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Background

Complement proteins (C1q—C5) participate in immune surveillance and inflammation,
but their roles in osteoblast biology and fracture healing remain generally undefined.
Emerging evidence suggests that complement activation may exert both pro-regenerative
and pro-inflammatory effects, depending on receptor engagement and physiological
context.

Methods

A systematic review was conducted following PRISMA guidelines, using a semantic
search strategy to identify studies evaluating complement components C1q—C5 in
osteoblast function or fracture-healing outcomes. 20 studies met the inclusion criteria,
including rodent fracture models, in vitro osteoblast and osteoclast assays, aging and
estrogen-deficiency models, and receptor-specific genetic manipulations.

Results

Across studies, C3a/C3aR signaling consistently promoted osteoblast differentiation,
migration, and early callus organization, while C3 deficiency or C3aR inhibition
preserved bone formation in aging and estrogen-deficiency states. In contrast, C5a/
C5aR1 activation induced pro-inflammatory osteoblast phenotypes, increased
osteoclastogenic cytokines, and impaired matrix organization, particularly when
complement activity was excessive. C5aR1 blockade had little to no effect in
uncomplicated fractures, but restored healing in trauma-induced systemic inflammation.
Receptor-specific models demonstrated that C5aR1 drives early inflammatory signaling,
whereas C5aR2 modulates its resolution.

Conclusions

Complement proteins act as contextual regulators of skeletal repair, supporting
osteoblast-mediated regeneration under physiologic activation, while impairing healing
when over-activated. These findings highlight the therapeutic potential of targeted
complement modulation in inflammatory fracture environments and underscore the need
for human studies to define translational applications.

INTRODUCTION ways are inhibited. Conversely, WNT pathways induce os-
teoblast differentiation, promoting bone and fracture heal-

About 5-10% of fractures fail to heal normally, resulting N85 Mmoreovet, the pathw.ay is also resp(?nsible fc?r
in additional surgeries, a rise in morbidity, more bills, and BMP2-induced bone formation. Down-regulation of this

a lower quality of life.! Other fracture disturbances occur Pathway suppresses osteoblast activity, causing further
complications.4

The healing of fractures is a progressive operation that
involves many components, including immune cells

“relatively often”, leading to additional treatments and
costs.2 Repairing these defects and disturbances continues
to be a major problem within the clinical setting, affecting
both procedures and patient outcomes.3 While bone tissues ~ (Macrophages, neutrophils, monocytes), hematopoietic
can rapidly regenerate almost continuously, allowing the cells, skeletal cells, and mesenchymal stem cells.> These
body to adapt to mechanical force, nonunions continue to ~€lements support osteoblastic activity by introducing in-
plague patients. Nonunions are caused when WNT path- flammation, differentiating into osteoblasts, and activating
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TGF/BMP pathways.l:57 Osteoblasts are central in the
process of fracture healing, forming when mesenchymal
stem cells undergo six steps: migration, proliferation,
chemotaxis, differentiation, inhibition, and extracellular
protein synthesis.” Osteoblasts are critical to fracture heal-
ing, as they can either promote or inhibit osteoclasts, con-
trolling bone formation. Furthermore, osteoblast division
increases during fracture healing, providing additional sup-
port to the process.® Osteoblasts synthesize and mineralize
the bone, as stem cells differentiate into osteoblasts, estab-
lishing the soft (cartilage) callus and subsequently the hard
(bone) callus.! The disruption of the osteoblastic lineage
damages these crucial bone structures, leading to serious
complications, such as a two-year follow-up period, higher
costs for treatment, additional therapies, and aftereffects.2
While osteoblasts are similar to fibroblasts in structure, be-
havior, and morphology, osteoblasts can “induce mineral-
ization of the secreted extracellular matrix”, providing a
suitable environment for bone composition.*

Complement proteins are a key component of both the
innate and adaptive immune systems. Their functions
range from inducing opsonization, phagocytosis, and cell
lysis to inflammatory responses.”10 The system consists
of more than 30 proteins in plasma and cell membranes,
with a concentration of more than 3 g/L and accounting for
more than 15% of the globulin fraction of plasma.l0 The
proteins are classified into 3 main types: pro-inflamma-
tory mediators (anaphylatoxins), opsonins (opsonization-
inducing proteins), and the membrane attack complex
(MAC), which executes targeted lysis of the membrane of
pathogens.10 For example, the C5b-9 MAC creates pores
in the cellular membrane of pathogenic cells and bacteria,
allowing ions and water to flow into the cell, disrupting
homeostasis and completing cell lysis.%10 C3a and C5a con-
tribute to inflammatory responses as the anaphylatoxins
activate mast cells, enhance phagocytosis, and promote
adaptive immune responses.10 According to our literature
review, much of our current evidence demonstrates that the
relation between the cascade and bone fractures is derived
from wet-lab environments.!! Therefore, this study aims to
review the evidence and determine the effect of the Clqg-
C5 complement cascade on osteoblast activity and fracture
healing in orthopedic models.

METHODS

This systematic review of available literature addressing
the effects of complement proteins on osteoblasts and frac-
ture healing was conducted according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement. 12

On June 6, 2026, a literature search was conducted using
the ML tool Elicit to perform an initial relevance ranking
and semi-automated screening and extraction of search re-
sults. Elicit draws from multiple databases, including
PubMed, Semantic Scholar, arXiv, and clinical trials.!3 All
records retained at this stage were then subjected to dual
independent human title/abstract screening, followed by

full-text review within the Covidence software and human
screening of extracted data.

The literature search was conducted using a semantic
search approach, in which the review question was entered
directly into the search interface.l4 The query used was:
“How does activation or inhibition of complement com-
ponents C1g—C5 influence osteoblast activity and fracture
healing outcomes in orthopedic models?” The selected
studies were evaluated according to study design, publi-
cation type, orthopedic relevance, complement component
involvement, and model characteristics. Risk of bias assess-
ment was conducted using the standard template derived
from the Cochrane Risk of Bias version 1 tool, adapted for
use among the heterogeneous types of studies presented in
this review, given the absence of a single tool to facilitate
this.

This review is distinguished by its integration of both
fracture-model and non-fracture complement studies, al-
lowing mechanistic findings from in-vitro and metabolic
systems to be directly mapped onto in vivo healing out-
comes. By synthesizing evidence across diverse experimen-
tal platforms, the review provides a uniquely comprehen-
sive assessment of how complement signaling influences
osteoblast behavior and skeletal repair.

RESULTS

Figure 1 displays the semantic search conducted using
the Elicit ML tool, which initially retrieved 4,981 records,
from which the platform’s relevance ranking algorithm re-
turned 46 studies for human screening. These 46 publi-
cations then went through both title and abstract review,
after which 35 full texts were assessed for eligibility. Ulti-
mately, 20 studies met all inclusion criteria and were in-
corporated into the final analysis. 11 studies were excluded
during title and abstract screening, and 15 were excluded
at the full-text phase, most commonly for lacking a specific
complement target, failing to evaluate osteoblast or frac-
ture-healing outcomes, or not using an orthopedic model.
This review relied solely on Elicit’s database; no supple-
mentary database or reference search was utilized to iden-
tify additional studies that may have suited our research
question.

The 20 included studies encapsulated 8 fracture-model
investigations, 9 non-fracture bone-metabolism or in vitro
studies, and 3 doctoral theses/dissertations containing
mixed mechanistic data. The fracture studies consistently
used rodent models, predominantly C57BL/6 mice, with
standardized femoral osteotomies stabilized by external
fixation or intramedullary pinning in the single rat
model.15-20 Osteotomy size was reported in some studies,
such as the 0.4-mm gap model.!5 The pathways investi-
gated included C3, C5, C5a, C5aR1, and C5aR2, which were
manipulated through genetic deficiency, pharmacologic an-
tagonism (PMX53), osteoblast-specific receptor over-ex-
pression, or direct C5a stimulation. The ten non-fracture
studies evaluated the effects of complement on osteoblasts,
osteoclast precursors, or bone metabolism using primary
murine osteoblasts, co-culture systems, ovariectomy-in-
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) flowchart for seeking
and identifying included studies. Generated using Covidence

duced osteoporosis models, and aging models.21-28 The 2
theses and 1 dissertation contributed additional mechanis-
tic and immunohistological data, but were judged as higher
risk due to the non-peer-reviewed format and heteroge-
neous methodology.29-31

Figures 2 and 3 demonstrate that across osteoblast stud-
ies, C3/C3a/C3aR signaling was mainly pro-osteogenic. C3a
increased ALP, Runx2, and OCN, and promoted osteoblast
development.21,22.24 C3aR knockdown improved bone for-
mation in aging mice,25 while C3 deficiency preserved os-
teoblast function in estrogen-deficient bone loss.23 C5a/
C5aR1 signaling consistently induced a pro-inflammatory
osteoblast phenotype with increased CXCL10, IL-6, and os-
teoclastogenic mediators.2” Osteoblast-specific C5aR1
overexpression disrupted normal bone-tissue organization

and impaired osteoblast migration.!” Cl1q suppressed os-
teoblast differentiation in aging models.2¢

Figures 2 and 3 also show that complement manipula-
tion produced distinct effects on fracture healing. C3-/- and
C5-/- mice expressed divergent phenotypes, while C3 defi-
ciency resulted in reduced early osteoid formation and de-
layed early healing, but callus parameters normalized by
day 21.15 In contrast, C5 deficiency caused impaired miner-
alization, reduced callus volume, and diminished mechani-
cal stiffness. C5aR1 antagonism displayed effects that were
highly dependent on the inflammatory and physiological
environment. In uneventful fractures, early C5aR1 block-
ade did not alter callus volume, BV/TV, or biomechanical
strength.1> However, in fractures complicated by systemic
inflammation induced by blunt chest trauma, C5aR1 inhibi-
tion restored callus quality and mechanical strength.19 Re-

Orthopedic Reviews 3



C5aRinhibition in the early inflammatory
phase does not affect bone regenerationin a
model of uneventful fracture healing

Complement C3 and C5 deficiency affects
fracture healing

The anaphylatoxin receptor C5aR is present
during fracture healing in rats and mediates
osteoblast migration in vitro

Osteoblast-specific overexpression of
complement receptor C5aR1 impairs
fracture healing

Complement receptors C5aR1 and C5aR2
act differentially during the early immune
response after bone fracture but are
similarly involved in bone repair

C5aR-antagonist significantly reduces the
deleterious effect of a blunt chest trauma on
fracture healing

A complement antagonist improves fracture
healing after systemic inflammation induced
by blunt chest trauma

Immun-/histologische Untersuchungen zur
Rolle des Komplementsystems bei der
Frakturheilung
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Figure 2. Fracture-model studies on complement C1q-C5, osteoblast activity, and fracture healing
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Figure 3. Non-fracture, bone metabolism, and in vitro studies on complement C1q-C5 and osteoblast activity
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ceptor-specific knockout models demonstrated that C5aR1
drives early pro-inflammatory responses, and C5aR2 modu-
lates resolution, though both receptors contributed to over-
all repair.1® Osteoblast-specific C5aR1 over-activation im-
paired fracture healing by producing disorganized matrix,
altered osteoblast migration, and delayed mineralization.1?

Three mechanistic themes emerged from the analysis.
The mediators regulate early inflammatory signaling that
shapes osteoblast-osteoclast interactions.!82!l Comple-
ment receptors directly influence osteoblast differentiation
and migration, with C3aR generally pro-osteogenic and
C5aR1 pro-inflammatory.2427 Complement effects vary by
physiological setting: neutral in uneventful fractures,16
beneficial when inflammation is excessive,9 and detrimen-
tal in aging or estrogen-deficiency states.2326 Collectively,
these findings identify complement as a dynamic regulator
of osteoblast behavior and fracture repair.

Figure 4 shows that the risk of bias across studies was
generally low to moderate, with recurring gaps in random-
ization reporting, allocation concealment, and blinding.
Genotype-based studies demonstrated low risk for se-
quence generation,!>18 whereas pharmacologic studies
rarely described randomization.!6:19 No fracture study re-
ported randomization or blinding, and blinding of uCT, his-
tology, or mechanical testing was largely unclear. Attrition
was minimal, and peer-reviewed fracture studies often re-
ported prespecified outcomes. Thesis-based studies showed
unclear selective reporting. Additional concerns included
single-strain and single-sex models, limited complement
measurement, interference of trauma models, and non-
physiologic in vitro dosing.
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Figure 4. Risk of bias assessment for included complement-bone fracture studies
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Figure 4. C3 Complement Proteins visualized using PyMOL. Created By: Patrick R. Counts

DISCUSSION

Complement signaling functions as a contextual regulator
of fracture healing, and its effects depend on the ligand
concentration, receptor engagement, and inflammatory
context.!516 Complement activation supports early frac-
ture healing by coordinating immune-stromal communica-
tion. C3 and C5 cleavage generate C3a and C5a, which bind
to their specific GPCR receptors (C3aR and C5aR1) located
on osteoblasts and stromal cells, initiating intracellular sig-
naling that promotes migration, differentiation, and early
callus organization.!> Figure 4 shows the molecular struc-
ture of C3 in PyMOL software.

When the system is over-activated, such as during sys-
temic trauma, the same ligand-receptor interactions shift
toward pathologic inflammation, impairing osteoblast
function and delaying healing.1® This conditional behavior
reflects the complement proteins’ dual function as both a
pro-regenerative signaling molecule and a potent amplifier
of inflammation.

Non-fracture models such as osteoporosis studies are
still highly informative because they isolate how comple-
ment signaling directly regulates osteoblast proliferation,
differentiation, and OPG/RANKL balance outside the con-
text of acute injury, providing mechanistic insight that sup-
ports the in vivo fracture findings.2325 In vitro systems fur-
ther clarify osteoblast-intrinsic responses to C3a and C5a,
such as changes in AKP activity, apoptosis, and matrix pro-
duction, which help explain the cellular behaviors observed
in fracture models.20:22

Because the majority of available evidence comes from
animal models and in vitro systems, the direct translation
of these findings to human fracture biology remains uncer-
tain.1719.23 The limited availability of human data means

that complement-mediated effects on osteoblast function
and healing should be interpreted cautiously until validated
in clinical studies.

RECEPTOR BINDING AND DOWNSTREAM SIGNALING

Mechanistic studies show that the complement system’s
skeletal effects come directly from ligand-receptor engage-
ment. C5a binds to C5aR1 on osteoblasts, activating Gai-
coupled signaling that reorganizes the cytoskeleton and
promotes migration during early callus formation.20 This
migration is essential for bridging the fracture gap.

When C5aR1 is over-activated, ligand binding drives ex-
cessive NF-kB activation, inflammatory cytokine release,
and impaired matrix deposition, fundamentally disrupting
regeneration.1”

C5aR2, in contrast, appears to act as a regulatory re-
ceptor, modulating C5aR1-driven inflammation. Differen-
tial receptor activity during fracture-associated inflamma-
tion demonstrates that C5aR1 promotes pro-inflammatory
signaling, whereas C5aR2 inhibits it.!8 These receptor dy-
namics explain why the complement blockade is considered
neutral in low-inflammation fractures!® but beneficial in
trauma-induced systemic inflammation.!?

COMPLEMENT AS AN AMPLIFIER OF OSTEOIMMUNE
COMMUNICATION

Complement ligands also integrate with innate immune re-
ceptors to amplify osteoimmune signaling. C5aR1 physi-
cally and functionally cooperates with TLR2 on osteoblasts,
and co-activation of these receptors increases CXCL10 pro-
duction, a chemokine that strongly promotes osteoclast re-
cruitment and differentiation.2”
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C3a and C5a enhance osteoclast formation and inflam-
matory cytokine release when combined with IL-1f,
demonstrating that complement ligands act as signal am-
plifiers in inflammatory microenvironments.2! These inter-
actions show complement as a mediator of osteoblast and
osteoclast communication. This is consistent with the fact
that bone is a direct target of complement signaling.24.2%

COMPLEMENT IN CHRONIC BONE PHYSIOLOGY

Complement also influences chronic skeletal physiology
through ligand-receptor interactions. Age-related in-
creases in C1q impair osteoblast differentiation by binding
to cell surface receptors and altering downstream signal-
ing.26 C3aR signaling contributes to age-associated bone
loss, and its inhibition activates YAP1/B-catenin pathways
that restore osteoblast function.2> Estrogen-deficiency
models further demonstrate that the cascade contributes
to pathological bone resorption, as C3 deficiency protects
against postmenopausal bone loss.2332 These findings
identify complement proteins as a shared framework con-
necting inflammation, aging, and osteoporosis.

CELLULAR COUPLING MECHANISMS

In vitro studies reveal that complement ligands function
as paracrine coupling factors between bone-resorbing and
bone-forming cells. Osteoclast-derived C3a directly stimu-
lates osteoblast differentiation,22 while basal C3 expression
appears necessary for osteogenic maturation.28 Histologic
analyses confirm complement deposition and receptor ex-
pression in bone tissue,30:33 supporting its integration into
skeletal homeostasis. Analyses of receptor activity demon-
strate that C5aR1 and C5L2 both play a role in modulating
bone metabolism.3!

CLINICAL IMPLICATIONS FOR COMPLEMENT PROTEINS

These mechanistic insights could have direct translational
relevance. Inhibition of complement proteins may benefit
poly-trauma patients, while excessive C5a signaling impairs
healing.!? Complement modulation may also hold thera-
peutic value in osteoporosis, given the protective effects of
C3 deficiency and C3aR inhibition.23.25 Complement pro-
filing could act as a biomarker for predicting fracture out-
comes, especially in cases where C5aR1 is over-activated.1?
Complement-mediated osteoblast migration suggests po-
tential applications in implant osseointegration, t00.20

FUTURE DIRECTIONS CONCERNING RESEARCH IN
COMPLEMENT

Future work could prioritize human studies, temporal map-
ping of complement activation, and receptor-specific in-
terventions, as current evidence is dominated by animal
models.!>17 Mechanistic research may perhaps further ex-
plore the system’s role in osteoblast-osteoclast coupling
and TLR2 cooperation to improve understanding of the re-
lationship.22.27 In the future, clinical trials evaluating com-
plement antagonists in trauma-associated fracture impair-

ment may give more insight into how fractures are treated
in the clinical setting.!?

Complement signaling is a central, tunable regulator of
skeletal biology, supporting repair under physiologic con-
ditions, but impairing regeneration when overactivated by
trauma, aging, or receptor imbalance.!5:17,26 These insights
identify complement as a promising therapeutic and di-
agnostic target in trauma, osteoporosis, and age-related
skeletal decline.

Emerging evidence suggests that complement activation
profiles may have future applications in emergency med-
icine as prognostic biomarkers for trauma patients.34-36
Early alterations in complement components such as C3a,
C5a, and soluble C5b-9 have been associated with injury
severity and adverse clinical outcomes, while experimental
studies indicate that dysregulated complement signaling
also influences fracture healing.34-36 Although these find-
ings are promising, further prospective clinical studies are
needed before complement biomarkers can be incorporated
into routine emergency care.34-36

LIMITATIONS

This study focused only on data readily available in the
Elicit ML tool, which may have excluded other relevant
publications. A comprehensive search utilizing other data-
bases would provide a more detailed and accurate depiction
of complement proteins in osteoblastic and fracture healing
research. It is also important to consider the search strat-
egy. This study used a semantic search strategy rather than
a Boolean expression. A search method that uses stricter
parameters across multiple databases could provide more
accurate results.

Additionally, significant variability among study designs
may limit interpretation. The evidence contains animal
fracture models, in vitro tests, and various strategies for
manipulating complement, such as C3/C5 deficiency,!®
over-expression of C5aR1,!7 receptor-specific knockouts,!8
and pharmacological inhibition.1® Publication bias is also
a potential limitation, as studies with negative or unex-
pected findings are less likely to be published. This ten-
dency may skew the available evidence toward positive re-
sults and overestimate the apparent impact of complement
modulation on bone biology.

In vitro experiments with C3a or C5a stimulation may
also introduce additional variability. Measured outcomes
and complement-analysis methods were reported inconsis-
tently, varying from pCT and biomechanical testing to just
histology, while complement activity was measured using
different methods or not assessed at all. Certain studies
merged fracture models with systemic injury or failed to
clearly differentiate between open and closed fractures,16:
20 making it challenging to assign complement-specific ef-
fects. The lack of a documented review protocol could pos-
sibly have led to potential methodological deviation. Future
systematic reviews can overcome these limitations to pro-
duce a more comprehensive view of the literature in the
field of the complement system in relation to bone frac-
tures.
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CONCLUSIONS

This systematic review shows that complement proteins ex-
ert a dual, context-dependent influence on osteoblast bi-
ology and fracture healing. Physiologic C1q—C5 activation
supports osteoblast migration, differentiation, and early
callus formation, whereas excessive C5a/C5aR1-driven in-
flammation disrupts matrix organization, enhances osteo-
clastogenic signaling, and impairs repair in trauma, aging,
and estrogen-deficient states. These findings position com-
plement as a tunable regulator of skeletal homeostasis and
highlight the therapeutic potential of targeted complement
modulation in inflammatory fracture environments. Fur-
ther human studies and receptor-specific interventions are
needed to translate these mechanistic insights into clinical
practice.
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