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Lisinopril reverses behavioural alterations in spontaneously 
hypertensive rats 
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Abstract. This study investigated the effect of lisinopril (angiotensin-converting enzyme inhibi-
tor) on potential behavioural alterations in spontaneously hypertensive rats (SHR). Three groups 
of 15–17-week-old rats were investigated for 2 weeks: Wistar control group, SHR group and 
SHR+lisinopril group. Systolic blood pressure (SBP) was normal in Wistar rats, SHR expressed hy-
pertension and lisinopril normalized the SBP. We observed increased time spent in and increased 
frequency of entries to the central area of the open field in SHR, while lisinopril induced a trend to 
reduce the time spent in the central area of the open field and reduced the frequency of entries there. 
There was a positive correlation between SBP and reduced anxiety-like behaviour in normotensive 
rats; no correlations in the SHR or SHR+lisinopril groups were observed. We conclude that lisinopril 
normalized the increase in SBP and partly reversed the alterations of anxiety-like behaviour in SHR.
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Experimental cardiovascular pathologies are associated with 
different neuropsychiatric symptoms, while on the contrary, 
various mental disorders may support the progression of 
cardiovascular, neurohumoral or metabolic disorders (Pech-
anova et al. 2006; Bernatova et al. 2010; Puzserova et al. 2012; 
Aziriova et al. 2016; Olexova et al. 2016; Pokusa et al. 2016; 
Senko et al. 2017; Repova et al. 2018). In a clinical setting, 
patients with cardiac diseases suffer from post-traumatic 
stress disorder (Vilchinsky et al. 2017), yet mental disorders 
not only impair their adherence to therapeutic management 
(Gentil et al. 2017); they can also contribute to the progres-

sion of cardiovascular diseases (Shields and Slavich 2017). 
Since hypertension is among the most frequent cardiovas-
cular pathologies, the study of the relationship between 
hypertension and anxiety is a challenging issue.

Spontaneously hypertensive rats (SHR) were shown 
to display a  number of behavioural abnormalities such 
as increased locomotor activity, particularly during pre-
adolescence, inattention, or impulsivity; thus resembling the 
major symptoms of attention deficit hyperactivity disorder 
(Mc Fie et al. 2012). Some authors suggested using SHR as 
a model of schizophrenia due to the observed hyperlocomo-
tion, social interaction deficit and diminished contextual fear 
conditioning (Peres et al. 2018). 

Inhibiting angiotensin II (Ang II) production or its ef-
fect is one of the most effective therapeutic approaches in 
cardiovascular medicine (Simko and Simko 1999; Simko et 
al. 2003; Paulis et al. 2016). Interestingly, a number of experi-
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mental and clinical studies have indicated that angiotensin 
converting enzyme (ACE) inhibitors can modify behavioural 
manifestations in experimental animals and humans. An an-
xiolytic effect has been observed in doxorubicin-treated rats 
that were administered captopril (Aziriova et al. 2014) and 
in renal-hypertensive rats that were administered enalapril 
(Srinivasan et al. 2003). Enalapril, captopril and lisinopril 
attenuated both anxiety and depression in hypertensive 
patients (Germain and Chouinard 1989; Braszko et al. 2003, 
Hertzman et al. 2005).

The aim of our study was to determine if the potential 
behavioural alterations in SHR could be reversed by the 
ACE inhibitor, lisinopril.

Adult (15–17-week-old: 250 g  for SHR and 350  g  for 
Wistar) male rats (Department of Toxicology and Laboratory 
Animals Breeding, Dobra Voda, Slovakia) were randomly 
divided into three groups (n = 6 per group) as follows: control 
Wistar rats, SHR and SHR treated with lisinopril (1 mg/kg/
day, Sigma-Aldrich, Bratislava, Slovakia; SHR+LIS). Lisinopril 
was administered via osmotic minipumps 2ML4 (DURECT 
Corporation, Cupertino, California, USA). The osmotic 
minipumps were implanted intraperitoneally and delivered 
solutions continuously for two weeks of the experiment 
(pumping rate: 60 µl/24 h). The control and SHR groups re-
ceived physiological saline only (sodium chloride 0.9% w/v i.v. 
Infusion Bieffe sol inf, Bieffe Medital S.p.A., Grosotto, Italy) in 
a total volume of 2 ml per osmotic pump. The SHR+LIS group 
received lisinopril dissolved in physiological saline (1 mg/kg/
day) in a total volume of 2 ml per osmotic pump.

The rats were housed in individual cages with a controlled 
environment of 12 h/12 h  light/dark rhythm, 150  lx light 
intensity, 21 ± 2°C temperature, 55 ± 10% humidity and fed 
a regular pellet diet ad libitum. The investigation complied 

with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH, 
Bethesda, MD, revised 2011). The experiment was approved 
by the Ethical committee of the Institute of Pathophysiol-
ogy, Faculty of Medicine, Comenius University, Bratislava, 
Slovak Republic (approval number: 1347/14-221). Systolic 
blood pressure (SBP) was measured by non-invasive tail-
cuff plethysmography after two weeks of treatment. During 
measurements, the rats were placed in a tunnel-like box, and 
showed no signs of stress.

After two weeks of treatment, the anxiety-like behaviour 
was assessed using a battery of tests in the following order: 
open field (OF), elevated plus maze (EPM), and light/dark 
box (LDB). The time spent in and the frequency of entries to 
the central part of the OF; the time spent in and the frequency 
of entries to open arms of the EPM; and the time spent in 
and the frequency of entries to the light area of the LDB were 
assessed as parameters of the reduced anxiety-like behav-
iour. After each animal was measured in the corresponding 
test, the apparatus was cleaned with 60% ethanol to remove 
olfactory cues. Behavioural analysis was performed using 
Ethovision XT 10 tracking software (Noldus, Wageningen, 
the Netherlands). All procedures of the behavioural testing 
were performed according to Krajcirovicova et al. (2018).

The results are expressed as mean ± S.E.M. Differences 
were significant if the p-value was less than 0.05. The Shap-
iro-Wilk test was used to detect the normal distribution of 
data. For statistical analyses, a one-way analysis of variance 
(ANOVA) with a LSD post hoc test was used in the normally 
distributed data. The Pearson correlation was used to indicate 
the relationship of SBP with the parameters of anxiety-like 
behaviour in normally distributed data.

After two weeks of treatment, systolic blood pressure 
was 118.7 ± 4 mmHg in the control group and SHR showed 
hypertension with the SBP 206.4 ± 4.7 mmHg (p = 0.0001). 
Lisinopril decreased the SBP of the SHR (114.8 ± 7.4 mmHg; 
p = 0.0001) (F(2,16) = 69.343; p = 0.0001) (Figure 1).

After two weeks of treatment, the percentage of time 
spent in the central area of the OF by the control group 
was 1.4 ± 0.6% and was increased among the SHR (10.5 ± 
2.6%; p = 0.001); lisinopril induced a  trend to decrease it 
(6.3 ± 0.9%; p = 0.089) (F(2,16) = 8.630; p = 0.003) (Figure 
2A). The frequency of entries to the central area of the OF 
by the control group was 2.3 ± 1.1. There was a significant 
increase among the SHR (8.8 ± 1.0; p = 0.001); lisinopril 
significantly reduced it (5.0 ± 1.1; p = 0.025) (F(2,16) = 9.557; 
p = 0.002) (Figure 2B). The percentage of time spent in the 
open arms of the EPM by the control group after two weeks 
of treatment was 28.1 ± 6.8% and there was no significant 
difference between groups (F(2,16) = 0.057; p = 0.944) (Figure 
2C). The frequency of entries to the open arms of the EPM by 
the control group was 5.9 ± 1.4 and there was no significant 
difference between groups (F(2,16) = 0.261; p = 0.773) (Figure 

Figure 1. The effect of lisinopril on systolic blood pressure (SBP) 
after two weeks of treatment of spontaneously hypertensive rats. C, 
Wistar controls; SHR, spontaneously hypertensive rats; SHR+LIS, 
spontaneously hypertensive rats treated by lisinopril. * p < 0.05 vs. 
C, # p < 0.05 vs. SHR.
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2D). The percentage of time spent in the light area of LDB 
by the control group after two weeks of treatment was 49.9 ± 
9.7% and there was no significant difference between groups 
(F(2,16) = 0.502; p = 0.615) (Figure 2E). The frequency of the 
entries to the light area of LDB by the control group was 7.4 
± 1.3, and there was no significant difference between groups 
(F(2,16) = 1.313; p = 0.297) (Figure 2F). 

There was a positive correlation between SBP and time 
spent in the centre of the OF by the control group (r = 0.858; 
p = 0.014); no correlations in the SHR or SHR+LIS groups 
were observed (Figure 3).

SHR, a  model of genetically determined enhancement 
of blood pressure (BP), resembles essential hypertension in 
humans, resulting in heart and peripheral organ alterations 
(Simko et al. 2009). Remarkably, SHR were also shown to 
manifest a number of behavioural modifications mimicking 
human schizophrenia symptoms, represented by positive or 

negative symptoms, and cognitive and information process-
ing deficits (Peres et al. 2018). Moreover, SHR have been 
used as a model of attention deficit/hyperactivity disorder 
(Kishikawa et al. 2014) with less anxiety behaviour (Tsai et 
al. 2017). 

In our experiment, reduced level of anxiety among the 
SHR was observed in terms of increased time spent in the 
central area of the OF and increased frequency of entries 
there. These data are in agreement with the findings of other 
authors when the SHR showed reduced level of anxiety in 
OF and EPM compared to the controls (Howells et al. 2009). 
The reduced level of normal anxiety in SHR seems to be as-
sociated with increased impulsivity and locomotion activity 
(Howels et al. 2009; Garcia and Kirkpatrick 2013). These 
behavioural traits are present even before the SHRs develop 
hypertension and remain stable during adulthood (Adriani 
et al. 2003). Although no significant behavioural changes in 

Figure 2.  The effect of lisinopril on 
anxiety-like behaviour among spontane-
ously hypertensive rats. A. The percent-
age of time spent in the central area of 
the open field (OF). B. The frequency of 
entries to the central area of the OF. C. 
The percentage of time spent in the open 
arms of the elevated plus maze (EPM). D. 
The frequency of entries to the open arms 
of the EPM. E. The percentage of time 
spent in the light area of the light-dark box 
(LDB). F. The frequency of entries to the 
light area of the LDB. C, Wistar controls; 
SHR, spontaneously hypertensive rats; 
SHR+LIS, spontaneously hypertensive rats 
treated by lisinopril. * p < 0.05 vs. C, # p < 
0.05 vs. SHR.
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EPM or LDB were observed in the SHR in our experiment, 
the numerical increase of both the frequency of entries to the 
open arms in the EPM and the percentage of time spent in 
the light area of the LDB might be expected to achieve sig-
nificant difference if the number of rats in the corresponding 
groups were higher. Moreover, the behavioural manifesta-
tions among the SHR may be influenced by various factors 
such as peripubertal exposure to environmental enrichment 
(Santos et al. 2016), housing-style (Tsai et al. 2017), age and 
gender of the SHR (Hendley et al. 1985).

In this experiment, the reduced level of anxiety observed 
in the SHR was partly reversed by lisinopril. Furthermore, 
there was a positive correlation between the SBP and de-
creased anxiety-like behaviour of normotensive rats; how-
ever, no significant correlation in SHR and SHR+LIS groups 
was observed. In fact, the lack of correlation between SBP and 
anxiety–like behaviour in the SHR and SHR+LIS supports 
the view that the behavioural modifications in these groups 
are not related to the hemodynamic changes. In SHR, they 
seem to be associated with neurohumoral activation - hyper-
functional noradrenergic system (Howells et al. 2012) similar 
to humans with essential hypertension (Goldstein 1983). 
In SHR+LIS group, the behavioural changes may be related 
to the sympatholytic action of ACE-inhibition. In this and 
a number of our previous experiments (Simko et al. 2009, 
2015, 2017; Hrenak et al. 2013), ACE inhibition prominently 
reduced SBP but also exerted a number of protective effects 
on the cardiovascular system, supposedly via neurohumoral 
inhibition on various levels. ACE-inhibitors not only reduce 
angiotensin II formation, but also have a  sympatholytic 
action via the attenuation of the release of norepinephrine 
from sympathetic nerve endings (Crozier et al. 1989, Simko 
and Simko 1999; Simko et al. 2003). This effect might be 
related to the reduced impulsivity along with normalization 
of the level of anxiety in SHR+LIS group. Since reduced 

level of anxiety in SHR may indicate the carelessness and 
uncritical exposure to the external dangerous impulses, the 
normalisation of anxiety by lisinopril might be considered 
behaviourally protective.

We conclude that lisinopril normalized the increase 
in SBP and partly reversed the alterations in anxiety-like 
behaviour in SHR.

Limitation. The limitation of the study is the lack of a lisino-
pril group. In the clinical setting, it is not usual to apply 
ACE-inhibition to healthy-normotensive patients, but the 
effect of lisinopril on the control group might mimic the 
situation, when a patient is inappropriately considered as 
hypertensive. Moreover, the possible behavioural alterations 
by lisinopril in normotensive rats might enable the identifica-
tion of at-risk population regarding the increased potential 
for hypertension development.
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