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Abstract Gonadotropin therapy is so central to infertility
treatment that it is easy to overlook the considerable dis-
covery and research that preceded production of the
effective and safe products available today. The history
underpinning this development spans over 300 years and
provides a splendid example of how basic animal experi-
mentation and technological advances have progressed to
clinical application. Following the discovery of germ cells
in 1677 and realizing, in 1870, that fertilization involved
the merging of two cell nuclei, one from the egg and one
from sperm, it took another 40 years to discover the
interplay between hypothalamus, pituitary and gonads. The
potential roles of gonadotropin regulation were discovered
in 1927. Gonadotropin, such as pregnant mare serum
gonadotropin (PMSG), was first introduced for ovarian
stimulation in 1930. However, use of PMSG leads to
antibody formation, and had to be withdrawn. Following
withdrawal of PMSG, human pituitary gonadotropin (HPG)
and urinary menopausal gonadotropin (hMG) appeared on
the market, and 50 years ago the first child was delivered
by our group in 1961 and opened the path to controlled
ovarian stimulation. HPG produced good results, but its use
came to an end in the late 1980s when it was linked to the
development of Creutzfeldt-Jakob disease (CJD). HMG
preparations containing a high percentage of unknown
urinary proteins, making quality control almost impossible,
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were then the only gonadotropins remaining on the market.
With the availability of hMG, clomiphene citrate, ergot
derivatives, GnRH agonists and antagonists, as well as
metformin, algorithms were developed for their optimal
utilization and were used for the next four decades. Fol-
lowing the first human IVF baby in 1978 and ICSI in 1991,
such procedures became standard practice. The main
agents for controlled ovarian stimulation for IVF were
gonadotropins and GnRH analogues, with batch to batch
consistent gonadotropic preparations; methods could be
developed to predict and select the correct dose and the
optimal protocol for each patient. We are now seeing the
appearance of gonadotropin with sustained action and
orally active GnRH analogues as well as orally active
molecules capable to stimulate follicle growth and induc-
ing ovulation. These new developments may one day
remove the need for the classical gonadotropin in clinical
work.

Keywords FSH - Gonadotropins - Human reproduction -
Infertility - LH

Introduction

Use of gonadotropin therapy is so central to infertility
treatment that it is easy to overlook the considerable dis-
covery and research that preceded production of the
effective and safe products available today. The history
underpinning this development spans over 300 years and
provides a splendid example of how basic animal experi-
mentation and technological advances have progressed to
clinical application.

An examination of the history in detail reveals that the
road to efficient clinical use of gonadotropins developed a
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long and tedious pathway, which included many mistakes
as well as important scientific encounters. This review will
trace these events, from the past through to the present, and
conclude with a glance towards the future.

Early understanding of the reproductive process

Our understanding of the human reproductive process
began during the Renaissance, particularly in Italy, where
Leonardo da Vinci’s beautiful drawings illustrated detailed
anatomy, and Vesale published his atlas Humani Corporis
Fabrica in 1543, which included cross sections of the
female pelvis [1]. The tubes, clitoris, vagina and placenta
were described by Fallope [2], and the ovary and follicles
by De Graaf in 1672 [3]. This was followed by many
contributors to our knowledge of the reproductive process.
Some of them included: Antoine Van Leeuwenhoek, a
microscopist who, amongst his many other discoveries,
was the first to conduct rigorous observations on human
spermatozoa in 1677, and Karl Ernst von Baer, an
embryologist, who, 150 years later, identified the mam-
malian oocyte during his studies on the ovary of dog. In
exhaustive comparative studies, he catalogued the early
stages of embryonic development. John Marion Sims
(1876), often called the father of modern genecology, is
credited for stating: “We must ascertain that sperm is
present and enters the cervical canal with favorable
secretions to vitality of spermatozoa” [4], and William

Fig. 1 The fathers of human
reproduction
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Pancoast was the first doctor to perform insemination using
a donor other than a husband in the late 1800s.

It was, however, Arnold Berthold who did the first study
of hormones and their role in aggression [5] and it was
E. Starling and W. Bayliss who introduced the term ‘hor-
mone’ [6] (Fig. 1).

The twentieth century

Further diagnostic methods began to emerge at the begin-
ning of the twentieth century; Huhner recommended the
postcoital test in 1913 [7], and methods of tubal insufflation
were devised to diagnose tubal obstruction [8]. Neverthe-
less, management of infertility remained empirical right up
to the middle of the twentieth century. Knowledge about
the physiological mechanisms governing reproduction was
incomplete, and the therapeutic armamentarium was
inadequate.

Early understanding of the hypothalamic—pituitary—
ovarian axis

In the Western world, the first experimental evidence sug-
gesting that the pituitary had a role in regulating the gonads
stemmed from the studies of Crowe and his co-workers.
They showed that partial pituitary ablation resulted in
atrophy of the genital organs in adult dogs, and a persistence
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of infantilism and sexual inadequacy in puppies [9]. Thus,
by 1910 these early studies launched the idea that the
reproductive organs were governed by the pituitary gland.
Two years later, Aschner confirmed these findings and also
postulated that pituitary function depends upon the function
of higher centers in the brain. He observed that men and
women with diseases, tumors or injuries of the hypophysis,
pituitary stalk and centers including and above the medulla
oblongata suffered hypopituitarism and, consequently,
gonadal atrophy [10]. He further demonstrated that sec-
tioning of the pituitary stalk affected the genital organs and,
therefore, hypothesized that pituitary extracts may affect
the gonads. He postulated that their use might have practical
applications.

Another 15 years were to elapse before two different
groups independently discovered the ‘gonadotrophic prin-
ciple’. In 1926, Smith showed that daily implants of fresh
anterior pituitary gland tissue from mice, rats, cats, rabbits
and guinea pigs into immature male and female mice and
rats rapidly induced precocious sexual maturity, marked
enlargement of the ovaries and superovulation [11, 12]. In
the same year, Zondek implanted anterior pituitary glands
from adult cows, bulls and humans into immature animals,
and this evoked a rapid development of sexual puberty
[13]. These pioneering experiments revealed that ovarian
function is regulated by the pituitary.

In 1927 Smith demonstrated that hypophysectomized
immature male or female rats and mice failed to mature
sexually, and that removal of the pituitary gland from adult
animals without injury to the brain resulted in profound
atrophy of genital organs, rapid regression of sexual

Fig. 2 Schematic view of
endocrine regulation of the
ovarian cycle as seen by
Bernard Zondek in 1929
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characteristics and total loss of reproductive function in
both sexes [14, 15]. Only 2 years later, Zondek proposed
the idea that the pituitary secretes two hormones that
stimulate the gonads. He named these biological substances
‘Prolan A’ and ‘Prolan B’. He postulated that Prolan A
stimulated follicular growth, that Prolan A together with
Prolan B stimulated the secretion of ‘foliculin’, and that
Prolan B induced ovulation, the formation of the corpus
luteum and the secretion of lutein and foliculin. These two
hormones induced glandular transformation of the endo-
metrium, with endometrial proliferation, and also caused
changes in the vaginal epithelium. Zondek realized that the
dynamics of Prolan A secretion by the anterior pituitary
and the correct timing of Prolan B discharge are respon-
sible for the rhythm of ovarian function: this in turn con-
trolled the proliferation and function of the endometrium to
create optimal conditions for nidation of the fertilized egg
(Fig. 2). If we merely change the names of Prolan A and B
to follicle stimulating hormone (FSH) and luteinising
hormone (LH), and the names of foliculin and lutein to
estrogen and progesterone, we can see that by 1930 Zondek
had described the pituitary—gonadal relationship as we
know it today [16].

The discovery of human chorionic gonadotropin

In 1927 Ascheim and Zondek [17] demonstrated that the
blood and urine of pregnant women contained a gonad-
stimulating substance; injecting this substance subcutane-
ously into intact immature female mice produced follicular
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maturation, luteinization and hemorrhage into the ovarian
stroma. This became known as the Ascheim-Zondek
Pregnancy test. Zondek believed that this gonadotropic
substance was produced by the anterior pituitary. Sub-
sequent work by Seegar Jones et al. [18] showed that this
gonadotropin was produced in vitro in placental tissue
culture, proving conclusively that the placenta and not the
pituitary was responsible for the elaboration of the hor-
mone. This gonad-stimulating property was exhibited by
the chorionic villi and was especially marked in the cyto-
trophoblastic Langerhans cells. Marius Tausk’s book on
the history of Organon [19] describes the gonadotropic
hormone hCG (extracted from human placentas) as being
very similar to the pituitary hormone Prolan B, or
LH. Organon launched this extract on the market in 1931,
and it continues to be commercially available even today.

Pregnant mare serum gonadotropin

These early discoveries revealing the physiological action
of gonadotropins in the normal ovarian cycle tempted
many scientists to seek gonadotropic extracts with suffi-
cient purity to allow their use in the treatment of infertile
patients suffering from gonadotropin deficiency.

Pregnant mare serum gonadotropin (PMSG), secreted by
structures known as endometrial cups in pregnant mares,
was first described by Cole and Hart in 1930 [20]. PMSG
was prepared by collecting blood from pregnant mares
around the 65th day of pregnancy. In 1938 commercial
preparations of PMSG appeared on the market. Clinical
trials in women demonstrated an ovarian response to these
gonadotropins [21], but attempts to induce ovulation
produced inconsistent results and failed to result in pro-
gestational bleeding or progestational changes in the
endometrium (as judged by endometrial biopsy studies) or
in pregnancy [22, 23].

The concept of the ‘two-step protocol’” was introduced in
1941: ovarian stimulation using gonadotropins (PMSG, or
hog or sheep pituitary gonadotropins) to stimulate follicu-
lar growth and development, followed by the induction of
ovulation using hCG [24]. In 1945 Hamblen et al. [25]
defined the ideal treatment: ‘To permit effective therapy of
hypofunctioning ovaries, a gonadotropin should evoke, in
sequence, follicle stimulation, ovulation and corpus luteum
development, and these phenomena should be in physio-
logic order compatible with fertility and conception.” They
demonstrated that administration of PMSG during the
follicular phase, followed by the application of hCG
12-18 days later, resulted in secretory endometrium and
pregnancies following correctly planned coitus.

In 1942 Ostergaard [26], Zondek and Sulman [27]
demonstrated formation of ‘antihormones’ following the
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use of non-primate gonadotropin extracts in women and in
1948 Leathem and Rakoff [28] suggested that non-primate
gonadotropins were of limited clinical value.

Human menopausal gonadotropin (hMG)

In 1950, we successfully extracted hMG from urine of post
menopausal women using kaolin for adsorption and ace-
tone for precipitation of proteins (gonadotropins). This
method was accepted by many laboratories and used suc-
cessfully for many years with minor variations. In 1953, we
successfully used this extract of hMG for ovarian stimu-
lation in female hypophisectomized infantile rats resulting
in a linear increase in ovarian and uterine weights (Fig. 3).
In male hypophisectomized infantile rats this same extract
induced stimulation of leydig cells to produce testosterone,
resulting in a linear increase of ventral prostate weight
(Fig. 3). Stimulation with hMG also resulted in full sper-
matogenesis in male hypophysectomized infantile rats.
Following these results, we predicted its clinical use [29].
However, in order to initiate clinical trials it was necessary
to obtain large amounts of menopausal urine and to
develop industrial extraction and purification methods.

In 1957, I contacted Pietro Donini, then a senior scientist
at Serono Institute, who had already extracted hMG. He
invited me to visit Istituto Farmacologico Serono and dis-
cuss with their board of directors the possibility of mass
production of hMG and the initiation of clinical trials. I
presented our findings to the board, but could not convince
them to embark on this joint endeavor.

Since 1952, the Vatican has a major share of the Istituto
Farmacologico Serono and, fortunately, one of the direc-
tors, Don Giulio Pacelli, a representative of the Vatican and
nephew of the Pope, was interested in my proposal. Fol-
lowing long and interesting discussions with me and
Dr. Donini, Pacelli returned to the board, declaring that old
age homes of nuns would provide the required urine, and thus
convinced Serono to undertake this project. Approximately
300 women contributed to these collection centers and this
permitted Serono to produce enough hMG to start clinical
trials. The purity of the available preparations was only
5%, containing both FSH and LH. However, in the absence
of an alternative, the hMG preparation was accepted by
both the regulatory agencies and the scientific community.

In 1960, we reported that the use of this preparation in
humans led to the expected and desirable changes in
endometrium, vaginal epithelium and steroid excretion
[30]. In 1961, we noted that amenorrheic hypogonadotropic
women needed 6.8—-13.6 mg (75-150 IU/day) of this h(MG
product, known as Pergonal®, depending on individual
sensitivity, in order to stimulate their ovaries to produce
estrogens [31]. Thereafter, we reported the first successful
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induction of ovulation followed by pregnancies in
hypogonadotrophic anovulatory women, using a sequential
step-up/step-down regimen (Fig. 4). The starting dose in
these women was 240 mg of the international reference
preparation of human menopausal gonadotropins (IRP-
hMG). This corresponded to 150 IU daily, was then
increased to 360 mg (225 IU), then to 480 mg IRP-hMG
(300 IU), and gradually reduced to 360 mg and finally to
240 mg IRP-hMG daily. Ovulation was induced by
administration of 10,000 IU of hCG followed by 10,000 and
5,000 IU of hCG on consecutive days (Fig. 4). This hCG
dose was sufficient to maintain corpus luteum function until
endogenous hCG appeared about 13 days later [32-34].
These results were confirmed by Palmer and Dorangeon
[35] as well as by Salomon and Netter [36] in France,
Rosenberg et al. [37] and Taymor et al. [38] in the USA, as
well as by Tanaka in Japan [39].

Following numerous reports of the successful induction
of ovulation, Pergonal® 75 was registered in Israel in 1963
and in Italy in 1965. A similar preparation, Humegon®,
was marketed by Organon in the Netherlands in 1963 and
its first official registration was obtained in 1966. One
ampoule of these hMG preparations contained approxi-
mately 75 IU of FSH and 75 IU of LH as measured by
standard bioassays.

In 1972, the World Health Organization (WHO) Expert
Committee of Biological Standardization, under my
chairmanship, defined the international unit (IU) for FSH
and the U for interstitial cell stimulating hormone (ICSH)

(LH) as the respective activities contained in 0.2295 mg of
the IRP-hMG [40].

In 1973, WHO convened a scientific group meeting in
Geneva, chaired by me. During this meeting, guidelines for
the diagnosis and management of infertile couples were
developed [41]. The effective daily dose for hypogonado-
trophic patients was reported to be in the range of
150-225 TU, and for anovulatory normogonadotrophic
patients, 75-150 IU. It was also noted that the ratio of FSH
to LH varies in different HMG preparations, but the
available evidence indicated that preparations with ratios of
0.1-10 were acceptable therapeutic agents provided that a
sufficient total dose of FSH was administered to the patient.

The search for pure preparations

In the early 1970s, clinicians began to voice the opinion
that different patient populations and individuals may
benefit from tailored treatment regimens, with variations in
protocols and in dosages of FSH and LH. Such individually
adjusted treatment regimens would require therapeutic
gonadotropin preparations that contained pure, or almost
pure, FSH and LH.

In the 1960s [42], by using an immuno-column with
polyclonal anti-hCG antibodies (cross reacting with LH),
an FSH preparation could be obtained from hMG. The final
product (Metrodin®, Serono Laboratories, Aubonne,
Switzerland) contained 150 IU of FSH and approximately
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Fig. 4 Hormonal pattern during follicular phase, ovulation, luteal phase and pregnancy following stimulation with hMG (step-up, continuous
and step-down) of a primary amenoreic patient with hypopituitary hypogonadism

11U of LH per mg of protein. Further technological
advances made it possible to replace polyvalent antibodies
with highly specific monoclonal antibodies. As a result of
the improved processing, this FSH preparation (Metrodin®
HP, Serono Laboratories, Aubonne, Switzerland) contained
less than 0.1 TU of LH activity and less than 5% of
unidentified urinary proteins [43]. The specific activity of
the FSH was increased from approximately 100-150
IU/mg of protein in purified urinary FSH preparations
(Metrodin®) to about 9000 IU/mg protein in the highly
purified product (Metrodin® HP). The purity was also
increased from 1-2% to 95%. This enhanced purity means
that the total amount of injected protein is very small,
making the highly purified urinary FSH preparation suit-
able for subcutaneous administration.

In the past, human-derived pituitary gonadotropin (hPG)
extracted human pituitary glands [44] and menopausal
urine were the sole sources for the production of human-
derived gonadotropin preparations; hPG preparations were
abandoned when cases of iatrogenic Creutzfeldt—Jakob
disease (CJD) were recognized [45, 46], and until 1995,
menopausal urine represented the only primary source.

@ Springer

With the availability of hMG, urinary FSH, clomiphene
citrate, ergot derivatives such as bromocriptine, gonado-
tropin releasing hormone (GnRH) agonists and antagonists,
as well as metformin, diagnostic algorithms were devel-
oped and have been used successfully to select treartment
protocols (Fig. 5).

In vitro fertilization used in treatment for infertility

Following Heape’s first rabbit embryo transfers in 1880,
Pincus’s attempts at IVF in rabbits in 1934 [47], Menkin’s
and John Rock’s in vitro fertilization of human eggs in
1944 [48], and IVF in rabbits [49], the first birth following
IVF in a rabbit [50] was described. Following Shettle’s
publication on a human blastocyst grown in vitro [51], the
first pregnancy following in vitro fertilization (IVF)
(although resulting in a miscarriage) was published by the
Monash research team in Australia [52]. The first baby was
born following IVF in a natural cycle in 1978 [53]. How-
ever, the first IVF pregnancies in a gonadotropin stimulated
cycle were performed only in 1981 [54, 55] (Fig. 6). Pro-
tocols were then adopted for controlled ovarian stimulation
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to substitute for the midcycle luteinizing hormone (LH)
surge. Laparoscopy for follicular aspiration was scheduled
36-38 h after hCG administration.

One of the main drawbacks with these ‘super-ovulation’
protocols was the precipitation of a premature LH surge
and premature follicular luteinization, which frequently
resulted in treatment cancellation. GnRH analogues
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suppress LH and, to a lesser extent, FSH, referred to as
pituitary desensitization and down-regulation following an
initial flareup effect. The use of GnRH-agonists combined
with human menopausal gonadotropins (hMG) treatment
was then widely implemented for induction of follicular
growth in infertile women for both in vivo and in vitro
fertilization. The co-utilization of GnRH analogues [56]
and hMG offered improved clinical control over the pro-
cess of ovulation induction and the phenomenon of
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premature luteinization could be essentially eliminated.
Since 1988, the main agents for COS associated with IVF
have been gonadotropins and GnRH analogues.

The introduction of GnRH agonist and gonadotropin
protocols in IVF for patients with tubal factor infertility
increased the demand for menopausal urine. The demand
for gonadotropins became even greater with the introduc-
tion of intracytoplasmic sperm injection (ICSI) for male
factor infertility [57]. Increasing the pool for potential
patients, it soon became evident that there would never be a
sufficient urine supply to cover the increasing world
demand for gonadotropins and that there were serious
shortcomings in the use of menopausal urine as a source.
When the urinary extraction process was started, there were
four urine collecting centers: in The Netherlands, Spain,
Israel and one in Italy. Altogether, 600 women participated
in these collection centers, and each woman was well
known by the collectors. If any of these women fell ill or
was treated with drugs such as antibiotics, their urine
samples were rejected. Over a period of 1 year, these
women produced 120,000 L of urine sufficient for the
production of 40,000 ampoules with 75 IU FSH, each. This
amount was enough for treating hypopituitary—hypogona-
dotrophic amenorrheic women [WHO Group I (Fig. 5)]
worldwide at that time. As indications for the use of
gonadotropins increased to patients of WHO Group II who
failed to ovulate or become pregnant with clomiphene
citrate 10 million liters of urine needed to be collected.
The amount necessary increased to 30 million liters

Fig. 7 Growing demands for
gonadotropins requires
expanding urine collections by
increased recruitment of donors

following the use of gonadotropins in patients with tubal
factor infertility requiring IVF and then further to 70 mil-
lion liters when ICSI was introduced for male factor
infertility.

At the beginning of this millennium, 120 million liters
of urine were necessary to satisfy the worldwide need—an
increase of 100-fold, which required 600,000 donors
(Fig. 7). In Buenos Aires alone 200,000 women collected
70 million liters of urine resulting in the production of 25
million ampoules of hMG [58]. Urine donors are also
recruited from countries in Europe, as well as Korea,
China, and India. Since this process is no longer based
upon individual collections from well-known donors, an
increasing number of safety measures had to be included in
the production process.

Nonetheless, besides the limited source, some of the
potential shortcomings of urine extracts are lack of regu-
latory control; unlike for blood derived products, it is
impossible to trace donor source, and cross contamination
between urine samples cannot be avoided. Furthermore
some decontamination procedures may denature proteins.

In addition to these drawbacks, a further cause for
concern was raised when a protease resistant form of prion
protein was found in the urine of scrapie-infected hamsters,
bovine spongiform encephalopathy (BSE)—infected cattle
and humans suffering from CJD [59]. Although CJD has
never been reported in a recipient of urine-derived fertility
hormones, a recent study [60] found protease-sensitive
prion protein in urine-derived injectable fertility products
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containing hCG, hMG, and hMG-HP. This suggests that
prions may co-purify in these products. Intramuscular
injection is a relatively efficient route of transmission of
human prion disease, and young women exposed to prions
can be expected to survive an incubation period associated
with a minimal inoculum. The current urinary gonadotro-
pin preparations, however, are most often injected by the
subcutaneous route. We are unaware of any risk of prion
transmission following a subcutaneous injection.

Van Dorsselaer et al. [60] in their publication claim that
the risks of urine-derived fertility products could now
outweigh their benefits, particularly considering the avail-
ability of recombinant products.

Concerns about disease transmission led a number of
countries including Switzerland and France to apply the
precautionary principle: in 1996 the Australian Drug Eval-
uation Committee published its resolution on replacement
of urinary with recombinant gonadotropins in view of
their higher standard of purity and safety.

Recombinant DNA technology now allows the produc-
tion of pharmacologically active pure FSH, LH and
hCG preparations in unlimited quantities, minimizing
any potential risk of disease transmission via biological
contamination.

Recombinant gonadotropins

The general principle behind obtaining recombinant human
gonadotropin relies, first of all, upon identification and
separation of the appropriate protein molecules. The amino
acid sequences of the FSH «- and f-subunits were descri-
bed in the late 1970s by Rathnam and Saxena [61] and
Saxena and Rathnam [62], respectively. In 1985, the gene
encoding the FSH beta-subunit was cloned. Under appro-
priate conditions, this gene is incorporated into the nuclear
DNA of a host cell via a viral vector, using spliced DNA
strings containing the FSH gene and segments of bacterial
DNA. Chinese hamster ovarian cells (CHO) were selected
as recipient cells, since they are easily transfected with
foreign DNA, and are capable of post-translational modi-
fication of the molecule by protein folding and glycosyla-
tion, and made functional glycoproteins protein production
possible. Furthermore, they can be grown in cell cultures
on a large scale.

In the manufacture of Gonal F®, Serono used two sep-
arate vectors to construct an FSH-producing cell line, one
vector for each subunit [63] Puregon® was manufactured
by NV Organon, using a single vector containing the
coding sequences of both subunit genes [64].

Following transfection, a genetically stable tranformed
cell line producing biologically active FSH was isolated.
The CHO line used for the production of Puregon had

150450 gene copies present. For the purpose of biopro-
duction, stable cell lines were selected that expressed FSH
dimer in relatively abundant amounts. A master cell bank
(MCB) was established, which contains identical cell
preparations of the clone that was selected on the basis of
high FSH productivity. The resulting recombinant FSH
(rFSH) was more homogenous than the most highly puri-
fied pituitary FSH preparations, providing a basis for
clinical use.

Specific cell clones have also been selected for large
scale production of recombinant FSH, LH and hCG. The
resultant preparations have high purity and high biological
potency (FSH 10,000, LH 9,000 and hCG 20,000 IU/mg
protein, respectively). These cell preparations are stored in
individual vials and cryopreserved until needed. A working
cell bank is established by growing cells from a single vial
of the MCB, and aliquots of this culture are then cryo-
preserved in vials. Cells from one or more vials are cul-
tured for each production cycle. Figure 8§ summarizes the
steps involved in bulk production of rhFSH.

The FSH producing CHO cells are grown on micro-
carriers in a bioreactor, perfused with growth promoting
medium for a period of up to 3 months. The cell culture
supernatant medium is collected from the bioreactor for
isolation of recombinant FSH. The downstream purifica-
tion process differs for the two commercially available
recombinant FSH preparations. The Puregon process uses a
series of anion and cation exchange chromatographic steps,
hydrophobic chromatography and size exclusion chroma-
tography. The Gonal F process uses a similar series of five
chromatographic steps and also includes an immuno-
affinity step with a specific monoclonal antibody. Each
purification step is rigorously controlled in order to ensure
batch to batch consistency of the purified product.

The world’s first recombinant human FSH (rhFSH;
follitropin alfa) preparation for clinical use was produced
by Serono Laboratories in 1988, and was licensed for
marketing in the European Union as Gonal-F® in 1995. A
similar thFSH (follitropin beta, (Puregon®) product was
licensed by Organon Laboratories in 1996 [65].

Recent advances in the manufacturing process for the
rFSH (follitropin alfa) result in high batch-to-batch con-
sistency in both isoform profile and glycan species distri-
bution. The most significant advantage of this preparation
over urinary-derived FSH is that it permits FSH to be
quantified reliably by protein content (mass in mg) rather
than by biological activity; this indication of purity offers
optimal risk reduction as well as superior quality assurance
and batch-to-batch consistency. The coefficient of variation
for an in vivo bioassay is typically 20%, compared with
2% for physico-chemical analytical techniques such as
size exclusion high-performance liquid chromatography
(SE-HPLC; [66]). As a result, Serono International now
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Fig. 8 Steps involved in bulk
production of rhFSH
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quantify their rFSH (Gonal-Fw) protein by SE-HPLC, a
precise and robust assay that results in a significant
improvement in batch-to-batch consistency over batches
quantified by the Steelman—Pohley bioassay [67].

During the early 1990s, several IVF programmes
reported pregnancies following the use of recombinant
FSH to induce ovulation for IVF [68-70]. In 1997, Agra-
wal et al. [71] reported the first birth following stimulation
of follicular growth in a hypopituitary—hypogonadotrophic
woman (WHO Group I) with recombinant FSH and
recombinant LH; recombinant hCG was used to induce
ovulation. In 2002, Donderwinkel et al. [72] reported a
pregnancy following ovulation induction with rFSH in a
patient with polycystic ovaries.

At the present, human menopausal gonadotrophins and
recombinant human follicle stimulating hormone are the
two main gonadotrophin products utilized for COS in
assisted reproductive technologies. To compare the results
of both products, the most relevant endpoint directly
resulting from ovarian stimulation, and therefore where the
drug effect may be estimated with the best sensitivity are
the number of oocytes A meta-analysis involving 4040
patients, and designating the number of oocytes as the
endpoint, showed that the treatment with human meno-
pausal gonadotropins is characterized by the utilization of
more U of gonadotropins to produce fewer total oocytes
(Tables 1, 2). When considering only fresh transfers,
pregnancy rates were similar with both products [73]
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(Table 3). When comparing urinary and recombinant FSH
in every day practice using for example the German IVF
directory similar on about 3 million cycles pregnancy rates
were better with rFSH in both women below and above 35
years (Fig. 9).

In 2007, a fixed 2:1 combination of r-hFSH (150 IU)
and r-hLH (75 IU) Pergoveris was registered in Europe.
First experiences in daily use of this combination for the
stimulation of follicular development in women with
severe FSH and LH deficiency (defined in clinical trials by
an endogenous serum LH level of 1.2 TU/I) [74, 75] shows
promising results [76]. By avoiding the need for two sep-
arate injections or mixing of gonadotropins prior to injec-
tion, the 2:1 formulation of follitropin o and lutropin «
offers potential benefits for such patients.

Recombinant DNA technology permits the design of
potent therapeutically active gonadotropin agonists and
antagonists by altering key proteins and carbohydrate
regions in the «- and fS-subunits of FSH and LH [77]. FSH
has a relatively short half-life, and hCG has a relatively
long half-life. The long half-life of hCG is in part due to the
presence of four serine O-linked oligosaccharides attached
to an extended hydrophilic carboxy-terminus. Site-directed
mutagenesis and gene transfer techniques made it possible
to fuse the carboxy-terminal extension of hCGb (CTP) to
the 30 end of the FSH coding sequence. This newly
developed product, corifollitropin o, is a new biological
entity developed for patients undergoing fertility treatment
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Table 1 Pregnancy rate for hMG versus r-hFSH in 16 studies (4040 patients)

hMG rFSH Risk Ratio Risk Ratio
Study or Subgroup  Events Total Events Total Weight IV, Rand 95% CI Year IV, Random, 95% CI
Duijkers-95-97 6 7 5 6 45% 1.03[0.64, 1.64] 1997 e
Jansen-98 6 35 12 54 13% 0.77[0.32, 1.87) 1998 —
Komilov-99 14 40 18 28 39% 0.54 [0.33,0.90] 1999 I
Serhal-00 37 144 15 94 3.4% 1.61[0.94, 2.77] 2000 | P
Strehler 80 248 78 259 14.8% 1.07 [0.83, 1.39] 2001 -
Ng-01 4 20 4 20 06% 1.00 [0.29, 3.45) 2001
Weslergaard-01 67 189 53 190 11.1% 1.27 [0.94, 1.71] 2001 =
Gordon-01 9 29 9 39 1.6% 1.34 [0.61, 2.96) 2001 T —
EISG-02 80 395 67 386 11.6% 1.17 [0.87, 1.56] 2002 =
Kilani-03 12 50 1" S0 1.9% 1.09 [0.53, 2.24]) 2003 S
Balasch-03 9 30 9 30 1.7% 1.00 [0.46, 2.17] 2003 —
Rashidi-05 4 30 3 30 05% 1.33[0.33, 5.45] 2005
Andersen-06 96 363 82 368 15.0% 1.19[0.92, 1.53) 2006 q B2
Bosch-08 59 122 55 126 13.6% 1.11[0.85, 1.45] 2008 T
Hompes-08 82 312 80 317 14.1% 1.04 [0.80, 1.36] 2008 T
Ruvolo-09 2 10 6 19 0.5% 0.63 [0.16, 2.58) 2009
Total (99% CI) 2024 2016 100.0% 1.10[0.97, 1.25)
Total events 567 507
Heterogeneity: Tau® = 0.00; Chi* = 12.66, df = 15 (P = 0.63), I’ = 0% 0=2 °=5 - 2 5
Test for overall effect: Z = 1.89 (P = 0.06) Favours rfFSH Favours hMG

A meta-analysis of sixteen studies involving 4040 patients. Treatment with human menopausal gonadotrophins resulted in fewer oocytes (—1.54;
95% Cl —2.53 to —0.56; P < 0.0001) compared to recombinant human follicle-stimulating hormone. When adjusting for baseline conditions, the
mean difference estimate was —2.10 (95% Cl —2.83 to —1.36; P < 0.001)

Table 2 Number of oocytes for hMG versus r- hFSH

r ~\

hMG r-hFSH Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% ClI
Duijkers-95-97 T 3 7 1 3 6 3.7% -4.00[-7.27,-0.73) 1997
Jansen-98 83 65 35 112 7 54 45% -290(-575,-005 1998
Komilov-99 129 8 40 144 T 28 32% -1.50 [-5.09, 2.09) 1999 +
Serhal-00 95 B84 144 83 84 94  6.1% 1.20[-0.98, 3.38] 2000 = = -
Gordon-01 106 81 29 102 89 39 27% 0.40 [-3.66, 4.46) 2001
Ng-01 96 81 20 126 89 20 1.7% -3.00[-8.27,2.27) 2001 *
Westergaard-01 129 96 189 129 96 190 6.8% 0.00 [-1.93, 1.93] 2001 I E—
strehler-01 96 81 248 123 89 259 84%  -2.70[-4.18,-1.22) 2001 ———
EISG-02 128 73 357 145 85 336 96% -1.70[-2.88,-0.52] 2002 —
Balasch-03 9.1 435 30 118 45 30 59% -270[-494,-046) 2003 —  —
Kilani-03 79 5 50 68 4.2 50 7.3% 1.10[-0.71, 2.91] 2003 I —
Rashidi-05 7 6 30 6 5 30 46% 1.00 [-1.79, 3.79] 2005 B
Andersen-06 10.5 4 363 118 57 368 11.3%  -1.30(-2.01,-0.59) 2006 e
Hompes-08 78 5 312 106 5 317 11.0% -2.80([-3.58,-2.02] 2008 e
Bosch-08 1.3 6 122 144 B1 126 7.4% -3.10[-4.87,-1.33] 2008 —
Ruvolo-09 47 29 10 71 32 19 5.8% -240([-4.70,-0.10) 2009 ————
Total (99% CI) 1986 1966 100.0%  -1.54 [-2.53, -0.56] <
Heterogeneity: Tau? = 1.17; Chi? = 40.44, df = 15 (P = 0.0004); I* = 63% j‘ 2 o 2 j‘
Test for overall effect: Z = 4.02 (P < 0.0001) favours rFSH favours hMG

Figure 1 Number of oocytes. Number of oocytes for hMG versus r-hFSH in 16 studies (main analysis population, data reported by study
authors for 3952 patients). Forest tree with mean difference using the random effects model. h(MG = human menopausal gonadotrophins; r-
hFSH = recombinant human follicle-stimulating hormone; EISG = The European and Israeli Study Group; SD = standard deviation; Cl =
confidence interval.

A meta-analysis of 14 studies (3272 patients) A higher total dose of human menopausal gonadotrophin was necessary (mean difference,
235.46 IU [95% Cl 16.62-454.30; P = 0.03]; standardized mean difference, 0.33 [95% Cl 0.08-0.58; P = 0.01])
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Table 3 Total gonadotrophins dose for h(MG versus r-hFSH

hMG rFSH Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean  SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Jansen-98 1365 600 35 1410 600 54 84% -45.00 [-300.19, 210.19] 1998 -
Komilov-99 2273 250 40 1590 250 28 9.2% 633.00 [562.26, 803.74) 1999 +
Serhal-00 3660 560 144 3217 1500 94 79% 443.00[126.27,759.73]) 2000 —.
Ng-01 1800 690 20 1650 657 20 7.0% 150.00 [-267.56, 567.56) 2001
Westergaard-01 4575 400 189 4492 400 190 93% 83.00[2.46, 163.54] 2001 i
Gordon-01 1800 690 29 2025 690 39 78% -22500[556.60,10660) 2000 — 1
Diedrich-02 2,768 817 357 2,775 810 336 9.2% -7.00 |-128.18, 114.18) 2002 P——
Rashidi-05 2,137 1,200 30 2,287 1,200 30 55% -150.00 -757.27,457.27) 2005 *
Bosch-05 2481 994 122 2624 801 126 8.6% -143.00 [-366.10, 82.10] 2005 I
Andersen-06 2508 729 363 2385 622 368 93% 123.00 [24.70, 221.30) 2006 ——
Hompes-07 1821 600 312 1,760 500 317 9.3% 61.00[-17.15, 139.15) 2007 ™
Ruvolo-09 3499 300 10 1,608 300 19  8.6% 1691.00([1461.28, 1920.72] 2009 ’
Total (95% Cl) 1651 1621 100.0% 235.46 [16.62, 454.30] "'

. 2 s 79, - - 2= + + + +

Helerogenety: Tau? = 131906.73; Ch? = 278.21, df = 11 (P < 0.00001); I* = 96% 500 250 0 250 500

Test for overall effect: Z=2.11 (P = 0.03)

favours hMG favours (FSH

A meta-analysis of sixteen studies involving 4040 patients. The pregnancy absolute risk difference (RD [hMG-r-hFSH]) for fresh transfers was
3% (P = 0.051), and the relative risk 1.10 (P = 0.06). When adjusted for baseline conditions, the relative risk was 1.04 (P = 0.49) and absolute

difference was 0.01 (P = 0.34), respectively

Pregnancy rate/stimulation
German Dir 1998-2007 IVF & ICSI

28.95 29.05

19.92

W recFSH -
hMG

[
[
o
=

>356Yrs <35yrs

recFSH <35yrs 142750 patients hMG <35yrs 47004 patients
recFSH >35yrs 91900 patients hMG=>35yrs 46567 patients

Fig. 9 Comparison of pregnancy rate/cycle in patients stimulated
with either hMG or rFSH. Calculated for patients below and above the
age of 35 years from data published in the German IVF directories,
1998-2007

and has the same pharmacological activity as pure FSH
preparations. It is a recombinant gonadotropin molecule in
which the FSH chain is fused with the carboxy-terminal
peptide of the hCG f-unit, and consequently has a longer
elimination half life. One injection is able to keep the
circulating FSH activity above the threshold necessary to
support multi-follicular growth for an entire week, thereby
sustaining multiple follicular development during the first
week of IVF treatment [78]. In fact, one single injection of

@ Springer

corifollitropin alfa replaces the first seven daily injections
of rFSH. The first live birth following IVF after ovarian
stimulation using this chimeric long-acting human rFSH
agonist (tFSH-CTP) was reported by Beckers [79].

The clinical trial program for corifollitropin alfa, that
includes Engage, Ensure and others, is presently the largest
in ART and includes more than 2500 patients in 78 IVF
centers in 23 countries. These trials demonstrated that the
treatment with a single injection of corifollitropin alfa was
safe and well tolerated. The number of cases of ovarian
hyperstimulation syndrome (OHSS) was low and compa-
rable with that reported for current rFSH regimens. Cori-
follitropin alfa was also shown to be non-immunogenic,
with no antibody formation or hypersensitivity reaction
being observed. In their trial, the conclusion, was that a
single dose of corifollitropin alfa can sustain multifollicular
growth for an entire week. The dose of 150 pg of cori-
follitropin alfa is the most appropriate dose for achieving
an optimal outcome in terms of the number of oocytes for
patients with a body weight >60 kg. In women weighing
<60 kg a lower dose of 100 mg showed similar results
[80-84]. Corifollitropin alfa is used for ART proceduderes
only and is not meant to be used for ovulation induction in
un-ovulatory or PCOD patients.

For companies committed to developing a wider range
of innovative medicines for infertility, a generation of
orally bioavailable gonadotropin mimetics has been the
‘holy grail’ of drug development research for several years.
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As knowledge about the activating sites of gonadotropin
and GnRH analogues has increased, it has become possible
to create small, non-peptide molecules that induce signal
transduction without binding to the extracellular domains
of membrane proteins. Such molecules will ultimately be
converted into highly potent orally active therapeutic
preparations, and will either replace the dimeric glyco-
protein hormones or act as antagonists. The first report of a
bioactive low molecular weight (LMW) gonadotropin
described an FSH-R antagonist [85] as a potential com-
pound for female contraception. Others reported small
molecule modulators of the FSH receptor [86] and LMW
compounds (thiazolidinones) with high affinity for the FSH
receptor [87, 88].

The first report of a LMW (Org 43553) compound with
a nanomolar potency on the LH-R, showing oral bio-
availability and ovulation induction in various animals was
reported by van de Lagemaat et al. [89]. Org 43553 is a
single, pure synthetic molecule lacking the variability
between batches as observed for proteins of urinary origin.
It is completely protein free, thus totally excluding the
minimal current risk for diseases like Creutzfeldt—Jakob’s,
originating from recombinant gonadotropin production in
the presence of bovine serum in the culture media. This
compound has been developed as a safe oral alternative to
the current injectable LH/hCG preparations for clinical use
to induce ovulation or oocyte maturation for both in vivo
and IVF therapy. TVUS measurements and progesterone
data showed that this compound induced ovulation within
2 days following 300 and 900 mg doses (Fig. 10). In
addition, the compound could also be developed for male
indications such as hypogonadism.

We have come a long way from when Frank Stabler
wrote in 1954, “I think I can say that I know of no hormone
available to me that will make a woman ovulate naturally.”

Induction of ovulation by a potent, orally active,
low molecular weight agonist (Org 43553) of the
luteinizing hormone receptor

100 -

90 4 83.3%
80 4 75%

70 A

with ovulation (%)
]

20 4 12.5%

10 1
0%
0 -
25 mg 100 mg 300 mg 900 mg
(n=8) (n=8) (n=6) (n=8)

Percentage of subjects

Dose level LH-ago1

Fig. 10 Induction of ovulation by a potent, orally active, low
molecular weight agonist (Org 43553) of the luteinizing hormone
receptor—% of patients ovulating with different doses of Org 43553

Today we have a consensus that hormones helped to
develop protocols which enabled more the 90% of infertile
couples to have their genetic offspring. We now need to
encourage our colleagues not only to develop and improve
methods to permit even more infertile couples to have
healthy offspring, but to encourage them to prevent infer-
tility. Prevention is cheaper than the cure, even when using
the mildest stimulation protocols. It may be less profitable
to the service providers and pharmaceutical companies, but
this must not be our concern. Prevention of STD by the use
of condoms, delaying adolescence pregnancies and
unwanted pregnancies by contraception and sex education
in schools, may all reduce mechanical causes of infertility
for which IVF was created. We create better and safer
methods for IVF, a major part of budgets toward women’s
health are spent for these important issues, and a large part
of government programs are filled with these issues.
Should we not spend some time and money to prevent the
conditions which make IVF necessary? ICSI was a bless-
ing, but again we were so impressed with a method that
could help nearly all men to have genetic heirs, that we
forgot to invest in andrology. Let us promote health edu-
cation, fight the global epidemic of obesity, promote a
healthy life style with proper nutrition and physical exer-
cise and help to reduce stress—this might be a very good
investment and may decrease hypothalamic—pituitary and
metabolic conditions related to male and female sub fer-
tility or infertility. It is my sincere hope that this short
historical overview spanning over 300 years will stimulate
us all to continue our efforts to help every couple to enjoy
the fruits of parenthood.

Conflict of interest None to declare.
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