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Abstract:

Exendin-4 is a stable peptide agonist of GLP-1 receptor that exhibits insulinotropic actions. Some in vivo studies indicated insulin-

independent glucoregulatory actions of exendin-4. That finding prompted us to evaluate effects of exendin-4 on liver glucose me-

tabolism. Acute and chronic treatment of exendin-4 resulted in increased hepatic glucokinase activity in db/db mice but not in lean

C57 mice. The stimulatory effect of exendin-4 on glucokinase activity was abrogated by exendin 9-39, a GLP-1 antagonist. Expo-

sure of hepatocytes isolated from db/db mice to exendin-4 elicited a rapid increase in cAMP, which was synergized by IBMX, an in-

hibitor of cAMP degradation. The GLP-1 antagonist, exendin 9-39, has abolished the cAMP generating effects of exendin-4 as well.

Furthermore, chronic treatment of exendin-4 in streptozotocin-treated C57 mice resulted in restoration of hepatic glycogen, an indi-

cator of improved glucose metabolism, without apparent changes in serum insulin levels. In conclusion, exendin-4 increased glu-

cokinase enzyme protein and activity in liver via a mechanism parallel to and independent of insulin. Exendin-4-induced increase in

hepatic glucokinase activity is more pronounced in the presence of hepatic insulin resistance. This beneficial effect of exendin-4 on

liver glucokinase activity may be mediated by GLP-1 receptor.
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Introduction

Glucagon like peptide-1 (GLP-1) is a peptide hor-

mone secreted in response to feeding from L-cells of

small intestine and proximal colon. GLP-1 modulates

insulin secretion from b cells of pancreas and main-

tains glucose homeostasis. GLP-1 is also reported to

influence b cell growth and survival for good, in pre-

clinical studies [13]. The therapeutic role of GLP-1 is,

however, limited due to the short half life owing to its

rapid cleavage by the enzyme dipeptidyl peptidase IV

(DPP-IV) [1]. Exendin 1–39 amide (exendin-4), a stable

agonist of GLP-1 receptor [17], is resistant to DPP-IV

actions. The glucoregulatory actions of exendin-4 are

similar to those of GLP-1 [30].

Exendin-4 acts on GLP-1 receptor, a G-protein

coupled receptor (GPCR), whose expression is well

documented in stomach, duodenum, heart, lung, kid-

ney, brain and pancreas [24]. Exendin-4, through

its action on GLP-1 receptor, is known to affect

glucose-dependent insulin secretion, gastrointestinal
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motility, islet b-cell neogenesis and food intake [30].

However, very little is known about its mechanism of

action in liver. Incubation of isolated human hepato-

cytes with exendin-4 activates cAMP, CREB, PKB

and ERK1/2 [4]. The cAMP activating effects of

exendin-4 are also reported in rat hepatocytes [12].

The presence of GLP-1 receptor on human hepato-

cytes is also associated with increased phosphoryla-

tion of PDK-1, AKT and PKC-z, in HepG2 and

HuH-7 cells, in response to exendin-4 [19].

Exendin-4 increases glycogen synthase a activity,

glycogen synthesis and glucose oxidation and utiliza-

tion in liver, like GLP-1 does [2, 36]. The effects of

exendin-4 on glucose uptake and glycogen synthesis

are considered insulin-independent, since specific

GLP-1 receptor is shown to activate kinases and/or

factors involved in glycogen synthesis and glucose

uptake [9]. Recently, studies have shown that infusion

of GLP-1 (9–36) amide under fasting and glucose

clamp conditions dramatically lowers hepatic glucose

output by up to 50% in obese, insulin-resistant, but

not in the lean and insulin-sensitive subjects [16].

Elevated hepatic glucose output is an important con-

tributor to hyperglycemia in type 2 diabetes. A strong

correlation between the rate of endogenous glucose

production (EGP) and fasting hyperglycemia is ob-

served in type 2 diabetics [23, 27]. In addition to be-

ing the primary determinant of glucose levels in the

fasted state, elevated EGP contributes significantly to

postprandial hyperglycemia, an early manifestation of

type 2 diabetes that represents an independent risk

factor for cardiovascular disease [5]. Metformin,

a first line therapeutic agent for treatment of type 2

diabetes, significantly reduces hepatic glucose output

[30]. An alternate strategy to reduce hepatic glucose

output is to increase hepatic glucose utilization. Glu-

cokinase, an important enzyme involved in hepatic

glucose metabolism, converts glucose into glucose-

6-phosphate in the presence of ATP and Mg2+ [28],

which is the first step in glucose utilization in the

liver. Glucokinase activators are under development

for the treatment of type 2 diabetes [7]. GLP-1 can

modulate hepatic glucose output and improve hepatic

insulin resistance in vivo. Hence, we have evaluated

activity of the stable agonist of GLP1 receptor –

exendin-4 in C57BLKS/J-db/db mouse model of dia-

betes and in isolated hepatocytes on liver glucose me-

tabolism. The major aim of the study was to investi-

gate the insulin-independent effects of exendin-4

treatment on liver glucose metabolism. We have ob-

served that such effects are modulated through glu-

cokinase activity in liver.

Materials and Methods

Animals and Materials

Ten to twelve weeks old male C57BLKS/J and

C57BLKS/J-db/db mice obtained from animal re-

search facility of Zydus Research Centre were used.

The mice were allowed ad libitum access to chow and

water. Animals were on a 12-h light, 12-h dark cycle.

Protocol for use of animals for conducting this study

has been reviewed and approved by Institutional Ani-

mal Ethics Committee (IAEC). Exendin-4 and exendin-9

were synthesized at Zydus Research Centre, Ahmeda-

bad. Exendin-4 and exendin-9 were dissolved in

deionized water for intraperitoneal (ip) administration

in mice. Unless otherwise indicated, all the chemicals

were procured from Sigma-Aldrich.

Glucose tolerance test after acute treatment of

exendin-4

Intraperitoneal glucose tolerance test (IPGTT) was

performed on the overnight fasted male C57 and

db/db (n = 6) mice. Animals were treated with

exendin-4 (10 nmol/kg) and ip glucose (1.5 g/kg) at

time 0. Blood samples were collected at 0, 30, 60, 120

and 240 min following glucose load administration.

Serum was separated and glucose analysis was done

using commercially available kit (RFCL Ltd., India)

according to manufacturer’s instructions.

Glucokinase activity in isolated hepatocytes of

C57 and db/db mice

Hepatocytes were isolated by collagenase digestion

method [6] from C57 and db/db mice. Viability of

hepatocytes after overnight culture was confirmed by

tryptan blue exclusion. To determine basal glucoki-

nase activity, hepatocytes (2 × 106 cells/ml) were

homogenized in a buffer containing 20 mM K2HPO4,
1 mM EDTA, 110 mM KCl, and 5 mM dithiothreitol

(pH 7.4). The homogenates were centrifuged at

12,000 × g for 20 min at 4°C. Ten microliters of
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glucose-6-phosphate dehydrogenase enzyme solution

(100 U/ml) was added to the reaction cocktail con-

taining 60 mM Tris HCl buffer (pH 9.0), 20 mM

MgCl2, 4 mM ATP and 0.9 mM NADP. After equilib-

rium for 5 min, 10 µl of supernant from hepatocytes

was added and read at 320 nm in kinetic mode for

10 min. Correction for hexokinase activity was ap-

plied by subtracting the activity measured at 0.5 mM

glucose from the activity measured at 100 mM glu-

cose. Protein was estimated by Barford’s reagent

(Pointe Scientific, USA). The enzyme activity was

expressed as U/mg of protein.

Glucokinase protein and activity in liver and

pancreas of mice treated with acute and

repeated dose of exendin-4

Male C57 and db/db (n = 6) mice were treated with

saline or a single ip dose of exendin-4 at 2, 4 and

10 nmol/kg. Another group treated with insulin

(1 IU/kg) was also included as a positive control. Ani-

mals were sacrificed after 30 min of exendin-4 treat-

ment for collection of liver. Approximately 100 mg of

tissue was homogenized in Hank’s balanced salt solu-

tion (HBSS) containing 1 mM EDTA and 5 mM

dithiothreitol (pH 7.4). The homogenate was centri-

fuged at 14,000 × g at 4°C for 20 min. The super-

natant was used for the activity assay. The spectro-

photometric assay of glucose phosphorylating activity

was performed at two glucose concentrations: at

100 mM (measures all hexokinases, including glu-

cokinase) and at 0.5 mM (measures only the low Km

hexokinases). The difference between the two assays

is considered the measure of the glucokinase activity.

One unit is the amount of enzyme that catalyzes the

formation of 1 µM of substrate/min, in the conditions

of the assay.

In another experiment, male db/db mice were di-

vided into two groups; one group was injected ip with

exendin-4 at 2 nmol/kg, once daily for 2 weeks, while

control group received saline. The dose of 2 nmol/kg

of exendin-4 has previously been shown to effectively

reduce plasma glucose levels in mice [38]. The

glucose-lowering effect is short-lived, due to a rela-

tively short half-life of exendin-4 in rodents, being

approximate 2 h in rats after ip injection [18]. Tissues

were therefore excised 18 h after the last dose of

exendin-4, to negate the acute incretin effects of the

peptide. Glucokinase activity was estimated, as men-

tioned above, in liver and pancreas. For estimation of

glucokinase protein, about 100 mg of liver and pan-

creas tissue was homogenized in 1 ml of lysis buffer

containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl,

0.02% NaN3, 0.1% SDS, 1 mM EDTA, 0.5% sodium

deoxycholate, 100 mg/ml PMSF, 1 mg/ml leupeptin

and 1% NP-40, for 30 min at 4°C. After lysis, cellular

debris was removed by centrifugation at 10,000 × g

for 10 min at 4°C. DNA in the supernatant was dis-

rupted by brief sonicating. Protein concentration was

quantified by the Bradford protein assay using bovine

serum albumin as standard. Protein samples with

equal volume of 2X SDS loading buffer containing

100 mM Tris-HCl (pH 6.8), 4% SDS, 0.2% bromo-

phenol blue, 20% (v/v) glycerol and 200 mM DTT

were denaturalized by boiling for 10 min, then sepa-

rated by 10% SDS-PAGE and electrotransferred to ni-

trocellulose membranes in a cold chamber. The mem-

branes were blocked with 5% non-fat milk for 1 h and

incubated overnight at 4°C with anti-GCK polyclonal

antibody (rabbit polyclonal antibody against GCK,

sc-7908, Santa Cruz Biotechnology, Inc., CA). After

three washes with TBST for 10 min each, the mem-

branes were incubated for 2 h with alkaline phos-

phatase-conjugated secondary antibodies, and finally

washed thoroughly with TBST. Protein bands of inter-

est were visualized by an ECL detection system and

quantified using ImageJ software.

Effect of in vitro exendin-4 and exendin 9-39

treatment on liver glucokinase activity

Hepatocytes were isolated by collagenase digestion

method from male C57 and db/db mice as described

previously [6]. Following collagenase perfusion, the

hepatocyte cell suspension was mixed with a 15 ml of

Hanks buffered salt solution and spun at 470 rpm for

10 min at 4°C. The final pellet was resuspended in

20 ml of RPMI after two centrifugations before plat-

ing into 24-well culture plates (BD-Biosciences, Bed-

ford, MA), at a density of 2 × 106 cells/ml media, in-

cluding 10% fetal bovine serum in RPMI 1640 me-

dium supplemented with 2-mmol/l glutamine and

penicillin-streptomycin. Exendin-4 was incubated at

specified concentration for 15 min in accordance with

previously published report [4]. Following incuba-

tion, hepatocytes were harvested, lysed and evaluated

for glucokinase activity. In a similar experiment, ex-

endin 9–39 (20 nM), a competitive antagonist of

GLP-1 receptor or isobutylmethylxanthine (IBMX,
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10 µM), was preincubated for 15 min followed by

exendin-4 treatment and glucokinase activity was

evaluated.

cAMP assay of exendin-4 treated hepatocytes

To determine the effect of exendin- 4 on hepatocyte

cAMP production, hepatocytes from male C57 and

db/db mice were isolated and plated on culture plates

(2 × 106 cells/ml). Cells were incubated with exendin-4

(10 nmol/l) for 15 min. Forskolin (10 µM) and IBMX

(10 and 100 µM) were used as a positive control,

while in a similar experiment, the cells were incu-

bated with exendin 9–39 (20 nmol), for 15 min, fol-

lowed by 15 min incubation with exendin-4. The

cAMP was measured in whole cell lysates using

a competitive cAMP immunoassay kit (Applied Bio-

systems, Belford, MA) according to manufacturer’s

instructions.

Western blot analysis for GLP-1 receptor

in hepatocytes

Hepatocytes isolated from naive C57 and db/db mice

were homogenized in 1 ml lysis buffer containing

50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.02%

NaN3, 0.1% SDS, 1 mM EDTA, 0.5% sodium deoxy-

cholate, 100 mg/ml PMSF, 1 mg/ml leupeptin and 1%

NP-40, for 30 min at 4°C. After lysis, cellular debris

was removed by centrifugation at 12,000 × g for

20 min at 4°C. Protein concentration was quantified

by the commercially available kit. Protein samples

with 6X SDS loading buffer containing 0.75 M Tris-

HCl (pH 6.8), 18% SDS, 0.2% bromophenol blue,

20% (v/v) glycerol and 200 mM DTT were denatural-

ized by boiling for 10 min, then separated by 10%

SDS-PAGE and electrotransferred to nitrocellulose

membranes in a cold chamber. The membranes were

blocked with 5% non-fat milk for 1 h and incubated

overnight at 4°C with anti-GLP1-R (GLP-1R (H-55):

sc-66911, Santa Cruz Biotechnology, Inc., CA). After

three washes with TBST for 10 min each, the mem-

branes were incubated for 2 h with goat anti-rabbit

IgG-HRP (sc-2004, Santa Cruz Biotechnology, Inc.,

CA) and finally washed thoroughly with TBST. Pro-

tein bands of interest were visualized by an ECL de-

tection system and quantified using ImageJ software.

Effect of in vitro exendin-4 treatment on liver

glycogen synthesis

Liver glycogen was estimated using direct enzymatic

digestion by amyloglucosidase [33], following 30 min

exendin-4 incubation in hepatocytes isolated from

overnight fasted C57 and db/db mice.

Effect of exendin-4 treatment in streptozotocin

(STZ)-treated mice

Mice were treated ip with STZ (175 mg/kg). Eight

days later, diabetic animals were chosen and treated

with vehicle or exendin-4 10 nmol/kg, ip in the even-

ing, for seven consecutive days. On day eight, the ani-

mals were sacrificed 30 min after the last injection in

the morning. Liver glycogen content was estimated

using amyloglucosidase digestion method [33] and

serum insulin levels were determined using ultrasen-

sitive mouse insulin ELISA (Crystal Chem, USA).

Statistical analysis

Data were expressed as the mean ± SEM, together

with the number of observations. The area under the

curve (AUC) for glucose tolerance test was calculated

using GraphPad Prism software. Statistical signifi-

cance (p < 0.05) was assessed by one-way analysis of

variance followed Bonferroni’s post-hoc test using

GraphPad prism software.

Results

Metabolic differences between lean C57 and

obese db/db mice

Table 1 compares body weight, glycemia and glucoki-

nase enzyme activity for male C57 and db/db mice

under ad libitum fed conditions. Despite high serum

glucose levels, basal glucokinase activity in liver is

significantly lower (p < 0.01) in db/db mice as com-

pared to C57 mice (Tab. 1), though the pancreatic glu-

cokinase activity was similar in both. These data are

in accordance with the report suggesting that glucoki-

nase mRNA expression in liver is significantly lower

in obese db/db mice as compared to lean C57 mice

[10]. Moreover, the effect of exendin-4 was more

prominent in db/db mice as compared to C57 mice
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(59.27 ± 2.21% decrease in db/db mice against 40.52

± 3.68% decrease in AUC glucose in C57 mice vs. re-

spective controls, Tab. 2) in IPGTT. The data indicate

that the pharmacological effects of GLP-1 receptor

activation are dependent on metabolic state of the ani-

mals.

In vivo exendin-4 treatment increases liver

glucokinase activity and protein level

Exendin-4 treatment increased liver glucokinase ac-

tivity in dose dependent manner in both, C57 and

db/db mice (Fig. 1). The increase in enzyme activity

was significantly higher in db/db mice as compared to

C57 mice (1.09 ± 0.29 in C57 mice vs. 5.01 ± 0.92

fold increase in db/db mice). After 2 weeks of re-

peated dose treatment of exendin-4 in db/db mice,

glucokinase protein and activity were significantly

elevated in liver, when tested 18 h after the last dose

(Tab. 3). However, repeated dose treatment with

exendin-4 did not change the pancreatic glucokinase

activity (Tab. 3).

Exendin-4 increases glucokinase activity in

hepatocytes isolated from C57 and db/db mice

Exendin-4 incubation for 15 min resulted in signifi-

cant increase in glucokinase activity in hepatocytes

isolated from db/db mice (p < 0.01). The relative in-

crease in glucokinase activity was nonsignificant in

hepatocytes isolated from C57 mice (Fig. 2B). Im-
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Tab 1. Metabolic differences between lean C57 and obese db/db mice

Mice Body weight
(g)

Serum glucose
(mg/dl)

Glucokinase activity
in liver

(U/mg of protein)

Glucokinase activity
in pancreas

(U/mg of protein)

C57 21.2 ± 0.2 178.8 ± 6.8 0.27 ± 0.02 1.12 ± 0.08

db/db 44.6 ± 0.8* 378.3 ± 12.2* 0.11 ± 0.01* 0.97 ± 0.12

Body weight, serum glucose and glucokinase enzyme activity in 10 to 12 weeks old C57 and db/db mice. Data represent the mean ± SEM for
n = 6, * p < 0.0001 vs. C57 mice

Tab. 2. Effect of exendin-4 (nmol/kg) treatment on AUC glucose (mg/dl ´ 240 min) after IPGTT (glucose 1.5 g/kg) in C57 and db/db mice

MICE C57 mice db/db mice

Exendin-4
(nmol/kg)

AUC glucose
(mg/dl ´ 240 min)

% Decrease
from control

AUC glucose
(mg/dl ´ 240 min)

% Decrease
from control

0 26970.8 ± 990.8 244877.80 ± 6994.15

2 24425.0 ± 855.9 9.43 ± 3.71 177919.30 ± 3610.37* 27.34 ± 1.47*

10 16041.7 ± 994.8* 40.52 ± 3.68* 99719.66 ± 5427.61* 59.27 ± 2.21*

Data represent the mean ± SEM for n = 6, * p < 0.01 vs. saline control
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Fig. 1. Effect of acute exendin-4 treatment on liver glucokinase activ-
ity in C57 and db/db mice. Data represent the mean ± SEM for n = 6,
* p < 0.001 vs. self control, $ p < 0.01 vs. C57 mice at the same dose



munoblotting of hepatocytes has confirmed the pres-

ence of GLP-1 receptor in hepatocytes of C57 as well

as db/db mice (Fig. 2A).

GLP-1 receptor antagonism prevents exendin-4-

induced increase in glucokinase activity

Effect of exendin-4 on glucokinase activity was sig-

nificantly attenuated when hepatocytes were preincu-

bated with exendin 9–39 (Fig. 3). This effect could be

correlated with changes in cAMP levels (Fig. 4). On

the other hand, when hepatocytes were preincubated

with IBMX, exendin-4 effect was increased by 55%

(Fig. 3), which was paralleled by cAMP increase

(Fig. 4). On the other hand, no significant effect of

exendin-4 treatment was seen in cAMP production

(0.84 ± 0.31 fold vs. control) in hepatocytes isolated

from C57 mice (data not shown).
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Tab. 3. Effect of chronic exendin-4 treatment in db/db mice

Parameter Vehicle control Exendin-4 (2 nmol/kg)

Body weight (g) 48.5 ± 1.2 40.9 ± 0.9

Serum glucose (mg/dl) 348.9 ± 31.9 305.8 ± 28.5

Serum insulin (ng/ml) 4.2 ± 0.5 3.9 ± 0.6

Liver glucokinase activity (U/mg of protein) 0.14 ± 0.02 0.26 ± 0.03*

Liver glucokinase protein (%) 100 128 ± 11.8*

Pancreas glucokinase activity (U/mg of protein) 1.02 ± 0.3 1.12 ± 0.2

Pancreas glucokinase protein (%) 100 109 ± 13.2

* p < 0.01 vs. vehicle control; data represent the mean ± SEM for n = 6
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Fig. 2. (A) Immunoblot for mice hepatocyte lysates for GLP-1 recep-
tor. Pancreatic b-cells were used as a positive control. The represen-
tative immunoblot is from three independent experiments. (B) Effect
of exendin-4 incubation for 15 min on glucokinase activity in hepato-
cytes isolated from C57 and db/db mice. Data represent the mean
± SEM for n = 5. * p < 0.01 vs. self control, $ p < 0.05 vs. C57 mice at
the same dose
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Fig. 3. Effect of exendin-4 (10 nM), exendin 9–39 (20 nM), and IBMX
(10 µM) incubation on liver glucokinase activity in hepatocytes iso-
lated from db/db mice. Exendin 9–39 and IBMX were preincubated
for 15 min in hepatocytes, followed by 15 min incubation with
exendin-4. Data represent the mean ± SEM for n = 5. * p < 0.01 vs.

control, $ p < 0.05 vs. exendin-4



Exendin-4 increases glycogen production in

isolated hepatocytes

Glycogen synthesis was significantly increased fol-

lowing exendin-4 incubation for 30 min in hepato-

cytes isolated from db/db mice (2.33 ± 0.28 fold in-

crease vs. control, p < 0.001) but not in case of C57

mice (0.64 ± 0.4 fold increase vs. control, p > 0.05) as

shown in Figure 5.

Exendin-4 restitutes hepatic glucose utilization

in STZ-treated C57 mice

STZ-treated mice are severely diabetic and have al-

most no detectable insulin in the blood. STZ treat-

ment reduced liver glycogen content to 56% of that of

control animals. Exendin-4 treatment restored hepatic

glycogen amounts without changes in serum insulin

levels, indicating a significant liver effect (Fig. 6).

Discussion

GLP-1 is a potent insulinotropin that is secreted after

meal ingestion, thereby contributing to the incretin ef-

fect [1]. It is generally believed that the insulin secre-

tary effect of GLP-1 in response to feeding is respon-

sible for any glucoregulatory actions on peripheral tis-

sues like liver and muscle. However, many reports

suggest that GLP-1 and a synthetic agonist –

exendin-4 may exert glucoregulatory action on pe-

ripheral tissues independent of its pancreatic effect. It

was demonstrated that in C-peptide-negative type 1

diabetic subjects studied with hyperinsulinemic

clamps, the glucose infusion rate necessary to main-

tain euglycemia was increased 15–20% by a concur-

rent infusion of GLP-1 [20]. Effects of GLP-1 to pro-

mote glucose uptake in various peripheral tissues like

liver, skeletal muscle and adipocytes [15, 21, 25] are

also well documented. However, subsequent studies

in humans have been conflicting; with some confirm-
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*

*
$*

Fig. 4. Effect of exendin-4 (10 nM), exendin 9–39 (20 nM), and IBMX
(10 µM) incubation on liver cAMP production in db/db mice. Forskolin
(10 µM) was used as a positive control. Data represent the mean
± SEM for n = 5. * p < 0.01 vs. control, $ p < 0.05 vs. exendin-4
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Fig. 5. Effect of exendin-4 incubation on hepatic glycogen produc-
tion in C57 and db/db mice. Data represent the mean ± SEM for n = 5.
* p < 0.01 vs. self control, $ p < 0.05 vs. C57 at both doses
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Fig. 6. Effect of exendin-4 treatment on hepatic glycogen in strepto-
zotocin (STZ)-treated C57 mice. Data represent the mean ± SEM for
n = 6, * p < 0.01 vs. control



ing extrapancreatic effects of GLP-1 [8, 14, 29, 35]

and others negating it [32, 34]. Hence, it becomes

necessary to probe this mechanistic aspect of GLP-1

efficacy. For the sake of parallelism, considerable ef-

forts have been made since the 1950s to better under-

stand the cellular and molecular mechanisms of action

of metformin, a first-line oral therapy for type 2 dia-

betes and recent intensive studies suggest that met-

formin, in addition to its efficacy in treating type 2

diabetes, may also have therapeutic potential for the

treatment of neuroinflammatory diseases in which re-

active microglia play an essential role [26]. Exendin-4

is a therapeutically relevant agonist of GLP-1 recep-

tor. However, the information currently available on

potential actions of exendin-4 on extrapancreatic tis-

sues, especially liver, is underdefined. In this report,

we examined the regulation of hepatic glucokinase by

exendin-4 in obese and diabetic db/db mice.

Glucokinase plays a proximally important and ex-

clusive role in liver glucose metabolism. Our data

suggest that basal hepatic glucokinase activity of

db/db mice is lower than C57 mice. This is in accor-

dance with the report that suggests lowered glucoki-

nase mRNA expression in db/db mice as compared to

lean mice [10]. Hepatic insulin resistance is a princi-

pal component of type 2 diabetes [11], which pre-

cedes overt diabetes in obese db/db mice [10]. These

data indicate that lowered hepatic glucokinase activ-

ity, in part, contributes to reduced insulin sensitivity

in db/db mice.

We have observed that acute exendin-4 treatment

exhibits greater improvement in glucose tolerance in

IPGTT of db/db mice as compared to C57 mice.

Exendin-4 treatment at 2, 4 and 10 nmol/kg, resulted

in significant and dose dependent increase in hepatic

glucokinase enzyme activity of db/db mice, though a

significant effect was seen only at 10 nmol/kg in C57

mice. It is worth to mention that the actions of GLP-1

(9–36) in suppressing hepatic glucose production in

human subjects were manifested in obese, insulin-

resistant subjects but not in lean, insulin-sensitive

subjects [34], suggesting that some unknown altera-

tion of the hepatocytes (like steatosis) in obese state

might be a prerequisite for the hepatic action of

GLP-1 and related peptides.

Since insulin is reported to increase glucokinase

activity in liver [36], it is possible that increased insu-

lin secretion due to exendin-4 may be responsible for

improvement in glucokinase activity. To negate this

possibility, we tested the effect of repeated dose treat-

ment of exendin-4 on liver glucokinase activity. The

hepatocytes were isolated 18 h after last injection of

exendin-4 db/db mice. The effect of exendin-4 is

short-lived in rodents, due to a relatively short half-

life of the peptide, being approximate 2 h in rats after

ip administration [18]. Hence, the insulin elevating

effect of exendin-4 would be absent in animals after

18 h of the dose, more so in fasted animals. Despite

a lack of acute serum insulin-elevating action, chronic

exendin-4 treatment resulted in increased glucokinase

enzyme activity and protein levels in the current in-

vestigation. STZ-treated mice are severely diabetic

and have almost no detectable insulin in the blood.

STZ treatment reduced liver glycogen content to 55%

of that of control animals. Exendin-4 treatment re-

stored hepatic glycogen amounts and had a significant

effect on glucose disposal. In addition, other data

have previsouly shown that chronic exendin-4 treat-

ment had a strong stimulating effect on hepatic

GLUT-2 mRNA expression and protein, in STZ-

treated diabetic rats [3]. Taken together, these studies

suggest that exendin-4 acts in parallel to insulin in

liver to govern glucose metabolism. Therefore, we de-

vised a series of studies to examine whether

exendin-4 effects on liver glucose metabolism are

receptor-mediated. The studies identified the presence

of GLP-1 receptor in isolated mice hepatocytes by im-

munoblotting. To confirm this finding, we used

known GLP-1 antagonist, exendin 9–39, to block the

actions of exendin-4 in isolated hepatocytes. The re-

sults of these studies confirmed that exendin-4 effects

are indeed blocked by exendin 9–39 in isolated hepa-

tocytes, most probably through GLP-1 receptor.

These findings are smilar to a report showing that

exendin-4 effects in liver are mediated through GLP-1

receptor [12]. In addition, it has been demonstrated

that intraportal infusion of exendin 9–39 partly re-

versed the beneficial effect of exendin-4 on glycemia

in mongrel dogs [22]. Having defined the GLP-1 re-

ceptor mediated hepatic effect of exendin-4, we next

evaluated the effect of exendin-4 on glucokinase en-

zyme in the presence and absence of antagonist (ex-

endin 9–39). Although exendin 9–39 alone had no

effect, when tested in combination with exendin-4, glu-

cokinase activity was significantly reduced in hepato-

cytes isolated from db/db mice. These results indicate

direct involvement of GLP-1 receptor in exendin-4 in-

duced changes in liver glucose metabolism.

It has been reported that short incubation of iso-

lated human hepatocytes with exendin-4 was associ-
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ated with activation of cAMP formation, CREB, PKB

and ERK1/2 [4]. A beneficial therapeutic effect of

exendin-4 on hepatic steatosis via direct lipid lower-

ing effect on hepatocytes was also reported in ob/ob

mice [12]. GLP-1, like insulin, is a potent activator of

enzyme glycogen synthase a in isolated hepatocytes

from both normal and diabetic rats [37]. It has been

reported that in vivo exendin-4 treatment increased

liver glycogen content in normal and streptozotocin-

treated diabetic rats [3]. We have observed that

exendin-4 treatment was associated with increased

hepatic glycogen stores in db/db mice. In addition,

exendin-4 treatment restored hepatic glycogen con-

tent in C57 mice lacking insulin, indicating a direct

liver effect.

Numerous studies have shown the enhancement of

cAMP mediated effects using inhibitors of cAMP. There-

fore, we investigated the effect of co-incubation of

IBMX, a cAMP inhibitor, with exendin-4. A suboptimal

concentration of IBMX, when combined with exendin-4,

resulted in increased cAMP production in isolated hepa-

tocytes, which correlated with increased glucokinase ac-

tivity. The data asserted that GLP-1 does have a direct ef-

fect on hepatic glucose metabolism, since it affects the

major glycolytic enzyme – glucokinase.

Exendin-4 effects are mediated by GLP-1 receptors

that are present in brain and pancreas, and it is possi-

ble that the effects of exendin-4 on hepatic glucose

metabolism could also be accounted for the general

improvement in insulin and appetite homeostasis by

exendin-4. In the current study, we tried to concen-

trate on the liver effects of exendin-4 using isolated

hepatocytes for the mechanistic studies, that con-

firmed the effects of GLP-1 agonist on glucokinase

through cAMP manipulations. Another finding is that

we were able to observe these effects particularly in

db/db mice, indicating that the obese and hyperglyce-

mic state of the model could be one of the determi-

nants of the hepatic effects, which warrants further in-

vestigation.

In conclusion, exendin-4 increased glucokinase en-

zyme activity in liver via a mechanism parallel to and

independent of insulin. Exendin-4-induced increase in

hepatic glucokinase activity is more pronounced in

the presence of hepatic insulin resistance. These find-

ings raise the possibility that glucokinase may be one

of the important mediator of GLP-1 agonist effects in

liver.
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