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Nuclear Factor Erythroid-2-Related Factor 2 (Nrf2) Signalling
Pathway and Apoptosis Impact on the Effect of
Tetramethylpyrazine against H2O2-Damage in Human
Hepatic Cell Line (LO2 Cells)
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Abstract: As an active component in traditional Chinese herbal medicine,
Tetramethylpyrazine (TMP) played a critical role in the treatment of
cardiovascular, cerebrovascular, and eye diseases. In this study, the TMP
has obtained from the Chinese herbal medicine Ligusticum chuanxiong
and investigated the protective effects of TMP on oxidative damage in
human LO 2 cells with the treatment of different concentrations of TMP.
The results showed that TMP reserved oxidative damage caused by
hydrogen peroxide in LO 2 cells. Further other investigations suggested
that TMP protected LO 2 cells from oxidative damage through elevating
activities of antioxidant enzymes and glutathione levels. The TMP
treatment promoted the nucleus translocation of the nuclear factor
erythroid 2–related factor 2 (Nrf2) and further induced expression
of antioxidant response element. Finally, it could be concluded that TMP
treatment suppressed apoptosis induced by hydrogen peroxide in LO 2
cells. Thus, the TMP might protect LO 2 cells from oxidative damage
through antioxidative and anti-apoptotic effects.
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Introduction
Oxidative damage is caused by a wide range of
factors including ultraviolet stress, smoking, medicine,
drugs, and so on (Kournoutou et al., 2020). Oxidative
stress is the result of an imbalance between Reactive
Oxygen Species (ROS) and the antioxidant defense
system (LeBel et al., 1992). Excessive production of
ROS might change or even inactivate biomolecules in
cells, destroy the cell structure and cause organelle
dysfunction (Chen et al., 2018; Cheng et al., 2017;
Maryam et al., 2019). In the liver, a major consequence
of oxidative stress is DNA damage, lipid peroxidation,
and protein oxidation, which could contribute to the

pathogenesis of liver damage (Nakamura et al., 2005;
Verhagen et al., 1995). Free radicals act on lipids to
undergo a peroxidation reaction, thereby leading to the
production of Malondialdehyde (MDA), which is an
indicator of oxidative stress (Zhang et al., 2020). They
also participate in cytochrome c-dependent activation of
caspase 3 as a classic apoptotic protease, which is
involved in the execution of cell apoptosis and activated
by heterologous DNA damage (Liu et al., 1997; Zou et al.,
1997). In addition, cellular antioxidant defense systems
consisted of Superoxide Dismutase (SOD), Catalase
(CAT), Glutathione Peroxidase (GSH-Px), and
Glutathione (GSH) (Du et al., 2021; Huang et al., 2020;
Li et al., 2020a). Except for scavenging free radicals, the
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antioxidants in the body could eliminate the products
produced by the immune response against oxidative stress
(Abdallah et al., 2018; Fang et al., 2002; Halliwell and
Gutteridge, 1985; Valko et al., 2006).
Tetramethylpyrazine (TMP), a type of pyrazine,
with a roasted nut aroma and sweet aftertaste
(Masuda and Mihara, 1988), is the main active alkaloid
component in Chinese herbal medicine (Han et al.,
2020). It is used as a food flavor additive in baked food,
meat, dairy products, Chinese Baijiu, and so on
(Burdock, 2016). As the most important active
ingredient of Chuan Xiong, TMP plays an important
role in the treatment of brain injury (Liao et al., 2004),
inflammation (Yrjänheikki et al., 1999), glaucoma
(Zhang et al., 2003), cardiovascular disorders (Shuai et al.,
2013) and in particular ocular diseases caused by
inflammation (Yang et al., 2008). Thus, TMP is
recognized as an antioxidant with several beneficial
effects on human health (Samad et al., 2016). As an
antioxidant, TMP scavenges free radicals and protects
cells from oxidative stress, thereby reducing the risk of
many diseases that could be caused by oxidation
including diseases associated with disturbed iron
metabolism (Zhang et al., 2003), diabetes and its
complications, and oxidative brain injury (Gao et al.,
2011; Li et al., 2010). However, whether TMP affects
liver injury caused by oxidative stress such as drugs
and alcohol or not, is still unknown.
In this study, the TMP was obtained by purification
and the protective effects of TMP on oxidative damage
induced hydrogen peroxide (H 2O2) in LO2 cells were
investigated. Our results demonstrated that TMP
protects liver cells from oxidative stress through
elevating activities of antioxidant enzymes and
promoting the nucleus translocation of Nrf2 to activate
the expression of antioxidant response elements. In
addition, TMP treatment suppressed the apoptosis
induced by H2O2 in LO2 cells. These research findings
may improve and apply to the development of
functional foods that have effects on liver disease.

Acquisition of TMP Mixture

Materials and Methods

Analysis of Intracellular ROS Generation

Chemicals and Reagents

LO2 cells were cultured on the coverslips in a 6-well
plate. After 24 h, cells were treated with TMP at
different concentrations for 24 h. Then, the cells were
washed with Phosphate-Buffered Saline (PBS) and
treated with 300- µm H2O2 for 4 h. The cells were
further treated with 10-μm Dichlorofluorescin
Diacetate (DCFH-DA) at 37°C for 30 min in the
darkness. The cells were fixed with 4%
paraformaldehyde in PBS for 15 min at room temperature
and observed using a confocal laser scanning microscope
(TCS SP8, Leica, Wetzlar, Germany).

3 kg stems and leaves of Chinese herbal medicineLigusticum chuanxiong were cut into pieces and added
to 6 L 3 mol/L hydrochloric acid solution and extract
for 24 h. After filtration, the filtrate was added NaOH
to adjust PH = 10. Then filtration, the filter was washed
with water to PH = 7. The filtrate was dissolved by
200 mL ethanol, 4000 rpm 20 min. The supernatant was
stirred with 400 g D101 macroporous adsorption resin
for 48 h. The product was eluted with 3L water, 3L 20%
ethanol, 3L 50% ethanol, and 3L 80% ethanol in turn.
Final ethanol eluent was collected by blow nitrogen and
freeze dry. The resulting mixture is TMP. During the
experiment, weigh and configure the appropriate
concentration with ddH 2O. The purity of TMP is
90% tested.

Cell Culture
LO2 cells were cultured in RPMI-1640 medium
(Hyclone, Logan, UT, USA) containing 10% fetal bovine
serum and antibiotics (100-U/mL penicillin, 100-μg/mL
streptomycin) (Hyclone) in a 5% CO2 incubator at 37°C.
Cells were treated with TMP at different concentrations
(0–0.8 mg/mL) for 24 h and then treated with 300-μm
H2O2 for 4 h. LO2 cells were replaced with a fresh culture
medium every two days.

Cell Viability Assay
LO2 cells were cultured in a 96-well microplate and
treated with H2O2 or TMP for 24 h as previously
described. The viability of the treated LO2 cells was
determined with the Cell Counting Kit-8 (CCK-8; Dojin
Laboratories, Kumamoto, Japan). After the pretreatment,
the medium was replaced with a 90-µL medium including
10-µL CCK-8 and incubated at 37°C for 2 h. Then, the
absorbance was measured at the wavelength of 450 nm
using a multi-function reader (SpectraMax iD3;
Molecular Devices, San Jose, CA, USA).

H2O2 (30 wt%) was purchased from Beijing Chemical
Works (Beijing, China). The primary antibodies against
rabbit Nrf2 were purchased from Proteintech Group
(Chicago, IL, USA). Primary antibodies against cleaved
caspase-3, GAPDH, lamin B2, B-cell lymphoma 2
(Bcl-2), Bcl-2-X-associated protein (Bax), and
Horseradish Peroxidase (HRP)–labeled secondary
antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). TMP was obtained
from J&K Scientific LTD (Beijing, China).
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Konno et al., 2021; Li et al., 2020b; Xu et al., 2020).
Therefore, the effects of H2O2 on LO2 cell viability were
also determined. As shown in Fig. 1B, H2O2 had less
effect on LO2 cells when the concentration was lower than
300 μm. Thus, TMP (0–0.8 mg/mL) and H2O2 (300 μm)
were selected for further analyses. To determine whether
TMP can protect against cell death induced by H2O2 or
not, LO2 cells were pretreated with TMP for 24 h,
followed by H2O2 treatment for an additional 4 h at a
concentration of 300 μm. Compared with H2O2 treatment,
LO2 cell viability increased to some extent with
pretreatment of TMP (Fig. 1C). These results suggest
that TMP may protect cells from oxidative damage
induced by H2O2 treatment.

Western Blot Analysis
Cells were washed twice with ice-cold PBS, harvested
and collected by centrifugation (5000 rpm for 5 min), and
lysed in lysis buffer [50 mm Tris-HCl pH 7.5, 150 mm
NaCl, 1% Triton X-100, complete protease inhibitor
cocktail (Suolaibao, Beijing, China)] for 10 min. Cell
lysates were cleared by centrifugation at 15000 rpm for
10 min at 4°C. Supernatants were collected and mixed
with sample buffer (Suolaibao, Beijing, China). After
boiling for 5 min, the samples were subjected to
SDS/Polyacrylamide Gel Electrophoresis (PAGE). The
proteins were transferred to PVDF membranes (GE
Healthcare, Bucks, UK) using transfer buffer (25 mm Tris
base, 190 mm glycine, 20% methanol). The transferred
membrane was blocked in 5% skimmed milk which was
diluted with TBS-T (25 mm Tris base, 137 mm NaCl,
2.7 mm KCl, 0.1% Tween 20, adjusting pH to 7.4) at room
temperature for 1h. After blocking, the membrane was
incubated overnight with appropriate dilutions of primary
antibody in blocking buffer at 4°C. Then, the membrane
was washed three times using TBS-T and incubated at
room temperature for 30 min with a 1:5000 dilution of
HRP-Conjugated Secondary Antibody (CST) in blocking
buffer. The membrane was washed three times and
visualized using the ECL Select western blotting
detection reagent (GE Healthcare) on a Chemi Scope
6200 Touch detector (Qinxiang, Shanghai, CHINA).

Effects of TMP on ROS Generation in LO2 Cells
The DCFH-DA assay was employed to observe ROS
generation induced by H2O2 treatment. As shown in
Fig. 1D, compared with the control group, H2O2 treatment
significantly increased green fluorescence intensity in a
dose-dependent manner, suggesting that intracellular
oxidative stress is correlated with H2O2 concentration.
According to the effects of H2O2 on cell viability
(Fig. 1B), 300-μm H2O2 was selected for inducing
oxidative stress in subsequent assays. Pretreatment with
TMP for 24 h markedly decreased the intensity of DCFHDA fluorescence induced by H2O2 treatment (Fig. 1E). In
conclusion, these results showed that TMP could protect
LO2 cells from oxidative damage.

Determination of Enzyme Activities

TMP Maintain the Redox Balance in LO2 Cells

GSH-Px, CAT, and SOD and the levels of MDA and
GSH (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) were determined according to the
manufacturer’s instructions.

Antioxidant systems have been developed in cells to
protect against cellular toxicity and modulate the
physiological effects of ROS. There are many essential
systems that clear free radicals including SOD, CAT, and
GSH-Px. To evaluate the potential protective efficacy of
TMP in LO2 cells, the transcriptional levels of SOD, CAT,
GPX, and GSTP1 were detected by Quantitative Realtime PCR (qRT-PCR). The transcription levels of these
enzymes were significantly upregulated by the treatment
of TMP in LO2 cells. As shown in Fig. 2A–2D, compared
with the control group, H2O2 treatment significantly
(p<0.05) reduced mRNA expression levels of SOD, CAT,
GPX, and GSTP1. Furthermore, the contents of MDA, as
well as the activities of SOD, CAT, and GSH, were
monitored with TMP treatment. As shown in Fig. 2E–2G,
TMP treatment gradually reversed SOD, CAT, and GSH
activities, which were down-regulated by H2O2. MDA is
the main product of lipid hydroperoxides. TMP treatment
significantly reduced the MDA level, which was induced
by H2O2 in a dose-dependent manner. These results
suggested that TMP exerts its anti-oxidative effects on
LO2 cells by up-regulating the activities of SOD, CAT,
and GSH and reducing the MDA level.

Statistical Analysis
All data are presented as the mean ± standard
deviation of at least three replicates for each prepared
sample. Analysis of variance was performed by SPSS 23
(Taka et al., 2013). Significant differences were
calculated according to the Bonferroni post hoc test.
P<0.05 was considered statistically significant.

Results
Effects of TMP on the Viability of LO2 Cells
To investigate the effects of TMP on cell viability, LO2
cells were treated with TMP at final concentrations of 0,
0.1, 0.2, 0.4, and 0.8 mg/mL for 24 h. As shown in Fig. 1A,
increasing TMP concentration reduced cell viability from
100 to 80%, suggesting that TMP (0–0.8 mg/mL) did not
affect the viability of LO2 cells significantly. H2O2 is
commonly used as a ROS generator because it affects
mitochondrial function and increases mitochondrial
oxidative damage (Hirata 2009; Choi et al., 2010;
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nucleus to gradually increase, indicating that TMP
treatment promotes the nuclear translocation of Nrf2.
Meanwhile, it suggested that Nrf2 uncouple with keap1 and
enter into the nuclear to enhance antioxidant capacity. With
the increase of TMP concentration, the fluorescence of
nucleus Nrf2 gradually increased (Fig. 3D). The increase of
nucleus Nrf2 increases the expression of downstream
molecules related to the Nrf2-oxidation pathway, including
HO-1, NQO1, and GCLC. The related expression of HO-1,
NQO1, and GCLC at the mRNA level was increased by Nrf2
((Fig. 3E-G). Taken together, the above results suggested
that TMP elevates antioxidant capacity via the Nrf2Antioxidant Response Element (ARE) signaling pathway.

TMP Ameliorates the Antioxidant Capacity Via
Nrf2-Antioxidant Response Element Pathway
Nrf2 is a well-known key transcription factor in the
antioxidant defense system. To determine whether TMP
up-regulates anti-oxidative activity, we evaluated the
Nrf2 protein expression level and translocation in LO2
cells with TMP treatment. Compared with the control,
treatment with H2O2 alone increased the cytoplasmic
Nrf2 level and decreased the nuclear-localized Nrf2,
suggesting that H2O2 treatment suppressed the nuclear
translocation of Nrf2 (Fig. 3A-C). In contrast,
pretreatment with TMP caused the Nrf2 level in the

Fig. 1: Effect of TMP on the viability in LO2 cells. (A) LO2 cells were treated with different concentrations (0–0.8 mg/mL) of TMP
for 24 h. (B) LO2 cells were treated with 0-800 μM H2O2 for 4 h. (C) Cells were pretreated with different concentrations
(0–0.8 mg/mL) of TMP for 24 h, and then treated with 300 μm H2O2 for 4 h. Cell viability was measured by CCK-8 assay.
Data are reported as mean ± S.D. (n = 3) for each group. ##P<0.01 vs. control group, *P<0.05, **P<0.01 vs·H 2O2-treated
group, n.s. means no significant difference at P<0.05. (D) The LO2 cells were treated with 0-400 μm H2O2 for 4h and exposed
to DCFH-DA for 30 min. The fluorescence intensity was evaluated using fluorescent microscopy. (E) TMP inhibited ROS
generation and apoptotic-related proteins in H2O2-treated LO2 cells. Cells were pretreated with different concentrations
(0–0.8 mg/mL) of TMP for 24 h, and treated with 300 μm H2O2 for 4 h. Cells were exposed to DCFH-DA for 30 min. The
fluorescence intensity was evaluated using fluorescent microscopy
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Fig. 2: TMP enhanced the level of the antioxidative defense system in H2O2-treated LO2 cells. (1) The mRNA expression levels of
(A) SOD; (B) CAT; (C) GPX and (D) GSTP1 (2) The levels of (E) SOD activity; (F) CAT activity; (G) GSH level and (H)
MDA level were measured using a microplate reader. Data presented as mean ± S.D. (n = 3) for each group. ##P<0.01,
###P<0.001 vs. control group, *P<0.05, **P<0.01 vs·H2O2-treated group, n.s. means no significant difference at P<0.05
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Fig. 3: TMP upregulated Nrf2-Antioxidant Response Element
(ARE) pathway in H2O2-treated LO 2 Cells. (A) The
expression levels of Nrf2 in the cell nucleus and
cytoplasm were detected by western blotting analysis.
(B) Quantification of Nrf2 in cell nucleus expression.
(C) Quantification of Nrf2 in cytoplasm expression.
(D) The fluorescence intensity was evaluated using
fluorescent microscopy. (E) The mRNA expression
levels of HO-1. (F) The mRNA expression levels of
NQO1. (G) The mRNA expression levels of GCLC.
Data are reported as mean ± S.D. (n = 3) for each
group. #P<0.05, ##P<0.01 vs. control group, *P<0.05
vs·H2O2-treated group, n.s. means no significant
difference at P<0.05
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Fig. 4: (A) The expression levels of cleaved caspase-3 were detected by western blotting analysis. (B) Quantification of cleaved
caspase-3/GAPDH. (C) The expression levels of Bcl-2 and Bax were detected by western blotting analysis. (D)
Quantification of cleaved Bcl-2/Bax. Data are reported as mean ± S.D. (n = 3) for each group. #P<0.05, ##P<0.01 vs.
control group, *P<0.05, *P<0.01 vs·H2O2-treated group, n.s. means no significant difference at P<0.05
expression levels of Bax gradually decreased with
increasing TMP concentration and the expression levels
of Bcl-2 had the opposite trend. The ratio of the
expression levels of the Bcl-2 to Bax tended to gradually
increase with increasing TMP concentration. These
results suggest that TMP inhibits cell apoptosis induced
by oxidative stress with H2O2 treatment.

TMP Inhibits Apoptotic-Related Proteins in H2O2Treated LO2 Cells
The caspase enzyme family is an important class of
apoptotic molecules that was discovered in recent years
through an in-depth study of cell apoptosis. They play a
key role in the process of apoptosis signal transduction.
Particularly, caspase-3 is an apoptotic-related protein in
the apoptotic system; in most cases, all apoptotic signals
converge on caspase-3, which is the final executor of
apoptosis. The upstream apoptotic signal induced the
cleaving of caspase-3 and makes it enzymatically.
Cleaved caspase-3 executes the final apoptosis program,
which represents the process of apoptosis. We further
determined whether TMP can protect cells from oxidative
stress via apoptotic. As shown in Fig. 4A and 4B, the
expression levels of cleaved caspase-3 protein in the
oxidative damage model group were significantly higher
than those in the normal control group. However, the
expression levels of cleaved caspase-3 in the TMP
pretreatment group gradually decreased, showing a
concentration-dependent manner. Subsequently, the
expression of Bax and Bcl-2 was detected. As shown in
Fig. 4C and 4D, compared with the control group, the Bax
level markedly increased after H2O2 treatment. The

Discussion
Oxidative stress refers to a state in which the
oxidative and anti-oxidative effects in the body are out
of balance, leading to oxidative stress (Finkel 2003;
Martindale and Holbrook, 2002; Sies 1997;
Rezayian et al., 2019; Zeng et al., 2021). As an inducer
of oxidative stress, H 2O2 could lead to cell death
including apoptosis.
In this study, we found that pretreatment with TMP
reduced cell viability and reduced DCF binding in the
nucleus of H2O2-treated LO2 cells (Fig. 1). Oxidative
stress is accompanied by changes in mRNA levels of
various oxidation-related enzymes and oxidation-related
pathways. TMP pretreatment changed the cells' oxidationrelated enzyme activity in a concentration-dependent
manner, with the greatest effect at 0.8 g/mL (Fig. 2).
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According to the mRNA level, maximum expression
occurred at 0.8 g/mL (Fig. 2). NRF2 is an indispensable
active transcription regulator protein that maintains the
oxidation balance. It is usually coupled to Keap1 and
anchored in the cytoplasm; when stimulated by an oxidant, it
is phosphorylated and decoupled with Keap1 and transferred
to the nucleus (Johnson et al., 2008; Kensler et al., 2007;
van Muiswinkel et al., 2005; Szklarz, 2013). It can change
the expression of proteins related to the oxidation pathway
including heme oxygenase 1, NAD(P)H dehydrogenase
[quinone] 1, and glutamate-cysteine ligase modifier subunit
(Sahin et al., 2010; Walsh, 2003; Yeligar et al., 2010). The
absence or activation of NRF2 aggravates the damage of
oxidative stress. TMP protects cells from damage induced by
oxidative stress by increasing the expression of Nrf2 protein
in the nucleus (Fig. 3). In this study, TMP significantly
decreased ROS generation in oxidant-induced damage in
LO2 cells (Fig. 4). These results show that TMP can
effectively alleviate the damage caused by H2O2 to the cell’s
antioxidant system and exert antioxidant effects.
Apoptosis is a type of programmed cell death, which
is the orderly and autonomous death of cells controlled by
genes caused by various cell stress stimuli (Johnstone et al.,
2002; Liu et al., 2020; Nagata, 1997; Zhou et al., 2019).
Oxidative stress can damage cells, proteins, and DNA
and is also one of the inducing factors of apoptosis
(Chandra et al., 2000; Motallebzadeh et al., 2020).
Meanwhile, the expression level of cleaved caspase-3
was reduced by TMP pretreatment (Fig. 4). H2O2 induced
an increase in the amount of ROS produced by LO 2 cells,
which in turn caused hepatocytes to undergo apoptosis.
TMP reduced the amount of H2O2-induced ROS, reduced
Bax/Bcl-2, and stabilized the mitochondrial membrane
potential. These findings suggest that TMP protects
against oxidative damage by activation of Nrf2 and
consequently the antioxidant defense system.

Shanbin Chen: Performed the experiment and
contributed significantly to analysis and manuscript
preparation and wrote the manuscript.
Xiaomeng Zhang, Hongjiao Li, Yishu Li, Wenmei
Zhao and Liaofei Zhang: Contributed significantly to
analysis and manuscript preparation.
Baoguo Sun: Helped perform the analysis with
constructive discussions.
Feike Hao and Yefu Chen: Contributed to the
conception of the study and helped perform the analysis
with constructive discussions

Ethics
All authors read and approved the final version of this
manuscript. There are not any ethical issues to declare that
could arise after the publication of this manuscript. This
article does not contain any studies with human participants
or animals performed by any of the authors.

References
Abdallah, M., Marzocco, S., Adesso, S., Zarrouk, M., &
Guerfel, M. (2018). Olive oil polyphenols extracts
inhibit inflammatory markers in J774A. 1 murine
macrophages and scavenge free radicals. Acta
Histochemica, 120(1), 1-10.
https://doi.org/10.1016/j.acthis.2017.10.005
Burdock, G. A. (2016). Fenaroli's handbook of flavor
ingredients. CRC press.
https://doi.org/10.1201/9781439847503
Chandra, J., Samali, A., & Orrenius, S. (2000). Triggering
and modulation of apoptosis by oxidative stress. Free
Radical Biology and Medicine, 29(3-4), 323-333.
https://doi.org/10.1016/S0891-5849(00)00302-6
Chen, X. F., Tian, M. X., Sun, R. Q., Zhang, M. L., Zhou, L.
S., Jin, L., ... & Ye, D. (2018). SIRT 5 inhibits
peroxisomal ACOX 1 to prevent oxidative damage and
is downregulated in liver cancer. EMBO Reports, 19(5),
e45124. https://doi.org/10.15252/embr.201745124
Cheng, Y. T., Lu, C. C., & Yen, G. C. (2017).
Phytochemicals
enhance
antioxidant
enzyme
expression to protect against NSAID‐induced oxidative
damage to the gastrointestinal mucosa. Molecular
Nutrition & Food Research, 61(6), 1600659.
https://doi.org/10.1002/mnfr.201770064
Choi, E. M., Kim, G. H., & Lee, Y. S. (2010). Carthamus
tinctorius flower extract prevents H2O2‐induced
dysfunction and oxidative damage in osteoblastic
MC3T3‐E1 cells. Phytotherapy Research, 24(7),
1037-1041. https://doi.org/10.1002/ptr.3070
Du, D., Lv, W., Su, R., Yu, C., Jing, X., Bai, N., & Hasi, S.
(2021). Hydrolyzed camel whey protein alleviated
heat stress-induced hepatocyte damage by activating
Nrf2/HO-1 signaling pathway and inhibited NFκB/NLRP3 axis. Cell Stress and Chaperones, 26(2),
387-401. https://doi.org/10.1007/s12192-020-01184-z

Conclusion
In summary, the present data suggest that TMP might
improve the recovery of cells from oxidative damage
caused by H2O2 at the molecular level. TMP reduced
oxidative stress-induced cell damage by affecting the
expression of key proteins in the process of apoptosis and
exhibited protective effects. TMP prevents oxidative
stress damage by changing the cytoplasmic and nuclear
expression of Nrf2 protein. Therefore, TMP has
antioxidant activity and could provide a promising
method for the prevention of oxidative damage.

Authors Contribution
Songbo Guo: Performed the experiment and
performed the data analyses and wrote the manuscript.
Xinglin Han: Contributed to the conception of the study.

315

Songbo Guo et al. / American Journal of Biochemistry and Biotechnology 2022, 18 (3): 308.318
DOI: 10.3844/ajbbsp.2022.308.318

Fang, Y. Z., Yang, S., & Wu, G. (2002). Free radicals,
antioxidants,
and
nutrition. Nutrition, 18(10),
872-879.
https://doi.org/10.1016/S0899-9007(02)00916-4
Finkel, T. (2003). Oxidant signals and oxidative
stress. Current Opinion in Cell Biology, 15(2),
247-254.
https://doi.org/10.1016/S0955-0674(03)00002-4
Gao, X., Zhao, X. L., Zhu, Y. H., Li, X. M., Xu, Q., Lin, H.
D., & Wang, M. W. (2011). Tetramethylpyrazine
protects against palmitate-induced oxidative damage
and mitochondrial dysfunction in C2C12 myotubes.
Life Sciences, 88(17-18), 803-809.
https://doi.org/10.1016/j.lfs.2011.02.025
Halliwell, B., & Gutteridge, J. M. (1985). Free radicals in
biology and medicine.
Han, X., Chen, X., Chen, S., Luo, Q., Liu, X., He, A.,
... & Yu, K. (2020). Tetramethylpyrazine
attenuates endotoxin-induced retinal inflammation
by inhibiting microglial activation via the
TLR4/NF-κB signaling pathway. Biomedicine &
Pharmacotherapy, 128, 110273.
https://doi.org/10.1016/j.biopha.2020.110273
Hirata, J. (2009). Abstract P99: Oxidative mitochondrial
DNA damage is associated with injury of respiratory
chains, especially complex2 during sepsis-induced
myocardial dysfunction.
https://www.ahajournals.org/doi/abs/10.1161/circ.12
0.suppl_18.S1462-d
Huang, Y., Qu, H., Liu, D., Wa, Y., Sang, J., Yin, B., ... &
Gu, R. (2020). The effect of Lactobacillus fermentum
DALI02 in reducing the oxidative stress and
inflammatory response induced by a high-fat diet of
rats. RSC Advances, 10(57), 34396-34402.
https://doi.org/10.1039/D0RA05694D
Johnson, J. A., Johnson, D. A., Kraft, A. D., Calkins, M.
J., Jakel, R. J., Vargas, M. R., & Chen, P. C. (2008).
The Nrf2–ARE pathway: An indicator and modulator
of oxidative stress in neurodegeneration. Annals of
the New York Academy of Sciences, 1147(1), 61-69.
https://doi.org/10.1196/annals.1427.036
Johnstone, R. W., Ruefli, A. A., & Lowe, S. W. (2002).
Apoptosis: A link between cancer genetics and
chemotherapy. Cell, 108(2), 153-164.
https://doi.org/10.1016/S0092-8674(02)00625-6
Kensler, T. W., Wakabayashi, N., & Biswal, S. (2007).
Cell survival responses to environmental stresses via
the Keap1-Nrf2-ARE pathway. Annual Review of
Pharmacology and Toxicology, 47(1), 89-116.
doi.org/10.1146/annurev.pharmtox.46.120604.141046
Konno, T., Melo, E. P., Chambers, J. E., & Avezov, E.
(2021). Intracellular sources of ROS/H2O2 in
health and neurodegeneration: Spotlight on the
endoplasmic reticulum. Cells, 10(2), 233.
https://doi.org/10.3390/cells10020233

Kournoutou, G. G., Giannopoulou, P. C., Sazakli, E.,
Leotsinidis, M., Kalpaxis, D. L., & Dinos, G. P. (2020).
Oxidative damage of mussels living in seawater
enriched with trace metals, from the viewpoint of
protein expression and modification. Toxins, 8(4), 89.
https://doi.org/10.3390/toxics8040089
LeBel, C. P., Ischiropoulos, H., & Bondy, S. C. (1992).
Evaluation of the probe 2', 7'-dichlorofluorescein as an
indicator of reactive oxygen species formation and
oxidative stress. Chemical Research in Toxicology,
5(2), 227-231. https://doi.org/10.1021/tx00026a012
Li, F., Huang, G., Tan, F., Yi, R., Zhou, X., Mu, J., &
Zhao, X. (2020a). Lactobacillus Plantarum KSFY06 on
d‐galactose‐induced oxidation and aging in Kunming
mice. Food Science & Nutrition, 8(1), 379-389.
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3
.1318
Li, J., Luo, J., Zhang, Y., Tang, C., Wang, J., & Chen, C.
(2020b). Silencing of soluble epoxide hydrolase 2
gene reduces H2O2-induced oxidative damage in rat
intestinal epithelial IEC-6 cells via activating
PI3K/Akt/GSK3β
signaling
pathway.
Cytotechnology, 72(1), 23-36.
https://link.springer.com/article/10.1007/s10616019-00354-x
Li, S. Y., Jia, Y. H., Sun, W. G., Tang, Y., An, G. S., Ni,
J. H., & Jia, H. T. (2010). Stabilization of
mitochondrial function by tetramethylpyrazine
protects against kainate-induced oxidative lesions in
the rat hippocampus. Free Radical Biology and
Medicine, 48(4), 597-608.
https://doi.org/10.1016/j.freeradbiomed.2009.12.004
Liao, S. L., Kao, T. K., Chen, W. Y., Lin, Y. S., Chen, S.
Y., Raung, S. L., ... & Chen, C. J. (2004).
Tetramethylpyrazine reduces ischemic brain injury in
rats. Neuroscience Letters, 372(1-2), 40-45.
https://doi.org/10.1016/j.neulet.2004.09.013
Liu, S. J. (2020). Genistein promotes apoptosis in LPsactivated raw264. 7 cells through regulating Akt by
tjpe 2. Chinese Pharmacological Bulletin, 69-74.
https://pesquisa.bvsalud.org/portal/resource/pt/wpr857047
Liu, X., Zou, H., Slaughter, C., & Wang, X. (1997). DFF
is a heterodimeric protein that functions downstream
of caspase-3 to trigger DNA fragmentation during
apoptosis. Cell, 89(2), 175-184.
https://doi.org/10.1016/S0092-8674(00)80197-X
Martindale, J. L., & Holbrook, N. J. (2002). Cellular
response to oxidative stress: signaling for suicide and
survival. Journal of Cellular Physiology, 192(1), 1-15.
https://doi.org/10.1002/jcp.10119
Masuda, H., & Mihara, S. (1988). Olfactive properties of
alkyl pyrazines and 3-substituted 2-alkyl pyrazines.
Journal of Agricultural and Food Chemistry, 36(3),
584-587. https://doi.org/10.1021/jf00081a044

316

Songbo Guo et al. / American Journal of Biochemistry and Biotechnology 2022, 18 (3): 308.318
DOI: 10.3844/ajbbsp.2022.308.318

van Muiswinkel, F. L., & Kuiperij, H. B. (2005). The Nrf2ARE Signalling pathway: Promising drug target to
combat oxidative stress in neurodegenerative
disorders. Current
Drug
Targets-CNS
&
Neurological Disorders, 4(3), 267-281.
https://doi.org/10.2174/1568007054038238
Verhagen, H., Poulsen, H. E., Loft, S., van Poppel, G.,
Willems, M. I., & van Bladeren, P. J. (1995).
Reduction of oxidative DNA damage in humans by
Brussels sprouts. Carcinogenesis, 16(4), 969-970.
https://doi.org/10.1093/carcin/16.4.969
Walsh, A. C. (2003). Regulation of Nrf2-mediated
induction of Glutamate Cysteine Ligase Modulatory
Gene (GCLM) expression: Considerations for future
studies. Toxicological Sciences, 73(1), 1-3.
https://doi.org/10.1093/toxsci/kfg085
Xu, F., Zhang, X., Wang, J., Li, X., He, B., Xiao, F., ... &
Wang, Z. (2020). Spinosin protects N2a cells from
H2O2-induced neurotoxicity through the inactivation
of p38MAPK. Journal of Pharmacy and
Pharmacology, 72(11), 1607-1614.
https://doi.org/10.1111/jphp.13334
Yang, Z., Zhang, Q., Ge, J., & Tan, Z. (2008). Protective
effects of tetramethylpyrazine on rat retinal cell cultures.
Neurochemistry International, 52(6), 1176-1187.
https://doi.org/10.1016/j.neuint.2007.12.008
Yeligar, S. M., Machida, K., & Kalra, V. K. (2010).
Ethanol-induced HO-1 and NQO1 are differentially
regulated by HIF-1α and Nrf2 to attenuate
inflammatory cytokine expression. Journal of
Biological Chemistry, 285(46), 35359-35373.
https://doi.org/10.1074/jbc.M110.138636
Yrjänheikki, J., Tikka, T., Keinänen, R., Goldsteins, G.,
Chan, P. H., & Koistinaho, J. (1999). A tetracycline
derivative, minocycline, reduces inflammation and
protects against focal cerebral ischemia with a wide
therapeutic window. Proceedings of the National
Academy of Sciences, 96(23), 13496-13500.
https://doi.org/10.1073/pnas.96.23.13496
Zeng, Q., Xiong, Q., Zhou, M., Tian, X., Yue, K., Li, Y., ... &
Ru,
Q.
(2021).
Resveratrol
attenuates
methamphetamine‐induced memory impairment via
inhibition of oxidative stress and apoptosis in
mice. Journal of Food Biochemistry, 45(2), e13622.
https://doi.org/10.1111/jfbc.13622
Zhang, J., Yang, Z., Zhang, S., Xie, Z., Han, S., Wang, L. ...
& Sun, S. (2020). Investigation of endogenous
malondialdehyde through fluorescent probe MDA-6
during oxidative stress. Analytica Chimica Acta, 1116,
9-15. https://doi.org/10.1016/j.aca.2020.04.030
Zhang, Z., Wei, T., Hou, J., Li, G., Yu, S., & Xin, W.
(2003). Iron-induced oxidative damage and apoptosis
in cerebellar granule cells: attenuation by
tetramethylpyrazine and ferulic acid. European
Journal of Pharmacology, 467(1-3), 41-47.
https://doi.org/10.1016/S0014-2999(03)01597-8

Motallebzadeh, E., Tameh, A. A., Zavareh, S. A. T.,
Farhood, B., Aliasgharzedeh, A., & Mohseni, M.
(2020). Neuroprotective effect of melatonin on
radiation‐induced oxidative stress and apoptosis in the
brainstem of rats. Journal of Cellular Physiology,
235(11), 8791-8798. https://doi.org/10.1002/jcp.29722
Nagata, S. (1997). Apoptosis by death factor. Cell, 88(3),
355-365.
https://doi.org/10.1016/S0092-8674(00)81874-7
Nakamura, T., Keep, R. F., Hua, Y., Hoff, J. T., & Xi, G.
(2005). Oxidative DNA injury after experimental
intracerebral hemorrhage. Brain Research, 1039
(1-2), 30-36.
https://doi.org/10.1016/j.brainres.2005.01.036
Rezayian, M., Niknam, V., & Ebrahimzadeh, H. (2019).
Oxidative damage and antioxidative system in
algae. Toxicology Reports, 6, 1309-1313.
https://doi.org/10.1016/j.toxrep.2019.10.001
Sahin, K., Tuzcu, M., Sahin, N., Ali, S., & Kucuk, O.
(2010). Nrf2/HO-1 signaling pathway may be the
prime target for chemoprevention of cisplatininduced nephrotoxicity by lycopene. Food and
Chemical Toxicology, 48(10), 2670-2674.
https://doi.org/10.1016/j.fct.2010.06.038
Samad, A., Azlan, A., & Ismail, A. (2016). Therapeutic
effects of vinegar: A review. Current Opinion in Food
Science, 8, 56-61.
https://doi.org/10.1016/j.cofs.2016.03.001
Shuai, L., Chen, Z., Gao, R., & Yang, T. (2013). Interaction
of lobed kudzuvine root, rhizoma chuanxiong with both
acetylcholinesterase and beta-amyloid (Aβ1-42).
Pharmacognosy Magazine, 9(35), 196.
https://doi.org/10.4103/0973-1296.113262
Sies, H. (1997). Oxidative stress: Oxidants and
antioxidants. Experimental Physiology: Translation
and Integration, 82(2), 291-295.
https://doi.org/10.1113/expphysiol.1997.sp004024
Szklarz, G. (2013). 'Role of Nrf2 in Oxidative Stress and
Toxicity. Annual Review of Pharmacology and
Toxicology, 53, 401.
https://doi.org/10.1146/annurev-pharmtox-011112140320
Taka, T., Huang, L., Wongnoppavich, A., Tam-Chang, S.
W., Lee, T. R., & Tuntiwechapikul, W. (2013).
Telomere shortening and cell senescence induced by
perylene derivatives in A549 human lung cancer
cells. Bioorganic & Medicinal Chemistry, 21(4),
883-890. https://doi.org/10.1016/j.bmc.2012.12.020
Valko, M., Rhodes, C. J. B., Moncol, J., Izakovic, M. M., &
Mazur, M. (2006). Free radicals, metals, and
antioxidants in oxidative stress-induced cancer.
Chemico-Biological
Interactions, 160(1),
1-40.
https://doi.org/10.1016/j.cbi.2005.12.009

317

Songbo Guo et al. / American Journal of Biochemistry and Biotechnology 2022, 18 (3): 308.318
DOI: 10.3844/ajbbsp.2022.308.318

Zhou, J., Wang, Y., Liu, Y., Zeng, H., Xu, H., & Lian, F.
(2019). Adipose-derived mesenchymal stem cells
alleviated osteoarthritis and chondrocyte apoptosis
through autophagy inducing. Journal of Cellular
Biochemistry, 120(2), 2198-2212.
https://doi.org/10.1002/jcb.27530

Zou, H., Henzel, W. J., Liu, X., Lutschg, A., & Wang, X.
(1997). Apaf-1, a human protein homologous to C.
elegans CED-4, participates in cytochrome c–dependent
activation of caspase-3. Cell, 90(3), 405-413.
https://doi.org/10.1016/S0092-8674(00)80501-2

318

