
ABSTRACT
Background: Although the replacement of dietary saturated fat
with unsaturated fat has been advocated to reduce the risk of car-
diovascular disease, diets high in polyunsaturated fatty acids
(PUFAs) could increase lipid peroxidation, potentially contribut-
ing to the pathology of atherosclerosis.
Objective: The objective of this study was to examine indexes of
in vivo lipid peroxidation, including free F2-isoprostanes,
malondialdehyde (MDA), and thiobarbituric acid reacting sub-
stances (TBARS), in the plasma of postmenopausal women tak-
ing dietary oil supplements rich in oleate, linoleate, and both
eicosapentaenoic acid and docosahexaenoic acid.
Design: Fifteen postmenopausal women took 15 g sunflower
oil/d, providing 12.3 g oleate/d; safflower oil, providing 10.5 g
linoleate/d; and fish oil, providing 2.0 g EPA/d and 1.4 g DHA/d
in a 3-treatment crossover trial.
Results: Plasma free F2-isoprostane concentrations were lower
after fish-oil supplementation than after sunflower-oil supple-
mentation (P = 0.003). When plasma free F2-isoprostane
concentrations were normalized to plasma arachidonic acid con-
centrations, significant differences among the supplements were
eliminated. Plasma MDA concentrations were lower after fish-
oil supplementation than after sunflower-oil supplementation
(P = 0.04), whereas plasma TBARS were higher after fish-oil
supplementation than after sunflower oil (P = 0.003) and saf-
flower oil (P = 0.001) supplementation. When plasma MDA con-
centrations were normalized to plasma PUFA concentrations,
significant differences were eliminated, but TBARS remained
higher after fish-oil supplementation than after sunflower oil
(P = 0.01) and safflower-oil (P = 0.0003) supplementation.
Conclusions: With fish-oil supplementation, there was no evi-
dence of increased lipid peroxidation when assessed by plasma
F2-isoprostanes and MDA, although plasma TBARS was higher
than with sunflower-oil and safflower-oil supplementation.
Am J Clin Nutr 2000;72:714–22.
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INTRODUCTION
A large body of research supports the hypothesis that the oxi-

dation of LDL in vessel walls plays a significant role in the
development of atherosclerosis (1, 2). For this reason, factors
that influence the oxidation of LDL lipids have been the subject
of several investigations. Despite the favorable effects of diets
that are relatively high in unsaturated fat on lipoprotein profiles
(3, 4), there is concern that such diets could increase the oxida-
tive modification of LDL, thereby negating some of their cardio-
protective effects. These issues are of particular relevance to
postmenopausal women, for whom cardiovascular disease is the
major cause of mortality in the United States (5).

The results of in vitro studies of lipid peroxidation in homo-
geneous solutions suggest that oxidative susceptibility increases
with the number of double bonds in a fatty acid (6, 7). Studies of
slightly more complicated systems (aqueous micelles) suggested
that oxidative susceptibility is influenced by additional factors,
such as the polarity of lipid hydroperoxides formed from specific
fatty acids (8, 9). The measurement of lipid peroxidation in vivo
is of particular interest because oxidative conditions that are
used to determine oxidative susceptibility in vitro may not be
relevant in vivo (10). In vivo assessments of changes in lipid
peroxidation related to diets rich in specific fatty acids are

Am J Clin Nutr 2000;72:714–22. Printed in USA. © 2000 American Society for Clinical Nutrition

Supplementation of postmenopausal women with fish oil rich in
eicosapentaenoic acid and docosahexaenoic acid is not associated
with greater in vivo lipid peroxidation compared with oils rich in
oleate and linoleate as assessed by plasma malondialdehyde and
F2-isoprostanes1–3

Jane V Higdon, Jiankang Liu, Shi-Hua Du, Jason D Morrow, Bruce N Ames, and Rosemary C Wander

714

1 From the Department of Nutrition and Food Management, Oregon State
University, Corvallis; the Division of Biochemistry and Molecular Biology,
University of California, Berkeley; and the Department of Medicine and
Pharmacology, Vanderbilt University School of Medicine, Nashville, TN.

2 Supported in part by the National Research Initiative Competitive Grants
Program from the US Department of Agriculture (grant 9601081; to RCW)
and the National Institutes of Health (grants DK48831, GM42056, GM1543,
CA77839, and DK26657; to JDM). JDM is the recipient of a Burroughs
Wellcome Fund Clinical Scientist Award in Translational Research. TBHQ
and �- and �-tocopherol for the oil supplements were provided by Eastman
Chemical Company, Kingsport, TN. The high-oleate sunflower oil was pro-
vided by Humpco, Memphis.

3 Address reprint requests to RC Wander, Department of Nutrition and
Foodservice Systems, University of North Carolina Greensboro, PO Box
26170, Greensboro, NC 27402-6170. E-mail: rcwander@uncg.edu.

Received September 13, 1999.
Accepted for publication February 23, 2000.

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


problematic for several reasons. Some fatty acids are more likely
than others to form a particular decomposition product, such as
malondialdehyde (MDA), whereas other oxidation products,
such as F2-isoprostanes (11), are formed during the oxidation of
only one fatty acid, arachidonic acid (20:n�6).

The results of studies examining the effects of increased pro-
portions of highly unsaturated polyunsaturated fatty acids
(PUFAs) in the diet on indexes of lipid peroxidation in vivo are
contradictory (12–14). However, much of the information
regarding the effect of increased dietary PUFAs on in vivo lipid
peroxidation is based solely on the thiobarbituric acid (TBA)
assay. Although widely used, the TBA assay has been widely
criticized because of its well-documented lack of specificity for
MDA (15).

To determine the effect of increased intake of specific unsatu-
rated fatty acids on several indexes of in vivo lipid peroxidation,
we measured free F2-isoprostanes, MDA, and thiobarbituric
acid–reactive substances (TBARS) in the plasma of post-
menopausal women taking daily supplements of oleate (18:ln�9)-
rich sunflower oil, linoleate (18:2n�6)-rich safflower oil, and
fish oil rich in eicosapentaenoic acid (20:5n�3) and docosa-
hexaenoic acid (22:6n�3).

SUBJECTS AND METHODS

Subjects

Sixteen postmenopausal women aged 50–75 y were recruited
from the Oregon State University campus and the surrounding
community through posters and newspaper advertisements. The
study protocol was reviewed and approved by the institutional
review board at Oregon State University and written consent was
obtained from each participant before the study began.

Menopausal status was assessed on the basis of menstrual his-
tory [absence of normal menses for ≥12 mo or a history of use
of hormone replacement therapy (HRT), or both] for ≥12 mo. A
thorough medical history was obtained from each participant.
Therapeutic agents or nutritional supplements known to have
antioxidant or lipid-altering effects were specifically excluded.
All participants were required to be normolipidemic on the basis
of the results of plasma lipid and lipoprotein profiles, analyzed
by the Oregon State University Lipid Laboratory. Normal liver
function, glucose status, and iron status were verified through
medical history and the results of a fasting serum chemistry
panel and a screening complete blood count, analyzed by Good
Samaritan Hospital Laboratory (Corvallis, OR). All prospective
participants had their blood pressures measured before entering
the study to ensure normal systolic and diastolic blood pres-
sures. Height and weight were measured and body mass index
(BMI; in kg/m2) was calculated to enable selection of partici-
pants who were not obese. Women with a history of cigarette
smoking were excluded. All participants agreed to refrain from
taking any nutritional supplements other than calcium or vita-
min D and to refrain from eating fish for the duration of the
study. The participants were informed that the 15 g oil would
add 567 kJ (135 kcal) daily to their diets, and they agreed to
maintain a stable body weight throughout the study and to refrain
from any significant change in physical activity. Because one
participant dropped out after the first period for reasons unre-
lated to the study, only the data obtained from the other 15 par-
ticipants are included in the results.

Experimental design

To assess the effects of each of the 3 oil supplements on the indi-
vidual participants, a 3-period, 3-treatment, blinded crossover trial
was used. During each treatment period, the participants took 15 g
high-oleate sunflower oil, high-linoleate safflower oil, or fish oil
rich in 20:5n�3 and 22:6n�3. Each treatment period lasted 5 wk
and was followed by a 7-wk washout interval to minimize any car-
ryover effect from the previous treatment. The initial 16 participants
were randomly assigned to 1 of 6 treatment sequences, resulting in
≥2 participants taking supplements in each of all possible
sequences. The crossover trial was designed to avoid confounding
of period and treatment effects by including each treatment in each
period. This design allowed for the statistical assessment of carry-
over effects, described in the statistical analysis section below (16).
The total time of participation in the study was 27 wk.

Blood samples were taken on 2 separate days, before the start
of the treatment and twice during the last 3 d of the 5-wk treat-
ment period. The participants made a total of 14 visits to the
metabolic unit to have blood samples taken or to pick up supple-
ments. Compliance was assessed by counting leftover capsules
and by evaluating changes in specific plasma fatty acid concen-
trations at the end of each treatment period.

Supplements

The fish oil was obtained from the National Institutes of Health
Fish Oil Test Materials Program (NIH-FOTMP) in sealed opaque
containers that contained one-hundred 1-g capsules. The high-
oleate sunflower oil (Humpco, Memphis) and the high-linoleate saf-
flower oil (Arista Industries, Darien, CT) were supplied in bulk and
encapsulated after adjustment for antioxidant content (Professional
Compounding Pharmacy, Corvallis, OR). The �-tocopherol con-
centration in the fish oil supplied by the NIH-FOTMP was assayed
by our laboratory and found to be 1.2 mg/g oil; the �-tocopherol
concentration was 1.3 mg/g oil. The fish oil also contained tertiary
butyl hydroquinone (TBHQ) added as an antioxidant to achieve the
concentration of 0.17 mg/g oil. TBHQ is a food-grade, oil-soluble
antioxidant that is metabolized within a few days of ingestion and
excreted in the urine. Because it is not stored in tissues, it does not
function as an antioxidant in vivo (17). After the original �- and
�-tocopherol concentrations in the sunflower and safflower oils
were assayed, additional �-tocopherol, �-tocopherol, and TBHQ
(Eastman Chemical Company, Kingsport, TN) were added to match
the concentrations present in the fish oil supplied by the NIH-
FOTMP. Thus, all 3 oil supplements supplied �20 mg �-tocopherol
equivalents in 15 g oil consumed daily.

The potential for lipid peroxidation in the oil supplements was
assessed by measuring peroxide values (18) and the p-anisidine
value, a measure of the aldehyde content of fat (19). Lipid per-
oxidation was assessed at the beginning of each treatment period
in samples of each oil supplement, which had been kept refrig-
erated in opaque containers. Neither the p-anisidine value nor the
peroxide value had increased in any of the supplements by the
final period of the study. Oil supplements were given to the par-
ticipants in opaque jars; each day’s dose was contained in a
resealable plastic bag. The participants were instructed to keep
the opaque container in the refrigerator except when removing
the day’s supplement supply.

Dietary analysis

To determine the nutritional content of her habitual diet, each
participant was instructed in the technique of keeping a 3-d
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(2 weekdays and 1 weekend day) record of all foods and bever-
ages consumed. The participants kept 3-d diet records during each
of the 3 treatment periods. The nutritional content of each partici-
pant’s diet during each treatment period was analyzed by using
FOOD PROCESSOR PLUS (version 6.0; ESHA, Salem, OR).

Blood collection

Venous blood samples were collected into tubes containing
Na2EDTA (1 g/L) after an overnight fast of �12 h. Samples were
taken on 2 separate days at the beginning and the end of each
5-wk treatment period. Plasma samples were prepared within
1 h of blood collection by centrifugation at 600 � g for 15 min
at 4 �C. Blood samples were kept in the dark and on ice until cen-
trifugation. Plasma samples were immediately divided into
aliquots and stored under argon at �70 �C. The plasma samples
were thawed only once, at the time of assay. Frozen plasma sam-
ples were shipped on dry ice overnight from the Oregon State
University Lipid Laboratory to JDM’s laboratory at Vanderbilt
University and to BNA’s laboratory at the University of Califor-
nia, Berkeley, �3 mo after the final blood draw. Plasma vitamin
E, plasma fatty acid profiles, and plasma lipid and lipoprotein
profiles were assayed at the Oregon State University Lipid Lab-
oratory at the end of each treatment period. Plasma TBARS was
assayed �3 mo after the final blood draw.

Assays

Plasma total cholesterol concentrations were determined enzy-
matically by using a modification of the method of Allain et al

(20). This cholesterol assay met the National Cholesterol Edu-
cation Program’s performance criteria for accuracy. Plasma
triacylglycerol concentrations were measured by using a modi-
fication of the method of McGowan et al (21). HDL-cholesterol
concentrations were measured enzymatically after precipitation
of LDL and VLDL fractions with phosphotungstic acid and
magnesium chloride (22). LDL-cholesterol concentrations
were calculated by using the formula of Friedewald et al (23).

To obtain fatty acid profiles of plasma and of the supplemen-
tal oils, lipids were extracted with chloroform methanol (1:2,
vol:vol), according to the method of Bligh and Dyer (24). After
methylation, fatty acid methyl esters were measured by gas chro-
matography by using heptadecanoic acid (Nu-Chek Prep,
Elysian, MN) as an internal standard, as described previously
(25). Individual fatty acids were reported as mmol/L of plasma.
The sums of supplement and plasma saturated fatty acids
(�SFA), monounsaturated fatty acids (�MUFA), and PUFAs
(�PUFA) were calculated as shown in Table 1. Because fatty
acids with ≥2 double bonds are thought to be more susceptible
to lipid peroxidation than are SFAs or MUFAs (26), a peroxida-
tion index (PI) was calculated as follows:

PI = (�PUFA with 2 double bonds � 1) 
+ (�PUFA with 3 double bonds � 2) 
+ (�PUFA with 4 double bonds � 3) 
+ (�PUFA with 5 double bonds � 4) 
+ (�PUFA with 6 double bonds � 5) (1)

The PI was used as an index for the susceptibility of a given fatty
acid profile to lipid peroxidation.

Concentrations of �- and �-tocopherol in the supplemental
oils were measured by using normal-phase HPLC (Shimadzu,
Columbia, MD) with fluorometric detection (excitation: �292;
emission: �330) based on a standardized method published by
the International Union of Pure and Applied Chemistry (27). Oil
samples were diluted in hexane and injected onto a silica col-
umn (Supelcosil 5 	m; 250 � 4.6 mm; Supelco Inc, Bellefonte,
PA), using hexane: isopropanol (99:1, vol:vol) as a mobile
phase, at a flow rate of 1 mL/min.

Plasma �-tocopherol concentrations were measured by
reversed-phase HPLC with fluorometric detection, using a mod-
ification of the method of Arnaud et al (28). Tocopherols were
extracted into hexane, evaporated under nitrogen, resuspended
in methanol, and injected onto a C18 column (Shim-pack CLS-
ODS 5 	m; 250 � 4.6 mm; Shimadzu) with 100% methanol as
a mobile phase, at a flow rate of 1.5 mL/min. Concentrations
were determined by using external standards. Recovery of
added �-tocopherol to plasma samples averaged 92%. Applica-
tion of our plasma assay to �-tocopherol standards (SRM 968b)
obtained from the National Institute of Standards and Technol-
ogy (NIST) Standards Reference Program (Gaithersburg, MD)
yielded values within 6% of the NIST consensus values; the
intra- and interassay CVs for plasma �-tocopherol averaged
6.4% and 5.6%, respectively.

Free F2-isoprostane concentrations in plasma were determined
by using gas chromatography–negative chemical ionization mass
spectrometry (GC-NCIMS) as described by Morrow and Roberts
(29). Briefly, a deuterated prostaglandin F2� internal standard was
added to plasma, and F2-isoprostanes were extracted with C18 and
silica minicolumns. The extracted F2-isoprostanes were converted
to pentafluorobenzyl ester trimethylsilyl ether derivatives and
quantified by using selected ion monitoring [mass-to-charge ratio

716 HIGDON ET AL

TABLE 1
Selected fatty acids supplied by 15 g/d of each oil supplement1

Fatty acid Sunflower oil Safflower oil Fish oil

g/d

14:0 ND 0.02 1.19
16:0 0.49 1.04 2.16
18:0 0.53 0.37 0.39
20:0 0.05 0.05 0.06
22:0 0.15 0.03 0.02
�SFA2 1.26 1.53 3.90
16:1n�7 0.02 0.02 1.34
c-18:1n�9 12.27 1.85 0.76
18:1n�7 ND 0.15 0.37
20:1n�9 0.04 0.03 0.12
�MUFA3 12.32 2.04 2.63
c,c-18:2n�6 0.58 10.46 0.21
18:3n�3 0.02 0.02 0.15
20:4n�6 ND ND 0.12
20:5n�3 ND 0.02 1.97
22:5n�3 ND ND 0.35
22:6n�3 ND ND 1.44
�PUFA4 0.59 10.49 4.56

1 Values for sunflower oil and safflower oil are mean values of samples
measured in duplicate. Values for fish oil were provided by the National
Institutes of Health Fish Oil Test Materials Program. ND, not detected.

2 Sum of the saturated fatty acids = 13:0 + 14:0 + 15:0 +16:0 + 18:0 +
19:0 + 20:0 + 21:0 + 22:0 + 23:0 + 24:0.

3 Sum of the monounsaturated fatty acids = 16:1n�7 + t-18:1n�9 +
c-18:1n�9 + 18:1n�7 + 20:1n�9 + 24:1.

4 Sum of the polyunsaturated fatty acids = t,t-18:2n�6 + c,c-18:2n�6 +
18:3n�3 + 18:4n�3 + 20:2n�6 + 20:3n�6 + 20:3n�3 + 20:4n�6 +
20:5n�3 + 22:5n�3 + 22:6n�3.

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


(m/z) 569 for F2-isoprostanes and m/z 573 for the internal stan-
dard] GC-NICMS. This assay has been found to be highly accu-
rate (96%) and highly sensitive; the lower limit of detection is in
the low picogram range (30). Intra- and interassay CVs for the
assay in the present study were < 10%.

Plasma MDA concentrations were also measured by using
GC-MS in the negative chemical ionization mode as described
by Yeo et al (31). The stable isotope internal standard [2H2] MDA
and the antioxidant 2,6-tert-butyl-4-methylphenol (67 	mol/L)
were added to the plasma samples. The samples were then incu-
bated at room temperature in 6.6 mol H2SO4 for 10 min to
hydrolyze the aldehydes from the proteins. Plasma MDA was
converted to a stable pentafluorophenyl hydrazine derivative at
room temperature, and the derivative was quantified by using the
GC-MS in the negative chemical ionization mode (selective ion
monitoring m/z 234 for MDA and m/z 236 for the internal stan-
dard). Intra- and interassay CVs were 6.5%. This method com-
bines the highly specific technique of GC-MS with mild sample
preparation conditions, thus avoiding cross-reactivity and heat-
generated artifacts characteristic of the TBA method (32).

The TBA assay is a commonly used method of measuring
MDA as an index of lipid peroxidation. Because of the lack of
specificity of this assay, especially in biological systems, results
are commonly expressed as TBARS rather than MDA. Plasma
TBARS were measured in duplicate by using the method
described by Yagi (33). To inhibit further oxidation, 2,6-tert-
butyl-4-methylphenol (67 	mol/L) was added to plasma samples
before the assay was started, just as in the GC-MS assay for
MDA. Plasma lipids were precipitated along with protein
through the use of a phosphotungstic acid-sulfuric acid system.
After centrifugation at 1200 � g for 10 min at 20�C and removal
of the supernate, the precipitate was resuspended and the TBA
reagent (equal volumes of 0.67% TBA and glacial acetic acid)
were added. The mixture was heated for 60 min at 95 �C. After
cooling, n-butanol was added, the mixture was mixed and
centrifuged at 1200 � g for 10 min at 20 �C, and the butanol
layer was removed for fluorometric measurement (emis-
sion: �553; excitation: �515). External standards of 1,1,3,3-
tetraethoxypropane were used to quantify TBARS in the plasma
samples. Intra- and interassay CVs averaged 8.4% and 9.5%,
respectively.

Statistical analysis

There was a 7-wk washout period after each treatment period to
decrease the likelihood of carryover effects. Balanced random
assignment of ≥2 subjects to all 6 possible treatment sequences
allowed for the statistical assessment of carryover effects before
inference regarding direct treatment effects. Carryover effects
were estimated and direct treatment effects were analyzed by
using a mixed between- and within-subjects analysis of variance
(ANOVA) procedure described by Kuehl (16). Briefly, the
between-subjects sources of variation consisted of sequence of
treatment and subjects nested within sequence, whereas within-
subjects sources of variation consisted of period, treatment
(direct), and treatment (carryover). If treatment carryover effects
were significant (P = 0.05), estimates of differences among treat-
ment means could be adjusted for the carryover effects. If carry-
over effects were not found to be significant, the ANOVA was
performed without the treatment (carryover) effect in the model.
No significant treatment carryover effects were found for any of
the data presented. Therefore, all least-squares means (LSMs) rep-

resent direct treatment effects, which were not adjusted for carry-
over. Because no significant period-treatment interactions were
found, a period-treatment interaction was not included in the final
model. If the ANOVA showed a significant treatment effect, P val-
ues for the differences between LSMs were adjusted for multiple
comparisons by using Tukey’s studentized range test. Results with
P values = 0.05 for a two-sided test were considered significant.
Analyses were accomplished by using the SAS general linear
model procedure (version 6.12; SAS Institute Inc, Cary, NC).

Before analysis, the data were screened graphically for nor-
mality, linearity, and homogeneity of variance. A modification of
Levene’s test was used to ensure that the assumption of equal
within-group variance was not violated (34). Studentized residu-
als were used to screen for multivariate outliers. Observations
with studentized residuals > 3, which did not resolve with trans-
formation and showed strong influence on the model were
removed from the analysis. Data are expressed as LSMs ± SEs,
unless otherwise noted.

RESULTS

Characteristics of the subjects and their diets

All the participants were postmenopausal and were receiving
HRT. Each participant continued her regimen of HRT, without
alteration, for the duration of the study. Although the HRT regi-
mens were not identical for each woman, they were generally
equivalent to 0.625 mg conjugated estrogens/d for the women
who had had hysterectomies and 0.625 mg conjugated estrogens
plus 2.5 mg medroxyprogesterone/d for the women who had not
had hysterectomies. The participants were not taking long-term
prescription medications other than hormones and did not take
nutritional supplements, other than calcium or vitamin D,
throughout the study. Compliance with the supplement regimen
was estimated to be 95% on the basis of the return of empty sup-
plement containers and leftover supplement capsules. The results
of the plasma fatty acid profiles for each participant during each
treatment period were also consistent with high compliance.

The initial characteristics of the study participants are pre-
sented in Table 2. Although mean BMI was slightly greater than
the desirable upper limit of 24.9, it was well under 30, the level
at which morbidity and mortality associated with obesity has
been found to increase rapidly (35). Average weight gain over
the 9-mo study period was 0.6 kg. All participants were nor-
molipidemic on the basis of their lipid and lipoprotein profiles
(36). Fasting blood glucose concentrations and iron status indi-
cated by hemoglobin were within normal limits (37).

Because the intake of nutrients presented in Table 3 did not
differ significantly by supplementation group, values represent
the average nutrient intake from three 3-d diet records. Mean
vitamin E intake was slightly below the recommended dietary
allowance of 8 mg �-tocopherol equivalents (TE)/d (39), and
mean folic acid intake was below the recently published dietary
reference intake of 400 	g/d (38) though well within the recom-
mendation of 180 	g/d at the time of the study.

Fatty acid intake and plasma fatty acid concentrations

The major fatty acids supplied by each supplement are listed in
Table 1. As a result of the oil supplement, the total dietary intake
of specific fatty acids differed significantly between supplemen-
tation groups (Figure 1). During supplementation with sunflower
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oil, total oleate intake was 79% higher than with safflower-oil
supplementation (P < 0.0001) and 61% higher than with fish-oil
supplementation (P < 0.0001). During safflower-oil supplementa-
tion, linoleate intake was 146% higher than with sunflower-oil
supplementation (P < 0.0001) and 119% higher than with fish-oil
supplementation (P < 0.0001). Because the participants were
asked to exclude fish from their diets throughout the study, fish-
oil supplementation was associated with significantly greater
(�50–100 fold) 20:5n�3 and 22:6n�3 contents of the diet than
was sunflower- and safflower-oil supplementation (P < 0.0001
for all 4 comparisons). Although total intake of 20:4n�6 was rel-
atively low during all 3 supplementation periods, it was signifi-
cantly higher during fish-oil supplementation (P < 0.0001)
because of the higher 20:4n�6 content of the fish oil.

At the end of each supplementation period, plasma fatty acid
concentrations reflected fatty acid intake (Figure 1). Mean
plasma 18:1n�9 concentrations were 41% higher at the end of
sunflower-oil supplementation than at the end of safflower-oil
supplementation (P < 0.0001) and 61% higher than at the end of
fish-oil supplementation (P < 0.0001). At the end of safflower-oil
supplementation, plasma 18:2n�6 was 14% higher than at the
end of sunflower-oil supplementation (P = 0.05) and 34% higher
than at the end of fish-oil supplementation (P < 0.0001). Plasma
18:2n�6 concentrations also differed significantly between the
sunflower-oil and the fish-oil supplementation groups; 18:2n�6
concentrations were 18% higher at the end of sunflower-oil sup-
plementation (P = 0.03). Plasma concentrations of 20:5n�3 and
22:6n�3 were significantly higher after fish-oil supplementation.
Plasma 20:5n�3 concentrations were �10 times higher, whereas
plasma 22:6n�3 concentrations were �2.5 times higher after
fish-oil supplementation than after sunflower-oil and safflower-
oil supplementation (P < 0.0001 for all comparisons). Plasma
20:4n�6, which can be synthesized from 18:2n�6, was 23%
lower after fish-oil supplementation than after supplementation
with sunflower or safflower oil (P = 0.001 for both comparisons).

Total plasma concentrations of PUFAs did not differ signifi-
cantly between the different supplementation groups. However,
plasma concentrations of n�6 PUFAs at the end of fish-oil
supplementation were 1.1 mmol/L less than after sunflower-oil
supplementation (P = 0.003) and 1.5 mmol/L less than after saf-
flower-oil supplementation (P < 0.0001). Plasma concentrations
of n�3 PUFAs at the end of fish-oil supplementation were
1.0 mmol/L higher than after sunflower-oil supplementation and
1.1 mmol/L higher than after safflower-oil supplementation
(P < 0.0001). Plasma n�6 and n�3 PUFA concentrations did not
differ significantly between the sunflower- and safflower-oil sup-
plementation groups. At the end of fish-oil supplementation the
average PI of 12.4 was significantly higher than the average PI of

9.5 at the end of sunflower-oil supplementation and the average
PI of 9.7 at the end of safflower-oil supplementation (P < 0.0001
for both comparisons). The PI did not differ significantly between
the sunflower- and safflower-oil supplementation groups.

Plasma �-tocopherol

Each of the 3 oil supplements was matched for �- and
�-tocopherol content (20 mg �-TE/d). Additionally, mean dietary
vitamin E (6 mg �-TE/d) did not differ significantly between the
3 supplementation groups. Plasma �-tocopherol concentrations
(Figure 2) were 13% lower after fish-oil supplementation than
after sunflower-oil supplementation, a difference that showed a
trend toward significance (P = 0.07). Plasma �-tocopherol con-
centrations did not differ significantly between fish-oil and
safflower-oil supplementation or between sunflower-oil and saf-
flower-oil supplementation groups. The normalization of plasma
�-tocopherol to total plasma lipid concentrations has been pro-
posed as a valuable index of vitamin E status when plasma lipid
concentrations are altered. When normalized to total plasma
lipid concentrations expressed as moles (estimated as plasma
total cholesterol + plasma triacylglycerol), instead of plasma
volume, �-tocopherol concentrations did not differ significantly
between supplementation groups.

Assays of lipid peroxidation in vivo

Plasma concentrations of free F2-isoprostanes (Figure 3), prod-
ucts of 20:4n�6 oxidation, were significantly lower (15%) after
fish-oil supplementation than after sunflower-oil supplementation
(P = 0.002) and slightly lower (8%) than after safflower-oil sup-
plementation (P = 0.09). Free F2-isoprostanes did not differ signi-
ficantly between sunflower-oil and safflower-oil supplementation.
When normalized to plasma 20:4n�6 (AA) concentrations,
plasma free F2-isoprostanes did not differ significantly between
supplementation groups. Unlike plasma �-tocopherol, plasma
F2-isoprostanes were not normalized to total plasma lipid content
because only lipids containing 20:4n�6 can be oxidized to form
F2-isoprostanes.
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TABLE 2
Initial characteristics of the subjects

Normal range x– ± SD (n = 15)

Age (y) — 58 ± 6
BMI (kg/m2) <25 25.8 ± 3.5
Plasma cholesterol (mmol/L) <6.20 5.23 ± 0.55
Plasma triacylglycerol (mmol/L) <2.30 1.49 ± 0.47
HDL cholesterol (mmol/L) >0.90 1.57 ± 0.39
LDL cholesterol (mmol/L) <4.10 2.98 ± 0.61
Glucose (mmol/L) 3.30–6.40 4.93 ± 0.42
Hemoglobin (g/L) 120–160 132 ± 7

TABLE 3
Average daily intake of selected nutrients from three 3-d diet records

Intake2

Nutrient Recommended1 (n = 15)

Energy (kJ) 7959 7374 ± 1916
Protein (% of energy) 15 16 ± 3
Carbohydrate (% of energy) — 55 ± 9
Total fatty acids (% of energy) ≤30 29 ± 6

Saturated fatty acids (% of energy) <10 12 ± 3
Monounsaturated fatty acids (% of energy) — 11 ± 3
Polyunsaturated fatty acids (% of energy) — 6 ± 2

Cholesterol (mg) 300 177 ± 90
Dietary fiber (g) 20 20 ± 8
Vitamin E (mg �-TE) 8 6 ± 3
Vitamin C (mg) 60 138 ± 84
Selenium (	g) 55 57 ± 31
Folic acid (	g) 400 265 ± 126
Vitamin B-6 (mg) 1.5 1.6 ± 0.7
Vitamin B-12 (	g) 2.4 3.6 ± 2.8

1 Represents the 1998 dietary reference intakes for folic acid, vitamin
B-6, and vitamin B-12 (38) and the 1989 recommended dietary allowances
for all other nutrients (39).

2 x– ± SD.
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Plasma MDA concentrations (Figure 4A), measured by using
the more specific method (GC-MS), showed a similar trend to
the F2-isoprostane concentrations. After fish-oil supplementa-
tion, plasma MDA concentrations were 17% lower than after
sunflower-oil supplementation (P = 0.04) and 13% lower than
after safflower-oil supplementation (P = 0.09). Plasma MDA
concentrations did not differ significantly between the sun-
flower-oil and safflower-oil supplementation groups. Plasma
TBARS concentrations (Figure 4B), which are often referred to
as an indicator of MDA concentrations, showed a different trend
than did the plasma MDA results. It is important to note that the
TBARS concentrations are nearly 10 times higher than the
MDA concentrations. After fish-oil supplementation, plasma
TBARS were > 21% higher than after sunflower-oil supplemen-
tation (P = 0.003) and 23% higher than after safflower-oil sup-
plementation (P = 0.001). Plasma TBARS concentrations did
not differ significantly between the sunflower-oil and safflower-
oil supplementation groups.

MDA is thought to result mainly from the decomposition of
PUFA possessing > 2 double bonds (40). However, MDA has
been measured during the oxidation of PUFAs with only 2 dou-
ble bonds and even in very small quantities during the oxidation
of MUFAs (7, 41). Normalization of plasma MDA and TBARS

concentrations to plasma PUFA content is more likely to accu-
rately reflect the major sources of MDA in plasma than is nor-
malization to total plasma lipid content. In the present study,
normalization of MDA concentrations to total plasma PUFA
concentrations (Figure 4C) eliminated any significant differ-
ences among supplementation groups, although MDA concentra-
tions after fish-oil supplementation were 15% less than after sun-
flower-oil supplementation, showing a trend toward significance
(P = 0.09). When TBARS concentrations were normalized to
total plasma PUFA concentrations (Figure 4D), fish-oil supple-
mentation resulted in TBARS concentrations that were 15%
higher than with sunflower-oil supplementation (P = 0.01) and
23% higher than with safflower-oil supplementation
(P = 0.0003). TBARS concentrations did not differ significantly
between the sunflower-oil and safflower-oil supplementation
groups. Normalization of plasma MDA and plasma TBARS to
plasma unsaturated fatty acid concentrations (�MUFA +
�PUFA) yielded similar results, as did normalization to total
plasma PUFA in that MDA did not differ significantly between
the supplementation groups and TBARS concentrations were
significantly higher after fish-oil supplementation than after sun-
flower-oil or safflower-oil supplementation.

DISCUSSION

The results of the assays of in vivo lipid peroxidation did not
uniformly support the idea that increased numbers of double
bonds in dietary PUFAs result in increased susceptibility to lipid
peroxidation. In fact, the most specific indexes of lipid peroxi-
dation used in the present study (F2-isoprostanes and MDA)
were not higher after fish-oil supplementation than after sun-
flower oil and safflower-oil supplementation. Moreover, the assays
purported to measure the same index of oxidative stress—mal-
ondialdehyde (the MDA and TBA assays)—suggested different
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FIGURE 1. Least-squares mean (± SE) total intakes of specific
dietary fatty acids, including dietary and supplement sources, and
plasma concentrations of specific fatty acids in 15 postmenopausal
women at the end of 5 wk of supplementation with 15 g high-oleate
sunflower oil/d ( ), high-linoleate safflower oil (�), and high-EPA
and -DHA fish oil (�). Values with different letters are significantly
different, P = 0.05.

FIGURE 2. Least-squares mean (± SE) plasma �-tocopherol concen-
trations in 15 postmenopausal women at the end of 5 wk of supplemen-
tation with 15 g high-oleate sunflower oil/d ( ), high-linoleate saf-
flower oil/d (�), and high-EPA and -DHA fish oil/d (�). The graph on
the left represents �-tocopherol concentrations normalized to plasma
volume; the graph on the right represents �-tocopherol concentrations
normalized to total plasma lipids estimated as (plasma total cholesterol
+ plasma triacylglycerols). There were no significant differences
between supplementation groups, P = 0.05.
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conclusions regarding the consumption of highly unsaturated
n�3 fatty acids and in vivo lipid peroxidation.

F2-isoprostanes are prostaglandin-like products of nonenzy-
matic peroxidation of AA. They are an established biomarker for
oxidative stress and have been shown to correlate with condi-
tions of increased lipid peroxidation in animals and humans
(29). In humans, elevated plasma F2-isoprostanes have been
shown in conditions associated with enhanced oxidative stress,
such as chronic cigarette smoking (42), hepatorenal syndrome,
and systemic sclerosis (43). Increased concentrations of F2-iso-
prostanes were found in human atherosclerotic lesions (44) and
recently, increased plasma F2-isoprostane concentrations were
associated with increased plasma total homocysteine concentra-
tions, an independent risk factor for cardiovascular disease (45).
Even when normalized to plasma 20:4n�6 concentrations, which
were 18% lower after fish-oil supplementation, plasma free
F2-isoprostanes were not significantly higher after fish-oil supple-
mentation than after sunflower-oil and safflower-oil supplementa-
tion. Although more F2-isoprostanes are esterified to plasma lipids
than are free F2-isoprostanes, only free F2-isoprostanes were
measured in the present study. However, in all previous studies
in which both plasma free F2-isoprostanes and F2-isoprostanes
esterified to plasma lipids were measured, the 2 indexes were
well correlated (42, 46).

The utility of the F2-isoprostane assay for comparing in vivo
lipid peroxidation at different intakes of specific unsaturated fatty
acids is limited because it does not provide direct information
about the peroxidation of 20:5n�3 and 22:6n�3. It has been
shown that the nonenzymatic oxidation of 20:5n�3 in vitro results
in several F3-isoprostanes, one of which (8-epi PGF3�) can be
found in small amounts in plasma (47). Moreover, F4-isoprostanes
resulting from the nonenzymatic oxidation of the 22:6n�3 have
been isolated in vitro and in vivo and found to be elevated in the
spinal fluid of humans with Alzheimer disease (48). In the future,

the assessment of plasma concentrations of these 3 families of iso-
prostanes could provide insight into the relative contribution of
individual PUFAs to in vivo lipid peroxidation.

Whether normalized to plasma volume or plasma PUFA con-
centration, plasma TBARS were significantly higher after fish-oil
supplementation than after sunflower-oil or safflower-oil supple-
mentation. Unlike plasma TBARS, plasma MDA concentrations
were slightly lower after fish-oil supplementation than after sun-
flower-oil and safflower-oil supplementation when normalized to
plasma volume or plasma PUFA concentration, although only the
difference between fish oil and sunflower-oil supplementation
normalized to plasma volume was significant. Liu et al (7)
showed previously the increased sensitivity of the GC-MS assay
over the TBARS assay for assessing MDA concentrations in
unsaturated fatty acids oxidized in vitro. The fact that the TBARS
concentrations in plasma were nearly 10 times higher than the
MDA concentrations is likely due to the lack of specificity of the
TBA assay for MDA and to artifactual production of MDA dur-
ing the acid heating step of the TBA assay. The GC-MS technique
used in the present study for measuring MDA combines the speci-
ficity of MS with relatively mild sample preparation, thus avoid-
ing heat-generated artifact encountered with the TBA assay (32).
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FIGURE 3. Least-squares mean (± SE) plasma concentrations of
free F2-isoprostanes in 15 postmenopausal women at the end of 5 wk of
supplementation with 15 g high-oleate sunflower oil/d ( ), high-
linoleate safflower oil/d (�), and high-EPA and -DHA fish oil/d (�).
Each bar represents least-squares mean ± SE. The graph on the left rep-
resents F2-isoprostane concentrations normalized to plasma volume; the
graph on the right represents F2-isoprostanes normalized to plasma
arachidonate (20:4n�6) concentrations. Values with different letters are
significantly different, P = 0.05.

FIGURE 4. Least-squares mean (±SE) plasma concentrations of mal-
ondialdehyde (MDA; A) and thiobarbituric acid–reactive substances
(TBARS; B) and plasma TBARS and MDA normalized to plasma total
PUFA concentrations (C and D, respectively) in 15 postmenopausal women
at the end of 5 wk of supplementation with 15 g high-oleate sunflower oil/d
( ), high-linoleate safflower oil/d (�), and high-EPA and -DHA fish oil/d
(�). Values with different letters are significantly different, P = 0.05.
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The disparate results of the plasma MDA and TBA assays in the
present study suggest the possibility of increased TBARS other
than MDA in plasma during fish-oil supplementation or the poten-
tial for increased MDA formation from 20:5n�3 and 22:6n�3
during the TBA assay, or both, under harsh conditions not encoun-
tered during the MDA assay or in vivo.

The results of several studies suggest that increased consump-
tion of n�3 fatty acids may result in an increased potential for
oxidative stress in vivo. These studies were based primarily on
the results of the TBA assay (12, 13). The results of the present
study and previous research at the Oregon State Lipid Labora-
tory did not show increased oxidative stress in vivo during fish-
oil supplementation when more specific techniques than the
TBA assay were used (14). For example, plasma protein car-
bonyl concentrations, an indicator of plasma protein oxidation,
did not increase during fish-oil supplementation, despite a con-
comitant increase in plasma TBARS (49).

The fact that the results of the MDA and TBA assays sug-
gested different conclusions regarding the effect of increased
consumption of fish-oil on in vivo lipid peroxidation emphasizes
the importance of the measurement issues raised by this
research. Many of the assays available for the measurement of
lipid peroxidation in vivo lose their utility when specific PUFA
concentrations in plasma vary as a result of changes in dietary
intake. Instead of measuring overall lipid peroxidation, different
assays measure the oxidation or decomposition of specific
PUFAs. For example, assays of MDA are more likely to detect
the decomposition of hydroperoxides of fatty acids with > 2 dou-
ble bonds than the decomposition of hydroperoxides of oleate
and linoleate, whereas F2-isoprostane assays measure only spe-
cific products of 20:4n�6 oxidation. Currently, it is difficult to
determine whether the results of such measurement techniques
reflect actual differences in lipid peroxidation or merely differ-
ences in plasma PUFA concentrations.

In the present study, the results of more specific indexes of lipid
peroxidation than the TBA assay suggested that lipid peroxidation
in vivo is not increased by dietary supplementation with fish oil
rich in 20:5n�3 and 22:6n�3. Thus, potentially beneficial effects
of diets rich in n�3 PUFAs in preventing or ameliorating chronic
conditions such as cardiovascular disease may not be offset by an
increased risk of lipid peroxidation in vivo. Given that the accu-
racy of the TBA assay in biological samples has been questioned
by several researchers (15, 26), the disagreement between the
results of the MDA and the TBA assays in the present study sug-
gests that findings of increased lipid peroxidation during fish-oil
supplementation based solely on the results of the plasma TBA
assay should be viewed with caution. Because no single reliable
indicator of overall oxidative stress in vivo is currently available,
the results of the present study highlights the need to apply more
than one relevant assay when assessing the effect of increased
PUFA intake on in vivo lipid peroxidation in humans.

REFERENCES

1. Steinberg D. Low density lipoprotein oxidation and its pathobiolog-
ical significance. J Biol Chem 1997;272:20963–6.

2. Esterbauer H, Gebicki J, Puhl H, Jurgens G. The role of lipid per-
oxidation and antioxidants in oxidative modification of LDL. Free
Radic Biol Med 1992;13:341–90.

3. Mensink RP, Katan MB. Effect of dietary fatty acids on serum lipids
and lipoproteins. A meta- analysis of 27 trials. Arterioscler Thromb
1992;12:911–9.

4. Mattson FH, Grundy SM. Comparison of effects of dietary satu-
rated, monounsaturated, and polyunsaturated fatty acids on plasma
lipids and lipoproteins in man. J Lipid Res 1985;26:194–202.

5. Manolio TA, Furberg CD, Shemanski L, et al. Associations of post-
menopausal estrogen use with cardiovascular disease and its risk
factors in older women. The CHS Collaborative Research Group.
Circulation 1993;88:2163–71.

6. Cosgrove JP, Church DF, Pryor WA. The kinetics of the autoxida-
tion of polyunsaturated fatty acids. Lipids 1987;22:299–304.

7. Liu J, Yeo HC, Doniger SJ, Ames BN. Assay of aldehydes from lipid
peroxidation: gas chromatography-mass spectrometry compared to
thiobarbituric acid. Anal Biochem 1997;245:161–6.

8. Bruna E, Petit E, Beljean-Leymarie M, Huynh S, Nouvelot A. Spe-
cific susceptibility of docosahexaenoic acid and eicosapentaenoic
acid to peroxidation in aqueous solution. Lipids 1989;24:970–5.

9. Yazu K, Yamamoto Y, Ukegawa K, Niki E. Mechanism of lower oxi-
dizability of eicosapentaenoate than linoleate in aqueous micelles.
Lipids 1996;31:337–40.

10. Upston JM, Terentis AC, Stocker R. Tocopherol-mediated peroxida-
tion of lipoproteins: implications for vitamin E as a potential
antiatherogenic supplement. FASEB J 1999;13:977–94.

11. Morrow JD, Chen Y, Brame CJ, et al. The isoprostanes: unique
prostaglandin-like products of free-radical-initiated lipid peroxida-
tion. Drug Metab Rev 1999;31:117–39.

12. Harats D, Dabach Y, Hollander G, et al. Fish oil ingestion in smok-
ers and nonsmokers enhances peroxidation of plasma lipoproteins.
Atherosclerosis 1991;90:127–39.

13. Meydani M, Natiello F, Goldin B, et al. Effect of long-term fish oil
supplementation on vitamin E status and lipid peroxidation in
women. J Nutr 1991;121:484–91.

14. Wander RC, Du SH, Ketchum SO, Rowe KE. �-Tocopherol influ-
ences in vivo indices of lipid peroxidation in postmenopausal
women given fish oil. J Nutr 1996;126:643–52.

15. Janero DR. Malondialdehyde and thiobarbituric acid-reactivity as
diagnostic indices of lipid peroxidation and peroxidative tissue
injury. Free Radic Biol Med 1990;9:515–40.

16. Kuehl RO. Statistical principles of research design and analysis.
Belmont, CA: Wadsworth Publishing Company, 1994.

17. Astill BD, Terhaar CJ, Krasavage WJ, Wlof GL, Roudabush RL,
Fassett DW. Safety evaluation and biochemical behavior of mono-
tertiarybutylhydroquinone. J Am Oil Chem Soc 1975;52:53–8.

18. American Oil Chemists’ Society. Method Cd-8–53. Official meth-
ods and recommended practices. Champaign, IL: American Oil
Chemists’ Society, 1988.

19. El-Hamdy A, Perkins EG. High performance reversed phase chro-
matography of natural triglyceride mixtures: critical pair separation.
J Am Oil Chem Soc 1991;58:867–72.

20. Allain CC, Poon LS, Chan CS, Richmond W, Fu PC. Enzymatic
determination of total serum cholesterol. Clin Chem 1974;20:470–5.

21. McGowan MW, Artiss JD, Strandbergh DR, Zak B. A peroxidase-
coupled method for the colorimetric determination of serum triglyc-
erides. Clin Chem 1983;29:538–42.

22. Assmann G, Schriewer H, Schmitz G, Hagele EO. Quantification of
high-density-lipoprotein cholesterol by precipitation with phospho-
tungstic acid/MgCl2. Clin Chem 1983;29:2026–30.

23. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the con-
centration of low-density lipoprotein cholesterol in plasma, without
use of the preparative ultracentrifuge. Clin Chem 1972;18:499–502.

24. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and
purification. Can J Biochem Phys 1959;37:911–7.

25. Song J, Wander RC. Effects of dietary selenium and fish oil (Max-
EPA) on arachidonic acid metabolism and hemostatic function in
rats. J Nutr 1991;121:284–92.

26. Halliwell B, Chirico S. Lipid peroxidation: its mechanism, measure-
ment, and significance. Am J Clin Nutr 1993;57(suppl):715S–24S.

27. Pocklington WD, Dieffenbacher A. Determination of tocopherols
and tocotrienols in vegetable oils and fats by high performance liq-
uid chromatography. Pure Appl Chem 1988;60:877–92.

PLASMA MDA AND F2-ISOPROSTANES AND FISH OIL 721

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


722 HIGDON ET AL

28. Arnaud J, Fortis I, Blachier S, Kia D, Favier A. Simultaneous deter-
mination of retinol, alpha-tocopherol and beta- carotene in serum by
isocratic high-performance liquid chromatography. J Chromatogr
1991;572:103–16.

29. Morrow JD, Roberts LJ II. Mass spectrometric quantification of
F2-isoprostanes in biological fluids and tissues as measure of
oxidant stress. Methods Enzymol 1999;300:3–12.

30. Roberts LJ II, Morrow JD. The generation and actions of iso-
prostanes. Biochim Biophys Acta 1997;1345:121–35.

31. Yeo HC, Helbock HJ, Chyu DW, Ames BN. Assay of malondialde-
hyde in biological fluids by gas chromatography-mass spectrometry.
Anal Biochem 1994;220:391–6.

32. Yeo HC, Liu J, Helbock HJ, Ames BN. Assay of malondialdehyde
and other alkanals in biological fluids by gas chromatography-mass
spectrometry. Methods Enzymol 1999;300:70–8.

33. Yagi K. Assay for blood plasma or serum. Methods Enzymol
1984;105:328–31.

34. Ramsey FL, Schafer DW. The statistical sleuth: a course in methods
of data analysis. Belmont, CA: Duxbury Press, 1997.

35. Jequier E. Energy, obesity, and body weight standards. Am J Clin
Nutr 1987;45:1035–47.

36. National Cholesterol Education Program (NCEP). Summary of the
second report of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults (Adult Treatment Panel II). JAMA
1993;269:3015–23.

37. Ravel R. Clinical laboratory medicine. 6th ed. St Louis: Mosby Year
Book, Inc, 1995.

38. Institute of Medicine Food and Nutrition Board. Dietary reference
intakes for thiamine, riboflavin, niacin, vitamin B-6, folate, vitamin
B-12, pantothenic acid, biotin and choline. Washington, DC:
National Academy Press, 1998.

39. National Research Council Food and Nutrition Board. Recommended
dietary allowances. 10th ed. Washington, DC: National Academy
Press, 1989.

40. Halliwell B, Gutteridge JMC. Free radicals in biology and medi-
cine. 3rd ed. New York: Oxford University Press, 1999.

41. Frankel EN. Lipid oxidation. Dundee, Scotland: The Oily Press
Ltd, 1998.

42. Morrow JD, Frei B, Longmire AW, et al. Increase in circulating prod-
ucts of lipid peroxidation (F2- isoprostanes) in smokers. Smoking as
a cause of oxidative damage. N Engl J Med 1995;332:1198–203.

43. Morrow JD, Roberts LJ. The isoprostanes: unique bioactive prod-
ucts of lipid peroxidation. Prog Lipid Res 1997;36:1–21.

44. Gniwotta C, Morrow JD, Roberts LJ II, Kuhn H. Prostaglandin
F2-like compounds, F2-isoprostanes, are present in increased amounts
in human atherosclerotic lesions. Arterioscler Thromb Vasc Biol
1997;17:3236–41.

45. Voutilainen S, Morrow JD, Roberts LJ II, et al. Enhanced in vivo
lipid peroxidation at elevated plasma total homocysteine levels.
Arterioscler Thromb Vasc Biol. 1999;19:1263–6.

46. Morrow JD, Awad JA, Kato T, et al. Formation of novel non-
cyclooxygenase-derived prostanoids (F2- isoprostanes) in carbon
tetrachloride hepatotoxicity. An animal model of lipid peroxidation.
J Clin Invest 1992;90:2502–7.

47. Nourooz-Zadeh J, Halliwell B, Anggard EE. Evidence for the for-
mation of F3-isoprostanes during peroxidation of eicosapentaenoic
acid. Biochem Biophys Res Commun 1997;236:467–72.

48. Roberts LJ II, Montine TJ, Markesbery WR, et al. Formation of iso-
prostane-like compounds (neuroprostanes) in vivo from docosa-
hexaenoic acid. J Biol Chem 1998;273:13605–12.

49. Wander RC, Du S-H. Oxidation of plasma proteins is not increased
after supplementation with eicosapentaenoic and docosahexaenoic
acids. Am J Clin Nutr; 2000;72:731–7.

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/

