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The present report describes the first
definitive evidence of a regulatory effect by
gonadotropins on the uptake and incorpora-
tion of arachidonic acid (C-20:4w6) into
ovarian lipids. The implications of this
hormonal response are evident, since ara-
chidonic acid is known to be the immediate
biosynthetic precursor of prostaglandin E,
(PGE,), and prostaglandin Foa (PGF,a) (1,
2). More recent evidence indicates that these
same two prostaglandins may play a role in
mammalian ovulation (3), as well as in the
regulation of the corpus luteum by stimu-
lating adenylate cyclase (4-6). Previous stud-
ies in this laboratory indicated that PMS
and HCG produced marked changes in both
morphology and lipid content of the imma-
ture rat ovary in vivo (7).

The present study was undertaken in order
to learn whether levels of individual lipids or
fatty acids are regulated by gonadotropins
in the ovary. Accordingly, we have evaluated
the effects of exogenous gonadotropins on
ovarian arachidonic acid levels in vivo in
immature female rats. At appropriate inter-
vals throughout the 12-day experimental
period, we have assessed the PMS and HCG
induced changes in the arachidonic acid
content of ovarian total lipid extracts, as
well as of several neutral and phospholipid
fractions.

Materials and Methods. Animals. Imma-
ture 29-day-old female Holtzman (Expt I)
or Sprague-Dawley rats (Expts II, III) were
used. The presence of a closed vagina indi-
cated that the animals had not commenced
estrous prematurely. Pseudopregnancy was

t Present Address: 7622 Louis Pasteur Drive, San
Antonio, TX 78229.

1 Present Address: Fort Sanders Presbyterian Hos-
pital, 1909 Clinch Avenue, SW Knoxville, TN 37916.

induced by intraperitoneal administration
(ip) of PMS (125 IU FSH activity)* followed
by HCG (50 IU LH activity)? administered
60-65 hr (3 days) later (8). The animals were
sacrificed by cranial fracture at 29, 32, 33,
34, 36, 38, and 42 days. The ovaries were
quickly removed, dissected free of sheathe
fat, and placed in dry ice to prevent autoly-
sis. Ovaries from 10 animals per experimen-
tal or 70 animals per control group were
pooled and stored at —10° prior to the
extraction of lipids.

Isolation of lipids. Prior to extraction, the
tissue wet weight was determined for ovaries
in each group. The pooled organs for each
group were then homogenized and the total
lipid extracted in chloroform:methanol 2:1
(9). The lipid residue, determined gravi-
metrically following evaporation of solvent
is reported as total lipid. All of the solvents
employed in the lipid analyses were freshly
redistilled.

Experiment I. In the initial experiments,
we studied changes in the relative percent-
ages of individual fatty acids in several lipid
classes. Fractionation of the total lipid
extract was accomplished by utilizing three
different silicic acid column chromatographic
systems. The extract was first separated into
neutral and polar fractions by elution with
pure chloroform and pure methanol, re-
spectively (10). The neutral lipids were fur-
ther separated by stepwise elution from a
second silicic acid column with increasing
amounts of benzene in hexane (11). Al-
though five neutral lipid fractions were
obtained, ovarian arachidonate values (rela-

1 PMS, Gonadogen, supplied through the courtesy
of the Upjohn Company, Kalamazoo, Michigan.

2 HCG, Antuitrin-S, supplied through the courtesy
of the Parke-Davis Company, Detroit, Michigan.
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tive %) for only sterol esters, and partial
glycerides (mono, diglycerides) are reported
here. Elution of phospholipids from a third
silicic acid column with increasing amounts
of methanol in chloroform produced four
phospholipid fractions (12). The relative
percentage of arachidonic acid for only frac-
tions I (serine and ethanolamine phospha-
tides, cardiolipin) and II (primarily phos-
phatidyl choline, with inositol phosphatides)
are presented here.

GLC of fatty acids. The methyl esters of
the total fatty acids from each of the lipid
fractions of interest were prepared by the
hydrolysis and transmethylation of 1-2 mg
of the lipid in 6 % sulfuric acid in methanol
(13). A Barber-Coleman gas chromatograph
(Nuclear-Chicago Corp., Chicago) was used
for all analyses of fatty acid methyl esters.
The instrument was equipped with a flame-
ionization detector, and a 4 mm X 12 ft
glass column packed with 89 ethylene
glycol adipate® coated on 80/100 mesh gas
chrom P (Analabs). The column, injector
port, and detector temperatures were 185°,
225° and 250°, respectively. Nitrogen flow
through the column was maintained at 30
ml/min.

Experiment II. A separate experiment
measuring absolute amounts of arachidonic
acid by GLC was performed to verify (in
ug/pair of ovaries), the changes in arachi-
donic acid (relative %) observed in Expt L.
A fatty acid internal standard (C21:0) of
known concentration was added to each
lipid prior to preparation of fatty acid
methyl esters for GLC analysis, to ensure
accurate quantitation.

Experiment III. *H-labeled arachidonic
acid (®(H-5, 6, 8, 9, 11, 12, 14, 15-eicosatetra-
enoic acid, New England Nuclear, Boston)
was administered (ip), 5 wCi/rat, 5 rats/
group. After 20 min, the animals were sacri-
ficed, and the in vivo uptake of radioactivity
into ovarian total lipid was measured by
liquid scintillation spectrometry of the un-
fractionated total lipid.

Results. Values for relative amounts of
arachidonate in total fatty acids (relative %)
from several lipid fractions throughout the

8 Kindly given by Doctor Evan C. Horning, Di-
rector, Institute for Lipid Research, Baylor College
of Medicine, Houston, Texas.
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12-day experimental period (Expt I) are
shown in Figs. 1 and 2. In the sterol ester
fraction (Fig. 1A) PMS alone produced a
transient increase initially, followed by a
marked reduction in relative percentage of
arachidonic acid content by the 34th day
compared to controls. Addition of HCG to
PMS stimulation was associated with a
return to control levels at 38 days not found
with PMS alone.

In the partial glycerides (mono and di-
glycerides) shown in Fig. 1B a marked
reduction in relative amounts of arachidonic
acid are observed by 33 days with PMS
either alone or with HCG. The depletion of
arachidonate accompanying added HCG
appears to last longer than with PMS alone.
Significant relative amounts (10-12%) of
arachidonic acid are present even in control
animals in the partial glyceride fraction of
ovarian neutral lipids.

Marked changes in relative amounts of
arachidonic acid associated with gonado-
tropin administration are clearly evident in
both phospholipid fractions I and II (Fig. 2).
These changes appear particularly important
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Fic. 1. Effects of exogenous PMS and/or HCG
on the relative percentage of arachidonic acid con-
tained in the total fatty acids from neutral lipid frac-
tions, isolated from total lipids from immature rat
ovaries by silicic acid column chromatography;
hydrolyzed, transesterified, and measured by GLC.
(A—Unstimulated; @ —PMS (ip) at 29 days of age;
@E—PMS at 29 days of age, HCG (ip) at 32 days of
age.) Figure 1A—Sterolester fraction. Figure 1B—
Partial glyceride (mono- and diglyceride) fraction.
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Fic. 2. Effects of exogenous PMS and/or HCG on
the relative percentage of arachidonate in the total
fatty acids from phospholipid fractions, isolated from
total lipids from immature rat ovaries by silicic acid
column chromatography; hydrolyzed, transesterified,
and measure by GLC. (A—Unstimulated; @ —PMS
(ip) at 29 days of age; —PMS at 29 days of age,
HCG (ip) at 32 days of age.) Figure 1A—Phospho-
lipid fraction I; noncholine containing, phosphatidyl
ethanolamine, phosphatidyl serine, cardiolipin. Figure
1B—Phospholipid fraction II; primarily phosphatidyl
choline, with inositol phosphatides.

since arachidonic acid is a major constituent
of the fatty acids from ovarian phospho-
lipids, even in unstimulated animals in frac-
tion I (Fig. 2A). Here, it appears that
adding HCG to PMS priming reduced the
initial surge associated with PMS alone, and
led ultimately to arachidonic acid levels
comparable to controls, but which are con-
sistently much higher than those with PMS
alone between 33 and 38 days.

In phospholipid fraction II (Fig. 2B) it
can be seen that HCG, added to PMS, pro-
duced little change in the relative percentage
of arachidonic acid up to 33 days, but sub-
sequently (33-38 days), levels in PMS primed
animals fell, remaining below control values.
HCG added to PMS consistently produced
striking increases in the relative percentage
of arachidonate compared to ultimate (38
days) controls (two- to threefold), or to
PMS primed animals (five- to eightfold).
Furthermore, these changes in the relative
amounts of arachidonate accompanied in-
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creases up to tenfold in ovarian total lipid
levels (ug/pair) (Fig. 3C).

Since our earlier experiments had indi-
cated that marked changes in arachidonic
acid percentage composition in ovarian lipids
on days 32 and 33 (Expt I), we performed
additional studies (Expt II) to measure
arachidonic acid concentration (ug/pair of
ovaries) in ovarian total lipid on these 2
days. These data (Fig. 3A) indicate that
exogenous PMS, given with or without
HCG, is associated with a threefold increase
in the arachidonic acid concentration in total
lipid. These experiments which measure
absolute tissue concentrations confirm our
previous findings that PMS and HCG, are
associated with marked changes in the levels
of arachidonic acid in ovarian total lipid.

In Expt III 3H-labeled arachidonic acid
utilized as radioactive precursor further con-
firmed our unlabeled studies regarding the
effects of PMS and HCG on ovarian arach-
idonate levels. The latter data (Figs. 3B,
4B) demonstrate a marked increase in the
uptake of 3H from arachidonic acid into
ovarian total lipids with PMS alone or with
added HCG.

Discussion. As previously stated, there is
new evidence that prostaglandins are in-
volved in mammalian ovulation. In rabbits,
the levels of both PGE and PGF, measured
by radioimmunoassay rose only slightly
during the first 5 hr after mating. While the
LH surge occurs within 2 hr, prostaglandins
did not rise until just prior to ovulation at 9
hr (3). Moreover, our own studies in the
rabbit (6) and those of others in the mouse
(4), and in the bovine (5) clearly demon-
strated the stimulation of adenyl cyclase in
vitro by PGE; and PGE. in the corpus
luteum of these species.

Results of the present studies indicate
that arachidonic acid, the biosynthetic pre-
cursor of PGE; and PGF.« is first transiently
elevated, then markedly depleted from ovar-
ian neutral lipid following administration of
PMS. The depletion appears to be more
rapid and more complete when HCG is
added to PMS stimulation. PMS alone is
associated with pronounced effects on sev-
eral phospholipid fractions manifested in a
pattern of arachidonate levels clearly differ-
ent from that observed in animals receiving
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FiG. 3. Effects of exogenous PMS and/or HCG
on the uptake of arachidonic acid into ovarian total
lipid extracted from immature rat ovaries and ana-
lyzed without fractionation. Figure 3A—Arachidonic
acid content (ug/pair of ovaries) measured by GLC
with an internal standard for quantitation. Figure
3B—tritium uptake (dpm/pair of ovaries) into ovarian
total lipid, 20 min after pulse labeling with 5 uCi/rat
*H-labled C-20:4w6 (arachidonic acid), 6 animals per
group. (O—Unstimulated; Jll—PMS (ip) at 29 days;
N —PMS at 29 days, HCG (ip) at 32 days.) Figure
3C—Changes in ovarian total lipid content (ug/pair
of ovaries) determined gravimetrically (A—unstim-
ulated; @ —PMS at 29 days; [—PMS at 29 days,
HCG at 32 days.

both PMS and HCG. In the serine and
ethanolamine containing phosphatides, and
cardiolipins (phospholipid fraction I), the
early accumulation of arachidonic acid asso-
ciated with PMS administration, is appar-
ently not sustained without added HCG. On
the other hand, the choline and inositol con-
taining phosphatides (phospholoid fraction
II) appear to accumulate somewhat less
arachidonic acid in PMS primed rats,
whereas a more marked elevation is sus-
tained by the addition of HCG to PMS
stimulation.

It appears that PMS, with or without
HCG, leads to consistently marked increases
in arachidonic acid based on the amounts
per pair of ovaries for unlabeled or radio-
active fatty acid, or for total lipid as shown
in Fig. 3A, 3B, and 3C, respectively. How-
ever, comparison of these whole organ
values to those for tissue concentrations
(Fig. 4) indicates that, while uptake of
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FiG. 4. Effects of exogenous PMS and/or HCG on
the uptake of arachidonic acid into total lipid ex-
tracted from immature rat ovaries and analyzed
without fractionation. Figure 4A—Arachidonic acid
content (ug/mg ovarian total lipid) measured by GLC
with an internal standard for quantitation. Figure
4B—tritium uptake (dpm/mg total lipid) into ovarian
total lipid, 20 min after pulse labeling with 5 xCi/rat
3H-labeled C-20:4w6 (arachidonic acid), 6 rats/group.
(@—Unstimulated; Jl—PMS (ip) at 29 days N—
PMS at 29 days, HCG (ip) at 32 days.) Figure 4C—
Changes in ovarian total lipid content (pg/mg total
lipid) determined gravimetrically (A—Unstimulated;
@—PMS at 29 days; (1—PMS at 29 days, HCG at
32 days.

radioactivity from 3H-labeled arachidonic
acid increases either in the whole organ or in
the total lipid, tissue concentrations of un-
labeled arachidonate, or of total lipid ac-
tually decrease markedly, initially, and only
after 38 days return to greater than control
levels. Thus, it would appear that an imme-
diate outpouring of lipid accompanied by a
high turnover of arachidonic acid is associ-
ated with PMS administration, and is accen-
tuated or modified temporarily by added
HCG.

These findings provide the first quantita-
tive evidence for the concept that gonado-
tropins PMS and HCG are associated with
marked changes in ovarian levels of arachi-
donic acid, a major precursor of prostaglan-
dins, and thus may act as mediators of
prostaglandin biosynthesis by regulating the
uptake, storage, or release of arachidonic
acid from specific ovarian lipids. On the
basis of our own work reported here, as well
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as that of others (14), it would appear that
there are several likely sites at which gonado-
tropins might exert their effect on ovarian
prostaglandin biosynthesis. First, gonado-
tropins could act by regulating the release
of precurosr arachidonate from phospho-
lipids, triglycerides, or cholesterol esters
in situ, via effects on the activity or level of
the respective tissue esterases (phospholipase
A, tissue lipase, or cholesterol esterase). The
findings presented here, we feel, provide
strong new evidence that gonadotropins may
act at these sites in the immature rat ovary,
but certainly do not rule out the possibility
that they may act on prostaglandin synthe-
tase and thus regulate the conversion of
arachidonic acid to prostaglandins.

Summary. The influence of exogenous
PMS and/or HCG, on the arachidonic acid
(C 20:4w6) content of the immature rat
ovary was examined. Changes in ovarian
arachidonate content associated with hor-
mone administration were assessed in total
lipid extracts, and in several neutral and
phospholipid fractions. Both relative per-
centage and absolute amounts of arachidonic
acid in several lipids were measured as well
as uptake of radioactivity into total lipid
resulting from the administration of *H-la-
beled arachidonic acid in vivo.

On the basis of these studies, we conclude
(1) PMS, with or without HCG promotes
increased uptake of exogenous arachidonic
acid into ovarian total lipids; (2) Arachi-
donic acid is a major fatty acid constituent
from noncholine containing phosphatides at
the onset of normal estrous (ca. 38 days)
even in the animals which received no
PMS or HCG; (3) Changes in ovarian ara-
chidonic acid levels following gonadotropin
administration are more striking in the two
phospholipid fractions than in the two
neutral lipids examined; (4) PMS is associ-
ated with a rapid outpouring of ovarian
lipid, accompanied by a high turnover of
arachidonic acid which is enhanced or modi-
fied temporally by added HCG in vivo.

These results provide the first quantitative
evidence that gonadotropins may regulate
prostaglandin biosynthesis in the ovary by
their effects on the uptake, storage, or release
of arachidonic acid, a major PG precursor,
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from specific ovarian lipids. While the data
strongly suggest that the regulation of one
or more ovarian esterases (cholesterol ester-
ase, lipase, phospholipase) is the mechanism
by which gonadotropins regulate PG bio-
synthesis, a direct action on PG synthetase
is not ruled out.

The authors wish to thank Doctor Robert H.
Franklin for his helpful suggestions and assistance
throughout the study.

This research was supported in part by USPHS
Grant NB-4277 from the National Institute of Neu-
rological Diseases and Blindness, the Moody Founda-
tion, Galveston, Texas, and the South Carolina
Appropriations for Research.

1. Bergstrom, S., Danielsson, H., and Samuelsson,
B., Biochim. Biophys. Acta 90, 207 (1964).

2. Van Dorp, D. A, Beerthius, K., Nugteren,
D. H,, and Norkeman, H., Nature (London) 203,
839 (1964).

3. Yang, N. S. T., Marsh, J. M., and LeMaire,
W. J., Prostaglandins 4, 395 (1973).

4. Kuehl, F. A., Jr., Humes, J. L., Tarnoff, J,,
Cirillo, V. J., and Ham, E. A., Science 169, 183
(1970).

5. Marsh, J. M., in “Prostaglandins.” Ann. N.Y.
Acad. Sci. 180, 416 (1971).

6. Jonsson, H.T., Jr., Shelton, V. L., and Baggett, B,,
in “Prostaglandins and Cyclic AMP: Biological
Actions and Clinical Applications” (W. E. M
Lands and M. L. Cohn, eds.), p. 154. Academic
Press, New York (1973).

7. Jonsson, H. T., Jr., Franklin, R. R., Feldman,
G. L., and Kaufman, R. H., Fed. Proc. 25, 761
(1966) (Abstr.).

8. Parlow, A. F., in “Human Pituitary Gonado-
tropins” (A. F. Parlow, ed.), p. 301. Charles C.
Thomas, Springfield, Ili. (1961).

9. Folch, J., Ascoli, 1., Less, M., Meath, J. A, and
LeBaron, F. N., J. Biol. Chem. 191, 833 (1951).

10. Borgstrom, B., Acta Physiol. Scand. 25, 111
(1952).

11. Horning, M. G., Williams, E. A., and Horning,
E. C., J. Lipid Res. 1, 482 (1960).

12. Zilversmit, D. B., Sweeley, C. C., and Newman,
H. A. I, Circ. Res. 9, 235 (1961).

13. Feldman, G. L., Churchwell, L. M., Culp, T. W.,
Doyle, F. A., and Jonsson, H. T., Jr., Poultry
Sci. 41, 1232 (1962).

14. Behrman, H. R., MacDonald, G. J., and Greep,
R. O., Lipids 6, 791 (1971).

Received January 17, 1975. P.S.E.B.M,, 1975, Vol.
149.



