
FEBS 17543 FEBS Letters 394 (1996) 149 152 

Excess formation of lysophosphatidic acid with age inhibits myristic acid- 
induced superoxide anion generation in intact human neutrophils 
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Abstract A superoxide anion generation rate upon exposure to 
myristate of 1.93 + 0.34 nmol/min/106 cells in neutrophils from 
elderly human donors was significantly less than a value of 
3.02 + 0.48 nmol/min/106 neutrophils from young donors. Myr- 
istate activation resulted in equal increases of AA in both the 
young and the old indicating no effect of aging on the PLA2 
pathway to response. By contrast, the PLD-induced generation 
of PA was significantly higher in the old than in the young. In 
addition, myristate induced a significant age-related enhance- 
ment in LPA generation, in the old but not in the young. The 
mass of LPA generated following activation was 3.5 nmoi/ 
2.5 X 107 cellslml in the young while in the old it averaged 7.0 
nmol/2.5x 107 cells /ml. The inhibitory effects of LPA may 
explain the age-related impaired ability to generate superoxide 
anion following activation by myristate. 
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1. Introduction 

Aging is associated with declines in signal t r ansduc t ion  in 
act ivated neutrophi ls ,  as evidenced by impai red  mobi l iza t ion  
of  intracel lular  calcium stores, influx of  extracellular  calcium 
[1], al tered p roduc t ion  of  phosphoinos i t ides  [2], and  reduc- 
t ions in D G  and  IP3 genera t ion  [2,3]. S t imula t ion of  neutro-  
phils have been demons t r a t ed  to act ivate  mult iple signal t rans-  
duct ion  pa thways  to generate  superoxide an ion  [4]. Besides 
chemotac t ic  stimuli,  several ligands, including fat ty acids, 
bo th  sa tura ted  and  unsa tura ted ,  have been demons t r a t ed  to 
be po ten t  s t imula tors  of  superoxide an ion  in intact  neutro-  
phils and  in cell free systems [5-7]. Act iva t ion  media ted  by 
a rachidonic  acid, an  unsa tu ra t ed  fat ty acid, has  been the focus 
of  several studies [6]. However ,  the pa thways  of  neut rophi l  
s t imula t ion by sa tura ted  fat ty acids such as myrist ic acid re- 
main  poor ly  defined. This s tudy examined  the effects of  age on 
myris ta te- induced ac t iva t ion  of  neutrophi ls .  We show a sig- 
nificant age-related decrease in the rate of  superoxide genera- 
t ion in neut rophi l s  upon  t rea tment  with myristate,  We also 
ob ta ined  insights into  the mechan i sm by which myris ta te  in- 
duces superoxide genera t ion  in neutrophi ls .  
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Abbreviations." PLA2, phospholipase A2; PLC, phospholipase C; 
PLD, phospholipase D; PA, phosphatidic acid; LPA, lysophospha- 
tidic acid; DG, diacylglycerol; IPa, inositol trisphosphate; TLC, thin 
layer chromatography; FMLP, n-formyl-methionyl-leucyl-phenylala- 
nine; AA, arachidonic acid 

2. Materials and methods 

2.1. Reagents 
All chemicals were obtained from Sigma Chemical Co. (St. Louis, 

MO) except Dextran T70 (Pharmacia, Uppsala, Sweden), ionomycin 
(Calbiochem, La Jolla, CA), [:~H]arachidonic acid (100 Ci/mmol), 
[32p]phosphoric acid (DuPont NEN, Boston, MA), and absolute etha- 
nol (Midwest Grain Products, Co., Pekin, IL). 

2.2. Neutrophils 
Venous blood from healthy volunteers was drawn in acid-citrate- 

dextrose solution. All young (ages 21 30) and old (ages 65-75) volun- 
teers were screened to exclude the presence of disease or medications 
that could have any influence on neutrophil functions, only healthy 
donors who were on no medication during the course of the study 
were recruited. Neutrophils were separated by using dextran sedimen- 
tation and Ficoll density gradient followed by water lysis of erythro- 
cytes as previously described [8]. 

2.3. Superoxide generation 
Generation of superoxide anion in neutrophils was measured by 

continuous reduction of ferricytochrome c as previously described 
[8]. Myristic acid was dissolved in ethanol and dried under nitrogen 
gas. To make sodium salts, they were neutralized in 1 M sodium 
hydroxide and appropriately adjusted to pH 7.2. Sodium salts of 
myristate were sonicated at 30% power using a sonic dismembrator 
model 300 (Fisher Scientific Co., Pittsburgh, PA) just before use to 
ensure dispersion in the buffer. Neutrophils were preincubated in the 
presence or absence of 20/aM LPA [9] at 37°C for 10 min. Cells were 
stimulated by 500 laM myristic acid [7] in the absence of calcium or 
magnesium [7,10]. The absorbance at 550 nm was followed by Gilford 
Response II spectrophotometer (Ciba Corning Diagnostic Corp., 
Oberlin, OH). The effects of preincubation were calculated as percent 
generation of superoxide when compared to control values. 

2.4. Phospholipase A2 activity 
The activity of PLA2 was determined by measuring release of 

[3H]arachidonic acid from [3H]arachidonic acid labeled neutrophils 
as previously described [11]. Cells were stimulated with 500 laM myr- 
istic acid in the absence of calcium or magnesium [7,10] or 1 ~tg/ml 
ionomycin in calcium and magnesium containing PBS for 15 min at 
37°C. This time point was chosen because no significant increase of 
radioactivity was found with shorter periods of stimulation. The sam- 
ples of supernatants were counted for radioactivity by 2200 CA TRI- 
CARB liquid scintillation analyzer (Packard Instruments Co., Grove, 
IL). 

2.5. Formation of  PA and LPA 
Neutrophils (2.5 × 107 cells/ml) were incubated with 

[32P]orthophosphoric acid (0.25 mCi/ml) at 37°C for 60 rain. Forma- 
tion of PA and LPA was examined by using thin layer chromatogra- 
phy (TLC) technique as previously described [12]. The radioactivity 
corresponding to PA and LPA on the TLC plates was analyzed by a 
PhosphorImager using the program ImageQuant from Molecular Dy- 
namics (Sunnyvale, CA). Data are expressed as relative change of 
radioactivity in stimulated neutrophils when compared to respective 
unstimulated controls. Mass of LPA generated per million neutrophils 
was determined by assessing total incorporation into phospholipids 
and the amount of LPA generated per assay and is represented as 
nmol/2.5 x 10 7 cells/ml. 
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2.6. Statistical analysis" 
Data are expressed as means + standard error of the mean (S.E.M.). 

Data were analyzed using Student's t-test, values of P<  0.05 were 
considered to be significant. 

3. Results and discussion 

Treatment with myristic acid resulted in a superoxide gen- 
eration rate of 3.02+0.48 nmol/min/106 neutrophils from 
young volunteers. This was significantly higher than the value 
of 1.93 + 0.34 nmol/min/106 cells in neutrophils from old vol- 
unteers (P<0.05,  Fig. 1). Although the rate was compro- 
mised, total superoxide eventually generated in 10 rain was 
the same in the young and the old (Fig. 1). As the rate of 
superoxide generation is likely to have an effect in the media- 
tion of neutrophil function in vivo, this finding of age-asso- 
ciated alteration in the rate is of significance. Therefore, we 
characterized the signal transduction pathway employed by 
rnyristate in the activation of superoxide in the neutrophil. 

We first analyzed PLA2 activity following activation with 
myristate. For this purpose, we measured the generation of 
AA, a metabolite generated by the action of PLA~. When 
[3H]AA labeled neutrophils were stimulated by myristic acid, 
[3H]AA released by neutrophils from young volunteers was 
89.89 + 7.67 cpm, significantly higher than the control value 
of 62.87 + 7.67 cpm in unstimulated cells ( P <  0.05). Similar 
increases were noted in old volunteers, averaging 84.50 + 11.29 
cpm following activation compared with 62.72_+ 7.39 cpm in 
the unstimulated cells (Fig. 2). Similar increases were noted in 
the young and the old following exposure to ionomycin, a 
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Fig. 1. Superoxide anion generation by intact human neutrophils 
after exposure to 500 laM myristic acid. Neutrophils were obtained 
from 6 young (© and []) and 6 old (O and II) volunteers. The total 
amount (A) and the rate of generation (B) were calculated per min- 
ute. The asterisks indicate the values from old volunteers were sig- 
nificantly lower than the values from young volunteers (P < 0.05). 
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Fig. 2. PLA2 activity in neutrophils from 6 young (D) and 6 old (11) 
volunteers. The values are expressed as counts per minute (cpm) in 
supernatant of each sample. Myristate was used in the absence (A) 
and presence (B) of calcium. No significant difference was noted be- 
tween young and old samples. 

potent stimulator of AA production in neutrophils [13]. It 
should, however, be pointed out that the measurement of 
AA was carried out only at 15 rain following activation, un- 
like the superoxide generation, which was assayed at earlier 
time points. Therefore, the AA generation profile may not 
represent the induced superoxide profile detected in our as- 
says. Thus, alterations in AA production cannot explain the 
impaired rate of superoxide generation upon activation by 
myristate. In our hands detectable AA could only be meas- 
ured at 15 rain following activation, hence we have presented 
the data obtained at this time point. 

We next examined the effects of myristate on the PLD path- 
way to response. The generation of PA in neutrophils from 
young volunteers 4 rain after the exposure to myristic acid 
averaged 139.8 + 7.7% of control and was significantly lower 
than the value of 260.9 + 29.27% of control observed in neu- 
trophils from the elderly (P<0.01,  Fig. 3). The increased 
generation of PA following activation by myristate in neutro- 
phils from old volunteers suggest no decrements in function of 
this pathway to cellular response. It also shows that altera- 
tions in PA production cannot explain the age-related im- 
paired responsiveness to myristate. We have recently shown 
a greater age-related dependence on the PLD pathway to 
response in neutrophils [14]. Thus, following stimulation 
with the chemotactic peptide FMLP, PA production is not 
significantly reduced in neutrophils obtained from old donors. 
This contrasts with the age-related impaired ability to increase 
cytosolic calcium concentration and to generate IP3 and DG 
[1,2]. Increased dependence on the PLD pathway may explain 
the increased generation of PA following myristate induced 
activation in neutrophils from old volunteers. 

Recently, attention has been focussed on the possible role 
of inhibitory factors in the regulation of superoxide genera- 
tion in neutrophils [9]. In this regard LPA may be particularly 
important. There is evidence that LPA is an important med- 
iator of oxidant injury in other cell systems [15] and as an 
inhibitor of a p21rac-GTPase activating protein [16]. p21rac is 
a member of the ras superfamily of small molecular weight 
GTP-binding proteins, which has been reported to be required 
for NADPH oxidase activity [17,18]. Studies have also shown 
that LPA production acts to inhibit superoxide generation in 
neutrophils [9]. In this study, we demonstrate a significant 
increase in myristate-induced generation of LPA in intact neu- 
trophils from old donors. Four min after the addition of myr- 



Y. Ito et al./FEBS Letters 394 (1996) 149 152 151 

istic acid a highly significant increase in LPA was noted in 
neutrophils obtained from old volunteers, averaging 
234.7 + 42.1% (P < 0.05). By contrast, no significant elevation 
of LPA was noted in the young, the value averaged 
114.6+ 11.6% 4 rain after activation by myristate. Both PA 
and LPA levels decreased 8 min following stimulation and 
approached levels similar to that observed in the young 
(Fig. 3). PLD has been reported to be a major generator of 
PA [19], catalyzing the hydrolytic cleavage of the terminal 
phosphate diester bond of glycerophospholipids to PA and 
the corresponding water-soluble head group [20]. Once PA 
is formed, PLA2 has the ability to hydrolyze PA and other 
sn-2 fatty acyl bond of phospholipids to primarily produce 
arachidonic acid and lysophospholipids [20]. PA has been 
reported to stimulate neutrophils to generate superoxide 
[21]. As indicated above LPA has been demonstrated to sup- 
press oxidative burst of neutrophils stimulated by FMLP or 
phorbol myristate acetate [9]. In the light of these findings it 
can be postulated that PA and arachidonic acid are the major 
mediators in the myristate-induced activation pathway of neu- 
trophils leading to the generation of superoxide. In cells from 
the elderly, activation is associated with increased production 
of PA which in turn leads to increased generation of LPA. In 
contrast to the old, very little or no LPA is generated follow- 
ing myristate-induced activation in cells from the young. This 
may be related to the lower concentrations of PA generated 
which may be below the Km of phospholipase A2. 

It seems highly likely that increased concentration of LPA 
exerts inhibitory effects leading to decreased rate of superox- 
ide generation in neutrophils from old volunteers. To confirm 
that LPA did indeed inhibit superoxide generation, we pre- 
treated neutrophils with LPA and then activated them with 
myristate. In both, young and old, a marked inhibition of 
superoxide generation by LPA pretreatment was observed. 
Generation rate averaged 45.6 + 11% of control in the young 
and 39.03 + 4.2% of control in the old. The percent inhibition 
observed by preincubation with LPA approximates that ob- 
served in the cells from the elderly. As the concentration of 
LPA used exogenously was 20 nmoles/ml in solution, and 
assuming uptake and incorporation of 50% as LPA, the in- 
hibition observed by the exogenous addition approaches levels 
induced in cells from the elderly upon activation with myris- 
rate. 
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Fig. 3. Formation of PA and LPA in myristic acid-activated neutro- 
phils from 6 young (©) and 6 old (e) volunteers. The asterisks indi- 
cate that the values from old volunteers were significantly higher 
than the values from young volunteers (*P < 0.05 and **P < 0.01). 
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Fig. 4. Proposed mechanism for myristate-induced pathway to 
superoxide generation. Myristate induces the hydrolysis of phospha- 
tidylcholine (PC) leading to the generation of phosphatidic acid 
(PA) by the action of PLD. PA when generated in excess is con- 
verted to LPA and AA. PA and AA enhance while LPA inhibits 
superoxide generation. In neutrophils from older persons, increased 
generation of LPA results in decreased superoxide generation. -~ 
indicates mediators generated, + indicates that the mediator has a 
positive effect on NADPH oxidase activity, -- indicates that media- 
tor has a negative effect. 

Thus, these results provide new insights into the mechanism 
of fatty acid-induced stimulation of neutrophils. Our results 
indicate that myristate-induced superoxide generation is pri- 
marily mediated by the activation of PLA and PLD pathway 
to response. In neutrophils obtained from old volunteers, we 
suggest that increased dependence on the PLD pathway to 
cellular response leads to increased generation of PA which 
in turn leads to increased accumulation of LPA, an inhibitor 
of superoxide generation. A possible mechanism leading to 
this inhibition is illustrated in Fig. 4. This can explain the 
age-related impaired ability to generate superoxide following 
stimulation by myristate. We believe that the AA in our sys- 
tem, detected at 15 rain. occurs much later to impact on the 
superoxide generation which we have observed. Furthermore, 
AA generated following 15 min may have been derived from 
phospholipids such as phosphatidylcholine. This study pro- 
vides one of the first observations highlighting the importance 
of considering inhibitory factors as an explanation of declines 
in neutrophil function that accompany the aging process. 
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