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Abstract:

Background: Combination with suitable pharmacological agents can improve the antiobesity and antidiabetic actions of glucagon

like peptide-1 (GLP-1) based therapies. GLP-1 agonist exendin-4 may have insulin-independent effects on amelioration of insulin

resistance and hepatic steatosis by virtue of its action on hepatic GLP-1 receptors, and these effects can be improved by combination

with proton pump inhibitors. However, it was not assessed whether omeprazole can improve the peripheral actions of exendin-4 in

the state of insulin deficiency.

Methods: We investigated the effects of combination of omeprazole with GLP-1 agonist exendin-4 in multiple low-dose streptozo-

tocin(STZ)-induced diabetes in C57BL/KsJ mice, a model of type 1 diabetes. Male diabetic mice were treated with exendin-4 and/or

omeprazole for a period of 4 weeks.

Results: Omeprazole treatment had no significant effect on lowering the blood glucose levels of diabetic mice, when compared to

control, although it improved the antihyperglycemic actions of exendin-4. Similarly, serum triglycerides and total cholesterols levels

were significantly lower in the combination treated mice compared to either exendin-4 and omeprazole alone. In addition, the com-

bination treatment significantly ameliorated lipid peroxidation and hepatic triglycerides in diabetic mice compared to either

exendin-4 and omeprazole alone. The improvement in hepatic insulin sensitivity, as indicated by insulin tolerance test (ITT) and py-

ruvate tolerance test (IPPTT), was correlated with the expression of nuclear factor erythroid-related factor 2 (Nrf2) and insulin re-

ceptor substrate-1 (IRS-1) and the combination treatment significantly improved the insulin sensitivity in comparison to vehicle

control.

Conclusion: We conclude that combination with omeprazole improves the insulin sensitizing actions of GLP-1 therapy and these ef-

fects are partially mediated through the decrease in hepatic steatosis and improvement in antioxidant status in the liver.
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Introduction

GLP-1 is an important therapeutic option for the treat-

ment of type 2 diabetes, though it cannot be employed

clinically due to its short duration of action, owing to

its rapid cleavage by the enzyme dipeptidylpepti-

dase-4 (DPP-4) [19]. Exendin 1–39 amide, normally

termed as exendin-4, is a specific and stable agonist

of GLP-1 receptor, which plays an important role for

the control of glucose homeostasis [11]. Though the

chemical structure of exendin-4 is very different from

the native GLP-1 hormone, it shares most of the phar-

macological attributes of GLP-1, like enhancement of

glucose dependent insulin secretion and inhibition of

glucose dependent glucagon secretion [7, 11]. Simi-

larly to GLP-1, exendin-4 slows gastric emptying, and

reduces food intake [7, 8]. However, the doses of

exendin-4 required for chronic control of hyperglyce-

mia (that would reflect in reduced HbA1c) are com-

paratively higher than those needed for acute glyce-

mic control in animal models of diabetes [9]. The

pharmacological effect of exendin-4 is through acti-

vation of GLP-1 receptors. Stimulation of the gluca-

gon-like peptide-1 receptor (GLP-1R) by exendin-4 is

reported to induce expansion of b-cell mass due to

stimulation of cell proliferation and reduction in

apoptosis, resulting in enhanced b-cell survival [29,

33]. Some reports also indicate that stable and long

acting analogs of GLP-1 have direct trophic effect on

islet neogenesis independent of their effects on body

weight and glycemia [1].

Gastrin, a peptide hormone produced by G cells of

the stomach, is involved in the development from pro-

todifferentiated islet precursors in fetal pancreatic

ducts, and is also reported to induce b-cell neogenesis

from pancreatic exocrine duct cells in rodents [24,

32]. Reports indicate that combination of gastrin with

GLP-1 analogs stimulates neogenesis of b-cells in

animal models of diabetes [28]. Proton pump inhibi-

tors (PPIs), used to treat excess stomach acid, indiges-

tion, gastroesophageal reflux disease, and gastric ul-

cers, can lead to consistently elevated serum gastrin

levels [17]. Hence, use of proton pump inhibitors,

which indirectly increase serum gastrin, could be use-

ful to optimize the efficacy of GLP-1 treatment [18].

In fact, normoglycemia can be restored in NOD mice

with a combined DPP-4 inhibitor (to raise endoge-

nous levels of GLP-1) and a proton pump inhibitor (to

raise endogenous levels of gastrin) treatment [28].

Exendin-4 is a therapeutically relevant analog of

GLP-1, and its combination with immunosuppressive

therapy like antilymphocyte serum can revert diabetes

in NOD mice [20], indicating that suitable combina-

tions can improve efficacy of exendin-4. Our previous

work indicated that addition of omeprazole reinforces

the anorectic action of exendin-4 in db/db mice, most

likely through the changes in plasma ghrelin and

leptin and also improves pancreatic insulin and gluca-

gon content by improvement in glucokinase activity

[21]. However, no efforts have been made to test ome-

prazole, a proton pump inhibitor, with exendin-4 for

the treatment of type 1 diabetes. C57BL/KsJ mice, in

which diabetes is induced using STZ, show decreased

circulating insulin levels and hyperglycemia, and are

often used as an animal model of type 1 diabetes. This

animal model has been used to study insulin-in-

dependent mechanisms for the regulation of gene ex-

pression, because pharmacological manipulations do

not cause significant changes in circulating insulin

levels in these animals [15]. We [5] and others [6]

have shown that exendin-4 may have insulin-in-

dependent effects on amelioration of insulin resis-

tance and hepatic steatosis by virtue of its action on

hepatic GLP-1 receptors. Hence, it was interesting to

investigate whether omeprazole can improve the pe-

ripheral actions of exendin-4 in the state of insulin de-

ficiency, i.e., type 1 diabetes. Therefore, the goal of

the present study was to evaluate the efficacy of com-

bined treatment of exendin-4 and omeprazole in non-

obese and type 1 diabetes model in C57BL/KsJ mice.

Materials and Methods

Chemicals

Exendin-4 and omeprazole sodium were synthesized

and analyzed at Zydus Research Centre, Ahmedabad.

Serum concentrations of glucose, triglycerides, and

cholesterol were determined using kits purchased

from Pointe Scientific (Canton, MI, USA). Serum

gastrin concentrations were measured using kits pur-

chased from USCN Life Sciences (Wuhan, China).

Streptozotocin was purchased from Sigma-Aldrich

(St Louis, MO, USA). All other reagents were of ana-

lytical grade.
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Animals

Male C57BL/KsJ mice of 8-10 weeks of age were ob-

tained from animal research facility of Zydus Research

Centre (Ahmedabad, India). All mice were allowed

free access to laboratory chow and water, and they

were maintained on a 12-h light, 12-h dark cycle. Pro-

tocol for use of animals for conducting this study has

been reviewed and approved by Institutional Animal

Ethics Committee (IAEC) of Zydus Research Centre,

Ahmedabad. All blood samples were collected from

retro-orbital plexus under light ether anesthesia.

Repeated dose treatment of the combination of

omeprazole and exendin-4

After one week of acclimatization, C57BL/KsJ mice

were made diabetic by five consecutive (day 1 to day

5) doses of low dose streptozotocin (40 mg/kg,

intraperitoneally, once a day). On 14th day after first

injection, mice with fasting plasma glucose levels of

500 mg/dl were included in the study and divided into

four groups, based on the serum glucose levels. Mice

were administered vehicle (deionized water) or 8 µg/

kg exendin-4 or 30 mg/kg omeprazole sodium, or

a combination of exendin-4 and omeprazole sodium

twice daily, at 9:30 a.m. and 6:00 p.m., by subcutane-

ous injection. The dosing volume was 10 ml/kg.

Blood samples were collected during the course of

treatment in non-fasting conditions on day 7, 14, 21

and 28. Body weight and feed intake were recorded

on each day in the evening throughout the treatment

period of 28 days.

On day 28 of the treatment, the mice were fasted

overnight, and intraperitoneal glucose tolerance test

(IPGTT) was performed at 9 a.m. on the next day. The

drugs were administered immediately before glucose

load (1.5 g/kg). Blood (200 µl) samples were col-

lected at 0, 30, 60 and 120 min. Serum insulin, gastrin

and glucose concentrations were determined using

commercially available kits, as described above. Se-

rum gastrin concentrations were determined in 0 min

samples. Next day, human regular insulin (0.75 U/kg

body weight) was administered for the insulin toler-

ance test in the mice after 6 h fasting. Blood samples

were collected 0, 15, 30, 60, and 120 min after injec-

tion. In a similar group, pyruvate tolerance test was

conducted in overnight fasted mice using pyruvate

(2 g/kg) intraperitoneal dose. A day after, the mice

were fasted for 6 h and blood was collected for meas-

urement of plasma biochemical parameters. After

that, the whole livers were dissected from each mouse

and used for determination of triglyceride content,

lipid peroxidation products, and western blotting.

A sample of liver tissue was homogenized in

a heptane-isopropanol-Tween mixture (3 : 2 : 0.01

v/v/v) and centrifuged at 1,500 × g for 15 min at 4°C.

The supernatant (the upper phase contained extracted

triglycerides) was collected and evaporated using

a nitrogen evaporator [13]. The triglyceride content

was determined using a triglyceride kit (Pointe Scien-

tific). All samples were analyzed in duplicate.

The liver was collected and homogenized in ice-

cold 10% trichloracetic acid (TCA) using a Polytron

PT3100 tissue homogenizer (Kinematica, Bohemia,

NY, USA). Malondialdehyde (MDA) levels were as-

sayed as an index of lipid peroxidation by monitoring

the formation of thiobarbituric acid reactive sub-

stances [3]. Lipid peroxidation was expressed in

terms of MDA equivalents using an extinction coeffi-

cient of 1.56 × 105 l/mol per cm and results are ex-

pressed as nmol MDA/g tissue.

The liver samples were homogenized and the

lysates were incubated with IRS-1 substrate (Santa

Cruz, Inc., CA, USA., sc-559). After overnight incu-

bation, the samples were then mixed with agarose

conjugate suspension for 3 h, centrifuged and washed

with assay buffer (50 mmol/l Tris-HCl, pH 7.4; 1%

NP-40; 0.25% Na-deoxycholate; 150 mmol/l NaCl;

1 mmol/l EDTA; 1 mmol/l PMSF; 1 µg/ml aprotinin,

leupeptin and pepstatin; 1 mmol/l Na3VO4; and

1 mmol/l NaF). The washed pellets were resuspended

in Laemmli sample buffer and boiled for 5 min. Pro-

teins were transferred to nitrocellulose membranes,

and the membranes were incubated with anti-IRS-1

antibody (Cell Signaling Technology, Danvers, MA,

USA) overnight at 4°C. After three washes with

TBST for 10 min each, the membranes were incu-

bated for 2 h with goat anti-rabbit IgG-HRP (sc-2004,

Santa Cruz Biotechnology, Inc., CA, USA) and fi-

nally washed thoroughly with TBST. Liver samples

were also analyzed for the expression of Nrf2 using

the western blot technique, as mentioned above with

few modifications. The precipitated nuclei were

washed once with 500 µl of buffer A plus 40 µl of

10% NP-40, centrifuged, resuspended in 200 µl of

buffer C [50 mM HEPES (pH 7.8), 50 mM KCl,

300 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.1 mM

PMSF, 20% glycerol] and centrifuged for 5 min at

14,800 × g. The supernatant containing nuclear pro-
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teins was collected for the analysis of Nrf2 [30]. The

antibody against Nrf2 was purchased from Santa Cruz

Biotechnology, Inc. (sc-722, Santa Cruz, CA, USA).

Bands were analyzed densitometrically using an im-

age analysis system (Image J; National Institutes of

Health, Bethesda, USA).

Statistical analysis

Data are expressed as the mean ± SEM. The trapezoi-

dal rule was used to determine the area under the curve

(AUC) of serum glucose for IPGTT, IPPTT and ITT

(GraphPad Prism version 5.04 for Windows; GraphPad

Software, San Diego, CA, USA). The effects of vehicle

or omeprazole or exendin-4 on IPGTT, ITT, and IPPTT

after 28 days treatment were assessed using ANOVA

(with time as a repeated measure) and Bonferroni’s

multiple comparison test (GraphPad Prism version

5.04 for Windows). Changes in serum insulin, gastrin,

glucose, lipid peroxiation in liver (MDA), hepatic tri-

glycerides and hepatic expression of Nrf2, and IRS-1,

were compared using one-way ANOVA, followed by

Bonferroni’s multiple comparison test; p < 0.01 was

considered significant.

Results

Effects of chronic treatment with exendin-4

and/or omeprazole on biochemical parameters

in diabetic mice

C57BL/KsJ mice that were made diabetic with multi-

ple low doses of streptozotocin were given exendin-4,

omeprazole or a mixture of both. The mice treated

with vehicle showed an increase in the blood glucose

levels up to 28 days of the treatment. Treatment with

exendin-4 (8 µg/kg) decreased the glucose levels and

the decrease in glucose was significant when com-

pared to the vehicle control group on day 21 and 28 of

the treatment. The combination of omeprazole further

enhanced this decrease in glucose levels. Omeprazole

alone also caused some decrease in glucose levels,

though it was not significant when compared to con-

trol group (Fig. 1). Glucose levels in the combination-

treated group were significantly (p < 0.01) lower than

all other groups on day 28, indicating that combina-

tion therapy is beneficial when compared to the

monotherapy. Serum insulin levels in the exendin-4

treated group were significantly (p < 0.01) higher

when compared with the vehicle control group. On

the other hand, serum insulin levels in the ome-

prazole-treated group were significantly lower than

exendin-4 treated group, indicating that the trophic ef-

fect of omeprazole on pancreas was lower than that of

exendin-4 alone. In the combination treated group, se-

rum insulin levels were similar to exendin-4 treated

group, indicating that the reduction in glucose is not

totally dependent on high insulin levels. Omeprazole

treatment resulted in a hypergastrinemia, which was

also observed in exendin-4 treated group. Combined

treatment of mice with exendin-4 and omeprazole in-

creased gastrin levels significantly more than any

other group. Serum triglyceride levels were signifi-

cantly decreased in both exendin-treated as well as in

omeprazole-treated groups, and the effect in the com-

bination treatment was significantly different from all

other groups (Fig. 2). A similar effect was seen on se-

rum cholesterol levels. However, the effect of the

combination was not signficantly different from either

treatments, though it was significantly different from

the vehicle control group.

Effects of chronic treatment with exendin-4

and/or omeprazole on glucose homeostasis

in diabetic mice

The effect of chronic treatment with exendin-4, ome-

prazole or their combination on glucose homeostasis

was measured using glucose and insulin tolerance

tests.
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Fig. 1. Effect of chronic treatment of exendin-4 (8 µg/kg, sc) and/or
omeprazole (30 mg/kg, sc) treatment on postprandial serum glucose
in diabetic C57BL/KsJ mice. Data represent the mean ± SEM for
n = 6, * p < 0.01 against vehicle control, $ p < 0.01 against all other
groups, on the same day



The diabetic mice treated with vehicle showed high

blood glucose after the intraperitoneal glucose during

the glucose tolerance test. Treatment with omeprazole

reduced the glucose excursion by 18.3 ± 6.5%,

whereas exendin-4 treated group showed 33.0 ± 3.8%

reduction in glucose AUC, when compared to the

control. The combination of exendin and omeprazole

showed reduction of 40.2 ± 5.1% in the AUC, which

was significantly different than in any other group, in-

dicating a reasonable improvement in the antihyper-

glycemic effect of exendin-4 (Fig. 3A).

In the insulin tolerance test, glucose AUC was re-

duced by 20.2 ± 11.2% by omeprazole treatment, and by

44.9 ± 7.4% by exendin-4 treatment. The combination

showed reduction of 69.8 ± 6.5%, which was signifi-

cantly (p < 0.01) more than in any other group. Signifi-

cant reduction in glucose during the insulin tolerance

test indicates that the combination had a profound ef-

fect on insulin sensitivity in diabetic mice (Fig. 3B).

Since these results indicated a more profound he-

patic effect of the combination treatment, we next in-

vestigated the effect of the treatment on pyruvate tol-

erance test. The increase in response to the pyruvate

load was observed in the vehicle-treated group. This

increase in glucose, which is mainly due to gluconeo-

genesis, was decreased by only 11.6 ± 4.0% in ome-

prazole treated group, whereas it was 21.1 ± 4.8% in

exendin-treated group, when compared to the control.

However, this effect was additive in the combination

treated group, where the reduction was found to be

31.9 ± 4.5% (Fig. 3C). These results indicate that the

effect of the combination treatment was an improve-

ment in the insulin sensitivity and had a major impact

on reduction in hepatic glucose production.
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Fig. 3. Effect of chronic treatment of exendin-4 (8 µg/kg, sc) and/or omeprazole (30 mg/kg, sc) treatment on serum glucose during (A) intrape-
ritoneal glucose tolerance test, (B) insulin tolerance test, and (C) intraperitoneal pyruvate tolerance test. Data represent the mean ± SEM for
n = 6, * p < 0.01 against control at the same time point

Fig. 2. Effect of chronic treatment of
exendin-4 (8 µg/kg, sc) and/or ome-
prazole (30 mg/kg, sc) treatment on
(A) serum triglycerides and (B) serum
total cholesterol in diabetic C57BL/KsJ
mice. Data represent the mean ± SEM
for n = 6, * p < 0.01 against vehicle
control $ p < 0.01 against all other
groups
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Fig. 4. Effect of chronic treatment of
exendin-4 (8 µg/kg, sc) and/or ome-
prazole (30 mg/kg, sc) treatment on
(A) liver triglycerides and (B) liver lipid
peroxidation in terms of malondialde-
hyde (MDA). Data represent the mean
± SEM for n = 6, * p < 0.01 against ve-
hicle control $ p < 0.001 against all
other groups

IRS-1

β-actin

Nrf2 (nuclear)

C

Fig. 5. Effect of chronic treatment of exendin-4 (8 µg/kg, sc) and/or
omeprazole (30 mg/kg, sc) treatment on (A) Nrf2 expression and (B)
IRS-1 expression, in liver. (C) - Representative immunoblot. Data rep-
resent the mean ± SEM for n = 4, *p < 0.01 against vehicle control
$ p < 0.001 against all other groups



Effects of chronic treatment with exendin-4

and/or omeprazole on hepatic parameters in

diabetic mice

The results mentioned above tempted us to evaluate

the hepatic triglycerides, since hepatic steatosis is

a major cause of insulin resistance. The combination

treatment with omeprazole has enhanced the decrease

in hepatic triglycerides caused by exendin-4 treatment

(Fig. 4A), and also the lipid peroxidation in terms of

MDA (Fig. 4B). Nrf-2 is a transcription factor that is

activated by oxidative stress and it protects liver from

xenobiotic toxicity. Since lipid peroxidation levels in

the liver were lowered by the combination treatment,

we next investigated the expression of nuclear Nrf-2

in the liver of the mice treated chronically with ex-

endin, omeprazole or their combination. Similar to

lipid peroxidation, the combination treatment had im-

provement in the Nrf-2 expression (Fig. 5A), though

the effect of combination treatment was not statisti-

cally different from exendin-4 treated group. The ex-

pression of IRS-1 was significantly improved in the

combination group, when compared to any other

group, indicating an increase in the insulin sensitivity

due to the chronic treatment (Fig. 5B). Though ome-

prazole treatment alone had no significant effect, it

improved the efficacy of exendin-4 in both these pa-

rameters.

Discussion

Glucagon like peptide (GLP-1) is released from en-

teroendocrine cells in reponse to food and its pharma-

cological actions are mediated through GLP-1 recep-

tors. The GLP-1 hormone regulates nutrient metabo-

lism via effects on insulin release from pancreatic

islets (insulinotropic release), gastric motility and

acid secretion, islet cell proliferation and nutrient dis-

posal [22]. However, native GLP-1 hormone has little

clinical utility due to short duration of action owing to

its rapid cleavage by the enzyme DPP-4 in circula-

tion. Hence, many stable analogs of GLP-1 are being

developed for the treatment of diabetes, exendin-4 be-

ing one of them [9, 22]. In addition to the insulin

secretagogue effect, GLP-1 receptor actions are

needed for postprandial lipoprotein synthesis and se-

cretion [12]. Such reports indicate that GLP-1 may

have additional peripheral actions beyond the insulin

secretory roles. Our previous work [5] indicates that

exendin-4 increased glucokinase enzyme protein and

activity in liver via a mechanism parallel to and inde-

pendent of insulin. In fact, exendin-4-induced in-

crease in hepatic glucokinase activity is more pro-

nounced in the presence of hepatic insulin resistance.

This beneficial effect of exendin-4 may be mediated

by GLP-1 receptor present in the liver, which is sup-

ported by recent literature [4, 6, 16, 26]. In the current

study, we have observed that exendin-4 treatment can

reduce the chronic hyperglycemia in type 1 diabetes

induced by multiple low-dose of streptozotocin, effec-

tively over a period of 28 days. Multiple low doses of

streptozotocin are reported to induce type 1 diabetes

in mice as a result of infiltration of T-cells and macro-

phages in and around islets of Langerhans (insulitis)

with concomitant selective destruction of insulin pro-

ducing b-cells [25]. Since we have treated the mice

after induction of type 1 diabetes, the antihyperglyce-

mic action of exendin-4 in the longer period indicate

that extrapancreatic effect could be a significant con-

tributor to the pharmacological actions of exendin-4.

Despite being a stable analog of GLP-1, the long

term antihyperglycemic action of exendin-4 requires

relatively higher doses for the proper control of gly-

cated hemoglobin, and these doses may be associated

with side effects like nausea [8, 9, 22, 34]. Hence,

a suitable combination with an established therapeutic

agent could be an interesting approach for enhancing

the efficacy of GLP-1 based therapies. Many such

combinations have been reported in preclinical litera-

ture [20, 27, 28]. These reports suggest a role for gas-

trin in the regulation of pancreatic b-cell function

[24], which when added to GLP-1 analogs can im-

prove b-cell neogenesis or an increase in b-cell mass.

Proton pump inhibitors are safe pharmacological

agents, developed for treatment of gastric acid related

diseases and symptoms, and induce hypergastrinemia

[18]. Hence, addition of omeprazole, a safe and well-

tested proton pump inhibitor could be an interesting

approach to improve the efficacy of GLP-1 based

therapies. We have observed that addition of omepra-

zole to exendin-4 can improve the symptoms of dia-

betes and obesity in db/db mice model of obesity and

hyperglycemia [21]. The combination with omepra-

zole improved the insulin secretory actions of

exendin-4 by virtue of its effect on pancreatic glu-

cokinase and plasma ghrelin and leptin, it also indi-

cated that such combination might be useful in en-

hancing the nonpancreatic effects of exendin-4.
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Hence, we investigated the effect of omeprazole and

exendin-4 combination in type 1 diabetes induced in

C57BL/KsJ mice by multiple low doses of streptozo-

tocin. In this study, we observed that the combination

treatment of omeprazole with exendin-4 led to a sig-

nificant decrease in random glucose in type 1 diabetic

mice, although omeprazole alone caused no signifi-

cant effect. In fact, the improvement in the glycemic

control was more significant in the combination group

than the exendin-4 treatment alone. The control of hy-

perglycemia by exendin-4 is expected due to its pan-

creas protective action [23, 29, 33]. However, we

have treated the mice after the full induction of diabe-

tes, unlike other studies where the treatment with

exendin-4 was of prophylactic nature. Hence, the re-

sults of the current study reinforce our previous find-

ings that exendin-4 shows significant improvement in

insulin sensitivity independent of its pancreatic ac-

tions [4, 5]. Insulin resistance is an integral part of

type 1 diabetes, and is maintained even after restora-

tion of insulin levels by exogenous administration

[23, 25]. Current study indicates that exendin-4 im-

proves the glucose excursion during intraperitoneal

glucose tolerance test. This effect is further enhanced

by combination with omeprazole. Our previous stud-

ies indicated that the improvement in the glucose re-

sponse in such conditions could be independent of in-

sulin secretion [5]. Hence, we investigated the insulin

sensitivity using insulin tolerance test. Similarly to

the improvement in glucose tolerance test, we ob-

served that the sensitivity to insulin was improved by

coadministration of omeprazole in the exendin treated

diabetic mice. To further assess the hepatic insulin

sensitivity in the diabetic mice, the pyruvate tolerance

test was conducted, which is a measure of hepatic glu-

cose production [31]. The results indicate that the

combination could attenuate the increase in gluconeo-

genesis induced by pyruvate administration. Further-

more, the combination treatment could reduce the he-

patic triglycerides in the diabetic mice, indicating re-

duction in hepatic steatosis, an important indicator of

hepatic insulin resistance. Thus, combination with

omeprazole could be an interesting approach to en-

hance the hepatic insulin sensitivity induced by GLP-1

based therapies. Serum insulin levels were signifi-

cantly increased by exendin-4 treatement, whereas

omeprazole treatment did not increase serum insulin,

when compared to control group (Tab. 1). Combina-

tion with omeprazole did not further increase the se-

rum insulin levels, when compared to exendin-4, indi-

cating that a significant improvement in insulin sensi-

tivity is the hallmark of combination treatment, when

compared with either omeprazole or exendin-4 treate-

ments. Since serum gastrin levels were additively in-

creased in the combination treatment (Tab. 1), one of

the mechanism for this increase in the glycemic con-

trol can be attributed to the hypergastrinemia. Consis-

tently with these observations, we have observed that

hepatic expression of IRS-1 is improved by the com-

bination treatment, indicating that the improvement in

glucose tolerance is indeed secondary to improvement

in hepatic insulin sensitivity. The improvement in tri-

glyceride and cholesterol levels in circulation further

supports this observation.

In addition to improvement in insulin signalling,

there is a possibility of additional mechanism by

which exendin-4 treatment protects the hepatic physi-

ology [10]. These data suggest that exendin-4 might

exert its protective action stimulating oxidative de-

fense system in the liver of diabetic mice. Nrf2, which

controls the antioxidant response element (ARE)-de-

pendent gene regulation in response to oxidative

stress, is a major transcription factor for combating

hepatic oxidative stress [14]. Oxidative stress facili-

tates Nrf2 to escape Keap1-mediated proteosomal

degradation, leading to Nrf2 stabilization, subsequent

nuclear translocation and binding to ARE. Since we

have found that the combination treatment with

exendin-4 and omeprazole reduced the oxidative

stress as indicated by reduced lipid peroxidation in the

liver, we assessed the hepatic expression of Nrf2 in

the treated diabetic mice. Our results indicate that

both the treatments have significant stabilizing effects

on Nrf2, and the combination had an additive effect

on this improvement. Indeed, it is reported that ome-
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Tab. 1. Effect of chronic treatment of exendin-4 (8 µg/kg, sc) and/or
omeprazole (30 mg/kg, sc) treatment on serum insulin and gastrin
levels

Group Serum insulin
(ng/ml)

Serum gastrin
(pg/ml)

Vehicle control 0.29 ± 0.06 112 ± 26

Exendin-4 (8 µg/kg, sc) 1.45 ± 0.04* 181 ± 29*

Omeprazole (30 mg/kg, sc) 0.71 ± 0.05*$ 241 ± 21*

Omeprazole + exendin-4 1.26 ± 0.04* 279 ± 13*$

Data are the mean ± SEM (n = 6 per group). * p < 0.01 compared with
vehicle control; $ p < 0.01 compared with exendin-4 alone (one-way
ANOVA followed by Dunnett�s multiple comparison test)



prazole blocks stress-induced increased generation of

hydroxyl radicals and associated lipid peroxidation

and protein oxidation, indicating that its antioxidant

role plays a major part in preventing oxidative dam-

age [2].

In conclusion, combination with omeprazole im-

proves the glucose homeostasis in type 1 diabetic

C57BL/KsJ mice. This improvement in the glucose

control is mainly governed by improvement in hepatic

insulin sensitivity and reduction in oxidative stress.

These findings indicate that GLP-1 based therapies

can have a therapeutic role in the treatment of type 1

diabetes and combination with PPIs like omeprazole

can further improve it.
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