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Cardiovascular diseases are the principal cause of death worldwide, with hyperten-
sion being the most common cardiovascular disease risk factor. High blood pressure
(BP) is also associated with an increased risk of poor cognitive performance and
dementia including Alzheimer's disease. Angiotensin 1-7 (Ang 1-7), a product of
the renin-angiotensin system (RAS), exhibits central and peripheral actions to reduce
BP. Recent data from our lab reveals that the addition of a non-radioactive iodine
molecule to the tyrosine in position 4 of Ang 1-7 (iodoAng 1-7) makes it ~1000-fold
more potent than Ang 1-7 in competing for the 125I-Ang 1-7 binding site (Stoyell-
Conti et al., 2020). Moreover, the addition of the non-radioactive iodine molecule
increases (~4-fold) iodoAng 1-7’s ability to bind to the AT1 receptor (AT1R), the
primary receptor for Ang II. Preliminary data indicates that iodoAng 1-7 can also
compete for the 125I—Ang IV binding site with a low micromolar IC50. Thus, our aims
were to compare the effects of chronic treatment of the Spontaneously Hypertensive
Rat (SHR) with iodoAng 1-7 (non-radioactive iodine isotope) and Ang 1-7 on arterial
pressure, heart rate, and cognitive function. For this study, male SHRs were divided
into three groups and treated with Saline, Ang 1-7, or iodoAng 1-7 administrated
subcutaneously using a 28-day osmotic mini pump. Systolic BP was measured non-
invasively by the tail-cuff technique. Cognitive function was assessed by Y-Maze test
and novel object recognition (NOR) test. We have demonstrated in SHRs that subcu-
taneous administration of high doses of iodoAng 1-7 prevented the increase in heart
rate with age, while Ang 1-7 showed a trend toward preventing the increase in heart
rate, possibly by improving baroreflex control of the heart. Conversely, neither Ang

1-7 nor iodoAng 1-7 administered subcutaneously affected BP nor cognitive function.
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1 | INTRODUCTION

Cardiovascular diseases are the principal cause of death
worldwide, with hypertension the most common cardiovas-
cular disease risk factor. Approximately 33% of Americans
have hypertension and 36% have prehypertension. High
blood pressure (BP) is also associated with an increased
risk of poor cognitive performance and dementia including
Alzheimer's disease (Iadecola et al. 2016). The role of the
renin-angiotensin system (RAS) in the regulation of BP, vol-
ume homeostasis, and the pathophysiology of hypertension
has been studied for many decades (Manrique et al., 2009;
Takimoto-Ohnishi & Murakami, 2019). Increased RAS ac-
tivity is also a major determinant for numerous pathologic
conditions (Bavishi et al., 2016; Luft et al., 2012; Michel
et al., 2016; Vadhan & Speth, 2020).

It is well documented that angiotensin II (Ang II) in-
creases aldosterone and BP and contributes to the develop-
ment of end-organ damage through direct effects on cardiac,
vascular, and renal tissues as well as impairment of cognitive
function (Paul et al., 2006). On the other hand, Angiotensin
1-7 (Ang 1-7), also a product of the RAS, exhibits central
and peripheral actions to reduce BP and improve baroreflex
sensitivity (Bennion et al., 2015; Gironacci et al., 2018; Tusuf
et al., 2008), consistent with the concept that the ACE2/Ang
1-7/Mas axis is a counter-regulator of the ACE/Ang II/AT,R
axis (Chappell et al., 2014; Paz Ocaranza et al., 2020), thus it
may be a means to reduce high BP.

For more than a decade, Mas has been viewed as the re-
ceptor for Ang 1-7. However, to date, the Mas receptor has
not been pharmacologically characterized using radioligand
binding in tissue membrane preparations. Our laboratory has
demonstrated high affinity (low nanomolar KD) binding of
'251_Ang 1-7 in rat liver membranes, however, this binding is
not pharmacologically specific in that the ICs, of Ang 1-7 is
in the micromolar range and all angiotensin peptides compete
for 125I-Ang 1-7 binding equivalently (Stoyell-Conti et al.,
2020). Thus 125I-Ang 1-7 binding to liver, kidney, brain, and
testes membrane preparations from both rats and mice is not
a pharmacologically specific binding site for Ang 1-7.

It is known that SHR has cognitive impairments (Meneses
etal., 1996), even at young ages (Cao et al., 2012; Gattu et al.,
1997; Griinblatt et al., 2015; Kantak et al., 2008; Tayebati
et al., 2012). If these are a reflection of overactivity of the
brain angiotensin system acting upon the ATI receptor as
suggested from radioligand binding assays (Gehlert et al.,
1986; Gutkind et al., 1988) and mRNA determinations (Reja
et al., 2006), then it is possible that Ang 1-7 could reverse
these cognitive impairments. It is known that hypertension
is linked to damage to the BBB as recently reviewed (Setiadi
et al., 2018). Given that SHR develops hypertension at the
early age of 4-5 weeks (Dickhout & Lee, 1998; Harrap
et al., 1990; Heijnen et al., 2014) and the blood-brain-barrier

(BBB) is compromised in young SHR due to the high BP ex-
erted upon the brain vasculature (Ueno et al., 2004), Ang 1-7
may be able to enter the SHR brain to a greater extent than in
normotensive rats.

It is important to note that in our receptor binding studies
Ang 1-7 which contains an iodine molecule on the tyrosine
in position 4 of Ang 1-7 may have different binding sites
from Ang 1-7. However, those experiments were performed
in vitro and the physiological effects of iodoAng 1-7 have
not yet been studied in an animal model. Thus, considering
that: 1) iodoAng 1-7 is ~4-fold more potent than Ang 1-7 in
competing for 125I-SI-Ang II binding to the AT1 receptor and
2) the addition of an iodine molecule to the tyrosine in posi-
tion 4 of Ang 1-7 makes it ~1000-fold more potent than Ang
1-7 in competing for the 125I-Ang 1-7 binding site (Stoyell-
Conti et al., 2020), we hypothesize that iodoAng 1-7 can have
antihypertensive effects and promote cognitive function to a
greater extent than Ang 1-7 in the spontaneously hypertensive
rat (SHR) model of high BP and memory impairment. The
SHR is a well-characterized genetically-determined animal
model for hypertension (Doris, 2017; Folkow, 1982), permit-
ting the study of the causes, mechanisms, and pathology of
hypertension as well as the dysfunctions associated with it.

2 | METHODS

2.1 | Animal model

Eighteen male SHR (Charles River Laboratories), 11—
12 weeks of age were housed in a temperature (22 + 2°C) and
humidity-controlled (30%—40%) colony room maintained on
a 12 h light:12 h dark cycle. Animals were allowed ad libi-
tum access to chow and water. All animal experiments were
carried out in accordance with the NIH guidelines for Use
of Laboratory Animals and all procedures were performed
under protocols approved by the Institutional Animal Care
and Use Committee. The animal facility was accredited by
the American Association for Accreditation of Laboratory
Animal Care. Groups: Animals were randomly divided into
three groups (n = 6): Saline (S), Ang 1-7 (A), and iodoAng
1-7 (1A).

2.2 | Competition binding assay

Frozen rat brain tissues were thawed, mechanically homog-
enized in hypotonic buffer (20 mM NaPO4, pH 7.2), and cen-
trifuged at 40C (20,000 g for 20 min) to isolate membranes
in the pellet. The membrane pellet was resuspended in the
incubation buffer by rehomogenization at a concentration of
25-100 mg initial wet weight/ml of incubation buffer. The
membrane homogenates were incubated with '*I-Ang IV
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1 nM with or without 5 varying concentrations of Ang IV
or iodoAng 1-7 for 60 min at room temperature (RT). The
buffer used for the competition binding assay was 50 mM
NaPO,, 150 mM NaCl, 5 mM EDTA, 0.1 mM bacitracin,
pH 7.2. Membrane-bound radioligand was separated from
unbound radioligand by filtration over GF/B filters. Filter
bound radioligand was analyzed with Graphpad PRISM
software using a one-site competition model: B = Bo *ICsy/
(ICs50+ I), to derive the ICs, value where I is the competing
ligand concentration, B = specifically bound radioligand and
Bo is the amount of specific binding in the absence of com-
peting ligand.

2.3 | Subcutaneous implantation of the
osmotic mini pump

Beginning at 11-12 weeks of age, Ang 1-7, iodoAng 1-7 or
saline were administrated subcutaneously using a 28-day os-
motic mini pump (400 ng/kg/min) a dose used by previous
investigators (Benter et al., 1995; Benter et al., 1995). The
animals were anesthetized, shaved and their skin was washed
over the implantation site. A mid-scapular incision was
made. A hemostat was inserted into the incision and the sub-
cutaneous tissue was spread to create a pocket for the pump
by opening and closing the jaws of the hemostat. The pocket
was large enough to allow some free movement of the pump
(e.g., 1 cm longer than the pump). The filled pump was in-
serted into the pocket with the delivery portal first. This mini-
mizes interaction between the compound delivered and the
healing of the incision. The incision was closed with sutures.

2.4 | Non-invasive blood pressure and heart
rate measurement

The heart rate and BP were assessed in conscious rats by the
tail-cuff method using the BP-2000 tail-cuff system (Visitech,
Raleigh, North Carolina) before and after the osmotic mini-
pump implantation. Prior to the beginning of the protocol,
rats were adapted to the non-invasive tail-cuff plethysmog-
raphy multi-channel system three times a week for 2 weeks
at the same time of day to measure systolic BP. This adapta-
tion assures familiarity of the rats with the system, reduces
stress levels, and promotes consistency in sequential readings
(Gordish et al., 2017). Once the rats were adapted to the pro-
cedure, the experimental protocols were initiated using the
exact same methods. A single experimenter was designated
to conduct all measurements. BP was measured before the
osmotic minipump implantation and every other day starting
on the second day after the osmotic minipump implantation
(Figure 2). To test this hypothesis, SHR animals were im-
planted with osmotic minipump and received saline, Ang 1-7
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or iodoAng 1-7 for 28 days. BP and heart rate were measured
pre and at 3, 7, 18, and 27 days after drug administration.

2.5 | Y-maze spontaneous alternation test
The Y-maze test was used to measure spatial working mem-
ory (Sierksma et al., 2014). The apparatus consists of three
identical arms (45 X 12 X 35 cm) diverging at a 120° angle
with an equilateral triangular central area. Each animal was
placed in the center of the Y-maze and was free to explore the
arena for 8 min. Rats tend to explore the least recently visited
arm, and thus tend to alternate visits between the three arms.
For efficient alternation, rats need to use working memory
by maintaining an ongoing record of most recently visited
arms and continuously updating such records (Wietrzych
et al. 2005). An arm entry was scored when the rat placed
its four paws within that arm. The following dependent vari-
ables were registered: total number of arm entries, number of
triads (sequence of three consecutive visits to different arms),
and percentage of alternation. An alternation was defined as
an entry into three different arms on consecutive choices. The
percentage of alternation was calculated as the ratio of actual
to the maximum number of alternations. The maximum num-
ber of possible alternations was defined as the total number
of arm entries minus 2. A low percentage of alternation is
indicative of an impaired spatial working memory because
the rat does not remember which arm it has just visited, and
thus shows decreased spontaneous alternation. The Y-maze
test was performed at the end of the protocol.

2.6 | Novel object recognition (NOR) test

The novel object recognition test was administered to as-
sess non-spatial, long-term memory (Antunes & Biala, 2012;
Martinez et al., 2014). Rats were placed in an open field
30 x 45 cm dimension in which two dissimilar objects were
placed medially, 10 cm from the long ends of the open field.
They were allowed to explore the environment and the ob-
jects placed in the open field for 5 minutes on day 1. One
day later the rats were returned to the open field in which
one of the objects had been replaced with a novel object. The
rats were given 5 minutes to explore the environment again
during which time their behavior was recorded with a digital
camera. The time the rats spent exploring the novel object
and the non-novel object was assessed by 3 observers blinded
to which object was which. The average of the scores of the
observers was used to determine the time spent with each
object, from which the percent of time spent exploring the
novel object of the total time spent exploring the objects was
determined.

The timeline for these procedures is shown in Figure 1.
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FIGURE 1

Timeline for the experimental protocol. Rats surgeries and BP measurements were staggered over a 3-day period for groups of 6

rats (2 per group) such that measurements could be made during the first 6 hours of the light cycle. So, 6 rats had osmotic minipumps implanted on

day 0, 6 on day 1 and 6 on day 2. The Y-maze test was run on days 28-30. The NOR test was run on days 29-31
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FIGURE 2 Systolic blood pressure in all studied groups at pre, 3,
7, 18, and 27 days of the protocol. Each * indicates p < 0.05 compared
to day zero for all 3 groups.

2.7 | Statistical analysis

Data were expressed as mean+ SEM. The Shapiro-Wilks
test was used to evaluate data homogeneity. A one-way or
two-way analysis of variance followed by Tukey's multiple
comparison test was used to compare groups.

3 | RESULTS

There was an increase in BP in all three groups over the
course of the protocol with no difference among the studied
groups (Figure 2). HR increased in the saline group during
the protocol (3 vs. 27 days), however, both Ang 1-7 and io-
doAng 1-7 prevented this increase. The iodoAng 1-7 group
presented lower HR than the saline group toward the end
of the HR monitoring protocol (Figure 3). We also demon-
strated that iodoAng 1-7 competes for 125I-Ang IV binding
with a low micromolar ICs, (1.4 uM), suggesting that it could
have actions at the AT, receptor (Figure 4). As activation of
the AT, receptor has been associated with improved short-
term memory (Wright & Harding, 2004; Wright and Harding,
2008), we assessed the ability of Ang 1-7 and iodoAng 1-7

Heart Rate

[ ] Control
-m- ang 1-7
A+ iodoAng 1-7

I I I I I
Pre 3 days 7 days 18 days27 days

FIGURE 3 Heartrate in all studied groups at pre, 3, 7, 18, and
27 days of the protocol. #p < 0.05 vs. pre in the control group; *p < 0.05
vs. Control at 18 days; &p < 0.05 vs. day 3 in the control group
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FIGURE 4 Competition binding assay for brain AT, receptor
binding of '*’I-Ang IV by Ang IV and iodoAng 1-7 in the brain

to improve spatial and short-term memory. As shown in
Figures 5 and 6, neither Ang 1-7 nor iodoAng 1-7 treatment
affected cognitive performance as measured in the Y-Maze
(Fp,15=0.59,p=0.57) and NOR tests (F, ;5= 1.9, p =0.18).
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There were no significant changes in body weight or body
weight gain of the different groups at the beginning or com-
pletion of the experiment (Table 1). The weights of the heart
and kidney as well as the heart weight and kidney weight to
body weight ratio did not differ between groups. The tissue
weights of the brain, lungs, liver, intestines, colon, pancreas,
spleen, adrenals epididymis, seminal vesicles, and adipose
tissue also did not differ between groups (data not shown).
However, there was a significant (p < 0.05) 17% increase in
testis weight in the Ang 1-7 treated rats compared to control
rats (Table 1).

Y Maze Test
80 -
- A
g 60 = ° [ ]
= AT,
2 | ey e
§ 40 - ® R
s [
X 20 -
0 T T T
Control Ang 1-7  iodoAng 1-7
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FIGURE 5 Y-maze test results in the studied groups
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FIGURE 6 Novel object recognition test results in the studied
groups
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4 | DISCUSSION

This is the first study to measure the effect of chronic
iodoAng 1-7 treatment on cardiovascular and cognitive
function in the SHR and to compare it to an equivalent
Ang 1-7 treatment. While there were no significant effects
of iodoAng 1-7 and Ang 1-7 treatment on BP, iodoAng
1-7 reduced the increase in HR with age, while Ang 1-7
showed a trend toward preventing the increase in HR, pos-
sibly improving peripherally the parasympathetic control
to the heart which is inhibited by Ang II (Scroop & Lowe,
1969).

SHR is reported to perform poorly on the Y maze test
compared to other rat strains although this may be at-
tributed to their having an attention deficit hyperactivity
disorder (ADHD) rather than impaired memory (Kishikawa
et al., 2014; Yabuki et al., 2014; Yoon et al., 2013). In those
studies WKY rats showed ~65-75% of spontaneous alter-
nations while the SHR, or SHRSP (Yabuki et al., 2014)
showed 55%, 55%, and 60%, respectively, which was
slightly better than the 48, 47, and 50% spontaneous alter-
nation than the control, Ang 1-7 and iodoAng 1-7 groups,
respectively, seen in this study. The performance of SHRs
in the NOR test is less clear. When tested 30 minutes after
exposure to the novel objects, SHRs showed impaired per-
formance on the NOR test (47% recognition of the novel
object) compared to WKYs (60% recognition of the novel
object) (Leffa et al., 2016). Stroke-prone SHR also showed
impaired novel object recognition in a 24 hour NOR test
(32%) versus WKY's (67%) (Yabuki et al., 2014). However,
in a 24-hour NOR test, SHRs spent more time exploring
the novel object compared to WKYs, which the authors
attributed to an ADHD trait (dela Pefa et al., 2015). In a
72-hour interval test SHRs also showed better novel object
recognition (67%) than the WKYs (61%) (Langen & Dost,
2011). The time spent examining the novel object by the
rats in this study, 55%, 50.5%, and 65% for the control,
Ang 1-7, and iodoAng 1-7 groups, respectively are within
the range of the previous studies cited above. Whether the
NOR test is assessing cognitive performance or ADHD
behavior, our results show that neither experimental treat-
ment altered this behavior.

Our results reinforce the statement that Ang 1-7 is the
most pleiotropic component of the RAS (Santos et al.,

TABLE 1 Body and tissue weights (grams) of Control, Ang 1-7-treated and iodoAng 1-7-treated spontaneously hypertensive rats

Pre-treatment Body

Group Weight Weight

control 250 + 18 298 + 23
Ang 1-7 263 + 33 313 + 38
iodoAng 1-7 258 + 12 307 £ 12

*p < 0.05 greater than control by Dunnett's multiple comparison test.

Post-treatment Body

Weight Heart Kidney Testis

gain Weight Weight weight

48 1.21 +0.11 1.90 + 0.16 2.70 +0.17

50 1.19 £ 0.11 2.00 + 0.25 3.16 +0.09°
49 1.22 £ 0.07 1.94 + 0.20 2.87+0.11
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2000). It has been demonstrated that Ang 1-7 can in-
duce no change (Benter, Diz, et al., 1995; Botelho-Santos
et al., 2007; Campagnole-Santos et al., 1992; Santos et al.,
2004), an increase (Santos et al., 2000; Zhang et al., 2019)
or a decrease (Iyer et al., 1998; Zhang et al., 2019) in BP
depending on the dose, route of administration, animal
strain, or the pathophysiological situation (Santos et al.,
2000). For example, Ang 1-7 can have different effects
on modulating the BP and sympathetic activity depending
on the site of infusion. Microinjection of Ang 1-7 into the
rostral ventrolateral medulla (RVLM), an important site in
the brain that regulates sympathetic nervous system activ-
ity, increases mean arterial pressure and renal sympathetic
nerve activity in renovascular hypertensive rats (Li et al.,
2013).

There is a positive correlation between HR at 3-wk of
age and the level of elevated BP at 6-wk, indicating the
predictive value of elevated HR for the development of hy-
pertension in the SHR (Dickhout & Lee, 1998). Therefore,
the increase in the arterial BP in SHR is likely induced
by a central sympathetic dominance that possibly opposes
the important parasympathetic balance in these animals.
Older SHR has normal sympathetic, but reduced vagal
capacity to control HR in response to changes in mean
arterial pressure; this deficit not being dependent on the
absolute level of BP (Head & Adams, 1992). In any case, it
is very important to consider that the parasympathetic ner-
vous system presents a powerful vasodilatory mechanism
for cerebral blood flow (Roloff et al., 2016). Because the
SHR has reduced parasympathetic brainstem innervation
(Roloff et al., 2018), this suggests that it may have a com-
promised vasodilatory capacity as well as vagal influence
on heart rate. This could partially explain why the brain-
stem is severely hypoxic when BP is reduced to normal lev-
els in SHRs (Marina et al., 2015) as the hypoxia stimulates
sympathetic activity in an attempt to increase blood flow
to the brainstem.

Systemic injection of 125I-angiotensin IT only reaches
the Ang II receptors of the circumventricular organs that
are not protected by the BBB (van Houten et al., 1980).
Intravertebral artery administration of Ang II has been
shown to act upon the area postrema, a circumventricular
organ in the dorsal medulla to reduce parasympathetic ac-
tivity (Joy & Lowe, 1970). It is likely that other circulating
angiotensins also only reach BBB-deficient brain regions
(Roncevic, 2012). Thus, the same principle might apply to
Ang 1-7 and iodoAng 1-7. But, if there are no receptors
for Ang 1-7 and iodoAng 1-7 in circumventricular organs,
then these peptides would not directly act upon the brain.
Sustained hypertension is known to compromise the BBB
(Setiadi et al., 2018), and, as the rats in this study were
11-12 weeks of age at the start of the experiment it is un-
certain whether their BBB was still functioning normally,

thereby affecting the ability of Ang 1-7 or iodoAng 1-7 to
penetrate the BBB. Alternatively, blood-borne angiotensin
peptides have been shown to act indirectly on the brain by
promoting nitric oxide (NO) formation by endothelial cells
in the brain vasculature (Paton et al., 2008). This NO can
vasodilate brain vasculature (Feterik et al., 2000) and enter
the brain (Paton et al., 2008) to exert region-specific effects
on blood pressure regulation.

Mas receptor-like immunoreactivity is reported to be
abundant in the hippocampus, amygdala, anterodorsal tha-
lamic nucleus, cortex, and hypoglossal nucleus in the rat
brain, predominantly present in neurons, while Mas recep-
tor mRNA expression is highest in the hippocampus (Young
et al., 1988). However, a subsequent report has questioned
the specificity of Mas receptor antibodies for Mas, so actual
Mas protein expression in the hippocampus is still uncertain
(Burghi et al., 2017). Central administration of Ang-(1-7)
was found to exert various effects on the brain, such as en-
hancement of learning, memory, and cognitive performance
(Wright & Harding, 2004). Additionally, a glycosylated Ang
1-7 analog shown to penetrate the blood-brain-barrier was
shown to reverse cognitive impairments in mice with exper-
imental heart failure (Hay et al., 2019). While in the present
study, we did not find any effects on cognitive response, this
result is probably due to Ang 1-7 and iodoAng 1-7 not cross-
ing the BBB.

The rat testis expresses a high level of mRNA for Mas
(Metzger et al., 1995), the receptor for Ang 1-7 (Santos
et al., 2003). In the mouse, deletion of Mas causes a 33%
reduction in testis weight (Leal et al., 2009). In human testis
Mas mRNA expression is reduced in men with obstructive
azoospermia, suggesting a functional role of Mas in male
reproductive function (Reis et al., 2010). The increased tes-
tis weight seen in the Ang 1-7 infused SHR in this study is
consistent with a trophic function of Ang 1-7 in the testis as
a Mas agonist.

A limitation of our study is that an important component
of this and any study of drug effects is the need to show a
dose/response relationship for the experimental treatment.
For this study, we were able to test only a single dose of Ang
1-7 and iodoAng 1-7. Considering that iodoAng 1-7 is ~4-
fold more potent than Ang 1-7 in competing for 125 I-SI-Ang
II binding to the AT1 receptor (Stoyell-Conti et al., 2020) it is
unlikely that there was any inhibition of AT, receptor activ-
ity from iodoAng 1-7 since blockade of AT, receptors with
angiotensin receptor blockers (ARBs) causes a reduction in
systolic BP in the SHR (Sueta et al., 2014).

As new peptides are incorporated into the knowledge of
the scientific community, the challenge to understand the role
of RAS in the pathophysiology of diseases becomes greater.
Thus, considering the complexity and number of new mem-
bers of the RAS discovered in the past few years, the complex
relationship between its peptides and receptors, where they
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interact, as well as their respective effects on the body, are
far from being fully understood. Future investigations are re-
quired to clarify the role of RAS peptides in cardiovascular
physiopathology.
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