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This study tested whether microRNA (miR)-200c can attenuate the inflammation and alveolar bone resorption in
periodontitis by using an in vitro and a rat model. Polyethylenimine (PEI) was used to facilitate the transfection
of plasmid DNA encoding miR-200c into primary human gingival fibroblasts (HGFs) and gingival tissues of
rats. We first analyzed how proinflammatory and osteoclastogenic mediators in HGFs with overexpression of
miR-200c responded to Porphyromonas gingivalis lipopolysaccharide (LPS-PG) challenge in vitro. We ob-
served that overexpression of miR-200c significantly reduced interleukin (IL)-6 and 8 and repressed interferon-
related developmental regulator-1 (IFRD1) in HGFs. miR-200c also downregulated p65 and p50. In a rat model
of periodontitis induced by an LPS injection at the gingival sulcus of the second maxillary molar (M2), we
analyzed how the mediators in rat gingiva and alveolar bone resorption responded to miR-200c treatment by a
local injection of PEI-plasmid miR-200 nanoplexes. We observed that the local injection of miR-200c signif-
icantly upregulated miR-200c expression in gingiva and reduced IL-6, IL-8, IFRD1, and the ratio of receptor
activator of nuclear factor kappa-B ligand/osteoprotegerin. Using micro-computed tomography analysis and
histomorphometry, we further confirmed that local treatment with miR-200c effectively protected alveolar bone
resorption in the rat model of periodontitis by reducing the distance between the cemento-enamel junction
and the alveolar bone crest and the inter-radicular space in the upper maxilla at M2. These findings imply that
miR-200c may serve as a unique means to prevent periodontitis and associated bone loss.
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Introduction

Approximately 50% of adults have been diagnosed
with periodontitis in the United States, and periodontitis

rates are further increased in aged populations, diabetes pa-
tients, and smokers [1–4]. The periodontitis characterized by
alveolar bone loss (ABL) is the leading cause of tooth loss
among adults [5]. Current treatments to arrest periodontal
bone loss, including antiresorptive and anabolic agents, are
largely ineffective [6,7]. Further, bisphosphonates as a drug
for treating periodontal bone loss has been reported to cause
osteonecrosis of jaws as side effects [8]. Bacterially derived
factors initiate periodontitis, whereas the imbalance and
dysregulation of proinflammatory cytokines, transcription
factors, and bone metabolism mediators contribute to the
progression of periodontitis and alveolar bone resorption.
Specifically, after recognizing periodontal pathogens, Toll-
like receptors (TLRs) initiate the resistance to the infection by
upregulating interleukin (IL)-6, IL-1b, and tumor necrosis

factor (TNF)-a [9,10]. These TLR-mediated proinflamma-
tory cytokines lead to activation of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) [11] that,
subsequently, amplify the inflammatory response. This up-
regulated inflammation results in overproduced matrix me-
talloproteinases and stimulated activities of chemokines
[12]. Meanwhile, the migrating cells, including lymphocytes
and phagocytes, upregulate receptor activator of nuclear
factor kappa-B ligand (RANKL), TNF-a, and IL-17. The
dysregulated proinflammatory factors eventually activate
osteoclastogenesis and result in periodontal bone resorption
via the RANKL/osteoprotegerin (OPG) [13]. Managing the
imbalance and dysregulation of proinflammatory cytokines
and osteoclastogenic mediators has emerged as an effective
approach to ameliorate and treat periodontitis and associated
bone loss [9,14,15].

MicroRNAs (miRs) are small non-coding RNAs that play
critical roles in inflammation, osteogenesis, and osteoclas-
togenesis and contribute to the pathogenic progression of
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periodontitis [16–18]. miR-200c is a member of the miR-200
family and is significantly under-expressed in gingival tis-
sues of periodontitis patients [17,19]. It regulates multiple
signal pathways of proinflammatory factors and represses
the expression and activity of NF-kB [19–22]. miR-200c has
also been demonstrated as a tumor suppressor in many types
of cancers [23]. Our previous studies have reported that
miR-200c effectively inhibited IL-6, IL-8, and chemokine
(C-C motif) ligand (CCL)-5 in human preosteoblasts and
periodontal ligament fibroblasts by targeting the 3¢UTRs of
these genes [24]. miR-200c also improved osteogenic dif-
ferentiation of preosteoblasts and human bone marrow
mesenchymal stem cells. In this study, we tested whether
miR-200c could be a preventive means for repressing in-
flammation and attenuating ABL in periodontitis by using
human gingival fibroblasts (HGFs) and a rat model of per-
iodontitis induced by Porphyromonas gingivalis lipopoly-
saccharide (LPS-PG) injection [25,26].

Materials and Methods

Construction of miR expression plasmids

The sequence of mature hsa-miR-200c-3p (accession num-
ber MIMAT0000617) was retrieved from the Ensembl data-
base and mirbase (Integrated DNA Technologies, Coralville,
IA). miR-200c oligonucleotides that include *100 bp up-
stream and 100 bp downstream sequence flanking the *80 bp
stem loop sequence were polymerase chain reaction (PCR)
amplified and cloned into pSilencer 4.1 CMV puro vec-
tor according to the manufacturer’s instructions (Addgene,
Cambridge, MA).

Cell culture and transient transfection
using polyethylenimine

As the resident cells in periodontitis, primary HGFs (Sci-
encell, Carlsbad, CA) were used to test the inhibitory function
of miR-200c in proinflammatory and osteoclastogenic medi-
ators. HGFs were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine se-
rum, 100 IU/mL penicillin G, and 25mg/mL streptomycin.
For the in vitro transfection of miR-200c, plasmid DNA
(pDNA) containing miR-200c or empty vector (EV) was in-
corporated into branched polyethylenimine (PEI, MW
25 kDa; Sigma-Aldrich, St. Louis, MO) to form a complex at
an N/P ratio of 10:1 (ratio of the total number of end amine
groups (N) of PEI and the total number of DNA phosphate
groups (P) [27]. Briefly, the nanoplexes were prepared by
adding 50mL PEI solution to 50mL miR-200c (10mg) solu-
tion and mixed for 30 s. The mixture was then incubated at
room temperature for 30 min to allow nanoplex formation.
PEI-miR-200c nanoplexes (1, 5, and 10mg/per well) in 1-mL
Opti-MEM were added to HGFs in 6-well plates (105 cells/
well).

Live/Dead and cell proliferation assay

LIVE/DEAD� assay (Life Technologies, Grand Island, NY)
was used to evaluate the cytotoxicity of HGFs treated with PEI-
miR-200c or PEI-EV nanoplexes. Total cell viability (%) was
determined by calculating the percentage of live cells in total
cells after 72 h transfection under a fluorescence microscope. A

total of four random quadrants were selected from each trip-
licate for quantification. MTT assay [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide)] (Life Technologies)
was also performed up to 96 h after transfection. The absor-
bance of optical density (OD) at 540 nm was used to indicate
the effect of PEI-miR-200c transfection on HGF proliferation
and metabolic activity (Sigma-Aldrich).

Effect of miR-200c on proinflammatory and bone
mediators in HGFs

HGFs with different transfections for 72 h were treated
with LPS-PG (1 mg/mL) (InvivoGen, San Diego, CA) for up
to 48 h. The transcripts of proinflammatory and bone me-
diators that potentially participate in periodontitis and
associated ABL, including IL-6, IL-8, interferon-related
developmental regulator 1 (IFRD1), NF-kB subunit p65,
p50, OPG, and RANKL [28], were subsequently quantitated
by using real-time PCR. Their protein contents in superna-
tants or the lysis of the cells were measured by using ELISA
(Thermo Fisher Scientific, St Peters, MO). Total RNA and
miRs were prepared by using the miRNeasy Mini Kit
(Qiagen, Hilden, Germany). miR-200c was reverse tran-
scribed by using TaqMan microRNA assay probes and the
TaqMan microRNA reverse transcription kit (Applied Bio-
systems, Austin, TX). Quantitative real-time PCR analysis
of miRs was performed by using TaqMan microRNA assay
probes and normalized by using the U6B probe. The vacu-
olar protein sorting 29 homolog (VPS29) was used as an
internal control for human cells [29], whereas the ribosomal
protein gene (RPS18) was used as reference genes for rat
samples [30]. The primers used were included in Table 1.

Effect of miR-200c on periodontitis in vivo

The rat model of periodontitis was induced by a micro-
injection of LPS-PG into the gingival sulcus of 12-week-old
male Sprague Dawley rats (Charles River Laboratories)
[25,26]. All protocols for animal procedures were approved
by the Office of Animal Resources at the University of
Iowa. Under the general anesthesia, a total of 48 rats were
assigned to six groups to receive different treatments after
the introduction of periodontitis: (1) phosphate-buffered
saline (PBS) (Sham control); (2) LPS alone; (3) LPS + EV at
1 mg/injection; (4) LPS + EV at 10 mg/injection; (5) LPS +
miR-200c at 1 mg/injection; and (6) LPS + miR-200c at
10mg/injection. To induce the rat periodontitis, 1 mL of LPS-
PG at 10 mg/mL was injected twice a week by using a Ha-
milton micro-syringe into the gingival sulcus of the second
maxillary molar (M2). For the miR-200c treatment, different
doses of PEI-miR-200c at 1 mL were micro-injected into the
gingival tissues once a week. Rats were euthanized after 4,
7, and 28 days and samples were collected and analyzed by
using real-time PCR, micro-computed tomography (lCT), and
histology blindly. The sample size for the collection after 4
and 7 days was 3 and for the collection after 28 days it was 8.

lCT scanning and assessment

The rat maxillae were analyzed by using a high-resolution
lCT scanner (Skyscan 1272; Bruker, Aartselaar, Belgium).
The scanning protocol was set at an isotropic voxel size
of 9.8 mm, and the X-ray energy settings were 80 kV and
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125 mA. The scans were reconstructed by using NRecon
software (Bruker) to generate three-dimensional models of
the rat maxillae. The measurement of ABL consisted of
determining the linear distance between the cemento-enamel
junction (CEJ) and the alveolar bone crest (ABC) on the
interproximal surface of the teeth on the palatal side of the
maxilla, with the use of CTAn software (Bruker). The ABL
was measured at two points on each M2, which were the
mesiobuccal and distobuccal. A higher ABL value implies a
more severe bone loss. In addition, the inter-radicular space
was measured by using two-dimensional midsagittal sec-
tions as the distance from the crest of the inter-radicular
bone to the molar root furcation. Next, to investigate the
quantity and the quality of the alveolar bone after LPS-PG
and miRs treatment, a volume of interest (VOI) was designed

as the bone body that encompassed the roots of M2. The VOI
length extended from the most mesial to the most distal as-
pects of the upper M1 and M2 roots, respectively. Its width
extended from the most buccal to the most palatal aspect of
the M1 or M2 roots, and the height extended from the most
apical aspect of the M1 or M2 roots to the most coronal part
of the ABC. The percentage of alveolar bone volume/tissue
volume (BV/TV), the specific bone surface (BS/BV), the
trabecular thickness (Tb. Th), and the total porosity of each
sample were measured by using the CTAn software.

Histological analysis

Fixed maxillae were decalcified with 14% EDTA, dehy-
drated in gradient alcohol, cleared with xylene, and em-
bedded in paraffin. Coronal sections of 7-mm thickness were
prepared and stained with hematoxylin and eosin (H&E) and
Masson’s trichrome. Sections were analyzed and photo-
graphed by using an inverted Nikon microscope (Nikon,
Japan) followed by a blinded evaluation of bone tissue and
collagen fibers of the periodontal ligament region. Analysis
of potential alveolar bone-periodontal ligament-cementum
defects in the rat periodontitis model was done by using
Masson’s trichrome staining.

Statistical analysis

Descriptive statistics were conducted, and one-way
analysis of variance (ANOVA), followed by the post-hoc
Tukey-Kramer test, was used to detect the difference among
the experimental groups under different conditions. In ad-
dition, the Shapiro-Wilks’ test was applied to verify as-
sumption of normality. Statistical analyses were performed
by using the statistical package SAS� System version 9.4
(SAS Institute, Inc., Cary, NC), and all tests utilized a 0.05
level of significance.

Results

PEI facilitates the transfection of pDNA encoding
miR-200c in vitro

After treating HGFs with different doses of the nanoplex
of PEI-pDNA carrying miR-200c at an N/P ratio of 10, the
level of miR-200c transcript was intensely increased in a
dose-dependent manner (P < 0.01) (Fig. 1A). The cells
maintained an elongated and a spindle-shaped form after the
treatment. The viability of cells ranged from 95% to 98% by
Live/Dead assay, and no difference was observed compared
with untreated groups (Fig. 1B, C). In addition, proliferation
rate of the cells treated with miR-200c at 10 mg/mL was
significantly higher than the other treatment groups analyzed
by MTT assay (Fig. 1D).

Overexpression of miR-200c reduced LPS-induced
proinflammatory mediators in HGFs in vitro

LPS-PG at 1 mg/mL strongly upregulated the transcript
of IL-6 (*160-fold) and IL-8 (*3,700-fold) in control
HGFs without treatment, respectively (P < 0.01) (Fig. 2A,
B). PEI treatment alone had no effect on the IL-6 and IL-8
expression, and the HGFs treated with EV slightly in-
creased IL-6 and IL-8 transcripts. However, the cells

Table 1. Sequence for Forward and Reverse Primer

Sets Used for Real-Time Polymerase Chain Reaction

Primer
Forward

primer (5¢-3¢)
Reverse

primer (5¢-3¢)

Human primers
IL-6 CCATCTTTGGAAGG

TTCAGGTTG
ACTCACCTCTTCA

GA ACGAATTG

IL-8 AACCCTCTGCACCC
AGTTTTC

ACTGAGGATTGA
GAGTGGAC

CCL-5 TGCCCACATCAAGG
AGTATTT

CTTGCTGTCCCTC
TCTCTTTG

IFRD1 TGCAGTGGTTATAG
CGATCCT

CCTTGTCTTCGCA
CTCTTATCC

P65 CGCTGCTCTAGAGA
ACACAATGGCCA
CTTGCCG

GCGGCCAAGCTTA
AGATCTGCCGA
GATAAC

p50 ATGTATGTGAAGGC
CCATCC

TTGCTGGTCCCAC
ATAGTTG

VPS29 GAATAACTTGGTGT
CCGTGGAT

GTGAGAGGAGAC
TTCGATGAGA

Rat primers
IL-6 GCCCTTCAGGAACA

GCTATGA
TGTCAACAACATC

AGTCCCAAGA

IL-8 CATTAATATTTAAC
GATGTGGATGCG
TTTCA

GCCTACCATCTTT
AAACTGCA
CAAT

IFRD1 ATCGGACTGTTCAA
CCTTTCAG

GCACTCTTATCAA
GGGTTAGGTC

RUNX2 CTTCAAGGTTGTAG
CCCTCG

TAGTTCT CATCAT
TCCCGGC

ALP GCAGGATCGGAAC
GTCAAT

ATGAGTTGGTAAG
GCAGGGTC

RANKL CCCATCGGGTTCCC
ATAAAGTC

GCCTGAAGCAAAT
GTTGGCGTA

OPG GTCCCTTGCCCTGA
CTACTCT

GACATCTTTTGCA
AACCGTGT

RPS18 GTGATCCCCGAGAA
GTTTCA

AATGGCAGTGAT
AGCGAAGG

ALP, alkaline phosphatase; CCL, chemokine (C-C motif) ligand;
IFRD1, interferon-related developmental regulator-1; IL, interleukin;
OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor
kappa-B ligand; RPS18, ribosomal protein gene; RUNX2, runt related
transcription factor 2; VPS29, vacuolar protein sorting 29 homolog.
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treated with miR-200c expressed significantly fewer IL-6
and IL-8 transcripts than control cells without treatment
(P < 0.05). The reduction of IL-6 and IL-8 transcripts
was dose-dependent (Fig. 2A, B). In addition, in LPS-
stimulated HGF cells as well as PEI- or EV-treated cells, we
found that IFRD1, p65, and p50 transcripts were upregulated
compared with the untreated control group (P < 0.05)
(Fig. 2C–E). miR-200c transfection followed by LPS chal-
lenge showed a significant inhibition of IFDR1, p65 and p50
transcripts in a dose-dependent manner. Bioinformatic anal-
ysis using computational algorithms predicted that miR-200c
directly targets the 3¢UTR of IFRD1 mRNA at the position
1,120–1,126 (Fig. 2F) (www.targetscan.com). In addition,

LPS challenge significantly increased the protein levels of
IL-6 and IL-8 measured by using ELISA in the supernatant
of culture medium produced by HGF after 24 h (P < 0.05)
(Fig. 3A, B), which was consistent with their transcripts
measured by using real-time PCR. Treatments with PEI and
EV did not reduce IL-6 and IL-8 levels; however, treatment
with miR-200c at 5 and 10 mg significantly reduced the
levels of IL-6 and IL-8 than the groups without treatment or
treated with EV and PEI alone (P < 0.05). The protein levels
of IFRD1 and p65 in the lysis of HGFs 24 h after treat-
ment with miR-200c at 5 and 10 mg are also significantly
lower than the LPS-challenged group without treatment
(Fig. 3C, D).

FIG. 1. Cell viability, proliferation, and miR-200c expression in HGF cells after transfection with PEI-miR-200c nano-
plex. (A) Fold change of miR-200c expression in HGF cells evaluated by quantitative polymerase chain reaction. (B, C)
Microphotographs of HGFs with Live/Dead staining (B) and the percentage of viable cells (C) 3 days after transfection with
PEI-miR-200c. Bars = 100 mm. (D) MTT assay [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)] results for
the HGF 4 days after different treatments; *P < 0.05 versus EV (10 mg); performed in replicate. EV, empty vector; IL,
interleukin; HGF, human gingival fibroblast; PEI, polyethylenimine. Color images are available online.
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Transfection of miR-200c using PEI suppressed
proinflammatory mediators of periodontitis in vivo

Figure 4A summarized the in vivo expression of miR-
200c after PEI-miR-200c nanoplexes were injected into the
rat’s gingival tissues. We observed a small upregulation of
miR-200c for groups treated with EV compared with en-
dogenous miR-200c of rats without treatment, and returned
to control levels after 7 days. However, after 4 days, the
miR-200c transcript in the gingival tissues treated with miR-
200c at 1 and 10mg exhibited *135- and 270-fold higher
levels, respectively, than did endogenous miR-200c in gin-
gival tissue (P < 0.01). These transcript levels are also sig-
nificantly higher than they were for rats receiving EV
(10 mg) and PBS (P < 0.05). Although the expression of miR-
200c slightly declined after 7 days, the miR-200c maintained
significantly higher levels (seven-fold) than did untreated

gingiva (P < 0.05). An injection of PBS and EV increased
IL-6, IL-8, and IFRD1 transcripts after 4 days (Fig. 4B–D).
Of particular note, the injection of PEI-miR-200c nanoplex
at 10 mg significantly downregulated IL-6, IL-8, and IFRD1
(P < 0.01), whereas miR-200c at a low dose (1mg) did not re-
press them. In addition, gingiva receiving an injection of PBS
or EV significantly increased the RANKL/OPG ratio (P < 0.05)
than untreated control gingiva (Fig. 4E). However, miR-200c
treatment significantly downregulated RANKL/OPG ratio by
decreasing RANKL and enhancing OPG expression.

miR-200c prevented ABL in experimental
periodontitis of rats

Figure 5A summarized the lCT images for ABL in rats 4
weeks after receiving an LPS injection and the different miR
treatments. Alveolar crest bone (ACB) receded more at the

FIG. 2. miR-200c reduces protein level of proinflammatory and osteoclastogenic mediators after LPS stimulation. (A–E)
Relative fold change of transcripts of IL-6 (A), IL-8 (B), p50 (C), p65 (D), and IFRD1 (E) in HGFs with different
transfections 24 h after stimulation with 1mg/mL of LPS-PG. *P < 0.05 versus HGFs untreated with LPS; #P < 0.05 versus
LPS-EV; performed in replicate. (F) Targetscan.org predicted the possible binding site of miR-200c-p3 and the 3¢UTR
of IFRD1 at the position 1,120–1,126. IFRD1, interferon-related developmental regulator-1; LPS-PG, Porphyromonas
gingivalis lipopolysaccharide.
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second molar for rats receiving the LPS-PG injection than it
did for sham controls. An injection of PBS and different
concentrations of EV have no effect on the receding.
However, rats receiving miR-200c treatment have less ABL.
Quantitatively, the LPS injection resulted in significant ABL
compared with the untreated group, as evidenced by the
distance between CEJ and ABC (Fig. 5B). The distance in
the groups treated with LPS with different doses of EV is
similar to the group treated with LPS and with PBS. How-
ever, an LPS injection followed by treatment using miR-
200c at 10 mg resulted in a significantly greater arrest of
ABL than did PBS-treated groups (P < 0.05). The LPS in-
jection also significantly increased inter-radicular space
compared with sham controls (P < 0.05) (Fig. 5C). However,
the mean inter-radicular spaces in rats treated with miR-200c
at both 1 and 10mg are 145 – 12.9 mm and 131.9 – 13.6 mm,
respectively, and were significantly lower than was treatment
with PBS (167.5 – 21mm), EV at 1mg (179.3 – 25.9mm), and
10mg (193.6 – 16.7mm) (P < 0.05). Figures 5D–G summarized
the characteristics of the alveolar bone microarchitecture in
LPS-injected maxillae under different treatments. The local
LPS injection resulted in a decreased BV/TV (Fig. 4D) and
Tb. Th (Fig. 5F), and an increased BS/BV (Fig. 5E) and total
alveolar bone porosity (Fig. 5G) in rats treated with PBS or
EV (P < 0.05). The rats treated with miR-200c at both 1 and
10 mg showed comparable microarchitectural parameters
found in the untreated control rats. Figure 6 summarizes the
histomorphometric analysis of alveolar bone resorption in-

duced by LPS and the preventive function of local appli-
cation of miR-200c. H&E staining showed that ACB
receded more at the second molar for periodontitis rats
treated with PBS than it did for sham controls (Fig. 6A).
Treatment with EV has no effects on bone receding induced
by LPS. However, bone resorption in the furcation area was
attenuated in rats treated with a local injection of miR-200c
at 1 and 10 mg. Quantitatively, the ratio of the remaining
ACB to the root length (RL) was significantly lower in all
LPS-treated rats than in the sham group (P < 0.05) (Fig. 6C).
However, the ratio of the remaining ACB to the RL was
higher for the rats treated with miR-200c at 1 and 10 mg
(0.61 – 0.01 and 0.61 – 0.01, respectively,) than it was for
periodontitis rats treated with PBS (0.47 – 0.01) or EV(1 mg)
(0.50 – 0.01) (P < 0.05). No major morphological differ-
ence was noted between healthy controls and experimental
periodontitis rats after Masson’s trichrome staining
(Fig. 6B). Collagen fibers at the periodontal ligament re-
gion were well individualized, but the collagen density
(strong blue stain) was lower in the group of periodontitis
treated with PBS.

Discussion

Our previous studies have demonstrated that miR-200c
can effectively downregulate IL-6, IL-8, and CCL-5 by di-
rectly targeting their 3¢UTRs of and promote osteogenic
differentiation of human bone marrow mesenchymal stromal

FIG. 3. miR-200c reduces proinflammatory and osteoclastogenic mediators after LPS stimulation. Protein concentration
of IL-6 (A), IL-8 (B) in the supernatant; the protein concentration of p65 (C) and IFRD1 (D) in the lysis of HGFs with
different transfections 24 h after stimulation with 1 mg/mL of LPS-PG. *P < 0.05 versus LPS untreated; performed in
replicate.
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cells (BMSCs). In this study, we used human primary HGFs
to further confirm the inhibitory function of miR-200c on IL-
6 and IL-8. We also observed that miR-200c increased
proliferation of primary HGFs and downregulated NF-kB
subunits (p65 and p50). More importantly, we investigated,
for the first time, the molecular effectiveness of miR-200c in
inhibiting IFRD1, a transcription factor that plays a critical
role in stimulating osteoclastogenesis and inhibiting bone
formation [31,32]. With bioinformatic analysis we predicted
that miR-200c may directly target the 3¢UTR of IFRD1. In
this study, the inhibitory functions of miR-200c on these
proinflammatory and osteoclastogenic mediators were also

confirmed in vivo after a local injection of miR-200c at rat
gingiva. In addition, in the rat model of periodontitis, we
demonstrated that, for the first time, local application of
miR-200c could effectively arrest ABL induced by LPS,
including reducing the distance of ABC to CEJ and the
inter-radicular space and restoring microarchitecture of the
alveolar bone. These results strongly suggested that miR-
200c may serve as an effective inhibitor of multiple proin-
flammatory and osteoclastogenic mediators to treat chronic
periodontitis (Fig. 7).

In this study, we demonstrated that PEI effectively
delivered miR-200c into primary HGFs in vitro, and the

FIG. 4. miR-200c reduces both inflammatory and osteoclastogenic mediators in vivo. (A) Fold change of miR-200c in
gingival tissue of rats 4 or 7 days after receiving PEI-miR-200c at 1 or 10mg and controls. (B–D) Relative fold change of
transcripts of IL-6 (B), IL-8 (C), IFRD1 (D), and the ratio of RANKL/OPG (E) at gingival tissues of rats 1 week after
receiving different treatments under LPS-PG challenge at 10 mg. *P < 0.05 versus untreated; #P < 0.05 versus EV; n = 3 for
each treatment.
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transfection efficiency was dose dependent. This result was
similar to the transfection into human periodontal ligament
fibroblasts and bone marrow mesenchymal stromal cells
[24,33]. We also demonstrated, for the first time, that PEI
effectively facilitated the in vivo transfection of pDNA
encoding miR-200c into rat gingiva by a local injection. For

PEI-miR-200c nanoplex treatment in vivo, we also observed
that the upregulated content of miR-200c expression was
dose dependent, which provides the capability to optimize
the effects of miR-200c by controlling the PEI-miR-200c
nanoplex concentration and miR-200c expression level.
Although the transfection efficiency mediated by PEI was

FIG. 5. miR-200c protects LPS-induced ABL in rat periodontitis. Rats were injected bi-weekly with 10mg LPS and
treated weekly with one injection of PBS, PEI facilitating EV (1 and 10mg), miR-200c (1 and 10 mg) up to 4 weeks. (A)
Three-dimensional reconstructed micro-computed tomography images of maxillary alveolar bone on the palatal sides of rats
4 weeks after receiving an LPS injection with and without miR-200c. Red dot lines indicate the ABC and CEJ at maxillary
second molars. Scale bars: 1 mm. (B, C) The outcome of the ABL (B) and the inter-radicular space (C) at the M2 after
4 weeks. (D, E) Structural parameters of alveolar bone 4 weeks after different treatment, including (Tb. Th) (D), and the
percentages of BV/TV, BS/BV, and the total alveolar bone porosity (E). *P < 0.05 versus untreated; #P < 0.05 versus LPS-
PBS; n = 8 for each treatment. ABC, alveolar bone crest; ABL, alveolar bone loss; BS, bone surface; BV, bone volume; CEJ,
cemento-enamel junction; M2, second maxillary molar; PBS, phosphate-buffered saline; Tb. Th, trabecular thickness; TV,
tissue volume. Color images are available online.
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associated with dose-dependent cytotoxicity and apoptosis
in previous studies [33,34], we did not observe significant
toxicity from PEI that mediated the transfection of miR-200c
in this study. Further, we observed that PEI had certain
effects, including a reduction of IFRD1, p65, and p50,
which indicated that, for the first time, PEI might have in-
hibitory effectiveness on the NF-kB pathway. Although NF-
kB was considered to be involved in PEI-induced apoptosis,
more studies are needed to understand the molecular func-
tion and underlying mechanism(s) of PEI on NF-kB signal
activity. In addition, although PEI effectively facilitated the
transfection of pDNA miR-200c, the overexpression of miR-
200c lasted a relatively short period (about a week). To

effectively develop miR-200c for clinical application, sus-
tained release of miR-200c to maintain an optimal over-
expression of miR-200c is needed. In this study, we also
observed that the cellular inflammation response was slightly
mediated by EV. Transfection of EV increased cellular in-
flammatory reaction, including upregulated IL-6 and p50.
Although the mechanism(s) are not clear, they are probably
caused by the innate immune system of the cells that can
recognize nucleic acids after transfection [35].

In this study, a strong and dose-dependent inhibitory ef-
fect of miR-200c on proinflammatory cytokines was ob-
served both in vitro and in vivo. However, the effectiveness
to prevent bone resorption required a relatively high dose of

FIG. 6. Histological analysis of alveolar bone and periodontal ligament adjacent to the M2 of 4 weeks LPS-treated rats.
(A) and (B) Representative micrographs of sham and periodontitis rats treated with PBS, PEI facilitating EV (1 and 10mg),
and miR-200c (1 and 10 mg) with hematoxylin and eosin staining (A) and Masson’s trichrome staining (B). Magnifica-
tion = 4. (C) Ratio of the remaining ACB to the RL adjacent to the M2. The ratio of the ACB to the RL was calculated by
using the formula (ABC-RA)/(CEJ-RA), where ABC-RA is the distance from ABC to RA and CEJ-RA is the distance from
CEJ to RA. *P < 0.05 vs untreated; #P < 0.05 versus LPS-PBS; n = 3 for each treatment. ACB, alveolar crest bone; RA, root
apex; RL, root length. Color images are available online.
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miR-200c. In addition, compared with the normal untreated
control, we found that even with a high dose of miR-200c
significant periodontal bone loss occurred under the LPS
challenge, which indicated that miR-200c did not com-
pletely block ABL in this periodontitis model. Many factors
may contribute to these findings, including a relatively high
dose of LPS applied in the rat model of periodontitis, un-
even distribution of miR-200c and its infiltration into the
inflammatory periodontal tissues, and the local inflammation
caused by frequent injections into the gingiva. Therefore,
other animal models characterized with chronical period-
ontitis may be needed to further prove the therapeutic effect
of miR-200c on periodontitis. Other specific miRs that can
synergize the inhibitory function of miR-200c on inflamma-
tion and osteoclastogenesis may also be needed in future
studies. In this study, we demonstrated that miR-200c reduced
proinflammatory cytokines and osteoclastogenic mediators to
attenuate periodontitis; however, it lacks inhibitory effects of
miR-200c directly on osteoclasts. We will continue to in-
vestigate whether miR-200c and other miRs have direct
functions to target osteoclast activity both in vitro and in vivo.
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