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Abstract.
BACKGROUND: Lifelong consumption of a Western-style diet is a risk factor for developing metabolic disorders and
therefore impairs healthy aging. Dietary restriction (DR) could delay the onset of age-related diseases and prolong life span,
however, the extent to which this depends on diet type is poorly understood.
OBJECTIVE: To study whether feeding a Western-style diet affects the healthy aging benefits of DR.
METHODS: Mice fed a Western-style diet (ad libitum and DR) were compared to those fed a standard healthy diet (ad
libitum and DR). Survival and several metabolic and endocrine parameters were analyzed.
RESULTS: Lifelong consumption of a Western-style diet resulted in increased adiposity, elevated triglyceride levels in
plasma, higher homeostatic model assessment-insulin resistance and higher resting metabolic rate in mice compared to the
standard diet group. This was accompanied by reduced survival in the Western-style diet group. DR irrespective of diet type
improved abovementioned parameters.
CONCLUSIONS: Lifelong restricted consumption of Western-style diet led to improved metabolic and endocrine parame-
ters, and increased survival compared to the ad libitum Western-style diet group. Interestingly, the survival was comparable
in restricted Western-style and standard diet groups, suggesting that reduced food intake rather than diet composition play
more important role in promoting longevity/survival.
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1. Introduction

Aging and obesity are worldwide health issues
affecting millions of people [1]. It is known that
lifestyle can considerably impact aging phenotypes
[2, 3]. Overconsumption of an unhealthy diet,
including fat and sugar (known as a Western-style
diet), is a major risk factor for development of
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metabolic disorders and known to reduce sustainable
health in humans [4] and rodent models [5–7]. Being
accustomed to such a diet clearly advances aging and
mortality [8–10] compared to eating a diet low in sat-
urated fat and refined sugar and high in fiber content.
At present, however, it is not clear whether the nega-
tive effects of a chronic intake of a Western-style diet
would also occur if the daily amount eaten would
be restricted. It is well established that daily dietary
restriction (DR) without undernutrition extends life
span and delays the onset of age-related diseases in a
wide range of animal models [11–14], but the depen-
dency on dietary nutrient composition has not been
studied extensively.

It has been hypothesized that the life-prolonging
effect of DR is due to growth retardation with main-
tenance of growth potential [15], prevention of excess
body fat accumulation [16], and/or a shift in biolog-
ical state from cell proliferation and reproduction to
maintenance pathways [17]. In addition, DR may pre-
vent or delay metabolic changes [18]. For instance,
DR improves insulin sensitivity during aging [19,
20], which may be linked to lower age-dependent fat
accumulation [21, 22]. DR also up-regulates some
metabolic pathways in the liver, including gluconeo-
genesis, fatty acid �-oxidation, and ketogenesis [23].

Metabolic flexibility, the ability to efficiently adapt
metabolism depending on demand or supply [24], is
essential to maintain energy homeostasis in times of
DR [25]. DR induces a new state of energy balance
where the metabolic rate has been adapted to the
lower intake and stored lipids inside adipocytes are
more rapidly used as substrates [26]. DR has proven
to be effective in augmenting metabolic flexibility in
animal studies [27] and major regulators of metabolic
flexibility play dominant roles in aging [28]. In addi-
tion, metabolic flexibility is inversely related to age
[29].

Only a few studies focused on whether effects of
DR depend on feeding a Western-style diet, which is
in fact more relevant to the current dietary status in
most developed countries. These studies were all rela-
tively short-term studies (8 to 14 weeks), and resulted
in an improvement of metabolic health at younger
age [30, 31], as measured by fasting plasma insulin,
glucose tolerance, serum cholesterol, leptin, triglyc-
eride (TG), and adiponectin levels. At older age
(11-months old rats [18]), DR of a Western-style diet
resulted in lower weight gain but this effect did not
result in a decrease in lipid accumulation in plasma
and skeletal muscle, systemic insulin resistance, or
changes in plasma and skeletal muscle metabolites.

In the present study we investigated if the impaired
longevity (i.e., survival) of mice with lifelong con-
sumption of a Western-style diet rich in saturated
fat and refined sugar and low in fiber density could
be counteracted by lifelong restricting the amount of
dietary intake and compared this with the longevity
of mice on a standard diet. We studied the effects
of the Western-style diet and DR on body com-
position, energy expenditure and intake, metabolic
flexibility, and several endocrine and metabolic health
parameters.

2. Materials and methods

2.1. Animals and experimental protocol

Male C57BL6/JOlaHsd mice (n = 495 at start of
the study) (Harlan Netherlands BV, Horst, NL) were
housed individually from weaning onwards (between
postnatal days 21 and 28) on a 12 hours:12 hours
light:dark cycle in a temperature-controlled environ-
ment (22 ± 1◦C) with access to standard low fat (LF)
lab chow (LF, 6% fat, AMII 2141, 17.5 kJ/gram,
HopeFarms BV, Woerden, NL) or high fat diet with
lard and refined sugars (HFS, 45% fat, 4031.09,
19.1 kJ/gram, HopeFarms BV, Woerden, NL) and
water. Each diet group was further subdivided into an
ad libitum group (AL) or a dietary restricted group
(DR). The HFS DR group received 60% of the metab-
olizable caloric intake of the HFS AL group. The
LF DR group was split in two subgroups where one
subgroup (LF DR I) received 60% of the metaboliz-
able caloric intake of the LF AL group. The other
subgroup (LF DR II) was provided with the same
amount of metabolizable calories as the HFS DR
group, which was about 70% of the metabolizable
caloric intake of the LF AL group. The DR groups
received their pre-weighted amount of food between
circadian time (CT)9 and CT10 (CT12 was the begin-
ning of the dark phase), and consumed their ‘meal’
directly after receiving it. The mice received their spe-
cific diets from weaning onwards. All methods were
approved by, and in agreement with the regulations
of the Institutional Animal Use and Care Committee
of the University of Groningen. These regulations are
consistent with the guidelines for the care and use of
laboratory animals as described by the US National
Institutes of Health.

Sample sizes at the beginning of the study were
LF AL: n = 119, LF DR I: n = 74, LF DR II: n = 62,
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HFS AL: n = 118 and HFS DR: n = 122. These num-
bers declined during the study because of planned
sacrifices of cohorts at different life stages (n = 64).
Body weight and energy intake were assessed every
3 weeks, at this time point also the food intake of
the DR groups was reassessed. At 6, 12, 18 and 24
months, subgroups of mice were analyzed by indirect
calorimetry and/or sacrificed to analyze body com-
position, plasma content of endocrine and metabolic
parameters, and TG content of liver. For the remain-
ing mice, age was recorded at spontaneous death or
age at sacrifice due to humane endpoints. With respect
to the latter, regulations of the Institutional Animal
Use and Care Committee of the University of Gronin-
gen require that animals should be sacrificed when
they show signs of poor general health, including sud-
den and severe weight loss (≥15% within two to three
days), in combination with either bad appearance,
severe scratching, eye/teeth/anal problems, evident
cancer, or vestibular deficit/tilted head. These indica-
tors are predictors of death within a few days and as
such shifted survival curves to the left (i.e., compared
to the situation in which animals would die naturally)
by at most a few days.

2.2. Indirect calorimetry measurements

About two weeks before intended sacrifice at 6, 12,
18 and 24 months, sub-cohorts of mice were placed in
a respirometry chamber where oxygen consumption
(VO2, ml/hr) and carbon dioxide production (VCO2,
ml/hr) were recorded for each individual mouse for
∼2 days, starting at lights on (CT0).

The eight-channel open circuit indirect calorimetry
system has been described earlier by Oklejewicz and
colleagues [32]. Briefly, O2 and CO2 concentrations
of dried inlet and outlet air from each chamber were
measured. O2 was measured using paramagnetic
O2 analyzer (Servomex Xentra 4100, Crowborough,
UK) and CO2 by an infrared gas analyzer (Servomex
1440, Crowborough, UK). The system recorded the
differential in O2 and CO2 between dried reference
air and dried air from metabolic chambers. O2 and
CO2 analyzers were calibrated using two gas mix-
tures with known concentrations of O2 and CO2
prior to each measurement. Flow rate of inlet air was
measured with a mass flow controller (Type 5850;
Brooks, Rijswijk, NL) and set at 20 l/hr. A subsam-
ple of the respiration air was passed at a rate of 6 l/hr
through the drying system (3 Å molecular sieve dry-
ing beads; Merck, Darmstadt, DE) and subsequently

through the gas analyzers. Data were collected every
10 minutes for each animal and automatically stored
on a computer.

Energy expenditure (EE, kJ/hr, corrected for
bodyweight0.75 ([33, 34]) was calculated according
to the equation of Ferrannini [35]:

((RQ − 0.7) / 0.3 × 473) + ((1.0 − RQ) /

0.3 × 439) × VO2 (mol/hr)

where oxidation of carbohydrates and fats yields
473 kJ/mol O2 and 439 kJ/mol O2, respectively.
A respiratory quotient (RQ) was calculated as
VCO2/VO2.

Resting metabolic rate (RMR) was measured as
the lowest EE during the total 24 hours of measure-
ment under normal conditions. During the first day of
indirect calorimetry (which started at CT0), all mice
were fed according to their regular regimens. For that
purpose the respirometry boxes were opened shortly
between CT9 and CT10 to measure the bodyweights
of the mice and to deliver the restricted amounts of
food (for DR mice) or measure the food taken from
the hoppers (of the AL mice). During the second day,
a starvation challenge was imposed on the AL mice.
For that purpose, the respirometry box was opened
again at CT9, and after bodyweights were assessed,
food of the AL mice was removed, while the DR mice
received their normal restricted amount. Metabolic
flexibility of DR mice and AL mice (the latter both
under fasted and non-fasted conditions) was calcu-
lated as the difference in EE in the hour after CT21
(i.e., towards the end of the dark phase) relative to
the EE in the hour after CT12 (i.e., start of the dark
phase), as well as average RQ differences between
these two hours. After CT22 on the second day, all
mice returned to their home cages, where their normal
food regimens were reinstated.

2.3. Bomb calorimetry measurements

The feces of mice were collected from the saw-dust
bedding and weighed for 48 hours. The caloric con-
tent of the feces was measured by bomb calorimetry.
A known amount of benzoic acid (energy content of
26.44 kJ/gram) was combusted in the bomb calorime-
ter. Following, samples of the feces were combusted
and compared to the heat production of the reference
to determine the energy content of the samples. These
data, combined with the assessed energy intake,
enabled us to estimate the absorption efficiency.
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2.4. Determination of body composition

Mice sacrificed at 6 (n = 16), 12 (n = 16), 18
(n = 16) and 24 (n = 16) months were assessed for
determination of body composition. Dry and dry lean
organ masses were determined by drying organs to a
constant mass for 14 days at 60◦C followed by fat
extraction with petroleum ether (Boom BC, Mep-
pel, NL) in a custom made soxhlet apparatus. Pieces
of deeply frozen liver were weighed. For TG deter-
mination 10% homogenates (weight/volume) were
prepared in ice-cold PBS (pH 7.4). Lipids were
extracted according to Bligh and Dyer [36]. TG con-
tent was determined with a commercial kit (Roche
Diagnostics, Mannheim, DE) according to manufac-
turer’s recommendations.

2.5. Plasma analysis

At 4, 9, 15 and 21 months mice were fasted
for 6 hours. Blood glucose concentrations, sampled
by tail bleeding, were measured using a EuroFlash
meter (Lifescan Benelux, Beerse, BE). Addition-
ally, blood samples were drawn by tail bleeding into
heparinized tubes, then centrifuged (4000 g for 10
minutes), and plasma was stored at –80◦C. Plasma
insulin values were determined using Enzyme Linked
ImmunoSorbent Assay (ELISA, ALPCO Diagnos-
tics, Salem, US) and homeostatic model assessment
(HOMA) for insulin resistance (IR) was calculated
according to (fasting insulin (mU/L) × fasting glu-
cose (mM))/14.1) [37].

At different ages of sacrifice (6, 12, 18 and 24
months) a blood sample was taken by heart puncture.
The mice were not fasted prior to blood sampling and
all mice were under anesthesia when the blood sample
was taken. Blood was collected in tubes with anti-
coagulant (ethylenediaminetetraacetic acid (EDTA)).
Samples were spun down at 26000 g for 15 minutes at
4◦C. Plasma was collected and stored at –80◦C until
further analysis.

Plasma concentrations of leptin, gastric inhibitory
polypeptide (GIP) and resistin were measured using
Multiplex Biomarker Immunoassays for Luminex
xMAP technology (Millipore, Billerica, MA, US;
cat. no. MMHMAG-44K). A commercially available
kit was used to measure plasma levels of total and
free cholesterol (Diasys, Holzheim, DE). Cholesteryl
esters were calculated from the difference between
total and free cholesterol.

2.6. Statistical analysis

Survival curves were generated using the prod-
uct limit method of Kaplan and Meier [38]. Mice
were censored at the time point of their planned sac-
rifice. Statistical differences between the curves were
assessed using the log-rank test.

All data (with the exception of the survival
curves) is expressed as averages ± standard error
of the mean (SEM) and were tested for normal
distribution. For the evaluation of body weight
and energy intake the overall statistical signifi-
cance of age and treatment (diet and/or DR) was
assessed using a diagonal mixed model analysis.
If significant effects were found, a Bonferroni cor-
rected mixed model analysis per time point was
performed.

For absorption efficiency, EE, dry lean mass, fat
masses of the mice, liver TG, hormones, cholesterol
and glucose data the statistical significance of age
and treatment (diet and/or DR) effects were assessed
using two-way analysis of variance (ANOVA) with
three between-subjects factors (age, diet, and restric-
tion). Only if an interaction term between the factors
was found to be significant, the effect of each fac-
tor was analyzed separately using Tukey post hoc
test and indicated in the figure when significant. For
EE during fasting the statistical significance of age
and treatment (diet and/or DR) effects were assessed
using two-way repeated measures analysis with two
between-subjects factors (diet and/or DR).

Significant differences, including p-values, are
indicated in the legends of the figures. If a post-hoc
test was allowed, the significant differences within
an age group are indicated with asterisks (∗p < 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001).

All analyses were performed using SPSS 26.0
(SPSS Inc., Chicago, IL, US). Level of statistical
significance was set at p < 0.05.

3. Results

The survival characteristics of the different diet
groups are shown in Fig. 1, where either survival
of all mice was taken into account (Fig. 1A), or
only mice that died spontaneously and not because
of sacrifice due to humane endpoints (Fig. 1B).
For more information on the survival characteristics,
see the supplemental table (https://doi.org/10.34894/

https://doi.org/10.34894/IRXDXH
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IRXDXH). In Fig. 1A and 1B, the HFS AL condition
reduced survival compared to the LF AL condition
irrespective of whether cases of sacrifice by humane
endpoints were taken into account (p < 0.001). With
respect to DR, however, a different pattern emerged.
There was a significant increase in survival in DR
mice compared to AL mice independent of diet
(Fig. 1A LF p < 0.01, HFS p < 0.001; Fig. 1B LF
and HFS p < 0.001)). In Fig. 1A, HFS DR mice had
increased survival versus LF DR mice (p < 0.001). In
Fig. 1B, however, this effect was lost and both LF
DR and HFS DR mice had improved survival rela-
tive to AL mice (p < 0.001) and both DR groups had
non-distinguishable survival levels.

In essence, inclusion of mice sacrificed due to
humane endpoints in Fig. 1A caused an unevenly
strong left-shift specifically in the LF DR groups rel-
atively to the levels seen in Fig. 1B. This was caused
by a much larger proportion in the LF DR groups of
mice with rectal prolapse (which was considered as
one of the humane endpoints for sacrifice although
rectal prolapse by itself is not deadly) relative to the
HFS DR group (p < 0.001; see Table 1). Other causes
of sacrifice based on humane endpoints were sud-
den weight loss, which was more pronounced in HFS
diet groups compared to LF diet groups (p < 0.001)
and more in AL groups compared to DR groups
(p < 0.001). Scratching as reason for sacrifice was
more pronounced in AL groups compared to DR
groups (p < 0.01).

There were no differences in body weight at wean-
ing between groups (data not shown). Thereafter, AL
groups had a higher body weight compared to DR
groups irrespective of diet (p < 0.001, Fig. 2A). HFS
DR mice had a higher body weight compared to LF
DR mice (p < 0.001), LF DR I (p < 0.001) and LF DR
II (p < 0.001) mice had a lower body weight compared
to the HFS DR mice, although the LF DR II mice
caught up to the same weight as HFS DR mice by the
age of 12 months (Bonferonni corrected time point
analysis). Although the number of mice per group
was smaller after 24 months, there is an indication
that the body weight of the HFS AL group returned
to a comparable body weight as the LF AL group at
27 months of age. The body weight of the LF AL
group also decreased, but not as steep as that of the
HFS AL group (data not shown). The energy intake
for the different experimental groups can be found in
Fig. 2B.

For the metabolic parameters that were assessed in
both LF DR groups there were no differences found

between both (LF DR I and LF DR II) groups. For
that reason the DR groups are combined from Fig. 2C
onwards in one figure; time points 6 and 18 months
consist of LF DR I, time points 12 and 24 months con-
sist of LF DR II. Energy absorption (Fig. 2C) at four
different time points (6, 12, 18, and 24 months) was
higher in HFS groups than in LF groups irrespective
of DR (p < 0.001). DR mice were overall less efficient
independent of type of diet (p < 0.001).

Average EE at 6, 12, 18, and 24 months (Fig. 2D)
was lower in DR groups under LF conditions while it
was higher under HFS conditions (diet × restriction
interaction, p < 0.001) compared to the correspond-
ing AL groups. EE decreased with age under AL
conditions, while under DR conditions EE decreased
under HFS conditions but increased under LF con-
ditions (restriction × age (p < 0.001) and diet × age
(p = 0.001)). RMR was lower in mice under DR con-
ditions than in mice under AL conditions (p = 0.001).
Comparing RMR (Fig. 2E) in both DR groups
results in a higher RMR under HFS conditions
(diet × restriction, p = 0.001). In addition, RMR
decreased with age under AL conditions while in the
DR groups, RMR increased with age under LF condi-
tions and it was stable with age under HFS conditions
(restriction × age p < 0.001, diet × age p < 0.001, and
restriction diet age p < 0.001).

Body composition analysis of mice at 6, 12, 18,
and 24 months (Fig. 3) revealed that dry lean mass
(Fig. 3A) was lower in DR groups independent of diet
type (p < 0.001). Visceral (Fig. 3B) and subcutaneous
(Fig. 3C) fat mass were lower in DR mice indepen-
dent of type of diet (p < 0.001) and higher in HFS
mice compared to LF mice (p < 0.001). Overall the
amount of visceral fat increased with age (p = 0.01).
Liver TGs (Fig. 3D) decreased in DR mice versus AL
mice (p < 0.001) and increased in mice on a HFS diet
compared to mice on a LF diet (p < 0.001).

Plasma analysis of blood taken during sacrifice at
6, 12, 18 and 24 months (Fig. 4) revealed that levels
of leptin (Fig. 4A) and GIP (Fig. 4B) were increased
in HFS mice relative to LF mice (p < 0.001) and
lowered by DR (p < 0.001) relative to AL conditions.
In addition there were diet × age (leptin p < 0.01, GIP
p < 0.05) and diet × restriction (leptin p < 0.001, GIP
trend p = 0.06) interactions indicating that the restric-
tion and age effects were dependent on the type of
diet.

Resistin (Fig. 4C) was neither affected by type of
diet nor diet availability. Plasma cholesterol (Fig. 5A)
was overall higher in mice on a HFS diet (p < 0.001)
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Fig. 1. Kaplan-Meier survival curves of the five different experimental groups; three LF groups, one LF AL and two DR groups (LF DR I
(60% restriction)) and LF DR II (same amount of Joules as HFS DR); and two HFS groups, one HFS AL and one HFS DR. Samples sizes
were LF AL n = 119, LF DR I n = 74, LF DR II n = 62, HFS AL n = 118 and HFS DR n = 122. Significant differences, including p-values,
are indicated in the legend. (A) includes the mice that were sacrificed because of humane endpoints, see Table 1. There was a significant
reduction in survival in AL mice on an HFS diet compared to LF diet (p < 0.001, log-rank test) and there was a significant increase in survival
in DR mice independent of diet (p < 0.01, log-rank test for LF; p < 0.001, log-rank test for HFS). Under DR conditions, mice on a HFS diet
had a better survival compared with mice on a LF diet (p < 0.001). (B) excludes mice that were sacrificed because of humane end points
(except humane endpoint which were considered to be deadly: severe weight loss/general bad appearance). There was a significant reduction
in survival in AL mice on an HFS diet compared to LF diet (p < 0.001, log-rank test) and there was a significant increase in survival in
DR mice compared to AL mice independent of diet (p < 0.001). The table below the figure indicates the survival proportions for the three
different percentiles (25%, 50%, and 75%) of the five different experimental groups.

Table 1

On the rows the different experimental groups are indicated, in the columns the sacrifice reasons or cause of death

Severe weight Scratching Rectal Eye Breathing Tilted Experimental Penile Death Total
loss/bad wounds prolapse infection problems head reasons prolapse in cage

appearance (%) (%) (%) (%) (%) (%) (%) (%) (%)

LF AL (n = 119) 7 (6%) 4 (3%) 1 (1%) 11 (9%) 23
LF DR I (n = 74) 9 (12%) 22 (30%) 1 (1%) 2 (3%) 34
LF DR II (n = 62) 5 (8%) 16 (26%) 5 (8%) 26
HFS AL (n = 118) 32 (27%) 6 (5%) 1 (1%) 2 (2%) 1 (1%) 1 (1%) 5 (4%) 48
HFS DR (n = 122) 10 (8%) 2 (2%) 1 (1%) 1 (1%) 7 (6%) 21
Total n 63 12 38 1 3 2 2 1 30 152

Weight loss as cause of death was more pronounced in HFS groups compared to LF groups (p < 0.001) and more in AL groups versus DR
groups (p < 0.001). Rectal prolapse as cause of death was more pronounced in LF groups compared to HFS groups (p < 0.001) and more
in DR groups compared to AL groups (p < 0.001). Scratching as cause of death was more pronounced in AL groups versus DR groups
(p < 0.01). Planned sacrifices (6, 12, 18 and 24 months) are excluded from these results.

and lower in DR mice (p < 0.001, diet effect for free
cholesterol p < 0.01).

At 4, 9, 15, and 21 months, fasting blood samples
were taken for assessment of glucose homeostatic
parameters (Fig. 5 B–D). Basal glucose, basal insulin
and the HOMA-IR index were higher in mice on

a HFS diet and lower in DR mice (p < .001). The
HOMA-IR index increased with age (p = 0.001), irre-
spective of diet type and diet availability.

During a 24-hours fasting challenge (Figs. 6A and
6B) all AL mice showed a transient decrease in EE
(p < 0.001), but this effect was not as profound in the
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Fig. 2. (A) Body weight development measured over life time and indicated every 1.5 months. Significant differences, including p-values, are
indicated in the legend. If a post hoc test was allowed, the significant differences within an age group are indicated with asterisks (∗p < 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). LF DR at 6 and 18 months is LF DR II and at 12 and 24 months is LF DR I. There was a significant reduction
of body weight in DR mice, in AL mice body weight was lower in mice on a LF diet compared to mice on a HFS diet. DR mice with
comparable calories (LF DR II and HFS DR) had comparable body weights at the end of their first year, before and after that body weight
was higher in the HFS DR group. Data are averages from n = 12-104 mice per group; +SEM (B) Average 3 or 6 months energy intake. Energy
intake was higher in HFS mice compared to LF mice (p < 0.001); energy intake of LF DR I was 60% of the LF AL group; energy intake
of HFS DR group was 60% of the HFS AL group; energy intake of LF DR II was comparable with the HFS DR group. Data are averages
from n = 12-104 mice per group; +SEM (C) Absorption efficiencies for the experimental groups at four different time points (LF DR at 6
and 18 months is LF DR II and at 12 and 24 months is LF DR I). Absorption efficiencies were higher in mice on HFS diet compared to
mice on a LF diet and lower in DR mice versus AL mice. Data are averages from n = 2-3 mice per group; +SEM. (D) Average EE corrected
for body weight0.75 over 24 hours. Overall there were diet × restriction (p < 0.001), diet × age (p = 0.001), restriction × age (p < 0.001), and
diet × restriction × age (p < 0.001) interactions. (E) RMR corrected for body weigth0.75. Overall there were diet × restriction (p = 0.001),
diet × age (p = 0.001), restriction × age (p < 0.001), and diet × restriction × age (p < 0.001). Data are averages from n = 3–8 mice per group;
+SEM.

AL groups as in the DR groups (p < 0.05). At the
ages of 6 and 12 months, the LF groups declined
steeper than the HFS groups (p < 0.001). The RQ
(Figs. 6D and 6E) declined steeper in DR than AL
groups (p < 0.001).

4. Discussion

The major aim in this study was to investigate
whether lifelong daily DR would counteract the neg-
ative effects of a Western-style diet on metabolic
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Fig. 3. Body composition results. Significant differences, including p-values, are indicated in the legend. If a post hoc test was allowed, the
significant differences within an age group are indicated with asterisks (∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). LF DR at 6 and 18 months is
LF DR II and at 12 and 24 months is LF DR I. (A) Dry lean mass at the four different ages was lower in DR mice (p < 0.001) (B) Visceral
fat mass at the four different ages was lower in DR mice (p < 0.001), higher in mice on a HFS diet (p < 0.001) and there was a diet × age
interaction (p = 0.01) (C) Subcutaneous fat mass at the four different ages was lower in DR mice (p < 0.001) and higher in mice on a HFS diet
(p < 0.001) (D) Liver triglycerides at the four different ages was lower in DR mice (p < 0.001) and higher in mice on a HFS diet (p < 0.001).
Data are averages from n = 7–8 mice per group; +SEM.

functioning and longevity. For this reason, a subgroup
of mice was daily given (from weaning onwards)
60% of the caloric content of the HFS diet (HFS
DR) that was daily eaten by the HFS AL mice. In
the LF condition, subgroups were either daily given
60% (LFDRI) or 70% (LFDRII) of the metabolizable
caloric intake of the LF AL group. The metabolizable
caloric intake of the LFDRII group was comparable
to the metabolizable caloric intake of the HFS DR
group.

Overall, DR mice had a right-shift of the survival
curve compared to AL mice (Fig. 1), independent
of diet type. If all mice were included in the sur-
vival analysis (including the mice that were sacrificed
because of non-lethal humane endpoints, Fig. 1A)
the HFS DR condition still caused mice to right-shift
their survival curve, but this effect was not observed
in the LF DR mice. The latter was mainly caused by
the relatively large number of LF DR mice that had
to be sacrificed because of humane endpoints that
were perhaps not lethal immediately. Thus, if only

mice were included in the survival analysis that died
spontaneous (i.e. mice did not show any indication
of health deterioration within days before death), or
because they were sacrificed of human endpoints that
indeed predicted death within a few days, the diet
effect under restricted conditions was lost and both
DR groups survived longer than corresponding AL
groups.

Although there were some subtle differences
between HFS DR and LF DR groups, the major
effects of the HFS AL diet (increased adiposity,
elevated hepatic TG levels and higher HOMA-IR)
were abolished by offering the HFS diet in reduced
amounts. In any case, adipose tissue, hepatic TG lev-
els and HOMA-IR in HFS DR mice never surpassed
the levels of these parameters in the LF AL mice.
Along with the positive effects by DR on lipid and
glucose metabolism, we showed that the flexibility
in EE and RQ were much higher in the DR mice
than in the AL mice. A connection between high
metabolic flexibility and longevity has indeed been
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Fig. 4. Plasma hormone results. Significant differences, including p-values, are indicated in the legend. If a post hoc test was allowed, the
significant differences within an age group are indicated with asterisks (∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). LF DR at 6 and 18 months is
LF DR II and at 12 and 24 months is LF DR I. (A) Leptin and (B) GIP overall increased on a HFS diet (p < 0.001) and decreased by DR
(p < 0.001). (C) Resistin was not affected by DR nor eating a HFS diet. Data are averages from n = 7–8 mice per group; +SEM.

observed before [39]. Whether the metabolic flexi-
bility is a result of the time frame in which the DR
mice ate their food or by restricted amount of food
is not known. The effects on metabolic flexibility are
remarkable in the light of the apparent incongruen-
cies of the effects of DR on EE in the two diet groups
over time [40, 41]. A negative association between
RMR and lifespan is the cornerstone of the rate of
living and free-radical damage theories of aging [42].
Related to this theory, the RMR measured in these
mice probably reflects the right shift in the survival
curves of the DR mice compared to the AL mice.
However, the difference between the survival curves
of the LF AL and HFS AL groups, and the lack of
difference (when excluding the mice that were sac-
rificed because of humane end points (except severe
weight loss/general bad appearance)) between the LF
DR and HFS DR is not reflected in these RMR results.

One major implication of the current study is that
inclusion of sacrifice according to humane endpoints
directly interfered with the outcome, namely that the
effect of DR in the LF group depended strongly on
whether or not these human endpoint sacrifices were
taken into account or not. In Table 1 the causes of
death, or reasons for sacrifice, are mentioned, and

probably only severe weight loss (due to sudden adip-
sia and hypophagia), and/or a general bad appearance
would have been lethal within a few days, had the
mice not been sacrificed by the researcher. Rectal
prolapse is a common problem in laboratory mice,
although the reason for the condition is often unclear
[43]. We have checked the degree of DR and poten-
tial lack of micronutrients, but we did not find any of
these to be related to the incidence of rectal prolapse
in the current study, except for the fact it was more
common in the LF condition. Seemingly adverse
health conditions like rectal prolapse and scratching
behavior would definitely not be lethal on the short
(or even longer) term [44], but were decided by our
Institutional Animal Use and Care Committee of the
University of Groningen to be discomforting enough
to qualify for sacrifice (i.e., humane endpoint).
This was in the end a subjective decision, which might
differ between individuals, research institutes, and
countries. The scientific community should be made
aware of this pitfall in long-term survival studies,
where humane endpoints for sacrifice are practiced.

In agreement with previous studies [8–10], we
showed that AL feeding a HFS diet resulted in
decreased survival as indicated by a left-shift of the
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Fig. 5. Plasma cholesterol and glucose homeostasis results. Significant differences, including p-values, are indicated in the legend. If a post
hoc test was allowed, the significant differences within an age group are indicated with asterisks (∗p < 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). LF
DR at 6(4) and 18(15) months is LF DR II and at 12(9) and 24(21) months is LF DR I. (A) Total plasma cholesterol was higher on a HFS
diet and lower in DR mice (p < 0.001) (B) Plasma glucose after 6 hours of fasting, (C) insulin after 6 hours of fasting, and (D) HOMA-IR
index were higher on a HFS diet and lower in DR mice (p < 0.001). HOMA-IR index increased with age (p = 0.001). Data are averages from
n = 7-8 (insulin and HOMA-IR n = 2–8) mice per group; +SEM.

survival curves relative to those of mice AL feeding
a LF diet. The main divergence of these curves was
noted around 12 to 18 months of life, and after that
the curves ran parallel. In the attempt to find under-
pinnings of this survival divergence, sub-cohorts of
the different diet groups presumably representing the
general health characteristics of these groups were
sacrificed at 6, 12, 18 and 24 months. The most strik-
ing effect at all ages was that the HFS AL mice
had profoundly increased adipose tissue depots and
TG storage in the liver, combined with a higher
HOMA-IR index indicative of a higher level of insulin
resistance compared to LF AL mice. Development
of a fatty liver, frequently the result of overflow
from visceral adipose tissue deposition [45] could
be one mechanism to explain the increased HOMA-
IR [46, 47]. Expansion of adipose tissue [48] has
been mentioned to be associated with macrophage
infiltration [49, 50], inflammatory activation [51],
increased oxidative stress [52] and adverse adipo-
cytokine release and these derangement could build
up over time to eventually cause derangements in
other organs too [53]. It is likely that at least some of

these mechanisms could be underlying to the diver-
gence of the survival curves of HFS AL and LF AL
mice that occurred around the age of 12 to 18 months.
At 24 months, however, the HFS AL mice had sharply
reduced levels of TG storage in the liver compared to
these levels found at 12 to 18 months, and in fact
reached the same levels found in the LF AL mice.
Likewise, HOMA-IR was strongly elevated in HFS
AL at 18 months but reduced again in mice at 24
months. While it cannot be excluded that these effects
were driven by the aging process itself, we consider
it more likely that they were the result of survivor
bias as it is known that there are responders and non-
responders to a Western-style diet [54, 55]). As such,
mice that were affected most by the HFS diet to have
increased hepatic TG deposition and associated IR
may have not survived until 24 months, but these
probably did contribute to the outcomes obtained at
12 to 18 months. Mice feeding the HFS AL diet nev-
ertheless remained hyperphagic and sustained their
increased fat mass relative to the LF AL mice until
24 months (and later), but presumably these surviving
mice were less sensitive to the deleterious effects of



A.C. Reijne et al. / HFS diet does not affect benefits lifelong DR 71

Fig. 6. Starvation experiment results. (A) EE during the light phase preceding starvation. Significant differences, including p-values, are
indicated in the legend. If a post hoc test was allowed, the significant differences within an age group are indicated with asterisks (∗p < 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001). LF DR at 6 and 18 months is LF DR II and at 12 and 24 months is LF DR I. There was a significant DR effect
(p < 0.001) which differed over time (DR × age p < 0.001) and per diet (DR × diet p < 0.010) and a significant age effect (p < 0.001) which
differed per diet (age × diet p < 0.01). (B) Difference in EE over time during the starvation experiment, as a comparison also the EE under
normal feeding conditions are added. At all ages EE decreased with time (p < 0.001) and the DR groups declined steeper than the AL groups
(p < 0.05). In addition, at 6 and 12 months the LF groups declined steeper than the HFS groups (p < 0.001). (C) RQ during the light phase
preceding starvation. RQ was lower in mice on a HFS diet compared to mice on a LF diet (p < 0.001), RQ was lower in DR mice compared to
AL mice (p < 0.001), and RQ declined with age (p < 0.001). (D) Difference in RQ over time during the starvation experiment, as a comparison
also the RQ under normal conditions is added. The DR mice declined steeper than the AL mice (p < 0.001). Upon request an example of
the decline in EE and RQ over time during the starvation experiment can be requested. Data are averages from n = 7–8 mice per group (24
months n = 3–8); ±SEM.

HFS feeding. This disconnect between adipose tissue
storage and overfeeding the HFS diet together with
attenuation of hepatic TG storage and improvement
of HOMA-IR is of interest and deserves further inves-
tigation. Finally, the elevated level of GIP in the HFS
AL mice selectively at 24 months is remarkable. GIP
has been shown to counter healthy aging [56, 57],
however, there are also papers showing that GIP has
anti-inflammatory actions in neurodegenerative [58]
and metabolic [59] diseases. If any, the adipokines

leptin and resistin did not seem to play a major role
in these phenomena.

In conclusion, male mice eating a HFS AL diet
resulted in a decreased survival, i.e. a left-shift in the
survival curves compared to eating a LF AL diet. This
left-shift can be the result of the increased adiposity
in the HFS group, elevated TG levels, higher HOMA-
IR which can be associated with derangements that
build up in other organs too and a higher RMR. These
effects of eating a HFS diet were abolished when
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HFS diet was eaten in restricted amounts. Suggest-
ing that the composition of the diet is less important
than the caloric consumption. If mice that were sac-
rificed because of humane end points (except severe
weight loss/general bad appearance) were excluded
from the survival analysis both DR groups survived
better compared to both AL groups without a diet dif-
ference between both DR groups, suggesting that the
negative effects of a Western-style diet do not neg-
atively impact the positive effects of DR. Whether
these results also apply to female mice needs to be
further investigated.
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