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Various steroids were tested for their effects upon gonococcal 02 consumption
and glucose catabolism. The ability to inhibit gonococcal 02 uptake appeared to
be related to the molecular configuration of the steroid. The presence of lipophilic
groups enhanced inhibition, whereas the addition of hydrophilic groups markedly
diminished inhibition. Steroid inhibition decreased with an increasing number of
polar groups. Glucose catabolism was inhibited by steroid hormones, and the
degree of inhibition was influenced by pH and medium composition. Changes in
growth medium and pH also resulted in differential steroid inhibition of 02
uptake. Under certain conditions, lactate partially relieved this inhibition. Gon-
ococci that were grown in one environment and shifted to a new environment
were inhibited by steroids to the same extent as if they had been originally grown
in the new environment. The differential effects of medium and pH upon steroid
inhibition may be due to structural rearrangements involving membrane phase
transitions or to altered receptor affinity.

The percentage of positive cultures obtained
from females with gonorrhea varies with the day
of the menstrual cycle (8, 10, 11). Maximum
recovery occurs at menstruation, whereas mini-
mum recovery coincides with the peak plasma
progesterone levels seen during week 3 of the
cycle. Plasma levels of f3-estradiol are biphasic,
with a peak at midcycle and a secondary peak
during week 3 (24, 25).

Previous reports from our laboratory have
indicated that Neisseria gonorrhoeae is unusual
among gram-negative bacteria in that its growth
is inhibited by progesterone (3, 18). Progesterone
bound to both protein and lipid components of
the cytoplasmic membrane, where it inhibited
the activities of respiratory enzymes (14, 18).

This study investigates the inhibitory activi-
ties of various steroids and their derivatives on
gonococcal respiration to ascertain the molecu-
lar characteristics necessary for inhibition. In
addition, environmental parameters which
might influence the outcome of steroid-cell in-
teractions were examined.

MATERIALS AND METHODS
Organisms. N. gonorrhoeae CS-7 was used

throughout this study. Isolation, characteristics, and
maintenance of this strain have been described previ-
ously (16, 19). Strains 1384 and 2024 are auxotrophic
for arginine, hypoxanthine, and uracil (AHU strains)
and were isolated from disseminated infections (17).
Strain F62, colony types 1 and 4, was obtained from
the Neisseria Reference Laboratory, Public Health
Service Hospital, Seattle, Wash.
Medium and growth conditions. Gonococci were

grown in either a complex medium (CM; 19) lacking
soluble starch or in a defined medium (DM) supple-
mented with hypoxanthine and uracil (17). Both CM
and DM were buffered with 30mM N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES) and ad-
justed to the desired pH with NaOH or HCL. Liquid
media were inoculated with cells obtained by suspend-
ing the growth on corresponding solid agar medium
after incubation overnight at 37°C with increased CO2
(4% CO2). All liquid cultures were incubated at 37°C
with shaking. Turbidity was measured at 540 nm with
a Klett-Summerson colorimeter.
Chemicals and radioisotopes. Steroid hormones

were obtained from Sigma Chemical Co., St. Louis,
Mo. [1-'4C]glucose (specific activity, 9.6 mCi/mmol)
was obtained from New England Nuclear Corp., Bos-
ton, Mass. All other reagents were of analytical grade.
02 uptake. 02 uptake was measured with a Yellow

Springs Instrument Co. model 53 oxygen monitor at-
tached to a circulating water bath adjusted to 37°C.
Exponential-phase cultures of gonococci were diluted
with fresh medium, sparged, and added to the elec-
trode chambers at a cell density of ca. 2.0 x 108 in a
volume of 4 ml. The number of cells was determined
by visual counts with a Petroff-Hausser counting
chamber. Diplococci were counted as two cells. When
CM was used for diluent, the growth factor supple-
ment (19) was omitted since its presence caused 02
uptake. When DM was used for diluent, solution III
was omitted. Each diluent contained 5 mM glucose.
When the rate of 02 uptake was linear, steroids

dissolved in absolute ethanol were added to the cham-
bers to a final concentration of 40 jig per 5 x 107 cells.
Inhibition was recorded as the percentage of the orig-
inal rate of 02 uptake 10 min after steroid addition.
With ,8-estradiol diacetate, inhibition was biphasic and
was recorded from the linear portion of each curve
regardless of the time. The final concentration of
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ethanol was <0.4% and did not inhibit growth or 02

uptake.
The relative concentrations of 02 in each medium

at each pH were determined by comparison of air-
saturated media to air-saturated 0.02 M sodium phos-
phate buffer (pH 7.4). The absolute concentration of
02 in the phosphate buffer was determined by the
method of Robinson and Cooper (23). Absolute con-

centrations of 02 in the growth media could not be
directly determined by this method. Relative 02 con-

centrations in each medium were within 2% of each
other.

Respiratory quotients (Q02) were determined for
cells under each set of conditions and are expressed as
microliters of 02 consumed per minute per 10i cells.

Radiorespirometry. Cultures were harvested dur-
ing the exponential phase of growth (120 Klett units),
centrifuged, and resuspended in the appropriate me-
dium to a cell density of 5 x 10' cells per ml. The
techniques for measuring C02 release from radiola-
beled glucose have been previously described (19).
Samples of respiratory '4CO2 were collected every 10
min for 80 min. At 30 min, steroid hormones dissolved
in absolute ethanol were added to the cell suspensions
to a concentration of 60 ,tg per 5 x 10' cells. An
identical amount of ethanol was added to a cell sus-

pension not receiving hormones.

RESULTS
Effect of various steroids on 02 uptake.

A spectrum of inhibitory activity was observed
when various steroids were tested for their abil-
ity to inhibit 02 uptake of exponential-phase
gonococci (Table 1). Among the steroid hor-
mones, the estrane derivatives exhibited the
least inhibition. Notable exceptions were ethy-
nyl estradiol and its 3-methyl ether, norethynod-
rel, and norethindrone acetate, all of which are

used as estrogenic components of birth control
pills. Norethindrone acetate possesses both an

acetyl chain and an a-ethynyl group (-C=CH)
at C-17 (Fig. 1). Norethynodrel and ethynyl
estradiol and its 3-methyl ether, which possess
the a-ethynyl group but lack the acetyl group,
were far less inhibitory toward gonococci than
was norethindrone acetate.,B-Estradiol diacetate
was unusual in that its inhibition was biphasic;
the dipropionate derivative did not exhibit bi-
phasic inhibition.

Progesterone was the most inhibitory preg-
nane derivative tested. The addition of hydroxyl
or acetoxy groups at C-11 or C-17 reduced the
inhibition. The addition of a methyl group at C-
6 and an acetoxy group at C-17 (medroxyproges-
terone acetate) completely abolished inhibition.
5,8-Pregnan-3,20-dione, which closely resembles
progesterone, lacking only the double bond be-
tween C-4 and C-5, was half as inhibitory as

progesterone. Pregnenolone, an intermediate in
progesterone synthesis, and its acetate deriva-
tive exhibited no inhibitory effects. The adren-

TABLE 1. Effect of various steroids on 02 uptake of
N. gonorrhoeae CS- 7a

Steroid ~~~%OriginalSteroid 02 uptakeb

Estrane derivatives,B-Estradiol 81
a-Estradiol 85
,6-Estradiol diacetate .. 56-94C
Bi-Estradiol dipropionate ................ 96
Ethynyl estradiol ...................... 71
Ethynyl estradiol-3-methyl ether ........ 47
Norethynodrel 72
Norethindrone acetate .................. 14

Pregnane derivatives
Progesterone .......................... 25
lla-Hydroxyprogesterone 81
17a-Hydroxyprogesterone 95
lla-Acetoxyprogesterone ........ ....... 77
5/8-Pregnan-3,20-dione .................. 54
Pregnenolone 100
Pregnenolone acetate ................... 98
Medroxyprogesterone acetate ........... 100
Cortisone ............................. 100
Hydrocortisone ........................ 100
Corticosterone ......................... 81
Deoxycorticosterone .................... 88

Androstane derivatives
Testosterone .......................... 64
Testosterone acetate .......... ......... 15
Testosterone propionate ........ ........ 19
Testosterone-17#-hemisuccinate ......... 86
19-Nortestosterone 96
Androstandione 84
Androstendiol ......................... 79
Dehydroisoandrosterone 84

Miscellaneous
Cholesterol 95
Diethylstilbestrol ............ .......... 4

a Gonococci were grown in a complex liquid medium (pH
7.2) with glucose at 37°C with shaking. Cells were diluted with
fresh medium to approximately 5 x 107 cells per ml. Steroids
were added to a final concentration of 40ug per 5 x 107 cells.

'Determined from the linear rate 10 min after steroid
addition.

'Inhibition was biphasic.

ocorticosteroids tested were not very inhibitory.
Cortisone and hydrocortisone had no effect on
02 uptake. Corticosterone and deoxycorticos-
terone were only slightly inhibitory, which is
interesting since deoxycorticosterone only dif-
fers from progesterone by the presence of a
hydroxyl group at C-21.

Inhibition by testosterone was enhanced by
the addition of acetate or propionate groups; the
hemisuccinate form was not very inhibitory. The
C-19 methyl group was apparently important for
inhibition, since 19-nortestosterone did not in-
hibit 02 uptake. Androstandione, androstendiol,
and dehydroisoandrosterone, which lack the C-
4,5 double bond and have altered polarity, were
less inhibitory.

Cholesterol, the only sterol tested, had essen-
tially no inhibitory effect. Diethylstilbestrol, a
synthetic estrogen, was markedly inhibitory and
was the most inhibitory compound tested.
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FIG. 1. Structures of some common steroid hor-
mones: (1) M4-androsten-1713-ol-3-one (testosterone);
(2) A", 3, 5""0' -estratriene-3,17f8-diol (estradiol); (3) A4-
pregnen-3,20-dione (progesterone). The ring desig-
nations ofprogesterone are indicated by capital let-
ters. The carbon atoms are numbered. Carbons at C-
18 and C-19 are methyl groups in a fl-configuration
which rise toward the viewer. Groups with an a-

designation recede into the page.

Inhibition of glucose metabolism. Se-
lected steroid hormones were tested for their
ability to inhibit the release of "CO2 from [1-
14C]glucose by gonococci grown in two types of
media at three different pH values. The rates of
1"CO2 production were lower in DM than in CM
at each pH examined. Figure 2 shows that, when
gonococci were grown in CM at pH 7.2, glucose
catabolism was inhibited in an increasing order
of effectiveness by ,B-estradiol diacetate, proges-
terone, and testosterone acetate. Increasing the
pH to 8.0 decreased the inhibition, whereas de-
creasing the pH to 6.2 increased the inhibition.
Increasing the pH of DM from 7.2 to 8.0, or

decreasing the pH to 6.2, reduced the rates of
1"CO2 production by untreated cells. However,
when gonococci were grown in DM at pH 7.2,

inhibition by steroids was not as marked as in
CM; in fact, ,B-estradiol diacetate did not inhibit
"4CO2 release at all at pH 7.2 or 8.0. When grown
in DM, gonococci were inhibited by f8-estradiol
diacetate only at pH 6.2. Contrary to the results
obtained in CM, inhibition by progesterone and
testosterone acetate was greater for cells grown
in DM at pH 8.0 than at pH 7.2. Inhibition by
these two steroids was greatest when gonococci
were grown in DM at pH 6.2.

Effects of medium and pH on steroid in-
hibition of 02 uptake. Changes in the growth
medium and pH resulted in differential effects
of steroid hormones on 02 uptake by exponen-
tial-phase gonococci (Table 2). Gonococci grown
in CM were inhibited least at pH 6.2; this inhi-
bition was partially reversed by the addition of
5 mM L-lactate. Gonococci grown in CM at
either pH 7.2 or 8.0 were inhibited to the same
extent by the testosterones and progesterones.
The estradiols were more inhibitory at pH 8.0.
L-Lactate did not increase 02 uptake of either
treated or untreated cells grown at pH 7.2 or 8.0
in CM. When L-lactate was added to untreated
cells at pH 6.2, the rate of 02 uptake increased
by 14%. When L-lactate was added to steroid-
treated gonococci atpH 6.2, the rate of02 uptake
increased to the same extent as the untreated
control. This effect was also seen with gonococci
grown in DM.
The 02 uptake of gonococci grown in DM was

inhibited to a greater extent at pH 6.2 and 8.0
than at pH 7.2. With the exception of testoster-
one acetate, little inhibition was evident at pH
7.2. In general, inhibition was greatest at pH 6.2,
exactly the opposite result from that of cells
grown in CM. As seen with CM, the inhibition
of fl-estradiol diacetate was greatest at pH 8.0
and was generally less than that observed with
progesterone or testosterone acetate. Overall,
the inhibition of 02 uptake of DM-grown gono-
cocci was less than that of CM-grown cells at
each pH tested. The addition of 5 mM L-lactate
increased the 02 uptake of DM-grown cells at
each pH; the extent of lactate oxidation in-
creased with a decrease in pH.
The decreased inhibition of 02 uptake with

DM-grown cells was not due to a dilution effect
of steroid action by an increased content of
respiratory components. Table 3 shows that the
Q02 of DM-grown cells was less than that of
CM-grown cells and that it decreased with pH.
However, since inhibition of DM-grown cells
was greater at pH 6.2, and inhibition of CM-
grown cells was least at pH 6.2, no correlation of
Q02 with steroid inhibition could be made.
Effect of environmental shift. Gonococci

were grown in one environment and shifted to a
new environment to determine whether the dif-

VOL. 18, 1980



ANTiMICROB. AGENTS CHEMOTHER.
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MINUTES

FIG. 2. Inhibition by steroids of the utilization of glucose by N. gonorrhoeae strain CS-7 while growing
under different conditions of medium and pH. Steroids were added after 30 min to a concentration of 60 pg
per 5 x 1(t cells. Symbols: (0) flasks receiving only absolute ethanol, no steroids; ((,i) flasks receiving ,8-
estradiol diacetate; (A) flasks receiving progesterone; (E) flasks receiving testosterone acetate.

ferential effects of steroid hormones upon 02
uptake were due to phenotypic modification.
The results are shown in Table 4. ,B-Estradiol
diacetate was used because the biphasic nature

of its inhibition gave two points of reference.
When gonococci were grown under one set of
conditions and shifted to either a different
growth medium or a different pH, the degree of
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TABLE 2. Differential effects of steroid hormones at threepH values in two types ofgrowth mediaa
% of original oxygen uptake

pH 8.0 pH 7.2 pH 6.2
Medium Steroid

After 40 ig/ After 5 mM After 40pug/ After 5 mM After 40 After 5 mM
5 X 107 cells L-lactateb 5 x 107 cells L-lactate jg/5 x 10 L-lactatecells

CM None 100 NEC 100 NE 100 114
fl-Estradiol 69 NE 81 NE 91 104 (114)d
fi-Estradiol 13-46e NE 50-89 NE 58-88 96 (109)

diacetate
Progesterone 30 NE 27 NE 63 72 (114)
lla-Hydroxy- 80 NE 81 NE 81 98 (121)
progesterone

Testosterone 67 NE 64 NE 89 102 (115)
Testosterone 17 NE 15 NE 27 33 (122)

acetate

DM None 100 150 100 162 100 180
f,-Estradiol 98 136 (139) 108 189 (175) 74 138 (186)
,8-Estradiol 27-64 76 (119) 87-108 173 (160) 72-89 136 (153)

diacetate
Progesterone 63 69 (110) 91 104 (114) 55 105 (191)
lla-Hydroxy- 98 138 (141) 96 161 (168) 56 136 (243)
progesterone

Testosterone 98 143 (146) 95 139 (146) 86 133 (155)
Testosterone 23 27 (117) 66 99 (150) 48 90 (188)

acetate
a Results represent the average of at least two separate determinations.
b Added to the same electrode chamber 15 min after steroid addition.
c NE, No effect.
d Percentage of the inhibited rate is given in parentheses.
'Inhibition by ,B-estradiol diacetate was biphasic.

TABLE 3. Growth of N. gonorrhoeae strains at
three differentpH values in two types ofgrowth

mediaa

Strain Medium pH QO2b Generation

CS-7 CM 8.0 0.402 1.5
CS-7 CM 7.2 0.358 1.5
CS-7 CM 6.2 0.312 2.25
CS-7 DM 8.0 0.286 1.24
CS-7 DM 7.2 0.232 1.25
CS-7 DM 6.2 0.186 2.5
F62 (TI) CM 7.2 1.65 2.25
F62 (T4) CM 7.2 0.820 1.25
1384 CM 7.2 0.394 1.9
2024 CM 7.2 0.340 1.4

a Values represent averages of at least two deter-
minations.

b Expressed as microliters of 02 consumed per min-
ute per 108 cells.

steroid inhibition was as if the cells had been
grown in the new environment. The best corre-
lation was observed when the medium remained
constant and the pH was shifted.
Effects of steroids on various strains of

N. gonorrhoeae All previous results were ob-
tained with strain CS-7. We examined other
strains to determine if the inhibition of 02 Up-

take by steroid hormones was a strain-related
phenomenon. The data presented in Table 5
indicated that there was strain variation in sus-
ceptibility to steroid inhibition. Within the same
strain, there appeared to be some variation be-
tween colony types, as shown for strain F62.
However, this observation was hampered by the
tendency of cells from Ti colonies to clump,
thereby lending inaccuracy to Petroff-Hausser
cell counts. Experiments with the Ti cells were
standardized by adding steroids relative to the
rates of original 02 uptake, and not solely rela-
tive to the cell number counted. It is quite
possible that the number of cells present was
underestimated, resulting in an erroneously high
Q02 for Ti cells (Table 3). If this were true, the
steroid-to-cell number ratio would be lower for
Ti than for T4 cells. This would mean that Ti
cells are more susceptible to steroid inhibition
than T4 cells.

All of the strains listed in Table 5 were in-
hibited to a much greater extent with ,8-estradiol
diacetate and to a lesser extent by progesterone
than was strain CS-7. Between the AHU strains,
strain 2024 was much more susceptible to ,B-
estradiol diacetate, whereas inhibition of 02 Up-
take by the other steroids was comparable.

VOL. 18, 1980



TABLE 4. Effects of/3-estradiol diacetate on gonococcigrown and diluted into the same or a different medium
Diluted into the same medium Diluted into different medium or pH'

Growth
medium, % Original 02 uptake Growth medium, pH Dilution medium, pH % Original 02 uptake
pH

CM, 8.0 13-46b DM, 8.0 CM, 8.0 9-43
CM, 7.2 50-89 DM, 7.2 CM, 7.2 23-66
CM, 6.2 58-88 CM, 8.0 CM, 6.2 57-88
DM, 8.0 27-64 DM, 6.2 DM, 8.0 20-65
DM, 7.2 87-108 CM, 7.2 DM, 7.2 99-112
DM, 6.2 72-89 DM, 7.2 DM, 6.2 75-85

a Dilutions were at least 1:20 from an exponential-phase culture.
b Inhibition was biphasic.

TABLE 5. Effects of steroid hormones on different strains of N. gonorrhoeaea

% Original 02 uptake
Steroidb AHU 1384 AHU 2024 F62 (Ti) F62 (T4)

f,-Estradiol 89 85 75 70
,B-Estradiol diacetate 16-50c 6-13 2-21 10-33
Progesterone 45 40 49 56
lla-Hydroxyprogesterone 100 82 98 80
Testosterone 78 82 81 81
Testosterone acetate 18 19 17 15

a Cells were grown and tested in CM, pH 7.2.
b Steroids were added to a final concentration of 40 jig per 5 x 107 cells.
'Inhibition was biphasic.

DISCUSSION

The inhibition of 02 uptake appears to be
related to the molecular configuration of the
steroid (see Fig. 1). The progesterone molecule
loses inhibitory activity when its planarity and
polarity are altered. The trans arrangement of
the A-B ring junction helps the molecule to form
a flat plane; the presence of a 5,B-hydrogen re-
sults in a cis arrangement. The latter produces
an altered conformation of the A-ring, destroy-
ing planarity and apparently modifying the
mode of action, as seen with 5,B-pregnan-3,20-
dione. The addition of various groups at C-6 or
C-il apparently causes steric interference (26),
resulting in diminished inhibitory activity in our
system as well as in a mitochondrial system (26).
Similar structural requirements have been found
to be important for such diverse biological func-
tions as sterol metabolism in yeast (20), estro-
genicity, and androgenicity (20) and for steroid
inhibition of reduced nicotinamide adenine di-
nucleotide oxidase activity of heart muscle mi-
tochondria (26). The latter has an electron trans-
port system similar to that of the gonococcus
(29).
The increase in polarity resulting from the

addition of hydroxyl groups at C-11, -17, or -21
may account for the lack of inhibitory activity
of the adrenocorticosteroids. According to the

polarity rule, the binding affinity between a pro-
tein and a steroid decreases with an increasing
number of polar groups (28). Similarly, the al-
terations in polarity among testosterone deriva-
tives substituted at C-3 and C-17 may account
in part for the differences in activity seen here
and with heart muscle sarcosomal fragments
(26).
Progesterone was the best inhibitor among

the naturally occurring steroid hormones tested
for their ability to inhibit gonococcal 02 uptake.
The steroid hormone derivatives that had the
greatest inhibitory effect were norethindrone
acetate, testosterone acetate, and testosterone
propionate. What these molecules have in com-
mon is the presence of less polar, more lipophilic
groups in the /8 position at C-17: -CO-CH3
for progesterone, -0--CO-CH3 for norethin-
drone acetate and testosterone acetate, and
-0--CO-CH2-CH3 for testosterone propio-
nate. The more hydrophobic acetate and diace-
tate derivatives have also been found to be more
inhibitory for mitochondrial reduced nico-
tinamide adenine dinucleotide oxidase (26). Pre-
vious studies have shown that bound progester-
one associates with protein- and lipid-containing
cell fractions of N. gonorrhoeae (14, 18). Thus,
the presence ofthese additional lipophilic groups
would augment the transmembrane diffusion of
steroid molecules through the hydrocarbon in-
terior of the outer membrane (21).
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Glucose catabolism was inhibited by lower
concentrations of steroids than were needed to
inhibit 02 uptake. However, comparison may be
difficult because of the difference in experimen-
tal conditions. 02 uptake experiments utilized
growing cells diluted with fresh media to a suit-
able concentration. Radiorespirometric experi-
ments required the centrifugation, resuspension,
and starvation of the cells to remove exogenous
and endogenous glucose before the addition of
radiolabeled substrate. Gonococci may have
been stressed during this manipulation, resulting
in an increased sensitivity to steroids. However,
steroid inhibition of glucose catabolism was al-
ways compared to '4CO2 release from the same
cells receiving ethanol, but not steroids. The
mechanism by which steroids inhibit glucose
catabolism is probably indirect. Previous results
showed that the reduced nicotinamide adenine
dinucleotide oxidase and cytochrome b L-lactate
dehydrogenase activities of gonococcal mem-
brane preparations were inhibited by progester-
one (18). Recently, it was observed that gonadal
steroid hormones had no effect upon the activity
of partially purified gonococcal glucose 6-phos-
phate dehydrogenase (A. F. Cacciapuoti and S.
A. Morse, Can. J. Microbiol., in press). Our
finding that steroids inhibit the respiration of
growing gonococci supports the conclusion that
the binding of steroids to the cytoplasmic mem-
brane perturbs electron transport (14, 18). The
inhibition of energy generation may therefore
affect related phenomena, such as active trans-
port, or the recycling of reduced pyridine nu-
cleotides which regulate glucose catabolism.

Differences between the inhibition of 02 Up-
take of DM- and CM-grown cells may be the
result of media components and not due to in-
trinsic differences in the composition ofthe cells.
Preliminary results (data not shown) suggest
that the fatty acids present in proteose peptone
no. 3 may be responsible for the increased inhi-
bition of 02 uptake of CM-grown gonococci.
Fatty acids are inhibitory to the growth of gon-
ococci in vitro (13), and fatty acid acyl coenzyme
A derivatives inhibit glucose 6-phosphate dehy-
drogenase activity (Cacciapuoti and Morse, in
press). Fatty acids are present in human vaginal
secretions (22) and may potentiate the activity
of steroids or cause a more effective partitioning
of the steroids into the lipid phase of the gono-
coccal cell membranes.

02 uptake by gonococci grown under one set
of conditions and diluted into different condi-
tions was inhibited by steroids to the same ex-
tent as when cells had been grown originally in
the diluting medium. Therefore, the differential
effects were not due to synthesis ofnew envelope
components. The differential effects ofpH upon
steroid inhibition may involve changes in mem-

brane fluidity due to temperature-dependent
phase transitions. These phase transitions can
be influenced by growth medium (2, 5, 6), pH (1,
7, 27), and cation concentrations (7, 27; K.A.E.
Lysko, Ph.D. thesis, University of Massachu-
setts, Amherst, 1980). Alternatively, changes in
pH could affect the interaction between steroids
and the gonococcal cell envelope. Steroid hor-
mones are not charged at physiological pH (28);
however, the pH change may affect the affinity
between steroids and cell membrane receptors.
The affinity of al-acid glycoprotein for proges-
terone decreases with a decrease in pH (4). A
similar change in affinity could be responsible
for the reduced inhibition of 02 uptake by pro-
gesterone when cells were tested at pH 6.2.

Since L-lactate partially relieved steroid inhi-
bition of 02 uptake, the oxidation of lactate may
have survival value for the gonococcus. Al-
though cytochrome b L-lactate dehydrogenase
activity in gonococcal membrane preparations
was inhibited by progesterone, the addition of
lactate to gonococcal growth media partially
prevented progesterone inhibition of growth
(18). In the present study, we find that L-lactate
is serving as an alternate electron donor and that
its oxidation is affected by steroid hormones.
The addition of L-lactate to steroid-treated gon-
ococci did not increase the rate of 02 uptake to
that of untreated cells, but only increased the
rate relative to the degree of inhibition. We
suggest that it is the total capacity for 02 con-
sumption that is diminished and that steroid
inhibition of 02 uptake in the gonococcus is a
general phenomenon occurring at the membrane
level and not due to action upon a particular
component of the respiratory chain.

Progesterone in normal human females
reaches a serum level of 10 to 30 ng/ml about 8
days after ovulation (9, 24, 25). The total number
of gonococci in the cervicovaginal area ofwomen
with gonorrhea has been estimated to average
1.5 x 105 colony-forming units, with a range from
4.0 x 102 to 1.8 x 107 colony-forming units (12).
In our experiments, progesterone inhibited O2
uptake >50% at a concentration of 40 ,ug per 5
X 107 cells. Due to limitations in the sensitivity
of the assay, we could not measure 02 uptake at
a 1,000-fold lower cell concentration, where we
might have tested for inhibition by in vivo levels
of steroid. Therefore, a direct extrapolation from
our studies to what might occur under in vivo
conditions cannot be made at this time. How-
ever, the high surface-volume ratio of gonococci
may favor steroid interaction in a dilute system.
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