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Abstract—Human monocytes treated with cycloheximide (CHX) demonstrated a concentration- and
time-dependent inhibition of prostaglandin E, (PGE,) synthesis and release in response to stimulation
with phorbol myristate acetate, ionomycin, serum-treated zymosan, or concanavalin A. The effect of
CHX required preincubation and was largely reversible within 2 hr. Thromboxane A, release was
affected similarly but no comparable effects were observed on labeled arachidonic acid release or
leukotriene B, generation. The PGE, response was also inhibited by CHX when monocytes were given
exogenous arachidonic acid with or without stimulation. CHX pretreatment also comparably decreased
the amount of immunoreactive cyclooxygenase in resting and stimulated monocytes. These data indicate
that monocyte cyclooxygenase, in contrast to phospholipase A, or 5-lipoxygenase and their regulatory
proteins, turns over rapidly and may be a target for up- or down-regulation by pharmacologic or

(potentially) physiologic agents which affect protein synthesis or degradation.

Monocytes and macrophages are rich sources of
eicosanoids. Depending on their mode of stimulation,
they produce and release products of the cyclo-
oxygenase and lipoxygenase pathways {1]. The
regulation of eicosanoid formation in monocytes and
macrophages, as in a variety of other tissues, seems
to be exerted mainly at the level of phospholipase
A,. Agents that activate protein kinase C or increase
intracellular calcium promote arachidonic acid
(AAT) release [2]. In addition, two regulatory
proteins, phospholipase A, activating protein [3]
and lipocortin {4] (annexin 1, formerly “lipomo-
dulin™), are thought to control phospholipase A,
activity in a positive or negative fashion, respectively.

A variety of evidence indicates that eicosanoid
formation may also be regulated of points in
arachidonic acid metabolism distal to phospholipase
A,. Recently a protein has been isolated and its
gene cloned which activates 5-lipoxygenase and may
regulate its translocation to the membrane [5]. This
protein, also found in human monocytes, has been
named 5-lipoxygenase activating protein. Levels of
individual enzymes of the prostaglandin (PG)
biosynthetic pathway, including cyclooxygenase
(PGH synthase, EC 1.4.99.1), may be determined

* Corresponding author. Tel. (301) 496-4538; FAX (301)
402-2780.

T Abbreviations: AA, arachidonic; CHX, cycloheximide;
Con A, concanavalin A; EBSS, Earle’s Balanced Salt
Solution; HBSS, Hanks’ Balanced Salt Solution; IoM,
ionomycin; Isc, Iscove’s medium; LT, leukotriene; PG,
prostaglandin; PMA, phorbol myristate acetate; and STZ,
serum-treated zymosan.
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by a balance between their synthesis and catabolism
(turn-over) [6]. Cyclooxygenase activity may also be
up-regulated at the level of mRNA transcription in
transformed cell lines [7].

In consideration of the fact that multiple stimuli
initiate eicosanoid formation in human monocytes,
it was of interest to determine whether they exert
their action at the same or different points in AA
metabolism. To determine whether monocytes may
regulate eicosanoid production by alterations in the
levels of specific enzymes involved in eicosanoid
biosynthesis, we exposed monocytes to cyclo-
heximide (CHX) prior to challenge with agents
known to promote prostaglandin E, (PGE,) or
leukotriene B, (LTB,) formation. Our findings
indicated that resting monocytes had rapidly turning
over cyclooxygenase compared to a more stable
lipoxygenase pathway, suggesting that inhibition of
cyclooxygenase synthesis could be a target for
regulating the amount of PG production.

MATERIALS AND METHODS

Cells. Peripheral blood monocytes were prepared
at the NIH Clinical Center by countercurrent
centrifugal elutriation using techniques designed to
yield large numbers of purified monocytes suitable
for clinical use [8]. Briefly, peripheral blood
mononuclear cells from leukapheresis were isolated
by using automated Ficoll-Hypaque density gradient
centrifugation. Elutriation was performed in a model
J-6M centrifuge (Beckman Instruments, Palo Alto,
CA) equipped with a JE-5.0 rotor operating at
1440 g. Monocytes were collected in Hanks’ Balanced
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Fig. 1. Effect of cycloheximide on PGE, or LTB, release by human monocytes. Monocytes (4 x 10°)
were incubated at 37° in 500 uL Iscove’s medium containing 1 mg/mL BSA (Isc/BSA) with or without
cyclohexmide (1 ug/mL) for 30 min. An additional 500 uL. of medium containing twice-concentrated
stimulated agent (final concentration: 20nM PMA, 1uM ionomycin, or 300 ug/mL serum-treated
zymosan) was added and the incubation was continued for 2 hr. Supernatants were harvested and stored
at —20° prior to assay by RIA. Data are the means and SEM of data from seven consecutive donors.

Salt Solution (HBSS) without Ca?* and Mg?* at a
flow rate of 160 mL/min. Monocytes obtained by
this method were greater than 90% pure as assessed
by histochemical staining. Contaminating cells
consisted mainly of lymphocytes and some (<2%)
granulocytes; platelets were not a source of
contamination.

Reagents. Arachidonic acid, concanavalin A (Con
A, Type IV), zymosan, cycloheximide, bovine
[serum] albumin (BSA), and phorbol myristate
acetate (PMA) were purchased from the Sigma
Chemical Co. (St. Louis, MO). Ionomycin (IoM)
was purchased from Calbiochem (San Diego,
CA). Iscove’s medium (Isc) was from Whittaker
Bioproducts (Walkersville, MD). [5,6,8,9,11,12,
14, 15-*H (N)]Arachidonic acid (60-100 Ci/mmol)
was bought from NEN, Inc. (Boston, MA).

Arachidonate release. Peripheral blood monocytes
(4 x 10%) were incubated for 4 hr at 37° in 24-well

tissue culture plates (Costar, Cambridge, MA)
containing 2mL of Iscove’s medium with BSA
(1 mg/mL) and 2 uCi [PHJAA. At the end of the
incubation, cells were washed three times with
Earle’s Balanced Salt Solution (EBSS, Gibco, Grand
Island, NY) and the medium was replaced with
500 uL of fresh medium containing stimuli at the
concentrations indicated. After an additional 2 hr at
37°, the medium was removed and its radioactivity
was determined by liquid scintillation counting in an
LKB-Wallac 1218 Rackbeta counter calibrated for
dpm measurement by external standard ratio.
Radioimmunoassay (RIA). Monocyte super-
natants were prepared in 24-well plates as described
above except for omission of labeled arachidonate
and incubation in 1.0 mL medium. Samples were
stored at —20° prior to analysis. PGE,, thromboxane
B,, or LTB, assays were carried out by using RIA
kits obtained from NEN, Inc. These kits cross-react
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Fig. 2. Cycloheximide effect on supernatant and cell-associated PGE; or LTB, synthesis by human
monocytes. Monocytes were cultured as described in Materials and Methods and the legend to Fig. 1
with (+) or without (=) cycloheximide (1 ug/mL). Con A stimulation was achieved at 30 yg/mL. At
the end of the incubation, supernatants (SN) were harvested as described and the cells were lysed in
distilled water and exposed to three cycles of freeze-thawing in liquid nitrogen. The data shown are
the sum of supernatant and cell-associated PGE, (A) and LTB, (B) and are the geometric means of
data representing monocytes from three donors. In no instance was the inhibition of PGE; less than
50% or that of LTB, greater than 15%.

non-specifically with other eicosanoids or fatty acids
<1%, with the following exceptions: PGE, 3.8%
with PGE; LTB, 1.3% with 20-OH-LTB, and 3.6%
with 5,12-dihydroxyeicosatetraenoic acid. Assays
were performed according to the manufacturer’s

instructions using standard curves constructed in Isc/:

BSA.

SDS~-PAGE and immunoblot analysis of cyclo-
oxygenase. Sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) of protein from
the cell lysates was performed by adding one-half
volume of 2X electrophoresis sample buffer (Novex,
Encinitas, CA, Catalog No. LC-2676) and then
boiling the samples for 3 min before subjecting them
to electrophoresis on 8 or 14% acrylamide gels
(1.5 mm). Immunoblot analysis was performed after
transferring the proteins from the gels onto

Immobilon-P membranes (Millipore, Bedford,
MA). Blocking of the blotted membrane was
accomplished during overnight incubation at 4° in
1% BSA/0.1% Tween-20. Detection was carried
out by using an Elisamate kit (KPL, Inc., Gai-
thersburg, MD) after incubation with a 1:100
dilution of polyclonal anti-PGH synthase antibody
(Oxford Biomedical Research, Oxford, MI). PGH
synthesis (2 uL, Oxford) was run in parallel as a
reference standard.

Statistical analysis. Analysis of variance (ANOVA)
was performed by using Duncan’s multiple range
test component of the “means” utility of Bright Stat
Pak (Bright Software, New Brunswick, NJ).
Alternatively, Student’s r-test was employed. Stat-
istical comparisons were made on data expressed as
logarithms since this technique minimizes the
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Fig. 3. Concentration-dependent response for cycloheximide effect on total PGE, or LTB, synthesis

by human monocytes. Monocytes were cultured as described in Materials and Methods and the legend

to Fig. 1. Con A stimulation was achieved at 30 ug/mL. At the end of the incubation supernatants

were harvested as described and the cells were lysed in distilled water and exposed to three cycles of

freeze-thawing in liquid nitrogen. The data shown are the sum of supernatant and cell-associated PGE,
(A) and LTB, (B) from a representative experiment of three which gave comparable results.

variation of baseline values seen in assays performed
on monocytes of different donors.

RESULTS

Selective inhibition by cycloheximide of monocyte
PGE; production in response to diverse stimuli.
Pretreatment of human peripheral blood monocytes
with cycloheximide (1 ug/mL) for 30 min prior to
challenge with soluble or particulate activators
resulted in inhibition of PGE, release, irrespective
of the stimulus (Fig. 1A). Assay of LTB, in aliquots
of identical supernatants as those assayed for PGE,
demonstrated no change in LTB, release (Fig. 1B).
Under these conditions, cycloheximide inhibited the
rate of [*H]leucine incorporation by 87% (data not
shown).

Cycloheximide effects on PGE, metabolism were
not limited to inhibition of release. Analysis of cell-
associated PGE, demonstrated reduction equivalent
to that seen in the supernatant (Fig. 2A). Levels of

LTB, were unaffected (Fig. 2B) even in response to
PMA or Con A, agents which induce LTB,
production but, by themselves, fail to promote LTB,
release [9].

The inhibitory effect of cycloheximide on PGE,
was concentration-dependent (Fig. 3A) and maximal
at 1-3 ug/mL. No effect on LTB, was observed even
at higher concentrations, except for a 35% decrease
when serum-treated zymosan (STZ) was the stimulus
(Fig. 3B).

Time course of cycloheximide inhibition of PGE,
synthesis and release. The greatest inhibition of
PGE, generation was achieved when cycloheximide
was added 1 hr prior to stimulation i.e. 3 hr before
harvest of supernatants. No inhibition (in fact,
enhancement) was observed when cycloheximide
was added 30 min after stimulation i.e. 90 min prior
to harvest (Fig. 4).

Although the absence of an effect on LTB,
apparently precluded a general toxic effect of
cycloheximide, it was possible that LTB, might be
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Fig. 4. Time course of initiation of cycloheximide effect on
PGE, release. Monocytes were pretreated according to the
protocol described in Fig. 1, beginning 1 hr prior to the
addition of stimulus (time “0”). At the times indicated in
the figure, medium, cycloheximide, or stimulus (serum-
treated zymosan, 300 ug/mL) was added and the cultures
were continued to the time point 2 hr after stimulation.
Supernatants were harvested and assayed as described in
Materials and Methods. The data shown are representative
of three experiments performed with an identical protocol
which gave similar results.
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Fig. 5. Time course for monocyte recovery from the effects
of cycloheximide. Monocytes were incubated as described
inthe legend to Fig. 1 with (+) or without (—) cycloheximide
(1ug/mL). After the indicated times, cycloheximide-
containing supernatants were removed, and the monocytes
were washed three times with EBSS. One milliliter of Isc/
BSA with or without ionomycin (1 uM) was replaced and
the cells were returned to 37°. After 2 hr, the supernatants
were harvested and processed for PGE, analysis to
determine the degree of stimulated release.

generated more rapidly than PGE, and therefore
less likely to be impaired by the drug. To address
this concern, and to obtain further data on the
turnover of proteins which might be inhibited
by cycloheximide, monocytes were exposed to
cycloheximide (1 ug/mL) for 1hr and washed to
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remove the drug. Monocytes recovered their ability
to synthesize PGE, within 4 hr, with up to 80%
recovery within 2 hr (Fig. 5).

Absence of effect of cycloheximide treatment on
monocyte phospholipase A, activity. The inhibition
of PGE, formation in the absence of an effect
on generation of LTB, made it unlikely that
phospholipase A, was affected by cycloheximide.
Nevertheless, it was conceivable that 5-lipoxygenase
might preferentially utilize available free ara-
chidonate even if it were less abundant under
circumstances of decreased phospholipase A,
activity. To address these possibilities, monocytes
were labeled with [SH]JAA and release into the
supernatant was measured by liquid scintillation
counting. Under identical conditions which resulted
in decreased PGE, production and release, release
of labeled AA was unimpaired (Figs. 4 and 6).

Although labeled AA release is a valid approxi-
mation of phospholipase A, activity, the possibility
remained that compartmentalized pools of ara-
chidonate might be preferentially labeled under the
conditions employed resulting in label release even
if total AA were diminished. Furthermore, other
phospholipids or neutral lipids (whose turnover rates
may be low and therefore would not likely be
labeled) may be putative sources of free AA,
including inositol phospholipids and diacylglycerols.
Torule out these possibilities, eicosanoid biosynthesis
was examined in the presence of exogenous (cold)
arachidonate. Addition of unlabeled AA per se
induced PGE, production. Exposure to cyclo-
heximide resulted in impaired PGE, production
even in the presence of arachidonate (Fig. 7A),
although this inhibition could be overcome at the
highest AA concentration. Higher concentrations of
cycloheximide could be less readily overcome by
AA addition (data not shown). Inhibition of PGE,
release was observed in the presence of exogenous
AA in stimulated monocytes as well (Fig. 7B).
Cells treated with indomethacin, to inactivate
cyclooxygenase, demonstrated only modest increases
in PGE, release with the addition of up to 30 uM
arachidonate. Under no circumstances was LTB,
generation impaired in the presence of cycloheximide
(data not shown).

Inhibition of release of additional cyclooxygenase
metabolites by cycloheximide treatment. Although
these data indicated that the effect of cycloheximide
was exerted at the level of the cyclooxygenase, it
was possible that specific inhibition in the formation
of PGE, occurred or that a non-specific effect
on the PGE, RIA was operative. Therefore,
supernatants were assayed for another cyclo-
oxygenase product, thromboxane A,, which is
rapidly and spontaneously converted to thromboxane
B,. The degree of inhibition of thromboxane A,
synthesis and release was parallel to that observed
for PGE, (Fig. 8).

Effect of cycloheximide trearment on levels of
immunoreactive cyclooxygenase. The observations
described above pointed strongly to a specific effect
on cyclooxygenase synthesis. To rule out a specific
effect on enzyme activity, cyclooxygenase levels
were assayed by immunoblotting. Pretreatment
with cycloheximide (3 ug/mL) for 1hr reduced
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Fig. 6. Absence of cycloheximide effect on AA release from human monocytes. Monocytes (4 x 10%)
were incubated in Isc/BSA containing 1 uCi/mL [*H]AA for 4 hr. The cells were washed three times
with cold EBSS. Fresh medium (500 uL) was added which contained PMA (20 nM), ionomycin (1 uM),
serum-treated zymosan (300 ug/mL), Con A (30 ug/mL), PMA + ConA, or no stimulus. After a 2-hr
incubation at 37°, the medium was removed and 100 uL counted in a B-counter. Results are expressed
as the mean dpm per culture from a representative experiment of three which differed only in the
degree of baseline release of label. In no instance was inhibition of AA release observed.

immunoreactive cyclooxygenase by 30-50% (Table
1), consistent with the effects on stimulated or
AA-induced eicosanoid production and release.
Treatment with ionomycin or PMA (data not shown)
resulted in no change in cyclooxygenase.

DISCUSSION

Inhibition of monocyte protein synthesis by
cycloheximide selectively and reversibly impaired
PGE,; production in response to all stimuli tested.
PFE,, as well as thromboxane A,, production was
inhibited in the absence of detectable inhibition of
phospholipase A, activity and this inhibition was
evident even in the presence of exogenous
arachidonate. Decreased immunoreactive cyclo-
oxygenase in cells treated with cycloheximide
correlated with inhibition of prostanoid synthesis
and release.

Previous reports, including an early study in mouse
macrophages [10], have described inhibition of
prostaglandin biosynthesis in the presence of
protein synthesis inhibitors. Other protein synthesis
inhibitors, including actinomycin D which acts
transcriptionally, have also been used with similar
results [6]. Among the tissues used for PGH synthase
inhibition studies were: dog urothelial cells [11],
herpes simplex virus-transformed rat fibroblasts [12],
porcine thyroid cells [13], human and bovine
endothelial and rat smooth muscle cells [14, 15],
murine osteoclasts [16], rat skeletal muscle, spleen,
and brain [6], and human HL-60 cells {17, 18].

Commonly, phorbol ester has been used as the
stimulus. In cell lines, it has been shown that
cyclooxygenase regenerates after “auto-inactivation”
or blockade by indomethacin [14] and that PMA
may, in fact, increase cyclooxygenase activity by
increasing PGH synthase synthesis [15]. A previous
report indicated that cyclooxygenase activity is
impaired by cycloheximide treatment of murine
macrophages [10]. Our study differs in terms of
being conducted in freshly isolated, non-transformed
human mononuclear phagocytes, including unstimu-
lated cells. Other similar evidence that monocyte
cyclooxygenase may be regulated at the level of
protein synthesis was obtained by Fu et al. [19], who
showed that lipopolysaccharide selectively increases
cyclooxygenase (but not phospholipase A, or 5-
lipoxygenase) activity via a protein synthesis
dependent mechanism which was reversed by
corticosteroids.

In our monocyte system, cyclooxygenase may be
a general target of protein synthesis inhibition. This
conclusion is based on the following observations:
(1) cycloheximide reduced PGE, production in
response to six diverse stimuli, including ionomycin
and exogenous AA, ruling out an effect on receptor
turnover or proteins involved in the activation
pathways, including protein kinase C; (2) 5-
lipoxygenase activity and 5-lipoxygenase activating
protein were both unaffected, since LTB 4 generation
was constant even at high cycloheximide con-
centrations; (3) decreased diglyceride lipase or
phospholipase C activities could not account for the
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Fig. 7 Cycloheximide inhibition of PGE, release in the
presence of exogenous AA. Monocytes were prepared as
described in Materials and Methods and the legend to Fig.
1. Cycloheximide (1ug/mL) or indomethacin (3 uM)
treatment was initiated in 250 uL Isc/BSA. After 30 min
at 37°, 250 uL medium containing twice-concentrated AA
was added and the incubation continued for another 30 min.
Ionomycin was added in an additional 500-uL aliquot to
give a final stimulating concentration of 1 uM and the cells
returned to the incubator for another 2 hr prior to harvest
of supernatants. The data shown are the means =+ SEM
for PGE; released into the supernatant from the monocytes
of four individuals studied under an identical protocol.

effects observed, since cycloheximide resulted in
decreased PGE, even in the presence of 10 uM AA;
(4) thromboxane A, was likewise affected; and (5)
immunoreactive cyclooxygenase was reduced by
cycloheximide treatment. The possibility that a direct
effect of cycloheximide on PGH synthase could
account for the effects observed appears remote
based on evidence that cycloheximide fails to inhibit
purified enzyme in vitro [6].

Our findings indicate that cyclooxygenase turns
over relatively rapidly in resting monocytes. A
30-min pretreatment was sufficient to reduce
cyclooxygenase activity, measured as PGE, release.
Within 2hr of cycloheximide removal, cyclo-
oxygenase activity was restored to 80% of its original
level. These observations are consistent with those
made using cell lines [14], transformed cells [12],
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Fig. 8. Cycloheximide inhibition of thromboxane A,
release. Monocytes were prepared as described in Materials
and Methods and the legend to Fig. 1. Supernatants were
harvested and assayed from thromboxane B,, the
spontaneous conversion product of thromboxane A,. The
data depict the means and SD from monocytes from four
consecutive donors studied under identical conditions.

Table 1. Immunoreactive cyclooxygenase in human
monocytes treated with cycloheximide

Immunoreactive cyclooxygenase
(% of control)

Stimulus Medium CHX (3 ug/mL)
Medium 1005 60 + 12
Ionomycin (1 uM) 100+ 5 70 £ 10

Monocytes (40 x 10° cells in 5mL Isc/HSA) were
incubated for 60 min at 37° in 50-mL polypropylene tubes.
Medium (5 mL) with or without cycloheximide was added
and the incubation continued for an additional 2 hr. At
the end of the incubation, cells were washed twice with
phosphate-buffered saline, resuspended in distilled water,
and submitted to two cycles of freeze—thaw in liquid
nitrogen vapor. Cell lysates were stored at —20° prior to
immunoblot analysis as described in Materials and
Methods. The data shown are derived from the integration
of the cyclooxygenase band detected by anti-PGH synthase
antibody and are means + SD from three experiments.

other regenerating tissues [16, 20], or macrophages
[10]. 5-Lipoxygenase and S-lipoxygenase activating
protein apparently turn over more slowly since their
activities, assessed in terms of LTB, production and
release, were not affected even after 6 hr of exposure
to cycloheximide (data not shown), consistent with
findings in HL-60 cells where the turnover of 5-
lipoxygenase activating protein is greater than 12 hr*.
However, our results indicating no effect on labeled
AA release and the persistence of inhibition by
cycloheximide in the presence of exogenous AA

* Evans 1,
permission.

personal communication. Cited with



962 T. HOFFMAN et al.

stand in some contrast to those of Bomalaski et al.
[3] and Lin et al. [20], respectively, in that they fail
to indicate a role for phospholipase A, activating
protein or putative protein regulators of cyclo-
oxygenase. Possibly, the potent direct effects on
phospholipase A, activity of the stimuli we used
obfuscated the contribution of phospholipase A,
activating protein to AA release. Alternatively, the
phospholipase A, activity of elutriated monocytes is
predominantly that of the recently described high
molecular weight cytosolic phospholipase A, (cPLA,,
[21]) which may be less susceptible to the effects of
phospholipase A, activating protein.

Together withrecent observationson the synergism
of protein kinase C activators and stimuli which
increase intracellular calcium {2}, it is possible to
frame an understanding of monocyte eicosanoid
synthesis and release and its potential regulation.
Agents which activate phospholipase A, via protein
kinase C or Ca®*, including ligands {e.g. serum-
treated zymosan) which induce receptor-mediated
phosphatidylinositol bisphosphate hydrolysis [22],
liberate AA which is metabolized by cyclooxygenase.
Prostaglandin production is thereby regulated by the
amount of enzyme available. Resulting prosta-
glandins are passively released into the supernatant.
Leukotriene synthesis may also ensue, but is
regulated at the level of synthesis and release by
intracellular Ca®** and 5-lipoxygenase activating
protein controlling the degree of S5-lipoxygenase
activation and translocation, respectively. This model
may be useful in understanding the contrasting roles
of lymphokines on autocoid formation. For example,
interferon-y likely acts at the level of phospholipase
A, since it increases all arachidonic acid metabolites
uniformly [23]. Evidence exists that CSF-1 may
increase synthesis of cyclooxygenase in human
monocytes [24], similarly to the effects of a variety
of growth factors, such as epidermal growth factor
[14], transforming growth factor-8 [14], or platelet-
derived growth factor, [20], in other cell types. We
have also demonstrated both rapid and long-acting
regulation of cyclooxygenase in mouse hematopoietic
cells via CSF-1 receptor tyrosine kinase activity [25].
Furthermore, evidence exists that lymphokines, such
as interleukin-1 [7,26] or platelet-derived growth
factor [20], may induce cyclooxygenase gene
expression.

The role of monocytes as suppressor cells is
thought to be mediated, at least in part, by
cyclooxygenase products [27]. Recent reports have
documented an increase in PG release in monocytes
exposed to HIV GP 120 [28], but no data exist
to rule out participation of up-regulation of
cyclooxygenase in this and related processes.
Ultimately, the goal of selectively reducing the effect
of prostaglandins in immune suppression or
inflammation may be achieved by interfering with
cyclooxygenase synthesis at the transcriptional and
translational levels by focused and concerted action
of specific cytokines alone or in combination.
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