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Effects of osteoprotegerin/TNFRSF11B in two
models of abdominal aortic aneurysms
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Abstract. Osteoprotegerin (OPG), additionally termed tumor
necrosis factor receptor superfamily member 11B, is produced
by vascular smooth muscle cells (VSMCs) and endothelial
cells in the vasculature, and its release may be modulated by
pro-inflammatory cytokines, including interleukin-1 and
tumor necrosis factor-a. The present study investigated the
effects of treatment with low-dose human recombinant OPG on
abdominal aortic aneurysm (AAA) development in mice. Mice
were treated with 1 g human recombinant OPG four times
(or vehicle) for 2 weeks prior to inducing AAA. A total of two
different models for inducing AAA were used to investigate the
hypothesis as to whether OPG is involved in key events of AAA
development, using osmotic mini-pumps with angiotensin II in
apolipoprotein-E (ApoE”") mice for 28 days or using periaortic
application of CaCl, on the aorta in C57B1/6J mice for 14 days.
OPG was continuously administered during the experimental
period. Histological staining using Masson's trichrome,
Verhoeff's van-Gieson and picro-sirius red, in addition to
reverse transcription-quantitative polymerase chain reaction
analysis of various markers, were used to analyze phenotypic
alterations. Treatment with OPG had no inhibitory effect on
AAA development in the angiotensin IT model in ApoE™ mice,
which developed suprarenal aneurysms, although it increased
vessel wall thickness of the aorta and total collagen in C57Bl1/6J
mice using the CaCl, model that induced infrarenal dilation of
the aorta. Treatment with OPG did not inhibit aneurysm devel-
opment and key events, including inflammation, extracellular
matrix or VSMC remodeling, in aortas from OPG-treated mice
with periaortic treatment with CaCl,. The results indicated that
mice treated with low levels of human recombinant OPG may
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have a more stable aneurysmal phenotype due to compensatory
production of collagen and increased vessel wall thickness of
the aorta, potentially protecting the aneurysm from rupture.
Further studies investigating rupture models of AAA in addi-
tion to using higher levels of OPG are require to verify this
speculation. Furthermore, treatment with low levels of OPG in
patients with AAA may represent a novel therapeutic strategy
for the treatment of AAA as well as attenuate the adverse
effects associated with the administration of normal and high
dosages of OPG.

Introduction

An abdominal aortic aneurysm (AAA) is an irreversible
widening of the blood vessels caused by weakening of different
layers in the vascular wall. The primary complication of
AAA is aortic rupture, which has an overall mortality rate of
90% (1). Currently, there is no accepted drug treatment to limit
AAA rupture. The underlying mechanism of the pathogenesis
of AAA remains uncertain. The pathological hallmarks of
AAA are chronic inflammation, vascular smooth muscle cell
(VSMC) apoptosis, extracellular matrix (ECM) degradation
and thrombosis, which are additionally involved in atheroscle-
rotic plaque formation (2). A variety of cytokines promote the
destruction of the aortic wall in AAA and arteriosclerosis (3).
High concentrations of the glycoprotein osteoprotegerin
(OPG) have been demonstrated in human AAA biopsies (4,5).
OPG, additionally termed tumor necrosis factor receptor
superfamily member 11B (TNFRSF11B), is a cytokine receptor
that may function as a soluble decoy receptor for the receptor
activator of nuclear factor-kB (RANK) and TNF-related
apoptosis-inducing ligand (6-8). The RANK/RANK ligand
(L)/OPG axis is involved in bone remodeling, and regulates
the differentiation and activation of osteoclasts and, therefore,
there is a crucial balance between bone formation and bone
resorption (9). RANK is located on the surface of osteoclast
precursors, including monocytes, macrophages and dendritic
cells (10,11). RANKL is expressed on the surface of stromal
cells, osteoblasts and T cells (12). OPG functions as a soluble
decoy receptor by binding to RANKL, and competitively inhib-
iting the interaction between RANKL and its receptor (13).
Emerging evidence has suggested that OPG is not merely
a protective factor for bone, but that it may additionally act
as a protective modulator in the cardiovascular system.
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Studies have reinforced the idea of OPG as a novel biomarker
for cardiovascular disease (CVD) and arteriosclerosis in
humans (14-16). The concentration of OPG is in fact associ-
ated with aortic diameter, and pro-inflammatory proteases and
lymphocyte markers of aneurysmal disease (17).

OPG is expressed in the vascular system, including VSMCs
and endothelial cells (18), and its release may be modulated by
pro-inflammatory cytokines, including interleukin-1p (IL-1f)
and tumor necrosis factor-a (TNF-a) (19,20). OPG inactiva-
tion in apolipoprotein-E (ApoE)-knockout mice accelerates
advanced atherosclerotic lesion progression and vascular calci-
fication (21), which is in accordance with an earlier study that
reported profound calcification of the large arteries, including
intimal and medial proliferation, in mice with targeted disrup-
tion of OPG (22). In line with these findings, transgenic
expression of OPG prevented the formation of calcified lesions
in the arteries of adolescent mice (23). Furthermore, high levels
of OPG were demonstrated to promote the accumulation of
VSMC:s and the formation of collagen, although it did not affect
the inflammatory properties of atherosclerotic lesions (24). In a
study by Candido et al (25), low levels of OPG (1 pg every 3rd
week) increased the number of VSMCs in aortic plaques.

A total of two independent studies have investigated
the effects of OPG and AAA in mice. Moran et al (26)
used ApoE/OPG double knockouts with angiotensin
IT (angll)-induced AAA that resulted in a reduction in
pro-inflammatory markers and an inhibition of aortic dilation
and rupture. By contrast, results by Bumdelger et al (27) demon-
strated that OPG-knockout in mice using a CaCl,-induced
AAA model promoted AAA formation.

The impact of treatment with OPG in the development
of CVD and AAA remains unclear. Based on the previous
findings, the present study hypothesized that OPG may be
involved in key events of AAA development, including stabi-
lization of the vessel wall through compensatory production
of collagen.

In the present study, two different functional mouse models
of AAA were used with the aim of assessing the effects of low
levels of OPG in AAA development in mice.

Material and methods

Mouse experiments. All mouse experiments were approved
by Stockholm North Ethical Committee on Animal Research
(Stockholm, Sweden). Mice were treated with the analgesic
buprenorphine (Temgesic; 0.1 mg/kg; Indivior UK Limited,
Slough, UK) two times per day for 72 h following surgery.
Operated animals were inspected every day for any sign of
pain or disability. No abnormal behaviour indicating pain or
distress, or surgical site infection was observed in any of the
mice after surgery during the study. If any animals would
suffer from the above they would be sacrificed. However, this
was never needed. Mice (n=64; male; weighing 20-30 g) were
fed a normal chow diet and water was provided ad libitum
during the whole observation period. Animals were housed in
a controlled temperature of 22°C, a 12/12 h light/dark cycle
and a humidity of 40-60%. For histology and gene expression
analysis, the aortas of the mice were removed and immediately
fixed in either 4% zinc formaldehyde at room temperature for
24 h or in RNAlater (Ambion; Thermo Fisher Scientific, Inc.,

Waltham, MA, USA) at 4°C for 24 h, and subsequently frozen
at -70°C.

Angll-induced AAA in mice. A total of 2 weeks prior to the
induction of AAA using angll, mice were randomized to be
administered injections of recombinant human (rh)-OPG
(1 pg twice a week; R&D Systems, Inc., Minneapolis, MN,
USA) or 0.9% NaCl intraperitoneally during the two weeks.
In eight week-old male ApoE”" mice (Taconic Biosciences,
Bombholt, Denmark), AAA was induced by chronic infusion
of 1,000 ng/kg/min angll (cat no. 9525; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) or 0.9% NaCl as
a control via mini-osmotic pumps (Model 1004; Alzet,
Cupertino, CA, USA). Mice were anesthetized with 2%
isoflurane and 0.5 I/min oxygen through a nose mask. The
pumps were implanted subcutaneously into the right flank of
the mice to release angll over a period of 28 days. Rh-OPG
was loaded into the mini-osmotic pumps for additional
continuous administration of 7.1 yg OPG during the 28 days
of the experiment. Groups were divided as follows: NaCl and
NaCl (n=5), anglI and NaCl (n=9), NaCl and rh-OPG (n=7),
and angll and rh-OPG (n=10).

CaCl,-induced AAA in mice. C57Bl1/6] mice of 8 weeks of age,
purchased from Jackson Laboratory (Bar Harbor, ME, USA),
were anesthetized with 2% isoflurane and 0.5 I/min oxygen
through a nose mask, and were randomized to receive rh-OPG
and periaortic application of CaCl,. A small compress strip
soaked with 0.5 M CaCl, or saline as a control was applied to
the isolated abdominal aorta, which was covered for 15 min.
Thereafter, the compress was removed, and the treated area
was dried and washed twice with saline. At 2 weeks, the
mice were sacrificed. Three groups were divided as follows:
CaCl, and saline (n=10), CaCl, and rh-OPG (n=10), saline
and saline (n=10). The intraperitoneal rh-OPG (1 ug twice a
week; R&D Systems) or saline treatment was administrated
four times before and four times following surgery to induce
aneurysm using the CaCl,-model (two injections/week). On
the day of surgery, the mice received an rh-OPG/vehicle
injection. In total, the mice had nine intraperitoneal injections
of rh-OPG/vehicle during the 4 weeks.

Measurement of mouse abdominal aortic diameter.
Following dehydration, paraffin embedding and sectioning
(5 um), aortas were incubated in Bouin's solution (Sigma
Aldrich; Merck KGaA) overnight at room temperature, coun-
terstained with Weigert's hematoxylin (HistoRx, New Haven,
CT, USA) for 10 min at room temperature and stained with
the Masson's Trichrome kit (Sigma Aldrich; Merck KGaA),
according to the manufacturer's protocol (phosphomolybdic
acid fuchsin solution for 10 min; aniline blue for 5 min) at
room temperature. Whole sections were observed under
a light microscope (magnification, x10 and x40). Aortic
circumference was measured for the outer adventitial area
and for the inner luminal area. The vessel wall thickness
was determined from the outer adventitial diameter and the
inner luminal diameter. Definition of an aneurysm was set as
a 1.5-fold enlargement of the aortic wall. To measure aortic
outer diameter, the largest part of the aorta was taken for this
purpose.
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Quantification of collagen and elastin. Aortic sections were
stained with Picro-sirius red (Sigma Aldrich; Merck KGaA)
for 1 h at room temperature to visualize thin and thick
collagen fibers and washed with 1% acetic acid twice for
10 min at room temperature. Measurements were made using
the LeicaQWin image analysis software (Leica Microsystems
GmbH, Wetzlar, Germany) to measure the amount of
red-orange and yellow-green color relative to the aortic area.
Thick collagen fibers presented an intense birefringence
resulting in a red-orange color, whereas thin collagen fibers
presented a weak birefringence with a yellow-green color
when observing through a light microscope under polarized
light (magnification, x10 and x40).

For elastin, paraffin embedded abdominal aortic sections
(5 ym) were stained with Verhoeff's hematoxylin for 1 h, differ-
entiated in 2% ferric chloride for 2 min and counterstained
with Van Gieson solution for 5 min (all at room temperature)
to identify elastic fibers in the aortic tissue. For analysis, a
scoring system between 1 and 4 was used, and a score of 1 was
defined as intact elastin, a score of 2 as low elastin degrada-
tion, a score of 3 as intermediate elastin degradation and a
score of 4 as high elastin degradation.

Cell culture of human aortic smooth muscle cells. Human
vascular aortic SMCs, obtained from the American Type
Culture Collection (Manassas, VA, USA), were maintained in
smooth muscle growth medium-2 containing 5% fetal bovine
serum (FBS; CC-3182; Clonetics; Cambrex Bio Science
Walkersville, Inc.; Lonza Group Ltd., Basel, Switzerland). The
cells were used at passages 3-5. All cells were incubated in
5% CO, at 37°C and stimulated with 20 ng/ml recombinant
TNF-a, 20 ng/ml interferon-y (IFN-y) or 10 ng/ml IL-1p
(R&D Systems) for 4, 24 and 48 h at 37°C.

Reverse transcription-quantitative polymerase chain
reaction (PCR). Total RNA was extracted from aortas and
VSMCs using TRIzol (Thermo Fisher Scientific, Inc.) and
an RNeasy Mini kit (Qiagen GmbH, Hilden, Germany).
RNA was reverse transcribed with random primers and
Superscript 111, according to the manufacturer's protocol
(cat. nos. 48190-011, 18427-013 and 18080093; Invitrogen;
Thermo Fisher Scientific, Inc.). Briefly, total RNA, primers
and dANTPs were heated to 65°C for 5 min, incubated on ice
for 1 min and then mixed with first strand buffer, dithioth-
reitol and Superscript I11, and then further incubated at 50°C
for 30 min. Following this, the reaction was inactivated via
incubation at 70°C for 15 min. From each PCR product,
using the standard curve method in a fluorescent temperature
cycler, cDNA (1.0 ng) was amplified for 40 cycles (denatur-
ation at 95°C for 3 sec and extension at 60°C for 30 sec) in a
20 ul PCR reaction volume using the TagMan Universal PCR
Mastermix (Applied Biosystems; Thermo Fisher Scientific,
Inc.) in 96-well fast plates on a 7500 Fast Real-time PCR
Sequence Detector (Applied Biosystems; Thermo Fisher
Scientific, Inc.) in duplicate. The following gene expres-
sion assays, all purchased from Applied Biosystems;
Thermo Fisher Scientific, Inc., were used: Adiponectin (cat
no. Mm00456425_m1); integrin subunit aM (CD11b; cat
no. Mm00434455_m1); CD68 (cat no. Mm03047340_m1);
cathepsin K (cat no. Mm00484036_m1); cathepsin S

(cat no. Mm00457902_m1); TNF-a (cat no. Mm00443258_
ml); a-actin (cat no. Mm1187533_m1); transgelin (Sm22a;
cat no. Mm00441660_m1); lysyl oxidase (Lox; cat
no. Mm01265612) and OPG (cat no. Hs00900358_m1). The
results were normalized to the values of murine TATA-box
bindingprotein(catno.Mm00446973_ml)orhumanribosomal
protein lateral stalk subunit PO (cat no. Hs00420895_gH).

Measurement of OPG from VSMCs. Secreted levels of OPG
were measured in the muscle growth medium-2 containing
5% FBS from cultured VSMCs from three separate experi-
ments that had been cultured for 48 h prior to analysis using
an ELISA kit, according to the manufacturer's protocol (cat
no. DY805; human OPG; R&D Systems, Inc.).

Statistical analysis. Statistical analyses were performed
using SPSS software version 24 (IBM Corp., Armonk, NY,
USA) and GraphPad Prism version 7 software (GraphPad
Software, Inc., La Jolla, CA, USA). Data are presented as the
mean =+ standard deviation. Differences between groups were
analyzed by two-tailed unpaired t-test and one way analysis
of variance followed by the Bonferroni method post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Minor effects of treatment with OPG in angll-induced AAA
development. Infusion of angll induced AAA in eight out of
nine vehicle control and nine out of ten OPG-treated mice.
Sections were not available for aortic investigation in three
mice of the vehicle and one mouse of the OPG-treated mice. In
total, one mouse succumbed to rupture in the vehicle-treated
angll group and one in the OPG-treated angll group.
Treatment with OPG in anglI infused mice had no significant
effect on luminal diameter (Fig. 1A), outer diameter of the
aorta (Fig. 1B) or vessel wall thickness (Fig. 1C) compared
with angll-infused saline treated mice. Treatment with OPG
led to significantly increased aortic diameter in ApoE™ control
mice that were treated with saline instead of angll, although
this did not remain significant after adjustment for multiple
comparison (data not shown). Treatment with OPG in control
mice did not markedly alter the diameter of the lumen or
vessel wall thickness (Fig. 1A and C) compared with control
mice treated with saline. Both anglI-infused groups of mice
(anglI+NaCl and anglI+OPG) exhibited significantly increased
degradation of elastin compared with their control littermates
that were not treated with angll, and treatment with OPG did
not contribute to any alterations in elastin degradation as indi-
cated by Verhoeff's van Gieson staining (Fig. 1D and upper
panel of Fig. 2). No differences were observed in the amount
of collagen between OPG-treated and untreated mice as indi-
cated by Masson trichrome staining (Fig. 2).

Treatment with OPG increases vessel wall thickness and
collagen levels in the aorta in CaCl,-induced dilated
aortas. Periaortic application of CaCl, resulted in a small,
although significant, dilatation of the aorta compared with
the control (Fig. 3A). No animals succumbed to rupture
(data not shown). Furthermore, treatment with OPG led to
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Figure 1. Effects of OPG using the anglI model in ApoE” mice. (A) Lumen diameter, (B) outer aortic diameter and (C) vessel wall thickness in saline-treated mice
(n=5), anglI-treated ApoE" mice (n=8), saline-treated ApoE" mice with OPG (n=7) and anglI-treated ApoE" mice with OPG (n=9). (D) Elastin degradation,
for which a score of 1 was defined as intact elastin and a score of 3 as intermediate elastin degradation. "P<0.05, “P<0.01, “"P<0.001. OPG, osteoprotegerin;
ApoE, apolipoprotein-E; angll, angiotensin II.
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Figure 2. Representative histology staining in ApoE” mice. Verhoeff's-van Gieson staining of elastin. Masson's trichrome staining of collagen. Picro-sirius red
staining of collagen. OPG, osteoprotegerin; Angll, angiotensin II (magnification, x10).

significantly increased vessel wall thickness of the aorta in  (Fig. 3B); however, this did not remain significant after adjust-
the CaCl,-induced AAA mice compared with control mice  ment of multiple comparison. Total collagen composition,



MOLECULAR MEDICINE REPORTS 18: 41-48, 2018 45
*
A 500 - B so0- #
—_ 1 T ]
£ 400 - 3 40
= 0
3 300- £ 30-
s =
o 200 = 204
5 s
@
3 100+ 2 10
= |
0- 0
Control CaCl, CaCl+OPG Contral CaCl, CaCl,+0OPG
C 107 mm Control D 207 = HN PBS
g 4l CJcaCl, o l i [ CaCl,
i3 1 CaCl,+OPG ‘3 [ CaCl,+OPG
g £ 101
A ;. lm
T e * o) 5+
b E 2.
25 2
== 5] c
© Jlmenl & 1N E iﬁﬁ
Orange fibers Green fibers Total Pro-collagen1 LOX

Contrgl.4

CaCl,+OPG

Figure 3. Effects of OPG using the CaCl, model in C57B1/6 mice. (A) Luminal diameter and (B) vessel wall thickness of the aorta in saline-treated aortas
(n=10), CaCl,-treated aortas (n=10) and CaCl,-treated aortas with rh-OPG (n=9). (C) Collagen composition in lesions of the aorta. These data illustrate
area of orange (thick collagen fibers), green (thin collagen fibers) and the total stained area, and are presented as the fold-change compared with control
mice. (D) Reverse transcription-quantitative polymerase chain reaction analysis of collagen in aortic extracts of saline-treated mice, CaCl,-treated mice
and CaCl,-treated mice with OPG. (E) Representative picro-sirius red staining of a normal saline-treated mouse aorta and aneurysmal CaCl,-treated mouse
aorta with and without treatment with OPG (magnification, x10). ‘P<0.05; “P<0.01. ”P<0.05 vs. control when using the Student's t-test. Statistical comparisons
between groups are indicated by the start and end of the bars. OPG, osteoprotegerin; rh, recombinant human.

primarily accounted for by mature fibers, was twice as high
throughout the lesions in the aorta of OPG-treated mice
compared with vehicle-treated controls and CaCl,-induced
mice (Fig. 3C). At the mRNA level, pro-collagenl expres-
sion was significantly increased in AAA-developing mice
compared with controls, although there was no significant
difference in OPG-treated mice (Fig. 3D). Treatment with
OPG exerted no effect on Lox expression (Fig. 3D). Fig. 3E
demonstrates that collagen composition was higher in lesions
of OPG-treated mice compared with control mice. There
were no detectable differences in elastin degradation in mice
following treatment with OPG (data not shown).

Low levels of OPG do not affect inflammatory and ECM gene
expression in the abdominal aortic wall of CaCl,-treated
aortas. Significantly increased mRNA expression levels of
markers of inflammation, including (TNF-a), macrophages
(Cd68), leukocytes (Cd11b), adipokines (adiponectin) and
proteases (cathepsin K and cathepsin S) was observed, and a
significant reduction in the mRNA expression levels of VSMC

markers (o-actin and Sm-22a) in the mice with periaortic
CacCl, application compared with their littermate controls
(Fig. 4). However, treatment with OPG did not affect the
mRNA expression of the genes compared with CaCl, mice
without OPG injection (Fig. 4). An exception was observed
in the expression of adiponectin, which was not increased in
the CaCl,-treated mice administered OPG compared with the
control group.

Cytokines cause altered OPG expression in human aortic
VSMCs. As VSMCs are primary components of the aortic wall
and are important producers of OPG, the regulatory effects
of different cytokines on OPG expression were analyzed in
the media from human aortic VSMCs in vitro. Stimulation of
cultured human aortic VSMCs with TNF-a and IL-1f led to
a 2-3 fold higher release of OPG, respectively, whereas IFN-y
downregulated the levels of OPG following 48 h of stimulation
compared with the control group (Fig. 5). Similar results were
observed at 24 h of stimulation, whereas 4 h of stimulation did
not lead to any significant release (data not shown).
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Figure 4. Gene expression levels in the aortas of mice. Reverse
transcription-quantitative polymerase chain reaction analysis of genes
in aortic extracts of saline treated control mice (n=4), CaCl,-treated mice
(n=7) and CaCl,-treated mice with OPG (n=7). mRNA expression levels
were normalized to those of TATA-box binding protein and are presented
as a fold-change compared with control mice. "P<0.05; “P<0.01; *“P<0.001.
Statistical comparisons between groups are indicated by the start and end of
the bars. OPG, osteoprotegerin; CDI11b, integrin subunit aM; TNF-a, tumor
necrosis factor-a; SM22a, transgelin.

Discussion

The present study investigated the role of low-dose treatment
with OPG in the development of CaCl,- and anglI-induced
AAA. There has been increased interest in the role of OPG
as a predictor of CVD. Growing evidence has suggested that
circulating levels of OPG may serve as potential markers of
CVD and AAA risk; however, the role of this protein in the
arterial wall in relation to AAA remains unclear.

The present study focused on OPG, a glycoprotein that
serves as a decoy receptor with suggested protective properties
in the cardiovascular system. First, the present study used the
angll-induced AAA model on ApoE” background mice to
investigate the role of human rh-OPG in AAA development.
However, treatment with low levels of human rh-OPG did not
alter the progression of AAA in these mice. Bennett et al (21)
reported a protective role of OPG via its inactivation in
ApoE™" mice that accelerated advanced atherosclerotic lesion
progression and vascular calcification. These findings suggested
that endogenous OPG acts as an inhibitor of atherogenesis,
whereas exogenous OPG did not contribute to an improvement of
advanced AAA development in the ApoE” mouse model in the
present study. This result was confirmed by Morony et al (28),
who concluded that high levels of exogenously injected OPG
did not alter the amount of atherosclerosis in ApoE™ mice.
Candido et al (25) demonstrated that low-dose treatment with
rh-OPG (1 ug injection every 3 weeks) resulted in a slight
increase in total aortic plaque area in diabetic ApoE” mice with
a significant increase in VSMC content. Despite very low levels
of th-OPG, these researchers were able to detect rh-OPG in the
serum of treated animals at 1 and 7 days post-administration.
In the experiments of the present study, a similar approach
was used by administering low levels of OPG (1 ug twice a
week) and, consistent with Candido er al (25), the present study

30

20

10 4

OPG concentration (ng/ml)

Control TNF-o IL1-B IFN-y

Treatment for 48 h

Figure 5. Release of OPG from VSMCs. OPG concentration (ng/ml)
following 48 h of treatment with saline, TNF-a, IL1-f and IFN-y in human
VSMCs. Experiments were repeated thrice. ““P<0.001. Statistical compari-
sons between groups are indicated by the start and end of the bars. OPG,
osteoprotegerin; TNF-o, tumor necrosis factor-a; IL1-f, interleukin 1f;
IFN-v, interferon-y; VSMCs, vascular smooth muscle cells.

detected levels of th-OPG in the serum of mice, despite the
levels being very low (data not shown). Differences in the results
of previous studies may be reflected in the dosage and adminis-
tration time of OPG, fusion or native OPG, in addition to the age
and strain of animals used in the experiments. However, a study
by Moran et al (26) using ApoE/OPG double knockouts with
the anglI-induced AAA model resulted in an inhibition of aortic
dilation and rupture. A total of 30% of angll-induced animals
used in the Moran et al (26) study developed rupture, which was
greater than the 9% of angll-induced animals that developed
ruptures in the present study. One may speculate upon whether
this result was atherosclerosis-dependent as 6 month-old mice
were used, however, similar results were obtained in C57Bl1/6
background mice, thus suggesting that older animals are more
prone to developing ruptures.

To investigate method-specific effects of exogenous
administered rh-OPG, the present study used CaCl, to induce
AAA in C57B1/6]J mice. The differences in the pathogenesis
of AAA between the CaCl, and angll models were marked.
Angll-induced AAA are located in the suprarenal areas and
may develop a thrombus, while CaCl,-induced AAA appear
in the infrarenal aorta with no thrombus formation, among
other differences. Composition of collagen and elastin vary in
the suprarenal and infrarenal parts of the aorta. In the present
study, the effects of CaCl, on aneurysmal development were
smaller compared with the angll model, usually causing only
dilation of the aorta. However, this may be beneficial, as dila-
tion is developed prior to an aneurysm and is difficult to study
in models causing large aneurysms. In addition, with respect to
the studies performed by Moran and Bumdelger (26,27), OPG
knockout led to AAA inhibition in angII/ApoE and augmenta-
tion of AAA in CaCl,/C57bl/6 model mice.

In the present study, a significant increase in the vessel
wall thickness through treatment with OPG was observed
when using the CaCl, model. This may be contradictory
to the finding of Bucay et al (22) that OPG™ mice develop
profound calcification of large arteries, including intimal
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and medial proliferation. The results may be explainable
by a compensatory increase in the production of collagen
in OPG-treated mice, although treatment with OPG exerted
no influence on pro-collagenl or Lox expression, which may
contribute to collagen fiber formation (29). Enhanced plaque
stability through collagen accumulation was promoted by
chronic treatment with OPG (24), and this supports the
hypothesis of the present study that a more stable aneurysmal
phenotype leads to increased collagen content. Furthermore,
one may speculate as to whether increased vessel wall thick-
ness depends on increased VSMC content due to increased
proliferation and/or decreased apoptosis, or a in phenotypic
switch. There were no observed effects on inflammation, the
ECM or VSMC remodeling in aortas from the mice treated
with OPG in the present study. A reason for this may poten-
tially be explained by the low dosage of OPG used in the
present study. However, these observations were partially
in agreement with the results from Ovchinnikova et al (24),
who reported a promotion of SMC accumulation, although
no influence on inflammation with chronic treatment with
OPG when using a high dosage of OPG. The lack of effect of
OPG on inflammation in the present study is in accordance
with a report that subcutaneous injections of human rh-OPG
for 5 months led to decreased atherosclerotic calcified lesions
in LDLR" mice, although they did not affect the total burden
of atherosclerotic lesions (28).

OPG is produced and secreted by VSMCs (18), in which
it inhibits vascular calcification (30). With regard to the
finding that high circulating OPG levels are associated with
the extent of CVD, the present study examined the effects of
pro-inflammatory cytokines on OPG secretion from human
VSMCs to investigate the possible regulatory effects of OPG.
It is known that rh-OPG promotes the proliferation of SMCs
in both human and rodent cells (9,25) and that OPG may be
modulated by pro-inflammatory cytokines (19,20). The results
of the present study demonstrated that stimulation of cultured
human aortic SMCs with TNF-o and IL-1f led to a 3-fold or
doubled increase in the release of OPG, whereas IFN-y addi-
tion significantly decreased OPG expression in human aortic
SMCs by one-half. Earlier in vitro studies demonstrated that
the expression and release of OPG was markedly upregulated
in VSMCs in response to inflammatory cytokines, including
TNF-a and IL1-8 (31,32).

In conclusion, the results of the present study indicated that
C57Bl/6 mice treated with human rh-OPG have an increased
vessel wall thickness and collagen content. This suggested
a potential protective effect against dangerous rupture in
advanced AAA development. However, the present study did
not observe any ruptures using the CaCl, model and, therefore,
this remains speculation. Although rupture occurred in the
angll model, many more animals than those included in the
present study would be required in each group to obtain any
differences with enough power. Further studies investigating
rupture models of AAA and using higher levels of OPG are
required to verify whether OPG exhibits any protective effects
against aneurysm rupture.
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