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An anti-β1-adrenergic antibody from the sera of periodontitis patients (anti-β1-AR IgG) against the second
extracellular loop of the human β1-adrenoceptor (β1-AR) has been shown to cause rat atria apoptosis. The
anti-β1-AR IgG binds and activates atria β1-AR, increasing the intracellular calcium concentration, which, in
turn, activates caspases-3, -8, and -9. The β1-AR and the post-receptor activation of calcium/calmodulin
(CaM) lead to increased inducible nitric oxide synthase (iNOS) activity, with an increase in cyclic GMP
(cGMP) accumulation as well as increased JNK phosphorylation and cyclic AMP (cAMP) production. We
also observed an apoptotic effect of anti-β1-AR IgG, with increased generation of PGE2. Comparatively,
xamoterol, an authentic β1-AR agonist, mimicked the autoantibody effect on rat atria β1-AR apoptosis. Our
results suggest that autoantibodies from the sera of periodontitis patients bind and interact with rat atria
β1-AR, provoking apoptosis. This implicates a series of modulatory cardiac signaling events that could alter
normal heart function and may occur with chronic stimulation of the atria β1-AR, which could lead to
heart failure. These results suggest an important link between periodontitis and cardiovascular disease.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Autoimmune cardiomyopathy has gained increased recognition as
an important cause of human dilated cardiomyopathy. Among the
anti-cardiac autoantibodies, antibodies against the β1-adrenoceptor
(β1-AR) have been detected in patients with idiopathic dilated car-
diomyopathy [1,2], chagasic myocardiopathy [3,4] and in patients
suffering from chronic periodontal disease, with or without myocar-
dial failure [5,6].

Anti-β1-adrenoceptor IgG (anti-β1-AR IgG) appears to be
pathophysiologically important because these antibodies not only
exert direct apoptotic and negative inotropic effects in cultured
cardiomyocytes [7–9] and a positive inotropic effect in isolated mice
and rat atria [10,11], but also induce dilated cardiomyopathy in ani-
mals following transfer of sera [7] or IgG [12] from diseased animals.
Because the effects of anti-β1-AR IgG appear to be mediated via the
myocardium β1-adrenoceptors (β1-AR) and these antibodies are
capable of binding and interacting with myocardial β1-AR, there
is also a functional link to β1-AR-mediated activation of cardiac ade-
nylate cyclase [13] and calcium/calmodulin (CaM) complex [14,15]

and other signaling mechanisms identified as important second mes-
sengers regulating cardiac function [16].

The positive inotropic effect of β1-AR stimulation is an effective
measure for maintaining cardiac output by activation of protein ki-
nase A through G-proteins, adenylate cyclase, and cyclic AMP [17].
However, long-term stimulation of β1-AR can lead to deterioration
in cardiac function and one mechanism that may contribute to this
is thought to be the induction of apoptosis on β1-AR stimulation
[18]. Norepinephrine and isoproterenol stimulate β1-AR and induce
apoptosis in rat cardiomyocytes [19] and the role of nitric oxide
(NO) as a messenger, and also as an effector molecule, affects
programmed cell death through cyclic guanosine monophosphate
(cGMP)-dependent and -independent pathways [20].

Apoptosis is a highly regulated process in which pro-death and
pro-survival cell signals are regulated and integrated to determine the
fate of a cell. In fact, in the mitochondrial-mediated intrinsic pathway,
stimuli lead to the release of mitochondrial membrane proteins that as-
semble into an apoptosome, which ultimately activates caspase that are
mediators of cell death [21,22]. Potent proteases, like caspase-3, break
up sub-cellular cytoplasmic and nuclear proteins. Caspase-8, associated
with cytokines, is associated with the extracellular pathway, which fol-
lowsmitochondrial events via the release of cytochrome c into the cyto-
plasm and activation of caspase-9. All these pathways finally converge
on the terminal or executioner caspase, which mediate the final steps
of apoptosis [23].

Cardiac apoptosis plays a key role in the pathogenesis of a variety
of cardiovascular diseases, such as myocardial infarction [24], dilated

International Immunopharmacology 14 (2012) 710–721

⁎ Corresponding author at: PharmacologyUnit, School of Dentistry, University of Buenos
Aires, Marcelo T de Alvear 2142 — 4 “B”, 1122 AAH, Ciudad Autónoma de Buenos Aires,
Argentina. Tel.: +54 11 4964 1276; fax: +54 11 4963 2767.

E-mail address: enri@farmaco.odon.uba.ar (E. Borda).

1567-5769/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.intimp.2012.10.011

Contents lists available at SciVerse ScienceDirect

International Immunopharmacology

j ourna l homepage: www.e lsev ie r .com/ locate / in t imp



Author's personal copy

cardiomyopathy [25], autoimmune cardiomyopathy [26] and heart
failure [27]. It is also a highly regulated program of cell death and in-
hibition of this process is cardio protective under many conditions.

Periodontitis is characterized by gingival inflammation and
periodontopathic bacteria generate immunological inflammatory re-
sponses. Periodontitis is a key risk factor for the onset of cardiovascular
disease [24–26]. Recently, we reported that in the sera of periodontitis
patients we found autoantibodies against atria cardiac β1-AR that
were able to mimic the effect of an authentic β1-AR agonist acting on
atria β1-AR [5,6]. However, the release of host-derived inflammatory
mediators, such as cytokines from chronically inflamed periodontal tis-
sues, into the circulation together with the sera anti-β1-AR IgG, may
provide a link between periodontal disease and cardiovascular disease
[27,28].

In this paper, we will discuss (a) the effect of anti-β1-AR IgG acting
on β1-AR in rat atria and its capacity to activate caspase pathway, (b)
molecular signals involved in anti-β1-AR IgG – β1-AR-stimulated
myocardium apoptosis and increased cAMP production and JNK
phosphorylation, and (c) the role of anti-β1-AR IgG in the release
of inflammatory mediators (PGE2, NO, cGMP) that participate in
atria β1-AR-stimulated cardiomyocytes apoptosis.

2. Experimental procedure

2.1. Ethical approval of the study protocol

The study protocol complied with the tenets of the Declaration
of Helsinki and the rules established by the Ethics Committee of the
University of Buenos Aires (Buenos Aires, Argentina). All subjects pro-
vided written informed consent.

2.2. Patients

The study group consisted of 16 adult patients with periodontitis
who were attending the Periodontology Clinic from the metropolitan
area of Buenos Aires. The mean age was 41 (range, 32-50) years.
Healthy subjects were used as controls (15 male subjects) with a
mean age of 38 (range, 30-46) years. The assessment of clinical param-
eters was carried out by a trained periodontist following the criteria
based on clinical parameters and the severity of periodontal tissue de-
struction [29]. The characteristic clinical signs of periodontitis included
loss of clinical attachment, horizontal and/or angular alveolar bone loss,
periodontal pocket formation, and gingival inflammation. To be includ-
ed in the study, at least six sites with ongoing periodontal disease were
required. Clinical measurements in patients with periodontitis included
sites with alveolar bone loss >2 mm and a pocket depth >5 mmwith
bleeding and attachment loss >3 mm. In the healthy subjects (control
group), the probing depth was b3 mm and the attachment loss was
b2 mm. Moreover, probing pocket depth and clinical attachment level
were assessed at six sites per tooth and bleeding on probing at four
sites per tooth. No subject (periodontal patient or healthy individual)
had any systemic illness and they were all never-smokers. Patients
with periodontitis had not received periodontal treatment or antibiotics
within the preceding 5 months or any anti-inflammatory drug within
3 weeks prior to the study. The clinical characteristics of the study
population and the healthy subjects (controls) are shown in Table 1.
Additionally, pocket probing depth (PPD) and clinical attachment loss
(CAL) are shown in Table 2.

2.3. Human sera and IgG purification

Sera and the corresponding IgG were obtained from patients with
periodontitis and normal individuals. Blood (6 mL) was obtained by
venipuncture and allowed to clot at room temperature. Serum was
then separated by centrifugation (2000 g) and stored at −80 °C
until used in assays. IgG was obtained by precipitation with

ammonium sulfate at 50%, followed by three washes and
re-precipitation with 33% ammonium sulfate. The resulting precipi-
tate was subjected to chromatography on DEAE-cellulose, equilibrat-
ed with 10 mM phosphate buffer (pH 8). The eluted peaks were
concentrated by ultrafiltration to 10 mg protein/mL. Control immune
electrophoresis with goat anti-human total serum and goat
non-specific anti-human IgG showed only one precipitin line.

2.4. F(ab′)2 isolation

The isolation of F(ab′)2 from normal and periodontal IgG was
performed as described previously [30]. Briefly, normal and periodon-
tal IgG were subjected to pepsin digestion, incubated overnight at
37 °C, pH 4.5, and centrifuged. The supernatants were adjusted to
pH 7.4 and dialyzed overnight with phosphate-buffered saline
(PBS). The dialysate was then applied to Sephadex G-100 columns
equilibrated with PBS. Two significant peaks were obtained and the
activities were examined. The second peak contained the F(ab′)2 ac-
tivity, assayed by immune electrophoresis using rabbit anti-mouse
immunoglobulin sera.

2.5. β1-adrenergic synthetic peptide

A 27-mer peptide, H-W-W-R-A-E-S-D-E-A-R-R-C-Y-N-D-P-K-C-C-D-
F-V-T-N-R-C, corresponding to the amino acid sequence of the second ex-
tracellular loop of humanβ1-ARwas synthesized using Fmoc amino acids
activated with a 1-hydroxybenzotriazole/dicyclohexylcarbodiimide
(HOBt/DCC) strategy using an automatic peptide synthesizer (Model
431A; Applied Biosystems, Menlo Park, CA, USA). The peptide was
desalted and purified by high-performance liquid chromatography
(HPLC). It was then subjected to amino-terminal sequence analysis by
automated Edman degradation (470A Sequencer; Applied Biosystems).
An unrelated 27-mer peptide, S-G-S-G-S-G-S-G-S-G-S-G-S-G-S-G-S-
G-S-G-S-G-S-G-S-G-S, was also synthesized as a negative control.

Table 1
Characteristics of the study populations.

Demography and risk factors Periodontitis patients
(n=16)

Healthy subjects
(n=15)

Gender
Male 14 14
Female 2 1

Education level
Elementary school 14 13
High school 2 2

BMI (range kg/m2) From 20 to 26 From 19 to 24
Measure blood pressure (mm Hg)

Measure SBP (mean±SD) 133±20 120±14
Measure DBP (mean±SD) 85±12 78±10

Laboratory examination
Cholesterol total (mean±SD), mg/dL 162±19 178±22
LDL (mean±SD), mg/dL 119±12 128±21
HDL (mean±SD), mg/dL 32±11 30±12

BMI: body mass index (range≥27 kg/m2); SBP: systolic blood pressure. DBP: diastolic
blood pressure; LDL: low-density lipoprotein; HDL: high-density lipoprotein.

Table 2
Periodontitis selection index.

Parameters Numerical ranges

PPD ≥6 mm
CAL ≥6 mm

PPD: pocket probing depth, CAL: clinical attachment loss.
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2.6. Determination of apoptosis

2.6.1. TUNEL assay
Rat atria (10 mg) were incubated in 1 mL Krebs-Ringer bicarbonate

(KRB) for 60 min in oxygen at 37 °C, pH 7.4, and the anti-β1-AR IgG or
the β1-AR agonist xamoterol was added in the last 40 min. When a
blocker was used, it was added 20 min before the addition of the
antibody or xamoterol. All tissue specimens were fixed in 10% formalde-
hyde solution for 24 h. After fixation they were processed routinely and
embedded in paraffin. Sections (5 μm) were taken onto polylysine-
coated slides. Then, the slides were deparaffinized in the usual manner
(oven at 65 °C for 1 h, graded alcohols, and finally xylene treatment).
In the present study, a terminal deoxynucleotidyl transferase (TdT)-

mediated dUTP-biotin nick and labeling (TUNEL) assaywas used to iden-
tify cells containing fragmented nuclei, an indicator of apoptosis. After
deparaffinization, a TUNEL (Roche Molecular Biochemicals, Mannheim,
Germany) kit was used according to the manufacturer's protocol [31].
Briefly, the following sequence was used for the TUNEL method: inhibi-
tion of endogenous peroxidase in 0.3% H2O2 in methanol for 30 min,
rinse in tap water and soak in 50 mM Tris-buffered saline, pH 7.6,
pretreatment in a microwave for 15 min in sodium citrate buffer, rinse
in tapwater and soak in TdT buffer for 5 min, incubate with TdTmixture
at 37 °C for 60 min, rinse in 10 mM phosphate-buffered saline (PBS),
pH 7.2, incubate with peroxidase-labeled streptavidin for 15 min, rinse
in 10 mM PBS, react in the diaminobenzidine solution for 10 min,
rinse in tap water, stain with Mayer's hematoxylin for 1 min, rinse in

Fig. 1. The effect of xamoterol (A) and periodontal IgG (B) on rat atria apoptosis, was assessed by the TUNEL assay, as described in the Experimental procedure and (C) the effect of
periodontal and normal F(ab′)2 on rat atria apoptosis, as assessed by the TUNEL assay. Concentration–response curve of xamoterol (••), atenolol 1×10−7 M+xamoterol
(○---○), periodontal IgG (■■), atenolol 1×10−7 M+periodontal IgG (□---□) and normal IgG (healthy subjects as control) (△---△). Values are means±SEM of n=6 in
each group, performed in duplicate.
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tapwater, dehydrate to xylene andmount. Tissues were visualized using
an Axiolab Carl Zeiss microscope. All photographs were taken at 100×
magnification using a Canon PowerShot G5 camera. Results were
expressed as the percentage (%) of TUNEL positive cells of at least 15
fields examined.

2.6.2. Caspase assay
Caspase-3, -8, and -9 activities were measured using the CaspACE

Assay System Colorimetric Kit (Promega Corp., Madison, WI). Rat
atria (10 mg) were incubated in 1 mL Krebs-Ringer bicarbonate
(KRB) for 60 min in oxygen at 37 °C, pH 7.4, and the anti-β1-AR IgG
or the β1-AR agonist xamoterol was added in the last 40 min. When
a blocker was used, it was added 20 min before the addition of the
antibody or xamoterol. After incubation, the atria tissue was homog-
enized in 1 mL of lysis buffer and centrifuged (1500 g, 5 min, 4 °C)
and the supernatant was centrifuged at 2000 rpm. The supernatant
was used to determine the caspase-3, -8, and -9 activities, measured
by the cleavage of the colorimetric substrate Ac-DFVD-AMC, according
to the manufacturer's instructions. When caspase-specific inhibitor
agents and enzymatic inhibitors were used, they were added 20 min
before the addition of the antibody or xamoterol.

2.6.3. JNK assay
JNK activity was assessed using a recombinant protein fragment of

c-Jun as an affinity ligand and the substrate glutathione S transferase

(GST-c-Jun[1–79]) [32]. Rat atria tissue was prepared as described
above, and the supernatant obtained was incubated for 60 min at
48 °C with 20 μL of a 25% (v/v) slurry of glutathione Sepharose
(Pharmacia-LKB), pre-coupled to GST-c-Jun (5 mg of protein). Beads
were collected by centrifugation and washed twice in 200 μL of lysis
buffer and twice in 200 μL of kinase buffer. Reactions were initiated
by addition of 40 μL of kinase buffer containing 20 mM [γ-32P]ATP
(2.5 mCi/nmol). After incubation for 20 min at 30 °C, reactions were
terminated by addition of 40 μL of Laemmli sample buffer and boiling.
Phosphorylated proteins were resolved by PAGE through 12% acryl-
amide in the presence of 0.1% SDS, stained with Coomassie Blue
R250, and visualized by autoradiography. Radioactivity incorporated
into GST-c-Jun was quantified by liquid scintillation counting of the
excised bands.

2.7. Cyclic nucleotides assay (cAMP-cGMP)

Rat atria (10 mg) were incubated in 1 mL KRB for 30 min, and the
anti-β1-AR IgG and xamoterol were added in the last 15 min. When a
blocker was used, it was added 25 min before the addition of the an-
tibody or the β1 adrenergic agonist. After incubation, atria tissue was
homogenized in 2 mL of absolute ethanol and centrifuged (6000 g,
15 min, 4 °C). Pellets were then re-homogenized in ethanol–water
(2:1) and re-centrifuged. The supernatant was collected and evapo-
rated to dryness. Cyclic AMP and cyclic GMP in the residue were

Fig. 2. Xamoterol (1×10−8 M), a β1-AR specific agonist-induced apoptosis in isolated rat atria. Apoptosis was analyzed by TUNEL assay: A: absence of TUNEL-positive cells; B: increased
TUNEL-positive cells (arrows); C: reduction of TUNEL-positive cells when atenolol (1×10−6 M) (arrows) was added previously to xamoterol and D: absence of TUNEL-positive cells is
observed when atrium was treated only with atenolol. Pictures were taken at 100× magnification.
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dissolved in 400 μL of 0.05 M sodium acetate buffer (pH 6.2). For the
determination of nucleotides, we used ELISA employing the protocol
for the production of cAMP or cGMP from Amersham Biosciences
(Piscataway, NJ, USA). Results are expressed as picomoles permilligram
of wet weight of tissue (pmol/mg tissue wet weight).

2.8. PGE2 assay

Rat atria (10 mg) were incubated for 60 min in 0.50 mL of KRB
gassed with 5% CO2 in oxygen at 37 °C. The anti-β1-AR IgG or the
β1-AR agonist xamoterol was added 40 min before the end of incuba-
tion period and blockers 20 min before the addition of the IgG or
xamoterol. Tissues were then homogenized in a 1.5-mL polypropyl-
ene microcentrifuge tube. The remaining procedures were those indi-
cated in the protocol of the Prostaglandin E2 Biotrak Enzyme Immuno
Assay (ELISA) System (Amersham Biosciences, Piscataway, NJ, USA).
The PGE2 results were expressed as picogram/milligram of tissue
wet weight.

2.9. Nitric oxide synthase assay

Nitric oxide synthase (NOS) activity was measured in rat atria by
the production of [U–14C] citrulline from [U–14C] arginine, when
the tissue was exposed to [U–14C] arginine (0.5 μCi). Appropriate
concentrations of enzymatic inhibitors were added and tissues were

incubated for 20 min, and for an additional 1 h with xamoterol or
anti-β1-AR IgG on carbogen at 37 °C. Tissues were then homogenized
using an Ultraturrax. After centrifugation (2000 g, 10 min, 4 °C), su-
pernatants were applied to 2-mL columns of Dowex AG-50 WX-8
(sodium form); [U–14C] citrulline was eluted with 3 mL of water
and quantified by liquid scintillation counting. Measurement of
basal NOS activity by the above-mentioned procedure was inhibited
to 95% by 0.5 mmol/L NG-monomethyl-L-arginine (L-NMMA).

2.10. Drugs

Stock solutions were prepared fresh in the corresponding buffers.
Drugswere diluted in the bath to achieve thefinal concentrations stated
in the text. Xamoterol, atenolol, W-7, verapamil, indomethacin (INDO),
ODQ, and NG-monomethyl-L-arginine (L-NMMA) were obtained from
Sigma-Aldrich (St. Louis, MO, USA) and (S)-methylisothiourea sulfate
(methylurea), SQ22535, and BI-73D3 were from Tocris Bioscience
(Minneapolis, MN, USA).

2.11. Statistical analyses

Student's t-test for unpaired values was used to determine
the levels of significance. Analysis of variance (ANOVA) and a post
hoc test (Dunnett's method and Student–Newman–Keuls test) were
employed when pair-wise multiple comparison procedures were

Fig. 3. Periodontal IgG (1×10−8 M)-induced apoptosis in isolated rat atria. Apoptosis was analyzed by TUNEL assay: A: showed almost absence of TUNEL-positive cells; B: increased
TUNEL-positive cells (arrows); C: reduction of TUNEL-positive cells when a β1 synthetic peptide (5×10−5 M) (arrows) was added previously to periodontal IgG and D: absence of
TUNEL-positive cells is observed when atrium was treated only with β1 synthetic peptide. Pictures were taken at 100× magnification.
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necessary. Differences between means were considered significant at
Pb0.05.

3. Results

3.1. Rat atria apoptotic nuclei

We initially determined comparatively the stimulatory effect of
the different concentrations of xamoterol (a β1-specific agonist;
Fig. 1A) and periodontal anti-β1-AR IgG (Fig. 1B) in rat atria apoptotic
nuclei. We found that xamoterol caused a marked increase in the
number of apoptotic atria nuclei, as shown by the TUNEL assay
(Fig. 1A) and maximal effect of the β1-specific agonist was obtained
at 1×10−8 M. Fig. 1A also shows the lack of action of xamoterol in
the presence of 1×10−7 M atenolol, a β1-specific antagonist. Fig. 1B
shows the increase in the number of atria apoptotic nuclei in the
presence of increasing concentrations of IgG; IgG reached a maximum
capacity for stimulation at 1×10−9 M. As in Fig. 1A, atenolol abrogat-
ed the stimulatory capacity of periodontal IgG to increase atria apo-
ptotic nuclei. Normal IgG, used as control, was ineffective in the
system (Fig. 1B). The effect of periodontal IgG was specific, because

it was due to the F(ab′)2 fraction of IgG. Normal F(ab′)2 was ineffec-
tive in the system (Fig. 1C). Figs. 2 and 3 showed when rat atria
were examined by TUNEL staining for the presence of apoptotic nu-
clei in the presence of xamoterol and anti-β1-AR IgG respectively. It
can be seen that xamoterol-treated atria exhibited an increased apo-
ptotic TUNEL-positive nucleus (Fig. 2B) and an important reduction of
them was detected when atenolol (1×10−6 M) was added before
xamoterol (Fig. 2C). Almost, the absence of TUNEL-positive nuclei
was seen in atria without any addition (control) (Fig. 2A) or atria
treated with atenolol alone (Fig. 2D). On the other hand, Fig. 3B
showed that anti-β1-AR IgG-treated atria exhibited an increased
apoptotic TUNEL-positive nuclei and an important reduction of them
was detected when β1 synthetic peptide (1×10−5 M) was added be-
fore the antibody (Fig. 3C). Almost, the absence of TUNEL-positive nu-
clei was seen in atria without any addition (control) (Fig. 3A) or atria
treated with β1 synthetic peptide alone (Fig. 3D).

3.2. Caspase activities

Fig. 4 shows the ability of xamoterol (A) and periodontal IgG (B)
to trigger the activation of caspase-3 in a concentration-dependent

Fig. 4. A: Concentration–response curve of xamoterol alone (••) or in the presence of Z-DEVD-FMK 1×10−5 M (○---○) and B: periodontal IgG alone (■■) or in the presence
of Z-DEVD-FMK 1×10−5 M (□---□) and normal IgG (△---△) inducing an increase in caspase-3 activity. C: Effect of xamoterol alone or in the presence of L-NMMA, methylurea,
W-7, verapamil, BI-73D3, INDO and SQ 22535 and D: effect of periodontal IgG alone or in the presence of L-NMMA, methylurea, W-7, verapamil, BI-73D3, INDO and SQ 22535.
b: basal values. Values are means±SEM of n=8 in each group, performed in duplicate. *Pb0.001, versus basal values; **Pb0.0001, versus xamoterol or periodontal IgG.
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manner with 1×10−9 M providing a maximal response and decreas-
ing thereafter, raising values significantly higher than basal ones. The
presence of Z-DEVD-FMK (1×10−5 M), specifically blocked the stim-
ulatory action of xamoterol and periodontal IgG on caspase-3 activity.
Normal IgG, as a control, had no effect (Fig. 4A, B). The histogram
of Fig. 4 shows a significant reduction in xamoterol-periodontal
IgG-induced caspase-3 activation in the presence of L-NMMA (NOS
inhibitor), methylurea (iNOS inhibitor), W-7 (CaM inhibitor), verapa-
mil (calcium flux inhibitor), BI-73D3 (JNK inhibitor), INDO (COX
inhibitor), and SQ22535 (adenylate cyclase inhibitor). Significant stim-
ulation with xamoterol alone (A) and periodontal IgG alone (B) was
also observed.

Fig. 5 shows the ability of xamoterol (A) and periodontal IgG (B) to
increase caspase-9 activity in a concentration-dependent manner, with
1×10−9 M providing the maximal response and decreasing thereafter.
Inhibition of exogenous xamoterol (A) and periodontal IgG (B) inducing
caspase-9 activity was observed with Z-LEDH-FMK (1×10−5 M). Nor-
mal IgG had no effect (Fig. 5B). To determine whether the activation
of enzymatic pathways is commonly associated with NOS activation,
calcium mobilization, JNK phosphorylation, prostaglandin generation,

and adenylate cyclase activation, the actions of different inhibitors
that interfere with these enzymes are shown in Fig. 5A (xamoterol)
and in Fig. 5B (periodontal IgG). As can be seen, all the enzymatic inhib-
itors blunted the stimulatory effect of both xamoterol and anti-β1-AR
IgG, pointing to participation of NO, calcium, JNK phosphorylation,
PGE2, and cAMP in these phenomena.

Fig. 6 shows the concentration-dependent increase in caspase-8
activity of xamoterol (A) and periodontal IgG (B). This reaction was
blocked by Z-IETD-FMK (1×10−5 M). Normal IgG was ineffective in
the system (Fig. 6B). In the histogram, L-NMMA, methylurea, W-7, ve-
rapamil, and BI-73D3 significantly blunted the actions of xamoterol
(Fig. 6A) and periodontal IgG (Fig. 6B) on caspase-8 activity, indicat-
ing the involvement of NO, CaM complex, and JNK phosphorylation.
The addition of INDO or SQ 22535 before xamoterol or periodontal
IgG was added had no influence on casapase-8 activity.

Fig. 7 shows the increased immunoreactivity with 1×10−8 M
xamoterol (A) and 1×10−9 M (B) on caspase activity. Furthermore,
a β1 synthetic peptide (5×10−5 M) inhibited periodontal IgG immu-
noreactivity when periodontal IgG was absorbed with the β1 synthet-
ic peptide for 30 min at 37 °C and then added into the microtiter

Fig. 5. A: Concentration–response curve of xamoterol alone (••) or in the presence of Z-LEHD-FMK 1×10−5 M (○---○) and B: periodontal IgG alone (■■) or in the presence
of Z-LEHD-FMK 1×10−5 M (□---□) and normal IgG (△---△) inducing an increase in caspase-9 activity. C: Effect of xamoterol alone or in the presence of L-NMMA, methylurea,
W-7, verapamil, BI-73D3, INDO and SQ 22535 and D: effect of periodontal IgG alone or in the presence of L-NMMA, methylurea, W-7, verapamil, BI-73D3, INDO and SQ 22535.
b: basal values. Values are means±SEM of n=8 in each group, performed in duplicate. *Pb0.001, versus basal values; **Pb0.0001, versus xamoterol or periodontal IgG.
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plates (Fig. 7B, panel), but the synthetic peptide had no influence on
xamoterol (Fig. 7A). On the other hand, atenolol (1×10−7 M)
prevented the action of both xamoterol (Fig. 7A) and periodontal
IgG (Fig. 7B) on caspase activity, confirming the specificity of the
β1-AR reactivity of these autoantibodies. To assess the idea that JNK
activation is involved in xamoterol and periodontal IgG-induced apo-
ptosis by β1-AR-mediated signaling, JNK phosphorylation was
assessed in the presence of increasing concentrations of xamoterol,
periodontal IgG, and normal IgG. Fig. 8 shows that both xamoterol
and periodontal IgG, but not normal IgG, induced activation of JNK
enzyme, 1×10−7 M providing the maximal effect of xamoterol or
periodontal IgG on JNK activation.

It is important to note that the caspase 3, 9 and 8 inhibitors
(Z-DEVD-FMK 1×10−5 M; Z-LEHD-FMK 1×10−5 M, Z-IETD-FMK
1×10−5 M) respectively, are able to diminish xamoterol and β1-AR
IgG induces apoptosis in rat atria (Table 3). Similar inhibitions upon
positive TUNEL nuclei were observed when rat atria were pretreated
with 1×10−5 ML-NMMA, 5×10−5 M methyl-Urea, 5×10−5 M W-7,

1×10−5 M verapamil, 1×10−4 M BI-73D3, 5×10−6 M INDO and
1×10−5 M SQ22535 (Table 3).

The level of total JNK protein was not modified by xamoterol or
periodontal IgG concentration (histogram, Fig. 8). Fig. 9 shows that
the maximal capacity to stimulate the activity of the JNK enzyme in
the presence of xamoterol or periodontal IgG (both at 1×10−7 M)
was impaired by 1×10−7 M atenolol (β1-specific antagonist). How-
ever, the β1 synthetic peptide (5×10−5 M) blunted only periodontal
IgG-stimulated JNK phosphorylation, with no change in xamoterol's
effect (Fig. 9).

3.3. Nitric oxide synthase activity (NOS), PGE2 and cGMP

To examine the atria apoptotic effects of NO, soluble guanylate cy-
clase and adenylate cyclase activities, and PGE2, we measured iNOS
activity, cAMP and cGMP production, and PGE2 generation. As
shown in Table 4, 1×10−8 M xamoterol or 1×10−9 M periodontal
IgG increased NOS activity, cAMP, cGMP, and PGE2 production. This

Fig. 6. A: Concentration–response curve of xamoterol alone (••) or in the presence of Z-IETD-FMK 1×10−5 M (○—○) and B: periodontal IgG alone (■■) or in the presence of
Z-IETD-FMK 1×10−5 M (□---□) and normal IgG (△---△) inducing an increase in caspase-8 activity. C: Effect of xamoterol alone or in the presence of L-NMMA, methylurea, W-7,
verapamil, BI-73D3, INDO and SQ 22535 and D: effect of periodontal IgG alone or in the presence of L-NMMA, methylurea, W-7, verapamil, BI-73D3, INDO and SQ 22535. b: basal
values. Values are means±SEM of n=8 in each group, performed in duplicate. *Pb0.001, versus basal values; **Pb0.0001, versus xamoterol or periodontal IgG.
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stimulation of NOS activity, cAMP and cGMP production, and PGE2
generation was prevented by methylurea, ODQ (guanylate cyclase in-
hibitor), SQ22535, and INDO, respectively. Normal IgG had no effect
in the system (Table 4).

4. Discussion

In the present study, we investigated the effects of anti-β1-AR
IgG from the sera of periodontitis patients and its role on atria β1-AR-
mediated regulation of cardiomyocyte apoptosis. We demonstrated

that the antibody against β1-AR is capable of activating the caspase
(3, 9, and 8) pathway and also that the β1 autoantibody has the ability
to trigger increased production of NO and PGE2. On the other hand,
xamoterol, an authentic β1-AR agonist, mimicked the effects of
anti-β1-AR IgG on the β1-AR of isolated rat atria, apparently indicating
the direct participation of atria β1-AR in the apoptotic phenomenon, re-
quiring not only the binding of β1 autoantibody to the respective cardi-
ac epitopes, but also the activation of atria β1-AR. That a specific β1

antagonist blocked the effects of both, xamoterol and the anti-β1-AR
antibody, confirmed this.

Moreover, the capacity of the β1 synthetic peptide with an amino
acid sequence identical to the second extracellular loop of human
myocardial β1-AR, able to absorb the effect of anti-β1-AR IgG on
atria β1-AR, also supports the notion that cardiac β1-AR antigens are
essential for the functional activity of periodontal β1 autoantibodies.

Recently, Sharma et al. [33,34] reported that metoprolol (β-AR
antagonist) prevented the activation of cell death and attenuated
cardiac dysfunction in diabetic heart, improving the cardiac output
with no effect on the ejection fraction. Alternatively, metoprolol
could prevent apoptosis through its action on β adrenergic signaling
and its metabolic actions could decrease oxidative stress [35]. More-
over, three β-AR subtypes (β1-AR, β2-AR, β3-AR) are expressed in
cardiomyocytes and norepinephrine or isoproterenol stimulated all
β-AR and induced apoptosis in rat cardiomyocytes and it is thought
that a β1-AR-mediated pathway primarily contributes to apoptosis
[36,37].

The molecular mechanism of apoptosis involves the activation of
caspases, a family of cysteine proteases that cleave intracellular target
proteins at specific aspartate residues [38,39] and in mammals are
grouped into two categories by their structure and function: “initiator
caspases,” such as caspase-8 and -9 and “effector caspases,” such as
caspase-3 [40]. Moreover, in apoptosis mitochondria release cyto-
chrome c that, together with ATP, forms an activation complex
that promotes caspase-9 activation [41] and the death receptor-
mediated pathway involving tumor necrosis factor that interacts
with caspase-8 [41]. Here, we detected cardiomyocyte apoptosis,
showing that the periodontal anti-β1-AR IgG, interacting with rat
atria β1-AR, has the capacity to increase active caspase-3, caspase-8,
and caspase-9. This anti-β1-AR antibody effect was also obtained
with xamoterol, an authentic β1-AR agonist, demonstrating that the
β1 autoantibody, via the activation of atria β1-AR, provokes myocyte
apoptosis. Both the anti-β1-AR IgG and xamoterol effects on apoptosis
were inhibited with the respective caspase-3, -8, and -9-specific pep-
tides and by a β1-AR antagonist, showing the participation of atria
β1-AR in the apoptotic phenomenon. The molecular mechanism by
which anti-β1-AR IgG provoked caspase activation involved several
signaling pathways, including NOS activation, participation of calci-
um, PGE2 generation, and JNK phosphorylation.

That an inhibitor of the iNOS isoform impaired the anti-β1-AR IgG
stimulating effect on caspase activities shows that NO has the capac-
ity to induce cardiomyocyte apoptosis via the stimulation of cardiac
soluble guanylate cyclase-dependent cGMP accumulation. This pro-
apoptotic effect of NO has been reported previously; showing that
NO caused apoptosis in macrophages [42], neurons [43], and vascular
smooth muscle cells [44]. NO-mediated apoptosis is not completely
understood [41] and NO-induced apoptosis often requires high levels
of NO, a natural protective pathway leading to the activation of cardi-
ac apoptotic phenomena [20,45].

Additionally, the anti-β1-AR autoantibodies from the sera of peri-
odontitis patients involve calcium mobilization and a cyclooxygenase
(COX)-dependent mechanism in the activation of caspases. Moreover,
xamoterol and anti-β1-AR IgG were able to increase intracellular calci-
um concentrations and COX activity. The increase in intracellular calci-
um concentrations can regulate calcium influx and activate the CaM
complex, because inhibitors of calcium influx (verapamil) and CaM
complex (W-7) prevented the xamoterol and anti-β1 autoantibody

Fig. 7. A: Xamoterol alone (1×10−8 M) or in the presence of a β1 synthetic peptide
(5×10−5 M) or atenolol (1×10−7 M) (white column) on caspase-3, -8, and -9 activi-
ties in rat atria. Basal values (black column) are also shown. Pb0.0001 between
xamoterol alone versus xamoterol+atenolol. B: periodontal IgG alone (1×10−9 M)
or in the presence of β1 synthetic peptide (5×10−5 M) or atenolol (1×10−7 M)
(white column) on caspase-3, -8, and -9 activities in rat atria. Pb0.0001 between peri-
odontal IgG alone versus periodontal IgG+atenolol and+β1 synthetic peptide. Basal
values (black column) are also shown. Six independent experiments were conducted
in duplicate.
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effect on caspases. On the other hand, the fact that INDO blocking rat
atria COX activation not only blunted the effect of both xamoterol and
anti-β1-AR IgG on caspase activities, but also led to diminished PGE2
production, pointing to the participation of PGE2 in atria apoptosis
through β1 autoantibody-mediated caspase activation. In the present
study, we showed that activation of β1-AR in rat atria by anti-β1-AR
IgG increased PGE2 generation. The increase in PGE2 generation-

mediated atria apoptosis is similar to that occurring in other tissues
and was preceded by iNOS activation with an increase of NO [46–48].
The participation of PGE2 in rat atria apoptosis shows that this cytokine

Fig. 8. A: Effect of periodontal IgG (■), xamoterol (●) and normal IgG (△) on JNK activity in rat atria. Pb0.001 between normal IgG versus xamoterol and Pb0.0001 between normal
IgG versus periodontal IgG. B: Total JNK (black column) and JNK phosphorylated (white column). Pb0.0001 between xamoterol alone or periodontal IgG alone versus basal. Each
point represents the mean±SE mean of six independent experiments, conducted in duplicate.

Table 3
Influence of different enzymatic inhibitors upon xamoterol and periodontal IgG on
positive TUNEL nuclei.

Additions Positive TUNEL nuclei
(% of total)

n

No additions (basal) 10±2 4
Xamoterol (1×10−8 M) 72±6⁎ 4
+ Z-DEVD-FMK (1×10−5 M) 36±3⁎⁎ 4
+ Z-LEHD-FMK (1×10−5 M) 51±4⁎⁎ 4
+ Z-IETD-FMK (1×10−5 M) 45±3⁎⁎ 4
+ L-NMMA (1×10−5 M) 38±3⁎⁎ 4
+ Methyl-Urea (5×10−5 M) 64±5⁎⁎ 4
+ W-7 (5×10−5 M) 61±4⁎⁎ 4
+ Verapamil (1×10−5 M) 60±5⁎⁎ 4
+ BI-73D3 (1×10−4 M) 52±4⁎⁎ 4
+ INDO (5×10−6 M) 59±5⁎⁎ 5
+ SQ22535 (1×10−5 M) 56±5⁎⁎ 5
Periodontal IgG (1×10−9 M) 78±7⁎ 5
+ Z-DEVD-FMK (1×10−5 M) 39±4⁎⁎ 5
+ Z-LEHD-FMK (1×10−5 M) 52±5⁎⁎ 5
+ Z-IETD-FMK (1×10−5 M) 55±4⁎⁎ 5
+ L-NMMA (1×10−5 M) 49±4⁎⁎ 4
+ Methyl-Urea (5×10−5 M) 55±4⁎⁎ 4
+ W-7 (5×10−5 M) 54±4⁎⁎ 4
+ Verapamil (1×10−5 M) 52±5⁎⁎ 4
+ BI-73D3 (1×10−4 M) 47±5⁎⁎ 4
+ INDO (5×10−6 M) 48±4⁎⁎ 5
+ SQ22535 (1×10−5 M) 45±5⁎⁎ 5
Normal IgG (1×10−9 M) 10±3 4

Values are means±SEM of n experiments in each group performed in duplicate. Basal
values: no additions.
⁎ Pb0.0001, versus basal.

⁎⁎ Pb0.0001, versus xamoterol or periodontal IgG.

Fig. 9. A: Values of optical density of xamoterol 1×10−8 M alone or in the presence of a
β1 synthetic peptide 5×10−5 M or atenolol 1×10−7 M on rat atria JNK phosphoryla-
tion. B: Values of optical density of periodontal IgG 1×10−9 M alone or in the presence
of a β1 synthetic peptide 5×10−5 M or atenolol 1×10−7 M on rat atria JNK phosphor-
ylation. Results are means±SEM of nine independent patients in each group,
performed in duplicate. *Pb0.001, versus basal values; **Pb0.0001, versus xamoterol
or periodontal IgG alone.
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is a modulator of the periodontal β1 autoantibody stimulation/caspase
effect. Moreover, when periodontal β1 autoantibodies bind and activate
rat atria β1-AR, this leads to activation of adenylate cyclase, with an in-
crease in cAMP production that, in turn, involves activation of PKA that
ultimatelymodulates the heart apoptotic pathway. Similar observations
have been made in neonatal rat ventricular myocytes and in the myo-
cardium of rats and mice treated with isoproterenol [49,50].

Mitogen-activated protein kinases have important functions as
mediators of intracellular signal transduction in the heart. Activation
of JNK plays a pro-apoptotic role [51,52]. Our results show that the
periodontal anti-β1-AR IgG, or xamoterol, acting on atria β1-AR in-
creased JNK phosphorylation that, in turn, modulated the β1 autoan-
tibody effect on the caspases. There is a report suggesting that
β1-AR-stimulated apoptosis in rat ventricular myocytes [33] involves
oxygen species/JNK-dependent activation of the mitochondrial death
pathways and plays, in this way, a pro-apoptotic role.

Anti-β1-AR autoantibodies from the sera of periodontitis patients
play an important role in remodeling the rat myocardium. Rat atria
β1-AR, coupled with Gs/q, exerts a pro-apoptotic action via a
cAMP-dependent mechanism, which appears to involve NOS activity,
with an increase in NO levels, and cGMP, associated with activation of
JNK, and increased generation of PGE2. All of these events through the
atria β1-AR also involve activation of calcium channels and the CaM
complex. These processes can shift the balance from apoptosis to
myocardial cell survival during chronic β-AR stimulation and conse-
quently, these events may have important clinical implications. As
autoantibodies become fixed irreversibly to atria β1-AR, they provoke
structural heart changes that progressively alter the modulation of
myocardial function, with possible progression to heart failure.

It is important to note, that the presence of serum antibodies to a
particular periopathogen (Porphyromonas gingivalis, Streptococcus
pyogenes, Streptococcus mutans) has been considered to reflect its in-
volvement in the CP [53]. However, non-pathogenic periodontal bac-
teria can also elicit serum antibody response [54] but in our results,
we hypothesize the possibility that periodontopathic bacteria may re-
flect a certain level of cross-reactivity between bacterial epitopes and
heart β1-AR epitopes; as a possible cause for the increased autoanti-
bodies against β1-AR in CP.

Further studies to determine the molecular mechanism by which
interaction of β1 autoantibodies present in the sera of periodontitis
patients affects atria β1-AR-stimulated apoptosis in cardiac myocytes,
may have important implications in the link between cardiovascular
disease and periodontitis. A proposed model to explain all of these
apoptotic mechanisms whereby periodontal IgG and xamoterol act-
ing on rat atria β1-AR is shown in Fig. 10.
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