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Berberine ameliorates the LPS-induced imbalance
of osteogenic and adipogenic differentiation in rat
bone marrow-derived mesenchymal stem cells
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Abstract. Lipopolysaccharide (LPS) from oral pathogenic
bacteria is an important factor leading to alveolar bone
absorption and the implant failure. The present study aimed to
evaluate the modulation of berberine hydrochloride (BBR) on
the LPS-mediated osteogenesis and adipogenesis imbalance in
rat bone marrow-derived mesenchymal stem cells (BMSCs).
Cell viability, osteoblastic and adipogenic differentiation
levels were measured using the Cell Counting Kit-8 assay,
alkaline phosphatase (ALP) staining and content assay, and oil
red O staining, respectively. Reverse transcription-quantitative
PCR and immunoblotting were used to detect the related gene
and protein expression levels. In undifferentiated cells, BBR
increased the mRNA expression levels of the osteoblastic
genes (Alp, RUNX family transcription factor 2, osteocalcin
and secreted phosphoprotein 1) but not the adipogenic genes
(fatty acid binding protein 4, Adipsin and peroxisome prolif-
erator-activated receptory). LPS-induced osteoblastic gene
downregulation, adipogenic gene enhancement and NF-xB
activation were reversed by BBR treatment. In osteoblastic
differentiated cells, decreased ALP production by LPS treat-
ment was recovered with BBR co-incubation. In adipogenic
differentiated cells, LPS-mediated lipid accumulation was
decreased by BBR administration. The mRNA expression
levels of the pro-inflammatory factors (MCP-1, TNF-a, IL-6
and IL-1P) were increased by LPS under both adipogenic and
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osteoblastic conditions, which were effectively ameliorated by
BBR. The actions of BBR were attenuated by compound C,
suggesting that the role of BBR may be partly due to
AMP-activated protein kinase activation. The results demon-
strated notable pro-osteogenic and anti-adipogenic actions of
BBR in a LPS-stimulated inflammatory environment. This
indicated a potential role of BBR for bacterial infected-related
peri-implantitis medication.

Introduction

To improve the quality of life in patients with dentition defects
and delay the absorption of the alveolar bone, osteointegrated
dental implants have been developed and have been widely
used since the 1980s (1,2). With the popularization of the
dental implant, inflammation in the mucosa and bone tissues
around the implant has become a new problem (3). The forma-
tion of the bacterial biofilm, on the surface of the implant
and in the peripheral gingival crevicular fluid, stimulates the
inflammatory reaction and finally leads to alveolar bone absorp-
tion. In serious cases, the implant has been found to loosen and
fall off (3,4). A meta-analysis based on 15 articles of 11 studies
during 2006 to 2014, found that the incidence of peri-implantitis
was ~22% (5,6). At present, the primary clinical treatment aim
of peri-implantitis is to control the pathogens and reduce the
periodontal pockets around the implant, using subgingival
curettage, antibiotics and laser treatment (7,8). However, it is
difficult to reverse the process of bone absorption. Therefore,
it is important to identify a drug or material that can inhibit
the pathogenic bacteria-induced inflammation and improve
the bone regeneration capability.

Several of the major pathogens of peri-implantitis belong
to Gram-negative bacterium, which produce lipopolysaccha-
ride (LPS) in their cell wall (9). LPS predominantly activates
the Toll-like receptor 4 (TLR4)/NF-kB signaling pathway
and induces pro-inflammatory cytokine expression, including
TNF-a, IL-6, IL-1 and monocyte chemoattractant protein-1
(MCP-1) (10). Enhancement of LPS-induced receptor activator
of NF-kB ligand (RANKL) and autophage activation was
found to promote osteoclastogenesis (11,12). Furthermore,
LPS could adhere to the surface of the titanium implant,
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which had no effect on cell attachment but impaired osteoblast
differentiation (13). Therefore, LPS is a contributing factor
in both soft-tissue destruction and alveolar bone absorption,
affecting the implant success rate (14).

As a key factor during the development of peri-implantitis,
the balance of alveolar bone absorption and reconstruction was
found to be damaged (15). Alveolar bone regeneration includes
two aspects: The osteoclastogenesis of monocyte macrophages
and the osteogenesis of mesenchymal stem cells (15). Bone
marrow-derived mesenchymal stem cells (BMSCs) are a
type of multipotent cell, which are considered to be common
progenitors for osteoblasts and adipocytes (16). BMSCs have
been applied for bone repair, due to their osteogenic ability (17).
Thus, in the current study, BMSCs were used to investigate the
regulation of osteogenesis. As aforementioned, LPS was found
to impair osteoblast differentiation; in addition, a previous
study has reported that LPS could affect the potential differ-
entiation tendency of BMSCs (18). Therefore, it is important
to investigate the regulation of drugs on LPS-induced osteo-
genesis/adipogenesis imbalance and inflammation in BMSCs.

Berberine is a type of quaternary ammonium alka-
loid, extracted from varieties of plants species, such as
Coptis chinensis (19). Berberine hydrochloride (BBR) is
typically used in a clinical setting, due to its numerous
pharmacological activities, including anti-microbial, glucose/
cholesterol regulatory and immune modulatory proper-
ties (19). Previous studies have revealed that it is implicated
in bone biology. For instance, BBR inhibited adipogenesis
and promoted osteogenesis in the C3H10T1/2 cell line (20).
In addition, berberine suppressed RANKL-induced osteoclast
formation and protected cell survival (21,22). However, the
role of BBR on osteogenesis and adipogenesis under inflam-
matory conditions remains unknown. The aim of the present
study was to demonstrate the modulating effect of BBR on
the osteogenesis/adipogenesis balance in LPS-mediated
inflammatory response in BMSCs, which may provide novel
evidence for peri-implantitis medication.

Materials and methods

Materials. BBR,LPS (extracted from Escherichia coli O111:B4
strain), L-ascorbic acid, B-glycerophosphate disodium, dexa-
methasone (Dex), 3-isobutyl-1-methylxanthine (IBMX) and
indomethacin were purchased from Sigma-Aldrich (Merck
KGaA). Compound C was obtained from CSNpharm, Inc.
The Cell Counting Kit (CCK)-8 was purchased from Dojindo
Molecular Technologies, Inc. The alkaline phosphatase (ALP)
content assay kit, the ALP stain kit, BeyoECL Moon (ECL
chemiluminescence kit), protease inhibitor cocktail, phos-
phatase inhibitor cocktail and insulin were purchased from
Beyotime Institute of Biotechnology. The oil Red O Stain
kit was purchased from Cyagen Biosciences, Inc., and the
PrimeScript™ RT kits was obtained from Takara Bio, Inc.
The Kapa SYBR® Fast QPCR Master Mix (2X) Universal kit
was purchased from Roche Diagnostics and the primers were
synthesized by Sangon Biotech Co., Ltd. The RIPA lysis buffer
and TRIzol® reagent were purchased from Thermo Fisher
Scientific, Inc., while the antibodies against phosphorylated
(p)-p65 (cat. no. 3033), total p65 (cat. no. 8242), (p)-IkBa
(cat. no. 2859), total IxBa (cat. no. 9243) and anti-rabbit

IgG HRP-linked (cat. no. 7074) were purchased from Cell
Signaling Technology, Inc. The anti-GAPDH antibody (cat.
no. 10494-1-AP) was purchased from ProteinTech Group, Inc.
Basic a-modified Eagle medium (a-MEM), FBS and peni-
cillin-streptomycin antibiotics were purchased from Thermo
Fisher Scientific, Inc. Other reagents were of analytical grade
and used without further purification.

Primary cell isolation and culture. Female Sprague-Dawley
rats (age, 3 weeks; weight, 80-100 g; 20-26° relative humidity
40-70%; 12-h light/dark cycle; diet and drinking water ad
libitum) were sacrificed using carbon dioxide (2 1/min in a 10-1
box). The femur and tibia of the rats were isolated and the bone
marrow cavity was washed with a-MEM to obtain the primary
BMSC:s. The cells were collected and centrifuged at 1,000 x g
for 10 min at room temperature. After removing the super-
natant, the aspirates were re-suspended with BMSC growth
medium (a-MEM containing 10% FBS, 100 U/ml penicillin
and 100 mg/ml streptomycin) and seeded in a 10-cm dish for
3 days at 37°C, and then the non-adherent cells were removed.
Adherent BMSCs were further cultured and expanded. Cells
that passaged 3-6 times were used for further experimentation.

Cellviability assay. The BMSCs cells were seeded into 96-well
plates (5,000 cells per well) and cultured overnight, then
treated with BBR at different concentrations (0, 1, 5, 10, 50 and
100 M) at 37°C for 72 h. Cell viability was measured using
the CCK-8 kit according to the manufacturer's protocol. After
removing the supernatant, fresh growth medium containing
CCK-8 (Vcck-8:Vmedium, 1:10) was added into each well
and incubated at 37°C for 2 h. The absorbance of the samples
was measured at 450 nm using a Synergy 2 microplate reader
(Agilent Technologies, Inc.).

RNA isolation and reverse transcription-quantitative (RT-q)
PCR analysis. Total RNA was extracted using TRIzol®,
and subsequently isolated with isopropanol and chloroform
according to the manufacturer's protocol. RT reactions and
gPCR detections were performed according to the manufac-
turer's instructions. The reverse transcription reaction was:
37°C for 15 min, 85°C for 15 sec. The program of the gPCR
thermocycling was: First step: 95°C for 3 min; second: 95°C for
3 sec and 60°C for 30 sec, repeated for 40 cycles. The reactions
were performed using Eppendorf Mastercycler Pro and an
ABI 7900 Real-time PCR system (Thermo Fisher Scientific,
Inc.). The relative mRNA expression levels were normalized
to GAPDH using the comparative 2244 method (23). The PCR
primer pairs are shown in Table I.

Western blot analysis. BMSCs were lysed with RIPA lysis
buffer containing protease inhibitor cocktail and phosphatase
inhibitor cocktail. Cell lysate was collected, and its total protein
concentration was determined using a BCA kit (Thermo Fisher
Scientific, Inc.). Total protein (~20 pg) was loaded in each lane
and separated using SDS-PAGE (12.5%) and then transferred
onto PVDF membranes. The membranes were blocked by 5%
non-fat milk in PBST buffer (PBS containing 0.1% Tween-20)
for 1 h at room temperature. Then the membranes were
incubated with the corresponding primary antibodies (the
dilution of p-p65, t-p65, p-IxBa and t-IkBa antibodies, 1:1,000;
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Gene Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
ALP AACGTGGCCAAGAACATCATCA TGTCCATCTCCAGCCGTGTC
RUNX2 GCACCCAGCCCATAATAGA TTGGAGCAAGGAGAACCC

OCN TGAGGACCCTCTCTCTGCTC GGGCTCCAAGTCCATTGTT
SPPI ATCTGAGTCCTTCACTG GGGATACTGTTCATCAGAAA
FABP4 GCGTAGAAGGGGACTTGGTC TTCCTGTCATCTGGGGTGATT
ADIPSIN CACGTGTGCGGTGGCACCCTG CCCCTGCAAGTGTCCCTGCGGT
PPARy CCTTTACCACGGTTGATTTCTC GGCTCTACTTTGATCGCACTTT
MCP-1 TGCTGTCTCAGCCAGATGCAGTTA AGAAGTGCTTGAGGTGGTTGTGGA
TNF-a. CCCAATCTGTGTCCTTCTAACT CAGCGTCTCGTGTGTTTCT

1-6 GGTTTGCCGAGTAGACCTCA GTGGCTAAGGACCAAGACCA
1-1p AAAGAAGGTGCTTGGGTCCT CAGGAAGGCAGTGTCACTCA
GAPDH CAGGGCTGCCTTCTCTTGT TCCCGTTGATGACCAGCTTC

ALP, alkaline phosphatase; Runx2, RUNX family transcription factor 2; Ocn, osteocalcin; Spp1, secreted phosphoprotein 1; Fabp4, fatty acid
binding protein 4; Ppary, peroxisome proliferator-activated receptory; MCP-1, monocyte chemoattractant protein-1.

GAPDH antibody, 1:5,000) at 4°C overnight. The membranes
were washed 3 times with PBST buffer, 10 min each time, and
then incubated with HRP-linked anti-Rabbit IgG (1:2,000) for
2 h at room temperature. The membranes were then washed
3 times, as previously. An ECL chemiluminescence kit (cat.
no. POO18FS; Beyotime Institute of Biotechnology) was used
for HRP detection. GE Amersham Imager 600 (Cytiva) was
used for signal collection. Semi-quantification of band inten-
sity was performed using ImageJ v1.44p software (National
Institute of Health). Data are presented as the mean + SD from
three independent experiments.

Osteogenic and adipogenic differentiation. BMSCs were
seeded into 12-well plates at a density of 2x10* cells/cm?
and cultured until confluent. To identify the effects of drug
administration, LPS (1 ug/ml), BBR (1, 5 and 10 #uM) and
compound C (1 uM) were used, unless otherwise speci-
fied. For osteogenic differentiation, 10 nM Dex, 100 mg/l
L-ascorbic acid and 10 mM f-glycerophosphate disodium
were added to the BMSC growth media, co-incubated with
given drug simultaneously. The osteoblastic media with drugs
was replaced every 3 days. On day 7, the cells were harvested
for ALP staining, intracellular ALP content assay and gene
expression level analysis. For adipogenic differentiation, 1 M
Dex, 0.5 mM IBMX, 10 ug/ml insulin and 100 M indometh-
acin were added to the BMSC growth media. The cells were
incubated with the adipogenic media and corresponding drugs
at 37°C for 12 days, and the media was replaced every 3 days.
Then, the cells were harvested for oil red O staining.

ALP stain and intracellular content assay. Following treat-
ment with osteogenic media and corresponding drugs for
7 days, the BMSCs were washed with PBS and fixed with 4%
paraformaldehyde for 30 min at room temperature. Following
which, the cells were washed three times with PBS to remove
the fixing liquid. The ALP staining solution was mixed
according to the manufacturer's instructions, and added to the

wells of the culture plate. After 30-min incubation at room
temperature, the cells were washed with sterile water three
times and images were obtained using a light microscope at
x200 magnification (Leica Microsystems GmbH).

For the ALP content assay, cells were treated as afore-
mentioned, then washed with PBS and collected using a
lysis buffer. The concentration of the samples was detected
using a BCA kit (Thermo Fisher Scientific, Inc.). Each sample
was diluted to 2 mg/ml, and the ALP content was measured
according to the manufacturer's instructions. The absorbance
was measured at 405 nm.

Oil red O stain. The oil red O working solution was
prepared by diluting the stock solution with sterile water
(Vstock:Vwater, 3:2). After differentiation for 12 days, the
BMSCs were washed with PBS, fixed with 4% formalde-
hyde at room temperature for 15 min and then stained with
freshly diluted oil red O working solution for 60 min at room
temperature. Following which, the supernatant was removed
and the cells were washed with water three times. Images of
the oil red O-positive cells were collected using a bright-field
microscope at x200 magnification.

Statistical analysis. Data are presented as the mean + SD from
three separate experiments in each group. Statistical differ-
ences between groups were analyzed using one-way ANOVA,
multiple comparisons between the groups were performed
using Tukey's test with GraphPad Prism version 6 (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

BBR reverses the LPS-induced decrease in osteogenic gene
expression and increase in adipogenic gene expression
levels. Firstly, to investigate the potential cytotoxicity of BBR,
BMSCs were treated with different concentrations of BBR


https://www.spandidos-publications.com/10.3892/mmr.2021.11989

4
A
2,54
8
g 204
)
= 1.5
z
S 1.0
[1]
=
5 05
(&)
0.04
BBR(pM) 0 1
B Runx2 C
Undifferentiated cells 3

ZHOU et al: BERBERINE REGULATES OSTEOGENESIS AND ADIPOGENESIS BALANCE AGAINST LPS STIMULUS

Undifferentiated cells

O

Spp1

Ocn
Undifferentiated cells -

o it ° - T
5 25 5 - |
% 2o 5 %
@10 < o < o
25 25 Z5
ES ES £5
230s 23 1 23
8% &= &=
@ [T} @
4 4 4
0.0 0
BBR(pM} - 1 5 10 - 1 5 10 BBR(M) - 1 5 10 1 5 10 BBR(pM) - 1 5 10 - 1 5 10
LPS(1pg/ml) - CE R N L LPS(1pg/ml ) - + o+ + 4 LPS(1ug/ml) - R R L S
E Fabp4 F Adipsin G Ppary
25 Undifferentiated cells 25 Undifferentiated cells 15 Undifferentiated cells
-— HiH -
2 20 hid & _20 2
-7 e =%, T
< O < O < ol
Z c15 Z c15 w Z c
g x xrg
EC 10 EC 10 EC
% g" 23" - o 23808 T
= ®m = L ] &=
0.5 05
& & &
0.0 0.0 0.0
BBR(pM) - 1 5 10 - 1 5 10 BBR(pM) - 1 5§ 10 - 1 5 10 BBR(pM) - 1 5 10 - 1 5 10
LPS(1pg/ml) - - - =+ o+ o+ o+ LPS(1pg/ml) - -+ o+ o+ # LPS(1pg/ml) - - e -+ o+ o+

Figure 1. BBR alters osteogenic and adipogenic gene expression levels in undifferentiated bone marrow-derived mesenchymal stem cells. (A) Cells were
incubated with DMSO or BBR (1, 5, 10, 50 or 100 xM) for 3 days, and then cell viability was determined using a Cell Counting Kit-8 assay. The cells were
treated with BBR (1, 5 or 10 M) alone or simultaneously with LPS (1 xg/ml), and then collected for reverse transcription-quantitative PCR analysis. The
mRNA expression levels of the osteogenic genes (B) Runx2, (C) Sppl and (D) Ocn, and the adipogenic genes (E) Fabp4, (F) Adipsin and (G) Ppary were mea-
sured. Their relative changes were normalized to the GAPDH expression levels. The data are presented as the mean =+ standard deviation of three independent
experiments. “P<0.05, #P<0.01, #P<0.001, ##P<0.0001 vs. control group; “P<0.01, “"P<0.001, “*"P<0.0001 vs. LPS group. BBR, berberine hydrochloride;
LPS, lipopolysaccharide; Runx2, RUNX family transcription factor 2; Ocn, osteocalcin; Sppl, secreted phosphoprotein 1; Fabp4, fatty acid binding protein 4;

Ppary, peroxisome proliferator-activated receptory.

for 3 days and the cell viability was measured. As shown in
Fig. 1A, BBR had no significant cytotoxic effect on BMSCs;
therefore low concentrations, at 1-10 uM were selected for
subsequent experiments. Additionally, the cytotoxic effects of
LPS at different concentrations were also detected. At the dose
of 1 ug/ml, LPS had no significant cytotoxic effect; however,
10 pg/ml LPS exhibited weak cytotoxicity (data not shown).
As LPS-related adverse effects on bone reconstruction
are a key factor in the development of peri-implantitis (14),
the potential role of BBR on osteogenic and adipogenic gene
expression in undifferentiated BMSCs was investigated. The
cells were co-incubated with BBR at different concentrations
(0, 1,5 and 10 pM) and with or without 1 zg/ml LPS for 3 days.
The results demonstrated that BBR significantly promoted
the mRNA expression levels of osteogenic genes, RUNX
family transcription factor 2 (Runx2), osteocalcin (Ocn) and
secreted phosphoprotein 1 (Sppl), in a dose-dependent manner
(Fig. 1B-D). Notably, LPS significantly decreased the Runx2
and SPP1 mRNA expression levels, and these effects were

partly or totally reversed by BBR. The Ocn mRNA expres-
sion level was not changed by LPS; however, it was increased
after BBR treatment under the LPS-stimulated condition. For
the adipogenic genes, compared with the negative control,
LPS induced a two-fold increase in both fatty acid binding
protein 4 (Fabp4) and Adipsin gene expression levels (Fig. 1E
and F); however, the peroxisome proliferator-activated
receptory (Ppary) expression level decreased by half (Fig. 1G).
BBR itself had little effect on the adipogenic genes, except for
Adipsin, and a small reduction in the increase of Fabp4 expres-
sion levels induced by LPS. Moreover, 10 uM BBR lowered
Adipsin gene expression level, and further dose-dependently
reduced the increase stimulated by LPS.

BBR promotes BMSC osteogenic differentiation under LPS
treatment. As aforementioned, it was determined that BBR
could ameliorate the LPS-induced inhibition of BMSCs osteo-
genic gene expression. Considering that ALP is a key protein
during the differentiated process, particularly in the early and
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Figure 2. BBR promotes osteogenesis in bone marrow-derived mesenchymal stem cells. The cells were incubated with BBR (0, 1, 5 or 10 M) alone or
simultaneously with LPS (1 xg/ml) in osteogenic media for 7 days. Then, the cells were detected using ALP stain and reverse transcription-quantitative PCR
analysis. (A) Images of the ALP stained cells were obtained using a camera. The mRNA expression levels of the (B) Alp, (C) Runx2, (D) Ocn and (E) Sppl
osteogenic genes were measured. Their relative changes were normalized to the GAPDH expression levels. The data are presented as the mean + standard
deviation of three independent experiments. “P<0.01, ##P<0.0001 vs. control group; “P<0.05, “P<0.01 vs. LPS group. BBR, berberine hydrochloride; LPS,
lipopolysaccharide; Runx2, RUNX family transcription factor 2; Ocn, osteocalcin; Sppl, secreted phosphoprotein 1; ALP, alkaline phosphatase.

middle stages (24), ALP protein expression was determined
using ALP staining. As shown in Fig. 2A (upper panel), cells
treated with BBR during the differentiation process exhibited
increased staining compared with that in the control cells,
in a dose-dependent manner. Furthermore, staining of cells
treated with LPS was markedly decreased compared with that
in the control cells. Notably, BBR reversed the LPS-induced
reduction (Fig. 2A; lower panel). In addition, intracellular Alp
mRNA expression level exhibited a similar result (Fig. 2B).
Compared with Alp mRNA expression in the control cells,
there was a 13.7-fold increase induced by BBR treatment and an
8.1-fold change induced by BBR and LPS co-incubation. The
gene expression level of Runx2, the key transcriptional factor
during osteogenesis (25), was higher in cells treated with BBR
and lower in LPS-treated cells. Furthermore, co-incubation
with BBR and LPS reversed the LPS-mediated reduction of
Runx2 mRNA expression level (Fig. 2C). Similar results were
also found for Ocn mRNA expression levels (Fig. 2D), which
is one of the essential osteogenic marker genes (26). The
regulation of BBR on SPP1 mRNA expression was similar
with that on Ocn mRNA expression; however, the result was
not significantly different (Fig. 2E). These findings indicated
that BBR could accelerate osteogenic differentiation and assist
with restricting LPS-induced adverse effects in BMSCs.

BBR reduces adipogenic differentiation of BMSCs under
LPS treatment. Basic effects of BBR on adipogenic gene

expression were weak in undifferentiated BMSCs; however,
it was hypothesized that BBR could serve a role in the adipo-
genic process. The maturity of adipose-like cells, which were
treated with different concentrations of BBR in combination
with or without LPS during the differentiated process, was
investigated. As illustrated in the oil red O staining images,
cells treated with a higher BBR dose exhibited fewer positive
stained cells (Fig. 3A; upper panel). LPS increased the number
of mature cells further, while BBR co-treatment reversed the
effect in a dose-dependent manner (Fig. 3A; lower panel). It
was found that BMSCs administrated with BBR combined
with LPS had more positive cells compared with those treated
with BBR alone. This suggested that BBR partly blocked
differentiation.

The gene expression levels in differentiated BMSCs were
also detected. As presented in Fig. 3B-D, the mRNA expres-
sion levels of all of the three adipogenic genes were decreased
by BBR and increased by LPS. Furthermore, BBR combined
with LPS decreased the LPS-stimulated Fabp4, Adipsin and
Ppary gene expression levels to a lower level in a dose-depen-
dent manner. Taken together, it was found that BBR inhibited
BMSCs adipogenesis and partly prevented the LPS-mediated
effect.

BBR ameliorates LPS-stimulated NF-kB signaling activation
and enhancement of pro-inflammatory factor expression. As
LPS activates cells and the expression of the pro-inflammatory
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Figure 3. BBR inhibits adipogenesis in bone marrow-derived mesenchymal stem cells. The cells were incubated with BBR (0, 1, 5 or 10 xM) alone or
simultaneously with LPS (1 yg/ml) in adipogenic media for 12 days. Then, the cells were detected using oil red O stain and reverse transcription-quantitative
PCR analysis. (A) Images of the ALP stained cells were obtained using a microscope, at x200 magnification. The mRNA expression levels of the (B) Fabp4,
(C) Adipsin and (D) Ppary adipogenic genes were measured. Their relative changes were normalized to the GAPDH expression levels. The data are presented
as the mean =+ standard deviation of three independent experiments. *#P<0.01, *##P<0.0001 vs. control group; “"P<0.0001 vs. LPS group. BBR, berberine
hydrochloride; LPS, lipopolysaccharide; Fabp4, fatty acid binding protein 4; Ppary, peroxisome proliferator-activated receptory; ALP, alkaline phosphatase.
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Figure 4. BBR protects bone marrow-derived mesenchymal stem cells from LPS-induced NF-«B activation under undifferentiated condition. Cells were
incubated with DMSO (as the control), BBR (10 M), LPS (1 ug/ml) or both BBR and LPS for 2h. Then, the cells were harvested for western blot analysis.
(A) Bands of the p-and t- (B) NF-kB p65 subunit, (C) IkBa and GAPDH protein expression levels are shown and the results were semi-quantified. The data
are presented as the mean + standard deviation of three independent experiments. “P<0.05, “#*P<0.0001 vs. control group; “P<0.01 vs. LPS group. T, total, p,
phosphorylated; BBR, berberine hydrochloride; LPS, lipopolysaccharide; p-, phosphorylated; t-, total.

cytokines via the TLR4-NF-«B signaling pathway, the effects
of BBR on the primary proteins of the NF-xB signaling
pathway were investigated. It is known that p-IkBa and
p-NF-xB p65 subunits are markers of TLR4/NF-kB pathway
activation (27). BMSCs were cultured and treated with BBR
and LPS, alone or in combination, for another 2h. It was found
that the LPS-treated group exhibited darker p-p65 and p-IxBa
bands compared with those in the control group and in the
BBR-treated group (Fig. 4A). There was no effect from BBR
alone; however, BBR decreased the LPS-stimulated activated

protein expression levels. Densitometry analysis of the bands
is shown in Fig. 4B and C. Notably, LPS treatment significantly
increased the phosphorylation of the NF-xB p65 subunit and
IkBa, and these increments were reversed when exposed to
BBR simultaneously.

Subsequently, the product of the activated NF-«B signaling
pathway was investigated using RT-qPCR, including the
mRNA expression levels of TNF-a, MCP-1, 11-6 and I1-1§.
BMSCs were differentiated and treated as aforementioned, then
mature osteoblast cells and adipose-like cells were harvested
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Figure 5. BBR alleviates LPS-induced inflammatory factor expression in both osteogenic and adipogenic differentiated bone marrow-derived mesenchymal
stem cells. The cells were incubated with BBR (0, 1, 5 or 10 xM) or simultaneously with LPS (1 yg/ml) in osteogenic media for 7 days or in adipogenic media

for 12 days. Then, the cells were harvested for reverse transcription-quantita

tive PCR analysis. The mRNA expression levels of the pro-inflammatory factors

(A) MCP-1, (B) TNF-a, (C) 11-6 and (D) II-1p were measured in differentiated osteoblastic cells. (E) MCP-1, (F) TNF-a, (G) 11-6 and (H) I1-18 expression levels
were also measured in adipogenic differentiated cells. Their relative changes were normalized to GAPDH levels. The data are presented as the mean + standard
deviation of three independent experiments. “P<0.05, “P<0.01, ##P<0.001, #*P<0.0001 vs. control group; "P<0.05, ““P<0.001, ““P<0.0001 vs. LPS group.
BBR, berberine hydrochloride; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1.

and detected. In osteogenic BMSCs (Fig. SA-D), BBR alone
had little effect on the pro-inflammatory factors except
MCP-1; however, LPS significantly increased TNF-o, MCP-1,
I1-6 and I1-1p gene expression to a great extent. Moreover, the
reversal effect of BBR against LPS was not strong. However, a
dose-dependent change was still found, particularly on MCP-1
mRNA expression levels.

The regulation of BBR was notable in adipogenic BMSCs.
The gene expression levels of MCP-1, 11-6 and I1-1§ were
alleviated with BBR treatment. LPS stimulated a 4.5-, 6.9-,
13.7- and 2.1-fold increase in the MCP-1, TNF-a, I1-6 and II-1p
mRNA expression levels, respectively. Furthermore, BBR
co-treatment caused a significant and dose-dependent decrease
in these expression levels (Fig. SE-H). At 10 M concentration,
BBR almost reversed the mRNA expression levels of MCP-1
and I1-6 back to the basic level.

All the aforementioned results suggested that BBR efficiently
decreased the mRNA expression levels of pro-inflammatory

factors in both types of cells and may act more sensitively in
adipogenic cells.

BBR regulates the balance of osteogenic/adipogenic differ-
entiation partly via AMP-activated protein kinase (AMPK)
activation. As BBR typically acts as an adenosine AMPK
agonist (28), it was hypothesized whether its regulation of
osteogenesis/adipogenesis balance was due to AMPK acti-
vation. The efficiency of BMSC osteogenic and adipogenic
differentiation with respective compound treatments was
subsequently investigated.

For osteogenic differentiation, compared with that in
the control cells, cells incubated with BBR stained darker,
while compound C (AMPK antagonist)-treated cells stained
lighter (Fig. 6A and B). The color of the stain in BBR and
compound C co-incubated cells was darker compared with
that in compound C only treated cells, and lighter compared
with that in cells treated with BBR only treated cells


https://www.spandidos-publications.com/10.3892/mmr.2021.11989

8 ZHOU et al: BERBERINE REGULATES OSTEOGENESIS AND ADIPOGENESIS BALANCE AGAINST LPS STIMULUS

A Osteogenic cslls Osteogenic cells
C
Control BBR c.C. BBR+C.C _ ALP content
3 : SR é
5
-LPS =
Q
o
]
<<
2
k|
¢ o
BBR(5uM) = + - + - + = +
C.C.“H.M)——+ + = = 4+ 4
LPS(1pg/ml) - - - - + + + +

B Osteogenic cells

D Adipogenic cells
Control BBR

E Control
o .-" 5" .. i
l‘kﬁ, "

-LPs

+LPS

C.C. BBR+C.C

Figure 6. BBR regulates osteogenic and adipogenic differentiation via AMPK activation. The cells were incubated with BBR (10 uM), C.C (1 uM) or both, in
the presence or absence of LPS (1 yg/ml), in osteogenic media for 7 days or in adipogenic media for 12days. Then, the cells were collected for ALP staining,
ALP content assay or oil red O staining. The images of the ALP stained cells were obtained using a (A) camera and (B) microscope at x200 magnification.
(C) Relative ALP content levels of osteogenic cells were measured and normalized to control levels. The images of the oil red O stained cells were obtained
using a (D) camera and (E) microscope at x200 magnification. The data are presented as the mean + standard deviation of three independent experiments.
“P<0.001, “P<0.0001. C.C, compound C; BBR, berberine hydrochloride; LPS, lipopolysaccharide; ALP, alkaline phosphatase.

(Fig. 6A and B; upper panel). Similar results were detected
under the LPS-mediated inflammatory condition (Fig. 6A
and B; lower panel). In addition, the intracellular ALP content
was measured and the results are presented in Fig. 6C. The ALP

content was weakly increased in the BBR group, while cells
treated with compound C and LPS had decreased ALP content.
Compared with that in the compound C group, the content of
ALP in the BBR +compound C group was significantly higher,
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suggesting the recovery of ALP expression. Under inflamma-
tory conditions, the LPS + compound C group showed a lower
ALP level compared with that in the LPS, and LPS + BBR +
compound C groups. Both the ALP staining and intracellular
content demonstrated that altered AMPK activation affected
osteogenic differentiation, and BBR could block the effect of
compound C.

For adipogenic differentiation, the number of positive
cells in the BBR group was reduced compared with that in the
control group, while the compound C group had more positive
cells compared with that in the control group (Fig. 6D and E).
The BBR + compound C group had a higher number of posi-
tive cells compared with that in the control group, but fewer
compared with that in the compound C group. On the other
hand, compared with that in the control group, LPS increased
the number of positive cells, and the combination group
with compound C had even higher numbers (Fig. 6D and E).
The LPS + BBR + compound C group had less stained cells
compared with that in the LPS + compound C group. It was
suggested that BBR reversed the pro-adipogenic differentia-
tion of LPS, and compound C disturbed the anti-adipogenic
function of BBR.

Discussion

Similar to periodontitis of teeth, peri-implantitis of implanted
teeth can occur. Inflammatory responses caused by bacteria
have been found to stimulate pro-inflammatory factor
upregulation and contribute to the pathogenesis of both
periodontitis and peri-implantitis (29). Therefore, controlling
the inflammatory reaction is an active strategy to solve the
peri-implant problem, by either reducing bacteria growth or
alleviating the accumulation of pro-inflammatory cytokines.
Notably, it would be beneficial to have both options. Previous
studies have reported that BBR was a broad-spectrum anti-
bacterial agent (30), and also exhibited anti-inflammatory
properties (28), thus, presenting as a suitable candidate
for peri-implantitis therapy. Although BBR decreased the
LPS-mediated inflammatory response in several types of
cells (28,31,32), the anti-inflammatory effect of BBR in
BMSC:s is yet to be fully elucidated. The present study demon-
strated that BBR not only attenuated the LPS-induced NF-xB
p65 and IkBa activation in undifferentiated BMSCs, but also
downregulated the pro-inflammatory factor expression levels
in differentiated cells. These results were consistent with the
expected effect, confirming BBR as a suitable candidate.
Besides anti-inflammation, bone regeneration is an
important aspect for peri-implantitis therapy. Thus, it should
be investigated whether a candidate would improve bone
regeneration. Firstly, previous studies have reported the pro-
osteogenesis effect of BBR (20,33); however, it was not clear
whether the action was sufficient to resist the effect by LPS.
Secondly, LPS could cause the imbalance of chondrogenesis
and adipogenesis in multi-potential BMSCs (18). The function
of LPS in regulating osteogenesis and adipogenesis balance
requires further investigation. In the present study, there was no
significant cytotoxic effect of LPS at 1 x#g/ml concentration but
weak cytotoxicity was induced at the dose of 10 yg/ml. Notably,
the properties of LPS may vary at different concentrations. For
instance, LPS promoted adipogenesis at a dose of 10 pg/ml,
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but attenuated adipogenic differentiation at a concentration
of 100 ng/ml (18,34). Thus, in the current study, in order to
avoid the effect of cytotoxicity caused by high concentration
of LPS on cell differentiation, the dose of 1 xg/ml was selected
for subsequent experimentation. In a LPS-mediated inflamma-
tory condition, the regulation of BBR on the complex roles of
LPS-induced differentiation promotion or attenuation should
also be investigated.

To answer these questions, the changes in undifferenti-
ated and differentiated cells treated with BBR alone or in
combination with LPS were investigated. Understanding the
basic effect of BBR in undifferentiated cells may assist with
predicting osteogenic or adipogenic differentiation tendency
in the complex differentiated environment. In the present
study, it was found that BBR reversed the LPS-induced low
mRNA expression levels of osteogenic genes to a higher level
(compared with that in the control group) in undifferentiated
cells; however, the changes in the differentiated osteoblast
were not as effective. Up to a 10 uM concentration, BBR
was not able to completely neutralize the inhibition of LPS.
Furthermore, the changes in the ALP protein staining were
moderate compared with that observed for the mRNA expres-
sion level. Analogously, the resistant role of BBR against LPS
in regulating adipogenic gene expression level was weak in
the undifferentiated BMSCs; however, it was stronger in the
mature adipose-like cells. The oil red O stain assay further
identified the high efficiency of BBR. The extent of the varia-
tion maybe different; however, the tendency of pro-osteogenic
and anti-adipogenic effects of BBR were found to be similar,
regardless of whether the BMSCs were differentiated or not.
In other words, LPS-mediated osteogenic and adipogenic
differentiation was rectified by BBR.

Given that BBR is an activator of AMPK, it was hypoth-
esized that BBR could modulate the balance of osteogenic and
adipogenic differentiation by activating AMPK. Therefore,
an AMPK inhibitor, compound C, was used. The present
results identified that compound C attenuated the effects of
BBR; however, its strong regulation of anti-osteogenesis and
pro-adipogenesis was notable. It was suggested that up- and
down-regulation of AMPK could enhance the pro-osteogenic
and pro-adipogenic effects, accordingly. BBR has been
revealed to competitively bind with myeloid differentiation
protein (MD-2) and interfere with the binding of the TLR4/
MD-2 complex with LPS (35,36); thus, BBR acts as a high-
affinity LPS antagonist. However, these molecular docking
data were the result of computer simulation, and not from
experimental detection. In the present study, BBR reversed the
effects of LPS; however, this does not suggest a direct interac-
tion between BBR and LPS. Until now, the mechanism of action
was unknown, regarding whether it was direct, indirect or
mixed. Based on the aforementioned results, further investiga-
tion is required to elucidate the direct competitive antagonism.
Elimination of LPS function by knockout or mutation of the
MD-2 gene may assist with identification or exclusion of the
direct method. Until this is identified, it can only be hypoth-
esized that BBR attenuated the LPS-mediated effects, at least
partly, via the activation of AMPK. Furthermore, BBR is a
multi-target molecule. For instance, ubiquitin-like with PHD
and RING Finger domains 1 is also a BBR target protein (37),
which could negatively regulate Ppary in colorectal cancer (38).
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Whether the ubiquitin-dependent proteasome system serves a
role in the osteogenic differentiated regulation in BMSCs also
requires confirmation.

In the present study, there was an interesting finding that
LPS stimuli decreased Ppary mRNA expression level in undif-
ferentiated BMSCs but increased its gene expression level in
the adipogenic cells. Simonin et al (39) reported a decrease
in Ppary expression induced by 10 yg/ml LPS in rat synovial
fibroblasts. Moreover, LPS (0.5 pg/ml) was found to downreg-
ulate Ppary mRNA and protein expression levels in vascular
smooth muscle cells (40). The effects of LPS on Ppary gene
expression in these cells were consistent with the current
findings in the undifferentiated BMSCs. On the other hand,
similar to the present results, another research team reported
that LPS increased Ppary mRNA expression under the adipo-
genic condition (13). Sun et al (41) revealed that mineralization
of ST2 cells is inhibited by PPARY agonist troglitazone, while
osteogenic differentiation of BMSCs from osteoblast-targeted
PPARY knock-out mice increases compared with wild type
mice. Cortical bone formation in the knock-out mice is also
increased. In fact, Ppary is a protein with complex mechanism,
which could inhibit certain gene expression levels in untreated
cells and enhance these in LPS-stimulated cells (42). Thus,
it was suggested that the inhibition of Ppary gene expression
by LPS in undifferentiated BMSCs may reflect a potential
osteogenic role. However, under adipogenic conditions, Ppary
expression and activation was increased, and LPS further
promoted Ppary expression via other mechanisms. This
mechanism requires further study.

In summary, the present study demonstrated that BBR
ameliorated the LPS-induced imbalance of osteogenic and
adipogenic differentiation in BMSCs and promoted osteogen-
esis. The current study provided a potential drug candidate,
BBR, to solve the peri-implantitis problem, with regards to its
multiple role in anti-bacterial capacity (43), anti-inflammation
action and osteogenesis.
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