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IS REGULATED BY ARACHIDONIC ACID METABOLITES

Yoichiro Imai, Hubert Kolb, and Volker Burkart!

Diabetes Research Institute at the University of Diisseldorf,
Auf'm Hennekamp 65, D-40225 Diisseldorf, Germany

Received October 8, 1993

SUMMARY: In activated macrophages the inducible form of the enzyme nitric oxide (NO)
synthase generates high amounts of the toxic mediator NO. After 20 h of treatment with
LPS rat peritoneal macrophages release 12-16 nmol NO,~/ 105 cells which is detectable in
the culture supernatant by the Griess reaction as a measure of NO formation. The addition
of aminoguanidine (I mM), a preferential inhibitor of the inducible NO-synthase,
completely abolished NO~~ accumulation. Incubation with indomethacin or acetyl-salicylic
acid, preferential inhibitors of the cyclooxygenase pathway of the arachidonic acid
metabolism, did not influence NO,~ levels. Nordihydro-guaiaretic acid (50 uM), a
preferential inhibitor of the lipoxygenase pathway, caused strong reduction of NO,-
accumulation to 1.9+0.3 nmol/200 ul. Simultaneous inhibition of cyclo- and lipoxygenase
by BW755¢ resulted in an intermediate effect (7.34+1.1 nmol/200 ul NO,"). These results
show that the induction of NO production in activated macrophages is regulated by products
of the lipoxygenase-pathway of the arachidonic acid metabolism. ¢ 1903 academic press, 1ac.

Among a variety of mediators released by activated macrophages (1), nitric oxide (NO)
was identified as a potent molecule, which may exert regulatory or cytotoxic effects
depending on the concentration acting on the target cell (2, 3). The inducible form of the
arginine-dependent enzyme NO-synthase generates high, toxic amounts of NO which
enables activated macrophages to destroy tumor cells, parasites, intracellular bacteria (3)
and even normal tissue in situations of autoimmune reactivity (4).

Earlier studies have shown that functions of activated macrophages such as tumor cell
killing, the release of tumor necrosis factor « (TNF «) and the generation of oxygen
radicals are regulated by products of the arachidonic acid metabolism (5-8). In cultured rat
peritoneal macrophages PGE, was found to exert a strong modulatory effect on the
formation of TNF « (6). Deficient PGE, production was observed in conjunction with
hypersecretion of TNF o (7). Furthermore inhibition of the arachidonic acid cascade was
found to be associated with a reduced production of cytotoxic reactive oxygen species (8).
Recent observations in a murine macrophage cell line indicate that exogenous PGE, may

1 To whom correspondence should be addressed. FAX:+49-211-3382-606.
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suppress the formation of NO (9). On the other hand, when liver macrophages were
activated with LPS, NO release was enhanced in the presence of exogenous PGE, (10).
The present study was designed to investigate the role of endogenous arachidonic acid
metabolism in the regulation of NO release from activated macrophages.

MATERIALS AND METHODS

Preparation of macrophages. Macrophages were isolated from 60 - 90 d old Wistar rats
provided from our own breeding colony. The animals received 0.5 ml of a heat-inactivated
suspension of Corynebacterium parvum i.p. (Wellcome, Burgwedel, FRG) and after 5 days
the peritoneal cells were harvested by flushing the peritoneal cavity with Dulbecco's PBS at
4 °C (GIBCO Europe, Heidelberg, FRG). The cell suspension was incubated at 37 °C / 5
% CQp) in plastic petri dishes coated with fetal calf serum (FCS, low in endotoxin,
GIBCO) After 1h the non-adherent cells were flushed off and the remalmng adherent
macrophage population was detached by incubation (4 °C, 10 min) in Cat /Mg2 -free
Hank's balanced salt solution. For the subsequent experiments the macrophages were
resuspended in RPMI 1640 (GIBCO) supplemented with ampicillin 25 mg/l1, penicillin 120
mg/l, streptomycin 270 mg/l (Serva GmbH, Heidelberg, FRG), sodium pyruvate 1 mM, L-
glutamine 2 mM, non-essential amino acids (100x) 10 mi/l (GIBCO), NaHCO3 2g/l,
HEPES 2.38 g/l (Serva) and 10 % FCS.

Inhibitors of arachidonic acid metabolism. The following drugs were used as inhibitors of
the arachidonic acid metabolism in the cultivated macrophages: 1-(p-chlorobenzoyl)-5-
methoxy-2-methylindole-3-acetic acid (indomethacin, Sigma, Deisenhofen, FRG),
acetylsalicylic acid (ASA, Sigma), nordihydroguaiaretic acid (NDGA, Sigma), and 3-
amino-1(3-trifluoromethyl-phenyl)-2-pyrazoline  hydrochloride (BW755¢c, Wellcome).
Aminoguanidin (Sigma), a preferential inhibitor of inducible NO-synthase, was used as
control substance. The drugs were used only in nontoxic concentration ranges. Macrophage
viability was >95% in all the samples as assessed by Trypan blue staining.

Nitrite determination. NO release from macrophages was assessed by determination of the
NO,"-concentration in the culture supernatant using the Griess reaction (11). Macrophages
were seeded at 1 x 105 cells per well (200 ul) of 96 well flat bottom microtiter plates and
incubated at 37 °C / 5 % CO,. Inhibitors of the arachidonic acid metabolism were added at
increasing concentrations and after 3 h of preincubation a set of samples was treated with 1
ng/ml lipopolysaccharide (LPS; E.coli 026:B6, Sigma). After 20 h 60 ul of the supernatant
were removed, mixed with 80 ul sulfanilamide (1 % in 4 N HCIl, Sigma) and 10 ul of
concentrated HC] were added. After 10 min 60 ul of N-(1-naphthyl)-ethylenediamine (1 %
in methanol, Sigma) were added and the optical density of the resulting solution was
determined photometrically (540 nm). The NO," concentrations in the macrophage
supernatants were calculated from a standard curve obtained with NaNO,.

Statistical analysis. For statistical evaluation of the data, the Student's t-test was used.

RESULTS AND DISCUSSION

Activated rat peritoneal macrophages (I x 109 cells/200 ul) were incubated for 20 h and
the concentration of the accumulated NO,™ was determined in the culture supernatant as a
measure of NO release. As shown in Fig. 1, in the absence of an inhibitory agent LPS
treated macrophages released 12-16 nmol / 200 ul NO,~ which corresponds to our previous
findings (12). In order to prove that the accumulation of NO,~ is due to the activity of the
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Fig. 1. Effects of NO synthase- and cyclooxygenase inhibitors on NO,~ accumulation in
cultures of activated macrophage cultures. Macrophages (1 x 109 cells/260 pl) were treated
with 1 ng/ml LPS and incubated in the presence of increasing concentrations of the
cyclooxygenase inhibitors indomethacin (A) or acetyl-salicylic acid (w) or the NO synthase
inhibitor aminoguanidine (® ) as control. After 20 h the accumulated NO,~ was determined
in the supernatant by the Griess reaction (see Materials and Methods) as"a measure of NO
production. In the absence of LPS the macrophage cultures released 2.8+0.7 nmol/200 ul
NO,~ which remained unchanged in the presence of the inhibitory substances (a
representative control curve for aminoguanidine is shown (O). Data show mean + SD from
three separate experiments performed in triplicate. * p < 0.01, ** p < 0.001 compared to
the control without drug.

©

Fig. 2. The lipoxygenase inhibitor NDGA dose dependently inhibits the accumulation of
NO," in macrophage cultures. LPS stimulated (@) or unstimulated (Q) macrophages were
cultivated with increasing doses of NDGA. After 20 h the NOy~ concentration in the
supernatant was determined by the Griess reaction. Data show mean + SD from three
experiments performed in triplicate. * p < 0.01, ** p < 0.001 compared to the control
without NDGA.

inducible NO synthase, aminoguanidine was added, which is known to be a potent inhibitor
of this enzyme (13). As shown in Fig. 1 aminoguanidine strongly reduced NO," formation.
At a concentration of 1 mM of the substance the accumulation of NO," in the macrophage
supernatant was completely abolished (p <0.001). In the absence of LPS the macrophages
released only low amounts of NO,~, which were unaffected by aminoguanidine or by any
other substance tested in the following experiments. These results indicate that in our test
system the inducible form of the NO synthase is the major source of NO from LPS treated
macrophages.

The role of endogenous arachidonic acid metabolites in the regulation of macrophage NO
formation was tested by adding inhibitors of the arachidonic acid metabolism to
macrophages 3 h prior to LPS.

In a first series of experiments indomethacin and acetyl-salicylic acid were added to the
macrophage cultures. Both drugs are known to inhibit the cyclooxygenase pathway of the
arachidonic acid metabolism (14, 15). As shown in Fig. 1 both substances did not influence
NO,~ accumulation over wide ranges of concentrations. These observations indicate that
while exogenous PGE, may suppress or enhance NO production in LPS treated
macrophages (9, 10) endogenous PGE, does not contribute to the induction of NO synthase
following LPS. Both acetyl-salicylic acid and indomethacin are potent inhibitors of PGE,
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Fig. 3. Reduction of NO,~ accumulation in macrophage cultures by BW755¢, an inhibitor
of cyclo- and lipoxygenase. LPS stimulated ( @ ) or unstimulated (O ) macrophages were
cultivated in the presence of rising concentrations of BW755¢ and after 20 h the amount of
NO;™ in the culture supernatant was determined. Data show mean + SD from three
separate experiments performed in triplicate. * p < 0.01, ** p < 0.001 compared to the
control without BW755c.

formation, and even maximal nontoxic doses did not significantly reduce NOp
accumulation over 20 h of macrophage cuiture.

In the next experiment the lipoxygenase pathway was investigated for its involvement in
NO release from activated macrophages. As shown in Fig. 2 activation of macrophages in
the presence of NDGA, a preferential inhibitor of lipoxygenase (14), resulted in a strong
and dose dependent reduction of N02‘ formation from 10.0 + 1.1 nmol/200 ul to 1.9 +
0.3 nmol/200 u! (p < 0.0001).

Finally BW755¢c was tested which acts as inhibitor of both the lipoxygenase and
cyclooxygenase pathways (16,17). Addition of the drug had an intermediate effect on LPS
inducible NO,~ accumulation in the macrophage cultures (Fig. 3). A dose of 200 uM of
BW755¢ significantly reduced the NOy~ concentration from 11.8 + 1.4 nmol/200 ul to 7.3
+ 1.1 nmol/200 ul (p < 0.001).

The latter results indicate that products of the lipoxygenase pathway of the arachidonic
acid metabolism are involved in the induction of NO release from LPS treated
macrophages. Such conclusion is supported by our earlier observation that NDGA
suppresses the cytotoxic actions of macrophages against pancreatic islet cells in a
cocultivation assay, which serves as a model of inflammatory destruction of normal cells
(18). The lytic action could also be suppressed by N-methyl-arginine, an inhibitor of
constitutive and inducible NO synthases (19). These resuits also correspond to the
observations by Ryoyama (20) who investigated NO mediated tumor cell damage by mouse
peritoneal macrophages. In this experimental system NDGA inhibited macrophage
antitumor activity, whereas indomethacin was uneffective.

Taken together with the results of our present study it is concluded that products of the
lipoxygenase pathway of the arachidonic acid metabolism are important modulators of NO
release from activated macrophages and therefore may contribute to the regulation of NO
mediated cytotoxicity of these effector cells.

108



Vol. 197, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ACKNOWLEDGMENTS

The authors thank A. Reimann and R. Verheyen for help in preparation of the manuscript.

This work was supported by the Bundesminister fiir Gesundheit and by the Minister fiir
Wissenschaft und Forschung des Landes Nordrhein-Westfalen. Dr. Y. Imai was supported
by a grant from Prof. K. Fujita, Founder President of the Fujita Health University of
Toyoake (Aichi, Japan).

R

~

11.

12.

13.

14.
15.
16.
17.
18.
19.

20.

REFERENCES

Schwamberger, G., Flesch, 1., and Ferber, E. (1991) Pathobiol. 59:248-253.

Stuehr, D.J., and Marletta, M.A. (1985) Proc. Natl. Acad. Sci. USA 82:7738-7742.

Moncada, S., Palmer, R.M.J., and Higgs, E.A. (1991) Pharmacol. Rev. 43:109-142.

Kolb, H., and Kolb-Bachofen, V. (1992) Immunol. Today 13:157-160.

Taffet, S.M., and Russell, S.W. (1981) J. Immunol. 126:424-427.

Renz, H., Gong, J.H., Schmidt, A., Nain, M., and Gemsa, D. (1988) J. Immunol.
141: 2388-2393.

Rothe, H., Martin, S., Résen, P., and Kolb, H. (1992) Diabetes 41 (Suppl. 1):142A.
Katayama, K, Shirota, H., Kobayashi, S., Terato, K., Ikuta, H., and Yamatsu, I.
(1987) Agents Actions 21:269-271.

Marotta, P., Sautebin, L., and DiRosa, M. (1992) Br. J, Pharmacol. 107:640-641.

. Gaillard, T., Milsch, A., Busse, R., Klein, H., and Decker, K. (1991) Pathobiol.

59:280-283.

Wood, K.S., Buga, G.M., Byrns, R.E., and Ignarro, L.J. (1990) Biochem. Biophys.
Res. Commun. 170:80-88.

Burkart, V., Koike, T., Brenner, H.-H., Imai, Y., and Kolb, H. (1993) Agents
Actions 38:60-65.

Corbett, J.A., Tilton, R.G., Chang, K., Hasan, K.S., Ido, Y., Wang, J.L., Sweetland,
M.A., Lancaster, J.R., Williamson, J.R., and McDaniel, M.L. (1992) Diabetes
41:552-556.

Kunkel, S.L., Chensue, S.W., and Mouton, C. (1984) J. Clin. Invest. 74:514-524.
Vane, J.R. (1971) Nature 231:232-235.

Radmark, O., Malmsten, C., and Samuelsson, B. (1980) FEBS Lett, 110:213-215.
Villa, M.L., Valenti, F., and Mantovani, M. (1988) Immunology 63:93-97.

Burkart, V., and Kolb, H. (1993) Clin. Exp. Immunol. 93:273-278.

Kroncke, K.D., Kolb-Bachofen, V., Berschick, B., Burkart, V., and Kolb, H. (1991)
Biochem. Biophys. Res. Commun. 175:752-758.

Ryoyama, K., and Ryoyama C. (1991) Cancer Immunol. Immunother. 34:143-149.

109



