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Furan fatty acids efficiently rescue brain cells from cell
death induced by oxidative stress†

Antoinette Teixeira,‡ Ruud C. Cox and Maarten R. Egmond*

Treatment of rat brain C6 astroglioma cells with furan fatty acid F6 prior to exposure to hydrogen peroxide

shows a strong protective effect of F6 against cell death resulting from oxidative stress. This protective

effect is obtained only for F6 administered as a free fatty acid and with an intact furan ring. It is

proposed that brain cells are rescued by F6 scavenging radicals elicited by lipid peroxidation within the

cell membrane. Oxidative processes outside the cell membrane, such as protein carbonylation, are not

affected by F6. Furan fatty acids such as those present in fish oils and marine organisms are likely

beneficial for consumption in reducing the risk of diseases that have been implicated to arise from

oxidative stress, such as Alzheimer's disease.
Introduction

Oxidative stress in cells giving rise to reactive oxygen species
(ROS), peroxides and free radicals is known to be involved in a
wide range of pathological conditions, such as neuro-degener-
ation,1 aging,2 cardiovascular disease and diabetes.3 Particularly
brain tissue and the nervous system in general are prone to
oxidative stress due to high metabolic turnover and the pres-
ence of highly unsaturated fatty acids. Generation of ROS in
cells and mechanistic aspects have been investigated exten-
sively (for a review see e.g. Novo and Parola4). Defence against
ROS in the context of health and nutrition has already been an
important issue in functional food science for many years.5

While evidence is mounting that control of such oxidative
processes is essential to curb detrimental conditions,6

compounds that efficiently interfere in situ with ROS and free
radical products are hard to nd. Consumption of large quan-
tities of antioxidant vitamins, such as vitamins A, C or E is not
effective or even harmful. Successful applications of low doses
of antioxidants have been reported, e.g. to modulate inam-
matory and oxidative stress in diabetes,7 but controversy
remains,8 although it is clear that ROS production and inam-
matory processes are tightly linked.9 Also treatment of Alz-
heimer's disease with antioxidants is under study,10 but results
are inconclusive. The generation and protective effects of heat
shock proteins (Hsp) in response to heat, chemical stress
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conditions or disease11 have been well documented (cf. review
Hsp70 (ref. 12)). Unfortunately, antioxidants such as vitamin E
tend to decrease the levels of Hsp70 (ref. 13), thereby inducing
apoptosis. This suggests that these antioxidants may reduce the
extent of oxidative stress, but apparently do not help cells to
overcome the detrimental consequences of the stress condi-
tions. Strategies using anti-apoptotic drugs have recently been
dened aiming at preventing neurodegenerative diseases.14

Such therapies include the application of statins, GSK3b
inhibitors and cell cycle inhibitors. Furan fatty acids as likely
effective radical scavengers in lipid peroxidation processes are
not mentioned here.15 Furthermore, furanoids (particularly
benzofurans16) have been reported to inhibit b-amyloid aggre-
gation, while the anti-inammatory action of furan derivatives
through inhibition of COX-2 has been described.17 This
prompted us to study the inuence of the furan fatty acid on rat
brain C6 astroglioma cells put under oxidative stress using
hydrogen peroxide. ROS thus generated are considered to be
relevant for in vivo production of ROS involving lipoxygenase
metabolites.18 C6 cells are known to play a major role in the
defence against several types of insult19 and respond to injury by
altering their phenotype. Astroglial cells have oen been used in
studies on neuronal apoptosis,20 while astroglial atrophy has
been implicated in early dementia.21 We nd that administra-
tion of the furan fatty acid to C6 cells leads to powerful
protection against oxidative stress.
Materials and methods
Chemicals

All chemicals were of reagent grade unless stated otherwise.
Furan fatty acid F6 (12,15-epoxy-13,14-dimethyleicosa-12,14-
dienoic acid) was a gi from AnalytiCon Discovery GmbH.
Food Funct., 2013, 4, 1209–1215 | 1209
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Cell culture and experimental design

A rat glioma C6 cell line (ATCC cat nr CCL-107) was grown in
pyruvate free DMEM with high glucose, supplemented with 5%
fetal bovine serum, at 37 �C in a humidied 10% CO2 atmo-
sphere. No antibiotics were used. To avoid altered susceptibility
of the C6 cells to peroxide-induced oxidative stress,29 the
continual cell line was never allowed to pass 70% conuence or
passage number 47 (starting at passage number 37). Cells were
seeded either in 100 mm or 35 mm dishes and allowed to grow
until about 85% conuence. Cells were exposed to F6 fatty acid
in serum free medium supplemented with F6 in the form of an
ammonia emulsion, or bound to fatty acid free BSA for up to 5
hours before H2O2 insult. Incubations with H2O2 were per-
formed in serum free medium for 1 hour, followed by 24 h
recovery in normal growth medium. Cell lysates were obtained
from the 100 mm dishes aer washing twice with ice cold PBS
containing protease inhibitors (PI). Excess PBS was removed
and the cells were lysed in the smallest possible leover volume
by 20 passages through a 26G needle while kept on ice. The 35
mm dishes were used to determine cell viability using the MTT
assay. Cells were heat shocked by placing paralm sealed dishes
in a water bath on a lead block for 30 minutes, and allowed to
recover in a CO2 incubator for 24 hours before preparing cell
lysates. Samples of the culture medium were taken aer expo-
sure of the cells to F6 andH2O2, and aer the 24 h recovery time,
to determine lactate dehydrogenase leakage. The cell lysates
were divided in aliquots to prevent unnecessary thawing and re-
freezing, and stored at �80 �C together with the culture
medium samples until further analysis.

Images of cell cultures were taken on a Nikon Eclipse
TE2000-U microscope (4� occular, 40� lens magnication)
aer growing cells on Mattek glass bottom dishes.
MTT viability assay

Cell proliferation was measured by conversion of the tetrazo-
lium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetra-
zolium bromide) to strongly blue colored formazan by
mitochondrial dehydrogenase activity.22 During the last 2 h of
the 24 h recovery time aer stress, 0.5 mgml�1 MTT tetrazolium
salt in PBS was added to the cells. Aer 2 h the medium was
removed, and 0.5 ml DMSO was added for 15 minutes at room
temperature, under light agitation, to solubilise cells and for-
mazan. The amount of formazan produced was calculated using
a molar extinction coefficient of 3 ¼ 36 300 M�1 cm�1, aer
measurement at 570 nm.
LDH leakage assay

The assay is based on the conversion of pyruvate to lactate by
LDH. The decrease of absorption of NADH in time was moni-
tored at 340 nm. Cell lysates were diluted to equal protein
content in PBS, and 100 ml samples were transferred to micro-
titer plates. Reactions were monitored for 15 minutes aer
addition of 0.8 mM pyruvate and 0.65 mM NADH, while rates
were calculated from the linear parts of the progress curves.
1210 | Food Funct., 2013, 4, 1209–1215
From these rates the distribution of LDH over cell lysates and
medium was calculated.

SDS-PAGE and Western blotting

Cell lysate samples in SDS loading buffer were heated to 95 �C
for 5 minutes. Subsequently, DNA was destroyed by 8 passages
through a 26G needle, aer which samples were loaded on 10%
SDS gels. Equal amounts of protein were loaded in each lane in
equal volumes (volumes corrected with loading buffer). Aer
transfer to a PVDF membrane by electroblotting, the blots were
blocked in PBS containing 0.2% tween 20 (PBST) for 30 minutes
at room temperature. Subsequently the blots were incubated
with an aHsp70 alkaline phosphatase conjugate for 1 hour at
room temperature in PBST (antibody: Hsp70/72 mAb (C92F3A)
AP conjugate, Enzo Life Sciences). Aer 3 washes in PBST, three
washes in PBS and 3 washes in Tris–Saline–Magnesium (TSM)
buffer the immuno complexes were visualized using nitro blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolylphosphate
(BCIP) in TSM buffer.

Protein carbonylation assay

The extent of protein carbonylation was determined aer
treatment of carbonyl groups with 2,4-dinitrophenylhydrazine
(DNPH) to form stable hydrazone products (DNP) and detection
with a monoclonal anti-DNP antibody conjugated to Alkaline
Phosphatase (aDNP-AP monoclonal mouse IgE). Carbonylated
proteins were detected aer SDS-PAGE and Western blotting of
cell lysates on a PVDF membrane, using NBT/BCIP as a
substrate for the AP conjugate. To further quantify the increase
in protein carbonylation, ELISAs were performed using the
same antibody, but with pNPP as a substrate using an adapta-
tion of the methods described by Buss and Winterbourn23 and
Levine et al.24

DNA was removed from the cell lysates by precipitation with
1% streptomycin sulfate. Subsequently the protein was precip-
itated with 20% TCA and redissolved in 6 M guanidine HCl with
10 mM DNPH, pH 2.5, to a protein concentration of 1 mg ml�1.
Aer 45 minutes of incubation at RT in the dark (vortexing every
10 minutes), the samples were diluted in coating buffer (10 mM
Na2HPO4, 150 mM NaCl, pH 7) to 10, 5 and 2.5 mg of protein per
100 ml and absorbed to immunosorp plates overnight at 4 �C.
The plates were thoroughly washed with PBS–ethanol 1 : 1 and
PBS before blocking with 5% Protifar in PBS (1.5 h, 37 �C). Aer
washing with PBS containing 0.1% tween 20 (PBST) the plates
were incubated with a-DNP-AP monoclonal mouse IgE
1 : 10 000 in 5% Protifar in PBST (1.5 h, 37 �C). Carbonylated
proteins were detected using pNPP as a substrate (1 h, 37 �C)
and measuring E405 nm. All incubations were performed using
100 ml per well and all wash steps using 200 ml per well.

Hydrogenation of furan fatty acid F6

The furan ring in F6, the fatty acid (C22H38O3) was hydrogenated
essentially as described before25 yielding the corresponding
dihydrofuran-F6 species. The identity of this product as sodium
salt (mass 375.5) or potassium salt (mass 391.4) was veried
using LC-MS analysis.
This journal is ª The Royal Society of Chemistry 2013
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Reduction of F6 carboxylic acid

The carboxylate group of F6 fatty acid (15 ml) was reduced by
treatment with 35 mg LiAlH4 in 5 ml dry tetrahydrofuran (THF).
Aer complete conversion excess LiAlH4 was removed by addi-
tion of water. Aer acidication with HCl (2.5%) the nal
product was extracted using ether, lyophilized and subse-
quently taken up in ethanol. The remaining salts were removed
by centrifugation. The identity of the nal product as an F6
aldehyde was derived from LC-MS (mass 334.4).
Esterication of F6

F6 fatty acid (15 ml) was treated with 1 ml thionylchloride in 10
ml methanol under gentle reuxing of the solvent for 45
minutes. The F6 methyl ester formed was washed several times
with methanol and lyophilized to remove SO2 and HCL. The
identity of the product was checked by LC-MS (mass 363.4).
Stability of F6 in the presence of H2O2

The stability of F6 fatty acid in the presence of high levels of
hydrogen peroxide was investigated by incubation for several
days with 2 mM H2O2. Formation of reaction products was
tested using thin layer chromatography.
Fig. 1 C6 cell viability for cells under oxidative stress generated by H2O2 without
F6 (top, A) and after pre-incubation with 50 mM F6 (bottom, B). LDH within cells
(:) and leaked out (A); MTT assay (;); left Y-axis: data plotted relative to total
LDH andMTT, respectively, at 0 mMH2O2; right Y-axis: Hsp70 levels (-) relative to
a maximumHsp70 level obtained after pre-incubation with F6 and at 2 mMH2O2.

This journal is ª The Royal Society of Chemistry 2013
BCA protein determination

The protein concentration in the cell lysates was measured with
the Bicinchoninic Acid assay kit purchased from Thermo
Fischer, using a microtiter plate reader, with a BSA calibration
curve as a reference.

Statistics

Statistical analysis (2-way ANOVA) and graphing were per-
formed using Prism GraphPad soware. The experiments were
repeated for 4–7 times. SEM (standard error of the mean) values
are indicated as error bars in Fig. 1, 4 and 5. All data were found
to be statistically relevant with p-values <0.0001.

Results

In cell culture dishes rat brain C6 astroglioma cells were sub-
jected to oxidative stress generated by H2O2 (1 h incubation).

Fig. 1A shows survival data for C6 control cells, while Fig. 1B
represents results for cells pre-incubated with furan fatty acid F6.

This fatty acid was added as an emulsion or mixed with fat-
free BSA (0–15 mM). Within experimental errors the presence of
BSA did not affect the results (loading controls are available as
ESI Fig. 1†). Without F6 strong leakage of intracellular LDH and
a strong drop in mitochondrial dehydrogenase activity (MTT
assay) point to poor cell survival.

The amounts of Hsp70 formed in response to this stress
condition are verymodest indeed, particularly when compared to
cells pre-incubatedwith F6. As shown in Fig. 1B onlymodest LDH
leakage is found, while mitochondrial dehydrogenase activity
only drops slightly. In addition, the Hsp70 response is much
stronger, nearly one order of magnitude higher than without F6.

Fig. 2 shows a series of images of C6 cells exposed to 2 mM
H2O2 and pre-incubated with increasing concentrations of
Fig. 2 Images of C6 cells exposed to 2 mM H2O2 and pre-incubated with
increasing F6 concentration. Panels 1A–7A: no MTT staining and panels 1B–7B
MTT stained. Panels 1A* and 2A* aremagnifications of 1A and 2A, respectively. F6
levels: 1A, B: 0 mM; 2A, B: 1 mM; 3A, B: 5 mM; 4A, B: 10 mM; 5A, B: 20 mM; 6A, B: 50
mM; 7A, B: 100 mM. Arrows represent 1 mm.

Food Funct., 2013, 4, 1209–1215 | 1211
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Fig. 4 The influence of F6 and modified F6 species on C6 cell viability A: MTT
assay and B: Hsp70 production for cells under oxidative stress induced by H2O2; Y-
axes as in Fig. 1; 50 mM F6-; 50 mMdihydro-F6:; 50 mM F6 aldehydeA; 50 mM
F6 Me-ester ;; 0 mM F6: C.
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furan fatty acid F6. MTT staining is used to identify live cells,
whereas cell shape is better observed without staining. Inter-
estingly, already 1 mM F6 is sufficient to counter cell death, as
several cells show a positive MTT stain in panel 2B, but not in 1B
(0 mM F6).

Based on MTT staining protection against oxidative stress is
optimal between 20 and 50 mM F6. It should be noted that the
images in Fig. 2 are representative of the status of at least 85% of
all cells in the experiments. Oxidative stress leads to morpho-
logical changes of C6 cells (cell rounding) and cell death (MTT
stain absent). Cell rounding is shown in panel 1A* andmuch less
in panel 2A*. At higher magnication (ESI† Fig. 2) MTT stain-
negative cells can be clearly identied as apoptotic cells.

F6 and H2O2 are administered separately in the above
experiments, but direct contact between these compounds
cannot be excluded. We observed that F6 stored in 2 mM H2O2

for 3 weeks is fairly stable (10–20% oxidation products). This
partially oxidized F6 (diluted to 50 mM) was incubated with C6
cells and still showed strong protection against oxidative stress.

F6 modication

Severalmodications of F6 weremade to further probe the role of
furan fatty acids in preventing oxidative stress. First, the furan
ring was hydrogenated yielding dihydro-F6 (Fig. 3). Although the
furan ring still contains one double bond the aromatic character
is lost. Further hydrogenation to a tetrahydro-furan species
requires harsh conditions25 and was not carried out. Other
modications of F6 were directed towards the carboxylate group.
This group was esteried to yield a methyl-ester and also reduced
to an aldehyde aer treatment with LiAlH4.

The incubations of C6 cells with F6 and modied F6 species
are summarized in Fig. 4. Cell viability is shown in Fig. 4A for
MTT assays only, but similar results were obtained for the LDH
assays used.

Our data show that partial hydrogenation of the furan ring of
F6 completely abolishes the high Hsp70 induction and protec-
tion against oxidative stress as observed for F6. To our surprise,
alsomodications of the carboxylic group of F6 (F6 aldehyde, F6
Me-ester) lead to a drastic loss of protection against oxidative
stress.

Protein carbonylation

Incubation of C6 cells with H2O2 gives rise to dose dependent
protein carbonylation as observed by using an antibody against
DNPH derivatized protein (for a review see e.g. ref. 26).
Fig. 3 Hydrogenation of F6 to yield dihydro-F6.

1212 | Food Funct., 2013, 4, 1209–1215
Fig. 5 summarises ELISA assays carried out to quantify the
extent of protein carbonylation directly aer the stress condi-
tions or aer 24 h recovery of the cells. Oxidative stress leads to
Fig. 5 Relative amounts of carbonylated proteins in C6 cells under various stress
conditions.

This journal is ª The Royal Society of Chemistry 2013
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an immediate increase in the level of carbonylated proteins, but
most of this material is cleared aer 24 h recovery of the C6
cells. Prior exposure of C6 cells to F6 on its own does not lead to
any signicant amount of carbonylated protein. Furthermore,
the presence of F6 does not affect the amount of carbonylated
protein seen aer H2O2 exposure. Also a heat shock of C6 cells
at 42 �C does not lead to any increase in carbonylated proteins.
Discussion

Oxidative stress in C6 astroglioma cells induced by hydrogen
peroxide has already been studied extensively for many years.
We have used this system as amodel to assess the effect of furan
fatty acids to counter the negative consequences of oxidative
stress in cells. As shown in Fig. 1A cell viability drops rapidly
with increasing H2O2 concentrations, while 60–80% of the cells
leak LDH above 0.5 mM H2O2. This corresponds well with
previous work27a pointing to 60% apoptosis reached for C6 cells
incubated for 1 h with 1 mM H2O2. It should be noted that
sensitivity towards hydrogen peroxide depends on the culture
conditions used27b and must be carefully controlled. When C6
cells are pre-incubated with 50 mM F6 subsequent exposure to
peroxide shows strongly improved cell viability (Fig. 1B). At
2 mM H2O2 LDH leakage drops from 80% in the absence of F6
to less than 40% for cells treated with F6. An even stronger effect
of furan fatty acid F6 was observed aer a semi-quantitative
analysis of Hsp70 induction. As shown in Fig. 1B Hsp70 levels
do increase with higher peroxide up to a maximum value at
2 mM H2O2. Data are plotted relative to the highest Hsp70
response value obtained. In the absence of F6 only about 10% of
this maximum response value is seen for Hsp70 induction. This
modest response is in line with previous studies28 showing that
Hsp70 induction in response to oxidative stress is much lower
than that upon heat stress. We veried that Hsp70 induction in
the absence of F6 is only 5% of that aer a heat shock (at 42 �C;
data not shown). It should be noted that the strong boost of
Hsp70 levels in the presence of F6 is not due to F6 alone. Most
likely, the positive effect of the furan fatty acid on cell viability
allows more cells to recover from the stress condition leading to
higher Hsp70 levels. This protective effect is very powerful
indeed as pre-incubation with 1 mM F6 is sufficient for some
cells to survive in 2 mMH2O2 (Fig. 2) In order to investigate how
and where in the cell furan fatty acids like F6 may give rise to
protection against oxidative stress we have modied F6 in
several ways. First, we observed that partial hydrogenation of
the furan ring to yield dihydro-F6 completely blocked the
production of Hsp70 as observed for F6 itself and substantially
reduced cell viability (Fig. 4). The requirement of a fully func-
tional furan species in F6 implies that the protection against
ROS induced membrane leakage and mitochondrial dysfunc-
tion arises from quenching lipid peroxidation processes in the
cell through radical scavenging.15 We wondered whether the
limited success of antioxidants to slow down lipid peroxidation
and inammatory processes could arise from the fact that most
antioxidants poorly dissolve in the membrane environment.
Lipid peroxyl (ROO_) radicals formed during peroxidation chain
reactions exhibit long lifetimes in their membrane environment
This journal is ª The Royal Society of Chemistry 2013
thus being effective in sustaining chain reactions, while most
radicals are short-lived in water.29 We obtained indirect proof
that the protective effect of furan species is most effective
against oxidative stress when present in a membrane environ-
ment. Reduction of F6 fatty acid to an aldehyde blocks uptake of
this furan species by esterication in cellular phospholipids
and leads to lower cell viability under oxidative stress as
compared to intact F6 fatty acid. The very poor protective effect
of F6 fatty acid methyl ester most likely arises from the insuf-
cient uptake of fatty methyl esters by C6 cells, but poor
subsequent incorporation of F6 species into membrane phos-
pholipids cannot be excluded. In summary, we conclude that
optimal radical scavenging is obtained for furan fatty acid
species when esteried in membrane phospholipids. This
explains that furan fatty acids indeed outperform other anti-
oxidants, such as vitamin E.30

Protein carbonylation has been described extensively to arise
from direct oxidation of lysine, arginine, threonine and proline
residues (primary oxidation) as well as via aldehydes formed
during lipid peroxidation chain reactions (secondary oxida-
tion).26 As shown in Fig. 5 we have quantied the extent of
protein carbonylation induced by hydrogen peroxide under our
conditions. It appears that carbonylated proteins are rapidly
formed, but cleared completely during the 24 h recovery period.
Thus, by itself protein carbonylation appears not to be lethal to
the cell. In addition we nd that F6 does not affect protein
carbonylation at all. Since F6 most likely interferes with lipid
peroxidation processes it can also be concluded that lipid per-
oxidation products are not a likely source for the bulk of car-
bonylated proteins in C6 cells during oxidative stress induced
by H2O2.

Oxidized phospholipids play an important role e.g. in the
innate immunity system involving the scavenger receptor CD36
(ref. 31). Interestingly, furanoids that are formed as byproducts
of lipid peroxidation in brain tissue are not recognized for
clearance by CD36 (ref. 32). This perhaps implies a special role
for furanoid species in response to oxidative stress conditions,
which is in line with our nding that Hsp70 levels are increased
in the presence of furan fatty acid F6. This increase in Hsp70
production is important as Hsp70 has been implicated as an
activator of the human complement system,33 while the
complement system is benecial in the early stages of inam-
matory response.34 Overall, our ndings on the potent protec-
tive role of furan fatty acids when cells are subjected to oxidative
stress provides promising opportunities for application in
ghting diseases such as Alzheimer's disease.
Conclusions

Cell death as observed by cell leakage or mitochondrial
dysfunction of C6 astroglioma cells aer exposure to hydrogen
peroxide was strongly reduced when cells were rst treated with
furan fatty acid F6. The protective effect seen already at fairly
low F6 levels (1 mM) was lost aer partial hydrogenation of the
furan ring of F6. This prompted the conclusion that protection
by F6 against oxidative stress in C6 astroglioma cells is due to its
radical scavenging properties. Furthermore, modications of
Food Funct., 2013, 4, 1209–1215 | 1213
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the carboxylic group of F6 were also found to abolish protection
against oxidative stress. This was taken to indicate that F6 is
fully functional when present in a membrane environment aer
trans-esterication to membrane phospholipids.

Furan fatty acids such as those present in sh oils and
marine organisms are likely benecial for consumption in
reducing the risk of diseases that have been implicated to arise
from oxidative stress, such as Alzheimer's disease.
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