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1. INTRODUCTION

Oral health is of great importance by itself, but also because it has 
been related with an increasing number of systemic conditions 
such as cardiovascular or liver diseases [1]. Aging, which is a phys-
iological situation and not a disease, is, however, associated with 
the so-called age-related diseases. These diseases increase their 
incidence during aging and interfere with the physiological pro-
cess of “healthy aging” [2]. Among oral diseases associated with 
general health, periodontitis characterized by the breakdown of the 
tooth-supporting tissues and alveolar bone loss has focused atten-
tion [3]. A common link among periodontitis, cardiovascular, and 
liver diseases as well as aging is the importance of dietary habits 
[4–7]. One of the nutritional factors that affect health to a greater 
extent is dietary fat, both when considered from the point of view 
of the total amount of eaten fat as well as when dietary fat type is 
taken into account [8]. As is well known, the intake of excess of fat, 
irrespective of its nature, lead to a higher susceptibility to cardio-
vascular diseases such as atherosclerosis [9] or to the suffering of 
fatty liver and other nonalcoholic fatty liver disease such as non-
alcoholic steatohepatitis (NASH) [10]. In recent years, it has been 
described how normolipidic diets rich in specific unsaturated fatty 
acids such as those from seed oils (e.g., sunflower oil) increases 

atherosclerosis, NASH, and periodontitis, all of them particularly 
during aging [11–13]. The way different unsaturated fats affect 
health is related to several aspects including their susceptibility to 
provoke inflammation [14], oxidative stress [15], and of course the 
consequences derived from the formation of biological membranes 
enriched in one or another type of fatty acid [16]. The latter has 
been widely observed in humans and experimental animals that 
biological membranes and blood adapt to the type of fat in the diet 
[17]. In this sense, and as with the rest of biological membranes, 
mitochondria also build their lipid bilayers using part of the fatty 
acids supplied by the diet [16]. Thus, these organelles, which are 
involved in aging and the aforementioned diseases, are especially 
affected by dietary fat and are another route through which fat 
conditions health [18]. In this way, it has been shown that rats 
fed throughout their lives with fatty sources enriched in monoun-
saturated fatty acids such as those from virgin olive oil presented 
minor alterations associated with age from the point of view of 
the periodontium [11]. However, when the animals were fed with 
sunflower oil, a greater resorption of the alveolar bone associated 
with age was observed [11]. By analyzing the possible mechanisms 
through which this took place, the mitochondria appeared to play  
a major role in the process [11].

Based on all the above, the present research has focused on study-
ing the involvement of the mitochondrial ultrastructure of the gin-
giva of old rats fed with different types of unsaturated fat (virgin 
olive, sunflower, or fish oil). In addition, the relationship of the 
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A B S T R AC T 
This study investigated the effects of feeding rats for 24 months on different unsaturated fats (virgin olive, sunflower, or fish 
oil) on gingival mitochondrial ultrastructure and expression of genes related to mitochondrial biology as well as the amount 
of circulating fatty acids in the plasma. Results show that sunflower oil led to a higher mitochondrial area, perimeter, and 
area:perimeter ratio, markers of swelling, and increased age. Sunflower oil also led to increased gene expression associated to 
biogenesis, autophagy, oxidative stress, and apoptosis. Genes related to mitochondrial electron chain did not result affected by 
treatments. As old rats lifelong fed on sunflower oil have previously showed higher alveolar bone resorption, a major feature of 
periodontitis, we could conclude that age-related alveolar bone resorption associated with n6PUFA would be, at least in part, 
mediated by changes in mitochondrial ultrastructure and gene expression at the gingival tissue. 
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ultrastructural findings with the gingival expression of a series of 
genes related to mitochondrial biology as well as the amount of  
circulating fatty acids in the plasma of rats has been studied.

2. MATERIALS AND METHODS

2.1. Experimental Design

In this study, 18 male Wistar rats (Rattus norvegicus) initially 
weighing 80–90 g were used. They were placed in a thermostated 
room (20°C) with cycles of 12 h of darkness and 12 h of light for 
24 months. Animals were randomized into three experimental 
groups of 12 animals each that differed in the provided diet. They 
were fed from weaning until 24 months of age with a semisynthetic 
and isoenergetic diet according to the AIN93 criteria described by 
Reeves et al. [19], with the exception of dietary fat, which was, 
according to the experimental group, virgin olive, sunflower, or 
fish oil. Up to 2 months of age, the AIN-93G version was admin-
istered and from that age until the end of the study, the AIN-93M 
diet was administered. Table 1 shows the lipid profile of the differ-
ent experimental diets. Twenty-four months from the beginning 
of the experiment, six rats were killed per group. The rats were 
sacrificed by cervical dislocation followed by decapitation, at the 
same time of day to avoid any circadian fluctuation. The animals 
were treated in accordance with the guidelines of the Spanish 
Society of Laboratory Animals and the study was approved by the 
Ethics Committee of the University of Granada (permit number 
20-CEA-2004). 

2.2.  Fatty Acid Analysis of Dietary Fats  
and Plasma

The fatty acid profile of dietary fats and plasma was determined 
using the method of Lepage and Roy [20]. A gas–liquid chro-
matograph Model HP-5890 Series II (Hewlett Packard, Palo Alto, 
CA, USA) equipped with a flame-ionization detector was used to  

analyze fatty acids. Chromatography was performed using a 60-m-
long capillary column, 32-mm i.d., and 20-mm thick impregnated 
with SpTM 2330 FS (Supelco Inc. Bellefonte, Palo Alto, CA, USA). 
The injector and detector were maintained at 250°C and 275°C, 
respectively, nitrogen was used as a 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, 6°C/min 
to 195°C, 4°C/min to 220°C, 2°C/min to 230°C, hold 12 min,  
1°C/min at 160°C.

2.3.  Preparation of Samples for Transmission 
Electron Microscopy

At the time of killing the animals, the gums were removed and cut 
appropriately for observation by Transmission Electron Microscopy 
(TEM). Gum cuts were prefixed in 1.5% formaldehyde and 1% caco-
dylate buffer at pH 7.4 for 2 h at 4°C. After three washes in the caco-
dylate buffer, samples were fixed in 1% osmium tetroxide for 60 min at 
4°C. Subsequently, the samples were dehydrated in ethanol and embed-
ded in an Epon resin. After a night long incubation at 65°C, ultrafine 
tissue sections were cut with a diamond blade, using an ultracut. These 
tissue sections were placed on 200 copper mesh screens. All sections 
were stained with uranyl acetate and contrasted with lead citrate. For 
its observation, a Carl Zeiss electronic microscope (Oberkochen, 
Germany) EM10C was used in the Biomedical Research Center of the 
University of Granada, Health Technology Park.

2.4. TEM Image Analysis

Once gingival samples were prepared and observed under TEM, 
40,000× magnification images were acquired for Image J [21] analysis. 
Free-hand tool was selected to round entire mitochondria and the 
following parameters were measured: area (µm2); perimeter (µm);  
area:perimeter ratio; length (µm); width (µm); circularity [4π × 
(area)/(perimeter)2], which is a bidimensional index of sphericity, 
where 1 represents the perfect circle and when number tends to 
0 means mitochondria is increasingly long; aspect ratio (major 
axis:minor axis), which represents the relationship between 
length and width; cytoplasmic area occupied by mitochondria 
(%), which represents mitochondrial density in each image; mito-
chondrial quality, which through a semiquantitative scale join 
mitochondria in four groups (I–IV) according to integrity.

2.5. RT-PCR Analysis of Gingival Samples

After killing the animals, gingival tissue was removed and preserved 
in RNA later at −80°C until analysis. Total RNA was extracted using 
RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) following 
manufacturer’s condition. The quantity and purity of the RNA were 
determined from the absorbance at 260/280 nm. About 20 ng of total 
RNA was reverse-transcribed into cDNA using Multiscribe enzyme 
(Applied Biosystems, Waltham, Massachusetts, USA) in accordance 
with the manufacturer’s protocol. Abi 7900 Real-Time PCR system 
and real-time PCR kit (TaqMan® Gene Expression Assays, Applied 
Biosystems, Waltham, Massachusetts, USA) were used based on the 
manufacturer’s instruction. GUSP was used as an internal control.  

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

Fatty acid or index
Oils

Virgin olive Sunflower Fish

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
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PCR thermal cycling was developed in three steps. Step 1 at 50°C 
lasting 2 min. Step 2 at 95°C lasting 10 min, and a final step with  
40 cycles at 95°C lasting 15 s and at 60°C lasting 1 min.

2.6. Statistical Analysis

The results are presented as mean ± SEM for all representative 
experiments. Normality (Kolmogorov–Smirnov test) and vari-
ance homogeneity (Levene test) were tested. When a variable was 
found not to follow normal distribution, nonparametric analysis 
(U Mann–Whitney and Kruskal–Wallis) was followed. For those 
following normal distribution, one-way ANOVA followed by post-
hoc analyses (Bonferroni or Tamhane T2) was applied. The level 
of significance was set at P < 0.05. SPSS 24.0 (IBM SPSS statistics, 
Armonk, NY, USA) was used for all statistical analysis.

3. RESULTS

3.1. Gingival Mitochondrial Ultrastructure

Figure 1 presents area, perimeter, and area:perimeter ratio in gingi-
val mitochondria from rats aged 24 months. For the three studied 
parameters, animals fed on sunflower oil led to significantly higher 
values than those fed on virgin olive oil. Animals fed on fish oil did 
not exhibit differences with the rest of groups.

Figure 2 presents width and height in gingival mitochondria. For 
both parameters, the lowest values were found in animals fed on 
virgin olive oil. Those fed on sunflower oil reached the highest 
values for width and height.

Figure 3 shows circularity of gingival mitochondria. No differ-
ences were found between dietary treatments. Figure 4 presents the 

Figure 1 | Small (A) and large (B) gingival mitochondria (40,000×) and area (C), perimeter (D), and area:perimeter ratio in gingival mitochondria from 
old rats fed on virgin olive, sunflower, or fish oil. Columns not sharing superscript letters are significantly different (p < 0.05).

A B C

D
E

Figure 2 |  Width (A) and height (B) in gingival mitochondria from old rats fed on virgin olive, sunflower, or fish oil. Columns not sharing superscript 
letters are significantly different (p < 0.05).

A B



64 M.D. Navarro-Hortal et al. / eFood 1(1) 61–68

Figure 5 | Cytoplasmic area occupied by mitochondria in gingiva from 
old rats fed on virgin olive, sunflower, or fish oil. Columns not sharing 
superscript letters are significantly different (p < 0.05).

Figure 3 | Gingival mitochondria with a low (A) or high level (B) of 
circularity (40,000×), and mean circularity (C) in gingival mitochondria 
from old rats fed on virgin olive, sunflower, or fish oil.

A B

C

aspect ratio of gingival mitochondria. No statistically significant 
differences were found between dietary treatments.

Figure 5 shows gingival mitochondrial density presented as the 
surface of cytoplasm occupied by mitochondria. The lowest  
density was found in animals fed on virgin olive oil. The highest 
density was found in sunflower oil fed rats.

Figure 6 shows gingival mitochondrial integrity. No differences 
were found between the four different categories for all the dietary 
treatments.

3.2. Gingival Gene Expression Profiling

Figure 7 represents gene expression changes (relative mRNA levels) 
associated with aging in the gingiva of animals fed on virgin olive, 
sunflower, or fish oils, respectively. Genes associated with mito-
chondrial mass, apoptosis, electron transport chain, and antiox-
idant defense were assayed. Concerning mitochondrial mass, no 
differences were found for MtDNA copy number neither for LC3 
gene. Expression of 18S, Tfam, and Atg5 was found to be higher 
in animals fed on sunflower oil compared with those fed on virgin 
olive oil, but not with those fed on fish oil. Concerning apopto-
sis related genes, Bcl2, Bcl2I1, and Bad expression was higher for  
animals fed on sunflower oil compared with those fed on virgin olive 
oil and for Bcl2I1 compared with fish oil group. Neither any differ-
ences were found for genes associated with electron transport chain, 
namely, Ndufs1, MT-ND1, and MT-ND4, nor for the frequency of 
the ND1/ND4 mtDNA deletion. Finally, concerning antioxidant- 
related enzymes, no differences were found for Sod2. Sod 1, Cat, and 
GPx1 reported to be higher in sunflower oil group compared with 
virgin olive. Moreover, Gpx1 and Sod1 were found to be higher in 
the sunflower oil group compared with those in the fish oil group.

3.3. Plasma Fatty Acids Profile

Figure 8 shows the plasma lipid profile of old rats. Plasma con-
centration of C14 was higher in fish oil-fed rats. No differences 

Figure 4 | Gingival mitochondria with a (A) high or a low aspect ratio 
(40,000×), and the mean aspect ratio (B) in gingival mitochondria from 
old rats fed on virgin olive, sunflower, or fish oil.

A

B
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for C20:4n6. Concerning C20:5n3, fish oil showed higher values 
than the rest of the groups. No differences were found for C24:1n9; 
meanwhile, C22:6n3 was higher in animals fed on fish oil followed 
by those fed on virgin olive oil. Regarding indices, total saturated 
fatty acids were higher in animals fed on sunflower oil compared 
with those fed on fish oil. Total monounsaturated fatty acids 
(MUFA) were higher in animals fed on virgin olive oil, total poly-
unsaturated fatty acids (PUFA) were higher in sunflower oil group. 
Total n6PUFA were higher in animals fed on sunflower oil; mean-
while, total n3PUFA were higher in fish oil group. MUFA:PUFA 
ratio was higher in animals fed on virgin olive oil, and finally, 
n6PUFA:n3PUFA ratio has higher in sunflower oil fed animals fol-
lowed by those fed on virgin olive oil.

4. DISCUSSION

Periodontitis is a pathology related to aging in humans, with older 
adults showing a much-augmented risk [22,23]. The rat has been 
showed to be a good model for periodontitis. In that sense, Arai 
et al. [24] reported that the periodontal bone of rats has similar 
profiles to humans in terms of resorption with aging. Mitochondria 
are closely related to the aging process according to the mitochon-
drial theory of aging [25]. These organelles have also been related 
to periodontitis in a previous study from our group. In this study, 
we found that animals fed lifelong on sunflower oil-based diets had 
higher alveolar bone resorption, a feature of periodontitis [11].  
In the present study, using the same approach that in the abovemen-
tioned research, we focused on the changes at the mitochondrial  
ultrastructure.

The initial observations suggesting a connection between mito-
chondrial structure and function were obtained on ex vivo- 
isolated mitochondria [26]. More recently, a correlation between 
mitochondrial ultrastructure and output performance has been 
confirmed [27,28]. In the present study, higher mitochondrial 
area, perimeter, and area:perimeter ratio, a marker of swelling 
[29], was found in animals fed on sunflower oil compared with 
those fed on virgin olive oil, although no differences were found 

Figure 6 | Gingival mitochondria integrity (A) types I, II, III, and IV (40,000×), and mean level for each integrity type (B–E) in gingival mitochondria 
from old rats fed on virgin olive, sunflower, or fish oil.
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Figure 7 | Gingival mRNA amount (relative quantity compared with 
6-month old animals) from old rats fed on virgin olive, sunflower, or fish oil. 
*Statistical difference (p < 0.05) virgin olive oil vs. sunflower oil fed animals. 
#Statistical difference (p < 0.05) fish oil vs. sunflower oil fed animals.

were found for C16 nor C16:1n9 fatty acids. C18 was lower in fish 
oil group, C18:1n9 was higher in animals fed on virgin olive oil; 
meanwhile, C18:2n6 was higher in animals fed on sunflower oil, 
followed by those fed on virgin olive oil, these results were similar 
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Figure 8 | Plasma fatty acids profile from old rats fed on virgin olive, sunflower, or fish oil. For each fatty acid or index, columns with different superscript 
letters are statistically different (p < 0.05). MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids.
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with rats fed on fish oil. These results are similar to those found 
in the liver of these animals [13]. These features are typical of 
aged mitochondria [30] and might be related to a process of 
swelling in animals fed on sunflower oil, as stated for the liver. 
The width and the height of sunflower oil-fed animals’ mitochon-
dria were higher than those from virgin olive oil fed animals. 
However, no changes were found between dietary treatments 
neither for circularity, a marker of loss of control [31] nor for 
aspect ratio, a marker of mitochondrial fission [32]. Contrarily, 
the cytoplasmic area occupied by mitochondria followed the 
same behavior observed for area and perimeter, with sunflower 
oil fed rats reporting the highest values. This parameter could 
be an approach to the mitochondrial density. Therefore, it seems 
that feeding with sunflower oil resulted in a greater mitochon-
drial mass. Fish oil showed intermediate results but without sta-
tistically significant differences. The absence of differences in 
mtDNA copy number suggests that there is a higher cytoplas-
mic area occupied by mitochondria and the changes observed in  
morphometry could be attributed to an increase in the size of 
the mitochondria due to a higher mitochondrial swelling, typical 
of more aged mitochondria, associated with the sunflower oil-
based diet. However, expression of Tfam and 18S genes, which 
are markers of mitochondrial biogenesis [33] suggests that this 
process would be increased in sunflower oil fed animals accord-
ing to the mRNA observed levels, although something similar 
was observed for some genes related to autophagy and apoptosis. 
However, mRNA levels of genes encoding for mitochondrial elec-
tron transport chain components did not show statistically signif-
icant differences between treatments. Therefore, as mtDNA copy 
number can ascertain, biogenesis machinery induction would 
not be effective to counteract autophagy effects. The expression 
of some genes supports the idea that the cells try to adapt to the 
n6PUFA diet, but this is not enough to prevent mitochondrial 
swelling in aged animals.

As stated, these are not the first observations about the effect of 
dietary fats on aged mitochondria in different tissues. Varela-
Lopez et al. [13] reported that sunflower oil led to changes in the 
morphometry of liver mitochondria, which were associated with 
changes in the function of these mitochondria. In the same way, 
Khraiwesh et al. [30] showed that liver mitochondria from calorie- 
restricted mice fed on soy oil also led to changes in the ultrastruc-
ture in some aspect similar to those found in gingiva in the present 
study and in liver in earlier studies [13] for sunflower oil-fed ani-
mals. Noteworthy, soy and sunflower oils are very rich in n6PUFA, 
so the lipid profile might be responsible, at least in part, for the 
observed findings. When circulating lipid profile is studied, it can 
be observed that dietary lipid profile was reflected in plasma, with 
animals fed on virgin olive oil showing a higher concentration of 
oleic acid and the rest of MUFA than the other dietary treatments. 
Similarly, animals fed on sunflower oil led to higher amounts of 
linoleic acid and the other n6PUFA; meanwhile, n3PUFA were 
found to be higher in fish oil-fed animals. Similar to that hap-
pening, in the present study the plasma, liver, heart, and muscle 
mitochondria have shown similar adaptations to lipid profile in the 
past [34–36]. In the present study, and because the small amount 
of available tissue it was not possible to evaluate fatty acid profile 
in gingival tissue.

Changes observed in mitochondrial ultrastructure might be related 
with other mitochondrial features derived from the particular 

fatty acid composition of membranes after dietary intake of dif-
ferent unsaturated fats for the whole life. In this sense, it has been 
observed earlier that lipid peroxidation was higher in gingival tissue 
of aged rats fed on sunflower oil [11]. This effect on oxidative stress 
can be indirectly followed in the present study through the analy-
sis of gene expression. Thus, the mRNA levels of some antioxidant 
enzymes, namely Gpx1, Cat and SOD1, were higher in the animals 
fed on sunflower oil. Concerning another mitochondrial markers 
of damage, such as ND1/ND4 deletion, no differences were found, 
which is in opposition to observations from the liver of old rats fed 
on sunflower oil at an 8% w/w [31].

Summarizing, lifelong feeding on different dietary unsaturated 
fats affects mitochondrial ultrastructure and gene expression in 
the gingiva of old rats in different ways. Those fed on sunflower oil,  
a dietary fat type rich in n6PUFA, showed important differences 
in such aspects compared with animals fed on virgin olive oil, 
mainly rich in MUFA. However, differences found in animals 
fed on fish oil with respect to any of the other two dietary fats 
were not enough to reach statistically significant differences. As 
old rats fed lifelong on sunflower oil have showed higher alveolar 
bone resorption in earlier studies, a major feature of periodonti-
tis, we could conclude that age-related alveolar bone resorption 
associated with n6PUFA would be, at least in part, mediated by 
changes in the ultrastructure of mitochondria at the gingival 
tissue. This should be considered in the future when therapies 
against periodontitis or dietary treatments to prevent this disease 
would be formulated.
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