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Abstract 

Objective  To investigate the therapeutic efficacy of total flavonoids of Rhizoma Drynariae (TFRD) in conjunction 
with a calcium phosphate/collagen scaffold for the repair of cranial defects in rats.

Methods  The subjects, rats, were segregated into four groups: Control, TFRD, Scaffold, and TFRD + Scaffold. Cranial 
critical bone defects, 5 mm in diameter, were artificially induced through precise drilling. Post-surgery, at intervals of 2, 
4, and 8 weeks, micro-CT scans were conducted to evaluate the progress of skull repair. Hematoxylin–eosin and Mas-
son staining techniques were applied to discern morphological disparities, and immunohistochemical staining 
was utilized to ascertain the expression levels of local osteogenic active factors, such as bone morphogenetic protein 
2 (BMP-2) and osteocalcin (OCN).

Results  Upon examination at the 8-week mark, cranial defects in the Scaffold and TFRD + Scaffold cohorts mani-
fested significant repair, with the latter group displaying only negligible foramina. Micro-CT examination unveiled 
relative to its counterparts, and the TFRD + Scaffold groups exhibited marked bone regeneration at the 4- and 8-week 
intervals. Notably, the TFRD + Scaffold group exhibited substantial bone defect repair compared to the TFRD and Scaf-
fold groups throughout the entire observation period, while histomorphological assessment demonstrated a sig-
nificantly higher collagen fiber content than the other groups after 2 weeks. Immunohistochemical analysis further 
substantiated that the TFRD + Scaffold had augmented expression of BMP-2 at 2, 4 weeks and OCN at 2 weeks relative 
to other groups.

Conclusions  The synergistic application of TFRD and calcium phosphate/collagen scaffold has been shown 
to enhance bone mineralization, bone plasticity, and bone histomorphology especially during initial osteogenesis 
phases.
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Bone defect, a multifaceted pathology prevalent in medi-
cal science, can emanate from a multitude of sources 
such as trauma, inflammation of bone tissue, tumor exci-
sion, or congenital malformations [1, 2]. This condition 
profoundly affects patients’ quality of life, necessitating 
comprehensive treatment approaches. Presently, bone 
grafting, which can be either autogenous or allogeneic 
(originating from a different individual), stands as the 
conventional method for addressing bone anomalies [3]. 
However, both techniques present unique challenges. 
Allograft transplantation may encounter rejection and 
obstacles in revascularization, while autogenous bone 
transplantation may give rise to pain at the donor site and 
complexities in achieving congruence with the recipient 
bone structure [4].

Calcium phosphate (CP), as the primary inorganic 
constituent, along with collagen and water as the prin-
cipal organic components, constitutes the structural 
matrix of bone tissue [5]. CP and collagen scaffolds, 
being the two most prominent components, have been 
shown exceptional biocompatibility, osteoconductiv-
ity, and osteoinductivity for bone critical-size defect 
repair [6, 7]. Critical-size defect (CSD) is the smallest in 
diameter bone defect that does not heal spontaneously 
[8]. The research conducted by Kim et al. substantiates 
that hydroxyapatite demonstrates notable osteocom-
patibility, effectively facilitating new bone ingrowth [9]. 
Furthermore, the application of medical-grade poly-
caprolactone/tricalcium phosphate (mPCL-TCP) com-
bined with collagen scaffold and rhBMP-2 has been 
observed to enhance bone quality significantly in the 
treatment of critical bone defects [10]. Additionally, the 
study by Chatzipetros E et al. reveals that the incorpo-
ration of nano-hydroxyapatite/chitosan scaffolds plays 
a pivotal role in new bone formation in rat calvarial 
CSD, as evidenced by histomorphometric analysis and 
cone beam computed tomography (CBCT) measure-
ments [8, 11].

Nevertheless, when bone defects reach critical-size, 
patients may be confronted with extended recovery dura-
tions, subsequently amplifying the risk of treatment-
associated complications such as infection and bone 
malformation [12, 13]. Future inquiries must concentrate 
on expediting bone regeneration, curtailing the tempo-
ral scope of treatment, and obviating the emergence of 
complications.

Traditional Chinese Medicine (TCM) offers an expan-
sive repository of therapeutic modalities, amenable to 
enhancement through integration with contemporary 
medical doctrines [14]. Such fusion may foster the incep-
tion of novel solutions and strategies for recalcitrant clin-
ical conundrums. Additionally, this amalgamation aids in 
deciphering the underlying mechanisms by which TCM 

manifests its therapeutic impact, thereby consolidating a 
scientific framework for its clinical translation [15–17].

Several research endeavors have substantiated the 
therapeutic potential of the Chinese herb Total Flavo-
noids of Rhizoma Drynariae (TFRD), a compound rou-
tinely utilized in formulations for fracture recuperation 
and osteoporosis management [18]. Prevailing literature 
underscores TFRD’s capacity to potentiate osteoblast dif-
ferentiation and mineralization processes [19]. Further-
more, scholarly investigations have postulated TFRD’s 
ability to curtail the bone resorption functions of osteo-
clasts, thereby forestalling bone depletion [20]. In  vivo 
studies have corroborated that TFRD enhances trabecu-
lar bone count and bone mineral density (BMD), opti-
mizes bone tissue architecture, and galvanizes novel bone 
synthesis [20, 21]. Moreover, extracts of TFRD have been 
shown to catalyze bone proliferation at the peripheries of 
lesions in New Zealand white rabbit parietal bones [22]. 
In a synergistic approach, the amalgamation of TFRD 
and calcium derivatives arrested the diminution of colla-
gen fibers in the femur, thereby bolstering the resurgence 
of nascent bone or cartilage tissue in ovariectomized rats 
[23]. While its propensity to promote bone healing is rec-
ognized, the precise molecular pathways underlying its 
action remain nebulous. In the current study, we admin-
istered TFRD in conjunction with a calcium phosphate/
collagen scaffold to rats with cranial defects, monitoring 
the dynamic shifts in bone repair and correlated factors 
to scrutinize the influence of TFRD on the osteogenic 
differentiation of the calcium phosphate/collagen scaf-
fold and its mechanistic principles. The insights gleaned 
from this investigation may contribute significantly to 
the evolving paradigm of “integrative medicine,” a nexus 
that harmonizes traditional Chinese and Western medi-
cal philosophies.

Materials and methods
Animals
Male SD rats of SPF grade (aged 10–12  weeks, weigh-
ing between 260 and 280  g) were sourced from Hang-
zhou Ziyuan Experimental Animal Technology Co., 
Ltd (licence number: SCXK (Zhe) 2019-0004). These 
subjects were accommodated at the Experimental Ani-
mal Centre of the First Hospital of Zhejiang University 
School of Medicine, three per cage, under meticulously 
regulated environmental parameters: (25 ± 1) ℃ tempera-
ture, (55 ± 5) % relative humidity, and a 12-h photoperiod 
cycle. The experimental subjects were afforded steri-
lized water and food ad  libitum. The schematic diagram 
of the experimental process is shown in Fig. 1. The pro-
tocol underwent comprehensive review by the Experi-
mental Animal Ethics Committee at the First Affiliated 
Hospital of Zhejiang University School of Medicine 
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(No. 20221125), ensuring full adherence to the presiding 
guidelines set forth by the Experimental Animal Ethics 
Committee.

Establishment of animal models
A period of fasting extending 12 h was mandated for all 
rats preceding the surgical intervention. The subjects 
were immobilized in a prone orientation on the surgi-
cal apparatus, employing a 3% solution of pentobarbital 
sodium at a dosage of 1.5  ml per kilogram. Following 
the removal of the superficial hair layer and implemen-
tation of sterile towels, aseptic conditions were rigor-
ously maintained. An aseptic saline solution coupled 
with sterile gauze was deployed to abolish residual 
iodine scrub. A subcutaneous administration of 0.5  ml 
of 1% (wt/vol) lidocaine amalgamated with 1:100,000 
epinephrine was performed along the sagittal median of 
the cranium. A longitudinal incision of 1.5  cm was art-
fully crafted, extending across the cranial region from the 
nasal bone to the caudal segment. Two pivotal defects, 
each 5 mm in diameter, were precisely sculpted utilizing 
a circular bone drill amid continuous saline irrigation. 
These defects were strategically spaced 3-4  mm apart, 
as depicted in Fig.  2. Subsequently, 36 Sprague–Dawley 

rats were allocated, in a randomized fashion, into four 
distinct cohorts, namely Control group (n = 6), TFRD 
group (n = 6), Scaffold group (n = 6), and TFRD + Scaffold 
group (n = 6). Post-implantation of the material germane 
to each group into the defect regions, the periosteum was 
scrupulously sutured in a tiered fashion. Postoperatively, 
the subjects were granted unrestricted access to nour-
ishment, and intramuscular injections of penicillin were 
administered daily at a dosage of 40,000 U for three suc-
cessive days. Upon the conclusion of the prescribed time 
intervals (2, 4, and 8 weeks), the rats within each group 
were humanely euthanized, allowing for the collection of 
biological samples for ensuing examination and analysis.

Treatment
Total Flavonoids of Rhizoma Drynariae (TFRD) con-
stitute a salient component within Qianggu Capsules 
(fabricated by Beijing Qihuang Pharmaceutical Co., 
Ltd, batch number: Z20030007, net weight: 0.25 g; each 
capsule encompasses 0.18  g TFRD). Both TFRD and 
TFRD + Scaffold cohorts were administered Qianggu 
Capsules solution, with the equivalent volume sustained 
for a duration of 8  weeks. The dosage, congruent with 
0.22 gkg−1d−1, was standardized according to the animals’ 

Fig. 1  Displayed the schematic representation of the experimental procedure

Fig. 2  Preparation of cranial defects A Cranial defects were modeled in preparation, each defect being 5 mm in diameter and 3–4 mm apart. B 
Placement of calcium phosphate/collagen scaffolds at the site of cranial defects
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body surface area, whereas the control group received 
a parallel volume of 0.9% NaCl. Throughout the inter-
vention period, weekly assessments of the subject body 
weight were conducted, facilitating the correspond-
ing adjustment of the dosage. Gastric intubations were 
administered daily (commencing on the immediate post-
operative day and persisting until the designated sam-
pling day), culminating in an overall intervention span of 
8 weeks.

Micro‑computed tomography (Micro‑CT)
Antecedent to euthanasia, anesthesia was dispensed 
to the subjects, positioning them in a supine alignment 
within the Siemens Inveon integrated micro-PET-CT 
scanner (Siemens Preclinical Solution USA, Inc., Knox-
ville, TN, USA). The micro-computed tomography (CT) 
scanning parameters were set at an 80  kV X-ray tube 
voltage, 500 uA current, 150 ms exposure duration, and 
120 rotational steps. Subsequent image analysis was con-
ducted utilizing the Inveon Research Workplace 4.1 (Sie-
mens, Erlangen, Germany). The bone defect region of 
interest (ROI) was delineated as the segment extending 
2.5  mm to either side from the sagittal midpoint of the 

predominant skull defect, as shown in Fig.  3. The bone 
mineral density (BMD), synonymous with bone mineral 
density, was quantified within this ROI, serving to gauge 
bone mass and structural integrity.

Histological analysis
Consequent to the micro-CT examination, the subjects 
were terminated under profound anesthesia, followed by 
the extraction and fixation of the cranium in 10% ethyl-
enediaminetetraacetic acid (EDTA) formalin for a 3-week 
period. This was succeeded by a 12-h aqueous rinse and 
a serial alcohol dehydration process. The final specimens 
were encased in paraffin and sectioned horizontally at a 
4  μm thickness using a tissue microtome. The applica-
tion of hematoxylin–eosin (HE) staining facilitated the 
visualization of osteogenic differentiation and vasculari-
zation, while Masson staining was employed to delineate 
the osteoid fibers within the bone defect. The digitized 
images were acquired via the digital slide scanning sys-
tem (KF-PRO-400, Ningbo Jiangfeng Biological Informa-
tion Technology Co. Ltd.). For Masson staining results, 
the area of blue collagen in the total area of the bone 
defect was assessed by histomorphometry.

Fig. 3  Schematic diagram of the region of interest (ROI) measurement of a bone defect. The system automatically recognizes the sagittal midpoint 
of cranial defects, yellow arrows indicate 2.5 mm side extensions and the red portion is the ROI area
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Immunohistochemical analysis
The paraffin-embedded bone tissue sections were con-
ditioned at 70  °C for a 4-h period, subsequently depar-
affinized, and rehydrated. The antigens were retrieved by 
pancreatin treatment for 20 min at ambient temperature. 
The ensuing process involved a 3% H2O2 application for 
5  min to obstruct endogenous peroxidase activity, fol-
lowed by a washing phase utilizing PBS. Non-specific 
binding was obstructed with normal goat serum for 
10 min. Incubation with rabbit BMP-2 (1:1200, YT0498; 
ImmunoWay) and OCN (1:200, GB112333, Servicebio) 
was conducted within a moisture-controlled chamber 
overnight at 4℃, followed by a 30-min incubation with 
the horseradish peroxidase (HRP) secondary antibody 
at room temperature. The subsequent application of 
3,3’-diaminobenzidine (DAB) effected color develop-
ment, with counterstaining performed using hematoxy-
lin. Quantitative assessment of positively stained cells 
and areas was executed utilizing Image J software (3 

random visual fields per section, 3 sections per staining, 
and 3 rats per time point).

Result
Gross observations and micro‑CT evaluation
Post-surgery, a comprehensive examination of 36 rats 
revealed neither accidental mortality nor instances of 
trauma infection. The subjects maintained an optimal 
state of health, characterized by stable coat pigmentation, 
natural posture, unaltered locomotion, consistent die-
tary intake, and regular bowel function. After an 8-week 
period, the representative samples showed tactile assess-
ment of the bone defect area in control revealed a soft 
texture, devoid of bony sensation; microvascular struc-
tures remained invisible. Contrarily, the defect in the 
bone within the Scaffold and TFRD + Scaffold groups had 
perceptibly diminished, exhibiting a hard, bony texture; 
especially TFRD + Scaffold group, bone defects substan-
tial recovered, as graphically depicted in Fig. 4A.

Fig. 4  Gross observations and micro-CT evaluation A Gross observation and micro-CT examination of representative samples at eight weeks 
postoperatively. B Micro-CT analysis of BMD change over time. *TFRD versus control group. ⋕1 TFRD + Scaffold versus Scaffold, (*P < 0.05, ⋕⋕P < 0.01, 
⋕⋕⋕P < 0.001)
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Micro-CT quantitative assessments revealed a tem-
poral elevation in BMD across all cohorts, with the 
TFRD-administered group evidencing an accelerated 
trajectory. At the bi-weekly checkpoint, the BMD quan-
tification for the TFRD cohort surpassed that of the con-
trol group (1064 ± 99.59 versus 865.1 ± 38.82, p < 0.05). 
Intriguingly, the TFRD + Scaffold group’s BMD was sub-
stantially elevated compared to the lone Scaffold group 
(2167 ± 97.45 versus 1847 ± 157.8, p < 0.05). By the con-
clusion of the fourth week, the bone mineral density of 
the TFRD + Scaffold group perpetuated its dominance 
over the Scaffold group (2847 ± 391 versus 2107 ± 297.1, 
p < 0.05), with this disparity persisting without any 
appreciable deviation up to the 8-week mark (Fig.  4B). 
This connotes a more rapid osseous regeneration within 
the TFRD + Scaffold cohort relative to its Scaffold 
counterpart.

The images of the 8-week micro-CT scans were con-
sistent with the naked eye observations. Micro-CT scans 
demonstrated an absence of marked osteogenesis within 
the control group’s rat skulls post. A limited prolifera-
tion of new bone was detected at the defect’s periphery 
in the TFRD group. However, in the Scaffold and Scaf-
fold + TFRD groups, the bone defect underwent effica-
cious repair; particularly in the Scaffold + TFRD group, 
with the latter particularly evidencing a uniformity in 
the density of the emergent osseous tissue in juxtaposi-
tion with the neighboring cranial structures surrounding 
the defect. Anchored in these initial findings, our posited 
hypothesis suggests a symbiotic efficacy of TFRD and 
scaffold in facilitating osseous recuperation.

Evaluation of the morphological structure by histological 
analysis
The histological interpretation, facilitated by HE staining, 
disclosed that the control groups predominantly con-
tained cartilage during the bi-weekly and quad-weekly 
observations. Within the TFRD contingent, a profusion 
of active osteoblasts was discernible at the peripher-
ies of the osseous deficits. Conversely, both the Scaffold 
and the TFRD + Scaffold assemblies were characterized 
by the presence of extensive regions of neo-osteogenesis, 
typified by newly formed bone, bone marrow, and oste-
oid matrix (Fig.  5A). By the culmination of the 8-week 
period, relative to its counterparts, TFRD + Scaffold 
group manifested significantly developed mature bone 
tissues at the defect site.

The maturity of bone tissue was evaluated via  Mas-
son  staining. Masson staining identified trabecular 
bone and mature bone tissues in red, collagen fiber and 
juvenile bone tissues in blue, and the osteoid in pink. 
Initial results, two weeks post-intervention, depicted 
conspicuous fibrous and osteogenic regions across all 

experimental groupings. By the 8-week marker, the 
TFRD cohort was typified by an expansive osteogenic 
region suffused with a prominent dark red tone. Mean-
while, Masson staining image analysis showed that 
TFRD + Scaffold group exhibited a significantly higher 
mineralized collagen fiber content after two weeks than 
that of the other groups, twice as much as Scaffold group 
in comparison (Fig. 5c). Collagen fiber content and neo-
natal bone tissue decreased, and mature bone tissue 
increased as time progressed. Consequently, the Masson 
staining underscored the propitious role of TFRD in aug-
menting early bone regeneration, and concurrently high-
lighted that the TFRD + Scaffold conglomerate boasted 
more advanced bone tissues within the bone defect 
location.

Immunohistochemical evaluation
The immunohistochemical (IHC) analysis probed the 
expression of OCN and BMP-2 antibodies at the cra-
nial defect perimeters. OCN-expressing osteoblasts and 
BMP-2, which is discernible in pluripotent mesenchymal 
cells, osteoblasts, bone matrices, and associated tissues, 
both were marked by a brown or yellowish-brown cyto-
plasmic coloration (Fig.  6A and B). Our results clearly 
showed that both OCN and BMP-2 have high expres-
sion in the TFRD treated groups compared to the con-
trol group at the two-week juncture. Furthermore, The 
TFRD + Scaffold group demonstrated significant eleva-
tions in BMP-2 and OCN levels in comparison with the 
Scaffold alone group from two weeks to eight weeks 
(Fig. 6C and D). These observations lend credence to the 
proposition that TFRD catalyzes the release of osteo-
genesis-associated proteins, partially through the poten-
tiation of the BMP-smad signaling conduit in osteoblasts, 
thereby fortifying osteogenesis. This further insinuates 
potential osteogenic synergism attributable to TFRD.

Discussion
Despite the commendable success rate achieved with 
calcium phosphate/collagen scaffolds in clinical appli-
cations, the quest for expedited bone regeneration and 
abbreviated treatment durations persist as pivotal fron-
tiers in osteogenesis research [24]. In this context, Tra-
ditional Chinese Medicine (TCM) presents a compelling 
adjunct to surgical interventions. Our present investiga-
tion elucidated that the bone healing proficiency of the 
TFRD cohort markedly surpassed that of the control 
group. Notably, this enhancement in bone regenerative 
capability was conspicuously amplified when TFRD was 
amalgamated with scaffolding substrates, especially dur-
ing the incipient stages of osteogenesis.

A plethora of empirical endeavors have underscored 
the salutary influences of both TFRD and calcium 
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phosphate/collagen scaffold in bolstering bone repara-
tive capabilities. To meticulously discern the potential 
synergistic ramifications of these two entities, we meticu-
lously curated two-by-two comparative matrices within 
our experimental blueprint: juxtaposing the Control 
group against the TFRD cohort, and the Scaffold assem-
bly against the TFRD + Scaffold ensemble. Subsequent 

evaluations spanned imaging diagnostics, histological 
analyses, and immunohistochemical assessments.

Guo Ying et  al. elucidated that TFRD facilitates the 
osteogenic differentiation of rat bone marrow stem cells 
(BMSCs), amplifying the expression of pivotal factors 
such as β-catenin, lymphoid enhancer factor I (LEF-
l), and cyclin D mRNA during the nascent phases of 

Fig. 5  Representative images of HE staining and Masson staining A HE staining observed osteogenesis at 2, 4, and 8 weeks in each group. B 
Matson staining assessed the maturity of bone tissue at 2, 4, and 8 weeks in each group. Images were captured at 10× microscopy, with a scale 
bar shown at 100 μm. C Statistical analysis of collagen volume fraction at week 2, 4, 8. TFRD versus control group and TFRD + Scaffold 
versus Scaffold, (⁎P < 0.05)
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differentiation. Intriguingly, TFRD attenuates the expres-
sion of these factors as differentiation matures. This 
observation underscores the hypothesis that TFRD’s 
primary contribution to osteoblast differentiation pre-
dominantly occurs during the early differentiation phases 
[25]. Jiang Ziwei et  al. delved into the temporal effects 

of TFRD on osteogenesis efficacy, utilizing tibia distrac-
tion osteogenesis in rats as a model system. The empirical 
findings elucidated that the group treated with the flavo-
noids throughout the entire experimental period exhib-
ited notably superior results in terms of X-ray scores 
and bone mineral density when juxtaposed with groups 

Fig. 6  Representative images of IHC staining A IHC staining of OCN at the cranial defect perimeters. B IHC staining of BMP-2 at the cranial defect 
perimeters. Images were captured at 10× microscopy, with a scale bar shown at 100 μm. C Bar charts show OCN positive area (%) calculated 
by densitometry of IHC images. D Bar charts show BMP-2 positive area (%) calculated by densitometry of IHC images. TFRD versus control group 
and TFRD + Scaffold versus Scaffold, (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001)
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receiving interventions during the distraction phase 
alone or both the distraction and mineralization phases. 
In summation, an early and consistent administration of 
TFRD can significantly augment the quality of bone for-
mation in the distraction osteogenic region of rats [26]. 
Our results are in line with the literatures. The micro-CT 
BMD analysis showed that the TFRD + Scaffold assembly 
showcased a superior trajectory and velocity of bone den-
sity amplification in contrast to the sole scaffold group 
during the initial two and four-week periods, which dem-
onstrated TFRD may have favorable consequences con-
cerning precocious osteogenesis.

Collagen fibers within the bone tissue matrix are cru-
cial for osteoblast maturation and matrix mineralization. 
Type I collagen, a primary component of the bone matrix, 
facilitates the expression of osteoadhesins, osteocalcin, 
and bridging proteins, thereby enhancing matrix min-
eralization during the mineralization phase [27]. In vivo 
studies at the 2-week mark revealed that the collagen 
content in the TFRD + Scaffold group was significantly 
higher than that in the Scaffold group alone. However, 
there was a gradual decrease in collagen content in the 
TFRD + Scaffold group at weeks 4 and 8. These observa-
tions indicate that TFRD integrated with calcium phos-
phate/collagen scaffolds may induce early osteogenesis 
and expedite matrix mineralization.

The principal exhibition of TCM’s facilitation in oste-
ogenic repair can be elucidated in the following dimen-
sions: Initially, promoting blood circulation to dredge 
collaterals, thereby the prevention and elimination of 
blood clots mitigate aseptic inflammation and trauma to 
soft tissues [28]. Subsequently, the enhancement of blood 
circulation, vascular wall permeability, ion exchange, 
local deposition of trace elements such as zinc, iron, cop-
per, manganese, and calcium salts occurs [29]. Further, 
there is stimulation of local collagen synthesis at the 
fracture terminus within the bone matrix, and the secre-
tion and synthesis of bone growth factors such as BMPs, 
VEGF and OCN.

The therapeutic efficacy of TFRD in fracture recu-
peration and osteoporosis management is elucidated 
through its intricate modulation of two distinct molec-
ular signaling pathways. Firstly, TFRD facilitates the 
activation of osteogenesis-associated signaling cascades 
within bone marrow stem cells (BMSCs) and osteo-
blasts [30]. Notably, pathways such as Wnt/β-catenin, 
MAPK, and Smad are intricately linked to bone syn-
thesis [31]. Conversely, TFRD mitigates osteoporosis 
by impeding bone resorption and attenuating bone 
loss. The critical pathways orchestrating this inhibitory 
action on bone resorption encompass CTSK and OPG/
RANKL/RANK [18, 32]. It is noteworthy that while the 
majority of therapeutic agents typically target either 

bone resorption or synthesis singularly, TFRD exhibits 
a dual modulatory influence on both these processes 
[33, 34].

As an integral component of the BMPs family, BMP-2 
assumes an osteogenic mantle by orchestrating the 
transcription of genes germane to osteogenesis and by 
catalyzing the Smads protein signaling mechanism. [35] 
BMP-2 exerts considerable osteoinductive activity, signi-
fying its capability to directly increase cell augment cel-
lular calcification and instigate new bone formation in 
conjunction with osteoblast maturation [15, 20]. Data 
from our investigation delineate that the expression of 
BMP-2 across all experimental cohorts reached zenithal 
levels two weeks post-gavage, subsequently waning 
thereafter. However, consistently across all evaluated 
intervals, the TFRD + Scaffold group exhibited superior 
BMP-2 expression compared to the Scaffold group, and 
the TFRD group surpassed the Control group. These 
findings are congruent with extant literature, illustrat-
ing that TFRD elevates BMP-2 expression, thus favoring 
bone production and differentiation.

Osteoblasts proceed through four sequential stages 
during bone formation: proliferation, extracellular matrix 
maturation, extracellular matrix mineralization, and 
apoptosis. [36] Accordingly, the investigative approach 
to augment the pace of induced bone healing encom-
passes the stimulation of osteoblast proliferation, differ-
entiation, mineralization, and the release of augmented 
osteogenic-related proteins. Osteocalcin (OCN), a ubiq-
uitous non-collagenous protein in bone tissue synthe-
sized by osteoblasts and marked by a swift turnover rate, 
functions as a precise and unerring indicator of osteo-
blast activity [37]. The results manifested that the group 
receiving scaffold combined with TFRD gavage displayed 
increased bone growth and mineralization in both the 
central and peripheral regions of the bone defect area, 
culminating in the upregulation of osteogenic-associ-
ated factors such as OCN. The escalated OCN positive 
expression in the TFRD-Scaffold group surpassed that 
achieved by scaffold alone, corroborating the enhance-
ment of osteoblasts’ bone formation functionality and the 
remodeling process facilitated by TFRD.

Through rigorous animal-based experimentation, 
our study culminates in the conclusive assertion that 
the confluence of TFRD and calcium phosphate/col-
lagen scaffolds exudes a distinct synergistic efficacy. 
TFRD amplifies bone repair capabilities, primarily by 
galvanizing the expression of osteogenesis-associated 
proteins like BMP-2 and OCN, especially during the nas-
cent stages of bone regeneration. This intricate tapestry 
of actions provides clarity on the synergistic potential 
when TFRD is integrated with calcium phosphate/col-
lagen scaffolds. Such findings bolster the proposition for 
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TFRD’s incorporation as a potent herbal therapeutic for 
addressing bone defects.

Abbreviations
TFRD	� Total Flavonoids of Rhizoma Drynariae
BMP-2	� Bone morphogenetic protein 2
OCN	� Osteocalcin
CP	� Calcium phosphate

Author contributions
LY contributed to study design, experimental research and manuscript draft. 
YS and XF performed animal experiments. JY contributed to pathological 
experiments. YS and CZ analyzed the data. JL contributed to manuscript draft. 
All authors read and approved the final version.

Funding
This research was funded by the Zhejiang Province Traditional Chinese Medi-
cine Science and Technology Plan Project (No. 2022ZB330), and the National 
Natural Science Foundation of China (No. 81970978).

Availability of data and materials
The initial data used to support the findings of this study are available from 
the corresponding author upon request.

Declarations

Ethical approval and consent to participate
This study was approved by the Experimental Animal Ethics Committee at 
the First Affiliated Hospital of Zhejiang University School of Medicine (No. 
20221125).

Competing interests
The authors have no conflicts of interest to disclose.

Received: 14 October 2023   Accepted: 20 November 2023

References
	1.	 Zhai M, Zhu Y, Yang M, Mao C. Human mesenchymal stem cell derived 

exosomes enhance cell-free bone Regeneration by Altering Their miRNAs 
Profiles. Adv Sci (Weinh). 2020;7(19):2001334. https://​doi.​org/​10.​1002/​
advs.​20200​1334.

	2.	 Yang S, Guo S, Tong S, Sun X. Promoting osteogenic differentiation of 
human adipose-derived stem cells by altering the expression of exoso-
mal miRNA. Stem Cells Int. 2019;2019:1351860. https://​doi.​org/​10.​1155/​
2019/​13518​60.

	3.	 Khan SN, Cammisa FJ, Sandhu HS, Diwan AD, Girardi FP, Lane JM. The biol-
ogy of bone grafting. J Am Acad Orthop Surg. 2005;13(1):77–86.

	4.	 Tsukasaki M, Takayanagi H. Osteoimmunology: evolving concepts in 
bone-immune interactions in health and disease. Nat Rev Immunol. 
2019;19(10):626–42. https://​doi.​org/​10.​1038/​s41577-​019-​0178-8.

	5.	 Parfenov VA, Mironov VA, Koudan EV, Nezhurina EK, Karalkin PA, Pereira 
FD, et al. Fabrication of calcium phosphate 3D scaffolds for bone repair 
using magnetic levitational assembly. Sci Rep. 2020;10(1):4013. https://​
doi.​org/​10.​1038/​s41598-​020-​61066-3.

	6.	 Wong SK, Wong YH, Chin KY, Ima-Nirwana S. A review on the enhance-
ment of calcium phosphate cement with biological materials in bone 
defect healing. Polymers (Basel). 2021. https://​doi.​org/​10.​3390/​polym​
13183​075.

	7.	 Yousefi AM. A review of calcium phosphate cements and acrylic bone 
cements as injectable materials for bone repair and implant fixation. J 
Appl Biomater Funct Mater. 2019;17(4):587004754. https://​doi.​org/​10.​
1177/​22808​00019​872594.

	8.	 Chatzipetros E, Damaskos S, Tosios KI, Christopoulos P, Donta C, Kalogirou 
E, et al. The effect of nano-hydroxyapatite/chitosan scaffolds on rat 

calvarial defects for bone regeneration. Int J Implant Dent. 2021;7(1):40. 
https://​doi.​org/​10.​1186/​s40729-​021-​00327-w.

	9.	 Kim R, Kim J, Moon S. Effect of hydroxyapatite on critical-sized 
defect. Maxillofac Plast Reconstr Surg. 2016. https://​doi.​org/​10.​1186/​
s40902-​016-​0072-2.

	10.	 Sawyer AA, Song SJ, Susanto E, Chuan P, Lam CXF, Woodruff MA, et al. 
The stimulation of healing within a rat calvarial defect by mPCL–TCP/col-
lagen scaffolds loaded with rhBMP-2. Biomaterials. 2009;30(13):2479–88. 
https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2008.​12.​055.

	11.	 Chatzipetros E, Yfanti Z, Christopoulos P, Donta C, Damaskos S, Tsiambas 
E, et al. Imaging of nano-hydroxyapatite/chitosan scaffolds using a cone 
beam computed tomography device on rat calvarial defects with histo-
logical verification. Clin Oral Investig. 2020;24(1):437–46. https://​doi.​org/​
10.​1007/​s00784-​019-​02939-4.

	12.	 Huang Q, Xu YB, Ren C, Li M, Zhang CC, Liu L, et al. Bone transport com-
bined with bone graft and internal fixation versus simple bone transport 
in the treatment of large bone defects of lower limbs after trauma. 
Bmc Musculoskelet Disord. 2022;23(1):157. https://​doi.​org/​10.​1186/​
s12891-​022-​05115-0.

	13.	 Chappell AG, Ramsey MD, Dabestani PJ, Ko JH. Vascularized bone graft 
reconstruction for upper extremity defects: a review. Arch Plast Surg. 
2023;50(1):82–95. https://​doi.​org/​10.​1055/s-​0042-​17586​39.

	14.	 Gan D, Xu X, Chen D, Feng P, Xu Z. Network pharmacology-based 
pharmacological mechanism of the Chinese medicine Rhizoma drynariae 
against osteoporosis. Med Sci Monit. 2019;25:5700–16. https://​doi.​org/​10.​
12659/​MSM.​915170.

	15.	 Lin H, Wang X, Li Z, Huang M, Feng J, Chen H, et al. Total flavonoids of 
Rhizoma Drynariae promote angiogenesis and osteogenesis in bone 
defects. Phytother Res. 2022;36(9):3584–600. https://​doi.​org/​10.​1002/​ptr.​
7525.

	16.	 Sun W, Li M, Xie L, Mai Z, Zhang Y, Luo L, et al. Exploring the mechanism 
of total flavonoids of Drynariae Rhizoma to improve large bone defects 
by network pharmacology and experimental assessment. Front Pharma-
col. 2021;12:603734. https://​doi.​org/​10.​3389/​fphar.​2021.​603734.

	17.	 Zhang Y, Weng Q, Hu T, Shen X, Han J. Prediction of Rhizoma drynariae 
targets in the treatment of osteonecrosis of the femoral head based 
on network pharmacology and experimental verification. Curr Comput 
Aided Drug Des. 2023;19(1):13–23. https://​doi.​org/​10.​2174/​15734​09918​
66622​10061​22426.

	18.	 Jin H, Jiang N, Xu W, Zhang Z, Yang Y, Zhang J, et al. Effect of flavonoids 
from Rhizoma Drynariae on osteoporosis rats and osteocytes. Biomed 
Pharmacother. 2022;153: 113379. https://​doi.​org/​10.​1016/j.​biopha.​2022.​
113379.

	19.	 Chen LL, Lei LH, Ding PH, Tang Q, Wu YM. Osteogenic effect of Drynariae 
Rhizoma extracts and Naringin on MC3T3-E1 cells and an induced rat 
alveolar bone resorption model. Arch Oral Biol. 2011;56(12):1655–62. 
https://​doi.​org/​10.​1016/j.​archo​ralbio.​2011.​06.​008.

	20.	 Sun W, Li M, Zhang Y, Huang Y, Zhan Q, Ren Y, et al. Total flavonoids of 
rhizoma drynariae ameliorates bone formation and mineralization in 
BMP-Smad signaling pathway induced large tibial defect rats. Biomed 
Pharmacother. 2021;138: 111480. https://​doi.​org/​10.​1016/j.​biopha.​2021.​
111480.

	21.	 Song S, Gao Z, Lei X, Niu Y, Zhang Y, Li C, et al. Total flavonoids of Dry-
nariae Rhizoma prevent bone loss induced by Hindlimb unloading in 
rats. Molecules. 2017. https://​doi.​org/​10.​3390/​molec​ules2​20710​33.

	22.	 Lee YE, Liu HC, Lin YL, Liu SH, Yang RS, Chen RM. Drynaria fortunei J. Sm. 
improves the bone mass of ovariectomized rats through osteocalcin-
involved endochondral ossification. J Ethnopharmacol. 2014;158(Pt 
A):94–101. https://​doi.​org/​10.​1016/j.​jep.​2014.​10.​016.

	23.	 Hu Y, Mu P, Ma X, Shi J, Zhong Z, Huang L. Rhizoma Drynariae total 
flavonoids combined with calcium carbonate ameliorates bone loss in 
experimentally induced Osteoporosis in rats via the regulation of Wnt3a/
beta-catenin pathway. J Orthop Surg Res. 2021;16(1):702. https://​doi.​org/​
10.​1186/​s13018-​021-​02842-3.

	24.	 Zhang J, He F, Zhang W, Zhang M, Yang H, Luo ZP. Mechanical force 
enhanced bony formation in defect implanted with calcium sulphate 
cement. Bone Res. 2015;3:14048. https://​doi.​org/​10.​1038/​boner​es.​2014.​
48.

	25.	 Ying G, Pei-Fang LI, Xiao-Chun S, Huan D, Hai-Li MA, Liao S, et al. Involve-
ment of Wnt/β-catenin signaling in the osteogenesis of bone marrow 
mesenchymal stem cells induced by Drynaria total flavonoids. Natl Med J 

https://doi.org/10.1002/advs.202001334
https://doi.org/10.1002/advs.202001334
https://doi.org/10.1155/2019/1351860
https://doi.org/10.1155/2019/1351860
https://doi.org/10.1038/s41577-019-0178-8
https://doi.org/10.1038/s41598-020-61066-3
https://doi.org/10.1038/s41598-020-61066-3
https://doi.org/10.3390/polym13183075
https://doi.org/10.3390/polym13183075
https://doi.org/10.1177/2280800019872594
https://doi.org/10.1177/2280800019872594
https://doi.org/10.1186/s40729-021-00327-w
https://doi.org/10.1186/s40902-016-0072-2
https://doi.org/10.1186/s40902-016-0072-2
https://doi.org/10.1016/j.biomaterials.2008.12.055
https://doi.org/10.1007/s00784-019-02939-4
https://doi.org/10.1007/s00784-019-02939-4
https://doi.org/10.1186/s12891-022-05115-0
https://doi.org/10.1186/s12891-022-05115-0
https://doi.org/10.1055/s-0042-1758639
https://doi.org/10.12659/MSM.915170
https://doi.org/10.12659/MSM.915170
https://doi.org/10.1002/ptr.7525
https://doi.org/10.1002/ptr.7525
https://doi.org/10.3389/fphar.2021.603734
https://doi.org/10.2174/1573409918666221006122426
https://doi.org/10.2174/1573409918666221006122426
https://doi.org/10.1016/j.biopha.2022.113379
https://doi.org/10.1016/j.biopha.2022.113379
https://doi.org/10.1016/j.archoralbio.2011.06.008
https://doi.org/10.1016/j.biopha.2021.111480
https://doi.org/10.1016/j.biopha.2021.111480
https://doi.org/10.3390/molecules22071033
https://doi.org/10.1016/j.jep.2014.10.016
https://doi.org/10.1186/s13018-021-02842-3
https://doi.org/10.1186/s13018-021-02842-3
https://doi.org/10.1038/boneres.2014.48
https://doi.org/10.1038/boneres.2014.48


Page 11 of 11Yu et al. Journal of Orthopaedic Surgery and Research          (2023) 18:903 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

China. 2012;92(32):2288–91. https://​doi.​org/​10.​3760/​cma.j.​issn.​0376-​2491.​
2012.​32.​017.

	26.	 Zi-Wei J, Jing-Qi Z, Feng H, Fan W, Yue LI, Xiang YU, et al. Effects of Flavo-
noids of Rhizoma Drynariae on tibia distraction osteogenesis efficacy in 
rat model. China J Tradit Chin Med Pharm. 2018;33(2):661–3.

	27.	 Yu X, Suarez-Gonzalez D, Khalil AS, Murphy WL. How does the pathophys-
iological context influence delivery of bone growth factors? Adv Drug 
Deliv Rev. 2015;84:68–84. https://​doi.​org/​10.​1016/j.​addr.​2014.​10.​010.

	28.	 Gao ZR, Feng YZ, Zhao YQ, Zhao J, Zhou YH, Ye Q, et al. Traditional Chinese 
medicine promotes bone regeneration in bone tissue engineering. Chin 
Med. 2022;17(1):86. https://​doi.​org/​10.​1186/​s13020-​022-​00640-5.

	29.	 Minling H, Zhaoqi L, Zhen S, Haixiong L, Junjie F, Feng H, et al. Effects of 
total flavone of Rhizoma Drynariae on the coupling of angiogenesis and 
osteogenesis in bone remodeling through notch signaling pathway. 
ChinJ Tissue Eng Res. 2021;25(32):5116–22.

	30.	 Yang L, Zhu XF, Wang PP, Zhang RH. Effects of Drynariae Rhizoma water-
extraction on the ability of osteogenic differentiation and it’s mechanism. 
Zhong Yao Cai. 2013;36(8):1287–92.

	31.	 Li S, Zhou H, Hu C, Yang J, Ye J, Zhou Y, et al. Total flavonoids of Rhizoma 
Drynariae promotes differentiation of osteoblasts and growth of bone 
graft in induced membrane partly by activating Wnt/beta-catenin signal-
ing pathway. Front Pharmacol. 2021;12: 675470. https://​doi.​org/​10.​3389/​
fphar.​2021.​675470.

	32.	 Song SH, Zhai YK, Li CQ, Yu Q, Lu Y, Zhang Y, et al. Effects of total flavo-
noids from Drynariae Rhizoma prevent bone loss in vivo and in vitro. 
Bone Rep. 2016;5:262–73. https://​doi.​org/​10.​1016/j.​bonr.​2016.​09.​001.

	33.	 Chen X. Effects of rhizoma drynariae-radix dipsaci herb pair on osteogen-
esis/osteoclastogenesis and Hif1a Gene. Chin J Osteoporos. 2023;29(1):64.

	34.	 Xiao Y, Zeng J, Jiao L, Xu X. Review for treatment effect and signaling 
pathway regulation of kidney-tonifying traditional Chinese medicine on 
osteoporosis. China J Chin Materia Med. 2018;43(01):21–30.

	35.	 Wang B, Mai C, Pan L. Abnormal variations of the key genes in osteoporo-
tic fractures. Emerg Med Int. 2022;2022:1022078. https://​doi.​org/​10.​1155/​
2022/​10220​78.

	36.	 Abou NE, Chrzanowski W, Georgiou G, Dalby MJ, Knowles JC. In vitro 
biocompatibility and mechanical performance of titanium doped high 
calcium oxide metaphosphate-based glasses. J Tissue Eng. 2010;2010: 
390127. https://​doi.​org/​10.​4061/​2010/​390127.

	37.	 Gao W, Reiser PJ, Coss CC, Phelps MA, Kearbey JD, Miller DD, et al. Selec-
tive androgen receptor modulator treatment improves muscle strength 
and body composition and prevents bone loss in orchidectomized 
rats. Endocrinology. 2005;146(11):4887–97. https://​doi.​org/​10.​1210/​en.​
2005-​0572.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3760/cma.j.issn.0376-2491.2012.32.017
https://doi.org/10.3760/cma.j.issn.0376-2491.2012.32.017
https://doi.org/10.1016/j.addr.2014.10.010
https://doi.org/10.1186/s13020-022-00640-5
https://doi.org/10.3389/fphar.2021.675470
https://doi.org/10.3389/fphar.2021.675470
https://doi.org/10.1016/j.bonr.2016.09.001
https://doi.org/10.1155/2022/1022078
https://doi.org/10.1155/2022/1022078
https://doi.org/10.4061/2010/390127
https://doi.org/10.1210/en.2005-0572
https://doi.org/10.1210/en.2005-0572

	Enhancing cranial defect repair in rats: investigating the effect of combining Total Flavonoids from Rhizoma Drynariae with calcium phosphatecollagen scaffolds
	Abstract 
	Objective 
	Methods 
	Results 
	Conclusions 

	Materials and methods
	Animals
	Establishment of animal models
	Treatment
	Micro-computed tomography (Micro-CT)
	Histological analysis
	Immunohistochemical analysis

	Result
	Gross observations and micro-CT evaluation
	Evaluation of the morphological structure by histological analysis
	Immunohistochemical evaluation

	Discussion
	References


