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Abstract.

Background: Alzheimer’s disease (AD) has become a worldwide crisis with no effective therapeutic options. The medications
currently available for AD are only palliative; their effect is temporary, and they are associated with unfavorable side effects.
Even the newest medication aducanumab, granted accelerated FDA approval in 2021, failed to show cognitive benefits in
clinical trials and continued approval requires verification in subsequent clinical trials. There is an urgent need for safe and
effective therapies to preserve cognition and effectively manage AD. Generally, a new drug product takes several years for
FDA approval and exceeds 2.5 billion dollars in research and development, with most new drug products never even reaching
the market. This has led to a recent shift for repurposing/repositioning existing FDA-approved medications, to new therapeutic
indications.

Objective: To investigate the effects of long-term treatment with candesartan, an FDA-approved angiotensin-II type-1 receptor
blocker (ARB), on the development of cognitive impairment associated with premature aging.

Methods: Candesartan was given at a dose of 1 mg/kg/d in an AD model of senescence-accelerated mouse prone-8 (SAMPS)
and senescence-accelerated mouse resistant (SAMRI1) mice. Oral treatment with candesartan or vehicle was started, in
2-month-old mice and administered continuously for 4-months.

Results: Low-dose candesartan prevented the development of cognitive impairment, otherwise associated with accelerated
aging, in SAMPS8 mice, by reducing inflammation and nitro-oxidative stress. Candesartan did not affect the cognitive function
of control SAMRI mice.

Conclusion: Early ARB treatment might be beneficial in preventing age-related cognitive deficits in AD-prone individuals.
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total costs surpassing cardiovascular disease and can-
cer combined [1]. Unfortunately, all the medications
currently approved for AD do not reverse or delay the
disease’s progressive nature. Such agents serve only
as palliative measures, their efficacy is reduced over
time, and they are often associated with unfavorable
side effects [1].

Even the newest medication aducanumab
(Aduhelm), a monoclonal anti-amyloid antibody
available as an intravenous infusion and recently
granted accelerated FDA approval in 2021 [2]. This
agent was authorized for use based merely on its abil-
ity to reduce amyloid-f3 (Af), a “surrogate endpoint”
deemed likely to predict clinical benefit, and not on
actual “functional” criteria like cognition. It is also
associated with a high incidence (>10%) of adverse
reactions, including but not limited to headaches,
brain edema, and microhemorrhages. Continued
FDA approval of this agent may be contingent upon
verifying clinical benefit in confirmatory trials [2].
This is especially important given the disappointing
results of this and similarly novel drug products
targeting A in exorbitant, high-profile clinical trials
[3].

All efforts to develop new and more effective
treatments for AD have been unsuccessful thus far
and have led a large portion of the research com-
munity to investigate licensed drugs with potential
pharmacological effects applicable to neurodegener-
ative diseases. This strategy of repurposing existing
medications currently approved by the FDA to
new therapeutic indications, also referred to as
“drug repurposing,” has been successful in many
other areas, including cancer and cardiovascular dis-
eases, and effectively minimizes wasted time, effort,
resources, and cost [1, 4].

Angiotensin II type 1 receptor (AT1R) blockers
(ARBs) are a class of drugs used for the prevention
and treatment of cardiovascular disease and have also
been shown to protect against cognitive impairment in
various clinical and experimental settings [1]. We and
others have shown that the positive effect of ARBs
on cognition occurs directly by selectively blocking
the AT1R and indirectly, by allowing an unopposed
stimulation of the neuroprotective AT2R pathway, by
the unbound Ang II [1, 5, 6].

While ARBs share a distinctive imidazole phar-
macophore responsible for their common “class
effect,” this group is chemically heterogeneous. This
is mainly the result of the different substituents,
which result in varying physicochemical proper-

ties and pharmacokinetic profiles. Candesartan is an
FDA-approved ARB indicated for the treatment of
hypertension in both adults and children and also for
heart failure [7]. It has the strongest AT1R blocking
properties of its class [8] and was selected for our
study based on its myriad of advantages, including
but not limited to its ability to cross the blood-brain
barrier (BBB) [9] in addition to the extensive data
supporting its benefits in cognition [1].

This ARB effectively preserved cognitive func-
tion in young [5] and aged [10] hypertensive animals
post-ischemic insult. Even when drug initiation was
delayed [5, 10]. The cognitive benefits of candesar-
tan went far beyond its effect on BP, as these were
also seen with low sub-hypotensive doses [5]. Can-
desartan also prevented the cognitive deterioration
resulting from traumatic brain injuries [11, 12], as
well as that induced by chronic stress [13] and
diabetes [14]. This current study is the first to inves-
tigate the long-term effects of candesartan on the
development of cognitive impairment associated with
premature aging.

The greatest known risk factor for AD is aging,
and the majority (~50%) of people with AD are
age 65 and older. In this study, we chose to use
senescence-accelerated mouse prone 8 (SAMPS) and
senescence-resistant control (SAMRI1) mice. The
SAMPS is a spontaneous mouse model that displays
age-related learning and memory disorders similar
to AD [15-17]. The phenotype of this particular
inbred strain (SAMPS8) closely mirrors many of the
complex cognitive symptoms, behavioral traits, and
neuropathological features of individuals with spo-
radic AD (sAD) [15-17]. SAMPS8 animals undergo
accelerated brain/CNS aging and possess a relatively
short lifespan (average ~ 9.7 months) with an early
onset of cognitive deficits and emotional disturbances
[16]. Therefore, it is particularly well suited to study
the “transitional switch” between aging and AD. This
model of cognitive aging is not only well established;
it has even been suggested to represent the complex-
ity of the human disease much more accurately than
any other model, including transgenic mouse lines,
because of the multifactorial nature of clinical AD
[16, 18]. The SAMRI strain was used to serve as a
normal aging control. This strain has a background
similar to SAMPS8 but does not develop the accel-
erated brain/CNS aging or cognitive symptoms seen
in SAMPS animals and is the representative control
strain for pre-clinical studies employing SAMPS ani-
mals [15-17]. Oral treatment, with candesartan or
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Experimental Design-Time Line
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Fig. 1. Schematic Depiction: Overall Experimental Design. This was a long-term pre-clinical study designed to investigate the effects of
continuous treatment with Candesartan on cognitive function, inflammatory mediators, and oxidative biomarkers in an age accelerated model

of sAD.

vehicle, was started in 2-month-old animals of both
sexes (an early stage at which there are no apparent
cognitive differences between the strains) and con-
tinued for 4 months [16]. Cognitive function was
monitored using spatial learning, short-term/working
memory, and long-term reference memory (aspects
of cognition known to diminish with advanced age)
tests.

MATERIALS AND METHODS
Experimental design

A total of 50 young adults, 2 months old,
SAMP8/SAMRI1 mice of both sexes, breeding pairs
obtained from (Envigo “Formerly Harlan” Labora-
tories, Inc.) were housed under standard conditions
(temperature 21-25°C, humidity 45-50%) on a
12:12h light-dark cycle. Male and female animals
were housed in separate cages. These animals had
free access to food and water and were randomly
assigned to receive daily candesartan cilexetil (TCV-
116) or vehicle (5% Arabic gum) for 4 months before
starting experiments. Treatments were incorporated
into the drinking water and adjusted according to
the animals’ average daily intake of water, which

was monitored periodically to provide them with
a 1 mg/kg/d dose of candesartan (Fig. 1), a dose
previously established to provide cognitive benefits
in aged animals [10, 19]. Treatments were pre-
pared in a blinded manner as previously described
[10]. The complete set of data was reported and
included in the final data analyses for each ani-
mal that survived and completed the full course
of treatment and all the necessary behavioral tests
required for this study. Experiments were conducted
by the U.S Public Health Service Policy on Humane
Care and Use of Laboratory Animal guidelines
[10]. Moreover, all procedures were approved by
the Institutional Animal Care and Use Committee
(IACUC, Protocol # 20-0204.0) at the University
of Tennessee Health Sciences Center. Functional
(cognitive/behavioral) outcomes were assessed using
validated, reproducible tests and reported by the most
recent ARRIVE guidelines 2.0 (Animal Research:
Reporting of in Vivo Experiments-Updated guide-
lines for reporting animal research) [20, 21].

Memory, cognitive, and neurobehavioral testing

AD is fundamentally a clinical diagnosis,
with functional (cognitive/neurobehavioral) out-
comes serving as the primary criteria (cornerstone
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for diagnosis) in clinical practice [1, 22]. Moreover,
large clinical studies currently focus on behavioral
and functional outcomes as the main measure of
therapeutic success [1, 22]. Our focus, therefore,
centers on pre-clinical applicable measures, using
tests established to simulate those employed in the
clinic. Behavioral tests were initiated 4 months after
continuous treatment and performed under standard
conditions during the animal’s natural active cycle
to ensure reliable results [23]. The testing sequence
was selected based on recommendations of a neu-
robehavioral specialistin a way designed to minimize
task interference, such that tasks with aversive com-
ponents, i.e., Morris Water Maze (MWM) training
sessions and probe test, used for assessing spatial
learning and long-term/reference memory respec-
tively, were conducted after the non-aversive Novel
Object Recognition (NOR) test of non-spatial work-
ing memory [23].

The Novel Object Recognition (NOR) test

The NOR test evaluated non-spatial, short-term
working memory [24]. This test is based on the nat-
ural tendency of an animal to explore and interact
with a novel object more than a familiar one. It con-
sists of two trials separated by a retention period and
preceded by a habituation phase. The latter was con-
ducted before the start of the test to allow animals
to acclimatize to their arena. On the designated test
day, each animal was first introduced into the arena
(standard size 45 x 45 x 35 cm), containing 2 iden-
tical sample objects (acquisition/sample trial), and
allowed to explore these for 10 min. Following sam-
ple object exposure, the animal was returned to its
home cage for a 1-h retention period. The 2™ pref-
erence/test trial (5 min), which follows the retention
period, was conducted the same way as the 15¢ trial,
except that a new/novel object replaced one of the
familiar/sample objects. All tests were recorded, and
video tracked by Etho-Vision XT 7 automated track-
ing system (Noldus, Leesburg, VA, USA). The time
spent exploring each object during the preference/test
trial was computed by the software and used to cal-
culate the 1) Discrimination index (DI), which is the
difference in exploration time for the different objects
divided by the total time of exploration, as well as the
2) Recognition index (RI), which is the time spent
exploring the novel object relative to the total time of
exploration, both of which are established indicators
of working memory.

[DI=(Tn — Tp)/(Tn + Tr)]
[RI = Tn/(TN + Tr)l

T n and T g are the times spent exploring the
novel and familiar object, respectively. The greater
the value for DI or RI, the better the memory [5, 10,
24, 26].

The Morris Water Maze (MWM)

The MWM was used to assess spatial learning
and long-term/reference memory, and motor perfor-
mance. All water maze tests were conducted in a
large circular pool of water, 120cm in diameter,
55 cm in height, filled to a depth of 35+ 1 cm with
water, made opaque using non-toxic white tempera
paint (Crayola) and maintained at 25 4= 2°C. The pool
was separated into quadrants designated northeast
(NE), northwest (NW), southeast (SE), and south-
west (SW), based on the 4 equally spaced cardinal
points N (North), S (South), E (East), and W (West)
around the edge of the pool. These quadrants (NW)
contained a transparent escape platform (10.5cm
diameter), submerged 1.5cm below the water sur-
face and obscured from view. The platform remained
in the same quadrant during the entire experiment.
Visual extra-maze cues were mounted to aid spatial
navigation. Learning/acquisition and spatial refer-
ence memory/consolidation were assessed with daily
training sessions followed by a standard place probe
test. The probe test was conducted 24 h after the last
daily training session; all procedures were kept the
same, but the platform was removed, and mice were
allowed to swim for 60 s to find it. All animals’
swim patterns were monitored, and video recorded
by ANY-maze (Stoelting, Wood Dale, IL, USA)
computerized tracking software. The tracking soft-
ware calculated the desired assessment parameters,
which were evaluated and compared between treat-
ment groups at different time points. Performance
in the training sessions was assessed by the mean
escape latency time to find the platform (s), which is
inversely proportional to cognitive performance. Spa-
tial reference memory/ consolidation was assessed by
measuring the number of entries into the target quad-
rant and the time spent in the target quadrant/zones
(higher values indicate better outcomes) [10, 27].

BP measurements (SAM animals)

Systolic blood pressure (SBP) and mean arterial
pressure (MAP) were measured in conscious animals
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by a non-invasive tail-cuff plethysmography tech-
nique using the CODA® HT System with 6 activated
channels (Kent Scientific, Torrington, CT, USA).
BP was measured at the same time of day in both
the control and experimental groups to avoid circa-
dian effects. During blood measurement, mice were
restrained on heating pads maintained at 35-37°C.
According to the manufacturer’s protocol, heart rate
and blood pressure were continuously recorded using
volume pressure recording (VPR) sensor technology,
with 10 successive measurements taken to calculate
an average value [28].

Animal sacrifice and tissue collection

Animals were anesthetized, and their brains
were collected for biochemical determina-
tions/quantitative assays as described previously [10,
27].

Protein expression

Protein expression of a standard panel of inflamma-
tory mediators (IFN-v, IL-1p3, IL-2, IL-4, IL-5, IL-6,
KC/GRO, IL-10, IL-12p70, TNF-a0) was achieved
using a species-specific MSD V-plex, multi-array
proinflammatory electrochemiluminescence detec-
tion kit (Catalog # K15048D-1) This kit has been
used by multiple groups [29-32], and was used for
the simultaneous measurement of multiple inflamma-
tory biomarkers in hippocampal lysates according to
the manufacturer’s protocol.

Western blotting

Brain/tissue samples were homogenized and pro-
cessed for western blotting, as previously described
[ 27]. The primary antibodies included TRX
(1:1,000; Cell signaling) and 3-actin (1:2,000 A5316,
Sigma) with the respective horseradish peroxidase-
conjugated secondary antibody (1:10,000, Sigma
Sigma-Aldrich, St. Louis, MO). Protein levels and
integrated density/area were analyzed using Image
J software (NIH, Bethesda, MD) and normalized to
B-actin/loading control [27].

Slot/dot blot analysis

Mouse hippocampal lysates containing equivalent
amounts of total protein (20 pg) were spotted onto a
nitrocellulose membrane, enclosed within a slot blot
microfiltration unit as described in the previous report

with slight modifications [ 27]. The primary antibod-
ies specific for the desired proteins are either anti-
nitrotyrosine (1:1000, Millipore, Saint Louis, MO,
USA, catalog#05-233) or anti-4-hydroxynonenal
(4-HNE) (1:1000, StressMarq Biosciences Victo-
ria, BC V8N, Canada; catalog# SMC-511), with
their respective horseradish, peroxidase-conjugated
2° antibodies (1:10,000, Sigma Sigma-Aldrich, St.
Louis, MO) were used. Protein levels and integrated
density/area were analyzed using Image J software
(NIH, Bethesda, MD) and normalized to total protein
[33, 34].

Statistical analysis

All statistical analyses were completed using the
GraphPad/Prism 8.0 software, with statistical sig-
nificance assessed at an alpha level of 0.05, unless
otherwise specified. Cognitive/functional outcomes,
molecular parameters, and behavioral data/measures
among the experimental groups were evaluated by
one-way analysis of variance (ANOVA) at specific
time points, followed by Tukey-Kramer multiple
comparison tests to examine post hoc pair-wise dif-
ferences. Descriptive statistics for behavioral data
measures in animals, within-group, and at vari-
ous indicated measurement times were determined
and expressed as mean £+ SEM. For MWM learn-
ing/training sessions, a 2-way repeated-measures
ANOVA/lotled model, with Greenhouse-Geisser cor-
rection, was used to examine differences in learning
patterns between the 4 groups over time [10].

RESULTS

Candesartan did not affect the body weight
trajectory of SAMRI or SAMP8 mice

Animal body weight remained relatively stable, for
each strain, throughout the full duration of the study.
Although SAMP8 animals showed overall lower
body weight than age matched SAMRI animals,
this trend was not affected by candesartan treatment
in either of the 2 strains at any time (Fig. 2A).
Moreover, mean fluid intake was consistent between
groups throughout the study and ranged between
0.15-0.2 mL/g/day.

Candesartan did not affect the BP of SAMRI or
SAMPS8 mice

There were no differences in blood pressure
between SAMR1 and SAMPS animals at 6 months of
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Fig. 2. Effect of strain (SAMRI versus SAMPS) and long-term candesartan treatment on (A) body weight, (B, C) blood pressure, and (D,
E) motor performance. Repeated measures ANOVA/mixed models were used to examine differences in body weights between the 4 groups
over time, with statistical significance for post hoc pair-wise comparisons, denoted by *p <0.05. Systolic and mean arterial blood pressures
were obtained by non-invasive tail-cuff plethysmography, and differences between the groups were assessed by one-way analysis of variance
with a Tukey-Kramer multiple comparisons test used to examine post hoc pair-wise differences. This was also used to compare differences
in swim speeds, and total distance traveled on the MWM test for motor performance (n & 10 animals/group,=SEM, *p <0.05).

age. Moreover, SAMP8 and SAMRI animals treated
long-term with candesartan (1 mg/kg/day) had sim-
ilar systolic blood pressure (SBP) and mean arterial
pressure (MAP) readings (Fig. 2B, C), as measured
by non-invasive tail-cuff plethysmography as those
of vehicle-treated controls. BP ranges were very sim-
ilar among all 4 groups, irrespective of strain or
treatment.

Candesartan did not affect the motor function of
SAMRI or SAMPS8 mice

All 4 groups appeared to have dexterous limb
movement and a relatively comparable overall motor
performance, including an ability to effortlessly
climb the escape platform in addition to ambulating
an open arena with excellent coordination and appro-
priate gait. Nevertheless, SAMPS8 animals displayed
significantly lower swim speeds and total distance
traveled (Fig. 2D, E) on the MWM probe test com-
pared with age matched SAMR1animals. This was
in line with the findings of others [35] and was not
affected by candesartan.

Candesartan prevented declines in the
non-spatial, short-term working memory of
SAMPS8 mice

SAMPS8 animals had significantly lower recog-
nition and discrimination indices, on the novel
object recognition test, compared to age matched
SAMRI1 animals (Fig. 3). This defect in non-spatial
working memory was not apparent in SAMPS8 ani-
mals continually treated with candesartan. These
candesartan-treated animals showed a higher affinity
for the novel object during the preference test and had
RI and DI values similar to those of control SAMRI1
animals, indicating preserved non-spatial working
memory. Although candesartan resulted in benefits
in SAMPS animals, it had no significant effects on
the non-spatial working memory of control SAMR1
mice.

Candesartan facilitated learning & improved the
spatial working memory of SAMPS mice

SAMPS8 animals showed severely impaired learn-
ing & short-term working memory. This was
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indicated by significantly higher mean escape laten-
cies on MWM training days 3, 4, 5, and 6 compared
to control SAMR1 mice (Fig. 4A). Such cogni-
tive deficits were not apparent in SAMP8 animals
continually treated with candesartan. These animals
acquired the paradigm within the first few sessions
and demonstrated the classic learning curve, charac-
terized by a gradual reduction in the mean escape
latency over the 6-day training period, with signifi-
cantly improved latencies on the final days of training
compared to untreated animals. Most of the candesar-
tan treated SAMPS8 animals showed target latencies
that were not much different from those of control
SAMRI1 animals at any point in time. Candesartan
treatment did not affect the learning and memory of
control SAMRI mice.

Candesartan promoted long-term/reference
memory consolidation in SAMPS8 mice

To assess long-term/reference memory consolida-
tion, an MWM probe test was conducted 24 hours
after the final training session. Untreated SAMPS ani-
mals failed to remember the location of the escape
platform and hence spent significantly less time

(cumulative duration) in the target quadrant com-
pared to both candesartan treated SAMP8 animals
and SAMRI controls (Fig. 4B). These animals also
showed a considerably lower number of target entries
than all other groups (Fig. 4C). On the other hand,
the overall performance of SAMPS animals treated
with candesartan was no different from controls.
SAMRI animals treated with or without candesartan
performed similarly on the MWM probe test, indi-
cating a lack of effect of candesartan on the cognitive
function of SAMR1 mice.

Candesartan mitigated the oxidative stress and
inflammation associated with accelerated aging
in SAMPS8 mice

SAMP8 animals showed significantly lower
expression levels of the antioxidant thioredoxin-1
(TRX1) (Fig. 5A) with a consequential increase in
oxidative stress markers (nitrotyrosine, 4-HNE) in the
hippocampus compared to age-matched SAMRI ani-
mals (Fig. 5B, C). These animals also showed overall
elevations in the level of proinflammatory cytokines
IL-1B, KC-GRO, TNFa, IL-6, and IL-12p70 from
a standard panel (Fig. 5D-H), a specific pattern of
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inflammatory cytokine expression that is similar to
that noted for other models of AD [36, 37], These
negative associations were not apparent in SAMPS
animals treated continually with candesartan.

DISCUSSION

This was the first long-term (4 months) pre-clinical
study to evaluate the effects of candesartan on cog-
nitive function and relevant molecular markers in
SAMPS and SAMRI1 animals of both sexes. AD is
a chronic, progressive disease that generally requires
long-term, if not life-long treatment. As is the case
with most chronic conditions, including cardiovas-
cular diseases like hypertension and coronary artery
disease (common in older individuals). Therefore, for
a medication to be deemed safe and effective in pre-
clinical trials (animal models), it should be given in
such a way to best simulate its intended use in actual
patients. We utilized this unique strain as it precisely
depicts several of the complex behavioral, biochem-
ical, and pathological features of sAD, including
progressive cognitive decline, chronic, low-grade
neuroinflammation, elevated oxidative stress, and

disturbances in synaptic plasticity [17, 38]. Indeed,
this strain follows the clinical AD-like trajectory
much more closely than any other animal model
[17, 38]. We also noticed a particularly interesting
observation, apparent in male SAMPS animals. These
animals displayed continued aggressive behavior that
appeared to worsen with age. These animals would
fight incessantly and make harsh noises. They were
put under strict observation, but when the aggres-
sion got out of hand, signs of blood in the cage, or
flesh wounds to their back/buttocks, they had to be
separated and singly housed. This is comparable to
some of the behavioral, affective symptoms common
in patients with AD [39, 40]. Such symptoms, now
classified as behavioral and psychological symptoms
of dementia, directly impact social functioning and
quality of life, often resulting in early institutional-
ization [40, 41]. It is essential to note that the major
obstacle limiting the translatability of basic research
has been the lack of an appropriate animal model
that effectively replicates what takes place clinically.
Most rodent models of AD utilize transgenic animals
with specific gene mutations. This does not come
close to accurately simulating the true complexity



H.A. Ahmed and T. Ishrat / Candesartan for prevention of AD 265

Western Blot Dot/Slot Blot
A | Thioredoxin Protein Expression B | Nitrotyrosine Protein Expression I Cc I4HNEProtein Expression |
15 x * 25 ———_* 3 *—| *
L H] i
-§1.2 '=':2,0 §|.z-
.En.g §'|_5 E .
=
Sos % 10 Y o6
& £ z =,
o3 zg'o.s 0.3
Z
0.0 00 0.0
SAMRI  SAMRICand SAMPRVeh SAMPECand SAMRT  SAMR1Cand SAMPENeh SAMPRCand SAMR1 SAMRICand  SAMPEVeh  SAMPECand
I
1 —— 1
TRX 12 341 2 3 4 1 2 3 4 2 Mg | y |
12.8kD —— A o — i, _— 3] - — ; P . e
e e —— — LR —— i — S
ﬁ-actmnz_i—‘l'.:_‘.... N} m
42kD - - . 1 — | - —
1 SAMR1 2 — , - —
2 SAMR1/Candesartan - e
3 SAMPSIVehicle s 3 ‘
4 SAMPSICandesartan e — 4 o —
Nitrot. Loading 4HNE Loading
control control
D | IL-1B Protein Expression ‘ E | KC-GRO Protein Expression | F } TNF-a Protein Expression
0.4+ 0+
T IR & " N 0.0+ *
034 = 0.084
£ Es0 3
o & 4
2 2 go.oa
g & £ 004
a 5 4.0 u
=014 g =
0.02-
0.0- 2,0- 0.00-
SAMR1 SAMR1/Cand  SAMPVeh SAMPE/Cand SAMRI SAMR1/Cand SAMPENeh  SAMPECand " SANK1 SAidcad  SalPRveh: -SARFEOINd
G IL-6 Protein Expression ] H | IL-12p70 Protein Expression
25- 8.0
2.0+ =
E
= 6.0
E1.5 a
=2 (=]
s 5
Q101 Sy
- =
0.5+
0.0- 2.0-
SAMRI  SAMRfCand SAMPEVeh SAMPECand SAMRT  SAMRifCand SAMPSVeh SAMPECand

Fig. 5. Effect of long-term candesartan treatment on markers of oxidative stress and inflammation in SAMR1 and SAMPS8 mice. Western blot
and dot blot analyses for oxidative markers (A) TRX, (B) nitrotyrosine, and (C) 4HNE, respectively, along with comprehensive multiplex
analyses for quantification of proinflammatory cytokine levels as part of a standard panel (D) IL-13, (E) KC/GRO, (F) TNF-a, (G) IL-6,
and (H) IL-12p70 in SAMR1 and SAMPS animals treated with or without candesartan (n ~ 10 animals/group,£SEM. *p <0.05).

and multifactorial nature of the human disease, which ory changes in female animals compared to males
directly results from multiple intricate interactions [42, 43]. We believe that this is another important
among genetic, epigenetic, and environmental factors reason for failed translation, especially consider-
[38, 40]. Most pre-clinical/experimental studies also ing the high prevalence of AD in female patients
tend to avoid female animals, given the complexity of [42, 43]. We included animals of both sexes in our

the female estrous cycle and the lack of robust mem- study and incorporated both functional cognitive/
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behavioral and molecular outcomes to assess drug
efficacy.

Growing evidence suggests that renin-angiotensin
system (RAS) modulators support cognitive function
in various animal models age-related Impairment in
learning but not memory in SAMPS female mice [1].
However, little is known about their long-term effects
in the unique SAMPS; age accelerated model of spon-
taneous AD. In the current study, we extend these
findings by confirming the positive effects of can-
desartan, a special type of RAS modulator/ARB in
the SAMPS animal model. Candesartan, indicated for
use in the prevention and treatment of cardiovascular
disease, has the greatest documented BBB perme-
ability [9] AT1R selectivity and strongest antagonist
properties of all agents in its class [8]. It was also
selected based on these properties and the extensive
data supporting its benefits in cognition [1, 5, 6, 10,
13, 14, 44, 45].

We observed no differences in BP between the two
strains (SAMR1 and SAMPS8) of mice at 6 months.
This was comparable to what others found in SAMR1
and SAMPS8 animals ranging from 2-7 months of
age and was consistent regardless of the technique
used to determine BP; the tail-cuff method [46] and
continuous BP telemetry [47] gave similar results.
However, in the study, we initiated oral treatment with
candesartan in SAMR1 and SAMPS8 animals to show
that candesartan, given at a daily dose of 1 mg/kg,
does not affect the BP of either strain of animals.
BP readings as measured by non-invasive tail-cuff
plethysmography were very similar among all four
groups, irrespective of strain or treatment.

Our results also show that SAMP8 animals had
lower body weights than age matched SAMRI ani-
mals. This was consistent with other findings [48]
and was not significantly affected by the candesartan
(ARB) treatment.

SAMPS animals displayed significant cognitive
decline compared with age-matched SAMRI1 con-
trols, which is similar to the findings of others
[35, 37]. These animals failed to attain an adequate
level of performance during MWM training sessions,
which are known to evaluate learning, consolidation,
and short-term spatial working memory. They also
performed significantly worse on the probe test of
hippocampal-dependent long-term reference mem-
ory than age-matched SAMR1 controls animals. This
was also true with the NOR test, as with other studies
[38, 49]. This NOR test is relatively quick and easy
to implement, making it widely used for assessing
cognitive deficits in pre-clinical research [1].

However, we show that candesartan prevented
this cognitive decline, improved consolidation, and
expedited memory retrieval in SAMPS animals with-
out affecting cognitive function in SAMR1 animals.
Indeed, SAMPS8 animals treated with candesartan
showed superior performance on all cognitive tests
than vehicle-treated animals. Their level of perfor-
mance did not differ from that of healthy SAMRI1
controls on any of the cognitive measures. They per-
formed similarly to healthy age-matched SAMRI
controls, with evident long-term retention (entered
the target zone more frequently and spent more time
in the target quadrant) and rapid retrieval (low laten-
cies) not seen with their vehicle-treated counterparts.

Candesartan-treated animals also maintained ade-
quate brain levels of TRX in the hippocampus
compared to those treated with vehicles. This is
an important finding, given the significant role of
TRX, a multifunctional ROS scavenger protein and
neuroprotective compound, abundant in healthy neu-
rons but greatly reduced in the hippocampal region
of patients with AD [50, 51]. Such reduced lev-
els of TRX correlated with increased production
of oxidative products, mainly 4HNE., a product of
lipid peroxidation and neurodegeneration as well
as nitrotyrosine, both of which result in cumula-
tive oxidative damage to cellular structures [50, 51].
We found that animals treated long-term with can-
desartan not only had significantly lower levels of
these harmful oxidative by-products compared to
vehicle-treated animals, but this was also true with
the inflammatory markers IL-13, KC-GRO, IL-6, and
TNF-a. These markers, which are known to increase
with age in the brains of SAMPS8 mice [52], showed
a consistently lower trend in animals treated with
candesartan.

Therefore, candesartan appears to preserve cog-
nition in this model at least in part by reducing
inflammation and oxidative damage. This is further
supported by previous findings noting that candesar-
tan promotes microglial polarization from the M1
(pro-inflammatory) to the M2 (anti-inflammatory)
phenotype at least in part by a TLR4/NF-«B-
dependent signaling pathway [53]. Where it not
only reduced the expression of M1 and increased
the expression of M2 markers, but it also regu-
lated the neuroinflammatory response directly by
reducing the release of proinflammatory cytokines
TNF-a and IL-1B and increasing anti-inflammatory
cytokines, which exert neuroprotective effects [53].
Candesartan may also preserve cognition by main-
taining BBB integrity and function. Studies showed
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that ARBs reduce BBB permeability independently
of blood pressure changes [54]. This is because
ARBs block the action of angiotensin II, which oth-
erwise stimulates the production of proinflammatory
cytokines and activates matrix metalloproteinases
(MMPs), which mediate TJ disruption and increase
BBB permeability, ultimately leading to cognitive
dysfunction. Therefore ARBs like candesartan, by its
antioxidant and anti-inflammatory properties, result-
ing in inhibition in MMP-9 expression, thereby
restoring TJs, claudins/ occludins, and collagen-IV
(essential components required for proper BBB func-
tion) [54].

CONCLUSION

This proof-of-concept study indicates that con-
tinuous candesartan treatment preserves cognition
and improves long-term functional capacity in the
SAMP8 mouse model of AD. Considering that aging
is the single greatest risk factor for AD, the present
study results suggest that candesartan may preserve
cognition in older individuals at high risk of devel-
oping AD [55]. Further investigations are needed
to confirm whether candesartan treatment could
be promising for age-associated dementia and AD
mouse models (SXFAD, rTg4510, and APP/PS1).
Although the exact molecular mechanism is not
completely understood, it appears to be a result of
candesartan’s anti-inflammatory and anti-oxidative
activity. Therefore, further studies are needed to
look at possible mechanistic effects of candesartan,
antioxidant and anti-inflammatory signaling, includ-
ing nuclear factor-erythroid factor 2-related factor 2
(Nrf2).

Summary

The most important finding of our investigation
is that continuous administration of candesartan
effectively prevented the development of cognitive
impairment in an age accelerated model of spon-
taneous AD. This was independent of effects on
other functional outcomes, including blood pressure
or motor function, and was consistent across a series
of blinded tests, assessing different aspects of cog-
nition. These animals’ behavioral manifestations and
cognitive deterioration were typical of clinical AD,
characterized by impairments in spatial learning,
short-term working memory, and long-term reference
memory. Such cognitive deficits were not apparent in
animals treated long-term with candesartan, which

showed much more favorable inflammatory profiles
and lower levels of nitro-oxidative stress. These
results suggest that early ARB treatment might be
beneficial in preventing age-related cognitive deficits
in AD-prone individuals and could be an emerging
candidate for the treatment of other diseases linked
to dementia.
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