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Mitigation of BMP‑induced 
inflammation in craniofacial bone 
regeneration and improvement 
of bone parameters by dietary 
hesperidin
Patricia A. Miguez 1*, Vinícius de Paiva Gonçalves 2, Marta L. Musskopf 1, 
Angeliz Rivera‑Concepcion 3, Skylar McGaughey 3, Christina Yu 3, Dong Joon Lee 2, 
Stephen A. Tuin 2 & Aya Ali 1

Based on anti-inflammatory and osteogenic properties of hesperidin (HE), we hypothesized 
its systemic administration could be a cost-effective method of improving BMP-induced bone 
regeneration. Sprague–Dawley rats were allocated into 4 groups (n = 10/group): a 5-mm critical-sized 
mandible defect + collagen scaffold or, scaffold + 1 µg of BMP2 with and without dietary HE at 100 mg/
kg. HE was administered by oral gavage 4 weeks prior to surgeries until euthanasia at day 7 or 14 post-
surgery. The healing tissue within the defect collected at day 7 was subjected to gene expression 
analysis. Mandibles harvested at day 14 were subjected to microcomputed tomography and histology. 
HE + BMP2-treated rats had a statistically significant decrease in expression of inflammatory genes 
compared to BMP2 alone. The high-dose BMP2 alone caused cystic-like regeneration with incomplete 
defect closure. HE + BMP2 showed virtually complete bone fusion. Collagen fibril birefringence 
pattern (red color) under polarized light indicated high organization in BMP2-induced newly formed 
bone (NFB) in HE-supplemented group (p < 0.05). Clear changes in osteocyte lacunae as well as a 
statistically significant increase in osteoclasts were found around NFB in HE-treated rats. A significant 
increase in trabecular volume and thickness, and trabecular and cortical density was found in femurs 
of HE-supplemented rats (p < 0.05). Our findings show, for the first time, that dietary HE has a 
remarkable modulatory role in the function of locally delivered high-dose BMP2 in bone regeneration 
possibly via control of inflammation, osteogenesis, changes in osteocyte and osteoclast function and 
collagen maturation in regenerated and native bone. In conclusion, HE had a significant skeletal bone 
sparing effect and the ability to provide a more effective BMP-induced craniofacial regeneration.

Recombinant human bone morphogenetic protein 2 (BMP2) is a potent osteoinductive cytokine that plays a 
critical role in bone regeneration and has been studied extensively as a biologic for bone repair in dental and 
orthopedic fields1–4. The growth factor BMP2 is currently used as a bone-inducing agent for alveolar bone 
reconstruction, and several biomaterials and scaffolds have been introduced and evaluated as BMP2 carriers, 
e.g., absorbable collagen sponges, allogenic bone, bovine bone, hydroxyapatite and biphasic calcium phosphate5.

Although the usefulness of BMP2 for bone induction has not been questioned, the exponential rise in the 
clinical use of BMP2 (Infuse™ Bone Graft, Medtronic) use has been described to be associated with serious side 
effects6, such as inflammatory complications that may cause significant swelling and compromise a patient’s 
airway, cause ectopic bone, and tumor-like formation7. Other orthopedic-associated conditions like radiculitis, 
vertebral osteolysis, and increased microfracture occurrence has also been reported8. Therefore, it is important 
to find ways to better utilize BMP2 as a biologic either by controlling its inflammatory effects and/or potentiating 
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its osteogenic function allowing for smaller quantities to be used9–12. Therapeutics that act in synergy with BMP2, 
limiting or avoiding side effects thus improving efficacy in many clinical applications, would be a paradigm shift 
in the field of regenerative dentistry and medicine.

Hesperidin (HE) is a natural compound found in citrus fruits that has been associated with various functions 
such as anti-inflammatory, anti-oxidative, anti-clastogenic and osteogenic13–15. Briefly, flavonoids present in citrus 
fruits, such as HE and its metabolites, have been shown to stimulate osteoblast differentiation through activation 
of BMP signaling14,16–18. Pre-clinical studies have demonstrated that HE intake results in bone density protection 
in senescent and ovariectomized rats as well as reduction in oxidative stress and overall lipid content19–22. In a 
human clinical trial, our group investigated the use of grape seed extract and grapefruit extract (the latter rich 
in HE) in bone healing of extraction sockets and found that grapefruit extract led to downregulation of inflam-
matory genes such as interleukin (IL)-1 β, IL-6 and CXCL2 in the healing tissue23. More recently, we reported 
the positive effects of this promising phenolic compound on pre-osteoblastic cell differentiation, on the quantity 
and quality of mineralization, and on the quality of the organic type I collagen-rich matrix in vitro. Such charac-
teristics are critical for optimal bone properties as well as a bone-inducing role in vivo12. Our findings showed, 
for the first time, that HE has a modulatory role in mineralized tissue formation via promotion of osteoblast 
cell differentiation and improvement of matrix organization and mineral-to-matrix ratio. Moreover, the in vivo 
rat mandible regenerative bone model showed that HE combined with a suboptimal dose of BMP2 (a dose not 
able to promote fusion of the bone defect) in a collagenous scaffold promoted a well-controlled (not ectopic) 
pattern of bone formation as compared to a larger dose of BMP212. Therefore, we have shown that HE delivered 
locally can promote BMP2 function suggesting that it could be a potential adjunct to the use of BMP2 in clinic.

Currently, there isn’t a way to effectively and consistently deliver HE concomitantly with BMP2 locally to 
a bone defect. The aqueous insoluble nature of hesperidin without a delivery system to address solubility may 
pose standardization of treatment difficult at this time. We proposed to evaluate the effect of systemic adminis-
tration of HE as a dietary supplement to BMP2/collagen scaffold-induced (locally delivered) bone regeneration 
to circumventing these limitations. The use of HE for local delivery warrants further investigation of a release 
system such as nanoparticles, branched polymers, or hydrogels with predictable rates of degradation to facilitate 
its solubility and ensure cell and matrix uptake as well as concomitant BMP2 delivery12. Since HE is already 
available as an over-the-counter (OTC) supplement, dietary administration of HE could, in the meantime, be a 
practical and immediate alternative to modulation of BMP2-based regeneration while local delivery system(s) 
are being developed. OTC supplementation could be utilized as adjunctive and concomitant treatment during 
bone graft procedures in dentistry and orthopedics.

Thus, taking into consideration the role of HE in inflammation and in osteogenesiss/osteoclastogenesis, our 
study aimed to evaluate bone healing in a critical-sized mandible defect of rats under HE supplementation by 
evaluating early inflammatory/osteogenic gene expression and histopathological and tomographic bone param-
eters in bone healing sites treated with or without BMP2. Our hypothesis was that systemic HE supplementation 
would positively modulate inflammation associated with use of high-dose BMP2, promote osteogenesis, influ-
ence osteoclastogenesis and favor mandible bone quality, ultimately leading to a more desirable regenerative 
therapy free of abnormal and poor-quality bone formation. Since the rats would be on dietary HE for 6 weeks, 
off target effect on skeletal bones were anticipated, thus, femurs were imaged for effect on skeletal bone mass. 
This report is the first in the literature showing a benefit in consumption of the dietary compound HE during 
BMP2-induced bone healing.

Materials and methods
Animals and groups
The Institutional Animal Care and Use Committee (IACUC) at the University of North Carolina at Chapel Hill 
(IACUC ID: 18–115, 04/30/2021) approved the animal experiment protocol and the procedures were conducted 
in compliance with ethical standards that fully comply with Animal Research: Reporting of in vivo Experiments 
(ARRIVE) guidelines24.

Forty male Sprague–Dawley rats (350–400 g, 70 d old) were randomly allocated into 4 groups (n = 10/
group): mandible defect + scaffold with (1) or without (2) HE 100 mg/kg dietary supplementation and, mandible 
defect + scaffold with 1 µg of BMP2 with (3) or without (4) supplementation with HE 100 mg/kg. The animals 
were kept in a BSL 2 classified animal environment with controlled temperature, humidity, and light cycles 
(12/12 h), with water and feed ad libitum. The diet consisted of hard chow provided by the facility at all times, 
with soft chow (hard chow soaked in water) for 48 h post-surgery.

Hesperidin treatment
HE (97% purity, ACROS Organics, Belgium) concentration at 100 mg/kg of rat weight was diluted in 0.9% 
sodium chloride mixed fresh at time of ingestion and administered systemically once daily via oral gavage by 
experienced personnel as reported25. HE treatment started 4 weeks before mandible surgery and was maintained 
until euthanasia at day 7 or 14 post-surgery. The non-HE rats did not receive sham gavage.

Mandible model and femur phenotype
As previously described (Miguez et al.9,10,12), all animals were given a pre-operative dose of the antibiotic Cefa-
zolin (10 mg/kg), and the anesthesia was achieved by using Ketamine (80 mg/kg)/Xylazine (10 mg/kg). Two-cm 
incisions were made along the inferior border of the hemi-mandibles and the masseter muscle, and the perios-
teum, were detached to expose the ramus (Fig. 1A). Using a 5-mm-diameter trephine (Salvin Dental, Charlotte, 
NC, USA), through a mandible jig prototype (archetype jig: http://​otc.​unc.​edu, Tech#20–0105) a critical-sized 
defect was placed at the ramus at a jig-oriented standardized location about 3 mm above the lower border of the 
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mandible and 2 mm distal to the incisor root (Fig. 1B–D). A 5 mm bone core was removed without rigged borders 
and a well-defined critical-sized defect was obtained at a standardized and reproducible location (Fig. 1E–G). 
The defects were filled with a UV-cross-linked type I collagen sponge (Nitta Gelatin, Japan) as a scaffold. Each 
scaffold was precut with a 5-mm-diameter tissue punch (Miltex Inc., York, PA, USA) and was soaked uniformly 
in 10 µl total solution of phosphate-buffered saline (PBS) with and without the growth factor BMP2 (rhBMP2, 
catalog #:355-BM, R&D Systems, Minneapolis, MN). Two groups received an empty scaffold pressed into the 
defect, while the other two groups, the bone defect was filled with the scaffold soaked with 10 µl PBS containing 
BMP2 at 1 μg concentration (Fig. 1H). The muscle layer was passively, but tightly, sutured around the mandible 
with 5–0 chromic gut (Ethicon Inc., Cornelia, GA, USA) and the skin with 5–0 polypropylene suture (Ethicon). 
The rats were maintained on a diet of soft rat chow and water for 48 h and starting on day 2 had both soft and hard 
diet available. Rats received buprenorphine for pain management. Any complications such as seromas, signs of 
distress or change in behavior were recorded and managed immediately to avoid animal stress and discomfort.

At day 7 post-surgery, animals (n = 5/group) were anesthetized by ketamine/xylazine, the surgical access to 
the mandible was re-opened and the collagenous tissue present within the mandible bone defect was collected 
and immediately stored in an RNA stabilization solution (RNA later®, Sigma-Aldrige, Burlignton, MA) (Fig. 1I) 
until processed for gene arrays. Another cohort of animals (5/group) was euthanized at day 14 post-surgery and 
the mandibles were immediately fixed in 10% neutral buffered formalin for 72 h, rinsed in PBS and stored in 70% 
v/v ethanol at 4 °C. Femurs of the groups treated with or without HE were also harvested 2 weeks post-surgery, 
to evaluate the impact of 6 weeks of systemic dietary HE on femoral phenotype. All animals were sacrificed 
according to the IACUC and ARRIVE guidelines with a lethal dose of pentobarbital followed by the physical 
method of thoracotomy. The formalin-fixed mandibles with intact attached muscle and femurs were analyzed 
by microcomputed tomography (µCT). Mandibles were demineralized with 0.5 M EDTA at pH 7.4 for 8 weeks 
under agitation, paraffin-embedded and processed for histology.

Figure 1.   Critical-sized defect of the rat mandible. (A) Surgical exposure of the lower body, angle and ramus 
of the mandible after dissection of masseter and medial pterygoid. (B) 5-mm trephine alone can be used to 
generate the 5-mm critical-sized defect using a Prichard instrument over the sagittal side of the mandible for 
protection of the underlining soft tissue. (C) Alternatively, a custom-made template (prototype is shown) is 
recommended to standardize the location of the defect and protect underlying tissues (jig archetype available at 
otc.unc.edu, Tech#20–0105). (D) The trephine fits within the open window of the jig. (E) The bone removed has 
well-defined edges and is from the same location in all mandibles. (F, G) Critical-sized defect. (H) Placement of 
a 5-mm collagen scaffold in the defect. (I) The scaffold can be removed within a week post-surgery for analysis 
of bone healing such as via mRNA extraction and gene expression profile mapping.
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RNA isolation and PCR arrays
Seven-day samples stored in RNA later were processed for RNA extraction via Trizol (Invitrogen, Carlsbad, 
CA) as described previously (Miguez et al.12). RNA was further purified using the miRNeasy Mini Kit (Qiagen, 
Germantown, MD) and RNA integrity assessed using a NanoDrop ND-1000 spectrophotometer (NanoDrop 
Technologies, Wilmington, DE). The cDNA synthesis and gDNA elimination were performed using the RT2 
Microfluidics qPCR Reagent System (Qiagen) with 100 ng (first experiment)/500 ng (second experiment) RNA 
used as input. Next, specific target preamplification was performed using the RT2 PreAMP Primer Mix Format 
H (Qiagen) for the Rat Osteogenesis (GeneGlobe ID—PBR-026Z) and Rat Inflammatory Cytokines and Recep-
tors (GeneGlobe ID-PBR-011Z) Arrays. Finally, real-time PCR was performed using the RT2 Profiler PCR Array 
Format H (Qiagen), Rat Osteogenesis and Rat Inflammatory Cytokines and Receptors Arrays, and Microfluidics 
qPCR Master Mix (Qiagen) on the BioMark HD system and PCR Analysis Software v2.1 (Fluidigm). The log 
base two fold-change ratios were calculated and clustered data defaulted using blue and red to represent positive 
and negative fold-change expression values, respectively.

All steps were performed according to manufacturer’s instructions as reported26,27.

Microcomputed tomography bone analysis
The mandibles were scanned using a µCT system (Scanco µCT40 scanner—SCANCO Medical AG, Bruttisellen, 
Switzerland)12. The X-ray parameters were 70kVp at 114uA with a 200 ms integration time. Image matrix size 
was 2048 × 2048 with acquired 2000 projections over a 360° rotation. A tube of 20.5 mm diameter which allows 
a pixel size of 10 μm was used. Acquisitions were made using a conebeam geometry and a Feldkamp filtered 
backprojection reconstruction algorithm used to create the reconstructions. All samples were positioned and 
scanned in a standard manner using an airtight cylindrical sample holder filled with PBS. For the analyses of the 
acquired images, the CTAn analyser software (Skyscan) was used. The region of interest (ROI) was selected in all 
images through a standardized drawing of the area within the defect borders. The region was first positioned in 
the middle of the surgical defect, and it was then extended to all slices of the data set. A new ROI was set every 
20 images. Quantitative morphometric analysis of the mineralized tissue inside the defects was carried out on 
voxels that corresponded to bone. After tomographic acquisitions, 3D images were reconstructed through direct 
volume rendering from the series of 2D projections9,10,12. For the femurs, a 6 µm, 70 kVp, 142 uA using a 0.5 mm 
aluminum attenuation filter setting was used. The ROI included a specific number of slices below the growth 
plate after a set anatomical marker for trabecular bone and cortical bone analysis (50 and 400 slices below growth 
plate, respectively). The bone microarchitecture parameters evaluated were trabecular and cortical bone volume 
fraction (BV/TV, %), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.S), 
and trabecular and cortical density (mgHA/ccm) as previously recommended28. A threshold of 330–1000 was 
used to separate mineralized and non-mineralized tissue in both mandible and femurs with cortical bone with 
a minimal threshold of 360.

Histological analysis
After mandibles were demineralized and embedded, sections (6 µm) obtained from the mid–cross section of the 
mandible in the frontal plane were stained by Hematoxylin and Eosin (H&E) for a qualitative gross evaluation 
and picrosirius red (PSR) for quantitative collagen organization and maturation analysis. Osteoclast numbers 
were assessed by tartrate-resistant acid phosphatase (TRAP) staining as previously described10,25.

For PSR, slides were incubated in 0.1% (w/v) sirius red in saturated picric acid solution for 30 min at room 
temperature. This was followed by rinsing with distilled water, dehydration and mounting. The slides were imaged 
under bright field and polarizing light using a Leica DMR microscope (Buffalo Grove, IL, USA). PSR images at 
20 × magnification were analyzed using a custom generated algorithm in Matlab ® R2016a (Mathworks, Natick, 
MA, USA) as previously reported (Smith et al.29, Miguez et al.12). The percent area of red, yellow, and green color 
signals were normalized to total color signal for each sample.

Non-serial histological sections (n = 5/animal) were stained for TRAP-positive multinucleated osteoclasts, 
and slides were deparaffinized and rehydrated through graded ethanol to distilled water, and then immersed in 
TRAP staining solution mix (at 37 °C for 30 min). The sections were rinsed in distilled water and counterstained 
with 0.02% fast green for 30 s. For quantification, TRAP-positive cells stained in red containing three or more 
nuclei on the bone surface, were considered osteoclasts, and quantified in the region of interest comprising the 
whole area within the defect borders25.

Statistical analyses
An evaluator from a bioinformatics core performing the statistical analyses was blinded to the identity of experi-
mental groups for gene arrays. Gene arrays were evaluated by Analysis of variance (ANOVA) and Tukey post 
hoc as described27. Data were submitted to the Shapiro–Wilk test to assess homogeneity and data distribution. 
ANOVA with Tukey post hoc test or Kruskal–Wallis with Dunn post hoc test were performed to determine the 
differences among groups of animals for µCT and osteoclast numbers as described10,12. PSR colors were quanti-
fied by MatLab software as described12,29 and statistically evaluated by ANOVA with Tukey post test. GraphPad 
Prism 8 software (GraphPad Software Inc., San Diego, CA, USA) was utilized for analyses. All tests were applied 
with a 95% confidence level (p < 0.05). Data were expressed as mean ± standard deviation.

Results
Adverse events
Systemic HE administration, surgical procedures and scaffolds did not promote any behavioral change, physi-
cal issues (e.g., skin lesions, hair loss), detrimental weight loss or feeding impairment. Three animals in the 
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BMP2-treated group developed seromas in the submandibular space which were monitored as the animals were 
not stressed and were ambulating, behaving, and eating normally.

Hesperidin influence in inflammatory and osteogenic genes
Figure 2 depicts the statistically significant up and downregulated osteogenic and inflammatory gene findings and 
their p values. BMP2 in high dose in the rat mandible model compared to scaffold alone after 7 days of healing, 
significantly decreased the expression of several genes including biglycan (bgn), bmp6, bmp5, fibronectin (fn1), 
the main BMP2 receptor gene bmpr1a, coll3a1, anexin5 and phex . One of the most significant downregulation 
in BMP2 treated rats vs. scaffold alone was tgfb3. BMP2 increased inflammation-associated genes such as ltb 
and il5rα.

When rats were on dietary HE and subjected to BMP2-induced bone regeneration (HE + BMP2) were com-
pared to BMP2, the healing tissue showed a statistically significant decrease in expression of the inflammatory 
genes tnf, nf-κb and ccl12. Interestingly, expression of smad4 and spp1 (osteopontin) were significantly reduced 
potentially indicating some control of osteogenesis via HE. Coll3a1 was significantly upregulated as well as tgfb3, 
bmpr1a and bmp6 in HE-rats.

Figure 2.   Assessment of bone healing and regeneration of the rat mandible via inflammatory genes arrays, 
microcomputed tomography (µCT) and histology when using bone morphogenetic protein 2 (BMP2) with 
and w/o dietary hesperidin (HE). (A) 3D images show increased bone formation with use of BMP2 (dose 
previously found to induce enough bone regeneration to fuse the defect in this model-1 µg of BMP2, albeit with 
cyst-like bone formation) compared to collagen scaffold alone. When HE was administered systemically in 
rats via oral gavage, BMP2 formed bone within the boundaries of the defect only vs. of ectopic or cystic nature 
with BMP2 w/o HE supplementation. (B) 2D view of coronal cross-section of the mandibles confirmed the 3D 
image bone profile to be abnormal when BMP2 was used w/o dietary HE as opposed to with HE. HE formed 
a thick and trabeculate type of bone within the constraints of the defect. (C) There was no statistical difference 
in BV/TV between defects treated with BMP2 with and w/o HE but both groups are statistically superior in BV 
(n = 5, p < 0.05, different superscript letters indicate statistical difference among groups) to control scaffold. (D) 
Histological sections stained with H&E with native mandible bone delineated in red and newly formed bone 
in dotted yellow. (E) Gene profile of samples collected from BMP2, HE + BMP2 and control scaffold alone 
(n = 4 scaffold, n = 5 −BMP2, n = 3 scaffold + HE, n = 4 HE + BMP2); blue lettering indicates downregulation, 
red lettering indicates upregulation, all samples ran in triplicates. (F) Note that the inflammatory infiltrate and 
blood-filled cavity within bone is histologically evident in BMP2 alone samples (blue arrow). One-way analysis 
of variance, Tukey’s post hoc test performed for imaging and gene expression parametric data at 95% confidence 
interval.
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Compared to scaffold alone, the HE + BMP2 mostly downregulated gene was the BMP function promoter 
bgn, followed by tgfb, bmp6, bmp5, tnf, gdf10, cxcl1, smad4, fn1 and ccl3. Only coll3a1 expression was statistically 
significantly increased. Scaffold with and without dietary HE showed statistically significant increased expression 
of igf1 and decreased expression of tnf (p < 0.05).

HE administered systemically promotes a more robust and well‑defined BMP2‑induced bone 
regeneration
Three and two-dimensional analysis (Fig. 2A–C) of newly formed bone within the defects showed a small 
percentage of bone formation in samples treated with scaffold only in both groups with and without HE sup-
plementation. A significantly robust and cyst-like bone formation was observed in the defects treated with scaf-
folds infused with 1 µg of BMP2 compared to no growth factor. Bone volume was also significantly increased 
compared to scaffold alone in rats under dietary HE regimen and treated with BMP2 (p < 0.05) but was not 
different compared to BMP2 scaffold without HE. Remarkably, the bone formation in the HE-rats virtually 
closed the mandible defect without any evidence of abnormal bone formation such as cysts or ectopic sites in 
all rats. Histological evaluation (Fig. 2D) by H&E confirmed the pattern of bone regeneration seen on µCT and 
revealed pronounced inflammatory infiltrate associated with BMP2 groups without HE treatment including 
heme-filled cavities (Fig. 2F).

Dietary HE supplementation leads to a more mature extracellular matrix
PSR staining showed a quantifiable pattern of mature collagen fibrils of predominantly red birefringence with a 
lower percentage of green and yellow fibrils in BMP2-treated rats while supplemented with HE as compared to 
only scaffold or BMP2 alone. Dietary HE promoted red colored fibrils compared to non-HE consuming animals 
(p < 0.05) (Fig. 3A–D,E).

Osteocytes lacunae were clearly dissimilar in rats under HE supplementation compared to no HE. The lacu-
nae was marked by intensive sirus red staining (dense and of mostly unidirectional collagen matrix) revealing 
a spindle shape form of the osteocyte cavity compared to less defined, poorly collagen-dense walls and round-
shaped lacunae for non-HE rats (blue arrows, Fig. 3F,G).

Osteoclasts numbers are increased in NFB of HE‑treated rats at 100 mg/kg
TRAP staining (Fig. 4A–D) showed that there were no osteoclasts present at 2-weeks post-surgery in the NFB 
area indicating no detectable active remodeling in BMP2-treated or scaffold alone groups. Interestingly, only in 
the presence of dietary HE, it was possible to find osteoclasts in the samples localized to the surrounding area of 
the NFB 14 days post-surgery (Fig. 4C,D). BMP2 + HE + BMP2 rats showed the highest number of osteoclasts 

Figure 3.   Assessment of extracellular matrix organization via picrosirius red (PSR) staining of rat mandibles. 
Native bone at the edge of the mandible appears within white dotted line. (A) Upper border of the mandible 
defect treated with scaffold alone shows small area of bone formation in faint green/yellow birefringence 
pattern at 40× magnification. (B) Extensive green staining pattern of newly regenerated bone when 1µ BMP2 
was infused in scaffold (no HE supplementation). (C) In the presence of dietary HE supplementation, BMP2-
induced regenerated bone showed evidence of red-colored collagen fibrils. (D) NFB in all HE-treated animals 
showed statistically greater red color appearance. Differences statistically significant as quantified by MatLab 
software and analyzed by ANOVA and Tukey post hoc test (n = 8, p < 0.05) are depicted in (E) *p < 0.05 
compared to scaffold group; **p < 0.05 compared to BMP group. (F) At 200x, note that in HE-treated rats, 
the polarized imaged area around osteocytes (lacunae) is marked by yellow and red matrix suggesting active 
osteocyte function even in the native bone area (blue arrow) as opposed to the much less-defined osteocyte 
lacunae of rats not on dietary HE (G). Scale bar indicate 200 µm.
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(34.1 ± 17.4) compared to HE (5.3 ± 3.1) which were statistically significant from non-HE samples (p < 0.05, 
n = 5–7 slices/rat, n = 4 rats, Fig. 4E). TRAP positive and multinucleated cells were identified as osteoclasts 
(Fig. 4F,G).

Trabecular and cortical femoral bone parameters are improved by dietary hesperidin
Systemic administration of HE significantly affected femoral bone parameters 6 weeks-post introduction of 
the oral gavage with HE (Fig. 5A–C). Trabecular bone volume (BV), trabecular thickness (Tb.Th.) and mineral 
density were significantly increased by HE when compared to no HE (p < 0.05). HE administration also promoted 
a slight but significant increase in cortical bone mineral density compared to control group (no HE treatment).

Of note, rats under HE-regimen lost significant amount of weight after starting the oral gavage (although no 
measurable difference in food intake was noticed in the first week, Fig. 5D). In the subsequent weeks, HE-rats 
maintained the statistically significant lower weight compared to no HE, were alert and had normal behavior 
and eating patterns. Both groups lost weight the week after surgery as expected due to the nature of the surgery 
with limited food intake in the first days post intervention.

Discussion
The incorporation of BMP2 has been found to remarkably enhance the bone restorative effect of synthetic bone 
substitutes and greatly expand the horizon for the clinical application of bone grafts30. However, BMP2 tends to 
be rapidly degraded by proteases when injected directly into a defect site and, thus, a supraphysiological dose 
of the protein is typically required. This dose can cause undesired side effects31, e.g., excessive inflammation, 
occasional ectopic ossification, tumor-like bone growth, and edema12,32–34.

As previously demonstrated in our studies, when delivered locally to a critical-sized defect in a rat mandible 
model, HE combined with a suboptimal dose (not enough to regenerate the defect) of BMP2 in a collagenous 
scaffold, promoted a well-controlled pattern of bone formation as compared to a large dose of BMP212. Com-
plementary, the present study is the second evidence showing HE effects on BMP2-induced regeneration and 
the first evaluating dietary HE on BMP2-bone therapy. Defects filled with a high dose of BMP2 in a collagenous 
scaffold only formed bone within the boundaries of the mandible defect when HE was administered systemically 
over the course of the healing period, which is in agreement with the results observed when HE was associated 
to BMP2 and directly delivered into bone defects12. HE effects observed in both models are paradigm changing 
and very promising in the pursuit of cost-effective regenerative medicine and dentistry. The remarkable effects 

Figure 4.   TRAP staining for osteoclast identification in newly formed bone of the rat mandible defects 2 weeks 
post-surgery. (A) Scaffold alone (large figure, 4×; insert 40×). (B) Scaffold + BMP2 showed no quantifiable 
osteoclast staining. (C) Use of dietary hesperidin (HE) was associated with presence of several osteoclasts lining 
the regenerated bone (pink arrows). (D) Dietary HE in combination with BMP2 showed a larger area of active 
osteoclasts surrounding the newly formed bone. (E) Quantification of osteoclasts by TRAP staining showing 
statistically significant differences among scaffold + HE and HE + BMP2 groups compared to scaffold alone (*) 
and among BMP2 and BMP2 + Dietary HE groups (**) (n = 5–7 slides per animal, 4 animals, p < 0.05). (F) and 
(G) are representative images of TRAP + cells with 3 nuclei or more, which were accounted for as osteoclasts.
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of HE in controlling BMP function could be associated with its modulation of osteogenic, resorptive and inflam-
matory cell functions12,17,22,35.

Indeed, an inflammatory profile has been observed with BMP2 use in the rats in this and previous studies 
histologically. The literature has described an exaggerated inflammatory response after implantation of BMP2 in 
an absorbable collagen sponge in animal models or clinical settings36–41. A remarkable reduction in ccl12, nfkb and 
tfn pro-inflammatory genes were found where HE was present systemically in rats treated with BMP2 compared 
to no HE. Corroborating our result, HE was described to attenuate alteration in lung NF-κB expression in rats42, 
while the topic application of 5% HE hydrogel decreased NF-κB expression in granulation tissue of skin wounds 
in mice43. In a mouse model of gout arthritis, HE inhibited NF-κB activation44. NF-κB signaling pathway is one 
of the most well-studied pathways related to inflammation, since this transcription factor regulates the expres-
sion of various genes involved in inflammation and the immune response (including TNF and CXCL2)45–47. The 
importance of NF-κB in both bone formation and bone resorption is well-known48, and genetic mutations in 
molecules involved in the NF-κB signaling pathway in mammals cause pathological bone phenotypes, includ-
ing osteopetrosis49. Of the inflammatory genes, ccl3, cxcl1 and tnf genes, were also significantly downregulated 
in HE + BMP2 rats compared to scaffold alone. Previous evidence has reported a regulatory effect by different 
classes of flavonoids (apigenin, quercetin, fisetin, astragalin, HE, hesperitin) in the chemokine subfamilies CXC 
and CC, and TNF activity50–59. Comparison of the scaffold groups with and without dietary HE, showed that tnf 
had statistically significant reduced expression as well. Our results share similarities with prior evidence demon-
strating an anti-inflammatory effect of HE during bone formation in our mandible model. In contrast, evaluating 
the systemic effects of HE in a model of periodontal inflammation25, this flavonoid increased the inflammatory 
profile, tissue damage and bone resorption in rats with periodontal disease, which can in part be attributed to 
the characteristics of the model studied. As previously described by de Paiva Gonçalves et al.25, the complexity 

Figure 5.   µCT evaluation of femoral bone and animal weight after 6 weeks of dietary hesperidin (HE) 
supplementation. (A) Representative images per group of 3D reconstructed models of femurs, and 
microarchitecture parameters of trabecular (B) and cortical bone (C). (D) There was a significant reduction in 
weight of the HE-treated animals during the course of 6 weeks. µCT analysis showed HE promoted a bone-
sparing effect on femoral bones as shown by the trabecular and cortical bone parameters. *p < 0.05 comparing 
the same week between no HE (white box-plot) and HE (gray box-plot). Weight analysis where upper case 
letters indicate p < 0.05 comparing different weeks in control mice (no HE). Lower case letters indicated 
statistical difference between different weeks in HE animals as compared to week 1.
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of the diseased environment, local inflammation, as well as flavonoid dosage, are crucial factors to be considered 
in the cell responses to HE. Nonetheless, the remarkable reduction in the inflammatory cell influx, the evidence 
of organized, high quality and non-ectopic healing bone in rats treated with HE at 100 mg/kg + BMP2 at 1 µg 
are likely the direct result of a primarily non-hyperinflammatory healing site.

Our previous studies have demonstrated an osteogenic function of HE when used in combination with a low 
dose of BMP2 (both delivered locally)12. In this study, the use of systemically administered HE with high-dose 
BMP2 compared to rats not on HE and treated with the same dose of the growth factor, led to a substantial and 
significant decrease in osteopontin and smad4 expression, important in osteogenic signaling and mineralization. 
There was also an increase in coll3a1 (important in collagen maturation and angiogenesis), tgfb3 (known to 
control BMP function and matrix deposition and can control collagen crosslinking), bmpr1a (a known receptor 
for BMP2 signaling), and bmp6 (important in endochondral ossification)60–67.

The significant reduction observed in genes such as smad4 and spp1 (as well as bgn and bmp6 compared to 
scaffold alone) gene expression by HE-treated animals, is curious, as those are important in osteogenesis. Smad 
proteins mediate the signal transduction in TGF and BMP signaling pathways, affecting both osteoblast and 
osteoclast function, and therefore play a critical role in the regulation of bone remodeling68. BGN is detected at 
high levels in areas of endochondral and intramembranous bone formation69 and has been extensively investi-
gated in its role in promoting BMP function, vascularization and more recently, inflammation9,69–71. A previous 
study72 showed that flavopiridol, another flavonoid, inhibits TGFβ-stimulated BGN synthesis by blocking linker 
region phosphorylation and nuclear translocation of smad2 in vascular smooth muscle cells. There seems to be 
a fine-tuned HE-mediated control of bone formation which is involving many key osteogenic players such as 
TGFβ3 and, in turn, bmpr1α, smad4, spp1 and bgn gene expression61.

It is important to highlight how the high-dose BMP2 affected the healing bone compared to the collagen scaf-
fold alone. It mostly decreased the expression of bgn (a BMP2 and 4 function promoter), bmp5 and bmp6 (which 
are associated with induction of chondrogenesis), fn1 (of key importance to cell adhesion, migration, growth and 
differentiation), bmpr1a (likely controlling osteogenic function due to over activation of BMP receptors), coll3a1 
(involved in collagen organization and angiogenesis), and phex60,65,67,70,73,74. High dose BMP2 also significantly 
increased ltb (a chemoattractant of leukocytes), and decreased (with function largely unknown but thought 
to modulate coagulation) and cxcl10 (suggested to promote osteoclast differentiation)75. Both ltb and anexin5 
could correlate with the high presence of heme in the cystic area and hematomas associated with some rats76,77.

PSR showed that collagen fibrils birefringence was mostly red for HE-treated animals. Typical staining of 
collagen via PSR shows red, yellow, and green colors which have been associated with collagen packing and 
post-translational modifications. Red indicates more mature/well-packed/organized collagen and green least 
mature/loose-packed/disorganized29,78. This assessment is important as collagen post-translational modifications 
have been associated with proper tuning of mineralization and mechanical properties of tissues such as bone79. 
In addition, PSR staining showed very defined, active areas around osteocytes in the presence of systemic HE. 
However, without HE, BMP2-treated bone had non-distinct lacunae (characterized by poor collagen packing 
and mineralization). BMP samples showed a significant decrease in phex gene expression. Phex is important in 
cleavage of proteins such as osteopontin, is expressed in early and mature osteocytes and is involved in phosphate 
metabolism as well as growth of bone. Decrease in phex may mean poor phosphate clearance, altered mineraliza-
tion and may be important in controlling remodeling80.

The clear increase in coll3a1 expression by systemic HE treatment, could be correlated and potentially influ-
enced by active osteocytes as well, considering that those cells synthesize several proteins involved in bone 
formation such as Type I collagen, osteocalcin, sclerostin and Dkk-181. Through this mechanism, the suggested 
active osteocyte function may contribute to a well-defined and mature bone healing pattern. Osteopontin (OPN) 
is a highly phosphorylated and glycosylated sialoprotein that is expressed by several cell types including osteo-
blasts, osteocytes, and odontoblasts82. This non-collagenous protein is encoded by the spp1 gene and is involved 
in biomineralization of bone tissue, bone remodeling, wound healing and apoptosis82,83. OPN was described to 
contribute to bone remodeling by promoting osteoclastogenesis and osteoclast activity through CD44- and αvβ3-
mediated cell signaling. Further, it plays a definitive role in bone remodeling by the formation of podosomes, 
osteoclast survival, and osteoclast motility82. Mirroring these considerations, the significant decrease of spp1 
gene expression encoding OPN by HE, may constitute a mechanistic pathway to control remodeling (and phex 
increase also would decrease spp1 availability in BMP2 alone). Furthermore, the polarized imaged area around 
osteocytes (lacunae) in HE-treated groups, is marked by yellow and red matrix, suggesting active osteocyte 
function even in the native bone area. OPN is highly observed in the osteocytes during initial stages of ortho-
dontic tooth movement84, and a model of mechanical stress shows that the number of OPN-mRNA expressing 
osteocytes on the pressure side after 48 h of mechanical stress reach a maximum value at 72 h, coinciding with 
bone resorption85. Therefore, the increased osteocyte activity could also be contributing to the marked increase 
in osteoclast presence in HE-treated rats.

Correlated with the mandibular bone regeneration results, HE presented significant effects on femoral bone 
parameters 6 weeks-post flavonoid intake. HE improved trabecular and cortical bone microarchitecture, as 
previously observed in a similar study in rats performed by our group25. However, the femur model was lim-
ited to assessment of the tomographic parameters, thus we are not able to conclude if the effects of HE at 
6 weeks were due to effect on rate of osteoclastogenesis and/or osteogenesis in long bones. In future studies, 
the kinetics of bone formation via fluorescent labeling as a tool to detect new mineral apposition will be imple-
mented. The present results are consistent with other studies demonstrating the positive action of HE on bone 
properties22,86–88. Although a bone-sparing effect on skeletal bone was observed, HE was associated with reduced 
weight gain, which is consistent with other literature89. Chen et al.90 suggested that the flavonoid corylin exerts 
anti-obesity effects through the browning of white adipocytes, activating brown adipose tissue and promoting 
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lipid metabolism. Further studies on the effect of HE on weight, fat and metabolism is warranted in addition to 
further mechanistic investigations of the effects of HE in bone.

Conclusion
In conclusion, our findings show, for the first time, that HE as a dietary supplement has a clear and promising 
modulatory role in BMP2-induced bone regeneration potentially via control of inflammation, effect on bone 
cells’ function, and collagen maturation and can lead to a positive control of BMP2-induced regeneration. This 
work supports the idea that HE may be a fast-track, implementable, cost-effective method of improving BMP2 
application in current regenerative bone therapies due to its multiple positive effects on controlling inflamma-
tion, improving bone matrix quality and ensuring sufficient and adverse-event free bone healing. This study 
exemplifies the benefits of dietary supplementation in modulation of craniofacial and skeleton bone parameters 
improving oral and systemic health.

Data availability
All relevant data can be found within the article. Any raw data supporting reported results can be requested by 
contacting the corresponding author.

Received: 13 September 2023; Accepted: 20 January 2024

References
	 1.	 Brown, K. V. et al. Improving bone formation in a rat femur segmental defect by controlling bone morphogenetic protein-2 release. 

Tissue Eng. Part A 17, 1735–1746. https://​doi.​org/​10.​1089/​ten.​TEA.​2010.​0446 (2011).
	 2.	 Salazar, V. S., Gamer, L. W. & Rosen, V. BMP signalling in skeletal development, disease and repair. Nat. Rev. Endocrinol. 12, 

203–221. https://​doi.​org/​10.​1038/​nrendo.​2016.​12 (2016).
	 3.	 Son, H. J. et al. Bone generation following repeated administration of recombinant bone morphogenetic protein 2. Tissue Eng. 

Regen. Med. 18, 155–164. https://​doi.​org/​10.​1007/​s13770-​020-​00290-4 (2021).
	 4.	 Han, J. J., Yang, H. J. & Hwang, S. J. Enhanced bone regeneration by bone morphogenetic protein-2 after pretreatment with low-

intensity pulsed ultrasound in distraction osteogenesis. Tissue Eng. Regen. Med. 19, 871–886. https://​doi.​org/​10.​1007/​s13770-​022-​
00457-1 (2022).

	 5.	 Seok, H., Kim, H. Y., Kang, D. C., Park, J. H. & Park, J. H. Comparison of bone regeneration in different forms of bovine bone 
scaffolds with recombinant human bone morphogenetic protein-2. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​22011​121 (2021).

	 6.	 James, A. W. et al. A review of the clinical side effects of bone morphogenetic protein-2. Tissue Eng. Part B Rev. 22, 284–297. https://​
doi.​org/​10.​1089/​ten.​TEB.​2015.​0357 (2016).

	 7.	 Gillman, C. E. & Jayasuriya, A. C. FDA-approved bone grafts and bone graft substitute devices in bone regeneration. Mater. Sci. 
Eng. C Mater. Biol. Appl. 130, 112466. https://​doi.​org/​10.​1016/j.​msec.​2021.​112466 (2021).

	 8.	 Halloran, D., Durbano, H. W. & Nohe, A. Bone morphogenetic protein-2 in development and bone homeostasis. J. Dev. Biol. 
https://​doi.​org/​10.​3390/​jdb80​30019 (2020).

	 9.	 Miguez, P. A., Terajima, M., Nagaoka, H., Mochida, Y. & Yamauchi, M. Role of glycosaminoglycans of biglycan in BMP-2 signaling. 
Biochem. Biophys. Res. Commun. 405, 262–266. https://​doi.​org/​10.​1016/j.​bbrc.​2011.​01.​022 (2011).

	10.	 Miguez, P. A. et al. Recombinant biglycan promotes bone morphogenetic protein-induced osteogenesis. J. Dent. Res. 93, 406–411. 
https://​doi.​org/​10.​1177/​00220​34514​521237 (2014).

	11.	 Jongwattanapisan, P. et al. Identification of the effector domain of biglycan that facilitates BMP-2 osteogenic function. Sci. Rep. 8, 
7022. https://​doi.​org/​10.​1038/​s41598-​018-​25279-x (2018).

	12.	 Miguez, P. A. et al. Hesperidin promotes osteogenesis and modulates collagen matrix organization and mineralization in vitro and 
in vivo. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​20632​23 (2021).

	13.	 Li, C. & Schluesener, H. Health-promoting effects of the citrus flavanone hesperidin. Crit. Rev. Food. Sci. Nutr. 57, 613–631. https://​
doi.​org/​10.​1080/​10408​398.​2014.​906382 (2017).

	14.	 Hong, W. & Zhang, W. Hesperidin promotes differentiation of alveolar osteoblasts via Wnt/β-Catenin signaling pathway. J. Recept. 
Signal Transduct. Res. 40, 442–448. https://​doi.​org/​10.​1080/​10799​893.​2020.​17527​18 (2020).

	15.	 Pyrzynska, K. Hesperidin: a review on extraction methods, stability and biological activities. Nutrients https://​doi.​org/​10.​3390/​
nu141​22387 (2022).

	16.	 Trzeciakiewicz, A. et al. Hesperetin stimulates differentiation of primary rat osteoblasts involving the BMP signalling pathway. J. 
Nutr. Biochem. 21, 424–431. https://​doi.​org/​10.​1016/j.​jnutb​io.​2009.​01.​017 (2010).

	17.	 Xue, D. et al. The role of hesperetin on osteogenesis of human mesenchymal stem cells and its function in bone regeneration. 
Oncotarget 8, 21031–21043. https://​doi.​org/​10.​18632/​oncot​arget.​15473 (2017).

	18.	 Yuan, S., Zhang, C. & Wang, B. Neohesperidin promotes the proliferation and osteogenic differentiation of BMSCs via BMP2-
Wnt/β-catenin pathway. Cell Cycle 21, 187–201. https://​doi.​org/​10.​1080/​15384​101.​2021.​20156​68 (2022).

	19.	 Habauzit, V. et al. Differential effects of two citrus flavanones on bone quality in senescent male rats in relation to their bioavail-
ability and metabolism. Bone 49, 1108–1116. https://​doi.​org/​10.​1016/j.​bone.​2011.​07.​030 (2011).

	20.	 Horcajada, M. N. et al. Hesperidin inhibits ovariectomized-induced osteopenia and shows differential effects on bone mass and 
strength in young and adult intact rats. J. Appl. Physiol. (Bethesda, Md. : 1985) 104, 648–654. https://​doi.​org/​10.​1152/​jappl​physi​
ol.​00441.​2007 (2008).

	21.	 Habauzit, V. et al. Increased bioavailability of hesperetin-7-glucoside compared with hesperidin results in more efficient prevention 
of bone loss in adult ovariectomised rats. Br. J. Nutr. 102, 976–984. https://​doi.​org/​10.​1017/​s0007​11450​93388​30 (2009).

	22.	 Chiba, H. et al. Hesperidin prevents androgen deficiency-induced bone loss in male mice. Phytother. Res. PTR 28, 289–295. https://​
doi.​org/​10.​1002/​ptr.​5001 (2014).

	23.	 Souza, J. M. Jr. et al. Effect of flavonoid supplementation on alveolar bone healing-a randomized pilot trial. Dent. J. (Basel) https://​
doi.​org/​10.​3390/​dj803​0086 (2020).

	24.	 Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE 
guidelines for reporting animal research. PLoS Biol. 8, e1000412. https://​doi.​org/​10.​1371/​journ​al.​pbio.​10004​12 (2010).

	25.	 Gonçalves, V. P. et al. Systemic dietary hesperidin modulation of osteoclastogenesis, bone homeostasis and periodontal disease in 
mice. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​31371​00 (2022).

	26.	 Naserpour Farivar, T., Nassiri-Asl, M., Johari, P., Najafipour, R. & Hajiali, F. The effects of kainic acid-induced seizure on gene 
expression of brain neurotransmitter receptors in mice using RT(2) PCR array. Basic Clin. Neurosci. 7, 291–298. https://​doi.​org/​
10.​15412/j.​Bcn.​03070​402 (2016).

https://doi.org/10.1089/ten.TEA.2010.0446
https://doi.org/10.1038/nrendo.2016.12
https://doi.org/10.1007/s13770-020-00290-4
https://doi.org/10.1007/s13770-022-00457-1
https://doi.org/10.1007/s13770-022-00457-1
https://doi.org/10.3390/ijms222011121
https://doi.org/10.1089/ten.TEB.2015.0357
https://doi.org/10.1089/ten.TEB.2015.0357
https://doi.org/10.1016/j.msec.2021.112466
https://doi.org/10.3390/jdb8030019
https://doi.org/10.1016/j.bbrc.2011.01.022
https://doi.org/10.1177/0022034514521237
https://doi.org/10.1038/s41598-018-25279-x
https://doi.org/10.3390/ijms22063223
https://doi.org/10.1080/10408398.2014.906382
https://doi.org/10.1080/10408398.2014.906382
https://doi.org/10.1080/10799893.2020.1752718
https://doi.org/10.3390/nu14122387
https://doi.org/10.3390/nu14122387
https://doi.org/10.1016/j.jnutbio.2009.01.017
https://doi.org/10.18632/oncotarget.15473
https://doi.org/10.1080/15384101.2021.2015668
https://doi.org/10.1016/j.bone.2011.07.030
https://doi.org/10.1152/japplphysiol.00441.2007
https://doi.org/10.1152/japplphysiol.00441.2007
https://doi.org/10.1017/s0007114509338830
https://doi.org/10.1002/ptr.5001
https://doi.org/10.1002/ptr.5001
https://doi.org/10.3390/dj8030086
https://doi.org/10.3390/dj8030086
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.3390/ijms23137100
https://doi.org/10.15412/j.Bcn.03070402
https://doi.org/10.15412/j.Bcn.03070402


11

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2602  | https://doi.org/10.1038/s41598-024-52566-7

www.nature.com/scientificreports/

	27.	 Reside, J. et al. In vivo assessment of bone healing following Piezotome® ultrasonic instrumentation. Clin. Implant. Dent. Relat. 
Res. 17, 384–394. https://​doi.​org/​10.​1111/​cid.​12094 (2015).

	28.	 Bouxsein, M. L. et al. Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. J. Bone 
Miner. Res. 25, 1468–1486. https://​doi.​org/​10.​1002/​jbmr.​141 (2010).

	29.	 Smith, L. R., Hammers, D. W., Sweeney, H. L. & Barton, E. R. Increased collagen cross-linking is a signature of dystrophin-deficient 
muscle. Muscle Nerve 54, 71–78. https://​doi.​org/​10.​1002/​mus.​24998 (2016).

	30.	 Shen, H. et al. Osteoclast-driven osteogenesis, bone remodeling and biomaterial resorption: A new profile of BMP2-CPC-induced 
alveolar bone regeneration. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​32012​204 (2022).

	31.	 Injamuri, S., Rahaman, M. N., Shen, Y. & Huang, Y. W. Relaxin enhances bone regeneration with BMP-2-loaded hydroxyapatite 
microspheres. J. Biomed. Mater. Res. A 108, 1231–1242. https://​doi.​org/​10.​1002/​jbm.a.​36897 (2020).

	32.	 Kempen, D. H. et al. Retention of in vitro and in vivo BMP-2 bioactivities in sustained delivery vehicles for bone tissue engineering. 
Biomaterials 29, 3245–3252. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2008.​04.​031 (2008).

	33.	 Woo, E. J. Adverse events reported after the use of recombinant human bone morphogenetic protein 2. J. Oral Maxillofac. Surg. 
70, 765–767. https://​doi.​org/​10.​1016/j.​joms.​2011.​09.​008 (2012).

	34.	 Kowalczewski, C. J. et al. Reduction of ectopic bone growth in critically-sized rat mandible defects by delivery of rhBMP-2 from 
kerateine biomaterials. Biomaterials 35, 3220–3228. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2013.​12.​087 (2014).

	35.	 Kuzu, M., Kandemir, F. M., Yıldırım, S., Çağlayan, C. & Küçükler, S. Attenuation of sodium arsenite-induced cardiotoxicity and 
neurotoxicity with the antioxidant, anti-inflammatory, and antiapoptotic effects of hesperidin. Environ. Sci. Pollut. Res. Int. 28, 
10818–10831. https://​doi.​org/​10.​1007/​s11356-​020-​11327-5 (2021).

	36.	 MacDonald, K. M. et al. Exaggerated inflammatory response after use of recombinant bone morphogenetic protein in recurrent 
unicameral bone cysts. J. Pediatr. Orthop. 30, 199–205. https://​doi.​org/​10.​1097/​BPO.​0b013​e3181​cec35b (2010).

	37.	 Lee, K. B. et al. Inflammatory characteristics of rhBMP-2 in vitro and in an in vivo rodent model. Spine (Phila Pa 1976) 36, E149-
154. https://​doi.​org/​10.​1097/​BRS.​0b013​e3181​f2d1ec (2011).

	38.	 Ritting, A. W., Weber, E. W. & Lee, M. C. Exaggerated inflammatory response and bony resorption from BMP-2 use in a pediatric 
forearm nonunion. J. Hand Surg. Am. 37, 316–321. https://​doi.​org/​10.​1016/j.​jhsa.​2011.​10.​007 (2012).

	39.	 Wang, M. et al. Minimizing the severity of rhBMP-2-induced inflammation and heterotopic ossification with a polyelectrolyte 
carrier incorporating heparin on microbead templates. Spine (Phila Pa 1976) 38, 1452–1458. https://​doi.​org/​10.​1097/​BRS.​0b013​
e3182​8a3504 (2013).

	40.	 Xiong, C. et al. BMP-2 adverse reactions treated with human dose equivalent dexamethasone in a rodent model of soft-tissue 
inflammation. Spine (Phila Pa 1976) 38, 1640–1647. https://​doi.​org/​10.​1097/​BRS.​0b013​e3182​9cf348 (2013).

	41.	 Huang, R. L., Yuan, Y., Tu, J., Zou, G. M. & Li, Q. Exaggerated inflammatory environment decreases BMP-2/ACS-induced ectopic 
bone mass in a rat model: implications for clinical use of BMP-2. Osteoarthr. Cartil. 22, 1186–1196. https://​doi.​org/​10.​1016/j.​joca.​
2014.​06.​017 (2014).

	42.	 Zhou, Z., Kandhare, A. D., Kandhare, A. A. & Bodhankar, S. L. Hesperidin ameliorates bleomycin-induced experimental pulmonary 
fibrosis via inhibition of TGF-beta1/Smad3/AMPK and IkappaBalpha/NF-kappaB pathways. EXCLI J. 18, 723–745. https://​doi.​
org/​10.​17179/​excli​2019-​1094 (2019).

	43.	 Vabeiryureilai, M., Lalrinzuali, K. & Jagetia, G. C. NF-κB and COX-2 repression with topical application of hesperidin and naringin 
hydrogels augments repair and regeneration of deep dermal wounds. Burns 48, 132–145. https://​doi.​org/​10.​1016/j.​burns.​2021.​04.​
016 (2022).

	44.	 Ruiz-Miyazawa, K. W. et al. Hesperidin methylchalcone suppresses experimental gout arthritis in mice by inhibiting NF-κB activa-
tion. J. Agric. Food Chem. 66, 6269–6280. https://​doi.​org/​10.​1021/​acs.​jafc.​8b009​59 (2018).

	45.	 Jimi, E., Takakura, N., Hiura, F., Nakamura, I. & Hirata-Tsuchiya, S. The role of NF-κB in physiological bone development and 
inflammatory bone diseases: Is NF-κB inhibition “killing two birds with one stone”?. Cells https://​doi.​org/​10.​3390/​cells​81216​36 
(2019).

	46.	 Haga, M. & Okada, M. Systems approaches to investigate the role of NF-κB signaling in aging. Biochem. J. 479, 161–183. https://​
doi.​org/​10.​1042/​bcj20​210547 (2022).

	47.	 Burke, S. J. et al. NF-κB and STAT1 control CXCL1 and CXCL2 gene transcription. Am. J. Physiol. Endocrinol. Metab. 306, E131-
149. https://​doi.​org/​10.​1152/​ajpen​do.​00347.​2013 (2014).

	48.	 Nakamura, H. et al. Disruption of NF-κB1 prevents bone loss caused by mechanical unloading. J. Bone Miner. Res. 28, 1457–1467. 
https://​doi.​org/​10.​1002/​jbmr.​1866 (2013).

	49.	 Jimi, E. & Katagiri, T. Critical roles of NF-κB signaling molecules in bone metabolism revealed by genetic mutations in osteopet-
rosis. Int. J. Mol. Sci. https://​doi.​org/​10.​3390/​ijms2​31479​95 (2022).

	50.	 Bandyopadhyay, S. et al. Attenuation of osteoclastogenesis and osteoclast function by apigenin. Biochem. Pharmacol. 72, 184–197. 
https://​doi.​org/​10.​1016/j.​bcp.​2006.​04.​018 (2006).

	51.	 Funakoshi-Tago, M., Nakamura, K., Tago, K., Mashino, T. & Kasahara, T. Anti-inflammatory activity of structurally related flavo-
noids, Apigenin Luteolin and Fisetin. Int. Immunopharmacol. 11, 1150–1159. https://​doi.​org/​10.​1016/j.​intimp.​2011.​03.​012 (2011).

	52.	 Lim, H., Park, H. & Kim, H. P. Effects of flavonoids on senescence-associated secretory phenotype formation from bleomycin-
induced senescence in BJ fibroblasts. Biochem. Pharmacol. 96, 337–348. https://​doi.​org/​10.​1016/j.​bcp.​2015.​06.​013 (2015).

	53.	 Riaz, A. et al. Astragalin: A bioactive phytochemical with potential therapeutic activities. Adv. Pharmacol. Sci. 2018, 9794625. 
https://​doi.​org/​10.​1155/​2018/​97946​25 (2018).

	54.	 Xu, S. P. & Li, Y. S. Fisetin inhibits pristine-induced systemic lupus erythematosus in a murine model through CXCLs regulation. 
Int. J. Mol. Med. 42, 3220–3230. https://​doi.​org/​10.​3892/​ijmm.​2018.​3903 (2018).

	55.	 Muhammad, T., Ikram, M., Ullah, R., Rehman, S. U. & Kim, M. O. Hesperetin, a citrus flavonoid, attenuates LPS-induced neu-
roinflammation, apoptosis and memory impairments by modulating TLR4/NF-κB signaling. Nutrients https://​doi.​org/​10.​3390/​
nu110​30648 (2019).

	56.	 Xuguang, H. et al. Hesperidin ameliorates insulin resistance by regulating the IRS1-GLUT2 pathway via TLR4 in HepG2 cells. 
Phytother. Res. 33, 1697–1705. https://​doi.​org/​10.​1002/​ptr.​6358 (2019).

	57.	 Jia, X. B., Zhang, Q., Xu, L., Yao, W. J. & Wei, L. Effect of Malus asiatica Nakai leaf flavonoids on the prevention of esophageal 
cancer in C57BL/6J mice by regulating the IL-17 signaling pathway. Onco Targets Ther. 13, 6987–6996. https://​doi.​org/​10.​2147/​
ott.​S2610​33 (2020).

	58.	 Buzdağlı, Y., Eyipınar, C. D., Kacı, F. N. & Tekin, A. Effects of hesperidin on anti-inflammatory and antioxidant response in healthy 
people: A meta-analysis and meta-regression. Int. J. Environ. Health Res. https://​doi.​org/​10.​1080/​09603​123.​2022.​20938​41 (2022).

	59.	 Tsai, C. F. et al. Regulatory effects of quercetin on M1/M2 macrophage polarization and oxidative/antioxidative balance. Nutrients 
https://​doi.​org/​10.​3390/​nu140​10067 (2021).

	60.	 Volk, S. W. et al. Type III collagen regulates osteoblastogenesis and the quantity of trabecular bone. Calcif. Tissue Int. 94, 621–631. 
https://​doi.​org/​10.​1007/​s00223-​014-​9843-x (2014).

	61.	 Lichtman, M. K., Otero-Vinas, M. & Falanga, V. Transforming growth factor beta (TGF-β) isoforms in wound healing and fibrosis. 
Wound Repair Regen. 24, 215–222. https://​doi.​org/​10.​1111/​wrr.​12398 (2016).

	62.	 Yun, C. Y. et al. Requirement of Smad4-mediated signaling in odontoblast differentiation and dentin matrix formation. Anat. Cell 
Biol. 49, 199–205. https://​doi.​org/​10.​5115/​acb.​2016.​49.3.​199 (2016).

https://doi.org/10.1111/cid.12094
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1002/mus.24998
https://doi.org/10.3390/ijms232012204
https://doi.org/10.1002/jbm.a.36897
https://doi.org/10.1016/j.biomaterials.2008.04.031
https://doi.org/10.1016/j.joms.2011.09.008
https://doi.org/10.1016/j.biomaterials.2013.12.087
https://doi.org/10.1007/s11356-020-11327-5
https://doi.org/10.1097/BPO.0b013e3181cec35b
https://doi.org/10.1097/BRS.0b013e3181f2d1ec
https://doi.org/10.1016/j.jhsa.2011.10.007
https://doi.org/10.1097/BRS.0b013e31828a3504
https://doi.org/10.1097/BRS.0b013e31828a3504
https://doi.org/10.1097/BRS.0b013e31829cf348
https://doi.org/10.1016/j.joca.2014.06.017
https://doi.org/10.1016/j.joca.2014.06.017
https://doi.org/10.17179/excli2019-1094
https://doi.org/10.17179/excli2019-1094
https://doi.org/10.1016/j.burns.2021.04.016
https://doi.org/10.1016/j.burns.2021.04.016
https://doi.org/10.1021/acs.jafc.8b00959
https://doi.org/10.3390/cells8121636
https://doi.org/10.1042/bcj20210547
https://doi.org/10.1042/bcj20210547
https://doi.org/10.1152/ajpendo.00347.2013
https://doi.org/10.1002/jbmr.1866
https://doi.org/10.3390/ijms23147995
https://doi.org/10.1016/j.bcp.2006.04.018
https://doi.org/10.1016/j.intimp.2011.03.012
https://doi.org/10.1016/j.bcp.2015.06.013
https://doi.org/10.1155/2018/9794625
https://doi.org/10.3892/ijmm.2018.3903
https://doi.org/10.3390/nu11030648
https://doi.org/10.3390/nu11030648
https://doi.org/10.1002/ptr.6358
https://doi.org/10.2147/ott.S261033
https://doi.org/10.2147/ott.S261033
https://doi.org/10.1080/09603123.2022.2093841
https://doi.org/10.3390/nu14010067
https://doi.org/10.1007/s00223-014-9843-x
https://doi.org/10.1111/wrr.12398
https://doi.org/10.5115/acb.2016.49.3.199


12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:2602  | https://doi.org/10.1038/s41598-024-52566-7

www.nature.com/scientificreports/

	63.	 Alici-Garipcan, A. et al. Critical-size alveolar defect treatment via TGF-ß3 and BMP-2 releasing hybrid constructs. J. Biomater. 
Sci. Polym. Ed. 30, 415–436. https://​doi.​org/​10.​1080/​09205​063.​2019.​15713​97 (2019).

	64.	 Olson, S. L., Murray, M. L. & Skeik, N. A novel frameshift COL3A1 variant in vascular Ehlers–Danlos syndrome. Ann. Vasc. Surg. 
61(472), e479-472.e413. https://​doi.​org/​10.​1016/j.​avsg.​2019.​05.​057 (2019).

	65.	 Mang, T. et al. BMPR1A is necessary for chondrogenesis and osteogenesis, whereas BMPR1B prevents hypertrophic differentiation. 
J. Cell Sci. https://​doi.​org/​10.​1242/​jcs.​246934 (2020).

	66.	 Maruyama, T. et al. BMPR1A maintains skeletal stem cell properties in craniofacial development and craniosynostosis. Sci. Transl. 
Med. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​abb44​16 (2021).

	67.	 Ye, F. et al. The role of BMP6 in the proliferation and differentiation of chicken cartilage cells. PLoS One 14, e0204384. https://​doi.​
org/​10.​1371/​journ​al.​pone.​02043​84 (2019).

	68.	 Zou, M. L. et al. The smad dependent TGF-β and BMP signaling pathway in bone remodeling and therapies. Front. Mol. Biosci. 8, 
593310. https://​doi.​org/​10.​3389/​fmolb.​2021.​593310 (2021).

	69.	 Shainer, R. et al. Biglycan regulates bone development and regeneration. Front. Physiol. 14, 1119368. https://​doi.​org/​10.​3389/​fphys.​
2023.​11193​68 (2023).

	70.	 Kram, V. et al. Biglycan in the skeleton. J. Histochem. Cytochem. 68, 747–762. https://​doi.​org/​10.​1369/​00221​55420​937371 (2020).
	71.	 Nastase, M. V., Young, M. F. & Schaefer, L. Biglycan: A multivalent proteoglycan providing structure and signals. J. Histochem. 

Cytochem. 60, 963–975. https://​doi.​org/​10.​1369/​00221​55412​456380 (2012).
	72.	 Rostam, M. A. et al. Flavopiridol inhibits TGF-β-stimulated biglycan synthesis by blocking linker region phosphorylation and 

nuclear translocation of Smad2. J. Pharmacol. Exp. Ther. 365, 156–164. https://​doi.​org/​10.​1124/​jpet.​117.​244483 (2018).
	73.	 Shao, Y. et al. BMP5 silencing inhibits chondrocyte senescence and apoptosis as well as osteoarthritis progression in mice. Aging 

(Albany NY) 13, 9646–9664. https://​doi.​org/​10.​18632/​aging.​202708 (2021).
	74.	 Zhang, H. et al. FN1 promotes chondrocyte differentiation and collagen production via TGF-β/PI3K/Akt pathway in mice with 

femoral fracture. Gene 769, 145253. https://​doi.​org/​10.​1016/j.​gene.​2020.​145253 (2021).
	75.	 Lee, J. H. et al. CXCL10 promotes osteolytic bone metastasis by enhancing cancer outgrowth and osteoclastogenesis. Cancer Res. 

72, 3175–3186. https://​doi.​org/​10.​1158/​0008-​5472.​Can-​12-​0481 (2012).
	76.	 Kreft, S. et al. Skin wound repair is not altered in the absence of endogenous AnxA1 or AnxA5, but pharmacological concentrations 

of AnxA4 and AnxA5 inhibit wound hemostasis. Cells Tissues Organs 201, 287–298. https://​doi.​org/​10.​1159/​00044​5106 (2016).
	77.	 Subramanian, B. C., Moissoglu, K. & Parent, C. A. The LTB(4)-BLT1 axis regulates the polarized trafficking of chemoattractant 

GPCRs during neutrophil chemotaxis. J. Cell Sci. https://​doi.​org/​10.​1242/​jcs.​217422 (2018).
	78.	 Piérard, G. E. Sirius red polarization method is useful to visualize the organization of connective tissues but not the molecular 

composition of their fibrous polymers. Matrix 9, 68–71. https://​doi.​org/​10.​1016/​s0934-​8832(89)​80021-6 (1989).
	79.	 Saito, T. et al. Decrease of lysyl hydroxylase 2 activity causes abnormal collagen molecular phenotypes, defective mineralization 

and compromised mechanical properties of bone. Bone 154, 116242. https://​doi.​org/​10.​1016/j.​bone.​2021.​116242 (2022).
	80.	 Zhang, W. et al. A matter of origin-identification of SEMA3A, BGLAP, SPP1 and PHEX as distinctive molecular features between 

bone site-specific human osteoblasts on transcription level. Front. Bioeng. Biotechnol. 10, 918866. https://​doi.​org/​10.​3389/​fbioe.​
2022.​918866 (2022).

	81.	 Tresguerres, F. G. F. et al. The osteocyte: A multifunctional cell within the bone. Ann. Anat. 227, 151422. https://​doi.​org/​10.​1016/j.​
aanat.​2019.​151422 (2020).

	82.	 Singh, A., Gill, G., Kaur, H., Amhmed, M. & Jakhu, H. Role of osteopontin in bone remodeling and orthodontic tooth movement: 
A review. Prog. Orthod. 19, 18. https://​doi.​org/​10.​1186/​s40510-​018-​0216-2 (2018).

	83.	 Depalle, B. et al. Osteopontin regulates type I collagen fibril formation in bone tissue. Acta Biomater. 120, 194–202. https://​doi.​
org/​10.​1016/j.​actbio.​2020.​04.​040 (2021).

	84.	 Kim, J. Y., Kim, B. I., Jue, S. S., Park, J. H. & Shin, J. W. Localization of osteopontin and osterix in periodontal tissue during ortho-
dontic tooth movement in rats. Angle Orthod. 82, 107–114. https://​doi.​org/​10.​2319/​030911-​173.1 (2012).

	85.	 Fujihara, S. et al. Function and regulation of osteopontin in response to mechanical stress. J. Bone Miner. Res. 21, 956–964. https://​
doi.​org/​10.​1359/​jbmr.​060315 (2006).

	86.	 Chiba, H. et al. Hesperidin, a citrus flavonoid, inhibits bone loss and decreases serum and hepatic lipids in ovariectomized mice. 
J. Nutr. 133, 1892–1897. https://​doi.​org/​10.​1093/​jn/​133.6.​1892 (2003).

	87.	 Tan, Z. et al. Neohesperidin suppresses osteoclast differentiation, bone resorption and ovariectomised-induced osteoporosis in 
mice. Mol. Cell Endocrinol. 439, 369–378. https://​doi.​org/​10.​1016/j.​mce.​2016.​09.​026 (2017).

	88.	 Yuan, S., Zhang, C., Zhu, Y. & Wang, B. Neohesperidin ameliorates steroid-induced osteonecrosis of the femoral head by inhibiting 
the histone modification of lncRNA HOTAIR. Drug Des. Dev. Ther. 14, 5419–5430. https://​doi.​org/​10.​2147/​dddt.​S2552​76 (2020).

	89.	 Bertoia, M. L. et al. Dietary flavonoid intake and weight maintenance: three prospective cohorts of 124,086 US men and women 
followed for up to 24 years. BMJ 352, i17. https://​doi.​org/​10.​1136/​bmj.​i17 (2016).

	90.	 Chen, C. C., Kuo, C. H., Leu, Y. L. & Wang, S. H. Corylin reduces obesity and insulin resistance and promotes adipose tissue 
browning through SIRT-1 and β3-AR activation. Pharmacol. Res. 164, 105291. https://​doi.​org/​10.​1016/j.​phrs.​2020.​105291 (2021).

Acknowledgements
We would like to acknowledge the Histology Research Core, the CGIBD’s Advanced Analytics Core (NIH grant 
P30 DK034987) and the Bioinformatics & Analytics Research Collaborative Core at UNC-CH for the technical 
and analytical support.

Author contributions
Conceptualization, P.A.M; methodology, P.A.M., M.L.M., V.P.G., A.R., S.M., C.Y., D.J.L., S.A.T., A.A.; software, 
P.A.M., V.P.G., S.A.T.; validation, V.P.G., S.A.T., A.A., P.A.M.; formal analysis, V.P.G., S.A.T., A.A., ; resources, 
P.A.M.; writing—original draft preparation, P.A.M.; writing—review and editing, P.A.M., M.L.M., V.P.G., A.R., 
S.M., C.Y., D.J.L., S.A.T., A.A.; supervision, P.A.M.; project administration, P.A.M.; funding acquisition, P.A.M. 
All authors have read and agreed to the published version of the manuscript.

Funding
This research was partly funded by the University of North Carolina at Chapel Hill, FAPESP Post-doctoral 
Exchange Program Scholarship (V.P.G.), the Dental Foundation of North Carolina (P.A.M) and NIDCR of the 
National Institutes of Health under award number R03DE028035 (P.A.M). The content is solely the responsibility 
of the authors and does not necessarily represent the official views of the National Institutes of Health.

Competing interests 
The authors declare no competing interests.

https://doi.org/10.1080/09205063.2019.1571397
https://doi.org/10.1016/j.avsg.2019.05.057
https://doi.org/10.1242/jcs.246934
https://doi.org/10.1126/scitranslmed.abb4416
https://doi.org/10.1371/journal.pone.0204384
https://doi.org/10.1371/journal.pone.0204384
https://doi.org/10.3389/fmolb.2021.593310
https://doi.org/10.3389/fphys.2023.1119368
https://doi.org/10.3389/fphys.2023.1119368
https://doi.org/10.1369/0022155420937371
https://doi.org/10.1369/0022155412456380
https://doi.org/10.1124/jpet.117.244483
https://doi.org/10.18632/aging.202708
https://doi.org/10.1016/j.gene.2020.145253
https://doi.org/10.1158/0008-5472.Can-12-0481
https://doi.org/10.1159/000445106
https://doi.org/10.1242/jcs.217422
https://doi.org/10.1016/s0934-8832(89)80021-6
https://doi.org/10.1016/j.bone.2021.116242
https://doi.org/10.3389/fbioe.2022.918866
https://doi.org/10.3389/fbioe.2022.918866
https://doi.org/10.1016/j.aanat.2019.151422
https://doi.org/10.1016/j.aanat.2019.151422
https://doi.org/10.1186/s40510-018-0216-2
https://doi.org/10.1016/j.actbio.2020.04.040
https://doi.org/10.1016/j.actbio.2020.04.040
https://doi.org/10.2319/030911-173.1
https://doi.org/10.1359/jbmr.060315
https://doi.org/10.1359/jbmr.060315
https://doi.org/10.1093/jn/133.6.1892
https://doi.org/10.1016/j.mce.2016.09.026
https://doi.org/10.2147/dddt.S255276
https://doi.org/10.1136/bmj.i17
https://doi.org/10.1016/j.phrs.2020.105291


13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2602  | https://doi.org/10.1038/s41598-024-52566-7

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to P.A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2024

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mitigation of BMP-induced inflammation in craniofacial bone regeneration and improvement of bone parameters by dietary hesperidin
	Materials and methods
	Animals and groups
	Hesperidin treatment
	Mandible model and femur phenotype
	RNA isolation and PCR arrays
	Microcomputed tomography bone analysis
	Histological analysis
	Statistical analyses

	Results
	Adverse events
	Hesperidin influence in inflammatory and osteogenic genes
	HE administered systemically promotes a more robust and well-defined BMP2-induced bone regeneration
	Dietary HE supplementation leads to a more mature extracellular matrix
	Osteoclasts numbers are increased in NFB of HE-treated rats at 100 mgkg
	Trabecular and cortical femoral bone parameters are improved by dietary hesperidin

	Discussion
	Conclusion
	References
	Acknowledgements


