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Abstract Albumin is a major determinant of eicosanoid forma- 
tion, affecting autacoids important in cell-cell interactions. We 
delineated three mechanisms by which albumin controlled platelet 
eicosanoid formation: I) Albumin diverted free arachidonate 
toward 12-lipoxygenation. .?)Albumin enhanced release of ara- 
chidonate from phospholipids. 3) Albumin inhibited incorporation 
of arachidonate from the medium into platelet phospholipids. 
12(S)-Hydroxyheptadecatrienoic acid (12-HHTrE) formation was 
reduced 70% by albumin as compared to that formed in albumin- 
free medium. In sharp contrast, formation of 12(S)-hydroxyeico- 
satetraenoic acid (12-HETE), the platelet lipoxygenase product, 
was much less influenced by albumin. Moreover, 12-HETE 
production in the presence of albumin was markedly increased 
and prolonged after aspirin treatment. These data suggested that 
albumin redirected released endogenous arachidonate from cyclo- 
oxygenase to lipoxygenase. Therefore, the metabolic fate of ara- 
chidonate present in the medium of stimulated platelets was 
studied by adding tracer [ 'Hlarachidonate 30 sec before throm- 
bin. Albumin increased arachidonate metabolism by lipoxygenase 
7-fpld as compared to albumin-free controls, while cyclooxygen- 
ation increased 2.7-fold. I Redirection of eicosanoid metabolism 
by albumin toward lipoxygenase products constitutes a heretofore 
undescribed and potentidy important physiological role for al- 
bumin. In vitro utilization of albumin may reflect in vivo events 
in thrombosis and hemostasis more accurately than previous 
studies without albumin could appreciate.- Broekman, M. J., 
A. M. Eiroa, and A. J. Mprcur. Albumin redirects platelet 
eicosanoid metabolism toward 12(5')-hydmyeicosatetraenoic acid. 
J. Lipid Res. 1989. 50: 1925-1932. 

Supplementary key w o r d s  cydooxygcnase lipoxygenase aspirin 

Activated platelets release arachidonate and enzymati- 
cally generate cyclooxygenase and lipoxygenase metabolites 
therefrom. The profile of eicosanoids formed by platelet 
suspensions in vitro consists of 12-HHTrE, T U z ,  and 12- 
HETE. Negligible quantities (less than 1.6%) of PGEz, 
PGDz, and PGFz, are detectable (1). As studied in vitro 
this spectrum can be qualitatively and quantitatively ex- 
tended by interactions with other cell types (2-6). Such 
cell-cell interactions involve transfer of arachidonate as well 
as eicosanoids and eicosanoid intermediates (7). Therefore, 
free arachidonate derived from stimulated cells constitutes 

a critical substrate for reactions involving formation of ei- 
cosanoids during cell-cell contact. 

We recently found that interactions with albumin are of 
great importance in studying further metabolism of ara- 
chidonate following its release from cells under investiga- 
tion. Albumin is an abundant plasma protein, of which 
40% circulates but 60% is located extravascularly (8). 
Albumin binds fatty acids at two primary sites with affinity 
constants of 2.6 x 108/M and 1 x 108/M (oleate); the affini- 
ties of three or four secondary sites are at least 10-fold lower 
(9, 10). For this reason alone it is imperative to evaluate 
fatty acid binding by albumin when considering how eico- 
sanoid metabolism transpires in vivo. Fatty acid binding 
sites on albumin are distinct from those for other ligands 
and do not involve lysine 199, which is acetylated by aspi- 
rin. The KA for arachidonate of albumin is -3 x ~ O ' / M ,  
10-fold less than for oleate (11, 12). 

For reasons of practicality, in vitro studies of eicosanoid 
formation have avoided albumin and utilized protein-free or 
gelatin-containing media in order to avoid binding of free 
fatty acids or eicosanoids extracellularly. In some instances, 
fatty acid binding by albumin was utilized to retain released 
fatty acids in the extracellular milieu (13-15). While the util- 
ity of this approach has been very important, it had not 

Abbreviations: HPLC, high performance liquid chromatography; LTA,, 
leukotriene A4; LTB4, leukotriene BI; PA, phosphatidic acid; PC, cho- 
line glycerophospholipids; PE, ethanolamine glycerophospholipids; PI, 
phosphatidylinositol; PS, phosphatidylserine; TLC, thin-layer chromatog- 
raphy; TXA2, thromboxane A2; TXB', thromboxane BP. Abbreviations 
of eicosanoids follow recent recommendations (27): 5,12-diHETE, 
5(S),12(S)-dihydroxy-6-~,8-cir,lO-~nr,l4-~-eicosatetraenoic acid; 12,20- 
diHETE, 12(S),2C-dihydroxy-5,8,10,14-cir-eicosatetraenoic acid; 12-HETE, 
12(S)-hydmxy-5,8-~,lO-~nr,14-cic-eicosatetraenoic acid; 15-HETE, 15(S)- 
hydraxy-5,8,11-~,13-t~nr-eicosatetraenoic acid; 12-HH-E, 12(S)-hydroxy- 
heptadecatrienoic acid. 

'A preliminary report was presented at the Meeting of the American 
Federation for Clinical Research, April 29-May 2, 1988, Washington, DC 
(Broekman, M. J. 1988. Clin. Res. 36: 406 (abstract)). 

'To whom compondence should be addressed at: Thrombosis Research 
Laboratory, Room 13025W, New York Veterans Administration Medical 
Center, 408 First Avenue, New York, 10010. 

Journal of Lipid Research Volume 30, 1989 1925 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


heretofore served to unmask in vivo realities concerning 
the physiological significance of eisosanoid metabolism. 

Of particular interest is the continued formation of the 
lipoxygenase product, 12-hydroxyeicosatetraenoic acid (12- 
HETE), under conditions of aspirin ingestion or addition 
in vitro. Cyclooxygenation of arachidonate occurs over a 
much shorter time period following stimulation than does 
lipoxygenation. Therefore, binding of released arachidonate 
by albumin in the external milieu might affect cyclooxygen- 
ation more than lipoxygenation. This would result in redi- 
rection of arachidonate oxygenation by albumin from cyclo- 
oxygenase to lipoxygenase processing. The experimental 
data to be presented herewith support a new diversion 
hypothesis concerning the lipoxygenase pathway, with im- 
portant in vivo implications. Albumin redirects eicosanoid 
formation from both endogenous and exogenous platelet 
arachidonate to the lipoxygenase product, 12-HETE. This 
altered profile of eicosanoids generated after platelet acti- 
vation in a medium of greater physiological relevance, may 
thereby affect cellular interactions of critical importance 
to hemostasis, thrombosis, and the inflammatory response. 
In this communication, details of these newly character- 
ized biochemical reactions will be delineated. 

EXPERIMENTAL PROCEDURES 

Platelet collection and processing 

Washed human platelet suspensions were prepared from 
platelet-rich plasma (13-16). Platelets were washed twice 
(4OC) in Tris-citrate buffer (63 mM Tris, 95 mM NaCl, 5 
mM KCl, 12 mM citric acid, pH 6.5), resuspended in 154 
mM NaCl, and adjusted to 10'' platelets/ml. 

Experimental design 

Incubations were carried out at 37OC in open tubes, with 
or without stirring (13-16): 0.5 ml (1.7-5 x lo9) platelets 
were incubated in buffer (75 mM Tris, 95 mM NaCl, 7 mM 
glucose, 3 mM KH2P0+,  pH 7.4) in a total volume of 1 or 
2 ml. Thrombin was added in 50 or 100 pl 154 mM NaCl 
after 4 min preincubation. Incubations were terminated 
by rapid addition of 3.5 volumes chloroform-methanol 2:5 
(vh)  for analyses of fatty acids (13-16), or 1.5 volumes ace- 
tone for measurements of eicosanoids (4, 17). [3H]Ara- 
chidonate (1 &i, 5 pmol, in 5 pl Na2C03) was added 30 
sec prior to thrombin. 

In preliminary experiments different sources of albumin 
were evaluated. Effects of human essentially fatty acid-free 
albumin derived from fraction V (Sigma, St. Louis, MO, 
catalog # A-1887) on eicosanoid formation were indistin- 
guishable from bovine albumin (Sigma # A-6003). Further- 
more, no significant differences were noted between human 
essentially fatty acid-free albumin (Sigma), and non- 
defatted albumins such as human albumin containing less 
than 2.4% dimer (Calbiochem, San Diego, CA, # 126654), 

or bovine albumin (ICN ImmunoBiologicals, Lisle, IL, 
#8l-006). This ruled out effects due to lipid and fatty acid 
content of the albumins and effects of dimeric albumin. In 
addition, contamination with serine proteases was ruled out 
as follows: Sigma essentially fatty acid-free human albumin 
was pretreated with 2.5 mM diisopropylfluorophosphate. 
Calbiochem albumin was pretreated with glycine, followed 
by neutralization and incubation with 0.1 mM phenyl- 
methylsulfonyl fluoride. Excess reagents were removed by 
dialysis; no changes in free arachidonate or its metabolites 
were observed when compared with untreated albumin. 

Fatty acid analyses 

Incubation mixtures were extracted by a modified Bligh 
and Dyer method and lipids were separated by two- 
dimensional TLC using chloroform-methanol-conc. am- 
monia-water 65:35:5:1.5 (vh)  (solvent l), and chloroform- 
acetone-methanol-acetic acid-water 60:80:20:20:10 (vh) 
(solvent 2) (13-16). Alternatively, one-dimensional TLC 
utilizing silica gel 60 and chloroform-methanol-acetic 
acid-water 60:50:1:4 (vh)  was performed for separation of 
major phospholipid classes (18). Lipid extracts (in chloro- 
form-methanol 2:l) were spotted on the plates under N2. 
Spotting tubes were rinsed twice with chloroform-methanol 
2:1, which was also spotted to ensure quantitative trans- 
fer of lipid extract. Following development, plates were 
dried under N2 and stained with purified 2',7'-dichloro- 
fluorescein. Visualized lipids were marked, plates were 
dried under N2, and marked lipids were scraped into tubes 
containing heneicosanoic acid (21:O) as internal standard, 
prior to addition of 2 ml 3 N HCl in methanol for prepa- 
ration of fatty acid methyl esters (14-16). Fatty acid methyl 
esters were quantitated utilizing a Hewlett-Packard 5880A 
gas chromatograph, equipped with two columns (1800 x 2 
mm) packed with 10% SP2340 on 100/120 mesh Chro- 
mosorb WAW. Fatty acid content was measured relative 
to the known quantities of 21:O added as internal standard. 
From these data fatty acids were calculated and expressed 
as nmol per 5 x lo9 platelets (14-16). Free fatty acids in 
eicosanoid extracts were also quantitated. After comple- 
tion of eicosanoid analyses (see below), solvent (ethanol) 
was evaporated, and lipids were redissolved in chloroform- 
methanol 2:l prior to TLC and fatty acid analyses as above. 
In these instances, 21:O internal standard was added at the 
same time as 15-HETE, the eicosanoid internal standard. 

Eicosanoid analyses 

Internal standard (15-HETE, an eicosanoid not formed 
by pure human platelet suspensions) was added immedi- 
ately after incubations were terminated with 1.5 volumes of 
acetone. Platelet suspensions were extracted (4, 17), and the 
extracts were dissolved in 50-100 pl ethanol. Eicosanoids 
were separated by HPLC on a NovaPak C18 column (150 
x 4 mm; Waters/Millipore, Milford, MA) using mixtures 
of solvent A (27% acetonitrile in water, pH 2.5 with phos- 
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phoric acid) and solvent B (100% acetonitrile) at a flow rate 
of 1 ml/min. After 5 min at 100% A, solvent composition 
was varied linearly: over 2 min to 78% A (43.1% acetoni- 
trile); then in 25 min to 60% A (56.2% acetonitrile); finally 
in 1 min to 100% B (100% acetonitrile) for a “washoff of 
15 min. Solvent composition was returned in 5 min to 100% 
A (27 % acetonitrile) for re-equilibration. Eicosanoids were 
detected by absorbance at 237 nm (5 nm bandwidth) utiliz- 
ing a Kratos 783 spectrophotometer (AB1 Analytical, Ram- 
sey, NJ), governing two Waters model 590 pumps (Milli- 
pore, Bedford, MA), and quantitated (Shimadzu C -R4A, 
Shimadzu Scientific Instruments, Columbia, MD). At 237 
nm, peak area per ng 12-HHTrE and 12-HETE related 
to peak area per ng 15-HETE as 0.86 and 1.12, respectively. 
This was determined from standard solutions whose pu- 
rity and concentration were ascertained spectrophotometri- 
cally (Cary 118, Varian Associates, Palo Alto, CA), utilizing 

= 27,500 for 12- and 15-HETE, and €291 = 33,400 for 
12-HHTrE. Peak area varied linearly with quantity over the 
absorbance range encountered. Sensitivity was 1-5 pmol 
eicosanoid. Peak identity was confirmed by cochromatog- 
raphy with authentic standards, and by on-line spectral 
analyses (LC -235 diode-array detector, Perkin-Elmer, 
Norwalk, CT). 

Radio-TLC and -HPLC 
Radioactive eicosanoids were analyzed by radio-TLC 

utilizing the Nugteren TLC system (2, 19), and by radio- 
HPLC. The effluent from the HPLC column was mixed 
with Flo-Scint I11 (5 ml/ml HPLC effluent) and counted 
(Flo-One Beta, Radiomatic Instruments and Chemical Co., 
Tampa, FL). 

Materials 
Solvents for HPLC were obtained from Burdick and 

Jackson (Scientific Products, Edison, NJ) or Waters (Waters/ 
Millipore, Milford, MA); eicosanoid standards were from 
Biomol (Plymouth Meeting, PA); [3H]arachidonic acid 
(NET-298Z, 7030 GBq or 190 Ci/mmol) from DuPont 
(Boston, MA) was converted to the sodium salt immedi- 
ately prior to use (2); silica gel 60 TLC plates were from 
Merck (EM Science, Cherry Hill, NJ). Other reagents were 
obtained as previously described (13-16). 

RESULTS 

Time course of thrombin-induced eicosanoid formation 
in the presence and absence of albumin 

There was a pronounced effect of albumin on genera- 
tion of platelet eicosanoids (Fig. l). Albumin, at a concen- 
tration of 37 /AM, blocked formation of 12-HHTrE 15 sec 
following thrombin addition, when 15 nmol 12-HHTrE had 
formed (Fig. 1A). When albumin was absent from the 

12-HHTrE 
0 

c M ] B  12-HETE 
0 

“ 1 1  / 12-HETE. 

20 401 I/’ 
Fig. 1. Effect of albumin on eicosanoid formation by thrombin-stimulated 
platelets. A: Albumin (37 p ~ ,  closed symbols) limited formation of 
12-HHTrE to less than one-third of its formation in albumin-free incu- 
bations (open symbols). B: 12-HETE formation in the presence of albu- 
min persisted albeit at a lower initial rate than 12-HHTrE production. 
Greater than 50% of 12-HETE formation was retained in the presence 
of albumin. C: 12-HETE formation was much more extensive in the 
presence of 0.5 mM aspirin (asterisk). Albumin slowed 12-HETE forma- 
tion without affecting its final level. Data are from one of three experi- 
ments that yielded similar results, and are expressed as nmol eicosa- 
noid5 x lo9 platelets; 4.8 x lo9 platelets were incubated in a total volume 
of 2 ml and stimulated with 15 U a-thrombin (0.31 U per 10’ platelets). 
See Experimental Procedures for details of extraction and HPLC analyses. 

medium, rapid formation of 12-HHTrE persisted for more 
than 1 min (rather than 15 sec) after thrombin. Albumin 
reduced formation of 12-HHTrE by two thirds after 5 min 
stimulation (45 to 15 nmol, Fig. 1A). However, the initial 
rate of 12-HHTrE formation was albumin-insensitive. 
These data suggested that arachidonate released from 
stimulated platelets was retained extracellularly. This 
resulted in reduced availability of released arachidonate for 
oxygenation intracellularly by membrane-bound cyclooxy- 
genase. Since platelet arachidonate cyclooxygenation results 
in parallel formation of TXA2 and 12-HHTrE, our data 
imply that arachidonate released from stimulated platelets 
is diverted from all cyclooxygenase-mediated reactions by 
albumin in the medium. 

In contrast, results with the lipoxygenase product, 12- 
HETE, differed from those of the cyclooxygenase metabo- 
lite, 12-HHTrE. The rate at which 12-HETE formed was 
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slower, more continuous, and of longer duration than 
12-HHTrE. Albumin reduced overall production of 12- 
HETE by one third to one half (Fig. 1B). However, this 
was considerably less than the two thirds reduction observed 
in 12-HHTrE production reported above (Fig. 1A). The 
data depicted in Fig. 1A and B lead to two conclusions. 
I )  Albumin strongly reduced total eicosanoid formation in 
platelets by retention of arachidonate in the extracellular 
medium; this reduced availability of released arachidonate 
for oxygenation by intracellular oxygenases. 2) Albumin 
affected cyclooxygenation of endogenous arachidonate to 
a much greater extent than it did lipoxygenation. These 
results differed significantly from those obtained in protein- 
free media. 

Effects of albumin on 12-HETE formation in aspirin- 
treated platelets 

Platelets were pretreated with 0.5 mM aspirin to block 
cyclooxygenation of arachidonate. When these platelets 
were stimulated with thrombin (5-10 min), 12-HETE forma- 
tion increased threefold in the absence of albumin. How- 
ever, when albumin was included in the medium, 12-HETE 
production increased sixfold (compare Figs. 1C and 1B). 
There was always a slight lag prior to 12-HETE synthesis 
(Fig. 1B) as compared to generation of 12-HHTrE. This 
lag was even more pronounced following aspirin treatment 
(20), especially when albumin was included in the incuba- 
tion (Fig. IC). 

Whether aspirin was present or not, the initial rate of 
12-HETE formation (following the lag phase) was reduced 
three- to fourfold by albumin (compare Figs. 1C and 1B). 
Formation of 12-HETE persisted in a continuous maqner in 
the presence of albumin, and therefore total 12-HETE for- 
mation at late time points (5-10 min) in the presence of 
aspirin was minimally affected by albumin (Fig. lC), in 
contrast to the effects of albumin in the absence of aspirin 
(Figs. 1A and 1B). These results stress the importance of 
time course studies of eicosanoid formation. This is because 
each metabolite is maximally produced at different times. 
Moreover, the results suggest that albumin may play a sig- 
nificant role in eicosanoid metabolism in vivo. 

The abrupt cessation of 12-HHTrE formation (Fig. 1A) 
was in sharp contrast with the continuous formation of 
12-HETE in the presence of albumin (Fig. 1C). Thus, se- 
questration of the eicosanoid precursor arachidonate by al- 
bumin was only temporary, and albumin was responsible 
for a metabolic diversion of arachidonate from cyclooxy- 
genase to lipoxygenase. 

The 'reservoir" effect of albumin was studied in further 
detail. The approach was to compare levels of 12-HETE and 
free arachidonate after thrombin activation of aspirin-treated 
platelets. This was done in the presence of three different 
albumin concentrations. At the 1-min time point, the 
greatest differences in 12-HETE formation in albumin-free 
and in albumin-containing media occurred. However, these 

differences were greatly diminished at 5 min (Fig. IC). At 1 
min following thrombin addition, 12-HETE production in 
the presence of albumin (37 or 112 pM) was markedly re- 
duced to 6-12 % of that observed in the absence of albumin 
(Fig. 2A). The converse occurred with free arachidonate at 
1 min. In the presence of albumin, approximately 75 nmol 
free arachidonate accumulated, while in the absence of al- 
bumin only 10 nmol arachidonate was identified in free form. 

Thrombin stimulation (5 min) in the presence of albumin 
(37 p ~ )  actually promoted formation of platelet 12-HETE 
in comparison with 12-HETE formation in its absence 
(Fig. 2B). With regard to free arachidonate, 65 nmol was 
measurable in the presence of albumin (37 pM), but only 
6 nmol was free in its absence. Moreover, with 112 pM al- 
bumin, 105 nmol arachidonate remained free, but 12- 
HETE formation was still suppressed at the 5-min time 
point. In separate experiments using a higher thrombin-, 
platelet ratio, the enhancing effect of albumin on 12-HETE 
formation was evident at the highest concentration of al- 
bumin practicable (150 pM). These observations constitute 
further evidence that albumin not only inhibited immedi- 
ate oxygenation of arachidonate, but simultaneously 
promoted its availability for subsequenet metabolism. 

126 
I A  1 mln Thrombin 

76 

0 

26 
'", 
B o  
P - 126 j B  5 min Thrombin 8 E = 100 

76 
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0 
12-HETE 204  
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Fig. 2. Albumin promotes 12-HETE formation and arachidonate (20:4) 
accumulation by thrombin-stimulated platelets in the presence of 0.5 mM 
aspirin. A: Increasing albumin concentrations diminished 12-HETE for- 
mation and resulted in free arachidonate retention at 1 min thrombin. 
B: After 5 min, albumin promoted 12-HETE formation at 37 /LM com- 
pared to zero albumin, but still retained free arachidonate. Increasing 
albumin to 112 /LM diminished 12-HETE formation, even at 5 min, while 
free available arachidonate remained present in excess. In the absence 
of albumin, little if any arachidonate accumulated. Data are from one 
of three experiments yielding similar results, expressed as nmol per 5 x lo9 
platelets. 
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Effects of albumin on metabolism of arachidonate in the 
incubation medium 

The data obtained above suggested that albumin pro- 
moted selective metabolism of extracellular arachidonate 
by lipoxygenase. To test this hypothesis further, platelets 
were preincubated in the presence or absence of 37 pM al- 
bumin, and tracer [3H]arachidonate was added 30 sec prior 
to stimulation with thrombin (0.75 U/lOE platelets). Pat- 
terns of radioactivity of lipid extracts from these incuba- 
tions, as separated by TLC are depicted in Fig. 3. In the 
absence of albumin, 30 sec of [’Hlarachidonate incubation 
and 5 min thrombin stimulation resulted in association of 
76% (3.8 pmol) of radioactivity with phospholipids. The 
remainder was distributed between 12-HETE (1076, 0.5 
pmol), 12-HHTrE (9%, 0.4 pmol), TXB2 (2%, 0.1 pmol), 
and free arachidonate (396, 0.2 pmol). In contrast, in the 
presence of 37 pM albumin, only 42% (2.1 pmol) of the 
radioactivity added as [3H]arachidonate was associated 
with phospholipids, while increased quantities of radioac- 
tivity were present as 12-HETE (23%, 1.2 pmol), 12- 
HHTrE (19%, 0.9 pmol), TXB2 (576, 0.3 pmol), and free 
arachidonate (1176, 0.5 pmol). As expected, no “classical” 
prostaglandins formed (1). 

NO ALBUMIN 

EBZ4 12-HHTrE 
3 7 ~ M  ALBUMIN 

Fig. 3. Albumin promotes oxygenation of medium arachidonate (20:4) 
and decreases arachidonate incorporation into phospholipids (PL). 
[’H]Arachidonate, when added 30 sec prior to 5 min of thrombin stimula- 
tion, was oxygenated to TXB2, lZ-HHTrE, and lZ-HETE, and was re- 
tained as free fatty acid to a far greater extent in the presence of 37 p~ 
albumin than in its absence. Conversely, albumin strongly suppressed in- 
corporation of [’Hlarachidonate into platelet phospholipid. Data represent 
averages from two separate experiments. 
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Fig. 4. Redirection of extracellular arachidonate metabolism by albumin 
in thrombin-stimulated platelets. A Albumin redirected arachidonate me- 
tabolism to lipoxygenase resulting in a 7-fold increase in 12-HETE radio- 
activity as compared to a 2.7-fold increase in TXBz and 12-HHTrE. B: 
The thrombin-induced decrease in phospholipid [ ’HHIarachidonate was 
amplified &fold by albumin. Data are averages from two separate experi- 
ments, expressed as % of radioactivity added to incubations (see text for 
details). 

The net effects of thrombin stimulation on metabolism of 
extracellular arachidonate were determined separately in 
order to exclude basal incorporation of exogenously pro- 
vided arachidonate. Metabolism of [’Hlarachidonate, 
added 30 sec prior to thrombin, was compared in thrombin- 
stimulated and unstimulated platelet suspensions, both in 
the presence and absence of albumin. The net effect of 
stimulation was determined by subtracting radioactivity in 
each TLC zone of unstimulated platelets from radioactivity 
in corresponding zones of stimulated platelets. Thrombin 
activation induced albumin to preferentially enhance stimu- 
lus-dependent incorporation of radioactivity into 12-HETE 
(Fig. 4A): 12-HETE was increased 7-fold, but TXB2 and 
12-HHTrE only 2.7-fold (Fig. 4A). This indicated that al- 
bumin acted as “conduit” to divert free arachidonate away 
from platelet cyclooxygenase to lipoxygenase. 

In addition to enhancing lipoxygenation of arachidonate, 
albumin also controlled the quantity of arachidonate-derived 
radioactivity in both free fatty acid and phospholipid frac- 
tions of platelets. In albumin-free media, radioactivity in 
free fatty acids decreased by 1.0% after stimulation (76 of 
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total radiolabeled arachidonate added; Fig. 4B). With al- 
bumin present in the medium, free fatty acids increased by 
2.2% of total radioactivity (Fig. 4B). The influence of al- 
bumin upon incorporation of radioactivity into phospho- 
lipid was even more pronounced, and in the opposite direc- 
tion from that of free fatty acids. Thus, in albumin-free 
medium, thrombin stimulation induced a decrease of radio- 
activity in the phospholipid fraction of 10%. When cells 
were stimulated in the presence of albumin, a fourfold 
greater decrease in phospholipid radioactivity occurred (39% 
of total radioactivity added prior to thrombin; Fig. 4B). 

Alterations in phospholipids as described above were ex- 
amined in further detail. We utilized total separation of all 
phospholipid components (13-16, 18). We could thus quan- 
titate the net effect of thrombin stimulation on [3H]ara- 
chidonate content and correlate the changes in each 
phospholipid class (Fig. 5) .  The data demonstrated that 
after thrombin addition the [ 3H]arachidonate content of 
PC, PS, and PI decreased, but radioactivity in PA and PE 
increased. When thrombin was added to platelets in the 
presence of albumin, there was a decrease in [3H]arachi- 
donate content of all phospholipids, especially PC, but no 

10 
a 

PE I PS PI PA 

D O W A L B U M N  57W A U U M U  

Fig. 5. Albumin selectively affects arachidonate incorporation into plate- 
let phospholipids upon thrombin stimulation. Albumin (37 PM) increased 
the loss of [’Hlarachidonate from PC and PS, and reduced the gain in 
[’Hlarachidonate in PA and PE. PI was not affected by the absence or 
presence of albumin. A: No aspirin was present during preincubation or 
stimulation; B: treated with 0.5 mM aspirin. Data represent averages and 
standard errors of three separate experiments and were significant (two- 
tailed Student’s t-test) with respect to the effect of albumin (P < 0.05) 
for PC, PA, PE, and PS, but not significant (P > 0.42) for PI (see Fig. 4 
and Experimental Procedures for details). 

change in radioactivity of PI (Fig. 5A). When platelets were 
treated with aspirin to block arachidonate oxygenation by 
cyclooxygenase, results were similar, and again albumin in- 
duced a pronounced decrease in PC (Fig. 5B). These data 
indicate that albumin exerts a controlling influence on 
platelet eicosanoid metabolism by selectively modulating 
an increase in net phospholipase A2 activity, andlor by 
blocking reincorporation of released free arachidonate. 
There is no evidence that the albumin effect is operative 
via phospholipase C activity on inositides. 

DISCUSSION 

The data presented demonstrate that a considerable frac- 
tion of arachidonate, liberated upon platelet stimulation with 
thrombin, is released extracellularly prior to further me- 
tabolism. Once extracellular, this arachidonate can be 
metabolized by other cells or bound by albumin. Subse- 
quently, arachidonate can be released from the albumin for 
metabolism by cells in the microenvironment. In the case of 
platelets, our data demonstrate that such metabolism occurs 
preferentially via lipoxygenase, rather than cyclooxygenase. 

The results of our experiments also suggest that previous 
estimates of eicosanoid formation as carried out in protein- 
free media in vitro require re-evaluation. This has implica- 
tions for in vivo situations. The presence of albumin during 
platelet activation and subsequent biological responses 
represents a more physiological setting than studies con- 
ducted in the absence of this plasma protein. Redirection by 
albumin of arachidonate metabolism from cyclooxygenase 
to lipoxygenase constitutes a heretofore undescnbed “conduit” 
function for albumin in platelet eicosanoid metabolism. 

In the setting of decreased platelet cyclooxygenation of 
arachidonate, albumin caused a considerable persistence of 
lipoxygenation (Figs. lA, 1B). Of potential clinical sig- 
nificance is our observation that in aspirin-treated platelets 
lipoxygenation of arachidonate was only delayed by albumin 
(Figs. lC, 2B). 

During platelet stimulation, albumin increased oxygen- 
ation of extracellular arachidonate, especially by the lipoxy- 
genase enzyme (Fig. 4A). In marked contrast to the effect 
of albumin on most other phospholipids, incorporation of 
exogenous arachidonate by stimulated platelets into the PI 
fraction was not affected by albumin (Fig. 5). These obser- 
vations demonstrate that albumin modulation of eicosanoid 
formation results in increased availability of free arachi- 
donate for oxygenation. Thus, under in vivo conditions 
with albumin present virtually ubiquitously (8, lo), arachi- 
donate oxygenation and further processing is likely to be a 
more active process than previously appreciated. Impor- 
tantly, eicosanoid participation in cellular responses to 
stimulation, perturbation, or injury, especially by lipoxy- 
genase products, may be far more prominent than esti- 
mated in the past. 
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The prolonged production of 12-HETE in albumin-con- 
taining medium demonstrated that axachidonate in albumin- 
bound form is not irreversibly “sequestered.” Rather, it is 
readily available for utilization by stimulated platelets, sug- 
gesting that albumin served as a “reservoir“ of substrate for 
eicosanoid formation, rather than as a “sink,” as previously 
concluded (21-23). Our experiments also re-emphasize the 
importance of time course studies in eicosanoid metabolism 
to determine for each condition the time point at which 
maximal product formation occurs (Fig. 1). Our data dem- 
onstrate that in the presence of albumin 12-HHTrE forma- 
tion was strongly inhibited at an early time point, while 
12-HETE generation continued (Figs. 1 and 2). This obser- 
vation was further emphasized by our data indicating a two- 
fold greater availability of albumin-bound exogenous 
arachidonate for lipoxygenase in comparison to cyclooxy- 
genase (Fig. 4), demonstrating a dichotomy in processing of 
extracellular arachidonate bound to albumin. These data 
suggest that, in contrast to lipoxygenation, cyclooxygena- 
tion occurs in close physical association with the cell which, 
upon activation, originally released the arachidonate. 

There are several consequences of albumin-induced re- 
direction of arachidonate metabolism toward the lipoxy- 
genase pathway. In the in vivo setting, albumin may serve to 
confine cydooxygenase-dependent reactions to the immediate 
milieu of the cell. Simultaneously, albumin modulates for- 
mation of an alternate spectrum of eicosanoids, predom- 
inantly lipoxygenase products. Most notably, in our in vitro 
systems containing albumin, 12-HETE accumulated rapidly 
to final concentrations of 10-100 pM. At these levels 12- 
HETE has been demonstrated to have physiologically rele- 
vant effects (24). Thus, albumin could serve as an “endo- 
genous aspirin-like substance” in that it promotes lipoxy- 
genation to the detriment of cyclooxygenation. 

Albumin-induced redirection of arachidonate metabo- 
lism may have clinical consequences not appreciated previ- 
ously. In the in vivo situation, albumin is ubiquitously 
present (8, lo), and, as we have shown, platelet stimulation 
leads to prolonged formation of increasing quantities of 12- 
HETE, a trend that is enhanced during aspirin ingestion 
(Figs. lC, 2, and 4). Whereas cellular interactions involving 
cyclooxygenase metabolites have been demonstrated in vitro 
(2, 3) and in vivo (25), increasing attention is now focusing 
on metabolism of lipoxygenase products. We previously 
demonstrated that cyclooxygenase-dependent interactions 
(prostacyclin formation) were reduced in the presence of 
albumin when platelets and endothelial cells interacted in 
vitro (2). These interactions do occur in vivo and may be 
of clinical importance (25). In addition, it was recently sug- 
gested that products of the 12-lipoxygenase pathway exerted 
an inhibiting influence upon thromboxane-mediated re- 
sponses in platelets and vascular smooth muscle cells (26). 
Thus a new emphasis is emerging on a modulating role 
for 12-lipoxygenase metabolites in thrombosis and inflam- 

mation. Our data indicate that albumin exerts an impor- 
tant control mechanism in these cell-cell interactions. 

In conclusion, we demonstrate novel and potentially sig- 
nificant clinical roles for albumin in the control of eicosa- 
noid formation. Albumin redirected eicosanoid formation 
to the lipoxygenase pathway by stimulating utilization of 
arachidonate by cytosolic lipoxygenase rather than partic- 
ulate cyclooxygenase, by promoting release of arachidonate, 
and by inhibiting its reincorporation into phospholipid. 
This albumin shift in eicosanoid metabolism, which is in- 
creased by aspirin, further emphasizes the importance of 
lipoxygenase products in vitro as well as in vivo, especially 
since previous ex vivo measurements of cyclooxygenase 
metabolite levels were not sufficient for a full understand- 
ing of in vivo eicosanoid physiology. I 

Supported in part by Veterans Administration Research funds, 
National Institutes of Health Grants HL-29034 (to MJB), 
HL-18828 (to AJM and MJB), and HL-36919 (to AJM), and the 
Edward Gruenstein Fund, the Sallie Wichman Fund, and the 
S. M. Louis Fund (to AJM). MJB is an Established Investigator 
of the American Heart Association. 
Manurcript received 9 May 1989 and in revised form 19Jub 1989. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Marcus, A. J., L. B. Safier, H. L. Ullman, N. Islam, M. J. 
Broekman, J. R. Falck, S. Fischer, and C. von Schacky. 1987. 
Cell-cell interactions in the eicosanoid pathway. Ann. NYAcad. 
Sci. 516: 407-411. 
Marcus, A. J., B. B. Weksler, E. A. Jaffe, and M. J. Broek- 
man. 1980. Synthesis of prostacyclin from platelet-derived 
endoperoxides by cultured human endothelial cells. J.  Clzn. 
Invest. 66: 979-986. 
Schafer, A. I., D. D. Crawford, and M. A. Gimbrone, Jr. 
1984. Unidirectional transfer of prostaglandin endoperox- 
ides between platelets and endothelial cells. J.  Clin. Znuest. 

Marcus, A. J., M. J. Broekman, L. B. Safier, H. L. Ullman, 
N. Islam, C. N. Serhan, L. E. Rutherford, H. M. Korchak, 
and G. Weissmann. 1982. Formation of leukotrienes and 
other hydroxy acids during platelet-neutrophil interactions 
in vitro. B i o c h .  Biophys. Res. Commun. 109: 130-137. 
Marcus, A. J., L. B. Safier, H. L. Ullman, M. J. Broekman, 
N. Islam, T. D. Oglesby, and R. R. Gorman. 1984. 
124 20-Dihydroxyicosatetraenoic acid: a new icosanoid syn- 
thesized by neutrophils from 12s-hydroxyicosatetraenoic acid 
produced by thrombin- or collagen-stimulated platelets. Pmc. 
Natl. Acad. Sci. USA. 81: 903-907. 
Marcus, A. J., L. B. Safier, H. L. Ullman, N. Islam, M. J. 
Broekman, J. R. Falck, S. Fischer, and C. von Schacky. 1988. 
Platelet-neutrophil interactions. 12s-hydroxyeicosatetraen- 
1,20-dioic acid: a new eicosanoid synthesized by unstimu- 
lated neutrophils from 125 20-dihydroxyeicosatetraenoic acid. 
J.  Biol. Chem. 263: 2223-2229. 
Marcus, A. J. 1986. Transcellular metabolism of eicosanoids. 
Prog. Hemostasis Thromb. 8: 127-142. 
Rothschild, M. A., M. Oratz, and S. S. Schreiber. 1969. 
Serum albumin. Am. J. Dig. Dis. 14: 711-744. 

73: 1105-1112. 

Bmekman, Eiroa, and Marcus Albumin redirects arachidonate metabolism to 12-HETE 1931 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


9. Spector, A. A., and J. E. Fletcher. 1978. Fatty acid binding 
by serum albumin. In Albumin: Structure, Biosynthesis, 
Function. T. Peters and I. Sjoholm, editors. Pergamon Press, 
New York. 51-60. 

10. Peters, T., Jr. 1985. Serum albumin. Adv. Pmtein Chem. 37: 

11. Spector, A. A,, and J. E. Fletcher. 1978. Transport of fatty 
acid in the circulation. In Disturbances in Lipid and Lipo- 
protein Metabolism. J. M. Dietschy, A. M. Gotto, Jr., and 
J. A. Ontko, editors. Williams & Wilkins Co., Bethesda, MD. 
229-249. 

12. Savu, L., C. Benassayag, G. Vallette, N. Christeff, and E. 
Nunez. 1981. Mouse alphal-fetoprotein and albumin. A com- 
parison of their binding properties with estrogen and fatty 
acid ligands. J.  Biol. Chem. 256: 9414-9418. 

13. Broekman, M. J., J. W. Ward, and A. J. Marcus. 1980. Phos- 
pholipid metabolism in stimulated human platelets: changes 
in phosphatidylinositol, phosphatidic acid, and lysophospho- 
lipids. J.  Clin. Invest. 66: 275-283. 

14. Broekman, M. J., J. W. Ward, and A. J. Marcus. 1981. Fatty 
acid composition of phosphatidylinositol and phosphatidic 
acid in stimulated platelets. Persistence of arachidonyl-stearyl 
structure. J. Biol. Chem. 256: 8271-8274. 

15. Broekman, M. J. 1986. Stimulated platelets release equiva- 
lent amounts of arachidonate from phosphatidylcholine, 
phosphatidylethanolamine, and inositides. J. Lipid Res. 27: 

16. Broekman, M. J. 1989. Endogenous phosphatidylinositol 
4,5-bisphosphate, phosphatidylinositol, and phosphatidic acid 
in stimulated human platelets. Met& Enzymol. 169: 415-430. 

17. Hsueh, W., and F. F. Sun. 1982. Leukotriene Bt biosynthe- 
sis by alveolar macrophages. Biochem. Biophys. Res. Commun. 

18. Irvine, R. F., and R. M. C. Dawson. 1978. The distribution 
of calcium-dependent phosphatidylinositol-specific phos- 

161-245. 

884-891. 

106: 1085-1091. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

phodiesterase in rat brain. J.  Neumchem. 31: 1427-1434. 
Nugteren, D. H. 1982. Arachidonic acid-12-lipaxygenase from 
bovine platelets. Methods Enzymol. 86: 49-54. 
Hamberg, M., and G. Hamberg. 1980. On the mechanism 
of the oxygenation of arachidonic acid by human platelet 
lipoxygenase. Biochem. Biopfys. Res. Commun. 95: 1090-1097. 
Deykin, D., F. A. Russell, and R. Vaillancourt. 1979. The 
use of high pressure liquid chromatography (HPLC) for the 
separation of radiolabeled arachidonic acid and its metabo- 
lites produced by thrombin-treated human platelets. 11. Es- 
tablishment of optimal assay conditions. Pmstaglandins. 18: 

Stuart, M. J., J. M. Gerrard, and J. G. White. 1980. The 
influence of albumin and calcium on human platelet arachi- 
donic acid metabolism. Blood. 55: 418-423. 
Rao, A. K,, K. Koike, H. J. Day, J. B. Smith, and H. Holm- 
sen. 1985. Bleeding disorder associated with albumin- 
dependent partial deficiency in platelet thromboxane produc- 
tion. Effect of albumin on arachidonate metabolism in plate- 
lets. Am. J. Clin. Pathol. 83: 687-696. 
Spector, A. A., J. A. Gordon, and S. A. Moore. 1988. 
Hydroxyeicosatetraenoic acids (HETEs). Pmg. Lipid Res. 27: 

FitzGerald, G. A,, B. Smith, A. K. Pedersen, and A. R. 
Brash. 1984. Increased prostacyclin biosynthesis in patients 
with severe atherosclerosis and platelet activation. N Engl. 
J. Med. 310: 1065-1068. 
Croset, M., A. Sala, G. Folco, and M. Lagarde. 1988. Inhi- 
bition by lipoxygenase products of TU,-like responses of 
platelets and vascular smooth muscle. 14-Hydroxy from 
22:6n-3 is more potent than 12-HETE. Biochem. Pharmacal. 

Smith, D. L., and A. L. Willis. 1987. A suggested shorthand 
nomenclature for the eicosanoids. Lipids. 22: 983-986. 

19-27. 

271-323. 

37: 1275-1280. 

1932 Journal of Lipid Research Volume 30, 1989 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

