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ABSTRACT 

 

[BACKGROUND] To address the impact of antidiabetic drugs on cardiovascular safety 

is a matter of clinical concern. Preclinical studies revealed that various protective effects 

of dipeptidyl peptidase-4 inhibitor (DPP4i) on cardiovascular disease; however, its 

impact of on hypertension remains controversial.  

[METHODS AND RESULTS] Teneligliptin (TEN; 10mg/kg/day/p.o.) ameliorates 

hypertension and cardiac remodeling by normalizing a rise of angiotensin-II (AngII) 

that specifically observed in spontaneously hypertensive rats (SHR). TEN had no effects 

on vasculature and concentrations of the DPP4-related vasoactive peptides (bradykinin, 

neuropeptide Y, and atrial natriuretic peptide). The primary action of TEN on BP 

lowering was due to restoring the AngII-induced manifestation of congestive heart 

failure observed in SHR. Sodium-proton pump exchanger type 1 (NHE-1) is a regulator 

of intracellular acidity (pHi) and implicated pathophysiological role in cardiac 

remodeling occurred in diseased myocardium. Cardiac NHE-1 expression level was 

increased in SHR and this was restored in TEN-treated SHR. AngII directly augmented 

cardiac NHE-1 expression and its activity that contributed to hypertrophic response. 
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TEN attenuated the AngII-induced cardiac hypertrophy with decline in pHi via 

suppression of NHE-1. Loss of NHE-1 activity by specific inhibitor or RNA silencing 

promoted intracellular acidification and consistently attenuated the AngII-mediated 

cardiac hypertrophy.  

[CONCLUSION] The present study revealed the protective actions of TEN on 

hypertension and comorbid cardiac remodeling via AngII/NHE-1 axis and the novel 

pathophysiological roles of intracellular acidification via NHE-1 in cardiac hypertrophy.  
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Introduction 

The higher the prevalence of diabetes worldwide, the more the prescription number of 

antidiabetic remedy is increasing [1]. Nowadays, to address the impact of antidiabetic 

drugs on cardiovascular system independently of its glucose-lowering effects is 

considered as essential for the safe prescription of these drug classes. Dipeptidyl 

peptidase-4 inhibitor (DPP4i) has dominated the new class of anti-diabetic remedies and 

their cardiovascular safety has been confirmed in terms of major cardiovascular events, 

namely macrovascular diseases [2][3][4] and heart failure [2][3][5][6]; however, the 

impact of DPP4i on hypertension clinically remains uncertain . Indeed, there are 

controversial preclinical evidences regarding the blood pressure (BP) lowering effects 

of DPP4i. Several reports demonstrated that DPP4i exerts anti-hypertensive property  

[7][8], however, a recent paper suggested this BP-lowering actions of DPP4i is the 

context-dependent [9]. To address the impact of DPP4i on BP precisely, the direct 

monitoring of central BP by using cardiac catheterization may provide more 

information than non-invasive cuff procedure because BP is determined by the 
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combination of peripheral vascular resistance and cardiac performance [10] and central 

BP is superior to assess organ damage [11].  

It is unique characteristics of DPP4i that the chemical structure of this drug 

class is quite distinct from each other [12]. Teneligliptin (TEN) is the one of the recent 

DPP4i and biochemical data showed that TEN exhibits more potent than other DPP4i 

because of its unique structure [12][13]. However, its effect(s) on cardiovascular system 

is little known.  

 Here we report the impact of TEN on central BP and cardiac remodeling of 

spontaneous hypertensive rats (SHR) and its normotensive counterpart WKY. 

Interestingly, TEN ameliorated hypertension and comorbid cardiac remodeling observed 

in SHR by attenuating a rise of circulating angiotensin-II (AngII). Furthermore, we 

found TEN attenuated clinical features of heart failure [(mild pulmonary congestion, 

rises in left-ventricular end-diastolic pressure (EDP) and elevated brain natriuretic 

peptide (BNP)) observed in SHR independently of vasodilating action. In this context, 

we examined the pathophysiological role(s) of the sodium-proton pump exchanger-1 

(NHE-1) in the TEN-mediated amelioration of hypertensive cardiac remodeling. NHE-1 
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plays a regulatory role(s) in maintenance of intracellular acidity (pHi) and in regulation 

of myocardial remodeling such as ischemic myocardium [14] and pressure-overload 

[15]. We found that cardiac NHE-1 expression and its activity were increased in an 

AngII-dependent fashion. NHE-1 inhibition decreased pHi and attenuated 

cardiomyocyte hypertrophy. TEN suppressed cardiac NHE-1 thereby ameliorated 

AngII-induced cardiac hypertrophy. Beyond the pharmacological evidences of TEN on 

hypertension, present study reinforces the role of NHE-1 in terms of modulating 

intracellular acidification in hypertensive cardiac remodeling, at least in part, via AngII.  
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METHODS 

Experimental design 

Animal experiments were approved by the Committee on the Use of Live Animals for 

Teaching and Research of Nagoya University. Male SHR and WKY (10-week-old) were 

purchased from SLC Japan and randomly allocated to vehicle, TEN (teneligliptin 

hydrobromide, CAS Number 760937-92-6), and SITA (sitagliptin phosphate 

monohydrate, CAS Number: 654671-77-9, Santa Cruz Biotechnology) group (10 

mg/kg/day for 4 week; WKY-CON, WKY-TEN, SHR-CON, SHR-TEN, and 

SHR-SITA). An experimental timeline is displayed in Supplemental figure 1. 

 

Echocardiography and cardiac catheterization  

Cardiac function of each rat was assessed using echocardiography (SONOS 7500; 

Philips, Amsterdam, The Netherlands) under inhalation of isoflurane (2% in oxygen) 

just prior to cardiac catheterization. Rats were subjected to hemodynamic analysis by 

using a 2.0 Fr micromanometer-tipped catheter (SPR-320; Millar Instruments, Houston, 

TX, USA) that was inserted through the right carotid artery into left ventricle. Changes 

in hemodynamic parameters were monitored using the Power LabTM system (AD 
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Instruments, Colorado Springs, CO, USA).  

 

Measurements of laboratory chemistry and circulating bioactive peptides 

Casual blood glucose (BG) concentration was measured by dextrometer. Right after 

cardiac catheterization, blood and urine were collected from each rat by puncture of 

heart and bladder, respectively. Circulating vasoactive peptide concentrations were 

determined using immunoassay kits according to the manufacturer’s protocol; 

Glucagon-like peptide-1 (GLP-1, EMD Millipore, Billerica, MA, USA), atrial 

natriuretic peptide (ANP, RayBiotech, Norcross, GA, USA), brain natriuretic peptide 

(BNP, RayBiotech), AngII (Sigma-Aldrich, St. Louis, MO, USA), neuropeptide Y (NPY, 

EMD Millipore), and bradykinin (BK, Phoenix pharmaceuticals, Burlingame, CA, 

USA). 

 

Analysis of cardiac remodeling  

Cardiomyocyte surface area (CSA) was detected by immunohistochemistry using 

anti-dystrophin antibody (Novus Biologicals, Littleton, CO, USA) for each heart section 
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and by digital imaging obtained from bright-field microscope for cultured 

cardiomyocytes. Cardiac fibrosis was assessed by picrosirius red with counterstain of 

Fast Green (Sigma-Aldrich). Quantitative analysis of each positive lesion was made 

using Image J software (National Institutes of Health, USA).  

 

Enzymatic activities of cardiac and circulating DPP4, angiotensin converting 

enzymes, and renin activity. 

Cardiac DPP4 proteolytic activity was detected by in situ colorimetry as described 

previously [16][17]. Circulating DPP4 activity (DPP4-GloTM protease assay; Promega, 

Madison, WI, USA), Plasma ACE (ACE color, Fuji-rebio, Tokyo, Japan), and renin 

activity (Fuji-rebio) were measured by the commercially available kit.  

 

Immunoblotting 

Heart and aorta specimens were processed with frost shattering by using CryopressTM 

(Microtech Nichion K.K., Chiba, Japan). Tissue lysates (20 µg/lane) were subjected to 
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electrophoresis followed by immunoblotting. In case of in vitro assay, cardiomyocytes 

were plated onto 6-well dish at 1.0 × 105 cells/well (Supplemental Figure 3A). List of 

antibodies used in the present study was displayed in Supplemental Table 1.  

 

Intracellular acidity measurement 

Cultured cardiomyocytes (plated on 96-well dish at 1.0 × 104 cells/well) were used for 

pHi detection with a fluorescence probe for intracellular proton level (pHrodoTM Green 

AM; Thermo Fisher Scientific, Waltham, MA, USA). Change in fluorescence intensity 

was monitored by a micro-plate reader (Tecan, Männedorf, Switzerland). Experimental 

timeline is illustrated in Supplemental Figure 3B. 

 

RNA silencing in cultured cardiomyocytes 

Cultured cardiomyocytes were plated onto an 8-well chamber slide coverslip pre-coated 

with collagen type 1 (BD Biosciences) at a density of 1 × 105 cells/well. 

Efficacy-validated siRNAs (Sigma-Aldrich) for silencing NHE-1 (siPKA) and for a 

negative control (siCON) were introduced into cells using lipofectamine RNAiMAX 
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(Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s instructions.  

 

Quantitation of gene expression 

Changes in the NHE-1, BNP, β-myosin heavy chain (MYH7) gene expression levels 

were assessed by use of 2-step Real-time PCR. Total RNA was extracted cardiomyocyte 

using from using RNeasy Micro Kit (Qiagen, Valencia, CA, USA). cDNA was produced 

using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). PCR procedure was 

performed with a Bio-Rad real-time PCR detection system using SYBR Green I as a 

double-standard DNA-specific dye. Bio-informatically validated primers specific for the 

BNP, MYH7, and Eukaryotic 18S ribosomal RNA were purchased from QIAGEN and 

Sigma-Aldrich. 

 

Statistical analysis 

Statistical analysis was performed by JMP Pro (ver 11, SAS Institute, Cary, NC, USA). 

Values are expressed as the mean±SEM. Comparison of 2 groups were performed by 

Student's t test (parametric) or Mann-Whitney U test (non-parametric). For multiple 
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groups, ANOVA (parametric) or Kruskal-Wallis test (non-parametric) were applied as 

appropriate. A 2-way ANOVA was conducted to compare 2 different categorical 

variables. Post-hoc comparisons of considered pairs were performed using the 

Tukey-Kramer test for differences between means. P<0.05 was considered to be 

statistically significant. 
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RESULTS 

Impact of TEN on clinical characteristics. 

We first assessed the impact of TEN on circulating and membrane DPP4 activities (Fig. 

1) and its impact on physical and biochemical characteristics of each rodent (Table 1). 

Because DPP4 exists both in soluble and localized form [18] and the latter plays a 

crucial roles in cardiac remodeling [16][17], we measured both DPP4 activities in 

plasma and heart. TEN successfully inhibited circulating (Fig. 1A) and cardiac DPP4 

activities (Fig. 1B and 1C). We then assessed the drug-class effect of TEN on BG level 

and found that TEN decreased casual BG levels both of SHR and WKY (Table 1).  

 

TEN ameliorates blood pressure exclusively to SHR.  

We next measured the effect of TEN on hemodynamics by cardiac catheterization (Fig. 

1D and 1E). Systolic and diastolic central BP (SBP and DBP, respectively) was 

significantly higher in SHR-CON (in mmHg; 201±16 for SBP and 134±15 for DBP) 

than WKY-CON (105±6 for SBP and 79±4 for DBP) (Figs 1D and 1E). TEN reduced 

SBP and DBP exclusively of SHR (SHR-TEN; 141±17 and 96±6) (Lower panels of 

Fig. 1D and white shaded bars in Fig. 1E). In contrast, sitagliptin had no effect on 
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SBP and DBP of SHR (dotted bars of Fig. 1E) 

 

TEN lowers BP independently of vasodilatation exclusively for SHR.  

To address whether the BP lowering effects of TEN may be due to its direct action on 

vasculature, we measured changes in the Akt/AMPK/eNOS signal of each aorta [19] 

(Figs. 1F-1H). However, we found that TEN had no effects on these signals. Because a 

recent report demonstrated that GLP-1 lowered BP by augmenting circulating ANP 

levels via arterial vasodilatation [20], we measured the circulating active GLP-1 

(Supplementary Figure 2A) and ANP (Supplementary Figure 2B). TEN significantly 

increased the GLP-1 concentration of SHR, but it had no effect on their ANP levels 

under our experimental setting. We further measured other neurohormonal candidates of 

vasodilatation that exhibit specific amino acid sequence for protease cleavage by DPP4, 

however, TEN had no influence on the circulating levels of NPY and BK 

(Supplementary Figures 2C and 2D).  

 

TEN ameliorates hypertensive heart failure in SHR.  
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Renin-angiotensin system (RAS) is a key mediator of both hypertension and heart 

failure progression, in which AngII plays a primary role in hypertensive cardiac 

remodeling [21][22]. Circulating AngII level was significantly elevated in SHR, which 

was restored by TEN (Fig. 2A) with consistent rise of plasma renin activity [23][24] 

(PRA; Fig. 2B). In contrast, angiotensin-converting enzyme (ACE) activity [25], that 

cleaves angiotensin I to AngII, remained unchanged (Fig. 2C).  

We next evaluated the effect of TEN on cardiac performance by cardiac catheterization 

(Figs. 2D-2F) and by echocardiography (Table 1). Cardiac catheterization revealed that 

both indices of systole (maximum dP/dt, Fig. 2D) and diastole (minimum dp/dt, Fig. 

2E) of SHR-CON were markedly augmented, which is consistent as hypertensive heart 

failure  [26][27]. TEN reversed this hyperkinetic cardiac performance with 

concomitant amelioration of EDP (Fig. 2F) and plasma BNP observed in SHR (Fig. 

2G). SHR-CON exhibited increases in heart rate (HR) and norepinephrine level that are 

hallmarks of sympatho-excitation in heart failure [28], which were unaffected by TEN 

(Fig. 2H). We then assessed clinical features of heart failure in each model (Table 1). 

Consistently with these hemodynamic data, SHR-CON exhibited significant increases 
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in heart and body weight (BW) ratio, lung and BW ratio, which were ameliorated by 

TEN (Table 1).  

  

TEN ameliorates hypertensive cardiac remodeling in SHR. 

To address whether TEN may affect hypertensive cardiac remodeling, we evaluated 

changes in cardiac hypertrophy and fibrosis (Fig. 3). TEN attenuated cardiac 

hypertrophy (Fig. 3A) and fibrosis (Fig. 3B) of SHR with concurrent changes in 

hypertrophic signaling (Figs. 3C-3F).  

 

Role of AngII and NHE-1 pathway in hypertensive cardiac hypertrophy.  

We next aimed to address the possible link(s) between the TEN-mediated normalization 

of circulating AngII concentration and its impact on the hypertensive cardiac 

remodeling (Fig. 4). NHE family plays regulatory roles in cardiovascular system and 

several reports demonstrated that NHE-1 modulates cardiac remodeling via 

neurohormonal pathway including AngII [29][30]. It remains unclear whether cardiac 

NHE-1 may regulate hypertensive myocardial remodeling. Expression of cardiac 
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NHE-1 of SHR was elevated and this was restored in TEN-treated SHR heart. (Fig. 4A). 

We next tested the direct impact of AngII on NHE-1 expression by using cultured 

cardiomyocyte (CMC) (Figs. 4B and 4C). We found that AngII augmented NHE-1 

protein expression of CMC (middle lane in the upper panel) and this effect was 

abolished in the presence of TEN (right lane). The impact of AngII on NHE-1 mRNA 

expression was tested in CMC by QPCR in the combination of RNA silencing of 

NHE-1 (Fig. 4C). AngII consistently increased NHE-1 mRNA. Furthermore, we 

measured functional changes of NHE-1 by monitoring intracellular acidity (pHi) that is 

a surrogate of NHE-1 activity, because the pHi increases if NHE-1 becomes more active 

due to excretion of proton from intracellular space with simultaneous intake of sodium 

(Figs. 4D, 4E, and 7). TEN decreased pHi of CMC likewise EIPA, a specific inhibitor 

for NHE-1 (Fig. 4D) and the RNA silencing of NHE-1 (Fig. 4E).   

 

Impact of NHE-1 inhibition on cardiomyocyte hypertrophy.  

We further compared the impacts of NHE-1 inhibition and TEN on cardiomyocyte  

hypertrophy in vitro by use of small molecule inhibitor (Fig. 5) and RNA silencing (Fig. 
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6). AngII enhanced CMC surface area with increases in BNP and MYH7 mRNA levels 

(Figs. 5C,5D, 6C, and 6D). TEN prevented pro-hypertrophic signaling induced by 

AngII (Figs. 5E-5H). Lastly, we tested the impact of NHE-1 deletion by using RNA 

silencing (Fig. 6). The lack of NHE-1 induced intracellular acidification and concurrent 

decrease in cardiac hypertrophy that exhibits attenuation of hall mark of cardiac stress 

(Figs 6C and 6D) and prohypertrophic signaling (Figs. 6E-6H).  
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DISCUSSION 

The present study demonstrated the impact of TEN on the features of 

hypertension and revealed the novel pathophysiological roles of intracellular 

acidification via NHE-1 in the AngII-mediated cardiac hypertrophy. Prevalence of 

hypertensive left ventricular hypertrophy rises with severity of hypertension and the 

prevalence ranges from 20% in those mild-grade population to about 100% in those 

with severe grade [31][32]. Moreover, hypertensive patients with cardiac hypertrophy 

exhibits adverse prognostic outcome [33][34][35]. Interestingly, the effects of 

antihypertensive remedy that target on the renin-angiotensin system (RAS) ameliorates 

hypertensive cardiac hypertrophy independently of BP reduction [31][36]. AngII 

promotes vasoconstriction, cardiac hypertrophy, and fibrosis [31]. Furthermore, AngII 

stimulates a release of anti-diuretic hormones that increase the retention of sodium and 

consequential congestion [28]. These actions result in hypertension [37][38], congestive 

heart failure [28] and myocardial remodeling [39]. Because of our experimental 

observations regarding the effect of TEN on hypertension (Figs. 1D and 1E) and mild 

but significant features of congestive heart failure (Figs. 2D-2H and Table 1), we 
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reasoned that the essential effect(s) of TEN on hypertension may be due to the 

restoration of the abnormal rise of AngII. Indeed, we found that TEN normalized AngII 

level of SHR with concurrent increase in PRA (Fig. 2). Regarding the elevation of PRA, 

a causative relationship to cardiovascular risk has been demonstrated [24], however, the 

reactive elevation of PRA by use of RAS inhibitors is identified [40]. In the present 

study, the reactive patterns of AngII and PRA to the treatment of TEN may be consistent 

with the RAS-inhibitory action of TEN.  

ACE is the most elementary generator of AngII. Devin et al demonstrated the 

possible cross-reaction of DPP4 and ACE activities that augmented the concentration of 

BK, a vasodilator peptide [8]. However, we found that TEN had no influence on 

circulating ACE activity (Fig. 3H) and BK level (Fig. 3G). Furthermore, another report 

suggested the possible link between DPP4 and NPY [41], which is either cleavable by 

ACE and by DPP4 (Fig. 3F); however, consistently with previous report [42], we found 

the unexpected increase of NPY in SHR (in ng/ml; 4.19 ± 0.38 for SHR-CON and 0.82 

± 0.02 for WKY-CON; unpublished data) that was insensitive to TEN (Fig. 3F).  



 

 22 

Alternatively, there are ACE-independent and noncanonical pathway that generates 

AngII [37][43][44]. Several proteases such as chimase [45] or cathepsin [46] are known 

as possible regulators for the ACE-independent AngII production [47], however, we 

could not specified the responsible factors for the TEN-sensitive and ACE-independent 

decline in AngII level in the present study.  

The present study has 2 limitations. First, this study was designed to observe 

the impact of TEN on hypertension independently of the unwanted influence(s) of 

comorbid diabetes; however, if one considers the clinical indication of TEN as 

antidiabetic remedy, to test the impact of TEN on diabetic models is supposed to be 

addressed. Second, we have yet to found the reason why there are differences between 

TEN and SITA in the BP-lowering effect (Fig. 1E). Indeed, previous evidences 

consistently reported the context-dependent action of DPP4i on hypertension [9][48] 

and such drug-specific effects might be reasoned by the structural difference observed 

among DPP-4 inhibitors [12].  

The present study is beyond the drug-specific effect(s) of TEN that provides 

the more comprehensive evidences regarding the cardiac hypertrophy via NHE-1. 

NHE-1 modulates intracellular acidity and its activity is, at least in part, 
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AngII-dependent [14][49]. In heart, the role of NHE-1 has been evaluated in the limited 

models, namely, myocardial ischemia [14] and pressure-overload [15]. We therefore 

evaluated NHE-1 expression (Figs 4, 5, and 6) and activity (Figs 4D and 4E) in 

hypertensive model (Figs 5 and 6). We found that AngII enhanced NHE-1 expression 

and increased pHi, which was restored by its specific inhibitor EIPA (Fig. 4D and Fig. 

5) and RNA silencing (Fig 4E and Fig. 6). TEN suppressed NHE-1 expression (Figs 

4B and 4C) and its activity (Fig. 4D), leading to the amelioration of hypertrophic 

response of cardiomyocytes (Fig. 5). However, we could not elucidate the further 

mechanism underlying the AngII/TEN axis that may regulate NHE-1 activity and 

expression. NHE-1 is an integral membrane transport protein that localizes in cellular 

plasma membrane (Fig. 7), implicating the possibility that small molecule may interact 

directly with the NHE-1 independently of any specific receptors. Interestingly, NHE-1 

is up-regulated in various malignancies and NHE-1 becomes activated during malignant 

cell transformation [50]. NHE-1 activation is known to be important in particular at the 

beginning of cell division and during cell proliferation, at least in part, via extracellular 

signal-regulated protein kinases 1/2 (ERK1/2) mechanism. AngII plays a primary role 

in tumor growth via activation of ERK1/2 [51], implicating the presumable link 

between AngII and NHE-1. Notably, some statins inhibit tumor NHE-1 presumably via 

isoprenylation thereby augment tumor apoptosis [52]. Inhibition of isoprenylation by 

lovastatin is responsible for the occurrence of apoptosis in leukemic HL-60 cells 

associated with dose-dependent intracellular acidification that augments DNA 

degradation. In cardiomyocytes, several statins have been demonstrated to exert 
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anti-hypertrophic actions against AngII–induced cardiac remodeling [53][54], 

suggesting the action of statins on cardiac remodeling might be mediated by NHE-1 

presumably via isoprenylation, if the case in tumor cells might be applicable for 

cardiomyocyte growth.  

In conclusion, we provide the evidences regarding not only the drug action of 

TEN but also the novel pathophysiological role(s) of the AngII/NHE-1 axis in 

hypertensive cardiac remodeling. The present study reinforces the primary role of AT-II 

pathway in cardiac remodeling particularly in hypertensive population.  
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FIGURE CAPTIONS 

 

Figure 1. Effects of teneligliptin on DPP4 activities and arterial blood pressure of 

hypertensive and normotensive rats. 

A: Changes in circulating DPP4 activity and impact of TEN in hypertensive (SHR) and 

normotensive (WKY) rats. Inset of number in each bar indicates total sample count of 

the corresponding group. Representative images (B) and quantitative summary (C) of in 

situ colorimetric staining of cardiac DPP4 activity (red). Scale bar: 100 µm. D and E: 

Effects of TEN on central BP of SHR and WKY. D. Original recordings of central BP of 

WKY (upper panels) and SHR (lower panels) measured by cardiac catheterization. 

Scale bar; 0.2 sec. E. Summary of changes in BP. CON; vehicle-treated group. TEN; 

teneligliptin-treated (10 mg/kg/day). SITA; sitagliptin-treated (10 mg/kg/day). F-H. 

Typical images of immunoblot analysis of each rat aorta demonstrating the changes in 

phosphorylated and total eNOS (F), Akt (G), AMPK (H) (upper panels). GAPDH was 

also measured as an internal control. Ratio of phosphorylated versus total protein was 

summarized in bar graph (lower). Data are shown as the mean±SEM. *P<0.05 and 

**P<0.01. 
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Figure 2. Changes in neurohormonal factors and hemodynamic indices related to 

heart failure. Circulating levels of angiotensin II (AngII, A), plasma renin activity 

(PRA, B), angiotensin converting enzyme (ACE, C), brain-type natriuretic peptide 

(BNP, G), and norepinephrine (NE, H) in WKY and SHR with (TEN) or without (CON) 

treatment with teneligliptin. D-F; Changes in hemodynamic indices indicating systolic 

performance (the rate of left ventricle pressure (LVP) rise in early systole; Max dP/dt; 

D), diastolic performance (the rate of LVP decline during isovolumic relaxation period; 

Min dP/dt; E), and congestion (LVP at end-diastole, EDP; F) observed in WKY and 

SHR, respectively. Data are shown as the mean±SEM. *P<0.05 and **P<0.01.  

 

Figure 3.  Effects of teneligliptin on cardiac remodeling in SHR. 

A. Representative immunofluorescence images from heart section of WKY (upper 

panels) and SHR (lower) with or without TEN. Cardiomyocyte surface area (CSA) was 

measured by detecting a margin of each cardiomyocyte using anti-dystrophin antibody 

(red). Scale bar: 50 µm. Bar graph is quantitative summary of CSA measurement. B. 
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Representative images and quantitative summary of cardiac fibrosis in WKY and SHR 

detected by picrosirius red staining. Data are shown as the mean±SEM. Scale bar: 50 

µm. C-F. Effect of TEN on cardiac hypertrophy signaling. Each panel demonstrates 

typical image of mTOR (C), Akt (D), p70S6K (E) and ERK (F). Bar graph is 

quantitative summary by densitometry. *P<0.05 and **P<0.01.  

 

Figure 4.  Role of NHE-1 in hypertensive cardiac hypertrophy in SHR and 

cultured cardiomyocytes.  

A. Cardiac expression of NHE-1 was compared between WKY and SHR. Distinct 

subtype of NHE (NHE-3, renal subtype) was examined as a counterpart of NHE-1. Data 

were summarized by densitometry and displayed in bar graph below. B and C. Effect of 

angiotensin-II (AngII) and TEN on NHE-1 protein (B) and mRNA (C) expressions of 

cultured cardiomyocytes. Both protein and mRNA of NHE-1 were upregulated by AngII. 

D and E. Effect of teneligliptin and angiotensin-II on intracellular acidity of 

cardiomyocytes. Effect of pharmacological intervention (D) with TEN (1 µM) and 

EIPA (2 µM) and RNA silencing of NHE-1 (E) on the changes in intracellular acidity 
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(pHi) in the presence and absence of AngII (100 nM). Representative scan recording of 

intracellular fluorescence intensity monitored by pHrodo. Changes in fluorescence 

intensity of pHrodo were converted into pHi by use of the calibration curve determined 

by measurement of pH standard buffers. Quantitative summary of relative changes in 

pHi as a subtraction of baseline pHi from those obtained after application of TEN, 

AngII, EIPA (a specific inhibitor of NHE-1), and RNA silencing of NHE-1 (DpHi). 

Data are shown as the mean±SEM. *P<0.05 and **P<0.01.  

 

Figure 5. Impact of pharmacological inhibition of NHE-1 on cardiomyocyte 

hypertrophy in vitro.  

Effects of NHE-1 inhibition on cardiomyocyte hypertrophy were assessed by the 

distinct observations in terms of morphological changes (cardiomyocyte surface area, 

CSA; A and B. Scale bar: 100 µm), prohypertrophic markers (BNP and MYH7 mRNA 

level detected by QPCR; C and D), and hypertrophic cell signaling (changes in mTOR, 

Akt, p70S6K, and ERK activities monitored by immunoblot; E-H) by use of small 

molecule inhibitor (EIPA) and TEN. A. Representative images of cardiomyocytes 
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treated with AngII (100 nM), TEN (1 µM), and EIPA (2 µM) observed under 

bright-field microscopy. CSA was measured and summarized as relative changes 

obtained from the comparison with the CSA value of unstimulated counterpart (fold 

versus CSA value of each vehicle-treated cardiomyocyte). Data distribution and 

statistical anaylsis are displayed in the box plot (B). *P<0.05, **P<0.01.  

 

Figure 6. Impact of RNA silencing of NHE-1 on cardiomyocyte hypertrophy in 

vitro.  

Effects of NHE-1 inhibition induced by RNA silencing on cardiomyocyte hypertrophy 

were assessed in terms of morphological changes (CSA; A and B. Scale bar: 100 µm), 

prohypertrophic markers (BNP and MYH7 mRNA; C and D), and hypertrophic cell 

signaling (changes in mTOR, Akt, p70S6K, and ERK; E-H). Representative images (A) 

and box plot summary (B) of cardiomyocytes treated with AngII (100 nM) with NHE-1 

siRNA (siNHE-1) or negative control siRNA (siCON).  *P<0.05, **P<0.01.  
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Figure 7. Summary of the present study and putative model of AngII/NHE-1 axis 

in hypertensive cardiac remodeling.  

TEN lowers hypertension of rat model and comorbid cardiac remodeling presumably by 

attenuating the ACE-independent AngII generation, leading to normalization of mild 

congestion, BP elevation, and cardiomyocyte remodeling in hypertension. Another 

impact of AngII is direct action on NHE-1 expression and activity of cardiomyocytes 

that promotes hypertensive cardiac hypertrophy. TEN attenuated NHE-1 independently 

of AngII and attenuated the cardiomyocyte hypertrophy.  

 


