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Abstract
Context:  Osteoporosis results from disturbances in bone formation and resorption. Recent nonhuman data suggest that the reproductive 
hormone kisspeptin directly stimulates osteoblast differentiation in vitro and thus could have clinical therapeutic potential. However, the effects 
of kisspeptin on human bone metabolism are currently unknown.
Objective: To assess the effects of kisspeptin on human bone metabolism in vitro and in vivo.
Methods: In vitro study: of Mono- and cocultures of human osteoblasts and osteoclasts treated with kisspeptin. Clinical study: Randomized, 
placebo-controlled, double-blind, 2-way crossover clinical study in 26 men investigating the effects of acute kisspeptin administration (90 minutes) 
on human bone metabolism, with blood sampling every 30 minutes to +90 minutes. Cells for the in vitro study were from 12 male blood donors 
and 8 patients undergoing hip replacement surgery. Twenty-six healthy eugonadal men (age 26.8 ± 5.8 years) were included in the clinical study. 
The intervention was Kisspeptin (vs placebo) administration. The main outcome measures were changes in bone parameters and turnover markers.
Results: Incubation with kisspeptin in vitro increased alkaline phosphatase levels in human bone marrow mesenchymal stem cells by 41.1% 
(P = .0022), and robustly inhibited osteoclastic resorptive activity by up to 53.4% (P < .0001), in a dose-dependent manner. Kisspeptin adminis-
tration to healthy men increased osteoblast activity, as evidenced by a 20.3% maximal increase in total osteocalcin (P = .021) and 24.3% max-
imal increase in carboxylated osteocalcin levels (P = .014).
Conclusion: Collectively, these data provide the first human evidence that kisspeptin promotes osteogenic differentiation of osteoblast progen-
itors and inhibits bone resorption in vitro. Furthermore, kisspeptin acutely increases the bone formation marker osteocalcin but not resorption 
markers in healthy men, independent of downstream sex steroid levels. Kisspeptin could therefore have clinical therapeutic application in the 
treatment of osteoporosis.
Key Words: kisspeptin, reproduction, bone metabolism, osteoporosis
Abbreviations: ALP, alkaline phosphatase; ANOVA, analysis of variance; FBS, fetal bovine serum; FSH, follicle-stimulating hormone; hMSC, human mesen-
chymal stem cell; LH, luteinizing hormone; MCSF, human macrophage colony-stimulating factor; MEM, minimum essential medium; PBS, phosphate-buffered 
saline; PTH, parathyroid hormone; RANKL, nuclear factor κβ ligand.

Osteoporosis is an escalating global health challenge, with 1 
in 2 women and 1 in 5 men over the age of 50 years predicted 
to suffer an osteoporotic fracture (1, 2). In the United States, 
approximately 10 million Americans over the age of 50 years 
suffer from osteoporosis, resulting in 1.5 million osteoporotic 
fractures and an annual economic cost of over $17 billion 
(3), with a similar heavy burden in Europe (4). Furthermore, 
the detrimental impacts on the patient sustaining a fracture 
are considerable, amounting to the fourth leading cause of 
chronic disease morbidity in Europe (4). These concerning fig-
ures are broadly echoed throughout the world with dramatic 

future increases in osteoporotic fractures anticipated due to 
an ageing population (5-7).

Current osteoporosis treatments are generally effective 
in most, but not all, patients. In addition, they have contra-
indications and rare but significant much-publicized adverse 
effects, that limit their recommended duration of use (8-10). 
Unfortunately, there are no new osteoporosis treatments in 
late-stage clinical development currently (11). Taken together, 
there is an urgent need to better understand the regulation of 
bone remodeling, in order to identify new safe and effective 
therapeutic targets.
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Osteoporosis results from disturbances in the fine balance 
between bone formation and bone resorption, performed by 
osteoblasts and osteoclasts, respectively. The most common 
cause of this disturbance is sex steroid deficiency (predomin-
antly estrogen), although there exist a plethora of alternative 
secondary causes and risk factors (12). The net result is thinner 
and disordered bone architecture, which is prone to fracturing. 
Therefore, improving this bone formation/resorption balance 
forms the cornerstone for the development of novel thera-
peutic agents for the prevention and treatment of osteoporosis.

Kisspeptin is a naturally occurring hormone critical for repro-
duction in men and women (13-17). Furthermore, kisspeptin-
based medicines are in clinical development for a range of 
common reproductive disorders (18-23). It is therefore timely 
that recent data in rodents demonstrate that kisspeptin admin-
istration directly promotes osteoblast differentiation in vitro via 
the kisspeptin receptor (Kiss1r) expressed on rodent osteoblasts 
(24). This suggests that kisspeptin may have direct beneficial ef-
fects on skeletal homeostasis, independent of its ability to stimu-
late downstream sex steroid levels via its more established action 
on the hypothalamic–pituitary–gonadal axis (25). However, 
there are no data on the direct effects of kisspeptin on human 
bone metabolism as yet, and so we aimed to investigate this.

We employed RNA sequencing to identify KISS1R ex-
pression on human osteoclast precursors and human mature 
osteoclasts, adding to the previously reported identification 
of Kiss1r expression on rodent osteoblasts and monocyte-
derived osteoclasts (24, 26). We then performed a series of 
multimodal kisspeptin administration studies both in vitro 
and clinically (in vivo) to assess the effects of kisspeptin on 
anabolic and resorptive parameters of bone metabolism, as 
well as on bone biochemistry in humans, for the first time.

Materials and Methods
Human In Vitro Studies

Generation of osteoblast lineage cells
Human osteoblast lineage cells were obtained from bone spe-
cimens from 8 patients who underwent hip replacement sur-
gery (approved by the local ethics committee, S-2011-0114). 
Each bone specimen was cut into smaller pieces and cleaned 
with phosphate-buffered saline (PBS) at least 3 times. Five bone 
pieces were then placed in a 12-well plate well in Dulbecco’s 
Modified Eagle’s Medium (Invitrogen) containing 1% peni-
cillin/streptomycin, 10% heat-inactivated fetal bovine serum 
(FBS), 50  µg/mL ascorbic acid, 2  nM L-glutamine, 10–8 M 
dexamethasone, and 10  mM β-glycerolphosphate. A  metal 
grid was placed on the top of the bone pieces in each well, and 
cells were incubated at 37°C and 5% CO2. Media was renewed 
after 7 days initially. Outgrowth cells migrated from the bone 
pieces after 7 to 10 days. The metal grid and bone pieces were 
removed after 14 to 20 days, and after approximately 35 days 
in total the cell outgrowths reached confluency. This validated 
method is described in further detail elsewhere (27).

Osteoblast differentiation
To evaluate the effects of kisspeptin on osteoblastogenesis, we 
used a human mesenchymal stem cell (hMSC) line, TERT4-
cells (RRID:CVCL_Z017, https://scicrunch.org/resources/
Cell%20Lines/source/SCR_013869-1/search?q=CVCL_
Z017&l=CVCL_Z017), as previously characterized (28). 
hMSC-TERT4 cells were grown as described (29), and 

kisspeptin-54 (Bachem) was added at the start of the experi-
ments, and after 3 and 6 days in accordance with renewal of 
culture media. The experiments were terminated after 7 days.

Generation of osteoclasts
Human CD14+ monocytes were isolated from buffy coats 
obtained from 12 anonymous human male blood donors (50-
67 years of age). Each buffy coat was diluted 1:1 in PBS and 
centrifuged through Ficoll–Paque (GE Healthcare) and then 
suspended twice in 0.5% bovine serum albumin and 2 mM 
EDTA in PBS. Cells were then purified using BD IMag™ 
antihuman CD14+ magnetic particles (BD Biosciences) ac-
cording to the manufacturer’s instructions.

CD14+ monocytes were then seeded in cell culture flasks 
supplied with Gibco αMEM (Thermo Fisher Scientific) con-
taining 1% penicillin/streptomycin, 10% heat-inactivated FBS 
(Sigma-Aldrich), and human macrophage colony-stimulating 
factor (MCSF) 25  ng/mL (R&D Systems) and cultured at 
37°C in 5% CO2. Cell culture medium was changed after 2, 5, 
and 7 days respectively and replaced with α-minimum essen-
tial medium (MEM) containing 10% FBS, MCSF, and human 
receptor activator of nuclear factor κβ ligand (RANKL) 
(25 ng/mL each) (R&D Systems).

Bone resorption assay
Mature osteoclasts were loosened with Accutase (Sigma-
Aldrich) and seeded on cortical bovine bone slices (Boneslices.
com) (50 000 cells/bone slice) in 96-well plates in technical 
replicates of 5 to 6. Bone resorption assays were performed 
in osteoclast monocultures, or osteoclast and osteoblast 
cocultures. For osteoclast monocultures, cells were suspended 
in αMEM containing 10% heat-inactivated FBS, 25 ng/mL 
MCSF and RANKL and incubated for 40 minutes at 37°C 
before adding kisspeptin-54 in 4 different concentrations or 
an equivalent amount of sterile water as control. For osteo-
clast and osteoblast cocultures, osteoclasts were suspended 
in αMEM containing 25 ng/mL MCSF and incubated for 4 
hours at 37°C. Subsequently, osteoblast lineage cells were 
loosened with Accutase and suspended in the same cultured 
media as osteoclasts, before being seeded above the osteo-
clasts (12 500 osteoblast lineage cells/50 000 osteoclasts). 
Kisspeptin-54 was added in 3 different concentrations or an 
equivalent amount of sterile water as control.

Cell cultures were incubated for 72 hours at 37°C and 5% 
CO2 before conditioned media was removed and experiments 
terminated by adding sterile water to the bone slices. Bone slices 
were then cleaned and scraped with a cotton stick to remove 
cells. To visualize resorption excavations, the bone slices were 
colored with toluidine blue staining (Sigma-Aldrich) and stored 
at room temperature. Osteoclastic resorptive activity was as-
sessed by microscopic evaluation of the percentage eroded sur-
face per bone surface, subdivided into round excavations (pits) 
and elongated excavations (trenches), as previously described 
(30). Microscopic evaluation of osteoclastic resorptive activity 
was performed using a 100-point counting grid placed in the 
ocular and a ×10 of a BX53 microscope (Olympus), by valid-
ated blinded and randomized systematic count (31).

Metabolic activity
Cell viability in the mature osteoclasts on completion of bone 
resorptive activity assessment, was evaluated by osteoclast 
metabolic activity using CellTiter-Blue (Promega), according 
to the manufacturer’s instructions. CellTiter-Blue reagent was 
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added to the osteoclasts in conditioned medium and incu-
bated for 30 minutes at 37°C. The resulting mix was then 
transferred to a black 96-well plate and shaken for 10 sec-
onds. Metabolic activity was then measured by fluorescence 
using a microplate reader (Synergy HT, BioTek) at 560 nm 
excitation and 590 nm emission.

RNA sequencing
Human osteoclast precursors and osteoclasts, differentiated 
as described above, were harvested in TRIzol (Thermo Fisher) 
in 4 different stages of osteoclastogenesis dependent on days 
of RANKL stimulation: (1) –2 days (CD14+ monocytes), (2) 
0 days, (3) 3 days, and (4) 7 days (mature osteoclasts). After 
7 days of RANKL stimulation, cells were microscopically as-
sessed for the presence of multiple nuclei (≥2 nuclei/cell) be-
fore being lysed for RNA sequencing. A corresponding batch 
of cells simultaneously differentiated, were seeded onto bo-
vine bone slices as described above, to validate resorptive ac-
tivity of the mature osteoclasts.

RNA was purified using Econo Spin columns (Epoch Life 
Sciences). RNA sequencing was performed according to 
manufacturer’s instructions (TruSeq 2, Illumina) using 2 µg of 
RNA for preparation of cDNA libraries. Sequencing reads were 
mapped to the human genome (hg19) using STAR (32), and tag 
counts were summarized at the gene level using HOMER (33). 
Differential gene expression was analyzed using DESeq2 (34) 
and gene ontology analyzed using goseq (34).

Alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was measured in osteo-
clast and osteoblast cocultures, osteoblast monocultures and 
hMSC-TERT4 cells. Osteoclast and osteoblast cocultures 
were performed as described above. For osteoblast monocul-
tures, osteoblast lineage cells were loosened with Accutase 
and seeded on cortical bovine bone slices (12 500 cells/bone 
slice) in 96-well plates suspended in αMEM containing 25 ng/
mL MCSF. Kisspeptin-54 was added in 3 different concentra-
tions and an equivalent amount of water was used as control. 
Cells were incubated for 72 hours at 37°C and 5% CO2.

ALP activity was used as an osteoblast activity marker (osteo-
blast monocultures and in osteoblast/osteoclast cocultures) 
or as a marker of osteoblastogenesis (hMSC-TERT4 cells), 
by colorimetric assay using 50 mM 4-nitrophenyl phosphate 
disodium salt (Calbiochem/Sigma) measured at absorbance 
405 nm.

Human Clinical Study
Approval
This study was performed in accordance with the latest ver-
sion of the Declaration of Helsinki. All participants provided 
written informed consent prior to inclusion in the study. The 
research protocol was approved by the UK Riverside Research 
Ethics Committee (REC ref: 17/LO/1504).

Study participants and sample size
Participants were recruited via online and print advertise-
ments and invited to a medical screening appointment. During 
this screening appointment, participants underwent detailed 
medical history and clinical examination (including endocrine 
assessment). In addition, blood tests were performed to con-
firm health status and exclude a related abnormality. These 
included full blood count, bone profile, vitamin D, parathy-
roid hormone, renal function, liver function, thyroid hormone 

profile, luteinizing hormone (LH), follicle-stimulating 
hormone (FSH), testosterone, sex hormone–binding globulin, 
and glucose measurement. Individuals were excluded based 
on the following criteria: body mass index less than 18.5 or 
greater than 27.5 kg/m2; history or evidence of any medical 
(eg, hyperparathyroidism) or psychological condition; use of 
any prescription, recreational, or investigational drug within 
the preceding 2 months; blood donation within 3 months of 
participation; abnormal eating behavior; history of cancer. 
Supplement use was not an exclusion criterion (2 participants 
were taking regular multivitamin supplements).

A power calculation identified that 24 participants would 
provide 80% power to detect a 15% change in anabolic bone 
turnover. To account for possible study withdrawal, 26 par-
ticipants entered the study, who all completed. This sample 
size also compares favorably with previous studies of an acute 
hormonal intervention and bone turnover markers (35, 36).

Study visits
We performed a randomized, double-blinded, placebo-
controlled, 2-way crossover clinical study. The 26 partici-
pants (mean ± SD; age 26.8 ± 5.8  years, range 18-36  years; 
body mass index 23.8 ± 2.3 kg/m2, range 19.9-27.3 kg/m2) at-
tended 2 study visits each, 1 for kisspeptin administration and 
1 for rate-matched placebo with the visit order randomized 
(randomizer.org). This was a within-participant design study, 
where participants therefore acted as their own controls to 
minimize variability and maximize power.

Participants were instructed to refrain from strenuous ac-
tivity, alcohol, tobacco, and caffeine from the day preceding 
their study visits. In addition, they were instructed to fast from 
22:00 the night preceding each study visit (ensuring a preceding 
fast of at least 10 hours). All study visits commenced in the 
morning to control for circadian changes in hormones. Study 
visits were scheduled to occur a minimum of 1 week apart, as 
per our previous work, to ensure full washout between visits. 
After a 30-minute period of rest following arrival, 2 intravenous 
cannulae were inserted (1 in each arm; 1 for blood sampling 
and 1 for intravenous administration of kisspeptin or placebo). 
Blood samples were drawn at 30-minute intervals to +90 min-
utes (Fig. 1). At T = 0 minutes, a 90-minute intravenous infu-
sion of kisspeptin-54 (1 nmol/kg/hour in gelofusine; B. Braun) 
or placebo (gelofusine, at matched rate) was commenced. This 
dosing regimen of kisspeptin was selected based on our pre-
vious work (18, 37), to ensure steady-state levels of circulating 
kisspeptin from 30 minutes onward, while avoiding any in-
crease in downstream testosterone, which has previously been 
observed following longer periods of kisspeptin administration 
in humans (38). Participants remained fasted and recumbent 
throughout the study.

Biochemical analyses
Plasma and serum samples were collected as per the assay 
manufacturer’s guidelines and were stored at –20°C until 
analysis. Plasma kisspeptin levels were measured using an es-
tablished manual radioimmunoassay (RRID:AB_2905628, 
https://scicrunch.org/resources/Any/search?q=AB_29056
28&l=AB_2905628) (15), with intra- and interassay co-
efficients of variation of 8.2% and 10.2%, respectively 
(39). LH (RRID:AB_2813909, https://scicrunch.org/re-
sources/Any/search?q=AB_2813909&l=AB_2813909), FSH 
(RRID:AB_2813910, https://scicrunch.org/resources/Any/
search?q=AB_2813910&l=AB_2813910), and testosterone 
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(RRID:AB_2848165, https://scicrunch.org/resources/Any/sea
rch?q=AB_2848165&l=AB_2848165) levels were analyzed 
using automated chemiluminescent immunoassays (Abbott 
Diagnostics). The intra- and interassay coefficients of variation 
were as follows: LH 4.1% and 2.7%; FSH 4.1% and 3.0%; 
testosterone 4.2% and 2.8%. Analytical sensitivities were 
0.5 IU/L (LH), 0.05 IU/L (FSH), and 2 nmol/L (testosterone).

Osteocalcin levels were analyzed using an established enzyme-
linked immunosorbent assay (Takara) for undercarboxylated 
osteocalcin (RRID:AB_2800334, https://scicrunch.org/re-
sources/Any/search?q=AB_2800334&l=AB_2800334) 
and carboxylated osteocalcin (RRID:AB_2800333, https://
scicrunch.org/resources/Any/search?q=AB_2800333&l
=AB_2800333). The intra- and interassay coefficients of vari-
ation were as follows: undercarboxylated osteocalcin <6.7% 
and <9.9%; carboxylated osteocalcin <2.4% and <4.8%; 
total osteocalcin <8.2% and <10.2%. Limits of quantification 
were <0.25 ng/mL (carboxylated osteocalcin) and <0.375 ng/
mL (total osteocalcin). P1NP levels were analyzed using an es-
tablished immunoassay (Roche Cobas, RRID:AB_2782967, 
https://scicrunch.org/resources/Any/search?q=AB_2782967&l
=AB_2782967) with intra- and interassay coefficients of vari-
ation of 3% and 12.7% respectively (limit of quantification 
<5 µg/L). CTx levels were analyzed using an established immuno-
assay (Roche Cobas, RRID:AB_2905599, https://scicrunch.org/
resources/Any/search?q=aB_2905599&l=aB_2905599) with 
intra- and interassay coefficients of variation of 2.5% and 4.2% 
respectively (limit of quantification 0.01 ng/mL).

Other biochemical parameters were assayed on the 
standard Abbott Alinity platform with intra- and interassay 
coefficients of variation as follows: calcium <3% and 2.4%; 
phosphate <0.6% and 2.6%; parathyroid hormone (PTH) 
<6.1% and 8.4%; vitamin D <4.5% and 8.3%; total ALP 
<4.6% and 5.4%; albumin <0.5% and 3.2%; total protein 
0.9% and 1.9%; sodium ≤1.5% and 0.9%; potassium <2.7% 
and 0.7%; creatinine <0.8% and 3.1%.

Statistical Analysis
Human in vitro studies
All statistical analyses (in vitro and clinical study) were per-
formed using GraphPad Prism version 8 (GraphPad Software). 
Testing for normal distribution for each donor was performed 
using the Kolmogorov–Smirnov test. For total changes in cell 
activity, 1-way analysis of variance (ANOVA) with Dunnett’s 

multiple comparisons tests were applied to the mean of 5 to 6 
technical replicates from each donor.

Human clinical study
Baseline characteristics and biochemical changes were nor-
mally distributed (Kolmogorov–Smirnov test) and were com-
pared between different study visits utilizing 2-way paired 
t-tests. Time courses of reproductive hormones (kisspeptin, 
LH, FSH, and testosterone) and bone turnover markers 
(osteocalcin, P1NP, and CTx), in response to kisspeptin or 
placebo administration, were compared using mixed-model 
analysis of variance. A 2-sided P < .05 was considered statis-
tically significant for all statistical tests (in vitro and clinical 
study).

Results
Kisspeptin Enhances Osteoblastogenesis In Vitro
Kiss1 and Kiss1r expression have previously been reported on 
osteoblasts and their precursors (24, 40, 41). Incubation with 
kisspeptin has been reported to stimulate osteoblast differen-
tiation via its receptor in murine (fibroblastic) mesenchymal 
stem cell–like progenitor cells (C3H10T1/2) (24). Here, we 
assessed the effects of kisspeptin on human osteoblastogenesis 
using immortalized hMSCs (hMSC-TERT4, generated as 
described in (28)). Exposure to 1 nM kisspeptin for 7 days 
induced an increase in ALP activity of 41.1% (P = .0022), 
indicating enhancement of osteoblastogenesis in this human 
cell line (Fig. 2).

Kisspeptin Does Not Alter Alkaline Phosphatase 
Activity in Osteoblast Mono or Cocultures.
Given the previous findings that kisspeptin can enhance 
osteoblastogenesis in rodent C3H10T1/2 cells (24) and our 
human data above, we next assessed whether kisspeptin 
administration could modulate mature osteoblast activity. 
We observed that kisspeptin did not alter ALP activity in 
either osteoblast monoculture (Supplemental Figure 1 (42)) 
or cocultures (Fig. 3), suggesting a predominant effect on 
osteoblastogenesis as above.

The Kisspeptin Receptor (KISS1R) is Expressed 
During Human Osteoclast Differentiation In Vitro
We observed that KISS1R mRNA is detectable throughout 
the 10-day process of osteoclast differentiation, from CD14+ 
monocyte to mature human osteoclast in vitro (Fig. 4).

Kisspeptin Inhibits Bone Resorption by Osteoclasts 
in Mono- and Cocultures In Vitro
Having identified the presence of KISS1R mRNA in 
human osteoclasts above, we then proceeded to investi-
gate if kisspeptin administration could modulate osteo-
clast activity. Indeed, we observed that kisspeptin exerted 
a potent dose-dependent decrease in osteoclast activity 
(assessed by blinded counting of eroded bovine bone 
slices as previously described (31, 43, 44)) (Fig. 5A-5C). 
This inhibitory effect was consistent across osteoclasts 
from all 8 human male donors ranging from 29.6% 
(0.01  nM kisspeptin) to 48.1% osteoclast inhibition at 
the highest dose (10 nM kisspeptin, P < .0001) and was 
observed clearly on microscopy of both osteoclast mono- 
and cocultures (Fig. 6). In keeping with this, kisspeptin 

Figure 1. Experimental protocol for human in vivo clinical study. 
Twenty-six healthy men participated in a randomized, double-blind, 
2-way crossover, placebo-controlled study. Each participant attended 2 
study visits; 1 for intravenous (iv) administration of kisspeptin (1 nmol/
kg/hour) and 1 for intravenous administration of rate-matched placebo 
(vehicle), in random order. Blood samples were taken every 30 minutes 
(x). Participants remained fasted and supine throughout. n = 26 healthy 
eugonadal men.
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administration induced a dose-dependent decrease in 
osteoclast metabolic activity following incubation for 72 
hours (Supplemental Figure 2, P < .0001 (42)).

Having identified this potent antiresorptive effect of 
kisspeptin on osteoclast activity in monocultures, we next 
assessed whether this inhibitory effect was also present in 
osteoclast/osteoblast cocultures, which more closely repre-
sent the in vivo bone remodeling environment. Concordant 
with our findings in monocultures, kisspeptin administration 
dose-dependently and robustly inhibited osteoclast activity in 
cocultures ranging from 26.2% (0.1 nM kisspeptin) to 53.4% 
(10 nM kisspeptin, P < .0001) (Fig. 5D-5F).

Collectively, the identification of KISS1R mRNA in 
human bone cells, the enhancement of osteoblastogenesis 
by kisspeptin, and the potent direct antiresorptive effect 
of kisspeptin on osteoclast activity in vitro, identify a po-
tentially beneficial kisspeptin-induced uncoupling of bone 
remodeling in human bone cells for the first time. Therefore, 
we next investigated if this novel and beneficial effect on bone 
remodeling could be induced in living humans by kisspeptin 
administration.

Kisspeptin Administration Stimulates Osteoblast 
Activity in Healthy Humans In Vivo
We next investigated if the observed in vitro effects on bone 
metabolism above, could be translated into humans. We per-
formed a randomized, double-blinded, placebo-controlled, 
2-way crossover study in 26 healthy men (age 26.8 ± 5.8 years, 
body mass index 23.8 ± 2.3  kg/m2) who attended 2 study 
visits (1 for kisspeptin and 1 for placebo administration in 
blinded random order), following an overnight fast (Fig. 1). 
This acute time-course and kisspeptin dose was selected so as 
to avoid later downstream increases in sex steroids known to 
occur after much longer kisspeptin administration (38).

Effects of kisspeptin on bone formation markers
Importantly, baseline bone turnover marker levels and 
biochemistry (including calcium, phosphate, parathyroid 

Figure 2. Effects of kisspeptin on alkaline phosphatase (ALP) activity in 
human mesenchymal stem cells. Kisspeptin 1 nM significantly increased 
ALP activity during osteoblastogenic differentiation of hMSC-TERT4 
cells. Presented as mean, each dot indicating a technical replicate, 
showing an increase in ALP activity at 1 nM compared with control (0) of 
41.1% (**P = .0022). Repeated measures 1-way ANOVA with Dunnett’s 
multiple comparisons test, n = 6.

Figure 3. Effects of kisspeptin on osteoblast activity in cocultures. Kisspeptin did not alter osteoblast activity measured by alkaline phosphatase (ALP) 
in osteoblast/osteoclast cocultures. (A) Changes in ALP as mean ± SEM. (B) Effects of kisspeptin on osteoblast activity from each individual experiment 
connected with a line. Each dot represents the mean of 6 technical replicates. (C) Percentage change in ALP activity compared with control (vehicle) 
with each dot representing the mean of 6 technical replicates, normalized to control. Repeated measures 1-way ANOVA with Dunnett’s multiple 
comparisons test, n = 6 technical replicates from 8 osteoclast and 8 osteoblast donors.

Figure 4. Expression of KISS1R during human osteoclastogenesis. 
Gene expression of KISS1R across different stages of human 
osteoclastogenesis, according to number of days of RANKL (25 ng/
mL) stimulation, with osteoclast specific genes, OSCAR and CTSK 
in mature osteoclasts. KISS1R expression is identified throughout 
osteoclastogenesis. Each gene is normalized to gene length and the 
number of reads sequenced per sample. Each dot represents 1 donor. 
Only expression data within the detectable range is plotted. RPKM: 
reads per kilobase million, n = 8 donors.
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hormone, vitamin D, ALP, albumin, protein, sodium, po-
tassium, and creatinine) were similar at the commence-
ment of each study visit for the 26 healthy participants 

(Table 1). Subsequently, kisspeptin administration elicited 
a maximal 20.3% increase in total osteocalcin levels 
(P = .021), an established marker of bone formation, 
during this acute experimental time-course, compared 
with placebo (Fig. 7A and 7B). Within total osteocalcin, 
we also assessed the carboxylated form (Gla osteocalcin), 
which predominates in bone remodeling. Here, we ob-
served a similarly striking 24.3% maximal increase in 
carboxylated osteocalcin levels during kisspeptin admin-
istration, compared with placebo (P = .014) (Fig. 7C and 
7D). Kisspeptin administration had no significant effect 
on circulating P1NP levels during this acute time-course 
(Fig. 7E and 7F).

Effects of kisspeptin on bone resorption markers
Kisspeptin administration had no significant effect on circu-
lating CTx levels during this acute time-course (Supplemental 
Figure 3 (42)).

Effects of kisspeptin on bone biochemical parameters
Circulating calcium, phosphate, PTH, sodium, creatinine,  
and ALP levels were unaltered by kisspeptin administration 
(Fig. 8).

Effects of kisspeptin on downstream reproductive hormones
Gonadotropin and testosterone levels were similar at base-
line between study visits for the 26 healthy participants 

Figure 6. Representative microscopy images demonstrating osteoclast 
inhibitory effects of kisspeptin (10 nM) administration. Bone slices are 
white with resorption cavities seen as purple coloring with distinct 
edges. Pits are depicted by round cavities (green arrows), whereas 
trenches by elongated cavities (black arrows).

Figure 5. Effects of kisspeptin on osteoclast activity. Kisspeptin dose-dependently decreased osteoclast activity in osteoclast monocultures (A-C), and 
osteoclast/osteoblast cocultures (D-F). (A, D) Changes in percentage eroded surface per bone surface from different osteoclast donors, as mean ± SEM 
(n = 8). (B, E) Effects of kisspeptin on osteoclast activity from each experiment connected with a line. Each dot represents the mean of 6 technical 
replicates per donor (B, n = 8; E, n = 8 [osteoclast donors], n = 8 [osteoblast donors]). (C, F) Percentage change in osteoclast activity compared with 
control with each dot representing the mean of 6 technical replicates per donor normalized to control (n as for B, E). A (**P = .0019), D (**P = .0052), 
repeated measures 1-way ANOVA and Dunnett’s multiple comparisons test. C (****P < .0001), F (0 vs 10 nM, 53.4% suppression, ****P < .0001), 
repeated measures 1-way ANOVA.
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(Table 1). As expected, kisspeptin administration elicited 
a significant increase in circulating kisspeptin levels 
(P < .0001, Fig. 9A) and LH levels (P < .0001, Fig. 9B) com-
pared with placebo, confirming the bioactivity of this dose 
of kisspeptin. Importantly, there were no significant changes 
in downstream FSH or testosterone levels (Fig. 9C and 9D), 
thereby excluding changes in these downstream hormones 
as possible confounders. These reproductive hormone data 

are in keeping with our previous work using this administra-
tion protocol (18, 45, 46).

Discussion
Since the first identification of the crucial role for kisspeptin in 
reproductive hormone control, there has emerged a plethora 
of literature describing its role in other diverse processes from 

Figure 7. Acute effects of kisspeptin administration on markers of bone formation in humans. (A) Kisspeptin administration stimulated an acute 
increase in total osteocalcin levels compared to placebo, as depicted by absolute raw (*P = .013) and (B) percentage change from baseline (*P = .021, 
maximal increase 20.3% above placebo). (C) Kisspeptin administration stimulated an acute increase in carboxylated osteocalcin levels compared with 
placebo, as depicted by absolute raw (*P = .015) and (D) percentage change from baseline (*P = .014, maximal increase 24.3% above placebo). (E,F) 
Kisspeptin administration had no acute effect on circulating P1NP levels. Data shown as mean ± SEM, *P < .05, mixed-model analysis of variance, 
n = 26 healthy men.
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metabolism to behavior (21, 47-51). As such, given the im-
mense energy expenditure of human bone remodeling and its 
close interplay with reproductive hormones (25), it is unsur-
prising to find a link emerging between kisspeptin and bone. 
Indeed recent pivotal work has identified a neuroskeletal 
axis, whereby inhibiting estrogen signaling in hypothalamic 
kisspeptin neurons promotes dense strong bones in rodents, 
independent of circulating estradiol levels (52). However, the 
direct effects of kisspeptin on human bone cells remain un-
known, until now.

To this end, our data suggest that kisspeptin administration 
may beneficially uncouple bone turnover acutely in humans 
independently of downstream sex steroids, and so warrants 
further study as a potential therapeutic target for clinical dis-
orders of bone metabolism, particularly osteoporosis.

Nonhuman, preclinical work has previously identified that 
kisspeptin exposure induces osteoblast differentiation of 
murine mesenchymal stem cell–like osteoprogenitor cells, by 
activating the kisspeptin receptor upon osteoblasts, to trigger 
NFATc4-mediated BMP2 expression and activation (24). 
Indeed, kisspeptin and its cognate receptor are known to be 

expressed in hMSCs, osteoblast-like cells, and osteogenic pre-
cursor cells (40, 41). Here, we translate these findings into hu-
mans for the first time and observe that kisspeptin enhances 
the osteogenic differentiation of hMSC-TERT4 cells in vitro 
and that acute kisspeptin administration to healthy men in-
creases the osteoanabolic bone marker, osteocalcin. Taken to-
gether, these data suggest an osteoanabolic effect of kisspeptin 
administration in humans.

It is interesting to note that although we observed an osteo-
genic effect of kisspeptin of similar magnitude to that seen with 
the established osteoporosis anabolic therapy teriparatide in 
vitro (53), mature osteoblast activity (measured by ALP) was 
unaltered in vitro. This suggests that the effects of kisspeptin 
in humans are predominantly to generate more mature osteo-
blasts (osteoblastogenesis) rather than increase the activity of 
already mature osteoblasts. Interestingly, the osteocalcin rise 
in the human clinical study indicates enhanced activity in fully 
differentiated osteoblasts by kisspeptin in vivo. Given this, it 
is plausible that the effect on mature osteoblast activity is not 
detectable in vitro, but this requires further study as a small 
change over a long duration could result in effects on bone.

Figure 8. Acute effects of kisspeptin administration on circulating biochemical parameters in healthy men. No change in adjusted calcium (A), 
phosphate (B), parathyroid hormone (PTH, C), sodium (D), creatinine (E), and alkaline phosphatase (ALP, F) levels during kisspeptin administration 
compared to placebo. Two-way paired t-tests, n = 26 healthy men.
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Our human clinical study demonstrated that acute 
kisspeptin administration elicited a marked increase of up 
to 20.3% and 24.3% in circulating total and carboxylated 
osteocalcin levels, respectively. Interestingly, similar magni-
tude increases in osteocalcin are observed with short-term 
teriparatide (PTH 1-34) administration (54), with further in-
creases seen in more long-term administration (55), ultimately 

resulting in increased bone mass and strength. Of note, both 
kisspeptin and PTH have cognate G-protein–coupled recep-
tors in bone, with genomic and nongenomic downstream 
effects (56-59). The rapidity of the osteocalcin rise in the cur-
rent human acute study suggests nongenomic expedited re-
lease of osteocalcin from intracellular vesicles (60). However, 
further studies examining the precise acute and chronic 
signaling mechanisms for kisspeptin in bone are warranted, 
to investigate this further. In this human clinical study, we 
also measured an additional anabolic bone turnover marker, 
P1NP. Unlike with osteocalcin, we did not observe any sig-
nificant change in this short 90-minute timeframe. This is in 
keeping with data showing that acute interventions to bone 
can impact osteocalcin earlier than P1NP levels (61), and 
so a longer timeframe may be needed to identify a possible 
later rise in P1NP. In addition, it is feasible that kisspeptin 
may have a role predominantly in bone matrix regulation 
acutely, as evidenced by the acute changes in osteocalcin but 
not P1NP levels (62), which requires further investigation.

Regarding longer-term studies, it is important to note that 
we chose this acute 90-minute exposure to kisspeptin in the 
human clinical study, so as to avoid subsequent elevations in 
downstream sex steroids that would confound our results. In 
addition, human observational studies have suggested a role 
for FSH in bone metabolism (although no human interven-
tional study has shown this as yet (25)). The acute kisspeptin 
exposure in our study did not elicit a significant increase in 
downstream FSH and testosterone levels throughout this 
acute time-course, removing this as a potential additional 
confounder. Although kisspeptin stimulated an increase in LH 
levels, as expected, evidence suggests that LH itself does not 
have a significant direct effect on bone (25).

In terms of bone resorption, we identified that the kisspeptin 
receptor is present on human osteoclasts. Our finding that 
kisspeptin exposure potently and dose-dependently inhibited 
osteoclast activity by up to 53.4% in vitro, proposes an 
antiresorptive action for kisspeptin, alongside its aforementioned 
anabolic action. Of key clinical relevance, our antiresorptive find-
ings for kisspeptin compare favorably to a study investigating 
the effects of zoledronic acid, a current osteoporosis treatment, 
on osteoclast activity. Indeed, we observed a similar level of 
osteoclast inhibition in using 10 nM kisspeptin compared with 
the expected osteoclast inhibition following a standard 5 mg of 
zoledronic acid treatment (63).

Although we did not observe an effect of kisspeptin on 
the circulating antiresorptive marker CTx in our 90-minute 
human infusions, it is likely that this timeframe was too short 
to detect this, as the in vitro findings were consistent among 
multiple different donors and after a much longer duration 
(72 hours) of kisspeptin exposure. Indeed, kisspeptin admin-
istration to humans may have predominantly anabolic ef-
fects acutely (as per the acute infusion clinical data) but more 
antiresorptive effects when the duration of exposure is ex-
tended (as per the longer exposure in vitro data). Furthermore, 
there are inherent methodological differences in studying 
bone resorption by systematic microscopy vs circulating bone 
markers, as the former provides a more direct assessment of 
osteoclastic resorptive activity. This, therefore, warrants fur-
ther study with more prolonged chronic kisspeptin adminis-
tration studies in humans.

The strengths of this study lie in the multimodal approach 
employed with both in vitro and in vivo human clinical study, 
as well as the novelty of being the first kisspeptin–bone study 

Figure 9. Effects of peripheral kisspeptin administration (intravenous 
1 nmol/kg/hour) on circulating reproductive hormone levels in humans. 
Kisspeptin administration increased circulating levels of (A) kisspeptin 
(****P < .0001) and (B) luteinizing hormone (LH, ****P < .0001), 
compared with placebo. (B) Kisspeptin administration had no effect on 
follicle stimulating hormone (FSH) or (C) testosterone levels. Data shown 
as mean ± SEM, ****P < .0001, mixed-model analysis of variance, 
n = 26 healthy men.
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in a large cohort of healthy humans. We designed the acute 
clinical study to ensure the data were not confounded by later 
changes in downstream reproductive hormones, while our in 
vitro work was inherently free from this possible confounder. 
In addition, we used a range of bone turnover markers and 
comprehensively assessed related biochemical parameters.

Regarding limitations, even though the in vitro studies sug-
gest a strong antiresorptive effect of kisspeptin, the method is 
limited by its in vitro nature when interpreting the results in 
a clinical perspective, although similar results have been ob-
served with zoledronic acid in vitro, which permits some cau-
tious clinical interpretation (63). An additional limitation in 
the clinical study is the fact that the participants were healthy 
young men, and so the results are not necessarily generalizable 
to other populations. For example, patients with osteoporosis 
tend to be older than those in the current clinical study and 
may therefore have age-related declines in osteoblastogenic 
potential (64, 65), although this age-related decline is not 
a consistent finding in the literature (66). Nonetheless, it 
is reassuring that the currently available osteoanabolic, 
teriparatide, has highly beneficial bone effects even in patients 
>80 years old (67). Clinical studies are therefore warranted 
to establish the effects of kisspeptin on bone metabolism at 
different ages and in patients with osteoporosis. It is also im-
portant to note that the acute clinical study would not have 
detected bone effects that may become apparent with more 
prolonged (chronic) kisspeptin administration, although 
longer sampling could be confounded by changes in down-
stream reproductive hormone levels. Therefore, future studies 
examining kisspeptin-based formulations, administration 

routes, doses, and dosing intervals will be key to capitalize 
on or avoid downstream reproductive hormone changes de-
pending on the gonadal status of the patient cohort, while 
maintaining a beneficial bone effect.

In the current human study, we administered kisspeptin 
(exogenously) resulting in circulating kisspeptin levels far 
higher than those observed endogenously in most settings. 
However, given the presence of both KISS1 and KISS1R in 
bone, it would be interesting to also study the possibility of 
autocrine/paracrine endogenous kisspeptin signaling in bone 
similar to that observed with kisspeptin in metabolic tissues 
(68, 69).

Collectively, we provide human in vitro and human 
clinical evidence for a favorable effect of kisspeptin ad-
ministration on bone metabolism. Kisspeptin stimulates 
osteoblastogenesis and potently inhibits osteoclast activity 
in vitro. Furthermore, kisspeptin administration to healthy 
men acutely increases the osteoanabolic marker osteocalcin 
without any change in related biochemical parameters. 
These favorable bone effects have clinical implications as 
they suggest a beneficial effect of kisspeptin by uncoup-
ling bone turnover in humans. This warrants further inves-
tigation in chronic kisspeptin administration studies and 
in cohorts with disrupted bone turnover to determine the 
therapeutic potential of kisspeptin as a novel treatment for 
osteoporosis and related bone disorders.
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Table 1. Baseline (t = 0 at each study visit) reproductive hormones, 
bone turnover markers, bone, and renal biochemistry did not differ at 
commencement of placebo compared with kisspeptin visit

Analyte Placebo Kisspeptin P-value 

Reproductive hormones

Kisspeptin (pmol/L) 31.3 ± 3.2 36.5 ± 1.7 .16

LH (IU/L) 2.6 ± 0.2 2.6 ± 0.2 .82

FSH (IU/L) 2.3 ± 0.2 2.4 ± 0.2 .28

Testosterone (nmol/L) 20.7 ± 1.0 20.4 ± 1.0 .69

Bone turnover markers

Gla OC (ng/mL) 21.0 ± 1.6 19.0 ± 1.8 .24

Total OC (ng/mL) 30.8 ± 2.1 28.0 ± 2.3 .19

P1NP (ng/mL) 72.8 ± 8.4 71.1 ± 7.6 .64

CTx (ng/mL) 0.55 ± 0.05 0.55 ± 0.06 .99

Bone biochemistry

Adjusted calcium (mmol/L) 2.3 ± 0.01 2.3 ± 0.01 .13

Phosphate (mmol/L) 1.1 ± 0.03 1.1 ± 0.02 .76

PTH (pmol/L) 3.8 ± 0.2 3.3 ± 0.3 .08

Vitamin D (nmol/L) 50.6 ± 5.4 50.4 ± 5.0 .83

Total ALP (u/L) 56.4 ± 2.3 57.4 ± 2.2 .69

Albumin (g/L) 44.3 ± 0.5 44.2 ± 0.5 >.99

Total Protein (g/L) 71.0 ± 1.1 70.1 ± 1.0 .34

Renal biochemistry

Sodium (mmol/L) 140.4 ± 0.4 140.4 ± 0.5 .84

Potassium (mmol/L) 4.5 ± 0.1 4.4 ± 0.1 .55

Creatinine (μmol/L) 98.3 ± 2.7 94.5 ± 3.1 .16

Data distributed normally and presented as mean ± SEM, 2-way paired 
t-test, n = 26 healthy men.
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