AGE (2013) 35:1143-1156

1153

inhibition of inflammatory cell infiltration, and the
buffering activity in WAT may represent beneficial
factors that contribute to the anti-aging and pro-
longevity effects of CR. The plasma levels of IGF-1,
insulin, adiponectin, and leptin in these rats have been
reported elsewhere (Higami et al. 2006b; Yamaza et al.
2007). Briefly, the plasma IGF-1 and insulin concen-
trations were highest in WdAL rats, followed by
WACR rats, then TgAL, and lowest in TgCR rats,
suggesting that plasma insulin concentrations correlate
with plasma IGF-1 levels. In contrast, the levels of
insulin and IGF-1 did not correlate with adipocyte size
and adiposity. Therefore, adipocyte size and adiposity
are not simply regulated in a GH-IGF-1- and/or
insulin-dependent manner. Plasma adiponectin con-
centrations were higher in WdCR and TgAL rats than
in WAAL rats. Plasma leptin concentrations were
highest in WAL rats, followed by TgAL rats, and
lowest in WACR rats. Because the plasma IGF-1
concentrations did not correlate with the plasma
adiponectin or leptin concentrations among the
three groups, it is likely that these parameters do
not depend on IGF-1. However, continuous infu-
sion of recombinant IGF-1 suppressed the CR-
associated increase in plasma adiponectin levels
(Yamaza et al. 2007). Moreover, CR and Tg equal-
ly enhanced glucose tolerance and insulin sensitiv-
ity (Yamaza et al. 2004). Therefore, the CR-
associated adipokine profile, including adiponectin
and leptin, and insulin sensitivity may be regulated,
in part, in a GH-IGF-1-dependent manner.

Our transcriptome analysis combined with PC anal-
ysis revealed that CR upregulated several genes in-
volved in lipid biosynthesis (GO 0008610, 0006633,
and 0019432) and downregulated several genes associ-
ated with inflammation (GO 0006955, 0006954,
0034097, and 0030593; Fig. 2a and b and Table 2).
These findings support our previous transcriptome anal-
ysis in mice (Higami et al. 2004, 2006a). We also found
that CR was more effective than Tg in modulating these
genes. Our data also demonstrated that the CR-
associated changes in the expression of genes involved
in lipid biosynthesis and inflammation occurred in a
GH-IGF-1-independent manner (Fig. 2a and b).

Previously, we reported that in the liver of both wild-
type and Tg rats, with the same background used in the
present study, CR induced the expression of genes in-
volved in fatty acid biosynthesis, probably via SREBP-1
(Higami et al. 2006b). SREBPs, transcription factors

belonging to the basic helix-loop-helix-leucine zipper
family, are master regulators of lipid metabolism and
adipocyte differentiation. The three SREBP isoforms
(1a, 1c, and 2) are expressed at varying levels in differ-
ent tissues and act as homo- and hetero-dimers to acti-
vate gene expression (Osborne 2000; Osborne and
Espenshade 2009). All three SREBPs are synthesized
as long inactive precursors. They are bound to mem-
branes of the endoplasmic reticulum (ER), where the C-
terminal regulatory domain of SREBPs interacts with
SCAP (Osborne and Espenshade 2009). SCAP escorts
SREBPs from the ER to the Golgi apparatus, where they
are cleaved sequentially by site-1 and site-2 proteases, to
yield the active proteins. The active SREBPs consist of
an NH,-terminal domain and can enter the nucleus to
activate transcription (Osborne and Espenshade 2009).
SREBP-1a and SREBP-1c are encoded by a single gene
and are transcribed by alternate promoters. They stimu-
late the expression of genes that are preferentially in-
volved in fatty acid and triglyceride biosynthesis. In
contrast, SREBP-2 is encoded by a different gene and
induces the expression of genes predominantly involved
in cholesterol biosynthesis (Osborne 2000; Osborne and
Espenshade 2009). When we compared our data with
the SREBP-1- and SREBP-2-regulated genes listed by
Horton et al. (2003), we found that in wild-type rats
SREBP-1-regulated genes were exclusively upregulated
by CR, whereas SREBP-2-regulated genes were not
(Fig. 2c and d). Subsequent real-time RT-PCR analysis
confirmed that CR, but not Tg, upregulated the expres-
sion of the SREBP-1-regulated genes, FASN and ACC].
In contrast, CR and Tg did not upregulate the SREBP-2-
regulated genes, Sqle and Mvk (Fig. 3). The CR effect on
the expression of SREBP-I and the regulated genes was
further confirmed in Tg rats (Fig. 4a and b). Therefore,
we concluded that CR preferentially enhances the ex-
pression of SREBP-1-regulated genes, but not SREBP-
2-regulated genes, in a GH-IGF-1-independent manner.

As described above, inflammatory cells, particularly
macrophages, preferentially infiltrate into the WAT of
obese animals (Ouchi et al. 2011). The majority of
previous studies have examined F4/80 expression as a
marker to identify adipose tissue-specific macrophages
(Lumeng et al. 2007). MCP-1, which shows increased
expression in WAT of obese animals, promotes adipose
tissue inflammation and macrophage recruitment
(Kanda et al. 2006). Therefore, we measured the expres-
sion of genes encoding F4/80 and MCP-1 in wild-type
and Tg rats (Figs. 3d and 4c). We found that CR, but not
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Tg, reduced the expressions of F4/80 and MCP-1, sug-
gesting that CR suppresses macrophage infiltration by
decreasing the expression of MCP-/ in a GH-IGF-1-
independent manner. Lumeng et al. (2007) reported that
the F4/80"CD11c" population of macrophages, a char-
acteristic of M1 macrophages, was present in WAT of
obese mice, but not in lean mice. In contrast, the macro-
phages in WAT of lean mice expressed many genes
characteristic of M2 macrophages. Thus, obesity leads
to a shift in the activation state of macrophages in WAT
from an M2-polarized state in lean animals that may
protect adipocytes from inflammation to an M1 pro-
inflammatory state that contributes to insulin resistance
(Lumeng et al. 2007). Unlike WAT in obese animals, our
data suggest that the reduced infiltration of macrophages
is mainly due to the decreased shift towards F4/
80"CDI11c” Ml macrophages in WAT of both wild-
type and Tg CR rats.

In this study, we demonstrated that CR-associated
morphological changes preferentially found in WAT of
wild-type rats rather than Tg rats are not solely regulated
in a GH-IGF-1-dependent manner. Moreover, CR-
enhanced lipid biosynthesis and CR-suppressed inflam-
mation were only regulated in a GH-IGF-1-independent
manner. In particular, CR-associated activation of lipid
biosynthesis was predominantly regulated by SREBP-1.
Recently, it has been hypothesized that CR-associated
lipid utilization may reduce reactive oxygen species
production (Guarente 2008). In fact, SREBP-1-
regulated de novo lipid biosynthesis in WAT may play
an important role in CR-associated lipid utilization
(Okita et al. 2012). In addition, it has been reported that
molecular inflammation, which is associated with nu-
clear factor-kB activation and enhanced expression of
several pro-inflammatory cytokines, is involved in the
aging process and is attenuated by CR (Chung et al.
2011). Therefore, we suggest that the activation of de
novo lipid biosynthesis by SREBP-1 and the induction
of anti-inflammatory conditions by reduced macro-
phage infiltration are pivotal regulators of CR-
associated WAT remodeling, and may be important
factors in the beneficial effects of CR.
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