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Abstract
Alterations in adipogenesis could have significant impact on several aging processes. We previously
reported that calorie restriction (CR) in rats significantly increases the level of circulating
adiponectin, a distinctive marker of differentiated adipocytes, leading to a concerted modulation in
the expression of key transcription target genes and, as a result, to increased fatty acid oxidation and
reduced deleterious lipid accumulation in other tissues. These findings led us to investigate further
the effects of aging on adipocytes and to determine how CR modulates adipogenic signaling in vivo.
CR for 2 and 25 months, significantly increased the expression of PPARγ, C/EBPβ and Cdk-4, and
partially attenuated age-related decline in C/EBPα expression relative to rats fed ad libitum (AL).
As a result, adiponectin was upregulated at both mRNA and protein levels, resulting in activation of
target genes involved in fatty acid oxidation and fatty acid synthesis, and greater responsiveness of
adipose tissue to insulin. Moreover, CR significantly decreased the ratio of C/EBPß isoforms LAP/
LIP, suggesting the suppression of gene transcription associated with terminal differentiation while
facilitating preadipocytes proliferation. Morphometric analysis revealed a greater number of small
adipocytes in CR relative to AL feeding. Immunostaining confirmed that small adipocytes were more
strongly positive for adiponectin than the large ones. Overall these results suggest that CR increased
the expression of adipogenic factors, and maintained the differentiated state of adipocytes, which is
critically important for adiponectin biosynthesis and insulin sensitivity.
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1. INTRODUCTION
Adipose tissue, once thought to function primarily as a passive depot for the storage of excess
lipid, is now understood to play a central role in metabolic regulation, feeding behavior and
secretion of a variety of metabolic hormones. Fat depots are also involved in preventing
deleterious lipid accumulation in other tissues (Camp et al., 2002,Korner and Aronne, 2003).

* To whom correspondence should be addressed: Sige Zou, Ph.D., Tenure-track Investigator, Laboratory of Experimental Gerontology,
National Institute on Aging, 6200 Seaforth Street, Baltimore, MD 21224, USA, Tel: 410-558-8461; Fax: 410 558 8302; E-mail:
zous@grc.nia.nih.gov
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Gerontol. Author manuscript; available in PMC 2007 September 17.

Published in final edited form as:
Exp Gerontol. 2007 August ; 42(8): 733–744.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Unlike other tissues, adipose mass has considerable capacity to expand through a complex
interplay between proliferation and differentiation of preadipocytes into functional adipocytes
(adipogenesis), an increase in individual adipocyte size (hypertrophy), or both throughout
lifespan (Bertrand et al., 1978). Excessive accumulation of adipose tissue in obesity contributes
to the development of metabolic and cardiovascular diseases, and certain cancers (Must et al.,
1999,Mokdad et al., 2001). On the other hand, loss of adipose tissue predisposes individuals,
especially the elderly, to chronic skin ulcers, disturbances of body temperature and decreased
energy reserves in the face of chronic illness (Watters and Bessey, 1994,Klipstein-Grobusch
et al., 1995). Another complication of excessive fat loss includes glucose intolerance,
potentially contributing to the paradoxical development of type II diabetes in very old lean
patients (Moitra et al., 1998,Agarwal and Garg, 2006). The capacity of preadipocytes to
differentiate appears to decrease with aging (Kirkland et al., 1994,Karagiannides et al.,
2001). This age-related decline in adipogenesis could be attenuated by overexpression of
Klotho, an anti-aging related marker (Chihara et al., 2006). It is therefore not surprising to note
that the adipogenic potential has been implicated in many processes related to different aspects
of aging, including insulin sensitivity, lipid metabolism, stress response and inflammation.

As a key factor for controlling adipose mass, the molecular mechanisms that regulate
adipogenesis have been subject to intense scrutiny. To a large degree, many aspects of
adipogenesis could be described as a cascade of gene expression regulated by a small set of
transcription factors, including the genes for CCAAT/enhancer binding protein α (C/EBPα)
and peroxisome proliferator-activated receptor γ (PPARγ) (Barak et al., 1999,Rosen et al.,
2000,Linhart et al., 2001). However, the induction of both of these factors during the early
phase of adipogenesis is regulated by C/EBPβ through association with C/EBP regulatory
elements within the promoters of the corresponding genes (Rana et al., 1995,Wu et al.,
1995,Yang and Chow, 2003). C/EBPβ is a member of the bZIP family of transcription factors
that binds to DNA as homodimers or heterodimers with other C/EBPs. There are three major
isoforms of C/EBPβ: two full-length LAP (liver-enriched activator protein, 34 kD and 38 kD)
isoforms and one truncated 20 kD LIP (liver-enriched inhibitory protein) isoform (Descombes
and Schibler, 1991), which are produced at specific stages of differentiation through alternative
use of the two translation initiation sites within a single mRNA (Darlington et al.,
1998,Calkhoven et al., 2000,Xiong et al., 2001). Because LIP lacks most of the transactivation
domain but contains the DNA-binding and dimerization domains, it is proposed to function as
a dominant negative regulator of full-length C/EBP LAP (Descombes et al., 1990).
Furthermore, cyclin-dependent kinase 4 (Cdk4) has been shown recently to promote
adipogenesis and participate in adipocyte function through direct activation of PPARγ (Abella
et al., 2005), strongly suggesting that cell cycle regulators trigger adipogenesis.

Adiponectin is one of many adipocyte-derived hormones that is exclusively expressed and
regulated in differentiated adipocytes (Gregoire, 2001,Korner et al., 2005). It acts as autocrine
factor in adipose tissues by triggering programmed gene expression responsible for
adipogenesis in vitro models (Fu et al., 2005). Circulating levels of adiponectin have been
shown paradoxically to be decreased in diabetic and obese conditions of mice (Combs et al.,
2002), rhesus monkeys (Hotta et al., 2001) and humans (Lindsay et al., 2002,Stefan et al.,
2002). In contrast, calorie restriction (CR), which provides multiple health benefits and extends
lifespan in diverse organisms (Weindruch et al., 1986,Masoro, 2000,Roth et al., 2001),
enhances plasma adiponectin levels in normal animals (Berg et al., 2002,Zhu et al., 2004), as
well as in long-lived Ames dwarf mice (Wang et al., 2006)and GHR-KO mice (Berryman et
al., 2004). These results support the hypothesis that adipogenesis per se may exert beneficial
effects on many processes related to different aspects of aging.

To characterize further the effects of aging on adipocyte biology and to determine how CR
modulates adipogenic signaling in vivo, we have extended our previous findings regarding CR-

Zhu et al. Page 2

Exp Gerontol. Author manuscript; available in PMC 2007 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induced increase in adiponectin (Zhu et al., 2004) to examine the expression of transcription
factors that regulate pathways of adipogenesis and to identify target genes responsible for
maintaining the differentiated state while repressing individual cell hypertrophy. We conclude
that CR increases the expression of adipogenic factors, and maintains the differentiated state
of adipocytes, which is critically important for adiponectin biosynthesis and insulin sensitivity.

2. MATERIALS AND METHODS
2.1 Materials

Human recombinant insulin, protein A-Sepharose, mouse monoclonal antibody against βactin,
and triglyceride assay kit (GPO Trinder) were obtained from Sigma (St. Louis, MO). Reagents
for RT-PCR and SDS-PAGE were purchased from Invitrogen™ Life Technologies (Carlsbad,
CA). QuantumRNA 18S Internal Standards kit was from Ambion (Austin, TX). The antibodies
against insulin β-subunit and phosphotyrosine (4G10) were from Upstate Biotechnology (Lake
Placid, NY). Rabbit polyclonal antibody against adiponectin was purchased from Chemicon
(Temecula, CA). Rabbit polyclonal antibodies against PPARγ, C/EBPα and C/EBPβ were from
Santa Cruz Biotechnology. Rat insulin and mouse/rat leptin ELISA kits were from ALPCO
(Windham, NH), whereas adiponectin RIA kit was obtained from Linco Research (St. Charles,
MO). All other chemicals were obtained from Sigma at the highest quality available.

2.2 Animal protocols
Male Fischer-344 rats born at the Gerontology Research Center were weaned at 28 days, housed
individually and randomly assigned to either AL, fed ad libitum, or CR, provided with a daily
food allotment of 60% of that eaten by the AL rats. All animals were maintained on a 12 hr
light/dark cycle in a separate vivarium at the Gerontology Research Center under specific
pathogen-free conditions, and supplied with NIH-31 standard rodent chow for AL rats (Harlan
Teklad, Indianapolis, IN) and with NIH-31 fortified rodent chow for CR rats (Harlan Teklad).
In a fasted state, body weights were recorded, and blood samples from snipped tails were
collected in micorcapillary tubes for determination of plasma parameters. At each experimental
time-point (2- and 25-mo CR or AL), the rats were fasted overnight and anesthetized with
sodium pentobarbital (60 mg/kg body weight, i.p). The abdominal cavity was opened, and the
portal vein was exposed. Then 4 ml of normal saline (0.9% NaCl) with or without human
recombinant insulin at a dose of 10 U/kg body weight (0.4 mg) was injected to the portal vein.
The epididymal adipose tissue was excised 60 seconds after insulin injection, then immediately
frozen in liquid nitrogen prior to storage at −80°C. All animal procedures for this study were
reviewed and approved by the Animal Care and Use Committee (ACUC) at the Gerontology
Research Center (NIA/NIH).

2.3 Immunoprecipitation and western blotting
The frozen adipose tissue was homogenized in ice-cold lysis buffer (50 mM Tris-HCl, pH 7.5,
120 mM NaCl, 1% Nonidet P-40, 1mM Na3VO4, 1mM EDTA, 50 mM NaF, 1mM
benzamidine, 0.5 mM PMSF, and 1:500 protease-inhibitor cocktail) using a polytron
homogenizer. After 60 min incubation at 4°C with constant rotation, the insoluble material was
removed by centrifugation at 14,000 rpm for 20 min at 4°C. Equal protein amounts of tissue
(500 μg) were incubated in 0.5 ml of immunoprecipitation buffer (20mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% Nonidet P-40, 1% Triton X-100, 1mM Na3VO4, 1 mM EGTA, 1 mM
PMSF, 1 mM NaF, 1mM EDTA, and 1:500 protease-inhibitor cocktail) with 1μg of antibody
against IR-β subunit overnight at 4°C with constant agitation. On the following day,
immunocomplexes were bound to protein A-Sepharose beads (25 μl of 50% slurry) during
additional 2-hr incubation at 4°C with constant agitation, and were then washed four times
with ice-cold immunoprecipitation buffer. Proteins were eluted by boiling for 10 min in 80
μl of 2 X Laemmli SDS sample buffer. Protein samples, either total protein or
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immunoprecipitated proteins, were separated by 4–20% gradient SDS-PAGE gels. The
resolved proteins were transferred to a 0.45μm PVDF membrane, and probed with primary
antibodies against IR, phosphotyrosine, C/EBPα, C/EBPß, PPARγ, Cdk-4 and β-actin
overnight at 4°C. On the following day, the membrane was washed and incubated with a
secondary antibody conjugated with horseradish peroxidase for 1 hr at room temperature.
Signals from immunoblotting were analyzed by measuring the density using the NIH Image.

2.4 RNA extraction, synthesis of cDNA and semiquantitative multiplex polymerase chain
reaction (RT-PCR)

Total RNA was extracted using TRizol reagent according to the manufacturer’s suggested
protocols. Single stranded complementary DNA (cDNA) was synthesized from DNase-treated
RNA samples using MMLV reverse transcriptase with a mixture of an oligo (dT) primer and
random hexanucleotide primer. Polymerization reactions were performed in a thermocycler in
a 50-μl reaction volume containing 3 μl of cDNA (150 ng total RNA equivalents), Taq PCR
buffer, 60 μM of each dNTP, 1.25 mM MgCl2, and 2.5 units of Taq DNA polymerase. The
samples were also tested without reverse transcriptase to ensure that there was no
contamination with genomic DNA. In each PCR set, the gene products of interest were
amplified with an internal control gene (18S rRNA) diluted with competimers, to correct for
experimental variations between samples (RNA quantification, starting cDNA, gel loading,
etc). The thermal cycle profile consisted of an initial denaturation step (4 min at 94 °C),
followed by the number of amplification cycles (30s of denaturation at 94°C, 30s of annealing
at 55°C, and 45s of extension at 72°C) and a final extension step of 7 min at 72 °C. The specific
primers, ratio of 18S primer to competimers, and cycle number used for multiplex PCR are
indicated in Table 1. To ensure the validity of the measurement of mRNA levels by
semiquantitative multiplex RT-PCR, control experiments were performed using 2-mo AL
adipose tissue cDNA to show that the amount of each amplimer obtained in a multiplex PCR
was independent of the presence of the another primer, excluding the possibility of strong
interference between primers. Our results on PCR amplification and quantity were highly
reproducible, as judged by multiple PCR determination from the same cDNA preparation
(coefficient of variation <10%). The final PCR products were separated by 8% polyacrylamide
gels in TBE buffer, and visualized by SYBR staining. Band intensity was quantified with the
NIH Image. The average intensity of each product was expressed relative to the internal control
gene 18S rRNA. These ratios were then used to calculate relative mRNA levels.

2.5 Histological and morphometric analysis of adipose tissue
The epididymal adipose tissue was collected through a longitudinal cut above the epididymis,
carefully cassetted, and then fixed in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer.
After fixation overnight at 4°C, the tissue was embedded in Tissue-Tec OCT and quickly frozen
in dry ice and ethanol. Two sets of the three serial cryostat sections (15–20 μm thick) were
obtained at intervals of approximately 300 μm. Sections from the first set were stained with
hematoxylin-eosin. Using a quantitative morphometric method, starting at a random field, in
one corner of the section, the sizes of adipocytes within 10 fields in every other field per tissue
block were measured at 20X magnification using AmioVision software. Distributions of
adipocyte size were obtained from individual data of cell sizes. To avoid inter-rating variation,
a single observer (M.Z.) carried out morphometric analysis (coefficient of variation less than
7%). Sections from the second sets were incubated with mouse monoclonal antibody against
adiponectin followed by biotin-conjugated second antibody and streptavidin-horseradish
peroxidase.

2.6 Plasma leptin determination
Plasma leptin values were determined using a commercially available ELISA kit.
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2.7 Statistical analysis
Data are expressed as means ± SEM of 6–8 individual animals. Statistical significance was
determined using a two-way (age by diet regimen) analysis of variance (ANOVA) with post-
hoc Fisher’s test (2-month AL vs. 25-month AL; 2-month AL vs. 2-month CR; 25-month AL
vs. 25-month CR). Distributions of adipocyte size were analyzed by the Quantitative
Distribution method. The comparison of distributions between AL and CR groups was
determined by Kolmogorov-Smirnov test, with assistance from STATVIEW software (SAS
Institute, Inc). The level of significance was accepted as p ≤ 0.05.

3. RESULTS
3.1 Effects of CR on body weight and various plasma parameters in a fasted state

We have previously examined the changes in body weight and plasma insulin, adiponectin and
triglycerides concentrations were examined as a function of age and diet by two-way ANOVA
(age by diet) as shown in (Zhu et al., 2004). In addition, we measured plasma leptin and fund
that it was significantly reduced by CR throughout the experiments (diet effect, p<0.0001 with
age by diet interaction, p=0.009) shown in Table 2.

3.2 CR activates transcription factors that induce expression of genes associated with
adipogenesis

To determine whether CR status alters the signals involved in adipogenic transcription cascade,
we first chose to analyze the transcriptional events and target genes associated with
adipogenesis. As shown in Fig. 1, the difference in the expression of mRNA for PPARγ was
much more dependent on diet (p=0.001) than age (p=0.31); post-hoc tests indicated that CR,
both 2-month and 25-month, significantly increased the expression of mRNA for PPARγ (Fig.
1A, left panel). A similar profile was also observed with regard to PPARγ protein expression
(Fig. 1A, right panel; diet effect, p=0.0009). The expression of C/EBPα protein exhibited an
age-related decline (age effect, p=0.003), which was attenuated by CR at 25 months (Fig. 1B).
We next compared the expression levels of the two C/EBPβ protein isoforms, LAP and LIP,
between AL and CR regimens (Fig. 1D). Full length C/EBPβ-LAP (combination of 38kD and
34kD bands) expression declined with age (age effect, p=0.0001); whereas C/EBPβ-LIP
isoform was significantly increased by CR (diet effect, p=0.0003), thereby resulting in
significant decrease in the ratio of LAP/LIP in rats on CR diet. Because cyclin-dependent kinase
4 (Cdk4) increases adipogenic potential and participates in adipocyte function through direct
activation of PPARγ (Abella et al., 2005) we further investigated whether Cdk4 expression in
WAT was affected by CR during aging. As shown in Fig. 1C, Cdk4 protein expression
significantly increased following a 2- or 25-month CR feeding (diet effect, p=0.0006), which
was independent of age (p=0.39). As a consequence, there was an increased expression of
adiponectin, a distinctive marker of differentiated adipocytes (diet effect, p=0.006) without
any significant age effect (p=0.44) (Fig. 1E).

3.3 CR leads to heterogeneity of adipocyte size with a shift of cell population toward small
size

The size and number of adipocytes reflect not only the capacity of lipid storage and the status
of adipocyte growth and differentiation but also modulation of several signaling pathways
(Farnier et al., 2003,Suzuki et al., 2005). The morphological analyses indicated that the
adipocyte size in rats maintained on CR diet for 6 months tended to be smaller than that seen
in age-matched AL rats (Fig. 2A). Quantitative measurement of cell profile area revealed that
there was no significant difference in skewness of distributions between CR and AL rats (2.62
vs. 2.49; positive skewed). However, the value of kurtosis was markedly higher in rats on CR
diet than that seen in rats on AL diet (21.34 vs. 15.67). The median size of cells in CR rats was
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dramatically smaller than that observed in AL rats (2961 μm2 vs. 4276 μm2, p<0.0001). The
Kolmogorov-Smirnov test demonstrated that the difference in distributions of cell size between
CR and AL rats was statistically significant (p<0.0001). Furthermore, histological examination
revealed that smaller adipocytes (Fig. 2C, right-panel) were more strongly positive for
adiponectin than were the larger ones (Fig. 2C, right vs. left-panels).

The adipocytes generate feedback signals, including adiponectin and leptin. To assess
adipocytes to synthesize adipocyte-derived hormones, we measured the tissue contents of
adiponectin and leptin. As shown in Fig. 3A, tissue adiponectin levels were decreased with age
(age effect, p=0.003) and increased by CR (diet effect, p=0.0002) with age by diet interaction
(p<0.0001). In contrast, tissue leptin contents were increased with age (age effect, p=0.001),
and decreased by CR (diet effect, p<0.0001) (Fig. 3B).

3.4 CR maintains expression of mRNAs for fatty acid synthase (FAS) and acyl-CoA oxidase
(ACO) at high levels and increases insulin-mediated activation of the insulin receptor

Because aging is associated with a decline in insulin sensitivity in adipocytes (Yu and Zhu,
2004), we further examined the effects of CR on two important functional aspects in these
cells, i.e., gene expression associated with lipid metabolic pathway and insulin receptor
function. Two-way ANOVA revealed an age effect (p<0.0001) and diet effect (p=0.0034) on
the expression of mRNA for FAS. Results of post-hoc tests demonstrated that FAS mRNA
expression declined with age (p=0.04), and increased by CR (p=0.04 for 2-month; p=0.02 for
25-month) (Fig. 4B). A similar trend was observed for the expression of ACO mRNA (age
effect, p=0.004); and this age effect was partially attenuated by CR at both ages (diet effect,
p=0.001) (Fig. 4C). The expression of hormone sensitive lipase (HSL) mRNA also declined
with age (age effect, p=0.04), which was independent of the diet effect (p=0.84) (Fig. 4A).

To determine whether CR modulates any insulin receptor (IR) signaling during aging, we first
assessed IR expression at mRNA and protein levels in adipose tissue. Results of two-way
ANOVA revealed significant age effect (p<0.0001) and diet effect (p=0.0005) on the IR
mRNA, and post-hoc tests confirmed this age-dependent decline, which was attenuated by CR
(Fig. 5A). Regarding the measures of IR-β protein (Fig 5B) and insulin-stimulated tyrosine
phosphorylation of the IR (pY-IR) (Fig. 5C), we noted a 14% age-related decline in IR-β
expression, but this difference did not reach a significant level (p=0.55). However, CR
upregulated IR-β and pY-IR expression at both ages (p=0.04 and 0.02 for 2-month CR; p=0.02
and 0.007 for 25-month CR, respectively). No significant age- and diet-related changes in basal
pY-IR levels were observed (data not shown).

4. DISCUSSION
The capacity of preadipocytes to differentiate appears to decrease with aging. This is in accord
with the hypothesis that aging affects the adipogenic potential or program. In the present study,
we demonstrated that CR, both short-term and long-term, increased the expression of
PPARγ, C/EBPβ and Cdk-4, and attenuated the age-related decline in C/EBPα expression in
white adipose tissue, all of which have been documented as key effectors in the adipogenic
program (Wu et al., 1995,Barak et al., 1999,Linhart et al., 2001,Yang and Chow, 2003,Abella
et al., 2005). Our findings that CR increased adiponectin biosynthesis and release into the
circulation from terminally-differentiated adipocytes were of significance. During
differentiation of preadipocytes into adipocytes adiponectin is increased by more than 100-
fold (Fu et al., 2005,Korner et al., 2005), suggesting that this differentiated state is critically
important for increased adiponectin. Furthermore, the findings that CR increased the
expression of Cdk4 provided further support for CR-induced adipogenesis since disruption of
Cdk4 or activating mutations in Cdk4 in primary preadipocytes results in reduced and increased
adipogenic potential of these cells, respectively (Abella et al., 2005). Taken together, these
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findings suggest an important role for adipogenesis in the beneficial effects of CR during aging.
In fact, there is no evidence to date to suggest that reduction of adipogenesis per se has any
beneficial effects. In contrast, impaired adipogenesis has been reported to be associated with
insulin resistance (Heilbronn et al., 2004,Yang et al., 2004), and when adipocytes are absent,
as in engineered lipodystrophy, lipids accumulate in muscle, liver and other locations. This is
believed to cause significant metabolic derangement, including hyperlipidemia and diabetes
in mice (Moitra et al., 1998,Shimomura et al., 1998).

Analysis of C/EBPβ-knockout mice demonstrates important role for C/EBPβ protein in
establishing the differentiated phenotypes of several cell types (Screpanti et al., 1995,Tanaka
et al., 1995,Sterneck et al., 1997,Mukherjee et al., 2001,Zhu et al., 2002,Grimm et al.,
2005,Bagchi et al., 2006), including adipocytes (Chen et al., 2000,Carmona et al., 2005). The
potential physiological significance of C/EBPβ-LIP isoform has been demonstrated in a
number of studies in which LIP has been found to serve in a signal amplification mechanism,
whereby the transcription activation potential of C/EBPβ-LAP isoform increases dramatically
when an appropriate LAP/LIP ratio is reached (Descombes and Schibler, 1991), suggesting
that the LAP/LIP ratio is more important for target gene expression than the absolute level of
LAP or LIP. In liver, the LAP/LIP ratio is relatively low during early postnatal development
when cell proliferation is still high, and increases markedly in adult animals as hepatocytes
become quiescent (Descombes and Schibler, 1991). These findings suggest that a decreased
ratio of LAP/LIP (due to a relative increase in LIP expression) we observed in CR model might
contribute to inhibit terminal differentiation and promotes selective growth of preadipocytes
(Descombes and Schibler, 1991,Luedde et al., 2004). In primary cultured preadipocytes from
rats with different ages, LIP expression was increased with age, which was associated with
decreased expression of C/EBPα and PPARγ, whereas the overall level of C/EBPβ was not
changed (Karagiannides et al., 2001). Consistently, our results also revealed a slight reduction
of PPARγ and significant decrease of C/EBPα expression in adipose tissue during aging.
However, we did not find significant age-related changes in relative LIP expression. These
discrepancies may be due to the fact that LIP can function as an activator or repressor,
depending on its binding partners, i.e. its protein-protein interactions with adjacent DNA-
binding or coactivator proteins (Hsieh et al., 1998). This further suggests that different
hormonal and metabolic signals govern the regulation of adipogenesis in vitro and in vivo. In
fact, the effects of hormones and metabolic factors on adipogenesis in vitro and in vivo have
been controversial. In addition to adipongensis, the LAP/LIP ratio appears to be critical in
glucose metabolism. In chronic hyperglycemia, the LAP/LIP ratio was increased, which results
in an increase of cAMP- and dexamethason-induced phosphenolpyruvate carboxykinase
(PEPCK) expression, thereby impairing the repressive effects of insulin (Shao et al., 2005).
This hyperglycemia-driven increase in the LAP/LIP ratio was considered to be a critical
molecular event involved in the pathogenesis of diabetes. It is reasonable therefore to speculate
that low blood glucose observed in CR rats (Zhu et al., 2004) has specific effects on decreased
LAP/LIP ratio and function. Future studies are necessary to provide support for this hypothesis.

The insulin/insulin-like signaling has been shown to play an important role in regulating
lifespan. Adipose-specific insulin receptor knockout (FIRKO) appears to increase median and
maximum lifespan in mice (Bluher et al., 2003), similar to CR models, suggesting that both of
the models may represent different mechanisms underlying the effects on lifespan. A strong
trend toward a difference may result from the alternative splicing of insulin receptor (IR)
molecule. This splicing process can produce two receptor isoforms (IR-α and IR-β) with
discrete functional characteristics regarding affinity for insulin, efficiency for transmitting the
insulin signals, as well as activating different downstream pathways. The relative abundances
of two receptor isoforms are regulated in a tissue- and development-specific manner (Moller
et al., 1989,Sesti et al., 1994). During preadipocyte differentiation, the alternative splicing of
IR is shifted from isoform α to β (Serrano et al., 2005), consistent with our findings indicating
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an increased expression of IR-β isoform by western blot in CR rats. Although we have not
analyzed the splicing process of IR at a molecular level, our results indicating increased overall
expression of the IR mRNA implicated a critical contribution to the altered splicing ratio
(Kosaki and Webster, 1993). Therefore, it is not surprised that FIRKO and CR employ different
mechanisms underlying longevity since FIRKO mice lack for the IR splicing process due to
deletion of IR. In contrast to our previous results (Zhu et al., 2004), some studies have showed
that CR did not induce significant changes in pY-IR levels in muscle from both normal and
Ames dwarf mice (Argentino et al., 2005). A possible reason might be attributable to a different
insulin stimulation time. An over insulin-stimulation might cause pY-IR expression to reach
to the saturated level.

Beyond the present findings, there is much to consider regarding the mechanism by which CR
elicits adipogenesis. Although many pathways influence adipogenesis in vitro, the importance
of these pathways for adipocyte development in vivo has not been tested as assiduously. We
speculated that adipose mass may exert a negative feedback on adipogenesis. Unlike enhanced
adipogenesis in obesity that is not the cause but the result of energy imbalance (Rosen and
MacDougald, 2006), our findings based on morphometric analysis clearly demonstrated
heterogeneity of cell size in CR rats, with a shift in size characteristics of the cell population
toward small size along with a 73% increase in cell number within an equivalent reference area
compared with AL controls. Overall adipose mass in CR rats was obviously less than that in
AL controls. It is possible that brief period of disruption or discordance between adipocyte
production and apoptosis may occur under certain physiological and pathological conditions.
However, our data do not support this hypothesis since we could not find any significant
differences in the expression of apoptosis-related markers, such as poly (ADP-ribose)
polymerase (PARP), Bcl-2 and Bad, between CR rats and AL counterparts (data not shown).
It seems that adipocyte removal through apoptosis may be necessary, but not sufficient for
induction of adipogenesis in CR condition.

The induction of preadipocyte differentiation in vivo is influenced by a balance of positive and
negative signals (MacDougald and Mandrup, 2002). Nutritional signaling and local signals
originating from both preadipocytes and mature adipocytes contribute also to the regulation of
adipogenesis (Rosen et al., 2000). Indeed, the effects of these inducers are complex, and data
from tissue culture cannot be simply extrapolated to composite adipocytes in vivo. For instance,
the earlier studies revealed that efficient differentiation in vitro requires either insulin (Girard
et al., 1994) or IGF-1(Schmidt et al., 1990); however, there is scant evidence to support such
a role in vivo because both plasma insulin and IGF-1 levels are reduced by CR (Breese et al.,
1991,Roth et al., 2001,Zhu et al., 2004), suggesting that the effects of insulin and IFG-1 in
vivo might be accommodating rather than stimulatory. Moreover, adipocytes generate feedback
signals, including adiponectin and leptin. In contrast to CR-induced increase in adiponectin,
our data indicated that both circulating leptin and leptin content in adipose tissue were reduced
in CR rats. However, this inverse relationship between adiponectin and leptin was only
observed in vivo (Matsubara et al., 2002,Zhang et al., 2002) not in vitro (Korner et al., 2005),
suggesting that an indirect mechanism may govern their production and/or secretion. Several
lines of evidence have implicated free fatty acids (FFAs) as a potential inducer of adipogenesis.
The circulating levels of FFAs, which are derived from lipolysis in adipose tissue, are
significantly increased during CR (MacDonald and Webber, 1995,de Cabo et al., 2003).
Although the activation of PPARγ occurs through the binding of small lipophilic ligands,
mainly fatty acids or fatty acid derivatives derived from nutrition or metabolism (Auwerx,
1999,Rosen et al., 2000), it has not been established whether an increase in circulating FFAs
in CR rats would be sufficient to induce higher expression of PPARγ in vivo. In this regard,
we speculate that due to limited caloric supply in the CR condition, lipid synthesis and FFAs
release may become uninhibited. A prolonged CR diet may increase de novo adipocyte
production to keep up with the demand to compensate for limited fuel supply.

Zhu et al. Page 8

Exp Gerontol. Author manuscript; available in PMC 2007 September 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In summary, CR, both short-term and long-term, significantly increases the expression of
PPARγ, C/EBPβ and Cdk-4 levels, and attenuates age-related decline in C/EBPα expression
in white adipose tissue, all of which have been documented as key effectors in adipogenic
program. As a result, adiponectin at both mRNA and protein levels is elevated, and thereby
results in the activation of target genes involved in fatty acid oxidation and fatty acid synthesis,
and renders white adipose tissue more responsive to insulin. These findings support the
hypothesis that CR-induced adipogenesis contributes to healthy aging processes. Thus, CR-
induced adipogenesis, in terms of increased expression of adipogenic factors, and maintaining
the differentiated state of adipocytes, would be critically important to manipulate adipose tissue
towards more healthy physiological outcomes during aging.
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Figure 1.
CR activates transcription factors that induce the expression of genes associated with
adipogenesis. Animals (n=5–8) maintained on either AL or CR diet for 2- and 25-mo were
sacrificed in a fasted state. Total RNA was isolated from frozen epididymal fat depot, and
mRNA levels were compared by semiquantitative multiplex RT-PCR. After normalization of
the specific gene to the internal control gene, 18S rRNA, mRNA levels are represented as
means ± SEM, expressed as relative levels of 2-mo AL group. Representative PCR products,
PPARγ (A, left panel) and adiponectin (E) are also presented. Additionally, equal amounts of
total proteins from each group resolved with SDS-PAGE were detected with antibodies against
PPARγ, CEBPα, Cdk-4 and CEBPβ. Data are expressed as percentage of changes in PPARγ
(A, right panel), CEBPα (B), Cdk-4 (C) and CEBPβ (2D) versus β-actin (served as loading
control). * P<0.05, ** P<0.01 versus AL counterparts according to two-way (age by diet
regimen) ANOVA with post-hoc Fisher’s tests.
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Figure 2.
CR results in heterogeneity of adipocyte size with a shift of cell population toward small size.
Animals maintained on either AL or CR diets for 6 months were sacrificed. The epididymal
fat was collected through a longitudinal cut above the epididymus and carefully cassetted for
tissue processing. Two sets of three serial cryostate sections (15–20 μm thick) were obtained
at intervals of approximately 300 μm. Sections from the first set were stained with
Hematoxylin-Eosin (A). Using a quantitative morphometric method, starting at a random field
in one corner of the section, the sizes of adipocytes within 10 fields in every other field per
tissue block (n=6–7) were measured at 20X magnification assistance from AmioVision
software (B). Distributions of adipocytes size were obtained from individual data of cell sizes
and analyzed by the Quantitative Distribution Method. The statistical comparison of
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distributions between AL and CR groups was determined by Kolmogorov-Smirnov
(P<0.0001). Sections of the second sets were immunostained by use of an ABC kit, followed
by Hematoxylin counterstaining. The primary antibody used was rabbit polyclonal anti-
adiponectin (C).
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Figure 3.
CR attenuates age-related decline in tissue content of adiponectin and age-related increase in
tissue content of leptin. Animals used and tissue processing were the same as those in Fig. 2.
The tissue contents were measured by use of commercially available kits. The tissue contents
of adiponectin (A) and leptin (B) were calculated for each animal as the product of adiponectin
and leptin from mg total protein. * P<0.05, ** P<0.001 versus AL counterparts according to
two-way (age by diet regimen) ANOVA with post-hoc Fisher’s tests.
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Figure 4.
CR maintains mRNAs for fatty acid synthase (FAS) and acyl-CoA oxidase (ACO) at high
levels. Animals used and tissue processing were the same as Fig. 2. After normalization of the
specific gene to the internal control gene, 18S rRNA, mRNA levels represent means ± SEM,
expressed as relative levels of 2-mo AL group. Representative PCR products, hormone
sensitive lipase (HSL) (A), FAS (B) and ACO (C), are also presented. * P<0.05 versus AL
counterparts according to two-way (age by diet regimen) ANOVA with post-hoc Fisher’s tests.
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Figure 5.
CR increases insulin-mediated activation of the insulin receptor. Animals (n=5–8) maintained
on either AL or CR diet for 2 and 25 months were anesthetized in a fasted state. Normal saline
with or without human recombinant insulin (10 units/kg body weight) was injected to the portal
vein. The epididymal fat depot from each animal was excised 60 second after injection and
proteins were isolated. Equal amount of protein lysates was subjected to immunoprecipitation
with anti-insulin β-subunit antibody, and separated by SDS-PAGE and Western blot analysis
using either antibody against phosphotyrosine or IR-β subunit antibody. Data are expressed as
the percentage change of tyrosine phosphorylation of insulin receptor (pY-IR) as compared
with total IR. The graphs represent means ± SEM, expressed as percent of 2-mo AL group at
the expression levels of IR mRNA (A), IR protein (B) and pY-IR (C). * P<0.05, ** P<0.01
versus AL counterparts according to two-way (age by diet regimen) ANOVA with post-hoc
Fisher’s tests.
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Table 2
Plasma leptin concentration in a fasted state

Time after CR diet (month) Plasma leptin (pg/ml)

AL CR

2 270.84±25.85 84.75±11.40*
10 399.37±28.86 78.53±20.52***
15 457.32±46.75 42.31±8.99***
20 271.60±51.01 124.68±84.22*

Data are expressed as means±SEM of 7 rats;

*
p <0.01,

**
p <0.001,

***
p <0.0001 vs. AL counterparts according to post-hoc Fisher’s test.
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