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Abstract

 

In inflammatory reactions there are complex interactions of

protein mediators (cytokines) and mediators derived from

lipids. An important event in inflammation is superoxide

production, in relation to microbicidal activity as well as tis-

sue damage. We have studied interactions of lipid media-

tors with a cytokine mediator tumor necrosis factor alpha

(TNF) in stimulating superoxide production by human neu-

trophils for this reason and because it throws light on intra-

cellular signals activating this response. Pretreatment of

neutrophils with TNF markedly augmented the amount of

superoxide produced in response to AA but not to either a

20 carbon saturated fatty acid, or the hydroxy- or hydroper-

oxy-derivatives of AA. Not only were other polyunsaturated

fatty acids (eicosapentanoic, docosahexaenoic, linolenic, li-

noleic acid) as effective as AA but so was the monounsat-

urated fatty acid, oleic acid. Indeed TNF primed the neu-

trophils for an increased response to a major mediator of

inflammation, leukotriene B

 

4

 

, which is a product of AA me-

tabolism via the lipoxygenase pathway. The data demon-

strate that two major types of mediators generated during

an inflammatory response have synergistic action on neu-

trophils in the generation of reactive oxygen species. In con-

trast, neutrophils primed with TNF and challenged with

PGE

 

2

 

, a product of AA metabolism via the cyclooxygenase

pathway, showed a reduced chemiluminescence response.

This identifies an important interaction between unsatur-

ated lipids and cytokines which is likely to play a critical

role in disease processes and nutrient modulation of the im-

mune responses. (

 

J. Clin. Invest.

 

 1996. 97:1605–1609.) Key
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Introduction

 

The initiation, development, duration, and resolution of the in-
flammatory response is highly dependent on a heterogeneous
group of mediators which are produced both at the local tissue
as it undergoes “irritation” and damage and by the infiltrating
leukocytes (1). Identification of these mediators and under-
standing their role in inflammation form the basis of past and

present approaches to the development of drugs for immuno-
pharmacological manipulation of inflammation in human dis-
eases. Two different types of mediators which have attracted
major interest in this respect are cytokines and fatty acids such
as AA and products of its metabolism (1–3). There is at
present no appreciation of the relationship between these me-
diators with respect to their ability to modify each others ef-
fects on leukocytes functional responses. In addition, diet ma-
nipulation involving different relative quantities of mono and
polyunsaturated fatty acids have continued to attract major in-
terest because of their potential use in the management of a
range of human diseases (3, 4–9), including rheumatoid arthri-
tis, systemic lupus erythematosus, and cardiovascular diseases,
diseases in which TNF is perceived to play a pathophysiologic
role (2).

In some types of inflammations, especially those associated
with infections, recruitment and activation of neutrophils, with
production of superoxide, contribute to tissue damage. Indeed
the interaction of superoxide with nitric oxide results in the
production of the powerful oxidant peroxynitrite. The finding
of specific antibodies to nitrotyrosine in the lungs of humans
who have died of respiratory distress syndromes and pneumo-
nia supports the concept that superoxide plays a role in patho-
genesis. Furthermore oxidants can activate phospholipase A

 

2

 

and release AA (10) such that a cascade can occur. In this in-
vestigation we have examined the relationship between cyto-
kines and AA by using TNF, a cytokine which has drawn im-
mense interest as a mediator of pathophysiology in infection,
cancer, and autoimmune inflammatory diseases (2). Their ef-
fects on the neutrophil oxygen radical production was as-
sessed. The studies were extended to include other fatty acids
(such as n-3 polyunsaturated fatty acid [PUFA])

 

1 

 

which have
formed the basis for diet manipulation in attempts to alter dis-
ease processes.

 

Methods

 

Neutrophils.

 

Neutrophils were prepared from blood of healthy vol-
unteers by the rapid single step method (11). Briefly, whole blood
was layered onto a medium of Hypaque-Ficoll (d 

 

5 

 

1.114) and centri-
fuged for 30 min at room temperature. After centrifugation the neu-
trophils were recovered from the second leukocyte band. These were
washed and resuspended in HBSS. The cells were of 

 

. 

 

96% purity
and 

 

. 

 

99% viability.

 

Chemiluminescence.

 

Chemiluminescence was measured as a
standard lucigenin-dependent light emission which, based on previ-
ous studies, is a measure of superoxide (12). We have previously
demonstrated that this assay measures superoxide dismutase–inhib-
itable chemiluminescence (12). Indeed measurement of superoxide
by the classical cytochrome C reduction assay is not possible because
fatty acids inhibit cytochrome C reduction (12). In the chemilumines-
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cence assay the neutrophils (1 

 

3 

 

10

 

6

 

) were mixed with the various re-
agents including lucigenin (250 

 

m

 

M) in a total volume of 1 ml. The
tubes were placed in a water-jacketed (37

 

8

 

C) luminometer chamber
(Model 1251 with MultiUse Software; Bio Orbit Oy, Turku, Finland),
and the chemiluminescence was recorded as a rate of production over
time. The results were expressed as maximal initial rate in millivolts,
unless specified otherwise.

 

Fatty acids, leukotriene B

 

4

 

 (LTB

 

4

 

) and PGE

 

2

 

.

 

Oleic acid, linolenic
acid, linoleic acid, arachidic acid, AA, eicosapentanoic acid, and
docosahexaenoic acid (DHA) were purchased from Sigma Chemical
Co., St Louis, MO. The 15-HPETE and 15-HETE were enzymatically
generated and purified as described previously (13). A consistency in
solubilization of these fatty acids was achieved by incorporating these
into dipalmitoyl phosphatidylcholine–micelles. LTB

 

4

 

 and PGE

 

2

 

 were
purchased from Sigma.

 

Tumor necrosis factor.

 

Recombinant human TNF alpha (TNF)
was derived from 

 

Escherichia coli

 

 and contained a specific activity of
6 

 

3 

 

10

 

7

 

 U/mg. This was kindly provided by Dr. G. Adolf (Boehringer
Ingelheim, Vienna, Austria).

 

Results

 

Human neutrophils were treated with human recombinant tu-
mor necrosis factor alpha (TNF) for 30 min and then subjected
to stimulation by AA. The response was measured as lucigen-
dependent chemiluminescence, a measure of superoxide (4).
Both TNF and AA induced a superoxide response in neutro-
phils (Table I). However, TNF pretreatment caused a signifi-
cant and synergistic response to AA (Table I). It was also evi-

dent that TNF did not prime the neutrophils for a response to
the saturated equivalent 20 carbon fatty acid, arachidic acid
(Table I). Conversion of the AA to its hydroxyl (HETE) and
hydroperoxy (HPETE) forms resulted in loss of synergism
with TNF (Table I). The methyl ester of AA also showed no
synergism with TNF (data not presented).

Since cells may be exposed to varying amounts and types of
dietary unsaturated fatty acids, we examined whether these
other fatty acids could produce a synergistic neutrophil re-
sponse with TNF. The data in Table I demonstrate that two of
the major components of fish oil, eicosapentanoic acid (EPA)
and docosahexaenoic acid (n-3 fatty acids) caused augmented
responses in TNF-primed neutrophils. These fatty acids were
just as active as AA. Other PUFA, linolenic and linoleic acid,
also acted synergistically with TNF to activate neutrophils to
release oxygen radicals (Table I), and the monounsaturated
fatty acid, oleic acid, showed a fourfold increase in neutrophil
stimulation with TNF priming (Table I).

Examination of the rate of superoxide (chemilumines-
cence) production as a function of time showed that the syner-
gism between TNF and PUFA were seen both as an increase
in peak rate of chemiluminescence as well as total generated
chemiluminescence (Fig. 1). While AA alone had very little ef-
fect at 1 

 

m

 

g/ml on neutrophil oxygen radical production, TNF-
primed neutrophils gave a substantial response to this concen-
tration of AA (Fig. 2). The results in Fig. 2 also show that the
degree of stimulation by AA of TNF-primed neutrophils con-
tinued to increase up to 10 

 

m

 

g/ml. Varying the concentration of
TNF showed that PUFA-TNF–synergistic neutrophil re-
sponses were evident at 1 U/ml and continued to increase up
to 100 U/ml of cytokine (Fig. 3).

Since prostaglandins and leukotrienes are regarded as ma-
jor mediators of inflammation, we also examined the effects of
TNF on responses to LTB

 

4

 

 and PGE

 

2

 

. Pretreatment of neutro-
phils with TNF resulted in a significantly (

 

P 

 

,

 

 0.01) enhanced
chemiluminescence response to LTB

 

4

 

 (Fig. 4). In contrast, the

 

Table I. Responses of TNF-primed Neutrophils to Fatty Acids

 

Treatment Chemiluminescence (mV)

 

mean

 

6

 

SEM

 

Vehicle 0.66

 

6

 

0.26

TNF 9.27

 

6

 

2.73

Arachidonic acid 61.76

 

6

 

13.15

TNF 

 

1

 

 arachidonic acid 133.45

 

6

 

43.52*

Eicosapentaenoic acid 132.11

 

6

 

24.29

TNF 

 

1

 

 eicosapentaenoic acid 233.61

 

6

 

36.99*

Docosahexaenoic acid 74.87

 

6

 

12.24

TNF 

 

1

 

 docosahexaenoic acid 214.88

 

6

 

41.27

 

‡

 

Arachidic acid 0.82

 

6

 

0.39

TNF 

 

1

 

 arachidic acid 12.21

 

6

 

4.36

Oleic acid 22.73

 

6

 

6.66

TNF 

 

1

 

 oleic acid 64.59

 

6

 

11.58

 

‡

 

Linoleic acid 88.58

 

6

 

12.38

TNF 

 

1

 

 linoleic acid 239.18

 

6

 

44.44*

Linolenic acid 76.99

 

6

 

19.81

TNF 

 

1

 

 linolenic acid 218.35

 

6

 

49.06*

Hydroxyeicosatetraenoid acid 4.08

 

6

 

1.63

TNF 

 

1

 

 hydroxyeicosatetraenoic acid 16.53

 

6

 

10.03

Hydroperoxyeicosatetraenoic acid 3.95

 

6

 

2.06

TNF 

 

1

 

 hydroperoxyeicosatetraenoic acid 6.33

 

6

 

2.13

The neutrophils were treated with 100 U TNF for 30 min at 37

 

8

 

C and

then tested for a response to the indicated fatty acids (10 

 

m

 

g/ml). The ef-

fect of combined TNF 

 

1

 

 fatty acid treatments were significantly differ-

ent from the sum of the values of TNF alone plus fatty acid alone. (*

 

P

 

 

 

,

 

0.05; 

 

‡

 

P

 

 

 

,

 

 0.01). The results are presented as mean

 

6

 

SEM of 4 to 14 ex-

periments each conducted with neutrophils from a different donor. The

values represent maximal initial rates of chemiluminescence.

Figure 1. Synergisms between TNF and DHA shown as rate of neu-
trophil chemiluminescence production over time. Neutrophils were 
treated with either diluents (s), TNF (100 U) (d), DHA (10 mg/ml) 
(n), or a combination of TNF and DHA (m). Similar results were 
seen with the other polyunsaturated fatty acids.
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TNF-treated cells showed a reduced (

 

z

 

 50% decrease, 

 

P 

 

,

 

0.05) chemiluminescence response in the presence of PGE

 

2

 

(data not presented).

 

Discussion

 

Cytokines are major regulators of the body’s inflammatory re-
sponse. They act on cell surface receptors to induce a range of

activities crucial to the characteristics of an inflammatory reac-
tion. TNF is one of the cytokines which has been accredited
with the property of altering phagocytic leukocyte activity. A
cytokine with pleiotropic effects, TNF, can on the one hand in-
crease resistance against infection and on the other mediate
the pathophysiology associated with many diseases (1, 14–21).
During cell stimulation, as a result of activation of phospholi-
pase A

 

2

 

, AA is generated. A number of studies have demon-
strated that AA has a major influence on leukocyte responses.
AA stimulates the production of oxygen radicals (12, 22–26),
release of granule enzymes, increases adherence and damage
to the endothelium (26–28), and inhibits cell migration (13).

We have now presented evidence that when neutrophils
are treated with both TNF and AA, a synergistic superoxide
response is seen. This highlights a mechanism by which ampli-
fication of the inflammatory response occurs. Production of
oxygen radicals by leukocytes is essential for their antimicro-
bial activity as well as their causation of damage to tissues (1,
29). During infection both TNF and AA are generated, and it
is likely that neutrophils become stimulated synergistically by
the two types of mediators. In the first instance this may in-
crease the antimicrobial activity of the neutrophil, but, in addi-
tion, the tissue-damaging properties of the leukocyte will be
potentiated. This phenomenon may also be relevant to tissue
damage which occurs in autoimmune inflammatory diseases,
such as rheumatoid arthritis.

The synergistic effects of PUFA with TNF were not re-
stricted to the n-6 fatty acids as the n-3 fatty acids, EPA and
DHA, were just as effective. Treatment of neutrophils with
both TNF and either EPA or DHA resulted in a marked in-
crease in superoxide production. Thus, any approaches to-
wards manipulation of the host’s inflammatory response by di-

Figure 2. Shows the concentration-related effects of AA on TNF-
treated neutrophils on the chemiluminescence response. In these 
studies neutrophils were pretreated with TNF (100 U) for 30 min and 
then challenged with AA. Neutrophils were treated with either dilu-
ent (s), TNF (d), AA (n), or TNF plus AA (m). Similar results were 
seen with other PUFAs. Each point represents the maximal initial 
rate of chemiluminescence.

Figure 3. The effects of varying the TNF concentration on the neu-
trophil response to EPA. Neutrophils were pretreated for 30 min with 
the indicated concentrations of TNF and then challenged with either 
the vehicle (d) or 10 mg/ml of EPA (m). Similar results were seen 
with the other PUFAs. Each point represents the maximal initial rate 
of chemiluminescence.

Figure 4. The chemiluminescence response of TNF-primed neutro-
phils to LTB4. Neutrophils were pretreated with TNF (as described in 
Table I) and then challenged with 5 3 1026 LTB4. Dil represents the 
diluent-treated cells (HBSS). The results are the mean6SEM of 
seven experiments.
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ets rich in the n-3 fatty acids will be limited by the synergistic
superoxide production by TNF and the n-3 fatty acids. In many
inflammatory diseases, such as arthritis, TNF is produced and
associated with the pathogenesis of the disease. Diets rich in
n-3 fatty acids used in an attempt to alleviate autoimmune in-
flammation are likely to act synergistically with endogenously
generated TNF in stimulating production of oxygen radicals.

To achieve a synergistic response with TNF, it was evident
that fatty acid structure was critical. Long-chain saturated fatty
acids lacked activity with respect to this effect. Methylation of
the unsaturated long-chain fatty acid also resulted in loss of ac-
tivity. Enzymatic hydroxylation and peroxidation resulted in a
lack of synergistic activity with TNF. Of interest was the find-
ing that linoleic and linolenic acid were as effective as the long-
chain polyunsaturates. Even the monounsaturated fatty acid,
oleic acid, gave rise to a synergistic superoxide response. While
the mechanisms of this synergism have not been studied, it is
evident that TNF and PUFA stimulate cells via different
mechanisms. The PUFAs activate protein kinase C whereas
TNF priming occurs independently of protein kinase C activa-
tion (21, 30, 31).

Metabolism of AA leads to the release of a variety of
eicosanoids, some of which are major regulators of the inflam-
matory reaction. Alteration of the neutrophil response of
these by TNF could be of significance in the inflammatory re-
sponse. The data presented show that the superoxide produc-
tion in response to LTB

 

4

 

, a major mediator of inflammation
and a product of the lipoxygenase pathway of AA metabolism,
was significantly enhanced by TNF. However, there was no
synergistic response found between TNF and PGE

 

2

 

, a product
of the cyclooxygenase pathway. Indeed PGE

 

2

 

 depressed the
TNF-induced superoxide response. These results further point
to the importance of the interaction between different media-
tors in the inflammatory reaction.

Synergistic superoxide responses were seen with TNF con-
centrations of 1 U/ml and PUFA concentrations of 1 

 

m

 

g/ml.
These concentrations are well within the levels attained in vivo
during infection, inflammation, and fatty acid diet manipula-
tions. TNF plays an important role in the pathogenesis of
many diseases of infectious, malignant, or autoimmune origin,
and the cytokine causes myocardial suppression, respiratory
arrest, hemorrhagic necrosis, and intravascular coagulopathy
(2). Our studies suggest that these effects of TNF may be in
part a consequence of the combined action of the cytokine and
PUFAs such as AA. Indeed, the limited benefits in using n-3
PUFA and 

 

g

 

-linolenic in treatment of arthritis (3) may be re-
lated to the finding that they cause a synergistic superoxide re-
sponse in the presence of TNF. While our observations are in-
triguing, the degree to which they play a role in human therapy
remains to be supported by in vivo studies.
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