o — — — — — — — — e e e g

\

|

(:7 Annals of Orthodontics and Periodontics Specialty |

LA Volume 4, Page No: 181-196 |

Available Online at: aopsj.com I

ISSN: 3062-3405 :
N 7

Original Article

Sequential Anti-Inflammatory and Osteogenic Effects of a Dual Drug Delivery
Scaffold Loaded with Parthenolide and Naringin in Periodontitis

Yujie Yi', Fangqing Li', Huaijie Jia', Ying Ni Lin*"

1. Department of Periodontics & Oral Mucosal Diseases, The Affiliated Stomatological Hospital, Southwest Medical
University, Luzhou, 646000, China.

2. Oral & Maxillofacial Reconstruction and Regeneration of Luzhou Key Laboratory, The Affiliated Stomatological
Hospital, Southwest Medical University, Luzhou, 646000, China.

*E-mail < Yingnilin7961@yahoo.com

Abstract

Our pilot study showed that a 3-dimensional dual drug delivery scaffold (DDDS) loaded with Chinese herbs significantly
increased the regenerated bone volume fraction. This study aimed to confirm the synergistic anti-inflammatory and
osteogenic preclinical effects of this system. The targets and pathways of parthenolide and naringin were predicted. Three
cell models were used to assess the anti-inflammatory effects of parthenolide and the osteogenic effects of naringin. First,
the distance between the cementoenamel junction and alveolar bone crest (CEJ-ABC) and the bone mineral density
(BMD) of surgical defects were measured in a rat model of periodontitis with periodontal fenestration defects.
Additionally, the mRNA expression levels of matrix metallopeptidase 9 (MMP9) and alkaline phosphatase (ALP) were
measured. Furthermore, the number of inflammatory cells and osteoclasts, as well as the protein expression levels of
tumor necrosis factor-alpha (TNF-a) and levels of ALP were determined. Target prediction suggested prostaglandin
peroxidase synthase (PTGS2) as a potential target of parthenolide, while cytochrome P450 family 19 subfamily Al
(CYP19A1) and taste 2 receptor member 31 (TAS2R31) were potential targets of naringin. Parthenolide mainly targeted
inflammation-related pathways, while naringin participated in steroid hormone synthesis and taste transduction. In vitro
experiments revealed significant anti-inflammatory effects of parthenolide on RAW264.7 cells, and significant osteogenic
effects of naringin on bone marrow mesenchymal stem cells and MC3T3-E1 cells. DDDS loaded with parthenolide and
naringin decreased the CEJ-ABC distance and increased BMD and ALP levels in a time-dependent manner. Inflammation
was significantly alleviated after 14 days of DDDS treatment. Additionally, after 56 days, the DDDS group exhibited the
highest BMD and ALP levels. DDDS loaded with parthenolide and naringin in a rat model achieved significant synergistic
anti-inflammatory and osteogenic effects, providing powerful preclinical evidence.
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Introduction

Periodontitis is 1 of the 2 most common oral diseases. It is a chronic inflammatory disease that leads to tooth loss and
irreversible alveolar bone resorption [1]. Clinically, local administration of medication is often used to control inflammation.
The drugs used are mostly antibacterial agents, such as nitroimidazole, tetracycline, and macrolide antibiotics [2]. Although
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guided tissue regeneration (GTR) promotes periodontal membrane reattachment and epithelial reconstruction [3],
conventional GTR promotes neither the differentiation and maturation of osteoblasts nor the regeneration of alveolar bone.
A controlled-release drug delivery system can prolong the time that drugs remain in the affected area, segment the
administration of medications, and facilitate a timed, quantitative, and uniformly targeted treatment [4]. For example, bone
morphogenetic protein-2 (BMP-2) hydrogels with chitosan (CS) have been found to induce new alveolar bone formation,
promote jaw healing, and guide periodontal tissue regeneration [5].

Our pilot study established a robust 3-dimensional (3D) DDDS loaded with traditional Chinese herbs (parthenolide and
naringin) to regenerate periodontal tissue and control inflammation. This system has shown excellent biocompatibility and
biodegradability, and it achieved the desired hierarchical release profiles [6]. Parthenolide (C15H2003; MR248.3) is isolated
from feverfew (Tanacetum parthenium) and exhibits substantial anti-tumor, anti-inflammatory, and anti-allergenic effects
[7]. By inhibiting the expression of tumor necrosis factor (TNF)-a, interleukin (IL)-1 beta, IL-6, and nitric oxide synthase 2
(NOS2), parthenolide exerts significant anti-inflammatory effects through the nuclear factor (NF)-kappa B pathway [8].
Naringin (C27H32014; MR580.53) is the main pharmacodynamic component of the Chinese folk prescription Drynaria
fortunei J. Sm. (Kunze), which has been reported to repair alveolar bone defects [9]. Additionally, naringin is thought to
increase the ratio of osteoprotegerin (OPG) to receptor activator of NF-kB ligand (RANKL) by increasing the mRNA
expression of OPG and decreasing the mRNA expression of RANKL, thereby achieving osteogenesis [10].

In this study, we further hypothesized that the poly-L-lactic acid (PLLA)/CS controlled release system loaded with
parthenolide and naringin would exert an excellent multistage therapeutic effect in a rat model of periodontitis with
periodontal fenestration defects; specifically, inflammation would first be controlled, and bone tissue would then be
regenerated. A bioinformatics analysis was first conducted to predict the targets and pathways of parthenolide and naringin.
Three cell models were used to assess the anti-inflammatory effects of parthenolide and the osteogenic effects of naringin.
Finally, a rat model of periodontitis with periodontal fenestration defects was established to investigate the compound
therapeutic effect of the PLLA/CS controlled release system loaded with parthenolide and naringin. This study provides
preclinical evidence that DDDS loaded with parthenolide and naringin can be used to treat periodontal disease.

Materials and Methods

Target and pathway prediction

The Simplified Molecular-Input Line Entry System (SMILES) formulas of parthenolide and naringin were searched in the
DrugBank database with the query ID DB13063 and CID 442428, respectively (https://go.drugbank.com/drugs/). HitPickV2,
the similarity ensemble approach (SEA) algorithm, and the Swiss Target Prediction database were used to predict the potential
targets of parthenolide and naringin [11-13]. Targets with P<0.05, Tanimoto coefficient=1, or predicted precision >0.5 were
identified as potential targets, and the prediction results were displayed using a Venn diagram.

Based on the common targets predicted above, the Gene MANIA prediction server (http://www.genemania.org/), the
STRING web server (https://string-db.org/cgi/input.pl), and the HumanBase web server (https://hb.flatironinstitute.org/) were
used to perform functional interaction, protein-protein interaction (PPI) and tissue-specific gene network analyses,
respectively [14-16]. The enriched biological functions and interactions were automatically generated by these servers.

Cell models

Anti-inflammatory effect of parthenolide on RAW264.7 cells

RAW264.7 cells were purchased from the Kunming Institute of Zoology, Chinese Academy of Sciences and cultured in
DMEM (HyClone, Logan, UT, USA). Dimethyl sulfoxide (DMSO), 10 uM parthenolide (Promega, Madison, WI, USA), and
10 uM BAY 11-7082 (NF-«B inhibitor; Cell Signaling Technology, Danvers, MA, USA) were added to the media in culture
plates (n=3); 1 hour later, 100 ng/mL Escherichia coli lipopolysaccharide (LPS; Sigma, St. Louis, MO, USA) was added to
all groups. After culturing for 4 and 8 hours, the total RNA was extracted using an Eastep Super total RNA extraction kit
(LS1040, Promega, Madison, WI, USA). The mRNA expression levels of IL-1f, IL-6, TNF-a, IL-10, matrix metallopeptidase
(MMP) 13, NOS2, and PTGS2 were detected by quantitative reverse transcription-polymerase chain reaction (QRT-PCR).
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After culturing for 24 and 48 hours, the supernatant of the cells was collected to assess the expression of IL-6 and TNF-a by
enzyme-linked immunosorbent assay (ELISA; M&P, Brooksville, FL, USA). After 15, 30, and 60 minutes of culture in the
plates, total protein was extracted using a DC Protein Assay kit (Bio-Rad, Hercules, CA, USA), and the expression levels of
phospho-p65, phospho-p38, phospho-ERK, and phospho-JNK were detected by western blotting (Cell Signaling
Technology).

The membrane addition experiment was divided into 3 groups: DMSO, a blank polylactide-coglycolide (PLGA)/PLLA
composite fiber membrane (P/P), and a PLGA/PLLA membrane loaded with parthenolide (PTL + P/P, fabricated by
electrostatic spinning). After culture for 7 days, E. coli LPS (100 ng/mL) was added, and the same procedures were performed
to detect all the molecular markers mentioned above.

Osteogenic effect of naringin

Mouse bone marrow mesenchymal stem cells (BMSCs) were obtained from 1-month-old BALB/c and Kunming mice
purchased from Kunming Ainimo Experimental Animal Co., Ltd. (Kunming, China). The differentiation of BMSCs requires
osteogenic induction solution, which comprises 10 mmol/L B-sodium glycerophosphate (Sigma), 50 mg/L vitamin C and 0.1
pmol/L dexamethasone (Meilunbio, Dalian, China). MC3T3-E1 cells were purchased from Kunming Cell Bank, Chinese
Academy of Sciences. After culture in a-MEM (HyClone, Logan, UT, USA), the cells were transferred to 12-well plates,
cultured for 12 hours, starved for 12 hours, and then treated with 10 pL of DMSO (10 uM), 1 pM, or 0.1 uM naringin (Sigma)
and 100 ng/mL recombinant human bone morphogenetic protein-2 (thBMP2, Peprotech, Cranbury, NJ, USA). The samples
were collected at different time points. The mRNA expression of ALP, collagen I (Coll), osteocalcin (OC), OPG, osteopontin
(OPN), and runt-related transcription factor 2 (RUNX2) in BMSCs and MC3T3-E1 cells were detected by qRT-PCR. ALP
activity was detected with an ALP Assay Kit (P0321S; Beyotime, Shanghai, China), and the concentration of the osteogenic
protein OC was detected by ELISA (CSB-E17681m; Cusabio, Wuhan, China).

Rat model

The medical ethics committee approved all the experimental procedures at Dali University, Yunnan Province, China
(approval No. AEWC-2019-PZ-15).

Male Sprague-Dawley rats (230-250 g, n=130; Hunan Slack Experimental Animal Co., Ltd., Hunan, China) were given free
access to food pellets and water in an air-conditioned environment (22°C, 50% humidity, natural light from 07:00 to 19:00).
Individual rats were randomly divided into the healthy, model, scaffold (implantation of blank PLLA/CS scaffold), DDDS
(PLLA/CS controlled release system loaded with parthenolide and naringin), and GBOC (implantation of Geistlich Bio-OSS®
Collagen II; Geistlich, Wolhusen, Switzerland) groups. After anesthetization with 10% chloral hydrate, the right mandibular
first molars of the rats (except the healthy group) were ligated using 2-0 silk thread. One week later, periodontal fenestration
defects measuring 3 mm x 2 mm X 1 mm were created [17]. Six right mandibular bones in the model group were analyzed
by scanning electron microscopy (SEM) to assess whether the model was successfully established. The rats were sacrificed
by cervical dislocation 14, 28, and 56 days after administration. The gingival tissue around the first and second molars was
removed by a surgical procedure and stored in liquid nitrogen immediately. The mandibles were collected and fixed in
formalin for 48 hours at 4°C, followed by transfer to 70% ethanol for micro-computed tomography (CT) scanning
(XTV160H, X-TEK, LITH, IL, UK). After micro-CT, specimens were embedded in paraffin and serially sectioned (3-pum).
Mimics 17.0 (Materialise, Leuven, Belgium) was used for the 3D reconstruction of defects, and to determine the distance
between the cementoenamel junction and alveolar bone crest (CEJ-ABC) and the bone mineral density (BMD) of each sample
[18, 19]. In short, for each sample, the bone density of 130 layers beneath the cementum-enamel boundary plane was
measured with fixed length and width parameters. The BMD of each sample was then determined by calculating the mean
value of bone density across all 130 layers. The mRNA expression of IL-6, IL-1, MMP-2, MMP-9, ALP, OPG, and RANKL
in periodontal tissues was detected using quantitative reverse transcription polymerase chain reaction (QRT-PCR). The
number of inflammatory cells and the region size of defects were detected by hematoxylin-eosin staining. The size of defects
was measured using the following method: The length of the defect was determined by multiplying the number of sections
in which defects were seen by the thickness of each section (3 pm). The width and depth of the defect was approximated by
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calculating the mean value of each measurement across the sections with the largest defect and the first and last sections. The
number of osteoclasts was detected by tartrate-resistant acid phosphatase staining. Immunohistochemical (IHC) staining was
used to measure the expression of TNF-o and ALP.

Statistical analysis

Bioinformatics analyses were conducted using R v3.6.1. All the experimental data are expressed as the mean + standard error,
and 1-way analysis of variance (ANOVA) was performed with the Tukey or Games-Howell post hoc test (SPSS 22.0; IBM
Corp., Armonk, NY, USA). P values <0.05 were considered statistically significant.

Results and Discussion

Target and pathway prediction

The SMILES formulas of parthenolide and naringin were
C\C1=C/CC[C@@]2(C)O[C@H]2[C@H]20C(=0)C(=C)[C@@H] and
CC1C(C(C(C(01)OC2C(C(C(OC20C3=CC(=C4C(=0)CC(0C4=C3)C5=CC=C(C=C5)0)0)C0O)0)0)0)0)0, respectively
(Figure 1a). The target prediction results suggested that prostaglandin peroxidase synthase (PTGS2) was a potential target
of parthenolide, while cytochrome P450 family 19 subfamily A1 (CYP19A1) and taste 2 receptor member 31 (TAS2R31)
were potential targets of naringin (Figure 1b).
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Figure 1. Target and pathway prediction. (a) Molecular structures of parthenolide and naringin, and (b) their target
predictions, (c) gene functional interaction by GeneMANIA, (d) protein-protein interaction by STRING, and (e) tissue-
specific network analyses by HumanBase.

Three network analyses of these target genes were performed. Gene MANIA network analysis (Figure 1¢, Table 1) showed
that the target genes of parthenolide were mainly involved in oxidoreductase peroxidase and antioxidant-related processes,
while the target genes of naringin especially participated in transcription, response to nutrients, taste and xenobiotic stimulus
processing.

Table 1. GeneMANIA network function enrichment of parthenolide and naringin

Function Parthenolide Naringin
Oxidoreductase activity, acting on peroxide as acceptor 3.38E-04
Peroxidase activity 3.38E-04
Antioxidant activity 1.95E-03
Cellular response to reactive oxygen species 1.96E-03
Response to oxidative stress 2.16E-03
Prostaglandin biosynthetic process 2.33E-03
Prostanoid biosynthetic process 2.33E-03
Response to reactive oxygen species 2.33E-03
Regulation of nuclease activity 2.33E-03
Prostaglandin metabolic process 3.31E-03
Prostanoid metabolic process 3.31E-03
Cellular response to oxidative stress 4.77E-03
Cellular response to hydrogen peroxide 1.03E-02
Icosanoid biosynthetic process 1.05E-02
Fatty acid derivative biosynthetic process 1.05E-02
Inflammatory response 1.14E-02
Positive regulation of response to external stimulus 1.14E-02
Response to hydrogen peroxide 1.14E-02
Unsaturated fatty acid biosynthetic process 1.32E-02
Regulation of fatty acid metabolic process 1.80E-02
Sequence-specific DNA binding RNA polymerase II transcription factor activity 5.71E-07
RNA polymerase II distal enhancer sequence-specific DNA binding transcription factor activity 9.20E-05
Sequence-specific DNA binding 1.88E-03
Monooxygenase activity 3.34E-03
Sensory perception of bitter taste 3.89E-03
Oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen 7.09E-03
Positive regulation of fat cell differentiation 7.80E-03
Regulatory region DNA binding 1.65E-02
Sensory perception of taste 1.65E-02
Regulatory region nucleic acid binding 1.65E-02
Transcription regulatory region DNA binding 1.65E-02
Response to nutrient 1.65E-02
Cellular response to xenobiotic stimulus 2.73E-02
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Response to xenobiotic stimulus 2.73E-02
Xenobiotic metabolic process 2.73E-02
Heme binding 2.73E-02
Regulation of fat cell differentiation 3.02E-02
Tetrapyrrole binding 3.02E-02

Each line indicates the pathway and P value of naringenin and estrone.

Protein-protein interaction network analysis (Figure 1d) suggested that parthenolide-related genes were mainly involved in
fatty acid biosynthetic and metabolic processes (such as cyclooxygenase and lipoxygenase) and inflammatory responses,
particularly cytokine pathways. However, naringin-related genes were involved in hormone and steroid biosynthetic,
metabolic, and catabolic processes (particularly sex hormones) and sexual organ development pathways. Furthermore, the
KEGG enriched pathways indicated that ovarian steroidogenesis was the only common pathway affected by parthenolide
and naringin. Thus, parthenolide mainly targets inflammation-related diseases and pathways, while naringin participates in
steroid hormone synthesis and taste transduction.

Tissue-specific network analysis (Figure 1e) revealed the target genes of parthenolide and naringin. However, the tissue-
specific network analysis found no significant gene enrichment related to either drug.

Anti-inflammatory effects of parthenolide and osteogenesis effects of naringin in cell models

Compared with DMSO-treated cells, parthenolide-treated RAW264.7 cells exhibited significantly lower mRNA expression
of IL-1p, IL-6, TNF-a, MMP13, NOS2, and PTGS2 after 4 and 8 hours of LPS stimulation (P<0.001); (Figure 2a). The
mRNA expression of IL-13, NOS2, and PTGS?2 significantly decreased in the parthenolide + P/P group at 8 hours (P<0.001).
The mRNA expression of IL-10 significantly decreased only in the parthenolide group at 4 hours (P<0.01), while in the
parthenolide + P/P group, it showed a non-significant tendency to decrease (P>0.05). The expression levels of IL-6 (24 and
48 hours) and TNF-a (24 hours) also significantly decreased in the parthenolide and BAY group (P<0.01); (Figure 2¢). The
protein expression of phospho-p65 and phospho-JNK in the parthenolide group significantly decreased compared with that
in the DMSO group at 15 minutes (Figure 2f); however, the phospho-p65 protein was retained at low levels in the
parthenolide + P/P group throughout the testing period. The expression of phospho-p38 in the parthenolide + P/P group
significantly increased compared with that in the DMSO group at 15 and 60 minutes (P<0.01), The expression of phospho-
ERK showed no differences in either the parthenolide or parthenolide + P/P group (P>0.05).
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Figure 2. Cell models. (a) the effect of PTL on the mRNA expression of IL-1f, IL-6, TNF-a, MMP13, NOS2 and
PTGS2 in RAW264.7 cell; (b) the effect of NG on the mRNA expression of OC and OPG in BMSC and Coll in MC3T3-
E1 cells; (c) the effect of PTL on the expression of IL-6 and TNF-a in RAW264.7 cell; (d) the effects of NG on the ALP

activity of MC3T3-E1 cell; (e) the effects of NG on the concentration of OC in BMSC cell; (f) the effect of PTL on the
protein expression of phospho-p65 and phospho-JNK in RAW264.7 cell.
Values are means + standard error, n=9.

PTL: parthenolide, IL: interleukin, TNF: tumor necrosis factor, MMP: matrix metallopeptidase, NOS: nitric oxide
synthase, PTGS2: prostaglandin peroxidase synthase, NG: naringin, OC: osteocalcin, OPG: osteoprotegerin, BMSC:
bone marrow mesenchymal stem cell, Coll: collagen I, ALP: alkaline phosphatase, DMSO: dimethyl sulfoxide,
ANOVA: analysis of variance.

*P<0.05, ™P<0.01, " P<0.001 vs. DMSO; as evaluated by one-way ANOVA followed by Tukey’s test for multiple
comparisons. (PTL represented group of 10 pM parthenolide, Bay represented 10 uM Bay 11-7082 (NF-«B inhibitor),
NG 10 uM, 1 uM or 0.1 uM represented naringin at 10 pM, 1 uM or 0.1 uM, and thBMP2 represented 100 ng/mL
recombinant human bone morphogenetic protein-2, respectively.



Naringin at 0.1 uM significantly promoted the mRNA expression of OC and OPG in BMSCs at 48 hours (P<0.01), while
naringin at 0.1 and 1 pM significantly promoted the expression of Coll mRNA in MC3T3-El cells at 24 hours (Figure 2b).
There were no differences in the expression of the remaining mRNAs in these 2 cell lines (P>0.05).

The ALP activity of MC3T3-E1 cells was significantly enhanced by 1 and 10 uM naringin on the third day. Naringin at 0.1
UM significantly promoted ALP activity on day 5, while ALP in the 1 uM naringin group was most active on day 7 (£<0.05);
(Figure 2d). The ALP activity of BMSCs non-significantly increased (P>0.05). Naringin at 0.1 and 1 pM significantly
promoted the secretion of OC by BMSCs on days 5 and 7 (P<0.05); (Figure 2e), and the amount secreted on day 7 was higher
than that secreted on day 5. The amount of OC secreted by MC3T3-E1 cells did not reach detectable levels.

Treatment of periodontitis in rats with sequentially controlled release by PLLA/CS loaded with parthenolide and naringin
SEM results showed that the periodontitis and periodontal tissue defect model was successfully established. Micro-CT
showed that after 28 and 56 days of treatment, compared with the model and scaffold groups, the BMD of the periodontal
tissue defect area in the DDDS group significantly increased (P<0.01), and the CEJ-ABC distance in the DDDS group
significantly decreased after 14, 28, and 56 days of treatment (P<0.05); (Figures 3a and 3b). Compared with the model
groups, after 28 and 56 days of treatment, the region of fenestration in the DDDS group had a lower regeneration area, which
is consistent with the histomorphometric analysis.
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Figure 3. The effects of DDDS loaded with PTL and NG on rat model by micro-CT, and qRT-PCR on different days.
(a) Representative samples of surgical defects by micro-CT on different days; (b) the effects of DDDS loaded with PTL
and NG on the BMD and the distance between the CEJ-ABC of the surgical defects on different days; (c) the effects of
DDDS loaded with PTL and NG on the mRNA expression of MMP9 and ALP on different days.
Values are means =+ standard error, D14 (2 week; n=7); D28 (4 weeks; n=9); D56 (8 week; n=10).

CT: computed tomography, DDDS: dual drug delivery scaffold, PTL: parthenolide, NG: naringin, BMD: bone mineral
density, CEJ-ABC: cementoenamel junction and alveolar bone crest, MMP: matrix metallopeptidase, ALP: alkaline
phosphatase, ANOVA: analysis of variance, PLLA: poly-L-lactic acid, CS: chitosan.

*P<0.05, "P<001, **"P<0.001 vs. model; ¥P<0.05, #P<0.01, ##P<0.001 vs. scaffold, as evaluated by one-way ANOVA
followed by Tukey’s test for multiple comparisons (scaffold represented group that implanted with blank PLLA/CS
scaffold, DDDS represented group that implanted with PLLA/CS controlled release system loaded with PTL and NG
and GBOC represented group that implanted with Geistlich Bio-OSS® Collagen II respectively).

After 28 and 56 days of treatment, the mRNA expression of MMP9 in the gingival tissue of the DDDS and GBOC groups
was significantly higher than in the model group (P<0.01); (Figure 3c), while the mRNA expression of MMP2 in the DDDS
group was significantly higher than in the healthy and GBOC groups after 14 days (P<0.05). Compared with the scaffold
group, the mRNA expression levels of IL-1p and ALP in the DDDS group were significantly higher (P<0.05); (Figure 3c)
on day 56.

Compared with the model and scaffold groups, after 14 and 28 days of treatment, the infiltration of inflammatory cells in the
DDDS group showed non-significant increasing trends (P>0.05) and then decreased to levels less than those in the healthy
group on day 56 (P>0.05); (Figure 4). After 14 days of treatment, the number of osteoclasts in the DDDS group significantly
decreased (P<0.01) compared with the scaffold groups, but significantly increased after 28 days (P<0.001), and significantly
decreased after 56 days compared with the scaffold group (P<0.05); (Figure 4). TNF-a levels significantly decreased in the
DDDS group compared with the model and scaffold groups after 56 days, and the ALP levels increased throughout the entire
period, with a peak at 28 days (P<0.001); (Figure 5).
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Figure 4. The effects of DDDS loaded with PTL and NG on (a, ¢) the number of inflammatory cells in the periodontal
tissues detected by HE staining, and (b, d) the number of osteoclasts detected by Tartrate-Resistant Acid Phosphatase
(TRAP) staining on different days. Values are means + standard error (n=3).
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DDDS: dual drug delivery scaffold, PTL: parthenolide, NG: naringin, HE: hematoxylin-eosin, TRAP: tartrate-resistant
acid phosphatase, ANOVA: analysis of variance, PLLA: poly-L-lactic acid, CS: chitosan.

"P<0.05, ""P<001, ""P<0.001 vs. model; *P<0.05, #P<0.01, #*P<0.001 vs. scaffold as evaluated by one-way ANOVA
followed by Tukey’s test for multiple comparisons (scaffold represented group that implanted with blank PLLA/CS
scaffold, DDDS represented group that implanted with PLLA/CS controlled release system loaded with PTL and NG
and GBOC represented group that implanted with Geistlich Bio-OSS® Collagen II respectively).
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Figure 5. The effects of DDDS loaded with PTL and NG on the expression of (A, C) TNF-a and (B, D) ALP by IHC
staining on different days.
Values are means + standard error (n=3).

DDDS: dual drug delivery scaffold, PTL: parthenolide, NG: naringin, TNF: tumor necrosis factor, ALP: alkaline
phosphatase, IHC: immunohistochemical, ANOVA: analysis of variance, PLLA: poly-L-lactic acid, CS: chitosan.
*P<0.05, " P<001, **"P<0.001 vs. model; ¥P<0.05, #P<0.01, ##P<0.001 vs. scaffold, as evaluated by one-way ANOVA
followed by Tukey’s test for multiple comparisons (scaffold represented group that implanted with blank PLLA/CS
scaffold, DDDS represented group that implanted with PLLA/CS controlled release system loaded with PTL and NG
and GBOC represented group that implanted with Geistlich Bio-OSS® Collagen II respectively).

Target prediction revealed distinct targets and pathways of parthenolide and naringin (Figure 1). HitpickV2, SEA, and
SwissTarget predicted that the common target of parthenolide is PTGS2, which plays a specific cyclooxygenase role in the
inflammatory response by oxidizing arachidonic acid (AA; C20:4[N-6]) into prostaglandin G2 (PGG2) [20]. Platelet-
activating factor receptor (PTAFR) and NOS2 are 2 other common targets of parthenolide, and both have lipopolysaccharide
binding receptor activity. PTAFR is involved in various biological processes, such as superoxide formation, cell proliferation,
angiogenesis, and inflammatory response regulation [21]. Nitric oxide, the product of NOS2, mediates tumor-killing and
bactericidal activities in macrophages [22]. Naringin has 2 common targets. One target is CYP19A1, which catalyzes many
reactions involved in the final step of estrogen biosynthesis and drug metabolism and is involved in cell growth and
differentiation [23]. Interestingly, the HitpickV2 network also predicted CYP19A1 as a target of parthenolide. The other
common naringin target is TAS2R31; however, additional common targets include PTGS1, an analog of PTGS2; Adora3,
proline 4-hydroxylase B subunit, and ubiquitin conjugate E2N [24, 25]. In conclusion, the parthenolide-related pathways are
mainly involved in fatty acid biosynthesis metabolic processes (such as cyclooxygenase and lipoxygenase) and inflammatory
responses, while naringin is primarily involved in the biosynthesis, metabolism, and catabolism of hormones and steroids
(particularly sex hormones). The only common pathway of parthenolide and naringin is ovarian steroid production,
suggesting that the steroids produced in the body are involved in both the regulation of inflammation and the promotion of
new cell synthetic differentiation.

LPS toxicity induces macrophages to secrete numerous cytokines, stimulating the auto cellular immune response and
activating the classical NF-kB and mitogen-activated protein kinase (MAPK) pathways [26], thereby damaging the
periodontal tissue structure. In this study, parthenolide significantly decreased the mRNA expression of TNF-a, IL-6, IL-1,
IL10, PTGS2, MMP13, and NOS2, the protein expression levels of IL-6 (24 and 48 hours) and TNF-a (24 hours), and the
early expression of phospho-p65 and phospho-JNK in RAW264.7 cells stimulated with LPS. We speculated that the mRNA
expression of IL-10 in RAW264.7 was inhibited, probably because of the reduced TNF-a expression, as has been reported in
the literature [27]. Furthermore, parthenolide has been proven to inhibit the expression of [kB in the NF-«B signaling pathway
[28, 29]. The present study further confirmed that parthenolide significantly inhibits the expression of phospho-p65 in the
IkB downstream signaling pathway and phospho-JNK and phospho-ERK in the MAPK signaling pathway [30]. Therefore,
parthenolide exerts a significant combined anti-inflammatory effect on the NF-kB and MAPK signaling pathways. The
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pharmacological activity of parthenolide on LPS-induced inflammation is stronger than that induced by TNF-a [31],
presumably because of its combined inhibitory effect on multiple pathways. The PLLA/PLGA membrane and slowed the
release of parthenolide and increased the mRNA expression of all measured cytokines except IL-10 and MMP13, which
supports our animal model results.

The OPG/RANKL signaling pathway prevents osteoclast differentiation and maturation, while inhibiting bone resorption
[32]. OC is involved in bone mineralization, which is produced exclusively by osteoblasts. Coll is an important component
of EMCs, accounting for 80%-90% of all collagen. Low concentrations of naringin significantly promoted the mRNA
expression of OC and OPG in BMSCs at 48 hours and the mRNA expression of Coll in MC3T3-E1 cells at 24 hours. Thus,
naringin exerts an osteogenic effect, which may vary in different cells. The mechanisms may be that naringin increased the
mRNA expression of OPG in BMSCs, leading to an increased OPG:RANKL ratio, and then promoted BMSCs to differentiate
into osteogenic cells while directly promoting the maturation and differentiation of MC3T3-E1 cells to express Coll. A study
revealed that 2 pg/mL naringin could promote the expression of the RUNX2 and Coll genes on the fourth day and OC on the
8th day in MC3T3-El cells pretreated with an ERK1/2 inhibitor [33, 34].

ALP is secreted by osteoblasts and is a sign of the early maturation of osteoblasts [35]. Naringin at 1 pM significantly
promoted the activity of ALP in MC3T3-E1 cells, while 0.1 uM naringin performed better in BMSCs, and both were most
intense on day 7. The secretion of OC protein in BMSCs peaked on day 7; however, in MC3T3-E1 cells, it failed to reach
detectable levels.

The DDDS loaded with parthenolide and naringin exerted excellent curative effects in a rat model of periodontitis with
periodontal fenestration defects. On day 56, the CEJ-ABC distance in the mandibular first molar of the rats was significantly
reduced, and the BMD of the DDDS group significantly increased. The mRNA expression level of MMP9 reached its highest
level in the middle stage of treatment, and the relative expression levels of IL-1p and ALP significantly increased at the end
of treatment. The results of IHC staining showed that inflammatory cells, osteoclasts, and TNF-a and ALP expression were
rare in the health group. In the model group, inflammatory cells accumulated around the bone, and osteoclasts were mostly
located in the lacunae at the junction of the bone and periodontal membrane throughout the entire period. In the other 3
groups, many inflammatory cells were found on the edge and inside the scaffold, and many osteoclasts were also observed
on the edge of the scaffold. After 28 days, the number of osteoclasts was reduced in the DDDS and GBOC groups. Moreover,
the scaffold was gradually degraded and became irregular. The staining color of TNF-a in the DDDS group was darkest in
the middle stage of treatment; this result may have been due to the decreased release of parthenolide from the DDDS and the
increased degradation of the PLLA scaffolds, which stimulated the production of inflammatory factors to digest these
remains. Moreover, ALP expression gradually increased as the chitosan-coated naringin was released and promoted the repair
of periodontal tissue defects. Although inflammatory factor expression in the scaffold groups increased, most of these factors
accumulated around the scaffold and did not attack the extracellular matrix, and the BMD in the defects increased. These
findings indicate the obvious osteogenic effect of the scaffold, and we predict that the increased amount of inflammatory
factors possibly promotes the digestion of the scaffold remains rather than aggravating the tissues.

Target predictions and animal experiments both confirmed that parthenolide and naringin have distinct effects. Parthenolide
is mainly involved in the inflammatory response, particularly the MAPK pathway. For example, parthenolide significantly
inhibits the expression of IL-1 through the predicted common target PTGS2. Naringin promotes osteogenesis by regulating
sex hormones, cytochrome P450, and carbonic anhydrase. Our previous study showed that naringenin, the main active
metabolite in naringin, acts as a phytoestrogen and has a better osteogenic effect than estrogen (in submission).

In the present system, naringin was creatively encapsulated in CS microspheres and loaded into a PLLA scaffold together
with parthenolide to prepare a DDDS, which was implanted into a rat model. Our pilot study confirmed that the system can
release parthenolide and naringin in an ordered manner and increase the volume fraction of regenerated bone with excellent
biocompatibility [6]. The present study further systematically compared the pharmacological efficacy of this DDDS system.
The anti-inflammatory effect was best on day 14, and an obvious osteogenic effect occurred on day 56. Additionally, BMP
could promote the differentiation of osteoblasts and induce osteogenesis in MC3T3-E1 and BMSC cells, showing good
efficacy in our study. However, the expression and purification of thBMP2 are challenging, resulting in high costs and
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limiting its application. The performance of DDDS and GBOC was analogous, and these results indicate promising future
applications of DDDS.

Some details warrant further study. For example, DDDS and PLGA/PLLA loaded with parthenolide showed obvious anti-
inflammatory effects, but PLLA/PLGA loaded with naringin did not promote ALP activity in MC3T3-El cells (negative
results not shown). Nanoparticles loaded with naringin using electrospinning technology prepared by Ji ef al. [36] promoted
the adhesion, proliferation, differentiation, and mineralization of MC3T3-E1 cells and enhanced ALP secretion, which was
not in accordance with our results. Additional evidence of the osteogenic effect of DDDS on periodontal tissue defects in rats
is needed. For example, osteoblasts can be detected using Goldner staining, and BMP-2, OPG, OC, and OPN can be detected
by IHC staining. Additionally, markers with fluorescent dyes can be added to DDDS to track its metabolic kinetics in vivo.
Furthermore, the scaffold structure of DDDS loaded with parthenolide and naringin can be optimized to prolong the duration
of parthenolide release.

This study systematically proved that DDDS loaded with parthenolide and naringin can treat rats with periodontitis in stages
and achieve compound anti-inflammatory and osteogenic effects. This study provides an experimental basis for the clinical
use of this DDDS, which has promising prospects for application.

Conclusion

In conclusion, DDDS loaded with parthenolide and naringin displayed ordered anti-inflammatory and osteogenic effects in
rats with periodontitis and periodontal tissue defects. The anti-inflammatory effects were strongest at 14 days, while after 56
days, osteogenesis predominated.
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