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ABSTRACT

Acylation of anthocyanin with fatty acid has been extensively applied for the improvement of their lipophilicity
and stability. However, their functionalities are not fully investigated. This work prepared cyanidin-3-O-gluco-
side-lauric acid ester (C3G-LA) and investigated its protective effect against oxidative stress in HyOz-induced
human normal liver (LO2) cells. The results indicated that C3G-LA possessed notable antioxidant activity and
better protective effect than its anthocyanin precursor cyanidin-3-O-glucoside (C3G). It protected the cells from
Hy09-induced cell death and apoptosis by suppressing the overproduction of reactive oxygen species and
malondialdehyde, restoring superoxide dismutase activity and ameliorating mitochondrial dysfunction and
membrane damage. The increase in the expression levels of phosphorylated Akt, Nrf2, HO-1 and NQO1 further
indicated that the antioxidant protective effect of C3G-LA involved the PI3K/Akt-mediated activation of the
Nrf2-HO-1/NQO1 pathway. The findings indicated that, in addition to improve lipophilicity and stability,

acylation of anthocyanin can enhance their anti-oxidative stress activity.

1. Introduction

Anthocyanins are the most common and widely distributed flavo-
noids responsible for the vivid blue, red and purple colours of various
plant structures, such as fruits, flowers and leaves. They possess
numerous health-promoting properties, including antioxidant effect,
antimicrobial properties (Gong et al., 2021), anti-diabetic and anti-
obesity effects (Tian et al., 2021; Teixeira et al., 2021), neuro-
protective effect (Li et al., 2020), anti-hypolipidemic effect (Ershad,
Shigenaga, & Bandy, 2021) and anti-tumour activity (Wei et al., 2021);
alleviate osteoarthritis (Jiang et al., 2019) and vision complications
(Nomi, Iwasaki-Kurashige, & Matsumoto, 2019) and prevent cardio-
vascular diseases (Wood, Hein, Heiss, Williams, & Rodriguez-Mateos,
2019). All of these extraordinary health-promoting properties have
brought much interest to the study of anthocyanins, and promoted their
application as functional ingredients in the food, cosmetics and phar-
maceutical fields, as well as their application as natural alternatives to
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artificial food colourants (Sinopoli, Calogero, & Bartolotta, 2019).
However, the utilisation of anthocyanins as food colourants and func-
tional ingredients are still largely limited due to their low stability and
poor solubility in lipophilic food matrix.

Acylation is a potential pathway to improve the stability of antho-
cyanins (Zeng et al., 2021). In the last decades, enzymatic acylation of
anthocyanin with fatty acid has been extensively applied in order to
improve the lipophilic solubility and stability. Various anthocyanins,
including cyanidin-3-O-glucoside (C3G) (Guimaraes et al., 2019), cya-
nidin-3-0-galactoside (Yang, Kortesniemi, Yang, & Zheng, 2018), del-
phinidin-3-0-glucoside (Cruz et al., 2018), cyanidin-3-O-rutinoside,
delphinidin-3-O-rutinoside (Yang, Kortesniemi, Ma, Zheng, & Yang,
2019), delphinidin-3-O-sambubioside (Marquez-Rodriguez et al., 2021)
and malvidin-3-O-glucoside (Cruz et al., 2017), have been successfully
esterified with fatty acids of different chain lengths. In addition to
enhance their stability, acylation also improves the lipophilicity of an-
thocyanins, and the acylated anthocyanins show great potential for
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application in lipophilic food mediums (Guimaraes et al., 2019; Yang
et al., 2019; Marquez-Rodriguez et al., 2021; Cruz et al., 2017; Zhang
et al., 2021). Moreover, the toxicological evaluation of anthocya-
nin-lauric acid derivatives proved the enzymatic acylation as a safety
way for preparation of acylated anthocyanins (Yang et al., 2020).

Antioxidant capacity is one of the most valued and focused bioactive
characteristics of the acylated products of anthocyanins for application
as antioxidants in food, cosmetics and pharmaceuticals. However,
different in vitro assays, such as 2,2-diphenyl-1-picrylhydrazyl radical
scavenging capacity assay, ferric-reducing antioxidant power assay and
fB-carotene bleaching assay, gave inconsistent results in antioxidant ca-
pacity evaluation (Yang et al., 2018; Yang et al., 2019; Zhang et al.,
2021). These methods have been widely announced to be non-specific
and highly prone to interferences, and hardly related to health out-
comes. Moreover, it has become extensively questioned whether the
health benefits of a compound that is in vitro antioxidants arise from
their in vivo antioxidant activity (Harnly, 2017). In comparison with
chemical-based antioxidant activity assays, cellular investigations
include cellular adsorption, metabolism and intracellular distribution of
antioxidants, which provide a more accurate and representative evalu-
ation of the biological activity of food ingredients. Moreover, in-
vestigations on the compound against cellular oxidative stress and
damage could further provide information on the underlying mecha-
nism involved in the protective effects of the compounds in vivo.

This work used C3G, which is one of the most widespread anthocy-
anins in nature, typically in coloured fruits, vegetables and especially in
black soybean hulls (Goncalves, Nunes, Falcao, Alves, & Silva, 2021;
Jhan et al.,, 2016) to enzymatically prepare cyanidin-3-O-glucosi-
de-lauric acid ester (C3G-LA). We intend to investigate protective effect
of C3G-LA against oxidative stress induced by HoO3 in human normal
liver (LO2) cells by comparison with its precursor C3G and vitamin E
(VE) as the positive control, and to elucidate the hepatoprotective
mechanisms of C3G-LA through the evaluation of the mitochondrial
membrane potential, extracellular lactate dehydrogenase (LDH) level,
intracellular reactive oxygen species (ROS) level, malondialdehyde
(MDA) level and superoxide dismutase (SOD) activity. Furthermore, the
expression of proteins involved in the apoptotic pathway and the PI3K/
Akt and Nrf2-HO-1/NQO1 pathways were determined by Western blot
analysis to explore the impact of C3G-LA on antioxidant signalling
pathways.

2. Materials and methods
2.1. Materials and reagents

Crude anthocyanin extract from black bean hulls containing 35.8 %
C3G was purchased from BGG Co., Ltd. (Beijing, China). Candida
antarctica lipase B (Novozyme 435) was purchased from Chengdu Jian
Quan Biological Technology Co., Ltd (Sichuan, China). Lauric acid (LA),
4 A molecular sieves and C3G (98 %) were purchased from Energy
Chemical (Shanghai, China). N,N-dimethylformamide (DMF), tert-
butanol, ethyl acetate, formic acid and dichloromethane were analytical
grade and purchased from Guangzhou Lubex Biological Technology Co.,
Ltd. (Guangdong, China). Column chromatography silica gel (200-300
mesh) was obtained from Qingdao Ocean Chemical Co., Ltd. (Qingdao,
China). Human normal liver cell (LO2 cells) was obtained from iCell
Bioscience, Inc. (Shanghai, China). RPMI 1640 medium, foetal bovine
serum, penicillin and streptomycin were purchased from Thermo Fisher
Scientific (Shanghai, China). Primary antibodies against Bax (2772),
Bcl-2 (15071), AKT (4691), Nrf2 (16236), p-AKT (4060), NQO1 (6437),
HO-1 (5393) and GAPDH (5174), as well as horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (7074) as the secondary antibody,
were obtained from Cell Signalling Technology (Danvers, MA, USA).
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2.2. Preparation and purification of C3G-LA

The molecular sieve was activated at 150 °C for 24 h before use. The
reaction media of 10 % DMF in tert-butanol was dried with the molecular
sieves (100 mg/mL) overnight. Crude anthocyanin extract (3 g) from
black bean hulls and LA (4.8 g) were dissolved in 50 mL reaction media
containing 5 g molecular sieve. The reaction was started by adding
Novozyme 435 (10 g/L) and continued by magnetic stirring at 60 °C for
72 h (Zhou et al., 2021). The reaction was terminated by filtering
through a 0.45 pm nylon filter membrane to remove the molecular sieve
and the enzyme. tert-Butanol was evaporated by a rotary vacuum
evaporator under 45 °C. The residues were dissolved in a mixture of 20
mL NaCl-saturated solution, 20 mL NaHCOgs-saturated solution and 50
mL ethyl acetate. C3G-LA was collected in the ethyl acetate phase,
whereas C3G was left in aqueous phase. Liquid-liquid extraction by
ethyl acetate was conducted until the ethyl acetate phase turned col-
ourless. After ethyl acetate was evaporated, the C3G-LA extract was
further purified with a chromatographic column filled with silica and
eluted with gradient solutions of dichloromethane/methanol/formic
acid at the volume ratios of 20:1:1 (420 mL), 15:1:1 (340 mL), 13:1:1
(560 mL) and 10:1:1 (200 mL). The fraction that comprised C3G-LA
with over 95 % purity was collected and dried under reduced vacuum.
The purified product was kept at -20 °C.

2.3. Structural verification

The purified acylated anthocyanin product was dissolved in CD30D
acidified with 5 % CF3COOD and characterised by 'H and 3C nuclear
magnetic resonance (NMR) analyses with an Avance III HD 600 NMR
spectrometer (Bruker, Fallanden, Switzerland).

2.4. Cell culture and treatments

LO2 cells were cultivated the same way as described by Yin et al. (Yin
et al., 2020). After cultivation, the cells were detached with 0.25 %
trypsin-EDTA and harvested. The HyOs-induced oxidative damage
model of LO2 cells was established through the determination of HyO»
treatment level that leads to the death of approximately half of the cells.
For this purpose, LO2 cells were treated with H,O5 at concentrations of
0,0.2,0.25,0.5,1, 2,4 and 6 mM at 37 °C for 6 h, and then cell viability
was evaluated. Once the administration level of H,O, was determined,
the hepatoprotective effect of C3G-LA was investigated. The LO2 cells
were treated with different concentrations of C3G-LA and C3G (10, 50,
100, 200 and 300 pM) for 24 h and incubated with Hy02 to induce
oxidative stress in the cells. The two groups of LO2 cells set as positive
and negative controls were respectively treated with VE (200 uM) and
culture medium containing 1 % dimethyl sulfoxide (DMSO) for 24 h and
then treated with HpO5. The cells cultivated for 30 h without any
treatment was used as blank control. C3G-LA and C3G were first dis-
solved in DMSO at a concentration of 50 mM and then diluted to the
desired concentrations in the culture medium for administration.

2.5. Cell viability assays

Cell viability was measured by MTS assay using the CellTiter 96®
AQueous One Solution Cell Proliferation Assay Kit (Madison, WI, USA)
according to the manufacturer’s instructions. LO2 cells were seeded in a
96-well plate (Corning Scientific, USA) at a density of 1 x 10* cells/well
and incubated at 37 °C for 24 h and underwent different treatments as
described in Section 2.4. After the treatments, the culture medium was
removed, the cells were washed with 100 pL of PBS and refilled with
180 pL of culture medium. MTS reagent (20 pL) was then added to each
well and incubated at 37 °C for 4 h. The absorbance of the samples was
finally measured at 490 nm using a microplate reader (EPOCH2, BioTek,
VT, USA).
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2.6. Apoptosis analysis

LO2 cells were seeded in a 6-well plate (Corning Scientific, USA) at a
density of 2-5 x 10° cells/well, incubated at 37 °C for 24 h, then un-
derwent different treatments with 1 %DMSO, VE (200 pM), C3G-LA (50
and 200 pM) and C3G (50 and 200 pM) for 24 h, and incubated with
H>03 (200 pM) for 6 h. The double dye Annexin V—fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) were used to study the apoptosis
rate of LO2 cells after different treatments. The treated cells were har-
vested with EDTA-free trypsin, washed twice with 2 mL of cold PBS and
resuspended in the binding buffer. Cells were stained with Annexin
V-FITC/PI according to the protocol of the Annexin V-FITC/PI
Apoptosis Detection Kit (Becton, Dickinson and Company, NJ, USA). The
fluorescence intensity of the stained cells was measured by a BD
FACSCanto flow cytometer (BD Biosciences, San Jose, USA).

2.7. Determination of LDH release

LO2 cells were seeded in a 6-well plate (Corning Scientific, USA) at a
density of 2-5 x 10° cells/well and treated as described in Section 2.6.
LDH release was analysed using a LDH enzyme-linked immunosorbent
assay (ELISA) kit according to the instructions of the manufacturer.
Briefly, the treated cells were centrifuged, and the supernatant of the cell
culture medium was collected. The sample was incubated with 100 pL of
HRP conjugate at 37 °C for 1 h, washed five times, incubated with
substrate reagents at 37 °C for 15 min and added with stop solution. The
signals were finally detected within 15 min at 450 nm using a microplate
reader (EPOCH2, BioTek, VT, USA).

2.8. Determination of intracellular ROS level

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay was
applied to determine the generation of intracellular ROS in oxidatively
stressed cells by HyO5 stimulation. LO2 cells were seeded in a 6-well
plate (Corning Scientific, USA) at a density of 2-5 x 10° cells/well
and treated as described in Section 2.6. The assay was performed using
the Reactive Oxygen Species Assay Kit (Beyotime, Shanghai, China)
following the instructions provided by the manufacturer. In brief, the
treated cells were washed twice with cold PBS and stained with DCFH-
DA for 15 min in the dark. Afterwards, the cells were washed with PBS,
resuspended in 300 pL of PBS and analysed by flow cytometry.

2.9. Mitochondrial membrane potential (MMP) analysis

LO2 cells were seeded in a 6-well plate (Corning Scientific, USA) at a
density of 2-5 x 10° cells/well and treated as described in Section 2.6.
The treated cells were collected, washed twice with cold PBS and stained
with 200 pL of JC-1 staining buffer (Becton, Dickinson and Company,
NJ, USA) for 15 min at 37 °C in the dark. The stained cells were then
washed with PBS, resuspended in 300 pL of PBS and measured by flow
cytometry.

2.10. Determination of MDA level and SOD activity

The MDA content and SOD activity were measured using commer-
cially available MDA and SOD ELISA kits (Sinobestbio, Shanghai, China)
in accordance with the manufacturer’s protocol. LO2 cells were seeded
in a 6-well plate (Corning Scientific, USA) at a density of 2-5 x 10° cells/
well and treated as described in Section 2.6. The cells were harvested,
washed with cold PBS, lysed with radioimmunoprecipitation assay
(RIPA) lysis buffer (Promega Corporation, WI, USA) and centrifuged.
The supernatant was obtained for MDA content and SOD activity assays.
The absorbance was measured using a microplate reader (EPOCH2,
BioTek, VT, USA) at 450 nm.
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2.11. Western blot analysis

LO2 cells were seeded in a 6-well plate (Corning Scientific, USA) at a
density of 2-5 x 10° cells/well and treated as described in Section 2.6.
The treated cells were harvested, washed twice with cold PBS and lysed
in whole cell lysis buffer (RIPA lysis buffer, Promega Corporation, WI,
USA). The protein was extracted following the addition of proteinase
inhibitor. Equivalent amounts of protein were separated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, transferred onto
polyvinylidene fluoride (PVDF) membranes and blocked with skim milk
for 1 h. The PVDF membranes were washed with Tris-buffered sali-
ne-Tween 20 (TBST) for 5 min and incubated with the corresponding
primary antibody at 4 °C overnight. Thereafter, the membranes were
washed thrice with TBST for 10 min, incubated with HRP-conjugated
goat anti-rabbit IgG at 37 °C for 1 h and analysed with Bio-Rad Chem-
iDoc MP imaging system (Bio-Rad Laboratory, Hercules, CA, USA). The
intensities of protein bands were quantified by ImageJ software (Na-
tional Institutes of Health, USA) with GAPDH as the loading control.

2.12. Statistical analysis

Statistical analyses were conducted by SPSS Statistics 25.0 (SPSS,
Inc., Chicago, IL, USA). All the analyses were conducted in triplicates.
Data are presented as mean + SD. One-way ANOVA and Duncan’s test
were applied to determine the differences between samples at a signif-
icance level of 0.05.

3. Results and discussions
3.1. Structural verification of C3G-LA

C3G-LA was prepared by enzymatical acylation of crude anthocy-
anin extract from black bean hulls, followed by extraction and purifi-
cation. The structure of the product was determined by 'H and '*C NMR
analyses and chemical shifts detected are listed below.

'H NMR (600 MHz, CD30D:CF3COOD [95:5, v/v]): 6 8.90 (s, 1H, H-
4), 8.24 (dd; J = 9.0, 2.4 Hz; 1H; H-6), 8.00 (d, J = 2.4 Hz, 1H, H-2),
7.01 (d, J = 8.7 Hz, 1H, H-5), 6.88 (dd; J = 5.5, 1.1 Hz; 1H; H-8), 6.65
(d, J = 1.5 Hz, 1H, H-6), 5.29 (d, J = 7.8 Hz, 1H, H-1"), 4.43 (dd; J =
12.0, 1.8 Hz; 1H; H-6"a), 4.19 (dd; J = 12.0, 7.2 Hz; 1H; H-6"b), 3.76 (t/
s,J = 6.6 Hz, 1H, H-5"), 3.66 (t, J = 8.4 Hz, 1H, H-2"), 3.53 (t, J = 9.3 Hz,
1H, H-3"), 3.39 (t, J = 9.3 Hz, 1H, H-4"), 2.27 (td; J = 7.2, 3 Hz; 2H;
-CH>-CO-), 1.46 (m, 2H, -CH>-CH,-CO-), 1.04-1.34 (m, 16H,
—CHy-lauroyl backbone), 0.84 (t, J = 7.5 Hz, 3H, —-CH3).

13C NMR (150 MHz, CD3OD:CF3COOD [95:5, v/v]): 6 174.03 (C =
0), 169.07 (C7), 163.10 (C2), 157.72 (C9), 156.25 (C5), 154.66 (C3),
146.15 (C3), 144.06 (C4), 135.1 (C4), 129.43 (C6", 127.07 (C1),
119.76 (C10), 116.98 (C2), 116.02 (C5", 102.02 (C6), 101.97 (C1"),
93.79 (C8), 76.42 (C5"), 74.58 (C3"), 73.21 (C2"), 70.03 (C4"), 63.15
(C6"), 33.42 (-CHo-CO-), 22.29-31.63 (-CHx-lauroyl backbone), 12.98
(-CHs).

According to the data, the product was verified to be cyanidin-3-(6"-
dodecanoyl)-glucoside, an esterified product of C3G with acylated LA at
the 6”—OH of the glucoside moiety, as that previously prepared by our
laboratory (Yang et al., 2019).

3.2. Protective effects of C3G-LA against H202-induced oxidative injury
in LO2 cells

Oxidative stress is a crucial initiating factor that contributes to the
pathogenesis of various diseases, such as hepatopathies and cardiovas-
cular diseases (Poljsak, Suput, & Milisav, 2013). Liver, being the central
organ responsible for nutrient metabolism and detoxification, is
vulnerable to damages induced by pathological factors, such as oxida-
tive stress (Li et al., 2015). HyO» is one of the main ROS that cause lipid
peroxidation and DNA damage, which induce cellular apoptosis (Je &
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Lee, 2015). It creates oxidative stress in normal human hepatocytes,
similar to which occur in the intact liver. Therefore, HoOo-stressed LO2
cells are widely used to mimic oxidative stress-induced injury in the liver
(Lu, Zhang, Hu, & Lu, 2014). The present study investigated the hep-
aprotective effect of the fatty acid-esterified anthocyanin C3G-LA by
evaluating its protective effect against HyO»-induced oxidative damage
in LO2 cells and elucidating the underlying mechanism of its effect. The
cellular oxidative injury models of LO2 cells were established by
exposing the cells to HyO with different concentrations for 6 h, after
which the cell viability was measured. As shown in Fig. 1A, HyOy
treatment markedly inhibited cell proliferation in a dose-dependent
manner. When the cells were exposed to 200 pM H30s, their viability
decreased to 51 % (p < 0.05). A further increase in the concentration of
H20; gradually reduced cell viability to a minimum of 23 % at 2 mM.
Thus, the Hy05 concentration of 200 pM was finally chosen for the
establishment of oxidative injury in LO2 cells.

The protective effects of C3G-LA against HyOo-induced oxidative
injury in LO2 cells were investigated in comparison to the impacts of
C3G. As shown by Fig. 1B, when the cells were pretreated with 10 pM
C3G-LA, the viability of LO2 cells was significantly elevated by 16 % (p
< 0.05). In comparison, pretreatment with 10 pM C3G did not signifi-
cantly impact on restoring the cell viability reduced by H20,. C3G only
displayed protective effect against HyOo-induced cellular damage at
treatment levels over 50 pM. According to the statistical comparison
(Fig. 1B), C3G-LA displayed a considerably better protective ability than
C3G at the administration levels of 10-100 pM. Once the treatment level
was over 200 pM, the two compounds displayed similar (p > 0.05)
protective activities. Cell preincubation with 300 pM C3G and C3G-LA
elevated the cell viability by 61 % and 63 %, respectively. These results
indicated that pretreatment with C3G-LA could protect LO2 cells
against HyO»-induced oxidative injury and reduce cell death. Given the
remarkable protective potential of C3G-LA against oxidative stress, the
underlying mechanism involved was further investigated. The admin-
istration levels of 50 and 200 pM were selected for the investigation.

3.3. C3G-LA inhibited H202-induced cellular apoptosis

Hy0, treatment dramatically enhanced apoptosis of LO2 cells
(Fig. 2A). The population of apoptotic cells increased substantially from
7.9 % in the blank control group to 13.8 % under the treatment of 200
puM H20; for 6 h. This result suggested that HoO5 impaired LO2 cells and
reduced their viability through apoptosis induction. Pretreatment with
C3G-LA for 24 h prior to HyO5 exposure significantly protected the cells
and attenuated the cellular apoptosis rate by 20 % and 24 % under the
C3G-LA treatment levels of 50 and 200 pM, respectively. In comparison,
pre-incubation with 50 and 200 pM C3G reduced the HyOs-induced

>
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apoptosis rate by 9 % and 17 %, respectively. Overall, C3G-LA showed a
better protective effect against HyOp-induced apoptosis than C3G,
although no significant differences (p > 0.05) were observed between
the two compounds at the same administration level.

Western blot analyses were performed to evaluate the expression
levels of the apoptotic markers Bax and Bcl-2. Bcl-2 family members play
an important role in the regulation of cellular apoptosis (Vander Heiden,
Chandel, Williamson, Schumacker, & Thompson, 1997). Amongst them,
the anti-apoptotic protein Bcl-2 and the pro-apoptotic protein Bax are
the most important and the most investigated proteins, as their in-
teractions may influence cell fate. They are considered the principal
factors that determine the progress of apoptosis. As shown in Fig. 2B, the
administration of HyO, induced a 2.4-fold increase in Bax expression
and an 85 % decrease in Bcl-2 expression. Pretreatment with 50 and 200
pM C3G-LA remarkably downregulated the expression level of Bax by
33 % and 81 %, respectively, in HyO-treated LO2 cells. The expression
level of Bax was significantly lower (p < 0.05) in the cells preincubated
with 200 pM C3G-LA for 24 h than those treated with the same level of
C3G and was statistically equivalent (p > 0.05) to the positive control
group treated with VE. Pretreatment with 50 pM C3G-LA did not show
an impact on the expression level of anti-apoptotic Bcl-2 (p > 0.05).
Whereas, when the treatment level was increased to 200 pM, the
expression level of Bcl-2 was upregulated by 1.4 folds (p < 0.05). The
Bcl-2/Bax ratio is critical for the determination of the onset of cell
apoptosis (Bai, Zheng, Wang, & Liu, 2016). A decrease in Bcl-2/Bax ratio
promotes the release of cytochrome c¢ from the mitochondria into the
cytosol and subsequently leads to caspase activation (Thornberry &
Lazebnik, 1998). As shown in Fig. 2C, the Bcl-2/Bax ratio was markedly
lowered from 1.50 in the blank control to 0.06 in the cells treated with
H50,, whereas pretreatment with 200 pM C3G-LA elevated the Bcl-2/
Bax ratio to 0.97, which was similar to that of the positive control
(VE). The results indicated that Bcl-2 family proteins play a critical role
in HyO-induced apoptosis, and C3G-LA could protect LO2 cells against
H30,-induced apoptosis by regulating the expression levels of Bcl-2 and
Bax.

3.4. C3G-LA reduced LDH release

LDH is always released to the surrounding extracellular space when
the cell membrane is damaged, and LDH can be easily detected in the
culture medium (Jian et al., 2018). The release of LDH indicates the
impairment of plasma membrane integrity and demonstrates the cyto-
toxicity of the compound towards the cells (Shi & Zhao, 2019). As shown
in Fig. 3, Hy0, treatment caused a 2.1-fold increase in LDH release
compared with the control group (p < 0.05), which indicated the
markedly loss of membrane integrity. In comparison, pretreatment with
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Fig. 1. Cell viability under treatments of different concentrations of HyO3 (9.2-6 mm) (A) and different treatments of C3G (50, 200 pM), C3G-LA (50, 200 pM) and VE
(200 pM) prior to H,O, (200 pM) exposure (B). Different letters indicate significant differences (p < 0.05) between treatments.
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Fig. 2. Protective effects of treatments of C3G (50, 200 pM), C3G-LA (50, 200 pM) and VE (200 pM) on the H,O»-induced apoptosis of LO2 cells (A) and their
impacts on the expression of apoptotic markers (B) and Bcl-2/Bax ratio (C). Different letters indicate significant differences (p < 0.05) on the corresponding
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Fig. 3. The inhibitory effects of C3G (50, 200 pM), C3G-LA (50, 200 pM) and
VE (200 uM) on the LDH release of H,O-induced LO2 cells. Different letters on
the column indicate significant differences (p < 0.05) between treatments.

C3G-LA and C3G remarkably reduced LDH release by 39 % and 19 % at
the administration level of 50 pM and by 56 % and 41 % at the treatment
level of 200 pM, respectively. Moreover, C3G-LA displayed a better
protective effect than C3G on the HyOo-stressed cells. This result is
consistent with the results of the cell viability analyses.

3.5. C3G-LA suppressed H20z-induced ROS overproduction

Oxidative stress is often associated with an enhanced production of
reactive oxygen species (ROS). ROS are important signal mediators
involved in the growth, differentiation, progression and death of cells
under various physiological circumstances (Tang et al., 2018). The
imbalance between the production and destruction of ROS will lead to
oxidative stress injury and detrimental effects, which account for the
cause or consequence of over 100 diseases, including liver diseases (Xia
et al., 2017; Wang et al., 2018). In the current study, the DCFH-DA
fluorescent probe was applied to determine the generation level of
intracellular ROS in HyOs-stressed LO2 cells and its variation upon
pretreatment with C3G-LA prior to HyO, treatment. As shown in
Fig. 4A, Ho05 induced the elevated production of ROS in the cells, which
was 1.3 folds compared with that of the control group. Pretreatment
with 50 and 200 pM C3G-LA remarkably attenuated the generation of
ROS triggered by H20; treatment by 10.7 % and 13.5 %, respectively,
which were almost comparable to the decrease level (by 15.9 %) under
VE treatment. In comparison, the application of 50 pM C3G did not
reverse the overproduction of ROS induced by HyO», whereas 200 pM
C3G reduced ROS generation by 10.7 %. The results implied that
C3G-LA could protect LO2 cells from oxidative damage by inhibiting
H205-induced ROS generation.

3.6. C3G-LA ameliorated H;02-induced mitochondrial dysfunction

In mammalian cells, ROS are generated in the mitochondria. The
excessive intracellular accumulation of ROS is believed to induce
mitochondrial damage and MMP collapse, which are regarded as char-
acteristics of early apoptosis (Xia et al., 2017; Circu & Aw, 2010).
Therefore, MMP stabilisation is crucial and beneficial to maintain the
normal physiological function of LO2 cells. The exposure of LO2 cells to
200 pM H30; resulted in a 26 % loss in MMP compared with the blank
control (Fig. 4B). The loss in MMP may initiate the mitochondrial-
mediated intrinsic apoptosis pathway. In accordance with the protec-
tive effect on cellular apoptosis, C3G-LA displayed an apparent pro-
tective effect on MMP stabilisation. Preincubation of cells with 50 and
200 pM C3G-LA elevated the MMP value by 13 % and 28 %, respec-
tively, compared with sole HyO, treatment. The protective effect on
MMP by 200 pM C3G-LA was statistically comparable to that of the
positive control group (p > 0.05). The results indicated that C3G-LA
could restore HyO-triggered MMP loss, ameliorate mitochondrial
dysfunction and play a role in the protection through the ROS-mediated
mitochondrial pathway.

3.7. C3G-LA suppressed H202-induced lipid peroxidation and elevated
SOD activity

The variation level of the typical lipid peroxide marker MDA was also
determined in HyO,-stressed cells applied with different protective
treatments. MDA level notably increased by 1.3 folds under HyO2
treatment (p < 0.05, Fig. 5A). Pretreatments with C3G-LA and C3G
showed remarkable suppressive effects on the overproduction of MDA in
Hy0,-treated cells. MDA is a degradative product of the oxidation of cell
membrane lipids caused by excessive ROS accumulation; MDA de-
natures proteins and mutates DNA, which eventually lead to cell
apoptosis (Xia et al., 2017). The increase in lipid peroxide reduces cell
membrane fluidity and the activities of antioxidant enzymes within cells
(Jian et al., 2018). As shown in Fig. 5B, HyO, treatment markedly
impaired SOD activity to less than half of that of the control, whereas
pretreatment with C3G-LA prior to HyO, treatment considerably pre-
vented the decrease in SOD activity. Preincubation with 50 and 200 pM
C3G-LA increased SOD activity by 30 % and 61 %, respectively, in the
Hy0,-stressed LO2 cells (p < 0.05). Nevertheless, these values still did
not reach the level achieved in the positive control.

3.8. C3G-LA up-regulated PI3K/Akt-mediated Nrf2-HO-1/NQO1
pathways

The Nrf2-ARE signalling pathway has a major role in the cellular
defence against oxidative stress. It regulates the expression of antioxi-
dant genes and genes encoding phase II metabolic enzymes in the liver
(Lietal., 2021). Therefore, Western blot was conducted to determine the
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expression levels of Nrf2 and phase II detoxifying antioxidant enzymes,
namely, HO-1 and NQO1, to further clarify the underlying antioxidant
mechanisms of C3G-LA. HO-1 and NQO1 are crucial mediators in cells
for maintaining antioxidant homeostasis in response to physiological
stress. HO-1 is the key cytoprotective enzyme that catalyses the degra-
dation of free heme to bilirubin; the latter serves as an endogenous
antioxidant (Kensler, Wakabayashi, & Biswal, 2007). NQO1 plays an
antioxidant protective role by catalysing the electron reduction of
quinoid compounds using NADH and/or NADPH as electron donors
(Martinez-Hernandez et al., 2015). Nrf2 is recognised as a key tran-
scription factor that adaptively regulates oxidative damage (Xia et al.,
2017). The results showed that the expression levels of Nrf2, HO-1 and
NQO1 decreased remarkably in response to HyO2 treatment (Fig. 6).
Pretreatment with 50 pM C3G-LA hardly impacted the expression levels
of Nrf2 and HO-1 but increased that of NQO1 by 2.8 folds. Adminis-
tration with 200 pM C3G-LA prior to HyO; exposure markedly elevated
the expression levels of Nrf2, HO-1 and NQO1 by 0.5, 5.5 and 6.8 folds,
respectively. These results indicated the activation of the Nrf2-HO-1/
NQO1 pathway during antioxidant defence by C3G-LA treatment
against HyOz-induced stress. Moreover, elevated Akt phosphorylation
was detected as a result of C3G-LA treatment in HyO»-stressed LO2 cells
(Fig. 6). The PI3K/Akt signalling pathway is involved in Nrf2-dependent
transcription and consequent HO-1 expression in diverse cells in
response to oxidative stress and different stimuli (Gao et al., 2018).
Thus, the protective effect of C3G-LA against HyO5-induced oxidative
injury involved the enhancement of Akt protein phosphorylation, which
contributed to the activation of Nrf2 pathways and the expression of
down-streamed antioxidants and phase II detoxifying enzymes.

4. Conclusion

C3G-LA displayed remarkable hepatoprotective effects against
H50,-induced oxidative damage in LO2 cells via the regulation of PI3K/
Akt signalling pathway, and the consequent activation of Nrf2-ARE
pathway. C3G-LA up-regulated the expression levels of Nrf2 and the
downstream expression levels of NQO1 and HO-1 in HyO,-stressed LO2
cells, inhibited the excessive production of intracellular ROS and MDA,
restored MMP, enhanced antioxidant enzyme activity, improved cell
membrane integrity, inhibited cellular apoptosis and finally ameliorated
cell survival and proliferation in response to the oxidative stress trig-
gered by H30,. The results indicated that C3G-LA may possess a better
hepatoprotective effect than C3G and can be adopted as an alternative
antioxidant food ingredient in the future.
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