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ABSTRACT
Oxidized phospholipids containing phosphocholine (OxPL) are pro-inflammatory lipid peroxidation products that bind to scavenger
receptors (SRs), such as Scarb1, and toll-like receptors (TLRs). Excessive OxPL, as found in oxidized low-density lipoprotein (OxLDL),
overwhelm these defense mechanisms and become pathogenic in atherosclerosis, nonalcoholic steatohepatitis (NASH), and osteo-
porosis. We previously reported that the innate IgM natural antibody E06 binds to OxPL and neutralizes their deleterious effects;
expression of the single-chain (scFv) form of the antigen-binding domain of E06 (E06-scFv) as a transgene increases trabecular bone
in male mice. We show herein that E06-scFv increases trabecular and cortical bone in female and male mice by increasing bone for-
mation and decreasing osteoblast apoptosis in vivo. Homozygous E06-scFvmice have higher bonemass than hemizygous, showing a
dose effect of the transgene. To investigate how OxPL restrain bone formation under physiologic conditions, wemeasured the levels
of SRs and TLRs that bind OxPL. We found that osteoblastic cells primarily express Scarb1. Moreover, OxLDL-induced apoptosis and
reduced differentiation were prevented in bone marrow–derived or calvaria-derived osteoblasts from Scarb1 knockout mice.
Because Scarb1-deficient mice are reported to have high bone mass, our results suggest that E06 may promote bone anabolism in
healthy young mice, at least in part, by neutralizing OxPL, which in turn promote Scarb1-mediated apoptosis of osteoblasts or oste-
oblast precursors. © 2020 The Authors. Journal of Bone andMineral Research published byWiley Periodicals LLC on behalf of American
Society for Bone and Mineral Research (ASBMR)..
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Introduction

Oxidation-specific epitopes (OSEs) are proinflammatory
products of lipid peroxidation abundantly present on oxi-

dized low-density lipoprotein (OxLDL) and the surface of apopto-
tic cells.(1) OSE formation is greatly increased in the context of
oxidative stress. OSEs are a class of danger associated molecular
patterns (DAMPs) that are recognized and disposed of by innate
immune pattern recognition receptors (PRRs), such as scavenger
receptors (SRs), toll-like receptors (TLRs), and natural antibodies.
A series of discoveries during the last 20 years has established

that formation of OSEs is ubiquitous in inflammation and is a
seminal pathogenic mechanism for atherosclerosis and nonalco-
holic steatohepatitis (NASH), in which excessive OSEs accumu-
late relative to the capacity of the endogenous natural
antibodies and scavenger receptors to dispose of them.(2–4)

Phospholipids containing the phosphocholine (PC) head-
group are prominent components of all cell membranes, as well
as low density lipoproteins (LDLs). Due to the presence of poly-
unsaturated fatty acids at the sn-2 position, they are susceptible
to reactive oxygen species (ROS)-mediated lipid peroxidation,
forming PC-containing oxidized phospholipids (referred herein
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as OxPL). During the oxidation, the sn-2 fatty acid is modified by
addition of one or more oxygen molecules and/or degraded to
yield fragmented and shortened chains, some of which are reac-
tive and lead to OxPL-protein adduct formation. As a result,
although the PC is not itself affected by oxidative modifications,
it is subjected to major conformational changes, rendering it
more hydrophilic. Such OxPL are abundant in OxLDL and on
the surface of apoptotic cells, but not native LDL or viable cells,
and are ubiquitously present in inflammatory diseases (reviewed
in Binder and colleagues(2)). The PC head group of OxPL, once
exposed, is recognized by a number of innate pattern recogni-
tion receptors, including C-reactive protein (CRP), macrophage
SRs, such as CD36 and Scarb1 (also known as SR-B1), and macro-
phage TLRs.(2) Importantly, OxPL are also recognized by the
innate IgM natural antibody E06, which binds to OxPL but not
native phospholipids even though they have the PC headgroup.
Similarly, E06 binds to OxLDL and apoptotic cells but not native
LDL or viable cells. E06 blocks the pro-inflammatory properties
of OxPL, in part by preventing their binding to SRs, TLRs, and
other potential pro-inflammatory pathways.(2) Importantly, to
determine the role of OxPL in vivo, we previously generated
transgenic mice expressing a single-chain variable fragment of
E06 (E06-scFv). E06-scFv lacks an Fc effector domain of an anti-
body and, therefore, can only mediate its biological effects via
binding to and neutralizing the effects of OxPL. Using the
E06-scFv mice on the Ldlr−/− background, we showed that tar-
geting OxPL profoundly decreased atherosclerosis in high
cholesterol–fed mice, as well as NASH in murine models of
diet-induced steatohepatitis, settings in which there is an abun-
dance of OxPL.(3,4) These beneficial effects resulted from inhibition
of the uptake of OxLDL by macrophage SRs preventing foam cell
formation, from decreasing macrophage-mediated inflammation
and from improved hepatocyte mitochondrial function.(3,4)

We also previously showed that E06-scFv overexpression was
protective against high fat diet–induced bone loss in Ldlr−/−

mice.(5) Unexpectedly, overexpression of E06-scFv in chow-fed
C57BL/6J male mice also exhibited increased trabecular bone
in vertebrae and in the distal femur.(5) This bone anabolic effect
was associated with increased bone formation, suggesting that
chronic generation of OxPL, presumably as a consequence of
“ambient” lipid peroxidation, restrains bone formation under
physiologic conditions. The mice used for this earlier work were
“homozygous” for the E06-scFv transgene, which is expressed
under the control of the apolipoprotein E (ApoE) promoter; thus,
both hepatocytes and macrophages contributed, leading to
plasma levels of 20 to 30 μg/mL. Prompted by this preliminary
evidence, we have investigated whether the bone anabolic
effect of the E06-scFv transgene occurs in a dose-response man-
ner in chow-fed mice, using homozygous and hemizygous mice
of both sexes, and whether these changes are associated with
increased bone formation. Because it is already known that oste-
oblasts express specific surface SRs and TLRs that can be acti-
vated by OxPL,(2,6,7) we have also inquired if OxPL have direct
effects on osteoblasts by these receptors.

We show here that the E06-scFv transgene has a profound
dose-dependent bone anabolic effect on both trabecular and
cortical bone in female as well as male mice fed a normal chow
diet. These effects are associated with increased osteoblast num-
ber, increased rates of bone formation, and decreased osteoblast
apoptosis in vivo. Moreover, OxPL promotes apoptosis and
impairs the differentiation of osteoblasts in culture, and these
effects are abrogated in osteoblasts lacking Scarb1.

Subjects and Methods

Animals

A detailed description of the E06-scFv transgenic mice has been
published.(3–5) Briefly, the E06-scFv transgene consists of a fusion
protein of the heavy and light chain of the variable region
domains of the E06 IgM, joined by a flexible peptide linker. The
transgene is expressed under the control of the Apo-E promoter
as described.(3) Homozygous E06-scFv transgenic mice on
C57BL/6J background were obtained from the University of Cal-
ifornia San Diego (UCSD) and maintained in our vivarium as
hemizygous breeding pairs to obtain wild-type (WT), hemizi-
gous, and homozygous littermates. The mice were genotyped
by measuring the copy number of E06-scFv in tail extracts using
qPCR of genomic DNA, as described.(5) The copy number of
hemizygous and homozygous mice was (mean � SD) 60 � 7
(range, 36–70) and 122 � 15 (range, 82–140), respectively, in
females, and 61 � 8 (range, 43–79) and 115 � 10 (range,
95–131), respectively, in males.

C57BL/6J (stock number 000664) and Scarb1 knock out mice
on the C57BL/6J background (stock number 003379) were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA).

Mice were group-housed under specific pathogen-free condi-
tions and maintained at a constant temperature of 23�C, in a
12:12-hour light-dark cycle; they had ad libitum access to chow
(Teklad 22/5; 8640; Rodent Diet; Envigo, Somerset, NJ, USA) and
water. To measure the bone formation rate, the mice were
injected intraperitoneally with calcein 20 mg/kg body weight
(Sigma-Aldrich, St. Louis, MO, USA) 7 and 3 days before harvest.
Animals were euthanized by CO2 inhalation.

Bone imaging

Determinations of skeletal architecture were performed using a
micro-CT40 scanner (Scanco Medical AG, Bruettisellen, Switzer-
land). The fifth lumbar vertebra (L5), left femur, and right tibia
were dissected and cleaned from muscles. The left femur was
placed in 10% Millonig’s Neutral Buffered Formalin with 5%
sucrose fixative (Leica Biosystems Inc., Buffalo Grove, IL, USA);
L5 and right tibia were placed in B plus fixative (BBC Biomedical,
Mount Vernon, WA, USA). After fixation, bones were dehydrated
with ethanol and kept in 100% ethanol until analysis. For the
micro-CT (μCT) scan, bones were loaded into 12.3-mm-diameter
scanning tubes and imaged as described.(5) Briefly, vertebrae,
femurs, and tibias were scanned at 12 μm nominal isotropic
voxel size, 500 projection (medium resolution, E = 55 kVp,
I = 72 μA, 4 W, integration time 300 ms for femur and vertebra,
150 ms for tibia and threshold 200 mg/cm3), and integrated into
three dimensional (3D) voxel images (1024 × 1024 pixel matrices
for each individual planar stack). A Gaussian filter (sigma = 0.8,
support = 1) was applied to all analyzed scans to reduce signal
noise. During the conduct of these studies, the mean coefficient
of variation of the μCT phantom was monitored weekly and was
1.23%. The entire vertebral body was scanned to obtain a num-
ber of slices varying between 270 and 300. Femurs were scanned
from the distal epiphysis to the mid-diaphysis to obtain between
650 and 690 slices. Tibias were scanned from the proximal end of
the tibia to the distal tibiofibular joint (TFJ), to obtain between
900 and 1000 slices.

For the μCT analysis, two-dimensional (2D) evaluation of tra-
becular bone was performed on contours of the cross sectional
acquired images; primary spongiosa and cortex were excluded.
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In the vertebral body, contours were drawn from the rostral to
the caudal growth plate to obtain 200 slices (12 μm/slice) and
bone outside the vertebral body plate was excluded. The eval-
uation of the trabecular bone at the distal femur was performed
on contours drawn on 151 slices (12 μm/slice), beginning eight
to 10 slices away from the growth plate, to avoid the primary
spongiosa, and proceeding proximally. The trabecular bone at
the tibia was evaluated on contours drawn from the proximal
end to the tibiofibular joint to obtain 100 slices (12 μm/slice).
All trabecular measurements were performed on contours of
the cross-sectional images drawn to exclude cortical bone
and they were made every 10 to 20 slices. Voxel counting was
used for bone volume per tissue volume measurements, and
sphere-filling distance transformation indices were used for tra-
becular architecture with a threshold value of 220 mg/cm3,
without preassumptions about the bone shape as a rod or
plate.

Two dimensional evaluation of cortical bone was performed
at mid-diaphysis in femur and tibia. In the femur, contours were
drawn at mid-diaphysis (midpoint of the bone length as deter-
mined in scout view) to obtain 18 slices (12 μm/slice) with a
threshold unit of 260 mg/cm3 for cortical thickness and −998
for endosteal and periosteal circumference. In the tibia, contours
were drawn proximally to the distal tibiofibular joint (50–55
slices), to obtain 40 slices (12 μm/slice) with a threshold unit of
260 mg/cm3.

Histomorphometry

L1–L3 vertebra were dissected and placed in 10% Millonig’s
Neutral Buffered Formalin with 5% sucrose fixative, dehydrated
with ethanol, and kept in ethanol 100% until analysis. Left
femur was processed as described In the bone imaging section.
Both vertebrae and femurs were embedded in methyl methac-
rylate (Sigma-Aldrich). Histomorphometric determinations
were made as described.(5) The analysis was done on 5-μm-
thick longitudinal sections. Measurements were made on the
trabecular bone of the vertebrae and the femurs. For the corti-
cal measurements, both of the endosteal surfaces of a longitu-
dinal section were analyzed. For measurement of static indices
of osteoclast and osteoblast number, the sections were stained
for tartrate-resistant acid phosphatase (TRAP) with toluidine
blue counterstaining. Osteoblasts were identified as teams of
cells (≥2) overlying osteoid. The osteoblasts and osteoclast
numbers are reported over bone perimeter. Those measure-
ments were performed in a blinded fashion using Osteomea-
sure version 7 V4.3.0.0 (OsteoMetrics, Inc., Decatur, GA, USA).
Unstained sections were used for the determination of fluores-
cent calcein labeling using fluorescence microscopy. Bone for-
mation rate (BFR) is defined as the distance between the
double labels divided by the interval between the fluoro-
chrome administrations and multiplied by the sum of the
double-labeled perimeter and one-half of the single-labeled
perimeter. If only a single label was present, data were treated
as missing values for statistical purposes. Those measurements
were performed using Osteomeasure version XP 3.1.0.1
(OsteoMetrics, Inc.). Histomorphometric data are reported
using the nomenclature recommended by the American Soci-
ety for Bone and Mineral Research.(8) The imaging were
obtained with Universal Microscope Axioplan 2 (Zeiss, Inc.,
Thornwood, NY, USA) using an Olympus DP74 camera and
Olympus cellSens Entry 2.1 acquisition software (Olympus, Wal-
tham, MA, USA).

Measurement of lean and fat body mass

The percentages of lean and fat body mass were calculated by
dual-energy X-ray absorptiometry (DXA) of sedated mice (2%
isoflurane) using a PIXIimus densitometer (GE Lunar, Madison,
WI, USA). The mean coefficient of variation of the percentage
of body fat of a proprietary phantom (performed prior to each
use) during the conduct of these studies was 0.5.

Quantification of osteoblast apoptosis in vivo

In vivo osteoblast apoptosis was quantified by using the Dead-
End™ Fluometric TUNEL System (Promega, Madison, WI, USA)
according to the manufacturer’s instructions. Briefly, vertebral
sections embedded in methyl methacrylate were deplastified
using xylene and monoethanolamine. The slides were washed
with acetone, rehydrated with decreasing concentrations of eth-
anol, and rinsed in distilled water. The slides were then fixed in
4% formaldehyde, permeabilized with proteinase K solution
(20 μg/mL), fixed again and equilibrated with equilibration
buffer (100 μL). The samples were then labeled with terminal
deoxynucleotidyl transferase (TdT) and incubated for 60 min in
a humidified chamber and then counterstained with DAPI. The
apoptotic osteoblasts were identified by green flourescence
using confocal fluorescence microscopy (Zeiss LSM 880 laser
confocal microscope; Zeiss, Inc.) using the following settings:
objective = EC plan-Neofluar 40×/1.3 oil; wavelength of excita-
tion 405 nm for DAPI and 488 nm for TUNEL staining. We
obtained 25 tiled images (sample in five-frame stack with
3.5-μm interval). The stacks were converted to orthogonal pro-
jections and the osteoblasts were counted using Zen 2.3 soft-
ware (Zeiss, Inc.).

Culture of osteoblastic cells

Calvaria cells were isolated from neonatal pups (either C57BL/6J
or Scarb1 knockout mice) by sequential digestion with collage-
nase type 2 (Worthington, Columbus, OH, USA; CLS-2, lot
47E17554B) as described.(9) Bone marrow cells were obtained
by flushing the femoral diaphysis (after removing the proximal
and distal ends) with α-MEM medium (Invitrogen, Carlsbad, CA,
USA). Bone marrow stromal and calvaria cells were cultured in
α-MEM containing 10% Premium Select fetal bovine serum
(FBS) (Atlanta Biologicals, Flowery Branch, GA, USA), 1% penicil-
lin/streptomycin/glutamine (PSG) in presence of 1mM
ascorbate-2-phosphate up to 70% confluence. Bone marrow
cells from E06-scFv homozygous and hemizygous transgenic
mice and their WT littermates were cultured in α-MEM contain-
ing 10% Premium Select FBS and 1% PSG in presence of 1mM
ascorbate-2-phosphate and 10mM beta-glycerophosphate for
10 days. OB6,(10) MC3T3-E1,(11) and UAMS-32(12) cells were cul-
tured in α-MEM containing 10% Premium Select FBS and 1%
PSG until 80% confluence. MLO-Y4(13) were cultured in α-MEM
containing 5% Premium Select FBS, 5% bovine calf serum
(HyClone Laboratories, Logan, UT, USA), and 1% PSG until 80%
confluence.

Osteoclast differentiation

Osteoclasts were cultured as described.(14) Briefly, whole bone
marrow cells were cultured with 10% FBS, 1% PSG for 24 hours
in the presence of 10 ng/mL M-CSF (R&D Systems, Minneapolis,
MN, USA). Nonadherent bone marrow cells were then cultured
with 30 ng/mL of M-CSF and 30 ng/mL of RANKL (R&D Systems)
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for 5 days. After fixation with 10% neutral buffered formalin for
10 min, the cells were stained for TRAP, using the Leukocyte Acid
Phosphatase Assay Kit, following the manufacturer’s instructions
(Sigma-Aldrich). An osteoclast was defined as a multinuclear
TRAP-positive cell.

qPCR

Total RNA was extracted from cells and tissues with Trizol (Thermo
Fisher Scientific, Waltham, MA, USA) and purified with Direct-zol
RNA miniprep (Zymo Research, Irvine, CA, USA; cat no. R2050).
cDNA was reverse transcribed from 0.5 μg of total RNA extract
using the High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. TaqMan PCR was performed using TaqMan Gene
Expression Assays manufactured by Applied Biosystems, as listed
in Supplementary Table 6. Transcript levels were calculated by
normalizing to the reference gene mitochondrial ribosomal pro-
tein S2 using the delta threshold cycle (ΔCt) method.(15)

Gene expression silencing

To silence the expression of Scarb1, we used a short hairpin
RNA lentiviral infection system (Sigma-Aldrich) according to
the manufacturer’s instructions. In brief, we incubated new-
born calvaria cells with the lentiviral particles (#SHCLNV) in
the presence of hexadmetrine bromide (8 μg/mL) (Sigma-
Aldrich). Non-targeted shRNA lentiviral particles (#SHC001V)
were used as a scrambled shRNA sequence control. We further
cultured the infected cells with puromycin at the concentration
of 1 μg/mL (Santa Cruz Biotechnology, Dallas, TX, USA) for
72 hours to remove uninfected cells.

Capsase 3 activity

Apoptotic cells were quantified by measuring caspase 3 activity in
cell lysates as described.(16) Caspase 3 activity was measured by
determining the degradation of the fluorometric substrate DEVD-
AFC, which contains the amino acid sequence of the caspase 3
cleavage site DEVD (Asp-Glu-Val-Asp), conjugated with 7-amino-4-
trifluoromethylcoumarin (AFC). Briefly, lysates (100 μg protein) were
incubated with 50μMDEVD-AFC in 50mM zwitterionic sulfonic acid
(HEPES) (pH 7.4), 100mM NaCl, 0.1% 3- ((3-Cholamidopropyl)
dimethylammonio)-1-Propanesulfonic Acid (CHAPS), 10mM
dithiothreitol (DTT), 1mM EDTA, and 10% glycerol. The released
fluorescent AFCwasmeasured in amicroplate fluorescence reader
FL500 (BioTek Instruments, Winooski, VT, USA) with excitation/
emission wavelengths of 400/510 nm. Protein concentration in
the lysate was measured using a Bio-Rad detergent–compatible
kit (Bio-Rad Laboratories, Hercules, CA, USA). OxLDL was obtained
from Alfa Aesar (Alpha Aesar, Haverhill, MA, USA) and E06 IgM
from AVANTI Polar Lipids Inc. (Alabaster, AL, USA; Cat Number
330001-100 μg, lot number E06-17 and E06-19).

Alkaline phosphatase activity

For the alkaline phosphatase (ALP) activity measurement, the
cells were lysed in 100mM glycine, 1mMMgCl2, and 1% Triton
X-100 at pH 10 using a buffer containing 2-amino-
2-methylpropanol and p-nitrophenylphosphate (Sigma-
Aldrich). ALP activity was normalized to total protein concen-
tration measured using Bio-Rad detergent-compatible kit
(Bio-Rad Laboratories). For all assays, triplicate cultures were
analyzed.

ELISA

The binding titer of active E06-scFv, which contains a His tag,
was measured in the serum as described using a phosphoryl-
choline conjugated to bovine serum albumin (PC-BSA)–coated
microtiter plate.(3,5) To measure the total level of E06-scFv
monovalent and immune complexes in the serum, 96-well
round-bottomed microplates were coated with the anti-T15/
E06 idiotype antibody AB1-2 in PBS (5 μg/mL) overnight at
4�C. The plates were then washed with PBS three times,
blocked with 1% BSA in PBS (75 μL per well) for 45 min at
room temperature, and then washed again three times with
PBS. Serum from homozygous or hemizygous E06-scFv trans-
genic mice was diluted 1:40 with 1% BSA-PBS and incubated
for 90 min at room temperature. Bound E06-scFv was
detected with anti-His tag antibody conjugated with ALP
(SouthernBiotech, Birmingham, AL, USA; catalog number
4603-04), diluted in Tris buffered saline (TBS) buffer contain-
ing 1% BSA (1:1000 dilution, 50 μL per well) and incubated
for 60 min at room temperature. The plates were then
washed with PBS and rinsed with deionized water to remove
phosphates, and then 25 μL of 50% (1:1 in distilled H2O)
LumiPhos 530 (Lumigen, Southfield, MI, USA) as luminescent
substrate was added. Chemiluminescence was measured as
relative light units (RLU) over 100 ms using a plate Lumin-
ometer (BioTek Synergy HTX Multi-Mode Reader; BioTek
Instruments). The RLU were normalized to a reference stan-
dard pool of sera from hemizygous mice that was used in
every plate; to do that we divided the RLU from the sample
by the RLU from the standard. All determinations were done
in two separate assays and in triplicate.

Statistics

No experimentally derived data were excluded. In Figs. 1, 2, and
3, two femurs, one per each sex in the transgenic E06-scFv hemi-
zygous group, and in Fig. 3D one tibia in the homozygous male
group, could not be analyzed with μCT because they were dam-
aged during the harvest. In Fig. 4, poor section quality precluded
the histological analysis for the bone formation rate of some
samples and the numbers of samples analyzed are specified in
the figure legend. In Supplementary Fig. 1b,d, the femoral length
could not be measured in one E06-scFv hemizygous and one WT
female, and two hemizygous and one homozygous E06-scFv
males, because the femur was damaged at either the proximal
or the distal end.

Each figure legend includes the number of mice used in the
experiments. All data were collected and analyzed by personnel
blinded to the identity of the samples. Single data points are
shown in Figs. 1–6 and Supplementary Fig. 1b,d,i with
mean � interquartile range (IQR). In Supplementary Fig. 1a,c,e–
h data are shown as mean � standard deviation (SD).

Statistical analyses for the data shown in Figs. 1–6, Supple-
mentary Fig. 1b,d, and Supplementary Fig. 3 were performed
using GraphPad Prism (versions 7.0.4 and 8.0.1; GraphPad
Software, Inc., La Jolla, CA, USA). Statistical analysis for the
data shown in Fig. 7 was performed using SigmaPlot (versions
12.5; Systat Software, Inc., San Jose, CA, USA). Group mean
values were compared by Student’s two-tailed t test, by
ANOVA or ANOVA repeated measures as appropriate. When
ANOVA indicated a significant effect, pairwise multiple com-
parisons were performed and the p values adjusted using
the Tukey’s pairwise comparison procedure, the Holm-Sidak
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Fig 1. E06-scFv increases trabecular bone at the spine, femur, and tibia in E06-scFv transgenic female mice. μCT determination of (A,B) vertebral, (C,D)
femoral, and (E) tibial trabecular bone architecture in 6-month-old WT, hemizygous, and homozygous E06-scFv transgenic female mice. (A) Quantification
of vertebral trabecular bone architecture. WT n = 17; hemizygous E06-scFv n = 32; homozygous E06-scFv n = 10. (B) Lateral images of vertebral trabecular
bone (one representative image was chosen for each group). (C) Longitudinal images of femur, with proximal end at the top (one representative image
was chosen for each group). White boxes indicate the area where trabecular bone was quantified. (D) Quantification of femoral trabecular bone architec-
ture in the samemice as in A. WT n = 17; hemizygous E06-scFv n = 31; homozygous E06-scFv n = 10. (E) Quantification of tibial trabecular bone architecture
in a subgroup of themice shown in A and B. WT n = 10; hemizygous E06-scFv n = 10; homozygous E06-scFv n = 10. Data are shown as individual values and
median with interquartile range. Data analyzed by ANOVA, the p values shown are adjusted using the Tukey’s pairwise comparison procedure.
BV/TV = bone volume /total volume; Tb = trabecular; WT = wild-type.
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method, or the Bonferroni method as appropriate. Statistical
analysis for the data shown in Supplementary Fig. 1a,c,e–h
was performed using R (version 3.5; R Foundation for Statisti-
cal Computing, Vienna, Austria; https://www.r-project.org/).
All of the calculated variables and statistical analyses for
Figs. 1–4 and Supplementary Fig. 1b,d are presented in tabu-
lar form in the Supporting Information. The data on the sup-
plementary tables are shown as mean � SE as calculated in
GraphPad Prism, which gives only SE.

For the in vivo studies, the sample size was adequate to detect
a difference of 1.2 SD at a power of 0.8, and p < .05.(17) For in vitro
experiments, the number of replicates was sufficient to provide
confidence in the measurements.

Study approval

All animal procedures were approved by the Institutional Animal
Care and Use Committees of the University of Arkansas for Med-
ical Sciences.

Results

E06-scFv transgenic homozygous female and male mice
are slightly smaller but appear equally healthy

WT, hemizygous, and homozygous mice were housed in the
same vivarium and fed the same chow diet. All mice were

Fig 2. E06-scFv increases trabecular bone at the spine, femur, and tibia in E06-scFv transgenic male mice. μCT determination of (A) vertebral, (B) femoral,
and (C) tibial trabecular bone architecture in 6-month-old WT, hemizygous, and homozygous E06-scFv transgenic male mice. (A) Quantification of verte-
bral trabecular bone architecture. WT n = 13; hemizygous E06-scFv n = 34; homozygous E06-scFv n = 13. (B) Quantification of femoral trabecular bone
architecture in the same mice as in A. WT n = 13; hemizygous E06-scFv n = 33; homozygous E06-scFv n = 13. (C) Quantification of tibial trabecular bone
architecture in a subgroup of the mice shown in A and B. WT n = 12; hemizygous E06-scFv n = 13; homozygous E06-scFv n = 13. Data are shown as indi-
vidual values andmedian with interquartile range. Data analyzed by ANOVA, the p values shown are adjusted using the Tukey’s pairwise comparison pro-
cedure. BV/TV = bone volume/total volume; Tb = trabecular.
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Fig 3. E06-scFv increases cortical thickness in both femur and tibia in female andmale E06-scFv transgenic mice. (A) μCT determination of femoral cortical
bone architecture in 6-month-old WT, hemizygous, and homozygous E06-scFv transgenic female mice. WT n = 17; E06-scFv hemizygous n = 31; E06-scFv
homozygous n = 10. (B) μCT determination of tibial cortical thickness of a subgroup of the femalemice shown in A. WT n = 10; hemizygous E06-scFv n = 10;
homozygous E06-scFv n = 10. (C) μCT determination of femoral cortical bone architecture in 6-month-old male WT, hemizygous, and homozygous
E06-scFv transgenic male mice. WT n = 13; hemizygous E06-scFv n = 33; homozygous E06-scFv n = 13. (D) μCT determination of tibial cortical thickness
of a subgroup of themalemice shown in C. WT n = 12; hemizygous E06-scFv n = 13; homozygous E06-scFv n = 12. Data are shown as individual values and
median with interquartile range. Data analyzed by ANOVA, the p values shown are adjusted using the Tukey’s pairwise comparison procedure.
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Fig 4. E06-scFv affects bone mass by increasing osteoblasts in trabecular and cortical bone. (A) Histomorphometry of the trabecular vertebral bone sur-
face in WT and E06-scFv homozygous transgenic female mice. Osteoblast and osteoclast numbers: WT n = 12; homozygous E06-scFv n = 10. MS/BS, MAR,
and BFR/BS: WT n = 8; homozygous E06-scFv n = 7. (B) Histomorphometry of the trabecular femoral bone surface in WT and E06sc-Fv homozygous trans-
genic female mice. Osteoblast and osteoclast numbers: WT n = 11; homozygous E06-scFv n = 10. MS/BS, MAR, and BFR/BS: WT n = 8 and homozygous
E06-scFv n = 7. (C) Histomorphometry of the endosteal surface of the cortical femoral bone inWT and E06sc-Fv homozygous transgenic femalemice. Oste-
oblast and osteoclast numbers: WT n = 12; homozygous E06-scFv n = 10. MS/BS, MAR, and BFR/BS: WT n = 8; homozygous E06-scFv n = 7. Data are shown
as individual values and median with interquartile range. Data analyzed by Student’s t test. B.Pm = bone perimeter; BFR = bone formation rate; BS = bone
surface; MAR = mineral apposition rate; MS = mineralized surface; Ob.N = osteoblast number; Oc.N = osteoclast number.
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healthy and did not display any obvious phenotypic or breeding
differences. All mice gained weight throughout the 6-month
observational period (Supplementary Fig. 1a,c,e–h). At 2 months
of age, female mice displayed no difference in weight between
the three genotypes (p > .5). However, at 6 months, hemizygous
and homozygous females weighed 3.6% less (p = .09) and 7.1%

less (p = .007), respectively, than female WT littermates. There
was no difference in weight between hemizygous and homozy-
gous females. These results indicate that, in females, the homo-
zygous group had a slightly lower rate of weight gain
compared to WT and hemizygous mice (details provided in the
figure legend). In males, at 2 months of age, the homozygous

Fig 5. Legend on next page.
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FIGURE 5 Serum from E06-scFv homozygous and hemizygous mice prevents the pro-apoptotic effect of OxLDL. (A) Relative levels of E06-scFv in the serum of
6-month-old hemizygous or homozygous female and male transgenic mice determined by ELISA. Female: hemizygous E06-scFv n = 11; homozygous E06-scFv
n = 8. Male: hemizygous E06-scFv n = 12; homozygous E06-scFv n = 10. E06-scFv was undetectable in serum of WTmice (not shown). Data analyzed by t test. Data
are shown as individual values andmedian and interquartile range. (B) Osteoblastic cells obtained fromWT neonatal calvaria were pretreated for 1 hour with serum
fromhemizygous or homozygous E06-scFv transgenic or C57BL/6J (WT) femalemice at the indicated dilutions (1:8, 1:16, 1:32). Serum from10mice per genotypewas
pooled for this analysis. Caspase 3 activity was measured 6 hours after addition of vehicle or OxLDL (50 μg/mL). All measures were performed in triplicate cultures.
Data for each dilutionwere analyzed by one-way ANOVAwith Bonferroni correction; the p values reflect comparison to the respective vehicle. Data are shown as box
plotswith individual values andmedianwith interquartile range. (C) Quantificationof osteoblasts apoptosis in vivoby TUNEL staining in vertebrae ofWT, hemizygous,
and homozygous female mice (n = 7/group). Results are expressed as percentage of apoptotic osteoblasts over total number of osteoblasts counted in the section.
Data are shown as box-plots with individual values andmedian with interquartile range. Representative imaging of vertebral longitudinal section stained with DAPI
and TUNEL. Non-apoptotic osteoblasts are indicated on the top figure and an apoptotic osteoblast is indicated on the bottom figure (scale = 10 μm). Data analyzed
by ANOVA, the p values shown are adjusted using the Tukey’s pairwise comparison procedure. AFU = Arbitrary fluorescence units.

Fig 6. Scarb1 is the most abundant scavenger receptors in osteoblasts and His levels decline in homozygous E06-scFv mice. The expression of indicated
scavenger receptors (CD36 and Scarb1) and TLRs known to bind to PC-OxPL were quantified with RT-PCR in (A) calvaria-derived osteoblasts and (B) the
indicated osteoblast/osteocyte cell lines. Data are shown as box-plots with individual values andmedian with interquartile range. (C) Expression of Scarb1
in bone marrow–derived osteoblasts from 4-month-old to 5-month-old WT, hemizygous, and homozygours E06sc-Fv transgenic mice, cultured for
10 days in presence of 1mM ascorbate-2-phosphate and 10mM beta-glycerophosphate. Target gene expression was calculated by normalizing to ChoB.
Data are shown as box plots with individual values and median with interquartile range. Data analyzed by ANOVA, the shown p values are adjusted using
the Tukey’s pairwise comparison procedure. All measures were performed in triplicate cultures. ChoB = housekeeping genemitochondrial ribosomal pro-
tein S2; TLR = toll-like receptor.
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mice weighed less than WT and hemizygous mice (7.7% less
[p = .02] and 5.3% less [p = .08], respectively). However, at
6 months of age, there was no difference in weight in the
males between the three genotypes, except for a trend for
the homozygous mice to weigh less than WT (6.6%;
p = .08). There was no difference in the percentage of fat
mass and lean mass between WT, hemozygous, and

homozygous females (Supplementary Fig. 1e,f) or males
(Supplementary Fig. 1g,h) at any time point. In addition, there
was no difference in the weight of vital organs such as liver,
heart, spleen, and brain between WT and homozygous
females at 7 months of age (Supplementary Fig. 1i). The
weight of both kidneys was slightly increased in the
homozygous mice.

Fig 7. Scarb1 is required for the proapoptotic effects of OxPL on osteoblasts in culture. (A) Scarb1 expression was reduced with shRNA in calvaria-derived
osteoblasts by 77% with shRNA#1, 75% with shRNA #2, and 43% with shRNa #3, respectively. Target gene expression was calculated as in A. (B) Caspase
3 activity was measured 6 hours after addition of vehicle or OxLDL (50 μg/mL) in the same cells as in B. Data analyzed by ANOVA, the p values shown are
adjusted using the Holm-Sidak comparison procedure. *p < .001 versus respective vehicle; †p < .001 versus vector control with OxLDL. (C–F) Caspase
3 activity and alkaline phosphatase activity were measured, 6 hours or 2 days after addition of vehicle or OxLDL (50 μg/mL), respectively, in bone
marrow–derived and calvaria-derived osteoblasts obtained from Scarb1 knockout mice. Bone marrow cells were harvested from 4-month-old to
5-month-old mice (n = 3/group) and calvaria from new born mice (WT n = 5, KO n = 2). Data analyzed by ANOVA, the p values shown are adjusted using
the Holm-Sidak comparison procedure. *Versus respective vehicle; #p < .001 versus WTwith vehicle; †pWTwith OxLDL. Data are shown as box-plots with
individual values andmedian and interquartile range. All measures were performed in triplicate cultures. AFU = arbitrary fluorescence units; ALP = alkaline
phosphatase; KO = knockout.
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At 6 months of age, femoral length was not different between
the groups, except for a small decrease of 1.9% (p = .03) observed
in female homozygous mice compared to WT (Supplementary
Fig. 1, Supplementary Tables 3 and 4).

E06-scFv increases trabecular bone in both females and
male mice

We previously observed that the E06-scFV increases trabecular
bone mass in homozygous males fed a normal diet.(5) To deter-
mine if this bone anabolic effect was present also in females,
and whether it was dependent on E06-scFv transgene dose, we
compared 6-month-old homozygous, hemizygous, andWT litter-
mates from both sexes. E06-scFv female mice, at 6 months of
age, exhibited an increase in trabecular bone mass in the verte-
bra, femur, and tibia compared to WTmice (Fig. 1A–E). This effect
was more pronounced in the homozygous than the hemizygous
mice. Specifically, in the vertebra, the hemizygous and homozy-
gous transgenic females showed a mean 16.7% (p < .0001) and
28.4% (p < .0001) increase in bone volume/total volume
(BV/TV), respectively, compared to WT mice. In the femur, the
mean increase in BV/TV for the hemizygous and homozygous
transgenic females was 70.2% (p = .002) and 262.5%
(p < .0001), respectively, compared to WT mice. In the tibia, the
mean increase in BV/TV was 52.9% (p = .1070) and 218.9%
(p < .001) in hemizygous and homozygous E06-scFv transgenic
mice, compared to WT, respectively (Fig. 1, Supplementary
Table 1).

The increase in BV/TV at all sites was associated with increased
trabecular number and consequently reduced trabecular separa-
tion. Trabecular thickness was increased in the femur and tibia in
the homozygous mice, but it was unchanged in the spine in both
hemizygous and homozygous mice. Similar to previous observa-
tions in males,(5) examination of the femur in the homozygous
E06-scFv females revealed that the trabecular bone extended
into the diaphyseal region, which is well beyond the metaphy-
seal location seen in the WT (Fig. 1C).

In the vertebra of the male mice, both homozygous and hemi-
zygousmice had increased trabecular bone (9.2% [p = .0471] and
10.0% [p = .072] versus WT, respectively) (Fig. 2A). Homozygous,
but not hemizygous, E06-scFv transgenic mice also exhibited an
increase in trabecular bone at the femur and tibia (mean increase
of 42.3% [p = .0130] and 64.9% [p < .0001] versus WT, respec-
tively). These increments were smaller than the ones observed
in females (Fig. 2A–C, Supplementary Table 2).

E06-scFv increases cortical thickness in both female and
male mice

Targeting OxPL increased cortical thickness in the femoral and
tibial diaphysis in female homozygous mice, as compared to
the WT littermates (Fig. 3A,B). The increase in cortical thickness
was 8.2% (p < .0001) in the femur and 5.3% (p = .0377) in the tibia
(Supplementary Table 3). This increase was associated, in both
femur and tibia, with a decrease in medullary area (24% in the
femur [p < .0001] and 12% in the tibia [p < .0001] in homozy-
gous mice compared to WT), indicating an increase in endosteal
bone apposition (Fig. 3A,B, Supplementary Table 3). In females,
total area was also decreased in both homozygous and hemizy-
gous mice in the femur and the tibia, indicating reduced perios-
teal apposition (Fig. 3A,B, Supplementary Table 3).

In males, there was an increase in cortical thickness at the
diaphysis in both femur and tibia in homozygous mice of 7.6%

(p = .0049) and 12.0% (p = .0019), respectively, as compared to
the WT littermates (Fig. 3C,D, Supplementary Table 4). As in
females, the increase in cortical thickness at both sites was due
to a decrease in medullary area (14% in the femur [p = .0006]
and 24% in the tibia [p < .0001] in homozygous mice compared
to WT) (Fig. 3C,D, Supplementary Table 4). In males, however,
total area was not changed in the three groups (Fig. 3C,D, Sup-
plementary Table 4).

E06-scFv increases bone mass by increasing bone
formation in trabecular and cortical bone

Histomorphometric analysis of the trabecular bone of the verte-
brae in E06-scFv homozygous female mice showed a 58%
increase in osteoblast number (p = .0003), and a 36% decrease
in osteoclast numbers (p = .000001) (Fig. 4A, Supplementary
Table 5). Mineralizing surface per bone surface increased by
59% (p = .0007) and bone formation rate by 98% (p = .0005) in
homozygous female mice compared to WT (Fig. 4A). Similarly,
in the trabecular bone of the femur there was a 60% increase
in mineralizing surface per bone surface (p = .015) and a 110%
increase in bone formation rate (p = .0011) (Fig. 4B, Supplemen-
tary Table 5). At this site, however, we did not detect a change in
osteoblast or osteoclast number. Representative histomorpho-
metric images of the trabecular bone of the femur are shown
in Supplementary Fig. 2. In the endocortical surface of the femur,
there was a 46% increase in osteoblast number (p = 0.035) and a
56% increase in bone formation rate (p = .014) (Fig. 4C, Supple-
mentary Table 5). Osteoclast number was unchanged. There
was no evidence of calcified cartilage in either WT or transgenic
mice. Collectively, these data indicate that osteoblasts are likely a
major cell target of the anabolic effect of E06-scFv in both the tra-
becular and the cortical bone compartments.

E06-scFv transgenic mice have circulating antibody levels
sufficient to prevent the pro-apoptotic effect of OxLDL on
osteoblastic cells in vitro and in vivo

The E06-scFv transgene is under the control of the ApoE pro-
moter, which is primarily expressed in hepatocytes and macro-
phages.(3) We quantified the relative serum levels of the
E06-scFv by ELISA in the various cohorts. In both male and
femalemice, there was a significant gene-dose effect with higher
E06-scFv levels in homozygous compared to hemizygous mice
(Fig. 5A).

We then compared the ability of serum from WT, homozy-
gous, and hemizygous mice to block the adverse effects of OxPL
in cell culture, using OxLDL as a well-documented biological
source of OxPL. As shown in Fig. 5B, serum from E06-scFv homo-
zygous female mice protected cultured osteoblastic cells from
OxLDL-induced apoptosis at each dilution examined, whereas
serum from WT mice did not. The serum from hemizygous mice
had an intermediate effect. Moreover, measurement of osteo-
blast apoptosis in vivo, quantified by TUNEL staining in vertebral
bone, was decreased in homozygous E06-scFv transgenic mice,
confirming that decreased apoptosis is a mechanism by which
neutralizing OxPL enhances bone anabolism in vivo (Fig. 5C).

Scarb1 is required for the pro-apoptotic effects of OxPL on
osteoblasts in culture

In spite of the in vitro evidence for decreased osteoclastogenesis
(Supplementary Fig. 3), our histomorphometric analysis strongly
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suggested that the anabolic effect of targeting OxPL was due
largely to enhanced osteoblast number and function. We there-
fore further investigated in vitro whether the adverse effects of
OxPL on bone mass might be due to direct actions on
osteoblasts.(5,18–23) OxPL are specifically recognized by the scav-
enger receptors CD36 and Scarb1, and by TLR2, TLR4, and
TLR6.(2) Moreover, OxPL promote apoptosis inmultiple cell types.
In particular, OxPL-induced apoptosis of mouse peritoneal mac-
rophages is mediated by a CD36-TLR2–dependent mecha-
nism.(24) Gene expression analysis by qPCR showed that Scarb1
was prominently expressed in osteoblast-like and osteocyte-like
cell lines, as well as in calvaria-derived osteoblasts. In contrast,
CD36 expression was very low or undetectable and TLRs were
expressed at a much lower level (Fig. 6A,B). Compared to Scarb1,
TLR2 and TLR4 expression was 66% to 94% lower and TLR6
expression was 88% to 99% lower in the cell types examined.
In addition, Scarb1 expression was decreased in osteoblasts of
homozygous E06-scFv transgenic mice (Fig. 6C).

It has been previously reported that Scarb1 knockout mice
have increased bone mass, consistent with the notion that this
SR might mediate pro-apoptotic effects of OxPL on osteo-
blasts.(7,25) OxPL are a prominent component of OxLDL and are
known to mediate uptake and adverse effects of OxLDL in mac-
rophages in vitro and in vivo.(1,4) We therefore examined
whether Scarb1 could be involved in the adverse effect of OxLDL
on osteoblasts. Silencing Scarb1 with shRNA protected the
calvaria-derived osteoblasts from OxLDL-induced apoptosis
(Fig. 7A,B). Moreover, both bone marrow–derived and calvaria-
derived osteoblasts from Scarb1 knockout mice were protected
from the pro-apoptotic (Fig. 7C,E) and anti-differentiating effects
of OxLDL (Fig. 7D,F). These results strongly suggest that SR
Scarb1 is primarily responsible for mediating the deleterious
effect of OxPL/OxLDL on osteoblastic cells in vitro.

Discussion

We previously demonstrated that neutralizing OxPL by expres-
sing the E06-scFv antibody in high cholesterol and western-
diet–fed Ldlr−/− mice prevented the adverse effects of hyperlip-
idemia on bone mass.(5) This suggested that OxPL restrain bone
formation in the hyperlipidemic setting, in which lipid peroxida-
tion is greatly exaggerated and OxPL are abundantly produced
in tissues. In the present study, we show that expression of the
E06-scFv antibody in C57BL/6J mice fed a regular chow diet
increased both trabecular and cortical bone in 6-month-old male
and female mice. Notably, the increase in bone mass was more
pronounced in homozygous mice, indicating a dose-dependent
effect of the transgene in vivo. The increase in trabecular bone
mass was seen in the spine, distal femur, and proximal tibia of
male and female mice. Similarly, the increase in cortical bone
was present in both the femur and tibia of both sexes. These
results suggest that, under physiologic conditions, OxPL restrain
bone formation, at least up to early adulthood and perhaps
through all stages of life.

The source of OxPL during bone growth and development is
unknown. Cells undergoing apoptosis are enriched in OxPL(26)

and so are the variety of apoptotic bodies, extracellular vesicles
and microparticles released from cells that are oxidatively
stressed and/or undergoing apoptosis.(2,27) Conceivably, the
rapid growth and the accompanying high cell turnover that
occurs during bone development are responsible for the
increased generation and release of OxPL.(28,29) However, it

remains possible that OxPL are produced in sufficiently high
enough levels in the bone microenvironment throughout life
and therefore chronically restrain bone formation. This may be
a factor for the development of osteoporosis in old age, when
oxidative stress is a culprit.(30,31)

The increased bone mass in the E06-scFv transgenic mice was
associated with an increase in osteoblast number and bone for-
mation, in both the trabecular and the cortical bone compart-
ments. Additionally, we found a decrease in osteoblast
apoptosis in cancellous bone in transgenic homozygous mice
in vivo. These results support the possibility that a major or even
predominant mechanism of the adverse effect of OxPL is promo-
tion of osteoblast apoptosis. Hence, the anabolic effect of
E06-scFv appears to relate to the ability to block the adverse
effects of OxPL on osteoblasts and to facilitate increased osteo-
blast number. This interpretation is in agreement with our previ-
ous studies showing that attenuation of apoptosis in cells of the
osteoblast lineage increases cancellous bone mass.(32) However,
OxPL have diverse effects on different cell types and act via a
variety of receptor-mediated, as well as non–receptor-mediated
mechanisms.(2–4) Thus, their impact on bone metabolism is likely
to be complex and an effect on osteoblast differentiation cannot
be excluded. Whatever the precise mechanisms, our data clearly
demonstrate an unexpected negative effect of OxPL during nor-
mal bone growth in both male and female mice. Our observa-
tions, therefore, suggest that targeting OxPL maybe a novel
therapeutic target to effect enhanced bone anabolism under
physiological conditions.

We have previously shown that both CD36 and Scarb1 specif-
ically recognize OxPL.(2) Additionally, we and others have dem-
onstrated that OxPL decrease the proliferation, differentiation,
and survival of osteoblastic cells.(18–23) Moreover, many adverse
effects of OxPL are prevented by the E06 IgM and the E06-scFv
transgene.(5) Scarb1 and CD36, the two major scavenger recep-
tors for OxPL, are expressed in osteoblasts and have been impli-
cated in the uptake of OxLDL, cholesteryl ester, and estradiol by
this cell type.(25) Further, global deletion of Scarb1 results in
enhanced bone formation.(7) Therefore, CD36 and Scarb1 were
a priori likely candidates as mediators of the negative effects
OxPL on osteoblasts. In support of this scenario, we show in
the present work that Scarb1 is expressed by osteoblastic cells,
and that silencing or absence of Scarb1 blocks the OxLDL-
induced increase of osteoblast apoptosis and decrease differen-
tiation of osteogenic precursors. These results strongly suggest
that, at least in vitro, other OSE receptors such as TLRs cannot
compensate for the lack of Scarb1 in osteoblastic cells. Therefore,
Scarb1 must be an essential mediator of the direct effects of
OxPL on osteoblasts.

Consistent with our findings, mice with germline deletion of
Scarb1 have increased osteoblast number, bone formation rate,
and high bonemass.(7,33,34) This phenotype, however, was attrib-
uted to the decreased uptake of high-density lipoprotein (HDL)-
bound cholesterol by the adrenal glands and thereby defective
glucocorticoid synthesis and elevated adrenocorticotropic hor-
mone (ACTH) in the knockoutmice.(7) HDL-dependent regulation
of caveolin gene expression in osteoblasts has also been pro-
posed as an alternative explanation of the bone phenotype.(7)

Martineau and colleagues,(33) on the other hand, have proposed
that Scarb1 is not required for the suppression of bone marrow
stromal cell number by OxLDL. However, in that study the inves-
tigators used much higher doses of a different OxLDL prepara-
tion than the one we used, and examined only cell number—
not apoptosis or proliferation. In contrast, others have recently
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shown that Scarb1 knockout mice have lower bone mass and
lower bone formation rate at 16 weeks, suggesting that Scarb1
is required for osteoblast differentiation and bone acquisition.(35)

Be that as it may, the global nature of the Scarb1 deletion in
these later mouse models cannot exclude the possibility that
other cell types contribute to the bone phenotype. Last, based
on in vitro observations, recent studies suggested that OxLDL
and synthetic OxPL may promote endocytosis of LRP6—a Wnt
receptor that plays a prominent role in osteoblastogenesis.(36)

The relevance of these in vitro observations to the in vivo pheno-
type we report herein is, however, questionable because low-
density lipoprotein receptor-related protein 6 (LRP6) deletion
causes a decrease, not an increase in bone mass.(37)

In addition to the histologic demonstration of increased oste-
oblast numbers and bone formation rate in our E06-scFv trans-
genic mice, we found a decrease in osteoclast number in
trabecular bone of the vertebra and decreased osteoclastogen-
esis in vitro. This finding raises the possibility that OxPL may pro-
mote osteoclast activity during physiologic growth. Albeit,
osteoclast number was unchanged in the cortical and trabecular
bone of the femur. These results are also in agreement with our
previous work showing a decrease in osteoclast numbers in ver-
tebral bone of 11-month-old mice fed a normal diet, but no
changes in osteoclast number in the trabecular or cortical bone
of the femur of E06-scFv transgenic mice fed a high-fat diet.(5)

The role of OxPL on osteoclastogenesis is unclear and previous
studies have yielded conflicting results. Indeed, some reports
suggested that high-fat diet and OxLDL inhibit
osteoclastogenesis,(17,38) whereas others found that OxLDL pro-
motes osteoclastogenesis.(39–41)

The reason why osteoclasts decreased only in the trabecular
bone of the vertebra, but not the trabecular or cortical bone of
the femur is not known. Nevertheless, in several other settings
osteoclasts behave differently in separate bone compartments.
For example, glucocorticoid excess does not change the number
of osteoclasts in trabecular bone,(42) but increases osteoclasts in
cortical bone.(43) Similarly, in aged mice, osteoclasts are
decreased in trabecular bone,(44) but increased on the endosteal
surface of the femur.(45,46) Furthermore, deletion of RANKL in
osteoblasts and osteocytes increases bone mass in trabecular,
but not cortical bone(47); and Wnt5a increases bone resorption
and decreases trabecular, but not cortical bone.(48)

In homozygous E06-scFv transgenic female, but not male,
mice there was a small decrease in femoral length and total
bone area compared to WT littermates; albeit, these mice
had increased bone formation at the endosteal surface. We
have no explanation for this seemingly discrepancy, but we
think it is unlikely that OxPL have an inhibitory effect on
the endosteal surface, but a stimulatory effect on the perios-
teal surface. The reduced bone size can only be explained
by reduced periosteal apposition. A plausible explanation is
that decreased mechanical loading, resulting from lower body
weight has influenced periosteal apposition; but such relation-
ships have yet to be established and the cause of the slightly
lower body weight in E06-scFv females remains to be deter-
mined. Future work, perhaps in growing mice when growth
is easily measured or in mice subjected to mechanical load-
ing, will be necessary to understand this unexpected effect
of the E06-scFV transgene.

In conclusion, the evidence described herein strongly sug-
gests that OxPL restrain normal bone anabolism in both cortical
and trabecular bone, at least during the first 6 months of life in
male and female mice. The adverse effects of OxPL in bone

homeostasis likely result from their ability to decrease osteoblast
number and function, and perhaps increase osteoclast function
at some sites. In addition, our findings indicate that OxPL pro-
mote osteoblast apoptosis and reduce osteoblast differentiation
from precursors via Scarb1. E06, therefore, stimulates bone anab-
olism in healthy youngmice, at least in part, by neutralizing OxPL
and blocking their pro-apoptotic effects on mature osteoblasts
and/or their precursors. For this reason, targeting OxPL by EO6
provides proof of principle for a novel therapeutic approach to
bone anabolism.
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