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Abstract

Background/Objectives: Aging enhances frequency of chronic diseases like cardiovascular diseases or
periodontitis. Here we reproduced an age-dependent model of the periodontium, a fully physiological approach to
periodontal conditions, to evaluate the impact of dietary fat type on gingival tissue of young (6 months old) and old
(24 months old) rats.
Methods/Findings: Animals were fed life-long on diets based on monounsaturated fatty acids (MUFA) as virgin olive
oil, n-6 polyunsaturated fatty acids (n-6PUFA), as sunflower oil, or n-3PUFA, as fish oil. Age-related alveolar bone
loss was higher in n-6PUFA fed rats, probably as a consequence of the ablation of the cell capacity to adapt to aging.
Gene expression analysis suggests that MUFA or n-3PUFA allowed mitochondria to maintain an adequate turnover
through induction of biogenesis, autophagy and the antioxidant systems, and avoiding mitochondrial electron
transport system alterations.
Conclusions: The main finding is that the enhanced alveolar bone loss associated to age may be targeted by an
appropriate dietary treatment. The mechanisms involved in this phenomenon are related with an ablation of the cell
capacity to adapt to aging. Thus, MUFA or n-3PUFA might allow mitochondrial maintaining turnover through
biogenesis or autophagy. They might also be able to induce the corresponding antioxidant systems to counteract
age-related oxidative stress, and do not inhibit mitochondrial electron transport chain. From the nutritional and clinical
point of view, it is noteworthy that the potential treatments to attenuate alveolar bone loss (a feature of periodontal
disease) associated to age could be similar to some of the proposed for the prevention and treatment of
cardiovascular diseases, a group of pathologies recently associated with age-related periodontitis.
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Introduction

Aging, a common phenomenon to all multicellular organisms,
is described as an endogenous and progressive decay in the
efficacy of physiological processes after the reproductive phase
[1]. Aging is related to some chronic diseases like diabetes,
cancer, cardiovascular and neurodegenerative diseases.

Periodontitis, also related to age, is a disorder characterized by
the breakdown of the tooth-supporting tissues, mainly alveolar
bone loss. This condition is due fundamentally to an ecological
imbalance between the normal microbial biofilm on teeth and
the host tissues [2]. There is increasing evidence linking
periodontitis to systemic diseases like atherosclerosis [3].
Metabolic syndrome is a clinical entity that encompasses
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several risk factors for cardiovascular diseases and that has
been related with periodontitis; with oxidative stress being
proposed as a potential common link to explain this relationship
[4,5].

The development of interventions to retard the aging
process, focused on extending maximum life span and/or
retarding the broad spectrum of age-associated biological
changes, is of great importance. To date, in laboratory rodents,
the most successful dietary intervention has been caloric
restriction, although in the past few years it has been
demonstrated that some antioxidants, as well as interventions
in relation to dietary fat, may also be used as dietary anti-aging
therapies [6,7]. It has been shown that dietary fat, through
changes in membrane-lipid profiles, may help to attenuate
some deleterious aspects of aging, such as those related to
exacerbated oxidative stress or mitochondrial dysfunction
[7-11]. Regarding this, we have previously described how n-6
PUFA-rich diets lead to higher levels of lipid peroxidation and
DNA double-strand breaks in rat tissues and blood during
aging, compared with the less oxidizable, MUFA-based diets
[7,8]. In parallel, MUFA diets lead to less damaged
mitochondria during aging than n-6 PUFA diets, as reflected by
a lower frequency of mtDNA (mitochondrial DNA) deletions at
the liver, heart and brain [7,10,12].

Traditionally, much of the research on diet and periodontal
diseases isfocused on only a few nutrients with well-
established roles in the formation and maintenance of
structural components of oral tissue such as collagen (vitamin
C) and bone (calcium), integrity of epithelial tissue (vitamin A),
or in promoting the formation of plaque that harbors periodontal
pathogens (carbohydrates). More recently, research has
expanded to include nutrients shown to attenuate the
inflammatory process or to have anti-inflammatory properties,
like some n-3 and n-6 PUFA [13]. However, no research has
been performed on the putative role of other well-documented
healthy fatty acids such as MUFA.

Several studies have been carried on to experimentally
induce periodontal disease in rat models. Generally these
models are based on infection induced by pathogenic agents to
reproduce, in a short period of time, the features of the
disease. However, all these studies do not take in account the
impaired host response and the alveolar bone conditions
related to age. The present study reproduces an age-
dependent model of the periodontium, which is a fully
physiological approach to the periodontal conditions, with the
aim (i) of evaluating the impact of the nature of dietary fat on
periodontal tissue conditions and (ii) to explore some possible
mechanisms involved, other than the well-known aspects
directly related to inflammation.

Materials and Methods

Ethics Statement
The animals were treated in accordance with the guidelines

of the Spanish Society for Laboratory Animals and the
experiment was approved by the Ethical Committee of the
University of Granada (permit number 20-CEA-2004).

Chemicals
All the chemical products and solvents, of the highest grade

available, were acquired from Sigma (St. Louis, MO, USA) and
Merck (Darmstadt, Germany).

Animals and Diets
Seventy two male Wistar rats (Rattus norvegicus) weighing

80-90g were housed 3 to a cage and maintained in a 12 h
light/12h darkness cycle, with free access to food and water.
The rats were randomly assigned into three experimental
groups and fed from weaning until 24 months of age on a semi-
synthetic and isoenergetic diet according to the AIN93 criteria
[14] composed of (in g/100g of diet): 14 casein, 46.57 starch,
10 sucrose, 15.5 Dextrose, 4 dietary fat, 5 cellulose, 0.25
choline, 0.18 L-cystine, 1.0 vitamin mixture and 3.5 mineral
mixture. The experimental diets differed only in the dietary-fat
source (virgin olive, sunflower or fish oils, Table 1). Three
groups were established: animals fed on virgin olive oil,
sunflower oil or fish oil. Twelve rats per group were killed,
respectively, at 6 and 24 months from the start of the
experiment. The rats were killed by cervical dislocation
followed by decapitation, at the same time of the day, to avoid
any circadian fluctuation. Blood was collected in EDTA-coated
tubes, and plasma was centrifuged at 1750 x g for 10 min. After
exsanguination, gingival tissue was excised from around the
maxillary molars for use in quantitative real-time PCR to assess
mRNA expression of selected genes and other molecules of
interest.

Alveolar Bone Level and Gingival Histology
The left side of the mandible was defleshed by immersion in

10% hydrogen peroxide (3 to 4 days at room temperature). The
soft tissues were carefully removed, and the mandible was

Table 1. Fatty acids profile of experimental dietary fats (g/
100g).

Fatty acid or index Virgin olive Sunflower Fish oil
C14:0 0.0 0.1 7.2
C16:0 8.3 6.4 17.1
C16:1n-9 1.1 0.1 9.6
C18:0 3.2 4.7 2.7
C18:1n-9 77.7 24.2 15.1
C18:2n-6 3.2 62.8 2.8
C20:3n-6 0.1 0.9 0.1
C20:4n-6 0.0 0.0 2.1
C20:5n-3 0.2 0.1 18.6
C24:0 0.0 0.1 0.3
C24:1n-9 0.0 0.0 0.9
C22:6n-3 0.0 0.0 10.5
Total saturated fatty acids 12.6 11.5 30.5
Total monounsaturated fatty acids 83.7 24.4 30.1
Total n-6 polyunsaturated fatty acids 3.3 63.7 8.2
Total n-3 polyunsaturated fatty acids 0.4 0.4 31.3
Total polyunsaturated fatty acids 3.7 64.1 39.4

doi: 10.1371/journal.pone.0074234.t001
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stained with methylene blue for good visual distinction between
the tooth and bone. Measurements were made at two points at
mesial and distal of second premolar and first molar to quantify
crestal bone level. The mandibles were photographed using an
inverted microscope at x10 (Olympus SZ61®). The captured
image was also analyzed using ImageJ software (NIH USA),
and the mean crestal bone level was calculated for each group.
The mean value for each tooth was calculated. Mean value
obtained at 6 months was considered as baseline and the
changes in bone level were calculated with 24 months data.

For histologic analysis, samples taken from molar gingival
mucosa were fixed in buffered formalin and paraffin-embedded.
Tissue sections were cut with a microtome and stained with
haematoxylin and eosin for histological examination. Measures
in the connective tissue were thickness as the distance
between epithelium and bone; number of total vessels and of
vessels with endothelial activation counted in 5 consecutive
high power fields; degree of fibrosis expressed with a scoring
system (grade 1=less than 2 thick collagen bundles,
2=between 2 and 5 thick collagen bundles, 3=more than 5 thick
collagen bundles); cellularity as number of fibroblast-like cells
per high power field; degree of inflammation (grade 1=absent,
2=mild, 3=moderate).

RT-PCR
Gingival tissues were preserved in RNAlater at -80°C. Total

RNA was extracted using RNeasy Lipid Tissue Mini Kit
(Qiagen) following manufacturer’s condition. The quantity and
purity of the RNA were determined from the absorbance at
260/280 nm. 20ng of total RNA was reverse-transcribed into
cDNA using Multiscribe enzyme (Applied Biosystems) in
accordance with the manufacturer’s protocol. Abi 7900 Real-
Time PCR system and real time PCR kit (TaqMan® Gene
Expression Assays, Applied Biosystems) were employed
based on the manufacturer’s instruction. GADPH was used as
an internal control. The probes of studied genes and GADPH
are shown in Table 2. PCR thermal cycling were development
in three steps. Step 1 at 50°C lasting 2 minutes. Step 2 at 95°C
lasting 10 minutes and a final step with 40 cycles at 95°C
lasting 15 seconds and at 60°C lasting 1 minute.

Multiplexed Beads Immunoassays for Serum OPG and
RANKL

OPG and RANKL were measured simultaneously using a
high sensitivity human cytokine multiplex immunoassay
(MilliplexTM MAP). Assays were run on a Luminex® X-MAP Bio-
Plex 200 System Bioanalyzer (Luminex Corp., Austin, TX)
according to the kit manufacturer’s instructions.

Lipid Peroxidation Analysis at the Gums
TBARS (Thiobarbituric acid-reactive substances) levels were

determined by a method based on the reaction with
thiobarbituric acid at 90–100 °C according to Harma et al. [15].
Shortly, the reaction was performed at 90°C for 15 min pH 2–3.
The sample was mixed with two volumes of cold 10% (w/v)
trichloroacetic acid to precipitate protein. This precipitate was
pelleted by centrifugation and an aliquot of the supernatant was
reacted with an equal volume of 0.67% (w/v) TBA in a boiling

water bath for 10 min. After cooling, the absorbance was read
at 532 nm. Results were expressed as nmol/mL.

Fatty Acid Profile of Plasma and Dietary Fat Sources
The fatty-acid profile of plasma and dietary fat sources was

measured by gas-liquid chromatography following Lepage and
Roy method [16] as previously described [9]. Briefly, a gas-
liquid Chromatograph model HP-5890 Series II (Hewlett
Packard, Palo Alto, CA, USA) equipped with a flame-ionization
detector was used to analyze the fatty acids as methyl esters.
Chromatography was performed using a 60-m-long capillary
column 32 mm id and 20 mm thick impregnated with Sp
2330TM FS (Supelco Inc, Bellefonte, Palo Alto, CA, USA). The
injector and the detector were maintained at 250 and 275°C,
respectively; nitrogen was used as the carrier gas, and the split
ratio was 29:1. Temperature programming (for a total time of
40 min) was as follows: initial temperature, 160°C for 5 min,
6ºC/min to 195°C, 4°C/min to 220°C, 2ºC/min to 230°C,
maintained 12 min, 14ºC/min to 160°C.

Statistical Analysis
Results represent the mean and the standard error of the

mean of 6 animals. Variables were checked for normality and
homogeneous variance. When a variable was found not to
follow normality, it was log-transformed and reanalyzed. To
evaluate differences in the means between groups at 6 and 24
months, one-way ANOVA analysis followed by a multiple-
comparison test, adjusted by Bonferroni correction, was
performed. To test differences between dietary treatments
between the two age periods, Student’s t-test were performed.

Table 2. Assay ID of probes used in TaqMan® Gene
Expression Assays (Applied Biosystems).

 Assay ID Reference sequence
IL1b Rn99999009_m1 NM_031512.2
Il6 Rn99999011_m1 NM_012589.1
IL8 Rn00567841_m1 NM_017183.1
Tnfα Rn99999017_m1 NM_012675.3
OPG Rn00563499_m1 NM_012870.2
RANKL Rn00589289_m1 NM_057149.1
Bcl2 Rn99999125_m1 NM_001033672.1
Bad Rn00575519_m1 NM_022698.1
LC3 Rn01536227_g1 NM_199500.1
Atg5 Rn01767063_m1 NM_001014250.1
Tfam Rn00580051_m1 NM_031326.1
MT-ND1 Rn03296764_s1  
MT-ND4 Rn03296781_s1  
PGC1 Rn01511922_m1 NM_133284.2
Sirt1 Rn00490758_m1 NM_001153061.1
Ndufs1 Rn01438310_g1 NM_001005550.1
Sod1 Rn00566938_m1 NM_017050.1
Sod2 Rn99999088_g1 NM_017051.2
Nrf2 Rn00477784_m1 NM_010902.3
Gadph Rn99999916_s1 NM_017008.3

doi: 10.1371/journal.pone.0074234.t002
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Data were analyzed using the SPSS/PC statistical software
package (SPSS for Windows, 15.0.1, 2006, SPSS Inc.,
Chicago, IL, USA).

Results

Body Weight and Food Intake
The body weights of the animals were similar for all groups

at six months (309 ± 9 g for virgin olive oil group, 301 ± 11 g for
sunflower oil group and 315 ± 13 g for fish oil group). At twenty
four months, fish oil groups showed higher body weight (604 ±
23 g) than virgin olive oil group (534±52g) and sunflower oil
group (508 ± 19 g). No differences concerning food intake were
found between groups or in relation to age.

Alveolar Bone Level and Gingival Histology
Animals fed on sunflower oil showed the significantly highest

bone loss, followed by those fed on fish oil (Figure 1).
Concerning histopathological findings, results are reported in
table 3 and Figure 2. The groups did not differ significantly for
thickness. At 24 months, the number of vessels was lower for
all groups, compared to 6 months, particularly in the sunflower
group. The endothelial cells tended to be activated at 24

months. At 24 months, only the sunflower group showed a high
degree of fibrosis and a moderate degree of inflammation; both
sunflower and fish showed a reduction of cellularity.

Plasma Fatty Acid Profile
Table 4 shows the plasma lipid profile of rats. For saturated

fatty acids, the highest proportion for C14: 0 and C16: 0 were
found for fish oil fed animals, which showed the lowest
proportion for C18: 0. For MUFA, virgin olive oil fed rats
showed the highest proportion for C18: 1n-9 and total MUFA
index. Individual and total n-6PUFA index were the highest for
sunflower oil group. For n-3 PUFA, fish oil fed animals reported
the highest proportions.

Interleukin-Related mRNA Levels
Figure 3 shows the relative quantity (RQ) of Il1b, Il8, Il6 and

TNFα in gum mRNA. Concerning Il1b, changes were found
only between treatments at six months of age, showing that
fish oil fed animals had a higher RQ than sunflower oil fed
animals. Similar changes were also found for Il8. Also
differences between six and twenty four months were found for
virgin olive oil fed animals, showing old animals with a higher
RQ. Concerning Il6, changes between six and twenty four

Figure 1.  Effects of dietary fat type on alveolar bone loss in the mesial and distal roots of the second premolar and the
first molar of young (6 months old) and old (24 months old) rats.  Results are presented as mean ± EEM of bone loss between
6 and 24 months. Lower-case letters, when different, represent statistically significant differences (P< 0.05) between the three
dietary treatments. The figure also shows dental cervical area after stained with methylene blue.
doi: 10.1371/journal.pone.0074234.g001
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months were found only for sunflower oil group, with higher RQ
at twenty four months. TNFα RQ showed no age-related
differences. Animals fed on fish oil presented the highest RQ
both at six and at twenty four months.

Figure 2.  Histological features of gingival tissue in young
(6 months old, left column) and old (24 months old, right
column) rats fed on virgin olive (V), sunflower (S) or fish
(F) oils.  White arrows show areas with activated endothelial
vessels. Black arrows show areas with fibrosis.
doi: 10.1371/journal.pone.0074234.g002

mRNA and Circulating Levels of Bone Resorption
Markers

Figure 4 shows circulating levels and RQ in gum mRNA for
RANKL and OPG. Concerning RANKL, RQ was the highest for
virgin olive oil fed animals at 6 months. Age-related differences
were found only for virgin olive oil group, showing higher values
at six months. Concerning plasma RANKL, differences were
found only associated to age, with animals at six months
showing higher levels, for all dietary treatment, than those at
twenty four months. For OPG RQ mRNA, the lowest value was
found for fish oil fed animals at six months. Age-related
changes were found only for fish oil groups, with animals at
twenty four months showing higher values than those at six
months. Plasma OPG reported at six months that animals fed

Table 4. Plasma fatty acids in rats fed on different dietary
fat sources (g/100g).

Fatty acid or index Virgin olive Sunflower Fish
C14:0 0.7±0.1a 0.6±0.1a 1.1±0.1b

C16:0 20.9±1.3a 20.8±0.5a 25.8±1.3b

C16:1n-9 5.5±0.5b 3.6±0.6a 6.7±0.3c

C18:0 12.4±0.5b 12.8±0.5b 9.9±0.5a

C18:1n-9 26.0±5.3b 10.5±5.3a 11.9±3.7a

C18:2n-6 7.3±0.4b 14.7±2.2c 2.3±0.7a

C20:3n-6 0.3±0.1ab 0.4±0.1b 0.2±0.1a

C20:4n-6 6.7±0.2a 15.7±1.9b 5.8±0.4a

C20:5n-3 0.2±0.1a 0.1±0.0a 8.4±1.1b

C24:0 0.8±0.1a 1.6±0.4b 0.8±0.3a

C24:1n-9 0.9±0.2a 1.1±0.3ab 1.5±0.2b

C22:6n-3 2.0±0.2b 0.6±0.3a 9.0±0.6c

Total saturated fatty acids 37.2±1.5a 38.5±1.1a 40.6±1.7a

Total monounsaturated fatty acids 40.6±1.8b 27.9±3.3a 31.6±2.4a

Total n-6 polyunsaturated fatty acids 19.8±0.7b 32.2±2.7c 9.5±0.4a

Total n-3 polyunsaturated fatty acids 2.4±0.1b 1.4±0.3a 18.3±1.2c

Total polyunsaturated fatty acids 22.2±0.7a 33.6±2.5c 27.8±1.3b

Results show means ± EEM. Lower-case letters, when different, represent
statistically significant differences (P<0.05) between the three dietary treatments.
doi: 10.1371/journal.pone.0074234.t004

Table 3. Histological findings in rat tissue sections stained with haematoxylin and eosin.

 6 months 24 months

 Virgin olive Sunflower Fish Virgin olive Sunflower Fish

Thickness (mm) 0.25 0.23 0.21 0.24 0.22 0.23

Vessel number 9.8±1.2 9.6±1.2 10.2±1.4 8.9±1.1 8.3±1.1 9.2±1.3

Endothelial activation (vase x 5HPF) 1 2 2 2 4 4

Fibrosis +/- + + +/- ++ +

Cellularity (cells x HPF) <20 <20 <20 <20 <10 <10

Inflammation - - +/- +/- + +/-

doi: 10.1371/journal.pone.0074234.t003
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on virgin olive oil showed the lowest concentration. Virgin olive
oil and fish oil fed rats reported higher concentrations at twenty
four than at 6 months.

Apoptosis, Autophagy, Biogenesis, Mitochondrial
Electron Transport Chain and Antioxidant Enzymes-
Related Genes

RQ mRNA for genes related to apoptosis, autophagy,
biogenesis, mitochondrial electron transport chain and
antioxidant enzymes are presented in table 5. Concerning
apoptosis, RQ for Bad, age related differences were found for
virgin olive- and fish oil fed groups, with old animals showing
higher values than those at six months of age. Concerning Bax,
differences were found only between six and twenty four
months for virgin olive oil, with the aged group showing the
highest RQ. RegardingBcl2, RQ at six months was higher for
sunflower oil fed animals compared with fish oil fed animals.
Age-related changes were found for virgin olive- and fish- oil

fed animals, always with higher values for old animals. In
relation to autophagy, for Atg5, differences between young and
old animals were found for virgin olive- and fish- oil groups,
with old animals showing higher values. In relation to LC3, at
six months, the highest RQ was found for sunflower oil group.
At twenty four months, the highest RQ was found for virgin
olive oil fed animals. Differences concerning age were found
for virgin olive oil and fish oil groups, with old animals showing
higher values than the young animals.

Concerning biogenesis, for Tfam RQ at twenty four months,
the highest value was found for virgin olive oil fed animals.
Virgin olive oil and sunflower oil groups presented higher RQ at
twenty four months than at six months. Similar results were
found for PGC1 and Sirt1 RQ. Three genes related to complex
I from the mitochondrial electron transport chain were
analyzed. Two of these genes are from mitochondrial DNA
origin (MT-ND1 and MT-ND4) and the other from nuclear origin
(Ndufs1). Concerning MT-ND1, at twenty four months virgin

Figure 3.  Effects of dietary fat type on Interleukin-related mRNA levels in gingival tissue of young (6 months old) and old
(24 months old) rats fed on virgin olive (V), sunflower (S) or fish (F) oils.  Results are presented as mean ± EEM. Asterisk (*)
means a statistically significant difference between the same dietary treatment for rats aged 6 and 24 months. Lower-case letters,
when different, represent statistically significant differences (P< 0.05) between the three dietary treatments at 6 months. Upper-case
letters, when different, represent statistically significant differences (P< 0.05) between the three dietary treatments at 24 months.
doi: 10.1371/journal.pone.0074234.g003
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olive oil fed animals showed the highest RQ. Differences
related to ageing were found for virgin olive oil group, with
higher RQ at twenty four months. In relation to MT-ND4 and
Ndufs1, similar results were found. At six months the lowest
RQ was found for fish oil fed animals. At twenty four months,
the highest value was found for virgin olive oil group. Age-
related differences were found for virgin olive and fish oil
groups, being higher at twenty four months. Regarding the
antioxidant enzyme superoxide dismutase (SOD), both
cytoplasmic (SOD1) and mitochondrial (SOD2) reported almost
similar RQ. Sunflower oil led to the highest RQ at six months.
Virgin olive and fish oil presented higher values at twenty four
months than at six months. Similar values were found for Nrf2
RQ.

Lipid Peroxidation at the Gums
Lipid peroxidation at the gums was evaluated through the

TBARS assay (table 5). At twenty four months the highest
concentration was found for sunflower oil fed animals. Age led
to differences for virgin olive and fish oil fed animals, with
higher concentrations at six months, compared with twenty four
months.

Discussion

Rats fed on virgin olive oil showed the highest relative
concentrations of MUFA, the rats fed on sunflower oil showed
the highest relative concentrations of n-6 PUFA and the rats
fed on fish oil showed the highest relative concentrations of n-3
PUFA. These finding suggest a proper adaptation of animals to
dietary fat [17,18]. In humans, age has been shown to affect

Figure 4.  Effects of dietary fat type on gingival mRNA and circulating levels of bone resorption markers (RANKL and OPG)
of young (6 months old) and old (24 months old) rats fed on virgin olive (V), sunflower (S) or fish (F) oils.  Results are
presented as mean ± EEM. Asterisk (*) means a statistically significant difference between the same dietary treatment for rats aged
6 and 24 months. Lower-case letters, when different, represent statistically significant differences (P< 0.05) between the three
dietary treatments at 6 months. Upper-case letters, when different, represent statistically significant differences (P< 0.05) between
the three dietary treatments at 24 months.
doi: 10.1371/journal.pone.0074234.g004
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the severity and progression of periodontitis, with older adults
appearing to carry a disproportionate risk for periodontitis
[19,20]. Some other studies have also been carried out in the
same way [e.g. 21,22]. In 1994 [22], Burt reported that a loss of
periodontal attachment and alveolar bone tended to occur in
older patients. Moreover it was proven that aging of the
periodontal tissue participates in the development of
periodontitis in elderly persons [23]. In rats, Arai et al. [24]
stated that the periodontal bone of rats has similar profiles to
humans in terms of resorption with aging. These authors
suggested that the rat is a good model for the study of
periodontal research on elderly humans. Our results showed
differences regarding alveolar bone loss with aging depending
on the dietary fat. Sunflower oil fed animals reported the
highest bone loss, followed by those rats fed on fish oil and
finally by animals fed on virgin olive oil. Several studies have
investigated the potential effects of different fatty acids, mainly
n-3 PUFA, derived from diet or as supplements, on periodontal
disease, both in humans [25-30], and in experimental models
[31-33]. In humans, almost irrelevant has been the study of
MUFA, with one study using olive oil (not virgin olive oil) as
placebo [25]. Two studies focused on gingivitis [25,26] and
results did not show positive effects for n-3 PUFA treatment,
but it should be highlighted that alveolar bone loss never
occurs among gingivitis outcomes. However, in general, and
despite the varying experimental conditions (patient size,
periodontal measures, and others), a protective association of
n-3 PUFA on periodontitis was found after treatment or with
higher intake of these fatty acids [27,28,30]. In animals, all
revised studies focused on n-3 PUFA. Results were different

depending on the dietary treatment schedule, duration and on
the way of inducing periodontitis. Overall, when periodontitis
was induced by injection of bacterial lipopolisaccharide, n-3
PUFA did not lead to reductions in alveolar bone loss [31].
However, when bacterial inoculation was used, n-3 PUFA
reduced alveolar bone loss in a significant manner [32,33]. In
any case, these studies do not take in account the influence of
age and diet in periodontal health.

Our study is based on the development of alveolar bone
resorption, based on aging. This model gives us some
important data of what happens in humans, more than with
those obtained by the simple inoculation of bacteria or
bacterial-derived toxins. Nevertheless, and irrespective of the
way periodontitis was induced, it is well known that the onset of
this disease is due to bacterial infection [5]. Most studies have
focused on inflammation, and to a lesser extent, on other
mechanistical events like apoptosis. In the present study, we
measured circulating levels of several cytokines (data not
showed) together with mRNA relative amount of IL1b, IL6, IL8
and TNFα in gingival tissue. Overall, circulating levels of
inflammatory cytokines were higher for older groups but not
different depending on treatment (data not showed), and
something similar happened for mRNA at the gum level. The
lack of differences concerning cytokines could be ascribed to
the fact that periodontal inflammation was not promoted.

The discovery of the RANK–RANKL–OPG system has
brought rapid progress in the understanding of the regulatory
mechanisms of osteoclast differentiation and activation exerted
by the immune system [34]. Increased RANKL or decreased
OPG local expression can cause bone resorption at various

Table 5. Effects of dietary fat type on gingival mRNA levels (RQ) of genes related to apoptosis (Bad, Bax and Bcl2),
autophagy (Atg5 and LC3), biogenesis (Tfam, PGC1 and Sirt1), mitochondrial electron transport chain (MT-ND1, MT-ND4
and Ndfus1) and antioxidant system (Nrf2, SOD1 and SOD2), as well as gum levels of thiobarbituric acid reactive
substances (TBARS, nmol/mg) of young (6 months old) and old (24 months old) rats.

 6 months 24 months

 Virgin olive Sunflower Fish Virgin olive Sunflower Fish
Bad 1.09±0.17* 1.46±0.12 1.11±0,11* 3.29±0.74 2.85±0.09 1.98±0.12
Bax 1.10±0.17* 1.57±0.28 1.11±0,19 2.91±0.76 2.11±0.48 2.12±0.70
Bcl2 1.05±0.13ab* 1.42±0.27b 0.95±0,04ª* 2.19±0.41 1.93±0.50 2.13±0.41
Atg5 1.06±0.14* 1.33±0.28 0.94±0,09* 1.97±0.45 1.53±0.26 1.58±0.36
LC3 1.07±0.14ab* 1.43±0.34b 0.89±0,09ª* 2.78±0.53B 1.71±0.40A 1.68±0.43A

Tfam 1.11±0.19* 1.30±0.26 0.82±0,09* 2.99±0.59B 1.24±0.26A 1.63±0.44A

PGC1 1.15±0.23* 1.50±0.33 1.90±0.34* 4.07±0.51B 1.91±0.48A 3.06±0.19A

Sirt1 1.36±0.12* 1.43±0.21 0.87±0.33* 2.95±0.38B 1.41±0.21A 1.83±0.18A

MT-ND1 1.17±0.21* 1.59±0.44 0.89±0,29 3.78±0.80B 1.25±0.31A 1.74±0.38A

MT-ND4 1.14±0.18b* 1.50±0.40b 0.71±0,10ª* 3.04±0.78B 1.09±0.27A 1.30±0.26A

Ndfus1 1.21±0.26b* 1.56±0.40b 0.61±0,05ª* 3.39±0.75B 1.08±0.28A 1.19±0.30A

SOD1 1.09±0.16ª* 1.72±0.40b 0.87±0,81ª* 2.68±0.65 2.02±0.26 2.26±0.83
SOD2 1.13±0.21ab* 1.67±0.42b 0.81±0,07ª* 2.73±0.77 2.15±0.68 1.75±0.45
Nrf2 1.07±0.09a* 1.61±0.21b* 1.05±0.13a* 3.00±0.39 2.64±0.36 3.25±0.49
TBARS (nmol/mg) 0.13±0.01* 0.16±0.01 0.14±0.03* 0.09±0.01B 0.16±0.02C 0.06±0.01A

Results show means ± EEM. Asterisk (*) means statistically significant difference between the same dietary treatment for rats aged 6 and 24 months. Lower-case letters,
when different, represent statistically significant differences (P< 0.05) between the three dietary treatments at 6 months. Upper-case letters, when different, represent
statistically significant differences (P< 0.05) between the three dietary treatments at 24 months.
doi: 10.1371/journal.pone.0074234.t005
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sites of the human skeleton. It has been demonstrated that
RANKL is up-regulated, whereas OPG is down-regulated in
periodontitis, compared to periodontal health, resulting in an
increased RANKL/OPG ratio [35]. Here, the RANKL/OPG ratio
was higher in old animals compared with the young ones (data
not showed) demonstrating that aging is a condition that favors
bone loss. We found that mRNA levels of RANKL decreased
with aging, as well as circulating levels of this molecule. On the
other hand, OPG was higher for old animals, but not for those
fed on sunflower oil. Something similar was also true for mRNA
levels of OPG at the gingival tissue. It might be expected that
aging would lead to increased concentrations and mRNA levels
of RANKL and the opposite occurred for OPG, resulting in a
loss of bone and thereafter a pro-periodontitis scenario.
However, results found in the present study, for virgin olive and
fish oil fed animals are in agreement with results from other
studies suggesting that OPG acts as a defensive mechanism
during aging in order to avoid an excess of bone destruction
induced by an excess of RANKL stimulation. In that sense,
Wada et al. [36] found that LPS-stimulation of human
fibroblasts produced more OPG than RANKL. Benatti et al. [37]
found that periodontal ligament cells from aged humans
expressed higher mRNA levels of OPG than younger
counterparts, meanwhile no changes in RANKL were reported.
These authors suggested that the high OPG levels may be a
response of the organism in an attempt to counteract the
reductions in bone mass that occur throughout adulthood. One
interesting finding is that this mechanism would depend on
dietary conditions, as suggested by results from the present
study.

In order to try to understand mechanisms involving bone
resorption in relation to age and dietary fat treatment we
analyzed by RT-PCR mRNA abundance for genes related to
apoptosis, autophagy, mitochondrial biogenesis, mitochondrial
electron transport chain and antioxidant enzymes. Several
studies have shown age-related changes in the levels of
proteins and factors that regulate apoptosis [e.g. 38]. In
gingival tissue, an age-dependent increase has been shown in
the number of TUNEL-positive cells in the subepithelial
connective tissue [39]. Jarnbring et al. [40] in 2002 found
reduced proliferation and increased apoptosis in the most
apical part of the pocket in patients with periodontitis, indicating
a net loss of keratinocytes in this area. In the present study,
aging led to higher values for Bad and Bax, which are pro-
apoptotic molecules, but also for the antiapoptotic Bcl2, only for
two of the dietary treatments, virgin olive and fish oil, but not for
sunflower oil treated animals. Autophagy may occur as a
targeted process driven to eliminate damaged mitochondria
(mitophagy) and also has important roles in the cellular
adaptation to stress, innate immune responses, and as a
quality-control mechanism. Again, we found higher values with
aging for RQ mRNA in LC3 and ATG5 genes only in animals
fed on virgin olive and fish oil groups. Tfam, a marker of the
biogenesis process, implicated in the natural turnover of
mitochondria [41] reported, as for apoptosis and autophagy-
related genes, no differences concerning to the aging process
in animals fed on sunflower oil, although animals fed on virgin
olive and fish oil led to higher values for aged animals. The

other two markers of apoptosis, namely PGC1 and Sirt1,
reinforced Tfam observation.

The mitochondrial theory of aging [42] postulates that cellular
aging is the product of mutations in the mitochondrial DNA
(mtDNA) genome as a result of oxidative damage. As a result
of accumulated damage to mtDNA, the mitochondrial blueprints
are markedly altered, thus perpetuating the production of
aberrant ETC (electron transfer chain) components [43].
According to that, we investigated elements from the
mitochondrial ETC together with elements of the antioxidant
system and markers of oxidation. In all situations, studied
molecules reported similar results than those found for the
previously discussed markers. If MDA levels at 24 months are
considered, the highest values were found for those animals
with the highest n-6PUFA percentage, i.e. animals fed on
sunflower oil. It is well know, that despite fish oil having higher
total PUFA than sunflower oil, the fact that most of them come
from n-3PUFA, which are endowed with anti-inflammatory
properties, lead in vivo to lower values of lipid peroxidation than
seed oils, more rich in n-6PUFA, with high pro-inflammatory
capacity. That, together with a potentially different induction of
detoxifying enzymes might explain the only apparently
contradictory finding regarding MDA levels and fatty acid
composition. Something similar may be applied for 6 months
old animals, although at this age differences are not significant
concerning MDA levels with respect to sunflower oil fed
animals. Overall, results from the present study reinforce other
recent reports in which the role of virgin olive oil during aging
has been highlighted in comparison with sunflower oil. Thus,
Santos-González et al. [44] reported how feeding animals on
olive oil for a period of 24 months led to a markedly different
plasma proteome when compared with sunflower fed animals.
In particular, animals fed on virgin olive oil led to a better
modulation of inflammation, homeostasis, oxidative stress, and
cardiovascular risk during aging.

To summarize, it seems that alveolar bone loss associated to
age may be conditioned by dietary fat. In the present study we
demonstrated that n-6PUFA are responsible for a greater
alveolar bone loss associated to age. The mechanisms
involved in this phenomenon are related with an ablation of the
cell capacity to adapt to aging. Thus, MUFA or n-3PUFA might
allow mitochondrial maintaining turnover through biogenesis or
autophagy. They might are also able to induce the
corresponding antioxidant systems to counteract age-related
oxidative stress, and do not inhibit mtETC machinery. From the
nutritional and clinical point of view, the interest of the present
study resides in the finding that the excess of alveolar bone
loss (a feature of periodontal diseases) associated to age may
be targeted by an appropriate dietary treatment. Interesting,
some of the potential treatments could be similar to those
proposed for the prevention and treatment of some
cardiovascular diseases, a group of pathologies recently
associated with age-related periodontitis.
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