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Fish oil changes the lifespan of Caenorhabditis
elegans via lipid peroxidation
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Recently, we administered fish oil containing eicosapentaenoic
acid and docosahexaenoic acid (DHA) to senescence-accelerated
mice P8 (SAMP8), in order to investigate the effects on lifespan.
Surprisingly, the lifespan of SAMP8 that were fed fish oil was
shortened significantly, through a mechanism that likely involved
lipid peroxidation. In this study, we investigated this phenomenon
in further detail. To examine whether this phenomenon occurs
only in SAMP8, we investigated the effect of fish oil on the lifespan
of another organism species, Caenorhabditis elegans (C. elegans).
C. elegans fed fish oil were cultured and the lifespan monitored.
As a consequence of the provision of large amounts of fish oil the
lifespan of C. elegans was shortened significantly, whereas an
appropriate amount of fish oil extended their lifespan signifi-
cantly. Lipid peroxide levels in C. elegans that were fed fish oil
increased significantly in a dose-dependent manner. However,
lipid peroxide levels in C. elegans were inhibited by the addition of
fish oil and an antioxidant, a-tocopherol, and completely abrogated
the changes in the lifespan. To further confirm whether the
oxidation of n-3 polyunsaturated fatty acid in fish oil would
change the lifespan of C. elegans, the effect of oxidized DHA was
examined. Large amounts of oxidized DHA were found to shorten
their lifespan significantly. Thus, fish oil changes the lifespan of
C. elegans through lipid peroxidation.
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he life expectancy and health expectancy of the Japanese

people are among the greatest in the world.!V It is thought
that diet is a particularly significant contributor to the Japanese
longevity. Therefore, a Japanese food boom has occurred around
the world. One of the traits of Japanese food is the consumption of
a large proportion of seafood.® Seafood contains abundant levels
of n-3 polyunsaturated fatty acids (n-3 PUFAs), eicosapentaenoic
acid [EPA, 20:5 (n-3)] and docosahexaenoic acid [DHA, 22:6
(n-3)]. N-3 PUFAs have beneficial effects in the prevention of
cardiovascular disease, cancer and metabolic syndrome.® There-
fore, long-term ingestion of n-3 PUFAs may contribute to
longevity. However, n-3 PUFAs are easily oxidized and can
increase oxidative stress, both in vitro and in vivo,”’') which can
in turn promote senescence.(*'¥ Therefore, we questioned whether
long-term ingestion of n-3 PUFAs would have positive health
effects. We recently conducted a small study to examine the
relationship between n-3 PUFA and lifespan.'® In that study,
we gave fish oil containing high levels of EPA and DHA to
senescence-accelerated mice P8 (SAMPS) to investigate the
effects on lifespan. Surprisingly, we found that the lifespan of
SAMPS8 that were fed fish oil was shortened significantly.(!
Furthermore, promotion of lipid peroxidation played a role in
this phenomenon. Therefore, it was suggested that lipid peroxida-
tion in mice that were fed fish oil promoted senescence and
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shortened their lifespan. Consequently, we began to question the
safety of long-term ingestion of fish oil as a health supplement,
and we investigated this phenomenon in more detail. In this study,
to examine whether this phenomenon is unique to SAMP8, we
also investigated the effect of fish oil on the lifespan of another
organism species, Caenorhabditis elegans (C. elegans).

C. elegans is a popular model animal for studies of senescence
and lifespan, because its lifespan is about three weeks and the
culturing conditions are easy.!'® C. elegans is a small, round,
transparent nematode (adult size about 1 mm length), that is a
bacteriovorus vermiform.1” C. elegans are predominantly self-
fertilizing hermaphrodites, and each individual hermaphrodite
produces approximately 300 clonal progeny during its adult
life. C. elegans and humans have a lot of common features in the
process of senescence. For instance, sarcopenia, the loss of
muscle mass, increases with aging in both C. elegans and humans.
Caloric restriction can also extend the lifespan of both C. elegans
and mammals.(®29 Furthermore, compounds that extend the
lifespan of C. elegans have been shown to be useful for human
health.?'29 For instance, curcumin and catechin that extend
the lifespan of C. elegans, also exhibit antitumor activity in
mammals. 220

In this study, the effect of fish oil on the lifespan of C. elegans
was investigated. C. elegans were fed fish oil, cultured and the
effects on lifespan and lipid peroxidation were assessed. To
further elucidate the specificity of these effects, the effects of
safflower oil and oxidized DHA on the lifespan of C. elegans
were investigated.

Materials and Methods

Strain, maintenance and culture conditions. C. elegans
strain used in this study was N2 (wild type) and was kindly pro-
vided by Dr. Shohei Mitani, Department of Physiology, Tokyo
Women’s Medical University School of Medicine, Tokyo, Japan.
All nematodes were cultivated at 20°C on nematode growth
medium (NGM) agar plates seeded with live bacteria (E. coli,
strain OP50) as a food source. Plates with a diameter of 60 mm
were used for the lifespan assays, and 90 mm diameter plates were
used for other experiments. In order to synchronize the nematode
population, nematodes were treated with hypochlorite, which
preserves the eggs while killing off bacteria and unprotected
worms, and the resulting eggs were placed on NGM plates. "9

Test oils and DHA preparation. The fatty acid composition
of the test oils was measured using gas chromatography, as
described previously.® The fish oil was comprised of 4.6%
myristic acid (14:0), 26.1% palmitic acid (16:0), 5.7% stearic
acid (18:0), 26.0% oleic acid (18:1 ®-9), 1.6% linoleic acid
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(18:2 ®-6), 0.5% a-linolenic acid (18:3 ®-3), 1.4% arachidonic
acid (20:3 ©-6), 5.2% EPA (20:5 ®-3) and 12.7% DHA (22:6
®-3). The safflower oil was comprised of 8.1% palmitic acid
(16:0), 2.9% stearic acid (18:0), 13.5% oleic acid (18:1 ©-9),
73.6% linoleic acid (18:2 ®-6), 0.5% y-linolenic acid (18:3 ®-6)
and 0.5% o-linolenic acid (18:3 ®-3).

DHA was used as the ethyl ester type [Ethyl cis-4,7,10,13,16,19-
Docosahexaenoate (Tokyo Chemical Industry Co., Tokyo, Japan)].
Oxidized DHA (oxDHA) was prepared as follows. DHA (50 mg)
was oxidized in 60 mm plates for 10 days at 20°C in air. DHA was
dissolved in dimethyl sulfoxide (DMSO) and transferred to a
sample tube. The DHA was defined as “oxDHA”. To confirm
whether the oxDHA had been oxidized, the lipid hydroperoxide
(LOOH) content in oxDHA was determined using the ferrous
oxidation-xylenol orange assay.G?

Lifespan assay. To assess the lifespan, nematodes were
treated with hypochlorite to synchronize the population. Isolated
eggs were placed on 60 mm NGM agar plates to hatch. Three-day-
old synchronized nematodes were placed on NGM agar plates
with OP50 and 5-fluorodeoxyuridine (FUDR, Sigma Chemical
Co., Saint Louis, MO), which was used to block the development
of progeny. On the next day, nematodes were transferred to test
plates (10 nematodes/plate). One day prior to use, the test plates
were spotted with the indicated doses of fish oil [0.5-2.0 mg/plate
with or without a-tocopherol (aToc)] or safflower oil (0.5-2.0
mg/plate) dissolved in DMSO, or the same amount of DM SO alone,
as a vehicle control. The doses of 0.5, 1.0, and 2.0 mg/plate were
equal to 17.7, 35.4, and 70.8 pg/cm?, respectively. Nematodes
were assessed every 2 days for survival. Nematodes that did not
respond to repeated touching or dropping purified water were
scored as dead, and were removed from the plates. Fifty to one
hundred nematodes were scored for each analysis.®!'3? In addition,
the lifespans of nematodes exposed to DHA (1.0 mg/plate) or
oxDHA (1.0 mg/plate) were also measured by the above-mentioned
method.

Lipid peroxidation. Nematodes were assayed for thiobarbi-
turic acid reactive substances (TBARS), as an index of lipid
peroxidation.®**» TBARS are products of the oxidative degrada-
tion of PUFAs, and are widely used to indicate the presence of
oxidative stress.®33¢ In previous reports, TBARS have been used
to assess lipid oxidation in fish oil-fed animals.®’=% Furthermore,
the measurement of TBARS has previously correlated well with
other methods of assessing oxidative stress. Therefore, measure-
ment of TBARS was used to investigate lipid oxidation in the
fish oil-fed nematodes in this study.

Nematodes were treated with hypochlorite to synchronize the
population. Isolated eggs were placed on 60 mm NGM agar
plates to hatch. Three-day-old synchronized nematodes were
placed on NGM agar plates with OP50 and FUDR. On the next
day, nematodes were transferred to test plates (100 nematodes/
plate). One day prior to use, the 90 mm NGM agar plates were
spotted with the indicated doses of fish oil (0—4.5 mg/plate with or
without aToc) or safflower oil (0—4.5 mg/plate) dissolved in
DMSO, or a similar amount of DMSO alone, as a vehicle control.
The doses of 1.125, 2.25, and 4.5 mg/plate were equal to 17.7,
35.4, and 70.8 pg/cm?, respectively, and these concentrations per
area were the same as those used in the lifespan assay. Nematodes
were incubated on test plates until day 10, and homogenized
using the Micro Smash™ microhomogenizing system (Tomy
Seiko Co. Ltd., Tokyo, Japan). The homogenized samples (25 pl)
were then transferred to sample tubes, to which 1 ml of 1/24 M
sulfuric acid and 0.125 ml of 10% phosphotungstic acid were
added, and centrifuged at 875 g for 10 min. The resultant superna-
tants were removed and 0.1 ml of 0.67% thiobarbituric acid
solution was added. Next, the tubes were reacted for 1 h at 95°C,
after which, 0.5 ml of n-butanol was added. The tubes were then
centrifuged at 875 g for 10 min and the fluorescence in the
resultant supernatant was measured at 560 nm with excitation at
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510 nm using a microplate reader (Infinit F200; Tecan Japan,
Kawasaki, Japan). Fluorescence intensity was converted to nmol
of malondialdehyde equivalents, based on a standard curve
generated with 1,1,3,3-tetracthoxypropane. The amount of protein
was determined using the bicinchoninic acid (BCA) protein
assay (Thermo, Yokohama, Japan).

Fatty acid analysis. Nematodes were treated with hypo-
chlorite to synchronize the population. Isolated eggs were placed
on 60 mm NGM agar plates to hatch. Three-day-old synchronized
nematodes were placed on NGM agar plates with OP50 and
FUDR. On the next day, nematodes were transferred to test
plates (100 nematodes/plate). One day before use, the 90 mm
NGM agar plates were spotted with the indicated doses of fish
oil (2.8 mg/plate) or safflower oil (2.8 mg/plate) dissolved in
DMSO, or a similar amount of DMSO alone, as a vehicle control.
Nematodes were incubated on test plates until day 10, and
homogenized using the Micro Smash™. Total lipids were
extracted from the homogenized sample using the Bligh & Dyer
procedure.®® A 2 ml volume of methanol:chloroform (2:1, v/v,
containing BHT) was added to 400 pul of homogenate and mixed
by vortexing for 2 min. One ml of methanol:chloroform (1:1 v/v,
containing BHT) was added, mixed by vortexing for 2 min, and
centrifuged for 5 min at 4°C and 907 g. The lower layer was
transferred to another tube and 1 ml of chloroform containing
BHT was added to the upper layer, mixed by vortexing for 2 min,
and centrifuged. This step was repeated three times. Total lipids
were dried under a stream of nitrogen gas. A known amount of
heptadecanoic acid (17:0) (Sigma, St Louis, MO) was added to
each test fatty acid as an internal standard and the mixture was
methylated with trimethylsilyldiazomethane for 30 min and
sodium methoxide/methanol for 10 min at room temperature to
prepare the fatty acid methylesters. The product was subjected to
gas chromatography (GC-2014, Shimadzu, Kyoto, Japan) using a
flame ionization detector and a Supelcowax®-10 fused silica
capillary column (60 m x 0.32 mm, 0.25 um film thickness,
Supelco, Bellefonte, PA). The GC conditions were programmed,
as described previously.?” Helium was used as the carrier gas.
The injector and detector temperatures were 220 and 250°C,
respectively, and the column oven temperature was increased by
20°C/min from 50 to 220°C and then held constant for 27 min.
Moreover, the temperature was increased from 220 to 250°C and
then held constant for 18 min. Peak components were identified
by comparing their retention times with those of a commercial
fatty acid methylester (Funakoshi, Tokyo, Japan).

Statistical analysis. Survival data are all expressed relative
to the non-treated control group. Survival curves were estimated
using the Kaplan-Meier test and comparisons of the curves
were performed using the log-rank test. For other experiments,
one-way ANOVA was used with Dunnett’s post-hoc test. Results
are expressed as the means = SE. Differences were considered
statistically significant at p<0.05 and p<0.01.

Results

Effect of fish oil on C. elegans lifespan. The effect of fish
oil on the lifespan of C. elegans was examined. The lifespan of the
nematodes was affected by fish oil administration (Fig. 1). The
mean lifespan in the 1.0 mg fish oil/plate group was 109.6% of
that in the control group; with a significant increase. However,
the mean lifespan in the 2.0 mg/plate fish oil group decreased
significantly to 87.2% of that in the control group. On the other
hand, no significant difference in the mean lifespan was found
between the 0.5 mg/plate fish oil group and the control group.
Thus, low levels of fish oil increased the lifespan of the nematodes,
whereas high levels of fish oil reduced the lifespan.

Effect of safflower oil on C. elegans lifespan. To investi-
gate whether the effects on lifespan extension and reduction are
specific to fish oil, as opposed to a common effect of oils (i.e., due
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Fig. 1. Effects of fish oil on the lifespan of C. elegans. The survival

curves of C. elegans fed fish oil [0.5 mg/plate (A), 1.0 mg/plate (B), and
2.0 mg/plate (C)] were compared with that of the control group. Values
are expressed as the means + SE, n = 50-100 for each group. CO, control
group. FO, fish oil group. p<0.05 vs CO.

to the triacylglycerol structure), the effect of safflower oil on the
lifespan of C. elegans was examined. The mean lifespans in the
0.5, 1.0, and 2.0 mg/plate safflower oil groups were 101.2%,
104.3%, and 97.2% of that in the control group, respectively
(Fig. 2). There were no significant differences in the lifespan
among the four groups. Thus, safflower oil did not influence the
lifespan of the nematodes.
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Fig. 2. Effects of safflower oil on the lifespan of C. elegans.

The lifespan curves of C. elegans fed safflower oil [0.5 mg/plate (A), 1.0
mg/plate (B), and 2.0 mg/plate (C)] were compared with that of the
control group. Values are expressed as the means + SE, n = 50-100 for
each group. CO, control group. SO, safflower oil group. p<0.05 vs CO.

Effects of fish oil or safflower oil on lipid peroxidation in
C. elegans. 1In our previous study, we investigated the effects of
fish oil on the lifespan of senescence-accelerated mice, and
showed that the lifespan of mice that were fed fish oil was signifi-
cantly shorter than that of mice that were fed safflower oil.09 It
was also suggested that the mechanism of this phenomenon was
through increases in the lipid peroxide levels in mice that were fed
fish 0il."® Therefore, in this study, it was hypothesized that lipid
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Fig. 3. Effects of fish oil or safflower oil on lipid peroxidation in C.

elegans. TBARS levels of C. elegans fed fish oil (A) or safflower oil (B)
were compared with that of the 0 mg/mL Control group. Values are
expressed as the means + SE, n = 6 for each group. TBARS, thiobarbituric
acid reactive substances. FO, fish oil group. SO, safflower oil group.
*p<0.05, **p<0.01 vs 0 mg/plate.

peroxidation would be increased in nematodes that were fed fish
oil. To investigate lipid peroxidation in nematodes that were fed
fish or safflower oil, 4-day-old nematodes were cultured on plates
containing fish oil or safflower oil and 10-day-old nematodes were
harvested and utilized for the TBARS assay. TBARS levels in the
fish oil groups increased significantly in a dose-dependent manner
(Fig. 3). On the other hand, TBARS levels in the safflower oil fed
groups were not altered significantly. Thus, we found that fish oil
promoted lipid peroxidation in nematodes.

Effects of fish oil and aToc on the lifespan and lipid
peroxidation in C. elegans. To determine whether lipid per-
oxidation was involved with the extension and reduction of the
lifespan, nematodes were cultured on plates containing fish oil
and an antioxidant, aToc. The mean lifespans in 0.5, 1.0, and
2.0 mg/plate fish oil groups with 1% aToc were 98.8%, 98.1%,
and 104.3% of that in the control group, respectively (Fig. 4).
There were no significant differences in the lifespan between the
four groups. The changes in the lifespan of nematodes that were
fed fish oil alone were completely abrogated by the addition of
aToc. Moreover, the increases in TBARS levels observed in
nematodes that were fed fish oil alone were also completely pre-
vented by the addition of aToc (Fig. 5). Thus, lipid peroxidation
in the nematodes was inhibited by the addition of the antioxidant
and prevented the fish oil-induced changes in the lifespan.
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Fig. 4. Effects of fish oil with a-tocopherol on the lifespan of C.

elegans. The survival curves of C. elegans fed safflower oil [0.5 mg/plate
(A), 1.0 mg/plate (B), and 2.0 mg/plate (C)] were compared with that of
the control group. Values are expressed as the means + SE, n = 80-100
for each group. CO, control group. FO, fish oil group. aToc; a-tocopherol.

Effects of fish oil on fatty acid composition in C. elegans.
To confirm whether nematodes ingest the test oils, we examined
the fatty acid composition in nematodes that were fed test oils.
As aresult, DHA, which is a component of fish oil, was increased
in the fish oil group and linoleic acid, which is a component of
safflower oil, was increased in the safflower oil group, compared
with the respective control groups (Table 1). In the fish oil and
safflower oil groups, while oleic acid levels were increased
significantly, 13-methyltetradecanoic acid (C15iso), 15-methyl-
hexadecanoic acid (C17is0) and 9,10-methylene hexadecanoic
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Table 1. Fatty acid composition in C. elegans fed test oils

CO (%) FO (%) SO (%)
14:0 2.2+0.2 29+0.5 1.8+0.2
C15iso 5.4+0.2 3.0 +£0.3** 4.1+£0.1**
16:0 9.2+2.1 14.0 £ 2.5 9.6+0.9
16:1 n-7 4.2+0.2 5.0+0.1% 3.3+£0.3*%*
C17 iso 7.4+0.4 3.7 +£0.3** 4.5+ 0.4%*
17 A 19.2+£1.0 11.3 +1.4** 13.8+0.7**
18:0 7.1+0.6 8.1+1.1 83+04
18:1 n-9 2.7+0.6 10.9 + 1.6** 7.0+1.1%
18:1 n-7 19.5+1.5 15.2+0.8* 13.1 £ 0.9**
18:2 n-6 6.0+0.2 79+1.2 18.6 + 0.9**
18:3 n-3 3.0+1.6 2.3+0.9 3.7+1.3
19A 5.7+0.9 3.1+0.8 43+1.1
20:3 n-6 1.1+£0.2 0.5+0.0* 0.9+0.2
20:4 n-3 1.0+£0.1 1.8 £0.4* 1.6£0.1
20:5 n-3 6.1+0.2 8.0+1.2 5.5+£0.5
22:6 n-3 nd 23+1.0 nd

Mean + SE, *p<0.05, **p<0.01 (vs CO), nd; not detected.

acid (17A) levels were decreased significantly. Therefore, because
the fatty acid composition in nematodes was greatly altered by the
addition of the test oils, we confirmed that the nematodes ingested
the test oils.

Effect of DHA on C. elegans lifespan. To confirm whether
the oxidation of »-3 PUFA in fish oil changes the lifespan of
nematodes, the effect of oxidized DHA was examined. First, to
confirm whether the oxDHA was oxidized, the LOOH content
in oxDHA was determined, and showed that oxDHA had been
oxidized significantly (Fig. 6A). Next, nematodes were cultured
on plates containing DHA or oxDHA, and the lifespan of
nematodes was investigated. No significant difference in the mean
lifespan was observed between the DHA group and the control
group (Fig. 6B). On the other hand, the mean lifespan in the
oxDHA group was decreased significantly to 90.7% of that in the
control group (Fig. 6C). Thus, oxidized DHA shortened the
lifespan of the nematodes.

Discussion

In a previous report, we administered fish oil to SAMP8 and
measured the effects on the lifespan of these mice. Surprisingly,
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Fig. 6. Effects of oxidized DHA on the lifespan of C. elegans. LOOH

content in oxDHA (A). Values are expressed as the means + SE, n = 6 for
each group. **p<0.01 vs DHA. The survival curves of C. elegans fed
DHA (1.0 mg/plate) (B) and oxDHA (1.0 mg/plate) (C) were compared
with that of the control group. Values are expressed as the means + SE,
n=100-120 for each group. CO, control group. DHA, DHA group.
oxDHA, oxDHA group. *p<0.05 vs CO.

the lifespan of SAMP8 that were fed fish oil was shortened
significantly.(® In this study, to investigate whether this phenom-
enon is unique to SAMPS, we investigated the effect of fish oil on
the lifespan of another organism species, C. elegans. We found
that large amounts of fish oil significantly reduced the lifespan of
C. elegans (Fig. 1). To investigate whether this phenomenon is an
effect specific to fish oil vs an effect that is common to oils (i.e.,
due to the triacylglycerol structure), the effect of safflower oil on
the lifespan of C. elegans was examined and was found to not
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influence the lifespan (Fig.2). Hence, we suggested that the
change in the lifespan of nematodes that were fed fish oil was
due to the constituent fatty acids of the fish oil. In our previous
study, the lifespan reduction in SAMPS that were fed fish oil was
considered to be due to the promotion of lipid peroxidation.(!
Therefore, we investigated lipid peroxidation in nematodes that
were fed fish oil and showed that lipid peroxide levels in
nematodes increased significantly in a dose-dependent manner
(Fig. 3). To determine whether lipid peroxidation was involved in
the reduction of the lifespan, nematodes were cultured on plates
containing fish oil and an antioxidant, aToc. The changes in
lifespan and lipid peroxide levels in nematodes that were fed fish
oil alone were abrogated by the addition of aToc (Fig. 4 and 5).
It has been reported previously that the ingestion of fish oil can
promote lipid peroxidation in human and model animals.(-!D
Furthermore, it has also been reported that oxidative stress
promotes senescence,>' and that the nematode lifespan was
shortened by oxidative stress;'7#D similar results were also
observed in mice.!'® Overall, it was suggested that the reduction of
the lifespan of nematodes that were fed fish oil is dependent on
lipid peroxidation. Fish oil is easily oxidized compared with the
plant oils, such as safflower 0il.#>#% The increased susceptibility
to oxidation of fish oil is due to the content of EPA and DHA,
which both have many double bonds. In this study, large amounts
of EPA and DHA accumulated in those nematodes that were fed
fish oil (Table 1). Therefore, it was suggested that lipid peroxida-
tion in nematodes was promoted by EPA and DHA. In fact, the
lifespan of nematodes that were fed oxidized DHA were shortened
(Fig. 6).

In this study, the low dose of fish oil significantly prolonged the
lifespan of nematodes (Fig. 2). It was believed that the reason for
this phenomenon was that lipid peroxide levels were minimal in
nematodes that ingested a low dose of fish oil. Moderate oxidative
stress increases the stress resistance of C. elegans by increasing
antioxidant enzymes, and extends their lifespan.('7449 It has also
been reported that n-3 PUFA enhances superoxide dismutase,
catalase, and glutathione activity.“7*#” Therefore, in this study, it
was suggested that low dose of fish oil induced a moderate oxida-
tive stress that extended the lifespan of the nematodes.

It has been reported that low doses of physiologically-active
substances, such as quercetin, curcumin, and plant adaptogen,
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