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Abstract

Objective—Osteoporosis is a skeletal disorder characterized by low bone mass and increased 

bone fragility associated with aging, menopause, smoking, obesity, or diabetes. Persistent 

inflammation has been identified as an instigating factor in progressive bone loss. In addition to 

the role of fibrin in coagulation, inordinate fibrin deposition within a tissue matrix results in 

increased local inflammation. Given that fibrin accumulation is a hallmark of osteoporosis-related 

co-morbidities, we undertook this study to test the hypothesis that persistent fibrin deposition 

causes inflammatory osteoporosis.

Methods—Multiple imaging modalities, bone integrity metrics, and histologic analyses were 

employed to evaluate skeletal derangements in relation to fibrin deposition, circulating fibrinogen 

levels, and systemic markers of inflammation in mice that were plasminogen deficient and in 

plasminogen-deficient mice that were concomitantly either fibrinogen deficient or carrying a 

mutant form of fibrinogen lacking the αMβ2 binding motif.

Results—Mice generated with a genetic deficit in the key fibrinolytic protease, plasmin, 

uniformly developed severe osteoporosis. Furthermore, the development of osteoporosis was 

fibrin(ogen) dependent, and the derangements in the bone remodeling unit were mechanistically 

tied to fibrin(ogen)-mediated activation of osteoclasts via activation of the leukocyte integrin 
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receptor αMβ2 on monocytes and secondary stimulation of osteoblasts by RANKL. Notably, the 

genetic elimination of fibrin(ogen) or the expression of a mutant form of fibrinogen retaining 

clotting function but lacking the αMβ2 binding motif prevented the degenerative skeletal 

phenotypes, resulting in normal local and systemic cytokine levels.

Conclusion—Taken together, these data reveal for the first time that fibrin promotes 

inflammation-driven systemic osteoporosis, which suggests a novel association between 

hemostasis, inflammation, and bone biology.

Bone integrity is maintained by “bone remodeling units” consisting of osteoclasts that resorb 

preexisting bone tissue and osteoblasts that produce new bone. The interactions between 

these cell types are dynamic and normally tightly regulated to ensure balance between 

osteolysis and osteogenesis, thereby maintaining tissue homeostasis. The typical 

consequence of “uncoupling” of the bone remodeling unit is a relative increase in osteoclast-

mediated bone resorption over osteoblast-dependent bone formation (1–3). Over time, net 

bone loss results in osteoporosis, a skeletal disorder characterized by low bone mass and 

increased bone fragility. Although the etiology of osteoporosis is multifactorial, it is most 

commonly seen in association with aging, menopause, smoking, diabetes, and/or obesity (4–

6). While the initiating endocrine or metabolic dysfunction(s) that uncouples the bone 

remodeling unit likely differs among these associated conditions, 2 common pathogenetic 

features are chronic inflammation within the bone microenvironment and osteoclast 

activation (3,7–11). However, the fundamental mechanisms that promote local and chronic 

inflammatory processes in bone are poorly understood. As a result, treatments designed to 

reduce the impact of proinflammatory factors remain elusive.

Coagulation factors that are traditionally associated with the control of fibrin deposition, 

maintenance of vascular integrity, and tissue repair are increasingly understood to be central 

to the local control of inflammatory processes in vivo (12). Recent work has established that 

extravascular fibrin accumulation is a potent stimulator of inflammatory responses through 

multiple mechanisms (13), including interactions with the leukocyte integrin receptor, αMβ2 

(14) (CD11b/CD18, Mac-1 [15]). Inordinate or persistent fibrin deposition within a tissue 

matrix results in increased local inflammation, which may contribute to a wide spectrum of 

inflammatory disease (13). Eliminating fibrin or limiting the ability of fibrin to support 

inflammatory cell function through αMβ2 decreases inflammation and overall disease 

severity in arthritis, neuroinflammatory disease, inflammatory bowel disease, Duchenne’s 

muscular dystrophy, and glomerulonephritis (14,16–19).

Impaired fibrinolysis, or the inability to clear provisional fibrin matrices efficiently, has 

recently been linked to multiple conditions associated with osteoporosis and increased 

fracture risk. Diabetes, exposure to environmental toxins (such as tobacco smoke), obesity, 

and normal aging are all associated with decreased fibrinolysis and increased fibrin 

accumulation (20–25). Because elevated fibrinogen levels are seen in some chronic 

conditions strongly associated with osteoporosis, and because fibrin promotes local 

inflammation in vivo, we hypothesized that inordinate fibrin deposition within bone tissue is 

a plausible fundamental determinant of inflammation-mediated osteoporosis. In the present 

study, as an initial approach to explore the contribution of persistent fibrin deposition to 
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bone homeostasis, we used plasminogen-deficient mice with profoundly defective 

fibrinolysis and consequent chronic fibrin deposition in multiple organ systems. Multiple 

imaging modalities, bone integrity metrics, and end point histologic analyses were employed 

to evaluate skeletal derangements in relation to fibrin deposition, circulating fibrinogen 

levels, and systemic markers of inflammation. Finally, we directly tested the concept that 

diminished bone integrity is driven by fibrin and, more specifically, fibrin-mediated 

engagement of αMβ2-expressing inflammatory cells by evaluating osteoporosis in 

plasminogen-deficient mice that were concomitantly either fibrinogen deficient or carrying a 

mutant form of fibrinogen retaining clotting function but lacking the αMβ2 binding motif.

MATERIALS AND METHODS

Animals

Wild-type mice, plasminogen-deficient (PLG−/−) mice (26), fibrinogen-deficient (FBG−/−) 

mice (27), mice deficient in both plasminogen and fibrinogen (PLG−/− FBG−/− mice) (28), 

and mice deficient in plasminogen and the αMβ2 binding site of fibrinogen (PLG−/− 

FBGg390–396A mice) (14) were killed at ages 5, 10, and 20 weeks by CO2 inhalation. The 

left femur and spine were fixed in 10% formalin for 24 hours, examined with micro–

computed tomography (micro-CT), demineralized in 10% EDTA for 7 days, and 

subsequently processed in paraffin. The right femur was stored in phosphate buffered saline 

at −80°C for biomechanical analysis. Mice were housed at 22–24°C with a 12-hour light/

dark cycle with standard mouse chow/water provided ad libitum. All animal procedures 

were approved by the Institutional Animal Care and Use Committee.

Radiographic analysis

Wild-type, PLG−/−, FBG−/−, and PLG−/− FBG−/− mice ages 3–20 weeks were radiographed 

once a week. Images were obtained for 8 seconds at 35 kV with a Faxitron LX-60 X-Ray 

System with mice prone in hip abduction and in the lateral position natural to the mouse. 

Individual measurements of the axial length were determined using ImageJ software 

(National Institutes of Health). The kyphotic index of the spine was calculated from the 

lateral position with a straight line drawn between the caudal margins of the last cervical 

vertebra to the caudal margin of L6 and a line drawn perpendicular to the dorsal edge of the 

vertebra at the point of greatest curvature. For vertebral body compression, the ratio of the 

length of the anterior vertebral body to the length of the posterior vertebral body as seen on 

lateral radiographs was determined.

Histologic analysis

Routine Safranin O and tartrate-resistant acid phosphatase (TRAP) staining (Sigma-Aldrich) 

was performed. Osteoclasts per bone surface area were quantified using Metamorph 

software (Molecular Devices). Immunofluorescence staining for fibrin was performed using 

a previously described rabbit antifibrin(ogen) antisera (diluted 1:1,000) in conjunction with 

an Alexa Fluor 647–conjugated secondary antibody (A212244; Life Technologies) and 

DAPI counterstain (D3571; Invitrogen) according to the protocol of the manufacturer (Life 

Technologies).
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Micro-CT

Femurs and L5 vertebrae were aligned with the scanning axis of a micro-CT apparatus 

(μCT40; Scanco) using the same standard tube size (diameter 12.3 mm). The regions of 

interest (metaphysis of the distal femur, mid-shaft of the femur, and vertebral body) were 

identified on a scout scan of each bone prior to image acquisition. Each region was scanned 

at 12-μm voxel size (isotropic), acquiring projections every 1° through 180°. X-ray source 

settings (55 keV and 145 μA) did not vary as each region of interest was scanned. After 

digital reconstruction using the manufacturer’s beam-hardening correction and calibration 

phantom (hydroxyapatite), a bone threshold value of 438.7 mg hydroxyapatite/cm3 was used 

to calculate the parameters of the skeletal architecture.

Biomechanics

Femurs were placed on the supports of a 3-point bending fixture with a span (L) of 8 mm, 

with the anterior side down and the medial side forward. Following a preload of 1N, the 

hydrated mid-shaft was monotonically loaded to failure at 3 mm/minute. Forces were 

recorded at 50 Hz from a 100N load cell (Honeywell), and whole bone strength in bending 

was the peak force (Pf) endured by the bone. Stiffness (δ) was determined as the slope of the 

initial linear portion of the force versus displacement curve. Using the moment of inertia 

(Iap) of the mid-shaft and the distance between the centroid and the bone surface in the 

anteroposterior direction (cap) determined by micro-CT, we estimated the modulus 

(δ×L3/Iap/48) and bending strength (Pf ×L × cap/Iap/4).

Plasma analysis

Mouse blood was collected in tubes containing 0.109M sodium citrate, and platelet-free 

plasma was prepared by centrifugation at 1,500g for 15 minutes and subsequent 

centrifugation of the supernatant at 13,000g for 15 minutes. Enzyme-linked immunosorbent 

assays for plasma soluble RANKL (sRANKL) (ab100749; Abcam), TRAP-5b (SB-TR103; 

Immunodiagnostic Systems), osteoprotegerin (OPG) (MOP00; R&D Systems), and 

fibrinogen (E90Fib; Immunology Consultants Laboratory) were performed according to the 

manufacturer’s protocol.

In vitro osteoclastogenesis assay

Splenocytes were isolated from the spleen of 8–10-week-old wild-type male mice using a 

cell strainer (70 mm; BD Biosciences). Cell suspensions were washed in α-minimum 

essential medium (Life Technologies)/10% fetal bovine serum and cultured at 5×105 cells/

well in 24-well plates in media containing mouse RANKL (25 ng/ml) and mouse 

macrophage colony-stimulating factor (30 ng/ml). After 72 hours, fibrinogen (0.5 μM) was 

added with or without the γ-fibrinogen (377–395) peptide known to block leukocyte integrin 

receptor αMβ2 engagement of ligand (GL Biochem). Culture medium was changed every 2 

days in all differentiation experiments. To quantify osteoclast formation, cells were fixed in 

acetone and stained for TRAP using an acid phosphatase kit (Sigma-Aldrich). TRAP-

positive multinucleated cells containing ≥ 3 nuclei were considered osteoclasts. Osteoclast 

area was analyzed using Metamorph software.
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Cytometric bead array immunoassay

Cytokine analyses were carried out using a Cytometric Bead Array kit (BD Biosciences) for 

simultaneous detection of 6 cytokines (interleukin-12 [IL-12] p70, tumor necrosis factor 

α[TNFα], interferon- γ [IFNγ], monocyte chemotactic protein 1 [MCP-1], IL-10, and IL-6) 

in plasma samples using a FACSCanto II flow cytometer according to the recommendations 

of the manufacturer (BD Biosciences).

Statistical analysis

Linear regression was performed for kyphotic index by animal age. The Mann-Whitney U 

test was used to compare micro-CT measurements, biomechanical data, and serum 

fibrinogen levels. Spearman’s correlation analysis was performed to determine the 

correlation between serum fibrinogen and IL-6 levels. P values less than 0.05 were 

considered significant. All statistical analyses were performed using GraphPad Prism 

software, version 6.

RESULTS

Plasminogen deficiency imposes early degeneration of axial and appendicular bone, 
resulting in skeletal fragility

Genetic elimination of the key fibrinolytic enzyme plasminogen in C57BL/6 inbred mice is 

known to result in reduced overall animal size/stature relative to their plasminogen-

sufficient siblings, a phenotypic distinction that becomes increasingly obvious in the post-

adolescent period (28). To explore the concept that persistent fibrin deposition is coupled to 

derangements in skeletal structure, we performed a comprehensive radiographic analysis of 

cohorts of control and PLG−/− mice at ages 5, 10, and 20 weeks. Because derangements in 

the key structural elements of the axial skeleton, vertebral bone, and intervertebral discs can 

result in overt kyphotic abnormalities (i.e., increased ventral curvature), we looked for 

genotype- and age-dependent manifestations of kyphosis by performing serial lateral 

radiographs (Figure 1A).

Although PLG−/− mice were generally indistinguishable from wild-type mice during their 

initial growth phase (<8 weeks), they subsequently developed severe progressive kyphosis 

(Figures 1A and B). To better elucidate the underlying cause of kyphosis, we evaluated the 

competency of the axial structural elements using multiple techniques. Assessment of 

vertebral bone structure by micro-CT (Figure 1C) (see Supplementary Table 1, available on 

the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.

38639/abstract) revealed advanced bone loss (bone fractional volume) in PLG−/− mice 

characterized by reduced trabecular thickness, but not by reduced trabecular number 

(Supplementary Table 1). The loss of vertebral structural rigidity in PLG−/− mice was 

associated with compression of the anterior vertebral elements that ultimately resulted in a 

wedge-shaped structure and kyphosis. Analysis of compression ratios at the apex of the 

kyphosis also showed that the observed bone loss in PLG−/− mice resulted in biomechanical 

failure of the vertebral bone elements (Figure 1E).
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Additional axial deformity occurs upon failure of the intervertebral disc, as indicated by end 

plate ossification. While both PLG−/− and control mice showed signs of end plate 

ossification by age 20 weeks, end plate ossification developed prematurely and more 

extensively in the absence of plasminogen (Figures 1F and G). These results revealed an 

important and previously unknown role of this fibrinolytic protease in skeletal homeostasis. 

Furthermore, these studies establish that postnatal structural changes in the vertebral bodies 

and intervertebral discs in PLG−/− mice result in a biomechanically incompetent axial 

skeleton and development of severe kyphosis.

Plasminogen- and age-dependent differences in bone structure in young adulthood were not 

limited to the vertebral bodies. Bone fractional volume and cortical and trabecular thickness 

of the distal femur determined by serial micro-CT did not differ significantly during early 

development (5–10 weeks) (Figure 2A) (see Supplementary Table 1, available on the 

Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.38639/

abstract). However, by age 20 weeks, PLG−/− mice showed rapid loss of cortical bone and 

trabecular thickness (Figures 2A–C) (Supplementary Table 1). While kyphosis is a hallmark 

of biomechanical incompetency in the axial spine, biomechanical incompetency of the 

appendicular skeleton manifests as fragility fractures. Therefore, in addition to resolving 

bone integrity through serial micro-CT analysis, we also tested appendicular fracture 

resistance in isolated femurs. Decreased trabecular and cortical thickness resulted in 

significant reductions in biomechanical properties (stiffness and modulus), which resulted in 

decreased resistance of the appendicular skeleton to fracture as measured by peak force to 

fracture and bending strength (Figures 2D and E) (Supplementary Table 1).

Skeletal degeneration in plasminogen-deficient mice is caused by a derangement in bone 
remodeling associated with a hyperinflammatory state

To determine if the loss of fibrinolytic potential correlated with a pathologic uncoupling of 

the bone remodeling unit, we compared plasminogen- and age-dependent changes in 

osteoclast activity by measuring circulating TRAP-5b, an enzyme highly expressed by bone-

resorbing osteoclasts (29), and TRAP-5a, which is expressed by inflammatory macrophages 

and dendritic cells. Circulating TRAP-5b levels were similar in adolescent mice (i.e., age 5 

weeks) with or without plasminogen, but TRAP-5b was significantly increased in PLG−/− 

mice compared to wild-type mice by age 8 weeks (Figure 3A), when significant differential 

bone loss ensued. By age 20 weeks, TRAP-5b levels normalized to levels seen in control 

mice. This pattern of circulating TRAP-5b suggested that osteoclastic bone resorption in 

PLG−/− mice is abnormally active immediately before trabecular and cortical bone loss 

becomes detectable. Reduction of TRAP-5 activity likely represents decreased osteoclastic 

activity as a result of reduced bone surface area available for degradation secondary to the 

degree of bone loss.

The primary mechanism by which osteoclasto-genesis occurs is through activation of RANK 

by RANKL on the surface of osteoclast precursors (30), a process controlled by OPG 

binding to RANKL as a decoy receptor. Therefore, as a complementary extension of this 

study, we serially evaluated plasma sRANKL and OPG levels in cohorts of control and 

PLG−/− mice. Plasma levels of sRANKL in PLG−/− mice were higher than those in wild-
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type mice only at age 8 weeks (Figure 3B). OPG levels were also significantly increased by 

age 8 weeks in PLG−/− mice compared to wild-type mice and remained elevated at 20 weeks 

(Figure 3C). Thus, contrary to 1 prior report (31), plasmin was not required for proteolytic 

processing of OPG; conversely, loss of plasmin(ogen) resulted in increased circulating OPG 

levels in parallel with the evident bone loss phenotype. Increased OPG has been reported in 

chronic inflammatory disease (32). The observation that RANKL:OPG ratios were 

comparable in PLG−/− and wild-type mice at age 8 weeks (coincident with maximum 

TRAP-5b levels) implicates an exogenous mechanism of osteoclast activation.

Chronic inflammation within the bone microenvironment and stimulation of osteoclast 

activation are prominent features of high-turnover osteoporosis (3,7–11,33–35). To better 

define the inflammatory consequences of plasminogen deficiency and activation of 

osteoclasts, detailed profiles of cytokines associated with inflammatory osteoporosis were 

developed in both PLG−/− and control mice. Unexpectedly, we found no significant changes 

in multiple proinflammatory cytokines including TNFα, IFNγ, MCP-1, or IL-12p70, or in 

the antiinflammatory cytokine IL-10, at either 5 or 20 weeks of age (Table 1). One notable 

exception to this pattern was an age-dependent increase in IL-6 levels in PLG−/− mice 

(Figure 3E and Table 1). IL-6 is a key cytokine affecting osteoclast function (3) as well as a 

modulator of fibrinogen biosynthesis (36). Indeed, PLG−/− mice also exhibited evidence of 

an acute-phase response in the form of a significant increase in circulating fibrinogen 

(Figure 3F) that strongly correlated with increased IL-6 levels (r=0.608).

Plasminogen-deficient mice accumulate fibrin within bone

To better understand the underlying mechanism(s) by which the loss of plasminogen results 

in a progressive failure of the biomechanical integrity of the skeletal system, we sought to 

determine which plasmin target(s) were responsible for these dramatic postnatal changes. In 

particular, we explored the hypothesis that alterations in bone structure were specifically due 

to spontaneous fibrin accumulation/persistence within bone. Consistent with this working 

hypothesis, immuno-fluorescence staining revealed significantly more deposition of fibrin 

within both the appendicular skeleton (data not shown) and the axial skeleton (Figure 3G) of 

20-week-old PLG−/− mice compared to controls. In addition, to determine if deposition of 

fibrin was associated with increased osteoclastogenesis, we quantified the number of TRAP-

positive osteoclasts along bone surfaces. Compared to controls, PLG−/− mice had 

significantly more osteoclasts per unit bone surface at the time of maximum osteoclast 

activity (peak TRAP-5b levels) (Figure 3H).

Fibrin(ogen) drives inflammation and bone loss in plasminogen-deficient mice, in part 
through the leukocyte integrin receptor αMβ2

To determine how increased fibrin(ogen) deposition causes acquired inflammatory 

osteoporosis in plasminogen-deficient mice, we examined the skeletal phenotype of mice in 

which plasminogen deficiency was combined with either 1) fibrinogen deficiency (PLG 

FBG−/−mice) or 2) a mutant form of fibrinogen (FBGg390–396A) that restores normal 

fibrinogen levels and coagulation activity but that lacks the αMβ2 binding motif and 

therefore cannot engage the leukocyte integrin receptor αMβ2 (PLG−/− FBGg390–396A mice) 

(14). Degenerative changes of the axial skeleton seen in PLG−/− mice were completely 
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prevented in PLG−/− FBG−/− mice (Figure 4A). The kyphotic indices in PLG−/− FBG−/− 

mice from ages 2 weeks to 20 weeks were not significantly different from those in wild-type 

mice (Figure 4B).

Interestingly, partial prevention of the phenotype was also seen in PLG−/− FBGg390–396A 

mice (Figure 4A). Although the effect of the FBGg390–396A variant on kyphotic index only 

trended toward significance (Figure 4B), diminished degeneration of vertebral bone was 

observed using 3-dimensional micro-CT analyses in both PLG−/− FBG−/− and PLG−/− 

FBGg390–396A mice at age 20 weeks (when osteoporotic-like bone loss was pronounced in 

PLG−/− mice) (Figure 4C). Furthermore, quantitative analysis revealed that bone fractional 

volumes in PLG−/− FBG−/− mice were virtually identical to those in control mice. PLG−/− 

FBGg390–396A mice also showed a moderate but statistically significant improvement in this 

bone structure metric (Figures 4C and D) (see Supplementary Table 2, available on the 

Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.38639/

abstract). Control studies of bone structure and integrity in both FBG−/− and FBGg390–396A 

mice with normal circulating plasminogen showed no differences compared to wild-type 

mice (data not shown).

To establish that the interplay between the plasminogen–fibrinogen axis and bone 

degeneration extended to other skeletal components, we performed a histologic examination 

of the distal femurs of control and plasminogen-deficient mice with and without fibrinogen 

or homozygous for the FBGg390–396A mutation. While PLG−/− mice displayed a qualitative 

reduction in femoral cortical thickness at age 20 weeks, the cortical thickness in PLG−/− 

FBG−/− mice was similar to that in wild-type mice (Figure 4D) (see Supplementary Table 2, 

available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/

10.1002/art.38639/abstract). A similar statistically significant prevention of cortical 

thickness loss was observed in PLG−/− FBGg390–396A mice (Figure 4D). The apparent 

preservation of anatomic bone structure in PLG−/− mice lacking fibrinogen was confirmed 

by biomechanical analysis, with significant improvement in fracture resistance (i.e., peak 

force and stiffness) (Figures 4F and G) (Supplementary Table 2). Neither FBG−/− mice nor 

PLG−/− FBGg390–396A mice showed evidence of altered bone phenotypes in biomechanical 

analyses (data not shown).

To determine if fibrin(ogen) was directly capable of inducing cellular changes leading to 

osteoporosis, we explored the hypothesis that fibrin(ogen) is an exogenous, matrix-

associated regulator of the bone remodeling unit. TRAP staining of splenic monocytes 

cocultured with fibrinogen showed a marked increase in osteoclastogenesis (Figure 5A). 

Furthermore, consistent with the previous data showing that the fusion of monocytes to form 

multinucleated osteoclasts is regulated by engagement of the leukocyte integrin receptor 

αMβ2 by fibrin-(ogen), osteoclastogenesis in vitro was strongly impeded by a synthetic 

decoy ligand for αMβ2 based on the fibrinogen -chain sequence (Figures 5B and C) (16).

Fibrin(ogen) not only supported osteoclastogenesis, but also appeared to stimulate osteoclast 

activity by increasing osteoblast production of RANKL. MC3T3 cells, an osteoblast 

precursor cell line, expressed 2-fold more surface-bound RANKL in the presence of 

fibrinogen compared to MC3T3 cell cultures without added fibrinogen (Figures 5D and E). 
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However, here the fibrinogen-induced RANKL expression appeared to be independent of 

αMβ2, as addition of αMβ2 soluble decoy ligand had no effect on this response (data not 

shown).

Taken together, these findings demonstrate that hemostatic factors, particularly both 

plasminogen and fibrinogen, are fundamental determinants of bone remodeling and 

osteolysis. Furthermore, the mechanism by which plasminogen deficiency alters the bone 

remodeling unit in osteoporosis is coupled to fibrin, the fibrin αMβ2 binding motif, and 

chronic inflammation.

DISCUSSION

In accordance with previous work by Kanno et al (31), these studies establish that plasmin, a 

serine protease traditionally associated with thrombolysis and/or fibrinolysis, is essential for 

maintaining bone integrity and preventing osteoporosis. Specifically, we demonstrate that 

plasmin(ogen) deficiency results in significant loss of trabecular and cortical bone and spinal 

deformity (kyphosis) associated with impaired biomechanical strength due to high bone 

turnover. Furthermore, the present studies establish that persistent fibrin deposition is central 

to degenerative bone disease in that the simple elimination of fibrinogen prevents the 

osteoporotic phenotype of PLG−/− mice. A strong implication of these studies is that 

therapeutic interventions at the level of hemostatic factors may constitute an effective means 

of limiting some forms of degenerative bone disease.

Plasmin is capable of proteolysis of multiple bone-related proteins such as matrix 

glycoproteins (e.g., laminin and fibronectin), type I collagen, latent growth factors (e.g., 

transforming growth factor β1), and protease zymogens (matrix metalloproteinase 9, pro–

urokinase plasminogen activator) (37–39). Thus, at least in principle, plasmin(ogen) may 

exert its effects on the bone remodeling unit through mechanisms other than fibrinolysis. A 

previous study suggested that plasmin(ogen) activates the proteolytic processing of OPG, a 

soluble inhibitor of the osteoclast activator RANKL (31). However, our finding that the 

level of circulating OPG is in fact elevated in mice lacking plasminogen is inconsistent with 

this possibility and implies that an alternative plasmin target is responsible for the 

osteoporotic phenotype. In the present study, we demonstrate that exuberant fibrin 

deposition within the local bone environment of PLG−/− mice is strongly linked to 

degenerative bone loss. In addition, we determined that fibrin(ogen) directly activates bone 

remodeling activity in osteoblasts and osteoclasts. Finally, we found that all examined 

aspects of the degenerative bone phenotype observed in PLG−/− mice are effectively 

prevented by removing fibrin(ogen). Taken together, these data indicate that the principal 

function of plasmin coupled to bone biology is fibrinolysis. While these studies do not 

formally exclude a fibrin-independent contribution of plasmin to bone homeostasis, any 

biologic importance of other plasmin substrates would appear to be limited or subtle.

We show that fibrin(ogen) is an exogenous activator of the bone remodeling unit, favoring 

bone resorption and leading to osteoporosis and thus providing a novel, direct link between 

hemostasis and bone biology. In addition to examining direct stimulation of the bone 

remodeling unit by fibrin(ogen), we also explored the hypothesis that fibrin(ogen) causes 
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osteoporosis through an inflammatory process. We specifically focused our investigation on 

IL-6, as this cytokine is a primary promoter of fibrinogen expression during chronic disease 

and, reciprocally, persistent fibrin deposition promotes IL-6 expression by a multitude of 

cells (40,41). Substantial clinical and experimental evidence indicates that the inflammatory 

system is directly and indirectly linked to bone turnover. Failure to resolve local and 

systemic inflammation results in osteoporosis, and this appears to be due in part to osteoclast 

activity outpacing osteoblastic osteogenesis (3,7–11,33–35). Previous studies have identified 

certain proinflammatory cytokines as critical to both normal bone remodeling and the 

pathogenesis of perimenopausal and late-life osteoporosis (10). In particular, IL-6 promotes 

osteoclastogenesis and activation (3,42). We show that PLG−/− mice have markedly elevated 

IL-6 levels compared to wild-type mice, indicative of a chronic inflammatory state. 

Importantly, we found a direct correlation between IL-6 and circulating fibrinogen levels, 

with normal levels in PLG−/− FBG−/− mice. These data indicate that plasmin(ogen) 

deficiency results in a hyperinflammatory state linked to fibrin(ogen).

To explore whether osteoporosis in PLG−/− mice is secondary to fibrin(ogen) stimulation of 

inflammatory cells, we assessed whether inactivation of a key sequence of fibrin(ogen) 

important for leukocyte receptor recognition, but not fibrin polymer formation per se, 

resulted in reduced bone loss. Of particular interest was the element of the fibrin(ogen) γ-

chain recognized by leukocyte integrin receptor αMβ2 that has been implicated in 

inflammatory arthritis and neuroinflammatory disease among other inflammatory diseases 

(14–19). Elimination of the γ-chain αMβ2 binding motif resulted in both a reduced 

inflammatory response and prevention of the bone phenotype in PLG−/− mice. However, the 

phenotypes seen with this fibrinogen variant were less pronounced than those seen with 

genetic ablation of circulating fibrin(ogen). Thus, while local stimulation of inflammatory 

cells through fibrinogen engagement of αMβ2 appears to be in part responsible for 

inflammatory osteoporosis observed in PLG−/− mice, other fibrin(ogen)-mediated 

mechanisms remain to be defined.

In support of the notion of multiple mechanisms linking fibrin(ogen) to inflammatory 

skeletal degeneration, we found that fibrin(ogen) stimulation of monocyte fusion into 

osteoclasts was dependent upon fibrinogen engagement of αMβ2, while fibrinogen 

stimulation of RANKL expression in osteoblasts was independent of this pathway. Since 

increased RANKL expression is known to uncouple the bone remodeling unit and promote 

osteoclastic bone resorption (2), it is plausible that the partial prevention of bone loss 

observed in PLG−/− FBGg390–396A mice is due to a reduction in bone resorption through the 

αMβ2 osteoclast-dependent pathway despite increased osteoblast RANKL expression. 

Further studies are necessary to determine if this process occurs in vivo. Nevertheless, the 

distinct phenotypic changes seen in PLG−/− FBGg390–396A mice suggest that pharmacologic 

interventions targeting fibrinogen (but not compromising hemostatic function) could be a 

potentially low-risk but effective adjunct therapy in limiting osteoporosis.

In conclusion, these studies reveal a fundamental new insight into the pathogenesis of 

osteoporosis by establishing that hemostatic factors are powerful positive or negative 

determinants of bone loss. These studies show that accumulation of fibrin(ogen) due to a 

plasmin(ogen) deficiency uncouples the bone remodeling unit and results in bone loss. As 
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hypercoagulable and hyperinflammatory states are integral components of many of the 

chronic diseases associated with osteoporosis, these findings have the potential to shift the 

paradigm for osteoporosis therapy toward selected targets within the coagulation and 

inflammatory systems coupled to bone remodeling.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Plasminogen deficiency imposes early degeneration and biomechanical incompetency of the 

axial skeleton. A, Lateral radiographs of 20-week-old control and plasminogen-deficient 

(PLG−/−) mice show substantial kyphosis of the axial spine. Bars = 5 mm. B, Serial 

measurements of kyphotic indices indicate that following proper axial development through 

5 weeks, PLG−/− mice (triangles) show progressive degeneration compared to control mice 

(squares) (P=0.0003 by two-way repeated-measures analysis of variance [ANOVA]). C, 
Three-dimensional renderings of micro–computed tomography (micro-CT) data show 

evidence of rapid bone loss in the L5 vertebrae (asterisk) of PLG−/− mice. Bars =1 mm. D, 
Shown are micro-CT–derived bone fraction volumes corresponding to images in C. 

Triangles represent PLG−/− mice; squares represent control mice. ** = P<0.01 versus 

control mice, by Student’s t-test. E, Vertebral body compression ratios of T11, T12, and L1 

determined from lateral radiographs demonstrate biomechanical incompetence of the 

anterior cortex of the vertebral bodies at age 20 weeks in PLG−/− mice. *= P<0.05; ***= 

P<0.001 versus control mice, by two-way ANOVA with Bonferroni adjustment for multiple 
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comparisons. F, Shown is premature ossification (asterisks) of the articular end plate of 

L5/L6 observed in PLG−/− mice at age 10 weeks and in both control and PLG−/− mice at age 

20 weeks (Safranin O staining). Arrow indicates cartilage. Bars =100 μm. G, Shown is the 

percentage area of end plate ossification of L5/L6 determined by histologic examination at 

age 20 weeks (n = 8 wild-type mice; n = 11 PLG−/− mice). P<0.001 versus control mice, by 

Student’s t-test. Bars in B, D, E, and G show the mean ±SD. Symbols in E and G represent 

individual mice. Color figure can be viewed in the online issue, which is available at http://

onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract.
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Figure 2. 
Plasminogen-deficient (PLG−/−) mice develop early degeneration and reduced fracture 

resistance of the appendicular skeleton. Triangles represent PLG−/− mice; squares represent 

control mice. A, Two-dimensional images rendered from micro–computed tomography 

(micro-CT) data reveal cortical thinning in PLG−/− mice compared to control mice (arrows) 

occurring at age 20 weeks despite relatively normal bone architecture in younger mice. Bars 

= 1 mm. B, Shown are tabulated cortical measurements (Student’s t-test was performed for 

each time point using data collected from separate mice at the time that they were killed). C, 
Safranin O staining of the distal femur at age 20 weeks demonstrates loss of trabecular bone 

in the distal femoral epiphysis in PLG−/− mice compared to control mice (arrowheads) (see 

Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://

onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract). Bars = 200 μm. D and E, 
Biomechanical analyses of stiffness (D) and fracture resistance by peak force (E) indicate 

that observed progressive loss of bone results in significantly reduced biomechanical 

strength (means, standard deviations, and sample sizes, along with additional biomechanical 
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and micro-CT data, are presented in Supplementary Tables 1 and 2, available on the 

Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.38639/

abstract). Bars show the mean ±SD (n = 8 wild-type mice; n=11 PLG−/− mice). *=P<0.05; 

**=P<0.01 versus control mice, by Student’s t-test. Color figure can be viewed in the online 

issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract.
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Figure 3. 
Exuberant osteoclast (OC) activity is associated with increased circulating levels of 

osteoprotegerin (OPG), interleukin-6 (IL-6), and fibrinogen and with accumulation of 

fibrin(ogen) in bone. Triangles represent plasminogen-deficient (PLG−/−) mice; squares 

represent control mice. A–D, Plasma levels of tartrate-resistant acid phosphatase 5b 

(TRAP-5b) (A), soluble RANKL (sRANKL) (B), and OPG (C) and the resulting 

sRANKL:OPG ratios (D) were determined by enzyme-linked immunosorbent assay 

(ELISA). Increased osteoclast activity was observed without a change in RANKL:OPG 

ratio. E and F, Plasma IL-6 levels determined by flow cytometry (E) and fibrinogen levels 

determined by ELISA (F) indicate a progressive increase in inflammation and acute-phase 

reactants at ages 5, 10, and 20 weeks (measurements for all data were collected from 

separate mice at the time that they were killed; Student’s t-test was performed at each time 

point). Bars show the mean ±SD (n=4 at each time point). *=P<0.05; ** = P<0.01 versus 

control mice. G, Immunolocalization of fibrinogen demonstrates abundant fibrin within the 

L5 vertebrae of 20-week-old PLG−/− mice (red signal), but not in control mice. Bars =100 

μm. H, Left, The number of osteoclasts per unit bone surface in L5 vertebrae at age 8 weeks 
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(time point of maximal TRAP-5b concentration) was determined by TRAP staining. 

Representative images from each group are shown. Insets are higher-magnification views of 

boxed areas. Original magnification ×200; ×400 in insets. Bars =500 μm. Right, 

Quantification of osteoclasts/bone surface area illustrates increased numbers of osteoclasts 

in PLG−/− mice (n=4) compared to control mice (n = 4) at age 8 weeks. Bars show the mean 

±SD. *=P<0.01 versus control mice.
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Figure 4. 
Targeting fibrin prevents bone loss in plasminogen-deficient (PLG−/−) mice. A, Lateral 

radiographs at age 20 weeks demonstrate that the degree of kyphosis seen in PLG−/− mice is 

reduced in mice deficient in both plasminogen and fibrinogen (PLG−/−FBG−/− mice [or 

Plg−/−Fib−/− mice]) as well as in plasminogen-deficient mice expressing a mutant fibrinogen 

unable to bind αMβ2 (PLG−/−FBGg390–396A mice [or Plg−/−Fib7390–396A mice]). Bars = 5 

mm. B, By age 20 weeks there is complete prevention of kyphosis in PLG−/−FBG−/− mice 

(green symbols) and partial prevention in PLG−/−FBGg390–396A mice (blue symbols). Wild-

type (WT) mice are represented by black symbols; PLG−/− mice are represented by red 

symbols. Bars show the mean ± SD. C, Three-dimensional reconstruction of micro-

computed tomography data from L5 vertebrae in 20-week-old mice shows decreased bone 

loss in PLG−/−FBG−/− and PLG−/−FBGg390–396A mice compared to PLG−/− mice. Bars = 1 

mm. D, Similar reductions in cortical bone loss (black arrows) and trabecular bone loss 

(yellow arrows) are observed in Safranin O-stained sections of distal femurs from 20-week-

old PLG−/−FBG−/− and PLG−/−FBGg390–396A mice. Bars = 200 /μm. E-G, These changes in 

Cole et al. Page 20

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bone architecture are reflected by enhanced bone fraction volume (E) and biomechanical 

properties contributing to fracture resistance (peak force [F] and stiffness [G]). Symbols 

represent individual mice (n = 10 WT mice; n = 8 PLG−/− mice; n = 5 PLG−/−FBG−/− mice; 

n = 5 PLG−/−FBGg390–396A mice). Bars show the mean ± SD. ** = P < 0.01 versus control, 

by one-way analysis of variance. Color figure can be viewed in the online issue, which is 

available at http://onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract.

Cole et al. Page 21

Arthritis Rheumatol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract


Figure 5. 
Fibrin(ogen) (Fib) stimulates osteoclastogenesis by engaging αMβ2 and promoting 

osteoblast RANKL expression through an alternative mechanism. A, Isolated splenic 

monocytes incubated with 0.5 μM fibrinogen show increased osteoclastogenesis as indicated 

by tartrate-resistant acid phosphatase (TRAP) staining of multinucleated cells. Bars =1 mm. 

B, Shown is the percent of TRAP-stained area. Symbols represent individual mice. *= 

P<0.01 versus control, by one-way analysis of variance (ANOVA) followed by Dunn’s 

multiple comparison test. C, The observed stimulatory behavior of fibrinogen is inhibited in 

a dose-dependent manner by addition of a γ390–396A inhibitor. D, Fibrin(ogen) stimulates a 

2-fold increase in cell surface expression of RANKL by MC3T3 cells (an osteoblast 

precursor cell line). Blue line indicates normal RANKL production; green line indicates 

RANKL production in the presence of 1 μM fibrinogen for 18 hours; red line indicates 

RANKL production in the presence of 1 uM fibrinogen for 36 hours. E, Shown is the fold 

increase in cell surface expression of RANKL. *= P<0.01 versus 0 hours, by one-way 

ANOVA followed by Dunn’s multiple comparison test. Bars show the mean ±SD. Color 

figure can be viewed in the online issue, which is available at http://

onlinelibrary.wiley.com/doi/10.1002/art.38639/abstract.
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