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Abstract

Objective: To investigate the synergistic effects of bone morphogenetic pro-
tein 9 (BMP9) and basic fibroblast growth factor (bFGF) at different concen-
tration combinations on the mRNA expression of osteogenic markers Runx2
and Coll in the mouse osteoblast precursor cell line MC3T3-E1. Methods:
MC3T3-E1 cells were treated with BMP9 (10 ng/mL or 200 ng/mL) and bFGF
(10 ng/mL or 100 ng/mL), either individually or in combination. Real-time
quantitative PCR (qQRT-PCR) was employed to measure the relative expression
levels of Runx2 and Coll mRNA at day 4 (D4) and day 7 (D7) post-treatment.
Results: At D4, individual BMP9 treatment promoted Runx2 expression, with
BMP9min (10 ng/mL) showing the strongest effect. However, combined BMP9
and bFGF treatment significantly suppressed Runx2 expression compared to
BMP9 alone, indicating antagonistic interactions at this early timepoint. For
Coll expression at D4, combined treatments showed modest increases com-
pared to negative control but remained lower than BMP9 monotherapy. At
D7, while both BMP9 and bFGF monotherapy groups demonstrated signifi-
cantly elevated expression of Runx2 and Coll compared to negative control,
combined treatments continued to show suppressive effects compared to BMP9
monotherapy. The presence of bFGF consistently attenuated BMP9-induced
osteogenic marker expression at both timepoints. Conclusion: BMP9 and bFGF
exhibit persistent antagonistic interactions in regulating osteogenic differen-
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tiation markers Runx2 and Coll. At both D4 and D7 timepoints, the addition
of bFGF to BMP9 treatment consistently suppressed the osteogenic-promot-
ing effects of BMP9 monotherapy, despite both growth factors showing ele-
vated expression compared to negative control at D7. These findings challenge
the presumed synergistic relationship between BMP and FGF family members
and suggest that bFGF may interfere with BMP9-mediated osteogenic signal-
ing pathways. For bone tissue engineering applications, these results indicate
that careful consideration must be given to growth factor combinations, as co-
delivery of BMP9 and bFGF may not enhance, and could potentially impair,
osteogenic outcomes compared to BMP9 alone.
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BMP9, bFGF, MC3T3-E1 Cells, Runx2, Coll, Osteogenic Differentiation,
qRT-PCR, Synergistic Effects

1. Introduction

Bone tissue regeneration and repair represent crucial research areas in orthope-
dics and oral medicine [1]. Osteogenic differentiation is a complex biological pro-
cess involving precise regulation by multiple cellular signaling pathways and growth
factors [2]. The bone morphogenetic protein (BMP) family and fibroblast growth
factor (FGF) family play pivotal roles in the osteogenic process [3]. Bone morpho-
genetic protein 9 (BMP9) is one of the most osteogenically active members of the
BMP family, capable of effectively inducing mesenchymal stem cells to differenti-
ate into osteoblasts [4]. BMP9 activates the Smad-dependent signaling pathway,
upregulating the expression of osteogenesis-related transcription factors and mark-
ers, thereby promoting bone matrix formation and mineralization [5]. Basic fibro-
blast growth factor (bFGF, also known as FGF2) is an important member of the
FGF family and plays multifaceted roles in bone development and fracture heal-
ing. bFGF promotes the proliferation of osteoblast precursor cells and influences
osteogenic differentiation under specific conditions. Runx2 (Runt-related tran-
scription factor 2) serves as the master regulator of osteogenic differentiation and
is essential for osteoblast differentiation and bone formation [6]. Type I collagen
(Collagen type I, Col 1) is the major protein component of bone matrix, and its
expression level reflects the maturity of osteoblasts and their capacity for bone ma-
trix synthesis [7]. These two markers are commonly used as important indicators
for assessing the degree of osteogenic differentiation.

Although the individual osteogenic effects of BMP9 and bFGF have been exten-
sively studied, the synergistic effects of their combined application on osteogenic
differentiation require further investigation. Based on the reported synergistic in-
teractions between BMP and FGF family members in bone formation, we hypoth-
esize that the combination of BMP9 and bFGF will produce a synergistic effect,

significantly enhancing the expression of osteogenic markers Runx2 and Coll.
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This study aims to evaluate the effects of different concentrations of BMP9 and
bFGF combinations on the mRNA expression of Runx2 and Coll in MC3T3-E1
cells using real-time quantitative PCR technology, thereby providing experimental

evidence for optimizing bone tissue engineering strategies.

2. Materials and Methods
2.1. Cell Culture

MC3T3-E1 mouse osteoblast precursor cells were purchased from the Cell Bank
of the Chinese Academy of Sciences. Cells were cultured in a-MEM medium con-
taining 10% fetal bovine serum, 100 U/mL penicillin, and 100 ug/mL streptomy-
cin, and maintained in a cell culture incubator at 37°C with 5% CO2. When cell
confluence reached 80% - 90%, cells were passaged or subjected to experimental

treatment.

2.2. Experimental Groups and Treatment

The following treatment groups were established:

1) Control group: a-MEM medium (Complete Medium, CM) containing
2%FBS

2) 10 ng/ml bFGF: CM + 10 ng/ml bFGF

3) 100 ng/ml bFGF: CM + 100 ng/ml bFGF

4) 10 ng/ml BMP9: CM + 10 ng/ml BMP9

5) 200 ng/ml BMP9: CM + 200 ng/ml BMP9

6) 10 ng/ml bFGF + 10 ng/ml BMP9: CM + 10 ng/ml bFGF + 10 ng/ml BMP9

7) 10 ng/ml bFGF + 200 ng/ml BMP9: CM + 10 ng/ml bFGF + 200 ng/ml BMP9

8) 100 ng/ml bFGF + 10 ng/ml BMP9: CM + 100 ng/ml bFGF + 10 ng/ml BMP9

9) 100 ng/ml bFGF + 200 ng/ml BMP9: CM + 100 ng/ml bFGF + 200 ng/ml
BMP9

Cells were cultured under different treatment conditions and harvested on day
4 (D4) and day 7 (D7) for subsequent RNA extraction and gene expression anal-
ysis.

2.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted from cells using TRIzol reagent (Solarbio, China) ac-
cording to the manufacturer’s instructions. RNA concentration and purity were
measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).
RNA samples with A260/A280 ratios between 1.8 - 2.0 were used for subsequent
experiments. Reverse transcription was performed using the ToloScript All-in-
one RT EasyMix for qPCR (Tolobio, China) to synthesize first-strand cDNA. The
reverse transcription system was 20 pL, with reaction conditions of 37°C for 15

minutes, 85°C for 5 seconds, and storage at 4°C.

2.4. Real-Time Quantitative PCR

qRT-PCR was performed using the SYBR Green method. The reaction system was
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20 pL, containing 10 pL SYBR Green premix, 1 pL cDNA template, 0.4 uL forward
and reverse primers (10 uM each), and 8.2 pL ddH,O. The reaction program con-
sisted of: 95°C pre-denaturation for 30 seconds, followed by 40 cycles of 95°C de-
naturation for 5 seconds and 60°C annealing-extension for 34 seconds. Three
technical replicates were performed for each sample. GAPDH was used as the in-
ternal reference gene, and the 27 method was employed to calculate the relative

expression levels of target genes in Table 1.

Table 1. Primers for RT-PCR.

Gene Reverse Primer (5-3’)

Col 1 F: ATCCTGCCGATGTCGCTATCC

R: TTCTTGAGGTTGCCAGTCTGTTG
Runx2 F: GTCCGCCACCACTCACTACC

R: ACGCTGACGAAGTACCATAGTAGAG
GAPDH F: AAGTTCAACGGCACAGTCAAGG

R: GACATACTCAGCACCAGCATCAC

2.5. Statistical Analysis

Experimental data are expressed as mean + standard deviation (Mean + SD). Sta-
tistical analysis was performed using GraphPad Prism 9.0 software. Multiple group
comparisons were conducted using one-way ANOVA, and pairwise comparisons
between groups were performed using Tukey’s multiple comparison test. P < 0.05
was considered statistically significant, where *P < 0.05, **P < 0.01, ***P < 0.001,

P < 0.0001, and ns indicates no statistical difference.

3. Results
3.1. Effects of BMP9 and bFGF on Runx2 mRNA Expression

3.1.1. Runx2 Expression at Day 4: Comparison with Negative Control

At the D4 timepoint, distinct expression patterns were observed across treatment
groups (Figure 1). The BMP9min (10 ng/mL) group exhibited the highest Runx2
expression, exceeding the negative control (NC) group. The BMP9max (200 ng/mL)
group also showed elevated expression compared to NC, though to a lesser extent
than BMP9min. Notably, all combined treatment groups (bFGFmin + BMP9min,
bFGFmin + BMP9max, bFGFmax + BMP9min, and bFGFmax + BMP9max)
demonstrated significantly lower Runx2 expression compared to NC, indicating

that dual-factor intervention suppressed Runx2 expression at this early timepoint.

3.1.2. Runx2 Expression at D4: Intra-group Comparisons
Pairwise comparisons within the combined treatment groups (Figure 2(a)) re-
vealed no statistically significant differences, suggesting that after 4 days of inter-

vention, variations in BMP9 and bFGF concentrations did not substantially alter
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Figure 1. Runx2 expression at Day 4: Comparison with negative control
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Figure 2. Runx2 expression at D4: Intra-group comparisons.
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Runx2 expression levels in combination therapies. However, within the mono-
therapy groups (Figure 2(b)), BMP9 treatment significantly promoted Runx2 ex-
pression compared to bFGF treatment (****P < 0.0001). Importantly, BMP9min
demonstrated greater promotional effects than BMP9max, indicating an inverse

dose-response relationship at this timepoint.

3.1.3. Runx2 Expression at D4: Monotherapy versus Combination
Therapy

Comparison between bFGF monotherapy and bFGF-containing combination
groups (Figure 3(a)) showed no significant differences, suggesting that bFGF alone
does not enhance Runx2 expression at D4. In contrast, comparing BMP9 mono-
therapy with BMP9-containing combination groups (Figure 3(b)) revealed sig-
nificant differences (****P < 0.0001), with monotherapy groups showing substan-
tially higher expression. This indicates that the addition of bFGF to BMP9 treat-

ment suppresses BMP9’s promotional effect on Runx2 at the early stage.
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Figure 3. Runx2 expression at D4: Monotherapy versus combination therapy.

3.1.4. Runx2 Expression at Day 7: Comparison with Negative Control

At D7, enhanced osteogenic activity was evident in specific treatment groups (Fig-

DOI: 10.4236/0j0.2025.1511044 435 Open Journal of Orthopedics


https://doi.org/10.4236/ojo.2025.1511044

Y. Q. Chenetal.

ure 4). BMP9 monotherapy groups (both BMP9min and BMP9max) demon-
strated significantly elevated Runx2 expression compared to NC (****P < 0.0001),
confirming BMP9’s robust osteogenic potency. bFGF monotherapy groups also
showed increased expression relative to NC. However, importantly, all combina-
tion treatment groups exhibited Runx2 expression levels below NC, indicating
that bFGF’s suppressive effect on BMP9-induced Runx2 expression persisted at
this later timepoint. Despite the extended culture duration, the antagonistic inter-
action between BMP9 and bFGF remained pronounced, with combination treat-

ments failing to achieve even baseline osteogenic marker expression.
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Figure 4. Runx2 expression at Day 7: Comparison with negative control.

3.1.5. Runx2 Expression at D7: Intra-group Comparisons

Within the combined treatment groups at D7 (Figure 5(a)), no statistically sig-
nificant differences were observed among the four combination groups, suggest-
ing that different concentration combinations produced comparable effects. Among
monotherapy groups (Figure 5(b)), BMP9 treatments (both min and max) signif-
icantly outperformed bFGF treatments (****P < 0.0001), confirming BMP9’s su-
perior osteogenic potency. Notably, BMP9 monotherapy groups achieved higher
Runx2 expression levels than any combination group.

3.1.6. Runx2 Expression at D7: Monotherapy versus Combination
Therapy

At D7, comparison between bFGF monotherapy and bFGF-containing combina-
tion groups (Figure 6(a)) showed that combinations produced higher expression
than bFGF alone, indicating that BMP9’s osteogenic effects were partially retained
even in the presence of bFGF. However, critically, comparing BMP9 monotherapy
with BMP9-containing combination groups (Figure 6(b)) revealed that BMP9
alone significantly outperformed all combination treatments (****P < 0.0001).
This demonstrates that the addition of bFGF consistently attenuated BMP9’s pro-
motional effects on Runx2 expression, confirming persistent antagonistic interac-
tions at D7.
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3.1.7. Temporal Comparison: D4 versus D7

Temporal analysis (Figure 7) revealed distinct expression trajectories for different
treatment groups. BMP9 monotherapy groups showed substantial increases in
Runx2 expression from D4 to D7 (***P < 0.0001), indicating progressive osteo-
genic differentiation. bFGF monotherapy also showed modest increases over time.
Combination therapy groups exhibited increases from D4 to D7, but their final
expression levels at D7 remained significantly lower than BMP9 monotherapy at
both timepoints. This temporal pattern confirms that bFGF’s interference with
BMP9-mediated Runx2 upregulation is not a transient early-stage phenomenon
but rather a sustained effect throughout the differentiation process.
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Figure 7. Temporal comparison: D4 versus D7.

3.2. Effects of BMP9 and bFGF on Col1 mRNA Expression

3.2.1. Col1 Expression at Day 4: Comparison with Negative Control

At D4 (Figure 8), Coll expression patterns showed similar antagonistic trends as
observed with Runx2. BMP9 monotherapy groups demonstrated the highest Coll
expression, significantly exceeding NC levels, confirming BMP9’s early promo-

tional effect on matrix protein production. In contrast, all combination treatment
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Figure 8. Coll expression at Day 4: Comparison with negative control.
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groups (bFGFmin + BMP9min, bFGFmin + BMP9max, bFGFmax + BMP9min,
and bFGFmax + BMP9max) exhibited Coll expression levels substantially below
NG, indicating that bFGF presence suppressed both BMP9-induced and baseline
Coll expression at this early timepoint. bFGF monotherapy alone also showed
minimal Coll expression, remaining below NC levels. These findings demonstrate
that the antagonistic interaction between BMP9 and bFGF affects not only the early
commitment marker Runx2 but also extends to downstream matrix production

markers as early as D4.

3.2.2. Col1 Expression at D4: Intra-Group Comparisons

Within combined treatment groups at D4 (Figure 9(a)), pairwise comparisons
showed relatively uniform Coll expression levels with some statistical differences
between specific combinations. Among monotherapy groups (Figure 9(b)), BMP9
treatments significantly promoted Coll expression compared to bFGF treatments
(****P < 0.0001), with both BMP9min and BMP9max showing comparable effects.
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Figure 9. Coll expression at D4: Intra-group comparisons.

3.2.3. Col1 Expression at D4: Monotherapy versus Combination Therapy
Comparing bFGF monotherapy with bFGF-containing combinations (Figure

10(a)) revealed no significant promotional effect of bFGF on Coll expression at
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D4. However, BMP9 monotherapy versus BMP9-containing combinations (Fig-
ure 10(b)) showed that BMP9 alone produced higher Coll expression than com-
bination treatments (***P < 0.001 to ***P < 0.0001), suggesting that bFGF atten-
uates BMP9’s effect on Coll at this early timepoint.

3.2.4. Col1 Expression at Day 7: Comparison with Negative Control
At D7 (Figure 11), BMP9 monotherapy groups demonstrated the highest Coll
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Figure 10. Coll expression at D4: Monotherapy versus combination therapy.
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Figure 11. Coll expression at Day 7: Comparison with negative control.
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expression levels (****P < 0.0001), indicating robust matrix production capacity.
However, combination treatment groups exhibited Coll expression levels below
NC, demonstrating that bFGF’s antagonistic effect on BMP9-induced Coll ex-
pression remained pronounced at D7. This pattern parallels the Runx2 results, con-
firming that the suppressive interaction between BMP9 and bFGF affects both early
transcriptional regulators and late-stage matrix production markers.

3.2.5. Col1 Expression at D7: Comprehensive Comparisons

Within combination groups at D7 (Figure 12), different concentration combina-
tions showed relatively similar Coll expression levels with some variations, but
none achieved the expression levels of BMP9 monotherapy. Among monothera-
pies, BMP9 groups significantly exceeded bFGF groups (****P < 0.0001), confirm-

ing BMP9’s dominant role in promoting Coll expression.
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Figure 12. Coll expression at D7: Comprehensive comparisons.

3.2.6. Col1 Expression at D7: Comprehensive Comparisons

Comparing monotherapy versus combination therapy at D7 (Figure 13), combi-
nation groups containing bFGF showed lower Coll expression than BMP9 mon-
otherapy groups (****P < 0.0001), although they exceeded bFGF monotherapy
alone. This pattern reinforces that while bFGF does not completely abolish BMP9’s

osteogenic effects, it significantly diminishes them.
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Figure 13. Coll expression at D7: Comprehensive comparisons.

3.2.7. Temporal Comparison: D4 versus D7

Temporal analysis of Coll expression (Figure 14) revealed that BMP9 monother-

apy groups exhibited substantial increases from D4 to D7 (****P < 0.0001), re-

flecting progressive osteoblast maturation and enhanced matrix synthesis capa-

bility. Combination therapy groups also showed increases over time, but their D7

expression levels remained below those of BMP9 monotherapy. This temporal

pattern parallels the Runx2 results, indicating that bFGF’s attenuating effect on

BMP9-induced osteogenic differentiation persists throughout the culture period

and affects both early commitment markers (Runx2) and late differentiation/func-
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4. Discussion

4.1. Antagonistic Interactions Between BMP9 and bFGF in
Osteogenic Differentiation

This study reveals consistent antagonistic interactions between BMP9 and bFGF
throughout the osteogenic differentiation process. Contrary to the commonly hy-
pothesized synergistic relationship between BMP and FGF family members in
bone formation, our data demonstrate that bFGF persistently attenuates BMP9’s
promotional effects on osteogenic marker expression at both early (D4) and late
(D7) timepoints. At D4, BMP9 monotherapy, particularly at the lower concentra-
tion (10 ng/mL), significantly upregulated Runx2 expression above negative con-
trol levels. However, all BMP9 + bFGF combination groups showed Runx2 ex-
pression below negative control, indicating that bFGF not only neutralized BMP9’s
effects but actively suppressed baseline osteogenic commitment. This profound
early-stage antagonism suggests fundamental signaling pathway interference. At
D7, BMP9 monotherapy and bFGF monotherapy demonstrated elevated expres-
sion of both Runx2 and Coll compared to negative control, reflecting their indi-
vidual osteogenic contributions. However, combination treatment groups remained
below negative control levels for both markers, demonstrating that the antagonis-
tic relationship between BMP9 and bEGF persisted throughout the differentiation
period. BMP9 monotherapy consistently achieved the highest expression levels,
and the addition of bFGF at any concentration not only eliminated BMP9’s pro-
motional effects but actively suppressed expression below baseline levels. This sus-
tained antagonism indicates that bFGF’s interference with BMP9 signaling is not
a transient phenomenon limited to early commitment stages but rather affects the
entire differentiation trajectory, including late-stage matrix production [8] [9].

The molecular basis for this antagonism likely involves multiple mechanisms.
BMP9 signals primarily through BMP type I receptors ALK1 and ALK2, activating
Smad1/5/8 phosphorylation and subsequent nuclear translocation to drive tran-
scription of osteogenic genes including Runx2 [10]. bFGF, conversely, signals through
FGF receptors (FGFRs) to activate multiple pathways including MAPK/ERK,
PI3K/AKT, and PLC v . Critically, sustained ERK activation by FGF signaling has
been shown to inhibit BMP-induced osteogenesis through several mechanisms: 1)
Linker region phosphorylation: ERK can phosphorylate the linker regions of
Smad1/5/8, marking them for ubiquitination and proteasomal degradation, thereby
reducing the pool of Smads available for BMP9 signaling. 2) Transcriptional in-
terference: Activated ERK can phosphorylate transcription factors that compete
with Smad complexes for binding to osteogenic gene promoters, effectively block-
ing BMP-mediated transcriptional activation. 3) Receptor regulation: Chronic
FGF signaling can downregulate BMP receptor expression or alter their trafficking
and localization, reducing cellular responsiveness to BMP9. 4) Induction of inhibi-
tory factors: bFGF can induce expression of BMP antagonists such as Noggin or
inhibitory Smads (Smad6/7), which directly block BMP signaling.
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4.2 Parallel Regulation of Runx2 and Col1 Expression

Our results demonstrate that Runx2 and Coll respond similarly to BMP9 and
bFGF combinations, with both markers showing the same pattern of BMP9 pro-
motion and bFGF-mediated attenuation. This parallel regulation differs from sce-
narios where early and late osteogenic markers show divergent responses to growth
factor combinations.

Runx2, as the master transcription factor for osteogenesis, is directly regulated
by BMP-Smad signaling [11]. Smad complexes bind to osteoblast-specific cis-reg-
ulatory elements (OSE) in the Runx2 promoter, driving its transcription [12]. The
suppression of Runx2 by bFGF + BMP9 combinations indicates that FGF signal-
ing effectively blocks this BMP-Smad transcriptional activation.

Coll, while a downstream target in the osteogenic cascade, shows remarkably
similar sensitivity to the BMP9-bFGF interaction [13]. At both D4 and D7, Coll
expression patterns mirror those of Runx2: BMP9 monotherapy produces the high-
est expression, while bFGF addition reduces these levels below even negative con-
trol at D7. This parallel response suggests that bFGF’s antagonistic effect operates
at multiple levels—both on the master regulator (Runx2) and on downstream ef-
fectors (Coll).

The consistent suppression of Coll despite its position downstream in the dif-
ferentiation cascade is particularly significant [14]. Coll expression is regulated
not only by Runx2 but also by other transcription factors including Sp1, Sp3, and
AP-1 family members, some of which can be modulated by MAPK signaling [15].
The fact that bFGF attenuates Coll expression suggests either that: (1) the reduc-
tion in Runx2 is sufficient to limit Coll transcription, indicating Runx2’s domi-
nant role, or (2) bFGF-activated pathways directly interfere with Coll transcrip-
tional machinery beyond Runx2-mediated regulation. It should be noted that a
limitation is that all conclusions are based entirely on mRNA expression levels.
The mRNA levels may not perfectly correlate with protein expression and func-
tional activity. Nevertheless, this observation lays the groundwork for subsequent

investigations focused on protein-level analysis.

4.3. Concentration-Dependent Effects and Dose-Response
Relationships

The concentration-dependent analysis revealed important nuances in growth fac-
tor activity and interactions [16]. At D4, BMP9min (10 ng/mL) produced greater
Runx2 upregulation than BMP9max (200 ng/mL), indicating a non-linear or in-
verse dose-response relationship. This phenomenon is not uncommon in BMP
signaling and may result from several mechanisms: 1) Receptor saturation and
internalization: Higher BMP9 concentrations may lead to excessive receptor oc-
cupancy, triggering rapid receptor internalization and degradation, paradoxically
reducing sustained signaling. 2) Negative feedback activation: High BMP concen-
trations can strongly induce inhibitory Smadé6 and Smad7 expression, which func-

tion as negative feedback regulators by preventing R-Smad phosphorylation and
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promoting BMP receptor degradation. 3) Non-canonical pathway activation: At
high concentrations, BMP9 may preferentially activate non-Smad pathways (such
as p38 MAPK or TAK1) that can have context-dependent effects on osteogenic
gene expression. At D7, the dose-response relationship became more conventional
for BMP9 monotherapy, with both concentrations showing strong effects. How-
ever, the antagonistic effect of bFGF remained concentration-independent within
the tested ranges—both low and high concentrations of bFGF similarly attenuated
BMP9’s effects, and different combination ratios produced comparable results [6].
This suggests that bFGF’s interference mechanism is saturated even at the lower
concentration (10 ng/mL), and that increasing bFGF or BMP9 concentrations does
not overcome the antagonism.

The lack of a “rescue effect” at higher BMP9 concentrations in combination
treatments is particularly notable. One might hypothesize that increasing BMP9
levels could outcompete bFGF’s inhibitory effects through mass action. The ab-
sence of such rescue suggests that bFGF’s antagonism operates through mecha-
nisms that cannot be simply overcome by increasing BMP9 receptor occupancy—
such as downstream signaling interference, transcriptional competition, or sus-
tained ERK-mediated Smad degradation [17].

4.4. Implications for Bone Tissue Engineering

These findings have important practical implications for bone tissue engineering
and regenerative medicine strategies. The persistent antagonistic interactions be-
tween BMP9 and bFGF across both early and late differentiation stages suggest
that simultaneous co-delivery of these growth factors may be counterproductive
for osteogenic applications [18]. The synergistic effect observed when BMP-2 and
bFGF are used in combination [19]. On the contrary, our data clearly demonstrate
that BMP9 monotherapy consistently outperforms BMP9 + bFGF combinations
at both D4 and D7 timepoints for both Runx2 and Coll expression. This indicates
that the simple addition of bFGF to BMP9-based bone regeneration strategies will
not enhance, and may actually impair, osteogenic outcomes [20]. This challenges
the prevalent assumption in tissue engineering that combining multiple growth fac-
tors will produce additive or synergistic benefits. For clinical applications, these re-
sults suggest several strategic considerations: 1) BMP9 monotherapy may be pref-
erable: Given BMP9’s superior performance alone, bone regeneration scaffolds
may achieve better outcomes with BMP9 as the sole osteogenic factor rather than
BMP9 + bFGF combinations. 2) Temporal separation strategies: If both factors
are desired—bFGF for its angiogenic and cell proliferation effects, and BMP9 for
osteogenesis—sequential delivery systems may be necessary. Biomaterial scaffolds
could be designed to release bFGF initially to expand progenitor cell populations
and promote vascularization, followed by complete clearance of bFGF before BMP9
release to drive differentiation without interference. Critically, a temporal gap be-
tween factor deliveries would be essential to avoid overlap. 3) Spatial compartmen-

talization: Alternative approaches might involve spatial separation where bFGF is
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delivered to peripheral scaffold regions to promote vascularization and cell re-
cruitment, while BMP9 is concentrated in core regions designated for bone for-
mation, minimizing direct interaction between the two factors. 4) Mechanistic in-
terventions: Future strategies might attempt to preserve bFGF’s beneficial effects
(cell proliferation, angiogenesis) while blocking its antagonistic effects on BMP9
signaling. This could involve co-delivery of ERK pathway inhibitors, use of bFGF
variants with altered signaling properties, or development of BMP9 variants re-
sistant to FGF-mediated antagonism.

The concentration-dependent effects observed, particularly the inverse dose-
response of BMP9 at D4, highlight the need for precise growth factor dosing in
clinical applications [21]. The finding that neither increasing BMP9 concentration
nor decreasing bFGF concentration could rescue the antagonistic effect in combi-
nation treatments suggests that even low-level bFGF exposure can significantly
compromise BMP9 efficacy. These results emphasize that assessing bone regener-
ation strategies requires comprehensive evaluation across multiple timepoints and
markers [22]. The consistent antagonism observed for both early commitment
markers (Runx2) and late functional markers (Coll) indicates that bFGF’s inter-
ference affects the entire osteogenic program, from initial lineage commitment
through matrix production [23]. This has important implications for predicting
in vivo outcomes, as even modestly reduced marker expression in vitro may trans-
late to substantially impaired bone formation and mineralization in clinical set-
tings [24].

5. Conclusion

This study reveals persistent antagonistic interactions between BMP9 and bFGF
in regulating osteogenic differentiation, with bFGF consistently attenuating BMP9’s
promotional effects on Runx2 and Coll expression at both early and late differen-
tiation stages. The antagonism likely involves MAPK/ERK-mediated interference
with BMP-Smad signaling and could not be overcome by concentration adjust-
ments [25]. For bone tissue engineering applications, these findings challenge the
assumption that combining growth factors from different families produces syn-
ergistic benefits and suggest that simultaneous co-delivery of BMP9 and bFGF
may impair rather than enhance osteogenic outcomes [26]. If both factors are re-
quired, temporal separation or spatial compartmentalization strategies would be
necessary to prevent antagonistic interactions and optimize bone regeneration ef-

ficacy.
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