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Endoplasmic reticulum (ER) stress plays a crucial role in the development of insulin resistance and dia-
betes. Although caloric restriction (CR) improves obesity-related disorders, the effects of CR on ER stress
in obesity remain unknown. To investigate how CR affects ER stress in obesity, ob/ob mice were assigned
to either ad libitum (AL) (ob-AL) or CR (ob-CR) feeding (2 g food/day) for 1-4 weeks. The body weight
(BW) of ob-CR mice decreased to the level of lean AL-fed littermates (lean-AL) within 2 weeks. BW of
lean-AL and ob-CR mice was less than that of ob-AL mice. The ob-CR mice showed improved glucose
tolerance and hepatic insulin action compared with ob-AL mice. Levels of ER stress markers such as phos-
phorylated PKR-like ER kinase (PERK) and eukaryotic translation initiation factor 2o and the mRNA
expression of activating transcription factor 4 were significantly higher in the liver and epididymal fat
from ob-AL mice compared with lean-AL mice. CR for 2 and 4 weeks significantly reduced all of these
markers to less than 35% and 50%, respectively, of the levels in ob-AL mice. CR also significantly reduced
the phosphorylation of insulin receptor substrate (IRS)-1 and c-Jun NH,-terminal kinase (JNK) in ob/ob
mice. The CR-mediated decrease in PERK phosphorylation was similar to that induced by 4-phenyl buty-
ric acid, which reduces ER stress in vivo. In conclusion, CR reduced ER stress and improved hepatic insulin

action by suppressing JNK-mediated IRS-1 serine-phosphorylation in ob/ob mice.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Obesity is a major public health problem worldwide, and is
associated with insulin resistance, hypertension, and impaired glu-
cose and lipid metabolism. These abnormalities often coincide,
leading to the “metabolic syndrome” and diabetes. Excessive calo-
ric intake contributes to the development of obesity [1]. Lifestyle
modification with caloric restriction (CR) is a key component of
the treatment of obesity and diabetes. CR is also the only interven-
tion known to extend the lifespan in a range of organisms, includ-
ing mammals, and improves obesity-related disorders through
defined and undefined mechanisms [2,3]. Indeed, a reduction in
food intake in obese patients elicits body weight (BW) loss and im-
proves metabolic parameters [1-3].

Endoplasmic reticulum (ER) stress is evident in obese animals
and humans [4-7] and is thought to play a crucial role in the devel-
opment of insulin resistance and the pathogenesis of diabetes
[4,5,8-10]. The ER is an intracellular organelle that coordinates the
synthesis, folding and trafficking of proteins. During stress, unfolded
and misfolded proteins accumulate in the ER and initiate an adaptive
response known as the unfolded protein response (UPR) via three ER
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transmembrane proteins, PKR-like ER kinase (PERK), inositol-
requiring enzyme 1 (IRE1) and activating transcription factor (ATF)
6 [8-10].

ER stress is evident in the liver and adipose tissues of obese
mice [4-8] and activates c-Jun NH,-terminal kinase (JNK), which
inhibits insulin signaling via serine-phosphorylation of insulin
receptor substrate-1 (IRS-1). By contrast, chemical chaperones
such as 4-phenyl butyric acid (PBA) reduced ER stress, the UPR
and JNK activation, and hence improved insulin sensitivity in obese
animals [5,8]. During ER stress, activated PERK phosphorylates
eukaryotic translation initiation factor (elF) 20, thereby inhibiting
80S ribosome assembly and protein synthesis, and consequently
decreasing the functional demand on the ER. Phosphorylation of
elF2o causes a general decrease in translation, although some pro-
teins such as ATF4 are translated more efficiently [10] while acti-
vated IRE1 induces the cleavage of the X-box-binding protein 1
(XBP1) mRNA, generating a spliced variant (XBP1s).

Although ER stress is upregulated in obese animals, the effects
of CR on ER stress have not been elucidated. Nutrient starvation,
in addition to nutrient excess, could lead to ER stress [8-11]. Since,
during CR, various nutrients and energy are restricted due to lim-
ited intake, CR procedure might induce ER stress. Thus, the effects
of CR on ER stress and UPR are largely unknown and should be
determined. In addition, understanding the CR-mediated changes
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in ER function might reveal important information for the clinical
use of CR. Therefore, the purpose of this study was to evaluate
the effects of CR on ER stress in key metabolic tissues in obese
animals.

2. Materials and methods
2.1. Animals and CR procedure

All mice used in the present study were purchased from Charles
River Japan, Inc. Mice were fed a standard chow (3.9% fat, 54.7%
carbohydrate, 18.8% protein by calories; Nosan Corporation, Yoko-
hama, Japan) ad libitum (AL) for 1 week. They were then divided to
the experimental groups and housed individually. All procedures
were approved by the Animal Care and Use Committee of Kuma-
moto University. Three experiments, Studies 1-3, were performed.

In Study 1, 5-week-old male C57BL/6] (lean) and ob/ob mice
were used. The obese mice were randomized to receive either CR
(ob-CR) or AL (ob-AL) feeding (n = 24/group). To reduce food intake
and BW, the ob-CR mice were given a reduced amount of regular
chow (2 g food/day), as previously described [12]. This interven-
tion maintained the BW of ob/ob mice comparable to that of AL-
fed C57BL/6 mice and further extended the lifespan of ob/ob mice
[12]. Ob-AL and lean-AL mice were given free access to the food.

Studies 2 and 3 were designed to investigate the effects of CR on
ER stress and UPR. In Study 2, we compared the effects of CR and PBA
administration on ER stress in ob/ob mice. Mice were fed a regular
chow containing PBA (1 g/kg/day) (ob-PBA) [5] or vehicle (0.9% sal-
ine) either AL (ob-AL) or under CR conditions (2 g food/day, ob-CR)
for 4 weeks (n = 5/group). All mice were given 0.5 g of the respective
diet containing PBA or vehicle from 9:00 to 12:00. The ob-PBA and
ob-AL mice were allowed to free access to food while food was re-
stricted in ob-CR mice as described in Study 1.

In Study 3, 6-week-old male KK and KK-Ay mice were given free
(KK-AL and Ay-AL, respectively) or restricted (KK-CR and Ay-CR,
respectively) access to food for 2 weeks (n = 5/group) as described
in Study 1.

Metabolic parameters, and glucose and insulin tolerance tests
(GTT and ITT) were evaluated as previously described [13,14]. Plas-
ma and tissue triglyceride (TG) levels were measured using a kit
from Wako Pure Chemical (Osaka, Japan).

2.2. Western blot analysis

Anesthetized mice were intraperitoneally injected with saline
or regular insulin (2 U/kg BW). The liver and adipose tissues were
dissected 15 min after the injection and immediately frozen in li-
quid nitrogen. Western blotting was performed as described previ-
ously [13,14] using antibodies purchased from Cell Signaling
Technology, except for anti-ATF4 antibody, which was purchased
from Santa Cruz Biotechnology Inc.

2.3. Quantitative real-time RT-PCR (qRT-PCR) analysis

qRT-PCR was performed as previously reported [14] using spe-
cific primer sets (Supplementary Table S1). The relative expression
of mRNA was calculated for each gene using 18S ribosomal RNA
(18S) as an internal control.

2.4. Data analysis

All data are presented as means * standard deviation (SD) and
were analyzed using Student’s t-test or one-way analysis of vari-
ance as appropriate. A p value < 0.05 was considered statistically
significant.

3. Results
3.1. Effects of CR on body weight and glucose metabolism

Food intake was significantly higher in ob-AL mice than in lean-
AL mice throughout the study, while ob-CR consumed less food
than lean-AL (Fig. 1A). The CR procedure used in this study reduced
the BW of the ob/ob mice during the first 2 weeks of feeding
(Fig. 1B). The BW of ob-CR mice was significantly lower than that
of ob-AL mice at 1 week (p<0.05), and was similar to that of
lean-AL mice at 2 weeks. After 2 weeks, the growth curves for ob-
CR and lean-AL were comparable, and the BW of ob-AL mice was
significantly greater than that of ob-CR and lean-AL mice.

After 4 weeks of feeding, fasting glucose, insulin and serum TG
levels, and homeostasis model assessment of insulin resistance
(HOMA-IR) were significantly lower in ob-CR mice than in ob-AL
mice (Table 1). Glucose tolerance was markedly improved in ob-CR
mice compared with that in ob-AL mice, and no difference between
ob-CR and lean-AL mice was observed (Fig. 1C), suggesting that CR
strongly improved glucose tolerance in ob/ob mice. However,
CR did not significantly improve systemic insulin sensitivity
(Fig. 1D) because insulin resistance was evident in ob-CR and ob-
AL mice as compared with lean-AL mice. These results indicate dif-
ferential effects of CR on glucose tolerance and insulin sensitivity
in ob/ob mice.

3.2. CR reduced fat accumulation in ob/ob mice

To quantitatively investigate fat accumulation in insulin-sensi-
tive tissues and the effects of CR, we measured TG content in the
liver and quadriceps skeletal muscle. TG content in these tissues
was significantly lower in ob-CR mice than in ob-AL mice (Supple-
mentary Table S2), but was significantly greater than that in lean-
AL mice (data not shown). Despite the similar BW, the increased
tissue TG content in ob-CR mice may be due to the deficit in leptin
action in these mice [15,16].

3.3. CR for 2 and 4 weeks, but not 1 week, reduced hepatic ER stress in
ob/ob mice

We investigated how CR affects hepatic ER stress in ob/ob mice.
Increased phosphorylation of PERK and elF2a were evident in the
liver of ob-AL mice compared with lean-AL mice after 4 weeks of
treatment, and were reduced in ob-CR mice by 59% and 51% ,
respectively (p < 0.01)(Fig. 2A, B). Next, we investigated the effects
of CR for 1 and 2 weeks. CR for 2 weeks significantly reduced the
phosphorylation of PERK and elF2a by 40% and 36%, respectively
(both, p <0.05) compared with ob-AL mice. On the other hand,
CR for 1 week did not affect the phosphorylation of PERK (Supple-
mentary Fig. S1A and B). These results suggest that CR for 2-
4 weeks could reduce hepatic ER stress in ob/ob mice.

To confirm the CR-mediated changes in PERK and elF2a phos-
phorylation, we determined the mRNA and protein expression of
ATF4, a UPR gene downstream of elF2a. ATF4 protein and mRNA
levels were significantly higher in ob-AL mice than in lean-AL mice,
and were reduced by 4 weeks of CR (Fig. 2A-C). qRT-PCR analyses
revealed significant increases in the mRNA expression of glucose-
regulated protein 78 kDa (GRP78) and XBP1s, but not of C/EBP
homologous protein (CHOP), in the liver from ob-AL mice com-
pared with those from lean-AL mice. After 4 weeks of treatment,
the mRNA expression of GRP78 and XBP1s was significantly re-
duced in ob-CR mice compared with that in ob-AL mice (Fig. 2C).
Interestingly, CHOP mRNA expression was decreased in ob-CR mice
compared with both ob-AL and lean-AL mice (Fig. 2C). Similar data
on the mRNA expression of ATF4 and GRP78 were obtained in mice
treated for 2 weeks (data not shown).
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Fig. 1. Effects of caloric restriction (CR) on food intake (A), body weight (B), glucose tolerance (C) and insulin tolerance (D) in ob/ob mice. Data are means + SD (n = 7-9/group).
*p < 0.05 vs ob-AL mice. Open circles: ob-AL; closed circles: ob-CR; open triangles: lean-AL.

Table 1
Metabolic parameters of ob-AL, ob-CR and lean-AL after 4 weeks of treatment.
lean-AL ob-AL ob-CR

Body weight (g) 229+24 41.6 £2.3* 21.4+1.0%
Fasting blood glucose (mg/dL) 82.3+14.8 1423+255* 109.0 +18.9*#
Fasting insulin (ng/mL) 1.1+01 53+0.9" 2.8+0.8%
HOMA-IR 49+0.1 42.8+10.5* 18.1+7.2%%
Serum TG (mg/dL) 283+38 74.0+9.7* 32.1+14.7%

Data are means + SD (n = 7-9/group). *p < 0.05 vs lean-AL mice; *p < 0.05 vs ob-AL
mice. HOMA-IR: homeostasis model assessment insulin resistance; TG: triglyceride;
lean-AL: ad libitum-fed C57BL/6] mice; ob-AL: ad libitum-fed ob/ob mice; ob-CR:
caloric-restricted ob/ob mice.

3.4. CR for 2 and 4 weeks, but not for 1 week, reduced ER stress in
epididymal fat tissue in ob/ob mice

Next, we investigated the effects of CR on ER stress in adipose
tissue. Increased phosphorylation of PERK and elF2a were evident
in the adipose tissue of ob-AL mice compared with lean-AL mice,
both of which were clearly reduced in ob-CR mice treated for
4 weeks (by 77% and 65%, respectively, versus ob-AL mice; both,
p <0.01) (Fig. 3A, B). CR for 2 weeks elicited weaker, but statisti-
cally significant (p <0.05) decreases in the phosphorylation of
PERK and elF2or of 35% and 42%, respectively. However, CR for
1 week did not reduce the phosphorylation of PERK in adipose tis-
sue (Supplementary Fig. S1C and D).

ATF4 mRNA and protein expression (Fig. 3C, A, B, respectively) was
significantly higher in ob-AL mice than in lean-AL mice, and was sig-
nificantly reduced in ob-CR mice treated for 4 (Fig. 3A-C) and 2 weeks
(data not shown). The inhibitory effect of CR for 4 weeks on ER stress
in adipose tissue was confirmed by qRT-PCR of GRP78 and CHOP
(Fig. 30).

3.5. PBA and CR for 4 weeks reduced hepatic ER stress in ob/ob mice

Next, we investigated the effect of the chemical chaperone PBA
on hepatic ER stress and compared its effects with those of CR for
4 weeks. Oral administration of PBA did not affect food intake, and
the BW of ob-PBA mice was similar to that of vehicle-treated ob-AL
mice (data not shown), as previously reported [5]. However, PBA
significantly reduced the phosphorylation of PERK and elF2o and
the protein expression of ATF4 (Supplementary Fig. S2A and B).
Although the effects on PERK were similar, the effects of CR on
elF2o and ATF4 were significantly greater than those induced by
PBA (p < 0.05).

3.6. Effects of CR on hepatic insulin signaling in ob/ob mice

We next investigated the effects of CR on hepaticinsulin signaling
in terms of Akt (Ser-473) phosphorylation, a sensitive marker for
insulin action. In the absence of exogenous insulin stimulation,
which reflects insulin action induced by endogenously secreted
insulin after an overnight fast, Akt phosphorylation was significantly
reduced in ob-AL mice compared with lean-AL mice (Fig. 4A, B). CR
significantly increased Akt phosphorylation by 156% compared with
ob-AL mice. Furthermore, exogenously administered insulin
strongly enhanced Akt phosphorylation in lean-AL mice. In ob-AL
mice, insulin-stimulated Akt phosphorylation was 41% lower than
that in lean-AL mice, and was partially but significantly increased
by CR by 47% (p < 0.01) compared with that in ob-AL mice. These
results suggest that CR improved hepatic insulin signaling in basal
and insulin-stimulated states in ob/ob mice.

3.7. Effects of CR on hepatic JNK signaling in ob/ob mice

Expression of markers for insulin resistance associated with ER
stress, including JNK phosphorylation and Ser-307 phosphorylation
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Fig. 2. Effects of CR on hepatic ER stress markers in ob/ob mice. (A) Representative Western blots for phosphorylated PERK (p-PERK) and elF2a (p-elF2a), and the protein
expression of PERK, elF2a, ATF4 and B-actin after 4 weeks of treatment. (B) Quantification of p-PERK, p-elF2a and ATF4 protein expression normalized for total protein levels
and B-actin. (C) qRT-PCR analyses of ATF4, GRP78, CHOP and XBP1s mRNA expression. *p < 0.05 vs ob-AL mice.

A B p-PERK p-elF2a. ATF4
p-PERK | o 5
-

PERK | wo

1

:

p-elF2o —

Fold lean-AL

elF2q; | w—

—
ATF4 | = - o

B-actin [ e

Fold lean-AL

FrE Fr S &

A

& & &

AN
\eoo ¥ O

° ¢
Fig. 3. Effects of CR on ER stress in adipose tissue. (A) Representative western blots for phosphorylated and total protein expression of PERK, elF2o, ATF4 and B-actin in

epididymal fat after 4 weeks of treatment. (B) Quantification of p-PERK, p-elF2a and ATF4 protein levels. (C) qRT-PCR analyses for ATF4, GRP78 and CHOP mRNA expression.
*p < 0.05 vs ob-AL mice.
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Fig. 4. Effects of CR on hepatic insulin signaling and JNK activation in ob/ob mice. Mice were fasted overnight and injected with insulin or 0.9% saline. (A) Representative
western blots for insulin-induced phosphorylated (p-Akt) and total Akt protein expression. (B) Quantification of Akt phosphorylation. (C) Respresentative Western blots for
phosphorylation of IRS-1 at serine residue (Ser-307) and JNK (Thr-183/Thr-185). (D) Quantification of IRS-1 and JNK phosphorylation. *p < 0.05 vs ob-AL mice.

of IRS-1, which is mediated by JNK activation, were investigated by
western blotting. The phosphorylation of these molecules were sig-
nificantly increased in ob-AL mice compared with lean-AL mice
(Fig. 4C, D). CR significantly reduced the phosphorylation of both
molecules by 41% and 45%, respectively, versus ob-AL mice (both,
p <0.05).

3.8. CR reduced hepatic ER stress in KK and KK-Ay mice

To extend our findings in CR-induced reduction of hepatic ER
stress in ob/ob mice, similar experiments were performed in an-
other model of obesity, namely KK and KK-Ay mice. As expected,
CR for 2 weeks significantly reduced the phosphorylation of PERK
and elF2o and ATF4 protein expression in the liver of these animals
(Supplementary Fig. S3A and B).

4. Discussion

In the present study, we demonstrated, for the first time, that
CR for 2-4 weeks reduced ER stress in the liver and adipose tissue
in a leptin-deficient model of obesity (ob/ob mice), and in other ob-
ese animals. The CR-mediated reduction in ER stress in ob/ob mice
was accompanied by significant weight-loss, reduced hepatic TG
content, and improved glucose and lipid metabolism. Although
systemic insulin sensitivity was not significantly improved, hepatic
insulin signaling was significantly increased by CR. Importantly,
JNK and IRS-1 serine phosphorylation were both reduced by CR.
Because these two effects are characteristic changes induced in
part by IRE1 activation during obesity-related ER stress [4,5,7,8],
the reduced phosphorylation of both molecules suggest that CR
suppresses IRE1 activity. During CR-mediated weight-loss, ob/ob
mice may lose fat tissue and skeletal muscle mass [16], an impor-
tant determinant for insulin-induced glucose clearance. This may
partially explain the differential effects of CR on glucose tolerance
and insulin sensitivity. It is unsurprising that not all of the

characteristic phenotypes of ob/ob mice can be normalized by CR
alone and that leptin administration may be required to improve
all of the metabolic disorders in ob/ob mice [15,17,18]. The CR-in-
duced improvements in metabolic status observed in our study are
consistent with those reported in other studies showing that CR in
ob/ob or db/db mice partially improved glucose and lipid metabo-
lism [17-19].

To date, only one clinical study of obese non-diabetic subjects
has demonstrated that weight-loss by gastric bypass surgery re-
duced ER stress in liver and fat tissues, and improved metabolic
parameters [7]. In the study, the authors showed reductions in sev-
eral ER stress markers at 1 year after the surgery. Surgery is an
effective approach for achieving weight-loss in obese patients
and the effects of the surgery were achieved by reduced food in-
take and suppressed intestinal absorption and activation of the
sympathetic nervous system [20]. Because of limitations in human
studies, the short-term effects of surgery were not evaluated. By
contrast, we investigated the effects of food restriction alone and
the short-term effects of CR on ER stress markers, and demon-
strated that CR reduced ER stress within 2-4 weeks. Our findings
are consistent with their report because most of the observations
on ER stress markers, weight loss, and glucose and lipid metabo-
lism were similar [7]. Importantly, CR for 1 week did not signifi-
cantly reduced PERK phosphorylation in ob/ob mice, suggesting
that weight loss or reduced tissue TG content are involved in CR-
mediated regulation of ER stress.

We also observed parallel changes in PERK, elF2a and ATF4, as
well as other UPR markers, in most cases investigated, suggesting
that CR primarily reduces the load for protein folding in the ER
in obese animals, and thus reduces the activity of PERK followed
by regulation of the elF20—ATF4 axis.

The exact cause of ER stress in obesity is still unknown [8-10].
In the present study, although food intake and the nutrient influx
to organs significantly declined after the initiation of CR, CR for
1 week failed to reduce ER stress, indicating that the reduction in
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nutrient influx to liver or adipose tissues could not fully explain the
CR-mediated reduction in ER stress. These results also suggest that
a period of reduced food intake exceeding 1 week is needed to sig-
nificantly reduce ER stress in ob/ob mice.

The CR-mediated reductions in ER stress, BW and tissue TG con-
tent were greater after 4 weeks than after 2 weeks, suggesting
time-dependent effects of CR on these parameters. Furthermore,
excess nutrient supply and tissue lipid accumulation may cause
these metabolic disorders. The effects of further reductions of food
intake and other CR methods, such as intermittent fasting [21], on
ER stress in the liver and adipose tissues as well as in other impor-
tant tissues including the heart, brain and kidney in obese animals
should be addressed in future studies.

Our results, showing that CR for 4 weeks reduced ER stress in
ob/ob mice and previous observations in obese subjects [7], suggest
that the effects of CR on ER stress in obesity are independent of the
leptin signal because the circulating leptin concentrations decrease
during/after weight loss in obese subjects, and ob/ob mice have an
absolute deficit in leptin signaling. Furthermore, high concentra-
tions of leptin in obese animals, except for ob/ob mice, are associ-
ated with increased ER stress in liver and fat tissues and the
recently reported finding that the administration of PBA, but not
leptin, reduced hypothalamic ER stress [22], suggest that leptin
may not directly reduce ER stress. Because we did not analyze
the effects of leptin in this study, this should be addressed in
future studies.

Although the CR-mediated improvement in hepatic insulin
resistance was closely associated with reductions in visceral fat
and liver TG content [23,24], other possible mechanisms for this
improvement might include reductions in oxidative stress, produc-
tion of proinflammatory cytokines [1-3] and ER stress. Indeed,
ATF4 was recently reported to be involved in the regulation of
obesity, glucose metabolism and energy expenditure [25-27]. We
have demonstrated that CR effectively reduces obesity-related
upregulation of ATF4, suggesting a possible novel pathway for
the prevention and treatment of obesity-related disorders.

In conclusion, in this study we explored the effects of CR on ER
stress in obese animal models. We found that CR reduced ER stress
in the liver and fat tissue of several animal models of obesity. Our
results may provide further insight into the regulation of ER stress
in obesity.

Acknowledgments

This work was supported by Grants-in-Aid for Scientific Research
from the Japan Society for the Promotion of Science (10007923 to
H.M. and 08093034 to E.A.). We wish to thank Dr. Barry ]. Goldstein
(Merck Research Laboratories, Rahway, NJ) and Dr. Kenshi Ichinose
in our department for their scientific suggestions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2010.11.120.

References

[1] G.M. Reaven, The insulin resistance syndrome: definition and dietary
approaches to treatment, Annu. Rev. Nutr. 25 (2005) 391-406.

[2] L. Bordone, L. Guarente, Calorie restriction, SIRT1 and metabolism: understand
ing longevity, Nat. Rev. Mol. Cell Biol. 6 (2005) 298-305.

[3] L. Fontana, S. Klein, Aging, adiposity, and calorie restriction, JAMA 297 (2007)
986-994.

[4] U. Ozcan, Q. Cao, E. Yilmaz, A.H. Lee, N.N. Iwakoshi, E. Ozdelen, G. Tuncman, C.
Gorgiin, LH. Glimcher, G.S. Hotamisligil, Endoplasmic reticulum stress links
obesity, insulin action, and type 2 diabetes, Science 306 (2004) 457-461.

U. Ozcan, E. Yilmaz, L. Ozcan, M. Furuhashi, E. Vaillancourt, R.O. Smith, C.Z.

Gorgtin, G.S. Hotamisligil, Chemical chaperones reduce ER stress and restore

glucose homeostasis in a mouse model of type 2 diabetes, Science 313 (2006)

1137-1140.

N.K. Sharma, S.K. Das, A.K. Mondal, 0.G. Hackney, W.S. Chu, P.A. Kern, N.

Rasouli, H.J. Spencer, A. Yao-Borengasser, S.C. Elbein, Endoplasmic reticulum

stress markers are associated with obesity in nondiabetic subjects, J. Clin.

Endocrinol. Metab. 93 (2008) 4532-4541.

[7] M.F. Gregor, L. Yang, E. Fabbrini, B.S. Mohammed, J.C. Eagon, G.S. Hotamisligil,
S. Klein, Endoplasmic reticulum stress is reduced in tissues of obese subjects
after weight loss, Diabetes 58 (2009) 693-700.

[8] G.S. Hotamisligil, Endoplasmic reticulum stress and the inflammatory basis of
metabolic disease, Cell 140 (2010) 900-917.

[9] RJ. Kaufman, D. Scheuner, M. Schroder, X. Shen, K. Lee, C.Y. Liu, S.M. Arnold,
The unfolded protein response in nutrient sensing and differentiation, Nat.
Rev. Mol. Cell Biol. 3 (2002) 411-421.

[10] D. Ron, P. Walter, Signal integration in the endoplasmic reticulum unfolded
protein response, Nat. Rev. Mol. Cell Biol. 8 (2007) 519-529.

[11] J.C. Gonzales, C.L. Gentile, K.T. Pfaffenbach, Y. Wei, D. Wang, MJJ. Pagliassotti,
Chemical induction of the unfolded protein response in the liver increases
glucose production and is activated during insulin-induced hypoglycaemia in
rats, Diabetologia 51 (2008) 1920-1929.

[12] D.E. Harrison, J.R. Archer, C.M. Astle, Effects of food restriction on aging:
separation of food intake and adiposity, Proc. Natl. Acad. Sci. USA 81 (1984)
1835-1838.

[13] S. Morino, T. Kondo, K. Sasaki, H. Adachi, M.A. Suico, E. Sekimoto, T. Matsuda, T.
Shuto, E. Araki, H. Kai, Mild electrical stimulation with heat shock ameliorates
insulin resistance via enhanced insulin signaling, PLoS One 3 (2008) e4068.

[14] N. Ishii, T. Matsumura, H. Kinoshita, K. Fukuda, H. Motoshima, T. Senokuchi, S.
Nakao, A. Tsutsumi, S. Kim-Mitsuyama, T. Kawada, M. Takeya, N. Miyamura, T.
Nishikawa, E. Araki, Nifedipine induces peroxisome proliferator-activated
receptor-gamma activation in macrophages and suppresses the progression of
atherosclerosis in apolipoprotein E-deficient mice, Arterioscler. Thromb. Vasc.
Biol. 30 (2010) 1598-1605.

[15] N. Levin, C. Nelson, A. Gurney, R. Vandlen, F. de Sauvage, Decreased food intake
does not completely account for adiposity reduction after ob protein infusion,
Proc. Natl. Acad. Sci. USA 93 (1996) 1726-1730.

[16] M. Breslow, K. Min-Lee, D.R. Brown, V.P. Chacko, D. Palmer, D.E. Berkowitz,
Effect of leptin deficiency on metabolic rate in ob/ob mice, Am. ]. Physiol. 276
(1999) 443-449.

[17] AM. van den Hoek, B. Teusink, P.J. Voshol, L.M. Havekes, J.A. Romijn, H. Pijl,
Leptin deficiency per se dictates body composition and insulin action in ob/ob
mice, J. Neuroendocrinol. 20 (2008) 120-127.

[18] J.M. Friedman, Leptin at 14y of age: an ongoing story, Am. J. Clin. Nutr. 89
(2009) 973-979.

[19] A.M. Stranahan, K. Lee, B. Martin, S. Maudsley, E. Golden, R.G. Cutler, M.P.
Mattson, Voluntary exercise and caloric restriction enhance hippocampal
dendritic spine density and BDNF levels in diabetic mice, Hippocampus 19
(2009) 951-961.

[20] A. Guijarro, S. Suzuki, C. Chen, H. Kirchner, F.A. Middleton, S. Nadtochiy, P.S.
Brookes, A. Niijima, A. Inui, M.M. Meguid, Characterization of weight loss and
weight regain mechanisms after Roux-en-Y gastric bypass in rats, Am. J.
Physiol. Regul. Integr. Comp. Physiol. 293 (2007) 1474-1489.

[21] RM. Anson, Z. Guo, R. de Cabo, T. Iyun, M. Rios, A. Hagepanos, D.K. Ingram,
M.A. Lane, M.P. Mattson, Intermittent fasting dissociates beneficial effects of
dietary restriction on glucose metabolism and neuronal resistance to injury
from calorie intake, Proc. Natl. Acad. Sci. USA 100 (2003) 6216-6220.

[22] L. Ozcan, AS. Ergin, A. Ly, J. Chung, S. Sarkar, D. Nie, M.G. Myers Jr., U. Ozcan,
Endoplasmic reticulum stress plays a central role in development of leptin
resistance, Cell Metab. 9 (2009) 35-51.

[23] N. Barzilai, S. Banerjee, M. Hawkins, W. Chen, L. Rossetti, Caloric restriction
reverses hepatic insulin resistance in aging rats by decreasing visceral fat, J.
Clin. Invest. 101 (1998) 1353-1361.

[24] AP. Viljanen, P. lozzo, R. Borra, M. Kankaanpdd, A. Karmi, R. Lautamadki, M.
Jarvisalo, R. Parkkola, T. Rénnemaa, L. Guiducci, T. Lehtimdki, O.T. Raitakari, A.
Mari, P. Nuutila, Effect of weight loss on liver free fatty acid uptake and hepatic
insulin resistance, J. Clin. Endocrinol. Metab. 94 (2009) 50-55.

[25] J. Seo, E.S. Fortuno 3rd, J.M. Suh, D. Stenesen, W. Tang, E.J. Parks, C.M. Adams, T.
Townes, .M. Graff, Atf4 regulates obesity, glucose homeostasis, and energy
expenditure, Diabetes 58 (2009) 2565-2573.

[26] S. Oyadomari, H.P. Harding, Y. Zhang, M. Oyadomari, D. Ron,
Dephosphorylation of translation initiation factor 2alpha enhances glucose
tolerance and attenuates hepatosteatosis in mice, Cell Metab. 7 (2008) 520-
532.

[27] T. Yoshizawa, E. Hinoi, D.Y. Jung, D. Kajimura, M. Ferron, ]J. Seo, ].M. Graff, ].K.
Kim, G. Karsenty, The transcription factor ATF4 regulates glucose metabolism
in mice through its expression in osteoblasts, J. Clin. Invest. 119 (2009) 2807-
2817.

[5

[6


http://dx.doi.org/10.1016/j.bbrc.2010.11.120

	Caloric restriction decreases ER stress in liver and adipose tissue in ob/ob mice
	Introduction
	Materials and methods
	Animals and CR procedure
	Western blot analysis
	Quantitative real-time RT-PCR (qRT-PCR) analysis
	Data analysis

	Results
	Effects of CR on body weight and glucose metabolism
	CR reduced fat accumulation in ob/ob mice
	CR for 2 and 4weeks, but not 1week, reduced hepatic ER stress in ob/ob mice
	CR for 2 and 4weeks, but not for 1week, reduced ER stress in epididymal fat tissue in ob/ob mice
	PBA and CR for 4weeks reduced hepatic ER stress in ob/ob mice
	Effects of CR on hepatic insulin signaling in ob/ob mice
	Effects of CR on hepatic JNK signaling in ob/ob mice
	CR reduced hepatic ER stress in KK and KK-Ay mice

	Discussion
	Acknowledgments
	Supplementary data
	References


