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ABSTRACT

In hyperlipidemia, oxidized lipids accumulate in vascular tissues and trigger atherosclerosis. Such lipids also deposit in bone tissues,
where they may promote osteoporosis. We found previously that oxidized lipids attenuate osteogenesis and that parathyroid hormone
(PTH) bone anabolism is blunted in hyperlipidemic mice, suggesting that osteoporotic patients with hyperlipidemia may develop
resistance to PTH therapy. To determine if oxidized lipids account for this PTH resistance, we blocked lipid oxidation products in
hyperlipidemic mice with an ApoA-I mimetic peptide, D-4F, and the bone anabolic response to PTH treatment was assessed. Skeletally
immature Ldlr '~ mice were placed on a high-fat diet and treated with D-4F peptide and/or with intermittent PTH(1-34) injections. As
expected, D-4F attenuated serum lipid oxidation products and tissue lipid deposition induced by the diet. Importantly, D-4F treatment
attenuated the adverse effects of dietary hyperlipidemia on PTH anabolism by restoring micro-computed tomographic parameters of
bone quality— cortical mineral content, area, and thickness. D-4F significantly reduced serum markers of bone resorption but not bone
formation. PTH and D-4F, together but not separately, also promoted bone anabolism in an alternative model of hyperlipidemia, Apoe™~
mice. In normolipemic mice, D-4F cotreatment did not further enhance the anabolic effects of PTH, indicating that the mechanism is
through its effects on lipids. These findings suggest that oxidized lipids mediate hyperlipidemia-induced PTH resistance in bone through
modulation of bone resorption. © 2011 American Society for Bone and Mineral Research.
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Introduction dothelial spaces.? Osteoblasts also have the capacity to

oxidatively modify lipoproteins,® and products of lipid oxidation

yperlipidemia, resulting from mutations in low-density

lipoprotein receptor or apolipoprotein E, has adverse effects
on the vasculature, including development of atherosclerosis
and vascular calcification. Under hyperlipidemic conditions, low-
density lipoprotein (LDL) particles cross the endothelial barrier
and are trapped in the subendothelial space, where they
undergo nonenzymatic oxidative modification owing to produc-
tion of reactive oxygen species by metabolically active
neighboring smooth muscle cells and macrophages." Since
bone and its marrow are both vascularized, a similar process
appears to occur in human osteoporotic bone, with oxidized
lipoprotein particles accumulating in the perivascular suben-

are detected in the marrow of hyperlipidemic mice.* A high-fat
diet further increases lipoprotein levels and their oxidative
products.“ Importantly, regardless of whether from a genetic
or a dietary source, lipid oxidation products attenuate
osteogenic differentiation in vitro.® In mice, hyperlipidemia
induces bone loss®'? and impairs the anabolic effects"" of
intermittent parathyroid hormone (PTH), a regimen now used for
the treatment of osteoporosis.

These effects of hyperlipidemia may account for the clinical
association of osteoporosis with hyperlipidemia. According to
data from the National Health and Nutrition Examination
Survey (NHANES Ill), 63% of osteoporotic patients have
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hyperlipidemia."'? Serum lipid levels negatively correlate with
whole-body bone mineral content (BMC)"'® and bone mineral
density (BMD) and mass.(141) Though not confirmed in
prospective, randomized trials, observational studies suggest
that lipid-lowering agents reduce fracture risk."®'” In animal
models, diet-induced hyperlipidemia is associated with a
reduction in BMD and BMC in both mice and canines.*'8'9)

High-density lipoprotein (HDL) functions as an anti-inflam-
matory and antiatherosclerotic agent through reverse choles-
terol transport of oxidized lipids from lipid-laden cells. The effects
of HDL are mediated through its apoprotein components,
including ApoA-1.*” Navab and colleagues have demonstrated
that ApoA-l itself removes lipid hydroperoxides from LDL and
that, in mice, injection of ApoA-I results in LDL that is resistant to
oxidation.” Recently, a number of ApoA-I-mimetic peptides,
such as D-4F, an 18-amino-acid class-A amphipathic helical
peptide, have been found to display enhanced lipid-binding
capabilities compared with ApoA-1.2" Treatment of Apoe™~
mice with D-4F promotes HDL function and inhibits lipid
oxidation without affecting total lipid levels, resulting in reduced
atherosclerotic lesions.*>?® In this study, we tested the
hypothesis that reducing serum lipid oxidation by treatment
with the ApoA-I-mimetic peptide D-4F would rescue
PTH anabolism in mice with genetic and diet-induced
hyperlipidemia.

Methods

Ldlr~'~ and Apoe™’~ mice (both on a C57BL/6 background) and
wild-type (C57BL/6) mice 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.

Ldlr~”’~ mouse study

As shown in Fig. 1, 28 female mice were started on an
atherogenic high-fat diet (HFD; 20.5% kcal from protein, 42.4%
kcal from carbohydrate, 37.1% kcal from fat, formulated in
pellets; TD 90221; Harlan Teklad, Madison, WI, USA) at 10 weeks
of age. At 16 weeks of age, half the mice were given D-4F
(100 g/mL) via drinking water until termination of the
experiment. D-4F was synthesized as described previously.??
At 20 weeks of age, half of each group was given daily (5 days/
week) subcutaneous injections of PBS or PTH [hPTH(1-34),
40 pg/kg; Sigma, St Louis, MO, USA] for 3 weeks. To compare
effects of the HFD versus chow diet, a separate control group of
Ldir~'~ mice (8 females) was maintained on a chow diet and not
treated with either PTH or D-4F. At the end of the experiment,
animals were euthanized, and sera and tissues were collected.

Femurs and tibias were carefully harvested and cleaned of soft
tissues. For computed tomography, tibias were stored in 70%
ethanol at 4°C, and for histomorphometry, femurs were fixed in
70% ethanol, dehydrated, and embedded undecalcified in methyl
methacrylate. Tibias (6/group, chosen at random; Ldlr ™) were
analyzed for length, BMC, BMD, cortical area, and cortical thickness
by micro-computed tomography (w.CT; Skyscan 1172, Aartselaar,
Belgium). The data were collected at 55kVp and 72 A at a
resolution of 12 wm. Volumetric analysis was performed using the
Skyscan software. For cortical analysis at the mid-diaphysis, the
length of each tibial bone was determined, and 40 mid-diaphyseal
slices were used. For trabecular bone analysis, 200 slices per tibia
were measured, covering a total of 24 mm from the proximal
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Fig. 1. Diet and treatment protocols. Schematic diagram of diet and treatment regimen (in weeks from birth) for Ldlr /=, wild-type, and Apoe /™ mice.
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growth plate to the shaft distally. The analysis of the secondary
spongiosa begins at 0.048 mm below the most distal point of
the primary spongiosa, which was defined as directly distal to
the most distal portion of the growth plate. A hydroxyapatite
phantom was used for BMD calibration.

To assess growth plate thickness, paraffin-embedded sections
(5wm) of tibias were stained with hematoxylin and eosin
and examined using digital photomicrography and image-
processing software (MetaMorph for Olympus, Version 7.7,
Olympus America Inc., Center Valley, PA, USA). We acquired
images of the central 1-mm horizontal dimension of the growth
plate at x10 magnification and automated edge detection to
determine the edges of the growth plate and measured the
average vertical thickness in pixels. Values were normalized as
a percent of those for chow-fed animals.

Thick longitudinal cryosections (60 um, 6 sections/diet group)
of the tibial bones were observed under circularly polarized light
(x30 to x100) with a Leitz Dialux 20 microscope (Midland, ON,
Canada) equipped with two crossed Nicol's prisms, one above
and one below the specimen, and a \/4 compensator to
eliminate the Maltese cross effect. Circularly polarized lights
detect the anisotropy of bone through “bright” and “extinct”
signals owing to birefringence (double refraction) of collagen.'®
For quantitation of the birefringence signal, illumination
intensity and the threshold for distinguishing bright and extinct
signal were constant for all specimens; then percent area
occupied by bright birefringence signals at the proximal, middle,
and distal tibia was quantitated with MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA).

Spleen, kidney, and decalcified femoral bone tissues were
embedded in 22-oxacalcitrol (OCT compound). Cryosections
(10 pm, 4 sections/mouse, 2 to 3 mice/group) were used for oil
red O staining and counterstained with hematoxylin using
standard histologic methods.

Histomorphometric analysis of trabecular bone

Six femurs, randomly chosen from chow and HFD groups, were
subjected to static histomorphometry. Longitudinal sections
(5 pm thick) were cut with a microtome (Microm, Richards-Allan
Scientific, Kalamazoo, MI, USA) and stained with toluidine blue
(pH 6.4). Parameters of bone formation and resorption were
measured in a defined area between 181 and 725 pm below the
growth plate using the OsteoMeasure Morphometry System
(Osteometrics, Atlanta, GA, USA). The terminology and units used
are those recommended by the Histomorphometry Nomencla-
ture Committee of the American Society for Bone and Mineral
Research. Data from two femurs of the HFD group were excluded
owing to compromised cell visualization, which likely resulted
from insufficient fixation.

Serum biochemical assays

Serum lipid oxidation products were assayed by dichlorofluor-
escein (DCF) assay, as described previously.?® The indicator,
2',7'-dichlorodihydrofluorescein diacetate (H,DCFDA; Invitrogen,
Carlsbad, CA, USA), is sensitive to reactive oxygen species such
as lipid oxidation products; oxidation removes its acetate
groups, producing an intense fluorescent signal.®® Briefly,

serum samples (from 7 chow, 4 PBS, 4 PTH/D-4F, 5 PTH, and 3 D-
4F mice) were incubated with H,DCFDA at 37°C. The
fluorescence (excitation 485 nm, emission 530 nm), a quantita-
tive measure of lipid oxidation products, was monitored over 1
hour. Oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phos-
phocholine (ox-PAPC) was used to generate a standard curve.
Serum levels of osteocalcin (Biomedical Technologies, Inc.,
Stoughton, MA, USA), insulin-like growth factor 1 (IGF-1; IDS
Inc, Fountain Hills, AZ, USA), procollagen type 1 N-terminal
propeptide (P1NP; Immunodiagnostic Systems), tartrate-
resistant acid phosphatase 5b (TRACP-5b; Immunodiagnostic
Systems) were measured in quadruplicate.

C57BL/6 mouse study

C57BL/6 mice (14 week-old females) were given a standard
Purina chow diet. The animals were treated with either normal
water (n=7) or D-4F-containing water (n=7) for 7 weeks and
were injected with vehicle or hPTH(1-34) (5 days/week) for
3 weeks (Fig. 1). .CT morphometry was performed on the tibial
mid-diaphysis (n=7/group), as mentioned earlier. The slight
difference in age from the Ldlr '~ mice was unintentional.

Apoe™’~ mouse study

Apoe™'~ mice (43-week-old females) on a C57BL/6 background

were given a standard Purina chow diet. The animals were
treated with either normal water (n=28) or D-4F-containing
water (n=28) for 7 weeks and were injected with vehicle or
hPTH(1-34) (5 days/week) for 3 weeks (Fig. 1). .CT morphometry
was performed on the femoral mid-diaphysis (n=6/group) at
the University of Connecticut. Briefly, Apoe ™~ femurs (6/group,
chosen at random) were imaged using cone-beam, microfocus
X-ray computed tomography (unCT40, Scanco Medical AG,
Bassersdorf, Switzerland). Serial tomographic images were
acquired at 55kV and 145 pA, collecting 1000 projections per
rotation at 300-ms integration time. Then 3D 16-bit grayscale
images were reconstructed using standard convolution, back-
projection algorithms with Shepp and Logan filtering and
rendered within a 12.3-mm field of view at a discrete density of
578,704 voxels/mm? (isometric 12-pum voxels). Segmentation of
cortical bone from marrow and soft tissue was performed in
conjunction with a constrained Gaussian filter to reduce noise,
applying a hydroxyapatite-equivalent density threshold of
700 mg/cm?.

Real-time RT-qPCR

Total RNA was isolated from the calvaria of chow and HFD groups
(4/group). Real-time reverse-transcriptase polymerase chain
reaction (RT-qPCR) was performed using the One-Step gRT-
PCR SuperMix Kit (BioChain Institute, Inc., Hayward, CA, USA) and
Mx3005P Real-Time PCR System (Agilent Technologies, Inc.,
Wilmington, DE, USA), as described previously.?”-2%

Statistical analysis

HFD effects on gene expression and bone parameters were
compared in chow versus HFD groups by Student’s t test.
Comparisons across more than two groups were performed with
two-way ANOVA, followed by the Fisher's PLSD test using

D-4F RESTORES HYPERLIPIDEMIA-INDUCED PTH RESISTANCE

1199 A

Journal of Bone and Mineral Research



StatView (Version 4.5, Abacus, Berkeley, CA, USA). Values are
expressed as means &= SEM. A value of p < .05 is considered
statistically significant.

Results

Effect of the HFD on gene expression

Since lipid oxidation products inhibit bone-forming cells in
vitro,®%19 we first tested the effects of an HFD on bone cell
differentiation markers in Ldlr '~ mice on a C57BL/6 background.
This HFD was previously shown by Towler and colleagues to
increase atherogenic lipoproteins in this mouse model.®® Real-
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time RT-qPCR of the calvarial tissues showed that the HFD
significantly reduced expression of bone-formation markers,
PTH receptor, core binding factor a1 (Cbfa-1), bone sialoprotein,
and osteocalcin (Fig. 2A). Treatment with PTH or D-4F or
cotreatment did not restore their expression (data not shown).
In addition, HFD significantly reduced expression of the
osteoclast inhibitor osteoprotegerin (OPG; Fig. 2A); however,
treatment with PTH or D-4F or cotreatment did not restore OPG
expression (data not shown). HFD did not significantly affect
receptor activator of NF-kB ligand (RANKL) expression (Fig. 2A);
however, both PTH and PTH/D-4F cotreatment significantly
induced RANKL expression compared with HFD alone (data not
shown).

Ochow
EHFD

Chow

PTHR Cbfa-1 BSP OCN OPG RANKL

OO0

HFD
PTH

HFD
D-4F

HFD
PTH/D-4F

Toluidine Blue

Fig. 2. Effect of HFD in Ldlr '~ mice. (A) Real-time RT-qPCR analysis of RNA from calvarial tissues of chow or high-fat diet (HFD) groups for PTH receptor 1
(PTHR), core binding factor o1 (Cbfa-1), bone sialoprotein (BSP), osteocalcin (OCN), osteoprotegerin (OPG) and receptor-activator of NF-kB ligand (RANKL). (B) 2D
reconstruction of wCT analysis of tibial midshaft. (C) Hematoxylin and eosin (H&E) and toluidine blue staining of tibial metaphyses from chow and HFD
mice (scale bar = 50 wm). (D) Circularly polarized light microscopy of coronal section of proximal tibia (scale bar = 100 wm). Extinct (arrowhead) and bright
signals (arrow) indicate predominant collagen orientation < 45 degrees and > 45 degrees, respectively, to the long axis of the bone. Arrowheads and
arrows indicate equivalent locations in each image. Quantitation of bright birefringence signals (% area) in the proximal tibia. *p < .05; ip <.01;"p <.005;

#p < .001; NS = not significant.
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Fig. 2. (Continued)

Effect of the HFD on bone

rCT analysis showed that the HFD reduced tibial length (Table 1)
and cortical bone thickness (Fig. 2B) in these skeletally immature
mice. Histologic analysis showed that HFD also had a
nonsignificant trend toward reduced thickness (p=.1; Table
1) and size of hypertrophic chondrocytes in the tibial growth
plate (Fig. 2C). Collagen anisotropy was assessed by extinct
versus bright signals of circularly polarized light, which are
generated, respectively, by collagen fibrils that align nearly

Table 1. Tibial Bone Length and Growth Plate Thickness of
Ldlr'~ Mice

Growth plate thickness

Treatment Length (mm) (% of control)
Chow 18.5+0.09 100+ 12
HFD 17.84+0.08" 44 421
HFD + PTH 179+0.13" 44 + 24
HFD -+ D-4F 17.84+0.09" 46 + 26
HFD + PTH + D-4F 17.8+011" 66+ 19

“p < 0.0005 versus chow.

parallel to the loading axis versus those with other orienta-
tions.®" In HFD mice and controls, we found that the extinct/
bright patterns were reversed at the corresponding regions of
tension and compression (Fig. 2D). At the proximal but not at the
middle or distal tibial cortex, the bright birefringence signals
were reduced significantly by the HFD, which was restored by D-
4F treatment (Fig. 2D).

Effect of the HFD and D-4F on lipid oxidation and
accumulation

We found previously that bone anabolic effects of PTH are
impaired in hyperlipidemic mice."” To test whether the PTH
resistance in hyperlipidemic mice could be normalized by
reducing serum lipid oxidation products, mice on the HFD were
treated with D-4F (or vehicle) for 4 weeks, followed by 3 weeks of
daily PTH(1-34) or PBS injections with continuation of D-4F or
vehicle treatments and the HFD (Fig. 1). Serum lipid oxidation
products were assayed using DCF, as described previously.*® As
shown in Fig. 3A, the HFD significantly increased fluorescence
intensity, which was reduced significantly by D-4F treatment (D-
4F and PTH/D-4F), consistent with previous findings.®* Oil red O
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Fig. 3. Effect of D-4F on lipid oxidation and deposition in Ldlr~’~ mice. (A) Dichlorofluorescein (DCF) assay for lipid oxidation products in chow, HFD (PBS
and PTH), and D-4F (PTH/D-4F and D-4F) groups. (B) Oil red O staining for lipids (red) in spleen, kidney, and femoral bone cryosections counterstained with

hematoxylin. Scale bar =50 um. “p < .05.

staining in spleen, kidney, and femoral bone tissues indicated
that the HFD also caused substantial lipid accumulation, which
was reduced significantly by D-4F treatment alone or with PTH
cotreatment (Fig. 3B).

Effect of the ApoA-I-mimetic peptide on HFD-induced
PTH resistance

p.CT analysis of cortical bone parameters at the mid-diaphyseal
tibia of Ldlr '~ mice showed that the HFD significantly reduced
cortical area, thickness, and BMC (Figs. 2B and 4A). These adverse
effects were retarded by PTH/D-4F cotreatment but not by PTH
or D-4F treatment alone. This is in contrast to normolipemic wild-
type mice, where treatment with PTH alone, but not D-4F alone,
augmented cortical area, thickness, and BMC, and cotreatment
with D-4F did not further enhance PTH anabolic effects (Table 2).
Histomorphometric analysis of trabecular bone parameters at
the metaphyseal femur showed that both PTH and PTH/D-4F
treatments induced trabecular bone volume and numbers of
trabeculae (Fig. 4B). The trabecular thickness lost with the HFD

also was restored by both PTH and PTH/D-4F treatments (Fig. 4B).
Histomorphometric analysis of osteoclast numbers and osteo-
clast surface areas were not significantly different among the
groups (data not shown). Bone-formation parameters, such as
osteoid, osteoblast number, and osteoblast surface area, were
not included in the analysis owing to zero values in some HFD
mice not receiving PTH. We therefore analyzed serum markers
for bone formation (ie, osteocalcin and P1NP) and resorption (ie,
TRACP-5b), respectively. As shown in Fig. 4C, the HFD did not
alter serum levels of these three markers. Intermittent PTH
treatment resulted in a twofold increase in serum levels of the
two bone-formation markers and a slight (1.4%) increase in the
bone-resorption marker compared with PBS controls. PTH/D-4F
cotreatment resulted in the same twofold increase in bone-
formation markers relative to PBS control but a decrease in
TRACP-5b (45% versus PBS control and 59% versus PTH; Fig. 4C).
D-4F treatment alone also decreased TRACP-5b by 44% without
altering the serum levels of osteocalcin and P1NP (Fig. 4C).
We next determined the effect of the HFD on serum IGF-1 levels
and its mRNA expression in calvarial tissues. Interestingly, HFD
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Fig. 4. Effect of D-4F in Ldlr~~ mice. (A) WCT analysis of tibial cortical BMC, area, and thickness. (B) Histomorphometric analysis of trabecular bone volume/
tissue volume (BV/TV), number (Tb.N), and thickness (Tb.Th). (C) Serum levels of bone-formation markers osteocalcin and procollagen type 1 N-terminal
propeptide (P1NP). (D) Serum levels of the bone-resorption marker TRACP-5b. *p <.05; ¥p < .01; *p <.005; ¥p <.001; *p < .0001 versus HFD/PBS;

N.S. = not significant.

induced serum IGF-1 levels but reduced IGF-1 expression in
calvarial tissue (Table 3). Serum IGF-1 levels also were induced by
the D-4F alone treatment but not by PTH alone or by the
cotreatment with D-4F (Table 3).

The experiments also were conducted in a second hyperlipi-
demic mouse model, Apoe™’~, on the same C57BL/6 back-

ground. Eleven-month-old Apoe ™'~ mice were treated with D-4F

for 4 weeks, followed by either vehicle or hPTH(1-34) daily (5
days/week) for 3 weeks with continued D-4F treatment (Fig. 1),
and femoral bones were scanned by wCT. Consistent with the
results in HFD-treated Ldlr '~ mice, cotreatment with PTH/D-4F
significantly increased the same cortical bone parameters (ie,
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Table 2. pCT Analysis of Tibial Bone in Wild-Type (C57BL/6) Mice

Treatment (mm) Bone mineral content (mg)

Cortical area (mm?) Cortical thickness

PBS 0.46 +0.01
PTH 0.49 + 0.00*
D4F 0.47 +0.01
PTH/DA4F 0.48 +0.01

0.657 £0.012 0.132£0.002
0.713 +0.007* 0.137£0.001*
0.666 £0.010 0.130£0.002
0.696 +0.017¢ 0.13540.002

ip<.05; *p<.005 versus PBS.

Table 3. IGF-1 Levels in LdlIr’/~ Mice

Serum IGF-1 Calvarial IgfT mRNA
Treatment (ng/mL) (normalized to B-actin)
Chow 323£13 2.79+0.10
HFD 397 +15" 1.46 +0.20
HFD + PTH 434 429" 1.42+021"
HFD -+ D-4F 469 438" 13240.12"
HFD +PTH+D-4F  376+32% 1.42+0.17!

Hp< 05 *p<.005 **p<.0001; *p<.0005 versus chow; *p<.005
versus HFD.

BMC, cortical area, and cortical thickness), whereas neither D-4F
nor PTH alone affected these parameters (Table 4).

Discussion

It is well known in cardiovascular biology that a diet high in fat
promotes atherogenesis®®? by increasing levels of lipid oxidation
products,“*) especially in genetically hyperlipidemic subjects. It
is now recognized that such a diet also reduces bone
density,'®' promotes bone resorptive activity,>*>**** and
importantly, interferes with parenteral PTH therapy." " Using two
hyperlipidemic mouse models, we now report the first evidence
that lipid oxidation products mediate hyperlipidemia-induced
PTH resistance and that this resistance is overcome by a known
inhibitor of the bioactivity of lipid oxidation products, the ApoA-
I-mimetic peptide D-4F. In normolipemic wild-type mice, D-4F
did not augment PTH anabolic effects, further supporting the
concept that D-4F acts through its effects on lipids.

Our studies suggest that the HFD has adverse effects on bone
growth. Our findings of shortened bone length and matrix
maturation in the skeletally immature mice on the HFD are
consistent with previous reports that show that bone length and
maturation are reduced in the offspring of pregnant mice fed a
diet high in fat.®*® In addition, our findings are consistent with
recent reports that show small size as well as decreased height in

Table 4. wCT Analysis of Femoral Bone in Apoe™~ Mice

preadolescents and adolescents with hyperlipidemia, %37

supporting the need for further investigation into the regulatory
mechanism of this phenomenon. Interestingly, changes in serum
IGF-1 levels did not correspond with the changes in bone
formation. This could be explained in part by recent findings of
Elis and colleagues®® that show that serum IGF-1 levels
synergize PTH action only when the tissue IGF-1 is intact/
sufficient. Indeed, we found that tissue IGF-1 expression was
reduced significantly in HFD mice.

Our studies also suggest that the HFD alters bone quality.
Collagen anisotropy has been shown to contribute to mechan-
ical integrity and bone “quality” and to differ between regions in
tension and in compression in normal and osteomalacic human
bone exposed to normal activity.?” Our findings suggest that
the HFD disrupts collagen orientation. Such loss of micro-
structural, coordinated alignment is known to associate with loss
of bone strength, bending stiffness, and fracture toughness in
mice fed an HFD.®?

Our results and those of Hirasawa and colleagues® indicate
that the combination of genetic hyperlipidemia and HFD causes
more rapid bone loss than either condition alone."® Using an
ApoA-I-mimetic peptide to inhibit lipid oxidation,**** we now
provide evidence that the mechanism by which an HFD leads
to PTH resistance is through generation of lipid oxidation
products. We have found previously that oxidized lipids
induce osteoclastogenesis directly®® and also indirectly via
osteoblastic production of inflammatory cytokines, including
interleukin 6 (IL-6). Our findings show that this peptide
normalized PTH anabolism in two hyperlipidemic mouse
strains owing, in part, to inhibition of osteoclastic activity.
Although D4-F alone might be expected to inhibit bone loss
in HFD mice, no inhibition was observed, presumably because
D-4F was started later than the HFD. However, D-4F treatment
did show a trend in preventing bone loss, suggesting that
suppression of oxidized lipids is involved in the HFD-induced
bone loss. Our findings also suggest that D-4F is not an anabolic
factor and that its effects appear to be primarily through effects
on bone resorption.

Bone mineral content (pg)

Cortical area (mm?) Cortical thickness (mm)

PBS 11.5+0.6
PTH 11.9+£0.06
D4F 11.4£0.07
PTH/D4F 13.2+0.03"

0.667 4-0.042 0.15240.007
0.717 £0.031 0.157 £0.008
0.683 £0.031 0.150 £0.009
0.767 +0.021* 0.178 +0.005"

“p <.05 versus PBS.
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Interestingly, the adverse effect of hyperlipidemia-induced
PTH resistance is less prominent in trabecular bone. Consistent
with our previous studies," " we found that the adverse effects of
hyperlipidemia on PTH anabolism are greater in cortical than
trabecular bone, suggesting that metabolic activity to maintain
serum calcium is less affected. The exact mechanism governing
this difference is unclear. However, one possibility may lie in the
differences in COX-2 signaling in cortical versus trabecular bone.
Xu and colleagues recently showed that cortical, but not
trabecular, bone parameters are reduced in Cox2 knockout
mice.“? It is also interesting to note that oxidized lipids induce
COX-2 expression in monocytes,*" and prostaglandins pro-
duced by COX-2 stimulate bone resorption.®>*? Further studies
are required to address this mechanism.

In summary, these results suggest that the large proportion of
osteoporotic patients who have hyperlipidemia may not be
receiving the full benefits of anabolic therapy. Clinical studies
may be warranted to investigate the efficacy of PTH therapy in
patients with disorders of lipid metabolism.
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