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ABSTRACT: Epidemiological and in vitro studies have suggested that hyperlipidemia/oxidized phospholipids
adversely affect bone. We recently found that oxidized phospholipids attenuate PTH-induced cAMP and
immediate-early gene (IEG) expression in MC3T3-E1 cells, raising concerns that clinical hyperlipidemia may
attenuate osteoanabolic effects of PTH in vivo. Thus, we studied whether intermittent PTH treatment has
differential osteoanabolic effects in wildtype (C57BL/6) and hyperlipidemic (LDLR−/−) mice. Consistent with
our previous in vitro studies, induction of IEGs in calvarial tissue, 45 min after a single dose of recombinant
hPTH(1-34), was attenuated in LDLR−/− mice compared with C57BL/6 mice. Daily hPTH(1-34) injections for
5 wk significantly increased total and cortical BMD and BMC, assessed by pQCT, in C57BL/6 mice. However,
this induction was completely abrogated in LDLR−/− mice. Similarly, PTH(1-34) failed to increase BMD in
another hyperlipidemic mouse model, ApoE−/− mice. Histomorphometric analysis showed that trabecular
bone of both mice responded similarly to PTH(1-34). Structural parameters improved significantly in response
to PTH(1-34) in both mouse strains, although to a lesser degree in LDLR−/− mice. With PTH(1-34) treatment,
osteoblast surface trended toward an increase in C57BL/6 mice and increased significantly in LDLR−/− mice.
PTH(1-34) did not alter resorption parameters significantly, except for the eroded surface (ES/BS), which was
reduced in the C57BL/6 but not in the LDLR−/− mice. These results show that PTH(1-34) has adverse effects
on cortical bones of the hyperlipidemic mice, suggesting that the therapeutic effects of PTH may be compro-
mised in the presence of hyperlipidemia.
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INTRODUCTION

ALTHOUGH TRADITIONALLY VIEWED as separate disease
entities, epidemiological evidence suggests that hyper-

lipidemia is particularly common in patients with osteopo-
rosis; the National Health and Nutrition Examination Sur-
vey (NHANES III) estimated that 63% of osteoporotic
patients have hyperlipidemia (cholesterol > 200 mg/dl). In
animal models, diet-induced hyperlipidemia has been asso-
ciated with a reduction in bone density parameters, includ-
ing BMD and BMC in both mice and dogs.(1–3) In epide-
miological studies, serum lipid levels negatively correlate
with whole body BMC,(4) bone mass,(5,6) and BMD.(5)

Furthermore, high plasma-low-density lipoprotein (LDL)
concentration is a known risk factor for osteopenia in post-
menopausal women.(7) Observational studies have sug-
gested that statin use reduces bone loss and fracture
risk(8,9); however, this result was not confirmed in subse-
quent randomized trials.(10–12)

In the pathogenesis of atherosclerosis, LDL particles ac-
cumulate in the subendothelial matrix of arteries under hy-
perlipidemic conditions and undergo nonenzymatic oxida-
tive modification to inflammatory lipids, which act, for

example, by increasing production of reactive oxygen spe-
cies and expression of pro-inflammatory cytokines and che-
mokines.(13,14) Mice deficient in LDL receptor or apolipo-
protein E (ApoE), a constituent protein of LDL, have an
elevated serum cholesterol level, two to four times the nor-
mal level.(15) This hyperlipidemia is the primary phenotype
of both mice; they also, consequently, develop spontaneous
atherosclerotic lesions that increase with age. Both strains
are routinely used in studies of hyperlipidemia and athero-
sclerosis.

We previously found histochemical evidence for lipid de-
posits in the subendothelial matrix of bone haversian canals
and adjacent to osteoprogenitor cells in human osteoporot-
ic femurs, and mass spectrophotometric evidence for oxi-
datively modified inflammatory lipids in the bone marrow
of fat-fed C57BL6 mice.(16) Recently, Brodeur et al.(17)

showed oxidation of LDL particles by osteoblasts. Thus,
osteoblasts are likely to be directly exposed to lipid oxida-
tion products in hyperlipidemia. These lipid oxidation prod-
ucts have been shown to impair bone density,(2) inhibit in
vitro osteoblastic differentiation via oxidative stress,(18,19)

and enhance in vitro osteoclastic differentiation.(16,20)

Almeida et al.(21) recently showed that oxidative stress in-
hibits osteoblast differentiation by antagonizing the Wnt
signaling pathway through squelching of �-catenin. In ad-The authors state that they have no conflicts of interest.
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dition, atherogenic oxidized lipids have been shown to de-
crease osteoblast viability(17) and increase osteoblast apo-
ptosis,(1) showing that osteoblast function and viability are
directly regulated.

Intermittent injection of polypeptides derived from PTH
[PTH(1-34); teriparatide] markedly increases bone mass,
microarchitecture, and strength in humans and animal mod-
els, including both young and old mice.(22–26) In vivo studies
with an N-terminal truncated PTH fragment suggests that
the anabolic actions of PTH are mediated primarily by the
protein kinase A (PKA) pathway.(27–29) The kinetics of
PTH clearance suggest that the immediate downstream ef-
fects resulting from short-term PTH exposure, such as
stimulation of the PKA pathway leading to induction of
immediate early genes (IEGs), may be involved in anabolic
effects of PTH. In mouse calvarial cells, interleukin-6 (IL-6)
and neuron-derived orphan receptor-1 (NOR-1), a member
of the nerve growth factor-I (NGF-I) family, are established
as IEGs, because both are induced within 2 h of PTH treat-
ment and are involved in osteogenic differentiation.(30–33)

We recently showed that oxidized phospholipids signifi-
cantly attenuated PTH induction of IEGs and BMP-2 in-
duction of osteoblastic differentiation in vitro.(30) Given the
adverse effects of oxidized lipids and hyperlipidemia on
bone metabolism, we hypothesize that they may also impair
the anabolic effects of PTH on bone. In this study, we chose
mouse strains that differ in plasma LDL levels (normolipe-
mic, C57BL/6; hyperlipidemic, LDLR−/−, ApoE−/− mice) to
investigate PTH-induced gene expression and anabolic ef-
fects on bone parameters.

MATERIALS AND METHODS

Animals

Wildtype, LDLR−/−, and ApoE−/− mice (all C57BL/6
background) were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA). The experimental protocol was
reviewed and approved by the Institutional Animal Care
and Use Committee of the University of California at Los
Angeles. Animals were given a standard Purina Chow diet.

Treatment and analysis of PTH effects on
IEG expression

A single hPTH(1-34) (Sigma; 40 �g/kg) or vehicle injec-
tion (intraperitoneally) was performed in 15-wk-old female
C57BL/6 and LDLR−/− mice (n � 5/group), as previously
described.(33) Forty-five minutes after the injection, total
RNA was isolated from the calvaria and tibia, and real-time
RT-qPCR was performed using the One-Step qRT-PCR
SuperMix Kit (BioChain) and Mx3005P Real-Time PCR
System (Stratagene). Sequences for the primers are as fol-
lows: IL-6 (sense) 5�-TGTATGAACAACGATGAT-
GCACTT-3�, (antisense) 5�-GGTACTCCAGAAGACC
AGAGGAAAT-3�; NOR-1 (sense) 5�-AGCCCAG-
TATAGCCCTTC-3�, (antisense) 5�-ATGATTTCTGTG-
GTGTATTCC-3�; �-actin (sense) 5�-AGAGGGAAATC-
GTGCGT GAC- 3�; (antisense) 5�-CAATAGTGAT-
GACCTGGCCGT- 3�.

Treatment and analysis of PTH effects on bone

Female C57BL/6 or LDLR−/− mice (20 wk old; 10 mice/
treatment group) were injected (subcutaneously) with ve-
hicle or hPTH(1-34) (40 �g/kg/d) 5 d/wk for 5 wk, as pre-
viously described.(34) PTH dose was adjusted weekly
according to body weight. For dynamic histomorphometric
analysis, mice were also injected (intraperitoneally) with
calcein and demeclocycline (each at 20 mg/kg body weight;
Sigma) at 10 and 2 days before the end of the study, re-
spectively. Female ApoE−/− mice (52 wk old; 5 mice/group)
were injected with vehicle or hPTH(1-34) (5 d/wk) for 6 wk.
Animals were killed 20–24 h after the last injection, and
blood was collected by cardiac puncture. Plasma was stored
at −80°C until use for lipid analysis, kindly performed by
the UCLA Atherosclerosis Research Unit core laboratory.
Hearts including the aortic roots were isolated and embed-
ded in OCT compound and frozen at −80°C. The sections
containing the aortic roots were stained with oil Red O for
atherosclerotic lesions.

pQCT analysis

Femurs and tibias were carefully harvested, gently
cleaned of surrounding tissues, protected from light, and
stored in 70% ethanol at 4°C. Mice with weights >1 SD
from the mean and broken bones during harvest were ex-
cluded from data analysis. The numbers of bones included
in the analysis are indicated in each data table. The right
femur and tibia were analyzed for BMD parameters by
pQCT, using a Stratec XCT-Research M (Norland Medical
Systems, Ft Atkinson, WI, USA) and associated software
(version 5.4; Stratec Medizintechnik, Pforzheim, Germany).
Calibration was performed at the beginning of each session
using a manufacturer-provided phantom. For the trabecular
bone analysis, one metaphyseal slice was obtained at a site
∼2.45 mm from the distal end of each femur. For the cortical
bone analysis, each bone was scanned at eight evenly
spaced (1.15 mm apart) slices, beginning 3.2 mm from the
distal end of the femur. The distal-most slice may extend
slightly into the metaphysis. For each mouse, the data were
averaged over the eight slices, and these values were aver-
aged over the number of mice in each group (stated as “n”).

Trabecular bone histomorphometric analysis

Eight left femurs, randomly chosen from each group,
were subjected to static and dynamic histomorphometry.
Bones were fixed in 70% ethanol, dehydrated, and embed-
ded undecalcified in methyl methacrylate. Longitudinal sec-
tions, 5 �m thick, were cut on a Microm microtome (Mi-
crom, Richards-Allan Scientific, Kalamazoo, MI, USA) and
stained with toluidine blue, pH 6.4. Static parameters of
bone formation and resorption were measured in a defined
area between 181 and 725 �m from the growth plate, using
an OsteoMeasure morphometry system (Osteometrics, At-
lanta, GA, USA). For dynamic histomorphometry, miner-
alizing surface per bone surface and mineral apposition rate
were measured in unstained sections under UV light, using
a B-2A set long pass filter consisting of an excitation filter
ranging from 450 to 490 nm, a barrier filter at 515 nm, and
a dichroic mirror at 500 nm. Bone formation rate (BFR)
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was calculated based on the dual fluorescence labeling, as
mentioned above. The terminology and units used are those
recommended by the Histomorphometry Nomenclature
Committee of the American Society for Bone and Mineral
Research. Two bones from the vehicle-treated C57BL/6
group were excluded because of damage during processing.

Statistical analysis

PTH induction of bone parameters was compared be-
tween vehicle and PTH-treated groups in each mouse strain
by the Student’s t-test. Comparisons across all groups were
performed with two-way ANOVA, followed by the Fisher’s
PLSD test using StatView (v4.5; Abacus). Values are ex-
pressed as means ± SE. A value of p � 0.05 is considered
significant.

RESULTS

Effects of PTH induction on IEG expression in
wildtype and LDLR−/− mice

We previously found that, in MC3T3-E1 cells, lipid oxi-
dation products attenuated PTH signaling by attenuating
cAMP induction and expression of IEGs.(30) To test wheth-
er PTH-induced IEG expression was altered by hyperlip-
idemia in vivo, a single injection of hPTH(1-34) was admin-
istered into 15-wk-old normolipemic (C57BL/6) and
hyperlipidemic (LDLR−/−) mice, and expression of IL-6
and NOR-1 in calvarial tissue was assessed 45 min after the
injection. Results showed that, consistent with our in vitro
findings, PTH(1-34) treatment induced IL-6 and NOR-1
gene expression by 52-fold and 10-fold, respectively, in
C57BL/6 mice, but only 12-fold and 5-fold, respectively, in
LDLR−/− mice (Figs. 1A and 1B).

Effects of anabolic PTH(1-34) treatment on
LDLR−/− mice

Because the PTH-induced IEG expression was attenu-
ated in calvaria of the hyperlipidemic mice, we next as-
sessed the effects of hyperlipidemia on the bone anabolic
actions of intermittent PTH treatment. C57BL/6 and
LDLR−/− mice were injected daily with vehicle or hPTH(1-
34) for 5 wk. Terminal plasma lipid levels showed ∼3-fold
greater total cholesterol levels in LDLR−/− mice than
C57BL/6 mice, confirming the hyperlipidemic condition
(Fig. 2A). As expected, triglyceride levels were also signifi-
cantly higher (∼30%) in LDLR−/− than C57BL/6 mice,
whereas glucose, free fatty acid, and high-density lipopro-
tein (HDL)-cholesterol levels were similar between the two
strains (Fig. 2A). Oil-red O staining of aortic root sections
confirmed the presence of early atherosclerotic lesions in
LDLR−/− mice but not in C57BL/6 mice (Fig. 2B). PTH(1-
34) treatment did not significantly alter lipid levels or ath-
erosclerotic lesions in either mouse strain (Fig. 2).

pQCT analysis of femoral and tibial
bone parameters

Bone parameters, assessed by pQCT on the right femur,
are presented in Fig. 3 and Table 1. In C57BL/6 mice, in-
termittent PTH(1-34) treatment significantly increased to-

tal BMD and BMC compared with vehicle controls (Figs.
3A and 3B). In contrast, PTH(1-34) did not increase total
BMD and BMC in LDLR−/− mice (Figs. 3A and 3B).
PTH(1-34) also failed to increase femoral cortical BMD

FIG. 1. Effect of a single PTH(1-34) injection on IEG expression
in calvaria of normolipemic (C57BL/6) and hyperlipidemic
(LDLR−/−) mice. Real-time RT-qPCR analysis of (A) IL-6 and
(B) NOR-1 expression 45 min after injection with vehicle or
hPTH(1-34). Data are mean ± SE. ap � 0.05 and bp � 0.005, all
relative to the corresponding vehicle-treated control (n �
5/group).
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and BMC in the hyperlipidemic mice (Table 1). Similar
results were obtained from pQCT analysis of right tibias,
where PTH(1-34) treatment had no significant effects in
LDLR−/− mice (Table 2).

Consistent with previous reports,(35,36) PTH(1-34) signifi-
cantly increased cortical thickness in both femoral and tibial
bones of C57BL/6 mice (Tables 1 and 2). Cortical area was
also significantly increased in response to PTH(1-34) with-
out a significant increase in the total cross-sectional area or
periosteal circumference (Tables 1 and 2). There was a con-
comitant, significant decrease in the trabecular area and a
trend toward decrease in the endosteal circumference
(Table 1 and 2). In contrast, in LDLR−/− mice, PTH(1-34)
significantly increased total cross-sectional area and perios-
teal circumference in femurs, without any significant
change or trend in these parameters in tibial bones. In fe-
murs of the LDLR−/− mice, there was a concomitant trend
toward increase in cortical area and endosteal circumfer-
ence (Tables 1 and 2).

Two-way ANOVA showed significant interactions (p <
0.05) between PTH(1-34) treatment and mouse strains in
both femoral and tibial total BMD and cortical BMD, as
well as cortical thickness and area, indicating a significant
effect of hyperlipidemia on PTH response. There were no
significant differences in these bone parameters between
vehicle-treated C57BL/6 and LDLR−/− mice. The pQCT
analysis also showed a trend toward increase in trabecular
density in response to intermittent PTH(1-34) in both
mouse strains (Tables 1 and 2). Therefore, trabecular bone
parameters of the left femoral metaphysis were further ana-
lyzed by the static and dynamic histomorphometry.

Histomorphometric analysis of trabecular bone

Histomorphometric data of the left femurs is presented
in Table 3. The intermittent PTH(1-34) treatment signifi-
cantly increased structural parameters in both mouse
strains, including trabecular bone volume (BV/TV), trabec-
ular number (Tb.N), and trabecular thickness (Tb.Th)
(Table 3), but the increase in these parameters was some-
what less in LDLR−/− mice. As reported previously in wild-
type mice,(34) trabecular separation (Tb.Sp) was signifi-
cantly reduced by the PTH(1-34) treatment in both strains
(34% in the C57BL/6 and 22% in LDLR−/− mice; Table 3).
PTH(1-34) significantly increased osteoblast numbers
(N.Ob/T.Ar) similarly in both strains. PTH(1-34) also in-
creased mineral apposition rate (MAR) in both strains, but
interestingly, the induction was somewhat higher in

FIG. 2. Plasma lipoprotein levels and atherosclerotic lesions in C57BL/6 and LDLR−/− mice. (A) Plasma triglycerides (TGs), total
cholesterol (Chol), HDL, free fatty acid (FFA), and glucose levels of vehicle- or PTH(1-34)–injected mice. Numbers of mice (n) are
as indicated. Data are mean ± SE. (B) Oil red O staining of the aortic root of vehicle- or PTH(1-34)-injected C57BL/6 and LDLR−/−

mice. Arrows indicate oil red O–stained atherosclerotic lesions. ap � 0.05 and bp � 0.001, all relative to C57BL/6.

FIG. 3. Effect of intermittent PTH(1-34) injection on femoral
total BMD of C57BL/6 and LDLR−/− mice. (A) Total BMD and
(B) total BMC of vehicle-treated or PTH(1-34)–treated C57BL/6
and LDLR−/− mice was determined by pQCT. For “n” values, see
Table 1. Data expressed as mean ± SE. ap � 0.05 relative to
vehicle-treated control.
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LDLR−/− mice (Table 3). With PTH(1-34) treatment, os-
teoblast surface (ObS/BS) trended toward an increase in
C57BL/6 mice and increased significantly in LDLR−/− mice.
PTH(1-34) did not alter resorption parameters significantly,
except for the eroded surface (ES/BS), which was signifi-
cantly reduced in the C57BL/6 but not in the LDLR−/−

mice.

Effects of anabolic PTH on ApoE−/− mice

To determine whether the effect of hyperlipidemia ex-
tends to older mice and other mouse models of hyperlipid-
emia, we tested the effects of PTH in older mice of the
hyperlipidemic strain, ApoE−/−, on the same BL/6 back-
ground. Fifty-two-week-old ApoE−/− mice were injected
with either vehicle or hPTH(1-34) daily (5 d/wk) for 6 wks,
and BMD was assessed by pQCT. Knopp et al.(26) have
previously shown that 4-wk daily PTH treatment of 18-mo-
old C57BL/6 mice significantly induced total BMD by
4.2%. As shown in Table 4, PTH(1-34) treatment did not
significantly induce either femoral or tibial BMD in
ApoE−/− mice. BMC was significantly increased by PTH(1-
34) in the tibia but not in the femur (Table 4).

DISCUSSION

Although the importance of bioactive, oxidized lipids is
well recognized in the pathogenesis of atherosclerosis, their
effects on bone are less known. Previously, our studies
showed that lipid oxidation products have opposite effects
on the function of osteoblasts and osteoclasts: inhibiting
osteoblastic potential,(2,19) whereas promoting osteoclastic
potential.(16,20) Our recent in vitro findings suggest that bio-
active lipid oxidation products also have adverse effects on
PTH signaling, suggesting that they may inhibit anabolic
effects of PTH in vivo.(30) In this study, the results suggest
that PTH responses, especially in cortical bone, are also
adversely affected in hyperlipidemic mice.

As expected, the pQCT results showed that intermittent
PTH(1-34) treatment increased total and cortical BMD in
the wildtype mice. However, these effects were abrogated
in the hyperlipidemic mice. Consistent with reports by
other investigators,(35,36) the pQCT results suggest a pre-
dominantly inward growth (endosteal apposition) in re-
sponse to PTH(1-34) in C57BL/6 mice, based on increased
cortical cross-sectional area with a concomitant decrease in

TABLE 1. EFFECT OF INTERMITTENT PTH(1-34) ON FEMORAL BONE

C57BL/6 LDLR−/−

Vehicle
(n = 6)

PTH
(n = 6)

Percent
change

Vehicle
(n = 7)

PTH
(n = 9)

Percent
change

BMD (mg/cm3) Cortical 1116 ± 10 1158 ± 7* +3.8 1099 ± 9 1097 ± 8
Trabecular 94.9 ± 12.0 117.4 ± 5.0 102.2 ± 12.5 120.7 ± 2.2

BMC (mg/mm) Cortical 1.153 ± 0.034 1.268 ± 0.015* +10.4 1.102 ± 0.026 1.137 ± 0.028
Trabecular 0.147 ± 0.018 0.147 ± 0.009 0.146 ± 0.021 0.152 ± 0.007

Area (mm2) Total 2.131 ± 0.039 2.120 ± 0.057 2.059 ± 0.041 2.165 ± 0.088† +5.2
Cortical 1.032 ± 0.023 1.094 ± 0.013* +6.0 1.001 ± 0.014 1.035 ± 0.018
Trabecular 1.548 ± 0.040 1.243 ± 0.077* −19.7 1.404 ± 0.042 1.264 ± 0.05† −9.9

PERI_C (mm) 5.171 ± 0.028 5.155 ± 0.060 5.080 ± 0.037 5.207 ± 0.047† +2.5
ENDO_C (mm) 3.709 ± 0.043 3.579 ± 0.070 3.632 ± 0.046 3.752 ± 0.047
CRT_THK_C (mm) 0.233 ± 0.005 0.251 ± 0.003* +7.8 0.230 ± 0.004 0.232 ± 0.003

* p � 0.05 vs. vehicle C57BL/6.
† p � 0.05 vs. vehicle LDLR−/−.

TABLE 2. EFFECT OF INTERMITTENT PTH(1-34) ON TIBIAL BONE

C57BL/6 LDLR−/−

Vehicle
(n = 7)

PTH
(n = 7)

Percent
change

Vehicle
(n = 7)

PTH
(n = 9)

Percent
change

BMD (mg/cm3) Total 729 ± 7.9 779 ± 14* +6.8 729 ± 13 729 ± 7.6
Cortical 1073 ± 6.4 1117 ± 9.5† +4.1 1073 ± 7.2 1079 ± 6.7
Trabecular 76.2 ± 6.8 88.6 ± 5.3 85.6 ± 6.3 83.6 ± 6.7

BMC (mg/mm) Total 1.05 ± 0.025 1.15 ± 0.028* +9.6 1.02 ± 0.027 1.03 ± 0.022
Cortical 0.870 ± 0.024 0.985 ± 0.030* +13 0.849 ± 0.026 0.860 ± 0.021
Trabecular 0.033 ± 0.003 0.031 ± 0.003 0.031 ± 0.003 0.031 ± 0.03

Area (mm2) Total 1.46 ± 0.022 1.49 ± 0.026 1.42 ± 0.023 1.43 ± 0.022
Cortical 0.814 ± 0.019 0.883 ± 0.021* +8.5 0.794 ± 0.021 0.800 ± 0.015
Trabecular 0.445 ± 0.034 0.356 ± 0.019* −20 0.391 ± 0.015 0.379 ± 0.014

PERI_C (mm) 4.26 ± 0.033 4.31 ± 0.038 4.21 ± 0.035 4.22 ± 0.033
ENDO_C (mm) 2.82 ± 0.024 2.74 ± 0.043 2.77 ± 0.039 2.78 ± 0.028
CRT_THK_C (mm) 0.230 ± 0.004 0.251 ± 0.006* +8.9 0.228 ± 0.006 0.229 ± 0.003

* p � 0.05 and † p � 0.005 (both compared with vehicle-treated C57BL/6).
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the trabecular (medullary) cross-sectional area without al-
tering total cross-sectional area and periosteal circumfer-
ence. In contrast, in LDLR−/− mice, the pQCT results
suggest a predominantly outward growth (periosteal appo-
sition) in response to PTH(1-34), based on increased total
area with a concomitant increase in periosteal circumfer-
ence and endosteal circumference.

Interestingly, histomorphometric analysis showed that
trabecular bone of C57BL/6 and LDLR−/− mice responded
similarly to PTH(1-34). Several trabecular bone parameters
improved significantly in response to PTH(1-34) in both
mouse strains, suggesting that PTH anabolism is preserved
in trabecular bone even in the presence of hyperlipidemia.
The basis for this differential effect of hyperlipidemia on
cortical versus trabecular bone is not known. We speculate
that the high turnover nature of trabecular bone may pro-
tect it from hyperlipidemic effects because it allows a
shorter exposure time to bioactive, oxidized lipids. Alter-
natively, the protective effect may be caused by antioxidant
enzymes produced by dendritic cells in the trabecular mar-
row space.(37)

Histomorphometric analysis of the trabecular bone also
showed that, at baseline, hyperlipidemic mice have a lower

basal bone formation rate than wildtype mice. This is con-
sistent with our previous findings that lipid oxidation prod-
ucts have adverse effects on osteoblastic differentia-
tion.(2,17,19) In addition, at baseline, hyperlipidemic mice
had less osteoclast surface and fewer osteoclast numbers
than wildtype mice, suggesting a lower bone turnover state.
Although we previously found that bone marrow pre-
osteoclasts isolated from hyperlipidemic mice have greater
in vitro resorptive activity than pre-osteoclasts from wild-
type mice, those experiments were performed in the pres-
ence of exogenous RANKL and macrophage-colony stimu-
lating factor (M-CSF) and in the absence of osteoblasts,
autologous or otherwise.(16) The difference is likely because
of the fact that in vivo osteoclastogenesis is coupled to os-
teoblasts that are also impaired by hyperlipidemia.(38)

Some indices of resorption are affected by PTH in wild-
type mice, such as a significant decrease in eroded surface
and a downward trend in osteoclast surface. These effects
were not observed in the hyperlipidemic mice. Inhibitory
effects of PTH on resorption have been previously reported
in in vitro studies, where osteoclast numbers decline in re-
sponse to PTH(1-34) in bone marrow culture,(39) in rodent

TABLE 3. EFFECT OF INTERMITTENT PTH(1-34) ON TRABECULAR HISTOMORPHORMETRIC PARAMETERS

C57BL/6 LDLR−/−

Vehicle
(n = 6)

PTH
(n = 8)

Percent
change

Vehicle
(n = 7)

PTH
(n = 8)

Percent
change

BV/TV (%) 4.61 ± 0.76 7.84 ± 0.58* +70 5.24 ± 0.44 7.53 ± 0.34† +44
Tb.Th (mm) 25.22 ± 1.42 31.61 ± 0.74† +25 24.28 ± 0.97 28.59 ± 0.89* +18
Tb.N (/mm) 1.78 ± 0.21 2.47 ± 0.14‡ +38 2.14 ± 0.11 2.63 ± 0.09* +23
Tb.Sp (mm) 581.60 ± 78.85 382.71 ± 23.15‡ −34 451.20 ± 28.30 354.17 ± 13.44* −22
O.Th (�m) 1.04 ± 0.50 1.47 ± 0.77 1.21 ± 0.51 1.24 ± 0.61
OS/BS (%) 1.29 ± 0.48 1.05 ± 0.14 1.60 ± 0.45 1.80 ± 0.46
OV/BV (%) 0.08 ± 0.04 0.07 ± 0.08 0.17 ± 0.08 0.22 ± 0.15
ObS/BS (%) 7.29 ± 1.53 11.26 ± 1.33 5.49 ± 1.61 12.48 ± 2.27‡ +128
N.Ob/T.Ar (/mm2) 14.91 ± 4.11 29.96 ± 4.99‡ +101 14.29 ± 4.06 29.11 ± 3.98‡ +104
MS/BS (%) 9.16 ± 1.09 8.28 ± 1.31 6.58 ± 1.06 8.12 ± 1.39
MAR (�m/d) 1.40 ± 0.10 1.66 ± 0.08‡ +19 1.20 ± 0.19 1.60 ± 0.09‡ +33
BFR/BS (�m3/�m2/yr) 45.82 ± 5.25 51.13 ± 8.61 27.33 ± 3.54§ 49.65 ± 10.23
ES/BS (%) 8.10 ± 1.49 4.08 ± 0.84‡ −50 5.09 ± 0.80 4.19 ± 0.74
OcS/BS (%) 2.21 ± 0.46 1.31 ± 0.33 0.77 ± 0.18§ 0.79 ± 0.17
N.Oc/T.Ar (/mm2) 2.75 ± 0.66 2.17 ± 0.49 1.15 ± 0.3§ 1.37 ± 0.28

Data are mean ± SE.
* p � 0.005, † p � 0.001, and ‡ p � 0.05 compared with respective controls.
§ p � 0.05 compared with control-treated C57BL/6.

TABLE 4. EFFECT OF INTERMITTENT PTH(1-34) IN APOE−/− MICE

Total BMD (mg/cm3) Cortical BMD (mg/cm3) Total BMC (mg/mm) Cortical BMC (mg/mm)

Femoral bone
Vehicle 564 ± 16 1057 ± 21 1.28 ± 0.04 1.03 ± 0.04
PTH 596 ± 16 1088 ± 15 1.37 ± 0.04 1.12 ± 0.05
p 0.19 0.26 0.13 0.18

Tibial bone
Vehicle 704 ± 24 1070 ± 19 0.89 ± 0.04 0.73 ± 0.03
PTH 680 ± 6 1045 ± 8 1.02 ± 0.03 0.83 ± 0.03
p 0.39 0.28 <0.05 <0.05
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models, where eroded surface was reduced,(40,41) and in
clinical studies by Dempster et al.(42) using daily intermit-
tent PTH(1-34).

These findings suggest that hyperlipidemic mice have re-
duced cortical bone responses to intermittent PTH(1-34).
Other models of skeletal PTH resistance have been devel-
oped, such as the SAMP6 mice (P6 substrain of senescence-
accelerated mice), which develop osteoporosis early in life
and are used to model accelerated skeletal aging.(43) Jilka et
al.(43) have shown that high-dose PTH can overcome skel-
etal PTH resistance in these mice. Thus, one may speculate
that high-dose PTH may similarly overcome the skeletal
resistance to PTH in these hyperlipidemic mice. Indeed,
Shao et al.,(44) in a study addressing effects of high-dose
PTH(1-34) on vascular calcification in hyperlipidemic mice,
noted an increase in BMD along with a dramatic reduction
in aortic mineral deposition.

It is notable that bone metabolism may differ in mice and
humans. For example, PTH effects are most prominent in
the tibia and femur in mice but are first detected in the
spine in humans,(34,45,46) possibly because of evolutionary
differences in posture. Nevertheless, because our findings
are consistent with prior epidemiological and in vitro stud-
ies, they may be applicable to human disease. Further stud-
ies are warranted to investigate the efficacy of PTH treat-
ment in patients with disorders of lipid metabolism.
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