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ABSTRACT
Age is a well-known influential factor in bone healing, with younger patients generally healing bone fractures more rapidly and
suffering fewer complications compared with older patients. Yet the impact age has on the response to current bone healing
treatments, such as delivery of bone morphogenetic protein 2 (BMP-2), remains poorly characterized. It remains unclear how or if
therapeutic dosing of BMP-2 should bemodified to account for age-related differences in order tominimize potential adverse effects
and consequently improve patient bone-healing outcomes. For this study, we sought to address this issue by using a preclinical
critically sized segmental bone defect model in rats to investigate age-related differences in bone repair after delivery of BMP-2 in a
collagen sponge, the current clinical standard. Femoral defects were created in young (7-week-old) and adult (8-month-old) rats, and
healing was assessed using gene expression analyses, longitudinal radiography, ex vivomicro-computed tomography (mCT), as well
as torsional testing. We found that young rats demonstrated elevated expression of genes related to osteogenesis, chondrogenesis,
and matrix remodeling at the early 1-week time point compared with adult rats. These early gene expression differences may have
impacted long-termhealing as the regenerated bones of young rats exhibited higher bonemineral densities comparedwith those of
adult rats after 12 weeks. Furthermore, the young rats demonstrated significantly more bone formation and increased mechanical
strengthwhen BMP-2 dosewas increased from1mg to 10mg, a finding not observed in adult rats. Overall, these results indicate there
are age-related differences in BMP-2-mediated bone regeneration, including relative dose sensitivity, suggesting that age is an
important consideration when implementing a BMP-2 treatment strategy. © 2018 The Authors JBMR Plus published by Wiley
Periodicals, Inc. on behalf of American Society for Bone and Mineral Research.
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Introduction

The repair of large bone defects represents one of the most
challenging problems faced by orthopedic and craniofacial

surgeons today. The gold standard in treatment is autograft,(1)

but graft substitutes and/or delivery of osteoinductive proteins
such as the bone morphogenetic protein (BMP) family are also
common alternatives with demonstrated efficacy in bone
regeneration.(2–4) Although the effects of age on endogenous
bone healing have been well documented, both in preclinical
animal models(5–10) and human patients,(11–13) the influence of
age on the response to current bone healing treatments is much

less informed. It has been demonstrated in vitro that age (as well
as donor site) influences the responsiveness of bone marrow
stromal cells to BMP-2.(14) Indeed, clinical studies have shown
similar trends, as use of BMP-2 and allograft in spine fusion in
elderly patients (>65 years) demonstrated lower fusion rate and
longer fusion time compared with younger patients (<65 years)
receiving the same treatment.(15) Yamaji and colleagues also
showed in vivo that the thickness of new bone formed when
BMP-2 is injected into a palatal site was much lower in elderly
70-week-old rats compared with young 10-week-old rats.(16)

Importantly, this study also demonstrated an age-related
difference in the osteoinductive response to increasing doses
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of BMP-2. Whereas the elderly animals showed an increase in
thickness of new bone over a large range of increasing BMP-2
doses (0 to 16mg), the younger animals exhibited a much
smaller benefit window (0 to 4mg), beyond which a significant
reduction in new bone thickness was actually observed. Taken
together, these results indicate that BMP-2 dose sensitivity is
influenced by age, and the optimal dose requirement for young
animals/patients is likely to be lower than that for older
animals/patients.

And yet, to the best of our knowledge, clinicians rarely take
into account patient age when determining the dose of BMP-2
to be delivered. This is problematic because it has been well
documented that delivery of supraphysiological doses of BMP-2
is fraught with risks, including heterotopic mineralization,
osteolysis, infection, and potentially life-threatening inflamma-
tion/swelling.(17–19) Furthermore, use of higher BMP-2 doses has
been shown to result in heterotopic ossification and formation
of abnormal spongy bone with thin trabecular networks.(20,21)

These complications could potentially be most devastating in
the pediatric population, with reports of massive inflammatory
reactions and acute pain in some pediatric patients.(22–24) As a
result, the use of any BMPs in skeletally immature patients is
currently not approved by the U.S. Food and Drug Administra-
tion (FDA).(25) Despite these known risks, off-label use of BMP-2
still occurs due to a lack of better alternatives in many scenarios,
as well as documented successful cases without any noticeable
complications.(24,26,27) In the absence of controlled trials to
optimize therapeutic dosing (which remain unfeasible because
of ethical considerations and costs), the use of relevant
preclinical animal models represent the best approach to gain
insight into this important question of how age influences the
response to BMP-2 treatment during bone healing.

We have previously established a critically sized segmental
bone defect model in rats(28) to study bone regeneration and,
furthermore, have shown this model to be robust enough to
qualitatively and quantitatively evaluate the efficacy of different
treatments, includingautograft and the clinical standardBMP-2 in
collagen sponge.(4,29,30) Here, we adapted this model to 7-week-
old young adolescent (young) and 8-month-old middle-aged
adult (adult) rats in order to investigate how age impacts BMP-2-
mediated bone repair at both a subhealing (historically does not
result in bridging) low dose (1mg) and relatively higher dose
(10mg) of BMP-2.(29) We hypothesized that the osteogenic
response would be a function of animal age, with young animals
showing greater bone regeneration at the low dose and signs of
supraphysiological levels of BMP-2 at the highdose, and the adult
animals healing only at the high dose. We further hypothesized
that young rats would demonstrate elevated early expression of
genes related to bone healing as well as inflammation
(particularly at the high BMP-2 dose), and this would correlate
to improved long-term bone regeneration compared with the
adult rats. Early (1-week post-surgery) gene expression profiles of
youngand adult animals at the twodosesof BMP-2were assessed
by quantitative real-time polymerase chain reaction (qRT-PCR) to
identify potential mechanistic differences. To compare bone
regeneration, defect mineralization was monitored over time
using longitudinal radiographs and end point micro-computed
tomography (mCT) scanswereanalyzed for quantitativemeasures
of new bone formation. Finally, the biomechanical properties of
the regenerated femurs were measured by torsional testing,
serving as a functional metric to assess healing, while routine
histology of harvested femora provided qualitative assessment of
the newly formed bone.

Materials and Methods

Animals

For these studies, 7-week-old and 8-month-old (retired
breeders) male Sprague Dawley rats (Harlan Laboratories/
Envigo, Indianapolis, IN, USA) were used. Herein age refers to
age at the time of surgery. Rats were pair housed in individually
ventilated caging (Tecniplast, West Chester, PA, USA) with a
tunnel and gnawing blocks (Bio-Serv, Prospect, CT, USA) for
enrichment. Bedding was a mixture of corn cob and processed
paper. Purina Mills International #5001 was fed ad libitum.
Filtered tap water treated with ultraviolet light was provided ad
libitum in bottles. Sentinel results from Charles River Laborato-
ries (Wilmington, MA, USA) International Rat Prevalent PRIA
testing were negative for all pathogens in the housing room. All
animals were allowed to acclimate for at least 2 weeks before
any procedures were performed. After each procedure, a divider
was temporarily placed in the cage for better monitoring of
postoperative recovery. Animals were randomly allocated to
treatment groups.

Surgical procedure

All surgical procedures were approved by the Georgia Institute
of Technology Institutional Animal Care and Use Committee.
The surgical procedure has been described previously.(28)

Anesthesia was induced andmaintained using isoflurane (Henry
Schein Animal Health, Dublin, OH, USA) inhalation. Briefly, an
anterolateral skin incision was made in the thigh followed by
blunt dissection to separate the overlaying muscles to reach the
femur bone. Limited extension of this muscle window allowed
for placement of a radiolucent polysulfone fixation plate for
internal stabilization. Critically sized 8-mm defects were created
in the mid-diaphysis of the femur using an oscillating saw. A
collagen sponge loaded with BMP-2 was then delivered to the
defect site, and finally the muscle and skin were closed using 4-0
vicryl suture and wound clips, respectively. Before surgery, all
animals were given a subcutaneous injection of sustained-
release buprenorphine (ZooPharm, Windsor, CO, USA) for
analgesia.

Collagen sponge preparation and insertion

The day before each surgery, BMP-2 (Pfizer, New York, NY, USA)
in 0.1% rat serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in
4mM HCl solution was prepared and stored overnight at 4°C.
Collagen sponge cylinders �5mm in diameter and 10mm in
length were created by biopsy punch from a sheet of collagen
sponge (Kensey Nash/DSM, Exton, PA, USA). All collagen
sponges were used directly from the manufacturer’s sterile
packaging or sterilized by ethylene oxide if previously opened.
During the surgery, the collagen sponge cylinders were
transferred to a 24-well plate, and then 150mL of the BMP-2
solution was carefully loaded onto each cylinder. The sponge
was left for�10 minutes to soak up any residual BMP-2 solution
in the well before being gently press-fit into the bone defect.

qRT-PCR and analyses

At 1 week post-surgery, all tissue within the bone defect as well
as a portion of the surrounding muscle were harvested and
stored separately in RNAlater solution (Thermo Fisher Scientific,
Waltham, MA, USA) at 4°C. Bone andmuscle tissue were similarly
harvested from na€ıve age-matched animals for both age groups.
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Within 1 month of harvesting tissues, RNA was isolated by
following the QIAzol extraction method (Qiagen, Valencia, CA,
USA). RNA quality and concentration were assessed using the
2100 Bioanalyzer system (Agilent, Santa Clara, CA, USA) and
Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scien-
tific), respectively. Subsequently, 300 ng of RNA from each
sample was converted to DNA using the RT2 First Strand cDNA
kit (Qiagen) and then stored at �20°C (all remaining RNA was
stored at �80°C). Samples and TaqMan primers (Thermo Fisher
Scientific; see Supplemental Fig. S1 for more detailed primer
information) for 46 genes of interest were prepared for loading
into 48.48 gene expression IFC chips (Fluidigm, South San
Francisco, CA, USA) according to the manufacturer’s proto-
cols.(31) The chips were then primed, loaded with sample and
primer reaction mixes, and then run through the BioMark
System (Fluidigm). AccuRef rat universal cDNA (Gene Scientific,
Rockville, MD, USA) and distilled water were used as positive and
negative controls, respectively, to ensure run fidelity.
Auto-estimation of threshold cycle (Ct) was performed within

the native Fluidigm software and the data exported for further
processing. Variances of five housekeeping genes (Hprt1, Rplp1,
Rpl13a, Gapdh, and Ppia) were examined, and the three
housekeeping genes with the lowest variance over all
the runs were chosen for normalization (Gapdh and Ppia were
excluded). Relative expression of genes of interest was
determined by normalizing to the average of the three chosen
housekeeping genes (CtGene � Ct Arithmetic Mean of 3 HK) for each
sample.(32) Finally, the normalized expression values were
inverted by subtracting from 31 (1 greater than the highest
observed cycle number), which allowed for more straightfor-
ward analysis—higher adjusted Ct numbers represent higher
relative expression levels. These data were then imported into
JMP Genomics 8 software (SAS Institute Inc, Cary, NC, USA) and
analyzed using the basic expression workflow module. Principal
variance component analysis (PVCA) was performed to deter-
mine the proportion of variance for each of the major principal
components explained by age, BMP-2 dose, and their interaction
components, and the principal components were examined
visually to assess the degree of sample clustering on scatter
plots. Hierarchical clustering analysis allowed grouping of
samples in an unbiased manner according to similarity in
expression profiles. Subsequently, significant differences
in gene expression for this data set of 38 samples and 46 genes
in our array were assessed using ANOVA and gene-specific linear
modeling,(33) controlling for multiple comparisons with a 5%
Benjamini-Hochberg false discovery rate (FDR). The sample sizes
for each group were: Young, unoperated (n¼ 7), Young, 1mg
BMP-2 (n¼ 8), Young, 10mg BMP-2 (n¼ 7), Adult, unoperated
(n¼ 6), Adult, 1mg BMP-2 (n¼ 5), Adult, 10mg BMP-2 (n¼ 5).

Radiography and micro-computed tomography

To qualitatively assess longitudinal bone regeneration, 2D in
vivo digital radiographs were acquired with an MX-20 digital
machine (Faxitron X-ray Corp, Tucson, AZ, USA) at 2, 4, 8, and
12 weeks post-surgery. Bridging scores were assigned to each
radiograph by two blinded investigators where bridging was
defined as continuous bone spanning the entire defect space
(from bone end to bone end). In instances of disagreement, a
third blinded investigator served as tiebreaker. New bone
formation was quantitatively evaluated using 3D mCT at
12 weeks post-surgery. Ex vivo scans of the harvested femora
were performed before mechanical testing using the vivaCT40

(Scanco Medical, Bruttisellen, Switzerland) at a 21mm voxel size,
55 kVp voltage, and a 145mA current. A threshold correspond-
ing to 50% of native cortical bone density was applied to
segment bone mineral and identify newly regenerated bone, as
established previously;(28) these thresholds were determined to
be �315.7 and 406.6mg hydroxyapatite/cm3 for the young and
adult animals, respectively. The volume of interest (VOI)
consisted of the central 5.54mm (264 slices) of the 8mm
defect. Mineralization was further defined as orthotopic (defect
bone volume), within a 6mm circular contour, which corre-
sponded to the diameter of intact bone, or heterotopic (ectopic
bone volume), which formed outside of the 6mm circular
contour, as established previously.(20,34) AllmCT and biomechan-
ical test data were normalized to native bone values
(unoperated contralateral femur) to account for normal
growth-related changes with age and animal-to-animal variabil-
ity. The sample sizes for each group were: Young, 1mg BMP-2
(n¼ 9), Young, 10mg BMP-2 (n¼ 12), Adult, 1mg BMP-2 (n¼ 10),
Adult, 10mg BMP-2 (n¼ 6).

Biomechanical testing

Torsional testing to failure was performed as previously
described.(28) Femurs were excised at 12 weeks post-surgery,
wrapped in PBS-soaked gauze, and stored at�20°C until testing
could be performed. On the day of testing, samples were
thawed, the surrounding soft tissues were excised, and the
femora were first mCT scanned, as described above. Subse-
quently, the fixation plate was removed so that the native bone
ends could be potted in Wood’s metal (Alfa Aesar, Haverhill, MA,
USA). The potted femurs were tested to failure in torsion at a
rotation rate of 3° per second using the EnduraTEC ELF3200
axial/torsion testing system (TA Instruments, New Castle, DE,
USA). Failure strength was determined by locating the peak
torque within the first 60° of rotation. Torsional stiffness was
calculated by finding the slope of the linear region before failure
in the torque-rotation plot. The sample sizes for each group
were: Young, 1mg BMP-2 (n¼ 9), Young, 10mg BMP-2 (n¼ 12),
Adult, 1mg BMP-2 (n¼ 10), Adult, 10mg BMP-2 (n¼ 6).

Histological analyses

Two representative samples from each treatment group were
harvested post-mechanical testing and fixed in 10% neutral-
buffered formalin at room temperature for 48 hours. Samples
were then switched to PBS and sent to HistoTox Labs (Boulder,
CO, USA) for decalcification, processing, and hematoxylin and
eosin (H&E) and Safranin-O staining. Picrosirius red staining was
performed in-house according to established protocols. Immu-
nohistochemistry of inducible nitric oxide synthase (iNOS)
expression was completed using an anti-rat antibody (Abcam,
Cambridge, MA, USA) following heat-mediated antigen retrieval
at 60°C overnight in sodium citrate buffer solution (pH 6.0). All
images were taken in the middle of the bone defect.

Statistical analyses and power calculation

All data are reported as mean� standard deviation. Unless
otherwise noted, significance was determined using 1-way
analysis of variance (ANOVA) with multiple comparisons made
by Tukey’s post hoc test. In cases of unequal variances
(according to the Brown-Forsythe test), the nonparametric
equivalent Kruskal-Wallis test with Dunn’s post hoc test was
used instead. Significance was determined by a p value < 0.05.
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All statistical calculations were performed using GraphPad Prism
7 software (GraphPad, La Jolla, CA, USA). Sample sizes were
determined by performing a power analysis in G�Power
software based on bone volume and maximum torque results
obtained from previous studies. These power calculations, along
with historical data using this segmental bone defect rat model,
suggest a sample size of 7 to 8 is sufficient to give statistical
differences between groups.

Results

Early gene expression characterization in regenerating
bone

Local gene expression of the regenerating bone defect tissue at
1 week post-surgery was assessed across a panel of 46 genes
(Table 1). Pairwise scatter plots of the first 3 principal
components (Fig. 1) demonstrated clear separation of unoper-
ated controls from operated/treated groups along the principal
component 1 (PC1) axis. Interestingly, within the treated groups,
the majority of samples clustered according to age rather than
BMP-2 dose, as can be observed in PC2. There was slight
separation along PC3 according to BMP-2 dose, but this split was
not as obvious as in PC1 and 2. These observations were verified
by hierarchical clustering analysis (Supplemental Fig. S2), which
also showed overall clustering of treated samples based on age
rather than BMP-2 dose.

After removing the unoperated samples from the analyses, we
used ANOVA to further evaluate the contributions of age and
BMP-2 dosage to the expression of each gene. Overall, the
young animals demonstrated elevated expression of genes
related to osteogenesis (Fig. 2A) compared with adult animals,
including Runx2, Osx/Sp7, Col1a1, Opg, and On/Sparc and the
osteoclastogenesis gene, Rankl. Similarly, the young rats also
had higher expression of chondrogenic genes Sox9, Col2a1,
Acan, and Frzb, as well as matrix remodeling genes Mmp2 and
Mmp13 (Fig. 2B, C, respectively) compared with adults. There
were relatively few inflammatory (Fig. 2D) or myogenic
(Supplemental Fig. S3) gene expression differences: expression
of Csf1 andMyog were increased, whereasMcp1 expression was
decreased in young rats. Surprisingly, differential gene expres-
sion with respect to BMP-2 dosing was much reduced relative to
the effect of age. Many of these gene expression differences

were validated with a linear model approach controlling for
multiple comparisons using a 5% FDR criterion (Supplemental
Fig. S4). This analysis revealed 21 significant gene expression
differences between young and adult rats (Supplemental
Fig. S4A), of which only 1 or 2 are expected to be false positives.
Similar to what was observed with ANOVA, there were very few
BMP-2 dose-related differences (Supplemental Fig. S4B). Only
Osx exhibited decreased expression at the low 1mg dose.
Although very few significant differences were attributed to
BMP-2 dose, the PCA results (separation observed in PC3)
suggest that a larger sample size may have increased power
sufficiently to enable detection of more dose-dependent effects.

Evaluation of new bone formation

Radiographical assessment at 12 weeks (Fig. 3A) demonstrated
that both the young and adult rats had qualitatively lower bone
mineral formation at the low 1mg BMP-2 dose; less than 50% of
defects bridged in both groups (3/9 for Young 1mg, 4/10 for
Adult 1mg). In contrast, at the higher 10mg BMP-2 dose, both
groups had more robust bone formation and all defects were
bridged by 12 weeks (12/12 for Young 10mg, 7/7 for Adult
10mg). Micro-computed tomography reconstructions (Fig. 3B)
supported these observations and showed a more detailed 3-D
visualization of the BMP-2 dose effect on bone formation.
Quantitative mCT analysis did not yield any differences in defect
bone volume between age groups at either of the BMP-2 doses,
but the young rats demonstrated a clear BMP-2 dosing effect in
forming significantly more defect bone with the higher BMP-2
dose, whereas the adult rats did not (Fig. 4A). Furthermore, the
newly formed bone in the young rats exhibited significantly
higher bone mineral density at both doses compared with that
of the adult rats (Fig. 4B).

Biomechanical properties of regenerated bones

Torsional testing of the harvested femurs revealed functional
differences in the strengths of the regenerated bones. The
maximum torque to failure (Fig. 4C) and torsional stiffness
(Fig. 4D) were significantly increased with BMP-2 dose only for
the young animals, whereas the adult animals demonstrated no
significant BMP-2 dosing effect. Within each dose level, these
mechanical parameters were not significantly different between
young and adult animals. Thus, as seen with the mCT results, the
young animals demonstrated a significant improvement overall,
with increased BMP-2 dosing resulting in better functional
biomechanical properties.

Histological characterization

Representative samples from each treatment group were
sectioned and stained with H&E, Safranin-O and Fast Green
(Saf-O), and Picrosirius red. H&E staining (Fig. 5A–D) revealed
clear morphologic differences in the tissues formed within the
bone defect, particularly between the low and high BMP-2 dose
samples. Areas of new bone formation were observed in all
samples, but these areas were much larger and more
widespread throughout the defect in the high-dose BMP-2
samples of both age cohorts. Furthermore, the high-dose BMP-2
samples exhibited formation of marrow-like structures directly
adjacent to these areas of new bone formation. In contrast, the
low-dose BMP-2 samples demonstrated only small sparse
islands of new bone formation surrounded by mostly fibrous
tissue with cellular infiltrate (as indicated by the many nuclei).

Table 1. Summary of Gene Targets for qRT-PCR Characterization
of Harvested Tissues

Group Genes

Osteogenic Runx2, Bmp2, Osx, Opg, Colla1,
On, Rankl, Opn, Ocn

Myogenic Pax7, Myf5, Myod1, Myog,
Myh2, Ckm

Angiogenic Vegfa, Epas1
Chondrogenic Col2a1, Acan, Sox9,

Tgfb1, Frzb
Inflammatory Ifng, Tnf, Il1a, Il1b, Il6,

Mcp1, Ccl3, Ccr7, Csf1
Anti-inflammatory Il1rn, Il10, Tgfb1
Matrix remodeling Mmp2, Mmp3, Mmp9, Mmp13,

Timp1, Adamts4, Adamts5
Housekeeping Hprt1, Rplp1, Rpl13a, Gapdh, Ppia
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Saf-O staining (Fig. 5E–H) revealed negligible cartilage present
in the defect at 12 weeks post-surgery for all groups. Finally,
Picrosirius red staining (Fig. 5I–L) and visualization under
polarized light demonstrated that the 10mg–treated samples
in each age group had more areas of collagen fiber alignment in
the areas of new bone formation, indicative of mature lamellar
bone. Conversely, the 1mg–treated samples exhibited a much
more disorganized collagen structure, typical of woven bone
deposition.

Discussion

The use of BMP-2 clinically, both for on-label and off-label
indications, remains a highly contentious topic because of its
potential for detrimental side effects. In July 2008, 6 years after
the initial approval of BMP-2 use in humans, the FDA issued a
black box warning for BMP-2 in cervical spine applications
because of potential life-threatening complications.(35) Further-
more, a recent study noted that many of the original industry-
sponsored clinical trial publications concerning BMP-2 safety
and efficacy had underreported adverse events.(36) To date,
BMP-2 is only approved for three indications: lumbar spine
fusion, open tibial fractures, and sinus/alveolar ridge
augmentations.(37) And yet, off-label use remains prevalent.
This is despite two recent reports describing unapproved use in
66% and 79% of cases reporting adverse events to the FDA,
respectively.(38,39) The continued use of BMP-2 by clinicians in
this manner suggests the lack of potential alternatives as well as
the recognized benefits of BMP-2 therapy. However, it also
highlights the insufficient guidelines currently in place on how
to best implement BMP-2 therapies, and further underscores our
poor fundamental understanding of the biological factors that
influence BMP-2-mediated bone repair.
One patient population who could benefit most from

improved BMP-2 treatment strategies are pediatric (skeletally
immature) patients, for whom all BMP use is currently
contraindicated and yet still occurs.(25) Presently, little is
known about the influence of age on the efficacy of BMP-2
treatment and whether dosing should be adjusted to mitigate
potential adverse events. In this work, we sought to address
this important problem by studying BMP-2-mediated healing

in a preclinical large segmental bone defect model in rats. To
the best of our knowledge, this work represents the first study
to directly assess how young and adult rats respond to a
clinically approved bone healing therapy: BMP-2 delivered in a
collagen sponge.

In support of our hypothesis, early gene expression analysis
revealed that young rats demonstrated an elevated expression
of many critical genes involved in the normal bone-healing
response. This partially contradicts findings from another
group,(8,40) which showed that young, adult, and elderly rats
all had similar overall levels of increased skeletal gene
expression after femoral fracture, despite delayed union in the
older cohorts. The main difference found in their study was in
the temporal expression patterns: Young rats had higher levels
of mRNA expression that peaked and then returned to baseline
levels after 4 weeks, whereas many genes in the older animals
remained upregulated up to 6 weeks after fracture,(40) including
markers of osteoblastic and osteoclastic activity.(8) It is worth
noting that these studies utilized a different bone injury rat
model, as a simple closed femoral fracture with limited
stabilization represents a major change in injury severity and
mechanical healing environment compared with large segmen-
tal defect repair with BMP-2 treatment and consequently may
involve different signaling pathways and cellular processes.

Interestingly, in the present study, there were very few early
differences in inflammatory gene expression, which is counter
to our initial hypothesis. OnlyMcp1 and Csf1 were differentially
expressed between young and adult rats. Both factors are
involved in macrophage recruitment and function, which
suggests an altered macrophage response and supports
recent work highlighting the importance of tissue resident
macrophages in bone homeostasis and repair.(41) The relative
lack of inflammatory gene expression differences is more
surprising considering the obvious differences observed in the
physical condition of the animals. The young rats seemed to
tolerate the surgery relatively well: A few demonstrated some
swelling that resolved without intervention within the first
2 weeks post-injury, but most seemed to recover with no
complications. In contrast, the vast majority of adult rats
exhibited more signs of prolonged distress (porphyrin
staining, poor grooming, hunched posture, and weight loss)

Fig. 1. Principal component analysis (PCA) of bone defect gene expression at 1 week. PCA scatter plots revealed sample segregation across multiple
principal components. The PC1 axis exhibited distinct separation between unoperated controls (which are highlighted in the left panel) from treated
samples. Furthermore, among the treated samples, there was separation based on age along PC2 (irrespective of BMP-2 dose), as can be seen in the
middle panel with the adult (purple and green) and young (orange and yellow) samples highlighted. Finally, the panel on the right indicates slight
separation based on dose along PC3 between the l mg (orange and purple) and 10mg (yellow and green) BMP-2 samples.

JBMR1 Plus AGE-RELATED DIFFERENCES IN BONE REPAIR AFTER BMP-2 DELIVERY 5 of 11



and several had to be euthanized early and excluded from the
study because of declining health. Perhaps the chosen 1-week
time point was not early enough to detect the changes in local
gene expression common to the acute inflammatory phase of
bone healing, which has been suggested to peak within the

first 72 hours post-injury.(42,43) It is also possible that
inflammatory gene biomarkers alone, despite our panel
including many influential cytokines such as tumor necrosis
factor, interferon gamma, and a range of interleukins, were
insufficient to discern differences in inflammation. Instead,

Fig. 2. Expression differences for select genes in bone defect tissue at 1 week. Overall, young rats demonstrated elevated expression of genes relating to
osteogenesis (A), chondrogenesis (B), and matrix remodeling (C) at 1 week, particularly at the higher 10mg BMP-2 dose. There were relatively few
inflammatory gene differences (D), as the young rats exhibited lower expression ofMcp1 but higher expression of Csf1. There was no significant effect of
BMP-2 dose on gene expression for either age group. Statistics: 1-way ANOVAwith Tukey’s post hoc tests for multiple comparisons or the nonparametric
equivalent Kruskal-Wallis with Dunn’s post hoc tests #p< 0.05, ##p< 0.01, ###p< 0.001, ####p< 0.0001 versus adult of same dose, n¼ 5–8/group.
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Fig. 3. Representative radiographs and three-dimensional mCT reconstructions of femoral bone defects. Four- and 12-week radiographs (A) and
12-week mCT reconstructions (B) demonstrated a clear effect of BMP-2 dose on new bone formation for both age groups. The low 1mg BMP-2 dose
resulted in poor bone regeneration with impaired defect bridging (<50% for both ages), whereas the higher 10mg BMP-2 dose resulted in much more
robust bone formation and 100% bridging for both age groups. In addition, the morphology of the newly formed bone at the 10mg BMP-2 dose
appeared more mature and organized from the mCT cross-sectional view, particularly in the young rats.

Fig. 4. Quantitative mCT and biomechanics analysis of regenerated bone at 12 weeks. mCT analysis of defect bone volume (A) revealed young rats
regenerated significantly more bone in the defect when BMP-2 dose was increased from 1 to 10mg. In contrast, the adult rats exhibited no significant
increase in defect bone formation with increasing BMP-2 dose. The regenerated bone in young rats also exhibited higher bone mineral densities (B) at
both BMP-2 doses compared with adult rats. Finally, torsional testing of the regenerated femurs revealed a significant dose-dependent increase in
maximum torque (C) and torsional stiffness (D) for the regenerated defects of young rats only. There were no significant differences in mechanical
properties between the age groups at either dose level. Statistics: 1-way ANOVA with Tukey’s post hoc tests for multiple comparisons or the
nonparametric equivalent Kruskal-Wallis with Dunn’s post hoc tests �p< 0.05, ��p< 0.01, ���p< 0.001 as indicated. #p< 0.05, ##p< 0.01, ###p< 0.001
versus adult of same dose, n¼ 6–12/group.
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analysis of local immune cell populations or systemic immune
profile characterization of serum and/or circulating cells might
have been more informative for the time point chosen. In fact,
it has been demonstrated that there are age-related changes
in immune cells (both number and function) recruited to sites
of injury. In particular, Swift and colleagues showed that aged
mice recruited higher numbers of macrophages and T cells to
dermal wounds compared with young mice, and furthermore,
that these aged macrophages exhibited reduced phagocytic
capacity,(44) which corroborates the diminished Mcp1 expres-
sion exhibited by young rats observed in this study. In
addition, Gibon and colleagues found that aging polarizes

bone marrow macrophages toward a pro-inflammatory M1
phenotype,(45) which further suggests that focusing on
inflammation at the cellular level may be more informative
than gene expression alone.

Despite our long-term results indicating higher BMP-2 dose
sensitivity with young rats, these did not result in more
complications compared with adult rats, contrary to what one
might expect, bearing inmind all the concerns with BMP-2 use in
pediatric patients. Inflammation at the terminal week 12 time
point was assessed by immunohistochemistry for iNOS expres-
sion (Supplemental Fig. S5). Again, no age-related differences
were observed. However, the 1mg BMP-2 dose samples

Fig. 5. Histological staining of bone defects at 12 weeks. H&E staining (A–D) of representative sections from each group revealed interesting
morphological differences. For both age groups, the 10mg BMP-2 dose samples demonstrated many large islands of new bone formation (denoted by
the asterisk symbol) andmore prevalent marrow-like structures (denoted by the letter m) directly adjacent to these areas of new bone. This is in contrast
to the 1mg BMP-2 dose samples, which demonstrated much fewer and smaller areas of new bone formation that were primarily surrounded by soft,
fibrous tissue. No positive Safranin-O staining (E–H) was observed within the defect space for any of the samples. Picrosirius red staining (I–L) of collagen
fibers demonstrated that much of the new bone formed, particularly in the 10mg BMP-2 samples of both ages, were more mature and lamellar-like in
structure (green).
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qualitatively seemed to have higher local iNOS expression
within the bone defect compared with the 10mg dose samples.
This indicates that the defects treatedwith 1mg BMP-2 exhibited
prolonged inflammation locally, which may have contributed to
the poor healing observed in these samples. Beyond massive
inflammation, another common adverse effect of high-dose
BMP-2 treatment is ectopic mineralization. However, in this
study, the levels of ectopic mineralization were comparable
between young and adult rats (Supplemental Fig. S6), if not
marginally less in the young rats: 6/12 young and 5/7 adult rats
had appreciable amounts of ectopic mineralization (>5mm3) at
the high 10mg BMP-2 dose. Overall, the degree of ectopic bone
was much lower than that observed in a previous study,
involving a higher dose of BMP-2.(20) Taken together, the
relatively low levels of inflammation and minimal amounts of
ectopic mineralization in the young rats suggest that these
potential complications can be mitigated in pediatric patients,
particularly if a conservative approach is taken that utilizes lower
doses of BMP-2.
An intriguing observation from this study was that early gene

expression differences (or lack thereof) was not predictive of
long-term healing outcomes. Most of the early gene expression
differences were age-dependent, whereas the long-term
functional differences in bone formation and mechanical
properties were primarily dose-dependent, particularly in the
young animals. The disconnect between early and late differ-
ences is not completely unexpected because this study only
characterized gene expression at a single time point (1 week
post-surgery), providing a snapshot of a highly complex and
dynamic early healing environment. Moreover, quantification of
mRNA transcripts can be an imperfect analog for protein levels,
and this technique does not account for subsequentmodulation
of translational or post-translational regulators, all of which
could influence protein synthesis and activity. It is thus likely that
changes to these complicated and interdependent mechanisms
may have influenced the healing and inflammatory response
with age and were not completely captured here.
One potential limitation of this work is the absence of a

negative control group such as an untreated bone defect or
treatment with collagen sponge only (no BMP-2). However, the
main focus of this study was to investigate how age and BMP-2
dose impact the response to BMP-2 treatment, not how BMP-2
impacts healing compared with no treatment. Our group has
also previously shown that empty bone defects or those
receiving carrier alone with no BMP-2 exhibited little to no bone
formation and never achieved functional bridging.(29,30,46)

Furthermore, others have demonstrated that delivery of
collagen sponge loaded with saline to critical size defects
results in minimal bone formation and very low expression of
osteogenic and angiogenic genes compared with BMP-2
treatment.(47) Consequently, we excluded untreated or collagen
sponge only control groups given that they would provide
limited new insight and prioritized assessment of the interactive
effects of age and dose on BMP-2 treatment response.
Another limitation of this study is the lack of BMP-2 release

characterization. Although release of BMP-2 from collagen
spongewasnot directly assessed in this study,wehavepreviously
characterized BMP-2 release profiles from collagen sponge, both
in vivo(29) and in vitro.(20) In those studies, we tested multiple
doses of BMP-2 and observed similar release kinetics. However, it
remains to be seen if there are age-related changes to BMP-2
release from collagen sponge in vivo. The increased MMP gene
expression observed in young rats suggests that young rats may

be able to remodel/degrade collagen more rapidly, leading to
faster BMP-2 release. Anadditional experiment, perhaps involving
delivery of fluorescently tagged BMP-2, would be needed to
address whether age impacts the in vivo BMP-2 release profile
from collagen sponge. More extensive studies are also needed to
better understand the less robust bone-healing response
exhibited by adult animals overall. Other groups have demon-
strated that aging reduces fracture callus vascularization,(48)

decreases callus volume and cartilage/bone content,(49) impairs
osteogenic differentiation of bone marrow cells,(50) and dimin-
ishes periosteal stem cell populations.(51) Further investigations
into these aging-related deficits and how they are impacted by
treatments such as BMP-2 may reveal alternative approaches for
optimizing current therapeutics as well as uncover potential
targets for new therapies.

In summary, the work presented here represents the first
investigation into the role of age on BMP-2-mediated segmental
bone defect repair using the current clinical standard, BMP-2
delivered in collagen sponge. We found that young rats
exhibited elevated early expression of genes involved in bone
healing and were able to form better-quality bone for long-term
phase. Of clinical significance, our results revealed a clear effect
of age on BMP-2 dose sensitivity as young rats appeared more
responsive to increases in dosing than adult rats, without
experiencing a higher complication rate. These results suggest
that adjusting BMP-2 dose based on age may be an
advantageous strategy to help minimize the potential risks
associated with BMP therapy.
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