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Abstract
The plasminogen activation system (PAS) and its principal inhibitor, plasminogen activator
inhibitor- 1 (PAI-1), are recognized modulators of matrix. In addition, the PAS has previously
been implicated in the regulation of bone homeostasis. Our objective was to study the influence of
active PAI-1 on geometric, biomechanical, and mineral characteristics of bone using transgenic
mice that over-expresses a variant of human PAI-1 that exhibits enhanced functional stability.

Femora were isolated from male and female, wildtype (WT) and transgenic (PAI-1.stab) mice at
16 and 32 weeks of age (n=10). Femora were imaged via DEXA for BMD and µCT for cortical
mid-slice geometry. Torsional testing was employed for biomechanical properties. Mineral
composition was analyzed via instrumental neutron activation analysis. Female femora were
further analyzed for trabecular bone histomorphometry (n=11). Whole animal DEXA scans were
performed on PAI-1.stab females and additional transgenic lines in which the functional domains
of the PAI-1 protein were specifically disrupted.

Thirty-two week female PAI-1.stab femora exhibited decreased mid-slice diameters and reduced
polar moment of area compared to WT, while maintaining similar cortical bone width. Greater
biomechanical strength and stiffness was demonstrated by 32 week PAI-1.stab female femora in
addition to a 52% increase in BMD. PAI-1.stab trabecular bone architecture was comparable to
WT. Osteoid area was decreased in PAI-1.stab mice while mineral apposition rate increased by
78% over WT. Transgenic mice expressing a reactive-site mutant form of PAI-1 showed an
increase in BMD similar to PAI-1.stab, whereas transgenic mice expressing a PAI-1 with reduced
affinity for vitronectin were comparable to WT.

Over-expression of PAI-1 resulted in increased mineralization and biomechanical properties of
mouse femora in an age-dependent and gender-specific manner. Changes in mineral preceded
increases in strength/stiffness and deterred normal cross-sectional expansion of cortical bone in
females. Trabecular bone was not altered in PAI-1.stab mice whereas MAR increased
significantly, further supporting mineral changes as the underlying factor in strength differences.
The primary influence of PAI-1 occurred during a period of basal bone remodeling, attributing a
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role for this system in remodeling as opposed to development. Comparison of transgenic lines
indicates that PAI-1’s influence on bone is dependent on its ability to bind vitronectin, and not on
its proteolytic activity. The impact of PAI-1 on mouse femora supports a regulatory role of the
plasminogen activation system in bone homeostasis, potentially elucidating novel targets for the
treatment of bone disease.

INTRODUCTION
The quality and composition of bone extracellular matrix (ECM) is a principal factor
determining bone strength, as matrix serves as both a scaffold for mineralization and an
active signaling module to bone cells through protein expression. [15, 48] Bone matrix is
produced and mineralized by osteoblast cells and maintained by the coordinate actions of
osteoblasts, osteoclasts, and osteocytes. The complex composition of bone ECM is
dependent on a variety of factors, involving the precise assembly of collagen fibrils and the
repertoire of non-collagenous proteins which include the regulated expression and activity of
adhesion molecules. [9, 64] These constituents affect cell migration, cell adhesion, and the
activity of osteoblasts and osteoclasts. Systems that regulate ECM production and
remodeling are potential therapeutic targets for the reduction of fracture risk.

The plasminogen activation system (PAS) is a well-characterized regulator of matrix
remodeling, primarily identified for its role in the fibrinolytic system. Its principal inhibitor,
plasminogen activator inhibitor-1 (PAI-1), has been of particular focus in cardiovascular
disease due to the strong positive correlation between serum PAI-1 levels and cardiovascular
risk. Specifically, elevated serum PAI-1 is recognized as an independent determinant of risk
for myocardial infarction (MI). [56] Increased circulating PAI-1 is also correlated with
incidence of recurrent MI, angina pectoris, and atherosclerosis. [29–31, 53] In addition to
cardiovascular disease, PAI-1 and the PAS play an integral role in cancer progression;
PAI-1 is one of the most informative prognostic markers in several cancers. [1, 19] PAI-1 is
also reported to be involved in pathological processes such as asthma, insulin resistance, and
obesity. [37] PAI-1 production is stimulated by various factors, including glucose, insulin,
angiotensin II, and fatty acids. [41, 43, 60] In addition, a common polymorphism exists in
the promoter region of the PAI-1 gene that plays an important role in determining plasma
PAI-1 levels. [24] Together, these factors indicate the commonality of elevated circulating
PAI-1 and the clinical significance of the PAS and its primary inhibitor across multiple
systems.

The PAS culminates in the conversion of the inactive proenzyme, plasminogen, to the active
serine protease, plasmin. This proteolytic event is mediated by tissue-type (t-PA) and
urokinase (uPA) plasminogen activators and is inhibited through the action of PAI-1. [59]
PAI-1 is a 47kDa single-chain glycoprotein member of the serine protease inhibitor
(SERPIN) family, and is functionally and structurally unstable. The active conformation
spontaneously converts to latency with a rapid half-life; however, active PAI-1 can be
stabilized through binding to substrates such as vitronectin (VN). Active PAI-1 covalently
interacts with t-PA and uPA resulting in rapid inactivation of the plasminogen activators and
clearance of complexes via an LDL receptor-related protein 1 (LRP1)-dependent
mechanism. [17] Through its interaction with t-PA and uPA, PAI-1 can blunt plasminogen
activation and matrix degradation. PAI-1 also indirectly decreases ECM degradation by
reducing plasmin-mediated activation of matrix metalloproteinases (MMPs). [62]
Independent of its proteolytic function, PAI-1 can alter matrix through high affinity binding
to vitronectin, competing with integrin interactions and thereby modulating cell adhesion
and cell migration. Recently, Vial et al. reported that PAI-1 can enhance the activation of β1
integrin and assembly of fibronectin through a uPAR ligand- and vitronectin-dependent
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mechanism. [61] Others have described the influence of PAI-1 on additional matrix
components, including transforming growth factor-beta (TGF-β), matrix γ-carboxyglutamic
acid (Gla) protein, and osteocalcin. [20, 40, 42, 51] Additionally, PAI-1 and the
plasminogen activators are expressed by bone cells and their substrate, plasminogen, is
present in bone matrix. [34, 57] Taken together, it is clear that PAI-1 is topologically and
functionally poised to influence bone matrix biology, and we therefore hypothesize that
PAI-1 is a significant regulator of bone remodeling.

A limited number of studies have previously addressed this question and provide evidence in
support of this hypothesis. Study of t-PA/uPA double knockout (t-PA−/−/uPA−/−) mice
showed that lack of plasminogen activators resulted in increased trabecular bone volume
(BV/TV) in the proximal tibia in newborn mice. This was associated with alterations in the
composition of long bone, including increased mineral (calcium and phosphorous) and
proteinaceous content (osteocalcin, fibronectin, and proteoglycan). [12] Osteoblasts isolated
from t-PA−/−/uPA−/− mice exhibit enhanced proliferation, differentiation, type I collagen
secretion, and mineral deposition. [12] Co-cultures of t-PA−/−/uPA−/− osteoblasts and
osteoclasts demonstrated a reduction in non-mineralized matrix resorption. [13] In contrast,
studies of PAI-1 knockout mice (PAI-1−/−) from 8–17 weeks of age do not identify any clear
bone phenotype and have apparently normal BV/TV, cortical thickness, and cortical bone
mineral density compared to wild-type (WT) mice. However, significant differences were
observed in the setting of estrogen-deficiency; PAI-1 deficiency appears to confer protection
against ovariectomy-induced trabecular bone loss. [14] In humans, PAI-1 deficiency is
extremely rare, while PAI-1 excess is an increasingly common condition, given its
association with visceral obesity, insulin resistance, and the post-menopausal state in
women. [27, 32, 38, 54] In this study, we aimed to characterize the bone phenotype of mice
that over-express a variant of human PAI-1 where four mutations (N150H, K154T, Q319L
and M354I) have been introduced to stabilize the protein in its active conformation. We
hypothesized that increased PAI-1 activity would alter the biomechanical macroscopic
properties of femoral cortical bone and its microscopic material properties through an
alteration of bone morphology and/or mineralization.

MATERIALS AND METHODS
Animals

Studies were performed on femora from mice that over-express a stable variant of human
PAI-1, referred to as PAI-1.stab. [23] This variant contains four mutations (N150H, K154T,
Q319L, M354I) that function to stabilize the protein in its active conformation and it is
expressed under the control of the preproendothelin-1 promoter. [4] Prior to this study,
PAI-1.stab mice on a B6D2 mixed background were backcrossed seven times to C57BL/6J
mice (Jackson Labs, Bar Harbor ME) to produce a homogenous background. Wild-type
(WT) C57BL/6J mice (Jackson Labs, Bar Harbor ME) were housed with PAI-1.stab mice
for a period ≥ 2 months. An independent comparison of femora from Jackson Labs mice
with WT PAI-1.stab littermates showed no significant difference in bone mineral density
(data not shown).

Male and female mice were sacrificed via cervical dislocation at predefined time points
corresponding with peak femoral bone mineral density and length (16 weeks) and during a
period of basal bone remodeling (28 and 32 weeks)(n≥10). [3,25] Right and left hindlimbs
were isolated, cleaned of surrounding tissue, and stored in phosphate buffered saline soaked
gauze at −80°C for cortical bone analysis and strength determination. For trabecular bone
analysis, isolated hindlimbs were immediately fixed in 10% neutral buffered formalin for 24
hours, cleaned of surrounding tissue, and placed in fresh fixative.
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Additional transgenic lines on the B6D2 background, referred to as Q123K PAI-1.stab and
R346A PAI-1.stab (described recently [22]), were analyzed for total skeletal bone mineral
density during basal bone remodeling (39–43 weeks). Q123K PAI-1.stab mice over-express
stable human PAI-1 with an additional mutation in the vitronectin (VN)-binding site of the
protein which reduces the affinity of PAI-1 for VN while maintaining SERPIN activity. [36]
R346A PAI-1.stab mice over-express stable human PAI-1 with an additional mutation in the
reactive-center loop that eliminates SERPIN activity while maintaining normal VN binding.
[55] Measures of Q123K PAI-1.stab mice and R346A PAI-1.stab mice were normalized to
WT age-matched littermates. All animals were given access to standard rodent diet, water,
and activity ad libitum.

Cortical Bone Geometry
Geometric data was collected from left femora by µCT scan analysis [MicroCATII® (Imtek,
Bridgeport NJ): exposure time = 300msecs, voltage = 80kVp, current = 500µA]. Amira3.1®

software (Mercury Computer Systems, Chelmsford MA) was used to create a 3-dimensional
reconstruction of the µCT image slices, determine total femur length, and to identify the
femoral mid-slice. The mid-slice was modeled as a hollow ellipse with periosteal (p) and
endosteal (e) anterior-posterior minor diameters (dp, de) and medio-lateral major diameters
(Dp, De). [10] Amira3.1® analysis software allows pixels to be plotted across the major and
minor axes, forming a histogram that represents pixel density (P) across the mid-slice. The
bone density threshold of [Pmax + (Pmax-Pmin)/3] was empirically set based on histologic
measures and was consistently applied in determination of bone cortical edges from WT and
PAI-1.stab femora. Cortical bone width is reported as the average of four measurements on
the major and minor axes. The polar moment of area type parameter (K) was calculated
using: K=[(πDp

3dp
3)(1-q4)]/[16(Dp

2+dp
2)], where q= De/Dp. [50]

Trabecular Bone Histology and Histomorphometry
Mice were injected intra-peritoneally with tetracycline hydrochloride (Sigma, St. Louis MO)
at 25 mg/kg twelve days and two days prior to sacrifice. Undemineralized femora were
embedded in methyl methacrylate and longitudinal sections (5 µm, 10 µm) were cut using a
Leica 2265 microtome (Vashaw Scientific, Norcross GA). Five µm sections were stained
with Goldner’s Trichrome stain for static measurements. Ten µm sections were left
unstained for dynamic measurements. A region of interest was selected 1mm distal to the
growth plate extending 2 mm downward through the metaphysis of the femur, avoiding the
primary spongiosa. Standard bone histomorphometry was performed by the methods of
Parfitt et al using Bioquant image analysis software (R & M Biometrics, Nashville, TN).
[44] Four types of primary measurements were made: area, length/perimeter, distance
between points or lines, and number. Referents, such as tissue volume, bone volume, bone
surface, and osteoid surface were used to derive other indices, such as trabecular number
and trabecular separation. Fluorescent measurements were made of interlabel width
wherefrom mineral apposition rate was calculated by applying the interlabel period.

Biomechanical Testing
To assess the macroscopic strength and stiffness of the femoral diaphysis and its
corresponding microscopic cortical bone material properties, we subjected the isolated
femora to testing by torsional load to failure. For each femur, a steel cylindrical holder was
machined with two diametrically opposite side windows and two struts that aligned the ends
of the cylinder and protected the bone until testing. The diaphyseal axis of the femur was
centered using paper washers on each end of the window, creating an exposed test section of
length L. The epiphyseal ends of the femur were secured with epoxy. A custommade
tweezer device was used to hold the cylinder ends in line while the struts were severed using
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a cut off wheel (Dremel, Racine WI). The cylinder was then placed in a pure torsional load
test fixture mounted on a TA-HDi testing machine (Stable Micro Systems, Surrey UK). A
cross bar prevented rotation of the femur’s proximal end, while the distal end was rotated
about the long axis at a constant speed of 0.75 radians/sec. The test machine's control
software recorded its crosshead position and cable force (F) at a rate of 200 samples/sec. A
digital camera was used to take pre- and post-test photos of each specimen, as well as a
video-audio clip of each test to obtain a record of the mode of femur failure. Applied torque
(T) was calculated using T=[(F – Ffriction in fixture)*0.13006]. T was then plotted as a
function of relative angular displacement (θ) between the ends of the exposed section of
femur shaft. Femoral diaphysis ultimate torsional strength (Tmax) was taken as the absolute
peak torque and torsional stiffness (Ks) as the slope of a line fit by linear regression between
5–10 Nmm applied torque or in an overlapping-adjacent region if a localized anomaly
occurred. Strain energy to failure (U) was calculated as the area under the ‘applied torque vs
angular displacement’ curve up to Tmax. The microscopic cortical bone material properties,
ultimate tensile strength (Su) and shear modulus of elasticity (G), were calculated using
Su=16Tmax / [π Dp (dp

2) (1-q4)] and G=KsL / K, where L=7mm. [50]

Mineral Composition
Isolated left femora were analyzed for bone mineral density (BMD) by dual-energy x-ray
absorptiometry (DEXA) using a Hologic QDR-1000W scanner in conjunction with Hologic
high-resolution software version 4.76 for adaptation to small animal imaging (Hologic,
Bedford MA). Total skeletal BMD (whole animal) was determined by DEXA using a
PIXImus II mouse densitometer in conjunction with manufacturer supplied software (GE
Lunar, Madison WI). Densitometer stability was controlled by phantom scanning prior to
each set of measurements. Mice were anesthetized with pentobarbital intra-peritoneally at 50
mg/kg. The skull region was excluded in determination of density. Additionally,
instrumental neutron activation analysis (NAA) was employed to quantify individual
elements that comprise the mineralized matrix. Isolated right femora were demarrowed,
defatted, and lyophilized, then irradiated to create a radioactive nuclide. Based on signature
gamma ray emissions, levels of fluorine (F), magnesium (Mg), sodium (Na), chloride (Cl),
calcium (Ca), phosphorous (P), potassium (K), and zinc (Zn) were quantified in each femur
and normalized to the mass of the bone sample as previously described. [46]

Plasma PAI-1 Levels
Plasma was collected from mice by retro-orbital bleeding at a fixed time of day between
12pm and 1pm. Circulating PAI-1 antigen levels were determined in duplicate using a
TintElize PAI-1 EIA kit against human PAI-1 antigen (Trinity Biotech, St Louis MO).

Statistical Analysis
Data analyses were performed in GraphPad Prism version 4.00® for Windows statistical
software (GraphPad Software, San Diego CA). Results are expressed as mean ± standard
deviation. Where three or more groups are compared, significance was determined by one-
way ANOVA followed by Tukey’s multiple comparison post-test. Mean difference and 95%
confidence interval of the mean difference is reported for select groups. A two-tailed t-test
was applied where only two groups are compared. Normalization of transgenic whole
animal BMD measurements to age-matched, background-matched WT controls was
achieved with the baseline-correction function, indicating unmatched replicates. For each set
of normalized ratios, a one-sample t-test with a theoretical mean = 1 was used to determine
significance from WT. α=0.05 was set for all statistical analyses.
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RESULTS
Cortical Bone Geometry

Analysis of the femoral mid-shaft slice revealed significant geometric differences between
WT and PAI-1.stab mice. Femora from 32 week old PAI-1.stab females exhibited
significantly decreased periosteal/endosteal diameters across the major and minor axes of
the cortical bone. In contrast, these parameters did not differ between PAI-1.stab and WT
females at 16 weeks of age (Fig. I, Table I). Femora from 32 week old PAI-1.stab males
demonstrated decreased periosteal/endosteal diameters across the major axis and 16 week
PAI-1.stab males had reduced periosteal diameters across the major axis compared to age-
and gender-matched WT. Furthermore, WT females demonstrated significant age-dependent
increases in periosteal/endosteal diameters across the major and minor axes of the cortical
bone from 16 to 32 weeks of age. Similar age-dependent changes were not reflected in
PAI-1.stab females, nor in males of either genotype. Cortical bone width did not differ as a
function of age or genotype. Cortical bone area was reduced for all PAI-1.stab groups, only
reaching significance in 32 week PAI-1.stab males. The polar moment of area type
parameter (K) was significantly reduced in 32 week PAI-1.stab females. Total femur length
was comparable between genotypes in all gender and age groups (Table I).

Trabecular Bone Histology and Histomorphometry
Analysis of trabecular bone from female mice at an age corresponding with basal bone
remodeling revealed no significant genotypic differences in measures of trabecular
architecture, including bone volume, trabecular thickness, and trabecular spacing. In
contrast, osteoid surface was decreased by 90% in PAI-1.stab femora compared to WT and
mineral apposition rate was concomitantly increased by 78% (Table II, Fig. II).

Biomechanical Properties
Biomechanical testing revealed increased femoral diaphysis ultimate torsional strength in 32
week PAI-1.stab females compared to age-matched WT females. This group also trended
toward increased torsional stiffness, although statistical significance was not achieved (mean
difference= −8.57: 95% CI= −20.35 to 3.20). Femora from 16 week females, 16 week males,
and 32 week males showed no differences in strength or stiffness with respect to genotype
(Figs. IIIA & C, Table III). Strain energy to failure was not statistically different between
genotypes in all groups. Combining torsional testing data with geometric parameters of the
femoral mid-slice, we determined biomechanical parameters of the bone material,
independent of femur dimensions. Femora from WT females exhibited an age-dependent
reduction in cortical bone tensile strength (Su) and shear modulus of elasticity (G) from 16
weeks to 32 weeks of age. WT males demonstrated a decrease in bone tensile strength with
age; however, shear modulus of elasticity remained unchanged. In contrast, PA1.stab
females and males did not display this age-dependent reduction in bone material properties.
Correspondingly, 32 week PAI-1.stab females exhibited significantly increased cortical bone
tensile strength and shear modulus of elasticity compared to 32 week WT females (Figs.
IIIB & D, Table III).

Mineral Composition
In agreement with their increased macroscopic (Tmax) and microscopic (Su) strength
parameters, isolated femora from 32 week PAI-1.stab females displayed greater BMD
compared to age-matched WT females. No statistical difference was present in 16 week
PAI-1.stab females, although a trend towards increased BMD was observed (mean
difference= −0.015: 95% CI= −0.037 to 0.008). Femora isolated from 16 and 32 week
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PAI-1.stab males showed no difference in BMD compared to age-matched WT mice (Fig.
IV).

All PAI-1.stab groups had substantially reduced levels of F incorporation into the
mineralized matrix, with the greatest reduction present in 32 week female femora compared
to WT controls (64%). Mg and K levels differed significantly in 16 week PAI-1.stab females
compared to WT. There was no impact of genotype on matrix incorporation of Ca, P, Na, or
Zn, nor was the Ca/P ratio significantly altered (Table IV).

In agreement with femoral BMD, total skeletal BMD of PAI-1.stab females was
significantly increased during basal bone remodeling compared to WT. Analysis of
additional transgenic lines, Q123K PAI-1.stab and R346A PAI-1.stab, also revealed
significant changes from WT littermates as well as from PAI-1.stab mice. Q123K
PAI-1.stab mice have significantly reduced BMD compared to PAI-1.stab. Furthermore,
Q123K PAI-1.stab mice have reduced BMD compared to WT littermates (Fig. V). Similar
to PAI-1.stab, R346A PAI-1.stab mice display significantly increased total skeletal BMD
compared to matched WT. This increase in BMD is also statistically greater than PAI-1.stab
(Fig. V).

Circulating PAI-1 Levels
Plasma PAI-1 levels were comparable between all PAI-1.stab groups. Male PAI-1.stab mice
exhibited circulating human PAI-1 antigen levels of 7.1 ± 1.2 ng/ml and 6.0 ± 1.7 ng/ml at
16 and 32 weeks, respectively. Female PAI-1.stab mice exhibited circulating levels of 5.4 ±
1.6 ng/ml and 4.4 ± 1.3 ng/ml at 16 and 32 weeks, respectively.

DISCUSSION
In a largely age-dependent and gender-specific manner, PAI-1 over-expression is associated
with increased proximity of cortical bone to the central axis compared to WT, as reflected in
decreased periosteal/endosteal mid-section major and minor diameters and reduced polar
moment of area. With comparable cortical bone widths, these structural parameters are
indicative of reduced femoral strength. [21] Importantly, WT female mice exhibited an age-
dependent increase in all of the aforementioned parameters (Table I), a phenomenon
supported by Brodt et al. which describes a significant increase in minor periosteal diameter,
M-L moment of inertia, A-P moment of inertia, and polar moment of inertia in female
C57Bl/6J femora from 16 to 24 weeks of age. [7] In contrast, PAI-1.stab females do not
exhibit similar structural changes indicating that PAI-1 over-expression interferes with this
age-related geometric alteration. Based on geometric parameters alone we would therefore
expect that PAI-1.stab femora would demonstrate reduced torsional strength when compared
to WT. This prediction proved to be incorrect however, as mechanical testing demonstrated
an age-dependent and female gender-specific increase in diaphyseal ultimate torsional
strength and stiffness of PAI-1.stab femora, apparently due to increased bone biomechanical
properties. Analyses of the diaphyseal cortical bone strength and stiffness data combined
with the mid-slice geometric parameters using classical mechanic’s equations permitted
determination of the bone material properties, which are independent of femoral geometry.
This analysis revealed greater bone material strength [bone tensile strength (Su)] and
stiffness [shear modulus of elasticity (G)] in 32 week PAI-1.stab female femora compared to
age-matched WT females. Thus, the greater torsional strength and stiffness of 32 week
female PAI-1.stab femora can be attributed to increased bone material properties, which
more than compensate for the reduced cross-sectional dimensions.

To further investigate the critical determinants of material composition, we analyzed the
areal BMD of isolated femora and quantified individual elements that comprise the
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mineralized matrix. The increased BMD of PAI-1.stab femora from 32 week females is in
agreement with their increased macroscopic and microscopic strength, which is also
consistent with the possibility that the observed increase in torsional strength can be
attributed to altered material properties. Notably, 16 week females also exhibited a trend
towards increased BMD. Analysis of the mineral composition indicated that all PAI-1.stab
groups incorporated substantially less F into the mineralized matrix than WT controls, with
the greatest reduction present in 32 week females (64%). F is reported to have a biphasic
effect on bone strength. During bone formation, F incorporates into hydroxyapatite crystals
by substituting for hydroxyl groups, creating a more thermodynamically stable and less
soluble crystal. [28] At low levels of incorporation, this compacting effect increases the
overall strength of bone. However, at high levels, bone becomes brittle and strength is
compromised, which occurs in the murine model of osteogenesis imperfecta (oim/oim).
[46,58] Optimal levels of F incorporation into the mineralized matrix are not quantitatively
defined but, based on the reduced levels of F in PAI-1.stab femora and their tendency
towards greater tensile strength, we suggest that this lower level of F incorporation creates a
more ideal material with regard to strength properties. It is also interesting to note that, from
16 to 32 weeks of age, both WT and PAI-1.stab mice exhibited a significant increase in F
content indicating that this basal remodeling period may be an important stage for F
incorporation into bone. An additional mineral alteration was a reduction in Mg levels found
in 16 week PAI-1.stab female femora. Mg has been reported to inhibit hydroxyapatite
formation through competition with Ca at active growth sites. [2, 5] Low Mg incorporation
increases the hydroxyapatite crystal size, whereas high Mg content has a compacting effect.
[6, 8] Mg levels are elevated in oim/oim mice and in iliac crest biopsies from post-
menopausal osteoporotic human females. [8, 46] Sixteen week PAI-1.stab females also
demonstrated altered K levels. Despite changes in these trace minerals, Ca, P, and the Ca/P
ratio were comparable between genotypes in all groups.

Considering the changes in F, Mg, and K levels, and the trend towards increased BMD in
female PAI-1.stab mice at 16 weeks of age, it seems likely that changes in mineral
composition of PAI-1.stab femora precede the measured geometric alterations. Increasing
the distribution of bone from the central torsional axis, as demonstrated by the WT female
mice from 16 to 32 weeks of age, is a normal mechanism by which bone structurally
compensates for suboptimal mineral composition in the aging skeleton. [21] We hypothesize
that PAI-1.stab mice derive a material strength benefit from these alterations in mineral
composition that removes the stimulus to undergo compensatory structural remodeling,
thereby explaining the contrasting finding of increased strength in geometrically weaker
femora.

In support of the conclusions drawn from study of cortical bone, analysis of trabecular bone
revealed no significant changes in trabecular bone architecture between PAI-1.stab and WT
females. However, a significant decrease in the osteoid area of PAI-1.stab femora indicates
either an increase in osteoblast- mediated resorption of non-mineralized matrix or increased
mineralization of the osteiod to bone. The significant increase in mineral apposition rate in
PAI-1.stab mice supports the latter; PAI-1.stab femora have reduced osteoid as a result of
increased mineralization of the non-mineralized matrix to form bone. Based on dynamic and
static measures of trabecular bone, we conclude that changes in PAI-1.stab females that
result in increased femoral strength can be attributed to the mineral component of bone and
are not architecturally based.

Analysis of the Q123K PAI-1.stab and R346A PAI-1.stab females provided additional
insights into the mechanism by which PAI-1 influences mineralization. Study of these
transgenic lines allow for separation of the two major functions of PAI-1, its proteolytic
activity and matrix-binding ability, and assessment of the contribution of each in vivo. The

Nordstrom et al. Page 8

Bone. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significant increase in BMD measured in R346A PAI-1.stab mice indicates that the bone
phenotype of PAI-1.stab females is not dependent on the ability of PAI-1 to interact with
plasminogen activators. In contrast, Q123K PAI-1.stab mice exhibited reduced BMD,
thereby attributing the increased mineral and strength properties of PAI-1.stab femora to the
VN-binding ability of the PAI-1 protein and distinguishing this phenotype from other
recently described phenotypic alterations of PAI-1.stab mice dependent on proteolytic
activity. [22] Differences in clearance of the R346A PAI-1.stab protein compared to
PAI-1.stab may explain the greater BMD of R346A PAI-1.stab mice compared to
PAI-1.stab. Whereas both proteins have similar affinities for mouse VN (unpublished), after
complexing with plasminogen activators (PA), PAI-1.stab loses its affinity for VN and the
PAI-1-PA complexes are rapidly cleared through an LRP-dependent mechanism. [55] In
contrast, the R346A PAI-1.stab protein is unable to form a covalent complex with
plasminogen activators and therefore is not displaced from matrix VN. This may provide a
partial explanation for the exaggerated bone phenotype seen in R346A PAI-1.stab mice. The
mechanism behind the decreased BMD of Q123K PAI-1.stab mice compared to WT is less
clear. Considering the opposite bone phenotypes achieved by separating the primary
functions of the PAI-1 protein and the PAI-1.stab phenotype lying between these two
extremes, two opposing mechanisms of PAI-1 in the regulation of bone homeostasis might
exist. The matrix-binding function of PAI-1 may play a role in support bone mineralization
while the proteolytic interaction with t-PA/uPA that ultimately impacts plamin generation
and uPAR signaling may function to oppose mineralization. It is important to note that
significant differences in body weight exist that may confound the analysis. Whereas
PAI-1.stab mice have comparable body weight to WT, R346A PAI-1.stab mice have
significantly greater body weight than matched WT and PAI-1.stab. In contrast, Q123K
PAI-1.stab mice have significantly reduced body weights than matched WT and PAI-1.stab.
Further studies are needed to explore these possibilities and further define the mechanism(s)
by which PAI-1 influences bone homeostasis.

The present findings describing the influence of PAI-1 over-expression on bone homeostasis
are largely consistent with previous reports, although biomechanical testing as performed
here has not been described and previous cortical bone analyses are limited. Femora of
female PAI-1−/− mice ages 8–17 weeks have been reported to be similar in length, calcium
content, and cortical thickness compared to WT controls. [14] In addition, femoral BMD of
PAI-1−/− mice did not differ from WT at 12 weeks, which agrees with our data at 16 weeks
of age and supports the notion that the effect of the PAS on bone mineralization and strength
is age-dependent. [14] Similarly, PAI-1−/− mice apparently show no phenotypic differences
at 8–17 weeks in the properties of trabecular bone architecture, in agreement with our
findings. [14] In contrast, t-PA−/− uPA−/−mice reportedly exhibit increased femoral length,
calcium content, trabecular bone volume and osteoid area at 5–7 days of age. [12] Although
we cannot rule out a bone phenotype in 5–7 day old PAI-1.stab mice, our data indicates that
any differences that may occur at this early stage in bone development return to normal by
the time skeletal maturity is reached. Primary osteoblasts derived from t-PA−/− uPA−/−

exhibit increased proliferation, differentiation, and mineral deposition. [12] Additional
studies of PAI-1.stab primary cells are needed for comparison with published in vitro data
and to further elucidate the mechanism that underlies this bone phenotype. Additionally,
study of PAI-1.stab bone in the setting of estrogen-deficiency may reveal a differential
response of bone to excess PAI-1 activity in the condition of accelerated bone turnover.

The present study is limited in several important aspects. The microscopic parameters of
bone are calculated applying classical mechanics equations utilizing the femoral mid-slice
geometric measurements. These calculations assume the bone cross-sectional geometry is
uniform throughout the mouse femur, which does not accurately reflect the true structure of
bone. Furthermore, the increased ultimate torsional strength, bone tensile strength, and shear
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modulus of elasticity measured in 32 week female femora compared to age-matched WT
females occurred in the absence of a significant change in strain energy to failure, which
represents vulnerability to fracture during dynamic loading. Due to the variability of this
parameter, larger sample sizes are needed to discern whether the significant macroscopic
and microscopic strength parameters measured represent an increase in resistance to fracture
during dynamic loading. An additional consideration lies in the transcriptional regulation of
PAI-1.stab which in these transgenics is under the control of the preproendothelin-1
promoter. Whereas the native PAI-1 promoter directs expression of PAI-1 protein in
osteoblast, osteoclast, osteocyte, smooth muscle, and endothelial cells, endothelin-1 is
expressed in osteoblast, osteocyte, smooth muscle and endothelial cells, but not in
osteoclasts. [33, 39, 63] PAI-1.stab therefore overlaps expression with native PAI-1 in most
cells that influence bone, but is only poised to influence osteoclasts in a paracrine fashion.
Despite the overlapping expression of these promoters, PAI-1’s rapid secretion and
primarily extracellular activity, and the close proximity of osteoblast and osteoclast cells, we
cannot unequivocally state that excluding expression of PAI-1.stab in osteoclasts does not
influence the phenotype.

The present study indicates that PAI-1 over-expression has a regulatory role in bone
homeostasis through influence on the mineral composition of bone. Given that collagen
serves as the structural template for mineral deposition, an underlying alteration in collagen
chain structure, fibril cross-linkage, or alignment could lead to differences in mineral
deposition in the osteoid. [9, 35] Considering the influence of PAI-1 on ECM components,
further studies are needed to define the composition and quality of the organic matrix,
especially collagen and the population of non-collagenous proteins (NCP). NCP profile
differences between PAI-1.stab and WT mice may provide informative insights given that
these proteins are thought to play important regulatory roles in mineralization. [64]
Fibronectin, transforming growth factor-beta (TGF-β), matrix γ-carboxyglutamic acid (Gla)
protein, and osteocalcin are not only integral components of the bone matrix, but the
expression and/or activity of each of these NCPs is influenced by PAI-1. [20, 40, 42, 51]
BMD measures of the Q123K PAI-1.stab and R346A PAI-1.stab indicated the importance of
the high affinity binding of PAI-1 to vitronectin. Though this interaction, PAI-1 can
influence integrin-, uPA receptor- (uPAR-), and fibronectin-dependent cellular interactions
with the ECM and thereby alter cellular migration to and from sites of bone remodeling and
cellular adhesion to the ECM and other cells. [11, 61] These non-proteolytic consequences
of PAI-1 over-expression may disrupt interactions necessary for regulated osteoblast
differentiation, osteoblast/osteoclast coupling, and bone cell response to environmental
stimuli. [16, 52]

Others have proposed that interleukins impact the plasminogen activation system in bone.
[14] Interleukin-6 knockout mice (IL-6−/−) display a bone phenotype reminiscent of that
seen in PAI-1−/− mice during both basal remodeling and in the setting of estrogen
deficiency. [26, 47] In addition, double transgenic mice that co-express human IL-6 and the
soluble IL-6 receptor phenotypically resemble some characteristics of PAI-1.stab mice,
including hepatosplenomegaly as well as extramedullary hematopoesis. [45] Potentially, the
phenotypic similarities between IL-6 double transgenic mice and PAI-1.stab mice as well as
those between IL-6−/− mice and PAI-1−/− mice may reflect IL-6 regulation of PAI-1. [18]
Alternatively, PAI-1 may influence the expression of IL-6 or the two proteins may act
through a common signaling pathway in the regulation of bone biology. [49]

Long-term increased expression of human PAI-1 influences bone homeostasis. The present
findings provide additional evidence supporting an important role of the plasminogen
activation system in the regulation of bone remodeling. The significance of PAI-1 in the
determination of bone strength and fracture risk suggests that further investigations of this
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matrix modulator and the PAS in relation to bone remodeling may help elucidate novel
targets for pharmacologic treatment of bone disease.
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Figure I.
Thirty-two week female PAI-1.stab cortical bone had decreased major and minor periosteal/
endosteal diameters as well as a lower polar moment of area compared to age-matched WT
females. Representative femoral mid-slice µCT images from 32 week WT (A) and
PAI-1.stab (B) female femora.
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Figure II.
Twenty-eight week female PAI-1.stab (shaded) femora demonstrated reduced osteoid area,
OS/BS (A), and increased mineral apposition rate, MAR (B) compared to age-matched WT
females (open). *Indicates significant difference relative to WT, p<0.05. (n=11)
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Figure III.
Thirty-two week female PAI-1.stab (shaded) femora demonstrated greater diaphyseal
ultimate torsional strength, Tmax (A), greater cortical bone tensile strength, Su (B), a trend
towards greater torsional stiffness, Ks (C), and greater shear modulus of elasticity, G (D)
compared to age-matched WT females (open). *Indicates significant difference relative to
age- and gender-matched WT, p<0.05. (n=7–9)
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Figure IV.
Thirty-two week female PAI-1.stab (shaded) femora have greater bone mineral density
compared to WT (open). Indicates significant difference relative to age- and gender-matched
WT, p<0.05. (n=10)
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Figure V.
Thirty-two week PAI-1.stab females (shaded) have increased total skeletal BMD compared
to WT. R346A PAI-1.stab females (hatched) have increased total skeletal BMD compared
to WT and PAI-1.stab. Q123K PAI-1.stab females (striped) have decreased total skeletal
BMD compared to PAI-1.stab and WT. BMD measures for each group are normalized to
age-, gender-, and background-matched controls for comparison between strains. * Indicates
significant difference relative to WT (1.00), ^ Indicates significant difference relative to
PAI-1.stab,p<0.05. (n=6–10)
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TABLE II

Histomorphometric properties of trabecular bone from female PAI-1.stab and WT mice at 28 weeks of age
(n=11); mean +SD.

Parameters WT PAI-1.stab

Trabecular Bone Volume (BV/TV)(%) 4.37±1.26 4.35 ± 1.83

Trabecular Number (Tr.N.)(mm−1) 1.35±0.32 1.31 ± 0.53

Trabecular Thickness (Tr.Th.)(µm) 32.01 ±4.89 33.24 ± 6.44

Trabecular Spacing (Tr.Sp.)(µm) 753.6 ± 228.7 881.5 ± 459.5

Osteoid Surface (OS/BS)(%) 22.85 ± 9.17 2.23 ± 2.88a

Mineral Apposition Rate (MAR)(µm/day) 0.55 ± 0.07 0.98 ± 0.15a

a
Indicates significant difference between WT and PAI-1.stab; p<0.05
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