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90 mmHg or higher (Bohm et al. 2018; Oparil et al. 2018; 
Son et al. 2018; Flint et al. 2019; Beaney et al. 2020). Glob-
ally, a high BP is a life-threatening cause of stroke, ischemic 
heart disease, other vascular diseases, and kidney disease 
(Lida et al. 2003; Messerli et al. 2007; Lackland and Weber 
2015; Collaboration 2021).

The global incidence of hypertension is increasing every 
year and is projected to continue to increase, possibly due to 
increasing prevalence in emerging economies and the aging 
of the global population (Justin et al. 2022). International 
recommendations on hypertension management are being 
published continuously. The definition of prehypertension 
varies across societies. The American Heart Association/
American College of Cardiology (AHA/ACC) considers 
BP between 130/80 mmHg as prehypertensive. In compari-
son, the European Society of Cardiology (ESC) defines BP 
between 130/80 mmHg and 140/90 mmHg as prehyper-
tensive. The International Society of Hypertension (ISH) 

Introduction

Blood pressure (BP) is usually expressed as the ratio of the 
pressure exerted by the blood on the arterial walls when the 
heart contracts to the pressure when the heart relaxes (Oparil 
et al. 2018). Hypertension refers to a continuous increase in 
arterial BP across the body. According to most commonly 
used guidelines, hypertension is defined as a systolic BP 
(SBP) of 140 mmHg or higher and a diastolic BP (DBP) of 
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Abstract
Purpose Combined therapy is considered when monotherapy fails to control blood pressure (BP). This study evaluated 
the effects of combined treatment with telmisartan (an angiotensin receptor blocker, ARB) and perindopril (an angiotensin-
converting enzyme inhibitor, ACEI) on BP and cardiovascular damage.
Methods Spontaneously hypertensive rats (SHRs) were treated with telmisartan and perindopril at usual (high, average) or 
low (1/4 of the usual dose) doses, alone or in combination. BP and heart rate (HR) were measured using a telemetry system. 
Ligation-induced myocardial ischemia/reperfusion-injured SHRs were used to measure the infarct area and endothelial nitric 
oxide synthase (eNOS) expression in the ligated vessel area in response to combination treatment. The effects of the two 
drugs, alone or in combination, on neointima hyperplasia inhibition in cuff-placed C57BL/6 mice were evaluated.
Results Combining the two drugs at a fixed dose resulted in the most significant reduction in BP; however, even the low-
dose combination resulted in, without reflex tachycardia, a much greater reduction than the usual dose of perindopril and a 
similar reduction to the usual dose of telmisartan. The usual dose of each drug alone, but not in combination, reduced the 
infarct area. The drugs increased eNOS expression individually and in combination; however, there was no synergistic effect 
between the combined and alone groups.
Conclusion The low-dose combination of telmisartan and perindopril may help effectively lower BP with no additive effect 
on other cardiovascular outcomes and may be a viable clinical strategy.
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definition is generally similar to that of the European Soci-
ety of Hypertension (ESH) (Kjeldsen et al. 2014; Justin et 
al. 2022). Patients with hypertension should have a healthy 
life, regardless of drug treatment. In patients with stage 1 
hypertension, BP can be controlled with non-drug treat-
ments such as weight control, exercise, sodium restriction, 
alcohol abstinence, and maintain a vegetarian diet (Kaplan 
1984; Samadian et al. 2016; Chobanian 2017). If stage 1 
hypertension cannot be controlled to less than 140 mmHg 
systolic or 90 mmHg diastolic, lifestyle modifications and 
drug therapy can be initiated (Chobanian 2017).

The renin-angiotensin-aldosterone system (RAAS) plays 
a vital role in the occurrence and persistence of hypertension, 
and treatment with angiotensin-converting enzyme inhibi-
tors (ACEIs) or angiotensin II receptor blockers (ARBs) is 
recommended first (Banerjee et al. 2022; Gallo et al. 2022). 
ACEIs inhibit angiotensin II type 1 receptor (AT1R)- and 
angiotensin II type 2 receptor (AT2R)-mediated effects by 
inhibiting angiotensin II formation. AT1R mediates vaso-
constriction, cell growth, sodium and water retention, and 
sympathetic activation, while AT2R exerts vasodilatory and 
antiproliferative effects (Dasgupta and Zhang 2011; For-
rester et al. 2018; Gallo et al. 2022).

Combination therapy is recommended for pharmaco-
logical intervention to improve compliance and persistence. 
This may include diuretics (thiazides or thiazide-like), 
ACEIs, ARBs, and long-acting dihydropyridine calcium 
channel blockers (CCBs) (Kalra et al. 2010; Campbell et 
al. 2022). Telmisartan is a non-peptide ARB that selectively 
inhibits AT1R (McClellan and Markham 1998; Lai et al. 
2020). Perindopril, an ACEI, reportedly offers a long-last-
ing BP-lowering effect, vascular protection (improvement 
in endothelial function and reduction in wall stiffness), 
and reduction in BP variability (Ghiadoni 2011; Hodzic et 
al. 2020). This study combined telmisartan, an ARB, and 
perindopril, an ACEI, to verify their synergistic effects on 
lowering BP and preventing cardiovascular complications 
in animals.

Materials and methods

Materials

Telmisartan and perindopril were purchased from Masung 
Co. (Seongnam, Korea). Normal saline was purchased from 
Daihan Pharm. Co. (Seoul, Korea). Sodium pentobarbital 
was purchased from Hanlim Pharm. Co. (Seoul, Korea). 
Formaldehyde was purchased from Samchun Pure Chemi-
cal Co. (Seoul, Korea). Polyethylene tubing-50 (PE-50) 
was purchased from Becton, Dickinson & Co. (Franklin 
Lakes, NJ, USA). Mouse anti-bromodeoxyuridine (BrdU) 

monoclonal antibody was purchased from Chemicon Inter-
national, Inc. (Temecula, CA, USA). Anti-mouse IgG anti-
body was purchased from Vector Laboratories (Burlingame, 
CA, USA).

Animal models

All animal experiments were performed in accordance with 
the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. All the animal experiments were 
approved by the Chungnam National University Animal 
Care and Use Committee (2009-02-19). Male spontaneously 
hypertensive rats (SHRs) aged 7–8 weeks (200–220 g) and 
male C57BL/6 mice aged 5 weeks (25–28 g) were purchased 
from Orient Bio, Inc. (Seongnam, Korea). The animals were 
raised under a 12 h/12 h dark/light cycle at constant tem-
perature (22 ± 2 ℃) and humidity (50 ± 5%).

Experimental design

Drug doses were calculated based on the average human 
equivalent dose of each drug (Table 1) (Nair and Jacob 
2016; Park et al. 2020). To evaluate changes in BP, a telem-
etry system was applied to each SHR administered accord-
ing to the dosing protocol (Table 2), as described previously 
(Shin et al. 2009; Park et al. 2020). The BP and heart rate 
(HR) were monitored immediately after drug or vehicle 

Table 1 Human equivalent dose for each drug and clinically converted 
dose for animal
Drug Human equivalent 

dose (mg/kg)
Dose 
for rat 
(mg/kg)b

Dose for 
mouse 
(mg/kg)b

Telmisartan 1.33a 8.20 16.40
Perindopril 0.13a 0.80 1.60
aThe human adult doses of telmisartan and perindopril are 80 mg and 
8 mg for 60 kg of adult, respectively
bAnimal dose (mg/kg) = human equivalent dose (mg/kg) × (human 
K†

m/animal Km)
†The Ksm values of human (adult), rat, and mouse are 37, 6, and 3, 
respectively

Table 2 Dosing protocol for the measurement of BP and HR in SHRs
Group Name Drugs Dose (mg/kg)
Vehicle V1 Normal saline (0.9% 

NaCl)
0.5 mL

V2 0.15 N NaOH 0.5 mL
High (average) 
dose-treated

T-H Telmisartan 8.20
P-H Perindopril 0.80
PT-H Telmisartan + Perin-

dopril
8.20 + 0.80

Low 
dose-treated

T-L Telmisartan 2.05
P-L Perindopril 0.20
PT-L Telmisartan + Perin-

dopril
2.05 + 0.20
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administration. The subsequent drug was administered with 
a sufficiently recovered SBP (approximately 200 mmHg) at 
each HR. Table 3 shows the effects of cuff-induced vascular 
remodeling in C57BL/6 mice.

Measurement of BP and HR

Changes in BP and HR were measured using a telemetry 
system (Data Sciences International, New Brighton, MN, 
USA), as described previously (Shin et al. 2009; Lee et 
al. 2010). The transmitter was surgically inserted into the 
abdominal artery of SHR. After two weeks of recovery, 
SBP, mean arterial pressure (MAP), and HR were measured 
before drug administration (baseline). BP measurement was 
performed in SHRs using a crossover dosing protocol; all 
SHRs (n = 8) used in the experiment received all drugs once 
each, according to the dosing protocol as described previ-
ously (Park et al. 2020). Telemetric hemodynamic data 
were collected at 10-s intervals every 5 min. Change in SBP 
were recorded at 3–4, 7–8, 11–12, and 23–24 h after drug 
administration.

Measurement of myocardial ischemia/reperfusion 
(MI/R) injury

To examine the cardioprotective effects, we used SHRs 
that had completed a BP-lowering experiment to focus on 
increased cardiac comorbidities caused by elevated BP. The 
combined effects of telmisartan and perindopril on cardio-
vascular injury were evaluated using a ligation-induced 
MI/R model as described previously (Park et al. 2014, 
2020). The SHRs were anesthetized with pentobarbital 
(60 mg/kg, intraperitoneal injection), and a rodent ventilator 
(SAR 830/P Ventilator; CWE, Inc., Ardmore, PA, USA) was 
inserted into the trachea of each rat. Mechanical ventilation 
was performed at a tidal volume of 1 mL and a respiratory 
rate of 60 breaths/min. After opening the chest and exposing 
the heart through a left thoracotomy in the 5th and 6th inter-
costal space, a suture thread (5/0 silk) was placed around the 
left anterior descending coronary artery (LAD). After sta-
bilization for 20 min, the vehicle or drug was injected into 
each experimental animal through the femoral vein (intrave-
nous bolus). After 15 min, the suture thread placed around 
the LAD was completely tightened, and ischemia was 

induced for 30 min. Reperfusion was allowed for 2.5 h by 
releasing the sutures. After reperfusion, the LAD was closed 
again, and 2 mL of 1% Evans blue (Sigma-Aldrich, Korea) 
was administered to the femoral vein through the catheter. 
To analyze the area at risk of infarction in the left ventricle 
(AAR/LV), images of a 2-mm-thick heart slice (from the 
left ventricle just below the ligation site) were observed. To 
assess the infarct zone (IZ), the same heart slice was incu-
bated with 1% 2,3,5-triphenyltetrazolium chloride (Sigma-
Aldrich, Korea) in phosphate buffer (pH 7.4) at 37 ℃ for 
15 min and then fixed overnight in 10% formalin solution. 
The AAR/LV and IZ/AAR ratios were calculated.

Measurement of endothelial nitric oxide synthase 
(eNOS)

To evaluate the combined effect of telmisartan and perindo-
pril on eNOS expression in vascular tissue, eNOS expres-
sion was measured using an ELISA kit (R&D Systems, 
Minneapolis, MN, USA) according to the manufacturer’s 
instructions and expressed as a percentage (Park et al. 2020).

Construction of cuff-induced vascular remodeling

To evaluate the combined effect of telmisartan and perin-
dopril on vascular intima thickening, a cuff was placed in 
the left femoral artery of C57BL/6 mice, as described pre-
viously (Yi et al. 2010). A polyethylene tube (2-mm long 
PE-50 tube, 0.58 mm inner diameter) was placed around 
the left femoral artery. Additionally, the mice were admin-
istered telmisartan and perindopril for 2 weeks. The mice 
were euthanized using an excess dose of pentobarbital, and 
the cuffed femoral artery was removed and fixed in 4% 
formalin for 12 h. After constructing the paraffin blocks, 
sections were cut to a thickness of 5 mm. For histological 
analysis, the femoral arteries were stained with hematoxylin 
& eosin, and combined Masson’s elastin. The ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA) 
was used to calculate the intimal and medial areas of the 
cuffed artery.

Measurement of BrdU incorporation

The BrdU incorporation in the left femoral artery was 
detected using anti-BrdU antibodies (BrdU Cell Prolifera-
tion Kit, Amersham, UK) (Yi et al. 2010; Park et al. 2020). 
The cell proliferation in the intimal and medial layers was 
generated by calculating the ratio of BrdU-positive cell 
nuclei to total nuclei.

Table 3 Dosing protocol of the measurement in neointima hyperplasia
Group Drugs Dose (mg/kg)
Control Normal saline 0.5 mL

Cuff placed and normal saline 0.5 mL
Drug treated Cuff placed and telmisartan 16.40

Cuff placed and perindopril 1.60
Cuff placed and 
telmisartan + perindopril

16.40 + 1.60
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Results

The combination effect of telmisartan and 
perindopril on BP and HR in SHR

To evaluate the combined effect of telmisartan and perin-
dopril on hypertension, SBP, MAP, and HR were measured 
in telemetered SHRs. The P-L (low-dose perindopril), P-H 
(average- dose perindopril), T-L (low-dose telmisartan), 
and T-H (average-dose telmisartan) groups had signifi-
cantly decreased SBP (Fig. 1a) and MAP (Fig. 1b) com-
pared with the V1 (normal saline) or V2 (0.15 N NaOH) 
groups. However, no significant differences were observed 
between the P-H and P-L groups. Interestingly, the PT-L 
(low-dose combination of telmisartan and perindopril) 
group showed a higher BP-lowering effect than the P-L and 

Statistical analysis

All data are expressed as the mean ± standard error of the 
mean (SEM). Student’s t test or one-way analysis of vari-
ance (ANOVA) with Dunnett’s test was performed to deter-
mine statistical significance using GraphPad Prism software 
(GraphPad Software, San Diego, CA, USA). Statistical sig-
nificance was set at p < 0.05 difference.

Fig. 1 Effect of single or combined treatment with telmisartan and 
perindopril on systolic blood pressure (SBP), mean arterial pressure 
(MAP), and heart rate (HR) in telemetered spontaneously hyperten-
sive rats (SHRs). (a). Effects of single or combined administration of 
telmisartan and perindopril on SBP. ***p < 0.001 vs. V1 or V2 group, 
###p < 0.001 vs. P-H group, $$p < 0.01 vs. P-L group. (b). Effects of 
telmisartan and perindopril alone or in combination on MAP. *** 
p < 0.001 vs. V1 or V2 group, ###p < 0.001 vs. P-H group, $$$p < 0.001 

vs. P-L group. (c). Changes in SBP after 24 h of drug administration. 
(d). Effects of telmisartan and perindopril alone or in combination on 
HR. Measurements of SBP, MAP, and HR was described under the 
Materials and methods section. V1 (0.9% NaCl, vehicle for perin-
dopril), V2 (0.15 N NaOH, vehicle for telmisartan), P-H (high-dose 
perindopril-treated), T-H (high-dose telmisartan-treated), PT-H (high-
dose combination-treated), P-L (low-dose perindopril-treated), T-L 
(low-dose telmisartan-treated), PT-L (low-dose combination-treated)
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there was no significant increase in the PT-H group com-
pared to monotherapy with each drug (P-H or T-H group).

The combination effect of telmisartan and 
perindopril on vascular remodeling in a cuff-
induced injury model

Cuff placement induced an increase in the area of the intima 
and media layers compared to the control group (normal 
saline), and monotherapy with each drug induced a decrease 
in the intima area; however, the combination of the two 
drugs showed only a tendency to decrease without a sig-
nificant reduction (Fig. 3a, b). Consistent with the above 
results, the BrdU index increased after cuff placement in 
both the intima and media layers (Fig. 3c, d). The increased 
BrdU index showed a tendency to decrease in both the 
monotherapy and combination therapy groups; however, 
only the index from the combined treatment group showed 
statistical significance in the intima layer (Fig. 3c). These 
findings suggest that the decrease in the BrdU index in the 
combination treatment group did not show a significant syn-
ergistic effect compared to the single-administration group. 
The BrdU index in the media layer showed a significant 
decrease in both the drug-alone and combination groups; 
however, there was no significant difference among the 
groups (Fig. 3d).

PT-H (average-dose combination of telmisartan and per-
indopril) groups. Moreover, the BP-lowering effect of the 
PT-L group was similar to that of the T-H group (Fig. 1a, b). 
No significant differences were found between the T-H and 
PT-H groups or between the T-L and PT-L groups. Changes 
in SBP were the highest at 7–8 h and showed a similar trend 
between the PT-H and PT-L groups (Fig. 1c).

In general, administering BP-lowering agents such as 
nitrates, α1-adrenoceptor antagonists, and dihydropyridine 
CCBs increases HR to compensate for the drop in BP, which 
is known as reflex tachycardia (O’Rourke et al. 2007). The 
results shown in Fig. 1d presented that none of the drugs 
used in this experiment induced reflex tachycardia after 
either single or combined administration, except for the P-H 
group.

The combination effect of telmisartan and 
perindopril on MI/R injury in coronary ligation 
model

The T-H and P-H groups showed no significant change in 
the AAR/LV ratio compared with the V1 and V2 groups, 
respectively, and the PT-H group also showed no significant 
change compared with the T-H or P-H groups (Fig. 2a). In 
addition, the IZ/AAR ratio after T-H or P-H treatment was 
significantly reduced; however, the PT-H group showed no 
significant reduction compared with the drug-alone treat-
ment group. The expression of eNOS in the coronary vascu-
lar tissues was significantly higher in the P-H, T-H, and PT-H 
groups than in the V1 and V2 groups (Fig. 2b). However, 

Fig. 2 Effects of single or combined treatment with telmisartan and 
perindopril on myocardial ischemia/reperfusion (MI/R) injury in spon-
taneously hypertensive rats (SHRs). (a). Effects of telmisartan and per-
indopril alone or in combination on the area at risk of infarction in 
the left ventricle (AAR/LV) and the ratio of the infarct zone (IZ) in 
the AAR. *p < 0.05 and ***p < 0.001 vs. V1 or V2 group. (b). Effects 
of telmisartan and perindopril alone or in combination on endothelial 

nitric oxide synthase (eNOS) expression in coronary arterial tissues 
including occlude sites in SHRs. Construction of MI/R injury model 
and measurement of eNOS were described under the Materials and 
methods section. *p < 0.05 vs. V1 group, ***p < 0.001 vs. V1 or V2 
group. V1 (0.9% NaCl, vehicle for perindopril), V2 (0.15 N NaOH, 
vehicle for telmisartan), P-H (high-dose perindopril-treated), T-H 
(high-dose telmisartan-treated), PT-H (high-dose combination-treated)
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ACEIs are recommended as the first-line drug in most 
guidelines, and ARBs are considered an alternative for 
ACEI intolerance (Caldeira et al. 2012; Morales et al. 
2021). This study evaluated the antihypertensive and car-
diovascular protective effects of the combination of telmis-
artan (an ARB) and perindopril (an ACEI). In this study, 
when a low dose (1/4 of the usual dose) of telmisartan and 
perindopril was co-administered, significant antihyperten-
sive effects similar to those of the usual dose of telmisar-
tan were observed. However, when the normal doses of the 
two drugs were co-administered, no additional preventive 
effects on cardiovascular damage were observed. In patients 
with vascular disease or high-risk diabetes, the combina-
tion of telmisartan and ramipril (an ACEI) results in more 
adverse events without increased benefits (Investigators et 
al. 2008). Previous data from our research group reported 
that fixed-dose combination therapy with losartan (an ARB) 
and ramipril could prevent myocardial infarction and vas-
cular remodeling with a more significant BP-lowering effect 

Discussion

In 2021, the World Health Organization (WHO) updated the 
guidelines for the pharmacological treatment of adult hyper-
tension. Pharmacological treatment was initiated if the SBP 
was 140 or more than 90 mmHg. As first-line drugs, thiazide 
and thiazide-like agents, ACEIs, ARBs, and long-acting 
dihydropyridine CCBs are the initial treatments for patients 
(Campbell et al. 2022). Two or more antihypertensive 
agents with different mechanisms are required in patients 
with hypertension that cannot be controlled with a single 
drug. ACEIs (or ARBs)/CCBs, ACEIs (or ARBs)/ thiazides 
(or thiazide-like diuretics), CCBs/thiazides (or thiazide-like 
diuretics), CCBs/β-blockers, β-blockers/thiazides (or thia-
zide-like diuretics), and ACEIs (or ARBs)/CCBs/thiazides 
(or thiazide-like diuretics) are acceptable combinations of 
antihypertensive drugs (Palatini 2005; Guerrero-García and 
Rubio-Guerra 2018).

Fig. 3 Effects of single or combined treatment with telmisartan and per-
indopril on cuff-induced neointimal formation and DNA synthesis in 
C57BL/6 mice. The intimal (a) and medial (b) layers were stained with 
hematoxylin & eosin (H&E) and combined Masson’s elastin (CME) 
to determine the thickness, and histological analysis was performed. 

DNA synthesis in the intimal (c) and medial (d) layers of the femoral 
artery was measured using a bromodeoxyuridine (BrdU) incorpora-
tion assay. The tissue staining and BrdU assay were described under 
the Materials and methods section. *p < 0.05, **p < 0.01 vs. cuff-place-
ment, #p < 0.05 vs. telmisartan or perindopril alone
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to each drug individually. Therefore, combining the two 
drugs is ineffective in preventing or treating complications 
of hypertension; however, when administered in combina-
tion at low doses to lower BP, it is considered suitable for 
effectively lowering BP without causing reflex tachycardia.
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