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ABSTRACT

Drug-induced microRNAs manifest significant therapeutic approaches; however, such progress in the treatment
of osteopathic disorders including osteoporosis and rheumatoid arthritis still remains obscure. Contrarily, non-
specific drug delivery, at high doses, increases the risk of side effects and reduces drug therapeutic efficacy.
Accordingly, the present study was designed to examine the therapeutic effect of berberine coated mannosylated
liposomes (ML-BBR) on RANKL (100 ng/ml) stimulated bone marrow-derived monocytes/macrophages (BMMs)
via altering miR-23a expression. Initial studies using confocal microscopy showed successful internalization of
ML-BBR in RANKL stimulated BMMs. Treatment with ML-BBR abrogated the increased osteoclast formation in
BMM cells via inhibiting phosphorylated glutathione synthase kinase beta (p-GSK3p) mediated NFATc1 acti-
vation. Consequently, ML-BBR also attenuated the expression of bone-degrading enzymes (TRAP, cathepsin K
and MMP-9) thereby inhibiting the bone resorptive activity of osteoclasts. Moreover, ML-BBR induced the ex-
pression levels of miR-23a at the gene level, which in turn attenuated GSK3f/p-GSK3[3 expression as confirmed
via blotting analysis. Further miR-23a inhibition of the GSK3p phosphorylation was confirmed using luciferase
reporter assay. Comparatively, LY2090314 (GSK3[ inhibitor) treatment inhibited the protein level expression of
GSK3[3/p-GSK3p. However, LY2090314 treatment induced a basal level expression of miR-23a owing to the
suggestion that ML-BBR has an influential role in upregulating miR-23a level to inhibit GSK-3f phosphorylation.
Cumulatively, our findings endorsed that preferential internalization of ML-BBR by BMMs effectively modulated
the RANKL/p-GSK3p pathway and curtailed the osteoclast-mediated bone erosion possibly through post-tran-
scriptional gene silencing via miR-23a.

1. Introduction

Bone remodeling is a crucial cellular phenomenon involved in the

play a unique role in dissolving the bone matrix components during the
bone remodeling process. Howbeit, the number and functional activity
of osteoclasts increases in several clinical disorders associated with

development and maintenance of lifelong skeletal homeostasis.
However, in several pathological states like rheumatoid arthritis, the
bone erosion and formation event underpinning joint integrity creates a
further imbalance leading to significant deformity in the bone mor-
phology resulting in serious disability and poor functional outcome [1].
Increased bone resorption is generally attributed to enhanced produc-
tion of several pro-inflammatory cytokines and receptor activator of
nuclear factor kB ligand (RANKL) in particular [2,3]. Indeed, the am-
plified productions of these pro-inflammatory mediators drive the ac-
tivation of bone-resorbing osteoclast cells thereby perpetuating the
bone loss.

Osteoclasts, which are the large multi-nucleated bone-eating cells,

aberrant bone loss. Osteoclast differentiation and activation, via the
process of osteoclastogenesis, is controlled by stimulation with macro-
phage colony-stimulating factor (MCSF) and RANKL, the crucial os-
teoclastogenic factors. [4,5]. As a result, RANKL interacts with its
cognate receptor RANK expressed on osteoclast precursor cells and
activates the NFATcl, the transcription factor which ultimately facil-
itates the terminal differentiation and activation of the osteoclasts [6].
Activated osteoclast, in turn, releases bone degradative enzymes (TRAP,
cathepsin K, MMP-9) that actively resorb the bone [7]. More im-
portantly, RANKL priming of osteoclast precursors has been considered
to be an obvious pathway that majorly aggravates the process of os-
teoclastogenesis. To compound the importance of RANKL further,
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studies have proposed that RANKL is potentially responsible for the
multistep development process of osteoclasts; including its migration,
fusion, and activation [8]. In contrast, in vivo studies have shown that
knockout mice deficient for RANKL attenuated osteoclastogenesis
therein concluding the essential role of RANKL in osteoclast-mediated
bone degradation. [9]. Therefore, it is necessary to explore new ther-
apeutic avenues that can target RANKL activated downstream signaling
pathways to prevent osteoclast related bone disorders.

Multiple signaling pathways like NF-kB, MAPKs (ERK, JNK, p38),
PI3K/AKT and Wnt signaling are activated downstream of the RANKL
stimulation [10-12]. Nevertheless, recent reports have highlighted that
RANKL mediated GSK3[3/NFATcl pathway plays a crucial role in the
process of osteoclast differentiation and function [13,14]. Importantly,
it has been reported that RANKL mediated p-GSK3f (S9 phosphoryla-
tion) upregulation promotes osteoclastogenesis in bone marrow-derived
monocyte/macrophages [13]. Additionally, GSK3f possesses multiple
regulatory effects on inflammation via NF-kB signaling pathway [15].
In line with this report, it has been shown that GSK3f inhibition
ameliorates the renal expression levels of RANK, RANKL, and NF-kB in
a rat model of diabetic nephropathy, a type of inflammatory process
associated with diabetic mellitus [16]. Moreover, PI3K/Akt mediated
NFATcl induction via p-GSK3[ plays an important role in RANKL-in-
duced osteoclastogenesis suggesting the indispensable role of GSK3p/
NFATc1 axis in osteoclast differentiation [14]. Another study demon-
strated that PKCP controls the activity of NFATc1 by inactivating GSK-
3pB, thereby resulting in multi-nucleation and bone resorption function
of osteoclasts [17]. Furthermore, transgenic mice overexpressing a
constitutive active mutant of GSK-3[3 exhibited a marked reduction in
the number of osteoclasts in vivo, as well as impaired osteoclast for-
mation in vitro [13]. Frequent studies have also demonstrated the
aberrant activation of non-canonical Wnt signaling (GSK33/CaN/
NFATc1) in the disruption of knee-joint homeostasis [11,18]. GSK3f
inhibition also suppresses osteolysis by regulating both osteoblast and
osteoclast differentiation in a rat model of instability-induced osteolysis
[19]. Accordingly, uncovering the potential therapeutics that can ma-
nipulate GSK3B/NFATcl pathway mediating osteoclastogenesis will
pave way for effective clinical implications.

Current therapies prescribed against the management of in-
flammatory bone diseases include small molecular inhibitor, anti-
RANKL monoclonal antibody (denosumab) and clinical drugs for os-
teoporosis such as bisphosphonates, estrogen, and calcitonin [20,21].
However, due to the low bioavailability, high clearance rate, and lim-
ited selectivity, patients require high and frequent dosage to attain
sufficient therapeutic efficacy which can result in several dis-
advantages. As an alternative to the current treatment, plant deriva-
tives, which are novel inhibitors of several inflammatory pathways,
manifest minimal or no side effects and have been utilized frequently as
therapeutics in recent times [22]. On this premise, we decided to in-
vestigate the effect of berberine (BBR), a Chinese herbal medicine that
has been currently identified to be a potential candidate for therapeutic
targeting of various cancers, type II diabetes mellitus and RA [23,24].
The potential role of BBR in inhibiting RANKL-mediated osteoclast
differentiation and consequent joint destruction in a zymosan-induced
mouse model of erosive arthritis has been reported [25]. Interestingly,
it has also been reported that BBR has the potential for ameliorating
hyperglycemia via inhibiting the phosphorylated GSK3[} levels in dia-
betic mice model [26]. However, presently, no study has reported the
therapeutic efficacy of BBR on RANKL stimulated GSK3(3/NFATcl
mediated osteoclastogenesis and bone erosion. Successful inhibition of
these parameters by BBR further requires the elucidation of detailed
molecular mechanism, which remains unknown.

Among the various factors regulating bone erosion, miRNA dysre-
gulation also majorly contributes to disease severity especially by
modulating the unique network of bone homeostasis. In a study, miR-
146a deficiency in arthritic synovial fibroblasts increased joint de-
struction specifically via unbalancing major regulatory factors like
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RANKL and osteoprotegerin (OPG), a decoy receptor of RANKL in TNF-
driven model of arthritis [9]. Likewise, upregulation of miR145 in-
hibited the expression of Smad3, a positive regulator of RANKL-induced
osteoclastogenesis [27]. Other microRNAs such as miR-17/20a, miR-
124, and miR-7b are reported in regulating osteoclastogenesis by re-
ducing NFATc1 expression and thereby unraveling major role in ske-
letal remodeling [28-30]. Decisively, it has been suggested that the
regulation of miRNAs level by bioactive compounds could be a pro-
mising therapeutic strategy in preventing bone erosion associated with
osteopathic disorders. BBR, a potential activator of several miRNAs has
been explored in various cancer models that can suppress uncontrolled
cell growth and proliferation [23,31]. Moreover, the anti-hepatocel-
lular carcinoma effect of berberine through the upregulation of miR-
23a has also been reported [31]. Recently, it has been depicted that
miR-23a selectively inhibits the activation of IKKa in IL-17 stimulated
chondrocytes model of RA [32].

Multiple studies have reported that the liposomal drug carriers in-
corporated with dexamethasone palmitate and methotrexate are effec-
tive in arthritic rat models [33,34]. Further, immunogenicity, bio-
compatibility, and non- toxic liposomal formulations have been proven
to be a well-approved drug carrier system in several disease models.
Contrastingly, clodronate containing liposomal therapy focused on sy-
novial macrophages failed due to their interaction with macrophages in
the liver and spleen instead of counteracting with macrophages in the
synovial lining only and thereby resulted in their massive depletion
[35]. However, this is not an appreciable approach since macrophages
have a pivotal role in immune surveillance. At this scenario, selective
targeting of activated macrophages is inevitable. Therefore, in our
present study, berberine encapsulated mannosylated liposomes (ML-
BBR) were synthesized to specifically target RANKL stimulated bone
marrow macrophages. The drug-loaded liposomes were coated with
mannose ligands for its preferential internalization and enhanced in
vivo uptake by differentiated macrophages that express elevated levels
of mannose receptors [36]. Our focus is thus to evaluate whether ML-
BBR is able to ameliorate the osteoclast-mediated bone erosion via
RANKL/GSK3p pathway through the activation/upregulation of miR-
23a levels.

2. Materials and methods
2.1. Reagents

Berberine, 1, 2-Distearoyl-Sn-glycero-3-phosphocholine (DSPC),
cholesterol, p-aminophenyl-p-mannopyranoside (mannose) and dialysis
membrane were purchased from Sigma Chemicals (St. Louis, MO, USA).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS),
trypsin and antibiotics (penicillin and streptomycin) were obtained
from HIMEDIA (Mumbai, India). N-(Fluorescein-5-Thiocarbamoyl)-1,
2-Dihexadecanoyl-sn-Glycero-phosphoethanolamine
Triethylammonium Salt (F-DHPE) was supplied by Invitrogen,
(Massachusetts, USA). Recombinant RANKL and M-CSF were supplied
by PeproTech (Rocky Hill, USA). High capacity cDNA reverse tran-
scriptase kit was purchased from Applied Biosystems (Foster City, NY,
USA) and EvaGreen mastermix was purchased from G-Biosciences (St.
Louis, MO, USA). Transfection reagent (Xfect™ RNA transfection re-
agent) was purchased from Takara Clontech Laboratories (Mountain
View, CA, USA). MiR-23a mimic and inhibitor were purchased from
Guangzhou Ribobio Co., LTD (Guangzhou, China). The GSK3[} inhibitor
LY2090314 was obtained from Med Chem Express (NJ, USA). Primary
antibodies were obtained from AB clonal technology (Woburn,
Massachusetts, USA). Horseradish peroxidase (HRP) and FITC con-
jugated secondary antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Dual luciferase expression vectors
(pmirGLO) and dual luciferase reporter assay system was obtained from
Promega (Madison, Wisconsin, USA). All other reagents and solvents
used were of analytical grade.
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2.2. Preparation and characterization of liposomal formulations

2.2.1. Preparation of L-BBR and ML-BBR

Liposomes at a different molar ratio of DSPC, Cholesterol, and
Mannose were prepared for bare liposomes (60: 40:0) and Man-bare-
liposomes (60:35:5) as described earlier [37]. In brief, each of the
components was sequentially added and solubilized in chloroform,
which was further mixed with BBR at a ratio of 10:1 in a round bottom
flask. A uniform thin film was obtained using a vacuum rotary eva-
porator (Superfit R150, Mumbai, India) at 40 °C. The deposited thin
lipid films were hydrated with PBS (pH 7.4) and were further subjected
to water bath sonication and sequential extrusion (at least 11 X)
through a Mini-Extruder (Avanti Polar Lipids, Alabama, USA). F-DHPE
incorporated liposomes were prepared at a molar ratio of 60:27.5:7.5:5
was used to perform confocal microscopy. All liposomal formulations
were stored at 4 °C for further investigations.

2.2.2. Morphology of liposomal formulations

Surface morphology of formulated liposomes was examined using
scanning electron microscopy (SEM), ZEISS EVO 18 Research
(Germany) and transmission electron microscopy (TEM), FEI Company,
Eindhoven (The Netherlands) as per the previously described procedure
[38,39]. Samples were diluted with 0.1 M non-saline phosphate buffer
and 11% (w/w) ammonium molybdate solution placed on a 300 mesh
copper grid coated with Formvar was used for SEM analysis. For TEM
analysis, 5l of sample was placed on a 3 mm glow-discharged holey
200 mesh carbon grid with an operating voltage of 120KV was used.

2.2.3. In vitro drug release study

In order to assess the sustained release of berberine from the for-
mulated liposomes, time-dependent (day 1-7) in vitro release was in-
vestigated using the dialysis method as published in earlier studies
[37,39]. Initially, 1 ml of L-BBR/ML-BBR and free BBR solution was
added to activated dialysis membrane (Millipore, 18.2 MQ2 cm, USA)
and further, suspended in 50 ml of PBS (pH 7.4) release medium at
37 °C stirred at 100 rpm. Samples were withdrawn at pre-set time points
from the release medium and analyzed at A max of 270 nm using a
UV-vis spectrophotometer while, simultaneously replacing with fresh
release medium each time.

2.2.4. HPLC and FTIR analysis

The encapsulation efficiency of L-BBR/ML-BBR was measured using
HPLC as described earlier with few modifications [39]. The mobile
phase was a mixture of deionized water and acetonitrile (60:40) at a
flow rate of 1.0 ml/min maintained at 30 °C monitored at 270 nm. The
drug encapsulation efficiency was calculated as:

%Drug entrapment = (Total amount of drug — Free drug)/Total amount of drug x 100

In order to determine the signature molecules, liposomal formula-
tions mixed with KBr (1:100) was measured from 500 to 4000 cm !
using Fourier-transform infrared spectroscopy (FTIR) analyzer
(Shimadzu, Japan).

2.2.5. Particle size and zeta potential

The mean particle size and zeta potential of formulated liposomes
were analyzed using dynamic light scattering (DLS) analyzer equipped
with zeta potential measuring capacity (Horiba scientific, Japan). In
order to investigate the stability of the formulations, liposomes stored
at 4°C and 25 °C for 4 weeks were analyzed at different time periods
(days 1, 14 and 30) based on their size, homogeneity, and charge.

2.3. Animals
Wistar albino rats of either sex (120-150g) were procured from

Animal House, Vellore Institute of Technology (VIT), Vellore, India. The
animals were cared for in accordance with the guidelines recommended
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by the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India. All experi-
mental procedures were carried out in compliance with the Institutional
Animal Ethical Committee (IAEC), VIT, Vellore, India.

2.4. Isolation and culture of bone marrow-derived monocyte/macrophage

Wistar albino rats of 6-8 weeks were used for the isolation of bone
marrow-derived monocytes/macrophage cells as described previously
[40]. In brief, the femur bones of the experimental rats were surgically
removed and bone marrow was taken out by rapidly flushing with
DMEM medium using a 5 ml syringe. For separating the red blood cells,
red blood cell lysis buffer was added for 30s at 37 °C following cen-
trifugation at 1000 rpm for 5 min. Following this, the acquired pellet
was washed with ice-cold PBS solution and resuspended in complete
DMEM for 12h. Next, non-adherent cells were removed and the ad-
herent cells were cultured in the presence of 25ng/ml macrophage-
colony stimulating factor (M-CSF) for 3days under similar culture
conditions (Fig. 2). A homogenous population of these monocyte/
macrophage-like osteoclast precursor cells between passages 4 to 7 was
used for all experiments.

2.5. Cellular uptake study

BMNMs isolated were seeded on gelatin-coated round glass coverslips
at a density of 1 x 10°. Later, osteoclast differentiation was induced by
RANKL (100 ng/ml) stimulation and the cells were treated with F-DHPE
tagged L-BBR/ML-BBR (12.5uM) at different time points (12, 24 and
48 h). Post-treatment, cells were fixed with 4% paraformaldehyde and
0.01% glutaraldehyde in PBS incubated overnight at 4 °C. The cells
were then mounted in 1, 4-diazabicyclo [2.2.2] octane (DABCO), gly-
cerol and PBS. The cellular uptake was finally examined using a con-
focal spectral microscope imaging system (Carl Zeiss Microscopy
GMBH, Germany) with excitation and emission wavelengths of 496 and
519 nm respectively.

2.6. Cell viability assay

The effect of BBR loaded liposomal formulations on the cellular
viability of BMMs was determined using MTT assay as previously illu-
strated [41]. Briefly, BMMs were initially stimulated with/without
RANKL (100 ng/ml) and was further treated with L-BBR/ML-BBR for-
mulations at different concentrations ranging from 0 to 25uM for an-
other 24 h. Post-treatment, 20 ul of MTT (5 mg/ml in PBS) was added to
each well and incubated for 4h (5% CO, at 37 °C) and subsequently,
100 ul of the solubilizing agent (DMSO) was added to get a homo-
geneous solution for 10 min. Upon color development, plates were
analyzed at 570 nm using a microplate reader. The experiments were
performed in triplicates.

2.7. Transfection of miR-23a mimic and inhibitor

Transfection of BMMs was performed using X-fect™ RNA transfec-
tion reagent following the manufacturer's protocol. BMMs were plated
at a density of 1.5 x 10° cells/well in a 6-well culture plate followed by
stimulation with RANKL(100 ng/ml) before transfection. Next, 880 pl of
serum-free media and 120l of transfection cocktail were added to
make up the final volume as previously described [42]. miR-23a mimic
(50 pMol) was used for enhancing the expression of miRNA alongside a
miR-23a inhibitor (50 pMol) as a negative control. After incubation for
4 h, the serum-free media was discarded and DMEM complete medium
was added to the cells and incubated for 48 h.

2.8. Dual luciferase reporter assay

Oligos designed for wild type (WT) and mutated GSK3f3 3’-UTR
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region were individually amplified and cloned into pmiRGLO luciferase
reporter plasmid obtained from Promega (Madison, Wisconsin, USA).
The primer sequences for the construction of each reporter plasmids
used were as follows: Wild-type 3’-UTR of GSK3p (sense: 5- AAACTA
GCGGCCGCAGAGAAGACATCATAGCTAAGTAATGTGAACTGTTAGCCA
GCCTAT-3; antisense: 5’CTAGATAGGCTGGCTAACAGTTCACATTACTT
AGCTATGATGTCTTCTCTGCGGCCGCTAGTTT-3") and mutant 3’-UTR
of GSK3p (sense: 5- AAACTAGCGGCCGCAGAGAAGACATCATAGCTA
AACTGTTAGCCAGCCTAT3’; antisense: 5-CTAGATAGGCTGGCTAACA
GTTTAGCTATGATGTCTTCTCTGCGGCCGCTAGTTT-3’). Point muta-
tions were induced on the miR-23a binding site using 3’-base sub-
stitution of the target sequence [43].

Further, in order to test the potential regulatory activity of miR-23a,
GSK3[ 3'UTR (WT and mutant) containing pmirGLO vector were co-
transfected into BMMs stimulated with RANKL (100 ng/ml) using X-
fect™ transfection reagent along with non-specific control and miR-23a
mimic. Luciferase assay was performed after 48 h of transfection using
dual luciferase reporter assay kit (Promega, Wisconsin, USA). For every
sample, the assays were repeated at least three times, and the data for
firefly luciferase activity was normalized to that of Renilla luciferase
activity as relative fluorescence intensity.

2.9. Quantitative RT PCR analysis

Total RNA was extracted using TRIzol reagent (Sigma Chemicals
co., St. Louis, MO, USA) and was reverse transcribed using high capa-
city cDNA reverse transcription kit (Applied Biosystems, CA, USA) ac-
cording to the manufacturer's protocol. Gene-specific primers were
manually designed using online NCBI primer-BLAST tool and purchased
from Sigma Aldrich (St. Louis, MO, USA) [Table 1]. The gene expression
was amplified using EvaGreen PCR mastermix (G-Biosciences, St. Louis,
MO, USA) following the manufacturer's instructions. The fold change in
the expression levels of target genes was relatively quantified after
normalization with f-actin values using 2-AACt comparative cycle
threshold method.

2.10. Protein isolation and western blot analysis

Whole-cell lysates were obtained by homogenization in cell lysis
RIPA buffer containing protease inhibitor cocktail followed by cen-
trifugation at 14,000 rpm for 15 min at 4 °C. The protein concentration
was determined using Bradford's method. 30 pug of protein was sepa-
rated on 12% SDS-PAGE and electro-transferred onto PVDF membrane
(Amersham Pharmacia Biotech, Uppsala, Sweden). The membranes
were then blocked with 5% (w/v) BSA overnight at 4°C and subse-
quently incubated with rabbit polyclonal primary antibodies against
GSK3p, p- GSK3[3, NLK1, TAK1, Cathepsin K, CaN and NFATcl under
similar conditions. Later, the blots were washed and then probed for 2 h
with horseradish peroxidase (HRP) conjugated secondary antibody.
Protein bands were visualized using an enhanced chemiluminescence
detection system (Bio-Rad Laboratories, Mississauga, Canada). The
blots were stripped and reprobed with B-actin for normalization of
protein expression. Each protein blot is representative of three similar
independent experiments.
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2.11. Immunofluorescence analysis

Immunofluorescence analysis was performed as described pre-
viously [42]. Briefly, BMMs were stimulated with/without RANKL
(100 ng/ml) followed by treatment with BBR (75uM), L/ML-BBR
(12.5 pM), miR-23a mimic/inhibitor (50 pmol) and LY2090314 (3 uM)
for 24 h. Post-treatment, cells were fixed with 4% paraformaldehyde in
PBS for 15 min at 37 °C. Thereafter, the cells were washed with 1 X PBS
and subjected to permeabilization with 0.1% Triton X-100 for 5 min.
They were then stained with primary antibody to NFATcl (1:300)
overnight at 4 °C. Further, the cells were incubated with Alexa Fluor
488 conjugated secondary antibody to analyze the expression of
NFATc1. The nuclei were counterstained with DAPI for 5min at 37 °C
and imaged using an Olympus fluorescence microscope (Olympus
America, Melville, NY, USA). Finally, the mean fluorescence intensity
was quantified using Image J software.

2.12. TRAP staining and osteoassay

Briefly, BMMs were seeded in cell culture plates and stimulated
with/without RANKL (100 ng/ml). The cells were further transfected
with miR-23a mimic/inhibitor and treated with L-BBR/ML-BBR at the
indicated concentrations.

In order to ascertain the inhibitory effect of miR-23a and BBR en-
capsulated liposomal formulations on osteoclast differentiation, TRAP
staining was performed according to the manufacturer's protocol
(Sigma Aldrich, MO, USA). Multinucleated TRAP-positive osteoclast
cells were counted under an inverted microscope for all groups in three
independent experiments. Further, to confirm the inhibitory effect on
the resorption activity of osteoclasts, BMM cells were seeded in Corning
Osteo-Assay 24-well plate (Corning Life Sciences, MA, USA) and cul-
tured as described above. After an incubation period of 5 days, cells
were removed using 100 pl of 10% bleach solution for 5min at room
temperature. Later, wells were washed in 1x PBS and air dried for
20 min. The resorption pits formed by activated osteoclast were eval-
uated and imaged using an inverted microscope (Olympus, Tokyo,
Japan) at 40 X magnification.

2.13. Gelatin zymography

Gelatin zymography was performed to detect the enzymatic activity
of MMP9 as per manufacturer's protocol (Abcam, Cambridge, MA,
USA). Briefly, 10 ug of protein containing DMEM medium was run on a
7.5% acrylamide gel at 4°C with a constant current at 150 V. After
washing and overnight incubation, the gels were stained with
Coomassie brilliant blue and were further subjected to destaining until
clear white bands appeared against a blue background followed by
fixing in preservation buffer for further imaging.

2.14. Statistical analysis

The data were presented as mean * standard error mean (SEM).
Statistical analysis was performed using one-way analysis of variance
(ANOVA) with Bonferroni's post-test using graph pad 5.0 for windows.

Table 1
Primer sequences used for quantitative real-time PCR analysis.
Gene Forward Reverse
MMP9 5’-GAAAACCTCCAACCTCACGG-3” 5’-CTCTAGACATGCCCATCACTCC-3"

Cathepsin K 5-AAGGATATTGTGAGCTGGGGAC-3’ 5’-CCGCTCTTGAGAAAGGCTTACA-3’
TRAP 5-CTCTTCTACTGAGAGGTGCGA-3" 5’-CAGCACCATCCACGTATCCA-3’

CaN 5-ACAATCGGCGTGGGGAAG-3’ 5’-GCACACGGTCGGTCGGATTAAGA-3’
TAK1 5’-GAGTATGGTGGTCTGAGAAAAGC-3’ 5-AGTGGAGTTTGGCTTAGGTTG-3’
NFATc1 5-CACACTGTGAAGGGTGTCCC-3’ 5’-CCATCCTCAAATCTCACCCGT-3’

B-actin

5’- ACCACCATGTACCCAGGCATT-3’

5’-CACACAGAGTACTTGCGCTCA-3"
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Values depicting **P < 0.05 were considered to be statistically sig-
nificant.

3. Results
3.1. Synthesis and characterization of formulated liposomes

In order to achieve the sustained release of berberine (BBR), two
types of liposomal formulations (L-BBR/ML-BBR) were prepared by the
conventional thin film hydration method. Further, successive ultra-so-
nications and sequential extrusions were performed to obtain the
homogeneous single uni-lamellar vesicles (SUVs) (Fig. 1a & b). The
particle size and zeta potential of L-BBR was found to be 125.1 nm =+
3.2 and —31.87mV =+ 3.05, and the ML-BBR showed 153.5nm =+
2.4nm and —39.0mV * 2.3 respectively at Oth day (Table 2). The
negative zeta potential value obtained for the prepared liposomal for-
mulations (L-BBR and ML-BBR) depicts their physical stability that
prevented their aggregation and promoted the ionic interaction with
the surface of BMMs. The stability with regard to particle size and zeta
potential after incubation for a week (7th day) and a month (28th day)
time period at different storage conditions (4 and 25 °C) showed minor
negligible changes (Table 2). Subsequently, the SEM and TEM images
illustrated that the liposomal formulations (Bare and ML-liposomes)
with/without berberine were homogeneous in size and spherical in
shape (Fig. 1c & d).

In order to confirm the entrapment of BBR within the formulated
liposomes, Fourier-transform infrared spectroscopy (FTIR) analysis was
performed. Fig. 1e & f highlights the FTIR spectra for L-BBR and ML-
BBR. For L-BBR, the characteristic absorption peaks at 3306.99 and
1636.64 cm ™~ were attributed to the cholesterol and BBR structures.
Similarly, the peaks at 3282.81, 1637.56 and 1036.77 cm ™' for ML-
BBR overlapped with the cholesterol, berberine and mannose molecules
respectively. Further, the drug entrapment efficiency (EE) of L-BBR/
ML-BBR immediately after the preparation elicited a value of 88.5%
and 95% as detected by HPLC (Fig. 1g) whereas, it was noted that the
EE decreased with further incubation for 30 days. However, a higher EE
of ML-BBR (65%) was found as compared to L-BBR (53%) that signifies
its better bio-availability. To investigate the sustained and controlled
release of BBR from the formulated liposomes, in vitro drug release
study was performed over a period of 10 days. The data analyzed using
UV spectrophotometer, at 270 nm, revealed a sustained release of L-
BBR and ML-BBR as compared to the immediate dissolution of free-BBR
(Fig. 1h). Therefore, BBR loaded liposomal formulations were used
immediately after appropriate sonication and extrusion for all further
experiments. Evidently, a time-dependent (12, 24 and 48 h) uptake
study of L-BBR and ML-BBR in BMMs showed that mannosylation of
liposome has potentially increased its preferential internalization to-
wards macrophages as compared to unmodified L-BBR (Fig. 1i & j). It
was also noticed that internalization of ML-BBR was efficient at the end
of the 48 h time period. Based on this, a 48 h treatment was followed for
subsequent experiments.

3.2. Effect of BBR encapsulated liposomes on the cell viability of BMMs

To determine the cytotoxic effect of BBR encapsulated liposomes (L-
BBR and ML-BBR) on the cell viability of BMMs, MTT assay was per-
formed. BMMs stimulated with RANKL (100 ng/ml) were exposed to
varying concentrations of L-BBR and ML-BBR (2.5 to 25uM) for 24 h.
The results showed significant alterations to cellular viability at con-
centrations above 15 pM (Fig. 2a & b). Maximum cell viability for both
liposomal formulations was observed up to 12.5uM concentration.
Therefore, for subsequent experiments 12.5 M concentrations of L-BBR
and ML-BBR were used. For comparative analysis, free-BBR at a con-
centration of 75 uM was used based on our previously reported study
[351.
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3.3. ML-BBR up-regulates miR-23a levels in BMMs

The previous study from our lab reported the upregulating effect of
BBR (25-75 uM) on the expression of miR-23a in LPS/TNFa stimulated
RAW 264.7 and adjuvant-induced arthritic synovial macrophage (AA-
SM) cells [35]. Similarly, we analyzed the gene expression levels of
miR-23a in BMMs with/without RANKL stimulation. The level of miR-
23a was significantly suppressed in RANKL stimulated BMMs (Fig. 5f).
Upon treatment with L-BBR/ML- BBR, a significant increase in miR-23a
expression was observed. However, ML-BBR exhibited a two-fold in-
crease in miR-23a levels as compared to L-BBR and free BBR treatment.
Additionally, p-GSK3p inhibitor (3 uM) treatment also resulted in a
basal level expression of miR-23a, thereby supporting the regulatory
role of miR-23a in RANKL/p-GSK3p pathway.

3.4. Effect of ML-BBR on gene and protein expression levels

To further unravel the therapeutic efficacy of BBR encapsulated li-
posomes (L-BBR/ML-BBR) towards osteoclast differentiation and acti-
vation, we assessed the mRNA expression levels of NFATc1l, MMP9,
Cathepsin K, TRAP, CaN and TAK1 in RANKL (100 ng/ml) stimulated
BMMs (Fig. 3a-f). The results showed that RANKL stimulation on BMMs
dramatically increased the levels of NFATc1, MMP9, Cathepsin K, TRAP
and CaN whereas, treatment with free BBR (75uM), L/ML-BBR
(12.5uM) reduced their expression, with an increased expression of
TAK]1, a natural inhibitor of GSK3[3 pathway. MiR-23a mimic (50 pmol)
transfection and LY2090314 (3 uM) also exhibited a similar expression
pattern to ML-BBR treated group. To further strengthen our findings
from the gene profiling studies, the protein expression of GSK3p/p-
GSK3[, NFATc1, NLK1, TAK1 and CaN in RANKL (100 ng/ml) stimu-
lated BMMs was performed (Fig. 4a-g). Moreover, the activation of
NFATc1 was analyzed using immunofluorescence assay (Fig. 4h & i).
The results showed that upon RANKL stimulation the levels of p-GSK3p,
NFATcl and CaN were elevated. Contrastingly, natural inhibitors of
GSK3p pathway namely, NLK1 and TAK1 kinases were found to be
significantly inhibited. Post-treatment with free-BBR, L/ML-BBR a
sharp decrease in p-GSK3[, NFATc1, and CaN expression was observed.
Additionally, miR-23a mimic and LY2090314 treatment also sup-
pressed the levels of these factors depicting that miR-23a has direct
control over GSK3p/p-GSK3p and its mediated effector molecules in-
volved in osteoclastogenesis and bone erosion.

3.5. ML-BBR treatment downregulated MMP9 levels

MMP9 belongs to a family of zinc-dependent endopeptidases in-
volved in ECM degradation which results in bone erosion and ab-
normality in arthritis. The enzymatic activity of MMP9 was estimated
using gelatin zymography as demonstrated in Fig. 3g. While MMP9
levels were found to be increased in RANKL stimulated group, ML-BBR
treatment inhibited the MMP9 expression better than L-BBR and frees
BBR. In p-GSK3p inhibitor (LY-2090314) and miR-23a mimic treated
groups, the MMP9 expression was found to be significantly suppressed
indicating that ML-BBR treatment inhibited RANKL/p-GSK3[3 mediated
osteoclast activity via possible regulation of miR-23a.

3.6. ML-BBR treatment inhibited the osteoclastogenic potential of RANKL
stimulated BMMs

To investigate the inhibitory potential of ML-BBR on RANKL
mediated osteoclast differentiation, TRAP staining, and pit formation
assay were performed. It was observed that there was a significant in-
crease in the number of TRAP-positive osteoclast cells in RANKL sti-
mulated group whereas, ML-BBR treatment exhibited significant in-
hibition of osteoclast cells in comparison to L-BBR and free BBR treated
groups (Fig. 5a & b). Subsequently, miR-23a mimic transfected and
LY2090314 (3 uM) treated group also inhibited the differentiation of
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Fig. 1. (a) The liposomal samples encapsulated with berberine before and after extrusion. (b) The scanning electron microscopy (SEM) images of the prepared
liposomes with spherical morphology. (¢c) SEM and (d) TEM images of L-BBR and ML-BBR. Scale bars ~ 200 nm. FTIR spectroscopic analysis of (e) L-BBR and (f) ML-

BBR were measured between 500 and 4000 cm™

!, (g) The percentage of BBR entrapped within the liposomal formulated vesicle over different time points

(0-30 days) was determined using HPLC analysis. (h) In vitro drug release study was performed using dialysis method at different time intervals (Day 1 to 10).
Confocal microscopic images of (i) L-BBR (12.5 pM) and (j) ML-BBR (12.5 uM) on RANKL (100 ng/ml) stimulated BMMs at different time intervals (12, 24 and 48 h)
signifies the affinity and internalization of formulated liposomes. Scale bars ~ 10 ym.

(i ()

After 12 hr After 48 hr

Uptake study - Confocal microscopy

Uptake study - Confocal microscopy
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Fig. 1. (continued)

osteoclast precursor cells.

We further explored the anti-osteoclastic potential of ML-BBR using
osteoclastic bone resorption assay. BMMs stimulated with RANKL
(100 ng/ml) on the bone mimetic synthetic surface plates showed sig-
nificantly large and more number of resorption pits when compared
with an unstimulated group (Fig. 5c & d). Treatment with free BBR, L/
ML-BBR markedly decreased the osteoclast promoting the potential of
RANKL stimulated BMMs as evidenced by the smaller and reduced
number of resorption pits, whereas, treatment with ML-BBR exhibited a
better inhibition of resorption pits. Evidently, miR-23a mimic

Table 2

transfected and LY2090314 (3uM) treated group also reduced the
number of resorption pits. Taken together, it can be seen that RANKL/p-
GSK3[ mediated osteoclastogenic activity was downregulated by ML-
BBR through the induction of miR-23a.

3.7. Direct targeting of GSK3p by miR-23a

In order to confirm the regulatory effect of miR-23a on the activity
of GSK3p, initially, we performed target Scan that reported GSK3f
mRNA to be one of the potential targets of miR-23a (Fig. 5e). It was

Particle size and zeta potential of L-BBR and ML-BBR at different temperature and time intervals were analyzed using DLS instrument. Data are represented as

mean *+ SEM.

L-BBR

ML-BBR

Particle size (nm) Zeta potential (mV)

Particle size (nm) Zeta potential (mV)

Temperature Day 0 Day 7 Day 0 Day 7
4°C 127.4 = 2.4 131.6 = 3.6 —33.6 = 2.8 —31.2 = 3.6
126.8 = 3.2 1324 = 1.8 —31.8 = 4.2 —32.4 + 2.8
25°C 1234 = 4.6 134.2 = 3.2 —30.26 £ 2.8 —28.6 = 3.6
122.8 = 2.8 133.8 = 2.6 —31.84 £ 24 —29.8 + 2.8

Temperature Day 14 Day 28 Day 14 Day 28
4°C 138.6 = 2.2 156.46 + 2.4 —38.2 = 2.8 —34.2 = 2.68
142.42 + 1.48 154.86 = 2.16 —34.4 = 4.2 —33.46 £ 1.84
25°C 148.4 = 2.4 158.42 = 3.2 —32.46 = 216 —30.6 = 281
152.6 = 3.16 154.48 = 1.68 —33.54 + 2.6 —32.8 = 1.86

Temperature Day 0 Day 7 Day 0 Day 7
4°C 154.6 = 1.6 156.8 = 2.4 —33.6 = 2.8 —-31.6 = 3.8
152.86 + 2.4 158.24 + 3.2 —-31.8 = 4.2 —32.4 + 3.2
25°C 153.84 + 3.0 154.8 = 2.6 —29.6 = 2.4 —30.68 + 1.8
152.8 = 2.6 151.6 = 2.2 -30.8 = 1.8 —31.4 = 2.2

Temperature Day 14 Day 28 Day 14 Day 28
4°C 162.6 + 1.86 174.4 = 1.46 —34.68 £ 1.4 —41.6 = 1.84
166.16 = 1.46 178.24 = 24  —33.18 + 3.16 —424 * 2.26
25°C 170.44 + 2.4 184.48 + 1.8 —39.6 = 1.84 —40.68 * 2.86
172.8 = 2.6 181.36 + 1.96 —36.84 = 2.16 —41.46 * 3.24
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Fig. 2. (a) Schematic representation for the isolation, culture, and treatment of Bone marrow-derived monocytes/macrophages (BMMs). Effect of (b) L-BBR and (c)
ML-BBR on the cellular viability of RANKL (100 ng/ml) stimulated BMMs. Cells were seeded in a 96-well plate and treated for 24 h with different concentrations of
drug-loaded liposomes. Cell viability was measured using MTT assay. Experiments were performed in triplicates. Data are presented as mean * SEM. *P < 0.05
compared with untreated control group.
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Fig. 3. Effect of ML-BBR (12.5 uM) on gene expression levels of NFATc1, MMP9, cathepsin K, TRAP, CaN and TAK1. (a—f) Relative gene expression of NFATc1, TAK1,
cathepsin K, TRAP, CaN and MMP9. (g) Gelatin zymography of MMP9. Comparisons are made with: *BMMs versus miR-23a mimic/inhibitor (50 pmol) and BBR
(75 uM)/L-BBR (12.5 uM)/ML-BBR (12.5 uM)/LY2090314 (3 uM); #BMMs + RANKL (100 ng/ml) versus miR-23a mimic/inhibitor (50 pmol) and BBR (75 pM)/L-

BBR (12.5uM)/ML-BBR (12.5 uM)/LY2090314 (3 uM). “#P < 0.05 implies statistically significant.



S. Sujitha and M. Rasool

(@)

Ctrl RANKL Mimic  Inhibitor BBR L-BBR
(unstimulated)  (100ng/ml)  (SOpM)  (50pM) (75uMD) - (12.5pM)  (12.5n0M)
GSK3P e o o m—
R -
P-GSK3p v B -

ML-BBR LY2090314
(BuM)

t

International Immunopharmacology 74 (2019) 105703

BMMs  BMMi  Mimic  lIshbiee  BBR LBBR  MLBBR LYW
(b) Ctrl  RANKL  Mimic Inhibitor  BBR ~ L-BBR ML-BBR LY2090314 B R e
(mstimilated)  (100ng/ml) (SOpM) (S0pM)  (7SpM)  (I25pM) (1250M)  (3pM) (d) ' s
T T —
NFATc1 ——— — — g
£,
- — S
' i o :
g 10
¥ £
CaN P — — to
:
BMMs  BMMy  Mimic  lshibeer  ppr LBBR  MLEBR pyreoqy
B-actiu SRANKL  (SopM)  (M0pM) gy (2500 KO0 g

¥ BNM: + RANKL{100ng, )

Relative protein expressior

" o Mk lahibiee LBBR  MLBBR pymms T
e 1\3‘ \l»,\l‘ %T\x, :::L 280 Q2500 L\nw ' BAMG  BMMe  Mimic  lbbee  pax  LBSR MLEER pyasy BMMs  BMMs  Mimic  Inhbior  ppR  LBBR  MLBBR jyaeyy
CRANKL (N0 ) gy (2500 02 g CRANKL (M) (M) e RND R0 g
¥ BMM;s + RANKL(100ng/ml)
* OO + AR F T + RANKL 10omg o)

(h) DAPI NFATcl Merged

BMMs
BMMs +
RANKL (100ng/m)
BMMs + (1)
RANKL (100ng/ml)

+ Mimic (S0pmol)

BMNMs +
RANKL (100ng/ml)
+ Inhibitor (S50pmol)

BMDMIs+
RANKL (100ng/ml)
+BBR (75uM)

BMMs +
RANKL (100ng/ml)
+L-BBR (12.51M)

BMMs +
RANKL (100ng/ml)
+ML-BBR (12.5 M)

BMNMs+
RANKL (100ng/ml)
+LY2090314 ( M)

10

Mean fluorescent intensity (AU) of NFATe1

=

BMMs  BMMs  Mimic  Inhibime  BBR LBBR  MLBBR |yysosn
*RANKL (S0pM)  (S0pM) gy (250\) (2500 3y
r 4
BMMs + RANKL(100ng/ml)

(caption on next page)



S. Sujitha and M. Rasool

International Immunopharmacology 74 (2019) 105703

Fig. 4. Effect of ML-BBR (12.5 uM) on protein expression levels of GSK3[/p-GSK3[, NLK1, TAK1, NFATc1 and CaN in BMMs. (a & b) Western blot images of GSK3f3/
p-GSK3p, NLK1, TAK1, NFATcl and CaN. (c-g) Relative protein expression of GSK33/p-GSK3p, NLK1, TAK1, NFATc1 and CaN. Effect of ML-BBR (12.5 uM) on the
expression levels of NFATc1 protein in RANKL (100 ng/ml) stimulated BMM cells was determined by immunofluorescence analysis (h & i). Comparisons are made
with: *BMMs versus miR-23a mimic/inhibitor (50 pmol) and BBR (75 uM)/L-BBR (12.5 uM)/ML-BBR (12.5 pM)/LY2090314 (3 uM); #BMMs + RANKL (100 ng/ml)
versus miR-23a mimic/inhibitor (50 pmol) and BBR (75 uM)/L-BBR (12.5 uM)/ML-BBR (12.5 uM)/LY2090314 (3 uM). “#p < 0.05 implies statistically significant.

Scale bars ~10 pm.

further validated using western blot analysis that showed transient
transfection of miR-23a was able to inhibit GSK3[3/p-GSk3p activity
(Fig. 4a and c). To further strengthen this theory, we performed dual
luciferase reporter assay. The pmiRGLO construct (Promega, Wisconsin,
USA) containing firefly luciferase and Renilla luciferase was used for
the cloning of GSK3f 3’ UTR. The firefly luciferase activity in the vector
system was constitutively expressed and used for normalization with
that of Renilla luciferase activity. The pmiRGLO construct was tran-
siently co-transfected with control miRNA or miR-23a mimic (50 pmol)
in BMMs. After 48 h of treatment, there was a significant decrease in the
luciferase activity when BMMs were transfected with the pmiRGLO
containing WT- GSK3p 3’ UTR along with miR-23a mimic (Fig. 5g). The
mutant GSK3f 3’ UTR was not significantly affected after transfection
with the control miRNA and mimic miR-23a, depicting the modulatory
role of miR-23a on GSK3[} expression.

4. Discussion

In recent years, it is evident that epigenetic regulators such as
microRNAs (miRNAs) control several aspects of bone loss associated
with bone-related deformities. Numerous studies have also recently
explored the importance of miRNAs as potential biomarkers for the
prognosis and treatment of bone disorders [44]. The cluster spanning
from miR-17-92 predominantly have been explored to play a key role in
controlling the enhanced functional activity of osteoclast cells that
performs the bone resorption part of bone remodeling [45]. Notably,
miR-23a has been designated to be a key component possessing the
potential to control various inflammatory processes which incidentally
have the least reports explaining its efficiency [46]. It belongs to the
miR-23 gene family consisting of hsa-miR-23a and hsa-miR-23b [47].
So far, several reports have implicated the role of miR-23a in pre-
venting the occurrence of cancer as well as arrest its progression
[48,49]. Additionally, a recent report has suggested the role of miR-23a
and miR-23b in balancing osteoblast and adipocyte differentiation in
bone marrow mesenchymal stem cells (BMSCs). Further, this elicited
that the downregulation of miR23a/b in age-related osteoporosis re-
duced the capacity of BMSCs to differentiate into osteoblasts instead of
adipocytes [50]. Moreover, a recent study has demonstrated the phy-
siological functions of miR-23a cluster, which consists of miR-23a, miR-
27a, and miR-24-2 on the osteoblast lineage in transgenic gain-of-
function (GOF) and loss-of-function (LOF) mouse model [51]. Also,
more attention has been devoted to study the role of miR-23a in the
impaired differentiation of osteoblast cells during osteosarcoma [52]. In
conjunction with these reports, our study investigated the im-
munomodulatory role of miR-23a on the expression of p-GSK3[3 medi-
ated NFATc]1 signaling in osteoclast-mediated bone erosion.

Although exclusively studied, many mechanisms controlling joint
inflammation and osteoclastogenesis resulting in bone erosion are
poorly understood. Several signaling pathways like nuclear factor
kappa B (NF-kB), mitogen-activated protein kinases (MAPKs) (ERK,
JNK, p38) and Wnt signaling are considered to be activated down-
stream of RANKL. Moreover, monocytes/macrophages in response to
RANKL activate a major transcription factor, NFATc1, which promotes
the differentiation and regulation of osteoclast cells [53,54]. Osteo-
blast-lineage cells and osteoclast precursors predominantly express
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RANKL, whereas noncanonical Wnt signaling via p-GSK3p in osteoclast
precursors enhanced RANKL-induced osteoclastogenesis [55,56]. Thus,
it is likely that this pathway helps to ensure proper skeletal homeostasis
during bone remodeling. As bone resorption is a major phenomenon of
various inflammatory disorders of the joints, we unraveled the role of
RANKL/p-GSK3p signaling in BMMs during pathophysiological condi-
tions [57]. Notably, studies have demonstrated that RANKL stimulation
increases the phosphorylation of GSK3f thereby inducing the nuclear
translocation of NFATc1 [13]. Given that NFATc1 is a key regulator of
osteoclast activation, its activity has been shown to be upregulated by
activated calcineurin (CaN), a diphosphatase, that further regulates the
transcription of osteoclastogenic genes like TRAP, cathepsin K and
MMP-9 via exposing the nuclear localization signal of NFATcl [58].
Hence, our results have also shown that stimulation of BMMs with
RANKL significantly increased the expression of both p-GSK3f and
CaN, which would suggest that phosphorylation of GSK3p might acti-
vate NFATc1 in conjunction with the activation of CaN. Additionally,
our outcomes firmly suggest that RANKL mediated p-GSK3p signaling is
modulated by miR-23a in RANKL stimulated BMMs. Through dual lu-
ciferase reporter assay, we found that miR-23a inhibited the expression
of GSK3p. Similarly, miR-23a mimic transfection also remarkably in-
hibited both GSK3[3 and p-GSK3p at the protein level. Based on these
results, it is suggested that the action of miR-23a in the regulation of p-
GSK3p is via complete inhibition of GSK3p at the post-transcriptional
level. In addition, the introduction of miR-23a mimic into the system
also served as direct control over the secretion of major osteoclast
differentiating factors. Thus, these outcomes provide strong evidence
for the inhibitory effect of miR-23a on RANKL mediated p-GSK3p sig-
naling in osteoclastogenesis. However, miR-23a transfection showed an
increased level of Nemo-like kinase 1 (NLK1) and TGF(} activated tyr-
osine kinase 1 (TAK1), the negative regulators for GSK3f pathway and
down-regulated the expression level of NFATcl [59]. Thus, miR-23a
may be a therapeutic target for the treatment of bone diseases with
abnormal bone resorption.

In the present study, we chose BBR, an isoquinoline quarternary
alkaloid from plants that have been associated with a broad spectrum of
biological activities that includes inhibition of RANKL-mediated os-
teoclastogenesis. It has also been reported that BBR has the potential for
inhibiting the p-GSK3p levels in diabetic rat models [26]. A previous
study from our lab has reported the upregulating effect of BBR on the
expression of miR-23a in LPS/TNFa stimulated RAW 264.7 and ad-
juvant-induced arthritic synovial macrophage (AA-SM) cells [42]. Si-
milarly, in this study, we have shown that berberine can upregulate the
level of miR-23a in RANKL stimulated BMMs. All together we can
conclude that berberine is modulating GSK3p via miR-23a for in-
hibiting osteoclast differentiation. Due to its poor solubility in aqueous
buffers and it's short half-life in circulation, it has been reported that
encapsulating BBR into circulating liposomes improved its therapeutic
availability and efficacy [60]. Since the liposomal drug delivery system
is a well-approved drug carrier due to its non-toxic, non- carcinogenic
and biodegradable properties, in the present study, we have utilized
single unilamellar liposomal nanoparticles. In line with these results,
various liposomal formulations encapsulated with BBR (L-BBR and ML-
BBR) were prepared by thin film hydration method and characterized.
Additionally, mannose ligands on the liposomal formulation were
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Fig. 5. Effect of ML-BBR (12.5 uM) towards osteoclast differentiation. (a) TRAP staining analysis. (b) A total number of relative TRAP-positive cells. Effect of ML-BBR
(12.5 uM) on the bone resorptive activity of BMMs. (c) Osteoassay analysis of BMMs stimulated with RANKL (100 ng/ml). (d) Relative resorptive activity of BMMs.
miR-23a directly targets GSK3f 3’'UTR. (e) Target Scan analysis of GSK3f with miR-23a. (f) Gene expression levels of miR-23a in BMMs. (g) Luciferase analysis of the
wild type and mutant GSK3p 3’ UTR. Comparisons are made with: *“BMMs versus miR-23a mimic/inhibitor (50 pmol) and BBR (75 uM)/L-BBR (12.5 uM)/ML-BBR
(12.5uM)/LY2090314 (3 uM); #BMMs + RANKL (100 ng/ml) versus miR-23a mimic/inhibitor (50 pmol) and BBR (75 uM)/L-BBR (12.5 pM)/ML-BBR (12.5 pM)/
LY2090314 (3uM). **P < 0.05 implies statistically significant. Scale bars ~10 um.
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Fig. 5. (continued)

shown to preferentially target the activated macrophages due to their
potent phagocytic behavior when compared to the normal macrophages
during osteoclastogenesis; thereby enhancing their cellular uptake [39].
Additionally, the presence of c-lectin-type receptors on the surface of
the macrophages was stimulated by the mannose ligands coated over
the liposomes, further increasing their internalization preferentially
towards activated macrophages. [61]. Therefore in the current study,
we have treated the RANKL stimulated BMMs with berberine en-
capsulated mannosylated liposomes (ML-BBR) to evaluate their specific
inhibitory action on osteoclastogenesis and their anti-resorptive ac-
tivity. We witnessed a diminished expression level of p-GSK3[3; NFATc1
and calcineurin (CaN) through induction of NLK1 and TAK1 in BMMs
after ML-BBR treatment as compared to free-BBR treatment. Further
experimental studies have revealed that after treating the cells with ML-
BBR an upregulation of miR-23a level was recorded which resulted in
the deterioration of osteoclastogenesis and bone resorptive activity.
Recent reports have strongly suggested the extensive role of MMP9 in
promoting the invasive phenotype of osteoclasts through ECM de-
gradation [62]. In support of this notion, our study detected the ele-
vated levels of MMP9 in RANKL stimulated BMMs as compared to its
control group. We further witnessed that ML-BBR treatment and miR-
23a transfection significantly reduced the expression levels of MMP9,
which further potentiates the anti-bone resorptive activity. Hence, the
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inhibition of these osteoclastogenic factors observed in our present
study upon selective inhibition by ML-BBR via upregulation of en-
dogenous miR-23a level strongly provides strong evidence for its po-
tency as a therapeutic intervention in bone-related disorders.

5. Conclusion

Overall, our current study demonstrated that preferential inter-
nalization of berberine via mannose coated liposomal delivery system
(ML-BBR) attenuated mature osteoclast formation via suppressing
RANKL dependent p-GSK3p/NFATcl signaling through the activation
of miR-23a. Berberine is a potent inhibitor of osteoclastogenesis and
suppressed GSK3p especially its phosphorylated form. Furthermore, it
upregulated the level of miR-23a, a specific inhibitor of GSK3p.
Targeted delivery of BBR in the form of ML-BBR potentially inhibited
the bone resorption activity of osteoclasts by suppressing the expression
of bone resorptive enzymes like TRAP, Cathepsin K and MMP9.
Therefore, we concluded that ML-BBR potentially represents a possible
therapeutic intervention, which readily ameliorates osteoclast-medi-
ated bone erosion and acts as a therapy for debilitating bone loss dis-
orders (Schematically represented in Fig. 6).
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Fig. 6. Overall therapeutic effect of ML-BBR against RANKL mediated p-GSK3[3/NFATclsignaling cascade in BMMs. ML-BBR attenuated osteoclastogenesis in RANKL
stimulated BMMs through the inhibition of p-GSK3(/CaN/NFATc1 pathway and by inducing the expression of miR-23a. Notes: mannosylated liposomal berberine
(ML-BBR); glutathione synthase kinase 3 beta (GSK3{3); microRNA 23a (miR-23a); nuclear factor activator of T-cells 1 (NFATc1), Calcineurin (CaN); nemo-like kinase
1 (NLK1); receptor activator of nuclear factor kappa B ligand (RANKL); TGF-3 activated kinase 1 (TAK1).
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