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ChromograninA (CHGA/Chga), a proprotein, widely distrib-
uted in endocrine and neuroendocrine tissues (not expressed
in muscle, liver, and adipose tissues), generates at least four
bioactive peptides. One of those peptides, pancreastatin
(PST), has been reported to interfere with insulin action. We
generated a Chga knock-out (KO)mouse by the targeted dele-
tion of the Chga gene in neuroendocrine tissues. KO mice
displayed hypertension, higher plasma catecholamine, and
adipokine levels and lower IL-6 and lipid levels compared
with wild type mice. Liver glycogen content was elevated, but
the nitric oxide (NO) level was diminished. Glucose, insulin,
and pyruvate tolerance tests and hyperinsulinemic-euglyce-
mic clamp studies established increased insulin sensitivity in
liver but decreased glucose disposal inmuscle. Despite higher
catecholamine and ketone body levels and muscle insulin
resistance, KO mice maintained euglycemia due to increased
liver insulin sensitivity. Suppressed mRNA abundance of
phosphoenolpyruvate carboxykinase and glucose-6-phos-
phatase (G6Pase) in KOmice further support this conclusion.
PST administration in KO mice stimulated phosphoenol-
pyruvate carboxykinase and G6Pase mRNA abundance and
raised the blood glucose level. In liver cells transfected with
G6Pase promoter, PST caused transcriptional activation in a
protein kinase C (PKC)- and NO synthase-dependent man-
ner. Thus, PST action may be mediated by suppressing IRS1/
2-phosphatidylinositol 3-kinase-Akt-FOXO-1 signaling and
insulin-induced maturation of SREBP1c by PKC and a high
level of NO. The combined effects of conventional PKC and
endothelial NO synthase activation by PST can suppress insu-
lin signaling. The rise in blood PST level with age and in
diabetes suggests that PST is a negative regulator of insulin
sensitivity and glucose homeostasis.

Chromogranin A (CHGA/Chga),2 the index member of the
chromogranin/secretogranin protein family (1, 2), is a propro-
tein that gives rise to biologically active peptides such as the
dysglycemic hormone pancreastatin (PST; human CHGA-
(250–301)) (3), the vascular smooth muscle vasodilator
vasostatin (human CHGA-(1–76)) (4), and a catecholamine
release inhibitory peptide, catestatin (human CHGA-(352–
372); bovine Chga-(344–364)) (5). Several studies, including in
vivo analyses of experimental animals (6, 7), showed that PST
inhibits insulin release in response to glucose (3), reduces glu-
cose uptake in adipocytes and hepatocytes (8), and triggers gly-
cogenolysis (6). Genetic analysis in humans supports a role for
PST in decreasing glucose uptake by�50% (9) while increasing
the spillover of free fatty acids but not amino acids. Moreover
the PST level is elevated in patients with Type 2 diabetes mel-
litus (9–11). Taken together, the data suggest that PST is an
important player in metabolism.
To further delineate the role of PST inmetabolism, we tested

whether removal of PST, a negative regulator of insulin action,
stabilizes glucose levels in knock-out (KO) mice and protects
against metabolic disorders. To this end, we characterized
more extensively the phenotype of the global Chga KO mouse
(12), which we had found to be hypertensive (resulting from
elevation in catecholamine release) and hyperadrenergic (12).
We herein report that by comparison with wild type (WT), KO
mice are euglycemic despite low plasma insulin levels. Contrary
to what is found in hypertension (13), hypertensive KO mice
exhibited a high plasma adiponectin level.

EXPERIMENTAL PROCEDURES

Animals—Young adult (3 months old) and adult (6 months
old)WT (31 � 1 g) and KO (37 � 1 g) mice with mixed genetic
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background (129svJ � C57BL/6) were used in this study. Both
WT and KO mice were generated from the original founder
carrying mixed genotype (50% 128svJ, 50% C57BL/6) and were
maintained by brother/sister mating. Animals were kept in a
12-h dark/light cycle and fed standard chow ad libitum. The
Institutional Animal Care andUtilizationCommittee approved
all procedures. Equal numbers of male and female mice were
fasted overnight (12 h) for each experiment except for the
clamp study where only male mice were used.
Dual Energy X-ray Absorptiometry Scan—Following anes-

thesia with isoflurane, overnight fasted mice underwent dual
energy x-ray absorptiometry scanning to measure total tissue
and fat mass and lean body mass using a PixiMus mouse densi-
tometer (GE Healthcare).
Measurement of BloodGlucose, Insulin, C-peptide, Glucagon,

Adipokine, Lipid, Cytokine, and PST Levels in Fasted Mice—
Blood glucose was measured using microcuvettes (HemoCue,
Lake Forest, CA) and a Glucose 201 analyzer (HemoCue). A
mouse insulin enzyme-linked immunosorbent assay kit (Milli-
pore, Billerica, MA) was used to determine plasma insulin.
C-peptide was measured using an enzyme-linked immunosor-
bent assay kit (Shibayagi Co. Ltd.). Glucagon was measured
using an enzyme-linked immunosorbent assay kit (Wako
Chemicals). A radioimmunoassay kit (Peninsula Laboratories,
San Carlos, CA) was used to measure plasma PST. Plasma trig-
lyceride and non-esterified fatty acid (NEFA) levels were
assayed by triacylglycerol and NEFA C test kits, respectively,
from Wako Diagnostics (Richmond, VA). Enzyme-linked
immunosorbent assay kits were used to determine plasma lev-
els of leptin and adiponectin (Millipore) and IL-6 (Pierce).
Blood Ketone (�-Ketone) Assay—The blood (tail snip) ketone

level (mmol/liter) wasmeasured using the PrecisionXtra Blood
KetoneMonitoring System (Abbott Laboratories) according to
manufacturer’s instructions.
Determination of Liver Glycogen and NO Content—Liver tis-

sue (25–100mg) was dissolved in hot KOH (30%) before glyco-
gen was precipitated in 3 ml of 95% ethanol (at 4 °C overnight)
and centrifuged at 5000 rpm for 12 min. The pellet was redis-
solved in 5 ml of water, and 1 ml was mixed with 3 ml of
anthrone reagent (0.2% anthrone (Sigma) in concentrated
H2SO4) (14) to determine the concentration at 620 nm by com-
parison with standard glycogen (Sigma). A nitrate/nitrite col-
orimetric assay kit (Cayman Chemical Co.) was used to deter-
mine liver NO content.
Glucose, Insulin, and Pyruvate Tolerance Tests—Dextrose (2

g/kg intraperitoneally; glucose tolerance test (GTT)), human
insulin (0.40 IU/kg intraperitoneally; Novolin, Novo Nordisk
Inc.; insulin tolerance test (ITT)), or pyruvate (2 g/kg intraperi-
toneally; pyruvate tolerance test) were injected into fasting (12
h) mice before determining the tail vein glucose level at 0–150
min following injection.
Hyperinsulinemic-Euglycemic Clamp—Briefly mice were

anesthetized (80 mg/kg ketamine, 0.5 mg/kg acepromazine,
and 16 mg/kg xylazine) via intramuscular injection. Two
microurethane catheters (0.012-�m inner diameter; Dow
Corning Silastic) were inserted in the jugular vein, and the can-
nulas were externalized to the midscapula region and secured
within tubing. After 5 days of recovery, mice were fasted (3 h)

and placed in a Lucite restrainer (Braintree Scientific, Brain-
tree,MA). After 90min, an equilibrating tracer solution of D-[3-
3H]glucose (5 �Ci/h; PerkinElmer Life Sciences) was infused
via the jugular cannula for 90 min. At the end of the equilibra-
tion period (t� 0min; fasted for 6 h), bloodwas collected (15�l
in duplicate) and deproteinized to assess tracer specific activity
and basal hepatic glucose production. In addition, �75 �l of
whole blood was collected by cutting the tail vein for the meas-
urement of fasting plasma insulin and free fatty acid concentra-
tions. After blood collection, mice were infused with insulin
(12.0 milliunits/kg/min; Humulin� R, Eli Lilly and Co.) and
D-[3-3H]glucose (5 �Ci/h; PerkinElmer Life Sciences). Blood
glucose was assessed every 10 min, and a glucose solution (50%
dextrose; Hospira, Inc.) was infused at a variable rate to main-
tain blood glucose at �120 � 5 mg/dl. The clamp was termi-
nated when steady state conditions were maintained for �30
min (�130 min). At this time, blood was sampled (15 �l in
duplicate) 10 min apart to assess glucose disposal rate (GDR)
and insulin-stimulated hepatic glucose production and to verify
that steady state conditions for specific activity of the tracer
were achieved. An additional 75 �l of whole blood was also
collected at the end of the clamp tomeasure plasma insulin and
free fatty acids concentrations during the clamp.
Glucose Production in Primary Hepatocytes—Mice were

infused with collagenase (Blendzyme, Roche Applied Science)
through the inferior vena cava, and hepatocytes were isolated
by the method of Smedsrød and Pertoft (15). Percoll-purified
hepatocytes were cultured inWilliam’s medium E (Invitrogen),
2mMGlutamax, 10 nMdexamethasone, 5% fetal calf serum, and
antibiotics. Dexamethasone was withdrawn 6 h later, and cul-
tures were exposed initially to PST (20 nM) for 20 h and then to
glucose-free, serum-free Dulbecco’s modified Eagle’s medium
containing PST for an additional 4 h. Dulbecco’s modified
Eagle’s medium was then replaced by phosphate-buffered
saline containing 20 mM HEPES, 0.2% bovine serum albumin,
16 mM lactate, and 4 mM pyruvate with or without insulin (20
nM) and incubated for another 4 h. At the end, glucose levels in
the media were assayed by a kit (Cayman Chemicals, Ann
Arbor, MI), and cellular protein levels were determined by the
Bradford assay (Bio-Rad).
Primary Adipocytes and L6 Muscle Cell Cultures—Adipo-

cytes were isolated from mouse visceral adipose tissue follow-
ing a procedure described by Karnieli et al. (16). L6muscle cells
were obtained from the laboratory of Dr. A. Klip (Hospital for
Sick Children, Toronto, Canada). L6myoblast cells were grown
in �-minimum Eagle’s medium supplemented with 10% fetal
bovine serum and then switched to 2% fetal bovine serum for
differentiation into myotubes. After 8 days in differentiation
medium, myotubes were used for glucose uptake studies. Glu-
cose uptake in muscle and adipocytes cells was carried out in
HEPES-salt buffer with or without 20 nM insulin treatment for
30 min followed by incubation (6 min) with 2-[3H]deoxyglu-
cose (0.1 mM final concentration). After final incubation, cul-
tures were washed with phosphate-buffered saline, counted for
radioactivity, and normalized against protein.
Immunoblotting and Signal Transduction Analyses—A group

of eight KO mice were injected with PST (20 �g/g of body
weight intraperitoneally twice daily) for 7 days. On the 8th day,
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WT,KO, andKO� PSTmice (n� 4 in each group) were fasted
for 12 h and injected either with vehicle or with insulin (0.4
milliunits/g of body weight intraperitoneally). Mice were sacri-
ficed after 20 min of treatment to collect tissues, which were
snap frozen in liquid nitrogen. Tissues from vehicle-treated
mice were considered as basal. Frozen tissues were homoge-
nized in liquid nitrogen and lysed in a lysis buffer containing
phosphatase and protease inhibitors as described elsewhere
(17). Antibodies were purchased from Cell Signaling Technol-
ogy (Beverly, MA) and Santa Cruz Biotechnology (Santa Cruz,
CA). The chemiluminescence kit from Pierce was used for
detection of signals.
Real Time PCR—RNAwas extracted using an RNA purifica-

tion kit (RNeasy Plus, Qiagen, Valencia, CA) according to the
manufacturer’s specifications. After DNase digestion, 100 ng of
RNA was transcribed into cDNA in a 20-�l reaction using a
High Capacity cDNA Archive kit, analyzed, and amplified.
PCR was performed in a 25-�l reaction containing 5 �l of
cDNA (one-fifth diluted), 2� SYBR Green PCR Master Mix,
and a 400 nM concentration of each primer. Cycle threshold
(Ct) values were used to calculate the amount of amplified
PCR product relative to glyceraldehyde-3-phosphate dehy-
drogenase and 18 S rRNA.
PI 3-Kinase Assay—Primary hepatocytes were preincubated

with 10 �M myristoylated conventional PKC (cPKC) peptide
inhibitor (cPI; myr-RFARKGALRQKNV; Promega) for 1 h fol-
lowed by incubation with PST (100 nM) for 30 min and then
with insulin (20 nM) for 15 min. Hepatocytes were chilled,
washed with cold phosphate-buffered saline, and then lysed in
radioimmune precipitation assay buffer containing 1%Nonidet
P-40 and protease and phosphatase inhibitors (all from Sigma)
as described by Backer et al. (18). An aliquot of 500 �g of total
cell protein extract used for each reaction was immunoprecipi-
tated in lysis buffer with 4 �g of anti-insulin receptor substrate
(IRS) 1/2 antibody (Upstate Biotechnology Inc). Immunopre-
cipitates were washed and analyzed for PI 3-kinase activity as
described by Backer et al. (18).
cPKC Assay—We purchased peptide inhibitors PKC� pseu-

dosubstrate (sc-3097), PKC� pseudosubstrate (sc-3098), PKC�
peptide inhibitor (sc-3095), and PKC� peptide inhibitor
(C2–4) (sc-3094) from Santa Cruz Biotechnology and non-
peptide inhibitors LY333531 (IC50 for PKC�I and PKC�II, 5–6
nM), rottlerin (IC50 for PKC	, 4 nM), and Gö6976 (IC50 for
PKC� and PKC�, 3–6 nM) from Calbiochem. Primary hepato-
cytes and HepG2 cells were incubated with 10 �M peptide
inhibitors, 10 �M cPI, and 10 nM non-peptide inhibitors for 1 h
followed by incubationwith PST 100 nM for 15min. After treat-
ment, cells were chilled, washed, and lysed as described above.
The kinase reaction mixture (120 �l) contained 20 mM Tris-
HCl, pH 7.5, 10 mM MgCl2, 0.5 mM CaCl2, 25 �M phosphati-
dylserine, 6 �M [�-32P]ATP (5000–8000 cpm/pmol), and 25
�M peptide substrate derived from neurogranin (Santa Cruz
Biotechnology). In some assays, PMA (1 �M) or 1:2 diolein
(10 �M) was used as diacylglycerol. Reactions were initiated
by the addition of [�-32P]ATP, proceeded for 10 min at 30 °C
with linear kinetics, and were terminated by spotting on
phosphocellulose papers. Papers were washed six times with
5% acetic acid. The radioactivities on the papers were ana-

lyzed by counting. All assays were performed in six replicates
and expressed as the mean value �S.E.
Statistics—Data are expressed as the mean � S.E. Curve fit-

ting was accomplished in the program Kaleidagraph (Synergy
Software, Reading, PA).Multiple comparisonsweremadeusing
either one-way ANOVA followed by Bonferroni’s post hoc test
or two-way ANOVA. Statistical significance was concluded at
p � 0.05.

RESULTS

Body Composition and Plasma Lipid and Adipokine Profile—
The gain in bodyweight (Fig. 1A) and total fatmass were 20 and
25%, respectively (Fig. 1B) in 6-month-old KO mice. After
adjusting for increased body weight, the gain in fat mass was
25% of the gain in body weight. Total abdominal fat was also
increased (by�48%) predominantly at the epididymal and sub-
epidermal regions and surrounding the adrenal gland (Fig. 1, C
and D). Relative to WT, plasma triglyceride, NEFA, and IL-6
levels were lower (Fig. 1, E–G), whereas those of adiponectin
and leptin (adjusted to fat mass) were higher in KO mice (Fig.
1G). Because IL-6 was shown to be elevated in patients with
Type 2 diabetes mellitus (19) and adiponectin was shown to
improve insulin sensitivity (20, 21), these findings correlatewell
with the data on hypertensive KO mice (decreased IL-6 and
increased adiponectin levels), suggesting increased insulin sen-
sitivity. The increase in fat mass may result from elevated lipid
uptake and storage.
Insulin Metabolism and Action—Basal insulin levels were

markedly (79%) lower in KO than WT mice (Fig. 2A). This is
attributed to enhanced insulin clearance (as suggested by the
�6-fold increase in the steady stateC-peptide/insulin ratio; Fig.
2B) but not reduced insulin secretion (as suggested by intact
plasmaC-peptide levels; Fig. 2A). The rapid initial rise in insulin
levels during the first 7 min postglucose administration (Fig.
2C) suggests that the insulin secretion rate in response to
glucose may instead be twice as high in KOmice lacking PST
versus WT (0.107 versus 0.057 ng/ml/min in WT; p � 0.05)
(Fig. 2C). Although actual assessment of insulin secretion by
intravenous GTT was not carried out, a number of previous
publications, either in perfused pancreas or in isolated beta
cells, have demonstrated that PST inhibits the first phase of
glucose-induced insulin secretion primarily by inhibiting a
G-protein-coupled rise in calcium (22–25). Therefore, mice
with PST deficiency might have enhanced insulin secretion
during GTT.
Despite lower basal insulin levels (Fig. 2A), fasting blood glu-

cose levels were normal in KO as compared withWTmice (Fig.
2A). Moreover insulin (Fig. 2C; area under the curve, 71.0� 6.6
versus 34.4� 9.5 ng/min/dl inWT; p� 0.008) and glucose (Fig.
2D; area under the curve, 5462.5 � 582.3 versus 7918.8 � 532
mg/min/dl inWT; p� 0.009) excursions in response to glucose
challenge during an intraperitoneal GTT were significantly
improved. This suggests that KO mice are insulin-sensitive.
In an ITT in 3-month-oldmice, hypoglycemia was compara-

ble between WT (51%) and KO (50%) mice (Fig. 2E), which
returned to the basal level 120 min after insulin injection. In
6-month-old WT mice, hypoglycemia during ITT was lesser
(by 11%), and the recovery from hypoglycemia was faster (90
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min) as comparedwith 3-month-oldmice (Fig. 2F). In contrast,
in 6-month-old KO mice, although hypoglycemia was compa-
rable between 3- and 6-month-old mice, the blood glucose did
not return to the control level even after 150 min of insulin
injection (Fig. 2F). This could be attributed to elevated glucose
disposal and/or reduced gluconeogenesis in KO mice.

In response to glucose challenge, the plasma glucagon level
dropped to a similar extent inWT (by 14.8%) andKO (by 17.6%)
mice (Fig. 2F). This rules out a potential differential regulation
of insulin action by glucagon in KO andWTmice.
Insulin Action in Vivo: Hyperinsulinemic-Euglycemic Clamp—

Fasting blood glucose was slightly lower inWT versusKOmice

FIGURE 1. Body composition, adipose tissue, and plasma adipocytokines. 6-month-old male mice were fasted for 12 h before being subjected to a dual
energy x-ray absorptiometry scan to measure total tissue mass (A) and total fat mass (B). A photograph of the intra-abdominal cavity in WT (C) and KO (D) mice
reveals fat deposition in the epididymal and subepidermal regions. E, plasma triglyceride in 12-h fasted mice. F, plasma NEFA in 12-h fasted mice. G, plasma
adipokine and cytokine levels in 12-h fasted mice. Experiments were performed on n � 6 per group. A, B, E, and G, values are expressed as mean � S.E. (p � 0.05
versus WT).
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(Fig. 3A). During the clamp, a steady
state blood glucose concentration of
�120 mg/dl was reached at �70
min and was maintained until the
clamp was completed at 130 min.
Blood glucose was maintained at a
steady state level. Fig. 3B demon-
strates that the specific activity of
the tracer was in steady state at the
end of the clamp, although the spe-
cific activity was significantly higher
in KO versus WT at the end of the
clamp period (p � 0.05). There was
no difference in specific activity
during the basal infusion period.
The overall glucose infusion rate

required to maintain euglycemia
during the clampwas comparable in
WT andKOmice (Fig. 3C), suggest-
ing that whole body insulin sensitiv-
ity was comparable between groups.
However, the total glucose disposal
rate during the clamp (GDRtotal)
was 35% lower in KO versus
WT mice (Fig. 3D). In line with
this, the insulin-stimulated GDR
(which is calculated as GDRclamp �
GDRbasal), which primarily repre-
sents glucose disposal by skeletal
muscle, was reduced by �68% in
KO compared with WT mice (Fig.
3E; p � 0.006). This finding is sur-
prising given the positive effect of
adiponectin on glucose transport in
muscle (26, 27) and L6 muscle cells
(Fig. 3G). Nonetheless these data
indicate that, in vivo, KO mice
develop insulin resistance in skeletal
muscle.
In contrast to the insulin resist-

ance in skeletal muscle, hepatic
insulin sensitivity was significantly
higher in KO mice compared with
WT mice as evidenced by a greater
suppression (by 32.2%) of hepatic
glucose production during the
clamp (Fig. 3F; p � 0.0001). Fasting
hepatic glucose production/GDR
was not different between groups
(WT versus KO, 20 � 2 versus 24 �
3 mg/kg/min; p value not signifi-
cant). The improved hepatic insulin
sensitivity could, at least in part, be
due to higher adiponectin levels (28,
29).Moreover the improved hepatic
insulin sensitivity likely compen-
sates for the muscle insulin resist-
ance found in the KOmice and thus

FIGURE 2. Metabolic parameters in fasting (12 h) mice. A, fasting blood glucose, plasma insulin and C-pep-
tide levels. B, C-peptide/insulin molar ratio at steady state. Plasma insulin levels (C) and blood glucose during
GTT (D) in fasting mice are shown (performed on n � 8 and analyzed by two-way ANOVA). Fasting blood
glucose in 3-month-old mice (E), fasting blood glucose in 6-month-old mice (F), and fasting plasma glucagon
during ITT (G) are shown (performed on n � 8 and analyzed by two-way ANOVA). Values are expressed as
mean � S.E. �, WT versus KO. *, p � 0.05; **, p � 0.01; ***, p � 0.001 as compared with the basal level.
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contributes to the preserved euglycemic phenotype of the KO
mouse. Increased insulin receptor activity may also contribute
as we saw increased basal Tyr(P)-insulin receptor signaling in
liver (results not presented).
Reduced Hepatic Gluconeogenesis in KO Mice—A reduction

in hepatic gluconeogenesis in KO mice is further supported by
a marked decrease in glucose production in response to pyru-

vate (Fig. 4A; area under the curve,
1738 � 405 versus 3612 � 393
mg/min/dl in WTmice; p � 0.006).
Moreover mRNA levels of glu-
coneogenic genes, such as Pepck1
and G6pase, were 61.0–71% lower
in KO thanWTmice (Fig. 4B). Con-
versely pretreatment of KO mice
with PST restored Pepck1 and
G6pase mRNA levels (Fig. 4B) and
glucose production in response to
pyruvate (Fig. 4A). Together with
higher hepatic glycogen content
(Fig. 4C), which is in part mediated
by reduced glycogenolysis, these
results emphasize higher insulin
sensitivity in KO mice.
Lipid Metabolism in KO Mice—

The mRNA levels of lipogenic
genes such as Srebp1c, Ppar�, and
Gpat were high in KO mice and
were conversely reduced by PST
treatment (Fig. 4D). There was no
significant change in Fasn expres-
sion between WT and KO mice
(Fig. 4D). However, hepatic trig-
lyceride content was intact (Fig.
4C). This could, at least in part, be
due to elevated fatty acid �-oxida-
tion in KO mice as suggested by
higher levels of ketone bodies (Fig.
4E), phosphorylated acetyl-CoA
carboxylase (Fig. 4F), and uncou-
pling protein 2 gene (Ucp2) (Fig.
4G). Increased ketone bodies
point to diversion of the fatty acid
oxidation product, acetyl-CoA, to
ketogenesis.
Increased fatty acid oxidation

could also underlie reduction in
plasmaNEFA levels (Fig. 1F). Lower
plasma triglyceride levels (Fig. 1E)
together with increased abdominal
obesity suggest potential redistribu-
tion of lipid to the adipose tissue for
storage.
PST (Human CHGA-(250–301))

Supplementation Reduces Insulin
Sensitivity—The basal plasma PST
level dropped significantly (by
12%) 30 min following insulin

injection before it returned to normal (Fig. 5A), indicating an
inverse relationship between plasma PST and insulin. In pri-
mary hepatocytes, PST effectively antagonizes the suppres-
sive effect of insulin on glucose production from lactate and
pyruvate (Fig. 5B). The restoration of mRNA levels of glu-
coneogenic genes (Fig. 4B) and glucose production in
response to pyruvate in KO mice by PST treatment (Fig. 4A)

FIGURE 3. Hyperinsulinemic-euglycemic clamp. A, blood glucose concentrations during clamp. B, specific
activity of [3H]glucose in plasma during the basal/fasted (time, “0” min) state and the clamp (time, “120” and
“130” min). C, glucose infusion rate (GIR) during the clamp. D, total glucose disposal rate (GDRtotal) during the
clamp. GDR in the basal/fasted state was not different between groups. E, insulin-stimulated GDR (IS-GDR).
F, percent suppression of hepatic glucose production during the clamp. G, effect of globular adiponectin (gAD)
on glucose uptake in cultured myotubes (L6). Values are expressed as mean � S.E. �, WT versus KO; �, basal
control versus gAD; �, basal control versus insulin-treated control. N.S., not significant.
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prompted us to further investigate the effect of PST on insu-
lin action in KO mice.
Acute intraperitoneal injection of PST (40 �g/g of body

weight) raised basal plasma PST levels from 0 to 162.9 � 13.5
pg/ml in KO and from 125.0 � 5.4 to 151.7 � 9.1 pg/ml inWT
mice. Whereas PST (40 �g/g) did not significantly alter the
response of blood glucose levels to insulin injection in WT
mice, it markedly reduced the effect of insulin on glucose dis-
posal in KOmice (Fig. 5C). PST exerted no or amoderate effect
on insulin tolerance at 10 and 20 �g/g of body weight, respec-
tively (not shown).
Chronic PST treatment (20 �g/g intraperitoneally daily for 7

days) raised plasmaPST from0 to 154.1� 5.7 pg/ml inKOmice

and caused insulin intolerance and
resistance with blood glucose levels
remaining high in the presence of
insulin (Fig. 5D). Similar to native
PST, the naturally occurring
human variant of PST (G297S) (9)
reduced insulin response although
to a lesser extent and at twice the
dose (Fig. 5E).
We determined the contribution

of PST to the KO phenotype. PST
increased hepatic glucose produc-
tion in primary hepatocytes (Fig.
5B) and in vivo (Fig. 5, C–E). PST
also impaired glucose uptake (insu-
lin-stimulated) and leptin produc-
tion in primary adipocyte cultures
(Fig. 5, F and G) and in vivo (Fig.
5H). Interestingly PST failed to
modulate insulin sensitivity in mus-
cle cell cultures (Fig. 5I). This indi-
cates that muscle insulin resistance
was not caused by PST deficiency. It
has been shown previously (8, 30)
that PST inhibits insulin-stimulated
glucose uptake in adipocytes, which
we reconfirmed (Fig. 5F). As pre-
sented in Fig. 5, G and H, PST also
inhibited leptin production, which
possibly contributes to the higher
levels of adipokines in Chga-KO
mice (Fig. 1G). This is further sup-
ported by our present finding that
replacement of PST in KO mice
reduced circulating leptin level
(Fig. 5H).
Signaling in Hepatic Tissues—In-

sulin signaling is enhanced in KO
mice as indicated by induction of
IRS1/2 and Akt phosphorylation
(and activation) (Fig. 6, A and B,
respectively). Consistent with the
antagonistic effect of PST on insu-
lin, PST markedly suppressed insu-
lin signaling through IRS1/2 and

Akt in KOmice. The higher levels of IRS1/2 andAkt phosphor-
ylation in the absence of insulin may be due to activation of
other receptor or non-receptor kinases (such as platelet-de-
rived growth factor receptor and Src kinase), signals that are
not significantly modulated by PST. Obviously deficiency of
other Chga-derived peptides in KOmicemay also evoke signal-
ing responses that would be different from PST. For example,
inhibition of tyrosine phosphatases by other peptides may raise
basal signals for Tyr(P)-IRS2, whereas PST is involved with
inhibition of insulin-stimulated signaling (not inmuscle). Akt is
phosphorylated by PDK1 and PDK2 (mTORC2). The products
of PI 3-kinase activity activate PDK1. PI 3-kinase, in turn, is
activated by a number of receptor tyrosine kinases (insulin recep-

FIGURE 4. Reduced hepatic gluconeogenesis in KO mice. A, fasting (12 h) blood glucose during the pyruvate
tolerance test (PTT) before and after pretreatment with PST. Experiments were analyzed as above (WT versus
KO, p � 0.005; KO versus KO � PST, p � 0.01; WT versus KO � PST, p � 0.84). B, expression of gluconeogenic
genes (Pepck1 and G6pase) in liver. C, hepatic triglyceride and glycogen content in fasting (12 h) mice.
D, expression of lipogenic genes (Srebp1c, Ppar�, Gpat, and Fasn) before and after PST treatment. E, blood
ketone in fed and fasted (12 h) mice. F, Western analysis of phosphorylated acetyl-CoA carboxylase (pACC) in
liver tissues. G, real time PCR analysis of the mRNA levels of hepatic Ucp2. �, WT versus KO; �, fed versus fasting;
�, basal versus insulin. Values are expressed as mean � S.E. *, p � 0.05; **, p � 0.01 (comparison with zero time
point). N.S., not significant.
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tor, platelet-derived growth factor
receptor, and epidermal growth fac-
tor receptor)andanon-receptor tyro-
sine kinase (Src kinase). Platelet-de-
rived growth factor, epidermal
growth factor receptor, and Src
kinases do not use IRS1/2 for activa-
tion of PI 3-kinase and do not need
insulin for activation. Basal phos-
phorylation (without insulin) of Akt
can be achieved by many other
ligands of tyrosine kinases and
therefore may not be competed by
PST.
In parallel tomRNA (Fig. 4D), the

protein levels of mature SREBP1c
were also elevated in KOmice in the
absence but not the presence of PST
(Fig. 6C). KO mice also exhibited
higher levels of basal FOXO-1 phos-
phorylation in the absence than in
the presence of PST. This is consist-
ent with the negative role of
SREBP1c and FOXO-1 phosphory-
lation on the expression of glu-
coneogenic genes (21, 22) and the
reversal effect of PST on glucose
production from pyruvate in KO
mice (Fig. 4A).
Because the action of PST

depends on the activity of cPKC
(32), we tested whether cPKC inhi-
bition protects insulin signaling
against PST. As Fig. 6E reveals, cPI
peptide effectively inhibited cPKC
activity in the presence of insulin in
PST-treated primary hepatocytes
from WT mice. To further charac-
terize PKC isoform specificity of
PST, HepG2 cells were treated with
10 �M PKC� pseudosubstrate,
PKC� pseudosubstrate, PKC� pep-
tide inhibitor, and PKC� peptide
inhibitor (C2–4) and a 10 nM con-
centration of the non-peptide inhib-
itors LY333531 (IC50 for PKC�I
and PKC�II, 5–6 nM), rottlerin
(IC50 for PKC	, 4 nM), and Gö6976
(IC50 for PKC� and PKC�, 3–6 nM).
Inhibitors of PKC� and PKC�
(sc-3094, LY333531, and Gö6976)
blocked PST-induced PKC activity.
Our results demonstrated that PST-
induced effects work primarily
through a PKC� and PKC� pathway
(Fig. 6F), confirming our earlier
conclusion and supporting previ-
ously published results that classical

FIGURE 5. PST supplementation abolishes heightened sensitivity to insulin. A, fasting (12 h) plasma
PST during ITT in WT mice showing an inverse correlation with insulin (one-way ANOVA (n � 8), p � 0.046).
B, effect of PST on glucose production in primary hepatocytes. �, control versus substrate; �, substrate
versus insulin, PST, or insulin plus PST; �, insulin versus PST or insulin plus PST. C, fasting (12 h) blood
glucose in WT and KO mice with or without PST 30 min before ITT (n � 8). D, fasting (12 h) blood glucose
level in KO mice in response to acute or chronic native PST 30 min prior to ITT (two-way ANOVA (n � 8):
control versus acute PST, p � 0.001; control versus chronic PST, p � 0.001; acute versus chronic PST, p �
0.01). E, fasting (12 h) blood glucose level in KO mice in response to saline, native PST, or PST-G297S variant
30 min prior to ITT (two-way ANOVA (n � 8): control versus WT PST, p � 0.001; control versus G297S-PST,
p � 0.001; WT PST versus G297S-PST, p � 0.01; one-way ANOVA (n � 8), p � 0.0001; one-way ANOVA
followed by Bonferroni’s post hoc test: *, p � 0.05; **, p � 0.01; ***, p � 0.001 versus basal). F, effect of PST
(10 nM) on glucose uptake in cultured primary adipocytes of WT mice. �, basal versus insulin; �, control
versus PST. G, effect of PST (10 nM) on leptin secretion from cultured primary adipocytes of WT mice.
H, effects of chronic PST replacement in KO mice for 7 days on plasma leptin level. �, WT versus KO; �, KO
versus KO � PST. I, effect of PST on insulin-stimulated glucose uptake in L6 skeletal muscle cells. Cont,
control; Subs, substrate; Ins, insulin; bw, body weight.
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PKCs are involved in PST action. PST significantly reduced
insulin-stimulated PI 3-kinase activity in the anti-IRS1/2
immunopellet in the absence but not in the presence of cPI (Fig.
6G). This supports the notion that cPKC inhibition protects
against the anti-insulin action of PST. These results corrobo-
rate previous reports that PST inhibits PI 3-kinase through
cPKC (8) and imply that modulation of FOXO-1 and SREBP1c
signaling by PST is mediated through inhibition of PI 3-kinase
activity because these transcription factors require PI 3-kinase
activity (33–36).
To gain a better insight into PST signaling and gluconeogen-

esis we transfected hepatocytes with G6Pase promoter fused
with luciferase reporter and found �6-fold activation of
G6Pase expression by PST (Fig. 7A). Insulin suppressed PST-
induced expression of G6Pase both at low (2 nM; by 30–35%)
and high (100 nM; by 80%) concentrations. Chemical inhibition
of NOS (N5-(1-imino-3-butenyl)-L-ornithine and NG-nitro-L-
arginine methyl ester) and cPKC (Gö6976) also inhibited PST-
induced expression of G6Pase by 80 and 50%, respectively. The
hepaticNO level inChgaKOmicewas diminished as compared
withWTmice, and supplementation with PST restored NO to

the WT level (Fig. 7B). The NOS
inhibitor N5-(1-imino-3-butenyl)-
L-ornithine is known to be selective
for eNOS, and its inhibitory effects
on PST-stimulated promoter acti-
vation suggest that eNOS signaling
may be required for the gluconeo-
genic effects of PST.The above find-
ings suggest that PST might utilize
two pathways for induction of glu-
coneogenesis, one by suppressing
the PI 3-kinase-Akt-FOXO-1
(SREBP1) pathway and the other by
activating theNOS pathway (Fig. 8).

DISCUSSION

Consistent with the antagonistic
effect of the CHGA peptide PST on
insulin action in adipocytes (8, 30,
37) and hepatocytes (32, 38), the

current studies demonstrated that Chga KO mice display
increased insulin sensitivity as confirmedbyGTT (Fig. 2D), ITT
(Fig. 2E), clamp studies (Fig. 3, D–F), and pyruvate tolerance
test (Fig. 4A). Conversely PST administration reversed insulin
sensitivity in these mice (Fig. 4, A and B).

Insulin reduced the plasma PST level in WT mice (Fig. 5A),
and lack of PST did not raise the insulin level (Fig. 2A). Consist-
ent with the inhibitory effect of PST on insulin secretion in
isolated rat pancreas (3), the glucose-stimulated insulin secre-
tion rate and the area under the curve of insulin release during
GTTwere elevated in KOmice (Fig. 2C). However, steady state
insulin level remained lower in KO than in WT mice. This
appears to be due to enhanced insulin clearance as suggested by
the higher level of steady state molar C-peptide/insulin ratio
(Fig. 2B) (39). A positive link between insulin sensitivity and
enhanced insulin extraction has been widely observed in
humans (40). Nevertheless it should be noted that PST did not
appear to modulate this effect because PST replacement in
Chga KO mice did not raise insulin levels to those seen in WT
mice (results not shown). Further studies to explore the mech-
anisms underlying a potential regulation of insulin clearance by
the CHGA-derived peptides are needed.
Because the liver and adipose tissue did not express PST

(data not shown), our data suggest an endocrine regulation by
this peptide. InWTmice, plasma PST level increased with age,
rising from 76.6� 7.1 to 123.6� 3.2 pg/ml at 3–6months (Fig.
2, E and F). Thus, the rise in PST levels occurs in parallel to
reduced insulin tolerance and hence insulin action. In vivo
studies further suggest that the main antagonistic effect of PST
on insulin action is to reduce the suppressive effect of insulin on
hepatic gluconeogenesis (Fig. 4, A and B). Administration of

FIGURE 6. Signaling in liver. Immunoblot analysis of the phosphorylation of IRS2 (pY-IRS-2) (A) and Akt (p-T308AKT) (B) in liver tissues is shown. The experiments
were performed on four mice per group and scanned, and the band density was analyzed by one-way ANOVA. C, Western analysis of mature SREBP1c protein
content in liver with and without PST pretreatment. D, Western analysis of the phosphorylation of FOXO-1 (pFoxO1) in liver with and without PST pretreatment.
E, cPKC activity in primary hepatocytes in response to PST. F, effects of isoform-selective inhibition of PST-stimulated PKC activities in HepG2 cells. G, the effect
of PST on insulin-stimulated PI 3-kinase (PI-3P) activity. A–F, values are expressed as mean � S.E. �, WT versus KO; �, KO versus KO � PST; �, basal versus insulin;
	, WT versus KO � PST. ***, p � 0.001 versus control. N.S., not significant; PS, phosphatidylserine.

FIGURE 7. A, glucose-6-phosphatase expression in transfected HepG2 cells. �, basal versus PST; �, PST versus
PST � inhibitors. B, liver NO content in WT and KO mice. �, WT versus KO; �, KO versus KO � PST. L-NIO,
N5-(1-imino-3-butenyl)-L-ornithine; L-NAME, NG-nitro-L-arginine methyl ester; �-gal, �-galactosidase. Values
are expressed as mean � S.E.

FIGURE 8. Schematic diagram showing the mechanism of action of PST
toward glucose homeostasis. GPCR, G-protein-coupled receptor; PLC, phos-
pholipase C; DAG, diacylglycerol; PI-3K, phosphatidylinositol 3-kinase;
pFOXO1, phosphorylated FOXO-1.
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PST toKOmice raised the glucose level even higher than inWT
(Fig. 5C). Consistently PST increased mRNA levels of Pepck1
and G6pase gluconeogenic genes (Fig. 4B).
Based on our data, we suggest that the antagonistic effects of

PST on insulin signaling via the Akt/FOXO-1 (Fig. 6, B and D)
and SREBP1c (Fig. 6C) gluconeogenic pathways are mediated
by cPKC-dependent inactivation of PI 3-kinase activity. This is
supported by the protective effect of cPI on insulin-stimulated
PI 3-kinase activity against PST (Fig. 6G). PI 3-kinase activity is
crucial for FOXO-1- (33, 41) and SREBP1c (34–36)-mediated
regulation of gluconeogenesis. There is also a second compo-
nent to PST action that is mediated by the eNOS/NO pathway
(Fig. 7). Inhibitors of eNOS blocked PST action on gluconeo-
genesis. TheNO/NOS signaling pathway plays a very subtle and
delicate role in glucose metabolism and insulin resistance. A
small amount of NO is needed for vascular relaxation and for
maintaining improved blood flow. But excessive NO accumu-
lation can cause metabolic damage. Thus, the effects of NO
burst via inducible NOS, which is observed during septic shock
and inflammation, could be deleterious, and therefore, inacti-
vation of inducible NOS by L-N6-(1-iminoethyl)lysine treat-
ment or knocking out inducible NOS gene improves insulin
sensitivity (42, 43).On the other hand, depletion ofNO through
deletion of ubiquitous eNOS provokes insulin resistance (44).
However, reversible suppression of NOS activity by NG-nitro-
L-arginine methyl ester protects against high fat diet-induced
insulin resistance possibly through increased fatty acid disposal
(45, 46). One of the effects of NO-mediated damage is created
by reversible inactivation of IRS1/Akt-mediated signaling via
S-nitrosylation (47, 48). Therefore, it is possible that the higher
basal phosphorylated Akt and Tyr(P)-IRS1/2 signals observed
in liver of Chga KO mice are the result of protection of those
signals (from nitrosylation) due to low NO levels in KO mice.
These results suggested that promotion of gluconeogenesis by
PST might be mediated by two pathways, one by suppressing
the PI 3-kinase-Akt-FOXO-1 (SREBP1) pathway and the other
by activating the eNOSpathway. The combined effects of cPKC
and eNOS activation by PST can suppress insulin signaling.
Because exclusion of phosphorylated FOXO-1 from the

nucleus and overexpression of mature transcription factor
SREBP1c suppress gluconeogenic gene transcription (49, 50), it
is reasonable to conclude that constitutive phosphorylation of
FOXO-1 by Akt and basal enhancement of SREBP1c matura-
tion in the absence of PST decrease gluconeogenic gene expres-
sion and reduce hepatic glucose production in KO mice. Con-
sistent with this conclusion, PST administration attenuated
phosphorylated FOXO-1 and SREBP1c signals. These findings
identify a novel role for PST “hormone” in the regulation of
gluconeogenic gene transcription by insulin.
Additionally Chga deficiency appeared to promote lipid

redistribution to the adipose depot for storage (Fig. 1, C andD)
perhaps in response to increased insulin secretion. Whether
lipid is being distributed to muscle is unclear, but an excess
supply of fatty acids from the adipose tissue may also be trans-
ported to muscle as well as liver for oxidation. The lower NO
level in KO mice may facilitate fatty acid oxidation, compete
with glucose uptake, and decrease glucose disposal in muscle.
Because NO has been shown to stimulate glucose uptake by

muscle (51, 52) lowerNO level itselfmay reducemuscle glucose
disposal as seen in KO mice. Nevertheless insulin resistance in
muscle failed to cause global insulin resistance in KOmice per-
haps because of the development of compensatory mecha-
nisms, such as up-regulation of glucose uptake in other tissues
in the presence of elevated levels of adipokines, which regulate
glucose disposal independently of insulin (26, 27), and reduc-
tion in hepatic glucose production. The chronically elevated
state of hepatic ketogenesis in these mice (Fig. 4E) may lead to
metabolic adaptation to fatty acid rather than glucose oxidation
for fuel to prevent muscle protein breakdown (53, 54).
Alternatively it is possible that compromised glucose dis-

posal in muscle occurs to prevent hypoglycemia, which may
result from reduction in hepatic glucose production. It is
intriguing that although catecholamines stimulate transient
gluconeogenesis and glycogenolysis (55, 56) glucose produc-
tion is low and hepatic glycogen content (Fig. 4C) is high in KO
as compared with WT mice. This could be due in part to the
suppressive effect of leptin on epinephrine-induced hepatic
glucose production (57) and to the absence of PST-induced
glycogenolysis (6, 31) in KOmice. Thus, glucose homeostasis in
PST-deficient hypertensive Chga KO mice is maintained by (i)
increased suppression of hepatic glucose production (contribu-
tion of PST deficiency and increased adipokine levels), (ii)
increased glycogen accumulation in liver (contribution of PST
deficiency), and (iii) adipokine-mediated glucose disposal by
muscle. Chga deletion leads to deficiency of four known pep-
tides, including Chga proprotein, resulting in multifactorial
alterations in mouse phenotype. We attempted to isolate the
contribution of PST to the observed phenotype found in mice
with Chga gene deletion and demonstrated that PST affects
insulin action in hepatocytes and adipocytes but not in muscle
cells. The results in muscle cells are in line with clinical studies
in human that found that infusion of PST into the forearm did
not affect insulin-stimulated glucose metabolism compared
with control infusion (9). Because of these results, we hypothe-
size that skeletal muscle insulin resistance in Chga KO mice is
not due to PST deficiency.
In summary, lack of PST, despite elevated plasma cat-

echolamines and corticosterone levels, increases insulin sensi-
tivity and helps maintain euglycemia in KO mice by relieving
inhibition from IRS1/2-PI 3-kinase-Akt signaling (achieved
through suppression of cPKC and NOS activity) leading to
increased suppression of hepatic gluconeogenesis (Fig. 8).
Despite a low level of insulin (only 20% of WT) and the devel-
opment of hypertension, which results from loss of catestatin
(12), KO mice remained euglycemic. Because PST is overex-
pressed in Type 2 diabetes mellitus (10–12), our observations
may have implications for the pathogenesis and treatment of
diabetes. Our data propose that loss of PST in KO mice pro-
vides protection against possible hypertension-induced meta-
bolic disorders.
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