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Because of its major function in reproduction, the
physiological role of progesterone has been widely
studied in the human and various animal species for
over 30 years. Endogenous as well as exogenous pro-
gesterone has specific and pronounced hormonal ef-
fects on the reproductive tract and, either directly or
indirectly, exerts influence beyond the utero-vaginal
locus. The primary emphasis in this review is on the
role of progesterone in the regulation of human fertil-
ity.
Although several reviews have been written on
compounds with progestational activity, only two re-
cent texts address themselves specifically to proges-
terone rather than the synthetic analogs (1, 2); much
has been reported, however, since the publication of
these reviews 5 years ago. Rather than a broad com-
prehensive review of all progestational compounds
and actions, this article gives an overview of the
physiological effects of progesterone and selected re-
cent studies that are significant and relevant to the
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Table I—Progesterone Production Rate in Humans

Production Rate Refer-

Source (Range), mg/day ence
Males 0.75 6
Ovariectomized women 1.2 6
Follicular phase 0.756-2.5 7
2.3—-5.4 8
4 ) 6
Luteal phase 22-43 8
30 6
15-50 7

Pregnancy:

1% weeks 92 9
27-40 weeks 334 (188-563) 8
27-31 weeks 263 9
35—36 weeks 250 10
Third trimester 322 (188-563) 9
Third trimester 210 (132—288) 7

role of progesterone in human reproduction. Recent
developments relating to the mechanism of action of
progesterone and the clinical application of its physi-
ological and pharmacological properties have been
included also.

PRODUCTION RATE AND METABOLISM

Production Rate in Humans—Progesterone is
secreted by the ovaries (3), the placenta (4), and the
adrenal glands of both male and female (5). The rate
of production, estimated by isotopic dilution tech-
niques with 4C- or 3H-labeled progesterone, ranges
from mean values of 0.75 mg/day for young males
and 1.2 mg/day for ovariectomized females to about
250 mg/day in late pregnancy when placental contri-
bution is most substantial. The rate of production is
2.3-5.4 mg/day during the follicular phase of the
menstrual cycle and 22-43 mg/day during the luteal
phase. These progesterone production rates are sum-
marized in Table 1.

Biosynthesis—In several mammalian species, pro-
gesterone is synthesized from both tissue and circu-
lating cholesterol, the tissue cholesterol being derived
from acetate (11, 12). Cholesterol is transformed to
pregnenolone, the immediate precursor of progester-
one. Pregnenolone is then converted to progesterone
by a combined dehydrogenase and isomerase reac-
tion.

Ovarian Synthesis—The human ovarian biosyn-
thesis of progesterone has been studied by in vitro in-
cubations of slices or homogenates in the presence of
various labeled precursors and, more recently, by in
vivo perfusion methods (13-15). A conversion of ace-
tate to progesterone has been shown in luteinized rat
ovarian tissue {16, 17), in bovine luteal tissue (18, 19),
and in human corpora lutea (19). This biogenesis in
the ovary is not limited to the corpus luteum but oc-
curs also in the human graafian follicle (20, 21).

A correctly timed action of the anterior pituitary
gonadotropic hormones, follicle-stimulating hormone
(FSH), and luteinizing hormone (I.LH) seems essential
for the biogenesis of progesterone in the corpus lu-
teum. Luteinizing hormone injection rapidly in-
creases ovarian synthesis of progesterone and its re-
lease in the circulation (13) by stimulation of the en-
zymes responsible for the conversion of cholesterol to
progesterone.
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Table [I—Progesterone Concentrations in Human
Peripheral Plasma

Concentration, Refer-
Source 1g/100 ml of Plasma ence
Males 0.028 + 0.013 6
Ovariectomized 0.039 + 0.010 6
women
Follicular phase 0.023 = 0.010 33
0.032 £ 0.025 34
0.040 + 0.005 35
0.12 + 0.02 36
0.113 + 0.049 6
Luteal phase 1-2 34
0.94 + 0.093 35
0.83 + 0.58 36
0.828 + 0.634 33
1.04 = 0.32 6
Pregnancy:
8th week 2.1+0.8 37
19th week 4.0z 0.5 38
20th week 5.2+ 0.5 37
34th week 19.7 £+ 5.2 39
34th week 14.3 + 0.6 38
34th week 12.7+ 4.4 37
24 hr post- 1.9: 0.3 39
partum

Placental Synthesis—The progesterone required
for maintenance of human pregnancy originates in
the placenta after the 2nd month of gestation (22,
23), reaching levels of 1-4 ug/g of tissue (4, 24, 25).
Placental biosynthesis has been shown to occur in the
absence of fetal organism (26) and maternal ovaries
(27). The precursors for the synthesis of progesterone
in the placenta are fetal pregnenolone (28, 29), fetal
preguenolone sulfate (30), and, possibly, maternal
blood cholesterol (31).

Concentration in Body Fluids and Tissues—
Newer methods of analysis have provided a clear
measure of progesterone plasma levels during numer-
ous physiological events. Uterine tissue concentra-
tions have received less attention but do not seem to
follow a distinct pattern.

Plasma Concentrations—The concentration of
progesterone in human peripheral plasma is about
0.035 ug/100 ml for both males and ovariectomized
females. In normal young women, the plasma hor-
mone Jevel is 0.03-0.12 ug/100 ml during the follicu-
lar phase of the cycle; after ovulation, it rises to a
maximum of 1-2 ug/100 ml. This concentration is
maintained until approximately 24 hr before the
onset of menstruation, when it falls to the preovula-
tory value.

Luteal function can be estimated routinely by the
determination of plasma progesterone. The plasma
progesterone level increases gradually during preg-
nancy, reaching 12-20 ug/100 ml of plasma near term
and dropping to 1.9 ug/100 ml of plasma 24 hr post-
partum. No mean change in the plasma progesterone
level is observed throughout labor (32). These data
are summarized in Table II.

Because progesterone is produced by the corpus lu-
teum, the progesterone concentration is substantially
higher in human ovarian vein blood than in peripher-
al plasma. Progesterone in ovarian venous blood is
less than 2 ug/100 ml of plasma during the follicular
phase but rises to about 60 ug/100 ml of plasma dur-
ing the luteal phase, a concentration comparable to



Table III—Progesterone Concentrations in Human Ovarian
and Uterine Vein Blood

Table V—Progesterone Concentrations in Human
Endometrium

Phase of Refer-

Concentration, Phase of Concentration, Refer-
Menstrual Cycle 1g/100 ml of Plasma ence Menstrual Cycle 1g/100 g of Tissue ence
Follicular phase <2 (ovarian) 40 Follicular phase 2.5, 3.1 46
0.2—-1.5 (ovarian) 41 0.5,1.5 51
Luteal phase 56.1 (ovarian) 40 Luteal phase 4.8,16.8 46
0.7-186 (ovarian) 41 1.2,3.0 51
Pregnancy: Pregnancy:
First half 8-97 (uterine) 42 11 weeks 58.9 46
8 weeks 14.8 (uterine) 43 40 weeks 8-18.5 46
8 weeks 34 (ovarian) 43
11.5 weeks 63 (ovarian) 43
23 weeks 30 (ovarian) 43 ministered orally are ineffective. Intramuscular injec-
40 weeks 13 (ovarian) 43 ti £ 95 £ . i dmini .
40 weeks 100—-310 (ovarian) 44 10n O mg o progesterone 1n o1l or administration
40 weeks 200-~710 (uterine) 44 of 100 mg by the vaginal or rectal route achieves plas-

the highest level found during pregnancy at 11.5
weeks. During late gestation, levels of progesterone in
the venous blood of the ovary are 30-300 xg/100 ml of
plasma. The progesterone content of uterine venous
blood reaches 14.8 ug/100 ml of plasma during the
8th week of pregnancy, exceeding the value in pe-
ripheral blood; later in gestation, it ranges from 8 to
710 ug/100 ml of plasma (Table III).

Uterine Tissue Concentrations—Efforts to mea-
sure the progesterone content of the myometrium
during pregnancy have produced a range of concen-
trations of 4-63 ug/100 g of tissue (Table IV). The
variations may reflect differences in assay methods
or in local concentrations within the uterus or may
result from time-varying concentrations during preg-
nancy (45). Progesterone levels have not been deter-
mined in nonpregnant myometrial tissues.

Progesterone concentrations in the human endo-
metrium range from 0.5 to 16.8 ug/100 g of tissue dur-
ing the menstrual cycle and from 8 to 58.9 ug/100 g of
tissue during pregnancy (Table V). At any given time
in the cycle, the measured level of progesterone in en-
dometrial tissue depends upon several factors, such
as the overall corpora lutea function and enzymatic
activity controlling metabolic pathways and rates.
Therefore, alterations from normal tissue concentra-
tions of progesterone might be used to determine ab-
normal endometrial functions (52).

Metabolism—The absorption of exogenous pro-
gesterone in humans is rapid, irrespective of the
route of administration. Because progesterone is al-
most completely metabolized in one passage through
the GI mucosa and the liver, however, low doses ad-

Table IV—Progesterone Concentrations in Human
Myometrium during Pregnancy

Concentration, Refer-
Gestational Age ug/100 g of Tissue ence
10-19 weeks 11.1+ 8.1 45
11 weeks 4.7,20.7 46
12—41 weeks 5-16 47
Undated, pooled 31-63 47

material

12-41 weeks 4-52 48
4th month 9 49
10th month 7-22 49
33—38 weeks 12.6 = 9.7 45
35—40 weeks 19-57 50
40 weeks 1.7-7.9 46
39-42 weeks 12.4+ 7.3 45

ma levels equivalent to those seen during the luteal
phase (53).

In the bloodstream, endogenous and exogenous
progesterone binds to plasma proteins. Early investi-
gations on the binding of progesterone to serum com-
ponents, using equilibrium dialysis, indicated a high
affinity of the hormone for human serum albumin
(88.9%) (54). Extremely low amounts of progesterone
are found in erythrocytes (55) or platelets (54). It was
shown more recently that pregnant guinea pig serum
contains a progesterone-binding globulin (PBG),
which is distinct from corticosteroid-binding globulin
(CBG or transcortin) (56).

Progesterone-binding globulin has been purified to
homogeneity and found to be a glycoprotein with
high (48.7%) carbohydrate content, a molecular
weight of 77,500 daltons, and an isoelectric point in
the range of pH 2.8-3.6 (57, 58). The relative binding
affinities of various steroids for the guinea pig pro-
gesterone-binding globulin have been determined
(59); compounds displaying high affinity include 5a-
pregnan-3,20-dione, 20a-hydroxypregn-4-en-3-one,
and 21-hydroxypreg-4-en-3,20-dione as well as pro-
gesterone. An equilibrium association constant of 9 X
108 M1 is calculated at 4.0° for the progesterone—
progesterone-binding globulin 1:1 complex.

The reported half-life of intravenously injected
progesterone in the human ranges widely, from 3 (10)
to 90 (60) min. These and other half-life determina-
tions were discussed by Thijssen and Zander (61) and
by Fylling (62), who obtained plasma half-life values
of 27 and 45 min, respectively. The metabolic clear-
ance rate (MCR) of progesterone, determined from
both single-injection and continuous infusion meth-
ods, ranges between 2510 and 2800 liters/day in nor-
mal women and remains constant through the men-
strual cycle (63-65).

In spite of the large ovarian production of proges-
terone, its concentration in uterine tissues is low, pri-
marily due to metabolism by the liver, since blood
flow from the ovaries leads to systemic circulation.
The low uterine concentration is also due to the high
rate of metabolism of progesterone by the endometri-
um and myometrium. Based on the percent of pro-
gesterone metabolized in an in vitro incubation, the
metabolic rate for proliferative human endometrial
tissue is 0.99 ug of progesterone/(g of tissue-hr);
human myometrial tissue metabolizes 0.11 ug/(g of
tissue-hr) (66). Uterine weights vary greatly, depend-
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ing on parity, race, and age. A mature female uterus,
which may be considered to weigh approximately 110
g (67), metabolizes approximately 3 mg of progester-
one/day.

Species- and sex-dependent variations occur in the
metabolism of progesterone. Its human metabolism
consists of various conversions, including reduction,
hydroxylation, cleavage, and conjugation (60, 68).

The reductive metabolism of progesterone is depict-
ed in Scheme I. In humans, progesterone is mainly
metabolized by the liver to 53-pregnane-3a,20«-diol
(pregnanediol). This and other metabolites are then
conjugated in the liver with glucuronic acid and ex-
creted by the kidney. Liver metabolism accounts for
approximately two-thirds of all metabolic path-
ways.

CHS CHS

H—-C—OH

goqo@ﬁ bl

3a-hydroxypregnan-20one

CHi

pregnane-3a. 20ardiol

s CH,

H—C—OH

0
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CH, CH;;
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CH 3
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CH, (IJH;J
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allopregnane-&ﬂ, 20adiol
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20achydroxy-4-pregnen-3-one 200rhydroxy-.)ﬁ‘-pregnan-done

Scheme [—Major in vivo human metabolic pathways of progesterone
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Following the injection of labeled progesterone,
50-60% of the excretion of progesterone metabolites
is via the kidney; the second major excretory path-
way, approximately 10%, is via the bile and feces
(60). Overall recovery of labeled material accounts
for up to 70% of an administered dose, the remainder
being unaccounted for (69).

A highly significant correlation exists between
serum progesterone concentration and urinary excre-
tion of pregnanediol during the menstrual cycle (70).
In some clinical investigations, only pregnanediol is
measured as an index of progesterone secretion. For
the detection of luteal activity, however, most clinical
laboratories are abandoning the measurement of
pregnanediol for the more definitive progesterone ra-
dioimmunoassay (70, 71). When labeled progesterone
is injected in humans, a range of 6-27% is eliminated
as urinary pregnanediol regardless of the dose of pro-
gesterone injected (72).

Hydroxylation of steroids by liver microsomes is
affected by the same parameters that affect drug oxi-
dation, suggesting that drugs and steroids are sub-
strates for the same microsomal enzymes (73). Envi-
ronmental chemicals [1,1,1-trichloro-2,2-bis(p-chlo-
rophenyl)ethane (DDT) and chlordane] and drugs
(phenobarbital) increase progesterone hydroxylase
activity, resulting in a decrease in the concentration
of progesterone and its metabolites in the brain and
total body of the rat (74). This increase in metabo-
lism is manifested in vivo by altered physiological re-
sponses, such as a decrease in the anesthetic action of
large doses of progesterone.

In the human skin, metabolism of the hormone is
accounted for by subcellular fractions shown to con-
tain membrane-bound 5a-reductase and soluble
20a-hydroxysteroid dehydrogenase activity (75).
Similar enzyme activities are observed in the rat pi-
tuitary gland (76). The metabolism of progesterone
in the adrenal cortex leads to the production of corti-
costeroids (e.g., cortisol and aldosterone). The forma-
tion of additional metabolites (hydroxylations and
keto and alkene reductions) was reviewed by Kincl
(77).

Among nonhuman primates, progesterone is also a
major secretory product of the ovary. Its metabolism,
however, differs from species to species. In the rhesus
monkey, the diurnal change in progesterone secretion
is a composite of fluctuations of ovarian and adrenal
progesterone governed by different factors (78). In
this species, the major urinary metabolite is andros-
terone, accounting for 6% of the progesterone admin-
istered (79); pregnanediol is isolated only in trace
amounts (80). In the pigtail monkey, androsterone is
the progesterone metabolite of quantitative impor-
tance (81).

Data for the chimpanzee and the baboon, on the
other hand, show a progesterone metabolism pattern
closer to that observed for humans. In immature
chimpanzees, 7% of the injected dose of progesterone
is recovered as pregnanediol (82). The chimpanzee
placenta can also convert pregnenolone to progester-
one (83). In the baboon, the major identified metabo-
lites from intravenously administered progesterone

are 11.7% androsterone and 31.4% for the 5«- and
58-isomers of 3«,20a-pregnanediol (84, 85).

MECHANISM OF ACTION

A large body of accumulating evidence tends to
support a unitary theory for the mechanism of action
of steroid hormones. According to this theory, the
steroids elicit a sequence of events, starting with the
uptake of the steroid molecule into the target cell
where the steroid binds to a specific cytoplasmic “re-
ceptor” protein. This receptor protein-steroid com-
plex is then translocated to the nucleus where it
binds to specific sites on the genome, thus inducing
the transcription for a new, specific RNA. This RNA,
in turn, results in the ribosomal synthesis of new pro-
teins, which become the physiological expression of
the specific steroid hormone. Recent reviews compre-
hensively cover the data on the various steps in-
volved in the interaction of female steroid hormones
with their target cells (86-88).

Receptor Characterization—The target cells re-
sponsive to progesterone contain high affinity, satu-
rable cytoplasmic receptor proteins. Considerable ev-
idence supports the hypothesis that the physiological
manifestations of progesterone result from an initial
interaction of the hormone with this specific receptor
in the cytosol of the target cell. The identification of
such a receptor must rely on the high specificity and
high affinity of its interaction with progesterone.

The molecular interactions between progesterone
and its receptor site are best studied with highly pu-
rified forms of the hormone-receptor complex. The
isolation and partial purification of the progesterone
receptor from various mammalian, including human,
uterine tissues were recently reported (89-91). Sub-
sequent to purification, the receptor-progesterone
complex in human oviduct nuclei still retains its ca-
pacity for translocation and nuclear binding. Experi-
ments are yet to be performed, however, where the
hormone is removed from the receptor complex while
the activity of the receptor is retained. Future work
on the characterization and isolation of the proges-
terone receptor would be advanced by the use of
identification ligands having optimal affinity for the
receptor (92).

Partial characterization of the endometrial and
myometrial progesterone-receptor complex indicates
the binding macromolecules to be protein in nature.
Much work recently has been performed to resolve
whether the progesterone receptor is not, in fact, the
corticosteroid-binding globulin (93, 94). Binding af-
finity studies (90, 95, 96) allow one to conclude that
the endometrial and myometrial progesterone recep-
tor is of tissue origin and has binding affinity distinct
from that of corticosteroid-binding globulin.

Similarly, synthetic progestational agents show lit-
tle affinity for corticosteroid-binding globulin but
compete with progesterone for the cytosol binding
site. This finding supports the suggestion that syn-
thetic progestational agents act, at least in part, by
interacting with receptors in target organs (95-97).
Verma and Laumas (90), however, could not obtain
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any competitive binding when using orally active
progestational steroids. These results may be due to
prolonged dialysis in the absence of glycerol, leading
to rapid loss of high affinity progesterone binding ac-
tivity (95, 98). In the hamster uterus, progesterone it-
self, not its metabolite 5a-pregnane-3,20-dione, me-
diates the progestational response by binding to the
receptor site, indicating that initiation of the proges-
tational response does not require conversion to this
metabolite (99).

Ultracentrifugation in sucrose density gradients
provides a practical means to differentiate among
various forms of the receptor. The use of sedimenta-
tion rates to characterize receptor transformation for
the estrogen-receptor complexes has been described
(87). Even though the sedimentation behavior of ste-
roid-receptor complexes varies according to concen-
tration and ionic strength, it serves as a useful meth-
od to identify steroid-receptor complexes.

The sedimentation coefficient for the cytosol-pro-
gesterone receptor is about 4 S in sucrose density gra-
dient centrifugation in the presence of 0.3 M KCI (90,
94). At low ionic strength (no potassium chloride),
the aggregation occurs at 5 S and 8 S. Reported mo-
lecular weights for the receptor molecule monomer,
calculated by various techniques, range between
60,000 and 110,000 daltons (89, 90). Binding is not
covalent since the steroids are completely extractable
with organic solvents. Published affinity constants
vary between 1.0 and 3.4 X 10° M—1 (92, 96).

Nuclear Interactions—The nuclear steroid-re-
ceptor complex seems derived from the cytosol com-
plex since cytosol receptor contents decrease as nu-
clear binding increases. The progesterone-receptor
complex appears to bind the chick oviduct nuclei (a
specific target tissue for progesterone) only after a
time- and temperature-dependent transformation oc-
curs. This transformation can be followed with 3H-
progesterone; the steroid-receptor complex becomes
associated with the chromatin fractions (86).

The details of the molecular interactions between
the receptor complex and chromatin fractions are not
yet known, nor is the mechanism by which such in-
teraction results in gene expression. Conceivably, the
progesterone receptor consists of subunits that could
play complementary roles in binding to the chroma-
tin components responsible for acceptor activity (86,
88, 100).

In the estrogen-primed chick, progesterone in-
creases the rate of synthesis of messenger RNA in the
oviduct, an effect prevented by the administration of
actinomycin D, an inhibitor of DNA-dependent RNA
synthesis. If the biosynthesis of RNA is allowed to
proceed, the oviduct synthesizes the hormone-depen-
dent protein avidin.

After progesterone initiation of RNA biosynthesis,
the hormone no longer seems necessary to evoke the
resulting morphological changes. Consequently, total
RNA extracted from progesterone-stimulated chick
oviducts can induce the synthesis of avidin in estro-
gen-primed chicks. If no progesterone contamination
is assumed, such a transfer method supports the con-
cept that progesterone acts on the nucleus of target
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cells to promote synthesis of RNA (101). The mor-
phological effects of progesterone (stimulation of
cilia formation and secretory activity) can also be ob-
tained by transfer of RNA extracted from progester-
one-stimulated oviducts. The oviducts of the RNA-
treated animals are almost indistinguishable from
those that have undergone progesterone treatment
(101).

Receptor Concentration—Theoretical and ex-
perimental approaches for the analysis of receptor
concentration have been discussed (102). The con-
centration of progesterone receptor present in crude
cytosol is approximately 3 X 1072 mole/mg of protein
(89, 103). The progesterone receptor concentration
varies throughout the estrous cycle and is dependent
on the action of both estrogen and progesterone (104,
105).

A single injection of estradiol (100 ug/kg) in cas-
trated guinea pigs results in an eightfold increase in
basal concentration of receptors after 20.5 hr (102).
Similar results were obtained after diethylstilbestrol
treatment in the chick oviduct (106). The established
observation that, in most circumstances, progester-
one can exert its biological effects only after estrogen
priming is now understood in terms of the following
scheme: estrogen — synthesis of progesterone recep-
tor — progestational response. This increase in pro-
gesterone receptors after estradiol injection does not
occur when actinomycin D or cycloheximide (an in-
hibitor of protein synthesis) is injected 15 min prior
to the estradiol. Neither actinomycin D nor cyclohex-
imide has any effect on receptor concentration when
injected 20.5 hr after estradiol (time corresponding to
maximum receptor concentration) (102). Following
the estradiol treatment, the increase in concentration
of progesterone receptor seems dependent on RNA
and protein syntheses. The subsequent decrease in
progesterone receptor is slow, with a receptor half-
life of about 5 days.

The precise mechanism of receptor degradation is
not understood. The injection of progesterone (1-10
mg) into estrogen-primed guinea pigs results in a
rapid decrease in concentration of progesterone re-
ceptor. Very low concentrations of progesterone re-
ceptor are reached within 24 hr of progesterone injec-
tion and only slowly return to basal levels (102). This
decrease in progesterone receptor concentration is
not due to nuclear translocation (107) but may result
either from an inactivation of the receptor protein or
from changes in its binding behavior (since binding,
not absolute receptor concentration, is measured).

The high levels of progesterone receptor during the
follicular phase may, therefore, reflect the estrogen-
dominated environment. On the other hand, a pro-
gesterone-dominated environment (i.e., during the
luteal phase) results in low levels of progesterone re-
ceptor. These observations are substantiated by the
low concentrations of progesterone receptor present
in subjects receiving oral contraceptives and during
pregnancy.

In endometrial carcinoma, the concentration of
progesterone receptor is low in undifferentiated tu-
mors but relatively high in well-differentiated tu-



mors (108). Understanding the function of the recep-
tor during the process of tumor differentiation may
allow the prediction of the therapeutic response of
tumor cells to treatment with progestational agents
or other endocrine therapy. In human breast cancer,
preliminary clinical results provide strong evidence
for the hypothesis that only breast tumors containing
progesterone receptors will show objective remission
in response to endocrine therapy, e.g., hypophysecto-
my or oophorectomy (109). During the malignant
transformation of hormonal target tissue, the cells
may not retain their ability to synthesize the hor-
mone receptors. Patients with tumors containing
both estrogen and progesterone receptors appear
more likely to respond to endocrine therapy than if
the tumors are without these receptors or only with
estrogen receptors.

EFFECTS ON REPRODUCTIVE TISSUES AND
FUNCTIONS

Hypothalamic-Pituitary—-Ovarian Axis—Pro-
gesterone plays a relatively minor role during the
early follicular stage of the menstrual cycle. Follicle-
stimulating hormone secretion increases, promoting
growth of the ovarian follicle. Follicular growth re-
sults in estrogen secretion and estrogen, in turn,
seems to stimulate further follicular growth. Near the
middle of the menstrual cycle, estrogen secretion
peaks and stimulates or enhances the sudden release
of luteinizing hormone. This transient increase in lu-
teinizing hormone secretion results in high plasma
luteinizing hormone levels causing ovulation. Accom-
panying the luteinizing hormone ovulatory surge,
plasma follicle-stimulating hormone sharply rises.
Luteinizing hormone seems to act directly on the fol-
licle to cause release of the egg.

Following ovulation, the empty follicle rapidly be-
comes the corpus luteum, which secretes both proges-
terone and estrogen. In the human, increased proges-
terone synthesis may actually begin before ovulation
(110, 111); it has been shown that by the time follicle-
stimulating hormone and luteinizing hormone exhibit
their peaks, the serum progesterone already has in-
creased significantly (112). The ripe follicle is the
probable source of this preovulatory progesterone
(113), which at this point in the cycle may facilitate
the release of luteinizing hormone. During the func-
tional life of the corpus luteum (the luteal phase), the
progesterone it produces reaches levels that inhibit
hypothalamic cells controlling the formation or re-
lease of luteinizing hormone in the pituitary (114,
115).

We lack a cohesive understanding of which pitu-
itary gonadotropin is most essential for the mainte-
nance of the human corpus luteum. Luteinizing hor-
mone can stimulate progesterone secretion and ex-
tend luteal life, yet other factors are involved since
continuous treatment with luteinizing hormone or
human chorionic gonadotropin (HCG) can extend lu-
teal life for only a few days, the corpus luteum re-
gressing during treatment. Regression of the corpus
luteum abolishes the hormonal support provided to

the secretory endometrium (116), leading to the en-
dometrial sloughing of menstruation.

During pregnancy, the production of progesterone
by the placenta (117-119) and the corpus luteum (3,
120) suppresses gonadotropin secretion and inhibits
ovulation. The suppression of pituitary activity at-
tained by progesterone administration, includes adre-
nocorticotropin and growth hormone as well as gona-
dotropins. Such a broad range of pituitary inhibition
suggests that the increased progesterone production
during pregnancy is one major factor eliciting the
shift from pituitary to placental dominance.

Progesterone exerts both stimulatory and inhibito-
ry effects on ovulation (121). In some mammals (e.g.,
rabbits and rats), progesterone, if given at a critical
interval and dose, induces ovulation. This stimulato-
ry effect of progesterone has been reviewed in detail
(122). More emphasis, however, has been placed on
progesterone’s inhibition of ovulation, a concept that
was a starting point for the development of oral con-
traception (123). Oral contraceptives containing both
estrogenic and progestational analogs may interfere
with fertility in several ways, but it is well established
that, as presently used, their contraceptive action in
humans results from suppression of follicle-stimulat-
ing hormone and luteinizing hormone and inhibition
of ovulation.

Continuous administration of a progestational
agent alone in sufficient doses also inhibits ovulation
and abolishes the menstrual cycle for as long as ther-
apy is continued. Smaller doses of progestational
agents, as in the “mini-pill,” also provide a contra-
ceptive effect but do not disturb the menstrual cycle
or ovulation. Progesterone injections, even in high
doses, do not affect follicular maturation except in
the late preovulation phase.

Autoradiograms of the hypothalamus of guinea
pigs demonstrate a selective concentration of proges-
terone or its metabolites in the nuclei of certain neu-
rons of the brain, providing supportive evidence for
the presence of progesterone-sensitive sites in the hy-
pothalamus (124). Nuclear binding of progesterone in
hypothalamic neurons is further suggested as neces-
sary for the production of the central hormonal ac-
tion of progesterone.

Rat and baboon pituitary glands have the capacity
to metabolize progesterone via 5Ha-reductase and
20-hydroxysteroid dehydrogenase activity (125).
This enzymatic activity within a target tissue has
been interpreted as representing a mechanism by
which progesterone may modulate certain pituitary
and central nervous system (CNS) functions (76,
125).

Another approach in the elucidation of the interac-
tions between hormonal and neural parameters re-
sponsible for estrus behavior has been to investigate
the effects of ovarian steroids on the neuronal activi-
ty of brain monoamines (126). However, no clear pic-
ture has yet emerged from such studies due to experi-
mental and interpretative problems.

Uterus—The primary target tissue for progester-
one is the uterus. The sites of action are both the mu-
cosal (endometrium) and muscular (myometrium)
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portions. Progesterone enhances overall uterine
growth (especially endometrial) resulting from estro-
gen priming. Subsequently, the endometrium differ-
entiates and becomes ready for implantation of the
blastocyst (secretory endometrium).

During the luteal phase of the menstrual cycle, the
corpus luteum secretes estrogen and progesterone,
causing the endometrium to become more tortuous
and to produce a more mucous secretion with a high
glycogen content. Endometrial growth is largely due
to estrogen, while progesterone is responsible for the
stromal changes and the increase in glycogen and gly-
coprotein in the glandular epithelium. These changes
peak 7-8 days after ovulation, coincident with maxi-
mal progesterone secretion.

If implantation of a fertilized blastocyst does not
occur, the secretory activity of the corpus luteum de-
creases, resulting in a measurable drop in progester-
one production. This drop also may be partly due to
an increase in ovarian 20a-hydroxysteroid dehydro-
genase. With the fall in progesterone, the secretory
endometrium can no longer be maintained, and it is
sloughed (menstruation).

Endometrial Histology—Progesterone is consid-
ered responsible for the conversion of proliferative to
secretory endometrium in vive during the menstrual
cycle. By adding progesterone (10 ug/ml) to a culture
medium, glandular cells in the endometrial tissue are
stimulated to secrete, and subnuclear vacuolation ap-
pears after 2-3 days. As the culture continues, the
vacuoles disappear and secretion of mucopolysaccha-
rides into the lumen of the glands occurs (127). Simi-
lar subnuclear vacuolation appears in the glandular
cells of the endometrium in oophorectomized women
after progesterone treatment.

Histochemically, this secretory effect is manifested
by the increase in glycogen granules present in the
cytoplasm and by changes in the apical villous bor-
ders of cells (128, 129). Glycogen granules first con-
centrate in the basal portion of the epithelial cells
and then enter the secretory domes from which they
detach as secretion globules. The substrates con-
tained in the wall of the glandular epithelial cells are
neutral or predominantly acid mucoids. These endo-
metrial changes are well documented and have served
historically as the basis of several bioassays for
screening progestational agents.

After extended progestational therapy, the histo-
chemical picture is one of focal pseudodecidual trans-
formation of the stroma with glycogen accumulation
and involution of the glands.

Protracted therapy provides a variety of changes
encountered on a localized basis, including atypical
secretion, exhaustion, and regression alternating with
each other (129). Associated with the conversion of
the endometrium to its secretory phase is an increase
in the activity of most endometrial tissue enzymes
(130-133).

Intrauterine Leukocytes—In most animal models
(estrous, ovariectomized, and pseudopregnant), pro-
gesterone is generally found either to reduce or not to
affect leukocyte levels in the uterus (134-137). Neu-
trophils and mononuclear cells are abundant in endo-
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metrial tissue during the menstrual flow, and mono-
nuclear cells increase in association with the pseudo-
decidual stromal reaction occurring in the luteal
phase.

Other observations have shown, however, that pro-
gesterone may also increase the number of the leuko-
cytes present in oviductal tissues of cattle; such leu-
kocytes release their products into the uterus at the
start of the follicular phase, giving the uterus, under
the influence of estrogen, its bactericidal properties.
These leukocyte-like cells penetrate the lumen dur-
ing early luteal stages of the estrous cycle and at
early stages of pregnancy. The specific origin of these
cells has not been determined; their morphology dif-
fers from the eosinophilic and neutrophilic polymor-
phonuclear cells present in genital tissues during in-
flammation (138).

Myometrial Activity—Human myometrial activity
has been reviewed extensively (139, 140). As de-
scribed by Moawad and Bengtsson (140), from Day 6
to Day 18 of a normal 28-day menstrual cycle the
same type of activity is found, i.e., frequent contrac-
tions (two to four per minute) of low amplitude (3-10
mm Hg) and short duration. After the 8th day pre-
ceding the next period, contractions of another type
appear, with lower frequency (every 2-3 min), higher
amplitude (around 25 mm Hg), and longer duration
(1-2 min). These contractions gradually increase to a
“prelabor-like” pattern 4 days before the next period.
A further increase to “labor-like” activity is observed
around the onset of bleeding.

The relative importance of the combined action of
estrogen and progesterone is not known. The prela-
bor-like pattern corresponds with the presence of
both estrogen and progesterone, whereas the labor-
like pattern corresponds with the withdrawal of both
hormones. In the nonpregnant woman, exogenous
progesterone also induces the prelabor-like pattern of
myometrial activity, resulting in contractions of
lower frequency, longer duration, and higher ampli-
tude (141).

In the pregnant uterus, most experiments indicate
a depression of myometrial activity. Placental contri-
bution of progesterone to the myometrium rather
than the peripheral plasma progesterone may be re-
sponsible for this depression of myometrial activity
(50, 142). In the rabbit, in which progesterone is
known to have a blocking action on the myometrium,
treatment with progesterone inhibits the myometrial
stimulations caused by prostaglandin Fy, (dinoprost)
(143). Agreement is still lacking on the physiological
parameters that precipitate the onset of labor and, in
particular, on the role (if any) of progesterone in the
complex process of initiation and control of labor. In
the human, the mean plasma progesterone remains
unchanged prior to and throughout normal labor
(32). In the case of premature labor, however, Csapo
et al. (144) attributed the onset to a decrease in pro-
gesterone levels, caused perhaps by a failure in pla-
cental growth and function.

Electrophysiologically, progesterone has been sug-
gested to act by inhibiting the movement of ions
through the myometrial cell membrane (145). Like-



wise, inhibition of enzymes that are coupled to ionic
movements and that are responsible for uterine mus-
cle contraction would provide an alternative explana-
tion. In vitro, progesterone does inhibit creatine
phosphokinase activity (146) and, at high concentra-
tions, adenosine triphosphatase activity (147). '

Cervix—During the preovulatory phase of the
cycle or following estrogen priming, the endocervical
mucus is highly elastic and displays well-formed
ferning (crystallized sodium chloride) upon drying.
The rheological properties of this estrogenic mucus
make it suitable for sperm penetration and survival.
During the luteal phase, progesterone decreases the
total volume of estrogenic mucus present in the endo-
cervical canal (148), increases mucus viscosity, and
decreases its ‘“Spinnbarkeit” (length of the mucus
thread) (149). Concomitant clouding of the mucus is
due to the presence of polymorphonuclear leuko-
cytes.

Progesterone (30 mg/week im), when administered
without estrogen priming in ovariectomized women,
causes no observable effect on the cervical mucosa.
After an intramuscular injection of progesterone
(5-10 mg), spermatozoa have difficulty in penetrat-
ing the mucus and in maintaining their motility. Pro-
gesterone, in oral doses of 10 mg/day to normal
women, decreases both sperm population and sperm
motility in the endocervical mucus following sexual
intercourse (150). Intracervical silicone elastomer de-
vices releasing progesterone display the expected
progesterone effects; they inhibit secretion of preovu-
latory human cervical mucus, lower its Spinnbarkeit,
and increase its viscosity (148).

Sperm Migration and Capacitation—Inhibition
of sperm motility by progesterone is usually ascribed
to secretory changes in the mucus production by the
cervical crypts. In addition, progesterone released in
vitro into cervical mucus inhibits sperm migration,
suggesting that progesterone has a direct spermiosta-
tic action (151). The relevance of this direct effect of
progesterone on the regulation of fertility is not, how-
ever, established. Other factors that may play a role
in the rate of sperm transfer have been studied: cili-
ary actions in the genital system, serotonin (152), ox-
ytocin (153), and prostaglandins (154-156).

A specific hormonal balance seems necessary for
sperm capacitation, a process involving changes in
the spermatozoa necessary for penetration into eggs
(157). An anticapacitating effect of progesterone was
initially observed in rabbits (158). Further evidence
was derived from experiments in which spermatozoa
were incubated in the uterus of estrous rabbits pre-
treated with progesterone. In the progesterone-treat-
ed rabbits, only 2.1% of the ova were fertilized, as op-
posed to 63% after incubation in estrous rabbits with-
out progesterone. Sperm capacitation was inhibited
only in the uterus and not in the fallopian tubes.

Implantation and Blastocyst Development—
The fertilized mammalian ovum generally reaches
the uterus between 3 and 5 days after ovulation; in
the uterus, the ovum requires a special environment,
which is highly dependent on hormonal factors. Im-
plantation of the fertilized ovum results in a rapid

growth and differentiation at the implantation site,
characterized by increased rates in the synthesis of
nucleic acids and proteins. Results of reported stud-
ies are difficult to correlate due to species and experi-
mental differences.

In the rabbit, for instance (159), survival of unim-
planted fertilized eggs in the uterus depends on the
presence of progesterone acting on the uterine epi-
thelium and enabling the eggs to implant at the cor-
rect time. In most species, however, progesterone per
se does not seem required for implantation but is es-
sential for the initiation and maintenance of the de-
cidualization and for the survival of the embryo.
Ovariectomy in early pregnancy in the guinea pig
does not prevent implantation, but subsequent de-
generation of the decidua, ascribed to progesterone
deficiency, results in embryonic death (160). If, how-
ever, progesterone administration is given following
ovariectomy, pregnancy is maintained. Concurrent
administration of small quantities of estrogen often
reduces the amount of progesterone required (161).

In the rat, some inhibition of uterine receptivity
occurs whenever the basic progesterone-estrogen se-
quence is disturbed. Receptivity in the uterus ap-
pears to be a local phenomenon, in that implantation
can be inhibited in one part of the organ due to local
administration of hormones while progressing nor-
mally in the rest of the uterus (160).

In spayed rats, the blastocyst can survive in the
uterine lumen for several days in the absence of exog-
enous hormones (162). If progesterone (10 mg) is in-
jected in such spayed rats, the blastocyst may survive
for several weeks without implanting. This induction
of dormancy in the blastocyst has been suggested to
result from a hypothetical inhibitor produced by the
uterus under the influence of progesterone as a pro-
tection to the embryo. A small dose of estrogen (1 ug)
subsequent to progesterone injection removes the in-
hibition and leads to implantation. Normal develop-
ment occurs provided progesterone treatment is con-
tinued.

Direct Exposure of Uterine Lumen—The direct
exposure of the uterine lumen to exogenous proges-
terone has a contraceptive effect. Progesterone-filled
silicone elastomer capsules inserted in the uterine
horn of mature rabbits inhibit implantation of fertil-
ized ovum (163). Similar capsules have also served as
a contraceptive in human volunteers (164-166). Clin-
ical efficacy studies with an intrauterine device that
releases progesterone will be discussed later.

Morphological changes in the endometrium were
observed in women having the progesterone-releasing
system in utero but not in women wearing placebo
devices (i.e., containing no progesterone). The latter
showed the usual endometrial picture of stromal
edema and sometimes inflammatory cells. Delivery of
progesterone to the endometrium causes a decidual
transformation with a depression of the glandular de-
velopment. The progesterone-releasing uterine sys-
tem increases endometrial progesterone levels and
decreases endometrial estradiol levels but causes no
detectable change in the peripheral plasma levels of
these steroids (51).
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The specific mechanism of the contraceptive activ-
ity of intrauterine progesterone administration is un-
known. Myometrial activity is unaffected in humans
(167). Furthermore, no systemic effects from proges-
terone have been observed in rabbits (163), baboons
(168), or humans (169). Contraceptive efficacy ap-
pears to depend on one or more changes within the
uterine milieu: alteration of cervical mucus (170}, dis-
turbance of sperm capacitation (171-173), reduction
of egg fertilization (171), endometrial suppression
(170), and/or inhibition of nidation. Although the lat-
ter two effects seem the most likely mechanisms, the
other factors may participate.

Vagina—Following estrogen priming, progester-
one causes desquamation in the human vagina (174,
175). Desquamation occurs in clumps, the superficial
cells being replaced by cells with basophilic cyto-
plasm and vesicular nuclei (149). In addition to shed-
ding superficial layers, the thickness of the epitheli-
um increases and progesterone may inhibit estrogen-
induced vaginal cornification (176). The significance
of an increase in the number of polymorphonuclear
leukocytes, observable after 12 hr of an intravenous
drip infusion of progesterone, is not known (177).

Mammary Gland—Mammary gland growth is a
complex process involving other endocrine tissues be-
sides the ovaries and the placenta (e.g., pituitary and
adrenals). Progesterone by itself, in sufficiently large
doses, causes full development of the ductal and lob-
uloalveolar system of the mammary glands in intact
and castrated rats, mice, and guinea pigs (178-180);
priming by estrogen is not necessary to attain full de-
velopment. Daily injections of 5-20 mg of progester-
one in rhesus monkeys increase the size and number
of lobules (181).

In the human, the alveolar proliferation caused by
progesterone is most evident during pregnancy but is
also operative during each luteal phase. The differ-
ences reported in the literature on this effect are par-
tially due to marked species differences and to the in-
ability to distinguish, in castrated but nonhypophy-
sectomized animals, between a direct effect of pro-
gesterone on the mammary growth or an indirect ac-
tion via the pituitary. In most experimental animals,
the pituitary must remain intact if estrogen and pro-
gesterone are to affect mammary growth (180).

OTHER EFFECTS

As might be expected from its milligram per day
production and wide body distribution, progesterone
has sundry effects in addition to those on the repro-
ductive organs. The effects of major interest in hu-
mans are summarized here. Reviews dealing with the
effects of progesterone on other organ systems, in-
cluding the effects on hepatic metabolism (182), the
liver (183), respiration (184, 185), and the skin (186},
have been published.

CNS—Progesterone exerts various effects on the
CNS. The effect of progesterone on the hypothala-
mic—pituitary—ovarian axis has already been de-
scribed. Sawyer et al. (187) reviewed the central ef-
fects of various hormones as they pertain to animal
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sexual behavior. Traditionally, the sharp falls in pro-
gesterone levels occurring at the end of each men-
strual cycle and at the end of pregnancy have been
implicated in premenstrual and postpartum distur-
bances in behavior (188-190).

The occurrence of depression or puerperal psycho-
sis increases significantly during the 3 postpartum
months (191). Serious psychological disturbances due
solely to increased progesterone levels are, however,
unlikely (192). Rather than investigating the role
played by a unique agent (i.e., progesterone) in preg-
nancy-related psychological phenomena, a more inte-
grated approach encompassing a multiplicity of
agents may better indicate possible correlations.

One clinical survey on the relationship between the
incidence of migraine attacks and the stage of the
menstrual cycle showed that the attacks occur regu-
larly just before or during menstruation only in 13
out of 138 migraine patients (193). Most women with
migraine, however, exhibited elevated plasma con-
centrations of both progesterone and estrogen
throughout the menstrual cycle as compared to
healthy migraine-free controls. This elevation in mi-
graine patients was more marked in the late luteal
phase. It must be kept in mind, however, that addi-
tional nonhormonal factors may be responsible for
such results.

When progesterone (35 mg) is injected intraperito-
neally into female rats, a deep anesthesia occurs
within 15 min; if given subcutaneously, however, 100
mg is without effect (194, 195). A single intraperito-
neal injection of progesterone (5 mg) into estrogen-
primed rats shortens the periods of wakefulness and
induces, in the hippocampal area, the appearance of
EEG spikes similar to those of sleep (1986).

Studying the uptake of labeled progesterone and
two of its metabolites (pregnanolone and preg-
nanedione), Raisinghani et al. (197) concluded that
pregnanolone mediates the anesthetic effect of pro-
gesterone. The median anesthetic dose in mice is 89
mg/kg iv (198). In the human, this effect has not had
any practical application, although Merryman et al.
(199) reported sleep induction in women within the
first 15 min of an intravenous infusion of progester-
one (500 mg). The hypnotic effect lasts for several
hours and is dose dependent.

Progesterone increases, and estradiol decreases,
the seizure threshold for rats given electroshock-in-
duced convulsions (200). The administration of 5
mg/kg/day of progesterone significantly raises the
seizure threshold in female rats but is without effect
in males. This anticonvulsant effect in females is
transient; after 20 days of treatment, a mild convul-
sant response is observed in both males and females.
Progesterone is also effective in protecting dogs
against induced convulsions.

Clinical studies with human epileptic patients ap-
pear consistent with animal results; the number of
seizures definitely declines during the luteal phase of
the menstrual cycle and increases immediately be-
fore, during, and just after menstruation. This exac-
erbation is thought to result from the drop in the
progesterone secretion. Activations of abnormal EEG



patterns and precipitation of seizure occur with exog-
enous estrogen whereas a decrease in seizures is ob-
served with premenstrual progesterone therapy (201,
202). This effect of progesterone on the CNS has not
been clinically exploited, however, since other more
advantageous therapeutic compounds are available.

Progesterone is associated with an increase in basal
body temperature. In women, the basal body temper-
ature is usually higher during the luteal phase of the
cycle; the initial rise in temperature is widely as-
sumed to coincide with ovulation. The pattern of
basal body temperature, however, varies greatly from
subject to subject. In addition, no increase in basal
body temperature with ovulation is obtained in 12%
of otherwise normal cycles (203). These factors indi-
cate that this thermogenic effect cannot be used reli-
ably for predicting ovulation. Body temperature also
generally increases during the first 4 months of preg-
nancy (204).

The increase in basal body temperature is not me-
diated by the uterus, since this effect is also seen in
males and hysterectomized females and there is no
evidence of local uterine inflammation. After a single
10-15-mg injection of progesterone to males, temper-
ature rises 0.3-0.9° (0.5-1.5°F) for 1-4 days (205). A
minimum dose (~10 mg) is required to elicit this rise,
beyond which, however, the response is not dose de-
pendent. In the rat, the intact pituitary seems essen-
tial in eliciting this thermogenic action; it has been
suggested that the hypothalamic thermoregulating
centers are involved. On the other hand, neither
ovariectomy nor thyroidectomy has any effect (206).
It is assumed that the hypothalamic centers lose their
responsiveness after extended exposure to progester-
one because body temperature falls to pregestational
follicular levels after the 4th month of pregnancy
(204).

Cardiovascular System—High doses of exogen-
ously administered progesterone can either elevate or
lower blood pressure in various species. Daily subcu-
taneous doses of progesterone reduce blood pressure
in rats (15 mg/kg) and dogs (20 mg/kg) with experi-
mental nephrogenic hypertension (207). In studies
with patients suffering from either primary or renal
hypertension, progesterone (50-200 mg/day im for
10-16 days) significantly decreases blood pressure
without loss of sodium (208, 209).

On the other hand, Horrobin (210) reported that
prolonged treatment (60 days) of rabbits with large
daily doses (25-50 mg) of progesterone results in a
moderate (15-25 mm Hg) rise in systolic arterial
pressure and causes renal lesions. This effect could
be explained partially by considering the increase in
aldosterone secretion that accompanies high doses of
progesterone, whereas low doses of progesterone are
ineffective in increasing aldosterone secretion (211).
Moreover, progesterone is a precursor in the biosyn-
thesis of aldosterone and other corticosteroids, a fact
that may also explain the clinical finding that some
Addisonian patients do well with little or no corticoid
therapy during pregnancy.

A rise of systolic blood pressure in the range of 10
mm Hg is observed in certain women taking com-

bined estrogen—progestogen oral contraceptives. A
rise of similar magnitude observed with intravenous
infusion of estrogens strongly suggests that the estro-
gen component is responsible for this effect observed
with combined oral contraceptives (212).:

Exogenous progesterone does not influence the
plasma fibrinogen level in the rat, and no changes in
platelet number can be observed (213).

Skeletal Growth and Weight Regulation—In-
jection of progesterone into intact mice (three weekly
doses of 10 ug) retards growth, cartilage develop-
ment, and ossification. In castrated mice of either
sex, progesterone somewhat counteracts the effect of
gonadectomy by restoring a more regular course of
ossification (214). The treatment of rats with proges-
terone (1 mg/day im for 7 days) markedly decreases
the rate of growth of their teeth (215). Plasma growth
hormone concentrations after glucose and insulin ad-
ministration are decreased significantly in normal
subjects following progesterone administration
(300-400 mg/day im for 3-5 days). Progesterone also
impairs growth hormone response to arginine (216).
Such observations suggest that placental production
of progesterone contributes to the suppression of pi-
tuitary release of growth hormone observed in late
human pregnancy.

Experiments with female rodents given progester-
one at levels closely approximating those of pregnan-
cy (217) indicate the following effects: water reten-
tion, protein anabolism (increased nitrogen reten-
tion), and appetite stimulation. It has been suggested
that these actions are related to the direct influence
of progesterone on the hypothalamic food-regulating
centers (218). In rats, these effects of progesterone
administration on the weight and composition of the
body are not present in either males or castrated fe-
males (219) but are seen after ovary implantation
(220). Hypophysectomy drastically reduces the
weight response to progesterone; adrenalectomy, on
the other hand, markedly increases it (221, 222).

In humans, nitrogen excretion (as urea) increases
with a daily dose of 50 mg of progesterone. This cata-
bolic effect, seen in both sexes and in hypophysecto-
mized and ovariectomized subjects, has been attrib-
uted to an increased utilization of amino acids by the
liver (223). Progesterone (100 mg/day im) has been
used in conjunction with a low calorie diet, digitalis,
and diuretics in the treatment of obese patients with
alveolar hypoventilation. The therapeutic benefits
from progesterone did not appear necessarily associ-
ated with weight loss from the treatment but were
the result of stimulated ventilation and improvement
in the pulmonary status of the obese patients (224).

Microorganisms—Antibacterial action against
Gram-positive microorganisms is shown in vitro by
progesterone (10-20 ug/ml). Progesterone exerts its
bacteriostatic action on staphylococci primarily dur-
ing the first 8 hr of incubation; the effect is reduced
by the presence of oxygen (225). In the presence of 20
ug of progesterone/ml, there is a significant decrease
in the oxidation by resting staphylococcal suspen-
sions or utilization by staphylococci of pyruvate as an
energy source during growth.
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The effect of progesterone on Gram-negative or-
ganisms seems restricted to members of the genus
Neisseria; strains of N. gonorrhoeae and N. meningi-
tidis are sensitive to growth inhibition by progester-
one (40 pg/ml) (226). The site of progesterone action
appears to be in the cell membrane, where the hor-
mone may bind to proteins (227). Although other fac-
tors could contribute, this growth inhibitory effect of
progesterone correlates with the observation that,
during the menstrual cycle, the lowest isolation rate
for N. gonorrhoeae from cervical cultures occurs at
the peak of progesterone activity (228).

Tumor Growth—A review by Kramer et al. (229)
concluded that progesterone inhibits the growth of
estrogen-induced tumors, except for enhancing the
growth of pituitary adenoma. Lipschitz (230) was the
first to demonstrate that the subcutaneous implanta-
tion of a progesterone pellet in guinea pigs (average
absorption calculated to be 40 mg/day over 2
months) reduces the development of estradiol-in-
duced tumors. Continuous administration of proges-
terone (20-mg pellets sc) also prevents the appear-
ance of mammary tumors in rats exposed to the syn-
ergistic carcinogenic effect of radiation (800 Rads)
and estrogen (231). In these experiments, progester-
one had a protective effect against both the estrogen
and combined estrogen-radiation treatments, be-
cause fewer tumors occurred on both the irradiated
side and the nonirradiated side.

In experimental tumor induction with known car-
cinogens, tremendous variation in results has been
observed, depending on the animal species and strain
used and the methods of administering the carcino-
gens and hormones (232). Prolonged and high doses
of progesterone (45 mg/mouse for 9 weeks) or syn-
thetic progestational agents, if administered at a crit-
ical time, increased the effect of known carcinogens
on the endocervical mucosa. Histological results indi-
cated that parenteral administration of progesterone
influences the maturation of 20-methylcholanthrene-
induced endocervical carcinoma in mice. Progester-
one had, however, no effect on the maturation of in-
duced invasive carcinoma from the vagina and the
exocervix {233, 234).

Progesterone (6 mg/week sc for 17 weeks) in-
creased the frequency of metastasis when mammo-
tropic pituitary tumors were transplanted in mice
(235). Poel (236) found that progesterone (0.25 ml of
5% progesterone in peanut oil sc/week for 19 weeks)
accelerated the development of 20-methylcholan-
threne-induced mammary tumors in mice. When
7,12-dimethylbenz[a]anthracene (DMBA) was used
as a carcinogen, mammary tumorigenesis was signifi-
cantly enhanced by progesterone treatment if begun
just before or after carcinogen administration in in-
tact rats (237) or if given continuously after dimeth-
ylbenzanthracene treatment in hypothyroid rats
(238). When, on the other hand, progesterone was ad-
ministered before feeding dimethylbenzanthracene,
it prevented the onset of mammary cancers (239) as
shown by a reduction in tumor yield; continuation of
progesterone after carcinogen administration, how-
ever, lessened this reduction in tumor yield (240).
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The results of studies on the growth of malignant
cells during progesterone administration in suscepti-
ble animal strains have questionable relevance in hu-
mans. Progesterone and progestational agents have
been used successfully in humans in the treatment of
endometrial carcinoma (241-246) and with more lim-
ited success in the treatment of mammary carcinoma
(246). Animal testing, moreover, provides little evi-
dence suggesting that progesterone is tumorigenic
per se. Evidence that it enhances chemically induced
tumorigenesis is at best debatable, considering the
variation in response based on pharmacological fac-
tors, such as route of administration and local con-
centration of progesterone, and tumoral factors, such
as homogeneity, degree of differentiation, and geneti-
cally determined hormonal responsiveness of the
tumor cell population.

CLINICAL USE

Progesterone, with its short half-life and extensive
degradation following ingestion, has been inconve-
nient to use effectively in the clinic. Because of these
problems, orally effective, synthetic progestational
agents frequently have been substituted (247, 248),
perhaps unwisely in some cases, since synthetic pro-
gestogens recently have been linked with abnormal
fetal development (249, 250). Recent successful clini-
cal uses of progesterone have utilized its local admin-
istration to a given area, thereby reducing the loss of
progesterone to systemic metabolism.

Carcinoma—The role of sex steroids in the devel-
opment of carcinoma of the endometrium has been
the subject of considerable investigation over the
past 30 years. It has been suggested that, in some in-
dividuals, unopposed, protracted estrogen stimula-
tion of the endometrium may eventually result in
carcinoma (251, 252). Because progesterone has a
profound modifying effect on the estrogen-prepared
endometrium, progesterone has been investigated as
a prophylactic and therapeutic drug in the overall
management of patients with endometrial or breast
cancer and adenomatous hyperplasia.

Patients with metastatic endometrial carcinoma
were treated from 3.5 weeks to 4.5 years with proges-
terone (50 mg three times/week) or hydroxyproges-
terone caproate (up to 1 g weekly) (253). In 32% of
the cases, objective remissions were obtained, lasting
from 1 month to 9 years. Remission rates were similar
in studies using progestational agents for the treat-
ment of recurrent endometrial adenocarcinoma
(241-246). Regression of endometrial carcinoma fol-
lowing progesterone therapy is ascribed to a direct ef-
fect upon the cancer cell rather than to an indirect
inhibition of pituitary tropic hormone release.

Progesterone treatment has proved of only limited
value, with a success rate of 10%, in the regression of
advanced mammary carcinomas (254). The hypothe-
sis that estrogenic stimulation in the absence of suffi-
cient progesterone secretion provides a favorable set-
ting for mammary carcinoma (255) has not been test-
ed epidemiologically.

In early studies on the use of progesterone therapy



for cervical carcinoma, Hertz (256, 257) administered
intramuscular injections of 250 mg/day of progester-
one to 17 women over periods ranging from 10 to 149
days (a total of 1.5-42.5 g of progesterone/patient).
The regressive changes observed were not considered
sufficient to justify the use of progesterone as a ther-
apeutic agent in carcinoma of the cervix.

Preliminary studies with the use of progesterone
suppositories for vaginal adenosis have been more
promising. Using this local mode of hormone admin-
istration, five out of five patients achieved regression
of their adenosis and a striking reduction in associ-
ated redness and inflammation while maintaining
normal ovulatory function (258).

Habitual Abortion—The effectiveness of proges-
terone in protecting pregnancy is not established.
Nevertheless, progesterone therapy is sometimes ini-
tiated in pregnant women with a history of habitual
abortion and in pregnant women who experience
blood staining, with or without abdominal cramps.
Several medications and different routes of adminis-
tration may be used, including vaginal, rectal, intra-
muscular, or intra-amniotic (259, 260). Progesterone
(1000 mg/day) has also been administered orally to
these patients from the beginning of pregnancy
through at least the 36th week of gestation. Of the 52
women receiving oral progesterone and completing
the study, 38 were able to maintain pregnancy and
deliver full-term infants (261). Synthetic progesto-
gens should not be substituted for progesterone be-
cause of their association with fetal masculinization
(249) and teratogenicity (250).

Gynecological Disorders—Progesterone and
synthetic progestogens have a wide clinical applica-
tion in the treatment of gynecological disorders such
as dysmenorrhea, amenorrhea, and dysfunctional
uterine bleeding (247, 248, 262). Synthetic progesto-
gens are used occasionally to attain less painful epi-
sodes in patients with primary dysmenorrhea. Pro-
gesterone is generally successful in the treatment of
secondary amenorrhea. Such steroid therapy is essen-
tially substitutive, replacing the missing endogenous
ovarian hormones. For diagnosis of the cause of
amenorrhea, a suitable test dose is 50 mg of proges-
terone injected twice (48 hr apart). Subsequent with-
drawal bleeding indicates the production of endoge-
nous estrogen, a responsive endometrium, and a non-
pregnant state. Repeated induction of artificial men-
ses usually requires an estrogen for 20 days, followed
by a progestational agent for 5 days (248).

The underlying principle of progesterone therapy
in the control of dysfunctional uterine bleeding is to
raise the blood level of the steroid to a point capable
of preventing further disintegration of the bleeding
endometrium and then to withdraw the steroid
abruptly, causing a rapid exfoliation of the superfi-
cial layers and nonsurgical curettage. An intramuscu-
lar injection of progesterone (25 mg/day for 5 days) is
used to control uterine bleeding.

Contraception—Early studies on its use as an oral
contraceptive showed that, at 300 mg/day (5th to
25th day of the menstrual cycle), progesterone was
effective in preventing ovulation through four cycles

(263). The related effect of larger doses of progester-
one on gonadotropin excretion also has been investi-
gated. Rothchild (264) found that continuous or in-
termittent intravenously administered progesterone
(100-400 mg/day) for 10 days depressed the total
amount of gonadotropin excreted into the urine.
However, Paulsen et al. (265) found that oral proges-
terone at 1000 mg/day for 87 days did not have a sig-
nificant effect on urinary gonadotropin excretion.
The efficacy of progesterone as an oral contraceptive
was never fully tested, because synthetic progesta-
tional agents, which were orally effective, were avail-
able.

Direct administration of progesterone to the uter-
ine lumen, however, has been found a convenient and
effective method of contraception (266, 267). In a
preliminary clinical study, silicone elastomer devices
releasing progesterone were placed in 109 women for
two to 13 cycles (a total of 755 woman months). No
pregnancies occurred with a functional device in situ.
Two pregnancies did occur: one when the device was
displaced into the cervix and the other when the de-
vice was not releasing progesterone. The devices
caused suppression in the superficial portion of the
endometrium, but a regular menstrual cycle was pre-
served (164-166).

This method of contraception has since been im-
proved and extensively tested in over 4000 women.
Progesterone is released at a rate of 65 ug/day from a
T-shaped uterine system! for 1 year. At the end of
the year, the system is replaced. The efficacy of the
uterine system compares favorably with oral contra-
ceptives (267) and it causes no extrauterine systemic
steroid effects (169).

TOXICITY

Cell Growth Inhibition—Addition of high con-
centrations of progesterone (50-200 ug/ml) to tissue
cultures of endometrial carcinoma cells is associated
with inhibition of DNA synthesis, which results in a
decrease in cell survival (246, 268). With adrenal
cells, 50% inhibition of growth is accomplished with 7
ug/ml of progesterone (269). The cell growth inhibi-
tion value for chick heart ventricular cell cultures is 4
ug/ml of progesterone (270).

Animal Toxicity Studies—The intravenous LDsq
of progesterone in propylene glycol (20 mg/ml) in
rabbits is 26.5 mg/kg. The animals exhibit respira-
tory convulsions and opisthotonos; the primary cause
of death is acute hypoxia (271). Such results, how-
ever, cannot reliably represent the acute toxicity of
intravenously administered progesterone since pro-
pylene glycol itself has an intravenous LDsy of 3.2
ml/kg of rabbit body weight (271). The intraperitone-
al LLDygo of progesterone in peanut oil in rats is 327
mg/kg (272).

Oral administration (40 or 160 mg/kg/day) or sub-
cutaneous injections (4 or 16 mg/kg/day) of proges-
terone suspended in 0.25% carboxymethylcellulose

! Progestasert System, Alza Corp., Palo Alto, CA 94304
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were carried out for 26 weeks with both male and fe-
male rats (273). Mortality in tested animals did not
differ from a control group. Gonads were atrophied in
both males (prostate) and females (uterus) receiving
the high subcutaneous dosage. Hematological values
determined throughout the experiment were unre-
markable, as were microscopic examinations of organ
tissues at termination of the experiment. In males,
body and organ weights did not differ from those of
controls. The only significant changes at these dose
levels occurred in female animals receiving subcuta-
neous treatment. These animals exhibited an in-
crease in body and liver weights. This increase in
liver weight was not significant, however, when ex-
pressed as a ratio to body weight.

Prenatal Exposure—Using an egg transfer tech-
nique, Dickmann (274) determined the effect of pro-
gesterone on the survival of rat morulae. Morulae de-
generated in the uteri of recipients that had been
ovariectomized and injected daily with 2 mg of pro-
gesterone. No deleterious effect to the blastocyst
could be observed. Progesterone concentrations
below 2 ug/ml produced no noticeable effects on the
development of the mouse ova in vitro; concentra-
tions above 4 ug/ml inhibited ova development by
blocking cleavage, particularly at the blastula stage
(275). This action was reversible, with ova resuming
cleavage when placed in progesterone-free media.

Using subcontraceptive levels of progesterone in
rabbits (2 mg sc near ovulation), Allen and Foote
(276) concluded that progesterone suppressed the de-
velopment of zygotes into blastocysts, but that once
implanted successfully, all treated embryos devel-
oped normally and were equivalent to controls during
their postnatal development. The mechanism of this
action of progesterone on mammalian ova in vitro
seems to result from an inhibition in transfer of
amino acids or soluble proteins across the cell mem-
brane, thereby inhibiting protein synthesis within the
ovum (277).

Various progesterone effects on the fetus occur in
the pregnant rat, depending upon dosage and time of
administration. For instance, progesterone (5 mg/day
im) injected on Days 16 through 19 had no effect, but
the same dosage on Days 20 through 23 caused fetal
death (278, 279). There is no agreement on the hy-
pothesis that fetal death is related to the prolonged
delay of parturition due to progesterone administra-
tion (279). In the pregnant swine, progesterone (2
mg/kg/day sc) between Day 0 and Day 25 of gestation
did not increase the expected embryonic survival
rate, indicating that early embryonal mortality is not
due to a deficiency of progesterone in this species
(280, 281).

In a study of the effects of some known teratogens
{e.g., ergocornine) on the course of gestation in rats,
it was concluded that the mechanism for teratogenic
action is mediated, at least in part, by a progesterone
deficiency resulting from the use of the teratogen
(282). The administration of 1 mg of ergocornine on
the 8th day seriously disturbed pregnancy and in-
creased the incidence of fetal malformations. Proges-
terone treatment (5 mg/day) given concomitantly
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with the teratogen allowed pregnancy to proceed ac-
cording to a more normal pattern (282). The embryo-
lethal effect of certain drugs, such as actinomycin D,
is also decreased by progesterone treatment. For in-
stance, subcutaneous injections of progesterone (4
mg/day between the 8th and 21st day of gestation) in
actinomycin D-treated rats increased the number of
live fetuses and reduced the number of nonviable im-
plantations (283).

The possibility of fetal masculinization by proges-
terone treatment has been reviewed and experimen-
tally investigated (284). Pregnant rats were treated
from the 16th to the 19th day of gestation with 4-274
mg of progesterone (1-75 mg/day). All female fetuses
exhibited normally developed genitalia, and it was
concluded that there is little or no risk of masculini-
zation of female infants.

Some cases of human female pseudohermaphrodi-
tism were reported following administration of syn-
thetic progestogens during gestation to mothers
treated for habitual or threatened abortion (285).
These data describe synthetic progestogens that ex-
hibit masculinizing properties and in no way argue
against the use of progesterone (249). This virilizing
effect of synthetic progestogens upon the female
fetus seems to be attributable to the androgenic
properties of the steroids, since it is well established
that the administration of androgens during preg-
nancy leads to masculinization in both laboratory an-
imals and humans (286).

Hagler et al. (287) summarized the effect of steroid
administration to mothers during early pregnancy on
the incidence of male pseudohermaphroditism. At
that time (1963), there were only three cases where
progesterone was given alone (37.5-200 mg iv weekly
for up to 17 weeks), and in none did male pseudoher-
maphroditism occur. One infant was anencephalic,
but there is no reason to believe that malformation
was due to a progesterone effect.

Progesterone therapy, sometimes initiated in preg-
nant women, causes no adverse effect to the fetus. On
the other hand, synthetic progestogens or estrogen—
progestogen combinations—given in cases of threat-
ened abortions, pregnancy tests, or as oral contracep-
tives—have been associated with a variety of congen-
ital abnormalities. These include hypospadia (288),
transposition of the great vessels (289), CNS malfor-
mation (290, 291), and other anomalies (292-294).
These preliminary clinical findings clearly indicate
the need to ascertain the absence of pregnancy before
initiation of oral contraception (estrogen and/or syn-
thetic progestogen) and strongly suggest that hor-
monal agents are contraindicated as pregnancy tests
(250).

Studies of fetal development under the influence
of progestational agents point out the need to differ-
entiate clearly between the use of synthetic progesto-
gens and progesterone (295). Progesterone, which is
secreted in large quantities during gestation, is neces-
sary to maintain the early stages of pregnancy. Pro-
gesterone has not been found harmful to the devel-
oping fetus and, in fact, may be beneficial to it (295,
296). Infants born to women using an intrauterine



device that releases progesterone to the uterine
lumen have been normal?.

Neonatal Exposure—Early postnatal damage in
neonate rodents caused by estrogens or androgens
can be blocked by progesterone. Progesterone (3 mg
im) prevented the alteration of gonadal function pro-
duced by injecting androgen into female rats and es-
trogen into male rats (297). Such observations
suggest that certain human hypogonadal syndromes
or infertility may result in part from decreased or ab-
normal steroidogenesis during fetal life. The neonate
mouse is highly sensitive to progesterone. The fol-
lowing pattern is observed: between 0 and 24 hr,
LDso = 70 mg/kg; between 49 and 72 hr, LDs, = 1200
mg/kg; and between 121 and 168 hr, LDs; = 2700
mg/kg (298).

These results suggest that the neonate mouse does
not have the enzymatic ability necessary to metabo-
lize the injected progesterone and that anatomical
barriers preventing elevated concentrations in cer-
tain organ systems (e.g., CNS}) are not yet fully devel-
oped. The injection of a single dose of progesterone (1
mg) to 5-day-old female mice resulted in a delay in
sexual maturity and a decrease in fertility of the ani-
mals, although estrous cycles were normal (299).
Even though no dose—effect relationship has been es-
tablished, proper progesterone level during the neo-
natal period appears essential for the adequate go-
nadal development and function.
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