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Various arachidonic acid (AA) metabolites are known to regulate immune cell function(s) and dictate the progression of
both acute and chronic inflammatory reactions. Using a model of Schistosoma mansoni egg-induced hypersensitivity
granulomas, we have delineated the in vivo effects of inhibitors of cyclooxygenase (CO) and lipoxygenase (LO) pathways
on granuloma development and granuloma macrophage I-region-associated (la) antigen expression. In addition, by high
performance liquid chromatography (HPLC) we have profiled the metabolism of AA by macrophages that are isolated
from granulomatous foci, and have biochemically characterized the in vitro specificity and activity of selected CO and LO
inhibitors. The development of hypersensitivity-type pulmonary granulomas in mice was dramatically suppressed by
inhibitors with anti-LO activity (nordihydroguairetic acid (NDGA), nafazatrom, and BW755c) in a dose-dependent manner,
while indomethacin, which is primarily CO-selective, had no significant effect. Furthermore, NDGA and nafazatrom
profoundly arrested the normal progression of preformed granulomatous lesions. The inhibitors of the LO pathway also
suppressed the in vivo kinetics of la antigen expression by granuloma macrophages. In contrast, indomethacin
augmented la-antigen expression. The major AA metabolites that were synthesized by the granuloma macrophages were
shown to be leukotriene C4 and mono-hydroxyeicosatetraenoic acids. HPLC analysis of AA metabolites from granuloma
macrophages that were treated with the various inhibitors confirmed that indomethacin was most CO-selective and NDGA
most LO-selective. Nafazatrom and BW755c inhibited [...]
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bstract. Various arachidonic acid (AA) me-
tabolites are known to regulate immune cell function(s)
and dictate the progression of both acute and chronic
inflammatory reactions. Using a model of Schistosoma
mansoni egg-induced hypersensitivity granulomas, we
have delineated the in vivo effects of inhibitors of cy-
clooxygenase (CO) and lipoxygenase (LO) pathways on
granuloma development and granuloma macrophage
I-region-associated (Ia) antigen expression. In addition,
by high performance liquid chromatography (HPLC) we
have profiled the metabolism of AA by macrophages that
are isolated from granulomatous foci, and have biochem-
ically characterized the in vitro specificity and activity of
selected CO and LO inhibitors. The development of hy-
persensitivity-type pulmonary granulomas in mice was
dramatically suppressed by inhibitors with anti-LO ac-
tivity (nordihydroguairetic acid (NDGA), nafazatrom, and
BW755c¢) in a dose-dependent manner, while indometh-
acin, which is primarily CO-selective, had no significant
effect. Furthermore, NDGA and nafazatrom profoundly
arrested the normal progression of preformed granulo-
matous lesions. The inhibitors of the LO pathway also
suppressed the in vivo kinetics of Ia antigen expression
by granuloma macrophages. In contrast, indomethacin
augmented Ia-antigen expression. The major AA metab-
olites that were synthesized by the granuloma macro-
phages were shown to be leukotriene C, and mono-hy-
droxyeicosatetraenoic acids. HPLC analysis of AA me-
tabolites from granuloma macrophages that were treated
with the various inhibitors confirmed that indomethacin
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was most CO-selective and NDGA most LO-selective.
Nafazatrom and BW755¢ inhibited AA metabolism by
both pathways. Notably, high concentrations of the com-
pounds (5 X 107> M) tended to suppress all products.
Our results suggest that LO products may be important
in the generation and maintenance of immune granu-
lomatous inflammatory responses.

Introduction

The metabolism of arachidonic acid (AA)' by inflammatory
cells is known to involve a cascade of complex biochemical
reactions that result in the production of numerous biologically
active lipids, including: thromboxanes, prostaglandins (PGs),
hydroxyeicosatetraenoic acids (HETEs), hydroperoxyeicosate-
traenoic acids (HPETEs), and leukotrienes (LTs) (1). These me-
tabolites from both the cyclooxygenase (CO) and lipoxygenase
(LO) pathways are known to strongly influence immune cell
function (2-6), as well as modulate the progression of inflam-
matory reactions (7-10). Although AA derivatives can be found
at inflammatory foci (11), their specific contribution to inflam-
matory events is not fully established. Thus, many investigators
have focused on the biochemical manipulation of AA metab-
olism (12-14) in order to elucidate the inflammatory role of
AA metabolites and to pharmacologically control inflammatory
reactions (15-18). In various in vivo and in vitro models, AA
metabolic inhibitors have been shown to modulate both acute
inflammatory cell function (19-21) and T cell-mediated re-
sponses (22-25). Furthermore, recent evidence suggests that AA
products of the LO pathway may play a primary role in pro-
moting inflammatory reactions (1, 3, 4). Therefore, new ther-

1. Abbreviations used in this paper: AA, arachidonic acid; CO, cycloox-
ygenase; FBS, fetal bovine serum; HPLC, high performance liquid chro-
matography; HPETEs, hydroperoxyeicosatetraenoic acids; HETEs, hy-
droxyeicosatetraenoic acids; LT, leukotrienes; LTB,, LTC,4, LTD,, leu-
kotrienes B,, C4, and D,; NDGA, nordihydroguairetic acid; PG,
prostaglandin; PGD,, PGE,, PGF,,, prostaglandins D,, E,, and F,;
Ia, I-region-associated membrane.



apeutic agents with anti-LO activity may be more effective in
treating inflammatory diseases than the commonly used drugs
with mainly anti-CO activity.

In the present study we wished to establish the contribution
of the AA metabolic pathways to the formation of chronic hy-
persensitivity granulomas. To this end, we used a well-described
model of experimental murine hypersensitivity pulmonary
granuloma formation by embolization of Schistosoma mansoni
eggs (26). We evaluated several compounds that have differential
inhibitory effects on AA metabolism via the CO or LO pathways
with regard to their effect in vivo on granuloma formation and
granuloma macrophage I-region-associated membrane (Ia) an-
tigen expression. We also utilized high performance liquid chro-
matography (HPLC) to analyze the spectrum of AA metabolites
that was produced by macrophages that were isolated from the
granulomas, and determined the in vitro selectivity of the various
inhibitory compounds on granuloma macrophage AA metab-
olism. Our results demonstrated that compounds with potent
anti-LO activity (nordihydroguairetic acid (NDGA), nafazatrom,
and BW755c) profoundly suppressed hypersensitivity granuloma
formation and granuloma macrophage Ia-antigen expression.
In contrast, the highest nontoxic dose of the CO inhibitor, in-
domethacin, had no effect on granuloma formation and appeared
to augment la-antigen expression. Furthermore, the AA me-
tabolites that were synthesized by granuloma macrophages were
primarily LO derivatives, which included LTC,, LTD,, 5-HETE,
and 12-HETE. Thus, LO products may be important in gran-
uloma formation, and the use of LO inhibitors may provide a
viable approach to manipulating some forms of chronic inflam-
mation.

Methods

Animals. Female CBA/J mice (The Jackson Laboratory, Bar Harbor,
ME) were used throughout this study. The mice were maintained under
standard care and given food and water ad libitum.

Schistosome egg isolation and induction of pulmonary egg granu-
lomas. Eggs were isolated from the livers of mice previously that were
infected with 200 cercariae of S. mansoni by the method of Coker and
von Lichtenberg (27). The isolated schistosome eggs were suspended to
4,000/ml sterile physiological saline and each mouse received 2,000 eggs
via tail vein injection.

Administration of AA metabolic inhibitors. Various inhibitors of AA
metabolism were examined for their ability to modulate pulmonary
granuloma development. Indomethacin and NDGA (Sigma Chemical
Co., St. Louis, MO) nafazatrom (Miles Laboratory, Elkhart, IN), and
BW755¢ (Wellcome Research Laboratories, Beckenham, England) were
prepared fresh daily as follows: solutions of indomethacin, nafazatrom,
and NDGA were initially prepared at 8, 20, and 20 mg/ml, respectively,
in 0.1 N NaOH. Before injection, indomethacin was diluted to 400 ug/
ml in pyrogen-free saline, and NDGA and nafazatrom was diluted to
2 mg/ml saline. BW755¢c was prepared at 4 mg/ml in saline. Animals
received daily intraperitoneal injections of the appropriate volume of
inhibitor after egg embolization. Control animals were given injections
of diluent alone. »

Determination of pulmonary granuloma area. Mice were killed at
4, 8, and 16 d postegg challenge and the lungs were inflated with 10%

buffered formalin, removed, prepared for histologic section, and stained
with hematoxylin and eosin. The pulmonary granuloma areas were
measured from sections using an Omicron alpha image analyzer (Bausch
and Lomb Inc., Rochester, NY) with data being fed into an attached
computer. A minimum of 20 granulomas were measured from each
lung. Granulomas were measured from at least five mice per data point.

Determination of macrophage Ia antigen expression. Granuloma
macrophages from treated and nontreated mice were isolated as described
below, cultured for 4 h in glass tissue culture chambers (Lab-Tek Div.,
Miles Laboratories Inc., Naperville, IL), and washed extensively to remove
nonadherent cells. The monolayers were then washed with phosphate-
buffered saline (PBS)-2% fetal bovine serum (FBS)-0.2% azide, fixed
with 1% paraformaldehyde, and a sandwich-staining method was em-
ployed, which used monoclonal antibody that was directed to I-A¥ (28).
Monoclonal anti-I-A® was employed as a control (29). After 45 min
incubation with the monoclonal antibody, the slides were washed with
PBS-2% FBS-0.2% azide and treated with fluorescein-conjugated F(ab'),
rabbit anti-mouse IgG (Cappel Laboratories Inc., Cochranville, PA).
After rinsing, a minimum of 200 cells were counted by ultraviolet mi-
croscopy to determine the proportion of stained cells. This protocol has
been extensively used to examine various macrophage populations with
respect to la antigen expression (30).

Isolation and culture of granuloma macrophages. Dispersed gran-
uloma cells were obtained from schistosome egg-induced lung granulomas
by a modification of the procedure of Moore, Grove, and Warren (31).
Briefly, at 4, 8, or 16 d postembolization, mice were killed and the
granulomatous lungs were perfused with cold RPMI-1640 (Gibco Lab-
oratories, Grand Island, NY) to remove blood from the vasculature.
The lungs were then inflated with 1 ml ice-cold RPMI-1640, excised,
and homogenized for 20 s at low speed in a commercial Waring blender.
Granulomas were collected and rinsed free of single cells over a sterile,
stainless steel mesh. Granulomas were then washed three times in RPMI,
pelleted in a 50-ml plastic centrifuge tube, and resuspended in 3 vol of
sterile digestion medium which consisted of RPMI-1640 that contained
10 mM Hepes, 2,000 U/ml type II collagenase (Sigma Chemical Co.),
and 20 ug/ml gentamicin (Schering Corp., Kenilworth, NJ). The dispersed
cells were vigorously agitated for 30 min in a 37°C water bath. The
suspension was passed through a No. 100 steel mesh and collected by
centrifugation. The resuspended cells were strained through a 50-um
nylon sieve to remove nondispersed cells and parasite eggs. Granuloma
cells were washed twice, centrifuged, counted, and resuspended in RPMI
which contained 10% FBS (KC Biological, Inc., Lenexa, KS) and 20
pug/ml gentamicin (complete media). Granuloma macrophages, sus-
pended to 1 X 10° cells/ml, were allowed to adhere for 4 h at 37°C in
a 5% CO,, humidified atmosphere in glass tissue culture chambers or
on 60-mm plastic tissue culture plates (Lab-Tek, Miles Laboratories
Inc.). Nonadherent cells were removed by at least two vigorous rinses
with warm, serum-free medium. The number of adherent cells was
quantitated by direct counting of Wright stained monolayers. These
cells are routinely >90% macrophages based on morphological criteria,
phagocytosis of inert beads, and staining for nonspecific esterase (32).

Determination of CO-mediated AA metabolites. The washed mac-
rophage monolayers (60-mm dishes) were overlaid with 2.0 ml of serum-
free RPMI which contained 1 uCi of [PHJAA (New England Nuclear,
Boston, MA, 91 Ci/mmol sp act). After incubating overnight (14 h) at
37°C, the media were collected and the AA metabolites were extracted
as follows: Media were collected after incubation, acidified to pH 3.0
with 1 N HCI, then extracted twice with 3 vol of ethyl acetate. The
solvent was vaporized under vacuum using a Speed Vac concentrator
(Savant Instruments, Inc., Hicksville, NY). Extracts were stored under
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100% N, at —20°C, then were dissolved in 0.1 ml absolute methanol
just before column chromatography. Metabolites of [PHJAA were iden-
tified by reverse-phase HPLC using a modified method of Van Rollins
et al. (33). One-tenth milliliter samples were applied to a 5-um C-18
reverse phase (30 X 0.4 cm) column (Varian Associates, Inc., Palo Alto,
CA) at 29°C with a 1 ml/min flow rate. The solvent, acetonitrile (Burdick
& Jackson Laboratories Inc., Muskegon, MI)/water/trifluoracetic acid
(pH 2.0) (Pierce Chemical Co., Rockford, IL) was used as follows: The
first 40 min were isocratic (31:69:0.1, vol/vol/vol), and were followed
by a linear gradient increase of acetonitrile which started at 45:55:0.1-
65:35:0.1 over a 2-h period. Finally, the column was washed 30 min at
100:0:0.1. The eluate was continuously monitored for ultraviolet ab-
sorbance (for internal standards: 210 nm for CO products, 280 nm for
LTs, and 235 nm for mono-HETEs) and radioactivity. The latter was
measured with an in-line radioactive monitor (Radiomatic Instruments
& Chemical Co. Inc., Tampa, FL), and a flow ratio of 5:1 (aqueous
scintillant to sample) was used. All data were computed using an in-
line 402 microprocessor (Varian Associates Inc.), which calculated the
percentage of recovered metabolites by integrating the HPLC elution
profiles. To aid in the verification of specific LO products, especially
LTC,, the following isocratic solvent system described by Rouzer et al.
(34) was occasionally used: 65:34.9:0.1 (methanol/water/acetic acid pH
5.0). Using this solvent system and reverse-phase HPLC, LTC, was
found to coelute with labeled and unlabeled LTC, between 20 and 24
min (scans not shown). Characteristic ultraviolet spectra of LTC, and
mono-HETEs was monitored using a Cary 210 spectrophotometer (Var-
ian Associates, Inc.) and compared with known standards.
The column was calibrated using radiolabeled and unlabeled stan-

dards. Thromboxane B,, PGE,, PGF,,, and PGD,, as well as 5- and
12-HETE, were kindly provided by Drs. John Pike and Robert Gorman
(Upjohn Co., Kalamazoo, MI). '“C-labeled LTB, was provided by Henry
Showell (Pfizer Central Research, Groton, CT) [*H]LTC, and [*H]JAA

were purchased from New England Nuclear. Unlabeled LTs were pro-
vided by Dr. J. Rokach (Merck Frosst Laboratories, Quebec, Canada).

15-HPETE and 15-HETE were prepared using soybean lipoxygenase
(Sigma Chemical Co.) as previously described (35), and were isolated

by reverse-phase HPLC by the method of Bailey et al. (2). In some cases,

unlabeled standards were added to samples to act as internal markers.

In addition, gas chromatograph/mass spectroscopy was conducted on
nonlabeled PGE, and nonlabeled mono-HETEsS to verify the compounds
as true standards.

In vitro specificity and activity of AA metabolic inhibitors. Two million

granuloma macrophages in 2 ml of complete media were added to 60-
mm diameter culture dishes and were incubated for 4 h at 37°C in 5%

C0O,/95% air. Nonadherent cells were removed by washing with warm
serum-free media. Indomethacin, NDGA, nafazatrom, and BW755¢
were prepared as 5-mM stock solutions in absolute ethanol. The working
stock solutions were diluted in serum-free media to a final concentration
of either 5 or 50 uM. The washed macrophages were overlaid with 2
ml of media/inhibitor solution which contained 1 uCi of [*H]JAA. After
incubating overnight (14 h) at 37°C, the media was collected and the
AA metabolites were extracted, as described above, and the AA me-
tabolites were characterized by HPLC analysis. The number of adherent
cells after inhibitor treatment was quantitated by counting Wright stained
monolayers, and the macrophages were identified by the specific criteria
outlined above. Viability of the cultured macrophages was not altered
with the inhibitor treatment when compared with controls, as assessed
by trypan blue exclusion and analysis of supernatant for the release of
the cytoplasmic marker enzyme, lactic dehydrogenase. The number of
viable, adherent macrophages per dish was identical among both groups.
In addition, the inhibitors did not influence the uptake of [*H]AA, as
compared with control macrophages.

Statistical analysis. The t test was used to analyze control and ex-
perimental groups throughout the studies. Values of P > 0.05 were not
considered significant.

Results

Modulation of pulmonary granuloma formation by inhibitors
of AA metabolism. Pulmonary granuloma development around
the embolized schistosome egg was modulated by inhibitors of
AA metabolism in a dose-dependent fashion (Fig. 1). By ex-
amining granuloma size at 8 d post-challenge, the in vivo dose-
response activity of the various AA inhibitors was characterized.
Indomethacin showed a trend of augmentation at 5 mg/kg, and
has no effect at 2.5 mg/kg. The highest dose of indomethacin
(10 mg/kg) proved to be toxic, but in surviving animals suppres-
sion could be demonstrated. Nafazatrom and NDGA proved
to be very potent in suppressing granuloma development at 10
mg/kg, while BW755c significantly affected the granulomatous
reaction only at 25 and 50 mg/kg. The 50% suppressive dose
(from Fig. 1) was used to examine the effect of the inhibitors
on the kinetics of granuloma developed at 4-, 8-, and 16-d
postgranulomagenic challenge. Pulmonary granuloma formation
around the embolized schistosome eggs was shown to increase
linearly over the 16-d study period (Fig. 2). Granulomas were
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Figure 2. Effect of daily treatment with inhibitors of AA metabolism
on the kinetics of S. mansoni egg-induced granuloma development.
Points represent the mean granuloma area +SEM, 5-7 mice per
group.

not significantly affected in those animals that received 5 mg/
kg indomethacin from the day of challenge. In contrast, gran-
uloma formation in animals that were treated with NDGA (25
mg/kg) or nafazatrom (10 mg/kg) was dramatically suppressed
at each of the time points examined. Likewise, BW755¢c (50
mg/kg) inhibited the development of granulomas at days 8 and
16 (Fig. 2). By day 16 of postgranulomagenic challenge, all
compounds with anti-LO activity suppressed the normal gran-
ulomatous response by ~50%. Fig. 3 shows the histologic ap-
pearance of representative lesions from the treated and control
groups at 16 d.

Modulation of granuloma macrophage Ia antigen expression
by inhibitors of AA metabolism. The ability of macrophages to
express Ia antigens is a strict requirement for macrophage-me-
diated antigen presentation to T cells, and is probably related
to the state of macrophage maturation (36). Furthermore, such
macrophage-T cell interactions are thought to occur at hyper-
sensitivity granuloma foci (37). Since AA metabolites appear
to be involved in the regulation of Ia antigen expression by
macrophages (38, 39), it was important to examine the effect
of inhibitors of AA metabolism on the kinetics of macrophage
Ia antigen expression in synchronously developing hypersen-
sitivity lesions. As shown in Fig. 4, in control group the per-
centage of granuloma macrophages expressing Ia antigens in-

creased to 55% over the 16-d study period. The increase in Ia-
positive granuloma macrophages coincides with the increase in
the degree of the cellular infiltration (Fig. 2). The kinetics of
granuloma macrophage la antigen expression was significantly
altered by the various inhibitors of AA metabolism. In those
animals receiving indomethacin, the percentage of Ia-positive
macrophages from the granulomas was increased at each of the
time points that was examined (Fig. 4). At days 4, 8, and 16,
the percentage of la-positive granuloma macrophages was aug-
mented by 48, 30, and 17%, respectively. This is in contrast
with the percentage of Ia-positive macrophages that were isolated
from animals treated with either BW755¢c, NDGA, or nafaza-
trom. These three compounds, which had anti-LO activity, were
shown to suppress granuloma macrophage Ia antigen expression
at 8 and 16 d post-challenge. By day 16, the percentage of Ia-
positive granuloma macrophages from the animals that were
treated with these inhibitors was suppressed by as much as 60%.
Interestingly, the decrease in granuloma macrophage Ia antigen
expression paralleled the decrease in granuloma size that was
observed after treatment with these compounds.

Effect of inhibitors of AA metabolism on established gran-
uloma formation. Since treatment with the various inhibitors
of AA metabolism from day of egg challenge was shown to
modulate hypersensitivity granuloma development and regulate
the expression of Ia antigens by granuloma macrophages, it was
important to determine if inhibitor treatment could affect on-
going hypersensitivity lesions. Thus, granulomas were allowed
to develop for 8 d, at which point daily inhibitor treatment was
initiated and continued until exsanguination at day 16. As dem-
onstrated in Fig. 5, treatment with those compounds that sup-
pressed the LO pathway arrested or reduced further granuloma
development. In contrast, indomethacin treatment that was ini-
tiated at day 8 did not statistically alter the developing granu-
lomas. NDGA was found to be the most effective compound
in suppressing the progression of established lesions. Exami-
nation of granuloma macrophages from these suppressed lesions
also revealed reduced Ia antigen expression (data not shown).

Identification of AA metabolites by granuloma macrophages.
The AA metabolites spontaneously released by granuloma mac-
rophages that were isolated from synchronously developing hy-
persensitivity lesions were determined by HPLC analysis. Two
major radiolabeled peaks in addition to a number of smaller
peaks were obtained. A representative profile is shown in Fig.
6 (HPLC analysis was conducted on three separate sets of ex-
periments). The first significant radioactive peak (34-36 min)
represented ~11% of the recovered radioactive material and
was found to coelute with PGE,. The first major radioactive
peak possessed a retention time of 50-52 min and had a retention
time that was identical to [*’H]LTC, and nonlabeled LTC,. This
peak represented 33% of the total radiolabeled AA metabolites.
The other major peak eluted at 84-86 min and eluted with the
retention time of 5S-HETE; this mono-HETE constituted 20%
of the AA metabolites. Additional radiolabeled peaks that were
observed at 68-70 min (LTD,) and 98-101 min (12-HETE)
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Figure 4. Effects of daily treatment with AA inhibitors on the kinet-
ics of schistosome egg granuloma macrophage Ia antigen expression.
Points represent the mean+SEM, 5-7 mice per group.

represented 12 and 9% of the total recovered radioactivity, re-
spectively. The radioactive peak that eluted at 92 min was not
identified, but most likely represents an additional mono-HETE,
since all mono-HETE eluted from the column between 80 and
110 min using the described solvent conditions (28). The ul-
traviolet spectra of extracts from pooled granuloma macrophage
preparations, which eluted from the HPLC at 48-54 and 82-
88 min, are shown in Fig. 7, 4 and B, respectively. The ultraviolet
spectrum of the material which eluted from the reverse-phase
HPLC at 48-54 min possessed an absorbance maximum of 280
nm, with smaller absorbances at 292 and 270 nm,; this profile
is characteristic of LTC, (40). In addition, Fig. 7 B shows the
ultraviolet spectrum of the material that eluted at 82-88 min.
This spectrum showed a single absorbance peak at 235 nm,
which is characteristic for mono-HETEs (4). The above data
demonstrate that granuloma macrophages are capable of syn-
thesizing a variety of AA metabolites that consist primarily of
LO derivatives.

Specificity and activity of CO and LO inhibitors on gran-
uloma macrophage AA metabolism. Having determined the ef-
fects of the various AA metabolic inhibitors on granuloma for-
mation in vivo, it was important to establish their relative spec-
ificity and activity on granuloma macrophages AA metabolism
in vitro. Isolated granuloma macrophages were supplied with
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Figure 5. Effect of treatment with inhibitors of AA metabolism on
established schistosome egg granuloma formation. Inhibitor treatment
was initiated on day 8 and continued until day 16. The following
dose schedule was used daily from day 8: indomethacin, 5 mg/kg;
BW755¢, 50 mg/kg; nafazatrom, 10 mg/kg; and NDGA, 10 mg/kg.
Points represent the mean granuloma area +SEM, 5-7 mice per
group.
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[H]AA as described above and the integrated HPLC elution
profiles of treated and untreated cultures were compared. The
characteristic pattern of control cultures was substantially altered
upon treatment with CO and LO inhibitors. As shown in Fig.
8, indomethacin at 5 uM reduced the synthesis of PGE, by
~90%. Interestingly, at 5 uM, indomethacin appeared to ac-
centuate the production of mono-HETEs, while at the higher
dose all LO products were partially suppressed and CO products
were virtually eliminated. At both 5 and 50 uM, BW755c sup-
pressed the production of both CO and LO products. BW755¢
inhibited PGE; and LT production by 75% at 5 uM and 90%
at 50 uM (Fig. 9). Comparatively, the formation of mono-HETEs
was less sensitive to BW755¢, since 5 and 50 uM resulted in a
22 and 64% reduction in mono-HETE synthesis, respectively.
At 5 uM, NDGA was the most selective LO inhibitor, as shown
in Fig. 10, where both LT and mono-HETE synthesis were
suppressed by 66 and 40%, while PGE, production was not
inhibited. The 50-uM concentration of NDGA further sup-
pressed the formation of LO products, but also decreased PGE,
synthesis by 30%. The suppression profile of AA metabolites
by nafazatrom was very similar to that of BW755c, and reduced
both PGE, and LO products at 5 and 50 uM. Specifically, at
5 uM, PGE;, LT, and mono-HETE production were suppressed
by 35, 62, and 14%, respectively (Fig. 11). A greater reduction

Figure 3. Photomicrographic appearance of 16-d pulmonary granulo-
mas around schistosome eggs in mice treated with IDs, doses of AA
metabolic inhibitors. (@) Normal (control) granuloma development;

(b) indomethacin (5 mg/kg); (c) nafazatrom (10 mg/kg); and (d)
BW?755¢ (50 mg/kg).
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Figure 6. HPLC profile of AA metabolites that were synthesized by
macrophages isolated from 8-d S. mansoni egg-induced pulmonary
granulomas. The scan is a representative profile of three individual
experiments. The column was equilibrated with the different stan-
dards as shown.

was observed at 50 uM, as PGE, synthesis was reduced by 73%
and LT by 90%.

Discussion

The major impetus to examine the biochemical role of AA
metabolites with regard to inflammation was provided by Vane
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Figure 7. Ultraviolet spectra of
extracts from pooled granu-
loma macrophage preparations
eluting from the reverse-phase
HPLC at 48-54 min (4), and
at 82-88 min (B). The upper
frame (A4) shows an ultraviolet
spectrum characteristic of
LTC,, with an absorbance
maximum at 280 nm and
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0.0 (B) shows a spectrum with a
single peak at 235 nm, which
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Figure 8. HPLC profiles of AA metabolites produced by 8-d schisto-
some egg granuloma macrophages that were treated with indometha-
cin. (@) 5 uM indomethacin, and (®) 50 uM indomethacin. Dashed
line represents products of control cultures. The scan is a representa-
tive profile of three individual experiments. The number of viable,
adherent macrophages per dish was identical among the groups.

(12) in 1971 with the observation that aspirin and aspirinlike
drugs could suppress PG synthesis and control inflammation.
Since that time, numerous similar nonsteroidal antiinflammatory
drugs with anti-CO activity have been developed for the treat-
ment of chronic inflammatory diseases such as rheumatoid ar-
thritis. In addition, there was extensive basic research directed
toward understanding the role of PGs in inflammation. Sur-



PGE, LTC, LTD, Mono-HETES
v 2 v 4 v 4

r——

12000} (A)5 uM BW755¢c
10000 |
8000

6000 o

CPM/5x 105 cells

4000

2000

(] 20 40 60 80 100 120

12000

10000

8000

6000

CPM/5x1 05 cells

4000

2000

4] 20 40 60 80 100 120
TIME (min)

Figure 9. HPLC profile of AA metabolites produced by 8-d schisto-
some egg granuloma macrophages that were treated with BW755c.
(®) 5 uM BW755c, and (®)50 uM BW755¢. Dashed line represents
products of control cultures. The scan is a representative profile of
three individual experiments. The number of viable, adherent macro-
phages per dish was identical among the groups.

prisingly, these CO derivatives seemed to be primarily involved
in vasodilatory events, and in fact have been shown to have
many antiinflammatory properties (6-9, 41). Recently, it has
been shown that AA is metabolized by another class of enzymes,
the lipoxygenases (1). The products generated by these pathways
include the leukotrienes and the HETEs. Many of these products
(LTC,, LTB,, 5-HETE) have been shown to have potent proin-
flammatory functions such as chemotaxis, vasodilation, and
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Figure 10. HPLC profile of AA metabolites produced by 8-d schisto-
some egg granuloma macrophages treated with NDGA. (@) 5 uM
NDGA, and (®) 50 uM NDGA. Dashed line represents products of
control cultures. The scan is a representative profile of three individ-
ual experiments. The number of viable, adherent macrophages per
dish was identical among the groups.

induction of lysosomal enzyme release (1, 3, 4). Thus, they have
been implicated as important determinants in the inflammatory
process. However, there is still a dearth of evidence that dem-
onstrates their role in chronic inflammatory responses.

Using a variety of AA metabolic inhibitors, we attempted
to determine the role of CO and LO products in the initiation
and maintenance of hypersensitivity granulomas, which are in-
duced by S. mansoni eggs. Those compounds (NDGA, BW755c,
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Figure 11. HPLC profile of AA metabolites produced by 8-d schisto-
some egg granuloma macrophages with nafazatrom. (@) 5 uM nafa-
zatrom, and (®) 50 uM nafazatrom. Dashed line represents products
of control cultures. The scan is a representative profile of three indi-
vidual experiments. The number of viable, adherent macrophages per
dish was identical among the groups.

and nafazatrom) putative anti-LO activity significantly sup-
pressed both de novo and ongoing granuloma formation. In
contrast, indomethacin, a selective CO antagonist, had no effect
on granuloma formation at nontoxic doses. We have likewise
tested another CO selective compound, ibuprofen, and it too
had no significant effect on granuloma formation (data not
shown).

Furthermore, by HPLC analysis we have demonstrated that
LTC, and S-HETE were the major granuloma macrophage me-
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tabolites, which suggests not only that LO products may be
produced at granulomatous foci but that macrophages are likely
a major source of these biologically active lipids. At present
there are but few reports that demonstrate the presence of LO
products at sites of chronic inflammation. Klickstein et al. (42)
have reported the recovery of LTB, and 5-HETE from the sy-
novia and synovial fluids of patients with rheumatoid arthritis
and spondyloarthritis. Also, elevated levels of 12-HETE have
been described in the epidermis of psoriatic lesions (43). Our
studies corroborate and extend these preliminary observations
and provide direct evidence that macrophages that are isolated
from immune hypersensitivity granulomas are capable of me-
tabolizing AA to LO products that may potentially sustain the
tissue reaction.

Also, by HPLC analysis of recovered metabolites, we delin-
eated the selectivity of the various inhibitory compounds on
granuloma macrophage AA metabolism. Our findings are in
general agreement with previous reports, which have shown
indomethacin to have the greatest CO selectivity and NDGA
to be LO specific (44). Overall, BW755c and nafazatrom were
nonselective, but the 5-lipoxygenase appeared to be more sen-
sitive to these agents then the other LOs. It is important to note
that at the higher concentration (50 uM), all of the compounds
showed a loss of selectivity. This loss of selectivity may in part
explain the suppressive effect of toxic doses (10 mg/kg) of in-
domethacin on granuloma formation in vivo. Interestingly, at
lower doses, indomethacin appeared to induce substrate shunt-
ing, augmenting mono-HETEs while suppressing PG synthesis.
This observation corroborates the findings of Scott et al. (44)
and Van Rollins et al. (33), who also showed that indomethacin
can amplify mono-HETE synthesis in macrophages and platelets,
respectively. An attempt to directly examine AA metabolism
by granuloma macrophages that were isolated from mice treated
in vivo was less informative, since many of the compounds are
reversible inhibitors of the AA metabolic enzymes.

Our finding that AA metabolic inhibitors can dramatically
alter granuloma macrophage Ia antigen expression suggests an-
other mechanism, whereby these inhibitors can modulate gran-
uloma formation, and lends support to the current notion that
AA metabolites may regulate macrophage Ia antigen expression.
Animals administered 5 mg/kg indomethacin daily showed a
clear potentiation of granuloma macrophage Ia antigen expres-
sion. This is in complete accord with several independent studies
which used splenic or peritoneal macrophage populations (17,
18, 45). Thus, as previously suggested, CO products such as
PGE, may statically inhibit macrophage Ia expression as an
autoregulatory phenomenon and thereby, indirectly, regulate T
cell-macrophage interaction (18). This concept is supported by
our recent report that describes the suppression of granuloma
size and granuloma macrophage Ia expression by parenterally
administered PGE (39). It can also explain the capacity of in-
domethacin to potentiate mixed lymphocyte reactions (46), mi-
togen responses (47), and cytotoxic effector cell generation (48),
all of which require the participation of Ia-positive macrophages.
Interestingly, by administering agents with anti-LO activity, we



found the opposite effect, which was suppression of Ia expression.
By day 16 the size of granulomas and the percentage of Ia-
positive granuloma macrophages in animals that were treated
with LO inhibitors was reduced by 50-60%. It is a reasonable
speculation that macrophage Ia expression that is induced by
T cell-derived lymphokines may be suppressed by LO inhibitors
that limit T-lymphocyte functions. Several in vitro investigations
have shown that LO inhibitors can suppress cell-mediated im-
mune mechanisms. For example, NDGA has been shown to
inhibit mitogen-induced blastogenesis by human peripheral
blood lymphocytes (22), as well as to reduce murine effector T
cell cytotoxicity and proliferation (25). Moreover, inhibitors of
the LO pathway have also been reported to suppress both mi-
togen and antigen-specific lymphocyte proliferation (49, 50).
Recently Rand et al. (51) have demonstrated that certain classes
of mono-HETESs can augment lymphokine activity, and that
this response was suppressed by inhibitors of LO. Taken together,
the above findings suggest that there is an antagonistic rela-
tionship between CO and LO pathway products. In general, the
LO products appear to be proinflammatory and the CO products
antiinflammatory.

In conclusion, the present study supports the hypothesis that
AA metabolites of LO pathway are important inflammatory
mediators. Furthermore, these products appear to participate
in the initiation and maintenance of chronic hypersensitivity
granuloma formation. The development of more specific enzyme
antagonists will likely help to further elucidate the participation
of various AA metabolites in chronic inflammation, as well as
provide effective therapeutic tools.
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