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Abstract

Oxidative stress is involved in the progression of periodontitis, independently of confound-
ing factors such as smoking, and numerous studies suggest that periodontitis is associ-
ated with increased risk of cardiovascular disease. In this study, therefore, we examined
the effects of the xanthine oxidase inhibitor allopurinol on cardiac dysfunction in mice
treated with Porphyromonas gingivalis lipopolysaccharide (PG-LPS) at a dose (0.8 mg/
kg/day) equivalent to the circulating level in patients with periodontal disease. Mice were
divided into four groups: 1) control, 2) PG-LPS, 3) allopurinol, and 4) PG-LPS + allopuri-
nol. After1 week, we evaluated cardiac function by echocardiography. The left ventricular
ejection fraction was significantly decreased in PG-LPS-treated mice compared to the
control (from 68 + 1.3 to 60 + 2.7%), while allopurinol ameliorated the dysfunction (67

+ 1.1%). The area of cardiac fibrosis was significantly increased (approximately 3.6-fold)
and the number of apoptotic myocytes was significantly increased (approximately 7.7-fold)
in the heart of the PG-LPS-treated group versus the control, and these changes were
suppressed by allopurinol. The impairment of cardiac function in PG-LPS-treated mice
was associated with increased production of reactive oxygen species by xanthine oxidase
and NADPH oxidase 4, leading to calmodulin kinase Il activation with increased ryano-
dine receptor 2 phosphorylation. These changes were also suppressed by allopurinol.
Our results suggest that oxidative stress plays an important role in the PG-LPS-promoted
development of cardiac diseases, and further indicate that allopurinol ameliorates Porphy-
romonas gingivalis LPS-induced cardiac dysfunction.
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Introduction

Periodontitis is a chronic inflammatory destructive disease in the tooth-supporting tissue—
the periodontium. It is a bacterial disease, but the eventual tissue destruction results from the
interplay between pathogen activity and host response. Periodontitis is generally accepted as
a risk factor for cardiovascular disease (CVD), though the causality still remains debatable
[1]. The progression of periodontitis involves oxidative stress due to reactive oxygen species
(ROS) produced as a result of disturbance in the regulation of the host inflammatory response
to bacterial infection [2]. Oxidative stress affects various organs of the body [3], and so ROS
associated with periodontitis might also be related to other systemic diseases, including CVD
[3]. Therefore, a proper understanding of oxidative stress and its pathways, including the
formation of free radicals and inflammatory markers related to oral diseases, is important for
effective treatment. In this context, xanthine oxidase (XO), a purine-catabolic enzyme which
is upregulated in the left ventricular tissue in chronic heart failure [4], is of interest, as it gen-
erates ROS via several pathways, including calcium signaling [5, 6].

Intracellular Ca?* handling is a critical regulator of action potential duration, as well as
the mechanical activity of cardiac myocytes via excitation-contraction coupling [7]. Abnor-
malities in its homeostasis can therefore reduce cardiac output, which may be fatal, and can
also initiate cardiac remodeling and heart failure. Previous studies have reported that XO
inhibition has beneficial effects on cardiac remodeling [8-10], mechano-energetics [11] and
endothelial function [12] in both experimental and clinical contexts. However, the effect of
XO inhibition on CVD in patients with periodontal disease remains unclear.

Therefore, in this study we investigated the potential beneficial effects of allopurinol, a XO
inhibitor, on Porphyromonas gingivalis LPS-induced cardiac dysfunction in mice.

Materials and methods

Male 12-week-old C57BL/6 mice obtained from CLEA Japan (Tokyo, Japan) were used in all
animal experiments. Mice were group-housed at 23 °C under a 12-12 light/dark cycle with
lights on at 8:00 AM in accordance with the standard conditions for mouse studies by our
group [13-15]. Both food and water were available ad libitum.

As in our earlier studies [16-18], PG-LPS (#14966-71; Invitrogen, San Diego, CA, USA)
was dissolved in saline to prepare a 0.6 mg/ml stock solution, and an appropriate volume of
this solution to provide the desired dose (PG-LPS: 0.8mg/kg) was added to 0.2 mL of saline
to prepare the solution for intraperitoneal (i.p.) injection (once daily for 1 week). Mice were
group-housed (approximately 3 per cage) and were divided into four groups: a normal
control group, (Control), a PG-LPS treatment group (PG-LPS), an allopurinol-only treat-
ment group, and a PG-LPS plus allopurinol treatment group (Fig 1). Allopurinol (#A8003;
Sigma-Aldrich, St. Louis, MO, USA) was directly dissolved in drinking water (50mg/kg/day;
freshly prepared every day) [19, 20]. This model is not a sepsis model, and indeed, no mortal-
ity was observed, as expected, because the dose of PG-LPS used in this study is consistent
with the circulating levels in patients with periodontitis [21]. After the completion of each
treatment, mice were killed by cervical dislocation under anesthesia via a mask with isoflu-
rane (1.0-1.5% v/v) [22]. The heart, lung and liver were excised, weighed, frozen in liquid
nitrogen, and stored at -80°C. The ratio of organ mass (mg) to tibial length (TL; mm) was
used as an index of organ volume.

Ethical approval

All animal experiments were complied with the Arrival guidelines [23] and were carried out
in accordance with the National Institutes of Health guide for the care and use of laboratory
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Fig 1. Schematic illustration of experimental procedure and comparison of body weight, cardiac muscle weight,
lung weight and liver weight in the four groups. (A-B) Control (C), PG-LPS (L), allopurinol (A) and PG-LPS+al-
lopurinol (L + A) groups all showed similar body weight at 1 week after the PG-LPS infusion. NS, not significantly
diiferent from the Control (P > 0.05) by ANOVA/Tukey-Kramer. (C-E) Cardiac muscle (CM) weight per tibia length
(TL) ratio (C), lung weight per TL ratio (D), and liver weight per TL ratio (E) were similar among the Control (C),
PG-LPS (P), allopurinol (A) and PG-LPS + allopurinol (L + A) groups. all showed similar body weight at 1 week after
the PG-LPS infusion. NS, not significantly different from the Control (P > 0.05) by non-parametric ANOVA/Steel-
Dwass (C) or ANOVA/Tukey-Kramer (D and E).

https://doi.org/10.1371/journal.pone.0318008.9001

animals [24] and institutional guidelines. The experimental protocol was approved by the
Animal Care and Use Committee of Tsurumi University (No. 29A041).

Physiological experiments

Echocardiographic measurements were performed at room temperature by means of ultraso-
nography (TUS-A300, Toshiba, Tokyo, Japan) under anesthesia with isoflurane vapor (1.0-
1.5% v/v) titrated to maintain the lightest anesthesia possible [25].

Evaluation of fibrosis

Cross sections (10 um) were cut with a cryostat (CM1900; Leica Microsystems, Nussloch,
Germany). The sections were air-dried and fixed with 4% paraformaldehyde (v/v) in 0.1 M
phosphate-buffered saline (pH 7.5).

Interstitial fibrosis was evaluated by Masson-trichrome staining using the Accustatin
Trichrome Stain Kit (#HT15-1KT; Sigma-Aldrich, St. Louis, MO, USA) [13] in accordance
with the manufacturer’s protocol, as described previously [13,26,27]. We quantified intersti-
tial fibrotic regions from the four groups (Control: n = 6, PG-LPS: n = 6, allopurinol: n = 6,
PG-LPS + allopurinol: n = 7) using freely available image analysis software (Image J 1.48) to
evaluate the percentage of blue area in the Masson-trichrome-stained sections [13,26,27].
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Evaluation of apoptosis

Apoptosis was determined by means of terminal deoxyribonucleotidyl transferase (TdT)-
mediated biotin-16-deoxyuridine (TUNEL) staining using an Apoptosis in situ Detection kit
(#293-71500; Wako, Osaka, Japan). TUNEL-positive nuclei per field of view were manually
counted in six sections from the four groups (Control: n = 5, PG-LPS: n = 6, allopurinol: n

= 6, PG-LPS + allopurinol: n = 6) over a microscopic field of 20 x, averaged and expressed

as the ratio of TUNEL-positive nuclei (%) [25,28]. Limiting the counting of total nuclei and
TUNEL-positive nuclei to areas with true cross sections of myocytes made it possible to selec-
tively count only those nuclei that were clearly located within myocytes.

Immunostaining

Oxidative DNA damage in the myocardium was evaluated by immunostaining for
8-hydroxy-2’-deoxyguanosine (8-OHdG) using the Vector M.O.M. Immunodetection system
(Control: n = 5, PG-LPS: n = 6, allopurinol: n = 6, PG-LPS + allopurinol: n = 6) (#PK-2200,
Vector Laboratories, Inc. Burlingame, CA, USA) under our standard conditions [13,26]. Cross
sections were cut at 10 um with a cryostat at -20°C, air-dried and fixed with 4% paraformalde-
hyde (v/v) in TBS-T for 5min at room temperature. Antigen retrieval was achieved with 0.1%
citrate plus 1% Triton X-100 for 30 min at room temperature, then the sections were washed
with TBS-T, incubated with 0.3% horse serum in TBS-T for 1h at room temperature, and
blocked with M.O.M. blocking reagent (Vector Laboratories, Burlingame, CA, USA) overnight
at 4°C. For the positive control, sections were incubated with 0.3% H,O, in TBS-T before anti-
8-OHdG antibody treatment. The sections were incubated with anti-8-OHdG antibody (8.3
pg/ml in M.O.M. Dilute; clone N45.1 monoclonal antibody; Japan Institute for the Control of
Aging, Shizuoka, Japan) overnight at 4°C in a humidified chamber, then incubated with 0.3%
H,0, in 0.3% horse serum for 1 h at room temperature to inactivate endogenous peroxidase,
rinsed with TBS-T, incubated with anti-mouse IgG in M.O.M. Diluent, and processed with an
ABC kit (Vector Laboratories, Inc. Burlingame, CA, USA). The ratio of 8-OHdG nuclei with
oxidative DNA damage (stained dark brown) per total cell number was evaluated.

Western blotting

Cardiac tissue excised from the mice was homogenized in a Polytron (Kinematica AG, Lucerne,
Switzerland) in ice-cold-RIPA buffer (#89900, Thermo Fisher Scientific, Waltham, MA, USA:
25mM Tris-HCI (pH 7.6), 150 mM NaCl, 1% sodium deoxycholate, 0.1% SDS) with addition
of Halt™ Protease Inhibitor Cocktail, EDTA-free (#87785; Thermo Fisher Scientific) and the
homogenate was centrifuged at 13,000 x ¢ for 10 min at 4°C. The supernatant was collected and
the protein concentration was measured using a DC protein assay kit (Bio-Rad, Hercules, CA,
USA). Equal amounts of protein (5 ug) were subjected to 12.5% SDS-polyacrylamide gel electro-
phoresis and blotted onto PVDF membrane (#IPVH00010; Millipore, Burlington, MA, USA).
Western blotting was conducted with commercially available antibodies [25,28-30]. The
primary antibodies against collagen 1 (1:1000, AB765P) and oxidized calmodulin kinase II
(CaMKII; Met-281/282) (1:1000, 071387) were purchased from Merck (San Jose, CA, USA).
Primary antibody against collagen type 3 (1:1000, NB600-594) were purchased from Novus
Biological (Centennicas, CO, USA). Primary antibodies against NOX4 (1:1000, #ab 133303)
and XO (1:1000, #ab109235) were purchased from Abcam (Cambridge, UK). CaMKII
(1:1000, #3362), phospho-CaMKII (Thr-286) (1:1000, #3361), Bcl-2 (1:1000, #3498), and
Bax (1:1000, #2772) were purchased from Cell Signaling Technology (Boston, MA, USA).
The primary antibodies against p-nuclear factor of activated T-cells ¢c3 (NFATc3) (Ser-265)
(1:250, sc-32982), NFATc3 (1:250, sc-8321), p91°h** (1:1000, sc-130543), 3- nitrotyrosine
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(3-NT) (1:250, sc-32757) and 3-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:200,
sc-25778) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and the pri-
mary antibodies against phospho-ryanodine receptor 2 (RyR2) (1:5000) (Ser-2814, #A010-31)
and phospho-RyR2 (1:5000) (Ser-2808, A010-30) were purchased from Badrilla (Leeds, UK).
The primary antibody against p22°h* (1:1000, ab75941) was purchased from Abcam (Cam-
bridge, UK) and RyR2 (1:1000, #MA3-916) was purchased from Thermo Fisher (Rockland,
IL, USA). The primary and secondary antibodies were diluted in Tris-buffered saline (pH 7.6)
with 0.1% Tween 20 and 5% bovine serum albumin. Blots were visualized with enhanced che-
miluminescence solution (ECL; Prime Western Blotting Detection Reagent, GE, Healthcare,
Piscataway, NJ, USA) and scanned with a densitometer (LAS-1000, Fuji Photo Film, Tokyo,
Japan). The amount of expression in the control was taken as 100% in each determination, in
accordance with previous studies [25,30]. The reason why there are different numbers of sam-
ples in different western blotting figures (Fig 2C-2D, Fig 3C, Fig 4C, Fig 5 and Fig 6) is that

we excluded outliers (extremely low or high values, compared to others in the same groups)
using the Smirnov-Grubbs test [31].
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Fig 2. Effects of allopurinol on PG-LPS-induced fibrosis in cardiac muscle. (A) Representative images of Masson-trichrome-stained
sections of cardiac muscle in the Control (upper left), PG-LPS (upper right), allopurinol (lower left), and PG-LPS + allopurinol (lower
right) groups. Scale bar: 100 um (B) The area of fibrosis was significantly increased in the PG-LPS group (n = 6, “P < 0.01), but this
increase was blocked in the PG-LPS + allopurinol group (n = 7, “P < 0.01) by ANOVA/Tukey-Kramer. (C-D) Expression of collagen I
(C) and collagen III (D) was significantly increased in the PG-LPS group, but these increases were blocked in the PG-LPS + allopuri-
nol group (n = 6 each). "P < 0.05, **P < 0.01 by non-parametric ANOVA/Steel-Dwass (C) or ANOVA/Tukey-Kramer (D). Data are
presented as mean + SD and dots show individual data. Images of full-size immunoblots are presented in S1 and S2 Fig of S1 Data.

https://doi.org/10.1371/journal.pone.0318008.9002
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Fig 3. Effects of allopurinol on cardiac myocyte apoptosis induced by chronic PG-LPS infusion. (A) Representative images of
TUNEL-stained sections of cardiac muscle from the Control (upper left), PG-LPS (LPS) (upper right), allopurinol (lower left) and
PG-LPS + allopurinol (LPS + Cap) (lower right) groups. Scale bars: 2 um. (B) The number of TUNEL-positive cardiac myocytes area
of fibrosts was significantly increased in the PG-LPS group (L) (P < 0.01 vs. Control), and this increase was significantly attenuated by
allopurinol (L + A). “P < 0.01 vs. Control (C) or “P < 0.01 vs. PG-LPS group (L) by ANOVA/Tukey-Kramer. (C) The Bax/Bcl-2 ratio
was significantly increased in the PG-LPS group (n = 4), but this increase was blocked in the PG-LPS + allopurinol group (n = 4). “P
< 0.01 by ANOVA/Tukey-Kramer. Data are presented as mean + SD and dots show individual data. Images of full-size immunoblots

are presented in S3 Fig of S1 Data.

https://doi.org/10.1371/journal.pone.0318008.9003

Statistical analysis

Data are presented as means * standard deviation (SD). The Shapiro-Wilk test was performed
to evaluate if the sample showed a normal distribution (S3 Data) [32]. When the distribution
was not normal, we used a non-parametric test for analysis (Steel-Dwass test) [Fig 1C, Fig 2C
and Table 1 (LVPWTd)]. Comparisons were performed using one-way ANOVA followed by
the Tukey-Kramer post hoc test (hereafter abbreviated as ANOVA/Tukey-Kramer) (Fig 1B,
1D, 1E, Fig 2B, 2D, Fig 3B, 3C, Fig 4B, 4C, Fig 5, Table 1 and S1 Fig in S1 Data of S2 Data) or
non-parametric one-way ANOVA followed by the Steel-Dwass post hoc test (hereafter abbre-
viated as non-parametric ANOVA/Steel-Dwass) [Fig 1C, Fig 2C and Table 1 (LVPWTd)] [33].
Differences were considered significant when P < 0.05.

Results

Effects of PG-LPS on body weight and size of heart, lung and liver with/
without allopurinol

PG-LPS treatment for a week did not alter the body weight of the control, PG-LPS, allopuri-
nol and PG-LPS + allopurinol groups at 1 week after the PG-LPS treatment (Fig 1B), and the
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Fig 4. Effects of allopurinol on chronic PG-LPS-induced oxidative stress in cardiac muscle. (A) Representative immunohisto-
chemical images of oxidative DNA damage (8-OHdQG) in cardiac muscle from the Control (upper left), PG-LPS (LPS) (upper right),
allopurinol (lower left) and PG-LPS + allopurinol (L + A) (lower right) groups. Scale bars: 2 pm (B) 8-OHdG-positive nuclei were sig-
nificantly increased in the PG-LPS group (n = 5), but this increase was blocked in the PG-LPS + allopurinol group (L + A) (n = 4). P
< 0.01 by ANOVA/Tukey-Kramer. T (C) Expression of XO was significantly increased in the PG-LPS group (n = 5), and this increase
was significantly blocked in the PG-LPS + allopurinol group (L + A) (n = 6). P < 0.05 by ANOVA/Tukey-Kramer. Data are presented
as mean = SD and dots show individual data. Images of full-size immunoblots are presented in S4 Fig of S1 Data.

https://doi.org/10.1371/journal.pone.0318008.9004

consumed amounts of both food and water were also similar among the four groups (S1 Fig in
S1 Data of S2 Data).

We also examined the effects of PG-LPS with/without allopurinol on heart size in terms
of cardiac muscle mass per tibial length ratio (mg/mm) (Fig 1C), as well as the effects on
wet lung and liver mass per tibial length ratio (Fig 1D and 1E). Similar results were obtained
among the four groups.

Thus, neither PG-LPS nor allopurinol at the dose used in this experiment appeared to
influence growth, food/water consumption, cardiac hypertrophy, lung edema or liver conges-
tion during the 1-week experimental period.

Effects of PG-LPS on cardiac function with/without allopurinol treatment

We also conducted echocardiography (Table 1) to evaluate cardiac function in terms of left
ventricular ejection fraction (EF) and fractional shortening (%FS). Both parameters were
significantly decreased in the PG-LPS-treated group [EF: Control (n = 6) vs. PG-LPS (n = 7):
68 + 1.3 vs. 60 £2.7%, P < 0.01; %FS: 33 £ 0.9 vs. 28 + 1.6%, P < 0.01 by ANOVA/Tukey-
Kramer]. Allopurinol alone (n = 6) had no effect on EF or %FS, but blocked the PG-LPS-
induced decrease of EF and %FS at 1 week [EF: PG-LPS (n = 7) vs. PG-LPS + allopurinol (n =
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Fig 5. Effects of allopurinol on PG-LPS-induced increases in NOX4 , p22P"~, p91?hx and 3-NT in cardiac muscle. (A) NOX4
expression was significantly increased in the PG-LPS group (L), and this increase was significantly attenuated in the PG-LPS + allo-
purinol group (L + A). P < 0.01 vs. Control (C) or “P < 0.01 vs. L + A by ANOVA/Tukey-Kramer. Images of full-size immunoblots
are shown in S5 Fig of S1 Data. (B) p22P"* expression was significantly increased in the PG-LPS group (L), and this increase was sig-
nificantly attenuated in the PG-LPS + allopurinol group (L + A). “P < 0.05 vs. Control (C) or “P < 0.05 vs. L + A by ANOVA/Tukey-
Kramer. Images of full-size immunoblots are shown in $6 Fig of S1 Data. (C) p91P** expression was significantly increased in the
PG-LPS group (L), and this increase was significantly attenuated in the PG-LPS + allopurinol group (L + A). P < 0.01 vs. Control (C)
or “P < 0.01 vs. L + A by ANOVA/Tukey-Kramer. Images of full-size immunoblots are shown in S7 Fig of S1 Data. (D) Representative
immunoblot showing expression levels of 3-NT in cardiac muscle from the Control (C), PG-LPS (L), allopurinol (A) and PG-LPS +
allopurinol (L + A) groups. Images of full-size immunoblots are shown in S8 Fig of S1 Data. (E) 3-NT expression was significantly
increased in the PG-LPS group (L), and this increase was significantly attenuated in the PG-LPS + allopurinol group (L + A). P < 0.05
vs. Control (C) or "P < 0.05 vs. L + A by ANOVA/Tukey-Kramer.

https://doi.org/10.1371/journal.pone.0318008.9005

7): 60 £ 2.7 vs. 67 £ 1.1%, P < 0.01; %FS: PG-LPS (n = 7) vs. PG-LPS + allopurinol (n = 7): 28
+ 1.6 vs. 33 + 0.8%, P < 0.01; ANOVA/Tukey-Kramer].

These data suggest that PG-LPS treatment decreases cardiac dysfunction at least in part via
the increase of ROS production.

Effects of PG-LPS on cardiac fibrosis with/without allopurinol treatment

We examined the effects of PG-LPS with/without allopurinol on fibrosis in cardiac muscle by
means of Masson-trichrome staining (Fig 2A). PG-LPS treatment significantly increased the
area of fibrosis in cardiac muscle [Control (n = 6) vs. PG-LPS (n = 6): 0.7 + 0.4 vs. 2.5 + 0.4%,
P < 0.01; ANOVA/Tukey-Kramer] (Fig 2B), in accordance with our previous findings [16, 17].
Allopurinol alone did not alter the area of fibrosis, but blocked the PG-LPS-induced increase
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Fig 6. Effects of allopurinol on PG-LPS-induced phospho-CaMKII , ox-CaMKII, phospho-RyR2 (Ser-2814), phospho-RyR2 (Ser-
2808) and phospho-NFATc3 in cardiac muscle. (A) CaMKII phosphorylation (Thr-286) was significantly increased in the PG-LPS
group (L), and this increase was significantly attenuated in the PG-LPS + allopurinol group (L + A). P < 0.01 vs. Control (C) or “P
< 0.05vs. L+ A by ANOVA/Tukey-Kramer. Images of full-size immunoblots are shown in S9 Fig of S1 Data. (B) CaMKII oxidiza-
tion (methionine-281/282) was significantly increased in the PG-LPS group (L), and this increase was significantly attenuated in the
PG-LPS + allopurinol group (L + A). “P < 0.01 vs. Control (C) or P < 0.01 vs. L + A by ANOVA/Tukey-Kramer. Images of full-size
immunoblots are shown in S10 Fig of S1 Data. (C) RyR2 phosphorylation (Ser-2814) was significantly increased in the PG-LPS group
(L), and this increase was significantly attenuated in the PG-LPS + allopurinol group (L + A). P < 0.01 vs. Control (C) or “P < 0.01
vs. L + A by ANOVA/Tukey-Kramer. Images of full-size immunoblots are shown in S11 Fig of S1 Data. (D) RyR2 phosphorylation
(Ser-2808) was significantly increased in the PG-LPS group (L), and this increase was significantly attenuated in the PG-LPS + allo-
purinol group (L + A). “P < 0.05 vs. Control (C) or “P < 0.01 vs. L + A by ANOVA/Tukey-Kramer. Images of full-size immunoblots
are shown in S12 Fig of S1 Data. (E) NFATc3 phosphorylation (Ser-265) was significantly increased in the PG-LPS group (L), and this
increase was significantly attenuated in the PG-LPS + allopurinol group (L + A). “P < 0.01 vs. Control (C) or "P < 0.05vs.L + A by
ANOVA/Tukey-Kramer. Images of full-size immunoblots are shown in S13 Fig of S1 Data.

https://doi.org/10.1371/journal.pone.0318008.9006

of fibrosis [PG-LPS (n = 6) vs. PG-LPS + allopurinol (n= 7): 2.5+ 0.4 vs. 0.9 £ 0.2%, P <
0.01; ANOVA/Tukey-Kramer].

These data suggest that cardiac fibrosis induced by PG-LPS might be mediated, at least in
part through the increase of ROS production.

Effects of PG-LPS on collagen 1 and 3 protein expression with/without
allopurinol treatment

We examined the protein expression of collagen I (Fig 2C) and collagen III (Fig 2D) in the
heart in the four groups. The expression levels were significantly increased in the heart of
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Table 1. Cardiac function assessed by echocardiography with/without allopurinol.

C L A L+A
n 6 7 6 7
EF 68+ 1.3 60+ 2.7 67 + 2.2 67 + 1.1 ##
EDV 0.2+ 0.03 0.2+ 0.02 0.20 £ 0.01 0.20 = 0.01
ESV 0.07 = 0.006 0.08 £ 0.011 0.06 = 0.007 ## 0.06 + 0.004 ##
%EFS 33+ 0.9 28+ 1.6 33+ 1.6 33+ 0.8##
LVIDd 4.5+ 0.1 44+ 0.1 4.3+ 0.08 4.3 + 0.07
LVIDs 3.0+ 0.08 32102 29+ 0.1 ## 2.9 £ 0.06 ##
HR 420 + 35 414 + 45 402 + 27 416 + 37
SV 0.15 = 0.011 0.12 + 0.006 ™ 0.13 + 0.004 " 0.13 + 0.006 "
CcO 63+ 2.6 52+ 6.5 54+ 41" 56 + 6.4
IVSTd 0.5+ 0.07 0.4 = 0.05 0.4+ 0.03 0.5+ 0.03
IVSTs 0.9 £ 0.07 0.8+ 0.03 " 0.9+ 0.04 0.9+ 0.04"
LVPWTd 0.53 = 0.05 0.52 £ 0.06 0.47 £.05 0.48 + 0.04
LVPWTs 0.96 + 0.06 0.86+ 0.04 " 0.89 + 0.08 0.92 + 0.05

EF (%): left ventricular ejection fraction.

EDV (mL): left ventricular end-diastolic volume.

ESV (mL): left ventricular end-systolic volume.

%FS: % fractional shortening.

LVIDd (mm): left ventricular internal dimension at end-diastole.
LVIDs (mm): left ventricular internal dimension at end-systole.
HR (bpm): heart rate.

SV (mL): stroke volume.

CO (mL/min): cardiac output.

IVSTd (mm): interventricular septum thickness at end-diastole.

LVSTs (mm): interventricular septum thickness at end-systole

LVPWTd (mm): left ventricular posterior wall thickness at end-diastole. LVPWTs (mm).

LVPWTs (mm): left ventricular posterior wall thickness at end-systole.
“P < 0.01 vs. Control by Tukey/Kramer.

“P < 0.05 vs. Control by Tukey/Kramer.

##P < 0.01 vs. LPS by Tukey/Kramer.

#P < 0.05 vs. LPS by Tukey/Kramer.

C: control, L: PG-LPS, A: allopurinol, L + A: PG-LPS + allopurinol.

https://doi.org/10.1371/journal.pone.0318008.t001

PG-LPS-treated mice [collagen I: Control (n = 5) vs. PG-LPS (n = 6): 100 + 9.4 vs. 170 £ 32%,
P < 0.05; non-parametric ANOVA/Steel-Dwass; collagen III: Control (n = 5) vs. PG-LPS (n
=6): 100 + 14 vs. 162 + 39%, P < 0.01; ANOVA/Tukey-Kramer] (Fig 2C and 2D). Allopuri-
nol alone did not alter the expression of collagen I or collagen III, but blocked the PG-LPS-
induced increases [collagen I: PG-LPS (1 = 6) vs. PG-LPS + allopurinol (n = 6): 170 £+ 32

vs. 101 + 24%, P < 0.01; ANOVA/Tukey-Kramer; collagen III: PG-LPS (n = 6) vs. PG-LPS +

allopurinol (n = 6): 162 £ 39 vs. 99 + 18%, P < 0.01; ANOVA/Tukey-Kramer].

These data suggest that increased protein expression of collagen I and collagen III induced
by PG-LPS might be mediated at least in part through the increase of ROS production.

Effects of PG-LPS on cardiac apoptosis with/without allopurinol treatment

We next evaluated cardiac apoptosis in PG-LPS-treated mice with/without allopurinol
treatment by means of terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-

deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL) (Fig 3A).
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We first prepared positive and negative control sections by incubating cells with (positive
control) or without (negative control) DNasel for 15 min at 37°C and confirmed that the
TUNEL staining procedure could clearly discriminate TUNEL-positive and non-positive
nuclei (S2 Fig in S1 Data of S2 Data).

PG-LPS treatment significantly increased cardiac myocyte apoptosis [Control (n = 5)
vs. PG-LPS (n = 5): 1.0 £ 0.3 vs. 8.3 £ 2.6%, P < 0.01 vs. Control; ANOVA/Tukey-Kramer].
Allopurinol alone had no effect on the number of TUNEL-positive cardiac myocytes, but
blocked the PG-LPS-induced increase of TUNEL-positive cardiac myocytes [PG-LPS (n =
5) vs. PG-LPS + allopurinol (n = 6): 8.3 £ 2.6 vs. 2.6 £ 0.8%, P < 0.01 vs. PG-LPS; ANOVA/
Tukey-Kramer] (Fig 3B).

We also examined the effects of PG-LPS on the ratio of Bcl-2 associated X protein (Bax),
an accelerator of apoptosis, to B cell lymphoma 2 (Bcl-2), a regulator of apoptosis, in the heart
(Fig 3C) and found that it was significantly increased in the heart of PG-LPS-treated mice
[Control (n = 4) vs. PG-LPS (n = 4): 100 + 4.6 vs. 135 £ 9.4%, P < 0.01 vs. Control; ANOVA/
Tukey-Kramer]. However, the increase was blocked by allopurinol [PG-LPS (n = 4) vs.
PG-LPS + allopurinol (n = 4): 135 + 9.4 vs. 109 + 10%, P < 0.01 vs. PG-LPS; ANOVA/Tukey-
Kramer] (Fig 3C).

Effects of PG-LPS on oxidative stress with/without allopurinol treatment

We evaluated oxidative stress in the myocardium by means of 8-hydroxy-2’-deoxyguanosine
(8-OHdG) immunostaining (Fig 4A).

We first prepared positive and negative control sections by incubating cells with (positive
control) or without (negative control) 0.3% H,O, in TBS-T for 1 h at room temperature before
the anti-OHdG antibody treatment and confirmed that the 8-OHdG staining procedure could
clearly discriminate 8-OHdG-positive and non-positive nuclei (S3 Fig in S1 Data of S2 Data).

The ratio of 8-OHdG-positive/total cardiac myocytes was significantly increased in the
PG-LPS-treated mice [Control (n = 4) vs. PG-LPS (n = 5): 1.7 + 0.6 vs. 9.2 + 1.1%, P <
0.01 vs. Control; ANOVA/Tukey-Kramer], and the increase was suppressed by allopurinol
[PG-LPS (n = 5) vs. PG-LPS + allopurinol (n = 4): 9.2 £ 1.1 vs. 3.3 + 0.5%, P < 0.01 vs.
PG-LPS; ANOVA/Tukey-Kramer] (Fig 4B).

We also examined XO expression in the heart in the four groups. XO expression was sig-
nificantly increased in the PG-LPS-treated group [Control (n = 5) vs. PG-LPS (n = 5): 100 £
17 vs. 159 + 21%, P < 0.01 vs. Control; ANOVA/Tukey-Kramer]. However, this increase was
significantly inhibited by allopurinol [PG-LPS (n = 5) vs. PG-LPS + allopurinol (n = 6): 159 +
21vs. 108 + 21%, P < 0.05 vs. PG-LPS; ANOVA/Tukey-Kramer] in accordance with the previ-
ous study in animals with heart failure [34] or atrial remodeling [35] treated with allopurinol

(Fig 4C).

Effects of PG-LPS on NOX4 expression with/without allopurinol

TLR4 stimulation causes cardiac ROS generation through a number of pathways, including
nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), as established by us [16] and
another group [36]. Two NOX isoforms, NOX2 and NOX4, are expressed in the heart, and
their activity is regulated by their expression levels [37, 38]. It has been shown that allopurinol
treatment reduces oxidative stress by decreasing the expression level of Nox4, in addition to
X0, and might block aortic aneurysm in a mouse model of Marfan syndrome [39].
Importantly, we previously demonstrated that PG-LPS-induced cardiac fibrosis and
remodeling might be caused by ROS production via TLR4/NOX 4 interaction [16]. Therefore,
we compared NOX4 protein expression in the heart among the four groups (Fig 5A). NOX4
expression was significantly increased in the PG-LPS-treated group [Control (n = 4) vs.
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PG-LPS (n = 4): 100 £ 13 vs. 148 + 8.9%, P < 0.01 vs. Control; ANOVA/Tukey-Kramer], and
the increase was suppressed by allopurinol [PG-LPS (n = 4) vs. PG-LPS + allopurinol (n = 6):
148 £ 8.9 vs. 104 = 9.0%, P < 0.01 vs. PG-LPS; ANOVA/Tukey-Kramer].

These data, together with the results in Fig 4C, suggest that PG-LPS-induced ROS produc-
tion might contribute at least in part to the upregulation of NOX4 and XO.

Effects of PG-LPS on p22°">* expression with/without allopurinol

ROS production by Nox4 is dependent on the p22°Ph** protein expression level [40, 41]. We
thus examined the expression of p22P" protein in the heart among the four groups and found
that p22Ph°* expression was significantly increased in the PG-LPS-treated group [Control (n =
4) vs. PG-LPS (n = 5): 100 + 45 vs. 183 + 47%, P < 0.05 vs. Control; ANOVA/Tukey-Kramer].
This increase was suppressed by allopurinol [PG-LPS (n = 5) vs. PG-LPS + allopurinol (n =
6): 183 £ 47 vs. 111 £ 28%, P < 0.05 vs. PG-LPS; ANOVA/Tukey-Kramer] (Fig 5B).

These data suggest that PG-LPS-induced ROS production might enhance the activity of
Nox4 by upregulating the expression of p22°"*, leading to increased ROS production via
Nox4, while allopurinol treatment might decrease Nox4-dependent ROS production through
a decrease of p22°h** expression.

Effects of PG-LPS on the expression of p91P"* and 3-NT with/without
allopurinol

p91Ph*and 3-NT are markers of oxidative stress and protein oxidation damage [42, 43]. We
thus examined the expression levels of p91°"* and 3-NT in the heart among the four groups
and found that both were significantly increased in the PG-LPS-treated group [p91t>x:
Control (n = 6) vs. PG-LPS (n = 7): 100 + 54 vs. 301 + 82%, P < 0.01 vs. Control; 3-NT:
Control (n = 4) vs. PG-LPS (n = 4): 100 = 8 vs. 170 + 39%, P < 0.05 vs. Control; ANOVA/
Tukey-Kramer each]. Further, these increases were suppressed by allopurinol [p917°*: PG-LPS
(n=7) vs. PG-LPS + allopurinol (n = 7): 301 £ 82 vs. 132 + 36%, P < 0.01 vs. PG-LPS;
3-NT: PG-LPS (n = 4) vs. PG-LPS + allopurinol (n = 5): 170 + 39 vs. 101 + 26%, P < 0.05 vs.
PG-LPS; ANOVA/Tukey-Kramer] (Fig 5C-5E).

These data also support the view that allopurinol has a protective action against oxidative
stress induced by PG-LPS.

Effects of PG-LPS on CaMKII phosphorylation and oxidation with/without
allopurinol

CaMKII is activated via phosphorylation and oxidation in the presence of ROS and con-
tributes to the development of cardiac remodeling and dysfunction induced by PG-LPS

[16]. We thus examined the amounts of phospho-CaMKII (Thr-286) (Fig 6A) and oxidized
methionine-281/282 CaMKII (ox-CaMKII) (Fig 6B) in the heart in the four groups and found
that they were significantly increased in the PG-LPS-treated group [p-CaMKII: Control (n =
5) vs. PG-LPS (n = 6): 100 + 5.2 vs. 144 + 14%; ox-CaMKII: Control (n = 5) vs. PG-LPS (n =
6): 100 £ 11 vs. 130 £ 7.4%, P < 0.01 vs. Control; ANOVA/Tukey-Kramer]. The increase was
suppressed by allopurinol [p-CaMKII: PG-LPS (n = 6) vs. PG-LPS + allopurinol (n = 6): 144
+ 14 vs. 119 £ 14%, P < 0.01 vs. PG-LPS; ox-CaMKIIL: PG-LPS (n = 6) vs. PG-LPS + allopuri-
nol (n=6):130 + 4.4 vs. 96 + 17%, P < 0.01 vs. PG-LPS; ANOVA/Tukey-Kramer].

Effects of PG-LPS on RyR2 phosphorylation with/without allopurinol

Since phosphorylation of most Ca?*-handling proteins is altered in many models of exper-
imental heart failure [25,36], which might lead to increased Ca’* leakage, we compared the
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effects of PG-LPS on RyR2 phosphorylation at Ser-2814 (Fig 6C) and Ser-2808 (Fig 6D).
These phosphorylations are mediated by CaMKII and protein kinase A, respectively [44].

Phospho-RyR2 (Ser-2814) was significantly increased in the heart of PG-LPS-treated mice
[Control (n = 6) vs. PG-LPS (n = 6): 100 + 16 vs. 151 = 29%, P < 0.01 vs. Control; ANOVA/
Tukey-Kramer]. Again, this increase was significantly attenuated by allopurinol [PG-LPS (n
= 6) vs. PG-LPS + allopurinol (n = 6): 151 + 29 vs. 93 + 17%, P < 0.01 vs. PG-LPS; ANOVA/
Tukey-Kramer] (Fig 6C).

Phospho-RyR2 (Ser-2808) was also significantly increased in the heart of PG-LPS-treated
mice [Control (n = 4) vs. PG-LPS (n = 4): 100 + 7.2 vs. 142 + 20%, P < 0.05 vs. Control;
ANOVA/Tukey-Kramer], and this increases was significantly attenuated by allopurinol
[PG-LPS (n = 4) vs. PG-LPS + allopurinol (n = 4): 142 + 20 vs. 96 + 18%, P < 0.01 vs.
PG-LPS; ANOVA/Tukey-Kramer] (Fig 6D).

These data suggest that PG-LPS might increase RyR2 phosphorylation on Ser-2808 and
Ser-2814, at least in part through the activation of the TLR4-Nox4 signaling pathway.

Effects of NFATc3 phosphorylation with/without allopurinol

The maintenance of calcium (Ca?*) homeostasis during muscle contraction is requisite for
optimal contractile function, and altered Ca’* homeostasis might induce hyperactivation of
calcineurin-NFAT signaling [45]. We thus examined the activation level of calcineurin-NFAT
signaling in terms of the phosphorylation level on serine 265 of NFATc3, which is a
Ca**-handling protein involved in Ca?* homeostasis in cardiac muscle (Fig 6E). We found that
the phosphorylation level was significantly decreased in the PG-LPS-treated group (Control [#
= 4] vs. PG-LPS [n = 4]: 100 £ 26 vs. 40 £ 14%, P < 0.01 vs. Control; ANOVA/Tukey-Kramer).
Further, this decrease was suppressed by allopurinol (PG-LPS [#n = 4] vs. PG-LPS + allopurinol
[n=4]:40 + 14 vs. 94 £ 28%, P < 0.05 vs. PG-LPS; ANOVA/Tukey-Kramer) (Fig 6E).

These data indicated that allopurinol might protect the heart from Ca?* handling impair-
ment induced by PG-LPS.

Discussion

Numerous cross-sectional, case-control and cohort epidemiological studies have demon-
strated that periodontitis is associated with CVD, independently of confounding factors such
as smoking and obesity [46-48]. Moreover, clinical interventional studies indicate that treat-
ment of periodontitis reduces systemic inflammation and has favorable effects on subclinical
markers of CVD, although the molecular mechanisms involved remain elusive [48-52].

Our findings here indicate that cardiac function was significantly impaired in mice treated
with PG-LPS at a dose consistent with circulating levels in periodontitis patients, and myo-
cyte apoptosis, fibrosis and oxidative stress were significantly increased. Importantly, these
changes were blunted by the XO inhibitor allopurinol. We then examined the mechanism of
these changes.

Patients with periodontitis exhibit accelerated purine degradation and enhanced XO
expression in the periodontium [53, 54]. Enhanced secretion of uric acid has been observed
in immune cells stimulated by periodontal pathogens [54, 55], and in the gingiva of mice with
periodontitis [56]. Given that XO is ubiquitous, and is sensitive to inflammation and oxidative
stress [57], periodontitis-induced low-grade systemic inflammation may accelerate purine
metabolism in distant organs. We hypothesized that the purine degradation pathway might be
increased not only in the periodontium, but also in the heart. This hypothesis was confirmed
by the observation of up-regulated expression of XO in the heart of PG-LPS-treated mice. We
also showed that this increase was attenuated by allopurinol.
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The effect of allopurinol on XO expression level is controversial: some studies have found
that allopurinol inhibits XO activity without reducing its expression level [58, 59], while oth-
ers have found a reduction of its expression level [34, 35].

Patients with periodontitis are at high risk for CVD, which might be due to increased ROS
production, as shown by us [16, 17] and others [60]. We have recently demonstrated that
expression of XO and NOX4 is significantly increased in PG-LPS-treated mice, as used in this
study, and these increases were suppressed by the angiotensin converting enzyme inhibitor
captopril [17]. Thus, the present and previous findings suggest that another important source
of ROS in the cardiovascular system in patients with periodontitis might be NOX4, besides
XO [17]. In addition, the renin-angiotensin system (RAS) might contribute at least in part
to the increase of ROS via XO and NOX4 in the heart, leading to the development of cardiac
remodeling and dysfunction in PG-LPS-treated mice (Fig 7).

We recently demonstrated that persistent subclinical exposure to PG-LPS in mice induces
cardiac dysfunction, myocyte apoptosis and fibrosis [16]. In addition, co-treatment with
the TLR4 inhibitor TAK-242 alleviates the cardiac dysfunction and remodeling induced by
PG-LPS. [16]. TLR4 activation was recently demonstrated to be involved in activation of the
RAS induced by uric acid in adipose tissue, causing hypertension and increased expression
of inflammatory cytokines [61]. In addition, the interplay of TLR4 signaling and the RAS
might contribute to the pathogenesis of cardiovascular changes in Fabry disease [62]. Our
findings in this and previous studies support the hypothesis that cardiac dysfunction induced

/| NOXa4 ||— | Allopurinol | —|| X0 ]\

CaMKIl [€— ROS
o (0¥
_II Ser-2814
2 / Caz+ 0 Ca?* leakage
—J Ca?* SR Apoptosis, Fibrosis
Ser-2808 Oxidative stress

Cardiac dySfuncticy

Cardiac myocyte

Fig 7. Schematic illustration of the proposed role of XO and NOX4 in the heart of PG-LPS-treated mice. PG-LPS
induces expression of XO and NOX4, leading to ROS production, which mediates CaMKII activation and RyR2
phosphorylation (Ser-2814). We previously demonstrated that PG-LPS might induce myocardial ROS production and
Ca’*-mishandling via activation of the RAS [17] and cAMP/PKA signaling [64]. Our current study indicates that allo-
purinol might have a protective effect against PG-LPS-mediated cardiac dysfunction by blocking the increase of ROS
generation by XO and NOX4 and Ca?* leakage via altered RyR2 phosphorylation in mice. Solid black lines represent
findings in this study and solid gray lines represent findings reported previously [17,64]. p-AR, B-adrenergic receptor;
SR, sarcoplasmic reticulum; RyR2, ryanodine receptor 2; AT1, angiotensin II type 1 receptor; PKA, protein kinase A;
ROS, reactive oxygen species; CAMP, cyclic AMP.

https://doi.org/10.1371/journal.pone.0318008.9007

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 14/19



https://doi.org/10.1371/journal.pone.0318008.g007

PLOS ONE

Oxidative heart stress in periodontitis

by persistent subclinical exposure to PG-LPS might be caused by myocardial ROS production
derived from XO and NOX4 via activation of the RAS (Fig 7).

In this study, we observed CaMKII-mediated RyR2 phosphorylation (Ser-2448) and
protein kinase A-mediated RyR2 phosphorylation (Ser-2808) in the heart of PG-LPS-treated
mice, which might be associated with SR Ca** leakage via the RyR2 channel and heart failure
[63]. We previously demonstrated that persistent subclinical exposure to PG-LPS in mice at
the same dose used in this study might induce the cAMP/protein kinase A and cAMP/CaM-
KII signaling pathways (Fig 7) [64], and these findings are consistent with the observation of
phosphorylation at serine-2814 and serine-2808.

Overall, our results suggest that the XO inhibitor allopurinol might have a protective effect
against periodontitis-mediated CVD by blocking the increase of ROS generation mediated by
XO and NOX4 in PG-LPS-treated mice.

Supporting information

S1 Data. Representative full-length immunoblots shown in the main article.
(PDF)

$2 Data. Food/water consumption and negative/positive control sections of TUNEL stain-
ing and 8-OHdG immunostaining.
(PDF)

$3 Data. Normality test using the Shapiro-Wilk test.
(XLSX)

Author contributions

Conceptualization: Akinaka Morii, Ichiro Matsuo, Kenji Suita, Yoshiki Ohnuki, Satoshi
Okumura.

Formal analysis: Akinaka Morii, Ichiro Matsuo, Yasuharu Amitani, Satoshi Okumura.

Funding acquisition: Ichiro Matsuo, Kenji Suita, Yoshiki Ohnuki, Aiko Ito, Megumi
Nariyama, Satoshi Okumura.

Investigation: Akinaka Morii, Ichiro Matsuo, Kenji Suita, Go Miyamoto, Mariko Abe, Takao
Mitsubayashi, Yoshio Hayakawa.

Methodology: Akinaka Morii, Ichiro Matsuo, Kenji Suita, Yoshiki Ohnuki, Misao Ishikawa,
Yasumasa Mototani, Ren Matsubara.

Supervision: Kazuhiro Gomi, Takatoshi Nagano, Satoshi Okumura.

Writing - original draft: Satoshi Okumura.

References

1. Genco R, Offenbacher S, Beck J. Periodontal disease and cardiovascular disease: epidemiology and
possible mechanisms. J Am Dent Assoc. 2002;133 Suppl:14S-228S. https://doi.org/10.14219/jada.
archive.2002.0375 PMID: 12085720

2. Kataoka K, Ekuni D, Tomofu;ji T, Irie K, Kunitomo M, Uchida Y, et al. Visualization of oxidative stress
induced by experimental periodontitis in keap1-dependent oxidative stress detector-luciferase mice. Int
J Mol Sci. 2016;17(11):1907. https://doi.org/10.3390/ijms 17111907 PMID: 27854327

3. Kumar J, Teoh SL, Das S, Mahakknaukrauh P. Oxidative stress in oral diseases: understanding its rela-
tion with other systemic diseases. Front Physiol. 2017;8:693. https://doi.org/10.3389/fphys.2017.00693
PMID: 28959211

4. Cappola TP, Kass DA, Nelson GS, Berger RD, Rosas GO, Kobeissi ZA, et al. Allopurinol improves myo-
cardial efficiency in patients with idiopathic dilated cardiomyopathy. Circulation. 2001;104(20):2407—11.
https://doi.org/10.1161/hc4501.098928 PMID: 11705816

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 15/19



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318008.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318008.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0318008.s003
https://doi.org/10.14219/jada.archive.2002.0375
https://doi.org/10.14219/jada.archive.2002.0375
http://www.ncbi.nlm.nih.gov/pubmed/12085720
https://doi.org/10.3390/ijms17111907
http://www.ncbi.nlm.nih.gov/pubmed/27854327
https://doi.org/10.3389/fphys.2017.00693
http://www.ncbi.nlm.nih.gov/pubmed/28959211
https://doi.org/10.1161/hc4501.098928
http://www.ncbi.nlm.nih.gov/pubmed/11705816

PLOS ONE

Oxidative heart stress in periodontitis

o

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Berry CE, Hare JM. Xanthine oxidoreductase and cardiovascular disease: molecular mechanisms
and pathophysiological implications. J Physiol. 2004;555(Pt 3):589-606. https://doi.org/10.1113/
iphysiol.2003.055913 PMID: 14694147

Isabelle M, Vergeade A, Moritz F, Dautréaux B, Henry J-P, Lallemand F, et al. NADPH oxidase inhi-
bition prevents cocaine-induced up-regulation of xanthine oxidoreductase and cardiac dysfunction. J
Mol Cell Cardiol. 2007;42(2):326—32. https://doi.org/10.1016/j.yjmcc.2006.11.011 PMID: 17217956

Bers DM. Calcium cycling and signaling in cardiac myocytes. Annu Rev Physiol. 2008;70:23—49.
https://doi.org/10.1146/annurev.physiol.70.113006.100455 PMID: 17988210

Minhas KM, Saraiva RM, Schuleri KH, Lehrke S, Zheng M, Saliaris AP, et al. Xanthine oxidoreductase
inhibition causes reverse remodeling in rats with dilated cardiomyopathy. Circ Res. 2006;98(2):271-9.
https://doi.org/10.1161/01.RES.0000200181.59551.71 PMID: 16357304

Sakabe M, Fujiki A, Sakamoto T, Nakatani Y, Mizumaki K, Inoue H. Xanthine oxidase inhibition
prevents atrial fibrillation in a canine model of atrial pacing-induced left ventricular dysfunction. J Car-
diovasc Electrophysiol. 2012;23(10):1130-5. https://doi.org/10.1111/j.1540-8167.2012.02356.x PMID:
22587612

Gao X, XuY, Xu B, LiuY, Cai J, Liu H, et al. Allopurinol attenuates left ventricular dysfunction in rats
with early stages of streptozotocin-induced diabetes. Diabetes Metab Res Rev. 2012;28(5):409-17.
https://doi.org/10.1002/dmrr.2295 PMID: 22389139

Saavedra WF, Paolocci N, St John ME, Skaf MW, Stewart GC, Xie J-S, et al. Imbalance between
xanthine oxidase and nitric oxide synthase signaling pathways underlies mechanoenergetic uncou-
pling in the failing heart. Circ Res. 2002;90(3):297-304. https://doi.org/10.1161/hh0302.104531 PMID:
11861418

Farquharson CAJ, Butler R, Hill A, Belch JJF, Struthers AD. Allopurinol improves endothelial
dysfunction in chronic heart failure. Circulation. 2002;106(2):221-6. https://doi.org/10.1161/01.
¢ir.0000022140.61460.1d PMID: 12105162

Suita K, Yagisawa Y, Ohnuki Y, Umeki D, Nariyama M, Ito A, et al. Effects of occlusal disharmony on
susceptibility to atrial fibrillation in mice. Sci Rep. 2020;10(1):13765. https://doi.org/10.1038/s41598-
020-70791-8 PMID: 32792672

Ito A, Ohnuki Y, Suita K, Ishikawa M, Mototani Y, Shiozawa K, et al. Role of 3-adrenergic signaling
in masseter muscle. PLoS One. 2019;14(4):e0215539. https://doi.org/10.1371/journal.pone.0215539
PMID: 30986276

Ito A, Ohnuki 'Y, Suita K, Matsuo |, Ishikawa M, Mitsubayashi T, et al. Effects of the angiotensin-
converting enzyme inhibitor captopril on occlusal-disharmony-induced cardiac dysfunction in mice.
Sci Rep. 2023;13(1):19927. https://doi.org/10.1038/s41598-023-43099-6 PMID: 37968296

Matsuo I, Kawamura N, Ohnuki Y, Suita K, Ishikawa M, Matsubara T, et al. Role of TLR4 sig-
naling on Porphyromonas gingivalis LPS-induced cardiac dysfunction in mice. PLoS One.
2022;17(6):e0258823. hitps://doi.org/10.1371/journal.pone.0258823 PMID: 35648750

Kiyomoto K, Matsuo I, Suita K, Ohnuki Y, Ishikawa M, Ito A, et al. Oral angiotensin-converting enzyme
inhibitor captopril protects the heart from Porphyromonas gingivalis LPS-induced cardiac dysfunc-
tion in mice. PLoS One. 2023;18(11):e0292624. https://doi.org/10.1371/journal.pone.0292624 PMID:
37983238

Tsunoda M, Matsuo I, Ohnuki Y, Suita K, Ishikawa M, Mitsubayashi T, et al. Vidarabine, an anti-herpes
agent, improves Porphyromonas gingivalis lipopolysaccharide-induced cardiac dysfunction in mice. J
Physiol Sci. 2023;73(1):18. https://doi.org/10.1186/s12576-023-00873-5 PMID: 37558983

Duncan JG, Ravi R, Stull LB, Murphy AM. Chronic xanthine oxidase inhibition prevents myofibrillar
protein oxidation and preserves cardiac function in a transgenic mouse model of cardiomyopathy. Am
J Physiol Heart Circ Physiol. 2005;289(4):H1512-8. https://doi.org/10.1152/ajpheart.00168.2005 PMID:
15863459

Ferrando B, Gomez-Cabrera MC, Salvador-Pascual A, Puchades C, Derbré F, Gratas-Delamarche
A, et al. Allopurinol partially prevents disuse muscle atrophy in mice and humans. Sci Rep.
2018;8(1):3549. https://doi.org/10.1038/s41598-018-21552-1 PMID: 29476130

Deleon-Pennell KY, de Castro Bras LE, Lindsey ML. Circulating Porphyromonas gingivalis lipopoly-
saccharide resets cardiac homeostasis in mice through a matrix metalloproteinase-9-dependent
mechanism. Physiol Rep. 2013;1(5):e00079. hitps://doi.org/10.1002/phy2.79 PMID: 24159380

Goodman CA, Frey JW, Mabrey DM, Jacobs BL, Lincoln HC, You J-S, et al. The role of skeletal mus-
cle mTOR in the regulation of mechanical load-induced growth. J Physiol. 2011;589(Pt 22):5485-501.
https://doi.org/10.1113/jphysiol.2011.218255 PMID: 21946849

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 16/19



https://doi.org/10.1113/jphysiol.2003.055913
https://doi.org/10.1113/jphysiol.2003.055913
http://www.ncbi.nlm.nih.gov/pubmed/14694147
https://doi.org/10.1016/j.yjmcc.2006.11.011
http://www.ncbi.nlm.nih.gov/pubmed/17217956
https://doi.org/10.1146/annurev.physiol.70.113006.100455
http://www.ncbi.nlm.nih.gov/pubmed/17988210
https://doi.org/10.1161/01.RES.0000200181.59551.71
http://www.ncbi.nlm.nih.gov/pubmed/16357304
https://doi.org/10.1111/j.1540-8167.2012.02356.x
http://www.ncbi.nlm.nih.gov/pubmed/22587612
https://doi.org/10.1002/dmrr.2295
http://www.ncbi.nlm.nih.gov/pubmed/22389139
https://doi.org/10.1161/hh0302.104531
http://www.ncbi.nlm.nih.gov/pubmed/11861418
https://doi.org/10.1161/01.cir.0000022140.61460.1d
https://doi.org/10.1161/01.cir.0000022140.61460.1d
http://www.ncbi.nlm.nih.gov/pubmed/12105162
https://doi.org/10.1038/s41598-020-70791-8
https://doi.org/10.1038/s41598-020-70791-8
http://www.ncbi.nlm.nih.gov/pubmed/32792672
https://doi.org/10.1371/journal.pone.0215539
http://www.ncbi.nlm.nih.gov/pubmed/30986276
https://doi.org/10.1038/s41598-023-43099-6
http://www.ncbi.nlm.nih.gov/pubmed/37968296
https://doi.org/10.1371/journal.pone.0258823
http://www.ncbi.nlm.nih.gov/pubmed/35648750
https://doi.org/10.1371/journal.pone.0292624
http://www.ncbi.nlm.nih.gov/pubmed/37983238
https://doi.org/10.1186/s12576-023-00873-5
http://www.ncbi.nlm.nih.gov/pubmed/37558983
https://doi.org/10.1152/ajpheart.00168.2005
http://www.ncbi.nlm.nih.gov/pubmed/15863459
https://doi.org/10.1038/s41598-018-21552-1
http://www.ncbi.nlm.nih.gov/pubmed/29476130
https://doi.org/10.1002/phy2.79
http://www.ncbi.nlm.nih.gov/pubmed/24159380
https://doi.org/10.1113/jphysiol.2011.218255
http://www.ncbi.nlm.nih.gov/pubmed/21946849

PLOS ONE

Oxidative heart stress in periodontitis

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

Kilkenny C, Parsons N, Kadyszewski E, Festing MFW, Cuthill IC, Fry D, et al. Survey of the quality
of experimental design, statistical analysis and reporting of research using animals. PLoS One.
2009;4(11):e7824. hitps://doi.org/10.1371/journal.pone.0007824 PMID: 19956596

National Research Council (US) Committee for the Update of the Guide for the Care and Use of
Laboratory Animals. Guide for the Care and Use of Laboratory Animals. Washington (DC): National
Academies Press (US) 2011. https://doi.org/10.17226/12910 PMID: 21595115

Okumura S, Fujita T, Cai W, Jin M, Namekata |, Mototani Y, et al. Epac1-dependent phospholamban
phosphorylation mediates the cardiac response to stresses. J Clin Invest. 2014;124(6):2785-801.
https://doi.org/10.1172/JC164784 PMID: 24892712

Yagisawa Y, Suita K, Ohnuki Y, Ishikawa M, Mototani Y, Ito A, et al. Effects of occlusal disharmony
on cardiac fibrosis, myocyte apoptosis and myocyte oxidative DNA damage in mice. PLoS One.
2020;15(7):e0236547. https://doi.org/10.1371/journal.pone.0236547 PMID: 32716920

Kawamura N, Ohnuki Y, Matsuo I, Suita K, Ishikawa M, Mototani Y, et al. Effects of chronic Por-
phyromonas gingivalis lipopolysaccharide infusion on skeletal muscles in mice. J Physiol Sci.
2019;69(3):503—11. hitps://doi.org/10.1007/s12576-019-00670-z PMID: 30848475

Okumura S, Takagi G, Kawabe J, Yang G, Lee M-C, Hong C, et al. Disruption of type 5 adenylyl
cyclase gene preserves cardiac function against pressure overload. Proc Natl Acad Sci U S A.
2003;100(17):9986-90. hitps://doi.org/10.1073/pnas.1733772100 PMID: 12904575

Okumura S, Kawabe J, Yatani A, Takagi G, Lee M-C, Hong C, et al. Type 5 adenylyl cyclase disruption
alters not only sympathetic but also parasympathetic and calcium-mediated cardiac regulation. Circ
Res. 2003;93(4):364—71. hitps://doi.org/10.1161/01.RES.0000086986.35568.63 PMID: 12869393

Okumura S, Vatner DE, Kurotani R, Bai Y, Gao S, Yuan Z, et al. Disruption of type 5 adenylyl cyclase
enhances desensitization of cyclic adenosine monophosphate signal and increases Akt signal with
chronic catecholamine stress. Circulation. 2007;116(16):1776—-83. https://doi.org/10.1161/CIRCULA-
TIONAHA.107.698662 PMID: 17893275

Grubbs FE. Sample Criteria for Testing Outlying Observations. Ann Math Statist. 1950;21(1):27-58.
https://doi.org/10.1214/aoms/1177729885

Shapiro SS, Wilk MB. An analysis of variance test for normality (complete samples). Biometrika.
1965;52(3—4):591-611. https://doi.org/10.1093/biomet/52.3-4.591

Midway S, Robertson M, Flinn S, Kaller M. Comparing multiple comparisons: practical guidance
for choosing the best multiple comparisons test. Peerd. 2020;8:e10387. hitps://doi.org/10.7717/
peer|.10387 PMID: 33335808

Yang Y, Zhao J, Qiu J, Li J, Liang X, Zhang Z, et al. xanthine oxidase inhibitor allopurinol prevents
oxidative stress-mediated atrial remodeling in alloxan-induced diabetes mellitus rabbits. J Am Heart
Assoc. 2018;7(10):e008807. hitps://doi.org/10.1161/JAHA.118.008807 PMID: 29720500

Wang Z, Ding J, Luo X, Zhang S, Yang G, Zhu Q, et al. Effect of allopurinol on myocardial energy
metabolism in chronic heart failure rats after myocardial infarct. Int Heart J. 2016;57(6):753-9. https:/
doi.org/10.1536/ihj.16-149 PMID: 27818481

Zhao H, Zhang M, Zhou F, Cao W, Bi L, Xie Y, et al. Cinnamaldehyde ameliorates LPS-induced
cardiac dysfunction via TLR4-NOX4 pathway: The regulation of autophagy and ROS production. J Mol
Cell Cardiol. 2016;101:11—24. https://doi.org/10.1016/j.yjmcc.2016.10.017 PMID: 27838370

Maejima Y, Kuroda J, Matsushima S, Ago T, Sadoshima J. Regulation of myocardial growth and death
by NADPH oxidase. J Mol Cell Cardiol. 2011;50(3):408-16. https://doi.org/10.1016/j.yjmcc.2010.12.018
PMID: 21215757

Kuroda J, Sadoshima J. NADPH oxidase and cardiac failure. J Cardiovasc Trans| Res. 2010;3(4):314—
20. hitps://doi.org/10.1007/s12265-010-9184-8 PMID: 20559780

Rodriguez-Rovira I, Arce C, De Rycke K, Pérez B, Carretero A, Arbonés M, et al. Allopurinol blocks
aortic aneurysm in a mouse model of Marfan syndrome via reducing aortic oxidative stress. Free
Radic Biol Med. 2022;193(Pt 2):538-50. https://doi.org/10.1016/j.freeradbiomed.2022.11.001 PMID:
36347404

Martyn KD, Frederick LM, von Loehneysen K, Dinauer MC, Knaus UG. Functional analysis of Nox4
reveals unique characteristics compared to other NADPH oxidases. Cell Signal. 2006;18(1):69—-82.
https://doi.org/10.1016/j.cellsig.2005.03.023 PMID: 15927447

Fukui T, Ishizaka N, Rajagopalan S, Laursen JB, Capers Q 4th, Taylor WR, et al. p22phox mRNA
expression and NADPH oxidase activity are increased in aortas from hypertensive rats. Circ Res.
1997;80(1):45-51. https://doi.org/10.1161/01.res.80.1.45 PMID: 8978321

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 17/19



https://doi.org/10.1371/journal.pone.0007824
http://www.ncbi.nlm.nih.gov/pubmed/19956596
https://doi.org/10.17226/12910
http://www.ncbi.nlm.nih.gov/pubmed/21595115
https://doi.org/10.1172/JCI64784
http://www.ncbi.nlm.nih.gov/pubmed/24892712
https://doi.org/10.1371/journal.pone.0236547
http://www.ncbi.nlm.nih.gov/pubmed/32716920
https://doi.org/10.1007/s12576-019-00670-z
http://www.ncbi.nlm.nih.gov/pubmed/30848475
https://doi.org/10.1073/pnas.1733772100
http://www.ncbi.nlm.nih.gov/pubmed/12904575
https://doi.org/10.1161/01.RES.0000086986.35568.63
http://www.ncbi.nlm.nih.gov/pubmed/12869393
https://doi.org/10.1161/CIRCULATIONAHA.107.698662
https://doi.org/10.1161/CIRCULATIONAHA.107.698662
http://www.ncbi.nlm.nih.gov/pubmed/17893275
https://doi.org/10.1214/aoms/1177729885
https://doi.org/10.1093/biomet/52.3-4.591
https://doi.org/10.7717/peerj.10387
https://doi.org/10.7717/peerj.10387
http://www.ncbi.nlm.nih.gov/pubmed/33335808
https://doi.org/10.1161/JAHA.118.008807
http://www.ncbi.nlm.nih.gov/pubmed/29720500
https://doi.org/10.1536/ihj.16-149
https://doi.org/10.1536/ihj.16-149
http://www.ncbi.nlm.nih.gov/pubmed/27818481
https://doi.org/10.1016/j.yjmcc.2016.10.017
http://www.ncbi.nlm.nih.gov/pubmed/27838370
https://doi.org/10.1016/j.yjmcc.2010.12.018
http://www.ncbi.nlm.nih.gov/pubmed/21215757
https://doi.org/10.1007/s12265-010-9184-8
http://www.ncbi.nlm.nih.gov/pubmed/20559780
https://doi.org/10.1016/j.freeradbiomed.2022.11.001
http://www.ncbi.nlm.nih.gov/pubmed/36347404
https://doi.org/10.1016/j.cellsig.2005.03.023
http://www.ncbi.nlm.nih.gov/pubmed/15927447
https://doi.org/10.1161/01.res.80.1.45
http://www.ncbi.nlm.nih.gov/pubmed/8978321

PLOS ONE

Oxidative heart stress in periodontitis

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bedard K, Krause K-H. The NOX family of ROS-generating NADPH oxidases: physiology and
pathophysiology. Physiol Rev. 2007;87(1):245-313. https://doi.org/10.1152/physrev.00044.2005 PMID:
17237347

Bandookwala M, Thakkar D, Sengupta P. Advancements in the analytical quantification of nitroxida-
tive stress biomarker 3-nitrotyrosine in biological matrices. Crit Rev Anal Chem. 2020;50(3):265—-89.
https://doi.org/10.1080/10408347.2019.1623010 PMID: 31177807

Van Tassell BW, Raleigh JMV, Abbate A. Targeting interleukin-1 in heart failure and inflammatory heart
disease. Curr Heart Fail Rep. 2015;12(1):33—41. hitps://doi.org/10.1007/s11897-014-0231-7 PMID:
25315037

Ravel-Chapuis A, Bélanger G, Cété J, Michel RN, Jasmin BJ. Misregulation of calcium-handling
proteins promotes hyperactivation of calcineurin-NFAT signaling in skeletal muscle of DM1 mice. Hum
Mol Genet. 2017;26(12):2192—206. hitps://doi.org/10.1093/hmg/ddx109 PMID: 28369518

Kebschull M, Demmer RT, Papapanou PN. “Gum bug, leave my heart alone!”--epidemiologic and
mechanistic evidence linking periodontal infections and atherosclerosis. J Dent Res. 2010;89(9):879—
902. https://doi.org/10.1177/0022034510375281 PMID: 20639510

Bahekar AA, Singh S, Saha S, Molnar J, Arora R. The prevalence and incidence of coronary heart
disease is significantly increased in periodontitis: a meta-analysis. Am Heart J. 2007;154(5):830-7.
https://doi.org/10.1016/j.ah}.2007.06.037 PMID: 17967586

Friedewald VE, Kornman KS, Beck JD, Genco R, Goldfine A, Libby P, et al. The american journal of
cardiology and journal of periodontology editors’ consensus: periodontitis and atherosclerotic cardio-
vascular disease. J Periodontol. 2009;80(7):1021-32. hitps://doi.org/10.1902/j0p.2009.097001 PMID:
19563277

Tonetti MS, DAiuto F, Nibali L, Donald A, Storry C, Parkar M, et al. Treatment of periodontitis and
endothelial function. N Engl J Med. 2007;356(9):911-20. https://doi.org/10.1056/NEJM0a063186
PMID: 17329698

Offenbacher S, Beck JD, Moss K, Mendoza L, Paquette DW, Barrow DA, et al. Results from the
Periodontitis and Vascular Events (PAVE) Study: a pilot multicentered, randomized, controlled trial
to study effects of periodontal therapy in a secondary prevention model of cardiovascular disease. J
Periodontol. 2009;80(2):190—201. https://doi.org/10.1902/jop.2009.080007 PMID: 19186958

Desvarieux M, Demmer RT, Jacobs DR, Papapanou PN, Sacco RL, Rundek T. Changes in clinical
and microbiological periodontal profiles relate to progression of carotid intima-media thickness: the
Oral Infections and Vascular Disease Epidemiology study. J Am Heart Assoc. 2013;2(6):e000254.
https://doi.org/10.1161/JAHA.113.000254 PMID: 24166489

Hajishengallis G. Periodontitis: from microbial immune subversion to systemic inflammation. Nat Rev
Immunol. 2015;15(1):30—44. https://doi.org/10.1038/nri3785 PMID: 25534621

Barnes VM, Teles R, Trivedi HM, Devizio W, Xu T, Mitchell MW, et al. Acceleration of
purine degradation by periodontal diseases. J Dent Res. 2009;88(9):851-5. https://doi.
org/10.1177/0022034509341967 PMID: 19767584

Jun H-K, An S-J, Kim HY, Choi B-K. Inflammatory response of uric acid produced by Porphyromonas
gingivalis gingipains. Mol Oral Microbiol. 2020;35(5):222-30. https://doi.org/10.1111/omi.12309 PMID:
32794617

Jun H-K, Jung Y-J, Choi B-K. Treponema denticola, Porphyromonas gingivalis, and Tannerella
forsythia induce cell death and release of endogenous danger signals. Arch Oral Biol. 2017;73:72-8.
https://doi.org/10.1016/j.archoralbio.2016.09.010 PMID: 27697692

Chen Z-Y, Xu T-T, Liang Z-J, Zhao L, Xiong X-Q, Xie K-K, et al. Untargeted and targeted gingival
metabolome in rodents reveal metabolic links between high-fat diet-induced obesity and periodontitis.
J Clin Periodontol. 2021;48(8):1137-48. https://doi.org/10.1111/jcpe. 13486 PMID: 33998036

Polito L, Bortolotti M, Battelli MG, Bolognesi A. Chronic kidney disease: Which role for xanthine
oxidoreductase activity and products?. Pharmacol Res. 2022;184:106407. https://doi.org/10.1016/j.
phrs.2022.106407 PMID: 35995347

Xiao J, She Q, Wang Y, Luo K, Yin Y, Hu R, et al. Effect of allopurinol on cardiomyocyte apoptosis in
rats after myocardial infarction. Eur J Heart Fail. 2009;11(1):20-7. https://doi.org/10.1093/eurjhf/hfn003
PMID: 19147453

Rajesh M, Mukhopadhyay P, Batkai S, Mukhopadhyay B, Patel V, Haské G, et al. Xanthine oxi-
dase inhibitor allopurinol attenuates the development of diabetic cardiomyopathy. J Cell Mol Med.
2009;13(8B):2330—41. https://doi.org/10.1111/].1582-4934.2008.00564.x PMID: 19175688

Téthova L, Celec P. Oxidative stress and antioxidants in the diagnosis and therapy of periodontitis.
Front Physiol. 2017;8:1055. https://doi.org/10.3389/fphys.2017.01055 PMID: 29311982

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 18/19



https://doi.org/10.1152/physrev.00044.2005
http://www.ncbi.nlm.nih.gov/pubmed/17237347
https://doi.org/10.1080/10408347.2019.1623010
http://www.ncbi.nlm.nih.gov/pubmed/31177807
https://doi.org/10.1007/s11897-014-0231-7
http://www.ncbi.nlm.nih.gov/pubmed/25315037
https://doi.org/10.1093/hmg/ddx109
http://www.ncbi.nlm.nih.gov/pubmed/28369518
https://doi.org/10.1177/0022034510375281
http://www.ncbi.nlm.nih.gov/pubmed/20639510
https://doi.org/10.1016/j.ahj.2007.06.037
http://www.ncbi.nlm.nih.gov/pubmed/17967586
https://doi.org/10.1902/jop.2009.097001
http://www.ncbi.nlm.nih.gov/pubmed/19563277
https://doi.org/10.1056/NEJMoa063186
http://www.ncbi.nlm.nih.gov/pubmed/17329698
https://doi.org/10.1902/jop.2009.080007
http://www.ncbi.nlm.nih.gov/pubmed/19186958
https://doi.org/10.1161/JAHA.113.000254
http://www.ncbi.nlm.nih.gov/pubmed/24166489
https://doi.org/10.1038/nri3785
http://www.ncbi.nlm.nih.gov/pubmed/25534621
https://doi.org/10.1177/0022034509341967
https://doi.org/10.1177/0022034509341967
http://www.ncbi.nlm.nih.gov/pubmed/19767584
https://doi.org/10.1111/omi.12309
http://www.ncbi.nlm.nih.gov/pubmed/32794617
https://doi.org/10.1016/j.archoralbio.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27697692
https://doi.org/10.1111/jcpe.13486
http://www.ncbi.nlm.nih.gov/pubmed/33998036
https://doi.org/10.1016/j.phrs.2022.106407
https://doi.org/10.1016/j.phrs.2022.106407
http://www.ncbi.nlm.nih.gov/pubmed/35995347
https://doi.org/10.1093/eurjhf/hfn003
http://www.ncbi.nlm.nih.gov/pubmed/19147453
https://doi.org/10.1111/j.1582-4934.2008.00564.x
http://www.ncbi.nlm.nih.gov/pubmed/19175688
https://doi.org/10.3389/fphys.2017.01055
http://www.ncbi.nlm.nih.gov/pubmed/29311982

PLOS ONE

Oxidative heart stress in periodontitis

61.

62.

63.

64.

Zhang J, Diao B, Lin X, Xu J, Tang F. TLR2 and TLR4 mediate an activation of adipose tissue
renin-angiotensin system induced by uric acid. Biochimie. 2019;162:125-33. https://doi.org/10.1016/].
biochi.2019.04.013 PMID: 31002842

Del Pinto R, Ferri C. The role of Immunity in fabry disease and hypertension: a review of a novel com-
mon pathway. High Blood Press Cardiovasc Prev. 2020;27(6):539-46. https://doi.org/10.1007/s40292-
020-00414-w PMID: 33047250

Kushnir A, Wajsberg B, Marks AR. Ryanodine receptor dysfunction in human disorders. Biochim
Biophys Acta Mol Cell Res. 2018;1865(11 Pt B):1687-97. https://doi.org/10.1016/j.bbamcr.2018.07.011
PMID: 30040966

Matsuo |, Ohnuki Y, Suita K, Ishikawa M, Mototani, Ito A, et al. Effects of chronic Porphylomonas
gingivalis lipopolysaccharide infusion on cardiac dysfunction in mice. J Oral Biosci. 2021;63(4):394—
400. https://doi.org/10.1016/j.job.2021.10.001 PMID: 34757204

PLOS ONE | https://doi.org/10.1371/journal.pone.0318008  April 3, 2025 19/19



https://doi.org/10.1016/j.biochi.2019.04.013
https://doi.org/10.1016/j.biochi.2019.04.013
http://www.ncbi.nlm.nih.gov/pubmed/31002842
https://doi.org/10.1007/s40292-020-00414-w
https://doi.org/10.1007/s40292-020-00414-w
http://www.ncbi.nlm.nih.gov/pubmed/33047250
https://doi.org/10.1016/j.bbamcr.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30040966
https://doi.org/10.1016/j.job.2021.10.001
http://www.ncbi.nlm.nih.gov/pubmed/34757204
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

