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Abstract: Both hypertension and aging are known to increase the vulnerability of the brain to
neurovascular damage, resulting in cognitive impairment. The present study investigated the efficacy
of the antihypertensive drug losartan on age- and hypertension-associated cognitive decline and the
possible mechanism underlying its effect in spontaneously hypertensive rats (SHRs). Losartan was
administered (10 mg/kg, i.p. for 19 days) to 3- and 14-month-old SHRs. Age-matched Wistar rats were
used as controls. Working memory, short-term object recognition, and spatial memory were assessed
using the Y-maze, object recognition test (ORT) and radial arm maze (RAM) test. The expression of
markers associated with aging, oxidative stress, and memory-related signaling was assessed in the
frontal cortex (FC) and hippocampus. Motor activity measured over 24 h was not different between
groups. Middle-aged vehicle-treated SHRs showed poorer performance in spontaneous alternation
behavior (SAB) and activity in the first Y-maze test than their younger counterparts, suggesting
age-related reduced “decision making” and reactivity in a novel environment. Losartan improved
the age- and hypertension-induced decline in short-term recognition and spatial memory measured
in the ORT and the second Y-maze test, particularly in the middle-aged rats, but was ineffective in
the young adult rats. Changes in memory and age-related markers such as cAMP response element-
binding protein (CREB) and amyloid-1-4» (A1-42) and increased oxidative stress were observed
in the hippocampus but not in the FC between young adult and middle-aged vehicle-treated SHRs.
Losartan increased CREB expression while reducing A1_4, levels and concomitant oxidative stress
in middle-aged SHRs compared with vehicle-treated SHRs. In conclusion, our study highlights the
complex interplay between hypertension, aging, and cognitive impairment. It suggests that there is a
critical time window for therapeutic intervention with angiotensin II type 1 receptor blockers.
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1. Introduction

Hypertension, or high blood pressure, is a known risk factor for several cardiovas-
cular and cerebrovascular diseases. The brain is particularly vulnerable to the effects of
hypertension, especially the hippocampus, a critical region for memory and learning [1].
High blood pressure can affect the brain’s blood vessels, leading to conditions such as
cerebral small vessel disease. This can lead to reduced blood flow, microbleeds, and other
vascular changes. Hypertension can also cause structural changes in the hippocampus,
such as reduced synaptic density, changes in dendritic morphology, and blood vessel
damage [2]. In addition, chronic hypertension is associated with neuroinflammation and
increased oxidative stress in the brain, which may induce various neurodegenerative pro-
cesses, including those that are detrimental to memory. Therefore, pathological changes
resulting from untreated hypertension may contribute to accelerated aging and subsequent
cognitive decline. Spontaneously hypertensive rats (SHRs) are derived from Wistar Kyoto
(WKY) rats, which are used as controls in hypertension studies [3]. They have a genetic
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predisposition to hypertension, making them a valuable model for studying the genetic
and epigenetic factors that contribute to hypertension. SHRs are often more active and
show higher levels of locomotor activity when placed in novel environments compared to
WKY rats [4]. The progressive increase in arterial blood pressure over time in the SHRs,
along with the development of brain atrophy, neuronal loss, and glial responses, resembles
the pathological processes observed in the human hypertensive brain [5]. This similarity
makes SHRs a valuable tool for investigating the mechanisms underlying hypertensive
brain damage and for testing therapeutic interventions aimed at mitigating or preventing
these detrimental effects. Studies in SHRs, including our recent report, have shown that
hypertension-induced deleterious changes in the brain of SHRs, including poorer perfor-
mance on memory tasks compared with normotensive rats, are evident as early as young
adult rats [6-8]. Several groups have reported that older SHRs exhibit more severe cognitive
impairment compared with WKY rats of the same age, accompanied by increased levels
of apoptotic cells and oxidative stress in the hippocampus compared with normotensive
rats, suggesting that oxidative stress may play a role in hypertension-associated brain
damage [9,10]. The presence of apoptotic cells in the hippocampus underscores the poten-
tial impact of hypertension on cognitive function [10]. In addition, the association with
oxidative stress highlights a possible mechanism underlying hypertension-related brain
damage, further emphasizing the importance of investigating oxidative stress pathways
in the context of hypertension and cognitive decline. While the normotensive WKY rats
experienced health complications and a risk of death after 18 months, the SHRs showed a
temporal deterioration in cardiovascular function and an increased susceptibility to sponta-
neous death at 15 months of age [11,12]. Furthermore, experimental ischemia-reperfusion
studies confirmed that acute brain injury was more severe in middle-aged SHRs compared
with young adult SHRs, suggesting that SHRs are susceptible to cognitive decline, neurode-
generation, and hippocampal damage that are exacerbated by aging [13]. These findings
highlight the importance of understanding the mechanisms underlying these processes and
exploring the window of opportunity for potential interventions to mitigate brain damage
in hypertensive rats.

Losartan belongs to a class of antihypertensive drugs known as angiotensin II receptor
blockers (ARBs). Angiotensin II has been shown to contribute to oxidative stress and
inflammation in the brain [14], which can impair cognitive function [15]. By blocking
angiotensin II receptors, losartan may attenuate these effects [16]. Recently, we reported
that Wistar rats are a more appropriate control group than WKY rats for assessing cognitive
impairment in young adult SHRs [8]. Hypertensive rats showed impairments in spatial
working memory and short-term associative memory compared with Wistar rats but there
were no significant differences in these memory aspects between SHRs and WKY rats.
WKY rats showed lower levels of spontaneous motor activity compared to Wistar rats.
This hypoactivity may potentially affect their performance in memory tests, such as the
Y-maze test, object recognition test (ORT), and radial arm maze (RAM) test. The differences
in cognitive function between SHRs and Wistar rats may be related to alterations in the
hippocampal brain-derived neurotrophic factor (BDNF) signaling pathway, which is closely
involved in functions related to neuronal survival, synaptic plasticity, and thus, cognition,
particularly in the hippocampus. In the present study, we investigated the efficacy of
losartan in ameliorating hypertension-induced memory impairment in young adult and
middle-aged SHRs. We report that long-term treatment with the antihypertensive drug
losartan was able to attenuate memory decline and associated biochemical changes in the
hippocampus in middle-aged rats but was ineffective in young adult rats, suggesting a
specific time window for therapeutic efficacy of this angiotensin II type 1 receptor blocker
(ARB) against hypertension-associated cognitive decline. The underlined mechanism of
the drug’s effects on cognitive functions under hypertensive conditions in middle-aged
SHRs is discussed.
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2. Results
The experimental timeline is shown in Figure 1.
Groups:
3 months 14months
Wis-veh Wis-veh
SHR-veh SHR-veh
SHR-Los SHR-Los
— Y maze | test Diet Shaping RAM
Day 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20
| ORT ‘ | Y maze Il test |
Decapitation
Treatment with vehicle/Losartan ELISA

Figure 1. Timeline of experimental steps. Abbreviations: Wistar (Wis), vehicle (veh), spontaneously
hypertensive rat (SHR), losartan (Los), object recognition test (ORT).

2.1. Aging and Losartan Treatment Do Not Affect Motor Activity in Spontaneously Hypertensive
Rats, Measured over 24 h with an Actimeter

The chronobiological characteristics of SHRs have been previously studied and com-
pared with WKY rats regarding the diurnal rhythms of several physiological parameters,
including heart rate, respiration, and blood pressure [17,18]. It has been reported that aged
SHRs have disturbed diurnal rhythms of respiration and blood pressure compared with
WKY rats [17]. In the present study, we investigated the effect of age and hypertension on
diurnal oscillations of motor activity by comparing young adult and middle-aged Wistar
rats and SHRs. The possible effect of losartan treatment in 3- and 14-month-old SHRs was
also investigated. Each rat was placed in the actimeter apparatus to measure its motor
activity (distance and locomotor activity) for twenty-four hours. Movement detected by
the tracking device was displayed as counts.

As nocturnal rats, vehicle-treated Wistar control rats aged 3- and 14-months (Wis-veh
3m and Wis-veh 14m) as well as vehicle-treated SHRs (SHR-veh 3m and SHR-veh 14m) and
losartan-treated SHRs (SHR-Los 3m and SHR-Los 14m) showed a daily pattern of distance
and locomotor activity (p < 0.05, dark phase vs. light phase within a group) (Figure 2A,B).
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Figure 2. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-
veh), and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh),
vehicle-treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on diurnal changes in distance
(cm) (A) and locomotor activity (counts) (B), measured in the actimeter for 24 h. Light and dark phases
are indicated by open and black rectangles above the columns. Data are presented as mean + SEM,
n =7. Three-way ANOVA showed a main phase effect for distance [F1,55 = 55.287, p < 0.001] and for
locomotor activity [F1,55 = 49.172, p < 0.001]. Post hoc Bonferroni test: * p < 0.05, dark phase vs. light
phase within a group (A,B).



Int. J. Mol. Sci. 2024, 25, 7340

4of 14

SAB %

There was no significant difference in distance travelled and locomotor activity during
the light and the dark phases between Wistar rats and vehicle-treated SHRs of the same age
(young adult and middle-aged), nor between vehicle-treated SHRs and losartan-treated
SHRs of the same age (p > 0.05).

2.2. Losartan Treatment Had a Significant Beneficial Effect on Age-Related Memory Decline
in SHRs

The Y-maze apparatus was set up with three steel arms positioned at 120° to each
other. In the first Y-maze test, spontaneous alternation behavior (SAB) (working memory)
was assessed by allowing the rat to explore all three arms without successfully entering the
same arm. Both middle-aged vehicle-treated control Wistar rats and vehicle-treated SHRs
had reduced SAB and activity in the first Y-maze test compared to young adult matched
vehicle-treated rats (p < 0.001, Wis-veh 14m vs. Wis-veh 3m; p < 0.01, SHR-veh 14m vs.
SHR-veh 3m) (Figure 3A); (p < 0.01, Wis-veh 14m vs. Wis-veh 3m; p < 0.05, SHR-veh 14m
vs. SHR-veh 3m) (Figure 3B).
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Figure 3. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-veh),
and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-
treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on spontaneous activity behavior
(SAB) (A), number of arm entries (B) in the first Y-maze test, discrimination index (DI) (sec) (C), and
DI (counts) (D) in the second Y-maze test. Data are presented as mean + SEM, (n = 8). Two-way
ANOVA showed a main effect of age: [F1,31 = 39.51, p < 0.001] (A); [F1,31 = 19.895, p < 0.001] (B); a
strain effect: [F1,31 = 7.247, p = 0.012], a treatment effect: [F1,31 = 6.38, p = 0.017], an age x treatment
effect: [F1,31 = 6.174, p = 0.019] (C); a treatment effect: [F1,31 = 4.287, p = 0.048]. Post hoc Bonferroni
test: °°° p < 0.001, Wis-veh 14m vs. Wis-veh 3m; °° p < 0.01, SHR-veh 14m vs. SHR-veh 3m (A);
%% p < 0.01, Wis-veh 14m vs. Wis-veh 3m; © p < 0.05, SHR-veh 14m vs. SHR-veh 3m (B); ** p < 0.01,
SHR-veh 3m vs. Wis-veh 3m; * p < 0.05, SHR-veh 14m vs. Wis-veh 14m; ** p < 0.01, SHR-Los 14m
vs. SHR-veh 14m (C); * p < 0.05, SHR-Los 14m vs. SHR-veh 14m (D). The color of the symbols
corresponds to the color of the group with a significant difference.



Int. J. Mol. Sci. 2024, 25, 7340

50f 14

The second Y-maze test, performed at least 5 days after the first one, consisted of a
pretest and a test. During the pretest, one of the arms was closed, restricting the tested rat
to freely explore only two arms. The rat was individually placed in the arm (A) and had
free access to two arms of the maze, labeled A and B, for a 10 min test. After 30 min, the
third arm (C) was opened, allowing the animal to explore all three arms for a 5 min test
freely. The 3- and 14-month-old SHRs showed impaired short-term memory compared
to the age-matched vehicle-treated Wistar controls (p < 0.01 and p < 0.05, respectively)
(Figure 3C).

While losartan administration did not affect SAB in either age group of SHRs (Figure 3A,B),
it significantly increased the discrimination index (DI) of 14-month-old SHRs in the second
Y-maze test (p < 0.01 and p < 0.05, SHR-Los 14m vs. SHR-veh 14m) (Figure 3C,D).

The object recognition test (ORT) is a highly validated test based on the tendency of
rodents to interact more with a novel than with a familiar object. It is most commonly used
to assess the plausible enhancing effects of drugs on recognition memory or the effects of
genetics or age on short-term memory.

While the middle-aged vehicle-treated Wistar rats showed impaired recognition mem-
ory compared to the young adult rats (p < 0.05), there was no age-related difference in the
vehicle-treated SHRs (p > 0.05) (Figure 4A,B). Furthermore, young adult and middle-aged
vehicle-treated SHRs exhibited memory decline compared with the age-matched groups
of control Wistar rats ((p < 0.05, SHR-veh 3m vs. Wis-veh 3m) (Figure 4A) and (p < 0.01,
SHR-veh 3m vs. Wis-veh 3m; p < 0.001, SHR-veh 14m vs. Wis-veh 14m) (Figure 4B)).
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Figure 4. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-
veh), and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh),
vehicle-treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on DI (sec) (A) and counts
(B) measured in the object recognition test. Data are presented as mean + SEM, n = 8. Two-way
ANOVA showed a main effect of age: [F1,31 = 7.391, p = 0.011], strain: [F1,31 = 6.659, p = 0.015], age
X treatment interaction: [F1,31 = 7.391, p = 0.011] (A); age effect: [F1,31 = 9.993, p = 0.004], strain
[F1,31 = 11.595, p = 0.002], and age X treatment interaction: [F1,31 = 7.094, p = 0.013] (B). Post hoc
Bonferroni test: © p < 0.05 Wis-veh 14m vs. Wis-veh 3m; * p < 0.05, SHR-veh 3m vs. Wis-veh 3m;
** p <0.01, SHR-Los 14m vs. SHR-veh 14m (A); © p < 0.05, Wis-veh 14m vs. Wis-veh 3m; ** p < 0.01,
SHR-veh 3m vs. Wis-veh 3m; *** p < 0.001, SHR-veh 14m vs. Wis-veh 14m; ** p < 0.01, SHR-Los
14m vs. SHR-veh 14m (B). The color of the symbols corresponds to the color of the group with a
significant difference.

Losartan treatment improved short-term recognition memory in SHRs rats, which was
evident in middle-aged rats (p < 0.01, SHR-Los 14m vs. SHR-veh 14m) (Figure 4A,B).
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The radial arm maze (RAM) test, introduced by Olton et al. (1976) [19], was used to
measure both the ability of hungry rats to learn to find food using both types of information
and the working memory for hippocampus-dependent spatial information (number of
working memory errors and double working memory errors). While vehicle-treated Wistar
rats (3m and 14m) learned the task over the 5-day session (p < 0.05, 5th session day vs. 1st
session day), both young adult and middle-aged vehicle-treated SHRs did not improve their
performance in the RAM test (p > 0.05, 5th session day vs. 1st session day) (Figure 5A-C).
Both Wistar and vehicle-treated SHRs showed an age-related increase in total working
memory errors (WMEs) (p < 0.01, Wis-veh 14m vs. 3m; p < 0.05, SHR-veh 14m vs. 3m)
(Figure 5D). Overall, hippocampus-dependent spatial memory tested in the RAM was not
affected by treatment factor (p > 0.05, SHR-Los vs. SHR-veh) (Figure 5D-F).
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Figure 5. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-
veh), and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh),
vehicle-treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on working memory errors
(WMESs) (A), double working memory errors (DWMEs) (B), time to fulfill the task (C), total WMEs
(D), total DWMEs (E), and total time over 5 sessions (F) measured in the radial arm maze (RAM)
test. Data are presented as the mean + SEM, (n = 8). Three-way ANOVA showed a main session
effect: [F4,69 = 5.182, p = 0.002] and treatment effect: [F2,74 = 4.156, p = 0.02] (A); three-way ANOVA
showed a main session effect: [F4,69 = 5.181, p < 0.002] (C). Two-way ANOVA showed a main effect
of age: [F1,31 = 3.692, p = 0.041] (D). Post hoc Bonferroni test: °° p < 0.01, Wis-veh 14m vs. Wis-veh
3m; © p < 0.05, SHR-veh 14m vs. SHR-veh 3m. The color of the symbols corresponds to the color of
the group with a significant difference.

cAMP response element-binding protein (CREB) is a cellular transcription factor that
plays a critical role in several physiological processes, including synaptic plasticity [20].
Its activation promotes the transcription of genes required for synaptic strengthening and
memory storage.

Young adult and middle-aged vehicle-treated SHRs had decreased expression of CREB
in the frontal cortex and the hippocampus compared to the age-matched groups of Wistar
rats (p < 0.05, SHR-veh 3m vs. Wis-veh 3m; SHR-veh 14m vs. Wis-veh 14m) (Figure 6A,B).
Aging did not affect the CREB expression of vehicle-treated SHRs either in the frontal cortex
(FC) or the hippocampus (SHR-veh 14m vs. veh 3m) (p > 0.05) (Figure 6A,B). Long-term
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losartan treatment significantly increased the expression of CREB in the hippocampus of
middle-aged SHRs compared with the vehicle-treated SHRs (p < 0.05) (Figure 6B).
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Figure 6. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-veh),
and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-
treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on CREB expression in the frontal
cortex (A) and hippocampus (B) measured by ELISA. Data are presented as mean + SEM, (n = 6-7).
Two-way ANOVA showed a main strain effect: [F1,25 = 12.792, p = 0.002] (A) and [F1,25 = 11.921,
p = 0.002] (B); treatment effect: [F1,25 = 5.956, p = 0.023]. Post hoc Bonferroni test: * p < 0.05, SHR-veh
3m vs. Wis-veh 3m (A,B); * p < 0.05, SHR-veh 14m vs. Wis-veh 14m (B); * p < 0.05, SHR-Los 14m
vs. SHR-veh 14m group (B). The color of the symbols corresponds to the color of the group with a
significant difference.

Middle-aged vehicle-treated SHRs showed higher A{31.4p expression in the hippocam-
pus (p < 0.01) compared with the matched Wistar rats (p < 0.05, SHR-veh 14m vs. Wis-veh
14m) and young adult SHRs (p < 0.05, SHR-veh 14m vs. SHR-veh 3m) (Figure 7A). Losartan
had a beneficial effect and reduced the age-related increase in Af31_47 in the hippocampus
compared to the SHR-veh 14m group (p < 0.05) (Figure 7A).

Glutathione (GSH) serves as a crucial antioxidant and detoxifying agent, while mal-
ondialdehyde (MDA) is a marker of lipid peroxidation and oxidative stress. Age-related
decreases in GSH levels and increased MDA production are indicative of high oxidative
stress during aging [21]. The role of aging and losartan treatment on oxidative stress in the
hippocampus was evaluated by GSH and MDA levels.

Young adult and middle-aged vehicle-treated SHRs had reduced hippocampal GSH
levels compared with the age-matched groups of Wistar rats (p < 0.001, SHR-veh 3m vs.
Wis-veh 3m; SHR-veh 14m vs. Wis-veh 14m) (Figure 7B). Middle-aged Wistar rats also
exhibited low levels of GSH compared with the young adult Wistar rats (p < 0.01, Wis-
veh 14m vs. Wis-veh 3m). Long-term treatment with losartan increased the level of the
endogenous antioxidant GSH in middle-aged rats compared with age-matched vehicle-
treated SHRs (p < 0.001). Lipid peroxidation, as detected by the hippocampal MDA levels,
was not significantly different in young adult and middle-aged Wistar rats and SHRs
(Figure 7C). However, the lipid peroxidation was lower in middle-aged losartan-treated
SHRs compared with vehicle-treated rats of the same age (p < 0.01) (Figure 7C).
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Figure 7. Effect of 3-month-old vehicle-treated Wistar rats (Wis-veh), vehicle-treated SHRs (SHR-
veh), and losartan-treated SHRs (SHR-Los); and 14-month-old vehicle-treated Wistar rats (Wis-veh),
vehicle-treated SHRs (SHR-veh), and losartan-treated SHRs (SHR-Los) on A(31-42 expression (A)
and oxidative stress assessed by glutathione (GSH) level (B) and malondialdehyde (MDA) level (C)
measured by ELISA test in the hippocampus. Data are presented as mean + SEM, (n = 6-7). Two-way
ANOVA showed a main effect of age: [F1,25 = 7.993, p = 0.01], strain: [F1,25 = 15.997, p < 0.001]
(A); age: [F1,25 = 11.905, p = 0.002], strain: [F1,25 = 65.644, p < 0.001], treatment: [F1,25 = 21.732,
p < 0.001] (B); atrain: [F1,25 = 8.118, p = 0.01], treatment: [F1,25 = 16.836, p < 0.001] (C). Post hoc
Bonferroni test: * p < 0.05, SHR-veh 14m vs. Wis-veh 14m; © p < 0.05 SHR-veh 14m vs. SHR-veh 3m;
* p <0.05, SHR-Los 14m vs. SHR-veh 14m (A); °° p < 0.01, Wis-veh 14m vs. Wis-veh 3m; *** p < 0.001,
SHR-veh 3m vs. Wis-veh 3m; *** p < 0.001, SHR-veh 14m vs. Wis-veh 14m; *** p < 0.001, SHR-Los
14m vs. SHR-veh 14m (B); ** p < 0.01, SHR-Los 14m vs. SHR-veh 14m (C). The color of the symbols
corresponds to the color of the group with a significant difference.

3. Discussion

The main findings of the present study were that the antihypertensive drug losartan
improved short-term recognition and spatial memory in SHRs in an age-dependent manner.
Specifically, this antihypertensive drug was effective in middle-aged but not in young
adult rats. Losartan treatment attenuated oxidative stress levels in middle-aged SHRs,
suggesting a neuroprotective effect against age-related oxidative damage. In addition,
the antihypertensive drug had a beneficial effect on critical biochemical markers related
to memory and aging in the hippocampus such as CREB and the neurotoxic Af1_4 in
middle-aged SHRs.

High blood pressure can increase the risk of Alzheimer’s disease (AD), the most
common form of dementia [22]. It can increase the accumulation of amyloid plaques and
tau tangles, the hallmarks of AD. Hypertension may impair various aspects of cognitive
function, including memory, attention, processing speed, and executive function [1,23].
Cerebral dysfunction manifesting as dementia may be caused by untreated hypertension
and associated vascular damage [22]. In particular, cerebrovascular pathology associated
with an imbalance between endogenous antioxidants and oxidative stress and apoptosis
predisposes to hypertension [24]. Due to similarities between hypertension-associated brain
damage in humans and reported brain pathology such as neuronal loss, brain shrinkage,
and glial activation [1,25], SHR is the most commonly used animal model to study the
effects of hypertension on the brain. Johnson et al. (2020) [26] recently suggested that
hypertension-induced microvascular dysfunction is an important mechanism underlying
the hippocampus-dependent memory decline in SHRs. In the current study, young adult
and middle-aged rats showed short-term recognition and spatial memory impairment.
Similarly Hernandez et al. (2003) [9] reported that both young adult and middle-aged
SHRs showed impaired cognitive performance. In addition, vehicle-treated middle-aged
SHRs had lower SAB, suggesting impaired working memory. Although there was an
age-dependent increase in systolic blood pressure in SHRs, spatial working memory tested
in RAM did not differ between young adult SHRs and middle-aged SHRs [9]. In contrast
to hypertensive rats, aging is a prerequisite for memory decline in normotensive strains,
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associated with altered neurotransmission, acetylcholinesterase activity, or an impaired
antioxidant system [27-30]. Performance in the Morris water maze of older 18-month-old
SHRs on the acquisition trials was also not significantly altered compared to younger
age groups [31]. Our results are consistent with this finding, suggesting that the reduced
learning ability of SHRs in the RAM test is not explicitly related to the age-related worsening
of hypertension. Both hypertension and aging exacerbate brain damage and brain oxidative
stress in the hippocampus of SHRs [10,32]. This exacerbation has been associated with
increased apoptosis and astrocyte activation concomitant with reduced expression of PPAR-
v, which may contribute to the age-related brain damage observed in SHRs [10]. However,
Yang et al. (2023) [33] provided evidence using the longitudinal fMRI method that the
pathology of brain activity in SHRs is dependent on both hypertension and aging but
there is no comorbidity between the two events. The reported increased expression of the
neurotoxic oligomer Ap1_4 in the hippocampus, but not in the FC, of middle-aged rats
compared with young adult SHRs in the present study could be attributed to the blood’s
origin due to the disrupted blood-brain barrier, as was reported by Wang et al. (2018) [34].
These authors showed that A did not accumulate in neurons in the hippocampus and
cortex of aged SHRs. The small group size in this work was a limitation, which requires
further investigation focused on determining the origin of Af1_4, in the hippocampus.

In addition to being a model of hypertension, SHRs are also accepted as a valid
model of attention deficit hyperactivity disorder (ADHD) [35], which is characterized by
a severe working memory deficit [35]. Losartan treatment in SHRs improved short-term
spatial and recognition memory (Y maze second test and ORT) but was unable to correct
working memory as measured by the Y maze first test and the RAM test. Interestingly,
unlike angiotensin-converting enzyme inhibitors (ACEIs), AT1 receptor blockers (ARBs),
including losartan, were not only unable to prevent hyperlocomotion and impulsive-like
behavior, but also exacerbated locomotor activity in “knockout” mice (NK1R-/-) with
behavior resembling ADHD [36].

Overactivation of the renin-angiotensin system (RAS) plays a critical role in the aging
process and the age-related pathogenesis of many diseases, including hypertension and AD.
Interventions targeting this system, such as ACEIs and ARBs, have been reported to have
potential benefits in mitigating the excessive cellular oxidation and impairment associated
with this condition [37,38]. Evidence from the literature suggests that blocking the RAS
may have pleiotropic age-protecting effects in a variety of pathological conditions in both
animals and humans. For example, several studies have demonstrated the beneficial effects
of treatment with RAS inhibitors, ACEIs, and ARBs, including losartan, on the pathogenesis
associated with comorbid hypertension and mild dementia or the early form of AD in both
humans and hypertensive rats [34,38,39]. Losartan treatment has been reported to have
potent antioxidant effects and to protect against mitochondrial dysfunction in SHRs [40]
and streptozotocin-induced diabetic rats [41]. The present study confirmed these findings
for the antioxidant activity of losartan treatment in middle-aged rats but not in young adult
rats. The drug dose used in our study was adjusted to produce an antihypertensive effect
in SHRs and was similar to that used by other authors [42]. Under certain conditions such
as hypertension, diabetes, and aging, there is an increased production of oxidants (reactive
oxygen species) due to overactivation of the RAS, which can lead to tissue damage. The
ACEI enalapril, by suppressing the synthesis of the pro-oxidant angiotensin II (Ang II),
exerts a putative mitochondrial protection and potent antioxidant activity, thereby delaying
the natural aging mechanisms [43]. The plausible explanation for the efficacy of losartan
in middle-aged but not in young adult SHRs in the present study may be related to its
beneficial effect on the hippocampal vasculature, which is thought to be more impaired in
older rats, thereby contributing to its cognitive-improving effect. This effect may be related
to the ability of losartan to reduce the expression of the oligomeric neurotoxin Ap1_4 in the
hippocampus in older SHRs but not in younger rats. Treatment with ARBs has been shown
to reduce AD-associated pathology, and particularly, A4, as assessed in the postmortem
brains of patients [37]. Interestingly, other antihypertensive drugs have been shown to have
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no effect on brain amyloid burden, as recently confirmed by Deng et al. (2022) [40], who
reported that patients with comorbid hypertension and a mild form of dementia showed
promising improvement after treatment with ARBs compared with ACE inhibitors and
other classes of antihypertensive drugs. Taken together, our results and the literature data
suggest that the beneficial effects of losartan on comorbid hypertension and cognitive
decline are age-dependent and are partly related to its potential to reduce oxidative stress
burden in the hippocampus. An imbalance between endogenous antioxidants and pro-
oxidants is thought to be a critical factor in AD-associated pathology such as cognitive
decline caused by Af31_4p accumulation. The relationship between oxidative stress and
Apq_4p is bidirectional and complex. However, oxidative damage often precedes the onset
of clinical symptoms and the characteristic neuropathological features of AD, including
Ap deposition and vascular dysfunction [44]. These factors may exacerbate oxidative
damage and create a cycle of neurodegeneration and cognitive decline. Therefore, our
findings help to understand the mechanisms underlying the beneficial effect of losartan
treatment on cognitive impairment in middle-aged SHRs, which may hold promise for
delaying the onset or predisposition to the development of AD-type dementia associated
with hypertension-related brain vascular damage. However, further research is needed
to fully elucidate the complex interplay between oxidative stress and other pathological
mechanisms in AD.

4. Materials and Methods
4.1. Animals and Experimental Design

The experiments in the present study were performed in full compliance with the Eu-
ropean Communities Council Directive 2010/63/E.U. for animal experiments. In addition,
the research project was approved by the Bulgarian Food Safety Agency (#300/N°5888-
0183). Male Wistar rats and spontaneously hypertensive rats (SHRs) purchased from the
Institute of Neurobiology, BAS vivarium, were used in this study at two ages: 3 months and
14 months. They were housed under standard environmental conditions. These included
a constant 12 h light/12 h dark cycle, an average temperature maintained at 21 °C, and
a humidity level of 45%. They were housed in groups of 3—4 rats in clear plastic cages of
varying sizes depending on their age. The rats had free access to food and water throughout
the study, except during testing periods. Six experimental groups were used as follows
(n = 6-8): 3-month-old rats, (1) vehicle-treated Wistar rats (Wis-veh 3m), (2) vehicle-treated
SHRs (SHR-veh) and (3) losartan-treated SHRs (SHR-Los 3m); and 14-month-old rats,
(1) Wis-veh 14m, (2) SHR-veh 14m, and (3) SHR-Los 14m. Losartan was administered
intraperitoneally (i.p.) at a dose of 10 mg/kg b.w. for 19 days. The matched control groups
were injected with a vehicle (saline).

4.2. Behavioral Tests
4.2.1. Measurement of Motor Activity

Motor activity and circadian oscillations were recorded using an actimeter (Bioseb,
Paris, France). The analysis was performed as described in our previous study [45]. The
following parameters were recorded: total distance and motor activity registered for 24 h.

4.2.2. Memory Tests
Y-Maze Test

The Y-maze 1st test was used to assess working memory. Each rat was placed in the
center of the apparatus and given free access to explore the three arms for 8 min. Access to
the arms was manually recorded by two persons blind to the experimental procedure. We
scored spontaneous alternation based on visits to three different arms, referred to as a triad.
To calculate the SAB, we considered both the total number of arm visits and the number of
triads. The SAB was calculated using the following formula:

SAB: % = (Total entries (N) — 2 x Number of correct entries x 100) (1)
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In the second test (Y-maze 2nd test), both the time spent in and the number of entries
into the familiar and the novel arms during this phase of the experiment were measured.
The discrimination index was calculated using the following formula:

DI = (N)/(N + F) 2)
Between each test, the arms of the maze were wiped with alcohol to eliminate odors.

Object Recognition Test (ORT)

The object recognition test (ORT) was performed according to the methodology de-
scribed in our previous study [45]. Briefly, 24 h after the rats were habituated to an empty
open-field (OF) apparatus measuring 50 x 50 x 50 cm?, they were placed in it next to
two identical plastic objects (referred to as “F”) for 5 min (training phase). Sixty minutes
later, the rats were again placed in the same box. However, during this test phase, one of
the objects was replaced by a novel object (referred to as “IN”). This phase also lasted for
5 min. During both the training and test phases, we carefully observed and recorded the
time and number of times each object was explored by sniffing. The exploration time was
measured in seconds and the count (number of sniffs) was recorded for each object. The
discrimination index was calculated according to Formula (2).

Radial Arm Maze (RAM)

The stainless steel RAM apparatus had an octagonal platform, with a 30 cm diameter,
at its center. Each of the eight arms of the apparatus was identical, closed at the ends
(12 cm x 12 cm), and positioned 50 cm above the floor. One week before the start of the
test the animals were placed on a diet to reduce their body weight by 20%. The pretest
(shaping) was performed for up to 15 min on three days. The rats were placed in a dimly lit
room 30 min before the test. Test (up to 10 min): a pellet was placed at the end of each arm.
The rat was placed in the center of the platform and allowed to freely search for available
food. As consumed pellets were not replaced, each rat could enter each arm only once.
The test ended when the rat had consumed all the pellets. The test was performed in five
sessions, one per day. The following parameters were recorded: total WMEs, DWMEs, and
time for five sessions. WME (number of working memory errors): The number of entries
into an empty arm (with a consumed pellet) for the first time from day 1 to day 5 of the
recording. DWME (number of double WMESs): The number of consecutive entries into an
empty arm from day 1 to day 5 of the study. Time to consume all pellets: the time taken by
each rat to consume all pellets during the test sessions.

4.3. Biochemistry

Three days after the last session in the RAM test, the rats were euthanized by decap-
itation after CO, anesthesia. Left and right hippocampal and frontal cortex tissues were
isolated and frozen in liquid nitrogen and stored in a fridge at —32 °C. The tissue samples
were weighted and homogenized with HEPES buffer (20 mM HEPES; 1 mM EGTA; 210 mM
mannitol; 70 mM sucrose; pH 7.2) and protease inhibition cocktail (100 mM PMSE, 100 mM
NaF, 35 mM EDTA). The homogenates were centrifuged at 10,000x ¢ for 5 min at 4 °C. The
supernatants were used for determination of general protein via the Bradford method and
afterward enzyme-linked immunosorbent assay (ELISA) tests were performed to determine
oxidative stress markers of MDA (Elabscience E-EL-0060) and GSH (Elabscience E-EL-0026)
in the hippocampus, along with Af3 (Elabscience E-EL-R1402) and CREB1 (Elabscience
E-EL-R0289) in both hippocampal tissue and frontal cortex, according to the manufacturer’s
protocol.

4.4. Statistical Analysis

Experimental data are presented as mean £ S.E.M. Two-way ANOVA was applied
to the data of motor activity registered by the actimeter, memory measured by Y-maze
test, ORT, total WMEs, DWMEs, time measured by the RAM test, and biochemical data
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with factors: age and strain (groups: Wis-veh 3m, Wis-veh 14m, SHR-veh 3, and SHR-
veh 14m) and age and treatment (groups: SHR-veh 3m, SHR-Los 3m, SHR-veh 14m, and
SHR-Los 14m). A three-way ANOVA was used for the RAM test, with strain and age as
the between-subject factors and session day as the within-subject factor (groups: Wis-veh
3m, Wis-veh 14m, SHR-veh 3, and SHR-veh 14m), and age, treatment, and session day
(groups: SHR-veh 3m, SHR-Los 3m, SHR-veh 14m, and SHR-Los 14m). When a significant
difference was found, the ANOVA was followed by the Bonferroni post hoc test. Statistical
analysis was performed with SigmaStat® 11.0 (Systat Software, San Jose, CA, USA) and
GraphPad Prism®6 (GraphPad Software, San Diego, CA, USA). Significant difference was
accepted at p < 0.05.

5. Conclusions

In conclusion, our study showed that young adult and middle-aged SHRs have
impaired short-term recognition and spatial memory compared with age-matched Wistar
rats. The results suggest that losartan is effective in improving cognitive performance in
middle-aged SHRs but not in young adult rats. This suggests that the memory-improving
effects of this selective AT1 receptor antagonist may not be solely due to its blood pressure-
lowering properties but rather to its potent antioxidant activity. In addition, the study
suggests that the protective effect of losartan in reducing A4, expression in middle-
aged rats may be closely related to the CREB mechanism in the hippocampus, further
highlighting its potential neuroprotective and cognitive enhancement by mechanisms
beyond its traditional antihypertensive function. Further research, particularly in aged
SHR models and exploration of other AT receptor antagonists, is warranted to validate
the hypothesis that the memory-enhancing effects of this class of antihypertensive drugs
may be age-dependent.
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