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Quantification and cytoprotection by vanillin, 4-
methylguaiacol and 4-ethylguaiacol against AAPH-
induced abnormal oxidative stress in HepG2 cells¥
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Vanillin, 4-methylguaiacol, and 4-ethylguaiacol, three phenolic compounds in Gujinggong (GJG) Chinese baijiu
(Chinese liquor), were quantified by liquid—liquid extraction (LLE) combined with gas chromatography-mass
spectrometry (GC-MS) and evaluated for their possible cytoprotective effects by AAPH-induced HepG2 cell
model. To confirm whether vanillin, 4-methylguaiacol, and 4-ethylguaiacol protected HepG2 cells against
AAPH-induced abnormal oxidative stress via motivating the Keapl-Nrf2 pathway, the gene and protein
expression of Nrf2, Keapl, SOD, CAT, and GPx from the Keapl-Nrf2 pathway were measured with real-time
PCR and western blot. Three levels of treatment doses (1000, 500, and 100 mg L™Y were applied. Results
showed that vanillin, 4-methylguaiacol, and 4-ethylguaiacol exhibited potent cytoprotective effect in a dose-
dependent manner, greatly alleviating or reversing the increased oxidative stress induced by AAPH through
up-regulating the mRNA and protein expression levels of Nrf2, SOD, CAT, and GPx, and thereby, significantly

improving the intracellular antioxidant defense system in HepG2 cells (p < 0.05). Based on these findings, it
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Accepted 30th September 2018 was confirme at vanillin, 4-methylguaiacol, and 4-ethylguaiacol, natural components o inese baijiu,
were able to modulate the expression of Nrf2 and its downstream antioxidative enzymes (i.e., SOD, CAT, and

DOI: 10.1039/cBra06505¢ GPx) against AAPH-induced abnormal oxidative stress. Further, this study lays the foundation for better
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Introduction

Recently, many chronic illnesses, including cancer, heart disease,
neurodegenerative diseases, diabetes, obesity, cardiovascular
diseases and aging,'* have been related to oxidative stress. The
critical role of reactive oxygen species (ROS) has also been noted.”
Excessive ROS can cause intracellular damage to DNA, proteins, or
lipids, and such damage is detectable even in healthy young
animals, suggesting that the intrinsic antioxidant system is not
sufficient to completely eliminate ROS.** Thus, in consideration of
health and safety, finding bioactive components from daily foods
and beverages that enhance intracellular antioxidant defense
system is thought to be important for protecting cells against
oxidative stress stimulated by excessive free radicals, such as ROS.
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illustrating the health benefits of Chinese baijiu.

Phenolic compounds have been widely recognized as health-
promoting components mainly due to their ability to alleviate
oxidative stress, and are natural components of many foods and
beverages.®* Particularly, many researches have demonstrated
that phenolic compounds in alcoholic beverages possessed the
capacity to scavenge free radical in vitro chemical assay (ie.,
DPPH, ABTS, ORAC, and FRAP).'"'*'¢ According to recent
studies, phenolic compounds have been widely detected in
different types of Chinese baijiu and confirmed as important
aroma compounds.'”*® Specifically, vanillin (VA), 4-methyl-
guaiacol (4-MG), and 4-ethylguaiacol (4-EG) (chemical struc-
tures shown in Fig. 1) were observed to have significant
contributions to the aroma of Gujinggong (GJG) Chinese baijiu
(a brand of Luzhou-aroma or officially the strong-aroma type of
Chinese baijiu)."” Additionally, the potent ability of VA, 4-MG,
and 4-EG to scavenge free radicals has been verified by DPPH,
ABTS, ORAC, and reducing power assays.” Recently, research
has confirmed that phenolic compounds attenuated oxidative
stress not only by acting as an antioxidant itself, but also by
improving intracellular antioxidative activity, such as gluta-
thione peroxidase (GPx), catalase (CAT) and superoxide dis-
mutase (SOD).” In our previous study, the above conclusions
were also observed.” VA, 4-MG, and 4-EG were able to protect
HepG2 cell against AAPH-induced oxidative stress via inhibiting
the formation of ROS, malondialdehyde (MDA) and oxidized
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Fig. 1 Chemical structures of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol.

glutathione (GSSG), enhancing the activities of CAT, SOD and
GPx, and inducing the formation of reduced glutathione
(GSH).* However, the exact antioxidant mechanism of VA, 4-
MG, and 4-EG is still unknown.

Further, the hypothesis that phenolic compounds could acti-
vate the Kelch-like ECH-associated protein 1 (Keap1) - nuclear
factor erythroid 2-related factor 2 (Nrf2) pathway and thereby
induce the expression of intracellular antioxidant enzyme against
ROS has been verified.”** Under normal conditions, Nrf2, the
most critical transcription factor in the antioxidant defense
system, is constantly degraded in a Keap1l-dependent manner via
the ubiquitin-proteasome pathway.**>* However, oxidative stress
can cause the dissociation of Nrf2/Keap1 complex, upon which
Nrf2 migrates to the nucleus, binds to antioxidant response
elements (AREs), and finally, activates cytoprotective genes and
accelerates the expression of phase II detoxifying/antioxidant
enzymes, such as SOD, CAT, and GPx, which contribute to the
protection of cells against oxidative stress.>”

Despite the overwhelming evidence suggesting the cytopro-
tection of phenolic compounds,*-** information is still limited
on the cytoprotective effect of vanillin (VA), 4-methylguaiacol (4-
MG), and 4-ethylguaiacol (4-EG), phenolic compounds in
Chinese baijiu, against oxidative stress in cells via activation of
the Keap1-Nrf2 pathway. Therefore, in this study, VA, 4-MG,
and 4-EG were studied to determine their potentials of
ameliorating the oxidative damage through activation of the
Keapl-Nrf2 pathway in 2,2'-azobis(2-methylpropionamide)-
dihydrochloride (AAPH)-induced HepG2 cells, a useful model
for evaluating the cytoprotective effect of natural antioxi-
dants.*"**3* Specifically, the effects of VA, 4-MG, and 4-EG on
AAPH-induced changes in the expression of Nrf2, Keap1, SOD,
CAT, and GPx were monitored. Moreover, to investigate whether
VA, 4-MG, and 4-EG widely existed in GJG Chinese baijiu and to
determine their concentrations in GJG Chinese baijiu, quanti-
fication by liquid-liquid extraction (LLE) combined with gas
chromatography-mass spectrometry (GC-MS) was conducted.

Materials and methods

Chinese baijiu samples

Eight Gujinggong (GJG) Chinese Baijiu (CB) samples (labelled
as GJGCB-1, 45% vol. of alcohol; GJGCB-2, 45% vol. of alcohol;
GJGCB-3, 45% vol. of alcohol; GJGCB-4, 45% vol. of alcohol;
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GJGCB-5, 45% vol. of alcohol; GJGCB-6, 50% vol. of alcohol;
GJGCB-7, 42% vol. of alcohol; GJGCB-8, 65% vol. of alcohol)
were provided by Anhui Gujing Distillery Co., Ltd. (Anhui
province, P. R. China). All samples were made from sorghum
combined with wheat, corn, rice and sticky rice, and were stored
at 4 °C until analysis. Here, the mention of brand name is only
for research purposes, rather than for advertising.

Materials and reagents

2,2'-Azobis(2-methylpropionamide)-dihydrochloride (AAPH) was
obtained from Acros (Geel, Belgium). Absolute ethanol,
dichloromethane, and sodium chloride (NaCl) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).
Vanillin, 4-methylguaiacol, and 4-ethylguaiacol (Food Grade)
were obtained from Ruiyuan Spice Co., Ltd. (Zaozhuang, China).
6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
was obtained from Sigma-Aldrich (St. Louis, USA). Other chem-
icals and reagents were indicated in specific methods.

Quantification of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol

Concentrations of vanillin, 4-methylguaiacol, and 4-ethylguaiacol
in GJG samples were determined by an Agilent 7890B gas chro-
matograph, equipped with an Agilent 5977A mass-selective
detector (Agilent Technologies, USA) as per previous method”
with a slight modification. Every GJG sample (2 mL) was diluted
to 15% ethanol by volume with boiled Milli-Q water, saturated
with NaCl, and extracted 3 times with freshly distilled dichloro-
methane (3 mL each time) by Vortex 2 (IKA, Germany). After
centrifugation at 6000 rpm for 10 min, the combined extract was
separated and concentrated to 500 L, and immediately tested by
gas chromatography-mass spectrometry (GC-MS) analysis.

Each concentrated extract (1 pL) was injected in splitless
mode and analyzed on a DB-FFAP column (60 m x 0.25 mm i.d.,
0.25 pm film thickness, J&W Scientific, USA). Helium was used as
the carrier gas at a constant flow rate of 1 mL min ™. The injector
temperature was set as at 250 °C. The temperature program of the
oven was as follows: oven temperature was held at 40 °C at first,
then raised to 50 °C at a rate of 10 °C min~* and held for 20 min,
then raised at 1 °C min~" up to 70 °C and held for 10 min, finally
raised at 3 °C min~" up to 250 °C and held for 15 min.

MS was operated in electron ionization (EI) mode at 70 eV.
Temperatures of the interface and the ion source were set at 250
and 230 °C, respectively. Identification of vanillin, 4-methyl-
guaiacol, and 4-ethylguaiacol was conducted in a full scan mode
with the mass range set from 45 to 350 amu. Selective ion
monitoring (SIM) was used to quantify the analytes, and
selected ions were listed in Table 1.

For standards, stock solutions of vanillin, 4-methylguaiacol,
and 4-ethylguaiacol were prepared in absolute ethanol. Then,
a series of working standard solutions (i.e., 10 000, 5000, 2000,
1000, 500, 200, 100, 50, 20, 10, and 1 ng Lfl) were prepared from
the stock solution with model solution (i.e., 45% ethanol by
volume with Milli-Q water). Afterwards, each working standard
solution (2 mL) was pretreated and analysed using the same
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Table 1 Concentrations (ug L™%) of vanillin, 4-methylguaiacol, and 4-ethylguaiacol in GJG

Compound Vanillin 4-Methylguaiacol 4-Ethylguaiacol Total’ (ug L™

Quantified ion 151 138 91

R 0.997 0.997 0.999

LOD (ug L™Y) 10.9 3.1 4.7

Recovery (%) 102 94 98

Concentration® (ug L) GJGCB-1 209 + 3 1062 £ 5 1405 + 31 2675 + 36
GJGCB-2 284 + 7 1405 £ 17 1506 £ 16 3196 + 34
GJGCB-3 214 + 6 1092 + 10 1397 £ 12 2703 £ 26
GJGCB-4 209 + 3 705 £ 7 1708 £ 9 2622 £ 8
GJGCB-5 214 + 4 694 + 5 905 + 16 1813 £+ 14
GJGCB-6 120 £ 6 126 £ 4 129 £ 4 375 £ 12
GJGCB-7 103 + 4 174 £ 5 149 + 8 427 £ 8
GJGCB-8 156 £ 3 1580 £ 20 1013 £ 12 2749 £+ 31

% The concentrations of compounds were presented as mean value of triplicate samples 4 standard deviation (mean + SD). ” The total
concentrations of vanillin, 4-methylguaiacol, and 4-ethylguaiacol in each GJG sample.

extraction method and GC-MS analysis conditions as for GJG
sample.

Calibration curves were drawn by plotting the response of
target compounds against corresponding concentrations.
Concentrations of target compounds were calculated based on
the calibration curves. Analytical limits of detection (LOD) of
target compounds were obtained from lowest concentrations of
the analyte standard solutions based on a signal-to-noise ratio
of 3. All analyses were repeated in triplicate.

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.

CCK-8 assay

HepG2 cells (5 x 10° mL™") were grown on a 96-well microplate.
After treatment with various contents of sample (vanillin, 4-
methylguaiacol, and 4-ethylguaiacol), cell viability was moni-
tored by cell counting kit (CCK-8) assay (Dojindo, Kumamoto,
Japan). After designed treatments, 10 pL of CCK-8 solution was
added to the cells cultured in 96-well plates and OD values at
450 nm were measured with a spectrophotometer (Bio-Tek
Instruments, Winooski, VT, USA). Cell viability was repre-
sented as a percentage of the absorbance observed for untreated
control cells.

Sample treatment

HepG2 cells (1 x 10%/well) were seeded into a 6-well microplate.
After incubation for 24 h at 37 °C (5% CO,), the growth medium
was removed and the wells were washed two times with PBS
(Gibco, Carlsbad, CA, USA). Then, the cells were incubated with
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specific concentrations of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol (1000, 500, and 100 mg L") in 2 mL serum-free
medium for 24 h at 37 °C (5% CO,). Afterwards, the medium
was removed and the wells were washed two times with PBS.
Then, 2 mL serum-free medium containing 200 pM AAPH was
added, and the cells were cultured for 3 h at 37 °C (5% CO,). The
cells treated with vanillin, 4-methylguaiacol, and 4-ethyl-
guaiacol were determined as the sample group. Trolox
(500 mg L") was used as the standard antioxidant and cell
treatment with Trolox was conducted as described above. The
cells treated with AAPH alone were determined as the AAPH
group, and cells with no sample and AAPH treatment were
determined as the control group.

RNA isolation and reverse transcription

After incubation with AAPH for 3 h, the medium was removed
and the wells were washed two times with PBS. Then, the total
cellular RNA was extracted with Trizol reagent (Life Technolo-
gies, Shanghai, China) according to the manufacturer's
instructions. Afterwards, RNA samples were treated with DNAse
and reverse transcribed into ¢cDNA using a M-MLV Reverse
Transcriptase Kit (Promega, Madison, MI, USA) using the
manufacturer's protocol.

Real-time PCR

Expression of target genes (see list of genes below) in the
samples were determined using real-time PCR. Real-time PCR
was performed with a CFX96 Real-Time PCR detection system
(Bio-Rad, CA, USA) by employing SYBR Green I. Primers used
(forward; reverse) were: SOD: 5-TGGAGATAATACAGCAGGCT-
3’; 5-AGTCACATTGCCCAAGTCTC-3’, CAT: 5-CCTTCGACC-
CAAGCAA-3; 5-CGATGGCGGTGAGTGT-3’, GPx1: 5'-
AGAAGTGCGAGGTGAACGGT-3; 5'-CCCACCAGGAACTTCT-
CAAA-3', Nrf2: 5-AGTGTG GAGAGGTATGAGCC-3'; 5'-
CGTTCCTCTCTGGGTAGTAA-3/, Keapl: 5-AGAGCGGGAT-
GAGTGGCA-3'; 5-GCTGAATTAAGGCGGTTTGTC-3/, GAPDH:
5'-GGTGGTCTCCTCTGACTTCAACA-3'; 5'-GTTGCTGTAGC-
CAAATTCGTTGC-3'. Relative gene expression was calculated
using the 27%2¢ method, and GAPDH was selected as the

This journal is © The Royal Society of Chemistry 2018
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reference gene. Results were presented as fold expression
change relative to the control group.

Protein extraction

After incubation with AAPH for 3 h, the medium was removed
and the wells were washed two times with PBS. Then, the cells of
control group, AAPH group and groups treated with 500 mg L™"
VA, 4-MG, 4-EG or Trolox were digested with trypsin (Gibco,
Carlsbad, CA, USA), lysed with RIPA lysis buffer (Solarbio Life
Sciences, Beijing, China) and homogenized by passing the cells
through syringe needles. The homogenates were centrifuged at
14 000g for 15 min at 4 °C, and the supernatants were decanted
for analysis.

The total protein content of cell lysates was measured by
a BCA protein assay kit (Nanjing Jiancheng Institute of
Biotechnology, Nanjing, Jiangsu, China).

Western blot analysis

Western blot analysis was carried out according to a previous
method®® with some modifications. Briefly, protein samples
(20 pg per well) were resolved by SDS-PAGE (10%) and trans-
ferred onto nitrocellulose membranes (Millipore, Bedford,
MA, USA). The membranes were soaked in a blocking solution
of 5% BSA (Sigma-Aldrich, St. Louis, MO, USA) in tris-buffered
saline (TBS, Sigma-Aldrich, St. Louis, MO, USA) containing
0.05% (v/v) Tween 20 (Amresco, Houston, TX, USA) for 50 min
with gentle shaking. Then, they were incubated with 5 mL
primary antibodies at a dilution of 1 : 2000 (v/v) overnight at
4 °C. Rabbit anti-SOD2/MnSOD antibody, anti-Nrf2 antibody,
anti-GPX8 antibody, anti-Keapl antibody, anti-GAPDH anti-
body (Abcam, Cambridge, UK) and anti-CAT antibody (Gene-
Tex, Irvine, CA, USA) were used as primary antibodies.
Afterwards, the membranes were washed five times with TBS
containing 0.05% Tween 20 and incubated with the secondary
antibody at a dilution of 1 : 5000 (v/v) for 40 min with gentle
shaking. HRP-conjugated goat anti-rabbit IgG antibody (Bei-
jing ComWin Biotech, Beijing, China) was used as the
secondary antibody. Then, the membranes were washed six
times with TBS containing 0.05% Tween 20. Finally, detection
was carried out using ECL Western Blotting Detection Reagent
(Millipore, Bedford, MA, USA). Western blot results were
quantified using Quantity One software. Expression levels of
proteins were determined via normalization to that of GAPDH.
Relative expression level was determined as the ratio of
intensity of the protein band to that of the corresponding
GAPDH band, and finally expressed as a fold increase over the
control group.

Statistical analysis

Two independent experiments were performed at least in trip-
licates. Data obtained from the GC-MS analysis, CCK-8 assay,
real-time PCR analysis, and western blot analysis were
expressed as mean + standard deviation (SD). Statistical
differences between groups were carried out using one-way
ANOVA test with a post hoc Tukey test by SPSS22.0 statistical
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program (IBM Inc., New York, NY, USA). p < 0.05 was accepted as
statistically significant.

Results

Quantification of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol in GJG

Concentrations of vanillin (VA), 4-methylguaiacol (4-MG), and 4-
ethylguaiacol (4-EG) in GJG were determined by liquid-liquid
extraction (LLE) combined with gas chromatography-mass
spectrometry (GC-MS). Based on the result (as shown in Table
1), vanillin, 4-methylguaiacol, and 4-ethylguaiacol were present
in all GJG samples. The concentration of vanillin ranged from
103 £ 4 pg L™ ' to 284 + 7 ug L™, which was lower than those of
4-methylguaiacol (126 + 4-1580 + 20 ug L™ ') and 4-ethyl-
guaiacol (129 + 4-1708 + 9 pg L™Y). In addition, the total
concentration of vanillin, 4-methylguaiacol, and 4-ethylguaiacol
was from 375 + 12 pg L' t0 3196 + 34 g L.

Cell viability

To investigate their effect on cell viability and determine the
treatment doses, HepG2 cells were exposed for 24 h to various
concentrations of VA, 4-MG, and 4-EG. As shown in Fig. 2, the
cell viability decreased with an increase in treatment concen-
tration of VA, 4-MG, and 4-EG, especially at 1500 and
2000 mg L™, from which significant changes to cell viability
were obtained (p < 0.05). For the same treatment concentra-
tions, 4-MG had the greatest cytotoxic effect, especially at higher
contents (1500 and 2000 mg L"), followed by VA and then, 4-
EG. Meanwhile lower treatment concentrations of VA, 4-MG and
4-EG caused less impact on HepGz2 cells, and cell viability was
above 80% when the treatment concentrations of VA, 4-MG and
4-EG were below 1500 mg L. Thus, three levels of treatment
concentrations (i.e., high-level: 1000 mg L', medium-level:
500 mg L', and low-level: 100 mg L") were selected for real-
time PCR analysis.

7 Vanillin
[ 4-Methylguaiacol
@ 4-Ethylguaiacol

100p

D o
(=} (=4
1 1

Cell Viability (%)
N
(=]

20

1000
Content of Sample (mg/L)

1500 2000

Fig. 2 Cell viability of HepG2 cells treated with various doses of
vanillin, 4-methylguaiacol, and 4-ethylguaiacol. Data are presented as
the mean + SD from three independent experiments. Different letters
represent the significant difference between different contents of the
same sample at p < 0.05.
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Effect of vanillin, 4-methylguaiacol, and 4-ethylguaiacol on gene
expressions in Keap1-Nrf2 pathway in AAPH-induced HepG2
cells

To confirm whether VA, 4-MG, and 4-EG protect HepG2 cells
against AAPH-induced oxidative stress via activation of the
Keap1-Nrf2 pathway, the gene and protein expressions in
Keap1-Nrf2 pathway were measured with real-time PCR and
western blot. The results of real-time PCR analysis were shown
in Table S1 (ESIT) and in Fig. 3.

As shown in Fig. 3A, mRNA expression of Nrf2 was signifi-
cantly inhibited by AAPH (p < 0.05), and the level of Nrf2 in
AAPH group was just 34% of the control group. VA, 4-MG, and 4-
EG could remarkably up-regulate the mRNA expression level of
Nrf2 compared with that of AAPH group, except for the low-level
treatment group (100 mg L") of VA (p < 0.05). The level of Nrf2
in sample groups (i.e., samples treated with VA, 4-MG, and 4-
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EG) were increased by 54-531% times compared with that in
AAPH group. In comparison with the control group, high-level
(1000 mg L") of VA, 4-MG, and 4-EG critically enhanced the
mRNA expression level of Nrf2 by 114, 83, and 101%, respec-
tively (p < 0.05). As for medium-level (500 mg L"), just VA and 4-
EG could significantly induce mRNA expression of Nrf2 by 67
and 58%, respectively, as compared to the control group (p <
0.05). Although medium-level of 4-MG increased the Nrf2 mRNA
level by 40% compared to the control group, no significant
change was obtained. For low-level treatment, no significant
difference was found between the sample group and the control
group. In addition, high-level and medium-level of VA were
interestingly more effective than 4-EG and 4-MG on induction of
Nrf2 mRNA expression. However, at low-level treatment, 4-EG
had the strongest upregulation ability, followed by 4-MG and
VA, although no significant difference was observed for any
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Fig.3 The effects of vanillin, 4-methylguaiacol, and 4-ethylguaiacol on AAPH-induced changes in mMRNA expression levels of Nrf2 (A), Keapl (B),
SOD (C), CAT (D), and GPx (E) in HepG2 cells. Trolox is used as the positive standard. The results are expressed as relative values versus the control
group. Data are shown as mean + SD from three independent experiments. Different letters represent significant difference at p < 0.05.
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compound. In contrast with Trolox, VA sharply enhanced the
Nrf2 mRNA level by 59% at the same treatment concentration
(500 mg L™, p < 0.05), while for 4-MG and 4-EG, no significant
change was obtained, although the Nrf2 mRNA level for 4-MG
and 4-EG were increased by 33 and 51%, respectively. Overall,
the protective effects of VA, 4-MG, and 4-EG on AAPH-induced
changes in Nrf2 mRNA level were exhibited in a dose-
dependent manner.

As for the mRNA expression of Keapl, in comparison with
Nrf2, the results were quite different. As Fig. 3B showed, no
significant change in Keapl mRNA level was found between the
AAPH and control groups. However, apart from the low-level of
VA, Keapl mRNA level was markedly down-regulated by VA, 4-
MG, and 4-EG with respect to the AAPH and control groups (p <
0.05), where the level was decreased by 23-74% compared with
AAPH group and control group. As for high-level treatment
doses, 4-EG was observed to have the strongest downregulation
ability, followed by 4-MG and VA, but no significant difference
was found. While VA exerted the weakest ability at medium-level
treatment with a remarkable difference (p < 0.05), and 4-EG
exhibited the strongest ability at the low-level with significant
difference (p < 0.05), followed by 4-MG and VA. As the same
treatment level (500 mg L"), the downregulation ability of
Trolox was higher than that of 4-MG and lower than that of 4-
EG, although no remarkable difference was observed. Mean-
while, the Keap1 mRNA level of VA treated sample (500 mg L")
was significantly higher than that of Trolox treated one (p <
0.05). Also noted was that VA, 4-MG, and 4-EG exhibited a dose-
dependent regulation of Keapl mRNA level.

As shown in Fig. 3C, AAPH critically suppressed the SOD
mRNA expression compared with the control group, as it
decreased by 72% (p < 0.05), while VA, 4-MG, and 4-EG exhibited
upregulation ability on SOD mRNA level in a dose-dependent
manner. Among them, high-levels of VA, 4-MG, and 4-EG
significantly promoted the SOD mRNA level by 183, 269, and
315%, respectively, with respect to the AAPH group (p < 0.05).
Meanwhile, medium-levels of 4-MG and 4-EG could remarkably
enhance the SOD mRNA level by 181 and 168% in comparison
with the AAPH group (p < 0.05). There was no significant
difference obtained among medium-level of VA, low-levels of
VA, 4-MG, and 4-EG, and AAPH group. In addition, although the
level of SOD in control group was higher than high-level of VA
and medium-levels of 4-MG and 4-EG, and lower than high-
levels of 4-MG and 4-EG, no remarkable difference was found.
Notably, at medium- or low-levels, 4-MG had the strongest
upregulation ability, followed by 4-EG and VA with no signifi-
cant difference, whereas 4-EG was most effective in increasing
the SOD mRNA level at high-level, followed by 4-MG and VA with
no significant difference. At the same level, Trolox could
significantly induce the SOD mRNA expression compared with
VA and 4-EG (p < 0.05). Also, the SOD mRNA level of Trolox was
higher than that from medium-level of 4-MG, but no significant
difference was observed.

The results of CAT mRNA expression were presented in
Fig. 3D. AAPH caused downregulation of CAT mRNA level at
a critical change compared to the control group (p < 0.05), with
CAT mRNA level almost reduced to zero. In contrast with AAPH
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group, VA, 4-MG, and 4-EG significantly promoted the mRNA
level of CAT, except for the medium- and low-levels of VA (p <
0.05). Moreover, apart from VA, high-levels of 4-MG and 4-EG
sharply increased the CAT mRNA level by 127 and 312%,
respectively, in comparison with the control group (p < 0.05),
giving a similar response as the medium-level of 4-EG. However,
no remarkable difference was found between other sample
groups and the control group. Also, 4-EG exhibited the best
upregulation activity towards CAT mRNA level in a dose-
dependent manner, followed by 4-MG and VA. In addition, for
the same level of concentration (500 mg L"), only 4-EG was
more effective than Trolox with no significant difference, while
VA and 4-MG were extremely less effective than Trolox (p < 0.05).

As shown in Fig. 3E, in contrast with the control group, AAPH
critically suppressed the expression of GPx mRNA (p < 0.05),
whereas VA, 4-MG, and 4-EG extremely enhanced the GPx
mRNA level by 49-288% in a dose-dependent manner, except
for low-levels of sample groups (p < 0.05). Also, apart from
medium-level of VA, high- and medium-levels of VA, 4-MG, and
4-EG significantly promoted the GPx mRNA level by 30-145%
compared to the control group (p < 0.05). Especially, the GPx
mRNA level of 4-EG treated sample was higher than those of 4-
MG and VA at the same level. But in contrast with Trolox, 4-EG
and 4-MG exerted lower upregulation activity with no significant
difference, while VA showed extremely weaker upregulation
ability at the same level (500 mg L™", p < 0.05).

Effect of vanillin, 4-methylguaiacol, and 4-ethylguaiacol on
protein expressions in Keap1-Nrf2 pathway in AAPH-induced
HepG2 cells

The protein expressions of Keap1-Nrf2 pathway were measured
by western blot, and results were shown in Table S2 (ESIt) and
in Fig. 4.

As Fig. 4 showed, in contrast to the control group, AAPH
markedly suppressed protein expression of Nrf2, SOD, CAT, and
GPx by 29, 30, 19, and 18%, respectively (p < 0.05), and no
significant change in Keap1 protein level was obtained. Mean-
while, VA, 4-MG, and 4-EG exhibited upregulation of Nrf2 (53-
90%), SOD (53-77%), CAT (36-57%), and GPx protein level (37-
53%) with respect to the AAPH group (p < 0.05). Interestingly,
only 4-EG could down-regulate the protein expression level of
Keap1 by 25% in comparison with the AAPH group (p < 0.05).
Compared with the control group, VA promoted the levels of
Nrf2, SOD, CAT, and GPx by 8 (p > 0.05), 25 (p < 0.05), 24 (p <
0.05), and 25% (p < 0.05), respectively. 4-MG extremely
enhanced the levels of Nrf2, CAT, and GPx by 33, 27, and 15%,
respectively (p < 0.05), whereas no significant change in the level
of SOD was observed. 4-EG markedly increased the levels of
Nrf2, SOD, and GPx by 34, 10, and 13%, respectively (p < 0.05),
however, no significant change in the level of CAT was obtained.
Also noted was that among VA, 4-MG, and 4-EG, VA exhibited
the strongest upregulation ability for SOD and GPx and the
weakest upregulation ability for Nrf2 with a remarkable differ-
ence (p < 0.05), 4-EG showed the strongest downregulation
ability on Keap1 with a remarkable difference (p < 0.05), while
no significant difference in CAT level was found. In addition,
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Fig. 4 The effects of vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol (4-EG) on AAPH-induced changes in protein expression levels
of Nrf2 (A), Keapl (B), SOD (C), CAT (D), and GPx (E) in HepG2 cells. Trolox is used as the positive standard. The results are expressed as relative
values against the control group. Data are shown as mean + SD from three independent experiments. Different letters represent significant

difference at p < 0.05.

VA, 4-MG, and 4-EG showed larger changes for CAT and GPx
than Trolox, and smaller changes for Nrf2, Keap1, and SOD
than Trolox.

Discussion

Recently, it has been widely confirmed that oxidative stress
induced by excessive amounts of reactive oxygen species (ROS)
can cause genomic instability, thereby leading to a variety of
chronic diseases.*® Although humans possess enzymatic anti-
oxidant defenses (SOD, CAT, and GPx, etc.), and repair systems
to protect themselves against oxidative stress,*” these native
antioxidant systems are generally unable to completely prevent
oxidative damage in living organisms caused by oxidative stress,
as evidenced by the rising incidences of chronic diseases asso-
ciated with oxidative stress. Meanwhile, due to health and safety
concerns, natural bioactive components in foods and beverages

35480 | RSC Adv., 2018, 8, 35474-35484

have been greatly addressed by people. Especially, phenolic
compounds have received a great deal of 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 chronic diseases associated with oxidative
stress.'>**® However, available information on the cytopro-
tective effect of phenolic compounds in Chinese baijiu is scarce.
Therefore, the aim of present study was to determine whether
vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol (4-
EG) were widely present in Gujinggong (GJG) Chinese baijiu and
whether these compounds could protect HepG2 cells against
oxidative stress via activating the Nrf2 pathway, and to lay the
foundation for better illustrating the healthy, protective prop-
erties of Chinese baijiu. Consequently, based on above analyses
by GC-MS, real-time PCR and western blot, VA, 4-MG, and 4-EG
were confirmed to be present in all GJG samples and indeed

This journal is © The Royal Society of Chemistry 2018
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affected the Keapl-Nrf2 pathway—distinctly elevating the
mRNA and protein expressions of Nrf2 and its downstream
antioxidative enzymes (SOD, CAT, and GPx), thereby protecting
HepG2 cells against AAPH-induced oxidative stress (shown in
Fig. 5).

Nrf2 is well known for its critical role in the antioxidant
defense system and is normally bound in the cytosol by Keap1.>®
Moderate oxidative stress can cause the dissociation of Nrf2/
Keapl complex, releasing Nrf2 from Keapl, allowing Nrf2 to
translocate into the nucleus and bind to the antioxidant response
elements (AREs), and finally activating cytoprotective genes and
accelerating the expression of numerous phase II detoxifying/
antioxidant enzymes, such as SOD, CAT, and GPx, which
contribute to protect cells from oxidative damage. However,
excessive oxidative stress can wreak havoc on the antioxidant
defense system, evidence of which was investigated in this study.

As shown in this research, in contrast with the control group,
AAPH extremely suppressed the mRNA expression of Nrf2, SOD,
CAT, and GPx (p < 0.05). As an important member of intracel-
lular antioxidant defense system, SOD is responsible for faster
dismutation of superoxide to hydrogen peroxide (H,0,), after
which CAT transforms H,O, into water and oxygen. GPx cata-
lyzes the reaction of scavenging and destroying free radicals of
GSH.** Therefore, AAPH induced a great oxidative stress and
destroyed the antioxidant defense system in HepG2 cells.
However, VA, 4-MG, and 4-EG significantly promoted the mRNA
levels of Nrf2, SOD, CAT, and GPx down-regulated by AAPH (p <
0.05). It has been widely demonstrated that phenolic
compounds possess direct antioxidant activity, especially poly-
phenols.”"* It is worthwhile to note that the direct antioxidant
activity of polyphenols appears to be ineffective in vivo, because
of low bioavailability and kinetic constraints.** In addition,
polyphenols are also confirmed to protect cells from oxidative
damage by indirect antioxidant capacity.”* However,

Nrf2 Nrf2 Keapl

Keapl
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polyphenols must be metabolized into small molecular elec-
trophilic compounds before exerting indirect antioxidant
capacity (i.e., activating Nrf2 pathway and thus regulating the
expression of phase II detoxifying/antioxidant enzymes).>* VA, 4-
MG, and 4-EG, micromolecules which are generated during the
grain fermentation process, seem to exert an antioxidant effect
more directly than macromolecules, such as polyphenols. Of
note also is that the mRNA expression level of CAT was more
sensitive to oxidative stress caused by AAPH in comparison with
to Nrf2, SOD, and GPx. In contrast with the control group, the
mRNA levels of Nrf2, SOD, and GPx in the AAPH group were
critically decreased by 66, 72, and 37%, respectively (p < 0.05).
Meanwhile, the mRNA expression level of CAT was easily
affected and almost decreased by 100% (p < 0.05), which
concurred with a previous study.' CAT activity was extremely
decreased due to the excessive oxidative stress induced by AAPH
and was near zero in HepG2 cells.*

While for the protein expression levels, oxidative stress
induced by AAPH produced remarkable decrease in the
expression of Nrf2, SOD, CAT, and GPx compared with the
control group (p < 0.05). However, VA, 4-MG, and 4-EG was able
to reverse the effect caused by AAPH, returning the expression
levels of Nrf2, SOD, CAT, and GPx to or above control values. It
has been well documented that phenolic compounds could
modulate the protein expression levels of Nrf2 and its down-
stream antioxidative enzymes against oxidative stress.**** For
instance, the expression level of SOD could be up-regulated by
carnosol.*® Likewise, quercetin has been demonstrated to be
effective in up-regulating the expression levels of Nrf2, SOD, and
CAT against oxidative stress in albino rats treated with indo-
methacin.”” Also, curcumin has been indicated to ameliorate
AAPH-induced oxidative stress in HepG2 cells by activating
Nrf2,? although the potential modulation effect of curcumin on
antioxidative enzymes has not been verified in the study.
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Fig.5 Effect of vanillin (VA), 4-methylguaiacol (4-MG), and 4-ethylguaiacol (4-EG) on gene and protein expression profiles of Nrf2, Keapl, SOD,
CAT, and GPx in AAPH-induced HepG2 cells. Fold changes in the expression of gene and protein are color-coded according to the legend at the
bottom. The color scale from green to red indicates the expression levels from low to high.
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It is worth noticing that although VA, 4-MG, and 4-EG have
similar chemical structures (one oxidizable phenolic hydroxyl
group with a methoxy group in ortho position to it, as shown in
Fig. 1), different effects on the expression of Nrf2 and anti-
oxidative enzymes were observed for the three compounds.
Specifically, analogous induction effect of VA, 4-MG, and 4-EG
on Nrf2 mRNA was obtained as no significant was found at the
same level, however, the weakest upregulation of Nrf2 was
observed for VA with a significant difference (p < 0.05). 4-EG
exhibited the most potent upregulation ability for SOD (p >
0.05), CAT (p < 0.05), and GPx mRNA levels (p < 0.05), followed
by 4-MG and VA, whereas the lowest protein levels of CAT (p >
0.05) and GPx (p < 0.05) were also obtained from 4-EG. More-
over, VA had the strongest modulation effect on Nrf2 mRNA,
although no remarkable difference among VA, 4-MG, and 4-EG
was obtained. However, VA also exhibited the weakest modu-
lation effect on mRNA of downstream antioxidative enzymes of
Nrf2, but it exhibited the strongest upregulation of SOD and
GPx (p < 0.05) at the same time. According to the above results,
we thought that the difference in substitution of the aromatic
compound might impact their combination with receptors for
activating the Keap1-Nrf2 pathway.

In addition, the impact of VA, 4-MG, and 4-EG on the
expression of mRNA did not parallel protein level changes.
Comparing the relative expression levels of mRNA with that of
correspondent proteins, higher relative expression levels were
obtained for mRNA of Nrf2 and GPx, except in case of VA (mRNA
level of GPx only), and for protein levels of SOD and CAT, except
in case of 4-EG (protein level of CAT only). A previous study
reported that VA, 4-MG, and 4-EG had strong direct antioxidant
activities and could protect HepG2 cells against AAPH-induced
oxidative stress via enhancing the activities of CAT, SOD and
GPx." Thus, we inferred that VA, 4-MG, and 4-EG could induce
the mRNA and protein expression of antioxidative enzymes in
case of increasing oxidative stress caused by AAPH. However,
when VA, 4-MG, and 4-EG or their induced antioxidative
enzymes (SOD, CAT, and GPx) were enough to eliminate the free
radicals (thereby suppressing oxidative stress, and maintaining
the intracellular antioxidant defense system in HepG2 cells at
a normal level) the mRNA expression of antioxidant enzymes
was partially inhibited as secretion of more antioxidative
enzymes was unnecessary. Therefore, the expression of mRNA
and proteins was inconsistent. To sum up, according to the
results of previous study and this study, VA, 4-MG, and 4-EG
could prevent HepG2 cells from AAPH-induced oxidative stress
by acting as antioxidants themselves by modulating genes and
proteins expressions in the Keap1-Nrf2 pathway and improving
the endogenous antioxidant enzymatic defense system.

Conclusions

In conclusion, this study determined the concentrations and
cytoprotective effects of vanillin, 4-methylguaiacol, and 4-eth-
ylguaiacol, three phenolic compounds of Chinese baijiu, by GC-
MS and the AAPH-induced HepG2 cell model, respectively.
Based on the analyses by GC-MS, real-time PCR and western
blot, vanillin, 4-methylguaiacol, and 4-ethylguaiacol were

35482 | RSC Adv., 2018, 8, 35474-35484
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detected in all GJG samples and were able to attenuate or
reverse the increased oxidative stress resulting from AAPH via
activating the Keap1-Nrf2 pathway, enhancing the mRNA and
protein expressions of Nrf2 and its downstream antioxidative
enzymes (SOD, CAT, and GPx), and thus, promoting the capacity
of the intracellular antioxidant system.

Of note, this study provides a better illustration of the
beneficial effects of Chinese baijiu on human health, but
whether the concentrations of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol in Chinese baijiu are high enough to ameliorate
AAPH-induced oxidative stress in HepG2 cells by activating Nrf2
is still unknown. Hence, further research, including (1) inves-
tigation of whether the concentrations of vanillin, 4-methyl-
guaiacol, and 4-ethylguaiacol in Chinese baijiu are able to
exhibit the property to protect cells against abnormal oxidative
stress, (2) establishing an approach to increase the concentra-
tions of vanillin, 4-methylguaiacol, and 4-ethylguaiacol in
Chinese baijiu without affecting the aroma profile, (3) charac-
terization of the effects of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol on other signaling kinases (e.g., mitogen-activated
protein kinases (MAPK), protein kinase C (PKC), and
phosphatidylinositol-3-kinase (PI3K), etc.) and phase II antiox-
idant enzymes (e.g., heme oxygenase 1 (HO-1) and NAD(P)H-
quinone: oxidoreductase 1 (NQO1), etc.), and (4) evaluation of
other potential bioactivities of vanillin, 4-methylguaiacol, and 4-
ethylguaiacol needs to be carried out. To date, 1874 components
in Chinese baijiu have been reported according to our studies.*®
Therefore, additional data is needed to uncover the relationship
between these numerous components in Chinese baijiu and
human health.
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Abbreviations

ROS Reactive oxygen species

GPx Glutathione peroxidase

CAT Catalase

SOD Superoxide dismutase

VA Vanillin

4-MG 4-Methylguaiacol

4-EG 4-Ethylguaiacol

MDA Malondialdehyde

GSSG Oxidized glutathione

GSH Reduced glutathione

Keapl  Kelch-like ECH-associated protein 1

Nrf2 Nuclear factor erythroid 2-related factor 2
AREs Antioxidant response elements

AAPH  2,2'-Azobis(2-methylpropionamide)-dihydrochloride
HepG2 Human hepatic cell line

GJG Gujinggong (one of the famous CB)

CB Chinese baijiu

LLE Liquid-liquid extraction

GC-MS Gas chromatography-mass spectrometry
LOD Limits of detection
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