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Abstract. Leptin, the ob gene product, is an adipocyte-
secreted hormone that centrally regulates weight by de-
creasing caloric intake and increasing energy expendi-
ture. Expression of leptin is regulated by dietary status,
insulin, glucocorticoids and catecholamines. Pancreast-
atin (PST), a chromogranin A-derived peptide, correlates
with catecholamine levels, and may play a role in the
physiology of stress, modulating endocrine secretion and
metabolism. Thus, PST has been found to exert a lipoly-
tic and anti-insulin effect in white adipocytes. The aim of
the present work was to investigate a possible role of PST
modulating the expression of key genes involved in lipid
storage and metabolism: leptin, PPAR-y2, UCP-1 and
UCP-2. We incubated isolated rat epididymal adipocytes
with 100 nM PST for 16 and 24 h. Leptin, UCP-2 and
UCP-1 mRNA levels were assessed by RT-PCR, followed

by Southern blot. Leptin secretion was also measured by
ELISA. PST inhibited leptin expression and secretion at
16-h incubation, but this effect was no longer observed
after 24 h. On the other hand, PST stimulated the expres-
sion of UCP-2 after 16 h. However, the effect was still
significant after 24 h. The inhibitory effect of PST on lep-
tin expression and secretion and the stimulation of UCP-
2 expression were prevented by blocking PKC. UCP-1
and PPR-y2 expression did not change after PST stimu-
lation. Leptin differentially regulates the expression of
key genes in the rat adipocyte, upregulating the expres-
sion of UCP-2 and inhibiting the expression and secretion
of leptin by a mechanism that involves PKC activity.
These effects may contribute to the metabolic action of
catecholamines in physiological and pathophysiological
conditions with increased sympathetic activity.
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Leptin, the 16-kDa nonglycosylated protein product of
the ob gene [1], is a hormone synthesized mainly in adi-
pose cells [2] to regulate weight control in a central man-
ner, via its cognate receptor in the hypothalamus [3], by
regulating food intake and energy expenditure [4, 5].
Leptin is released into the circulation, and plasma levels
correlate with total body fat mass [6]. Leptin administra-
tion to lean or ob/ob (leptin-deficient) mice increases
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basal metabolic rate and reduces food intake, leading to
weight loss [7—9]. This effect of leptin is known to be me-
diated by modulating sympathetic nervous system activ-
ity, which in turn, modulates leptin [10—12]. Thus, adren-
ergic agonists, in particular those specific for the fS;-
adrenergic receptor, have been found to inhibit leptin
expression [13—15]. Furthermore, adrenergic nerve ac-
tivity is well known to regulate adipose tissue energy
stores through lipolysis and activation of thermogenesis
[16].
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Catecholamines are secreted along with chromogranin A,
a glycoprotein very abundant in chromaffin granules, but
also present in many neuroendocrine cells [17]. Chromo-
granin A is the precursor of a variety of peptides with dif-
ferent functions [18]. Pancreastatin (PST) [19] is one of
the biologically active peptides derived from chromo-
granin A [19, 20]. High PST levels have been correlated
with catecholamines in hypertension and gestational dia-
betes, i.e. pathophysiological states with increased adren-
ergic activity [21, 22]. Thus, PST has been suggested to
play a role in the physiology of stress, modulating en-
docrine secretion and metabolism [23].

The metabolic actions of PST have been thoroughly
studied and we already know some of the molecular
mechanisms by which PST modulates glucose, lipid and
protein metabolism in the adipocyte [22], with a conse-
quence which is generally counterregulatory to that of
insulin.

PST has been shown to exert its metabolic effect in rat
adipocytes [24] by activating specific receptors [25],
which trigger the stimulation of the coupled Ga,,,-Gi, ,
system [25], resulting in activation of the effector system
phospholipase C-B-protein kinase C-mitogen-activated
protein kinase (PLC-B-PKC-MAPK) [25, 26]. PST has a
counterregulatory effect on insulin signaling and action,
inhibiting glucose uptake, glycogen and lipid synthesis,
as well as promoting lipolysis [24, 26, 27]. Moreover,
PST has a negative cross-talk with insulin receptor sig-
naling [26], blocking the phosphatidylinositol 3-kinase
(PI3K) signaling cascade at an early stage in the insulin
receptor signal transduction mediated by the activation of
PKC [26, 28]. Furthermore, PKC activity has been found
to directly mediate some metabolic effects of PST, such
as the activation of glycogen synthase kinase-3 (GSK-3),
providing further mechanisms that explain the inhibition
of basal and insulin-mediated glycogen synthesis in rat
adipocytes [27].

Mitochondrial uncopling proteins (UCPs) encode proton
carriers that uncouple electron transport from ATP syn-
thesis and are implicated in increases in energy expendi-
ture [29]. UCP-1 is mainly expressed in brown adipose
tissue [30], but is also present in white adipocytes [31],
whereas UCP-2 is abundant in white adipose tissue [32,
33]. UCPs, as well as leptin expression, have been found
to be modulated by f; adrenergic activation [16, 31,
34-36] and peroxisome proliferator-activated receptor-y
(PPAR-y) agonists [37, 38].

Given the functional relationship between cate-
cholamines and PST, we sought to assess the effect of
in vitro PST stimulation of isolated rat adipocytes on
the expression of key genes involved in lipid metabolism
and energy homeostasis: leptin, UCP-1, UCP-2 and
PPAR-y.

Pancreastatin and leptin expression

Materials and methods

Materials

PST was purchased from Peninsula Laboratories (St. He-
lens U. K.). The PKC inhibitor (bisindolylmaleimide) and
cycloheximide were from Roche Molecular Biochemi-
cals (Barcelona, Spain).

Adipocyte isolation

Adipocytes were prepared from the epididymal fat pads
of ad libitum-fed 120- to 180-g male Wistar rats accord-
ing to the method described by Rodbell [38], with minor
modifications [24, 25].

Adipocyte incubation

Adipocytes were incubated in six-well plates in Dul-
becco’s modified Eagle’s medium (DMEM), supple-
mented with 0.1% bovine serum albumin (BSA), and
2 mM L-glutamine, 100 pU/ml penicillin, and 100 pg/ml
streptomycin (complete medium without serum) (all
from Gibco, Invitrogen, Barcelona, Spain). Adipocytes
were incubated at 37°C in 5% CO, atmosphere. When
the protein synthesis inhibitor cycloheximide (20 pg/ml),
or the PKC inhibitor bisindolylmaleimide (50 nM) were
employed, they were added 5 min before the addition of
PST, and controls were incubated with vehicle. Samples
were taken from the incubation medium at 16 h and 24 h
for leptin determination or RNA isolation.

Leptin assay

Leptin levels in cell incubation medium and cell lysates
were determined with a commercially available ELISA
kit (R&D Systems, Minneapolis, Minn.). Leptin concen-
trations were within the detection range of the kit
(62—4000 pg/ml). All samples were assayed in duplicate.
Data are means = SE from three different experiments.
Differences among groups were determined by analysis
of variance followed by a post hoc multiple comparison
test. A p value <0.05 was considered significant.

mRNA detection by RT-PCR

Primary cultured adipocytes were incubated at 37°C in a
5% CO, atmosphere for 16 h and 24 h in the absence or
presence of PST (100 nM). Total RNA (1 x 10° cells) was
extracted with the QuickPrep Total RNA extraction kit
(AmershamPharmacia Biotech, Barcelona, Spain). First-
strand cDNA synthesis was performed using oligo-dT
primer (kit from Roche Molecular Biochemicals) and
used for detection of the leptin, UCP-1, UCP-2 and
PPAR-y messenger RNA (mRNA) by RT-PCR as previ-
ously described [35, 39—-42]. The sequences of primers
and hybridization probes for leptin, UCPs and PPAR-y
are described in table 1. B-Actin mRNA expression was
used as an internal control. The samples were amplified
for 2325 cycles using the following parameters: denat-
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Table 1. Sequences of PCR primers.

Gene Sense primer (5'—3") Antisense primer (5"—3") Internal oligonucleotides (5'—3") Size of

cDNA (bp)

P-Actin TTGTAACCAACTGGG- GATCTTGATCTTCATGGT- GGTCAGGATCTTCATGAGGTA- 764
ACGATATGG GCTAGG GTCTGTCAG

Leptin GGAGGAATCCCTGCTC- CTTCTCCTGAGGATACCTGG- GGTCTGAGAGGCAGGGAGCA- 640
CAGC GCTCTTGGAGAAGGC

UCP-1 CAGGCTTCCAGTACTAT- TGCCAGTATGTGGTGGTTC- CGGACTTTGGCGGTGTCCAG- 486
TAGGT ACAAG CGGGAAGGTGAT

UCP-2  CAGTTCTACACCAAGGG- TCTGTCATGAGGTTGGCTT-  GTCGGAGATACCAGAGCACT- 323
CTCAGAG TCAG GTCGAAGCCT

PPAR-y  ATAAAGTCCTTCCCGCT-  GCGGTCTCCACTGAGAATA-  CCACAGGTACTCTAGTAGATGT- 524
GACCAAAGCC ATGACAGC GGTACGACCGG

uration at 94°C for 1 min, annealing at 60°C for 1 min A

and extension at 72°C for 1 min. The annealing tempera- -

ture for UCP-2 primers was 65°C, and 60°C for f-actin Leptin | M. s - 1S

primers. The PCR products were analyzed by 2% agarose E"l

gel with ethidium bromide staining and Southern hy- g 05

bridization. The hybridization probe was labeled by tail- ~ B-Actin -’ﬂ O

ing the oligonucleotide with digoxigenin-dUTP (kit from PST " "

Roche Molecular Biochemicals). Specific hybridization S = O !

was developped with anti-digoxigenin antibodies (Roche 16h 24h

Molecular Biochemicals) labeled with peroxidase [40]. B c

The bands were visualized by a high-sensitive chemilu- 2400

minescence system (SuperSignal; Pierce, Rockfold, Ill.). E 0

The bands obtained were scanned and analyzed by the @ 2000 3 B

PCBAS?2.0 program. ] e

Values are expressed as means + SE Student’s t test was  © e g 180

. . . . . [1] o
used for comparisons, with differences being considered = o Z
significant at p < 0.05. s T
SPST: -+ - 4+ SpPST: -+ -+
| I | | S |
16h 24h CHX: + + + +,
16h 24h

Results

Pancreastatin inhibits the expression and secretion of
leptin from isolated rat adipocytes

Adrenergic activation inhibits leptin expression in white
adipose tissue [15, 35]. The effect of the chromogranin A-
derived peptide PST on the degree of leptin mRNA ex-
pression was tested in isolated rat adipocytes by a semi-
quantitative RT-PCR method. Figure 1 A shows that 16-h
exposure to PST significantly decreased leptin expres-
sion in cultured rat adipocytes. Thus, 100 nM PST inhib-
ited basal leptin mRNA expression by about 50%. This
effect of PST was transient, since no significant differ-
ences were found after 24 h incubation.

Since PST reversibly inhibited leptin mRNA expression,
we next wanted to assess whether PST would also modify
leptin secretion. Thus, we measured leptin production in
the incubation medium of adipocytes after 16- and 24-h
incubation, by a specific ELISA. Analysis of the PST ef-
fect on leptin secretion is shown in figure 1B. PST

Figure 1. PST inhibits leptin expression and secretion from rat
adipocytes. Isolated epididymal rat adipocytes were incubated for
16 and 24 h in the absence or presence of 100 nM PST. (4) Total
RNA was obtained and leptin expression was assessed by RT-PCR
and Southern blot with an internal oligonucleotide. Leptin bands
were quantified and normalized with the S-actin bands. A represen-
tative experiment out of four is shown. Densitograms with SE are
shown. *p <0.05. (B) Leptin levels were measured in the incubation
medium by ELISA at 16 and 24 h. Data are means + SE from three
independent experiments run in duplicates. * p < 0.05. (C) Leptin
levels were measured in the culture medium from adipocytes incu-
bated in the presence of cycloheximide (CHX) (20 pg/ml).

(100 nM) significantly inhibited leptin secretion, de-
creasing by about 30% the leptin release from control
adipocytes. We next employed a protein synthesis in-
hibitor (cycloheximide, 20 pg/ml) to check a possible ef-
fect of PST on the secretory process of synthesized lep-
tin. As shown in figure 1 C, cycloheximide treatment dra-
matically decreased leptin secretion, as should be
expected for the inhibition of protein synthesis. However,
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no differences in leptin levels were obtained in medium
samples from adipocytes incubated with or without PST,
when adipocytes were cultured in the presence of 20 pg/
ml cycloheximide. Therefore, this inhibitory effect of
PST on leptin secretion seems to be due to the observed
decrease in mRNA, rather than to an inhibitory effect on
leptin release. Furthermore, we found no accumulation of
leptin inside the PST-stimulated adipocytes, as assessed
by quantification of leptin levels in cell lysates (data not
shown).

PST enhances the expression of UCP-2 in rat
adipocytes

Catecholamines, and more specifically f;-adrenergic
agents, increase UCP-2 expression in white adipose tis-
sue [43]. To investigate the potential regulation of UCP-2
by the chromogranin A peptide PST, rat adipocytes were
cultured in the same way as described for the study of lep-
tin expression. Rat adipocytes were incubated in the ab-
sence or presence of 100 nM PST and the degree of UCP-
2 expression was tested by RT-PCR. As shown in figure
2, PST stimulation for 16 h enhanced the expression of
UCP-2 mRNA, about 100% over the control. This effect
was already evident after 24 h incubation with a 50% in-
crease over the control cells.

PST does not modify the expression of UCP-1

and PPAR-y in rat adipocytes

Since UCP-1 has also been previously found to be present
in white adipose tissue [31], and UCP-1 expression is
upregulated by adrenergic activation [34], we tested the
effect of PST on UCP-1 mRNA levels by RT-PCR. As
shown in figure 3 A, UCP-1 is expressed in rat white adi-
pose cells. However, stimulation of rat adipocytes with
100 nM PST for 16 and 24 h did not change the expres-
sion of UCP-1.

PPAR-y mediates upregulation of UCPs [36—38, 44],
and downregulation of leptin expression [45—47]. Since
we have found that PST inhibits the expression of lep-
tin and enhances the expression of UCP-2 in rat

UCP-2

s - -
B-Actin P’ﬂ
PST: L N i | |. il |

24h

Optical Density
L8]

16h

Figure 2. PST stimulates UCP-2 expression in rat adipocytes.
Adipocytes were incubated in the absence or presence of 100 nM
PST and UCP-2 mRNA expression was assessed by RT-PCR. UCP-
2 bands were quantified and normalized with the B-actin bands. A
representative experiment out of four is shown. Densitograms with
SE are shown. * p <0.05.

Pancreastatin and leptin expression

adipocytes, we sought to check whether these effects of
PST could be partly mediated by upregulation of PPAR-
y expression. As shown in figure 3, PST stimulation of
rat adipocytes for 16 and 24 h did not affect the expres-
sion of PPAR-y.

Inhibition of PKC blocks the effects of pancreastatin

on leptin and UCP-2 expression

The metabolic effects of PST on rat adipocytes have been
previously found to be mediated by PKC activation. Thus,
we next studied the effect of PST on the expression of
leptin and UCP-2 in the presence of a PKC inhibitor
(50 nM bisindolylmaleimide). Adipocytes were preincu-
bated with the PKC inhibitor for 5 min and then stimu-
lated for 16 and 24 h in the presence or absence of PST
(100 nM). As shown in figure 4 A, the effect of PST in-
hibiting the expression of leptin was completely reversed.
Thus, no significant differences were found after 16- or
24-h incubation in the presence of PST, compared with
controls. Furthermore, inhibition of PKC activity also
completely blocked the inhibitory effect of PST on leptin
secretion (fig. 4B).

As shown in figure 5, the effect of PST enhancement of
the expression level of UCP-2 was also completely
blocked by PKC inhibition. Thus, no differences were
found when the rat adipocytes were incubated in the pres-
ence of PST for 16 or 24 h, compared with control cells.

Discussion
The glycoprotein chromogranin A [48] is very abundant
in chromaffin cells, but is also present throughout the

neuroendocrine system [17]. The release of chromo-
granin A with catecholamines indicates that exocytosis is
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Figure 3. PST does not modify UCP-1 and PPAR-y expression in
rat adipocytes. Cells were incubated as described in figure 2 but
UCP-1 and PPAR-y primers were employed for RT-PCR. Total
RNA was obtained and UCP-1 and PPR-y mRNA was assessed by
RT-PCR and Southern blot with an internal oligonucleotide. UCP-
1 and PPAR-y bands were quantified and normalized with the p-

actin bands. An experiment representative of three is shown. Densi-
tograms with SE are shown.
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Figure 4. Inhibition of PKC activity blocks the effects of PST on
leptin expression and secretion. Adipocytes were incubated as de-
scribed in figure 1, but PKC activity was inhibited with 50 nM
bisindolylmaleimide. (4) Total RNA was obtained and leptin ex-
pression was assessed by RT-PCR and Southern blot with an inter-
nal oligonucleotide. Leptin bands were quantified and normalized
with the B-actin bands. A representative experiment out of three is
shown. (B) Leptin levels were measured in the incubation medium
by ELISA at 16 and 24 h. Data are means + SE from three inde-
pendent experiments run in duplicate.
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Figure 5. Inhibition of PKC activity blocks the PST stimulation of
UCP-2 expression. Adipocytes were incubated as described in fig-
ure 2, but PKC activity was inhibited with 50 nM bisindolyl-
maleimide. UCP-2 mRNA expression was assessed by RT-PCR.
UCP-2 bands were quantified and normalized with the S-actin
bands. A representative experiment out of three is shown. Densi-
tograms with SE are shown.

the mechanism of physiologic chromogranin release [49].
Thus, chromogranin A levels are a good indicator of sym-
pathoadrenal activity [50], especially under stressful con-
ditions, such as hypoglycemia [50, 51].

PST is well-established as one of the main bioactive pep-
tides derived from chromogranin A [18, 19, 23]. The in-
tracellular processing of PST involves endopeptidases,
such as prohormone convertase-2 (PC-2) and car-
boxypeptidase H, whereas the extracellular processing of
chromogranin A may occur either as a result of the activ-
ities of proteases co-secreted by the chromaffin granule,

Research Article 2753

to exoproteases localized on the extracellular side of the
cell plasma membrane, or to the proteases present in
plasma [52—54]. In any case, the sympathetic/adrenergic
activity is the major source of chromogranin A in stress-
ful conditions and is therefore also the major source for
PST. In fact, PST has been shown to correlate with cate-
cholamines in essential hypertension [21] and gestational
diabetes [22], and a role for PST in the metabolic syn-
drome has been proposed [23, 55, 56].

Catecholamines are known to control the metabolic re-
sponse to stress [57]. We have previously characterized the
glycogenolytic and lipolytic effects of PST [22—-28, 58], as
well as counterregulatory effects on insulin action [59].
These effects are consistent with a putative role for PST
potentiating the metabolic action of catecholamines [60].
We know that the adipocyte can centrally modulate
adrenergic activity by producing leptin [61, 62]. In turn,
adrenergic activation has been found to modulate leptin
expression [15, 35]. The aim of the present work was to
study the possible PST regulation of leptin expression
and secretion, as well as the expression of other important
genes for the energy balance of the adipocyte: UCP-1,
UCP-2 and PPAR-y. We found that PST differentially
regulate the expression of these genes. Thus, PST inhibits
leptin secretion from rat adipocytes by decreasing leptin
mRNA expression and without modifying the release of
synthesized leptin. This effect of PST on leptin is coinci-
dent with the inhibitory effect of adrenergic stimulation,
and may contribute to the inhibition of leptin synthesis
and secretion that occur upon sympathetic activation,
since both PST and catecholamines are produced by
chromaffin granules. The PST inhibition of leptin ex-
pression and secretion is transient and is no longer ob-
served after 24 h. Since we employed static incubations,
we do not know the possible contribution of the negative
modulation of leptin secretion on its own expression, be-
cause leptin also has a well-known inhibitory effect on
leptin expression by the adipocyte [63]. Thus, a decrease
in leptin release may have the opposite effect, i.e. an in-
crease in leptin mRNA expression. This autocrine effect
of leptin may partly explain the transient inhibition of
leptin expression by PST, which is no longer observed
after 24 h.

The effect of PST inhibiting leptin production is counter
to the previously reported effect of PST stimulating pro-
tein synthesis in the adipocyte [24, 64]. In fact, the PST
inhibition of leptin release does not seem to be as dra-
matic as the inhibition of leptin mRNA expression.
Therefore, this discrepancy may be explained by the dual
effect of PST inhibiting leptin mRNA, but increasing pro-
tein synthesis. In any case, the final effect of PST is the
transient inhibition of leptin release by the rat adipocyte.
At the same time, PST stimulates the expression of UCP-
2, the major uncoupling protein in white adipose tissue,
without modifying the expression of UCP-1, which is
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also present in white adipocytes. These results suggest
that PST may work as an amplification of the adrenergic
stimulation of basal metabolism increasing heat produc-
tion, in a similar way to the reported effect increasing
lipolysis [24]. This effect of PST on UCP-2 expression is
still evident after 24 h, and therefore points to a role of
PST regulating energy balance on a long-term basis. One
should note that the effect of PST on UCP-2 expression
may be even greater, since leptin is known to increase the
expression of UCP-2 [63], and PST inhibits leptin secre-
tion. On the other hand, PST, unlike catecholamines, has
no effect on UCP-1 expression in rat white adipocytes.
The lack of effect of PST on UCP-1 expression may re-
flect the different mechanisms of action exerted by PST
and catecholamines. Nevertheless, we do not yet know
the possible effect of PST on UCP-1 expression in its ma-
jor localization, i.e. brown adipose tissue. This is an in-
teresting hypothesis that may be worth investigation.
One of the known signals that mediates the increase in
UCP-2 expression and inhibition of leptin is PPAR-y.
Thus, PPAR-y activation has been shown to stimulate
UCP-1 and UCP-2 expression [44], but to inhibit leptin
expression [45—47]. That is why we checked the possible
mediation of PPAR-y on these PST effects. However,
PST did not modify PPAR-y expression, and therefore we
may rule out an indirect effect of PST on leptin and UCP-
2 expression via PPAR-y expression. On the other hand,
the production of activating PPAR-y ligands by PST stim-
ulation in rat adipocytes remains to be investigated.

The regulation of leptin and UCP-2 expression by PST is
mediated by a PKC activation pathway, since both the in-
hibition of leptin and the increase in UCP-2 mRNA ex-
pression are prevented by blocking PKC activity. These
results are consistent with the mechanism whereby PST
exerts metabolic effects in the adipocyte, as well as the
cross-talk with the insulin receptor [26—28]. Further-
more, previous work has already demonstrated that PKC
activation negatively modulates leptin expression [65,
66], whereas these may be the first reported data regard-
ing the role of PKC in UCP-2 expression.

Our current hypothesis is that PST plays a role in the
physiology of stress, by regulating the supply of energy to
the whole organism. In fact, PST levels may be increased
under stressful conditions, during which chromogranin A
is co-secreted with catecholamines. The present results
further support the hypothesis that considers PST as a
long-term effector of the adrenergic system by regulating
the expression of important genes involved in the modu-
lation of energy balance in white adipocytes.

Acknowledgements. This work was supported by a grant from the
Fondo de Investigacion Sanitaria (FIS 00/0311), Ministerio de
Sanidad (Spain). C. Gonzalez-Yanes is a recipient of a fellowship
from the Fondo de Investigacion Sanitaria, Ministerio de Sanidad
(Spain) (BEFI 98/9158).

10

11

12

13

14

15

16

17

18

19

20

21

Pancreastatin and leptin expression

Zhang Y., Proenca R., Maffei M., Barone M., Leopold L. and
Friedman J. M. (1994) Positional cloning of the mouse obese
gene and its human homologue. Nature 372: 425-432

Maftei M., Fei H., Lee G. H., Dani C., Leroy P, Zhang Y. et al.
(1995) Increased expression in adipocytes of ob RNA in mice
with lesions of the hypothalamus and with mutations at the db
locus. Proc. Natl. Acad. Sci. USA 92: 6957—-6960

Flier J. S. (1995) The adipocyte: storage depot or node on the
energy information superhighway? Cell 80: 15—18

Caro J. E, Sinha M. K., Kolaczinsky J. W., Zhang P. and Consi-
dine R. V. (1996) Leptin: the tale of human obesity gene. Dia-
betes 45: 1455-1462

Spiegelman B. M. and Flier J. S. (1996) Adipogenesis and obe-
sity: rounding out the big picture. Cell 87: 377—-389

Frederich R. C., Lollmann B., Hamann A., Napolitano-Rosen
A., Kahn B. B., Lowell B. B. et al. (1995) Expression of Ob
mRNA and its encoded protein in rodents: impact of nutrition
and obesity. J. Clin. Invest. 96: 1658—1663

Pelleymounter M. A., Cullen M. J., Baker M. B., Hecht R., Win-
ters D., Boone T. et al. (1995) Effects of the obese gene product
on body weight regulation in ob/ob mice. Science 269: 540—
543

Halaas J. L., Gajiwala K. S., Maffei M., Cohen S. L., Chait B.
T., Rabinowitz D. et al. (1995) Weight-reducing effects of the
plasma protein encoded by the obese gene. Science 269: 543 —
546

Campfield L. A., Smith E. J., Guisez Y., Devos R. and Burn P.
(1995) Recombinant mouse OB protein: evidence for a periph-
eral signal linking adiposity and central neural networks. Sci-
ence 269: 546—549

Ahima R. S. and Flier J. S. (2000) Leptin. Annu. Rev. Physiol.
62: 413437

Haynes W. G., Morgan D. A., Walsh S. A., Mark A. L. and Sivitz
W. L. (1997) Receptor-mediated regional sympathetic nerve ac-
tivation by leptin. J. Clin. Invest. 100: 270278

Dunbar J. C, Hu Y. and Lu H. (1997) Intracerebroventricular
leptin increases lumbar and renal sympathetic nerve activity
and blood pressure in normal rats. Diabetes 46: 2040—2043
Collins S. and Surwit R. S. (1996) Pharmacologic manipulation
of ob expression in a dietary model of obesity. J. Biol. Chem.
271: 9437-9440

Deng C., Moinat M., Curtis L., Nadakal A., Preitner F., Boss F.
et al. (1997) Effects of beta-adrenoceptor subtype stimulation
in obese gene messenger ribonucleic acid and on leptin secre-
tion in mouse brown adipocytes differentiated in culture. En-
docrinology 138: 548552

Mantzoros C. S., Qu D., Frederich R. C., Susulic V. S., Lowel
B. B., Maratos-Flier E. et al. (1996) Activation of beta(3) adren-
ergic receptors suppresses leptin expression and mediates a lep-
tin-independent inhibition of food intake in mice. Diabetes 45:
909-914

Himms-Hagen J: Role of thermogenesis in the regulation of en-
ergy balance in relation to obesity (1988) Can. J. Physiol. Phar-
macol. 67: 394-401

Winkler H. and Fischer-Colbrie R. (1992) The chromogranin-
A and chromogranin-B — the first 25 years and future perspec-
tives. Neuroscience 49: 497528

Taupenot L., Harper K. L. and O’Connor D. T. (2003) The chro-
mogranin-secretogranin family. N. Engl. J. Med. 348: 1134—49
Sanchez-Margalet V., Lucas M. and Goberna R. (1996) Pan-
creastatin: further evidence for its consideration as a regulatory
peptide. J. Mol. Endocrinol. 16: 1-8

lacangelo A. L., Fischer-Colbrie R., Koller K. J., Brownstein
M. J. and Eiden L. E. (1988) The sequence of porcine chromo-
granin A messenger RNA demonstrates chromogranin A can
serve as the precursor for the biologically active hormone, pan-
creastatin. Endocrinology 15: 23392341

Sanchez-Margalet V,, Valle M., Lobon J. A., Escobar-Jiménez
F., Perez-Cano R. and Goberna R. (1995) Plasma pancreastatin-



CMLS, Cell. Mol. Life Sci.

22

23

24

25

26

27

28

29

29

30

31

32

33

34

35

36

37

38

Vol. 60, 2003

like immunoreactivity correlates with plasma norepinephrine
levels in essential hypertension. Neuropeptides 29: 97—101
Sanchez-Margalet V., Lobon J. A., Gonzalez A., Escobar-
Jimenez F. and Goberna R. (1998) Increased pancreastatin-like
levels in gestational diabetes subjects: correlation with cate-
cholamine levels. Diabetes Care 21: 19511954
Sanchez-Margalet V., Santos-Alvarez J., Gonzalez-Yanes C.
and Najib S. (2000) Pancreastatin: biological effects and mech-
anisms of action. Adv. Exp. Med. Biol. 482: 247-262
Sanchez-Margalet V. and Gonzalez-Yanes C. (1998) Pancreast-
atin inhibits insulin action in rat adipocytes. Am. J. Physiol.
275: E1055-E1060

Gonzalez-Yanes C., Santos-Alvarez J. and Sanchez-Margalet V.
(1999) Characterization of pancreastatin receptors and signal-
ing in adipocyte membranes. Biochim. Biophys. Acta 1451:
153-162

Gonzalez-Yanes C. and Sanchez-Margalet V. (2000) Pancrea-
statin modulates insulin signaling in rat adipocytes. Diabetes
49: 12881294

Gonzalez-Yanes C. and Sanchez-Margalet V. (2001) Pancrea-
statin, a chromogranin-A derived peptide, inhibits insulin-
stimulated glycogen synthesis by activating GSK-3 in rat
adipocytes. Biochem. Biophys. Res. Commun. 289: 282-287
Sanchez-Margalet V. (1999) Modulation of insulin receptor sig-
naling by pancreastatin in HTC hepatoma cells. Diabetologia
42:317-325

Nicholls D. G. and Locke R. M. Thermogenic mechanisms in
brown fat (1984) Physiol. Rev. 64: 1-64

Ricquier D., Bouillaud F.,, Toumelin P, Mory G., Bazin R., Arch
J. etal. (1986) Expression of uncoupling protein mRNA in ther-
mogenic or weakly thermogenic brown adipose tissue: evi-
dence for a rapid f-adrenoreceptor-mediated and transcription-
ally regulated step during activation of thermogenesis. J. Biol.
Chem. 261: 13905-13910

Oliver P, Pico C. and Palau A. (2001) Differential expression of
genes for uncoupling proteins 1, 2 and 3 in brown adipose
tissue depots during rat development. Cell. Mol. Life Sci. 58:
470-476

Fleury C., Neverova M., Collins S., Raimbault S., Champigny
0., Levi-Meyruieis C. et al. (1997) Uncoupling protein-2, a
novel gene linked to obesity and hyperinsulinemia. Nat. Genet.
15: 269-272

Gimeno R. E., Dembski M., Weng X., Deng N., Shyjan A. W.,
Gimeno C. J. et al. (1997) Cloning and characterization of an
uncoupling protein homolog: a potential molecular mediator of
human thermogenesis. Diabetes 46: 900—906

Nagase I., Yoshida T., Kumamoto K., Umekawa T., Sakane
N., Nikami H. et al. (1996) Expression of uncoupling protein
in skeletal muscle and white fat of obese mice treated with
thermogenic f3-adrenergic agonist. J. Clin. Invest. 97: 2898—
2904

Li H., Matheny M. and Scarpace P. J. (1997) B;-Adrenergic-
mediated suppression of leptin gene expression in rats. Am. J.
Physiol. 272: E1031-E1036

Foellmi-Adams L. A., Wyse B. M., Herron D. , Nedergaard J.
and Kletzien R. F. (1996) Induction of uncoupling protein in
brown adipose tissue: synergy between norepinephrine and
pioglitazone, an insulin-sensitizing agent. Biochem. Pharma-
col. 52: 693-701

Aubert J., Champigny O., Saint-Marc P., Negrel R., Collins S.,
Riquier D. et al. (1997) Up-regulation of UCP-2 gene expres-
sion by PPAR agonists in preadipose and adipose cells.
Biochem. Biophys. Res. Commun. 238: 606—611

Vidal-Puig A., Jimenez-Linan M., Hamann A., Lowell B. B.,
Hu E., Spiegelman B. M. et al. (1996) Regulation of PPARy
gene expression in vivo by nutrition and obesity. J. Clin. Invest.
97: 2553-2561

Rodbell M. (1964) Effects of hormones on glucose metabolism
and lipolysis. J. Biol. Chem. 239: 375-380

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Research Article 2755

Martin-Romero C. and Sanchez-Margalet V. (2001) Human
leptin activates PI3K and MAPK pathways in human peripheral
blood mononuclear cells: possible role of Sam68. Cell. Im-
munol. 212: 83-91

Sivitz W. L., Fink B. D., Morgan D. A., Fox J. M., Donohoue P.
A. and Haynes W. G. (1999) Sympathetic inhibition, leptin, and
uncoupling protein subtype expression in normal fasting rats.
Am. J. Physiol. 40: E668—E677

Zhou Y.-T., Shimabukuro M., Koyama K., Lee Y., Wang M.-Y.,
Trieu F. et al. (1997) Induction of uncoupling protein-2 and
enzymes of fatty acid oxidation. Proc. Natl. Acad. Sci. USA
94: 63866390

Emilsson V., Summers R. J.,, Hamilton S., Liu Y. L. and
Cawthorne M. A. (1998) The effects of the beta3-adrenoceptor
agonist BRL 35135 on UCP isoform mRNA expression.
Biochem. Biophys. Res. Commun. 252: 450—-454

Kelly L. J., Vicario P. P, Thompson G. M., Candelore M. R.,
Doebber T. W., Ventre J. et al. (1998) Peroxisome proliferator-
activated receptors y and a mediate in vivo regulation of un-
coupling protein (UCP-1, UCP-2, UCP-3) gene expression. En-
docrinology 139: 4920—-4927

Zhang B., Graziano M. P, Doebber T. W., Leibowitz M. D.,
White-Carrington S., Szalkowski D. M. et al. (1996) Down-reg-
ulation of the expression of the obese gene by an antidiabetic
thiazolidinedione in Zucker diabetic fatty rats and db/db mice.
J. Biol. Chem. 271: 9455-9459

Kallen C. B. and Lazar M. A. (1996) Antidiabetic thiazolidine-
diones inhibit leptin (ob) gene expression in 3T3-LI
adipocytes. Proc. Natl. Acad. Sci. USA 93: 57935796
Meirhaeghe A., Fajas L., Helbecque N., Cottel D., Lebel P, Dal-
longeville J. et al. (1998) A genetic polymorphism of the per-
oxisome proliferators-activated receptor y gene influences
plasma leptin levels in obese humans. Hum. Mol. Genet. 7:
435-440

Helle K. B. (1966) Some chemical and physical properties of
the soluble protein fraction of bovine adrenal chromaffin gran-
ules. Mol. Pharmacol. 2: 298-310

O’Connor D. T. (1983) Chromogranin: widespread immunore-
activity in polypeptide hormone producing tissues and in
serum. Regul. Pept. 6: 263-280

Takkiyyuddin M. A., Cerenka J. H., Sullivan P. A., Pandian M.
R., Parmer R. J., Barbos J. A. et al. (1990) Is physiologic sym-
pathoadrenal catecholamine release exocytotic in humans? Cir-
culation 81: 185-195

Cryer P. E., Wortsman J., Shah S. D., Nowak A. M. and Deftos L.
J. (1991) Plasma chromogranin-A as a marker of sympathochro-
maffin activity in humans. Am. J. Physiol. 260: E243— E246
Giampaolo B., Angelica M. and Antonio S. (2002) Chromo-
granin A in normal subjects, essential hypertensive and adrena-
lectomized patients. Clin. Endocrinol. 57: 41-50

Eskeland N. L., Zhou A., Dinh T. Q., Wu H., Parmer R. J.,
Mains R. E. et al. (1996) Chromogranin A processing and se-
cretion: specific role of endogenous and exogenous prohor-
mone convertases in the regulated secretory pathway. J. Clin.
Invest. 98: 148—156

Metz-Boutigue M. H., Garcia-Sablone P, Hogue-Angeletti R.
and Aunis D. (1993) Intracellular and extracellular processing
of chromogranin A: determination of cleavage sites. Eur. J.
Biochem. 217: 247-257

Leduc R., Hendy G. N., Seidah N. G., Chretien M. and Lazure
C. (1990) Fragmentation of bovine chromogranin A by plasma
kallikrein. Life Sci. 46: 1427—1433

Sanchez-Margalet V., Valle M., Lobon J. A., Maldonado A., Es-
cobar F, Olivan J. et al. (1995) Increased pancreastatin-like im-
munoreactivity levels in non-obese patients with essential hy-
pertension. J. Hypertens. 13: 251-258

Sanchez-Margalet V. and Efendic S. (2003) Pancreastatin. In:
Encyclopedia of Hormones, pp 132—137, Henry H. and Nor-
man W. (eds.), Academic Press, San Diego



2756

57

58

59

60

61

62

C. Gonzalez-Yanes and V. Sanchez-Margalet

McGuinness O. P, Shau V., Benson E. M., Lewis M., Snowden
R. T, Greece J. E. et al. (1997) Role of epinephrine and nor-
epinephrine in the metabolic response to stress hormone infu-
sion in the conscious dog. Am. J. Physiol. 273: E674—E681
Sanchez V., Lucas M., Calvo J. R. and Goberna R. (1992)
Glycogenolytic effect of pancreastatin in isolated rat hepato-
cytes is mediated by a cyclic-AMP-independent Ca2-+-depen-
dent mechanism. Biochem. J. 284: 659—662
Sanchez-Margalet V. and Goberna R. (1994) Pancreastatin in-
hibits insulin-stimulated glycogen synthesis but not glycolysis
in rat hepatocytes. Regul. Pept. 51: 215-220

Fagius J. (2003) Sympathetic nerve activity in metabolic con-
trol — some basic concepts. Acta Physiol. Scand. 177: 337—-343
Dunbar J. C., Hu'Y. and Lu H. (1997) Intracerebroventricular
leptin increases lumbar and renal sympathetic nerve activity
and blood pressure in normal rats. Diabetes 46: 2040—2043
Haynes W. G., Morgan D. A., Walsh S. A., Mark A. L. and Sivitz
W. L. (1997) Receptor-mediated regional sympathetic nerve ac-
tivation by leptin. J. Clin. Invest. 100: 270—-278

63

64

65

66

Pancreastatin and leptin expression

Scarpace P. J., Nicolson M. and Matheny M. (1998) UCP2,
UCP3 and leptin gene expression: modulation by food restric-
tion and leptin. J. Endocrinol. 159: 349-357

Gonzalez-Yanes C. and Sanchez-Margalet V. (2002) Pancrea-
statin, a chromogranin A-derived peptide, activates protein syn-
thesis signaling cascade in rat adipocytes. Biochem. Biophys.
Res. Commun. 299: 525-531

Uchida Y., Ohba K., Ogawa A., Wada K., Yoshioka T. and Mu-
raki T. (1999) Protein kinase C mediates tumor necrosis factor-
a-induced inhibition of obese gene expression and leptin se-
cretion in brown adipocytes. Naunyn Schmiedebergs Arch.
Pharmacol. 360: 691-698

Pineiro V., Casabiell X., Paino R., Garcia-Vallejo L., Dieguez
C. and Casanueva F. F. (1998) PMA inhibits both spontaneous
and glucocorticoid-mediated leptin secretion by human omen-
tal adipose tissue explants in vitro. Biochem. Biophys. Res.
Commun. 252: 345-347

To access this journal online:
http://www.birkhauser.ch




