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Effect of dipeptidyl peptidase-4 inhibition on
circadian blood pressure during the development
of salt-dependent hypertension in rats

Abu Sufiun1, Kazi Rafiq1, Yoshihide Fujisawa2, Asadur Rahman1, Hirohito Mori3, Daisuke Nakano1,
Hiroyuki Kobori1, Koji Ohmori4, Tsutomu Masaki3, Masakazu Kohno4 and Akira Nishiyama1

A growing body of evidence has indicated that dipeptidyl peptidase-4 (DPP-4) inhibitors have antihypertensive effects. Here, we

aim to examine the effect of vildagliptin, a DPP-4-specific inhibitor, on blood pressure and its circadian-dipping pattern during

the development of salt-dependent hypertension in Dahl salt-sensitive (DSS) rats. DSS rats were treated with a high-salt diet

(8% NaCl) plus vehicle or vildagliptin (3 or 10mg kg−1 twice daily by oral gavage) for 7 days. Blood pressure was measured by

the telemetry system. High-salt diet for 7 days significantly increased the mean arterial pressure (MAP), systolic blood pressure

(SBP) and were also associated with an extreme dipping pattern of blood pressure in DSS rats. Treatment with vildagliptin

dose-dependently decreased plasma DPP-4 activity, increased plasma glucagon-like peptide 1 (GLP-1) levels and attenuated

the development of salt-induced hypertension. Furthermore, vildagliptin significantly increased urine sodium excretion and

normalized the dipping pattern of blood pressure. In contrast, intracerebroventricular infusion of vildagliptin (50, 500 or

2500 μg) did not alter MAP and heart rate in DSS rats. These data suggest that salt-dependent hypertension initially develops

with an extreme blood pressure dipping pattern. The DPP-4 inhibitor, vildagliptin, may elicit beneficial antihypertensive effects,

including the improvement of abnormal circadian blood pressure pattern, by enhancing urinary sodium excretion.
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INTRODUCTION

Blood pressure (BP) physiologically dips at night from day time
levels (dipper pattern). Excessive lowering of BP at night is called an
extreme dipper and the absence of this dipping pattern is referred
to as non-dipper.1 In rodents, BP dips during the day time (sleeping
period) compared with night time (working period).2 During the
development of salt-dependent hypertension, there is changing of the
dipping pattern, which is associated with a greater risk of cardiovas-
cular complications.3–5 Recently, Kamezaki et al.6 also demonstrated
the role of circannual rhythms in the prevalence of metabolic
syndrome with insulin resistance. In patients with chronic kidney
disease, the non-dipping BP pattern is predictive of heart failure,
stroke and myocardial infarction.7 In addition, previous studies have
shown that abnormal BP-dipping pattern is also associated with
proteinuria.8

Dipeptidyl peptidase-4 (DPP-4) is a ubiquitous cell-membrane-
associated enzyme responsible for cleaving and inactivating incretins,
including glucagon-like peptide 1 (GLP-1) and glucose-dependent

insulinotropic polypeptide,9 which are released by cells in the small
intestine after the ingestion of food and stimulate insulin secretion.10

Pharmacological inhibition of DPP-4 activity increases insulin
secretion and improves glycemic control in diabetic animals11–13 and
humans.14,15 In parallel with its antihyperglycemic actions, treatment
with DPP-4 inhibitors has been reported to exert BP-lowering
effects in both spontaneously hypertensive rats16,17 and hypertensive
patients.18,19 However, the effects of DPP-4 inhibition on salt-sensitive
hypertension and its alteration of the circadian-dipping pattern are yet
to be investigated.
In the present study, we aimed to investigate whether vildagliptin,

a DPP-4-specific inhibitor, has antihypertensive effects in salt-induced
hypertension and improves the circadian BP-dipping pattern in Dahl
salt-sensitive (DSS) rats. We have found that DSS rats initially
developed salt-induced hypertension with an extreme BP dipper
pattern. Furthermore, vildagliptin significantly attenuated high-salt
(HS)-induced hypertension and improved the BP-dipping pattern in
DSS rats through enhanced urinary sodium excretion.
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MATERIALS AND METHODS

Experimental animals
Experiments were performed in 6-week-old male DSS rats (SLC, Shizuoka,
Japan). Rats were maintained in a temperature-controlled (24± 2 °C) room
with a 12-h light/dark cycle and 55± 5% humidity. Experimental protocols and
animal care were performed according to the guidelines for the care and use of
animals established by Kagawa University, Japan.

Implantation of the telemetry system
To measure BP in conscious animals, we used a telemetry technique as
described previously.20 The rats were anesthetized with isoflurane and an
abdominal incision was made for implantation of the radiotelemetry device.
The system consists of a radiofrequency transmitter (TA11PA-C40) with a
receiver panel (RPC-1) and an adaptor (R11CPA) with an ambient pressure
monitor (APR-1; Data Science International, St Paul, MN, USA). The telemetry
transmitter catheter was positioned into the abdominal aorta and glued (3M
vetbond; 3M Animal Care Products, St Paul, MN, USA) into position. The
transmitter was secured to the abdominal wall with sutures. Data were collected
and analyzed using Dataquest ART version 4.3 (Data Science International).

Measurement of BP by the telemetry system
After 2-week acclimatization, radiotelemetry transmitters were implanted in the
abdominal aorta of rats at 6 weeks of age. One week after surgery, baseline BP
was measured by the telemetry system. At 7 weeks of age rats were divided into
four groups as follows: group I (n= 4): normal salt diet (NS, 0.3% NaCl)
+vehicle (0.5% carboxymethyl cellulose sodium), group II (n= 4): high-salt
diet (8% NaCl)+vehicle (0.5% carboxymethyl cellulose sodium), group III
(n= 4): HS+vildagliptin-low dose (3 mg kg− 1 by oral gavage twice daily) and
group IV (n= 5): HS+vildagliptin-high dose (10mg kg− 1 by oral gavage twice
daily). Vildagliptin was provided by Novartis (Basel, Switzerland). Rats in
groups II–IV were placed on the HS diet for 7 days followed by LS diet for
7 days. We measured 24-h BP (5min of automatic sampling per rat per hour)
using the telemetry system before starting the HS diet, 7 days after beginning
the HS diet and 7 days after beginning the NS diet for each treatment group. In
addition to weekly 24-h BP measurement, we also measured the BP daily at five
time points per day using the telemetry system: in the morning before gavage,
2 h after gavage, afternoon, at night before gavage and 2 h after gavage.

Active GLP-1 level and DPP-4 activity in the plasma
At the end of the experiment, rats were killed with an excessive dose of sodium
pentobarbital (200mg kg− 1, i.p.), and arterial blood was collected with EDTA.
The active plasma GLP-1 level was measured by ELISA (Immuno-Biological
Laboratories, Gunma, Japan; catalog number 27784). The plasma DPP-4
activity was also measured using a commercial assay (Enzo Life Sciences,
Farmingdale, NY, USA; catalog number BML-AK498).

Urinary sodium excretion
Twenty-four-hour urine samples were collected at 7 weeks (before HS diet),
8 weeks (after HS diet) and 9 weeks (after NS diet) of age after a 12-h
acclimatization period in their metabolic cages. Urine samples were stored at
− 20 °C for future use. Urinary sodium was measured by an automated analyzer

(7020-Automatic Analyzer, Hitachi High-Technologies, Tokyo, Japan). Daily
sodium balance was calculated as the difference between the Na+ ingested and
the Na+ excreted through urine.

Intracerebroventricular (ICV) infusion of vildagliptin
In a separate group of animals, we examined the effects of ICV infusion of
vildagliptin in DSS rats (n= 4). After 3-week acclimatization with NS diet,
7-week-old DSS rats were fed a HS diet for 1 week. Then, ICV injection of
vildagliptin was performed using an injector needle (30 gauge stainless steel), as
described previously.21,22 Briefly, under isoflurane anesthesia, a guide cannula
was implanted into the left cerebroventricular region for ICV infusion. Rats
were placed on a stereotaxic frame (Narishige Scientific Instruments, Tokyo,
Japan) in the prone position and the guide cannula was fixed to the skull. In
addition, a polyethylene catheter (PE-50) was inserted into the right femoral
artery for measurement of BP and another catheter was inserted into the right
femoral vein for administration of saline (2 ml h− 1) to maintain body fluid.
Before infusion of vildagliptin, artificial cerebrospinal fluid (a-CSF, 10 μl;
Artcereb, Otsuka Pharmaceutical, Tokushima, Japan) was injected into the
lateral cerebroventricular region. BP and heart rate were measured for 30min.
After that, vildagliptin (50, 500 or 2500 μg in 10 μl a-CSF) was injected
intracerebroventricularly into rats at 30-min intervals. The changes in BP and
heart rate with respect to the basal values were observed for 30min following
each injection.

Statistical analysis
All values are presented as the mean± s.e.m. Statistical comparisons of the
differences were performed using one-way repeated-measures analysis of
variance, followed by the Newman–Keuls post hoc test. P-valueso0.05 were
considered statistically significant. Data and statistical analyses were performed
using GraphPad Prism version 5 for Windows (Graph Pad Software, San Diego,
CA, USA).

RESULTS

Effect of vildagliptin on body weight, food intake and urine volume
Changes in body weight, food intake and urine volume are shown in
Table 1. Body weight gain continued during the 2-week treatment
period in all groups, and none of the treatments significantly affected
body weight gain. Daily food intake was also no different among the
groups. An 8% NaCl diet has often been used in HS diet studies in
rats.23,24 There is no clear evidence for appetite loss during a short
period of treatment using this 8% NaCl diet.23,24 During the HS diet,
urine volume was significantly increased in all groups compared with
NS diet-fed animals. The higher dose of vildagliptin significantly
increased the urine volume compared with the HS diet vehicle-treated
DSS rats. After switching back to the NS diet, urine volume was
significantly decreased in all the groups.

Effect of vildagliptin on BP
Changes in the mean arterial pressure (MAP) are shown in Figures 1a
and b. NS diet for 2 weeks did not alter MAP in DSS rats, whereas rats

Table 1 Body weight, food intake and urine output in DSS rats

Baseline (NS diet) 7 Days HS-diet feeding 7 Days NS-diet feeding

Group Bwt (g)
Food intake
(g per day)

Urine volume
(ml per day) Bwt (g)

Food intake
(g per day)

Urine volume
(ml per day) Bwt (g)

Food intake
(g per day)

Urine volume
(ml per day)

DSS/NS+vehicle 254±8 24.3±2.2 8.4±0.2 288±4 22.0±0.5 8.2±1.0 326±6 23.0 ±0.5 10.3±0.6

DSS/HS+vehicle 257±4 21.7±0.3 7.2±0.7 287±5 21.5±1.0 57.3±2.8***, ‖‖‖ 324±2 21.7±0.4 12.9±1.6###

DSS/HS+vildagliptin-low dose 262±4 19.1±1.2 8.7±0.6 291±4 22.0±0.6 62.7±2.5‖‖‖ 332±2 21.0±0.4 10.5±0.6###

DSS/HS+vildagliptin-high dose 255±5 20.0±0.4 8.8±1.5 282±4 20.7±0.9 65.6±0.9†, ‖‖‖ 315±4 20.0±0.4 12.93±1.6###

Abbreviations: Bwt, body weight; DSS, Dahl salt-sensitive; HS, high-salt diet (8% NaCl); NS, normal salt diet (0.3% NaCl). ***Po0.005 NS+vehicle versus HS+vehicle; †Po0.05 HS+vehicle
versus vildagliptin-high dose; ‖‖‖Po0.005 versus baseline in each group; ###Po0.005 versus 7 days after HS diet in each group.
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on the HS diet exhibited increased MAP after 7 days. Treatment
with vildagliptin dose-dependently suppressed the progression of
HS-induced hypertension in DSS rats. Interestingly, after 7 days of
the HS diet switching to the NS diet for 7 days reduced the MAP.
A further reduction in MAP was observed with dietary salt reduction
plus vildagliptin treatment in DSS rats.
Changes in systolic blood pressure (SBP) and diastolic blood

pressure are shown in Figures 1c and d, respectively. Treatment
with vildagliptin dose-dependently suppressed the progression of
HS-induced elevation of SBP and diastolic blood pressure in DSS
rats. However, none of the treatments significantly affected heart rate
(HR) in DSS rats (Figure 1e).

Effect of vildagliptin on plasma GLP-1 and DPP-4
We measured the active GLP-1 level and DPP-4 activity in plasma.
The active GLP-1 level in plasma was significantly increased in
vildagliptin-treated DSS rats (Figure 1f). In contrast, plasma DPP-4
activity was dose-dependently decreased by vildagliptin (Figure 1g).

Effect of vildagliptin on circadian BP-dipping pattern
The baseline MAP during the NS diet treatment was higher during the
dark period compared with the light period (98.4± 0.6, 99.6± 0.6,
100.1± 0.5 and 97.8± 0.4mmHg vs. 93.1± 0.3, 94.4± 0.8, 94.6± 0.6
and 92.8± 0.5 mmHg; Po0.001 for each group; Figures 2a–c),
indicating that the animals showed a dipper-type circadian BP pattern
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Figure 1 Effect of high-salt (HS) diet and vildagliptin on blood pressure (BP) profile and heart rate, glucagon-like peptide 1 (GLP-1) and dipeptidyl
peptidase-4 (DPP-4) in Dahl salt-sensitive (DSS) rats. Twenty-four-hour mean arterial pressure (MAP) (a) and hourly MAP at five time points per day (b) as
measured by the telemetry system. Normal salt (NS) diet for 2 weeks does not alter the MAP, whereas HS diet significantly increases MAP after 7 days in
DSS rats. Vildagliptin dose-dependently suppressed salt-dependent hypertension. After switching to the NS diet, MAP is reduced. Further, BP reduction is
observed by NS+vildagliptin treatment. Systolic blood pressure (SBP, c), diastolic blood pressure (DBP, d) and heart rate (HR, e) in DSS rats fed a HS-diet
for 7 days followed by NS diet for 7 days. The SBP and DBP of DSS rats fed a NS diet for 2 weeks do not change, whereas HS diet significantly increased
the SBP and DBP after 7 days. Vildagliptin dose-dependently suppressed the BP elevation induced by HS diet. After switching to NS diet, SBP and DBP
significantly decreased, and further BP reduction was observed in dietary salt reduction with vildagliptin treatment. However, HR was not significantly
different between the treatment groups. Effects of vildagliptin on active plasma GLP-1 (f) and DPP-4 activity (g). The concentration of active GLP-1 in
plasma is increased by high doses of vildagliptin in DSS rats. Plasma DPP-4 activity is reduced by vildagliptin in a dose-dependent manner. ***Po0.005
NS+vehicle vs. HS+vehicle; ††Po0.01, †††Po0.005 HS+vehicle vs. HS+vildagliptin-high dose; §Po0.05, §§§Po0.005 HS+vildagliptin-low dose vs. HS
+vildagliptin-high dose; ‖‖‖Po0.005 vs. baseline in respective group; ###Po0.005 vs. 7 days after HS diet in respective group.
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at baseline.2 After 7 days of HS diet, the MAP in DSS rats was higher
during the dark period compared with the light period (120.7± 0.8 vs.
108.2± 0.6mmHg; Po0.001). Importantly, the difference in MAP
values between dark time and light time was significantly greater after
treatment with HS diet for 7 days (12.5± 0.8 vs. 5.7± 0.7 mmHg;

Po0.005). These data suggest that HS feeding for 7 days in DSS rats
induced an extreme dipper type of BP pattern. Vildagliptin treatment
dose-dependently attenuated the extreme BP dipper-type (dark period
MAP was 114.2± 0.7 and 110.3± 0.9mmHg and light period MAP
was 105.8± 0.5 and 103.6± 0.9mmHg for 3 and 10mg kg− 1 doses of
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Figure 2 Circadian rhythms of the mean arterial pressure (MAP) measured hourly by the telemetry system in Dahl salt-sensitive (DSS) rats. At baseline MAP
in DSS rats with NS diet (a), the MAP during the dark and light periods (b) and differences in MAP between the dark and light periods (c). Baseline MAP
during normal salt (NS) diet treatment is higher in the dark period compared with the light period, indicating that the animal has circadian dipper pattern of
blood pressure (BP). (d–f) Hourly MAP in DSS rats with high-salt (HS) diet. After 1 week of HS diet treatment, the MAP is increased (d). Averaged value of
dark and light periods (e) and differences between the dark and light periods (f) are shown. DSS rats with HS diet feeding for 7 days show greater increases
in MAP in the dark period compared with the light period, suggesting that DSS rats have an extreme dipper pattern of BP. Vildagliptin treatment
dose-dependently attenuated these changes in BP. (g–i) Hourly MAP in DSS rats after switching to NS diet. After 1 week treatment of NS diet, the MAP is
decreased (g). The mean values of the dark and light periods (h) and differences between the dark and light periods (i) are shown. After switching from HS
diet to NS diet, the animals demonstrated a normal BP dipper pattern. ***Po0.005 NS+vehicle vs. HS+vehicle; †Po0.05, ††Po0.01 HS+vehicle vs. HS
+vildagliptin-high dose; ‡o0.05 HS+vehicle vs. HS+vildagliptin-low dose; §Po0.05 HS+vildagliptin-low dose vs. HS+vildagliptin-high dose.
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vildagliptin, respectively; Po0.001; Figures 2d–f). After switching to
NS diet for the following 1 week, the animals reverted to a normal BP
dipper type and vildagliptin treatment did not show any extra effect
(dark period MAP was 98.0± 0.5, 100.8± 1.1, 98.0± 0.5 and

94.6± 0.4mmHg and light period MAP was 93.2± 0.9, 93.6± 0.5,
92.5± 0.3 and 89.9± 0.5mmHg; Po0.001 for each group; Figures
2g–i). Similar results were observed when the dipping pattern of BP
was evaluated using SBP data (Supplementary Figures S1–S3). Detailed
results are shown in the Supplementary Results section.

Effect of vildagliptin on urinary sodium excretion
HS diet markedly increased sodium intake in all animals (0.83± 0.05,
0.93± 0.02, 0.72± 0.03mmol per day during NS diet feeding at
baseline vs. 31.57± 0.5, 28.40± 1.3, 28.68± 1.2 mmol per day after
7-day-HS diet feeding; Po0.005 for each group; Figure 3a). DSS rats
on a HS diet showed higher urinary sodium excretion compared with
NS-fed rats (20.17± 1.06 vs. 0.32± 0.06mmol per day; Po0.005).
Vildagliptin dose-dependently increased urinary sodium excretion
(21.77± 0.85 and 24.71± 0.62mmol per day for 3 and 10mg kg− 1

doses of vildagliptin respectively; Po0.005; Figure 3b). During HS
feeding, the sodium balance was increased compared with NS-feeding
rats (11.41± 1.06 vs. 0.78± 0.06mmol per day; Po0.005). Vildaglip-
tin treatment dose-dependently decreased the sodium balance
(6.63± 0.86 and 3.98± 0.62mmol per day for 3 and 10mg kg− 1

doses of vildagliptin, respectively; Figure 3c). Linear regression analyses
showed that the difference in BP between the active and inactive
periods (dipping of BP) was significantly correlated with urinary
sodium excretion in DSS hypertensive rats treated with a high dose of
vildagliptin (r2= 0.76, P= 0.05).

Effect of ICV infusion of vildagliptin on BP and HR
Infusion of a-CSF solution had no effect on baseline parameters
(Figures 4a and b) in DSS rats fed a HS diet. Similarly, ICV infusion of
vildagliptin (50, 500 or 2500 μg in 10 μl a-CSF solution) did not
change either BP or HR in these animals (Figures 4a and b).
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DISCUSSION

A growing body of evidence has indicated that orally active DPP-4
inhibitors have antihypertensive actions both in animals16,17 and
humans.18,19 The present study examines the effects of vildagliptin,
a potent and specific DPP-4 inhibitor, on the development of salt-
dependent hypertension in DSS rats. The results have demonstrated
for the first time that vildagliptin treatment dose-dependently
attenuates the development of HS-induced hypertension and improves
the circadian-dipping pattern in DSS rats.
In the present study, vildagliptin substantially inhibited plasma

DPP-4 activity in DSS rats. In addition, the antihypertensive action of
vildagliptin was accompanied by (1) a marked increase in plasma
active GLP-1 level and (2) enhanced urinary sodium excretion. These
findings are consistent with those of previous studies in hypertensive
animal models,25,26 which demonstrated that GLP-1 and its analogs
significantly increase urinary sodium excretion and decrease BP.
Multiple factors contribute to the pathogenesis of salt-dependent
hypertension, among which the kidney is thought to have a funda-
mental role.27 This is supported by the development of hypertension
in DSS rats being associated with increased urinary sodium
reabsorption.28 The present study showed that treatment with
vildagliptin significantly increased urinary volume and sodium excre-
tion in HS-diet DSS rats, suggesting that vildagliptin enhances diuresis
and natriuresis. Previous studies showed that GLP-1-infused rats
exhibited a 13-fold increase in urinary sodium excretion.29 In the
present study, we showed that HS-fed DSS rats retained sodium, as
reflected by the sodium balance. In contrast, sodium excretion was
significantly increased by vildagliptin. These results indicate that the
ability of vildagliptin to promote urinary salt and water excretion
contribute to its antihypertensive effects. The occurrence of
HS-induced increases in MAP during dark time (working period)
suggests that the BP elevation may be related to a nocturnal increase in
intravascular volume that is then reversed during the day through
enhanced renal excretion of sodium and water, as proposed by the
previous study.30 In agreement with the present findings, a previous
study showed that GLP-1 increases natriuresis and diuresis because of
the inhibition of tubular sodium reabsorption.29 The DPP-4 inhibitor,
sitagliptin, also exhibited enhanced cumulative urinary flow and
sodium excretion in young spontaneously hypertensive rats.17

We evaluated, for the first time, the dipping pattern by analyzing
differences between dark time (working period) and light time
(sleeping period) MAP as well as SBP during the development of
salt-induced hypertension in DSS rats. We observed that the MAP and
SBP were significantly higher in dark time compared with light time.
These data are consistent with those of a previous report that MAP
was higher at dark time (working period) than light time (sleeping
period) in DSS rats with HS diet.2 Although the definitions of dipper
and non-dipper types of BP are well established in humans, there is no
clear definition for the circadian pattern of BP in other species. In the
present study, we found that in normotensive NS-treated DSS rats, BP
was 5.7 mmHg lower during the light (inactive period) than during
the dark (active period; Po0.001). These data are consistent with
those obtained by Sueta et al.31 who showed that normotensive
Wistar–Kyoto rats and spontaneously hypertensive rats have normal
dipper patterns of BP, similar to those observed in the present study.
During the NS diet, DSS rats showed a normal BP-dipping pattern,

whereas HS-diet feeding changed this to an extreme BP dipper
pattern. Vildagliptin dose-dependently reversed the extreme dipping
pattern to a normal BP-dipping pattern. BP follows a circadian
rhythm, with lower values during night time than day time in
humans.32 The absence of a nocturnal BP decrease (dipping) is

associated with target organ damage.33 Kario et al.34,35 reported that
the relative risk for stroke was greater in patients with an extreme
dipper pattern than in patients with a non-dipper BP pattern.
Collectively, the present data suggest that HS diet causes hypertension
with an extreme dipper pattern of BP in DSS rats at the early phase of
the development of hypertension, which may contribute to the
pathogenesis of cardiovascular injury in these animals.
Previous studies have demonstrated the potential role of the

sympathetic nervous system in the development of salt-dependent
hypertension.36 To test whether the antihypertensive effect of vilda-
gliptin is mediated by the central nervous system, we performed acute
ICV administration of vildagliptin in HS-fed DSS rats. However, ICV
administration of vildagliptin did not alter BP or HR, suggesting that
the antihypertensive effect of vildagliptin is not mediated by the central
nervous system. Alternatively, the observation period (30min) may
not have been a sufficient duration to evaluate the effectiveness of
vildagliptin. Previous studies have shown that GLP-1 and GLP-1
receptor agonists increase BP and HR in Sprague–Dawley rats.37,38

However, a limitation of this study is that there is no direct evidence
that the antihypertensive effect of vildagliptin is actually mediated by
an increase in urinary sodium excretion. To address this issue directly,
future studies should be performed in tubular-specific DPP-4 knock-
out animals. Notably, GLP-1 is able to penetrate the blood–brain
barrier,39 but DPP-4 inhibitors may not easily cross the blood–brain
barrier.40,41 Further studies are required to examine the effect of
vildagliptin on brain GLP-1 levels during the development of salt-
dependent hypertension.
In conclusion, the present study demonstrates that vildagliptin

attenuates the development of salt-induced hypertension and extreme
BP-dipping pattern in DSS rats fed a HS diet. Vildagliptin exerts its
antihypertensive effects through enhanced urinary sodium excretion.
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