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Altered Energy Metabolism in Anti-aging and Pro-longevity Effects of Caloric Restriction

Yoshikazu Higami*

*Molecular Pathology & Metaholic Disease, Faculty of Pharmaceutical Sciences, Tokyo University of Science
(Mailing Address : Yoshikazu Higami, 2641 Yamazaki, Noda—shi, Chiba 278-8510, Japan)

Caloric restriction (CR) has been applied as a powerful tool in aging research. CR is accepted as a robust, repro-
ducible and simple experimental manipulation known to extend both median and maximum lifespans, and to retard and
suppress a broad spectrum of pathophysiological changes in a variety of mammals. In general, CR delays skeletal and
sexual maturation, reduces body size with less adiposity, lowers body temperature, modulates hyperglycemia and insu-
linemia, alters lipid and energy metabolisms, protects against internal oxidative and environmental stresses, and acti-
vates mitochondrial biogenesis and sirtuins. Based on the adaptive response hypothesis against food shortage, I pro-
pose that CR promotes adipose tissue remodeling and modtilates. énergy metabolism via sterol regulatory element
binding protein (SREBP) 1c, a master transcriptional factor of fatty acid biosynthesis. Activation of de novo fatty acid
biosynthesis regulated by SREBP1c might play an important role in the anti-aging and lifespan extension by caloric

restriction.

Key words * caloric restriction, aging, lipid metabolism, adipose tissue remodeling, SREBP1c
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ABSTRACT

ARTICLE INFO

PARP1 is an important enzyme involved in various patho-physiological phenomena such as ischemia/
reperfusion (I/R) injury, which occurs when blood flow is restored after cerebral infarction, myocardial
infarction and transplantation of various organs. I/R-induced PARP1 over-activation is mediated by pro-
duction of reactive oxygen species and is involved in NF-kB transactivation. For these reasons, PARP1 is

Article history:
Received 16 March 2012
Available online 23 March 2012

Keywords: an attractive target for strategies to protect against I/R injury. We previously reported that an MDM2
Nutlin3a inhibitor Nutlin3a, a cis-imidazoline compound, induces PARP1 degradation in a p53 and proteasome-
?:;[l::;b dependent manner. In this study, we evaluated the effect of Nutlin3a analogs, Nutlin3b and Caylin2,
Poly(ADP-ribose) polymerasei on PARP1 degradation. Like Nutlin3a, Caylin2, but not Nutlin3b, induced PARP1 degradation in both
p53 3T3-L1 and 3T3-F442A. This result occurred almost in parallel with p53 accumulation. Furthermore Cay-
MDM2 lin2-induced PARP1 degradation was not observed in p53 deficient mouse embryonic fibroblasts or in the
Proteasome presence of the proteasome inhibitor MG132. These results suggest that Caylin2 induces PARP1 degrada-

tion by the same mechanism as Nutlin3a. Finally, we showed that Nutlin3a or Caylin2 treatment induces
reversible PARP1 down-regulation without an inflammatory response. For protection against I/R injury,
our results support the usability of the p53 inducible cis-imidazoline compounds, Nutlin3a and its ana-
logs, as PARP1 inhibitors.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Poly(ADP-ribosyl)ation, which is the post-translational protein
modification, is involved in cell replication, DNA repair, cell death,
and inflammation [1,2]. PARP1 is the most abundant PARP family
member in cells, and is dramatically activated by DNA breaks.
Therefore, massive DNA damage induces over-activation of PARP1,
and then decreases ATP levels via over-consumption of cellular
NAD", which is required for the ATP production in glycolysis and
TCA cycle pathways. It has been also reported that PARP1 over-
activation is involved in ischemia/reperfusion (I/R) injury, which
occurs during the restoration of blood flow after cerebral infarc-
tion, myocardial infarction and organ transplantation [3-5]. For
these reasons, PARP1 is an attractive target for protection against
I/R injury [6].

We previously reported that Nutlin3a, an MDM2 ubiquitin li-
gase antagonist, induces p53 and proteasome-dependent PARP1
protein degradation [7]. It has been thought that Nutlin3a is a can-
didate for anti-tumor drugs, because MDM2 inhibition by Nutlin3a
induces p53 stabilization, followed by p53-dependent apoptosis in

* Corresponding authors. Fax: +81 4 7124 3676.
E-mail addresses: nokita7@rs.noda.tus.ac,jp (N. Okita), higami@rs.noda.tus.ac.jp
(Y. Higami).
7 These authors equally contributed to this work.

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.03.091

tumor cells [8]. The discovery of Nutlin3a-induced PARP1 degrada-
tion prompted the use of Nutlin3a as a PARP1 inhibitor. Further-
more, considering that p53 has the potential to up-regulate
anti-oxidant and anti-inflammatory genes [9-11], Nutlin3a may
be a potent anti-I/R drug that has multiple points of action. How-
ever, the Nutlin3a pharmacophore that induce PARP1 protein deg-
radation has not been identified. In the present study, to clarify
whether Nutlin3a analogs were also able to induce PARP1 protein
degradation in a manner similar to Nutlin3a, we examined the ef-
fect on PARP1 degradation by the commercially available Nutlin3a
enantiomer, Nutlin3b [12,13], and by the Nutlin3a derivative,
Caylin2 [14]. Furthermore, by using compounds possessing PARP1
degradation activity, we evaluated the reversibility of PARP1 deg-
radation and the effect on anti-inflammatory IL6 gene expression.

2. Materials and methods
2.1. Cell culture and drugs

Mouse fibroblast 3T3-L1 and 3T3-F442A cell lines were pur-
chased from the RIKEN Bioresource Center (Japan) and the Euro-
pean Collection of Animal Cell Cultures (UK), respectively. The
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, low glucose) (WAKO, Japan) with 10% fetal calf serum
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Fig. 1. Caylin2 but not Nutlin3b decreases in PARP1 protein levels in mouse fibroblasts. (A) Structures of Nutlin3a, Nutlin3b, and Caylin2. Mouse fibroblast 3T3-L1 (B) or 3T3-
F442A (C) were treated with the indicated concentrations of Nutlin3a, Nutlin3b or Caylin2 for 8 h. The cell lysates were analyzed by Western blotting using the indicated
antibodies (left pannel). Quantitative data are shown (right panel). In the p53 panel, the arrow and asterisk show the p53 and nonspecific bands, respectively. All experiments

were performed at least three times, and representative data is shown.

and 1% penicillin/streptomycin (Sigma). p53+/+ or —/— MEFs were
prepared as described previously [7]. The established MEFs were
maintained in DMEM (high glucose) with 10% FCS, 0.1 mM 2-
mercaptoethanol, and 1% penicillin/streptomycin. The proteasome
inhibitor MG132 was purchased. from WAKO (Japan). Nutlin3a,
Nutlin3b, and Caylin2 were supplied by Cayman (USA).

2.2. Western blotting

Cell preparation and Western blotting were performed as de-
scribed previously {7]. As primary antibodies, anti-PARP1 (clone
C-2-10, WAKO, japan), anti-p53 (clone Ab-1, Calbiochem, USA),
anti-p actin (clone AC-15, SIGMA, USA), or anti-CASP7 (clone 1F3,
MBL, Japan) antibodies were used. For secondary antibodies, horse-
radish peroxidase-conjugated F(ab’), fragment of goat anti-mouse
IgG or anti-rabbit IgG (Jackson Immunoresearch, USA) were used.
The specific proteins were visualized with ImmunoStar LD reagent
(WAKO, Japan) and LAS3000 (Fuji Film, Japan), and the data were
analyzed using MultiGauge software (Fuji Film, Japan).

2.3. RNA purification and RT-PCR

RNA purification and RT-PCR were performed using RNAiso
PLUS, FastPure RNA kit, PrimeScript Reverse Transcriptase and

random hexamers (all from TaKaRa, Japan) as described previously
[7]. The PCR was performed using Platinum Taq DNA Polymerase
High Fidelity (Invitrogen, USA) and primers for TNFa (forward, 5'-
CCCTCACACTCAGATCATCTTCTC-3'; reverse, 5'-GCCTTGTCCCTTGAA
GAGAACC-3') IL6 (forward, 5'-GCCTTCCCTACTTCACAAGTCC-3’; re-
verse, 5'-CAGAATTGCCATTGCACAAC-3'), or TBP (forward, 5'-CAG
TACAGCAATCAACATCTCAGC-3'; reverse, 5'-CAAGTTTACAGCCAAG-
ATTCACG-3) as follows: initiation step, at 94 °C for 1 min; amplifi-
cation step, at 94 °C for 1 min, at 60 °C for 15 s, at 68 °C for 155;
termination step, 68 °C 15 s. PCR products were subjected to 1.8%
agarose gel electrophoresis, stained with ethidium bromide, and
visualized with LAS3000. The data was analyzed using MultiGauge
software (Fuji Film, Japan).

3. Results

3.1. Caylin2. but not Nutlin3b induces a decrease in PARP1 protein
levels in mouse fibroblast cell lines

Although we previously reported that Nutlin3a induces PARP1
protein degradation, we did not address whether Nutlin3a analogs
also have the potential to induce PARP1 degradation [7]. Here, we
investigated the inducibility of PARP1 degradation by two such
analogs, Nutlin3b and Caylin2 in mouse fibroblast cell lines
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(Fig. 1). Nutlin3b is an inactive enantiomer of Nutlin3a, whereas
Caylin2 is a Nutlin3a derivative in which trifluoromethyl groups
are substituted for chlorine on the 2 phenyl rings (Fig. 1A)
[8,12]. As shown in Fig. 1B and C, for both cell lines, 1-20 uM Nut-
lin3a treatment markedly decreased PARP1 protein levels in a
dose dependent manner, whereas 100 pM Nutlin3a treatment
had no effect, as per our previous report. p53 accumulation was
dose dependent, increasing with the concentration range. Addi-
tionally, after 100 uM Nutlin3a-treated, both cell lines were de-
tached from the culture dish and appeared to die without
significant CASP7 activation. This observation was consistent with
our previous data [7]. Nutlin3b treatment did not markedly alter
p53 protein levels in either cell line. In 3T3-L1 cells, Nutlin3b

treatment did not affect PARP1 protein level (Fig. 1B). On the
other hand, in 3T3-F442A cells, only 100 pM Nutlin3b treatment
decreased the PARP1 protein level (Fig. 1C). Similar to the Nut-
lin3a treatment, 100 uM Nutlin3b-treated cells seemed to die
without significant CASP7 activation. Interestingly, Caylin2 treat-
ment showed a signature profile of PARP1 protein in both cell
lines. 20 pM Caylin2 treatment induced a significant decrease in
PARP1 protein and 100 pM Caylin2 treatment induced PARP1
cleavage, which is considered as an apoptotic hallmark as well
as activation of apoptotic caspases such as CASP2, 3, 6, 7, 9, and
10 [15-17]. Indeed, a trypan blue exclusion assay showed that
Caylin2-treated cells were viable at 20 uM and dead at 100 pM
(Supplemental Fig. 1).
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3.2. PARP1 down-regulation by Caylin2 treatment is p53 and
proteasome-dependent

Since we previously reported that Nutlin3a-induced PARP1 deg-
radation occurs in a p53 and proteasome dependent manner, we
sought to confirm using the same methods as our previous report
whether Caylin2-induced PARP1 degradation is inhibited by p53
depletion or proteasome inhibition. As shown in Fig. 2A, p53 WT
MEFs, but not p53 KO MEFs, displayed decreasing PARP1 protein
levels in a Caylin2 dose dependent manner. Furthermore, as shown
in Fig. 2B, Caylin2-induced PARP1 degradation was inhibited by co-
treatment with the proteasome inhibitor MG132. These results
indicate that Caylin2, like Nutlin3a, induces PARP1 degradation
in a p53 and proteasome-dependent manner.

3.3. Nutlin3a or Caylin2 treatment induces reversible PARP1 down-
regulation without an inflammatory response

Since PARP1 plays roles in the maintenance of cellular homeo-
stasis through various signal transduction pathways [1,2], revers-
ible down-regulation of the PARP1 protein level is important to
protect tissues from I/R injury. Therefore we investigated the
reversibility of Nutlin3a- or Caylin2-induced PARP1 degradation.
3T3-L1 cells were treated with Nutlin3a (2.5 or 5 uM) or Caylin2
(10 or 20 pM) for 4 h, and then cultured for 20 h. After 4 h of Nut-
lin3a or Caylin2 treatment (transient treatment), PARP1 protein
levels decreased, although p53 protein levels were not markedly
altered (Fig. 3A). After release from those treatments (+20 h),
PARP1 protein levels were recovered (Fig. 3A). These results show
that Nutlin3a or Caylin2-induced PARP1 degradation is reversible.
As it has been reported that Nutlin3a-induced p53 activation leads
to up-regulation of inflammatory cytokines [18], we also investi-
gated the influence on inflammation by the transient Nutlin3a or
Caylin2 treatment (Fig. 3B). 3T3-L1 cells were treated with the
indicated doses of Nutlin3a or Caylin2 for 4 h, and then analyzed
the TNFa and IL6 inflammatory genes by RT-PCR. Under these con-
ditions, Nutlin3a or Caylin2 treatment induced PARP1 degradation
in a dose dependent manner. Interestingly, we observed different
inflammatory responses under these condition (Fig. 3C). The higher
dose treatments of Nutlin3a or Caylin2 significantly induced IL6
mRNA expression. However, these doses had little effect or only
slightly induced TNFao mRNA expression. On the other hand, the
lower dose treatments of Nutlin3a or Caylin2, which were capable
of inducing PARP1 degradation, inhibited TNFoo mRNA expression
and did not affect or only slightly inhibited IL6 mRNA expression.
Taken together with Fig. 3B and C, these results indicate that the
lower dose treatment of Nutlin3a or Caylin2 has the potential to
induce PARP1 degradation without inducing an inflammatory
response.

4. Discussion

In this study, we examined the effect of treatment by Nutlin3a
analogs on PARP1 protein levels. We demonstrated that Caylin2 in-
duces PARP1 degradation in a similar manner to Nutlin3a. Taken
together with our previous study, these results indicate that p53-
inducible cis-imidazoline compounds have the potential to induce
PARP1 degradation. In the context of using Nutlin3a, Caylin2 and
related derivatives as “PARP1 degradation inducers” for I/R injury
therapy, a major advantage of this study is that it has demon-
strated that Nutlin3a- or Caylin2-induced PARP1 degradation is
reversible (Fig. 3A). I/R injury is the tissue damage that occurs
during the ischemic and reperfusion period, and as such commonly
occurs as a result of ischemic infarction and its treatment or during
organ transplantation. In the injured tissues, PARP1 is

over-activated by reactive oxygen-mediated DNA damage, result-
ing in decreases in ATP levels via over-consumption of cellular
NAD" [1,2]. Therefore, PARP1 inhibition has protective effects on
I/R injury. Furthermore, PARP1 itself plays roles in the maintenance
of cellular homeostasis through its involvement in the regulation
of various signal transduction pathways [1,2]. Taken together, tran-
sient PARP1 degradation is valuable in regard to both protection
from I/R injury and to allowing for a quick recovery from the harm-
ful effects of PARP1 inhibition. There have been some previous re-
ports of IL6 regulation by p53 or PARP1. p53 has been reported to
repress not only IL6 but also the promoter activity of NF-xB, a tran-
scriptional factor of various inflammatory genes including IL6
[10,11]. Additionally, PARP1 activation inhibits the DNA-binding
activity of NF-xB [19]. In this study, we showed that Nutlin3a or
Caylin2 causes differential effects on inflammatory responses
depending on the magnitude of the doses used (Fig. 3C). Our re-
sults suggest that the choice of appropriate doses and timing of
treatments would be critical to obtain only the beneficial effects
on PARP1 degradation when using Nutlin3a or Caylin2 for protec-
tion from I/R injury.

Recently, it was reported that inflammasome activation of car-
diac fibroblasts is essential for myocardial I/R [20]. So far, our work
has revealed that the PARP1 degradation pathway functions effi-
ciently in fibroblast cell lines [7]. These findings support the possi-
bility of practical use of this PARP1 degradation pathway. Further
research will require several lines of investigation. Firstly, it will
be interesting to identifiy the stereocenter that specifically induces
PARP1 degradation. The chiral separation of Nutlin3 (Nutlin3a and
Nutlin3b) has been achieved, although the absolute stereocenter
has not been known [12,13]. In Caylin2 the chiral separation has
not been achieved. We predict that Caylin2a (Caylin2 of Nutlin3a
type), but not Caylin2b (Caylin2 of Nutlin3b type), may be the po-
tential to induce PARP1 degradation and are performing further
analyses now. Secondly, it will be important to explore PARP1 deg-
radation inducers that different structures than the cis-imidazoline
compounds such as Nutlin3a or Caylin2. Thus, elucidation of the
mechanism of reversible PARP1 degradation induction is impor-
tant for the optimization of compounds which induce this
phenomenon, resulting in the establishment of selective chemo-
therapeutic strategies against I/R injury.
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ABSTRACT

Caloric restriction (CR) slows the aging process and extends longevity, but the exact underlying
mechanisms remain debatable. It has recently been suggested that the beneficial action of CR may be
mediated in part by adipose tissue remodeling. Mammals have two types of adipose tissue: white
adipose tissue (WAT) and brown adipose tissue (BAT). In this study, proteome analysis using two-
dimensional gel electrophoresis combined with MALDI-TOF MS, and subsequent analyses were
performed on both WAT and BAT from 9-month-old male rats fed ad libitum or subjected to CR for 6
months., Our findings suggest that CR activates mitochondrial energy metabolism and fatty acid
biosynthesis in WAT. It is likely that in CR animals WAT functions as an energy transducer from glucose
to energy-dense lipid. In contrast, in BAT CR either had no effect on, or down-regulated, the
mitochondrial electron transport chain, but enhanced fatty acid biosynthesis. This suggests that in CR
animals BAT may change its function from an energy consuming system to an energy reservoir system.
Based on our findings, we conclude that WAT and BAT cooperate to use energy effectively via a
differential response of mitochondrial function to CR.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Mammals have two types of adipose tissue, white adipose
tissue (WAT) and brown adipose tissue (BAT), which can be
distinguished by their morphology and function (Saely et al., 2010).
WAT is a major tissue for energy storage in the form of triglycerides
(TG). It consists predominantly of white adipocytes that store
energy in TG-containing unilocular droplets. Several WAT-derived
secretory molecules (adipokines), such as adiponectin, leptin and
pro-inflammatory cytokines including tumor necrosis factor a
(TNFa), have been characterized. Adiponectin enhances insulin
sensitivity and fatty acid oxidation via the cellular fuel sensor
AMP-activated protein kinase (AMPK). Moreover, it acts as an anti-
inflammatory and anti-atherogenic adipokine (Stofkova, 2009;
Yamauchi et al., 2001, 2002). Leptin reduces appetite and enhances
energy expenditure via the hypothalamus/sympathetic nervous

* Corresponding author at: Molecular Pathology & Metabolic Disease, Faculty of
Pharmaceutical Sciences, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba
278-8510, Japan. Tel.: +81 4 7121 3676; fax: +81 4 7121 3676.

E-mail address: higami@rs.noda.tus.ac.jp (Y. Higami).
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0047-6374/$ - see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.mad.2012.02.003

system, and also functions as a pro-inflammatory adipokine
(Stofkova, 2009). TNFa promotes insulin resistance (Hotamisligil
et al, 1995). Thus, several adipokines are involved in energy
homeostasis, insulin resistance and inflammation (Gnacinska et al.,
2009; Torres-Leal et al, 2010). It is well known that white
adipocytes alter their characteristics with their size. Large
hypertrophic adipocytes, possessing more TG, secrete less
adiponectin and more pro-inflammatory cytokines including
leptin, while small adipocytes, which have less TG, secrete more
adiponectin and less pro-inflammatory adipokines (DeClercq et al.,
2008). Moreover, small adipocytes are generally found to be more
sensitive to insulin and act as powerful buffers, absorbing lipids in
the postprandial period. If this buffering action is impaired, extra
adipose tissues can accumulate lipids in the form of TG, resulting in
insulin resistance (Frayn, 2002). Small adipocytes are therefore
considered more beneficial for a healthy lifespan than large ones
(Higami et al., 2005; Zhu et al., 2007). )

In contrast to WAT, BAT plays an important role in energy
expenditure. It predominantly consists of mitochondria-rich
brown adipocytes, which have multilocular lipid droplets and
express the BAT-specific mitochondrial protein, Uncoupling
Protein 1 (UCP1; Farmer, 2008; Saely et al., 2010). UCP1 uncouples
mitochondrial ATP synthesis from electron transport chain

Please cite this article in press as: Okita, N., et al,, Differential responses of white adipose tissue and brown adipase tissue to caloric
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activity, and is responsible for energy expenditure via heat
production. BAT is highly vascularized and innervated by the
sympathetic nervous system. It is a major site of both cold- and
diet-induced thermogenesis, particularly in small rodents (Farm-
er, 2008; Saely et al., 2010). Recent studies using positron-
emission tomography have identified BAT in human adults, and
shown that its activity correlates inversely with body mass index.
Active BAT therefore appears to play an important role in the
control of body temperature and adiposity in humans (Saely et al.,
2010).

Recently, new genetic interventions that extend mammalian
lifespan have emerged (Kenyon, 2005). Caloric restriction (CR),
however, remains the most robust, reproducible and simple
experimental manipulation known to extend both median and
maximum lifespan, and to retard several age-related pathophysi-
ological changes in laboratory rodents (Masoro, 2005; Sinclair,
2005; Weindruch and Walford, 1988; Yu, 1994). The anti-aging
and/or pro-longevity effects of CR have been observed in several
species, from yeast to laboratory rodents (Masoro, 2005; Sinclair,
2005). Recent studies suggest that CR is effective in non-human
primates as well (Colman et al., 2009). It is widely accepted that
suppression of the growth hormone (GH)/insulin-like growth
factor (IGF-1) signal, attenuation of oxidative and other stresses,
modulation of glycemia and insulinemia, enhanced mitochondrial
biogenesis and activation of sirtuins may be significant factors in
the actions of CR, but the exact underlying mechanisms are still
debatable (Masoro, 2005; Sinclair, 2005). It has been reported that
fat-specific insulin receptor knockout (FIRKO) mice live longer
than their controls (Bliiher et al., 2003). These mice reduce
adiposity and enhance mitochondrial biogenesis with altered
secretion of adipokines, including higher adiponectin and lower
pro-inflammatory cytokines (Bliiher et al., 2002; Katic et al., 2007).
The transcription factors C/EBPa, C/EBP(3 and peroxisome pro-
liferator-activated receptor y (PPAR7y) are master regulators of
adipocyte differentiation (Farmer, 2006). Mice in which C/EBPx
was replaced with C/EBP (/B mice) live longer and have reduced
adiposity (Chiu et al., 2004). In contrast, the hetero-deficiency
PPARy knockout (KO) mice have a shorter lifespan (Argmann et al.,
2009). Transgenic mice expressing adiponectin in the liver live
longer than controls and show reduced high-calorie diet-induced
obesity (Otabe et al., 2007). These results show that altered gene
expression in the adipose tissue, and modulation of adipokine
secretion, can influence the lifespan of rodents. CR reduces
adiposity by altering the gene expression profile (Higami et al.,
2004, 2006a), and lowering plasma insulin and leptin levels, as well
as raising plasma adiponectin levels (Yamaza et al., 2007; Zhu et al.,
2007). CR also reverses age-associated insulin resistance, possibly
through decreased adiposity (Barzilai et al., 1998). Moreover, in
mice, CR promotes mitochondrial biogenesis in both WAT and BAT,
and it has been suggested that PPARYy co-activator 1a (PGCla),
Sirt1 and Sirt3 are key players in CR-enhanced mitochondrial
biogenesis (Anderson and Prolla, 2009; Nisoli et al., 2005; Shi et al.,
2005). Therefore, we hypothesized that the beneficial actions of CR
may be partially mediated by functional alteration of WAT and
BAT. Proteome analysis of WAT from 24-month-old rats fed ad
libitum (AL) or subjected to CR was recently reported (Valle et al.,
2010). However, to our knowledge analysis of the effects of CR in
both WAT and BAT at a young age, and a comparison of these
effects, has not yet been reported.

In this study, to understand the molecular basis of CR-
associated metabolic alterations in adipose tissues, we performed
histological examination and proteome analysis of both WAT and
BAT from 9-month-old male rats fed AL or subjected to CR for 6
months, and the responses to CR were compared between WAT
and BAT. This enabled differential and similar responses to CR
between both tissues to be identified.

2. Materials and methods
2.1. Animals and diet

The present study was conducted in accordance with the provisions of the Ethics
Review Committee for Animal Experimentation at Tokyo University of Science.
Male Wistar rats aged 5-7 weeks were purchased from Clea Inc. (Tokyo, Japan) and
were maintained under SPF conditions at 23 “C and a 12 h light-dark cycle, in the
Laboratory Animal Center at the Faculty of Pharmaceutical Sciences, Tokyo
University of Science. All rats were provided with water and fed ad libitum with a
Labo MR Stock diet (NOSAN, Yokohama, Japan).

From 12 weeks of age, rats were divided into two groups: one was fed ad libitum
(AL) and the other was calorie restricted (CR, 70% of the ad libitum energy intake). CR
rats were fed every other day (Higami et al., 2006b). Their 2-day food allotment was
equal to 140% of the mean daily intake of AL rats. At 9 months of age, all rats were
sacrificed under anesthesia with isoflurane inhalation (Mylan, Canonsburg, PA,
USA) 3-5 h after turning on the lights. Prior to sacrifice, CR and AL groups were
further divided into two treatments (fed or fasted) as follows. CR-fed rats were
provided with food 30 min prior to turning off the lights in the evening, and were
sacrificed the following morning. CR-fasted rats were fasted overnight for
approximately 16 h prior to sacrifice. To evaluate the effect of fasting, half of the
AL rats were sacrificed 16 h after the removal of food, which occurred when the
lights were turned off (AL-fasted), while the other half were sacrificed without
removing the food (AL-fed). Mean body weight data (+SEM) of AL-fasted and CR-
fasted rats are shown in Table 1. When the animals were sacrificed, both epididymal
WAT and interscapular BAT were collected and their weights measured (Table 1). A
sub-sample of the isolated WAT and BAT were fixed in a buffered formalin solution for
histological examination, and the rest was immediately diced, frozen in liquid
nitrogen, and stored at —80 °C.

2.2. Histological examination

Fixed tissues were processed routinely, embedded in paraffin, and sectioned.
5 um sections were stained with hematoxylin-eosin. Stained sections were
scanned by microscopy with a CCD camera (Nikon, Tokyo, Japan). The size
distribution of each white area in the black-and-white images, which indicates a
lipid droplet, was measured and calculated using “Image] 1.43u/Javal.6.0_22"
software. To avoid inter-rating variation, a single observer (Yu. H.) carried out the
morphometric analysis,

2.3. Analysis of triglyceride (TG) contents

Total lipid was extracted from WAT and BAT of AL-fasted and CR-fasted rats, and
the triglyceride (TG) content was measured using a LabAssay™ Triglyceride kit
(Wako, Osaka, Japan), according to a previous report (Higami et al., 2006a) and the
manufacturer’s instructions. The TG content per 100 mg protein was calculated.

2.4. Two-dimensional gel electrophoresis (2-DE)

Two-dimensional gel electrophoresis (2-DE) using the IPG-DALT system and
subsequent MALDI-TOF MS analysis were performed as previously described
(Nakamura et al., 2006). Briefly, to extract total protein, frozen WAT and BAT from
AL-fed, AL-fasted, CR-fed and CR-fasted rats were homogenized in extraction
buffer containing 5M urea, 2M thiourea, 2% (w/v) 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 2% (w/v) sulfobetaine10, 2%
Pharmalyte 3-10, 65 mM dithiothreitol (DTT), 1% protease inhibitor cocktail and
1% phosphatase inhibitor cocktail, using a sonicator. Samples were centrifuged at
15,000 rpm, at 20°“C for 30 min, and the supernatants were collected. The
supernatant samples were prepared from six animals in each group, and each
individual was assessed separately. The protein content of each sample was
determined using the Bradford method.

First-dimensional isoelectric focusing (IEF) was carried out on nonlinear
immobilized pH gradients (Immobiline DryStrip, pH 3-10 NL, 18 cm long; GE
Healthcare, Cleveland, OH, USA). Passive sample application during rehydration
was performed by placing the Immobiline DryStrip gel side down overnight in a
rehydration tray that contained the sample in the rehydration solution (6 M urea,
2 M thiourea, 13 mM DTT, 1% Pharmalyte 3-10, 2.5 mM acetic acid, 0.0025% Orange
G and 2% Triton X-100). As the strip hydrates, proteins in the sample are absorbed

Q2.

Table 1
AL CR
Body weight (g) 523+11 34449
WAT weight (g) 7.04+0.464 2.164+0.160°
WAT weight/body weight (%) 1.34+0.078 0.627 +0.044
BAT weight (g) 0.454 +0.036 0.255+0.014
BAT weight/body weight (%) 0.087 +0.007 0.074 +0.005

" p<0.001 by Student's t-test.
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and distributed over the entire length of the strip. The IEF was performed at 20 °C
starting at 500V, with the voltage being gradually increased to 3500V, using a
PowerPhoreStar power supply (Anatech, Tokyo, Japan). After electrofocusing, the
gel strips were equilibrated for 45 min with gentle shaking in 5 mL of equilibration
buffer (6 M urea, 32 mM DTT, 25 mM Tris-HCl, pH 6.8, 2% SDS, 0.0025% BPB and 30%
glycerol). In the second-dimension SDS-PAGE, the equilibrated gel strips were
placed on top of 7.5% polyacrylamide gels (18 cm x 20 cm x 1 mm), and run in SDS
running buffer (0.1 M Tris, 0.1 M Tricine and 0.1% SDS) until the dye front reached
the bottom of the gel. Then, the gel was fixed with fixing solution (10% acetic acid
and 50% methanol) and washed with washing solution (7% acetic acid and 10%
methanol). Finally, the gel was stained with SYPRO Ruby Protein Gel Stain
(Molecular Probe, Eugene, OR, USA) and washed with washing solution (8% acetic
acid and 10% methanol) and pure water.

Fluorescent gel images were obtained by scanning with a FluoroPhoreStar 3000
(Anatech) and analyzed with Progenesis PG200 software (Nonlinear Dynamics,
Durham, NC, USA). Molecular masses were determined by running standard protein
markers, covering the range of 10-250 kDa. The p! values used were those given by
the supplier of the IPG strips. After background subtraction, spots from each gel
were automatically matched to the spots on a reference gel. To validate automated
spot detection and matching, images were edited manually and streaks, speckles
and artifacts were removed. The reference gel was obtained using mixed samples
from AL-fed and CR-fed rat tissues. For all spot-intensity calculations, normalization
volumes were used to calculate relative intensity (RI) for each spot: RI = vi/vt, where
vi is the volume (pixel intensities integrated over the area of each spot) of the
individual spot, and vt is the sum of the volumes of all matched spots. Only spots
displaying a significant change (>1.4-fold) in their normalized spot intensity were
considered for protein identification.

2.5. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) analysis

For mass spectrometric identification, protein spots on the SYPRO Ruby-stained
2-DE gel were excited and the spots that showed different density were excised
with a FluoroPhoreStar3000 gel picker (Anatech). The gel pieces were reduced with
1.5 mg/mL DTT in 100 mM ammonium bicarbonate, alkylated with 10 mg/mL
iodoacetamide in 100 mM ammonium bicarbonate, then destained, washed, and
finally dried. Subsequently, the gel pieces were digested with 5 pg/mL sequencing
grade modified trypsin (Promega, Madison, WI, USA) in a 50 mM ammonium
bicarbonate and 30% acetonitrile solution, at 30 °C overnight. The tryptic peptide
mixture samples were concentrated in a SpeedVac Vacuum system (Savant
Instruments, Holbrook, NY, USA) and were rehydrated with 10 pL of 0.1%
trifluoroacetic acid (TFA). The samples were then adsorbed onto a Zip-Tip uC18
column (Millipore, Billerica, MA, USA). The resin was washed with 0.1% TFA and the
peptides were eluted with 50% acetonitrile in 0.1% TFA. The elution was analyzed by
the peptide mass fingerprint (PMF) method, based on MALDI-TOF MS as follows:
2 L of tryptic peptides were spotted onto a ready-to-use Shimadzu 384 target
plate (Shimadzu, Kyoto, Japan), and mixed with 0.5 L of matrix solution [53 mM
CHCA (a-cyano-4-hydroxycinnamic acid), 50% acetonitrile, 40% methanol and 0.1%
TFA]. Mass spectra were collected on an AXIMA-CFR MALDI-TOF instrument
(Shimadzu) in reflectron positive jon mode. The instrument was externally
calibrated using the calibrant spots on the pre-spotted target. Monoisotopic peaks
were generated by Kompact software (Shimadzu), and protein identification was
carried out primarily using the PMF Search of Mascot (http://www.matrixscien-
ce.com) and the MS-Fit search engine in Protein Prospector (http://prospector.-
ucsf.edu) by sending a query of the PMF peak list. In some cases, samples were
further analyzed by MALDI TOF TOF MS/MS (AXIMA-TOF2; Shimadzu). An MS/MS
ion search of Mascot was used for confirmation.

2.6. DNA extraction

Total DNA, including mitochondrial DNA (mtDNA), was extracted from WAT and
BAT by digestion with proteinase K and 10% SDS (100 pg/pL) in a buffer containing
150 mM NaCl, 10 mM Tris—-HCl, pH 8.0, and 10 mM EDTA. Homogenate samples were
incubated overnight at 55 °C, and then an equal volume of phenol was added and
samples were rotated for 1 h. After centrifugation, the aqueous phase was removed to
a fresh tube and rotated with an equal volume of PCI (phenol/chloroform/isoamyl
alcohol) for 1 h. To remove RNA, the aqueous phase was incubated with 0.02 volume
of RNase A (Wako, Osaka, Japan) for 1h at 37 °C. This phenol and PCI procedure
was repeated once more. DNA was precipitated from the aqueous phase by adding
0.1 volume of 3 M sodium acetate after adding a double volume of 100% ethanol. The
DNA was washed twice with 180 L of 70% ethanol, air dried gently and re-suspended
in TE buffer. The concentration was adjusted to 20 ng/uL.

2.7. Analysis of mtDNA contents

A quantitative PCR assay was performed using the Applied Biosystems 7300 real-
time PCR system (Life Technologies, Carlsbad, CA, USA) (Koekemoer et al., 1998).
Nuclear DNA and mtDNA were amplified by real-time PCR for solute carrier family
16, member 1 (SLC16A1) and cytochrome c oxidase subunit 2 (COX2), respectively.
The primer pairs’ sequences for real-time PCR analysis of SLC16A1 and COX2 were:

SLC16A1 (forward) 5-TAG CTG GAT CCC TGA TGC GA-3/, (reverse) 5'-GCA TCA GAC
TTC CCA GCT TCC-3’ (32); COX2 (forward) 5-CTT ACA AGA CGC CAC ATC AC-3/,
(reverse) 5-GAA TTC GTA GGG AGG GAA GG-3' (Jahnke et al, 2010). Relative
amounts of mtDNA were expressed as COX2/SLC16A1.

2.8. Analysis of mitochondrial activities

Activities of citrate synthase (CS) and electron transport chain complex IV,
cytochrome c oxidase (Complex 1V), were measured as previously reported with
some modifications (Alp et al., 1976; Daley et al., 2005). Briefly, WAT and BAT were
homogenized in homogenization buffer containing 50 mM Tris-HCl, pH 7.4,
150 mM NacCl, 1% phosphatase inhibitor cocktail, 5 mM EDTA, 1% protease inhibitor
cocktail, 1% Triton X-100 and 0.05% sodium deoxycholate. Protein concentration
was determined using the BCA protein assay kit (Thermo Scientific, Rockford, IL,
USA) according to the manufacturer’s protocol.

For CS activity measurements, a reaction mixture containing 0.1 mM 5,5-dithio-
bis-(2-nitrobenzoic) acid (Wako), 0.5 mM acetyl-CoA (Wako), 0.1% Triton X-100
and 100 mM Tris-HCl, pH 8.0, with the tissue homogenate was prepared. The
homogenates contained 5-8 g protein from WAT or 0.5-0.8 g protein from BAT.
After incubation at 28 °C for 5 min, the absorbance at 412 nm (SpectraMax Plus384,
Molecular Devices, Sunnyvale, CA, USA) was measured for 3 min to determine the
nonspecific activity. Reactions were then initiated by addition of 0.5 mM
oxaloacetate (Wako) in a final volume of 200 pL, and the change in absorbance
was recorded for at least 3 min (Alp et al., 1976).

The activity of Complex IV was measured at 30 °C as the rate of cytochrome c
oxidation, using a spectrophotometer (SpectraMax Plus 384, Molecular Devices) at
550 nm (Daley et al., 2005). A cytochrome c solution containing 10 mg/mL reduced
cytochrome c (Sigma-Aldrich, St. Louis, MO, USA) and 50 mM Tris-HCl, pH 7.2, was
prepared and an excess amount of sodium ascorbate (to saturation) was added. The
excess sodium ascorbate was removed on a PD-10 column. The reaction mixture
contained 25 M cytochrome c in 50 mM Tris-HCI, pH 7.2. Reactions were initiated
by adding the tissue homogenates (which contained 5.4-41 g protein from WAT
or 0.6-2.3 pg protein from BAT) to the reaction mixture. The final concentration of
cytochrome ¢ was 20 M. The first order rate constant (k) was calculated from the
natural logarithms of the absorbance after adding the tissue homogenates. These
calculated values were then taken to be (k) and the activity was expressed in k/min/
mg protein. Complex IV activities were also measured in the presence of 1 mM
potassium ferricyanide as a blank (Daley et al., 2005).

2.9. RNA extraction and real-time reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from frozen WAT and BAT using RNAiso PLUS (Takara,
Shiga, Japan), and was purified using the FastPure RNA kit (Takara), according to the
manufacturer’s protocol. To obtain cDNA, 1 pg RNA was subjected to reverse
transcription by PrimeScript Reverse Transcriptase (Takara) with random hexamer
primers (Takara). Real-time quantitative PCR was performed using the Applied
Biosystems 7300 real-time PCR system (Life Technologies) with SYBR Premix
ExTaqll (Takara), according to the manufacturer's instructions. Transcripts of
PGC1a, Nuclear respiratory factor 1 (NRF1), Transcription factor A, mitochondrial
(TFAM), Cytochrome c oxidase IV (COX4), UCP1, Fatty acid synthase (FAS) and TATA
box binding protein (TBP) were amplified. TBP was used for normalization. Primer
sequences are shown in Table 2.

2.10. Protein extraction and analysis of target protein levels by Western blot

WAT and BAT were lysed with lysis buffer (50 mM Tris-HCI, pH 6.8, 2% SDS and
5% glycerol), boiled for 5 min and sonicated. Protein concentrations of the soluble
fraction were determined using the BCA protein Assay Kit, standardized by the
addition of lysis buffer, 2-mercaptoethanol and bromophenol blue were added to
the proteins to obtain final concentrations of 5% and 0.025%, respectively, and the
samples boiled for 5 min. Equal amounts of proteins (5-20 jg) were subjected to
SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked
with 2.5% skim milk and 0.25% BSA in Tris-buffered saline (50 mM Tris, pH 7.4, and
150 mM NaCl) containing 0.1% Tween 20 (TTBS) for 1 h at room temperature, and
then probed with the appropriate primary antibodies overnight at 4 °C or for 2 h at
room temperature. The primary antibodies for ATP-citrate lyase (Epitomics,
Burlingame, CA, USA), ATP-citrate lyase pS455 (Epitomics) and B-actin (Sigma-
Aldrich) were used. After washes with TTBS, membranes were incubated with the
appropriate secondary antibody (horseradish peroxidase-conjugated F(ab');
fragment of goat anti-mouse IgG or anti-rabbit IgG; Jackson ImmunoResearch,
West Grove, PA, USA), for 1 h at room temperature. After washing with TTBS, the
membranes were incubated with ImmunoStar LD reagent (Wako). The specific
proteins were visualized with LAS3000 (Fujifilm, Tokyo, Japan), and the data were
analyzed using Multigauge software (Fujifilm).

2.11. Statistical analysis

All data derived from three to six rats in each group were expressed as
means + SEM and were examined using Student’s t-test or Tukey’s t-test. Differences
with p values <0.05 were deemed statistically significant.
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4
Table 2
Forward Reverse
PGCla 5'-AGACGGATTGCCCTCATTTG-3’ 5'-CAGGGTTTGTTCTGATCCTGTG-3'
NRF1 5'-TGATGAGGTAACTGCCCATCTG-3' 5'-TTGGAGGGTGAGATGCAGAG-3’
TFAM 5'-CGATTTTCTACAGAACAGCTACCC-3’ 5'-GCTCTTTATACTTGCTCACAGCTTC-3’
COX4 5'-CATTTCTACTTCGGTGTGCCTTC-3' 5'-CACATCAGGCAAGGGGTAGTC-3/
ucrP1 5'-CAGAGTTATAGCCACCACAGAAAGC-3/ 5'-CAGGAGTGTGGTGCAAAACC-3'
FAS 5'-AGCAGGCACACACAATGGAC-3' 5-GAAGAAGAAAGAGAGCCGGTTG-3/
TBP 5'-CAGTACAGCAATCAACATCTCAGC-3' 5'-CAAGTTTACAGCCAAGATTCACG-3'

PGCla: peroxisome proliferator activated receptor gamma coactivator 1o; NRF1: nuclear respiratory factor 1; TEAM: mitochondrial transcription factor A; COX4:

cytochrome c oxidase 4; UCP1: uncoupling protein 1; FAS: fatty acid synthase; TBP: TATA box binding protein.

3. Results
3.1. Histological analysis and triglyceride (TG) contents

CR markedly reduced body, WAT and BAT weights. CR also
lowered the relative weight of WAT, but not of BAT, compared to
the body weight (Table 1).

As shown in Fig. 1A and B, CR markedly reduced the size of lipid
droplets. Because the unilocular lipid droplet occupies most of the
cytoplasm of white adipocytes, the size of the lipid droplet is
thought to represent the cell size. The median adipocyte size was
3203 pm? in the AL group and 2169 pwm? in the CR group. The
adipocyte size distribution was wider in AL rats compared with CR
rats. The percentage of adipocytes that were larger than 8000 pm?
was 6.6% in AL rats and less than 0.5% in CR rats. In contrast, the
portion of adipocytes that were smaller than 2000 pm? was
approximately 50% in CR rats and 33% in AL rats (Fig. 1A, B and E).
Consistent with the histological data, CR significantly reduced TG
content in the fasted state (Fig. 1G).

In BAT, brown adipocytes with multilocular lipid droplets of
various sizes were observed. Moreover, many white adipocytes
had infiltrated into the BAT. In BAT, it is difficult to distinguish the
large lipid droplets in brown adipocytes from the white adipocytes
that have infiltrated into BAT. Therefore, lipid droplet size is not
thought to represent cell size. In contrast to WAT, large lipid
droplets were predominantly observed in BAT from CR rats
compared with AL rats. The median lipid droplet size was 123 pm?
in AL rats and 191 wm? in CR rats. The proportion of lipid droplets
larger than 300 wm? was more than 30% in CR rats and
approximately 15% in the AL group (Fig. 1C, D and F). Consistent
with the histological data, CR did not decrease TG content in the
fasted state (Fig. 1H).

3.2. Proteome analysis

In WAT, proteome analysis revealed that CR increased the
expression of five proteins and reduced the expression of two
proteins (Fig. 2 and Table 3). The five proteins up-regulated by CR
are involved in metabolic processes. ATP-citrate synthase (ACLY,
Spot 1; Berwick et al., 2002; Ramakrishna and Benjamin, 1979),
NADP-dependent malic enzyme (MAOX, Spot 2; Taroni and Di
Donato, 1988) and long-chain specific acyl-CoA dehydrogenase,
mitochondrial (ACADL, Spot 3; Ikeda et al, 1985) are lipid
metabolism-related enzymes, and pyruvate dehydrogenase E1
component subunit beta, mitochondrial (ODPB, Spot 4; Huh et al.,
1990) and pyruvate carboxylase, mitochondrial (PYC, Spot 5;
Jitrapakdee et al., 2006) are glucose metabolism-related enzymes
(Table 3). Moreover, three of these five proteins (ACADL, ODPB and
PYC) are mitochondrial proteins. In contrast, expression of
apolipoprotein A4 (APOA4, Spot 6), which is involved in cholesterol
transport (Wang and Paigen, 2005), was attenuated by CR. CR also
suppressed the expression of Heat shock protein beta 1 (HSPB1,

Spot 7).

In BAT, proteome analysis revealed that CR reduced the
expression of four proteins and increased the expression of five
proteins (Fig. 3 and Table 4). All four proteins down-regulated by
CR [Cytochrome c oxidase subunit 5B (COX5B, Spot 13), NADH
dehydrogenase flavoprotein 1, mitochondrial (NAUV1, Spot 14),
2-oxoisovalerate dehydrogenase subunit beta (ODBB, Spot 15)
and Succinyl-CoA ligase [ADP-forming] subunit beta, mitochon-
drial (SUCB1, Spot 16)] are mitochondrial metabolic enzymes.
COX5B is one of the small polypeptide subunits composing
Complex IV of the mitochondrial electron transport chain, a
complex that also contains three large subunits (Capaldi, 1990).
NAUV1 is a component of the flavoprotein-sulfur (FP) fragment
of Complex | of the mitochondrial electron transport chain
(Kerscher et al,, 2008). ODBB, also known as branched-chain
alpha-keto acid dehydrogenase E1 component alpha chain,
catalyzes the reaction from 3-methyl-2-oxobutanoate to 2-
methylpropanoyl-CoA, and participates in valine, leucine and
isoleucine degradation (She et al., 2007). SUCB1 catalyzes the
reaction from succinate to succinyl-CoA in the Krebs cycle
(Lambeth et al., 2004). In contrast, Apolipoprotein A1 (APOA1,
Spot 8), which is found predominantly in HDL-cholesterols and is
involved in cholesterol transport (Wang and Paigen, 2005), was
up-regulated by CR. The expression of Tubulin tyrosine ligase-
like family, member 10 (TTLL10, Spot 11), which post-transla-
tionally modifies tubulin (lkegami and Setou, 2009) and
nucleosome assembly protein 1 (Jahnke et al., 2010), and of
Glycerol kinase 5 (GLPK5, Spot 12) were also increased by CR.
Interestingly, ACLY (Spot 9) and MAOX (Spot 10) were up-
regulated by CR in BAT as well as in WAT. Glycerol kinase, which
catalyzes the transfer of a phosphate from ATP to glycerol
forming glycerol 3-phosphate, is a primary lipolytic enzyme
(Watford, 2000). However, glycerol 3-phosphate is also a
substrate for TG formation. Therefore, CR-associated up-regula-
tion of GLPK5 as well as ACLY and MAOX might also activate
lipogenesis in BAT (Fig. 3 and Table 4).

Thus, the proteome profile indicates that CR might activate
mitochondrial function in WAT, while suppressing the mitochon-
drial electron transport chain and oxidative phosphorylation in
BAT. However, it is likely that CR activates fatty acid biosynthesis
similarly in both WAT and BAT.

3.3. Analysis of mitochondrial function

Based on the proteome profile, the relative content of
mitochondrial DNA (mtDNA) was measured. The activities of
the mitochondrial Krebs cycle enzyme, citrate synthase (CS), and
the mitochondrial electron transport chain complex IV (cyto-
chrome c oxidase) were also analyzed (Alp et al., 1976; Dumas
et al,, 2004; Wiegand and Remington, 1986). In WAT, CR increased
the mtDNA content (Fig. 4A) and enhanced CS and complex IV
activities in both the fed and fasted states (Fig. 4C). CR reduced the
mtDNA content of BAT in the fed state, while fasting increased
mtDNA content in CR rats (Fig. 4B). CR did not affect CS activity, but
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Fig. 1. CR-associated alteration of morphology and triglyceride content in WAT and BAT from AL and CR rats. Representative histological sections of WAT from AL (A) and CR
(B) rats (magnification: 40x, scale bar: 100 wm), and of BAT from AL (C) and CR (D) rats (magnification: 200x, scale bar: 50 pm). Sections were stained with hematoxylin-
eosin. Based on a quantitative morphometric method using “Image] 1.43u/Javal.6.0_22" software, the distribution of adipocyte size in WAT (E) and lipid droplet size in BAT
(F) was measured. Triglyceride content of WAT (G) and BAT (H) was also measured. Values shown in all panels are means + SEM of three to five animals in each group. *p < 0.05

by Student’s t-test.

fasting markedly suppressed it (Fig. 4D). However, Complex IV
activity was only slightly reduced by CR (Fig. 4F).

The expression level of several mitochondrial biogenesis-
related genes including PGCla, NRF1, TFAM, COX4 and UCP1
was analyzed by real-time RT-PCR. PGCla is a transcriptional co-
activator that induces mitochondrial biogenesis by activating
several transcription factors including NRF1 (Farmer, 2008; Liang
and Ward, 2006; Puigserver and Spiegelman, 2003). NRF1
transcriptionally activates TFAM, which drives transcription and
replication of the mitochondrial genome as well as transcription of
a nuclear-encoded component of Complex IV of the mitochondrial
electron transport chain, COX4 (Kang et al, 2007; Lenka et al.,
1998; Liang and Ward, 2006; Puigserver and Spiegelman, 2003).
The expression of UCP1, which is a BAT-specific protein that
contributes to non-shivering thermogenesis, is also transcription-
ally regulated via the activation of certain nuclear hormone
receptors by PGCla (Liang and Ward, 2006). In WAT, CR

up-regulated the expression of PGCla and COX4 in both fed
and fasted states (Fig. 5A and D). CR did not affect the expression of
NRF1, but it did increase TFAM levels in the fed state. TFAM
expression was also up-regulated by fasting in the AL rats (Fig. 5B
and C). In BAT, CR up-regulated the expression of PGCla in the fed
state (Fig. 5F). In contrast, CR down-regulated the expression of
COX4, particularly in the fed state (Fig. 5I). CR also down-regulated
the expression of both NRF1 and TFAM in the fed state, but not in
the fasted state (Fig. 5G and H). Moreover, CR inhibited the
expression of UCP1 in both fed and fast states (Fig. 5J).

3.4. Analysis of lipogenesis

As mentioned above, proteome analysis suggested that CR
might activate lipogenesis in both WAT and BAT. To confirm these
CR-associated changes, we further examined the expression of
ACLY (Spot 1 in Fig. 2B and Spot 9 in Fig. 3B). In the 2-DE image of
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Fig. 2. CR-associated alteration of the protein expression profile of WAT as detected on representative gel images of 2-DE. Protein samples were extracted from WAT of AL-fed
and CR-fed rats and separated in pH 3-10 IPG strips for the first dimension and 7.5% SDS-PAGE for the second dimension. Fluorescent gel images stained with SYPRO Ruby
were obtained using a FluoroPhoreStar3000 and analyzed with Progenesis PG200 software. Open arrows indicate spots down-regulated by CR, and closed arrows indicate
spots up-regulated by CR. 2-DE was performed in duplicate or triplicate for each sample with biological repeats of n =3 for each group.

Q3.

Table 3

Spot Protein description Function MW (kDa) Pi NCBI accession Mascot Sequence CRfed/Alfed CR-fastfAlL-fast

number number (gi) score coverage (%)

1 ATP-citrate synthase (ACLY) Lipo genesis 12147 6.96 113116 101 10 >>> >>>

2 NADP-dependent malic Lipo genesis 64.59 6.49 266504 - - 5.08 3.23
enzyme (MAOX)

3 Long-chain specific acyl-CoA Mitochondrial 4824 763 113016 82 18 1.96 197
dehydrogenase, beta-oxidation
mitochondrial (ACADL)

4 Pyruvate dehydrogenase El Glycolysis 39.30 6.20 122065728 124 35 >>> >>>
component subunit
beta, mitochondrial (ODPB)

5 Pyruvate carboxylase, Gluconeogenesis 130.44 6.34 146345499 130 16 3.85 317
mitochondrial (PYC)

6 Apolipoprotein A-4 (APOA4) Cholesterol transport ~ 44.43 5.12 114008 71 13 0.56 0.62

7 Heat shock protein beta-1 (HSPB1) Stress response 2294 6.12 1170367 123 30 0.63 0.32

WAT and BAT, CR increased the intensity of Spot 1 and Spot 9,
respectively. Moreover, CR increased the number of spots along
the X-axis in both Spot 1 and Spot 9, suggesting that CR up-
regulated ACLY protein levels and might have altered its post-
translational modification in both WAT and BAT. Therefore, the

phosphorylated form of ACLY (p-ACLY), which is the active form
(Ramakrishnaand Benjamin, 1979),and total ACLY (t-ACLY) levels
were analyzed. In both WAT and BAT, CR increased p-ACLY and t-
ACLY levels in both the fed and fasted states. Increased p-ACLY

apparently results from a

n increased amount of t-ACLY (Fig. 6).
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Fig. 3. CR-associated alteration of the protein expression profile of BAT as detected on representative gel images by two-dimensional gel electrophoresis. Protein samples
were extracted from BAT of AL-fed and CR-fed rats and separated in pH 3-10 IPG strips for the first dimension and 7.5% SDS-PAGE for the second dimension. Fluorescent gel
images stained with SYPRO Ruby were obtained using a FluoroPhoreStar3000 and analyzed with Progenesis PG200 software. Open arrows indicate spots down-regulated by
CR, and closed arrows indicate spots up-regulated by CR. 2-DE was performed in duplicate or triplicate for each sample with biological repeats of n = 3 for each group.
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Table 4
Spot Protein description Function MW (kDa) Pi NCBI accession Mascot Sequence CRfed/AL CR-fast/AL
number number (gi) score coverage (%) fed fast
8 ApolipoproteinA-1 (APOA1) Cholesterol transport 30.10 552 146345369 80 27 3.77 139
9 ATP-citrate synthase (ACLY) Lipogenesis 121.47 6.96 113116 - - 253 2.27
10 NADP-dependent malic Lipogenesis 64.59 649 266504 - - 217 3.07
enzyme (MAOX)
11 Protein polyglycylase TTLL10 (TTL10) Composition of nicrotuble  78.00 9.55 172045959 52 8 1.93 1.42
12 Putative glycerol kinase 5 (GLPK5) Lipogenesis 60.34 6.84 172046763 75 14 2.36 1.69
13 Cytochrome c oxidase subunit Electron transport and 14.19 7.68 1352167 60 31 0.46 0.64
5B (COX5B) oxidative phosphorylation
14 NADH dehydrogenase flavoprotein 1,  Electron transport and 51.85 851 47117274 82 15 0.60 0.49
nitochondrial (NDUV1) oxidative phosphorylation
15 2-Oxoisovalerate dehydrogenase Branched chain arrrino 43.54 6.41 161784344 54 17 0.57 0.60
subunit beta (ODBB) acid metabolism
16 Succinyl-CoA ligase [ADP-forming] Krebs cycle 50.42 6.57 52788305 64 14 0.65 0.49
subunit beta, mitochondrial (SUCB1)
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Fig. 4. Effects of CR on mitochondrial DNA content and enzyme activity in WAT and BAT. The ratio of mitochondrial (COX2) vs. nuclear (SLC16A1) DNA was obtained by real-
time PCR in WAT (A) and BAT (B). Ratios are expressed as the fold change relative to the mean value of AL-fed rats. Citrate synthase activity in WAT (C) and BAT (D) was
measured spectrophotometrically at 412 nm. Activity of electron transport chain complex IV and cytochrome c oxidase was measured spectrophotometrically at 550 nm in
WAT (E) and BAT (F). Values shown in all panels are means + SEM of three to five animals in each group. *p < 0.05, **p < 0.01. ***p < 0.001 by Tukey's t-test.
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