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Abstract Little is known about the uptake or metabolism
of essential fatty acids (EFAs) in various mammalian organs.
Thus, the distribution of deuterateda-linolenic acid (18:3n-3)
and linoleic acid (18:2n-6) and their metabolites was stud-
ied using a stable isotope tracer technique. Rats were orally
administered a single dose of amixture (20mg each) of ethyl
D5-18:3n-3 and D5-18:2n-6, and 25 tissues per animal were
analyzed for D5-labeled PUFAs at 4, 8, 24, 96, 168, 240, 360,
and 600 h after dosing. Plasma, stomach, and spleen con-
tained the highest concentrations of labeled precursors at
the earliest time points, whereas other internal organs and
red blood cells reached their maximal concentrations at 8 h.
The time-course data were consistent with liver metabolism
of EFAs, but local metabolism in other tissues could not be
ruled out. Brain, spinal cord, heart, testis, and eye accumu-
lated docosahexaenoic acid with time, whereas skin accumu-
lated mainly 20:4n-6. On average,?16–18% of the D5-18:3n-3
and D5-18:2n-6 initial dosage was eventually accumulated in
tissues, principally in adipose, skin, and muscle. Approxi-
mately 6.0% of D5-18:3n-3 and 2.6% of D5-18:2n-6 were
elongated/desaturated and stored, mainly in muscle, adi-
pose, and the carcass. The remaining 78% of both pre-
cursors was apparently catabolized or excreted.—Lin, Y. H.,
and N. Salem, Jr. Whole body distribution of deuterated
linoleic and a-linolenic acids and their metabolites in the
rat. J. Lipid Res. 2007. 48: 2709–2724.
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Although many studies have focused upon the liver as
the primary site for essential fatty acid (EFA) metabolism
in mammals, relatively little is known about other organs
with respect to their uptake of EFA precursors and products
or the manner in which these fatty acids are distributed to
them. In most human studies, the blood compartment is
the only sample available and liver activity must be inferred
from plasma analysis, in some cases with the aid of mathe-
matical modeling (1–3). However, efforts to understand
and model human EFA metabolism depend upon a rig-

orous description of EFA metabolism in several organ sys-
tems. Although this cannot be achieved in humans for ethi-
cal reasons, animal studies allow a complete description of
the role of various organs in processing EFAs in vivo. Such
a description would include the uptake of the EFA precur-
sors linoleic acid (18:2n-6) and a-linolenic acid (18:3n-3)
into various organs as well as their metabolism to various
products along the n-3 and n-6 EFA pathways.

Previous investigations include stable isotope studies in
primates and have provided analyses of EFA uptake and
metabolism of the liver, nervous system, and blood stream
(4) and, in some cases, other internal organs such as the
heart, lung, and kidney (5). Fu and Sinclair (6, 7) provided
a description of the radiolabeling of many guinea pig tis-
sues with [14C]18:2n-6 (6) and [14C]18:3n-3 (7). Whole body
balance methods for the analysis of EFA retention in various
tissues and b-oxidation (8) as well as those based on breath
test using various 14C-labeled EFAs led to the conclusion
that the fate of the bulk of the EFAs was b-oxidation (9).

It would be valuable to extend these studies to a descrip-
tion of EFA uptake and metabolism in all of the major
tissues in mammals under well-controlled and defined die-
tary conditions. This information is a first step in the un-
derstanding of the EFA requirements and the ability to
elaborate and use long-chain polyunsaturates of various
organs and tissues throughout the body. The present study
was thus designed to investigate the incorporation and me-
tabolism of stable isotope-labeled EFAs into various rat
tissues over an extended period. A single oral dose of both
2H5-18:3n-3 and 2H5-18:2n-6 was given to young adult male
rats consuming a defined diet containing 15% of total fatty
acids as 18:2n-6 and 3% as 18:3n-3. Negative chemical ioniza-
tion gas liquid chromatography-mass spectrometry (GC-MS)
analysis was used for the quantification of the precursors
and their individual metabolites in 25 components from
4 to 600 h after dosing.
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MATERIALS AND METHODS

Animals and diet

All animal procedures were carried out in accordance with
the National Institutes of Health animal care and welfare guide-
lines, and the protocol was approved by the National Institute
on Alcohol Abuse and Alcoholism Animal Care and Use Com-
mittee. Time-pregnant, female Long-Evans hooded rats on the
third day of gestation were obtained from Charles River (Portage,
MI) at the age of 13 weeks and maintained in our animal facility
under conventional conditions with controlled temperature (22jC)
and illumination (12 h; 6:00 AM to 6:00 PM); food and water
were provided ad libitum. The rats were immediately placed on
a pelleted custom diet upon arrival, which was modified from
the AIN-93G formulation (10) as described previously (11). In
brief, lipid-extracted casein was used, carbohydrate sources were
modified, and fat sources (10 wt%) were controlled. Fat sources
were 77 g of hydrogenated coconut oil, 18 g of safflower oil, and
5 g of flaxseed oil per kilogram of diet. The fatty acid distribu-
tion in the fat was 77% saturated fatty acids, 4% monounsatu-
rated fatty acid, 15% linoleate, 3% a-linolenate, and only traces
of longer chain EFAs (C20 and C22). The male offspring were
weaned onto the same diet at 3 weeks of age. At 7 weeks of age,
nine rats with a body weight of 186 6 7 g (mean 6 SD) were
fasted overnight and administrated a single oral dose of 20 mg
each of 2H5-18:3n-3 and 2H5-18:2n-6 ethyl ester using olive oil as
the vehicle or vehicle oil only for a control animal. The animals
were then maintained ad libitum on the above-described diet for
the remainder of this “pulse-chase” type of experiment. One
animal was euthanized at each of the following time points after
dosing with the isotopic tracers: 4, 8, 24, 96, 168, 240, 360, and
600 h. A control animal was euthanized at 0 h. Each rat was dis-
sected into a total of 25 components as detailed below.

Isotope and chemicals

Deuterium-labeled ethyl linolenate (2H5-17,17,18,18,18-18:3n-3)
and deuterium-labeled ethyl linoleate (2H5-17,17,18,18,18-18:2n-6)
were obtained from Cambridge Isotope Laboratories (Andover,
MA); isotope purities were .95% for the former and 98% for
the latter. No long-chain (.C18) PUFA was found. Chemical
purity was .95% as determined by TLC and GC.

Tissue collection

Rats were asphyxiated in carbon dioxide after fasting over-
night before euthanasia with the exception of those euthanized
at 4 and 8 h, which were given access to food immediately after
dosing. Blood was drawn by cardiac puncture when rats were un-
conscious and separated into plasma and red blood cells (RBCs)
at 1,800 g for 10 min at 4jC. The head was severed at the neck,
and the brain and eye (with associated glands) were removed.
The body was placed on ice during this second stage of dissec-
tion. Gallbladders were removed before liver and other abdomi-
nal tissue collection to avoid contamination with bile fluid. The
thymus, salivary, and thyroid glands were dissected out. Abdomi-
nal organs collected include the heart, lung, liver, pancreas,
kidney, spleen, bladder, and testis. The gastrointestinal (GI) tract
(from duodenum to anus) was emptied and rinsed with ice-cold
saline (0.85% NaCl); the stomach was subsequently removed
and treated similarly. The spinal cord was then separated from
the vertebrae. Subsequently, skin with fur was collected from
both the skull and carcass, visible subcutaneous fat and visceral
fat were pooled, and muscle (skeletal muscle and chest) and
bones (short-carpal bones; irregular vertebrae, long humerus,
radius, ulna, femur, tibia; flat scapula, ilium) with periosteum
and marrow were collected. The brown adipose tissue under the

neck skin and along the vertebrae was collected. The remain-
ing carcass contained the skull, ribs, cartilage, paws, tail, and the
remaining parts not listed above. After dissection, organs were
carefully washed with cold normal saline, blotted, wrapped frozen
on dry ice, and then stored in a 280jC freezer until analysis.
Each of the 25 components listed in Table 1 were analyzed indi-
vidually. In some cases, for graphic purposes, individual tissues
were combined to make 11 categories (adipose, skeleton, circu-
latory system, digestive system, muscle, nervous system, respira-
tory system, skin, urogenital system, and the remaining carcass),
as detailed in Fig. 1. Excretions were not collected.

Homogenization, lipid extraction of various tissues, and
derivatization reactions

Large organs/tissues were thoroughly diced into fine pieces
at 4jC before extraction. Organs were homogenized in metha-
nol containing 0.2 mM butylated hydroxytoluene (BHT; 10 ml
for 1 g of tissue); one aliquot of homogenate (?100 mg of tis-
sue wet weight) was used for total lipid extraction. A motor-
powered small tissue homogenizer was used for tissue disruption
(Omni International, Marietta, GA). Bones were cut into smaller
pieces, cooled with liquid nitrogen, and pulverized into a fine
powder with a mortar and pestle over dry ice. One gram of this
bone powder was placed in 10 ml of methanol-BHT and soni-
cated for 10 min (12). The skin/fur was cut to separate the skin
from fur and the subcutaneous fat, which was combined with
the white adipose tissue. Skin samples of ?1 cm2, containing
both epidermis and dermis, were taken from various parts of the
rat body and diced into ,3 mm2 pieces, mixed completely, and
then homogenized (10 ml of methanol-BHT for 1 g of skin
sample). One gram of fur from various areas was cut into lengths
of ,3 mm over dry ice and sonicated in 10 ml of methanol-BHT
for 20 min. The carcass was handled similarly to bone: after
freezing on dry ice and powdering with a mortar and pestle, 5 g
of carcass powder was sonicated in 50 ml of methanol-BHT.
White adipose tissue from different body locations was diced
and mixed well, and ?0.25 g of adipose was homogenized in 5 ml
of chloroform-methanol (2:1)-BHT solution.

One aliquot of homogenate or sonicate from each tissue was
used to extract total lipids of the tissues according to Folch, Lees,
and Sloane-Stanley (13). The total lipid extract was dried under
a stream of nitrogen and transmethylated using boron trifluo-
ride in methanol (14 g/l; Sigma Chemical, St. Louis, MO) as de-
scribed by Morrison and Smith (14) and modified by Salem,
Reyzer, and Karanian (15). The internal standard, 22:3n-3 ethyl
ester (60 nmol/sample), was added to each sample before lipid
extraction. A separate aliquot of the homogenate was hydrolyzed
and derivatized with pentafluorobenzyl (PFB) reagent [PFB bro-
mide, diisopropylamine in acetonitrile (1:100:1,000, v/v/v)] to
form fatty acid PFB ester for GC-MS negative chemical ioniza-
tion analysis (16) for deuterium-labeled fatty acids. For GC-MS
analysis, 2.5 nmol/sample of 22:3n-3 ethyl ester was added at the
beginning of the lipid extraction as an internal standard.

GC-MS analysis

An Agilent 5973 mass spectrometer equipped with an Agilent
6890 GC Plus LAN system (Agilent Technologies, Inc., Wilmington,
DE) was used for the quantification of deuterated fatty acids. An
aliquot of 1 ml of fatty acid PFB ester per sample was injected
onto a DB-FFAP (free fatty acid phase) capillary column (15)
interfaced directly into the negative chemical ionization system
using methane as the reagent gas. The GC oven temperature was
programmed from 125jC to 245jC at 8jC followed by holding
for 37 min. Selected ion monitoring of the base peak (M-PFB)
for the analytes of interest, both the precursors and the main
metabolites, was carried out with continuous monitoring and
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quantitated according to a previously reported method (17). For
the measurement of unlabeled fatty acid concentrations in tis-
sues for the calculation of enrichment, GC-flame ionization de-
tection analysis was performed on an Agilent 6890 Plus LAN
system as described previously (15).

Data analysis

Isotopically labeled EFA data were expressed as the concentra-
tion, in nanomoles per gram of tissue wet weight or, for plasma
and RBCs, as nanomoles per milliliter. Because animals were eu-
thanized over a period of 25 d while still being fed nonlabeled
food and growing, initial body weight and tissue weight were
lower than at the end of the experiment (Fig. 1, bottom). Thus,
the fatty acid concentration values were normalized to the body
weight by multiplying the concentration values by the ratio of the
tissue weight at each time point to the initial (time 5 0) tissue
weight. The amount of each labeled fatty acid per tissue was
obtained by multiplying the concentration by the weight of the
whole tissue. The distribution of each labeled fatty acid in the
rat whole body was computed as a percentage by dividing
the amount of the labeled fatty acid in a particular tissue by the
sum of the labeled fatty acid in all of the organs/tissues 3 100
at each time point. Areas under the curves were obtained by
integrating the areas under the curves as a function of time using
a trapezoid estimation method (18).

RESULTS

Tissue dissection

Animals were dissected into 25 components, which may
be subgrouped into 11 biological systems (Fig. 1). The pro-

portion of total rat body weight that was recovered in har-
vested tissues at the various time points was 826 5% (n5 9).
Of this total collected tissue, the largest components were
muscle (296 2%), skin (166 1%), adipose (136 3%), bone
(4.7 6 0.8%), and liver (4.6 6 0.4%); the remaining car-
cass amounted to 20 6 1%. The weight of the circulatory
system, nervous system, respiratory system, urogenital sys-
tem, and remaining digestive system constituted the re-
maining ?12% of total tissue wet weight (Fig. 1). During
the 4 week duration of the experiment, body weight in-
creased by ?2-fold from 194 to 383 g. During this period,
there was an increased percentage of tissue as adipose, but
the proportion of various organs and tissues in the various
biological systems was relatively constant. The tissue distri-
bution of precursors and their main intermediates as well as
the metabolic end products was identified and determined
in all 25 components harvested, as presented below.

Time course of deuterated n-3 EFA concentrations in
principal organs

The appearance and disappearance of 2H5-18:3n-3 in
various tissues and its major in vivo metabolites are pre-
sented in Fig. 2 as bar graphs at various time points after
a single oral dose of 2H5-18:3n-3. The precursor was at
its maximal concentration (Cmax; in nmol/g or nmol/ml)
at the first experimental time point of 4 h in the stomach
(112), plasma (15.6), and spleen (12.4) and decreased
sharply by 8 h. However, several other tissues also achieved
Cmax precursor concentrations at ?8 h, including RBCs

TABLE 1. Dmax of deuterated 18:3n-3, 22:6n-3, 18:2n-6, and 20:4n-6 in 25 rat tissues

2H5-18:3n-3 2H5-22:6n-3 2H5-18:2n-6 2H5-20:4n-6

No. Tissues
Tissue Weight
(g, at 240 h) Dmax Tmax Dmax Tmax Dmax Tmax Dmax Tmax

1 Adipose, brown 0.5 0.26 24 0.02 168 0.25 24 0.004 168
2 Adipose, white 28.9 14.5 168 0.80 360 15.7 168 0.16 168
3 Adrenal glanda 0.1 0.004 4 0.004 96 0.01 8 0.01 96
4 Bladder 0.1 0.003 8 0.002 240 0.004 8 0.004 240
5 Bone 12.2 0.25 8 0.21 240 0.25 8 0.10 240
6 Brain 1.9 Tr 0.10 600 0.01 8 0.02 240
7 Carcass 48.3 0.84 8 0.99 240 1.04 8 0.44 240
8 Eye 0.6 0.005 168 0.01 240 0.01 24 0.004 240
9 Fur 2.3 0.20 4 0.004 96 0.12 4 0.004 96
10 Heart 1.0 0.04 8 0.08 168 0.09 8 0.03 240
11 Intestineb 3.0 0.59 4 0.06 168 0.68 8 0.08 168
12 Kidney 2.1 0.12 8 0.07 96 0.18 8 0.08 168
13 Liver 11.1 4.48 8 1.69 96 4.35 8 0.78 96
14 Lung 1.1 0.03 8 0.03 96 0.08 8 0.03 168
15 Muscle 67.7 2.14 8 2.56 600 3.72 8 0.69 360
16 Plasma 6.5 0.19 4 0.08 96 0.40 8 0.06 96
17 Pancreas 0.4 0.01 8 0.02 240 0.04 8 0.03 240
18 Red blood cell 5.3 0.01 8 0.01 96 0.06 8 0.02 240
19 Skin 31.0 3.82 96 0.31 168 2.88 96 0.38 168
20 Salivary gland 0.2 0.01 8 0.01 240 0.01 8 0.01 240
21 Spinal cord 0.5 ND 0.03 600 0.003 8 0.003 600
22 Spleen 0.9 0.01 4 0.01 96 0.03 8 0.02 96
23 Stomach 1.2 0.19 4 0.01 168 0.20 8 0.03 168
24 Thymus gland 0.5 0.004 8 0.003 96 0.02 24 0.01 168
25 Testis 2.6 0.004 8 0.03 168 0.04 24 0.03 240

Dmax, maximal amount, expressed as percentage of the dose at Tmax.; ND, nondetectable; Tmax, time
corresponding to the greatest tissue content; Tr, trace values (i.e.,,0.002). Boldface numbers indicate the five greatest
values for the 25 tissues examined.

a Adrenal gland included thyroid gland and mandibular lymph nodes.
b Intestine included duodenum, small intestines, and cecum.
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(2.6), liver (403), heart (27.8), kidney (47.3), lung (20.2),
and testis (1.7). In the eye, 2H5-18:3n-3 showed values
near 3–4 over much of its time course, with a maximum at
168 h (6.8). Very little precursor was detected in brain and
spinal cord.

A somewhat different pattern was observed for the me-
tabolites derived from 2H5-18:3n-3 in vivo. As the princi-
pal location of fatty acid metabolism, the liver showed the
highest concentration of 2H5-20:5n-3 (17.7), 2H5-22:5n-3
(42.5), and 2H5-22:6n-3 (152) compared with other or-
gans. 2H5-20:5n-3 was detected in liver at 4 h, reached a
maximum at 8 h, maintained a high level after 24 h, and
decreased more slowly than its precursor, 2H5-18:3n-3. A
similar pattern was seen for 20:5n-3 in spleen (2.1), brain
(0.2), spinal cord (0.6), kidney (5.1), and testis (2.6). RBCs
(1.0), stomach (2.8), heart (1.8), lung (5.9), and eye (0.4)
showed a slower appearance and disappearance of 2H5-
20:5n-3. For 2H5-22:5n-3, Cmax was observed at 24–96 h after
dosing in nearly all tissues. The liver 2H5-22:5n-3 peaked
at 24 h and had a rather rapid disappearance afterward.
Brain and spinal cord were somewhat unusual in that the
decay of 2H5-22:5n-3 was slow after the 96 h peak.

2H5-22:6n-3 showed a much different appearance and
disappearance pattern in various organs relative to its pre-
cursor. Liver showed a maximal concentration at 96 h, along
with plasma, lung, spleen, and kidney, and then decreased
gradually. 2H5-22:6n-3 was still detectable at 600 h in blood
and the main organs. However, 2H5-22:6n-3 appeared in

brain, spinal cord, testis, and eye by 4–8 h, reached a maxi-
mal or near maximal concentration by 96 h, and thereafter
maintained a high level until the end of the experimental
period at 600 h. The brain and spinal cord appeared to be
continuously accreting 2H5-22:6n-3 over the entire course
of the experiment, as its concentration was still increasing
at the last time point at 600 h. The concentrations of the
precursors (2H5-18:3n-3, 2H5-20:5n-3, and 2H5-22:5n-3) in the
nervous system were much lower than that of 2H5-22:6n-3.

Whole body distribution of 2H5-18:3n-3 content

The total amount of 2H5-18:3n-3 per organ was com-
puted from the concentration data, and the tissue totals
were added to calculate the whole body total. The data for
each tissue system were then expressed as a percentage
of the whole body total 2H5-18:3n-3 at each time point
(Fig. 3A). At 4 h, a large amount of the 2H5-18:3n-3 was
observed in the GI tract (15%), muscle (20%), and liver
(27%). By 8 h, the GI amount was rapidly decreasing, al-
though still present (6%), liver had increased significantly
to 39% of total, and muscle (19%) and adipose (16%) con-
tained significant proportions of the whole body 2H5-18:3n-3.
By 24 h, GI tract 2H5-18:3n-3 was essentially gone, liver
content had decreased (19%), and muscle (27%) and skin
(14%) percentages had increased; adipose 2H5-18:3n-3 has
increased dramatically to 34% of total. By 96 h, liver 2H5-
18:3n-3 was nearly gone, with adipose containing the bulk
(71%) and substantial amounts also in the skin (20%). Later

Fig. 1. Rats were dissected into 25 components (see
Table 1) and then organized into 11 categories, as de-
picted in the lower panel. The percentage of the total col-
lected tissue is given for each of these 11 organ systems
at each time point between 0 and 600 h in the top panel.
The mean values 6 SD are given for nine rats from 7 to
11 weeks old in the bottom panel. The body weight of
each rat at the time of euthanasia is also given at the bot-
tom of the figure. RBC, red blood cell.

2712 Journal of Lipid Research Volume 48, 2007
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time points were similar to the 96 h time point in that
the major reservoirs for 2H5-18:3n-3 were primarily adi-
pose and, to a lesser extent, skin and muscle. Very little
2H5-18:3n-3 was detected in the nervous system.

An estimate of the amount of 2H5-18:3n-3 recovered in
the whole body was made by adding the amounts found
in the individual compartments (Fig. 3B). After the initial
period, in which it was noted that some 2H5-18:3n-3 label

Fig. 2. Time-course plots of the concentrations (nmol/g wet tissue and nmol/ml for plasma and RBCs, respectively) of 2H5-18:3n-3 and
its main in vivo metabolites 2H5-20:5n-3, 2H5-22:5n-3, and 2H5-22:6n-3 in rat plasma, RBCs, liver, heart, lung, and brain (A) and in stomach,
spleen, kidney, testis, eye, and spinal cord (B) as a function of time over 600 h after a single oral dosing. Values were derived from one
animal at each time point.

Essential fatty acid metabolism in rat organs 2713
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was lost as a result of rinsing of the GI system after dissec-
tion, a plateau was reached by 96 h and maintained until
the end of the experiment at 600 h at a level of ?20% of
the initial dose.

Whole body distribution of 2H5-18:3n-3 metabolites

Total 2H5-18:3n-3 metabolites per each tissue, includ-
ing 2H5-20:3n-3, 2H5-20:4n-3, 2H5-20:5n-3, 2H5-22:5n-3, and
2H5-22:6n-3, were calculated at each time point and are dis-
played in Fig. 4. The contents of each of these metabolites
were summed at each time point and for each tissue to
make a total value, and then the percentage of the total was
plotted for each of the main organ systems. Initially, at 4 h,
in addition to the high liver content (14%), carcass (21%),
muscle (17%), and skin (18%) also contained substantial
percentages of the whole body n-3 metabolites. The GI sys-
tem reached its peak level of n-3 metabolites, composed
primarily of 2H5-20:5n-3, at 4 h, and this diminished dur-
ing the next several days. The liver content was substantial,
reaching its peak (50%) after 24 h; thereafter, it decreased
to 30% at 96 h and then continued to decrease gradually
during the remainder of the 600 h experiment. Muscle
was labeled rapidly with n-3 metabolites, with a substantial
percentage on the first day, and thereafter continued to ac-
crete, becoming the predominant tissue after 168 h; the
n-3 metabolite here was primarily 2H5-22:6n-3. Adipose con-

tent of n-3 metabolites was initially 8%, increasing gradu-
ally afterward until ?168 h (16%), after which it remained
almost constant. Skin labeling was interesting in that it
reached its maximum metabolite value of 18% at the ini-
tial time point of 4 h and then diminished afterward to
4% by 600 h. The circulatory system maintained a consis-
tent percentage of ?1–3% during the entire experimen-
tal period. The nervous system increased gradually and
reached ?2% at the end of study, although accounting
for only 1% of the total tissue weight. Initially, the n-3 fatty
acid metabolites were composed mainly of 2H5-20:5n-3, with
2H5-22:5n-3 being produced soon after. By 240–600 h, 2H5-
22:6n-3 became the principal n-3 metabolite.

Concentration time-course plots of deuterated n-6 EFA in
principal organs

The appearance and disappearance of 2H5-18:2n-6 and
its in vivo metabolites in various organs are presented in
Fig. 5A, B as bar plots of isotope concentration versus time
after a single oral dose of 2H5-18:2n-6.

The 2H5-18:2n-6 precursor exhibited a maximal concen-
tration at 8 h for plasma, RBCs, and all organs except testis
and eye, in which 2H5-18:2n-6 was taken up more slowly
and reached a peak after 24 h. As might be expected, the
stomach isotope content reached its greatest concentration
at the earliest time points used, reaching 105–120 nmol/g

Fig. 3. Distribution of 2H5-18:3n-3 deposited in various
rat organ systems versus time. The data are expressed as
a percentage of the total recovered 2H5-18:3n-3 at each
time point in A. The total amount and the percentage of
the initial dose for 2H5-18:3n-3 are presented in B. Values
were derived from one animal at each time point. The ab-
breviations for each organ system are as in Fig. 1.

2714 Journal of Lipid Research Volume 48, 2007
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tissue weight at 4–8 h. The pattern of precursor uptake for
plasma, spleen, and heart resembled the uptake of 2H5-
18:2n-6 in stomach, with a high 4 h value and peaking at 8 h.
After reaching its maximal value, 2H5-18:2n-6 disappear-
ance from the plasma, RBCs, liver, stomach, and spleen was
rapid. Brain and spinal cord did become rapidly labeled
with the 2H5-18:2n-6, although the concentrations were rela-
tively low. A high concentration of 2H5-18:2n-6 was reached
in the liver, stomach, kidney, heart, and lung.

As expected in a metabolic sequence of reactions, each
metabolite of 2H5-18:2n-6 generally appeared in each tis-
sue, with a slight delay with respect to its precursor. An
exception was 2H5-22:5n-6, which generally reached its
maximum at about the same time as the 2H5-22:4n-6 maxi-
mum within the resolution of this experiment. The plasma
and liver exhibited essentially the same maxima for each
successive 2H5-18:2n-6 metabolite, indicating a rapid equili-
bration of these compartments. As the principal location
of fatty acid metabolism, liver exhibited the greatest con-
centrations of 2H5-18:3n-6, 2H5-20:3n-6, and 2H5-20:4n-6
compared with other organs. However, for 2H5-22:4n-6 and
2H5-22:5n-6, testis showed 2- and 6-fold greater maximal
concentrations, respectively, than did liver. For 2H5-18:3n-6,
heart and lung showed much slower elimination, and ner-
vous system along with the eye showed no detectable up-
take. For 2H5-20:3n-6, a slow decay was observed in most

organs, particularly in the nervous system. Most of the in-
ternal organs exhibited a somewhat delayed pattern of me-
tabolism compared with the liver/plasma, especially for the
formation of 2H5-20:4n-6 and its metabolites. Liver showed
a maximal concentration of 2H5-20:4n-6 at 96 h, decreased
gradually, and then reached a plateau. In contrast, the brain,
spinal cord, eye, testis, RBCs, and heart tended to remain
near or at the maximal 2H5-20:4n-6 concentration for an
extended period. Deuterated 22:4n-6 also exhibited an ex-
tended plateau pattern for RBCs, stomach, spinal cord, kid-
ney, testis, eye, liver, and brain. 2H5-22:5n-6 accumulated in
several tissues with time, including the heart, brain, spinal
cord, testis, RBCs, and eye.

Whole body distribution of 2H5-18:2n-6

The whole body distribution of the 2H5-18:2n-6 precur-
sor at different times after dosing is presented in Fig. 6A.
Again, the total amount of 2H5-18:2n-6 per organ was com-
puted from the concentration data, and the organ totals
were added to calculate the whole body total. The data for
each organ system were then expressed as a percentage of
the whole body total 2H5-18:2n-6 at each time point. At
4 h after administration, ?16% of the 2H5-18:2n-6 appeared
in the GI tract, with 12% in liver, whereas muscle was the
principal depot, as it accumulated 31% of the whole body
total. Approximately 10% each appeared in skin and adi-

Fig. 4. Distribution of n-3 metabolites, including 2H5-20:
3n-3, 2H5-20:4n-3, 2H5-20:5n-3, 2H5-22:5n-3, and 2H5-22:6n-3,
synthesized from 2H5-18:3n-3 in rat organ systems versus
time. The data are expressed as a percentage of the total
recovered n-3 deuterated metabolites at each time point
in A. The total amount of n-3 metabolites and 2H5-22:6n-3
derived from 2H5-18:3n-3 and the percentage of the initial
2H5-18:3n-3 dose are presented in B. Values were derived
from one animal at each time point. The abbreviations for
each organ system are as in Fig. 1.
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pose tissue. The circulation system accounted for ?8% at
4 h; this decreased after 8 h and nearly disappeared by
96 h. 2H5-18:2n-6 increased in liver after 4 h, reached a maxi-
mum at 8 h, and then decreased sharply after 24 h. Muscle
accounted for 27% at 8 h, decreased gradually, and then was
relatively constant at ?10% between 96 and 600 h. White
adipose tissue markedly increased 2H5-18:2n-6 after 8 h and
became the predominant depot at 4 d (75%) and after-
ward. Skin also played a significant role in accumulating
2H5-18:2n-6, with a consistent level of ?10% (range, 7–14%)
after the 8 h time point. Distinct from the behavior with 2H5-
18:3n-3, the nervous system accumulated a small amount of
2H5-18:2n-6. In summary, 96 h after a single dose of 2H5-
18:2n-6, the unmodified acid was found mainly in adipose
tissue and secondarily in muscle and skin.

An estimate of the amount recovered in the whole body
was made by adding the amounts of 2H5-18:2n-6 found
in the individual compartments (Fig. 6B). After the initial

period, when some of the 2H5-18:2n-6 label was lost as a
result of rinsing of the GI system after dissection, a plateau
was reached by 96 h and maintained until the end of the
experiment at 600 h at a level of ?20% of the initial dose,
similar to the findings for 2H5-18:3n-3.

Whole body distribution of 2H5-18:2n-6 metabolites

The sum of the 2H5-18:2n-6 metabolites 2H5-18:3n-6, 2H5-
20:3n-6, 2H5-20:4n-6, 2H5-22:4n-6, and 2H5-22:5n-6 in liver
began at a high level (33%) at 4 h and reached a maximum
(48%) at 24 h, with a subsequent slow decay over the course
of this study (Fig. 7A). The n-6 metabolite that decreased
in the liver after 96 h appeared to be transferred mainly to
muscle, with a smaller increment in adipose. The circulatory
system maintained a percentage of 2–5% during the entire
experimental period. n-6 metabolites in the GI tract peaked
at 4 h, in conformity with the early peak in 2H5-18:2n-6, and
then decreased throughout the 600 h time course of the

Fig. 5. Time-course plots of the concentrations (nmol/g wet tissue and nmol/ml for plasma and RBCs, respectively) of 2H5-18:2n-6 and
its principal in vivo metabolites 2H5-18:3n-6, 2H5-20:3n-6, 2H5-20:4n-6, 2H5-22:4n-6, and 2H5-22:5n-6 in rat plasma, RBCs, liver, heart, lung,
and brain (A) and in stomach, spleen, kidney, testis, eye, and spinal cord (B) as a function of time over 25 days after a single oral dosing.
Values were derived from one animal at each time point.
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experiment to 1.5% of the whole body total. Similar to the
case for the n-3 metabolites, muscle played an important role
in the tissue distribution of n-6 metabolites, with ?8–15%
in the first days and increasing to ?35% by 360–600 h. N-6
metabolites in skin were initially very low at 4 h but there-
after increased to a level of ?14–15% from 96 to 240 h. The
nervous system eventually accumulated ?1% of total body
n-6 metabolites, mainly in the form of 2H5-20:4n-6. The
urogenital system accumulated ?3.2% by 24 h, increas-
ing to 5.1% by 600 h mainly as a result of the accretion of
2H5-22:4n-6 and 2H5-22:5n-6 in the testis as well as 2H5-
20:4n-6 in kidney. 2H5-20:4n-6 was the major metabolite of
2H5-18:2n-6 found in the whole body throughout the time
course (Fig. 7B).

Maximal total amount of precursors and principal
metabolites in various organs

The total amount of the various deuterated fatty acids
in each organ at the time point at which it reaches its
maximal value (Dmax) was calculated. Thus, this calcula-
tion was made for 2H5-18:3n-3, 2H5-22:6n-3, 2H5-18:2n-6,

and 2H5-20:4n-6 and then expressed as the percentage of
total precursor dose (Table 1). White adipose tissue became
the main repository for the two precursors, accounting for
14.5% of the dose for 2H5-18:3n-3 and 16% of the dose
for 2H5-18:2n-6, although this content was not reached un-
til 168 h after dosing. The white adipose had much greater
precursor content than did the brown adipose, likely be-
cause of its greater tissue weight. Liver was a somewhat
distant second with respect to content of unmodified EFA
precursor, with 4.5% of the 2H5-18:3n-3 dose and 4.4% of
the 2H5-18:2n-6 dose at the 8 h time point. Skin and muscle
also contained a substantial percentage of precursor dose,
as both isotopes were in the 2–4% range. For both 2H5-
22:6n-3 and 2H5-20:4n-6, liver and muscle were the two
major compartments, with liver content peaking (1.7% and
0.8% of dose for 2H5-22:6n-3 and 2H5-20:4n-6, respectively)
after 96 h, whereas muscle content (2.6% and 0.7% of dose
for 2H5-22:6n-3 and 2H5-20:4n-6, respectively) was greatest
after 360–600 h. The principal metabolites in skin and adi-
pose exhibited maxima in the 168–360 h range. The carcass
also contained a considerable amount of both precursors

Fig. 5.—Continued.

Essential fatty acid metabolism in rat organs 2717

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


and major metabolites, perhaps because of small muscles
(including the diaphragm and rib muscles) and bits of adi-
pose that could not be readily dissected out. The digestive
system did not exhibit a very substantial percentage of the
dose at any time point, likely because of the absence of
sampling at very short time points (,4 h). It is noteworthy
that the distribution (defined in Data Analysis above) of
the precursors 2H5-18:2n-6 and 2H5-18:3n-3 is quite similar
throughout the body. The values of their metabolites are
also somewhat similar, although the values for 2H5-22:6n-3
were generally higher than those for 2H5-20:4n-6.

To quantify all 25 tissues with respect to the plot of the
total amount per organ at each time point, the area under
the curves was calculated (Table 2). For the precursors
2H5-18:3n-3 and 2H5-18:2n-6, expressed as micromoles per
hour, white adipose tissue accumulated the most (5,082
and 5,435, respectively), followed by skin (845 and 701)
and muscle (602 and 841).

The various n-3 metabolites, including 2H5-20:3n-3, 2H5-
20:4n-3, 2H5-20:5n-3, 2H5-22:5n-3, and 2H5-22:6n-3, showed
somewhat different accumulation in rat tissues (Table 2).
The area under the curves for the intermediate 2H5-20:3n-3
accumulated mainly in white adipose tissue (21.9), fol-
lowed by muscle (11.5) and skin (7.8). 2H5-20:5n-3 appeared
mainly in muscle (33.1) but also liver (22.3), white adipose

tissue (16.1), and carcass (15.1). 2H5-22:5n-3 accumulated in
muscle (165), white adipose (92.4), carcass (78.8), and liver
(55.8). Similarly, 2H5-22:6n-3 accumulated mainly in muscle
(680), liver (416), carcass (274), and white adipose (256).

For the n-6 metabolites 2H5-18:3n-6, 2H5-20:3n-6, 2H5-
20:4n-6, 2H5-22:4n-6, and 2H5-22:5n-6, the tissue accumula-
tion exhibited localization to particular tissues (Table 2).
The intermediate 2H5-18:3n-6 accumulated mainly in liver
but at a low level (4.4). 2H5-20:3n-6 appeared in muscle
(27.3), white adipose tissue (16.6), and carcass (13.3),
followed by liver (8.5). 2H5-20:4n-6 (773) was among the
most highly accumulated metabolite in the body; mainly
occurring in muscle (210), liver (153), carcass (115), skin
(108), and white adipose tissue (45.7). A tissue accumula-
tion similar to that of 2H5-20:4n-6 was observed for 2H5-
22:4n-6. The n-6 end product 2H5-22:5n-6 exhibited the
unique attribute of a very high accumulation in testis (16.6),
followed by muscle (14.6), adipose (9.8), and liver (6.0).

DISCUSSION

Fate of n-3 and n-6 precursors

To our knowledge, no previous study has attempted to
follow the uptake and metabolism of the EFAs 18:2n-6 and

Fig. 6. Distribution of 2H5-18:2n-6 deposited in various rat
organ systems versus time. The data are expressed as a per-
centage of the total recovered 2H5-18:2n-6 at each time
point in A. The total amount and the percentage of the
initial dose for 2H5-18:2n-6 are presented in B. Values were
derived from one animal at each time point. The abbrevia-
tions for each organ system are as in Fig. 1.
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18:3n-3 throughout all of the various tissues in a mammal.
This study systematically followed both the time course
and the individual tissue accumulations of a pulse of deu-
terated C18 EFA precursors along with their principal me-
tabolites in rats consuming a controlled and well-defined
diet. Because of the magnitude of this study design, it was
necessary to fix some variables, such as the diet compo-
sition and the animal age, rather than to study variations
in these parameters. It must be conceded that somewhat
different results may have been obtained had the macro-
nutrients or EFA content of the diet been altered or had
younger or older animals been studied. These are impor-
tant variables for future study. The pulse of isotope gives a
rapid early enrichment that becomes progressively diluted
with subsequent dietary EFA, with the result that subsequent
metabolism has less isotope per molecule metabolized.

In the past, many researchers have emphasized differ-
ences in metabolism for 18:2n-6 and 18:3n-3. One com-
mon observation has been the low level of 18:3n-3 in tissue
complex lipids, as there is often an abundance of 18:2n-6
in these pools (19). It is instructive then to compare the
disposition of each EFA precursor in terms of the tissue
disposition, anabolic metabolism, and catabolism/excretion
and to compare the n-3 and n-6 families in these respects.
The net accumulation of the two labels in tissue pools was
very similar, with both approaching 20% of the original

dosage (compare Figs. 3B and 6B). Most of this disposi-
tion occurred within the first 100 h after dosing, with little
subsequent change in the ensuing 500 h. This time course
coincides with the uptake of the C18 EFA precursors into
adipose tissue, which is nearly complete by 100 h after dos-
ing. It is likely then that exposure to oxidative catabolism
occurs during the absorptive and circulatory phases but that
little catabolism occurs after deposition in adipose.

An attempt to estimate the overall disposition of the
two EFA precursors was made by averaging the values for
all tissues at time points between 24 and 600 h (with the
period before 24 h excluded). The remainder of the deu-
terated precursors not accounted for was assumed to have
been excreted and/or catabolized, although this was not
measured directly. There was a remarkable similarity for
2H5-18:2n-6 and 2H5-18:3n-3 in the percentage of dose
deposited in the various tissues (?16–18%) and also in
the amount that was catabolized (?79%) (Fig. 8). About
twice as much of the 2H5-18:3n-3 (6%) was accumulated as
its longer chain, more unsaturated analogs than was the
2H5-18:2n-6 (2.6%) during the course of this 600 h experi-
ment. This result might not be predicted from informa-
tion emphasizing that the n-3 acid is “rapidly lost” from the
body. The high extent of presumed catabolism for both
EFA (78.2% and 78.9%) confirms previous studies by
Cunnane (20), who observed that 75–85% of C18 PUFAs

Fig. 7. Distribution of n-6 metabolites, including 2H5-
18:3n-6, 2H5-20:3n-6, 2H5-20:4n-6, 2H5-22:4n-6, and 2H5-
22:5n-6, synthesized from 2H5-18:2n-6 in rat organ systems
versus time. The data are expressed as the percentage of the
total recovered n-6 deuterated metabolites at each time
point in A. The total amount of n-6 metabolites and 2H5-
20:4n-6 derived from 2H5-18:2n-6 and the percentage of the
initial 2H5-18:2n-6 dose are presented in B. Values were
derived from one animal at each time point. The
abbreviations for each organ system are as in Fig. 1.
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were b-oxidized and served as substrates for carbon re-
cycling and de novo lipid synthesis (21–23). Bell, Dick,
and Porter (24) also observed very active catabolism of
2H5-18:3n-3 in rainbow trout. Thus, from a whole body
perspective, our study indicates very similar processing for
the n-3 and n-6 fatty acid precursors.

The greater accumulation of 2H5-18:3n-3 metabolites
relative to those of 2H5-18:2n-6 should not be construed,
however, to indicate greater overall metabolism of the
nonlabeled pools. The plasma and liver isotopic enrich-
ment, for example, are much greater for the 2H5-18:3n-3
than for the 2H5-18:2n-6, as a result of the much larger

endogenous pools of unlabeled 18:2n-6 relative to those
of 18:3n-3. At the 4 h time point, the enrichment of liver
and plasma 2H5-18:3n-3 was .14- and 8-fold, respectively,
that of 2H5-18:2n-6. Thus, an equivalent rate of anabolic
metabolism in micromoles per unit of time at early “pulse”
time points would lead to a much greater number of deu-
terated metabolite molecules for the n-3 pathway. The mul-
tiple pools of various metabolites in various tissues make
it difficult to have precise calculations of rate. The 2-fold
greater accumulation of 2H5-18:3n-3 metabolites relative
to those of 2H5-18:2n-6 is in fact less than the difference in
enrichments, and it is likely correct to say that there was

TABLE 2. Area under the time-course curves of the total amount of deuterated PUFAs in rat tissues

2H5-18:3n-3 in vivo metabolites 2H5-18:2n-6 in vivo metabolites

No. Tissues 2H5-18:3n-3 20:3n-3 20:4n-3 20:5n-3 22:5n-3 22:6n-3 2H5-18:2n-6 18:3n-6 20:3n-6 20:4n-6 22:4n-6 22:5n-6

1 Adipose, brown 63 0.5 0.9 0.8 2.5 6.3 78 ND 0.4 1.5 0.4 0.6
2 Adipose, white 5082 21.9 ND 16.1 92.4 256 5436 ND 16.6 45.7 22.7 9.8
3 Adrenal gland 0.4 0.02 0.02 0.09 0.5 0.66 0.6 0.02 0.1 1.6 0.4 0.03
4 Bladder 0.4 0.01 0.01 0.11 0.3 0.41 0.5 0.01 0.1 0.8 0.1 0.01
5 Bone 23 0.7 0.2 3.2 17.6 55.6 34 0.1 2.7 27.3 5.5 1.2
6 Brain Tr ND ND 0.08 0.8 30.5 1.0 ND 0.6 5.9 2.2 0.2
7 Carcass 116 2.7 2.0 15.1 78.8 274 133 0.7 13.3 115 19.0 6.0
8 Eye 0.9 0.04 0.01 0.04 0.4 2.4 1.4 ND 0.01 1.0 0.2 0.04
9 Fur 2.0 0.03 ND 0.12 0.4 0.90 5.0 0.03 0.1 0.9 0.2 ND
10 Heart 1.3 0.04 0.02 0.4 3.3 18.7 9.1 0.03 0.4 8.6 0.5 0.5
11 Intestine 14 0.4 0.4 2.2 6.5 16.3 24 0.1 2.6 22.7 4.8 0.3
12 Kidney 2.0 0.17 0.26 1.94 2.5 13.9 8.8 0.03 1.2 21.2 0.8 0.2
13 Liver 82 2.0 Tr 22.3 55.8 416 116 4.4 8.5 153 5.9 6.0
14 Lung 2.3 0.13 ND 1.09 3.6 5.8 7.1 0.08 0.5 8.1 1.6 0.1
15 Muscle 602 11.5 ND 33.1 165 680 841 ND 29.3 210 20.5 14.6
16 Plasma 2.7 0.03 Tr 1.2 1.6 10.6 9.3 0.12 0.3 10.1 0.2 0.2
17 Pancreas 0.1 0.02 0.02 2.7 1.1 3.3 4.3 0.12 0.4 5.2 0.2 0.1
18 Red blood cell 0.9 0.03 0.03 0.4 1.2 2.8 2.6 0.03 0.2 4.0 0.3 0.1
19 Skin 845 7.8 ND 13.3 33.8 87.2 701 ND 7.0 108 12.0 1.5
20 Salivary gland 0.3 0.03 0.07 0.5 0.5 1.2 1.8 0.03 0.6 1.7 0.1 0.04
21 Spinal cord ND ND ND 0.05 0.6 7.9 0.3 ND 0.3 1.0 0.6 0.03
22 Spleen 0.3 0.06 0.02 0.3 1.6 2.4 1.2 0.01 0.2 3.5 0.7 0.1
23 Stomach 10 0.08 0.10 0.7 1.0 2.6 11 0.03 0.4 5.5 0.6 0.1
24 Thymus gland 0.5 0.1 0.02 0.1 0.4 0.6 1.7 ND 0.2 2.8 0.4 0.03
25 Testis 0.3 0.01 0.01 0.4 0.4 9.3 3.5 0.09 1.4 8.3 3.8 16.6

Total 6851 48 4 116 473 1906 7431 6 87 773 104 58
Greatest 5082 22 2 33 165 680 5436 4 29 210 23 17

Values shown are mmol*h. The trapezoid rule was applied to calculate the area under the curve from 0 to 600 h; ND indicates nondetectable;
Tr, trace values (i.e., ,0.005 mmol*h). Boldface numbers indicate the greatest values for the 25 components examined.

Fig. 8. Diagram of the proportions of the 2H5-18:3n-3 (left panel) and 2H5-18:2n-6 (right panel) dosages re-
covered from the rat whole body attributed to tissue deposition, elongation/desaturation, or b-oxidization,
carbon recycling, excretion, and other avenues of loss from the body. Values are averaged from 1 to 25 days
after the administration of precursors (mean 6 SD; n 5 6).
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still more overall metabolism occurring in the n-6 path-
way. The distribution of isotope label given as a single dose
in this pulse-chase type of study is a good indicator of the
fate of a dietary bolus of 18:2n-6 and 18:3n-3.

Tissue distribution of precursors

When accretion of the two precursors was compared
in various tissues, the maximal amount of 2H5-18:2n-6 was
somewhat higher than that of 2H5-18:3n-3 in most com-
partments, with the exceptions of skin and fur. This was
in spite of a higher maximal enrichment of 2H5-18:3n-3 in
most tissues, including plasma and liver (data not shown).
Both 2H5-18:2n-6 and 2H5-18:3n-3 reached high concen-
trations in the stomach and plasma at the earliest time
points, consistent with their digestive and circulatory func-
tions. There was a somewhat extended time course for
18:2n-6 with respect to that of 18:3n-3, reflecting a some-
what slower disappearance, particularly in the heart but that
was also observed, to a lesser extent, in the testis, kidney,
and spleen. There was then a rapid disappearance of
labeled precursors by 100 h after dosing in most tissues, with
most of the 2H5-18:3n-3 and 2H5-18:2n-6 appearing in white
adipose tissue, likely reflecting accretion in triacylglycerols,
the predominant form of lipids in these cells (25, 26). A
fast oxidation rate for 14C-18:3n-3 similar to that of lauric
acid was observed by Leyton, Drury, and Crawford (9). Simi-
larly, Cunnane and Anderson (8) found that the fate of
both dietary 18:2n-6 and 18:3n-3 is largely b-oxidization. Of
the remaining labeled fatty acid precursors, the rapid disap-
pearance from many tissues is the result of the repeated
large influx of nonlabeled fatty acids via the diet. In our
controlled diet, the daily intake of 18:2n-6 and 18:3n-3 is
estimated to be 225 and 45 mg, respectively. After 4 days,
this unlabeled fatty acid will rapidly dilute pools of fatty
acids that are not sequestered by cells.

Our results indicate that adipose is the primary deposi-
tory for the C18 EFAs, followed by muscle and skin. This
is in good agreement with the findings from dietary (8, 27)
and radiotracer (28, 29) experiments. The white adipose
tissue plays a storage role for the C18 EFA precursors,
from which they may be mobilized by hormone-sensitive
lipase. Thus, once an acid enters the large pool of acids in
adipose triacylglycerols, it is unlikely to exit quickly. This
phenomenon has been called “isotope trapping” when
describing the slow exit of isotope from a relatively large
pool. Fu and Sinclair observed that skin played an impor-
tant role in the accumulation of 2H5-18:3n-3 in the guinea
pig (29). The present study of rats confirms that skin is
an important depot for 2H5-18:3n-3 (Dmax 5 3.8%); how-
ever, fur exhibited a low amount of 2H5-18:3n-3 label-
ing (Dmax 5 0.2%) that was observable only at early times
after dosing.

n-3 and n-6 metabolites

Only a limited amount of the labeled EFA precursors
were elongated and desaturated during the first 100 h, as
comparatively large amounts of the precursors were ac-
cumulated in various tissue triacylglycerols. Limited re-
lease of precursor from these pools combines with limited

amounts of elongated/desaturated intermediates to keep
overall amounts of isotopic precursors and metabolites
relatively constant from 100 to 600 h. In vitro studies have
suggested that D-6 desaturase may be rate limiting (30, 31).
A comparison of the first two metabolic steps in rat liver
microsomal elongation/desaturation in vitro indicates that
the D-6 desaturase had the lowest reaction rate for both the
n-6 and n-3 pathways (32, 33). This is in agreement with the
results of studies reporting limited anabolic metabolism
of 18:2n-6 and 18:3n-3 (1, 34). Cunnane and Anderson (8)
estimated that 1.4% of 18:3n-3 and 3% of 18:2n-6 were
converted to long-chain PUFAs in rats. However, Poumes-
Ballihaut et al. (35) found that ?17% of 18:3n-3 was
converted to long-chain PUFAs over a 5 week period begin-
ning at weaning in pups with low n-3 fatty acid body stores.
In our study, most of the n-3 metabolite in the rat body
was in the form of 2H5-22:6n-3 (Fig. 4B). Similarly, we noted
that in most tissues, 2H5-20:4n-6 was the predominant n-6
metabolite (Fig. 7B), with the exception of the testis, where
2H5-22:5n-6 replaced 2H5-20:4n-6 as the principal metabo-
lite. For the n-3 pathway, the 2H5-20:5n-3 elongation prod-
uct, 2H5-22:5n-3, was found at a higher concentration than
its precursor in the tissues examined, with the exception of
the testis. Upon inspection of Fig. 2, it is apparent that
the 2H5-20:5n-3 disappeared faster than the 2H5-22:6n-3
in several tissues, including the RBCs, liver, heart, brain,
spinal cord, testis, and eye. In addition to its greater metabo-
lism, the more rapid disappearance of 20:5n-3 may be at-
tributable to the observation that 20:5n-3 is more readily
b-oxidized than 20:4n-6 or 22:6n-3 (36).

Tissue distribution of metabolites

The rat liver exhibited the highest Cmax of the 2H5-18:3n-3
metabolites 2H5-20:5n-3, 2H5-22:5n-3, and 2H5-22:6n-3 among
the main organs between 8 and 96 h after dosing. For the
2H5-18:2n-6 metabolites, the Cmax values were observed se-
quentially for 2H5-18:3n-6, then 2H5-20:3n-6, and finally
2H5-20:4n-6 in the liver during the period from 8 to 168 h
after dosing, following the expected pattern as prescribed
by the known metabolic sequence. This was consistent with
the prevailing view that the liver represents the primary
site of EFA elongation/desaturation. The plasma distribu-
tions of the various labeled n-3 and n-6 metabolites were
similar to the liver time course or, in some cases, a bit de-
layed, as would be expected if the liver metabolites were
rapidly exported to the plasma. Similarly, the EFA metabo-
lite time-course plots of some tissues (e.g., lung and spleen)
were similar to that of the plasma; however, others, most
notably heart, exhibited a later maximum.

In brown adipose tissue, the 2H5-20:4n-6 and 2H5-22:6n-3
maximal concentrations were approximately twice those
in white adipose tissue; however, they both contained a
similar concentration of the C18 precursors. In general,
the ratio of the principal metabolite to precursor was rela-
tively high for both the n-3 and n-6 fatty acids, approach-
ing 1 or greater in several tissues, but was much lower
in liver and plasma. One explanation for this is that in
many organs the metabolites are preferentially incorpo-
rated into phospholipids, reflecting acyltransferase selec-
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tivities (37, 38) rather than the precursors that eventually
accumulated in adipose triacylglycerols.

Another group of tissues including the brain, spinal
cord, eye, testis, and RBCs had the characteristic that the
C22 PUFAs peaked after a rather long period and then
remained high. Investigators made a similar observation in
the baboon neonate and suggested that slow turnover of
RBC 22:6n-3 correlates with the brain and retinal 22:6n-3
but that plasma correlates better with liver, which secretes
lipid to plasma (39). These tissues accumulate and retain
these n-3 and n-6 C22 PUFAs beyond 25 days, primarily
in phospholipids. This is consistent with the well-known
retention of 22:6n-3 in the nervous system, where it can
support its vital functions (40). The various nervous sys-
tem tissues studied here did not all respond in the same
manner with respect to their content of the C18 pre-
cursors and their metabolites. The brain and spinal cord
2H5-18:3n-3 contents were essentially nil, and only traces
of 2H5-20:5n-3 were detected. The observation of slightly
greater levels of 2H5-22:5n-3 and much higher levels of
2H5-22:6n-3 indicates that (1) shorter chain metabolites
were very rapidly metabolized to their C22 products, (2)
the primary accretion mechanism for 2H5-22:6n-3 was the
uptake of preformed molecules from the circulation, or
(3) 18:3n-3 and 20:5n-3 are somehow excluded from many
phospholipids and are then b-oxidized. The second conclu-
sion is consistent with other studies (26, 41–43), although it
has been proposed that 2H5-22:5n-3 may also be exported
from the liver and taken up into the brain (44).

However, an appreciable amount of 2H5-18:3n-3 was
found in the eye relative to 2H5-22:6n-3 content, although
the 2H5-20:5n-3 was again very low. Only the retina is ner-
vous system tissue, and the results may have been different
if only this subcomponent had been analyzed. Similarly,
the 2H5-18:2n-6 content in eye was even higher than that
of its C20 and C22 metabolites, and this allows for the
possibility of local metabolism. The availability of the C18
precursors in the eye makes possible the local biosynthesis
of 22:6n-3 or 20:4n-6 (45, 46), which may then be supplied
to the retina. Similarly, the metabolism of 14C-18:3n-3 to
22:6n-3 has been observed after injection into the brain
(47, 48). The n-6 precursor was also taken up into the
brain and spinal cord to a much greater extent than the n-
3 precursor, and it was of a similar order of magnitude as
its metabolites. Such preferential accretion of 18:2n-6 has
been observed previously in the mouse brain (19). How-
ever, although the nervous system accumulated and re-
tained 2H5-22:6n-3 and 2H5-20:4n-6 beyond 25 days, the
maximal amount detected in brain only accounted for
0.1% and 0.02% of the respective C18 precursor doses.
This degree of labeling was similar to that observed pre-
viously for suckling rats (19), the labeling of fetal rhesus
brain after dosing the mother with 13C-U-18:3n-3 (0.24%)
(34), and when 14C-18:3n-3 (49) or 14C-18:2n-6 (50) was in-
fused intravenously in adult rats. However, a much greater
uptake into mammalian brain was obtained when the ani-
mals were dosed with preformed 22:6n-3 and 20:4n-6 in the
range of ?2–4.5% of the dosages (26, 34, 51). In one ex-
periment, intravenously injected 11C-20:4n-6 led to brain

radioactivity accounting for 7% of the injected amount (52).
Thus, it is apparent that preformed 22:6n-3 and 20:4n-6
are much better sources of brain 22:6n-3 and 20:4n-6 than
their C18 precursors and that precursor metabolism is a
minor source of these brain PUFAs.

For the principal n-3 (2H5-22:6n-3) and n-6 (2H5-20:4n-6)
metabolites, the organs in which the greatest amounts ac-
cumulated overall were the liver, muscle, skin, and adi-
pose. In muscle, in particular, it was quite possible that
local metabolism of the EFA precursors had occurred. In
this regard, it was also noteworthy that the concentrations
of 2H5-22:4n-6 (2-fold) and 2H5-22:5n-6 (6-fold) were greater
in testis than those in liver. Although it is possible that the
testis concentrates these fatty acids against a concentration
gradient, another possible interpretation of these data is
that there is local elongation/desaturation of the n-6 fatty
acids in testis.

One potential application of this multicompartmental
analysis concerns the issue of understanding to what ex-
tent analyses of blood in human studies may reflect the
stable isotope metabolism of internal organs that cannot
be sampled. A long-standing issue has been, for example,
how well do plasma stable isotope metabolites reflect ac-
tivity in the liver or brain from both a qualitative and a
quantitative standpoint? As noted above, there is little cor-
relation between these compartments with respect to C18
content; however, C20 and C22 PUFAs in the brain have
a pattern that is more similar to that of the RBCs than
the plasma. The RBC 22:6n-3 level, in particular, may be
somewhat reflective of that of the nervous system, as has
been suggested previously in studies of the baboon (39).
The plasma lipids secreted by liver provide a reasonable
reflection of rat liver metabolism, although C22 PUFAs ap-
pear to have a somewhat greater labeling in the liver. Thus,
blood analyses do provide some insight into the metabolic
processes of other key organs in the rat and in nonhuman
primates, and it is reasonable then to expect a similar situ-
ation in humans.
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