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Inflammatory mediators in ovarian follicles:
the possible role of platelet-activating
factor and its metabolic enzyme
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Abstract: Platelet-activating factor (PAF) is a potent pro-
inflammatory negotiator that shows a distinct spectrum of
biological and pharmacological effects and participates
in a wide range of pathophysiological conditions. In the
reproductive system, PAF has been shown to have an
important role in initiating ovulation, progesterone pro-
duction and chemokine production. The purpose of this
article was to review the roles of PAF, a well-known fam-
ily of messenger phospholipids, in the reproductive pro-
cess, especially in ovulation. This review highlights the
interesting parallels between PAF’s mechanism in ovula-
tion and inflammatory process.
Keywords:Platelet-activatingfactor, PAF-acetylhydrolase,
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Introduction

Platelet-activating factor (PAF) was first described as
a mediator that was synthesized and released from ba-
sophils which causes platelet aggregation by IgE sen-
sitization [1]. Subsequently, Demopoulos et al. [2] and
Benveniste et al. [3] reported the structure of PAF as
1-O-alkyl-2-sn-glycero-3-phosphocholine.

Since then, other roles of PAF have been discovered,
and it is now also known as a potent pro-inflammatory
phospholipid, which has been shown to have many phys-
iological and pathophysiological effects beyond wound
healing, including roles in physiological inflammation,
apoptosis, angiogenesis, reproduction and long-term
potentiation [4]. PAF’s contributions to reproductive and
developmental processes have been shown to include
roles in ovulation [5], sperm motility [6], implantation [7],
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fetal lung maturation [8], and the initiation and mainte-
nance of parturition [9—11].

This review focuses on recent discoveries about PAF
and PAF-acetylhydrolase (AH) in the field of ovarian fol-
liculogenesis, emphasizing PAF-mediated events and
the importance of their tight regulation in ovarian follicles.

PAF Synthesis and Metabolism

PAF has a structure of 1-O-alkyl-2-acetyl-sn-glycero-
3-phosphocholine (Fig. 1), and it comprises a family of
pro-inflammatory phospholipids which exerts effects in
a variety of cells and tissues [12]. PAF is synthesized in
diverse cells such as neutrophils, macrophages, mono-
cytes, eosinophils, basophils, platelets, and endothelial
cells [13]. PAF is also produced in tissues including the
lungs, kidney, myocardium, brain, liver, skin, saliva, reti-
na, uterus, ovary [5] and embryo [14, 15]. PAF is known
to induce many inflammatory reactions and allergic re-
sponses involving leukocyte adhesion, chemotaxis, de-
granulation, and increased vascular permeability [16, 17].

There are two enzymatic pathways by which PAF is
physiologically and pathologically biosynthesized, name-
ly remodeling and de novo pathways [18]. It has been
recognized that the de novo pathway is a minor endog-
enous pathway [19], which takes three enzymatic steps
to form PAF from its precursor 1-alkyl-2-lyso-sn-glycero-
3-phosphate [20]: acetylation by acetyltransferase, de-
phosphorylation by a phosphohydrolase, and appending
with choline-P [21, 22]. The other, remodeling pathway,
which substitutes an acetyl residue for the long-chain
fatty acyl residue of cell membrane phospholipids is rec-
ognized as the principal enzymatic pathway of PAF syn-
thesis (Fig. 2).

Indeed, PAF synthesis in the remodeling pathway is
known to begin with release of 1-O-alkyl- or 1-O-acyl-
2-lyso-GPC (lyso-PAF) from 1-O-alkyl- or 1-O-ac-
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Fig. 1. The structure of platelet-activating fac-

tor [11].

yl-2- arachidonoyl-GPC by phospholipase A2 (PLA2).
Lyso-PAF is subsequently converted to PAF by acetyl-
CoA and lyso-PAF acetyltransferase [23, 24]. Like the
eicosanoids, PAF is not usually stored in a preformed
state, but is rapidly synthesized by inflammatory cells
in response to cell-specific stimuli. This step is essen-
tial for synthesizing PAF. The activation of phospholi-
pase A2 also leads to arachidonate release resulting in
eicosanoid synthesis. It has also been reported that the
alkyl phosphatidylcholines are enriched to release ara-
chidonate in leukocytes and monocytes [25, 26]. Taken
together, it can be inferred that the amount of PAF pres-
ent in the biological fluid or tissues may be modulated by
a balance of synthesis and catabolic pathways [15, 27].

PAF is catalyzed by PAF-AH, which removes the acetyl
group from the sn-2 position, resulting in the biologically
inactive form of lyso-PAF [28], which lacks PAF activ-
ity in nature. PAF-AH is known to be produced primarily
by hepatocytes and macrophages, and is distributed in
human plasma, blood cells and numerous tissues [11].
Human peripheral blood-derived macrophages [29], hu-
man decidual macrophages [30, 31], and phorbol ester-
stimulated HL-60 cells [32] have been shown to secrete
PAF-AH into plasma. Treatment of rats with either dexa-
methasone or medroxyprogesterone causes an increase
in plasma PAF-AH activity, whereas estrogen treatment
results in a decrease in the activity of the plasma enzyme
[33]. If any imbalance in inflammatory reactions occurs,
the amount of PAF will change and induce some patho-
logical status. PAF-AH is believed to regulate in part the
PAF concentration in the body [29].
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Fig. 2. Metabolism of PAF [11]. Pathways for PAF synthesis.

The remodeling pathway reactions shown are: RxI,
phospholipase A2 or a CoA-independent transacylase;
RxII, lysoPAF: cetyl-CoA acetyl-transferase; RxIII,
PAF-acetylhydrolase. The enzymes of the de novo
pathway are: RxIV, DHAP: acyl-CoA acyltransferase;
RxV, alkyl-DHAP synthase; RxVI, acetyl-CoA: 1-O-
alkyl-2-lyso-GP acetyltransferase DHAP, and both
CDP-choline dihydroxyacetone phosphate and cytidine
diphosphate; RxVII, 1-alkyl-2-acetyl-glycero-3-phos-
phate phosphohydro-lase; and RxVIII, 1-alkyl-2-acetyl-
glycerol: CDP-choline cholinephosphotransferase.

PAF in the Ovary and Follicular Fluid

The first indication that PAF may be involved in ovula-
tion, was based on the observation that the local admin-
istration of a PAF receptor antagonist inhibited rupture
of ovarian follicles in rats [5]. The involvement of PAF in
ovulation was examined by injection of a specific PAF
antagonist, BN52021. This substance effectively blocked
ovulation when administered concomitantly with hCG
or up to 9 h after hCG treatment. On the other hand,
the inhibition of follicle rupture was suppressed when
BN52021 and PAF were injected into the ovarian bursa
simultaneously [5]. It was shown that when BN52021
was administered bilaterally into the ovarian bursa, hCG-
induced ovulation, the typical preovulatory increase in
ovarian collagenolysis, and uptake of labeled bovine
serum albumin were all blocked [5]. The fact that PAF
partially reversed the inhibitory action of BN52021 shows
that PAF has an effect on ovulation. Moreover, PAF has
been shown to induce margination and activation of
thrombocytes and leukocytes in vivo [34]. As several ma-
trix-degrading proteases have been identified in human
granulocytes [35], PAF’s action on ovulation is believed
to be mediated through blood cells.
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Fig. 3. PAF-AH in FF [48]. (A) Correlation between E2 levels and PAF-acetylhydrolase activity
in FE. y=0.011x + 61.7; » = 0.374; n=30; P < 0.05. (B) Correlation between P levels and
PAF-acetylhydrolase activity in FF. y=0.507x + 59.2; » = 0.297; n=30; P < 0.11.

Espey et al. [36] reported a decrease in the PAF con-
centration in rat ovarian tissue within several hours af-
ter the administration of human chorionic gonadotrophin
(hCG). In another investigation, PAF was shown to be
secreted from a cultured ovine follicular wall and to in-
crease within 2 h after the endogeneous pre-ovulatory
LH surge [37]. It has also been demonstrated that PAF
is present in human follicular fluid (FF) collected near
the time of ovulation [38], with levels varying from 600
to 5,000 pg/ml. There was no difference in PAF levels
in FF yielding no oocyte or that yielding an oocyte ca-
pable or not capable of being fertilized. There were also
no significant correlations between PAF levels and the
number of retrieved oocytes or estradiol levels at the time
of hCG administration [38]. Interestingly, PAF levels were
different between long-protocol and short-protocol IVF
procedures. Specifically, PAF levels were higher in long-
protocol IVF [38].

Leukocytes are thought to arrive in and around the pre-
ovulatory follicle in response to the LH surge in order to
promote the release of secretory products, such as his-
tamine, bradykinin, prostaglandins, serotonin, cytokines
and chemokines, all of which play well-documented roles
in the biochemistry of ovulation [39-42].

It has been suggested that the release of specific
mediators or biochemical and cytologic changes in the
follicular wall due to the accumulation of polynuclear
leukocytes and thrombocytes before ovulation might be
associated with the presence of PAF in ovarian follicles,
and especially in FF [43, 44]. These observations provide
support for the hypothesis that PAF activity in FF might
result in local production of PAF, even if the possibility
of extra-follicular production cannot be excluded. These
studies indicate that chemotactic factors of these cells
are necessary in the ovulatory process.

The enzymatic activity of PAF-AH in the FF, converting

PAF to lyso-PAF, was first reported in 1993 [45]. The ac-
tivity of PAF-AH in the hydrolyzation of [*H]PAF in the FF
is markedly lower than in other body fluids such as plas-
ma or peritoneal fluid (PF). It has also been reported that
the percentages of [3H]PAF catalyzed after 15-min incu-
bation in plasma, PF and FF, were 65%), 39% and 10%,
respectively. Interestingly, it was shown that the estimat-
ed half-life of PAF was 7-12 min in plasma, 15—-25 min in
PF and 2 h in FF [45]. As PAF-AH in plasma has been
shown to correlate with the levels of lipoproteins [46, 47],
the specific activity of PAF-AH is reflected by the ratio
of PAF-AH to cholesterol. The results of these studies
show, the specific activity of PAH-AH in FF is not signifi-
cantly different from that in plasma, and the lower activity
in FF is probably due to the absence of LDL in FF [45].

A clinical study performed on 1995 investigated the
PAF-AH activity in human FF obtained from patients who
had oocytes retrieved for in vitro fertilization and embryo
transfer (IVF-ET) [48]. Human FF aspirated from preovu-
latory follicles with controlled ovarian hyperstimulation
(COH) had PAF-AH activity ranging from 20.2 to 89.9
units/ml. There were no differences between pregnant
and non-pregnant subjects in the number of oocytes re-
trieved, in the rate of oocytes fertilized, or in the number
of embryos transferred. However, the specific activity of
PAF-AH was significantly lower in women with a suc-
cessful pregnancy outcome than in the non-pregnant
patients. The hormones regulating the plasma activity of
PAF-AH have been examined in both rats and humans
[42]. An assessment of the relationship between the spe-
cific activities of PAF-AH and ovarian steroid hormones
in FF was performed. E2 levels negatively correlated
with the PAF-AH activity in FF. However, the levels of
progesterone showed no correlation with the PAF-AH
activity in FF (Fig. 3).
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PAF and Granulosa Cell Function

PAF receptor

It has been reported that PAF interacts with a specific
G-protein-coupled transmembrane receptor, PAF-R [50].
The activated PAF-R is linked to a myriad of signal trans-
duction pathways in its downstream, such as phospholi-
pase A2, phospholipase C, phospholipase D, mitogen-
activated protein (MAP) kinase cascades, and adenylate
cyclase [51]. The PAF receptor also couples with both
pertussis toxin-sensitive and -insensitive G proteins [50,
52].

PAF-R primarily contributes to the activation of ex-
tracellular signal-regulated kinase (ERK) and p38 MAP
kinase in numerous tissues. However, ERK and p38 ac-
tivation by PAF differs among species according to the
cell type in which its receptor is located. For example,
PAF activates ERK through a protein kinase C-depen-
dent, Ras-independent pathway in Chinese hamster
ovary cells [50]. On the other hand, ERK via MEK1/2, a
downstream target of Ras, is activated by PAF in human
neutrophils [53].

A DNA variant in which an aspartic acid is substituted
for an alanine residue at position 224 (A224D) has been
identified in the putative third cytoplasmic loop in the
human PAF receptor gene [54]. Interestingly, this muta-
tion has been reported as being present in a Japanese
population at an allele frequency of 7.8%. The mutant
PAF receptor expressing A224D exhibits partial but sig-
nificant reduction not only in the intracellular signaling
for calcium mobilization and inositol phosphate produc-
tion, but also in the inhibition of adenylyl cyclase and the
chemotactic effects elicited by PAF stimulation [54]. The
consistency of the variant receptor may be the principal
mechanism behind the inter-individual variations in PAF-
related physiological responses, disease predisposition
or phenotypes and drug responsiveness [4].

Progesterone production

It has been demonstrated that PAF, produced during
the inflammation-like reaction in ovulatory processes, af-
fects granulosa cell function and corpus luteum forma-
tion in vitro [55].

PAF at a dose of 500 ng or greater per ml of media
caused a marked decrease in the production of proges-
terone by cells cultured in media containing 0.25% BSA.
In media containing 1% FBS, PAF at 500 ng/ml or great-
er decreased production of progesterone, but this effect
was greatly attenuated compared to cultures without se-
rum [56]. These results suggest this effect may be due to
the presence of enzymes in FBS that inactive PAF.

Progesterone secretion as well as morphological
change are found in human luteinized granulosa cells.
The decrease in progesterone production elicited by PAF
treatment may reflect a cytotoxic effect. PAF could have
an indirect stimulating effect on granulosa or luteal cells
in vivo. Even though no direct effect of PAF has been
demonstrated in vitro, the situation in vivo with platelets
present is quite different. PAF activates platelets which in
turn release 5-hydroxytryptamine and PDGF and there-
by alter granulosa cell function [56].

PAF and chemokine

Chemokines are secreted by resident tissue cells such
as endothelial cells, leukocytes or adipocytes, and con-
tribute to the recruitment and activation of circulating leu-
kocytes. Ovulation is similar to an inflammatory reaction
and the leukocytes around the follicle may play an impor-
tant role in ovulation [43, 57]. The involvement of chemo-
kines in ovarian function is becoming more evident as
research in this area progresses [58, 59]. Chemokines
has been directly and indirectly implicated in follicular de-
velopment and atresia, ovulation, steroidogenesis, and
corpus luteum function (including formation, develop-
ment, and regression).

Experimental evidence suggests that there is a 3-fold
increase in the density of neutrophils in the medullary
region of the rat ovary during the ovulatory phase, and a
corresponding 8-fold increase in the density of this cell
type in the theca layer of the ovulating follicles [50]. The
neutrophils tended to concentrate around the inner parts
of the theca interna with a large number around the apex
of the ovulating follicle. In humans, a marked increase in
the neutrophil density in the theca compartment is also
seen after the onset of the LH-surge, with further accu-
mulation just after follicle rupture [61, 62]. Indirect evi-
dence for an increase in this cell type is provided by the
fact that ovarian concentrations of neutrophil elastase, a
marker enzyme that reflects neutrophil activity, increase
to a similar extent in the rabbit ovary about 9 h after hCG
injection [63]. Ovulation has many features in common
with inflammatory reactions, including the participation of
leukocytes and classical inflammatory mediators.

It has been suggested that IL-8 and GROa may be
important modulators of preovulatory events, not only
through the attraction and activation of neutrophils that
eventually play roles in timely follicular rupture, but also
through the stimulation of new blood vessel formation for
the corpus luteum [54]. PAF is known to be a potent pro-
inflammatory mediator, and it exerts its effects via spe-
cific receptors in a variety of cell types [20, 29, 65]. It has
been reported that the addition of a PAF antagonist into
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the bursa of the rat ovary resulted in a marked reduc-
tion in the frequency of ovulation, and this inhibition was
partially reversed by simultaneous administration of PAF
[5]. PAF has been shown to be secreted from a cultured
ovine follicular wall, and PAF levels increase within 2 h
after the endogenous pre-ovulatory LH surge [37]. The
detection of PAF in human FF collected near the time of
ovulation indicates the local ovarian production of PAF
[38]. These observations provide support for the hypoth-
esis that PAF plays a role in the ovulatory mechanism

[43].

Although it has been shown that human FF has che-
motactic activity with respect to neutrophils, [66, 67] spe-
cific chemotactic factors responsible for the recruitment
and activation of neutrophils in and around pre-ovulatory
follicles have not been identified. The neutrophil chemo-
tactic activity in preovulatory follicular fluid is higher in
conceptual cycles than in non-conceptual cycles [66].
One of the candidates for this activity is IL-8, a chemoat-
tractant and cytokine that activates neutrophils [68], as
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Fig. 5. The hypothetical roles of PAF in peri-ovulatory pro-

cesses are shown. Monocytes, macrophages and neutro-
philic granulocytes are recruited from the blood by the
action of chemokines such as MCP-1, IL-8 and GROa.

well as a potent angiogenic agent [569]. IL-8 has been
found in large amounts in human follicles [64]. GROaq,
another chemoattractant of neutrophils has also been
found in human FF [70Q].

The stimulation of GC1a, a granulosa cell line [71], by
inflammatory cytokines such as IL-1a and TNF-a [58],
or growth factors such as epidermal growth factor and
transforming growth factor-a [72] is known to induce the
production of IL-8 and GROa. The production of IL-8 and
GROa in GC1a is also observed after stimulation by PAF
[73]. The levels of IL-8, GROa and MCP-1 (unpublished
data) were increased by treatment of C-PAF for 2—32 h
in a time-dependent manner. The levels of IL-8, GROa
and MCP-1 were also significantly and dose-dependent-
ly increased by treatment with C-PAF (5—100 nm) com-
pared to controls. On the other hand, when the GC1a
cells were treated with C-PAF (50 nm) and/or increasing
concentrations of WEB 2086, a PAF receptor antagonist,
the levels of IL-8, GROa and MCP-1 were significantly
lower than those of the controls treated with C-PAF alone
(Fig. 4). On the basis of these observations, | IL-8, GROa
and MCP-1 in FF are thought to promote to neutrophil
chemoattraction and accumulation. Our results also in-
dicate that | IL-8, GROa and MCP-1 are regulated by a
mechanism involving C-PAF; it is likely that IL-8, GROa
and MCP-1 play important roles in the accumulation of
neutrophils and in the subsequent induction of ovulation

(Fig. 5).

PAF and cell proliferation
Some experimental findings provide substantial evi-

dence of PAF receptor-mediated effects in cell cycle pro-
gression and exit from the proliferation cycle [74]. PAF
stimulation at physiological concentrations contributes to
a shift in the cell cycle phase distribution pattern, with
the proportions of proliferating cells in the S and G2/M
phases decreasing in favor of increasing numbers of
cells entering the GO/G1 compartment. Responses to
PAF treatment are rather moderate, possibly due to the
typically high proportions of resting cells in pre-ovulatory
granulosa cell populations [758].

Corresponding to the effect on cell cycle progression,
PAF treatment also elicits a considerable increase in cell
recruitment. PAF receptor knockout mice generated by
targeted gene disruption, do not show gross morpho-
logical abnormalities in any organ system [76]. However,
gonadotropin-induced activation of genes encoding cy-
clooxygenase and the progesterone receptor (essential
for ovulation) occurs normally in follicles that fail to ovu-
late due to reduced numbers of granulosa cells [75, 77].
These observations imply that granulosa cell number is a
critical factor in ovulation. PAF receptor antagonists may
disturb in vivo proliferative regulation of granulosa cells,
that is, the withdrawal from the cell cycle associated with
resistance to apoptosis [78], consequently inhibiting ovu-
lation. PAF receptor antagonists reverse or attenuate the
effects of PAF on the cell cycle, cell number and PCNA
expression. Overlapping but not identical pathways are
activated by PAF to promote cell cycle progress subse-
quent to withdrawal from the cell cycle.

Conclusions

PAF is a well-known pro-inflammatory mediator, which
has been identified as a factor that is active throughout
the female reproductive process. Multiple lines of evi-
dence suggest that signaling effects of PAF, which are
closely associated with ovulation, are mediated by vari-
ous mechanisms such as catalytic activity by PAF-AH,
granulosa cell function including chemokine and proges-
terone production, and have an effect on the cell cycle.
Being an important physiological regulator as well as an
initial influencing factor in pro- or peri-ovulatory process-
es, PAF may be an important biomarker in ovarian folli-
cles. However, further research is needed to understand
its independent influence in reproductive processes in-
cluding ovulation.
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