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Abstract: Objectives: To evaluate macrophage polarization dynamics in vivo after implantation of recombinant hu-
man bone morphogenetic protein-2 (rhBMP-2) incorporated biomaterials, with a focus on dose-dependent effects 
and polarization modulation strategies. Methods: A murine dorsal subcutaneous implantation model was utilized 
to analyze macrophage responses to varying concentrations of rhBMP-2-loaded biomaterials with or without dexa-
methasone (Dex). Polarization patterns were assessed through phenotypic characterization and cytokine expression 
profiling. Results: Elevated rhBMP-2 concentrations amplified macrophage polarization activities, and concurrent 
activation of M1 and M2 polarization was observed accompanied by enhanced expression of both pro-inflammatory 
(M1-associated) and anti-inflammatory (M2-associated) cytokines. Dexamethasone co-administration effectively 
attenuated pro-inflammatory polarization patterns induced by high-dose rhBMP-2 implants while preserving regen-
erative cytokine expression. Conclusions: Optimized rhBMP-2 dosage facilitates a balanced macrophage polariza-
tion state, creating a pro-regenerative microenvironment through coordinated inflammatory resolution and tissue 
remodeling signals. For clinical applications requiring high rhBMP-2 doses, concurrent short-term anti-inflammatory 
therapy (e.g., dexamethasone) is recommended to mitigate excessive M1 polarization without compromising osteo-
inductive capacity .
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Introduction

Inflammation represents a dynamic biological 
phenomenon characterized by intricate cellular 
interactions and coordinated mediator cas-
cades. Optimal inflammatory activation has 
been experimentally validated as a critical reg-
ulatory mechanism for initiating physiological 
tissue repair pathways [1, 2]. Paradoxically, 
both insufficient cytokine signaling and hyper-
active immune responses may induce patho-
logical alterations in molecular signaling net-
works, ultimately leading to compromised 
regenerative outcomes [3-5].

Biomaterial implantation triggers a dynamic 
immune cascade characterized by macrophage 
activation and cytokine storm initiation, consti-

tuting the primary host defense mechanism 
against exogenous substances [6, 7]. This bio-
logical phenomenon, clinically termed foreign 
body reaction, manifests as spatiotemporal 
regulation of leukocyte infiltration and proteo-
lytic cascades at implant sites.

It is well-established that monocytes-derived 
macrophages constitute the primary cellular 
component at bio-material interfaces during 
both inflammatory and regenerative phases [8]. 
As pivotal regulators of aseptic inflammatory 
cascades and tissue remodeling outcomes, 
macrophages critically influence host respons-
es toward implanted devices. Upon migration, 
these cells engage in dynamic material interro-
gation while orchestrating foreign body reac-
tions through coordinated release of cytokines, 
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growth mediators, and chemotactic signals [9, 
10]. Contemporary research demonstrates 
macrophages’ exceptional phenotypic adapt-
ability, enabling functional specialization th- 
rough environment-driven polarization into dis-
tinct subpopulations [11-15, 20]. This plasticity 
manifests in two principal activation states: 
The classically activated M1 phenotype exhib-
its pro-inflammatory characteristics through 
elevated secretion of tumor necrosis factor 
(TNF-α), interleukin-6 (IL-6), and interleukin-1β 
(IL-β), mediating antimicrobial defense and 
acute inflammatory processes [16-19]. Con- 
versely, the alternatively activated M2 pheno-
type promotes resolution phases by releasing 
interleukin-10 (IL-10), transforming growth fa- 
ctor-β (TGF-β), and interleukin-1RA (IL-1RA), 
thereby facilitating regenerative processes  
and extracellular matrix reconstruction [21]. 
Temporal analysis reveals an immunological 
progression pattern: M1 macrophages predom-
inantly occupy implantation sites during acute 
phases (1-5 days post-operation), whereas M2 
populations gradually dominate during sub-
acute stages (4-10 days), despite their concur-
rent presence at initial time points [20-22]. This 
chronological dominance shift underscores 
macrophages dual regulatory roles in balancing 
inflammatory clearance and tissue restoration.

As a clinically recognized osteoinductive cyto-
kine, bone morphogenetic protein-2 (BMP-2) 
has obtained United States Food and Drug 
Administration approval for spinal fusion and 
fracture repair procedures, demonstrating sig-
nificant therapeutic value in bone regeneration. 
Although achieving extensive clinical adoption, 
its administration has revealed dose-depen-
dent complications including inflammatory infil-
tration and edema formation [23, 24]. These 
manifestations may progress to cervical swell-
ing with airway compression risks, particularly 
in unapproved surgical scenarios requiring 
high-dose applications. Current research eff- 
orts have been focused on characterizing BMP-
2’s pro-inflammatory properties through pre-
clinical models. In the study conducted by  
Lee et al., BMP-2 implantation induced soft-tis-
sue swelling in the surrounding tissues along 
with sterile seroma and hematoma formation 
[25]. Despite these phenomenological obser-
vations, the cellular mechanism mediating 
such immune activation remain insufficiently 
elucidated. 

In addition, extensive studies focused on 
immune response initiated by bone morphoge-
netic protein-7 (BMP-7), the other members of 
the bone morphogenetic proteins. For instance, 
Rocher et al. found that BMP-7 polarized mono-
cytes into M2 macrophages and enhanced 
anti-inflammatory cytokine expression in vitro 
[26]. Studies by Dinender et al. reported that 
BMP-7 possessed novel therapeutic potential 
to direct cellular plasticity, specifically differen-
tiate monocytes into M2 macrophages in vitro 
when cultured in inflammation mimicry media. 
Recently, further investigation by Dinender’s 
group suggested the potential immunomodula-
tion role of BMP-7 by increasing M2 macro-
phage differentiation and reducing inflamma-
tion and plaque formation in Apo E-/- mice [27]. 
However, up to now, few studies have been  
performed on potential role of BMP-2 in direct-
ing immunoresponse, especially macrophage 
polarization profiles in vivo. 

Moreover, pharmacological modulation of in- 
flammatory responses has emerged as a prom-
inent research focus in regenerative medicine 
[28]. Studies by Ratanavaraporn et al. empha-
sized that precise regulation of inflammatory 
pathways serves as a critical determinant for 
optimizing BMP-2-mediated tissue repair pro-
cesses [29]. Notably, certain bioactive com-
pounds including agents like dexamethasone 
(DEX) and heparin demonstrate significant 
therapeutic potential through their immuno-
modulatory properties, as evidenced by im- 
proved regenerative outcomes in preclinical 
models [30-33].

The aim of this research is to systematically 
analyze macrophage activation dynamics dur-
ing soft-tissue inflammation induced by rhBMP-
2-incorporated biomaterial implantation. Given 
the pivotal role of macrophage-mediated res- 
ponses in orchestrating tissue regeneration 
processes [29], our investigation specifically 
characterizes the phenotypic evolution of  
macrophages through comprehensive in vivo 
assessments. This includes evaluation of polar-
ization patterns, quantitative analysis of cyto-
kine release and its gene expression profiles, 
and histological validation.

Key findings reveal a dose-related macrophage 
polarization pattern following rhBMP-2 adminis-
tration, with coexisting M1/M2 subpopulations 
exhibiting paradoxical pro-inflammatory and 
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regenerative properties. Significantly, we dem-
onstrate the therapeutic potential of dexa- 
methasone co-delivery in modulating this dual-
phase macrophage response. The experimen-
tal framework combines controlled animal 
models with advanced molecular characteri- 
zation techniques to establish correlations 
between growth factor dosage, immune cell 
behavior, and clinical inflammation outcomes.

Materials and methods

Preparation of the rhBMP-2 loaded implants 
with or without dexamethasone

The commercially available clinical-grade ab- 
sorbable gelatin sponges utilized in this study 
were procured from Xiangen Medical Tech- 
nology Development Co., Ltd. (Jiangxi, China). 
These sponges were aseptically sectioned  
into cubic specimens (5 mm × 5 mm × 5 mm) 
under sterile conditions, followed by 24-hour 
ultraviolet light sterilization prior to rhBMP-2 
loading . Recombinant human BMP-2 (rhBMP-2; 
molecular weight 26 kDa, concentration 1  
mg/mL) was kindly provided by Shanghai 
Rebone Biomaterials Co., Ltd. (Shanghai, 
China). Through sterile techniques, varying 
quantities of rhBMP-2 (with or without dexa-
methasone) were applied onto the gelatin 
sponges. After 4 hours incubation for complete 
absorption, the loaded sponges underwent 
lyophilization and subsequent storage at 4°C 
until experimental use .

Animal model and implantation surgery

Four experimental groups were used in this in 
vivo study. All experimental protocols were 
approved by the Bioethics Committee of East 
China University of Science and Technology 
(Shanghai, China. approval number: ECUST-
2022-053). All surgical procedures and meth-
ods were carried out in accordance with rele-
vant guidelines and regulations. All animal 
housing and experiments were conducted in 
strict accordance with the institutional guide-
lines for care and use of laboratory animals. 
Animals were anesthetized and sacrificed using 
acceptable methods/techniques.

Sixty 8-week-old BALB/c mice (Slac Laboratory 
Animal Co., Ltd. Shanghai, China) with an aver-
age weight of 25 g were equally divided into 4 
groups: absorbable gelatin sponges without 

rhBMP-2 (blank control); absorbable gelatin 
sponges with lower -dose of rhBMP-2 (20 μg, 
LBMP); absorbable gelatin sponges with higher-
dose of rhBMP-2 (50 μg, HBMP); and absorb-
able gelatin sponges with higher-dose of 
rhBMP-2 (50 μg) along with 40 μg dexametha-
sone (HBMP+Dex) respectively. The dosage of 
dexamethasone sodium phosphate (5 mg/mL 
injectable formulation; Chengshi Pharmaceu- 
tical Co., Ltd., Anhui, China) administered in this 
experiment was determined based on the con-
version table provided in Medical Laboratory 
Animal Science.

The surgical procedure was performed under 
strict sterile conditions to establish a subcuta-
neous implantation model. Mice underwent 
anesthesia through intraperitoneal injection of 
1% pentobarbital sodium (Juli Biotechnology 
Co., Ltd., Shanghai, China; 60 mg/kg, 0.15 mL 
per mouse). Following dorsal hair removal and 
disinfection with 75% medical ethanol, a 1 cm 
longitudinal incision was created along the mid-
line . A subcutaneous cavity was carefully pre-
pared through blunt dissection, into which a 
single sponge impregnated with varying doses 
of rhBMP-2 (with or without dexamethasone) 
was implanted. The surgical site received lay-
ered closure followed by secondary steriliza-
tion. Each experimental group comprised 15 
animals (n = 15).

Inflammatory exudates and explants

Exudates and explants were collected from  
the dorsal subcutaneous implantation sites of 
mice at scheduled time intervals (2, 4, and 7 
days post-operation; n = 5). The scientific objec-
tives of the study were successfully achieved, 
and no further experimentation was required. 
Mice were then placed in a euthanasia cham-
ber, and CO2 was introduced at a controlled 
flow rate (30-70% chamber volume per minute). 
The flow rate was adjusted using a calibrated 
control system (50% volume flow = 6.8 L/min). 
Death was confirmed after 5 minutes by verify-
ing the absence of breathing, rigidity, pupil dila-
tion, and loss of skin color. Throughout the 
study, experienced personnel conducted daily 
monitoring were carried out to assess clinical 
indicators of distress, including altered pos-
ture, unkempt fur, ocular/nasal discharge, 
reduced mobility, or changes in feeding behav-
ior. No adverse clinical signs were observed in 
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any subjects, confirming compliance with ethi-
cal standards. 

The surgical sutures were carefully excised and 
the wound margins were gently separated to 
minimize tissue trauma. Inflammatory exudates 
were collected by irrigating the subcutaneous 
cavities containing sponge implants with 2 mL 
of phosphate-buffered saline (PBS), followed by 
aspiration of the lavage fluid . Collected exu-
dates underwent immediate flow cytometric 
characterization to quantify cellular compo-
nents . Supernatant fractions were cryopre-
served at -80°C to maintain biomolecular sta-
bility for subsequent cytokine profiling using 
enzyme-linked immunosorbent assay (ELISA).

The explantation of implants was conducted 
immediately following collection of inflammato-
ry exudates. The harvested implants were 
divided into two processing streams: two 
explants from each experimental group under-
went fixation with 4% paraformaldehyde in PBS 
to perform subsequent histological and immu-
nofluorescence analyses, while the remaining 
specimens were cryopreserved in liquid nitro-
gen for real-time polymerase chain reaction 
(PCR) investigations.

Flow cytometry

Cell concentration of the exudates were mea-
sured by flow cytometer (Accuri C6, BD 
Bioscience, New York, USA) immediately after 

the lavage fluid recovery. Fluorescence was 
detected using FACSAria flow cytometer (BD 
Biosciense, New York, USA) with Cell Quest 
software. 10000 events were collected per 
sample. Analysis was then performed using 
FlowJo software. All related reagents were pur-
chased from Biolegend (CA, USA).

Real-time polymerase chain reaction (real-time 
PCR) analysis

The macrophage polarization related cytokine’s 
gene expression was assayed using real-time 
PCR (qRT-PCR) system (Bio-Rad, Hercules, CA, 
USA) at 2, 4 and 7 days after implantation. Total 
RNA of the cells adherent to the implanted 
sponges was extracted using RNAiso Plus 
(Takara, Tokyo, Japan) according to the manu-
facturer’s instructions. First-strand cDNA was 
synthesized with PrimeScript RT reagent Kit 
(Takara, Tokyo, Japan). Subsequently, cDNA 
was subjected to real-time PCR using SYBR 
Premix Ex TaqTM. The qRT PCR was performed 
as follows: 95°C for 30 s followed by 40 cycles 
at 95°C for 5 s and 60°C for 34 s. Related 
markers, including IL-1β, IL-6, TNF-α, IL-10 and 
VEGF-a were analyzed with glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) as the 
house keeping gene for normalization. The for-
ward and reverse primer sequences used in 
this study were designed based on cDNA 
sequences from the NCBI sequence database 
listed in Table 1. All experiments were run in 
triplicate for each sample and the relative gene 
expression was expressed as mean ± SD.

Cytokine production

Concentrations of cytokines in inflammatory 
exudates, including IL-1β, TNF-α, and vascular 
endothelial growth factor-A (VEGF-A), were 
determined using enzyme-linked immunosor-
bent assay (ELISA) kits (Affymetrix eBioscience, 
CA, USA) following the manufacturer’s instruc-
tions. Cytokine concentrations were obtained 
by correlation with a standard calibration curve, 
and normalized for the total number of cells 
presented in the corresponding inflammatory 
exudates.

Histological and immunofluorescence staining 
evaluation

Following fixation in 4% neutral-buffered para-
formaldehyde, the sponge explants were dis-

Table 1. Primer pairs used in the real-time PCR
Genes Sequence
GAPDH Forward: 5’-GTCGTGGAGTCTACTGGTGTC-3’

Reverse: 5’-GAGCCCTTCCACAATGCCAAA-3’
IL-1β Forward: 5’-TGGAGAGTGTGGATCCCAAG-3’

Reverse: 5’-GGTGCTGATGTACCAGTTGG-3’
IL-6 Forward: 5’-ATAGTCCTTCCTACCCCAATTTCC-3’

Reverse: 5’-GATGAATTGGATGGTCTTGGTCC-3’
TNF-α Forward: 5’-CTGAACTTCGGGGTGATCGG-3’

Reverse: 5’-GGCTTGTCACTCGAATTTTGAGA-3’
IL-10 Forward: 5’-GAGAAGCATGGCCCAGAAATC-3’

Reverse: 5’-GAGAAATCGATGACAGCGCC-3’
VEGF-A Forward: 5’-GTCCCATGAAGTGATCAAGTTC-3’

Reverse: 5’-TCTGCATGGTGATGTTGCTCTCTG-3’
Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; IL-1β, interleukin-1β; IL-6, interleukin-6; TNF-α, 
tumor necrosis factor-α; IL-10, interleukin-10; VEGF-A, 
vascular endothelial growth factor-A.
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sected, half of the specimens underwent dehy-
dration through a graded alcohol series (70-
100%) followed by paraffin embedding using 
standard protocols. These paraffin-embedded 
samples were sectioned at 5 μm thickness 
using a rotary microtome, with serial sections 
stained with hematoxylin and eosin (H&E) for 
histological evaluation. Images were obtained 
using a light microscope (Leica, Germany) 
equipped with a digital camera system.

Another half of the explants were made into fro-
zen sections and subjected to immunofluores-
cence staining process. Fluorescent images 
were acquired using a fluorescent microscope 
(Leica, Germany).

Statistical analysis

All experiments described in this investigation 
were independently replicated in triplicate. 
Quantitative data are presented as mean ± 
standard deviation (SD). Statistical significance 
was determined through one-way ANOVA with 
post hoc Tukey’s multiple comparison test 
using Origin software. A probability threshold of 
P < 0.05 was established as the criterion for 
statistical significance. 

Results

Histology

Histological analysis through hematoxylin and 
eosin (H&E) staining was performed on har-
vested implants. Representative images of the 
stained sections are presented in Figure 1 
which revealed substantial cellular recruitment 
at the implantation site during the early postop-
erative phase (days 2, 4, and 7), with infiltrating 
cells predominantly localized to the implant 
periphery. It can be seen that all three rhBMP-
2-containing experimental groups elicited high-
er cell migration to the implantation site com-
pared to the vehicle control group. Quantitative 
evaluation further indicated that the higher-
dose rhBMP-2 group (HBMP-2) exhibited the 
most pronounced cellular infiltration with cell 
counts exceeding those observed in other 
treatment groups. Notably, co-administration 
of dexamethasone with higher-dose rhBMP-2 
(HBMP-2+Dex) resulted in an attenuation of 
this cellular response, showing reduction in 
migrated cell numbers relative to HBMP-2 
mono-therapy group.

Flow cytometry

Flow cytometric analysis of inflammatory exu-
dates revealed distinct macrophage popula-
tions at the implantation site. Macrophages 
were identified as F4/80+ populations and fur-
ther classified into M1/M2 subsets using CCR7 
(M1 marker) and CD206 (M2 marker), respec-
tively. Representative flow cytometry dot plots 
are shown in Figure 2. Quantitative analysis 
demonstrated a dose-related relationship in 
the proportions of both M1 and M2 macro-
phages between the LBMP and HBMP groups. 
Notably, the combination of HBMP with Dex 
administration demonstrated considerable re- 
duction on the percentages of both macro-
phage phenotypes at the implantation site 
compared to HBMP treatment alone.

Immunofluorescence staining evaluation

To evaluate the phenotypic characteristics of 
adherent macrophages and their inflammatory 
response to varying doses of recombinant 
human bone morfogenetic protein-2 (rhBMP-2) 
with or without dexamethasone (Dex), immu- 
nofluorescence staining was performed on 
explanted sponge implants harvested at desig-
nated time points. The excised sponges were 
stained with fluorescent-conjugated antibodies 
targeting specific macrophage markers and 
analyzed using fluorescence microscopy.

The following markers were employed to assess 
macrophage polarization: F4/80 (pan-macro-
phage marker); CCR7 (M1 pro-inflammatory 
macrophage marker); CD206 (M2 anti-inflam-
matory macrophage marker). Macrophage sub-
populations were defined as follows: M1 macro-
phages: dual staining for F4/80+/CCR7+; M2 
macrophages: dual staining for F4/80+/
CD206+.

As demonstrated in Figure 3, all rhBMP-2-load-
ed sponges exhibited significantly higher num-
bers of both M1 and M2 macrophages com-
pared to the control group post-implantation. A 
distinct dose-relevant trend was observed: the 
higher-dose rhBMP-2 (HBMP) group displayed 
greater adherent M1 and M2 macrophage pop-
ulations than the lower-dose rhBMP-2 (LBMP) 
group and the dexamethasone co-administered 
group. Representative images illustrate dual-
stained cells, with co-localized markers appear-
ing yellow.
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Figure 1. Representative histological images of HE-stained explanted sponges from each experimental group are presented here, clearly indicating the regions 
colonized with recruited infiltrating cells (Left panel, Scale bar: 50 μm). These images provide a visual representation of cellular infiltration and colonization within 
the sponges over the course of the experiment. Additionally, a quantitative analysis of cell numbers in the corresponding exudates collected from the mouse dorsal 
subcutaneous area at 2, 4, and 7 days after implantation is shown (Right panel, A-C). This analysis offers a numerical assessment of the cellular response to the 
implanted sponges over time.
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Figure 2. To evaluate the dynamic polarization of macrophages in response to biomaterial implantation, the expres-
sion of cell surface markers on macrophages isolated from inflammatory exudates in the mouse dorsal subcuta-
neous area was analyzed using dual-color immunofluorescence staining for CCR7 (a classical M1 macrophage 
marker) and CD206 (a prototypical M2 macrophage marker). Representative flow cytometry dot plots are presented, 
illustrating the co-expression patterns of CCR7 (vertical axis) and CD206 (horizontal axis) antigens across experi-
mental groups. The percentage of F4/80-positive macrophages exhibiting CCR7+ (pro-inflammatory M1 phenotype), 
CD206+ (anti-inflammatory M2 phenotype), or dual-positive subpopulations was quantified to assess macrophage 
polarization states under different treatment conditions. A. Control: absorbable gelatin sponges as blank con-
trol. B. LBMP: sponges loaded with lower dose rhBMP-2. C. HBMP: sponges loaded with higher dose rhBMP-2. D. 
HBMP+DEX: sponges loaded with higher dose of rhBMP-2 and Dex. 
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Real-time polymerase chain reaction (RT-
qPCR) analysis

As illustrated in Figure 4A-E, higher-dose bone 
morphogenetic protein (HBMP) significantly 
upregulated gene expression levels of pro-
inflammatory cytokines (IL-1β, IL-6, TNF-α), anti-
inflammatory cytokine IL-10, and pro-angiogen-
ic factor VEGF-a compared to lower-dose BMP 
(LBMP). Co-administration of dexamethasone 
(Dex) with HBMP exhibited differential modula-
tion: while substantially suppressing HBMP-
induced expression of pro-inflammatory cyto-
kines, it concurrently enhanced the expression 
levels of IL-10 and VEGF-A relative to HBMP 
treatment alone.

The experimental data revealed a dose-depen-
dent relationship in rhBMP-2’s immunomodu- 
latory effects. Both low and high concentra-
tions stimulated dual-phase cytokine expres-
sion profiles characteristic of macrophage 
polarization. Lower doses predominantly acti-
vating M2-type anti-inflammatory responses, 
whereas higher doses elicited stronger M1-type 
pro-inflammatory reactions. Notably, Dex dem-
onstrated selective temporal regulation during 
early inflammatory phases, effectively attenu-
ating HBMP driven pro-inflammatory cytokine 
expression without compromising the upregula-
tion of anti-inflammatory mediators or angio-
genic factors.

This bimodal regulation suggests that HBMP’s 
immunogenic potential can be pharmacologi-
cally modulated through glucocorticoid inter-
vention, maintaining its pro-angiogenic bene- 
fits while mitigating undesirable inflammatory 
responses.

Cytokine production

Cytokine profiling of inflammatory exudates  
harvested from murine dorsal subcutaneous 
implants revealed distinct macrophage polar-

ization patterns mediated by rhBMP-2 dosage 
(Figure 5). Quantitative analysis demonstrated 
significant elevation of M1 macrophage-associ-
ated pro-inflammatory cytokines (IL-1β, TNF-α) 
in rhBMP-2-treated groups versus blank con-
trols (P < 0.05). Meanwhile, a dose-related 
escalation was particularly evident between 
LBMP and HBMP groups; higher dose amplified 
both M1 and M2 associated pro-inflammatory 
anti-inflammatory response compared to the 
lower dose. Statistically significant differences 
were observed for IL-1β at day 2 and TNF-α at 
days 2 and 4 and VEGF-A at 4 and 7 days post-
implantation. This biphasic regulation suggests 
rhBMP-2 simultaneously induce inflammatory 
initiation through M1 activation and tissue 
remodeling via M2-mediated angiogenesis.

Dexamethasone co-administration exerted se- 
lective immunomodulatory effects so that it 
attenuated IL-1β and TNF-α levels versus HBMP 
alone at early-phase time-points. Converse- 
ly, the M2-associated pro-angiogenic factor 
VEGF-A was maintained or increased.

Discussion

In this investigation, we systematically exam-
ined the dynamic polarization patterns of mac-
rophages in a murine dorsal subcutaneous 
model following implantation of absorbable 
gelatin sponges incorporating graded concen-
trations of recombinant human bone morpho-
genetic protein-2 (rhBMP-2). The therapeutic 
potential of concurrent dexamethasone ad- 
ministration was concurrently evaluated. Our 
experimental data revealed that biomaterial-
mediated rhBMP-2 delivery induces simultane-
ous activation of both pro-inflammatory M1  
and reparative M2 macrophage phenotypes. 
Quantitative analysis demonstrated a biphasic 
immune response characterized by an exuda-
tive phase followed by substantial macrophage 
infiltration. Notably, the inflammatory cascade 
exhibited concurrent upregulation of both 

Figure 3. Representative immunofluorescent images of the explanted absorbable gelatin sponges, both with and 
without the addition of rhBMP-2 and dexamethasone, were captured at 2, 4, and 7 days post-implantation (A-
C). In these images, F4/80-positive cells are stained with a green fluorophore, indicating the presence of macro-
phages. CCR7-positive cells are stained with a red fluorophore, while CD206-positive cells are also stained with a 
red fluorophore, distinguishing between different macrophage subpopulations. The nuclei of the cells are revealed 
by DAPI staining, which appears blue. The arrows in the images point out examples of cells that exhibit double 
staining: F4/80+/CCR7+ cells (appearing yellow) represent M1 macrophages, which are typically pro-inflammatory. 
Conversely, F4/80+/CD206+ cells (also appearing yellow) represent M2 macrophages, which are generally anti-
inflammatory and involved in tissue repair and healing (Scale bar: 50 μm). 
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Figure 4. Gene expression profiles of pro-inflammatory cytokines interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α) and anti-inflammatory 
cytokine interleukin-10 (IL-10) along with vascular endothelial growth factor-A (VEGF-A) in inflammatory cells colonizing explanted sponges were quantitatively 
analyzed across experimental groups using real-time PCR. Statistically significant differences between groups are denoted as *P < 0.05 and **P < 0.01. A. IL-1β 
expression levels. B. IL-6 expression levels. C. TNF-α expression levels. D. IL-10 expression levels. E. VEGF-A expression levels.
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M1-associated pro-inflammatory markers and 
M2-related anti-inflammatory mediators, sug-
gesting a complex immunomodulatory interac-
tion between the host tissue and growth factor-
loaded scaffold.

Comprehensive analysis of macrophage polar-
ization dynamics demonstrated that rhBMP-2 
implantation elicited dual activation of both M1 
and M2 subpopulations in vivo. Phenotypic pro-
filing through lineage-specific surface markers 
revealed significantly elevated proportions of 
F4/80+CCR7+ (M1) and F4/80+CD206+ (M2) 
cells in rhBMP-2-treated inflammatory exu-
dates compared to baseline controls, with 
observed dose-dependent amplification of 
both activation states (Figure 2). This bimodal 
macrophage activation pattern corroborates 
emerging paradigms in regenerative medicine, 
as evidenced by Mokarram et al.’s seminal 
work proposing that tissue repair outcomes are 
principally governed by the functional polariza-

tion states of infiltrating macrophages rather 
than mere cellular abundance at injury sites 
[34]. The current findings further substantiate 
the critical role of microenvironmental cytokine 
milieus in directing macrophage phenotypic 
commitments during biomaterial-mediated os- 
teogenesis.

As an exogenous growth factor, HBMP demon-
strated a dose-related tendency to trigger more 
pronounced inflammatory reactions and cellu-
lar activation compared to LBMP. These obser-
vations were further supported by quantitative 
analyses of cytokine concentrations in inflam-
matory exudates and transcriptional profiling of 
immune cells localized at implantation sites. As 
depicted in Figure 6, rhBMP-2-loaded implants 
exhibited elevated levels of both pro-inflamma-
tory mediators (IL-1β, TNF-α) and pro-angiogen-
ic signaling molecules (VEGF-A), reflecting char-
acteristic biomarkers of sequential M1/M2 
macrophage polarization. This cytokine induc-

Figure 5. Cytokine production profile of in-
flammatory cells isolated from recovered 
exudates. The concentrations of interleukin-
1β (IL-1β), tumor necrosis factor-α (TNF-α) 
and vascular endothelial growth factor-A 
(VEGF-A) in cell culture supernatants were 
quantified using enzyme-linked immuno-
sorbent assay (ELISA). see (A-C). Statistical-
ly significant differences between groups 
are indicated as *P < 0.05 and **P < 0.01.
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tion pattern showed clear concentration depen-
dence, as evidenced by the graded response 
illustrated in Figure 5. Parallel transcriptional 
analyses revealed analogous dose-responsive 
regulation, with rhBMP-2 treatment groups dis-
playing significant upregulation of both pro-
inflammatory genes (IL-1β, IL-6, TNF-α) and 
anti-inflammatory mediator (IL-10), alongside 
enhanced VEGF-A expression (Figure 4). No- 
tably, the maximal induction of anti-inflamma-
tory cytokines appeared proportional to the 
magnitude of pro-inflammatory signaling, sug-
gesting a compensatory regulatory mechanism 
to modulate excessive immune activation. 
These molecular findings align with prior flow 
cytometry data documenting rhBMP-2’s dose-
dependent influence on macrophage diffe- 

rentiation dynamics within inflammatory exu- 
dates.

Histopathological and immunohistochemical 
analyses substantiated distinct cellular distri-
bution patterns between experimental groups, 
particularly in adherent cell density at the 
implantation site and macrophage phenotypic 
marker expression. Hematoxylin-eosin (H&E) 
staining results (Figure 1) revealed predomi-
nant inflammatory cell aggregation along the 
peripheral regions of implants, with higher-
dose BMP (HBMP) demonstrating consistently 
elevated inflammatory cell recruitment across 
all observation periods compared to lower-dose 
BMP (LBMP). This spatial distribution pattern 
was corroborated by immunofluorescence find-

Figure 6.  Schematic illustration de-
picting macrophage response mech-
anisms to varying concentrations of 
rhBMP-2 alone and in combination 
with dexamethasone (DEX).
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ings (Figure 3), where rhBMP-2 supplemented 
groups exhibited dose-dependent augmenta-
tion of both M1 and M2 macrophage popula-
tions relative to controls.

As a prototypical glucocorticoid receptor ago-
nist with potent anti-inflammatory properties, 
dexamethasone was strategically co-adminis-
tered with high-concentration rhBMP-2 for- 
mulations in this investigation [35]. This com- 
binatorial approach effectively counteracted 
rhBMP-2-induced pro-inflammatory cytokine 
secretion (Figures 4, 5) while preserving the 
therapeutic agent’s capacity to stimulate anti-
inflammatory cytokine production. Histopatho- 
logical evaluation further demonstrated signifi-
cant attenuation of inflammatory cell infiltra-
tion at implantation sites (Figure 1), establish-
ing a concordance between cytokine modula-
tion and cellular response patterns.

Our findings collectively indicate that inflamma-
tory responses induced by rhBMP-2 adminis-
tration exhibit dose-related amplification dur-
ing the early inflammatory phase. The experi-
mental data reveal a dual regulatory mecha-
nism where varying concentrations of rhBMP-2 
differentially modulate macrophage polariza-
tion, promoting both pro-inflammatory (M1, 
F4/80+CCR7+) and anti-inflammatory (M2, 
F4/80+CD206+) phenotypes. Specifically, ele-
vated rhBMP-2 concentrations demonstrated 
three distinct dose-response relationships: (1) 
Enhanced cellular infiltration with increased 
macrophage recruitment and adhesion at 
implantation sites. (2) Proportional elevation in 
both M1 and M2 macrophage subpopulations. 
(3) Concurrent upregulation of pro-inflammato-
ry cytokines (IL-1β, TNF-α), anti-inflammatory 
mediator IL-10 and growth factor (VEGF-A) 
expression. This dose-related immunomodula-
tory pattern corroborates clinical observations 
regarding rhBMP-2-related complications, par-
ticularly the dose-associated incidence of soft 
tissue inflammation and postoperative edema 
documented in prior studies [25]. The biphasic 
cytokine activation mechanism identified in our 
research provides a potential molecular basis 
for these clinical phenomena.

Furthermore, our findings revealed that the 
combined application of dexamethasone and 
higher-dose rhBMP-2-loaded biomaterials re- 
sulted in three distinct biological advan- 
tages compared to higher-dose rhBMP-2 mo- 

notherapy: 1) significant reduction in macro-
phage infiltration (particularly M1 macrophages 
[F4/80+CCR7+]), 2) downregulation of pro-
inflammatory cytokine production at both tran-
scriptional and secretory levels, while 3) main-
taining elevated expression of pro-angiogenic 
growth factors (Figures 1-5). This synergistic 
regimen demonstrated dexamethasone’s re- 
markable capacity to modulate macrophage 
dynamics - including migratory patterns, tissue 
distribution and polarization states within the 
inflammatory microenvironment induced by 
rhBMP-2.

Although this combination strategy may not 
represent the optimal approach for comprehen-
sive immunomodulation, it provides a clinically 
relevant alternative for mitigating rhBMP-2 
dose-related inflammatory complications. The 
therapeutic significance lies in its ability to pre-
serve rhBMP-2’s osteoinductive benefits while 
effectively counteracting its pro-inflammatory 
side effects, particularly in clinical scenarios 
where higher-dose rhBMP-2 administration re- 
mains necessary but requires adverse reaction 
management.

To our current understanding, this represents  
a pioneering in vivo investigation evaluating 
dose-related modulation of macrophage polar-
ization dynamics post-implantation of rhBMP-2 
functionalized biomaterials. Our experimental 
data revealed significant variations in macro-
phage recruitment patterns, phenotypic trans-
formation trajectories, and associated cytokine 
gene regulatory networks across different 
rhBMP-2 concentration gradients. Notably, bio-
material carriers incorporating rhBMP-2 in- 
duced simultaneous activation of both M1 and 
M2 polarization pathways, demonstrating the 
inherent cellular plasticity that enables pheno-
typic inter-conversion between these subsets 
[36]. This finding aligns with emerging evidence 
confirming macrophage heterogeneity, where 
individual cells may co-express canonical M1/
M2 surface markers during transitional phases 
[37]. Crucially, persistent M1-dominant activa-
tion was observed to compromise tissue regen-
eration outcomes through catabolic matrix deg-
radation pathways, potentially exacerbating in- 
flammatory tissue damage [29, 38]. Further- 
more, this study systematically investigated  
the immunomodulatory synergy between com-
binatorial rhBMP-2 and dexamethasone deliv-
ery. Importantly, concurrent administration of 
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dexamethasone with high-dose rhBMP-2 for-
mulations effectively mitigated foreign body 
response severity while promoting favorable 
macrophage polarization profiles conducive to 
tissue repair.

Conclusion

The inflammatory response induced by re- 
combinant human bone morphogenetic pro-
tein-2 (rhBMP-2)-loaded biomaterials exhibits a 
distinct dose-response relationship. Elevated 
rhBMP-2 concentrations provoke amplified 
immunological activation, characterized by 
enhanced immune cell infiltration and bidirec-
tional macrophage polarization toward both  
M1 (pro-inflammatory) and M2 (anti-inflamma-
tory) phenotypes. This dual polarization is 
accompanied by concurrent upregulation of 
pro-inflammatory cytokines (e.g., IL-1β, TNF-α) 
and anti-inflammatory mediators (e.g., IL-10, 
TGF-β), reflecting the paradoxical nature of 
macrophage responses. Notably, the M1/M2 
dichotomy manifests as a therapeutic double-
edged sword. While M2 macrophages facilitate 
tissue repair through regenerative signaling, 
excessive M1 activation at supraphysiological 
rhBMP-2 doses precipitates robust inflamma-
tion that may induce iatrogenic tissue damage 
and impede remodeling processes through 
sustained inflammatory cascades. These find-
ings underscore the critical importance of opti-
mizing rhBMP-2 dosage in clinical applications. 
Therapeutic windows should be established to 
maximize osteoinductive efficacy while mini-
mizing inflammatory complications-a crucial 
consideration for achieving predictable surgi- 
cal outcomes. In scenarios requiring high-dose 
rhBMP-2 administration, concomitant use of 
anti-inflammatory agents (e.g., dexametha-
sone) through controlled delivery systems war-
rants investigation to mitigate adverse inflam-
matory responses without compromising os- 
teogenesis. This dose-stratified approach ali- 
gns with current trends in precision biomaterial 
engineering and combination therapy develop-
ment for bone regeneration. 
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