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ABSTRACT 
This report describes the development of a specific and sensitive 

assay for inhibin B and its application to the measurement of inhibin 
B concentrations in plasma during the human menstrual cycle. A 
monoclonal antibody raised against a synthetic peptide from the PB- 
subunit was combined with an antibody to an inhibin o-subunit se- 
quence in a double antibody enzyme-linked immunosorbent assay 
format. The validated assay had a limit of detection of 10 pg/mL and 
0.5% cross-reactivity with inhibin A. 

Using this immunoassay, we found that the plasma concentration 
of inhibin B rose rapidly in the early follicular phase to a peak of 85.2 
2 9.6 pg/mL on the day after the intercycle FSH rise, then fell pro- 
gressively during the remainder of the follicular phase. Two days after 

the midcycle LH peak, there was a short lived peak in the inhibin B 
concentration (133.6 ? 31.2 pg/mL), which then fell to a low concen- 
tration (~20 pg/mL) for the remainder of the luteal phase. In contrast, 
the inhibin A concentration was low in the early follicular phase, rose 
at ovulation, and was maximal during the midluteal phase. The con- 
centration of inhibin B in individual follicular fluid samples was 20- 
to 200-fold higher than the concentration of inhibin A and was highest 
in follicular fluid samples from the early follicular phase. 

Inhibin B appears to be the predominant form of inhibin in the 
preovulatory follicle. The different patterns of circulating inhibin B 
and inhibin A concentrations observed during the human menstrual 
cycle suggest that these forms may have different physiological roles. 
(J Clin Endocrinol Metab 81: 1401-1405, 1996) 

T HE NONSTEROIDAL hormone, inhibin, is defined by 
the property of suppression of gonadotropin secretion 

(1). The role of this hormone in the follicular phase of the 
female menstrual cycle, however, has been controversial. 
This is largely because previous measurements of inhibin 
have shown no change in concentration during the early 
follicular phase, with maximum levels occurring after ovu- 
lation (2, 3). Inhibin, however, exists in a wide variety of 
forms; the bioactive molecules consist of an a-subunit dis- 
ulfide-linked to either a PA-subunit (inhibin A) or a PB- 
subunit (inhibin B) (1). Early techniques for inhibin immu- 
noassay had extensive cross-reaction with potentially 
inactive precursor forms (4). More recently, double antibody 
enzyme-linked immunosorbent assays (ELISAs) have been 
developed that are specific for dimeric inhibin (2,5,6). Only 
one assay has had sufficient sensitivity to measure plasma 
concentrations throughout the female menstrual cycle (2). 
However, it has been unclear whether this assay format 
could distinguish between inhibin A and inhibin B. Indeed, 
the demonstration of specificity for the A and B forms of 
inhibin has been hampered until recently by the lack of a 
suitable inhibin B standard. 

We report here that our previously described assay for 
dimeric inhibin (2) does not cross-react with inhibin B and is, 
thus, specific for inhibin A forms. The development is re- 
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ported here of the first highly sensitive assay format with 
specificity for inhibin B, and this is used to study changes in 
the circulating concentration of inhibin B during the normal 
female menstrual cycle. 

Materials and Methods 

Subjects 

Daily plasma samples were collected for at least 5 weeks from six 
women (aged 25-39 yr) with regular menstrual cycles of between 26-31 
days in duration. The period of sampling was extended to include one 
complete menstrual cycle as well as one luteal-follicular transition for 
each woman. Eight other women with regular menstrual cycles who 
were undergoing laparotomy for benign gynecological conditions at 
different stages of the physiological follicular phase underwent aspira- 
tion of the largest visible ovarian follicle at the time of surgery. All 
subjects studied were healthy, and none had received any form of 
hormonal therapy within the preceding 3 months. All samples were 
stored at -20 C. The plasma samples were assayed for dimeric inhibin 
(inhibin A), inhibin B, estradiol, progesterone, LH, and FSH. The fol- 
licular fluid aspirates were assayed for inhibin A, inhibin B, estradiol, 
and testosterone. 

Informed consent was obtained from all subjects. All studies were 
approved by the Lothian ethics of medical research committee, repro- 
ductive medicine subcommittee. 

Inhibin B assay 

Monoclonal antibodies. Preparation of the Rl monoclonal antibody react- 
ing with the human inhibin a-subunit and preparation and use of its 
F(ab) fragment coupled to alkaline phosphatase have been previously 
described for use in our inhibin A assay (2, 7, 8). A new monoclonal 
antibody to the inhibin PB-subunit was made by immunizing HPG 
hypogonadal mice with a synthetic peptide from near the C-terminal of 
the mature /3B-subunit (9). The synthetic peptide IPTKLSTMSMLYFD- 
DEYNI VKRDVPNMIVEECG, made by standard Fmoc chemistry (lo), 
was coupled to tuberculin and used to immunize BCG-primed mice, as 
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described previously for a similar peptide from the PA-subunit (8). The 
mice were immunized SC three times at monthly intervals with conjugate 
containing 50 pg peptide in Freund’s incomplete adjuvant. Finally, the 
mice were boosted iv with the same amount of antigen in saline. Four 
days later, the spleen was removed, and the splenocytes were fused to 
SP2/0 myeloma cells using polyethylene glycol and standard protocols 
(11). The fusion supernatants were screened using microplates coated 
with purified porcine activin B and standard ELISA procedures, as 
previously described (7,8). Clone C5, secreting an IgG2a antibody, was 
selected on the basis of its strong ELISA reaction. The hybridoma was 
grown to produce ascites fluid in nude mice, and the IgG was purified 
by protein chromatography by standard methods (12). 

Inhibin B standard. Recombinant human inhibin B was used as the stan- 
dard. The material was prepared at Genentech (South San Francisco, CA) 
by coexpression of the human inhibin (Y and PB genes in Chinese hamster 
ovary cells. Conditioned medium was collected, and inhibin B was 
purified using several steps. These steps include anion exchange chro- 
matography on diethylaminoethyl-Seiharose, hydrophobic interaction 
chromatograuhv on uhenvl-Tovouearl and uhenvl-SeDharose CL-4B. 

“ I ,  I  3 31 1 _I I  

and gel filtration chromatography on Sephacryl S-100. This procedure 
produces highly purified inhibin B (>95%), and the protein concentra- 
tion of the purified material was determined by either amino acid anal- 
ysis or absorbance at 280 nm using an extinction coefficient of 1.5. The 
identity of the final material was confirmed by N-terminal sequencing. 
Amino acid sequencing revealed only two sequences: STPLMSWPWSP- 
SALR (170 pmol), corresponding to the expected intact amino-terminal 
of the a-subunit, and GLEXDGRTNLXXRQQ (215 pmol), corresponding 
to the expected amino-terminal of the PB-subunit. The slight excess of 
the latter may be accounted for by the presence of trace amounts of 
contaminating activin dimer seen on the silver-stained gel (estimated to 
be <5% of protein, but with two sequences per dimer) or by the presence 
of N-terminally truncated forms of the inhibin dimer. However, if these 
were present, they were not detected by sequencing and, therefore, did 
not constitute a major contaminant. Truncation of the N-terminus, which 
has been observedpreviously during purification and storage of inhibin 
A, does not affect the bioactivity of inhibin A (our unpublished results), 
but would eliminate the epitope detected by the Rl monoclonal antibody 
in both our inhibin A and inhibin B ELISAs. 

ELISA procedure for inhibin B. The monoclonal antibody C5 was bioti- 
nylated by standard procedures (12) and reacted with commercially 
available streptavidin-coated microplates (Polymer Laboratories, 
Church Stretton, UK). To each well of (he dry streptavidin plates, 50 PL 
5 tie/mL C5 IeG in 1% (wt/vol) BSA were added. The plates were then 
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incubated oveynight at room temperature, shaken dry,*and blocked by 
the addition of 100 PL 1% (wt/vol) BSA in 25 mmol/L Tris-HCI buffer, 
pH 7.5, containing 0.1% (wt/vol) sodium azide. Coated plates were 
stored in this form in a moist box at 4 C and washed immediately before 
use with ELISA wash solution [0.05% (wt/vol) Tween 20 and 0.15 mol/L 
NaCl in 0.05 mmol/L Tris-HCl (pH 7.5)]. 

Recombinant inhibin B standards were diluted in postmenopausal 
human serum. Fifty microliters of 6% (wt/wt) aqueous SDS (Sigma 
Chemical Co., Poole, UK) were added to lOO-PL portions of standards 
or patients’ plasma samples in Eppendorf tubes. The tubes were heated 
at 100 C for 3 min and cooled, followed by the addition of 100 PL assay 
diluent. The assay diluent was 5% (wt/vol) Triton X-100 (Sigma), 10% 
(wt/vol) BSA (A3294, Sigma), 5% mouse serum (Serotec, Kidlington, 
UK), and 0.15 mol/L NaCl in 25 mmol/L Tris-HCl buffer, pH 7.5. To 
each tube were added 50 /.LL 6% (wt/voi) hydrogen peroxide (BDH, 
Poole, UK), and the samples were allowed to stand for 30 min at room 
temperature. This step oxidizes methionine residues in the epitope for 
the C5 monoclonal and improves immunoreactivity. A similar proce- 
dure was previously described for our inhibin A assay (2, 13). 

A C5 monoclonal antibody-coated microplate, prepared as described 
above, was washed and shaken dry, and 100 PL of each treated sample 
were added in duplicate to the plate. The plate was covered and incu- 
bated overnight on a shaker at room temperature. The following day, the 
plate was washed, and 50 PL F(ab) Rl alkaline phosphatase conjugate 
were added in assay diluent. The optimal concentration of this was 
determined for each batch of conjugate. The plate was shaken at room 
temperature for 1 hand thoroughly washed before the addition of 50 PL 
alkaline phosphate substrate (BRL, Paisley, UK) before being covered 

and shaken for 2 h at room temperature. After this time, 50 PL amplifier 
(BRL) were added to each well, and color was allowed to develop for 
lo-20 min. The reactions were then stopped by the addition of 50 WL 0.4 
mol/L HCl to each well, and the plate was read at 490 nm on an 
automated ELISA plate reader (Biotek Instruments, Winooski, VT). 
Curve fitting and dose interpolation were performed by software as- 
sociated with the reader. 

Assay performance. The assay detection limit was less than 10 pg/mL. 
Activin A, activin B, follistatin, and purified human pro-& had less than 
0.1% cross-reaction, whereas recombinant inhibin A had 0.5% cross- 
reaction in the inhibin B ELISA. Within- and between-plate coefficients 
of variation (CVs) were less than 10%. Recovery of inhibin B spiked into 
female plasma samples was quantitative (mean, 115%; n = 5). Serially 
diluted patient samples gave dose responses parallel to that of the 
recombinant standard (Fig. 1). 

Other assays 

Inhibin A assays were carried out as previously described (2). Activin 
A, activin 8, follistatin, and inhibin B all had less than 0.1% cross- 
reaction, thus indicating that this assay is specific for inhibin A. The 
assay sensitivity was 2 pg/mL. 

The concentrations of FSH and LH were measured by previously 
described RIAs (14), with assay sensitivities of 0.9 and 0.8 IU/L, re- 
spectively, and within-assay variabilities of 5.0% and 4.6%, respectively. 
Testosterone was measured by a previously described RIA (15). Pro- 
gesterone was assayed in duplicate by direct RIA with a sensitivity of 
0.6 nmol/L, an interassay CV of 15.0%, and a within-assay CV of 6.4%. 
Estradiol was assayed by RIA after extraction by diethyl ether (14). The 
assay sensitivity was 25 pmol/L, and the inter- and intraassay CVs were 
15.8% and 4%, respectively. 

All data on plasma hormone concentrations are expressed as the 
mean t sEM. 

Results 

The mean concentrations of inhibin A, inhibin B, LH, FSH, 
estradiol, and progesterone through a normal menstrual cy- 
cle are shown in Fig. 2 aligned relative to the day of the 
midcycle plasma LH peak. Each of the six subjects under- 
going daily sampling was judged to have ovulated during 
the study cycle, as demonstrated by a midcycle LH peak and 
serial changes in the concentrations of estradiol and proges- 
terone. To demonstrate changes relative to the luteal-follic- 
ular transition, the mean concentrations of inhibin A, inhibin 
B, FSH, and estradiol were aligned relative to the day of the 
early follicular phase FSH peak and are shown in Fig. 3. 

The plasma concentration of inhibin A remained low (40 
pg/mL) during the early follicular phase (Fig. 2) and only 
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FIG. 1. Dose-response relationships for recombinant inhibin B stan- 
dard alongside serially diluted female serum samples. 
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FIG. 2. Plasma concentrations of a) inhibin A and inhibin B, b) es- 
tradiol and progesterone and c) LH and FSH, during the female 
menstrual cycle. Data were aligned with respect to the day of the 
midcycle LH peak. Mean concentrations are shown 2 SE. 

rose in the late follicular phase to reach a peak concentration 
(32.3 5 11.0 pg/mL) on the day of the LH peak. After the LH 
peak, the concentration fell briefly before rising to reach a 
maximum concentration (59.5 t 15.0 pg/mL) during the 
midluteal phase. The inhibin A concentration fell synchro- 
nously with the drop in progesterone during the late luteal 
phase. 

The pattern of change in the plasma concentration of in- 
hibin B was very different (Fig. 2). The plasma concentration 
was high in the early follicular phase (86.8 t 13.8 pg/mL) 
and fell in the late follicular phase during the days before 
ovulation. There was no increase in inhibin B at the time of 
the midcycle LH peak, but 2 days later, there was a short 
lived peak in the hormone concentration (133.6 Ir 31.2 pg/ 
mL1 before the concentration dropped to a low level (~20 
pg/mL) by the middle of the luteal phase (Fig. 2). The plasma 
inhibin B concentration subsequently remained low during 
the luteal phase and did not change during luteal involution. 

During the luteal-follicular transition (Fig. 3), the inhibin 
B concentration rose rapidly from a very low concentration 
(<lo pg/mL) to reach a peak of 85.2 +- 9.6 pg/mL4 days after 
the peak concentration of FSH was reached. In contrast, the 
inhibin A concentration fell synchronously with estradiol 
and progesterone (data not shown) during the late luteal 
phase to remain at a concentration less than 10 pg/mL during 
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FIG. 3. Plasma concentrations of a) inhibin A and inhibin B, and b) 
estradiol and FSH during the luteal-follicular transition. Data were 
aligned with respect to the day of the intercycle FSH peak. Mean 
concentrations are shown ? SE. 
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FIG. 4. Individual concentrations of inhibin A (0) and inhibin B (0) 
in the largest visible ovarian follicles relative to the number of days 
since menstruation. 

the early follicular phase rise in FSH. During the early fol- 
licular phase, there was only a small rise in the mean estradiol 
concentration from a nadir of 201.3 2 18.0 pmol/L to a 
concentration of 318.7 ? 95.1 pmol/L by day 6 after the early 
cycle FSH peak. 

The concentrations of inhibin A and inhibin B for each of 
the individual follicles studied are shown in Fig. 4. The 
inhibin B concentration in each follicular fluid sample was 
from 20- to loo-fold higher than the corresponding follicular 
fluid inhibin A concentration. The inhibin B concentration 
was relatively higher in the early follicular phase follicles and 
fell as the fluid was aspirated from progressively more ma- 
ture follicles. In contrast, the follicular fluid inhibin A con- 
centrations tended to be higher in the more mature follicles. 
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The estradiol concentration in the follicular fluid samples 
ranged from 481-1860 ng/mL, whereas the testosterone con- 
centration ranged from 22-145 ng/mL. The ratio of estradi- 
al/testosterone was greater than 5:l in all follicles studied. 
Although the estradiol concentrations tended to be higher in 
the more mature follicles, no consistent trends were ob- 
served. 

Discussion 

This is the first time that inhibin B has been successfully 
assayed in normal women throughout the menstrual cycle. 
The demonstration that our previously described assay for 
dimeric inhibin (2) has less than 0.1% cross-reaction with 
recombinant inhibin B indicates that this assay is specific for 
inhibin A. The plasma concentration profile of dimeric in- 
hibin A during the female menstrual cycle measured with 
this assay (2) is broadly similar to that of inhibin measure- 
ments obtained by other less specific assays (16, 17). 

The different pattern of inhibin B concentration during the 
menstrual cycle, however, was quite unexpected. The timing 
of the early rise in the plasma inhibin B concentration sug- 
gests that it is secreted by antral follicles in response to FSH. 
However, it is unclear whether the inhibin B originates from 
one selected dominant follicle or from all the antral follicles 
present. The low concentration seen during the late luteal 
phase, when there are no follicles greater diameter than 4 mm 
(l&19), suggests that despite expression of messenger ribo- 
nucleic acid (mRNA) for the PB-subunit (20,21), these small 
follicles do not secrete intact inhibin B. Secretion of dimeric 
inhibin B, therefore, may be dependent upon a FSH-induced 
increase in the level of a-subunit expression to reach the 
relative excess of a-subunit mRNA required for dimeric in- 
hibin synthesis (22). 

Inhibin B secretion from the antral follicle(s) may be short 
lived. The concentration of inhibin B in both follicular fluid 
and plasma falls approaching ovulation, and /3B mRNA ex- 
pression is markedly reduced in the mature preovulatory 
follicle (20,21,23). The source of the peak in plasma inhibin 
B concentration occurring on the day after ovulation is, there- 
fore, unclear. This peak is clearly later than the periovulatory 
peaks of inhibin A (2) and pro-aC-related immunoreactivity 
(24), and the corpus luteum does not express mRNA for the 
PB-subunit (20,21,23). The peak may represent release from 
the ruptured follicle into the peritoneal cavity rather than de 
~OZXJ secretion. The low inhibin B concentration in the mid- 
luteal phase makes it unlikely that the corpus luteum secretes 
inhibin B. This is supported by the observation that stimu- 
lation of the corpus luteum with hCG (leading to an increase 
in pro-&-RI and inhibin A concentrations) has no effect on 
the inhibin B concentration (25). All of these observations are 
in direct contrast to the pattern for inhibin A, where both the 
plasma concentration and expression of the PA-subunit (20, 
23) are higher in the luteal phase than the follicular phase. 

Ihe discrepancy between the pattern of inhibin B concen- 
trations reported here and previous reports of inhibin con- 
centration during the female menstrual cycle may be due to 
a number of factors. Previous inhibin assays have exhibited 
a high degree of cross-reaction with o-subunit inhibin pre- 
cursor forms (4). We recently reported high circulating con- 

centrations of pro-&-RI during the early follicular phase 
(24). In addition, conformational differences imparted by the 
presence of different P-subunits appear to cause large dif- 
ferences in the immunoreactivity detected with various 
a-subunit-directed immunoassays. In the Monash assay, for 
example, inhibin B had only 12.3% the cross-reactivity of 
inhibin A (26). This limited cross-reactivity combined with 
the limited sensitivity of the Monash assay (detection limit, 
360 pg/mL) may explain why the rise in inhibin B we report 
in the early follicular phase was not detectable by the Monash 
assay. In contrast, the Genentech CK/CK assay (5) has an 
80% cross-reactivity with inhibin B (26) and detects almost 
equal amounts of inhibins across the menstrual cycle (6). 

The absolute values for inhibin B described here should be 
regarded as provisional. Genentech recombinant 32-kDa in- 
hibin B is the only well characterized human inhibin B stan- 
dard available. However, human inhibin B, like inhibin A, 
occurs in several size variants with different degrees of 
a-subunit glycosylation (26, 27). Different inhibin A assays 
are known to have varying cross-reactivities with the dif- 
ferent inhibin A forms (26). The exact forms detected in this 
assay and the extent of their cross-reactivity are, therefore, 
unknown. 

The rapid rise in inhibin B concentration after the inter- 
cycle FSH rise represents the first observation of a major 
change in the plasma concentration of an ovarian product at 
this stage of the menstrual cycle. The timing raises the pos- 
sibility of a role for inhibin B in limiting the duration of the 
intercycle FSH rise. Estradiol is currently thought to be the 
critical factor in the regulation of FSH during the early fol- 
licular phase and the preceding fall in estradiol (with or 
without inhibin A) associated with luteolysis is thought to 
initiate the intercycle FSH rise (28). Inhibition of estradiol 
action by the administration of either antiestradiol antibodies 
in primates (29) or estrogen antagonists in women (30) has 
been shown to raise FSH secretion, leading to an increase in 
the number of follicles selected. Conversely, the administra- 
tion of moderate amounts of exogenous estradiol has been 
shown to exert a suppressive effect on FSH secretion (31). 
However, although it is clear from this that estradiol can have 
an important effect on FSH secretion, the plasma concentra- 
tion of estradiol exhibits only a limited rise during the very 
early follicular phase. 

It is not clear whether these circulating concentrations of 
inhibin B are sufficient to fulfill an endocrine role in FSH 
suppression. It has recently been shown that human inhibin 
B has little apparent effect compared to that of inhibin A in 
the sheep pituitary cell bioassay (26), although this may be 
due to species differences. We recently demonstrated a clear 
inverse correlation between similar plasma levels of inhibin 
B and the corresponding FSH concentration in both fertile 
and infertile men (32). 

These data show that inhibin B is the predominant form of 
inhibin present within follicular fluid. Previous studies have 
demonstrated critical paracrine roles for inhibin A and ac- 
tivin A in the local regulation of ovarian function (33). Due 
to the lack of suitable preparations of inhibin B for in vitro 
studies, it remains unknown whether inhibin B and activin 
B have the same paracrine effects as inhibin A and activin A. 

In summary, the inhibin B ELISA offers a potentially in- 
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valuable tool for elucidation of the control of follicular 
development as well as potential clinical applications in in- 
vestigating disorders of female fertility. The possibility sug- 
gested by these data, that inhibin B exerts a critical physio- 
logical role in the follicular phase, requires further 
investigation. 
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