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ABSTRACT
Increasing evidence indicates that decreased brain blood
flow, increased reactive oxygen species (ROS) production,
and proinflammatory mechanisms accelerate neurodegener-
ative disease progression such as that seen in vascular
contributions to cognitive impairment and dementia (VCID)
and Alzheimer’s disease and related dementias. There is a
critical clinical need for safe and effective therapies for the
treatment and prevention of cognitive impairment known to
occur in patients with VCID and chronic inflammatory dis-
eases such as heart failure (HF), hypertension, and diabetes.
This study used our mouse model of VCID/HF to test our novel
glycosylated angiotensin-(1-7) peptide Ang-1-6-O-Ser-Glc-
NH2 (PNA5) as a therapy to treat VCID and to investigate
circulating inflammatory biomarkers that may be involved.
We demonstrate that PNA5 has greater brain penetration

compared with the native angiotensin-(1-7) peptide. More-
over, after treatment with 1.0/mg/kg, s.c., for 21 days, PNA5
exhibits up to 10 days of sustained cognitive protective effects
in our VCID/HF mice that last beyond the peptide half-life.
PNA5 reversed object recognition impairment in VCID/HF mice
and rescued spatial memory impairment. PNA5 activation of the
Mas receptor results in a dose-dependent inhibition of ROS
in human endothelial cells. Last, PNA5 treatment decreased
VCID/HF-induced activation of brain microglia/macrophages
and inhibited circulating tumor necrosis factor a, interleukin
(IL)-7, and granulocyte cell-stimulating factor serum levels while
increasing that of the anti-inflammatory cytokine IL-10. These
results suggest that PNA5 is an excellent candidate and “first-in-
class” therapy for treating VCID and other inflammation-related
brain diseases.

Introduction
Increasing evidence suggest that decreased brain blood

flow, increased reactive oxygen species (ROS) production
and proinflammatory mechanisms accelerate the progression
of neurodegenerative diseases such as vascular contributions
to cognitive impairment and dementia (VCID) and patients
with systemic inflammatory disease that are at risk for
Alzheimer’s disease (AD) and related dementias (Pullicino

et al., 2008; Santos et al., 2013, 2017; Corriveau et al., 2016;
Gorelick et al., 2017; Pavol et al., 2018; Price et al., 2018). In
older adults, heart failure (HF) results in decreased brain
perfusion, and increased brain and systemic inflammation is
known to increase the risk for the development of cognitive
impairment and AD (Qiu et al., 2006; Cermakova et al., 2015;
Love and Miners, 2016; Miners et al., 2016; Suzuki et al.,
2016). There is a critical need for safe and effective therapies
for the treatment and prevention of cognitive impairment
known to occur in patients with VCID and chronic inflamma-
tory diseases such as HF, hypertension, and diabetes. The
ideal therapeutic candidate to treat inflammation-related
neurodegenerative disease would be designed with criteria
to interrupt the inflammatory cascade by working at both
sides of the blood-brain barrier (the brain vascular endothe-
lium and brain microglia and neuronal cells) to decrease brain
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ROS production and neuroinflammation and to improve
cerebral vascular blood flowwhile havingminimal side effects.
The peptide angiotensin-(1-7) (Ang-1-7) meets these crite-

ria. Ang-(1-7) is known to decrease brain ROS production and
inflammation in preclinical models of HF (Hay et al., 2017), to
increase cerebral blood flow (Zimmerman et al., 2002; Jiang
et al., 2014), and to be safe in clinical studies in humans
(Rodgers et al., 2006). Within the brain, the Mas receptor
(MasR) is found on neurons, microglia, and vascular endothe-
lial cells. Activation of MasR decreases ROS and brain
inflammation, increases cerebral circulation via increases
in endothelial nitric oxide release and inhibition of inflam-
matory cytokines, and inhibits hypoxia-inducing factor-1a
(Ferrario, 2006; Zheng et al., 2014; Chang et al., 2016;
Salminen et al., 2017). Because the MasR is found in high
quantities within the hippocampus and perirhinal cortex as
well as in vascular endothelial cells, Ang-(1-7) is hypothe-
sized to be effective in targeting memory impairments
related to hypoxia and inflammation-related neurodegener-
ative disease (Hay et al., 2017).
In the present study, our teamhas taken a novel approach to

combine our extensive experience improving peptide perfor-
mance via glycosylation (Egleton et al., 2001; Lefever et al.,
2015) with our experience with the G-protein–linked MasR
and its agonist Ang-(1-7) (Mordwinkin et al., 2012; Forte et al.,
2016; Hay et al., 2017; Nation et al., 2018). We have developed
a series of novel glycosylated Ang-(1-7) MasR agonists with
enhanced pharmacokinetic (PK)/pharmacodynamics proper-
ties. These agonists are designed to improve bioavailability,
stability, and brain penetration of Ang-(1-7). Our research team
has developed, optimized, and completed high-throughput
in vitro and in vivo screens of novel synthetic glycopeptide
derivatives of Ang-(1-7) that have outstanding brain penetra-
tion and enhanced stability (Dhanasekaran and Polt, 2005;
Malakoutikhah et al., 2008; Jones and Polt, 2015). We have
completed a full physiochemical and mechanistic preclinical
study of the in vitro and in vivo behavioral properties of our lead
candidate, Ang-1-6-O-Ser-Glc-NH2 (PNA5). We hypothesize
that this novel glycosylated Ang-(1-7) derivative will be a
“first-in-class” treatment of inflammation-induced cognitive
impairment.
The goals of the present study were to 1) describe the

physiochemical properties of PNA5 in comparison with the
native Ang-(1-7) peptide, 2) determine whether PNA5 might
be a candidate therapeutic agent to reduce or reverse cognitive
impairment induced by systemic inflammation, 3) determine
whether PNA5 can inhibit ROS formation in a human cell line,
and 4) begin to identify possible systemic biomarkers associ-
ated with PNA5 treatment. We used our previously described
mouse model of VCID/HF-induced cognitive impairment (Hay
et al., 2017) and hypothesized that sustained treatment with
PNA5 will attenuate or reverse the VCID/HF-induced cogni-
tive impairment.

Materials and Methods
Chemicals and Reagents

Chemicals were purchased through Sigma-Aldrich (St. Louis, MO),
unless otherwise indicated. An internal standard (IS) [D-alanine-D-
leucine-enkephalin (DADLE)] was purchased through American
Peptide Company, Inc. (Sunnyvale, CA).

Synthesis of Peptides. Glycosylated peptides were synthesized
by the Polt Laboratory (University of Arizona) via solid-phase
synthesis, using methods previously described (Lowery et al., 2007;
Jones and Polt, 2015; Lefever et al., 2015).

In Vitro Stability of Angiotensin Derivatives. Degradation
studies were performed in rat serum in a 37°C water bath as
previously described (Mabrouk et al., 2012; Heien, 2015). Peptides
were spiked for a final concentration of ∼100 mM, and time points
were determined by apparent degradation rate after n 5 2 trials.
At each time point, 10 ml of rat serum 1 peptide was removed and
spiked with 1 ml of glacial acetic acid to quench peptidase activity,
1ml of 100mMDADLE as an IS, and 1ml of 25mMoctyl sulfonate as a
pairing agent. Samples were desalted using m-C18 Zip Tips (EMD
Millipore, Burlington, MA) according to the following protocol, on a
10-ml scale: three conditioning steps with acetonitrile (ACN),
followed by three conditioning steps with 0.1% trifluoroacetic acid
(TFA) in nanopure water (v/v). Ang-(1-7) derivatives were found to
bind best with 15 binding steps. A single wash with 0.1% TFA in
water desalted the column, and the procedure was completed with
10 elution steps in a 60:40 can/H2O:0.1% TFA (v/v) solution. Samples
were then brought to 100 ml in 50:50 can/H2O (v/v) solution with 0.1%
formic acid for electrospray compatibility. Samples were analyzed
using tandem mass spectrometry (MS) on an AB Sciex QStar Elite
Mass Spectrometer (Applied Biosystems, Foster City, CA) with a
20-ml injection loop. Samples were run in duplicate, averaged for
each time point, and normalized to the 0-minute time point as
the 100% signal. Analyses were performed in GraphPad Prism
5 (GraphPad Software, La Jolla, CA), and degradation trials with
exponential fits poorer than r2 , 0.7 were discarded.

Animals and Surgical Procedures

Animals for Dialysis. Male Sprague-Dawley rats (weight,
275–325 g) were used for dialysis experiments in vivo. Animals were
purchased from Envigo Laboratories (Indianapolis, IN) and housed in
a temperature- and humidity-controlled room with 12-hour reversed
light/dark cycles and with food and water available ad libitum. All
animals were treated as approved by the Institutional Animal Care
and Use Committee at the University of Arizona and in accordance
with the National Institutes of HealthGuidelines for the Care and Use
of Laboratory Animals. Both the number of animals used and their
suffering were minimized. The number of animals needed for each
experiment was determined using a G*Power analysis (Faul and
Coronado, 2015).

Carotid Artery Catheterization. Catheterized animals were
purchased directly from Envigo Laboratories. At their facility, ani-
mals were anesthetized with 1.5%–2% isoflurane mixed in medical
grade oxygen (1.5 l/min) and the following two incisions were made:
1) a 0.5-cm midline incision between the scapulae; and 2) a 2.0-cm
incision to the right of the midline of the ventral neck. The right
carotid artery was isolated, and two 4-0 silk sutures were placed at the
caudal and cranial ends of the vessel. The cranial suture was
immediately tied off and a bulldog clamp was placed above the caudal
tie to temporarily occlude blood flow. A carotid venotomy was
performed, and a piece of PE-10 catheter tubing, preflushed with a
heparin/glycerol solution (500 IU heparin/1 ml; 50:50 ratio), was
passed through the vessel toward the heart. The bulldog clamp was
then released, and the caudal suturewas tied off to secure the catheter
in place. The catheter was then threaded through a subcutaneous
pocket and connected to a vascular access port (Instech Laboratories,
Plymouth Meeting, PA) at the scapular incision. The ventral neck
incision was closed with stainless steel wound clips, whereas the
vascular access port was secured and the scapular incision was closed
with 4-0 silk sutures. Animals were monitored during recovery for
3–4 days before being shipped to University of Arizona facili-
ties. Catheter patency was evaluated within the first 24 hours of
arrival and subsequently every 2–3 days to ensure patency prior to
microdialysis.
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Microdialysis Surgery. Upon arrival at our facility, animals
were acclimated for 5–7 days. Procedures for microdialysis have been
described previously (Mabrouk et al., 2012; Heien, 2015). Animals
were anesthetizedwith 1.5%–2% isofluranemixed inmedical gradeO2

(1.5 l/min) and positioned inside a stereotaxic frame (David Kopf
Instruments, Tujunga, CA). A midsagittal incision was made along
the skull, and a CMA 11 guide cannula (CMA Microdialysis, Kista,
Sweden) was implanted in the striatum at the following coordinates:
anteroposterior 11.0 mm and mediolateral 13.2 mm relative to
bregma; and dorsoventral 23.4 mm from the surface of the brain.
The guide was then replaced with a CMA 11 probe containing a
4.5-mm cuprophane membrane with a molecular weight cutoff of
6 kDa. After the probe was positioned, the animals remained under
anesthesia for the remainder of the experiment.

Microdialysis and Blood Draws. To directly compare the in vivo
lifetime and blood-brain barrier penetration of both Ang-(1-7) and
PNA5,we developed amethod that involves simultaneous blood draws
andmicrodialysis (Mabrouk et al., 2012; Heien, 2015). The compounds
were injected intravenously at 10mg/kg via a single tail vein injection.
Blood draws were taken at t 5 210, 1, 5, 10, 20, 30, 40, 50, 60, 70, 80,
and 90 minutes (where t 5 0 corresponds to injection). Microdialysis
fractions were time locked with blood draws at 10-minute increments
such that blood draws correlated with the median time of the
microdialysis fraction. For microdialysis, a dual-syringe pump (PHD
2000; Harvard Apparatus, Holliston, MA) was set to a flow rate of
0.5 ml/min. Samples were collected and preserved in a solution
containing 10% v/v acetic acid, 2% v/v ACN, and 140 pM DADLE.
DADLE was used as an IS. Baseline blood (∼100 ml) and dialysate
samples were collected. Subsequent time-locked samples (with blood
being drawn at the median of the dialysate time range) were then
collected every 10 minutes for 90 minutes, after a tail vein injection at
t 5 0 minute. In addition, blood samples were also collected at both
1 and 5 minutes postinjection. CSF samples were immediately frozen
on dry ice. Blood samples were centrifuged to separate serum from the
red blood cells. Serum was drawn off, and 10 ml of serum was spiked
with glacial acetic acid to quench peptidase activity, and DADLE was
added to a final concentration of 5% glacial acetic acid and 140 pM IS
before being frozen on dry ice. Postexperiment, samples were stored in
a 280°C freezer until analysis.

All samples were desalted using m-C18 Zip Tips (EMD Millipore)
according to the protocol above, yielding a final solution composed of
10 ml of 60:40 ACN/H2O/0.1% TFA (v/v). For reverse-phase liquid
chromatography (LC), samples should be dissolved in aqueous solu-
tion; thus, samples were vacuum centrifuged until 1 ml of solution
remained and were reconstituted in 5 ml of H2O with 0.1% TFA (v/v).
Samples (5 ml) were injected onto the column and separated using a
gradient elution. Target compounds were quantified by summing the
height of previously identified fragment peaks in the LC-MS3 spectra.
The serumandCSF concentrationswere estimated using a calibration
curve, accounting for the dilution factors and the probe recoveries for
each experiment. Standards were matrix matched to samples and
underwent the same sample preparation steps.

Data Analysis. All data are presented as the mean 6 S.E.M. The
Cmax and the area under the curve (AUC) were calculated for both
Ang-(1-7) and PNA5. Data are calculated as the log fold change for
each animal tested (n 5 8).

Behavior Studies

Animal Housing. Adult C57BL/6 male mice (N 5 27) (Envigo
Laboratories; animals arrived in the facility at 2 months of age and
weremaintained for 3months) were used in the behavior studies. Two
to four mice were housed together according to their assigned
experimental group in cage racks that were temperature controlled
and on a 12-hour light/dark cycle. Allmice had had ad libitumaccess to
food and water for the duration of the experiments. All experiments
were performed with adherence to guidelines approved by the In-
stitutional Animal Care and Use Committee at the University of

Arizona and to the 2012 National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Animal Groups. Mice were assigned randomly to either the
control [sham myocardial infarction (MI) surgery 1 saline] (n 5 6),
HF-treated (HF-PNA5, n 5 10), or HF-saline (HF-saline, n 5 11)
group. Animal numbers were based on a power analysis for statistical
significance. Eight weeks after MI surgery, animals received 21 days
of daily morning subcutaneous injections of either saline or PNA5
(1.0 mg/kg dissolved in saline). The animals were subjected to the
novel object recognition (NOR) test and spatial memory Morris water
maze test, respectively, 3 and 7 days after the final injection.

Mouse Model of MI. Prior to surgery, the body weight of the mice
was obtained, and they were anesthetized with 2.5% isoflurane in a
mixture of air and O2. The induction of MI was performed via left
coronary artery (LCA) ligation as described by Gao et al. (2000). To
induce the MI, a thoracotomy was performed on the left side through
the fourth intercostal space and the LCA was ligated permanently.
Confirmation of the occlusion of the LCA was obtained by observing a
whitening slight change in color of the anteriorwall of the left ventricle
downstream of the ligature. For the control animals, a sham surgery
was performed, and mice underwent the same procedure with the
exception of ligating the LCA. To assess ventricular function, cardiac
morphometry, and remodeling, echocardiography was performed
(as above) at 1, 4, 8, and 12 weeks postsurgery.

Echocardiography

Echocardiography was performed before MI surgery and then
repeated at 1, 4, 8, and 12 weeks post-MI using a Vevo 2100 High-
Resolution Imaging System (Visual Sonics, Toronto, ON, Canada) and
a 25-MHz transducer. The chest hair of the animals was removed
using a chemical depilatory. To examine cardiac function at physio-
logically relevant heart rates (Kass et al., 1998) and to eliminate any
anesthesia effects, the echocardiograms were performed in awake
mice. Two-dimensional M-mode echocardiographic images were
obtained from the parasternal short-axis view at the level of the mid-
ventricle. The thickness of the left ventricular wall and cardiac
chamber dimensions were measured. The interventricular septum,
left ventricular posterior wall thickness, and left ventricular internal
dimension were measured from the M-mode images. Data were
analyzed off-line using Vevo 2100 analytic software (Visual Sonics).
The data were obtained in triplicate and averaged.

NOR. The texting box was an evenly illuminated Plexiglas con-
tainer (12 � 12 � 12 cm) placed on a table inside a sound-isolated
observation room. All walls of the box were blackened, and the floor
was gray with a grid that was used to ensure that the placement of the
objects did not change between phases of the test. A digital camerawas
used to record mouse behavior and exploration of the object. The
digital image from the camera was fed into a computer in the adjacent
room. The time the mice spent exploring the objects was measured
using digital stopwatches. All examiners were blinded to the treat-
ment groups. All data were downloaded to Excel (Microsoft, Redmond,
WA) files for analysis. Three sets of distinct objects were used for the
test.

Procedure. The three phases of the NOR task included a habitua-
tion phase, a familiarization phase, and a test phase. During the
habituation phase, on the first and second day, mice were brought to
the observation room and habituated for 10 minutes per day to the
empty box. On day 3, the “familiarization” trial was performed with
each mouse. This trial consists of two identical objects followed by a
preset delay period and then a “test” trial inwhich one objectwas novel
and the second object was identical to the one in the familiarization
phase. All objects were available in triplicate copies of each other so
that no object needed to be presented twice. Objects were composed of
plastic, glass, or wood that varied in size, color, and shape. For each
phase, each mouse was placed into the box the same way, oriented to
the center of the wall opposite to the objects. To avoid the possibility of
olfactory cues, the box and objects were well cleaned with 70% ethanol
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and towel dried after each trial. For the familiarization phase, mice
were given the opportunity to explore the two identical objects for
4 minutes and then they were returned to their original cages. The
“test phase” began after a 2-hour delay. The mice were placed back in
the testing box, where one of the two identical objects presented in the
familiarization phase was changed to a novel object, and the mouse
was given the opportunity to explore these objects for another
4 minutes. To measure the exploratory behavior, the time spent
exploring each object was assessed as the animal orienting its nose
toward the object at a distance of ∼2 cm or less (Ennaceur and
Delacour, 1988). Other behaviors, such as rising up on the object or
resting against the object was not considered to be exploratory
behavior. The scoring of exploration was blinded and made by an
observer who was unaware of the experimental group of each mouse
(HF vs. sham) and treatment group.

Analysis. To determine the discrimination ratio (DRatio), the time
spent exploring the novel object (t novel) minus the time spent
exploring the familiar object (t familiar) during the test phase divided
by the total exploration time was calculated, as follows: DRatio 5
(t novel 2 t familiar)/(t novel 1 t familiar). Data were analyzed from
first 2 minutes of the “test phase.” A score that was positive indicates
more time spent with the novel object, a score that was negative
indicates more time spent with the familiar object, and a zero score
indicates a null preference. All of the data from the NOR test were
analyzed using one-way analysis of variance (ANOVA), between
subjects (ANOVA). Differences between individual groups were tested
using the post hoc Tukey honestly significant difference test. In
comparisons between groups of different sample sizes, equal variance
was tested using a modified Levene’s test. We used Microsoft Excel
with Daniel’s XL Toolbox for all statistical tests, and P values and a

levels was set at the 0.05 level. Error bars represent the S.E.M.
Morris Water Task: Spatial Learning and Memory/Visual

Test. The Morris water maze was constructed using was a large
circular pool approximately 1.5 m in diameter, filled with water at
25°C. The water was rendered opaque by adding white, nontoxic
Crayola paint. Just below the surface of the water, an escape platform
was hidden. On the walls surrounding the pool, high contrast visual
cues were fixed. To record the progress of the task, a digital camera
was suspended over the pool and connected to a computer in the
observation room.

Procedure. For the spatial version of the Morris water task, the
micewere had six training trials per daywhich lasted for 4 consecutive
days. For these trials, an escape platform was hidden below the
surface of water. Seven different start locations around the perimeter
of the pool were predetermined, and each animal performed two
successive trials before the next mouse was tested. The order of the
release locations was pseudo-randomized for each mouse such that no
mouse was released from the same location on two consecutive trials.
The day after the 24 spatial trials, the mice performed a probe trial in
which the platform was removed, and a mouse swam in the pool for
60 seconds. After the probe trial, the mice were screened for visual
acuity where the escape platform was raised above the surface of the
water, but the position of the platform changed between each trial.
Performance on the swim task was analyzed with a commercial
software application (ANY-maze, Wood Dale, IL). Because different
release locations produce variability in the latency to reach the escape
platform, a corrected integrated path length (CIPL) was calculated to
ensure the comparability of performances of mice across different
release locations. The CIPL value measures the cumulative distance
over the time from the escape platform corrected by the swimming
velocity of an animal and is equivalent to the cumulative search error
described by Gallagher et al. (1993). Therefore, regardless of the
release location, if the mouse swims mostly toward the escape
platform, the CIPL value will be low. In contrast, the more time a
mouse spends swimming in directions away from the platform, the
higher the CIPL value.

Analysis. The CIPL was used as the primary measure of spatial
learning. The data from the Morris water task was analyzed using a

Welch t test with individuals performing the calculations r blinded to
the surgical group (HF vs. control) and treatment group of the mouse.
All statistical tests andP values were calculated usingMicrosoft Excel
with Daniel’s XL Toolbox, and the a was set at the 0.05 level. Error
bars represent the S.E.M.

Histology. After euthanasia, hearts were quickly extracted,
washed, and immersed in 10% neutral buffered formalin for 24 hours
of fixation before histologic evaluation. The fixed hearts were pro-
cessed, embedded in paraffin, sectioned, and stained with H&E.

Analysis. Differences over time within each group were deter-
mined by a repeated-measures ANOVA. Mean differences between
different groups were analyzed using two-way ANOVA (Prism;
GraphPad Software). Post hoc tests were carried out using Bonferroni
t tests.

Human Endothelial Cell Culture and ROS Measurements

Cell Culture. Human umbilical vein endothelial cells (HUVEC)
were purchased from American Type Culture Collection (Manassas,
VA). The cells were cultured in media consisting of modified Kaighn’s
modification of Ham’s F-12 medium (American Type Culture Collec-
tion) supplemented with 10% FBS (American Type Culture Collec-
tion), 0.1 mg/ml heparin (Sigma-Aldrich), 0.03 mg/ml endothelial cell
growth supplement (Upstate, Lake Placid, NY), 100 U/ml penicillin,
and 100 g/ml streptomycin in a humidified chamber at 37°C in a 5%
CO2/95% air atmosphere. The cells were cultured in T75 flasks and
12-well tissue culture plates. For these studies, the cells were used for
up to eight passages. Two days before the experiment, cells were
plated onto 12-mm culture slips treated with poly D-lysine.

ROS Measurements. The measurement of ROS generation was
determined using real-time fluorescence microscopy with the mea-
surement of conversion of the fluorescent probe dihydroethidium
(DHE) to ethidium (Sigma-Aldrich). DHE is cell permeable and
provides nuclear fluorescence at an excitation wavelength of 520 nm
and an emission wavelength of 610 nm, an indicator after reaction
with superoxide radicals to form ethidium that in turn interacts with
DNA.We used anOlympus (Tokyo, Japan) FV500 confocal microscope
system equipped with a green HeNe laser for excitation and a long-
pass red filter to detect ethidium fluorescence. Laser intensity and
gain were identical for all images.

Analysis. Imaging data were generated from an Olympus FV500
microscope and then analyzed by NIH ImageJ. Fluorescent cells were
identified as regions of interest (ROIs) using a standardized ImageJ
ROI manager. From the identified ROIs, the integrated density
measurements were taken. Group differences were analyzed by using
a Student’s t test. All statistical tests and P values were calculated
using Microsoft Excel with Daniel’s XL Toolbox, and a was set at the
0.05 level. Error bars represent the S.E.M.

Multiplex Immunoassay: Early Disease, 1-Week
Ang-(1-7) Treatment

To determine the early inflammatory response during the progres-
sion of HFand the early effects of 1week of PNA5 treatment, we used a
MILLIPLEXMAPMouse Cytokine/ChemokineMagnetic Bead Panel-
Immunology Multiplex Assay (MCYTOMAG-70K; Millipore Sigma,
Burlington, MA) for quantifying inflammatory markers in animals
2 weeks post-MI and 1 week after PNA5 treatment. These animals
were not tested for changes in cognition. C57BL/6malemice (3months
old) were subjected to MI (permanent ligation of the left coronary as
previous) or sham surgery. One week post-MI or control, mice were
administered (1 mg/kg) PNA5 or saline by injection (subcutaneous) for
1 week (three groups, n 5 8 each). Two weeks post-MI, blood was
collected in murine EDTA tubes, centrifuged to obtain plasma, and
rapidly frozen in liquid nitrogen. Plasma cytokines, chemokines, and
additional inflammatory analytes were detected and quantified by
multiplex immunoassay using a MAGPIX Multiplexing Instrument
and accompanying Multiplex Analyst software (EMD Millipore).
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This assay allows for the simultaneous measurement of the following
cytokines: granulocyte colony-stimulating factor (GCSF), granulocyte-
macrophage colony-stimulating factor, interferon g, interleukin (IL)-
1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12
(p70), IL-13, IL-15, IL-17, interferon g–induced protein 10, chemokine
(C-X-C motif) (CXC) ligand 1 (KC), chemokine (C-C motif) ligand
(CCL) 2 (monocyte chemoattractant protein-1), CCL3 [macrophage
inflammatory protein (MIP) 1a], CCL4 (MIP1b), CXC ligand 2 (MIP2),
CCL5 [RANTES (regulated on activation normal T cell expressed
and secreted)], and tumor necrosis factor-a (TNF-a). Differences
between groups were analyzed by using a Student’s t test. All
statistical tests and P values were calculated using Microsoft Excel
with Daniel’s XL Toolbox, and a was set at the 0.05 level. Error bars
represent the S.E.M.

Immunohistochemistry

On the day after the final water maze task and 8 days after the last
injection of PNA5, animals were euthanized via CO2, and brain tissue
was removed and immersed in 4% paraformaldehyde, pH 7.4, for
7 days and then changed to 30% sucrose in PBS for cryoprotection.
Brains were then frozen at 220°C until processed. Fixed brains were
coronally blocked between 24 and 0 mm from bregma. Dry ice and
Tissue Freezing Media (TFM-5; Triangle Biomedical Science, Inc.,
Durham, NC) were used to freeze tissue blocks onto a stage that was
mounted onto a sliding microtome. The frozen brains were serially
coronally sectioned (30 mm) using the sliding microtome into six-well
tissue culture plates containing PBSwith 0.02% sodium azide for later
immunostaining. Sections were allowed to free float and were
permeabilized with 0.3% H2O2 for 1 hour, blocked with 5% donkey
serumwith 0.3%TritonX-100 for 2 hours, and incubatedwith primary
Iba-1 (ionized calcium binding adaptor molecule 1) antibody for
48 hours (goat, 1:200; catalog number ab5076; abcam, Cambridge,
MA). Negative controls for the immunostaining consisted of equiva-
lent sections subjected to the same protocol but omitting the primary
antibody. Sections were incubated with biotinylated anti-goat IgG (1:
300; BA-100; Vector Laboratories, Burlingame, CA) followed by ABC
complex for 30minutes (Vectastain EliteKit; Vector Laboratories) and
reaction with diaminobenzidine tetrahydrochloride (DAB) (Sigma-
Aldrich) for 5–15 minutes in Tris, pH 7.7. Sections were washed
multiple times, mounted onto gelatin-coated slides, allowed to air dry
overnight, and coverslipped for analysis.

Image Analyses and Quantitative Assessment of
Immunostaining

For quantitative assessment, measurements of immunoreactivity
within the meningeal layer of the cortical surface were obtained in
brains from HF-PNA5, HF-saline, and control animals. Ten ROIs of
the cortical surface/meningeal sections were randomly identified in
two brains from each group for a total of 20 ROIs per group. Images for
analysis were taken using a 10� objective on an Olympus Imt-2
Inverted Phase Contrast Microscope fitted with an Olympus HD
digital camera. Camera exposure settings were identical for all
images. The level of DAB staining was quantified with NIH ImageJ
software. The ROI manager in ImageJ was used to create a standard-
sized ROI, and this same size ROI was used to analyze each slice.
Identical image acquisition settings were used for all images. To
ensure a uniform background across sections, we use ImageJ back-
ground subtraction prior to thresholding the images. We used an
identical standard ImageJ thresholding tool setting for each image
acquired. These image acquisition control techniques allowed us to
successfully quantify staining that was duplicated in every image that
was compared. From the threshold image, integrated density mea-
surements from each ROI were obtained. Differences between groups
were analyzed using a Student’s t test. All statistical tests and P
values were calculated using Microsoft Excel with Daniel’s XL
Toolbox, and a was set at the 0.05 level. Data are presented as the
mean, with error bars representing the S.E.M.

Results
Glycosylated Ang-(1-7) has Increased In Vitro Life-

time. As illustrated in Fig. 1A, glycosylation of Ang-(1-7)
(DRVYIHP) replaces the seventh residue (proline) with a
serine, and has a glucose sugar moiety attached to the serine
and is amidated on the C terminus, resulting in PNA5. The
molecular weight of PNA5 is 1278 g/mol. Figure 1, B and C,
illustrates the in vitro degradation of Ang-(1-7) andPNA5, and
the exponential fit curves from mean values for 0–60 minutes
for both Ang-(1-7) (r2 5 0.95) and PNA5 (r2 5 0.6) are
reported as mean 6 S.E.M. (n 5 8). After 20 minutes, PNA5
has 89.6% 6 7.9% remaining versus Ang-(1-7) has 6.6% 6
7.9% remaining (*P , 0.05, PNA5, n 5 8; Ang-(1-7), n 5 6;
F 5 18.62, P 5 0.002, one-way ANOVA, Bonferroni post hoc
test). The glucoside analog PNA5 (AT1-6-Ser(OGlc)-NH2)
shows increased serum half-life (t1/2) of 1.0 6 0.2 hour
compared with the native Ang-(1-7) of 0.25 6 0.05 hour.
Glycosylated Ang (1-7) Degradation Analysis. Impor-

tantly, the degradation analysis of PNA5 (Fig. 2) shows that
the primary metabolites are the initial cleavage of the glucose
followed by subsequent degradation at the Ang-(1-6) six
peptide cleavage sites. Figure 2A illustrates the fragmenta-
tion pattern for using LC-MS and MS3 spectra. The targeted
analysis allows for low concentrations of peptide to be
measured (Fig. 2B). The early and largest secondary frag-
ments are Ang-(1-7) “like” with a very similar structure to the
native Ang-(1-7) peptide. We saw no evidence that the
modification via glycosylation yielded harmful degradation
products or products that are not produced by the natural
degradation of endogenous Ang-(1-7).
Comparison of PNA5 to Native Ang-(1-7) In Vivo. Given

the physiochemical changes that glycosylation affords to the
Ang-(1-7) peptide, we hypothesized that we would observe
improved peptide bioavailability in the circulation, as well as
improved concentrations in the brain. As illustrated in Fig. 3,
we measured both serum and CSF levels of both PNA5 and
Ang-(1-7) after 10 mg/kg, i.v., injection in healthy rats. In
serum, PNA5 showed an average Cmax and AUC log fold
increase of 2.6 6 0.1 and 2.4 6 0.1 over Ang-(1-7) (Fig. 3C),
respectively (n5 8). In CSF, CSF showed an averageCmax and
AUC log fold increase of 2.76 0.2 and 2.36 0.1 over Ang-(1-7)
(Fig. 3F), respectively (n 5 8).
Table 1 is a summary of the physiochemical characteristics

of PNA5 compared with Ang-(1-7).
Cardiac Assessment and Behavioral Testing. Our

previously published studies with the native Ang-(1-7) peptide
(Hay et al., 2017) showed that 3 weeks of treatment with
Ang-(1-7) protected and reversed the cognitive impairment
observed in our model of inflammation-induced vascular
dementia in VCID/HF. We hypothesized in the present study
that PNA5 would be similar to, if not better than, Ang-(1-7) at
protecting from VCID/HF-induced cognitive impairment.
The time course for the behavioral experiments is illus-

trated in Fig. 4A. Mice were assigned to groups either
HF-PNA5 (n 5 11), HF-saline (n 5 10), and control (n 5 6)
7 days prior to any interventions. The HF mice then un-
derwent coronary artery ligation and controls received a sham
surgery where the heart was exposed but the coronary artery
was not ligated. Heart function was audited by conscious
echocardiography every 4 weeks. On day 56, PNA5 (1.0mg/kg)
or saline subcutaneous daily injections began and continued
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until day 77. Three days after the last injection, the NOR
test began, and on day 87, a full week after the last PNA5
treatment injection, spatial memory [Morris water maze
(MWM)] began and was completed 11 days after the final
PNA5 injection. Immediately after conclusion of the MWM,
animals were anesthetized and sacrificed, and brains were
processed.
Ventricular Remodeling and Echocardiography. To

examine the pathology of the hearts at the completion of the
12-week study period, hearts were removed, fixed, and stained
with H&E (see Materials and Methods). Representative
sections of H&E-stained hearts are illustrated in Fig. 4B for
control and HF-saline–treated hearts. The myocardium from
the mice that underwent MI exhibited extensive loss of
myocardium within the infarcted segment compared with
control mice. This pattern of wall thinning was evident in all
MI-operated mice, independent of PNA5 or saline treatment.
To measure the progression of change in cardiac function,

we performed serial echocardiography at 1, 4, 8, and 12 weeks
post-MI in the HF mice to correlate the level of cardiac
dysfunction with the cognitive impairment. Figure 4C illus-
trates representative M-mode echocardiographic images from
each experimental group. The changes in the dimensions of
the ventricular chamber after MI impacted cardiac function,
as evidenced by the decrease in cardiac function [percentage
ejection fraction (EF%)] (Fig. 4D). By week 1 post-MI, the EF%
values of the HF-saline and HF-PNA5 groups were signifi-
cantly different from baseline and different from control (week
1: HF-saline, 37.46 3%; HF-PNA5, 36.46 2%; control, 56.46
2%; *P , 0.05). The EF% continued to decline in both
HF-saline and HF-PNA5, both reaching 22.6% by week 12.
From week 1 to 12, the EF% values for HF-saline, HF-PNA5,

and control mice continued to be significantly different. PNA5
treatment did not affect pattern wall thinning or EF.
Effect of PNA5 Treatment on NOR Performance. We

used the NOR test, which is designed to test the ability of an
animal to distinguish between familiar and novel objects, to
determine changes in object recognition memory (Antunes
and Biala, 2012). In the present study, the NOR test was given
to all treatment groups 3 days after the last injection of PNA5.
The results of the NOR test in HF-PNA5 (n5 11), HF-saline

(n 5 10), and control (n 5 6) mice are illustrated in Fig. 5A.
Mean discrimination ratios, taken from the first 2 minutes of
the “test phase,” of HF and control mice after 3 weeks of
treatment with PNA5 and 3 days after the last injection.
A positive score indicates more time spent with the novel
object, whereas a negative score indicates more time spent
with the familiar object. A zero score indicates a null
preference. PNA5 rescued object recognition performance.
HF-PNA5 mice (n 5 11) NOR discrimination ratios
were similar to those of controls (n 5 6) and were significantly
greater than those of the HF-saline mice (n 5 10) (10.38 6 0.1
vs.20.0560.09,F(3,28)5 8.13,P5 0.0004, ANOVA; *P, 0.05).
These results demonstrate that treatment with PNA5 attenu-
ates and even rescues object recognition memory impairment in
our mouse model of VCID/HF-induced cognitive impairment.
To evaluate whether the differences in the results of the

NOR test between the HF mice treated with saline versus
PNA5 were related to differences in the exploration strategies
between groups, we analyzed the total time the mice spent
exploring each of the identical objects during the “familiar-
ization phase” of the NOR test. During the familiarization
phase, the DRatio between two identical objects would be
expected to be near zero, and these data would be expected to

Fig. 1. Structure and in vitro t1/2 of PNA5. (A) Glycosylation of Ang-(1-7) (DRVYIHP) replaces the seventh residue (proline) with a serine and has a
glucose sugar moiety attached to the serine and is amidated on the C terminus, resulting in PNA5. (B) In vitro degradation of Ang-(1-7) and PNA5. Left:
The exponential fit curves from mean values for 0–60 minutes for both Ang-(1-7) (r2 = 0.95) and PNA5 (r2 = 0.6) reported as the mean 6 S.E.M. (n = 8).
Right: Extrapolated time scale of 0–300 minutes. (C) After 20 minutes, PNA5 has 89.6% 6 7.9% remaining vs. Ang-(1-7) with 6.6% + 7.9% remaining.
(*P , 0.05; PNA5, n = 8; Ang-(1-7), n = 6; F = 18.62, P = 0.002, one-way ANOVA, Bonferroni post hoc test.
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be significantly different from the DRatio observed during the
test phase when the mice were presented with both a familiar
and novel object. As illustrated in Fig. 5B, the DRatio obtained
during the familiarization phase is near zero in all three
groups, suggesting that there is no difference in exploration
patterns between the groups.
Effect of PNA5 Treatment on Spatial Memory and

MWM Task Performance. We used the MWM task to
examine changes in spatial memory. The MWM task is
designed to test spatial learning, memory, and cognitive
flexibility (Moser et al., 1995), In the present study, the MWM
taskwas completed 10 days after the last injection of PNA5. As
seen in Fig. 6A, PNA5 treatment improves spatial memory
performance in HF mice. The HF-PNA5 mice (n 5 11) showed
significant improvement in spatial memory on day 3 of the
swim task compared with HF-saline mice (n 5 10) (HF-PNA5
mice, 23.56 3.2; HF-salinemice, 33.06 3.6;F(1,123)5 9.8,P5
0.002, *P , 0.05; one-way ANOVA, Bonferroni post hoc test).
To determine whether treatment with PNA5 improved

memory persistence, we measured the daily savings score in
all groups. The daily savings illustrates the memory persis-
tence between subsequent trial days during the acquisition
phase. The daily savings score was calculated as the CIPL

score from the previous day minus the CIPL score from the
subsequent day. As seen in Fig. 6B, PNA5 treatment (n5 11)
significantly increased the daily savings score compared with
saline alone (n5 10) and was similar to that of controls (n5 6;
day 1–day 2: HF-PNA5 mice, 8.0 6 0.9; HF-saline mice, 4.4 6
0.6; F(1,117) 5 11.1, P 5 0.001, one-way ANOVA, *P , 0.05;
day 2–day 3: HF-PNA5 mice, 6.7 6 0.5; HF-saline mice, 21.7
6 0.3; F(1,123) 5 168.8, P 5 7.8e225, one-way ANOVA, *P ,
0.05; day 3–day 4: HF-PNA5mice,21.56 3.5; HF-salinemice,
11.3 6 4.3; F(1,116) 5 5.19, P 5 0.024, one-way ANOVA,
*P , 0.05).
Reference memory on the probe trial was assessed the day

immediately after the end of the acquisition phase. Reference
memory is assessed by preference for the platform area or
target area when the platform is removed. Treatment with
PNA5 rescued reference memory. As seen in Fig. 6C, treat-
ment with PNA5 (n 5 11) significantly increased the time
spent in the target quadrant compared with saline treatment
(n5 10; HF-PNA5 mice, 10.26 1.1; HF-saline mice, 6.66 1.1;
F(1,56) 5 5.6, P 5 0.02, one-way ANOVA, *P , 0.05).
To determine whether the poor performance of HF-saline

mice was possibly due to differences in visual perception or
swim speed differences, both the HF and control groups were

Fig. 2. PNA5 degradation pathway. (A)
LC-MS and MS3 spectra for PNA5. The
fragmentation pattern for PNA5 was de-
termined, and an analysis was developed
using LC-MSandMS3 spectra. Thismethod
of targeted analysis allows for low concen-
trations of peptide to be measured. A
specific mass was selected and fragmented,
and then another specific mass is selected.
The limits-of-detection ranged from 1 pM to
1 nM for PNA5, depending on the specific
fragmentation. Fragmentation of the [M
+2H]+2 parent peak of this glycosylated
peptide gives one fragment in the MS2,
which is loss of the sugar moiety with high
efficiency. (B) PNA5 fragmentation begins
with early removal of the carbohydrate
(sugar) followed by subsequent degradation
at the six peptide cleavage sites. The early
largest secondary fragments are Ang-(1-7)
likewith very similar structure to the native
Ang-(1-7) peptide. We saw no evidence that
the modification via glycosylation yielded
harmful degradation products or products
that are not produced by the natural
degradation of endogenous Ang-(1-7).
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tested for visual acuity and their average swim speeds were
compared. As seen in Fig. 6D, the average swim speed of the
HF-PNA5 (n 5 11), HF-saline (n 5 10), and control (n 5 6)
mice at 8weeks afterMI surgery were similar, suggesting that
HF induced a reduction in performance of the MWM swim
task that was not due to differences in swimming speed, but
rather due to spatial memory impairment.
Likewise, as seen in Fig. 6E, both the HF and control mice

were equally able to find the visible elevated platform,
suggesting that the visual perception is similar in HF and
control mice.
PNA5 Inhibition of ROS Production. Activation of

the MasR has been shown by others to involve the inhibition
of ROS formation, especially in vascular endothelial cells
(Liu et al., 2012, 2016; Santos et al., 2013, 2017; Chen et al.,
2017). To explore the cellular mechanisms underlying the
ability of PNA5 to protect cognitive function, we examined the
dose-dependent effects of PNA5 on ROS generation in
HUVECs, and the role of the MasR activation on these effects
of PNA5. As seen in Fig. 7, PNA5 MasR activation inhibits
ROS formation. ROS production was measured via DHE
(5 mM, 30 minutes) fluorescence, which was measured using
confocal microscopy (Fig. 7A). ROS production was induced by
incubating HUVECs in angiotensin II (Ang II) (200 nM) for
8 hours. PNA5 (0.1, 1.0, or 2.0 mM) or the MasR antagonist
A779 (5-L-isoleucine-7-D-alanine-1-7-Ang II) (2mM)was added
5 hours prior to Ang II. PNA5 significantly inhibited ROS
generation at all concentrations tested. As seen in Fig. 7B,

PNA5 resulted in a dose-dependent inhibition of ROS pro-
duction. The MasR antagonist A779 blocked the effects of the
PNA5 MasR agonist (*P, 0.05, one-way ANOVA, Bonferroni
post hoc test), suggesting that PNA5 activation of the MasR
inhibits ROS production.
Identification of Circulating Inflammatory Bio-

markers. A key long-term goal of our efforts to develop
PNA5 as a possible therapy for cognitive protection is
to identify circulating biomarkers that correlate with
inflammation-related cognitive impairment and treatment
with PNA5. These data may ultimately lead to patient
stratification to identify responders and nonresponders to
PNA5 treatment. To that end, and to determine the early
inflammatory response during the progression of VCID/HF
and the early effects of 1 week of PNA5 treatment, we used the
MILLIPLEX MAP Mouse High Sensitivity Multiplex Immu-
noassay to measure differences in circulating inflammatory
profiles in animals 2 weeks post-MI and after 1 week of PNA5
treatment. Serum samples were obtained 24 hours after the
last PNA5 treatment. As seen in Fig. 8, using this Multiplex
Immunoassay we were able to analyze the effects of both HF
and PNA5 treatment on a wide array of low-, medium-, and
high-expressing cytokines. As seen in Fig. 9, PNA5 signifi-
cantly inhibited TNF-a (Fig. 9A) (HF-PNA5 mice, 1.04 6 0.5
pg/ml; HF-saline mice, 3.9 6 1.2 pg/ml; P 5 0.03, *P , 0.05),
IL-7 (Fig. 9B) (HF-PNA5 mice, 2.04 6 0.5 pg/ml; HF-saline
mice, 4.4 6 0.6 pg/ml, P 5 0.01, *P , 0.05) and GCSF (Fig.
9C) (HF-PNA5 mice, 239.0 6 10.3 pg/ml; HF-saline mice,

Fig. 3. In vivo brain penetration after injection of the native Ang-(1-7) and PNA5. Both Ang-(1-7) and PNA5 were injected (10 mg/kg, i.v.) and quantified
via dual blood draws and microdialysis. (A–C) Serum measurements. (D–F) CSF measurements. (A) Serum concentrations PNA5 (n = 3) compared with
Ang-(1-7) (n = 3) in serum from 0 to 60 minutes, mean 6 S.E.M. (B) Serum PNA5 Cmax and AUC log fold changes normalized to Ang-(1-7) in all eight
animals tested. (C) PNA5 showed average Cmax and AUC log fold increases of 2.6 6 0.1 and 2.4 6 0.1 over Ang-(1-7), respectively (n = 8). (D) CSF
concentrations of PNA5 (n = 3) compared with Ang-(1-7) (n = 3) in serum from 0 to 60 minutes, mean 6 S.E.M. (E) CSF PNA5 Cmax and AUC log fold
changes normalized to Ang-(1-7) in all eight animals tested. (F) CSF showed average Cmax and AUC log fold increases of 2.7 6 0.2 and 2.3 6 0.1 over
Ang-(1-7), respectively (n = 8).
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436.2 6 77.4, P 5 0.01, *P , 0.05) compared with saline-
treated HF animals. HF alone (HF-saline) increased IL-6
(Fig. 9D) compared with controls. PNA5 trended to inhibit
PNA6 but did not reach significance (HF-PNA5 mice, 9.26
1.8 pg/ml; HF-saline mice, 15.8 6 6.1 pg/ml; control mice,
1.2 6 0.6; control vs. HF-saline mice, P 5 0.02, *P , 0.05),
and MIP1a (Fig. 9E) (HF-PNA5 mice, 70.8 6 11 pg/ml;
HF-saline mice, 67.9 6 6 pg/ml; control mice, 32.6 6 9;
control vs. HF-saline mice, P 5 0.01, *P , 0.05). HF alone
(HF-saline) increased MIP2 (Fig. 9F) compared with con-
trols, and PNA5 increased MIP2 further than HF alone
(HF-saline) (HF-PNA5 mice, 225.6 6 24 pg/ml; HF-saline
mice, 155.8 6 17 pg/ml; control mice, 65.0 6 11; HF-saline
vs. control mice, P 5 0.002; HF-PNA5 vs. HF-saline mice,
P 5 0.04, *P , 0.05).
As seen in Fig. 10, PNA5 significantly increased anti-

inflammatory cytokine IL-10 (Fig. 10A) (HF-PNA5 mice,
25.26 1.4 pg/ml; HF-salinemice, 18.46 2.1 pg/ml;P5 0.02,
*P, 0.05) comparedwith saline-treatedHFanimals. PNA5
significantly increased the ratio of IL-10/TNF-a (Fig. 10B)
(HF-PNA5 ratio, 17.86 5.3; HF-saline, 4.86 0.7; P5 0.03,
*P , 0.05). Differences between groups were analyzed by
using a Student’s t test or one-way ANOVA. All statistical
tests and P values were calculated using Microsoft Excel
with Daniel’s XL Toolbox, and a was set at the 0.05 level.
Error bars represent the S.E.M.
PNA5 and Brain Inflammation. In an effort to de-

termine whether our model of VCID/HF-induced cognitive
impairment results in increased markers of brain inflam-
mation and whether PNA5 modifies those effects, we used
immunohistochemistry to semiquantitatively measure
brain Iba-1 protein expression. As seen in Fig. 11, B and
C, animals with VCID/HF show increased Iba-1 immunos-
taining in the cortical meninges compared with control
animals (Fig. 11D). Treatment with PNA5 decreases Iba-1
immunostaining in the cortical meningeal region of the
brain (Fig. 11A). Daily treatment with PNA5 for 3 weeks
inhibited Iba-1 immunohistochemical expression found in
cells within the meningeal surface layer (Fig. 11E) (HF-
PNA5 mice, 34.6 6 5; HF-saline mice, 85.8 6 19; control
mice, 37.46 8; P5 0.01, *P, 0.05). It is unknown whether
these Iba-1 stained cells are resident microglia or periph-
eral macrophages. Furthermore, these data were obtained
10 days after the final PNA5 injection, suggesting that the
effects of PNA5 to inhibit brain inflammation as measured
by Iba-1–expressing cells in the meninges persists long
after the peptide is known to be cleared from the CSF
(see Fig. 3).

Discussion
In this study we present evidence that the glucoside

derivative of Ang-(1-7), the O-linked glycopeptide PNA5 1)
has increased blood-brain permeability, 2) increased sta-
bility and bioavailability compared with the native Ang-
(1-7) peptide, and 3) inhibits ROS formation in human
endothelial cells viaMasR activation. Finally, we show that
3 weeks of systemic treatment with PNA5 via daily sub-
cutaneous injection in ourmousemodel of VCID/HF rescues
cognitive impairment and results in a sustained decrease in
systemic and brain inflammation. The observed sustained
reversal of cognitive dysfunction suggests that PNA5 mayT
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be a novel “first-in-class” therapy for the treatment of
cognitive impairment in patients with VCID or conditions of
chronic systemic inflammation and compromised brain blood
flow such as that observed in patients with HF.
A New Model of VCID/HF Cognitive Impairment.

Typically, VCID is used as an umbrella term that covers

clinically observed cognitive dysfunction that is caused by
cerebrovascular disease (O’Brien et al., 2003; Hachinski et al.,
2006; Kalaria and Erkinjuntti, 2009; Snyder et al., 2015;
Corriveau et al., 2016; Gorelick et al., 2017). Chronic decreases
in cerebral perfusion, such as that observed in HF with
decreased EF, is also a known cause of VCID and often is

Fig. 5. Effects of PNA5 treatment on NOR task performance in HF and control mice. (A) Mean discrimination ratios, taken from the first 2 minutes of
test phase, of HF and control mice after 3 weeks of treatment with PNA5 and 3 days after the last injection. A positive score indicates more time spent
with the novel object, whereas a negative score indicates more time spent with the familiar object. A zero score indicates a null preference. PNA5 rescued
object recognition performance. HF-PNA5 mice (n = 11) NOR discrimination ratios were similar to those of controls (n = 6) and significantly greater than
those of the HF-saline mice (n = 10) (+0.38 6 0.1 vs. 20.05 6 0.09; F(3,28) = 8.13, P = 0.0004, ANOVA, *P , 0.05). (B) During the familiarization phase
with two identical objects, there was a null preference for the two identical objects for HF+PNA5mice, the HF+saline mice and the control mice (20.046
0.05,20.066 0.1, and20.0076 0.1, respectively). These results suggest that there was no difference in object preference for identical objects during the
familiarization phase.

Fig. 4. Time line for the course of the experiments, and cardiac histology and morphometry in HF and control mice. (A) Representative images of H&E-
stained hearts in longitudinal sections of HF and control mice. (B) Representative M-mode images of HF and control treated with either saline or PNA5.
From M-mode images, parameters of ventricular chamber dimensions and function were determined. (C) EF%. Data are presented as mean 6 S.E.M.
Experimental group numbers are as follows: HF-saline, n = 10; HF-PNA5, n = 10; control, n = 6 (*P, 0.05 from baseline; **P, 0.05 from control group).
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not accompanied by cerebral lesions or stroke (Marshall,
2012; Alosco et al., 2013; Jellinger, 2013; Justin et al., 2013;
Stefansdottir et al., 2013). Indeed, there are a number of
conditions that fall under the category of VCID that result in
alterations to vascular perfusion of the brain and result
in cognitive impairment (Capone et al., 2012). These in-
clude hypotension, cardiac arrest, cardiac arrhythmias, and
chronic HF, all of which are known to result in decreased
brain perfusion and cognitive impairment (Marshall, 2012;
Alosco et al., 2013; Justin et al., 2013; Stefansdottir et al.,
2013). In our mouse model of VCID/HF, EF decreased to
approximately 37% 1 week after MI and decreased further to
28% at 4 weeks post-MI and 22% at the end of 12 weeks of the
study. After 12 weeks, our model results in a 30% decrease in
EF and a significant decline in cognitive function that was
accompanied increased systemic inflammation and brain
Iba-1 meningeal staining consistent with brain inflamma-
tion. Our model of VCID/HF is consistent with reports in
older human patients who have chronic HF with impaired
EF, who present with cognitive impairment and increased
risk of AD (de la Torre, 2000). It has been hypothesized that
there exists a Critically Attained Threshold of Cerebral

Hypoperfusion, and when this threshold is exceeded, as it
is in chronic HF with decreased EF, the decrease in cerebral
blood results in oxygen deprivation initiating a chronic
systemic and CNS inflammatory response, ultimately result-
ing in a decline in brain energetics and ultimately in
function.
PNA5 Shows Sustained Cognitive Protective Activ-

ity. Our results suggest that PNA5, our glycosylated deriva-
tive of Ang-(1-7), not only shows improved brain penetration,
selective MasR activation, and anti-inflammatory properties,
but also that the cognitive protective effects of PNA5 sub-
cutaneous daily therapy in our VCIDmodel results in extended
protection beyond the measured serum t1/2 of the peptide.
Indeed, we observed cognitive protection as measured in the
MWM test up to 10 days past the last dose of PNA5. This
extended biologic t1/2 is consistent with what has been reported
for other GPRC peptide agonists that activate second- and
third-messenger systems, thus extending the effects of receptor
activation. These results may suggest that optimal PNA5
dosing may require only once-weekly dosing after a sustained
daily-loading dose. The optimization of dose frequency will be
determined in future planned IND enabling studies.

Fig. 6. Effects of PNA5 treatment on MWM swim task performance in HF mice. (A) The mean CIPLs for HF-PNA5 (n = 11), HF-saline (n = 10), and
control (n = 6) mice after 3 weeks of treatment with PNA5 and 7 days after the last injection. PNA5 improves spatial memory performance in HF mice.
The HF-PNA5 mice (n = 11) showed significant improvement in spatial memory on day 3 of the swim task compared with HF-saline mice (n = 10; *P ,
0.05; **P, 0.05 HF-saline vs. control mice, one-way ANOVA, Bonferroni post hoc test). (B) The daily savings illustrate the memory persistence between
subsequent trial days during the acquisition phase. The daily savings score was calculated as the CIPL score from the previous dayminus the CIPL score
from the subsequent day. PNA5 treatment (n = 11) significantly increased the daily savings score compared with saline alone (n = 10) and was similar to
that of controls n = 6 (day 1–day 2: HF-PNA5mice, 8.06 0.9; HF-saline mice, 4.46 0.6; F(1,117) = 11.1, P = 0.001, one-way ANOVA, *P, 0.05; day 2–day
3: HF-PNA5mice, 6.76 0.5; HF-saline mice,21.76 0.3; F(1,123) = 168.8, P = 7.8e225, one-way ANOVA, *P, 0.05; day 3–day 4: HF-PNA5 mice,21.56
3.5; HF-saline mice, 11.3 6 4.3; F(1,116) = 5.19, P = 0.024, one-way ANOVA, *P , 0.05). (C) Results from the probe trial illustrating time spent in the
target quadrant. Treatment with PNA5 (n = 11) significantly increased time spent in the target quadrant compared with saline treatment (n = 10).
HF-PNA5mice, 10.26 1.1; HF-saline mice, 6.66 1.1; F(1,56) = 5.6, P = 0.02, one-way ANOVA, *P, 0.05). (D) The average swim speeds of the HF-PNA5
(n = 11), HF-saline (n = 10), and control (n = 6) mice at 8 weeks post-MI surgery were similar. (E) There were no differences between the HF and control
mice in the ability to find the elevated platform, suggesting that the visual acuity is the same in HF and control mice.
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Inflammation, VCID/HF, and Brain Function. Sub-
stantial evidence links increases in systemic inflammation to
impaired cognitive function. Studies in patients with HF have
shown that increases in inflammatory factors such as IL-1a
and IL-6 are strongly correlated with decreased cognitive
performance (Ramlawi et al., 2006; Rudolph et al., 2008;

Gorelick et al., 2017). HF is also known to be associated with
increases in ROS production, TNF-a, cyclooxygenase 2 activa-
tion, and increased prostaglandin synthesis (Darley-Usmar
et al., 1997; Gao et al., 2004; Felder et al., 2009). Circulating
inflammatory cytokines result in a feedforward cascade that
contributes to neuronal dysfunction by increasing brain ROS

Fig. 7. PNA5 MasR activation inhibits ROS formation in HUVECs. ROS production was measured via DHE (5 mM, 30 minutes) fluorescence measured
using confocal microscopy. ROS production was induced by incubating HUVECs in Ang II (200 nM) for 8 hours. PNA5 or theMasR antagonist (2 mM)was
added 5 hours prior to Ang II. Measurements are an average of DHE integrated density from 10 to 20 cells per group. (A) Representative
photomicrographs of Ang II (200 nM), Ang II + PNA5 (100 nM), and Ang II + PNA5 + A779 (2 mM). (B) PNA5 significantly inhibited ROS generation at all
concentrations tested. The MasR antagonist A779 blocked effects of the PNA5 MasR agonist (*P , 0.05, one-way ANOVA, Bonferroni post hoc test).

Fig. 8. Effects of PNA5 on serum inflammatory biomarkers. One week post-MI, mice were administered (1 mg/kg) PNA5 or saline by subcutaneous
injection for 1 week (three groups, n = 6–8 each). Control mice were given saline. Two weeks post-MI, blood was collected from HF and control mice in
murine EDTA tubes, centrifuged to obtain plasma, and rapidly frozen in liquid nitrogen. Plasma cytokines, chemokines, and additional inflammatory
analytes were detected and quantified by multiplex immunoassay using a MAGPIX Multiplexing Instrument and accompanying Multiplex Analyst
software (EMD Millipore). The results were sorted according to the level of expression of cytokines: Low (A), Medium (B), or High (C). Shown are
the absolute levels of expression of each cytokine in HF-PNA5 (n = 8), HF-saline (n = 7) and control (n = 6) animals. *P , 0.05 HF-PNA5 vs. PF-saline;
#P , 0.05 HF-PNA5 vs. control; ANOVA. All samples were run in triplicate.
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production and activating inflammatory pathways in the
brain. This inflammatory cascade is thought to affect
the entire neurovascular unit, including endothelial cells of
the brain microvasculature as well as microglia, astrocytes,
and neurons, and ultimately to impair cognitive function.
In the present study, we first identified circulating inflam-

matory biomarkers that are associated with the progression of
ourVCID/HF cognitive impairmentmodel. The identification of

biomarkerswill be critical for the clinical development of PNA5.
Importantly, clinically relevant and easy to acquire biomarkers
at the onset of treatment will be necessary to identify patients
likely to show positive cognitive effects. We found that after EF
had been reduced to approximately 30% (2 weeks post-MI),
there were significant increases in IL-6, IL-9, MIP1a (CCL3),
MIP2 (CXC ligand 2), and GCSF in the HF-saline animals
compared with controls. This change in circulating cytokine

Fig. 10. PNA5 facilitation of anti-inflammatory cytokines. PNA5 significantly increased levels of the anti-inflammatory cytokine IL-10 (A) (HF-PNA5
mice, 25.26 1.4 pg/ml; HF-saline mice, 18.46 2.1 pg/ml; P = 0.02; *P, 0.05) compared with saline-treated HF animals. PNA5 significantly increased the
ratio of IL-10/TNF-a (B) (HF/PNA5 ratio, 17.86 5.3; HF/saline ratio, 4.86 0.7;P = 0.03; *P, 0.05). Differences between groups were analyzed by using a
Student’s t test or one-way ANOVA. All statistical tests and P values were calculated using Microsoft Excel with Daniel’s XL Toolbox, and a was set at
the 0.05 level. Error bars represent the S.E.M.

Fig. 9. PNA5 inhibition of proinflammatory cytokines. Figure 9 illustrates those cytokines in Fig. 8 that showed a significant treatment effect of PNA5.
PNA5 significantly inhibited TNF-a (HF-PNA5 mice, 1.04 6 0.5 pg/ml; HF-saline mice, 3.9 6 1.2 pg/ml; P = 0.03; *P , 0.05) (A), IL-7 (HF-PNA5 mice,
2.04 + 0.5 pg/ml; HF-saline mice, 4.4 + 0.6 pg/ml; P = 0.01; *P , 0.05) (B), and GCSF (HF-PNA5 mice, 239.06 10.3 pg/ml; HF-saline mice, 436.26 77.4;
P = 0.01; *P, 0.05) (C) compared with saline-treated HF animals. HF alone (HF-saline) increased IL-6 levels compared with those in controls (D). PNA5
trended to inhibit IL-6 but did not reach significance (HF-PNA5 mice, 9.2 6 1.8 pg/ml; HF-saline mice, 15.8 6 6.1 pg/ml; control mice, 1.2 6 0.6; control
vs. HF-saline mice, P = 0.02, *P, 0.05.) HF alone also increased MIP1a levels (HF-PNA5 mice, 70.86 11 pg/ml; HF-saline mice, 67.96 6 pg/ml; control
mice, 32.6 6 9; control vs. HF-saline mice, P = 0.01; *P , 0.05). HF-saline (E) increased MIP2 (F) compared with controls, and PNA5 increased MIP2
further than HF-saline (F) (HF-PNA5 mice, 225.6 6 24 pg/ml; HF-saline mice, 155.8 6 17 pg/ml; control mice, 65.0 6 11; HF-saline vs. control mice,
P = 0.002; HF-PNA5 vs. HF-saline mice, P = 0.04; *P , 0.05.
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patterns during the development of HF has beenwell described
by others. It has been suggested that the expression patterns of
some cytokines and chemokines change during the progression
of heart disease (Dick and Epelman, 2016). During the initial
response to the MI, it is thought that there is an activation of
cellular mechanisms needed for repair and that this initial
physiologic immune response is necessary for repairing and
re-establishing heart homeostasis. As the HF progresses, the
physiologic inflammatory repair response converts to a patho-
physiological process, leading to ventricular dysfunction and
advanced cardiac disease (Mann, 2015). Thus, the inflamma-
tory system has a dual role, including both physiologic and
pathologic mechanisms (Gordon, 2008). It is this inflammatory
profile and inflammatory time course in our VCID/HF mouse
model that ultimately influences cognition. We have hypothe-
sized that systemicPNA5,whichhas improvedbrain penetration
compared with the native Ang-(1-7) peptide, improves cognitive
function by inhibiting ROS production and this inflammatory
cascade at MasR sites on both vascular endothelial cells and
within the brain itself. Furthermore, Ang-(1-7) is known to
improve blood flow via increases in endothelial nitric oxide
release and to promote brain angiogenesis, thus improving brain
oxygen delivery (Jiang et al., 2014). Both of these mechanisms
would be expected to improve neuronal function and cognition.
Treatment with PNA5 inhibited the production of TNF-a

and IL-7 and increased the IL-10/TNF-a ratio. TNF-a is a
cytokine with proinflammatory properties that has a role in

cognitive changes during aging. In a study of cytokine
expression in the choroid plexus of patients with AD,
TNF was identified as the top upstream regulatory cyto-
kine (Steeland et al., 2018). TNF-a can potentiate astroglial
response to inflammation (Hensley, 2010) and induces the
production of other neurodegenerative cytokines, such as IL-1,
within the brain (Akiyama et al., 2000). Further, neutraliza-
tion of TNF-a through antibodies developed for the treatment
of inflammatory diseases (e.g., etanercept) reduced neurode-
generative processes (Tobinick et al., 2006; Butchart et al.,
2015; Chou et al., 2016). Therefore, downregulation of TNF-a
signaling may be a mechanism by which PNA5 improved
cognitive outcomes in our HF model.
Treatment with PNA5 also increased IL-10 concentrations

and the IL-10/TNF-a ratio. IL-10 is cytokine with anti-
inflammatory properties that inhibits the production of proin-
flammatory cytokines. Cognitive impairment in IL-10–deficient
mice after exposure to an inflammatory stimuli is exacerbated
(Richwine et al., 2009), and we hypothesize that PNA5 is anti-
inflammatory agent because of, in part, increases in IL-10
production (Liu et al., 2012, 2016; Khajah et al., 2016).
We have also shown that PNA5 inhibits Iba-1 microglia/

macrophage accumulation in the subarachnoid spaces. The
protein Iba-1 is a calcium-binding protein that is known to be
expressed in microglia andmacrophages in the brain (Shapiro
et al., 2009; Chinnery et al., 2010) in the cortical meningeal
and subarachnoid regions of the brain, and shows increased

Fig. 11. Immunohistochemical analysis of the effect of PNA5 on Iba-1 levels in the brain. Quantitative analysis of Iba-1 immunohistochemical staining
in the brain meningeal surface in HF-PNA5, HF-saline, and control animals 10 days after the last injection of PNA5 or saline. Daily treatment with
PNA5 for 3 weeks inhibited Iba-1 immunohistochemical expression found within the meningeal surface layer. Importantly, this effect persisted 1 week
after the end of PNA5 treatment, even while HF was still present. The level of DAB staining was quantified with NIH ImageJ software. The ROI
manager in ImageJ was used to create a standard-sized ROI, and this same size ROI was used to analyze each slice. Identical image acquisition settings
were used for all images. To ensure a uniform background across sections, we used ImageJ background subtraction prior to thresholding the images. We
used an identical standard ImageJ thresholding tool setting for each image acquired. These image acquisition control techniques allowed us to
successfully quantify staining that was duplicated in every image that was compared. From the threshold image, integrated density measurements from
each ROI were obtained. Differences between groups were analyzed using a Student’s t test (*P , 0.05).
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expression during hypoxic insult, injury, and brain disease
(Braun et al., 1993; Matyszak and Perry, 1996; McMenamin,
1999; Harrison-Brown et al., 2016; Prinz et al., 2017; Zrzavy
et al., 2017). Microglia are known to display multiple pheno-
types depending on the physiologic or pathophysiological
situation. Generally, in the absence of stress or disease,
microglia maintain an M2 phenotype associated with neuro-
protection and repair and in the maintenance of healthy
synapsis via synaptic pruning, neurogenesis, and immune
surveillance. Under chronic neuroinflammatory conditions
such as HF, microglia display phenotypic alterations and
transition to an M1 primed state, which is proinflammatory.
Microglia are activated in several neurodegenerative diseases
including Parkinson’s disease, AD, and multiple sclerosis.
Furthermore, microglia can be activated by hypoxia, trauma,
stroke, and systemic inflammation such as that observed in
patients with HF or diabetes (Durafourt et al., 2012; Melief
et al., 2012). Microglia activation results in increased ROS
production, cytokine production, and activation of brain in-
flammatory pathways that contribute to neuronal dysfunction
and cognitive impairment, including memory loss (Streit
et al., 2004; Hein et al., 2010; Matousek et al., 2010).
In our VCID mouse model, we observed a significant

increase in Iba1 immunoreactivity that suggests HF induction
of M1 primed microglia in the subarachnoid regions that may
be contributing to neuroinflammation and cognitive impair-
ment. Treatment with PNA5 inhibited the Iba-1 immunore-
activity and presumably microglia activation, and this was
correlated with a reversal of the cognitive impairment in our
VCID model.
The studies presented here do have some limitations. First,

the PK studies in CSF and plasma were performed in rats,
whereas the behavior studies were performed inmice. There is
some concern that themetabolism of PNA5may differ in these
two species. As we progress with the development of PNA5 for
the clinic, we will fully explore the PK values and toxicology in
two species as required for IND submission. Second, the use of
peptides as therapeutic agents, although gaining in popular-
ity, is not without limitations. These often include relatively
short t1/2 values and limited oral availability. However, as we
have observed in the present study, daily treatment with
PNA5 does result in sustained effects beyond the elimination
of the peptide suggesting a sustained effect. In future studies,
we plan on overcoming these limitations by exploring novel

extended-release formulations and possible microneedle
patch applications.
In conclusion, our results show that daily treatment with

the glycosylated Ang-(1-7) peptide PNA5 results in the in-
hibition of VCID/HF-induced inflammation and rescues im-
paired cognitive function. These effects of PNA5 persist for at
least 10 days beyond the peptide t1/2. Data from this study
and results by others with the native Ang-(1-7) (Ferrario,
2006; Zheng et al., 2014; Chang et al., 2016; Salminen et al.,
2017) suggest that the mechanisms underlying the cognitive
protective effects of PNA5 include decreases in vascular
endothelial ROS, decreases in inflammatory cytokines, and
improvements in cerebral blood flow. Together, these inter-
related pathways work to restore health to the neurovascular
unit, resulting in neuroprotection and restoration of cogni-
tive function. Figure 12 is an illustration of the multiple
pathways by which PNA5 activation of the MasR is sug-
gested to result in neuroprotection and decreased risk for
VCID and AD and related dementias. We suggest that PNA5
is an excellent candidate as a novel treatment of VICD and
inflammatory diseases related to brain impairment.
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