficiency of singlet oxygen (1 delta g) quenching. J. Photochem. Photobiol. B 1993, 19,
205-215. [CrossRef]

Hu, J.P; Calomme, M.; Lasure, A.; De Bruyne, T.; Pieters, L.; Vlietinck, A.; Vanden Berghe, D.A.
Structure-activity relationship of flavonoids with superoxide scavenging activity. Biol. Trace Elem. Res.
1995, 47, 327-331. [CrossRef] [PubMed]

Firuzia, O.; Lacanna, A.; Petruccib, R.; Marrosub, G.; Saso, L. Evaluation of the antioxidant activity of
flavonoids by bferric reducing antioxidant powerQ assay and cyclic voltammetry. Biochim. Biophys. Acta
2005, 1721, 174-184. [CrossRef] [PubMed]

Woodman, O.; Meeker, W.; Boujaoude, M. Vasorelaxant and antioxidant activity of flavonols and flavones:
Structure-activity relationships. J. Cardiovasc. Pharm. 2005, 46, 302-309. [CrossRef]

Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283,
65-87. [CrossRef] [PubMed]

Nakanishi, N.; Fukuoh, A.; Kang, D.; Iwai, S.; Kuraoka, I. Effects of DNA lesions on the transcription reaction
of mitochondrial RNA polymerase: Implications for bypass RNA synthesis on oxidative DNA lesions.
Mutagenesis 2013, 28, 117-123. [CrossRef] [PubMed]

AbdulSalam, S.E; Thowfeik, ES.; Merino, E.]. Excessive Reactive Oxygen Species and Exotic DNA Lesions
as an Exploitable Liability. Biochemistry 2016, 55, 5341-5352. [CrossRef] [PubMed]

Li, X.C. Improved pyrogallol autoxidation method: A reliable and cheap superoxide-scavenging assay
suitable for all antioxidants. J. Agric. Food Chem. 2012, 60, 6418-6424. [CrossRef] [PubMed]

Bacanli, M.; Basaran, A.A.; Basaran, N. The antioxidant, cytotoxic, and antigenotoxic effects of galangin,
puerarin, and ursolic acid in mammalian cells. Drug Chem. Toxicol. 2017, 40, 256-262. [CrossRef] [PubMed]
Eun, M.C. Protective effect of galangin against hydrogen peroxide-induced dysfunction in osteoblastic
MC3T3-EL1 cells. Exp. Toxicol. Pathol. 2012, 64, 211-216.

Hassan, L; Pinto, S.; Weisbecker, C.; Attygalle, A.B. Competitive Deprotonation and Superoxide (*O; 7).
Radical-Anion Adduct Formation Reactions of Carboxamides under Negative-lon Atmospheric-Pressure
Helium-Plasma Ionization (HePI) Conditions. J. Am. Soc. Mass Spectrom. 2016, 27, 394-401. [CrossRef]
[PubMed]

Li, X,; Xie, Y,; Xie, H.; Yang, J.; Chen, D. - Conjugation Enhances Oligostilbene’s Antioxidant Capacity:
Evidence from «-Viniferin and Caraphenol A. Molecules 2018, 23, 694. [CrossRef] [PubMed]

Li, X.; Xie, H.; Zhan, R.; Chen, D. Effect of Double Bond Position on 2-Phenyl-benzofuran Antioxidants:
A Comparative Study of Moracin C and Iso-Moracin C. Molecules 2018, 23, 754. [CrossRef] [PubMed]
Samuni, A.; Goldstein, S.; Russo, A.; Mitchell, J.B.; Krishna, M.C.; Neta, P. Kinetics and mechanism of
hydroxyl radical and OH-adduct radical reactions with nitroxides and with their hydroxylamines. J. Am.
Chem. Soc. 2002, 124, 8719-8724. [CrossRef] [PubMed]

Jovanovic, S.V,; Hara, Y.; Steenken, S.; Simic, M.G. Antioxidant Potential of Gallocatechins. A Pulse Radiolysis
and Laser Photolysis Study. J. Am. Chem. Soc. 1995, 117, 9881-9888. [CrossRef]

Quintero-Saumeth, J.; Rincon, D.A.; Doerr, M.; Daza, M.C. Concerted double proton-transfer electron-transfer
between catechol and superoxide radical anion. Phys. Chem. Chem. Phys. 2017, 19, 26179-26190. [CrossRef]
[PubMed]

Nakayama, T.; Uno, B. Importance of Proton-Coupled Electron Transfer from Natural Phenolic Compounds
in Superoxide Scavenging. Chem. Pharm. Bull. (Tokyo) 2015, 63, 967-973. [CrossRef] [PubMed]

Apak, R.; Ozyurek, M.; Guclu, K,; Capanoglu, E. Antioxidant Activity/Capacity Measurement. 1.
Classification, Physicochemical Principles, Mechanisms, and Electron Transfer (ET)-Based Assays. J. Agric.
Food Chem. 2016, 64, 997-1027. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/ptr.828
http://www.ncbi.nlm.nih.gov/pubmed/12164267
http://dx.doi.org/10.1021/np970237h
http://www.ncbi.nlm.nih.gov/pubmed/9461655
http://dx.doi.org/10.1016/1011-1344(93)87086-3
http://dx.doi.org/10.1007/BF02790134
http://www.ncbi.nlm.nih.gov/pubmed/7779566
http://dx.doi.org/10.1016/j.bbagen.2004.11.001
http://www.ncbi.nlm.nih.gov/pubmed/15652192
http://dx.doi.org/10.1097/01.fjc.0000175431.62626.07
http://dx.doi.org/10.1016/j.tox.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21414382
http://dx.doi.org/10.1093/mutage/ges060
http://www.ncbi.nlm.nih.gov/pubmed/23053822
http://dx.doi.org/10.1021/acs.biochem.6b00703
http://www.ncbi.nlm.nih.gov/pubmed/27582430
http://dx.doi.org/10.1021/jf204970r
http://www.ncbi.nlm.nih.gov/pubmed/22656066
http://dx.doi.org/10.1080/01480545.2016.1209680
http://www.ncbi.nlm.nih.gov/pubmed/27461151
http://dx.doi.org/10.1007/s13361-015-1296-6
http://www.ncbi.nlm.nih.gov/pubmed/26545766
http://dx.doi.org/10.3390/molecules23030694
http://www.ncbi.nlm.nih.gov/pubmed/29562698
http://dx.doi.org/10.3390/molecules23040754
http://www.ncbi.nlm.nih.gov/pubmed/29587376
http://dx.doi.org/10.1021/ja017587h
http://www.ncbi.nlm.nih.gov/pubmed/12121116
http://dx.doi.org/10.1021/ja00144a014
http://dx.doi.org/10.1039/C7CP03930A
http://www.ncbi.nlm.nih.gov/pubmed/28930314
http://dx.doi.org/10.1248/cpb.c15-00447
http://www.ncbi.nlm.nih.gov/pubmed/26633020
http://dx.doi.org/10.1021/acs.jafc.5b04739
http://www.ncbi.nlm.nih.gov/pubmed/26728425

Molecules 2018, 23, 3083 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Holtomo, O.; Nsangou, M.; Fifen, ].J.; Motapon, O. DFT study of the effect of solvent on the H-atom transfer
involved in the scavenging of the free radicals (.)HO; and (.)O, (™) by caffeic acid phenethyl ester and some
of its derivatives. J. Mol. Model. 2014, 20, 2509. [CrossRef] [PubMed]

Fourre, I.; Di Meo, E; Podloucka, P.; Otyepka, M.; Trouillas, P. Dimerization of quercetin, Diels-Alder vs.
radical-coupling approach: A joint thermodynamics, kinetics, and topological study. J. Mol. Model. 2016,
22,190. [CrossRef] [PubMed]

Lin, J.; Li, X.C.; Chen, L.; Lu, W.Z,; Chen, X.W,; Han, L.; Chen, D.F. Protective effect against hydroxyl
radical-induced DNA damage and antioxidant mechanism of [6]-gingerol: A Chemical Study. Bull. Korean
Chem. Soc. 2014, 35, 1633-1638. [CrossRef]

Li, X.C,; Gao, Y.X,; Li, F; Liang, A.F; Xu, Z.M.; Bai, Y.; Mai, W.Q.; Han, L.; Chen, D.F. Maclurin protects against
hydroxyl radical-induced damages to mesenchymal stem cells: Antioxidant evaluation and mechanistic
insight. Chem. Biol. Interact. 2014, 219, 221-228. [CrossRef] [PubMed]

Wang, L.F,; Zhang, H.Y. A theoretical investigation on DPPH radical-scavenging mechanism of edaravone.
Bioorg. Med. Chem. Lett. 2003, 13, 3789-3792. [CrossRef] [PubMed]

Rodriguez, J.; Olea-Azar, C.; Cavieres, C.; Norambuena, E.; Delgado-Castro, T.; Soto-Delgado, J.;
Araya-Maturana, R. Antioxidant properties and free radical-scavenging reactivity of a family of
hydroxynaphthalenones and dihydroxyanthracenones. Bioorg. Med. Chem. 2007, 15, 7058-7065. [CrossRef]
[PubMed]

Foti, M.C.; Daquino, C.; DilLabio, G.A.; Ingold, K.U. Kinetics of the oxidation of quercetin by
2,2-diphenyl-1-picrylhydrazyl (DPPH®). Org. Lett. 2011, 13, 4826-4829. [CrossRef] [PubMed]

Li, X.C.; Hu, Q.P; Jiang, S.X; Li, F; Lin, J.; Han, L.; Hong, Y.L.; Lu, W.B.; Gao, Y.X.; Chen, D.F. Flos Chrysanthemi
Indici protects against hydroxyl-induced damages to DNA and MSCs via antioxidant mechanism. J. Saudi
Chem. Soc. 2015, 19, 454-460. [CrossRef]

Li, X,; Chen, B.; Xie, H.; He, Y.; Zhong, D.; Chen, D. Antioxidant Structure-Activity Relationship Analysis of
Five Dihydrochalcones. Molecules 2018, 23, 1162. [CrossRef] [PubMed]

Li, X.C. 2-Phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-Oxide (PTIO®) Radical Scavenging: A New and
Simple Antioxidant Assay In Vitro. J. Agric. Food Chem. 2017, 65, 6288-6297. [CrossRef] [PubMed]

Benzie, .EF,; Strain, ].J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”:
The FRAP assay. Anal. Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Villata, L.S.; Berkovic, A.M.; Gonzalez, M.C.; Martire, D.O. One-electron oxidation of antioxidants:
A Kkinetic-thermodynamic correlation. Redox Rep. 2013, 18, 205-209. [CrossRef] [PubMed]

Lee, C.; Yoon, J. UV direct photolysis of 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) in aqueous
solution: Kinetics and mechanism. J. Photochem. Photobiol. A Chem. 2008, 197, 232-238. [CrossRef]

Li, X.C.; Han, L.; Li, YR,; Zhang, ].; Chen, ].M.; Lu, W.B.; Zhao, X.J.; Lai, Y.Y.; Chen, D.E,; Wei, G. Protective
Effect of Sinapine against Hydroxyl Radical-Induced Damage to Mesenchymal Stem Cells and Possible
Mechanisms. Chem. Pharm. Bull. (Tokyo) 2016, 64, 319-325. [CrossRef] [PubMed]

Xie, Y.; Li, X.; Chen, J.; Deng, Y.; Lu, W.; Chen, D. pH Effect and Chemical Mechanisms of Antioxidant
Higenamine. Molecules 2018, 23, 2176. [CrossRef] [PubMed]

Wang, G.; Li, X.C.; Zeng, H.P. Synthesis, antioxidation activity of (E)-9-p-Tolyl-3-2-(8-hydroxy-quinol-2-
yl)vinyl]-carbazole and (E)-9-(p-Anisyl)-3-2-(8-hydroxy-quinol-2-yl)vinyl]-carbazole and their induction
proliferation of mesenchymal stem cells. Acta Chim. Sin. 2009, 67, 974-982.

Li, X.;; Wang, L.; Han, W.; Mai, W,; Han, L.; Chen, D.F. Amentoflavone protects against hydroxyl
radical-induced DNA damage via antioxidant mechanism. Turk. J. Biochem. 2014, 39, 30-36. [CrossRef]

Sample Availability: Sample of the compound galangin is available from the authors.

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00894-014-2509-9
http://www.ncbi.nlm.nih.gov/pubmed/25388279
http://dx.doi.org/10.1007/s00894-016-3051-8
http://www.ncbi.nlm.nih.gov/pubmed/27449669
http://dx.doi.org/10.5012/bkcs.2014.35.6.1633
http://dx.doi.org/10.1016/j.cbi.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/24973644
http://dx.doi.org/10.1016/j.bmcl.2003.07.016
http://www.ncbi.nlm.nih.gov/pubmed/14552780
http://dx.doi.org/10.1016/j.bmc.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17845855
http://dx.doi.org/10.1021/ol2019086
http://www.ncbi.nlm.nih.gov/pubmed/21846127
http://dx.doi.org/10.1016/j.jscs.2014.06.004
http://dx.doi.org/10.3390/molecules23051162
http://www.ncbi.nlm.nih.gov/pubmed/29757201
http://dx.doi.org/10.1021/acs.jafc.7b02247
http://www.ncbi.nlm.nih.gov/pubmed/28689421
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://dx.doi.org/10.1179/1351000213Y.0000000063
http://www.ncbi.nlm.nih.gov/pubmed/24020720
http://dx.doi.org/10.1016/j.jphotochem.2007.12.030
http://dx.doi.org/10.1248/cpb.c15-00850
http://www.ncbi.nlm.nih.gov/pubmed/26842908
http://dx.doi.org/10.3390/molecules23092176
http://www.ncbi.nlm.nih.gov/pubmed/30158440
http://dx.doi.org/10.5505/tjb.2014.65882
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Chemicals 
	Superoxide Anion (O2-)-Scavenging Spectrophotometer Assay (Pyrogallol Autoxidation Method) 
	UPLC-ESI-Q-TOF-MS/MS Analysis of DPPH Reaction Products with Galangin and 3,5,7-Trihydroxychromone 
	DPPH-Scavenging Spectrophotometer Assay 
	PTIO-Scavenging Spectrophotometer Assay 
	Fe3+-Reducing Antioxidant Spectrophotometer Assay 
	ABTS-Scavenging Spectrophotometer Assay 
	Statistical Analysis 

	Conclusions 
	References

