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Abstract

The effects of glucagon and epinephrine on gluco-
neogenesis in young (4 month) and old (24 month)
Fisher 344 rat hepatocytes were compared. In con-
trast to glucagon, which had a similar effect on gluco-
neogenesis in both young and old cells, epinephrine
caused a smaller increase in gluconeogenesis in old
rat hepatocytes than in young hepatocytes. 3, adre-
nergic receptor (B-AR) expression slightly de-
creased in aged rat liver, and there were differences
between young and old hepatocytes in their patterns
of G protein coupled receptor kinases, which are in-
volved in the activation of B>-AR receptor signal
desensitization. The major isoform of the kinase
changed from GRK2 to GRK3 and the expression of
B-arrestin, which is recruited by the phosphorylated
B2-AR for internalization and degradation, increased
in aged rat liver. GRK3 overexpression also de-
creased the glucose output from young rat hepato-
cytes. We conclude that an age-associated reduction
in epinephrine-induced gluconeogenesis occurs
through the epinephrine receptor desensitizing
system.
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Introduction

Since glucose is the main energy source for cells,
maintaining blood glucose homeostasis is essential
for life. Insulin down-regulates blood glucose levels
by enhancing glucose uptake into muscle and
adipocytes, as well as by reducing liver gluconeo-
genesis. When blood glucose levels fall below a
certain threshold or during times of extreme phy-
sical stress, glucose levels are restored by de novo
synthesis from other sources and glycogen degra-
dation. Gluconeogenesis is enhanced by hormones,
such as glucagon, epinephrine, and glucocorticoid
(Short et al., 1986, Wynshaw-Boris et al., 1986).
When blood glucose levels fall below the normal
range, glucagon is secreted from the islets of
Langerhans in the pancreas. Epinephrine secreted
from the adrenal medulla prepares the body to
meet an emergency. Circulating glucagon and
epinephrine activate cellular signals that catalyze
components of adenylate cyclase via the stimul-
atory guanine nucleotide binding regulatory protein
Gas (Jelinek et al., 1993, Erraji-Benchekroun et al.,
2005). This signal increases formation of cAMP
and other transcription factors. Phosphoenolpyru-
vate carboxykinase (PEPCK), the key regulatory
enzyme for gluconeogenesis (Valera et al., 1994;
Burgess et al., 2004) responds to signals from
glucagon and epinephrine (Hanson and Reshef,
1997), which activate PKA via cAMP leading to
phosphorylation of the transcription factor cAMP
response element binding (CREB). The result is
activation of phospho-CREB binding to the PEPCK
promoter (Liu et al., 1991, Pilkis et al., 1975).
Adenylate cyclase cascade activated CREB phos-
phorylation synergistically induces strong trans-
cription of peroxisome proliferator-activated receptor
gamma cofactor 1 o (PGC-1a), the cofactor for
PEPCK (Herzig et al., 2001, Yoon et al., 2001).
There is disagreement regarding the gluconeo-
genesis response during aging. The catecholamine
challenge in aged individuals shows deteriorated
response (Morgan et al., 1983; Mabry ef al., 1995;
Podolin et al., 1996; Marker et al., 1998; Podolin et
al.,, 2001). A deterioration of the catecholamine
response with aging was suggested to be due to an



age related decrease in the B, adrenergic receptor
(AR), adenylate cyclase, or to Gas expression (Dax
et al., 1981 Fraeyman et al., 2000). In contrast, it
has been suggested that expressions of the (..AR,
adenylate cyclase or Gas either increase or do not
change with aging (Dax, 1987; Eakes, 1996;
Marker, 1998; Sumida, 2003; Jang, 2006). Thus, the
questions of why and how epinephrine becomes
less potent in the gluconeogenesis response in
aging remain unanswered. We compared the effects
of glucagon and epinephrine on gluconeogenesis in
young and old rat hepatocytes to investigate the
underlying mechanism of the diminished gluconeo-
genesis response of epinephrine in aging.
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Results

Senescent rat hepatocytes respond differently to
glucagon and epinephrine

How gluconeogenesis is influenced by different
stimuli during aging probably reflects an aged
individual's ability to adapt to senescence because
glucose is the main energy source for cells. Since
gluconeogenesis is enhanced by hormones, such
as glucagon, and epinephrine, we compared the
effects of these hormones on gluconeogenesis in
young and old rat primary hepatocytes. Glucagon
is secreted from the islets of Langerhans alpha
cells during hypoglycemic conditions, such as fas-
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Figure 1. Epinephrine induced PEPCK and PGC-1a. expressions differ in young and old rat primary hepatocytes. (A) PEPCK mRNA expression due to
10 uM epinephrine in young and old rat primary hepatocytes. (B) PGC-1cc mRNA expression due to 10 uM epinephrine in young and old rat primary
hepatocytes. (C) PEPCK mRNA expression due to 10 nM glucagon in young and old rat primary hepatocytes. (D) PGC-1a. mRNA expression due to 10
nM glucagon in young and old rat primary hepatocytes. PEPCK and PGC-1o. mRNA expression was measured using real time PCR with B-actin mRNA
expression as an internal control. Data are graphed as mean * S.E. from triplicate experiments. An open square represents values from young (4
month) rat hepatocytes and a black square represents values from old (24 month) rat hepatocytes.
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ting, while epinephrine is mainly secreted from the
adrenal glands under conditions of physical stress.
Glucagon and epinephrine share cAMP as their
secondary messenger, although the conditions of
their secretion are different. Both glucagon and
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Figure 2. Glucose formation in response to epinephrine in young and old
rat primary hepatocytes is different, unlike the response to glucogan.
Glucose formation measured after 10 nM glucagon and 10 uM epi-
nephrine treatments in young and old rat primary hepatocytes after a 6 h
incubation with glucose formation buffer using the enzymatic method.
Values were normalized with the total protein concentration and are
shown as a percentage of the control after glucagon and epinephrine
treatments. Data represent mean = S.E. from three separate duplicated
experiments. An open square represents values from young (4 month)
rat hepatocytes and a black square represents values from old (24
month) rat hepatocytes. An asterisk *indicates a statistically significant
difference (P < 0.05) based on a two-tailed Student's t-test.
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epinephrine activate PEPCK, the key regulatory
enzyme in gluconeogenesis (Figure 1A and C) and
its regulatory cofactor PGC-1a (Figure 1B and D)
in young rat primary hepatocytes. Glucagon acti-
vates PEPCK and its cofactor PGC-1a in old
(Figure 1C and D) and young hepatocytes. In
contrast, epinephrine induced PEPCK and PGC-1a
in old rat hepatocytes to a lesser extent than in
young rat hepatocytes (Figure 1 A and B). As shown
in Figure 1, PEPCK expression was marginally
enhanced by epinephrine in a relatively short
period. These relative effects of glucagon and
epinephrine are reflected in the glucose output in
both young and old rat hepatocytes. Glucagon
significantly increased the glucose output in both
young and old rat hepatocytes, while epinephrine
increased the secreted glucose level only slightly in
old rat hepatocytes (Figure 2).

Epinephrine-induced CREB phosphorylation is
different in old and young rat hepatocytes

Even though glucagon and epinephrine share
the same intracellular messenger cAMP, glucagon
and epinephrine-induced gluconeogenesis respon-
ses in senescent cells are quite different. We com-
pared intracellular signals in young and old rat hepa-
tocytes in response to glucagon and epinephrine. As
shown in Figure 3, glucagon activates signals for
CREB phosphorylation in young rat hepatocytes quite
early and continues for 6 h. Old rat hepatocytes
maintain glucagon-induced CREB phosphorylation
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Figure 3. Activation of CREB phosphorylation by epinephrine in old rat hepatocytes is short-term compared to young hepatocytes. Western blot analysis
of CREB and its phosphorylation after indicated drug treatments. CREB phosphorylation stimulated with 10 nM glucagon, 10 uM epinephrine, 1 mM dibu-

tyric cAMP, and 1 pg/ul of insulin in young and old rat primary hepatocytes.



almost to the same extent as do young hepatocytes,
but not epinephrine-induced CREB phosphorylation.
Consistent with the diminished transcriptional activa-
tion of PEPCK and PGC-1q, old rat hepatocytes
maintained the phospho-CREB level for only 5 min
following epinephrine treatment. We compared CREB
phosphorylation in young and old hepatocytes after
treatment with a nondegradable form of cAMP. The
degree of Bt-cAMP-induced CREB phosphorylation in
old hepatocytes was not different from the degree in
young hepatocytes (Figure 3). Insulin treatments were
used as a negative control for CREB phosphrylation.
These results indicate that the observed age related
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Figure 4. GRK2 expression changes to GRK3 and B-arrestin expression

increases in aging. Western blot analysis of B,-AR internalization related
GRK2/3 and B-arrestin in young and old rat liver cells.
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Figure 5. Grk3 overexpression decreases the glucose output in young
rat primary hepatocytes. The glucose output after Grk3 overexpression
significantly decreased regardless of 10 uM epinephrine treatment. Data
are represented as mean = S.E from duplicated experiments. A glucose
formation assay was performed after a 6 h incubation with glucose for-
mation buffer and normalized to the total cell protein content. Western
blot analysis showed GRK3 overexpressed in young rat hepatocytes.
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differences in epinephrine-induced gluconeogenesis
may not be related to PEPCK or PGC-1a activation at
the transcriptional level, or to CREB phosphorylation.

B2-AR signaling in aged rat hepatocytes

The decreased gluconeogenesis response to epi-
nephrine in aging could originate prior to CREB
phosphorylation since the phosphoration of CREB
and the subsequent activation of PGC-1a and
PEPCK occur in parallel. In addition, Bt-cAMP acti-
vation of CREB phosphorylation was not different
in young and old rat hepatocytes. Thus, the epine-
phrine receptor activation process might be different
in young and old hepatocytes, so we compared
epinephrine receptor expression and its desensiti-
zation in young and old cells. As previously repor-
ted, B2-AR expression decreased slightly in old
liver cells and the patterns of the GRK2/3 kinases
involved in the activation of the pB,-AR signal
desensitizing (Goodman et al., 1996; Pierce et al.,
2002) were different in young and old liver cells. As
shown in Figure 4, GRK2, the major isoform in
young rat liver, changes to GRK3 in aged rat
isolated liver cells. In addition, the level of the de-
sensitizing internalization point regulator p-arrestin
(Goodman et al., 1996) also increased in old rat
liver cells. These data support our hypothesis that
epinephrine desensitizes the epinephrine receptor
faster in old cells.

The role of GRK in epinephrine-induced
gluconeogenesis

B2-AR desensitization starts with kinase activation
(Pierce et al., 2002). The major isoform of GRK
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Figure 6. A model for gluconeogenesis based on glucagon and epi-
nephrine treatments in young and old rat primary hepatocytes.
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involved in the B2-AR changes from GRK2 to
GRK3 during the aging process and this probably
influences glucose formation. When GRK3 was
overexpressed in young hepatocytes, the glucose
output decreased regardless of whether the cells
were treated with epinephrine or not (Figure 5).
However, GRK2 overexpression did not decrease
the glucose output (data not shown).

Discussion

We studied the effects of glucagon and epine-
phrine on the de novo glucose synthetic pathway
in aged cells. These two hormones share the same
internal signaling pathway, but are synthesized
under distinctly different physiological conditions.
Glucagon increased the output of glucose, PEPCK,
and its cofactor PGC-1a with similar activation
patterns in both young and old hepatocytes. In
addition, the intermediate signaling cascades for
CREB phosphorylation appear to be almost the
same in both groups. However, there were some
differences between young and old rat hepatocytes
for certain stress-activated epinephrine responses.
Enhancement of PEPCK and PGC-1a expression
was limited and glucose output was significantly
lower in old epinephrine- treated hepatocytes.
Phospho-CREB, which directly enhances PEPCK
and PGC-1a expression, only activated till 5 min in
old hepatocytes, compared to nearly 2 h necessary
for its disappearance in young hepatocytes. This
does not appear to be due to any internal system
default since the non-degradable form of cAMP
maintains phospho-CREB in both groups. These
results point to upper stream signaling molecules,
such as the epinephrine receptor and the receptor
desensitizing system as causes for the observed
differences in old hepatocytes. As shown in Figure
3, epinephrine receptor expression was slightly
decreased in old cells. However, the major isoform
of pe-adrenergic receptor kinase involved in
internalizing its receptor for degradation (Benovic et
al., 1991, Parruti et al., 1993), changed from GRK2
to GRK3 in aged rat hepatocytes. In addition, the
expression of B-arrestin, which is recruited by
phosphorylated B.-AR for ubiquitination and degra-
dation (Goodman et al., 1996, Pierce et al., 2002),
increased in aged rat hepatocytes. These results
indicate that a possible mechanism for the decrea-
sed epinephrine-induced gluconeogenesis in aged
rat hepatocytes is fast ligand-activated p,-AR desen-
sitization.

Age related epinephrine responses have been
studied. Electric shock induced catecholamine
secretion from the adrenal medulla together with

decreased blood glucose responses in old rats
(Mabry et al., 1995). Catecholamine-stimulated
lipolysis, glycogenolysis, and B.-AR mediated va-
sorelaxation all declined in aged animal aortic
tissues (Dax et al., 1981; Fraeyman and van
Ermen, 1993; Dobson et al., 2003). To understand
the reasons for the reduced response to
Bo-AR-stimulated intracellular function, aged rat
hepatocyte viability, receptor density, receptor
binding affinity, and adenylate cyclase activities
were studied (Morgan et al., 1983; Fraeyman et al.,
2000). The B2-AR number, the density, the Gs
activity, and the protein levels were all unchanged
in aging (Dax et al., 1987; Eakes et al., 1996;
Marker et al., 1998; Sumida et al., 2003).

An earlier study using the livers of rats up to 18
months old showed that the ,-AR binding capacity
is directly proportional to the isoproterenol stimu-
lated adenylate cyclase activity. In livers older than
24 months the binding capacity increased, but
there was no further increase in the adenylate
cyclase activity. However, activation of adenylate
cyclase by the nonhormonal stimulators ADP
ribosylation factor and forskolin did not change with
aging, indicating that the catalytic unit was not the
limiting factor (Eakes et al., 1996). Since the
relationship between the glucagon receptor and
adenylate cyclase also remained unaltered, the
uncoupling apparently lies in an alteration of p-AR
desensitization. Results of a study using aortic
tissues may offer a possible explanation for the
alteration of B,-AR desensitization in aging (Schutzer
et al., 2001). Similar to our results, p2-AR mediated
vasorelaxation in whole aortic tissue declined with
advancing age, whereas the B.-AR density was
maintained. B.-AR desensitization related GRK
activity and expression of GRK2, GRK3, but not
GRK5 and pB-arrestin, increase as an organism
ages (Schutzer et al., 2001). In addition, the gene
expression profiles for aged myocardial tissues
showed a reduction in B2-AR-induced metabolic
and contractile responsiveness, and an increase in
B-arrestin mRNA expression (Dobson et al., 2003).
Our results also show that GRK3 and pB-arrestin
desensitization systems are associated with
decreased epinephrine-induced gluconeogenesis.
Besides, although glucagon and the B, adrenergic
receptor share the same Gs and adenylate
cyclase, the glucagon receptor does not use GRKs
for desensitization (Tobias et al., 1997).

We have shown here that a decreased epine-
phrine-induced gluconeogenesis response in old
hepatocytes is associated with fast desensitization
of the epinephrine activated receptor in response
to GRK3 and B-arrestin. Aging associated reduction
in epinephrine-induced gluconeogenesis seems to



occur via the receptor desensitizing system of
epinephrine and not via any internal messenger
molecules that epinephrine shares with glucagon.

Methods

Hepatocyte Isolation

Four and 24 month old male Fisher 344 rats were
purchased from Samtaco (Seoul, Korea). They were
housed and maintained under conditions approved by the
Animal Care and Use Committee of Seoul National
University Medical School.

Primary hepatocytes were isolated using the two-step
collagenase perfusion system described by Seglen (1976).
Isolated hepatocytes (2 X 10° cells) were seeded in
William's E medium (Sigma, St Louis) containing 10% FBS
(Invitrogen, Carlsbad) in p60 culture dishes and left
standing for 3 h, after which the medium was changed to
serum free DMEM.

Hepatic glucose formation assay

Primary hepatocytes were seeded in 6 well plates (1.4 X
10° cells per well). After incubation for 4 h in William's
medium with 10% FBS, the medium was changed to
serum free DMEM and left overnight. The medium was
replaced with 1 ml of glucose phenol red free DMEM base
medium supplemented with 20 mM sodium lactate and 2
mM sodium pyruvate (Sigma). After a 4 h incubation, 0.5
ml of the medium was collected and the glucose con-
centration was measured using the glucose oxidase/
peroxidase method. The glucose values obtained were
normalized by division using the total protein content.

PEPCK and PGC-1a. mRNA expression

Total RNA was extracted from young and aged rat primary
hepatocytes and liver tissue using an Ultraspec Il RNA
isolation system (Biotecx Laboratories, Inc., Houston, TX).
One pg of total RNA was converted to cDNA via a reverse
transcriptase reaction (Invitrogen). One tenth of the cDNA
was used for real time PCR with a TagMan gene expre-
ssion assay system following standard methods (Applied
Biosystems, Foster City, CA). PEPCK and PGC-1a expre-
ssion levels were estimated as the FAM dye fluorescence
intensity from PEPCK or PGC-1a primer expanded
products divided by the VIC dye fluorescence intensity
from B-actin primer extended products.

Transfection with the Grk3 expression vector

The Grk3 expression vector was provided by Dr. Lefkowitz
(Duke University, Durham, NC). Rat hepatocytes were
seeded (2 X 10° cells in p60 in each culture dish) and
washed after 3 h to remove unattached cells. The following
day the hepatocytes were transfected with the Grk3
expression vector using lipofectamin 2000 (Invitrogen)
following the manufacturer's protocol.
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Western blot analysis

Rat hepatocytes were seeded (2 < 10° cells in p60 in each
culture dish) in William's medium with 10% FBS. The
medium was changed to serum free DMEM medium to
remove unattached cells and left overnight. Hepatocytes
were treated with epinephrine, glucagon, insulin, or dibu-
tyric cAMP (Bt-cAMP) (Sigma) and lysed with 20 mM
Tris-HCI, pH 7.5, 5 mM EDTA, 10 mM Na4P,07, 10 mM
NaF, 2 mM NazVO4, 1% NP-40, 1 mM PMSF, and a
protease inhibitor cocktail (Sigma) for 30 min Twenty to 50
ug of the cell lysate was loaded onto acrylamide gel, then
the proteins were separated by electrophoresis and
transferred to nitrocellulose membranes. The membranes
were then blocked with 5% skim milk and blotted with anti
B2-AR (Santa Cruz Biotechnology, Santa Cruz, CA) anti
GRK2/3 (Upstate Biotechnology, Lake Placid, NY), anti
GRK3, (Santa Cruz Biotechnology) and anti B-arrestin
(ABR, Golden, CO). Protein expression detected chemilu-
minescent signals activated by SuperSignal West Pico
Chemiluminescent Substrate (Pierce Rockford, IL) reacted
with horse radish peroxidase tagged secondary antibodies
(Jackson ImmunoResearch Laboratories, Inc., West Grove).

Statistics

Data are presented as mean * S.E. Statistical analysis
was done by a two-tailed Student's t-test.
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