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ABSTRACT
Hypertension is an inflammatory condition controlled by the renin
angiotensin systemand is linked tokidneydisease, diabetesmellitus,
and recently to dysfunction of the gut. The aim of this study was to
determinewhat effect antihypertensivedrug treatmentsmayhaveon
intestinal function of the spontaneously hypertensive rat (SHR). In the
first experiment, SHRs were treated with enalapril, hydralazine, or
with no treatment as a control. In the second experiment, SHRswere
treated with losartan or with no treatment as a control. All drug
treatments led to significant lowering of blood pressure after
16 weeks. At termination, intact tissue sections of the ileum and
colon were induced to contract ex vivo by KCl; electrical stimulation;
and agonists carbachol, angiotensin II, and prostaglandin E2 (PGE2).
There were no differences in ileal or colonic contractility due to

hydralazine or enalapril compared with no-treatment SHR control.
However, for the ileum, the losartan group responded significantly
more to KCl and carbachol while responding less to angiotensin II,
with no difference for PGE2 compared with the no-treatment SHR
control. In contrast, the colon responded similarly to KCl, electrical
stimulation, andPGE2but respondedsignificantly less toangiotensin
II. These results demonstrate that the ileum responds differently (with
KCl and carbachol as agonists) to the colon after losartan treatment,
whereas there is a reduced contractile response in both the ileum
and colon following losartan treatment. Although there are few well
documentedmajor contraindications for angiotensin receptor block-
ers, the modulation of gut contractility by losartan may have wider
implications for bowel health.

Introduction
Themajor bioactive component of the renin-angiotensin system

(RAS) is the potent vasoconstrictor angiotensin II (Ang II), which
is formed from angiotensin I (Ang I) by angiotensin-converting
enzyme (ACE), which is located in lung, kidney, and gut tissue
(Duggan et al., 1989). Although themain pathophysiological
impact of RAS has been centered on cardiovascular and renal
biology, dense populations of angiotensin receptor subtypes have
been reported in themucosa andmuscularis layers of human and
rat ileum and colon in both human and animal studies alike
(Hirasawa et al., 2002; Spak et al., 2008). Further, a human
homolog of ACE, angiotensin-converting enzyme 2 (ACE2), con-
stitutes a new enzymatic pathway that generates Ang 1–7 from
Ang II and binds to the putative MAS receptor, leading to
vasodilation and cardiovascular protection, thus opposing
the effects of Ang II (Donoghue et al., 2000; Tipnis et al., 2000;
Kuba et al., 2013). In addition, it has been recently revealed that,
via its function in amino acid transport, ACE2 controls intestinal
inflammation and diarrhea and plays a role in regulating the
microbiome (Hashimoto et al., 2012; Perlot and Penninger, 2013).
These findings strongly link RAS to regulation and health of the
gastrointestinal system (Cole-Jeffrey et al., 2015).

However, there have been a few reports that angiotensin
II can elicit direct effects on gut smooth muscle as well as
indirect effects via myenteric plexus cholinergic neurons
(Spak et al., 2008; Mastropaolo et al., 2015). For the gut, it
has been demonstrated that angiotensin II acts mainly at
the angiotensin type 1 (AT1) receptor (Sechi et al., 1993) in
rodents and humans and has been shown to be antagonized
by losartan and its analogs, termed angiotensin receptor
blockers (ARBs) (Dickstein et al., 1998; Garg et al., 2012;
Mastropaolo et al., 2013, 2015; Patten et al., 2015a). Many
drugs can cause pathology and dysmotility of the small and
large intestine (Geboes et al., 2006; Zeino et al., 2010). For
one of the ARBs, olmesartan, which provides a compara-
tively high level of antihypertensive efficacy (Wang et al.,
2012), some evidence has accumulated associating it with
increased risk of hospitalization for intestinal malabsorp-
tion and celiac disease (Lagana et al., 2015; Basson et al.,
2016), especially in some predisposed individuals (Sciolom
et al., 2015).
For the rat, prostaglandinE2 (PGE2) has been shown to induce

relaxation of circular muscles and contraction of longitudinal
muscle in the small intestine (Bennett et al., 1968; Patten et al.,
2004, 2005; Iizuka et al., 2014). We have previously shown that,
for the spontaneously hypertensive rat (SHR), the ex vivo
contractile response to PGE2 and prostaglandin F2a was lower
in the ileum and colon compared with the Wistar Kyoto rat
nonhypertensive control. This depression was not apparent
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formuscarinic or peptide-stimulated contraction of gut tissue
(Patten et al., 2004, 2005). It is known that hypotension induced
by the ACE inhibitor captopril involves a prostaglandin-
dependent component (Pontieri et al., 1990). However, it is
unknown to what extent the RAS interacts with prostanoid
generation and how antihypertensive agents may influence
contractility and motility of the gut.
The aim of this studywas to examine the effects of long-term

treatment with three classes of antihypertensive agents as: an
ACE inhibitor, enalapril; an ARB, losartan; and the arterial
relaxant hydralazine as a positive control on SHR gut contrac-
tility. Separate no-treatment SHRs were used as controls. To do
this,we examined the effects of these antihypertensive agents on
the ex vivo induced contractility of intact sections of ileum and
colon by KCl; electrical stimulation; andmuscarinic, prostanoid,
and angiotensin receptor–dependent agonists (Patten et al.,
2004, 2005, 2015a,b). We hypothesize that antihypertensive
drugs may affect intestinal contractility and motility.

Materials and Methods
Animal Experiments. Forty 12-week-old SHRs were delivered to

the CSIRO small-animal facility from the Animal Resource Centre
breeding facility in Western Australia (24 animals for experiment
1 and 16 animals for experiment 2). The animals were allowed 2weeks
to acclimatize in a 12-hour light/dark cycle at 22°C, andwere ear-tagged
and weighed. Animals were caged in groups of no more than five
animals in the standard colony wire cages to decrease coprophagy
and prevent the ingestion of bedding materials. Environmental
enrichment was provided to allow animals to rest away from the wire-
based floor. Animals were fed an AIN93M diet (ICN Biomedicals,
Irvine, CA) (13.6% protein, 4.0%, fat, 4.7% crude fiber, and 15.1 MJ/kg
digestible energy) ad libitum and were monitored daily and weighed
weekly. For experiment 1, at 14 weeks of age, three groups of eight
animals were randomly assigned on a weight basis to be administered
the antihypertensive agents hydralazine (0.012%, w/v) or enalapril
maleate (4 mg/kg per day) in the drinking water given ad libitum for
16 weeks or were assigned as no-treatment SHRs acting as the control
group. For experiment 2, at 14weeks, two other groups of eight animals
were randomly assigned on a weight basis to be administered the
antihypertensive losartan (10 mg/kg per day) in the drinking water
givenad libitum for 16weeks orwere assignedasno-treatmentSHRsas
control. Sixteen weeks of treatment was undertaken to allow the
animals to reach full maturity and stable blood pressure in the
no-treatment SHR control groups. All drugs and fine chemicals were
from Sigma Australia Pty. Ltd. (Sydney, Australia). All experimental
protocols were undertaken in accordance with the Australian code for
the care and use of animals for scientific purposes (8th edition, 2013,
https://www.nhmrc.gov.au/guidelines-publications/ea28) and approved
by the CSIRO Animal Ethics Committee and included power
calculations.

Blood Pressure Measurements. For experiments 1 and 2,
systolic blood pressure wasmeasured in conscious rats from 14 weeks,
every 2 weeks for the 16-week treatment phase. Blood pressure (BP)
wasmeasured using an indirect tail-cuff method at 30°C inmeasuring
tubes using an electro-sphygmomanometer combined with a pneu-
matic pulse transducer/amplifier (model 6m22931, six-channel
NIBP system, Mediquip Pty Ltd, Loganholme, Qld, Australia)
using BpMonWin Monitor version 1.33 software (IITC Life Science,
Woodland Hills, CA). Rats were acclimatized in the measuring
tubes twice before BP measurements were commenced.

Measurement of Ileal and Colonic Tissue Contractility
Ex Vivo. Methodology for inducing contractility and magnitude mea-
surements for both the ileum and colon have been described in detail
previously (Patten et al., 2002, 2015; Bajka et al., 2010). Animals were
euthanized via exsanguination while still under anesthesia (60 mg/kg

Nembutal, sodium pentobarbitone, Sigma Chem Co, Sydney, Australia).
Death of the animal was confirmed by the removal of the heart. In brief,
sections of both the terminal ileum (4–5 cm) between 2 and 10 cm from
the ileo-caecal junction and proximal colon (3–4 cm) were excised 2 cm
from the caecal-colonic junction. Both the colon and ileumweremounted
in tandem in organ chambers with a modified Krebs-Henseleit bi-
carbonate buffer, and the colon was excited by an electric field to induce
contraction (Bajka et al., 2010). The gastrointestinally active compounds
were then added sequentially to both ileal and colonic baths as follows:
KCl (5–35 mM), carbachol (0.03–22 mM), angiotensin II (0.001–10 mM),
and PGE2 (0.001–10 mM). Dose-response curves were generated by
cumulative additions of a small bolus of KCl or agonist to the incubated
tissue in the organ bath until contraction reached a plateau (normally
after 3–5 minutes). The solution in the organ bath was washed out
whenmaximal contractionwas reached, ready for subsequent testing
of contractility. No refractoriness was recorded after KCl, carbachol,
angiotensin II, or PGE2 treatments. To assess this, 1 mM carbachol
was added at the completion of the experiment, and only tissues with
100% recovery of contractile activity were used for experimental
determinations.

Statistical Analysis. Datawere summarized as themean6S.E.M.
Comparisons between two groups were conducted using the unpaired
Student’s t test, whereas comparison of groups of three was performed
using one-way analysis of variance followed by the Bonferroni multiple
comparison test using GraphPad Instat 3.0 (GraphPad Software, La
Jolla, CA). Statistical significance was set at P , 0.05.

Results
Blood Pressure. For experiment 1, the initial and final BP

for no-treatment SHR control, enalapril, and hydralazine SHR
were 212.4 6 3.7 and 221.5 6 1.0, 212.3 6 4.6 and 171.1 6 1.8,
and 203.26 2.2 and 138.26 2.5, respectively. For experiment 2,
the initial and final BP for no-treatment SHR control and
losartan SHRwere 2106 3.6 and 220.96 2.2, and 2156 3.3 and
186.463.4, respectively. All drug treatments led to significantly
lower blood pressure in the SHR (P , 0.05) compared with the
no-treatment SHR control group. At the doses used, the
hydralazine treatment group had a lower final blood pressure
than the enalapril and losartan treatment groups (P , 0.05).
Contractility of Ileum andColon Ex Vivo, Experiment 1.

In the ileum, there were no differences in contraction due to
KCl for the enalapril and hydralazine groups compared with
no-treatment SHR controls (Table 1). For the colon, there
were no differences in contraction due to KCl or electrical
stimulation for the enalapril- and hydralazine-treated groups
compared with no-treatment SHR controls (Table 2). For both
the ileum (Fig. 1) and colon (Fig. 2), there were no differences in
maximal contractility (mm/g) or sensitivity (EC50) in response to
concentration dose curves of carbachol, angiotensin II, and
PGE2. There was a depressed response to PGE2 in the ileum
and colon compared with what we have found previously for
controlWistarKyoto rats (results not shown) (Patten et al., 2004,
2005).
Contractility of Ileum andColon Ex Vivo, Experiment 2.

For the ileum, the contractility responses to 10 and 40 mM
KCl were higher for the losartan-treated group compared
with the no-treatment SHR control group (Table 3). For the
colon, however, there were no differences in response to KCl
or electrical stimulation between the no-treatment SHR
control or losartan groups (Table 3). For the ileum, with
respect to losartan treatment, there was a higher contractile
response to carbachol (Fig. 3A; Table 3) and lower responses
to angiotensin II (Fig. 3B; Table 3), which also demonstrated
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lower sensitivity (higher EC50) (Fig. 3B; Table 3), with no
difference noted for PGE2 (Fig. 3C; Table 3) compared with
the no-treatment SHR control group. For the colon, with
respect to losartan treatment, there were no differences in
contractile responses to carbachol (Fig. 4A; Table 3) or PGE2

(Fig. 4C; Table 3), with lower responses noted for angioten-
sin II (Fig. 4B; Table 3) with concomitant lower sensitivities
(higher EC50) (Table 3) compared with the no-treatment
SHR control group. For experiment 2, there were no differ-
ences noted in the mean tissue densities of ilea or colons
from the losartan-treated group comparedwith theno-treatment
SHR control group (Table 3).

Discussion
The RAS is involved in the development of essential hyper-

tension, which is an inflammatory condition that not only
influences the cardiovascular system but dysregulates glu-
cose control and kidney disease and can also influence gut
microbiota and the functionality of the gut (Kuba et al., 2013;
Yang et al., 2015; Zhu et al., 2016). We examined the effects
that three classes of antihypertensive drugs may have on
SHR gut function after 16 weeks of treatment. In the first
experiment, SHRs were treated with the ACE inhibitor
enalapril and the direct-acting smooth muscle arteriole
relaxant hydralazine, which resulted in no significant differ-
ences in gut contractility in response to all agents tested
ex vivo compared with no-treatment SHR controls. In human
patients undergoing hypertension treatment, complications
to the gut due to ACE inhibitors are uncommon. However,
they have been reported to induce intestinal angioedema that
may lead tounnecessary invasive procedures, suchas exploratory
laparotomy (Weingärtner et al., 2009), but to our knowledge,
contraindications for gutmotility have not been reported. Indeed,
in animal models such as themouse, enalaprilat has been shown
to reduce the severity of dextran sulfate sodium–induced colitis
and reduce tumour necrosis factor-a levels and epithelial cell
apoptosis (Spencer et al., 2007), whereas enalapril was shown to

attenuate the upregulation of IkBa phosphorylation and reduced
the severity of colitis as assessed by histologic examination (Lee
et al., 2014).
In this study, we used hydralazine, a non-nucleoside DNA

methyltransferase inhibitor and a potent arterial vasodilator
(Knowles et al., 2004), which is approved for the treatment of
severe hypertension and heart failure (Graça et al., 2014).
Hydralazine is not routinely used as a primary drug for treating
human hypertension because it elicits a reflex sympathetic
stimulation of the heart (the baroreceptor reflex). The sympa-
thetic stimulation may increase heart rate and cardiac output
and, in patientswith coronary artery disease,may cause angina
pectoris or myocardial infarction. However, in animal models,
this class of drug can inhibit gastric emptying in rats and inhibit
gastrointestinal propulsion inmice (Chiba et al., 1981), but this
dysmotilitywas not evident for ex vivo intestinal contractility in
hydralazine-treated SHRs used in this study.
Losartan is an orally active, nonpeptide AT1 receptor antag-

onistwhichprovides amore specific and complete blockade of the
actions of angiotensin II than renin or ACE inhibitors (Simpson
andMcClellan, 2000) and is effective in controlling BP and long-
term renal damage in hypertensive patients. Although it has
been reported that a specific ARB, olmesartan, may interfere
with gut immune homeostasis, is known to cause rare cases of
sprue-like enteropathy in predisposed individuals, and is asso-
ciated with an increased risk of hospitalization for intestinal
malabsorption and celiac disease (Sciolom et al., 2015; Basson
et al., 2016), losartanhas been reported to bewell tolerated alone
and in combination, with only limited reports of gastrointestinal
side effects, such as constipation (Weber, 1997; Gokhale et al.,
2002), and generally no association with increased risk of cancer
for ARBs (Bhaskaran et al., 2012).
In our study with SHRs, losartan treatment led to increased

receptor-independent KCl-induced depolarization-driven ileal
contractility that was not evident for the colon. There was also
an increased ileal contractility after losartan treatment with
the muscarinic-mimetic carbachol with no significant change

TABLE 2
Experiment 1, effects of antihypertensive agents enalapril and
hydralazine in the drinking water for 16 weeks on the contractility of
SHR isolated intact sections of proximal colon ex vivo by KCl; electrical
stimulation; and agonists carbachol, angiotensin II, and PGE2 compared
with no-treatment SHR control
Results are mean 6 S.E.M. from six to eight rats. Statistics were performed using
one-way analysis of variance. There were no significant differences between the
groups (results not shown).

Control Enalapril Hydralazine

KCl (40 mM)
Max (mm/g) 21.2 6 3.7 19.7 6 3.6 20.1 6 4.5

Electrical stimulation
Max (mm/g) 17.1 6 1.7 14.5 6 3.4 13.5 6 2.4

Carbachol
EC50 (nM) 159 6 27 186 6 57 207 6 77
Max (mm/g) 40.7 6 6.6 32.9 6 5.2 41.7 6 4.4
AUC 79.7 6 12.8 63.5 6 7.5 79.6 6 11.4

Angiotensin II
EC50 (nM) 2.7 6 0.5 2.7 6 0.7 3.3 6 0.7
Max (mm/g) 32.7 6 3.4 30.6 6 4.1 32.4 6 3.0
AUC 72.7 6 8.7 68.2 6 8.8 68.9 6 7.0

PGE2
EC50 (nM) 67.3 6 20.9 52.7 6 17.8 208 6 67
Max (mm/g) 32.2 6 1.1 32.3 6 2.4 32.2 6 2.8
AUC 74.7 6 6.5 79.1 6 7.5 79.6 6 11.4

AUC, area under the curve as arbitrary units; Max, maximal derived contraction
of the tissue.

TABLE 1
Experiment 1, effects of antihypertensive agents enalapril and
hydralazine in drinking water for 16 weeks on the contractility of SHR
isolated intact sections of ileum ex vivo by KCl and agonists carbachol,
angiotensin II, and PGE2 compared with no-treatment SHR control
Results are the mean6 S.E.M. from six to eight rats. Statistics were performed using
one-way analysis of variance. There were no significant differences between the
groups (results not shown).

Control Enalapril Hydralazine

KCl (40 mM)
Max (mm/g) 71.2 6 15.8 74.3 6 12.4 63.0 6 9.5

Carbachol
EC50 (nM) 137 6 26 300 6 70 255 6 24
Max (mm/g) 92.4 6 8.7 98.9 6 13.2 83.1 6 9.6
AUC 141 6 18 169 6 23 137 6 20

Angiotensin II
EC50 (nM) 12.0 6 1.5 17.2 6 3.7 23.2 6 5.8
Max (mm/g) 52.9 6 6.6 46.3 6 7.6 51.0 6 7.4
AUC 82.1 6 9.9 72.2 6 14.9 74.3 6 13.6

PGE2
EC50 (nM) 1624 6 249 3813 6 1002 2169 6 562
Max (mm/g) 39.0 6 8.2 40.0 6 6.6 47.5 6 6.7
AUC 29.0 6 5.4 35.2 6 12.1 43.7 6 9.0

AUC, area under the curve as arbitrary units; Max, maximal derived contraction
of the tissue.
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in sensitivity (EC50) and no effects noted for the colon. Electrical-
stimulated colon also demonstrated no difference in the response
to losartan treatment. Although the prostanoid response is
depressed in SHRs (Patten et al., 2004, 2005), there was also
no change in ileal or colonic response to the prostanoid PGE2.
However, losartan treatment led to a large suppression of both
ileal and colonic response to angiotensin II. For the ileum, there
was a concomitant decrease in sensitivity to angiotensin II.
The colon showed decreased sensitivity to angiotensin II. The

changes in contractility due to losartan treatment could not
be explained by changes in either ileal or colonic tissue
density or muscle mass, which were not significantly differ-
ent compared with no-treatment SHR controls. It is to be
determined if other ARBs currently used in clinical settings
have similar effects.
Thesedifferences in intestinal tissue responsiveness aredifficult

to explain, so the knowledge gap requires the investigation of the

Fig. 2. Experiment 1. The dose accumulative effects of carbachol (A),
angiotensin II (B), and PGE2 (C) on intact colonic sections ex vivo after
16-week treatment with enalapril (triangles) or hydralazine (squares) from
25-week-old SHRs compared with no-treatment SHR controls (circles). The
data are expressed as themean6S.E.M. from six to eight rats. Using analysis
of variance, there were no significant differences in maximal contractions or
sensitivities across the groups. The calculated maximal contraction (mm/g),
sensitivity (EC50), and area under the curve for each electrical stimulation and
the gastrointestinally active agents in the colon are shown in Table 2.

Fig. 1. Experiment 1. The dose accumulative effects of carbachol (A),
angiotensin II (B), and PGE2 (C) on intact ileal sections ex vivo after
16-week treatment with enalapril (triangles) or hydralazine (squares)
from 25-week-old SHRs compared with no-treatment SHR controls
(circles). The data are expressed as the mean 6 S.E.M. from six to eight
rats. Using analysis of variance, there were no significant differences in
maximal contractions or sensitivities in response to the gastrointestinal
active agents across the groups. The calculated maximal contraction
(mm/g), sensitivity (EC50), and area under the curve for each gastro-
intestinally active agent in the ileum are shown in Table 1.
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mechanisms for the losartan-induced changes in intestinal
contractility. It is known that, in animal models of disease,
transcription and translation of elements of the RAS may be
regulated, and that ARBs such as losartan can modulate
these effects (Sim and Chen, 2006). In a recent study, cardiac
expressions of ACE and Mas were decreased in the hyper-
trophied left ventricle of SHRs, whereas those of the AT1

receptor and ACE2 were unchanged. Continuous perinatal
losartan treatment reduced left ventricular weight but did
not influence the altered cardiac RAS expression (Klimas
et al., 2015). Since the ileal and colonic preparations undergo
extensive washout prior to stimulation, it is very unlikely
that residual losartan would explain the decreased angio-
tensin II–induced contractile responses observed in this
study. It is more likely that the AT1 receptor density within
the contractile tissue was decreased following the 14-week
losartan treatment; however, there is a need to undertake
receptor binding studies of ileal and colonic tissue after
losartan treatment to determine muscarinic receptor density
of: 1) ileal tissue and 2) the profile of AT1 receptors of both the
ileum and colon (Leifert et al., 2009). We have previously
shown that there is a depressed prostanoid response in young
rats (Patten et al., 2006) and SHRs, but have not measured
prostanoid receptor profiles (Patten et al., 2004, 2005). In
earlier studies, we also demonstrated that dietary fish oil
supplementation led to higher receptor-induced contractility
in normal (Patten et al., 2002) and hypertensive rats (Patten
et al., 2005) that was not explained by changes in receptor

number or sensitivity (Patten et al., 2005), although it was
determined fish oil could lead to altered sensitivity of
muscarinic 1 receptor subtype (Patten et al., 2006). We have
recently shown that dietary resistant starch can alter colonic
contractility in healthy adult rats, and demonstrated alter-
ations in colonic expression of genes related to systems that
influence gastrointestinal contractility using genomic micro-
array techniques (Patten et al., 2015b) that may be used to
discern losartan effects shown in this study on the intestinal
genome. It is also to be determined if other ARBs, such as
olmesartan, which has been reported to have some evidence

Fig. 3. Experiment 2. The dose accumulative effects of carbachol (A),
angiotensin II (B), and PGE2 (C) on intact ileal sections ex vivo after
16-week treatment with losartan (filled circles) from 25-week-old SHRs
compared with no-treatment SHR controls (open circles). The data are
expressed as the mean 6 S.E.M. from six to eight rats. Using Student’s t
tests, there were significant differences at the doses shown for carbachol
and angiotensin II and between the groups (P , 0.05). The calculated
maximal contraction (mm/g), sensitivity (EC50), and area under the curve
for the gastrointestinally active agents in the ileum are shown in Table 3.

TABLE 3
Experiment 2, effects of losartan in drinking water for 16 weeks on SHR
contractility of intact ileum and proximal colon sections ex vivo by KCl,
agonists (carbachol, angiotensin II, and PGE2), and electrically driven
colon and tissue densities compared with no-treatment SHR control
Results are mean 6 S.E.M. from six to eight rats. Statistics were performed using
Student’s t test.

Control Losartan P Value

Ileum
KCl (10 mM) Max (mm/g) 22.6 6 7.8 61.1 6 10.1 0.013
KCl (40 mM) Max (mm/g) 49.3 6 11.0 108.3 6 12.2 0.005
Carbachol

EC50 (nM) 798 6 343 253 6 23 ns
Max (mm/g) 79 6 17 130 6 15 0.048
AUC 117 6 33 226 6 29 0.033

Angiotensin II
EC50 (nM) 4.7 6 2.1 43.1 6 13.2 0.017
Max (mm/g) 82.5 6 18.1 44.6 6 11.9 ns
AUC 194.7 6 55.6 49.0 6 10.5 0.028

PGE2
EC50 (nM) 2383 6 1081 1463 6 266 ns
Max (mm/g) 48.4 6 12.3 69.1 6 11.5 ns
AUC 60.1 6 24.9 68.6 6 11.5 ns

Colon
Electrical stimulation 15.7 6 5.3 14.0 6 3.0 ns
KCl (10 mM) Max (mm/g) 8.16 6 3.04 4.11 6 1.16 ns
KCl (40 mM) Max (mm/g) 60.7 6 9.1 57.7 6 8.1 ns
Carbachol

EC50 (nM) 209 6 24 170 6 8 ns
Max (mm/g) 74.4 6 9.0 74.1 6 9.0 ns
AUC 135 6 16 140 6 18 ns

Angiotensin II
EC50 (nM) 4.66 6 0.66 241.0 6 91.1 0.027
Max (mm/g) 27.1 6 6.7 9.3 6 2.2 0.030
AUC 54.3 6 14.4 4.5 6 0.9 0.006

PGE2
EC50 (nM) 2078 6 941 934 6 231 ns
Max (mm/g) 24.9 6 5.5 16.1 6 2.0 ns

AUC, area under the curve (as arbitrary units); Max, maximal derived contraction
of the tissue; ns, not significant.
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associating it with gut disorders (Basson et al., 2016), also
influence SHR gut contractility, especially in angiotensin
receptor–driven systems (Miura et al., 2011; Singh and
Karnik, 2016).
In conclusion, the current study in part supports our hypoth-

esis that antihypertensive drug treatment affects intestinal
contractility in SHRs. The ACE inhibitor enalapril and the
arterial relaxant hydralazine had no effect on gut tissue
contractility ex vivo. However, the ARB losartan increased
receptor-independent KCl-induced and muscarinic-induced

contractility of the ileum, whereas the angiotensin-receptor
system was severely depressed in both ileal and colonic
tissue by mechanisms that are to be determined. This is the
first description of altered smooth muscle contractility
induced by losartan in a hypertensive animal model, and
we may speculate that this phenomenon in part explains
some adverse side effects of ARB treatment of high blood
pressure.
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