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silver carp against oxidative damage in HEK-293
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Previous studies verified the protective effects of fish lipids against diseases caused by oxidative damage.

Fish brains are rich in lipids. However, the actions and mechanisms of fish brain lipids on potent

antioxidant activities remain unclear. In this study, total lipids (TLs) extracted from silver-carp brain were

separated into neutral lipids (NLs) and polar lipids (PLs), and the protective roles of lipid fractions (LFs)

against H2O2-induced oxidative damage were examined in a human embryonic kidney 293 (HEK-293)

cell line. LFs effectively resisted H2O2-induced oxidative injury in HEK-293 cells by reducing cellular

reactive oxygen species levels, protecting cellular antioxidant enzyme systems, inhibiting cell apoptosis

and necrosis, and diminishing loss of mitochondrial-membrane potential. Among the TLs, PLs surpassed

NLs in conferring antioxidant activities. The present study may help to explain the protective role of fish

lipids against diseases caused by oxidative damage and promote fish-brain-derived lipids as potential

preventive and therapeutic agents for human health.
1. Introduction

Epidemiological studies suggested that sh-oil consumption is
associated with reduced cardiovascular disease in humans.1

This notion is supported by clinical trials where sh-oil
supplementation reduced the risk of cardiovascular disease.2,3

Oxidative damage is believed to contribute to pathogenesis of
cardiovascular events.4 Polyunsaturated fatty acids (PUFAs),
especially u-3 fatty acids (FAs), are proven antioxidants in vitro
and in vivo.5,6 Thus, protective functions of sh oil, which is rich
in PUFAs, against cardiovascular disease may be partly ascribed
to its antioxidative effects. Although studies have been con-
ducted to explain the role of sh lipids against oxidation,
involved mechanisms require further research.

In Chinese tradition, sh brain is regarded as physically and
neurologically nutritious and benecial to humans. This food is
popular in China and is currently of industrial interest. Previous
studies showed that sh brain is rich in lipids and contain large
amounts of PUFAs, especiallyu-3 FAs.7,8 However, sh brain has
been seldom exploited for health issues. Our previous study
demonstrated that the brain of silver carp (Hypophthalmichthys
molitrix), a majorly cultured fresh water sh species in China,
contains abundant lipids (20.53%) and physiologically and
neurologically benecial FAs. These FAs mainly include a-
linolenic acid (67.66 mg g�1 brain lipids), arachidonic acid
(24.31 mg g�1 brain lipids), eicosapentaenoic acid (EPA,
al University, Yaan 625014, China
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51.74 mg g�1 brain lipids) and docosahexaenoic acid (DHA,
69.52 mg g�1 brain lipids).9,10 We also observed that lipids from
silver carp exhibit good biological properties, such as anti-
platelet-activating factor and antibacterial and anticancer
activities.11,12 Moreover, lipids from silver-carp brain exert
a strong scavenging effect on 2,2-diphenyl-1-picrylhydrazyl
radical,12 which initially demonstrated the antioxidative
potential of silver-carp brain lipids. However, further studies are
still required.

In this study, human embryonic kidney 293 (HEK-293) cells
were used. H2O2, as a major contributor to oxidative stress, was
served to treat HEK-293 cells and to obtain in vitro oxidative-
damaged mimic mode for investigating whether lipids extrac-
ted from silver-carp brains have antioxidant effects. Furthermore,
to clarify effect mechanisms, total lipids (TLs) from silver carp
brain were divided into polar lipids (PLs) and neutral lipids (NLs)
for assessment. Tests and comparisons were conducted to
display protective effects of lipid fractions (LFs) on viability of
HEK-293 cells against H2O2-induced oxidative damage. More-
over, changes in morphology, reactive oxygen species (ROS),
antioxidant enzyme, DNA content, apoptosis, andmitochondrial-
membrane potential (DJm) were assessed to further elucidate
the activities of LFs in H2O2-oxidative damaged HEK-293 cells.

We believe that understanding the antioxidant mechanisms
of LFs derived from silver-carp brain may help gain insight into
the role of sh lipids in prevention/therapy of diseases (e.g.,
cardiovascular disease) caused by oxidative damage. Such
knowledge may also potentially aid in improving outcomes of
treating such diseases when LFs are used with conventional
therapeutic strategies. Furthermore, this study may shed light
RSC Adv., 2017, 7, 30855–30861 | 30855
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on prospective commercial applications and industrial exploi-
tations of silver-carp brain lipids for the benet of human
health.
2. Materials and methods
2.1 Materials

Live silver carps (1.5–2 kg, n$ 100) were purchased from a local
market (Wuxi, Jiangsu Province) and decapitated in the labo-
ratory. Brains were removed, collected, and homogenized (T10
basic Ultra-Turrax homogenizer, IKA, Germany). Prepared brain
samples were kept at �70 �C before lipid extraction. Animal
Ethics Committee of Jiangnan University, China approved this
study. All procedures were performed according to regulations
and guidelines established by this committee.

Lipids were extracted using a method described by Folch
et al.13 Briey, 5 g of the sample was homogenized with 100 mL
of the solvent system of chloroform/methanol (1 : 2 v/v). The
mixture was agitated for 15 min in an orbital shaker (KS130,
IKA, Germany) at room temperature. Aer removing solid resi-
dues through ltration, the solvent was washed with 0.2 volume
of 0.9% NaCl. The mixture was shaken vigorously in a separa-
tion funnel to separate the two phases. The lower phase con-
taining TLs was collected, evaporated under reduced pressure,
and dried under N2 blow.

TLs were separated into NLs and PLs via countercurrent
distribution.14 Petroleum ether and 87% ethanol were pre-
equilibrated in a separatory funnel. The lower phase contain-
ing equilibrated 87% ethanol and the upper phase containing
equilibrated petroleum ether were collected separately. Briey,
10 g of the dried TL was dissolved in 45 mL of pre-equilibrated
petroleum ether. The mixture was added with 15 mL of pre-
equilibrated 87% ethanol and stirred. The lower phase, which
is the ethanol phase, was collected and transferred to a second
test tube containing 45 mL of pre-equilibrated petroleum ether
and stirred again. Ethanolic phase was transferred to a third
empty test tube. The procedure was repeated eight times.
Finally, the ethanolic phase (8 � 15 mL) containing PLs and the
phase of petroleum ether (2 � 45 mL) containing NLs were
evaporated in vacuum and blown under N2 to dryness.
2.2 Cell culture and treatment

HEK-293 cells were obtained from the cell bank of the Chinese
Academy of Science. HEK-293 cells were cultured in high-
glucose Dulbecco's modied Eagle's medium (HG-DMEM)
supplemented with 10% fetal bovine serum, 100 units per mL
penicillin, and 100 mg mL�1 streptomycin in an incubator
aerated with 5% CO2 at 37 �C. LFs were freshly dissolved in
ethanol and diluted with HG-DMEM [nal concentration of
ethanol was 1% (v/v)]. H2O2 was used to produce oxidative
stress. For the model group, HEK-293 cells were treated with
1 mmol L�1 H2O2 for 2 h. For treatment groups, cells were pre-
treated with 1 mgmL�1 LFs for 1 h prior to exposure to H2O2 for
2 h. For the control group, experiment was performed in the
presence of 1% (v/v) ethanol.
30856 | RSC Adv., 2017, 7, 30855–30861
2.3 Cell viability assay

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay was used to determine cell viability. Briey, HEK-
293 cells (3.0 � 104 cells per well) were seeded in 96-well
plates, grown until conuency (12 h), and then treated with
LFs and H2O2. Aer replacement with fresh medium, 20 mL
MTT (5 mg mL�1, dissolved in PBS) was added, and cells were
incubated for 4 h at 37 �C in a humidied incubator with 5%
CO2. Medium was carefully removed, and 150 mL of dimethyl
sulfoxide was added to each well. The plate was shaken
for 10 min, and absorbance was measured on a SH-1000
microplate reader at 570 nm wavelength. Results were
expressed as percentage of viability (%) ¼ [(OD value of
treated cells/OD value of control cells)], where OD means
optical density.
2.4 Observation of morphological changes

HEK-293 cells (9.0 � 105 cells per well) were seeded in six-well
plates, grown until conuency (12 h), and treated with LFs
and H2O2. Cells were examined under an inverted-phase
contrast microscope (BX41, Olympus, Japan) and then with
a uorescence microscope (BX41, Olympus, Japan) aer stain-
ing with Hoechst 33258 dye.
2.5 Intracellular ROS detection

HEK-293 cells (5.0 � 103 cells per well) were seeded in clear-
bottom black-walled 96-well plates and grown until con-
uency. Then, cells were incubated with 20,70-dichlorouorescin
diacetate probe in the dark for 20min at 37 �C and washed twice
with PBS. Aerward, cells were treated with LFs and H2O2.
Fluorescence intensity of cells was measured using a Spec-
traMax M5 microplate reader at 488 (excitation) and 525 nm
(emission) wavelengths.
2.6 Measurement of malondialdehyde level and superoxide
dismutase, glutathione peroxidase, and catalase activities

Malondialdehyde (MDA) level, and superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), and catalase (CAT)
activities were evaluated using their corresponding assay kits
(Beyotime, Jiangsu, China). All procedures were conducted in
compliance with the manufacturer's instructions. Colorimetric
method was used, and the detection wavelengths for MDA, SOD,
GSH-Px, and CAT were set to 532, 450, 340, and 520 nm,
respectively.
2.7 Cell-cycle analysis and sub-G1 DNA content assay

HEK-293 cells were harvested aer treatment, washed with ice-
cold PBS, and then xed in ice-cold 70% (v/v) ethanol at 4 �C for
24 h. Aerward, cells were washed with ice-cold PBS and stained
with propidium iodide (PI). Aer incubating stained cells were
in the dark at 37 �C for 30 min, cell cycle was then analyzed
using a ow cytometer (FACSCalibur, Becton Dickinson, USA).
The percentage of apoptotic cells with hypodiploid were deter-
mined by quantifying the sub-G1 peak.
This journal is © The Royal Society of Chemistry 2017
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2.8 Cell apoptosis analysis

An annexin V-uorescein isothiocyanate (V-FITC) Apoptosis
Detection Kit (Beyotime, Jiangsu, China) was used. Briey, HEK-
293 cells were trypsinized, harvested, and washed with PBS aer
treatment. Aerward, the cells were suspended in binding
buffer and incubated with annexin V-FITC and PI in the dark at
room temperature for 10 min. Cells were analyzed on a ow
cytometer and stained with annexin V-FITC, while remaining
impermeable to PI (AV+/PI�), were regarded as early apoptotic
cells. This method also distinguished cells undergoing
advanced apoptotic and necrosis (AV+/PI+).
Fig. 1 Effects of silver-carp lipids on cell viability in H2O2-injured HEK-
293 cells. The model group was incubated with 1 mM H2O2 for 2 h.
Then, treatment groups were incubated with 1 mg mL�1 lipid fractions
for 1 h prior to H2O2 addition. Results are reported as means� SD (n ¼
3). The numbers followed by different letters are significantly different
at p < 0.05 on the basis of the Duncan test. TLM-total lipids from
muscle, NL-neutral lipids from brain, TL-total lipids from brain, PL-
polar lipids from brain.
2.9 DJm assay

A DJm Detection Kit (Beyotime, Jiangsu, China) was used.
Treated HEK-293 cells were harvested and incubated in the dark
with JC-1 (a dual-emission potential-sensitive probe) at 37 �C for
20 min. Cells were then washed twice with JC-1 staining buffer
and re-suspended with JC-1 staining buffer to analyze changes
in DJm by a ow cytometer.
2.10 Statistics

The data obtained in the present study were expressed as means
of three replicated determinations � standard deviation (SD).
Group means were compared using ANOVA and Duncan's tests
on SPSS (version 18.0), and p < 0.05 was regarded as signicant.
3. Results and discussion
3.1 Effects of LFs on cell viability of H2O2-treated HEK-293
cells

H2O2, as a major ROS, elevated oxidative stress and caused
apoptosis or necrosis of HEK-293 cells.15 In our previous
experiments, cell viability was signicantly decreased in time-
and dose-dependent manners upon treatment with H2O2. This
result suggests that HEK-293 cells were seriously injured by
H2O2. The IC50 of H2O2 was 0.94 � 0.03 mmol L�1 when cells
were treated for 2 h. Therefore, 1 mmol L�1 H2O2 was used to
establish an oxidative stress model for HEK-293 cells. Moreover,
cytotoxic or proliferative effect was not observed when normal
HEK-293 cells were incubated with LFs for 12 h. Cell viability of
the model group decreased by half compared with that of the
control group (Fig. 1). However, decrease in cell viability was
signicantly alleviated when LFs were treated prior to H2O2

exposure. This aspect indicated the protective effects of LFs
against H2O2-induced injury. The effects of muscle lipids (TLM)
on cell viability of H2O2-treated HEK-293 cells were also studied
to compare the antioxidant potency of lipids extracted from
different parts. TLM showed positive effects against H2O2-
induced damage; however, TLM exerted weaker protecting
effects than that TLs extracted from the brain. Cell viabilities of
NLs, TLs, and PLs were 63.78%, 70.12%, and 79.08%, respec-
tively, suggesting that PLs protect HEK-293 cells against H2O2-
induced oxidative damage more potently than NLs. As mixture
of PLs and NLs, protective effect of TLs was superior to NLs but
inferior to that of PLs.
This journal is © The Royal Society of Chemistry 2017
Oxidative stress is a critical damage route for various
psychological disorders; sh oil, which is rich in u-3 FAs,
induces antioxidant effects in the human body.16 Liu et al. pre-
treated mouse neural progenitor cells (NPCs) with DHA and
subjected them to oxidative injury induced by H2O2 incubation.
Results showed that DHA pre-treatment increased cell viability
and indicated that application of u-3 PUFAs signicantly pro-
tected NPCs against H2O2-induced oxidative injury.17 In this
study, we demonstrate that pre-incubation with LFs prior to
H2O2 exposure increases HEK-293 cell viability.

Our previous studies showed that PLs account for 22.73% of
the TLs in the silver carp brain and that the total u-3 PUFAs in
PLs (27.64%) are apparently higher than that in NLs (18.73%).9

Among the biologically active lipids, the phospholipids in PLs,
which are more abundant in long-chain PUFAs due to their
functional role, are nutritionally and functionally unique.18 The
phospholipids were found to account for 48.17% of PLs.9 The
abundant phospholipid content in PLs and the different FA
proles may be responsible for the strong protective effect of PLs.
3.2 Effects of LFs on the morphology of H2O2-treated HEK-
293 cells

Morphological changes in HEK-293 cells are shown in Fig. 2A.
Cells in the control group grew efficiently and maintained
a typical growth pattern. However, cells in the model group
obviously diminished in the number of viable cells. By contrast,
cells pre-incubated with LFs for 1 h prior to H2O2 exposure, with
higher number of viable cells, especially in the PL group. To
further investigate the effects of H2O2 treatment on DNA and
nuclear structure, we used DNA uorescent dye 33258. Cells
with intact DNA in the control group showed a uniformly
stained nuclei, whereas cells with condensed chromatin and/or
nuclei fragmentation in the H2O2-treated model group showed
bright staining (Fig. 2B). However, cells pre-incubated with LFs
showed mitigated morphological changes. Observed results
RSC Adv., 2017, 7, 30855–30861 | 30857
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Fig. 2 Effects of silver-carp brain lipids on morphology of H2O2-injured HEK-293 cells. (A) Inverted-phase contrast microscope and (B) fluo-
rescence microscopy. The model group was incubated with 1 mM H2O2 for 2 h. Then, treatment groups were incubated with 1 mg mL�1 lipid
fractions for 1 h prior to H2O2 addition. NL-neutral lipids, TL-total lipids, PL-polar lipids.
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revealed that LFs protected HEK-293 cells against H2O2-induced
oxidative damage, and inuence of PLs was greater than that of
NLs.

By phase-contrast microscopy, Kim et al. observed that DHA
could efficiently prevent H2O2-induced oxidative cell death in
primary astrocytes.19 Consistent with such results, we demon-
strated that LFs, especially PLs, which are rich in DHA and other
u-3 PUFAs,9 prevent H2O2-induced HEK-293 cell death and
alleviate morphological changes. Nuclear condensation and
DNA fragmentation are closely related to H2O2-induced cell
death.20 Under nuclear uorochrome staining, serious chro-
matin condensation or nuclear fragmentation, which was noted
in the H2O2-treated HEK-293 cells, were observed to be similar
to the work of Bian et al.15 However, LFs exerted protective
effects against such changes.
3.3 Effects of LFs on intracellular ROS levels of H2O2-treated
HEK-293 cells

Cells treated with H2O2 are known to enhance intracellular
accumulation of ROS, whereas ROS can induce destruction of
many biological molecules, such as DNA, proteins, lipids, and
cell death.21,22 ROS in the model group was about 2.5 times
higher than that of the control group (Fig. 3). However, ROS in
Fig. 3 Inhibition of silver-carp brain lipids on H2O2-induced ROS in
HEK-293 cells. The model group was incubated with 1 mM H2O2 for
2 h. Then, treatment groups were incubated with 1 mg mL�1 lipid
fractions for 1 h prior to H2O2 addition. Results are reported as means
� SD (n¼ 3). The numbers followed by different letters are significantly
different at p < 0.05 on the basis of the Duncan test. NL-neutral lipids,
TL-total lipids, PL-polar lipids.

30858 | RSC Adv., 2017, 7, 30855–30861
the NL, TL, and PL groups were about 1.7, 1.5, and 1.3 times,
respectively, higher than that of the control group. Results
clearly illustrate that LFs reduce ROS levels and protect cells
against H2O2-induced oxidative damage.

Oxidative stress and ROS accumulation have been impli-
cated in aging and many human chronic diseases.23 In a normal
physiological process, mitochondria convert 1–2% of the
consumed oxygen into ROS, whereas ROS levels dramatically
increase under environmental stress, such as oxidative stress.24

Previous studies reported that u-3 PUFA treatment could
signicantly reduce ROS production.19 Fish oil is a well-known
source of u-3 PUFAs. LFs from silver-carp brain have been
proven to contain abundant u-3 PUFAs,9 indicating that LFs can
diminish ROS content of H2O2-oxidative-damaged HEK-293
cells.
3.4 Effects of LFs on lipid peroxidation and antioxidant
enzyme activities of H2O2-treated HEK-293 cells

Lipid peroxidation is one of the primary events in free radical-
mediated cell injury. MDA is a by-product of lipid perox-
idation induced by excessive ROS and is widely used as
a biomarker of oxidative stress.25 HEK-293 cells treated with
1 mmol L�1 H2O2 for 2 h increased the intracellular MDA level
by 241.46%, whereas pre-incubation of cells with LFs attenuated
the increase (Fig. 4A). In normal cell systems, a balance exists
between generation of ROS and their elimination by cellular
antioxidant systems, which are partly composed of some
enzymes, such as SOD, GSH-Px, and CAT. Oxidative stress
occurs when ROS generation is greater than the defense
capacity of cellular antioxidant systems, or when normal anti-
oxidant defense of cells is inhibited. Fig. 3 shows large amounts
of ROS that were generated when HEK-293 cells were treated
with H2O2. Meanwhile, activities of SOD, GSH-Px, and CAT
dramatically decreased under H2O2 treatment (Fig. 4B–D),
signifying the inhibition of antioxidant defense. However, pre-
incubation with LFs signicantly attenuated the decrease in
enzyme activities, and treatment with PLs exerted the strongest
protective effects against oxidative damage among the three LF
groups (Fig. 4B–D). These ndings suggest that LFs can inhibit
H2O2-induced oxidative damage by protecting cellular antioxi-
dant enzyme systems.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Effects of silver-carp brain lipids on lipid peroxidation and antioxidant enzyme activities of H2O2-injured HEK-293 cells. (A) MDA; (B) SOD;
(C) GSH-Px; (D) CAT. The model group was incubated with 1 mM H2O2 for 2 h. Then, treatment groups were incubated with 1 mg mL�1 lipid
fractions for 1 h prior to H2O2 addition. Results are reported as means � SD (n ¼ 3). The numbers followed by different letters are significantly
different at p < 0.05 on the basis of the Duncan test. NL-neutral lipids, TL-total lipids, PL-polar lipids.
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Numerous reports have documented increases in antioxi-
dant enzymes upon u-3 PUFA clinical treatment.26,27 Altinkilic
et al. demonstrated the augmented GSH-Px activity of PC12 cells
exposed to oxidative stress in response to sh-oil treatment.16 In
this study, we demonstrated that LFs from silver-carp brain
protected HEK-293 cells against H2O2-induced decrease in SOD,
GSH-Px, and CAT activities. Aside from u-3 PUFA content, u-
6 : u-3 FA ratio is important. Chen et al. showed that dimin-
ishing u-6 : u-3 FA ratio can enhance levels of cardiac antioxi-
dant enzymes.28 Our previous studies demonstrated that the u-
6 : u-3 FA ratio of LFs derived from silver-carp brain follows
a descending order: NLs > TLs > PLs,9,10 such trend may partly
explain the strongest protection effects of PLs on antioxidant
enzyme systems of HEK-293 cells.
3.5 Effects of LFs on apoptosis of H2O2-treated HEK-293
cells

Oxidative damage can cause DNA damage.29 Hence, we moni-
tored the effects of LFs on DNA content of H2O2-damaged HEK-
293 cells. Compared with the control group, percentage of sub-
G1 peak, a cell-apoptosis characteristic that indicates reduced
DNA content, signicantly elevated in H2O2-treated model
group (18.88%) (Fig. 5A). The percentages of sub-G1 peaks of
the NL, TL, and PL groups are 12.36%, 6.08%, and 1.83%,
respectively, suggesting the positive effects of LFs against H2O2-
induced damage.
This journal is © The Royal Society of Chemistry 2017
To further conrm that LFs may protect HEK-293 cells
against oxidative damage, an annexin V-FITC/PI staining
assay was performed (Fig. 4B). Most cells in the control group
were scattered in the low le quadrant (AV�/PI�). Aer H2O2

treatment, cells shied to the low right quadrant (AV+/PI�,
indicating early apoptosis) and high right quadrant (AV+/PI+,
indicating late apoptosis or necrosis). However, pre-
treatment with LFs can decrease the AV+/PI� and AV+/PI+

cell populations. Thus, we conclude that LFs can protect
H2O2-injured HEK-293 cells against the induction of
apoptosis and necrosis. PLs exerted a stronger effect than
TLs and NLs in inhibiting H2O2-induced apoptosis and
necrosis.

The level of DJm, which represents mitochondrial-
membrane integrity, is considered a critical indicator of
apoptosis induced by the mitochondrial pathway.30 We
monitored changes in DJm by ow cytometry with JC-1. JC-1
exhibited potential-dependent accumulation in mitochon-
dria, with the uorescence of JC-1 dye shiing from red (FLH-
2) to green (FLH-1) upon loss of DJm. Compared with the
control group, cells in the model group scattered below and to
the right, showing decreased red uorescence and increased
green uorescence (Fig. 5C). Therefore, red-to-green-
uorescence ratio decreased from 4.17 (control group) to
1.31 (model group) and reects the collapse of mitochondrial
integrity. However, compared with the model group, cells were
RSC Adv., 2017, 7, 30855–30861 | 30859
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Fig. 5 Protective effects of silver-carp brain lipids against H2O2-induced apoptosis in HEK-293 cells. (A) DNA content. Sub-G1 peak, which
indicates reduced DNA content, was used to demonstrate cell apoptosis. (B) Apoptosis. Early apoptotic cells are annexin V-FITC positive and PI
negative (AV+/PI�), and late apoptotic or dead cells are positive to both annexin V-FITC and PI (AV+/PI+). (C) DJm. Ratio of red-to-green
arithmetic mean (FL2-H and FL1-H) was used to demonstrate cell damage. The model group was incubated with 1 mM H2O2 for 2 h. Then,
treatment groups were incubated with 1 mg mL�1 lipid fractions for 1 h prior to H2O2 addition. NL-neutral lipids, TL-total lipids, PL-polar lipids.
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pre-incubated with LFs showed increased ratios of 1.80, 2.28,
and 2.90 for NL, TL, and PL groups, respectively. LFs inhibited
the decrease in DJm caused by H2O2 and therefore prevented
HEK-293 cells from incurring oxidative damage. PLs showed
the weakest effect in eliciting depolarization of DJm in the
three LF groups.

Oxidative damage is closely related to cardiovascular, liver,
cancer, inammatory and other chronic diseases.31 Clinical
studies showed that sh-oil intake could enhance antioxidant
capacity,32,33 and protect the body against atherosclerotic heart
disease, myocardial infarction, and sudden death.34 Fish oil
contains sufficient amount of u-3 PUFAs. Evidence from
previous studies showed that u-3 PUFAs, especially DHA and
EPA, could inhibit oxidative stress-induced apoptosis.35,36 Liu
et al. studied the effects of u-3 PUFAs on H2O2-induced oxida-
tive mouse NPCs. The researchers observed that DHA treatment
could signicantly decrease the number of apoptotic cells.17

ROS induced DJm cell collapse, and DJm loss is a hallmark
event of apoptosis. Fish oil attenuates mitochondrial dysfunc-
tions37 and DHA enhances DJm.38 Results of our studies were
consistent with these ndings, displaying that LF treatment
resisted H2O2-induced increases in ROS, apoptotic and necrotic
levels, and H2O2-induced decrease in DJm of HEK-293 cells
30860 | RSC Adv., 2017, 7, 30855–30861
(Fig. 3 and 5). Different protective effects of TLs, NLs, and PLs
can be ascribed to their different FA proles.

Fish lipids rich in u-3 PUFAs are susceptible to oxidation
because of their high degree of unsaturation, and this
phenomenon may partly explain their protective effects on
attenuating H2O2-induced oxidative damage to cells. In addi-
tion, PUFAs are essential components of membrane phospho-
lipids and have a specic inuence on membrane properties.
Studies have demonstrated that supplemented u-3 PUFAs
rapidly incorporate into cell phospholipid membranes and
modify membrane biophysical characteristics and functions.39

Membranes enriched in u-3 PUFAs show increased membrane
uidity.17 Increases in membrane uidity may be responsible
for some of the protective effects of the sh lipids. Other
potential mechanisms may relate to the inhibition of the pro-
oxidant enzyme phospholipase A2. Phospholipase A2 plays
important role in eicosanoids biosynthesis,40 which may involve
some unwanted actions, such as inammatory response. In
addition, further mechanisms of how sh lipids and their
metabolites are involved in the protective effects against
oxidative damage need further study. A study of the antioxidant
activities of lipids from silver carp brain may provide valuable
insights into the role of sh lipids in boosting health.
This journal is © The Royal Society of Chemistry 2017
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4. Conclusion

In conclusion, LFs from silver-carp brain resist H2O2-induced
oxidative injury in HEK-293 cells by reducing cellular ROS
levels, protecting cellular antioxidant enzyme systems, inhibit-
ing cell apoptosis and necrosis, and attenuating mitochondrial
dysfunctions. Upon comparison of protective functions of LFs,
PLs were observed to be the most effective. These ndings may
assist in explaining the protective effects of sh lipids against
diseases caused by oxidative damage and provide possibilities
for potential use of lipids from silver-carp brain in health
improvement.
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