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Throughout spermatogenesis, developing germ cells remain

attached to Sertoli cells via testis-specific anchoring junctions.

If adhesion between these cell types is compromised, germ

cells detach from the seminiferous epithelium and infertility

often results. Previously, we reported that Adjudin is capable of

inducing germ cell loss from the epithelium. In a small subset

of animals, however, oral administration of Adjudin (50 mg per

kg body weight (b.w.) for 29 d) resulted in adverse effects such

as liver inflammation and muscle atrophy. Here, we report a

novel approach in which Adjudin is specifically targeted to

the testis by conjugating Adjudin to a recombinant follicle-

stimulating hormone (FSH) mutant, which serves as its ‘carrier’.

Using this approach, infertility was induced in adult rats when

0.5 lg Adjudin per kg b.w. was administered intraperitoneally,

which was similar to results when 50 mg per kg b.w. was given

orally. This represents a substantial increase in Adjudin’s

selectivity and efficacy as a male contraceptive.

During the seminiferous epithelial cycle, elongating and elongated
spermatids (hereafter referred to as elongate spermatids) adhere
to Sertoli cells by testis-specific, actin-based adherens junc-
tions known as apical ectoplasmic specializations (apical ES)1.
Adjudin (1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, for-
merly known as AF-2364) is a novel chemical entity (Supplementary
Note 1 online) whose action is apparently restricted to the apical ES.
Specifically, Adjudin has been shown to induce adherens junction
disruption between Sertoli cells and round and elongate spermatids in
the adult rat (Rattus norvegicus)2. Adhesion between Sertoli cells and
spermatocytes is also affected, but to a lesser extent. Adjudin does not,
however, seem to affect blood-testis barrier (BTB) function1 or
perturb adhesion between Sertoli cells and spermatogonia3. It also
does not perturb cell adhesion in the testes of rats in which a
functional apical ES has not yet formed (for example, at 15–25 d of
age)4. Furthermore, histological analyses have shown that cell adhe-
sion in other organs such as kidney, liver, brain, heart, epididymis,
prostate and seminal vesicles is not affected. These results seemingly
show that Adjudin’s target is the apical ES1,4,5. Equally noteworthy is
that Adjudin-induced infertility in the rat does not associate with
substantial changes in serum levels of FSH, luteinizing hormone or
testosterone when compared to controls, showing that the hypotha-
lamic-pituitary-testicular axis is not affected4,6,7. After its metabolic
clearance from the systemic circulation and testis2, normal spermato-
genesis and fertility resume progressively2,6,7.

Three multiprotein complexes, namely cadherin–catenin, nectin–
afadin–ponsin and a6b1 integrin–laminin g3, underlie apical ES
adhesive function1,4,5,8. Recently published reports from this labora-
tory have shown that Adjudin (50 mg per kg b.w.) induces germ cell
loss from the epithelium by activating proteins that constitute the
cadherin–catenin and a6b1 integrin–laminin g3 complexes shortly
after administration. This, in turn, leads to activation of the extra-
cellular signal–regulated kinase9 and the Rho-associated protein
kinase10 signaling pathways. Thereafter, actin filaments are disrupted,
leading to germ cell detachment. Notably, the levels of N-cadherin and
b1-integrin in both the liver and brain are not increased after
treatment9,10. Because N-cadherin and b1-integrin are present in
organs other than the testis, it is likely that these two proteins are
interacting with testis-specific molecules. This explanation would also
justify the lack of hepato- and nephrotoxicity, as revealed by standard
serum microchemistry analysis6,7 (Supplementary Note 2 online). We
now report the use of an FSH mutant protein as a specific carrier for
Adjudin to the testis to induce germ cell loss from the epithelium, as
FSH receptors are restricted to Sertoli cells in the male11–13.

RESULTS

A new approach to deliver Adjudin to the testis

Adjudin cannot be developed into a male contraceptive because of its
subchronic toxicity. These toxicity studies illustrate a narrow margin
between Adjudin’s safety and efficacy, unless it can be specifically
targeted to the testis by conjugating to a carrier such as FSH (as
summarized in Supplementary Table 1 online). This would reduce its
toxicity and improve its efficacy and selectivity. Because mammalian
FSH receptors are restricted to Sertoli cells, FSH is an excellent
candidate for use in delivering a drug (for example, a male contra-
ceptive) to the testis—that is, if modifications can be made to remove
its hormonal activity without substantially compromising its receptor-
binding ability. This approach would alleviate the toxicity detected in
males during the subchronic toxicity study (Supplementary Note 2).
FSH is composed of two noncovalently linked a and b subunits of
B20 kDa each, and the conformation of each subunit is determined
by intramolecular disulfide bonds14. The design of the M1 FSH
mutant is shown in Supplementary Table 2 online. It was prepared
on the basis of previous studies suggesting that deletion of the two
glycosylation sites in the a subunit and the second glycosylation site in
the b subunit would remove most of its hormonal activity14–20

(Supplementary Table 3 online). Thus, the two glycosylation sites
in the a subunit were mutated (5¢-AAT-3¢ and 5¢-AAC-3¢, both coding
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for asparagine, were mutated to 5¢-GAC-3¢ to code for aspartate),
and the second glycosylation site in the b subunit was deleted
(5¢-ATCAATACC-3¢, coding for Ile-Asn-Thr), by PCR using the
primers shown in Supplementary Table 4 online. The PCR metho-
dology is detailed in Supplementary Methods online. The nucleotide
changes were confirmed by sequencing analysis (Supplementary Note
3 online). Moreover, the M1 FSH mutant did not activate Sertoli cell
adenylate cyclase, in contrast to native rat FSH (data not shown). This
shows that its hormonal activity was deleted.

Characterization of the Adjudin–FSH mutant conjugate

We prepared the M1 FSH mutant recombinant protein as described
in Supplementary Methods and conjugated Adjudin to it as described
in Supplementary Note 3. Using this chemistry, multiple molecules
of Adjudin were conjugated to one molecule of the M1 FSH mutant
via lysine residues in both the a and b subunits. The stoichiometric
ratio of Adjudin to M1 FSH mutant in this chemical reaction was
not determined, but spectral analysis (Supplementary Note 3)
showed that Adjudin was chemically conjugated to the M1 FSH
mutant. Conjugation of multiple molecules of Adjudin to one
molecule of the FSH mutant, however, induced sufficient steric
hindrance to reduce receptor-binding ability. As a result, a large
quantity of conjugate was required to induce germ cell loss from the
epithelium. Moreover, only B30% of seminiferous tubules
showed signs of damage when 1 mg per kg b.w. of the Adjudin–M1
FSH mutant conjugate was administered to rats intraperitoneally
(B300 g b.w., n ¼ 5; data not shown).

Thus, another mutant (M3) was prepared by PCR using the primers
in Supplementary Table 5 online. This mutant was virtually identical
to the M1 FSH mutant with regard to its two sites of mutation and
one site of deletion, except that a His6 tag was genetically engineered
at its 3¢ end to enable purification by affinity chromatography.
After transfection of Sf9 cells with mutant constructs (Supplementary
Table 5), the M3 FSH mutant was purified to apparent homogeneity
from cell cultures, as verified by silver staining after SDS-PAGE

(data not shown). Immunoblot analysis of affinity-purified,
thrombin-cleaved M3 FSH mutant protein harvested from Sf 9 cell
medium and lysate showed a lower molecular weight than that of
native rat FSH (Supplementary Note 3), demonstrating that
this mutant lacked the three glycosylation sites (as a result of the
two mutations in the a subunit and one deletion in the b subunit,
Supplementary Table 2).

Notably, the M3 FSH mutant, like the M1 mutant, also did not
activate Sertoli cell adenylate cyclase activity (Fig. 1a), showing that its
hormonal activity was deleted. This result was also consistent with
in vivo data: the serum inhibin B level remained relatively unaltered as
germ cells were depleted from the seminiferous epithelium in rats
treated with the Adjudin–M3 FSH mutant conjugate (Table 1),
demonstrating that the in vivo hormonal activity of the FSH mutant
was substantially reduced. Both the M3 FSH mutant and the Adjudin–
M3 FSH mutant conjugate, however, retained the ability to bind FSH
receptors on Sertoli cells, as shown in an in vitro competition
experiment (Fig. 1b). To further optimize the conjugate’s FSH
receptor–binding ability, we conjugated Adjudin to the M3 FSH
mutant using a different chemistry (Fig. 2). Under these conditions,
only one molecule of Adjudin was conjugated to the M3 FSH mutant,
at the serine residue on the N terminus of the M3 mutant’s b subunit,
resulting in an Adjudin/M3 mutant stoichiometric ratio of 1:1. All
other amino acid residues in the M3 mutant were unmodified. This
suggests that rats receiving the Adjudin–M3 FSH mutant conjugate
were exposed to considerably less Adjudin than those receiving the
Adjudin–M1 FSH mutant conjugate.

Pharmacokinetics of the Adjudin–M3 FSH mutant conjugate

In a pharmacokinetics study, we compared rats (n ¼ 4) receiving
15 mg Adjudin–M3 FSH mutant conjugate per kg b.w. intraperito-
neally to those that received an equivalent amount of native rat FSH
intraperitoneally (Fig. 3a). As Adjudin was covalently linked to the
M3 FSH mutant protein (Fig. 2), we tracked the conjugate by
quantifying FSH in serum and organ lysates using a polyclonal

Control (no treatment)
100 ng ml–1 Native rat FSH
500 ng ml–1 Native rat FSH
100 ng ml–1 M3 FSH mutant
500 ng ml–1 M3 FSH mutant

*
*

50

40

30

20

10

0

NS
NS

2

1

0
0 24

Time after treatment (h)

pm
ol

 c
A

M
P

 p
er

 1
06

 S
er

to
li 

ce
lls

** ****

[1
25

l]F
S

H
 p

er
 4

 ×
 1

06
 S

er
to

li 
ce

lls
(c

.p
.m

. ×
 1

0–
3 )

[125l]FSH 
alone

+1 µg rat
FSH

+1 µg M3
FSH mutant

+1 µg 
Adjudin – M3
FSH mutant
conjugate

a b Figure 1 The hormonal and receptor-binding

activity of the M3 FSH mutant. (a) The hormonal

activity of the M3 FSH mutant was assessed by

its ability to stimulate the Sertoli cell intracellular

cAMP level. The mutant did not stimulate Sertoli

cell adenylate cyclase activity, in contrast to

native rat FSH. (b) The receptor-binding activity

of the M3 FSH mutant was assessed by its ability

to compete for the binding of rat [125I]FSH to

FSH receptors on Sertoli cells. Each bar shows

the mean ± s.d. of four measurements from a

single experiment. Two other experiments using

different batches of Sertoli cells yielded similar

results. NS, not significantly different by

Student’s t-test; asterisks, significant
differences (*P o 0.01, **P o 0.001).

Table 1 Serum hormone levels after treatment with Adjudin–M3 FSH mutant conjugate

Hormone Control (no treatment) 2 weeks 4 weeks 6 weeks 7 weeks 12 weeks

FSH (ng ml–1) 248 ± 35 267 ± 35a 246 ± 38a 258 ± 41a 239 ± 38a 289 ± 29a

LH (ng ml–1) 89 ± 18 96 ± 12a 99 ± 15a 85 ± 17a 82 ± 20a 86 ± 18a

Inhibin B (pg ml–1) 144 ± 39 146 ± 23a 119 ± 21a 163 ± 34a 164 ± 41a 129 ± 37a

Testosterone (ng ml–1) 2.5 ± 0.5 2.8 ± 0.4a 2.7 ± 1a 2.7 ± 0.9a 2.7 ± 0.7a 2.2 ± 0.8a

Shown are serum levels of FSH, luteinizing hormone (LH), inhibin B and testosterone in rats (B300 gm b.w., n ¼ 8, mean ± s.d.) at indicated time after administration of the
Adjudin–M3 FSH mutant conjugate (50 mg conjugate per kg b.w. intraperitoneally).
aNot significantly different from control rats according to one-way analysis of variance, P 4 0.05.
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antibody (anti-rat-FSH-RIA-11; National Hormone and Peptide Pro-
gram, National Institute of Diabetes and Digestive and Kidney
Diseases of the US National Institutes of Health (NIH)) in a rat
FSH–specific radioimmunoassay. It should be noted that the M3 FSH
mutant also cross-reacted with this antibody (Supplementary
Note 3). We determined the area under the curve (AUC), maximum
concentration (Cmax) and time to maximum concentration (Tmax) for
rats receiving the Adjudin–M3 FSH mutant conjugate or native rat
FSH (both at 15 mg per kg b.w. intraperitoneally; Fig. 3a) and
corrected for the endogenous FSH level (Supplementary Note 3
shows serum levels of FSH uncorrected for the endogenous FSH
level). The AUC results suggest that the presence of Adjudin in the
conjugate reduced its bioavailability somewhat compared with native
FSH (Fig. 3a). Moreover, the terminal half-life (t1/2; defined in
Methods) of the Adjudin–M3 FSH mutant conjugate in the systemic
circulation was less than that of native rat FSH (estimated to be B2 h
and B5 h, respectively; Fig. 3a), showing that the Adjudin–M3 FSH
mutant conjugate had a faster clearance rate. Furthermore, clearance
of the conjugate was also faster than that of Adjudin alone (t1/2

estimated to be B16 h; data not shown), as shown in a study using
[3H]Adjudin. Collectively, these results are consistent with earlier
studies that reported that deglycosylation of FSH increases its
metabolic clearance rate14,15.

Notably, this reduction in clearance rate was detected not only in
the systemic circulation but also in testes (Fig. 3b). The Adjudin–M3
FSH mutant conjugate began to accumulate in the testis within 60 min
of its administration and peaked by 3 h, with a t1/2 of about 1.5 h
(Fig. 3b). This was similar to its clearance in the systemic circulation

(compare Fig. 3a,b). By contrast, rats given native FSH at the same
dose had a t1/2 of B6 h in the testis (Fig. 3b). Furthermore, the serum
inhibin B level was stimulated by about twofold between 3 h and 12 h
after administration of native rat FSH (15 mg per kg b.w. intraper-
itoneally), whereas this stimulation was not detected in rats treated
with the Adjudin–M3 FSH mutant conjugate (Fig. 3c). This shows
that the in vivo FSH hormonal activity was substantially reduced or
eliminated by the mutations and deletion in the M3 FSH mutant,
consistent with the in vitro finding that the conjugate did not
stimulate Sertoli cell adenylate cyclase (Fig. 1a). Serum luteinizing
hormone and testosterone levels in both groups of rats remained
unaltered (data not shown).

Antifertility effects and reversibility of the conjugate

To assess the efficacy and reversibility of treatment with the Adjudin–
M3 FSH mutant conjugate in depleting germ cells from the semi-
niferous epithelium, we administered this conjugate (50 mg per kg
b.w.) to rats (B300 g b.w., n ¼ 8) intraperitoneally. Here, 50 mg per kg
b.w. refers to the weight of Adjudin and the M3 FSH mutant in
the conjugate. Because 1 mol of Adjudin was conjugated to 1 mol
of the M3 FSH mutant, each animal received 0.38 nmol FSH
(Mr ¼ 40 kDa; B15 mg) and 0.38 nmol Adjudin (C15H12Cl2N4O,
Mr ¼ 335; B0.127 mg). This translated into each rat receiving B15 mg
conjugate. Control animals received either native rat FSH or the M3
FSH mutant alone (50 mg per kg b.w.). Rats were killed 2, 4, 6, 7, 12,
14, 18 and 20 weeks after treatment. Histological analysis showed that
virtually all tubules (498%) were devoid of round and elongate
spermatids by 4 weeks after treatment. More than 50% of spermato-
cytes were also depleted by this time, but cell adhesion in other organs
such as the kidney, liver and small intestine was not affected (Fig. 4).
Leydig cell function also remained unaffected (Fig. 4 and Table 1). As
for unconjugated Adjudin, the hypothalamic-pituitary-testicular axis
in rats treated with the Adjudin–M3 FSH mutant conjugate was
unaffected, so that serum FSH, luteinizing hormone and testosterone
levels were similar to those in control rats (Table 1). Furthermore,
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In this reaction, the N-terminal serine residue of the b subunit in the M3

FSH mutant was oxidized to form an aldehyde group, which in turn reacted

with only one molecule of Adjudin at its hydrazine residue to form a stable

hydrazone bond, with an Adjudin/FSH mutant stoichiometric ratio of 1:1.

All other amino acid residues in the M3 FSH mutant were unmodified.

Chemical conjugation is briefly described in Supplementary Methods.
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serum inhibin B levels were not altered, showing that the endogenous
hormonal activity of the M3 FSH mutant was substantially less than
that of wild-type FSH (Table 1). By 6 weeks after treatment,
spermatocytes were found in only B30% of tubules examined (a
total of 800 tubules were randomly scored from four different testes,
with 200 tubules per testis; Fig. 4). By 12 weeks after treatment,
B80% of tubules showed normal spermatogenesis, such that the
seminiferous epithelium was indistinguishable from that of the normal
testis except for B20% of tubules that were still in the process of
recovery (Fig. 4). Furthermore, the diameter of most seminiferous
tubules returned to its normal dimension (compare Fig. 4f with
Fig. 4a and b–e). These results are consistent with changes in testicular
weights detected in rats used in this study (Fig. 4j), as well as with
results of fertility tests (Fig. 4k). For instance, by 4 and 6 weeks after
treatment, all rats receiving the Adjudin–M3 FSH mutant conjugate
became infertile, with half of the rats regaining fertility by 12 weeks
(Fig. 4k). By 20 weeks, fertility resumed completely (Fig. 4k), showing
that the antifertility effects of this conjugate are reversible. Moreover,
even though almost all spermatids were depleted from the seminifer-
ous epithelium by 2 weeks after treatment, rats remained fertile
(compare Fig. 4b,k). Earlier studies have shown that Adjudin has
no apparent effects on the sperm reserve in the epididymis2, which

explains the maintenance of fertility at this time. It should also be
noted that changes in gross histology were not detected in kidney
(Fig. 4g), liver (Fig. 4h) or small intestine (Fig. 4i) when compared to
normal rats at 4, 6 or 12 weeks after treatment (data not shown for
normal rats or for 6- and 12-week time points).

DISCUSSION

A mutagenicity study in Salmonella typhimurium and Escherichia coli
(Ames test or bacterial reverse mutation test) and an in vivo micro-
nucleus test (genotoxicity test) in mice have recently been completed.
These were conducted by licensed toxicologists according to US Food
and Drug Administration guidelines, to assess the suitability of
Adjudin for development into a male contraceptive. The tests have
shown that Adjudin is not toxic (Supplementary Table 1). Further-
more, an acute toxicity (limit test) study in rats and mice has also
shown that Adjudin is nontoxic to animals at the doses that are
effective in inducing infertility (Supplementary Table 1). Neurological
and autonomic parameters in these animals also remained unaffected.

In a subchronic toxicity study, in which adult male (n ¼ 10) and
female (n ¼ 10) rats were fed Adjudin (50 mg per kg b.w.) for 29 d, a
no-observable-adverse-effect level (NOAEL) could not be determined
for males; for females, however, the NOAEL was 50 mg per kg per d
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Figure 4 Effects of the Adjudin–M3 FSH conjugate on the testis and fertility. Adult rats (B300 g b.w., n ¼ 8) were treated with the Adjudin–M3 FSH

mutant conjugate (50 mg per kg b.w., containing 0.5 mg Adjudin per kg b.w.) intraperitoneally and killed 2, 4, 6 and 12 weeks after treatment for

histological analysis by hematoxylin and eosin staining. (a) Cross section of control testis. (b) By 2 weeks after treatment, almost all elongate spermatids

were depleted from the seminiferous epithelium. (c) By 4 weeks, virtually all tubules (98%) were devoid of spermatids and spermatocytes, and the diameter

of tubules was reduced by B35%. (d) Magnified view of boxed area in c, showing a tubule that contained only Sertoli cells, spermatogonia and a few

primary spermatocytes. (e) By 6 weeks, germ cells began to repopulate the seminiferous epithelium. Approximately 30% of tubules were shown to have
spermatocytes. (f) By 12 weeks, B90% of tubules were indistinguishable from those of the control testis (a). (g–i) Cross-sections of kidney (g), liver (h)

and small intestine (i) 4 weeks after administration of the Adjudin–M3 FSH mutant conjugate. No morphological changes were detected at this time (organs

from control rats are not shown, as they were indistinguishable from treated rats), or at 6 or 12 weeks after administration of the Adjudin – M3 FSH

conjugate (data not shown). Morphological changes in skeletal muscle, compared to controls, also were not detected at 4, 6 or 12 weeks after treatment

(data not shown). Bars in a–c and e–i, 150 mm; in d, 40 mm. (j) Changes in testes weights after administration of the Adjudin–M3 FSH mutant conjugate.

(k) Summary of results of the fertility test (n ¼ 4 rats). The fertility efficacy of the control group was arbitrarily set at 100%.
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(Supplementary Table 1 and Supplementary Note 2). The reproduc-
tive effects of Adjudin at 50 mg per kg per d for 29 d are consistent
with the proposed action of this compound in male rats. In addition,
chronic-active portal inflammation and skeletal muscle degeneration
or atrophy were identified in three of ten male rats (Supplementary
Note 2), whereas adverse effects were not detected in any female rats.
The immediate reason for this is unknown, although it is plausible
that Adjudin’s action is androgen dependent, which would explain the
increased susceptibility of male rats to Adjudin. Indeed, the apical ES
is an androgen-dependent cell adhesion structure4,21–24. Regardless of
their basis, the subchronic toxicity findings indicate that unless
Adjudin can be targeted specifically to the testis to improve its
selectivity and efficacy, its use as a male contraceptive is not possible.

Another issue associated with the use of Adjudin is its low
bioavailability. A recent pharmacokinetics study that used [3H]
Adjudin (5,7-3H-1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydra-
zide; Perkin Elmer Life Sciences) administered to adult rats (B300 g
b.w., n ¼ 5, B20 mCi per rat by gavage) has assessed its organ uptake
and tissue distribution2. Notably, [3H]Adjudin was found to distribute
uniformly among the testis, kidney, liver, brain, heart, small intestine,
prostate, epididymis, seminal vesicles, pancreas and thyroid after its
absorption via the gastrointestinal tract2. These findings show that
Adjudin is not specifically taken up by any organ. By 72–96 h after
administration, Adjudin had been virtually removed, via the urine,
from all organs examined2. Moreover, less than 5% of [3H]Adjudin
was taken up by all organs combined, and only B0.035% of
administered [3H]Adjudin reached the testis2, showing that this
compound has a low bioavailability. Thus, specific delivery of Adjudin
to the testis would require only microgram quantities.

We show here that the use of an FSH mutant, which serves as a
specific carrier, indeed reduces the dose of Adjudin effective in
inducing germ cell loss from the seminiferous epithelium. The results
of our pharmacokinetics study are consistent with reports on the
unconjugated compound. For instance, [3H]Adjudin has been found
to peak in the systemic circulation within 3–7 h when administered to
adult rats by gavage and to be rapidly cleared from the systemic
circulation2, consistent with the present findings for Adjudin con-
jugated to a recombinant FSH mutant. Perhaps most importantly,
careful morphological examination of the two regimens (50 mg per kg
b.w. unconjugated Adjudin administered by gavage and 0.5 mg per kg
b.w. Adjudin delivered via the M3 FSH mutant) at any given
time point reveals that the efficacy of the conjugate is substantially
greater than that of orally administered Adjudin. This is plausible,
given that the Adjudin–M3 FSH mutant conjugate is targeted
specifically to the testis. Accordingly, this approach should alleviate
the adverse effects detected in the liver and muscle of male rats during
the subchronic toxicity study (Supplementary Note 2), for two
reasons. First, the dose of conjugate used to induce germ cell
detachment is markedly less than the oral dose used previously2,6;
second, the conjugate is delivered specifically to the testis, bypassing
other organs.

In summary, here we report a novel approach for delivering
Adjudin specifically to the testis via parenteral administration, using
an FSH mutant as a carrier. We anticipate that this compound could
become a male contraceptive for human use.

METHODS
Animals. Sprague-Dawley rats (B270–330 g b.w.) were obtained from Charles

River Laboratories. The use of animals was approved by The Rockefeller

University Animal Care and Use Committee with Protocol Numbers 00111,

03017 and 06018.

Production of FSH mutants. M1 and M3 complementary DNA constructs and

the production of mutant proteins in Sf9 cells using baculovirus were as

described in Supplementary Methods and Supplementary Tables 2, 4 and 5.

The rationales for mutating and/or deleting the glycosylation sites are sum-

marized in Supplementary Table 3.

Treatment of rats with the Adjudin–M3 FSH mutant conjugate. We per-

formed conjugation chemistry as described in Supplementary Methods. In

brief, we prepared the conjugate by oxidizing the N-terminal serine residue of

the b subunit with periodate to yield a free aldehyde group on each M3 FSH

mutant molecule25–28. We then reacted this with the hydrazide functional

group in Adjudin to form a stable hydrazone-mediated covalent bond and,

thus, a stable Adjudin–M3 FSH mutant conjugate (Fig. 2). We used this

conjugate for three major studies, detailed below.

1. In a pharmacokinetics study, we assessed the kinetics of the conjugate’s

clearance from the systemic circulation and testes by quantifying FSH levels

in serum and organ lysates, because the M3 FSH mutant was covalently

conjugated to Adjudin via a hydrazone linkage. Briefly, groups of rats

(B300 g b.w., n ¼ 4 per time point) received 15 mg conjugate per kg b.w.

or an equivalent dose (15 mg per kg b.w.) of native rat FSH obtained

from the National Hormone and Peptide Program, National Institute of

Diabetes and Digestive and Kidney Diseases, NIH (controls, n ¼ 4 per time

point), intraperitoneally at time 0. Because 1 mol of Adjudin was conju-

gated to 1 mol of the M3 FSH mutant (Fig. 2), each animal received

0.113 nmol FSH (Mr ¼ 40 kDa; B4.5 mg) and 0.113 nmol Adjudin

(C15H12Cl2N4O; Mr ¼ 335; B0.038 mg). Four rats from both the

conjugate and native FSH groups were killed by CO2 asphyxiation at 0.5,

1, 1.5, 3, 4, 5, 6, 12, 24, 36, 48, 60, 72, 80 and 96 h after administration.

We removed the testes and weighed and snap-froze them in liquid nitrogen.

We withdrew blood (B4 ml) from the renal artery to obtain serum

for hormone assays (Supplementary Methods). We perfused the liver via

the portal vein with PBS as described29,30 to remove blood, and we excised

B1 g tissue and froze it immediately in liquid nitrogen. We stored tissues

at –80 1C until used for lysate preparation. We performed this experiment

twice, except that measurements at 4, 5, 60 and 80 h were not present in the

first set of experiments.

2. In an efficacy and recovery study, rats (B300 g b.w., n¼ 8 per time point)

received a single dose of 50 mg conjugate per kg b.w. intraperitoneally. This

dosing was selected on the basis of preliminary studies that used both the

Adjudin–M1 FSH mutant conjugate (data not shown) and Adjudin–M3

FSH mutant conjugate at different doses. Under this regimen, each rat received

B15 mg conjugate. Because 1 mol of Adjudin was conjugated to 1 mol of the

M3 FSH mutant, each animal received 0.38 nmol FSH (Mr ¼ 40 kDa; B15 mg)

and 0.38 nmol Adjudin (Mr ¼ 335; B0.127 mg). The rats were killed at 2, 4, 6, 7

and 12 weeks, and the testes were removed (one testis was frozen in liquid

nitrogen, whereas the other was placed in Bouin fixative for paraffin processing

and hematoxylin and eosin staining) to assess the status of spermatogenesis. We

also collected blood for hormone assays.

3. In a fertility study, we subjected half of the animals (n ¼ 4) from the

efficacy and recovery study to a mating experiment as described2 to assess the

effects of treatment on fertility. Briefly, each treated male rat was housed

separately with a virgin female (B300 g b.w.) for 2–4 d. Mating was confirmed

by the presence of 4–6 sperm plugs. Thereafter, successfully mated females were

housed in separate cages to allow the 21-d gestation period to complete. In a

control group, untreated adult male rats (n ¼ 4) were mated with correspond-

ing females. Each female rat in this group gave birth to pups, and fertility

efficacy was arbitrarily set at 100%. All newborn pups were examined for gross

anatomical changes on post-natal day 5.

Data and statistical analysis. We calculated AUC using the trapezoid rule from

time 0 (corrected for the endogenous serum FSH level) to the last measured

serum FSH value, at 96 h, without smoothing or curve fitting, using PK

Solutions Software (Version 2.0; Summit Research Services). We also estimated

Cmax and Tmax. Terminal half-life (t1/2) is defined as the time (t) for the

disappearance of half of the Adjudin–M3 FSH mutant conjugate or native rat

FSH. t1/2 was estimated by observing the loss of the conjugate or native rat FSH

from the time when its level peaked (that is, Tmax) in the systemic circulation
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(B3 or 4 h, respectively) to the time of the last measured serum FSH level.

Differences between treatment and control groups were compared by Student’s

t-test or one-way analysis of variance.

Note: Supplementary information is available on the Nature Medicine website.
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