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We analyzed ultrastructural changes and markers of fission/fusion in hepatocyte mitochondria from mice submitted to
40% calorie restriction (CR) for 6 months versus ad-libitum-fed controls. To study the effects of dietary fat under CR,
animals were separated into three CR groups with soybean oil (also in controls), fish oil, and lard. CR induced differential
changes in hepatocyte and mitochondrial size, in the volume fraction occupied by mitochondria, and in the number of
mitochondria per hepatocyte. The number of cristae per mitochondrion was significantly higher in all CR groups com-
pared with controls. Proteins related to mitochondrial fission (Fisl and Drpl) increased with CR, but no changes were
detected in proteins involved in mitochondrial fusion (Mfnl, Mfn2, and OPA1). Although many of these changes could
be attributed to CR regardless of dietary fat, changing membrane lipid composition by different fat sources did modulate

the effects of CR on hepatocyte mitochondria.
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T has been demonstrated in a large number of experi-

mental models that calorie restriction (CR), a reduction
in the amount of dietary energy intake without malnutri-
tion, is one of the best known experimental interventions,
which leads to an increase in life extension under laboratory
conditions (1-3). Although a life-span-extending effect of
CR in nonhuman primates still remains controversial (1,4),
it is firmly established that CR prevented cancer, diabe-
tes, hypertension, and other age-related diseases in a wide
range of animals including nonhuman primates and humans
(1,4,5). Due to its beneficial effect on health, CR has been
widely used as a model that could provide insights into the
delay of the aging process and on the underlying mecha-
nisms of aging.

Currently, the free radical theory of aging (6) is among
the most accepted theories to explain the positive effects
of CR on health and life-span extension, and CR has been
demonstrated to decrease reactive oxygen species (ROS)
generation and oxidative injury (2). Thus, decreased dam-
age to proteins and DNA (especially mitochondrial DNA)
has been reported in CR animals (7-10). Moreover, an

inverse correlation between life span and the degree of
membrane phospholipid unsaturation has been proposed
(10,11). The assumption has been made that polyunsatu-
rated fatty acids are more susceptible to peroxidation and
other modifications that result in the accumulation of oxida-
tive injury in membranes containing these fatty acids. This
idea is supported by a decreased content of polyunsaturated
fatty acids in mitochondria isolated from different organs
after CR (12). As one of the major ROS-producing constitu-
ents of the cell, special attention has been paid to the role
of the mitochondria on these phenomena, and the proposal
has been made that a combination of both “mitochondrial”
and “membrane” theories of aging can explain the life-span
extension effect of CR (13,14).

As highly dynamic organelles, mitochondria undergo
continuous changes of morphology that include fusion,
fission, and biogenesis processes (15). Thus, changes in
the “mitochondrial cycle” and/or in its morphology and
physiology have been reported in most tissues studied
under different experimental conditions, as well as under
pathological processes and aging (15-18). In this respect,
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it has been shown in different organs that CR reduces
mitochondrial ROS generation (7,13,19-23), establishing
a strong correlation between beneficial effects of CR and
decreased oxidative damage at the mitochondrial level.

In an attempt to establish the precise role of the unsatu-
ration degree of membrane phospholipids and the effects
of CR, experiments have been carried out feeding animals
with diets in which the composition of the dietary fat was
controlled. Thus, Cha and Jones (24) found that changes in
rat liver cell membrane phospholipid composition depended
on the fatty acid saturation degree of dietary fat. However,
these changes were diluted in animals fed diets with iden-
tical composition but under 25%-30% CR by decreasing
carbohydrate intake. More recently, we reported changes
in lipid composition and some physiological parameters
of skeletal muscle mitochondria isolated from mice fed
for 1 month with 40% CR diets with different dietary fat
sources (soybean oil, fish oil, and lard) compared with
controls fed ad libitum (AL) although few changes were
detected between different fat sources under CR (25). On
the other hand, following an identical feeding protocol, we
found in liver significant differences in mitochondrial mem-
brane composition and several measures of mitochondrial
function depending on dietary fat under CR (26).

As the primary organ for fat, carbohydrate, and protein
interconversion between storage and metabolizable forms,
as well as for its multiplicity of functions (27,28), liver—
more specifically, the hepatocyte—has been extensively
used as a model to study the effects of CR and aging. The
purpose of this study was to analyze changes in the ultras-
tructure and markers of mitochondrial fission and fusion in
hepatocytes from mice submitted to 40% CR for 6 months.
Furthermore, animals submitted to CR were fed different
dietary fats to determine whether different degrees of fatty
acid unsaturation play a role in the protective effects of CR
on animal health. We used electron microscopy combined
with planimetric and stereological techniques to achieve
the first objective and the expression analysis of proteins
involved in mitochondrial fission and fusion by Western
immunoblotting to determine possible alterations of mark-
ers of these processes induced by CR and/or dietary fat.

METHODS

Animals and Diets

A cohort of 64 ten-week-old male C57BL/6 mice was
used (Charles River Laboratories, MA). Mice were bred
and raised in a vivarium at the Centro Andaluz de Biologia
del Desarrollo (Sevilla, Spain) under a 12-h light/dark cycle
(8:00 am to 8:00 pm) under controlled conditions of tem-
perature (22+3°C) and humidity. The animals were fed an
AIN-93G diet (Research Diets, NJ). Food intake was meas-
ured during 1 month to determine the average amount of
food consumed per day. At 3 months of age, animals were

randomly divided into four different experimental groups:
AL (95% of average diary intake and using soybean oil as
the fat source) and CR (60% average diary intake), which
was further separated into three dietary groups depend-
ing on the fat source included in the diet. Soy diet con-
tained soybean oil as the fat source. This diet is, therefore,
enriched in linoleic acid. The Fish group was fed with the
AIN-93G diet but containing fish oil, with a high content
of polyunsaturated n-3 fatty acids, as the main fat source.
Finally, the Lard group consisted of mice fed with the same
diet but containing animal lard (rich in saturated fatty acids)
as the fat source. We have published the whole composition
of diets used for feeding each experimental group in recent
reports (25,26). Filtered and acidified water was available
AL for all groups, and food was replaced every day between
8:00 and 9:00 AM.

Animals were handled in accordance with the Pablo
de Olavide University Ethical Committee rules, and the
86/609/EEC Directive on the protection of animals used for
experimental and other scientific purposes. Animals were
fed for 6 months under these conditions, sacrificed after an
18-hour fast by cervical dislocation, and quickly dissected
to obtain liver samples that were used for ultrastructural
analysis, as well as for cytosolic and mitochondria-enriched
fractions isolation for studies of fission/fusion markers.

Tissue Processing for Microscopy

Once the organs were removed and quickly washed, they
were cut in small pieces of about 1 mm?. For each animal,
we processed about five to six liver pieces taken from the
different lobules of the organ. About five to seven ani-
mals were processed in every dietary group. Samples were
fixed in a mixture of 2.5% glutaraldehyde—2% paraform-
aldehyde in sodium cacodylate buffer (0.1 M) for 4 hour
and then postfixed in 1% osmium tetroxide for 1 hour at
4°C in the same buffer. After dehydration in an ascendant
series of ethanol, the pieces were transferred to propylene
oxide and sequentially infiltrated in EMbed 812 resin. We
used the sequence propylene oxide—resin 2:1; 1:1, and 1:2
throughout 24 hour. Afterwards samples were transferred
to pure resin for 24 hour. Blocks were formed in fresh resin
contained in silicon molds, and the resin was then allowed
to polymerize for 48 hour at 65°C. After sculpting, blocks
were sectioned in an Ultracut Reicher ultramicrotome to get
both semithick (0.5-1 wm width) and ultrathin (40-60nm
width) sections for different purposes as follows.

Hepatocyte Size

Semithick sections were mounted on glass slides and
stained with 1% toluidine blue in a 1% borax aqueous
solution for 2 minutes. Micrographs were obtained using a
Leica DME light microscope. On this material, we measured
planimetric parameters of whole hepatocytes using the
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ImagelJ software (N.I.H.). Cells were selected on the basis
of showing a central nucleus and a circularity coefficient
ranging from 0.85 to 1.0. About 1,000 hepatocytes from
five animals per diet were measured. Final volumes were
calculated assimilating hepatocyte shape to spheroids (29).

Mitochondrial Ultrastructure and Stereology

Ultrathin sections were mounted on nickel grids. After
staining in aqueous 4% uranyl acetate and modified Sato’s
lead citrate (30), the sections were viewed and photographed
in a Philips CM-10 electron microscope. From this material,
we obtained low-magnification micrographs (originally at
%x5,800) to evaluate cell sizes (as a reference for further cal-
culations), as well as the number of mitochondria profiles per
cell. Higher magnification pictures of mitochondria (origi-
nally x25,000) were used to obtain several ultrastructural
parameters (area, maximum and minimum diameters, and
circularity coefficients). These pictures were taken randomly
from 35 to 40 hepatocytes per experimental group. We also
measured cristae length on these pictures using planimetric
techniques. In these cases, mitochondria were selected on
the basis of showing a well-defined cristal ultrastructure. The
number of cells, mitochondria, and/or cristae scored in each
case is included in the corresponding table or figure caption.

In addition to the planimetric measurements, we per-
formed a stereological analysis of the samples in order to
get information on volumetric parameters of mitochondria.
Thus, volume density (Vv) and numerical density (Nv)
values were obtained following a point analysis according
to previously described methods (31). Briefly, we selected
20 pictures of hepatocytes and performed a point-counting
method (31) using a simple square-lattice test system of
5Smm spacing (equivalent to 0.4 pm), which was applied to
obtain Vv of mitochondria.

The numerical density of mitochondria (Nv) was obtained
using the formula

k Na*?

Nv = B Vy'/2

where “Na” is the numerical profile density (number of
mitochondria/um? of cell) and & and (3 the mitochondrial
size distribution and shape coefficient, respectively. These
coefficients were calculated using the results of the previ-
ous planimetric measurements in hepatocytes and assimi-
lating mitochondrial shape to regular prolate spheroids
(31). Planimetric measurements on mitochondria were per-
formed using ImageJ software (N.I.H.).

Total Mitochondrial Mass and Number of Mitochondria
Per Cell

These parameters were calculated by multiplying Vv and
Nv by mean hepatocyte volume. For comparisons, standard
deviations were accumulated.

Isolation of Cytosolic and Mitochondria-Enriched
Fractions From Liver

Liver samples were homogenized at 4°C in ice-cold isola-
tion buffer containing 5 mM Tris—HCl pH 7.4, 0.225M man-
nitol, 0.075M sucrose, 0.5mM ethylene glycol tetraacetic
acid, 1 mM phenylmethylsulfonyl fluoride, and 20 pg/ul
each chymostatin, leupeptin, antipain, and pepstatin with the
aid of a Teflon-glass tissue homogenizer. Samples were cen-
trifuged at 600g for 5 minutes and the pellet was discarded.
Additional centrifugation steps were performed until no
pellet at 600g was observed. The final supernatant was then
centrifuged for 15 minutes at 6,500g to obtain a mitochon-
drial-enriched fraction. Mitochondria were resuspended in
200 pl of isolation buffer and stored frozen at —80°C until
further analysis. Supernatants were centrifuged again at
80,000g for 45 minutes to separate a cytosolic fraction.

Polyacrylamide Gel Electrophoresis and Western Blot
Immunodetection of Mitochondrial Fission- and Fusion-
Related Proteins

About 50 pg of mitochondrial protein was denatured
by heating in sodium dodecyl sulfate (SDS)—dithiothreitol
loading buffer containing 10% sucrose, 2mM ethylenedi-
aminetetraacetic acid, 1.5% (w/v) SDS, 20 mM dithiothrei-
tol, 0.01% (w/v) bromophenol blue, and 60 mM Tris—HCI
pH 6.8; separated by SDS—polyacrylamide gel electro-
phoresis (12.5% acrylamide); and then blotted onto nitro-
cellulose sheets. Blots were stained with Ponceau S for
visualization of protein lanes. For polypeptide detection,
we used rabbit polyclonal sera against Fisl, Drpl, Mfnl,
or Mfn2 (obtained from Santa Cruz Biotech) diluted at a
range of 1:2000-1:3000. For OPA1 detection, we used a
goat polyclonal antiserum (Santa Cruz Biotech) at a 1:2000
dilution. Drpl was also immunodetected in blots obtained
after eletrophoretic separation of 50 pg cytosolic protein.
The corresponding secondary IgG antibodies (diluted from
1:200 to 1:5000) coupled to horseradish peroxidase (Sigma)
were used to reveal binding sites by enhanced chemilumi-
nescence (ECL-Plus, GE Healthcare Life Sciences).

Photographic films and Ponceau S-stained blots were
scanned in a GS-800 calibrated densitometer (Bio-Rad) to
obtain digital images. Quantification of reaction intensity
was carried out using Quantity One software (Bio-Rad). Data
obtained from quantification of stained bands (in arbitrary
units) were normalized to those of the corresponding lane
stained with Ponceau S in order to correct any difference in
protein loading between samples, as previously validated
by our group (32). In order to have an accurate estimation
of changes produced by CR per se and by alterations of
dietary fat in CR animals, the effects of these two dietary
manipulations were assessed in separate electrophoresis
gels and blots carried out under optimized conditions for
each case. Thus, results of protein levels measured by
Western blotting were also represented in separate plots:
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one for CR effects (AL-Soy vs CR-Soy) and the other one
for dietary fat effects in CR animals (CR-Lard, CR-Soy, and
CR-Fish).

Statistic Analysis

All values are expressed as mean + SEM. Variables were
tested for normality by using D’Agostino-Pearson test.
Differences among diets were assessed by Student’s ¢ test.
In case data did not pass the normality test, the nonpara-
metric Mann—Whitney test was followed. Post hoc analysis
of linear trend was also performed to investigate putative
alterations of tested parameters among CR diets ordered as
CR-Lard — CR-Soy — CR-Fish, which resulted in a pro-
gressive decrease of n-6/n-3 ratio in phospholipids HUFA
(25). Means were considered statistically different when p <
.05. All statistical analyses were performed using Graphpad
Prism 5.03 (Graphpad Software Inc, San Diego, CA).

REsuLTS

Mouse hepatocytes from the different dietary groups
showed a typical morphology nearly identical to that
described for these cell types in classical textbooks.
However, after planimetric measurements of the cells, we
did find some differences among dietary groups for several
structural parameters. Although cell shapes remained fairly
constant, major and minor diameters exhibited some varia-
tions in the different dietary groups, and consequently both
section area and volume of hepatocytes changed with rela-
tion to the diet. In this way, 6 months of CR induced a slight
but statistically significant increase of cell size in those ani-
mals fed diets containing soybean and fish oil (CR-Soy and
CR-Fish groups). However, this increase of mean hepato-
cyte size was abolished when animals were subjected to CR
with lard as the fat source (CR-Lard group; Table 1).

In spite of these changes, no striking differences
concerning hepatocyte ultrastructural architecture were
detected in AL- versus CR-fed animals (see Figure 1A and
B as examples). Mitochondria occupied a high proportion
of cells independent of the experimental group (described
subsequently). Mitochondria could be found in different
sizes and forms, but most of them exhibited a spherical to

Figure 1. Electron micrographs of hepatocytes from mice submitted to an
ad libitum diet (A) or to 6 months 40% CR with fish oil as the main fat source
(B; CR-Fish) showing the general ultrastructure and preservation of the materi-
als used for the quantitative analysis. Mitochondria (arrowheads) were found
surrounding the nuclei (N). LD, lipid droplet; arrows, rough endoplasmic retic-
ulum. The bars are equal to 2 pm.

prolate ellipsoid shape with short cristae perpendicular to
the longer axis of the organelle (Figure 2A-D). Although
mitochondria were spread out over the cytoplasm, they
frequently appeared as clusters of four to eight mitochondrial
profiles surrounded by different cellular constituents (RER,
lipid droplets, vesicles, etc.; Figure 2A-D).

Table 1. Hepatocyte Planimetric Parameters Measured in Semithick Sections Stained With Toluidine Blue

AL CR-Lard CR-Soy CR-Fish
Area (nm?) 357.4+3.4% 348.7+3.9% 381.2+4.6 387.0+3.8
Major diameter (nm) 23.9+0.12% 23.6+0.14% 24.8+0.13 25.1+0.13
Minor diameter (um) 18.6£0.10% 18.4+0.10* 19.2£0.10 19.3£0.09
Circularity 0.89x0.0007 0.89x0.0008 0.89+0.0008 0.89x0.0008
Cell volume (pm?*) 4666.8 +68.1* 4562.2+81.5% 5113.5+73.8 5200.4+76.4
n 1,200 1,056 1,070 931

Note: Data are mean values = SE. AL = ad libitum; CR = calorie restriction.

*p <.001 vs RC-Soy and RC-Fish groups. No differences were found when comparing AL with RC-Lard diets or RC-Soy with RC-Fish.
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Figure 2. Ultrastructural details of mitochondria (M) from mice fed ad libi-
tum (A) or subjected to 6 months caloric restriction (CR) with different fat
sources (B, CR-Soy; C, CR-Fish; and D, CR-Lard). Quantitative changes were
detected after the exhaustive planimetric study of the samples (see text). N,
nucleus; LD, lipid droplet; arrows, rough endoplasmic reticulum. The bars are
equal to 1 um.

The mere observation of mitochondria under the elec-
tron microscope did not allow the detection of conspicu-
ous ultrastructural changes among different experimental
groups (compare Figure 1A and B). However, a quantitative
planimetric analysis of the micrographs did reveal changes
in several parameters related to mitochondrial morphology
(Table 2). Thus, we detected changes in both major and
minor diameters which consequently affected the mean
section surface and volume of this organelle. We found
that mitochondria from CR-Lard group showed increased
section area compared with all other diets. However, this
parameter remained unaltered in CR-Fish and CR-Soy
compared with AL group (Table 2). An estimation of mean
mitochondrial volume using the planimetric results and
assimilating the mitochondrial shape to prolate spheroids
yielded the result of an increased mitochondrial volume in
those animals fed the CR-Lard compared with all other diets

(Table 2). Finally, CR also induced changes in mitochon-
drial shape, with a decrease of circularity coefficients in all
CR groups compared with the AL control. However, this
effect was especially evident for CR-Fish, which displayed
mitochondria with significantly decreased circularity coef-
ficient compared with the other CR groups (Table 2).

In addition to the planimetric analysis on individual
mitochondria, we also measured the total surface occupied
by this organelle in relation to the sectioned hepatocyte sur-
face, and the results are included in Figure 3. In this case,
we detected significant increases in the area ratio occupied
by mitochondria in all of the CR-fed animals in comparison
to those fed AL although no statistically significant changes
were detected when comparing the different CR groups
among them (Figure 3).

Mitochondrial cristae were also analyzed, and the results
are summarized in Table 3. We found similar mean cristae
lengths (ranging from 0.209 to 0.220 wm) when comparing
all the dietary groups. However, our statistical analysis did
reveal that cristae were significantly longer in hepatocyte
mitochondria from CR-Fish compared with all other groups
(Table 3). Remarkably, the mean number of cristae per
mitochondrion was significantly increased in all CR groups
compared with AL controls (Table 3).

Next, we applied stereological methods to obtain infor-
mation on the fraction of cell volume occupied by mito-
chondria (ie, volume density; Vv), and the results are shown
in Figure 4. In general, cell volume occupied by mitochon-
dria ranged from 14% to 22% depending on the group. As
observed in Figure 4, all CR groups showed a significant
increase in this parameter compared with AL-fed animals
(Figure 4), whereas no differences among the three CR
groups were observed. The numerical density (ie, number of
mitochondria per cell volume unit, Nv) was also increased
in animals under CR regardless of the predominant dietary
fat source, with no differences among CR groups (Figure 5).
Our results of the estimation of total volume occupied by
mitochondria and the total number of mitochondria per

Table 2. Planimetric Parameters of Mitochondria Ultrastructure Measured in Micrographs of Hepatocytes From Animals Fed AL or Subjected
to CR With Different Fat Sources

AL CR-Lard CR-Soy CR-Fish
Mean mitochondrial section area (nm?) 0.68+0.017 0.81+0.024° 0.67+0.016 0.66+0.015
Major diameter (um) 1.06+0.012° 1.18+0.020 1.12+£0.018 1.13+£0.017
Minor diameter (pm) 0.78+0.009¢ 0.83+0.011¢ 0.74+0.008 0.72+0.008
Circularity 0.90+0.002° 0.88+0.004 0.87+0.005 0.85+0.005"
Mean mitochondrial volume (um?) 0.406+0.020 0.512+0.024¢ 0.361+0.014 0.344+0.012
n 500 394 388 425

Notes: Data are expressed as mean values + SE. AL = ad libitum; CR = calorie restriction. Mitochondrial volumes were calculated assimilating mitochondrial
shape to regular prolate spheroids and using the formula vol = 4/3n (major diameter/2) (minor diameter/2)>.

»##% ys AL and CR-Fish and ** vs CR-Soy.
b yg CR-Lard and ** vs CR-Fish.

ek yg CR-Fish and * vs CR-Lard and CR-Soy.
ditk yg CR-Soy and CR-Fish.

e##%ys CR-Soy and CR-Fish and ** vs CR-Lard.
4% yg CR-Lard and * vs CR-Soy.

e##k% ys CR-Soy and CR-Fish and ** vs CR-AL.
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Figure 3. Surface occupied by mitochondria in sections of hepatocytes from
mice maintained on different diets. Data are referred as um? of mitochondria
per um? cell. Data represent mean values + SE. ***p < .001 vs ad-libitum-fed
animals.

cell are shown in Table 4. As observed, both parameters
increased significantly in all of the CR groups compared
with the AL group although no differences were found
when comparing among the different CR groups (Table 4).

In order to establish a possible relationship between the
ultrastructural changes and the differences in mitochondrial
mass with fission/fusion processes in this organelle,
we performed an analysis on the expression of proteins
related to these events. Unlike Drpl that resides mostly
in the cytosol and that is recruited to mitochondria to
promote fission events, Fisl, Mfnl, Mfn2, and OPA1 are
mitochondrial intrinsic proteins (17,33-36). Therefore,
Drpl was determined in both cytosolic and mitochondria-
enriched fractions, whereas Fisl, Mfnl, Mfn2, and OPA1
were only determined in the latter. As depicted in Figure 6A
and B, the levels of Drp1 in cytosol did not show statistically
significant differences either due to CR (Figure 6A) or due
to dietary fat under CR conditions (Figure 6B). However,
when Drpl expression was evaluated in mitochondria-
enriched fractions, we detected a significant increase in liver
mitochondria isolated from the CR-Soy group compared
with its AL counterpart (Figure 6C). In addition, when
the different CR conditions were compared, a significant
decrease was found in the CR-Fish group compared with
CR-Lard. Furthermore, post hoc analysis of linear trend

among CR diets ordered as CR-Lard, CR-Soy, and CR-Fish
was statistically significant (Figure 6D).

Interestingly, nearly identical results were obtained when
the expression levels of the Fisl protein were compared
among the different experimental groups. Thus, CR induced
increased expression levels of Fisl in relation to the AL-fed
animals (Figure 6E). Also, when comparing the CR groups,
we found a significant decreased expression of Fisl in those
animals fed the Fish diet compared with Lard-fed animals.
As indicated for Drpl, a statistical significant linear trend
of Fisl expression was found in CR-fed animal ordered as
Lard, Soy, and Fish (Figure 6F).

Unlike the results obtained for fission proteins, the
three fusion proteins examined (Mfnl, Mfn2, and OPA1)
did not exhibit changes when comparing AL- and CR-fed
animals (Figure 7A, C, and E) or the different CR groups
(Figure 7B, D, and F). Thus, neither CR nor dietary fat
seemed to induce changes in the expression levels of the
evaluated fusion proteins.

DiscussioN

Life-span extension in animals fed diets in which the
energy intake has been reduced (ie, caloric restriction, CR)
has been correlated with a decrease in cell oxidative injury
which, in turn, affects macromolecular structure and func-
tion (5,37). Furthermore, an inverse relationship between
maximal life span and the degree of fatty acid unsaturation
has been observed in interspecies comparisons (10,11),
and a proposal has been made that CR could act by modu-
lating fatty acid composition in tissue phospholipids (12).
Because membrane lipid composition depends in part on
the specific dietary fat (38,39), the possibility exists that
changing the predominant dietary fat under CR conditions
could modify the effects of CR on animal physiology and
aging. In this sense, Mattison et al. (4) have very recently
pointed out the diet composition as one of the major causes
to explain the contrasting results on life-span investiga-
tion in rhesus monkeys (1,4). Thus, this study was set to
evaluate the possible effects of 6-month 40% CR- versus
AL-fed animals using soybean oil (enriched in n-6 fatty
acids) as fat source in both diets, as well as to test the
effect of different dietary fats, such as fish oil (enriched in

Table 3. Planimetric Analysis of Mitochondrial Cristae From Mice Fed an AL Diet and Submitted to Calorie Restriction With the Different Fat
Sources (Lard, Soy, and Fish Oil)

AL RC-Lard RC-Soy RC-Fish
Mean cristae length (um) 0.2195+0.002 0.2099+0.001 0.2100+0.001 0.2204+0.001*
Scored cristae (n) 3,200 2,675 3,375 4,800
Mean number of cristae/mitochondrion 17.05+0.47° 21.42+0.68 20.86+0.62 21.56+0.65
Scored mitochondria (n) 185 246 163 215

Note: AL = ad libitum; CR = calorie restriction.
k%% ys CR-Soy and CR-Lard and * vs AL.
ikt yg all other diets.
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Figure 4. Changes in Volume density (Vv) of mitochondria in mouse hepat-
ocytes from the different experimental groups. As observed, the volume fraction
of mitochondria referred to the cellular volume increased under CR compared
with ad-libitum-fed animals. The highest values were found in CR-Lard groups.
Data are expressed in um?® of mitochondria per pum? of cell + SE. **¥p < .001
vs ad libitum group.

n-3) and lard (enriched in saturated fatty acids), on liver
mitochondrial structure, mass, and fission/fusion markers.

In this article, we report changes in relative and absolute
parameters related to mitochondrial morphology and mor-
phometry in mouse hepatocytes. It is important to mention
that our quantitative data on hepatocyte and mitochondria
structure fit well with those reported in classical and more
recent studies carried out with both mice and rats (29,40—
44). Thus, we are confident that our methodology has been
applied with accuracy and success.

After 6 months CR, we found a slight but signifi-
cant increase in hepatocyte size in those animals fed the
CR-Soy in comparison to those fed AL. These changes
were also observed in mice submitted to the Fish diet, but
in those animals in which the dietary fat was lard (Lard
group) the hepatocyte size was similar to that found in
AL-fed mice. It is well known that body weight decreases
with CR and so do different organs including liver, but in
some cases an increased liver size relative to body mass
has been reported as well (25,26,41). On the other hand,
liver volume decreases during aging although hepatocyte
size increases 60% during development and maturation
and declines during senescence (45), indicating an accom-
modation of cellular size to the different physiological
status of the animal. Also, Diaz-Muifioz et al. (46) found
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Figure 5. Numerical density (Nv) of hepatocyte mitochondria from mice
maintained on different diets. This parameter was increased under CR com-
pared with ad-libitum-fed animals. Data are expressed as number of mitochon-
dria per pm? of cell + SE. ***p < .001; **p < .01 vs ad-libitum-fed animals.

increased hepatocyte size in rats submitted to restricted
feeding schedules in parallel with decreased body and liver
weight. In our experiments, we have found differences in
cell sizes depending on the dietary fat, indicating differ-
ential regulatory mechanisms of hepatic physiology after
6 months of CR.

Ultrastructural changes in mitochondria have been
described in rodents submitted to different diets and under
CR conditions. For example, Kiki et al. (47) found an
increase in the number of mitochondria and number of “long
length” mitochondria in rats submitted to high-fat diets, and
Eagles and Chapman (27) reported increases of mitochon-
drial size in rats submitted to 10% CR and ketogenic diets
(high-fat enriched). However, in these articles, no informa-
tion was provided about the actual size neither of mitochon-
dria nor about absolute or relative amounts of mitochondria
per cell. On the other hand, using electron microscopy and
morphometric techniques, Meijer and Afzelius (48) had
previously reported increases of both mean mitochondrial
area and relative cellular area occupied by mitochondria
in mice subjected to 15 hour starvation. In that article, the
authors provided information on actual sizes of mitochon-
dria and, interestingly, our data concerning mitochondrial
size in AL versus the different CR conditions fit well with
data reported there.

Table 4. Mitochondrial Mass (in pm? Per Cell) and Number of Mitochondria Per Cell in Hepatocytes From AL-Fed Mice and Mice Subjected
to CR With Different Dietary Fats

AL CR-Lard CR-Soy CR-Fish
Total mitochondrial mass 658.6+28.3* 969.6+72.4 (47%) 1023.4+38.9 (55%) 1011.8+61.5 (53%)
Number of mitochondria per cell 1,334 +55% 1,997 174 (49%) 2,127+84 (59%) 1950+ 157 (46%)

Notes: AL = ad libitum; CR = calorie restriction. Data (mean values) were obtained multiplying each Vv or Nv by its corresponding mean cell volume. The
relative increase (in %) in relation to AL-fed animals is indicated within parentheses.

*p <.001 vs all the other diets.

220z 1snbny oz uo 1sanb Ag 206565/S20L/6/89/2101e/ABojojuoiabpawolq/woo - dno-oiwapese//:sdiy wolj papeojumoq



1030 KHRAIWESH ET AL.
0.8+ 1.5
5 c
% 0.6- — 7 —_ S
3% 3£ 10
™o = - 83
5§04 B2
(=] = =1 =
Eg —— -
w8 w8 0.5
5 5 024 JE— — Es
a . 8 s =
.0 T T 0.0 T T T
gg-% 9"‘“ .,.@’ F:d‘ *\g\\
N & Q_GV & P
oo [ - o [
AL CR CRL CRS CRF
C D . 4 .
2.8 " 0.25 I —
5 = 204 ,7 — é - 020 i g
,§'§1.s. E§§_ma —
B ~ *
S2E 40 - 55 ono| L ==
B h s 2
gos{ —H —— &= oos Q
0.0 T T 0.00 T T T
Ky 3 > &
& & \? ‘b‘ﬂ &
» & & &
Drpl o — Drpl mees s
AL CR CRL CRS CRF
4 10 | # g|
s a3 * 5 - B
83 -85
a5 2 2% e - E E
25 zs 4
HOl— g
a~ o~ 2
) ) £ PSS
N & & & &

T
AL CR

rist | I

CRL CRS  CRF

Figure 6. Levels of proteins related to mitochondrial fission Drpl and Fisl. In cytosolic fractions, Drp1 expression remained unaltered in calorie restricted ani-
mals vs their ad-libitum-fed counterparts (panel A). In this fraction, dietary fat did not induce any additional change in Drpl (panel B). In mitochondria-enriched
fractions, both Drpl and Fisl protein levels were increased with calorie restriction (CR, *p < .05; see panels C and E). When different CR diets were compared, a
significant linear trend (#) was observed for levels of Drp1 protein (panel D), giving CR-Lard dietary group the highest value and CR-Fish the lowest one. In addition,
levels in CR-Fish mice were significantly lower than those in CR-Lard and CR-Soy groups (*p < .05). The same linear trend was observed for Fis1 (panel F), with
CR-Lard exhibiting again significantly higher protein levels that CR-Fish (*p <.05).

The number and morphology of cristae likely reflect the
response of the mitochondria to the energy demands of the
cell (15,49). Our results showed increased cristae length in
CR-Fish although these changes represented less than 5%
of variation versus the other experimental groups. However,
remarkable differences were found in the mean number of
cristae per mitochondrion. Thus, CR induced a significant
increase (about 25% as average) of this parameter compared

with AL-fed mice although dietary fat did not induce
any additional change. Although some changes in cristae
number and morphology have been reported under several
experimental conditions, to our knowledge this is the first
time that increased number of cristae per mitochondrion
under CR is reported. Because cristae membrane has
been suggested to be the preferential site of oxidative
phosphorylation (50), the increased number found under
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Figure 7. Levels of proteins related to mitochondrial fusion: Mfnl (A and B), Mfn2 (C and D), and OPA1 (E and F). Protein levels remained unaltered either

under calorie restriction or due to dietary fat source variations.

CR conditions could represent a metabolic adaptation to the
low-energy state under these conditions.

Changes in mitochondrial mass of hepatocytes from mice
subjected to CR have been described as well. Lépez-Lluch
et al. (23) using different approaches that also included
electron microscopy reported a significant increase in the
number of mitochondria per cell in animals fed under 40%
CR. In our experiments, 6 months of CR produced increases
in relative mitochondrial mass, measured as volume and
numerical densities, in mice subjected to CR independent
of the dietary fat.

The estimation of cell size on each experimental group
gave us the possibility to calculate absolute parameters such
as total volume of cell occupied by mitochondria (which can
be assimilated to mitochondrial mass) and mean number
of mitochondria per hepatocyte (Table 4). Of note, our
absolute values were close to those reported previously for
liver tissue (40,42,43). Our data clearly show a significant
increase of mean number of mitochondria per cell in animals
fed under CR, which is in agreement with a previous
quantitative study (23). Furthermore, the mitochondrial
mass was independent of the dietary fat, which indicates
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that this cellular modification is independent of level of
fatty acid unsaturation.

Similar changes to those reported previously were also
observed in mice fed a diet supplemented with resvera-
trol, a molecule widely used as a partial mimetic of CR;
see (50,51) for recent reviews. Baur et al. (52) investigated
the effect of resveratrol in middle-aged mice fed a high
caloric diet, and they found improved health and survival
consistent with a shift toward the physiology of mice fed
a standard diet. Among the changes associated with longer
life span, an increase in hepatocyte mitochondrial num-
ber was reported (52). In a similar way, hepatocytes from
senescence-accelerated mice SAMPI10 fed diets enriched
in resveratrol exhibited a significant increase in the mean
number of mitochondria per cell and a decrease in lipids
droplets (53).

We have studied possible changes in expression levels of
mitochondrial fission and fusion proteins with our dietary
interventions. Drpl levels did not show changes among die-
tary groups when measured in cytosol, but did increase in
animals fed under CR, especially in CR-Lard and CR-Soy
groups when measured in mitochondria-enriched fractions.
This fact could indicate an increased capacity of mitochon-
dria from CR-fed animals to recruit Drpl being this phe-
nomenon relatively independent of the dietary fat.

In general, our results on Drpl and Fis1 are in accordance
with those reported by Nisoli et al. (54) and Lépez-Lluch
et al. (23) who showed an increased number of mitochon-
dria together with an increase in parameters related to mito-
chondrial biogenesis in animals submitted to CR, as also
found in animals fed a resveratrol-supplemented diet (52).
Because mitochondria cannot be made de novo (55), fission
is the postulated mechanism for mitochondrial proliferation
(15). Therefore, in spite of the objection recently reported
(56,57), our results showing significant increases of Fisl
and Drpl expression and the mean number of mitochondria
per hepatocyte in CR-fed animals clearly support the idea
of increased mitochondrial biogenesis under CR conditions
(23,54).

Unlike the results obtained for mitochondrial fission pro-
teins, no changes in the expression level of fusion proteins
were found in any of our experimental groups. These results
could be related to the physiological effects of these proteins
on membrane fusion processes that can result in longer and
branched mitochondria (33,58). Despite discrete changes
in some morphometric parameters, the mitochondrial mor-
phology remained basically unaltered in hepatocytes from
the different dietary groups, and no large or branched mito-
chondria were found in a significant amount.

Fission and fusion protein control the morphology and
number of mitochondria in the cell, and changes in the equi-
librium between both processes are important in develop-
ment and disease (17,34,35). In this sense, our results are
compatible with the significant increase of mitochondrial
mass after 6 months of CR without increasing the number

of irregular mitochondria. Although the increase in the lev-
els of fission proteins was observed for all three CR groups,
some changes were detected in their expression levels
depending on the dietary fat. Thus, we found a decreasing
trend in levels of fission proteins from the saturated fat—
enriched diet (Lard) toward the »n-3 fatty acid—enriched diet
(Fish), indicating a specific effect of dietary fat on mito-
chondrial fission.

Also, the presence of higher fission factors may indicate
the adaptation of mitochondria to bioenergetic changes
induced by CR in hepatocytes. In fact, the removal of dam-
aged mitochondria by mitophagy has been related to the
prolongevity effect of CR (18,59). CR induces a higher
amount of low AWm mitochondria in cells (23) prob-
ably indicating a population selected to be eliminated by
mitophagy, because AWm in daughter mitochondria can
be different after fission. As an alternative fate, low AWm
mitochondria can remain in a resting state for further adap-
tation, whereas high AWm siblings can fuse with others or
grow by incorporation of new proteins (60,61).

Following the assumption that the degree of unsaturation
affects membrane susceptibility to ROS, different attempts
have been made to modify membrane composition by die-
tary fat in liver (24,26) and skeletal muscles (25) and thus to
determine the precise role that specific dietary fats play on
in the actions of CR. In a previous article focused on liver
from mice following 1 month of CR with the same dietary
fat sources used in this study, we found changes in mito-
chondrial phospholipid fatty acids on each experimental
group that depended on the dietary fat and also differences
in several mitochondrial processes such as ROS production,
proton leak, and electron transport chain activities (26). We
concluded that some effects of CR may be modulated by
the dietary fat, and according to these results, it is possible
to assume that dietary fat could modulate the effects of CR
by inducing changes in membrane fatty acid composition.
In this sense, our results showing differences in ultrastruc-
ture and fission/fusion markers of hepatocyte mitochon-
dria could also be explained on the basis of changes in
mitochondrial membrane composition due to the different
experimental diets. However, further experiments including
long-term treatments of CR and different dietary fats are
needed to test this hypothesis.

In summary, 6 months of CR with different dietary fats
induced changes in mouse hepatocytes which included
morphometric features of individual mitochondria (such
as area, volume, and number of cristae) and stereological
parameters, as well as in proteins involved in mitochondrial
fissionand fusion processes. Dietary fat alterations in animals
subjected to CR also had important effects on hepatocyte
size in such a way that the achieved mitochondrial mass
(total volume occupied by mitochondria and mean number
of mitochondria per cell) was nearly identical in all the
CR animals. This could indicate the existence of different
regulatory mechanisms modulated by dietary fat to reach an
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optimal mitochondrial mass and physiology in hepatocytes
from animals fed under CR.
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