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The major Food and Drug Association–approved osteoinductive factors in wide clinical use are bone mor-
phogenetic proteins (BMPs). Although BMPs can promote robust bone formation, they also induce adverse
clinical effects, including cyst-like bone formation and significant soft tissue swelling. In this study, we evaluated
multiple BMP2 doses in a rat femoral segmental defect model and in a minimally traumatic rat femoral onlay
model to determine its dose-dependent effects. Results of our femoral segmental defect model established a low
BMP2 concentration range (5 and 10 mg/mL, total dose 0.375 and 0.75 mg in 75 mg total volume) unable to induce
defect fusion, a mid-range BMP2 concentration range able to fuse the defect without adverse effects (30 mg/mL,
total dose 2.25 mg in 75 mg total volume), and a high BMP2 concentration range (150, 300, and 600 mg/mL, total
dose 11.25, 22.5, and 45 mg in 75 mg total volume) able to fuse the defect, but with formation of cyst-like bony
shells filled with histologically confirmed adipose tissue. In addition, compared to control, 4 mg/mL BMP2 also
induced significant tissue inflammatory infiltrates and exudates in the femoral onlay model that was accom-
panied by increased numbers of osteoclast-like cells at 3, 7, and 14 days. Overall, we consistently reproduced
BMP2 side effects of cyst-like bone and soft tissue swelling using high BMP2 concentration approaching the
typical human 1500 mg/mL.

Introduction

Bone morphogenetic protein 2 (BMP2) is the leading
osteoinductive growth factor used clinically in bone-re-

lated regenerative medicine today. The Food and Drug As-
sociation has approved the use of INFUSE� Bone Graft
(BMP2) to enhance the growth of bone in specific clinical
scenarios, including anterior and lumbar interbody spine
fusion and open tibial fractures.1,2 However, in these appli-
cations BMP2 is needed at supraphysiologic doses to induce
human osteogenesis.3 The high BMP doses in clinical use
may contribute to numerous adverse effects in humans not
seen in rodent animal models, including ectopic bone for-
mation with spinal cord impingement,4 osteoclast activation
with transiently elevated bone resorption,5 cyst-like bone
void formation, and life-threatening cervical swelling. Inter-
estingly, in most cases involving cervical swelling, emergent
operative re-exploration did not identify any drainable fluid

collections (e.g., hematoma).6 Instead, diffuse soft-tissue
swelling, presumably inflammatory in nature, was noted in
the anterior neck structures such as the esophagus and strap
muscles.6,7 Although proven as an effective osteoinducer,
these adverse effects, along with the possibility of forming
structurally abnormal and potentially mechanically unstable
bone tissue, currently limit the overall clinical efficacy of
BMPs. The ability to define upper and lower bounds for BMP
doses that would both form high-quality bone and avoid
swelling, void formation, and other side effects would im-
prove the prospects of BMP as a tissue engineering adjunct
and as a clinical product.

From studies in various animal models, BMPs are known
to have species-specific osteoinductive dose requirements.
The minimum dose of BMPs necessary to induce consistent
bone formation is substantially higher in nonhuman prima-
tes than in rodents. For example, in rats 0.2–0.4 mg/mL
BMP2 is effectively osteoinductive, whereas sheep and pri-
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mates require higher concentrations of 0.43 and 0.75–1.5 mg/
mL BMP2, respectively.8–10 The 1.5 mg/mL concentration
used for initial human clinical trials in anterior interbody
spine fusion was based on this nonhuman primate data and
is currently the approved concentration for human use.11 The
wide species-specific differential in osteoinductive BMP2
dose requirements may account for the lack of BMP2-related
side effects in animal models such as rodents, where bone
formation is achieved at much lower doses at which these
side effects are not observed.

With the increasing reports of BMP2-induced side effects,
and the recent Food and Drug Association panel’s decision to
recommend approval of AMPLIFY�, a higher 2.0 mg/mL
concentration BMP2 product for posterolateral spine fusion,
there is an even more compelling reason to elucidate the
molecular basis for adverse BMP2 effects. As a first step, we
determined if clinical BMP2 side effects such as cyst-like
bone void formation and tissue inflammation/swelling
were consistently reproducible in rodent models in a dose-
dependent fashion. To reproduce cyst-like bone void for-
mation, we tested escalating BMP2 doses in a traumatic rat
femoral segmental defect model. This is a stringent, well-
described bone regeneration model in which the central third
of the femur is excised and replaced with bone grafting
material.12 To reproduce BMP2-mediated soft tissue inflam-
matory swelling, we utilized a minimally traumatic model in
which collagen sponges soaked with BMP2 are laid over
periosteally intact bone, similar to collagen sponge onlay
models used by others.13 The less traumatic onlay model was
specifically chosen to minimize surgery-associated inflam-
mation and facilitate delineation of BMP2-induced inflam-
mation.

Materials and Methods

Implant materials

For femoral segmental defects, apatite-coated poly(lactic-
co-glycolic acid) (PLGA) scaffolds were fabricated from
85/15 PLGA by solvent casting and a particulate leaching
process (Fig. 1). Briefly, PLGA/chloroform solutions mixed
with 200–300-mm-diameter sucrose (polymer/sucrose ratio
5/95, w/w) was cast into a Teflon mold to create a cylin-
drical construct (4 mm diameter, 6 mm length). After freeze-
drying overnight, scaffolds were removed from the Teflon
mold and immersed in ddH2O to dissolve the sucrose.
Scaffolds were disinfected by immersion in 70% ethanol for
30 min, and followed by three rinses of ddH2O.

To ensure efficient BMP2 loading and to enhance overall
osteoconductivity of the hydrophobic PLGA scaffold, the
scaffold surface was treated with a biomimetic apatite
coating process before impregnation with varying doses of
recombinant human BMP2 protein (rhBMP2; Medtronic,
Minneapolis, MN), as described in our previous studies.14,15

For apatite coating, simulated body fluid (SBF) solution was
prepared by sequentially dissolving CaCl2, MgCl2$6H2O,
NaHCO3, and K2HPO4$3H2O in ddH2O. Solution pH was
lowered to 6 by adding 1M hydrochloric acid to increase
solubility. Na2SO4, KCl, and NaCl were added and the final
pH was adjusted to 6.5 (SBF 1). Mg2 + and HCO3

- free SBF
(SBF 2) was prepared by adding CaCl2 and K2HPO4$3H2O
in ddH2O and pH was lowered to 6. KCl and NaCl were
added and the final pH was adjusted to 6.8. All solutions

were sterile filtered through a 0.22 mm polyethersulfone
membrane (Nalgene, Penfield, NY). Immediately before the
coating process, the dried PLGA scaffolds were subjected to
glow discharge argon plasma etching (Harrick Scientific,
Ossining, NY) to improve wetting and coating uniformity.
Etched scaffolds were then incubated in SBF 1 for 12 h and
changed to Mg2 + and HCO3

- free SBF 2 for another 12 h at
37�C under gentle stirring. Coated scaffolds were washed
with ddH2O to remove excess ions and lyophilized before
further studies.

Surgical procedure and study groups

All surgical procedures were approved by the UCLA
Chancellor’s Animal Research Committee. The two surgical
procedures performed were creation of a femoral segmental

FIG. 1. Femoral segmental defect model. (A) Schematic
diagram depicting use of two Kirschner wires and a cerclage
wire on either side of the defect to affix the polyethylene
plate to the femur; (B) intraoperative photograph. Color
images available online at www.liebertonline.com/tea
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defect followed by material implantation into the defect or an
onlay graft of a collagen sponge onto the femoral surface.
Animals were anesthetized by isoflurane inhalation. After
surgery, all animals were housed in separate cages and al-
lowed to eat and drink ad libitum. Weight bearing was star-
ted immediately postoperatively, with daily monitoring.
Buprenorphine was administered for 2 days as an analgesic,
and trimethoprim/sulfamethoxazole was administered for
10 days as an antibiotic.

Femoral segmental defect. Twenty-two male Lewis rats
between 12 and 14 weeks of age were randomized into seven
experimental implant groups: PLGA with (1) phosphate-
buffered saline (PBS) only (control), or PLGA with rhBMP2
at (2) 5 mg/mL, (3) 10 mg/mL, (4) 30mg/mL, (5) 150mg/mL,
(6) 300mg/mL, and (7) 600 mg/mL. The volume of all scaf-
folds is 75mL; thus, the total rhBMP2 dose per defect in each
group is (1) 0 mg, (2) 0.375mg, (3) 0.75 mg, (4) 2.25 mg, (5)
11.25 mg, (6) 22.5 mg, and (7) 45mg, respectively (Table 1). The
rat femoral segmental defect is a well-established model in
which the defect does not heal with an osteoconductive
material alone, but requires an additional osteoinductive
agent such as rhBMP2 to achieve union.12,16–18 The remain-
ing concentrations were selected based on previously pub-
lished studies on BMP2 in rodents that include an ineffective
range of 7 to 18.7 mg/mL (1.4 mg rhBMP2 in 75–200mL of
carrier),19 an effective range of 55–146.7mg/mL (11mg
rhBMP2 in 75–200 mL of carrier),19,20 as well as higher con-
centrations to represent those used clinically. The surgical
procedure was similar to that reported elsewhere19 with
modifications, and summarized briefly here. Using aseptic
technique, a 25–30 mm longitudinal incision was made over
the anterolateral aspect of the femur. The vastus lateralis and
biceps femoris muscles were separated, exposing the femoral
shaft. A polyethylene plate (length, 23 mm; width, 4 mm;
height, 4 mm) was placed on the anterolateral surface of the
femur. The plate contained four predrilled holes to accom-
modate 0.9-mm-diameter threaded Kirschner wires. Taking
the plate as a template, four threaded Kirschner wires were
drilled through the plate and both cortices. Two 26-gauge
stainless steel cerclage wires were tightened around the plate

and bone for additional stability. With a small oscillating saw
blade (Stryker, Kalamazoo, MI), a 6-mm critical-sized12 mid-
diaphyseal defect was created (Fig. 1). The volume of the
defect was *75mL. An implant was placed into the defect,
and then the overlying muscle and fascia were closed with
4–0 Vicryl absorbable suture to secure the implant in place.
4–0 Vicryl was also used to close the skin in a running
subcuticular fashion. Animals were euthanized at 8 weeks
postoperation.

Onlay graft. Seventeen male Lewis rats aged 12–14
weeks were randomized into 3 experimental groups ac-
cording to sacrifice timepoints of 3, 7, or 14 days post-
operation (Table 2). For onlay model implants, Helistat
absorbable collagen sponges (ACS; thickness 1 mm, porosity
88.2%21; Integra, Plainsboro, NJ) were cut into 1 · 2 cm strips
and sterilized before surgery. Sponges were saturated by
dropwise application of 0.2 mL of either 4 mg/mL rhBMP2 in
PBS (experimental; total dose: 0.8 mg rhBMP2) or PBS only
(control), and allowed to soak for 15 min before implanta-
tion. For each timepoint, one animal was implanted with
control ACS on both limbs to exclude nonspecific inflam-
mation induced by the ACS itself.22 In the remaining ani-
mals, one hind limb was implanted with ACS plus PBS
(control); the contralateral side was implanted with ACS plus
4 mg/mL rhBMP2. After anesthesia, the hind limbs were
shaved and a transverse incision was made at the level of the
midpoint of the femur. The vastus lateralis and biceps fe-
moris were elevated through an anterolateral approach with
care to keep the periosteum intact along the surface of the
bone. Each ACS was placed over the femoral surface, adja-
cent to the muscle, fascia, and skin. Each layer was closed
with 4–0 Vicryl suture as described above. Animals were
sacrificed at 3, 7, and 14 days postoperation depending on
experimental group assignment.

Radiographic evaluation

For the femoral segmental defect model, high-resolution
lateral radiographs were obtained at 2, 4, 6, and 8 weeks after
implantation while the animals were under isoflurane seda-
tion. Three observers, blinded to the treatment variables,
scored defect mineralization with a standardized scale
adapted from Kirker-Head et al.23 as follows: 0, trace radio-
dense material in defect; 1, flocculent radiodensity and in-
complete bridging of defect; 2, bridging of the defect at 1 +
location; 3, bridging of the defect at cis and trans cortices,
parent cortex visible; 4, one cortex obscured by new bone; 5,
bridging of the defect by uniform new bone, cut ends of
cortex not seen.

Three-dimensional micro-computed
tomography evaluation

At 8 weeks postoperation, all femoral segmental defect
animals were euthanized. The femurs were dissected, har-
vested, and fixed in 10% buffered formalin (Fisher Scientific,
Fair Lawn, NJ). After fixation for a minimum of 48 h, the
samples were scanned in the axial plane using a three-
dimensional micro-computed tomography (microCT) scan-
ner (mCT 40, Scanco Medical, Bassersdorf, Switzerland;
Skyscan, Kontich, Belgium) at 20mm resolution. After scan-
ning, the mCT 40 software was used to analyze and measure

Table 1. Femoral Segmental Defect Implant

Formulation and Experimental

Group Designations

Experimental group
(concentration,
lg/mL rhBMP2)

Scaffold
volume

(lL)

Total
rhBMP2
dose (lg) n

%
fused

%
cyst

PBS only 75 0 2 0 0
5 75 0.375 4 0 0
10 75 0.75 4 0 0
30 75 2.25 3 100 0
150 75 11.25 3 100 0
300 75 22.5 3 100 66
600 75 45 3 100 100

Radiographic evaluation showed 100% fusion of defect at 30mg/
mL BMP2 and higher, and 0% fusion at lower concentrations. 66%
and 100% cyst formation was seen in 300 and 600mg/mL rhBMP2
groups, respectively.

PBS, phosphate-buffered saline; rhBMP2, recombinant human
bone morphogenetic protein 2.
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the bone volume in the defect where the implant was placed.
A constant volume of interest, 300 slices thick (*6 mm) and
centered over the defect site, was selected for analysis of all
samples. The bone volume per defect was recorded as the
measure of segmental defect bone regeneration.

Histological assessment

After microCT analysis, the femoral segmental defect
specimens were decalcified using Cal-Ex solution (Fisher
Scientific, Pittsburgh, PA) for 5 to 7 days, washed with
running tap water for 3 to 4 h, and then transferred to 75%
ethanol solution. The specimens were embedded in paraffin
and 5mm sagittal sections of each specimen were obtained
and then stained with hematoxylin and eosin (H&E) and
Masson’s Trichrome stains. Immunohistochemistry staining
for osteocalcin (OCN) was performed to detect active bone
formation.

For onlay graft animals, tissue from the biceps femoris,
vastus lateralis, and the femur and its overlying periosteum
adjacent to and inclusive of the collagen sponge were har-
vested after sacrifice and fixed in formalin as described
above. H&E was performed to delineate cellular infiltrates
and immunohistochemistry for calcitonin receptor (CTR)
was performed to detect presence of osteoclastic cells.24

Statistical analysis

Mann–Whitney and Kruskal–Wallis tests were used to
compare radiographic scores, and Student’s t-test and anal-
ysis of variance were used to compare bone volume mea-
surements between groups. p < 0.05 was considered
statistically significant.

Results

Radiographic data

X-ray images showed that of the rhBMP2 doses tested, the
most robust bone formed when a concentration of 30 mg/mL
rhBMP2 (2.25 mg total dose) was added to the defect,
achieving 100% fusion (Table 1). In some cases, new bone
within the defect was indistinguishable from the native bone
proximal and distal to the defect space. When concentrations
< 30mg/mL were used (0, 5, or 10 mg/mL rhBMP2), defect
union was incomplete as expected, with no evidence of
bridging bone between the two ends of the defect. However,
when 150mg/mL rhBMP2 and higher (300 or 600 mg/mL)
were used, bone fusion was achieved, but radiolucent voids
within the bone in the defect space and heterotopic bone
formation outside of the defect space were observed
(Faxitron X-ray images not shown; microCT two-dimensional
X-ray images shown in Fig. 2).

Semi-quantitative assessment of defect fusion from 2
through 8 weeks using the radiographic scoring criteria de-
scribed above revealed a progressive increase in mean defect
mineralization each week, with 30mg/mL rhBMP2 and
higher achieving fusion by 6 weeks postoperation. These
data are similar to previous results by others (Fig. 3).19

However, there was no statistically significant difference
observed in degree of mineralization between the 30, 150,
300, and 600mg/mL rhBMP2-treated groups, with concen-
trations > 30 mg/mL failing to promote defect mineralization
faster.

microCT data

MicroCT analysis, three-dimensional reconstruction, and
coronal sectional cuts revealed new bone formation in all
groups. Lower concentrations of rhBMP2 at 5 and 10 mg/
mL exhibited minimal new bone formation, with none of
the samples achieving complete fusion (Fig. 3I, J). In con-
trast, at concentrations starting at 30 mg/mL and higher, a
significant increase in bone volume was seen compared to
lower doses, with complete fusion consistently achieved.
Meanwhile, at concentrations of 150 mg/mL rhBMP and
higher, the bone mass appeared significantly larger on
surface microCT images (Fig. 3L–N), but did not demon-
strate any statistically significant increase in bone volume
(Fig. 4). In addition, poorer quality bone formation was
observed at 150 mg/mL and above, with dose-dependent
increases in cyst-like bone void formation in coronal cross-
sectional cuts (Fig. 3S–U).

Femoral segmental defect histology

Histological evaluation of the femurs was consistent with
radiographic findings, with the 0, 5, and 10 mg/mL rhBMP
groups showing little evidence of bone formation (image not
shown). A bone bridge was evident in all 30 mg/mL rhBMP2
samples (Fig. 5B, E, H, K). However, in the high-concentra-
tion groups (150, 300, and 600mg/mL rhBMP2), H&E stain-
ing revealed a large bony structure that extended beyond the
original defect (Fig. 5C, F, I, L; 150 and 300mg/mL not
shown). Longitudinal section through the 600mg/mL speci-
men revealed little trabecular bone and, instead, an accu-
mulation of adipocytes (Fig. 5C, F, I, L). Significantly, at the
mid-range concentration of 30mg/mL rhBMP2, the bone
marrow space exhibited trabecular structure and cellularity
that was more similar to normal bone marrow than the cyst-
like bone voids observed in the 600mg/mL rhBMP2 group.
Masson’s Trichrome staining, which identifies bone and os-
teoid matrix, confirmed the presence of mostly fibrous tissue
in the rhBMP2-free control (Fig. 5J), trabecular bone resem-

Table 2. Onlay Implant Formulation and Experimental Group Designations

Days

Volume of
rhBMP2

solution (lL)

rhBMP2
concentration

(mg/mL)

Total
rhBMP2

incorporated (lg)

Number of
control

implantations

Number of
rhBMP2

implantations

Total
animals
operated

3 200 4 800 8 4 6
7 200 4 800 9 5 7
14 200 4 800 6 2 4
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bling normal bone at 30 mg/mL rhBMP2 (Fig. 5K), and adi-
pocyte accumulation at 600 mg/mL rhBMP2 (Fig. 5L).

To further verify BMP-mediated bone formation and de-
fect healing at 8 weeks, we performed immunohistochemis-
try staining for OCN, a matrix protein and marker for bone
formation. More active bone formation was observed in the
mid-range concentration of 30 mg/mL with strongest OCN
staining (Fig. 5H), whereas higher concentrations of 150, 300,
and 600 mg/mL rhBMP2 exhibited surprisingly less OCN
staining and bone formation activity (Fig. 5I).

Onlay graft histology

Animals were sacrificed at 3, 7, and 14 days post-
implantation. Palpation and gross observation did not re-
veal discernable swelling or surface inflammation after
dissection of the hind limbs at all time points. Histological
differences were observed between control and rhBMP2-
containing sponges starting at 3 days postoperation, with
increased inflammatory exudates present in rhBMP2-trea-
ted sponges (Fig. 6). By 7 days, a massive infiltration of
large mono- and polymorphic nucleated cells was observed
in the connective tissues within and surrounding the col-
lagen sponges containing rhBMP2, but not in control
sponges. This inflammatory response progressed in inten-
sity up to 14 days, with appearance of osteoclast-like, multi-
nucleated giant cells that stain positively with CTR, a G
protein-coupled receptor that is a marker for osteoclastic
differentiation (Fig. 7).24,25

FIG. 3. Radiographic score of femoral segmental defect
model. Semi-quantitative assessment of defect mineraliza-
tion from week 2 through week 8. Kruskal–Wallis statistical
analysis revealed a significant difference in mean defect
mineralization between control and 5, 10, 30, 150, 300, and
600 mg/mL rhBMP2 at weeks 4, 6, and 8 (*p < 0.05), but no
statistically significant difference was seen when only
30 mg/mL rhBMP2 and higher concentrations of 150, 300,
and 600 mg/mL rhBMP2 were compared at the same time
points. rhBMP2, recombinant human bone morphogenetic
protein.

FIG. 2. Micro-computed tomography reconstruction of femoral segmental defect model. Representative two-dimensional
reconstruction of femoral defects (A–G) and three-dimensional reconstruction (H–N) showing consistent fusion with con-
centrations of 30 mg/mL rhBMP2 and higher. Cyst-like bone formation was seen beginning at 150 mg/mL (E, L) and increase
in size with higher concentrations of 300 and 600mg/mL (F, G, M, N). Coronal section cuts of these cyst-like structures
revealed a thin bony shell that is hollow inside (S–U), which was not observed at lower concentrations (O–R). Color images
available online at www.liebertonline.com/tea
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FIG. 4. Comparison of new
bone volume between treat-
ment groups. Statistically sig-
nificant difference in bone
volume was found between all
groups using analysis of vari-
ance. However, no statistically
significant difference was found
between mid to higher concen-
trations of 30, 150, 300, and
600mg/mL rhBMP2-treated fe-
murs, suggesting no increase in
bone formation despite use of
doses above 30mg/mL. Color
images available online at
www.liebertonline.com/tea

FIG. 5. Histological evidence of bone and cyst formation 8 weeks postoperation in femoral segmental defect model. (A) Low-
and (D) high-power views of hematoxylin and eosin (H&E) histology show fibrotic defect union in the PBS-treated control group.
Minimal new bone formation seen at both ends of the defect. The defect is filled with fibrotic tissue (arrow) rather than bridging
bone. (B) Low- and (E) high-power view H&E show complete bony fusion of the defect in animals treated with 30mg/mL rhBMP2.
The trabecular bone (arrows) and surrounding marrow (arrowheads) dominantly occupy the defect area with signs of more
mature bone remodeling. (C) Low- and (F) high-power view H&E show formation of a bony cyst-like void in the original defect
area in animals treated with 600mg/mL rhBMP2. The bone bridging the defect is thin-walled and resembles a bony cyst with scant
trabecular bone (arrows) and abundant fatty marrow (arrowheads) filling the hollow space. (G–I) Immunohistochemical staining
of OCN shows active bone formation. (G) No obvious OCN staining was seen in the control group, whereas samples from the
mid-range group (30mg/mL rhBMP2-treated sample shown in H) demonstrate a strong positive brown staining of OCN (arrows).
Less OCN expression (I) was observed in the high-concentration (600mg/mL rhBMP2) treated group. ( J–L) Masson’s Trichrome
staining distinguishes mineralized tissue (red) from connective tissue (blue). ( J) The control group exhibited mostly fibrous
connective tissue, whereas the 30mg/mL rhBMP2 group (K) contained mature and actively remodeling bone and the 600mg/mL
rhBMP2 group (L) contained little trabecular bone but abundant adipose tissue. PBS, phosphate-buffered saline; OCN, osteocalcin.
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Discussion

Using rodent models, we successfully and consistently
reproduced two adverse effects of high-dose BMP2 in vivo:
formation of cyst-like bone voids and inflammatory soft
tissue swelling. With respect to bone formation in the fem-
oral segmental defect model, we established three BMP2
concentration ranges, in a 75 mg volume, with the following
outcomes: (1) sub-therapeutic concentrations with bony
nonunion (0, 5, and 10 mg/mL); (2) therapeutic concentration
with robust bony union, normal trabecular architecture, and
marrow cellularity (30 mg/mL); and (3) supra-therapeutic

concentrations with bony union accompanied by cyst-like
bone devoid of normal bone structure and cellularity (150,
300, and 600 mg/mL). These findings indicate that increasing
BMP2 beyond a certain threshold concentration does not
improve bone healing, and may actually promote lower
quality bone with abnormal structure and potentially inferior
mechanical properties.

The resulting disparate phenotypes from our study, ob-
tained by merely altering BMP2 concentration, reflect known
pleiotropic effects of BMP2.4,5,26,27 At doses required for
human bone formation, and consistently demonstrated
here when high-dose BMP2 was applied, BMP2 induced

FIG. 6. Histology of BMP2
onlay model. (A) Schematic of
femoral onlay model, with
green rectangle depicting the
orientation of the histological
images. (B) Tissue profile of
onlay experiment illustrating
the position of collagen
sponge scaffold on the surface
of femoral shaft (Fs) with
coverage by thigh muscles
(Mu). (C) Representative
high-power view of collagen
sponge loaded with PBS in (B)
appears normal with very
minimal exudate (arrows) or
cellularity at 3 days post-
operation. (D) Low- and (E)
high-power views of the onlay
with BMP2-loaded collagen
sponges. There is a significant
number of inflammatory cells
infiltrating between the fibers
of collagen sponge (arrows) at
this early time point as well as
a more prominent exudative
response. (F) Low- and (G)
high-power views of the onlay
with PBS control collagen
sponges showing few exu-
dates (arrows) and minimal
cellular infiltrates at 7 days
postoperation. (H) Low- and
(I) high-power views of the
onlay with BMP2-loaded col-
lagen sponges at 7 days post-
operation. There is
profoundly increased inflam-
matory infiltration and exu-
dates within the onlay area,
which also extends signifi-
cantly into the adjacent soft
tissues. The cellular and fibri-
nous acellular exudates are
prominently interspersed be-

tween the fibers of collagen sponge and were the dominating feature of the entire onlay region (arrows in H). Closer view of
the peripheral area of the onlay region demonstrates some inflamed granulation tissues (arrows in I) at 7 days postoperation.
( J) and (K) are images of the onlay with PBS control collagen sponges at 14 days postoperation showing minimal change in
the normal collagen sponge fiber pattern from 7 days postoperation (arrows). (L) Low- and (M) high-power views of the
onlay tissue with BMP2-loaded collagen sponges at 14 days postoperation. In addition to the dominant component of
inflammatory infiltration (arrows in L) seen in (H) in the onlay area, many osteoclast-like multinuclear cells are also seen
along the newly formed bone trabeculae (arrow in M). Fs, femoral shaft; Mu, thigh muscles. Scale bars: 500 mm for B, D, F, H,
J, and L and 50mm for C, E, G, I, K, and M. Color images available online at www.liebertonline.com/tea

BMP2 INDUCES STRUCTURALLY ABNORMAL BONE 1395



formation of cyst-like bone voids filled with fatty marrow
instead of normal trabecular bone structure despite complete
bone union. These results recapitulate those found by an-
other group who demonstrated formation of bone voids in
canine radii treated with high doses of BMP2.28 In our study,
we also specifically confirmed that the bone voids in our
model contained adipose tissue. The presence of adipose
tissue can be explained on a molecular level, based on pub-
lished reports by others29,30 that BMP2 can induce adipo-
genesis in addition to, or instead of, osteogenesis through
activation of the transcription factor peroxisome proliferator-
activated receptor gamma (PPARg), a key regulator of adi-
pocyte commitment.31,32 Published studies have shown that
PPARg activation leads bone marrow stem cells to differen-
tiate into adipocytes rather than osteoblasts,32–34 as adipo-
genic programs in marrow are activated and osteogenic
programs are suppressed.35 Our histological results support
this, as marrow cavities of femurs treated with high con-
centrations of BMP2 were predominantly filled with adipo-
cytes. The increased adipogenesis mediated by high
concentrations of BMP2 likely occurs not only through direct
PPARg activation, but through repression of the Wnt sig-
naling pathway, which is known to downregulate adipo-
genesis.32 We have validated this through in vivo
experiments in which we successfully suppressed the for-

mation of cystic bone voids from high-dose BMP2 through
co-application of Wnt signaling pathway activators (un-
published data, and 30). Overall, the high concentrations of
BMP2 required for human osteogenesis can dysregulate Wnt
signaling and activate PPARg to promote adipogenesis over
osteoblastogenesis,36 leading to inconsistent bone formation
as well as decreased bone quality as demonstrated by our
results.

Clinically, many exaggerated inflammatory reactions re-
lated to BMP2 use have been increasingly reported, includ-
ing dysphagia and difficulty breathing in cervical spine
fusion,37 radiculopathies in lumbar spine fusion,38 and limb
edema in the treatment of unicameral bone cysts.39 On CT
imaging, these adverse effects have been attributed to pres-
ence of soft tissue inflammation and swelling at the surgical
site,40 but the molecular basis of these reactions has been
largely unknown. To begin addressing the cellular and mo-
lecular basis for BMP2-mediated soft tissue swelling and
inflammation, we employed a minimally traumatic femoral
onlay model dosed with 4 mg/mL BMP2. This model was
designed to assess short-term BMP-induced inflammation,
which has been most commonly reported beginning on
postoperative day 3 in one clinical study.6 Another report
demonstrated that BMP2-associated swelling peaks at 1
week after implantation in the cervical spine, and begins to

FIG. 7. Significantly increased
CTR-positive staining cells in the
BMP2 onlay model. (A) Low-
and (B) high-power images
showing CTR-positive cells (ar-
rows) scattered between fibers of
the PBS-loaded collagen sponge
at 3 days postoperation. (C)
Low- and (D) high-power im-
ages showing significantly more
CTR-positive cells (arrows) in-
filtrating the BMP2-loaded col-
lagen sponges at 3 days
postoperation. Most of the posi-
tive cells were large with rich
cytoplasm with multinuclear
cells also present (arrowheads).
(E) Low- and (F) high-power
views of CTR staining in the PBS
onlay collagen sponge at 7 days
postoperation show few positive
cells with very faint staining
(arrows in F). In contrast, the
images of (G) and (H) from the
BMP2 onlay collagen sponge at 7
days postoperation show signif-
icantly more CTR-positive cells
(arrows), but much less than at 3
days postoperation in BMP2
treated collagen sponges (D).
Scale bars: 100 mm for A, C, E,
and G and 50mm for B, D, F,
and H. CTR, calcitonin receptor.
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resolve 1 week thereafter.7 Thus, to follow this trajectory, we
selected 3, 7, and 14 days postimplantation for our experi-
mental timepoints, and specifically emphasized the 7-day
timepoint because it reflected the peak of the inflammation.
At each timepoint, we performed a control where both legs
were implanted with control Helistat sponges containing
only PBS, to rule out systemic effects of collagen sponge
implantation unrelated to BMP-induced inflammation,40,41

which would confound our results. In addition, we also
performed intra-animal controls in which a rat implanted
with a BMP-impregnated sponge in one leg was implanted
with a PBS control sponge in the other leg, to rule out BMP-
induced inflammation in one limb influencing the contra-
lateral limb.42 As a result of these additional controls, we
have an increased number of control onlays compared to
BMP-impregnated onlays.

Our onlay model was able to consistently induce these
inflammatory reactions, and sheds insight into the mecha-
nism by which this reaction to BMP2 occurs. We demonstrate
for the first time the cellular components of these soft tissue
swellings with histological results of our onlay model
showing a reproducible phenotype of significantly increased
inflammatory infiltrates, including mono- and poly-mor-
phonuclear cells and CTR-positive osteoclast-like cells, in
BMP2-treated femurs compared to controls at 3, 7, and 14
days. The time course of the inflammatory response in our
experiments agrees with, and may mechanistically explain,
published clinical reports of excessive swelling with BMP2
use in anterior cervical discectomy, as swelling complications
occur on postoperative day 4 on average (range 1 to 7 days)
and last up to 21 days.6,7,43,44

BMP2 participates in a number of molecular pathways
that may contribute both to our experimental results and
effects reported in the clinical literature. The inflammatory
response is not unexpected, as BMP2 is a known chemoat-
tractant for lymphocytes, monocytes, and macrophages.45

Moreover, BMP2 can also induce osteoclastogenesis by po-
tentiating receptor activator of nuclear factor-kB ligand, a
cytokine essential for inducing osteoclast differentation.46–48

Repression of Wnt signaling by high-dose BMP2 decreases
osteoblast expression of osteoprotegerin, a member of the
tumor necrosis factor receptor family that inhibits receptor
activator of nuclear factor-kB ligand.49–51 Additionally, up-
regulation of PPARg by BMP2, either directly or as a result of
Wnt repression (which is known to downregulate PPARg),
would also increase osteoclasts, since PPARg upregulates
c-fos expression, an essential mediator of osteoclastogen-
esis.52 Thus, high-dose BMP2 not only induces significant
tissue inflammation that explains the clinically observed
cervical swelling, but also increases osteoclastogenesis that
may manifest clinically as vertebral subsidence or collapse
and excessive bone resorption.7,53,54

Conclusion

BMP2 is a potent osteoinductive molecule with undesir-
able and reproducible dose-dependent side effects that in-
clude cyst-like bone void formation that can diminish the
quality of regenerated bone and inflammation that can have
life-threatening results. To improve patient safety and effi-
cacy, there is an urgent need for strategies to suppress non-
osteogenic BMP2 signaling targets by combining it with

other growth factors to dampen unwanted inflammatory
and adipogenic induction, or by decreasing BMP2 dose re-
quirements through better control of BMP2 release and re-
tention at the implantation site.
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