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Abstract—The peripheral blood neutrophils and the neutrophils accumulated into a
skin-window experimental exudate were compared for their ability to release super-
oxide anion (05 ) and for their fatty acid composition, determined by capillary gas-
chromatography. The basal O; release and the phorbol myristate acetate (PMA)-
induced O; release were not significantly different in the two neutrophil populations,
while in response to formyl-methionyl-leucyl-phenylalanine (fMLP) the exudate cells
showed an activity that was two fold higher than that of blood cells. The most
significant changes of fatty acid composition of exudate versus blood cells were the
following: i) increase of C16:0 (palmitic acid) from 21.3 + 1.2% to 23.5 £ 1.3%
(+ 10.2%) of total fatty acids (p < 0.001), ii) increase of C18:2 (linoleic acid)
from 9.3 +1.7% to 11.0 + 2.1% (+ 18.3%) (p = 0.005), iii) decrease of C20:4
(arachidonic acid) from 12.8 + 1.6% to 10.6 + 1.2% (—17.3%) (p < 0.001),
whereas C18:1 (oleic acid) did not change. The total content of saturated or unsat-
urated fatty acids did not change. In exudate cells, a strong negative correlation was
found between palmitic acid content and O, release in response to both fMLP and
PMA (r = —0.52, p < 0.02 and r = —0.49, p < 0.05, respectively) whereas
arachidonic acid correlated positively, but weakly, with O, (r = 0.40, p = 0.07
and r = 0.47, p = 0.05, with fMLP and PMA as stimulants respectively). A positive
correlation was also found between the arachidonic acid content of blood cells and
the number of cells that migrated into the inflammatory exudate. These results indicate
that the process of extravasation from blood into the exudate causes specific and
consistent modifications of the fatty acid composition of neutrophils and suggest that
these modifications have a role in the activation and the regulation of the O, forming
system.

INTRODUCTION

Under normal conditions, neutrophil oxidative metabolism is very low, but once
they are activated by soluble or particulate agents, these cells may increase their
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metabolic activity in order to produce and release a battery of reactive oxygen
metabolites, a phenomenon called respiratory burst. The duration and the extent
of the respiratory burst may vary according to the state of sensitivity and of
responsiveness of receptor, transduction and effector mechanisms of the cells.
These regulations are operating in a number of pathophysiological circum-
stances. For example, when the neutrophils are recruited to sites of inflamma-
tion, they come in contact with chemotactic substances originating from bacteria
(e.g. formylpeptides, endotoxins), from serum (C5a), or from tissue cells (NAP-
1/IL-8, PAF, LTB4, substance P), and these substances induce a state of pre-
activation, so-called primed state. Similar changes may be obtained also in vitro
by exposing the cells to substimulatory doses of chemotactic peptides or to
cytokines such as interferon-g and tumor necrosis factor (1-7).

The molecular mechanisms of priming have not been fully clarified yet,
and the current knowledge indicates that several biochemical phenomena are
involved, such as increase of membrane receptors (8-10), changes in the levels
of intracellular calcium (11-12), modifications of the terminal NADPH oxidase
(13-15). In addition, a role of cellular lipids in the regulation of activation or
activity of the oxidase has been suggested by the stimulating effect on the
solubilized and isolated oxidase exhibited by phosphatidylethanolamine (16), by
phosphatidylserine (17) and by phosphatidic acid (18-20). More important, the
NADPH oxidase in cell-free systems is activated by arachidonic acid and other
unsaturated fatty acids (21-23).

A way to get new insights into the priming phenomenon is to compare the
functional and molecular characteristics of leukocytes circulating in blood in a
resting state with those of leukocytes obtained from a site of physiological or
pathological inflammation. In a series of previous studies we used the Senn’s
skin-window model of inflammation to this purpose, and we were able to show
that the activation of exudate neutrophils with fMLP and substance P results in
enhanced production of oxygen metabolites as compared to the production by
peripheral blood neutrophils and that these differences are associated with mod-
ifications of cell adhesiveness and of receptors number, but not with changes of
Ca+ + and cAMP intracellular responses (10, 24, 25).

The object of the present work was to characterize the in vivo primed
neutrophils as regards their fatty acid content, compared with the composition
of neutrophils harvested from peripheral blood, in order to investigate whether
a correlation exists between the lipid composition of neutrophils and the changes
of oxidative metabolism occurring in association with the extravasation, chemo-
tactic movement, and sojourn into the exudate. Migrated neutrophils were then
assayed for their ability to respond to suitable stimulants with an enhanced
production of superoxide anion and this variable was correlated with fatty acid
composition. The results indicate that significant changes in the content of spe-
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cific fatty acid moieties occur in exudate cells and that some of these changes
may have a role in relation with the considered cell functions.

MATERIALS AND METHODS

Reagents. FMLP, PMa and reference fatty acids were purchased from Sigma Chemical Com-
pany, St. Louis, Missouri; cytochrome ¢ from Boehringer, Mannheim, Germany; purified serum
bovine albumin and human albumin from Behring Institut, Marburg, Germany; Percoll was from
Pharmacia, Uppsala. Sterile 96-well microtiter plates with flat-bottomed wells (Linbro type) were
from Flow Laboratories. The microplates were pre-coated with fetal bovine serum (Flow Labora-
tories) in order to abolish nonspecific cell activation as described (26). Hank’s balanced salt solution
(without calcium and magnesium) (HBSS) and Dulbecco’s phosphate buffered saline (PBS) were
from Gibco Ltd, Paisley, Scotland; the composition of HBSS was 0.4 g/l KCl, 0.06 g/l KH,PO,,
8 g/l NaCl, 0.09 g/l Na,HPO,, 1 g/l D-glucose (pH 7.4); the composition of PBS was 0.2 g/l KCl,
0.2 g/l KH,PO,, 0.047 g/l MgCl,, 8 g/l NaCl, 1.15 g/l Na,HPO, (pH 7.4). Other materials and
reagents were of the highest purity available.

Cell Preparation. Neutrophils were purified from blood and skin window exudates from
healthy subjects, after obtaining their informed consent. Blood neutrophils were prepared from
Na,ethylene diamine tetraacetate-anticoagulated blood by centrifugation over Percoll gradients
(Pharmacia, Uppsala, Sweden) (27). Inflammatory exudates were obtained from a 1 cm? skin abra-
sion made on the forearm with a rotating sterile abrasive cylinder operated by a milling cutter. The
abrasion did not cause bleeding as only the epidermis was removed and the wet, transuding surface
of derma was exposed. Exudate neutrophils were isolated using disposable chambers purchased
from Far-Italia (Verona, Italy) added with 1 ml of autologous serum as previously described (24).

Superoxide Measurement. A microplate assay of O, production was performed according
to previously reported procedures (26, 28), with the following modifications. The assay medium
was H-A supplemented with 0.5 mM CaCl, and 1 mM MgSO, (H-ACM). The microplate wells
were supplemented with 25 pl of 0.6 mM cytochrome ¢ and with either 25 ul of the stimulant
dissolved in H-ACM (fMLP or PMA at the final concentration of 5 X 107 M and 10 ng/ml
respectively) or with 25 ul of H-ACM (resting assays). Assays were currently done in triplicate for
each experimental condition. The plate was brought to 37°C, and 50 ul of the neutrophil suspension
(2 x 10° cells), pre-warmed at 37°C, were added to each well. The plate was then incubated for
10 minutes in a humidified thermostat at 37°C. When required, the plate was rapidly transferred
into a microplate reader (Reader 400, SLT Labs Instruments) and the reduction of cytochrome ¢
was measured at 550 nm using 540 nm as reference wavelength, and using 0.037 optical density
units as standard for 1 nmol of reduced cytochrome c (26).

Fatty Acid Determination. Analysis of fatty acids was performed on aliquots of neutrophil
preparations containing 10 cells, by extraction of total lipids with 4.5 ml of isopropanol/chloroform
(11/7, v/v) added with 0.45 mM 2,6-di-ter-p-cresol (BHT) as antioxidant. A gas chromatographic
(Hewlett Packard 5890 chromatograph, Hewlett Packard, Palo Alto California, USA) method was
employed as previously described (29), based on fatty acid direct transesterification technique (30).
Analyses were performed in duplicate on each sample. Peak identification and quantification were
made with reference fatty acids commercially available. As internal standard heptadecanoic acid
(C17:0) was used. The heights of the peaks were measured and the quantification was performed
with the aid of a PC Vectra QS/16S equipped with the software HP-3365 ChemStation (Hewlett
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Packard) working in Microsoft Windows 3.0. Fatty acid composition data were expressed as
mg/100 mg fatty acid methyl esters. The mean % recovery was 90.6 + 2.7 (range 85%-94%).

Data Analysis.  Statistical analysis was performed on a PC Apple Macintosh SE/30 equipped
with the software Systat 5.0, working in Windows 3.0 (Microsoft). Values are expressed as mean
+ standard deviation and the correlation between different parameters was studied using the Pearson
correlation coefficient.

RESULTS

Cell preparations obtained from 24-h skin window exudates in a group of
22 normal subjects were composed almost exclusively by neutrophils (>98%,
the remaining being monocytes and some rare eosinophils), with a mean yield
of 67.2 + 23.9 X 10° per subject. Moreover, over 95% of cells were trypan
blue negative. The number of neutrophils migrated to the skin-window was
positively correlated with the content of arachidonic acid of the circulating leu-
kocytes (Fig. 1). No correlations between cell migration and other fatty acids
were found.

The oxidative metabolic responses of neutrophils isolated from the exudate
were compared, in a simultaneous assay, with those of the peripheral blood
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Fig. 1. Correlation between arachidonic acid content of blood neutrophils and the number of cells
which migrated into the skin window exudate.
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neutrophils obtained from the same subject. In order to ascertain the stimulus
specificity of activated responses and to investigate the mechanism involved in
priming, we challenged the cells with two neutrophil agonists that are known
to interact at different levels with the stimulus-response coupling machinery. As
reported in table I, exudated cells showed a markedly increased superoxide
release in response to fMLP, while both the resting (basal) activity and the
PMA-induced response were not significantly different in the two cell popula-
tions. No differences of the response to PMA were found using a range of PMA
concentrations from 1 ng/ml up to 40 ng/ml (data not shown). These results
demonstrate that the skin window cells used in these studies are actually primed,
and that this priming is factor-specific.

The fatty acid content of the exudate and primed cells is shown in table II,
where the composition of blood cells is also reported as a reference. No changes
have been observed in the total content of saturated or unsaturated fatty acids,
neither oleic acid, the most abundant monounsaturated fatty acid, changed after
cell exudation. However, some important and significant changes of the most
representative fatty acids were noted: i) an increase of palmitic acid (+ 10.2%)
and of linoleic acid (+ 18.3%), ii) a small decrease of stearic acid (— 7.8%)
and a marked decrease of arachidonic acid (= 17.1%), iii) a decrease of long-
chain saturated fatty acids, but this change is relevant only in relative terms,
being quantitatively small because these species represent only about 1 percent
of total fatty acids.

The changes of fatty acid composition of the cells obtained from two dif-
ferent sites could be due, in principle, either to phenomena strictly associated
to the functional activity or regulation of the cells or, alternatively, to a re-
modelling of membrane composition due to the stay of exudate cells for up to
24 h in a medium with a possible different composition in fatty acids with respect

Table I. Superoxide Release by Neutrophils of Blood and of Skin Window Inflammatory Exudate

Superoxide release
nmoles/10 min/10° cells + S.D. (n = 22)

-_ @ O OO

Stimulant Blood cells Exudate cells p’
none 0.92 +0.82 1.17 + 0.99 n.s.
(0.0-3.0) (0.0-3.0)
3 x 1077 M fMLP 11.04 £ 3.55 25.05 + 7.92 <0.001
(6.0-17.0) (13.3-42.4)
10 ng/ml PMA 28.33 £ 94 28.80 + 9.91 n.s.
(19.5-49.6) (16.0-54.7)

“The paired Student t test comparing values of blood neutrophils with those of exudate neutrophils
from each subject are reported.
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Table II. Fatty Acids Content of Neutrophils from Blood and from Skin Window Inflammatory
Exudates

Fatty acids (% of total, w/w) + S.D. (n = 20)

Blood cells Exudate cells p*
SATURATED
TOTAL 44.40 + 2.35 44.78 + 1.56 n.S:
€12+0 0.27 £ 0.15 0.26 £+ 0.06 n.s.
Cl4:0 0.77 + 0.23 1.16 + 0.26 <0.001
C16:0 (palmitic) 21.35 £ 1.19 23.54 + 1.26 <0.001
C18:0 (stearic) 18.84 + 2.19 17.36 + 1.62 <0.015
C20:0 0.38 + 0.02 0.43 £+ 0.06 n.s.
€22:0 1.28 + 0.19 0.97 + 0.15 <0.001
C24:0 1.92 + 0.26 1.38 + 0.20 <0.001
C26:0 0.37 +£ 0.14 n.t.
MONOUNSATURATED
TOTAL 2991 + 2.74 30.04 + 1.67 n.s.
Cl16:1w9 0.52 +£ 0.24 0.68 + 0.55 n.s.
C18: 1w9 (oleic) 27.94 £+ 2.19 28.56 + 1.50 15
C20:1w9 1.01 40,23 091 +0.14 n.s.
C22.1w9 1.34 + 0.51 0.79 &4 0.26 0.03
POLYUNSATURATED
TOTAL 2493 + 1.93 24.13 + 2.38 §0 58
C18:2wb6 (linoleic) 9.32 +£ 1.71 11.03 + 2.09 <0.005
Cl18:4w3 1.22 + 0.24 0.88 + 0.13 <0.001
C20:2w6 0.98 + 0.29 0.87 + 0.26 n.s.
C20:4w6 (arachidonic) 12.81 + 1.63 10.62 + 1.24 <0.001
C20:5w3 0.60 + 0.03 0.53 £ 0.19 n.s.
C22:6w6 1.26 + 0.32 1.09 + 0.40 n.s.

“The paired Student t test comparing values of blood neutrophils with those of exudate neutrophils
from each subject are reported.

to plasma. The latter possibility seems not to be the case, because we found an
almost identical fatty acid content in plasma and in the supernatant of the exudate
after cell centrifugation (table III). The only difference was in the content of
C: 12, but this fatty acid species is quantitatively irrelevant and does not change
in exudate versus blood cells (table II).

We then calculated the correlations between fatty acid composition and
superoxide production in exudate neutrophils, taking into consideration these
variables in the same cells from each subject. The superoxide release of resting
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Table III. Fatty Acids Content of Serum and of Supernatant of Skin Window Inflammatory Exu-
dates

Fatty acids (% of total, w/w) + S.D. (n = 20)

Plasma Exudate p’
SATURATED
TOTAL 33.89 + 1.88 3471 + 3.43 n.s
C12:0 0.11 + 0.04 0.23 +0.19 <0.01
C14:0 1.01 + 0.32 1.26 + 0.73 n.s.
C16:0 (palmitic) 2293 + 1.74 22.98 + 2.68 n.s
C18:0 (stearic) 7.97 + 0.77 8.39 + 0.78 n.s.
C20:0 0.40 £ 0.11 041 + 0.08 n.s.
C22:0 0.82 + 0.18 0.80 + 0.20 n.s.
C24:0 0.71 £ 0.16 0.71 + 0.20 n.s.
MONOUNSATURATED
TOTAL 2471 £ 4.2 24.52 + 4.26 n.s.
Cl16:1w9 1.65 £ 1.12 1.54 £ 1.04 n.s.
C18:1w9 (oleic) 2362 £ 3.53 23.49 + 3.75 n.s.
C20:1w9 0.26 + 0.13 0.23 + 0.04 n.s.
C22.1w9 0.22 + 0.15 0.23 + 0.12 n.s.
POLYUNSATURATED
TOTAL 40.75 + 4.55 40.20 + 5.53 n.s.
C18:2w6 (linoleic) 27.33 £ 4.59 27.18 + 4.81 n.s.
C18:4w3 0.47 + 0.23 0.45 4+ 0.18 n.s.
C20:2w6 0.32 £ 0.18 0.25 + 0.07 n.s.
C20:4w6 (arachidonic) 9.82 + 2.83 9.53 + 2.08 n.s.
C20:5w3 0.67 + 0.21 0.69 + 0.20 n.s.
C22:6w6 2. 17 ¥ 10:57 2.13 + 0.57 n.s.

“The paired Student t test comparing values of serum with those of cell-free exudate from each
subject are reported.

cells was so low that no possible correlations could be calculated with respect
to the fatty acids content. Therefore, the only consistent data were obtained on
PMA- and fMLP-activated cells and the drawn correlation was between fatty
acid content and the activation of the metabolism (Fig. 2). Among the fatty
acids species reported in Table II, the majority were not correlated with oxidative
metabolism and neither correlation with the total content of unsaturated and
saturated fatty acids was found. However, palmitic acid showed a significant
negative correlation with PMA- and fMLP-activated respiratory burst (Fig. 2A
and 2B): the superoxide production was higher in cells having a low content of
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Fig. 2. Linear regression plot of fatty acid content and PMA-stimulated (A and C) and fMLP-
stimulated (B and D) O, release in human neutrophils.

palmitic acid. On the other hand, arachidonic acid showed a correlation having
a positive trend with both PMA and fMLP as stimulants (Fig. 2C and 2D),
although the latter did not reach statistical significance.

DISCUSSION

Once recruited into inflammatory focus, neutrophil granulocytes undergo
to profound biochemical and functional modifications, including the priming of
free radical-generating oxidative metabolism. A series of experimental evidence
indicates that membrane fatty acid composition and metabolism have essential
importance in the activation and regulation of neutrophil superoxide production:
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i) various cytokines affect arachidonic acid metabolism and it has been postulated
that this may be the biochemical basis for priming (31-34); ii) arachidonic acid
may have a second messenger role in the stimulus-response coupling of receptor-
activated neutrophils (35-37); iii) arachidonic acid acts directly on the assembled
NADPH oxidase in the membranes and in the endosomes and increases its
catalytic activity by increasing the affinity for NADPH (38, 39); iv) phospho-
lipase A2 inhibition suppresses the release of arachidonic acid as well as the
O, production and decrease the priming effect (40, 41).

In a recent work (42), we have shown that the production of superoxide
anion by peripheral blood neutrophils in response to fMLP is in direct correlation
with the arachidonic acid content of the neutrophils of the same donor and in
inverse relationship with linoleic acid and palmitic acid content, suggesting that
arachidonic acid and other specific cellular fatty acids should be regarded as
potential regulatory factors involved in the determination of cell activability.

In the present work, we have taken advantage of a well-established model
of experimental inflammation in order to characterize the major changes of fatty
acid composition which are associated with one of the most important functions
of the neutrophil leukocytes, i.e. the process of extravasation and accumulation
into the exudate. As shown by Fig. 1, the content of arachidonic acid of resting
(blood) cells seems to be important for the migration process. This might be
explained either by an higher flexibility of the cell membrane and/or by an
increased availability of this fatty acid, which is utilized in the metabolic pro-
cesses activated during migration. The latter hypothesis is supported by the
marked decrease of arachidonic acid following exudation (table I).

The remodelling of fatty acid composition of the cells involves specific
moieties and in two directions: palmitic and linoleic acid increase, while arach-
idonic acid markedly decreases in exudate cells. The decrease of arachidonic
acid content in skin window cells is in keeping with the proposed role of its
metabolism in leukocytes. Human neutrophils contain a cytosolic phospholipase
A2 that is activated in agonist-stimulated neutrophils, yelding arachidonic acid
as one of the major products (43, 44). Free arachidonic acid is either released
from the cells or associated to the membranes, or metabolized through either
the cyclooxygenase or lipoxygenase pathways, yelding various metabolites as
thromboxane B2, hydroxyeicosatetraenoic acids and leukotrienes. These metab-
olites are, in turn, potent stimuli for chemotaxis and promote priming of NADPH
oxidase (45).

The bulk of arachidonic acid in mammalian cells is esterified in the fatty
acyl chains of glycerophospholipids, almost exclusively in the 2-acyl position
(46). Phospholipase A2 activity is therefore responsible for controlling free
arachidonic acid levels. However, the actual free fatty acid level in a tissue
actually represents a balance between the liberation of the fatty acid by hydrol-
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ysis and its re-esterification into complex lipids by acyltransferases. Therefore,
our data demonstrate that during the process of chemotaxis and in the time
employed by extravasated neutrophils into the exudate, the rate of arachidonic
acid hydrolysis and utilization is greater than the rate of its synthesis and ester-
ification.

We have looked for a possible correlation between the arachidonic acid
content and superoxide formation by exudate cells, a finding that was expected
on the basis of previous studies carried out on blood cells (42). The data showed
a positive trend of this correlation, using PMA as stimulant, and a weak positive
correlation using fMLP. A possible interpretation of this weak correlation might
be the fact that the pool of arachidonic acid of exudate cells is reduced and
functionally unstable due to the chemotactic activation of the cells, and therefore
the resulting data are quite dispersed between different samples. In any case,
the positive slope of the correlation suggests that the arachidonic acid availability
may be a positive factor in the regulation of the respiratory burst also in inflam-
matory cells. In fact, the phospholipase A2 enzymes are well known to be highly
sensitive probes of the physical state of the substrate and the presence of arach-
idonoyl-rich domains favor the phospholipase attack to the membranes (47).

Linoleic acid is an essential fatty acid which is metabolized by a series of
desaturase and elongase enzymes to form arachidonic acid. The increase of this
fatty acid moiety in the exudate cells is undoubtedly a sign of increased incor-
poration into cell membranes, which, in turn, may be a first step of the bio-
chemical pathway leading to arachidonic acid synthesis. This increase of linoleic
acid does not seem to affect the oxidative metabolism, because there is no
correlation between the relative amount of this fatty acid and the rate of super-
oxide generation.

Finding an increase in palmitic acid content of inflammatory- and primed-
neutrophils was unexpected and is paradoxical, because this fatty acid correlates
negatively with the respiratory burst, as shown both in this study and in a
previous report on blood cells (42). The present data show that during the
exudation process in vivo, which causes cell priming, the palmitic acid con-
sistently increases, but when the cells are stimulated in vitro, those having a
higher content of this saturated fatty acid show a lower respiratory burst. There-
fore, it is conceivable that palmitic acid cellular content exerts a regulatory
effect on the final steps of the NADPH oxidase activation, but not on the priming
process. This hypothesis is also in agreement with the finding that the negative
correlation between palmitic acid and superoxide production was found both
with fMLP and PMA, two agents which trigger the oxidase through different
transduction pathways, while priming did not involve the response to PMA.
Putative levels of these regulations are palmitoylation processes or protein kinase
C activity. The latter enzyme is sensitive to the specificity of the fatty acyl
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moieties of diacylglycerol: dicylglycerols containing at least one unsaturated
fatty acid are fully active on this enzyme, while diacylglycerols containing two
saturated fatty acids such as dipalmitin and distearin are far less effective (48).

In conclusion, the changes of the fatty acid composition occurring in neu-
trophils as a consequence of the accumulation in an inflammatory focus appear
to be quite specific, regard both saturated and unsaturated species, and some of
these changes appear to have functional regulatory significance. The view that
changes in the phospholipid and fatty acid composition of plasma membranes
under some conditions could modulate the function of the activated oxidase,
thereby exerting regulatory effects on superoxide generation, is confirmed and
strengthened by these results.

The study of lipid composition and its relation with the behavior of inflam-
matory cells may have practical applications in medicine, because several lines
of evidence show that the fatty acid composition of cell membranes and even
the arachidonic acid metabolism may be modified by dietary supplementation
(49-52), that alterations of arachidonic acid metabolism and increase of free
radicals generation occur in patients with rheumatoid arthritis and systemic lupus
erythemathosus (53, 54), and that altering dietary essential fatty acids is of
benefit in various inflammatory diseases such as rheumatoid arthritis, psoriasis,
and atopic eczema (55-60).
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