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ABSTRACT

Bioactive lipids initiate inflammatory reactions leading to pathogenesis of atherosclerosis. Evidence shows that they also contribute to bone loss
by inhibiting parathyroid hormone receptor (PTH1R) expression and differentiation of osteoblasts. We previously demonstrated that bone
anabolic effects of PTH(1-34) are blunted in hyperlipidemic mice and that these PTH effects are restored by antioxidants. However, it is not clear
which osteoblastic cell developmental stage is targeted by bioactive lipids. To investigate the effects of hyperlipidemia at the cellular level,
hyperlipidemic Ldl¥~'~ mice were bred with Col3.6GFPtpz mice, in which preosteoblasts/osteoblasts carry a topaz fluorescent label, and with
Col2.3GFPcyan mice, in which more mature osteoblasts/osteocytes carry a cyan fluorescent label. Histological analyses of trabecular bone
surfaces in femoral as well as calvarial bones showed that intermittent PTH(1-34) increased fluorescence intensity in WT-Tpz mice, but not in
sz—Ldlr’/ ~ mice. In contrast, PTH(1-34) did not alter fluorescence intensity in femoral cortical envelopes of either WT-Cyan or Ldlr™ ~-Cyan
mice. To test the mechanism of PTH1R downregulation, preosteoblastic MC3T3-E1 cells were treated with bioactive lipids and the antioxidant
Trolox. Results showed that inhibitory effects of PTH1R levels by bioactive lipids were rescued by pretreatment with Trolox. The inhibitory effects
on expression of PTHIR as well as on PTH-induced osteoblastic genes were mimicked by xanthine/xanthine oxidase, a known generator of
reactive oxygen species. These findings suggest an important role of the preosteoblastic development stage as the target and downregulation of
PTH receptor expression mediated by intracellular oxidant stress as a mechanism in hyperlipidemia-induced PTH resistance. J. Cell. Biochem.
115: 179-188, 2014. © 2013 Wiley Periodicals, Inc.
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E pidemiological studies suggest that osteoporosis and vertebral
fractures associate with cardiovascular disease [Barengolts
et al., 1998; Kiel et al., 2001; Pennisi et al., 2004; Schulz et al., 2004;
Tamaki et al., 2009; Hjortnaes et al., 2010] and that the association is
independent of age [Boukhris and Becker, 1972; Frye et al., 1992].
Evidence shows that lipid oxidation products trigger a cascade of
inflammatory reactions responsible for the pathogenesis of cardio-
vascular diseases, particularly atherosclerosis [Navab et al., 1996;
Towler, 2008; Morgantini et al., 2010].
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Lipid oxidation products may also contribute to similar pathologi-
cal events resulting in bone loss. Histochemical evidence demonstrates
accumulation of lipids in the subendothelial space of Haversian
cannels of human osteoporotic bones [Tintut et al., 2004] and in
osteocytic canaliculae [Kawai et al., 1980; Watanabe et al., 1989].
Levels of lipid oxidation products are also increased in plasma [Pirih et
al.,, 2012] and in the bone marrow of hyperlipidemic mice fed an
atherogenic high-fat diet [Tintut et al., 2004] that is known to induce
bone loss [Hirasawa et al., 2007; Hjortnaes et al., 2010; Pirih et al.,
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2012]. In vivo animal studies demonstrate that bioactive lipids
mediate adverse effects of the atherogenic diet on bone [Sage et al.,
2011] and that the effects may be through inhibition of osteoblastic
differentiation of preosteoblasts and bone marrow stromal cells
[Parhami et al., 1997, 1999] as well as through lowering expression of
parathyroid hormone receptor (PTH1R) [Pirih et al., 2012]. In mice,
hyperlipidemia also interferes with the bone anabolic effects of PTH
(1-34) [Huang et al., 2008a], a treatment widely used for treating
patients with osteoporosis [Lindsay et al., 1997; lida-Klein et al., 2002].
In support of the animal studies, a recent retrospective, longitudinal
study found that levels of total cholesterol correlate negatively, and
levels of HDL cholesterol correlate positively, with lumbar bone

mineral density in patients, who were treated with teriparatide
(PTH 1-34) [Jeon et al., 2013].

Oxidant stress has been shown to play a central role in
pathogenesis of atherosclerosis [Yokoyama, 2004; Morrow, 2005].
In osteoblasts, increased lipid oxidation also triggers cellular oxidant
stress [Mody et al., 2001; Almeida et al., 2009]. Modulation of
oxidative stress also affects bone mass homeostasis [Ambrogini et al.,
2010; Rached et al., 2010]. We have previously found that lowering
oxidant stress in hyperlipidemic low-density receptor null (Ldlr )
mice, by administration of an ApoA-I mimetic peptide [Sage et al.,
2011] or by overexpression of paraoxonase 1 gene, restores the bone
anabolic effects of PTH(1-34) [Lu et al., 2013]. Administration of PTH
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Fig. 1. Effects of PTH(1-34) on GFP-labeled osteoblasts in femoral bone. A: Top panel—The DAPI image of distal femoral bone from Tpz mice [bone marrow (BM), cortical bone
(CB)]. Bottom panels—immuno-fluorescence images of the area marked by the white rectangular box in panel A using anti-GFP antibody (rather than direct fluorescence from
GFPtpz for enhanced signal-to-noise ratio). Arrow indicates fluorescence labeled osteoblasts lining the trabecular surface. B: Quantitation by Metamorph image analysis of the area
shown in the bottom panels in (A). Magnification bar-200 um. * P < 0.05 versus respective PBS-treated controls.
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(1-34) had greater bone anabolic effects in aged mice compared with
younger mice due to the age-associated increase in oxidant stress
[Jilka et al., 2010].

PTH anabolic effects have been attributed, in part, to proliferation
of osteoblasts [Cipriani et al., 2012]. Using cells isolated from the
transgenic mice, where green fluorescent protein (GFP) expression
is driven by either a 3.6-kilobase (kb; pOBCol3.6GFPtpz) or 2.3-kb
(pOBCol2.3GFPcyan) promoter fragment of rat type I collagen,
Kalajzic and colleagues showed that the 3.6-kb type I collagen
promoter marks osteoblast lineage cells at the stage of preosteoblasts
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and immature osteoblasts (here labeled with a topaz fluorescent
reporter), whereas the 2.3-kb promoter marks more mature
osteoblasts and osteocytes (here labeled with a cyan fluorescent
reporter) [Kalajzic et al., 2002]. In bone tissue from the transgenic
mice, GFP expression in pOBCol3.6GFPtpz was observed in
osteoblastic cells lining endosteal and trabecular surfaces,
whereas GFP expression in pOBCol2.3GFPcyan was observed in
osteoblasts and osteocytes [Kalajzic et al., 2002]. In this report, we
sought to identify which osteoblastic developmental level is the target
of hyperlipidemia-induced PTH resistance using hyperlipidemic or
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Fig. 2. Effects of PTH(1-34) on osteoblasts in calvarial bone. A: Top panel—hematoxylin and eosin histochemical staining of calvarial bone. Bottom panels—fluorescence images
(Topaz filter) of the areas marked by the black rectangular box. B: Quantitation by Metamorph image analysis. Magnification bar: 200 ;zm. * P < 0.05 versus respective PBS-treated

controls.
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WT mice expressing GFP from pOBCol3.6GFPtpz or pOB-
Col2.3GFPcyan. We also examined whether the inhibitory effects
of inflammatory bioactive lipids on PTHIR is mediated by ROS in
preosteoblasts.

MATERIALS

8-Isoprostaglandin E2 (isoPGE2) was purchased from Cayman
Chemical (Ann Arbor, MI). Xanthine, xanthine oxidase, Trolox (6-
hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid) and
human PTH(1-34) were purchased from Sigma. Oxidized 1-
palmitoyl-2-arachidonyl-sn-glycero-3-phosphocholine (ox-PAPC)
was prepared by auto-oxidation of PAPC (Avanti-Polar Lipids).
The oxidation state was verified by liquid chromatography/mass
spectroscopy.

MICE

Mice (C57BL/6 background) overexpressing GFP from Collal
promoter fragments (pOBCol3.6GFPtpz and pOBCol2.3GFPCyan)
were generated, as described previously [Kalajzic et al., 2002]. The
mice were bred with low-density lipoprotein receptor (Ldlr) null mice
(Jackson Laboratory) to produce hyperlipidemic mice that express
GFP in preosteoblasts, immature osteoblasts as well as osteoblasts
and osteocytes. No differences in health or development between
hyperlipidemic and wild type GFP mice were observed. The pups were
verified by genotyping tails for the presence of GFP and absence of
Ldlr, using protocols established by the Rowe/Kalajzic laboratories
and the Jackson Laboratory, respectively. Mice with homozygosity
for the Ldlr null mutation and positive for GFP were selected for
further experiments. All the experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Committee of
the University of California at Los Angeles.

INTERMITTENT PTH TREATMENT

Female hyperlipidemic GFP transgenic mice (2-3 months old) and WT
littermates (n = 6-8/group) were injected with either control vehicle
or human PTH (1-34; 40 pg/kg, s.c. 5 days/week) for 5 weeks, as
previously described [Huang et al., 2008a; Sage et al., 2011].

HISTOLOGICAL EVALUATION

At euthanasia, calvaria and left femurs were harvested, cleaned of
surrounding tissue for femoral bones, and immediately fixed in 10%
formalin for 48 h in 4°C. The bones were subsequently decalcified for
4-7 days in 14% EDTA (pH 7.1), incubated in 30% sucrose for 24 h,
and embedded in OCT. Endogenous fluorescence from three serial
sections of calvarial bones was imaged using TPZ filter (Olympus).
Approximately 10 p.-thick longitudinal sections of femoral bones
were sectioned onto 2 cm cyrofilms (Molecular Core, University of
Connecticut Health Center, Farmington, CT). To improve the signal-
to-noise ratio for femoral bones, instead of directly imaging GFPtpz
and GFPcyan fluorescence, we performed immunostaining with anti-
GFP antibody conjugated with Alexa Fluor® 594 (Life Technologies).
Three serial sections of femoral bones were analyzed. Images of the
distal femurs and calvarial bones were quantified as percentage of

tissue area in three sections per mouse bone, using image analysis
software (Metamorph Advanced v7.7), as we previously described
[Lu et al., 2013].

CELL CULTURE

Preosteoblasts MC3T3-E1 mouse cell line (Riken Cell Bank) were
grown in alpha-MEM (Cellgrow) containing 10% FBS, supplemented
with sodium pyruvate (1mmol/L), penicillin (100U/ml), and
streptomycin (100 U/ml). Cells were treated at subconfluence in
alpha-MEM media supplemented with 2.50% FBS, 5mM beta-
glycerolphosphate and 50 wg/ml ascorbic acid at the indicated time
points. Media supplemented with fresh agents were replenished every
3-4 days.

ALKALINE PHOSPHATASE ACTIVITY ASSAY

Alkaline phosphatase activity was assayed in whole cell lysates, as
previously described [Huang et al., 2008b].
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Fig. 3. Effects of PTH(1-34) on GFP-labeled osteocytes. A: Top panel—DAPI
image of distal femoral bone from Cyan mice [bone marrow (BM), cortical bone
(CB)]. Bottom panels—immunofluorescence images of the area marked by the
white rectangular box using anti-GFP antibody. Arrow indicates fluorescence
labeled osteocytes. Magnification bar: 200 «m. B: Quantitation by Metamorph
image analysis.

1 82 PTH1R REGULATION BY LIPIDS IN PREOSTEOBLASTS

JOURNAL OF CELLULAR BIOCHEMISTRY



REALTIME RT-qPCR
Total RNA was isolated and realtime RT-qPCR was performed

using the One-Step RT-qPCR SuperMix Kit (SYBR green,
BioChain, Inc) and Mx3005P Real-Time PCR System
(Stratagene).

IMMUNOFLUORESCENCE

The cells were plated in 8-well chamber slides and treated with
the indicated reagents for 6 days. The cells were washed, fixed,
and incubated overnight with anti-PTHIR antibody (Covance,
Emeryville, CA). The PTHIR staining was visualized using
secondary antibody conjugated with Alexa Fluor 488 (Invitrogen).
The PTHI1R-stained cells imaged and quantified by
normalizing for cell number (>4 fields) using image analysis
software (Metamorph Advanced v7.7), as we previously described
[Lu et al., 2013].

were
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DIHYDROETHIDIUM (DHE) STAINING

The cells were plated in 8-well chamber slides and treated with
vehicle or isoPGE2 at subconfluence in the alpha-MEM containing DHE
(30 wM, Sigma) for 10 min in a 37°C incubator. After the incubation the
media was removed, washed twice with PBS, and mounted. DHE-
stained cells were imaged and quantified by normalizing for cell
number (>4 fields) using image analysis software (Metamorph
Advanced v7.7), as we previously described [Lu et al., 2013].

STATISTICAL ANALYSIS

Values were expressed as mean + SEM. Statistical significance
was determined by Student’s t-test, with a value of P<0.05
considered significant. For comparisons between more than two
groups, P values were calculated using ANOVA and Fisher's
projected least significant difference (PLSD) significance test
(StatView 4.5).
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Fig. 4. Effects of bioactive inflammatory lipids on PTH1R expression. A: Immunofluorescence images of MC3T3-E1 cells treated with vehicle or isoPGE2 at 10 M or 30 M for
anti-PTH1R antibody (top panels) and counterstained with DAPI (bottom panels). Magnification bar: 200 ;«m. B: Quantitation by Metamorph image analysis. * P< 0.05 versus

vehicle alone.
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EFFECTS OF PTH(1-34) ON GFP-LABELED OSTEOBLASTS AND
OSTEOCYTES

We previously found that bone anabolic effects of PTH(1-34) were
blunted in hyperlipidemic (Ldlr /") mice [Huang et al., 2008a]. To
identify the osteoblast developmental stage affected by hyperlipid-
emia-induced PTH resistance, two lines of GFP mice (GFPTpz that
label preosteoblasts/osteoblasts and GFPCyan that label osteocytes)
were bred with hyperlipidemic (Ldlr7) mice to produce sz—Lle/ -
and Cyan-Ldlrf/ ~ mice. Intermittent PTH(1-34) treatment (5 days/
week, s.c.) was administered to sz—Ldlrf/ ~and Cyan—Ldlrf/ ~aswell
as their littermates (Tpz-WT and Cyan-WT). After 5 weeks of PTH
treatment, long bones and calvarias were harvested, and the effects of
PTH(1-34) were analyzed.

To visualize the cell type affected by PTH(1-34), histological
evaluation of GFP-labeled osteoblast lineage cells on the trabecular
surfaces of femoral bones was performed. To improve the signal-to-
noise ratio for femoral bones, we performed immunofluorescence
using anti-GFP antibody conjugated with Alexa Fluor® 594. As
shown in Figure 1A and B, PTH(1-34) treatment increased the
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Fig. 5. Effects of isoPGE2 on ROS production. A: Fluorescence images of
MC3T3-E1 cells treated with vehicle or isoPGE2 (20 1M) using the ROS
indicator dihydroethidium (DHE). Magnification bar: 200 .um. B: Quantitation
by Metamorph image analysis of images shown in (A). *P < 0.05 versus control.

fluorescence intensity in WT mice. In contrast, the effect of PTH
treatment was blunted in Ldlr/~ mice (Fig. 1A and B). Epifluor-
escence analysis of GFPtpz in the calvarial bones of TPZ mice also
showed that PTH induction of fluorescence intensity was blunted in
Ldlr~/~ mice (Fig. 2A and B).

To assess the effects of PTH treatment on osteocytes, fluorescently
labeled osteocytes of the femoral bones were assessed in Cyan mice.
As shown in Figure 3A and B, PTH treatment did not increase the
immunofluorescence intensity in WT or Ldlr~~ mice.

ROS MEDIATES EFFECTS OF BIOACTIVE INFLAMMATORY LIPIDS ON
PTH1R LEVELS

To determine the mechanism of the effects of inflammatory lipids on
PTH receptor levels, MC3T3-E1 cells, the established preosteoblasts,
were treated with a bioactive lipid, 8-isoprostaglandin E2 (isoPGE2).
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Fig. 6. Effects of ROS on PTH1R expression. A: Realtime RT-qPCR analysis of
PTH1R expression in MC3T3-E1 cells treated with xanthine (25 «M) and the
indicated concentrations of xanthine oxidase. *P< 0.05 versus control. B:
Immunofluorescence images of MC3T3-E1 cells treated with vehicle or X/XO
(25 M/25 mU/ml) using anti-PTH1R antibody. Magnification bar: 200 um. C:
Realtime RT-qPCR analysis of PTH1R expression in MC3T3-E1 cells treated with
vehicle, isoPGE2 (25 M) or X/XO (25 «M/25 mU/ml). * P< 0.05 versus vehicle
control.
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As shown in Figure 4A and B, isoPGE2 reduced expression of PTH1R, that the inhibitory effect on PTH1R expression was also mimicked by

as assessed by immunocytochemistry. X/XO0 treatment (Fig. 6A-C).

We next examined whether inhibitory effects of lipids on PTH1R To test whether ROS inhibition of PTH1R expression had effects on the
expression and responsiveness to PTH(1-34) treatment were mediated response of osteoblasts to PTH treatment, the cells were pretreated with
by intracellular ROS. Cells were treated with 8-isoprostaglandin E2 XXO for 6 days, and stimulated with PTH(1-34) at day 6 for 1.5 h. Results
(isoPGE2) and ROS production was assessed. Results show that levels from realtime RT-qPCR analysis showed reduced expression of PTH-
of the intracellular ROS were increased in cells treated with isoPGE2 induced Nurrl, an immediate early gene, after the XXO pretreatment
compared with controls (Fig. 5A and B). (Fig. 7A). PTH induction of osteoblastic differentiation markers, bone

The direct effects of ROS on PTHIR expression was tested by sialoprotein, and osteocalcin, was also blunted by the X/XO pre-
treating the cells for 6 days with xanthine/xanthine oxidase (X/XO0), treatment (Fig. 7B and C). In contrast, co-treatment of PTH with X/XO

which generates superoxide anion. Realtime RT-qPCR analysis shows did not inhibit PTH induction of Nurr1 or osteocalcin (Fig. 7D and E).
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Fig. 7. Effects of ROS on PTH-induced gene expression. A-C: Realtime RT-qPCR analysis of Nurr1, bone sialoprotein, and osteocalcin expression in MC3T3-E1 cells pretreated
with vehicle or X/XO (25 ;tM/25 mU/mlI) for 6 days followed by co-treatment with vehicle, X/XO and/or PTH (108 M), as indicated, for an additional 90 min. D-E: Realtime RT-
qPCR analysis of Nurr1 and osteocalcin expression in MC3T3-E1 cells that were cotreated with vehicle, X/XO (25 tM/25 mU/ml) and/or PTH (108 M) for 90 min after 6 days in
culture. *P< 0.05.
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We previously found that with antioxidant D4-F treatment [Sage
et al., 2011] or in transgenic hyperlipidemic mice expressing
antioxidant human paraoxonase 1 [Lu et al., 2013], PTH(1-34)
response to BMD was also recovered [Sage et al., 2011; Lu et al., 2013].
Therefore, we used a known anti-oxidant, Trolox, to block inhibitory
effects of isoPGE2. As shown in Figure 5A, treatment with
Trolox blocked the inhibitory effects of isoPGE2 on ALP activity
(Fig. 8A). In addition, pretreatment for 1h with Trolox also
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ameliorated the inhibitory effects of PTH1R expression by bioactive

lipids (Fig. 8B-D).

We previously found that bioactive inflammatory lipids inhibit PTH
receptor (PTH1R) expression [Huang et al., 2007] and that PTH1R

j
¥
N

SORRERER

A AR A

R

AN

ox-PAPC
Trolox

Trolox

K

>

Q

o

I

£ # -
£

7]

a0 *

=

(] S
< 'e]
(W)

he)

(o]

[F8

(Fluorescence Intensity/cell number)

Control ox-PAPC ox-PAPC Trolox
Trolox

Fig. 8.

Fold Changein PTH1R level
(Fluorescence Intensity/cell number)

#
*
-
=
4 =S

Control isoPGE2 isoPGE2 Trolox

Trolox

Effects of antioxidants on the inhibitory effects of bioactive inflammatory lipids. A: Alkaline phosphatase activity of MC3T3-E1 cells that were pretreated with vehicle or
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expression is also lower in hyperlipidemic than WT mice [Sage
et al., 2011; Pirih et al., 2012]. In subsequent experiments, we showed
that bone anabolic effects of PTH(1-34) are blunted in hyperlipidemic
mice [Huang et al., 2008a]. As evidence that these findings translate
to human disease, the recent clinical study by Jeon et al. [2013]
revealed that high total cholesterol levels significantly associate with
blunted effects, and HDL levels with enhanced effects, of teriparatide
in patients. The present results now suggest a novel mechanism in
which preosteoblasts, but not osteocytes, are selectively targeted and
in which ROS mediate the adverse effects of the lipids by inhibiting
PTH receptor expression.

In our previous studies, we found that inflammatory lipids induce
oxidant stress by enhancing intracellular ROS production in osteoblas-
tic cells and that the differentiation of osteoblastic cells is inhibited by
ROS generating agents [Mody et al, 2001]. We now show that
intracellular ROS also mediate the downregulation of PTHIR by
inflammatory lipids. The reduced expression of PTH1R was confirmed
by the blunted PTH responsiveness to expression of downstream PTH
target genes only when cells were pretreated with X/XO. These findings
suggest that blunting of PTH anabolism in hyperlipidemic mice may
result, in part, from the decrease in receptor levels. The results are also in
agreement with our recent report showing that, overexpression of the
antioxidant enzyme paraoxonase-1 in Ldlr~~ mice rescues PTHIR
expression relative to their littermates, Ldlr /= mice [Lu et al., 2013].

Bone anabolic effects of PTH(1-34) have been attributed in part to
effects on proliferation of osteoblast progenitor cells and conversion
of bone lining cells to osteoblasts [Nishida et al., 1994; Luiz de Freitas
et al., 2009]. Recently studies by Kim et al. [2012] showed that
intermittent PTH treatment promotes the maturation of osteoblasts in
mice [Kim et al., 2012]. Using osteoblasts labeled with GFP driven by
the 3.6kb Collal promoter, Wang et al. [2007] showed that early
transient PTH treatment enhanced the commitment of osteoproge-
nitor cells to a differentiated osteoblast phenotype. Consistent with
this study, we found in vivo that intermittent PTH(1-34) treatment
enhanced osteoblastic differentiation as evidenced by increased
fluorescence intensity in WT mice expressing Tpz label driven from
the 3.6 kb Collal promoter, suggesting that PTH affects early stages
of osteoblast development. In contrast, when the mice were
hyperlipidemic due to LDL receptor deficiency (Col3.6 Tpz; Ldir ")
mice, the PTH effect was blunted, suggesting that inflammatory
lipids, in part, target osteoblastic cells at the stages of preosteoblasts
and immature osteoblasts.

Responses of osteocytic cells to PTH differ from those of the more
immature osteoblasts. These cells fail to increase their collagen
expression driven from the 2.3 kb promoter fragment in response to
PTH in both WT and Ldlr /" mice. However, it remains possible that
other functions of the osteocytes, such as sclerostin expression, may
still be responding to PTH in the WT mice. Indeed, we previously
found that sclerostin expression was responsive to PTH in para-
oxonase overexpressing Ldlr = mice [Lu et al, 2013]. This is
consistent with prior studies [0'Brien et al., 2008; Rhee et al., 2011]
showing that osteocytes control bone remodeling via PTH signaling
and that PTH affects sclerostin expression [Weinstein et al., 2010].

In summary, the present findings suggest an important role of
preosteoblasts and immature osteoblasts as the target cells and
downregulation of PTH receptor expression mediated by intracellular

oxidant stress as the mechanisms in hyperlipidemia-induced PTH
resistance.
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