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Abstract Tissue arachidonic acid (AA) pools originate from
the diet, and from hepatic and extrahepatic desaturation-
elongation of dietary linoleic acid (LA). This review sum-
marizes the roles of absorption, transport, and formation
of AA in the buildup of tissue AA pools. In humans who
ingest 0.2–0.3 g of AA and 10–20 g of LA per day on a West-
ern diet, the formation of AA from LA exceeds the dietary
supply of AA. A number of factors favor the partitioning of
AA to tissue phospholipids rather than adipose tissue and
plasma triglycerides. The characteristics of AA transport
with lipoproteins are discussed with focus on the role of
lipoprotein lipase, lecithin:cholesterol acyltransferase, he-
patic lipase, and the scavenger receptor BI and LDL recep-
tors in tissue uptake of AA. Liver-derived 2-acyl-lysophos-
phatidylcholine and plasma free AA are two important
sources of AA for extrahepatic tissues which exhibit a low
rate of uptake of lipoprotein AA. Desaturation-elongation
of LA to produce AA occurs both in liver and in extra-
hepatic tissues, plasma free LA being an important sub-
strate particularly during fasting.  The AA preference of
the reacylation and transacylation reactions is crucial for
the selective retention of AA in phospholipids.
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and Å. Nilsson.
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INTRODUCTION

Eicosanoids are produced from arachidonic acid (AA),
eicosapentaenoic acid (EPA), and dihomo-

 

g

 

-linolenic
acid (20:3n-6) when these fatty acids are released from tis-
sue phospholipids (PL) by phospholipase A

 

2

 

 (PLA

 

2

 

). AA
is the precursor of the 2-series of prostaglandins. 20:3n-6
and EPA yield prostaglandins of the 1- and 3-series, re-
spectively, which have lower biological activity compared
with their homologs derived from AA. Both 20:3n-6 and
EPA compete for the prostaglandin synthesis enzyme-
binding site with AA and can reduce the production and
efficacy of AA derivatives (1). Not only prostaglandins but

 

a variety of biologically active products are formed via
cyclo-oxygenase, lipoxygenase, and cytochrome P450-
dependent enzymes (

 

Table 1

 

). Furthermore the intracel-
lular level of unesterified eicosanoid precursors may itself
be an important mediator by its action on the peroxisome
proliferator-activated receptor 

 

g

 

 (2–8).
The concentration of eicosanoid precursors and DHA

in membranes depends on the dietary supply of these
fatty acids, and on the desaturation-elongation in the
body of ingested precursor PUFA of the n-6 fatty acid se-
ries, that is, linoleic acid (LA), and of the n-3 series, that
is, 

 

a

 

-linolenic acid (ALA). Because carnivores and omni-
vores but not herbivores ingest C

 

20

 

 PUFA, the relative role
of the dietary supply of eicosanoid precursors and the
desaturation-elongation varies between species, as do the
levels of eicosanoid precursors in membrane and plasma
lipids. In a comparison between seven mammalian species
rat plasma and liver had the highest AA levels in PL, 34%
of fatty acids in plasma PL and 29% in liver PL (9). Hu-
mans had 10–11% of total fatty acids as AA in plasma PL,
and 13% as AA in liver PL (9, 10). Guinea pigs had the
highest level of LA and the lowest level of AA. The con-
centration of PL in plasma also differs in various mamma-
lian species (11). For example, the concentration of PL
was 1.2 mg/ml in rat plasma, but only 0.22 mg/ml in
guinea pig plasma. A crude estimation based on available
tissue lipid data indicates that a 200-g rat contains about 4
mmol (

 

,

 

3 g) of PL, with a total AA content of 0.8–1.0
mmol (250–300 mg), and a 70-kg human contains 50–
100 g of AA, distributed between tissue and membrane
compartments that vary with regard to turnover rate and
physiological function.

 

Abbreviations: AA, arachidonic acid; ALA, 

 

a

 

-linolenic acid; CE,
cholesteryl ester; CM, chylomicron; CMR, chylomicron remnant; EFA,
essential fatty acid; HL, hepatic lipase; LA, linoleic acid; LPC, lyso-
phosphatidylcholine; LRP, LDL receptor-related protein; PA, phospha-
tidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PL, phospholipid; PLA

 

2

 

, phospholipase A

 

2

 

; PLTP,
phospholipid transfer protein; PS, phosphatidylserine; SR-BI, scaven-
ger receptor class B type I.
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The level of AA in adipose tissue TG is low, the main
part being at the 2-position of tissue PL. Both diacyl- and
plasmalogenic phosphatidylethanolamine (PE) is rich in
AA and DHA, and phosphatidylinositol (PI) has the high-
est content of AA of all PL (12). The selectivity in tissue
distribution of AA is achieved by a number of collaborat-
ing mechanisms based on relative specificity of acylation
reactions and lipolytic enzymes in combination with the
regulation of desaturation-elongation reactions. The me-
tabolism of AA in lipoproteins by enzymes and lipoprotein
receptors exhibits important differences from the predomi-
nant C

 

16

 

–C

 

18

 

 fatty acids. Lipoprotein receptor-independent
transport as plasma FFA and as 2-acyl-lysophosphatidyl-
choline (2-acyl-LPC) represents quantitatively important
pathways for the transport of eicosanoid precursors and
DHA to tissue compartments that are poorly accessible to
lipoproteins. In the liver and several extrahepatic tissues
there is a considerable formation of eicosanoid precursors
from LA and ALA derived from plasma FFA or from hydro-
lysis of intracellular lipids. At the cellular level the reten-
tion as esters and pools of unesterified eicosanoid precur-
sors is regulated by a distinct balance between the action
of PLA

 

2

 

 and reacylating and transacylating enzymes. The
result is a continuous metabolism and remodeling of up
to 20 AA-containing species of glycerophospholipids (12).
The quantitative role of AA utilization for eicosanoid for-
mation in the human body is difficult to estimate. Approx-
imate values can be extrapolated from the daily excretion
of main AA metabolites in urine (Table 1) and indicate that
only minor portions of the body pools are utilized daily.

A number of excellent reviews concern the metabolism
of the highly unsaturated n-3 and n-6 fatty acids (13), the
role of the intracellular PL remodeling reactions in AA re-
tention (14), the supply of AA and DHA to the fetus and

newborn (15), and the absorption of essential fatty acids
(EFA) (16). This review focuses on the roles of absorption,
transport, and formation in the supply of AA to the tissues.

ROLE OF INTESTINAL LIPOPROTEINS IN
THE TRANSPORT OF DIETARY 

EICOSANOID PRECURSORS

 

Supply of AA in diet and bile PL

 

A number of studies have estimated the AA content of
Western diets and in common food constituents. Taber,
Chiu, and Whelan (17) examined cooked and raw por-
tions of beef, chicken, eggs, pork, turkey, and tuna and Li
et al. (18) examined the AA content of visible fat and
meat of beef, lamb, pork, chicken, duck, and turkey. The
visible fat of meat contained 20–180 mg of AA per 100 g
of fat, whereas the AA content of lean meat was lower,
ranging from 30 to 99 mg/100 g. In the Australian diet
Mann et al. (19) estimated the average intake of dietary
AA as 130 mg/day in males and 96 mg/day in females.
The cooking methods may influence the PUFA content of
the diet, for example, increasing time of grilling resulted
in 20–30% losses of the C

 

20

 

 and C

 

22

 

 PUFA (20). In a study
carried out in a group of subjects on a typical American
diet under controlled conditions an average AA intake of
230 mg/day was measured (21). In Japan, the intake of AA
is about 300 mg/day (22) with large individual variations.
The conclusion is that the average intake is lower than was
estimated in earlier studies (23–26), although the individ-
ual intake can easily be increased by the ingestion of more
animal and marine products.

In the intestinal lumen bile phosphatidylcholine (PC)
is an additional source of AA. The bile PC differs in fatty

 

TABLE 1. Urine excretion of arachidonic acid metabolites in humans

 

Products of AA Main Metabolites in Urine Excretion

 

a

 

m

 

g /24h

 

1. Prostaglandin E

 

2

 

b

 

Tetranor-5,11-diketo-7

 

a

 

-hydroxy-
prostane-1,16-dioic acid

 

c

 

21–57
Prostaglandin D

 

2

 

9

 

a

 

,11

 

b

 

-PGF2

 

d

 

0.36–0.65
Thromboxane B

 

2

 

11-Dehydro-TXB

 

2

 

e

 

0.65–1.29
Prostacyclin 6-Keto-PGF1

 

a

 

 and 0.08–0.16
6,15-diketo-13,14-dihydroPGF1

 

a

 

f

 

0.45–0.53
2. Leukotrienes

 

g

 

LTE

 

4

 

h

 

0.07–0.14
3. Epoxyeicosatrienoic acids

 

i

 

Dihydroxy derivatives

 

j

 

0.02–0.24
Hydroxyeicosatetraenoic acid 20-HETE 1.01–3.17

4. F

 

2

 

-isoprostane

 

k

 

8-Epi-PGF

 

2

 

a

 

l

 

667.8–1,148.2

Total 0.7–1.2 mg/24 h

 

a

 

Calculated on the basis of the volume of urine (741–1,411 ml/24 h) (300) and/or the excretion of creati-
nine (1.05–2.1 g/70 kg/24 h) (300, 301) in 70-kg humans.

 

b

 

Cyclo-oxygenase-mediated reaction.

 

c

 

Forstermann and Feuerstein (302).

 

d

 

O’Sullivan et al. (303).

 

e

 

Mizugaki et al. (304).

 

f

 

Forstermann and Feuerstein (302) and Fischer, Scherer, and Weber (305).

 

g

 

Lipoxygenase-mediated reaction.

 

h

 

Mizugaki, Hishinuma, and Suzuki (306) and Hackshaw et al. (307).

 

i

 

Cytochrome P-450-mediated epoxygenase reaction.

 

j

 

Catella et al. (308, 309) and Sacerdoti et al. (310).

 

k

 

Nonenzymatic, free radical-catalyzed peroxidation.

 

l

 

Schwedhelm et al. (311) and Obata et al. (312).
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acid composition from liver and plasma PC, the propor-
tion of 16:0-AA PC generally being higher (27). AA ac-
counts for 15–20% of the PC fatty acid in the rat bile (28,
29), and for 6–8% in human bile. The secretion in humans
of 5–10 g of bile PC per 24 h (30, 31) thus supplies about
150–350 mg of AA to the gut. Adult rats secrete, per 24 h,
about 100 mg of PC containing approximately 6 mg of AA
(32). The amount of AA entering the gut lumen when
mucosal cells are sloughed off during normal cell turn-
over is not known, but is likely to be less than the amount
supplied in bile PC.

Thus more endogenous than dietary AA is supplied to
the intestine under most dietary conditions and the total
amount of absorbed AA is usually on the order of 0.5–0.8
g/day (

 

Table 2

 

). The amount of AA absorbed every day is
on the order of 1% of the total body pool and the daily
dietary contribution is less than half of 1%.

 

Supply of linoleic and n-3 fatty acids in diet

 

Because AA, the n-3 fatty acids, and LA compete for the
same transport and acylation pathways it is important to
relate the supply of AA to that of other PUFA. In the West-
ern diet the predominant PUFA is LA, with lesser propor-
tions of the long-chain n-3 fatty acids, that is, ALA, EPA,
and DHA. The intake of LA is about 10–20 g/day (8 en%),
which constitutes 

 

.

 

85% of total PUFA intake (19, 22, 25).
Dietary ALA is mainly from plant products, fish and other
marine products being the main sources of EPA and DHA
(33). In other commonly used foods the total n-3 fatty
acid level is low, varying from 35 mg/100 g (pork leg
meat) to 381 mg/100 g (chicken egg yolk) (19). The
intake of n-3 fatty acids was estimated as 0.06–2 g/day
(

 

,

 

2 en%) in most Western diets, and as 3.6 g in Japanese
diets. The n-6/n-3 ratio was 4.0–8.5 (22). A group of vege-
tarians ingested 16–31 g of LA per day (7–10 en%) and
1.9 g of ALA per day (0.6–0.8 en%). The n-6 (LA)/n-3
(ALA) ratio was 10–12 (10). The intake of the long-chain,
marine n-3 fatty acids was about 7 g/day among Green-
land Eskimos (34, 35), and the n-6/n-3 ratio was 0.36.

The conclusion is that attempts to change the n-6/n-3
ratio in humans on a Western diet are done under condi-
tions in which the dietary LA exceeds the n-3 intake several-
fold, the adipose tissue contains high levels of LA, and the
n-3 fatty acids must compete with a pool of endogenous AA.
These factors tend to limit the changes that can be achieved.

 

Is the dietary supply of AA important?

 

Studies of humans.

 

Does the amount of AA in the animal
products of an ordinary human diet influence the AA level
and is it physiologically important? Phinney et al. (23) com-
pared fatty acid composition in vegetarians and omnivo-
rous humans and found relatively small differences in AA
level in plasma PL (12.8% vs. 11.1%) and cholesteryl ester
(CE) (7.8% vs. 6.5%) and Li et al. (36) reported similar
differences. Sinclair et al. (20) fed lean beef together with
a low fat diet and increased AA in plasma PL from 11.3%
to 14.1% and EPA from 1.4% to 1.8%. Animal products in
the diet thus do increase the AA level moderately.

Most evidence supports that ingestion of moderate
amounts of AA is not disadvantageous. For example, in a
study by Sinclair and Mann (37) prostacyclin but not
thromboxane production was increased by feeding kanga-
roo meat containing 325 mg of AA and 325 mg of n-3
long-chain PUFA per day and male vegetarians had actu-
ally higher platelet aggregability than omnivores (10, 38).
Even on a vegetarian diet ALA only slightly increases the
EPA levels, 70 mg of EPA per day being as effective as 15.4 g
of ALA per day (39). In a series of studies humans in-
gested a diet containing 1.7 g of AA per day for 50 days,
and were then extensively studied (21, 40–44). Dietary AA
at these levels nearly doubled the AA level in the plasma
PL and CE. AA mainly replaced LA, which was reduced by
20%. Some increases in AA in platelet, red blood cell, and
tissue lipids were also found but no significant increase in
AA was seen in adipose tissue TG and PL. The plasma FFA
showed a small but statistically significant rise in the AA
level. No harmful effects could be proven during the studies,
although an increased production of eicosanoids was ob-

 

TABLE 2. Human plasma arachidonic acid transport in free fatty acid,
lysophosphatidyl choline, and LDL

 

Absorbed AA FFA-AA LPC-AA LDL-AA

 

Diet (mg/day) 100–300
Bile (mg/day) 150–350
Sloughing of cells (mg/day)

 

,

 

200
Concentration (nmol/ml) 1.2–3.7

 

a

 

4.0

 

b

 

178–198

 

c

 

Pool size (mg)

 

d

 

0.9–2.8 3.0 134–148
Fractional turnover 0.44–0.8/min

 

e

 

0.06–0.33/min

 

f

 

0.3–0.4/day

 

g

 

Mass absorbed/cleared (mg/day)

 

h

 

>

 

450–800 1,160–2,115 270–1,425 42–57

 

a

 

Croset et al. (178), Hallaq et al. (189), and Deby-Dupont et al. (192).

 

b

 

Croset et al. (178).

 

c

 

LDL-CE, -TG, and -PL concentrations are 1.9–2.2, 0.18, and 0.84 mM, respectively (316, 317), AA is 6.6
mol% of LDL-CE, 1.0 mol% in TG (129), and 2.9 mol% in PL (318).

 

d

 

Calculated from the concentration and with the assumption that the total plasma volume in human is 2.5
liters (1.65 l/m

 

2

 

) (313).

 

e

 

Hagenfeldt, Hagenfeldt, and Wennmalm (199) and Hagenfeldt and Wahren (200).

 

f

 

Half-life of 1-pamitoyl-LPC is 6–11 min in rats (314), and 

 

,

 

10 min in squirrel monkeys (315); 2-AA-LPC is
1.07 min in rats (183). Data on the turnover rate of AA-LPC in humans are lacking. In the calculation we postulate
the half-life is between 1.5 and 8 min.

 

g

 

Thompson (317).

 

h

 

Calculated from the mass of AA in plasma pool and the fractional turnover.
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served. In one early study (45) AA at 6 g/day was given to
normal male subjects in the form of ethyl ester. The study
was terminated after 3 weeks because of increased ex vivo
ADP-induced platelet aggregation.

 

Animal studies.

 

Animal studies also indicate that low to
moderate levels of dietary AA can have significant impact
on tissue AA and thus on eicosanoid production. Whelan
et al. (26) fed mice diets that were enriched with 6.7% or
18.4% AA for 2 weeks. The AA content in liver increased
from 21.3% to 29.6% and 33.6%, whereas increasing the
dietary LA content from 20.5% to 39.7% had no effect.
Similarly Abedin et al. (46) fed AA- and DHA-enriched
diets to guinea pigs and observed substantial increases in
liver PL-AA and -DHA. The ability of marine long-chain
n-3 fatty acids to influence the AA/EPA ratio by directly
competing for acylation into PL, was found to be highly
dependent on the AA level of the diet (47).

 

Conclusion.

 

The conclusion is that feeding moderate
amounts of AA to humans or to omnivores and herbivores
does increase the AA level in PL, but this has not been
shown to be disadvantageous. AA in the diet also influ-
ences the effects that can be achieved with n-3 fatty acids.

 

Specific features of digestion

 

Although the main course for the absorption of the pre-
dominant C

 

16

 

–C

 

18

 

 fatty acids and the C

 

20

 

–C

 

22

 

 PUFA is
held in common, there are also specific features. Briefly,
the TG esters of fatty acids containing the C

 

20

 

 PUFA are
hydrolyzed at a slower rate than the predominant C

 

16

 

 and
C

 

18

 

 fatty acid esters by the colipase-dependent pancreatic
lipase (48, 49). The positioning of a double bond at posi-
tion 5 seems to be crucial. However, because of the excess
of colipase-dependent pancreatic lipase and a concerted
action with the bile salt-stimulated lipase, TG containing
C

 

20

 

–C

 

22

 

 PUFA are completely hydrolyzed to monoglycer-
ide (MG) and FFA (50, 51). TG containing AA, EPA, or
DHA are thus as efficiently digested to MG and FFA as the
more predominant dietary TG, but a more important role
can be ascribed to the pancreatic carboxyl ester lipase in
the adult and to the milk bile salt-stimulated lipase in the
newborn human (52). Ikeda et al. (53) showed that EPA
and DHA of fish oil TG rich in these fatty acids at the pri-
mary positions were well absorbed despite a slow hydroly-
sis by pancreatic lipase in vitro. The bile and dietary PC is
converted to LPC by the pancreatic PLA

 

2

 

 before absorp-
tion. The AA secreted in bile PC is released by the pancre-
atic PLA

 

2

 

 in the gut, like the AA of the dietary PL (54).
The conclusion is thus that the AA esters of diet and

bile are efficiently hydrolyzed but the relative role of car-
boxyl ester lipase and PLA

 

2

 

 is more important than for
other fatty acid esters.

 

Absorption and metabolism in the intestinal mucosa

 

Distribution of AA in chylomicron (CM) lipids.

 

Although most
of the absorbed PUFA are incorporated into CM TG, the
partitioning of PUFA between the chyle lipid classes varies
for individual PUFA and with the dietary fat given. Older
studies showed that the fatty acid composition of chyle PL
varied less than that of TG with the type of dietary fat

(55), and in suckling rats ingesting only milk, AA was
transported in chyle mainly as PL (56). In another study
[

 

14

 

C]LA and [

 

3

 

H]AA were fed in cream, in an LA-rich soy-
bean TG emulsion (Intralipid), or in pure AA (57, 58),
and the incorporation of the labeled fatty acids into chyle
lipids was studied. With cream a high incorporation of
both [

 

14

 

C]LA and [

 

3

 

H]AA into chyle PL was observed,
whereas with Intralipid the partitioning of [

 

14

 

C]LA to PL
decreased more than that of [

 

3

 

H]AA. Milk fat and Intra-
lipid increased the output of PC and PE, which trans-
ported 62% and 59% of the chyle AA mass, 38% and 41%
being transported with TG. PE transported 14% of the AA
(58), reflecting that both chyle lipoproteins and nascent
hepatic VLDL contain more PE than plasma lipoproteins.
With pure AA as fat vehicle the intestine produced AA-
rich TG that carried 90% of the AA in TG species contain-
ing 52% AA. After feeding fish oil TG Chen et al. (59)
found that AA and EPA were mainly in TG although over-
represented in PL compared with other fatty acids.

 

PL acylation in the gut mucosa.

 

Less [

 

3

 

H]AA than [

 

14

 

C]LA
was recovered in chyle during the first 5 h (57) because of
retention of [

 

3

 

H]AA (58) in mucosal PC, PE, and PI. Ab-
sorbed AA is thus a precursor of mucosal PL. When
[

 

3

 

H]EPA and [

 

14

 

C]AA were fed in a fish oil emulsion, less

 

3

 

H than 

 

14

 

C was retained in mucosal, plasma, and liver PL
within 2–4 h (60). EPA thus exhibits a lower preference
than AA for incorporation into PL and more appears in
TG of intestine, serum, and liver. It was estimated that the
EPA in fish oil competed with AA for incorporation into
plasma and intestinal PL slightly better than LA (57, 58).
Studies of EFA-deficient rats receiving [14C]LA and
[3H]AA or [3H]EPA showed an increased retention in the
gut of all three fatty acids, again emphasizing the mass
dependence of the preferential acylation into PL (61, 62).
Little dietary LA and ALA are converted in the mucosa be-
fore being incorporated into CM (63).

Considerable amounts of 1-acyl-LPC are formed in the
gut lumen during hydrolysis of PC by pancreatic PLA2.
The reacylation of absorbed 1-acyl-LPC is stimulated by
dietary fat (64, 65) and accounts for a major part of the
chyle PC under physiological conditions (66, 67). The
preferential acylation of absorbed 1-acyl-LPC is probably
most important for the partitioning of AA into chyle PL.
The LPC acyl-CoA acyltransferase utilizes AA more effi-
ciently than other PUFA (68, 69). Viola et al. (70) studied
the absorption of AA and found an increased acylation
into PC when LPC was given simultaneously. Some of the
chyle PL are derived from preexisting pools of mucosal
PL (71) and a stimulation of intestinal de novo synthesis
of PC (72) occurs during fat feeding. Some AA-containing
species may thus be derived from mucosal pools formed
by de novo synthesis followed by remodeling reactions.
The reason for the preferential incorporation of AA into
chyle PE is not known. Among mucosal PL the proportion
of retained AA in PE increases with time and that in PC
decreases (60, 62, 73, 74). The incorporation into PE may
occur by the CDP-ethanolamine pathway selectively utiliz-
ing DG species containing AA or DHA for de novo synthe-
sis during fat absorption, or during recycling of these spe-
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cies from PC via the reversibility of the phosphotransferase
reactions (75–77). Reacylation of lyso-PE and transacy-
lation reactions are the alternatives and the contribution
of each pathway has not been studied (78).

Conclusion. In conclusion, eicosanoid precursors are
thus selectively partitioned into chyle and mucosal PC and
PE, AA with the highest priority. The partitioning is sub-
jected to competition between PUFA and is highly mass
dependent, the excess being acylated into TG.

Metabolism of the eicosanoid precursors of the CM
The CM lipids consist of an inner hydrophobic core of

TG and CE and a surface layer of PL and protein. Because
the TG and PL are metabolized differently the metabolic
fate of the CM eicosanoid precursors will depend on their
partitioning between these lipids and on the fatty acid
preferences of the pathways involved. The role of lipid
transfer proteins, enzymes, and receptors involved in the
metabolism is summarized in Figs. 1 and 2.

AA of the CM triglycerides. The interaction of CM with
lipoprotein lipase (LPL) results in the hydrolysis of the
major part of the TG (79). Generally LPL does not exhibit
any fatty acid preference against different C16–C18 fatty
acid esters. Esters of AA and EPA of both VLDL (80) and
CM-TG (81–83) are, however, released as FFA at a slower
rate than LA and other C16–C18 fatty acids, and are ac-
cordingly enriched in the remaining TG and DG of CM

remnants (CMR) (Fig. 1). DHA esters were hydrolyzed at
a rate in between those of AA-EPA and the C16–C18 fatty
acids. Using the perfused rat heart, Levy and Herzberg
(84) demonstrated that EPA and DHA esters are hydro-
lyzed by heart LPL at a slower rate than other fatty acids.
During the rapid clearance of CM-TG from plasma in vivo
AA is eliminated with a slight delay compared with LA, rel-
atively more AA being distributed to the liver and less to
muscle and adipose tissue (85). In vitro studies with AA-
and EPA-labeled CM supported the idea that LPL and
hepatic lipase (HL) may act in a concerted way to hydro-
lyze TG- and DG-AA (83). Because the CMR are rapidly
cleared, mainly by the liver, the quantitative role of HL in
vivo may, however, be small, although blockade of HL with
antiserum may influence the kinetics of CMR removal
under some conditions (86, 87). CM obtained after feed-
ing fish oil, and thus rich in EPA and DHA, were cleared
by the rat heart at a similar rate as oleic acid-rich CM (88).

CMR are cleared primarily by the liver (Fig. 1), the up-
take being mediated by LDL receptors (89) and/or the
LDL receptor-related protein (LRP) (90–93). Hence, AA

Fig. 1. Absorption and transport of AA from the gut. AA is prefer-
entially acylated into mucosal and chyle PL that are transferred to
HDL by PLTP, and then metabolized via HL, LCAT, and the SR-BI
receptor. The AA esters of CM-TG are relatively resistant to LPL,
and thus released as FFA to a limited extent and enriched in CMR-
TG. CMR are cleared primarily by the LDL receptor and LRP-
mediated uptake in the liver.

Fig. 2. Role of hepatic lipoproteins in the transport of AA in the
rat. The AA of hepatic VLDL is metabolized in a similar way as the
AA of CM in Fig. 1. Rats have high plasma and hepatic AA and low
LDL levels. High LCAT and PLTP activities (thick arrows) and lack
of CETP activity, in combination with the high preference for AA of
LCAT in the rat, results in the accumulation of AA in HDL-CE that
is taken up by the SR-BI in liver and steroidogenic tissues (thick ar-
rows). Compared with the secreted VLDL-TG, AA is enriched in
the remaining TG of IDL and LDL. Because of the relative resis-
tance of AA esters to LPL, AA is enriched in IDL- and LDL-TG,
some of which is transported to HDL in exchange for CE mediated
by CETP. The PL, TG, and CE of LDL are thus transport vehicles
for AA in the LDL receptor-mediated uptake of this lipoprotein.
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of CMR can be metabolized by endocytosis in the hepato-
cytes and incorporated into membrane PL, reassembled
into VLDL, or oxidized for energy. In addition to the he-
patic clearance, rat intestine (94) and bone marrow in
rabbit (95), marmoset (96), and humans (97, 98) have
been postulated to play a role in the catabolism of CM.
The uptake of CM-AA in bone marrow and intestine was,
however, found to be low in the rat (73). Although the
role of CMR in supply of AA to extrahepatic tissues under
physiological conditions is difficult to estimate there is an
uptake in many tissues, which is, however, much lower
than in the liver when expressed per gram of tissue.

AA of the CM PL. The polar surface coat of the CM has
a PL/apolipoprotein A-I (apoA-I) ratio that is 3- to 4-fold
higher than in circulating HDL (32, 99, 100). During the
lipolysis of CM-TG there is a rapid transfer of polar sur-
face material to HDL (Fig. 1). The fundamental role of
phospholipid transfer protein (PLTP), which occurs in all
examined species (101), in this transfer, has been the sub-
ject of reviews (102, 103). Experiments in gene knockout
mice have further emphasized its importance (104). At
present it is not known whether different molecular spe-
cies of PL are transferred at different rates, although the
transfer rate was shown to be inversely related to chain
length in experiments with fluorescent PL analogs in vitro
(105). PLTP has a broad substrate specificity and catalyzes
the transfer of PC, PE, PI, and sphingomyelin (105). The
transfer of PL to HDL in vivo is rapid (106) and the disap-
pearance from blood of 32P-labeled PC and PE of CM and
of HDL to which CM-PL had been transferred were simi-
lar (107). Although LPL may hydrolyze the 1-ester bond
of PL in nascent TG-rich lipoproteins (108), this function
may not be quantitatively important in AA transport in
vivo, particularly because LPL was less active toward AA-
PC than against LA-PC in CM (81).

After transfer to HDL, CM-PL can be metabolized by
HL, LCAT, receptors involved in lipid uptake, and by par-
ticulate uptake of HDL. The HDL PC, PE, and PI are all
substrates for HL (107, 109–111) and LCAT (112, 113). A
distinct feature of HL is its high activity against PE (107,
114). The concentration of this PL in plasma is low but it
accounts for 12% of the CM-PL (115) and it occurs in sim-
ilar proportions in nascent hepatic VLDL (116–118). In
chyle up to 14% of the AA was transported as PE (58).
After intravenous injection of 32P-labeled CM or HDL into
rats, antiserum against HL blocked most of the PE elimi-
nation (107). The PE thus has a more important role in
the transport of PUFA than is apparent from its low
plasma concentration, carrying AA to organs containing
HL, that is, liver, adrenals, and gonads.

HL also contributes to the catabolism of HDL PC (119)
and HDL PI (120) although the quantitative contribution
is more difficult to estimate than in the case of PE. In vitro
HL hydrolyzes AA-PC and LA-PC at similar rates (121),
forming 2-lyso-PL containing PUFA and releasing satu-
rated fatty acids from position 1. Both LPL and HL activi-
ties were upregulated in EFA-deficient rats (122, 123)
whereas in patients with cystic fibrosis and EFA deficiency
HL was lowered (124).

Conclusion. The relative resistance of the eicosanoid
precursor esters and the lipoprotein receptor-mediated
uptake of CMR enriched in AA are key factors in the
metabolism of TG-AA in CM. By its action on PL, HL
contributes significantly to the uptake of CM eicosanoid
precursors in tissues expressing this enzyme, by a mecha-
nism that does not release these fatty acids as FFA. By in-
teracting with LCAT and with the scavenger receptor class
B type I (SR-BI) it also favors indirectly tissue uptake of
cholesteryl-arachidonate (CE-AA) and other CE (Figs. 1
and 2) (see the next section).

ROLE OF LIVER IN SECRETION AND TRANSPORT 
OF EICOSANOID PRECURSORS

Transport by liver-derived lipoproteins
Liver is essential in the eicosanoid precursor traffic in

several respects. Much of the AA absorbed in the intestine
reaches the liver via uptake of CMR, HDL-PL, and HDL-
CE. Liver-derived lipoproteins and 2-acyl-LPC supply
other tissues with AA, and the uptake of LDL and HDL
lipids returns PL and cholesterol to the liver to be reuti-
lized in lipoprotein and bile secretion. Eicosanoid precur-
sor fatty acids are transported in blood mainly in PL and
CE, in low concentration in TG, as 2-acyl-LPC, and as a
small pool of FFA-AA. VLDL compete with CM for the
same catabolic pathway (125, 126) and are converted to
LDL via progressive lipolysis. Both VLDL and LDL pro-
vide fatty acids for tissues and organs (127, 128). AA is
preferentially incorporated into VLDL-PL and the roles of
LPL, PLTP, and HL are similar for CM and hepatic VLDL.
Because of the relative resistance of AA ester bonds to
LPL, IDL- and LDL-TG formed during the lipolysis of
VLDL contain larger proportions of AA than does VLDL-
TG (129). LCAT and CETP remodel lipoprotein particles
by the formation of CE primarily in HDL and by transfer
of CE to LDL and TG-rich lipoproteins. Whereas CE of
secreted CM and VLDL contains mainly oleic acid, the
fatty acid composition of plasma CE reflects mainly the
action of LCAT on plasma PC.

Role of LCAT and the SR-BI. HDL originates as neutral
lipid-poor discoidal particles secreted from the liver and
intestine, which are converted in the plasma to spherical
particles with a neutral lipid core. The key events in this
transformation are the PLTP-mediated addition of polar
surface material from CM and VLDL and the release of
cholesterol and PL from cells mediated by the ATP-binding
cassette transporter 1 (ABC1) (130–132). The particles
are continuously modified by HL, LCAT, CETP if present,
and selective lipid uptake via the SR-BI. PLTP and LCAT
are fundamental to HDL metabolism in all examined
mammalian species (101, 133, 134), independent of the
LDL and CETP levels. The major substrate of LCAT is
HDL-PL and cholesterol.

aa preference of rat lcat. The role of LCAT in AA
transport is most easy to envision in animals with a high
AA level in their plasma lipids (Fig. 2). The rat has high
LCAT and PLTP activity, low LDL, and no CETP activity.
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Furthermore, rat LCAT has a pronounced AA preference
that can be demonstrated both in vitro in fresh whole
plasma, with the purified enzyme, and in vivo as judged
from the high incorporation of AA into plasma CE (133,
135–137). EPA has the same preference as AA (138, 139).
Oschry and Eisenberg (140) found that AA contributed
56.7% and 72.3% of the total CE fatty acid in HDL1 and
HDL2, respectively, but only 7.9% and 27.3% in VLDL
and LDL. AA oil feeding to rats increased the cholesterol
level in HDL but not in LDL (141). HDL-CE is thus a
major carrier of AA in the rat and the AA preference of
rat LCAT is fundamental to its formation.

sr-bi. It is now recognized that the metabolism of
HDL-CE in the liver and in steroidogenic tissues such as
adrenals, testes, and ovaries is mediated mainly by the SR-
BI (142, 143). This receptor must thus also mediate up-
take of AA as CE in these tissues although studies of the
SR-BI have so far been focused on its role in cholesterol
transport. In SR-BI knockout mice, the bile cholesterol out-
put and the uptake of CE by steroidogenic tissues are
decreased (144) whereas overexpression of the SR-BI low-
ered HDL and increased biliary cholesterol output (145).
It was reported that human macrophages transfected with
cDNA for the human SR-BI efficiently took up PC, PE,
and sphingomyelin of HDL and IDL (146), indicating
that the SR-BI may also transfer PL from lipoproteins to
cells. SR-BI and HL mRNA are both expressed in rat and
human liver and steroidogenic organs (147) and may col-
laborate in the metabolism of HDL-PUFA. The hydrolysis
of HDL-PL by HL was shown to favor the uptake of HDL-
CE (148–150) and deficiency of HL decreased the hepatic
uptake of CE in mice in vivo (151). The SR-BI in adrenal
gland is upregulated in HL knockout mice (152), and acute
in vivo inhibition of HL activity increased rat adrenal SR-BI
expression and uptake of HDL-CE (153). Substitution of
PUFA in the diet of hamsters increases SR-BI expression
and lowers plasma HDL-CE concentrations (154), indicat-
ing that PUFA in the diet in addition to steroids and hypo-
physeal hormones (155) may regulate the SR-BI. Because
in contrast HL is upregulated by EFA deficiency this fur-
ther support the reciprocal regulation and the complemen-
tary action of HL and the SR-BI in the transport of PUFA.

Several pieces of information that would be relevant to
the role of the SR-BI in AA transport are, however, at
present missing. For example, it is not known whether the
SR-BI exhibits any fatty acid selectivity in the transport of
CE or other lipids and studies of the fatty acid composi-
tion of plasma CE and PL in SR-BI knockout mice have
not been reported. It is also unknown whether SR-BI-
mediated AA transport has a distinct physiological func-
tion. Interestingly, SR-BI knockout female mice had low-
ered fertility, despite normal estrogen and progesterone
production (144), and estrogen treatment of humans,
which suppresses the SR-BI (155, 156), increases the AA
level in plasma CE and PL (157–159).

The quantitative role of the SR-BI in AA transport to tis-
sues other than the liver and the steroidogenic tissues is at
present unknown. Different tissue pools of AA equilibrate
with the plasma lipoprotein and liver pools at different

rates. Melin, Qi, and Nilsson (73) studied the time course
for the change of isotope ratios in different tissues after
injection of [3H]AA-labeled CM and [14C]AA-FFA in rats.
The conclusion was that AA pools of plasma, liver, bile,
and upper small intestine mix within a few hours whereas,
for example, the stomach and colon mucosa and the bone
marrow cells are semiclosed compartments to which lipo-
protein-AA has limited access. These tissues must there-
fore have other important pathways for supply of AA that
do not depend on lipid uptake from HDL or LDL or a
long turnover time for their AA pools.

conclusion. The conclusion is that in AA-high HDL
animals such as the rat and mouse, LCAT and the SR-BI in
collaboration with HL form an important delivery system
for AA as CE and PL to the liver and steroid hormone-
producing tissues. Other catabolic pathways for HDL may
contribute as well (160), but evidence of a major role of
HDL in the supply of AA to other extrahepatic tissues is
lacking.

Role of LDL. Humans have much higher LDL levels than
rats and high CETP activity. Neither in human whole
plasma nor in experiments with purified human LCAT
can any preference for AA or EPA be shown and the activ-
ity against DHA is low (133, 134, 136, 138, 139). Wang et
al. (137), in examining a number of mutations of human
LCAT, were able to ascribe the difference between rat
and human LCAT to a difference at amino acid residue
149. In contrast to studies carried out under different con-
ditions (133, 161) these authors could not demonstrate a
shift in the positional specificity of human LCAT when the
substrate was PC with AA or DHA at the 2-position. Al-
though human LCAT does not prefer eicosanoid precur-
sors AA is enriched in LDL-CE and PL compared with the
TG-rich lipoproteins, and it has been suggested that LDL-
AA is an important source of AA and eicosanoids in tissues.
In cultured fibroblasts the cellular content of AA as well as
the rate of prostaglandin formation may be influenced by
addition of LDL to the medium and Habenicht et al.
(162, 163) showed that AA in LDL can act as a precursor
of eicosanoids in cells stimulated by platelet-derived
growth factor.

Quantitative studies of the role of the LDL receptor in
the supply of AA to extrahepatic tissues in vivo are lacking
although one may hypothesize that an uptake of AA oc-
curs that is proportional to the LDL receptor-mediated
cholesterol uptake by different tissues and to the AA con-
tent of the LDL lipids. A study of mouse by Osono et al.
(164) emphasized the relative role of local cholesterol syn-
thesis in several tissues and the important role of LDL
receptor-mediated hepatic uptake rather than supply to
extrahepatic tissues of cholesterol via the LDL receptor.
Existing data on cholesterol transport can thus not be ex-
trapolated to indicate that the LDL receptor is an impor-
tant source of AA for extrahepatic tissues. On the basis of
known turnover rates, AA content, and AA pool size, it was
calculated that the particulate catabolism of LDL in hu-
mans is expected to transport 42–57 mg of AA per day to
tissues (Table 2). If one postulates that most of this
amount is accounted for by the hepatic uptake the trans-
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port of AA to extrahepatic tissue will be on the order of
20 mg/day or less. The main conclusion is therefore that
LDL is a much less important source of AA for extra-
hepatic tissues than is FFA and LPC (Table 2).

Do high and low AA animals transport AA differently? The
interesting phenomenon that the AA level correlates in-
versely with the susceptibility to arteriosclerosis of differ-
ent species (134) has been emphasized. The reason for
this inverse correlation is unknown. In comparing the
LCAT activity in plasma of 14 species, it was concluded
that those who were susceptible to atherosclerosis had sig-
nificantly higher 16:0/20:4 ratios in their plasma CE and
this could be explained by differences in the properties of
LCAT (134). Studies show that transgenic mice overex-
pressing LCAT become more tolerant to development of
arteriosclerosis (165–167). One possibility is that the AA
preference of LCAT simply correlates with high total
LCAT activity. Furthermore, it has been suggested that the
uptake of CE-AA is correlated with eicosanoid synthesis in
the cells (168) in a manner that may be protective, for ex-
ample, stimulate the clearance of CE from the cultured
arterial cells (169). The high AA group includes several
carnivorous and omnivorous species, which normally eat
food containing cholesterol as well as AA. One may specu-
late that in carnivore lipid transport a high AA level in CE
is linked to a preference of LCAT for AA (134), a rapid PL
transfer to HDL (101), and an efficient SR-BI system for
return of cholesterol to the liver (Fig. 2, thick arrows).
When the SR-BI was overexpressed in LDL receptor
knockout mice the LDL and VLDL cholesterol was low-
ered and the degree of atherosclerosis decreased (170).

Animal species with a higher arteriosclerosis susceptibil-
ity, for example, rabbits, pig, and chicken, tend to have
higher CETP activity and LDL levels, and more HDL-CE is
transferred to LDL (101). The CETP catalyzes transfer of
TG from TG-rich lipoproteins to HDL and CE from HDL
to apoB-containing lipoproteins in plasma. The IDL and

LDL that have received CE are taken up by the hepatic
LDL receptor (Fig. 2). The HDL2 is enriched with TG that
is hydrolyzed by HL. There are few studies of the fatty acid
specificity of CETP. Sugano, Makino, and Yanaga (171)
observed that in plasma of hypercholesterolemic rabbits
fed fish oil, CETP transferred CE containing ALA, AA, or
EPA faster than CE containing other fatty acids.

In conclusion, the HDL-SR-BI-HL system and the LDL
receptor system collaborate both in cholesterol and AA
transport. From an AA point of view the HDL-LCAT-HL-
SR-BI system is an efficient way of returning AA of PL
from the polar surface coat of TG-rich lipoproteins and
from cells to the liver, particularly in “high AA species.”
LDL fills a similar function in species with high CETP lev-
els and may be a less efficient SR-BI system.

Role of plasma LPC
LPC is one of the prevalent PL in plasma, representing

5–20% of total PL, depending on the mammalian species
(11). Albumin-bound LPC can be readily taken up from
the plasma both by the liver and a variety of extrahepatic
tissues and reacylated to PC (172). Thus it can provide
extrahepatic tissues with a source of choline and PUFA
that is independent of lipoprotein metabolism (173).

LPC can be formed by the action of LCAT (Fig. 3), a re-
action that is responsible for most saturated LPC (133).
Rat LCAT utilized mostly the sn-2-acyl group from either
1-palmitoyl 2-AA-PC or from 2-LA-PC to form unsaturated
CE and saturated 1-acyl-LPC. However, human LCAT was
found to utilize fatty acids derived from the sn-1-position
of 2-AA-PC or 2-DHA-PC and thus release 2-AA-LPC or
2-DHA-LPC (133, 161). LPC can also be secreted from liver
by the hydrolysis of hepatic PC (172, 174–176) (Fig. 3).
The major portion of fatty acids in LPC secreted from per-
fused rat liver and hepatocytes is polyunsaturated, and the
most prevalent PUFA was AA followed by LA. The secre-
tion of LPC from hepatocytes occurs mainly by the action

Fig. 3. Role of lysophosphatidylcholine and
unesterified AA. 2-Acyl-LPC is released by PLA1
from the liver in some species, and is also formed
by HL. 1-Acyl-LPC is formed in plasma by LCAT
and in tissues by phospholipase A2, and acts as an
acceptor for AA-CoA in tissues by which it is
taken up. Plasma FFA-AA may be formed by
phospholipase A2 (PLA2) action in cells and
blood, and to some extent by the action of LPL
and hormone-sensitive lipase. 2-Acyl-LPC and
FFA-AA are two important transport forms for
AA in plasma with access also to the tissue com-
partment which takes up few lipoproteins. Tissue
AA acquired from plasma 2-acyl-LPC and FFA-AA
are mainly acylated into tissue membrane PL.
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of phospholipase A1 with some participation of PLA2
(173, 175). The concentration of plasma LPC remains rel-
atively high in human patients with hereditary deficiency
of LCAT (177).

In human and rat plasma, the PUFA concentration in
LPC was 25.9 and 14.2 nmol/ml, respectively, which is
comparable with PUFA in plasma FFA. The AA content in
LPC was 2-fold (human) and 5-fold (rat) higher than that
in plasma FFA (178). In human and rat plasma, unsatur-
ated LPC was associated mainly with albumin rather than
lipoproteins (178). [13C]DHA-FFA and [13C]DHA-LPC were
found to appear in plasma of humans and rats after inges-
tion of [13C]DHA-labeled TG (179–181). Unesterified
[13C]DHA bound to albumin was rapidly produced after
ingestion of [13C]DHA-TG in humans, as a result of the
hydrolysis of VLDL-TG plus CM-TG (179, 180). The label-
ing in FFA was highest at 2 h, and reached its minimal
value by 6 h, at which time the labeling was maximal in
LPC. The labeled LPC was suggested to be of hepatic ori-
gin. Despite the fast migration of the 2-acyl group to the
1-acyl position at physiological pH, approximately 50% of
the PUFA of LPC was located at the 2-acyl position of LPC
present in human and rat plasma (178).

Morash, Cook, and Spence (182) examined the fate of
exogenous 1-acyl- and 2-acyl-LPC specifically radiolabeled
with choline and/or fatty acid in NIE-115 neuroblastoma
and C6 rat glioma cells in culture. They found that both
species were taken up at similar rates. The 2-acyl species
was acylated to PC faster than the 1-acyl species in both
cell lines, possibly because 1-acyl-LPC is a better substrate
for hydrolysis to glycerophosphocholine. It was suggested
that the 2-acyl-LPC may be an important transport system
for carrying AA, DHA, and other PUFA to extrahepatic tis-
sues that are rich in these fatty acids such as gastrointesti-
nal tract and brain (Fig. 3). When [2-14C]AA-LPC was in-
jected intravenously into rats, a substantial amount of AA
was retained in extrahepatic tissues (183). Although the
highest uptake was observed for the liver, as much as 15%
of the recovered radioactivity was found in the small in-
testine and the retention of AA-LPC was calculated to be
25 nmol/min in the gastrointestinal tract. In kidneys and
lungs the radioactivity per gram of tissue amounted to
30–40% of the hepatic radioactivity. In the liver and
gastrointestinal tract a high reacylation of LPC into PC
was observed whereas in other organs it proceeded at a
slower rate. Other studies (184) found that doubly labeled
2-acyl-LPC can be taken up by brain tissues without prior
hydrolysis and reacylated at the 1-acyl position to form
membrane PC. It was also found that the brain uptake of
2-acyl-LPC increases with the degree of unsaturation and
was 6- to 10-fold higher than that of the corresponding
unesterified fatty acid. The ability to take up and acylate
albumin-bound 2-acyl-LPC thus is a general feature of
many tissues. Although there are still few quantitative
studies, 2-acyl-LPC has a rapid turnover and may transport
substantial amounts of AA and DHA. Calculations based
on available plasma concentration and turnover data in
humans indicated that the daily transport of AA with
plasma LPC is 270–1425 mg, that is, severalfold more

than is transported with LDL (Table 2). Furthermore,
1-acyl-LPC takeup from blood can be an important accep-
tor of AA in its selective acylation into PC.

The main conclusion is thus that LPC is a quantitatively
important vehicle for the transport of AA. It provides AA
also to tissues to which lipoproteins have poor access,
without the need to release AA as FFA in blood.

TRANSPORT OF AA AS PLASMA FFA

Sources of plasma unesterified AA
Plasma FFA are derived by selective mobilization of

fatty acids from TG in adipose tissue (185) and derived
from the hydrolysis of lipoprotein TG by LPL and HL
(186) (Fig. 3). The concentration and composition of
plasma FFA are therefore influenced both by the absorp-
tion of dietary fat and/or release of individual fatty acid
from adipose tissue during fasting and ranges from 0.4
to 0.8 mM in humans. AA accounts for a small proportion
of both lipoprotein and adipose tissue TG and regulation
of the plasma FFA-AA level may be different than for
other FFA. When isolated adipocytes from humans or rats
were incubated with lipolytic agents, EPA and AA were
preferentially mobilized (185, 187). Adrenocorticotropic
hormone-stimulated lipolysis in weaning rabbits showed
that the relative mobilization of fatty acids from adipose
tissue occurs in the following order: EPA . AA . ALA .
DHA . LA. However, during fasting, selective retention
of LA and AA in PL was found in brown adipose tissue
(188). The level of FFA-AA does not vary with feeding-
fasting and physical exercise in parallel with the predomi-
nant FFA (189). Differences in the regulation of the small
adipose tissue pools as well as other sources of AA than
mobilization from adipose tissue TG are possible expla-
nations. Some FFA-AA might originate from the action
of PLA2 succeeded by release to surrounding albumin
in any tissue, for example, from endothelial cells (190)
and by the action of secretory PLA2 on lipoproteins (191)
(Fig. 3). The concentration of AA in plasma FFA is 1.2–
3.7 nmol/ml (178, 189, 192). It accounts for 2.0–2.8 wt%
and EPA for 0.1 wt% of the plasma FFA in Americans
(23, 193). Accordingly, it is estimated that the FFA-AA
pool is about 0.9–2.8 mg in plasma in humans (Table 2).
The average EPA/AA ratio in plasma FFA is 0.15 in
healthy Japanese (194). The AA level in FFA was slightly
increased after dietary supply of AA (193). It was noticed
that in stressed humans with various diseases values of
FFA-AA about 10 times higher than normal can be ob-
served (192).

Fate of plasma unesterified AA
Albumin-bound FFA are rapidly cleared from blood to

undergo oxidation, acylation, or interconversion reac-
tions in the tissues. It is thus both a major source of en-
ergy, and an important precursor for synthesis of mem-
brane PL (195–198). The fractional rate of turnover of
FFA is rapid, 20–40% of the total mass being utilized every
minute. The plasma pool of AA in men was 75% higher
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than in women and the fractional turnover of plasma
FFA-AA was 0.47/min in men and 0.8/min in women
(199). It was shown that the fractional turnover of plasma
FFA-AA was 50% higher than that of oleic acid (200). The
turnover of AA was not significantly increased during
physical exercise, in contrast to the turnover of oleic acid.
The fractional uptake of FFA-AA in the splanchnic region
was about 60% higher than for oleic acid (200). From the
turnover and concentration data it can be calculated that
1.1–2.1 g of AA is cleared from FFA in human plasma ev-
ery day (Table 2). Plasma FFA-AA can be taken up by sev-
eral tissues and is preferentially acylated in PL (Fig. 3),
mainly in PC (73, 201).

Conclusion
The conclusion is that despite the low concentration of

AA as FFA in blood this transport form contributes signifi-
cantly to the supply of AA to tissue PL, including pools to
which lipoproteins have poor access.

BIOSYNTHESIS OF THE EICOSANOID PRECURSOR 
FATTY ACIDS IN TISSUES

Desaturation elongation reactions
D6-Desaturase. The sequential interconversion of LA to

AA and of ALA to EPA is catalyzed in mammals by the
activity of desaturases, which varies broadly with the kind
of tissue and species considered. High hepatic D6- and D5-
desaturase activity in rats and mice, and low activities in
the livers of rabbit, guinea pig, as well as humans were
reported (202). D6- and D5-desaturases are microsomal en-
zymes and have been cloned (203, 204). The open read-
ing frames of the human D6-desaturase and D5-desaturase
are identical in size, encoding a 444-amino acid peptide,
and share 61% identity. There is a common opinion that
the activity of D6-desaturase is low in most tissues except
the liver and the central nervous system in the fetus and
young animals (205). Consequently, the liver has been
considered the primary site for the production of PUFA
(202, 206). However, D6- and D5-desaturase activities have
also been found in brain, testis, kidney, and in several
types of primary cell cultures and cell lines. Rat small in-
testine also possesses D6-desaturase activity to convert LA
to g-linolenic acid (18:3n-6) (207). Northern analysis re-
vealed that many human tissues express D6- and D5-
desaturase mRNA, which are most abundant in the liver,
brain, heart, and lung. The human brain can contain sev-
eral times more D6-desaturase mRNA than is found in
other tissues including the liver, which may be regulated
by nutrition or aging (203, 204).

In liver, D6-desaturase activity can be influenced by a
number of nutritional, hormonal, and metabolic factors
(202, 208–212). The process of D6 desaturation slows with
aging in the liver (213). In addition to being affected by
fasting and feeding, hepatic D6-desaturase activity is highly
dependent on the composition of dietary fat (202, 214,
215). Both dietary ALA and EPA inhibit conversion of LA
and reduce the AA content in serum and liver PL, but the

AA level was not affected when n-3 fatty acids were fed
together with high levels of LA (216). In EFA-deficient
rats an increased hepatic interconversion of LA to AA
has been demonstrated in vivo (61) and in vitro (217).
D5-Desaturase is also influenced by diet and hormonal
changes, but does not respond as rapidly as the D6-desaturase.
Like D6-desaturase, D5-desaturase activity is depressed in
diabetes and reactivated by insulin treatment. The abun-
dance of D5-desaturase mRNA was much lower than that
for D6-desaturase in all tissues in humans (204). Hepatic
and extrahepatic desaturase enzymes are regulated differ-
ently in response to physiological states. For example,
short-term fasting increased D6-desaturase activity in jejunum
and ileum homogenates 3-fold and 1.7-fold, respectively,
in rats (218) whereas the D6-desaturase activity in the liver
decreased. Dietary enrichment of LA (209) and ALA
(219) inhibit D6-desaturase activity in liver. In contrast,
D6-desaturase activity in jejunum was increased by feeding
a diet high in LA, and was not significantly affected by
feeding a diet high in ALA (218). D6-Desaturase is thus
expressed in several tissues and may be differently regu-
lated at the various sites.

In vivo studies in humans. Emken et al. (43, 220–223)
observed a significant interconversion of dietary deute-
rium-labeled LA and ALA to AA, EPA, as well as other n-6
or n-3 long-chain metabolites in adult humans. On the
basis of analysis of interconversion products of dietary
deuterated LA in human plasma lipids over 96 h, it was
concluded that the percentage interconversion to AA
corresponded to a daily formation of 677 mg of AA and
an accumulation of 805 mg of n-6 long-chain meta-
bolites with a daily dietary intake of 20 g of LA (43,
223). Dietary AA significantly inhibited the accumula-
tion of n-6 long-chain metabolites from the conversion of
deuterium-labeled LA. Feedback inhibition by dietary AA
at 1.5 g/day was estimated to reduce accumulation of
newly synthesized AA from 677 to 326 mg/day and di-
etary DHA at 6.5 g/day was estimated to reduce accu-
mulation of n-3 long-chain metabolites from 121 to 32
mg/day (by ,66%) and reduced the accumulation of
n-6 long-chain metabolites from 805 to 186 mg (by ,70%)
with a daily dietary intake of 2.5 g of ALA and 20 g of
LA. The results indicated that an unphysiologically
high AA intake does inhibit the interconversion reaction,
but moderate fluctuations in dietary AA intake have no
major effect on LA metabolism and total accumulation of
AA in the body. Dietary AA actually increased the inter-
conversion of 20:3n-6 to AA, indicating that the regulation
of the reaction sequence is a complex function of sub-
strate availability, enzyme level, and competition for acyl-
ation sites (44).

Conclusion. Formation of AA from LA is an important
source of AA in all herbivores and omnivores, desaturat-
ing-elongating enzymes being present in many tissues. In
humans interconversion of 1–3% of the normal dietary
LA (10–20 g) equals the intake of AA in normal Western
diets (100–300 mg). The available human data therefore
indicate that the amount of AA formed by interconversion
normally exceeds the dietary intake of AA.
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Uptake and interconversion of plasma unesterified LA
The FFA of normal human plasma contains many PUFA,

LA accounting for about 15% (mol/mol) (224). The con-
centration of LA in plasma FFA is about 24–30 nmol/ml
(178, 189), and the pool size is approximately 18–23 mg
of LA in plasma FFA. The fractional turnover of FFA-LA is
equal to or higher than 0.31/min in humans (225). Thus
8–10 g of LA can be cleared from the albumin-bound FFA
fraction in human plasma every day.

When albumin-bound [14C]LA was injected intravenously
in rats (195) and guinea pigs (226, 227) it was shown that
a significant proportion of LA taken up from blood as FFA
is interconverted to D6-desaturase products not only in the
liver but also in the gastrointestinal tract, bone marrow,
spleen, kidney, and lungs. In heart the two species differed.
It was earlier found that there is no desaturation-elongation
in isolated rat cardiac myocytes and in the perfused heart
(228) and negligible desaturation-elongation in the heart
was observed after intravenous injection of [14C]LA (195).
However, the guinea pig (226, 227) produces significant
amounts of D6-desaturase products also in the heart. A sig-
nificant proportion of ALA taken up from blood as FFA is
also interconverted to D6-desaturase products in the liver
and in the gastrointestinal tract in rats (229). Most of the
interconversion occurred within 5 min after injection, that is,
soon after uptake into cells. The acyl-CoAs formed at this
stage were thus available for the desaturating-elongating en-
zymes. A question was therefore raised concerning whether
fasting that increases the plasma concentration of FFA,
more than 2-fold in healthy humans (230) and more than
5-fold in guinea pigs (227), also increases the production of
D6-desaturase products due to increased substrate availabil-
ity. The uptake and the total formation of D6-desaturase
products from plasma FFA-LA in guinea pigs were found
to be severalfold higher in all organs in the fasted state
(227). For example, the formation of D6-desaturase
products was 3.8-fold higher in liver, 7.2-fold in upper
small intestine, 6.5-fold in bone marrow and 6.0-fold in
colon (226, 227). Although D6-desaturase is generally consid-
ered to be the key regulatory step in the interconversion
sequence significant proportions of the interconversion
products were intermediaries, that is, 18:3n-6 and 20:3n-6.
These proportions were much higher in the guinea pig, par-
ticularly in the liver, than in the rat. This may be caused by
differences in the ratio between D6- and D5-desaturase activi-
ties in the tissues as well by differences in acylation kinetics.

In conclusion, FFA-LA is abundant, it has access to most
tissues, and the LA-CoA formed soon after uptake is available
for interconversion. Accordingly the LA level in the adipose
tissue from which FFA is mobilized as well as nutritional
factors regulating FFA mobilization must be important deter-
minants of AA formation in addition to the desaturase levels.

ROLE OF REACYLATION AND 
TRANSACYLATION REACTIONS

It is well recognized that after uptake into cells AA is se-
lectively retained in PL. Leyton, Drury, and Crawford

(196) studied the rates of oxidation of saturated and un-
saturated fatty acids in vivo in rats and found that AA was
oxidized at the slowest rate. The role of intracellular
reacylating and transacylating enzymes in the selective
build-up of AA-containing PL species has been the subject
of earlier excellent reviews (14, 231) and is discussed only
briefly in this article.

DG containing unsaturated fatty acids are rather unse-
lectively used for de novo synthesis of PC, whereas there is
a preferential use of DG containing AA or DHA for PE
synthesis. The fatty acid pattern is then modified by selec-
tive remodeling. For example, in liver cells the major de
novo synthesized molecular species of PC were 16:0–18:2,
16:0–18:1, 16:0–22:6, and 18:1–18:2. Remodeling occurs
mainly by replacing fatty acids at position 1 with stearic
acid and fatty acids at position 2 with AA (69). It is be-
lieved that the selective acylation of 1-acyl-LPC with AA-
CoA (68, 69, 232) is most important. 1-Lyso-PC-acyl-CoA-
acyltransferase has been shown to select AA-CoA with a
relatively high preference, when present in a mixture of
acyl-CoA (233). The properties of this important enzyme,
originally discovered by Lands (234) and Lands and Craw-
ford (235), has been reviewed (236). In most tissues a
high initial incorporation of AA into PC is seen, suc-
ceeded by an increased proportion in PE and PI with time
(60, 62, 73, 74). The proportion that is retained in PL and
particularly in PE increases in EFA deficiency (61, 237–
239). The enrichment of AA and DHA in PE with time de-
pends on transacylating and reacylating reactions as well
as the selective recycling into PE of DG containing AA and
DHA at position 2 (240, 241).

The relative importance of each pathway is to some ex-
tent tissue specific. In many cell types, for example, neu-
trophils, plasmalogen-linked PE is a major store of AA.
Exogenous AA is initially incorporated into 1-acyl-linked
PL and is believed to be transferred to the 1-ether-linked
PL via the action of a CoA-dependent acyltransferase
(242). Similar findings have been made in platelets and in
endothelial and smooth muscle cells. Interestingly, macro-
phages with a mutation causing a defect plasmalogen
synthesis had normal AA levels but a decreased ability to
retain DHA (243).

The control of AA levels within inflammatory cells has
been the subject of a review (14). The metabolism of AA
in these cells reflects a carefully balanced series of reac-
tions, where the key enzymes are AA-CoA-synthetase, the
CoA-dependent acyltransferases, CoA-dependent trans-
acylase, and CoA-independent transacylase. The selective
action of these enzymes guarantees an effective initial
acylation of AA into PC as well as a selective acyl transfer
and exchange reactions involving up to 20 diacyl- and
1-ether-linked molecular PL species.

In summary, the selectivity of the reacylating and trans-
acylating enzymes is of key importance in regulating the
AA and DHA content of the PL subclasses and molecular
species. It is notable that the selective DG utilization for
de novo synthesis of PE provides a complementary path-
way by which these fatty acids can be enriched in PE with-
out competing for the same selective acylation site.
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REGULATION OF THE N-6/N-3 RATIO OF TISSUE PL

The basis for many dietary studies is the intention to
lower the long-chain n-6/n-3 ratio in tissues to achieve
beneficial medical effects. For coverage of more recent di-
etary studies the reader is referred to reviews (15, 244). The
relation between n-3 and n-6 PUFA is based on a series of
reactions that aim to regulate both AA and DHA levels
within distinct limits under all normal dietary conditions.

In a purely vegetarian diet LA and ALA compete for the
desaturating-elongating enzymes, ALA being the pre-
ferred substrate. The selective partitioning of ALA to oxi-
dation limits, however, the proportion of n-3 interconver-
sion products because of the high LA/ALA ratio of the
available substrate pools. Of dietary unsaturated fatty
acids studied in humans, ALA was the most rapidly oxi-
dized, linoleate being oxidized at a much slower rate
(245) and in guinea pigs the modest effect of a high ALA
diet on the EPA and DHA levels was ascribed to increased
oxidation (246). Although ALA is initially well incorpo-
rated into PL of several cells and tissues it is not well re-
tained (246, 247). Why this is so is at present poorly
understood. The possibility that ALA is not as effectively
retained because of selectivities of PL-remodeling en-
zymes needs further study. Regardless of the mechanism
behind the sorting out of ALA for oxidation, the result is
that among the fatty acid pools from which the substrates
of D6-desaturase are derived the concentration of LA
greatly exceeds that of ALA.

In an omnivorous diet EPA and DHA will compete for
acylation into PL, both with the dietary and endogenous
AA and with the large amount of LA in the diet, both in
the intestine and liver and in the tissue to which the fatty
acids are transported. Sinclair et al. (20) found that diets
rich in lean beef increased AA, 20:3n-6, and long-chain
n-3 PUFA levels (including EPA) in human plasma PL. How-
ever, a high level of LA in the diet prevented the rise in
plasma PL levels of 20:3n-6 and EPA. Thus dietary LA, AA,
EPA, and DHA compete for acylation with the intercon-
version products or might exert a feedback regulation of
the interconversion. Chilton et al. (248) examined the ef-
fects of dietary n-3 fatty acids on neutrophil lipid composi-
tion and mediator production. The feeding of 2.8 g of
EPA and 1.2 g of DHA per day for 1 week decreased the
AA/EPA ratio from 49:1 to 8:1 but then no further change
occurred during another 6 weeks.

In conclusion, the abundance of LA in the diet, the
preferential oxidation of ALA, and the high affinity of AA
for PL acylation and remodeling reactions are key factors
that limit changes in the n-3/n-6 ratio that can be
achieved by dietary supply of n-3 fatty acids.

SOURCES OF EICOSANOID PRECURSORS IN 
CERTAIN EXTRAHEPATIC TISSUES

The liver has a central position in the traffic of PUFA
absorbed from the diet, returned to the liver via HL or via
the LDL or SR-BI or as FFA. Not unexpectedly the liver

AA pool seems to equilibrate more rapidly with the
plasma AA pools than does the AA of other tissues and
cells, each of which has common as well as unique fea-
tures in their turnover of AA. This is exemplified by plate-
lets, in which eicosanoid formation is a key regulator of
cell function; the gastrointestinal mucosa and the bone
marrow, which have a rapid cell turnover; and the brain,
which has uniquely high levels of AA and DHA.

Platelets
Platelets are unable to synthesize AA from the precur-

sor LA (249). Incorporation of AA into platelet PL must
either be an integral part of platelet formation in bone
marrow cells, or the result of transfer from plasma lipo-
proteins (250), or uptake of FFA (251) and/or 2-AA-LPC
(173) in blood circulation.

Platelets can take up or bind the different lipoprotein
classes (250, 252–254) and the existence of PC exchange
between HDL and platelets was suggested (250). In agonist-
stimulated platelets PE can be selectively taken up from
added LDL (255). However, no distinct evidence of the
presence of the LDL receptor in platelets has been re-
ported and platelets do not express LRP (256). A low up-
take of CMR and a lack of net degradation of CMR-CE
and [3H]AA-TG were observed during incubation of CMR
with platelets (257). This finding also supports the idea
that no significant LDL receptor or LRP-mediated en-
docytosis of CMR occurs in platelets. Although CMR con-
tains high levels of AA and the interaction with CMR
potentiated the aggregation and the serotonin release of
platelets induced by ADP and thrombin (258), the uptake
of CMR by platelets is unlikely to modify the AA content
of platelets.

Megakaryocytes are the nucleated bone marrow pro-
genitor cells of platelets. The PL distribution in megakary-
ocytes and platelets was similar and the content of fatty
acids in the individual platelet PL reflected those of the
megakaryocyte counterparts, with increased AA and de-
creased oleic acid levels (259). The increase in AA in
platelets is similar for all four major glycerophospholipids.
Megakaryocytes contain a high level of AA (259, 260). PE,
the second predominant PL in megakaryocytes and plate-
lets, contains half the AA of the cells (259).

Albumin-bound FFA can be incorporated into platelet
PC and PI in vitro (261–263), the incorporation of AA
into platelet PE being small (264). The transfer of LA and
AA from lipoprotein-associated PC into platelets involved
only 3% of platelet PC (265). During incubation of iso-
lated megakaryocytes with radiolabeled AA, AA is prefer-
entially incorporated by immature megakaryocytes (266).
It was suggested that AA is concentrated into the mem-
branes that are destined to become part of certain gran-
ule membranes of platelets (259, 266).

Human (249) and guinea pig (260) platelets do not in-
terconvert LA to AA. However, bone marrow and spleen
of young rats (195) and guinea pigs (226, 227) form AA by
uptake and interconversion of blood unesterified LA.
Bone marrow had the highest rate of interconversion ob-
served in any tissue in guinea pig and the highest rate
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among extrahepatic tissues in the rat. Autoradiography
after injection of [14C]LA intravenously showed that mega-
karyocytes accumulated 14C (226). Thus, platelets have a
limited capacity to alter structural pools of AA contained
primarily in PE and PS (260). Megakaryocytes can, how-
ever, form and regulate the pools of platelet AA either by
uptake or synthesis of AA.

The conclusion is that the formation AA pools in plate-
lets is an integral part of the formation of cell membranes
during platelet proliferation in the bone marrow. Some
modification in blood probably occurs by uptake of unest-
erified AA or AA-LPC, but not via LDL receptor- or LRP-
mediated lipoprotein uptake. The selective transfer of PL-
AA from LDL remains an interesting possibility (255).

Gastrointestinal tract
A supply of PUFA is required for mucosal cell mem-

brane biogenesis because mucosal cells in stomach, small
intestine, and colon exhibit a rapid rate of cell turnover
with a half-life of 2–4 days (218). Intestinal mucosal PL
contain large amounts of LA and AA (267). The most
abundant PC species of rat gastric mucosa were 16:0/18:1,
16:0/LA, 16:0/AA, and 18:0/AA (268). The AA level was
6.8 mol% in the intact mucosa in human colon (269), and
AA increased to 12.5 mol% in inflamed colonic mucosa
from patients with active ulcerative colitis (269). Cell
membrane AA is also increased in rat colorectal tumor
cells (270). Unesterified AA in cells is a signal for induc-
tion of apoptosis and the cellular level of AA is inversely
correlated with the reduction of cell death (271). Cyclo-
oxygenase 2 (COX-2) and fatty acid ligase, which both are
AA-utilizing enzymes, are upregulated in colon adeno-
carcinomas (271). Nonsteroidal anti-inflammatory drug
treatment of colon tumor cells, which inhibits COX-2
activity, results in a dramatic increase in AA that may
mediate apoptosis (272). After fasting, the AA content of
microsomal total PL increased in the jejunum with a con-
comitant decrease in LA content. AA and LA concentra-
tions remain unchanged in ileal microsomes after short-
term food withdrawal. Feeding a diet containing n-3 fatty
acids lowered the content of AA and increased EPA and
DHA levels in both jejunal and ileal microsomes (218).
Dietary EPA reduced the number and size of tumors in
male Apcmin/1 mice, and this effect was associated with re-
ductions in tissue AA content and prostaglandin levels
(273). As mentioned previously the retention of AA in di-
etary and bile PL in small intestine is an important source
of mucosal PL-AA, which is, however, limited to the ab-
sorptive villous cells of the upper small intestine. Mans-
bach and Dowell (94) suggested that a significant uptake
of CMR carrying AA to the intestinal mucosa may occur.
Our group could confirm that some uptake of AA as CMR
in the intestine and bone marrow occurs after injection of
moderate doses of AA-labeled CM. The labeled AA trans-
ferred as CM-PL to HDL equilibrated slowly with the co-
lon, ileum, and gastric AA pools and the uptake of labeled
AA injected as FFA was 2- to 3-fold higher (73). The 2-AA-
LPC pathway is a quantitatively more important source of
AA in the rat small intestine, which was found to supply

21.6 nmol/min to the small intestine of rats (183). Local
interconversion of plasma unesterified LA to AA is an-
other pathway, which supplies AA at 0.8 nmol/min to the
small intestine of nonfasted rats and 5- to 7-fold more in
the fasted state (195). Similar data were obtained for
stomach and colon. The total formation of D6-desaturase
products in the intestine amounted to 8% of that in the
liver in rats. Both villus and crypt cells are sites for the
interconversion (226).

The conclusion is thus that AA in 2-acyl-LPC and inter-
conversion of LA taken up from blood as FFA are impor-
tant sources of eicosanoid precursors in the gastrointesti-
nal tract. Some uptake of FFA-AA from blood occurs. In
the upper part of the small intestine absorption of bile
and dietary AA is an exclusive source for the absorptive
cells and for CM-PL formation. Absorbed LA and ALA are
rapidly acylated into CM, with little being interconverted
in the mucosa.

Central nervous system
The adult mammalian brain contains approximately

10% of the fresh weight and 50–60% of its dry weight as
lipid, mostly PL. The major PL are PC (35.5%), PE
(34.1%), PS (12.2%), sphingomyelin (5.7%), and PI
(3.1%) (274). DHA and AA are the main PUFA (274).
DHA represents roughly 15% of the total fatty acids in the
brains of most animals and humans (275), and is acylated
mainly in PS and PE with exceptionally high levels found
in the retina (276). DHA is required for the development
of visual acuity and learning in young animals and hu-
mans (277, 278). Throughout its growth, the brain utilizes
large amounts of PUFA for biosynthesis of rapidly expand-
ing neural plasma membranes. A rapid quantitative accre-
tion of both DHA and AA occurs during the last trimester
of pregnancy (279), and the fetal brain acquires about
21 g of DHA per week during the last trimester of pregnancy
(280). There is also a DHA accretion “spurt,” which coin-
cides with the peak of neurogenesis in the rat fetus (276).
The long-chain PUFA concentrations are higher in the
fetal than maternal circulation, and at birth DHA and AA
concentrations among the total fatty acids in cord plasma
is doubled, but ALA and LA concentrations in newborns
is only half that in maternal plasma (281–284).

All EFA and most PUFA in fetus must originate from
fatty acids in the maternal diet. The transfer of FFA across
the placenta occurs by the dissociation of the albumin-
bound FFA to the cell surface via a process involving
plasma membrane fatty acid-binding proteins and/or pas-
sive diffusion (285). The ranking of transfer rates from a
physiological mixture of fatty acids was DHA . ALA . LA .
oleic acid . AA from the maternal to the fetal circula-
tion in human placenta (286). A placenta plasma mem-
brane fatty acid-binding protein, which preferentially
bound with EFA and long-chain PUFA over non-EFA, was
identified (287, 288). This transfer mechanism would
allow the preferential transfer of DHA and EFA to the fetal
circulation during fetal development.

It has been suggested that DHA is synthesized mainly in
the liver and then is redistributed into the brain (206).
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However, the developing brain itself can metabolize ALA
to DHA, thus contributing to the accumulation of DHA
during its development (205, 276, 289–291). Some
studies also demonstrated that the developing rat brain
takes up preferentially DHA, AA, and other PUFA esteri-
fied in LPC, compared with the unesterified form, both
being delivered bound to albumin (184, 292). This prefer-
ential uptake of DHA-LPC was specific to the brain, as it
was not observed in the liver, heart, or kidney. The role of
the different cells involved in LPC metabolism and trans-
port of PUFA carried by LPC to the brain was studied in
vitro by using an in vitro model of the blood-brain barrier,
by growing brain capillary endothelial cells on the upper
side of a filter insert lying on culture medium covering an
astrocyte culture (293). It was found that DHA-LPC is
preferentially transferred and taken up by astrocytes over
the unesterified DHA, a process that may be facilitated by
molecules released by the in vitro blood-brain barrier. In-
jection of different labeled nonesterified fatty acids into
the rat fetus showed a substantial uptake in brain (289)
and after intravenous infusion of albumin-bound FFA-AA
in anesthetized rats labeled AA was shown to enter a pool
of FFA-AA in brain that had 5-fold lower specific activity
(294). Similarly labeled FFA-DHA was taken up by brain
and entered a pool of PL-DHA with a comparatively rapid
turnover (295).

The quantitative role of the lipoprotein receptors is at
present difficult to evaluate. LDL receptor is expressed on
both brain endothelium and in glial cells (296, 297), and
coculture of endothelial cells and astrocytes increased the
expression on endothelial cells (298). Bile drainage that is
known to induce the LDL receptor increased LDL uptake
in brain (299).

The conclusion is that FFA-AA and 2-acyl-LPC can enter
the brain in both the fetal and adult state and are impor-
tant sources of AA. A considerable local interconversion
occurs during the early stages of life. The role of lipopro-
tein receptors is not fully characterized. The selective use
of AA and DHA containing DG for PE synthesis may be es-
pecially important in brain.

CONCLUSIONS

Buildup of eicosanoid precursor pools depends on the
transport of preformed AA and EPA to tissues, and on the
local formation of these fatty acids from the precursor C18
PUFA. AA is transported in lipoproteins by mechanisms
that minimize the appearance of unesterified AA as
plasma FFA and in adipose tissue TG. The preferential in-
corporation into lipoprotein PL, the positional specificity
of HL for the 1-ester bond of PL, the transfer of AA by
LCAT from PL to HDL-CE, the relative resistance of AA
esters to LPL, and the functions of the LDL receptor and
the SR-BI are all instruments that can be used for this pur-
pose. The quantitative role of the SR-BI and LDL receptor
in supplying AA to extrahepatic tissues is uncertain.
Albumin-bound unesterified AA and 2-acyl-LPC are two
important, lipoprotein receptor-independent transport

pathways that have access to most tissue compartments.
Interconversion of LA both in the liver and in several
extrahepatic tissues is important in herbivores and omni-
vores. Fasting increases the interconversion severalfold in
most tissues, emphasizing the importance of the plasma
FFA-LA in supplying the substrate. The composition and
size of the plasma FFA pool, the nutritional state, and the
regulation of D6- and D5-desaturase are thus important de-
terminants of this pathway.

The relative importance of the pathways used is species
and tissue specific. Obligate carnivores do not produce
AA by desaturation-elongation and depend on supply of
AA in the diet. One may speculate that FFA-AA and AA-
LPC must be key transporters of AA to most extrahepatic
tissues in these species whereas herbivores tend to favor
local production of AA in extrahepatic tissues. The rat,
being an omnivore with a high AA level, utilizes the LPC
pathway and has high AA production in the liver. The
guinea pig exhibits low levels of plasma LPC, lacks HL,
and has a high rate of AA formation in extrahepatic tis-
sues. On a speculative basis one might place humans in
between rats and guinea pigs on a carnivore-omnivore
scale, as an omnivore with a high LA intake who produces
most of its AA but ingests dietary AA as well and utilizes
AA transport as FFA and 2-AA-LPC as major pathways to
supply AA to tissues.

The systems for eicosanoid precursor supply are sub-
jected to competition between n-3 and n-6 fatty acids. The
sorting out of ALA for oxidation and the lower affinity of
long-chain n-3 PUFA, compared with AA, for the saturable
pathways for selective acylation into PL as well as the AA
selectivity of PL-remodeling enzymes limit the effects that
can be achieved by dietary n-3 PUFA.

REFERENCES

1. Weber, P. C. 1990. The modification of the arachidonic acid
cascade by n-3 fatty acids. Adv. Prostaglandin Thromboxane Leukot.
Res. 20: 232–240.

2. Nugent, C., J. B. Prins, J. P. Whitehead, J. M. Wentworth, V. K. Chat-
terjee, and S. O’Rahilly. 2001. Arachidonic acid stimulates glucose
uptake in 3T3–L1 adipocytes by increasing GLUT1 and GLUT4 lev-
els at the plasma membrane: evidence for involvement of lipoxygen-
ase metabolites and PPAR-gamma. J. Biol. Chem. 276: 9149–9157.

3. Krey, G., O. Braissant, F. L’Horset, E. Kalkhoven, M. Perroud, M. G.
Parker, and W. Wahli. 1997. Fatty acids, eicosanoids, and hypolipid-
emic agents identified as ligands of peroxisome proliferator-
activated receptors by coactivator-dependent receptor ligand assay.
Mol. Endocrinol. 11: 779–791.

4. Kliewer, S. A., S. S. Sundseth, S. A. Jones, P. J. Brown, G. B. Wisely,
C. S. Koble, P. Devchand, W. Wahli, T. M. Willson, J. M. Lenhard,
and J. M. Lehmann. 1997. Fatty acids and eicosanoids regulate
gene expression through direct interactions with peroxisome
proliferator-activated receptors alpha and gamma. Proc. Natl. Acad.
Sci. USA. 94: 4318–4323.

5. Xu, H. E., M. H. Lambert, V. G. Montana, D. J. Parks, S. G. Blanchard,
P. J. Brown, D. D. Sternbach, J. M. Lehmann, G. B. Wisely, T. M.
Willson, S. A. Kliewer, and M. V. Milburn. 1999. Molecular recogni-
tion of fatty acids by peroxisome proliferator-activated receptors.
Mol Cell. 3: 397–403.

6. Forman, B. M., J. Chen, and R. M. Evans. 1997. Hypolipidemic
drugs, polyunsaturated fatty acids, and eicosanoids are ligands for
peroxisome proliferator-activated receptors alpha and delta. Proc.
Natl. Acad. Sci. USA. 94: 4312–4317.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Zhou and Nilsson Sources of tissue eicosanoid precursor fatty acids 1535

7. Murata, M., H. Kaji, Y. Takahashi, K. Iida, I. Mizuno, Y. Okimura,
H. Abe, and K. Chihara. 2000. Stimulation by eicosapentaenoic
acids of leptin mRNA expression and its secretion in mouse 3T3-
L1 adipocytes in vitro. Biochem. Biophys. Res. Commun. 270: 343–
348.

8. Berge, R. K., L. Madsen, H. Vaagenes, K. J. Tronstad, M. Gottlicher,
and A. C. Rustan. 1999. In contrast with docosahexaenoic acid,
eicosapentaenoic acid and hypolipidaemic derivatives decrease
hepatic synthesis and secretion of triacylglycerol by decreased
diacylglycerol acyltransferase activity and stimulation of fatty acid
oxidation. Biochem. J. 343: 191–197.

9. Horrobin, D. F., Y. S. Huang, S. C. Cunnane, and M. S. Manku.
1984. Essential fatty acids in plasma, red blood cells and liver phos-
pholipids in common laboratory animals as compared with humans.
Lipids. 19: 806–811.

10. Li, D., A. Sinclair, A. Wilson, S. Nakkote, F. Kelly, L. Abedin, N.
Mann, and A. Turner. 1999. Effect of dietary alpha-linolenic acid
on thrombotic risk factors in vegetarian men. Am. J. Clin. Nutr. 69:
872–882.

11. Nelson, G. J. 1967. The phospholipid composition of plasma in
various mammalian species. Lipids. 2: 323–328.

12. Chilton, F. H., and R. C. Murphy. 1986. Remodeling of arachidonate-
containing phosphoglycerides within the human neutrophil. J.
Biol. Chem. 261: 7771–7777.

13. Sprecher, H. 2000. Metabolism of highly unsaturated n-3 and n-6
fatty acids. Biochim. Biophys. Acta. 1486: 219–231.

14. Chilton, F. H., A. N. Fonteh, M. E. Surette, M. Triggiani, and J. D.
Winkler. 1996. Control of arachidonate levels within inflammatory
cells. Biochim. Biophys. Acta. 5: 1–15.

15. Innis, S. M., H. Sprecher, D. Hachey, J. Edmond, and R. E. Ander-
son. 1999. Neonatal polyunsaturated fatty acid metabolism. Lipids.
34: 139–149.

16. Minich, D. M., R. J. Vonk, and H. J. Verkade. 1997. Intestinal
absorption of essential fatty acids under physiological and essen-
tial fatty acid-deficient conditions. J. Lipid Res. 38: 1709–1721.

17. Taber, L., C. H. Chiu, and J. Whelan. 1998. Assessment of the
arachidonic acid content in foods commonly consumed in the Amer-
ican diet. Lipids. 33: 1151–1157.

18. Li, D., A. Ng, N. J. Mann, and A. J. Sinclair. 1998. Contribution of
meat fat to dietary arachidonic acid [published erratum appears
in Lipids. 1998;33:837]. Lipids. 33: 437–440.

19. Mann, N. J., L. G. Johnson, G. E. Warrick, and A. J. Sinclair. 1995.
The arachidonic acid content of the Australian diet is lower than
previously estimated. J. Nutr. 125: 2528–2535.

20. Sinclair, A. J., L. Johnson, K. O’Dea, and R. T. Holman. 1994. Diets
rich in lean beef increase arachidonic acid and long-chain omega
3 polyunsaturated fatty acid levels in plasma phospholipids. Lipids.
29: 337–343.

21. Nelson, G. J., D. S. Kelley, E. A. Emken, S. D. Phinney, D. Kyle, and
A. Ferretti. 1997. A human dietary arachidonic acid supplementa-
tion study conducted in a metabolic research unit: rationale and
design. Lipids. 32: 415–420.

22. Okuyama, H., T. Kobayashi, and S. Watanabe. 1997. Dietary fatty
acids—the n-6/n-3 balance and chronic elderly diseases. Excess
linoleic acid and relative n-3 deficiency syndrome seen in Japan.
Prog. Lipid Res. 35: 409–457.

23. Phinney, S. D., R. S. Odin, S. B. Johnson, and R. T. Holman. 1990.
Reduced arachidonate in serum phospholipids and cholesteryl
esters associated with vegetarian diets in humans. Am. J. Clin. Nutr.
51: 385–392.

24. Garg, A., A. Bonanome, S. M. Grundy, Z. J. Zhang, and R. H.
Unger. 1988. Comparison of a high-carbohydrate diet with a high-
monounsaturated-fat diet in patients with non-insulin-dependent
diabetes mellitus. N. Engl. J. Med. 319: 829–834.

25. Baghurst, K. I., D. A. Crawford, A. Worsley, and S. J. Record. 1988.
The Victorian Nutrition Survey—intakes and sources of dietary
fats and cholesterol in the Victorian population [see comments].
Med. J. Aust. 149: 12–15, 18–20.

26. Whelan, J., K. S. Broughton, M. E. Surette, and J. E. Kinsella. 1992.
Dietary arachidonic and linoleic acids: comparative effects on
tissue lipids. Lipids. 27: 85–88.

27. Shamburek, R. D., and C. C. Schwartz. 1993. Selective composition
of biliary phosphatidylcholines is affected by secretion rate but not
by bile acid hydrophobicity. J. Lipid Res. 34: 1833–1842.

28. Kawamoto, T., G. Okano, and T. Akino. 1980. Biosynthesis and
turnover of individual molecular species of phosphatidylcholine in
liver and bile. Biochim. Biophys. Acta. 619: 20–34.

29. Patton, G. M., S. B. Clark, J. M. Fasulo, and S. J. Robins. 1984. Uti-
lization of individual lecithins in intestinal lipoprotein formation
in the rat. J. Clin. Invest. 73: 231–240.

30. Northfield, T. C., and A. F. Hofmann. 1975. Biliary lipid output
during three meals and an overnight fast. I. Relationship to bile
acid pool size and cholesterol saturation of bile in gallstone and
control subjects. Gut. 16: 1–11.

31. Shioda, R., H. Weizel, P. Wood, and L. Kinsell. 1968. Dietary influ-
ences on daily hepatic output in bile of lipids and steroids. Clin.
Res. 16: 160.

32. Nilsson, A., B. Landin, and B. Johansson. 1988. Plasma apolipo-
protein A-I levels and bile lipid secretion during thoracic duct
drainage in the rat. Biochim. Biophys. Acta. 963: 231–236.

33. Harris, W. S. 1989. Fish oils and plasma lipid and lipoprotein
metabolism in humans: a critical review. J. Lipid Res. 30: 785–807.

34. Dyerberg, J., and K. A. Jorgensen. 1982. Marine oils and thrombo-
genesis. Prog. Lipid Res. 21: 255–269.

35. Dyerberg, J. 1986. Linolenate-derived polyunsaturated fatty acids
and prevention of atherosclerosis [published erratum appears in
Nutr. Rev. 1986;44:282]. Nutr. Rev. 44: 125–134.

36. Li, D., M. Ball, M. Bartlett, and A. Sinclair. 1999. Lipoprotein(a),
essential fatty acid status and lipoprotein lipids in female Austra-
lian vegetarians. Clin. Sci. 97: 175–181.

37. Sinclair, A. J., and N. J. Mann. 1996. Short-term diets rich in
arachidonic acid influence plasma phospholipid polyunsaturated
fatty acid levels and prostacyclin and thromboxane production in
humans. J. Nutr. 126: 1110S–1114S.

38. Li, D., A. Sinclair, N. Mann, A. Turner, M. Ball, F. Kelly, L. Abedin,
and A. Wilson. 1999. The association of diet and thrombotic risk
factors in healthy male vegetarians and meat-eaters. Eur. J. Clin.
Nutr. 53: 612–619.

39. Li, D., N. J. Mann, and A. J. Sinclair. 1999. Comparison of n-3
polyunsaturated fatty acids from vegetable oils, meat, and fish in
raising platelet eicosapentaenoic acid levels in humans. Lipids.
34: S309.

40. Kelley, D. S., P. C. Taylor, G. J. Nelson, P. C. Schmidt, B. E. Mackey,
and D. Kyle. 1997. Effects of dietary arachidonic acid on human
immune response. Lipids. 32: 449–456.

41. Nelson, G. J., P. C. Schmidt, G. L. Bartolini, D. S. Kelley, and D.
Kyle. 1997. The effect of dietary docosahexaenoic acid on plasma
lipoproteins and tissue fatty acid composition in humans. Lipids.
32: 1137–1146.

42. Nelson, G. J., P. S. Schmidt, G. L. Bartolini, D. S. Kelley, and D.
Kyle. 1997. The effect of dietary docosahexaenoic acid on platelet
function, platelet fatty acid composition, and blood coagulation in
humans. Lipids. 32: 1129–1136.

43. Emken, E. A., R. O. Adlof, S. M. Duval, and G. J. Nelson. 1998.
Effect of dietary arachidonic acid on metabolism of deuterated
linoleic acid by adult male subjects. Lipids. 33: 471–480.

44. Emken, E. A., R. O. Adlof, S. M. Duval, and G. J. Nelson. 1997.
Influence of dietary arachidonic acid on metabolism in vivo of
8cis,11cis,14-eicosatrienoic acid in humans. Lipids. 32: 441–448.

45. Seyberth, H. W., O. Oelz, T. Kennedy, B. J. Sweetman, A. Danon,
J. C. Frolich, M. Heimberg, and J. A. Oates. 1975. Increased arachi-
donate in lipids after administration to man: effects on prostaglan-
din biosynthesis. Clin. Pharmacol. Ther. 18: 521–529.

46. Abedin, L., E. L. Lien, A. J. Vingrys, and A. J. Sinclair. 1999. The
effects of dietary alpha-linolenic acid compared with docosa-
hexaenoic acid on brain, retina, liver, and heart in the guinea pig.
Lipids. 34: 475–482.

47. Li, B., C. Birdwell, and J. Whelan. 1994. Antithetic relationship of
dietary arachidonic acid and eicosapentaenoic acid on eicosanoid
production in vivo. J. Lipid Res. 35: 1869–1877.

48. Bottino, N. R., G. A. Vandenberg, and R. Reiser. 1967. Resistance
of certain long-chain polyunsaturated fatty acids of marine oils to
pancreatic lipase hydrolysis. Lipids. 2: 489–493.

49. Chen, I. S., S. S. Hotta, I. Ikeda, M. M. Cassidy, A. J. Sheppard, and
G. V. Vahouny. 1987. Digestion, absorption and effects on choles-
terol absorption of menhaden oil, fish oil concentrate and corn oil
by rats. J. Nutr. 117: 1676–1680.

50. Chen, Q., B. Sternby, B. Åkesson, and Å. Nilsson. 1990. Effects of
human pancreatic lipase-colipase and carboxyl ester lipase on
eicosapentaenoic and arachidonic acid ester bonds of triacylglyc-
erols rich in fish oil fatty acids. Biochim. Biophys. Acta. 1: 111–117.

51. Chen, Q., L. Blackberg, Å. Nilsson, B. Sternby, and O. Hernell.
1994. Digestion of triacylglycerols containing long-chain poly-
enoic fatty acids in vitro by colipase-dependent pancreatic lipase

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1536 Journal of Lipid Research Volume 42, 2001

and human milk bile salt-stimulated lipase. Biochim. Biophys. Acta.
3: 239–243.

52. Yang, L. Y., A. Kuksis, and J. J. Myher. 1990. Lipolysis of menhaden
oil triacylglycerols and the corresponding fatty acid alkyl esters by
pancreatic lipase in vitro: a reexamination. J. Lipid Res. 31: 137–
147.

53. Ikeda, I., E. Sasaki, H. Yasunami, S. Nomiyama, M. Nakayama, M.
Sugano, K. Imaizumi, and K. Yazawa. 1995. Digestion and lym-
phatic transport of eicosapentaenoic and docosahexaenoic acids
given in the form of triacylglycerol, free acid and ethyl ester in
rats. Biochim. Biophys. Acta. 1259: 297–304.

54. Andersson, L., B. Sternby, and A. Nilsson. 1994. Hydrolysis of
phosphatidylethanolamine by human pancreatic phospholipase
A2. Effect of bile salts. Scand. J. Gastroenterol. 29: 182–187.

55. Whyte, M., D. S. Goodman, and A. Karman. 1965. Fatty acid esteri-
fication and chylomicron formation during fat absorption in rat.
III. Positional relations in triglycerides and lecithin. J. Lipid Res. 6:
233–240.

56. Fernando-Warnakulasuriya, G. J., J. E. Staggers, S. C. Frost, and M. A.
Wells. 1981. Studies on fat digestion, absorption, and transport in
the suckling rat. I. Fatty acid composition and concentrations of
major lipid components. J. Lipid Res. 22: 668–674.

57. Nilsson, Å., B. Landin, E. Jensen, and B. Akesson. 1987. Absorp-
tion and lymphatic transport of exogenous and endogenous
arachidonic and linoleic acid in the rat. Am. J. Physiol. 252: G817–
G824.

58. Nilsson, Å., and T. Melin. 1988. Absorption and metabolism of
orally fed arachidonic and linoleic acid in the rat. Am. J. Physiol.
255: G612–G618.

59. Chen, I. S., S. Subramaniam, M. M. Cassidy, A. J. Sheppard, and G. V.
Vahouny. 1985. Intestinal absorption and lipoprotein transport of
(omega-3) eicosapentaenoic acid. J. Nutr. 115: 219–225.

60. Nilsson, Å., L. Hjelte, and B. Strandvik. 1992. Incorporation of
dietary [14C]arachidonic acid and [3H]eicosapentaenoic acid into
tissue lipids during absorption of a fish oil emulsion. J. Lipid Res.
33: 1295–1305.

61. Hjelte, L., T. Melin, A. Nilsson, and B. Strandvik. 1990. Absorp-
tion and metabolism of [3H]arachidonic and [14C]linoleic acid
in essential fatty acid-deficient rats. Am. J. Physiol. 259: G116–
G124.

62. Nilsson, Å., L. Hjelte, and B. Strandvik. 1996. Metabolism of
orally fed [3H]-eicosapentaenoic and [14C]-arachidonic acid in
essential fatty acid-deficient rats. Scand. J. Clin. Lab. Invest. 56:
219–227.

63. Chen, Q., and A. Nilsson. 1994. Interconversion of alpha-linolenic
acid in rat intestinal mucosa: studies in vivo and in isolated villus
and crypt cells. J. Lipid Res. 35: 601–609.

64. Nilsson, Å. 1968. Intestinal absorption of lecithin and lysolecithin
by lymph fistula rats. Biochim. Biophys. Acta. 152: 379–390.

65. Scow, R. O., Y. Stein, and O. Stein. 1967. Incorporation of dietary
lecithin and lysolecithin into lymph chylomicrons in the rat. J. Biol.
Chem. 242: 4919–4924.

66. Tso, P., J. Lam, and W. J. Simmonds. 1978. The importance of the
lysophosphatidylcholine and choline moiety of bile phosphatidyl-
choline in lymphatic transport of fat. Biochim. Biophys. Acta. 528:
364–372.

67. Mansbach, C. M. 1977. The origin of chylomicron phosphatidyl-
choline in the rat. J. Clin. Invest. 60: 411–420.

68. Okuyama, H., K. Yamada, and H. Ikezawa. 1975. Acceptor concen-
tration effect in the selectivity of acyl coenzyme A:U aclglyceryl-
phosphorylcholine acyltransferase system in rat liver. J. Biol. Chem.
250: 1710–1713.

69. Schmid, P. C., E. Deli, and H. H. Schmid. 1995. Generation and re-
modeling of phospholipid molecular species in rat hepatocytes.
Arch. Biochem. Biophys. 319: 168–176.

70. Viola, G., L. Mietto, F. E. Secchi, L. Ping, and A. Bruni. 1993. Ab-
sorption and distribution of arachidonate in rats receiving lyso-
phospholipids by oral route. J. Lipid Res. 34: 1843–1852.

71. Arvidson, G. A., and A. Nilsson. 1972. Formation of lymph chylo-
micron phosphatidylcholines in the rat during the absorption of
safflower oil or triolein. Lipids. 7: 344–348.

72. Shaikh, N. A., and A. Kuksis. 1983. Further evidence for enhanced
phospholipid synthesis by rat jejunal villus cells during fat absorp-
tion. Can. J. Biochem. Cell Biol. 61: 370–377.

73. Melin, T., C. Qi, and Å. Nilsson. 1996. Bile but not chyle lipopro-
tein is an important source of arachidonic acid for the rat small
intestine. Prostaglandins Leukot. Essent. Fatty Acids. 55: 337–343.

74. Shipley, M. M., J. W. Dillwith, A. S. Bowman, R. C. Essenberg, and
J. R. Sauer. 1994. Distribution of arachidonic acid among phos-
pholipid subclasses of lone star tick salivary glands. Insect Biochem.
Mol. Biol. 24: 663–670.

75. Akesson, B., R. Sundler, and A. Nilsson. 1976. Influence of chain
length and unsaturation on the effects of fatty acids on phospho-
glyceride biosynthesis in isolated rat and pig hepatocytes. Eur. J.
Biochem. 63: 65–70.

76. Kanoh, H., and K. Ohno. 1975. Substrate-selectivity of rat liver
microsomal 1,2-diacylglycerol: CDP-choline(ethanolamine) cho-
line (ethanolamine)phosphotransferase in utilizing endogenous
substrates. Biochim. Biophys. Acta. 380: 199–207.

77. McMaster, C. R., and R. M. Bell. 1997. CDP-ethanolamine:1,2-
diacylglycerol ethanolaminephosphotransferase. Biochim. Biophys.
Acta. 1348: 117–123.

78. German, J. B., C. J. Dillard, and J. Whelan. 1996. Biological effects
of dietary arachidonic acid. Introduction. J. Nutr. 126: 1076S–
1080S.

79. Roche, H. M., and M. J. Gibney. 1995. Postprandial triacyl-
glycerolaemia—nutritional implications. Prog. Lipid Res. 34: 249–
266.

80. Ridgway, N., and P. J. Dolphin. 1984. Lipoprotein lipase-mediated
sequestration of long-chain polyunsaturated triacylglycerols in
serum LDL from normal and hypothyroid rats. Biochim. Biophys.
Acta. 796: 64–71.

81. Nilsson, Å., B. Landin, and M. C. Schotz. 1987. Hydrolysis of chylo-
micron arachidonate and linoleate ester bonds by lipoprotein
lipase and hepatic lipase. J. Lipid Res. 28: 510–517.

82. Ekstrom, B., A. Nilsson, and B. Akesson. 1989. Lipolysis of poly-
enoic fatty acid esters of human chylomicrons by lipoprotein
lipase. Eur. J. Clin. Invest. 19: 259–264.

83. Melin, T., C. Qi, G. Bengtsson Olivecrona, B. Åkesson, and Å. Nils-
son. 1991. Hydrolysis of chylomicron polyenoic fatty acid esters
with lipoprotein lipase and hepatic lipase. Biochim. Biophys. Acta.
31: 259–266.

84. Levy, R., and G. R. Herzberg. 1999. Hydrolysis of long-chain, n-3
fatty acid enriched chylomicrons by cardiac lipoprotein lipase.
Can. J. Physiol. Pharmacol. 77: 813–818.

85. Nilsson, A., and B. Landin. 1988. Metabolism of chylomicron
arachidonic and linoleic acid in the rat. Biochim. Biophys. Acta. 959:
288–295.

86. de Faria, E., L. G. Fong, M. Komaromy, and A. D. Cooper. 1996.
Relative roles of the LDL receptor, the LDL receptor-like protein,
and hepatic lipase in chylomicron remnant removal by the liver. J.
Lipid Res. 37: 197–209.

87. Shafi, S., S. E. Brady, A. Bensadoun, and R. J. Havel. 1994. Role of
hepatic lipase in the uptake and processing of chylomicron rem-
nants in rat liver. J. Lipid Res. 35: 709–720.

88. Chen, I. S., A. J. Sheppard, M. M. Cassidy, and G. V. Vahouny.
1987. In vitro clearance of chylomicron triglycerides containing
(omega-3) eicosapentaenoate. Atherosclerosis. 65: 193–198.

89. Choi, S. Y., L. G. Fong, M. J. Kirven, and A. D. Cooper. 1991. Use of
an anti-low density lipoprotein receptor antibody to quantify the
role of the LDL receptor in the removal of chylomicron remnants
in the mouse in vivo. J. Clin. Invest. 88: 1173–1181.

90. Yu, K. C., Y. Jiang, W. Chen, and A. D. Cooper. 1999. Evaluation of
the components of the chylomicron remnant removal mechanism
by use of the isolated perfused mouse liver. J. Lipid Res. 40: 1899–
1910.

91. Beisiegel, U., W. Weber, G. Ihrke, J. Herz, and K. K. Stanley. 1989.
The LDL-receptor-related protein, LRP, is an apolipoprotein E-
binding protein. Nature. 341: 162–164.

92. Hussain, M. M., F. R. Maxfield, J. Mas-Oliva, I. Tabas, Z. S. Ji, T. L.
Innerarity, and R. W. Mahley. 1991. Clearance of chylomicron
remnants by the low density lipoprotein receptor-related protein/
alpha 2-macroglobulin receptor. J. Biol. Chem. 266: 13936–
13940.

93. Willnow, T. E., Z. Sheng, S. Ishibashi, and J. Herz. 1994. Inhibition
of hepatic chylomicron remnant uptake by gene transfer of a
receptor antagonist. Science. 264: 1471–1474.

94. Mansbach 2nd, C. M., and R. F. Dowell. 1995. Role of the intestine
in chylomicron remnant clearance. Am. J. Physiol. 269: G144–
G152.

95. Hussain, M. M., R. W. Mahley, J. K. Boyles, M. Fainaru, W. J.
Brecht, and P. A. Lindquist. 1989. Chylomicron-chylomicron rem-
nant clearance by liver and bone marrow in rabbits. Factors that
modify tissue-specific uptake. J. Biol. Chem. 264: 9571–9582.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Zhou and Nilsson Sources of tissue eicosanoid precursor fatty acids 1537

96. Hussain, M. M., R. W. Mahley, J. K. Boyles, P. A. Lindquist, W. J.
Brecht, and T. L. Innerarity. 1989. Chylomicron metabolism.
Chylomicron uptake by bone marrow in different animal species.
J. Biol. Chem. 264: 17931–17938.

97. Norum, K. R., and R. Blomhoff. 1992. McCollum Award Lecture,
1992: vitamin A absorption, transport, cellular uptake, and stor-
age. Am. J. Clin. Nutr. 56: 735–744.

98. Skrede, B., S. O. Lie, R. Blomhoff, and K. R. Norum. 1994. Up-
take and storage of retinol and retinyl esters in bone marrow of
children with acute myeloid leukemia treated with high-dose reti-
nyl palmitate. Eur. J. Haematol. 52: 140–144.

99. Imaizumi, K., M. Fainaru, and R. J. Havel. 1978. Composition of
proteins of mesenteric lymph chylomicrons in the rat and alter-
ations produced upon exposure of chylomicrons to blood serum
and serum proteins. J. Lipid Res. 19: 712–722.

100. Johansson, B., and A. Nilsson. 1981. Plasma apoliprotein A-I levels
after thoracic duct drainage in the rat. FEBS Lett. 130: 305–308.

101. Guyard-Dangremont, V., C. Desrumaux, P. Gambert, C. Lalle-
mant, and L. Lagrost. 1998. Phospholipid and cholesteryl ester
transfer activities in plasma from 14 vertebrate species. Relation
to atherogenesis susceptibility. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 120: 517–525.

102. Tall, A. 1995. Plasma lipid transfer proteins. Annu. Rev. Biochem.
64: 235–257.

103. Huuskonen, J., and C. Ehnholm. 2000. Phospholipid transfer
protein in lipid metabolism. Curr. Opin. Lipidol. 11: 285–289.

104. Qin, S., K. Kawano, C. Bruce, M. Lin, C. Bisgaier, A. R. Tall, and
X. Jiang. 2000. Phospholipid transfer protein gene knock-out
mice have low high density lipoprotein levels, due to hypercatab-
olism, and accumulate apoA-IV-rich lamellar lipoproteins. J. Lipid
Res. 41: 269–276.

105. Huuskonen, J., V. M. Olkkonen, M. Jauhiainen, J. Metso, P. Somer-
harju, and C. Ehnholm. 1996. Acyl chain and headgroup specific-
ity of human plasma phospholipid transfer protein. Biochim. Bio-
phys. Acta. 1303: 207–214.

106. Tall, A. R., P. H. Green, R. M. Glickman, and J. W. Riley. 1979.
Metabolic fate of chylomicron phospholipids and apoproteins in
the rat. J. Clin. Invest. 64: 977–989.

107. Landin, B., A. Nilsson, J. S. Twu, and M. C. Schotz. 1984. A role
for hepatic lipase in chylomicron and high density lipoprotein
phospholipid metabolism. J. Lipid Res. 25: 559–563.

108. Scow, R. O., and T. Egelrud. 1976. Hydrolysis of chylomicron
phosphatidylcholine in vitro by lipoprotein lipase, phospholipase
A2 and phospholipase C. Biochim. Biophys. Acta. 431: 538–549.

109. Azema, C., P. Marques-Vidal, A. Lespine, G. Simard, H. Chap,
and B. Perret. 1990. Kinetic evidence for phosphatidylethanol-
amine and triacylglycerol as preferential substrates for hepatic li-
pase in HDL subfractions: modulation by changes in the particle
surface, or in the lipid core. Biochim. Biophys. Acta. 1046: 73–80.

110. Nestel, P. J. 1987. High-density lipoprotein turnover. Am. Heart J.
113: 518–521.

111. Nilsson-Ehle, P., A. S. Garfinkel, and M. C. Schotz. 1980. Lipolytic
enzymes and plasma lipoprotein metabolism. Annu. Rev. Biochem.
49: 667–693.

112. Norum, K. R., J. A. Glomset, A. V. Nichols, T. Forte, J. J. Albers,
W. C. King, C. D. Mitchell, K. R. Applegate, E. L. Gong, V.
Cabana, and E. Gjone. 1975. Plasma lipoproteins in familial lecithin:
cholesterol acyltransferase deficiency: effects of incubation with
lecithin:cholesterol acyltransferase in vitro. Scand. J. Clin. Lab. Invest.
142: 31–55.

113. Tansey, J. T., T. Y. Thuren, W. G. Jerome, R. R. Hantgan, K. Grant,
and M. Waite. 1997. Hydrolysis of phosphatidylcholine by hepatic
lipase in discoidal and spheroidal recombinant high-density lipo-
protein. Biochemistry. 36: 12227–12234.

114. Marques-Vidal, P., C. Azema, X. Collet, H. Chap, and B. P. Perret.
1991. Hepatic lipase-mediated hydrolysis versus liver uptake of
HDL phospholipids and triacylglycerols by the perfused rat liver.
Biochim. Biophys. Acta. 1082: 185–194.

115. Zilversmit, D. B. 1965. The composition and structure of lymph
chylomicrons in dog, rat, and man. J. Clin. Invest. 44: 1610–1622.

116. Fast, D. G., and D. E. Vance. 1995. Nascent VLDL phospholipid
composition is altered when phosphatidylcholine biosynthesis is
inhibited: evidence for a novel mechanism that regulates VLDL
secretion. Biochim. Biophys. Acta. 1258: 159–168.

117. Sweeney, G., D. Nazir, C. Clarke, and G. Goettsche. 1996. Etha-
nolamine and choline phospholipids in nascent very-low-density
lipoprotein particles. Clin. Invest. Med. 19: 243–250.

118. Hamilton, R. L., and P. E. Fielding. 1989. Nascent very low den-
sity lipoproteins from rat hepatocytic Golgi fractions are en-
riched in phosphatidylethanolamine. Biochem. Biophys. Res. Com-
mun. 160: 162–173.

119. Kuusi, T., P. K. Kinnunen, and E. A. Nikkila. 1979. Hepatic endo-
thelial lipase antiserum influences rat plasma low and high den-
sity lipoproteins in vivo. FEBS Lett. 104: 384–388.

120. Nilsson, A., Q. Chen, and E. Dahlman. 1994. Metabolism of chy-
lomicron phosphatidylinositol in the rat: fate in vivo and hydroly-
sis with lipoprotein lipase and hepatic lipase in vitro. J. Lipid Res.
35: 2151–2160.

121. Nilsson, A., B. Landin, and M. C. Schotz. 1987. Hydrolysis of chy-
lomicron arachidonate and linoleate ester bonds by lipoprotein
lipase and hepatic lipase. J. Lipid Res. 28: 510–517.

122. Nilsson, A., L. Hjelte, P. Nilsson-Ehle, and B. Strandvik. 1990.
Adaptive regulation of lipoprotein lipase and salt-resistant lipase
activities in essential fatty acid deficiency: an experimental study
in the rat. Metabolism. 39: 1305–1308.

123. Schoonderwoerd, K., W. C. Hulsmann, and H. Jansen. 1989. In-
creased liver lipase activity in rats with essential fatty acid defi-
ciency. Lipids. 24: 1039–1042.

124. Levy, E., G. Lepage, M. Bendayan, N. Ronco, L. Thibault, N.
Galeano, L. Smith, and C. C. Roy. 1989. Relationship of de-
creased hepatic lipase activity and lipoprotein abnormalities to
essential fatty acid deficiency in cystic fibrosis patients. J. Lipid
Res. 30: 1197–1209.

125. Bjorkegren, J., C. J. Packard, A. Hamsten, D. Bedford, M.
Caslake, L. Foster, J. Shepherd, P. Stewart, and F. Karpe. 1996. Ac-
cumulation of large very low density lipoprotein in plasma dur-
ing intravenous infusion of a chylomicron-like triglyceride emul-
sion reflects competition for a common lipolytic pathway. J. Lipid
Res. 37: 76–86.

126. Karpe, F., M. Bell, J. Bjorkegren, and A. Hamsten. 1995. Quantifi-
cation of postprandial triglyceride-rich lipoproteins in healthy
men by retinyl ester labeling and simultaneous measurement of
apolipoproteins B-48 and B-100. Arterioscler. Thromb. Vasc. Biol. 15:
199–207.

127. Grundy, S. M. 1986. Comparison of monounsaturated fatty acids
and carbohydrates for lowering plasma cholesterol. N. Engl. J.
Med. 314: 745–748.

128. Grundy, S. M. 1987. Monounsaturated fatty acids, plasma choles-
terol, and coronary heart disease. Am. J. Clin. Nutr. 45: 1168–1175.

129. Jensen, R. G., R. M. Clark, S. A. Gerrior, M. B. Fey, and A. M.
Gotto, Jr. 1979. Cholesteryl ester and triacylglycerol fatty acids in
type V hyperlipidemia. Lipids. 14: 691–694.

130. Oram, J. F., and A. M. Vaughan. 2000. ABCA1-mediated transport
of cellular cholesterol and phospholipids to HDL apolipopro-
teins. Curr. Opin. Lipidol. 11: 253–260.

131. Lawn, R. M., D. P. Wade, M. R. Garvin, X. Wang, K. Schwartz, J. G.
Porter, J. J. Seilhamer, A. M. Vaughan, and J. F. Oram. 1999. The
Tangier disease gene product ABC1 controls the cellular apolipo-
protein-mediated lipid removal pathway. J. Clin. Invest. 104: R25–
R31.

132. Langmann, T., J. Klucken, M. Reil, G. Liebisch, M. F. Luciani, G.
Chimini, W. E. Kaminski, and G. Schmitz. 1999. Molecular clon-
ing of the human ATP-binding cassette transporter 1 (hABC1):
evidence for sterol-dependent regulation in macrophages. Bio-
chem. Biophys. Res. Commun. 257: 29–33.

133. Subbaiah, P. V., M. Liu, P. J. Bolan, and F. Paltauf. 1992. Altered
positional specificity of human plasma lecithin-cholesterol acyl-
transferase in the presence of sn-2 arachidonoyl phosphatidyl
cholines. Mechanism of formation of saturated cholesteryl esters.
Biochim. Biophys. Acta. 1128: 83–92.

134. Liu, M., J. D. Bagdade, and P. V. Subbaiah. 1995. Specificity of
lecithin:cholesterol acyltransferase and atherogenic risk: compara-
tive studies on the plasma composition and in vitro synthesis of
cholesteryl esters in 14 vertebrate species. J. Lipid Res. 36: 1813–
1824.

135. Sgoutas, D. S. 1972. Fatty acid specificity of plasma phosphatidyl-
choline:cholesterol acyltransferase. Biochemistry. 11: 293–296.

136. Grove, D., and H. J. Pownall. 1991. Comparative specificity of
plasma lecithin:cholesterol acyltransferase from ten animal spe-
cies. Lipids. 26: 416–420.

137. Wang, J., A. K. Gebre, R. A. Anderson, and J. S. Parks. 1997.
Amino acid residue 149 of lecithin:cholesterol acyltransferase de-
termines phospholipase A2 and transacylase fatty acyl specificity.
J. Biol. Chem. 272: 280–286.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1538 Journal of Lipid Research Volume 42, 2001

138. Holub, B. J., D. J. Bakker, and C. M. Skeaff. 1987. Alterations
in molecular species of cholesterol esters formed via plasma
lecithin-cholesterol acyltransferase in human subjects consuming
fish oil. Atherosclerosis. 66: 11–18.

139. Subbaiah, P. V., D. Kaufman, and J. D. Bagdade. 1993. Incorpora-
tion of dietary n-3 fatty acids into molecular species of phosphati-
dyl choline and cholesteryl ester in normal human plasma. Am. J.
Clin. Nutr. 58: 360–368.

140. Oschry, Y., and S. Eisenberg. 1982. Rat plasma lipoproteins: re-
evaluation of a lipoprotein system in an animal devoid of choles-
teryl ester transfer activity. J. Lipid Res. 23: 1099–1106.

141. Sasagawa, T., K. Ishii, K. Hasuda, M. Kubota, Y. Ota, and M. Okita.
2001. The effect of dietary polyunsaturated fatty acid on insulin
sensitivity and lipid metabolism in Otsuka Long-Evans Tokushima
Fatty (OLETF) rats. Prostaglandins Leukot. Essent. Fatty Acids. 64:
181–187.

142. Fluiter, K., and T. J. van Berkel. 1997. Scavenger receptor B1 (SR-
B1) substrates inhibit the selective uptake of high-density-lipo-
protein cholesteryl esters by rat parenchymal liver cells. Biochem.
J. 326: 515–519.

143. Acton, S., A. Rigotti, K. T. Landschulz, S. Xu, H. H. Hobbs, and
M. Krieger. 1996. Identification of scavenger receptor SR-BI as a
high density lipoprotein receptor [see comments]. Science. 271:
518–520.

144. Trigatti, B., H. Rayburn, M. Vinals, A. Braun, H. Miettinen, M.
Penman, M. Hertz, M. Schrenzel, L. Amigo, A. Rigotti, and M.
Krieger. 1999. Influence of the high density lipoprotein receptor
SR-BI on reproductive and cardiovascular pathophysiology. Proc.
Natl. Acad. Sci. USA. 96: 9322–9327.

145. Ji, Y., N. Wang, R. Ramakrishnan, E. Sehayek, D. Huszar, J. L.
Breslow, and A. R. Tall. 1999. Hepatic scavenger receptor BI pro-
motes rapid clearance of high density lipoprotein free choles-
terol and its transport into bile. J. Biol. Chem. 274: 33398–33402.

146. Urban, S., S. Zieseniss, M. Werder, H. Hauser, R. Budzinski, and
B. Engelmann. 2000. Scavenger receptor BI transfers major lipo-
protein-associated phospholipids into the cells. J. Biol. Chem. 275:
33409–33415.

147. Verhoeven, A. J., and H. Jansen. 1994. Hepatic lipase mRNA is ex-
pressed in rat and human steroidogenic organs. Biochim. Biophys.
Acta. 1211: 121–124.

148. Marques-Vidal, P., C. Azema, X. Collet, C. Vieu, H. Chap, and B.
Perret. 1994. Hepatic lipase promotes the uptake of HDL esteri-
fied cholesterol by the perfused rat liver: a study using reconsti-
tuted HDL particles of defined phospholipid composition. J.
Lipid Res. 35: 373–384.

149. Kadowaki, H., G. M. Patton, and S. J. Robins. 1992. Metabolism
of high density lipoprotein lipids by the rat liver: evidence for
participation of hepatic lipase in the uptake of cholesteryl ester.
J. Lipid Res. 33: 1689–1698.

150. Yancey, P. G., M. de la Llera-Moya, S. Swarnakar, P. Monzo, S. M.
Klein, M. A. Connelly, W. J. Johnson, D. L. Williams, and G. H.
Rothblat. 2000. High density lipoprotein phospholipid composi-
tion is a major determinant of the bi-directional flux and net
movement of cellular free cholesterol mediated by scavenger re-
ceptor BI. J. Biol. Chem. 275: 36596–36604.

151. Lambert, G., M. J. Amar, P. Martin, J. Fruchart-Najib, B. Foger,
R. D. Shamburek, H. B. Brewer, and S. Santamarina-Fojo. 2000.
Hepatic lipase deficiency decreases the selective uptake of HDL-
cholesteryl esters in vivo. J. Lipid Res. 41: 667–672.

152. Wang, N., W. Weng, J. L. Breslow, and A. R. Tall. 1996. Scavenger
receptor BI (SR-BI) is up-regulated in adrenal gland in apolipo-
protein A-I and hepatic lipase knock-out mice as a response to
depletion of cholesterol stores. In vivo evidence that SR-BI is a
functional high density lipoprotein receptor under feedback
control. J. Biol. Chem. 271: 21001–21004.

153. Vieira-van Bruggen, D., I. Kalkman, T. van Gent, A. van Tol, and
H. Jansen. 1998. Induction of adrenal scavenger receptor BI and
increased high density lipoprotein-cholesteryl ether uptake by in
vivo inhibition of hepatic lipase. J. Biol. Chem. 273: 32038–32041.

154. Spady, D. K., D. M. Kearney, and H. H. Hobbs. 1999. Polyunsatu-
rated fatty acids up-regulate hepatic scavenger receptor BI (SR-
BI) expression and HDL cholesteryl ester uptake in the hamster.
J. Lipid Res. 40: 1384–1394.

155. Kozarsky, K. F., M. H. Donahee, A. Rigotti, S. N. Iqbal, E. R. Edel-
man, and M. Krieger. 1997. Overexpression of the HDL receptor
SR-BI alters plasma HDL and bile cholesterol levels. Nature. 387:
414–417.

156. Landschulz, K. T., R. K. Pathak, A. Rigotti, M. Krieger, and H. H.
Hobbs. 1996. Regulation of scavenger receptor, class B, type I, a
high density lipoprotein receptor, in liver and steroidogenic tis-
sues of the rat. J. Clin. Invest. 98: 984–995.

157. Breckenridge, W. C., and C. B. Lazier. 1987. Tamoxifen-induced
modification of serum lipoprotein phospholipids in the cockerel.
Lipids. 22: 505–512.

158. Silfverstolpe, G., P. Johnson, G. Samsice, A. Svanborg, and A.
Gustafson. 1981. Effects induced by two different estrogens on
serum individual phospholipids and serum lecithin fatty acid
composition. Horm. Metab. Res. 13: 141–145.

159. Mattsson, L. A., G. Cullberg, and G. Samsioe. 1986. The relative
fatty acid composition of serum lecithin and cholesterol ester:
influence of an estrogen-progestogen regimen in climacteric
women. Am. J. Obstet. Gynecol. 155: 174–177.

160. Fidge, N. H. 1999. High density lipoprotein receptors, binding
proteins, and ligands. J. Lipid Res. 40: 187–201.

161. Liu, M., V. S. Subramanian, and P. V. Subbaiah. 1998. Modulation
of the positional specificity of lecithin-cholesterol acyltransferase
by the acyl group composition of its phosphatidylcholine sub-
strate: role of the sn-1-acyl group. Biochemistry. 37: 13626–13633.

162. Habenicht, A. J., P. Salbach, and U. Janssen-Timmen. 1992. LDL
receptor-dependent polyunsaturated fatty acid transport and me-
tabolism. Eicosanoids. 5: S29–S31.

163. Habenicht, A. J., P. Salbach, M. Goerig, W. Zeh, U. Janssen-
Timmen, C. Blattner, W. C. King, and J. A. Glomset. 1990. The
LDL receptor pathway delivers arachidonic acid for eicosanoid
formation in cells stimulated by platelet-derived growth factor.
Nature. 345: 634–636.

164. Osono, Y., L. A. Woollett, J. Herz, and J. M. Dietschy. 1995. Role
of the low density lipoprotein receptor in the flux of cholesterol
through the plasma and across the tissues of the mouse. J. Clin.
Invest. 95: 1124–1132.

165. Francone, O. L., M. Haghpassand, J. A. Bennett, L. Royer, and
J. McNeish. 1997. Expression of human lecithin:cholesterol acyl-
transferase in transgenic mice: effects on cholesterol efflux, es-
terification, and transport. J. Lipid Res. 38: 813–822.

166. Hoeg, J. M., B. L. Vaisman, S. J. Demosky, S. M. Meyn, G. D. Tal-
ley, R. F. Hoyt, S. Feldman, A. M. Berard, N. Sakai, D. Wood, M. E.
Brousseau, S. Marcovina, H. B. Brewer, and S. Santamarina-Fojo.
1996. Lecithin:cholesterol acyltransferase overexpression gener-
ates hyperalpha-lipoproteinemia and a nonatherogenic lipo-
protein pattern in transgenic rabbits. J. Biol. Chem. 271: 4396–
4402.

167. Brousseau, M. E., S. Santamarina-Fojo, B. L. Vaisman, D. Apple-
baum-Bowden, A. M. Berard, G. D. Talley, H. B. Brewer, and J. M.
Hoeg. 1997. Overexpression of human lecithin:cholesterol acyl-
transferase in cholesterol-fed rabbits: LDL metabolism and HDL
metabolism are affected in a gene dose-dependent manner. J.
Lipid Res. 38: 2537–2547.

168. Pomerantz, K. B., L. N. Fleisher, A. R. Tall, and P. J. Cannon.
1985. Enrichment of endothelial cell arachidonate by lipid trans-
fer from high density lipoproteins: relationship to prostaglandin
I2 synthesis. J. Lipid Res. 26: 1269–1276.

169. Hajjar, D. P., K. B. Pomerantz, and J. W. Snow. 1990. Analysis of
the physical state of cholesteryl esters in arterial-smooth-muscle-
derived foam cells by differential scanning calorimetry. Biochem. J.
268: 693–697.

170. Arai, T., N. Wang, M. Bezouevski, C. Welch, and A. R. Tall. 1999.
Decreased atherosclerosis in heterozygous low density lipopro-
tein receptor-deficient mice expressing the scavenger receptor BI
transgene. J. Biol. Chem. 274: 2366–2371.

171. Sugano, M., N. Makino, and T. Yanaga. 1997. Effect of dietary
omega-3 eicosapentaenoic acid supplements on cholesteryl ester
transfer from HDL in cholesterol-fed rabbits. Biochim. Biophys.
Acta. 1346: 17–24.

172. Sekas, G., G. M. Patton, E. C. Lincoln, and S. J. Robins. 1985.
Origin of plasma lysophosphatidylcholine: evidence for direct
hepatic secretion in the rat. J. Lab. Clin. Med. 105: 190–194.

173. Brindley, D. N. 1993. Hepatic secretion of lysophosphatidylcho-
line. A novel transport system for polyunsaturated fatty acids and
choline. J. Nutr. Biochem. 4: 442–449.

174. Baisted, D. J., B. S. Robinson, and D. E. Vance. 1988. Albumin
stimulates the release of lysophosphatidylcholine from cultured
rat hepatocytes. Biochem. J. 253: 693–701.

175. Graham, A., V. A. Zammit, W. W. Christie, and D. N. Brindley.
1991. Sexual dimorphism in the preferential secretion of unsat-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Zhou and Nilsson Sources of tissue eicosanoid precursor fatty acids 1539

urated lysophosphatidylcholine by rat hepatocytes but no secre-
tion by sheep hepatocytes. Biochim. Biophys. Acta. 28: 151–158.

176. Robinson, B. S., D. J. Baisted, and D. E. Vance. 1989. Comparison
of albumin-mediated release of lysophosphatidylcholine and lyso-
phosphatidylethanolamine from cultured rat hepatocytes [pub-
lished erratum appears in Biochem. J. 1990;267:843]. Biochem. J.
264: 125–131.

177. Norum, K. R., and E. Gjore. 1967. Familial plasma lecithin:cho-
lesterol acyltransferase deficiency. Scand. J. Clin. Lab. Invest. 20:
231–243.

178. Croset, M., N. Brossard, A. Polette, and M. Lagarde. 2000. Char-
acterization of plasma unsaturated lysophosphatidylcholines in
human and rat. Biochem. J. 345: 61–67.

179. Croset, M., N. Brossard, C. Pachiaudi, S. Normand, J. Lecerf, V.
Chirouze, J. P. Riou, J. L. Tayot, and M. Lagarde. 1996. In vivo
compartmental metabolism of 13C-docosahexaenoic acid, studied
by gas chromatography-combustion isotope ratio mass spectrom-
etry. Lipids. 31(Suppl.): S109–S115.

180. Brossard, N., M. Croset, S. Normand, J. Pousin, J. Lecerf, M.
Laville, J. L. Tayot, and M. Lagarde. 1997. Human plasma albu-
min transports [13C]docosahexaenoic acid in two lipid forms to
blood cells. J. Lipid Res. 38: 1571–1582.

181. Brossard, N., M. Croset, J. Lecerf, C. Pachiaudi, S. Normand, V.
Chirouze, O. Macovschi, J. P. Riou, J. L. Tayot, and M. Lagarde.
1996. Metabolic fate of an oral tracer dose of [13C]docosa-
hexaenoic acid triglycerides in the rat. Am. J. Physiol. 270: R846–
R854.

182. Morash, S. C., H. W. Cook, and M. W. Spence. 1989. Lysophos-
phatidylcholine as an intermediate in phosphatidylcholine me-
tabolism and glycerophosphocholine synthesis in cultured cells:
an evaluation of the roles of 1-acyl- and 2-acyl-lysophosphatidyl-
choline. Biochim. Biophys. Acta. 8: 221–229.

183. Zhou, L., and Å. Nilsson. 1997. Uptake of arachidonic acid from
blood 2-lyso-phosphatidylcholine by extrahepatic tissues in vitro:
an experimental study in the rat. J. Nutr. Biochem. 8: 641–646.

184. Thies, F., M. C. Delachambre, M. Bentejac, M. Lagarde, and J.
Lecerf. 1992. Unsaturated fatty acids esterified in 2-acyl-l-lyso-
phosphatidylcholine bound to albumin are more efficiently
taken up by the young rat brain than the unesterified form. J.
Neurochem. 59: 1110–1116.

185. Raclot, T., D. Langin, M. Lafontan, and R. Groscolas. 1997. Selec-
tive release of human adipocyte fatty acids according to molecu-
lar structure. Biochem. J. 324: 911–915.

186. Olivecrona, T., and G. Bengtsson-Olivecrona. 1990. Lipoprotein
and hepatic lipase. Curr. Opin. Lipidol. 1: 222–230.

187. Raclot, T., and R. Groscolas. 1993. Differential mobilization of
white adipose tissue fatty acids according to chain length, unsat-
uration, and positional isomerism. J. Lipid Res. 34: 1515–1526.

188. Groscolas, R., and G. R. Herzberg. 1997. Fasting-induced selec-
tive mobilization of brown adipose tissue fatty acids. J. Lipid Res.
38: 228–238.

189. Hallaq, Y., Z. M. Szczepiorkowski, J. Teruya, J. E. Cluette-Brown,
and M. Laposata. 1996. Stability of plasma nonesterified arachi-
donate in healthy individuals in fasting and nonfasting states.
Clin. Chem. 42: 771–773.

190. Figard, P. H., D. P. Hejlik, T. L. Kaduce, L. L. Stoll, and A. A.
Spector. 1986. Free fatty acid release from endothelial cells. J.
Lipid Res. 27: 771–780.

191. Pruzanski, W., E. Stefanski, F. C. de Beer, M. C. de Beer, P. Vadas,
A. Ravandi, and A. Kuksis. 1998. Lipoproteins are substrates for
human secretory group IIA phospholipase A2: preferential
hydrolysis of acute phase HDL. J. Lipid Res. 39: 2150–2160.

192. Deby-Dupont, G., H. Ducarne, C. de Landsheere, J. C. Ancion,
F. X. Noel, L. Radoux, and C. Deby. 1983. Intense rises of unesteri-
fied arachidonate plasma levels in stressed humans. Biomed Phar-
macother. 37: 386–391.

193. Nelson, G. J., P. C. Schmidt, G. Bartolini, D. S. Kelley, S. D. Phin-
ney, D. Kyle, S. Silbermann, and E. J. Schaefer. 1997. The effect
of dietary arachidonic acid on plasma lipoprotein distributions,
apoproteins, blood lipid levels, and tissue fatty acid composition
in humans. Lipids. 32: 427–433.

194. Kondo, T., K. Ogawa, T. Satake, M. Kitazawa, K. Taki, S. Sug-
iyama, and T. Ozawa. 1986. Plasma-free eicosapentaenoic acid/
arachidonic acid ratio: a possible new coronary risk factor. Clin.
Cardiol. 9: 413–416.

195. Xu, N., and Å. Nilsson. 1996. Uptake and interconversion of
plasma unesterified 14C linoleic acid by gastrointestinal tract and

blood forming tissues: an experimental study in the rat. J. Nutr.
Biochem. 7: 16–22.

196. Leyton, J., P. J. Drury, and M. A. Crawford. 1987. Differential oxi-
dation of saturated and unsaturated fatty acids in vivo in the rat
[published erratum appears in Br. J. Nutr. 1987;58:following 331].
Br. J. Nutr. 57: 383–393.

197. Leyton, J., P. J. Drury, and M. A. Crawford. 1987. In vivo incorpo-
ration of labeled fatty acids in rat liver lipids after oral adminis-
tration. Lipids. 22: 553–558.

198. Becker, W., and A. Bruce. 1985. Autoradiographic studies with fatty
acids and some other lipids: a review. Prog. Lipid Res. 24: 325–346.

199. Hagenfeldt, L., K. Hagenfeldt, and A. Wennmalm. 1975. Turn-
over of plasma free arachidonic and oleic acids in men and
women. Horm. Metab. Res. 7: 467–471.

200. Hagenfeldt, L., and J. Wahren. 1975. Turnover of plasma-free
arachidonic and oleic acids in resting and exercising human sub-
jects. Metabolism. 24: 799–806.

201. Murphy, E. J., T. A. Rosenberger, C. B. Patrick, and S. I. Rapo-
port. 2000. Intravenously injected [1-14C]arachidonic acid targets
phospholipids, and [1-14C]palmitic acid targets neutral lipids in
hearts of awake rats. Lipids. 35: 891–898.

202. Brenner, R. R. 1989. Factors influencing fatty acid chain elonga-
tion and desaturation. In The Role of Fats in Human Nutrition.
2nd edition. A. J. Vergroesen and M. Crawford, editors. Aca-
demic Press, San Diego, CA. 45–79.

203. Cho, H. P., M. T. Nakamura, and S. D. Clarke. 1999. Cloning,
expression, and nutritional regulation of the mammalian Delta-6
desaturase. J. Biol. Chem. 274: 471–477.

204. Cho, H. P., M. Nakamura, and S. D. Clarke. 1999. Cloning, ex-
pression, and fatty acid regulation of the human delta-5 desatu-
rase. J. Biol. Chem. 274: 37335–37339.

205. Bourre, J. M., M. Piciotti, and O. Dumont. 1990. Delta 6 desatu-
rase in brain and liver during development and aging. Lipids. 25:
354–356.

206. Scott, B. L., and N. G. Bazan. 1989. Membrane docosahexaenoate
is supplied to the developing brain and retina by the liver. Proc.
Natl. Acad. Sci. USA. 86: 2903–2907.

207. Garg, M. L., M. Keelan, A. B. Thomson, and M. T. Clandinin.
1988. Fatty acid desaturation in the intestinal mucosa. Biochim.
Biophys. Acta. 958: 139–141.

208. Sprecher, H. 1981. Biochemistry of essential fatty acids. Prog.
Lipid Res. 20: 13–22.

209. Brenner, R. R. 1981. Nutritional and hormonal factors influenc-
ing desaturation of essential fatty acids. Prog. Lipid Res. 20: 41–47.

210. Nakamura, M. T., S. D. Phinney, A. B. Tang, A. M. Oberbauer,
J. B. German, and J. D. Murray. 1996. Increased hepatic delta 6-
desaturase activity with growth hormone expression in the
MG101 transgenic mouse. Lipids. 31: 139–143.

211. Kawashima, Y., K. Musoh, and H. Kozuka. 1990. Peroxisome pro-
liferators enhance linoleic acid metabolism in rat liver. Increased
biosynthesis of omega 6 polyunsaturated fatty acids. J. Biol. Chem.
265: 9170–9175.

212. Igal, R. A., E. C. Mandon, and I. N. de Gomez Dumm. 1991. Ab-
normal metabolism of polyunsaturated fatty acids in adrenal
glands of diabetic rats. Mol. Cell. Endocrinol. 77: 217–227.

213. Lopez Jimenez, J. A., A. Bordoni, S. Hrelia, C. A. Rossi, E. Tur-
chetto, S. Zamora Navarro, and P. L. Biagi. 1993. Evidence for a
detectable delta-6-desaturase activity in rat heart microsomes:
aging influence on enzyme activity. Biochem. Biophys. Res. Com-
mun. 192: 1037–1041.

214. Garg, M. L., A. B. Thomson, and M. T. Clandinin. 1988. Effect of
dietary cholesterol and/or omega 3 fatty acids on lipid composi-
tion and delta 5-desaturase activity of rat liver microsomes. J.
Nutr. 118: 661–668.

215. Garg, M. L., A. M. Snoswell, and J. R. Sabine. 1986. Influence of
dietary cholesterol on desaturase enzymes of rat liver micro-
somes. Prog. Lipid Res. 25: 639–644.

216. Garg, M. L., A. B. Thomson, and M. T. Clandinin. 1990. Interac-
tions of saturated, n-6 and n-3 polyunsaturated fatty acids to mod-
ulate arachidonic acid metabolism. J. Lipid Res. 31: 271–277.

217. Peluffo, R. O., A. M. Nervi, and R. R. Brenner. 1976. Linoleic acid
desaturation activity of liver microsomes of essential fatty acid de-
ficient and sufficient rats. Biochim. Biophys. Acta. 441: 25–31.

218. Garg, M. L., M. Keelan, A. B. Thomson, and M. T. Clandinin.
1992. Desaturation of linoleic acid in the small bowel is increased
by short-term fasting and by dietary content of linoleic acid. Bio-
chim. Biophys. Acta. 5: 17–25.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1540 Journal of Lipid Research Volume 42, 2001

219. Garg, M. L., E. Sebokova, A. B. Thomson, and M. T. Clandinin.
1988. Delta 6-desaturase activity in liver microsomes of rats fed
diets enriched with cholesterol and/or omega 3 fatty acids. Bio-
chem. J. 249: 351–356.

220. Emken, E. A., R. O. Adlof, H. Rakoff, W. K. Rohwedder, and R. M.
Gulley. 1990. Metabolism in vivo of deuterium-labelled linolenic
and linoleic acids in humans. Biochem. Soc. Trans. 18: 766–769.

221. Emken, E. A., R. O. Adlof, H. Rakoff, W. K. Rohwedder, and R. M.
Gulley. 1992. Human metabolic studies with deuterated alpha-
linolenic acid. Nutrition. 8: 213–214; discussion 195–196.

222. Emken, E. A., R. O. Adlof, and R. M. Gulley. 1994. Dietary li-
noleic acid influences desaturation and acylation of deuterium-
labeled linoleic and linolenic acids in young adult males. Biochim.
Biophys. Acta. 1213: 277–288.

223. Emken, E. A., R. O. Adlof, S. M. Duval, and G. J. Nelson. 1999. Ef-
fect of dietary docosahexaenoic acid on desaturation and uptake
in vivo of isotope-labeled oleic, linoleic, and linolenic acids by
male subjects. Lipids. 34: 785–791.

224. Manku, M. S., D. F. Horrobin, Y. S. Huang, and N. Morse. 1983.
Fatty acids in plasma and red cell membranes in normal humans.
Lipids. 18: 906–908.

225. Hagenfeldt, L. 1975. Turnover of individual free fatty acids in
man. Fed. Proc. 34: 2246–2249.

226. Zhou, L., N. Xu, and Å. Nilsson. 1997. Tissue uptake and inter-
conversion of plasma unesterified 14C linoleic acid in the guinea pig.
Biochim. Biophys. Acta. 30: 197–210.

227. Zhou, L., and Å. Nilsson. 1999. Fasting increases tissue uptake
and interconversion of plasma unesterified linoleic acid in
guinea pigs. Biochim. Biophys. Acta. 1349: 197–210.

228. Hagve, T. A., and H. Sprecher. 1989. Metabolism of long-chain
polyunsaturated fatty acids in isolated cardiac myocytes. Biochim.
Biophys. Acta. 20: 338–344.

229. Nilsson, Å., and W. Becker. 1995. Uptake and interconversion of
plasma unesterified n-3 polyunsaturated fatty acids by the GI
tract of rats. Am. J. Physiol. 268: G732–G738.

230. Gjesdal, K., A. Nordoy, H. Wang, H. Berntsen, and O. D. Mjos.
1976. Effects of fasting on plasma and platelet-free fatty acids and
platelet function in healthy males. Thromb. Haemost. 36: 325–333.

231. MacDonald, J. I., and H. Sprecher. 1991. Phospholipid fatty acid
remodeling in mammalian cells. Biochim. Biophys. Acta. 1084:
105–121.

232. Iritani, N., Y. Ikeda, and H. Kajitani. 1984. Selectivities of 1-acyl-
glycerophosphorylcholine acyltransferase and acyl-CoA synthetase
for n-3 polyunsaturated fatty acids in platelets and liver mi-
crosomes. Biochim. Biophys. Acta. 793: 416–422.

233. Inoue, M., S. Murase, and H. Okuyama. 1984. Acyl coenzyme
A:phospholipid acyltransferases in porcine platelets discriminate
between omega-3 and omega-6 unsaturated fatty acids. Arch. Bio-
chem. Biophys. 231: 29–37.

234. Lands, W. E. M. 1960. Metabolism of glycerolipids. II. The enzy-
matic acylation of lysolecithin. J. Biol. Chem. 235: 2233–2237.

235. Lands, W. E. M., and C. G. Crawford. 1976. Biosynthesis of cell
components. In The Enzymes of Biological Membranes. Vol. 2.
A. Martonosi, editor. Plenum Press, New York. 3–85.

236. Choy, P. C., M. Skrzypczak, D. Lee, and F. T. Jay. 1997. Acyl-GPC
and alkenyl/alkyl-GPC:acyl-CoA acyltransferases. Biochim. Biophys.
Acta. 1348: 124–133.

237. Lefkowith, J. B., V. Flippo, H. Sprecher, and P. Needleman. 1985.
Paradoxical conservation of cardiac and renal arachidonate con-
tent in essential fatty acid deficiency. J. Biol. Chem. 260: 15736–
15744.

238. Thomas-Benhamou, G., Y. Rayssiguier, P. Cardot, E. Gueux, and
G. Trugnan. 1988. Magnesium deprivation or short-term essen-
tial fatty acid deficiency in rats: effects on serum lipids, platelet
fatty acid composition and arachidonic acid incorporation into
platelet phospholipids. Magnes. Res. 1: 39–44.

239. Blank, M. L., R. L. Wykle, and F. Snyder. 1973. The retention of
arachidonic acid in ethanolamine plasmalogens of rat testes dur-
ing essential fatty acid deficiency. Biochim. Biophys. Acta. 316: 28–
34.

240. Vazquez, J. M., and E. R. Roldan. 1997. Phospholipid metabolism
in boar spermatozoa and role of diacylglycerol species in the de
novo formation of phosphatidylcholine. Mol. Reprod. Dev. 47:
105–112.

241. Bazan, H. E., H. Sprecher, and N. G. Bazan. 1984. De novo bio-
synthesis of docosahexaenoyl-phosphatidic acid in bovine retinal
microsomes. Biochim. Biophys. Acta. 796: 11–19.

242. Nixon, A. B., D. G. Greene, and R. L. Wykle. 1996. Comparison
of acceptor and donor substrates in the CoA-independent trans-
acylase reaction in human neutrophils. Biochim. Biophys. Acta.
1300: 187–196.

243. Gaposchkin, D. P., and R. A. Zoeller. 1999. Plasmalogen status
influences docosahexaenoic acid levels in a macrophage cell
line. Insights using ether lipid-deficient variants. J. Lipid Res. 40:
495–503.

244. Innis, S. M. 2000. The role of dietary n-6 and n-3 fatty acids in the
developing brain. Dev. Neurosci. 22: 474–480.

245. DeLany, J. P., M. M. Windhauser, C. M. Champagne, and G. A.
Bray. 2000. Differential oxidation of individual dietary fatty acids
in humans. Am. J. Clin. Nutr. 72: 905–911.

246. Fu, Z., and A. J. Sinclair. 2000. Increased alpha-linolenic acid in-
take increases tissue alpha-linolenic acid content and apparent
oxidation with little effect on tissue docosahexaenoic acid in the
guinea pig. Lipids. 35: 395–400.

247. Chen, Q., and Å. Nilsson. 1993. Desaturation and chain elonga-
tion of n-3 and n-6 polyunsaturated fatty acids in the human
CaCo-2 cell line. Biochim. Biophys. Acta. 24: 2–3.

248. Chilton, F. H., M. Patel, A. N. Fonteh, W. C. Hubbard, and M.
Triggiani. 1993. Dietary n-3 fatty acid effects on neutrophil lipid
composition and mediator production. Influence of duration
and dosage. J. Clin. Invest. 91: 115–122.

249. Needleman, S. W., A. A. Spector, and J. C. Hoak. 1982. Enrich-
ment of human platelet phospholipids with linoleic acid dimin-
ishes thromboxane release. Prostaglandins. 24: 607–622.

250. Martin-Nizard, F., B. Richard, G. Torpier, A. Nouvelot, J. C.
Fruchart, P. Duthilleul, and C. Delbart. 1987. Analysis of phos-
pholipid transfer during HDL binding to platelets using a fluo-
rescent analog of phosphatidylcholine. Thromb. Res. 46: 811–825.

251. Packham, M. A., M. A. Guccione, N. L. Bryant, and A. Livne.
1991. Incorporation of lipids labeled with various fatty acids into
the cytoskeleton of aggregating platelets. Lipids. 26: 485–491.

252. Brook, J. G., and M. Aviram. 1988. Platelet lipoprotein interac-
tions. Semin. Thromb. Hemost. 14: 258–265.

253. Aviram, M., J. G. Brook, A. M. Lees, and R. S. Lees. 1981. Low
density lipoprotein binding to human platelets: role of charge
and of specific amino acids. Biochem. Biophys. Res. Commun. 99:
308–318.

254. Koller, E., F. Koller, and W. Doleschel. 1982. Specific binding sites
on human blood platelets for plasma lipoproteins. Hoppe Seylers
Z. Physiol. Chem. 363: 395–405.

255. Engelmann, B., B. Schaipp, P. Dobner, M. Stoeckelhuber, C.
Kogl, W. Siess, and A. Hermetter. 1998. Platelet agonists enhance
the import of phosphatidylethanolamine into human platelets. J.
Biol. Chem. 273: 27800–27808.

256. Riddell, D. R., V. Siripurapu, D. V. Vinogradov, J. Gliemann, and
J. S. Owen. 1998. Blood platelets do not contain the low-density
receptor-related protein (LRP). Biochem. Soc. Trans. 26: S244.

257. Xu, N., L. Zhou, R. Odselius, and Å. Nilsson. 1995. Uptake of
radiolabeled and colloidal gold-labeled chyle chylomicrons and
chylomicron remnants by rat platelets in vitro. Arterioscler. Thromb.
Vasc. Biol. 15: 972–981.

258. Xu, N., A. K. Öhlin, and Å. Nilsson. 1994. Chylomicron-induced
prothrombin activation and platelet aggregation. Arterioscler.
Thromb. 14: 1014–1020.

259. Schick, B. P., P. K. Schick, and P. R. Chase. 1981. Lipid composi-
tion of guinea pig platelets and megakaryocytes. The megakaryo-
cyte as a probable source of platelet lipids. Biochim. Biophys. Acta.
663: 239–248.

260. Schick, P. K., B. P. Schick, K. Foster, and A. Block. 1984. Arachi-
donate synthesis and uptake in isolated guinea-pig megakaryo-
cytes and platelets. Biochim. Biophys. Acta. 795: 341–347.

261. Spector, A. A., J. C. Hoak, E. D. Warner, and G. L. Fry. 1970. Utili-
zation of long-chain free fatty acids by human platelets. J. Clin. In-
vest. 49: 1489–1496.

262. Deykin, D., and R. K. Desser. 1968. The incorporation of acetate
and palmitate into lipids by human platelets. J. Clin. Invest. 47:
1590–1602.

263. Cohen, P., A. Derksen, and H. Van den Bosch. 1970. Pathways of
fatty acid metabolism in human platelets. J. Clin. Invest. 49: 128–
139.

264. Bills, T. K., J. B. Smith, and M. J. Silver. 1976. Metabolism of
[14C]arachidonic acid by human platelets. Biochim. Biophys. Acta.
424: 303–314.

265. Bereziat, G., J. Chambaz, G. Trugnan, D. Pepin, and J.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Zhou and Nilsson Sources of tissue eicosanoid precursor fatty acids 1541

Polonovski. 1978. Turnover of phospholipid linoleic and arachi-
donic acids in human platelets from plasma lecithins. J. Lipid Res.
19: 495–500.

266. Schick, P. K. 1989. Arachidonic acid is preferentially incorpo-
rated by immature megakaryocytes. J. Lab. Clin. Med. 113: 79–87.

267. Yurkowski, M., and B. L. Walker. 1971. The molecular species of
mucosal phosphatidyl cholines from the small intestine of nor-
mal and essential fatty acid-deficient rats. Biochim. Biophys. Acta.
231: 145–152.

268. Bernhard, W., A. D. Postle, M. Linck, and K. F. Sewing. 1995.
Composition of phospholipid classes and phosphatidylcholine
molecular species of gastric mucosa and mucus. Biochim. Biophys.
Acta. 1255: 99–104.

269. Nishida, T., H. Miwa, A. Shigematsu, M. Yamamoto, M. Iida, and
M. Fujishima. 1987. Increased arachidonic acid composition of
phospholipids in colonic mucosa from patients with active ulcer-
ative colitis. Gut. 28: 1002–1007.

270. Nicholson, M. L., J. P. Neoptolemos, H. A. Clayton, I. C. Talbot,
and P. R. Bell. 1991. Increased cell membrane arachidonic acid
in experimental colorectal tumours. Gut. 32: 413–418.

271. Cao, Y., A. T. Pearman, G. A. Zimmerman, T. M. McIntyre, and
S. M. Prescott. 2000. Intracellular unesterified arachidonic acid
signals apoptosis. Proc. Natl. Acad. Sci. USA. 97: 11280–11285.

272. Chan, T. A., P. J. Morin, B. Vogelstein, and K. W. Kinzler. 1998.
Mechanisms underlying nonsteroidal antiinflammatory drug-
mediated apoptosis. Proc. Natl. Acad. Sci. USA. 95: 681–686.

273. Petrik, M. B., M. F. McEntee, C. H. Chiu, and J. Whelan. 2000.
Antagonism of arachidonic acid is linked to the antitumorigenic
effect of dietary eicosapentaenoic acid in Apc(Min/1) mice. J.
Nutr. 130: 1153–1158.

274. Sastry, P. S. 1985. Lipids of nervous tissue: composition and me-
tabolism. Prog. Lipid Res. 24: 69–176.

275. Neuringer, M., G. J. Anderson, and W. E. Connor. 1988. The es-
sentiality of n-3 fatty acids for the development and function of
the retina and brain. Annu. Rev. Nutr. 8: 517–541.

276. Green, P., and E. Yavin. 1998. Mechanisms of docosahexaenoic
acid accretion in the fetal brain. J. Neurosci. Res. 52: 129–136.

277. Makrides, M., M. A. Neumann, and R. A. Gibson. 1996. Is dietary
docosahexaenoic acid essential for term infants? Lipids. 31: 115–
119.

278. Werkman, S. H., and S. E. Carlson. 1996. A randomized trial of
visual attention of preterm infants fed docosahexaenoic acid
until nine months. Lipids. 31: 91–97.

279. Clandinin, M. T., J. E. Chappell, S. Leong, T. Heim, P. R. Swyer,
and G. W. Chance. 1980. Intrauterine fatty acid accretion rates in
human brain: implications for fatty acid requirements. Early
Hum. Dev. 4: 121–129.

280. Clandinin, M. T., J. E. Chappell, T. Heim, P. R. Swyer, and G. W.
Chance. 1981. Fatty acid utilization in perinatal de novo synthesis
of tissues. Early Hum. Dev. 5: 355–366.

281. Al, M. D., G. Hornstra, Y. T. van der Schouw, M. T. Bulstra-Ramak-
ers, and H. J. Huisjes. 1990. Biochemical EFA status of mothers
and their neonates after normal pregnancy. Early Hum. Dev. 24:
239–248.

282. Hornstra, G., A. C. van Houwelingen, M. Simonis, and J. M.
Gerrard. 1989. Fatty acid composition of umbilical arteries and
veins: possible implications for the fetal EFA-status. Lipids. 24:
511–517.

283. Zeijdner, E. E., A. C. van Houwelingen, A. D. Kester, and G. Horn-
stra. 1997. Essential fatty acid status in plasma phospholipids of
mother and neonate after multiple pregnancy. Prostaglandins
Leukot. Essent. Fatty Acids. 56: 395–401.

284. van der Schouw, Y. T., M. D. Al, G. Hornstra, M. T. Bulstra-Ramak-
ers, and H. J. Huisjes. 1991. Fatty acid composition of serum lip-
ids of mothers and their babies after normal and hypertensive
pregnancies. Prostaglandins Leukot. Essent. Fatty Acids. 44: 247–
252.

285. Stremmel, W., H. Kleinert, B. A. Fitscher, J. Gunawan, C. Klaas-
sen-Schluter, K. Moller, and M. Wegener. 1992. Mechanism of cel-
lular fatty acid uptake. Biochem. Soc. Trans. 20: 814–817.

286. Haggarty, P., K. Page, D. R. Abramovich, J. Ashton, and D. Brown.
1997. Long-chain polyunsaturated fatty acid transport across the
perfused human placenta. Placenta. 18: 635–642.

287. Dutta-Roy, A. K. 2000. Transport mechanisms for long-chain poly-
unsaturated fatty acids in the human placenta. Am. J. Clin. Nutr.
71: 315S–322S.

288. Campbell, F. M., M. J. Gordon, and A. K. Dutta-Roy. 1998. Placen-

tal membrane fatty acid-binding protein preferentially binds
arachidonic and docosahexaenoic acids. Life Sci. 63: 235–240.

289. Green, P., and E. Yavin. 1993. Elongation, desaturation, and es-
terification of essential fatty acids by fetal rat brain in vivo. J. Lipid
Res. 34: 2099–2107.

290. Pawlosky, R. J., G. Ward, and N. Salem, Jr. 1996. Essential fatty
acid uptake and metabolism in the developing rodent brain. Lip-
ids. 31(Suppl): S103–S107.

291. Clandinin, M. T., K. Wong, and R. R. Hacker. 1985. Delta 5-desat-
urase activity in liver and brain microsomes during development
of the pig. Biochem. J. 227: 1021–1023.

292. Thies, F., C. Pillon, P. Moliere, M. Lagarde, and J. Lecerf. 1994.
Preferential incorporation of sn-2 lysoPC DHA over unesterified
DHA in the young rat brain. Am. J. Physiol. 267: R1273–R1279.

293. Bernoud, N., L. Fenart, P. Moliere, M. P. Dehouck, M. Lagarde,
R. Cecchelli, and J. Lecerf. 1999. Preferential transfer of 2-
docosahexaenoyl-1-lysophosphatidylcholine through an in vitro
blood-brain barrier over unesterified docosahexaenoic acid. J.
Neurochem. 72: 338–345.

294. Washizaki, K., Q. R. Smith, S. I. Rapoport, and A. D. Purdon.
1994. Brain arachidonic acid incorporation and precursor pool
specific activity during intravenous infusion of unesterified
[3H]arachidonate in the anesthetized rat. J. Neurochem. 63: 727–
736.

295. Chang, M. C., J. M. Bell, A. D. Purdon, E. G. Chikhale, and E.
Grange. 1999. Dynamics of docosahexaenoic acid metabolism in
the central nervous system: lack of effect of chronic lithium treat-
ment. Neurochem. Res. 24: 399–406.

296. Pitas, R. E., J. K. Boyles, S. H. Lee, D. Hui, and K. H. Weisgraber.
1987. Lipoproteins and their receptors in the central nervous sys-
tem. Characterization of the lipoproteins in cerebrospinal fluid
and identification of apolipoprotein B, E (LDL) receptors in the
brain. J. Biol. Chem. 262: 14352–14360.

297. Meresse, S., C. Delbart, J. C. Fruchart, and R. Cecchelli. 1989.
Low-density lipoprotein receptor on endothelium of brain capil-
laries. J. Neurochem. 53: 340–345.

298. Dehouck, B., M. P. Dehouck, J. C. Fruchart, and R. Cecchelli.
1994. Upregulation of the low density lipoprotein receptor at the
blood-brain barrier: intercommunications between brain capil-
lary endothelial cells and astrocytes. J. Cell Biol. 126: 465–473.

299. Malavolti, M., H. Fromm, S. Ceryak, and K. L. Shehan. 1991. Ce-
rebral low-density lipoprotein (LDL) uptake is stimulated by
acute bile drainage. Biochim. Biophys. Acta. 1081: 106–108.

300. Altman, P. L., and D. S. Dittmer. 1974. Biology Data Book. 2nd
edition. Vol. 3. Federation of American Societies for Experimen-
tal Biology, Bethesda, MD.

301. Thrasher, K., E. E. Werk, Jr., Y. Choi, L. J. Sholiton, W. Meyer, and
C. Olinger. 1969. The measurement, excretion, and source of
urinary 6-hydroxycortisol in humans. Steroids. 14: 455–468.

302. Forstermann, U., and T. J. Feuerstein. 1987. Decreased systemic
formation of prostaglandin E and prostacyclin, and unchanged
thromboxane formation, in alcoholics during withdrawal as esti-
mated from metabolites in urine. Clin. Sci. 73: 277–283.

303. O’Sullivan, S., M. J. Mueller, S. E. Dahlen, and M. Kumlin. 1999.
Analyses of prostaglandin D2 metabolites in urine: comparison
between enzyme immunoassay and negative ion chemical ionisa-
tion gas chromatography-mass spectrometry. Prostaglandins Other
Lipid Mediat. 57: 149–165.

304. Mizugaki, M., T. Hishinuma, E. Matsumura, Y. Murai, T.
Yamazaki, S. Yamanobe, and M. Tamai. 1999. Monitoring of the
thromboxane A2/prostacyclin ratio in the urine of patients with
retinal vascular occlusion through the low-dose-aspirin therapy
using the gas chromatography/selected ion monitoring method.
Prostaglandins Other Lipid Mediat. 58: 253–262.

305. Fischer, S., B. Scherer, and P. C. Weber. 1982. Prostacyclin metab-
olites, in urine or adults and neonates, studied by gas chromatog-
raphy-mass spectrometry and radioimmunoassay. Biochim. Bio-
phys. Acta. 710: 493–501.

306. Mizugaki, M., T. Hishinuma, and N. Suzuki. 1999. Determination
of leukotriene E4 in human urine using liquid chromatography-
tandem mass spectrometry. J. Chromatogr. B Biomed. Sci. Appl. 729:
279–285.

307. Hackshaw, K. V., N. F. Voelkel, R. B. Thomas, and J. Y. West-
cott. 1992. Urine leukotriene E4 levels are elevated in patients
with active systemic lupus erythematosus. J. Rheumatol. 19:
252–258.

308. Catella, F., J. A. Lawson, D. J. Fitzgerald, and G. A. FitzGerald.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1542 Journal of Lipid Research Volume 42, 2001

1990. Endogenous biosynthesis of arachidonic acid epoxides in
humans: increased formation in pregnancy-induced hyperten-
sion. Proc. Natl. Acad. Sci. USA. 87: 5893–5897.

309. Catella, F., J. Lawson, G. Braden, D. J. Fitzgerald, E. Shipp, and
G. A. FitzGerald. 1991. Biosynthesis of P450 products of arachi-
donic acid in humans: increased formation in cardiovascular dis-
ease. Adv. Prostaglandin Thromboxane Leukot. Res. 193–196.

310. Sacerdoti, D., M. Balazy, P. Angeli, A. Gatta, and J. C. McGiff.
1997. Eicosanoid excretion in hepatic cirrhosis. Predominance of
20-HETE. J. Clin. Invest. 100: 1264–1270.

311. Schwedhelm, E., D. Tsikas, T. Durand, F. M. Gutzki, A. Guy, J. C.
Rossi, and J. C. Frolich. 2000. Tandem mass spectrometric quanti-
fication of 8-iso-prostaglandin F2alpha and its metabolite 2,3-
dinor-5,6-dihydro-8-iso-prostaglandin F2alpha in human urine. J.
Chromatogr. B Biomed. Sci. Appl. 744: 99–112.

312. Obata, T., K. Tomaru, T. Nagakura, Y. Izumi, and T. Kawamoto.
2000. Smoking and oxidant stress: assay of isoprostane in human
urine by gas chromatography-mass spectrometry. J. Chromatogr. B
Biomed. Sci. Appl. 746: 11–15.

313. Gehring, H., W. Nahm, K. F. Klotz, O. Zais, R. Schreiber, P.
Schuren, and P. Schmucker. 1996. Plasma volume determina-

tion with ICG dye in changes of intravascular volume. Dye dilu-
tion method before and after autologous blood donation and
after retransfusion in the human. Infusionsther. Transfusionsmed.
23: 86–91.

314. Stein, Y., and O. Stein. 1966. Metabolism of labeled lysolecithin,
lysophosphatidyl ethanolamine and lecithin in the rat. Biochim.
Biophys. Acta. 116: 95–107.

315. Illingworth, D. R., and O. W. Portman. 1972. The uptake and me-
tabolism of plasma lysophosphatidylcholine in vivo by the brain
of squirrel monkeys. Biochem. J. 130: 557–567.

316. Hughes, T. A., M. B. Elam, W. B. Applegate, M. G. Bond, S. M.
Hughes, X. Wang, E. A. Tolley, J. B. Bittle, F. B. Stentz, and E. S.
Kang. 1995. Postprandial lipoprotein responses in hypertriglycer-
idemic subjects with and without cardiovascular disease. Metabo-
lism. 44: 1082–1098.

317. Thompson, G. R. 1989. A Handbook of Hyperlipidaemia. Cur-
rent Science, London.

318. Hrboticky, N., A. Sellmayer, Y. Yeo, A. Pietsch, and P. C. Weber.
1996. Linoleic acid esterified in low density lipoprotein serves as
substrate for increased arachidonic acid synthesis in differentiat-
ing monocytic cells. Biochim. Biophys. Acta. 16: 199–206.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

