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Published data describing leptin effects on bone are at variance
with both positive and negative consequences reported. These
findings are consistent with a bimodal threshold response to
serum leptin levels. To test this theory, two groups of female rats
(tail-suspended and unsuspended) were treated with ip leptin at
two different doses or vehicle for 14 d. In tail-suspended rats,
low-dose leptin compensated the decrease in serum leptin levels
observed with suspension and was able to prevent the induced
bone loss at both the trabecular and cortical level (assessed by
three-dimensional microtomography). In contrast, high-dose
leptin inhibited femoral bone growth and reduced bone mass by
decreasing bone formation rate and increasing bone resorption
in both tail-suspended and unsuspended groups. High- and low-

dose leptin administration resulted in a reduced medullar adi-
pocytic volume in all groups. High-dose leptin (but not low) in-
duced a decrease in body-weight abdominal fat mass and serum
IGF-I levels.Thus, theobservedbonechangesathigh-dose leptin
are at least partly mediated by a leptin-induced energy imbal-
ance. In conclusion, a balance between negative and positive
leptin effects on bone is dependent on a bimodal threshold that
is triggered by leptin serum concentration. Also, the negative
effects of high leptin levels are likely induced by reduced energy
intake and related hormonal changes. The respective part of
each pathway will be unraveled by additional studies. (Endo-
crinology 148: 3419–3425, 2007)

LEPTIN, THE PRODUCT of the obese gene, is a circulating
hormone involved in feeding behavior and energy ho-

meostasis (1, 2). In addition to its role as a hormonal regulator
of body weight, leptin directly alters most of the endocrine
pathways at both the pituitary and peripheral gland levels
(3). Leptin deficiency leads to a variety of phenotypic ab-
normalities as well as obesity. Specifically, leptin is a pleio-
tropic hormone involved in regulation of a large variety of
physiological processes, including the protective effects ex-
erted by fat mass on the skeleton (4).

However, published data describing leptin effects on bone
remain conflicting, with both positive and negative effects
reported. Ducy et al. (5) found that icv injections of leptin
decreased bone mass in both ob/ob mice and lean rodents (6).
In contrast, with animals and osteoblasts lacking clock genes
(7) (control circadian physiological rhythms), the opposite
occurs (increased bone mass). Other studies in ob/ob mice
confirm a stimulatory effect of ip leptin administration on
bone tissue, specifically, a dramatic increase in cortical bone

formation and a reversal of defective bone growth and os-
teopenia that occur in untreated ob/ob mice (8). This happens
despite a 40% decrease in food intake and a 14% decrease in
body weight (9). We showed recently that low ip dose of
leptin prevented disuse-induced bone loss in lean rats (10)
and partially prevents ovariectomy-induced bone loss in rats
(11). Two different pathways mediate leptin effects on bone.
The first is a central and negative pathway through the hy-
pothalamic nuclei and the �-adrenergic system. The second
is a peripheral positive pathway targeted directly toward
leptin-specific receptors expressed by cells of osteoblastic
lineage (12). To resolve these seemingly contradictory re-
sults, we propose that both pathways are balanced by diverse
factors, including energy intake and serum leptin levels (for
review, see Ref. 13).

Although studies evaluating the effects of icv leptin ad-
ministration imply a single central pathway, peripheral ad-
ministration suggests both direct and indirect cascades be-
cause cerebrospinal fluid leptin levels depend on serum
concentrations (14). Thus, the latter would represent a more
“physiological” process. Therefore, we hypothesized that
leptin effects on the skeleton are dependent on administered
dose, which could partly explain some of the differences
reported in the literature. Indeed, several in vitro studies do
confirm dose-dependent results, but no in vivo study has
examined the bone metabolism response to different leptin
doses. Hence, we evaluated bone tissue changes in response
to two different ip administered leptin doses in a rat model
of disuse-induced osteoporosis. Also, we examined leptin
action on bone regarding hormonal and energetic balance
changes because bone metabolism depends on hormonal
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status and body weight, two parameters directly under the
control of leptin (15).

Materials and Methods
Animals

This animal interventional study was in accordance with the Decla-
ration of Helsinki principles and was approved by the authors’ insti-
tutional review board (Ministère de l’Agriculture, Paris, France; autho-
rization no. 04827). Seventy 11-wk-old female Wistar rats (Iffa Credo,
L’Arbresle, France), 240 � 10 g mean body weight, were acclimatized for
1 wk with standard conditions of temperature (23 � 1 C) and light/dark
(11-h light, 13-h dark). Animals were individually housed and provided
with food (standard diet with UAR A03) and water ad libitum. The rats
were randomly assigned in seven groups of 10 animals each, depending
on whether they were tail-suspended or nonsuspended, and treated by
murine recombinant leptin, kindly provided by Amgen (Neuilly-sur-
Seine, France) or its vehicle, for 14 d. A control group was killed at
baseline. The suspension procedure was performed according to the
recommendations of Wronski and Morey-Holton (16). Leptin was con-
tinuously administered using ip osmotic pumps (Alzet; Charles River,
L’Arbresle, France) at two different doses: 50 (leptin 50) and 500 (leptin
500) �g/kg�d, with the lowest dose selected for having no significant
effects on body weight. Food intake and body weight were measured
every day and on d 0, 3, 5, 7, 10, 12, and 14, respectively. Fluorochrome
double bone labeling was performed 5 and 1 d before the animals were
killed with 25 mg/kg tetracycline ip injections. The rats were killed by
either cervical dislocations on five rats per group or overdose of
ketamine-xylazine solution on the other five.

Serum measurement

Blood samples were collected in heparinized tubes for measurement
of serum leptin, IGF-I, and C. teleoptide of collagen type I (CTX) levels.
For leptin assay, the rat leptin ELISA kit (Linco Research, St. Charles,
MO) was used. For IGF-I assay, the rat/mouse IGF-I OCTEIA kit (Im-
munodiagnostic Systems, Fountain Hills, AZ) was used. For CTX assay,
the RatLaps ELISA immunoassay (Nordic Biosciences Diagnostics, Her-
lev, Denmark) was used, following recommendations of the
manufacturers.

Dual-energy x-ray absorptiometry (DXA)

A dual-energy x-ray PIXImus densitometer (Lunar Corp., Madison, WI)
with small animal software was used for measuring bone mineral density
(BMD) on d 0, 7, and 14. Rats were anesthetized with ip administration of
0.1–0.3 mg/kg ketamine-xylazine solution over the duration of the proce-
dure. After image acquisitions, three different sites were determined by
readjusting the region of interest (ROI) on left hindlimb: tibial proximal
metaphysis, femoral diaphysis, and total femur. The tibial metaphysis zone,
a 5.04- � 5.22-mm fixed rectangle positioned over the longitudinal axis of
the proximal tibia, corresponds to one of the most responsive bone site
to unloading induced by the suspension. The femoral diaphysis zone, a
6.48- � 17.1-mm fixed rectangle positioned over the longitudinal axis of
diaphysis, corresponds to a representative cortical bone site. For total femur,
ROI was adjusted on each bone length. In addition, abdominal fat mass was
evaluated in an ROI delineated by L1 and L5 vertebrae and including the
whole body width.

Bone length measurement

Bone growth was assessed by measuring length of five right femurs
per group with a slide caliper.

High-resolution microtomography

Left femora were scanned ex vivo with high-resolution microtomog-
raphy (VivaCT40; Scanco Medical, Bassersdorf, Switzerland). Data were
acquired at 10.5 �m isotropic voxel size, with 2000 projections, 250 msec
integration time, 55 keV photon energy, and 109 �A intensity.

Bones were measured inside a hemolysis tube. Three-dimensional
(3D) trabecular parameters were evaluated using a fixed Gaussian filter.

Cancellous bone analysis

For cancellous bone analyses, a region of 419 transverse slices (4.2
mm) on the distal femoral growth plate was acquired, and the net
scanning time was about 25 min. Bone surface (BS) were calculated using
a tetrahedron meshing technique generated by the “marching cubes
method” (17), and total volume (TV) was taken as the volume of interest.
The bone volume fraction (BV/TV) was calculated directly by plotting
gray voxels representing bone fraction against gray plus black voxels
(nonbone objects), and normalized indices (BV/TV, BS/TV, and BS/BV)
were used.

3D metric indices were calculated using direct techniques based on
the distance transformation (18), without assuming a constant model.
Direct indices (i.e. trabecular thickness, trabecular separation, and tra-
becular number) were calculated following the distance transformation
method (18, 19).

The plate-rod characteristic of the structure was estimated by the
structure model index (SMI) (20). The geometric degree of anisotropy
(DA) was defined as the ratio between the maximal and minimal radius
of the mean intercept length ellipsoid (21, 22). Connectivity density
(Conn.D.) was calculated using the Euler method of Odgaard and Gun-
dersen (23).

Cortical analysis

To analyze the cortex, we scanned a cross-sectional region of 109
transverse slices (1.1 mm) in the middle of the femur. For each mea-
surement point acquired at the same settings, trabecular site, cortical
area (Ct.Ar.), cross-sectional or total area, marrow area, cortical thick-
ness, cortical porosity, and linear attenuation were evaluated, with the
same Gaussian filter on a 0.5-mm region (50 slices). Distribution of bone
mass was assessed by area moment of inertia along the small (Imin) and
the large (Imax) axis, which are related to bending stiffness. Polar moment
of inertia (pMOI), related to torsion stiffness, was also evaluated on the
same region.

Histomorphometry

After the animals were killed, the left tibiae were immediately ex-
cised, fixed, dehydrated in absolute acetone, and embedded in meth-
ylmetacrylate at low temperature. Longitudinal frontal slices were cut
from the embedded bones with a microtome (Polycut-S; Leica, Deerfield,
IL). According to conventional histomorphometry analysis, six nonserial
sections, 8-�m-thick, were used for modified Goldner staining, and
12-�m-thick sections were used to determine the dynamic indices of
bone formation [i.e. double-labeled mineralizing surface (dLS/BS), min-
eral apposition rate (MAR), and bone formation rate (BFR/BS)]. MAR
was derived from fluorochrome interlabel distances. BFR/BS was sub-
sequently obtained as the product of dLS/BS and MAR. Six-micrometer-
thick sections were used for tartrate-resistant acid phosphatase staining,
allowing determination of the osteoclastic parameters (i.e. active oste-
oclast surfaces/BS and osteoclast number/bone area). For each section,
data were collected in 2.6-mm-height ROIs within the secondary spon-
giosa. BV and parameters reflecting trabecular structure were measured
using an automatic image analysis system (Biocom, Lyon, France). Bone
cellular and macroscopic parameters were measured with a semiauto-
matic device: a digitizing tablet (Summasketch; Summagraphics, Paris,
France) connected to a microcomputer with software designed in our
laboratory. In addition, adipocytic parameters (i.e. adipocyte volume/
marrow volume, adipocyte number, and adipocyte area) were measured
on Goldner staining sections using the same method as for bone cellular
and macroscopic parameters.

Tissue protein assessment

Total proteins were extracted from five right femoral distal metaph-
ysis per group, ground in 2 ml lysis buffer containing 10 ml/liter Non-
idet P-40, 1.8 g/liter iodoacetamide, 3.5 ml/liter proteases inhibition
cocktail (Sigma, St. Quentin Fallavier, France), and 2 �l �-mercapto-
ethanol. After centrifugation (5 min, 5000 rpm, 4 C), supernatant samples
were stored at �20 C. Osteocalcin (OC) content was measured by Rat-
MID Osteocalcin ELISA kit (Nordic Biosciences Diagnostics, Herlev,
Denmark), following manufacturer recommendations, whereas total
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protein content was quantified with the colorimetric BCA kit (Pierce-
Uptima, Interchim, Montluçon, France).

Statistical analysis

The statistical analyses were performed using Statistica software
(StatSoft, Tulsa, OK). For time-dependent measures, data were analyzed
using two-way ANOVA for “between-groups” effects and repeated-
measures ANOVA for “within-group” effects. For one-point measure-
ments, one-way ANOVA was performed. When F values for a given
variable were found to be significant, the post hoc Scheffé’s test was
subsequently used. Results were considered significantly different at
P � 0.05.

Results
Food intake, body weight, and abdominal fat mass

As expected, body weight of nonsuspended rats under
vehicle significantly increased after 2 wk compared with
baseline values, whereas it did not significantly change in
suspended rats under vehicle or leptin 50 and nonsuspended
rats under leptin 50 (Fig. 1A). Concurrently, abdominal fat
mass significantly decreased in the suspended group under
vehicle (Fig. 1B) together with a 68% significant reduction in
serum leptin levels compared with those of the nonsus-
pended group under vehicle after 2 wk. Administration of a
low dose of leptin compensated this suspension-induced
decrease in serum leptin. Of note, serum leptin levels of
groups under vehicle and leptin 50 remained in a physio-
logical range (Table 1).

In contrast, a high dose of leptin induced a significant in-
crease in plasma leptin levels for both controls and suspended
animals (Table 1). In response, food intake was significantly
reduced in these leptin 500 rats after 2 wk, inducing a decrease
in body weight through loss of fat mass (Fig. 1B). This reduction
in energy intake was associated with a dramatic decrease in
serum IGF-I levels in both suspended and nonsuspended
groups under this high dose of leptin (Table 1).

Femoral BMD

We measured a 7.4% increase in total femur BMD of non-
suspended rats under vehicle at d 14 compared with d 0
measurement (P � 0.01), although it did not change in the
suspended group under vehicle. A similar 9.9% increase
occurred in nonsuspended animals under leptin 50 (P �
0.01), whereas no significant change were observed over 2 wk
in the suspended group under leptin 50 as well as in both
groups under leptin 500.

Femoral diaphysis BMD increased by 9.4% (P � 0.05) and
10.7% (P � 0.01) over the 14 d of experimentation in the
nonsuspended groups under vehicle and leptin 50, respec-
tively. Although suspension blocked this increase in the
group under vehicle, femoral diaphysis BMD significantly
increased by 3.2% in the suspended group under leptin 50
(P � 0.05). No gain in femoral diaphysis BMD was observed
in both suspended and nonsuspended groups treated with a
high dose of leptin (Fig. 2).

Femoral length (Fig. 3)

Femoral length of nonsuspended rats under vehicle sig-
nificantly increased over 2 wk of experiment compared with
baseline group values. In contrast, no significant difference
in femoral length was observed between suspended and
baseline group values. Administration of a low dose of leptin
prevented suspension effects on bone growth. Conversely,
when administered at a high dose, leptin inhibited bone
growth because no significant differences in femoral bone
length between baseline group and both leptin 500 group
values were observed, regardless of suspension.

3D evaluation of cortical envelope at femoral midshaft
(Table 2)

Cortical 3D parameters increased in the nonsuspended
group under vehicle over the 14 d of experimentation. Cor-
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FIG. 1. Evolution of cumulative body weight (A) and abdominal fat mass (B) over a 2-wk period in tail-suspended (dotted lines) or nonsuspended
(solid lines) female rats treated with 50 (triangles) or 500 (squares) �g/kg�d ip murine leptin or vehicle (filled circles). Values are mean � SE
of 10 female rats per group for body weight and eight female rats per group for abdominal fat mass. Comparisons were performed using two-way
(between-groups effects) and repeated-measures (within-group effects) ANOVA and post hoc Scheffé’s test. For reading convenience, significant
differences are given only at d 3, 7, and/or 14. P � 0.05 vs. the following: a d 0; b nonsuspended vehicle; c nonsuspended leptin 50; d suspended
leptin 50. P � 0.01 vs. the following: e d 0; f nonsuspended vehicle; g suspended vehicle; h nonsuspended leptin 50.
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tical bone growth was inhibited by tail suspension, whereas
a low dose of leptin prevented these suspension effects on
cortical bone. This was related to an increase in cross-sec-
tional area with higher Imax and pMOI values, whereas mar-
row area did not change. Conversely, no difference in fem-
oral diaphysis Ct.Ar. was observed between both groups
treated with a high dose of leptin and baseline group, and
Imin was significantly lower in all animals under leptin 500
compared with nonsuspended animals under vehicle.

Two-dimensional and 3D evaluation of trabecular bone at
femoral and tibial metaphysis (Table 2)

A nonsignificant increase in distal femoral metaphysis
BV/TV was observed in the nonsuspended group under
vehicle after 2 wk compared with the baseline group. This
was associated with lower SMI and DA values. Suspension
induced a trend in lower femoral metaphysis BV/TV with
significantly higher SMI, whereas no difference was ob-

served for both Conn.D. and DA parameters between sus-
pended and nonsuspended groups. Suspension also induced
a 6.5% loss in proximal tibia metaphysis BMD over time, as
assessed by DXA (Fig. 4).

A low dose of leptin partially prevented this suspension-
induced decrease in BMD, and microarchitectural parameters
SMI and Conn.D. were significantly better in suspended rats
under leptin 50 than in suspended rats under vehicle. Con-
versely, a high dose of leptin stimulated the suspension-in-
duced loss in both distal femoral metaphysis BV/TV and prox-
imal tibia metaphysis BMD (Fig. 4). No change in Conn.D. and
SMI were observed in both groups under leptin 500.

Cellular and biochemical parameters

In accordance with previous reports (10, 24, 25), osteoclast
activity was decreased after 2 wk in suspended rats under
vehicle (osteoclast surface/BS of 1.0 � 0.6 vs. 2.2 � 1.1% at
baseline; P � 0.05), and leptin did not alter bone resorption at
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FIG. 2. Effect of ip leptin treatment at 50 or 500 �g/kg�d (L50 or L500)
or vehicle (V) over 14 d in tail-suspended (S) or nonsuspended (NS)
female rats, on femoral diaphysis BMD assessed by DXA. Values are
mean � SE, expressed as percentage of baseline, of eight female rats per
group. Comparisons were performed using one- and two-way (between-
groups effects) and repeated-measures (within-group effects) ANOVA
and post hoc Scheffé’s test. P � 0.05 vs. a d 0; P � 0.01 vs. b d 0.
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FIG. 3. Effect of ip leptin treatment at 50 or 500 �g/kg�d (L50 or L500)
or vehicle (V) over 14 d in tail-suspended (S) or nonsuspended (NS)
female rats, on femur length. A group of control rats was killed at
baseline (B). Values are mean � SE of five female rats per group.
Comparisons were performed using one- and two-way (between-
groups effects) ANOVA and post hoc Scheffé’s test. P � 0.01 vs.
a baseline.

TABLE 1. Effects of leptin treatment on biochemical parameters

Baseline
Vehicle Leptin 50 Leptin 500

Nonsuspended Suspended Nonsuspended Suspended Nonsuspended Suspended

Leptin
(ng/ml)

1.5 � 0.4 2.1 � 0.9 0.7 � 0.2a,g 1.6 � 0.8 4.2 � 1.6a,c,d 23.5 � 15.8a,b,d 29.0 � 3.6a,b,c,d,e

IGF-I
(ng/ml)

1000.8 � 144.1 1479.3 � 147.3a 1195.0 � 130.3 1401.3 � 204.3a 1081.7 � 176.7b 759.2 � 100.8g,h 683.3 � 54.1c,g,h

CTX
(ng/ml)

10.4 � 0.2 12.3 � 0.4 12.4 � 1.2 13.0 � 2.3 12.5 � 0.3 16.4 � 1.3f 15.7 � 2.2a

OC (ng/�g
of pro-
teins)

0.55 � 0.12 0.34 � 0.04f 0.18 � 0.01b,f 0.27 � 0.02f 0.23 � 0.02f 0.15 � 0.01f,g 0.14 � 0.01f,g

Animals were tail suspended or not and treated with two different doses of ip murine leptin (50 or 500 �g/kg�d) or vehicle for 14 d. A group
of control rats was killed at baseline. Leptin, IGF-I, and CTX plasma values are mean � SD of four female rats per group. OC and total proteins
were extracted from five right femoral distal metaphysis per group. Comparisons were performed using one- and two-way (between-groups
effects) ANOVA and post hoc Scheffé’s test.

P � 0.05 vs. the following: a baseline; b nonsuspended vehicle; c suspended vehicle; d nonsuspended leptin 50; e suspended leptin 50. P � 0.01
vs. the following: f baseline; g nonsuspended vehicle; h nonsuspended leptin 50.
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d 14 (0.9 � 0.3 and 1.2 � 0.4% in suspended and nonsuspended
groups under leptin 50 and 1.1 � 0.1 and 1.4 � 0.2% in suspended
and nonsuspended groups under leptin 500, respectively).

Conversely, tail suspension induced a significant decrease in
BFR in the suspended group compared with the nonsuspended
group under vehicle, mainly related to a dLS/BS reduction. A
low dose of leptin prevented these suspension-induced effects.
In contrast, administration of a high dose of leptin further de-
creased BFR. Surprisingly, this was mainly related to a decrease
in MAR rather than decrease in dLS/BS (Table 3).

As expected, tail suspension induced an increase in med-
ullar adipocytic volume, whereas both low and high doses of
leptin prevented this increase (Table 3).

Biochemical measurements at d 14 confirmed histomor-
phometric changes in bone formation, because OC level de-

creased in the right distal femoral metaphysis in the sus-
pended group compared with the nonsuspended group
under vehicle, and this decrease was prevented by leptin
administration at a low dose. Conversely, no difference in
serum CTX was measured between a low dose of leptin and
vehicle-treated groups regardless of suspension, whereas
leptin 500-induced increase in bone resorption was associ-
ated with elevated serum CTX level after 2 wk in both the
nonsuspended and suspended groups compared with base-
line group values (Table 1).

Discussion

Considering the central role of leptin in driving hormonal
and metabolic changes in response to energetic status, we
postulated that its effects on bone result from direct and
indirect pathways. These pathways are likely interdepen-
dent and regulated by the equilibrium between food intake
and energy expenditure. This study is the first to address this
postulate via an in vivo dose-response evaluation of leptin
effects in a model of rapid bone loss.

On one hand, we demonstrated that low-dose (50 �g/
kg�d) ip leptin treatment prevented suspension-induced
BMD loss not only at a trabecular bone site (i.e. proximal
tibial metaphysis) (10) but also at a cortical bone site (i.e.
femoral diaphysis). High-resolution microtomography al-
lowed us for the first time to analyze in more details those
changes in both trabecular and cortical envelopes. Although
mechanical unloading induced a rod-like trabecular struc-
ture (26), we showed that leptin treatment at physiological
concentrations was able to preserve a plate-like cancellous
pattern with better trabecular connectivity in suspended an-
imals. In addition, it prevented tail suspension-induced cor-
tical bone changes, including Ct.Ar. and minimal cross-sec-
tional moment of inertia (Imin), two parameters related to
mechanical strength of bone. This agrees with previous stud-
ies showing that ip leptin administration increased cortical
bone mass in ob/ob mice (9) and reduced bone fragility by
increased work to fracture in adult male mice (27). This is also
consistent with the recent quantitative microtomography

D0 D7 D14
-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

P
R

O
X

IM
A

L 
T

IB
IA

 M
E

T
A

P
H

Y
S

IS
 B

M
D

(%
 B

A
S

E
LI

N
E

)

a

bc

b

a

a b

b

b

FIG. 4. Effect of ip leptin treatment at 50 or 500 �g/kg�d (L50 or L500)
or vehicle (V) over 14 d in tail-suspended (S) or nonsuspended (NS)
female rats, on proximal tibia metaphysis BMD measured by DXA.
Values are mean � SE, expressed as percentage of baseline, of eight
female rats per group. Comparisons were performed using one- and
two-way (between-groups effects) and repeated-measures (within-
group effects) ANOVA and post hoc Scheffé’s test. P � 0.05 vs. a d 0;
P � 0.01 vs. b d 0 and c d 7.

TABLE 2. Effects of leptin treatment on femoral trabecular and cortical bone parameters assessed by 3D-microtomography

Baseline
Vehicle Leptin 50 Leptin 500

Nonsuspended Suspended Nonsuspended Suspended Nonsuspended Suspended

Trabecular parameters
VOX BV/TV (%) 29.9 � 3.1 34.5 � 1.6 30.0 � 5.0 28.4 � 3.4 30.2 � 4.2 29.9 � 5.2 28.0 � 4.1
SMI 0.9 � 0.3 0.7 � 0.3 1.2 � 0.1g 0.9 � 0.1 0.7 � 0.4h 0.8 � 0.4 1.1 � 0.3b,e

DA 1.8 � 0.1 1.7 � 0.1f 1.8 � 0.1f 1.8 � 0.1f 1.7 � 0.1f 1.7 � 0.1f,g,i 1.7 � 0.1b,c,f

Conn.D. (mm3) 152.9 � 20.1 188.1 � 10.6a 188.3 � 26.6a 187.3 � 42.4a 203.8 � 19.2f 168.8 � 34.6 167.3 � 19.3j

Cortical parameters
Ct.Ar. (mm²) 4.6 � 0.1 5.0 � 0.2f 4.9 � 0.1 5.0 � 0.1f 5.0 � 0.2f 4.9 � 0.1 4.9 � 0.1
Cr.Sc.Ar. (mm²) 10.4 � 0.5 11.3 � 0.6 11.0 � 0.6 11.5 � 0.6a 11.2 � 0.5 10.7 � 0.3 11.6 � 0.4a

Ma.Ar. (mm²) 5.9 � 0.5 6.3 � 0.6 6.0 � 0.6 6.6 � 0.6 6.2 � 0.3 5.9 � 0.2 6.7 � 0.3
Imin 3.0 � 0.3 3.9 � 0.4f 3.4 � 0.3a,g 3.9 � 0.3b,f 3.6 � 0.2b,f 3.4 � 0.4a,g,i 3.5 � 0.4a,b,d

Imax 5.3 � 0.5 5.8 � 0.7a 5.8 � 0.3a 6.3 � 0.6f 6.1 � 0.5f 5.6 � 0.3i 5.7 � 0.6i

pMOI 8.9 � 0.7 9.6 � 1.1 9.2 � 0.5 10.0 � 1.0f 9.3 � 0.7 8.7 � 0.6b,i 9.3 � 0.9

Animals were tail suspended or not and treated with two different doses of ip murine leptin (50 or 500 �g/kg�d) or vehicle for 14 d. A group
of control rats was killed at baseline. 3D cancellous and cortical bone parameters were measured by microtomography at femoral distal
metaphysis and femoral midshaft, respectively. Values are mean � SD of eight female rats per group. Comparisons were performed using one-
and two-way (between-groups effects) ANOVA and post hoc Scheffé’s test. VOX, Volume fraction; Cr.Sc.Ar., cross-sectional or total area; Ma.Ar.,
marrow area.

P � 0.05 vs. the following: a baseline; b nonsuspended vehicle; c suspended vehicle; d nonsuspended leptin 50; e suspended leptin 50. P �
0.01 vs. the following: f Baseline; g nonsuspended vehicle; h suspended vehicle; i nonsuspended leptin 50; j suspended leptin 50.
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demonstration that ob/ob mice had reduced femoral cortical
mass and density (28).

In addition, low-dose leptin administration counteracted
the negative effects of unloading on bone growth (29, 30) by
increasing both femoral-length and femoral-midshaft corti-
cal area despite suspension. These data support the notion
that leptin acts as a bone growth factor but do not resolve
whether the effects are directly or indirectly mediated by the
IGF pathway (31–33). Because in our study, serum IGF-I
levels remained unchanged in all “low-dose” leptin groups,
we conclude that leptin can stimulate bone growth indepen-
dently of peripheral IGF-I.

Interestingly, a rodent model of growth inhibition by ca-
loric restriction also showed similar changes (34). However,
in vitro studies showed that these effects might combine
direct stimulatory effects of leptin on chondrocytes and in-
direct effects mediated by increased IGF receptor expression
(31, 34). Also, a similar study that used dichorionic twins
showed that leptin levels relate to bone parameters only
when the IGF axis remains unaltered (35).

Conversely, high-dose (500 �g/kg�d) ip leptin treatment
completely inhibited BMD gain at different femoral sites in
all conditions and even further decreased suspension-in-
duced bone loss in proximal tibia metaphysis. Also, our data
showed the negative effects of high-dose leptin on bone
microarchitecture, including lower trabecular connectivity
and a more rod-like organization of trabecular network (as
measured by a lower DA and higher SMI). High-dose leptin
also inhibited femoral bone growth in length, cortical ex-
pansion, and consequently cortical moments of inertia, re-
gardless of suspension condition. Interestingly, these data
are in line with those of Maor et al. (31), which also showed
dual effects of leptin on chondrocyte proliferation with in-
hibitory effect at high dose.

Based on these observations of dual leptin dose-dependent
effects on bone phenotype, we further questioned whether this
was because of differences in bone formation response. We
confirmed previously published results using different models
(10, 11, 27), because a low dose of leptin was able to prevent the
disuse-induced decrease in BFR with significantly higher min-
eralizing surfaces, reflecting active osteoblast number. These
effects could be because of leptin mitogenic (34, 36, 37) and
antiapoptotic effects (38) on osteoblast lineage.

In marked contrast to the low-dose leptin groups, high-
dose administration increased the disused-induced reduc-
tion in BFR. This was partly related to a lowered MAR.
Because similar patterns of bone formation changes are seen
with icv administration of leptin (5), we believe that a pre-
dominant control occurs through a hypothalamic relay (5)
when serum leptin exceeds a threshold value. Furthermore,
administration of a high dose of leptin concurrently stimu-
lated bone resorption, as measured by serum CTX levels
(increased in both suspended and nonsuspended groups).
This is also consistent with the central control of leptin on
bone resorption, which is mediated by a combination of both
sympathetic nervous system and CART (cocaine amphet-
amine-regulated transcript) effects (39). In these circum-
stances, it could even surpass unloading-induced bone loss,
which is also partly mediated by the sympathetic system (40).

However, other indirect mechanisms are also likely in-
volved. The reciprocal differentiation of osteoblasts and adi-
pocytes (41), which is modulated by numerous growth fac-
tors including leptin (10, 42), is one possible mechanism. Of
note, we observed an even higher decrease in medullar adi-
pocyte volume under high-dose leptin. This was regardless
of suspension, in agreement with the negative feedback me-
diated by leptin on adipocyte differentiation (43).

Because high-dose leptin induced loss of weight and abdom-
inal fat mass in both suspended and nonsuspended rats, it could
alter numerous hormonal pathways linked to weight changes
(15). In fact, we noted in both suspended and nonsuspended
groups a dramatic decrease in serum IGF levels. Also, these
changes did not occur in nonsuspended groups treated with
either vehicle or a low dose of leptin. This suggests that the low
levels of IGF-I are attributable to a combination of direct leptin
and starvation-induced effects (34).

In conclusion, we found a bimodal effect of leptin on bone
growth and bone remodeling. A positive outcome occurs in
tail-suspended rats administered leptin below a defined
threshold level. This is likely because of a compensation of
the decreased leptin levels caused by the tail suspension. In
contrast, supraphysiological administration of leptin that ex-
ceeds a threshold level results in negative effects on bone re-
gardless of the suspension condition. Clearly, central effects
mediated by the sympathetic nervous system as well as hor-
monal changes related to decreased energy intake, body weight

TABLE 3. Effects of leptin treatment on bone formation parameters and medullar adipocytic volume measured by histomorphometry at
secondary spongiosa of proximal tibial metaphysis level

Baseline
Vehicle Leptin 50 Leptin 500

Nonsuspended Suspended Nonsuspended Suspended Nonsuspended Suspended

Bone formation parame-
ters

dLS/BS (%) 2.8 � 1.0 4.1 � 0.7 1.4 � 0.3f 4.3 � 1.2 2.1 � 0.4f,h 3.3 � 1.3 0.9 � 0.2a,f,h,i

MAR (�m/d) 1.6 � 0.1 1.8 � 0.2 1.7 � 0.1 1.5 � 0.1 1.3 � 0.1a,f,g 1.5 � 0.2b 1.3 � 0.3f,g,i

BFR/BS (�m2/�m3�d) 4.5 � 1.4 7.5 � 1.7 2.6 � 0.9d 6.6 � 2.3 4.2 � 2.6g 3.9 � 2.2f 1.1 � 0.3a,d,f,h

Medullar adipocyte pa-
rameters

Ad.V/MV (%) 0.9 � 0.3 0.5 � 0.2e 1.0 � 0.7f 0.7 � 0.2 0.6 � 0.2c 0.4 � 0.1e 0.3 � 0.2e,g

Animals were tail suspended or not and treated with two different doses of ip murine leptin (50 or 500 �g/kg�d) or vehicle for 14 d. A group
of control rats was killed at baseline. Values are mean � SD of eight female rats per group. Comparisons were performed using one- and two-way
(between-groups effects) ANOVA and post hoc Scheffé’s test. Ad.V/MV, Adipocyte volume/marrow volume.

P � 0.05 vs. the following: a baseline; b nonsuspended vehicle; c suspended vehicle; d suspended leptin 50. P � 0.01 vs. the following: e baseline;
f nonsuspended vehicle; g suspended vehicle; h nonsuspended leptin 50; i nonsuspended leptin 500.
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loss, and inhibition of the IGF-I pathway play major roles.
Additional studies will unravel the respective part of each
pathway.
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