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Abstract: Hypoxia associated with inflammation are common hallmarks observed in several diseases,
and it plays a major role in the expression of non-coding RNAs, including microRNAs (miRNAs).
In addition, the miRNA target genes for hypoxia-inducible factor-1α (HIF-1α) and nuclear factor
of activated T cells-5 (NFAT5) modulate the adaptation to hypoxia. The objective of the present
study was to explore hypoxia-related miRNA target genes for HIF-1α and NFAT5, as well as miRNA-
20a, miRNA-30e, and miRNA-93 expression in periodontitis versus healthy gingival tissues and
gingival mesenchymal stem cells (GMSCs) cultured under hypoxic conditions. Thus, a case-control
study was conducted, including healthy and periodontitis subjects. Clinical data and gingival tissue
biopsies were collected to analyze the expression of miRNA-20a, miRNA-30e, miRNA-93, HIF-1α,
and NFAT5 by qRT-PCR. Subsequently, GMSCs were isolated and cultured under hypoxic conditions
(1% O2) to explore the expression of the HIF-1α, NFAT5, and miRNAs. The results showed a
significant upregulation of miRNA-20a (p = 0.028), miRNA-30e (p = 0.035), and miRNA-93 (p = 0.026)
in periodontitis tissues compared to healthy gingival biopsies. NFAT5 mRNA was downregulated
in periodontitis tissues (p = 0.037), but HIF-1α was not affected (p = 0.60). Interestingly, hypoxic
GMSCs upregulated the expression of miRNA-20a and HIF-1α, but they downregulated miRNA-
93e. In addition, NFAT5 mRNA expression was not affected in hypoxic GMSCs. In conclusion, in
periodontitis patients, the expression of miRNA-20a, miRNA-30e, and miRNA-93 increased, but a
decreased expression of NFAT5 mRNA was detected. In addition, GMSCs under hypoxic conditions
upregulate the HIF-1α and increase miRNA-20a (p = 0.049) expression. This study explores the role
of inflammatory and hypoxia-related miRNAs and their target genes in periodontitis and GMSCs.
It is crucial to determine the potential therapeutic target of these miRNAs and hypoxia during
the periodontal immune–inflammatory response, which should be analyzed in greater depth in
future studies.
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1. Introduction

In periodontitis, the subgingival periodontal biofilm exhibits a wide range of mech-
anisms that can affect the host’s immune activation, involving altered gene expression
by epigenetic modifications [1,2]. An example is the well-recognized association between
the interleukin-1 genotype and periodontitis severity [3]. In addition, the role of other
inflammatory cytokines, including IL-4, IL-6, IL-10, IL-17, and IL-37, their polymorphisms,
receptors, and signaling pathways are involved in the pathogenesis of periodontitis and the
clinical severity of the disease [4–8]. In this sense, it should be emphasized that the levels
of these pro-inflammatory mediators seem to be extremely important, as they are in the
long-term maintenance of gingival health and the stability of the result of periodontal or
implant therapy [9]. It is, therefore, essential to understand which mechanisms are involved
at the basis of this process to control the inflammatory and destructive response. Moreover,
the growth and maturation of anaerobic and dysbiotic subgingival biofilm could contribute
to lower oxygen levels in periodontitis tissues [10], which are also affected by disrupted
microcirculation and increased leukocyte infiltration [11,12]. Thus, oxygen supply and
consumption in periodontal tissues may be significantly imbalanced and, in response to
hypoxia, which are activated by different transcription factors and several non-coding
RNAs as microRNAs (miRNAs).

Hypoxia upregulates the transcription factors, such as hypoxia inducible factor-1α
(HIF-1α) and Nuclear Factor of Activated T cells-5 (NFAT5) and is critical in regulating
cellular responses to hypoxia [13,14]. Interestingly, HIF-1α is almost undetectable under
normoxic conditions, but its levels increase in a hypoxic environment [14–16]. Furthermore,
it is a crucial transcription factor for osteoclast differentiation [17,18]. Moreover, recent
evidence suggests that a hypoxic environment and HIF-1α are involved in periodontal
inflammatory responses [19–21], angiogenesis in mesenchymal stem cells [22], osteoclast
formation [23], and the activation of several microRNAs (miRNAs) implicated in essential
cell functions and epigenetic modifications [24]. In addition, we have shown that NFAT5
participates in the hypoxia response, but it is independent of HIF-1α [25] and switches the
upregulation of inducible-form nitric oxidases synthase by hypoxia [26]. However, there is
no evidence of the expression of NFAT5 in the context of periodontal inflammation.

Small and non-coding RNAs, including miRNAs can modify the gene expression
of several genes at the same time [27–30]. Most miRNAs bind imperfectly to their tar-
get sequence and selectively repress the translational process, often promoting gene si-
lencing [27,28], controlling the expression of several genes [29]. Among them, miR-20a
is downregulated by hypoxia in nasopharyngeal carcinoma, and the miR-17-92 cluster
(miRNA-20a) can suppress HIF-1α, suggesting that miRNA-20a is a crucial factor in the
hypoxia response [30]. Thus, miRNAs could be responsible for orchestrating several
biologic processes, including antibacterial [31,32], anti-inflammatory, and antioxidative
mechanisms, as well as being epigenetic regulators [29,33]. MiRNA-93 is also upregu-
lated by hypoxia [34,35]. Indeed, miRNA-93 has the same “seed region” as miRNA-20a
(GCACUUU), suggesting that its up-regulation in periodontitis might inhibit the same
hypoxia-response genes [35].

The expression of miRNAs in periodontal disease has been studied previously [36–44].
In this context, miRNAs might mediate endotoxin tolerance through the modulation of
the mitogen-activated protein kinase (MAPK) signaling pathway, increasing the sensibility
of Toll-like receptors (TLRs) to lipopolysaccharide (LPS), or targeting the nuclear factor-
kappa B (NF-kB) signaling pathway in response to bacterial stimuli [31,32,36]. Further,
miRNAs are critical regulators in bone homeostasis, affecting osteoclast activity, osteogenic
lineage, and stem cells through positive feedback loops [39–43]. However, although various
studies have identified miRNAs in periodontal tissues, their essential role in periodontitis
pathogenesis needs to be clarified [42,44–49].

Intriguingly, miRNA-146a exhibits a crucial function in the negative regulation of
the immune response, its dysregulation has been associated with several inflammatory
diseases, and it seems to play a functional, key role in periodontitis [32,36,46,48]. Current
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studies suggest the upregulation of some miRNAs in periodontitis tissues compared to
the healthy periodontium [37,38,41–45]. As an example, the overexpression of miRNA-
146a in periodontitis patients was also accompanied by a decrease in the release of pro-
inflammatory cytokines (TNF-a, IL-1B, and IL-6), suggesting that the elevation of miRNA-
146a regulates pro-inflammatory cytokines through a negative feedback loop [31,32,36]. In
addition, other miRNAs, including miRNA-30e, miRNA-130a, miRNA-142-3p, miRNA-210,
and miRNA-223 (which is involved in osteoclastogenesis) are significantly increased in
periodontitis [37,38,41–44,47].

Understanding the functional roles of hypoxia and miRNAs in the pathogenesis of
periodontitis is relevant due to their strong potential as therapeutic targets in inflammatory
disease treatment and bone regeneration. Most likely, miRNA therapeutics hold great
promise for the future of periodontal therapy based on their ability to modulate the immune
response against infections [41,42,44,47]. The present study aimed to explore the expression
of inflammatory hypoxia-related miRNAs (miRNA-20a, miRNA-30e, and miRNA-93), and
miRNA target genes, HIF-1α and NFAT5, in periodontitis and healthy gingival tissues.
Additionally, we aimed to analyze the effect of hypoxia on these miRNAs, HIF-1α, and
NFAT5 expression in gingival mesenchymal stem cells (GMSCs).

2. Results
2.1. MiRNA Expression in Healthy and Periodontal Disease Biopsies

According to previously published data, the selected, studied miRNAs are involved in
hypoxia and inflammatory mechanisms. We selected these miRNAs based on their targeted
sequence homology with the 3′UTR region of NFAT5 and HIF-1α, using a bioinformatic
approach (miRbase and TargetScan). The expressions of miRNA-20a, miRNA-30e, miRNA-93,
HIF-1α, and NFAT5 were assessed by qRT-PCR and normalized with U6 small nucleolar
RNA abundance for miRNA and 18S for mRNA. In the periodontitis biopsies, we observed a
significant increase of miRNA-20a (12.8 times, p = 0.028), miRNA-30e (2.1 times, p = 0.035), and
miRNA-93 (4 times, p = 0.026) expression compared with healthy gingival tissues (Figure 1).
An association between miRNA-20a (OR = 1.02, CI 95%: 1.002–1.045), miRNA-30e (OR = 1.047,
CI 95%: 1.003–1.093), and miRNA-93 (OR = 1.021, CI 95%: 1.002–1.041) with the diagnosis of
periodontitis was assessed. Thus, to further understand the diagnostic performance of these
miRNAs in periodontitis, we studied the area under ROC curve analysis, which corresponded
to 0.84 (with a sensitivity of 80%, and a specificity of 88.89%) for miRNA-20a, 0.86 for miRNA-
30e (with a sensitivity of 90%, and a specificity of 66.67%), and the AUC-ROC curve of 0.88
for miRNA-93 (with a sensitivity of 90%, and a specificity of 66.67%) (Figure 2). Higher
sensitivity and specificity results for periodontitis diagnoses were obtained for miRNA-93 and
miRNA-20a, respectively.
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Figure 1. The miRNA-20a, miRNA-30e, and miRNA-93 expressions were upregulated in periodontitis
tissues (A) miRNA-20a expression (p = 0.028); (B) miRNA-30e expression (p = 0.035); (C) miRNA-93c
expression (p = 0.026). (au): arbitrary units. The relative miRNAs expressions were determined by
qRT-PCR and normalized with U6. A suggested threshold of the periodontitis condition is suggested
by a dotted lin.

In addition, we analyzed the mRNA expressions of HIF-1α and NFAT5. The concen-
tration of mRNA obtained from NFAT5 was significantly lower in periodontitis biopsies
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compared to healthy gingival tissue (p = 0.037). However, the levels of HIF-1α mRNA were
similar in both groups, suggesting that the studied miRNAs (miRNA-20a, miRNA-30e, and
miRNA-93) could be involved in the downregulation of NFAT5 in periodontitis tissues.
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Figure 2. AUC-ROC curve analysis of selected miRNAs: (A) miRNA-20a (AUC-ROC: 0.84),
(B) miRNA-30e (AUC-ROC: 0.85), and (C) miRNA-93 (AUC-ROC: 0.87). AUC-ROC: area under the
ROC curve.

2.2. MiRNA Expression in Gingival Mesenchymal Stem Cells (GMSCs) under Hypoxic Conditions

The GMSCs were positive for CD73, CD90, and CD105; negative for CD11b, CD34,
CD45, and HLA-DR; negative for plastic adherence; and positive for differentiation-staining
of chondrogenic, osteogenic, and adipogenicity lineages (Figure 3). Under optic microscopy,
GMSCs in normal oxygen conditions showed a fibroblast-like, spindle shape and a plastic-
adherent property. Under a hypoxic environment, GMSCs maintained their fibroblast-
like, spindle shape and plastic-adherent property (baseline, 3, 6, and 12 h) (Figure 3).
Subsequently, the effect of hypoxia on the expression of miRNA-20a, miRNA-30e, miRNA-
93, HIF-1α, and NFAT5 in GMSCs was assessed. The results showed that the hypoxic
condition downregulated miRNA-30e at 3 h of hypoxia (p = 0.015) and upregulated miRNA-
20a at 6 h of hypoxic (p = 0.049) condition in GMSCs (Figure 4).
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Figure 3. (A1–A3) Undifferentiated GMSCs control for each lineage; (B1) adipogenic, (B2) osteogenic,
and (B3) chondrogenic differentiation of GMSCs; (C,D) GMSCs under hypoxic environment (baseline,
3, 6 and 12 h) maintained their fibroblast-like, spindle shape and plastic-adherent properties, reaching
a slightly higher confluence (D) versus normoxic controls (C). Scale bar: 50 µm.
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Figure 4. The expression of miRNA-20a was upregulated (p = 0.049), and the expression of miRNA-30e
was downregulated (p = 0.035) in cultures of GMSCs exposed to a hypoxic environment. The relative
miRNA expression was determined by qRT-PCR and normalized with U6. (au): arbitrary units.

2.3. Effect of Hypoxia in the Expression of HIF-1α and NFAT5 in GMSC

The expression of HIF-1α and NFAT5 was analyzed in GMSCs culture cells. In
standard oxygen conditions (21% O2), HIF-1α expression was scarce. However, the HIF-
1α expression was significantly upregulated at 3 h of hypoxia (1% O2), which decreased
towards 12 h, suggesting that the miRNA-30a downregulation at 3 h could be involved
in the HIF-1α upregulation at the same time (Figure 5). In addition, the miRNA-20a
upregulation at 6 h could be associated with the HIF-1α downregulation. Furthermore, the
NFAT5 expression was not modified by the hypoxic condition (Figure 5), suggesting that
these miRNAs are not involved in controlling NFAT5 expression under hypoxia in GMSCs.
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3. Discussion

The present study shows an upregulated expression of miRNA-20a, miRNA-30e, and
miRNA-93 in gingival tissues from periodontitis patients compared with the gingival
biopsies from healthy controls. Furthermore, our results suggest that NFAT5, but not
HIF-1α mRNA, was downregulated in periodontitis patients, suggesting that the activa-
tion of miRNAs is potentially associated with NFAT5 expression in periodontal tissues.
Otherwise, the GMSCs cultured under hypoxic conditions significantly decreased the
levels of miRNA-30e and increased the HIF-1α expression, suggesting that miRNA-30a
could participate in HIF-1α upregulation during hypoxia. These results are noteworthy
because the hypoxic condition could increase alveolar bone resorption in periodontitis,
and probably, this low-oxygen tension in periodontal tissues contributes to the loss of
periodontal support tissues [50]. Moreover, hypoxia could be one of the main contributors
to the miRNA’s master regulation in inflamed periodontal tissues observed in periodonti-
tis [24,30,44,47,51]. Thus, the main findings of this exploratory study are: 1. A significant
increase in the expression of miRNA-20a, miRNA-30e, and miRNA-93 in periodontitis; 2. A
decreased expression of the NFAT5 mRNA, and a slight decrease in HIF-1α mRNA. Thus,
the upregulation of these inflammatory and hypoxia-related miRNAs, accompanied by an
NFAT5 mRNA downregulation, could be involved in periodontitis pathogenesis, and this
should be examined in greater depth in further studies.

In this sense, miRNAs have been proposed as gene-expression-regulator molecules
and potential biomarkers of periodontitis [41,42,44,47,49]. The serum levels of miRNAs
in periodontitis patients have also been characterized, suggesting the upregulation of
miRNA-664a, miRNA-501, and miRNA-21-3p, among others [52]. Similarly, miRNA-146a
and miRNA-155 in gingival crevicular fluid and miRNA-21-3p in periodontal tissues are
associated with periodontitis severity [48,53,54]. Other miRNAs, such as miRNA-130a,
miRNA-301a, miRNA-520d, and miRNA-548a, were upregulated in inflamed gingival
tissues and periodontitis [52,53]. Our findings support the existence of an increased expres-
sion of miRNA-20a, miRNA-30e, and miRNA-93 in the periodontal tissues of periodontitis
subjects.

A member of the miR-17-92 cluster, miRNA-20a is one of the most extensively studied
families. The members of this family play essential roles in tissue and organ develop-
ment, and they are closely associated with tumors, autoimmune diseases, and osteoge-
nesis [28,29,41,42]. In addition, the overexpression of miRNA-20a has been observed in
inflamed gingival tissues [53,54]. In the case of the miRNA-30e, it has been reported to be
associated with cancer [55], cardiac dysfunction [56], and elevations of the innate immune
response during viral infections and in autoimmune diseases [57]. In the periodontal
disease context, a decreased expression of miRNA-30e in inflamed tissues compared with
healthy gingiva was reported [54]. Furthermore, miRNA-93e is expressed in normal and
pathological scenarios and has been involved in osteogenesis [58,59]. It seems that the
increase of miRNA-93 could inhibit osteogenic differentiation by targeting bone morpho-
genetic protein-2 [59]. Here, the present results suggest the upregulation of miRNA-20a,
miRNA-30e, and miRNA-93 in periodontitis cases.

Additionally, miRNAs are also affected by a hypoxic environment [24,30,34,35,51] and
may be regulated in an HIF-1-dependent or -independent manner by repressing the ex-
pression of HIF-1α, HIF-1β, or a plethora of possible downstream targets to affect hypoxic
responses [13,14,19,20]. Alternatively, miRNAs may initiate new gene-expression programs to
enable adaptation to long-term hypoxic stress [24,30,34,35,51]. Understanding the regulatory
mechanisms of miRNAs related to hypoxic responses is crucial to recognizing the pathophysi-
ology of various chronic inflammatory diseases [51], including periodontitis [52–54].

Interestingly, during O2 deprivation, many cellular responses are primarily regulated
by hypoxia-inducible factors (HIFs), as well as in pathological settings which involve the
inflammation process [60]. HIF-1α is a critical transcription-activator related to oxygen
homeostasis [14,60]. In gingival biopsies from periodontitis subjects (in a hypoxic patho-
logical context), the fibroblast-like cells and infiltrating inflammatory cells overexpress
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HIF-1α, suggesting that the HIF pathway is involved in the inflammatory response of
human periodontal tissue [10–12,61]. In addition, high HIF-1α and NFATc1 levels were de-
tected in severe periodontitis and gingival crevicular fluid samples of severe periodontitis
patients [20], suggesting a role for the TNF-α/HIF-1α/VEGF pathway in the pathogenesis
of periodontitis [61,62]. Rather, NFAT5 plays a central role in inducible gene expression
during the immune response stimulating the expression of various pro-inflammatory cy-
tokines [63]. Furthermore, the stimulus of Porphyromonas gingivalis on human monocyte
cells via Toll-like receptors (TLRs) increased miRNA-132 and inhibited NFAT5 expres-
sion [64]. However, in the present study, we found a downregulation of NFAT5 expression
in periodontitis biopsies. In addition, in hypoxic GMSCs, we found a downregulation of
miRNA-93e without changes in NFAT5 expression. Together, both observations suggest
that NFAT5 is downregulated in periodontitis, independently of the hypoxic condition,
which could be associated with the upregulated expression of miRNA-20a, miRNA-30e,
and miRNA-93 as a mechanism involved in the regulation of the inflammatory response
and osteogenic inhibition. In fact, a recent study has suggested that the downregulation of
NFAT5 is related to a significantly inhibited osteogenic differentiation in cementoblasts,
which results in the activation of various signaling pathways, including those of Erkl/2,
JNK, p38, PI3K-Akt, NF-kB, and Wnt/β-catenin [65].

We are optimistic that advances in miRNAs research and other non-coding RNAs
could improve our understanding of the mechanisms underlying the pathogenesis of
chronic inflammatory diseases affected by hypoxia, such as periodontitis. In addition,
miRNA research opens new possibilities for new, personalized diagnostic tools based on
identifying miRNA profiles in tissues or oral fluids such as gingival crevicular fluid or
saliva. In the current study, we found an increased expression of miRNA-20a, miRNA-
30e, miRNA-93, and decreased levels of NFAT5 mRNA in periodontitis biopsies, which
should be investigated in greater depth. The levels of these inflammatory hypoxia-related
miRNAs could probably be used as biomarkers of the inflammatory status and activity
of periodontitis in the future. In addition, the upregulation of HIF-1α and miRNA-20a
in GMSCs under hypoxia also could contribute to clarifying the role of hypoxia and
miRNAs in inflamed periodontal tissues. The present results represent an initial approach to
describing some hypoxia- and inflammatory-related miRNAs in the context of periodontitis
and assessing the impact of these miRNAs on the pathogenesis and epigenetic modifications
that can occur in periodontitis. As a weakness of the present study, we must mention the
limited sample size. Thus, our results should be interpreted cautiously and validated in a
more extensive study.

4. Materials and Methods
4.1. Study Design

An exploratory case-control study was conducted. The population in the study con-
sisted of 19 subjects (10 patients with periodontitis and 9 gingivally healthy control subjects),
randomly selected from the Universidad de Los Andes Health Care Centre, Santiago, Chile.
Both groups were paired for age, gender, body mass index, and socioeconomic level. Clin-
ical and anthropometric data were recorded, and a dental evaluation with a full-mouth
periodontal exam was performed by a professional qualified in periodontics. All clinically
relevant data for the study were stored in a computer database. Patients were excluded
if they had a diagnosis of diabetes or cardiovascular disease, smoked, had fewer than 18
teeth, had used systemic or topical antimicrobial/anti-inflammatory therapy during the
previous 3 months, or had a history of previous periodontal treatment during the preceding
year. All the subjects signed an informed consent which was approved by the Universidad
de Los Andes Ethics Committee.

4.2. Sampling Collection

Gingival tissue samples were collected from healthy periodontal subjects via the distal
wedge surgical technique with a gingival index (GI) of <1, a periodontal probing depth
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(PPD) of <3 mm, a clinical attachment loss (CAL) of <1 mm, and a lack of radiographic
evidence of alveolar bone loss; fewer than 10% of the sites showed BOP (in the healthy
subjects). The periodontitis group was composed of patients with Stage III or IV peri-
odontitis, including a GI of >1, at least 5 sites with PPD ≥ 5 mm, a CAL of ≥3 mm [66],
evidence of radiographic bone loss, and an indication of respective periodontal surgery.
Under local anesthesia, a sample of approximately 2 × 2 × 1 mm of keratinized gingival
tissue was taken, including junctional epithelium, gingival margin, and connective tissue.
The gingival tissue biopsies (approximately 12 g) were deepithelialized with a scalpel,
leaving only the connective tissue; placed in a sterile tube with Eagle’s medium with 10%
qualified fetal bovine serum (FBS) and 1% penicillin, streptomycin, and amphotericin; and
transported to the laboratory.

According to the protocol previously published by our research group, the explants
were placed on tissue culture dishes containing a complete medium (α-MEM). Briefly, the
explants were minced and maintained in an incubator at 37 ◦C with humidified air (5%
CO2). Between days 14 and 21, the cell cultures reached 80% confluence, at which point they
were treated with trypsin 1× and subcultured [67,68]. The purity of the isolated gingival
mesenchymal stem cells (GMSCs) was determined by the minimal criteria proposed by the
International Society for Cellular Therapy: positive for CD73, CD90, and CD105 markers;
negative or weakly positive for hematopoietic markers CD11b, CD34, CD45, and HLA-DR;
characterized by plastic adherence; and exhibiting positive differentiation staining of chon-
drogenic, osteogenic, and adipogenicity lineages (Figure 3). For osteogenic differentiation,
cells were cultured in α-MEM medium at a density of 50,000 cells-per-well on 24-well
cultures plates in media consisting of α-MEM; 10% FBS; 1% penicillin, streptomycin, and
dexamethasone (0.1 mM); β-glycerophosphate (10 mM); and ascorbic acid (50 µg/mL).
The osteogenic potential differentiation was stained with alizarin red, which distinguishes
the presence of calcified deposits in the culture. For adipogenic differentiation, cells were
cultured at a density of 30,000 cells-per-well on 24-well culture plates. Upon reaching
confluence, and under a differentiation media, the presence of cell drops of lipids was
assessed through stains with red oil. Finally, for chondrogenic differentiation, cells were
cultured at density of 30,000 cells-per-well on a 24-well cultured plates. After de-induction
with the differentiation media, chondrogenic differentiation was evaluated by staining
glycosaminoglycans in the culture via the application of Safranin O [67]. For every sample
submitted to the differentiation protocol, a control culture was kept in α-MEM. This culture
was stained with the same staining test that was used on the experimental cells.

4.3. Cell Culture

GMSCs were cultured in a complete medium consisting of α-MEM, 10% fetal bovine
serum, and 2% penicillin–streptomycin (Gibco, Life Technologies, New York, NY, USA)
in a CO2 incubator (Series 8000, Thermo Scientific, Waltham, MA, USA) at 21% O2, 37 ◦C,
and 5% CO2. Once the GMSCs reached a level of 70–80% of confluence, the cells were
incubated at 37 ◦C in a hypoxic environment (1% O2, C-chamber (C-274), Biospheric, New
York, NY, USA) for 3, 6, and 12 h, using a balanced Nitrogen-CO2 5%. Normoxic controls
were also included. The morphology and confluence of the GMSCs were corroborated
using an optical microscope (Motic ae31, Xiamen, China) and photographed (Moticam
2300, 3.0 m pixel USB 2.0, Xiamen, China).

4.4. RNA Extraction and qRT-PCR Analysis

RNA isolation and analysis: flash-frozen gingival tissue (25–35 mg) was placed in
QIAzol Lysis Reagent and disrupted with a tissue rupture for 30 s. After the dissociation of
the nucleoprotein complexes, the homogenized tissue lysates were incubated with chloro-
form for subsequent phase separation. The homogenate was kept at room temperature and
centrifuged. The aqueous phase was placed in ethanol for RNA precipitation. The obtained
samples were purified with a RNeasy Mini Kit (Qiagen, Hilden, Germany). Finally, the
RNA was eluted with RNase-free water. An extra step was developed: RNA treatment with
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DNase I free RNase (Promega, Madison, WI, USA) for genomic DNA degradation. RNA
was then quantitated using a UV-Vis spectrophotometer (Nanodrop 2000, Thermo Scientific,
Waltham, MA, USA). After the isolation and quantitation of the RNA, 1 µg of input RNA
was used for a reverse transcription reaction using a miScript II RT Kit (Qiagen). The cDNA
obtained from the reverse transcription reactions was stored at −20 ◦C or immediately
used to perform real-time PCR in a Rotor-Gene Q (Qiagen) thermocycler MyScript PCR
System (Qiagen). All samples were run in technical duplicate for each reaction as a qRT-
PCR analysis. Primers that were gene-specific to hsa-miR-20a, hsa-miR-30e, hsa-miR-93,
hsa-miR-128-1, and hsa-miR-186 were purchased (Qiagen). The endogenous expression
of the U6 snRNA gene (Qiagen) was used to normalize the samples’ miRNA expressions.
Furthermore, a no-template control (NTC) was included in the analysis via the addition of
RNase-free water instead of using RNA samples.

4.5. HIF-1α and NFAT5 Expression

GMSCs were harvested with lysis buffer (Complete Lysis-M, ROCHE, Basil, Switzer-
land) and were then centrifuged (Centrifuge 5415 rpm, Eppendorf, Hamburg, Germany) at
13,000 rpm for 7 min at 4 ◦C. The supernatant was collected, and protein concentrations
were determined using a BCA protein assay (Pierce, Thermo Scientific, Rockford, IL, USA).
Western blot analysis was used to analyze the protein expressions using anti-HIF-1α (rabbit
polyclonal igg, Cell Signaling, Danvers, MA, USA), anti-NFAT5 (rabbit polyclonal IgG,
Thermo Scientific, Waltham, MA, USA), and anti α–Tubulin (mouse monoclonal IgG, AB-
CAM, San Francisco, CA, USA). The secondary antibodies that we used were Alexa Fluor
750 goat anti-rabbit and Alexa Fluor 680 goat anti-mouse (Molecular Probes, Eugene, OR,
USA). Signals were detected with an infrared fluorescent system (Odyssey clx, LI-COR,
Lincoln, NE, USA).

4.6. Statistics Analysis

All experiments (qRT-PCR and Western blot) with gingival biopsies were indepen-
dently performed at least 3 times using 3 samples each time. The expressions of the
microRNAs, NFAT5, and HIF-1α were analyzed as continuous variables. The descriptive
analysis was performed based on the median and interquartile range. The association
strength was assessed using a simple logistic regression model. The crude odds ratio (OR)
with a 95% confidence interval (CI) was determined. The discrimination performance of
the miRNAs for healthy gingival tissues versus that for periodontitis tissues was evalu-
ated after the implementation of a de-regression model through the area under the curve
(AUC) of the receiver operating characteristics (ROC) curve. The optimal cut-off points
for estimating the Youden index altogether assessed the highest sensitivity and specificity.
Data for the miRNA were transformed into each value’s logarithm because these variables
had no normal distribution (Shapiro–Wilks test). A p-value < 0.05 was considered statisti-
cally significant. The statistical analysis was performed using Stata software (version 16.1,
Lakeway Drive, College Station, TX, USA).

Author Contributions: Conceptualization, A.C., C.E.I., A.P., M.H. and J.N.; methodology, D.G.
and M.L.; software, D.A. and M.H; validation, D.A., formal analysis, D.A.; investigation, M.L.;
resources, C.L.; data curation, D.A.; writing—original draft preparation, A.C.; writing—review
and editing, C.E.I., J.N. and A.P.; visualization, M.H.; supervision, C.E.I.; project administration;
funding acquisition, A.C. and C.E.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by FONDECYT REGULAR ID1151157 and FONDECYT REGU-
LAR ID1211471, ANID-CHILE, located at Moneda 1375, Santiago de Chile.

Institutional Review Board Statement: The study was conducted under the Declaration of Helsinki
and approved by the Institutional Review Board (or Ethics Committee) of Universidad de Los Andes
for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Int. J. Mol. Sci. 2022, 23, 10310 10 of 12

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Darveau, R.P. Periodontitis: A polymicrobial disruption of host homeostasis. Nat. Rev. Microbiol. 2010, 8, 481–490. [CrossRef]
2. Barros, S.P.; Hefni, E.; Nepomuceno, R.; Offenbacher, S.; North, K. Targeting epigenetic mechanisms in periodontal diseases.

Periodontology 2000 2018, 78, 174–184. [CrossRef]
3. Kornman, K.S.; Crane, A.; Wang, H.Y.; Giovlne, F.S.; Newman, M.G.; Pirk, F.W.; Wilson, T.G.; Higginbottom, F.L.; Duff, G.W. The

interleukin-1 genotype as a severity factor in adult periodontal disease. J. Clin. Periodontol. 1997, 24, 72–77. [CrossRef] [PubMed]
4. Graves, D.; Cochran, D. The contribution of interleukin-1 and tumor necrosis factor to periodontal tissue destruction. J. Periodontol.

2003, 74, 391–401. [CrossRef] [PubMed]
5. Johnson, R.; Wood, N.; Serio, F. Interleukin-11 and IL17 and the pathogenesis of periodontal disease. J. Periodontol. 2004, 75, 37–43.

[CrossRef] [PubMed]
6. Zhang, S.; Crivello, A.; Offenbacher, S.; Moretti, A.; Paquette, D.W.; Barros, S.P. Interferon-gamma promoter hypomethylation

and increased expression in chronic periodontitis. J. Clin. Periodontol. 2010, 37, 953–961. [CrossRef] [PubMed]
7. Larsson, L.; Thorbert-Mros, S.; Rymo, L.; Berglundh, T. Influence of epigenetic modifications of the interleukin-10 promoter on

IL10 gene expression. Eur. J. Oral Sci. 2012, 120, 14–20. [CrossRef]
8. Ishida, K.; Kobayashi, T.; Ito, S.; Komatsu, Y.; Yokoyama, T.; Okada, M.; Abe, A.; Murasawa, A.; Yoshie, H. Interleukin-6 gene

promoter methylation in rheumatoid arthritis and chronic periodontitis. J. Periodontol. 2012, 83, 917–925. [CrossRef] [PubMed]
9. Guarnieri, R.; Miccoli, G.; Reda, R.; Mazzoni, A.; Di Nardo, D.; Testarelli, L. Sulcus fluid volume, IL-6, and Il-1b concentrations in

periodontal and peri-implant tissues comparing machined and laser-microtextured collar/abutment surfaces during 12 weeks of
healing: A split-mouth RCT. Clin. Oral Implant. Res. 2022, 33, 94–104. [CrossRef] [PubMed]

10. Ng, K.T.; Li, J.P.; Ng, K.M.; Tipoe, G.L.; Leung, W.K.; Fung, M.L. Expression of Hypoxia-Inducible Factor-1α in Human Periodontal
Tissue. J. Periodontol. 2011, 82, 136–141. [CrossRef] [PubMed]

11. Huang, S.; Lu, F.; Zhang, Z.; Yang, X.; Chen, Y. The Role of Psychologic Stress-Induced Hypoxia-Inducible Factor-1α in Rat
Experimental Periodontitis. J. Periodontol. 2011, 82, 934–941. [CrossRef] [PubMed]

12. Wang, X.X.; Chen, Y.; Leung, W.K. Role of the Hypoxia-Inducible Factor in Periodontal Inflammation. In Hypoxia and Human
Diseases; IntechOpen: London, UK, 2017; p. 285. [CrossRef]

13. Cramer, T.; Yamanishi, Y.; Clausen, B.E.; Forster, I.; Pawlinski, R.; Mackman, N.; Haase, V.H.; Jaenisch, R.; Corr, M.; Nizet, V.; et al.
HIF-1alpha is essential for myeloid cell-mediated inflammation. Cell 2003, 112, 645–657. [CrossRef]

14. Semenza, G.L. Oxygen sensing, hypoxia-inducible factors, and disease pathophysiology. Annu. Rev. Pathol. 2014, 9, 47–71.
[CrossRef] [PubMed]

15. Blouin, C.C.; Page, E.L.; Soucy, G.M.; Richard, D.E. Hypoxic gene activation by lipopolysaccharide in macrophages: Implication
of hypoxia-inducible factor 1 alpha. Blood 2004, 103, 1124–1130. [CrossRef]

16. Palomäki, S.; Pietilä, M.; Laitinen, S.; Pesälä, J.; Sormunen, R.; Lehenkari, P.; Koivunen, P. HIF-1α is Upregulated in Human
Mesenchymal Stem Cells. Stem Cells 2013, 31, 1902–1909. [CrossRef] [PubMed]

17. Takayanagi, H.; Kim, S.; Koga, T.; Nishina, H.; Isshiki, M.; Yoshida, H.; Saiura, A.; Isobe, M.; Yokochi, T.; Inoue, J.-I.; et al.
Induction and activation of the transcription factor NFATc1 (NFAT2) integrate RANKL signaling in terminal differentiation of
osteoclasts. Dev. Cell 2002, 3, 889–901. [CrossRef]

18. Song, M.K.; Park, C.; Lee, Y.D.; Kim, H.; Kim, M.K.; Kwon, J.O.; Koo, J.H.; Joo, M.S.; Kim, S.G.; Kim, H.-H. Galpha12 regulates
osteoclastogenesis by modulating NFATc1expression. J. Cell Mol. Med. Sci. 2018, 22, 849–860. [CrossRef]

19. Gölz, L.; Memmert, S.; Rath-Deschner, B.; Jäger, A.; Appel, T.; Baumgarten, G.; Götz, W.; Frede, S. Hypoxia and P. gingivalis
synergistically induce HIF-1 and NF-κB activation in PDL cells and periodontal diseases. Mediat. Inflamm. 2015, 2015, 438085.
[CrossRef]

20. Xiao, C.; Bai, G.; Du, Y.; Jiang, H.; Yu, X. Association of high HIF-1α levels in serous periodontitis with external root resorption by
the NFATc1 pathway. J. Mol. Histol. 2020, 51, 649–658. [CrossRef]

21. Razban, V.; Lotfi, A.S.; Soleimani, M.; Ahmadi, H.; Massumi, M.; Khajeh, S.; Ghaedi, M.; Arjmand, S.; Najavand, S.; Khoshdel, A.
HIF-1α Overexpression Induces Angiogenesis in Mesenchymal Stem Cells. Bioresearch Open Access 2012, 1, 174–183. [CrossRef]
[PubMed]

22. Arnett, T.R.; Gibbons, D.C.; Utting, J.C.; Orriss, I.R.; Hoebertz, A.; Rosendaal, M.; Meghji, S. Hypoxia is a major stimulator of
osteoclast formation and bone resorption. J. Cell Physiol. 2003, 196, 2–8. [CrossRef]

23. Muzylak, M.; Price, J.S.; Horton, M.A. Hypoxia induces giant osteoclast formation and extensive bone resorption in the cat. Calcif.
Tissue Int. 2006, 79, 301–309. [CrossRef] [PubMed]

24. Kulshreshtha, R.; Ferracin, M.; Wojcik, S.E.; Garzon, R.; Alder, H.; Agosto-Perez, F.J.; Davuluri, R.; Liu, C.G.; Croce, C.M.; Negrini,
M.; et al. A microRNA signature of hypoxia. Mol. Cell Biol. 2007, 27, 1859–1867. [CrossRef]

25. Villanueva, S.; Suazo, C.; Santapau, D.; Pérez, F.; Quiroz, M.; Carreño, J.E.; Illanes, S.; Lavandero, S.; Michea, L.; Irarrazabal, C.E.
NFAT5 is activated by hypoxia: Role in ischemia and reperfusion in the rat kidney. PLoS ONE 2012, 7, e39665. [CrossRef]

http://doi.org/10.1038/nrmicro2337
http://doi.org/10.1111/prd.12231
http://doi.org/10.1111/j.1600-051X.1997.tb01187.x
http://www.ncbi.nlm.nih.gov/pubmed/9049801
http://doi.org/10.1902/jop.2003.74.3.391
http://www.ncbi.nlm.nih.gov/pubmed/12710761
http://doi.org/10.1902/jop.2004.75.1.37
http://www.ncbi.nlm.nih.gov/pubmed/15025215
http://doi.org/10.1111/j.1600-051X.2010.01616.x
http://www.ncbi.nlm.nih.gov/pubmed/20958339
http://doi.org/10.1111/j.1600-0722.2011.00917.x
http://doi.org/10.1902/jop.2011.110356
http://www.ncbi.nlm.nih.gov/pubmed/22122521
http://doi.org/10.1111/clr.13868
http://www.ncbi.nlm.nih.gov/pubmed/34624157
http://doi.org/10.1902/jop.2010.100100
http://www.ncbi.nlm.nih.gov/pubmed/21043802
http://doi.org/10.1902/jop.2010.100610
http://www.ncbi.nlm.nih.gov/pubmed/21138351
http://doi.org/10.5772/66037
http://doi.org/10.1016/S0092-8674(03)00154-5
http://doi.org/10.1146/annurev-pathol-012513-104720
http://www.ncbi.nlm.nih.gov/pubmed/23937437
http://doi.org/10.1182/blood-2003-07-2427
http://doi.org/10.1002/stem.1435
http://www.ncbi.nlm.nih.gov/pubmed/23744828
http://doi.org/10.1016/S1534-5807(02)00369-6
http://doi.org/10.1111/jcmm.13370
http://doi.org/10.1155/2015/438085
http://doi.org/10.1007/s10735-020-09911-7
http://doi.org/10.1089/biores.2012.9905
http://www.ncbi.nlm.nih.gov/pubmed/23514846
http://doi.org/10.1002/jcp.10321
http://doi.org/10.1007/s00223-006-0082-7
http://www.ncbi.nlm.nih.gov/pubmed/17048066
http://doi.org/10.1128/MCB.01395-06
http://doi.org/10.1371/journal.pone.0039665


Int. J. Mol. Sci. 2022, 23, 10310 11 of 12

26. Serman, Y.; Fuentealba, R.A.; Pasten, C.; Rocco, J.; Ko, B.C.B.; Carrión, F.; Irarrázabal, C.E. Emerging new role of NFAT5 in
inducible nitric oxide synthase in response to hypoxia in mouse embryonic fibroblast cells. Am. J. Physiol. Cell Physiol. 2019, 317,
C31–C38. [CrossRef]

27. Standart, N.; Jackson, R.J. MicroRNAs repress translation of m7Gppp-capped target mRNAs in vitro by inhibiting initiation and
promoting deadenylation. Genes Dev. 2007, 21, 1975–1982. [CrossRef]

28. Wang, B.; Love, T.M.; Call, M.E.; Doench, J.G.; Novina, C.D. Recapitulation of short RNA-directed translational gene silencing
in vitro. Molecular Cell. 2006, 22, 553–560. [CrossRef]

29. Kim, V.N.; Han, J.; Siomi, M.C. Biogenesis of small RNAs in animals. Nat. Rev. Mol. Cell Biol. 2009, 10, 126–139. [CrossRef]
30. Hua, Z.; Lv, Q.; Ye, W.; Wong, C.K.; Cai, G.; Gu, D.; Ji, Y.; Zhao, C.; Wang, J.; Yang, B.B.; et al. MiRNA-directed regulation of VEGF

and other angiogenic factors under hypoxia. PLoS ONE 2006, 1, e116. [CrossRef]
31. Moffatt, C.E.; Lamont, R.J. Porphyromonas gingivalis Induction of MicroRNA-203 Expression Controls Suppressor of Cytokine

Signaling 3 in Gingival Epithelial Cells. Infect. Immun. 2011, 79, 2632–2637. [CrossRef] [PubMed]
32. Li, M.; Wang, J.L.; Fang, Y.M.; Gong, S.T.; Li, M.Y.; Wu, M.H.; Lai, X.M.; Zeng, G.C.; Wang, Y.; Yang, K.; et al. microRNA-146a

promotes mycobacterial survival in macrophages through suppressing nitric oxide production. Sci. Rep. 2016, 6, 23351. [CrossRef]
33. Hulsmans, M.; De Keyzer, D.; Holvoet, P. MicroRNAs regulating oxidative stress and inflammation in relation to obesity and

atherosclerosis. FASEB J. 2011, 25, 2515–2527. [CrossRef]
34. Donker, R.B.; Mouillet, J.F.; Nelson, D.M.; Sadovsky, Y. The expression of Argonaute2 and related microRNA biogenesis proteins

in normal and hypoxic trophoblasts. Mol. Hum. Reprod. 2007, 13, 273–279. [CrossRef] [PubMed]
35. Mouillet, J.F.; Chu, T.; Nelson, D.M.; Mishima, T.; Sadovsky, Y. MiR-205 silences MED1 in hypoxic primary human trophoblasts.

FASEB J. 2010, 24, 2030–2039. [CrossRef] [PubMed]
36. Nahid, M.A.; Rivera, M.; Lucas, A.; Chan, E.K.L.; Kesavalu, L. Polymicrobial Infection with Periodontal Pathogens Specifically

Enhances MicroRNA miR-146a in ApoE-/- Mice during Experimental Periodontal Disease. Infect. Immun. 2011, 79, 1597–1605.
[CrossRef] [PubMed]

37. Lee, Y.H.; Na, H.S.; Jeong, S.Y.; Jeong, S.H.; Park, H.R.; Chung, J. Comparison of inflammatory microRNA expression in healthy
and periodontitis tissues. Biocell 2011, 35, 43–49. [CrossRef] [PubMed]

38. Xie, Y.F.; Shu, R.; Jiang, S.Y.; Liu, D.L.; Zhang, X.L. Comparison of microRNA profiles of human periodontal disease and healthy
gingival tissues. Int. J. Oral Sci. 2011, 3, 125–134. [CrossRef] [PubMed]

39. D’Aiuto, F.; Suvan, J. Obesity, inflammation, and oral infections: Are microRNAs the missing link? J. Dent. Res. 2012, 91, 5–7.
[CrossRef] [PubMed]

40. Perri, R.; Nares, S.; Zhang, S.; Barros, S.P.; Offenbacher, S. Microrna modulation in obesity and periodontitis. J. Dent. Res. 2012, 91,
33–38. [CrossRef] [PubMed]

41. Stoecklin-Wasmer, C.; Guarnieri, P.; Celenti, R.; Demmer, R.T.; Kebschull, M.; Papapanou, P.N. MicroRNAs and Their Target
Genes in Gingival Tissues. J. Dent. Res. 2012, 91, 934–940. [CrossRef]

42. Kebschull, M.; Papapanou, P. Mini but Mighty-microRNAs in the Pathobiology of Periodontal Disease. Periodontology 2000 2015,
69, 201–220. [CrossRef]

43. Mico-Martinez, P.; Garcia-Gimenez, J.L.; Seco-Cervera, M.; Lopez-Roldan, A.; Alminana-Pastor, P.J.; Alpiste-Illueca, F.; Pallardo,
F.V. Mir-1226 detection in GCF as potential biomarker of chronic periodontitis: A pilot study. Med. Oral Patol. Oral Cir. Bucal.
2018, 23, e308–e314. [CrossRef] [PubMed]

44. Luan, X.; Zhou, X.; Trombetta-eSilva, J.; Francis, M.; Gaharwar, A.K.; Atsawasuwan, P.; Diekwisch, T.G.H. MicroRNAs and
Periodontal Homeostasis. J. Dent. Res. 2017, 96, 491–500. [CrossRef] [PubMed]

45. Pettiette, M.T.; Zhang, S.; Moretti, A.J.; Kim, S.J.; Naqvi, A.R.; Nares, S. Microrna expression profiles in external cervical resorption.
J. Endod. 2019, 45, 1106–1113.e2. [CrossRef] [PubMed]

46. Motedayyen, H.; Ghotloo, S.; Saffari, M.; Sattari, M.; Amid, R. Evaluation of microrna-146a and its targets in gingival tissues of
patients with chronic periodontitis. J. Periodontol. 2015, 86, 1380–1385. [CrossRef] [PubMed]

47. Asaàd, F.; Garaicoa-Pazmiño, C.; Dahlin, C.; Larsson, L. Expression of MicroRNAs in Periodontal and Peri-Implant Diseases: A
Systematic Review and Meta-Analysis. Int. J. Mol. Sci. 2020, 21, 4147. [CrossRef] [PubMed]
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