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Abstract
Background: During periodontitis, tooth-supporting alveolar bone is resorbed
when there is an increased expression of the pro-osteolytic factor termed recep-
tor activator of nuclear factor κB ligand (RANKL), which is responsible for
osteoclast differentiation and activation. In periodontitis-affected tissues, the
imbalance between T-helper type-17 (Th17) and T-regulatory (Treg) lymphocyte
activity favors this RANKL overexpression. In this context, immunotherapeu-
tic strategies aimed at modulating this Th17/Treg imbalance could eventually
arrest the RANKL-mediated alveolar bone loss. Boldine has been reported to
protect from pathological bone loss during rheumatoid arthritis and osteoporo-
sis, whose pathogenesis is associated with a Th17/Treg imbalance. However, the
effect of boldine on alveolar bone resorption during periodontitis has not been
elucidated yet. This study aimed to determine whether boldine inhibits alveolar
bone resorption by modulating the Th17/Treg imbalance during periodontitis.
Methods:Mice with ligature-induced periodontitis were orally treated with bol-
dine (10/20/40mg/kg) for 15 consecutive days.Non-treated periodontitis-affected
mice and non-ligated mice were used as controls. Alveolar bone loss was ana-
lyzed bymicro-computed tomography and scanning electronmicroscopy. Osteo-
clasts were quantified by histological identification of tartrate-resistant acid
phosphatase-positive cells. Production of RANKL and its competitive antagonist
osteoprotegerin (OPG) were analyzed by ELISA, quantitative polymerase chain
reaction (qPCR), and immunohistochemistry. The Th17 and Treg responses were
analyzed by quantifying the T-cell frequency and number by flow cytometry.
Also, the expression of their signature transcription factors and cytokines were
quantified by qPCR.
Results: Boldine inhibited the alveolar bone resorption. Consistently, boldine
caused a decrease in the osteoclast number and RANKL/OPG ratio in periodon-
tal lesions. Besides, boldine reduced theTh17-lymphocyte detection and response
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and increased the Treg-lymphocyte detection and response in periodontitis-
affected tissues.
Conclusion:Boldine, administered orally, inhibited the alveolar bone resorption
and modulated the Th17/Treg imbalance during experimental periodontitis.
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1 INTRODUCTION

Plant-derived bioactive compounds play a significant role
in modern medicine, mainly due to their beneficial ther-
apeutic properties and minimal side effects, which are
frequently a problem in chemically synthesized drugs.
Consequently, in recent years, the use of natural prod-
ucts obtained from plants has been strongly suggested for
the treatment of oral diseases, including stomatitis, dental
caries, and periodontitis.1,2
Boldine is the first isoquinoline alkaloid extracted from

the bark and leaves of the boldo tree (Peumus boldus
Molina), one of the most widely known and used medic-
inal plants in South America.3,4 Among South Ameri-
can native peoples, traditional applications of boldo as
a brew include headache, earache, nasal congestion,
rheumatism, and gastrointestinal disorders, and its use
has entered some European countries as pharmaceuti-
cal boldine-containing concentrates.3,5 Many pharmaco-
logical properties have been attributed to boldine, mainly
due to its cytoprotective, hepatoprotective, nephroprotec-
tive, neuroprotective, antioxidant, antipyretic, and anti-
inflammatory activities.3 Indeed, accumulating scientific
evidence has supported its therapeutic use against hyper-
tension, diabetes mellitus, cancer, cerebrovascular injury,
and rheumatoid arthritis.6‒11 Recent studies reported that
the oral administration of boldine or its lower homolog
norboldine in experimental animal models of rheuma-
toid arthritis or osteoporosis inhibited pathological bone
resorption, and this inhibition was associated with the
downregulation of the pro-bone-resorptive factor termed
receptor activator of nuclear factor κB ligand (RANKL)
and the upregulation of its soluble decoy osteopro-
tegerin (OPG) in the affected tissues.6,12 Notably, the
decreased bone resorptionwas associatedwithmodulation
of the imbalance between T-helper type-17 (Th17) and T-
regulatory (Treg) lymphocyte activity, which directly deter-
mines the decreased local RANKL/OPG ratio.12‒16
As is the case with rheumatoid arthritis and osteoporo-

sis, bone resorption is also the hallmark of periodontitis.
Certainly, periodontitis is an inflammatory disease
characterized by alveolar bone resorption caused by an

increase in the RANKL-mediated osteoclast activity in
periodontal lesions.17 It has been convincingly established
that changes in the periodontal RANKL/OPG levels
are determined by the pattern of the host’s immuno-
inflammatory response triggered against the constant
subgingival microbial challenge, and the pattern of
immuno-inflammatory response deployed in the peri-
odontal tissues is a consequence of reciprocal interactions
between different T-lymphocyte subpopulations.17‒21
According to this, alveolar bone resorption is closely asso-
ciated with a Th17/Treg imbalance, defined by an increase
in the activity of RANKL-producing Th17 lymphocytes
and a decrease in the activity of Treg lymphocytes in
periodontitis-affected tissues.17‒21 Taking together all
these pathogenic similarities, we can suggest that natural
products used for controlling bone loss in rheumatoid
arthritis and osteoporosis, such as boldine, are also useful
for periodontitis. We, therefore, hypothesized that boldine
inhibits the alveolar bone resorption and modulates the
Th17/Treg imbalance during experimental periodontitis.
To determine whether boldine has an effect on the

alveolar bone resorption and immune response during
periodontitis, in this investigation we assessed whether
oral administration of boldine in mice with ligature-
induced periodontitis affects the extent of the alveolar
bone resorption, detection of osteoclasts and inflammatory
cells, production of RANKL and OPG, expression of proin-
flammatory cytokines, expression of Th17 or Treg-related
transcription factors and cytokines, and detection of Th17
and Treg lymphocytes in periodontitis-affected tissues.

2 MATERIALS ANDMETHODS

2.1 Boldine extraction and purification

Boldine was isolated from P. boldus bark as previously
described.4 The P. boldus bark was collected in early 2019
(summer) in Curacaví township (33◦23′ S and 70◦59′ W,
about 580 m above sea level), Metropolitan Region, Chile.
The dried, milled bark was submerged for 4 hours in
hexane at 50◦C to dewax, repeating the procedure three
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times. The plant material was dried and then extracted
with 1-M hydrochloric acid (HCl). The filtered solution
was made basic (pH 9-10) by adding concentrated (25%)
ammonia, and the aqueous solution was extracted 3 times
with dichloromethane. The crude alkaloid extract was
dried with Na2SO4, filtered, and concentrated. Finally,
the boldine was purified by column chromatography on
silica gel 60 Å (40-63 μm), using an EtOAc:MeOH gra-
dient going from pure EtOAc to pure MeOH, monitor-
ing the fractions by thin layer chromatography (TLC)
(EtOAc:MeOH 4:1 and DCM:MeOH 5:3), examining the
chromatograms under 254 and 365 nmUV light, and spray-
ing with Dragendorff reagent to detect the presence of
alkaloids. Boldine was identified by 1H and 13C-nuclear
magnetic resonance (NMR), and its purity was >98%
by high performance liquid chromatography-ultraviolet
detection (HPLC-UV). The hydrochloride was prepared
subsequently by adding the calculated amount of concen-
trated (37%)HCl to a solution of boldine in acetone, and the
water-soluble salt (MW: 363.8 g/mol) was used for animal
administration.

2.2 Animals

Healthy 7-week-old, ≈20 g C57BL/6 mice were obtained
from the Institutional Animal Facility of the Faculty of
Dentistry, Universidad de Chile. The mice were main-
tained under pathogen-free conditions in a controlled envi-
ronment: temperature 24◦C±0.5◦C, relative humidity 40%
to 70%, an air exchange rate of 15-room vol/hour, and 12-
hour light/dark cycles, with lights on at 7:00 am. For the
duration of the study, the animals were fed with sterile
standard food and water ad libitum. All experimental pro-
cedures were reviewed and approved by the Institutional
Ethics Committee for Animal Care and Use of Universi-
dad de Chile (Protocol #061601). The study was conducted
in accordance with the NC3Rs ARRIVE guidelines,22
the recommendations of the American Veterinary Med-
ical Association (AVMA),23 and the guidelines approved
by the Council of the American Psychological Society
(1980).24

2.3 Induction of experimental
periodontitis and boldine administration

Experimental periodontitis was induced by the liga-
tion method following a protocol previously described.25
Briefly, mice were anesthetized with an intraperitoneal
injection of ketamine and xylazine, and a 5-0 silk liga-
ture was tied around the maxillary second molars by an
experienced operator (EAC), without causing damage to

the periodontal tissues. Boldine was given by oral gav-
age at 10, 20, or 40 mg/kg in 100-μL phosphate-buffered
saline (PBS), starting from the day of ligature placement,
for 15 consecutive days. The doses and frequency of bol-
dine were determined based on previous reports.8,15,26
Forty animals were randomly allocated to five groups
with eight mice in each group: a) non-ligated group, b)
non-treated ligated group, c) ligated group receiving low
doses of boldine (10 mg/kg), d) ligated group receiving
medium doses of boldine (20 mg/kg), and e) ligated group
receiving high doses of boldine (40 mg/kg). The non-
ligated group (group a) was used as control. The non-
treated ligated group (group b), which received PBS vehi-
cle without boldine, was used for comparisons. After
15 days, the animals were euthanized by an intraperi-
toneal ketamine and xylazine overdose, and samples of
maxillae, gingival crevicular fluid, palatal periodontal tis-
sues, and cervical lymph nodes were collected for further
analysis.

2.4 Alveolar bone resorption

The extent of the alveolar bone resorption was quanti-
fied in maxillae by microcomputed tomography (micro-
CT) and scanning electron microscopy (SEM) as previ-
ously described.27 Maxillae were dissected free of soft tis-
sues, immersed in 2.5% sodium hypochlorite solution for
12 hours, and washed with 70% EtOH followed by 90%
and 100% EtOH for 24 hours each. For micro-CT analy-
sis, maxillae were scanned in all three spatial planes using
a micro-CT apparatus* and the 3D-digitized images were
obtained using a reconstruction software.† A standardized
region of interest (ROI) was acquired using an analysis
software,‡ using the following anatomical parameters: the
furcation roof and root apex of both first and secondmolar,
the medial root surface of the first molar, and the distal
root surface of the second molar. The percentage of bone
loss was calculated using the formula: percentage of bone
loss= 1 -(remaining bone volume/ROI)× 100, and adjusted
to the non-ligated control group. For SEM analysis, maxil-
lae were fixed in 2.5% buffered glutaraldehyde overnight
at room temperature, dehydrated, sputter-coated with a
200 nm-thickness layer of gold, and analyzed at an acceler-
ating voltage of 20 kV in a scanning electron microscope.§
Bone loss analysis was performed at 30× magnification,
quantifying the area of bone loss between the mesial sur-
face of the first molar and the distal surface of the third

* SkyScan 1278; Bruker, Kontich, Belgium.
†Nrecon software; Bruker, Kontich, Belgium.
‡Dataviewer software; Bruker, Kontich, Belgium.
§ Jeol JSMIT300LV; Jeol, Tokyo, Japan.
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molar, and between the cemento-enamel junction and the
alveolar bone crest, adjusting the area of bone loss of each
experimental condition to the area detected in the non-
ligated control group. All data were collected by a single
observer (EAC) who was masked to experimental speci-
men conditions.

2.5 TRAP+ osteoclast detection

Activated osteoclasts were quantified in the periodontal
tissues by identifying cells expressing the osteoclast-
specific marker tartrate-resistant acid phosphatase
(TRAP) as previously described.28 For this, periodontal
tissue biopsies were taken and immediately fixed in
10% formalin pH 7.4 for 24 hours. Then, samples were
demineralized in 5% EDTA for 60 days and processed
for standard paraffin embedding. Sections of 5 μm were
prepared and stained using a TRAP histochemical stain
kit** according to the manufacturer’s protocol. Micropho-
tographic images were obtained using an brightfield
optical microscope†† and analyzed in amaskedmanner by
a single calibrated examiner (CC). TRAP+ multinucleated
cells were considered as osteoclasts.

2.6 RANKL and OPG production

To measure the RANKL and OPG production in the peri-
odontal tissues, gingival crevicular fluid samples were
collected using a previously described protocol.29 Briefly,
under intraperitoneal ketamine and xylazine anesthesia,
the original ligature used for periodontitis induction was
gently removed, and a new 2 cm-length 5-0 silk ligature
was tied in the same position. After 10 minutes, the sam-
pling ligature containing the gingival crevicular fluid was
collected and immediately processed using a standardized
elution procedure. Sampling ligatures were submerged in
60 μL of 0.05% Tween 20 in PBS, containing a cocktail of
protease inhibitors,‡‡ incubated for 30minutes at 4◦C, and
centrifuged at 12,000 × g for 5 minutes. The elution proto-
col was repeated twice. From eluted samples, the RANKL
andOPG levelswere determinedusing commercially avail-
able ELISA kits§§ and analyzed in an automaticmicroplate
reader.***

** Sigma-Aldrich, St. Louis, MO.
††AxioStarPlus, Carl Zeiss, Oberkochen, Germany.
‡‡ cOmplete Mini EDTA-free; Roche Diagnostics, Mannheim, Germany.
§§ Quantikine; R&D Systems, Minneapolis, MN.
*** Synergy HT; Bio-Tek Instrument, Winooski, VT.

2.7 RANKL and OPG histological
expression

The RANKL and OPG detection in the periodontal tissues
were also analyzed by immunohistochemistry. Biopsy sec-
tions of 5 μm were immunostained by incubating them
with anti-RANKL or anti-OPG goat immunoglobulin G
polyclonal primary antibodies††† overnight at 4◦C; fol-
lowed by a donkey anti-goat immunoglobulin G H&L
Alexa Fluor 555-labeled polyclonal secondary antibody,‡‡‡
diluted in 5% PBS-BSA containing 10 μg/mL DAPI, for
1 hour at 4◦C. Confocal images were acquired in a laser
scanning microscope§§§ in a masked manner by a sin-
gle trained examiner (CC). The series of images obtained
from confocal z-stacks were processed and analyzed using
image software.****

2.8 Histopathologic analysis

The potential inflammatory changes within periodontal
tissues as a consequence of boldine treatment were his-
tologically analyzed by identifying the influx of inflam-
matory cells as previously described.30 Biopsy sections of
5 μm were processed for hematoxylin and eosin stain-
ing, and microphotographic images were obtained using
an brightfield optical microscope.†††† Lymphocytes, neu-
trophils, and macrophage-like cells were identified by an
oral pathologist (MH) in a single-masked manner. As a
complement, the expression levels of the proinflammatory
cytokines interleukin (IL)-1β, IL-12p40, interferon (IFN)-
γ, and tumor necrosis factor (TNF)-α were determined as
detailed in the next section.

2.9 Th17 and Treg-related transcription
factor and cytokine expression

To analyze potential changes in the Th17/Treg-pattern
of immune response triggered in the periodontal tis-
sues during experimental periodontitis and treatment
with boldine, the mRNA expression levels of the Th17
and Treg-associated transcription factors and their signa-
ture cytokines were quantified using quantitative poly-
merase chain reaction (qPCR). Also, themRNA expression
levels of RANKL, OPG, and proinflammatory cytokines
were quantified. From each whole palatal periodon-
tal tissue sample, total cytoplasmic RNA was obtained

†††R&D Systems, Minneapolis, MN.
‡‡‡Abcam, Cambridge, England.
§§§ Leica TCS SP8; Leica Microsystems, Wetzlar, Germany.
**** Leica LAS X software; Leica Microsystems, Wetzlar, Germany.
††††AxioStarPlus, Carl Zeiss, Oberkochen, Germany.
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using a molecular purification reagent‡‡‡‡ and the first-
strand cDNA was synthesized using a reverse transcrip-
tion kit,§§§§ following the manufacturer’s instructions.
Then, 10 ng of cDNA were amplified using the appropri-
ate primers (see Table S1 in online Journal of Periodontol-
ogy) and a qPCR reagent***** using a real-time qPCR appa-
ratus.††††† The mRNA expression levels of the transcrip-
tion factors retinoic acid receptor-related orphan nuclear
receptor-γt (RORγt) and forkhead box P3 (Foxp3), the
cytokines IL-1β, IL-6, IL-10, IL-12 (p40 subunit), IL-17A, IL-
23 (p19 subunit), IL-35 (Epstein-Barr virus induced gene 3
[EBI3] subunit), IFN-γ, transforming growth factor (TGF)-
β1, and TNF-α and the bone-related factors RANKL and
OPG were determined. Amplification reactions were con-
ducted as follows: 95◦C for 3 minutes, followed by 40
cycles of 95◦C for 3 seconds, and 60◦C for 30 seconds. For
the detection of unspecific product formation and false-
positive amplification, a melting curve was carried out
as follows: 95◦C for 15 seconds, 60◦C for 1 minute, and
95◦C for 15 seconds. As an endogenous control, 18S rRNA
expression levels were measured.

2.10 Th17 and Treg lymphocyte
detection

For further analysis of the Th17/Treg-pattern of immune
response triggered during experimental periodontitis and
its treatment with boldine, the presence of Th17 and Treg
lymphocytes in the cervical lymph nodes that drain the
periodontal lesions were analyzed using flow cytometry
as previously described.27 The cervical lymph nodes were
removed and disrupted on a 70 μm cell-strainer in PBS,
and single cells were counted using an automated cell
counter.‡‡‡‡‡ Previous to the determination of cell via-
bility using a live/dead kit,§§§§§ cells were extracellularly
stained using the following fluorochrome-coupled anti-
bodies******: anti-CD4 brilliant violet 605 (BV605; clone
GK.1.5), anti-CD8a brilliant ultraviolet 396 (BUV396; clone
53-6.7), and anti-CD45 brilliant ultraviolet 737 (BUV737;
clone 30-F11). After that, cells were treated with 50 ng/mL
phorbol 12-myristate 13-acetate (PMA), 1 μg/mL iono-
mycin, and 5 μg/mL brefeldin-A at 37◦C for 4 hours and
fixed/permeabilized using commercial fixation and per-

‡‡‡‡ TRIzol Plus; Invitrogen, Barcelona, Spain.
§§§§ SuperScript III; Invitrogen, Grand Island, NY.
***** KAPA SYBR Fast qPCR; KAPA Biosystems, Woburn, MA.
††††† StepOnePlus; Applied Biosystems, Singapore.
‡‡‡‡‡ Luna II, Logos Biosystems, Annandale, VA.
§§§§§ Zombie UV Fixable Viability Kit; BioLegendÿ San Diego, CA.
****** BD Bioscience, San Jose, CA.

meabilization/wash buffers,†††††† following the manufac-
turer’s instructions. Subsequently, cells were intracellu-
larly stained using the following fluorochrome-coupled
antibodies‡‡‡‡‡‡: anti-RORγt phycoerythrin CF594 (PE
CF594; cloneQ31-378), anti-Foxp3Alexa Fluor 488 (AF488;
clone 150D), anti-IL-10 allophycocyanin-Cy7 (APC-Cy7;
clone JES5-16E3), and anti-IL-17A phycoerythrin-Cy7 (PE-
Cy7; clone TC11-18H10.1). A flow cytometer§§§§§§ was used
to detect the labeled cells using the following gating strat-
egy: FSC/SSC, FSC/FSC, live/dead/CD45, and CD4/CD8.
Isotype-matched control antibodies were used to deter-
mine negative cell populations. The experiments were per-
formed separately for each animal.

2.11 Statistical analysis

The data were expressed as the mean ± SD for eight
mice per group unless otherwise stated. Alveolar bone loss
was calculated as percentage (micro-CT) and μm2 (SEM).
The ELISA data were calculated as pg/mL using a logis-
tic equation of 4 parameters. The qPCR data were calcu-
lated using the 2−ΔΔCt method using a qPCR software*******
and expressed as fold-change of relative quantities. The
flow cytometry data were analyzed using a specific soft-
ware.††††††† Data were statistically analyzed,‡‡‡‡‡‡‡ the
normality of data distribution was established using the
Kolmogorov-Smirnov test, and statistical differences were
determined using theANOVAandBonferroni’s tests.P val-
ues <0.05 were considered statistically significant.

3 RESULTS

3.1 Alveolar bone loss

Experimental periodontitis was successfully induced by
ligature, and mice developed substantial alveolar bone
resorption around maxillary molars 15 days after liga-
tion (Fig. 1A). Boldine dose-dependently inhibited alve-
olar bone resorption in these periodontitis-affected mice
(Figs. 1B and 1C).When 10mg/kg of boldinewere adminis-
tered orally, significantly less alveolar bone resorption was
induced comparedwith non-treatedmice.When 20mg/kg
of boldine were used, significantly less alveolar bone

††††††R&D Systems, Minneapolis, MN.
‡‡‡‡‡‡ BioLegend, San Diego, CA.
§§§§§§ LSR Fortessa X-20; BD Immunocytometry Systems, Franklin Lakes,
NJ.
******* StepOne 2.2.2 software; Applied Biosystems, Singapore.
†††††††WinMDi 2.9 software; The Scripps Research Institute, La Jolla, CA.
‡‡‡‡‡‡‡ SPSS 22.0 software; IBM Corp., Armonk, NY.
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F IGURE 1 Alveolar bone loss. A) Representative micro-
computed tomography (micro-CT) images ofmaxilla specimens from
mice with ligature-induced periodontitis treated with boldine or
left untreated. Healthy, non-ligated mice were used as control. B)
Alveolar bone loss quantified by micro-CT in maxilla specimens of
mice with ligature-induced periodontitis treated with boldine or left
untreated. Data are represented as percentage of bone loss adjusted
to the non-ligated control group and shown as mean± SD (n= 8).C)
Area of bone loss quantified by scanning electron microscopy (SEM)
in maxilla specimens of mice with ligature-induced periodontitis
treated with boldine or left untreated. Data are represented as μm2

adjusted to the non-ligated control group and shown as mean ± SD
(n = 8). *P < 0.05. Non-treated group compared with boldine-treated
groups (10, 20, or 40 mg/kg of boldine orally)

resorption was induced compared with both non-treated
mice and mice treated with 10 mg/kg of boldine. When
40 mg/kg of boldine were used, significantly less alveolar
bone resorption was induced compared with non-treated
mice and mice treated with 10 or 20 mg/kg of boldine.

3.2 TRAP+ osteoclast detection

Boldine also reduced the detection of TRAP+ osteoclasts.
TRAP+ osteoclasts were observed in all experimental
conditions (Fig. 2A). Dose-dependently, periodontitis-
affected mice treated with boldine showed significantly
less TRAP+ osteoclasts compared with periodontitis mice
without treatment, in which numerous osteoclasts were
observed (Fig. 2B). In turn, TRAP+ osteoclast detection in
non-ligated healthy mice was scarce.

3.3 RANKL and OPG production

Based on the finding that boldine confers protection
against alveolar bone resorption during experimental peri-
odontitis and that osteoclast differentiation and activation
depends on the local RANKL/OPG levels, the production
of RANKL and OPG in the periodontitis-affected tissues
was analyzed (Fig. 3). In a dose-dependent manner, the
expression (mRNA levels) and secretion (protein levels)
of RANKL were significantly lower in periodontitis mice
treated with boldine than non-treated mice (Figs. 3A and
3B). Conversely, an increase in the expressed and secreted
levels of OPG was detected in boldine-treated periodonti-
tis mice as compared with non-treated mice (Figs. 3A and
3B). These changes resulted in a diminished RANKL/OPG
ratio in the periodontal lesions when periodontitis mice
were treated with boldine (Fig. 3C). In agreement with
this, boldine reduced the RANKL-immunopositive stain-
ing and increased theOPG-immunopositive staining in the
periodontitis-affected tissues (Fig. 3D).

3.4 Inflammatory cell detection and
proinflammatory cytokine expression

Boldine also induced changes in the inflammatory cell
infiltration of the mice periodontium (Fig. 4A). Ligature
caused accentuated leukocyte infiltration in periodontal
tissues.When boldinewas administered, less lymphocytes,
neutrophils, and macrophage-like cells were identified.
Besides, periodontitis-affected mice treated with boldine
showed dose-dependently less mRNA expression of the
proinflammatory cytokines IL-1β, IL-12, IFN-γ, and TNF-
α as compared with non-treated mice (Fig. 4B).

3.5 Th17 and Treg-related transcription
factor and cytokine expression

Alveolar bone resorption and RANKL overexpression
during periodontitis are closely associated with the
local Th17/Treg imbalance. Thus, to assess whether the
inhibitory effect of boldine on the alveolar bone loss
and RANKL-mediated osteoclast activation was associ-
ated with the modulation of the Th17/Treg imbalance, the
expression of the Th17 or Treg-related transcription fac-
tors and cytokines was analyzed in the periodontal lesions
(Fig. 5). In a dose-dependent manner, the mRNA expres-
sion of the transcription factor RORγt, associated with the
differentiation and function of Th17 lymphocytes, was sig-
nificantly lower in periodontitis mice treated with bol-
dine than in non-treated mice (Fig. 5A). Conversely, a
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F IGURE 2 Osteoclast detection. A)
Representative tartrate-resistant acid
phosphatase (TRAP) staining of periodontal
tissues of mice with ligature-induced
periodontitis treated with boldine or left
untreated. Healthy, non-ligated mice were
used as control. Scale bar: 50 μm (40×
objective) and 20 μm (100× objective). B)
Quantification of TRAP+ osteoclasts in
periodontal tissues of mice with
ligature-induced periodontitis treated with
boldine or left untreated. Healthy, non-ligated
mice were used as control. Data are
represented as osteoclast number/slide and
shown as mean ± SD (n = 6). *P < 0.05.
Non-treated group compared with
boldine-treated groups (10, 20, or 40 mg/kg of
boldine orally)

dose-dependent increase in the mRNA expression of the
transcription factor Foxp3, associated with the differen-
tiation and function of Treg lymphocytes, was detected
in boldine-treated periodontitis mice compared with non-
treated mice (Fig. 5B). Besides, periodontitis-affected mice
treated with boldine showed significantly less mRNA
expression of the Th17-related cytokines (IL-6, IL-17A, and
IL-23) as compared with non-treated mice (Fig. 5C). Con-
versely, in a dose-dependent manner, the mRNA levels of
the Treg-related cytokines (IL-10, IL-35, and TGF-β1) were
significantly higher in periodontitis mice treated with bol-
dine than in non-treated mice (Fig. 5D).

3.6 Th17 and Treg lymphocyte detection

The changes in the Th17/Treg-pattern of the immune
response induced by boldine were ratified when the fre-
quency and absolute number of Th17 and Treg lympho-
cytes were analyzed within the cervical lymph nodes that
drain the periodontal tissues (Fig. 6). In a dose-dependent
manner, boldine induced a significant reduction in the fre-
quency and number of CD45+CD4+CD8−RORγt+IL-17A+
Th17 lymphocytes in periodontitis-affectedmice compared
with non-treated mice (Figs. 6A and 6C). Interestingly,

boldine also induced a significant increment in the fre-
quency and number of CD45+CD4+CD8−Foxp3+IL-10+
Treg lymphocytes in periodontitis-affectedmice compared
with non-treated mice (Figs. 6B and 6D).

4 DISCUSSION

Nowadays, there is a growing demand for safe and effec-
tive traditional medicines obtained from natural sources
and medicinal plants to treat human diseases. As a result,
many studies have assayed different botanical products as
coadjuvant therapies aimed to control oral diseases.1,2,30‒32
Alveolar bone resorption, however, remains an important
clinical problem, and none of the approaches proposed
to date have proven to be very effective.1,33 In this con-
text, boldine is a plausible alternative, since recent in vivo
studies have reported its beneficial effects on patholog-
ical osteoclast activity and bone loss.6,12 In the present
study, we have demonstrated for the first time that bol-
dine ameliorates periodontitis by inhibiting the alveolar
bone resorption, and this inhibition is associated with the
modulation of the Th17/Treg imbalance that determines
the RANKL-mediated osteoclast activity in the periodontal
lesions.
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F IGURE 3 RANKL and OPG production. A) RANKL and OPG secretion in the gingival crevicular fluid (GCF) samples of mice with
ligature-induced periodontitis treated with boldine or left untreated. Healthy, non-ligated mice were used as control. Data are represented as
pg/mLand shownasmean± SD (n= 8). Each experimentwas performed in duplicate.B) RANKLandOPGmRNAexpression in the periodontal
lesions of mice with ligature-induced periodontitis treated with boldine or left untreated. As references for fold-change in expression, the
RANKL and OPG mRNA expressions in control (c) non-ligated mice were considered as 1. Data are represented as mRNA fold-change and
shown as mean ± SD (n = 8). Each experiment was performed in duplicate. C) Ratios between the secreted levels of RANKL and OPG in GCF
samples of mice with ligature-induced periodontitis treated with boldine or left untreated. Healthy, non-ligated mice were used as control.
Data are represented as RANKL/OPG ratio and shown as mean ± SD (n = 8). D) RANKL (in red) and OPG (in green) immunoreactivity by
fluorescencemicroscopy in representative periodontal lesions ofmice with ligature-induced periodontitis treatedwith boldine or left untreated.
Healthy, non-ligatedmicewere used as control. DAPI staining (in blue)was used to visualize the cellular nuclei. Scale bar: 50μm(40× objective).
*P < 0.05. Non-treated group compared with boldine-treated groups (10, 20, or 40 mg/kg of boldine orally)

Mounting evidence has shown that boldine has a bene-
ficial effect in distinct human diseases.6‒11 In the context of
osteoimmunological diseases, it is noteworthy that boldine
has also been demonstrated to protect against bone loss.6,12
By using an animal model of collagen-induced rheuma-
toid arthritis, oral administration of boldine inhibited
osteoclast differentiation and the consequent sub-chondral

articular bone loss.6 In particular, boldine induced an
increase in the expression levels of OPG and a decrease
in the expression levels of RANKL in the joint lesions.6
Similarly, using an animal model of ovariectomy-induced
osteoporosis, boldine prevented pathological bone loss and
conducted this protective effect through the inhibition
of RANKL-induced osteoclastogenesis.12 Consistent with
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F IGURE 4 Periodontal inflammation. A) Representative hematoxylin and eosin (H&E) staining of periodontal tissues of mice with
ligature-induced periodontitis treated with boldine or left untreated. Healthy, non-ligated mice were used as control. Inflammatory cells were
identified as lymphocytes (L), neutrophils (N), and macrophage-like cells (M). Scale bar: 50 μm (40× objective) and 20 μm (100× objective).
B) Expression levels of the proinflammatory cytokines IL-1β, IL-12, IFN-γ, and TNF-αmRNAs in the periodontal lesions of mice with ligature-
induced periodontitis treated with boldine or left untreated. As references for fold-change in expression, the cytokine mRNA expressions in
control (c) non-ligatedmicewere considered as 1. Data are represented asmRNA fold-change and shown asmean± SD (n= 8). Each experiment
was performed in triplicate. *P < 0.05. Non-treated group compared with boldine-treated groups (10, 20, or 40 mg/kg of boldine orally)

these findings, in the present study, ligature-induced peri-
odontitis was inhibited after oral administration of bol-
dine, and this inhibition was associated with changes in
the production of RANKL and OPG in the periodontal tis-
sues, which resulted in attenuation of the RANKL/OPG
signal pathway that determines osteoclast-mediated peri-
odontal bone resorption.
Boldine has been shown to be effective in controlling

inflammation. In an experimental animal model of colitis,
boldine reduced the occurrence of macroscopic lesions,
edema, and neutrophil infiltration.34 Similarly, boldine
reduced carrageenan-induced paw edema in rats and
guinea pigs and xylene-induced ear edema in mice, and
these anti-inflammatory properties were associated with
decreased infiltration of proinflammatory cells, down-

regulated expression of proinflammatory cytokines, and
inhibition of the phosphorylation levels of Janus kinase 2
(JAK2) and signal transducer and activator of transcrip-
tion 3 (STAT3).35,36 The anti-inflammatory capacity of
boldine in the periodontitis-affected tissues was demon-
strated in the present study since the administration of
boldine diminished the cell inflammatory infiltration and
downregulated the expression of IL-1β, IL-12, IFN-γ, and
TNF-α. The molecular mechanisms related to this anti-
inflammatory effect of boldine in periodontal tissues could
be a consequence of JAK/STAT and nuclear factor (NF)-
κB signaling pathway involvements, which are critical
in the regulation of the inflammatory response.37 Nev-
ertheless, this reasonable hypothesis needs to be further
investigated.



10 CAFFERATA et al.

F IGURE 5 Th17 and Treg-related transcription factor and cytokine expression. A and B) Expression levels of the transcription factors
RORγt (Th17) and Foxp3 (Treg) mRNAs in the periodontal lesions of mice with ligature-induced periodontitis treated with boldine or left
untreated. C and D) Expression levels of the cytokines IL-6, IL-17A, and IL-23 (Th17) and IL-10, IL-35, and TGF-β1 (Treg) mRNAs in the peri-
odontal lesions of mice with ligature-induced periodontitis treated with boldine or left untreated. As references for fold-change in expression,
the transcription factor and cytokine mRNA expressions in control (c) non-ligated mice were considered as 1. Data are represented as mRNA
fold-change and shown as mean ± SD (n = 8). Each experiment was performed in triplicate. *P < 0.05. Non-treated group compared with
boldine-treated groups (10, 20, or 40 mg/kg of boldine orally)

Boldine has proven to be capable of inhibiting the NF-
κB signaling pathway, which is crucial for the induc-
tion of osteoclast function.36,38 Indeed, osteoclast forma-
tion is a complex process regulated by multiple signaling
cascades, RANKL-dependent NF-κB activation being the
central player in the regulation of osteoclast differentia-
tion, activation, and survival.39,40 The use of anti-RANKL
antibodies significantly inhibits T-cell-mediated alveolar
bone loss through RANKL blockade in periodontitis-
affected tissues, suggesting that T-cell-mediated periodon-
tal bone resorption is RANKL-dependent.41 Among the
T-cell subsets, Th17 lymphocytes are the key responsible
for the increment of RANKL in the periodontal lesions by
producing IL-17A, which stimulates adjacent osteoblasts
and stromal cells to overexpress RANKL.18,42 Addition-
ally, Th17 lymphocytes can induce the differentiation and
activation of osteoclasts directly through the production
of RANKL.18,42 Conversely, Treg lymphocytes produce
anti-inflammatory cytokines that suppress the Th17 activ-
ity, inhibit the RANKL production, maintain the peri-
odontal immune homeostasis, and control the immune-
mediated tissue injury.43,44 Thereby, a Th17/Treg imbal-
ance is closely associated with the pathogenesis of peri-
odontitis, and the enhanced Th17 response and weakened
Treg response might be the cause of upregulated levels of

RANKL detected in the periodontitis-affected tissues.17,18
In this study, we have shown that boldine modulates the
Th17/Treg imbalance characteristic of periodontitis by pro-
moting the expansion of the Treg-response and suppres-
sion of the Th17-response in a dose-dependent manner.
In turn, this Th17/Treg modulation provided a paracrine
environment of cytokines in the periodontal tissues that
affected the RANKL/OPG ratio, thus targeting the osteo-
clastogenesis and consequently inhibiting the alveolar
bone resorption. Interestingly, the articular modulation of
the Th17/Treg imbalance in rheumatoid arthritis-affected
mice treated with norboldine has been related to a regu-
lation of the Th17/Treg balance in the gut-associated lym-
phoid tissues.14 Indeed, oral administration of this natu-
ral product led to an increase in the number of α4β7+
Treg lymphocytes in the joint lesions, a specific marker of
their origin in the gut.14 To gain insight into how boldine
is able to modulate the periodontal Th17/Treg imbalance,
more studies are essential. In the present investigation, it
was not analyzed how boldine induced the increased Treg
response and Treg-cell detection in periodontitis-affected
tissues. An indirect effect of boldine in the gut-derived
Treg response is plausible, for instance, by modulating the
intestinalmicrobiota andpromoting short-chain fatty acid-
producing microorganisms, as it was demonstrated for
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F IGURE 6 Th17 and Treg lymphocyte detection. Flow cytometry analysis demonstrating the presence ofA) CD45+CD4+CD8−RORγt+IL-
17A+ Th17 lymphocytes and B) CD45+CD4+CD8−Foxp3+IL-10+ Treg lymphocytes within the cervical lymph nodes that drain the periodontal
tissues of mice with ligature-induced periodontitis treated with boldine or left untreated. Healthy, non-ligated mice were used as control.
Frequency and number of C) CD45+CD4+CD8−RORγt+IL-17A+ Th17 lymphocytes and D) CD45+CD4+CD8−Foxp3+IL-10+ Treg lymphocytes
within the cervical lymph nodes that drain the periodontal tissues of mice with ligature-induced periodontitis treated with boldine or left
untreated. Healthy, non-ligated mice were used as control. Data are represented as Th17 or Treg-cell percentage and absolute number and
shown as mean ± SD (n = 8). Each experiment was performed in duplicate. *P < 0.05. Non-treated group compared with boldine-treated
groups (10, 20, or 40 mg/kg of boldine orally)
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berberine, like boldine an isoquinoline alkaloid, extracted
from Berberis plants.31,45 A direct effect of boldine on the
intestinal lymph nodes and the migration of α4β7+ Treg
lymphocytes from the gut toward the periodontal lesions
is also a reasonable hypothesis that requires investigation.
In general terms, periodontal osteoimmunology implies

that immune cells such as T lymphocytes molecularly
communicate with both types of effector bone cells:
the bone-resorbing osteoclasts and the bone-forming
osteoblasts. Thus, together with the catabolic events of
inflammatory bone loss, the osteoimmunology integrates
anabolic events, particularly the influence of immune
cells on alveolar bone regeneration.17,46 According to our
findings, boldine reduces the catabolic role of Th17 lym-
phocytes during inflammatory bone loss by modulating
the periodontal RANKL/OPG production and RANKL-
induced osteoclast activity. Even so, boldine might also
play an anabolic role in bone metabolism and impact on
alveolar bone regeneration by directly or indirectly stimu-
lating osteoblast activity. In the present study, oral admin-
istration of boldine caused an increase in the periodon-
tal levels of the Treg-derived anti-inflammatory cytokines,
which favors the resolution of chronic inflammation.
Thus, an IL-10 and TGF-β1-regulated local and transient
physiological inflammation could be reached in the peri-
odontal tissues, where low levels of IL-17A can still be pro-
duced by γδ-T cells and the canonical Wnt/β-catenin path-
way can be activated in mesenchymal stem cells. These
are critical events related to osteoblast differentiation and
function, intramembranous ossification, and alveolar bone
regeneration.46,47 In this context, boldine could also have
a more direct effect on bone regeneration, similar to that
described for berberine, which induces osteoblastogene-
sis from bone marrow-derived mesenchymal stem cells
by activating the Wnt/β-catenin signaling pathway and
consequently upregulating Runx2 expression, the essen-
tial transcription factor that controls the entire process of
osteoblast differentiation and bone-forming activity.48,49
Considering this, the potential direct effect of boldine on
osteoblast differentiation and function is plausible and
needs to be investigated.
Non-surgical periodontal therapy is regarded as the

gold-standard treatment option for controlling periodon-
titis, being able to efficiently arrest the inflammatory
alveolar bone resorption most of the time. However, in
some clinical cases, periodontal healing is not achieved
completely. For these cases, the conventional alternatives
are surgical periodontal therapy and antibiotic treatment,
which may lead to undesired side effects.50 Currently, the
main research efforts are to understand the physiologic
and pathologic axes of the microbiome, immune cells,
and bone cells to develop novel therapies with a partic-
ular focus on the cellular and molecular mechanisms of

periodontal disease.46 In this scenario, boldine has shown
promise for its potential to arrest bone loss during osteo-
porosis, rheumatoid arthritis, and now periodontitis, as
demonstrated in the present study. Thus, boldine is an
attractive option to be proposed as a natural bioactive coad-
juvant in periodontal therapy to achieve successful peri-
odontitis control. Clearly, the clinical potential of boldine
for controlling periodontitis requires further investigation.

5 CONCLUSIONS

The present study demonstrates that the oral administra-
tion of boldine ameliorates experimental periodontitis by
inhibiting alveolar bone resorption. This inhibited bone
loss is associated with the modulation of the Th17/Treg
imbalance, which in turn contributes to attenuating the
RANKL/OPG signal pathway responsible for osteoclast
activity. Thereby, boldine shows promising potential for its
application as a coadjuvant for controlling alveolar bone
resorption during periodontitis.

ACKNOWLEDGMENTS
We thank Dr. Carolina Vega (Institutional Animal Facility,
Faculty of Dentistry, Universidad de Chile) for sharing her
expertise on animal care and use. We are also grateful to
the Plataforma Experimental Bio-CT (FONDEQUIP grant
EQM150010, Faculty of Dentistry, Universidad de Chile)
andMs.Daniela Poblete for performing themicro-CT anal-
ysis. We thank the Morphophysiopathology and Cytodi-
agnosis Laboratory (Medical Technology School, Univer-
sidad Mayor) for histological technical support. We also
thank DDS Silvia Torrejón for her valuable support dur-
ing ELISA experiments. This investigation has been finan-
cially supported by FONDECYT grant 1181780 from the
Chilean Governmental Agencia Nacional de Investigación
y Desarrollo (ANID). EAC is a recipient of a PhD Scholar-
ship from the Graduate School of the Faculty of Dentistry,
Universidad de Chile. SC-S is a recipient of a PhD Scholar-
ship PFCHA 21192219 from the ANID. The authors report
no conflicts of interest related to this study.

AUTH OR CONTRIBUT IONS
All authors made substantial contributions to the concep-
tion and design of the study. Emilio A. Cafferata orga-
nized the study, performed the animal model of peri-
odontitis, and critically evaluated and supplemented the
article. Sebastián Castro-Saavedra and Gonzalo Fuentes-
Barros performed the boldine extraction and purification,
designed the protocol of boldine administration, and were
involved in drafting the article. Emilio A. Cafferata and
Samanta Melgar-Rodríguez performed the boldine admin-
istration, performed the data analysis, and were involved



CAFFERATA et al. 13

in drafting the article. Emilio A. Cafferata and Rolando
Vernal performed themicro-CT and SEM experiments and
performed the data analysis. Emilio A. Cafferata and Paola
Carvajal performed the qPCR experiments and performed
the data analysis. EmilioA. Cafferata andMarcelaHernán-
dez performed the GCF sampling and ELISA experiments.
Bastián I. Cortés and Cristian Cortez performed the his-
tological experiments. Emilio A. Cafferata and Rolando
Vernal performed the flow cytometry experiments. Bruce
K. Cassels was involved in drafting the article and gave
final approval of the version to be published. Rolando Ver-
nal designed and implemented the research protocol, per-
formed the data analysis, and prepared the figures and the
article for submission. All the authors read and approved
the final version of the article.

ORCID
EmilioA.Cafferata https://orcid.org/0000-0001-9243-
1382
SebastiánCastro-Saavedra https://orcid.org/0000-
0001-6638-4981
GonzaloFuentes-Barros https://orcid.org/0000-0002-
8583-4412
SamantaMelgar-Rodríguez https://orcid.org/0000-
0003-1480-5734
FelipeRivera https://orcid.org/0000-0003-1814-0514
PaolaCarvajal https://orcid.org/0000-0001-5045-4412
MarcelaHernández https://orcid.org/0000-0001-8289-
7314
Bastián I. Cortés https://orcid.org/0000-0002-4157-5922
CristianCortez https://orcid.org/0000-0003-1887-0808
BruceK.Cassels https://orcid.org/0000-0002-0082-0661
RolandoVernal https://orcid.org/0000-0002-1391-320X

REFERENCES
1. Ara T, Nakatani S, Kobata K, Sogawa N, Sogawa C. The biologi-

cal efficacy of natural products against acute and chronic inflam-
matory diseases in the oral region.Medicines. 2018;5:1-24.

2. Watanabe S, Toyama T, Sato T, et al. Kampo therapies and the
use of herbal medicines in the dentistry in Japan. Medicines.
2019;6:1-31.

3. Cassels BK, Fuentes-Barros G, Castro-Saavedra S. Boldo, its
secondary metabolites and their derivatives. Curr Trad Med.
2019;5:31-65.

4. Fuentes-Barros G, Castro-Saavedra S, Liberona L, et al. Varia-
tion of the alkaloid content of Peumus boldus (boldo). Fitoter-
apia. 2018;127:179-185.

5. Speisky H, Cassels BK. Boldo and boldine: an emerging case of
natural drug development. Pharmacol Res. 1994;29:1-12.

6. Zhao H, Xu H, Qiao S, et al. Boldine isolated from Litsea cubeba
inhibits bone resorption by suppressing the osteoclast differ-
entiation in collagen-induced arthritis. Int Immunopharmacol.
2017;51:114-123.

7. Qiu X, Shi L, Zhuang H, et al. Cerebrovascular protective effect
of boldine against neural apoptosis via inhibition of mitochon-

drial bax translocation and cytochromeC release.MedSciMonit.
2017;23:4109-4116.

8. Lau YS, Tian XY, Mustafa MR, et al. Boldine improves endothe-
lial function in diabetic db/db mice through inhibition of
angiotensin II-mediated BMP4-oxidative stress cascade. Br J
Pharmacol. 2013;170:1190-1198.

9. Lau YS, Machha A, Achike FI, Murugan D, Mustafa MR. The
aporphine alkaloid boldine improves endothelial function in
spontaneously hypertensive rats. Exp Biol Med. 2012;237:93-98.

10. Paydar M, Kamalidehghan B, Wong YL, Wong WF, Looi CY,
Mustafa MR. Evaluation of cytotoxic and chemotherapeutic
properties of boldine in breast cancer using in vitro and in vivo
models. Drug Des Devel Ther. 2014;8:719-733.

11. Walstab J,Wohlfarth C, Hovius R, et al. Natural compounds bol-
dine and menthol are antagonists of human 5-HT3 receptors:
implications for treating gastrointestinal disorders. Neurogas-
troenterol Motil. 2014;26:810-820.

12. Chen K, Lv ZT, Cheng P, et al. Boldine ameliorates estrogen
deficiency-induced bone loss via inhibiting bone resorption.
Front Pharmacol. 2018;9:1046.

13. Wei ZF, Jiao XL, Wang T, et al. Norisoboldine alleviates joint
destruction in rats with adjuvant-induced arthritis by reducing
RANKL, IL-6, PGE2, and MMP-13 expression. Acta Pharmacol
Sin. 2013;34:403-413.

14. Tong B, Dou Y, Wang T, et al. Norisoboldine ameliorates
collagen-induced arthritis through regulating the balance
between Th17 and regulatory T cells in gut-associated lymphoid
tissues. Toxicol Appl Pharmacol. 2015;282:90-99.

15. Tong B, Yuan X, Dou Y, et al. Norisoboldine, an isoquino-
line alkaloid, acts as an aryl hydrocarbon receptor ligand to
induce intestinal Treg cells and thereby attenuate arthritis. Int
J Biochem Cell Biol. 2016;75:63-73.

16. Wang M, Tian T, Yu S, He N, Ma D. Th17 and Treg cells in bone
related diseases. Clin Dev Immunol. 2013;2013:203705.

17. Alvarez C, Monasterio G, Cavalla F, et al. Osteoimmunology of
oral and maxillofacial diseases: translational applications based
on biological mechanisms. Front Immunol. 2019;10:1664.

18. Campbell L, Millhouse E, Malcolm J, Culshaw S. T cells, teeth
and tissue destruction - what do T cells do in periodontal dis-
ease?.Mol Oral Microbiol. 2016;31:445-456.

19. Garlet GP. Destructive and protective roles of cytokines in peri-
odontitis: a re-appraisal fromhost defense and tissue destruction
viewpoints. J Dent Res. 2010;89:1349-1363.

20. HernándezM, Dutzan N, García-Sesnich J, et al. Host-pathogen
interactions in progressive chronic periodontitis. J Dent Res.
2011;90:1164-1170.

21. Moutsopoulos NM, Moutsopoulos HM. The oral mucosa: a bar-
rier site participating in tissue-specific and systemic immunity.
Oral Dis. 2018;24:22-25.

22. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG.
Improving bioscience research reporting: the ARRIVE guide-
lines for reporting animal research. PLoS Biol. 2010;8:e1000412.

23. American Veterinary Medical Association. 2000 report of the
AVMA panel on euthanasia. J Am Vet Med Assoc 2001;218:669-
696.

24. American Psychological Association. Guidelines for ethical con-
duct in the care and use of nonhuman animals in research,
2012. Available at: https://www.apa.org/science/leadership/
care/guidelines.

https://orcid.org/0000-0001-9243-1382
https://orcid.org/0000-0001-9243-1382
https://orcid.org/0000-0001-9243-1382
https://orcid.org/0000-0001-6638-4981
https://orcid.org/0000-0001-6638-4981
https://orcid.org/0000-0001-6638-4981
https://orcid.org/0000-0002-8583-4412
https://orcid.org/0000-0002-8583-4412
https://orcid.org/0000-0002-8583-4412
https://orcid.org/0000-0003-1480-5734
https://orcid.org/0000-0003-1480-5734
https://orcid.org/0000-0003-1480-5734
https://orcid.org/0000-0003-1814-0514
https://orcid.org/0000-0003-1814-0514
https://orcid.org/0000-0001-5045-4412
https://orcid.org/0000-0001-5045-4412
https://orcid.org/0000-0001-8289-7314
https://orcid.org/0000-0001-8289-7314
https://orcid.org/0000-0001-8289-7314
https://orcid.org/0000-0002-4157-5922
https://orcid.org/0000-0002-4157-5922
https://orcid.org/0000-0003-1887-0808
https://orcid.org/0000-0003-1887-0808
https://orcid.org/0000-0002-0082-0661
https://orcid.org/0000-0002-0082-0661
https://orcid.org/0000-0002-1391-320X
https://orcid.org/0000-0002-1391-320X
https://www.apa.org/science/leadership/care/guidelines
https://www.apa.org/science/leadership/care/guidelines


14 CAFFERATA et al.

25. Abe T, Hajishengallis G. Optimization of the ligature-induced
periodontitis model in mice. J Immunol Methods. 2013;394:49-
54.

26. Luo Y, Liu M, Xia Y, Dai Y, Chou G, Wang Z. Therapeutic effect
of norisoboldine, an alkaloid isolated from Radix Linderae, on
collagen-induced arthritis in mice. Phytomedicine. 2010;17:726-
731.

27. Monasterio G, Castillo F, Ibarra JP, et al. Alveolar bone
resorption and Th1/Th17-associated immune response triggered
during Aggregatibacter actinomycetemcomitans-induced exper-
imental periodontitis are serotype-dependent. J Periodontol.
2018;89:1249-1261.

28. Monasterio G, Fernandez B, Castillo F, et al. Capsular-defective
Porphyromonas gingivalis mutant strains induce less alveolar
bone resorption than W50 wild-type strain due to a decreased
Th1/Th17 immune response and less osteoclast activity. J Peri-
odontol. 2019;90:522-534.

29. Matsuda S, Movila A, Suzuki M, et al. A novel method of sam-
pling gingival crevicular fluid from a mouse model of periodon-
titis. J Immunol Methods. 2016;438:21-25.

30. Guimarães MV, Melo IM, Adriano Araújo VM, et al. Dry
extract ofMatricaria Recutita L. (Chamomile) prevents ligature-
induced alveolar bone resorption in rats via inhibition of tumor
necrosis factor-α and interleukin-1β. J Periodontol. 2016;87:706-
715.

31. Jia X, Jia L, Mo L, et al. Berberine ameliorates periodontal bone
loss by regulating gut microbiota. J Dent Res. 2019;98:107-116.

32. MoroMG, Silveira SoutoML, Franco GCN, HolzhausenM, Pan-
nuti CM. Efficacy of local phytotherapy in the nonsurgical treat-
ment of periodontal disease: a systematic review. J Periodontal
Res. 2018;53:288-297.

33. Bunte K,Hensel A, Beikler T. Polyphenols in the prevention and
treatment of periodontal disease: a systematic review of in vivo,
ex vivo and in vitro studies. Fitoterapia. 2019;132:30-39.

34. GottelandM, Jimenez I, Brunser O, et al. Protective effect of bol-
dine in experimental colitis. Planta Med. 1997;63:311-315.

35. Backhouse N, Delporte C, Givernau M, Cassels BK, Valenzuela
A, Speisky H. Anti-inflammatory and antipyretic effects of bol-
dine. Agents Actions. 1994;42:114-117.

36. YangX,GaoX, CaoY, et al. Anti-Inflammatory effects of boldine
and reticuline isolated from Litsea cubeba through JAK2/STAT3
and NF-κB signaling pathways. Planta Med. 2018;84:20-25.

37. Tak PP, Firestein GS. NF-κB: a key role in inflammatory dis-
eases. J Clin Invest. 2001;107:7-11.

38. Pandurangan AK, Mohebali N, Hasanpourghadi M, Looi CY,
Mustafa MR, Mohd Esa N. Boldine suppresses dextran sul-
fate sodium-induced mouse experimental colitis: nF-κB and IL-
6/STAT3 as potential targets. Biofactors. 2016;42:247-258.

39. Melgar-Rodríguez S, Díaz-Zúñiga J, Alvarez C, et al. Serotype
b of Aggregatibacter actinomycetemcomitans increases osteo-
clast and memory T-lymphocyte activation.Mol Oral Microbiol.
2015;31:162-174.

40. Vernal R, Díaz-Zúñiga J,Melgar-Rodríguez S, et al. Activation of
RANKL-induced osteoclasts andmemory T lymphocytes byPor-
phyromonas gingivalis is serotype dependant. J Clin Periodontol.
2014;41:451-459.

41. Lin X, Han X, Kawai T, TaubmanMA. Antibody to receptor acti-
vator of NF-κB ligand ameliorates T cell-mediated periodontal
bone resorption. Infect Immun. 2011;79:911-917.

42. Sato K, Suematsu A, Okamoto K, et al. Th17 functions as an
osteoclastogenic helper T cell subset that links T cell activation
and bone destruction. J Exp Med. 2006;203:2673-2682.

43. Alvarez C, Rojas C, Rojas L, Cafferata EA, Monasterio G, Ver-
nal R. Regulatory T lymphocytes in periodontitis: a translational
view.Mediators Inflamm. 2018;2018:7806912.

44. Cafferata EA, Jerez A, Vernal R, Monasterio G, Pandis N. The
therapeutic potential of regulatory T lymphocytes in periodon-
titis: a systematic review. J Periodontal Res. 2019;54:207-217.

45. Habtemariam S. Berberine pharmacology and the gut micro-
biota: a hidden therapeutic link.Pharmacol Res. 2020;155:104722.

46. Gruber R. Osteoimmunology: inflammatory osteolysis
and regeneration of the alveolar bone. J Clin Periodontol.
2019;46(Suppl 21):52-69.

47. Ono T, Okamoto K, Nakashima T, et al. IL-17-producing γδ
T cells enhance bone regeneration. Nat Commun. 2016;7:10928.

48. Tao K, Xiao D,Weng J, Xiong A, Kang B, Zeng H. Berberine pro-
motes bonemarrow-derivedmesenchymal stem cells osteogenic
differentiation via canonical Wnt/β-catenin signaling pathway.
Toxicol Lett. 2016;240:68-80.

49. Zhang R, Yang J, Wu J, et al. Berberine promotes osteogenic dif-
ferentiation of mesenchymal stem cells with therapeutic poten-
tial in periodontal regeneration. Eur J Pharmacol. 2019;851:144-
150.

50. Lopez CA, Kingsbury DD, Velazquez EM, Bäumler AJ. Collat-
eral damage:microbiota-derivedmetabolites and immune func-
tion in the antibiotic era. Cell Host Microbe. 2014;16:156-163.

SUPPORT ING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of the
article.

How to cite this article: Cafferata EA,
Castro-Saavedra S, Fuentes-Barros G, et al. Boldine
inhibits the alveolar bone resorption during
ligature-induced periodontitis by modulating the
Th17/Treg imbalance. J Periodontol. 2020;1–14.
https://doi.org/10.1002/JPER.20-0055

https://doi.org/10.1002/JPER.20-0055

	Boldine inhibits the alveolar bone resorption during ligature-induced periodontitis by modulating the Th17/Treg imbalance
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Boldine extraction and purification
	2.2 | Animals
	2.3 | Induction of experimental periodontitis and boldine administration
	2.4 | Alveolar bone resorption
	2.5 | TRAP+ osteoclast detection
	2.6 | RANKL and OPG production
	2.7 | RANKL and OPG histological expression
	2.8 | Histopathologic analysis
	2.9 | Th17 and Treg-related transcription factor and cytokine expression
	2.10 | Th17 and Treg lymphocyte detection
	2.11 | Statistical analysis

	3 | RESULTS
	3.1 | Alveolar bone loss
	3.2 | TRAP+ osteoclast detection
	3.3 | RANKL and OPG production
	3.4 | Inflammatory cell detection and proinflammatory cytokine expression
	3.5 | Th17 and Treg-related transcription factor and cytokine expression
	3.6 | Th17 and Treg lymphocyte detection

	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


