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Vanillin, 4-methylguaiacol, and 4-ethylguaiacol, three bioactive components in Chinese Baijiu (Chinese
liquor), were evaluated in terms of their possible antioxidant activities by DPPH, ABTS, ORAC, reducing
power, metal chelation assays, and AAPH-induced HepG2 cell model. In in vitro chemical assays, vanillin,
4-methylguaiacol, and 4-ethylguaiacol exhibited stronger antioxidant activities than Trolox in ABTS,
ORAC, and reducing power assays. Furthermore, three levels of treatment (1000, 500 and 10 mg L™ of
vanillin, 4-methylguaiacol, and 4-ethylguaiacol were assessed in the AAPH-induced HepG2 cell model.
The results show that vanillin, 4-methylguaiacol, and 4-ethylguaiacol exerted similar antioxidant activities

R 4 22nd A 017 in a dose-dependent manner, and relieved the increased reactive oxygen species (ROS) quickly and
eceive nd August - . . N ) ) R .
Accepted 18th September 2017 efficiently; they also markedly improved AAPH-induced alterations in oxidative stress biomarkers and

antioxidant enzymes, and were even more effective than Trolox. These findings indicate that vanillin, 4-
DOI- 10.1039/¢7ra09302k methylguaiacol, and 4-ethylguaiacol are potent natural antioxidants in Chinese Baijiu, and this lays the

rsc.li/rsc-advances foundation for better illustrating the health benefits of Chinese Baijiu.

Introduction

Oxidative stress is currently a major health problem associated
with the development of numerous diseases such as cancer,
cardiovascular disorders, obesity, diabetes, ageing, and neuro-
degenerative diseases' and is triggered by the excess formation
of free radicals, which are generated by exogenous and endog-
enous processes.>* Under normal conditions, reactive oxygen
species (ROS) play a beneficial role in the cellular response to
infectious agents and the function of cellular signalling
systems. However, excess ROS, triggered by a variety of factors
such as immune cell activation, inflammation, mental or
physical stress, excessive exercise, environmental pollution,
smoking, certain drugs, and radiation,*” will lead to enhanced
oxidative stress by an imbalance between the production of free
radicals and endogenous antioxidant defenses and cause
adverse effects to cells.*® Finding effective ways to scavenge
excess free radicals and keep free radicals at moderate levels has
therefore become a subject of great interest.
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Phenolic compounds are natural antioxidants in foods and
beverages, and have attracted considerable attention due to
their possible beneficial effects on human health. There has
been increasing evidence that phenolic compounds may protect
cell constituents against oxidative damage and therefore
prevent or delay various degenerative diseases associated with
oxidative stress.'**> Some studies have confirmed that phenolic
compounds found in foods and beverages of plant origin (i.e.,
fruits, vegetables, grains, tea, coffee, and wine) relieve oxidative
stress not only by acting as antioxidants themselves, but also by
inducing intracellular antioxidative activity, such as via gluta-
thione peroxidase (GSH-Px), catalase (CAT), and superoxide
dismutase (SOD).'***"** SOD, CAT, GSH-Px, and reduced gluta-
thione (GSH) are the key participants of the antioxidant defense
systems in cell. Specifically, SOD hastens the speed of dis-
mutation of superoxide to hydrogen peroxide (H,0,) and then
comes the action of CAT, which transforms H,0, into water and
oxygen. For GSH, as one of the most important agents of the
antioxidant defense system of the cell, it is well known that one
of its functions is to prevent the harmful effects of oxidation by
inhibiting the initiation of lipid peroxidation and scavenging
free radicals and destroying them, which is catalyzed by GSH-
PX.16

Chinese Baijiu (Chinese liquor) is a traditional indigenous
distilled spirit prepared from grain fermentation in China with
5000 years of history and is closely connected to the life of the
Chinese people. To date, 1737 volatiles have been reported to be
present in Chinese Baijiu, including alcohols, aldehydes,
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ketones, acids, esters, nitrogen-containing compounds, and
sulfur-containing compounds.”” In ancient China, Baijiu was
often considered as a drug rather than an alcoholic beverage.
Previous studies have shown that moderate consumption of
Baijiu is beneficial to human health;'® however, the relationship
between Baijiu and health is very complicated due to its
complex composition. Therefore, it is worthwhile to determine
the bioactive components of Baijiu and their relationship with
human health. Not only are phenolic compounds the important
aromatic compounds found in Chinese Baijiu,"” but they are
also the components that present health benefits, and are
therefore worthy of attention. In particular, vanillin (VA), 4-
methylguaiacol (4-MG), and 4-ethylguaiacol (4-EG), analogs of
guaiacol, have been found in different types of Chinese Baijiu."”
Guaiacol reportedly possesses antioxidant activity due to its free
radical scavenging activity.>'® It has been verified that ethyl
vanillin (EVA), another analog of guaiacol, appears to decrease
the enhanced ROS levels in the LPS-activated macrophage
cells.”” Recent studies have shown that vanillin not only
possesses antimicrobial activity®>* and antioxidant activity,*
but exerts neuroprotective effects against harmaline-induced
tremor.* Therefore, 4-methylguaiacol and 4-ethylguaiacol may
have potential antioxidant properties because of the similarity
of their chemical structures (one oxidizable phenolic hydroxyl
group with the presence of the methoxy group in ortho position
to it, shown in Fig. 1) to guaiacol and vanillin. Although the
aforementioned studies have confirmed the antioxidant activi-
ties of guaiacol, vanillin, and ethyl vanillin,*?* there is still a lack
of data supporting the antioxidant activities of 4-methylguaiacol
and 4-ethylguaiacol. Moreover, because of different assays with
different mechanismes, it is essential to evaluate the antioxidant
activity of the components by multiple assay systems (i.e., in
vitro chemical assays and cell models). However, no study has
systematically evaluated the antioxidant activity of vanillin, 4-
methylguaiacol, and 4-ethylguaiacol using multiple assay
systems.

In this study, the main objective was to evaluate the antiox-
idant activities of vanillin, 4-methylguaiacol, and 4-ethyl-
guaiacol using DPPH, ABTS, ORAC, reducing power, and metal
chelation assays. Their radical scavenging activities and
protective effects against AAPH-induced oxidative damage in
human liver cancer cells HepG2 were examined by determining
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the levels of oxidative stress biomarkers and antioxidant
enzymes, including malondialdehyde (MDA), oxidized gluta-
thione (GSSG), GSH, SOD, CAT, and GSH-Px.

Materials and methods
Materials and reagents

Herein, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(Trolox) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) were ob-
tained from Sigma-Aldrich (St. Louis, USA). Furthermore, 2,2'-
azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS) was purchased from Biotop Life Sciences Co. Ltd.
(Beijing, China). Trichloroacetic acid (TCA) was purchased from
Alfa Aesar (Lancashire, England) and 2,2’-azobis (2-
methylpropionamide)-dihydrochloride (AAPH) was obtained
from Acros (Geel, Belgium). Potassium ferricyanide, iron(u)
chloride tetrahydrate and potassium persulfate were obtained
from Xilong Scientific Co. Ltd. (Beijing, China). Ferrozine, eth-
ylenediaminetetraacetic acid disodium salt (EDTA Na,) and
RIPA lysis buffer were purchased from Solarbio Life Sciences
Co. Ltd. (Beijing, China). Fluorescein disodium (FL) was ob-
tained from TCI (Shanghai) Development Co. Ltd. (Shanghai,
China). Iron(m) chloride and absolute ethanol were obtained
from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China). All
chemicals and reagents used were of analytical grade. Other
chemicals and reagents are indicated in the specified methods.

Vanillin, 4-methylguaiacol, and 4-ethylguaiacol were
purchased from Ruiyuan Spice Co. Ltd. (Zaozhuang, China).
Microscale MDA, SOD, CAT, GSH-Px, and bicinchoninic acid
(BCA) protein assay kits were purchased from Nanjing Jian-
cheng Institute of Biotechnology (Jiangsu, China). ROS and
GSH/GSSG assay kits were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). Cell counting kit (CCK-8)
assay was obtained from Dojindo (Kumamoto, Japan).

DPPH assay

DPPH radical scavenging activities were assessed as previously
described, with some modifications.** Briefly, 100 pL of DPPH
ethanolic solution (0.15 mM) was mixed with 100 pL working
standard solution of sample (vanillin, 4-methylguaiacol, and 4-
ethylguaiacol) or 100 uL Milli-Q water (Millipore, Bedford, MA,

0. H
CH, C,Hs CH,
HO (0]
OH
OCHj, OCH, oCcH; HC (¢ cH,
OH OH OH CH;
Vanillin 4-Methylguaiacol 4-Ethylguaiacol Trolox

Fig.1 Chemical structures of vanillin, 4-methylguaiacol, 4-ethylguaiacol, and Trolox.
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USA) as the blank control. The mixture of 100 pL ethanol and
100 pL Milli-Q water was used in order to adjust the baseline
(A = 0.000). The reaction was carried out at room temperature
over 1 h. The decrease in the DPPH radical concentration was
monitored by measuring the absorbance at 517 nm with
a spectrophotometer (Bio-Tek Instruments, Winooski, VT, USA).
Trolox was used as the standard antioxidant, and the results
were expressed as umol Trolox equivalent (TE)/umol sample.

ABTS assay

The ABTS assay was conducted based on the previous method,
with some modifications.? Briefly, ABTS"" radical was prepared
from a mixture of 7 mM ABTS ammonium and 2.45 mM
potassium persulfate. The reaction was kept at room tempera-
ture for 12-16 h in the dark. Then, ABTS" radical was diluted
with 100 mM phosphate buffered saline (PBS) until it reached
an absorbance near 0.70 at 734 nm. Afterwards, 150 pL of
diluted ABTS'" radical was mixed with 50 pL working standard
solution of the sample (vanillin, 4-methylguaiacol, and 4-eth-
ylguaiacol) or 50 pL Milli-Q water as the blank control. The
mixture of 150 uL 100 mM PBS and 50 pL Milli-Q water was used
in order to adjust the baseline (A = 0.000). After incubation for
30 min at room temperature, the absorbance at 734 nm was
measured with a spectrophotometer. Trolox was used as the
standard antioxidant, and the results were expressed as pmol
Trolox equivalent (TE)/umol sample.

ORAC assay

The modified ORAC assay was conducted according to the
method described previously.*® Briefly, 120 pL FL (120 nM) was
mixed with 20 pL working standard solution of the sample
(vanillin, 4-methylguaiacol, and 4-ethylguaiacol) or 20 pL Milli-
Q water as the blank control, and the mixture was pre-incubated
at 37 °C for 15 min. Then, 60 pL AAPH (40 mM) was added
rapidly, using a multichannel pipet (Eppendorf, Hamburg,
Germany). After being shaken for 30 s, the fluorescence (exci-
tation wavelength, 485 nm; emission wavelength, 520 nm) was
monitored every 1 min for 100 min at 37 °C by a spectropho-
tometer. Trolox was used as the standard antioxidant, and the
results were expressed as umol Trolox equivalent (TE)/pmol
sample.

Reducing power

Reducing power was determined according to a previous
method.?® Trolox was used as the standard antioxidant, and the
results were expressed as pmol Trolox equivalent (TE)/umol
sample.

Fe”" chelating ability assay

The Fe*" chelating ability was measured by a previously re-
ported method.>* Ethylenediaminetetraacetic acid (EDTA) was
used as the standard antioxidant, and the results were
expressed as pmol EDTA equivalent (EE)/umol sample.

This journal is © The Royal Society of Chemistry 2017
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Cell culture

Human hepatic cell line HepG2 was provided by National
Institute for Communicable Disease Control and Prevention,
Chinese Center for Disease Control and Prevention (Beijing,
China). Cells were grown and maintained in a humidified
incubator at 37 °C and 5% CO, using Dulbecco's Modified
Eagle's Medium (Mediatech, Manassas, VA, USA) supplemented
with 10% (v/v) fetal bovine serum, which was obtained from
Gibco (Carlsbad, CA, USA). All studies were performed using
80% confluent cells before treatment.

Measurement of cell viability

HepG2 cells (1 x 10°) were grown on a 96-well microplate. Cell
viability, after treatment with various concentrations of sample
(vanillin, 4-methylguaiacol, and 4-ethylguaiacol), was assessed
by CCK-8 assay.”” After designated treatments, 10 pL of CCK-8
solution was added to the cells cultured in 96-well plates, and
OD values were measured at 450 nm using a spectrophotom-
eter. Cell viability was expressed as a percentage of the absor-
bance of untreated control cells.

AAPH-induced ROS inhibition assay

HepG2 cells (1 x 10°) were grown on a 96-well microplate. After
incubation for 24 h at 37 °C (5% CO,), the growth medium was
removed and the wells were washed with serum-free medium.
The cells were then treated for 1 h with 100 uL of serum-free
medium containing 10 umol L~' DCFH-DA with the sample
(vanillin, 4-methylguaiacol, 4-ethylguaiacol, and Trolox) and
without the sample. Afterwards, the medium was removed and
the wells were washed with serum-free medium. Then, 100 pL
serum-free medium containing 200 pM AAPH was added, and
the mixture was incubated at 37 °C (5% CO,) for up to 3 h. The
cells treated with AAPH alone were denoted as the AAPH group.
The cells treated with DCFH-DA only were mixed with 100 pL of
serum-free medium as the blank control. The fluorescence
(excitation wavelength, 488 nm; emission wavelength, 525 nm)
of the mixture was measured using a spectrophotometer.
Batches of the reaction mixture were monitored after incuba-
tion of 0, 30, 60, 120, 180 min at 37 °C.

Measurement of MDA, GSH, GSSG and BCA content

HepG2 cells (1 x 10°) were grown on a 24-well microplate. After
incubation of 24 h at 37 °C (5% CO,), the growth medium was
removed and the serum-free medium containing different
amounts (1000, 500 and 10 mg L") of sample (vanillin,
4-methylguaiacol, and 4-ethylguaiacol) or Trolox (500 mg L)
was added to the well. After being treated for 2 h (37 °C, 5%
CO,), the medium was removed, and the wells were washed with
serum-free medium. Then, serum-free medium containing
200 uM AAPH was added and the mixture was incubated at
37 °C (5% CO,) for up to 2 h. The cells treated with AAPH alone
were denoted as the AAPH group, and untreated cells were the
blank control group. Afterwards, the medium was removed, and
the wells were washed three times with PBS (Gibco, Carlsbad,
CA, USA). The cells were then digested by trypsin (Gibco,
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Carlsbad, CA, USA) and lysed with RIPA lysis buffer and
centrifuged at 14 000 g for 10 min at 4 °C. Afterwards, the cell
supernatant was collected and used to measure the content of
MDA, GSH, GSSG and BCA, according to the assay kit. The
results are presented as relative to the control group value.

Measurement of CAT, SOD and GSH-Px activity

The cell supernatant obtained by the same method mentioned
in the previous section was used to determine the activity of
CAT, SOD and GSH-Px, according to the assay kit. The results
were expressed as values relative to the control group.

Statistical analysis

Two independent experiments were performed at least in trip-
licate. The data were expressed as mean =+ standard deviation
(SD). statistical differences between groups were obtained using
the one-way ANOVA test with a post hoc Tukey test. p < 0.05 was
accepted as statistically significant.

Results

Antioxidant activity measured by DPPH, ABTS, ORAC,
reducing power and Fe** chelating ability assays

DPPH, ABTS, ORAC, reducing power, and Fe>* chelating ability
assays were applied to evaluate the antioxidant activities of
vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol
(4-EG). Trolox was used as the standard. The chemical struc-
tures of these compounds are shown in Fig. 1. Previously, Prior
et al.”® reported that DPPH was a stable nitrogen radical, and
many antioxidants that reacted quickly with other free radicals
may react slowly or may even be inert to DPPH. Therefore, the
effect of reaction time on the DPPH radical scavenging rate of
vanillin, 4-methylguaiacol, and 4-ethylguaiacol was measured.
As shown in Fig. 2, VA clearly, exhibited the weakest activity
(scavenging rate at 60 min, 18.25%) in the DPPH radical assay,
and no significant difference was found in the scavenging rate
among the different reaction times, except for that at 0 min.
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Fig. 2 Time courses of DPPH radical scavenging activities of vanillin,
4-methylguaiacol, 4-ethylguaiacol, and Trolox. Data are shown as the
mean =+ SD from three independent experiments.
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Although the DPPH radical scavenging rates of 4-MG (78.76%)
and 4-EG (79.62%) were slightly higher than that of Trolox
(75.67%) at 60 min, 4-MG, 4-EG, and Trolox showed nearly the
same reaction profiles, reacting rapidly between 0 and 10 min,
and then slowing down. Finally, 40 min was defined as the
reaction time in the DPPH assay due to no significant difference
being detected after 40 min.

Fig. 3 shows the antioxidant activities of VA, 4-MG, and 4-EG
determined in DPPH, ABTS, ORAC, and reducing power assays.
In the DPPH assay, VA displayed very little DPPH radical scav-
enging activity, with TE value of 0.23 umol TE umol " VA, which
is consistent with a previous study.”> However, 4-MG and 4-EG
showed stronger DPPH radical scavenging activities with TE
values of 0.83 umol TE pmol ' 4-MG and 0.86 pmol TE pmol *
4-EG, almost four times that of VA's TE value. In the ABTS assay,
VA, 4-MG and 4-EG exhibited stronger radical scavenging
activity than Trolox. Furthermore, 4-EG had the highest activity
with a TE value of 4.30 umol TE umol " 4-EG, followed by 4-MG
and VA with TE values of 3.63 and 1.36 pmol TE pumol 7,
respectively. In the ORAC assay, interestingly, VA showed the
strongest radical scavenging activity with a TE value of 1.59
pumol TE pmol " VA, followed by 4-EG and 4-MG with TE values
of 1.39 and 0.94 umol TE umol *, respectively. In the reducing
power assay, VA, 4-MG, and 4-EG exhibited stronger antioxidant
activity than Trolox. VA is the strongest antioxidant with a TE
value of 1.70 umol TE pmol ™" VA; 4-EG had the lowest TE value
of 1.20 pmol TE pmol ' 4-EG, while 4-MG had a moderate TE
value of 1.58 pmol TE umol " 4-MG. As for their Fe** chelating
abilities, none of them showed Fe** chelating ability with EE
values less than 0.01 pmol EE pmol .

Cell viability

In order to determine the treatment of samples, the cell viability
of HepG2 cells was measured with CCK-8 assay. As shown in
Fig. 4, although there remained discrepancies in samples of
different treatment contents, regularity was obtained. High

5 Vanillin

C] 4-Mcthylguaiacol
R 4-Ethylguaiacol

TE value (umol TE/pmol)

DPPH ABTS ORAC Reducing power

Assay

Fig. 3 Antioxidant activities of vanillin, 4-methylguaiacol, and 4-eth-
ylguaiacol determined in DPPH, ABTS, ORAC, and reducing power
assays. Data are shown as the mean + SD from three independent
experiments. Different letters represent the significant difference at p <
0.05.
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Fig. 4 Cell viability of HepG2 cells treated with various concentrations of vanillin (A), 4-methylguaiacol (B), and 4-ethylguaiacol (C). Data are
shown as the mean + SD from three independent experiments. Different letters represent the significant difference at p < 0.05.

concentrations of sample treatment had significant cytotoxic
effects on HepG2 cells, resulting in decreased CCK-8 activity.
The cell viability was above 80% when the treatment contents of
samples were below 5000 mg L™ '; therefore, three levels (1000,
500, and 10 mg L") of inoculation content were applied in the
AAPH-induced ROS inhibition assay.

Protective effects of vanillin, 4-methylguaiacol and 4-
ethylguaiacol on AAPH-induced ROS in HepG2 cells

Peroxyl radicals generated from the decomposition of AAPH at
37 °C could attack the cell membrane to induce lipid and
protein peroxidation and thus generate ROS and accelerate cells
apoptosis.* ROS are believed to play an important role in
a variety of physiological processes; hence, the protective effects
of vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol
(4-EG) against AAPH-induced ROS in HepG2 cells were deter-
mined, and the treatment content and incubation times of
samples were taken into consideration. Trolox was used as the
standard. As shown in Fig. 5, the amount of ROS increased
rapidly between 0 and 30 min (p < 0.05), except for the control
group, which was very stable with limited ROS observed for up
to 180 min (155.79 + 1.58, p > 0.05). Moreover, it was obvious
that ROS was generated in a time-dependent manner. After
30 min, the ROS amount of the AAPH-induced group (AAPH
group) grew at a steady rate until 180 min (301.15 + 3.02).
However, the AAPH-induced sample incubation groups (sample
groups) all decreased significantly in their ROS amounts (in the
range from 151.88 + 1.60 to 242.85 + 2.32 at 60 min) within 30
to 60 min (p < 0.05). Afterwards, most of the sample groups
showed various degrees of increased ROS (in the range from
153.05 + 3.08 to 268.33 £+ 2.00 at 180 min). As for the ROS
amounts of Trolox and sample groups at the same level

This journal is © The Royal Society of Chemistry 2017

(500 mg L"), no significant difference was obtained between
Trolox and sample groups before 60 min, except for the 4-EG
group at 30 min, the ROS amount of which (216.67 + 3.48) was
remarkably lower than that (236.30 + 4.36) of the Trolox group
(p < 0.05). However, the ROS amount of Trolox was significantly
higher than those of sample groups after 60 min (p < 0.05).

Also noted was that VA, 4-MG, and 4-EG exhibited dose-
dependence in protecting HepG2 cells from AAPH-induced
ROS. As shown in Fig. 5, when the HepG2 cells were treated
with AAPH alone, the intracellular ROS level increased by about
2-fold (p < 0.05), even though low level of sample treatment
content (10 mg L") was able to remarkably suppress the ROS
generation elevated by AAPH in the HepG2 cells (p < 0.05).
Furthermore, with the increase of treatment content, the sup-
pressing ability of the sample increased significantly (p < 0.05),
particularly that of the high level treatment group of the 4-EG
(1000 mg L™ treated group), which suppressed the ROS level to
just lower than the control group after 180 min. Taken together,
4-ethylguaiacol had the highest protective effect with the lowest
ROS amount (153.05 + 3.08) in the high level treatment group
(1000 mg L™ 1), followed by 4-methylguaiacol (169.92 4 1.19) and
vanillin (186.77 + 1.20).

Effects of vanillin, 4-methylguaiacol and 4-ethylguaiacol on
the AAPH-induced changes in MDA, GSSG, GSH, CAT, SOD,
and GSH-Px levels of HepG2 cells

In order to gain deep insight into the antioxidant activities of
vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol (4-
EG), the important oxidative stress markers and antioxidant
enzymes in HepG2 cells were taken into consideration. MDA is
an end product of membrane lipid peroxidation, which can
interact with DNA and proteins.*® As a highly toxic molecule, its

RSC Adv., 2017, 7, 46395-46405 | 46399
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interaction with DNA and proteins has often been referred to as
potentially mutagenic and atherogenic.*® MDA is therefore
widely used as a biomarker for oxidative stress. As shown in
Fig. 6A, treatment of AAPH significantly caused the formation of
MDA in HepG2 cells (p < 0.05). The MDA content of the AAPH
group increased 2.83 times, compared to the control group.
However, the MDA contents of sample groups were significantly
decreased by 34.70-75.21%, compared to that of the AAPH
group (p < 0.05). At high level treatment (1000 mg L™ '), no
significant difference in the MDA content was found among VA,
4-MG, 4-EG and control groups. Moreover, there was no signif-
icant difference observed for HepG2 cells treated with medium
levels (500 mg L"), although their suppressing abilities on the
formation of MDA were weaker than high level treatment
(1000 mg L~"). However, at low level treatment (10 mg L™ "), VA
showed the highest inhibition capability (content of MDA,
0.98 & 0.02 nmol mg,,,, ') with remarkable difference (p <0.05),
compared to 4-EG (1.31 + 0.03 nmol mg,. ') and 4-MG
(1.64 £ 0.04 nmol mgpmt’l). In addition, VA, 4-MG, and 4-EG
showed stronger inhibition capabilities toward MDA than Tro-
lox (content of MDA, 1.11 =+ 0.04 nmol mgp, ') at the same

46400 | RSC Adv., 2017, 7, 46395-46405

level (500 mg L™, p < 0.05). Even the low level treatment group
(10 mg L") of VA (content of MDA, 0.98 + 0.02 nmol mgpy ')
was more powerful than the Trolox group, although no signifi-
cant difference was found.

As one of the most important non-enzymatic antioxidant
defenses within the cell, GSH provides the first line of defense
during oxidative stress;** thus, the levels of GSH and its oxide
form GSSG are major oxidative stress markers in cells. As shown
in Fig. 6B, the highest GSSG level (1.63 £ 0.02 nmol mgp,o ')
and lowest GSH level (0.11 & 0.01 nmol mgp,,, '), were all ob-
tained from the AAPH group, as expected. Compared to the
levels of GSSG and GSH of the AAPH group, the levels of GSSG
and GSH of the sample groups incubated with medium
(500 mg L") or high levels (1000 mg L") were significantly
decreased by 58.83-80.83% and increased by 17-27 times,
respectively (p < 0.05). In particular, no significant difference in
the GSSG content was obtained between high level treatment
groups (in a range from 0.31 =+ 0.02 to 0.34 + 0.02 nmol mgpmt’l)
and the control group (0.35 £ 0.02 nmol mgpo ). As for GSH
content, the control group (3.02 £ 0.01 nmol mgp,o ') showed
remarkably higher content than the high level treatment group

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Effects of vanillin, 4-methylguaiacol, and 4-ethylguaiacol on AAPH-induced changes in MDA (A), GSSG and GSH (B), the GSH/GSSG
ratio (C), CAT (D), SOD (E), and GSH-Px levels (F) of HepG2 cells. The results are expressed as relative values versus the control group. Data are
shown as the mean + SD from three independent experiments. Different letters represent the significant difference at p < 0.05.

of 4-MG (2.95 + 0.01 nmol mgjye: ', p < 0.05) and lower than the
high level treatment group of VA (3.07 £+ 0.01 nmol mgp |,
p <0.05) and 4-EG (3.04 £ 0.01 nmol mgp,o; ', p > 0.05). More-
over, at the same level (500 mg L"), the GSH contents
of sample groups (in a range from (2.03 + 0.01 to
2.58 & 0.01 nmol mg,,,, ') were all significantly higher than that
of the Trolox group (1.93 % 0.04 nmol Mgpe ', p < 0.05). Apart
from the 4-EG group (GSSG content, 0.67 = 0.02 nmol mgpo; '),
the GSSG contents of VA (0.53 £ 0.02 nmol mgp,c ') and 4-MG
groups (0.54 + 0.02 nmol mgy, ') were all significantly
lower than that of the Trolox group (0.76 + 0.03 nmol mgprofl,
P <0.05).

In order to better understand the influence of VA, 4-MG, and
4-EG on AAPH-induced changes in GSSG and GSH levels of
HepG2 cells, the ratio of GSH to GSSG was also assessed. As
shown in Fig. 6C, undoubtedly, the AAPH group exhibited the
lowest ratio of GSH to GSSG, and no significant difference was
found between low level treatment groups and the AAPH group
(p > 0.05). The results indicate that these groups had higher
oxidative stress, and low level treatment of VA, 4-MG, and 4-EG
did not show any protective effects on AAPH-induced changes in

This journal is © The Royal Society of Chemistry 2017

the GSH level of HepG2 cells. In contrast to the AAPH group,
high level and medium level treatment groups significantly
increased the ratio of GSH to GSSG (p < 0.05), particularly the
high level treatment groups, the ratios of which (in a range from
8.78 & 0.44 to 9.73 £ 0.52) were all higher than those of the
control group (8.56 + 0.41). It was observed that the protective
effects on AAPH-induced changes in the GSH level of VA, 4-MG,
and 4-EG exhibited dose-dependence. Also noted was that the
GSH/GSSG ratios of sample groups were all significantly higher
than those of the Trolox group (2.54 + 0.14, p < 0.05) at the
same level (500 mg L"), except for those of the 4-EG group
(3.03 £ 0.09).

Several enzymatic and non-enzymatic mechanisms balance
the production of ROS and transform ROS into non-toxic
molecules.*® Among them, CAT, SOD and GSH-Px are the key
participants of antioxidant defense systems in cells. CAT and
GSH-Px reduce the production of ROS. SOD converts superoxide
into hydrogen peroxide, which is transformed into water and
oxygen by CAT and GSH-Px.** Depletion in the activities of these
antioxidant enzymes can be due to enhanced oxidative stress;
therefore, the activities of CAT, SOD and GSH-Px were

RSC Adv., 2017, 7, 46395-46405 | 46401
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determined in this study. As shown in Fig. 6D, the weakest CAT
activity (0.71 + 0.12 U mgp,o¢ ') was found in the AAPH group;
however, compared to this group, even the low level treatment
groups could critically enhance the CAT activity (in the range
from 16.99 + 0.25 to 22.95 + 0.44 U mgpmt’l), which was
significantly weakened by AAPH-induced ROS (p < 0.05).
Furthermore, the CAT activity was returned to normal value
(control group, 19.83 + 1.07 U mgpe ) by medium level
treatment of the sample (in a range from 19.90 & 0.44 to 24.45 +
0.54 U mgpyc ') and that of high level treatment groups (in
a range from 24.24 £ 0.25 to 26.72 + 0.62 U mgpmt’l) signifi-
cantly exceeded that of the control group (p < 0.05). With respect
to the different samples, 4-MG was most effective in protecting
the CAT activity against ROS induced by AAPH (CAT activity of
the high level treatment group (1000 mg L"), 26.72 + 0.62 U
mgproc ), followed by 4-EG (24.52 =+ 0.64 U mgp,, ') and VA
(24.24 £ 0.25 U mgpro ). Although a significant difference in
the CAT activity was only found between Trolox and 4-MG
groups (p < 0.05), all sample groups exhibited stronger protec-
tive abilities toward CAT activity (in a range from 19.90 + 0.44 to
24.45 £ 0.54 U mgpoc ') than the Trolox group (19.00 =+ 0.21 U
mg,oc ') at the same level (500 mg L™1).

The result of SOD activity is shown in Fig. 6E. Although SOD
activity of the AAPH group (5.90 £ 0.31 U mgp,. ') decreased
remarkably, the low level treatment groups could significantly
improve the SOD activity (in a range from 21.28 + 0.22 to
22.15+0.30U0 mgpmfl), almost 4 times that of the AAPH group
(p <0.05). As for different samples, 4-EG exhibited the strongest
protection ability on SOD activity (24.00 + 0.47 U mgpc ') in
the high level treatment group (1000 mg L"), followed by VA
(23.65 £ 0.08 U mgproc ) and 4-MG (23.48 % 0.55 U mgpror -
Furthermore, although the SOD activities of 4-MG (22.44 £ 0.31
U mgpo ') and 4-EG groups (23.77 £ 0.50 U mgpoc ') were all
higher than that of the Trolox group (22.13 £ 0.24 U mgp,o, ') at
the same level (500 mg L"), the significant difference in the
SOD activity was only found between Trolox and the 4-EG
groups (p < 0.05). Moreover, the SOD activity of the VA group
(21.67 £ 0.51 U mgp, ') was lower than that of the Trolox
group (p > 0.05).

As shown in Fig. 6F, AAPH-induced ROS had less influence
on the activity of GSH-Px compared to those of CAT and SOD.
VA, 4-MG, and 4-EG all showed significant protective effects to
increase the activity of GSH-Px (in the range from 518.65 + 10.08
t0 606.92 + 16.14 U mgpc '), compared to that of the AAPH
group (392.35 + 14.90 U mgpo ', p < 0.05). Although VA
registered the highest protective effect and 4-EG obtained the
lowest protective effect, no significant difference in the GSH-Px
activity was found for HepG2 cells pretreated with different
samples. Despite the fact that VA and 4-MG exerted stronger
protective effects on the GSH-Px activity than Trolox, and 4-EG
showed weaker protective effects than Trolox at the same level
(500 mg L™Y), no significant difference was found.

Discussion

Recently, studies have identified that phenolic compounds have
been shown to possess certain health-promoting characteristics
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based on their potential antioxidant effects.*® However, the
relationship between the phenolic aromatic compounds of
Chinese Baijiu and human health still confused people.
Vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol (4-
EG), three phenolic aroma compounds of Chinese Baijiu, were
therefore selected to evaluate their antioxidant activities.

For in vitro chemical assays, it is worth mentioning that VA,
4-MG, and 4-EG exhibited different antioxidant activities in
different assays. VA, 4-MG, and 4-EG exhibited stronger anti-
oxidant activities than Trolox in ABTS, ORAC, and reducing
power assays, particularly in the ABTS assay, but showed weak
activity in the DPPH assay and no activity in Fe®" chelating
ability assay. It has been reported that VA showed strong radical
scavenging activity in the ABTS assay, but little activity in the
DPPH assay,* which is consistent with this study. The extremely
high activity of 4-MG and 4-EG shown in the ABTS assay might
be due to self-dimerization. Reportedly, although 1 mole of VA
has only one oxidizable phenolic hydroxyl group, it can scav-
enge more than one equivalent of free radicals via adduct
formation with the radical, and the oxidative dimer formation
contributes to the total radical-scavenging ability of VA.>* 4-MG
and 4-EG displayed greater radical scavenging activity than VA,
which indicated that 4-MG and 4-EG reacted with radicals via
self-dimerization in the same manner as VA, and hence 1 mole
of 4-MG or 4-EG could scavenge more than one equivalent of
free radical. In addition, it has been reported that the efficiency
of guaiacol derivatives as radical scavengers is associated with
the nature of the group in the para position to phenolic OH.?
Those guaiacol derivatives with electro-donating groups (vanil-
lic alcohol and eugenol) were more reactive than guaiacol, and
those with electron-withdrawing groups (vanillin and vanillic
acid) were less reactive than guaiacol in non-polar environ-
ments.* Therefore, the higher radical scavenging activity of 4-
MG and 4-EG, with respect to VA, could be explained by the
presence of the alkyl group (-CH; and -CH,CH3) in the para
position to the phenolic OH (shown in Fig. 1). The alkyl group
was the electron-donating group, while the aldehyde group
bonded directly to an aromatic hydrocarbon atom was the
electron-withdrawing group. It was also noted that the different
antioxidant activities of the samples were shown in different
assays. For example, the TE value of VA was higher than the
others in the ORAC and reducing power assays, but lower than
the others in the DPPH and ABTS assays. Different radical
sources, substrates, reaction conditions, and mechanisms
seemed to be responsible for the different results of in vitro
chemical assays. Regarding the antioxidant activity of guaiacol
and vanillin, three reaction mechanisms have been proposed:
the hydrogen transfer (HT) from the phenolic OH,**** the single
electron transfer (SET) from the guaiacol and vanillin to the
radical,®**** and sequential proton electron transfer (SPET)
mechanism.® Moreover, it was found that the environment plays
an important role in the peroxyl scavenging activity of guaiacol
and vanillin.®* Therefore, in order to completely evaluate the
antioxidant activities, it was essential to apply different assay
systems. To sum up, 4-ethylguaiacol exhibited good antioxidant
activity in all vitro chemical assays, except the Fe** chelating
ability assay, followed by 4-methylguaiacol and vanillin.

This journal is © The Royal Society of Chemistry 2017
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Reports of the direct antioxidant effects of guaiacol and its
analogs (i.e., vanillin and ethyl vanillin) in in vitro chemical
assays are available;>*** vanillin, 4-methylguaiacol, and 4-eth-
ylguaiacol also exerted outstanding in vitro antioxidant activi-
ties in this experiment, but wvitro chemical assays are
significantly different from physiological assays. Since hepato-
cytes are equipped with molecular strategies that maintain
balance between the oxidant and antioxidant systems, the
HepG2 cell model was taken to test the intracellular antioxidant
activities of vanillin, 4-methylguaiacol, and 4-ethylguaiacol. In
this study, ROS that was triggered by AAPH was produced
abundantly in HepG2 cells, while VA, 4-MG, and 4-EG could
relieve the increased oxidative stress quickly (within 30 min)
and efficiently maintain the ROS amount of sample groups
lower than that of the AAPH group within 180 min. The ROS of
the low level treatment groups increased again due to the
exhaustion of the sample. However, the high level of sample
treatment could maintain the ROS at normal levels. These
findings indicate that VA, 4-MG, and 4-EG exerted their
protective effects in a dose-dependent manner, consistent with
the collective evidence that phenolic compounds in foods and
beverages can suppress the oxidative stress induced by
enhanced ROS.® VA, 4-MG, and 4-EG were probably more
effective than Trolox due to the fact that the ROS amounts of
sample groups were significantly lower than that of the Trolox
group after 60 min (p < 0.05). In addition, interestingly, the
ORAC assay and HepG2 cell model used the same radical
source, AAPH-derived peroxyl radicals, and the results of these
assays were therefore expected to be correlated with each other
to some extent. However, the protective effect of VA was the
highest in the ORAC assay, and lowest in the HepG2 cell model.
Similar results were found in the ORAC assay and oxidative
hemolysis inhibition assay (OxHLIA),>> which suggest that the
environment had a strong influence on peroxyl scavenging
activity of VA.

Previous studies have demonstrated that enhanced ROS
would decrease the capacity of the intracellular antioxidant
system, affect major cellular components (i.e., lipids, DNA and
proteins), and accelerate cell apoptosis in vivo.**** The intra-
cellular oxidative stress is directly linked to the important
antioxidant enzymes (i.e., CAT, SOD, and GSH-Px),* which
generally indicate the capacity of the antioxidant defense
system and is usually reflected by the levels of MDA, GSH and
GSSG (oxidative stress markers in cells).** In this study,
increased oxidative stress, generated by AAPH, generally caused
a rise in MDA and GSSG content and a decrease in CAT, SOD
and GSH-Px activities as well as GSH content. However, VA, 4-
MG, and 4-EG could markedly improve AAPH-induced alter-
ations in oxidative stress biomarkers and antioxidant enzymes,
even more than Trolox. According to the results of previous
studies,*>* the increased generation of MDA and GSSG and the
decreased content of GSH were suppressed by phenolic
compounds, which were confirmed in this experiment. The
contents of MDA and GSSG were significantly higher in the
AAPH group when compared with the control group (p < 0.05); it
was also noted that with the ROS increasing, GSH was exhaus-
ted and converted into its oxidized forms (GSSG). However, it

This journal is © The Royal Society of Chemistry 2017
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could be observed that high levels of sample treatment not only
completely suppressed the formation of MDA, but also signifi-
cantly enhanced the ratio of GSH to GSSG, compared to those of
the control group (p < 0.05), which suggested that VA, 4-MG, and
4-EG could protect HepG2 cells against AAPH-induced ROS by
themselves and induce the formation of GSH. Likewise,
phenolic compound (from red raspberry) treatment of HepG2
cells enhanced the total cellular GSH levels and dramatically
increased the GSH/GSSG ratio.*® In addition, it has been re-
ported that phenolic compounds not only act as antioxidants
themselves, but also modulate or induce other intracellular
antioxidative activity (i.e., CAT, SOD, and GSH-Px)."**” In this
study, it was observed that AAPH significantly suppressed the
activities of CAT, SOD, and GSH-Px (p < 0.05); however, the
pretreatment of AAPH-damaged HepG2 cells with VA, 4-MG,
and 4-EG effectively increased the activities of SOD, CAT, and
GSH-Px (p < 0.05). Similar findings were obtained from previous
reports; phenolic compounds were found to possess antioxi-
dant capacity, and protected the cells from oxidative stress
damage through improving the activities of important intra-
cellular antioxidant enzymes (i.e., CAT, SOD, and GSH-Px).**** It
is also worth noting that even the low level treatment group
(10 mg L") of 4-MG had significantly higher CAT activity than
that of the control group (p < 0.05). Furthermore, the activity of
CAT was more sensitive to the ROS induced by AAPH, compared
to those of SOD and GSH-Px, which is due to the fact that the
GSH-Px activity of the AAPH group only decreased by 34.59%j;
however, the CAT activity of the AAPH group was near zero and
decreased by 96.43%. Taken together, although the antioxidant
activities of vanillin, 4-methylguaiacol, and 4-ethylguaiacol
differed in varied in vitro antioxidant systems, they exhibited
similar antioxidant activities in HepG2 cells treated with AAPH
due to their similar chemical structures.

Conclusions

The antioxidant activities of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol, three aromatic compounds found in Chinese
Baijiu, were evaluated by in vitro chemical assays and the HepG2
cell model. Vanillin, 4-methylguaiacol, and 4-ethylguaiacol
exhibited stronger antioxidant activities than Trolox in ABTS,
ORAC, and reducing power assays, particularly in the ABTS
assay. In the AAPH-induced HepG2 cell model, vanillin, 4-
methylguaiacol, and 4-ethylguaiacol exerted similar antioxidant
activities in a dose-dependent manner. They relieved the
increased oxidative stress quickly and efficiently by inhibiting
the formation of MDA, enhancing the activities of CAT, SOD and
GSH-Px and inducing the formation of GSH. These results could
lay the foundation for better illustrating the health protective
properties of Chinese Baijiu.
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