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The improvement of salt-sensitive hypertension is a therapeutic target for various vascular diseases. Glu-
cagon-like peptide 1 (GLP-1), an incretin peptide, has been reported to have natriuretic effect as well as
blood glucose lowering effect, although its exact mechanism and clinical usefulness remain unclear. Here,
we examined anti-hypertensive effect of exendin-4, a GLP-1 analog, in salt-sensitive obese db/db mice
and angiotensin II (angll)-infused C57BLK6/] mice. The treatment of exendin-4 for 12 weeks inhibited

iey\{vords:' . the development of hypertension in db/db mice. In db/db mice, the urinary sodium excretion was delayed
dl?/%jfﬁ?cs;n and blood pressure was elevated in response to a high-salt load, whereas these were attenuated by exen-
Diabetic nephropathy din-4. In db/db mice, intra-renal angll concentration was increased. Furthermore, exendin-4 prevented

Exendin-4 angll-induced hypertension in non-diabetic mice and inhibited angll-induced phosphorylation of
GLP-1 ERK1/2 in cultured renal cells. Considered together, our results indicate that exendin-4 has anti-hyper-
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tensive effects through the attenuation of angll-induced high-salt sensitivity.

© 2009 Elsevier Inc. All rights reserved.

It has been postulated that patients diagnosed as having obese
type 2 diabetes mellitus or metabolic syndrome are at great risk for
developing cardiovascular diseases [1,2]. It has been established
that the blood pressure becomes salt-sensitive in patients with
obesity, and salt-sensitivity has been reported to become greater
as renal function declines [3]. Also, cardiovascular events occurred
more frequently in patients with salt-sensitive hypertension [4,5].
Thus, salt-sensitivity seen in obese or diabetic patients is an inde-
pendent risk factor for various vascular diseases, and its improve-
ment is thought to be as a therapeutic target in these patients.

Glucagon-like peptide-1 (GLP-1) is an incretin peptide secreted
from enteroendocrine L cells in the intestine, and is known to stim-
ulate insulin secretion from pancreatic p-cells [6,7]. Thus, the stim-
ulating GLP-1 signaling is considered as new therapeutic target in
type 2 diabetes. However, GLP-1 is rapidly degraded by dipeptidyl
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peptidase-IV (DPP-1V) in the bloodstream. Therefore, GLP-1 itself is
clinically difficult to apply. In contrast, exendin-4, a GLP-1 analog,
is highly resistant to degradation by DPP-1V, is recently approved
as an anti-diabetic drug in some countries. Interestingly, GLP-1
receptor (GLP-1R) is expressed not only in B-cells but also in
numerous tissues including kidney [8-10]. Also, GLP-1 has been re-
ported to have natriuretic effect in obese human subjects or animal
model [11,12]. These findings suggest that exendin-4, a GLP-1 ana-
log, has any extra-islet effects including the regulation of sodium
excretion. However, it has been not determined whether exen-
din-4, which has only 54% homology to GLP-1 [13], really has the
extra-islet effects.

We have previously reported that obese type 2 diabetic db/db
mice showed a significant increase in blood pressure [14,15],
although its mechanism has been not elucidated. Previous studies
in mice also showed that an increase in intra-renal angiotensin II
(angll) levels following an infusion of angll causes salt-sensitive
hypertension with impaired salt-handling in the kidney [16] and
that the increase of renal angll is a key mediator of hypertension
under diabetic condition [17]. Thus, to explore the possibility that
exendin-4 has the additional clinical usefulness beyond its blood
glucose lowering effect, we examined the effect of exendin-4 on
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salt-sensitive hypertension using by type 2 diabetic db/db mice and
an angll-infusion in non-diabetic C57BLK/6] mice.

Materials and methods

Animals and experimental design. Male, 6-week-old, db/db mice
and non-diabetic db/m mice were purchased from CLEA Japan Co.
(Osaka, Japan), and maintained on a 12 h-light/dark cycle under a
standard laboratory diet and water. The mice were divided into
four groups; diabetic db/db mice and non-diabetic db/m mice were
treated intraperitoneally with 20 mg kg body weight exendin-4
(Sigma, St. Louis, MO) or vehicle twice daily for 12 weeks. During
experimental periods, blood pressure was measured by the tail cuff
method. For the measurement of blood pressure, conscious mice
were placed on a hearted pad (37 °C) in temperature-controlled
quiet room. After 5 min of rest, systolic blood pressure was mea-
sured by a programmable tail-cuff sphygmomanometer (BP98-A;
Softron, Tokyo, Japan). The average of 10 consecutive measure-
ments was analyzed in each mouse. All experimental protocols de-
scribed in this study were approved by the Animal Care
Committees of Shiga University of Medical Science.

Urine volume and urinary sodium excretion in response to salt-
loading. Evaluation of urinary sodium excretion in response to
acute sodium-loading was performed as reported previously [18].
After fasting for 12 h and collection/measurement of excreted ur-
ine, 10-week-old, db/db and db/m mice treated with exendin-4
(20 mg/kg/day) or vehicle were injected intraperitoneally with
1.5 ml of 0.9% saline. During the following 6 h, we collected urine
and determined urine volume and urinary sodium excretion.

High salt-induced hypertension. Ten-week-old, db/db and db/m
mice were used. During 2 weeks of drinking 2.0% saline, we inject
exendin-4 or vehicle, and then systolic blood pressure was mea-
sured and urine was collected intermittently under treatment with
exendin-4 or vehicle [19]. Urine samples were analyzed for 24-h
urinary sodium excretion.

Measurement of intra-renal angiotensin II (angll) concentration.
Intra-renal angll contents were measured by radioimmunoassay
as described previously [20].

Angll-induced hypertension. Male, 8-week-old, C57BLK/6] mice
(CLEA Japan, Tokyo) were individually housed in box cages. We
surgically implanted osmotic minipumps (Alzet, Cupertino, CA)
for subcutaneous delivery of angll (1 pg/kg/min) donated by Daii-
chi Suntory Biomedical Research (Tokyo) [15]. The selected dosage
of angll was based on previous studies [16,21]. During the 2-week
experimental period, we injected exendin-4 or vehicle and mea-
sured blood pressure intermittently. After 2 weeks of angll-infu-
sion, we removed the osmotic minipumps, and finally measured
blood pressure at 5 days after removal of pumps.

RNA extraction and quantitative real-time PCR. Total RNA was iso-
lated from various tissues by TRIzol protocol (Invitrogen Life Tech-
nologies, Carlsbad, CA). Complementary DNA (cDNA) was
synthesized using reverse transcript reagents (Takara, Otsu, Japan)
after treatment with DNAase (Invitrogen Life Technologies). To
determine GLP-1R mRNA expression, these cDNA were amplified
by standard polymerase chain reaction (PCR) method [22]. The se-
quences of the primers of GLP1-R were: (GLP1-R; forward: AT
CTTTGCCTTTGTGATGGAC; reverse: CAGCATTTCCGAAACTCCATC).

Urinary cAMP excretion in response to a single injection of exendin-4.
Male, 8-week-old, C57BLK/6] mice were housed individually in box

A O db/m + vehicle

120 A

100 -

80 A

Systolic blood pressure
(mmHg)

60

@ db/m + Exendin-4 * 1
O db/db + vehicle
B db/db + Exendin-4

ow

157 M rin —im
[ db/m + vehicle
[ db/m + Exendin-4
[ db/db + vehicle

101w by + Exendin-4l

0.5¢

Accumulated urine volume (ml)

O —— — —
0-2h 0-4 h 0-6 h
(time after saline infusion)

6W
(Week)

12W

C g2 mIM MM M

L

£

=t 1 db/m + vehicle

2 160} 1 gb/m + Exendin-4
N 3 db/db + vehicle

E 100, @ db/db + Exendin-4 1
=}

3

o

(]

> 80r

®©

£

5

T 40}

kS

=}

g

S 0 I I
Q

2 0-2h 0-4h 0-6h

(time after saline infusion)

Fig. 1. Effects of exendin-4 on hypertension and salt-sensitivity in db/db mice. (A) Systolic blood pressure in each group of mice during 12 weeks of experimental periods.
Data are means + SEM. n = 12 for each groups. P < 0.05 vs. db/m + vehicle. P < 0.05 vs. db/db + exendin-4. (B) Urine volume in each of the indicated four groups of mice over
6 h following intraperitoneal injection of 1.5 ml normal saline. Data are expressed as cumulative urine volume; n=6 for each data point. Values are expressed as
means + SEM. P < 0.01. (C) Urinary sodium excretion in each of the four groups of mice over 6 h following intraperitoneal 1.5 ml normal saline. Data are expressed as
cumulative urinary sodium excretion; n = 6 for each data point. Data are means + SEM. P < 0.01.
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cages. Each was injected with exendin-4 (20 mg/kg/day) or vehicle
and urine samples were collected for 2 h before and after the injec-
tions. These urine samples were followed by the measurement of
cAMP levels by using ELISA (R&D Systems, Minneapolis, MN).

Cell culture. Opossum kidney (OK) proximal tubular cells were
purchased (American Type Culture Collection, Manassas, VA) and
grown in Dulbecco’s modified Eagle medium culture media supple-
mented with 10% serum under constant flow of 5% carbon dioxide
at 37 °C. To examine the effect of exendin-4 in angll-induced phos-
phorylation of extracellular signal-regulated kinase (pERK1/2), OK
cells were pre-incubated with exendin4 for 4 h and followed by
stimulation with angll at the concentration of 10~° M. After
5min of stimulation with angll, the cells were harvested and
ERK1/2 phosphorylation was determined by immunoblot analysis
using anti-ERK2 (Santa Cruz Biotechnology, Santa Cruz, CA) and
anti-phospho-p42/p44 ERK (Cell Signaling Technology, Beverly,
MA). The results were expressed as the ratio of pERK1/2 to ERK2.

Statistical analysis. Data were expressed as means = SEM, with n
denoting the number of animals. Differences between groups were
examined for statistical significance using analysis of variance (AN-
OVA) followed by Scheffe’s test. A P value less than 0.05 denoted
the presence of a statistically significant difference.

Results
Effects of exendin-4 on impaired salt-sensitivity in db/db mice

Firstly, we confirmed the significant increase in systolic blood
pressure in db/db mice at 6 and 12 weeks of observation periods
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Fig. 2. Effects of exendin-4 on high salt-induced hypertension in db/db mice. (A)
Systolic blood pressure in db/db mice provided with water containing 2.0% NaCl
treated with vehicle or exendin-4 for 2 weeks. Values are expressed as means + SEM.
‘P <0.01 vs. db/db mice +2.0% NaCl + vehicle. n = 6 for each data point. P <0.01. (B)
Pressure-natriuresis curves in db/db mice provided with water containing 2.0% NaCl
treated with vehicle or exendin-4 for 2 weeks. (C) Slopes of pressure-natriuresis
curves shown in (B). Data are means + SEM. n = 6 for each data point. ‘P<0.01 vs.
db/db mice with exendin-4.

(Fig. 1A). This increase at 12 week was significantly attenuated
by daily injection of exendin-4 (Fig. 1A). We thus examined the ef-
fect of exendin-4 on impaired salt-sensitivity in db/db mice. In an
acute salt-loading study, the urine volume of db/db mice tended
to be smaller during the first 2-h after infusion of saline than that
of db/m mice, and it was significantly less than db/m mice during
the next 4 h (Fig. 1B). The sum of urinary sodium excretion in db/
db mice was significantly less than in the other groups throughout
a total of 6 h (Fig. 1C). The delays in urine excretion and urinary so-
dium excretion in response to acute salt-loading were significantly
attenuated in db/db mice treated with exendin-4 (Fig. 1B and C).

Effects of exendin-4 on salt-sensitive hypertension in db/db mice

We next examined the effect of exendin-4 on the development
of 2-week high salt-induced hypertension in db/db mice. In db/db
mice, systolic blood pressure gradually increased during the period
of 2% saline loading. This increase was significantly inhibited by
daily injection of exendin-4 during experimental periods
(Fig. 2A). Fig. 2B shows the pressure natriuresis curve, i.e., the rela-
tionship between blood pressure and sodium intake (sodium
excretion) in each group of mice. Exendin-4 significantly increased
the slope of pressure natriuresis curve but had no effect on the
x-intercept, indicating that exendin-4 attenuated high salt-sensi-
tivity in db/db mice (Fig. 2B and C).

Functional expression of GLP-R in the kidney

We confirmed the expression of GLP-1R in various tissues includ-
ing kidney by a series of RT-PCR assay (Fig. 3A). Exendin-4 is also re-
ported to increase intracellular cAMP levels after its binding to the
receptor, which is required for the induction of its physiological ac-
tions in several tissues [23]. A single injection of exendin-4 resulted
in asignificant increase in urinary cAMP excretion (Fig. 3B), suggest-
ing that exendin-4 functionally interacts with its receptor in the kid-
ney of mice and may have any direct effects in the kidney.
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Fig. 3. Functional expression of GLP-1 receptor in the kidney. (A) Expression of GLP-
1 receptor in various tissues determined by RT-PCR. (B) Urinary cAMP excretion in
response to a single injection of exendin-4 or vehicle. Data were expressed as fold
increases of cAMP levels. Data are means + SEM. n = 8 for each groups. P<0.01.
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Effects of exendin-4 on angll-induced hypertension

Next, we confirmed that intra-renal angll levels in db/db mice
were significantly higher than in db/m mice (Fig. 4A). Then, we inves-
tigated the anti-hypertensive effect of exendin-4 against angll-in-
duced hypertension. Infusion of angll through implanted osmotic
mini-pump in lean and non-diabetic C57BLK6/] mice resulted in a
gradual rise in systolic blood pressure and increase in body weight,
but these two parameters returned immediately to baseline levels
after the removal of the implanted mini-pump (Fig. 4B). Treatment
with exendin-4 significantly inhibited these angll-induced increases
in systolic blood pressure and body weight (Fig. 4B). Next, we deter-
mined the possible mechanism of the above effect of exendin-4 by
investigating ang-Il-induced phosphorylation of ERK1/2, which is
an important mediator of intracellular angll signaling in renal cells.
Angll significantly increased the phosphorylation of ERK1/2,
whereas exendin-4 significantly inhibited its phosphorylation in a
dose-dependent manner (Fig. 4C and D).
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Discussion

In this study, we demonstrated that obese type 2 diabetic db/db
mice show high salt-sensitivity, and that exendin-4 has an anti-
hypertensive effect in db/db mice and angll-infused mice, which
is related to attenuation of high salt-sensitivity. These results indi-
cate the first finding that exendin-4, a GLP-1 analog, has extra-islet
effect including the regulation of salt-handling.

Several previous reports have shown that intravenous infusion
of GLP-1 enhanced sodium excretion in obese men [11] and inhib-
ited the development of hypertension in Dahl salt-sensitive (Dahl
S) rats [12]. However, by now, the effect of exendin-4, aGLP-1 ana-
log, on salt-sensitivity or hypertension remains unclear. Here, we
can show that exendin-4 also has anti-hypertensive effect through
the attenuation of high salt-sensitivity, although exendin-4 has
only 53% amino acid homology to GLP-1 [13]. This finding is first
evidence that new anti-diabetic agent, exendin-4, improves high
salt-sensitivity and hypertension. Recent reports suggest that high
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salt-sensitivity largely contributes to the development of hyper-
tension and subsequent micro- and macro-vascular diseases [24].
Taken together, these findings suggest that exendin-4 has addi-
tional clinical usefulness for the prevention of cardi- or renal-vas-
cular diseases associated with salt-sensitivity beyond its blood
glucose lowering effect.

We have previously reported that db/db mice showed signifi-
cant increase in blood pressure, although its mechanism has been
not elucidated. In this study, we showed first evidence that db/db
mice has high-salt-sensitivity, suggesting that high salt-sensitivity
might partially contribute to the increase in blood pressure in db/
db mice. Several metabolic factors such as obesity, hyperglycemia
and hyperinsulinemia contribute to the impairment of salt-sensi-
tivity in obese type 2 diabetes [24]. A recent study reported that
activation of intra-renal RAS largely contributed to the develop-
ment of salt-sensitive hypertension in mice treated with angll
[16]. In our study, we showed significantly high intra-renal angll
contents in db/db mice. This finding is first evidence showing that
enhanced RAS activity exists in the kidney of db/db mice. AnglI-
infusion into lean and non-diabetic C57BLK/6] mice increased sys-
tolic blood pressure and body weight gain and these increases
were immediately reversed after cessation of angll-infusion. These
results confirmed the findings of previous studies [16,25], which
also indicated that the angll-induced increase in systolic blood
pressure was caused by fluid retention via excess sodium reabsorp-
tion. Our study demonstrated that GLP-1R was expressed in the
kidney as previous report, and that exendin-4 antagonized this an-
gll-induced hypertension and fluid retention. Considered together,
these results suggest that exendin-4 can regulate renal salt-han-
dling regardless of metabolic condition and prevent salt-sensitive
hypertension. A previous report concluded that anti-hypertensive
effect of GLP-1 infusion in Dahl S rats was totally dependent on
the attenuation of salt-sensitivity but not insulin resistance. In
addition this report, our result showing that exendin-4 inhibited
the development of hypertension in angll-infused mice and that
single injection of exendin-4 increased urinary cAMP excretion
can provide the further evidence that the stimulating GLP-1 signal-
ing in the kidney directly regulates salt-handling in the kidney.

Intra-renal RAS activation is reported in various renal patholog-
ical conditions, such as inflammation, apoptosis, oxidative stress,
fibrosis and impaired salt-sensitivity [26]. There is ample evidence
that the actions of angll in the kidney are mainly mediated by the
activation of ERK and are antagonized by increased cellular cAMP
levels [27,28]. In this study, injection of exendin-4 in non-diabetic
mice increased urinary cAMP excretion and pre-incubation of cul-
tured renal cells with exendin-4 inhibited angll-induced phosphor-
ylation of ERK1/2. Therefore, it is possible that exendin-4 could
potentially result in improvement of renal pathology associated
with angll activation such as inflammation, fibrosis and
hypertension.

Based on our present results indicating the effect of exendin-4 on
hypertension in two salt-sensitive mice model, we conclude that
exendin-4, a new anti-diabetic agent, has anti-hypertensive proper-
ties, which may be associated with improvement of high salt-sensi-
tivity and angll-induced abnormalities. Collectively, our results
suggest that exendin-4 is a potentially useful and multipotent ther-
apeutic agent for vascular diseases associated with high salt-
sensitivity.
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