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Aging is a progressive process that could disturb metabolic homeostasis in the liver via
ectopic lipid accumulation, oxidative stress, and deterioration of inflammatory response.
Although calorie restriction (CR) is recognized as beneficial for life span and health span
prolongation, it is still unclear how late-onset CR, characterized by late beginning and
short duration, affects age-related processes. The aim of this study was to examine
how late-onset CR-induced metabolic adjustments impact lipid status and inflammation
in the liver of old rats. The experiments were conducted on aging male Wistar rats
fed ad libitum (AL) or exposed to late-onset CR (60% of AL daily intake) from 21st
to 24th month. The results showed that late-onset CR reduces body weight, visceral
adipose tissue and liver mass, and triglyceride levels when compared to old animals
on AL diet. The ameliorating effects of CR on lipid metabolism include increased
activity of AMP-activated protein kinase, suppressed de novo fatty acid synthesis,
stimulated β-oxidation, decreased lipotoxicity, and limited triglyceride synthesis and
packaging in the liver. Restricted diet regime, however, does not improve expression
of antioxidant enzymes, although it leads to progression of age-related inflammation in
the liver, partially through lower corticosterone concentration and decreased activation
of glucocorticoid receptor. In conclusion, late-onset CR is able to restore age-related
imbalance of lipid metabolism in the liver, but has a negative impact on hepatic
inflammatory status, implying that the type of diet for older individuals must be balanced
and chosen carefully with appropriate duration and start point.
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INTRODUCTION

Aging is a natural and progressive process and a major risk factor for development of
neurodegenerative and cardiovascular diseases, type 2 diabetes, metabolic syndrome, and tumors
(1, 2). One of the most commonly investigated experimental approaches for life span and health
span increase and attenuation of age-associated disorders is calorie restriction (CR). At the
molecular level, CR activates lipolysis in adipose tissue, stimulates mitochondrial oxidation of fatty
acids (FA), reduces dyslipidemia, increases insulin sensitivity, and regulates immune response (3).
A key role in mediating the effects of CR on age-related diseases is played by the liver, as it is crucial
for the maintenance of energy homeostasis (4).
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The aging process is commonly accompanied by visceral
adiposity and disturbed lipid homeostasis in the liver.
Elevated influx of FA from adipose tissue, stimulation of de
novo lipogenesis, increased production of very-low-density
lipoproteins (VLDL), and lower rate of β-oxidation lead to the
progression of hepatic lipotoxicity, steatosis, and dyslipidemia.
A well-characterized sensor of disrupted energy balance,
whose regulatory potential declines with aging, is the AMP-
activated protein kinase (AMPK) (5, 6). Increased AMPK
activity induced by CR could be a relevant mediator in lipid
metabolism restoration through stimulation of ATP-producing
processes (7). AMPK inhibits the activity of one of the key
enzymes of de novo lipogenesis, acetyl-CoA carboxylase (ACC)
by its phosphorylation at Serine 79. Reduced availability of
ACC product, malonyl-CoA, results in activation of carnitine
palmitoyl-transferase 1 (CPT1), which leads to increased
transport of FA into the mitochondria and elevated intensity of
β-oxidation (8). AMPK can also phosphorylate and stimulate
peroxisome proliferator-activated receptor gamma coactivator
1α (PGC-1α), a transcriptional activator of CPT1, which
additionally contributes to FA elimination (9).

Disturbed metabolic balance and lipid accumulation during
aging are both potent triggers for the development of chronic
inflammation in the liver. Excess of FA could directly stimulate
proinflammatory Toll-like receptor 4 (TLR4), while both FA
and lipid species can activate proinflammatory transcriptional
regulator nuclear factor kappa B (NFκB), which upregulates
the expression of tumor necrosis factor α (TNFα), interleukins,
and chemokines (10, 11). Age-associated oxidative stress, a
result of increased production of reactive oxygen species (ROS)
and decreased expression and activity of antioxidant enzymes,
is also a well-described activator of NFκB and downstream
inflammatory signaling. Although the early initiated CR is
recognized as a potent factor in improving oxidative stress, its
effect on redox balance during aging is complex and depends on
species, sex, tissue, and duration of limited calorie intake (12, 13).

The age-induced inflammation is usually counterbalanced by
increased systemic concentrations of glucocorticoid hormones
(14). It was shown that energy depletion related to CR
additionally elevates the level of glucocorticoids that could
override inflammatory processes and suppress immune response
(15). The anti-inflammatory properties of glucocorticoids are
achieved by activating the glucocorticoid receptor (GR), a
transcriptional factor that negatively regulates the expression
of NFκB and other proinflammatory genes. Tissue-specific
action of glucocorticoids is more complex, as their intracellular
concentration depends on hormone regeneration by the enzyme
11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) and
glucocorticoid clearance regulated by 5α and 5β-reductases
(16, 17).

Although a large number of studies point out the beneficial
effects of CR, its onset, duration, and percentage of restriction are
recognized as important determinants of restrictive diet welfare.
Late-onset and short duration of CR provoke significantly lower
beneficial cognitive response and even worsen age-related frailty
as compared to lifelong restriction started at young age (18, 19).
As it is not clear how CR started at old age affects disturbed

metabolic balance caused by aging, the aim of this study was
to examine the impact of metabolic alterations induced by late-
onset CR on lipid status and inflammation in the liver of old male
Wistar rats. To that end, we analyzed the level of stimulatory
phosphorylation of the energy sensor AMPK, expression of
enzymes and transporters involved in de novo lipogenesis, FA
oxidation, and triglyceride packaging. The inflammatory status
was examined through gene expression of Tlr4 and Tnf α, and
through protein level and subcellular distribution of NFκB.
Protein levels of antioxidant enzymes, glucocorticoid prereceptor
metabolism, and GR expression in the liver of old rats upon CR
were also assessed.

MATERIALS AND METHODS

Animals and Treatment
In the beginning of the experiment, male Wistar rats were
divided into three groups (n = 8 per group). Two groups
had ad libitum (AL) access to the standard commercial food
until they were 6 (6 mAL) or 24 months old (24 mAL). The
third group (24 mCR) had unlimited access to food till the
21st month of age, which was followed by a restricted diet
regime from 21 to 24 month (late-onset CR) when the animals
received 60% of average AL daily food intake. Animals have
been acclimated to CR, as restricted diet regime was gradually
introduced by reducing the daily average food intake by 10%
every 2 days; so after 7 days, food consumption decreased by 40%.
The detailed composition of used commercial food (Veterinary
Institute Subotica, Subotica, Serbia) was previously published
(20). The animals were housed under standard conditions (22◦C,
12 h light and dark cycles, constant humidity, free access to
water, housed two-three per cage). All the procedures were in
compliance with the European Communities Council Directive
(2010/63/EU) and were approved by the Ethical Committee for
the Use of Laboratory Animals of the Institute for Biological
Research Siniša Stanković – The National Institute of Republic
of Serbia, University of Belgrade (reference number 02-12/17).

Tissue Collection, Blood Plasma
Preparation, and Determination of Blood
Parameters
After overnight fasting, animals were anesthetized with
an intraperitoneal injection of Zoletil 100 (75 mg/kg) and
sacrificed. Blood was rapidly collected from the trunk into
polypropylene tubes. Serum was isolated after 30 min of
coagulation at room temperature and centrifuged at 2,000 × g
for 15 min. Collected sera were stored at –70◦C for later
processing. Glucose concentrations in serum were measured by
using a commercially available reagent (OSR6121, Beckman
Coulter, Brea, CA, United States) on Olympus AU400
(BLOCK Scientific, North Bellport, NY, United States). The
concentrations of serum free fatty acids (FFAs) were assessed by
a commercially available kit (FA115, Randox Laboratories Ltd.,
Crumlin, United Kingdom) and serum triglycerides (TG) were
analyzed with triglycerides reagent (Code 12528, Biosystem,
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Barcelona, Spain). Both measurements were performed on the
semi-automatic biochemistry analyzer Rayto 1904-C (Rayto,
Shenzhen, China).

After blood collection and transcardial perfusion, livers and
retroperitoneal and perirenal depots of visceral adipose tissue
(VAT) were carefully excised, weighed, and stored in liquid
nitrogen until further analysis.

Preparation of Whole-Cell Extract
Frozen livers from individual animals were weighed and
homogenized with a glass–Teflon homogenizer in five volumes
(w/v) of ice-cold RIPA buffer [50 mM Tris-HCl, pH 7.2, 1 mM
EDTA-Na2, 150 mM NaCl, 0.1% SDS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 2 mM dithiothreitol (DTT), protease and
phosphatase inhibitors]. Homogenates were sonicated (5 s/30 s
pause/5 s/30 s pause/5 s, 1A, 50/60 Hz, Hielscher Ultrasound
Processor, Teltow, Germany), incubated for 60 min on ice with
continuous agitation and vortexing, and centrifuged (16,000× g,
20 min, 4◦C, Eppendorf 5804/R, Hamburg, Germany). The
supernatants were used as the whole-cell extracts.

Preparation of Cytoplasmic, Nuclear,
Microsomal, and Mitochondrial Fractions
of the Liver
After thawing, livers from individual animals were weighed
and homogenized with Janke-Kunkel Ultra Turax (30 s/30 s
pause/30 s) in four volumes (w/v) of ice-cold homogenization
buffer (20 mM Tris-HCl pH 7.2, 10% glycerol, 50 mM NaCl,
1 mM EDTA-disodium, 1 mM EGTA Na2, 2 mM DTT, protease
and phosphatase inhibitors). The homogenates were filtered
through gauze and centrifuged (2,000 × g, 15 min, 4◦C). The
resulting supernatants (S1) were further processed to generate
cytoplasmic, microsomal, and mitochondrial fractions, while
the pellets (P1) were used to obtain nuclear fractions. The
S1 were centrifuged (14,000 × g, 30 min, 4◦C, Eppendorf
5804/R, Hamburg, Germany). Resulting supernatants (S2) were
further processed to generate cytoplasmic and microsomal
fractions, while the pellets (P2) were resuspended in one
volume of homogenization buffer, which contain 0.05% Triton
X-100 and were used as a mitochondrial fraction. The S2
were ultracentrifuged (200,000 × g, 90 min, 4◦C, Beckman
L7-55, Brea, CA, United States) and the final supernatants
were used as cytoplasmic fractions. The final pellets were
resuspended in 100 mM Na-pyrophosphate buffer (pH 7.4) and
centrifuged (200,000× g, 60 min, 4◦C, Beckman L7-55, Brea, CA,
United States) for the preparation of microsomal fractions. The
microsomal pellets were suspended in a storage buffer (50 mM
KPO4 pH 7.4, 0.1 mM EDTA-disodium, 10% glycerol, and
0.1 mM DTT Hielscher Ultrasound Processor, Teltow, Germany),
sonicated (5 s/30 s pause/5 s/30 s pause/5 s, 1A, 50/60 Hz,
Hielscher Ultrasound Processor, Teltow, Germany), and used
as microsomal fractions. For nuclear fractions preparation, P1
from the first centrifugation were washed twice in HEPES buffer
(25 mM HEPES pH 7.6, 1 mM EDTA-disodium, 1 mM EGTA-
disodium, 10% glycerol, 50 mM NaCl, 2 mM DTT, protease and
phosphatase inhibitors like in homogenization buffer, Eppendorf

5804/R, Hamburg, Germany, Eppendorf 5804/R, Hamburg,
Germany) by centrifugation (4,000 × g, 10 min, 4◦C). The
resulting pellets were suspended in one volume of NUN buffer
(25 mM HEPES, pH 7.6, 1 M Urea, 300 mM NaCl, 1% Nonidet
P-40, protease and phosphatase inhibitors). After incubation on
ice for 90 min with continuous agitation and frequent vortexing,
suspensions were centrifuged (8,000× g, 10 min, 4◦C, Eppendorf
5804/R, Hamburg, Germany). The resulting supernatants were
used as nuclear fractions. All steps were conducted at 0–4◦C and
all samples were aliquoted and stored at−70◦C.

Preparation of Membrane Fraction of the
Liver
Parts of frozen livers from individual animals were weighed and
homogenized with a glass-Teflon homogenizer in ten volumes
(w/v) of ice-cold DEA buffer (0.25% diethyl amine, 100 mM
NaCl, protease and phosphatase inhibitors) and centrifuged
(100,000 × g, 30 min, 4◦C, Beckman L7-55, Brea, CA, United
States). The pellets were homogenized in the same volume of 1%
Triton buffer (1% Triton, 150 mM NaCl, 50 mM Tris-HCl pH 7.4,
2 mM EDTA, protease and phosphatase inhibitors) with a glass-
Teflon homogenizer. Homogenates were put through a 23-gauge
needle, incubated for 30 min on ice, and centrifuged (100,000× g,
30 min, 4◦C, Beckman L7-55, Brea, CA, United States). The
supernatants were used as membrane fractions. Protein content
of all fractions was determined by the method of Spector (21)
using bovine serum albumin as a standard.

Corticosterone Assay
Liver CORT concentrations were determined in the cytoplasmic
fractions by a Corticosterone High Sensitivity EIA kit
(Corticosterone HSEIA, AC-15F1, Immunodiagnostic Systems
Ltd., Boldon Colliery, United Kingdom), according to the
manufacturer’s instructions. The standards and samples were
measured in duplicate. The plates were read at 450 and 650 nm
on the Multiskan Spectrum (Thermo Electron Corporation,
Waltham, MA, United States). The hormone concentrations
were determined using the 4PL curve-fitting method (Graph-Pad
Prism 5, GraphPad Software, Inc., San Diego, CA, United States)
and are given as ng/mg of proteins.

Western Blot Analysis
The samples were boiled in Laemmli’s buffer and 40 µg proteins
of cytoplasmic, microsomal, and whole cell extracts and 60 µg
proteins of nuclear, mitochondrial, and membrane fractions were
resolved on 8 or 10% sodium dodecyl sulfate-polyacrylamide gels.
After protein transfer from the gels to polyvinylidenedifluoride
membranes (Immobilon-FL, Merck Millipore, Burlington, MA,
United States), membranes were incubated overnight at 4◦C with
the following primary polyclonal antibodies: anti-AMPKα1/2
(sc-25792, 1:500), anti-CD36 (sc-7309, 1:1,000), anti-CPT1 (sc-
139482, 1:500), anti-IκB-α (sc-371, 1:250), anti-phospho-IκB-
α (Ser32) (sc-2859s, 1:250), anti-NFκB/p65 (sc-372, 1:1,000),
anti-Hexose-6-phosphate dehydrogenase (H6PDH) (sc-67394,
1:500), and anti-GR (sc- 8992, 1:250), all purchased from Santa
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Cruz Biotechnology (Dallas, TX, United States). Anti-phospho-
AMPKα1/2 (Thr 172) (2535, 1:1,000), anti-ACC (3676, 1:1,000),
and anti-phospho-ACC (Ser70), (1:1,000) were purchased from
Cell Signaling Technology (Danvers, TX, United States), while
anti-PGC1α (ab54481, 1:250), anti-Catalase (ab16731, 1:2,000),
anti-SOD1 (ab13498, 1:2,000), anti-SOD2 (ab13533, 1:2,000), and
anti-11β-HSD1 (ab393364, 1:1,000) were obtained from Abcam
(Cambridge, United Kingdom).

As the proteins of interest were detected in the different
fractions of the hepatocytes, constitutively expressed proteins
specific for each fraction were used as equal load controls.
Namely, anti-β-actin (ab8227, Abcam, 1:10,000) was used as
the loading control for cytoplasmatic fraction and whole cell
extract, while anti-Hsp60 (sc-13115, Santa Cruz, 1:1,000), anti-
Lamin B1 (sc-374015, Santa Cruz, 1:1,000), and anti-Calnexin
(ab22595, Abcam, 1:2,000) were used for mitochondrial, nuclear,
and microsomal fraction, respectively. Ponceau S was used as the
loading control for plasma membrane fraction. Membranes were
subsequently washed and incubated for 90 min with horseradish
peroxidase conjugated secondary antibodies, goat anti-rabbit IgG
(ab6721, Abcam, 1:20,000), or rabbit anti-mouse IgG (ab97046,
Abcam, 1:30,000). The immunoreactive protein bands were
visualized by chemiluminiscent (ECL) method using iBright
CL1500 (Thermo Fisher Scientific, Waltham, MA, United States)
and quantitative analysis was performed by iBright software.

RNA Isolation and Reverse Transcription
Total RNA was isolated from the liver using TRIreagent R©

(AmBion, Life Technologies, Austin, TX, United States).
Concentrations of isolated RNA were quantified on
NanoPhotometer N60 (Implen, Munich, Germany) by reading
the optical density at 260 nm, while the quality and integrity
of RNA was confirmed on 2% agarose gel. For the synthesis
of complementary DNA (cDNA), Applied Biosystems High-
Capacity cDNA reverse Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, United States) was used according
to the manufacturer’s instructions. The cDNA was stored at
−70◦C until analysis.

Real-Time Polymerase Chain Reaction
The expression of glucokinase (Gck), Tlr4, stearoyl-CoA
desaturase 1 (Scd1), microsomal triglyceride transfer protein
(Mttp), and apolipoprotein B-100 (Apo B-100) genes was
analyzed using Power SYBR R© Green PCR Master Mix (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Specific primers (Metabion, Planegg, Germany) for Gck
(forward 5′-AGA TGC TAT CAA GAG GAG AG-3′, reverse
5′-ACA ATC ATG CCG ACC TCA CAT-3′), Tlr4 (forward
5′-ATC ATC CAG GAA GGC TTC CA-3′, reverse 5′-GCT
AAG AGG GCG ATA CAA TTC-3′), Scd1 (forward 5′-TGG
TGC TCT TTC CCT GTT TGC-3′, reverse 5′-TGG GCT TTG
GAA GGT GGA CA-3′), Mttp (forward 5′-AAG GCC AAT
ATG GAC ATC CAG GTT-3′, reverse 5′-TGG TTA TTA CCA
CAG CCA CCC GAT-3′), and Apo B-100 (forward 5′-AGT
CTA CTG GAA GCC ATG AAG GG-3′, reverse 5′-AAT CTG
CTG AGG AAG CCT GCT CA-3′) were used for selective
amplification. Quantitative normalization of cDNA in each

sample was performed using β-actin (forward 5′-GAC CCA
GAT CAT GTT TGA GAC C-3′, reverse 5′-AGG CAT ACA
GGG ACA ACA CA-3′) as the endogenous control. Thermal
cycling conditions were 2 min incubation at 50◦C, 10 min
at 95◦C followed by 40 cycles of 95◦C for 15 s, and 60◦C
for 60 s. Quantification of Tnf α (Rn01525859_g1) and 5α-
reductase (Rn00567064_m1) genes expression was performed
using TaqMan R© gene expression FAM-labeled probe set (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Quantitative normalization of cDNA in each sample was
performed using β-actin (Rn00667869_m1) as the endogenous
control. Thermal cycling conditions were 2 min incubation
at 50◦C, 10 min at 95◦C followed by 60 cycles of 95◦C
for 15 s, and 60◦C for 60 s. All real-time PCR reactions
were performed in duplicate using Quant StudioTM3 (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States). Relative quantification of gene expression was performed
using the comparative 2−11Ct method. The same cDNA simple
was used as the calibrator on each plate. The results were
analyzed by Quant StudioTM Design & Analysis v1.3.1 (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, United
States) with a confidence level of 95% (p ≤ 0.05).

Statistical Analysis
All data are given as means ± SEM (n = 8). The data were
tested for normality by Shapiro–Wilk test. Normally distributed
data were analyzed by one-way ANOVA followed by Bonferroni
post-hoc test. Data with deviation from normal distribution were
analyzed by Kruskal–Wallis H test followed by Mann–Whitney
U post-hoc test with Bonferroni correction. A p-value < 0.05
was considered statistically significant. Statistical analyses were
performed by the STATISTICA 12 software (StatSoft, Inc., Tulsa,
OK, United States).

RESULTS

The Effects of Late-Onset Calorie
Restriction on Morphological and
Biochemical Parameters
Body weight, liver, and VAT mass were significantly increased
in aged rats on AL diet as compared to adult rats (24 mAL vs.
6 mAL, ∗p < 0.05 for body and liver mass; ∗∗∗p < 0.001 for VAT
mass), whereas CR treatment reduced these parameters to control
levels (24 mCR vs. 24 mAL, #p < 0.05 for body and liver mass;
###p < 0.001 for VAT mass). The VAT-to-body ratio was changed
in the same manner (increased, 24 mAL vs. 6 mAL, ∗∗∗p < 0.001;
decreased, 24 mCR vs. 24 mAL, ###p < 0.001), but liver-to-body
ratio did not show any changes (Table 1).

Serum glucose concentration was decreased in aged rats
regardless of the applied diet in comparison with adults (24 mAL
vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6 mAL, $p < 0.05; Table 1).
This was in agreement with elevated Gck mRNA levels in both
groups of older rats compared to adults (24 mAL vs. 6 mAL,
∗∗p < 0.01; 24 mCR vs. 6 mAL, $$$p < 0.001; Table 1). FFAs
in the serum were elevated in aged rats on AL diet as compared
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with adults (24 mAL vs. 6 mAL, ∗p < 0.05; Table 1), while CR
treatment did not provoke any differences. Serum triglyceride
level was also significantly increased in aged rats (24 mAL vs.
6 mAL, ∗p < 0.05), whereas CR treatment reduced this parameter
(24 mCR vs. 24 mAL, #p < 0.05).

Late-Onset Calorie Restriction Improves
Lipid Status in the Liver of Old Rats
In the liver of aged rats on AL diet regime, neither energy sensor
AMPK protein expression, nor its stimulatory phosphorylation
on Threonine 172 were changed compared with adults. The
level of phosphorylated form of AMPK, as well as phospho-
AMPK/total AMPK ratio, were elevated in rats after CR
treatment compared with animals fed AL (24 mCR vs. 24 mAL,
#p < 0.05; 24 mCR vs. 6 mAL, $$$p < 0.001; Figure 1A), implying
that reduced caloric intake led to increased AMPK activity.

The aging process resulted in enhanced expression of total
ACC protein level (24 mAL vs. 6 mAL, ∗∗p < 0.01) and
its phosphorylated form on Serine 79 (24 mAL vs. 6 mAL,
∗p < 0.05; Figure 1B). Late-onset CR reduced the level of total
and phosphorylated ACC as compared with AL diet regime
regardless of age (24 mCR vs. 24 mAL,###p < 0.001; 24 mCR vs.
6 mAL, $p < 0.05). The ratio of inhibitory phosphorylation to
total ACC was decreased in the liver of aged rats in comparison to
adult animals (24 mAL vs. 6 mAL, ∗p < 0.05), while attenuation
of de novo lipogenesis after CR was supported by increment of
this ratio in 24 mCR group in regard to 24 mAL group (24 mCR
vs. 24 mAL, #p < 0.05; Figure 1B). Examination of further steps
of FA metabolism showed the reduction of Scd1 mRNA level in
aged rats on AL diet as compared to adults (24 mAL vs. 6 mAL,

TABLE 1 | The effects of late-onset calorie restriction on morphological and
biochemical parameters.

6 mAL 24 mAL 24 mCR

Body mass (g) 403.75 ± 5.96 510.00 ± 28.45 * 423.75 ± 19.36 #

Mass of liver (g) 9.88 ± 0.28 11.66 ± 0.61 * 9.74 ± 0.45 #

Liver to body mass
ratio (x1,000)

24.48 ± 0.69 23.88 ± 1.55 23.04 ± 0.64

Mass of VAT (g) 5.40 ± 0.36 13.25 ± 1.70 *** 5.97 ± 0.82 ###

VAT to body mass
ratio (x1,000)

13.37 ± 0.84 26.08 ± 2.24 *** 13.77 ± 1.35 ###

Glucose (mmol/l) 8.51 ± 0.28 6.51 ± 0.58 * 6.70 ± 0.45 $

Gck mRNA (fold
change)

1.00 ± 0.19 6.00 ± 1.51** 9.53 ± 1.77$$$

FFA (mmol/l) 1.25 ± 0.20 5.33 ± 1.61 * 2.91 ± 1.10

TG (mmol/l) 0.73 ± 0.09 1.35 ± 0.14 * 0.85 ± 0.11 #

Liver CORT (ng/mg) 0.33 ± 0.02 0.57 ± 0.09 * 0.35 ± 0.03 #

Body weight, liver and visceral adipose tissue (VAT) mass, concentration of blood
glucose, free fatty acids (FFA) and triglycerides (TG), liver corticosterone (CORT),
and glucokinase (Gck) mRNA level were measured in 24th-month-old male Wistar
rats who were on ad libitum (AL) diet or on calorie restriction (CR) from 21st to 24th
months. All data are presented as means ± SEM (n = 8). Different symbols denote
significant differences between aged rats on AL diet and adults (24 mAL vs. 6 mAL,
*p < 0.05, **p < 0.01, ***p < 0.001), old rats on CR and on AL diet (24 mCR vs.
24 mAL, #p < 0.05, ###p < 0.001), and old rats on CR and adults fed AL (24 mAL
vs. 6 mAL, $p < 0.05, $$$p < 0.001).

∗∗p < 0.01; Figure 1C), while CR treatment significantly raised
the level of Scd1 (24 mCR vs. 24 mAL, ###p < 0.001; 24 mCR
vs. 6 mAL, $$p < 0.01). On the contrary, the gene expression of
Mttp was increased in aged rats as compared with adults (24 mAL
vs. 6 mAL, ∗∗p < 0.01) and decreased in CR group in regard to
aged rats on AL (24 mCR vs. 24 mAL, ##p < 0.01; Figure 1C).
This result was in agreement with reduction of Apo B-100 mRNA
level in rats after CR treatment in comparison with old rats on
AL diet (24 mCR vs. 24 mAL, ##p < 0.01; Figure 1C) and implied
that late-onset CR prevented triglycerides packaging in the liver.
As expected, triglycerides in serum were elevated in aged rats
as compared with adults (24 mAL vs. 6 mAL, ∗p < 0.05) and
decreased in CR group in regard to aged rats on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Table 1).

In accordance with the concentration of FFAs in the serum,
the protein level of CD36 transporter in the plasma membrane
was increased in old rats on AL diet as compared with adults
(24 mAL vs. 6 mAL, ∗p < 0.05; Figure 2A), while restricted diet
regime lowered and equalized its level with adults (24 mCR vs.
24 mAL, #p < 0.05; Figure 2A). The intensity of FA β-oxidation
was reduced during aging because the CPT1 protein level in the
hepatic mitochondrial fraction was reduced in both groups of
aged rats as compared to adult animals (24 mAL vs. 6 mAL,
∗∗∗p < 0.001; 24 mCR vs. 6 mAL $$$p < 0.001; Figure 2B).
However, the applied CR regime partially raised the CPT1 level
in comparison with aged animals on a standard diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 2B). This finding was supported
by increased level of PGC-1α in CR group in regard to groups
with AL diet regime (24 mCR vs. 24 mAL, #p < 0.05; 24 mCR vs.
6 mAL, $p < 0.05; Figure 2C).

Aging Process Decreases Antioxidant
Enzyme Expression, While Late-Onset
Calorie Restriction Exacerbates
Inflammatory Status in the Liver
The aging process, as expected, resulted in a decrease in protein
levels of all examined antioxidant enzymes, SOD1, SOD2, and
catalase, regardless of the diet regime (24 mAL vs. 6 mAL,
∗∗∗p < 0.001; 24 mCR vs. 6 mAL, $$p < 0.01 for SOD1; 24 mCR
vs. 6 mAL, $p < 0.05 for SOD2; 24 mAL vs. 6 mAL, ∗p < 0.05;
24 mCR vs. 6 mAL, $p < 0.05 for catalase; Figure 3), which
implies that late-onset CR did not ameliorate the effects of aging
on antioxidant enzymes.

Regarding the inflammation, increased ratio between
phosphorylated (at Ser32) and total form of NFκB inhibitor
(IκB) was observed in both groups of old rats, but with a greater
significance after CR treatment (24 mAL vs. 6 mAL, ∗p < 0.05;
24 mCR vs. 6 mAL, $$p < 0.01; Figure 4A). Increment in
IκB phosphorylation leads to its degradation and consequent
activation of NFκB. Although the aging and CR treatment had
no effect on NFκB protein level in the cytoplasm, its level was
increased in nuclear fraction of old rats regardless of the diet
regime (24 mAL vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6 mAL,
$$$p < 0.001), with a more severe increment of inflammatory
response after CR compared with aged rats on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 4B). The level of proinflammatory
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FIGURE 1 | The levels of phosphorylated and total AMPK and ACC proteins and other mediators of lipid synthesis in the liver. Representative Western blots and
relative quantification of phospho (Thr172) and total AMPK (A) and phospho (Ser79) and total ACC (B) in the cytoplasmatic fraction of the liver of adults (6 mAL),
aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-Actin was used as the loading control for cytoplasmatic fraction. Quantification of Scd1, Mttp, and
Apo B-100 mRNA levels (C) in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8). Asterisk indicates a significant
difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, **p < 0.01), hashtag indicates a difference between old rats on different diet
regimes (24 mCR vs. 24 mAL, #p < 0.05, ##p < 0.01, ###p < 0.001), and symbol $ denotes a difference between old rats on CR and adults fed AL (24 mCR vs.
6 mAL, $p < 0.05, $$p < 0.01, $$$p < 0.001).

cytokine Tnf α was also significantly increased in aged rats on
AL diet and after restricted diet regime (24 mAL vs. 6 mAL,
∗p < 0.05; 24 mCR vs. 24 mAL, #p < 0.05; 24 mCR vs. 6 mAL,
$p < 0.05; Figure 4D). Interestingly, only the interaction between
CR and aging led to increased Tlr4 gene expression in the liver
of old rats after late-onset CR (24 mCR vs. 24 mAL, ##p < 0.01;
24 mCR vs. 6 mAL, $$p < 0.01; Figure 4C).

Late-Onset Calorie Restriction Lowers
the Level of Corticosterone and Its
Nuclear Receptor in the Liver
Protein level of 11β-HSD1 and the level of enzyme that provides
its cofactor, H6PDH, were unchanged in all the examined groups
(Figure 5A). However, the level of corticosterone in the liver
was increased in aged rats on AL diet as compared with adults,

while CR treatment significantly lowered its level (24 mAL vs.
6 mAL, ∗p < 0.05; 24 mCR vs. 24 mAL, #p < 0.05; Table 1).
Aging process stimulated glucocorticoid clearance in the liver,
as 5α-reductase mRNA level was increased in both groups of
old animals (24 mAL vs. 6 mAL, ∗p < 0.05; 24 mCR vs. 6mAL,
$p < 0.05; Figure 5B). As a result of 5α-reductase overexpression
and decreased corticosterone concentration, the protein level of
GR in the nuclear fraction of the liver was decreased in aged rats
on CR regime as compared to old animals on AL diet (24 mCR
vs. 24 mAL, #p < 0.05; Figure 5C).

DISCUSSION

On the one hand, the results from this study showed that late-
onset CR has some positive effects on age-related homeostasis
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FIGURE 2 | The levels of proteins involved in FA transport and β-oxidation. Representative Western blots and relative quantification of CD36 level in membrane
fraction (A), CPT1 level in mitochondrial (B), and PGC1α level in nuclear fraction (C) of the liver of adults (6 mAL), aged rats on AL diet (24 mAL) and old rats on CR
(24 mCR). Ponceau S, Hsp 60, and Lamin B1 were used as loading controls for membrane, mitochondrial, and nuclear fraction, respectively. All values are given as
means ± SEM (n = 8). Asterisk indicates a significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, ***p < 0.001), hashtag
indicates a significant difference between old rats on different diet regimes (24 mCR vs. 24 mAL, #p < 0.05), and symbol $ denotes a difference between old rats on
CR and adults fed AL (24 mCR vs. 6 mAL, $p < 0.05, $$$p < 0.001).

FIGURE 3 | Protein levels of antioxidant enzymes in the liver. Representative Western blots and relative quantification of SOD1 and Catalase in cytoplasmatic and
SOD2 protein level in whole cell extract of the liver of adults (6 mAL), aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-actin was used as the loading
control for cytoplasmatic fraction and whole cell extract. All values are given as means ± SEM (n = 8). Asterisk indicates a significant difference between aged rats
on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05, ***p < 0.001) and symbol $ indicates a significant difference between old rats on CR and adults on AL diet
(24 mCR vs. 6 mAL, $p < 0.05, $$p < 0.01).

disturbances, as it leads to reduced body weight, VAT and
liver mass, and serum triglyceride level. In addition, restrictive
diet regime induces the activity of AMPK, suppresses de novo
FA synthesis, stimulates β-oxidation, decreases lipotoxicity, and

limits triglyceride synthesis and packaging in the liver. On
the other hand, inflammatory response associated with aging
becomes more severe after late-onset CR, which could be
ascribed to inability of old rats to restore the potential for
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FIGURE 4 | The levels of phosphorylated and total IκB and protein and gene expression of proinflammatory mediators in the liver. Representative Western blots and
relative quantification of phospho (Ser32) and total IκB in cytoplasmatic (A) and NFκB protein level in citoplasmatic and nuclear fractions (B) of the liver of adults
(6 mAL), aged rats on AL diet (24 mAL), and old rats on CR (24 mCR). β-actin and Lamin B1 were used as loading controls for cytoplasmatic and nuclear fraction,
respectively. Quantification of Tlr4 (C) and Tnfα (D) mRNA levels in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8).
Asterisk indicates a significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05), hashtag indicates a significant difference between
old rats on different diet regimes (24 mCR vs. 24 mAL, #p < 0.05, ##p < 0.01), and symbol $ denotes a difference between old rats on CR and adults on AL diet
(24 mCR vs. 6 mAL, $p < 0.05, $$p < 0.01, $$$p < 0.001).

antioxidant protection in the setting of stimulated FA oxidation.
Late-onset CR also reduced corticosterone concentration and
increased 5α-reductase expression in the livers of aged rats
limiting the hormone’s ability to activate the GR. This
probably results in diminution of anti-inflammatory properties of
glucocorticoids after late-onset CR and additionally contributes
to the deterioration of immune response in the liver of old rats.

One of the most evident age-induced alterations of standard-
fed old animals from this study is weight gain. Increased
body and adipose tissue mass could be referred to as an
anorexigenic response caused by age-related leptin resistance and
progressive imbalance between fat storage and lipolytic processes
in adipocytes (22, 23). Age-induced adiposity increases the level
of circulating FFAs and limits glucose utilization that burdens
liver’s efforts to maintain glucose tolerance and insulin sensitivity
(24, 25). This is in agreement with the increased hepatic
Gck expression and decreased blood glucose level observed in
old animals in our study. Long-term Gck overexpression and
hepatic glucose excess also observed in older mice and humans

are associated with an elevated rate of de novo lipogenesis,
increased hepatic triglyceride content, and circulating lipid
levels, which contribute to the ectopic lipid accumulation and
hypertriglyceridemia (26, 27). In this study, age-related shift of
fat metabolism toward lipogenesis in old rats was confirmed
by several findings: (1) increased ACC protein content, which
implies stimulated initial step of de novo FA synthesis, (2) Mttp
overexpression, which indicates enhanced triglyceride packaging,
and (3) decreased level of CPT1 protein, as a hallmark of
lower rate of FA β-oxidation. Observed increased FA influx via
the CD36 transporter and lowered Scd1 expression in old rats
have further worsened liver lipid status due to accumulation of
saturated FA that promotes hepatocellular lipotoxicity, injury,
and apoptosis (28).

Reduction of body fat in older individuals is one of the
essential benefits of energy-depleting conditions caused by a
restricted diet regime (29). Old rats from the present study had a
preserved ability to adequately respond to reduced caloric intake,
as stimulatory phosphorylation of AMPK, crucial energy sensor
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FIGURE 5 | Glucocorticoid prereceptor metabolism and GR protein level in the liver. Representative Western blots and relative quantification of 11β-HSD1 and
H6PDH protein levels in microsomal fraction (A) and GR protein levels in cytoplasmatic and nuclear fraction (C) of the liver of adults (6 mAL), aged rats on AL diet
(24 mAL), and old rats on CR (24 mCR). Calnexin, β-actin and Lamin B1 were used as loading controls for microsomal, cytoplasmatic, and nuclear fraction,
respectively. Quantification of 5α-reductase mRNA (B) level in the liver was done relative to the amount of β-actin. All values are given as means ± SEM (n = 8).
Asterisk indicates significant difference between aged rats on AL diet and adults (24 mAL vs. 6 mAL, *p < 0.05) and symbol $ indicates a significant difference
between old rats on CR and adults fed AL (24 mCR vs. 6 mAL, $p < 0.05).

in the liver, was increased. In this line, stimulated AMPK activity
raised the inhibitory phosphorylation of ACC, thus leading to
its repression, which resulted in the inhibition of FA de novo
synthesis and stimulation of energy-producing processes such as
β-oxidation (30). Indeed, it has been previously shown that ACC
knockout mice are characterized by intensified β-oxidation in
the muscle, heart, and liver, reduced body weight, and decreased
fat content, even after significant caloric overload (31). In our
study, redirection of lipid metabolism toward FA oxidation in
aged rats after CR was demonstrated by an increased level of
transcriptional coactivator PGC1α followed by partial increment
of CPT1. Although the CPT1 expression was increased after CR,
it could not reach protein level observed in adult rats. This could
be explained by reduced oxidative capacity, previously observed

in older people (32). Utilization of FA in β-oxidation after CR
decreased the abundance of substrate for triglyceride synthesis
and packing. It has been previously shown that increased AMPK
activity is accompanied with inhibition of glycerol-3-phosphate
acyltransferase, the first enzyme in the formation of glycerolipids
(33). After CR, triglyceride packaging and secretion in the form of
VLDL were most probably diminished, as transcription of genes
encoding Mttp and Apo B-100 was decreased and restored to the
level observed in adult animals. The beneficial effects of CR are
additionally proven by the significantly higher expression of Scd1,
even in regard to adults, leading to the removal of saturated FA
and its transformation into neutral lipid droplets in the liver (34).
Hence, late-onset CR not only inhibits lipogenesis and stimulates
β-oxidation but also leads to the reduction of hepatic lipotoxity,
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implying that applied diet regime was able to restore age-related
imbalance of fat metabolism.

Impairment of lipid metabolism during aging is associated
with increased FFAs and accumulation of cytotoxic lipids,
which could act as ligands and second messengers that activate
several protein kinases and trigger downstream proinflammatory
signaling cascade (35). Although the level of FFAs was increased
in standard-fed aged rats from this study, the expression of
Tlr4 receptor was unchanged. It was previously shown in
macrophages that the aging process could even reduce the
level of most TLRs and hence weaken their function (36, 37).
However, FFAs can stimulate proinflammatory transcriptional
regulator NFκB through initiation of Bax protein translocation
into lysosomes resulting in release of cysteine protease and
cathepsin B, potent activators of IκB kinase (38). In this study,
increased ratio between phosphorylated and total IκB, which
implies IκB ubiquitination and its subsequent degradation,
was observed in aged animals and was more prominent after
CR treatment. The lower level of NFκB inhibitor leads to
its activation and translocation to the nucleus, which is in
agreement with a higher level of NFκB protein observed in
nuclear fraction and enhanced transcription of Tnf α gene in
older rats. Interestingly, the activation of NFκB proinflammatory
signaling pathways in aged rats on standard diet was further
enhanced in rats exposed to late-onset CR. Other authors
reported that a different percentage of restricted calorie regime:
mild (15%), moderate (40%), and even higher (50%), lowered
cytokine expression and led to the alleviation of inflammatory
status (39–41). However, these CR treatments started earlier and
had different duration implying that aggravation of inflammatory
response observed in our study could rather be a consequence
of postponed CR start point. An important factor in NFκB
activation during aging could also be oxidative stress caused
by increased availability of ROS, potent activators of redox-
sensitive transcription factors, cytokines, and inflammasomes
(42). Decreased expression of hepatic antioxidant enzymes
SOD and catalase in our study confirmed impaired ability
of old rats to maintain redox balance. One of the most
expected outcomes of restricted diet regime is oxidative stress
reduction. However, many studies reported that, despite limited
oxidative damage, such dietary approach had a poor effect on
mitochondrial ROS production or antioxidant enzyme activity
(12). Similarly, in our study, the level of antioxidant enzymes
in aged rats after late-onset CR remained decreased, also
implying that their expression was not affected by the change
in dietary regime. The inability of aged rats to adapt the
expression of antioxidant enzymes to increased mitochondrial
β-oxidation caused by CR could lead to excess of ROS.
This can be, at least partially, the reason for significantly
deteriorated inflammatory reaction observed in old rats on
restrictive diet regime. Furthermore, increased expression of
Tlr4 receptor after late-onset CR could provoke additional
proinflammatory signaling pathway. It has been previously
shown that limited food access upregulated TLR4 in colonic
cells and macrophages, thus leading to elevated production of
TNFα (43). However, aggravated inflammatory response after
late-onset CR found herein is examined only in male rats and

represents a limitation of the present study. Indeed, previous
literature data points to important sex-related alterations in
rodent response to CR (44). Namely, it has been shown that
different types of CR initiate modified proinflammatory response
in female rats (45), implying that additional studies on female
rats should be performed in order to adjust dietary protocols and
therapeutic strategies.

Stressful conditions induced by aging and reduced caloric
intake are suitable for action of glucocorticoid hormones. As the
level of proteins involved in tissue-specific hormone regeneration
remains unchanged, increased corticosterone concentration
in the liver of standard-fed old rats was probably caused
by hormone overflow from circulation. Age-induced chronic
cytokine production could trigger corticosterone secretion and
maintain its elevated level in the circulation due to dysfunction of
negative feedback of the hypothalamic–pituitary–adrenal (HPA)
axis (46, 47). In spite of increased corticosterone, the level of
cytoplasmic GR and its translocation to the nucleus were not
changed by aging. The lack of GR activation should be attributed
to the increased expression of 5α-reductase with aging that
inactivates corticosterone to its tetrahydro metabolites, which
can bind to GR but cannot lead to its dimerization and nuclear
translocation (48). Although many studies have demonstrated a
stimulatory effect of energy restriction on HPA axis activity in
obese humans and animals (49), in this study, we observed a
decrease of liver corticosterone and its restoration to the control
level. This is in accordance with studies that showed a decrease
in circulating corticosterone concentrations following 6 weeks
of food deprivation in obese rats or following a 4-week severely
energy-restricted diet in obese male and female rats (50, 51). The
lower corticosterone level in the liver and retention of increased
expression of 5α-reductase resultantly lead to decreased GR level
in the nuclear fraction, which implies the reduced GR signaling in
the liver of old animals after CR. This can lead to the attenuation
of anti-inflammatory properties of glucocorticoids and further
progression of inflammatory response induced by aging. This
assumption is confirmed by profound activation of NFκB and
significantly increased Trl4 and Tnf α gene expression in the
liver of old animals on a restrictive diet regime. The possible
mechanism could lay in diminished interaction between GR
and NFκB and reduced expression of glucocorticoid-induced
leucine zipper (GILZ) that attenuates NFκB translocation to the
nucleus (52).

CONCLUSION

In conclusion, short duration and late-onset CR exerts beneficial
effect on lipid content, but has a negative impact on
hepatic inflammatory status. This implies that the type of
the diet could contribute to age-related chronic diseases
progression in older individuals and must be chosen carefully.
Reduction of lipogenic nutrients and supplementation with
antioxidants and vitamins and minerals that have anti-
inflammatory properties are recommended. Consumption of
foods that promote gut microbiome diversity and composition
could be especially beneficial because it reduces the level
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of bacterial lipopolysaccharides that provoke inflammatory
response via TLR4 receptor. Only targeted, balanced, and
mild regimens of CR with an appropriate duration and
start point could promote longevity and optimal conditions
for healthy aging.
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