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Abstract. – OBJECTIVE: Phosphorylation of 
insulin receptor substrate (IRS) 1 by tumor ne-
crosis factor alpha (TNF-α) has been implicat-
ed as a factor contributing to insulin resistance. 
Administration of IL-15 reduces adipose tissue 
deposition in young rats and stimulates secre-
tion of adiponectin, an insulin sensitizing hor-
mone that inhibits the production and activity 
of TNF-α. We aimed at investigating the effects 
of age life-long moderate calorie restriction (CR) 
on IL-15 and TNF-α signaling in rat white adipose 
tissue (WAT).

MATERIALS AND METHODS: Thirty-six 
8-month-old, 18-month-old, and 29-month-old 
male Fischer344´Brown Norway F1 rats (6 per 
group) were either fed ad libitum (AL) or calorie 
restricted by 40%. The serum levels of IL-15 and 
IL-15 receptor α-chain (IL-15Rα) were increased 
by CR controls regardless of age. An opposite 
pattern was detected in WAT. In addition, CR 
reduced gene expression of TNF-α and cytoso-
lic IRS1 serine phosphorylation in WAT, inde-
pendently from age. 

RESULTS: IL-15 signaling in WAT is increased 
over the course of aging in AL rats compared with 
CR rodents. Protein levels of IL-15Rα are greater 
in WAT of AL than in CR rats independently from 
age. This adaptation was paralleled by increased 
IRS1 phosphorylation through TNF-α-mediated 
insulin resistance. Adiponectin decreased at old 

age in AL rats, while no changes were evident in 
CR rats across age groups.

CONCLUSIONS: IL-15 signaling could there-
fore represent a potential target for interven-
tions to counteract metabolic alterations and the 
deterioration of body composition during aging.
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Abbreviations
IRS 1: Insulin Receptor Substrate 1; TNF-α: Tumor 
Necrosis Factor alpha; IL-15: Interleukin-15; WAT: 
White Adipose Tissue; AL: Ad Libitum; CR: Calorie 
Restricted; IL-15R α: IL-15 Receptor α-chain; gc: com-
mon g chain; IL2Rb: IL2 Receptor b chain; F344×BNF1: 
Fischer344×Brown Norway; DEPC: diethylpyrocarbonate; 
PVDF: polyvinylidene difluoride; ANOVA: two-way 
analysis of variance; RW/BW ratio: retroperitoneal ad-
ipose tissue weight/body weight; PPARs: Peroxisome 
proliferator-activated receptors.

Introduction

Obesity is a major public health problem in in-
dustrialized countries, due to its association with 
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a broad range of negative health outcomes (e.g., 
diabetes mellitus and cardiovascular disease)1. 
Insulin resistance is a common feature of obesi-
ty and contributes to obesity-related adverse ef-
fects2. The prevalence of overweight and obesity 
is increasing in older populations3. Furthermore, 
regardless of weight gain, advancing age is ac-
companied by detrimental changes in body com-
position, including reductions in lean body mass 
and relative increases in adiposity, particularly 
visceral fat4.

Adipose tissue fat redistribution occurring 
with age, in turn, is a major risk factor for insulin 
resistance5. Indeed, interventions counteracting 
fat accumulation with age have shown positive 
effects on insulin sensitivity and overall health6-10.

Therapeutic exploitation of IL-15 signaling has 
emerged as a possible strategy against obesity and 
obesity-related health outcomes due to its catabolic 
properties on adipose tissue11. Although IL-15 ex-
pression has not been described in adipose tissue12, 
this cytokine is believed to modulate adipose tis-
sue metabolism, since white adipose tissue (WAT) 
expresses mRNA for all three IL-15 receptor sub-
units: IL-15 receptor a chain (IL-15Ra), common 
g chain (gc), and IL2 receptor b chain (IL2Rb). 
IL-15Ra, is responsible for IL-15 specificity and 
high affinity binding13. The other two subunits are 
shared with IL214. Notably, obese fa/fa rats express 
lower gc levels compared with lean Zucker rats15. 
In addition, IL-15 administration induced remark-
able reductions in WAT deposition in young rats, 
without affecting food intake11. In support to the 
direct action of IL-15 on fat metabolism, an in vi-
tro study12 showed that exposure to IL-15 inhibited 
lipid accumulation and stimulated secretion of adi-
ponectin by differentiated adipocytes. Adiponectin 
suppresses tumor necrosis factor (TNF)-α mRNA 
expression in endotoxin-treated 3T3-L1 adipo-
cytes16. It is worth mentioning that TNF-α, besides 
its roles in immunomodulatory and inflammato-
ry responses17, may represent a mechanistic link 
between obesity and insulin resistance18. Indeed, 
TNF-α signaling induces a state of insulin resis-
tance by impairing insulin actions at the level of 
the insulin receptor substrate (IRS) proteins. Inter-
estingly, IL-15 stimulates tyrosine phosphorylation 
of IRS-1 in human T cells19. The opposing actions 
of IL-15 and TNF-α on adiponectin and IRS-1 sug-
gest that IL-15 might counteract TNF-α-mediated 
insulin resistance in adipose tissue.

Based on these premises, we investigated the 
effects of aging and life-long moderate calorie 
restriction (CR) on IL-15 expression and the in-

sulin signaling in the rat WAT. We hypothesized 
that advancing age would be associated with 
decreased systemic levels of IL-15 and reduced 
adipose tissue IL-15Ra expression concomi-
tant with lower secretion of adiponectin and in-
creased signaling through the TNF-a-mediated 
pathway of insulin resistance. We further hy-
pothesized that CR would increase the expres-
sion of IL-15 and IL-15Ra along with adiponec-
tin and downregulate TNF-a-mediated IRS1 
serine phosphorylation.

Materials and Methods

Animals
Thirty-six 8-old male, 18-old male, and 29-old 

male Fischer344×Brown Norway (F344×BNF1) 
hybrid rats were purchased from the National In-
stitute on Aging colony at Harlan Industries (In-
dianapolis, IN, USA). The ages were chosen from 
published growth and survival data20 to reflect a 
young age (8 months), adulthood (18 month), and 
advanced age (29 months). In each age group, 
6 animals were fed ad libitum (AL) and 6 were 
calorie restricted by 40%. CR was initiated at 14 
weeks of age at 10% restriction, increased to 25% 
at 15 weeks, and to 40% at 16 weeks. AL rats had 
free access to NIH-31 average nutrient composi-
tion pellets, whereas CR animals received NIH-
31/NIA fortified pellets, once daily, approximate-
ly 1 h before the onset of the dark period. All rats 
had free access to tap water. Rats were individu-
ally housed and maintained on a 12-h light/dark 
cycle, at constant temperature and humidity, in a 
facility approved by the Association for Assess-
ment and Accreditation of Laboratory Animal 
Care at the University of Florida (Gainesville, FL, 
USA). Health status, body weight, and food in-
take were monitored daily. All procedures were in 
compliance with the Guide for the Care and Use 
of Laboratory Animals published by the National 
Institutes of Health and reviewed and approved by 
the University of Florida’s Animal Care and Use 
Committee (USA) before commencement.

Preparation of Cytosolic and Nuclear 
Fractions

Rats were sacrificed by rapid decapitation and 
retroperitoneal, epidydimal and perirenal WAT 
was removed and weighed. Immediately after-
ward, WAT was frozen in liquid nitrogen and 
subsequently stored at -80°C. Experiments were 
conducted on the retroperitoneal WAT portion. 
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Approximately 500 mg of WAT were minced in 
1:1.5 w/v ice-cold lysis buffer (20 mM Tris, 5 mM 
EDTA, 10 mM sodium phosphate, 100 mM so-
dium fluoride, 2 mM sodium orthovanadate, 1% 
NP-40, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 3 
mM benzamidine, 1mM PMSF, pH 7.5), homog-
enized on ice in a glass-glass Duall homogenizer, 
rotated for 1 h at 4°C and centrifuged for 10 min 
at 14,000 × g at 4°C to pellet cellular debris and 
nuclei. The supernatant was collected after re-
moving the top layer of lard-like fat. The resulting 
supernatant, representing the cytosolic fraction, 
was collected, aliquoted, and stored at -80°C for 
later biochemical analyses. Preparation of nuclear 
extracts was performed as previously described21.

Serum Collection 
Trunk blood was collected using a funnel, 

and serum was obtained using plastic Vacutain-
er® 8.5 mL clot activator serum collection tubes 
(#367991, Becton Dickinson; Franklin Lakes, NJ, 
USA). The tubes were inverted (2-3 times) and 
blood was allowed to clot at room temperature for 
1 h, after which the tubes were spun for 10 min 
at 2,000 × g, at 4°C. The serum was eventually 
collected, transferred into 2-mL tubes, and frozen 
at -20°C.

Western Blot Analysis
Prior to loading, samples were boiled at 95°C 

for 5 min in Laemmli buffer (62.5 mM Tris×HCl, 
2% SDS, 25% glycerol, 0.01% bromophenol blue, 
pH 6.8; Bio-Rad, Hercules, CA, USA) with 5% 
b-mercaptoethanol. Proteins were separated using 
5%, 10%, and 15% pre-cast Tris×HCl gels (Bio-
Rad, Hercules, CA, USA). For the quantification 
of TNF-R1, adiponectin, ERK 1, and p-IRS1 ex-
pression, equal volumes of WAT extracts were 
loaded. Nuclear content of NF-kB p65 was deter-
mined by applying 60 µg of protein, whereas 100 
µg were loaded to quantify IL-15 and IL-15Rα in 
serum. Separated proteins were transferred onto 
polyvinylidene difluoride (PVDF) membranes 
(Immobilon P, 0.45 µm, Millipore, Billerica, MA, 
USA) using a semidry blotter (Bio-Rad, Hercu-
les, CA, USA). Transfer efficiency was verified by 
staining the gels with GelCode Blue Stain Reagent 
(Pierce Biotechnology, Rockford, IL, USA) and 
the membranes with Ponceau S (Sigma-Aldrich, 
St. Louis, MO, USA). Ponceau S staining of total 
protein was also used as a loading control. For ad-
iponectin, NF-kB, ERK-1, pIRS-1, IL-15 and IL-
15Ra, nuclear PPARγ experiments, membranes 
were blocked in Starting Block Tris-Buffered Sa-

line (TBS) Blocking Buffer with 0.05% Tween-20 
(Pierce Biotechnology, Waltham, MA, USA) for 
1 h at room temperature, washed in TBS, and in-
cubated overnight at 4°C in rabbit polyclonal an-
ti-adiponectin (Abcam, Cambridge, MA, USA), 
1:200; mouse monoclonal anti-NF-kB p65 (San-
ta Cruz Biotechnology, Santa Cruz, CA, USA), 
1:200; rabbit polyclonal anti-p-ERK1/2( San-
ta Cruz Biotechnology, Santa Cruz, CA, USA), 
1:200; rabbit polyclonal anti-p-IRS-1 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), 1:200; 
rabbit polyclonal anti-IL-15 (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA), 1:200; rabbit poly-
clonal anti-IL-15Ra (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), 1:200. Membranes were 
then washed in TBS with 0.05% Tween-20 (TBS-
tween) and eventually incubated with alkaline 
phosphatase-conjugated secondary anti-rabbit 
(1:30,000; Sigma-Aldrich, St. Louis, MO, USA) 
or mouse (1:30,000; Sigma-Aldrich, St. Louis, 
MO, USA) antibodies, at room temperature for 1 
h. The membranes were washed in TBS-tween, 
rinsed in TBS, and soaked in Tris×HCl (100 mM, 
pH 9.5). Finally, the DuoLux chemiluminescent/
fluorescent substrate for alkaline phosphatase 
(Vector Laboratories, Burlingame, CA, USA) was 
applied, and the chemiluminescent signal was 
captured with an Alpha Innotech Fluorchem SP 
imager (Alpha Innotech, San Leandro, CA, USA). 
Digital images were analyzed using AlphaEase 
FC software (Alpha Innotech, San Leandro, CA, 
USA). Spot density of the target band was nor-
malized to the total lane of Ponceau-stained mem-
brane and expressed in arbitrary optical density 
(OD) units. For the analysis of TNF-R1, the Vec-
tastain ABC-AmP immunodetection kit (Vector 
Laboratories, Segrate, Milan, Italy) was used, 
according to the manufacturer’s instructions. A 
rabbit polyclonal anti-TNF-R1 antibody (Abcam, 
Cambridge, MA, USA) was used at 1:1,000 dilu-
tion. Generation of the chemiluminescent signal, 
digital acquisition, and densitometry analysis 
were performed as described above.

Quantitative Polymerase Chain Reaction 
(qPCR)

To determine the relative gene expression of 
TNF-α, IL-15 Rα, IL2Rα, IL2Rb, gc in WAT, 
Q-PCR analysis was performed. Total RNA was 
isolated using TRI Reagent (Sigma-Aldrich, St. 
Louis, MO, USA). Briefly, ~500 mg of tissues was 
homogenized in 1 mL of TRI Reagent with a mo-
torized mortar and pestle. The homogenate was 
cleared by centrifugation, and RNA isolated from 
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the supernatant according to the manufacturer’s in-
structions. Total RNA was dissolved in diethylpy-
rocarbonate (DEPC)-treated water and quantified 
spectrophotometrically (i.e., 260/280 ratio). To re-
move possible contaminating DNA, DNAse diges-
tion was performed using the TURBO DNAfree 
kit (Ambion, Foster City, CA, USA). First-strand 
cDNA synthesis was achieved from 2 µg of RNA 
using the MasterScript kit (5 Prime, Hamburg, Ger-
many). Briefly, total RNA, 1 µL 0.5 µg oligo d(T) 
primer, 1 µL 50 ng/µL random hexamers, 1 µL 10 
mM dNTP mix and DEPC water were mixed and 
heated to 65°C for 5 min. Samples were then placed 
on ice and 4 µL 25 mM RT-PCR buffer, 1 µL 0.75 
U/µL RT enzyme, 0.5 µL RNAse inhibitor and DE-
PC water added. Samples were subsequently heated 
to 42°C for 1 h and the reaction was terminated by 
heating to 85°C for 5 min. QPCR was performed 
using an Applied Biosystems 7300 Real Time-PCR 
System (ABI, Foster City, CA, USA). TaqMan Uni-
versal PCR Master Mix (2×) (Roche, Branchburg, 
NJ, USA), as well as 0.2 µM primers and TaqMan 
probe mix (ABI) were used for each 25 µL reac-
tion. Amplification of TNF-α (NM_012675), gc 
(NM_080889), IL-2Rα (NM_013163), IL-2Rb 
(NM_013195), IL-15Rα (DQ_157696), and b-actin 
(NM_031144, endogenous control) was achieved 
using predesigned primers and probes (ABI), em-
ploying the following PCR cycling conditions: en-
zyme activation at 95°C for 10 min, 40 cycles of 
denaturation at 95°C for 15 s, anneal/extend at 60°C 
for 1 min. All samples were examined in triplicate, 
with the young AL group used as a calibrator. For 
all genes, negative controls (i.e., no template and no 
reverse transcriptase) were also included and run in 
triplicate. Differences in the expression of the tar-
get genes were explored by the 2-ΔΔCT method22 with 
b-actin as the housekeeping gene.

Statistical Analysis
Statistical analysis was performed using 

GraphPrism 4.0.3 software (GraphPad Software, 
Inc., San Diego, CA, USA). The experiments were 
fully crossed, two-factor designs, with three lev-
els for age (8, 18, and 29 months) and 2 levels for 
diet (AL and CR). The two-way analysis of vari-
ance (ANOVA) allowed distinguishing between 
age and diet effects and a possible interaction ef-
fect between the two factors. In cases where there 
was no interaction effect, we reported whether 
there was a main age effect (independent of di-
et) and/or main diet effect (independent of age). 
When applicable, post-hoc multiple comparisons 
were performed with the Bonferroni’s procedure. 
Pearson’s test was used to explore correlations 
between variables. All tests were two-sided, and 
significance was accepted at p<0.05. All data are 
reported as mean ± SEM.

Results

Morphological Characteristics

Adipose tissue weight 
WAT wet weight increased with advanced 

age (age effect: p<0.0001) (Figure 1a). However, 
changes in adipose tissue weight across ages were 
substantially different in the two diet groups (age 
× diet interaction: p<0.0001) (Figure 1a). In AL 
rats, WAT weight increased significantly only at 
old age (29 months). In contrast, in the CR group, 
WAT weight increased significantly between 8 
and 18 months and remained unchanged thereaf-
ter. As expected, CR animals showed lower WAT 
weight in comparison to their AL counterparts at 
all ages (diet effect: p<0.0001). 

Figure 1. Retroperitoneal adipose tissue absolute wet weight (a), body weight (b) and retroperitoneal adipose tissue weight 
to body weight ratio (MW/BW (c) of 8-month-old, 18-month-old and 29-month-old Fischer344×Brown Norway rats. Letters in-
dicate significant differences (p<0.05) within age groups, and between AL and CR rats of the same age. aSignificantly different 
from 8-mo AL; bsignificantly different from 18-mo AL; csignificantly different from 29-mo AL; dsignificantly different from 
8-mo CR; esignificantly different from 18-mo CR. Values are mean ± SEM (n=6/group).
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Body weight 
Within each age group, CR rats weighed less than 

their AL-fed counterparts (diet effect: p<0.0001; 
Figure 1b). However, the trajectory of changes in 
body weight over time was different between diet 
groups (age×diet interaction: p<0.0001). In fact, in 
AL rats, body weight increased progressively from 
8 to 29 months of age (age effect: p<0.0001). In 
contrast, in the CR group body weight remained 
relatively stable over time, with the exception of a 
small increase observed between 18 and 29 months 
of age. Moreover, when WAT weight was normal-
ized to body weight (RW/BW ratio) (Figure 1c), 
AL rats displayed a significantly higher ratio rel-
ative to CR rodents in all age groups (diet effect: 
p<0.0001). Changes in RW/BW with age were 
substantially different in the two diet groups (age 
× diet interaction: p<0.0001). In fact, RW/BW in-
creased between 8 and 18 months in CR rats (age 
effect: p<0.05), while remained unchanged in AL 
animals. 

Expression of IL-15 and IL-15 receptor 
subunits

Because little or no IL-15 mRNA has been 
detected in either undifferentiated pre- or dif-
ferentiated adipocytes12, we measured IL-15 
protein levels in serum to obtain a direct mea-
surement of IL-15. Moreover, since IL-15 ac-
tions are mediated by its interaction with a 
trimeric receptor comprising gc, IL-2Rb, and 
IL-15Ra subunits, their gene expression levels 
were determined in WAT. 

IL-15
The trajectory of changes in serum IL-15 pro-

tein levels across groups showed an age × diet 
interaction (p<0.03) (Figure 2). No significant 
effects of age (p=0.81) or diet (p=0.18) were de-
tected.

IL-15 receptor subunits
In WAT, gene expression of gc and IL-2Rb were 

significantly higher in AL animals compared with 
CR rats (diet effect: p=0.0035 and p=0.0045, re-
spectively) (Figure 3a, b). For the IL-2Rb subunit, 
we also detected an age effect (p=0.0061) and 

Figure 2. Protein levels of IL-15 in serum. In serum, IL-
15 levels vary with advancing age in an opposite manner 
depending on the diet regimen (p <0.03) and are higher in 
CR compared with AL rats. The letters indicate statistical-
ly significant differences (p <0.05) within the groups, and 
between AL and CR rats of the same age. aSignificantly dif-
ferent from 18-month AL. Values ​​are expressed as averages 
± SE (n = 6 / group).

Figure 3. Relative gene expression of IL-2Rβ (a) and IL2Rγ (b) in adipose tissue. The gene expression of IL-2Rβ and γc is 
significantly lower in CR animals compared to AL rats (p < 0.01). In addition, γc expression shows a progressing decline with 
age (p<0.01) and a significant diet × -age interaction (p<0.05). The letters indicate statistically significant differences (p < 0.05) 
within the groups, and between rats AL and CR of the same age. aSignificantly different from 8-months AL; bsignificantly differ-
ent from 29-months AL. Values are expressed as averages ± SE (n = 6/group).
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an age × diet interaction (p=0.0160) (Figure 3a). 
Indeed, the relative mRNA abundance of IL2Rb 
decreased with advancing age in the AL group, 
which was not evident in CR rats. Likewise, we 
detected a significant higher IL-15Ra gene ex-
pression in AL animals compared with their CR 
counterparts (Figure 4a). 

High affinity a-chain of the IL-15 receptor ex-
ists not only in membrane-anchored but also in 
soluble forms23. Three distinct IL-15Ra soluble 
isoforms have been described24. The two soluble 
IL-15Ra sushi domain isoforms potentiate IL-15 
action25. Conversely, a full-length sIL-15Ra ect-
odomain, released by TNF-a-converting enzyme 
(TACE)-dependent proteolysis, inhibits IL-15 ac-

tivity24. To assess if the increased gene expression 
of IL-15Ra in AL animals was mostly attributable 
to the soluble form of IL-15Ra with inhibitory 
properties, WAT full-length sIL-15Ra protein lev-
els were quantified by Western blot analysis.

sIL-15Ra
Protein levels of sIL-15Ra were significant-

ly higher in WAT from AL animals compared 
with CR rats (diet effect p<0.0001) (Figure 4b). 
However, changes in protein content of sIL-15Ra 
across ages were substantially different in the two 
diet groups (age × diet interaction: p=0.0257). In 
fact, in AL rats, sIL-15Ra increased significantly 
from 8 to 18 months of age (age effect; p=0.0031) 

Figure 4. Adipose tissue gene expression (a) and protein content (b) of IL-15Rα increased in AL fed animals compared to CR 
rats. Letters indicate significant differences (p<0.05) within age groups, and between AL and CR rats of the same age. aSignifi-
cantly different from 8-mo AL; bsignificantly different from 18-mo AL. cSignificantly different from 29-mo AL; dsignificantly 
different from 8-mo CR. Values are mean ± SEM (n=6/group).

Figure 5. Protein levels of adiponectin (a) and nuclear NF-kB in adipose tissue (b). Adiponectin protein levels are significantly 
reduced with age (p = 0.01) and are influenced by the dietary regimen (p<0.01). NF-kB is increased in AL compared with CR rats 
(p <0.01), with different trajectories depending on the diet administered (p <0.001). The letters indicate statistically significant 
differences (p<0.05) within the groups, and between AL and CR rats of the same age. aSignificantly different from 8-month AL; 
bsignificantly different from 18-month AL; csignificantly different from 29-month AL; dsignificantly different from 8-month RC. 
Values ​​are expressed as averages ± SE (n = 6 / group).
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and remained elevate thereafter. In contrast, no 
significant changes across ages were detected in 
the CR group.

Adipokines
Adiponectin is an anti-inflammatory cytokine26 

that is expressed almost exclusively in adipose tis-
sue27 with significant effects on insulin sensitiv-
ity28-30. Interestingly, IL-15 administration stim-
ulates secretion of adiponectin by differentiated 
3T3-L1 adipocytes12. Thus, adiponectin protein 
levels were determined by Western blot analysis.

Adiponectin
In WAT, changes of adiponectin levels dis-

played a different trajectory over the course 
of aging in AL and CR rats (age × diet interac-
tion: p=0.0029) (Figure 5a). Specifically, in the 
AL group, adiponectin content decreased at 29 
months (age effect: p=0.01), whereas, no changes 
were evident in CR animals across age groups. 

Activation of NF-kB
In aortic endothelial cells adiponectin has 

shown to block TNF-α signaling by preventing 
the activation and translocation of NF-kB31. A 
similar action of adiponectin has been confirmed 
in pig macrophages32 and adipocytes16. In order to 
evaluate the impact of age and CR on NF-kB ac-
tivation, nuclear levels of p65 were determined by 
Western blot analysis.

Nuclear p65
In AL rats, the expression of nuclear p65 in-

creased markedly at 18 months of age compared 
with CR animals, and even further at 29 months 
(diet effect: p=0.0082) (Figure 5b). Converse-

ly, the expression of nuclear p65 remained un-
changed over the course of aging in CR rats (age 
× diet interaction: p=0.0003). No age effect was 
detected (p=0.6205).

In support to the ability of adiponectin to in-
hibit NF-kB activation, a significant negative cor-
relation between adiponectin and NF-kB expres-
sion in WAT was determined (Pearson r: -0.32, p 
<0.05; Figure 6).

PPARs
Peroxisome proliferator-activated receptors 

(PPARs) regulate the expression of several genes 
involved in lipid metabolism and play a key role 
in adipocyte differentiation. Three PPAR iso-
forms have been identified – PPAR-α, PPAR-β, 
PPAR-γ, with the latter being the most abundant 
in WAT where it regulates glucose metabolism. 
In particular, PPARγ activation is able to increase 
WAT adiponectin production33. 

To explore whether delayed reduction of adiponec-
tin in AL rats (29 months) compared with the earlier 
increase of TNF-α (18 month) was linked to high-
er levels of PPAR-γ, the nuclear protein content of 
PPAR-γ was determined. We found that protein lev-
els of nuclear PPAR-γ decreased in the AL group at 
29 months (age effect: p=0.02) (Figure 7). Conversely, 
no changes were evident in CR animals across age 
groups. A previous study reported the opposite34. 

TNF-α-mediated pathway
In vitro studies indicate that TNF-a may con-

tribute to decreased adiponectin production in 
obesity35,36. TNF-α acts on adipose tissue via two 
distinct cell surface receptors termed TNFR1 and 
TNFR2. TNFR1 mediate most of the effects of 
TNF-α on adipose tissue function and is the pre-
dominant receptor for mediating TNF-α-induced 
insulin resistance associated with obesity37,38. To 
evaluate the impact of TNF-α on adipose tissue ad-
iponectin and IRS-1 levels, TNF-α gene expression 
was determined by qPCR, while TNFR1 protein 
levels were measured by Western blot analysis.

TNF-α
In WAT, gene expression of TNF-α was signifi-

cantly higher in AL animals compared with CR 
rats (diet effect: p=0.037) (Figure 8a). No signifi-
cant age effect (p=0.54) or age × diet interaction 
was detected (p=0.56). 

TNF-R1
In WAT, the changes in TNF-R1 levels across 

ages were different in relation to diet (age × diet 
Figure 6. Correlation analysis between adiponectin and 
NF-κb p65. (Pearson’s r: -0.32, p < 0.05). 
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interaction: p=0.0180), resulting in a significant 
increase in TNF-R1 levels in AL animals start-
ing at 18 months (age effect: p=0.0019), with no 
significant changes in CR rats (Figure 8b). We 
detected also a significant diet effect (p=0.0002). 
One of the mechanisms whereby IL-15 impacts 
adipose tissue metabolism might be the inhibition 
of TNF-α. Our data indicate that in AL animals 
the increase of TNF-R1 expression in tissue ad-
ipose occurred at the same age as the elevation 
of IL-15Rα protein. This might suggest a mutual-
ly inhibitory effect between IL-15 and TNF-α in 
adipose tissue. In support to this idea, a positive 

correlation was found between the expression lev-
els of sIL-15Rα and TNF-R1 in WAT (Pearson r: 
0.44, p <0.05; Figure 9).

Phosphorylation of IRS-1 
TNF-α promotes serine/threonine phosphory-

lation of IRS-139. Serine/threonine phosphoryla-
tion of IRS-1 impairs its ability to associate with 
the insulin receptor, which inhibits subsequent 
insulin-stimulated tyrosine phosphorylation40. 
Moreover, TNF-α-induced Ser307phosporylation 
is correlated with the ERK1/2 activation41.

Figure 7. Nuclear levels of PPARγ in 
adipose tissue. In adipocytes, protein 
levels of nuclear PPARγ decreased in 
the AL group in advanced age (age ef-
fect: p=0.02). No changes were evident 
in CR animals across ages.

Figure 8. Relative gene expression of TNFα (a) and protein levels of TNF-R1 (b) in adipose tissue. The TNF-α gene expres-
sion and TNF-R1 protein levels are higher in the AL group than in CR rats (p <0.05 and p <0.001, respectively). Furthermore, 
TNF-R1 levels increase significantly with age (p <0.001) following different trajectories depending on the diet administered (p 
<0.01). The letters indicate statistically significant differences (p <0.05) within the groups, and between AL and CR rats of the 
same age. aSignificantly different from 8-month AL. Values ​​are expressed as averages ± SE (n = 6 / group).
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p-IRS1
In WAT, the protein content of p-IRS1 was sig-

nificantly greater in AL animals compared with 
CR rats in all age groups (diet effect p<0.0001) 
(Figure 10a). We also detected a significant in-
crease of p-IRS1 in AL animals starting at 18 
months of age (age effect: p=0.02). No significant 
age × diet interaction was detected (p=0.1347).

p-ERK1
Protein expression levels of activated ERK1 

were significantly higher in AL animals relative 
to CR rats (p<0.0001), with a significant age effect 
(p=0.0043) and age × diet interaction (p=0.0437) 
(Figure 10b). Indeed, in AL rats, we detected a 
significant increase in p-ERK1 levels starting at 
18 months of age, while no significant changes 
were evident in CR rats.

p-ERK2
Similar to p-ERK1, the protein content of 

p-ERK2 was significantly higher in AL animals 
compared with CR rats (diet effect p<0.0001) 
(Figure 10c). No significant age effect (p=0.21) or 
age × diet interaction was detected (p=0.30).

Discussion

The interaction between TNF-a and IL-15 sig-
naling in adipose tissue may have significant im-
plications in terms of body composition changes 
with age and metabolic deregulation (e.g., insulin 
resistance, impaired glucose tolerance).

In the present study, changes in serum IL-15 lev-
els during aging were different in relation to diet, 
as evidenced by higher circulating concentrations 
of IL-15 in CR rats (Figure 2). The mRNA abun-
dance of IL-15Rα in WAT was unaffected by age 
in either rat group. Though, gene expression lev-

els of IL-15Rα were lower in WAT from CR rats 
relative to their AL-fed counterpart. This finding 
is in contrast with our original hypothesis that ag-
ing would be associated with reduced levels of IL-
15Rα and that CR would increase the expression 
of IL-15Ra in adipose tissue. To address this unex-
pected finding, we measured WAT protein levels 
of (sIL-15Rα, that possesses inhibitory properties 
on IL1524. Notably, we found a higher expression of 
IL-15Rα inhibitory isoform in AL rats. This may 
lead to hypothesize that the higher gene expression 
of IL-15Rα detected in AL rats might be mostly 
accounted for the inhibitor isoform of IL-15Rα. 

One mechanism by which IL-15 exerts positive 
effects both in vitro42 and in vivo43 is by blocking 
TNF-α signaling. In particular, IL-15 adminis-
tration to cachectic rats resulted in decreased ex-
pression of both TNF-α receptors (TNF-R1 and 
TNF-R2) in skeletal muscle43. In our study, CR 
was associated with decreased TNF-R1 protein 
levels in WAT, while in AL animals, TNF-R1 ex-
pression increased starting at 18 months of age. 
To further support this finding, we observed a 
positive correlation between WAT content of 
inhibitory sIL-15Rα and TNF-R1 protein levels 
(Pearson’s r: 0.44, p=0.006; Figure 9).

Consistent with changes in TNF-R1 expres-
sion, AL rats showed increased activation of 
ERK-1 and consequent phosphorylation of insulin 
receptor 1 (Figure 10). According to our original 
hypothesis and the protective role postulated for 
dietary restriction, CR animals did not show al-
terations in the expression of TNF-α receptor or 
phosphorylation of insulin receptor 1. Further-
more, in WAT, the protein content of p-IRS1 was 
higher in AL animals with a significant increase 
starting at 18 months of age. 

Adiponectin is a major modulator of systemic 
insulin sensitivity and glucose metabolism. We 
showed that adiponectin decreased in AL animals 
only at old age, while in the CR group its expres-
sion remains unvaried across ages. According to 
reports from other groups16,31,32, we found an in-
crease in nuclear translocation of p65 in AL rats 
temporally coinciding with adiponectin reduction 
(Figure 5). On the other hand, CR resulted in a 
significant reduction in p65 levels in old rats (29 
months), suggesting that this dietary regimen, 
even at old age, plays a protective role on media-
tors of inflammation such as NF-kB. In support to 
the ability of adiponectin to inhibit NF-kB activa-
tion, we found a negative correlation between ad-
iponectin and WAT NF-kB expression (Pearson r: 
-0.32, p <0.05; Figure 6).

Figure 9. Correlation analysis between sIL-15Rα and 
TNF-R1 (Pearson r: 0.44, p < 0.05)
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However, the lack of temporal agreement among 
changes in TNF-R1 expression, adiponectin levels, 
and nuclear NF-kB p65 content suggests the exis-
tence of a compensatory mechanism to maintain 
insulin sensitivity in the presence of TNF-R1activa-
tion. This mechanism could involve the conserved 
expression of PPARγ during adulthood (18 months), 
since an age-related reduction of nuclear levels of 
these receptors has been reported44. In fact, the pres-
ervation of PPARγ receptor expression and their ac-
tivation by specific ligands (e.g., thiazolidinediones) 
promote an increased secretion of adiponectin33, by 
inhibiting the action of TNF-α on a specific promot-
er region of adiponectin45. Along with this finding, 
we showed that, in WAT, the protein levels of nucle-
ar PPARγ decreased only in old AL rats. 

Conclusions

Our findings indicate that AL-fed rats show 
higher expression of sIL-5Rα. In keeping with 
the upregulation of sIL-15Rα, TNF-α-mediated 
insulin-resistance signaling may occur in AL 
rats. CR, irrespective of age, is associated with 
reduced expression of sIL-15Rα and reduced acti-
vation of TNF-α signaling. IL-15 signaling could 
therefore represent a potential target for interven-
tions to counteract metabolic alterations and the 
deterioration of body composition during aging.

Conflict of Interests
The Authors declare that they have no conflict of interests.

Source of Funding
This research was supported by grants to CC (NIH R01-
AG024526-02).

Authors´ Contributions
Silvia Giovannini, Christy S. Carter, Christiaan Leeu-
wenburgh, and Emanuele Marzetti participated in study 
concept and design, data analysis and interpretation, and 
the preparation of the manuscript. Andrea Flex, Federico 
Biscetti, Drake Morgan, Alice Laudisio, Daniele Coraci,-
Giulio Maccauro, Giuseppe Zuccalà, Pietro Caliandro and
Roberto Bernabei participated in data analysis and interpre-
tation with critical overview of the manuscript.

Acknowledgments
Silvia Giovannini, Cristy S. Carter, Christiaan Leeuwenburgh 
and Emanuele Marzetti participated in study concept and 
design, data analysis and interpretation, and the preparation 
of the manuscript. Andrea Flex, Federico Biscetti, Drake 
Morgan, Alice Laudisio, Daniele Coraci, Giulio Maccauro, 
Giuseppe Zuccalà, Pietro Caliandro and Roberto Bernabei 
participated in data analysis and interpretation with critical 
overview of the manuscript. All authors read and approved 
their individual contributions to the final manuscript.

References

  1)	 Upadhyay J, Farr O, Perakakis N, Ghaly W, Mantzoros 
C. Obesity as a disease. Med Clin North Am 2018; 
102: 13-33.

  2)	 Tataranni PA Pathophysiology of obesity-induced 
insulin resistance and type 2 diabetes mellitus. 
Eur Rev Med Pharmacol Sci 2002; 6: 27-32.

  3)	 Ricci G, Tomassoni D, Pirillo I, Sirignano A, Sciotti M, Zaami 
S, Grappasonni I. Obesity in the European region: social 
aspects, epidemiology and preventive strategies. Eur 
Rev Med Pharmacol Sci 2018; 22: 6930-6939.

  4)	 Giovannini S, Macchi C, Liperoti R, Laudisio A, Coraci 
D, Loreti C, Vannetti F, Onder G, Padua L; Mugel-
lo Study Working Group. association of body fat 
with health-related quality of life and depression 
in nonagenarians: the mugello study. J Am Med 
Dir Assoc 2019; 20: 564-568.

Figure 10. Protein levels of pIRS-1 (a), pERK-1 (b), and pERK-2 (c) in adipose tissue. Protein expression levels of pIRS-1 
and pERK-1 are higher in the AL group than in CR rats (p < 0,0001), with a significant age effect (p < 0.05 and p < 0.01, respec-
tively). The protein content of pERK-2 is greater in AL rats than in CR rodents (p < 0,0001), with no significant age effect. The 
letters indicate statistically significant differences (p < 0.05) within the groups, and between rats AL and CR of the same age. 
aSignificantly different from 8-months per; bsignificantly different from 18-months to the; csignificantly different from 29-months 
AL. Values are expressed as averages ± SE (n = 6/group).



S. Giovannini, C.S. Carter, C. Leeuwenburgh, A. Flex, F. Biscetti, D. Morgan, A. Laudisio et al 

2748

  5)	 Umegaki H, Haimoto H, Ishikawa J, Kario K. Viscer-
al fat contribution of insulin resistance in elderly 
people. J Am Geriatr Soc 2008; 56/7: 1373-1375.

  6)	 Serra MC, Blumenthal JB, Addison OR, Miller AJ, 
Goldberg AP, Ryan AS. Effects of weight loss with 
and without exercise on regional body fat distribu-
tion in postmenopausal women. Ann Nutr Metab 
2017; 70: 312-320.

  7)	 Pedersen LR, Olsen RH, Jürs A, Anholm C, Fenger M, 
Haugaard SB, Prescott E. A randomized trial compar-
ing the effect of weight loss and exercise training on 
insulin sensitivity and glucose metabolism in coro-
nary artery disease. Metabolism 2015; 64: 1298-307.

  8)	 Pack QR, Rodriguez-Escudero JP, Thomas RJ, Ades PA, 
West CP, Somers VK, Lopez-Jimenez F. The prognos-
tic importance of weight loss in coronary artery 
disease: a systematic review and meta-analysis. 
Mayo Clin Proc 2014; 89: 1368-1377.

  9)	 De Luis DA, Aller R, Izaola O, Gonzalez Sagrado M, 
Conde R, Perez Castrillon JL. Effects of lifestyle mod-
ification on adipocytokine levels in obese patients. 
Eur Rev Med Pharmacol Sci 2008; 12: 33-39.

10)	 Purnell JQ, Kahn SE, Albers JJ, Nevin DN, Brunzell 
JD, Schwartz RS. Effect of weight loss with reduction 
of intra-abdominal fat on lipid metabolism in older 
men. J Clin Endocrinol Metab 2000; 85: 977-982.

11)	 Carbo N, Lopez-Soriano J, Costelli P, Alvarez B, 
Busquets S, Baccino FM, Quinn LS, Lopez-Soriano FJ, 
Argiles JM. Interleukin-15 mediates reciprocal reg-
ulation of adipose and muscle mass: a potential 
role in body weight control. Biochim Biophys Acta 
2001; 1526: 17-24.

12)	 Quinn LS, Strait-Bodey L, Anderson BG, Argiles JM, 
Havel PJ. Interleukin-15 stimulates adiponectin se-
cretion by 3T3-L1 adipocytes: evidence for a skel-
etal muscle-to-fat signaling pathway. Cell Biol Int 
2005; 29: 449-457.

13)	 Giri JG, Kumaki S, Ahdieh M, Friend DJ, Loomis A, Shane-
beck K, DuBose R, Cosman D, Park LS, Anderson DM. 
Identification and cloning of a novel IL-15 binding 
protein that is structurally related to the alpha chain 
of the IL-2 receptor. EMBO J 1995;14: 3654-3663.

14)	 Giri JG, Ahdieh M, Eisenman J, Shanebeck K, Grabstein 
K, Kumaki S, Namen A, Park LS, Cosman D, Anderson 
D. Utilization of the beta and gamma chains of the 
IL-2 receptor by the novel cytokine IL-15. EMBO J 
1994; 13: 2822-2830.

15)	 Alvarez B, Carbó N, López-Soriano J, Drivdahl RH, 
Busquets S, López-Soriano FJ, Argilés JM, Quinn LS. 
Effects of interleukin-15 (IL-15) on adipose tissue 
mass in rodent obesity models: evidence for di-
rect IL-15 action on adipose tissue. Biochim Bio-
phys Acta 2002; 1570: 33-37.

16)	 Ajuwon KM, Spurlock ME. Adiponectin inhibits 
LPS-induced NF-kappaB activation and IL-6 pro-
duction and increases PPARgamma2 expression 
in adipocytes. Am J Physiol Regul Integr Comp 
Physiol 2005; 288: R1220-R1225.

17)	 Hausman DB, DiGirolamo M, Bartness TJ, Hausman 
GJ, Martin RJ. The biology of white adipocyte pro-
liferation. Obes Rev 2001; 2: 239-254.

18)	 Nieto-Vazquez I, Fernandez-Veledo S, Kramer DK, 
Vila-Bedmar R, Garcia-Guerra L, Lorenzo M. Insulin 
resistance associated to obesity: the link TNF-al-
pha. Arch Physiol Biochem 2008; 114: 183-194.

19)	 Johnston JA, Wang LM, Hanson EP, Sun XJ, White 
MF, Oakes SA, Pierce JH, O'Shea JJ. Interleukins 2, 
4, 7, and 15 stimulate tyrosine phosphorylation 
of insulin receptor substrates 1 and 2 in T cells. 
Potential role of JAK kinases. J Biol Chem 1995; 
270: 28527-28530.

20)	 Turturro A, Witt WW, Lewis S, Hass BS, Lipman RD, Hart 
RW. Growth curves and survival characteristics of the 
animals used in the biomarkers of aging program. J 
Gerontol A Biol Sci Med Sci 1999; 54: B492-B501.

21)	 Marzetti E, Calvani R, DuPree J, Lees HA, Giovannini 
S, Seo DO, Buford TW, Sweet K, Morgan D, Strehler 
KY, Diz D, Borst SE, Moningka N, Krotova K, Carter 
CS. Late-life enalapril administration induces nitric 
oxide-dependent and independent metabolic ad-
aptations in the rat skeletal muscle. Age (Dordr) 
2013; 35: 1061-1075.

22)	 Livak KJ, Schmittgen TD. Analysis of relative gene 
expression data using real-time quantitative PCR 
and the 2(-Delta Delta C(T)) Method. Methods 
2001; 25: 402-408.

23)	 Budagian V, Bulanova E, Orinska Z, Ludwig A, Rose-
John S, Saftig P, Borden EC, Bulfone-Paus S. Natu-
ral soluble interleukin-15Ralpha is generated by 
cleavage that involves the tumor necrosis fac-
tor-alpha-converting enzyme (TACE/ADAM17). J 
Biol Chem 2004; 279: 40368-40375.

24)	 Bulanova E, Budagian V, Duitman E, Orinska Z, 
Krause H, Ruckert R, Reiling N, Bulfone-Paus S. Sol-
uble Interleukin IL-15Ralpha is generated by alter-
native splicing or proteolytic cleavage and forms 
functional complexes with IL-15. J Biol Chem 
2007; 282: 13167-13179.

25)	 Rubinstein MP, Kovar M, Purton JF, Cho JH, Boyman 
O, Surh CD, Sprent J. Converting IL-15 to a super-
agonist by binding to soluble IL-15R{alpha}. Proc 
Natl Acad Sci U S A 2006; 103: 9166-9171.

26)	 Lihn AS, Pedersen SB, Richelsen B. Adiponectin: ac-
tion, regulation and association to insulin sensitiv-
ity. Obes Rev 2005; 6: 13-21.

27)	 Scherer PE, Williams S, Fogliano M, Baldini G, Lo-
dish HF. A novel serum protein similar to C1q, 
produced exclusively in adipocytes. J Biol Chem 
1995; 270: 26746-26749.

28)	 Kubota N, Terauchi Y, Yamauchi T, Kubota T, Moroi 
M, Matsui J, Eto K, Yamashita T, Kamon J, Satoh H, 
Yano W, Froguel P, Nagai R, Kimura S, Kadowaki T, 
Noda T. Disruption of adiponectin causes insulin 
resistance and neointimal formation. J Biol Chem 
2002; 277: 25863-25866.

29)	 Maeda N, Shimomura I, Kishida K, Nishizawa H, 
Matsuda M, Nagaretani H, Furuyama N, Kondo H, 
Takahashi M, Arita Y, Komuro R, Ouchi N, Kihara S, 
Tochino Y, Okutomi K, Horie M, Takeda S, Aoyama 
T, Funahashi T, Matsuzawa Y. Diet-induced insulin 
resistance in mice lacking adiponectin/ACRP30. 
Nat Med 2002; 8: 731-737.



IL-15 expression in adipose tissue at old age

2749

30)	 Yamauchi T, Kamon J, Waki H, Imai Y, Shimozawa N, 
Hioki K, Uchida S, Ito Y, Takakuwa K, Matsui J, Takata 
M, Eto K, Terauchi Y, Komeda K, Tsunoda M, Muraka-
mi K, Ohnishi Y, Naitoh T, Yamamura K, Ueyama Y, 
Froguel P, Kimura S, Nagai R, Kadowaki T. Globular 
adiponectin protected ob/ob mice from diabetes 
and ApoE-deficient mice from atherosclerosis. J 
Biol Chem 2003; 278: 2461-2468.

31)	 Ouchi N, Kihara S, Arita Y, Okamoto Y, Maeda K, 
Kuriyama H, Hotta K, Nishida M, Takahashi M, Mu-
raguchi M, Ohmoto Y, Nakamura T, Yamashita S, 
Funahashi T, Matsuzawa Y. Adiponectin, an adipo-
cyte-derived plasma protein, inhibits endothelial 
NF-kappaB signaling through a cAMP-dependent 
pathway. Circulation 2000; 102: 1296-1301.

32)	 Wulster-Radcliffe MC, Ajuwon KM, Wang J, Chris-
tian JA, Spurlock ME. Adiponectin differentially 
regulates cytokines in porcine macrophages. Bio-
chem Biophys Res Commun 2004; 316: 924-929.

33)	 Zuo Y. The role of adiponectin gene mediated by 
NF-κB signaling pathway in the pathogenesis 
of type 2 diabetes. Eur Rev Med Pharmacol Sci 
2018; 22: 1106-1112. 

34)	 Yang YB, Wu XL, Ke B, Huang YJ, Chen SQ, Su YQ, Qin 
J. Effects of caloric restriction on peroxisome prolif-
erator-activated receptors and positive transcription 
elongation factor b expression in obese rats. Eur 
Rev Med Pharmacol Sci 2017; 21: 4369-4378.

35)	 Fasshauer M, Klein J, Neumann S, Eszlinger M, Pas-
chke R. Hormonal regulation of adiponectin gene 
expression in 3T3-L1 adipocytes. Biochem Bio-
phys Res Commun 2002; 290: 1084-1089.

36)	 Halleux CM, Takahashi M, Delporte ML, Detry R, Fu-
nahashi T, Matsuzawa Y, Brichard SM. Secretion of 
adiponectin and regulation of apM1 gene expres-
sion in human visceral adipose tissue. Biochem 
Biophys Res Commun 2001; 288: 1102-1107.

37)	 Sethi JK, Xu H, Uysal KT, Wiesbrock SM, Scheja L, Hota-
misligil GS. Characterisation of receptor-specific TN-
Falpha functions in adipocyte cell lines lacking type 
1 and 2 TNF receptors. FEBS Lett 2000; 469: 77-82.

38)	 Uysal KT, Wiesbrock SM, Hotamisligil GS. Functional 
analysis of tumor necrosis factor (TNF) receptors 

in TNF-alpha-mediated insulin resistance in genet-
ic obesity. Endocrinology 1998; 139: 4832-4838.

39)	 Kanety H, Feinstein R, Papa MZ, Hemi R, Karasik A. 
Tumor necrosis factor alpha-induced phosphory-
lation of insulin receptor substrate-1 (IRS-1). Pos-
sible mechanism for suppression of insulin-stim-
ulated tyrosine phosphorylation of IRS-1. J Biol 
Chem 1995; 270: 23780-23784.

40)	 Paz K, Hemi R, LeRoith D, Karasik A, Elhanany E, 
Kanety H, Zick Y. A molecular basis for insulin re-
sistance. Elevated serine/threonine phosphoryla-
tion of IRS-1 and IRS-2 inhibits their binding to the 
juxtamembrane region of the insulin receptor and 
impairs their ability to undergo insulin-induced ty-
rosine phosphorylation. J Biol Chem 1997; 272: 
29911-29918.

41)	 Fujishiro M, Gotoh Y, Katagiri H, Sakoda H, Ogi-
hara T, Anai M, Onishi Y, Ono H, Abe M, Shojima 
N, Fukushima Y, Kikuchi M, Oka Y, Asano T. Three 
mitogen-activated protein kinases inhibit insulin 
signaling by different mechanisms in 3T3-L1 ad-
ipocytes. Mol Endocrinol 2003; 17: 487-497.

42)	 Bulfone-Paus S, Bulanova E, Pohl T, Budagian V, 
Durkop H, Ruckert R, Kunzendorf U, Paus R, Krause 
H. Death deflected: IL-15 inhibits TNF-alpha-me-
diated apoptosis in fibroblasts by TRAF2 recruit-
ment to the IL-15Ralpha chain. FASEB J 1999; 13: 
1575-1585.

43)	 Figueras M, Busquets S, Carbo N, Barreiro E, Almen-
dro V, Argiles JM, Lopez-Soriano FJ. Interleukin-15 
is able to suppress the increased DNA frag-
mentation associated with muscle wasting in tu-
mour-bearing rats. FEBS Lett 2004; 569: 201-206.

44)	 Guo W, Pirtskhalava T, Tchkonia T, Xie W, Thomou T, 
Han J, Wang T, Wong S, Cartwright A, Hegardt FG, 
Corkey BE, Kirkland JL. Aging results in paradoxi-
cal susceptibility of fat cell progenitors to lipotox-
icity. Am J Physiol Endocrinol Metab 2007; 292: 
E1041-E1051.

45)	 Sharma AM, Staels B. Review: peroxisome prolifer-
ator-activated receptor gamma and adipose tis-
sue--understanding obesity-related changes in 
regulation of lipid and glucose metabolism. J Clin 
Endocrinol Metab 2007; 92: 386-395.


