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ABSTRACT

Preterm birth remains the most common cause of perinatal mortality. Although the causes of
preterm labor are multifactorial and vary according to gestational age, preterm labor and term labor
share common cellular and molecular mechanisms, including stimulation of the fetal hypothalamic-
pituitary-adrenal (HPA) axis and endocrine/immune system interactions. We have developed a
non-human primate experimental model for intrauterine infection and preterm labor using chroni-
cally instrumented rhesus monkeys (Macaca mulatta) with timed gestations. We have documented
the temporal and quantitative relationships among intrauterine infection, the synthesis and release
of proinflammatory cytokines, prostaglandins, and fetal-placental steroid biosynthesis in this model.
Infection-induced preterm parturition is characterized by significant elevations in amniotic fluid
proinflammatory cytokines and by increases in fetal adrenal steroid biosynthesis, but not by cor-
responding increases in placental estrogen biosynthesis characteristic of spontaneous parturition.
This suggests that activation of the fetal HPA axis by the stress of infection is accompanied by
placental dysfunction and also that infection-induced preterm parturition is not dependent upon the
increased estrogen biosynthesis observed in spontaneous parturition. These different endocrine and
immune responses have important diagnostic and therapeutic implications in the management of
preterm labor. Infect. Dis. Obstet. Gynecol. 5:142-153, 1997. (C) 1997 Wiley-Liss, Inc.
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reterm labor that results in premature birth is
the most common cause of perinatal mortality

in developed countries, accounting for up to 80% of
perinatal deaths which are not attributable to con-

genital malformations. Until recently, a tendency
has existed among obstetricians and epidemiolo-
gists to lump together, for statistical purposes, all
preterm births occurring between 22 and 36 weeks.
The traditional empiric approach to preterm labor
presupposed a single pathologic process, for which
the treatment could be uniform. This practice has
contributed to the poor understanding of the cau-

sation of preterm labor.
It is now clear that the causes of preterm labor

are multifactorial and vary according to gestational
age. They include systemic and intrauterine infec-
tion, uteroplacental ischemia, uterine overdisten-

sion, different endocrinopathies, and abnormal fe-
tal or maternal immune responses,z Nevertheless,
there is strong evidence that despite different eti-
ologies, preterm labor and term labor share many
common pathways in the activation of cellular and
molecular effectors. This includes stimulation of
the fetal hypothalamic-pituitary-adrenal (HPA)
axis (e.g., by maturation, infection or fetal hypox-
emia) in addition to endocrine, paracrine and im-
mune system interactions.
We have developed the first nonhuman primate
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experimental model for chorioamnionitis and pre-
term labor using chronically catheterized pregnant
rhesus monkeys (in which both placentation and
the endocrinology of pregnancy are similar to hu-
mans). This model provides a useful means to

study in vivo endocrine, paracrine and immune sys-
tem interactions in the relatively inaccessible intra-
uterine space. This review will emphasize our find-

ings with respect to the role of activation of the
fetal HPA axis in response to stress associated with
intrauterine infection and in comparison to that as-
sociated with spontaneous labor at term and idio-

pathic preterm labor. We will explore the interest-
ing differences in activation of the fetal HPA axis
and of the subsequent fetal-placental steroid bio-
synthesis in spontaneous parturition and in the set-

ting of infection-induced preterm labor. These ob-
servations about different endocrine and immune

responses may ultimately have important diagnos-
tic and therapeutic implications in the manage-
ment of preterm labor.

REGULATION OF MYOMETRIAL
QUIESCENCE

Parturition represents a sequential orchestration of
specific biochemical and biophysical changes in the
myometrium, decidua, fetal membranes and cer-
vix. The mechanisms by which the transitions are
made from uterine quiescence to the initiation of
parturition and to the onset of labor are central to

our understanding of primate and human parturi-
tion. Competing hypotheses include the release of
uterotonins (e.g., estrogens, oxytocin, and prosta-
glandins) which overrides myometrial inhibition or

a primary withdrawal or antagonism of progester-
one’s inhibitory effects. It is also not clear whether
the transitional or initiating stimuli bring about am-
nion or decidual activation with subsequent cyto-
kine and prostaglandin release.

We, and others, have demonstrated that partu-
rition in rhesus monkeys is preceded by rising con-

centrations of dehydroepiandrosterone sulfate (DS)
in fetal blood but not in maternal blood and by an

increase in estrogens in fetal blood, maternal blood
and amniotic fluid.3,4 A rise in amniotic fluid es-

trone precedes or coincides with a rise in amniotic
fluid prostaglandins which begin to increase several
days prior to the onset of labor near term.s An in-
crease in interleukin (IL)-6 and IL-8 (unpublished
data), but not in IL-l[3 or tumor necrosis factor

(TNF), is also seen several days prior to the onset

of labor.6 Suppression of prostaglandin biosynthe-
sis by long-term administration of indomethacin
during rhesus pregnancy dramatically prolongs ges-
tation and prevents the timely onset of parturition. 7

The stimulus for the rise in fetal and maternal
estrogens before parturition has not been clearly
defined but is likely to be fetal adrenocorticotropic
hormone (ACTH), because hypoxemic stress or in-
fusions of ACTH to the fetus increase production
of androgens, such as DS and androstenedione.8,9 A
functioning fetal adrenal gland is clearly required
because the prepartum estrogen trends are absent
when the fetus is dead, anencephalic or dexameth-
asone suppressed; parturition is delayed in those
cases. 7,9 Estradiol benzoate administered systemi-
cally to pregnant monkeys does not initiate labor
before term, perhaps because exogenous estradiol
does not cross the placenta to impact potential fetal
target tissues.7 Administration of androstenedione
(an estrogen precursor) has led to conflicting results
on initiation of premature delivery depending on

dose and route of administration. 1,11 If estrogens
facilitate parturition in primates, then stimulation
of adrenal estrogen precursors by ACTH should
induce premature labor. However, chronic infusion
of ACTH into the primate fetus has led to conflict-
ing results and more work needs to be done to

confirm this hypothesis,s,lz

Circadian rhythms in circulating maternal and
fetal steroid hormones have also been described in

pregnant nonhuman primates and women.4,3 In
the mother, cortisol, estrone and estradiol are

higher in the morning than in the evening. Because
the primate placenta is readily permeable to gluco-
corticoids, the fetal pituitary is subject to feedback
regulation by maternal cortisol. As a result, there is
a 180 phase difference between rhythms in fetal
adrenal androgens and the maternal cortisol
rhythm.4 Estrogens enhance the oxidation of cor-

tisol to cortisone in the placenta thereby decreasing
the proportion of maternally-derived cortisol in the
fetus. 14 This mechanism enhances ACTH secre-

tion by the fetal pituitary and promotes the growth
and maturation of the fetal adrenal cortex and de
novo cortisol production as gestation advances.s

There is clear evidence that estrogens interact
with the maternal circadian system to influence the
timing of birth within the light-dark cycle. Studies
in our laboratory6 and by others7 have clearly es-
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tablished a nocturnal increase in uterine activity
which predominates in the last weeks of pregnancy
and culminates in labor and delivery. In our view,
rising estrogen concentrations during late rhesus
pregnancy play a supportive role in establishing
nocturnal uterine activity which is mediated by ma-

ternal, but not fetal, oxytocin. 16 Estrogen biosyn-
thesis by the fetal-placental unit and subsequent
maternal oxytocin release and heightened myome-
trial sensitivity to oxytocin play a major role in the
transition from myometrial quiescence to uterine

awakening.
In contrast to other mammalian species, proges-

terone concentrations do not decline prior to par-
turition in primates. Because a decline in proges-
terone is so ubiquitous in mammals, investigators
have speculated that a local, intrauterine with-
drawal of progesterone probably occurs in primates.
Recent work has focused on mechanisms which
may affect the local tissue withdrawal of progester-
one at the level of fetal membranes or decidua
while circulating progesterone levels remain el-
evated prepartum. Inhibition of the conversion
of pregnenolone to progesterone by 3[3-hydroxyste-
roid dehydrogenase inhibition mimics spontaneous
labor and results in vaginal delivery suggesting that
physiological progesterone withdrawal is a likely
candidate to mediate the transition from uterine
quiescence to labor. 18 However, we are left with a

conundrum because pharmacologic progesterone
withdrawal induces preterm labor and delivery
(which can be blocked by progesterone substitu-
tion) but exogenous progesterone, even in substan-
tial quantities, does not prevent parturition at term,

possibly because it does not gain access to specific
intrauterine tissue sites. 18 Alternatively, spontane-
ous labor may be triggered by a natural antiproges-
tin that appears at term and blocks progesterone
action at a specific site.

PATHOPHYSIOLOGY OF PRETERM LABOR
Endocrine Mechanisms

Normally, spontaneous parturition in primates is

preceded by increased fetal adrenal synthesis of
C19 androgens and rising concentrations of DS and
androstenedione in the fetal blood. In turn, these
are converted by the placenta into estrogens
whereby increasing concentrations of estradiol ap-
pear in maternal blood and rising estrone levels
appear in maternal blood, fetal blood, and amniotic

fluid. The rise in estrone precedes or coincides

with the rise in amniotic fluid prostaglandins which
also begin to increase several days prior to parturi-
tion.4 Peripheral cortisol and progesterone concen-

trations remain relatively unchanged in the days
preceding parturition but may increase at delivery.
The primate placenta, like the human placenta
contains steroid aromatase, but not 17o-hydroxy-
lase activity. Thus, estrogen production during
pregnancy is dependent upon an intact fetal-
placental unit, with fetal adrenal C19 androgens as

precursors to placentally-derived estrogens.

The role of estrogens in preterm delivery in hu-
mans is supported by the observation that maternal

17[3-estradiol plasma concentrations are elevated 9
days prior to preterm labor in women who deliver
4-6 weeks prior to term. 19 Additionally, increases
in salivary estriol concentrations have been de-
tected 3 weeks prior to delivery among women de-
livering five weeks prematurely,z Clinical investi-

gators have emphasized the potential importance
of monitoring diurnal patterns of uterine activity
throughout gestation as a screen for preterm

birth. 9,z By analogy with results from nonhuman
primates, it is likely that an increase in estrogen

biosynthesis and in nocturnal uterine activity often
seen in human preterm parturition results from

premature activation of the fetal HPA axis medi-
ated by the release of ACTH and of placental cor-

ticotropin-releasing hormone (CRH) secondary to

maternal stress, uteroplacental ischemia, or fetal
hypoxemia (see Mesiano and Jaffe for a review).22

The syncytiotrophoblast appears to be the major
source of CRH as well as its binding protein during
pregnancy. Corticotropin-releasing hormone has
been noted to increase, and its binding protein to

decrease, 6 weeks prior to term or preterm partu-
rition. 23 Glucocorticoids, cytokines (especially IL-
l) and prostaglandin E2 (PGE2) have stimulatory
effects on placental CRH.

Recently, Karalis and colleagues presented evi-
dence that cortisol reverses the inhibitory effects of
progesterone on placental CRH by displacing pro-
gesterone from the glucocorticoid receptor.24 Since

CRH is secreted into both fetal and maternal cir-

culations, it could (via stimulation of fetal pituitary
ACTH and cortisol) complete a positive feedback
loop that would be terminated by delivery. Another
potentially important role for CRH in parturition
arises from its vasodilatory and proinflammatory ef-
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Fig. I. A perspective on labor emphasizing endocrine
mechanisms involving the fetal hypothalamic-pituitary-
adrenal (HPA) axis and fetal-placental steroidogenesis. In-
.creased placental corticotropin releasing hormone (CRH)
secretion into the fetal circulation stimulates fetal ACTH
production, which, in turn, stimulates cortisol and CI9 an-
drogen production (primarily dehydroepiandrosterone sul-
fate) by the fetal adrenal. Cortisol completes a positive

feedback loop to further stimulate placental CRH secretion.
Fetal adrenal androgens are converted to estrogens by the
placenta. These estrogens then stimulate maternal oxytocin
secretion, myometrial oxytocin receptors, myometrial gap
junction formation, and prostaglandin production. These
events are necessary to facilitate uterine contractions and
labor and are likely also modulated by progesterone.

fects which include enhanced production of cyto-
kines, zs Thus, endocrine mechanisms which
modulate preterm labor depend upon an intact fe-
tal-placental unit for estrogen biosynthesis and ac-

tivation of the fetal HPA axis with resultant fetal
adrenal synthesis of C19 androgens and subse-
quent aromatization to C18 estrogens by the pla-
centa (Figure 1). These mechanisms may contrib-
ute to a large proportion of preterm births occurring
between 30 and 36 weeks of gestation, where pre-
eclampsia, uteroplacental ischemia, intrauterine
growth retardation and drug abuse predominate as

contributory factors.

Inflammatory/Infectious Mechanisms

We return now to the premise that microbial colo-
nization and inflammation/infection in the mater-

nal genital tract is another important cause of pre-
term birth, especially in those pregnancies that end
in the second or early third trimester and result in
very low birthweight neonates in whom mortality
and morbidity are high. The prevalence of histo-
logic chorioamnionitis is inversely related to gesta-
tional age and occurs in 60-90% of gestations end-

ing between 20 and 24 weeks;z6’z7 microbial infec-
tion of the chorioamnion occurs in 60% of patients
with preterm delivery,z8

Bacteria indigenous to the lower genital tract

have been recovered from the amniotic fluid of

5-20% of women in preterm labor with intact fetal
membranes,z The prevalence of amniotic fluid in-
fection is also inversely related to gestational age,
occurring in up to 67% of pregnancies ending at 23
to 24 weeks of gestation,z9 Furthermore, a high
proportion of women in preterm labor with positive
amniotic fluid cultures are refractory to standard
tocolytic therapy and experience rapid preterm de-
livery (62.5% versus 13% of women with sterile
amniotic fluid), z This suggests that the pathophysi-
ology of preterm labor associated with intraamni-
otic infection is different from that of idiopathic
preterm labor.

There is now considerable evidence to suggest
that cytokines participate in the pathogenesis of
infection-associated preterm labor. These inflam-

matory mediators include IL-1, IL-6, IL-8 and
TNF and are produced by macrophages and de-
cidual cells in response to a wide variety of bacteria
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Fig. 2. A perspective on labor emphasizing infection and
inflammation. Microorganisms from the lower genital tract

transgress cervical barriers and gain entry into the cho-
riodecidual space. Microorganisms within the cervix stimu-
late the local production of proinflammatory cytokines in-

cluding IL-I, IL-6, IL-8 and TNF, which lead to neutrophilic
infiltration, prostaglandin production and cervical softening
and effacement. Microorganisms in the choriodecidual
space leads to recruitment of maternal and fetal macro-

phages and neutrophils, release of proinflammator cyto-
kines and prostaglandin or other eicosanoid production.
Microorganisms may transgress the amnion and chorion,
resulting in intraamniotic infection, activation of the fetal
immune response and HPA axis, and amniotic fluid accu-
mulation of proinflammatory cytokines and prostaglandins.
Increase in prostaglandins, or other eicosanoids, may then
stimulate myometrial contractions and labor.

or bacterial products. A role for selected cytokines
in the onset of preterm parturition is based upon
the following observations: (1) elevated concen-

trations of IL-113, IL-6, and TNF and prostaglan-
dins are found in the amniotic fluid of patients
with intraamniotic infection and preterm la-
bor;3’31’3z’33’34 (2) bacterial products stimulate the
production of IL-1, IL-6, and TNF by human de-
cidua;35,36 (3) these cytokines, in turn, stimulate
production of prostaglandins by in-vitro amnion
and decidua;33’37’38 and (4) systemic administration
of recombinant IL-1 to pregnant mice induces pre-
term labor which can be prevented by pretreat-
ment with IL-1 receptor antagonist protein.39

Thus, in the setting of infection the interaction
between proinflammatory cytokines and prosta-

glandins occurring at the level of the chorioamnion
and decidua is fundamentally important for pre-
term delivery (Figure 2).

ENDOCRINE-IMMUNE INTERACTIONS

There is increasing evidence for important physi-
ologic and molecular interactions between the im-
mune system and the endocrine system, especially
at the hypothalamic-pituitary and adrenal levels as

well as locally in tissues.40’41’42 From a teleological
standpoint, such interactions are relevant consider-
ing the important functions of the adrenocortical

system and the immune system in responding to

stress. Some investigators have suggested that the
response of the pituitary and adrenal glands to

stress or infection may have evolved to suppress
and modulate inflammatory responses.41 It is

noteworthy that IL-1, IL-2, IL-6 and TNF can

augment the release of ACTH by stimulating hy-
pothalamic CRH.41,4 Interleukin-1 and IL-6
stimulate adrenocortical cells directly to release
cortisol.4,44 The adrenal gland is a major site of
IL-6 production (which can be stimulated by
ACTH, angiotension II, or cytokines such as IL-1)
and which acts in an autocrine or paracrine manner
to stimulate production of dehydroepiandrosterone
and cortisol.44 Therefore, IL-6 appears to play a

role in integrating the adrenal responses to diverse

endocrine and immune stimuli. It has been postu-
lated that the acute regulation of the HPA axis by
IL-6 is mediated via the hypothalamus, whereas at

the level of the adrenal gland, IL-6 exerts its action
in a more sustained fashion.44 In turn glucocorti-
coids are well established immunosuppressants (in
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TABLE I. Steroid Hormone--Cytokine Interactions

Steroid Hormones
Glucocorticoids: inhibit IL-I, IL-2, IL-6, IL-8, TNF-c, IFN-y

(Thl cytokines) enhance IL-4, IL-10 production (TH2
cytokines)

DHEA: inhibits TNF-e production
Progesterone: inhibits IL-8 and IFN-y production
Estrogen: inhibits IL-I production (> 10-7 Molar) enhances

IL-I production (<10-9 Molar)
Cytokine

IL-I: stimulate trophoblast estrogen production
IL-I, TNF-ec stimulate trophoblast progesterone production
IL-I, IL-2, IL-6, TNF-: stimulate hypothalamic

CRH/corticotropin
IL-6: stimulate C9androgens

part by blocking the transcription factor NF-kB
which is necessary for transcription of genes for
inflammatory cytokines).4s However, recent stud-
ies indicate a hierarchy of sensitivity, with TNF
being most suppressible, IL-1 having intermediate
sensitivity, and IL-6 being relatively resistant to

glucocorticoid suppression.46 Glucocorticoids also
induce apoptosis of certain lymphocyte subpopula-
tions, and shift the host T-cell response from the
inflammatory Thl type to the helper Th2 type (see
Wick for review).47 However, other steroid hor-
mones elaborated within the fetal-placental unit
may also modulate cytokine production and func-
tion (Table 1). High concentrations of estrogens or

progesterone have been reported to inhibit spon-
taneous IL-1 production in monocytes.4s Other
roles for progesterone have been suggested, includ-
ing immunosuppresant and antiinflammatory ef-
fects. Progesterone limits leukocytic infiltration in
tissues and alters cytokine production (e.g., inhibits
IL-8) which may have important effects on de-
cidual activation and cervical ripening.49 Dehydro-
epiandrosterone has also been demonstrated to re-

duce TNF production and protects mice from en-

dotoxin toxicity,s

In view of the important interactions between
the endocrine and immune systems alluded to

above, we hypothesized that normal steroid biosyn-
thesis by the fetal-placental unit may be altered or

impaired in the setting of intrauterine infection.
Therefore, we studied the temporal and quantita-
tive relationships among intrauterine infection, cy-
tokine and prostaglandin production, preterm la-
bor, and fetal-placental steroid biosynthesis in a

nonhuman primate model utilizing chronically
catheterized rhesus monkeys (Macaca mulatta) with

timed gestations, in which intrauterine infection
was induced by the inoculation of known quanti-
ties of a specific microorganism.

THE NONHUMAN PRIMATE MODEL IN
INTRAUTERINE INFECTION

The chronically catheterized simian preparation
provides a useful means to study the in fifo im-
mune, endocrine, and even paracrine interactions
in the relatively inaccessible intrauterine space. It
offers several advantages over experimental models
in lower mammalian species. Rhesus placentation
is hemochorial and the endocrine events surround-
ing parturition are qualitatively similar to human
pregnancy,s,sl Samples of maternal and fetal blood
and amniotic fluid can readily be obtained in a

serial fashion from individual animals and uterine

activity can be continuously monitored and corre-

lated with indices of infection and inflammatory
mediators.

In our model, on approximately day 110 of ges-
tation (with term being 167 days), pregnant rhesus
monkeys are conditioned to a jacket and tether
system,se After conditioning, intrauterine surgery
with implantation of maternal and fetal vascular
catheters, open-ended intraamniotic pressure cath-
eters, myometrial electromyographic electrodes,
and fetal electrocardiographic electrodes is per-
formed at or near 120 days gestation,s3 All animals
receive terbutaline sulfate (1 mg intravenously over

3 to 5 hours, twice daily) for to 5 days after sur-

gery to control postoperative uterine irritability.
Animals also receive cefazolin (250 mg intrave-

nously, every 12 hours) which is discontinued at

least 72 hours prior to infection or other experimen-
tation.

Experimental Intrauterine Infection

After postoperative stabilization for 10 days (ap-
proximately day 135 of gestation), we have repro-
ducibly established intrauterine infection in preg-
nant rhesus monkeys by inoculation, through one

of the intraamniotic pressure catheters, of 106
colony forming units (cfu) of Group B streptococci,
type 111.6 Other control animals were treated in a

similar manner, but were not infected, and were

followed to spontaneous parturition. Both before
and after inoculation, amniotic fluid samples were

collected serially from all animals for quantitative
bacterial cultures, Gram stain of uncentrifuged
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TABLE 2. Summary of amniotic fluid bacterial counts, cytokines and prostaglandin concentrations, and uterine
activity in rhesus monkeys (n 4) with experimental intraaminiotic infection*

Event

Preinoculation Inoculation Onset Contractions Delivery

GBS (cfu/ml) n.g.
HCA (mmHg sec/h) 100
TNF (pg/ml) 52

IL-113 (pg/ml) <20
IL-6 (ng/ml) 12.9
PGE (pg/ml) 494

PGF2 (pg/ml) 215

5 x 106 8 x 109 Ix 10
150 4,600 12,500
29 >20,000 >20,000

<20 1,504 2,467
9.9 49.6 46

510 16,046 15,274
280 5,547 5,490

*Expressed as median values.
aGeometric mean titer.
bHCA: area under the amniotic fluid pressure curve, expressed as mean hourly contractions area.

fluid, white blood cell analysis by hemocytometer,
cytokinc (IL-l[3, IL-6 and TNF) concentrations
were determined by enzyme-linked immunoassay
(EIA) or bioassay and prostaglandin (PGEz and

PGFza) concentrations were determined by EIA.
Fetal and maternal blood were also serially sam-

pled for a complete blood cell analysis and for sex

steroid hormone concentrations. The fetal electro-
cardiogram and uterine activity (by electromyelog-
raphy and intraamniotic pressure) were continu-
ously recorded from the time of surgery until de-
livery. The uterine contractility was recorded as

the area under the contraction curve per hour and
expressed as the hourly contraction area (HCA) in
mmHg seconds/hour. Consistency, effacement,
and dilatation of the maternal cervix, and maternal
rectal temperature were also monitored.

Following intraamniotic inoculation with 106
Group B streptococci there was rapid exponential
growth within amniotic fluid. Associated with this
infection, there were sequential increases in amni-
otic fluid cytokincs, prostaglandins, and uterine ac-

tivity (from pre-inoculation HCA levels of 0 to 100
mmHg scc/h to peak levels of 10,000 to 20,000
mmHg scc/h at a mean of 28 hours (range 14-40
hours) after inoculation), as summarized in Table 2.
The marked increase in uterine contractility led to

progressive cervical effacement and dilatation in
infected animals. In all infected animals, increases
in uterine activity was accompanied by cervical di-
latation and/or effacement. All infected animals
were delivered within 72 hours of infection. In con-

trast, animals followed as a control group pro-
gressed to spontaneous parturition 30 to 45 days
following surgery and all delivered near term (167
days).

Amniotic fluid concentrations of TNF, IL-16
and IL-6 also rose dramatically following experi-
mental intraamniotic infection and prior to in-
creases in uterine contractility as shown in Table 2
and as we have previously reported.6 Amniotic

fluid TNF concentrations rose an average of 9

hours (range 6-14 hours) after inoculation and 20
hours (range 8-34 hours) before increases in uter-

ine contractility. Increases in IL-l[3 and in IL-6

occurred 15 to 18 hours after inoculation, and pre-
ceded increases in uterine contractility by 10 to 13

hours. Increases in amniotic fluid TNF preceded
increases in amniotic fluid IL-113 or IL-6 concen-

trations by 4 to 8 hours in all infected animals and

represented the earliest marker of infection in our

study. The elevations in amniotic fluid cytokines
observed after experimental infection are consis-

tent with those reported in pregnant women with

infection-associated labor.3,32,3,34

In contrast to preterm labor induced by intraam-

niotic infection in our model, spontaneous parturi-
tion near term in control animals was not associated

with increases in amniotic fluid concentrations of
either IL-113 or TNF above low basal levels, and

only modest increases in IL-6 were observed.6

Following intraamniotic infection, increases in

amniotic fluid PGE2 and PGFea occurred in paral-
lel with elevations in amniotic fluid cytokines and
preceded increases in uterine contractility. The
most striking increase was in PGE2, which rises to

concentrations in excess of 15,000 pg/ml at delivery
(Table 2). Similar, but smaller increases in PGF2
also occur. These results are consistent with human

in-vitro studies which have demonstrated that fetal
membrane, decidual, and placental production
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TABLE 3. Median steroid hormone concentrations among rhesus monkeys (n 4) in spontaneous parturition
near term

Compartment
Fetal Artery Maternal Artery Amniotic Fluid

Basal Delivery Basal Delivery Basal Delivery

Estrogens
Estrone (pg/ml) 223 805* 314 520* 15 706*
Estradiol (pg/ml) 33 120" 378 579* 8 63*

Androgens
Androstenedione (ng/ml) 0.98 4.39* 0.71 I. 18 0.63 0.73
Dehydroepiandrosterone (ng/ml) II .42 17.77" 22.8 28.8 3.22 II .0"
Dehydroepiandrosterone sulfate (ng/ml) 338 3,083* 357 367 51 159

Glucocorticoids
Cortisol (ng/ml) 89 138 204 237 107 150

Progesterone (ng/ml) 2.8 15.6 3.2 5.4* 0.10 0.21"

Basal concentrations were determined from samples obtained 14 to 24 days prior to parturition. Delivery concentrations were identified as the last
sample taken (no more than day prior to delivery). *p < 0.05, Mann-Whitney U test. Data presented as median. Adapted from Gravett,s6.

rates of PGEz and PGFza are higher in the pres-
ence of histologic chorioamnionitis,s4,s5

Fetoplacental Steroidogenesis in Experimental
Intrauterine Infection

To investigate the complex interplay of both posi-
tive and negative feedback effects among the vari-
ous cytokines, prostaglandins, and steroid hor-
mones (as reviewed above), we also measured and
compared, by specific RIA, adrenal androgens (an-
drostenedione, dehydroepiandrosterone, and dehy-
droepiandrosterone sulfate), estrogens (estrone and
estradiol), progesterone, and cortisol concentrations
in rhesus monkeys with experimental intrauterine
infection and in monkeys delivered normally at

term.s6

Spontaneous parturition was characterized by an

initial increase in fetal plasma concentrations of
progesterone (P) and the adrenal androgens, andro-
stenedione (A), dehydroepiandrosterone (D), and
dehydroepiandrosterone sulfate (DS) which oc-

curred 8 to 10 days prior to the onset of labor.
These changes are summarized in Table 3. In-
creases in placental estrogen biosynthesis followed
increases in fetal adrenal androgen production, be-
ginning 6 to 8 days before spontaneous parturition.
Although there was a tendency for the concentra-

tion of cortisol to increase in fetal plasma and in
amniotic fluid, these changes were not statistically
significant.

In contrast to spontaneous parturition, preterm
labor induced by intrauterine infection was charac-
terized by abrupt increases in fetal adrenal andro-

gen and cortisol production, but without corre-

sponding increases in placental estrogen biosynthe-
sis, as summarized in Table 4. In all instances,
increases in fetal adrenal steroid biosynthesis oc-

curred concurrently with or after increases in uter-

ine contractility. Progesterone (P) increased signifi-
cantly in the fetal artery, the maternal artery, and in
amniotic fluid, which reflects in part increased
adrenal production of pregnenolone and conversion
to progesterone by the placenta. Significant in-
creases in androstenedione (A) were also observed
in all three compartments. Dehydroepiandros-
terone (D) increased in the fetal artery and in am-

niotic fluid; dehydroepiandrosterone sulfate (DS)
increased in the fetal artery.

Despite an increase in fetal adrenal androgen
production, no parallel increases in placental estro-

gen biosynthesis were observed in the setting of
infection-induced preterm labor (Table 4). Only a

minimal increase in amniotic fluid estrone (El),
from 34 pg/ml prior to infection to 114 pg/ml at

delivery, was observed. There were no changes in
the concentration of estradiol (E2) in either the
fetal or maternal compartment. Intense stimulation
of the fetal HPA axis in the setting of infection-
induced labor was confirmed by significant in-

creases in fetal concentrations of cortisol which in-
creased from 91 ng/ml prior to infection to 221 ng/
ml by delivery (Table 4).

COMMENT

Since the endocrine changes observed during in-
fection-induced parturition occur with or soon after
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TABLE 4. Median steroid hormone concentrations in rhesus monkeys (n 6) with infection-induced
preterm parturition

Compartment

Fetal Artery Maternal Artery Amniotic Fluid

Basal Delivery Basal Delivery Basal Delivery

Estrogens
Estrone (pg/ml) 156 170 147 172 34 114"
Estradiol (pg/ml) 26 39 277 279 7.75 24.5

Androgens
Androstenedione (ng/ml) 0.96 2.44* 0.64 1.00" 0.08 0.29*
Dehydroepiandrosterone (ng/ml) 8.81 20.24* 23.02 39.48 2.35 5.61"
Dehydroepiandrosterone sulfate (ng/ml) 284 850* 188 189 18.5 22.9

Glucocorticoids
Cortisol (ng/ml) 91 221" 257 349 112 162

Progesterone (ng/ml) 2.58 8.75* 2.56 5.53" 0.04 0.20*

Basal concentrations were determined from samples obtained for several days prior to infection. Delivery concentrations were identified as the last
sample taken prior to delivery. *p < 0.05, Mann-Whitney U test. Data presented as median. Adapted from Gravett,s6.

the onset of contractions, it is unlikely that they
play a major role in the initiation of preterm labor
in the setting of infection. Nevertheless, selected
steroid hormones may modulate immune, function
in the amniotic cavity and fetal membranes (by
analogy with the adrenal gland or other hormone
responsive tissues).4z,44 While we did not measure
ACTH or catechols in our study, the fetal endo-
crine profiles which we have observed during in-
trauterine infection are consistent with acute fetal
stress and resultant activation of the fetal pituitary-
adrenal axis.8,57 It is not clear to what extent stimu-
lation of the fetal adrenal gland is due to ACTH
secretion secondary to fetal hypoxemia or to cyto-
kine-mediated effects. Although we did not ob-
serve signs of severe fetal hypoxemia (late decel-
erations of the fetal heart rate were absent during
labor), moderate fetal hypoxemia is likely, since
fetuses were bacteremic or had congenital pneu-
monia at birth.

Previous studies in our laboratory have demon-
strated that the extent of placental clearance of an-

drogens through estrogen formation is proportional
to uteroplacental blood flow58 and that maternal
circulating estradiol concentrations in response to

reduced blood flow vary with the extent of fetal
hypoxemia,s9 We have also demonstrated that el-
evated maternal and fetal estrogen concentrations
after acute fetal hypoxemia result from placental
conversion of an augmented supply of fetal andro-
gens. Thus, we were surprised in our current work
with intrauterine infection that an augmented es-

trogen response was absent in both the maternal

and fetal circulations despite an increase in fetal
androstenedione, D, and DS. This suggested to us

selective placental dysfunction, since progesterone

production actually increased.
The reasons for the apparent placental dysfunc-

tion remain speculative but may include cytotoxic
effects of infection on the placenta or fetal mem-
branes, diminished placental blood flow, relative

hypoxia, or deficient conversion of androgens to

estrogens secondary to the effects of proinflamma-
tory cytokines or their byproducts on the aromatase

cytochrome P-450 enzyme system. In the presence
of infection, abnormal placental metabolism and
cytochrome P-450 dysfunction may be mediated by
toxic lipid peroxides which are linked with cyto-
kine activity, or by over production of nitric oxide
and free radicals in placental villi.6 Masuda et al.
have reported that nitric oxide inhibits estradiol

synthesis by inhibiting cytochrome P-450 aro-

matase.61 It is possible that the aromatase complex
which contains a specific cytochrome P-450 heme
protein is more susceptible to these toxic effects
than are non-P-450 enzymes such as 3-13-hydroxy-
steroid dehydrogenase and isomerase responsible
for progesterone synthesis.

In summary, although there is evidence for ac-

tivation of the fetal HPA axis in the setting of in-
fection-induced preterm labor, many important
questions remain. Are the adrenal effects the result
of stress-induced CRH/ACTH stimulation or are

they the result of direct action of proinflammatory
cytokines on the fetal adrenal (or a combination of
both)? Since CRH production by the placenta is
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modulated differentially by glucocorticoids and by
progesterone, and since both hormones are el-
evated with intrauterine infection, the net effects
on placental CRH production in the presence of
infection remain to be determined. A further co-

nundrum arises when one attempts to predict the
effects of increased fetal cortisol on myometrial ac-

tivity. While an augmented supply of glucocorti-
coids may down-regulate the inflammatory re-

sponse, it may also serve to stimulate placental
CRH production.6z Among other actions, CRH
would tend to increase uterine contractility by
stimulating the release of prostaglandins and by
sensitizing the myometrium to oxytocin.63

In the presence of infection, activation of the
fetal HPA axis, resulting in an augmented supply
of fetal androgens and aromatization to estrogens
would increase the local estrogen/progesterone ra-

tio and prepare the uterus for parturition by in-
creasing oxytocin receptor density (by stimulating
oxytocin gene expression in the chorion and de-
cidua).64 On the other hand, if estrogens are not

increased, as we have demonstrated in the setting
of intrauterine infection, labor proceeds by alterna-
tive mechanisms involving the proinflammatory cy-
tokine/prostaglandin cascade.

If confirmed in human pregnancy, these funda-
mental differences in the pathophysiology of pre-
term labor may have profound implications for the
diagnosis and management of preterm labor. For
instance, salivary estriol has been demonstrated to

be elevated among patients with idiopathic pre-
term labor,z Based upon our observations, we

would not expect salivary estriol to be elevated
among patients with infection-induced preterm la-
bor. It is possible, therefore, that salivary estriol,
alone or in combination with other tests, could, be
utilized as a non-invasive test to distinguish be-
tween those patients with and without intrauterine
infection.
The recognition of the multifactorial etiologies

and different pathophysiologic mechanisms of pre-
term labor also has therapeutic implications. Since

estrogens serve to up-regulate maternal oxytocin
secretion and myometrial oxytocin receptors, oxy-
tocin antagonists may be more useful in treating
preterm labor not associated with infection. It is

likely that comprehensive therapy for infection-
induced preterm labor will include administration

of a general tocolytic agent, the use of cyclooxy-
genase inhibitors to reduce eicosanoid effects, im-
munomodulators to counteract cytokine-induced
inflammatory effects, and broad-spectrum antibiot-
ics to eradicate specific microorganisms. Undoubt-
edly, in the near future, other endocrine, paracrine,
and immune interactions will be elucidated which
will effect the management of preterm labor. Our
nonhuman primate model is well suited to study
these interactions and to facilitate the development
of logical intervention strategies.
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