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Abstract: Polycystic ovary syndrome (PCOS) is a complex condition associated with
chronic inflammation and oxidative stress and is often linked to periodontal diseases.
This study aimed to determine whether gingivitis modulates the NLRP3 inflammasome
in peripheral blood mononuclear cells (PBMCs) from women with PCOS. Following a
case-control design, 104 women were divided into three groups: controls (n = 36), PCOS
without gingivitis (PCOS, n = 44) and PCOS with gingivitis (PCOS+, n = 24). Periodontal
parameters, proinflammatory regulators (NFkB p65, JNK), NLRP3 components (NLRP3,
ASC, procaspase-1, caspase-1) and oxidative stress markers (superoxide, NRF2, GCLC
and GSR) were determined. The PCOS+ group presented elevated values for bleeding
on probing (BOP) and plaque and calculus indices, both of which were associated with
increased protein levels of NF«B p65 and JNK, thus indicating NLRP3 inflammasome
priming. Higher protein levels of NLRP3, ASC, procaspase-1 and caspase-1 in the PCOS+
group confirmed that priming had occurred, suggesting an engagement in assembly. When
potential assembly signals of inflammasome were evaluated, the patients with PCOS
generally presented enhanced total superoxide and an impaired antioxidant response
(NRF2, GCLC and GSR). Moreover, BOP was independently associated with JNK, ASC
and procaspase-1. These findings suggest that gingival inflammation modulates the innate
immune response in leukocytes of women with PCOS via the NLRP3 inflammasome
pathway, which is regulated by proinflammatory factors and oxidative damage.

Keywords: inflammasome; NLRP3 protein; PBMCs; gingivitis; polycystic ovary syndrome;
periodontal disease
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1. Introduction

Polycystic ovary syndrome (PCOS) is a complex endocrine disease affecting 5.5-19.9%
of reproductive-aged women worldwide [1,2]. This gynaecological condition is char-
acterised by clinical /biochemical hyperandrogenism, ovulatory dysfunction (including
oligo-ovulation and anovulation) and multiple ovarian cysts [3]. PCOS can lead to obe-
sity, infertility, insulin resistance (IR), hirsutism, acne and amenorrhea [4]. Moreover,
evidence links the oxidative stress status seen in patients and characterised by pro-oxidant
mediators [4,5] to the promotion of chronic low-grade inflammation [6]. As a whole,
women with PCOS are at an increased risk of cardiometabolic outcomes, such as type
2 diabetes or cardiovascular disease [7]. Physiological fluctuations in sex hormones, such
as those that occur during the premenopausal and postmenopausal periods or pregnancy,
can influence the characteristics of the gingival epithelium and crevicular fluid, thus increas-
ing susceptibility to periodontal diseases (PD) [8]. Similarly, growing evidence indicates
that women with PCOS present more frequent alterations in periodontal parameters com-
pared to healthy individuals, suggesting a link between PCOS and PD, including gingivitis
and periodontitis [9-12]. Periodontitis is a chronic multifactorial inflammatory disease
associated with dysbiotic plaque biofilms. Bacterial infections and host immune responses
that occur as a result of periodontitis create a distinct microenvironment, which affects
periodontal homeostasis, leading to the progressive destruction of the tooth-supporting
structures, including the alveolar bone, gingiva and periodontal ligament [13]. Genetic,
environmental and systemic factors have been implicated in its development, and it has
been associated with conditions such as diabetes and cardiovascular diseases. The relation
between PCOS and PD may stem from hormonal imbalances in PCOS, which contribute
to gingival inflammation [8], while IR, systemic inflammation and oxidative stress further
promote a proinflammatory oral environment, increasing the risk of PD progression [11,14].
Indeed, IR, which is recurrent in women with PCOS, has been associated with different
parameters of periodontal infection [14-16].

Gingivitis is the most prevalent form of periodontal disease, affecting the gingival
epithelium and underlying connective tissue. It is characterised by symptoms such as
tissue redness, tenderness, swelling and bleeding upon gentle probing. Histopathologically,
gingivitis involves alterations including elongation of the rete ridges, dilatation of blood ves-
sels, destruction of collagen fibres and a progressive inflammatory infiltrate. The condition
is caused primarily by the accumulation of dental plaque, which triggers an inflammatory
response in the host tissues [17]. This promotes bacterial migration to the surrounding
periodontal pockets, leading to the recruitment of leukocytes from the bloodstream to the
infection site, thereby increasing local oxidative stress and often progressing to irreversible
tissue damage and tooth loss [18,19]. Despite being a localised condition, gingivitis can
lead to more severe periodontal diseases if left untreated, for example, periodontitis [18,20].
Traditional treatment focuses on reducing the oral bacterial load through improved oral
hygiene and professional dental cleaning.

Since oxidative stress is reported to play a key role in both PCOS and PD, it may influ-
ence the bidirectional relationship between periodontal disease and PCOS, potentially exac-
erbating their inflammatory and metabolic consequences [21]. In this way, inflammasomes
are key players in the innate immune response [22]; by driving excessive inflammation,
tissue damage and bone resorption [23], they are the link between immune dysregulation
and periodontal disease. The inflammasome is an intracellular multiprotein complex sensi-
tive to both cellular stress signals and pathogens; it drives the autocatalytic activation of
inflammatory caspases, ultimately leading to the release of mature cytokines, including
interleukin 1 (IL1$3) and interleukin 18 (IL18). The nucleotide-binding oligomerization
domain (NOD), leucine-rich repeats (LRR) and pyrin domain-containing protein 3 (NLRP3)
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inflammasome are some of the most well-characterised inflammasomes, and their signalling
pathway comprises coordinated two-step mechanisms consisting of priming and assembly.
Priming upregulates NLRP3 and pro-IL1{3 via Nuclear Factor kappa-light-chain-enhancer
of activated B cells (NFkB) activation through the Toll-like receptor (TLR) or cytokine
signalling (e.g., Tumor Necrosis Factor alpha (TNF«x), IL13) [24,25]. Assembly is triggered
by various pathogen-associated molecular patterns (PAMPs) (e.g., toxins, viral RNA) and
damage-associated molecular patterns (DAMPs) (e.g., oxidised mitochondrial DNA, ATP),
subsequently activating signalling pathways such as potassium efflux, lysosomal rupture
and Reactive Oxigen Species (ROS) production [26-29]. This results in the formation of
the NLRP3 complex, where NLRP3, Apoptosis-associated Speck-like protein containing a
CARD (ASC) and procaspase-1 assemble into a multi-protein structure, leading to caspase-1
activation and IL1 maturation [30].

Accumulating evidence bestows NLRP3 inflammasome activation a central role in
the pathogenesis of PD, especially periodontitis. In particular, lipopolysaccharide (LPS)
from periodontal pathogenic bacteria is known to trigger the TLR4 signalling pathway,
thus inducing the NLRP3 inflammasome signalling cascade [31]. Additionally, periodontal
pathogens, such as Porphyromonas gingivalis, can provoke an NLRP3-dependent inflamma-
tory response [32], while activation of the NLRP3 inflammasome is frequently detected in
both the epithelium and connective tissue of the gingiva and its transcriptional levels are
known to be elevated in the serum and saliva of PD patients [31,33]. However, the role of
the NLRP3 inflammasome in leukocytes, which are in permanent circulation and capable
of reflecting the metabolic and inflammatory status of the body [34], is poorly explored
within the context of PD. We have previously reported hyperactivation of neutrophils in
women with PCOS and have seen how it promotes their interaction with endothelial cells
through exacerbated inflammatory and oxidative stress responses that are enhanced in the
presence of gingivitis, suggesting that PCOS and PD are associated through inflammation
processes and oxidative stress [35]. However, whether gingivitis is capable of modulating
the inflammatory response mediated by the NLRP3 inflammasome in subjects with PCOS
is an aspect that requires further exploration. Thus, the aim of the present study was to
assess whether the presence of gingivitis is a relevant factor in the activation of the NLRP3
inflammasome in leukocytes of women with PCOS.

2. Materials and Methods
2.1. Study Design

This research is a case-control study carried out at University Hospital Doctor Peset in
Valencia, Spain, between January 2019 and May 2022. The study population comprised
women aged 1845 years, including healthy individuals without PD and patients diagnosed
with PCOS, both with and without gingivitis.

2.2. Participants

The PCOS group was identified according to the Rotterdam criteria, namely, irregular
ovulation (menstrual cycles exceeding 35 days or under 26 days), elevated free testosterone
levels (>0.5 ng/dL), hirsutism and polycystic ovaries. Gingivitis was diagnosed when
bleeding on probing (BOP) was 10% or higher, following the latest consensus guidelines
of various scientific societies specializing in PD [36]. Healthy women in the control group
were matched for Body Mass Index (BMI) and age with those in the PCOS group.

Potential participants were excluded if they had other inflammatory conditions, cancer,
bone-related diseases or periodontal conditions, diabetes or autoimmune disorders, and if
there was recent antibiotic use or chronic anti-inflammatory medication. All the participants
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were informed in detail about the potential benefits and risks of the study, and all provided
their written informed consent and signed a confidentiality agreement.

This human observational study was designed following STROBE (Strengthening
the Reporting of Observational Studies in Epidemiology) guidelines and conducted in
compliance with the Ethical Principles for Medical Research Involving Human Subjects
outlined in the Declaration of Helsinki. All the procedures were approved by the Hospital
Ethics Committee on April 24, 2019 (approval document Num. Ceim 31/19, registered
under NCT06184412).

2.3. Anthropometric and Biochemical Determinants

The anthropometric and biochemical data of the cohort have been described in detail
in Marquez-Arrico et al., 2024 [35].

2.4. Periodontal Parameters

We recorded the following periodontal measures: percentage of BOP; millimetres of
clinical attachment level (CAL); millimetres of probing pocket depth (PPD); percentage of
loss of bone; number of teeth with periodontal pockets—PPD > 4 mm-; and number of
teeth with CAL > 4 mm-. We evaluated the plaque and calculus level using the Silness
and Loe index for plaque [37] and the O’Leary index for calculus [38]. To simplify the
measurement of plaque and calculus indices, they were assessed using the Ramfjord teeth
index [39], which involves the measurement of six teeth per subject: the right permanent
maxillary first molar, right permanent central incisor, left permanent first premolar, left
permanent mandibular first molar, right permanent mandibular central incisor and right
permanent mandibular first premolar.

2.5. Isolation of PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated in an EDTA-anticoagulated
tube by means of the immunomagnetic method using a MACSprep leukocyte isolation kit
(Milteny Biotech, Bergisch Gladbach, Germany), following the manufacturer’s instructions.
In addition, the cell count and viability were assessed using LUNA-FL (Logos Biosystem:s,
Annandale, VA, USA) through double staining with acridine orange and propidium iodide.

2.6. Flow Cytometry Assay

After erythrocyte lysis with RBC Lysis Solution (MACS, Milteny Biotech, Bergisch
Gladbach, Germany), 200 pL of blood sample were labelled with 5 pL. of APC-CD45
antibody for leukocytes identification (BD Biosciences, San Jose, CA, USA) and 1 mM
Dihydroethidium (dHE) for superoxide determination (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA). Fluorescence was measured in a C6 Accuri cytometer (BD Biosciences,
San Jose, CA, USA), and 10,000 events were analysed in each experiment.

2.7. Protein Expression Analysis

The PBMCs were lysed under ice-cold conditions for 15 min using the extraction buffer
RIPA complemented with phosphatase inhibitors (Thermo Fisher Scientific, Waltham, MA,
USA). The total protein concentration was quantified by the BCA method (Thermo Fisher
Scientific, Waltham, MA, USA). A total of 25 g of protein were separated by electrophoresis
on a SDS—polyacrylamide gel and subsequently transferred to a nitrocellulose membrane.
After blocking the membranes for 1 h using 5% skimmed milk, the proteins of interest
were detected by overnight blotting at 4 °C with specific antibodies: mouse monoclonal
anti-NF«kB p65 (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), rabbit polyclonal
anti-JNK (Calbiochem, Merck Millipore, Darmstadt, Germany), rabbit monoclonal anti-
NLRP3 (Cell Signaling Technology, Danvers, MA, USA), mouse monoclonal anti-ASC and
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anti-caspase-1 (Santa Cruz Biotechnology, Dallas, TX, USA). Mouse monoclonal anti-actin
and rabbit polyclonal anti-actin were used as protein loading controls (Cell Signalling
Technology, Danvers, MA, USA & Sigma-Aldrich, San Luis, MO, USA, respectively).

The following day, the membranes were incubated for 60 min at RT with secondary
antibodies, namely, goat anti-rabbit (Vector Laboratories, Burlingame, CA, USA) and
goat anti-mouse (Thermo Fisher Scientific, Waltham, MA, USA). The chemiluminescence
signal was detected by adding ECL Plus reagent (GE Healthcare, Little Chalfont, UK) or
SuperSignal™ West Femto (Thermo Fisher Scientific, Waltham, MA, USA). Visualisation
was conducted using a Fusion FX5 Acquisition System and Cytiva Amersham ImageQuant
800, and signal quantification was performed using densitometry with BiolD v15.03a
software (Vilbert Lourmat, Marne-la-Vallée, France) and ImageQuant™ TL v10.2 analysis
software (Cytiva, Marlborough, MA, USA).

2.8. RNA Extraction and Gene Expression Analysis

The total RNA was purified employing RibospinTM (GeneAll, Seoul, Republic of Ko-
rea), following the manufacturer’s instructions. The purity was assessed by the A260/A280
ratio obtained with a NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). The
mRNA expression level of the genes of interest was analysed by real-time PCR in a 7500 Fast
Real-Time PCR System Instrument (Applied Biosystems, Foster City, CA, USA) using Fast-
Start Universal SYBR Green Master (Rox) (Merck Millipore, Darmstadt, Germany). For
each reaction, 5 ng cDNA were amplified with 0.20 uM of forward and reverse primers
and master mix in a final volume of 10 puL. The sequences of the primer pairs used are
available upon request. Following amplification, a melt curve analysis was performed. The
relative gene expression was calculated with the 2-44Ct method, using cDNA obtained
from the control subjects as a calibrator. GADPH (Glyceraldehyde Phosphate Dehydro-
genase) and 18S were used as reference genes, as their expressions were stable in the
different conditions.

2.9. Evaluation of Systemic IL1B Levels

The serum levels of IL1(3 were measured in blood collected using gel serum separator
tubes. They were centrifuged at 1500x g for 10 min at 4 °C and serum was immediately
stored at —80 °C. Quantification was performed using a Luminex® 200 analyser (Luminex
Corporation, Austin, TX, USA), following the instructions provided by the MILLIPLEX®
kit manufacturer (Merck Millipore, Darmstadt, Germany). Samples with concentrations
below the detection threshold were excluded from the analysis.

2.10. Statistical Analysis

The primary endpoint was the presence of NLRP3 inflammasome complex markers in
a population of PCOS women with or without gingivitis. Given that there were 3 groups
(including healthy controls), and assuming an alpha risk of 0.05 and a power of 90% in
a two-tailed test, there needed to be 20 subjects in each group for a minimum difference
of 35 units between any two groups to be statistically significant. The common deviation
was assumed to be 30, and a drop-out rate of 0% was anticipated. Normal distribution
of the samples was verified using the Kolmogorov-Smirnov or Shapiro-Wilk test. Data
with normal distribution were presented as mean =+ standard deviation (SD), while non-
normally distributed data were shown as median (25th—75th percentiles). Qualitative
data were represented as percentages. One-way ANOVA was employed to analyse the
parametric data, and the Kruskal-Wallis test was used for non-parametric data. The
association strength between the variables was assessed using Pearson’s or Spearman’s
correlation coefficients. To predict the value of a variable based on another variable, linear
regression analysis was employed. Differences were deemed significant when p < 0.05, with
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a 95% confidence interval. Data analysis was conducted using SPSS v22.0 (SPSS Statistics
Inc., Chicago, IL, USA) and GraphPad Prism v9.0.2 software (GraphPad Software, San
Diego, CA, USA).

3. Results
3.1. Study Population and Group Characteristics

A total of 36 healthy control females without PD or clinical /biochemical signs of
PCOS or other metabolic diseases were recruited for this study, along with 68 women with
PCOS, including 44 without PD (PCOS group) and 24 with gingivitis (PCOS+ group). The
anthropometric and biochemical data have been published previously [35]. Age and BMI
were similar among the three groups, while levels of high-sensitivity C-reactive protein
(hsCRP) (0.81 (0.34, 3.10) vs. 3.16 (0.66, 5.32), p < 0.05) and TNF«x (9.6 (7.5, 13.7) vs. 13.3
9.9, 15.7) (p < 0.05)) were higher in the PCOS population versus the controls, but not
significantly different between the PCOS and PCOS+ groups. Understandably, the values
of the periodontal parameters BOP, plaque index and calculus index were greater in the
PCOS+ group (Table 1), while no significant differences in the remaining periodontal
parameters (PPD, CAL, tooth loss and periodontal treatment) were observed among the
groups, which is in line with data recently published by our group [35].

Table 1. Periodontal parameters according to each group.

Control PCOS PCOS+
BOP (%) 1.935 + 2.336 3.211 +2.644 13.162 + 4.184 *#
Plaque index 0.423 4+ 0.408 0.598 + 0.472 0.843 + 0.608 *#
Calculus index 0.021 £+ 0.053 0.022 £ 0.066 0.165 £ 0.436 *#

Data are presented as mean =+ standard deviation. A one-way ANOVA was used for analysis, followed by a
Student-Newman-Keuls post hoc test. Values with different superscript symbols indicate significant differences
(p < 0.05) between three groups: * denotes a significant difference compared to the Control group, and # denotes a
significant difference compared to the PCOS group. BOP, bleeding on probing; PCOS, polycystic ovary syndrome;
PCOS+, polycystic ovary syndrome with gingivitis.

3.2. Proinflammatory Mediators

Since PCOS is associated with chronic systemic inflammation, we aimed to evaluate
the primary mediators of this response in PBMCs from the whole cohort. A Western
blot analysis revealed a significant increase in the relative protein levels of the classic
inflammatory pathways NF«B and JNK (Figure 1) in the PCOS+ versus the PCOS group,
but we did not detect any changes between the healthy and PCOS subjects without PD
These results suggest that gingivitis was instrumental in inducing the priming step of
NLRP3 inflammasome formation in patients in the PCOS+ group, thus indicating an
enhanced inflammatory status among these individuals (Figure 1).

3.3. NLRP3 Inflammasome Assembly Engagement

To confirm that the NLRP3 inflammasome had formed, the relative levels of its com-
ponents were determined. Our results show a significant increase (p < 0.05) in the protein
levels of NLRP3 (Figure 2A), ASC (Figure 2B), procaspase-1 (Figure 2C) and caspase-1
(Figure 2D) and in the pro-IL18 mRNA levels (Figure 2E) in subjects with both PCOS and
gingivitis, while no differences were detected in the serum IL1{ levels (Figure 2G). These
findings suggest that gingival inflammation modulates inflammatory pathways in PBMCs,
including the NLRP3 inflammasome, by enhancing the expression of its core components.



Antioxidants 2025, 14, 507

7 of 17

ns *k ok ns *okok
600 ] 300 -

400 200+

T

200+

NFkB p65
Protein Expression (%)
NK
Protein Expression (%o}

Se

100~ {_—r_l
L+

Control PCOS PCOS+ Control PCOS PCOS+

Control
PCOS+

w
o]
Q
o

NFkB p63 .. 65kDa
JNK e o s 42 kDa

Actin NN 42 kD2

Figure 1. Protein levels of proinflammatory master regulators in PBMCs from control subjects and
women with PCOS with and without gingivitis. Images show protein levels relative to the actin signal
for NFkB-p65 (A) and JNK (B), along with images from the Western blot experiments (C). Data are
presented as box-and-whisker plots. ns, statistically non-significant, * p < 0.05; ** p < 0.01; *** p < 0.001
when the three groups were compared by means of a Kruskal-Wallis with Dunn’s post hoc test.,
JNK, Jun N-terminal kinase; NF«kB p65, nuclear factor kappa-light-chain-enhancer of activated B cells;
PBMCs: Peripheral Blood Mononuclear Cells; PCOS, polycystic ovary syndrome; PCOS+, polycystic
ovary syndrome with gingivitis.

3.4. Oxidative Stress and Antioxidant Response

In light of the aforementioned results, we explored the influence of oxidative stress
on the activation of the NLRP3 inflammasome complex in PBMCs, since ROS levels are
related to inflammasome activation. Our results show that the total superoxide levels were
increased in the women with PCOS but did not differ between the PCOS and PCOS+ group
(Figure 3A), thus highlighting the involvement of ROS in PCOS. Given the increase in
pro-oxidants in the PCOS group, we explored the state of the patients” antioxidant defences
by activating the Nuclear factor erythroid 2-related factor 2 (NRF2)-derived antioxidant
response. The mRNA levels of NRF2 (Figure 3B), as well as Glutamate—Cysteine Ligase
Catalytic subunit (GCLC) (Figure 3C) and Glutathione Reductase (GSR) (Figure 3D), were
lower in the PCOS group, demonstrating that the NRF2-derived antioxidant response was
impaired among our women with PCOS.
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Figure 2. Protein expression of NLRP3 inflammasome-related proteins, mRNA levels of pro-IL1J
in PBMCs and serum levels of the proinflammatory cytokine IL13 from control subjects, PCOS
and PCOS+ subjects. Protein levels of NLRP3 (A), ASC (B), procaspase-1 (C) and caspase-1 (D) are
normalised to the loading control actin, with corresponding Western blot images, levels of mRNA of
pro-IL1B and serum IL1{ levels represented in (E-G), respectively. Data are displayed as box-and-
whisker plots. ns, statistically non-significant, * p < 0.05; ** p < 0.01; **** p < 0.0001, as determined
by a Kruskal-Wallis test with Dunn’s post hoc comparison of the three groups. ASC: Apoptosis-
associated Speck-like protein containing a CARD; NLRP3: nucleotide-binding oligomerization
domain (NOD), leucine-rich repeats (LRR) and pyrin domain-containing protein 3; IL13: interleukin
13; PCOS: polycystic ovary syndrome; PCOS+: polycystic ovary syndrome with gingivitis.
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Figure 3. Oxidative stress parameters in PBMCs from patients with PCOS with and without gingivitis
and control subjects. Total superoxide levels (A) are represented as the median fluorescence intensity
of dHE, and mRNA levels of NRF2 (B) and NRF2-target genes GCLC (C) and GSR (D) are normalised
with respect to control patients. Data are presented as box-and-whisker plots. ns, statistically non-
significant, * p < 0.05; ** p < 0.01; *** p < 0.001 when the three groups were compared by means of
a Kruskal-Wallis with Dunn’s post hoc test or one-way ANOVA with Student-Newman-Keuls as
a post hoc test. GCLC: Glutamate—Cysteine Ligase Catalytic subunit; GSR: Glutathione Reductase;
dHE: Dihydroethidium; NRF2: Nuclear factor erythroid 2-related factor 2; PBMCs: Peripheral Blood
Mononuclear Cells; PCOS: polycystic ovary syndrome; PCOS+: polycystic ovary syndrome with
gingivitis; RFU: Relative Fluorescence Units.

3.5. Correlations Between Gingival Inflammation and Molecular Markers

Finally, when we explored potential correlations among the BOP and inflammatory
mediators, we found that BOP correlated positively with NF«B (r = 0.287; p = 0.023), JNK
(r =0.349; p = 0.005), NLRP3 (r = 0.256; p = 0.048), ASC (r = 0.422; p = 0.001) and procaspase-1
(r=0.310: p = 0.013) (Figure 4). However, none of the oxidative stress parameters (superox-
ide, NRF2, GCLC and GSR) correlated with BOP.
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Figure 4. Correlations between levels of inflammatory markers and clinical parameters of gingivitis
BOP. NFkB (A), JNK (B), NLRP3 (C), ASC (D) and procaspase-1 (E) correlated positively with
BOP (p < 0.05). ASC: Apoptosis-associated Speck-like protein containing a CARD; BOP, bleeding
on probing; JNK, Jun N-terminal kinase; NF«B p65, nuclear factor kappa-light-chain-enhancer of
activated B cells; NLRP3: nucleotide-binding oligomerization domain (NOD), leucine-rich repeats
(LRR) and pyrin domain-containing protein 3; PCOS, polycystic ovary syndrome.

(p < 0.001).

In order to further explore the association between BOP and the correlated variables,
we carried out a multivariable regression model using the stepwise method (Table 2).

Our results show that JNK (3 = 0.275), ASC (3 = 0.297) and procaspase-1 (3 = 0.284)
were independently associated with BOP, explaining 34.8% of the dependent variable
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Table 2. Multivariable linear regression model of parameters of NLRP3 inflammasome-related
proteins as dependent variables.

Dopendent Independent p  Stndd B adutz e
BOP 0.348 <0.001
JNK 0.030 0.012 0.275 0.012
ASC 0.027 0.010 0.297 <0.001
Procaspase-1 0.020 0.007 0.284 <0.001

ASC: Apoptosis-associated Speck-like protein containing a CARD; BOP: bleeding on probing; JNK: Jun N-terminal
kinase; NLRP3: nucleotide-binding oligomerization domain (NOD), leucine-rich repeats (LRR) and pyrin domain-
containing protein 3.

4. Discussion

In the present study, we demonstrate that gingival inflammation activates the innate
immune response through modulation of the NLRP3 inflammasome complex in the PBMCs
of PCOS patients. This response is regulated by proinflammatory transcriptional factors
and oxidative damage, which are involved in the priming and assembly of the NLRP3
inflammasome, respectively.

It is well established that an imbalance of dental microorganisms plays a key role in the
onset and progression of PD, including reversible conditions, such as gingivitis [18,40,41].
Plaque-induced gingivitis is caused by an alteration of subgingival microbiota composition.
This dysbiosis promotes excessive growth of pathogenic species, which triggers an innate
immune response in gingival tissue [20,40]. Additionally, intracellular innate immune sen-
sors, such as the NLRP3 inflammasome, respond to bacterial challenge, initiating early host
responses [22,30,42]. In fact, different studies have reported increased mRNA and protein
levels of NLRP3 in gingival tissues and saliva from patients with PD, especially those with
periodontitis [31,33,43], suggesting there is local priming of the NLRP3 inflammasome
in PD.

Furthermore, it is well documented that LPS from pathogenic bacteria can trigger
TLR4 activation, which, in turn, activates NF«kB and leads to the expression of the NLRP3
protein and cytokines such as pro-IL1{ at the end of the priming stage [44]. In line with
such previous research, our present findings highlight an increase in the inflammatory
mediator NF«B in the PBMCs from patients with PCOS and gingivitis, along with a rise
in JNK levels, whose induction of NLRP3-phosphorylation has been reported as a critical
and essential priming event for NLRP3 self-association and subsequent inflammasome
activation [45], which was aligned with an increase in pro-IL13 mRNA levels. This suggests
that gingivitis triggers the priming stage of the NLRP3 inflammasome, probably due to the
presence of periodontopathogenic bacteria. This is supported by the positive correlation
we detected between gingival inflammation (BOP) and both NF«B and JNK, and by the
role of JNK in our multivariable independent regression model.

Following completion of the priming signal, assembly signals, such as DAMPs and
PAMPs, trigger the formation of the NLRP3 complex through the assembly of NLRP3,
ASC and procaspase-1. In this context, Isola G. et al. described higher levels of NLRP3 in
the serum of patients with periodontitis [33]. During the experiments described herein,
we specifically observed higher levels of NLRP3, ASC, procaspase-1 and caspase-1 in the
PBMCs from PCOS+ patients, suggesting once again that gingival inflammation plays a
pivotal role in the process of NLRP3 complex assembly, as indicated by our correlation
analyses and a multivariate regression model. NLRP3 inflammasome activation has been
reported in the ovaries of hyperandrogenism-induced rodents [46] and in ovarian granulosa
cells from women with PCOS [47], suggesting localised inflammation in this condition.
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Our findings provide strong evidence of priming during PD, suggesting assembly and
activation of the NLRP3 inflammasome at a systemic level, though we did not detect
significant differences in systemic IL1f3. It is important to note that systemic IL1{3 levels
are regulated by multiple cell types, including monocytes, macrophages, neutrophils
and endothelial and epithelial cells. As a result, the overall concentration of IL1f is the
result of a complex interplay among these cell populations. Therefore, the absence of
significant changes in systemic IL1f levels in our population may have been related to the
heterogeneous contributions of these cells, whose individual roles in this process are still
not fully understood [48].

Oxidative stress can trigger inflammatory responses by activating key signalling
processes, such as NLRP3 inflammasome assembly [49], while also stimulating NRF2
activation, which, in turn, induces the expression of antioxidant response genes that protect
the cell from oxidative insults [50]. In the present study, we observed higher levels of
superoxide in the PBMCs from the subjects with PCOS compared to those from the controls,
which is consistent with previous findings [50-53], though differences were not detected
between the PCOS and PCOS+ groups. In a similar sense, Almerich-Silla et al. did not
observe significant differences in the oxidative stress parameters 8-OHdG, GPx, TAOC,
SOD and MDA in saliva from patients with gingivitis versus counterparts without PD,
which is in line with our findings [19].

Similarly, we observed that the expression of NRF2 and NRF2-dependent antioxidant
response genes was lower in PCOS-derived PBMCs, suggesting an unbalanced redox
state related to PCOS. Such redox impairment has previously been described in the phys-
iopathology of PCOS and has been associated with IR [54]. On the other hand, several
studies regarding periodontitis have pointed to NRF2 impairment as a key factor in ox-
idative stress-associated periodontal damage [55]. For instance, Sima et al. observed a
decrease in NRF2 expression in oral and blood polymorphonuclear cells from patients
with severe chronic periodontitis [56], suggesting that oxidative stress plays a prominent
role in advanced periodontal disease. However, we did not detect such an association
during our study. Since gingivitis is an early, mild and reversible PD, we suspect that
the oxidative damage it produces in PBMCs does not manifest itself, in contrast to that
occurring in periodontitis [19,57]. Since ROS is known to trigger the assembly of the
NLRP3 inflammasome complex [58], and given that we observed priming exclusively in
the PBMCs from our PCOS+ patients, we suspect that assembly was initiated in patients
with gingivitis, particularly because we observed maturation of procaspase-1 into caspase-1.
Hence, our findings would indicate that NLRP3 inflammasome activation is related to the
presence of LPS and toxins generated by periodontopathogenic bacteria in women with
PCOS who have previously been in a state of oxidative stress that drives the progression of
the inflammatory process.

As far as we know, this study provides initial insight into NLRP3 inflammasome
activation at the systemic level in the context of gingivitis. Our findings complement
previous local-focused studies reporting higher levels of NLRP3 in the gingival tissue
of periodontitis patients. This study has some limitations, including the relatively small
sample of women with gingivitis, though it was supported by sample size calculation.
Moreover, the cross-sectional nature of the study limits its interpretability. Future research
should address these issues.

In summary, our results shed light on the systemic effects of gingivitis, establishing
a new focus for periodontal research investigating inflammation associated with biofilm-
derived gingivitis, an area as yet not well explored. Further research should seek to
determine the role of NRLP3 in the early stages of inflammatory diseases, such as gingivitis,
in the context of PCOS.
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5. Conclusions

Our findings provide novel insight indicating that, within a proinflammatory and pro-
oxidant context, gingivitis can activate the innate immune system, leading to an exacerbated
inflammatory response. This is particularly relevant in women with PCOS, a condition
characterised per se by chronic low-grade inflammation and elevated oxidative stress,
which can further potentiate systemic inflammatory responses when exacerbated by PD.
Given the well-established associations between oxidative stress, metabolic dysfunction and
reproductive disturbances in PCOS, periodontal inflammation may constitute an additional
pathogenic stimulus, exacerbating IR, altering endocrine homeostasis and potentially
increasing the risk of cardiovascular disease. These findings not only shed light on the
bidirectional relationship between PD and systemic inflammatory conditions like PCOS but
also highlight the broader systemic consequences of an untreated periodontal pathology.
Maintaining a plaque-free status remains challenging due to anatomical complexities
and inconsistent patient adherence. Nevertheless, considering its high prevalence and
potential impact on systemic health, the effective management of gingivitis is crucial. This
underscores the urgent need for innovative therapeutic approaches aimed at addressing
local and systemic inflammatory processes in order to mitigate the progression of PCOS-
related complications and improve the overall health outcomes of this pathology.
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Abbreviations

The following abbreviations are used in this manuscript:

ASC Apoptosis-associated Speck-like protein containing a CARD
BOP Bleeding on probing

BMI Body Mass Index

CAL Clinical Attachment Level

DAMPs Damage-associated molecular patterns
dHE Dihydroethidium
GCLC Glutamate—Cysteine Ligase Catalytic subunit

GSR Glutathione Reductase

hsCRP High-sensitivity C-reactive protein
IL1B3 Interleukin 13

IR Insulin resistance

JNK c-Jun N-terminal kinase

LPS Lipopolysaccharide

NF«B Nuclear Factor kappa-light-chain-enhancer of activated B cells

NLRP3 Nucleotide-binding oligomerization domain (NOD), leucine-rich repeats (LRR)
and pyrin domain-containing protein 3

NRF2 Nuclear factor erythroid 2-related factor 2

PAMPs  Pathogen-associated molecular patterns

PBMCs  Peripheral blood mononuclear cells

PCOS Polycystic ovary syndrome

PD Periodontal disease

PPD Probing Pockets Depth
ROS Reactive Oxygen Species
TLR Toll-like receptor

TNFo Tumor necrosis factor alpha

References

1.  Azziz, R.; Carmina, E.; Chen, Z.; Dunaif, A.; Laven, ].S.E.; Legro, R.S.; Lizneva, D.; Natterson-Horowtiz, B.; Teede, H.J.; Yildiz, B.O.
Polycystic Ovary Syndrome. Nat. Rev. Dis. Primers 2016, 2, 16057. [CrossRef] [PubMed]

2. Ehrmann, D.A. Polycystic Ovary Syndrome. N. Engl. ]. Med. 2005, 352, 1223-1236. [CrossRef] [PubMed]

3. The Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group. Revised 2003 Consensus on Diagnostic
Criteria and Long-Term Health Risks Related to Polycystic Ovary Syndrome (PCOS). Human. Reprod. 2004, 19, 41-47.
[CrossRef]

4.  Diamanti-Kandarakis, E.; Dunaif, A. Insulin Resistance and the Polycystic Ovary Syndrome Revisited: An Update on Mechanisms
and Implications. Endocr. Rev. 2012, 33, 981-1030. [CrossRef]

5. Victor, V.M.; Rocha, M.; Bafiuls, C.; Alvarez, A.; De Pablo, C.; Sanchez-Serrano, M.; Gomez, M.; Hernandez-Mijares, A. Induction
of Oxidative Stress and Human Leukocyte/Endothelial Cell Interactions in Polycystic Ovary Syndrome Patients with Insulin
Resistance. J. Clin. Endocrinol. Metab. 2011, 96, 3115-3122. [CrossRef]

6. Ojeda-Ojeda, M.; Murri, M.; Insenser, M.; Escobar-Morreale, H.F. Mediators of Low-Grade Chronic Inflammation in Polycystic
Ovary Syndrome (PCOS). Curr. Pharm. Des. 2013, 19, 5775-5791. [CrossRef] [PubMed]

7. Zhu, T; Cui, J.; Goodarzi, M.O. Polycystic Ovary Syndrome and Risk of Type 2 Diabetes, Coronary Heart Disease, and Stroke.
Diabetes 2021, 70, 627-637. [CrossRef]

8. Sathish, A.K.; Varghese, ].; Fernandes, A.J. The Impact of Sex Hormones on the Periodontium During a Woman’s Lifetime: A
Concise-Review Update. Curr. Oral Health Rep. 2022, 9, 146-156. [CrossRef]

9.  Dursun, E;; Akalin, FA,; Giincti, G.N.; Cinar, N.; Aksoy, D.Y,; Toztim, T.E; Kilinc, K.; Yildiz, B.O. Periodontal Disease in Polycystic
Ovary Syndrome. Fertil. Steril. 2011, 95, 320-323. [CrossRef]

10. Kellesarian, S.V.; Malignaggi, V.R.; Kellesarian, T.V.; Al-Kheraif, A.A.; Alwageet, M.M.; Malmstrom, H.; Romanos, G.E.; Javed, F.

Association between Periodontal Disease and Polycystic Ovary Syndrome: A Systematic Review. Int. ]. Impot. Res. 2017, 29, 89-95.
[CrossRef]


https://doi.org/10.1038/nrdp.2016.57
https://www.ncbi.nlm.nih.gov/pubmed/27510637
https://doi.org/10.1056/NEJMra041536
https://www.ncbi.nlm.nih.gov/pubmed/15788499
https://doi.org/10.1093/humrep/deh098
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/jc.2011-0651
https://doi.org/10.2174/1381612811319320012
https://www.ncbi.nlm.nih.gov/pubmed/23448487
https://doi.org/10.2337/db20-0800
https://doi.org/10.1007/s40496-022-00321-0
https://doi.org/10.1016/j.fertnstert.2010.07.1052
https://doi.org/10.1038/ijir.2017.7

Antioxidants 2025, 14, 507 15 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Marquez-Arrico, C.F; Silvestre-Rangil, J.; Gutiérrez-Castillo, L.; Martinez-Herrera, M.; Silvestre, FJ.; Rocha, M. Association
between Periodontal Diseases and Polycystic Ovary Syndrome: A Systematic Review. J. Clin. Med. 2020, 9, 1586. [CrossRef]
Machado, V.; Escalda, C.; Proenga, L.; Mendes, ].J.; Botelho, J. Is There a Bidirectional Association between Polycystic Ovarian
Syndrome and Periodontitis? A Systematic Review and Meta-Analysis. J. Clin. Med. 2020, 9, 1961. [CrossRef] [PubMed]
Bianchi, S.; Mancini, L.; Torge, D.; Cristiano, L.; Mattei, A.; Varvara, G.; Macchiarelli, G.; Marchetti, E.; Bernardi, S. Bio-
Morphological Reaction of Human Periodontal Ligament Fibroblasts to Different Types of Dentinal Derivates: In Vitro Study. Int.
J. Mol. Sci. 2021, 22, 8681. [CrossRef] [PubMed]

Timonen, P.; Suominen-Taipale, L.; Jula, A.; Niskanen, M.; Knuuttila, M.; Ylostalo, P. Insulin Sensitivity and Periodontal Infection
in a Non-Diabetic, Non-Smoking Adult Population: Insulin Sensitivity and Periodontitis. . Clin. Periodontol. 2011, 38, 17-24.
[CrossRef]

Demmer, R.T.; Squillaro, A.; Papapanou, PN.; Rosenbaum, M.; Friedewald, W.T.; Jacobs, D.R.; Desvarieux, M. Periodontal
Infection, Systemic Inflammation, and Insulin Resistance. Diabetes Care 2012, 35, 2235-2242. [CrossRef]

Martinez-Herrera, M.; Silvestre, EJ.; Silvestre-Rangil, J.; Bafiuls, C.; Rocha, M.; Hernandez-Mijares, A. Involvement of Insulin
Resistance in Normoglycaemic Obese Patients with Periodontitis: A Cross-sectional Study. J. Clin. Periodontol. 2017, 44, 981-988.
[CrossRef] [PubMed]

Pihlstrom, B.L.; Michalowicz, B.S.; Johnson, N.W. Periodontal Diseases. Lancet 2005, 366, 1809-1820. [CrossRef]

Papapanou, PN.; Sanz, M.; Buduneli, N.; Dietrich, T.; Feres, M.; Fine, D.H.; Flemmig, T.F; Garcia, R.; Giannobile, W.V.; Graziani,
F.; et al. Periodontitis: Consensus Report of Workgroup 2 of the 2017 World Workshop on the Classification of Periodontal and
Peri-Implant Diseases and Conditions. J. Periodontol. 2018, 89, S173-5182. [CrossRef]

Almerich-Silla, ].M.; Montiel-Company, ].M.; Pastor, S.; Serrano, F.; Puig-Silla, M.; Dasi, F. Oxidative Stress Parameters in Saliva
and Its Association with Periodontal Disease and Types of Bacteria. Dis. Markers 2015, 2015, 653537. [CrossRef]

Meyle, ]J.; Chapple, I. Molecular Aspects of the Pathogenesis of Periodontitis. Periodontology 2000 2015, 69, 7-17. [CrossRef]
Dou, Y.; Xin, J.; Zhou, P; Tang, J.; Xie, H.; Fan, W.; Zhang, Z.; Wu, D. Bidirectional Association between Polycystic Ovary
Syndrome and Periodontal Diseases. Front. Endocrinol. 2023, 14, 1008675. [CrossRef] [PubMed]

Broz, P.; Dixit, V.M. Inflammasomes: Mechanism of Assembly, Regulation and Signalling. Nat. Rev. Immunol. 2016, 16, 407-420.
[CrossRef] [PubMed]

Zhou, E; Zhang, G.; Wu, Y,; Xiong, Y. Inflammasome Complexes: Crucial Mediators in Osteoimmunology and Bone Diseases. Int.
Immunopharmacol. 2022, 110, 109072. [CrossRef]

Olona, A.; Leishman, S.; Anand, PK. The NLRP3 Inflammasome: Regulation by Metabolic Signals. Trends Immunol. 2022, 43,
978-989. [CrossRef] [PubMed]

Sutterwala, F.S.; Haasken, S.; Cassel, S.L. Mechanism of NLRP3 Inflammasome Activation. Ann. N. Y. Acad. Sci. 2014, 1319, 82-95.
[CrossRef] [PubMed]

Pétrilli, V.; Papin, S.; Dostert, C.; Mayor, A.; Martinon, E; Tschopp, J. Activation of the NALP3 Inflammasome Is Triggered by Low
Intracellular Potassium Concentration. Cell Death Differ. 2007, 14, 1583-1589. [CrossRef]

Muriioz-Planillo, R.; Kuffa, P.; Martinez-Colén, G.; Smith, B.L.; Rajendiran, T.M.; Ntfiez, G. K+ Efflux Is the Common Trigger of
NLRP3 Inflammasome Activation by Bacterial Toxins and Particulate Matter. Immunity 2013, 38, 1142-1153. [CrossRef]

Okada, M.; Matsuzawa, A.; Yoshimura, A.; Ichijo, H. The Lysosome Rupture-Activated TAK1-JNK Pathway Regulates NLRP3
Inflammasome Activation. J. Biol. Chem. 2014, 289, 32926-32936. [CrossRef]

Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-Interacting Protein Links Oxidative Stress to Inflammasome
Activation. Nat. Immunol. 2010, 11, 136-140. [CrossRef]

Paik, S.; Kim, J.K,; Silwal, P.; Sasakawa, C.; Jo, E.-K. An Update on the Regulatory Mechanisms of NLRP3 Inflammasome
Activation. Cell Mol. Immunol. 2021, 18, 1141-1160. [CrossRef]

Xue, F; Shu, R; Xie, Y. The Expression of NLRP3, NLRP1 and AIM2 in the Gingival Tissue of Periodontitis Patients: RT-PCR
Study and Immunohistochemistry. Arch. Oral Biol. 2015, 60, 948-958. [CrossRef] [PubMed]

Williams, J.J.; Spangler, C.C.; Yusaf, N.K. Barriers to Dental Care Access for Patients with Special Needs in an Affluent Metropolitan
Community. Spec. Care Dent. 2015, 35, 190-196. [CrossRef]

Isola, G.; Polizzi, A.; Santonocito, S.; Alibrandi, A.; Williams, R.C. Periodontitis Activates the NLRP3 Inflammasome in Serum
and Saliva. . Periodontol. 2022, 93, 135-145. [CrossRef]

Sen, P.; Kemppainen, E.; Oresi¢, M. Perspectives on Systems Modeling of Human Peripheral Blood Mononuclear Cells. Front.
Mol. Biosci. 2018, 4, 96. [CrossRef]

Marquez-Arrico, C.F; Silvestre, FJ.; Fernandez-Reyes, M.; Lépez-Domenech, S.; Hermenejildo, J.; Abad-Jiménez, Z.; Silvestre-
Rangil, J.; Fernandez-Collazo, P; Morillas, C.; Montiel-Company, ].M.; et al. Gingival Inflammation and Leukocyte-Endothelium
Cell Interactions in Women with Polycystic Ovary Syndrome. J. Periodontol. 2024. [CrossRef] [PubMed]


https://doi.org/10.3390/jcm9051586
https://doi.org/10.3390/jcm9061961
https://www.ncbi.nlm.nih.gov/pubmed/32585861
https://doi.org/10.3390/ijms22168681
https://www.ncbi.nlm.nih.gov/pubmed/34445386
https://doi.org/10.1111/j.1600-051X.2010.01642.x
https://doi.org/10.2337/dc12-0072
https://doi.org/10.1111/jcpe.12773
https://www.ncbi.nlm.nih.gov/pubmed/28696512
https://doi.org/10.1016/S0140-6736(05)67728-8
https://doi.org/10.1002/JPER.17-0721
https://doi.org/10.1155/2015/653537
https://doi.org/10.1111/prd.12104
https://doi.org/10.3389/fendo.2023.1008675
https://www.ncbi.nlm.nih.gov/pubmed/36755917
https://doi.org/10.1038/nri.2016.58
https://www.ncbi.nlm.nih.gov/pubmed/27291964
https://doi.org/10.1016/j.intimp.2022.109072
https://doi.org/10.1016/j.it.2022.10.003
https://www.ncbi.nlm.nih.gov/pubmed/36371361
https://doi.org/10.1111/nyas.12458
https://www.ncbi.nlm.nih.gov/pubmed/24840700
https://doi.org/10.1038/sj.cdd.4402195
https://doi.org/10.1016/j.immuni.2013.05.016
https://doi.org/10.1074/jbc.M114.579961
https://doi.org/10.1038/ni.1831
https://doi.org/10.1038/s41423-021-00670-3
https://doi.org/10.1016/j.archoralbio.2015.03.005
https://www.ncbi.nlm.nih.gov/pubmed/25841070
https://doi.org/10.1111/scd.12110
https://doi.org/10.1002/JPER.21-0049
https://doi.org/10.3389/fmolb.2017.00096
https://doi.org/10.1002/JPER.24-0148
https://www.ncbi.nlm.nih.gov/pubmed/39403884

Antioxidants 2025, 14, 507 16 of 17

36.

37.
38.
39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chapple, I.L.C.; Mealey, B.L.; Van Dyke, T.E.; Bartold, PM.; Dommisch, H.; Eickholz, P.; Geisinger, M.L.; Genco, R.].; Glogauer, M.;
Goldstein, M.; et al. Periodontal Health and Gingival Diseases and Conditions on an Intact and a Reduced Periodontium:
Consensus Report of Workgroup 1 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases
and Conditions. J. Clin. Periodontol. 2018, 45, S68-S77. [CrossRef]

Silness, J.; Loe, H. Periodontal Disease in Pregnancy II. Correlation Between Oral Hygiene and Periodontal Condition. Acta
Odontol. Scand. 1964, 22, 121-135. [CrossRef]

O’Leary, T.].; Drake, R.B.; Naylor, ].E. The Plaque Control Record. J. Periodontol. 1972, 43, 38. [CrossRef] [PubMed]

Ramfjord, S.P. The Periodontal Disease Index (PDI). . Periodontol. 1967, 38, 602—610. [CrossRef]

Hajishengallis, G. The Inflammophilic Character of the Periodontitis-associated Microbiota. Mol. Oral Microbiol. 2014, 29, 248-257.
[CrossRef]

Sanz, M.; Herrera, D.; Kebschull, M.; Chapple, I; Jepsen, S.; Berglundh, T.; Sculean, A.; Tonetti, M.S. EFP Workshop Participants
and Methodological Consultants Treatment of Stage I-III Periodontitis—The EFP S3 Level Clinical Practice Guideline. J. Clin.
Periodontol. 2020, 47, 4-60. [CrossRef]

Mangan, M.S.J.; Olhava, E.J.; Roush, WR; Seidel, H.M.; Glick, G.D.; Latz, E. Targeting the NLRP3 Inflammasome in Inflammatory
Diseases. Nat. Rev. Drug Discov. 2018, 17, 588-606. [CrossRef] [PubMed]

Isaza-Guzman, D.M.; Medina-Piedrahita, VM.; Gutiérrez-Henao, C.; Tobén-Arroyave, S.I. Salivary Levels of NLRP3
Inflammasome-Related Proteins as Potential Biomarkers of Periodontal Clinical Status. |. Periodontol. 2017, 88, 1329-1338.
[CrossRef]

McKee, C.M.; Coll, R.C. NLRP3 Inflammasome Priming: A Riddle Wrapped in a Mystery inside an Enigma. J. Leukoc. Biol. 2020,
108, 937-952. [CrossRef]

Song, N.; Liu, Z.-S.; Xue, W.; Bai, Z.-F.; Wang, Q.-Y,; Dai, J.; Liu, X,; Huang, Y.-J.; Cai, H.; Zhan, X.-Y.; et al. NLRP3 Phosphorylation
Is an Essential Priming Event for Inflammasome Activation. Mol. Cell 2017, 68, 185-197.e6. [CrossRef] [PubMed]

Liu, Z.; Wang, R.-H.; Wang, K.-H. Formononetin Ameliorates Polycystic Ovary Syndrome through Suppressing NLRP3 Inflam-
masome. Mol. Med. 2025, 31, 27. [CrossRef]

Liu, Y; Liu, H,; Li, Z,; Fan, H.; Yan, X.; Liu, X.; Xuan, J.; Feng, D.; Wei, X. The Release of Peripheral Immune Inflammatory
Cytokines Promote an Inflammatory Cascade in PCOS Patients via Altering the Follicular Microenvironment. Front. Immunol.
2021, 12, 685724. [CrossRef] [PubMed]

Honda, T.S.B.; Ku, J.; Anders, H.-]. Cell Type-Specific Roles of NLRP3, Inflammasome-Dependent and -Independent, in Host
Defense, Sterile Necroinflammation, Tissue Repair, and Fibrosis. Front. Immunol. 2023, 14, 1214289. [CrossRef]

Yao, J.; Sterling, K.; Wang, Z.; Zhang, Y.; Song, W. The Role of Inflammasomes in Human Diseases and Their Potential as
Therapeutic Targets. Signal Transduct. Target. Ther. 2024, 9, 10. [CrossRef]

Nguyen, T.; Nioi, P; Pickett, C.B. The Nrf2-Antioxidant Response Element Signaling Pathway and Its Activation by Oxidative
Stress. J. Biol. Chem. 2009, 284, 13291-13295. [CrossRef]

Gonzélez, F; Rote, N.S.; Minium, J.; Kirwan, ]J.P. Reactive Oxygen Species-Induced Oxidative Stress in the Development of Insulin
Resistance and Hyperandrogenism in Polycystic Ovary Syndrome. J. Clin. Endocrinol. Metab. 2006, 91, 336-340. [CrossRef]
[PubMed]

Liu, Y.; Yu, Z.; Zhao, S.; Cheng, L.; Man, Y.; Gao, X.; Zhao, H. Oxidative Stress Markers in the Follicular Fluid of Patients
with Polycystic Ovary Syndrome Correlate with a Decrease in Embryo Quality. J. Assist. Reprod. Genet. 2021, 38, 471-477.
[CrossRef]

Murri, M.; Luque-Ramirez, M.; Insenser, M.; Ojeda-Ojeda, M.; Escobar-Morreale, H.F. Circulating Markers of Oxidative Stress
and Polycystic Ovary Syndrome (PCOS): A Systematic Review and Meta-Analysis. Human. Reprod. Update 2013, 19, 268-288.
[CrossRef] [PubMed]

Victor, V.M.; Rovira-Llopis, S.; Bafiuls, C.; Diaz-Morales, N.; Martinez De Marafion, A.; Rios-Navarro, C.; Alvarez, A.; Gomez, M.;
Rocha, M.; Hernandez-Mijares, A. Insulin Resistance in PCOS Patients Enhances Oxidative Stress and Leukocyte Adhesion: Role
of Myeloperoxidase. PLoS ONE 2016, 11, €0151960. [CrossRef]

Li, S;; Yang, W.; Li, A.; Zhang, L.; Guo, L. Protective Effect of Nrf2 in Periodontitis—A Preclinical Systematic Review and
Meta-Analysis. Arch. Oral Biol. 2023, 151, 105713. [CrossRef]

Sima, C.; Aboodi, G.M.; Lakschevitz, ES.; Sun, C.; Goldberg, M.B.; Glogauer, M. Nuclear Factor Erythroid 2-Related Factor 2
Down-Regulation in Oral Neutrophils Is Associated with Periodontal Oxidative Damage and Severe Chronic Periodontitis. Am. J.
Pathol. 2016, 186, 1417-1426. [CrossRef] [PubMed]


https://doi.org/10.1111/jcpe.12940
https://doi.org/10.3109/00016356408993968
https://doi.org/10.1902/jop.1972.43.1.38
https://www.ncbi.nlm.nih.gov/pubmed/4500182
https://doi.org/10.1902/jop.1967.38.6.602
https://doi.org/10.1111/omi.12065
https://doi.org/10.1111/jcpe.13290
https://doi.org/10.1038/nrd.2018.97
https://www.ncbi.nlm.nih.gov/pubmed/30026524
https://doi.org/10.1902/jop.2017.170244
https://doi.org/10.1002/JLB.3MR0720-513R
https://doi.org/10.1016/j.molcel.2017.08.017
https://www.ncbi.nlm.nih.gov/pubmed/28943315
https://doi.org/10.1186/s10020-025-01092-x
https://doi.org/10.3389/fimmu.2021.685724
https://www.ncbi.nlm.nih.gov/pubmed/34079559
https://doi.org/10.3389/fimmu.2023.1214289
https://doi.org/10.1038/s41392-023-01687-y
https://doi.org/10.1074/jbc.R900010200
https://doi.org/10.1210/jc.2005-1696
https://www.ncbi.nlm.nih.gov/pubmed/16249279
https://doi.org/10.1007/s10815-020-02014-y
https://doi.org/10.1093/humupd/dms059
https://www.ncbi.nlm.nih.gov/pubmed/23303572
https://doi.org/10.1371/journal.pone.0151960
https://doi.org/10.1016/j.archoralbio.2023.105713
https://doi.org/10.1016/j.ajpath.2016.01.013
https://www.ncbi.nlm.nih.gov/pubmed/27070823

Antioxidants 2025, 14, 507 17 of 17

57. Marchesan, ].T.; Girnary, M.S.; Moss, K.; Monaghan, E.T.; Egnatz, G.J.; Jiao, Y.; Zhang, S.; Beck, J.; Swanson, K.V. Role of
Inflammasomes in the Pathogenesis of Periodontal Disease and Therapeutics. Periodontology 2000 2020, 82, 93-114. [CrossRef]

58. Wang, D.; Weng, Y.; Zhang, Y.; Wang, R.; Wang, T.; Zhou, J.; Shen, S.; Wang, H.; Wang, Y. Exposure to Hyperandrogen Drives
Ovarian Dysfunction and Fibrosis by Activating the NLRP3 Inflammasome in Mice. Sci. Total Environ. 2020, 745, 141049.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/prd.12269
https://doi.org/10.1016/j.scitotenv.2020.141049

	Introduction 
	Materials and Methods 
	Study Design 
	Participants 
	Anthropometric and Biochemical Determinants 
	Periodontal Parameters 
	Isolation of PBMCs 
	Flow Cytometry Assay 
	Protein Expression Analysis 
	RNA Extraction and Gene Expression Analysis 
	Evaluation of Systemic IL1 Levels 
	Statistical Analysis 

	Results 
	Study Population and Group Characteristics 
	Proinflammatory Mediators 
	NLRP3 Inflammasome Assembly Engagement 
	Oxidative Stress and Antioxidant Response 
	Correlations Between Gingival Inflammation and Molecular Markers 

	Discussion 
	Conclusions 
	References

