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Bamboo Leaf Flavonoids Extracts Alleviate
Oxidative Stress in HepG2 Cells via Naturally
Modulating Reactive Oxygen Species Production
and Nrf2-Mediated Antioxidant Defense
Responses
Yue Yu, Zhanming Li , Guangtian Cao, Shudan Huang, and Hongshun Yang

Abstract: In this study, bamboo leaf flavonoids extracts (BFE) were employed to alleviate oxidative stress induced by oleic
acid in HepG2 cells. Biochemical indexes, intracellular reactive oxygen species production, lipid droplets accumulation,
antioxidant enzymes production, and mitochondrial membrane potential were determined to show the alleviation
performance of BFE intervention (P < 0.05). Importantly, the results of qRT-PCR and western blot determination
indicated that BFE intervention upregulated the expression of Nrf2/HO-1/NQO1 to initiate the antioxidant defense
response for counteracting oxidative stress (P < 0.05). Moreover, mitochondrial membrane potential–mediated apoptosis
and FOXO signaling pathway initiation caused by BFE intervention may together contribute to oxidative stress alleviation
in HepG2 cells. In conclusion, these findings suggested that BFE intervention upregulated related antioxidant defense
responses for preventing cells from oxidative damage.
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Practical Application: In this study, bamboo leaf flavonoids extracts intervention upregulated related antioxidant defense
responses for preventing cells from oxidative damage. These findings in bamboo leaf extracts antioxidants are a promising
and innovative subject with practical applications to enhance the development of bamboo leaf extracts functional products
in the food industry.

Introduction
Dietary patterns with high energy and fat density produce nu-

merous reactive oxygen species (ROS) production and conse-
quently induced oxidative stress associated with many diseases,
including cancers and cardiovascular diseases (Kubben & Misteli,
2017). Oxidative stress is an unbalance status between free radicals
and antioxidant activities. Oxidative damage of the biomolecules
is associated with free radicals, inducing various oxidative products
to generate cell damage (Manach et al., 2017; Rani, Deep, Singh,
Palle, & Yadav, 2016). As reported in previous researches, natural
antioxidants from the plants play a vital role to prevent oxidative
stress and reduce ROS production, which has been utilized to de-
press or alleviate the oxidative damage and related diseases (Ristow,
2014). Research interest in natural plant antioxidants is promis-
ing and innovative subject with practical applications, providing
the nutritional knowledge of functional ingredients from plants
(Girgih et al., 2015; Nwachukwu, Udenigwe, & Aluko, 2016).
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Some active compound-enriched plant extracts have been pro-
posed to alleviate cell damage for sustaining proper cell function
(Ayyash et al., 2018). It was considered that dietary raspberry pro-
vided a promising effect to attenuate obesity in mice induced by
high-fat diet (Wu et al., 2018). Moreover, lingonberry extracts
were suggested as a coadjuvant for preventing diabetes (Reichert
et al., 2018). It was also reported that rosemary aqueous extracts
with anti-inflammatory effects were able to attenuate oxidative
stress produced from arthritis (de Almeida Gonçalves et al., 2018).

Upregulation of intracellular antioxidant enzymes generation
by diverse signaling pathways triggered by antioxidant defense
response is an alternative strategy for preventing oxidative dam-
age (Lee et al., 2015). Particularly, it is commonly recognized
that Nrf2-mediated pathway activation is the main mechanism for
cancer cells to increase their antioxidant proteins (Sporn & Liby,
2012). Expression of HO-1 and NQO1, regulated by Nrf2, are
together able to form the antioxidant defense system to prevent
the cell from oxidative damage (Wardyn, Ponsford, & Sander-
son, 2015). Jaja-Chimedza et al. (2018) suggested that the Nrf2
pathway was initiated by diet moringa seed extracts for improving
anti-inflammatory and metabolic health. Therefore, the regulation
of Nrf2, HO-1, and NQO1 expression is studied to understand
the antioxidant defense response triggered by ROS production.
Also, the related antioxidant defense responses, such as the release
of antioxidant proteins and signaling pathways initiation, are also
needed to clarify.
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Dietary plant flavonoids supplementation is frequently uti-
lized to reduce ROS production and intervene oxidative dam-
age effectively, promoting human health (Fatokun, Tome, Smith,
Darlington, & Stone, 2015). It was reported that flavonoids from
Averrhoa carambola L. fruit produced higher ABTS radical scav-
enging activity than l-ascorbic acid (Yang, Xie, Jia, & Wei, 2015).
Apoptosis in HepG2 cells was induced by C-glycosyl flavonoids via
JNK and p38 kinases activation and ERK1/2 kinase inactivation
(Yuan et al., 2013). Moreover, C-glycosyl flavonoids also triggered
HeLa cells apoptosis and prevented erythrocytes from oxidative
damage through downregulating Bcl-2 expression and upregulat-
ing caspase-3 protein production (Girish, Kumar, & Prasada Rao,
2016).

Bamboo leaf flavonoids extracts (BEE) have caused consider-
able attention for their bioactivities, such as antioxidant, antibac-
terial, antitumor, anti-inflammatory, anticardiovascular diseases,
anti-aging activities, and so on (Nirmala, Bisht, Bajwa, & Santosh,
2018). Gong et al. (2014) suggested that bamboo flavonoids pro-
duced promising free radical scavenging activity. It was also consid-
ered that bamboo flavonoids were used to depress the proliferation
of cancer cells and inactivate the inflammatory response mediated
by NF-κB signal pathways (Thangaraj & Vaiyapuri, 2017).

In China, bamboo leaf antioxidants extracted from Phyllostachys
Siet. Et Zucc leaf have been authorized by the National Health
Commission of China as food antioxidant additives (National
Health Commission, 2014). It was considered that the specific
flavonoid compounds of bamboo leaf extracts were flavonoids,
lactones, and phenolic acids (Zhang, Jiao, Liu, Wu, & Zhang,
2008; Wu et al., 2012). However, rare research on BFE was stud-
ied to clarify the alleviation for the high fat–induced oxidative
stress. In this work, water-soluble BFE was used to observe oxida-
tive stress alleviation in HepG2 cells. The aim of the current study
was to evaluate whether BFE intervention alleviates oleic acid
(OA)-induced oxidative stress in HepG2 cells. Moreover, ROS
production regulation and related antioxidant defense responses
initiation were also performed.

Materials and Methods

Materials and agents
A laboratory grinding mill was used to grind the bamboo leaf

samples and water-soluble extraction was dried by freeze dry-
ing. The solid was collected as BFE samples and used for the
experiments. HepG2 cells were obtained from the Shanghai In-
stitutes for Biological Sciences (Shanghai, China). Glutathione
peroxidase (GSH-Px), lactate dehydrogenase (LDH), triglyceride
(TG), malondialdehyde (MDA), catalase (CAT), and total antiox-
idant capacity (T-AOC) kits were used to determine the bio-
chemicals indexes (Nanjing Jiancheng Bioengineering Inst., Nan-
jing, China). Oil Red O, Folin–Ciocalteu phenol reagent, gal-
lic acid, hematoxylin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), isopropanol, (±)-catechin, OA,
and 2,7-dichlorofluorescin diacetate (DCF-DA) were purchased
from Sigma Chemical Co., Ltd. (St. Louis, MO, USA). HiS-
cript Reverse Transcriptase (RNase H), 5× HiScript Buffer, 50×
ROX Reference Dye 2, and SYBR Green Master Mix were ob-
tained from Vazyme Biotech (Nanjing, China). Taq Plus DNA
Polymerase, dNTP, and DL2000 DNA Marker were obtained
from Tiangen (Tiangen Biotech Co., Ltd., Beijing, China). Fetal
bovine serum (FBS), TRIzol reagent, trypsin, and culture medium
RPMI-1640 were obtained from Gibco (Gibco/BRL Life Tech-
nologies, Grand Island, NY, USA). Culture dishes and cell culture

flasks (Corning Costar Corp., Cambridge, MA, USA) were used
for cell culture. Antibodies for Cyt C, Nrf2, and HO-1 were pur-
chased from Tiangen Biotech Co., Ltd. All other reagents were of
analytical grade or the best grade available.

BFE analysis
Total polyphenols contents. Novel Folin–Ciocalteu assay

was performed to determine the total polyphenols contents (TPC)
according to previous studies (Chen et al., 2018; Xu, Jin, Peck-
rul, & Chen, 2018). The samples were determined at 765 nm
according to the standard curve of gallic acid. Milligrams gallic
acid equivalent (GAE) per gram of dry materials basis (mg GAE/g
dmb) was used to express the results.

Total flavonoid content. Total flavonoid content (TFC) was
determined by a standard curve of (±)-catechin. In brief, a stan-
dard curve of (±)-catechin solution (0.2 mg/mL, and 0, 25, 50,
75, 100, and 125 µL) was prepared, and the volume of the solu-
tions was set to 500 µL with 60% ethanol–water solution. Then,
an aluminum nitrate solution (10%, 30 µL) was added into the
mixture in 6 min after the addition of sodium nitrite solution (5%,
30 µL). After 6 min, sodium hydroxide solution (4%, 400 µL)
was used to quench the reaction and then ethanol–water solution
(40 µL) was added. Milligrams of (±)-catechin equivalent (CE)
per gram of dry materials basis (mg CE/g dmb) was employed to
express the TFC results.

Ultra performance liquid chromatography (UPLC)
analysis. UPLC analysis was proposed to determine the spe-
cific compounds (orientin, isoorientin, vitexin, and isovitexin)
according to the following procedures. BFE samples were dis-
solved into methanol solution (1 mg/mL) and the solution was
vortex-mixed and centrifuged for 10 min (8,000 × g, 4 °C). The
filtered supernatant (1.0 µL) was injected for analysis. Waters AC-
QUITY UPLC BEH C8 (150 mm × 2.1 mm, 1.7 µm) column
was used for the UPLC analysis and the analytes were determined
at 340 nm. Mobile phase A consisting of 0.1% aqueous phospho-
ric acid and mobile phase B containing 100% acetonitrile (A:B =
82:18) were used for the gradient elution at a flow rate of
0.21 mL/min. Standard mixtures of chlorogenic acid, caffeic acid,
isoorientin, coumaric acid, orientin, isovitexin, vitexin, ferulic
acid, and coumaric acid (purity >97%) were used to determine
the components of BFE samples.

Cell culture
HepG2 cells were maintained in RPMI-1640 with 10% heat-

inactivated FBS (100 U/mL penicillin and streptomycin added)
and incubated at 37 °C with 5% CO2. The culture process fol-
lowed was in accordance with the study of Ferlazzo et al. (2016).
After several culture processing, the solution of the cells with
the concentration of 6 × 105 cells/mL was incubated on the
microplates. Blank solutions, different OA solutions, and BFE so-
lutions were used for incubation to determine the cell viability
and biochemical indexes. The harvested cells were also used to
determine ROS production and others.

In this study, five treatments were presented as follows. The cells
incubated with medium containing OA for 24 hr were treated
as OA24 group. The cells incubated with a normal medium for
24 hr were treated as a control group. The cells incubated with
medium containing OA for 12 hr and then incubated with a
normal medium for 12 hr were treated as OA12+C12 group.
The cells incubated with medium containing OA for 12 hr
and then incubated with medium containing BFE for 12 hr
were treated as OA12+BFE12 group. The cells incubated with
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medium containing OA and BFE mixture for 24 hr were treated
as (OA+BFE)24 group.

Cell viability assay
Cell viability assays were determined using MTT experiments

as previous researches (Ferlazzo et al., 2016). In brief, treated
HepG2 cells were seeded onto 96-well plates (5 × 104 cells/well)
in triplicate for MTT assay. Twenty-four hours after plating, OA
solutions (0 to 1.6 mM) were added into the wells for incubation.
Ten microliters MTT solution was added after the incubation. The
medium was removed after 4-hr incubation and cell solution was
determined at 570 nm using a microplate reader. Other treatments
with OA and/or BFE solutions were also proposed as the protocols
above. Results were expressed as percentages of cell viability and
the control samples were set as 100%. OA concentration and BFE
concentration were both optimized by MTT assays.

Biochemicals assay
LDH and TG levels of supernatant were determined according

to the kits instructions. MDA production increased if the samples
were treated to cause oxidative stress. Antioxidants were involved
with oxidative stress alleviation by means of suppression and re-
moval of the free radicals. The performance can be described using
the increase in CAT and GSH-Px production during the interven-
tion. MDA, CAT, GSH-Px, and T-AOC levels were determined
according to the ELISA kits instructions.

Oil red O staining
Cell samples were fixed for 15 min followed by water wash. Oil

Red O was used for cell staining for 10 min after 60% isopropanol
immersion. Mayer hematoxylin stain was used for several minutes
with oil blackening for 3 min (Cao, Tao, Xin, Li, & Zhou, 2018).
The treated samples were observed using the Olympus biological
microscope (BX53; Olympus, Tokyo, Japan).

Intracellular ROS production
After digestion with 0.25% pancreatin, the harvest cells were

concentrated for 5 min at 1200 × g and then the supernatant
was removed. PBS was used to resuspend the cells and then the
solution was concentrated again. The diluted DCF-DA solution,
used as fluorescence probe, was added into the wells and then in-
cubated with the cells at 37 °C (20 min). Serum-free medium was
used to incubate the cells as negative control. The solutions were
mixed every 3 min and then washed triple with the serum-free
medium. ROS production was determined with flow cytometry
(CytoFLEX, Beckman, Pasadena, CA, USA).

Mitochondrial membrane potential
JC-1 assay kit was employed to observe the mitochondrial mem-

brane potential of cells according to the instructions and deter-
mined by the ratio of red/green fluorescence probe. Cells were
cultured and treated with OA or BFE solutions and then the sam-
ples were washed twice with phosphate buffer solution (PBS).
JC-1 working solution with serum-free medium (5 µg/mL) was
added to stain for 40 min. Flow cytometry was used to determine
the fluorescence after washing twice with PBS.

qRT-PCR analysis
Total RNA was isolated and qRT-PCR was performed with

an ABI QuantStudio 6 Flex system (ABI, Carlsbad, CA, USA).
Forward and reverse primer sequences of Nrf2, NQO1, and HO-
1 designed using the Primer Premier 6 software (Premier Biosoft,

USA) are shown in Table S1. Results of mRNA quantity were
calculated by the meaning of the 2−��Ct method. All samples
were performed in triplicate and the average values were analyzed.

Western blot analysis
Western blot analysis was employed to determine the relative

expression of Cyt C, Nrf2, and HO-1. The control group, OA24
group, and (OA+BFE24) group were used for this analysis to
explore changes in upstream signaling pathway protein expression
according to the reference (Kim, Ahn, & Je, 2016). Briefly, the
lysed HepG2 cells solution for different treatments was centrifuged
at 12,000 × g at 4 °C for 20 min to remove the insoluble material.
The separated proteins via SDS-PAGE (10%) were transferred to
a PVDF membrane. After blocking, the PVDF membrane was
incubated with anti-Cyt C, anti-Nrf2, and anti-HO-1 at 4 °C
overnight. After that, horseradish peroxidase–labeled secondary
antibody was used to incubate the washed membrane for 2 hr.
ECL assay kit (Thermo Scientific) was employed to determine the
blots.

Autophagosomes observation
The cells were fixed with glutaraldehyde and osmium tetroxide

followed by the dry processing using ethanol solution at different
concentrations (50%, 70%, 80%, 90%, 95%, and 100%). Finally, the
stained embedding slides were photographed under a transmission
electron microscope (HT-7700; Hitachi, Japan).

Statistical analysis
A one-way ANOVA model (SPSS 17.0) was employed to ob-

serve the differences between treatments. Statistically significant
differences were determined when P < 0.05. Entire test was in
triplicates and the mean value ± standard deviation was reported
for each data analysis.

Results and Discussion

BFE analysis
TPC and TFC concentrations of water-soluble BFE samples

were determined and results showed the TPC with the con-
centration of 79.93 ± 0.31 mg GAE/g dwb and TFC with the
concentration of 78.83 ± 0.23 mg CE/g dwb. As reported, the
major functional components of bamboo leaf extract are flavone
C-glycosides, including orientin, isoorientin, vitexin, and isovi-
texin, which were used as markers to characterize the commercial
bamboo leaf products (Wu et al., 2012; Yang et al., 2017). UPLC
results (Figure S1) presented that concentration of chlorogenic
acid, caffeic acid, isoorientin, coumaric acid, orientin, isovitexin,
vitexin, and ferulic acid was 3.878, 3.373, 14.776, 2.489, 4.97,
4.204, 2.825, and 2.736 mg/L, respectively.

Cell damage model
It has been commonly considered that OA can be employed to

develop the cell damage model and determined by cell viability.
Herein, to test the optimized OA concentration, a series of OA
solutions were presented for cell viability observation. It was clear
that different OA concentrations can be subjected to tune cell
viability. As shown in Figure 1A, compared with the control group,
OA-treated groups with a concentration of 0.4 mM and above
produced significantly different cell viability for 12-hr incubation
(P < 0.05). The cell viability was decreased by nearly 30% when
the cells were treated with 0.4 mM and above OA for 12 hr
indicating the obvious cytotoxic effect. In particular, differences
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Figure 1–(A) Cell viability of different concentrations of OA (0 to 1.6 mM) for 0 to 48-hr incubation. (B) Cell viability of BFE addition at different
concentrations (0 to 480 µg/mL) for 6-, 12-, and 24-hr incubation. The cell viability of the control samples in (A) and (B) were both set as 100%.
∗Significant differences of the cell viability between the treated samples and the control samples (P < 0.05).

were produced when the cells were treated with 0.2 mM OA for
36-hr incubation, indicating the cell damage (P < 0.05), while
no difference was produced for 24-hr incubation (P > 0.05).
Considering the effective cell damage without cytotoxic effect
(Li et al., 2018), OA solution with the concentration of 0.2 mM
was reasonably proposed as the treated concentration for the OA-
induced cell damage model.

To observe the appropriate concentration, we performed the
cell viability when treated with BFE at concentrations ranging
from 0 to 480 µg/mL. It was indicated that the side effect was
produced when HepG2 cells were treated with BFE samples at
concentrations above 240 µg/mL (Figure 1B). BFE samples at
a concentration below 120 µg/mL induced no difference in cell
viability during 24-hr incubation (P > 0.05). As mentioned above,
120 µg/mL BFE samples can be acted as the treated concentration
for the alleviation.

We also observed LDH and TG production for the determi-
nation of the OA-induced cell damage model. As shown, the
OA-treated cells were incubated for 12 and 24 hr, respectively.
Compared with control samples, LDH and TG production had
obtained a significant increase (P < 0.05). The LDH production
(Figure 2A) of the samples treated with 0.2 mM OA was increased
by 150%, whereas the TG production (Figure 2B) was increased
by 100% (P < 0.05). It was indicated that 0.2 mM OA can be
optimized as the damage concentration. Also, a significant dif-
ference in ROS production was determined between the control
and OA-treated groups (P < 0.05), acting as a sign of oxidative
stress. Herein, we observed that ROS production was increased
(Figure 2C) along with the increase in the OA concentration.

As mentioned above, compared with control samples, OA at
the concentration of 0.2 mM and BFE at the concentration of
120 µg/mL presented the appropriate difference on the cell vi-
ability, TG, LDH, and ROS production during the 24 hr cell
culture. Therefore, these parameters were suggested to propose
the optimized cell damage model for the follow-up experiments.

Biochemicals assay
Biochemicals including TG, LDH, MDA, CAT, GSH-Px, and

T-AOC were determined to describe the cellular oxidation state
and alleviation performance involved with BFE addition. As
shown in Figure 3A and 3B, we can easily indicate that TG and
MDA production increased dramatically due to 24-hr OA incuba-

tion (P < 0.05). TG and MDA generation significantly decreased
when the samples were incubated with medium containing OA
for 12 hr and then incubated for another 12 hr without OA
(P < 0.05). Moreover, if the damaged samples with 12-hr OA in-
cubation were further incubated with a medium containing BFE,
the oxidative damage was further alleviated (P < 0.05), and TG
and MDA production further decreased to the control level (P >

0.05).
Generally, LDH release in the surrounding medium is associ-

ated with cytotoxicity. As in Figure 3C, OA24 group presented
the highest LDH generation indicating the abnormal oxidative
stress state. Extracellular LDH production produced from the dis-
rupted plasma membrane indicated the cytotoxicity of OA in-
tervention. Compared with control samples, LDH production of
OA12+BFE12 and (OA+BFE)24 groups decreased due to the
addition of BFE (P < 0.05). No difference was observed between
OA12+BFE12 and (OA+BFE)24 groups (P > 0.05). Although
significant differences between the control and OA12+BFE12
groups were observed, LDH production enormously decreased
compared with that of OA24 group (P < 0.05).

It is reported that living cells contain a large number of an-
tioxidant enzymes and CAT and GSH-Px production has been
frequently employed to describe the cellular oxidative stress state
(Wang et al., 2016). As shown in Figure 3D and 3E, cells with
24-hr OA incubation obtained the lowest CAT and GSH-Px pro-
duction, showing the OA-induced oxidative damage (P < 0.05).
Also, cells with the control 12-hr or BFE 12-hr incubation can
be employed to alleviate the decrease in CAT and GSH-Px lev-
els (P < 0.05). Furthermore, the performance was approximative
between OA12+BFE12 and (OA+BFE)24 groups (P < 0.05).

When the cells were in the oxidative stress state, antioxi-
dant defense responses can be initiated by many antioxidants
through different pathways (Chandel, 2015; Ristow, 2014). The
T-AOC level can be used as an indicator to show oxidative stress
(Figure 3F). OA incubation has significantly decreased T-AOC
level of cells (P < 0.05). OA12+C12 and OA12+BFE12 groups
supported the same trend as CAT and GSH-Px productions. How-
ever, the performance of (OA+BFE)24 group was better than that
of OA12+BFE12 group (P < 0.05), indicating the involvement of
other antioxidases or small molecules antioxidant can increase the
antioxidant activities for maintaining the proper function (Schieber
& Chandel, 2014).

1612 Journal of Food Science � Vol. 84, Iss. 6, 2019
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Figure 2–LDH (A) and TG (B) change in HepG2 cells incubated with OA solution (0, 0.1, 0.2, and 0.4 mM) for 12 and 24 hr. ROS production (C) was
determined by fluorescence intensity. ∗Significant difference between the 12-hr incubation samples and 24-hr incubation samples (P < 0.05).

Oil Red O staining
In agreement with biochemicals, the results of Oil Red O stain-

ing (Figure 4) also showed the same trend. Highest lipid droplet
accumulation emerging from OA24 group (Figure 4A and B) dis-
covered that the oxidation and impairment were able to generate
high ROS production (P < 0.05). Compared with OA24 group,
the removal of OA played a pivotal role in the reduction of lipid
droplets accumulation (Figure 4C). Recently, it is reported that
the accumulation of lipid droplets contributed to the growth, pro-
liferation, and metastasis of cancer cells (Menard et al., 2016).
The very fast decrease in lipid droplet accumulation in this study
was considered as a response of the BFE intervention (Figure 4D
and E), underlining the importance of the antioxidant defense re-
sponse. In support of this, it was further considered that OA24
group recognized the highest ROS production compared with
other treatments (Figure 5).

Intracellular ROS production
It is stressed that ROS production is often associated with the

oxidative stress, and an increase in ROS production within cells
indicates that the damage signaling occurred (West & Shadel,
2017). It has been revealed that high levels of ROS production
are still involved with oxidative damage even to induce cell death
(Mittal, Siddiqui, Tran, Reddy, & Malik, 2014). Thus, ROS pro-
duction within the threshold allows cells to maintain the proper
function, and steady-state ROS level is determined by the bal-
ance between ROS production and ROS scavenging (Schieber &
Chandel, 2014).

Our observations were also in line with previous research that
high ROS production was associated with cellular oxidative stress
(Mittal et al., 2014). As shown in Figure 5A to 5F, ROS pro-
duction of OA24 samples was the highest compared with that
of other treatments (P < 0.05). Moreover, when the OA stim-

ulation was removed, ROS production of OA12+C12 samples
was lower than that of OA24 samples (P < 0.05). Furthermore,
OA12+BFE12 samples exhibited the lowest ROS production
(P < 0.05). Compared with control samples, (OA+BFE)24 group
obtained the adjacent ROS level (Figure 5F). It was suggested that
BFE intervention effectively decreased ROS production caused by
OA intervention. ROS production using OA24 and OA12+C12
treatments was higher than that of other treatments (P < 0.05).
When BFE intervention was introduced, ROS production was
dramatically decreased (P < 0.05) indicating the oxidative stress
alleviation. Fluorescence images showed in Figure 5G to 5K also
suggested that OA24 group samples presented the highest ROS
production indicating the cell damage, while BFE intervention
decreased the fluorescence intensity effectively. Results of HepG2
cells with high ROS production causing oxidative stress were al-
leviated properly by BFE intervention and the introduced steady-
state ROS level was helpful for sustaining normal function.

Mitochondrial membrane potential
As the main source of cellular ROS production, mitochon-

dria’s proper function is critical for regulating cellular signaling.
Change of mitochondrial membrane potential, as an important
intracellular signal, can act as a signal for the whole cell to initi-
ate antioxidant defense systems when the cell is under oxidative
stress (Chandel, 2015). As shown in Figure 6A to 6E, the mi-
tochondrial membrane potential of OA24 samples dramatically
decreased compared with that of control samples (P < 0.05), indi-
cating the change in the cell’s steady state and function. Compared
with the control group, the mitochondrial membrane potential of
(OA+BFE)24 and OA12+BFE12 groups lowered to a significant
extent (P < 0.05).

As shown in Figure 5F and 6E, the change rate of ROS pro-
duction was approximately 10 times than that of mitochondrial
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Figure 3–Biochemical assay of the treated HepG2 cells samples to present TG (A), MDA (B), LDH (C), CAT (D), GSH-Px (E), and T-AOC (F). Letters a to
e represented the significant difference between the treated samples and the control samples (P < 0.05).

Figure 4–Images of the treated HepG2 cells after Oil Red O staining, the control group (A), OA24 group (B), OA12+C12 group (C), (OA+BFE)24 group
(D), and OA12+BFE12 group (E). The blue part represented the nucleus and the red represented the lipid droplets. The scale bar was 50 µm.

membrane potential after OA24 incubation. After BFE interven-
tion, the change of ROS production was also more significant than
that of mitochondrial membrane potential. These results indicated
that ROS production was more sensitive to oxidative damage than
mitochondrial membrane potential. Importantly, as reported, the
balance of mitochondrial membrane potential contributes to sus-

tain the proper cell function (Chandel, 2015). These findings in
the current study present the oxidative stress alleviation of the BFE
intervention and are associated with the effective modulation of
mitochondrial membrane potential and high ROS production.

Improvement of mitochondrial membrane potential may con-
tribute to the release of regulatory proteins, such as cytochrome

1614 Journal of Food Science � Vol. 84, Iss. 6, 2019
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Figure 5–Intracellular ROS for the control group (A), OA24 group (B), OA12+C12 group (C), (OA+BFE)24 group (D), and OA12+BFE12 group (E). ROS
production (F) and fluorescence photos for the control group (G), OA24 group (H), OA12+C12 group (I), (OA+BFE)24 group (J), and OA12+BFE12
group (K). The scale bar was 50 µm.

C (Cyt C; Martı́nez-Reyes et al., 2016). Importantly, Cyt C was
also associated with the initiation of apoptosis. In order to explore
the potential regulatory mechanism, we observed the expression
of Cyt C using western blot. As shown in Figure S2, the Cyt
C expression of OA24 samples was dramatically increased and
decreased by BFE intervention (P < 0.05), indicating the allevi-
ation of the apoptosis induced by the BFE intervention. It was

concluded that the mitochondrial membrane potential–mediated
apoptosis pathway contributed to the oxidative stress modulation
during the BFE intervention.

Principal components analysis
Principal components analysis and cluster analysis were em-

ployed to describe the variance of different groups. Control,

Vol. 84, Iss. 6, 2019 � Journal of Food Science 1615
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Figure 6–JC-1 staining was used to detect mitochondrial membrane potential levels for the treatments, control group (A), OA24 group (B), (OA+BFE)24
group (C), and OA12+BFE12 group (D). The ratio of red/green fluorescent positive cells was shown for mitochondrial membrane potential levels (E)
and the control group was set as 100%. Letters a to c represented the significant difference (P < 0.05).

OA24, (OA+BFE)24, and OA12+BFE12 groups were used for
the observation. Such parameters, including TG, MDA, LDH,
GSH-Px, CAT, T-AOC, ROS production, and mitochondrial
membrane potential, were presented for the analysis. As shown in
Figure 7A, the top three principal components (PC1, PC2, and
PC3) explained 99.47% of the variability by means of log transfor-
mation and data centering. Four groups were distributed in differ-
ent regions and it was also described that there was a tendency to
cluster between (OA+BFE)24 and OA12+BFE12 groups because
of the adjacent distribution (Figure 7A). Also, both (OA+BFE)24
and OA12+BFE12 groups tended to cluster with control samples,
which were also proved by cluster analysis (Figure 7B). Obviously,
it was observed that there were significant differences between OA
samples and other samples due to the different distributed regions,
indicating that OA treatment caused the obvious oxidative stress
and the BFE intervention produced effective modulation. As re-
ported above, (OA+BFE)24 and OA12+BFE12 groups tended
to cluster, indicating the similar performance of oxidative stress
alleviation.

qRT-PCR analysis
From the principal components analysis and cluster analysis,

(OA+BFE)24 and OA12+BFE12 groups tended to cluster, in-
dicating the similar performance of oxidative stress alleviation.
Therefore, each group can be selected for qRT-PCR analysis. But
beyond that, the T-AOC level of cells consisted of antioxidants en-
zymes and low-molecular-weight antioxidants (Wang et al., 2013).
Because of the highest T-AOC level, (OA+BFE)24 group was
chosen for the determination of the related gene expression to
show BFE intervention performance.

As shown in Figure 7C, compared with control samples, Nrf2
expression of OA24 samples was decreased significantly (P < 0.05).
In agreement with the expression of Nrf2, HO-1 and NQO1 ex-
pressions were also altered with significant differences when OA
and BFE were introduced (P < 0.05). It was highlighted that
downregulation of Nrf2 expression depressed multiple antioxi-
dant defense responses, thus resulting in ROS increase beyond a
threshold that caused cells damage (DeNicola et al., 2011). Antiox-
idants from antioxidant defense systems sustained cell proliferation
and cell survival signaling resulting in an antioxidant capacity im-
provement to counteract the increase in ROS production (Tong,
Chuang, Wu, & Zuo, 2015). When cells were treated with BFE
solution, Nrf2, HO-1, and NQO1 expressions were dramatically
activated (P < 0.05). The systemic activation also contributed to
other antioxidant enzymes motivation, including CAT, GSH-Px,
and T-AOC production (Suzuki et al., 2017; Tuzcu et al., 2017;
Yu et al., 2014.). Also, TG, LDH, and MDA production was ef-
fectively decreased (Figure 3). Altogether, upregulation of Nrf2,
HO-1, and NQO1 expression improved the antioxidant defense
responses, resulting in an antioxidant capacity to alleviate high
ROS production.

Autophagosomes characterization
As one component of antioxidant and damage repair sys-

tems, autophagy contributes to clearing the irreversibly damaged
biomolecules (Gerstenmaier et al., 2015). Recently, many studies
report that oxidative stress caused by ROS production is the main
intracellular signal transducer for sustaining autophagy (Filomeni,
De Zio, & Cecconi, 2015). These reports suggest the impor-
tance of the autophagy on the sustaining cell proper function as
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Figure 7–Principal components analysis score plot of the top three principal components (A) and hierarchical cluster analysis (B) of different treatments.
T-A, T-B, and T-C represented OA24 group, (OA+BFE)24 group, and OA12+BFE12 group, respectively. qRT-PCR results of the expression of Nrf2, HO-1,
and NQO1 (C) regulated by OA and BFE intervention. Letters a to c represented the significant differences (P < 0.05). (D) Photos (from transmission
electron microscope) of autophagosome for the control group (d1), OA24 group (d2), and (OA+BFE)24 group (d3). Red arrows were used to show the
autophagosome and the bar was 500 nm.

one part of antioxidant defense response by negative feedback
regulation.

High ROS production could be introduced to initiate au-
tophagy for sustaining proper cell function (Filomeni et al., 2015).
Herein, autophagosomes in different groups were described to
show the autophagy resulted from OA-induced oxidative stress.
Compared with control samples (Figure 7D), the number of au-
tophagosomes of OA24 and (OA+BFE)24 groups was increased

significantly (P < 0.05), indicating the autophagy initiation by
high ROS production. It was also considered that appropriate ROS
production alleviated by BFE intervention reduced the number of
autophagosomes.

Possible regulatory mechanisms
In particular, high ROS production resulted in cell damage and

then decreased Nrf2 expression, and related antioxidant defense
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Figure 8–Possible regulatory mechanisms of BFE intervention for oxidative stress alleviation by activating related antioxidant defense responses.
Improvement of Nrf2/HO-1/NQO1 expression (purple rectangle) and mitochondrial membrane potential–mediated apoptosis (black rectangle) and
FOXO signaling pathway initiation (blue thin arrows) may together contribute to oxidative stress alleviation. Red letters represented the parameters
determined in this study. MMP, mitochondrial membrane potential.

responses were depressed (Suzuki & Yamamoto, 2015). The in-
crease in Nrf2 level after BFE intervention in this study sub-
sequently initiated HO-1 and NQO1 expression and together
contributed to the antioxidant defense response for cell damage
alleviation. In order to better verify the regulatory mechanisms,
changes in upstream signaling pathway protein expression, includ-
ing Nrf2 and HO-1, were evaluated using western blot analysis. As
shown in Figure S2, expression of Nrf2 and HO-1 of OA-treated
samples decreased (P < 0.05), which was in line with the results
of mRNA expression (Figure 7C). After the BFE intervention,
the expression of Nrf2 and HO-1 increased (P < 0.05) along with
the improvement of an antioxidant defense response. The results
indicated that oxidative stress alleviation induced by BFE inter-
vention was attributed to the upregulated Nrf2/HO-1/NQO1
expression.

In addition, mitochondrial membrane potential–mediated
apoptosis pathway and FOXO signaling pathway initiation with
the increase in CAT level and autophagy may play a vital
role in evading apoptosis (Fang et al., 2016), which was sup-
ported by the findings of this study. Herein, possible regula-
tory mechanisms (Figure 8) were supported by means of KEGG
(Kyoto Encyclopedia of Genes and Genomes) database (Chen
et al., 2019; Kanehisa et al., 2016) for better understanding
of BFE intervention for the alleviation of OA-induced oxida-
tive stress. As shown, BFE intervention improved the expres-
sion of Nrf2/HO-1/NQO1 to initiate the antioxidant defense
response for counteracting oxidative stress. Moreover, mitochon-
drial membrane potential and FOXO signaling pathway initiation
may also contribute to the oxidative stress alleviation in HepG2
cells.
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Conclusion
To clarify antioxidant BFE intervention for counteracting ox-

idative stress in HepG2 cells, the cell damage model induced by
OA was proposed in this study. Biochemical indexes, intracel-
lular ROS production, lipid droplets accumulation, antioxidant
enzymes productions, such as GSH-Px and CAT, and mitochon-
drial membrane potential were successfully determined to show
BFE intervention performance (P < 0.05). Importantly, the results
of qRT-PCR and western blot determination indicated that BFE
intervention upregulated Nrf2/HO-1/NQO1 expression to ini-
tiate the antioxidant defense response for counteracting oxidative
stress (P < 0.05). Moreover, mitochondrial membrane potential–
mediated apoptosis and FOXO signaling pathway initiation may
together contribute to oxidative stress alleviation in HepG2 cells.
Altogether, it was concluded that antioxidant BFE intervention
was helpful to recover cell’s normal physiological steady state by
natural reduction of high ROS production and modulating related
antioxidant defense responses.
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