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a b s t r a c t

This study explored the effects of butylated hydroxytoluene (BHT) and ethoxyquin (EQ) and ethyl ether
extracts, ethyl acetate extracts (EAE), acetone extracts, ethanol extracts and aqueous extracts of Ginkgo
biloba leaves (EGbs) on lipid oxidation in a linoleic acid emulsion, fish flesh and fish feed and in hydroxyl
radical ($OH)-treated carp erythrocytes. The linoleic acid, fish flesh and fish feed were incubatedwith BHT,
EQ and EGbs at 45�C for 8 d, respectively, except for the control group. The lipid oxidation in the linoleic
acid emulsion, fish flesh and fish feed was then measured by the ferric thiocyanate method or thio-
barbituric acid method. The carp erythrocytes were treated with BHT, EQ or EGbs in the presence of
40 mmol/L FeSO4 and 20 mmol/L H2O2 at 37�C for 6 h, except for the control group. Oxidative stress and
apoptosis parameters in carp erythrocytes were then evaluated by the commercial kit. The results showed
that BHT, EQ and EGbs inhibited lipid oxidation in the linoleic acid emulsion, fish flesh and fish feed and
$OH-induced phosphatidylserine exposure and DNA fragmentation (the biomarkers of apoptosis) in carp
erythrocytes. Furthermore, BHT, EQ and EGbs decreased the generation of reactive oxygen species (ROS),
inhibited the oxidation of cellular components and restored the activities of enzymatic antioxidants in
$OH-treated carp erythrocytes. Of all examined EGbs, EAE showed the strongest effects. The effects of EAE
on lipid oxidation in the linoleic acid emulsion and on superoxide anion and malonaldehyde levels,
catalase activity and apoptosis in $OH-treated carp erythrocytes were equivalent to or stronger than those
of BHT. Moreover, these results indicated that the inhibition order of EGbs on the generation of ROS and
oxidation of cellular components in fish erythrocytes approximately agreedwith that for the food and feed
materials tested above. And, the antioxidative and anti-apoptotic effects of EGbswere positively correlated
with their flavonoid content. Taken together, these results revealed that the fish erythrocyte system can be
used as an experimental model to evaluate lipid oxidation in food and feed ingredients. The EAE can be
used as a potential natural antioxidant or apoptosis inhibitor. The inhibition effects of EGbs on lipid
oxidation and apoptosis may be due to the presence of flavonoid compounds.
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1. Introduction

Lipid oxidation is a commonproblem in foods and feeds (Fritsche
and Johnston, 1988; Wqsowicz et al., 2004). Lipids can undergo
peroxidation in a chain reactionwith reactive oxygen species (ROS),
including the superoxide anion (O2

�), hydrogen peroxide (H2O2)
and hydroxyl radical ($OH) from cells (German,1999). Cells produce
uction and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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O2
� and H2O2, resulting in unsaturated fatty acid peroxidation in

animal tissues after slaughter (Kanner, 1994). Lipid oxidation is
propagated under the catalytic actions of iron and other redoxmetal
ions (Morrissey et al., 1998). However, the cytosol contains antiox-
idants that can suppress lipid oxidation in food and feed ingredients
(Girotti, 1985). This process is particularly similar to themetabolism
of ROS in human erythrocytes. Erythrocytes continuously produce
O2

� by the autoxidation of haemoglobin (Cimen, 2008). The dis-
mutation of O2

� generates H2O2 that can initiate lipid peroxidation
in erythrocytes. Hydrogen peroxide reacts with heme Fe2þ to pro-
duce $OH that can strengthen the process (Puppo and Halliwell,
1988). Our previous study demonstrated that exposure to FeSO4
andH2O2 triggers lipid oxidation in fish erythrocytes (Li et al., 2013).
Similar to human erythrocytes, fish erythrocytes contain high con-
centrations of haemoglobin that can continuously produce ROS and
a high content of unsaturated fatty acids that be easily oxidized by
ROS in membranes (Li et al., 2016). The mechanisms of antioxidant
defences in fish cells are similar to those in mammal cells (Winston
and Giulioz, 1991). Moreover, fish erythrocytes retain the nucleus,
mitochondria and other organelles, which are mostly similar to
those of animal tissue cells in structure (Rothmann et al., 2000).
Thus, it is possible that the fish erythrocyte system could be used as
a model of lipid oxidation in food and feed ingredients.

Lipid oxidation leads to the breakdown of nutritional ingredients,
change in taste, scent and colour, the development of toxic metab-
olites and a decrease in the shelf life of foods and feeds (Błaszczyk
et al., 2013; Smet et al., 2008). Diets with oxidized lipid can result
in decreased animal health, performance and quality (Chen et al.,
2013; Han et al., 2012; Zhang et al., 2011). Thus, it is essential to
expandourknowledgeofhowtoprotect foods and feedsagainst lipid
oxidation. Synthetic antioxidants, such as butylated hydroxytoluene
(BHT) and ethoxyquin (EQ), have been used for many years to stop
lipid oxidation in foods and feeds (Błaszczyk et al., 2013). However,
studies indicated that BHT and EQ are carcinogenic and toxic to an-
imals (Ito et al., 1985; Nakagawa et al., 1994). Therefore, there is
growing interest in replacing synthetic antioxidants with natural
ingredients (Aksoyet al., 2013).Ginkgo biloba L. (Gb), a native plant of
China, is now cultivated as an ornamental plant throughout the
world. The standard extract of Gb leaves is well known as a natural
antioxidative drug (Mahadevan and Park, 2008). However, a large
amount of Gb leaves are treated as rubbish inmany cities of China in
the autumn and winter (Briancon-Scheid et al., 1983). Hence, it is
possible to develop the extract of Gb leaves (EGbs) as an inhibitor of
lipid oxidation in foods and feeds. However, information regarding
theprotective effects of theEGbs on food and feedmaterials is scarce.

In our previous study, $OH induced apoptosis in fish erythro-
cytes, which provided a good model of oxidative damage in fish
cells (Li et al., 2013). In this study, the apoptosis was induced in the
same manner. We explored the effects of BHT and EQ and of ethyl
ether extracts (EEE), ethyl acetate extracts (EAE), acetone extracts
(AE), ethanol extracts (EE) and aqueous extracts (AQE) of EGbs on
lipid oxidation in a linoleic acid emulsion, fish flesh and fish feed
and $OH-treated carp erythrocytes. The purpose was to evaluate
the protective effects of EGbs against lipid oxidation in food and
feed ingredients for comparisonwith the effects of BHT and EQ. The
results may provide a basis for applications of fish erythrocytes as a
model of lipid oxidation and the use of EGbs as a natural antioxi-
dant in foods and feeds.

2. Materials and methods

2.1. Chemicals

The BHT (analytical standard), heparin sodium (�99%) and
dimethyl sulfoxide (DMSO, �99.7%) were purchased from
SigmaeAldrich Co., LLC (St. Louis, MO, USA). The EQ (�90%) was
obtained from Shanghai PuZhen Biotech. Co., LTD (Shanghai,
China). Ethyl ether, ethyl acetate, acetone and ethanol were of
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). Physiological 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 modified to obtain a total
osmolarity of 280 mOsm/L and pH of 7.9 and was prepared in our
laboratory. All other chemicals were analytical grade.

2.2. Preparation of EGbs

Leaves of Gbwere collected in November from the trees growing
near Neijiang Normal University (Neijiang, 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 extraction following the
methods ofWojcikowski et al. (2007), the dried leaves were ground
to a powder (max particle size of 0.32 mm) using a Chinese med-
icine mill (Ronghao RHP-2000A, Zhejiang, China). Next, 50 g of the
powder was extracted with 500 mL of ethyl ether, ethyl acetate,
acetone, or ethanol or water at 20�C for 8 h using an Agitator
(Dalong OS40-S, Beijing, China). The extraction using each solvent
was repeated 3 times under the same conditions. After filtration,
the solutions were removed and dried in vacuo by a rotary evap-
orator (Jinye RE-52CS, Shanghai, China) until a constant mass was
achieved. The extraction process was repeated 4 times under the
same conditions. The EEE, EAE, AE, EE and AQE were kept in sealed
bottles in the dark and stored at �80�C until use.

2.3. Determination of total flavonoid content (TFC)

The TFC of EGbs was estimated using an aluminium chloride
colorimetric assay (Zou et al., 2004).

2.4. Measurement of lipid oxidation in a linoleic acid emulsion

Amixture of 4 mL of absolute ethanol (control), EGbs, BHT or EQ
(2 mg/mL), 4.1 mL of 2.51% linoleic acid in absolute ethanol, 8.0 mL
of 0.02 mol/L phosphate buffer (pH 7.0), and 3.9 mL of distilled
water in covered test tubes was placed in an oven at 45�C in the
dark. After incubation for 24 h, the lipid oxidation in the emulsion
was determined by measuring the absorbance of the resulting
mixture at 500 and 532 nm based on the ferric thiocyanate (FTC)
and thiobarbituric acid (TBA) methods, respectively (Sharma and
Vig, 2014). The manoeuvre described above was repeated every
24 h until the absorbance of the control reached the maximum
level. Four replicates were prepared for each treatment.

2.5. Measurement of lipid oxidation in fish flesh

Lipid oxidation in fish flesh was measured using the method
described by Movileanu et al. (2013) with slight modifications.
Healthy carp (100 to 110 g) obtained from local fisheries was
anaesthetized and killed. Next, the head, fins and visceral organs
were removed from the fish. The residual carcasses were homog-
enized in a meat grinder (Deming DM-JRJ10, Hangzhou, China) and
extruded through a 3 mm die. The samples of fish flesh were
individually blended and reground in a grinder (Ronghao RHP-
2000A, Zhejiang, China) for 3 min and then extruded through a
1 mm die after 1.00 g/kg of dried BHT, EQ or EGbs in their original
form was incorporated directly into the grinder, except for the
control. Each sample (20 g) of fish flesh was placed in a separate
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100 mL open beaker; the beakers were then transferred to an oven
at 45�C for 8 d without stirring. Immediately after the storage
period, lipid oxidation was measured by the TBA method. Four
replicates were prepared for each treatment.

2.6. Measurement of lipid oxidation in fish feed

Eight types of feed were formulated for this experiment by the
addition of 1.00 g/kg of dried BHT, EQ or EGbs based on the method
of Lin and Zhou (2006) (Table 2). The feeds with particle-like
properties were treated in the same manner as the fish flesh
above. Lipid oxidation was measured by the TBA method. Four
replicates were prepared for each treatment.

Inhibition (I) of lipid oxidation in the linoleic acid emulsion, fish
flesh and feeds was calculated using the following equation: I
(%) ¼ 100 � (1�A1/A0). Here, A0 was the absorbance of the control,
and A1 was the absorbance of the sample solution.

2.7. Cytoprotection assays

2.7.1. Experimental procedure
The experimental procedures were based on those described

by Li et al. (2016), with slight modifications. The BHT, EQ, EEE, EAE,
AE, EE or AQE was 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, BHT, EQ and EGbs
was not added to the PCS, but the PCS did contain 1% erythrocytes
(vol/vol) and 0.1% DMSO (vol/vol). After all the above treatments
were pre-incubated at 37�C for 3 h, FeSO4 and H2O2 was respec-
tively added at a final concentration of 40 and 20 mmol/L for the
induction of apoptosis, except for the control group. After incu-
bation 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 O2

�, H2O2, malonaldehyde (MDA) and protein carbonyl
(PC), the activities of superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GPx), and the phosphatidylserine (PS)
Fig. 1. Influence of butylated hydroxytoluene (BHT) or ethoxyquin (EQ) and of ethyl ether ex
aqueous extracts (AQE) of Ginkgo biloba leaves on absorbance value at 500 nm for the FTC
compounds on the lipid oxidation measured using the FTC method (C) and the TBA method
Bars with different superscripts are significantly different (P < 0.05).
exposure and DNA fragmentation. The experiment was performed
with 4 replicates per treatment and the control.

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

2.7.2. Biochemical analysis
The contents of O2

�, H2O2, MDA and PC in the erythrocytes were
measured as described by Li et al. (2013). The activities of SOD, CAT
and GPx were determined by the method of Fan et al. (2015). The
protein concentration was determined by the method of Darbkin
(1946).

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

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

2.8. 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% (a¼ 0.05). The statistical
analysis was performed using SPSS 13.0 for Windows (Chicago, IL,
USA).

3. Results

3.1. Effects of BHT, EQ and EGbs on the oxidation of linoleic acid

As shown in Fig. 1A, the oxidation of linoleic acid was man-
ifested in the increase of the absorption at 500 nmmeasured for the
tracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE) or
method (A) and at 532 nm for the TBA method (B). The inhibition (I) induced by these
(D) in a linoleic acid emulsion. The data represent the means ± SD of 4 replicates. aed



Fig. 2. Inhibition (I) caused by butylated hydroxytoluene (BHT) or ethoxyquin (EQ) and
by ethyl ether extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE),
ethanol extracts (EE) or aqueous extracts (AQE) of Ginkgo biloba leaves on the lipid
oxidation in fish flesh (A) and fish feed (B). Their correlation (C) with the flavonoid
content in the extracts. The data represent the means ± SD of 4 replicates. aee Bars with
different superscripts are significantly different (P < 0.05).
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FTC method on d 6 in the control group (P < 0.05). However, BHT,
EQ and EGbs significantly blunted the increase in the absorbance at
500 nm (P < 0.05). Of the examined compounds, BHT, EQ and EAE
showed the strongest inhibitory effects on the oxidation of linoleic
acid (Fig. 1C). The rank order of the inhibition efficacy was
EQ ¼ BHT ¼ EAE > AE > EE > EEE ¼ AQE (P < 0.05).

The oxidation of linoleic acid was demonstrated by the increase
in the absorption at 532 nmmeasured for the TBAmethod on d 8 in
the control group (Fig. 1B) (P < 0.05). However, BHT, EQ and EGbs
significantly blunted the increase in the absorbance at
532 nm (P < 0.05), suggesting a decrease in the oxidation of linoleic
acid. Among the examined compounds, BHT, EQ and EAE showed
the strongest inhibitory effects (Fig. 1D). The rank order of the in-
hibition efficacy agreed approximately with that found using the
FTC method above (P < 0.05).

3.2. Effects of BHT, EQ and EGbs on lipid oxidation in fish flesh and
feed

As shown in Fig. 2, BHT, EQ and EGbs significantly inhibited lipid
oxidation in fish flesh and feed (P < 0.05). In particular, when the
fish flesh and feed were treated with BHT or EQ, the inhibition
reached the highest level for the examined compounds. The
inhibitory effects of EAE in fish flesh and feed on the lipid oxidation
were respectively estimated to be 80.62% and 76.14%, which are the
maximum values for the examined extracts. The inhibition efficacy
in fish flesh decreased in the order EQ ¼ BHT > EAE >
AE > EEE ¼ EE > AQE (P < 0.05) (Fig. 2A). The rank order of the
inhibition efficacy in fish feed was EQ ¼ BHT > EAE > AE >
EE > EEE ¼ AQE (P < 0.05) (Fig. 2B). The inhibitory effects of EEE,
EAE, AE, EE and AQE on the lipid oxidation in fish feed and fish flesh
were positively correlated with their flavonoid content (P < 0.05)
(Fig. 2C) (Table 1).
Table 1
Yield rate and flavonoid content in the ethyl ether extracts (EEE), ethyl acetate ex-
tracts (EAE), acetone extracts (AE), ethanol extracts (EE) and aqueous extracts (AQE)
of Ginkgo biloba leaves.

Extracts Yield, g/kg dry herb Flavonoids, mg/g dry extracts

EEE 203.91 ± 9.56e 13.44 ± 0.99a

EAE 157.19 ± 10.01d 29.90 ± 2.13d

AE 107.94 ± 7.28c 24.75 ± 1.87c

EE 56.12 ± 4.04a 17.34 ± 1.13b

AQE 85.53 ± 6.16b 12.08 ± 0.86a

aee Within a same column, values with different superscripts are significantly
different (P < 0.05), and the data represent the means ± SD of 4 replicates.
3.3. Effects of BHT, EQ and EGbs on the ·OH-treated carp
erythrocytes

As shown in Fig. 3, the levels of annexin binding and TUNEL-
positive cells were significantly increased in the carp erythrocytes
exposed to $OH alone (P < 0.05), suggesting an increase in PS
exposure and DNA fragmentation in the control group. However,
treatment with BHT, EQ and EGbs significantly decreased the
levels of annexin binding (Fig. 3A) and TUNEL-positive (Fig. 3B)
cells (P < 0.05), suggesting a decrease in the PS exposure and DNA
fragmentation in $OH-treated carp erythrocytes. In particular,
when the erythrocytes were treated with EAE in the presence of
$OH, the level of annexin binding and TUNEL-positive cells was
estimated to be the minimum value for all examined compounds.
The levels of PS exposure and DNA fragmentation in the $OH-
treated erythrocytes treated with AE were lower than those for
the BHT and EQ treatments. The inhibitory effects of EEE, EAE, AE,



Fig. 3. Effects of butylated hydroxytoluene (BHT) or ethoxyquin (EQ) and of ethyl ether
extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE)
or aqueous extracts (AQE) of Ginkgo biloba leaves on annexin binding (A) and TUNEL
(B) in $OH-treated carp erythrocytes. Correlation (C) between anti-apoptotic function
and flavonoid content in the extracts of Ginkgo biloba leaves. The data represent the
means ± SD of 4 replicates. aeg Bars with different superscripts are significantly
different (P < 0.05).
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EE and AQE on the $OH-induced apoptosis were positively
correlated with their flavonoid content (P < 0.05) (Fig. 3C)
(Table 1).

The effects of BHT, EQ and EGbs on O2
�, H2O2, MDA and PC

in $OH-treated carp erythrocytes are presented in Table 3.
Exposure to $OH significantly increased the levels of O2

�, H2O2,
MDA and PC in the erythrocytes relative to those in the un-
treated control (P < 0.05). However, treatment with BHT, EQ and
EGbs effectively prevented the increase in O2
�, H2O2, 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 BHT and EQ showed the minimum values of
O2

�, H2O2, MDA and PC for all examined compounds. The levels
of O2

� and MDA for the EAE treatment were equivalent to those
for BHT. Additionally, the levels of H2O2 and PC for the EAE
treatment were estimated to be the minimum value for all
examined extracts. The inhibition order of BHT, EQ and EGbs on
O2

� and H2O2 were EQ ¼ BHT ¼ EAE > AE > EE ¼ AQE > EEE
and EQ ¼ BHT > EAE > AE > EE > AQE ¼ EEE, respectively
(P < 0.05). The inhibition order of BHT, EQ and EGbs on MDA
and PC agreed approximately with those for O2

� and H2O2
above (P < 0.05).

As presented in Table 4, the activities of SOD, CAT and GPx were
markedly decreased in carp erythrocytes exposed to $OH alone
(P < 0.05). However, for the BHT, EQ and EGbs treatments, the
decreases were effectively inhibited in the erythrocytes that had
been exposed to $OH (P < 0.05). The activities of SOD, CAT and GPx
in the $OH-treated carp erythrocytes that were also treatedwith EQ
were the highest values compared with those of the examined
compounds. The activities of CAT and GPx for the BHT treatment
were estimated to be equivalent to those of EQ. The CAT activity for
the EAE treatment was estimated to be 5.11 U/mg proteins, which is
equivalent to that of BHT. Additionally, the activities of SOD and GPx
for the EAE treatment were estimated to be the maximum values
for the examined extracts.

4. Discussion

4.1. BHT, EQ and EGbs inhibited lipid oxidation in the linoleic acid
emulsion, fish flesh and feed

The autoxidation of unsaturated fatty acids is an important
factor leading to the lipid oxidation in food and feed materials
(Girotti, 1985). Thus, a linoleic acid emulsion has been used as a
food system model to investigate lipid oxidation (Yuan et al.,
2005). The FTC method is used to evaluate the amount of
peroxide at the initial stage of lipid oxidation when the peroxide
reacts with FeCl2 to form a reddish ferric chloride pigment that
can be measured at 500 nm. In contrast, the TBA method is used to
measure the levels of MDA, which is a degradation product of
peroxide at the later stage of lipid oxidation when MDA binds TBA
to form a red complex that can be measured at 532 nm (Sharma
and Vig, 2014). In this study, BHT, EQ and EGbs significantly
blunted the increase in the absorbance at 500 nm, suggesting a
decrease in the amount of peroxide, and they reduced the absor-
bance at 532 nm, suggesting a decrease in the MDA levels in the
linoleic acid emulsion. This finding is consistent with the report
that BHT, EQ and the AQE and EE of Gb leaves suppress the
oxidation of linoleic acid (Gulcin, 2006; Kobus et al., 2009; Marco,
1968). In particular, of all the examined EGbs, EAE showed the
strongest inhibitory effect, which was equivalent to the effect of
BHT and EQ. This result suggested that BHT, EQ and EGbs can
inhibit the oxidation of unsaturated fatty acids during the entire
process of lipid oxidation.

The reaction of MDAwith TBA in animal tissues is same as in the
case of the linoleic acid emulsion (Ohkawa et al., 1979). In the
present study, BHT, EQ and EGbs significantly protected against the
formation of MDA in fish flesh and feed, suggesting inhibition of
lipid oxidation. Among all examined EGbs, EAE showed the stron-
gest effects. This finding is in agreement with the report that BHT
and EQ suppress lipid oxidation in foods and feeds (Błaszczyk et al.,
2013; Sanhueza et al., 2000). No reports have been published
indicating that EGbs prevents lipid oxidation in food and feed



Table 2
Composition of the experimental feeds containing butylated hydroxytoluene (BHT), ethoxyquin (EQ) or ethyl ether extracts (EEE), ethyl acetate extracts (EAE), acetone extracts
(AE), ethanol extracts (EE) or aqueous extracts (AQE) of Ginkgo biloba leaves.

Item Control BHT EQ EEE EAE AE EE AQE

Ingredients, %
Fish meal 24.99 24.99 24.99 24.99 24.99 24.99 24.99 24.99
Soybean meal 30.21 30.21 30.21 30.21 30.21 30.21 30.21 30.21
Wheat flour 37.17 37.17 37.17 37.17 37.17 37.17 37.17 37.17
Fish oil 1.23 1.23 1.23 1.23 1.23 1.23 1.23 1.23
Soybean oil 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40
Ca (H2PO4)2 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Vitamin mixture1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mineral mixture2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
BHT, EQ or extracts 0.00 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Nutrient content, %
Crude protein 34.10 34.10 34.10 34.10 34.10 34.10 34.10 34.10
Crude lipid 5.80 5.80 5.80 5.80 5.80 5.80 5.80 5.80
Unsaturated fatty acids (n-3 þ n-6) 2.42 2.42 2.42 2.42 2.42 2.42 2.42 2.42

1 Per kg of mineral mix: FeSO4$7H2O (20% Fe), 69.70 g; CuSO4$5H2O (25% Cu), 1.20 g; ZnSO4$7H2O (23% Zn), 21.64 g; MnSO4$H2O (32% Mn), 4.09 g; Na2SeO3$5H2O (1% Se),
2.50 g; KI (4% I), 2.90 g; CaCO3, 897.98 g.

2 Per kg of vitamin mix: retinyl acetate (500,000 IU/g), 0.80 g; cholecalciferol (500,000 IU/g), 0.48 g; DL-a-tocopherol acetate (50%), 20.00 g; menadione (23%), 0.43 g;
thiamin nitrate (90%), 0.11 g; riboflavine (80%), 0.63 g; pyridoxine HCl (81%), 0.92 g; cyanocobalamin (1%), 0.10 g; ascorhyl acetate (93%), 7.16 g; D-calcium pantothenate (90%),
2.73 g; niacin (99%), 2.82 g; D-biotin (2%), 5.00 g; meso-inositol (99%), 52.33 g; folic acid (96%), 0.52 g.

Table 3
Effects of butylated hydroxytoluene (BHT) or ethoxyquin (EQ) and of ethyl ether extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts (EE) or
aqueous extracts (AQE) of Ginkgo biloba leaves on the levels of superoxide anion (O2

�), hydrogen peroxide (H2O2), malonaldehyde (MDA) and protein carbonyl (PC) in $OH-
treated carp erythrocytes.

Treatment O2
� , U/g protein H2O2, mmol/g protein MDA, nmol/mg protein PC, nmol/mg protein

Control 23.32 ± 1.60a 34.87 ± 1.65a 1.52 ± 0.10a 0.87 ± 0.06a

$OH 59.01 ± 4.34g 96.88 ± 7.16g 3.29 ± 0.15g 2.17 ± 0.13g

$OH þ BHT 29.87 ± 1.87bc 40.96 ± 1.77b 1.81 ± 0.10bc 1.09 ± 0.06b

$OH þ EQ 27.60 ± 1.78b 39.25 ± 2.96b 1.74 ± 0.10b 0.98 ± 0.05ab

$OH þ EEE 53.26 ± 2.55f 76.76 ± 5.34f 2.92 ± 0.17f 2.04 ± 0.07f

$OH þ EAE 32.63 ± 1.52c 47.72 ± 3.14c 1.95 ± 0.07c 1.32 ± 0.08c

$OH þ AE 38.48 ± 1.87d 61.95 ± 3.80d 2.28 ± 0.18d 1.58 ± 0.06d

$OH þ EE 46.16 ± 2.62e 69.63 ± 4.58e 2.66 ± 0.12e 1.80 ± 0.14e

$OH þ AQE 48.12 ± 2.89e 76.87 ± 4.98f 3.03 ± 0.09f 1.99 ± 0.07f

aeg Within a same column, values with different superscripts are significantly different (P < 0.05), and the data represent the means ± SD of 4 replicates.
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materials. The results of this study suggested that BHT, EQ and EGbs
can inhibit lipid oxidation in food and feed materials. The antioxi-
dant effects of EGbs may be closely associated with their flavonoid
content. It has been reported that the plant-derived flavonoids in
Gb possess potent antioxidant activity (Mahadevan and Park,
2008). In this study, a positive correlation was found between the
antioxidant effects and the flavonoid content in EGbs. This result
suggested that the antioxidant activity of EGbs may be caused by
the presence of flavonoids in foods and feeds.
Table 4
Effects of butylated hydroxytoluene (BHT) or ethoxyquin (EQ) and of ethyl ether
extracts (EEE), ethyl acetate extracts (EAE), acetone extracts (AE), ethanol extracts
(EE) or aqueous extracts (AQE) of Ginkgo biloba leaves on the activities of superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) in $OH-treated
carp erythrocytes.

Treatment SOD, U/mg protein CAT, U/mg protein GPx, U/mg protein

Control 44.50 ± 1.63g 6.05 ± 0.33g 65.07 ± 4.60g

$OH 9.37 ± 0.28a 3.17 ± 0.23a 26.68 ± 1.69a

$OH þ BHT 39.58 ± 2.24f 5.40 ± 0.27ef 57.71 ± 2.20f

$OH þ EQ 42.31 ± 2.23g 5.82 ± 0.42fg 60.72 ± 3.31f

$OH þ EEE 18.86 ± 1.48b 3.63 ± 0.18b 38.80 ± 1.71c

$OH þ EAE 35.85 ± 2.06e 5.11 ± 0.29e 52.50 ± 2.51e

$OH þ AE 29.70 ± 1.99d 4.52 ± 0.28d 47.35 ± 2.79d

$OH þ EE 24.19 ± 1.31c 4.03 ± 0.29bc 41.89 ± 2.13c

$OH þ AQE 17.68 ± 1.03b 4.15 ± 0.26cd 33.43 ± 1.85b

aeg Within a same column, values with different superscripts are significantly
different (P < 0.05), and the data represent the means ± SD of 4 replicates.
4.2. BHT, EQ and EGbs inhibited ·OH-induced apoptosis in carp
erythrocytes

The PS exposure and DNA fragmentation are biomarkers of
apoptosis (Li et al., 2015; Tan et al., 2010). In this study, BHT, EQ and
EGbs effectively inhibited the PS exposure and DNA fragmentation
induced by $OH in carp erythrocytes. These results confirmed that
BHT, EQ and EGbs could protect against $OH-induced apoptosis in
fish erythrocytes. In particular, the inhibitory effects of EAE and AE
on the apoptosis were stronger than those of BHT and EQ. This
finding is consistent with the reports that EGb761, a standard
extract from the leaves of Gb, has a protective effect against
apoptosis in human keratinocytes (Zhu et al., 2005). However, data
on the anti-apoptosis properties of BHT and EQ in animal cells are
scarce.

There may be a positive linking the anti-apoptosis effects of BHT,
EQ and EGbs to ROS in fish erythrocytes. It is has been reported that
ROS can trigger apoptosis in animal cells (Shen and Liu, 2006; Yin
et al., 2015). The autoxidation of haemoglobin can continuously
produce O2

�, and the dismutation of O2
� can generate H2O2 in

human erythrocytes (Cimen, 2008). In the present study, the levels
of O2

� and H2O2 increased in the carp erythrocytes exposed to $OH.
This finding is in line with the cases in which cells in animal tissues
produce O2

� and H2O2 in the immediate posteslaughter period
(Kanner, 1994). However, treatment with BHT, EQ and EGbs effec-
tively decreased the levels of O2

� and H2O2 in carp erythrocytes
exposed to $OH. Among the examined EGbs, EAE showed the
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strongest effects. Moreover, the inhibitory effects of EAE on O2
�

were almost equivalent to those of BHT. This finding suggested that
BHT, EQ and EGbs can decrease the generation of ROS in fish
erythrocytes, and it was consistent with the reports showing that
EGb761 can scavenge ROS in rat lymphocytes (Eckert et al., 2003).
These results demonstrated that BHT, EQ and EGbs could protect
fish erythrocytes against apoptosis by inhibiting the generation of
ROS.

The anti-apoptosis effects of BHT, EQ and EGbs 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., 2016). Hydrogen peroxide can react with heme Fe2þ to pro-
duce $OH in human erythrocytes (Cimen, 2008). Hydroxyl radical
can oxidize cellular components, such as lipids and proteins,
leading to the formation of MDA and PC (Li et al., 2013; Yin et al.,
2016). In this study, $OH induced an increase in the MDA and PC
levels in carp erythrocytes. This finding suggested that $OH induces
the oxidation of lipids and proteins in carp erythrocytes, and it is in
good agreement with the reports showing that ROS results in lipid
oxidation with a subsequent increase in MDA levels in animal tis-
sues during handling, processing, storage and cooking (Morrissey
et al., 1998). However, BHT, EQ and EGbs markedly decreased the
MDA and PC levels in $OH-treated carp erythrocytes. Among all
examined extracts, EAE showed the strongest effects on MDA and
PC. Moreover, the inhibitory effects of EAE on MDA were almost
equivalent to those of BHT. This finding suggested that BHT, EQ and
EGbs can quench the oxidation of lipids and proteins in $OH-treated
carp erythrocytes. This result is consistent with the reports
showing that BHT and EQ respectively decrease lipid peroxidation
in cerebellar granule cells (Puttfarcken et al., 1993) and rat hepatic
microsomes (Nilsson et al., 1989), and EGb761 reduces the lipid
oxidation in bovine endothelial cells (Rong et al., 1996). These
studies demonstrated that BHT, EQ and EGbs could protect fish
erythrocytes from apoptosis by preventing the oxidation of cellular
components.

The cytosol contains antioxidants that can scavenge intracel-
lular ROS and suppress lipid oxidation in cells (Wu et al., 2011).
The key enzymatic antioxidants in aquatic organisms are SOD, CAT
and GPx (Li et al., 2013). The SOD and CAT can inhibit apoptosis in
human neutrophils (Sulowska et al., 2005). Thus, the anti-
apoptosis activity of BHT, EQ and EGbs may be related to the an-
tioxidants in fish erythrocytes. In the present study, BHT, EQ and
EGbs restored the activities of SOD, CAT and GPx in carp eryth-
rocytes, which were depressed following $OH exposure. Among all
examined extracts, EAE showed the strongest effects. Moreover,
the protective effects of EAE on CAT were almost equivalent to
those of BHT. This finding is in good harmony with the report
showing that EGb761 prevents the decline of SOD activities in
human keratinocytes (Zhu et al., 2005). No reports have been
published on the effects of BHT and EQ on enzymatic antioxidants
in animal cells. These results revealed that in addition to
quenching ROS and preventing the oxidation of cellular compo-
nents, BHT, and EQ and EGbs may affect apoptosis through their
elevation of enzymatic antioxidant activity. Moreover, the present
study showed that the inhibition order of EEE, EAE, AE, EE and
AQE on the generation of ROS and oxidation of cellular compo-
nents agreed approximately with that for the lipid oxidation in a
linoleic acid emulsion, fish flesh and fish feed. In our experience,
fish erythrocytes are easy to harvest and culture in vitro (Li et al.,
2016). These results revealed that the fish erythrocyte system
could be used as a model of the lipid oxidation in food and feed
ingredients or materials. Among the examined extracts, the EAE
showed the strongest effects on decreasing the generation of ROS,
inhibiting the oxidation of cellular components and restoring the
activities of antioxidants. Thus, the EAE may be used as a natural
antioxidant in food and feed materials.

The anti-apoptosis effect of EGbs may be closely associated with
the flavonoid content. One of the most active ingredients is fla-
vonoids in Gb leaves, which can scavenge apoptosis-inducing
factors, such as metal ions, ROS and oxidized lipid (Mahadevan
and Park, 2008). In the present study, the inhibitory effects of
EGbs on the $OH-induced apoptosis were positively correlated
with their flavonoid content. This result demonstrated that the
anti-apoptotic effects in EGbs may be due to the presence of fla-
vonoids. This idea is in agreement with the reports showing that
flavonoids prevent toxin-induced apoptosis in rat hepatocytes
(Blankson et al., 2000). Flavonoids in the aglycone form can be
absorbed directly in the intestine in humans (Goh and Barlow,
2004). Unabsorbed flavonoids in the glycosidic form may be
metabolized by bacterial enzymes in the colon, and then absorbed
and transported to the liver (Mahadevan and Park, 2008). In this
study, the EAE possessed the highest flavonoid content and
showed the most anti-oxidative and anti-apoptotic effects. Thus, it
is possible that the EAE could be used as a natural antioxidant and
apoptosis inhibitor in fish.
5. Conclusion

In summary, our study first showed that the EEE, EAE, AE, EE and
AQE of Gb leaves inhibit both lipid oxidation in food and feed
materials and $OH-induced apoptosis in fish erythrocytes. Of all the
examined EGbs, the EAE showed the strongest effects. The effects of
EAE on the oxidation of linoleic acid were equivalent to those of
BHT and EQ, and the effects on O2

�, MDA and CAT were equivalent
to those of BHT, and the effects on apoptosis were stronger than
those of BHTand EQ. Therefore, the EAE could be used as a potential
natural antioxidant and apoptosis inhibitor. Furthermore, we found
that the inhibition order of EGbs on the generation of ROS and
oxidation of cellular components in fish erythrocytes agreed
approximately with that for the lipid oxidation in food and feed
materials. Thus, the fish erythrocyte system can be used as an
experimental model of lipid oxidation in food and feed ingredients.
This study is the first to reveal that the anti-oxidative activities and
anti-apoptotic effects of EGbs may be due to the presence of
flavonoids.
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