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Fig. 4. Ghrelin receptor neurons and the localization of ghrelin peptide in a ghrelin receptor reporter mouse. (A) Locations of neurons that express
the ghrelin receptor in a section through the lumbar spinal cord. An area of the intermediolateral cell nucleus (IML), containing ghrelin receptor
expressing neurons, is outlined. The neurons have been localized using anti-EGFP. Landmarks labeled are the central canal (cc), the dorsal horn
(Dors horn), and the ventral horn (Vent horn). (A’) Higher power view of the area that is marked in A. Receptor expression is seen in nerve cells and
the initial parts of their dendrites, and in varicosities within the IML. (B, B’) Ghrelin receptor (B) and ghrelin (B') immunoreactivity in the same field,
using double staining. Note that no ghrelin is revealed in B’. (C) Localization of ghrelin in gastric endocrine cells of the reporter mouse using the
identical immunohistochemical method of B, B’. Ghrelin immunoreactivity is strong in the endocrine cells. Results using antibody RY1601 are
illustrated; the same observation was made with the other antibodies. (D, D') Presence of NPY (D) and lack of ghrelin immunoreactivity (D’) in nerve
terminals of the rat hypothalamus. The region illustrated is adjacent to the third ventricle (V3), an area that contains neurons with ghrelin receptors.
Nerve terminals are revealed with anti-NPY, but none are revealed by anti-ghrelin (antibody GO1, 1:2000). Scale bars: (A), 250 um; (A’), 25 um; (B,
B’ and C), 250 um; (D, D" and C), 100 um. For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.

say for ghrelin using ELISA showed that ghrelin-like ma- compared to stomach, despite the fact that the gastric
terial occurs in very low concentrations in extracts of CNS, endocrine cells are a small proportion of the cells of the
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Fig. 5. Concentrations of immunoreactive ghrelin equivalents, determined by ELISA, in tissues and plasma of wild-type and ghrelin—/— mice. (A)
Ghrelin-like material occurred in high concentrations in extracts of stomach of wild-type mice, but only in low amounts in the knockouts. Concentrations
in the hypothalamus were about one hundredth of gastric concentrations. (B) Ghrelin-like material assayed in normal plasma was eliminated when the
ghrelin gene was knocked out. (C) The small amounts of ghrelin-like material in the hypothalamus and spinal cord extracts were not significantly

reduced by knock out of the ghrelin gene.

stomach wall. This parallels previous observations in rat
(Hosoda et al., 2000) and sheep (Grouselle et al., 2008). In
ghrelin knockout mice, the amount of ghrelin-like immuno-
reactivity in hypothalamic extracts was only partly reduced,
suggesting that there may be a ghrelin-like substance in
the CNS that is not a product of the ghrelin gene. If such a
substance exists, it could have a low affinity for the ELISA
assay, and thus it might be present in significant amount.
Our result is consistent with the observations of Wortley et
al. (2004), who found that ghrelin-like immunoreactivity of
CNS neurons was unaffected by ablation of the ghrelin
gene. It is possible that other products of the ghrelin gene
are present in the wild-type animals. Ghrelin is derived
from a longer 117 amino acid translation product, pre-
proghrelin. This is predicted to provide several post-trans-
lation products, some of which contain ghrelin or ghrelin
fragments (Seim et al., 2011). Moreover, alternative splic-
ing may vyield other species of preproghrelin, including
partly frame-shifted products. In mouse hypothalamus, a
transcript that retains intron 2 is the most abundant product
of the ghrelin gene (Kineman et al., 2007). Thus, it is
feasible that peptides are produced in the CNS that contain
amino acid sequences in common with ghrelin, but that are
not authentic ghrelin and that may or may not be acylated.
It is also feasible that some anti-ghrelin antibodies react
with such related peptides, which may explain some re-
sults that have been reported. Variations in published work
include differences in places of localization of immunore-
activity and differences in cellular localization, for example
different abilities to reveal nerve cells and nerve terminals,
as we have summarized in the Introduction. At least some
of the ghrelin-mimicking substance in mice is probably not
a product of the ghrelin gene because, as elaborated in the
Introduction, ghrelin reporter mice do not reveal expres-
sion in the CNS, whereas signal was observed in gastric
endocrine cells (Wortley et al., 2004; Kageyama et al,,
2008; Sakata et al., 2009). Although it might be considered

that expression of transgenes is incomplete in the reporter
mice, the results with the different reporter constructs all
show lack of ghrelin, as do the present immunohistochem-
ical studies. It is possible that authentic 28 amino-acid
acylated ghrelin may be produced in some conditions of
changed environment, physiological state, or behavior.
Relevant to this consideration is the observation that ghre-
lin mMRNA expression fluctuates with a circadian or ultra-
dian rhythm and that the gene contains CLOCK-respon-
sive E-box elements (Turek et al., 2005; Fick et al., 2010).
The 24-h variation in ghrelin mRNA is abolished, and
absolute levels are substantially reduced in Clock mutant
mice (Turek et al., 2005). It is feasible that there are also
circadian or ultradian influences on the products of ghrelin
gene transcripts.

While this study and others suggest that ghrelin is not
expressed in significant amounts in neurons in the CNS of
rats or mice, the peptide may be present in other species.
In particular, an immunohistochemical study of human
brain revealed strong labeling of nerve fibers in hypotha-
lamic nuclei, while no reaction was detected in neuronal
cell bodies (Menyhért et al., 2006). The antibodies used in
that study were raised against the unacylated form of
ghrelin and reveal a 13 kDa proghrelin in Western blots
(Cowley et al., 2003).

Although agonists of ghrelin receptors have effects
within the forebrain, brain stem, and spinal cord, it is only
in the forebrain that current data provides indications of
roles of endogenous ghrelin on central neurons in addition
to its established role in the stimulation of appetite. Periph-
erally administered ghrelin accesses a number of forebrain
regions, including the hippocampus (Diano et al., 2006).
Ghrelin enhances learning and memory and increases
numbers of synapses per dendritic area in the hippocam-
pus (Diano et al., 2006). Other central effects of increased
circulating ghrelin, in physiologically relevant amounts, are
anxiolytic and antidepressant actions (Lutter et al., 2008),
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and increased expression of food-reward behavior (Perello
et al.,, 2010; Chuang et al., 2011). Chuang et al. (2011)
found that hedonic eating behavior induced by peripherally
administered ghrelin was lost if ghrelin receptor expression
was deleted and was restored when receptor expression
was rescued selectively in catecholamine neurons. These
data indicate that peripheral ghrelin accesses catechol-
amine neurons of the ventral tegmental area.

In the spinal cord, ghrelin receptor agonists or direct
intrathecal administration of ghrelin activates autonomic
preganglionic neurons that raise blood pressure, and in-
crease colo-rectal motility and contractility of the bladder,
but peripherally administered ghrelin is not effective (Shi-
mizu et al., 2006; Ferens et al., 2010a,b; Hirayama et al.,
2010). In the present work, we have shown that ghrelin-
containing nerve endings do not impinge on the autonomic
preganglionic neurons. The presence of functional ghrelin
receptors on neurons, not innervated by ghrelin-containing
synapses, that are in places that are not accessible to
circulating or peripherally administered ghrelin suggests
the presence of a natural, but unknown, receptor ligand in
nerve terminals. In addition, the ghrelin receptor is consti-
tutively active (Holst and Schwartz, 2004), and it is possi-
ble that modification of this constitutive activity, perhaps
through an endogenous inverse agonist, has a controlling
role for autonomic pathways. Thus, there is a need to look
for effects of antagonists or inverse agonists on specific
functions in order to determine roles for ghrelin receptors in
regions of the CNS such as the spinal cord.

CONCLUSIONS

We conclude that there is little or no authentic ghrelin in the
CNS of rats and mice housed under laboratory conditions.
Ghrelin-like immunoreactivity that has been reported in
these species is likely to be due to detection of precursors
or substances that have sufficient similarity to ghrelin to
cross-react with the antibodies. Neurons that express the
ghrelin receptor are not innervated by nerve terminals that
contain detectable ghrelin. Thus, the natural endogenous
ligand for these receptors is unlikely to be ghrelin.

Acknowledgments—This work was supported by a grant from the
National Health and Medical Research Council of Australia (grant
number 1005811). We thank James Brock for helpful discussion
of the project and the manuscript. Microscope facilities were pro-
vided by the Australian Phenomics Network Histopathology and
Organ Pathology Node.

REFERENCES

Andrews ZB, Erion D, Beiler R, Liu ZW, Abizaid A, Zigman J, Elsworth
JD, Savitt JM, DiMarchi R, Tschoep M, Roth RH, Gao XB, Horvath
TL (2009) Ghrelin promotes and protects nigrostriatal dopamine
function via a UCP2-dependent mitochondrial mechanism. J Neu-
rosci 29:14057-14065.

Andrews ZB, Liu ZW, Walllingford N, Erion DM, Borok E, Friedman JM,
Tschop MH, Shanabrough M, Cline G, Shulman GI, Coppola A,
Gao XB, Horvath TL, Diano S (2008) UCP2 mediates ghrelin's
action on NPY/AgRP neurons by lowering free radicals. Nature
454:846—-852.

Boyer PA, Trembleau A, Leviel V, Arluison M (1994) Effects of intrani-
gral injections of colchicine on the expression of some neuropep-
tides in the rat forebrain: an immunohistochemical and in situ
hybridization study. Brain Res Bull 33:541-560.

Canpolat S, Aydin M, Yasar A, Colakoglu N, Yilmaz B, Kelestimur H
(2006) Effects of pinealectomy and exogenous melatonin on im-
munohistochemical ghrelin staining of arcuate nucleus and serum
ghrelin leves in the rat. Neurosci Lett 410:132—-136.

Chuang JC, Perello M, Sakata |, Osborne-Lawrence S, Savitt JM,
Lutter M, Zigman JM (2011) Ghrelin mediates stress-induced food-
reward behavior in mice. J Clin Invest 121:2684-2692.

Cowley MA, Smith RG, Diano S, Tschép M, Pronchuk N, Grove KL,
Strasburger CJ, Bidlingmaier M, Esterman M, Heiman ML, Garcia-
Segura LM, Nillni EA, Mendez P, Low MJ, Sotonyi P, Friedman JM,
Liu H, Pinto S, Colmers WF, Cone RD, Horvath TL (2003) The
distribution and mechanism of action of ghrelin in the CNS dem-
onstrates a novel hypothalamic circuit regulating energy homeo-
stasis. Neuron 37:649-661.

Date Y, Murakami N, Toshinai K, Matsukura S, Niijima A, Matsuo H,
Kangawa K, Nakazato M (2002) The role of the gastric afferent
vagal nerve in ghrelin-induced feeding and growth hormone secre-
tion in rats. Gastroenterology 123:1120-1128.

Diano S, Farr SA, Benoit SC, McNay EC, da Silva |, Horvath B, Gaskin
FS, Nonaka N, Jaeger LB, Banks WA, Morley JE, Pinto S, Sherwin
RS, Xu L, Yamada KA, Sleeman MW, Tschép MH, Horvath TL
(2006) Ghrelin controls hippocampal spine synapse density and
memory performance. Nat Neurosci 9:381-388.

Ekblad E, Mulder H, Sundler F (1996) Vasoactive intestinal peptide
expression in enteric neurons is upregulated by both colchicine
and axotomy. Regul Pept 63:113-121.

Faulconbridge LF, Cummings DE, Kaplan JM, Grill HJ (2003) Hy-
perphagic effects of brainstem ghrelin administration. Diabetes
52:2260-2265.

Ferens DM, Yin L, Bron R, Hunne B, Ohashi-Doi K, Sanger GJ,
Witherington J, Shimizu Y, Furness JB (2010a) Functional and in
situ hybridisation evidence that preganglionic sympathetic vaso-
constrictor neurons express ghrelin receptors. Neuroscience
166:671-679.

Ferens DM, Yin L, Ohashi-Doi K, Habgood M, Bron R, Brock JA, Gale
JD, Furness JB (2010b) Evidence for functional ghrelin receptors
on parasympathetic preganglionic neurons of micturition control
pathways in the rat. Clin Exp Pharmacol Physiol 37:926-932.

Fick LJ, Fick GH, Belsham DD (2010) Rhythmic clock and neuropep-
tide gene expression in hypothalamic mHypoE-44 neurons. Mol
Cell Endocrinol 323:298-306.

Fry M, Ferguson AV (2009) Ghrelin modulates electrical activity of
area postrema neurons. Am J Physiol 296:R485-R492.

Furness JB, Costa M, Gibbins IL, Llewellyn-Smith 1J, Oliver JR (1985)
Neurochemically similar myenteric and submucous neurons di-
rectly traced to the mucosa of the small intestine. Cell Tissue Res
241:155-163.

Gahete MD, Rubio A, Cérdoba-Chacén J, Gracia-Navarro F, Kineman
RD, Avila J, Luque RM, Castafio JP (2010) Expression of the
ghrelin and neurotensin systems is altered in the temporal lobe of
Alzheimer’s disease patients. J Alzheimers Dis 22:819-828.

Grouselle D, Chaillou E, Caraty A, Bluet-Pajot MT, Zizzari P, Tillet Y,
Epelbaum J (2008) Pulsatile cerebrospinal fluid and plasma ghrelin
in relation to growth hormone secretion and food intake in the
sheep. J Neuroendocrinol 20:1138—-1146.

Guan XM, Yu H, Palyha OC, McKee KK, Feighner SD, Sirinathsinghji
DJ, Smith RG, Van der Ploeg LH, Howard AD (1997) Distribution
of mRNA encoding the growth hormone secretagogue receptor in
brain and peripheral tissues. Brain Res Mol Brain Res 48:23-29.

Heimer GV, Taylor CE (1974) Improved mountant for immunofluores-
cence preparations. J Clin Pathol 27:254 -256.

Hewson AK, Dickson SL (2000) Systemic administration of ghrelin
induces Fos and Egr-1 proteins in the hypothalamic arcuate nu-
cleus of fasted and fed rats. J Neuroendocrinol 12:1047-1049.



J. B. Furness et al. / Neuroscience 193 (2011) 1-9 9

Hirayama H, Shiina T, Shima T, Kuramoto H, Takewaki T, Furness JB,
Shimizu Y (2010) Contrasting effects of ghrelin and des-acy! ghre-
lin on the lumbo-sacral defecation center and regulation of colo-
rectal motility in rats. Neurogastroenterol Motil 22:1124-1131.

Hékfelt T, Johansson O, Goldstein M (1984) Chemical anatomy of the
brain. Science 225:1326-1334.

Holst B, Schwartz TW (2004) Constitutive ghrelin receptor activity as a
signaling set-point in appetite regulation. Trends Pharmacol Sci
25:113-117.

Hosoda H, Kojima M, Matsuo H, Kangawa K (2000) Ghrelin and
des-acyl ghrelin: two major forms of rat ghrelin peptide in gastro-
intestinal tissue. Biochem Biophys Res Commun 279:909-913.

Kageyama H, Kitamura Y, Hosono T, Kintaka Y, Seki M, Takenoya F,
Hori Y, Nonaka N, Arata S, Shioda S (2008) Visualization of
ghrelin-producing neurons in the hypothalamic arcuate nucleus
using ghrelin-EGFP transgenic mice. Regul Pept 145:116-121.

Kineman RD, Gahete MD, Luque RM (2007) Identification of a mouse

"ghrelin gene transcript that contains intron 2 and is regulated in the
pituitary and hypothalamus in response to metabolic stress. J Mol
Endocrinol 38:511-521.

Kojima M, Hosoda H, Date Y, Nakazato M, Matsuo H, Kangawa K
(1999) Ghrelin is a growth-hormone-releasing acylated peptide
from stomach. Nature 402:656—-660.

Lin Y, Matsumura K, Fukuhara M, Kagiyama S, Fujii K, lida M (2004)
Ghrelin acts at the nucleus of the solitary tract to decrease arterial
pressure in rats. Hypertension 43:977-982.

Ljungdahl A, Hokfelt T, Nilsson G (1978) Distribution of substance
P-like immunoreactivity in the central nervous system of the rat-l.
Cell bodies and nerve terminals. Neuroscience 3:861-043.

Lu S, Guan JL, Wang QP, Uehara K, Yamada S, Goto N, Date Y,
Nakazato M, Kojima M, Kangawa K, Shioda S (2002) Immunocy-
tochemical observation of ghrelin-containing neurons in the rat
arcuate nucleus. Neurosci Lett 321:157-160.

Lutter M, Sakata I, Osborne-Lawrence S, Rovinsky SA, Anderson JG,
Jung S, Birnbaum S, Yanagisawa M, Elmquist JK, Nestler EJ,
Zigman JM (2008) The orexigenic hormone ghrelin defends
against depressive symptoms of chronic stress. Nat Neurosci 11:
752-753.

Menyhért J, Wittmann G, Hrabovszky E, Szlavik N, Keller E, Tschép
M, Liposits Z, Fekete C (2006) Distribution of ghrelin-immunoreac-
tive neuronal networks in the human hypothalamus. Brain Res
1125:31-36.

Mitchell V, Bouret S, Beauvillain JC, Schilling A, Perret M, Kordon C,
Epelbaum J (2001) Comparative distribution of mRNA encoding
the growth hormone secretagogue-receptor (GHS-R) in Microce-
bus murinus (Primate, lemurian) and rat forebrain and pituitary.
J Comp Neurol 429:469-489.

Mizutani M, Atsuchi K, Asakawa A, Matsuda N, Fujimura M, Inui A,
Kato |, Fujimiya M (2009) Localization of acyl ghrelin- and des-acyl
ghrelin-immunoreactive cells in the rat stomach and their re-
sponses to intragastric pH. Am J Physiol 297:G974-G980.

Mondal MS, Date Y, Yamaguchi H, Toshinai K, Tsuruta T, Kangawa K,
Nakazato M (2005) Identification of ghrelin and its receptor in
neurons of the rat arcuate nucleus. Regul Pept 126:55-59.

Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K,
Matsukura S (2001) A role for ghrelin in the central regulation of
feeding. Nature 409:194-198.

Patterson M, Murphy KG, le Roux CW, Ghatei MA, Bloom SR (2005)
Characterization of ghrelin-like immunoreactivity in human plasma.
J Clin Endocrinol Metab 90:2205-2211.

Perello M, Sakata |, Birmbaum S, Chuang JC, Osborne-Lawrence S,
Rovinsky SA, Woloszyn J, Yanagisawa M, Lutter M, Zigman JM
(2010) Ghrelin increases the rewarding value of high-fat diet in an
orexin-dependent manner. Biol Psychiatry 67:880—886.

Sakata 1, Nakano Y, Osborne-Lawrence S, Rovinsky SA, Lee CE,
Perello M, Anderson JG, Coppari R, Xiao G, Lowell BB, Eimquist
JK, Zigman JM (2009) Characterization of a novel ghrelin cell
reporter mouse. Regul Pept 155:91-98.

Sasek CA, Seybold VS, Elde RP (1984) The immunohistochemical
localization of nine peptides in the sacral parasympathetic nucleus
and the dorsai gray commissure in rat spinal cord. Neuroscience
12:855-873.

Sato T, Fukue Y, Teranishi H, Yoshida Y, Kojima M (2005) Molecular
forms of hypothalamic ghrelin and its regulation by fasting and
2-deoxy-p-glucose administration. Endocrinology 146:2510-2516.

Seim |, Josh P, Cunningham P, Herington A, Chopin L (2011) Ghrelin
axis genes, peptides and receptors: recent findings and future
challenges. Mol Cell Endocrinol 340:3-9.

Shimizu Y, Chang EC, Shafton AD, Ferens DM, Sanger GJ, Wither-
ington J, Furness JB (20086) Evidence that stimulation of ghrelin
receptors in the spinal cord initiates propulsive activity in the colon
of the rat. J Physiol (Lond) 576:329-338.

Tsubota Y, Owada-Makabe K, Yukawa K, Maeda M (2005) Hypoten-
sive effect of des-acyl ghrelin at nucleus tractus solitarii of rat.
Neuroreport 16:163-166.

Turek FW, Joshu C, Kohsaka A, Lin E, lvanova G, McDearmon E,
Laposky A, Losee-Olson S, Easton A, Jensen DR, Eckel RH,
Takahashi JS, Bass J (2005) Obesity and metabolic syndrome in
circadian Clock mutant mice. Science 308:1043-1045.

Wortley KE, Anderson KD, Garcia K, Murray JD, Malinova L, Liu R,
Moncrieffe M, Thabet K, Cox HJ, Yancopoulos GD, Wiegand SJ,
Sleeman MW (2004) Genetic deletion of ghrelin does not decrease
food intake but influences metabolic fuel preference. Proc Natl
Acad Sci U S A 101:8227-8232.

Zhang J, Liu S, Tang M, Chen JD (2008) Optimal locations and
parameters of gastric electrical stimulation in altering ghrelin and
oxytocin in the hypothalamus of rats. Neurosci Res 62:262-269.

Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK (2006) Expres-
sion of ghrelin receptor mRNA in the rat and the mouse brain.
J Comp Neurol 494:528-548.

(Accepted 25 July 2011)
(Available online 31 July 2011)



Review

Digeslion

Digestion 2012;85:90-94
DO 10.1159/000334654

Published online: January 19, 2012

Regulation of Gastroduodenal Motility:
Acyl Ghrelin, Des-Acyl Ghrelin and
Obestatin and Hypothalamic Peptides

Mineko Fujimiya® Koji Ataka® Akihiro Asakawa® Chih-Yen Chen® Ikuo Kato®

Akio Inuib

aDepartment of Anatomy, Sapporo Medical University School of Medicine, Sapporo, ®Department of Behavioral
Medicine, Kagoshima University Graduate School of Medical and Dental Sciences, Kagoshima, and ‘Department of
Bioorganic Chemistry, Faculty of Pharmaceutical Sciences, Hokuriku University, Kanazawa, Japan; Faculty of
Medicine, National Yang-Ming University School of Medicine, and Division of Gastroenterology, Department of

Medicine, Taipei Veterans General Hospital, Taipei, Taiwan, ROC

Key Words .
Gastroduodenal motility, regulation - Acyl ghrelin -
Des-acyl ghrelin - Obestatin - Hypothalamic peptides

Abstract

Real-time measurements for gut motility in conscious rats or
mice combined with intracerebroventricular or intravenous
injection of peptide agonists or antagonists allow us to un-
derstand the regulatory mechanism of gastrointestinal mo-
tility. Neuropeptide Y (NPY) in the arcuate nucleus in the hy-
pothalamus stimulates the fasted motility in the duodenum,
while urocortin in the paraventricular nucleus inhibits fed
and fasted motility in the antrum and duodenum. Acyl ghrel-
in exerts stimulatory effects on the motility of the antrum
and duodenum in both the fed and fasted state of animals.
NPY Y2 and Y4 receptors in the brain may mediate the action
of acyl ghrelin, and vagal afferent pathways might be in-
volved in this mechanism. Des-acyl ghrelin exerts inhibitory
effects on the motility of the antrum but not on the motility
of the duodenum in the fasted state of animals. CRF type 2
receptor in the brain may mediate the action of des-acy!
ghrelin, and vagal afferent pathways might not be involved
in this mechanism. Obestatin-exerts inhibitory effects on the

motility of the antrum and duodenum in the fed state but
not in the fasted state of animals. CRF type 1 and type 2 re-
ceptors in the brain may mediate the action of obestatin, and
vagal afferent pathways might be partially involved in this
mechanism. Copyright © 2012 S. Karger AG, Basel

Experimental Design for Studying Gastrointestinal
Motility and Brain-Gut Axis

Although the regulation of hypothalamic peptides on
feeding behavior or energy expenditure has been well
established, the regulation on the gastrointestinal (GI)
motility has not been fully understood. The detailed
studies on the brain-gut axis are somewhat hampered
by the methodological difficulties in directly measuring
the GI motility in conscious animals with intracerebro-
ventricular (ICV) injection of peptide agonists or an-
tagonists.

We developed a freely moving conscious animal mod-
el to measure the GI motility in rats [1] and mice [2], com-
bined with intravenous (IV) or ICV injection. This mod-
el permits the real-time measurements of GI motility in
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animals in the physiological fed and fasted states under
stimulation of the brain or peripheral administration of
peptide agonists or antagonists. In the fasted state, the
cyclic change of pressure waves were detected in both an-
trum and duodenum, including the quiescence period
during which relatively low amplitude contractions occur
(phase I-like contractions), followed by a grouping of
strong contractions (phase III-like contractions). After
food intake, such a fasted motor pattern was disrupted

and replaced by a fed motor pattern, which consisted of

irregular contractions of high frequency. By using this
method the effects of brain-gut peptides on the GI motil-
ity can be examined.

Neuropeptide Y and Urocortin in the Hypothalamus
Regulate the Gastroduodenal Motility

Neuropeptide Y (NPY) is a potent feeding-stimulatory
peptide that expresses in the arcuate nucleus of the hypo-
thalamus and projects predominantly to the paraventric-
ular nucleus. Because few previous studies have exam-
ined the effects of centrally administered NPY-related
peptide on GI motility, we investigated the role of NPY in
the control of GI motility using a variety of NPY analogs
[1]. ICV injection of Y2 and Y4 receptor agonists induced
the phase II-like contractions in the duodenum when
given in the fed state of rats; however, Y1 and Y5 receptor
agonists had no effects on the motility despite their po-
tent feeding-stimulatory effects [1]. More interestingly,
immunoneutralization of NPY by ICV injection of NPY
antibody completely blocked the phase III-like contrac-
tions in the duodenum [1]. This finding suggests that the
fasted motor activity in the upper GI tracts is regulated
by brain NPY neurons but not regulated by peripheral
mechanism.

CRF and endogenous CRF receptor ligand urocortin
are feeding-inhibitory peptides localized at the paraven-
tricular nucleus in the hypothalamus. Urocortin binds
both CRF type 1 and 2 receptors but shows a higher af-

finity for CRF type 2 receptor than type 1 receptor. CRF

type 2 receptors are related to the stress-induced altera-
tions of GI functions. ICV or IV injection of urocortin
disrupted fasted motor activity in both antrum and duo-
denum, which were replaced by fed-like motor patterns
[3]. When urocortin was given ICV in the fed state, the %
motor index (%MI) was decreased in the antrum and in-
creased in the duodenum [3]. Increase the %MI in the
duodenum was non-propagated and therefore urocortin
suppressed the transit of intestinal contents [3].

Regulation of Gastroduodenal Motility

Colocalization of Acyl Ghrelin, Des-Acyl Ghrelin and
Obestatin in Endocrine Cells in the Stomach

" Acyl ghrelin was first isolated from rat and human -
stomach [4], and the localization of acyl ghrelin in the
stomach was studied in various animals by using the spe-
cificantibody for acyl ghrelin [4, 5]; however, the localiza-
tion of des-acyl ghrelin in the stomach has scarcely been
examined. Qur group developed antibodies specific for
acyl ghrelin (anti-rat octanoyl ghrelin (1-15)-cys-KLH
serum) and for des-acyl ghrelin (anti-rat des-octanoyl
ghrelin (1-15)-cis-KLH serum) and successfully detected
the different localization of acyl ghrelin and des-acyl
ghrelin in the rat stomach [6]. :

Both acyl ghrelin- and des-acyl ghrelin-immunore-
active cells were distributed in the oxyntic and antral
mucosa of the rat stomach, with higher density in the an-
tral mucosa than oxyntic mucosa. Immunofluorescence
double staining showed that acyl ghrelin- and des-acyl
ghrelin-positive reactions overlapped in closed-type
round. cells, whereas des-acyl ghrelin-positive reaction
was found in open-type cells in which acyl ghrelin was
negative (fig. 1a). Acyl ghrelin/des-acyl ghrelin-positive
closed-type cells contain obestatin (fig. 1b), on the other
hand, des-acyl ghrelin-positive open-type cells contain
somatostatin [6].

It is possible that open-type cells may react to luminal
stimuli more than closed-type cells. Therefore, we inves-
tigated the effects of different intragastric pH levels on
the release of acyl ghrelin and that of des-acyl ghrelin
from the ex vivo perfused rat stomach [6]. The results
showed that the release of acyl ghrelin was not affected by
intragastric pH, whereas the release of des-acyl ghrelin
was increased at intragastric pH 2 compared to that at
intragastric pH 4 [6]. Therefore, the release of des-acyl
ghrelin is stimulated after meals by lowering the intragas-
tric pH. The release of acyl ghrelin, on the other hand, is
stimulated before meals and the release is regulated by
plasma levels of glucose and insulin [7].

Regulation of Acyl Ghrelin on the Gastroduodenal
Motility

We examined the effects of acyl ghrelin on the gas-
troduodenal motility and involvement of hypothalamic
peptides mediating this action. Acyl ghrelin stimulated
the %MI in the antrum and induced the fasted motor ac-
tivity in'the duodenum when given in the fed state of an-
imals [8]. Acyl ghrelin increased the frequency of phase
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Fig. 1. Localization of acyl ghrelin, des-acyl ghrelin and obestatin
in the rat stomach. a Immunofluorescence double staining for
acyl ghrelin- (red) and des-acyl ghrelin-positive (green) reaction
in the antral mucosa of rat stomach. Acyl ghrelin-positive reac-
tion and des-acyl ghrelin-positive reaction are colocalized in
closed-type cells (arrows), whereas des-acyl ghrelin-positive reac-
tion is localized in open-type cells (arrowheads). b Immunofluo-
rescence triple staining for des-acyl ghrelin (green), acyl ghrelin
(red) and obestatin (blue) in the antral mucosa of rat stomach.
Three peptides are colocalized in the closed-type cells (arrows).
Bars = 10 pm [from 6].

II-like contractions in both antrum and duodenum
when given in the fasted state of animals [8]. The effects
of IV injection of acyl ghrelin on gastroduodenal motil-
ity were blocked by IV injection of GHS-R antagonist [8].
Immunoneutralization of NPY in the brain blocked the
stimulatory effects of acyl ghrelin on the gastroduodenal
motility [8]. These results indicate that acyl ghrelin re-
leased from the stomach may act on the ghrelin receptor
on vagal afferent nerve terminals and NPY neurons in the
brain may mediate the action of acyl ghrelin on the gas-
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Fig. 2. Different pathways of acyl ghrelin, des-acyl ghrelin and
obestatin. Acyl ghrelin released from the endocrine cells in the
stomach may act on the ghrelin receptor on vagal afferent nerve
terminals, and NPY neurons in the arcuate nucleus may mediate
the action of acyl ghrelin to stimulate gastroduodenal motility.
Des-acyl ghrelin released from endocrine cells in the stomach
may activate urocortin-2 neurons in the paraventricular nucleus
by crossing the BBB, and exert inhibitory effects on the antral
motility via CRF type 2 receptor in the brain. Obestatin may act
on the obestatin receptor on vagal afferent nerve terminals, and
CRF and urocortin-2 neurons in the paraventricular nucleus may
mediate the action of obestatin to inhibit the gastroduodenal mo-
tility via CRF type 1 and type 2 receptors in the brain.

troduodenal motility. Taken together, in normal animals,
acyl ghrelin may stimulate gastroduodenal motility by
activating the GHS-R on vagal afferent nerve terminals
and affect NPY neurons in the hypothalamus, Y2 and/or
Y4 receptors in the brain may mediate the action of acyl
ghrelin (fig. 2; table 1).

Regulation of Des-Acyl Ghrelin on the
Gastroduodenal Motility

Des-acyl ghrelin disrupted fasted motility in the an-
trum but not in the duodenum; however, des-acyl ghrel-
in did not alter fed motor activity in both the antrum
and duodenum [9]. Capsaicin treatment did not alter the
disruptive effect of IV injection of des-acyl ghrelin on
fasted motility in the antrum [9]. These results suggest
that peripherally administered des-acyl ghrelin may
cross the blood-brain barrier (BBB) and act directly on
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Table 1. Comparison of the effects of acyl ghrelin, des-acyl ghrelin and obestatin on the gastroduodenal motility

Acyl ghrélin Des~a¢y1,ghrelin ‘ ~ Obestatin ‘

fasted motility fed motility fasted miotility ' fed motility  fasted motility fed motility
Stomach T 1 o - - 4
Duodenum T 1 - - ‘ - ‘ +
Hypothalamic neuron NPY Urocortin-2 CRF, urocortin-2
Brain receptor - Y2,Y4 CREF type 2 CREF type 1, type 2
Vagal afferent pathway + ‘ - ‘ +

the brain receptor and disrupt the fasted motility in the
antrum.

The centrally administered CRF type 2 receptor an-
tagonist, but not the CRF type 1 receptor antagonist,
blocked the effects of centrally and peripherally admin-

istered des-acyl ghrelin on gastric motility [9]. The den-

sity of c-Fos-positive cells in the PVN was significantly
increased by intraperitoneal injection of des-acyl ghrelin
compared to vehicle-injected controls [9]. These data sug-
gest that peripherally administered des-acyl ghrelin may
activate neurons in the PVN by crossing the BBB, and
exert inhibitory effects on the antral motility via CRF
type 2 receptor in the brain (fig. 2; table 1).

Regulation of Obestatin on the Gastroduodenal
Motility

Most of the previous studies have shown the negative
effects of obestatin on the GI motility; in those studies,
however, only the gastric emptying or MMC cycle time
has been used as indices for motor activity. We obtained
the positive effects of obestatin on the gastroduodenal
motility by analyzing the motor activity in fed and fasted
states, and measuring the time taken to the initiation of
phase I1I-like contractions in the antrum and duodenum
of conscious rats [10]. .

‘Obestatin decreased the %MI of fed motility in the
antrum and prolonged the time before the return of fast-
ed motility in the duodenum [10]. IV injection of obe-
statin induced a significant increase in the number of
c-Fos-positive cells in the PVN compared to saline-in-
jected controls [10]. Immunotluorescence overlap stain-
ing showed that the PVN neurons activated by IV injec-
tion of obestatin contain CRF or urocortin-2 [10]. The
inhibitory action of IV injection of obestatin on the mo-

Regulation of Gastroduodenal Motility

tor activities in the antrum and duodenum were blocked
by ICV injection of CRF type 1 and type 2 receptor an-
tagonists, suggesting that both types of CRF receptorsin
the brain may mediate the action of peripherally injected
obestatin on gastroduodenal motility [10]. Combined
together, obestatin inhibits gastroduodenal motility in
the fed state but not in the fasted state of conscious rats.
In the brain, CRF- and urocortin-2-containing neurons
might be activated by IV injection of obestatin, and at
the level, CRF type 1 and type 2 receptors might be in-
volved in the inhibitory action of obestatin on antral and
duodenal motility. Vagal afferent pathways might be in-
volved partially, but not entirely, in these actions of
obestatin (fig. 2; table 1).

Conclusions

Acyl ghrelin, des-acyl ghrelin and obestatin are in-
cluded in the endocrine cells in the stomach and regulate

the upper GI motility by activating hypothalamic pep-
* tides [11, 12]. Since hypothalamic peptides are strongly

affected by stress or anxiety, such brain-gut interaction
seems to-be important to understand the pathogenesis of
functional disorder in the GI tracts.
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ARTICLE INFO ABSTRACT

Nutlin-3a (Nutlin) isan Mdm2 inhibitor and is potent to stabilize p53, which is a tumor-suppressor involved
in various biological processes such as cell cycle regulation, DNA repair, and apoptosis. Here we demon-
strate that Nutlin treatment in mouse fibroblast cell lines reduces the protein levels of poly(ADP-ribose)
polymerasel (Parp1). Parp1 functions in DNA repair, replication, and transcription and has been regarded
v as a target molecule for anti-cancer therapy and protection from ischemia/reperfusion injury. In this study,
Nutlin-3a first we found that Nutlin, but not DNA damaging agents such as camptothecin (Cpt), induced a decrease in
Pg;y(ADP_”bose) polymersel the Parp1 protein levels. This reduction was not associated with cell death and not observed in p53 deficient
IF\’A dm2 cells. Next, because Nutlin treatment did not alter Parp1 mRNA levels, we expected that a protein degrada-
Profeasome tion pathway might contribute to this phenomenon. Predictably, a proteasome inhibitor, MG132, inhibited

the Nutlin-induced decrease in the levels of Parp1 protein. These results show that Nutlin induces the pro-
teasomal degradation of Parp1 in a p53-dependent manner. Thus, this study demonstrates characterization
of a novel regulatory mechanism of Parp1 protein. This novel regulatory mechanism of Parp1 protein level
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could contribute to development of inhibitors of the Parp1 signaling pathway.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

p53 is a tumor-suppressor that is mutated or deleted in more
than half of all human tumors. The physiological roles of p53 are ver-
satile, forming a cell cycle checkpoint and functioning in DNA repair,
apoptosis, and energy metabolism [1]. It has been shown that phos-
phorylations at multiple sites and subsequent proteasomal degrada-
tion are important in the regulation of p53 protein levels [2]. p53
ubiquitination required in its degradation is catalyzed by several
ubiquitin ligases such as Mdm2, Pirh2, and Cop1 [3]. In particular,
the regulatory mechanism of p53 by Mdm?2 has been well-analyzed.
Because the massive stabilization of p53 was able to induce apopto-
sis in p53 proficient tumor cells [4], stabilization of p53 via an
inhibition of Mdm2 is one of the attractive strategies for cancer ther-
apy. Recently, it has been reported that small molecular compounds
such as Nutlin and MI-219 act as cell-permeable Mdm2 antagonists
[5,6], and their analogs have progressed to preclinical development
or early phase clinical trials for anti-cancer therapy [7].

Parpl is a major enzyme catalyzing poly(ADP-ribosyl)ation,
which is a post-translational protein modification. It is involved

* Corresponding authors. Fax: +81 4 7121 3676..
E-mail addresses: nokita7@rs.noda.tus.ac.jp (N. Okita), higami@rs.noda.tus.ac.jp
(Y. Higami).
1 These authors equally contributed to this work.

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.03.061

in replication, DNA repair, and cell death [8,9]. Parp1 is dramati-
cally activated by DNA breaks and then catalyzes poly(ADP-
ribosyl)ation on substrate proteins in DNA damage regions, which
is required for efficient recruitment of DNA repair factors to the
loci [10,11]. On the other hand, over-activation of Parp1 decreases
cellular NAD" and ATP levels, resulting in necrotic cell death caused
by breakdown of energy metabolism [12,13]. The involvement of
Parp1 in inflammatory responses has also been reported. Ischemia/
reperfusion-induced Parp1 over-activation is mediated by produc-
tion of reactive oxygen species and is involved in NF-xB transacti-
vation [14]. Furthermore, Parp1 has been also characterized as a
useful hallmark of apoptosis because full length Parp-1 is cleaved
by the apoptotic proteases, caspase-3 and -7, into p85 and p25
fragments during apoptosis [15,16]. Therefore, Parp1 is an attrac-
tive target of cancer chemotherapy and protection from ische-
mia/reperfusion injury, and several Parpl inhibitors are being
evaluated in clinical trials [17].

Recently, using Nutlin, we have analyzed p53 functions that are
independent of DNA damage response and incidentally found that
Parp1 proteins disappear in Nutlin-treated cells. In this study, we
show the basic characterization of Nutlin-mediated Parp1 protein
degradation and discuss the use of Nutlin as a Parp1 inhibitor for
protection against ischemia/reperfusion injury and anti-cancer
therapy.
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2. Materials and methods
2.1. Cell culture and drugs

Mouse fibroblast cell line 3T3-L1 and 3T3-F442A were pur-
chased from the RIKEN Bioresource Center (Japan) and the Euro-
pean Collection of Animal Cell Cultures (UK), respectively. p53
deficient mouse-derived fibroblast cell line HW [18] was kindly
provided by Dr. Masayuki Saito (Tenshi University, Japan). The cells
were maintained in Dulbecco’s modified Eagle’s medium (low glu-
cose) (WAKO, Japan) with 10% fetal calf serum and 1% penicillin/
streptomycin (SIGMA). Cpt and MG132 were purchased from
WAKO (Japan). Nutlin was supplied by Cayman (USA).

2.2. p53 overexpression and knockdown

P53 cDNA was amplified from mouse liver cDNA by PCR using
KOD plus (TOYOBO, Japan) and subcloned into EcoRV-digested
pBluescript II SK(+). And then p53 cDNA fragment obtained by
BamHI and Dral digestion of the subcloned vector were cloned into
EcoRV and BamH1-digested pIRES-Neo3 (Clontech, USA). The pro-
duced vector, p53-IRES-Neo3, was transfected with Lipofectamine
LTX (Invitrogen, USA) into 3T3-L1 cells, according to the manufac-
turer’s protocol.

We designed a mouse p53 shRNA expression vector based on
target sequences for effective p53 knockdown, as previously
reported [19]. Two oligonucleotides, 5'-gatccccGTACGTGTGTAGTA
GCTTCttcaagagaGGAGCTATTACACATGTACtttttggaaa-3' and 5'-agc
ttttccaaaaaGTACATGTGTAATAGCTCCtctcttgaaGAAGCTACTACACAC
GTACggg -3’ (upper case letters, target sequences against p53; low-
er case letters, Bglil, Hindlll or loop structure sequences) were
chemically synthesized (Operon Biotechnology, USA). The an-
nealed oligos were directly ligated into a Bglll and HindIll-digested
PSUPER-puro shRNA expression vector gifted from Dr. Shigeo Ohno
(Yokohama City University, Japan) [20]. The produced vector,
termed pSUPER-puro-shmp53, was transfected with Lipofectamine
LTX (Invitrogen, USA) into 3T3-L1 cells, according to the manufac-
turer's protocol. For stable p53 knockdown cell lines, the transfec-
ted cells were selected with puromycin and resistant clones were
isolated by trypsinization using cloning cylinders.

2.3. Preparation of primary mouse embryonic fibroblasts (MEFs)

p53 heterozygous mice (Accession No. CDB 0001K) [21] were
purchased from RIKEN BRC (Japan). p53 heterozygous males and
females were crossed, and MEFs were prepared from the pregnant
females. Each 13- to 15-day-old embryo was dissected from the
uterus and washed with PBS. After removal of the head, tail, limbs,
and blood-enriched organs, the trimmed embryo was washed with
PBS and minced. After trypsinization at 37 °C for 10 min followed
by inactivation of trypsin by addition of FCS, MEFs were separated
by filtration through a cell-strainer. p53 status was confirmed by
PCR using previously described primers (forward primer for p53
genomic sequence, 5'-AATTGACAAGTTATGCATCCAACAGTACA-3';
reverse primer for p53 genomic sequence, 5-ACTCCTCAACATC
CTGGGGCAGCAACAGAT-3/, forward primer for neo sequence, 5'-
GAACCTGCGTGCAATCCATCTTGTTCAATG-3') [21] and the estab-
lished MEFs were maintained in DMEM high glucose with 10%
FCS, 2-mercaptoethanol (2-ME), and antibiotics.

2.4. Western blotting

Cells were lyzed by the addition of lysis buffer (50 mM Tris-HCI
pH6.8, 2% SDS, 5% glycerol), boiled for 5 min, and sonicated. Protein
concentrations of the soluble fraction were determined by BCA

protein assay (PIERCE, USA) according to the manufacturer's proto-
col, and standardized by the addition of lysis buffer. Following this,
the proteins were added to 2-ME and bromophenol blue so as to
obtain final concentrations of 5% and 0.025%, respectively, and
boiled for 5 min. Equal amounts of proteins (5-20 pg) were sub-
jected to SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 2.5% skim milk and 0.25%
BSA in TBS (50 mM Tris, pH 7.4, 150 mM Na(Cl) containing 0.1%
Tween 20 (TTBS) for 1h at room temperature, and then probed
with appropriate primary antibodies overnight at 4 °C or for 2 h
at room temperature. As primary antibodies, anti-Parpl (clone
C-2-10, WAKO, Japan), anti-p53 (clone Ab-1, Calbiochem, USA),
anti-b actin (clone AC-15, SIGMA, USA), or anti-caspase-3 (clone
1F3, MBL, Japan) antibodies were used. After washes with TTBS,
the 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,
USA), for 1 h at room temperature. After washing the membrane
with TTBS, the membranes were incubated with ImmunoStar LD
reagent (WAKO, Japan). The specific proteins were visualized with
LAS3000 (FUJI FILM, Japan), and the data were analyzed using
MultiGauge software (FUJI FILM, Japan).

2.5. RNA purification and RT-PCR

Cells were lyzed by RNAiso PLUS (TaKaRa, Japan), and then total
RNA was purified using a FastPure RNA kit (TaKaRa, Japan) accord-
ing to manufacturer’s protocol. Purified RNA (1 ug) was subjected
to reverse transcription with PrimeScript Reverse Transcriptase
(TaKaRa, Japan) and random hexamer (TaKaRa, Japan). The PCR
reaction was performed using Platinum Taq DNA Polymerase High
Fidelity (Invitrogen, USA) and Parpl (forward, 5-TGCTCATCTT
CAACCAGCAG-3'; reverse, 5-TCCTTTGGAGTTACCCATTCC-3') or B-
actin primers (forward, 5-TCTTTGCAGCTCCTTCGTTG-3'; reverse,
5-GGCCTCGTCACCCACATAG-3') as follows: initiation step, at
94 °C for 1 min; amplification step, 30 (Parp-1) or 25 (b-actin) cy-
cles of at 94 °C for 1 min, at 52 °C (Parp-1) or 61 °C (B-actin) for
15 s, at 68 °C for 15 s; 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 ana-
lyzed using MultiGauge software (FUJI FILM, Japan).

3. Results

3.1. Nutlin induces a decrease in parp1 protein levels in mouse
fibroblast cell lines

When analyzing proteins of the Nutlin-treated mouse embry-
onic fibroblasts (MEFs), we observed a significant reduction in
the levels of full length of Parp1 protein without cleavage into
p85 and p25 apoptotic fragments (data not shown). Interestingly,
under this condition, a trypan blue exclusion assay and images of
phase-contrast microscope showed that the cells were viable, sug-
gesting that the reduction of Parp1 protein was independent of cell
death. Furthermore, because MEFs were induced apoptosis by
staurosporine treatment, MEFs were responsive to apoptotic stim-
uli (data not shown). To examine whether p53 stabilization in-
duces the decrease in Parpl protein, 3T3-L1 and 3T3-F442A
mouse fibroblast cells were treated with a DNA damaging agent,
Cpt, or Nutlin. As shown in Fig. 1A and B, in both cell lines, Cpt
treatment did not alter the Parp-1 protein levels, and Nutlin mark-
edly decreased it, although both drugs induced p53 stabilization.
Furthermore, overexpression of p53 protein did not markedly af-
fect Parpl protein levels (Fig. 1C). Consistent with our previous
observations, no caspase-3 activation, which is a hallmark of apop-
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tosis, was detected in these conditions. Furthermore, trypan blue
staining showed that the Nutlin treatment did not induced cell
death (Supplementary data Fig. 1). The time course analysis
showed that Parpl protein diminished by a treatment with
25 pM Nutlin for 8 h (Fig. 1D). These results suggest that in mouse
fibroblasts Nutlin induces the reduction of Parp1 protein in a cell
death-independent manner.

3.2. p53 Mediates Nutlin-induced decrease in parpl protein

Since Nutlin stabilizes p53 via inhibition of Mdm?2, we exam-
ined whether p53 contributes to the Nutlin-induced Parp-1 reduc-
tion. shRNA-mediated transient knockdown of p53 in 3T3-L1 cells
attenuated the decrease in Parpl by Nutlin treatment (Fig. 2A).
Since p53 knockdown efficiency is not sufficient, we next analyzed
this using two p53 deficient cell lines. 3T3-L1/shp53 cells were
established by stable transfection with the pSUPER-puro-shmp53
plasmid vector followed by clone isolation, and its p53 protein

559

expression levels were very much lower than in the transient
knockdown. HW cells are a fibroblast cell line derived from p53
deficient mice. In these cell lines, the Nutlin-induced decrease in
Parp1 was diminished significantly (Fig. 2B). Furthermore, we con-
firmed p53 dependency in the Nutlin-induced Parp1 reduction by
using MEFs derived from p53+/+ or —/— mice, and obtained similar
results (Fig. 2C). These results show that Nutlin reduces the Parp1
protein levels in a p53-dependent manner.

3.3. Nutlin-3 down-regulates parp-1 protein via proteasome

To examine whether the decrease in Parpl protein by Nutlin
treatment is caused by down-regulation of its mRNA, p53 profi-
cient (3T3-L1 and 3T3-F442A) and deficient (3T3-L1/shp53 and
HW) cell lines were treated with Nutlin, and then the Parpl mRNA
of each was analyzed by RT-PCR. Parpl mRNA did not markedly
change in either p53 proficient or deficient cell lines, even at doses
of Nutlin where levels of Parp1 protein were completely dimin-
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Fig. 1. Nutlin but not Cpt induces decrease in Parp1 protein levels in mammalian cell lines. A and B, mouse fibroblast 3T3-L1 (upper panel) or 3T3-F442A (lower panel) cells
were treated with indicated concentrations of Cpt or Nutlin for 24 h. The cell lysates were analyzed by Western blotting using indicated antibodies (A). LE means long
exposure. Quantitative data from (A) are shown (B). C, 3T3-L1 cells were transfected with mock or p53 expression vector. After transfection for 36 h, the cells were harvested
and were analyzed by western blotting using indicated antibodies. D, 3T3-L1 or 3T3-F442A cells were treated with 25 pM Nutlin for the indicated times. Proteins were
subjected to Western blotting. 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 are shown.
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Fig. 2. Decrease in Parp1 protein levels induced by Nutlin is p53 status dependent.
shGFP- and shp53- transiently transfected 3T3-L1 (A), HW, a mouse fibroblast cell
line from p53 knockout mice, and 3T3-L1/shp53, a p53 stable knockdown cell line
(B), and p53+/+ (n=2) and p53—/- (n=3) MEFs (C) were treated with indicated
concentrations of Nutlin for 24 h. The cell lysates were analyzed by Western
blotting using indicated antibodies. In the p53 panel, the arrow and asterisk show
the p53 and nonspecific bands, respectively. All experiments were performed at
least two times, and representative data are shown.

ished (Fig. 3A). This result indicates that a decrease in Parpl mRNA
levels is not a main factor of Nutlin-induced Parp1 reduction.
Therefore, we speculated that Nutlin-induced Parpl reduction
might involve proteasomal degradation. Thus, the effects of protea-
some inhibition on Nutlin-induced Parp1 reduction were exam-
ined. Treatment with the proteasome inhibitor MG132 alone did
not affect basal Parp1 protein levels, but it clearly inhibited the
Nutlin-induced reduction in Parp1 (Fig. 3B). Taken together, these
results indicate that the Nutlin treatment induced proteasome-
mediated degradation of Parp-1 protein.

4. Discussion

In this study, we demonstrated that the Mdm?2 inhibitor, Nutlin,
induces the reduction of Parp1 protein by a p53-dependent mech-
anism. Interestingly, overexpression of p53 protein did not evoke a
significant reduction in Parp1 protein, although that induced p53
accumulation similar to Nutlin. These results suggest that in the
process of Nutlin-induced Parp1 reduction, p53 expression is re-
quired but is insufficient.

We examined whether the other commercially available Mdm?2
inhibitors (NSC66811 [22] and trans-4-lodo, 4'-boranyl-chalcone
[23,24]) induced a reduction in Parp1 protein in 3T3-L1 cells. How-
ever, these Mdmz2 inhibitors not only did not induce a reduction in
Parp1 protein but also did not induce even p53 accumulation (data
not shown). To conclude this issue, additional experiments would
be required. We also showed that MG132 blocks the decrease in
Parp1 protein. It was reported that Parpl can be ubiquitinated
in vivo, although it is unclear whether the ubiquitination is in-
volved in proteasomal degradation of Parp1 [25]. Taken together

A 3T3-L1 3T3-F442A  3T3-L1/shp53 HW
Nut; 0 1 525 01 525 01 525 0 1 5 25[uM]
Parp-1 | | v e
B-actin o e —-] LA et gy <]
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Parp-1
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Fig. 3. Nutlin downregulates Parp-1 protein levels by proteasomal degradation. A,
3T3-L1, 3T3-F442A, 3T3-L1/shp53, and HW cells were treated with the indicated
concentrations of Nutlin for 24 h. Parp1 mRNA was detected by RT-PCR. p-actin was
used as a loading control. B, 3T3-L1 and 3T3-F442A cells were treated with 25 mM
Nutlin in the presence or absence of 5 uM proteasome inhibitor MG132 (MG) for
8 h, and then the cell lysates were subjected to Western blotting using indicated
antibodies. All experiments were performed at least three times, and representative
data are shown.

with our findings, it is likely that the ubiquitin-proteasome path-
way directly regulates the degradation of Parp1 protein.

In comparison to the many Parp1 inhibitors evaluated in ongo-
ing clinical trials [17], the regulatory mechanism of Parp1 protein
that we discovered provides some advantages. The first advantage
is the novel mechanism of action as an inhibitor of the Parp1 sig-
naling pathway. Because most of the Parp1-inhibiting compounds
previously identified block the catalyzing activity of the protein,
the specificity of these drugs in the other Parp family proteins that
possess the highly conserved catalytic domain is a big issue [17].
On the other hand, Nutlin inhibits Parp1 signaling via induction
of Parp1 protein degradation. Therefore, we expect that the inhibi-
tion specificity for Parp1 protein in the Parp family could be high.
In any case, it is important to analyze the effects of Nutlin treat-
ment on the protein levels of the other Parp family proteins. The
second advantage is its cell type selectivity. In this paper, we dem-
onstrated that in mouse fibroblasts Nutlin induces the decrease in
Parp1 protein. On the other hand, it has been reported that Nutlin
induces cleavage of Parp1 into two apoptotic fragments in the hu-
man colon cancer cell line, HCT116, and the human myeloid leuke-
mia cell line, ML-1 [26,27]. In fact, we confirmed that there was no
significant reduction in Parp1 protein other than apoptotic cleav-
age in HCT116 cells treated with various doses of Nutlin (data
not shown). Furthermore, we have already examined responsive-
ness to Nutlin-induced Parp1 decrease in several human cell lines
and have confirmed that human lung cancer cell line A549 were
also responsive to Nutlin (data not shown). Taken together, we be-
lieve that Nutlin-induced Parp1 degradation has cell type selectiv-
ity. Moreover, considering co-treatment with DNA damaging
agents for cancer therapy, Nutlin may reduce side effects caused
by DNA damaging agents. It is well known that alkylating agents
cause Parpl over-activation, resulting in massive inflammation
due to undesirable necrotic cell death caused by NAD* and ATP
depletion [12,13], and that Parp1 is required for NF-kB transactiva-
tion, which is involved in inflammatory responses [14]. Therefore,
co-treatment with Nutlin may also attenuate necrotic cell death
and inflammation induced by Parp1 over-activation.

Thus, this study demonstrates characterization of a novel regu-
latory mechanism of Parp1 protein. The elucidation of the regula-
tory mechanism of Nutlin-induced elimination of Parp1 protein
is important for the optimization of compounds inducing this phe-
nomenon, resulting in establishment of selective chemotherapeu-
tic strategies against ischemia/reperfusion injury and cancer.
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The Effect of Resveratrol on the Werner Syndrome RecQ Helicase Gene

and Telomerase Activity
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Abstract: Various protein factors, including telomerase and WRN helicase, are involved in telomere maintenance. Res-
veratrok (Rsv), a polyphenol that extends the lifespan of diverse species is an activator of SIRT1, a NAD" dependent de-
acetylating enzyme in mammalian cells. Here, we ‘examired the changes in gene expressions and promoter activities of
WRN helicase and telomerase after Rsv treatment. This treatment increased the amount of WRN transcript and protein
product by activating its promoter and teloimerase promoter activity and gene expression. However cell proliferation was
not changed. This suggests that Rsv induces telomere maintenance factors like WRN helicase without affecting cell pro-

liferation.

Keywords: BLM, Resveratrol, Telomerase, Spl, TERT, WRN.

INTRODUCTION

Aging or senescence is a complicated biological process

and various factors are involved in its regulatory molecular .

mechanisms [1-3]. Telomeres, which are the ends of eukary-

otic chromosomes, function to protect chromosome ends, .

from fusion and degradation [4]. In human fibroblasts, te-
lomeres are shortened by repeated cell divisions and their
length correlates with cellular senescence [4,5]. Progeria
syndlome patients are known to show premature aging that
is different from normal process. Studies on the human
progeroid diseases suggest that nuclear structure and DNA

repair systems play important roles in the control of the ag-

ing process and life span [6]. Werner’s syndrome (WS) pa-
tients show also premature aging accompanied with chromo-
somal instability by mutations on the WRN gene, which is
involved in DNA repair and telomere maintenance [7]. These
observations imply that aging of organisms is controlled by
the nuclear functions especially chromosomal maintenance.

Alternatively, aging can be explained by a mitochondrial
free radical theory [1]. Reactive oxygen species (ROS) are

generated by mitochondrial respiration, and the highly reac-

tive ROS damage inner cellular components including lipids,
proteins, and DNA [8]. In some cases, caloric restriction
(CR) could reduce ROS production and increases expression
of ROS-metabolizing enzymes such as catalase and superox-
ide dismutases (SODs) [9]. CR extends the mean and maxi-
mum life spans of numerous organisms [10]. One of the mo-
lecular mechanisms induced by CR is the activation of sir-
tuins, a conserved family of NAD"- dependent deacetylases
[11]. Resveratrol (Rsv), which is a polyphenol contained in
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grape skins and red wine, can activate sirtuin-mediated
deacetylation [12,13]. Although, it has been reported that
Rs¥ has no obvious effect [14], Rsv could increase median
and maximum life spans of yeast, nematode, and fiuit flies
[12]. In addition, Rsv was reported to improve survival of
high-calorie diet mice [15], also suggesting that this com-
pound is a CR mimetic drug. The molecular mechanism of
the extension of life span caused by CR is thought to be
similar to that caused by Rsv. In order to establish a treat-
ment for aging cells to keep a potency to proliferate and dif-
ferentiate, it is required to investigate cellular signals in-
duced by Rsv.

In this study, we show that Rsv increases WRN promoter
activity, and that its gene and protein expressions are accom-
panied by up-regulation of telomerase in HeLa S3 cells.
Moreover, the viability of the cells was not influenced by the
treatment for 24 h. These observations suggest that Rsv is an
activator of telomerase and WRN without affecting cell
death signals. (

MATERIALS AND METHODS
Cell Culture

Human cervical carcinoma (HeLa S3) cells were grown
in Dulbecco’s modified Eagle’s (DME) medium (Nacarai,
Tokyo, Japan), supplemented with 10% fetal bovine serum
(FBS) (Sanko-Pure Chemical, Tokyo, Japan) and penicillin-
streptomycin at 37 °C in a humidified atmosphere with 5%
CO;.

Cell Viability Assay (MTS Assay)

An MTS assay was performed as described in the product
manual. In brief, cells were cultured in microtiter plate wells
with 20 pl of MTS [3-(4,5-dimethylthiazol-2-y1)-5-(3-car-
boxymethoxyphenyl)-2(4-sulfophenyl)-2H-tetrazolium] so-
lution (Promega, Madison, WI) per well (containing 100 pl

© 2011 Bentham Science Publishers Ltd.
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of cell culture) and incubated for 3 h in a 37 °C, 5% CO,
humidified incubator. Absorbance at 570 nm was measured
by microtiter plate reader (Thermo electron Corp, Vantaa,
Finland) and normalized by absorbance at 630 nm.

Construction of Luc-Reporter Plasmids

Luciferase (Luc) reporter plasmids carrying the human
WRN, BLM, HELB, TERT, and p2] promoter regions were
designated pGL4-BLM, pGL4-HELB, pGL4-WRN, pGLA4-
TERT, and pGL4-p21 [16]. The Luc reporter plasmid that
contains 5’-flanking region of the human Pifl gene was~
named pGL4-Pifl [17].

~
-

Transient Transfection and Luc Assays

Plasmid DNAs were transfected into HeLa S3 cells byu

the DEAE-dextran method [16,18]. After 6 to 24 h of trans-
fection, frans-Resveratrol (Cayman Chem., Ann Arbor, MI)
was added to the culture medium. After a further 16 to 40 h
of incubation, cells were collected and lysed with 100 wl of 1
x Cell culture lysis reagent, mixed, and centrifuged at 12,000
x g for 5 sec. The supernatant was stored at — 80 °C. The Luc
assay was performed with a Luciferase assay system
(Promega), as described previously [16,18].

Reverse Transcriptase Polymerase Chain Reaction (RT-
PCR) )

RT-PCR was carried out as described previously [16,18]..
First-strand ¢cDNAs were synthesized with ReverTra Ace
(Toyobo, Tokyo, Japan), random primers (Takara), and total
RNAs extracted from HeLa S3 cells. Primer pairs to amplify
human BLM, HELB, WRN, Spl, and B-actin cDNAs have
been reported previously [16], and the primers for amplify-
ing SIRTI cDNAs were hSIRT1-468; 5°- GCGATTGGGTA
CCGAGATAAC -3’ and hASIRT1-652; 5°- GTTCGAG-
GATCTGTGCCAATC -3°. Conditions for the PCR were as
follows: 94 °C 30 sec, 55 °C 30 sec, and 72 °C 1 min, with
27 (BLM), 26 (WRN and HELB), 22 (Sp1), 22 (SIRTI), and
20 (B -actin) cycles. PCR products were electrophoresed on
5% acrylamide gels and stained with ethidium bromide.

Quantitative Real-time PCR

Real time PCR analysis was carried out using the
Mx3000P Real-Time QPCR System (Stratagene, La Jolla,
CA) as described previously [16]. For PCR amplification,
¢DNAs were amplified using SYBR Green Realtime PCR
Master Mix (Toyobo) and 0.3 uM of each primer pair. The
primer pairs for amplifying GAPDH cDNA were
hGAPDHS556; 5°- TGCACCACCAACTGCTTAGC-3’ and
hGAPDH642; 5= GGCATGGACTGTGGTCATGAG-3’.
Amplification was carried out initially for 30 sec at 94 °C,
followed by 40 cycles (94 °C 30 sec, 55 °C 30 sec, and 72°C
1 min). Quantitative PCR analysis for each sample was car-
ried out in triplicates. Relative gene expression values were
obtained by normalizing Cr (threshold cycle) values of target
genes in comparison with Cr values of the GAPDH gene
using the AACt method. -
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Western Blot Analysis

Western blot analysis was carried out as previously de-
scribed [16], with antibodies against WRN, and Spl (Santa
Cruz Biothchnology, Santa Cruz, CA) followed by addition
of horseradish peroxidase (HRP)-conjugated secondary anti-
body (Calbiochem, Darmstadt, Germany). Signal intensities
were quantified with an LAS4000 system and MultiGauge
Software (Fuji Film, Tokyo, Japan).

Telomerase Amplification Protocol (TRAP) Assay

Cell pellets (3x10%) were treated with 200 pl of ice-cold 1
x CHAPS lysis buffer (10 mM Tris-HCI [pH 7.5], | mM
MgClh, 1 mM EGTA, 0.1 mM Benzamidine, 5 mM f-
mercaptoethanol, 0.5% CHAPS, and 10% Glycerol), incu-
bated on ice for 30 min, and centrifuged at 12,000 x g for 20
min at 4 °C. The supernatant was then stored at -80 °C.
TRAP assays were performed with a TRAP assay kit
(Chemicon, Temecula, CA) as described previously [16].
Signal intensities of the DNA ladders and internal controls
were quantified with MultiGauge Software.

RESULTS
Proliferation of HeLa S3 Cells After Rsv Treatment
" As shown in Fig. (1), the proliferation of HeLa S3 cells

_ was not suppressed after 24 h treatment with 40 uM of Rsv

measured by MTS. This suggests that Rsv does not induce
cell-damaging signals in these experimental conditions.

Percent Cell Number

oy
A

0.631.25 25 5

10 20 40
Resveratrol (ulM)

Fig. (1). Resveratrol (Rsv) does not affect proliferation of HeLa S3
cells. HelLa S3 cells were treated with Rsv (1-40 uM) for 24 h. Re-
sults represent cell viabilities measured by the MTS assay. The
results show the mean + SD of eight independent experiments.

Augmentation of Expression of DNA Helicase-encoding
Genes by Rsv

Quantitative real time PCR showed that the expression of
the WRN, HELB, and Sp/ genes increased by the increase of
the concentrations of Rsv up to 10 uM in the culture medium
for 24 h (Fig. 2B). On the other hand, BLM gene expression
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Fig. (2). Changes in gene expressions of various genes after Rsv
treatment. (A) HeLa S3 cells were treated with 10 pM Rsv for 0, 4,
6, 8, 16, and 24 h (lanes 1, 2, 3, 4, 5 and 6, respectively). Total
RNAs were extracted from the cells, and synthesized cDNAs were
subjected to PCR with appropriate primer pairs to amplify BLM,
HELB, WRN, Spl, SIRT1, and B -actin cDNA. (B) HeLa S3 cells
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were treated with different concentrations of Rsv (0 to 10 uM) for
24 h. Realtime PCR analyses were performed with cDNA prepared
from similar experimental conditions as described above. Results
show relative gene expressions of WRN, BLM, HELB, and Spl
compared with that of GAPDH. The results show the mean + SD of
three independent assays. (C) Realtime RT-PCR was carried out to
analyze WRN and Pif] gene expression in HeLa S3 cells after 10
uM of Rsv treatment for O to 24 h. The results show relative
WRN/GAPDH, and Pifl/GAPDH gene expression ratios compared
with those of Rsv non-treated cells. The values are the mean + SD
of four independent experiments. ’

was not greatly changed. Next, we examined whether the
amounts of WRN transcripts were accumulated in a time-
dependent manner. As shown in Fig. (2C), the relative
amount of WRN transcripts was greater than those of the Pifl
transcripts after 4-24 h treatment of 10 uM of Rsv.

Effect of Rsv on the WRN Promoter

To test whether human WRN, BLM, TERT, p2l, and
HELB promoters are affected by Rsv treatment, transient
transfection experiments were carried out (Fig. 3A). Luc
activities of pGL4-WRN, -BLM, -HELB, -TERT, and -p21
transfected cells were normalized to that of the pGL4-Pifl
transfected cells, because Pifl has been suggested to have a
negative effect on telomere elongation [19]. As shown in
Fig. (3A), relative Luc activities of these reporter-vector
transfected cells were augmented by 10 uM Rsv.

To compare time-dependent responses of the promoters
precisely, HeLa S3 cells were treated with Rsv after 6 h of
transfection and collected after further incubation from 0 to
40 h. Increases in the WRN/Pifl and TERT/Pif] promoter
activity ratios were observed after 24 h of treatment (Fig.
3B). Next, Rsv was added after 24 h of transfection, and the
cells were harvested after further 0 to 48 h incubation (Fig.
3C). In these experimental conditions, the magnitude of fold
activation of the pGL4-WRN transfected cells after 24 to 48
h Rsv treatment was greater than that of the pGL4-Pifl trans-
fected cells. Taken together, these results indicate that Rsv
up-regulates the WRN and TERT promoters in HeLa S3 cells.

Expression of WRN Protein After Rsv Treatment

The data above indicate that the WRN promoter responds
to Rsv and that transcripts are accumulated in the cells. To
examine WRN protein expression, Western blotting with
samples from cells treated with 10 uM Rsv was performed.
WRN protein expression increased more than three fold
compared with the control level after 16 h Rsv treatment
(Fig. 4). Surprisingly, the amount of WRN protein in 24 h
Rsv-treated cells decreased, accompanied by a decrease in
Spl protein expression (Fig. 4B). Because WRN gene ex-
pression increased continuously after 24 h Rsv treatment
(Fig. 2), WRN protein might be down-regulated or degraded
at the post-translational level.

Activation of Telomerase by Rsv Treatment

Because similar responses in WRN promoter and
gene/protein expressions were observed after Rsv, as in the
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Fig. (3). Effect of Rsv on WRN, and TERT promoter activities. (A)
HeLa S3 cells were transiently transfected with pGL4-WRN (col-
umns 1 and 2), pGL4-BLM (columns 3 and 4), pGL4-hTERT (col-
umns 5 and 6), pGL4-p21 (columns 7 and 8), pGL4-HELB (col-
umns 9 and 10), and pGL4-Pifl (columns 11 and 12). After 6 h
incubation, cells were treated with 10 uM Rsv for a further 16 h
then Luc samples were prepared. The results show relative Luc
activities of these reporter plasmid-transfected cells compared with
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that of pGL4-Pifl vector transfected cells. The values are the mean
+ SD of four independent assays. (B) Similar experiment described
in the legend to (A) was performed. Fold activation indicates the
WRN/Pifl and TERT/Pifl promoter activity ratios of Rsv treated
cells compared with those of Rsv- non-treated cells. The results
show the mean + SD of three independent assays. (C) HeLa S3
cells were treated with Rsv after 24 h of transfection. After further
24 h incubation, cells were harvested and Luc assays were per-
formed. The results show relative Luc activities of these reporter
plasmid-transfected cells compared with that of Rsv non-treated
cells. The values are the mean + SD of three independent assays.
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Fig. (4). Rsv treatment-induced amount of WRN in whole protein
extracts from HeLa S3 cells. (A) HeLa S3 cells (1.0 x 10° ) were
treated with Rsv (10 uM) for 0, 4, and 8 h. Proteins extracted from
Rsv-treated cells were separated by a 7.5% SDS-PAGE, and West-
em blotting was performed with anti-WRN and anti-B-actin anti-
bodies (upper and lower panels, respectively). Then, each band was
quantified and results show relative WRN/B-actin protein expres-
sion ratio compared to that of the Rsv non-treated cells. (B) HeLa
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S3 cells were treated with 10 ;,LM Rsv for 0, 8, 16 and 24 h and
Western blotting was performed with anti-WRN, anti-f-actin, and
anti-Spl antibodies. The signal intensity of each band was quanti-
fied and the results show relative protein levels compared with that
of Rsv-non-treated cells.

case of 2DG treatment [16], we speculated that telomerase
might be activated by Rsv. As confirmation, a TRAP assay
was performed with the protein samples from HeLa S3 cells
treated with 10 uM Rsv for 8 to 24 h (Fig. SA). The results
showed that telomerase activity reached its highest point at
16 h treatment and decreased after a further 8 h (Fig. SB).
The pattern of changes of telomerase after Rsv treatment is
similar to that of WRN. )

DISCUSSION

Genes suggested as controlling the aging process encode
proteins involved in DNA-damage responses, DNA-repair
synthesis, telomere maintenance, insulin signaling, ROS
metabolism, and construction of nuclear membranes [1,3,6].
In other words, the aging process could be affected by altera-
tion of variety of gene expression induced by epigenetic and
environmental changes. On the other hand, it seems that the

A

Time after Rsv Addition (h)
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life spans are pre-set or pre-determined by the genome of the
organism because the maximum life spans of species are
almost constant. From a genetic study of C. elegans, it has
been suggested that the insulin-mediated signal transduction
system plays an important role in controlling life span [20,
21].

CR or reduced caloric intake is the only conclusive and
repraducible intervention that can slow aging and maintain
health in mammals [22]. Given that insulin enhances cellular
glucose intake, CR might have the opposite effect of insulin
signaling. Previously, we indicated that 2DG, a potent in-
hibitor of glucose metabolism, up-regulated the WRN gene
and protein expressions accompanied by activation of telom-
erase in HeLa S3 cells [16]. Recent studies have suggested
that Rsv also has positive [23] and negative [24] effects on
telomerase activity. The effect of Rsv on telomerase might
be dependent on whether the experimental conditions induce
apoptosis or not. Recently, it was reported that Rsv activates
an ATM/ATR-dependent DNA damage response [25].
Therefore, if apoptosis was not induced, Rsv would up-
regulate chromosomal DNA maintenance factors including
telomerase. In this study, we observed the positive effect of
Rsv on WRN gene expression and telomerase activity with-
out growth inhibition for 24 h. Rsv is known to be a CR mi-
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Fig. (5). Rsv treatment induces telomerase activity in HeLa S3 cells. (A) CHAPS lysis buffer extracts (20 ng) from HelLa S3 cells were ana-
lyzed by the TRAP assay. HeLa S3 cells were treated with 10 uM Rsv for 0 (lanes 1-3), 8 (lanes 4-6), 16 (lanes 7-9), and 24 h (lanes 10-12).
Lanes 14 to 25 represent backgrounds with samples that were incubated at 85°C for 10 min. 1 x CHAPS (lane 13) and TSR8 (lanes 26) rep-
resent negative and positive controls, respectively. Lane M represents a 100-bp ladder marker. (B) Signal intensities of TRAP-products and
internal controls were quantified and telomerase activities were calculated as described in the manufacturer’s protocol. Histograms show
relative telomerase activities compared with Rsv non-treated cells. Results show the mean + SD of three independent assays.
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metic drug that activates sirtuin (SIRT1)-mediated deacetyla-
tion [12] and the activation of SIRT1 by Rsv treatment has
been reported to improve mitochondrial function [26]. These
observations suggest that common signal molecules, such as
FoxO [27], might have been affected by 2DG or Rsv to up-
regulate promoter activities of the WRN and TERT genes. In
addition, NF-x B activity has been reported to be inhibited by
Rsv [28]. Therefore, NF-xB might be one of the candidates
for the regulation of the WRN and TERT promoters. From
comparison of the DNA sequence motifs of the WRN and
TERT promoters, multiple GC-boxes or Spl binding se-

quences are commonly found in both promoter regions [16],”

suggesting that GC-box binding factors are affected by CR
mimetic compounds to co-regulate telomere maintenance
factors. Because the Spl protein decreased after Rsv treat-

ment (Fig. 4B), other GC-box associating factors might be

involved in the positive regulation of the WRN and TERT
promoters. However, these possibilities are yet-to be eluci-
dated.

2DG, as a CR mimetic drug, has a very narrow therapeu-
tic range bordering on toxicity, making it difficult to be used
as a drug candidate for human beings [22]. On the other
hand, Rsv activates SIRT1 but it could induce cell-death or
apoptosis [24]. Further analyses are needed to indicate the
transcription factor(s) that are responsible for the up-
regulation of WRN and TERT gene expressions by these CR

mimetic compounds. Introduction of the expression vectors -

of these transcription factors with siRNAs for ¢cDNAs of

glucose metabolizing enzymes into cells might protect chro= -

mosomes and telomeres, thereby elongating life span without
toxic effects.
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ABBREVIATIONS

BS = Bloom’s syndrome

CR = Caloric restriction

2DG = 2-deoxy-D-glucose

FCS - = Fetal calf serum

HELB = Helicase B

HGPS = Hutchinson-Gilford progeria syndrome

Luc = Luciferase

MTS = 3-(4,5-dimethylthiazol-2-y1)-5-(3-carboxy-
methoxyphenyl)-2(4-sulfophenyl)-2H-
tetrazolium; inner salt

ROS = Reactive oxygen species

Rsv = Resveratrol

RT-PCR = Reverse transcriptase polymerase chain
reaction

SDS-PAGE = SDS-polyacrylamide gel electrophoresis

Uchiumi et al.

SOD = Superoxide dismutase

TBS = TRIS buffered saline

TRAP = Telomerase amplification protocol
WS = Werner’s syndrome,
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