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Abstract

Extending life by delaying the aging process has been proven to be the most effective way to fight multiple chronic diseases in elderly
adults. Evidence suggests that longevity is inversely related to unsaturation of membrane phospholipids. This study investigated how different
unsaturated dietary fats affect life span and cause of death in male Wistar rats fed diets based on virgin olive oil (V), sunflower oil (S), or fish oil
(F), which were supplemented or not with Coenzyme Q10 (CoQ,,). Previous results suggest that individual longevity and survival probability
at different ages may be modulated by an appropriate dietary fat treatment. Lifelong feeding with V or F diets would reduce death probability
compared to feeding with S diet at certain ages, although the effects of V diet would be maintained for most of life. Furthermore, the addition
1o reduced mortality associated with S diet, but CoQ,,
oil or fish oil. Supplementation with low doses of CoQ,, failed to increase the maximum life span potential of rats fed a V or F diet. No clear
evidence showing that monounsaturated fatty acids, n-3 polyunsaturated fatty acids, or CoQ,, exerted the observed effects by modulating the

of lower amounts of CoQ had no effect on survival when combined with virgin olive

rate of aging has been found.
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Longevity is influenced by numerous environmental, span, at least in experimental models. Currently, some authors have

sociodemographic, behavioral, and dietary factors; therefore, lon-
gevity is a very complex phenomenon. It is known that nutrition has
an important impact on overall mortality and morbidity, so nutrition
may contribute to extend life expectancy. In fact, some components

,

of the diet (ie, foods or their components), termed “geroprotectors’
by the gerontologist Ilya Mechnikov (1), are thought to increase life
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extended this term to any intervention with similar consequences,
including modifications on the diet energy and/or macronutrient
balance. A good example of this modification is a decrease of 30%-—
50% (without malnutrition) in food consumption, which consist-
ently increases mean, median, and maximum life spans of both rats
and mice (2-5), although this effect was not found for all the strains
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(6). More recent evidence also attributes this effect to diets low in
proteins or even low in methionine (7,8).

Increases in mean and median life span are the manifestation of
a reduced mortality, particularly at young age and middle age. This
increase might be achieved by preventing causes of early mortality
or slowing the rate of aging. The latter is expected to extend the
maximum life span too and to delay the onset of age-related dis-
eases. These effects would occur as a consequence of acting on basic
mechanisms of aging such as cellular senescence, mitochondrial dys-
function, impaired proteostasis, inflammation, or oxidative stress.
Extending life by delaying the aging process per se may prove to be
the most effective way to fight multiple chronic and disabling dis-
eases currently present in elderly adults, because this strategy would
delay or prevent all age-associated pathologies rather than to over-
come them individually, which is the current approach of the disease-
based paradigm of drug development. Actually, treatments extending
life span of animal models often protect against chronic diseases re-
lated to aging (9), and there is a reason to believe that a similar
approach might work in humans reducing comorbidities typical of
elderly populations (10). Therefore, preventive therapies increasing
life span by slowing the aging process become a high priority for
disease prevention (9). In this context, elucidating the effects of other
dietary macronutrients on aging and health remains a fundamental
challenge with profound implications for human health.

Lipids provide energy and play very relevant biological roles as
components of the biological membranes. Current guidelines recom-
mend consuming no more than 25%-35% of total daily calories
from fat and reducing saturated fat intake to 10% of daily calories.
Initially, saturated fats were replaced by fats rich in n-6 polyunsat-
urated fatty acids (PUFA), such as linoleic acid, which consistently
decreased plasma cholesterol and slightly reduced triglycerides.
Such effects were expected to reduce cardiovascular diseases, the
main cause of death globally. More recently, high consumption of
monounsaturated fatty acids (MUFA)-rich oils has been shown to
be as effective as the consumption of those rich in PUFA in lowering
low-density lipoprotein-cholesterol. However, in contrast to the ef-
fect of PUFA-rich diets, MUFA-rich diets do not lower high-density
lipoprotein-cholesterol, which have a low prothrombotic potential.
Furthermore, differences in the chemical properties of different un-
saturated fatty acids, as components of membranes phospholipids
or lipoproteins, have implications for aging mechanism and lon-
gevity determination. The available comparative evidence sug-
gests a higher degree of unsaturation of biological membranes in
postmitotic tissues of short-lived homeothermic vertebrates com-
pared to those found in long-lived ones. The latter has membranes
highly resistant to damage since highly polyunsaturated acyl chains
are very susceptible to peroxidative damage (11-14). Furthermore,
this may prevent lipoxidation-derived damage to other macromol-
ecules (15). Consistently, the “membrane theory of aging” proposes
that longevity is inversely related to the level of unsaturation of
membrane phospholipids. Along with intrinsically high resistance
to modification of tissue macromolecules, the low rate of gener-
ation of endogenous damage also would be a key feature of animal
longevity (11). In fact, long-lived animals also show low rates of
reactive oxygen species generation and oxidative damage at their
mitochondria. The potential relationship between these rates and
the unsaturation degree has been explained by the “membrane pace-
maker theory of metabolism.” This theory poses that highly polyun-
saturated acyl chains confer physical properties to cell-membrane
bilayers, in particular a high “fluidity” that enhance and “speed up”
the molecular activity of membrane proteins and consequently the

metabolic activity of cells, tissues, and the whole animal (12). Both
theories are closely related to the “mitochondrial free radical theory
of aging” because both mitochondrial oxygen radical production
and susceptibility of the tissue macromolecules to oxidative damage
would modulate the rate of aging. Therefore, they would determine
the maximum life span (11). Membrane lipids are also chemically
modified as part of other processes including the use of membrane
lipid products for chemical signaling, a phenomenon that is intim-
ately involved in determining the longevity of different animals (16).
In this sense, n-3 PUFA may contribute to a lower production of
proinflammatory prostanoids compared to n-6 PUFA, which would
have beneficial effects on pathologies and conditions associated with
inflammation, such as cardiovascular diseases (17).

Many studies have shown that the composition of the acyl
chains of phospholipids found in biological membranes is influenced
by dietary fatty acids. Therefore, membrane composition could be
modified and maintained to increase longevity by long-term con-
sumption of diets rich in a particular unsaturated fat. The main
dietary source of MUFA is olive oil. Seed oils such as soybean, corn,
or sunflower oils are the main dietary sources of n-6 PUFA, whereas
linseed, canola, and fish oils are the main dietary sources of n-3
PUFA (18). Along with fatty acids, other lipid molecules also present
in biological membranes can contribute to modulate both suscep-
tibility to oxidation and functionality of membranes. Coenzyme Q
(CoQ) is a key electron carrier in mitochondrial respiratory chain
and constitutes an important lipid-soluble antioxidant present in all
biological membranes (19,20). Likewise, other interesting physio-
logical roles related to these activities have been suggested for this
molecule (19,20). Levels of this molecule in blood and different tis-
sues (21-25) have been reported to change in response to dietary
intake. Therefore, CoQ,, supplements could prove to be particularly
interesting for aging. Several studies conducted in preclinical models
have reported positive effects of dietary CoQ,, regarding aging, par-
ticularly under certain conditions associated with oxidative stress
(26-34).

On the basis of the aforementioned facts, this study aimed to in-
vestigate how different unsaturated dietary fats affect life span and
cause of death in male Wistar rats fed from weaning throughout life
on isocaloric and normolipid diets according to the AIN-93 rodent
diet criteria (35), being virgin olive oil, sunflower oil, or fish oil, the
only dietary fat used for each experimental group, supplemented or
not with CoQ,.

Methods

Chemicals

All the chemical products and solvents, of the highest grade available,
were acquired from Sigma (St. Louis, MO) and Merck (Darmstadt,
Germany).

Animals and diets

One hundred-fifty male Wistar rats (Rattus norvegicus) weighing
80-90 g were housed three to a cage and maintained at 20°C in a
12-hour light to 12-hour dark cycle, with free access to water. The rats
were randomly assigned to six experimental groups. From weaning
until death, the animals were fed semisynthetic and isoenergetic
diets formulated according to the AIN-93 rodent diet criteria (35),
except for the dietary fat source. From weaning up to 2 months of
age, animals received diets formulated according to the AIN-93 diet
for growth (AIN-93G), whereas the AIN-93 for maintenance diet
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(AIN-93M) was followed for the remaining period. Three different
experimental diets according to the dietary-fat source were manu-
factured. The dietary fats used were extra virgin olive oil (provided
by the agricultural research center “Venta del Llano,” Mengibar,
Jaen, Spain), sunflower oil (purchased in a local supermarket), and
pure fish oil ROPUFA 30 (DSM, Kaiseraugst, Switzerland). Fatty
acid profile of experimental oils is shown in Supplementary Table
1. At the same time, 2.5 mg/kg/d of CoQ,, was added to the diet of
half of the animals of each group. Therefore, our study was con-
ducted in six different experimental groups: V = virgin olive oil;
VQ = virgin olive oil + CoQ,; S = sunflower oil; SQ = sunflower
oil + CoQ,; F = fish oil; and FQ = fish oil + CoQ,. Diets were pro-
vided ad libitum for the first 2 months and then at 25 g per rat per
day for the rest of the experiment (in order to avoid overweight).
An individual follow-up until death of each animal was performed,
body weights were recorded each month, and death dates were re-
corded throughout the study. At the time of death, three experienced
pathologists performed a necropsy in parallel following a registered
protocol. The animals were treated according to the guidelines of
the Spanish Society for Laboratory Animals. The experiment was
approved by the Ethics Committee of Laboratory Animals of the
University of Granada (permission number 20-CEA-2004). The po-
tential presence of pathogens was evaluated in sentinel rats simul-
taneously present in the facility where animals were maintained.
The analysis of the samples was performed under the supervision of
a veterinarian following Federation for Laboratory Animal Science
Associations guidelines (36).

Pathological evaluation and determination of

causes of death

After death, each animal underwent a complete necropsy conducted
by three board-certified pathologists. The main causes of death were
classified into five major groups: (i) neoplasm, (ii) infectious/inflam-
matory, (iii) vascular (hemorrhagic), (iv) other, and (v) unknown.
When the main cause of death was neoplasm, an additional classifi-
cation was performed: (i) epithelial, (ii) mesenchymal, (iii) cerebral,
(iv) pituitary adenoma, and (v) hematolymphoid. These data were
used to calculate cumulative incidences of the different causes of
death for each dietary group.

Survival study

The survival time (in days) of each rat is defined as the time elapsed
from the date of birth until the date of death. For each dietary group,
survival probabilities of the entire life span were nonparametrically
estimated with the Kaplan—-Meier method using the SPSS statistical
software package (SPSS 24 for Windows, SPSS Inc., Chicago, IL).
All rats were dead at the time of the analysis, so no censoring was
required. Kaplan—Meier survival curves stratified by causes of death
were constructed.

Mortality study

Discrete time intervals were set and the number of animals dying
at each interval was counted. For each time interval, age-specific
mortality (gx) was estimated as the number of animals alive at the
end of the interval divided by the number of animals alive at the
beginning of the interval. The hazard rate (Hz) was estimated by
Hz = 2gx/(2 - gx). The Gompertz equation relating mortality rate
(R) to age ¢ is:

Rt = RO eat (1)

where the constant Rt is the chance of dying at age ¢ (ie, the Hz func-
tion), RO is the non-exponential factor in mortality, and a is the co-
efficient of age-related rise of mortality rate (20). Ln Rt was plotted
against age and a weighted linear regression curve was calculated
from logarithmic formula of Gompertz equation (1) to estimate the
constants RO and a:

Ln (Rt) = at + In (RO) (2)

Data clearly located prior to the onset of senescence were excluded.
In addition, estimated Gompertz parameters and equation were used
to calculate mortality rate doubling time (MRDT) and initial mor-
tality rate (IMR). MRDT was calculated by the formula:

MRDT = 0.693/a (3)

The IMR was calculated from the Gompertz equation based on the
mortality rate prior to the age-related increase in mortality (37).

Statistical analysis

Data were analyzed using the SPSS statistical software package.
Regarding causes of death, the analysis of statistical differences be-
tween groups was performed using the y? test for goodness of fit test.
Mean, median, and maximum life span were estimated from sur-
vival time for each dietary group. Normality of the data distribution
and homogeneity of variances were checked using the Shapiro—Wilk
and Levene tests, respectively. Differences between survival times
were evaluated using a one-way analysis of variance followed by
a pair-wise post hoc Bonferroni test. Repeated analysis of variance
was used for time course of body weight data. To estimate potential
differences in maximum longevity, the method based on quantile re-
gression described by Wang and colleagues (38) was used. According
to that, the proportions of rats alive in each group at the age at
which 90% of the pooled population had died must be compared
using the Fisher’s exact test. Differences among survival distribu-
tions of cohorts fed different diets were evaluated using the log-rank,
Breslow, and Tarone—Ware tests. The same tests were also performed
to construct the Kaplan-Meier survival curves stratified by cause of
death. Differences in the regression coefficients In RO and o were
tested comparing the hazard functions obtained by linear regression
from two different experimental groups, as previously described
(39). Alternatively, to examine the potential confounding effect of
cause of death on life span, a second analysis was performed using
Cox’s regression model as a multivariate approach for analyzing sur-
vival time. The cause of death was considered a covariate for each
dietary treatment. A p value less than .05 was considered statistically
significant for all the comparisons.

Results
Body weight

Body weight curves of the different experimental groups are shown
in Supplementary Figure 1. Body weight increased in all groups of
animals from weaning up to 18 months of age, although it was main-
tained for 2- or 3-month intervals several times during this period.
There was no difference in body weight between dietary groups at
baseline, and from weaning up to 12 months of age; rats from the
three cohorts were similar in weight. However, the F group showed
higher values of body weight than the V or the S groups between 12
and 25 months of age. Moreover, the F group showed a weight in-
crease that continued until 20 months of age. Differences in weights
between the F group and the V or the S groups increased dramatically
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with age. When animals supplemented with CoQ,, were compared
with their non-supplemented counterparts, no significant differences
were found, except for the F group that presented a lower body
weight than FQ at the age of 20-25 months. After those ages, ap-
parently, there is a decline in body weight values, but the standard
error of the mean was so high, that finding statistically significant
differences was difficult. As the rats are social animals, they should
be kept in groups and not in individual cages, which greatly hindered
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causes of death were found between groups fed different diets. The 0.0
most common causes of death in all our experimental groups were
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neoplasms. The most common neoplasm was the epithelial type. Six
individuals were excluded from the statistical analyses and from the
survival evaluation because they suffered an accidental death early
during the study. No animal showed alterations or signals leading
to the application of the end-point protocol established in order to
avoid the suffering of the animals.

Vvs.S Vvs. F Svs. F
X2 P X2 P X2 P
Log-Rank 4738 0.029 0.168 0.682 3.589  0.058

Wilcoxon-Breslow  5.442  0.020 0.024 0.878 4.430 0.035

Survival evaluation

Mean life spans estimated for non-supplemented rats were 894 =
44 days for V group, 732 = 55 days for S group, and 886 = 42 days

Tarone-Ware 5.276 0.022 0.049 0.825 4.215 0.040

for F group. Maximum life spans registered for the V, S, and F groups Figure 1. Kaplan-Meier survival curves of the indicated cohorts of rats fed
were 1180, 1138, and 1208 days (39, 38, and 40 months approxi- diets based on different dietary fats: virgin olive oil (V), sunflower oil (S),
mately), respectively. The estimated values of median life span were and fish oil (F).

904 =+ 69 days (95% CI: 770-1038 days) for the V group, 766 =
28 days (95% CI: 712-820 days) for the S group, and 931 = 64 days
(95% CI: 806-1056 days) for the F group. Statistical analysis re-
vealed a lower mean life span in the S group compared to the V and
F groups. No differences in median values were found between these
three groups.

Estimated average life span of the groups supplemented with
CoQ,, were 862 = 51 days for the VQ group, 886 = 39 days for
the SQ group, and 873 = 37 days for the FQ group. The median
survival of the VQ, SQ, and FQ groups were 867 days (95% CIL:
799-936 days), 961 days (95% CI: 873-1049 days), and 906 days
(95% CI: 825-987 days), respectively. Statistical analyses showed
significant differences between the S and the SQ groups. Moreover,
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a higher maximum life span was registered (1185 days) for the SQ

group versus the S group; however, no differences were found be-

tween the VQ (1143 days) versus the V group or between the FQ Diet

(1116 days) versus the F group. No differences were found among «+3"% Virgin olive oil

the three diets supplemented with CoQ,. =1:1Virgin oiive o + CoQ10
The age at which 90% of the rats had died excluding rats re- 0.0

moved from the study as defined in the Methods section (90th per-

centile point of the joint survival distribution) was 1114.2 days.

A total of 16.2%, 16.9%, and 16.2% of animals receiving non-

supplemented V, S, and F diets, respectively, were alive at that age. In

groups fed with supplemented diets, this percentage was 16.9 % for Vvs. VQ

X2 P
Log-Rank 0.004 0.950
Wilcoxon-Breslow 0.036 0.850
Tarone-Ware 0.026 0.873
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all groups. However, Fisher’s exact test showed no statistical differ-

ences among these percentages for the considered significance level.
Kaplan—-Meier accumulated survival curves are shown in Figures

1-4. In non-supplemented groups (Figure 1), data indicate that life
SPan Wo}llfi be affecte.d by the dletary fat consur.ned through9ut the Figure 2. Kaplan-Meier survival curves of the indicated cohorts of rats fed
life. Statistical tests (Figure 2) revealed that survival probability was diet based on virgin olive oil supplemented (VQ) and non-supplemented (V)
lower in the S group compared to the V group at any age. However, with CoQ,,.
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no differences in survival were found between the S group and the F
group according to the results of the log-rank test. In addition, dif-
ferences in survival between the S group and the F group were stat-
istically significant for the established significance level according to
Wilcoxon-Breslow and Tarone-Ware tests. When animals were fed
with CoQ,-supplemented diets and they were compared with their
respective counterparts (Figure 3), Wilcoxon-Breslow and Tarone—
Ware tests also showed statistically significant differences in survival
of those rats fed sunflower oil (S vs SQ). In contrast, no significant ef-
fects were found for virgin olive and fish oil-fed animals whose sur-
vival curves were virtually identical between CoQ, -supplemented
and non-supplemented groups (V vs VQ, F vs FQ). Kaplan-Meier
survival curves stratified by causes of death and subsequent analyses
also were carried out; however, no significant differences were found
(data not shown).

Mortality study

For the mortality study, time interval length was set at 5 months
to estimate mortality and Hz at different ages. Some intervals were
excluded in the regression analysis because no clear increases in Hz
were noted and, therefore, data were located prior to the onset of
the exponential growth of mortality rate. In turn, no intervals were
excluded at old ages when hazard risks did not decelerate or deaths
represented more than a 10% of animals per group. Gompertz equa-
tion parameters from the weighted linear regression curves obtained
for each cohort are included in Figure 5. This figure also shows the
linear regression curves of hazard risks as a function of age for the
different dietary groups calculated according to Gompertz equation.
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©
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02 7 Diet
% Sunflower oil
=7 Sunflower oil + CoQ10
0.0 -
T T T T T 1 T
0 200 400 600 800 1000 1200
Age (days)
Svs. SQ
X2 P
Log-Rank 2.667 0.102
Wilcoxon-Breslow 4.704 0.030
Tarone-Ware 4.027 0.043

Figure 3. Kaplan-Meier survival curves of the indicated cohorts of rats fed
diet based on sunflower oil supplemented (SQ) and non-supplemented (S)
with CoQ,.

For animals non-supplemented with CoQ,,, Ln Rt was lower in the
V group compared to the S and F groups, whereas o was higher in
the V group compared to its value for the S and F groups. Therefore,
MRDT was lower in the V group compared to the other two non-
supplemented groups. Comparisons between regression curves of
CoQ,,-supplemented and non-supplemented diets revealed that for
animal receiving CoQ,, In RO was lower in the SQ group than in
the S group, whereas o was higher in SQ than in the S group. This
difference was also found in FQ group versus F group. A value of
10 months was used to calculate IMR; however, no significant dif-
ferences in IMR were found among dietary groups.

Discussion

Because of the rapid aging of the population, there is a strong interest
not only in unraveling the causes of aging, but also in discovering
how we can manipulate potential causes of aging to decrease, stop,
or even revert its rate of progression (40,41). Of note, a number of
dietary approaches have been shown to be successful in increasing
life span in some strains of rodents, at least under certain conditions.
Effects of this type of interventions are caused by the prevention of
the main causes of death at different ages or by slowing the rate of
aging by modulating basic mechanisms of aging. The latter would
be an efficient strategy to delay or prevent all age-associated path-
ologies particularly common in the elderly. Elucidating the effects
of other dietary macronutrients on aging mechanisms and life span
is still a critical challenge with profound implications for human
health. In particular, the dietary fat consumed has shown to influence
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X2 P
Log-Rank 1.621 0.203
Wilcoxon-Breslow 0.249 0.617
Tarone-Ware 0.701 0.402

Figure 4. Kaplan-Meier survival curves of the indicated cohorts of rats fed
diet based on fish oil supplemented (FQ) and non-supplemented (F) with
CoQ
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Figure 5. (A) Natural logarithm of mortality rates (LnHz) at different age
intervals for animals fed diets based on virgin olive oil (circles), sunflower
oil (triangles), and fish oil (squares) without CoQ,. Lines represent estimated
adult mortality trajectories based on Gompertz parameters for the different
cohorts. (B) Natural logarithm of mortality rates (LnHz) at different age
intervals for animals fed diets based on virgin olive oil with CoQ,, (circles).
Lines represent estimated adult mortality trajectories based on Gompertz
parameters for the two cohorts receiving diets based on virgin olive oil.
(C) Natural logarithm of mortality rates (LnHz) at different age intervals for
animals fed diets based on sunflower oil with CoQ, (triangles). Lines represent
estimated adult mortality trajectories based on Gompertz parameters for the
two cohorts receiving diets based on sunflower oil. (D) Natural logarithm of
mortality rates (LnHz) at different age intervals for animals fed diets based
on fish oil with CoQ,, (squares). Lines represent estimated adult mortality
trajectories based on Gompertz parameters for the two cohorts receiving
diets based on fish oil. (E) Gompertz parameters of the curves obtained from
the linear regression analysis for each cohort. Ln RO = natural logarithm of
the non-exponential factor in mortality, alpha = coefficient of age-related rise
of mortality rate, MRDT = mortality rate doubling time, IMR = initial mortality
rate, F = rats fed a fish oil-based diet, FQ = rats fed a fish oil-based diet
supplemented with CoQ,, S = rats fed a sunflower oil-based diet, SQ = rats
fed a sunflower oil-based diet supplemented with CoQ,, V = rats fed a virgin
olive oil-based diet, VQ = rats fed a virgin olive oil-based diet supplemented
with CoQ, . * represents statistically significant differences between animals
fed with the same dietary fat with and without CoQ,; different lowercase
letters indicate statistically significant differences between rats fed diets
based on dietary fat without CoQ, .

and modulate different proposed aging mechanisms, as well as to de-
crease the incidence of different pathologies and physiological alter-
ations related to aging. This study aimed to investigate how feeding
rats with a virgin olive oil-, sunflower oil-, or fish oil-based diet
from weaning would have consequences on their life span. We also
aimed to determine the causes of death.

Dietary interventions extending life span in animal models can
also be evaluated by their reported positive therapeutic effects on
known causes of human mortality. However, an important limi-
tation of different studies on diet and life span is the absence of
pathological analyses of the animals to elucidate if the treatments
affected the causes of mortality. In this study, despite differences

in survival distributions, no effects of dietary treatments on causes
of death were found. Furthermore, comparisons of the survival
distributions of the three different cohorts using the log-rank test
revealed that survival probability was significantly lower in the S
group compared to the V group. The null hypothesis for the log-
rank test poses the equality of survival functions by weighting all
time points equally. Whereas the null hypothesis for the other two
(Wilcoxon—Breslow and Tarone-Ware) tests used poses the equality
of survival functions by weighting all time points by the number
of cases at risk (Wilcoxon—Breslow) or by the square root of the
number of cases at risk (Tarone-Ware), at each point in time. This
would imply that survival probability could be statistically different
between the F group and the S group at least during some periods
of life. In other words, they do not assume that the difference in risk
between the test groups is constant at all ages in contrast to log-
rank test. In addition, the Wilcoxon—Breslow test gives more weight
to earlier deaths. The diet consumed would be responsible for the
change in life span by altering the rate of aging, aging-independent
mortality, or both of them. Differences among average life spans of
non-supplemented groups would suggest that life span was affected
by dietary fat consumed throughout life. In particular, the mean life
span of the S group was 18% and 17% lower than the mean life
span of the V group and the F group, respectively. Increasing mean
or median life span has been largely accomplished by reducing the
rate of certain midlife diseases causing death. Therefore, virgin olive
oil- or fish oil-based diets would reduce or delay the onset of certain
midlife diseases causing death compared to the sunflower oil-based
diet. However, the absence of differences in causes of death supports
the second option, that is, a delay in the onset of diseases.

Previous studies in rats fed throughout their lives with similar
diets have verified a proper adaptation of fatty acid profiles of
plasma and mitochondrial membranes to the dietary fat consumed
in 6- and 24-month-old animals (26,29,42-46). In addition, some
dietary interventions with positive effects on life span have shown
to increase MUFA proportion in biological membranes (43,44). In
addition, a positive correlation between cardiac MUFA levels and
life span was found in another study regardless dietary interven-
tion (45). Some authors have suggested that n-6 PUFA used as the
main dietary fat were able to reduce mortality, particularly when
these interventions involved reducing saturated fat consumption be-
cause of its effects on blood lipoproteins and triglycerides, which are
known cardiovascular risk factors. The results of this study suggest
that MUFA-rich diets could reduce mortality at most ages compared
to diets rich in n-6 PUFA.

As stated earlier, no differences between our six experimental
groups were found in causes of death. Nevertheless, an influence of
these diets on the age at onset of the disease causing death or on the
progression rate of the disease causing death cannot be discarded.
However, evaluating these effects is not possible when pathological
analyses are carried out after the animals’ death. In this sense,
describing age-related changes found in biochemical and physio-
logical indicators is very relevant. Compared with animals fed on a
virgin olive oil-based diet, 24-month-old rats receiving a sunflower
oil-based diet showed higher number of $-cells and insulin content
at pancreas (46), higher fibrosis levels at liver (42), higher alveolar
bone loss (47), and lower femur bone mass density (26). However,
regardless the dietary fat, all 24-month-old rats showed steatosis
with similar degree of centrilobular inflammation and non-alcoholic
steatohepatitis grade (42). Oxidative damage markers at hepatic
(42), pancreatic (46), gingival (47), and systemic levels (26) in old
rats fed diets with sunflower oil were higher than in rats fed diets
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with virgin olive oil as the unique dietary fat. In another experiment
with similar diets but with a high amount of fat (8%), virgin olive
oil-rich diets led to lower accumulation of mitochondrial DNA dele-
tions at Complex I gene in rat heart (27). Overall, all results in con-
junction support that life span is determined, at least in part, by the
extent of fatty acid unsaturation of the mitochondrial membrane.
This effect can be explained by the differences between n-6 PUFA
and MUFA susceptibility to lipid oxidative damage, and the conse-
quent downstream protein and genome toxicity.

Regarding n-3 PUFA, previous studies have evaluated the effects
of supplementation with these FA to modify the n-6 to n-3 PUFA
ratio in the diet. Other studies have used combinations of both types
of PUFA. In particular, the use of supplements of fish oil has been
tested in a large cohort of genetically heterogeneous mice, but the
pooled results revealed no significant longevity benefits (48). Some
interventions in animal models have even been shown to shorten
life span (49,50). Likewise, many recent clinical trials have also
failed to substantiate the benefits of fish oil. Only 2 studies out of 18
clinical trials and 6 meta-analyses have reported benefits of fish oil
(51). Nevertheless, as occur with sunflower oil, a scarce number of
studies have compared the effects of diets based on fish oil with those
based on virgin olive oil or on an n-6 PUFA-rich source of fat (such
as sunflower oil) on life span. Regarding PUFA-rich diets, a study
compared the effects on life span of diets rich in n-3 or n-6 PUFA
and a commercial diet, but no significant differences were found.
However, those animals began the treatment at 10 months of age
(45). In a study conducted in SAMPS8 mice, a model with accelerated
senescence, feeding on a mixture of soybean (3%) that is rich in n-6
PUFA and fish oil (2%) from 8 to 12 months of age increased sur-
vival probability compared to those mice using lard as the source of
fat. However, animals on diets with only soybean oil as the source
of fat showed no significant difference in survival compared to ani-
mals on diets using lard as the source of fat (52). Memory was also
better preserved in animals fed a PUFA-rich diet than in animals fed
a lard-based diet (52). This study supports the importance of n-3
PUFA in the diet for longevity compared with n-6 PUFA. According
to the results of this study, the effects of a fish oil-rich diet would
reduce mortality compared with a diet rich in sunflower oil, at least
during some periods of life. In consistency with this, other studies
comparing fish oil-based diets with other diets based on n-6 PUFA
have reported that detrimental changes associated with aging are
prevented or delayed with fish oil. For instance, age-related alveolar
bone loss (42) and liver fibrosis found in old rats were lower (42).
In addition, age-associated increase in complex I activity has been
shown to be prevented by fish oil-rich diets. This effect could be re-
lated with a lower production of reactive oxygen species in animals
fed fish oil-rich diets (42).

In spite of the benefits on health of fish oil over sunflower oil,
feeding on diets based on virgin olive oil has shown better results
than fish oil regarding some alterations associated with aging. In
particular, a higher degree of acinar fibrosis and macrophage infil-
trates in peri-insular regions was found in the exocrine pancreas of
24-month-old rats fed fish oil compared to rats fed a diet based in
virgin olive oil (46). Similarly, a higher age-related alveolar bone loss
has been found (47). Moreover, lower levels of oxidative damage
at liver (42) and pancreas (46) have been evidenced in rats fed on
virgin olive oil compared to those fed on fish oil. It seems that mor-
tality is not influenced by all these differences, although they might
affect quality of life. In addition, this could also help to understand
why the differences in survival probability between animals fed
with virgin olive oil or sunflower oil are maintained throughout life,

whereas differences between fish oil and sunflower oil should be re-
ferred only to certain periods of life.

Furthermore, changes in maximum life span potential, which
represent the longest-lived member of the population, have been
proposed to be a consequence of acting on the aging process per se.
Accumulated evidence from comparative studies support that the
maximum life span found in different vertebrate species has been
correlated with the proportion and level of PUFA in membranes
and with the degree of unsaturation of PUFA (13,14). However,
no differences were found for maximum life span in this study.
Similarly to what seems to occur in many human populations
during the last decades (53), it is possible that under our experi-
mental conditions rats have reached or are very close to reach their
maximum life span potential.

A second objective of this study was to test the effect of dietary

CoQ,, on life span and causes of death. Usually CoQ,, has been pro-

10
vided at very high dosage (100-2400 mg/d per person) in humans,
but for short periods of time and to old or ill people (19). However,
in this study, a low dosage of CoQ, (equivalent to 18.43 mg/d for
a 70-kg man) (19) was added to the diets because previous results
of our research group suggest that a similar low-dosage supplemen-

tation is able to increase CoQ,, body levels and prevent some dele-

10
terious aspects of PUFA-rich diet consumption during aging (26,29).
In a previous study, our research group reported that long-term
dietary CoQ,, addition to an n-6 PUFA-rich diet led to higher mean
and maximum life span (28). Some beneficial effects of CoQ,, sup-
plementation have been found in those animals fed fish oil-based
diets (29), but effects of CoQ,,
based diets are not so clear. Nevertheless, other studies in rodents
have reported that CoQ, supplementation with daily doses ranging
from 10 to 370 mg/kg in combination with standard diets has no
effect on longevity (30,31,54,55), although treatments did not start
from weaning in most of these studies (30,31,54). To test if CoQ,,
effects on life span are always present regardless the dietary context,
CoQ,, was also added to the other diets in this study. Again, the
addition of CoQ, to S diet increased average life span (a 17%), but
this effect was not found in animals fed VQ or FQ diets. However,
differences found between S and SQ groups were only statistically

supplementation of virgin olive oil-

significant with Wilcoxon—Breslow and Tarone—Ware tests, which
suggest that the effect of CoQ,, supplementation would only be
present during some periods of life. The absence of effect on max-
imum life span and the presence of the lack of statistically significant
differences among survival curves according to log-rank test in this
study and not in the previous one (28) can be explained by the dif-
ferent amount of fat used in each study (4% vs 8%). Overall, these
results suggest that CoQ,, benefits concerning life span are particu-
larly useful under unhealthy dietary conditions. Many age-related
alterations present in 24-month-old rats fed a sunflower oil-based
diet (femur bone mass density, alveolar bone loss, increases pan-
creatic B-cell mass) have been reverted with CoQ,; supplementa-
tion resembling findings found in animals fed virgin olive oil-based
diets supplemented with or without a similar amount of CoQ,,
(26,32,56). These beneficial effects were related to a decrease in
oxidative damage (26,32). In other experiments comparing similar
diets but with a high amount of fat (8%), the addition of CoQ,,
also decreased cardiac (27) and brain levels of hydroperoxides (33)
and mitochondrial DNA deletions at Complex I gene in the heart
of old rats (27), but not in the brain (33). Beneficial effects of short-
term supplementation with a high amount of CoQ,, (2.81 g/kg/d)
on protein oxidative damage at hepatic and mitochondrial level
have also been reported in old mice (34). However, long-term CoQ,,
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intake (93 or 371 mg/kg/d) in healthy mice fed a standard diet failed
to modulate mitochondrial respiratory capacity in liver or oxidative
damage in liver, kidney, skeletal muscle, or brain, which correlated
with the lack of effect on life span (31). Notwithstanding, the treat-
ment began at 3.5 months of age in contrast to this study that began
the intervention at weaning.

Moreover, different authors have argued that changes in average
and/or maximum life span are not a reliable indicator of alterations
in the aging process (37). For this reason, similarly to other studies
(39), the simpler Gompertz equation was also used to model the
aging process. Comparing the Gompertz parameters between dif-
ferent cohorts has been shown to be a simple but effective method
to determine whether the rate of aging was indeed altered. In turn,
parameters of the Gompertz curve were used to calculate MRDT
and IMR. The relative standard deviation of IMR for each group
was very high (55%-84%) and no differences were found among
groups, but this is expected to be species-specific and independent of
the rate of aging. Furthermore, differences in basal Hz are consistent
with virgin olive oil-based diet delay in the onset of diseases causing
death at younger and middle ages, but they do not explain the re-
ported differences among animals receiving fish and sunflower oils.
Paradoxically, MRDT values suggest that virgin olive oil increases
the rate of aging compared to the other dietary fats because an in-
crease in this parameter is expected to reflect a decrease in the rate
of aging (37). Estimations of Gompertz parameters point out that
CoQ,, addition caused changes in the mortality patterns of both
sunflower and fish oil-fed animals but differences are in a similar
way. In addition, previous studies have correlated MRDT with max-
imum life span, but no differences were found when this parameter
was evaluated. Importantly, data obtained from this model should
be interpreted with caution due to several reasons. On one hand,
lower sizes of cohorts may bias early-life and late-life mortality es-
timates and skew measures of mortality slopes. On the other hand,
the choice of onset of senescence and outliers is partly subjective and
different plots could be obtained for the same mortality data, so dif-
ferent interpretations could be suggested.

Finally, given the evidences in favor of caloric restriction role in
life-extending experiments and the existence of some mimetic inter-
ventions, recording body weight information was very important.
Differences in body weight did not correlate with the effect on life
span when animals were fed with fish oil-based diets reaching higher
values at some ages. Interestingly, a dose-dependent increase in body
weight has been also reported for male mice receiving fish oil sup-
plementation (48). Consequently, differences in life span seem not to
be a consequence of body weight in this study, although it is possible
that some alterations found in animals maintained on a fish oil-rich
diet, as those observed at pancreas (46), involve a higher accumula-
tion of body fat. Moreover, the addition of CoQ,, to fish oil-based
diet prevented an effect on body weight that would be maintained at
values similar to those found in the other dietary groups. This might
be a consequence of the reported benefits of supplementation with
this molecule on pancreas of animals fed on similar diets based on
fish oil (56).

In conclusion, the results of this study suggest that individual
longevity and survival probability at different ages may be modu-
lated by an appropriate dietary treatment. Lifelong feeding on
virgin olive oil or fish oil would reduce death probability compared
to sunflower oil, although the effects of virgin olive oil would be
maintained during most part of life. The differences between sun-
flower oil and virgin olive oil could be explained by the suscepti-
bility of membranes to oxidative damage that is reflected by the

lower age-related changes and alterations found in different or-
gans and tissues from relatively old animals maintained on virgin
olive oil-rich diets compared to animals maintained on a sunflower
oil-rich diet. However, diets based on both virgin olive oil and fish
oil have failed in increasing maximum life span potential in this
study, at least when they were administrated in the context of an
isocaloric and normolipid diet according to the AIN93 criteria (35).
Furthermore, the addition of lower amounts of CoQ,,, an antioxi-
dant molecule able to transport electrons within biological mem-
branes, would remove part of the detrimental age-associated effects
of sunflower oil used as main dietary fat. However, CoQ,, has no
effect on survival when it is combined with virgin olive oil or fish
oil. Nevertheless, there is no clear evidence that MUFA, n-3PUFA,
or CoQ,, exerted the aforementioned effects by modulating the rate
of aging.
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