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Abstract
Objective—In this study we have assessed the renal and cardiac consequences of ligature-
induced periodontitis in both normotensive and nitric oxide (NO)-deficient (L-NAME-treated)
hypertensive rats.

Materials and methods—Oral L-NAME (or water) treatment was started two weeks prior to
induction of periodontitis. Rats were sacrificed 3, 7 or 14 days after ligature placement, and
alveolar bone loss was evaluated radiographically. Thiobarbituric reactive species (TBARS; a
lipid peroxidation index), protein nitrotyrosine (NT; a marker of protein nitration) and
myeloperoxidase activity (MPO; a neutrophil marker) were determined in the heart and kidney.

Results—In NO-deficient hypertensive rats, periodontitis-induced alveolar bone loss was
significantly diminished. In addition, periodontitis-induced cardiac NT elevation was completely
prevented by L-NAME treatment. On the other hand L-NAME treatment enhanced MPO
production in both heart and kidneys of rats with periodontitis. No changes due to periodontitis
were observed in cardiac or renal TBARS content.

Conclusions—In addition to mediating alveolar bone loss, NO contributes to systemic effects of
periodontitis in the heart and kidney.
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1. Introduction
Under physiological conditions, nitric oxide (NO), an important inflammatory mediator, is
the intracellular transducer of central N-methyl D-aspartate (NMDA)-receptor activation, as
well as a key regulator of vascular homeostasis.1 It is well demonstrated that rodents
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chronically treated with NO synthase (NOS) inhibitors develop hypertension, characterized
by endothelial dysfunction.2,3 Endothelial dysfunction in man can be secondary to
hyperlipidemia,4 ischemia-reperfusion5 and atherosclerosis.6 More recently, periodontal
disease has also been linked to endothelial dysfunction.7,8

The relationship between endogenous NO and periodontal disease involves the inducible
NOS (iNOS) isoform, as demonstrated by the beneficial effects that the administration of
iNOS inhibitors (such as mercaptoethylguanidine9 and aminoguanidine10) had on the
disease. Furthermore, Gyurko et al. have shown that iNOS-derived NO promotes bone
resorption through osteoclast differentiation during bone development, as well as after
bacterial infection in Porphyromonas gingivalis-induced periodontal disease in mice.11

However, the available information on NO production by oral tissues during periodontitis is
either limited or controversial. For example, it has been reported that salivary nitrite
concentration in patients with periodontitis is lower than that found in healthy individuals.12

On the other hand, it has been proposed that gingival NO overproduction must occur during
periodontitis, based on the high concentrations of L-arginine and L-citrulline (substrate and
by-product of NO biosynthesis, respectively) found in the gingiva of periodontal patients.13

However, these data are not conclusive, considering that nitrite can also originate from the
reduction of exogenous nitrate by nitrate reductase-positive colonizing bacteria,14 or that the
amino acids L-arginine and L-citrulline are also part of the urea cycle pathway, of which
arginase I –the rate limiting enzyme – is up-regulated in inflammation.15

The relationship between periodontal and systemic diseases has been the focus of numerous
studies. For example, pre-term low birth weight has been associated with the presence of
periodontitis in the mother, where periodontal overproduction of interleukin (IL)-1β, tumour
necrosis factor (TNF)-α and prostaglandins is proposed to directly contribute to induction of
labour.16,17 Cardiac and cerebrovascular disease pathogenesis is also related to increased
IL-6, C-reactive protein and circulating neutrophils.19,20 It has been suggested that these
mediators, which are also augmented during periodontitis, can increase the risk of
atherosclerotic lesions in periodontal patients.20 More recently, Higashi et al. have shown
that the presence of periodontitis impairs endothelium-dependent vasodilation in both
healthy and hypertensive young men by decreasing NO availability.21

Considering the above mentioned cardiovascular consequences that can occur secondary to
the presence of periodontitis in humans, it is important to know the extent to which this
condition can affect organs directly involved in circulatory homeostasis. In this way, in this
study we decided to assess the influence of periodontitis on oxidative tissue damage
evaluated in heart and kidneys from normotensive and NO-deficient hypertensive rats at
different stages of ligature-induced periodontitis. This animal model of hypertension is
secondary to the endothelial dysfunction obtained by the administration of NOS
inhibitors.2,3

2. Materials and methods
2.1. Animals

Male Wistar rats (6-week old, 160–180 g) from the local animal care facilities were kept
under controlled temperature (22–25 °C) and dark/light cycle (12/12 h). They were housed
in polypropylene cages in groups of 5 per cage during the whole experimental period and
received standard laboratory chow and tap water ad libitum. All the experimental protocols
were approved by the local Ethics Committee for Animal Experimentation.
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2.2. Chemicals
All the drugs and reagents were purchased from Sigma Chem. Co. (St. Louis, MO, USA),
unless otherwise stated.

2.3. Induction of periodontitis
One hundred and twenty rats were anaesthetized with ketamine (80 mg/kg, i.p.; Francotar,
Virbac do Brasil Ind. e Com. Ltda, Brazil) and xylazine (16 mg/kg, i.p.; Kensol, Konig S.A.,
Brazil) and the lower right first molar of each rat received a 3–0 cotton ligature in a
submarginal position to induce peridontitis, as previously described.22 Sham-operated
animals had the ligature immediately removed after the procedure.

At the end of each experimental period, the mandibles were removed and digital X-ray
images were obtained. Alveolar bone loss was estimated by the distance between the
cemento-enamel junction (CEJ) and the height of alveolar bone in mesial roots surfaces of
lower right first molars with the aid of the software (Computed Dental Radiography for
Microsoft Windows, Shick Technologies, Inc. Long Island City, NY).

2.4. In vivo NO synthesis inhibition
Two weeks before ligature placement, half of the animals received the NO synthase
inhibitor Nω-nitro L-arginine methyl ester (L-NAME) dissolved in the drinking water (200
mg/L; equivalent to approximately 45–60 mg/kg/day, as previously shown23); control
animals received water alone. L-NAME treatment continued until the sacrifice of the
animals at 3, 7 or 14 days following ligature placement. In this way, for each time period, 4
groups (n = 10 animals) were defined: sham (S), sham + L-NAME (S + L-NAME), ligature
(L) and ligature + L-NAME (L + L-NAME). At each time point, heart and kidney samples
were collected from each animal and kept at −80 °C until analyzed (see below).

2.5. Western blot analysis of nitrotyrosine-containing proteins
The presence of proteins containing 3-nitrotyrosine (NT) residues, an index of oxidative
stress and protein nitration, was analyzed in the heart and kidney samples as previously
described.24 Immunoreactive bands were detected by chemiluminescence (Immun-Star; Bio-
Rad, USA) and their intensities were estimated by densitometric analysis (ChemImager
5500 system, Alpha Innotech Corp., USA). For all the organs, NT expression was quantified
by totalling band intensities of proteins within the 27–84 kDa MW range.

2.6. Myeloperoxidase activity assay
The activity of myeloperoxidase (MPO), a hemoprotein located in azurophilic granules of
neutrophils, was used as a biochemical marker for neutrophil infiltration into the studied
tissues. MPO activity was measured according to the method originally described by
Bradley et al.25 with some modifications26, after heating the organ homogenates at 60°
during 2 h in order to inactivate endogenous catalase.27

Briefly, after homogeneizing the tissue samples in the presence of
hexadecyltrimethylammonium bromide (HTAB, Sigma Chem. Co., St. Louis, EUA) in order
to disrupt the granules, the tubes were centrifuged at 10,000 × g during 5 min. MPO activity
was analysed in the supernantants by its capacity to catalyse the oxidation of o-dianisidine
dihydrochloride (Sigma Chemical Co., St. Louis, EUA) in the presence of hydrogen
peroxide (Merck, Darmstadt, Alemanha). Absorbance increase rate was monitored at 460
nm (Espectra max Plus 384, Molecular Devices Inc., Sunnyvale, EUA) and the obtained
Vmax (maximum speed) parameter related to the enzyme activity using a molar extinction
coefficient of 11,300 M cm−1.
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2.7. Quantification of thiobarbituric acid reactive species (TBARS)
Aldehydes (mainly malondialdehyde – MDA) resulting from lipid peroxidation were
quantified in the tissue homogenates after their reaction with thiobarbituric acid in acid
medium, according to the method described by Bird and Draper.28 This reaction yields a
pink adduct chromophore with peak absorbance at 535 nm, that is converted to MDA
equivalents using a molar absorption coefficient of 1.55 × 105 M cm−1.

2.8. Statistical analysis
All the results are expressed as mean ± SEM (standard error of the mean). With the
exception of alveolar bone loss data, all the measured variables were calculated as a
percentage relative to the untreated sham group (S) for the corresponding time point.
Differences between groups were analyzed by one-way ANOVA followed by the Student–
Neuman–Keuls test for multiple comparisons. Values of p < 0.05 were considered
significant.

3. Results
3.1. Ligature-induced bone loss

During the entire experimental period no changes in animal behaviour were observed. Body
weight gain was within normal limits as confirmed by weight measurements performed 2
times a week. Significant and progressive alveolar bone loss was observed in the ligated
normotensive rats in comparison with the normotensive non-ligated (sham) rats (day 3: 0.35
± 0.03 vs. 0.25 ± 0.01 mm, p < 0.05; day 7: 0.66 ± 0.06 vs. 0.21 ± 0.01 mm, p < 0.001; day
14: 0.93 ± 0.07 vs. 0.26 ± 0.03 mm, p < 0.001; Fig. 1). L-NAME treatment significantly
reduced ligature-induced bone loss at days 7 and 14 when compared to ligated normotensive
animals (day 7: 0.42 ± 0.03 vs. 0.66 ± 0.06 mm, p < 0.001; day 14: 0.44 ± 0.06 vs. 0.93 ±
0.07 mm, p < 0.001). L-NAME treatment had no effect on sham animals.

3.2. Protein nitrotyrosine content
Cardiac NT content was significantly increased 7 days after ligature placement in
normotensive rats (L: 183 ± 17 vs. S: 100 ± 5%; p < 0.05, Fig. 2A). As early as day 3 a
slight but statistically non-significant elevation in cardiac NT was observed in ligated
animals. L-NAME treatment completely abolished ligature-induced cardiac NT (L + L-
NAME: 85 ± 26%, p < 0.01). Renal NT showed no significant differences among
experimental groups at any time point.

3.3. Myeloperoxidase (MPO) activity
MPO activity was higher in the heart of ligature + L-NAME treated rats in comparison with
the ligature only group at day 3 (172 ± 30 vs. 96 ± 13%; p < 0.05). Renal MPO was
significantly elevated in the NO-deficient animals on day 3 (S + L-NAME: 193 ± 32% vs. S:
100 ± 17%; p < 0.01), and this increase was significantly potentiated by the presence of
periodontitis (L + L-NAME: 417 ± 63% vs. S + L-NAME, p < 0.01; L + L-NAME vs. L:
222 ± 72%, p < 0.05). At days 7 and 14 no significant alterations were seen in cardiac and
renal MPO.

3.4. Thiobarbituric acid reactive species (TBARS)
NO-deficient sham rats showed higher cardiac TBARs content in comparison with the
normotensive sham controls on day 3 (S + L-NAME: 133 ± 8 vs. S: 100 ± 4%; p < 0.01).
Ligature-induced periodontitis did not induce significant TBARS alterations. No significant
differences among the groups were found in cardiac TBARS at either day 7 or 14 after
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ligature placement. Renal TBARS remained unchanged under all the experimental
conditions.

4. Discussion
In this work we show that NO contributes to periodontal disease as periodontitis-induced
bone loss is significantly reduced in L-NAME treated rats. Moreover, data presented here on
periodontitis-induced changes in nitrotyrosine and myeloperoxidase levels in the heart and
kidney indicate a novel role for NO in mediating systemic effects of periodontal disease.
Others have reported that rats treated with selective iNOS inhibitors present not only with
less alveolar bone loss secondary to periodontal disease,9 but also diminished local
inflammatory markers related to oxidative stress and tissue damage, such as protein tyrosine
nitration, lipid peroxidation and leukocyte infiltration.10 Moreover, it has been demonstrated
that the continuous production of NO from cytokine-induced iNOS not only inhibits cGMP-
mediated osteoblast growth and differentiation,29 but also favours osteoclast-mediated bone
resorption11 and potentiates pro-inflammatory cytokine-induced bone loss.30,31 These
observations indicate a critical role for iNOS-derived NO on periododontitis-induced bone
loss and inflammation.

Spontaneously hypertensive rats (SHR), with genetic hypertension that is not strictly related
to endothelial NO inhibition, show more severe periodontitis than the normotensive
controls.31 Thus the reduced periodontal bone loss we observed in L-NAME-treated rats is
likely related to iNOS inhibition and not to hypertension.

Epidemiological evidences indicate that periodontal disease may aggravate pre-existing
cardiovascular and/or cerebrovascular conditions.18,19,32 However, to the best of our
knowledge, the role of NO in mediating systemic effects of periodontitis has not been
explored. Endothelial NOS-derived NO is a key mediator in the control of vascular tonus,
platelet aggregation and adhesion. In fact, long-term NOS inhibition by L-arginine
analogues in rodents has proven to be a useful animal model for arterial hypertension that
shares many features with human essential hypertension and other diseases dependent on
endothelial dysfunction.2,3,24

MPO is a lysosomal enzyme abundant in the azurophil granules of neutrophils. It is released
during respiratory burst and it catalyses the formation of hypochlorous acid from hydrogen
peroxide. Both of these cytotoxic agents are implicated in bacterial killing as well as in
neutrophil-mediated host tissue damage. L-NAME treatment alone resulted in increased
renal MPO activity on day 3 after the simulated ligature placement procedure, which was
significantly augmented in the L + L-NAME group. At the same time point, cardiac MPO
activity was also significantly increased in the NO-deficient hypertensive rats with
periodontis, but in this organ, either periodontitis or L-NAME treatment alone did not
induce any alteration in the measured MPO activity values. For both organs, no differences
among the groups were observed at later time points, suggesting that only the early phase of
periodontitis, corresponding to the initial activation of neutrophils is influenced by NO.

It has been demonstrated that long-term L-NAME treatment results in severe cardiac33 and
renal fibrosis in rats.3 In addition, the lack of NO potentiates neutrophil–endothelium
interaction through a mechanism involving the up-regulation of integrins CD11/CD18 in
neutrophils.34 Our observations are consistent with the hypothesis that L-NAME-induced
endothelial activation synergizes with periodontitis-induced priming of circulating
neutrophils, leading to increased neutrophil margination and potential tissue damage in the
heart and kidney.
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As mentioned above, it has been proposed that periodontitis can result in systemic effects
mediated by locally produced inflammatory mediators (such as IL-1β, IL-6, TNF-α and
interferon-γ) that reach distant organs through the circulation. In this study, hearts from
normotensive animals with periodontitis showed increased protein tyrosine nitration during
the first week following ligature placement. This protein modification was not observed in
the L-NAME-treated animals with periodontitis, thus demonstrating the strict dependence on
NO production, most likely peroxynitrite anion formation from iNOS-derived NO. In fact, it
has been reported that IL-1β, a pro-inflammatory cytokine increased during periodontitis,
can trigger the synthesis of iNOS in cardiac tissue.35 Interestingly, at the latest time point,
all the groups are indistinguishable in terms of cardiac NT contents, which could be due to
either the reversal of this protein modification by denitrases,36 and/or the involvement of
other inflammatory mediators unrelated to iNOS during this advanced phase of the
inflammatory process.

Several oxygen-derived reactive species are produced during periodontitis, contributing to
local tissue damage.37,38 Increased cardiac TBARS content was observed in NO-deficient
hypertensive rats (3 days after the ligature procedure) but not in the corresponding
periodontitis group. Similarly, Sahna and co-workers have reported that hearts from rats
treated with L-NAME for 2 weeks have unaltered MPO activity and augmented TBARS
contents, in addition to lower quantities of reduced glutathione.39 In this work, the authors
conclude that L-NAME-induced alterations are due to the oxidative stress status caused by
the lack of NO, since the administration of melatonin resulted in a partial reversal of these
changes by acting as a free radical scavenger. Interestingly, augmented circulating and
salivary melatonin concentrations have been reported in patients with periodontitis,40 and
this could account for the absence of cardiac TBARS alterations observed in the NO-
deficient hypertensive animals with concomitant periodontitis. However, it is difficult to
explain the absence of cardiac lipoperoxidation in L-NAME-treated animals at days 7 or 14,
unless a different pattern of free radicals production (mainly hydroxyl radical) occurs at
these time points.

Conversely, in the kidney, no significant alterations in TBARS content were observed in
response to either periodontitis, L-NAME treatment, or their combination. This may be due
to high catalase content present in renal tissues, leading to hydrogen peroxide decomposition
and prevention of the formation of hydroxyl radical through the Fenton and/or Haber–Weiss
reactions and hence, lipid peroxidation.27

In our animal model, unilateral ligature-induced periodontitis leads to a moderate localized
form of periodontal disease. Periodontal disease in man often presents with more than one
periodontal pocket, bleeding or a chronic abscess. In this way, our experimental conditions
may underestimate the local and systemic tissue damage present in human periodontitis.

In conclusion, our data support a key role for NO in the development of local alveolar bone
loss in periodontal disease. In addition, our observations strongly suggest that NO mediates
systemic effects of periodontitis on heart and kidney, which may be due to the transient
bacteremia (or the circulating toxins) and/or the immunological activation caused by the
abundant number of oral microorganisms that occur during periodontal disease. In addition,
the significance of these systemic alterations is strongly dependent on both the organ and the
stage of the periodontal inflammatory process, and may parallel some of the biochemical
changes observed in certain diseases (such as cardiovascular disorders or bacterial
pneumonia).
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Fig. 1.
Ligature-induced alveolar bone loss of the lower first molar is reduced in L-NAME-treated
rats. Panel A: Measurement of the distance from the cement-enamel junction (CEJ) to the
alveolar bone crest was performed from digital X-ray images of the jaws (n = 10). For each
time point, ***p < 0.001 vs. the S group; #p < 0.05 and ###p < 0.001 vs. S and S + L-NAME
group; ***p < 0.001 vs. L group. Panel B: Representative X-ray images obtained from each
experimental group at the different time points studied following ligature placement.
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Fig. 2.
Total nitrotyrosine-containing protein contents (panels A), myeloperoxidase (MPO) activity
(panels B) and tiobarbituric reactive species (TBARs; panels C) expressed as % of the sham
values in heart and kidney samples from control and L-NAME treated rats with ligature-
induced periodontitis (n = 10). Within each time period, *p < 0.05, and ***p < 0.001 vs. the
S group; ##p < 0.01 vs. the L group; δp < 0.05 vs. the S + L-NAME group.
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