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Abstract

Fish oil, a rich source of omega-3 fatty acids, has never been used as the sole source of lipid in clinical practice for fear of development of
essential fatty acid deficiency, as it lacks the believed requisite levels of linoleic acid, an omega-6 fatty acid. The objectives of this study were
to establish biochemical standards for fish oil as the sole fat and to test the hypothesis that fish oil contains adequate amounts of omega-6
fatty acids to prevent essential fatty acid deficiency. Forty mice were divided into 2 groups that were either pair fed or allowed to eat ad
libitum. In each group, 4 subgroups of 5 mice were fed 1%, 5%, and 10% fish oil diets by weight or a control soybean diet for 9 weeks. Blood
was collected at 4 time points, and fatty acid analysis was performed. Food intake and weight status were monitored. All groups but the pair-
fed 1% fish oil group gained weight, and the 5% fish oil group showed the highest caloric efficiency in both pair-fed and ad libitum groups.
Fatty acid profiles for the 1% fish oil group displayed clear essential fatty acid deficiency, 5% fish oil appeared marginal, and 10% and
soybean oil diets were found to prevent essential fatty acid deficiency. Fish oil enhances growth through higher caloric efficiency. We
established a total omega-6 fatty acid requirement of between 0.30% and 0.56% of dietary energy, approximately half of the conventionally
believed 1% as linoleic acid. This can presumably be attributed to the fact that fish oil contains not only a small amount of linoleic acid, but
also arachidonic acid, which has greater efficiency to meet omega-6 fatty acid requirements.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Fatty acids are major cellular constituents that form
integral parts of the cell membrane and impact the
membrane's fluidity and function. Within the plasma
lipoprotein particles, fatty acids serve as the major
constituents of phospholipids, triglycerides, and cholesterol
esters. In mammalian cells, there are 3 important types of
fatty acids: omega-3, omega-6, and omega-9. Both the
omega-3 and omega-6 fatty acids are considered essential
fatty acids (EFAs) in mammals because they cannot insert
double bonds at position-3 and -6 to produce α-linolenic acid
(ALA) and linoleic acid (LA), respectively, and thus must be
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obtained from the diet. Cell membrane composition is
determined by dietary intake of either of these EFAs. More
importantly, LA and ALA are essential nutrients in that all
downstream polyunsaturated fatty acids can be synthesized
from them. Among these downstream products are several
highly physiologically relevant fatty acids: arachidonic acid
(AA, derived from LA), docosahexaenoic acid (DHA,
derived from ALA), and eicosapentaenoic acid (EPA,
derived from ALA) [1]. These are considered to be critical
metabolites because they are important eicosanoid and
prostanoid precursors. Currently, the suggested ratio of
omega-6 to omega-3 fatty acids is variable and without
consensus. Previous recommendations suggest a balance of
10:1, although emerging data indicate that a ratio as low as
2:1 may be optimal [2,3].

Essential fatty acid deficiency (EFAD) results from low
dietary intake, severe malabsorption, and/or increased
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able 1
elevant percentages of fatty acid content between menhaden and
ybean oil

at composition (wt%) Menhaden
oil

Soybean
oil

Baseline
chow

almitic acid (C16:0) 17.1 10.2 18.1
tearic acid (C18:0) 2.8 4.5 6.04
leic acid (C18:1) 11.4 22.7 22.7
A (C18:2) 1.5 54.8 37.7
A (C20:4) 0.9 – 0.190
LA (C18:3) 1.6 7.8 3.71
PA (C20:5) 15.5 – 1.04
HA (C22:6) 9.1 – 1.13
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physical requirements such as growth [4]. In 1971, Holman
[5] described the symptoms of EFAD in rats and other
mammalian species, including primarily impaired growth
and dermatitis and secondarily steatosis, renal toxicity,
pulmonary abnormalities, and increased metabolic rate. In
EFAD, tissue levels of both omega-3 and omega-6 fatty acids
are diminished. The major biochemical changes of EFAD are
decreased AA and increased Mead acid, the latter being a
downstream product of oleic acid, an omega-9 fatty acid.
Desaturase enzymes display differential activity in the order
of preference omega-3 N omega-6 N omega-9. Normally, LA
would be converted to AA, a tetraene; however, in times of
deficiency, de novo lipogenesis occurs, resulting in the
conversion of oleic acid by elongation and desaturation to
Mead acid, a triene. As a result, conversion of oleic acid to
Mead acid only occurs when there are low dietary levels of
both ALA and LA. This metabolic switch is seen as a
compensatory mechanism to maintain the number of double
bonds in cell membrane fatty acids. Therefore, elevated
Mead acid in conjunction with a lowered AA has been
associated with EFAD [6,7]. Until recently, plasma ratios
greater than 0.2 were considered abnormal, whereas levels
greater than 0.4 were considered diagnostic for EFAD [8].
Currently, triene-tetraene ratios no greater than 0.2 have been
suggested as the average ratio in Western populations, as
diets rich in omega-6 fatty acids resulted in ratios that were
found to be only 0.1 ± 0.08 [9]. The triene-tetraene ratio does
not reflect omega-3 fatty acid status. Standard minimum
intake to meet LA requirements is set to 1% of total caloric
intake in animal studies. In certain conditions, AA, EPA, and
DHA may be considered conditionally EFAs, as their
production may be inadequate. Young animals deprived of
dietary intake of LA and ALA rapidly display adverse effects
such as diminished growth, liver and kidney damage,
dermatitis, and eventually death. Human studies have
shown that estimated optimal daily requirements of LA are
1% to 3% of total caloric intake, increasing proportionally
with growth [5,10]. The minimum ALA acid concentrations
in the diet have been reported to be 0.2% to 1% of total
caloric intake in adults and 0.5% in infants and young
children [11-14]. Despite their conditionally essential status,
no similar dietary recommendations have been made for AA,
EPA, or DHA.

Renewed interest in the clinical use of fish oil has
appeared because of their high omega-3 fatty acid content
[15]. Although the body is able to synthesize AA from LA,
and EPA and DHA from ALA, unlike other oils, fish oil
appears to be a more efficient source of these fatty acids
because it does not rely on conversion from their 18 carbon
precursors. However, concerns have emerged that diets
exclusive in this fat source may predispose patients to EFAD
and subsequent growth failure because fish oil does not
fulfill the aforementioned 1% minimum requirement of LA.
Recent reports involving parenterally fed pediatric patients
receiving diets using fish oil as their only fat source suggest
otherwise [16-18]. In each instance, patients with preexisting
EFAD had their condition reversed or prevented with fish oil;
and growth was maintained.

The objectives of this study were to establish biochemical
standards and EFA profiles for diets with differing lipid
compositions. We hypothesized that menhaden fish oil
contains sufficient amounts of EPA, DHA, and AA to
prevent biochemical and clinical EFAD.
2. Materials and methods

2.1. Nutritional model

Animal protocols complied with the National Institutes of
Health Animal Research Advisory Committee guidelines
and were approved by the Children's Hospital Boston
Animal Care and Use Committee.

Forty 6- to 8-week–old C57/Bl6 mice (Jackson Labora-
tories, Bar Harbor, ME) were housed in a barrier room.
Before the initiation of the study, mice were fed a baseline
chow (Prolab Isopro, RMH 3000 #25; Prolabs Purina,
Richmond, IN). After 3 days of acclimatization, they were
divided into 2 groups: ad libitum (group I) and pair fed (group
II). These groups were further divided into 4 subgroups of 5
animals each. These 4 subgroups were fed identical diets that
only differed in fat composition (Table 1). Water was
provided ad libitum, and none of the groups received any
additional source of nutrition. Chow with 3 different
percentages of fish-derived fat (1%, 5%, and 10%) (Dyets,
Bethlehem, PA) were used for the first 3 subgroups, and the
fourth subgroup was fed 5% soybean oil chow (Dyets)
(Table 1). The base diet used to develop the specialty diets
consisted of casein, cornstarch, dextrose, sucrose, cellulose,
t-butylhydroquinone, salt mix, vitamin mix, L-cystine, and
choline bitartrate. Menhaden oil obtained from the Omega
Protein in Reedville, VA, served as the source of the fish oil
used to develop these diets. The fat content of the baseline
chow was 11.8%; and its fatty acid composition is detailed in
Table 1, along with the fatty acid composition of the fish oil
and soybean oil. In addition to the menhaden oil, the casein
and cornstarch components of the diet had a minimal
contribution to the total fat content of the chow, which
should be noted. Specifically, an additional 0.0357, 0.0346,
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and 0.0309 kcal/g of energy was derived from the 1%, 5%,
and 10% menhaden chow, respectively. The contribution to
total LA acid content from the casein and cornstarch was
0.00781, 0.00733, and 0.00562 kcal/g for the 3 chow types.

All chow was stored at 4°C in accordance with the
manufacturer's instructions to maintain freshness and
minimize autooxidation. When present, residual chow in
each cage was weighed, discarded, and replaced with fresh
chow every 48 hours. Note that the dietary fat percentages
are percentages by weight; percentage of energy translates to
2.6%, 12.5%, and 23% of energy for 1%, 5%, and 10% fish
oil (Dyets), respectively, and 12.5% of energy in the soybean
diet. These discrepancies evolve out of the 2.5 times higher
energy value of fish and soybean oil compared with the other
energy providers in the diet, cornstarch, and sucrose.

Cornstarch was used to ensure isocaloric diets. The 5%
fish oil diet was taken as the caloric point of reference; and as
such, the control soybean oil content was set to 5%. Using
this method, the discrepancies in caloric density between all
diets were minimized to less than 0.5 kcal/g. The total dietary
caloric content was 3.4, 3.6, and 3.9 kcal/g in the 1%, 5%,
and 10% fish oil chow, respectively, and 3.6 kcal/g in the 5%
soybean oil diet.

To avoid differential food aversion bias among the animals
and to examine possible metabolic differences, a parallel pair-
fed and ad libitum feeding model was used. Our technique of
pair feeding was based on previously described methods
[19,20]. All groups ate ad libitum the first day, and the amount
of chow ingested was measured. Among the 4 subgroups, the
group with the least amount of chow ingested was identified.
To allow for increasing nutritional requirements of growth,
10% was added onto this total to determine the amount of
food to be administered to all groups the following day. The
time course of the experiment was 9 weeks. The ad
libitum groups had access to unlimited chow at all times,
and the amounts eaten were recorded every 3 days. Both
pair-fed and ad libitum groups were weighed every 3 days.

2.2. Phlebotomy

At day 0 and weeks 3, 6, and 9 (end date), blood was
drawn from all animals by retroorbital puncture and placed in
serum separator tubes. Isoflurane was used as general
anesthetic during these procedures. Blood was centrifuged
at 800 rpm for 10 minutes, after which the serum was
separated and stored at −80°C.

2.3. Fatty acid analysis

Fatty acid analysis was performed on all serum samples
as previously described [21]. Serum samples were trans-
ferred to glass tubes, and 30 mL of 1 mg/mL 17:0 was
added as an internal standard. Lipids were extracted by
adding 6 vol of chloroform-methanol (2:1). After centrifu-
gation (800g for 4 minutes), the lower phase was transferred
to a new tube. The samples were then dried under nitrogen
gas and methylated as previously described, using boron
trifluoride-methanol [21]. Fatty acid methyl esters (FAMEs)
were quantified using a 5890 Series II Hewlett Packard
(Palo Alto, CA) gas chromatograph equipped with a
Supelcowax SP-10 capillary column (Supelco/Sigma-
Aldrich, Bellefonte, PA). The FAME mass was determined
by comparing the area of each FAME to that of a known
amount of 17:0, and the molar values were calculated using
the molecular weight of each fatty acid.

2.4. Statistical analysis

For statistical analysis of food intake in kilocalories and
grams, we performed a paired t test (Sigmastat 3.0, Systat
Software Inc, San Jose, CA). Calculationswere also performed
analyzing the amount of double bonds, using a Holm-Sidek
comparison (2-way analysis of variance [ANOVA]).

From the fatty acid analysis profile, we excluded a total of
8 fields from our relevant data as outliers using the Extreme
Student Deviate statistic within the upper fifth percentile (α =
.05), as described by Rosner [22]. Four baseline phospho-
lipid EPAs, one baseline triglyceride Mead acid, one 6-week
triglyceride triene-tetraene ratio, and 2 phospholipid triene-
tetraene ratios for baseline and 3 weeks, respectively, were
eliminated from the data set before statistical analysis was
conducted. Because of loss of phospholipid data in the fatty
acid analysis of the baseline 10% ad libitum fish oil group,
the retrieved values were insufficient to allow proper
statistical analysis. Therefore, we decided to take the average
of all baseline animals, not yet influenced by any means, to
establish a realistic phospholipid baseline threshold for
further comparisons over time within that group.

Indicator fatty acids, including Mead acid, AA, EPA, and
DHA, and the triene-tetraene ratio were compared between
the fish oil groups and controls using 3-way, repeated-
measures, mixed-model ANOVA. This statistical approach
accounts for the multiple measurements over time within the
same animals (correlated data) and the varying values of
animals in the treatment groups [23]. Diet and feeding mode
(pair fed or ad libitum) were treated as between-subjects
factor; and time (baseline, 3, 6, and 9 weeks), as a within-
subjects factor. Several different covariance structures were
compared to determine optimal model fit, including
compound symmetry and autoregression; and a diagonal
structure fitted the data best according to the Bayesian
information criterion [24]. To account for multiple pairwise
group comparisons, a Bonferroni-adjusted P value was used
to protect against committing false-positive errors (type I
errors). Data for the triene-tetraene ratio for triglycerides and
phospholipids are presented in terms of the estimated
marginal means and standard errors. Statistical analysis
was performed using the General Linear Model procedure in
the SPSS software package (version 15.0; SPSS, Chicago,
IL). All reported P values are 2-tailed. Five mice were
randomized to each condition (diet group × mode = 4 × 2 = 8
conditions) for both triglyceride and phospholipid (total N =
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80 samples). A power analysis indicated that the sample
sizes of 5 mice in each of the diet groups and 5 controls
measured at each of the time points for each of the feeding
modes would provide 80% power to detect a mean difference
of 0.05 in the triene-tetraene ratio between the fish oil diet
groups and soybean controls using mixed-model ANOVA
with repeated measures (version 6.0, nQuery Advisor;
Statistical Solutions, Saugus, MA).
ig. 2. Total food intake in kilocalories by pair-fed and ad libitum groups.
3. Results

3.1. Animals

Throughout the 9-week experiment, all animals in both
the pair-fed and ad libitum groups were clinically well. None
of the animals showed any physiologic signs of EFAD, such
as dermatitis, alopecia, or infections. Although the develop-
ment of dermatitis is a valid and sensitive physiologic
measure of EFAD, animals in this study were not allowed to
develop the extent of EFAD necessary for its development
because of institutional animal research regulatory con-
Fig. 1. Average weights for pair-fed (A) and ad libitum (B) groups through
the 9-week experiment.
F

straints. Growth retardation is another important clinical
parameter of EFAD [25-27]. Regarding this measure, all
groups but the 1% pair-fed group gained weight over the
course of the study. In both pair-fed and ad libitum groups,
there was a transient weight loss at the initiation of dietary
treatment (baseline). This weight loss was more severe and
more prolonged in the pair-fed groups (Fig. 1). Total average
weight differences and standard deviations after 9 weeks
compared with baseline for the pair-fed 1%, 5%, and 10%
fish oil groups and the 5% soybean group per mouse were
−0.68 ± 2.02, +2.78 ± 1.60, +2.24 ± 2.10, and +0.82 ± 0.81
g, respectively. For the ad libitum groups, weight change was
+4.12 ± 1.4, +7.1 ± 3.14, +3.74 ± 1.39, and +4.88 ± 0.81 g
for the same groups. In the ad libitum groups, significantly
higher values overall were found compared with pair-fed
groups for intake in grams or intake converted to kilocalories
(P = .002 for grams, P = .002 for kilocalories). In the pair-fed
groups, the 10% fish oil diet was usually the diet with the
most residual chow remaining. Food intake of the pair-fed
5% and 10% fish oil groups and soybean 5% groups was
relatively isocaloric, whereas the 1% fish oil group intake
was slightly decreased (Fig. 2).

3.2. Caloric efficiency

To look at growth parameters for each individual diet over
the 9-week experimental period, we divided the total weight
gain per group by the total intake in kilocalories of that
group. This established a quantification of caloric efficiency
per corresponding diet in milligrams per kilocalorie (Fig. 3).
In the pair-fed groups, there was a negative value for the 1%
fish oil diet (−1.45 mg/kcal), reflecting the weight loss of this
group reported earlier. The pair-fed 5% fish oil group
showed the highest caloric efficiency at 5.5 mg/kcal,
followed by the 10% group at 4.5 mg/kcal. The soybean
control diet showed a caloric efficiency of 1.6 mg/kcal.



Fig. 3. Caloric efficiency in milligrams weight gain per kilocalorie intake per mouse.
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There was a statistically significant difference among all diet
groups (P = .027, 1-way ANOVA), and only the 5% fish oil
was significantly higher when compared with the soybean oil
control (P = .042, t test).

The ad libitum group had improved caloric efficiency
among all diets. The 5% fish oil group again scored the
highest with 12.1 mg/kcal. The 1% fish oil and soybean oil
groups had caloric efficiencies of 7.4 and 8.8 mg/kcal,
respectively, moderately increased over pair fed, whereas the
10% had 6.4 mg/kcal, minimally increased over pair fed. No
statistical significance was shown.

3.3. Fatty acid analysis

The fatty acid analysis on the blood samples taken every
3 weeks allowed for comparisons of changes in the
triglyceride and phospholipid levels of the relevant fatty
acids as well as the triene-tetraene ratios over time (Table 2).

3.3.1. Arachidonic acid
At baseline, all groups had levels of approximately 0.25

nmol/mL, without any statistical difference between groups.
In the serum triglyceride analysis of the pair-fed group, the
1% group AA levels stayed relatively high at weeks 3 and 6,
whereas those of the 5% and 10% groups decreased (Table 2).
These values remained elevated in the soybean group,
peaking at 6 weeks. After 6 weeks, all fish oil groups
had significantly lower concentrations of AA than the
soybean group. After 9 weeks, all fish oil groups maintained
that lower level, although only the 10% fish oil group
remained significantly lower.

In the phospholipid analysis, there was a gradual decline
of AA levels in the 1% fish oil group as seen in the
triglyceride fraction pair-fed group (Table 2). At 9 weeks, all
fish oil groups again plateaued at the same level (0.11-0.14
nmol/mL), although the 1% fish oil group was the only
group to show statistical significance with time (P = .01 for
3 weeks compared with 9 weeks). The AA level in the
soybean group rapidly elevated and maintained high levels
from the third week onward. As in the triglyceride fraction,
there were statistically significant differences between fish
oil diets and the soybean control diet between weeks 3 and 9.

3.3.2. Mead acid
Typically, Mead acid levels are very low or undetectable.

This is supported by the Mead acid levels in all 4 subgroups
at baseline being, or approaching, zero. The triglyceride
fraction in the pair-fed animals suggests that the 1% fish oil
group has statistically significant increasing Mead acid
levels over the entire study period, whereas the 5% fish oil
group has a slight increase at 9 weeks.

In the phospholipid fraction, the 5% fish oil group had
an unusually elevated Mead acid level at baseline. We see
a delayed but significant increase in Mead acid levels from
6 weeks onward in the 1% fish oil group, with con-
sequential statistical significance when compared with the
other groups, where minimal Mead acid concentrations were
present at all times.



Table 2
Fatty acid concentration in nanomoles per milliliter of relevant plasma triglycerides at baseline and at 3-, 6- and 9-week time points for pair-fed groups (n = 5) and different diets

Triglycerides and phospholipids in diets

1% TG 1% PL 5% TG 5% PL 10% TG 10% PL Soybean TG Soybean PL

AA (20:4)
Baseline 0.2873 ± 0.062 0.2535 ± 0.012 0.2140 ± 0.010 0.2468 ± 0.015 0.2887 ± 0.056 0.2507 ± 0.031 0.2651 ± 0.047 0.2288 ± 0.025
3 wk 0.1876 ± 0.022 0.2037 ± 0.034 d 0.1545 ± 0.017 d 0.1461 ± 0.014 d 0.0690 ± 0.009 d 0.1484 ± 0.014 d 0.2708 ± 0.051 b, c 0.8958 ± 0.081 a, b, c

6 wk 0.2196 ± 0.025 d 0.2378 ± 0.004 d 0.1115 ± 0.024 d 0.1334 ± 0.018 d 0.1449 ± 0.015 d 0.1574 ± 0.004 d 0.7150 ± 0.153 a, b, c 0.7139 ± 0.032 a, b, c

9 wk 0.1371 ± 0.010 0.1185 ± 0.006 d 0.1254 ± 0.005 0.1466 ± 0.017 d 0.0719 ± 0.016 d 0.1264 ± 0.012 d 0.2721 ± 0.102 c 0.9973 ± 0.047 a, b, c

Mead acid (20:3n-9)
Baseline 0.0024 ± 0.002 0.0000 ± 0.000 0.0019 ± 0.001 0.0369 ± 0.032 0.0056 ± 0.004 0.0029 ± 0.003 0.0155 ± 0.007 0.0025 ± 0.003
3 wk 0.0199 ± 0.005 b, c, d 0.0050 ± 0.003 0.0020 ± 0.001 a 0.0062 ± 0.006 0.0017 ± 0.000 a 0.0023 ± 0.001 0.0026 ± 0.001 a 0.0003 ± 0.000
6 wk 0.0210 ± 0.004 b, c, d 0.0192 ± 0.006 b, c, d 0.0020 ± 0.002 a 0.0046 ± 0.003 a 0.0015 ± 0.001 a 0.0005 ± 0.000 a 0.0000 ± 0.000 a 0.0031 ± 0.001 a

9 wk 0.0307 ± 0.004 b, c, d 0.0156 ± 0.002 b, c, d 0.0118 ± 0.007 a 0.0012 ± 0.001 a 0.0027 ± 0.002 a 0.0008 ± 0.000 a 0.0000 ± 0.000 a 0.0002 ± 0.000 a

EPA (20:5)
Baseline 0.0747 ± 0.020 0.0489 ± 0.011 0.0408 ± 0.008 0.0464 ± 0.001 0.0735 ± 0.012 0.0597 ± 0.003 0.0739 ± 0.015 0.0511 ± 0.008
3 wk 0.2195 ± 0.035 d 0.2462 ± 0.027 b, d 0.4481 ± 0.064 d 0.4152 ± 0.049 a, d 0.2387 ± 0.032 d 0.4660 ± 0.073 d 0.0118 ± 0.001 a, b, c 0.0240 ± 0.014 a, b, c

6 wk 0.3691 ± 0.045 b, d 0.5370 ± 0.027 b, d 0.4365 ± 0.062 a, c, d 0.3991 ± 0.062 a, c, d 0.4509 ± 0.042 b, d 0.5471 ± 0.045 b, d 0.0148 ± 0.009 a, b, c 0.0265 ± 0.003 a, b, c

9 wk 0.2470 ± 0.023 b, d 0.2600 ± 0.026 b, d 0.3884 ± 0.027 a, c, d 0.4353 ± 0.046 a, c, d 0.1984 ± 0.043 b, d 0.2779 ± 0.031 b, d 0.0057 ± 0.002 a, b, c 0.0026 ± 0.002 a, b, c

DHA (22:6n-3)
Baseline 0.1539 ± 0.037 b 0.2504 ± 0.042 0.0735 ± 0.030 a, c, d 0.2607 ± 0.022 0.1730 ± 0.028 b 0.2990 ± 0.030 0.1534 ± 0.017 b 0.2967 ± 0.024
3 wk 0.1351 ± 0.016 b, d 0.4014 ± 0.043 0.2582 ± 0.027 a, c, d 0.4522 ± 0.057 0.1260 ± 0.011 b, d 0.3612 ± 0.074 0.0446 ± 0.009 a, b, c 0.3576 ± 0.036
6 wk 0.2281 ± 0.025 b, d 0.5006 ± 0.028 d 0.2630 ± 0.088 a, c, d 0.4694 ± 0.072 0.3200 ± 0.047 b, d 0.3730 ± 0.054 0.1126 ± 0.015 a, b, c 0.1767 ± 0.033 a

9 wk 0.1474 ± 0.012 d 0.5181 ± 0.024 d 0.1872 ± 0.007 d 0.3914 ± 0.061 0.1466 ± 0.032 d 0.4034 ± 0.023 0.0372 ± 0.0010 d 0.3875 ± 0.020 a

Triene-tetraene ratios
Baseline 0.0050 ± 0.005 0.0000 ± 0.0000 0.0080 ± 0.006 0.0024 ± 0.002 0.0327 ± 0.025 0.0079 ± 0.008 0.0594 ± 0.026 0.0085 ± 0.009
3 wk 0.1049 ± 0.020 b, c, d 0.0197 ± 0.0121 b, c, d 0.0135 ± 0.006 a 0.0183 ± 0.014 a 0.0256 ± 0.005 a 0.0191 ± 0.011 a 0.0095 ± 0.002 a 0.0004 ± 0.000 a

6 wk 0.0929 ± 0.014 b, c, d 0.0810 ± 0.0252 b, c, d 0.0375 ± 0.029 a 0.0327 ± 0.020 a 0.0111 ± 0.006 a 0.0030 ± 0.003 a 0.0000 ± 0.000 a 0.0044 ± 0.002 a

9 wk 0.2269 ± 0.025 b, c, d 0.1308 ± 0.0139 b, c, d 0.0894 ± 0.050 a, d 0.0066 ± 0.007 a 0.0301 ± 0.019 a 0.0062 ± 0.003 a 0.0000 ± 0.000 a, b 0.0002 ± 0.000 a

Values given are means ± SE in nanomoles per milliliter. Only AA, Mead acid, EPA, DHA, and triene-tetraene ratios are shown. Diets are 1%, 5%, and 10% Menhaden oil diet and soybean diet. TG indicates
triglyceride; PL, phospholipid.

a Value is significantly different from 1% Menhaden oil group within same time point and acid (or ratio) group, P b .05.
b Value is significantly different from 5% Menhaden oil group within same time point and acid (or ratio) group, P b .05.
c Value is significantly different from 10% Menhaden oil group within same time point and acid (or ratio) group, P b .05.
d Value is significantly different from soybean oil group within same time point and acid (or ratio) group, P b .05.
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Fig. 4. Triglyceride analysis pair-fed (A) and phospholipid analysis pair-fed (B) triene-tetraene ratios over the 9-week experiment.
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3.3.3. Eicosapentaenoic acid
Eicosapentaenoic acid is one of the 2 downstream omega-

3 fatty acids that are directly provided by fish oil but not
present in the soybean oil diet. Soybean oil contains the
omega-3 fatty acid ALA, which is converted by means of
desaturation and elongation to produce EPA.

The triglyceride fraction pair-fed profiles showed an
EPA increase in all fish oil groups and a decrease in the
group fed the soybean diet. The soybean oil group had
significantly lower levels of EPA than all fish oil groups
from baseline to end point. Calculated over time, the 5%
fish oil group was significantly higher than both 1% and
10% because of slight declines in EPA levels of the 1% and
10% groups at 9 weeks.

As expected, decreased EPA levels were observed in the
phospholipid fraction in the pair-fed group for the soybean
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diet; and again, as in the triglyceride fraction, 5% fish oil
EPA levels climbed faster than both the 1% and 10% diet–
fed groups. There was a decrease in EPA concentrations in
animals fed fish oil diets in each of the EPA profiles at the
9-week time point. Similarly, the EPA levels in the soybean
groups also dropped to very low levels.

3.3.4. Docosahexaenoic acid
Docosahexaenoic acid is the other omega-3 fatty acid

derived from ALA, downstream from EPA. We found an
unusually low baseline level of DHA in the triglyceride
fraction in the pair-fed group for the 5% fish oil diet, after
which this group's DHA concentration increased to
significantly higher levels than all other diets. The soybean
diet DHA concentration decreased steadily over time. At
6 weeks, DHA levels in the 1% fish oil group were
statistically higher than the soybean group; and eventually at
the 9-week end point, all fish oil groups reached similar
levels, statistically higher than the soybean group (Table 2).

3.3.5. Triene-tetraene ratio
The ratio of Mead acid and AA is a reliable measure of

EFAD and is highly correlative with physiologic measures of
EFAD such as growth retardation [29]. In the triglyceride
fraction of the pair-fed group, the triene-tetraene ratio de-
clined to zero in the soybean diet group and remained stable
in the 10% fish oil group. The triene-tetraene ratio in the 1%
fish oil group increased steadily to 0.22, surpassing the
critical 0.2 threshold for biochemical determination of
EFAD. The triene-tetraene ratio in the 5% fish oil group
increased gradually and never exceeded the EFAD threshold.
Significantly higher ratios in the 1% fish oil group from
3 weeks on and the increase in the 5% fish oil resulted in
statistical significance at 9 weeks (Fig. 4A and Table 2).

In the phospholipid fraction of the pair-fed cohorts, all
groups except the 1% fish oil displayed very low ratios
during the entire experiment. The 1% fish oil group had
significantly higher ratios, although levels did not reach the
0.2 threshold (Fig. 4B and Table 2).
able 3
ercentages of energy provided by LA, AA, and total omega-6 fatty acids for
e menhaden and soybean oil diets

of total energy LA % AA % Total omega-6 %

% Menhaden oil (2.6%) 0.0393 0.0236 0.0629
% Menhaden oil (12.5%) 0.196 0.118 0.314
0% Menhaden oil (23%) 0.393 0.236 0.629
oybean oil (12.5%) 6.7 – 6.7

enhaden oil percentages are named by weight; energy percentages are in
arentheses. Standard requirement beliefs are 1% of energy for omega-6
tty acids.
4. Discussion

Parenteral nutrition (PN) has been used for many years to
provide calories and essential nutrients to patients who are
unable to obtain them through the enteral route. Among the
first major obstacles associated with the use of PN was the
induction of EFAD in recipients of this therapy [28-30]. In
response, a soybean emulsion was introduced to provide
EFAs and thus prevent deficiency [31]. Recent studies have
shown that lipid metabolism is altered by its route of
administration; infusions of intravenous fat emulsions bypass
the enterohepatic circuit, causing fat accumulation in the liver
and predisposing patients to PN-associated liver disease [32].
Based on animal models, intravenous fat emulsions derived
from fish oil may prevent such complications through
inhibition of de novo lipogenesis [17]. However, the
administration of parenteral fish oil intravenous fat emulsion
is intended to be a supplement and has never been
investigated as the sole source of fat because of concern for
EFAD. Gura et al [16] reported on an EFAD, PN-dependent
patient who was treated with an intravenous fish oil fat
emulsion because of an inability to tolerate conventional
soybean-based fat emulsions due to soy allergy; biochemical
markers improved within a week after the start of therapy, and
clinical signs of EFAD resolved shortly thereafter. More
recently, 2 infants were administered parenteral fish oil as
monotherapy in an attempt to reverse PN-associated
cholestasis; and again, no signs of EFAD were noted [17].

Despite these promising preliminary results, concerns
about the EFA content in fish oil remain. Indeed, the manu-
facturer of one such product has stated that the fish oil con-
tained in their lipid emulsion does not have sufficient omega-6
fatty acids to prevent EFAD [33]. This continued skepticism,
despite recently published clinical evidence, prompted us to
investigate the development of EFAD using different lipid
sources and thereby establish biochemical standards.

Cunanne [34] reports about minimal LA and AA
requirements separately as the sole sources of fat. However,
a comprehensive biochemical EFAD study of fish oil, which
contains EPA and DHA and small amounts of LA and AA,
has never been done.

The energy percentages provided by omega-6 fatty acids
(LA and AA) per diet are needed for adequate comparison to
conventional requirement beliefs. By weight, fish oil (as
menhaden oil) contains 1.5% LA and 0.9% AA, whereas
soybean oil contains 54.8% and 0% of these fats,
respectively. We calculated the total energy provided by
the different diets (Table 3). The relative amounts of omega-
3 fatty acids have also been listed (Table 1).

A parallel setup was chosen with treatment of the 4 diets
by either pair feeding or ad libitum feeding technique. Pair
feeding eliminates the variable of differential food intake and
ensures adequate metabolic comparison. The ad libitum
feeding model allows the determination of whether fish oil
decreases food intake and also serves as a control.
Remarkably, in the ad libitum groups, all fish oil groups
took in more calories than the soybean oil group throughout
the 9-week experiment, removing the concern that fish oil
palatability would bias food intake.
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A limitation of our pair feeding model was that the amount of
chow given was based on chow weight per day, rather than
chow calories per day. Consequently, although pair feeding
was successful (2510 kcal ± 1%) in the 5% and 10% fish oil
and soybean oil groups, the 1% fish oil group had decreased
caloric intake (2347 kcal), associated with the only report of
weight loss. The animals consuming the ad libitum 1% fish
oil actually ate the most by weight, perhaps to compensate for
diminished caloric intake and/or the lack of EFA.

In the pair-fed groups, caloric efficiency was higher in the
5% and 10% fish oil groups when compared with that in the
soybean oil group. The most appropriate comparison was
between the 5% fish oil group and the control soybean oil
group, as they shared the same caloric value (3.6 kcal/g). The
only instance of statistical significance in caloric efficiency
improvement was 5% fish oil compared with the soybean oil
diet (P = .042). Therefore, fish oil proved to have higher
caloric efficiency in both the pair-fed and the ad libitum
groups (Fig. 3).

We have shown that fish oil actually enhances growth
when compared with soybean oil (Fig. 1). This is in
contradistinction to earlier reports about the negative effect
of fish oil on growth in infants [35-38]. It is important to note
that omega-3 fatty acids in those studies were used as
supplements as opposed to the sole source of fat, which leads
to a substantial difference in actual amounts of LA and
relative amounts of LA to AA intake when fish oil is the only
source of fat in the diet. The principal effects of EPA on AA
levels in serum phospholipid membranes in supplementation
is through inhibition of elongase- and desaturase-mediated
conversion of dietary LA to AA, as well as increased
competition for transacylation into tissue lipids.

Ad libitum data were very similar to pair-fed data,
deviating only through accelerated data differences due to
the faster metabolic switch resulting from increased food
intake. Some discrepancies with the pair-fed groups could be
attributed to the different caloric intake among all diets rather
then the fatty acid content.

In the AA profiles of both triglyceride and phospholipid
fractions, only the soybean group displayed significantly
higher levels after the “washout” period despite vast
differences in AA content among the fish oil diets
(Table 1). Together with the direct provision of AA,
sufficient LA was converted to AA to in each of the fish
oil groups to maintain stable levels. As expected, the levels
of AAwere much higher in the soybean oil group with higher
levels of LA and no EPA to both inhibit the conversion of LA
to AA and compete for transacylase insertion.

The increasing levels of Mead acid in the 1% fish oil
group signaled the development of EFAD with a delay in
phospholipid levels when compared with the triglyceride
fraction. In addition, at 9 weeks, the increased Mead acid
levels reported in the 5% fish oil group for the triglyceride
fraction levels suggested instability. This implies that 5%
fish oil as the sole source of fat might be marginal over time
to prevent EFAD with greater synthesis of Mead acid,
although it may still be sufficient to maintain the triene-
tetraene ratio within the reference range.

Eicosapentaenoic acid profiles showed an increase in all
fish oil groups and a decrease in the soybean groups. The 5%
fish oil levels of EPA climbed significantly faster than the
other fish oil groups in both triglyceride and phospholipid
fractions. This is also seen in DHA triglyceride levels. These
findings correlate with our caloric efficiency data, suggesting
highly effective fatty acid metabolism for the 5% fish oil
diet. The DHA data show only a slight increase and decrease
for fish oil and soybean phospholipids, respectively. The
more profound changes in EPA profiles compared with DHA
can be attributed to the higher concentration of EPA in fish
oil and to the higher baseline levels for DHA after weaning
from baseline chow. Notably, the EPA levels, and to a lesser
extent DHA, only in the triglyceride analysis, dropped to low
levels in the soybean group when compared with baseline.
This was likely a consequence of the minimal amounts of
ALA accompanied by large amounts of LA in the soybean
diet. Eicosapentaenoic acid metabolites serve as important
anti-inflammatory eicosanoids resulting in a less inflamma-
tory cytokine profile, whereas AA metabolites are thought to
be proinflammatory [39]. This has been suggested in clinical
studies where children supplemented with conventional
soybean oil fat emulsions may be more susceptible to
steatohepatitis and PN-associated liver disease [17].

The triene-tetraene ratio indicates whether the decrease of
AA in all fish oil groups led to EFAD. Because none of the
AA levels showed any significant difference, any changes in
the ratio were solely dependent on the conversion of oleic
acid to Mead acid. The 1% fish oil diet did not contain
sufficient EFAs to prevent EFAD (Fig. 4), a conclusion that
was supported by growth data. Conversely, the 10% fish oil
group never showed any clinical or biochemical signs of
EFAD, suggesting that it could be safely used as the sole
source of fat. The 5% fish oil diet seemed to display a pivotal
point in the spectrum between 1% and 10%.

The threshold for fish oil as the sole source of fat in the
prevention of EFAD in mice lies between 5% and 10%. This
suggests an omega-6 fatty acid requirement between 0.314%
and 0.629% of dietary energywhen given as a combination of
LA and AA, roughly half of what is conventionally believed
(1%). This is likely due to the small amounts of AA present in
fish oil that have been found to be 3 times more effective than
LA in preventing EFAD [10]. Therefore, this requirement
would presumably be even lower if omega-6 fatty acids were
entirely provided by AA. Arachidonic acid status is usually
tightly regulated because it is a source of bioactive eicosa-
noids and prostaglandins. Our data suggest that fish oil at 5%
and 10%maintained AA levels at these lower levels. The 1%
fish oil group was the only group that showed significantly
decreasing values over time (Table 2). This suggests that
there were sufficient omega-6 fatty acids to satisfy the
regulatory needs of AA in 5% and 10% but not in 1% fish oil.

Our animal model suggests that fish oil, when used at
sufficient concentrations, can be used as the sole source of
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fat, displaying no adverse effects on growth and no evidence
of EFAD. In addition, fish oil as the sole fat source may
provide the added benefit of a more profound anti-
inflammatory effect due to the very low AA levels achieved
without the development of EFAD. At the very least, the
widely held notion that a fish oil–based lipid cannot be used
as the sole source of parenteral fat should be reevaluated.
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