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a b s t r a c t

Erythrocytes play an essential role in transporting O2 and CO2 for respiration in fish. However, erythrocytes
continuously suffer from reactive oxygen species (ROS) -induced oxidative stress and apoptosis. Thus, it is
essential to expand our knowledge of how to protect erythrocytes against ROS-induced oxidative stress
and apoptosis infish. In this study,we explored the cytotoxicity and the effects of butylated hydroxyanisole
(BHA), ethyl ether extracts, ethyl acetate extracts, acetone extracts (AE), ethanol extracts, and aqueous
extracts of Astragalus membranaceus (EAm) on hydroxyl radical (�OH)-induced apoptosis in carp eryth-
rocytes. The rat hepatocytes and carp erythrocytes were incubatedwith different concentrations of BHA or
EAm(0.125 to1mg/mL). The toxicity in rat hepatocytes and carp erythrocyteswas thenmeasuredusing a 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay and a haemolysis assay,
respectively. The carp erythrocytes were treated with BHA or EAm in the presence of 40 mmol/L FeSO4 and
20 mmol/L H2O2 at 37 �C, except for the control group. Oxidative stress and apoptosis parameters in the carp
erythrocytes were then evaluated using the commercial kit. The results indicated that at high concen-
trations, BHA and EAm could induce toxicity in rat hepatocytes and fish erythrocytes. However, BHA was
more toxic than EAm at the same concentrations. Moreover, the toxicity order of BHA and EAm in the fish
erythrocytes approximately agreed with that for the rat hepatocytes. Butylated hydroxyanisole and EAm
suppressed the �OH-induced phosphatidylserine exposure and DNA fragmentation (the biomarkers of
apoptosis) by decreasing the generation of ROS, inhibiting the oxidation of cellular components, and
restoring the activities of antioxidants in carp erythrocytes. Of all of the examined EAm, the AE showed the
strongest effects. The effects of AE on superoxide anion, H2O2, met-haemoglobin and reduced glutathione
levels, as well as glutathione reductase activity and apoptosis were equivalent to or stronger than those of
BHA. These results revealed that the AE of Astragalus membranaceus could be used as a potential natural
antioxidant or apoptosis inhibitor in fish erythrocytes.
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1. Introduction

Erythrocytes play an essential role in transporting O2 and CO2
for respiration in fish (Kulkeaw and Sugiyama, 2012). However,
erythrocytes may be continuously exposed to both endogenous
and exogenous sources of reactive oxygen species (ROS), including
the superoxide anion ðO��

2 Þ, hydrogen peroxide (H2O2), and hy-
droxyl radical (�OH). Erythrocytes continuously produce O

��
2
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through the autoxidation of haemoglobin (Hb) in humans (Cimen,
2008). The dismutation of O

��
2 generates H2O2 that can react with

heme Fe2þ to produce �OH (Cimen, 2008). Our previous study
demonstrated that �OH triggers the oxidation of lipids and pro-
teins resulting in the apoptosis of fish erythrocytes (Li et al., 2013).
Studies indicated that many pollutants initiate the generation of
ROS in fish (Livingstone, 2001). The ROS can activate erythrocyte
oxidative stress and subsequent apoptosis (Cimen, 2008), which
can lead to a wide variety of diseases or clinical conditions (Lang
et al., 2008). Thus, it is essential to expand our knowledge of
how to protect erythrocytes against oxidative stress and apoptosis
in fish. Because ROS are an important factor leading to oxidative
stress and apoptosis (Cimen, 2008), it is possible that chemicals or
drugs that can scavenge ROS could inhibit oxidative stress and
apoptosis in fish erythrocytes. It has been showed that butylated
hydroxyanisole (BHA), a synthetic antioxidant, can prevent the
production of ROS in cerebral glioma cells (Ansari et al., 2014).
However, studies indicated that BHA is carcinogenic and toxic to
animals (EFSA, 2011). Thus, there is growing interest in replacing
BHA with natural ingredients. Astragalus membranaceus Bunge
(Am) is a well-known Chinese medicinal herb with multifunc-
tional pharmacological activities (Monograph, 2003). It has been
shown that the extracts of Am (EAm) have inhibitory effects on
oxidative stress in mice (Mao et al., 2013). Therefore, it is possible
to use EAm as a feed ingredient to inhibit oxidative stress and
apoptosis of erythrocytes in fish. However, there are few studies
on the protective effects of EAm in fish erythrocytes. It has been
reported that the mammal non-nucleated erythrocytes system
provides a very useful model for studying cytotoxicity caused by
chemicals and drugs (Pagano and Faggio, 2015). Thus, it is possible
that the fish erythrocyte system could be used as a model for
assessing cytotoxicity in feed ingredients. However, there are few
papers describing the cytotoxicity caused by feed ingredients in
fish erythrocytes.

In our previous study, �OH induced apoptosis in fish erythro-
cytes, which provided a good model of oxidative stress in fish cells
(Li et al., 2013). In this study, we hypothesised that EAm could
inhibit �OH-induced apoptosis in fish erythrocytes.We explored the
toxicity and the effects of BHA and EAm on �OH-induced apoptosis
in carp erythrocytes. The purpose was to evaluate the cytotoxicity
and protective effects of EAm against oxidative stress and apoptosis
compared with BHA. The results may provide the basis for using
fish erythrocytes as a model of cytotoxicity in feed ingredients and
for using EAm as an inhibitor of oxidative stress and apoptosis in
fish erythrocytes.
2. Materials and methods

2.1. Chemicals

Heparin sodium (� 99%) and dimethyl sulfoxide (DMSO
� 99.7%) were purchased from SigmaeAldrich Co., LLC (St. Louis,
MO, USA). Butylated hydroxyanisole (analytical standard) was
obtained from Shanghai Puzhen Biotech. Co., LTD (Shanghai,
China). Ethyl ether, ethyl acetate, acetone, and ethanol were
analytical grade and purchased from the Chengdu Kelong
Chemical Reagent Factory (Chengdu, China). Aqueous solutions of
H2O2 (30%) and FeSO4 (analytical grade) were obtained from the
Shanghai Chemical Reagent Factory (Shanghai, China). Physio-
logical carp saline (PCS), which contained (in mmol/L) 141.10
NaCl, 1.43 KCl, 0.99 CaCl2, 2.64 NaHCO3, and 6.16 glucose, was
prepared in our laboratory and modified to obtain a total osmo-
larity of 280 mOsm/L and a pH of 7.9. All of the other chemicals
were analytical grade.
2.2. Preparation of EAm

Root of Am was obtained from the Chengdu Pharmaceuticals
market of China (Chengdu, Sichuan, China). Botanical identification
was performed in the Herbarium of the College of Life Sciences,
where voucher samples were assigned a reference number and
deposited. Prior to sequential extraction following the methods of
Wojcikowski et al. (2007), the dried roots were ground to a powder
(with a maximum particle size of 0.32 mm) using a Chinese med-
icine mill (Ronghao RHP-2000A, Zhejiang, China). Next, 50 g of the
powder was sequentially extracted with 500 mL of ethyl ether,
ethyl acetate, acetone, and ethanol and water at 20 �C for 8 h using
an Agitator (Dalong OS40-S, Beijing, China), respectively. The
extraction using each solvent was repeated 3 times under the same
conditions. After filtration, the solutions were removed and dried in
a vacuum using a rotary evaporator (Jinye RE-52CS, Shanghai,
China) until a constant mass was achieved. The dry ethyl ether
extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE),
ethanol extracts (EE), and aqueous extracts (AQE) of orange colour
were kept in sealed bottles in the dark and stored at �80 �C until
use.

2.3. Cytotoxicity assays

2.3.1. Three-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay

The MTT assay was used to evaluate the toxicity of all of the
agents in isolated rat hepatocytes (Shi et al., 2016; Thetsrimuang
et al., 2011). In brief, the hepatocytes were seeded in 96 well cul-
ture plates at a density of 1 � 106 cells/mL in Dulbecco's Modified
Eagle's Medium/Ham's Nutrient Mixture F-12 with 10% foetal
bovine serum for 10 h. All of the test samples were dissolved in the
culture medium containing 0.1% DMSO (vol/vol) and then added to
the plates at a final concentration of 0, 0.125, 0.25, 0.5, 0.75, or
1 mg/mL. After incubating at 37 �C in a humidified atmosphere
containing 5% CO2 for 24 h, the MTT reagent was added and further
incubated under the same conditions for 4 h. Then, the plates were
read at 490 nm using a microplate reader (Thermo, USA). Cell
viability (%) was expressed as a percentage of the absorbance in
each treatment with sample with that in the treatment without
sample. Four replicates were prepared for each treatment. An equal
number of control replicates without hepatocytes were used for
each treatment.

2.3.2. Haemolysis assay
The procedures for isolating carp erythrocytes were based on

those described by Li et al. (2015a). The haemolysis ratio is used to
evaluate the cytotoxicity of all test agents (Pagano and Faggio,
2015). In brief, all of the test samples were dissolved in PCS con-
taining 1% erythrocytes (vol/vol) and 0.1% DMSO (vol/vol) to obtain
final concentrations of 0, 0.125, 0.25, 0.5, 0.75, and 1 mg/mL. After
incubation at 37 �C for 9 h, the erythrocyte suspension was
centrifuged for 3 min (1,000 � g, 4 �C), and the absorbance of the
supernatants was measured using themicroplate reader at 540 nm.
The haemolysis ratio is expressed as the percentage of the ab-
sorption in each treatment with that in complete haemolysis
(Sopjani et al., 2008). Four replicates were prepared for each
treatment. Each replicate had a corresponding replicate without
erythrocytes that served as the control.

2.4. Cytoprotection assays

2.4.1. Experimental procedure
The experimental procedures were based on those described by

Li et al. (2016a and 2016c), with slight modifications. Butylated



Fig. 1. The cytotoxicity of butylated hydroxyanisole (BHA) and of ethyl ether extracts
(EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE), and
aqueous extracts (AQE) of Astragalus membranaceus root by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (A) and the hae-
molysis assay (B). The data represent the means ± SD of 4 replicates.

Table 1
The concentration required for 50% inhibition of cell survival (IC50) of butylated
hydroxyanisole (BHA) and of ethyl ether extracts (EEE), ethyl acetate extracts (EAE),
acetone extracts (AE), and ethanol extracts (EE), and aqueous extracts (AQE) of
Astragalus membranaceus root on rat hepatocytes and carp erythrocytes.1

Extracts Rat hepatocytes Carp erythrocytes

BHA 0.07 ± 0.01a 1.36 ± 0.06a

EEE 1.12 ± 0.07b 4.69 ± 0.31b

EAE 1.24 ± 0.06c 7.15 ± 0.44c

AE 1.39 ± 0.09d 69.60 ± 2.67e

EE 1.35 ± 0.06d 15.28 ± 1.11d

AQE 1.60 ± 0.09e 423.18 ± 24.18*

aee Within a same column, values with different superscripts are significantly
different (P < 0.05).
*Within a same column, values with asterisks indicate significant differences (t-test,
P � 0.05).

1 The data represent the means ± SD of 4 replicates.
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hydroxyanisole or the EEE, EAE, AE, EE or AQE of Amwas dissolved
in PCS containing 1% erythrocytes (vol/vol) and 0.1% DMSO (vol/vol)
to obtain a final concentration of 0.25 mg/mL. For the positive and
control groups, BHA and EAmwas not added to the PCS, but the PCS
did contain 1% erythrocytes (vol/vol) and 0.1% DMSO (vol/vol). After
all of the above treatments were pre-incubated at 37 �C for 3 h,
FeSO4 and H2O2 were added at a final concentration of 40 and
20 mmol/L for the induction of apoptosis, respectively, except for the
control group. After incubation at 37 �C for 6 h, the samples were
centrifuged for 3 min (1,000 � g, 4 �C). The erythrocytes were
collected to measure the levels of O

��
2 , H2O2, met-haemoglobin

(Met-Hb), malonaldehyde (MDA), protein carbonyl (PC), and
reduced glutathione (GSH). In addition, the activities of glutathione
reductase (GR) and glutathione S-transferase (GST) weremeasured,
as well as phosphatidylserine (PS) exposure and DNA fragmenta-
tion. The experiment was performed with 4 replicates per treat-
ment and the control.

All of the procedures above were approved by the Institutional
Animal Care and Use Committee of the Neijiang Normal University
in accordance with the Institutional Ethics Committee of the Chi-
nese Institute of Chemical Biology guidelines.

2.4.2. Biochemical analysis
The contents of O

��
2 , Met-Hb, PC, and GSH in the erythrocytes

were measured as described by Li et al. (2013). The levels of H2O2

(Fan et al., 2015) andMDA (Li et al., 2015b) in the erythrocytes were
determined by assay kits according to the manufacturer's in-
structions (Nanjing Jiancheng Technology LTD., China) (Yin et al.,
2015). The activities of GR and GST were determined using the
method described by Li et al. (2014) and Wen et al. (2015). The
protein concentration was evaluated using the method described
by Li et al. (2016b).

2.4.3. Measurement of apoptosis
The PS exposure and DNA fragmentation in fish erythrocytes

were assessed using the Annexin V-FITC Apoptosis Detection Kit
and TdT-mediated dUTP nick end labelling (TUNEL) Apoptosis
Assay Kit (Beyotime, Nantong, China), respectively, as described
previously (Li et al., 2016c).

2.5. Statistical analysis

The data are expressed as the means ± standard deviation (SD).
The data were subjected to one-way analysis of variance (ANOVA).
Duncan's multiple range test was used to determine significant
differences. The significance level was 95% (a ¼ 0.05). The con-
centration required for 50% inhibition of cell survival (IC50) was
determined using the probit analysis. The statistical analysis was
performed using SPSS 13.0 for Windows (Chicago, IL, USA) (Tan
et al., 2010).

3. Results

3.1. The toxicity of BHA and EAm in rat hepatocytes and carp
erythrocytes

We examined the effects of BHA and EAm on cell viability in
primary cultured rat hepatocytes using an MTT assay. The results
showed that the cell viability gradually decreased with increasing
concentrations of BHA and EAm (P < 0.05) (Fig. 1A). Butylated
hydroxyanisole at a concentration of 0.125 mg/mL caused a dra-
matic toxic response, and approximately 80% of the cells lost their
viability within 24 h of BHA treatment. Increasing the BHA con-
centration to 0.25 mg/mL caused a more vigorous response, and
over 90% of the cells lost viability after incubating for the same
period of time. In contrast, no apparent toxic effect was observed
for EAm at 0.125, 0.25, or even 0.5 mg/mL (P < 0.05). Furthermore,
EAm at a concentration of 0.75 mg/mL only slightly reduced he-
patocyte viability. The rank order of IC50 found using the MTT assay
was AQE > AE ¼ EE > EAE > EEE > BHA (P < 0.05) (Table 1).

The haemolysis of erythrocytes incubated with different con-
centrations of BHA and EAm (0.125 to 1.00 mg/mL) is presented in
Fig.1B. The results were similar to those for the rat hepatocytes. The
rank order of IC50 found using the haemolysis assay was
AQE > AE > EE > EAE > EEE > BHA (P < 0.05) (Table 1). There was a
significant increase in haemolysis caused by BHA and EAm at 0.50
and 0.75 mg/mL, respectively (P < 0.05). Thus, 0.25 mg/mL was the
maximal treatment concentration of BHA and EAm that did not
cause a significant increase in haemolysis. Thus, 0.25 mg/mL was
selected as a non-toxic therapy concentration for BHA and EAm,
and this concentration was used for the experiments using carp
erythrocytes.

3.2. The effects of BHA and EAm on the �OH-treated carp
erythrocytes

As shown in Fig. 2, the levels of annexin binding and TUNEL-
positive cells were significantly increased in the carp erythrocytes
exposed to �OH alone (P < 0.05), which suggests an increase in the
PS exposure and DNA fragmentation in the control group. However,
treatment with BHA and EAm significantly decreased the levels of
annexin binding (Fig. 2A) and the number of TUNEL-positive
(Fig. 2B) cells (P < 0.05), which suggests a decrease in the PS
exposure and DNA fragmentation in �OH-treated carp erythrocytes.
In particular, when the erythrocytes were treated with AE in the
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presence of �OH, the levels of annexin binding and TUNEL-positive
cells were estimated to be the minimum value for all of the
examined compounds. The level of PS exposure and DNA frag-
mentation in the �OH-treated erythrocytes treated with EEE and
EAE were lower than those for the BHA treatments (P < 0.05)
(Fig. 2).

The effects of BHA and EAm on O
��
2 , H2O2, Met-Hb, MDA, and PC

in �OH-treated carp erythrocytes are presented in Table 2. Exposure
to �OH significantly increased the levels of O

��
2 , H2O2, Met-Hb, MDA,

and PC in the erythrocytes relative to those in the untreated control
(P < 0.05). However, treatment with BHA and EAm effectively
prevented the increase in O

��
2 , H2O2, Met-Hb, MDA, and PC levels in

the erythrocytes that had been exposed to �OH (P < 0.05). In
particular, the �OH-treated erythrocytes that were also treated with
BHA showed the minimum values of O

��
2 , H2O2, Met-Hb, MDA, and

PC for all of the examined compounds. The levels of O
��
2 H2O2, and

Met-Hb for the AE treatment were equivalent to those for the BHA
treatment. Additionally, the levels of MDA and PC for the AE
treatment were estimated to be the minimum value for all of the
examined extracts.

As presented in Table 3, the levels of GSH and the activities of GR
and GST were markedly decreased in carp erythrocytes exposed to
�OH alone (P < 0.05). However, for the BHA and EAm treatments,
Fig. 2. The effects of butylated hydroxyanisole (BHA) and of ethyl ether extracts (EEE),
ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE), and aqueous
extracts (AQE) of Astragalus membranaceus root on the levels of annexin binding (A)
and TUNEL (B) in �OH- treated carp erythrocytes. The data represent the means ± SD of
4 replicates. aegBars with different superscripts are significantly different (P < 0.05).
the decreases were effectively inhibited in the erythrocytes that
had been exposed to �OH (P < 0.05). The levels of GSH and the
activities of GR and GST in the �OH-treated carp erythrocytes that
were also treated with BHAwere the highest values compared with
those of the examined compounds. The levels of GSH and the ac-
tivities of GR for the AE treatment were estimated to be equivalent
to those of the BHA treatment. The GSTactivity for the AE treatment
was estimated to be 162.40 U/mg proteins, which is the maximum
value for the examined extracts.

4. Discussion

4.1. Butylated hydroxyanisole was more cytotoxic than EAm in rat
hepatocytes and carp erythrocytes

The nucleated hepatocyte system provides a very useful model
for studying cell damage caused by chemicals and drugs (Liu and
Zeng, 2009). The MTT assay in rat hepatocytes has been used to
investigate the cytotoxicity of chemicals and drugs (Fotakis and
Timbrell, 2006). In the present study, BHA caused a dramatic
toxic response in a concentration-dependent manner at the con-
centrations ranging from 0.125 to 0.50 mg/mL based on the MTT
assay. In contrast, no apparent toxic effect was observed for EAm at
the same concentrations. This is in good agreement with the re-
ports that BHAwas cytotoxic in Vero cells (Labrador et al., 2007). No
reports have been published on the cytotoxicity of EAm in
hepatocytes.

Haemolysis in the mammal non-nucleated erythrocytes repre-
sents a good model for studying cytotoxicity caused by organic,
inorganic, natural, or synthetic compounds (Pagano and Faggio,
2015). The present study showed that BHA and EAm at high con-
centrations led to an increase of haemolysis in fish erythrocytes.
However, at the same concentrations, BHA is more toxic than EAm
in fish erythrocytes. This is in line with the above-mentioned re-
sults in rat hepatocytes. Moreover, this study indicated that the
toxicity order of BHA and EAm in fish erythrocytes was similar to
that observed in rat hepatocytes. Similar to mammal erythrocytes,
fish erythrocytes contain high concentrations of Hb and unsatu-
rated fatty acids (Li et al., 2016c). Fish erythrocytes retain the nu-
cleus, mitochondria and other organelles, which are mostly similar
to those of mammal tissue cells in structure (Rothmann et al.,
2000). Moreover, studies suggested that the mechanisms of anti-
oxidant defence and apoptosis in fish erythrocytes are similar to
those in mammalian cells (Li et al., 2013, 2016c). In our experience,
fish erythrocytes are easy to harvest and culture in vitro compared
with rat hepatocytes (Li et al., 2016c). Thus, the fish erythrocyte
system can be used as an experimental model to evaluate the
cytotoxicity of chemicals and drugs.

4.2. Butylated hydroxyanisole and EAm inhibited �OH-induced
apoptosis in carp erythrocytes

Phosphatidylserine exposure and DNA fragmentation are bio-
markers of apoptosis (Li et al., 2015a). In this study, BHA and EAm
effectively inhibited PS exposure and DNA fragmentation induced
by �OH in carp erythrocytes. These results confirmed that BHA and
EAm could protect against �OH-induced apoptosis in fish erythro-
cytes. In particular, the inhibitory effects of EAE and AE on apoptosis
were stronger than those of BHA. This finding is consistent with the
reports that BHA and AQE of Am abrogated H2O2-induced apoptosis
in mouse hepatocytes (Hwang et al., 2015). However, data on the
anti-apoptosis properties of the other extracts of Am in animal cells
are scarce.

There may be a positive correlation between the anti-apoptotic
effects of BHA and EAm and ROS in fish erythrocytes. It is has been



Table 2
The effects of butylated hydroxyanisole (BHA) and of ethyl ether extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE) and aqueous extracts
(AQE) of Astragalus membranaceus root on the levels of superoxide anion (O

��
2 ), hydrogen peroxide (H2O2), met-haemoglobin (Met-Hb), malonaldehyde (MDA), protein

carbonyl (PC) in �OH-treated carp erythrocytes.1

Treatment O
��
2 , U/g protein H2O2, mmol/g protein Met-Hb, g/L MDA,nmol/mg protein PC, nmol/mg protein

Control 28.24 ± 2.04a 42.46 ± 2.00a 1.56 ± 0.06a 1.77 ± 0.11a 0.99 ± 0.04a
�OH 67.68 ± 2.76g 114.59 ± 6.40f 3.46 ± 0.22f 3.79 ± 0.25g 2.72 ± 0.13g
�OH þ BHA 33.22 ± 1.62b 52.24 ± 3.90b 1.85 ± 0.10b 2.08 ± 0.13b 1.15 ± 0.06b
�OH þ EEE 47.26 ± 1.88d 74.87 ± 3.77c 2.44 ± 0.16c 3.14 ± 0.14e 1.94 ± 0.12d
�OH þ EAE 41.90 ± 3.20c 72.61 ± 4.43c 2.22 ± 0.12c 2.75 ± 0.14d 1.83 ± 0.10d
�OH þ AE 35.66 ± 1.93b 56.31 ± 3.83b 1.83 ± 0.14b 2.40 ± 0.11c 1.43 ± 0.10c
�OH þ EE 52.15 ± 2.91e 81.87 ± 4.28d 2.84 ± 0.13d 3.17 ± 0.19e 2.19 ± 0.09e
�OH þ AQE 58.96 ± 3.08f 91.00 ± 4.35e 3.10 ± 0.22e 3.43 ± 0.08f 2.48 ± 0.17f

aeg Within a same column, values with different superscripts are significantly different (P < 0.05).
1 The data represent the means ± SD of 4 replicates.

Table 3
The effects of butylated hydroxyanisole (BHA) and of ethyl ether extracts (EEE), ethyl
acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE), and aqueous
extracts (AQE) of Astragalus membranaceus root on the levels of reduced glutathione
(GSH) and the activities of glutathione reductase (GR) and glutathione S-transferase
(GST) in �OH-treated carp erythrocytes.1

Treatment GSH, mmol/g protein GR, U/g protein GST, U/mg protein

Control 6.41 ± 0.23g 5.53 ± 0.41g 201.80 ± 7.32g
�OH 1.71 ± 0.07a 0.95 ± 0.04a 99.29 ± 5.79a
�OH þ BHA 5.48 ± 0.30f 4.97 ± 0.39f 177.07 ± 10.63f
�OH þ EEE 3.91 ± 0.27d 3.55 ± 0.20d 147.75 ± 9.39d
�OH þ EAE 4.45 ± 0.24e 4.32 ± 0.24e 159.97 ± 6.64de
�OH þ AE 5.17 ± 0.25f 5.01 ± 0.25f 162.40 ± 10.20e
�OH þ EE 3.28 ± 0.16c 2.71 ± 0.12c 134.59 ± 7.82c
�OH þ AQE 2.31 ± 0.10b 1.91 ± 0.08b 118.60 ± 9.05b

aeg Within a same column, values with different superscripts are significantly
different (P < 0.05).

1 The data represent the means ± SD of 4 replicates.
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reported that ROS can trigger apoptosis in animal cells (Wang et al.,
2016). In the present study, BHA and EAm effectively decreased the
levels of O

��
2 and H2O2 in carp erythrocytes exposed to �OH. Among

the examined EAm, AE showed the strongest inhibitory effects,
which was almost equivalent to that of BHA. This finding suggested
that BHA and EAm could decrease the generation of ROS in fish
erythrocytes, which is consistent with the reports showing that
BHA prevents the production of ROS in cerebral glioma cells (Ansari
et al., 2014), and EE of Am inhibited the pentylenetetrazol-induced
increase in ROS in vitro (Aldarmaa et al., 2010). These results
demonstrated that BHA and EAm could protect fish erythrocytes
against apoptosis by inhibiting the generation of ROS.

The generation of O
��
2 was accompanied by the oxidation of Hb

to Met-Hb, which does not bind or transport O2 in erythrocytes
(Cimen, 2008). In the present study, BHA and EAm effectively
prevented the increase in Met-Hb levels in the erythrocytes
exposed to �OH. Particularly, the inhibitory effects of AE on Met-Hb
levels were almost equivalent to that of BHA in carp erythrocytes.
This finding suggested that BHA and EAm could inhibit the oxida-
tion of Hb in the erythrocytes. No prior study has addressed the
effects of BHA and EAm on the oxidation of Hb in erythrocytes.
These results demonstrated that BHA and EAm could maintain the
function of erythrocytes by preventing the oxidation of Hb.

The anti-apoptotic effects of BHA and EAm may be closely
associated with the oxidation of cellular components in fish
erythrocytes. The oxidative products of lipids and proteins play an
important role in the induction of apoptosis in mammalian cells (Li
et al., 2016c). Hydroxyl radical can oxidise cellular components,
such as lipids and proteins, leading to the formation of MDA and PC
(Li et al., 2013). In this study, BHA and EAmmarkedly decreased the
MDA and PC levels in �OH-treated carp erythrocytes. Among all of
the examined extracts, AE showed the strongest effects on MDA
and PC. This finding suggested that BHA and EAm could decrease
the oxidation of lipids and proteins in �OH-treated carp erythro-
cytes. This result is in agreement with the reports showing that
BHA decreases lipid peroxidation in cerebral glioma cells (Ansari
et al., 2014) and that EE of Am inhibited the pentylenetetrazol-
induced oxidation of lipids and proteins in vitro (Aldarmaa et al.,
2010). These studies demonstrated that BHA and EAm could pro-
tect fish erythrocytes from apoptosis by preventing the oxidation of
cellular components.

The cytosol contains antioxidants that can scavenge intracellular
ROS and suppress lipid oxidation in cells (Surai et al., 2016; Wu
et al., 2011). Reduced glutathione is the major non-enzymatic
antioxidant (Yin et al., 2016) and plays an important role in
inhibiting apoptosis (Li et al., 2013). The intracellular GSH are
usually kept at high levels through the reduction of oxidised GSH to
GSH by GR (Wen et al., 2015). Glutathione S-transferase also plays
an antioxidant role by conjugating the cleavage products of lipid
peroxides (Wen et al., 2015). Both GR and GST have a protective role
against oxidative stress-induced apoptosis in human cells (Kim
et al., 2010; Rao and Shaha, 2000). Thus, the anti-apoptotic activ-
ity of BHA and EAm may be related to the antioxidants in fish
erythrocytes. In the present study, BHA and EAm restored the levels
of GSH and the activities of GR and GST in carp erythrocytes, which
were decreased following �OH exposure. Among all of the exam-
ined extracts, AE showed the strongest effects. Moreover, the pro-
tective effects of AE on GSH and GRwere almost equivalent to those
of BHA. This finding is in agreement with the report showing that
BHA can maintain the levels of GSH in cerebral glioma cells (Ansari
et al., 2014). No reports have been published on the effects of EAm
on antioxidants in animal cells. These results revealed that in
addition to quenching ROS and preventing the oxidation of cellular
components, BHA and EAm may affect apoptosis by elevating the
activity of antioxidant. The AE of Am showed the most anti-
oxidative and anti-apoptotic effects among all of the examined
extracts. Thus, it is possible that the AE is used as a feed ingredient
for inhibiting oxidative stress and apoptosis in fish erythrocytes.

The EAm maybe be digested by enzymes or fermented by
microflora in the gut of fish. No reports have been published
demonstrating that these extracts could directly enter the blood
circulation and inhibit apoptosis in fish erythrocytes. However,
studies have demonstrated that dietary AQE of Am preserves the
activities of apoptosis-inhibitory factors, such as superoxide dis-
mutase (SOD), catalase (CAT) (Sulowska et al., 2005), glutathione
peroxidase (GPx) (Franco and Cidlowski, 2009), and GR (Kim et al.,
2010) in the myocardium tissue of mice (Mao et al., 2013). Orally
administrated EE of Astragalus decreased the levels of apoptosis-
inducing factors (Li et al., 2016c), such as MDA, PC, and ROS in
the brain of rats (Aldarmaa et al., 2010). However, information
regarding the effect of dietary EAm on fish is scarce. The protective
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effect of EAmmay be closely associated with their constituents. The
main active ingredients of Am include polysaccharides, saponins,
and flavonoids (Monograph, 2003). It has been shown that the di-
etary polysaccharides of Astragalus ameliorate the increase in
toxicity andMDA levels and decrease the activity of SOD and CAT as
well as GSH levels in the liver of mice (Liu et al., 2014). The saponins
of Astragalus inhibited the formation of lipid peroxides in the
myocardium of patients (Monograph, 2003). A few clinical studies
have pointed out that flavonoids protect against oxidative stress
and damage by scavenging apoptosis-inducing factors (Li et al.,
2016a), such as metal ions, ROS, and oxidised lipids in patients
(Nijveldt et al., 2001). Moreover, studies suggested that flavonoids
in the aglycone form (flavonoid aglycones) could be absorbed
directly in the intestine of humans. Unabsorbed flavonoids in the
glycosidic form (flavonoid glycosides) may be metabolised by
bacterial enzymes in the colon, and then absorbed and transported
to the liver (Mahadevan and Park, 2008). However, little is known
about the effect of these ingredients in fish in vivo.

Most flavonoid aglycones and sugars combine into flavonoid
glycosides (Corradini et al., 2011; Kumar and Pandey, 2013).
Flavonoid glycosides are easily soluble in water, methanol, ethanol,
acetone, and ethyl acetate, but are insoluble in ethyl ether and
chloroform (Chebil et al., 2007). Flavonoid aglycone is generally not
soluble in water, but is soluble in methanol, ethanol, acetone, ethyl
acetate, ethyl ether, and other organic solvents (Ferreira and Pinho,
2012). Saponins are generally soluble inwater, methanol, and dilute
ethanol and are easily soluble in hot water, hot methanol, and hot
ethanol but are hardly soluble in acetone, ethyl acetate, and ethyl
ether (Guclu-Ustundag and Mazza, 2007). Saponin aglycones are
generally soluble in ethyl acetate, ethyl ether and benzene, insol-
uble in water (Podolak et al., 2010). Polysaccharides are easily sol-
uble in water but are insoluble in organic solvents (Tomasik, 2003).
Therefore, we speculated that in sequential extraction, the EEE of
Am mainly contains flavonoid and saponin aglycones, while the
EAE of Am mainly contains saponin and flavonoid aglycones, and
flavonoid glycosides. In this study, the EEE and EAE of Am showed
the highest cytotoxicity in rat hepatocytes and fish erythrocytes
among all of the examined extracts. This is in good agreement with
the report that the EAE of Astragalus has cytotoxic and apoptosis-
inducing effects on HeLa cells (Gül €Ozcan, 2012). Their cytotox-
icity may be ascribed to the aglycones of saponin and flavonoids.
Studies have suggested that the flavonoid aglycones induce cyto-
toxicity in ovarian cancer cells (Wang et al., 2015). The saponin
aglycones induce high cytotoxicity in malignant tumour cells
(Wojtkielewicz et al., 2007). The AE of Am may primarily contain
flavonoid glycosides. In this study, the AE of Am showed the most
anti-apoptotic effects among all of the examined extracts. This was
consistent with the reports that flavonoids can prevent apoptosis in
rat hepatocytes (Blankson et al., 2000). Based on the solubility, the
EE of Am may contain a small amount of saponins at room tem-
perature. Studies have indicated that the saponins isolated fromAm
protect against apoptosis in rat cardiomyocytes (Jia et al., 2014). The
saponins in the EE of Am may be the key factors in the anti-
apoptotic effects in fish erythrocytes. The AQE of Am may primar-
ily contain polysaccharides and saponins. Studies have demon-
strated that the polysaccharides of Am can delay zebra fish cell
apoptosis (Xia et al., 2012). The observed anti-apoptotic effects in
fish erythrocytes may be due to the saponins and polysaccharides
in the AQE of Am. However, other ingredients in the AQE of Ammay
obstruct the antioxidative and anti-apoptotic effects in fish eryth-
rocytes (Kuhn, 2002). Further research is needed to uncover the
detailed mechanism by which this occurs.

It has been reported that the some polysaccharides, saponins
and flavonoids can induce cytotoxicity in vitro (Engen et al., 2015;
Podolak et al., 2010; Thetsrimuang et al., 2011). However, no
previous study has addressedwhether EAm could directly enter the
blood circulation and induce cytotoxicity in vivo. Moreover, sub-
chronic toxicity studies demonstrated that the EAm, which consists
of Astragalus polysaccharide and saponins, was safe without any
distinct toxicity and side effects in rats and dogs (Yu et al., 2007).
Long-term studies revealed that no toxic side effects were found in
flavonoids-treated experimental animals (Nijveldt et al., 2001). The
100 g/kg of raw herbs of Am have been given by lavage to rats with
no adverse effects (Monograph, 2003). Thus, it is possible that the
EAm can be used as a feed ingredient for inhibiting oxidative stress
and the apoptosis of erythrocytes in fish.

5. Conclusion

In summary, our study first showed that EAm is toxic at high
concentrations, and at the same concentrations, BHA is more toxic
than EAm in rat hepatocytes and fish erythrocytes. Moreover, the
toxicity order of BHA and EAm in fish erythrocytes was consistent
with that in the rat hepatocytes. Thus, the fish erythrocyte system
can be used as an experimental model to evaluate the cytotoxicity
of feed ingredients. Furthermore, this study is the first to reveal that
EAm inhibits �OH-induced apoptosis by decreasing the generation
of ROS, inhibiting the oxidation of cellular components and
restoring the activities of antioxidants in fish erythrocytes. Of all of
the examined EAm, the AE of Am showed the strongest effects. The
effects of AE on O

��
2 , H2O2, Met-Hb, and GSH levels as well as GR

activity were equivalent to those of BHA, and the effects on
apoptosis were stronger than that of BHA. Therefore, the AE of Am
could be used as a potential natural antioxidant and inhibitor of
apoptosis in fish erythrocytes.

Acknowledgements

This research was financially supported by the Doctoral
Research Fund of Neijiang Normal University (14B07) and Scientific
Research Fund of Sichuan Provincial Education Department
(16ZB0302). The authors wish to thank the personnel of these
teams for their kind assistance.

References

Aldarmaa J, Liu Z, Long J, Mo X, Ma J, Liu J. Anti-convulsant effect and mechanism of
Astragalus mongholicus extract in vitro and in vivo: protection against oxidative
damage and mitochondrial dysfunction. Neurochem Res 2010;35:33e41.

Ansari R, Perween Q, Kumar G, Jayanand M, Ral DV. Effect of butylated hydrox-
yanisole on hydrogen peroxide induced oxidative stress on cerebral glioma cell
line. Asian J Pharm Clin Res 2014;7:177e80.

Blankson H, Grotterùd E, Seglen P. Prevention of toxin-induced cytoskeletal
disruption and apoptotic liver cell death by the grapefruit flavonoid, naringin.
Cell Death Differ 2000;7:739e46.

Chebil L, Humeau C, Anthoni J, Dehez F, Engasser JM, Ghoul M. Solubility of fla-
vonoids in organic solvents. J Chem Eng Data 2007;52:1552e6.

Cimen MY. Free radical metabolism in human erythrocytes. Clin Chim Acta
2008;390:1e11.

Corradini E, Foglia P, Giansanti P, Gubbiotti R, Samperi R, Lagana A. Flavonoids:
chemical properties and analytical methodologies of identification and quan-
titation in foods and plants. Nat Prod Res 2011;25:469e95.

EFSA. Scientific opinion on the re-evaluation of butylated hydroxyanisole - BHA (E
320) as a food additive. EFSA J 2011;9:2392.

Engen A, Maeda J, Wozniak DE, Brents CA, Bell JJ, Uesaka M, et al. Induction of
cytotoxic and genotoxic responses by natural and novel quercetin glycosides.
Mutat Res Genet Toxicol Environ Mutagen 2015;784e785:15e22.

Fan Z, Xiao Y, Chen Y, Wu X, Zhang G, Wang Q, et al. Effects of catechins on litter
size, reproductive performance and antioxidative status in gestating sows.
Anim Nutr 2015;1:271e5.

Ferreira O, Pinho SP. Solubility of flavonoids in pure solvents. Industrial Eng Chem
Res 2012;51:6586e90.

Fotakis G, Timbrell JA. In vitro cytotoxicity assays: comparison of LDH, neutral red,
MTT and protein assay in hepatoma cell lines following exposure to cadmium
chloride. Toxicol Lett 2006;160:171e7.

Franco R, Cidlowski JA. Apoptosis and glutathione: beyond an antioxidant. Cell
Death Differ 2009;16:1303e14.

http://refhub.elsevier.com/S2405-6545(16)30076-2/sref1
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref1
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref1
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref1
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref2
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref2
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref2
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref2
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref3
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref3
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref3
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref3
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref4
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref4
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref4
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref5
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref5
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref5
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref6
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref6
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref6
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref6
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref7
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref7
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref8
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref8
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref8
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref8
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref8
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref9
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref9
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref9
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref9
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref10
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref10
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref10
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref11
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref11
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref11
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref11
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref12
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref12
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref12


H. Li et al. / Animal Nutrition 2 (2016) 376e382382
Gül €Ozcan A. Effects of Geven root extract on proliferation of HeLa cells and bcl-2
gene expressions. Afr J Biotechnol 2012;11:4296e304.

Guclu-Ustundag O, Mazza G. Saponins: properties, applications and processing. Crit
Rev Food Sci Nutr 2007;47:231e58.

Hwang GH, Jeon YJ, Han HJ, Park SH, Baek KM, Chang W, et al. Protective effect of
butylated hydroxylanisole against hydrogen peroxide-induced apoptosis in
primary cultured mouse hepatocytes. J Vet Sci 2015;16:17e23.

Jia Y, Zuo D, Li Z, Liu H, Dai Z, Cai J, et al. Astragaloside IV inhibits doxorubicin-
induced cardiomyocyte apoptosis mediated by mitochondrial apoptotic
pathway via activating the PI3K/Akt pathway. Chem Pharm Bull 2014;62:
45e53.

Kim SJ, Jung HJ, Hyun DH, Park EH, Kim YM, Lim CJ. Glutathione reductase plays an
anti-apoptotic role against oxidative stress in human hepatoma cells. Biochimie
2010;92:927e32.

Kuhn MA. Herbal remedies: drug-herb interactions. Crit Care Nurse 2002;22:
22e35.

Kulkeaw K, Sugiyama D. Zebrafish erythropoiesis and the utility of fish as models of
anemia. Stem Cell Res Ther 2012;3:55.

Kumar S, Pandey AK. Chemistry and biological activities of flavonoids: an overview.
Sci World J 2013;2013:1e16.

Labrador V, Fern�andez Freire P, P�erez Martín JM, Hazen MJ. Cytotoxicity of butylated
hydroxyanisole in Vero cells. Cell Biol Toxicol 2007;23:189e99.

Lang F, Gulbins E, Lerche H, Huber SM, Kempe DS, F€oller M. Eryptosis, a window to
systemic disease. Cell Physiol Biochem 2008;22:373e80.

Li HT, Zhou XQ, Gao P, Li QY, Li HS, Huang R, et al. Inhibition of lipid oxidation in
foods and feeds and hydroxyl radical-treated fish erythrocytes: a comparative
study of Ginkgo biloba leaves extracts and synthetic antioxidants. Anim Nutr
2016a;2:234e41.

Li HT, Feng L, Jiang WD, Liu Y, Jiang J, Li SH, et al. Oxidative stress parameters and
anti-apoptotic response to hydroxyl radicals in fish erythrocytes: protective
effects of glutamine, alanine, citrulline and proline. Aquat Toxicol 2013;126:
169e79.

Li HT, Feng L, Jiang WD, Liu Y, Jiang J, Zhang YA, et al. Ca(2þ) and caspases are
involved in hydroxyl radical-induced apoptosis in erythrocytes of Jian carp
(Cyprinus carpio var. Jian). Fish Physiol Biochem 2015a;41:1305e19.

Li HT, Jiang WD, Liu Y, Jiang J, Zhang YA, Wu P, et al. Data in the activities of caspases
and the levels of reactive oxygen species and cytochrome c in the
hydroxylradicals-induced fish erythrocytes treated with alanine, citrulline,
proline and their combination. Data Brief 2016b;7:16e22.

Li HT, Jiang WD, Liu Y, Jiang J, Zhang YA, Wu P, et al. The metabolites of glutamine
prevent hydroxyl radical-induced apoptosis through inhibiting mitochondria
and calcium ion involved pathways in fish erythrocytes. Free Radic Biol Med
2016c;92:126e40.

Li XY, Tang L, Hu K, Liu Y, Jiang WD, Jiang J, et al. Effect of dietary lysine on growth,
intestinal enzymes activities and antioxidant status of sub-adult grass carp
(Ctenopharyngodon idella). Fish Physiol Biochem 2014;40:659e71.

Li Y, Zhang H, Yang L, Zhang L, Wang T. Effect of medium-chain triglycerides on
growth performance, nutrient digestibility, plasma metabolites and antioxidant
capacity in weanling pigs. Anim Nutr 2015b;1:12e8.

Liu Y, Liu F, Yang Y, Li D, Lv J, Ou Y, et al. Astragalus polysaccharide ameliorates
ionizing radiation-induced oxidative stress in mice. Int J Biol Macromol
2014;68:209e14.

Liu ZH, Zeng S. Cytotoxicity of ginkgolic acid in HepG2 cells and primary rat he-
patocytes. Toxicol Lett 2009;187:131e6.

Livingstone DR. Contaminant-stimulated reactive oxygen species production and
oxidative damage in aquatic organisms. Mar Pollut Bull 2001;42:656e66.

Mahadevan S, Park Y. Multifaceted therapeutic benefits of Ginkgo biloba L.:
chemistry, efficacy, safety, and uses. J Food Sci 2008;73:R14e9.

Mao L, Zhao Y, Niu A, Yang H. Effect of Astragalus membranaceus aqueous extract on
oxidative stress in exhausting exercise mice. Food Agric Environ 2013;11:18e21.

Monograph. Astragalus membranaceus. Altern Med Rev 2003;8:72e7.
Nijveldt RJ, Nood Ev, Hoorn DEv, Boelens PG, Norren Kv, Leeuwen PAv. Flavonoids: a
review of probable mechanisms of action and potential applications. Am J Clin
Nutr 2001;74:418e25.

Pagano M, Faggio C. The use of erythrocyte fragility to assess xenobiotic cytotox-
icity. Cell Biochem Funct 2015;33:351e5.

Podolak I, Galanty A, Sobolewska D. Saponins as cytotoxic agents: a review. Phy-
tochem Rev 2010;9:425e74.

Rao AVSK, Shaha C. Role of glutathione S-transferases in oxidative stresseinduced
male germ cell apoptosis. Free Radic Biol Med 2000;29:1015e27.

Rothmann C, Levinshal T, Timan B, Avtalion RR, Malik Z. Spectral imaging of red
blood cells in experimental anemia of Cyprinus carpio. Comp Biochem Physiol
Part A 2000;125:75e83.

Shi H, Guo Y, Liu Y, Shi B, Guo X, Jin L, et al. The in vitro effect of lipopolysaccharide
on proliferation, inflammatory factors and antioxidant enzyme activity in
bovine mammary epithelial cells. Anim Nutr 2016;2:99e104.

Sopjani M, Foller M, Lang F. Gold stimulates Ca(2þ) entry into and subsequent
suicidal death of erythrocytes. Toxicology 2008;244:271e9.

Sulowska Z, Majewska E, Klink M, Banasik M, Tchorzewski H. Flow cytometric
evaluation of human neutrophil apoptosis during nitric oxide generation
in vitro: the role of exogenous antioxidants. Mediat Inflamm 2005;2005:81e7.

Surai PF, Fisinin VI, Karadas F. Antioxidant systems in chick embryo development.
Part 1. Vitamin E, carotenoids and selenium. Anim Nutr 2016;2:1e11.

Tan B, Yin YL, Kong XF, Li P, Li XL, Gao HJ, et al. L-Arginine stimulates proliferation
and prevents endotoxin-induced death of intestinal cells. Amino Acids 2010;38:
1227e35.

Thetsrimuang C, Khammuang S, Chiablaem K, Srisomsap C, Sarnthima R. Antioxi-
dant properties and cytotoxicity of crude polysaccharides from Lentinus poly-
chrous L�ev. Food Chem 2011;128:634e9.

Tomasik P. Chemical and functional properties of food saccharides. 1st ed. Boca
Raton: CRC Press; 2003.

Wang W, Lee S, Hung SSO, Deng DF. Responses of heat shock protein 70 and
caspase-3/7 to dietary selenomethionine in juvenile white sturgeon. Anim Nutr
2016;2:45e50.

Wang Y, Han A, Chen E, Singh RK, Chichester CO, Moore RG, et al. The cranberry
flavonoids PAC DP-9 and quercetin aglycone induce cytotoxicity and cell cycle
arrest and increase cisplatin sensitivity in ovarian cancer cells. Int J Oncol
2015;46:1924e34.

Wen J, JiangW, Feng L, Kuang S, Jiang J, Tang L, et al. The influence of graded levels of
available phosphorus on growth performance, muscle antioxidant and flesh
quality of young grass carp (Ctenopharyngodon idella). Anim Nutr 2015;1:77e84.

Wojcikowski K, Stevenson L, Leach D, Wohlmuth H, Gobe G. Antioxidant capacity of
55 medicinal herbs traditionally used to treat the urinary system: a comparison
using a sequential three-solvent extraction process. J Altern Complement Med
2007;13:103e9.

Wojtkielewicz A, Dlugosz M, Maj J, Morzycki JW, Nowakowski M, Renkiewicz J, et al.
New analogues of the potent cytotoxic saponin OSW-1. J Med Chem 2007;50:
3667e73.

Wu CL, Zhang WB, Mai KS, Xu W, Zhong XL. Effects of dietary zinc on gene
expression of antioxidant enzymes and heat shock proteins in hepatopancreas
of abalone Haliotis discus hannai. Comp Biochem Physiol C Toxicol Pharmacol
2011;154:1e6.

Xia G, Han X, Qi J, Liu W, Song J, Qin J, et al. The effects of astragalus polysaccharide
on zebrafish cell apoptosis and senescence. Am J Mol Biol 2012;02:103e9.

Yin J, Duan JL, Cui ZJ, Ren WK, Li TJ, Yin YL. Hydrogen peroxide-induced oxidative
stress activates NF-kB and Nrf2/Keap1 signals and triggers autophagy in piglets.
RSC Adv 2015;5:15479e86.

Yin J, Ren WK, Yang G, Duan JL, Huang XG, Fang RJ, et al. l-Cysteine metabolism and
its nutritional implications. Mol Nutr Food Res 2016;60:134e46.

Yu SY, Ouyang HT, Yang JY, Huang XL, Yang T, Duan JP, et al. Subchronic toxicity
studies of Radix Astragali extract in rats and dogs. J Ethnopharmacol 2007;110:
352e5.

http://refhub.elsevier.com/S2405-6545(16)30076-2/sref13
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref13
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref13
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref13
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref14
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref14
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref14
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref15
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref15
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref15
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref15
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref16
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref16
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref16
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref16
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref16
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref17
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref17
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref17
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref17
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref18
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref18
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref18
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref19
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref19
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref20
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref20
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref20
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref21
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref21
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref21
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref21
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref21
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref22
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref22
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref22
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref22
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref23
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref23
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref23
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref23
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref23
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref24
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref24
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref24
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref24
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref24
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref25
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref25
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref25
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref25
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref25
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref26
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref26
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref26
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref26
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref26
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref27
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref27
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref27
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref27
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref27
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref28
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref28
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref28
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref28
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref29
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref29
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref29
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref29
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref30
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref30
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref30
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref30
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref31
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref31
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref31
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref32
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref32
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref32
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref33
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref33
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref33
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref34
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref34
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref34
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref35
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref35
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref36
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref36
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref36
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref36
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref37
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref37
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref37
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref38
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref38
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref38
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref39
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref39
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref39
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref39
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref40
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref40
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref40
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref40
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref41
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref41
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref41
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref41
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref42
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref42
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref42
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref42
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref43
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref43
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref43
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref43
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref44
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref44
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref44
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref45
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref45
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref45
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref45
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref46
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref46
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref46
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref46
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref46
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref47
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref47
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref48
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref48
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref48
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref48
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref49
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref49
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref49
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref49
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref49
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref50
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref50
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref50
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref50
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref51
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref51
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref51
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref51
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref51
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref52
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref52
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref52
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref52
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref53
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref53
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref53
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref53
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref53
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref54
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref54
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref54
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref55
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref55
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref55
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref55
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref56
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref56
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref56
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref57
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref57
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref57
http://refhub.elsevier.com/S2405-6545(16)30076-2/sref57

	The cytotoxicity and protective effects of Astragalus membranaceus extracts and butylated hydroxyanisole on hydroxyl radica ...
	1. Introduction
	2. Materials and methods
	2.1. Chemicals
	2.2. Preparation of EAm
	2.3. Cytotoxicity assays
	2.3.1. Three-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay
	2.3.2. Haemolysis assay

	2.4. Cytoprotection assays
	2.4.1. Experimental procedure
	2.4.2. Biochemical analysis
	2.4.3. Measurement of apoptosis

	2.5. Statistical analysis

	3. Results
	3.1. The toxicity of BHA and EAm in rat hepatocytes and carp erythrocytes
	3.2. The effects of BHA and EAm on the OH-treated carp erythrocytes

	4. Discussion
	4.1. Butylated hydroxyanisole was more cytotoxic than EAm in rat hepatocytes and carp erythrocytes
	4.2. Butylated hydroxyanisole and EAm inhibited OH-induced apoptosis in carp erythrocytes

	5. Conclusion
	Acknowledgements
	References


