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Abstract
Few studies have examined effects of feeding animals a diet deficient in n-6 polyunsaturated fatty
acids (PUFAs) but with an adequate amount of n-3 PUFAs. To do this, we fed post-weaning male
rats a control n-6 and n-3 PUFA adequate diet and an n-6 deficient diet for 15 weeks, and measured
stable lipid and fatty acid concentrations in different organs. The deficient diet contained nutritionally
essential linoleic acid (LA,18:2n-6) as 2.3% of total fatty acids (10% of the recommended minimum
LA requirement for rodents) but no arachidonic acid (AA, 20:4n-6), and an adequate amount (4.8%
of total fatty acids) of α-linolenic acid (18:3n-3). The deficient compared with adequate diet did not
significantly affect body weight, but decreased testis weight by 10%. AA concentration was
decreased significantly in serum (−86%), brain (−27%), liver (−68%), heart (−39%), testis (−25%),
and epididymal adipose tissue (−77%). Eicosapentaenoic (20:5n-3) and docosahexaenoic acid
(22:6n-3) concentrations were increased in all but adipose tissue, and the total monounsaturated fatty
acid concentration was increased in all organs. The concentration of 20:3n-9, a marker of LA
deficiency, was increased by the deficient diet, and serum concentrations of triacylglycerol, total
cholesterol and total phospholipid were reduced. In summary, 15 weeks of dietary n-6 PUFA
deficiency with n-3 PUFA adequacy significantly reduced n-6 PUFA concentrations in different
organs of male rats, while increasing n-3 PUFA and monounsaturated fatty acid concentrations. This
rat model could be used to study metabolic, functional and behavioral effects of dietary n-6 PUFA
deficiency.
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1. Introduction
In mammals, the nutritionally essential polyunsaturated fatty acids (PUFAs), linoleic acid (LA,
18:2n-6) and α-linolenic acid (α-LNA, 18:3n-3), must be consumed in the diet since neither
can be synthesized de novo. Reduced consumption of both leads to marked biochemical and
functional consequences [1]. Once consumed, LA and α-LNA are converted to arachidonic
acid (AA, 20:4n-6) and docosahexaenoic acid (DHA, 22:6n-3), respectively, by a series of
desaturation, elongation and β-oxidation steps in the liver [2–4], or undergo β-oxidation [5].
Alternatively, AA and DHA can be obtained directly in the diet.
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Neuronal membranes contain high concentrations of DHA and AA. In brain, AA serves directly
as a secondary signaling molecule, or is converted to bioactive eicosanoids. AA and its products
have multiple biological effects [6–8]. DHA can participate in signaling or be converted to
docosanoids, which have anti-apoptotic, anti-inflammatory, and neuroprotective effects [9–
11] . Decreasing concentrations of brain DHA by feeding animals an n-3 PUFA deficient diet
causes brain malfunction in experimental animals [12–15].

The cerebral effects of n-3 PUFA dietary deficiency in rodents have been widely reported, but
those of dietary n-6 PUFA deprivation have not been as closely studied. Bourre et al. [16]
reported that a low LA diet decreased concentrations of LA, AA, docosatetraenoic acid
(22:4n-6), and docosapentaenoic acid (DPAn-6, 22:5n-6) in rat brain and other organs and
increased concentrations of eicosapentaenoic acid (EPA, 20:5n-3). They did not detect
eicosatrienoic acid, 20:3n-9, a marker of LA deficiency [17]. Cunnane et al. [18,19] reported
that feeding rats a diet free of LA, which contained unesterified α-LNA and oleic acid (18:1n-9)
(artificial oils), reduced whole body concentrations of LA, AA, α-LNA and DPAn-3, and
increased 18:1n-9, 20:3n-9 and DHA concentrations. EPA was not detected.

Metabolism and function in brain and other organs depend on maintaining homeostatically
balanced concentrations of n-3 and n-6 PUFAs [20–23]. Because the effects of selective dietary
n-6 PUFA deprivation on brain and other organs have been addressed to a limited extent in
relation to this concept, we though it important to do so in this study. We prepared an n-6 PUFA
deficient diet (containing LA at 10% of the daily estimated requirement, 42.8 µmol/g diet
[16]) that was n-3 PUFA adequate, and a control diet containing adequate amounts of n-3 and
n-6 PUFAs, comparable to one that we used in prior studies [21–26]. Male rats were fed the
adequate or deficient diet for 15 weeks after weaning, and concentrations of fatty acids and
stable lipids (phospholipids, triacylglycerol, and cholesterol) were measured in brain and other
organs. An abstract of part of this work has been published [27].

2. Materials and methods
2.1. Materials

Di-heptadecanoate phosphatidylcholine (di-17:0 PC) and triacylglyceride determination kits
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Standards for fatty acid methyl
esters (FAMEs) for gas chromatography (GC) were obtained from NuChek Prep (Elysian, MN,
USA). Cholesterol quantification kits were purchased from BioVision Inc. (Mountain View,
CA, USA). All other chemicals and reagents were purchased from Sigma-Aldrich or Fisher
Scientific (Pittsburgh, PA, USA).

2.2. Animals
The protocol was approved by the Animal Care and Use Committee of the Eunice Kennedy
Schriver National Institute of Child Health and Human Development and conformed to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 80-23). Fischer-344 (CDF) male rat pups (18 days old) and their surrogate
mothers were purchased from Charles River Laboratories (Portage, MI, USA) and were housed
in an animal facility with regulated temperature, humidity, and a 12 h light/12 h dark cycle.
The pups were allowed to nurse until 21 days old. Lactating rats had free access to water and
rodent chow formulation NIH-31 18–4, which contained 4% (wt/wt) crude fat (Zeigler Bros.,
Gardners, PA, USA) and whose fatty acid composition is reported [28,29]. α-LNA, EPA and
DHA contributed 5.1%, 2.0% and 2.3% of total fatty acids, respectively, whereas LA and AA
contributed 47.9% and 0.02%, respectively. After weaning, the pups were divided randomly
into n-6 PUFA adequate and deficient diet groups. They had free access to food and water,
with their food being replaced every 2 or 3 days. Body weight was recorded every week, and
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blood was collected from the tail vein without an anticoagulant every 2 weeks. After 15 weeks
on their diet, rats were asphyxiated by CO2 inhalation and decapitated. The organs were rapidly
excised and frozen in 2-methylbutane with dry ice at −50 °C, and stored at −80 °C until assay.
The blood was collected from the abdominal aorta without an anticoagulant. The blood was
centrifuged at 1500 rpm for 5 min, and the serum was kept at −80 °C until assay.

2.3. n-6 PUFA adequate and deficient diets
The compositions of the n-6 PUFA adequate and deficient diets are given in Table 1. The diets
were based on the AIN-93G formulation, and contained 10% fat [23,30,31]. The n-6 PUFA
adequate diet contained hydrogenated coconut oil (6 g/100 g diet), safflower oil (3.23 g/100
g) and flaxseed oil (0.77 g/100 g), as in previous studies (Table 1) [21–26]. The n-6 PUFA
deficient diet contained hydrogenated coconut oil (8.73 g/100 g), flaxseed oil (0.77 g/100 g),
and olive oil (0.5 g/100 g), but not safflower oil, which is a major source of LA (Table 1). The
fatty acid concentrations (µmol/g food, and % of total fatty acid) in both diets are shown in
Table 2.

To analyze each diet, total lipids were extracted from random ∼0.6 g samples (n=3) and were
methylated. The resulting FAMEs were separated by GC as described below. The n-6 PUFA
adequate diet contained LA at 52.1 µmol/g (27.6% of total fatty acids), whereas the deficient
diet contained LA at 4.2 µmol/g (2.3% of total fatty acids), which is 10% of the minimum
requirement for rodents (42.8 µmol/g) (Table 2) [16]. Both diets contained α-LNA at 8.5–8.9
µmol/g (4.5–4.8% of total fatty acids), which is the minimum level for n-3 PUFA adequacy in
rodents [13,32], and oleic acid (18:1n-9) at 13.6–14.4 µmol/g (7.3–7.7 % of total fatty acids).
Other n-3 and n-6 PUFAs were absent in both diets. The diets were prepared by Dyets Inc.
(Bethlehem, PA).

2.4. Lipid extraction and methylation
Total lipid from organs was extracted by the Folch procedure [33]. An aliquot of total lipid
extract was methylated with 1% H2SO4-methanol for 3 h at 70 °C (16, 36). Before the sample
was methylated for GC analysis, di-17:0 PC was added as an internal standard.

2.5. Gas chromatography analysis
FAMEs (nmol/g tissue wet wt or nmol/ml plasma) in total lipids were determined using a GC
(6890N, Agilent Technologies, Palo Alto, CA, USA) equipped with an SP-2330 fused silica
capillary column (30 m × 0.25 mm i.d., 0.25 µm film thickness) (Supelco, Bellefonte, PA,
USA) and a flame ionization detector [26]. Concentrations were calculated by proportional
comparison of peak areas to the area of the 17:0 internal standard.

2.6. Chemical analysis
To quantify total cholesterol and triacylglycerol, the lipid extract was dried in a SpeedVac
(Model AES 1010, Savant, Holbrook, NY, USA) and the residue was dissolved in 0.1% Triton
X-100. Total cholesterol and triacylglycerol concentrations were determined with commercial
kits. Phospholipid concentrations were determined as reported by Rouser et al. [34]. An aliquot
of total lipids was added to the tube and dried in a SpeedVac. Water (0.5 ml) and 0.65 ml of
perchloric acid (70%) were added to the dried extract, followed by digestion at 180 °C for 1
h. The sample was cooled to room temperature and 0.5 ml of ascorbic acid (10%, w/v), 0.5 ml
of ammonium molybdate (2.5%, w/v), and 3.0 ml of water were added. The mixture was boiled
for 5 min at 100°C to develop color, and its absorbance was read at 797 nm when it had cooled
to room temperature. Standards for this assay were purchased from Sigma, and phospholipid
concentrations were determined using standard curves.
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2.7. Statistical analysis
Data are expressed as means ± SD. An unpaired Student’s t-test was used to compare means
in 2 groups having possibly equal variances with an F-test, and the Aspin–Welch test was used
to compare means in 2 groups having unequal variances. Statistical significance was taken at
p≤0.05.

3. Results
3.1. Growth and tissue weight

Rat body weight was measured every week over the 15-week feeding period. There was no
difference in weight gain between rats fed the two diets over the entire period (Fig. 1). Initial
body weight after weaning and final body weight are presented in Table 1. The deficient diet
did not cause evident skin problems or hair loss.

Feeding the n-6 PUFA deficient compared to adequate diet did not significantly affect the wet
weight of brain, liver, heart, epididymal adipose tissue, lung, kidney, or spleen, but it reduced
the weight of the testis by 10% (Table 3).

3.2. Stable lipid concentrations in serum and body organs
Feeding the n-6 PUFA deficient diet compared to adequate diet decreased serum
triacylglycerol, total phospholipid, and total cholesterol concentrations. These concentrations
in brain, liver, heart, testis and epididymal adipose tissue were not significantly changed (Table
4).

3.3. Fatty acid concentrations in serum over 15 weeks
Serum fatty acid concentrations were determined every 2 weeks for up to 15 weeks. After 2
weeks, the n-6 PUFA deficient diet compared with adequate diet decreased the LA
concentration by 78% (Fig. 2A) and the AA concentration by 79% (Fig. 2B). EPA and DHA
concentrations were increased by 560% (Fig. 2E) and 35% (Fig. 2F), respectively, but the α-
LNA concentration was not significantly affected (Fig. 2D). The concentration of 20:3n-9 was
increased by the deficient diet at 2 weeks (Fig. 2C). The changes in the concentrations of LA,
AA, EPA, DHA, and 20:3n-9 remained significant throughout the 15-week feeding period.

n-6 PUFA deprivation for 15 weeks decreased the total fatty acid concentration in serum by
37% (Table 5), in line with it reducing the concentrations of the stable lipids in which the fatty
acids were esterified (Table 4). Serum LA, 20:3n-6 and AA concentrations were decreased by
37–81%, and 22:4n-6 and 22:5n-6 were not detected. Total n-3 PUFA, EPA, and DHA
concentrations were increased by 59%, 488%, and 22%, respectively. The concentration of
20:3n-9 was increased by 686%.

3.4. n-6 PUFA concentrations in brain and other organs
The n-6 PUFA deficient compared with adequate diet reduced the total n-6 PUFA concentration
in brain (−29%), liver (−67%), heart (−42%), testis (−40%), and adipose tissue (−90%) (Table
5 and Table 6). The AA concentration was decreased in brain by 28%, liver by 84%, heart by
39%, testis by 25%, and epididymal adipose tissue by 79%, whereas the concentration of LA
was decreased in brain by 45%, liver by 70%, heart by 44%, testis by 71%, and adipose tissue
by 91%.

3.5. n-3 PUFA concentrations in brain and other organs
The n-6 PUFA deficient diet increased total n-3 PUFA concentrations in brain (+15%), liver
(+113%), heart (+41%), and testis (+90%), but not in adipose tissue (Table 5 and Table 6). The
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DHA concentration was increased in brain by 11%, in liver by 72%, in heart by 24%, and in
testis by 162%, and the EPA concentration was increased in liver by 947%, in heart by 1118%,
and in testis by 411%. EPA was detected in the brain of the n-6 PUFA deprived rats, but not
of the rats fed the adequate diet. The concentration of α-LNA was not changed significantly
in liver, testis, or epididymal adipose tissue by the n-6 PUFA deficient diet, but was increased
in the heart by 111%. α-LNA was not detected in the brain of either dietary group.

3.6. Eicosatrienoic acid (20:3n-9) concentrations in brain and other organs
Eicosatrienoic acid (20:3n-9), a marker of LA deficiency [17], is synthesized from 18:1n-9 by
elongases and desaturases. Its concentration was increased in brain by 743%, in liver by 754%,
in heart by 803%, and in testis by 359%, but not in epididymal adipose tissue, of rats fed the
n-6 PUFA deficient compared with adequate diet (Table 5 and Table 6). The concentration of
20:3n-9 remained less than 1% of total fatty acids in each organ of rats fed the n-6 PUFA
deficient diet.

3.7. Saturated and monounsaturated fatty acid concentrations in the brain and other organs
n-6 PUFA deprivation did not affect concentrations of saturated fatty acids 16:0 and 18:0 in
any of the organs analyzed. Total monounsaturated fatty acid concentrations were increased
by 12– 153% in the brain and other organs (Table 5 and Table 6).

4. Discussion
In this study, we prepared an n-6 PUFA deficient diet (containing 10% of the recommended
LA requirement of 42.8 µmol/g [16]) that contained a nutritionally adequate amount of n-3
PUFAs, and examined the effects of feeding this diet for 15 weeks in just-weaned male rats.
Feeding the deficient compared with adequate diet decreased the total n-6 PUFA concentration
(29–90%) in brain and other organs, and reciprocally increased concentrations of total n-3
PUFAs (15–113%) and of total monounsaturated fatty acids (12–153%). The concentration of
20:3n-9 was markedly increased (39–754%) in each organ, but remained less than 1% of total
fatty acids. The deficient diet did not retard body growth or cause evident skin problems or
hair loss, but reduced testis weight by 10%.

In addition to differing in their PUFA concentrations, the two diets differed in their saturated
fatty acid concentration (Table 2). The n-6 PUFA adequate diet was approximately comparable
to the n-3 PUFA adequate diet (Table 1 and Table 2) that we had used as a control diet in n-3
PUFA deprivation studies [21–26].

Several studies have used an n-6 PUFA deficient diet having an adequate n-3 PUFA supply
[16,18,35]. In one comparable study, a complete dietary LA deficiency was maintained for 14
weeks from 35 days of age in Sprague–Dawley rats. The changes produced were greater than
in this paper. Body weight was reduced by 15%, and there was mild scaling and some hair loss
and a 19% reduction in testis weight [18,35].

In rats fed the n-6 PUFA deficient compared with adequate diet, the AA concentration was
reduced in total lipids of serum (−81%), brain (−28%), liver (−84%), heart (−39%), testis
(−25%) and adipose tissue (−79%) (Table 5 and Table 6). The different percent reductions may
be related to differences in AA turnover rates and/or stable lipid concentrations among the
organs (Table 4) and lead to different organ functional changes.

In male post-weaning rats fed an n-3 PUFA deficient compared with adequate diet for 15 weeks,
the DHA concentration in brain, liver and heart was decreased by 42%, 89% and 93%,
respectively [21,22,24]. DHA half-lives were prolonged in brain phospholipids, and Ca2+-
independent phospholipase A2 (iPLA2) mRNA and activity in brain were decreased, which
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may have helped to slow DHA loss [9,26,36,37]. On the other hand, mRNA levels and activities
of AA selective cytosolic cPLA2, secretory sPLA2, [37,38] and cyclooxygenase-2 were
increased in the n-3 PUFA deprived rats. It thus would be of interest to see if opposite
directional changes in brain enzyme activities occur and if DHA turnover is increased in the
brain of rats fed the n-6 PUFA deprived diet in this study. If so, this would imply that these
enzymatic and kinetic parameters are closely tied to the balance of brain n-6 and n-3 PUFA
concentrations.

Bourre et al. [16] reported a normal AA concentration in the brain of pups killed at weaning
(21 days of age, Wister), whose mothers had been fed a low LA-containing diet (150 mg LA/
100 g diet, 5.3 µmol/g diet) starting 3 weeks before mating. A maintained AA level in the fetus
is consistent with upregulated conversion from LA in the maternal, fetal and newborn liver,
and with regulated transport of AA across the placenta [39,40]. The ability of liver microsomes
to desaturate 18:2n-6 to 18:3n-6 is higher in fetal and pregnant rats than in male adult rats
[41], and Δ6 desaturase activity of the mouse liver increases after birth [42]. Based on animal
and clinical studies, recommended minimal dietary requirements for LA are 1200 mg/100 g
diet for rodents, and 2–3% of energy (1000–1500 mg/100 g food) for humans [16,43–45].

The n-6 PUFA deficient diet increased concentrations of total n-3 PUFAs, EPA, and DHA in
brain and organs other than adipose tissue (Table 5 and Table 6). The α-LNA concentration
was increased significantly only in the heart. These results suggest that the n-6 PUFA
deficiency stimulated conversion of α-LNA to EPA and DHA and suppressed β-oxidation of
α-LNA, leading to accumulation of long chain n-3 PUFAs in the organs. In rats, a totally LA
deficient diet increased α-LNA disappearance by 14% and the conversion of α-LNA to longer-
chain n-3 PUFAs by 25%, but reduced whole body n-3 PUFA concentration by 21% [19].

Synthesis of DHA from α-LNA and of AA from LA is catalyzed by common hepatic desaturase
and elongase enzymes [46,47]. Expression of these enzymes can be altered by multiple
physiological and nutritional conditions. For example, liver Δ5 and Δ6 desaturases and
elongases 2 and 5 were transcriptionally upregulated in rats fed an n-3 PUFA deficient
compared with adequate diet, in association with increased liver conversion of α-LNA to DHA
[25]. The enzymes also may be upregulated by the n-6 PUFA deficient diet [48–50], but this
has to be experimentally confirmed.

The n-6 PUFA deficient diet increased monounsaturated fatty acid concentrations in the brain
and other organs (Table 5 and Table 6). It also promoted accumulation of 20:3n-9, which is
converted from 18:1n-9 by desaturation and elongation and is a marker of LA deficiency
[17]. The increased levels of unsaturated fatty acids (n-3 PUFAs, monounsaturated fatty acids,
and 20:3n-9) were not accompanied by increased saturated fatty acid concentrations in the
organs (Table 5 and Table 6). On the other hand, an n-3 PUFA deficient diet reciprocally
increased concentrations of n-6 PUFAs in brain and liver but did not change monounsaturated
fatty acid concentrations [21,22,24]. Taken together, the results suggest that n-6 PUFA
deprivation can increase desaturation and elongation of n-3 PUFAs and concentrations of
saturated and monounsaturated fatty acids, whereas n-3 PUFA deprivation can increase
desaturation and elongation of n-6 PUFAs [3,21,25,50].

While dietary AA supplementation has been shown to improve membrane fluidity, synaptic
plasticity, and spatial cognition in aged rats [51–53], the effects of dietary n-6 PUFA
deprivation on brain function and behavior in rodents have not been thoroughly studied.
Knowing these effects may be clinically relevant, as AA concentrations were reported to be
decreased in postmortem brain tissue from Alzheimer disease and schizophrenic patients
[54–57]. Additionally, enzymes that regulate AA metabolism, including cPLA2, sPLA2 and
cyclooxygenase-2, were transcriptionally upregulated in postmortem brain from bipolar

Igarashi et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



disorder patients, and drugs that are used to treat the disease downregulate these brain enzymes
as well as AA turnover in brain phospholipids when given chronically to rats [58,59]. This
suggests a potential therapeutic role for reducing the body’s n-6 PUFA stores under some
conditions.

The LA deficient diet decreased serum triacylglycerol, total cholesterol and total phospholipid
concentrations, but did not affect these stable lipid concentrations in brain, liver, heart, testis,
or adipose tissue (Table 4). Non-specific essential fatty acid deficiency in rats also has been
reported to decrease concentrations of these lipids in plasma, while increasing them in liver
[60,61].

The rat testis contains relatively high concentrations of LA, AA and DPAn-6 (Table 6) [62,
63], and the n-6 PUFA deficient diet decreased testis weight by 10% (Table 3). Non-specific
essential fatty acid deficiency also has been reported to cause testicular atrophy.
Supplementation with LA methyl ester but not with α-LNA methyl ester prevented this atrophy,
arguing for a critical role of n-6 PUFAs in maintaining testicular integrity [63]. DPAn-6 may
play such a role, since the other organs examined had relatively high DPAn-6 concentrations
in the rats fed the n-6 PUFA adequate diet (Table 5 and Table 6). DPAn-6 can be converted to
AA in rat testis, and it is metabolized to thromboxane and hydroxyl fatty acids by platelet
cyclooxygenase and lipoxygenase [64–66].

In summary, an n-6 PUFA deficient diet fed to post-weaning rats for 15 weeks profoundly
affected fatty acid and lipid composition in multiple organs. This model could be used for
further studies of physiological and metabolic effects of n-6 PUFA deficiency.
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Fig. 1.
Body weights of rats fed n-6 PUFA adequate (○) and deficient diets (•) over 15 weeks after
weaning. Values are mean ± SD (n=10 for both dietary groups).
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Fig. 2.
Fatty acid concentrations in serum total lipids of rat fed n-6 PUFA adequate (○) and deficient
(•) diets over 15 weeks. (A) LA, (B) AA, (C) 20:3n-9, (D) α-LNA, (E) EPA, (F) DHA. Values
are mean ± SD (n=4–5 for both dietary groups). * p<0.05, **p<0.01, and ***p<0.001 differs
significantly from mean in the adequate group.
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Table 1
Composition of n-6 PUFA adequate and deficient diets

Component n-6 PUFA adequate diet n-6 PUFA deficient diet

g/100 g diet g/100 g diet

Protein (20%)

  Casein 20 20

Carbohydrate (60%)

  Cornstarch 15 15

  Sucrose 10 10

  Dextrose 20 20

  Maltose dextrin 15 15

Fat (10%)

  Hydrogenated coconut oil 6.00 8.73

  Safflower oil 3.23 0

  Flaxseed oil 0.77 0.77

  Olive oil 0 0.5

Additives (10%)

  Cellulose 4.95 4.95

  Salts 3.5 3.5

  Vitamins 1.0 1.0

  L-cystine 0.3 0.3

  Choline chloride 0.25 0.25

  TBHQ 0.002 0.002

TBHQ, tertiary-butylhydroquinone (antioxidant).
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Table 2
Fatty acid composition of n-6 PUFA adequate and deficient diets

Fatty acid n-6 PUFA adequate diet n-6 PUFA deficient diet

µmol/g food % of total
fatty acids

µmol/g food % of total
fatty acids

12:0 54.6 ± 3.3 29.0 81.1 ± 20.7 43.8

14:0 23.5 ± 1.4 12.5 34.6 ± 9.0 18.7

14:1n-5 0.06 ± 0.01 0.03 0.06 ± 0.02 0.03

16:0 18.2 ± 1.0 9.7 20.6 ± 5.3 11.1

16:1n-7 0.08 ± 0.01 0.04 0.10 ± 0.03 0.1

18:0 17.1 ± 1.0 9.0 22.0 ± 5.8 11.9

18:1n-9 14.4 ± 0.8 7.7 13.6 ± 3.5 7.3

18:2n-6 52.1 ± 7.6 27.6 4.2 ± 1.1 2.3

18:3n-3 8.5 ± 0.5 4.5 8.9 ± 2.4 4.8

20:4n-6 N.D N.D

20:5n-3 N.D N.D

22:6n-3 N.D N.D

Saturated 113.5 ± 6.6 60.1 158.2 ± 40.8 85.5

Monounsaturated 14.6 ± 0.8 7.7 13.7 ± 3.5 7.4

n-6 PUFA 52.1 ± 7.6 27.6 4.2 ± 1.1 2.3

n-3 PUFA 8.5 ± 0.5 4.5 8.9 ± 2.4 4.8

n-6/n-3 6.1 0.5

Values are mean ± SD (n=3).
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Table 3
Body and tissue weights of n-6 PUFA adequate and deficient diets at 15 weeks

Tissue Dietary groups

Adequate Deficient

weight (g) weight (g)

Initial body weight 29 ± 2 30 ± 2

Final body weight 379 ± 20 380 ± 16

  Brain 1.9 ± 0.1 1.9 ± 0.1

  Liver 10.4 ± 1.2 10.2 ± 1.3

  Heart 0.9 ± 0.1 0.9 ± 0.1

  Testis 3.0 ± 0.1 2.7 ±0.2**

Epididymal adipose tissue 12.4 ± 1.4 11.8 ± 1.3

  Lung 1.8 ± 0.3 1.8 ± 0.3

  Kidney 2.3 ± 0.2 2.4 ± 0.2

  Spleen 0.7 ± 0.1 0.8 ± 0.1

Values are mean±SD (n = 10 for both groups).

**
p<0.01.

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Igarashi et al. Page 16
Ta

bl
e 

4
C

on
ce

nt
ra

tio
ns

 o
f s

ta
bl

e 
lip

id
s i

n 
se

ru
m

, b
ra

in
, l

iv
er

 a
nd

 h
ea

rt 
fr

om
 n

-6
 P

U
FA

 a
de

qu
at

e 
an

d 
de

fic
ie

nt
 ra

ts

L
ip

id
T

ri
ac

yl
gl

yc
er

ol
T

ot
al

 c
ho

le
st

er
ol

T
ot

al
 p

ho
sp

ho
lip

id

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

Se
ru

m
 (µ

m
ol

/m
l s

er
um

)
2.

2 
± 

0.
8

1.
5 

± 
0.

3 
*

1.
7 

± 
0.

4
1.

0 
± 

0.
2 

**
*

2.
6 

± 
0.

4
1.

8 
± 

0.
2**

*

B
ra

in
 (µ

m
ol

/g
 b

ra
in

)
0.

57
 ±

 0
.2

2
0.

53
 ±

 0
.2

7
84

.1
 ±

 1
5.

7
97

.2
 ±

 1
6.

4
57

.4
 ±

 5
.2

61
.1

 ±
 3

.7

Li
ve

r (
µm

ol
/g

 li
ve

r)
20

.6
 ±

 3
.9

20
.6

 ±
 2

.9
4.

3 
± 

1.
6

5.
8 

± 
2.

3
30

.4
 ±

 8
.0

29
.4

 ±
 4

.5

H
ea

rt 
(µ

m
ol

/g
 h

ea
rt)

10
.1

 ±
 3

.6
11

.5
 ±

 6
.2

3.
7 

± 
1.

3
3.

3 
± 

1.
1

34
.7

 ±
 5

.0
4.

0 
± 

3.
1

Te
st

is
 (µ

m
ol

/g
 te

st
is

)
1.

8 
± 

0.
5

1.
7 

± 
0.

6
6.

3 
± 

1.
0

5.
1 

± 
1.

6
15

.0
 ±

 1
.5

15
.1

 ±
 1

.3

Ep
id

id
ym

al
 a

di
po

se
 ti

ss
ue

  (
µm

ol
/g

 a
di

po
se

 ti
ss

ue
)

74
.9

 ±
 1

8.
9

70
.6

 ±
 9

.3
2.

6 
± 

0.
7

2.
6 

± 
0.

3
1.

5 
± 

0.
6

1.
5 

± 
0.

3

V
al

ue
s a

re
 m

ea
n 

± 
SD

 (n
=1

0 
fo

r b
ot

h 
gr

ou
ps

).

* p<
0.

05

**
* p<

0.
00

1,
 d

iff
er

s s
ig

ni
fic

an
tly

 fr
om

 m
ea

n 
in

 a
de

qu
at

e 
gr

ou
p.

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Igarashi et al. Page 17
Ta

bl
e 

5
Fa

tty
 a

ci
d 

co
nc

en
tra

tio
ns

 in
 se

ru
m

, b
ra

in
, a

nd
 li

ve
r

Fa
tty

 a
ci

d
Se

ru
m

B
ra

in
L

iv
er

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

nm
ol

/m
l s

er
um

nm
ol

/m
l s

er
um

nm
ol

/g
 b

ra
in

nm
ol

/g
 b

ra
in

nm
ol

/g
 li

ve
r

nm
ol

/g
 li

ve
r

n-
6 

PU
FA

  1
8:

2
26

27
 ±

 5
93

49
2±

26
**

*  (−
81

%
)

47
7 

± 
28

26
1±

19
**

*  (−
45

%
)

18
82

9 
± 

40
51

55
93

±8
67

**
*  (−

70
%

)

  1
8:

3
26

 ±
 7

6±
1**

*
N

D
N

D
39

2 
± 

10
8

99
 ±

 1
9**

*

  2
0:

3
92

 ±
 1

9
58

 ±
 6

**
*

30
7 

± 
17

46
6 

± 
29

**
*

11
35

 ±
 1

79
12

76
 ±

 2
00

  2
0:

4
29

06
 ±

 4
15

53
1 

±4
5**

*  (−
81

%
)

12
35

0 
± 

39
7

89
27

±7
23

**
*  (−

28
%

)
19

49
6 

± 
27

42
31

57
 ±

 9
19

**
*  (8

4%
)

  2
2:

4
69

 ±
 1

2
N

D
28

55
 ±

 1
07

18
27

 ±
 1

27
**

*
50

0 
± 

20
2

10
2±

21
**

*

  2
2:

5
21

 ±
 6

N
D

96
 ±

 2
9

N
D

32
0 

± 
59

68
 ±

 9
**

*

  T
ot

al
57

41
 ±

 1
02

2
10

88
 ±

 6
7**

*  (−
81

%
)

16
08

5 
± 

45
4

11
48

0 
± 

84
4**

*  (−
29

%
)

40
67

2 
± 

71
46

13
29

5 
± 

19
50

**
*  (6

7%
)

n-
3 

PU
FA

  1
8:

3
11

9 
± 

39
10

5 
± 

14
N

D
N

D
89

6 
± 

28
5

97
0 

± 
25

0

  2
0:

5
91

 ±
 2

4
53

5 
± 

53
**

*  (+
48

8%
)

N
D

23
6 

± 
30

51
2 

± 
67

53
59

 ±
 7

32
**

*  (+
94

7%
)

  2
2:

5
17

1 
± 

45
13

8 
± 

40
20

7 
± 

75
53

7 
± 

12
5**

*
11

40
 ±

 2
89

17
74

 ±
 3

80
 **

*

  2
2:

6
45

9 
± 

84
55

8 
± 

89
*  (+

22
%

)
15

87
9 

± 
54

6
17

69
2 

± 
12

46
**

 (+
11

%
)

64
59

 ±
 9

22
11

12
5 

± 
16

02
**

 *
(+

72
%

)

  T
ot

al
84

0 
± 

16
9

13
35

 ±
 11

8**
*  (+

59
%

)
16

08
6 

± 
54

9
18

46
5 

± 
13

07
**

*
(+

15
%

)
90

08
 ±

 1
48

5
19

22
9 

± 
26

41
**

*
(+

11
3%

)

O
th

er
s

  1
6:

0
38

54
 ±

 1
07

5
28

49
 ±

 4
92

*
21

90
6 

± 
18

21
21

95
3 

± 
12

62
47

39
8 

± 
11

45
6

57
43

8 
± 

10
83

8

  1
6:

1n
-7

67
1 

± 
27

3
54

8 
± 

12
8

33
1 

± 
29

1
38

8 
± 

21
1

94
97

 ±
 3

24
7

12
57

5 
± 

30
70

*

  1
8:

0
16

84
 ±

 2
44

12
09

 ±
 1

15
**

*
24

66
0 

± 
22

3
25

41
3 

± 
15

00
20

18
8 

± 
26

30
20

69
3 

± 
46

01

  1
8:

1n
-9

17
72

 ±
 5

78
17

27
 ±

 3
56

14
69

1 
± 

16
73

17
05

4 
± 

15
42

**
19

40
8 

± 
51

38
32

17
5 

± 
55

67
 **

*

  1
8:

1n
-7

10
93

 ±
 3

15
10

55
 ±

 1
65

97
83

 ±
 8

36
10

36
8 

± 
41

3
12

17
4 

± 
21

86
16

98
2 

± 
22

29
 **

*

  2
0:

3n
-9

7 
± 

2
55

 ±
 9

**
*

30
 ±

 6
25

3 
± 

19
**

11
6 

± 
27

99
1 

± 
14

4**
*

  T
ot

al
 sa

tu
ra

te
d

55
37

 ±
 1

30
1

40
58

 ±
 6

01
**

46
56

6 
± 

23
84

47
36

6 
± 

17
46

67
58

6 
± 

12
56

1
78

13
1 

± 
11

51
4

  T
ot

al
 m

on
o

35
37

 ±
 1

13
2

33
30

 ±
 6

09
24

80
5 

± 
21

77
27

81
0 

± 
15

86
**

 (+
12

%
)

41
07

9 
± 

10
21

1
61

73
1 

± 
10

24
7**

*
(+

50
%

)

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Igarashi et al. Page 18

Fa
tty

 a
ci

d
Se

ru
m

B
ra

in
L

iv
er

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

nm
ol

/m
l s

er
um

nm
ol

/m
l s

er
um

nm
ol

/g
 b

ra
in

nm
ol

/g
 b

ra
in

nm
ol

/g
 li

ve
r

nm
ol

/g
 li

ve
r

  T
ot

al
15

66
3 

± 
34

71
98

67
 ±

 12
92

**
 (−

37
%

)
10

35
72

 ±
 4

01
7

10
53

74
 ±

 3
57

3
15

84
60

 ±
 2

52
38

17
33

76
 ±

 2
26

84

R
at

io
 o

f n
-6

/n
-3

6.
9

0.
8

1.
0

0.
6

4.
5

0.
7

FA
 c

om
po

si
tio

n 
(%

 o
f

To
ta

l F
A

)

To
ta

l n
-6

 P
U

FA
37

%
11

%
16

%
11

%
26

%
7.

7%

To
ta

l n
-3

 P
U

FA
5.

3%
14

%
16

%
18

%
5.

7%
11

%

To
ta

l s
at

ur
at

ed
35

%
41

%
45

%
45

%
43

%
45

%

To
ta

l m
on

ou
ns

at
ur

at
ed

23
%

34
%

24
%

26
%

26
%

36
%

20
:3

n-
9

0.
04

%
0.

6%
0.

03
%

0.
2%

0.
07

%
0.

6%

V
al

ue
s a

re
 m

ea
n 

± 
SD

 (n
=1

0 
fo

r b
ot

h 
gr

ou
ps

).

* p<
0.

05

**
p<

0.
01

**
* p<

0.
00

1,
 d

iff
er

s s
ig

ni
fic

an
tly

 fr
om

 m
ea

n 
in

 a
de

qu
at

e 
gr

ou
p.

N
D

=n
ot

 d
et

ec
te

d.

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Igarashi et al. Page 19
Ta

bl
e 

6
Fa

tty
 a

ci
d 

co
nc

en
tra

tio
ns

 in
 h

ea
rt,

 te
st

is
, a

nd
 a

di
po

se
 a

t 1
5 

w
ee

k 
de

pr
iv

at
io

n

Fa
tty

 a
ci

d
H

ea
rt

T
es

tis
E

pi
di

dy
m

al
 a

di
po

se
 ti

ss
ue

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

nm
ol

/g
 h

ea
rt

nm
ol

/g
 h

ea
rt

nm
ol

/g
 te

st
is

nm
ol

/g
 te

st
is

nm
ol

/g
 a

di
po

se
 ti

ss
ue

nm
ol

/g
 a

di
po

se
 ti

ss
ue

n-
6 

PU
FA

  1
8:

2
16

63
2 

± 
99

9
92

49
 ±

 1
27

4**
*

(−
44

%
)

61
02

 ±
 1

86
8

17
63

 ±
 7

34
 **

*  (−
71

%
)

56
14

3 
± 

16
37

6
52

65
 ±

 9
07

**
*  (−

91
%

)

  1
8:

3
10

2 
± 

45
58

 ±
 6

*
51

 ±
 9

37
 ±

 1
0**

29
9 

± 
87

10
0 

± 
39

**
*

  2
0:

3
37

3 
± 

49
77

0 
± 

49
**

*
42

6 
± 

41
50

0 
± 

73
 **

38
8 

± 
10

7
81

 ±
 3

8 
**

*

  2
0:

4
13

43
4 

± 
50

3
82

08
 ±

 7
15

**
*

(−
39

%
)

54
81

 ±
 6

06
41

17
 ±

 5
71

 **
*  (−

25
%

)
17

09
 ±

 3
99

36
5 

± 
63

 **
*  (−

79
%

)

  2
2:

4
71

7 
± 

70
10

2 
± 

34
**

*
84

3 
± 

82
49

3±
78

 **
*  (−

42
%

)
51

5 
± 

11
7

31
4 

± 
13

0 
**

*

  2
2:

5
47

8 
± 

63
55

 ±
 2

2**
*

58
99

 ±
 8

04
43

20
 ±

 6
16

 **
*

74
 ±

 1
4

N
D

  T
ot

al
31

73
7 

± 
86

7
18

44
2 

± 
20

39
**

*
(−

42
%

)
18

80
2 

± 
17

19
11

23
1 

± 
15

91
 **

*
(−

40
%

)
59

12
7 

± 
16

92
0

61
24

 ±
 1

02
5**

*  (−
90

%
)

n-
3 

PU
FA

  1
8:

3
30

7 
± 

55
64

7 
± 

82
**

*
52

8 
± 

21
8

49
8 

± 
24

7
66

19
 ±

 1
84

4
52

72
 ±

 8
92

  2
0:

5
12

2 
± 

80
14

86
 ±

 2
02

**
*

(+
11

18
%

)
57

 ±
 1

4
29

1 
± 

43
 **

*  (+
41

1%
)

28
5 

± 
25

7
25

3 
± 

25
6

  2
2:

5
17

79
 ±

 1
77

23
08

 ±
 1

50
**

*
13

3 
± 

37
21

9 
± 

55
 **

*
37

4 
± 

92
27

6 
± 

55
*

  2
2:

6
75

55
 ±

 4
46

93
37

 ±
 3

37
**

*
(+

24
%

)
49

6 
± 

49
12

99
 ±

 16
3 **

*  (+
16

2%
)

51
8 

± 
16

9
63

4 
± 

29
6

  T
ot

al
97

62
 ±

 6
43

13
77

8 
± 

48
2**

*
(+

41
%

)
12

13
 ±

 3
06

23
07

 ±
 3

73
**

*  (+
90

%
)

77
95

 ±
 1

94
7

64
35

 ±
 1

21
3

O
th

er
s

  1
6:

0
97

02
 ±

 5
72

10
23

5 
± 

20
25

14
99

9 
± 

16
19

15
38

0 
± 

24
58

62
61

1 
± 

14
27

5
66

70
0 

± 
10

38
0

  1
6:

1n
-7

77
7 

± 
17

6
21

42
 ±

 5
10

**
*

27
95

 ±
 9

28
35

88
 ±

 1
77

8
19

70
3 

± 
42

06
30

61
7 

± 
44

09
 **

*

  1
8:

0
16

40
6 

± 
62

4
15

84
1 

± 
10

22
31

11
 ±

 2
87

30
35

 ±
 3

60
77

69
 ±

 1
96

4
65

07
 ±

 1
11

5

  1
8:

1n
-9

38
97

 ±
 6

11
83

29
 ±

 2
84

3**
*

78
63

 ±
 1

70
5

10
25

0 
± 

29
29

 *
40

31
5 

± 
94

06
54

80
7 

± 
91

15
**

  1
8:

1n
-7

28
68

 ±
 1

52
33

21
 ±

 2
04

**
*

15
33

 ±
 2

78
18

53
 ±

 1
88

 **
12

38
4 

± 
28

60
15

01
0 

± 
26

03
 *

  2
0:

3n
-9

58
 ±

 2
3

52
4 

± 
39

**
*

51
 ±

 9
23

4 
± 

30
 **

*
16

7 
± 

47
18

5 
± 

37

  T
ot

al
 sa

tu
ra

te
d

26
10

7 
± 

97
4

26
07

6 
± 

20
90

18
10

9 
± 

18
25

18
41

4 
± 

27
39

70
38

0 
± 

16
21

0
73

20
7 

± 
11

47
6

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Igarashi et al. Page 20

Fa
tty

 a
ci

d
H

ea
rt

T
es

tis
E

pi
di

dy
m

al
 a

di
po

se
 ti

ss
ue

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

A
de

qu
at

e
D

ef
ic

ie
nt

nm
ol

/g
 h

ea
rt

nm
ol

/g
 h

ea
rt

nm
ol

/g
 te

st
is

nm
ol

/g
 te

st
is

nm
ol

/g
 a

di
po

se
 ti

ss
ue

nm
ol

/g
 a

di
po

se
 ti

ss
ue

  T
ot

al
 m

on
o

51
33

 ±
 1

20
5

12
96

2 
± 

30
42

**
*

(+
15

3%
)

12
19

1 
± 

24
28

15
69

1 
± 

48
14

 *  (+
29

%
)

72
40

1 
± 

16
33

7
10

04
35

 ±
 1

58
66

**
(+

39
%

)

  T
ot

al
73

53
9 

± 
41

29
70

25
7 

± 
64

61
50

36
6 

± 
59

55
47

87
6 

± 
80

72
20

98
72

 ±
 5

09
77

18
63

86
 ±

 2
92

60

R
at

io
 o

f n
-6

/n
-3

3.
3

1.
3

16
4.

8
7.

5
1.

0

FA
 c

om
po

si
tio

n 
(%

 o
f T

ot
al

 F
A

)

  n
-6

 P
U

FA
43

%
26

%
37

%
23

%
28

%
3.

2%

  n
-3

 P
U

FA
13

%
20

%
2.

4%
4.

8%
3.

7%
3.

5%

  T
ot

al
 sa

tu
ra

te
d

36
%

37
%

36
%

38
%

34
%

39
%

  T
ot

al
 m

on
ou

ns
at

ur
at

ed
8%

18
%

24
%

33
%

34
%

54
%

  2
0:

3n
-9

0.
08

%
0.

7%
0.

1%
0.

5%
0.

08
%

0.
1%

V
al

ue
s a

re
 m

ea
n 

± 
SD

 (n
=1

0 
fo

r b
ot

h 
gr

ou
ps

).

* p<
0.

05

**
p<

0.
01

**
* p<

0.
00

1,
 d

iff
er

s s
ig

ni
fic

an
tly

 fr
om

 m
ea

n 
in

 a
de

qu
at

e 
gr

ou
p.

N
D

, n
ot

 d
et

ec
te

d.

Biochim Biophys Acta. Author manuscript; available in PMC 2009 July 16.


