
ABSTRACT: The differential uptake and targeting of intra-
venously infused [1-14C]palmitic ([1-14C]16:0) and [1-14C]ara-
chidonic ([1-14C]20:4n-6) acids into heart lipid pools were de-
termined in awake adult male rats. The fatty acid tracers were
infused (170 µCi/kg) through the femoral vein at a constant rate
of 0.4 mL/min over 5 min. At 10 min postinfusion, the rats were
killed using pentobarbital. The hearts were rapidly removed,
washed free of exogenous blood, and frozen in dry ice. Arterial
blood was withdrawn over the course of the experiment to de-
termine plasma radiotracer levels. Lipids were extracted from
heart tissue using a two-phase system, and total radioactivity
was measured in the nonvolatile aqueous and organic fractions.
Both fatty acid tracers had similar plasma curves, but were dif-
ferentially distributed into heart lipid compartments. The extent
of [1-14C]20:4n-6 esterification into heart phospholipids, pri-
marily choline glycerophospholipids, was elevated 3.5-fold
compared to [1-14C]16:0. The unilateral incorporation coeffi-
cient, k*, which represents tissue radioactivity divided by the
integrated plasma radioactivity for heart phospholipid, was
sevenfold greater for [1-14C]20:4n-6 than for [1-14C]16:0. In
contrast, [1-14C]16:0 was esterified mainly into heart neutral
lipids, primarily triacylglycerols (TG), and was also found in 
the nonvolatile aqueous compartment. Thus, in rat heart, 
[1-14C]20:4n-6 was primarily targeted for esterification into
phospholipids, while [1-14C]16:0 was targeted for esterification
into TG or metabolized into nonvolatile aqueous components.
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While it is well-established that phospholipid breakdown is
accelerated during myocardial ischemia (1–3), until recently
the roles of phospholipids and their constitutive fatty acids in
lipid-mediated signal transduction and membrane turnover in

the heart were poorly understood. A number of signal trans-
duction mechanisms in the heart function through a phospho-
lipase A2-mediated release of arachidonic acid (20:4n-6). In
rat ventricular myocytes, interleukin-1β (IL-1β) activates the
plasmalogen selective phospholipase A2 through a receptor-
linked mechanism, resulting in increased 20:4n-6 levels (4).
Tumor necrosis factor-α also increases phospholipase A2 ac-
tivity in rat ventricular myocytes, although the phospholipase
A2 which is activated is apparently different from that acti-
vated by IL-1β (5). Angiotensin II stimulates the release of
both 20:4n-6 and inositol phosphates through activation of
multiple receptor subtypes involving increased phospholipase
A2 and phospholipase C activity (6). The β2-adrenergic recep-
tor stimulation leads to 20:4n-6 release through activation of 
a cytosolic phospholipase A2 (7). Furthermore, the heart has
an active phosphoinositide pathway that responds to α-1-
adrenergic and muscarinic receptor stimulation (8,9). This
pathway is partially regulated by lysophosphatidylcholine lev-
els, with its activity decreasing with increasing levels (10).
This suggests that, lysophosphatidylcholine produced by
phospholipase A2-mediated hydrolysis of choline glycero-
phospholipids (ChoGpl) regulates another lipid-mediated sig-
nal transduction system in the heart. Despite the role of
20:4n-6 in heart lipid-mediated signal transduction, the uptake
and targeting of this fatty acid in the heart are controversial.

The mammalian heart uses palmitic acid (16:0) as a
primary source of metabolic energy via β-oxidation (11), but
the heart also takes up polyunsaturated fatty acids such as
20:4n-6 (12). The uptake rate and ultimate deposition of fatty
acids depend, in part, upon chain length (11). Palmitic acid, a
saturated fatty acid, is targeted for esterification into triacyl-
glycerol (TG) pools and used to meet energy demands (11,
13). Oleic acid, a monounsaturated fatty acid, is also taken up
by heart and is targeted for esterification into TG (14). Up-
take and targeting of these fatty acids toward β-oxidation are
decreased with high glucose levels (15). However, when glu-
cose levels are in the physiologic range, saturated and mo-
nounsaturated fatty acids are esterified into TG and used al-
most exclusively for β-oxidation (13–15).

In contrast, the ultimate fate of 20:4n-6 in heart is unclear.
A number of studies in isolated hearts or isolated myocytes
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suggest that esterification of 20:4n-6 into lipid pools is con-
centration-dependent (12,16). For instance, in a perfused iso-
lated heart model, when the concentration of 20:4n-6 in the
perfusate is high, it is preferentially esterified into myocyte
TG (12,16), while when the concentration is low, it is prefer-
entially esterified into phospholipids (12). Regardless, very
little 20:4n-6 is used for β-oxidation, thereby conserving this
fatty acid for other uses (12). This conservation is consistent
with the utilization of 20:4n-6 in lipid-mediated signal trans-
duction. Other studies in myocytes have shown that 20:4n-6
and other polyunsaturated fatty acids are esterified into the
TG pool much more than into phospholipid pools (17). Under
these experimental conditions, the heart did not elongate or
desaturate the fatty acids, suggesting that it lacks the high lev-
els of enzymic activity for these functions (17). Results also
indicate that 20:4n-6 found in heart is not formed from
linoleic acid but rather arises from direct uptake from the cir-
culation (17). Thus, the targeting of 20:4n-6 in heart remains
unclear. These conflicting results suggest that 20:4n-6 uptake
and targeting need to be reexamined in the heart. 

Others have used perfused heart models or isolated my-
ocytes to study 20:4n-6 uptake and targeting, but these mod-
els may not represent the situation found in vivo. Therefore,
we examined 20:4n-6 uptake and targeting, as compared to
16:0, by intravenously infusing awake adult male rats with ei-
ther [1-14C]20:4n-6 or [1-14C]16:0 and quantifying the up-
take and deposition of each tracer into different heart lipid
pools. By using high specific activity tracers, unlabeled
plasma fatty acid levels were unaltered (18). We found that
[1-14C]20:4n-6 was largely esterified into rat heart phospho-
lipids, whereas [1-14C]16:0 was preferentially esterified into
heart TG and found in the nonvolatile aqueous fraction repre-
senting by-products of β-oxidation.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (200 g) were obtained
from Charles River Laboratories (Wilmington, DE) and main-
tained ad libitum on standard laboratory rat chow and water
prior to surgery. This study was conducted in accordance with
the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals (NIH publication 80-23), under a
protocol approved by the National Institute of Child Health and
Development’s Institutional Animal Care and Use Committee.

Animal surgery. Unfasted rats were anesthetized with
respired halothane (1–3%), and their femoral artery and vein
were catherized with polyethylene tubing (PE-50). Following
catheter insertion, the wound was closed using standard sur-
gical staples and the area anesthetized with xylocaine (1%).
The rats were wrapped in plaster body casts, taped to wooden
blocks, and maintained postoperatively in a quiet tempera-
ture-controlled environment that kept body temperature at
37°C for 3 h prior to infusion. Seven out of eight rats survived
(88%) the surgical procedure.

Awake rats were infused with 170 µCi/kg of either
[1-14C]20:4n-6 or [1-14C]16:0 into the femoral vein over 5

min, using a constant rate infusion pump (Harvard Apparatus
Co., South Natick, MA). Throughout the experimental period,
arterial blood samples (200 µL) were taken to determine
plasma radioactivity. Fifteen minutes from the start of infu-
sion, the rats were killed using sodium pentobarbital (100
mg/kg, i.v.). The hearts were rapidly removed, bisected, and
residual blood was removed by rinsing with ice-cold 0.9%
KCl. After blotting, the hearts were frozen in dry ice.

Preparation of radiotracer. Radiotracers (Moravek Bio-
chemical, Brea, CA) were prepared by taking an aliquot of ei-
ther tracer in ethanol and evaporating the ethanol under a con-
stant stream of N2 at 50°C. Radiotracer purity was assessed
by thin-layer chromatography (TLC) and found to be >97%
pure for each tracer. The fatty acid tracers were individually
solubilized in 5 mM HEPES (pH 7.4) buffer containing fatty
acid free-bovine serum albumin (50 mg/mL; Sigma Chemical
Co., St. Louis, MO). Solubilization was facilitated by sonica-
tion in a bath sonicator for 10 min. Radioactivity was deter-
mined using liquid scintillation counting and adjusted to 100
µCi/mL. The appropriate amount of radiotracer was prepared
for each animal to administer 170 µCi/kg (18).

Plasma extraction. Arterial blood samples, taken at prede-
termined time points during the infusion period, were stored
on ice for up to 10 min before separating the plasma by cen-
trifugation using a Beckman microfuge (Fullerton, CA).
Plasma lipids were extracted by transferring a 100-µL aliquot
of plasma into a tube containing 3 mL of chloroform/methanol
(2:1, vol/vol), then vortexing. The addition of 0.63 mL of
0.9% KCl to these tubes resulted in two phases, which were
thoroughly mixed and allowed to separate overnight in a 
−20°C freezer. The upper phase was removed and the lipid-
containing lower phase was rinsed with 0.63 mL of theoretical
upper phase to remove any water-soluble contaminants (19).
Phase separation was facilitated by centrifugation at 1500 rpm
and 0°C in a refrigerated Sorvall RT 6000 B centrifuge
(DuPont Instruments, Wilmington, DE). The upper phase was
discarded, the lower phase was dried, and its radioactivity
quantified using a Packard 2200 CA Tricarb liquid scintilla-
tion counter (Packard Instruments, Downers Grove, IL).

Heart extraction. Frozen heart tissue was weighed,
minced, and extracted in a Tenbroeck tissue homogenizer
using a two-phase system (19). Briefly, the tissue mass (g)
was multiplied by a correction factor of 1.28 to convert it to
an equivalent value expressed in mL (20). This value repre-
sented 1 vol. The minced tissue was placed in the homoge-
nizer and 17 vol of chloroform/methanol (2:1, vol/vol) added.
Tissue was homogenized to a fine particulate-like powder.
The solvent was removed and the homogenizer rinsed with 2
vol of chloroform/methanol (2:1, vol/vol). The rinse was
added to the original sample, and 4 vol of 0.9% KCl solution
added to this combined lipid extract. After vigorous mixing,
phase separation was facilitated by centrifugation as de-
scribed above. The upper phase and proteinaceous interface
were removed and saved in a 20-mL glass scintillation vial.
The lower organic phase was washed twice with 2 mL of the-
oretical upper phase, with phase separation facilitated by cen-
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trifugation between washes. The washes were removed and
combined with the previously removed upper phase. The
washed lower phase was dried under a stream of nitrogen and
the lipids redissolved in 1 mL of n-hexane/2-propanol (3:2,
vol/vol) containing 5.5% H2O.

Aqueous fraction. The aqueous fraction was processed for
liquid scintillation counting by first being dried at 80°C for
18 h to remove 14CO2. The dried material was then solubi-
lized in 2 mL of Soluable (Packard Instruments) in tightly
capped scintillation vials heated at 80°C for 2 h. Radioactiv-
ity was determined after addition of 10 mL of Ready-Solv
(Beckman Instruments) using a Packard 2200 CA Tricarb liq-
uid scintillation counter.

TLC. Phospholipids and neutral lipids were separated by
TLC. For each separation, 100 µL of sample was spotted onto
a TLC plate. Phospholipids were separated on heat-activated
Whatman silica gel-60 plates (20 × 20 cm, 250 µm) devel-
oped in chloroform/methanol/acetic acid/water (60:30:3:1, by
vol). This solvent system resolves cardiolipin, phosphatidic
acid (PtdOH), and ethanolamine glycerophospholipids (Et-
nGpl) but not phosphatidylinositol (PtdIns) and phos-
phatidylserine (PtdSer). Neutral lipids were separated using
heat-activated silica G plates (Analtech, Newark, DE) devel-
oped in petroleum ether/diethyl ether/acetic acid (70:30:1.3,
by vol) (21). This solvent system resolves cholesteryl esters
(CE) and TG. Lipid fractions were determined using authen-
tic standards (Doosan-Serday, Englewood Cliffs, NJ, and Nu-
Chek-Prep, Elysian, MN). 

Bands corresponding to PtdOH, EtnGpl, combined Pt-
dIns/PtdSer, ChoGpl, and sphingomyelin (CerPCho) were
scraped into 20-mL liquid scintillation vials, and 0.5 mL H2O
was added followed by 10 mL of Beckman Ready-Solv. After
mixing, the samples were quantified by liquid scintillation
counting at least 1 h after the addition of the Ready-Solv.
Bands corresponding to TG, CE, diacylglycerol (DG), and
free fatty acids (FFA) also were scraped into 20-mL scintilla-
tion vials and counted as described above.

Plasmalogens. Fatty acid esterification into choline and
ethanolamine plasmalogen was also determined. ChoGpl and
EtnGpl were separated by TLC, the phospholipids removed
by scraping, and the phospholipids extracted from the silica
using n-hexane/2-propanol (3:2, vol/vol) containing 5.5%
H2O. The extraction was 97–98% efficient based on the re-
covery of radioactivity. The ChoGpl and EtnGpl fractions
were dried under a stream of nitrogen and exposed to HCl
vapor for 15 min to hydrolyze the vinyl ether linkage (22).
The samples were redissolved in solvent, and the acid-labile
and -stable fractions were separated by high-performance liq-
uid chromatography (22) and collected in 20-mL scintillation
vials. The solvent was evaporated and the radioactivity deter-
mined as described above.

Unilateral incorporation coefficient of labeled fatty acid.
Integrated areas for the plasma radioactivity curves were de-
termined using the trapezoidal method (Sigma Plot; Jandel
Scientific, San Rafael, CA). Total radioactivity for each indi-
vidual heart fraction was normalized to the wet weight (g ww)

and divided by the integrated area of plasma radioactivity.
This calculation essentially normalizes the tissue radioactiv-
ity to the exposure of plasma tracer. The resulting coefficient
is called the unilateral incorporation coefficient or k*, with
values expressed as s−1 (23). Hence, the k* represents the ra-
dioactivity of each fraction normalized to the amount of pre-
sented radioactivity in the plasma. The following equation
was used to calculate the k*:

[1]

where k* = incorporation coefficient of tracer into a heart
compartment, c*tissue = tracer radioactivity in the heart com-
partment, c*plasma = tracer radioactivity in the plasma, and 
T = time of tissue sampling.

Statistical analysis. Statistical analysis was done using a
two-tailed Student’s t-test or one-way analysis of variance
coupled with Tukey-Kramer multiple comparisons test when
appropriate. Statistical significance was defined at P < 0.05.
For the [14C]20:4n-6 group, n = 4, and for the [14C]16:0
group, n = 3. Data are given as means ± standard deviation.

RESULTS

Plasma curves. Infusion of [1-14C]20:4n-6 or [1-14C]16:0 
for 5 min produced a rapid increase in total organic 
plasma radioactivity, followed by a decline in radioac-
tivity which was indistinguishable between the two 
tracers (Fig. 1). Tracer plasma half-lives were 81 ± 1 and 79 ±
1 s for [1-14C]20:4n-6 and [1-14C]16:0, respectively. The av-
erage areas under the curve were also equivalent, 1061 ± 223
and 1184 ± 59 nCi × mL plasma−1 × min−1 for [1-14C]20:4n-6
and [1-14C]16:0, respectively. The bulk of this radioactivity
(>95%) was found in the plasma FFA fraction, with only
minor amounts found esterified to plasma lipids (data not
shown). 

[1-14C]16:0 and [1-14C]20:4n-6 radioactivity. Total ra-
dioactivity of [1-14C]20:4n-6 and [1-14C]16:0 in heart tissue,
15 min after infusion began, was determined by measuring
the radioactivity in the combined organic and dried aqueous
phases (Table 1). Total radioactivity for [1-14C]20:4n-6 was
twofold greater than for [1-14C]16:0. In the lipid-containing
organic fraction, [1-14C]20:4n-6 radioactivity was threefold
higher relative to [1-14C]16:0. There was no significant dif-
ference between radioactivities in the dried aqueous phase.

k c c dt
T

* * *= ∫tissue plasma
0
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TABLE 1
Incorporated [1-14C]16:0 and [1-14C]20:4n-6 into Rat Hearta

Radioactivity (µCi/g ww)

Aqueous
Total (nonvolatile) Organic

[14C]16:0 (n = 3) 0.34 ± 0.11 0.14 ± 0.06 0.20 ± 0.13
[14C]20:4n-6 (n = 4) 0.68 ± 0.18* 0.06 ± 0.02 0.61 ± 0.19*
aValues represent means ± SD. *Statistical significance, P < 0.05, using a
two-tailed Student’s t-test. Abbreviation: ww, wet weight.



Thus, [1-14C]20:4n-6 was found primarily in the organic frac-
tion, where 91% of the total tissue radioactivity was found.
For [1-14C]16:0, 60% of the total tissue radioactivity was
found in the organic fraction. Furthermore, calculating the
percentage extraction of each radiotracer by the heart from
the total amount infused, the percentage oxidation was 0.37 ±
0.11 and 0.16 ± 0.06% (P = 0.0292) for 20:4n-6 and 16:0, re-
spectively. 

k*. The differences between [1-14C]20:4n-6 and [1-14C]-
16:0 levels in heart may have arisen from preferential fatty
acid extraction from plasma. To assess this possibility, ra-
dioactivity in different heart compartments was normalized
to net exposure to plasma tracer, by calculating the unilateral
incorporation coefficient for each tracer, k* (Eq. 1). The k*
was calculated for total heart (combined organic and non-
volatile aqueous fractions), the lipid-containing organic frac-
tion, and for the nonvolatile aqueous compartments (Table 2).
The organic fraction was then fractionated into phospholipid,

esterified neutral lipid, and FFA fractions, and k* were calcu-
lated for these pools (Table 2). In the total heart, k* was 2.2-
fold greater for [1-14C]20:4n-6 than for [1-14C]16:0. There
was no significant difference between the tracers in k* in the
aqueous compartment. For the organic fraction, k* was 3.3-
fold greater for [1-14C]20:4n-6 than for [1-14C]16:0. When
the organic fraction was divided into its phospholipid and es-
terified neutral lipid compartments, differences were very ap-
parent (Table 2). In the phospholipid fraction, k* was 7.5-fold
greater for [1-14C]20:4n-6 than for [1-14C]16:0. In the FFA
compartment, k* was over fivefold greater for [1-14C]20:4n-6
than for [1-14C]16:0. It was difficult to ascertain whether this
increase in free [1-14C]20:4n-6 represented fatty acid avail-
able for esterification or fatty acid that had been released by
phospholipase A2 during heart removal. There was no signifi-
cant difference between the k* for each tracer for the neutral
lipid fraction. In any case, [1-14C]20:4n-6 was more rapidly
incorporated into the heart organic fraction than was [1-
14C]16:0, and this disparity was largely accounted for by a
7.5-fold greater k* into heart phospholipids.

Incorporation coefficients were then calculated for differ-
ent lipid classes (Table 3). In the phospholipids, k* was larger
for [1-14C]20:4n-6 than for [1-14C]16:0 in all fractions except
PtdOH. Most notable was a 12.3-fold greater k* for incorpo-
ration into the ChoGpl. Similar in magnitude was the nine-
fold greater k* for [1-14C]20:4n-6 relative to [1-14C]16:0 in
the combined PtdIns/PtdSer fraction. In esterified neutral
lipids, the only difference was in the DG fraction, where k*
for [1-14C]20:4n-6 was fivefold greater than that for
[1-14C]16:0. The values of k* for the individual lipid classes
confirm that [1-14C]20:4n-6 was incorporated selectively into
the phospholipid classes and that there was no difference be-
tween k* for [1-14C]20:4n-6 and [1-14C]16:0 into neutral lipid
fractions except for the DG fraction. 

Distribution of [1-14C]16:0 and [1-14C]20:4n-6. The per-
centage distribution of radioactive fatty acids that were ester-
ified into the neutral and phospholipid fractions was calcu-
lated by dividing an individual k* by total k* (Table 2). A sig-
nificantly greater percentage of [1-14C]20:4n-6 was esterified
into the total phospholipid fraction compared to [1-14C]16:0.
In contrast, the percentage of [1-14C]16:0 esterified into neu-
tral lipids was threefold greater than that for [1-14C]20:4n-6,
despite a similar incorporation coefficient (Table 2). A greater
percentage of [1-14C]20:4n-6 was found as unesterified or
free fatty acid compared to [1-14C]16:0. These results con-
firm the selective targeting of [1-14C]20:4n-6 for esterifica-
tion into phospholipids, while [1-14C]16:0 was targeted for
esterification into neutral lipids.

To better understand these differences, the phospholipid
and neutral lipid fractions were further separated into individ-
ual classes, and the percentage distribution of individual val-
ues of k* relative to total k* was determined (Table 3). For
the neutral lipids, [1-14C]16:0 was found primarily in TG. The
percentage of [1-14C]16:0 in the TG was increased 7.2-fold
greater than for [1-14C]20:4n-6. Distribution of radioactivity
into CE was not significantly different between the radiola-
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FIG. 1. Plasma curves for [1-14C]20:4n-6 and [1-14C]16:0. Values are
expressed as nCi/mL plasma and represent means ± SD, n = 3.



beled fatty acids, although there was a 2.5-fold increase in the
percentage of [1-14C]20:4n-6 in the DG fraction compared to
[1-14C]16:0. Whether this DG fraction represents an anabolic
or catabolic intermediate is not clear.

Because [1-14C]20:4n-6 was found mainly in phospho-
lipids (Table 3), the distribution of radioactive fatty acids 
into individual phospholipid classes was evaluated. In the
ChoGpl, the percentage of [1-14C]20:4n-6 was 5.7-fold
greater than for [1-14C]16:0. Similarly, in the combined 
PtdIns/PtdSer fraction, [1-14C]20:4n-6 percentages were
increased 4.3-fold over the percentage of [1-14C]16:0 in the
same fraction. The smallest difference was seen in the
CerPCho fraction, while the EtnGpl fractions were not differ-
ent between groups. Thus, [1-14C]20:4n-6 was preferentially
targeted for esterification into phospholipids and found pri-
marily in the ChoGpl fraction.

The vast proportion of heart arachidonic acid is found in
choline and ethanolamine plasmalogens (24,25). To deter-
mine if [1-14C]20:4n-6 and [1-14C]16:0 were also targeted 
to the plasmalogens, the distributions of [1-14C]20:4n-6 
and of [1-14C]16:0 in choline (PlsCho) and ethanolamine
plasmalogens (PlsEtn) were measured. Only a small pro-
portion of either fatty acid tracer was found in plasmalo-
gen subclasses. For PlsEtn, 1.6 ± 0.1% and 1.9 ± 0.7% of 
total heart radioactivity was found in this subclass for 
[1-14C]20:4n-6 and [1-14C]16:0, respectively. In the PlsCho
subclass, 2.4 ± 0.6 and 2.2 ± 1.7% of the total radio-
activity were present for the [1-14C]20:4n-6 and [1-14C]-
16:0 infused rats, respectively. These results indicate 
that within the 15-min time frame of this study, there was
limited pulse labeling of plasmalogens by either fatty acid
tracer.
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TABLE 2
Unilateral Incorporation Coefficient, k*, and Distribution of Total Radioactivity 
for Fractions from Rat Hearta

k* × 10−3 Total k* (%)

[14C]16:0 [14C]20:4n-6 [14C]16:0 [14C]20:4n-6

Fractionsb

Total 4.91 ± 1.78 10.68 ± 1.77*
Organic 2.91 ± 2.02 9.59 ± 1.78* 56.0 ± 21.1 89.8 ± 6.7*
Aqueous 2.03 ± 0.82 1.09 ± 0.71 44.0 ± 21.1 10.2 ± 6.7*

Organic fractionc

Phospholipid 0.87 ± 0.46 6.51 ± 0.91* 17.6 ± 5.0 61.4 ± 5.8*
Neutral lipid 1.67 ± 1.45 0.87 ± 0.17 31.0 ± 16.2 8.1 ± 0.7*
Free fatty acid 0.36 ± 0.13 1.89 ± 0.51* 7.5 ± 2.1 17.5 ± 3.4*

aIncorporation coefficients are expressed as s−1 and represent means ± SD. Percentage of total k*
was calculated by dividing individual k* for each fraction by the total k* and represents means ± SD.
*Statistical significance, P < 0.05, using a two-tailed Student’s t-test.
bValues under this heading represent distribution of radioactivity in all of the fractions.
cValues under this heading represent the major fraction found in the organic fraction under the head-
ing “Fractions.”

TABLE 3
Unilateral Incorporation Coefficients, k*, and Distribution of Radioactivity 
for Individual Lipid Classesa

k* × 10−3 Total k* (%)

[14C]16:0 [14C]20:4n-6 [14C]16:0 [14C]20:4n-6

Phospholipids
EtnGpl 0.32 ± 0.16 0.74 ± 0.19* 6.5 ± 1.9 6.9 ± 0.8
ChoGpl 0.41 ± 0.19 5.04 ± 0.70* 8.4 ± 2.4 47.6 ± 5.1*
PtdIns/PtdSer 0.06 ± 0.04 0.54 ± 0.09* 1.2 ± 0.3 5.1 ± 0.8*
PtdOH 0.04 ± 0.02 0.05 ± 0.03 0.5 ± 0.3 0.5 ± 0.3
CerPCho 0.03 ± 0.01 0.13 ± 0.03* 0.5 ± 0.1 1.3 ± 0.3*

Neutral lipids
TG 1.52 ± 1.33 0.42 ± 0.10 28.0 ± 14.9 3.9 ± 0.3*
DG 0.08 ± 0.04 0.40 ± 0.09* 1.6 ± 0.6 3.8 ± 0.5*
CE 0.08 ± 0.08 0.04 ± 0.03 1.5 ± 1.1 0.4 ± 0.2

aIncorporation coefficients are expressed as s−1 and represent means ± SD. Percentage of total k*
was determined by dividing individual compartment k* by the total k* and represents means ± SD.
*Statistical significance, P < 0.05, using a two-tailed Student’s t-test. Abbreviations: EtnGpl,
ethanolamine glycerophospholipids; ChoGpl, choline glycerophospholipids; PtdIns, phosphatidyl-
inositol; PtdSer, phosphatidylserine; PtdOH, phosphatidic acid; CerPCho, sphingomyelin; TG, tria-
cylglycerols; DG, diacylglycerols; CE, cholesteryl esters.



DISCUSSION

Because of the increasing recognition of the importance of
phospholipids and their fatty acids in heart function and struc-
ture (4,5,8,10, 26,27), we quantified incorporation coefficients
and targeting of [1-14C]20:4n-6 and [1-14C]16:0 in heart, using
intravenous infusion of tracer in awake adult male rats. Previ-
ously, this method was used to quantify fatty acid incorpora-
tion and turnover rates for various fatty acids in the brains of
awake adult rats (28,29). Because the quantity of radiotracer
injected does not alter the plasma concentration of the infused
fatty acid, this model avoids artifacts that may result from ele-
vating plasma fatty acid levels above normal physiological
levels (18,23,29). This avoids possible problems related to the
observed concentration dependence for 20:4n-6 targeting in
isolated hearts and myocytes (12,16,17). 

In heart, saturated and monounsaturated fatty acids are uti-
lized as the primary energy source, consistent with the fact
that the heart has a tremendous capacity for fatty acid uptake
and esterification (11,15). Palmitic acid is targeted for esteri-
fication into TG pools (12,13,16) or is used for β-oxidation
directly (16). Oleic acid is also targeted to neutral lipids;
nearly 80% of the oleic acid is localized in TG in both iso-
lated perfused hearts and isolated myocytes (14). Our results
confirm that 16:0 is preferentially esterified into the neutral
lipid compartment, with the neutral lipids accounting for over
30% of the total radioactivity and into the nonvolatile aque-
ous pool accounting for 44% of the total radioactivity
(Table 2). However, in contrast to other reports, we found
nearly 18% of total [1-14C]16:0 esterified into the heart phos-
pholipid pools (Table 2). This value is similar to that reported
in isolated myocytes, where 18% of the fatty acid is found in
myocyte phospholipids, although this distribution in my-
ocytes was not calculated from total radioactivity; thus the
contribution of the aqueous radioactivity to the total radioac-
tivity was not included (12). In isolated working rat heart,
9.5% of 16:0 in the lipid fraction is esterified into heart phos-
pholipids (16). This value is not very different from ours, con-
sidering the difference in models. Thus, although [1-14C]16:0
was esterified into heart phospholipids in awake rats, it was
primarily targeted to the neutral lipid fraction where it was
esterified into TG, or it was metabolized to products found in
the nonvolatile aqueous phase. 

In various isolated heart models and myocyte preparations,
20:4n-6 uptake and targeting appear to be linked to fatty acid
availability (12,16,17). In isolated working rat heart, nearly
all 20:4n-6 taken up from the perfusate (20:4n-6 concentra-
tion 1.2 mM) enters TG, with only 14% going into phospho-
lipids (16). However, the 20:4n-6 concentration used in this
study (16) is supraphysiologic, as the free 20:4n-6 concentra-
tion in rats in vivo is on the order of 16 µM (30). Consistent
with these observations, much lower concentrations of
20:4n-6 (0.02–0.4 µM) are targeted almost exclusively in iso-
lated rat myocytes to TG (82.3%), whereas only 12.3% is es-
terified into phospholipids (17). However, in isolated adult rat
myocytes, 39% of the labeled 20:4n-6 in the lipid fraction is

found in phospholipids when the medium 20:4n-6 concentra-
tion is 20 µM, but at a medium concentration of 5 nM; over
71% of the labeled 20:4n-6 is esterified into phospholipids
(12). Clearly, targeting of 20:4n-6 is concentration-dependent
in these models, suggesting a need to reevaluate 20:4n-6 up-
take and targeting in an intact awake animal using physiolog-
ically relevant concentrations of each fatty acid.

In contrast to published results, we report that [1-14C]-
20:4n-6 was targeted selectively into heart phospholipids
(60% of total radioactivity) in awake adult male rats (Table 2)
and found primarily in ChoGpl (Table 3). Only 9% of the total
radiotracer in heart at 15 min was found in the nonvolatile
aqueous phase, compared with nearly 41% for [1-14C]16:0.
This suggests that [1-14C]20:4n-6 was minimally metabolized
to water-soluble nonvolatile compounds and was conserved
relative to [1-14C]16:0. Using the same fatty acid model,
nearly 40% of the [1-14C]16:0 found in the brain following
infusion had been metabolized to slowly-disappearing non-
volatile aqueous phase compounds, mainly glutamate and as-
partate (31). In rats infused with [20-18F]20:4n-6 at radio-
tracer levels, 72.9% of the labeled 20:4n-6 in heart was found
in the organic fraction and the majority of that radioactivity
in the phospholipid fraction (32). In isolated heart models or
myocytes, 20:4n-6 also appears to be conserved (12) and min-
imally metabolized by β-oxidation (12,17). Our data support
these results. We also found that [1-14C]20:4n-6 had a greater
incorporation coefficient and was taken up to a greater extent
by the heart than [1-14C]16:0 (Tables 1 and 2), although our
calculations did not take into account the complete conver-
sion of 16:0 to CO2. The published values for plasma fatty
acid concentrations are 16.1 ± 0.9 and 161.3 ± 7.0 nmol ×
mL−1 for 20:4n-6 and 16:0, respectively (30), a 10-fold dif-
ference in the cold fatty acid concentrations. Using the unilat-
eral incorporation coefficient determined in this study
(Table 2), the incorporation of cold 20:4n-6 and 16:0 was
0.152 ± 0.002 and 0.758 ± 0.011 nmol × mL−1 × s−1 (P <
0.0001), respectively. This is only a fivefold difference in up-
take despite a 10-fold difference in availability, suggesting
that there are selective processes for the uptake of 20:4n-6
from the plasma. These results indicate that in awake rats, rel-
atively more cold 20:4n-6 appeared to have been extracted by
the heart from the plasma than cold 16:0 and that this ex-
tracted 20:4n-6 was mainly esterified into phospholipids, de-
spite a 10-fold greater availability of cold 16:0 in the plasma
(30).

One mechanism that may explain the differential targeting
of [1-14C]20:4n-6 and [1-14C]16:0 in heart could be the dif-
ferent affinities of CoA-dependent and -independent acyl-
transferase and transacylases for these two fatty acids (33). In
rabbit heart, a cytosolic CoA-dependent acyltransferase ex-
ists which selectivity acylates 20:4n-6 onto ChoGpl (34). This
might explain our observation that [14C]20:4n-6 was prefer-
entially esterified into ChoGpl (Table 3). Furthermore, this
enzyme is highly selective for 20:4n-6 and is not found in the
liver, suggesting it is localized solely in heart (34). In con-
trast, the CoA-independent acyltransferase does not exhibit
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any substrate selectivity (34), suggesting that our observed
differences in fatty acid targeting were accounted for by a
heart-specific, 20:4n-6 selective, cytosolic CoA-dependent
acyltransferase, which targets fatty acids primarily into
ChoGpl.

The importance of the ethanolamine and choline plasmalo-
gen subclasses in lipid-mediated signal transduction has be-
come more apparent in heart since the isolation and charac-
terization of a plasmalogen-selective phospholipase A2 from
heart (35–37). Further, because the plasmalogen subclass
comprises a large proportion of ChoGpl and EtnGpl in
mammalian heart (24,25,38,39) and because the sn-2 position
contains a large proportion of heart 20:4n-6, we determined
[1-14C]20:4n-6 distribution into the PlsCho and PlsEtn. In
awake rats, very little (<3%) [1-14C]20:4n-6 was esterified
into the PlsCho or PlsEtn. A plausible explanation for these
results is that ether lipid biosynthesis de novo proceeds at a
rate in heart that is much slower than the experimental time
frame used. Indeed, heart plasmalogen biosynthesis de novo
occurs on the order of hours, with no newly formed plasmalo-
gen evident until up to 3 h after infusion of [1-3H]-hexa-
decanol (40). This certainly may account for the minimal
amount of [1-14C]20:4n-6 found in the plasmalogens if the
majority of the 20:4n-6 is esterified into plasmalogens during
the synthetic process as opposed to esterification into lyso-
plasmenylcholine or to a direct transfer by a transacylase (33). 

Lastly, because of the preferential targeting of [1-14C]-
20:4n-6 to phospholipid pools and the lack of appreciable al-
ternative metabolism via other pathways, [11C]20:4n-6 infu-
sion coupled with positron emission tomography (PET) could
be used to clinically study dynamic phospholipid turnover in
heart. Past human heart studies using [11C]palmitate with
PET scanning have focused on the β-oxidation aspect of my-
ocardial fatty acid metabolism (41,42); however, our findings
suggest that these studies could be extended to examine lipid-
mediated signal transduction in diseased human heart using
[11C]20:4n-6. 

In summary, upon entering the heart, [1-14C]20:4n-6 was
predominantly esterified into ChoGpl, while [1-14C]16:0 was
targeted for esterification into TG or found in the nonvolatile
aqueous fraction. The k* for phospholipids was sevenfold
greater for [1-14C]20:4n-6 compared to [1-14C]16:0, while
there was no difference in values of k* for esterified neutral
lipids. Thus, in the awake adult rat, where the normal plasma
fatty acid levels were maintained, there was a differential tar-
geting of [1-14C]20:4n-6 and [1-14C]16:0 into distinct heart
lipid pools. This suggests that fatty acid targeting in heart is
based upon function. Further, this differential targeting sug-
gests that 20:4n-6 and 16:0 have substantially different roles
in heart metabolism and function.
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