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The present study was conducted to characterize microRNA-
200c (miR-200c) and its regulators in adipogenic differentia-
tion, obesity, and periodontitis in obese subjects (PiOSs), and
to determine the therapeutic efficacy of plasmid DNA encoding
miR-200c as a treatment for PiOSs. We report that highly ex-
pressed miR-200c in gingival tissues was downregulated in
diet-induced obese (DIO) mice and during adipogenic differ-
entiation of human bone marrow mesenchymal stromal cells
(hBMSCs). Local injection of Porphyromonas gingivalis lipo-
polysaccharide (Pg-LPS) in the maxilla interdental gingiva of
DIO mice reduced miR-200c in gingival and adipose tissues
and induced periodontal inflammation associated with sys-
temic elevation of interleukin-6 (IL-6) and impaired glucose
tolerance. The inhibitory functions of Pg-LPS and IL-6 on
miR-200c and their effectiveness on Zeb1 were confirmed
in vitro. Injection of naked plasmid DNA encoding miR-200c
into the gingiva effectively rescued miR-200c downregulation,
prevented periodontal and systemic inflammation, and allevi-
ated the impaired glucose metabolism in obese mice with
LPS-induced periodontitis. Increased circulating exosomal
miR-200c and its function on suppressing proinflammatory cy-
tokines and adipogenesis explained the mechanism(s) of
gingival application of miR-200c in attenuating systemic
inflammation in PiOSs. These results demonstrated that
miR-200c reduced by Pg-LPS and IL-6 in periodontitis and
obesity might lead to the pathogenesis of PiOSs, and upregula-
tion ofmiR-200c in the gingiva presents a therapeutic approach
for PiOSs.
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INTRODUCTION
Periodontitis, a set of inflammatory diseases affecting the tissues sur-
rounding the teeth, is linked to or considered a high-risk factor for
rheumatoid arthritis, cognitive impairment, cardiovascular diseases,
cancer, obesity, and diabetes.1–6 The sustained chronic inflammatory
state of obesity strongly intersects with periodontitis in the context of
both pathogenesis and prognosis.7–10 Adults with obesity nearly dou-
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ble the prevalence rate of periodontitis compared to non-obese sub-
jects, and periodontitis in obese subjects (PiOSs) results in more se-
vere alveolar bone (AB) loss.8,11 Obesity has been demonstrated to
negatively impact periodontitis in various pathogenic aspects. Specif-
ically, obese individuals have multiple upregulated proinflammatory
molecules and processes implicated in periodontitis, including cyto-
kines, chemokines, and T cell function.12,13 The proinflammatory
environment and altered periodontal microbial composition in pre-
disposed obese individuals increases gingival inflammatory responses
and periodontal tissue destruction. Increased risk of insulin resistance
in obesity also significantly promotes advanced glycation end prod-
ucts at the gingiva, which contributes to more significant periodontal
bone loss.14 Obesity directly diminishes the effectiveness of peri-
odontal therapy and results in inferior outcomes of non-surgical
treatment,15,16 whereas dietary weight loss intervention effectively
promotes a reduction in systemic inflammation and improves the
outcome of periodontal treatment. Conversely, periodontitis also
contributes to elevated systemic inflammatory responses in obesity.
Intensive periodontal therapy has been demonstrated to effectively
reduce c-reactive protein levels, interleukin-6 (IL-6), and low-density
lipoprotein cholesterol in obese patients.17 Although the imbalance
and dysregulation of proinflammatory cytokines, transcription fac-
tors, and bone metabolism mediators govern the pathogenic progres-
sion of the periodontitis, the underlying molecular mechanisms of a
higher prevalence of periodontitis and periodontal tissue destruction
in PiOSs still remain unknown. Importantly, surgical treatment is
currently required for moderate to advanced periodontitis; unfortu-
nately, the success rate is merely 50%.18 Therefore, an understanding
of the pathogenic mechanism(s) underlying complications between
obesity and periodontitis and the development of an efficient and
safe therapy against advanced periodontitis in PiOSs are demanded.
e Author(s).
tp://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2021.01.030
mailto:liu-hong@uiowa.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.01.030&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Relative fold changes of miR-200c expression in different tissues

and organs of 22-week-old C57BL/6J mice

*p < 0.05, n = 3.
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MicroRNAs (miRNAs or miRs) are small non-coding RNAs that pro-
mote the degradation and/or repress the translation of mRNA
through sequence-specific interactions with specific mRNA targets.
miRNAs have been demonstrated to actively participate in the pro-
gression and management of the inflammatory response, including
those involved in the onset and development of obesity and periodon-
titis. Specifically, miRNAs are significantly differentially expressed be-
tween a healthy state and periodontitis.19,20 miRNAs actively regulate
adipogenesis and play essential roles in obesity and obesity-associated
metabolic diseases.21 A recent study discovered that miRNAs were
differentially expressed in individuals with periodontitis alone,
obesity alone, and in PiOSs when compared to healthy controls.22

Also, miRNAs have emerged as critical transcriptional regulators
that target inflammation-related mediators, including tumor necrosis
factor alpha (TNF-a), IL-1b, IL-6, and IL-8.22–25 Thus, manipulating
specific miRNAs that participate in the molecular pathogenesis of
PiOSs may potentially be developed as a novel and efficient therapeu-
tic tool for PiOSs.

miR-200c is a member of the miR-200 family that plays an essential
role in tumor suppression by inhibiting the epithelial-mesenchymal
transition (EMT). miR-200c has strong suppressive effects on cell
transformation, cancer cell proliferation, migration, invasion, tumor
growth, and metastasis.26–28 While the influence of obesity and PiOSs
on miR-200c expression in the human gingiva remains unknown,
miR-200c is significantly reduced in the gingival tissues of periodon-
titis patients.29 Porphyromonas gingivalis lipopolysaccharide (Pg-
LPS) was reported to suppress miR-200c in human primary macro-
phages.30 Pg also downregulated miR-200c by upregulating Zeb1 in
gingival epithelial cells.31 Additionally, miR-200c was downregulated
in the circulation of obese patients with insulin resistance.32miR-200c
was reported to have a strong association with whole-body insulin
sensitivity but was inversely associated with insulin resistance and
basal glucose. In animal studies, Chartoumpekis et al.33 reported
that diet-induced obesity (DIO) in mice significantly downregulated
miR-200c in adipose tissue. Additionally,miR-200c has demonstrated
strong anti-inflammatory capabilities. Specifically, miR-200c attenu-
ated LPS-induced early pulmonary fibrosis and inhibited IL-33 in
bronchial asthma.34,35 miR-200c modulated cancer inflammation by
reducing nuclear factor kB (NF-kB) activation through Toll-like re-
ceptor 4 (TLR-4) and myeloid differentiation primary response 88
(MyD88)-dependent pathways.36 miR-200c reduced IL-8 expression
by targeting the inhibitor of NF-kB kinase subunit beta (IKBKB) in
the NF-kB signal pathway in breast cancer.37 Our previous studies
have demonstrated that miR-200c directly targets 30 UTRs of IL-6,
IL-8, interferon-related developmental regulator 1 (Ifrd1), and che-
mokine (C-C motif) ligand 5 (CCL-5), and downregulates these
proinflammatory and osteoclastogenic mediators in human peri-
odontal ligament, gingival fibroblasts, and the periodontium of peri-
odontitis rats.38 We have also demonstrated the capabilities of miR-
200c on upregulating Wnt activity and inhibiting noggin (a novel
inducer in adipogenesis) for osteogenic differentiation and bone
regeneration.39,40

In the present study, we characterized miR-200c and its regulators in
adipogenic differentiation, obesity, and PiOSs using human cells and
mouse models and attempted to explore miR-200c as a therapeutic
tool for PiOSs. We revealed the downregulation of miR-200c in
DIOmice and adipogenic differentiated human bone marrowmesen-
chymal stromal cells (hBMSCs) in vitro. Injection of Pg-LPS into the
gingiva of DIO mice effectively mimicked the clinical characteristics
of PiOSs, including periodontal inflammation associated with sys-
temic elevation of IL-6 and impaired glucose tolerance. Local injec-
tion of naked plasmid DNA encoding miR-200c in gingival tissues
effectively rescued miR-200c expression, protected against peri-
odontal and systemic inflammation, and alleviated the impaired
glucose metabolism in PiOS mice. Injection of miR-200c effectively
increased circulating exosomal miR-200c, probably explaining the
mechanism(s) of gingival application of miR-200c in attenuating sys-
temic and white adipose tissue (WAT) inflammation in PiOSs. The
monoclonal antibody (mAb) of IL-6 can counteract the function of
Pg-LPS on miR-200c and Zeb1. These data strongly indicate that
the reduction of miR-200c induced by Pg-LPS and IL-6 in PiOSs
might lead to an imbalance of proinflammatory cytokines and exac-
erbate inflammatory responses, and upregulating miR-200c expres-
sion in gingiva would serve as a potential therapeutic approach for
PiOSs.

RESULTS
miR-200c is highly expressed in oral gingiva

Figure 1 summarizes the tissue-specific distribution of miR-200c in
mice. We observed that miR-200c was significantly higher expressed
in oral gingival tissues than in the liver, WAT, and blood serum. The
expression of miR-200c in WAT was higher than in the liver and
blood serum. No difference between blood and liver was observed.
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Figure 2. Characteristics of DIO mice fed with an HFD after 6 and 16 weeks

(A) Bodyweights of mice fedwith anHFD for 6 and 16weeks. (B) Relative fold changes ofmiR-200c in gingiva andWAT inmice fedwith anHFD for 6weeks. (C andD) Relative

transcript level changes of noggin, Zeb1, IL-6, and IL-8 in gingival tissues and WAT in mice fed with an HFD for 6 weeks. (E) Relative fold changes ofmiR-200c in gingiva and

WAT in mice fed with an HFD for 16 weeks. (F and G) Relative transcript change of noggin, Zeb1, IL-6, and IL-8 in gingival tissues and WAT in mice fed with an HFD for

16 weeks. (H) Concentrations of IL-6 in blood serum in mice fed with an HFD for 16 weeks. (I) Blood glucose concentrations of a GTT test in mice fed with an HFD for

16 weeks. *p < 0.05 versus wild-type (WT), n = 3–9.
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Obesity downregulated miR-200c and increased

proinflammatory cytokines and insulin resistance in mice

For mice, after 6 and 16 weeks, a high-fat diet (HFD) resulted in a
significant increase in body weight over a regular diet (RD; Fig-
ure 2A). After 6 weeks on an HFD, a significant reduction of
miR-200c was observed in WAT, while no statistically significant
downregulation of miR-200c was observed in gingival tissue due
to variability. Additionally, 6 weeks of an HFD did not statistically
increase IL-6 and IL-8, while noggin was upregulated significantly
in gingival tissues. Interestingly, Zeb1 was downregulated in WAT.
However, after 16 weeks on an HFD, we found that miR-200c was
significantly downregulated in the gingiva of DIO mice (Figure 2E),
and transcripts of IL-6 increased in both gingiva and WAT (Fig-
ures 2F and 2G), while IL-8 was hardly changed. Both noggin
and Zeb1 were significantly increased in gingival tissues. Addition-
ally, after 16 weeks on an HFD, the protein level of IL-6 measured
1206 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
by ELISA and glucose concentration by glucose tolerance test
(GTT) analysis in blood serum was significantly increased (Figures
2H and 2I).

miR-200c participates in adipogenic differentiation of hBMSCs

Figure 3 summarizes the mutual influence betweenmiR-200c and adi-
pogenic differentiation in hBMSCs. After differentiation, lipids accu-
mulated in adipogenic differentiated hBMSCs under Oil Red O stain-
ing (Figure 3A). The transcripts of adipogenic markers, including
peroxisome proliferator-activated receptor g (PPAR-g) and lipopro-
tein lipase (LPL) in the hBMSCs, were significantly increased for cells
cultured in the differentiationmedium than those cultured in the con-
trol medium (Figures 3B and 3C). The transcripts of noggin and lep-
tin increased in adipogenic differentiated cells. Interestingly, the adi-
pogenic differentiation significantly downregulated miR-200c in
hBMSCs. In addition, after a plasmid-based miRNA inhibitor system



Figure 3. Characteristics of adipogenesis of hBMSCs on miR-200c expression

(A) Microphotographs of hBMSCs with Oil Red O staining 3 weeks after adipogenic differentiation and control. (B) Relative transcript changes of noggin, Zeb1, LPL, PPAR-g,

and leptin of hBMSCs 1 week after adipogenic differentiation compared to controls. (C) Relative fold change of miR-200c hBMSCs 3 and 7 days after differentiation and

controls. (D) Normalized fold changes ofmiR-200c expression in hBMSCs 3 days after treatment with PMIS-miR-200c. (E) Relative transcript changes of PPAR-g, LPL, and

noggin in adipogenic differentiated hBMSCs pretreated with PMIS-miR-200c. *p < 0.05, performed in triplicate.
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(PMIS) effectively downregulated endogenous miR-200c expression,
the adipogenic markers, including PPAR-g, LPL, and noggin, were
significantly increased in hBMSCs (Figures 3D and 3E).

LPS-induced periodontal inflammation in DIO mice mimicked

the pathophysiological variabilities of PiOSs

Figure 4 summarizes pathophysiological variabilities after injection of
Pg-LPS into the gingival sulcus between maxillary M1/M2 of obese
mice after 16 weeks of being fed an HFD. After 2 weeks, the injection
of Pg-LPS induced apparent AB resorption compared to PBS as
shown in micro-computed tomography (mCT) images (Figure 4A).
Quantitatively, the distances between the Cementoenamel Junction
(CEJ) to the AB crest (ABC) measured by mCT were significantly
increased in mice with Pg-LPS injection over controls (Figure 4B).
Pg-LPS injection also significantly reduced the parameter of AB mi-
croarchitecture in the maxilla, including the bone volume/tissue vol-
ume (BV/TV) and bone mineral density (BMD; Figures 4C and 4D).
Pg-LPS also downregulated miR-200c in the gingiva (Figure 4E). In-
jection of Pg-LPS significantly increased transcripts of IL-6 and Zeb1
in gingiva and IL-8 in WAT (Figures 4F and 4G). Although both IL-8
in gingiva and IL-6 and Zeb1 in WAT were increased, no statistical
difference was observed due to limited sample size. In addition,
DIOmice injected with LPS have significantly increased glucose intol-
erance and insulin resistance than do control mice receiving PBS in-
jection as evidenced by an increased glucose concentration through
GTT analysis (Figure 4H).
Local injection of miR-200c at gingival tissues attenuated local

and systemic inflammation in a mouse model of PiOSs

We injected naked plasmid DNA encodingmiR-200c into gingival tis-
sues of obese mice with periodontitis to test the protective function of
miR-200c. Pg-LPS at 20 mg was injected into the interdental region be-
tweenM2/M3 of DIOmice to create a mouse model of PiOSs. PBS was
injected as a control. Plasmid DNA encoding miR-200c at 1 and 5 mg
was applied to treat periodontitis, and plasmid encoding empty vector
(EV) at 5 mg/mL was used as a treatment control. Mice were euthanized
after 2 and 4 weeks, and periodontal and systemic inflammation and
glucose metabolism were analyzed. Compared to the injection with
PBS, in mCT images, injection of Pg-LPS co-treated with EV increased
the distances between the CEJ to the ABC and induced AB resorption
between M2 and M3 (Figure 5A). The histological examination after
hematoylin and eosin (H&E) and tartrate-resistant acid phosphatase
(TRAP) stains confirmed that the majority of AB between M2/M3
was resorbed after injection of Pg-LPS. Inflammatory granulation tis-
sue and activated osteoclasts were observed in mice injected with Pg-
LPS co-treated with EV (Figures 5B and 5C). However, in PiOS mice
treated with miR-200c, limited bone resorption and inflammation
induced by Pg-LPS were observed, and ABC was comparable to mice
injected with PBS (Figures 5A–5C). Quantitatively, whereas Pg-LPS in-
jection treated with EV resulted in significantly increased distance be-
tween the CEJ to the ABC, the treatment of miR-200c effectively
restored the bone loss (Figure 6A).miR-200c also significantly restored
BMD and BV/TV in the AB of maxilla after challenge with Pg-LPS
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Figure 4. Pathophysiological characteristics of Pg-LPS injection into the gingival sulcus betweenmaxillaryM1/M2 of obesemice after 16weeks of being fed

an HFD

(A) mCT scan of maxillary bones on the palatal side of obese mice 2 weeks after receiving Pg-LPS at different concentrations. (B–D) Quantitative measurement of AB loss,

BMD, and BV/TV at maxillary M1/M2 of mice. (E) Relative fold change ofmiR-200c in gingival tissues of mice with different treatments. (F and G) Relative transcript changes of

IL-6, IL-8, and Zeb1 in gingiva andWAT ofmice after different treatments. (H) Serum glucose concentration measured by aGTT test in mice with different treatment. *p < 0.05

versus PBS injection; n = 3–6.
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(Figures 6B and 6C). Compared to the EV treatment, miR-200c injec-
tion also effectively rescued miR-200c downregulated by Pg-LPS after
2 weeks (Figure 6E). Treatment of miR-200c also significantly sup-
pressed the IL-6 transcript in the gingiva (Figure 6E). Notably, the in-
jection ofmiR-200c at 5 mg significantly reduced the protein level of IL-
6 in blood serum (Figure 6D) after 4 weeks. The local application of
plasmid DNA encodingmiR-200c also significantly increased the tran-
scripts of miR-200c and reduced transcripts of IL-6 and IL-8 in WAT
after 4 weeks (Figure 6F). In the GTT analysis, miR-200c treatment
in gingival tissues reduced glucose concentration in PiOSs significantly.

Exosomal miR-200c probably mediated the anti-inflammatory

function in treating PiOS mice

After plasmid miR-200c was injected into the gingival tissues of DIO
mice, an increase ofmiR-200c expression in circulating exosomes was
observed, compared to the injection of plasmid EV (Figure 7A, p =
0.075, n = 3; Figure 7A). In addition, we collectedmiR-200c-enriched
exosomes from the supernatant of human embryonic palatal mesen-
chymal cells (HEPMs) with miR-200c overexpression. Transmission
electron microscopy (TEM) and western blot were used to confirm
the exosomes (Figure 7B). In order to determine the function of exo-
somal miR-200c on adipose tissue, human adipose derived stromal
cells (hADSCs) were treated with the exosomes collected from the
HEPM cells with miR-200c overexpression and the exosomes from
the cells with EVs. The exosomes released from HEPM with miR-
200c overexpression significantly increased miR-200c (�27-fold; Fig-
ure 7C) and reduced the transcripts of IL-6 and IL-8 in hADSCs. Exo-
somal miR-200c also significantly reduced LPL (Figure 7D).
Pg-LPS and IL-6 reduced miR-200c and increased Zeb1

Figure 8 summarizes the potential functions of Pg-LPS and IL-6 on
miR-200c and Zeb1. IL-6 and Pg-LPS significantly downregulated
1208 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
miR-200c in a dose-dependent manner in HEPM. The anti-IL-6
mAb effectively rescued the reduction induced by Pg-LPS (Figures
8A and 8B). In addition, both IL-6 and Pg-LPS upregulated Zeb1,
while mAb against IL-6 effectively counteracted the function of LPS
on Zeb1 (Figures 8C and 8D).
DISCUSSION
While different miRNAs and miRNA families have been reported to
be predominantly expressed in certain tissues, the tissue-specific dis-
tribution of miR-200c remains unknown.41 In this study, we
compared miR-200c in different tissues of mice and found a signifi-
cantly higher expression ofmiR-200c in gingival tissues than in blood,
liver, and fat tissues. This finding suggested that miR-200c may have
essential roles in the physiology and pathophysiology of oral gingival
tissues. Because of the extensive regulation ofmiR-200c in inflamma-
tion and obesity,32,33 this finding indicated thatmiR-200cmay partic-
ipate in the pathogenesis of periodontitis in obese patients.

Although many cytokines and miRs aggravate inflammation associ-
ated with periodontitis in obese subjects, the present study suggests
that, for the first time, downregulation of miR-200c might play an
important role in the molecular pathogenesis of PiOSs. While the
variation ofmiR-200c in PiOSs in humans remains unknown, a signif-
icant downregulation of miR-200c was reported in gingival tissues of
periodontitis patients.29 Additionally, the finding that miR-200c is
downregulated in blood samples of obese patients with insulin resis-
tance also suggests that miR-200cmay be downregulated in PiOS pa-
tients.32 In this study, we have not only confirmed the previously pub-
lished finding that miR-200c was downregulated in adipose tissue of
obese mice,33 but also found that obesity resulting from an HFD
significantly reduced miR-200c in the gingival tissues. The DIO
mice experienced increased IL-6 and impaired glucose tolerance,



Figure 5. Representative mCT scan and microphotographs of histological cross-sections of obese mice 4 weeks after receiving Pg-LPS with miR-200c

treatment and controls

(A) mCT images on the palatal side and cross-section of maxillary bones. (B) H&E-stained histological cross-section of mice after different treatments. AB, alveolar bone;

arrow, granulation tissues; scale bar, 100 mm. (C) TRAP-stained histological cross-section of mice after different treatments. Arrow, activated osteoclasts; scale bar, 100 mm.

www.moleculartherapy.org
which are consistent with pathophysiological characteristics found in
obese patients.42,43 Administration of Pg-LPS in local gingival tissue
not only caused AB loss and inflamed granulation tissues but also
exaggerated the systemic inflammation evidenced by the upregulation
of IL-6 and IL-8 and impaired glucose tolerance. These pathophysio-
logical variations in obese mice with LPS injection were similar to var-
iations for PiOS patients. miR-200c was significantly downregulated
in gingival and adipose tissue in these mice. Thus, this strongly indi-
cates that miR-200c most likely is downregulated in patient gingival
tissues with PiOSs; however, human studies would be needed to
confirm this. Additionally, because Pg-LPS represents the causal
pathogen for chronic patient periodontitis, the similar pathophysiol-
ogies of PiOSs in this animal model allow us to further investigate its
molecular pathogenesis and develop a treatment approach for PiOSs.

Our previous studies have reported the anti-inflammatory capabilities
of miR-200c on periodontitis in vitro and in vivo. In this study, we
have further confirmed that overexpression of miR-200c in gingival
tissues, elicited by injecting naked plasmid DNA encoding miR-
200c, could efficiently prevent periodontal inflammation and AB
loss induced by LPS in obese mice. The local application of miR-
200c also effectively protects the microarchitecture of AB. Moreover,
we have demonstrated that the local application of miR-200c in
gingival tissues could result in increasedmiR-200c inWAT. The latter
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1209
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Figure 6. Quantitative measurements of the effectiveness ofmiR-200c on attenuating AB loss and systemic inflammation in obese mice with periodontitis

(A–C) Quantitative mCT measurement of AB loss (A), BMD (B), and BV/TV (C) at maxillary M2/M3 of obese mice with Pg-LPS injection 4 weeks after treatment withmiR-200c

at different concentrations and controls. (D) Serum concentration of IL-6 in mice 4 weeks after different treatments. (E and F) Relative transcript changes ofmiR-200c, IL-6,

and IL-8 in gingiva andWAT ofmice with different treatments. (G) Serum glucose concentrations from aGTT test inmice 4weeks after receiving different treatments. *p < 0.05

versus LPS-EV, n = 4–6.
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potentially contributes to the downregulation of proinflammation cy-
tokines, including transcripts of IL-6 and IL-8 in adipose tissues and
IL-6 protein levels in blood. This indicates that local application of
miR-200c in gingival tissue may also potentially improve the inflam-
matory status of obesity in PiOSs. In addition, we found that, for the
first time, the local application of miR-200c effectively improved
glucose tolerance and insulin resistance in obese mice with periodon-
titis. These results indicate a key potential benefit of local application
of therapeutic miR-200c to alleviate both periodontitis and systemic
glucose metabolism disorder associated with PiOSs. Although upre-
gulatedmiR-200c found in type 2 diabetes was considered to increase
apoptosis and impair pancreatic islets,44 miR-200c was reported to be
downregulated in blood samples from obese patients with insulin
resistance, and the level of miR-200c is highly associated with whole
body insulin sensitivity but inversely associated with insulin resis-
tance and basal glucose. Opposite miR-200c expression levels may
be caused by different pathophysiological variations in diabetes and
obesity. In this study, we also observed that downregulation of
miR-200c is associated with impaired glucose tolerance in DIO
mice. The reduction of miR-200c and impaired glucose tolerance
was even worse for DIO mice with LPS-induced periodontitis, which
is similar to obese patients with periodontitis. Overexpression ofmiR-
200c by injection of plasmid DNA into gingival tissues effectively
improved glucose tolerance in PiOS mice. Although the underlying
mechanism(s) is not clear, modulation of inflammation induced by
overexpression of miR-200c may play a major role. We speculate
that attenuated systemic inflammation with reduced circulating IL-
6 levels and IL-6 and IL-8 transcripts in adipose tissues may
contribute to this effectiveness. IL-6 has been demonstrated to deci-
sively induce the development of insulin resistance and pathogenesis
of type 2 diabetes mellitus through the generation of inflammation by
1210 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
controlling differentiation, migration, proliferation, and cell
apoptosis.45,46 Previous work has shown that IL-6 causes insulin resis-
tance by impairing the phosphorylation of insulin receptor and insu-
lin receptor substrate-1 by inducing the expression of SOCS-3, a po-
tential inhibitor of insulin signaling.47 Thus, downregulated IL-6 in
circulation and remote adipose tissue induced by overexpression of
miR-200c in gingival tissues may play important roles in improving
insulin resistance in PiOS mice.

In addition to the inhibitory function of obesity onmiR-200c, we have
also revealed the potential interactive regulation of miR-200c with
adipogenesis in this study. First, we observed that the adipogenic dif-
ferentiation of hBMSCs significantly downregulatedmiR-200c, which
is consistent with downregulation of miR-200c in mice fed an HFD.
We also noticed that downregulation of miR-200c could effectively
promote adipogenic differentiation of hBMSCs, while overexpression
ofmiR-200c could downregulate the adiopogenesis of hADSCs. There
are several mechanism(s) probably involved in the regulation ofmiR-
200c. miR-200c has been demonstrated previously to increase osteo-
genic differentiation.39,48 Due to the inverse relationship between
osteogenic and adipogenic programming, this may potentially explain
the inhibitory role ofmiR-200c in adipogenesis. In addition, the recip-
rocal action between miR-200c and leptin, an adipokine activating
proadipogenic factor,49–51 may also explain aspects of regulation.
Adipogenesis induced upregulation of leptin may potentially inhibit
miR-200c while overexpression of miR-200c may act negatively on
adipogenesis by suppressing noggin.52,53

In this study, we observed that circulating exosomal miR-200c in
serum was upregulated after local injection of miR-200c in gingival
tissues. Our in vitro test also demonstrated the anti-inflammatory



Figure 7. Exosomal miR-200c on inflammation and adipogenesis

(A) Relative fold change of miR-200c in serum exosomes isolated from mice receiving plasmid miR-200c injection in gingival tissues. p = 0.075, n = 3. (B) TEM image of

exosomes isolated from HEPM cells with an overexpression of miR-200c and western blot using anti-CD63 and CD-9. (C) Relative fold changes of miR-200c in human

ADSCs after treatment with exosomes isolated from HEPM cells withmiR-200c overexpression and controls. (D) Relative transcript changes of IL-6, IL-8, and LPL in human

ADSCs after treatment with exosomes isolated from HEPM cells with miR-200c overexpression and controls. *p < 0.05, performed in triplicate.
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function of exosomalmiR-200c using human adipose cells. Exosomes
are known to be key mediators in cell-cell communication and facil-
itate the transfer of genetic and biochemical information between
distant cells. Thus, we propose that circulating exosomes may transfer
the genetic signals between gingival and adipose tissues and upregu-
lation of circulating exosomal miR-200c may play a role in systemic
anti-inflammation in PiOSs. However, future studies to confirm the
origin of the circulating miR-200c-enriched exosomes and track their
destinations in PiOSs will provide more information for determining
the mechanism(s) mediating the interaction of gingival and adipose
tissue in PiOSs.

Although IL-6 was reported to mediatemiR-200c suppression in NF-
kB signaling in a cancer study,54 we reveal for the first time that IL-6
may directly inhibitmiR-200c expression. That is, the downregulation
of miR-200c in both mice and patients who are obese and have peri-
odontitis is due to upregulated IL-6 levels. This finding provides
further support for the role that miR-200c downregulation may
play in PiOSs. In addition, previous studies have reported that Pg-
LPS downregulates miR-200c in macrophages and gingival tissues
potentially via regulation of Zeb1.30,31 In this study, we not only
confirmed the function of Pg-LPS on inhibiting miR-200c and
increasing Zeb1 in vitro and in vivo but also observed the effectiveness
of monoclonal antibodies in counteracting IL-6 in vitro. This strongly
indicates that downregulation of miR-200c and upregulation of Zeb1
induced by Pg-LPS may be mediated via the upregulation of IL-6. The
upregulation of Zeb1 further contributes to the downregulation of
miR-200c in vitro and in vivo. However, the mechanism(s) underlying
the inhibitory function of IL-6 on the biogenesis of miR-200c is not
clear. In summary, the present studies have demonstrated that down-
regulation of miR-200c by upregulation of IL-6, Zeb1, and leptin in
periodontitis and obesity may contribute to the molecular mecha-
nism(s) of the pathogenesis of PiOSs by further exaggerating IL-6
levels and adipogenesis. Overexpression ofmiR-200c in gingival tissue
can effectively attenuate both local and systemic inflammation and
improve glucose metabolism in obese subjects by targeting IL-6, IL-
8, noggin, and leptin (Figure 9). While the inhibitory function of IL-
6 on miR-200c and circulating exosomal miR-200c may function in
pathogenesis and treatment of PiOSs, respectively, future studies to
confirm the function and clarify the underlying mechanism(s) are
needed.

MATERIALS AND METHODS
CharacterizingmiR-200c and its potential regulators in DIOmice

All in vivo animal experiments were performed with approval from
the Office of Animal Resources at the University of Iowa. The surgical
protocols were followed in accordance with the policies and guide-
lines provided by the Institutional Animal Care and Use Committee.
We first measured the tissue-specific distribution of miR-200c.
Gingiva, liver, subcutaneous inguinal and epididymal WAT, and
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1211
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Figure 8. Effectiveness of IL-6 and LPS on miR-200c and Zeb1

(A and B) Relative fold changes ofmiR-200c expression in HEPM cells treated with IL-6 and LPS at different concentrations. (C and D) Relative transcript changes of Zeb1 in

HEPM cells treated with IL-6 and Pg-LPS at different concentrations. *p < 0.05, performed in triplicate.
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blood serum were collected from 22-week-old male C57BL/6J mice
(Jackson), and the transcripts of miR-200c were measured using
qRT-PCR. In order to determine the influence of obesity on miR-
200c and its regulators, we collected the gingiva and WAT from 12-
and 22-week-old male C57BL/6J mice, respectively. The mice were
fed with HFD (35.5% fat, 20% protein, and 32.7% carbohydrates)
for 6 and 16 weeks. After each mouse was weighed and euthanized,
the transcripts of miR-200c, IL-6, IL-8, Zeb1, and noggin were quan-
tified using qRT-PCR. The protein level of IL-6 in blood serum was
measured using ELISA according to the manufacturer’s protocol
(BioLegend, San Diego, CA, USA). The GTT was performed to deter-
mine the glucose metabolism influenced by obesity. Mice of the same
age on a RD were used as controls.

Evaluating miR-200c and its potential regulators in a mouse

model of PiOSs

Periodontitis in obese mice was induced by Pg-LPS injection in male
22-week-old C57BL/6J mice fed with an HFD for 16 weeks. A total
of 1 mL Pg-LPS (Biological Laboratories, Campbell, CA, USA) at 10
or 20 mg/mL was directly injected twice a week into the interdental
region between maxillary molars using a Hamilton1700 series sy-
ringe. The same volume of PBS was injected into the same sites in
controls. The mice were euthanized after 2 weeks, and the GTT
test was performed before euthanization. The transcripts of miR-
1212 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
200c, IL-6, and IL-8 in the gingiva, and WAT were measured using
qRT-PCR, and the protein level of IL-6 in blood was measured using
ELISA. The AB resorption induced by Pg-LPS injection was
analyzed using mCT.

Exploring the therapeutic effectiveness of miR-200c on PiOSs

To investigate the preventive and therapeutic potential of miR-200c
for PiOSs, we injected Pg-LPS in gingival tissues of DIO mice to
create a mouse model of PiOSs and co-treated with plasmid DNA
encoding miR-200c at different doses or EV as a control. Plasmid
DNA encoding miR-200c and EVs were prepared using methods
described previously.38,39 The mice were divided into four groups,
each receiving a different treatment, including (1) PBS injection
alone; (2) 20 mg of Pg-LPS with EV at 5 mg; (3) 20 mg of Pg-LPS in-
jection with 1 mg ofmiR-200c; and (4) 20 mg of Pg-LPs injection with
5 mg of miR-200c. We injected 1 mL of the Pg-LPS with miR-200c or
controls into the interdental region between M2/M3 twice a week.
The mice were euthanized after 2 and 4 weeks, and the transcripts
of miR-200c, IL-6, and IL-8 from the gingiva, WAT, and protein
levels of IL-6 in blood were measured using qRT-PCR and ELISA.
GTT was performed to determine the influence of miR-200c on
glucose metabolism in PiOSs after 4 weeks. The preventive function
of miR-200c on AB resorption was measured using mCT and
histology.



Figure 9. Potential roles of miR-200c in

pathogenesis and treatment of PiOSs
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Analyzing the influence of adipogenic differentiation on miR-

200c in vitro

hBMSCs were purchased and cultured in complete mesenchymal
stem cell growth medium (Lonza, Switzerland) at 37�C with 5%
CO2. At passage 4, the cells were seeded on a 12-well plate with a den-
sity of 105 cells/per well and cultured with adipogenic differentiation
medium consisting of DMEM culture medium supplemented with
175 nM dexamethasone and 50 mM indomethacin for up to
21 days. Cells treated with DMEM culture medium containing 10%
FBS and 1% antibiotics served as controls. The transcripts of miR-
200c and adipogenic biomarkers, including PPAR-g and LPL, were
quantified using qRT-PCR after different time points. Oil Red O
staining (Science) was performed to confirm the lipid accumulation
after 21 days, as described previously.55 In order to confirm the poten-
tial function of miR-200c on adipogenic differentiation, the adipo-
genic biomarkers in hBMSCs were measured after endogenous
miR-200c was inhibited by a PMIS56 (NaturemiRI, Iowa City, IA,
USA).

Collecting and analyzing exosomal miR-200c in DIO mice and

HEPM cells with miR-200c overexpression

A total of 1 mL of plasmid encoding DNA miR-200c at 5 mg/mL and
PBS as a control was injected into gingival tissues at the labial vesti-
bule of 22-week-old DIO mice twice a week. After 2 weeks, whole
blood from the mice was collected from the venous sinus using a
capillary tube and incubated at room temperature for 20 min. The
serum was separated by centrifugation at 3,000 rpm for 15 min at
4�C and immediately aliquoted. Exosomes were subsequently ex-
tracted from serum using serum total exosome isolation kit (Invitro-
gen). The expression of miR-200c in serum and exosomes from the
Molecular The
circulation of mice were measured using qRT-
PCR. To determine the function of exosomal
miR-200c, we collectedmiR-200c-rich exosomes
from human embryonic palatal mesenchyme
(HEPM) cells with overexpression of miR-
200c. The HEPM cells with overexpression of
miR-200c were prepared as previously
described.23 The miR-200c-enriched exosomes
were collected from the supernatant of HEPM
transduced with lentiviral miR-200c using
exoEasy Maxi Kit (QIAGEN) according to the
manufacturer’s protocol. The exosome’s char-
acteristics, including spherical shapes with a
size of 30–100 nm and CD63 and CD9, were
confirmed using TEM and western blot. In or-
der to determine the function of exosomal
miR-200c, the miR-200c enriched exosomes
were added to hADSCs (Lonza). ADSCs at pas-
sage 4 were seeded on a 12-well plate at 105 cells
per/well and cultured in DMEM medium. A total of 20 mL exosomes
at 3.7 mg/mL were added to hADSCs in an exosome-free medium for
18 h. The exosomes from the HEPM cells transduced with lentiviral
EVs were used as controls. The transcripts ofmiR-200c and its targets,
including IL-6, IL-8, and adipogenic marker in hADSCs, LPL, were
quantified after 3 days using qRT-PCR.

Analyzing inhibitory roles of IL-6 on miR-200c

HEPM cells were cultured in DMEM medium and supplemented
with IL-6 at 30 and 100 ng/mL and LPS at 1 mg/mL. The range of
IL-6 concentrations was based on rates among patients with chronic
periodontitis.57 An anti-IL-6 mAb was used to counteract the func-
tion of Pg-LPS. The transcripts of miR-200c and Zeb1 were analyzed
after 24 h using qRT-PCR.

qRT-PCR

Total RNA from mouse tissue and cultured cells was collected using
miReasy mini kit (QIAGEN). The concentration and purity of the to-
tal RNA were quantified using a NanoDrop One Microvolume UV-
Vis Spectrophotometer (Thermo Scientific). The measurement of
miR-200c expression was performed using the mirScript ll reverse
transcription kit and miRScript SYBR Green PCR Kit (QIAGEN)
and normalized to U6 by a comparative DDCt method. mRNA
expression was measured by qRT-PCR using PrimeScript Reagent
Kit (Takara) to carry out reverse transcription and amplified reaction
by using amplification primers with SYBR Green PCR Master Mix
(PE Applied Biosystems). The comparative DDCt method was used
to quantify the relative level of different mRNA expression. All sam-
ples were normalized to GAPDH. Table 1 lists the primers for qRT-
PCR.
rapy: Nucleic Acids Vol. 23 March 2021 1213
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Table 1. Sequence for forward and reverse primer sets used for real-time PCR

Gene Forward primer (50-30) Reverse primer (30-50)

PPAR-g (H) ACCAAAGTGCAATCAAAGTGGA ATGAGGGAGTTGGAAGGCTCT

Noggin (H) CCATGCCGAGCGAGATCAAA TCGGAAATGATGGGGTACTGG

C/EBP-a (H) TATAGGCTGGGCTTCCCCTT AGCTTTCTGGTGTGACTCGG

ZEB1 (H) GATGATGAATGCGAGTCAGATGC ACAGCAGTGTCTTGTTGTTGT

IL-6 (H) CCATCTTTGGAAGGTTCAGGTTG ACTCACCTCTTCAGAACGAATTG

IL-8 (H) AACCCTCTGCACCCAGTTTTC ACTGAGGATTGAGAGTGGAC

LPL (H) TGTGGTGGACTGGCTGTCA CTGTCCCACCAGTTTGGTGTAG

GAPDH (H) TGTGGGCATCAATGGATTTGG ACACCATGTATTCCGGGTCAAT

IL-6 (M) TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC

IL-8 (M) CAAGGCTGGTCCATGCTCC TGCTATCACTTCCTTTCTGTTGC

Zeb1 (M) CCATACGAATGCCCGAACT ACAACGGCTTGCACCACA

Noggin (M) GCGTCTCGTTCAGATCCTTCTC GCCAGCACTATCTACACA

H, human; M, mouse

Molecular Therapy: Nucleic Acids
GTT measurement

For the GTT test, mice were food deprived for up to 16 h and subse-
quently administered up to 1 g/kg of glucose by intraperitoneal injec-
tion. Blood glucose was measured at t = 0, 15, 30, 60, 90, and 120 min,
from 1–3 mL of blood obtained from a superficial nick made in the tail
vein using a Breeze 2 glucose meter (Bayer).

mCT analysis

mCT analysis using SkyScan 1272 was performed to evaluate the AB
resorption of mice with different treatments. Scanning was performed
with a rotational angle of 360� around the longitudinal axis of the sec-
ond molar tooth, utilizing a spatial resolution of 17 mm at 70 kV,
142 mA, and a 0.5� rotation step with an exposure time of 500 ms.
Periodontal bone heights were measured as the distances from the
CEJ to the ABC in the interdental region between M2 and M3. Volu-
metric measurements, including BV, TV, BV/TV, and BMD, were
evaluated within the region of interest (ROI). The ROI of volumetric
analysis of the interdental region was set between maxillary M2 and
M3. The ROIs were drawn (size 0.19 � 0.414 = Ellipse) between
the interproximal area of M2-M3 without overlap with the tooth.
For image reconstruction, 2D virtual sections of maxillary molar teeth
were acquired in the coronal, axial, and sagittal planes by the Skyscan
CT-analyzer (CTAn) software. The CTAn software was further em-
ployed for 3D analysis and quantification of the volume of interfacial
gaps and voids within the ROI. The Skyscan CT-Volume software was
used for 3D visualization of periodontal bone tissues.

Histological examination

Maxillary tissue blocks in each group were fixated with 4% parafor-
maldehyde for 24 h at 4�C and decalcified with 10% ethylenediamine-
tetraacetate (EDTA) for 3 weeks. Subsequently, the samples were de-
hydrated in a gradient of ethanol before immersion 2 times in xylene.
All samples were embedded in paraffin before sectioning. Sagittal sec-
tions of 8 mm thickness were cut perpendicular to the tooth axis. Sec-
tions were stained with H&E and TRAP staining following standard
1214 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
protocols. Corresponding images of the H&E- and TRAP-stained tis-
sues were taken using a microscope to examine the AB loss.

Statistical Analysis

Descriptive statistics were conducted for both in vitro and in vivo in-
vestigations. For the in vivo study, a Student’s t test was utilized to
evaluate differences between DIO mice and controls at different
time points. A one-way ANOVA with post hoc Tukey’s HSD test
was utilized to evaluate whether there was a significant difference in
each measurement among mice with different treatments. The Sha-
piro-Wilks’ test was also applied to verify the assumption of
normality. All statistical tests completed for the in vivo quantification
used a significance level of 0.05, and statistical analyses were per-
formed using the statistical package SAS System version 9.4 (SAS
Institute, Cary, NC, USA). For the in vitro study, a Student’s t test
was utilized to evaluate differences between the cells with adipogenic
differentiation and controls. A one-way ANOVA with post hoc Tu-
key’s HSD test was utilized to evaluate whether there was a significant
difference in each measurement among cells with different treat-
ments. The Shapiro-Wilks’ test was applied to verify the assumption
of normality. All statistical tests for the in vitro study utilized a signif-
icance level of 0.05, and statistical analyses were performed using
commercially available SPSS 25 Statistical Software (IBM).
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