
ISSN 2472-1972

Assessing Sex Steroid Influence on Kisspeptin
Responsiveness in Idiopathic

Hypogonadotropic Hypogonadism

Margaret F. Lippincott,1 Kiana Nguyen,1 Angela Delaney,2 Yee-Ming Chan,1,3

and Stephanie Beth Seminara1

1Harvard Reproductive Sciences Center and Reproductive Endocrine Unit, Massachusetts General
Hospital, Boston,Massachusetts 02114; 2Eunice Kennedy Shriver National Institute of ChildHealth and

Human Development, National Institutes of Health, Bethesda, Maryland 20892; and 3Division of
Endocrinology, Department of Pediatrics, Boston Children’s Hospital, Boston, Massachusetts 02115

ORCiD numbers: 0000-0002-3533-1999 (M. F. Lippincott) and 0000-0003-0554-8502 (Y.-M. Chan).

Context: Individuals with idiopathic hypogonadotropic hypogonadism (IHH), even those with evidence
of some hypothalamic reproductive endocrine activity, fail to complete puberty and fail to respond to
physiologic doses of kisspeptin.

Objective: This case series examined whether treatment with sex steroids could stimulate kisspeptin
responsiveness in patients with IHH.

Design: This was a case series.

Setting: This study was conducted at an academic medical center.

Participants: Seven patients with IHH were studied.

Intervention(s): Participants, both on and off sex steroid therapy, underwent frequent blood sampling
to measure LH at baseline, in response to kisspeptin and GnRH.

Main Outcome Measure(s): The main outcome measure was LH responses to kisspeptin on and off
sex steroids.

Results: All participants responded to exogenous GnRH, but no participant responded to exogenous
kisspeptin. Sex steroid treatment did not modify responsiveness to kisspeptin.

Conclusions: The functional impairment of the GnRH neuronal network in patients with IHH, as
evidenced by their inability to respond to a physiologic dose of kisspeptin, is observed in both sex
steroid– deficient and sex steroid–replete states. In this case series, a normalized sex steroidmilieu does
not appear capable of overcoming the kisspeptin resistance of these patients.
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Since mutations in KISS1R were first associated with impaired pubertal development,
numerous investigations have explored kisspeptin’s role as a gatekeeper of sexual matu-
ration. Most GnRH neurons express the kisspeptin receptor, Kiss1r [1, 2]. As such, even at
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extremely low concentrations, kisspeptin stimulates GnRH secretion in mammalian
species [1–5]. GnRH neurons also become more sensitive to kisspeptin as sexual matu-
ration progresses, suggesting that changes in hormonal milieu may influence kisspeptin
responsiveness [6–8].

Because of kisspeptin’s stimulatory capability in several animal species, exogenous
kisspeptin administration has been used as a probe of GnRH neuronal function in physiologic
and pathophysiologic states in the human. Kisspeptin stimulates GnRH-induced LH se-
cretion in healthy volunteers [9–11] and in patients with congenital hypogonadotropic
hypogonadism who have undergone reversal (spontaneous recovery of the reproductive
cascade) [12]. In addition, kisspeptin stimulates LH secretion in patients with acquired
hypogonadotropism (hypothalamic amenorrhea) [13]. However, kisspeptin fails to stimulate
LH release in patients with abiding hypogonadotropic hypogonadism (no reversal) [14–16].
The idiopathic hypogonadotropic hypogonadism (IHH) kisspeptin “nonresponders” represent a
spectrum of neuroendocrine phenotypes ranging from a complete absence of LH secretion to
measurable but apulsatile LH levels [16]. Different pathomechanisms may underlie these
subphenotypes. One possible explanation for an absence of LH secretion is an absence of GnRH
neurons; in that setting, an inability to respond to exogenous kisspeptin would be expected.
However, the presence of detectable LH levels—even if apulsatile—implies the existence of a
GnRH neuronal cohort. In that setting, the inability to respond to exogenous kisspeptin is
unexpected. Explaining the underlying lack of kisspeptin responsiveness in both of these
IHH subpopulations—those with no underlying LH and those with some LH—is difficult
to reconcile.

Against this backdrop, the relationship between kisspeptin and sex steroid levels is now
appreciated to be increasingly complex. Kisspeptin administration results in GnRH-induced
LH secretion and, by extension, LH-induced sex steroid synthesis. However, the association
between kisspeptin and sex steroid levels is more than a simple, unidirectional relationship.
Sex steroids are capable of augmenting kisspeptin signaling, supporting a bidirectional
relationship between these hormones. Support for this hypothesis comes from a variety of
models, including primate species. In vitro studies demonstrate enhanced kisspeptin re-
sponsiveness with sex steroids [17]. In the rhesus monkey, kisspeptin responsiveness
changes from a state of sex steroid independence to sex steroid dependence across pubertal
development [8]. In healthy women, both those of reproductive age and those in menopause,
estradiol appears to modulate the ability to respond to kisspeptin [10, 18, 19]. In adolescents,
testosterone treatment of individuals with delayed puberty has been associated with earlier
initiation of sexual maturation compared with children who do not receive testosterone
therapy [20, 21]. Although the exact mechanism underlying this observation is unknown,
responsiveness to endogenous kisspeptin is one possible factor.

Given the data suggesting sex steroids may have a positive impact on kisspeptin re-
sponsiveness in patients with IHH, this study examined patients with IHH on and off of sex
steroid therapy.

1. Materials and Methods

A. Patients and Eligibility Criteria

All studies were approved by the Institutional Review Board of Massachusetts General
Hospital (MGH)/Partners Healthcare or by the Institutional Review Board of the Eunice
Kennedy Shriver National Institute of Child Health and Human Development, Bethesda,
Maryland. Seven patients with IHH were enrolled in this study. IHH was defined as
hypogonadal sex steroid levels (estradiol ,20 pg/mL in women, testosterone ,100 ng/dL in
men) in the setting of low or inappropriately normal gonadotropin levels at age$18 years and
in the absence of any identifiable medical condition that could have caused hypogonadotropic
hypogonadism [22]. In this study, only patients who had previously participated in research
studies in the Reproductive Endocrine Unit were enrolled. Specifically, study patients were
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required to have prior evidence by history, examination, genetics, or laboratory studies that
suggested the capability to respond to kisspeptin. All individuals with ANOS1 (formerly,
KAL1) mutations or prior evidence of severemidline facial defects were excluded as they were
less likely to have GnRH neurons in the hypothalamus. Likewise, all individuals with ho-
mozygous or compound heterozygous KISS1R, GNRH1, and GNRHR mutations were ex-
cluded as they lack a component of the signaling cascade needed for a kisspeptin response.
Study patients were included with genotypes that are likely to have GnRH neurons in the
hypothalamus based on animal models, such as FGFR1 [23]. A specific effort was made to
recruit study patients with prior detailed neuroendocrine phenotyping demonstrating en-
dogenous LH secretion or an endogenously primed pituitary.

B. Genetics

Patients’ DNA was screened for rare sequence variants in CHD7 (MIM 608892), FGF8 (MIM
600483), FGFR1 (MIM 136350), GNRH1 (MIM 152760), GNRHR (MIM 138850), HS6ST1
(MIM 604846), ANOS1 (previously called KAL1, MIM 300836), KISS1 (MIM 603286),
KISS1R (MIM 604161),NSMF (previously calledNELF, MIM60813),PROK2 (MIM 607002),
PROKR2 (MIM 607123), TAC3 (MIM 162330), and TACR3 (MIM 162332) by PCR ampli-
fication of exons followed by Sanger sequencing, as described previously [24]. Rare sequence
variants were defined as having a minor allele frequency of ,0.1% in the Genome Aggre-
gation Database, a resource of .123,136 exome sequences and 15,496 whole-genome se-
quences from unrelated individuals [25]. Rare sequence variants were reported if they were
predicted to be damaging by at least two of three in silico prediction programs: PolyPhen-2
[26], SIFT [27], and Mutation Taster [28].

C. Source of Peptides

Kisspeptin 112–121, the 10-amino-acid isoform of kisspeptin (corresponding to amino acids
112 to 121 of the preprohormone), and GnRH were synthesized using good manufacturing
practices by NeoMPS (PolyPeptide Laboratories, San Diego, CA). NeoMPS provided
kisspeptin 112–121 under contract to the National Institute of Child Health and Human
Development.

D. Baseline Neuroendocrine Phenotyping

Five of the seven study patients participated in a detailed phenotyping study prior to
participating in the kisspeptin study. These studies consisted of inpatient visits to the
National Institutes of Health Clinical Research Center or to the Harvard Catalyst Clinical
ResearchCenter (CRC) atMGH for blood sampling every 10minutes to evaluate LH secretion
for 12 hours overnight.

E. Neuroendocrine Phenotyping in Response to Kisspeptin and Sex Steroids

This study consisted of two visits to the Harvard Catalyst CRC at MGH. For one visit,
patients were studied while using their prescribed clinical sex steroid treatment [testos-
terone or oral contraceptive (OC)]. For the other visit, patients withdrew from sex steroid
treatment and were studied in the hypogonadal state (patients 4 and 6 did not complete this
visit). Given the different half-lives of sex steroid therapies, this “washout” period was
2 weeks for participants receiving topical testosterone treatment, 6 weeks for participants
receiving testosterone cypionate and/or testosterone enanthate, and 8 weeks for participants
receiving OC treatment.

For each visit, participants were admitted to the CRC for blood sampling every 10minutes
to evaluate LH secretion for 12 to 14 hours. During both visits, all patients received at least
one bolus of kisspeptin-10 at 0.24 nmol/kg. This dose was chosen as prior studies demon-
strated that this dose consistently produces a GnRH-induced LH pulse of physiologic
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amplitude in healthy men and healthy luteal-phase women [9, 10]. Following administration
of kisspeptin, all patients were administered a bolus of 75 ng/kg GnRH to assess pituitary
gonadotrope function [16].

All but one patient underwent pituitary “priming” prior to undergoing studies at the
CRC to ensure that the pituitary gonadotropes were capable of producing an LH pulse in
response to exogenous or endogenous GnRH [29]. These patients underwent pituitary
“priming” via a Crono F portable infusion pump (Canè S.p.A, Rivoli, Italy) administering
GnRH 25 ng/kg subcutaneously every 2 hours for 5 to 7 days. The final dose of GnRH via the
infusion pump was given 48 hours prior to CRC admission. One patient (patient 2) was
known to have an endogenously primed pituitary based on prior physiologic research
studies (ability to respond to exogenous GnRH without priming); therefore, the patient did
not undergo further priming.

F. Laboratory Assays and Pulse Analysis

For both National Institutes of Health and MGH studies, LH was measured at each time
point and on an all-study quality control pool; FSH was measured on 2-hour study pools. LH
and FSH samples were processed using an automated Abbott ARCHITECT system or its
predecessor, AXM (Abbott Laboratories, Inc., Abbott Park, IL). For the kisspeptin studies on
patients 1, 3, 4, and 7, LH and FSHwere run at theUniversity of Virginia Center for Research
in Reproduction Ligand Assay and Analysis Core using Siemens IMMULITE 2000 (Siemens
Healthcare Diagnostics, Inc., Tarrytown, NY) using previously described assays [12, 16]. All
paired studies were assayed in the same laboratory. We further tested the concordance
between the two laboratories in 132 other samples representing a range of physiologic and
pathophysiologic states and found close correlation (r2 = 0.98) [12].

For the kisspeptin studies, estradiol and testosteroneweremeasured on 2-hour study pools
by LabCorp, using electrochemiluminescence immunoassay methods (Roche Diagnostics,
Indianapolis, IN) [30, 31]. For the baseline studies and kisspeptin studies on patients 2, 5, and
6, estradiol and testosterone were measured on a total study pool using validated assays
traceable to mass spectroscopy as previously described [32, 33].

LH pulses were identified with a validated modification of the Santen and Bardin method
[34, 35]. Pulse amplitude was calculated as the difference between time 0 of kisspeptin
administration and peak of the pulse. If LH decreased after kisspeptin, the pulse amplitude
was assigned a value of 0. P values,0.05 were considered significant. Values are represented
as mean 6 SD unless noted otherwise.

2. Results

A. Baseline Characteristics

Six men and one woman with IHH receiving sex steroid therapy for clinical care participated
in this study (Table 1). Prior reports suggest 41% of patients with IHH present with
partial puberty development, and up to 22% of patients with IHH show some evidence of
hypothalamic-pituitary-gonadal (HPG) axis activity in adulthood [36, 37]. In this case series,
85% of patients met one or both of these criteria demonstrating (1) spontaneous activation of
the HPG cascade as evidenced by an increase in testicular volume, (2) LH pulses, (3) normal
LH levels, or (4) all of the above (Table 2, Fig. 1). Three of seven patients demonstrated
spontaneous LH pulses, and six of the seven demonstrated evidence for HPG activity in the
absence of GnRH or gonadotropins therapy. The remaining patient with normosmic IHHwas
previously treated with GnRH pump therapy for fertility, so the natural history of his de-
velopment could not be fully assessed. Consistent with the “reversal subphenotype” of IHH,
one patient demonstrated testicular volume increases in the absence of gonadotropins after
age 18 years, previously published in Lippincott et al. [12].
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B. Genetics

All patients were screened for mutations in IHH genes to ensure that they did not have any
genetic variants that would preclude a response to kisspeptin (Table 1). Five of the seven
patients carried rare sequence variants in known IHH genes predicted to be deleterious. The
other two study patients were negative on whole-exome sequencing. Patients 1, 2, and 4 were
found to harbor rare sequence variants within FGFR1 (Table 1). Patient 2 harbored one rare
variant in FGFR1 as well as an additional variant in CHD7, which is associated with
CHARGE syndrome (a syndrome with multiple congenital anomalies including coloboma of
the eye, choanal atresia, hearing loss, heart defects, and hypogonadism): CHD7 c.1997A.C
p.K666T; FGFR1 c.2059G.A p.G687R. Despite the presence of this CHD7 variant, patient 3
did not have any of the signs or symptoms of CHARGE aside from IHH [40]. Patient 7 had a
nonnovel (minor allele frequency 0.06% in non-Finnish Europeans) variant in PROKR2
c.253C.T p.R85C, which was predicted to be damaging in all prediction programs [25]. This
variant displayed variable expressivity as it was also found in the patient’s father, who had
severe hyposmia, and her brother, who had delayed puberty. Patient 3 had a nonnovel (minor
allele frequency 0.1% in non-Finnish Europeans) PROKR2 variant c.254G.A p.R85H. In the

Table 1. Clinical, Imaging, and Genetics of Study Patients

ID

Clinical Characteristics Imaging Genetics

Age at
Evaluation Sex

Sense of
Smell (by
UPSIT)

LH,
IU/L

FSH,
IU/L

T (ng/dL)
or E2

(pg/mL)

TV (mL)
or Breast

Development
Maximal
TV, mLa

MRI of
Olfactory
Structures

Mutations
in IHH
Genes

MAF
gnomAD, %

1 17 y 10 mo M Anosmic ,0.1 0.2 ,20 -;2b -;4b Nl bulb and tract FGFR1 p.R576PfsX77 Novel
2 21 y M Anosmic 0.3 0.5 34 4;5 4;5 No comment FGFR1 p.G687R; Novel

CHD7 p.K666T Novel
3 18 y M Anosmic 1.0 1.0 20 “Atrophic” 10;8c No comment PROKR2 p.R85H 0.07
4 18 y M Anosmic 1.8 1.7 12 12;12 12;12 Nl bulb and sulci FGFR1 p.I639T Novel
5 27 y M Normosmic ,1.6 ,1.6 88 1;1 1;1 Nl bulbs, nerves,

and sulci
Exome negative NA

6 18y M Normosmic Low Low Low 3;3 20;25 Nl bulb Exome negative NA
7 22y F Anosmic 5.0 5.0 17 + thelarched NA Nl right bulb

and nerve;
left missing

PROKR2 p.R85C 0.06

Abbreviations: E2, estradiol; F, female; gnomAD, Genome Aggregation Database; M, male; MAF, minor allele
frequency; NA, not applicable; Nl, normal limit; T, testosterone; TV, testicular volume; UPSIT, University of
Pennsylvania Smell Identification Test.
aMaximal TV development achieved without gonadotropins or gonadotropin releasing hormone therapy.
bBilateral cryptorchidism treated with orchidopexy, at time of orchidopexy one testicular removed.
cTV estimated due to unilateral varicocele.
dSpontaneous thelarche in absence of gonadotropins.

Table 2. Evidence for HPG Axis Activity

ID Developmental and Clinical Data

1 TV: 4 mL, intact olfactory structures
2 TV: 4–5 mL
3 TV: 8–10 mL
4 TV: 12 mL, LH pulses at baseline,a intact olfactory structures
5 LH within normal range, normosmic, intact olfactory structures
6 TV: 20–25 mL, normosmic, LH pulse at baselinea

7 Spontaneous thelarche, LH pulses at baselinea

Abbreviation: TV, testicular volume.
aSee Fig. 1 for LH data.
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Figure 1. Neuroendocrine profiling of patients with IHH at baseline. Every 10-min blood
sampling for LH overnight from 9 PM to 9 AM. Shaded box represents normative LH data
matched for sex [38, 39]. E2, estradiol; KS, Kallmann syndrome; nIHH, normosmic idiopathic
hypogonadotropic hypogonadism; T, testosterone.

1298 | Journal of the Endocrine Society | doi: 10.1210/js.2018-00183

http://dx.doi.org/10.1210/js.2018-00183


entire cohort, no patients carried variants in KISS1R, GNRH1, or GNRHR, suggesting that
all participants possessed the receptors and ligands needed to respond to exogenously ad-
ministered kisspeptin and GnRH. In addition, no patient carried a variant in ANOS1/KAL1,
which could result in failure of GnRH neurons to reach the hypothalamus [41].

C. Pituitary Function

Because a lack of an LH response to kisspeptin could be due to failure to respond to kisspeptin
or failure to respond to GnRH, testing was done to ensure the functional integrity of the
pituitary gonadotropes. All patients underwent pituitary priming, except patient 2, who had
prior evidence of endogenous GnRH secretion [16]. Exogenous pituitary priming was halted
prior to study start to ensure baseline LH levels during the study represented endogenous
activity. To confirm gonadotrope integrity during the study, a GnRH bolus was administered.
All male patients demonstrated robust responses of a similar magnitude to exogenous GnRH
off and on sex steroid therapy (Figs. 2 and 3: range LH amplitude; off testosterone: 2.2 to
23 mIU/mL; on testosterone: 2 to 13 mIU/mL). One female participant, patient 7, demon-
strated an LH pulse in response to GnRH that was smaller on supraphysiologic sex steroids
than off sex steroids due to estrogen-negative feedback at the level of the pituitary (Fig. 4: LH
pulse amplitude; off OCs: 18.1 mIU/mL; on OCs: 1.8 mIU/mL).

D. Kisspeptin Responsiveness

When studied off sex steroid therapy, no patient responded to kisspeptin-10 0.24 nmol/kg,
consistent with prior published data in individuals with IHH (Figs. 2–4; Table 3) [16]. This
dose of kisspeptin-10 elicits a robust response in healthy men, luteal-phase women, and men
whose IHH has reversed [9, 10, 12]. To determine whether sex steroid therapy could augment
kisspeptin responsiveness, all study patients repeated the protocol on sex steroid therapy.
Despite the restoration of the sex steroid milieu, no patient responded to kisspeptin-10
0.24 nmol/kg. Furthermore, there was no difference in the maximal increase in LH within
30 minutes after kisspeptin-10 administration whether on or off sex steroid therapy (LH
increase off sex steroids range, 0.0 to 0.4 mIU/mL; LH increase on sex steroids range, 0.0 to
0.2 mIU/mL).

3. Discussion

This study sought to test the hypothesis that sex steroids can modify kisspeptin respon-
siveness. Kisspeptin can stimulate GnRH-induced LH secretion in a variety of physiologic
and pathophysiologic states. However, patients with IHH (with one exception) appear to be
resistant to exogenous kisspeptin administration at the same doses that are able to bring
about GnRH-induced LH release in other healthy populations [9–11, 16, 42].

The hypothesis that sex steroids might affect the ability of GnRH neurons to respond to
kisspeptin has been suggested in a number of humanmodels. Pediatric endocrinologists treat
patients with constitutional delay of puberty (CDP) with sex steroids to correct their
transient hypogonadotropic hypogonadism. Furthermore, some believe that sex steroid
treatment may stimulate the HPG axis to accelerate the onset of “endogenous” puberty. For
example, testosterone-treated boys with CDP had larger testicular size and endogenous
testosterone levels 6 months after treatment compared with untreated boys with CDP,
suggesting spontaneous activation of the HPG axis [21]. Although there have yet to be large-
scale randomized controlled trials of the sex steroid treatment of patients with delayed pu-
berty, based on this and other similar observations, many believe that sex steroids “jumpstart”
sexual maturation. Themechanisms that underlie such an association remain unknown, but a
change in the ability to respond to kisspeptin is one possibility.

In this case series, we selected patients with IHH to test the hypothesis that sex steroids
can modify kisspeptin responsiveness. Because IHH is much rarer in women than in men,
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Figure 2. Neuroendocrine profiling in response to neuropeptide probes in men with IHH on
and off sex steroids. Every 10-min blood sampling for LH. Kisspeptin-10 IVB 0.24 nmol/kg.
GnRH IVB 75 ng/kg. KS, Kallmann syndrome; nIHH, normosmic idiopathic hypogonadotropic
hypogonadism; T, testosterone.
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with an almost 4:1 male predominance, only one of the patients with IHH was female [43].
Unlike patients with classic complete IHH, participants in this study had subtleties within
their presentations that suggested they might have a capacity to respond to kisspeptin.
Eighty-five percent of patients had evidence for HPG axis activity by their history, physical
examination, and laboratory studies, suggesting the existence of a functioning complement of
GnRH neurons at least at an earlier timepoint. This HPG activity was manifested by in-
creased testicular volume in three individuals; this testicular growth in the absence of

Figure 3. Neuroendocrine profiling in response to neuropeptide probes in men with IHH on
sex steroid therapy. Every 10-min blood sampling for LH. Kisspeptin-10 IVB 0.24 nmol/kg.
GnRH IVB 75 ng/kg. KS, Kallmann syndrome; nIHH, normosmic idiopathic
hypogonadotropic hypogonadism; T, testosterone.

Figure 4. Neuroendocrine profiling in response to neuropeptide probes in a woman with KS.
Kisspeptin-10 IVB 0.24 nmol/kg. GnRH IVB 75 ng/kg. E2, estradiol; KS, Kallmann syndrome.
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fertility drugs is a common presentation of the reversal subphenotype in IHH [37]. In ad-
dition, five of seven patients had detectable LH secretion at the time of the every 10-minute
blood sampling studies (baseline or kisspeptin study). Although clearly not pulsatile, these
LH levels are evidence for some form of attenuatedGnRH secretion. A complement of neurons
capable of secreting GnRH, even at low levels, might be a complement capable of responding
to exogenous kisspeptin.

In addition to their histories and neuroendocrine patterns, all seven patients with IHHhad
previously undergone genetic testing to look for rare variants in the genes that have been
associated with IHH/Kallmann syndrome. None of the patients carried deleterious variants
in genes that encode proteins involved in kisspeptin or GnRH signaling. In addition, none of
the patients carried variants in ANOS1/KAL1, which has been associated with an absence of
GnRHneurons in the brain [41]. Therefore, genetic testing did not reveal anymechanism that
would have precluded the ability to respond to kisspeptin.

Despite all of these factors, these patients with IHH (six male and one female), once sex
steroid replete, did not show a response to exogenous kisspeptin. Stated alternatively, a
normalized sex steroid milieu was not capable of overcoming the kisspeptin resistance
(simply meaning a failure to respond to exogenous administration of the peptide) of these
patients. Because the administration of kisspeptin should bypass any abnormalities in the
synthesis or secretion of kisspeptin itself or any factors upstream from kisspeptin, it is
possible that the inability to respond to exogenous kisspeptin is due to problems further
downstream. These include, but are not limited to, abnormalities in kisspeptin receptor
synthesis, expression, trafficking, or downstream signaling. The latter could include ab-
normalities in second-messenger signaling systems within GnRH neurons related specifi-
cally to kisspeptin, abnormalities within GnRH neurons completely unrelated to kisspeptin
signaling, or a problem related to other cofactors/neurotransmitters that affect GnRH
neuronal synchronization.

Thus, despite the existing data suggesting sex steroids may have a positive impact on
kisspeptin responsiveness, patients with congenital hypogonadotropism and evidence for
functional GnRH neurons appear to be resistant to kisspeptin despite exogenous sex steroid
treatment. Therefore, in this population, sex steroids do not appear to have the capability of
augmenting kisspeptin signaling.
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