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Purpose: Oxidative stress and mitochondrial dysfunction are potential contributors to the compromised tissue regeneration capacity
of alveolar bone in diabetic patients. Berberine, an active plant alkaloid, exhibits multiple pharmacological effects including
antioxidation, blood glucose- and blood lipid-lowering properties. However, it remains uncertain whether berberine can improve
impaired osteogenesis in type 2 diabetes mellitus (T2DM), and its poor solubility and oral bioavailability also constrain its applications
in bone regeneration. Thus, our study aimed to probe the effects of berberine on bone marrow stem cells (BMSCs) in a diabetic
microenvironment, with a greater emphasis on developing a suitable nano-delivery system for berberine and assessing its capability to
repair diabetic alveolar bone defects.

Methods: Firstly, BMSCs were exposed to berberine within a high glucose and palmitate (HG+PA) environment. Reactive oxygen
species levels, mitochondrial membrane potential, ATP generation, cell apoptosis, and osteogenic potential were subsequently
assessed. Next, we explored the regulatory mechanism of autophagy flux in the positive effects of berberine. Furthermore,
a nanocarrier based on emulsion electrospinning for sustained local delivery of berberine (Ber@SF/PCL) was established. We assessed
its capacity to enhance bone healing in the alveolar bone defect of T2DM rats through micro-computed tomography and histology
analysis.

Results: Berberine treatment could inhibit reactive oxygen species overproduction, mitochondrial dysfunction, apoptosis, and improve
osteogenesis differentiation by restoring autophagy flux under HG+PA conditions. Notably, Ber@SF/PCL electrospun nanofibrous
membrane with excellent physicochemical properties and good biological safety had the potential to promote alveolar bone remodeling
in T2DM rats.

Conclusion: Our study shed new lights into the protective role of berberine on BMSCs under T2DM microenvironment. Furthermore,
berberine-loaded composite electrospun membrane may serve as a promising approach for regenerating alveolar bone in diabetic
patients.
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Introduction

Alveolar bone defect induced by chronic periodontitis, tumor resection, or trauma is a perennial problem in clinical
practice, which has a serious impact on people’s work and life.!* One of the most common causes for alveolar bone loss
is periodontitis, and over 1.0 billion people worldwide living with severe periodontal disease, thus leading to irreversible
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loosening and loss of teeth.” Regeneration of alveolar bone defect has always been challenging, which could be
exacerbated by systemic diseases such as autoimmune diseases, congenital bone dysplasia, cardiovascular disease, and
diabetes mellitus (DM).** DM is a highly prevalent metabolic disorder, and it is estimated that the number of DM
patients will go up to more than 1.31 billion around the world by 2050.°® The abnormal bone turnover and compromised
bone remodeling observed in type 2 DM (T2DM) have been ascribed to the overproduction of reactive oxygen species
(ROS) in a hyperglycemic microenvironment.”'® The mitochondria, as a dominant source of ROS, are often the primary
target of excessive ROS attack.!" Mitochondria dysfunction not only inhibits the production of adenosine triphosphate
(ATP) but also exacerbates cellular oxidative stress,'? which eventually leads to dysfunction, apoptosis, and dediffer-
entiation of bone-forming cells.'*'* Furthermore, chronic overload of free fatty acids in T2DM patients can increase the
production of ROS, causing synergistic glucolipotoxicity in conjunction with high glucose levels.'>'® Therefore,
a potential strategy for promoting bone regeneration involves eliminating ROS and improving mitochondrial dysfunction
resulting from hyperglycemia and hyperlipidemia.

Autophagy is an evolutionarily conserved process that selectively degrades excess misfolded proteins and damaged
intracellular components to maintain cellular homeostasis.'” Abnormal autophagy would exacerbate the accumulation of
dysfunctional mitochondria, as well as subsequent bioenergetic deficiencies and oxidative damage.'® Lytrivi et al
identified that impaired autophagy was a key molecular mechanism underlying glucolipotoxic p-cell dysfunction.'®
Based on these findings, we hypothesized that activating autophagy could be a potential solution for eliminating ROS and
stabilizing mitochondrial function in T2DM.

Berberine is an active plant alkaloid extracted from rhizoma coptidis, a traditional Chinese medicine.'® It is known for
its various pharmacological effects including blood glucose-lowering, blood lipid-lowering, and antioxidant
properties.”’* It was reported that berberine could alleviate cell injury by scavenging ROS and improving mitochondrial
dysfunction in previous studies.>*** In addition, increasing evidence demonstrated that berberine was able to ameliorate
cell apoptosis by up-regulation of autophagy.?'**?” Li et al observed that berberine could protect D407 cells against
H,0,-induced cytotoxicity through activating autophagy-mediated ROS elimination.”® Given these studies, berberine
might be able to improve unfavorable diabetic micromilieu and boost alveolar bone formation. However, the poor
solubility and oral bioavailability of berberine limit its applications in DM, although berberine has a broad range of
sources and not expensive. Therefore, there is an urgent need to develop a suitable delivery system to enhance its
bioavailability for diabetic bone tissue repair.

Among various local delivery systems, electrospinning is a promising technique that can encapsulate drugs,
proteins, and growth factors in polymeric nanofibers by a simplistic and cost-effective method.?®*° Moreover,
electrospun mats can mimic bone extracellular matrix (ECM) structure and provide enough space for cell adhesion
and proliferation due to their high porosity and pore interconnectivity.>' Silk fibroin (SF), a versatile biopolymer
produced by silkworm, has been identified as a potential drug carrier due to its excellent properties such as non-
cytotoxicity, tailorable biodegradability, low immunogenicity, and the ability to maintain drug stability.**>* But the
poor mechanical performance of pure SF nanofibrous membranes limits their applications as structural materials.*
This can be addressed by blending SF with polycaprolactone (PCL), a synthetic polymer known for its mechanical
strength.>® However, an unexpected burst of drug release was commonly observed in the SF/PCL composite nanofibers
prepared by blending electrospinning.®’ Fortunately, this can be overcome by constructing core-shell nanofibers via
emulsion electrospinning. Such nanofibers can embed small-molecule drugs in the core layer and release them in
a sustained and controlled manner.*®

Herein, we found that berberine promoted autophagy in bone marrow stem cells (BMSCs) under diabetic micro-
environment. This helped to reduce ROS and improve mitochondrial dysfunction, ultimately rescuing the impaired
BMSCs. Notably, we synthesized a core-shell electrospun nanofibrous membrane (Ber@SF/PCL) via emulsion electro-
spinning. This membrane allowed for a local and persistent release of berberine by encapsulating it in the core layer. We
then evaluated the physicochemical characterization, biocompatibility, and efficacy of the nanofiber mats in repairing
alveolar bone defects in T2DM rats. It is believed that our study offers a new therapeutic option for regenerating diabetic
alveolar bone (Figure 1).
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Figure | Schematic diagram depicting how berberine rescued the impaired BMSCs through the restoration of autophagy flux under HG+PA conditions as well as the design
principle of berberine-loaded core-sheath nanofibrous membrane (Ber@SF/PCL) based on emulsion electrospinning for diabetic alveolar bone regeneration.

Materials and Methods
Cell Culture

BMSCs were harvested from Sprague Dawley rats (4 weeks, ), as reported in our previous study.*® Simply, cells were
cultivated in complete medium including double antibiotics (Hyclone, Logan, Utah, USA, SV30010) (1%), fetal bovine
serum (Lonsera, Suzhou, China, S711-001S) (10%) and a-Minimum Essential Medium (Hyclone, Logan, Utah, USA,
SH30265.01) (89%) in a humidified incubator (5% CO,, 37°C) (Thermo Fisher, Massachusetts, USA). After trypsiniza-
tion, BMSCs of passage three to five were seeded in plates for the present study. For in vitro experiments, BMSCs were
exposed to high glucose (25.5 mM, Sigma, St. Louis, USA, 47249) and palmitate (150 uM, Sigma, St. Louis, USA,
P5585) (HG+PA) to mimic the T2DM microenvironment***! for 12 hours or pretreated with berberine (1 uM, Solarbio,
Beijing, China, IB0440) for 12 hours.

Intracellular ROS Measurement
The DCFH-DA fluorescent probe (Beyotime, Shanghai, China, S0033S) was selected to measure the level of intracellular
ROS. Briefly, BMSCs were incubated in fresh serum-free medium containing this fluorescent probe (10 pM) for
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30 minutes at 37°C, while being protected from light. After the incubation period, we removed the medium, rinsed the
cells with phosphate buffered saline (PBS, Boster, Wuhan, China, PYG0021) thrice, and observed the green fluorescence
signals through a fluorescence microscope (Nikon, Tokyo, Japan), which were quantified by the ImageJ software.

Detection of Mitochondrial Membrane Potential (MMP)

The MMP change in BMSCs was examined via JC-1 probe (Beyotime, Shanghai, China, C2003S). Following treatment,
BMSCs were cultured in complete medium containing JC-1 working solution (2 uM) and incubated for 20 minutes at
37°C. After being washed with JC-1 buffer (1x) twice, the samples were imaged by a fluorescence microscope.
Additionally, the ratios between green and red fluorescence were used to determine MMP changes using Imagel
software.

Measurement of ATP Content

The enhanced ATP Assay Kit (Beyotime, Shanghai, China, S0027) was used to measure the intracellular ATP levels of
the cells. Cell lysates were prepared with ATP Lysis Buffer, then centrifuged (12,000 rcf, 4°C, 5 min). The supernatant
was collected for the next step. Next, 100 uL of ATP prepared working solutions were transferred to black 96-well plates
and left at room temperature (RT) for 3 minutes. Afterwards, 20 pL of the supernatants or standards were added to the
plates and mixed quickly before the readings were taken using a luminometer in a multifunctional microplate reader
(Thermo Fisher, Massachusetts, USA). The final ATP content was calculated based on the standard curve and the total
protein concentration.

Flow Cytometry (Apoptotic Experiment)

The apoptosis rate of BMSCs was analyzed using flow cytometry after Annexin-V FITC staining, following the
instructions provided in the kit (Beyotime, Shanghai, China, C1062S). Firstly, treated BMSCs were digested at RT and
collected in Eppendorf tubes (at least 10° cells/tube). After two washes with cold PBS, the BMSCs were resuspended in
1% binding buffer (500 pL). Subsequently, propidium iodide (PI) (5 uL) and Annexin V-FITC (10 pL) were used to stain
the cells in each group. The cells were protected from light and incubated at RT for 20 minutes. Finally, the cell
suspensions were analyzed using the CytoFlex flow cytometer (Beckman Coulter, California, USA).

Western Blot (WB) Analysis

Cells were lysed with RIPA lysis buffer (Beyotime, Shanghai, China, PO013B) including phenylmethanesulfonyl fluoride
(1 mM, Beyotime, Shanghai, China, ST507). After centrifugation (4°C, 14,000 rcf, 5 min), the supernatants were
collected. A BCA kit (Beyotime, Shanghai, China, P0010) was adopted to measure protein concentrations in super-
natants, which were mixed with 5% loading buffer (Epizyme, Shanghai, China, LT101L) before 100°C degeneration.
Equivalent amounts of protein extracts in each group were electrophoretically fractionated by an SDS-polyacrylamide gel
(12.5%, Epizyme, Shanghai, China, PG213) and transferred to a polyvinylidene fluoride membrane (0.22 um pore size,
Millipore, Massachusetts, USA). The membrane was sealed with 5% bovine serum albumin (biofroxx, Berlin, Germany,
4240GR005) for 2 hours at RT, and subsequently incubated with the primary antibody for 12—18 hours at 4°C and the
secondary antibody at RT for another 2 hours. The membrane was then exposed to ECL developing solution (Epizyme,
Shanghai, China, SQ202) and scanned by a ChemiDoc imager (Bio-Rad, Hercules, CA, USA) to visualize the protein
band. Finally, the target protein expression was obtained according to the gray value measured by ImagelJ software and
normalizing to B-actin. The primary and secondary antibodies above were as follows: B-actin (1:5000, Bioss, Beijing,
China, bs-0061R), cleaved caspase-9/procaspase-9 (1:1000, 9508), cleaved caspase-3 (1:1000, 9664), LC3-II/T (1:1000,
12741), P62 (1:1000, 23214) (Cell Signaling Technology, Massachusetts, USA), Goat Anti-Rabbit IgG (1:5000, Bioss,
Beijing, China, bs-40295G-HRP) and Goat Anti-Mouse IgG (1:5000, Abcam, Cambridge, UK, ab205719).

Alkaline Phosphatase (ALP) Staining

For osteogenic induction, cells were cultured in a complete medium containing ascorbate (5 uM, Solarbio, Beijing,
China, A8100), B-glycerophosphate (10 mM, Solarbio, Beijing, China, G8100) and dexamethasone (100 nM, Solarbio,
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Beijing, China, D8040). We changed the medium every 2-3 days. After one week, 4% paraformaldehyde (PFA,
Biosharp, Anhui, China, MBX113) was used to fix the BMSCs, which were then stained by a BCIP/NBT ALP kit
(Beyotime, Shanghai, China, C3206). The results were recorded by scanners, and the microstructure was further
observed using a light microscope (Nikon, Tokyo, Japan). The Image] software was utilized to quantify the ALP staining.

Quantitative Real Time-Polymerase Chain Reaction (qQRT-PCR)

After seven days of osteogenic induction, the TRIzol reagent (Takara, Tokyo, Japan, 9108) was used for harvest total
RNA in BMSCs. The cDNA was then acquired using 5x PrimeScript RT Master Mix (Takara, Tokyo, Japan, RR036A).
The reaction solutions (10 pL/well) containing cDNA, TB Green Premix Ex Taq (Takara, Tokyo, Japan, RR820A),
forward and reverse primers and RNase-free water were mixed for qRT-PCR, which was performed on the Bio-Rad
Applied Biosystems ABI 7500 System (Bio-Rad, Hercules, CA, USA). The internal control (f-actin) was used to
determine the expressions of the osteogenic genes (Alp, Runx2). The expression of target gene was analyzed via the AACt
method. The study’s primer sequences (Sangon, Shanghai, China) were provided in Table S1.

Transmission Electron Microscope (TEM)

The ultrastructure of autophagosomes and autolysosomes was visualized using TEM (JEOL Ltd., Tokyo, Japan). BMSCs
in each group were treated, digested, centrifuged and carefully fixed with a 2% glutaraldehyde fixative solution
(Beyotime, Shanghai, China, G916054) for 24 hours at 4°C. The cells then underwent fixation in 1% osmium tetroxide
for 60 minutes at 4°C. The samples were subsequently dehydrated, embedded in Epon 816 (Electron Microscopy
Sciences, Hatfield, PA, USA), and sliced by a ultramicrotome (Leica Microsystems, Buffalo Grove, IL, USA).
Following staining with uranyl acetate and lead citrate, the slides were imaged using TEM.

Preparation of SF

We extracted SF from the cocoons of Bombyx mori silkworms (Beibei Silkworm Egg Co., Chongging, China) following
the method previously reported.** Briefly, small pieces of cocoons were degummed using a 0.02 M Na,CO; solution
(Aladdin, Shanghai, China, S111733) for 60 minutes at 100°C. The degummed cocoons were then washed with ddH,O in
triplicates and dried at 37°C. Subsequently, the SF fibers were completely dissolved in a LiBr solution (9.3 M, Macklin,
Shanghai, China, L812430) in an oven for 4 hours at 65°C. The SF solution was then dialyzed (dialysis bag, MWCO
3500 Da, Solarbio, Beijing, China) against ddH,O at 4°C for 72 hours, which was changed every 12 hours. After two
rounds of centrifugation (4000 rpm, 4°C, 30 min), the supernatant was obtained and lyophilized (Tian Feng, Shanghai,
China) for two days to obtain solid, regenerated SF.

Synthesis of Ber@SF/PCL Electrospinning Nanofibrous Membrane

The electrospinning solutions was prepared as previously described with several changes.*® The PCL (10% w/v, Macklin,
Shanghai, China, P871874) was dissolved in a mixture of dichloromethane/hexafluoroisopropanol (DCM/HFIP, Macklin,
Shanghai, China, D807825/H811026) (3:1, v/v) and the SF (10% w/v) was dissolved in HFIP. These solutions were
stirred at 300 rpm overnight at RT. Berberine was accurately weighed and mixed with the SF/HFIP solution to create
different mixtures with concentrations of 0%, 1.25%, 2.5% and 5% (w/w). Next, the PCL/DCM/HFIP solution was added
to an equal volume of Ber/SF/HFIP with continuous agitation overnight at RT to form the stable emulsions. The
emulsions were then used to fabricate the SF/PCL or Ber@SF/PCL nanofibers via electrospinning using the electro-
spinning instrument (Yongkang Leye Technology Development Co. Ltd., Beijing, China) with the following process
parameters: RT, 45+5% relative humidity, a voltage of 14 kV, a 21-gauge stainless needle, a 5 mL plastic syringe,
a distance of 15 cm between the collector and needle, and a constant flow rate of 0.3 mL/h. The collected electrospun
membranes were further placed in a ventilated oven for 24 hours to volatilize any remaining solvent. Then, the B-sheet
formation of SF was induced by soaking the electrospun mats in methanol (99.5%, Chuandong Chemical Co.,
Chongqing, China, H1247) for 30 minutes. Finally, the membranes were washed thrice, lyophilized, and stored at RT
for the following experiments.
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Physical and Chemical Characterization

Scanning electron microscopy (SEM, Thermo Fisher, Massachusetts, USA) at 20 kV was utilized to examine the surface
morphology of electrospun nanofibers. The diameter distribution of the nanofibers was measured by Imagel. A copper
grid was used to collect a few nanofibers, and the inner structure of these fibers were visualized using TEM (Hitachi,
Tokyo, Japan) at 120 kV. The drug distribution in nanofibers, which contain berberine that exhibits spontaneous
fluorescence, was visualized via confocal laser scanning microscopy (Leica, Wetzlar, Germany). Fourier transform
infrared spectroscopy (FTIR, Thermo Fisher, Massachusetts, USA) analysis was conducted to investigate the chemical
composition of pure berberine, SF/PCL, and Ber@SF/PCL. The analysis was performed in the range of 500-4000 cm ™'
with a resolution of 2 cm™'. The crystalline phases of the samples were evaluated by an X-ray diffractometer (XRD,
Bruker, Karlsruhe, Germany), operated at 300 mA and 40 kV in the range of 5° < 26 < 90° with a scan rate of 5° (20)
min~'. The wettability of the sample surfaces was assessed by the water contact angle (WCA). Briefly, after the drop
deposition on the surface of each sample from different groups for 15 seconds, the WCA values were immediately
measured using a WCA meter (Huanqgiuhengda Technology Co, Beijing, China). The Ber@SF/PCL membrane (10 mg)
was immersed in 1.0 mL of PBS (pH=7.4) and placed in a thermostatic oscillator (70 rpm, 37°C). At predetermined time
points, 0.7 mL of the supernatant was collected and an equal amount of fresh PBS was added to the tube. The absorbance
at 335 nm of the collected supernatant was analyzed using a UV spectrophotometer (Thermo Fisher, Massachusetts,
USA). Additionally, the in vitro degradation rate of the nanofibrous membranes was determined by measuring the weight
loss over time. 10 mg of the membranes were submerged in PBS containing 300 pg/mL of protease XIV (Sigma,
St. Louis, USA, P5147) and incubated in a shaking incubator for 28 days with a rotation speed of 120 rpm at 37°C. The
mats were taken out at each time point, washed with ddH,O, lyophilized, and weighed using an electronic analytical
balance (Mettler Toledo, Schwarzenbach, Switzerland). Finally, the calculation formula of the degradation rate was as
follows:

Degradation rate = (initial weight — lyophilized weight) /initial weight x 100%

Biocompatibility Evaluation

Cell counting kit-8 (CCK-8, Beyotime, Shanghai, China, C0038) assays and live/dead cell staining were used to evaluate
the cell cytotoxicity of the membranes. First, the nanofibrous membranes were UV sterilized for 2 hours on each side.
Then, the conditioned medium was prepared by incubating four groups of membranes (0%, 1.25%, 2.5%, 5%) in
complete medium for 72 hours at 37°C. BMSCs (1000 cells/well) were plated in 96-well plates and exposed to different
conditioned medium. After 1, 4, and 7 days, the medium was changed to 110 pL. CCK8 solution (100 puL fresh medium:
10 uL CCKS), and the BMSCs were incubated at 37°C for 2.5 hours away from light. The optical density (OD) value was
read at 450 nm using a microplate reader (Thermo Fisher, Massachusetts, USA). Cytotoxicity is calculated as follows:

CytOtOXiCity = (ODcondition medium group_ODblank group) / (ODcomplete medium group_ODblank group) x100%.

Additionally, BMSCs were plated in 48-well plates at a density of 2000 cells/well and cocultured with or without the
conditioned media for 1, 4, and 7 days. After incubation, live and dead cells were treated with the Calcein-AM/PI double
staining kit (BestBio, Shanghai, China, BB-4126) and visualized using a fluorescence microscope. Hemolysis analysis
was performed to test the biocompatibility of SF/PCL and Ber@SF/PCL membranes. Rat erythrocytes were harvested by
centrifuging fresh rat blood at 1000 rpm for 15 minutes, then rinsed three times with saline, and 2% erythrocyte
suspension in saline was prepared for the next experiment. The erythrocyte suspension was incubated with the SF/PCL
membrane, Ber@SF/PCL membrane, ddH,0 containing Triton X-100 (0.1%, positive control, T8200), and saline (0.9%,
negative control) at 37°C. After incubating for 2 hours at RT, samples were photographed and centrifuged for 5 minutes
at 1000 rpm. The resultant supernatants were transferred to a 96-well plate, which was read at ODs7o,m, using
a microplate reader. The hemolysis percent is calculated as follows:

The hemolysis = (ODsamp]e*ODnegatjve) / (ODposiﬁvefODnegaﬁve) x100%.

To detect the in vivo biotoxicity of the electrospun nanofibrous membranes, the heart, liver, spleen, lung and kidney
tissues harvested from T2DM rats were fixed with 4% PFA for hematoxylin and eosin (H&E, Solarbio, Beijing, China,
G1120) staining after 6 weeks of membrane implantation.
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Animal Experiment

All animal experiments were approved by the ethics committee of the College of Stomatology, Chongqing Medical
University (permit number: CQHS-REC-2022 (LSNo.152)) and adhered to the NIH “Guide for the Care and Use of
Laboratory Animals”. 4-week-old male Sprague-Dawley rats were obtained from the Laboratory Animal Centre of
Chongqing Medical University. All rats were housed under a specific-pathogen-free environment with 12-hour light/dark
cycles (lights on at 7:30 AM) and a controlled temperature (24 + 2°C). After acclimation for seven days, all rats were
randomized into 4 groups: control group, T2DM group, T2DM+SF/PCL group, and T2DM+Ber@SF/PCL group. After
being fed a high-fat diet (Synergy Bio., Jiangsu, China, XTHF45-1) for 4 weeks, the rats were fasted overnight and
administrated streptozotocin (STZ, 40 mg/kg, Sigma, St. Louis, USA, S0130) by intraperitoneal injection to induce
T2DM, as previously described.***> Age-matched rats of the control group were given a regular diet and treated with
equal volumes of citrate buffer (pH=4.5, Solarbio, Beijing, China, C1013) as those in the T2DM groups. T2DM rats were
considered successfully inducted if their random non-fasted blood glucose levels were more than 16.7 mmol/L, along
with exhibiting polyuria, polydipsia, and weight loss at 7 and 14 days after STZ injection.

Mandibular alveolar bone defects were prepared following the procedure mentioned in literature.*® Simply, the rats
were anesthetized by inhaling isoflurane via an anesthesia machine (Raymain, Shanghai, China), and the skin of the
operation area was shaved and strictly sterilized with iodophor. After a 1.0-cm incision was made along the mouth
corner, the masseters were separated. The buccal plate was then exposed and a standard round defect (diameter: 3 mm;
depth:1 mm) was created at the periapical region between the first and second molars. The sterilized SF/PCL or Ber@SF/
PCL electrospun membranes were carefully implanted into the bone defects. At 2 or 6 weeks after the surgery, the rats
were euthanized for sample collection. After fixed with 4% PFA for 48 hours, the samples were flushed with tap water
overnight and then stored in 70% ethanol at 4°C.

Micro-Computerized Tomography (Micro-CT) Scanning

The scans of specimens were performed using a micro-CT (vivaCT80, SCANCO Medical AG, Basserdorf, Switzerland) at
113 pA, 70 kVp, and 12.5 pm resolution. After three-dimensional (3D) reconstruction of the mandibles, we selected the
region of interest and conducted quantitative analysis of alveolar bone changes. The analysis included measuring bone
volume/tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular space (Tb.Sp) and trabecular number (Tb.N).

Histological Analysis

Following p-CT scanning, the fixed tissues were decalcified in a 20% solution of disodium ethylenediamine tetraacetate (pH
7.4, Sigma, St. Louis, USA, V900081) for 6 weeks. The samples were then dehydrated, embedded with paraffin, and sliced at
5 um for H&E and Masson’s trichrome staining (Solarbio, Beijing, China, G1340). For immunohistochemistry staining (Bioss,
Beijing, China, SP-0023), the slides were cultured overnight with the primary antibodies (Runx2 (1:100, bs-1134R), OCN
(1:100, bs-0470R)) (Bioss, Beijing, China) at 4°C. After overnight incubation, the primary antibodies were washed off, and the
slides were incubated with the secondary antibody for 20 minutes at 37°C. Diaminobenzidine chromogen and hematoxylin
counterstaining were then applied. The stained slides were scanned using the SlideView VS200 (Olympus, Tokyo, Japan).

Statistical Analysis

GraphPad Prism 9.0 (San Diego, CA, USA) was utilized to perform all data analysis. Experimental data were presented as
mean =+ standard deviation from the experiments in triplicate. For comparisons among three or more groups, one-way
ANOVA was performed, and the Tukey’s test was for multiple comparisons. p < 0.05 was indicated statistically significant.

Results and Discussion
Berberine Inhibited ROS Overproduction, Mitochondrial Dysfunction, Cell Apoptosis
and Improved Osteogenesis Differentiation Induced by HG+PA in BMSCs

BMSCs are the main sources of osteoblasts, and their functional deficits have been found to remarkably affect the
efficiency of bone regeneration during the healing process.*’ The microenvironment of T2DM, usually characterized by
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hyperglycemia and hyperlipidemia, can drastically disrupt the biological functions of BMSCs. Understanding the
underlying mechanisms of cell behavior in this pathological context is essential for finding an effective therapy for
diabetic bone remodeling. Oxidative stress and mitochondrial dysfunction were previously confirmed to perturb bone
homeostasis and regeneration under diabetic conditions.*® Recently, berberine has gained attention for its antioxidant and
anti-apoptotic properties.”’ In our study, BMSCs were cultured in the HG+PA environment that mimicked the T2DM
milieu to investigate the efficacy of berberine. The fluorescent probe DCFH-DA was applied in detecting intracellular
ROS levels: HG+PA treatment led to a significant increase in the green fluorescence intensity, which could be inhibited
by berberine (Figure 2A and B). Additionally, we assessed mitochondrial function under HG+PA conditions, focusing on
MMP and ATP production level in BMSCs. Berberine treatment mitigated the changes in MMP induced by HG+PA, as
shown by the increased ratio of red to green fluorescence from JC-1 staining (Figure 2C and D). Furthermore, HG+PA
treatment significantly decreased ATP levels in BMSCs, which was partially reversed by berberine treatment (Figure 2E).
The results above demonstrated that berberine could alleviate ROS overproduction and mitochondrial dysfunction in HG
+PA-compromised BMSCs.

It is well established that when MMP collapses and mitochondrial membrane permeability increases, pro-apoptotic
factors are released from mitochondria into the cytoplasm, triggering the caspase apoptotic cascade; within this cascade,
procaspase-9 is recruited and activated, thereby activating executioner caspase-3 and leading to apoptosis.*’ We observed
that the level of cell apoptosis and death in HG+PA group was significantly higher than that in control group, while HG
+PA+Ber group showed a reduced rate of cell apoptosis and death compared to HG+PA group (Figure 2F and G). We
also assessed mitochondrial apoptotic pathway-related proteins (cleaved caspase-3, cleaved caspase-9/ procaspase-9) in
BMSCs using WB analysis. As expected, HG+PA treatment increased the levels of cleaved caspase-3 and cleaved
caspase-9/procaspase-9, which were significantly reduced by berberine treatment (Figure 2H and I). These results bore
similarities with a previous study that demonstrated the ability of berberine to alleviate doxorubicin-induced mitochon-
drial damage and oxidative injury, thereby preventing apoptosis in cardiac myocytes.?

In addition to its role in cell survival, mitochondria play a crucial role as regulators in osteogenic differentiation
process.'>"'* When there is persistent mitochondrial dysfunction, the osteogenesis of BMSCs is significant hindered as
the requirement for large amounts of energy in this process cannot be fulfilled.”® In this study, after osteogenic induction
for 7 days, HG+PA-induced BMSCs exhibited impaired osteogenic differentiation capacity. This was justified by the
decreased ALP staining (Figure 2J and K) and expressions of osteogenic-specific genes including Runx2 and Alp
(Figure 2L). However, after BMSCs were pretreated with berberine, the impaired osteogenic differentiation potential
was markedly improved, as evidenced by the increased ALP staining and expression of osteogenic genes (Figure 2J-L).
The findings were quite comparable to previous studies.’'>* Overall, these results demonstrated that berberine effectively
mitigated ROS overproduction, mitochondrial dysfunction, cell apoptosis, and improved osteogenic differentiation under
HG+PA conditions. However, the molecular mechanisms underlying the protective effects of berberine needed further
investigation.

Berberine Protected BMSCs from Damage Induced by HG+PA via Facilitating
Autophagy Flux

Autophagy is a highly conserved catabolic process that clears dysfunctional organelles and abnormal protein aggregates to
maintain cell homeostasis.” This process is crucial for the survival and differentiation of bone-forming cells like BMSCs.>*
To investigate the impact of HG+PA and berberine on autophagy flux in BMSCs, we measured the expression levels of
autophagy-related proteins using WB. The results showed an increase in LC3-II/I and P62, indicating autophagy deficiency
under HG+PA conditions. However, the treatment with berberine reversed these changes (Figure 3A). Additionally, TEM
revealed that an accumulation of autophagosomes was observed in BMSCs following HG+PA treatment, while berberine
reduced the number of autophagosomes and increased that of autolysosomes to upregulate autophagy flux (Figure 3B).

The roles of autophagy in different pathological processes are controversial, and can be either pro-survival or pro-
death.” To investigate the underlying role of autophagy flux in the protective effects of berberine, BMSCs were pre-
treated with the autophagy inhibitor chloroquine (CQ). As expected, CQ pretreatment resulted in the blockage of

10270 "ees International Journal of Nanomedicine 2024:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Ming et al

A C Jc-1 Dg 2sq *x *
[
Aggregates Monomers Merge 5
B 15
. O
5 s 8> 10
= = 5
c c g 0.5
[e] o ]
o (&) Y
S ¥ of
o°°¢~b°’8q &
< < 2
o a &
+ + * Kok
] o —_—
I I %k %k k
- - =
[=}
@ 8 S 04
x x & 03
n_ B
o o = o
+ + <E 02
] o °
I I £ 0.1
£
B F *
N o
O Q¥ o
G cJo“" QS’" Qvf‘e
* %k 5
— A Control HG+PA HG+PA+Ber _ &
9 _ 87 kxkx o Jaro 2o TRz "o JaTULE 0% GrRE o) "o JaruiE e GrRE S § 1 - *
£ . . 8
ges " : "3 ; ® T 10
8 8 E « o i " s
[ 4 =R o8| P ° T
S% 7 ) 5 s
] e EE 3 B 3
w g 2 : : g 2
o [ Q1-LL(95.78%) Q1-LR(0.10%) Q1-LL(89.42%) Q1-LR(0.57%) Q1-LL(92.67%) Q1-LR(0.29%) I}
a< T T A PR S T T T 8 gy —
0 T T T o v &
N < & R Q2
O Q¥ of " & S x
& Q‘o‘ﬂv& Annexin V-FITC ¢ ¥ QS”‘QV
>
H | cleaved CASP-3  cleaved CASP-9/proCASP-9
HG+PA * %
— * %
Ber 51 kDa *—** * %k %k
proCASP-9 _ 4 _o3 ==
R i<
=2 £
cleaved CASP-9 38 kba SE 5 E 2
o0 oo
= O o =4
2% 2%
cleaved CASP-3 moa 83 3
5 €1 s€
0- 0-
> 'S > oS
0560 OXQ?' x@a °(Léo 0’8?' xQ,e,
X Q¥ X Q¥
< o
> Ry
= Control
Control HG+PA HG+PA+Ber Hokok = Gontrol
> 1.5 =3 HG+PA+Ber
. e © *ok ok 1.5 * %
o= c M—
240 2 *okok X x
o c " 0 S—
49 [
< g 1.0
23 ;
2T
%E 0.5 g
s<
E 05
0.0 2
> oF 'S Ko
&€ R oF ]
& & & * 0o
% )
> Alp Runx2
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autophagy flux, as supported by an upregulation in the LC3-II/I and P62 level compared to HG+PA+Ber treatment
(Figure 3C). Furthermore, CQ pre-treatment attenuated the therapeutic effects of berberine, as indicated by excessive
ROS production (Figure 3D), MMP collapse (Figure 3E), ATP content reduction (Figure 3F), the upregulation of
apoptotic-related proteins (cleaved caspase-3 and cleaved caspase-9/procaspase-9) (Figure 3C), and the downregulation
of ALP staining levels and expression of osteogenic gene (Figure 3G and H). Therefore, we hypothesized that berberine
could improve ROS overproduction, mitochondrial dysfunction, cellular damage and the impaired osteogenic differentia-
tion by facilitating autophagy flux (Figure 3I). This is consistent with previous reports that berberine had exerted
protective effects by promoting autophagy under different pathological conditions.®>° In vivo and in vitro assays
indicated that berberine could enhance autophagy to reduce contrast-induced acute kidney injury.”® He et al found that
berberine were able to reduce oxidative stress damage and stabilize mitochondrial function to attenuate chronic
intermittent hypoxia-induced myocardial injury through the upregulation of autophagy.’® Nevertheless, there are also
researches with the contrary conclusions. For instance, berberine was reported to inhibit excessive autophagy for
protecting H9¢2 cells against ischemia/reperfusion injury.’® It may be associated with the discrepancy in cell types,

60762 which need be further investigated.

and microenvironmental stimulations,
Preparation and Characterization of Ber@SF/PCL Electrospun Membranes

Although berberine has shown potential for rescuing the impaired BMSCs induced by HG+PA, its poor solubility and
bioavailability limited its application in biomedical and clinical fields. Therefore, the fabrication of a topical sustained-release
delivery system is an attractive tactic for bone tissue engineering in DM. Among various local delivery systems (eg nanoparticles,
micelles, liposomes, hydrogels), electrospun nanofiber is considered a favorable candidate. It can not only encapsulate drugs but
also mimic the structure of bone ECM in a cost-effective and simplistic manner.***** However, the unexpected burst drug release
of nanofiber membranes hindered their further biomedical applications. To address this issue, core-shell nanofibers prepared using
emulsion electrospinning have been used to achieve sustained and controlled drug release by embedding the drug in the core layer
of the nanofiber.®> In this study, a mixture of Ber/SF/HFIP and PCL/DCM/HFIP solution (1:1, v/v) was prepared and formed
a water-in-oil emulsion through gentle stirring overnight (Figure 4A). The stability of the emulsion played a critical role in
determining the core-shell structure of electrospun nanofibers (Ber@SF/PCL). TEM analysis confirmed the core-shell structure in
a single nanofiber, as evident from the clear demarcation between the core and shell layers (Figure 4B), consistent with a previous
literature.*® The SEM images displayed a random distribution structure with smooth, bead-free, and homogeneous surfaces, as
well as numerous pores in SF/PCL and Ber@SF/PCL nanofibers (Figure 4C), which resembled the bone ECM and could offer an
advantageous microenvironment for cell adhesion and proliferation. The relative homogeneous green fluorescence observed in
the laser confocal microscope (Figure 4D), confirmed the successful encapsulation and uniform distribution of berberine in the
nanofibers.

Wettability, as assessed by WCA measurements, is an essential parameter for evaluating the interaction between cells
and biomaterial surfaces. The SF/PCL and Ber@SF/PCL mats demonstrated high hydrophilicity with WCAs of 50.0° and
46.67°, respectively, significantly lower than the hydrophobic PCL mats (99.67°) (Figure 4E). This suggested that the
incorporation of SF greatly improved the wettability of the nanofiber membranes, and the encapsulation of the
hydrophobic drug berberine had little effect on their wettability. Therefore, Ber@SF/PCL membranes with good
hydrophilicity are expected to enhance cell adhesion and the deposition of cellular matrix.

The chemical structure and states of the nanofibers were examined using XRD and FTIR. Firstly, we used XRD to
investigate the structure of berberine, SF/PCL and Ber@SF/PCL nanofibers. In Figure 4F, sharp intense peaks at 26 = 10° to
30° were observed, indicating the presence of crystalline berberine. These peaks were not shown in the Ber@SF/PCL
nanofibers, and there were only small variations in the original crystallinity between SF/PCL and Ber@SF/PCL. The above
XRD results, similar to those of Ma et al,® suggested that berberine in the Ber@SF/PCL was prepared as an amorphous solid
dispersion, which enhanced its solubility, bioavailability and stability. In Figure 4G, the spectrum of the SF/PCL nanofibers
included the typical peaks of both SF and PCL, such as the peak at 2951 cm ™" for the C-H stretching vibration and 1728 cm™'
for carbonyl stretching of PCL and the amide I (1624 cm '), amide II (1518 cm™ ") and amide IIT (1256 cm ") regions of SF;
and the spectrum of berberine presented peaks at 1033 cm™' (C-O stretching vibration) and at 896 cm ™' (C-H bending
vibration of the benzenoid ring). However, the spectra of Ber@SF/PCL did not differ appreciably from that of SF/PCL,
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indicating no chemical interactions between berberine and the nanocarrier, and the similar results were found by Zhang et al.®’
Therefore, the drug release rate could mainly be attributed to diffusion through the polymer matrix and polymer degradation.®®
To mimic the in vivo degradation process, Ber@SF/PCL and SF/PCL membranes were co-incubated in PBS with protease
XIV (300 pg/mL) at 37°C.*” The membranes exhibited gradual degradation, as shown by increasing weight loss over time
(Figure 4H). Moreover, Figure 41 depicts the cumulative release curves of berberine from Ber@SF/PCL membranes in vitro.
The observed release profile showed biphasic kinetics with an initial burst-like release, followed by a sustained and stable
release. In the first two hours, approximately 17.14% of berberine from Ber@SF/PCL was rapidly released, which could be
attributed to the quick detachment of a few berberine distributed on the surface of the nanofibers due to the fast evaporation of
the solvent during electrospinning.**’® This rapid release was beneficial for quickly reaching an effective drug concentration,
thereby improving the abnormal diabetic microenvironment. In stage II, the remaining berberine encapsulated in the core layer
of the nanofibers was slowly released in a sustained manner driven by drug diffusion through the polymer matrix. This
sustained release of berberine was responsible for maintaining a local drug level over time, which was necessary for
facilitating diabetic bone regeneration.

Biocompatibility Evaluations of the Ber@SF/PCL Electrospun Membranes
Biocompatibility is a critical requirement for the bone graft materials.”' To evaluate the cytotoxicity of the membranes on
BMSCs, CCK-8 assays and live/dead cell staining were performed. The relative proliferation rates in different groups were all
greater than 100% on day 1 and 4 (Figure SA). However, the 5% Ber@SF/PCL membrane showed slightly lower proliferation
rate (91.9%) on day 7, compared to the other groups (Figure 5A), which could result from the increasing concentration of
berberine.”” The same trends were observed after live/dead cell staining (Figure 5B). Therefore, it was believed that both SF/
PCL and Ber@SF/PCL (except 5%) nanofibers demonstrated excellent cytocompatibility. And no obvious hemolysis was
observed in either of the nanofiber group after incubation with rat erythrocytes for 2 hours (Figure 5C and D), indicating good
compatibility with blood. Furthermore, the in vivo bio-toxicity testing was conducted after 6 weeks of membranes implanta-
tion of the membranes. The results of H&E-stained images of internal organs in all T2DM rat groups showed no appreciable
inflammatory response or organ damage (Figure 5E), thus further confirming the biocompatibility of Ber@SF/PCL
nanofibers.

Ber@SF/PCL Electrospun Membranes Promoted Alveolar Bone Regeneration in
T2DM Rats

The in vitro investigation on the actions of berberine indicated that it could ameliorate ROS overproduction, mitochon-
drial dysfunction, cell apoptosis and improve osteogenesis differentiation under HG+PA conditions. To efficiently deliver
berberine to the alveolar bone defect area in T2DM rats, we successfully constructed a topical sustained-release nano-
delivery system (Ber@SF/PCL). This system demonstrated excellent physicochemical properties and good cytocompat-
ibility. Therefore, we investigated its ability to promote alveolar bone repair in T2DM rats. The schematic procedure of
the in vivo experiment is depicted in Figure 6A. Firstly, we established T2DM rat models by feeding rats a high-fat diet
for 4 weeks, followed by intraperitoneal administration of STZ. After 7 and 14 days, the random blood glucose levels
(Figure S1) of the rats were more than 16.7 mmol/L in T2DM model groups accompanied by polydipsia, polyphagia,
polyuria, and emaciation, which suggested that the T2DM rat model was successfully constructed. The rat alveolar bone
fenestration model, which involves a regular burr hole defect in the periapical region of the mandibular posterior teeth,
has been widely used to evaluate the ability of different biomaterials in alveolar bone remodelling.*®”> 7* Therefore, we
created a standard round bone defect (3 mm in diameter and 1 mm in depth) in the periapical region between the first
and second molars based on previous reports with minor alterations (Figure $2).7%7% To assess whether the Ber@SF/PCL
electrospun nanofibrous membranes could enhance diabetic bone regeneration, the nanofibers were implanted into the
alveolar bone defects.

Figure 6B shows the 3D reconstructed and cross-section images produced by p-CT scanning of rat alveolar bone
defects which are marked in yellow at 2 and 6 weeks postoperatively. The results suggested that alveolar bone healing
was significantly delayed in the T2DM group at 2 weeks, with minimal formation of new bone at the defect margin,
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which corresponded to the impaired osteogenic capacity of BMSCs in the HG+PA environment observed from in vitro
assays. However, the T2DM+Ber@SF/PCL group displayed the most regenerated bone formation compared to the other
T2DM groups at 2 or 6 weeks. The findings were similar to the quantification of BV/TV in all groups (Figure 6C).
Furthermore, bone microarchitecture was closely associated with the quality of nascent bone.”® Tb.Th of the T2DM
+Ber@SF/PCL group was greater than that of the other T2DM groups at 2 weeks (Figure 6D), and Tb.Sp of the T2DM
+Ber@SF/PCL group was less than that of the T2DM group at 6 weeks (Figure 6E). However, Tb.N did not significantly
differ among groups (Figure 6F), which was similar to the results of previous studies and might be associated with
osteoporotic bone defects in DM.”**”” Taken together, berberine could improve alveolar bone regeneration in T2DM rats,
which were consistent with the protective effects of berberine observed in in vitro assays with HG+PA-compromised
BMSCs.

Histological analyses were conducted using H&E, Masson’s trichrome and immunohistochemical staining
(Figure 7A—C) to further evaluate the newly formed tissues at the defect sites. At 2 weeks, the alveolar bone defect
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area of T2DM group was filled with plenty of fibrous tissues, with minimal osteoid bone tissues around the margin. In
contrast, the T2DM+SF/PCL and T2DM-+Ber@SF/PCL group showed varying amounts of newly formed bone and bone
marrow with no evident inflammatory cells. It might be due to the fact that electrospun nanofibrous membranes acted as
a barrier to prevent the invasion of epithelium from the adjacent connective tissues and created a sufficient and favorable
space for bone healing. Notably, the T2DM+Ber@SF/PCL group exhibited more spongy bone formation, indicated by
blue-stained collagen type I compared to the T2DM+SF/PCL group, suggesting robust bone regeneration. After 6 weeks,
there were still some fibrous tissues appearing in the incompletely closed bone defect in the T2DM group, although more
new bone had formed compared to the 2-week mark. Moreover, in contrast to the T2DM+SF/PCL group, the T2DM
+Ber@SF/PCL group exhibited more active bone remodeling, with spongy bone being replaced by more mature woven
bone containing increasing amounts of bone collagen fibers. Lastly, Figure 7C shows the immunohistochemical staining
of Runx2 and OCN. Runx2, a marker of bone formation and remodeling during the early stage of osteoblast
differentiation,”® was more highly expressed in the T2DM+Ber@SF/PCL group at 2 weeks compared to the other
groups. OCN, a specific marker for late osteoblast differentiation and mineralization stage,”® exhibited a consistent trend
with Runx2 expression at 6 weeks among all groups. Several previous studies also demonstrated that local delivery of
berberine via the biomaterials had the ability to increase the expression of osteogenic proteins and regenerate bone.®”-5"-%!
Recently, increasing evidence demonstrated that diabetes-mediated oxidative stress and mitochondrial dysfunction
involve in the failure of alveolar bone regeneration.'®*® Hu et al proved that reversing mitochondrial dysfunction
could improve the osteointegration of titanium implant in DM.** Wang et al also reported that the release of metformin
could reduce the overproduced ROS to restore osteogenesis in the HG environment.*® Therefore, we assumed the
potential mechanisms by which the Ber@SF/PCL electrospun membranes promoted diabetic alveolar bone healing.
Firstly, it is crucial to be noted that the topical delivery and sustained release of berberine from Ber@SF/PCL electrospun
membranes could scavenge ROS and improve mitochondrial dysfunction to improve adverse diabetic microenvironment,
thus promoting alveolar bone regeneration. Next, Ber@SF/PCL electrospun membranes, which had excellent physico-
chemical properties and good cytocompatibility, also offer an advantageous space for new bone formation.

To our knowledge, multiple bioactive materials have been developed to promote bone regeneration. However, some
of these researches paid no attention to the regulation of the specific microenvironment under the pathological condition
and the exploration of potential therapeutic mechanism, thus limiting their clinical application.®**®** In this study, we
firstly found berberine can improve the adverse diabetic osteogenic microenvironment through ameliorating oxidative
damage and mitochondrial dysfunction via the restoration of autophagy flux. Moreover, to improve the bioavailability of
berberine, we constructed a novel berberine-loaded nanocarrier (Ber@SF/PCL) using the emulsion electrospinning to
safely and effectively regulate the pathological microenvironment and simultaneously promote alveolar bone regenera-
tion in T2DM rats. Therefore, this novel composite electrospun nanofibrous membrane shows promise as a precise and
cost-effectiveness biomaterial for use in alveolar bone tissue engineering for DM. Additionally, this therapeutic strategy
might be expanded to the delivery of other osteo-inductive drug or bioactive molecule with low bioavailability. In the
future, we intend to further explore the other underlying therapeutic mechanism and investigate the pharmacodynamics
of this nanomaterial, particularly, its distribution, absorption, and metabolism in vivo so as to better optimize our nano-
delivery system.

Conclusion

Our study showed berberine could inhibit ROS overproduction, mitochondrial dysfunction, cell apoptosis and improved
osteogenesis differentiation by restoring autophagy flux under HG+PA conditions to a certain extent. To improve the
bioavailability of berberine, we constructed a novel berberine-loaded nanocarrier (Ber@SF/PCL) using the emulsion
electrospinning. In vitro studies demonstrated excellent physicochemical properties and good cytocompatibility of the
Ber@SF/PCL electrospun nanomembranes. Furthermore, the alveolar bone remodeling in a T2DM rat was significantly
improved with Ber@SF/PCL. Therefore, our work addresses the fundamental problem of how berberine rescues HG+PA-
compromised BMSCs and provides a new research idea for alveolar bone tissue engineering under diabetic conditions.
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