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The adipokine leptin regulates energy balance, appetite, and reproductive maturation.
Leptin also acts on bone growth and remodeling, but both osteogenic and anti-osteo-
genic effects have been reported depending on experimental conditions. Siberian ham-
sters (Phodopus sungorus) have natural variation in circulating leptin concentrations,
where serum leptin is significantly decreased during the short day (SD)-induced winter
state. In summer long day (LD) photoperiods, appetite and body adiposity increase
with associated central leptin insensitivity. This natural change in leptin secretion was
exploited to investigate leptin’s effect on bone growth. Hamsters were injected with
calcium-chelating fluorescent dyes to measure bone mineral apposition rate (MAR).
Measurements were initially obtained from 5-week and 6-month-old animals maintained
in low leptin (SD) or high leptin (LD) states. A further study investigated effects of chronic
administration of recombinant mouse leptin to hamsters housed in SD and LD condi-
tions; growth plate thickness and bone density were also assessed. As expected, a
reduction in body mass was seen in hamsters exposed to SD, confirming the pheno-
type change in all studies. Serum leptin concentrations were significantly reduced in SD
animals in all studies. MAR was reproducibly and significantly increased in the femurs
of SD animals in all studies. Vitamin D and growth plate thickness were significantly
increased in SD animals at 6 months. No effect on bone density was observed in any
study. Taken together these data suggest that bone growth is associated with the low
leptin, winter, lean state. In leptin-treated animals, there was a significant interaction
effect of leptin and photoperiod. In comparison to their vehicle counterparts, SD animals
had decreased and LD animals had increased MAR, which was not apparent prior to
leptin administration. In conclusion, increased MAR was associated with low serum
leptin levels in early life and sustained over 6 months, implying that leptin has a negative
effect on bone growth in this model. The unexpected finding that MAR increased after
peripheral leptin administration in LD suggests that leptin exerts different effects on bone
growth dependent on initial leptin status. This adds further weight to the hypothesis that
leptin-treated LD animals display central leptin resistance.
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INTRODUCTION

Leptin is a 16-kDa peptide hormone which is synthesized and
released primarily by adipose tissue (1). Circulating concentra-
tions are positively correlated with increases in peripheral
body fat (2). Leptin was first investigated for its role in appetite
regulation and control of energy expenditure (3), but since then
it has been discovered that leptin and its receptor are involved
in regulation of reproduction, immune function, serum glucose
levels, angiogenesis (4), and bone homeostasis (5).

A number of animal models have been used to understand the
role of leptin in bone mass accrual, including the ob/ob mouse
which cannot produce leptin and the db/db mouse which has
dysfunctional leptin receptors. Initial studies by Ducy et al. (5)
found ob/ob mice to have a high bone mass phenotype in their
vertebrae and femurs and an increased bone formation rate
compared to wild-type animals. In contrast, Steppan et al. (6)
found that a high bone mass in the long bones of 0b/ob mice was
achieved only after administering peripheral leptin. Hamrick
et al. (7) showed that contrasting bone phenotypes could also
appear within the same ob/ob model, with lumbar vertebrae
being longer and having an improved bone architecture, whereas
femurs were shorter with poor bone architecture.

In the current literature, four mutations in the gene coding
for leptin have been reported which lead to leptin deficiency
and result in severe obesity (8-12). Leptin replacement has been
investigated as a potential treatment to be used in cases of leptin
deficiency (13), and so it is important to understand the effects of
leptin on bone. However, leptin deficiency is rare, and it is more
common to find extremely low or high levels in humans rather
than a complete lack. Lipodystrophy, for example, is characterized
by the loss of subcutaneous adipose tissue (14), which results in
low circulating leptin levels and has been associated with human
immunodeficiency virus antiviral treatments (15). Low leptin
levels are also found in those suffering from anorexia nervosa
and hypothalamic amenorrhea, and conversely, high circulating
leptin levels are found in obesity.

The Siberian hamster, Phodopus sungorus, has been used
extensively as a robust model of seasonal change which has been
used to investigate energy expenditure, reproductive changes,
and adiposity (16, 17). The Siberian hamster seasonal change
is stimulated by changes in the production of melatonin, which
increases during the short day (SD; winter) photoperiod and
prompts metabolic and physical changes (18). Upon exposure
to SD photoperiods, they reduce their food intake, even if given
food ad libitum (19), which reduces their body weight, abdominal
fat reserves, and serum leptin levels. In addition, reproductive
system regression occurs in both sexes; the testes and epididymal
fat pad weights of males and uterine weight of females are mark-
edly reduced in SD-exposed animals (20), resulting in decreased
levels of circulating sex hormones (21, 22). Conversely, exposure
to long day (LD; summer) photoperiods increases appetite and
results in lipogenesis, increased body mass, larger reproductive
organs, and elevated leptin production. This comprehensive
response to photoperiod provides a model to investigate bone
growth and remodeling in animals with naturally high and low
serum leptin levels.

Only one previous study has examined bone parameters in
the Siberian hamster model and found no evidence for effects
of recombinant leptin on trabecular bone mass or mechanical
properties of bone; however, this study did not measure bone
growth (23). The aim of this study was to use the naturally high
and low leptin levels, induced by photoperiod in the Siberian
hamster, as a model system to investigate the relationship
between circulating leptin concentrations and bone mineral
apposition rate (MAR) and bone density. Following from this,
the mechanistic effect of leptin on any observed changes was
investigated by supplementing animals in both photoperiodic
states with peripheral leptin and measuring MAR longitudinally
before and after leptin supplementation.

MATERIALS AND METHODS

Animals

All studies were carried out in accordance with the UK Animals
(Scientific Procedures) Act of 1986 (project licenses: PPL 40/3065
and PPL 40/3604) and approved by the University of Nottingham
Animal Welfare and Ethical Review Board. Animals were from
a colony of Siberian hamsters (P. sungorus) maintained at the
University of Nottingham Biomedical Services Unit (20). Animals
were group housed in 21°C and 40% humidity conditions and
allowed ad libitum access to water and food (Teklad 2019 global
19% protein extruded rodent diet, Harlan, UK). Hamsters were
housed in either LD conditions comprising 16 h light:8 h dark or
SD conditions of 8 h light:16 h dark.

Experimental Procedure —Study 1

Siberian hamsters (three females and one male) from mothers
that were either housed in LD throughout or from mothers that
had been exposed to SD as soon as pregnancy was detected by
palpation, generally about 7 days before parturition (four females
and two males) were studied (Figure 1). At 3 weeks, the animals
were injected with 150 mg/kg of alizarin (Sigma, UK), and
10 days later they were injected with 100 mg/kg of calcein (Sigma,
UK). Both dyes were diluted in 1.4% sodium bicarbonate and
injected into the intraperitoneal cavity. A week later, the animals
were euthanized with sodium pentobarbital (Euthatal, Merial,
UK). Fore and hind limb long bones and lumbar vertebrae were
removed for cortical appositional growth analysis, and serum was
obtained for analysis of vitamin D and leptin levels.

Experimental Procedure —Study 2

Male Siberian hamsters were randomly housed in LD (n = 6)
or SD (n = 7) conditions from the age of 12 weeks and left to
acclimatize for 5 weeks. At 17 weeks of age, all animals were
injected with 75 mg/kg of alizarin, and this was repeated at
18.5 weeks (Figure 1). At 20 weeks, the animals were injected
with 40 mg/kg of calcein, which was repeated at 21.5 weeks. Both
dyes were diluted in 1.4% sodium bicarbonate and injected into
the intraperitoneal cavity. Both dyes were administered at lower
concentrations than study 1 to prevent potential distress to the
animal by administering the larger volumes needed for the larger
animal size. The animals were euthanized at 24 weeks using
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FIGURE 1 | Experimental protocol schemes for studies 1, 2, and 3. Timelines showing the stages of each study, including birth, transfer into the photoperiod
environments, the timings of calcein and alizarin injections, and the end of studly.

sodium pentobarbital (Euthatal, Merial, UK). The testes and
testicular fat pads were removed from each animal and weighed.
Lumbar vertebrae and femurs were removed for cortical appo-
sitional growth analysis, and serum was obtained for analysis of
vitamin D and leptin levels.

Experimental Procedure —Study 3

Female Siberian hamsters were randomly housed in LD or SD
conditions from the age of 14 weeks and left to acclimatize for
5 weeks (n = 12 per photoperiod) (Figure 1). At 19.5 weeks,
all animals were injected with 30 mg/kg of alizarin, and this
was repeated at 21 weeks. 3 days later, each animal received an
osmotic mini-pump containing either vehicle or leptin (n = 12
per treatment split evenly per photoperiod). Animals were
randomly assigned pumps although it was ensured that each
cage housed at least one animal with vehicle treatment and one
animal with leptin. At 24 weeks, the animals were injected with
20 mg/kg of calcein, which was repeated at 25.5 weeks. Both dyes
were diluted in 0.01 M PBS and injected subcutaneously. Both
dyes were administered at lower concentrations than study 2
to prevent potential distress to the animal by administering the
larger volumes needed for the larger animal size. The animals
were euthanized 3 days after the second calcein injection using
sodium pentobarbital (Euthatal, Merial, UK). The ovaries and
fallopian tubes and the retroperitoneal fat pads were removed
from each animal and weighed. Femurs were removed for corti-
cal appositional growth analysis, growth plate histology, and
microCT analysis. Serum samples were obtained for analysis of
leptin and bone markers.

Administration of Leptin

Alzet osmotic mini-pumps (2004 model, Charles River, UK) were
used to deliver recombinant mouse leptin (R&D Systems, UK)
diluted in 20 mM Tris/HCI (pH 8). Animals were anesthetized
under isoflurane (2-3%), and the mini-pumps were inserted
subcutaneously in the flank region. Each mini-pump delivered
15 pg/day leptin over a 28-day period, a concentration previously
shown to increase the serum leptin levels of Siberian hamsters
after 14 days of continuous treatment (23-25).

Blood Serum Analysis
Blood samples were acquired via cardiac puncture, and the
plasma supernatant was collected and stored at —80°C. Serum
leptin concentration was measured using a commercial “sand-
wich” ELISA (Mouse Leptin ELISA kit; Millipore, USA). The
resulting absorbance was read at 450 and 590 nm using a mul-
tiskan spectrum spectrophotometer (Thermo Scientific, USA).
The difference between the two readings was interpolated from
a curve of the known leptin standards. The quality controls were
also interpolated from the curve and fell within the acceptable
range.

25-Hydroxy vitamin D; analysis by mass spectrometry was
kindly undertaken at the Department of Clinical Biochemistry
at Norfolk and Norwich University Hospital using a Micromass
Quattro Ultima with Masslynx acquisition software (Waters,
USA) and their standard operating procedure.

Blood serum was analyzed for levels of interleukin-6 (IL-6),
adrenocorticotropic hormone (ACTH), insulin, receptor activa-
tor of nuclear factor kappa-B ligand (RANKL), leptin, and tumor
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necrosis factor « (TNFa). This was completed using a Milliplex
map mouse bone panel 2A (Millipore, USA) assay kit. The plate
was read using a MAGPIX analyzer (Luminex, USA), and sample
values were interpolated from known standards using the built-
in xPONENT software.

Appositional Growth
Bone samples, including femora and vertebrae, were fixed in 4%
paraformaldehyde and embedded in JB4 resin (Agar Scientific,
UK) for sectioning. Samples were dehydrated through increasing
grades of ethanol (50, 70, and 90%), being in each concentration
for 24 h. They were transferred to infiltrating resin and placed
on a rocker for 48 h, with three changes of the resin during this
time period. The samples were orientated in plastic molds and
covered in embedding resin, which was polymerized in an anaer-
obic environment using anaerocult bags and sachets (Merck,
UK) at 4°C overnight. The samples were sectioned at 10 pm onto
gelatin-coated slides using a Leica supercut 2050 microtome.
Sections were imaged using a Leica DMRB fluorescence
microscope with a Hamamatsu C4742-95 camera and Openlab
(Perkin Elmer, USA) acquisition software. Images were acquired
where bands of alizarin (red) and calcein (green) were observed
next to each other in the cortical bone of the shaft of the long
bones and the vertebral body of the lumbar vertebrae. Images
were analyzed by measuring the distance between the bands
using Image] software (National Institutes of Health, USA).
A grid of crosses (1.17 cm? per point) was laid over the image and
where a grid point met one of the fluorescent bands, the distance
measured was from that point to the nearest point on the next
band. A minimum of 10 measurements were recorded for each
bone, and the final value was an average of these measurements.

Growth Plate

One femur from each animal was fixed in 4% paraformaldehyde
for 48 h, decalcified in 10% EDTA in 0.1 M Tris (pH 7.4), and
snap-frozen in isopentane (supercooled in liquid nitrogen). The
samples were sectioned on a Leica CM 1850 cryostat at 10 um onto
gelatin coated slides and were stained with Harris hematoxylin
and 1% eosin (EMS, USA). The sections were imaged using a Leica
DM4000B light microscope using a QImaging MicroPublisher
RTV 3.3 camera and Openlab (Perkin Elmer, USA) acquisition
software. The widths of proliferative and hypertrophic zones
in clearly defined columns of the growth plate were measured
using Image] software (National Institutes of Health, USA). 4-6
measurements were recorded per zone for each animal.

MicroCT

MicroCT was carried out using one femur from each animal,
which were embedded in resin as described above. Samples were
scanned using a Scanco pCT40 (beam energy: 55 kVp, beam
intensity: 145 A, 200 ms integration time, and spatial resolution:
10 pm). Image reconstruction and analysis were performed using
Scanco software (Figure 2).

Statistics
Sample sizes were selected for studies 1 and 2 such that these
experiments were sufficiently powered to detect a significant

FIGURE 2 | Representative microCT images as reconstructed by the Scanco
software. (A) A whole femur. (B) Transverse sections through the femur from
the distal (knee) end, showing trabecular structure. (C) Longitudinal sections
through the femur at the distal (knee) end, showing trabecular structure and
the growth plate.

effect of photoperiodic treatment on body weight at 5 weeks
and 6 months of age, respectively. For study 3, group sizes were
the same as those previously used by Atcha et al. (25) who dem-
onstrated that leptin infusions (15 pg/day) caused a significant
reduction in adiposity in Siberian hamsters maintained in short
days.

Data were analyzed by linear regression, unpaired t-test, one-
way ANOVA and two-way ANOVA with Tukey’s post hoc test
using Prism software (GraphPad, USA). Data are presented as
mean + SD.

RESULTS

Study 1—The Effect of Photoperiod
on the MAR of Juvenile (5-Week Olds)

Siberian Hamsters

Siberian hamsters were housed in either LD or SD photoperiods
from confirmation of pregnancy. Those born and housed post-
natally in SD were significantly lighter than those in LD at all
points until the termination of the study at day 39 (P < 0.0001,
Figure 3A). Animals housed in SD had significantly decreased
blood serum leptin levels compared to LD (P = 0.0124,
Figure 3B), and leptin levels were positively correlated with
body weight within the whole cohort (r* = 0.6283, P = 0.0108;
Figure 3C). There was no difference in blood serum levels of
vitamin D; between the photoperiod groups at the end of the
study (Figure 3B).

The hamsters were injected with calcium chelating dyes to
label the mineralizing front in the cortical bone of their skeletons
(Figure 4A). The distance between the labels was measured as
growth over time and known as the MAR. Bone samples from
both the axial and appendicular skeleton were analyzed. A pho-
toperiodic difference was observed in the hind limb bones (femur
and tibia), which showed an increased MAR in SD animals
compared to LD animals (P = 0.0045, Figure 4C). There was no
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FIGURE 3 | Physiological measurements of juvenile (5-week olds)

Siberian hamsters born and weaned in long day (LD) and short day (SD)
photoperiods. (A) Animal body weights recorded from 21 to 39 days old.
(B) Serum levels of leptin and 25(0OH)Ds from blood collected at 39 days old.
Data are mean + SD for n = 4 LD and n = 5 SD animals. ****P < 0.0001,
two-way ANOVA; *P < 0.05, unpaired t-test. (C) Correlation between body
weight and serum leptin level (n = 9, LD and SD animals combined), linear

regression applied to data from individual animals.

difference seen in the MAR of the lumbar vertebrae (Figure 4B)
or the fore limb bones (Figure 4D).

Study 2—The Effect of Photoperiod
on the MAR of Adult (6-Month Olds)

Siberian Hamsters
To investigate MAR in older Siberian hamsters over a longer
time period, male hamsters gestated and raised in LD were

placed in either LD or SD environments at 12 weeks of age and
monitored for a further 12 weeks. SD-housed Siberian hamsters
had significantly decreased body weights compared to those in
LD (P < 0.0001, Figure 5A) and had significantly reduced food
intake over the course of the study (P = 0.0014, Figure 5B).
The animals housed in SD showed reproductive regression and
reduced adiposity, as measured by the wet weights of testes and
fat pads, respectively (P < 0.0001, Figure 5C). Blood serum leptin
levels were reduced in the SD animals (P = 0.0001, Figure 5D),
and leptin levels were positively correlated with body weight
within the whole cohort (1 = 0.7446, P = 0.0001, Figure 5E).
Blood serum 25(OH) Dj; levels were increased in SD animals
(P < 0.05, Figure 5D), and these levels were negatively cor-
related with body weight within the whole cohort (r* = 0.6964,
P =0.0007, Figure 5F).

Based on results from the first study, MAR was measured
in the cortical bone of the femurs and the lumbar vertebrae.
Calcium chelating dyes were injected at four time points to
give three measurements of growth over time (Figure 6A).
SD-housed hamsters had a significant increase in femoral MAR
compared to LD animals (P = 0.0106, Figure 6B), but there was
no difference in vertebral MAR between the two groups at any
time point (Figure 6C).

Study 3—The Effect of Leptin Treatment
on the MAR, Growth Plate Size, and Bone

Architecture of Adult Siberian Hamsters
Study 3 was designed to investigate whether the low blood
serum leptin levels observed in SD-housed hamsters contrib-
uted to the increased femoral cortical MAR observed in study
2. Animals raised in LD were transferred to SD photoperiods
at 14 weeks of age or remained in LD, and at 22 weeks of age
were treated with vehicle or leptin for 28 days via an osmotic
mini-pump. Hamsters were treated with 15 pg/day leptin, a dose
that had previously been shown to increase the blood serum
leptin concentration of SD animals to levels comparable with
LD animals (23, 24). Animals housed in the SD photoperiod had
decreased body weights compared to those in LD (P < 0.0001,
Figure 7A). There was no significant effect of leptin treatment
on body weight in hamsters in either photoperiod (Figure 7A).
SD-housed hamsters had decreased food intake over time com-
pared to LD animals (P = 0.0003, Figure 7B). To avoid cage
bias, animals from both treatment groups were housed together
in the same photoperiod cage. Therefore, food intake data could
only be compared for the photoperiod groups and not individual
treatment groups.

Animals housed in the SD photoperiod had significant
regression of their reproductive systems as assessed by the wet
weight of ovaries and uteri and less retroperitoneal fat than
those housed in LD (P = 0.0006, Figures 7C,H and P < 0.0001,
Figures 7D,H respectively). There was no significant effect of
leptin treatment on these parameters in either photoperiod.

Siberian hamsters housed in SD conditions had decreased
blood serum levels ofleptin (P=0.0017, Figures 7E,H) and insulin
(P =0.0035, Figures 7E,H). There was a significant interaction of
photoperiod and leptin on insulin levels (P = 0.0206, Figure 7H);
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post hoc tests revealed that insulin levels were decreased in the
leptin-treated animals in LD but not in SD (P < 0.05, Figure 7F).
An overall effect of photoperiod on serum RANKL levels indi-
cated that levels were higher in hamsters in SD; leptin treatment
did not affect this (Figures 7G,H). There was no difference in
the ACTH levels of any photoperiod or treatment group, and the
bone panel assay did not detect the presence of IL-6 and TNFa in
the blood serum samples (data not shown).

Calcium chelating dyes were injected to assess femoral cortical
MAR both before and during the treatment period (Figure 8A).
Before treatment, there was no significant effect of photoperiod
on MAR in femurs (Figures 8B,E). During the first period of
treatment (21-24 weeks of age) there was a significant interac-
tion of leptin and photoperiod (P = 0.0354, Figures 8C,E), but
no main effect of the variables individually. During the second
period of treatment (24-25.5 weeks), the animals housed in the
LD photoperiod had a decreased femoral MAR compared to SD
hamsters (P = 0.0309). There was a very significant interaction
ofleptin and photoperiod (P = 0.0067, Figures 8D,E), thus MAR
was increased in leptin-treated hamsters in LD, but reduced in
those in SD (Figure 8E).

Femoral growth plates were labeled with hematoxylin and
eosin in decalcified frozen sections. The proliferative and hyper-
trophic zone widths of a column were measured and recorded
individually along with the total width of the two zones com-
bined (Figure 9A). Overall, the growth plates of the SD housed
hamsters were wider than those housed in LD, with a significant

increase being observed in the total growth plate (P < 0.0001,
Figures 9B,E). This significant effect of photoperiod was evident
when the proliferative (P = 0.0001, Figures 9C,E) and hyper-
trophic zones (P = 0.001, Figures 9D,E) were analyzed separately.
There was no effect of leptin treatment on the width of any of the
zones measured.

MicroCT analysis of the femurs was carried out to detect
cortical and trabecular bone differences within the treatment
groups. There was a significant increase in bone volume of the SD
hamsters’ tibias compared to the LD housed animals (P = 0.02),
but no significant effect of leptin treatment. There were no differ-
ences in the other parameters measured, including bone surface,
density and number, spacing and thickness of the trabeculae
(Table 1).

DISCUSSION

Our data demonstrate a significant effect of photoperiod on
indicators of bone growth in Siberian hamsters. This study
investigated appositional bone growth, via MAR, and measured
longitudinal bone growth at the cartilage growth plate and found
both to be increased in SD housed animals. We further investi-
gated leptin as a potential mediator of this effect and found it to
have an anti-osteogenic effect on MAR but no effect on growth
plate width.

The Siberian hamster model is well established as a means
of examining the effects of photoperiod on energy balance.
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We found that SD animals had decreased food intake, body
weight, and associated decreases in body fat, despite being fed
ad libitum, consistent with many reports in the literature [see
Ref. (16, 17) for review]. In addition, both male and female SD
animals underwent reproductive system regression, and we
observed seasonal changes in pelage. Importantly, we found
SD animals to have significantly lower serum leptin levels than
their LD counterparts. Further serum analysis showed a signifi-
cantly increased serum vitamin D level in the SD state, which
considering their reduced food intake and light exposure might
not have been predicted. This may be due, however, to the fat-
soluble nature of vitamin D which may have been sequestered
in adipose tissue and released as abdominal fat reserves are
catabolized in SD (26, 27).

The seasonal change in leptin observed in rodent models
has rarely been investigated in relation to its effect on bone; the
single study in this area found no effect of a 1 week leptin sup-
plementation on bone mass or mechanical properties, but did

not investigate bone growth (23). The present study investigated
appositional bone growth via MAR and measured longitudinal
bone growth at the cartilage growth plate in addition to bone
density studies. We have shown a significant and consistent
increase in MAR of SD animals independent of gender and age
in the cortical bone of the hind limbs (tibias and femora). This
study allowed us for the first time to also analyze chondrocyte
responses to photoperiod in the growth plates. We investigated
growth plate size in 6-month-old female animals and found a
significant increase in total growth plate width in the SD state
and specific increases in the proliferative and hypertrophic zones
of animals. An initial study of bone mass at 5 weeks of age and
a more comprehensive study of tibial bone mass parameters
at 6 months of age showed no significant difference (data not
shown). An increase in total bone volume in SD hamsters was
observed; however, this is more attributed to an increase in bone
growth than bone density. These bone density data are consistent
with the previous study (23) that used the same animal model at
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similar ages and leptin dose levels, but with a shorter duration
of leptin supplementation: the present study treated hamsters
for 4 weeks beginning at 22 weeks of age compared to 2 weeks
beginning at 24 weeks of age. We have added significantly to
the findings of Rousseau et al (23) by showing a reproducible
negative effect of the LD higher leptin state on parameters of
bone growth.

Although our results suggest decreased levels of serum leptin
are beneficial to bone growth, other factors that could potentially
affect bone growth also differ between the photoperiod states.
In the SD state, Siberian hamsters undergo regression of the
reproductive system, and as would be expected this is associated
with a decrease in circulating levels of estradiol in female ham-
sters (21). Additionally, in male hamsters, testosterone levels
are decreased in SD-housed animals (22), meaning there is less
available for aromatization to estradiol. The decrease in circulat-
ing estrogens in women after menopause is strongly linked to the
higher bone turnover rate and subsequent bone loss observed
in post-menopausal osteoporosis, with estradiol treatment
reversing the phenotype in ovariectomized animals. As such, it
would be expected that the lower sex hormone levels would have
a negative effect on the bone metabolism of SD-housed animals
and that this would be observed in their bone density measure-
ments. As this was not the case for either sex, it is unlikely that
this factor contributed to the changes in bone growth rate seen
in the SD state.

The nocturnal duration of pineal melatonin secretion
increases in SD-housed Siberian hamsters (28), and this prompts
the development of the SD phenotype through actions in the

pars tuberalis and hypothalamus (18). Melatonin has been sug-
gested to have a positive direct effect on bone growth, although
the mechanism has not been clearly established. Satomura
et al. (29) observed an increase in murine femoral MAR after
treatment with melatonin, but in contrast, Koyama et al. (30)
found that although melatonin had positive effects on bone
density in mice, it had no effect on MAR. The differences seen
were hypothesized to be due to a decrease in resorption rather
than an increase in bone formation, despite other groups finding
melatonin increases human osteoblast proliferation and produc-
tion of differentiation markers in vitro (29, 31). The currently
published literature demonstrates that melatonin has an impact
on MAR, and therefore, could be a factor contributing to the
increased cortical MAR observed in this study. Unfortunately, no
direct comparison can be made, due to the melatonin treatment
in these studies being at a supraphysiological level.

25-Hydroxy vitamin Ds levels differed between the photo-
period groups and were increased in SD animals where body fat
was reduced, but the impact of increased vitamin D is reported
as both positive and negative. For example, human studies have
shown vitamin D; supplementation to have a positive effect on
bone mineral density in adult girls (32), and serum levels to be
positively correlated with bone mineral density of young and
old people (33). In contrast, in vitro studies with human and
animal bone cells have shown vitamin D; to have negative effects
on cell proliferation and differentiation (34, 35). In addition,
murine osteoblasts lacking the vitamin D receptor had increased
proliferation and increased early and late differentiation markers
mineralization (36). These contrasting findings may be due to the
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FIGURE 7 | Physiological measurements of adult (6-month olds) female Siberian hamsters housed in long day (LD) and short day (SD) photoperiods and treated
with vehicle (20 mM Tris/HCI) or leptin (15 pg/day). (A) Body weight recorded every 2 weeks from 14 to 26 weeks old. (B) Food intake displayed as a cumulative
average per cage (n = 6 cages, 1-3 animals per cage). (C) Reproductive system (ovaries and fallopian tubes) and (D) retroperitoneal fat pads were removed at

26 weeks old and weighed. (E) Serum leptin, (F) insulin, and (G) RANKL levels were measured in blood taken at 26 weeks old. Data are mean + SD,n =6 (n = 5,
long day—vehicle). “P < 0.05, ***P < 0.001, and ****P < 0.0001, (A,B) two-way ANOVA; (C-G) two-way ANOVA with Tukey’s post hoc test, with statistical data
shown in (H), NS—not significant. Box represents the period of vehicle/leptin treatment.

role of vitamin D in both increasing bone resorption to release
calcium reserves from bone and encouraging bone formation
at times of excess calcium availability. As vitamin D levels were
increased in the present study in the SD phenotype, vitamin D
could have contributed to the increased MAR seen; however, its
effect remains unknown.

Given that factors other than leptin have potentially influ-
enced the increased MAR seen in SD animals, a second set of

studies was carried out to understand better the potential role of
leptin. Siberian hamsters exposed to SD were treated peripher-
ally with murine leptin at a dose level designed to restore LD
concentrations of leptin. Previous studies showed that peripheral
treatment of 15 pg/day leptin over 2 weeks increased the serum
leptin levels of a SD animal to that of a hamster housed in the
LD environment (23-25). A strength of the present study was
the ability to monitor MAR changes longitudinally, and it was
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FIGURE 8 | Effect of photoperiod and vehicle (20 mM Tris/HCI) or leptin (15pg/day) treatment on the femoral mineral apposition rate (MAR) of adult (6-month olds)
female Siberian hamsters. (A) Representative labeled image showing the double alizarin and double calcein incorporation into the cortical bone of the femur, with an
experimental schematic showing the point at which vehicle or leptin treatment began. Scale bar = 100 um. MAR of femurs measured at (B) 19.5-21 weeks —before
treatment, (C) 21-24 weeks—during treatment, and (D) 24-25.5 weeks—during treatment. Data are mean + SD, n = 6 (n = 5, LD—vehicle). **P < 0.01, two-way
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therefore designed to measure MAR before treatment started and
again after 2 weeks of treatment, at which point the leptin levels
of the SD treated and LD vehicle animals would be expected to
be similar.

The same robust effect of SD photoperiod on body weight,
food intake, reproductive regression, fat weight, and serum leptin
levels was observed. However, there was no difference in any of
these parameters when comparing the vehicle and leptin-treated
animals in either photoperiod. Food intake was only compared
between photoperiods, as hamsters from different treatment
groups were housed together. This is a potential limitation of
the study; however, it was deemed that removing the potential
bias of housing the treatment groups separately outweighed the
gain of information from the food intake. In addition, it has
been previously demonstrated that the change in body weight
observed in leptin-treated Siberian hamsters can occur without

a significant change in food intake (25). The failure to observe a
metabolic response in LD animals has been observed in previ-
ous studies using this dose of leptin and is potentially due to
a development of central resistance (23-25). Levels of bone
markers had not previously been reported in these animals, and
this study found that RANKL was increased in SD animals. This
would imply an increase in osteoclastogenesis and therefore
bone resorption; however, there were no observed differences
in bone density and architecture. This is difficult to interpret in
isolation, and investigation into the RANKL/OPG ratio would
shed further light on the relevance of this finding. Insulin levels
were decreased in the SD animals in agreement with Bartness
et al. (37), and additionally, an interaction effect of leptin and
photoperiod was observed. Leptin has been shown to decrease
glucose-stimulated insulin secretion in a dose-dependent man-
ner through central, rather than peripheral mechanisms (38).
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TABLE 1 | Effect of leptin treatment on femoral bone density of female adult Siberian hamsters housed in long day and short day photoperiods.

Parameter measured Long day Long day Short day Short day Effect of Effect of Effect of photoperiod
vehicle leptin vehicle leptin photoperiod leptin and leptin interaction
Bone volume (mm?®) 21.27 +0.84 19.37 £ 2.00 22.35+0.70 22.07 +£0.96 P =0.02 NS, P =0.1370 NS, P =0.2577
Bone surface (mm?) 218.1 +£20.82 216.3 £ 7.72 228.3 +11.23 226.6 £9.50 NS,P=0.2333 NS, P=0.8311 NS, P = 0.9997
Bone surface/bone 10.12 £ 1.03 11.06 = 1.01 10.08 £ 0.78 10.12+0.66 NS,P=0.3562 NS, P=0.3552 NS, P = 0.3952
volume ratio
Mean bone density (1/cm) 2.598 + 0.05 2.560 + 0.05 2,511 £ 0.09 2559 +0.10 NS, P=0.3408 NS, P=0.8684 NS, P = 0.3526
Trabecular number (1/mm) 1.479 £ 0.74 0.9993 + 0.47 0.9812 +0.75 1.686+0.28 NS,P=0.7867 NS,P=0.7473 NS, P =0.1157
Trabecular spacing (mm) 1.018 £ 0.94 1.403 £ 0.62 0.8327 +0.77 0.6067 +£0.13 NS, P =0.2521 NS, P = 0.8465 NS, P = 0.4650
Trabecular thickness (mm) 0.2420 + 0.02 0.2171+0.02 0.3218 +0.14 0.2419+0.02 NS,P=0.2113 NS, P=0.2107 NS, P =0.4970
Connectivity density (mm?®) 1.603 + 0.62 1.382 + 0.33 1.361 + 0.51 1.223+0.16 NS,P=0.5775 NS, P =0.6292 NS, P =0.9753

Data given as mean + SD, n = 3 (n = 4, long day—vehicle). Two-way ANOVA with Tukey'’s post hoc test, NS—not significant.
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This adds further evidence to the suggestion of central leptin
resistance occurring in the LD-housed animals, as their insulin
levels decreased after treatment with leptin, implying that
peripheral mechanisms were no longer effective.

Mineral apposition rate of the Siberian hamsters was signifi-
cantly affected by leptin treatment, and interestingly, this effect
differed depending on the photoperiod the animals were housed
in. In agreement with the first two experiments, the MAR of SD
animals was increased compared to LD in the vehicle animals,
and so it was expected that leptin would have a negative effect
on MAR in animals treated with recombinant leptin. However,
rather than a consistent effect of leptin in animals housed in each
photoperiod, there was an interaction effect between leptin treat-
ment and photoperiod. This resulted in MAR being lower in SD
animals treated with leptin and higher in LD animals, compared
to their vehicle counterparts. This study was designed to manipu-
late the serum leptin levels of SD animals to be similar to LD
hamsters. The MAR of SD-treated animals was decreased to the
point that it was no longer significantly different to LD animals,
supporting an anti-osteogenic role of leptin. A role for leptin in
bone growth and remodeling has been reported in many stud-
ies; however, the results have been conflicting. Leptin knockout
mouse models have been the basis of a majority of the in vivo
studies and these showed leptin to have both osteogenic (6,39-41)
and anti-osteogenic properties (5, 42-44). In our initial studies,
serum leptin levels were significantly lower in the SD animals,
and so there is was potentially an association between decreased
serum leptin levels and increased MAR. In agreement with this,
increased MAR has been demonstrated in leptin-deficient, ob/ob,
mice (43, 44). However, there is also contrasting data from Bartell
et al. (45) who showed 0b/0ob mice to have increased MAR only
after leptin treatment. Taken together, the results of the present
study are all consistent with an anti-osteogenic role of leptin.

Leptin had an opposite effect on LD-treated animals, with
MAR being higher than the vehicle animals. Although this was
not expected, it lends further evidence to the suggestions of leptin
resistance occurringin LD, leptin-treated animals (23-25). Human
obesity has also been described as a state of leptin insensitivity, as
high levels of food intake and body adiposity occur despite very
elevated circulating leptin concentrations. A physiological resist-
ance at the blood-brain barrier has been hypothesized as explana-
tion for this (46). It has been demonstrated that leptin uptake
into the brain is reduced in obese mice and control mice that are
treated with excess leptin (47). This was despite no change in the
expression of Ob-Ra, the receptor responsible for blood-brain
barrier transport of leptin (48), indicating a mechanistic change
that is yet to be defined. In agreement with this, the body weight
reducing action of leptin has been demonstrated in obese rodents
if treated centrally, but not peripherally (49). We also found serum
insulin levels to be decreased in leptin-treated animals in LD,
which may well reflect leptin modulating glucose homeostasis
via central mechanisms (38), consistent with the idea that leptin
could also act via a centrally mediated mechanism to negatively
regulate appositional bone growth in our animal model.

We have reported femoral growth plate size measurements in
Siberian hamsters for the first time and have shown that there
is an effect of photoperiod. SD-housed animals had increased

total growth plate width, and this was seen in both the prolifera-
tive and hypertrophic zones, consistent with the increased bone
growth rates seen using MAR. In addition, this study found that
the growth plate widths were not affected by leptin treatment.
This is in contrast to several studies which found growth plate
length to be increased after leptin treatment (39, 50, 51), and
the long bones of ob/ob mice to be shorter (6, 39-41). Bone
density measurements agreed with our initial studies, showing
no measurable effect of photoperiod, or leptin, consistent with
previously published observations (23).

A limitation of the current study was that the leptin delivered
via the pump ceased prior to the study ending. In previous
studies, animals were treated for 14 days before euthanasia using
sequential implantation of two osmotic mini-pumps that were
changed after 7 days (23, 24). In the present study, the hamsters
received a single 28-day osmotic mini-pump to minimize surgi-
cal stress to the animals, but blood samples and tissues were not
collected until day 31 after the implantation of mini-pumps. This
is likely to have resulted in the observation that leptin levels were
not significantly different between leptin and vehicle treatment
groups within each photoperiod, as leptin has a half-life of less
than an hour in rodents (52), so levels would rapidly revert to
normal after supplementation ends (53). Unfortunately, it was
not possible to measure leptin longitudinally due to the small
blood volume of a Siberian hamster and difficulties in obtaining
samples (no accessible tail vein). While it is recognized that the
body weight changes and serum leptin levels at the end of the
study are not as expected, there is evidence to show that bone
changes due to leptin are apparent at much lower levels than
those needed for changes in body weight (54). In addition, the I/
mouse model, which has increased leptin signaling, is osteoporo-
tic despite no changes in food intake or reproductive function,
suggesting that a smaller change in leptin signaling is required to
affect bone compared to its other functions (55).

In conclusion, we have demonstrated for the first time that
photoperiod has a reproducible and significant effect on bone
growth parameters including both MAR and growth plate size at
several time points and in both sexes. No changes were observed
in measures of bone mass, consistent with the only previous
study examining these parameters (23). While inconclusive, we
observed some findings of interest that warrant further study.
First, with leptin treatment the MAR of SD animals reduced and
began to approach those of LD animals to the point where they
was no longer a statistically significant difference between them,
implying that leptin has a catabolic effect on bone growth. Second,
the effects of leptin treatment were photoperiod-dependent,
lacking the usual significant reduction in MAR observed in
leptin-treated hamsters in LD. This supports the hypothesis that
supplementing leptin in an existing state of adiposity can promote
leptin resistance (probably centrally mediated, supported by the
insulin findings), and further implies an anti-osteogenic role for
leptin in bone.

ETHICS STATEMENT

This study was carried out in accordance with the recommen-
dations of the UK Animals (Scientific Procedures) Act of 1986

Frontiers in Endocrinology | www.frontiersin.org

December 2017 | Volume 8 | Article 357


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive

Kokolski et al.

Bone Growth in Siberian Hamsters

(project licenses: PPL 40/3065 and PPL 40/3604). The protocol
was approved by the University of Nottingham Animal Welfare
and Ethical Review Board.

AUTHOR CONTRIBUTIONS

Conception and design: MK, FE, and SA. Data collection: MK,
FE, JH, and SA. Data analysis and interpretation: MK, FE, and

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL, et al.
Leptin regulates bone formation via the sympathetic nervous system. Cell
(2002) 111(3):305-17. doi:10.1016/S0092-8674(02)01049-8

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW,
Nyce MR, et al. Serum immunoreactive-leptin concentrations in nor-
mal-weightand obese humans. N Engl ] Med (1996) 334(5):292-5. d0i:10.1056/
NEJM199602013340503

Flier JS. Clinical review 94: what’s in a name? In search of leptin’s physio-
logic role. ] Clin Endocrinol Metab (1998) 83(5):1407-13. doi:10.1210/
jcem.83.5.4779

Banks WA, Clever CM, Farrell CL. Partial saturation and regional vari-
ation in the blood-to-brain transport of leptin in normal weight mice. Am
J Physiol Endocrinol Metab (2000) 278(6):E1158-65. doi:10.1152/ajpendo.
2000.278.6.E1158

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT, et al.
Leptin inhibits bone formation through a hypothalamic relay: a central
control of bone mass. Cell (2000) 100(2):197-207. doi:10.1016/S0092-8674
(00)81558-5

Steppan CM, Crawford DT, Chidsey-Frink KL, Ke H, Swick AG. Leptin
is a potent stimulator of bone growth in ob/ob mice. Regul Pept (2000)
92(1-3):73-8. doi:10.1016/S0167-0115(00)00152-X

Hamrick MW, Pennington C, Newton D, Xie D, Isales C. Leptin deficiency
produces contrasting phenotypes in bones of the limb and spine. Bone (2004)
34(3):376-83. d0i:10.1016/j.bone.2003.11.020

Montague CT, Farooqi IS, Whitehead JP, Soos MA, Rau H, Wareham NJ,
et al. Congenital leptin deficiency is associated with severe early-onset obesity
in humans. Nature (1997) 387(6636):903-8. doi:10.1038/43185

Strobel A, Issad T, Camoin L, Ozata M, Strosberg AD. A leptin missense
mutation associated with hypogonadism and morbid obesity. Nat Genet
(1998) 18(3):213-5. doi:10.1038/ng0398-213

Gibson WT, Faroogi IS, Moreau M, DePaoli AM, Lawrence E, O'Rahilly S,
et al. Congenital leptin deficiency due to homozygosity for the deltal33G
mutation: report of another case and evaluation of response to four years of
leptin therapy. J Clin Endocrinol Metab (2004) 89(10):4821-6. doi:10.1210/
jc.2004-0376

Mazen I, El-Gammal M, Abdel-Hamid M, Amr K. A novel homozygous
missense mutation of the leptin gene (N103K) in an obese Egyptian patient.
Mol Genet Metab (2009) 97(4):305-8. d0i:10.1016/j.ymgme.2009.04.002
Fischer-Posovszky P, von Schnurbein J, Moepps B, Lahr G, Strauss G, Barth TE,
et al. A new missense mutation in the leptin gene causes mild obesity and
hypogonadism without affecting T cell responsiveness. J Clin Endocrinol
Metab (2010) 95(6):2836-40. doi:10.1210/jc.2009-2466

Licinio ], Caglayan S, Ozata M, Yildiz BO, de Miranda PB, O’Kirwan F
et al. Phenotypic effects of leptin replacement on morbid obesity, diabetes
mellitus, hypogonadism, and behavior in leptin-deficient adults. Proc Natl
Acad Sci US A (2004) 101(13):4531-6. doi:10.1073/pnas.0308767101
Mantzoros CS, Magkos F, Brinkoetter M, Sienkiewicz E, Dardeno TA, Kim
SY, et al. Leptin in human physiology and pathophysiology. Am ] Physiol
Endocrinol Metab (2011) 301(4):E567-84. doi:10.1152/ajpendo.00315.2011
Martinez E, Gatell JM. Metabolic abnormalities and body fat redistribution
in HIV-1 infected patients: the lipodystrophy syndrome. Curr Opin Infect Dis
(1999) 12(1):13-9. doi:10.1097/00001432-199902000-00003

Ebling FJ. On the value of seasonal mammals for identifying mechanisms
underlying the control of food intake and body weight. Horm Behav (2014)
66(1):56-65. d0i:10.1016/j.yhbeh.2014.03.009

SA. Drafting the article: MK and SA. Critical review of the
article: MK, FE, JH, and SA. Final approval of the article: MK,
FE, and SA.

ACKNOWLEDGMENTS

We are grateful to Dr. Emma English for her expert assistance in
the Vitamin Dj; analysis.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ebling FJ. Hypothalamic control of seasonal changes in food intake and
body weight. Front Neuroendocrinol (2015) 37:97-107. doi:10.1016/j.
yfrne.2014.10.003

Bartness TJ, Elliott JA, Goldman BD. Control of torpor and body weight
patterns by a seasonal timer in Siberian hamsters. Am ] Physiol (1989) 257
(1 Pt 2):R142-9.

Bartness TJ, Hamilton JM, Wade GN, Goldman BD. Regional differences in
fat pad responses to short days in Siberian hamsters. Am ] Physiol (1989) 257
(6 Pt 2):R1533-40.

Ebling FJ. Photoperiodic differences during development in the dwarf
hamsters Phodopus sungorus and Phodopus campbelli. Gen Comp Endocrinol
(1994) 95(3):475-82. doi:10.1006/gcen.1994.1147

Mofftatt-Blue CS, Sury JJ, Young KA. Short photoperiod-induced ovarian
regression is mediated by apoptosis in Siberian hamsters (Phodopus sun-
gorus). Reproduction (2006) 131(4):771-82. doi:10.1530/rep.1.00870

Pawlak ], Golab M, Markowska M, Majewski P, Skwarlo-Sonta K. Photoperiod-
related changes in hormonal and immune status of male Siberian hamsters,
Phodopus sungorus. Comp Biochem Physiol A Mol Integr Physiol (2009)
152(3):299-303. doi:10.1016/j.cbpa.2008.10.016

Rousseau K, Atcha Z, Denton ], Cagampang FR, Ennos AR, Freemont AJ,
et al. Skeletal bone morphology is resistant to the high amplitude seasonal
leptin cycle in the Siberian hamster. ] Endocrinol (2005) 186(3):475-9.
doi:10.1677/joe.1.06207

Rousseau K, Atcha Z, Cagampang FR, Le Rouzic P, Stirland JA, Ivanov TR,
et al. Photoperiodic regulation of leptin resistance in the seasonally breeding
Siberian hamster (Phodopus sungorus). Endocrinology (2002) 143(8):3083-95.
doi:10.1210/endo.143.8.8967

Atcha Z, Cagampang FR, Stirland JA, Morris ID, Brooks AN, Ebling FJ,
et al. Leptin acts on metabolism in a photoperiod-dependent manner, but
has no effect on reproductive function in the seasonally breeding Siberian
hamster (Phodopus sungorus). Endocrinology (2000) 141(11):4128-35.
doi:10.1210/endo.141.11.7769

Parikh SJ, Edelman M, Uwaifo GI, Freedman R], Semega-Janneh M, Reynolds]J,
et al. The relationship between obesity and serum 1,25-dihydroxy vitamin
D concentrations in healthy adults. J Clin Endocrinol Metab (2004) 89(3):
1196-9. doi:10.1210/jc.2003-031398

Lagunova Z, Porojnicu AC, Lindberg F, Hexeberg S, Moan J. The dependency
of vitamin D status on body mass index, gender, age and season. Anticancer
Res (2009) 29(9):3713-20. doi:10.14341/2071-8713-4886

Lerchl A, Schlatt S. Influence of photoperiod on pineal melatonin synthesis,
fur color, body weight, and reproductive function in the female Djungarian
hamster, Phodopus sungorus. Neuroendocrinology (1993) 57(2):359-64.
doi:10.1159/000126380

Satomura K, Tobiume S, Tokuyama R, Yamasaki Y, Kudoh K, Maeda E,
et al. Melatonin at pharmacological doses enhances human osteoblastic
differentiation in vitro and promotes mouse cortical bone formation in vivo.
J Pineal Res (2007) 42(3):231-9. do0i:10.1111/j.1600-079X.2006.00410.x
Koyama H, Nakade O, Takada Y, Kaku T, Lau KH. Melatonin at pharmaco-
logic doses increases bone mass by suppressing resorption through down-
regulation of the RANKL-mediated osteoclast formation and activation.
] Bone Miner Res (2002) 17(7):1219-29. doi:10.1359/jbmr.2002.17.7.1219
Nakade O, Koyama H, Ariji H, Yajima A, Kaku T. Melatonin stimulates
proliferation and type I collagen synthesis in human bone cells in vitro.
] Pineal Res (1999) 27(2):106-10. d0i:10.1111/j.1600-079X.1999.tb00603.x
Viljakainen HT, Natri AM, Karkkainen M, Huttunen MM, Palssa A, Jakobsen J,
et al. A positive dose-response effect of vitamin D supplementation on
site-specific bone mineral augmentation in adolescent girls: a double-blinded

Frontiers in Endocrinology | www.frontiersin.org

December 2017 | Volume 8 | Article 357


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/S0092-8674(02)01049-8
https://doi.org/10.1056/NEJM199602013340503
https://doi.org/10.1056/NEJM199602013340503
https://doi.org/10.1210/jcem.83.5.4779
https://doi.org/10.1210/jcem.83.5.4779
https://doi.org/10.1152/ajpendo.2000.278.6.E1158
https://doi.org/10.1152/ajpendo.2000.278.6.E1158
https://doi.org/10.1016/S0092-8674
(00)81558-5
https://doi.org/10.1016/S0092-8674
(00)81558-5
https://doi.org/10.1016/S0167-0115(00)00152-X
https://doi.org/10.1016/j.bone.2003.11.020
https://doi.org/10.1038/43185
https://doi.org/10.1038/ng0398-213
https://doi.org/10.1210/jc.2004-0376
https://doi.org/10.1210/jc.2004-0376
https://doi.org/10.1016/j.ymgme.2009.04.002
https://doi.org/10.1210/jc.2009-2466
https://doi.org/10.1073/pnas.0308767101
https://doi.org/10.1152/ajpendo.
00315.2011
https://doi.org/10.1097/00001432-199902000-00003
https://doi.org/10.1016/j.yhbeh.2014.03.009
https://doi.org/10.1016/j.yfrne.2014.10.003
https://doi.org/10.1016/j.yfrne.2014.10.003
https://doi.org/10.1006/gcen.1994.1147
https://doi.org/10.1530/rep.1.00870
https://doi.org/10.1016/j.cbpa.2008.10.016
https://doi.org/10.1677/joe.1.06207
https://doi.org/10.1210/endo.143.8.8967
https://doi.org/10.1210/endo.141.11.7769
https://doi.org/10.1210/jc.2003-031398
https://doi.org/10.14341/2071-8713-4886
https://doi.org/10.1159/000126380
https://doi.org/10.1111/j.1600-079X.2006.00410.x
https://doi.org/10.1359/jbmr.2002.17.7.1219
https://doi.org/10.1111/j.1600-079X.1999.tb00603.x

Kokolski et al.

Bone Growth in Siberian Hamsters

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

randomized placebo-controlled 1-year intervention. ] Bone Miner Res (2006)
21(6):836-44. doi:10.1359/jbmr.060302

Bischoff-Ferrari HA, Dietrich T, Orav EJ, Dawson-Hughes B. Positive
association between 25-hydroxy vitamin D levels and bone mineral density:
a population-based study of younger and older adults. Am J Med (2004)
116(9):634-9. doi:10.1016/j.amjmed.2003.12.029

Owen TA, Aronow MS, Barone LM, Bettencourt B, Stein GS, Lian JB.
Pleiotropic effects of vitamin D on osteoblast gene expression are related to
the proliferative and differentiated state of the bone cell phenotype: depen-
dency upon basal levels of gene expression, duration of exposure, and bone
matrix competency in normal rat osteoblast cultures. Endocrinology (1991)
128(3):1496-504.

Atkins GJ, Kostakis P, Pan B, Farrugia A, Gronthos S, Evdokiou A, et al.
RANKL expression is related to the differentiation state of human osteo-
blasts. J Bone Miner Res (2003) 18(6):1088-98. doi:10.1359/jbmr.2003.18.
6.1088

Sooy K, Sabbagh Y, Demay MB. Osteoblasts lacking the vitamin D receptor
display enhanced osteogenic potential in vitro. ] Cell Biochem (2005)
94(1):81-7. doi:10.1002/jcb.20313

Bartness TJ, Morley JE, Levine AS. Effects of food deprivation and meta-
bolic fuel utilization on the photoperiodic control of food intake in Siberian
hamsters. Physiol Behav (1995) 57(1):61-8. doi:10.1016/0031-9384
(94)00203-H

Muzumdar R, Ma X, Yang X, Atzmon G, Bernstein J, Karkanias G, et al.
Physiologic effect of leptin on insulin secretion is mediated mainly through
central mechanisms. FASEB J (2003) 17(9):1130-2. doi:10.1096/1).02-0991fje
Kishida Y, Hirao M, Tamai N, Nampei A, Fujimoto T, Nakase T, et al. Leptin reg-
ulates chondrocyte differentiation and matrix maturation during endochondral
ossification. Bone (2005) 37(5):607-21. doi:10.1016/j.bone.2005.05.009
Iwaniec UT, Boghossian S, Lapke PD, Turner RT, Kalra SP. Central leptin
gene therapy corrects skeletal abnormalities in leptin-deficient ob/ob
mice. Peptides (2007) 28(5):1012-9. doi:10.1016/j.peptides.2007.02.001
Turner RT, Kalra SP, Wong CP, Philbrick KA, Lindenmaier LB, Boghossian S,
et al. Peripheral leptin regulates bone formation. ] Bone Miner Res (2013)
28(1):22-34. doi:10.1002/jbmr.1734

Hamrick MW, Della-Fera MA, Choi YH, Pennington C, Hartzell D, Baile CA.
Leptin treatment induces loss of bone marrow adipocytes and increases
bone formation in leptin-deficient ob/ob mice. ] Bone Miner Res (2005)
20(6):994-1001. doi:10.1359/JBMR.050103

Baldock PA, Sainsbury A, Allison S, Lin EJ, Couzens M, Boey D, et al.
Hypothalamic control of bone formation: distinct actions of leptin and Y2
receptor pathways. ] Bone Miner Res (2005) 20(10):1851-7. doi:10.1359/
JBMR.050523

Baldock PA, Allison S, McDonald MM, Sainsbury A, Enriquez RE, Little DG,
et al. Hypothalamic regulation of cortical bone mass: opposing activity of
Y2 receptor and leptin pathways. ] Bone Miner Res (2006) 21(10):1600-7.
doi:10.1359/jbmr.060705

Bartell SM, Rayalam S, Ambati S, Gaddam DR, Hartzell DL, Hamrick M,
et al. Central (ICV) leptin injection increases bone formation, bone mineral

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

density, muscle mass, serum IGF-1, and the expression of osteogenic genes
in leptin-deficient ob/ob mice. J Bone Miner Res (2011) 26(8):1710-20.
doi:10.1002/jbmr.406

Banks WA, DiPalma CR, Farrell CL. Impaired transport of leptin across the
blood-brain barrier in obesity. Peptides (1999) 20(11):1341-5. doi:10.1016/
S0196-9781(99)00139-4

Hileman SM, Pierroz DD, Masuzaki H, Bjorbaek C, El-Haschimi K,
Banks WA, et al. Characterizaton of short isoforms of the leptin receptor in
rat cerebral microvessels and of brain uptake of leptin in mouse models of
obesity. Endocrinology (2002) 143(3):775-83. doi:10.1210/endo.143.3.8669
Hileman SM, Tornoe J, Flier JS, Bjorbaek C. Transcellular transport of leptin
by the short leptin receptor isoform ObRa in Madin-Darby Canine Kidney
cells. Endocrinology (2000) 141(6):1955-61. doi:10.1210/endo.141.6.7450
Van Heek M, Compton DS, France CF, Tedesco RP, Fawzi AB, Graziano MP,
et al. Diet-induced obese mice develop peripheral, but not central, resistance
to leptin. J Clin Invest (1997) 99(3):385-90. doi:10.1172/JCI119171

Cornish ], Callon KE, Bava U, Lin C, Naot D, Hill BL, et al. Leptin directly
regulates bone cell function in vitro and reduces bone fragility in vivo.
] Endocrinol (2002) 175(2):405-15. doi:10.1677/joe.0.1750405

Bar-El Dadon S, Shahar R, Katalan V, Monsonego-Ornan E, Reifen R. Leptin
administration affects growth and skeletal development in a rat intrauterine
growth restriction model: preliminary study. Nutrition (2011) 27(9):973-7.
doi:10.1016/j.nut.2010.10.020

Ahrén B, Baldwin RM, Havel PJ. Pharmacokinetics of human leptin in mice
and rhesus monkeys. Int ] Obes Relat Metab Disord (2000) 24(12):1579-85.
doi:10.1038/sj.ij0.0801447

Klingenspor M, Niggemann H, Heldmaier G. Modulation of leptin
sensitivity by short photoperiod acclimation in the Djungarian hamster,
Phodopus sungorus. ] Comp Physiol B (2000) 170(1):37-43. doi:10.1007/
5003600050005

Elefteriou F, Takeda S, Ebihara K, Magre ], Patano N, Kim CA, et al.
Serum leptin level is a regulator of bone mass. Proc Natl Acad Sci U S A (2004)
101(9):3258-63. d0i:10.1073/pnas.0308744101

Shi Y, Yadav VK, Suda N, Liu XS, Guo XE, Myers MG Jr, et al. Dissociation
of the neuronal regulation of bone mass and energy metabolism by leptin
in vivo. Proc Natl Acad Sci U S A (2008) 105(51):20529-33. doi:10.1073/
pnas.0808701106

Conflict of Interest Statement: There are no financial or commercial relationships
that present a potential conflict of interest. This research did not receive any specific
grant from funding agencies in the public, commercial, or not-for-profit sectors.

Copyright © 2017 Kokolski, Ebling, Henstock and Anderson. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Endocrinology | www.frontiersin.org

14

December 2017 | Volume 8 | Article 357


http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1359/jbmr.060302
https://doi.org/10.1016/j.amjmed.2003.12.029
https://doi.org/10.1359/jbmr.2003.18.6.1088
https://doi.org/10.1359/jbmr.2003.18.6.1088
https://doi.org/10.1002/jcb.20313
https://doi.org/10.1016/0031-9384
(94)00203-H
https://doi.org/10.1016/0031-9384
(94)00203-H
https://doi.org/10.1096/fj.02-0991fje
https://doi.org/10.1016/j.bone.
2005.05.009
https://doi.org/10.1016/j.peptides.2007.02.001
https://doi.org/10.1002/jbmr.1734
https://doi.org/10.1359/JBMR.050103
https://doi.org/10.1359/JBMR.050523
https://doi.org/10.1359/JBMR.050523
https://doi.org/10.1359/jbmr.060705
https://doi.org/10.1002/jbmr.406
https://doi.org/10.1016/S0196-9781(99)00139-4
https://doi.org/10.1016/S0196-9781(99)00139-4
https://doi.org/10.1210/endo.143.3.8669
https://doi.org/10.1210/endo.141.6.7450
https://doi.org/10.1172/JCI119171
https://doi.org/10.1677/joe.0.1750405
https://doi.org/10.1016/j.nut.2010.10.020
https://doi.org/10.1038/sj.ijo.0801447
https://doi.org/10.1007/s003600050005
https://doi.org/10.1007/s003600050005
https://doi.org/10.1073/pnas.0308744101
https://doi.org/10.1073/pnas.0808701106
https://doi.org/10.1073/pnas.0808701106
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Photoperiod-Induced Increases 
in Bone Mineral Apposition Rate 
in Siberian Hamsters and the Involvement of Seasonal Leptin Changes
	Introduction
	Materials and Methods
	Animals
	Experimental Procedure—Study 1
	Experimental Procedure—Study 2
	Experimental Procedure—Study 3
	Administration of Leptin
	Blood Serum Analysis
	Appositional Growth
	Growth Plate
	MicroCT
	Statistics

	Results
	Study 1—The Effect of Photoperiod 
on the MAR of Juvenile (5-Week Olds) Siberian Hamsters
	Study 2—The Effect of Photoperiod 
on the MAR of Adult (6-Month Olds) Siberian Hamsters
	Study 3—The Effect of Leptin Treatment on the MAR, Growth Plate Size, and Bone Architecture of Adult Siberian Hamsters

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


