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SUMMARY 

Chemotactic factors, arachidonic acid and leukocyte-derived lipoxygenase 
products of arachidonate (5-hydroperoxy-, 5-hydroxy- and 5,12-dihydroxy- 
eicosatetraenoic acids) stimulated stereospecific uptake of 3H-2-deoxyglucose 
by human neutrophils. However, of all stimuli tested, only the effects of 
5-hydroxy-eicosatetraenoic acid were not inhibited by 5,8,11,14-eicosatetray- 
noic acid at concentrations which also inhibit release of arachidonate 
metabolites from leukocytes. The data suggest that 5-hydroxy-eicosatetraenoic 
acid mediates the coupling of membrane receptor stimulation to the functional 
response of hexose uptake in human neutrophils. 

INTRODUCTION 

The mechanism(s) by which stimulation of appropriate membrane receptors 

of mammalian cells are coupled to augmented hexose uptake are not well defined. 

We recently found that chemotactic factors (1,2) or the calcium ionophore 

A21387 (3) stimulate uptake of the glucose analog, 3H-2-deoxyglucose by human 

polymorphonuclear leukocytes (PMNL). Others have demonstrated that similar 

stimuli cause neutrophils to release arachidonic acid (AA) from membrane 

phospholipids (4), presumably by activation of phospholipase A 2 or C. The AA 

can then be metabolized by lipoxygenases to form hydroperoxy-eicosatetraenoic 

ABBREVIATIONS: AA, arachid0nic acid; ETYA, 5,8,11,14-eicosatetraynoic acid; 
5-HETE, 5-L-hydroxyeicosatetraenoic acid; 5-HPETE, 5-L-hydroperoxyeicosatetra- 
enoic acid; 5,12-diHETE, 5(S), 12(R)-dihydroxy-6,8,10 (two trans, one cis), 
14-cis-eicosatetraenoic acid; fMLP, N-formyl-methionyl-leucyl-phenylalanine; 
PMNL, polymorphonuclear leukocytes. 
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acids, which are then converted to monohydroxy- and dihydroxy-eicosatetraen0ic 

acids (HPETEs, HETEs and diHETEs, respectively) and by cyclooxygenases to form 

prostaglandins and thromboxanes (5-10). Certain of these products, e.g. 

5-HETE, are reincorporated in part into cell membranes and might directly 

mediate subsequent functional responses, perhaps by altering membrane fluidity 

(8). Previous studies demonstrated that AA stimulated deoxyglucose uptake and 

that inhibitors of AA metabolism, such as 5,8,11,14-eicosatetraynoic acid 

(ETYA), prevented deoxyglucose uptake stimulated by either AA or by the chemo- 

taxin, N-formyl-methionyl-leucyl-phenylalanine (fMLP) (2); these observations 

indicated that the release and metabolism of endogenous AA might be a critical 

prerequisite for the stimulation of hexose uptake. The inhibitory profiles 

suggested that the relevant metabolism of AA most probably involved the 

lipoxygenase pathway. We now report that exogenous PMNL-derived lipoxygenase 

products of AA stimulate deoxyglucose uptake in PMNL. That the stimulatory 

effect of 5-HETE alone is not prevented by the inhibition of lipoxygenation in 

PMNL, suggests that this specific endogenous product mediates augmented hexose 

uptake in PMNL stimulated by diverse agents. 

METHODS 

preparation of hydroxylated arachidonate derivatives. 5-L-hydroperoxy- 
eicosatetraenoic acid (5-HPETE), 5-L-hydroxyeicosatetraenoic acid (5-HETE) and 
5(S),12(R)-dihydroxy-6,8,10(two-trans, one-cis),14-cis-eicosatetraenoic acid 
(5,12-diHETE or leukotriene B4) were extracted from purified human PMNL which 
had been incubated for 20 min at 37°C with ] mg AA/108 PMNL and I0 pM A23187 
in the presence of 10 ~M indomethacin, and were purified by sequential silicic 
acid column chromatography and reverse-phase high pressure liquid chromatography 
(5,10,11). Identities of purified products were confirmed by U.V. absorption 
spectroscopy and by mass spectrometry; products were quantitated by optical 
density at the characteristic wavelengths (7,11). 

Assay of hexose uptake. Deoxyglucose uptake was measured as described 
(2), by incubating 2 x 106 purified PMNL in 0.3 ml g~cose-free Dulb$$co's 
phosphate-buffered saline (PBS) containing 0.9 mM Ca and 0.5 mM Mg with 
stimuli and/or ETYA for 15 min at 37°C; uptake was initiated by adding 0.5 ~Ci 
SH-deoxyglucose. Following incubation for 60 min, the reaction was stopped by 
adding I ml of iced PBS; the cells were immediately washed by centrifugation 
and the radioactivity of the cell pellet determined. Results are expressed as 
c.p.m./2 x 10 s PMNL. Triplicate determinations were performed on all PMNL 
preparations. 
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Figure 1 .  Stimulation of deoxyglucose uptake of PMNL by AA (0), 5-HPETE (A), 
5-HETE(O) and 5,12-di}[ETE (&). Points are means of the results of 
indicated number of studies (in parentheses) of separate PMNL 
preparations. At all points, the standard errors were less 
than 10% of the mean. 

RESULTS 

AA, 5-HPETE, 5-HETE and 5,12-diHETE stimulated deoxyglucose uptake in a 

concentration-related manner (Figure I), with ECso's of 650 nM, 150 nM, II0 

nM, and 17 riM, respectively. Stimulation of uptake by each of these agents 

required a stereospecific mechanism, since each was markedly inhibited by 10 

mM D-glucose but unchanged by I0 mM L-glucose (Table i). 

Table i 

Stereospecificity of Deoxyglucose Uptake by PMNL 

Stimulant 

3H-2-Deoxyglucose Uptake with added hexose*: 

None D-Glucose, i0 mM L-Glucose, i0 mM 

None 6.10 ! .04 (32) 0 .31 + .03 (16) 5.9 ~ 0 .6  (16) 

AA, i pM 18.1  + 0 .6  ( i 0 )  0 .27 ! .03 ( i 0 )  17.1  ± 0 .9  ( I 0 )  

5-HPETE, 0.3 uM 20.3 + 1.9 (4) 0.52 + .05 (4) 17.8 + 2.8 (4) 

5-HETE, 0.3 pM 25.9 ~ 1.6 (4) 0.29 + .02 (4) 26.7 ~ 1.7 (4) 

5,12-diHETE, 30 nM 19.7 (2) 0.65 (2) 19.3 (2) 

Deoxyglucose uptake measured as in figure i except hexose added as indicated to 
initial incubation medium. Data are means + SEM of (n) determinations and are 
expressed as c.p.m, x 103/2 x 105 P}~L. 
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Figure 2. Inhibitory effect of varying concentrations of ETYA on the stimulation 
of deoxyglucose uptake by I-3 ~M AA (O), 0.3 pM 5-HPETE (A), 0.3 ~M 
5-HETE (O) and 30-60 nM 5,12-diHETE (A). Mean deoxyglucose uptakes 
in the absence of ETYA for these experiments were AA, 17,016; 5-HPETE, 
16,819; 5-HETE, 19,527; and 5,12-diHETE, 15,187 c.p.m./2 x IO s PMNL. 
Deoxyglucose uptake was measured as in Figure I, except that ETYA, 
at the indicated concentrations, was present during the initial 
incubation of cells and stimuli. Data are means ± SEM for the 
indicated number (in parentheses) of separate PMNL preparations. 

ETYA similarly inhibited the augmentation of deoxyglucose uptake by AA 

and 5,12-diBETE, with ICso'S of 3.0 pM and 2.4 pM, respectively (Figure 2). 

Inhibition of the stimulation of deoxyglucose uptake by 5-HPETE required 

slightly higher concentration of ETYA (ICso = 8.4 pM). In contrast, 5-HETE 

was only minimally inhibited by 1 to 20 pM ETYA (inhibition by 20 ~M ETYA of 

16 ± 8%, n=7), 

DISCUSSION 

PMNL r e q u i r e  energy der ived  from g lucose -6 -phospha te  for  a l l  f u n c t i o n a l  

r e sponses .  The hexose could be provided  from e x t r a c e l l u l a r  s u p p l i e s  by t r a n s -  

p o r t  (or diffusion) into the cell and subsequent phosphorylation, or from 

intracellular glycogen by activation of glycogen phosphorylase. Glycogen 

stores exist in PMNL and glycogen phosphorylase is activated during phagocyto- 

sis (12,13). However, the functional responses which precede phagocytosis, 

including adhesiveness and chemotaxis, may rely on extracellular hexose 

supplies. Thus, stimuli of chemotaxis and/or aggregation, including fMLP, 

C5a, arachidonic acid or low concentrations (20 rd~-I ~M) of the ionophore 

A23187, augment uptake of extracellular hexose (I-3) and do not activate 
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glycogen phosphorylase (13). Indeed, rather than causing glycogen breakdown, 

fMLP activates glycogen synthase (unpublished observations), and, in rats, 

PMNL which were chemotactically attracted into a peritoneal exudate, had 

increased, rather than decreased, glycogen stores (14). These data suggest 

the presence of separate mechanisms for providing energy during specific 

functional responses, such as chemotaxis and phagocytosis. The mechanisms 

which couple membrane receptor stimulation to the appropriate process of 

hexose mobilization are not well defined. The present studies were directed 

to the hypothesis (2) that augmented uptake of extracellular hexose involves 

the release of endogenous arachidonic acid and its subsequent oxygenation. 

Deoxyglucose was employed to measure hexose uptake since it enters other 

cells at the same sites as glucose by an apparently carrier-facilitated 

mechanism and is phosphorylated, but is very poorly metabolized (15) and thus 

accumulates within the cell. Therefore, the assay measures both transport and 

phosphorylation of deoxyglucose by specific mechanisms (16,17). Deoxyglucose 

uptake in PMNL was found to be saturable with increasing concentration of 

stimulant or substrate, stereospecifically inhibited by D-glucose, but not by 

L-glucose, and markedly suppressed by cytochalasin B (the small uptake of 

deoxyglucose in the presence of cytochalasin B reflects passive diffusion into 

the cells) [1,2]. Thus, uptake of deoxyglucose by PMNL requires a mechanism 

with characteristics similar to carrier-facilitated hexose transport in other 

cells stimulated by insulin (16,17). Within the cells, deoxyglucose is rapidly 

and nearly irreversibly phosphorylated by hexokinase. The rate of phosphory- 

lation by hexokinase is similar for resting and stimulated PMNL and is 

unaffected by inhibitors of the oxygenation of arachidonic acid (1,2). 

C5a, fMLP and the ionophore A23187 stimulate deoxyglucose uptake in PMNL 

(I-3), and have also been reported to cause release of AA and AA metabolites, 

with the greatest relative increase in AA metabolites hydroxylated at the 5 

position (8,10). We therefore examined the stimulation of deoxyglucose uptake 

by AA, 5-HETE, 5-HPETE, and 5,12-diHETE. Each of these agents could act as 
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extracellular stimuli to cause enhanced, stereospecific uptake of deoxyglucose 

by PMNL (Figure I). In this regard, 5,12-diHETE was the most potent. 

Regarding the mechanisms of action of these stimuli, two possibilities 

require consideration: 1) Each could interact at the cell membrane to elicit 

the same cascade of receptor-function coupling mechanisms caused by other 

stimuli, such as fMLP. The response to such a product, presented as an extra- 

cellular stimulus, should be similarly inhibited by agents which inhibit the 

response to fMLP. 2) The product might serve as an intracellular mediator in 

the normal sequence of events leading to the activation of PMNL functions by 

other agonists. If, as proposed previously (2), this sequence involves the 

release and lipoxygenation of AA, then stimulation by an AA-derived mediator 

should not be blocked by concentrations of ETYA which block lipoxygenation of 

AA and thereby the stimulation of deoxyglucose uptake by fMLP or AA. We 

therefore examined the effects of ETYA on stimulation of deoxyglucose uptake 

by each of the AA derivatives. 

ETYA prevents release of lipoxygenase-mediated AA derivatives from 

stimulated PMNL with 50% inhibition (ICs0) at concentrations of 3-8 ~M (I0,18)J 

ETYA similarly inhibited the abilities of fMLP (2), AA and 5,12-diHETE (figure 

2) to augment deoxyglucose uptake. Yet ETYA had little effect on deoxyglucose 

uptake stimulated by 5-HETE. Other substances which interact with AA 

metabolism, such as indomethacin, have been found to prevent the conversion of 

5-HPETE to 5-HETE (19); such an effect could explain the inhibition of 5-HPETE 

by slightly higher concentrations of ETYA. 

In summary, 5,12-diHETE was a potent extracellular stimulant of deoxy- 

glucose uptake by PMNL. However, its effect was inhibited by ETYA at 

concentrations which inhibited to a similar extent the stimulatory effects of 

fMLP or AA. This suggests that 5,12-diHETE may act by the same mechanism as 

other chemotactic factors. In contrast, the observations that stimulation of 

PMNL causes the rapid endogenous production of 5-HETE (8,10) and that ETYA 

only minimally inhibited the stimulatory effect of 5-HETE (Figure 2), strongly 
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suggest that 5-HETE mediates a coupling of receptor stimulation to the 

functional response of hexose uptake by PMNL. 
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