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The formationof prostaglandins by prostaglandin H
synthase canbe limited by the availability
of the fatty
acid substrate or the hydroperoxide activator and also
by a self-catalyzedinactivationassociatedwiththe
oxygenation reaction. Eachpmol of synthase appeared
able to form only about 1300 pmol of prostaglandin
from arachidonate before it was inactivated. This extent of synthesis was not diminished when substrate
fatty acid wascomplexed with cytosolic proteins even
though the velocity of the oxygenation reaction was
greatly decreasedby the lower availabilityof substrate
acid. When the availabilityof hydroperoxide activator
was decreased by added glutathione peroxidase, the
extent of oxygenation per mol of synthase was decreased irrespectiveof the amountof cytosolic protein
present.
Approximately 65% of the total prostaglandin synthesis by homogenateswas suppressed witha glutathione peroxidase to prostaglandin H synthase ratio of
about 90. The remaining prostaglandin synthetic activity was more resistant, being
completely suppressed
only when the ratio
of peroxidase to synthase
exceeded
750. The overall ratioof glutathione peroxidase (peroxide-removing) capacity to prostaglandin synthetic
(peroxide-forming) capacityin selected tissues ranged
from over 1800 in rat liver to less than 30 in leukocytes. A comparison between the daily urinary output
of prostaglandin metabolites and tissue prostaglandin
synthetic capacity suggested that prostaglandin
H synthase inactivation along with glutathione peroxidase
suppression of the extent of prostaglandin synthase
may be important in limiting prostaglandin biosynthesis within cells.

An additional factor influencing the rate of prostaglandin
formation by prostaglandin (PC)’ H synthase is the stimulatory action of hydroperoxides (5, 6). PGH synthase activity
was suppressed in vitro when glutathione and glutathione
peroxidase were added,even though the system contained
adequate amounts of nonesterifiedarachidonicacid
(7, 8).
Restoration of PGH synthase activityby removal of glutathione indicated that the added glutathione peroxidase did not
destroy the prostaglandin syntheticcapacity but removed the
hydroperoxides required for synthetic activity. The potential
importance of glutathione peroxidase in regulating peroxide
levels and suppressing prostaglandin synthesis has been recently noted in several reports. In examining the action of
nonsteroidalanti-inflammatoryagents (9, lo), glutathione
peroxidase was found to enhance the inhibitory potency of
phenolic nonsteroidal anti-inflammatory drugs, such as acetaminophen, phenylbutazone, andMK 447, by decreasing the
peroxide concentration. Using plateletsfrom hypercholesterolemic rabbits, Kawaguchi et al. (11) noted a 92% decrease in
glutathione peroxidase activity and a 70% decrease in glutathione that correlatedwit,h a 5-fold increased ability to synthesize thromboxane B2 with a 2-fold increase in PGHz synthesis.
A third factor that can limit the amountof prostaglandin
formed ina given time period is theself-catalyzed inactivation
that occurswith fatty acidoxygenases (6, 7, 12, 13). All
substrates for these enzymes appear to act as “suicide” substrates so that a given amount of enzyme can produce only a
limited amount of oxygenated product.
Although some evidence has indicated that prostaglandin
biosynthesis is normally suppressed under normal physiological conditions in vivo, little is known about the degree to
which each of the three factors notedabove may participate
in constraining the cellular production of prostaglandins. In
Prostaglandinsynthesisrequires
nonesterified substrate the present reportwe assess thebalance between glutathione
fatty acid (I),and limiting therelease of substrate acid from peroxidase and prostaglandin synthetic capacities in several
membrane phospholipids is often considered to limit the rate tissues in relation to its possible effect on the expression of
and amount of prostaglandin synthesis. Confirmationof this prostaglandin synthetic capacity in a tissue. The results inconcept is found in the observation that adding
nonesterified dicate new, useful ways to interpret the syntheticcapacity of
arachidonateoftenenhancesprostaglandinformation
(e.g. a tissue.
Ref. 2 ) and that the steroids, which diminish the release of
EXPERIMENTALPROCEDURES
nonesterified arachidonate,are effective anti-inflammatory
agents (3, 4). However, limiting substrate may not always be
Muterials-PGH synthase was purified from sheep vesicular gland
the only physiological constraint on the expression of the as described by Kulmacz and Lands (14) to a cyclooxygenase-specific
activity of about 150,000 units/mg of protein. One unit of the cyclooxprostaglandin biosynthetic capacity of a tissue.
ygenase resulted in an optimal velocity (VQpt)of 1 nmol O,/min at
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nmol of hydrogen peroxide/min. Standard reference prostaglandins
were obtained from The Upjohn Co. [’4C]Arachidonic acid (59 Ci/
mol) was purchased from New England Nuclear, and arachidonic acid
was purchased from NuChek Prep (Elysian, MN). TritonX-100 and
octyl glucoside werepurchased from Behring Diagnostics. Cell culture

’ The abbreviations used are: PG, prostaglandin; TLC, thin layer
chromatography.
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media and supplies were purchased from Hazelton Dutchland (Denver, PA). Unless indicated, all other chemicals were purchased from
Sigma. Guinea pigs and rats were purchased from Holtzman (Madison, WI).
Tissue Homogenate Preparation-Bovine seminal vesicular gland
(Pel Freez; Rogers, AK) was thawed overnight in NaCl(O.9%) at 4 "C
and then trimmed of fat. The vesicular gland was homogenized with
a Polytron homogenizer (Brinkmann Instruments) in 9 volumes of
cold0.1 M potassium phosphate, 1 mM phenol (pH 7.21, filtered
through cheesecloth and centrifuged at 3,000 X g for 15 min. Aliquots
(0.1 ml) of the supernatant were incubated as noted below. Bovine
vesicular gland cytosol was prepared by centrifuging at 104,000 X g
for 1 h and collecting the supernatant.Protein was determined using
the Bradford assay (16).
The spleen was removed from a guinea pig and homogenized with
a Polytron homogenizer in 4 volumes of 0.1 M potassium phosphate,
1 mM phenol (pH 7.2). Aliquots (0.3 ml) were immediately added to
the incubation buffer to measure their ability to synthesize prostaglandin (see below).
Leukocytes-The cells used in these experiments were peritoneal
resident cells from guinea pigs and a human monocyte cell line U937
(supplied by Dr. M. Teodorescu, University of Illinois-Chicago). The
peritoneal cells were pelleted by centrifuging at 300 X g for 7 min.
Contaminating erythrocytes were lysed by hypotonic shock, and the
resident cells were washed twice with 0.1 M potassium phosphate, 1
mM phenol (pH 7.2). After resuspension, aliquots were taken for cell
counting, viability was determined by trypan blue exclusion, and cell
identity was determined by Camco Quik Stain (Cambridge Chemical
Products, Ft. Lauderdale, FL). More than 70% of the resident peritoneal cells were macrophages, with the remainder being lymphocytes
and large mononuclear cells. U937 macrophages were cultured in
RPMI 1640 medium with 10% fetal calf serum (17) to a cell density
of 1 X 106/ml and then collected. The cells were resuspended in 0.1
M potassium phosphate, 1 mM phenol (pH 7.2) at 5 X lo7 cells/ml.
Both the resident cells and U937 cells were lysed by adding Triton
X-100 (0.2% final concentration) and phenol (1mM final concentration) and then sonicating for three 1-min periods (setting 9on model
W225, Heat Systems-Ultrasonics, Plainview, NY) with cooling between sonication periods. In some experiments octyl glucoside (0.25
mg/mg of protein) was added before sonication. Completeness of lysis
was established by trypan blue staining. Samples were kept ice-cold
during the preparation and lysis of the cells. Aliquots (0.1 ml) of the
lysate were incubated as noted below.
Incubation-When the cyclooxygenase activity of purified PGH
synthase was measured, oxygen consumption was determined using
a Yellow Springs Instrument polarographic electrode (18).The incubation buffer was 0.1 M potassium phosphate (pH 7.2), 1 mM glutathione, 1 mM phenol, and the indicated amount of arachidonic acid
in a total volume of 3 ml. The reaction was started by introducing
PGHsynthase (5 pl). Product formation in this incubation was
measured with ["Clarachidonic acid. Samples were taken at times 0,
1, 3, and 10 min, extracted as described below, reduced by triphenylphosphine treatment (19), and chromatographed by reverse phase
high pressure liquid chromatography (20). Fractions were collected,
and theradioactivity determined by liquid scintillation counting. The
radioactivity comigrated with standard PGF,,. When prostaglandin
product formation was assessed, the samples were incubated at 37 "C
for 10 min in a shaking water bath. The incubation buffer for the
samples contained 0.1 M potassium phosphate (pH 7.2), 1mM phenol,
1 mM glutathione, and 40 p~ [14C]arachidonicacid in a total volume
of 1 ml. The reaction was started with the addition of tissue homogenate. In experiments testing the effects of exogenous glutathione
peroxidase, the samples were pretreated for 2 min with the enzyme
before the incubation was started with the addition of ["Clarachidonic acid. Incubations were terminated by the addition of 50 p1 of 1
M citric acid and 100 pl of ethanol.
Extraction and Chromatography-The samples were extracted
threetimes with 2 mlof ethylacetate. The organic layers were
combined, washed with 0.1 M NaCl (1 ml), andthen dried with
anhydrous Na,SO,. The organic phase was then concentrated by a
stream of N2 gas and prostaglandin standards were added to define
the prostanoid region on the TLCplate (PGD,, upper; PGE,, middle;
and 6-keto-PGF1,, lower).
Aliquots of the extracts were spotted on Silica Gel G plates (Analtech, Inc., Newark, DE). The plates were developed in the organic
phase of ethyl acetate/isooctane/acetic acid/water (11:5:2:10). The
radioactive bands located with a Berthold LB2760 TLC scanner were
then scraped into vials for liquid scintillation counting.
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Prostaglandin synthetic activities were calculated from the sum of
14C products in the prostancid region of the TLC plate, with the
assumption that all products formed had the same specific activity
as the substrate arachidonic acid. The contribution of nonenzymatic
conversion of [14C]arachidonicacid was estimated from incubations
without enzyme and was subtracted. Additional support for the identification of these products as prostanoids was provided by the fact
of their absence from incubations containing 10 p M flurbiprofen.
Preparation of Ultrafiltrate of Vesicular Gland Cytosol-Ovine vesicular gland was minced, weighed, and homogenized in 4 volumes of
0.1 M KPO, (pH 7.2). The homogenate was centrifuged at 104,000 X
g for 90 min. The supernatant was collected and filtered with an
Amicon PM-30 ultrafiltration membrane. The filtrate was lyophilized
and resuspended to a tenth of the original homogenate volume.
Determination of Glutathione Perozidase Actiuity-The glutathione
peroxidase activity of tissues was determined by the method of
Lawrence et al. (21). The assay mixture contained glutathione (2
mM), glutathione reductase (1unit/ml), NADPH (0.1 mM), NaN3 (1
mM) and 0.1 M potassium phosphate (pH 7.2) in a final volume of 1
ml. The reaction was started by adding 10 pl of Hz02 (0.12 mM). The
reaction rate was obtained by monitoring the change in NADPH
absorbance at 340 nm. Glutathione levels were measured using 5,5'dithiobis(2-nitrobenzoicacid) (22).
RESULTS

Self-catalyzed Inactiuation-When
the time course of O2
consumption for PGH synthase was continuously monitored,
optimal velocity (V,,,) was achieved during the first minute
(Fig. I, open circles). However, asignificant amount of O2
consumption continuedwell beyond the first minute.
Analysis
of the I 4 C products formed by 1 , 3 , and 10 min indicated that
nearly all the prostaglandin was formed by 1 min. The ratio
between O2 consumed and prostaglandin formed was 2.2 at 1
and 3 min of incubation but had increased 3.5
to after 10 min.
The additionof glutathione peroxidase (2800 units) and flurbiprofencausedacomplete
inhibition of the formation of
prostaglandin (closed bar, D),
but theresidual O2consumption
was still apparent (closed circles). The O2 consumption occurof
ringafter 3 min appearedto be duetothepresence
glutathione and was not related to prostaglandinproduction
since the residual 0 2 consumption was not inhibited when
flurbiprofen was added at 5 min but was prevented by the
addition of N-ethylmaleimide (2 mM) or by excluding gluta-
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FIG. 1. Oxygen consumption and prostaglandin synthesis
by pure PGH synthase. The enzyme (82 units) was added to 3 ml
of 0.1 M KPO, (pH 7.21, 1 mM phenol, 1 mM glutathione, 40 p M ["C]
arachidonate, and other additions as indicated below. Oxygen consumption was continuously measured for four different conditions:
the control (0,A); or in the presence of 10 p~ flurbiprofen (0,E ) ;
glutathione peroxidase (2800 units; 9, C); and both flurbiprofen and
glutathione peroxidase (0,D). The dashed lines represent the corrected oxygen consumption (see text). The optimal velocity (V,,,) is
the highest rate of oxygen consumption reached in any reaction.
Corresponding 14C-PGF,, measurements were also performed at 1,3,
and 10 min for the indicated incubation conditions (A, open bars);
the flurbiprofen-treated sample (B, stippled bars); the glutathione
peroxidase-treated sample (C, s h h e d bars); the sample treated with
glutathione peroxidase plus flurbiprofen (D,
solid bars).
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thione from the incubation (data not shown). When glutathi- sameforall
cytosol concentrations.Time-coursepatterns
one was present in subsequent experiments,we corrected for similar to those in Fig. 2 were observed with 40 and 80 p~
the glutathione-driven O2 consumption by subtracting from arachidonate concentrations (data not shown). Pretreatment
the 0, tracings the apparent rate of glutathione oxidation
)
the
of the PGH synthasewith flurbiprofen (10 p ~ inhibited
measured at 10 min (approximately 1 nmol Oz/min/mM glu- amount of oxygen consumed at 10 min by 95% when 5 mg/
tathione). When this correction
was made, it became apparent ml of cytosolic protein was present.
that the synthase reaction reached
a limited fixed extent per
The availability of arachidonate for PGH synthase in the
microgram of enzyme even when adequate substrate levels presence of cytosolic proteins was examined withvaried conremained. The cyclooxygenase optimal velocities inthese
centrations of substrate (Table I). In the absence of cytosol,
incubations were reached before the onset of the nonenzy- the maximum extent and the maximum velocity of prostamatic oxygen consumption, and so the Voptvalues were not glandin synthesis were approximately reached with 10-20 p~
corrected.
arachidonate. As increasing levels of cytosol were added, the
Calculations based on the extentof either the correctedO2 concentration of arachidonate needed to achieve the maxiconsumption or [ 14C] prostaglandin product formed indicated mum velocity was increased in a progressive manner, indicatthat the purified synthase had a limited production of 1300 ing that the substrate
availability to theenzyme was decreased
mol of prostaglandin/mol of PGH synthase(10 nmol of pros- by the cytosol. Although the Vmaxvalues were approximately
taglandin/7.8 pmol of PGH synthase). (The estimated
values the same, the apparent K , value (substrateconcentration
for the extent of reaction catalyzed by PGH synthase varied providing half-maximal velocity) ranged from near 2 p~ in
approximately 20% among experiments.) Pretreatment of the absence of cytosol to about 10, 30, and 50 p~ with 1, 3,
)
by some and 5 mg/ml of added cytosolic protein, respectively. Octyl
PGH synthase with flurbiprofen (10 p ~ inhibited
95% the observed velocity of oxygenation but had no effect glucoside was included to maximize the availability of subon the extent of reaction catalyzed by the PGH synthase.
strate to the synthase and had no effect on PGH synthase
However, the addition of glutathione peroxidase (2800 units) activity at thelevel employed (data not shown).
of
effectively inhibited both the
expressed V,,, and the extent
Oxygenase Sensitivity to Glutathione Peroxidase-A number
PGHsynthaseactivity,
decreasing the overall number of of phenol-like compounds that serve as PGH synthase/perturnovers from 1300 to 450. The combined addition of gluta- oxidase cosubstrates have been shown to both activate cythione peroxidase and flurbiprofencompletely blocked the clooxygenase actionandalso
to enhancethe suppressive
formation of prostaglandins.
action of glutathione peroxidase (10). To assess the level of
Substrate Auailability-For a preliminary characterization such phenol-like compounds in cytosol, we used an ultrafilof some constraints on prostaglandin synthesis may
that occur trate from which the bulk of the cytosolic protein and glutawithin cells, the synthetic activityof pure PGH synthasewas thione peroxidase had been removed. No detectable glutathimeasured in the presence of differentamounts of bovine one peroxidase activity (<20 units/ml) or protein (cO.1 mg/
serumalbumin(resultsnotshown)and
alsocytosolfrom
ml) was found in this ultrafiltrate. When the ultrafiltrate
was
bovine vesicular gland (Fig. 2). The fatty acid-free albumin tested for its effect on PGH synthaseactivity, a dose-dependwasamuchmoreeffective
inhibitor, and it did not
seem ent increase in thecyclooxygenase activity was observed, with
representative of cytosolic binding capacity. Thus, subsequent 1 ml of ultrafiltrate being comparable to 1 pmol of phenol
study used the mixed cytosolicproteins. Oxygen consumption (data not shown). When glutathione
peroxidase was added to
achieved a maximum rate within the first minute and then
a n incubation without phenolor the ultrafiltrate,even at high
declined, giving an overall extent of reaction of 28 nmol of levels, very little inhibition of cyclooxygenase activity was
0,/10 pmol of synthase, equivalent to
1400 mol of prostaglan- observed (Fig.3, open circles). However, the inclusion of either
din/mol of PGH synthase. As the amount of cytosol was phenol (0.2 mM) or ultrafiltrate (0.3 ml) enhanced the supincreased, the initial rate of oxygen consumption decreased, pressive action of glutathione peroxidase at every activity
but the overall extent of reaction in 10 min was nearly the level tested (Fig. 3, filled circles).
T o evaluate the ability
of glutathione peroxidase to suppress
the synthesis of prostaglandins under conditions where the
synthase was in contact with cytosol, the synthase was incubated with increasing amounts of glutathione peroxidase ac10%
tivity (Fig. 4). The presence of cytosol caused only a
decrease in the extent (compare squares in Fig. 4 ) but a 66%
decrease in the Vopt(compare open and closed circles in Fig.
4).This decrease in Voptagreed with that noted in TableI for
20 p~ arachidonic acid and 3 mg/ml of cytosolic protein. This
amount of cytosol contained approximately 0.1 pmol of glutathioneand 42 units of glutathione peroxidase activity,
which, by itself, would not account for the decrease in the
PGH synthase activity.Becausecytosol
did not alter the
extent of the PGH synthase-catalyzed
reaction in theabsence
5
10
of glutathione peroxidase (defined as the cyclooxygenase capacity), we used this cyclooxygenase capacity as the parameter
TIME (MINUTES)
FIG. 2. Time course of prostaglandin synthesis by pure
PGH by which the peroxide-removing activity of the added glutasynthase in the presence
of cytosol. Pure PGH synthase (3.3 nM, thione peroxidase was normalized. Plotting either theV,,, or
105 units) was added to 3 ml of 0.1 M KPO, (pH 7 . 2 ) ,1 mM phenol, the observed extent of the cyclooxygenase action in the pres1 mM glutathione, 20 PM arachidonate, and the various amounts of
ence of glutathione peroxidase versus the ratio of the activity
;5, A mg of protein/ of added glutathione peroxidase to thecyclooxygenase capacbovine vesicular gland cytosol (0, 0 , 1, 0 3, .
ml). The oxygen consumption was monitored with a polarographic
oxygen electrode and corrected for the glutathione-driven oxygen ity yielded straight lines that intercepted the abcissa a t a
common value of 200. The abcissa intercept is taken as an
consumption.
7

17
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TABLE
I
Effects of added cytosolic protein on substrate availability
PGH synthase (5 pl, 60 units) was incubated in 0.1 M phosphate buffer (3 ml, pH 7.2) that contained 1 mM
phenol, 1 mM glutathione, octyl glucoside (0.25 mg/mg protein), and the indicated concentrations of arachidonate
and bovine vesicular gland cytosol. The resulting cyclooxygenase activities (Vopt and extent) were measured by
oxygen consumption. The concentrations of free substrate were estimated by reference to a smoothed MichaelisMenten plot of V,, uerszs arachidonate concentration from the incubations without cytosol (the first and second
columns above).
Cytosol (mg of protein/ml)
Arachidonate
added

V,,
nmolfmin

Extent
nrnol

nrnolfrnin

nmol

0.5

13
17
26
35
44
48
ND
50

4
6
12
12
17

0
0
8.7
140.8
27
39

0
0
10
9
16
18

19

43

19

1

41

Extent

NM

2
5
10
20 19
30 ND
40
50
60

80
ND, not determined.

3 mgfml

1 mg/ml

0 mg/ml
V.,

34

22

CM

V,,
nmolfrnin

Extent
nrnol

4.8
22
30
29
40
48
48

14
19
18
19
23
22
19

5 mg/ml

[SI,
NM

V,,,
nmolfrnin

Extent
nmol

[SIt,

0
18
15
20
17
17
18

0
0.4
0.5

p~

ND”
ND
0.4
2.3
7.1
8.1
9.5

0.2
1.6
3
3
7.5
22

0
8.4
10
0.7
12.5
22

36

1.6
4.4
5.2

GLUTATHIONEPEROXIDASE
CYCLOOXYGENASECAPACITY
FIG. 4. Suppression of cyclooxygenase activity by glutathiGLUTATHIONEPEROXIDASE
one
peroxidase. Pure PGH synthase (30 units) was incubated in
(pmol H,O,/MIN)
KPOJphenol buffer (3 ml) that contained 20 p M arachidonate, 1 mM
FIG. 3. Enhancement of glutathione peroxidase suppression glutathione, and theincreasing amounts of glutathione peroxidase in
of PGH synthase by phenol-like factorsin cytosol. PGH syn- the absence (opensymbols) or presence (closed symbols) of bovine
thase (45 units) was added to 3 ml of 0.1 M KPO, buffer (pH 7.2) vesicular gland cytosol (3 mgof protein/ml). The V,,, ofoxygen
that contained 50 p~ arachidonic acid, 1 mM glutathione, and the
consumption (circles) and the extent of consumption (squares) were
indicated amounts of glutathione peroxidase. Phenol (0.2 m M ) (91, measured and plotted against the ratio of the added glutathione
cytosolic ultrafiltrate (0.3 ml) (e),or no additional reducing agents peroxidase activity to the cyclooxygenase capacity (the extent in the
(0)were also added. Cyclooxygenase activity was monitored by 0, absence of added peroxidase). The VOptand extents were monitored
consumption. In the absence of glutathione peroxidase, the V,, values with the polarographic oxygen monitor and were corrected for the
with ultrafiltrate and phenol were 45 and 43 nmol O,/min, respec- glutathione-driven oxygen consumption.
tively; whereas, the V,, was 7 nmol of O,/min for no added reducing
substrates.
I

2

I

4

I

6

1

8

synthase and glutathione peroxidase may play an important
role in the control of peroxide levels in many tissues, and so
indication of the numberof units of peroxide-removing activit was examined in more detail. To evaluate the potential of
ity needed for complete suppression of a unit of cyclooxygencellular glutathione peroxidase to act as a reguIator of prosaseactivity (14). Although the slope of theline for the
taglandin synthesisin uiuo, we compared the relative activities
suppression of V,,,,, was very different in the presence
of added
cytosol, the titrationof the extentof the PGH synthase action of gutathione peroxidase and prostaglandin synthase in sevIIA). The glutathioneperoxidase activby glutathione peroxidase in either the absence or presence eral rat tissues (Table
of cytosol yielded essentially the sameline. The extentof the ity in various rat tissue homogenates was compared to the
reported (23) prostaglandin synthetic capacity ineach tissue.
reaction was decreased by approximately 40% in each case
homogenates
when 500 units of glutathione peroxidase were added to 30 Because of the dilutedlevel of glutathione in the
units of PGH synthase in the presence of either 0, 1, 3, or 5 used for the measurement of tissue prostaglandin synthetic
capacity (23), suppression by endogenous glutathione peroximg/ml of cytosolic protein (data not shown).
dase activitywas likely to be minimal. The ratioof glutathione
Peroxide-producing and Peroxide-removingCapacities
of
Tissue Homogenates-The combination of prostaglandin H peroxidase to prostaglandin synthetic capacity in the tissues
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TABLEI1
GLUTATHIONE PEROXIDASE (UNITS)
0
1000 2000 3000
0
1000 2000 3000
0
1000 2000 3000
Glutathione peroxidase and prostaglandin syntheticcapacities in
tissue homogenates
In part A, glutathione peroxidase capacities represent the mean
.
5
K
;
m
f
value observed at 1 mM added glutathione/g of tissue for three rats.
The prostaglandin synthetic extents were calculated from the re.o
ported values of Pace-Asciak and Rangaraj (23) and are expressedin
terms of the parent compound, PGGB reflect
to
overall cyclooxygenase
were the average
capacity. Inpart B, the glutathione peroxidase values
.5
1.0
0.5
of five determinations, and the prostaglandin synthetic values represent the average of duplicate determinations. Both activitieswere
determined as described under “Experimental Procedures.”To nor0
0
0
0
500 1000 1500
0
500
1000
0
1000
2000
malizeall the tissues to g wetweight, the dataobtainedforcell
>
suspensions were transformed by expressing the data/mg of protein
GLUTATHIONEPEROXIDASE
and then multiplying by 100 mg/g wet weight. The ratio in the rightCYCLOOXYGENASECAPACITY
hand column represents the glutathione peroxidase capacity divided
FIG.5. Suppression of prostaglandin synthesis in tissue hoby-the prostadandin synthetic extent.
mogenates by glutathione peroxidase. Homogenates of human
Glutathione
Prostaglandin
monocyte cell line,U937 (1mg of protein) (A), bovine vesicular gland
Tissue
Ratio
synthetic
peroxidase
(3 mg of protein) ( B ) , and guinea pig spleen (3 mg of protein) (C)
homogenate
capacity
(pM ROOH
were incubated, and their prostaglandin synthesis was determined
~
consumed/min/g) ( p PGGZ/g)
using radioisotope techniquesas described under “ExperimentalProcedures.” The abscissa values represent the ratio of added glutathione
Liver (rat)
18
1,800
33,000
peroxidase capacity to the endogenous prostaglandin synthetic ca10
920
Heart (rat)
9,200
pacity (extent for uninhibited cyclooxygenase).
The level of prostan11
740
Kidney (rat)
8,100
oidproductformationin
the presence of 10 F M flurbiprofen is
36
Spleen (rat)
7,900220
indicated by an (x) on the ordinate axis.
105
45
Lung (rat)
4,700
Spleen (guinea

4.800

50

96

taglandin synthesis. When the glutathione peroxidase/prostaglandinsynthaseratio
for U937 monocytes and bovine
Seminal vesicular
87
30
2,600
vesicular gland was increased to about 1500, prostaglandin
gland (bovine)
synthesis was reduced to a level similar to thatcaused by 10
Resident peritoneal
700
23
30
cells (rat)
PM flurbiprofen. However, synthesis in the spleen homoge137
22
Resident peritoneal
3,000
nates was reduced by only 30% when the ratiowas 1900. This
cells (guinea pig)
was
in contrast to the effect of 10 ~ I Mflurbiprofen, which
170
8
U937 monocytic
1,400
inhibited 85% of the prostaglandin synthesis by the spleen
cells
homogenate. Further additions of glutathione peroxidase activity to the spleen homogenate (up to a ratio of 5000) were
listed in TableIIA varied over nearly a 20-fold range.
only able to decrease prostaglandin formation to 57% of the
We also compared the
two activities in homogenates of the control (data not shown).
following tissues thatwere expected t o produce large amounts
The relative resistance to inhibition of prostaglandin synof prostaglandins: rat peritonealcells, a human monocyte cell thesis in the spIeen homogenate was much greater than that
line (U937), bovine vesicular gland, and tissues from guinea
of the pure synthase/cytosol system(Fig. 4 and Ref. 8) or the
pig (Table IIB). Prostaglandin synthetic capacity was measother homogenates in Fig. 5 . The result suggested that some
ured for each homogenate under conditions where the glutathione concentration had been diluted 30- to 300-fold from physical compartmentation might remain after homogenizathat in intact tissue. Under these conditions, approximately tion in a way that sequestered the PGH synthase from the
5% or less of the endogenous glutathione peroxidase activity exogenous glutathione peroxidase. To disrupt such possible
would be expressed (24). The prostaglandin synthetic capac- compartmentation, we added a nonionic detergent, octyl glu(0.25 mg/mg of protein)and
ities of the five tissues tested covered a 7-fold range, with the coside, tothehomogenates
sonicated
the
mixtures.
The
sonicated
preparations
were
greatest activity in the
U937 monocytes (Table IIB). The
amount of endogenous glutathione peroxidase activity of the preincubated with glutathione and glutathioneperoxidase for
of the [14C]arachidonicacid
spleen homogenate was twice that of vesiculargland and 2 minpriortotheaddition
substrate
to
permit
thorough
mixing.
The sonication proceguinea pig peritoneal cells, three times that of U937 monoof glutathione percytes, and seven times that of the rat peritoneal cells. The dures with detergent enhanced the ability
oxidase
to
suppress
the
synthase
activity
with all three horatio of glutathione peroxidase to prostaglandin synthetic
capacity was highestfor spleen followed by the vesicular mogenates (compare the results in Fig. 6 with those in Fig.
5 ) . Furthermore, the proportion
of the prostaglandin synthesis
gland, peritoneal cells, and U937 cells.
increased to at least
Inhibition by Added Glutathione Peroxidase-With three of that was relatively sensitive to inhibition
70% of the total activity. Thus, when the ratioof glutathione
the tissue homogenatesfrom Table IIB, we perturbed the
peroxidase/synthase ratio by adding 1 mM glutathione and peroxidase t o prostaglandin synthase was 100, 70%of the
increasing amounts of exogenous glutathione peroxidase. The prostaglandin synthesis by the sonicated spleen homogenate
PGH synthase activity was measured by the extent of con- was suppressed, compared to only 20% in the unsonicated
version of [ 14CJarachidonate to prostaglandinproducts. The preparation (compare Figs. 5C and 6C).
The initialsteep decline intheprostaglandinsynthesis
addition of exogenous peroxidase resulted in a biphasic reduction in the synthesisof prostaglandins by each of the three indicated that a portion of prostaglandin synthesis is rather
homogenates (Fig. 5). Small additions of glutathione peroxi- sensitive to inhibition by small amounts of glutathione perdase gave a sharp decline in prostaglandin synthesis. How- oxidase activity. By noting the glutathione peroxidase/prosat the transition of the titration
ever, at glutathione peroxidase/prostaglandin synthase ratios taglandinsynthaseratio
above 100, largeincreasesin added glutathione peroxidase curve, we obtained estimates of the activity ratio thatwould
of prostaglandinsynthesis.
were needed to obtain an appreciable furtherdecline in pros- inhibitthissensitiveportion
pig)
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acid to approximately 50 GM making 96% of the acid apparently inaccessible to the synthase. Considering that the cytosol of an intact cell has a protein concentration of approximately 100 mg/ml, for synthesis to proceed a t a significant
rate theoverall concentration of unesterified arachidonic acid
would have to be quite high or the acid would have to be
localized near the PGH synthase.
Since other metabolic processes (e.g. acid.CoA ligases, oxygenases, and P-oxidation) alsouse arachidonic acid and there
is competitive inhibition by other fatty acids (31) released by
phospholipase activity, little arachidonic acid may be available for the microsomal PGH synthase. For PGH synthase to
be expressed at any significant rate, it must
have an advantage
200
400
200
400
over these competing events. This
could be achieved by compartmentation that makes the arachidonate more accessible
GLUTATHIONE PEROXIDASE
CYCLOOXYGENASECAPACITY
to the synthase. If this is so, reliable predictions of locally
FIG. 6. Suppression of prostaglandin synthesis in solubi- high synthetic rates are likely to be very difficult to achieve.
lized sonicates by glutathione peroxidase. Tissue homogenates The estimates obtained from the present study on the other
were prepared from human macrophage cell line, U937 (1 mg of hand, canbe viewed as derived from “limiting”conditions and
protein) ( A ) ,bovine vesicular gland (3 mg of protein) ( B ) ,and guinea
pig spleen (3 mg of protein) (C) as described under “Experimental thus be useful in discussing the limits of the bulk prostaglanProcedures” and then solubilized by addition of octyl glucoside (0.25 din synthetic capacity.
Regulation of Hydroperoxide Availability-The cyclooxymg/mg of protein) and sonicated. Prostaglandin synthesis was measured using radioisotope techniques as described under “Experimental genase activity of PGH synthase requires nanomolar quanProcedures,” and the coordinates are as described in the legend to tities of hydroperoxide as activator ( K , = 20nM) (32). A
Fig. 5.
major mechanism restricting thelevel of intracellular hydroperoxides is peroxidase activity. PGH synthase itself has a
These threshold ratios for U937 monocytes, bovine vesicular
peroxidase activity, but it has a small capacity and requires
gland, and spleen were 70,90, and 100, respectively.
hydroperoxide substratein micromolar amounts (32, 33).
Glutathione peroxidase and glutathione-S-transferase activiDISCUSSION
ties however, are generally present in abundance and may be
Intrinsic Limitation of PGH Synthase Activity-The irre- important to the suppressionof hydroperoxide levels in cells.
versible self-inactivation thatoccurs during catalysisimposes We chose to examine glutathione peroxidase because of its
a fundamental limit on the production of prostaglandins by prevalence in biological tissue and its superior kinetic propthe synthase. With arachidonic acid as the substrate, about erties as a peroxidase (24, 34). For glutathione peroxidase to
1300 mol of PGGzcan be produced duringthecatalytic
exert maximal suppression of PGH synthase, factors acting
lifetime of 1 mol of synthase (Fig. 1).This limit on the extent
like phenol need to be present (10). Such factors were indeed
of prostaglandin synthesis is not appreciably affected by cyfound in cytosol, with the concentration of phenolic-equivatosol (Fig. 2) or by the nonsteroidal anti-inflammatorydrugs
lents being approximately 1 mM. The suppression by glutasuch as flurbiprofen and indomethacin (Fig. 1;Ref. 25), even
thione peroxidase differed from the impairmentof PGH synthough these conditions drasticallyreduce the optimal velocthase activity by cytosol in that glutathione peroxidase supity of the cyclooxygenase. The number of catalytic turnovers
pressed both V,,, and extent. Cytosol did decrease individual
per lifetime of synthase thus appears to be
amoreuseful
V,,, values but not the V,.,, and it allowed the synthase to
index than thespecific activity for comparing the prostaglanreach
its full extent (approximately 1300 molecules of PGG2/
din synthetic capacityin different tissue homogenates. Prosmolecule
of cyclooxygenase). Glutathione peroxidase detaglandin synthetic capacitieswere therefore assessed by the
extent of synthesis, and the suppressive
effects of glutathione creased the expression of both V,,, and extentin acoordinated
peroxidase were evaluated by comparison of the extents of fashion, suggesting that the peroxidase was interfering with
of thesynthase molecules by
synthesis in the presence and absence of the peroxide scav- therecruitment(initiation)
enger. The self-catalyzed inactivation and the rate
of synthe- removing the hydroperoxide activator.
Our study with
exogenous glutathione peroxidase and PGH
sis of new PGH synthase protein appear to set
a ceiling on a
tissue’s ability to synthesize prostaglandins ina given period synthase was designed to estimate the range of suppressive
regulation that could be exerted by the peroxidase in different
of time.
Regulation of Arachidonate Availability-Of major impor- tissues. PGH synthase has a much lower peroxide-activator
tance in the control of prostaglandin synthesis is the acces- requirement than other fatty acid oxygenases, and may be a
sibility of nonesterified fatty acid substrate to the synthase, major force generating lipid hydroperoxides in many tissues.
which has a K,,, of approximately 2 GM for arachidonic acid. The ratio of tissue glutathione peroxidase to tissue cyclooxyThe concentration of nonesterified arachidonic acid in blood genase thus approximates the overall ratio of endogenous
plasma (26) and in tissues
(27, 28) appears to be approxi- hydroperoxide-removing to hydroperoxide-forming activities
mately 20 PM. Although this concentration is 10-fold greater in a tissue and can be used to obtain rough estimates of the
than the K,,, of the synthase for arachidonic acid, additional extent to which prostaglandin synthetic capacity might be
arachidonic acid (either supplied exogenously or through local expressed in that tissue. The basis for these estimates is the
lipase activity) seems necessary to provoke significant rates observation that the fraction of the total prostaglandin synof synthase activity(2, 29). This inability toutilize the exist- thetic capacityactually expressed in varioustissues examined
ing unesterified arachidonic acidmight be attributed t o a appeared tobe a predictable function of the ratio of glutathibinding of the fatty acid by cytosolic factors (see review by one peroxidase capacity to cyclooxygenase capacity (Fig. 6).
Spector (30)). We determined that as little as
5 mg/ml of As an example of how the ratio can be used, the values in
cytosolic protein increased the apparent K,,, for arachidonic Table I1 and Fig. 6suggest that only 5% of the synthase
-
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capacity might be expressed in heart tissue(peroxidasejoxy- x 10’ platelets) in a 5-min incubation. If an equal amountof
genase = 920) and 30% in lung (ratio= 105) if the activities hydroxyheptadecenoate were formed, this would represent the
were uniformly distributed among the
cells of the tissue.
generation of approximately 850 molecules of PGH, per molDespite the high ratio of glutathione peroxidase to prosta- ecule of PGH synthase, 60% of the in vitro potential of the
glandin synthesis in some tissues (e.g. kidney and spleen), pure synthase (14). Although isolated platelets seem able to
prostaglandin synthesismay still occur there, due to a cellular express most of their potential in an explosive synthesis of
prostaglandin,itappearsthat
onlyasmall
percentage of
compartmentation or separation of thesynthaseandthe
peroxidase. PGH synthase is a membrane-bound enzyme lo- platelets exploit this potential invivo, as thrombosisdoes not
calized in the endoplasmic reticulum and nuclear membrane occur often in normal individuals. The reported human uri(35). In contrast, glutathioneperoxidase is a soluble enzyme nary output of 0.5 pg of dinor thromboxane B2 per day (41)
found in the cytosol (24), and itdoes not react with micellar could be provided by less than 0.1% of the total platelet
or membrane-bound peroxide (36,37). Activation of the mem- synthetic capacity ina 70-kg human (6 litersof blood, 250 ng
brane-bound PGH synthaseby micellar or membrane-bound of thromboxane Bz/ml). Thus,even with the self-inactivation
vivo daily production of
peroxides would thus be expected t o be less effectively opposed included intheestimate,thein
by cytosolic glutathione peroxidase. Such a situation may thromboxane B, by platelets in normal humans seems to be
explain the incomplete inhibition Fig.
in 6 (membrane-bound under extensive constraint.
Overall Daily Production-An examination of urinary meoxygenase) relative to that in Fig. 4 (solubilized oxygenase).
Guidi et al. (38) noted that there was an inverse relationship tabolites can provide a minimal estimate of the overall daily
between the release of thromboxane BZfrom intact platelets production of prostaglandins. For example, Nugteren et al.
and theirendogenous level of glutathione peroxidase and that (42) have reported that a 300 g rat excreted about 30 pg of
increasing the glutathione concentration, which would in- prostaglandinmetabolitesper day.Knowing the synthetic
capacity of each tissue and its contribution to total
body mass
crease the glutathione peroxidase activity, caused a biphasic
decrease in thromboxane B2 production by platelet lysates. allowsarough estimate of the probablemaximumoverall
Their biphasic titration curve for production of thromboxane synthetic capacity. A continuous expression throughout the
B2 (the major prostanoid in platelets) versus added glutathi- day of the rates of prostaglandin synthesis represented in
one (38) was similar to the curves reported in this work for Table I1 would exceed the observed excretion by a factor of
titration of total prostanoid production versus added gluta- more than IO3! Clearly, some constraints on the rateof prostaglandin synthesis must bein force. The supply of nonesterthione peroxidase (Figs. 5 and 6).
Release from Constraints-Platelets provide evidence that ified fatty acid is clearly one long-recognized possibility for
the presence of adequate arachidonic acid and hydroperoxide decreasing the rateof biosynthesis (I),but a decreased supply
activator concentrations withina cell can lead to an
explosive did not decrease the overall production as much as it did the
production of PGG,. Subsequent conversion of this PGG, to rate of production (Table I). If we assume the self-catalyzed
an active prostanoid can lead to signalling between the af- inactivation of PGH synthase to be the limiting factor, the
expected overall production by a 300-g rat would be limited
fected cell and adjacentcells.
t
For platelets, this scenario can be initiated by the binding o approximately 600 pg of prostanoids per day. If the suppressive effect of endogenous glutathione peroxidase is superof collagen to surfacereceptors. Thisthencan
triggera
respiratory burst and the associated formation of hydroper- imposed on this inactivation-limited estimateof prostaglandaily output would be about80
oxides and hydrolytic release of arachidonic acid. The hydro- din production, the estimated
pg. This value approaches theobserved amount excreted and
peroxides can activate some of the PGH synthase, making
leads us to conclude that a combination of inactivation and
this enzyme effectivein oxygenating the
available arachidonic
glutathione
peroxidase suppression of PGH synthaseprobably
acid. The activated synthase
would produce PGG,, amplifying
places
an
upper
limit to the daily amount of prostaglandins
the initial peroxide signal, and promoting subsequent activaproduced in normal physiological conditions.
tion of other synthase molecules to the catalytically capable
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