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Abstract

Metabolic syndrome (MetS) is a rapidly increasing health concern during midlife and is an
emerging risk factor for the development of neurodegenerative diseases, such as Alzheimer’s
disease (AD). While angiotensin receptor blockers (ARB) are widely used for MetS-associated
hypertension and kidney disease, its therapeutic potential in the brain during MetS are not well-
described. Here, we tested whether treatment with ARB could alleviate the brain pathology and
inflammation associated with MetS using the Otsuka Long Evans Tokushima Fatty (OLETF)

rat. Here, we report that chronic ARB treatment with olmesartan (10 mg/kg/day by oral gavage

for 6 weeks) partially but significantly ameliorated accumulation of oxidized and ubiquitinated
proteins, astrogliosis and transformation to neurotoxic astrocytes in the brain of old OLETF rats,
which otherwise exhibit the progression of these pathological hallmarks associated with MetS.
Additionally, olmesartan treatment restored claudin-5 and ZO-1, markers of the structural integrity
of the blood brain barrier as well as synaptic protein PSD-95, which were otherwise decreased

in old OLETF rats, particularly in the hippocampus, a critical region in cognition, memory

and AD. These data demonstrate that the progression of MetS in OLETF rats is associated

with deterioration of various aspects of neuronal integrity that may manifest neurodegenerative
conditions and that overactivation of angiotensin receptor directly or indirectly contributes to these
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detriments. Thus, olmesartan treatment may slow or delay the onset of degenerative process in the
brain and subsequent neurological disorders associated with MetS.

Graphical Abstract
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Metabolic syndrome (MetS) favors accumulation of oxidized proteins and astrogliosis and
promotes deficits in the integrity of cerebrovascularture and postsynapses in the brain of OLETF
rats. However, ARB treatment ameliorates these toxic consequences induced by MetS.
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INTRODUCTION

The metabolic syndrome (MetS) is a cluster of metabolic disorders that include
hypercholesterolemia, hypertension, obesity, and glucose intolerance with or without insulin
resistance among other defects. Among these cluster risk factors, hypercholesterolemia

and obesity are strongly correlated to the development of neurodegenerative diseases

and associated neural defects, such as Alzheimer’s disease (AD) 1. In addition, obesity
dysregulates the renin-angiotensin system (RAS) that leads to hypertension in humans and
rodents 2-°. Angiotensin Il (Ang I1) mediates its effects by binding its primary receptor
type 1 (AT4); however, elevated Ang Il or overactivation of AT, may have deleterious
consequences on most organ systems including the heart, kidneys, and brain 67, During
pathological conditions, elevated Ang Il generates free radicals and oxidative stress, which
is mediated by AT; 810, Similar to its systemic effects, overactivation of ATy up-regulates
reactive oxygen species (ROS) and cerebrovascular oxidative stress in the brain 1112, In
addition, Ang Il induces cerebrovascular injury and inflammation 13:14 by increasing gliosis
in the hippocampus 1°, a key region for cognitive processing as well as one of the most
susceptible brain regions in AD.

Disruption of RAS signaling via angiotensin receptor blockers (ARBs) among others are
widely used in patients with hypertension and kidney disease 1617, In addition to robustly
ameliorating hypertension including the elevated arterial pressure associated with MetS,
chronic ARB treatment also reduces systemic oxidative stress and inflammation 18-20, |n
stroke-prone spontaneously hypertensive rats (SHRSP), which is characterized by elevated
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Ang 11 2, chronic ARB treatment (olmesartan x 30 d) reduced oxidative stress in the

brain 12. While the benefits of ARB treatment on brain pathologies has gained considerable
attention in recent years 6.7, the effects of the progression of MetS and the potential benefits
of ARBs during MetS have not been examined 1.

Here, we investigated the potential benefits of chronic ARB treatment on markers of brain
pathologies in a model of MetS, the Otsuka Long-Evans Tokushima Fatty (OLETF) rat, to
evaluate the effects of age and MetS on neural injury. OLETF rats are a well-characterized
model of MetS that develop defined stages of metabolic defects with age 2224, At 16 weeks
of age, male OLETF rats present with early onset of insulin resistance and the associated
hyperglycemia along with modest progression of other metabolic phenotypes characteristic
of the model such as adiposity, dyslipidemia, and hypertension 18:22.23 By 25 weeks of
age, virtually all male OLETF rats develop frank type Il diabetes and advanced adiposity
and hypertension among other metabolic defects?3:2%:26, Thus, this model allowed us to
study potential effects of the manifestation of dysmetabolism and the contribution of AT1
signaling on neural defects with respect to the distinct stage of MetS as defined by the
difference in age. The MetS phenotypes including the associated obesity are primarily
induced by the hyperphagia caused by a mutation in the CCKAR gene, which encodes for
the cholecystokinin-1 (CCK-1) receptor 27:28,

Younger animals (16 weeks of age)

Because it is well established that aging is a confounding variable in the manifestation

of neurological defects including neurodegenerative diseases, we leveraged the use of
tissues from younger animals displaying early signs of MetS phenotypes to better assess
the timing of the onset of neural pathologies. Thus, some analyses were performed in
younger animals initially to gain further insights. Basic metabolic changes are summarized
in Table 218:22.25.26 |n prief, all presented parameters were elevated in OLETF rats at 16
weeks of age when compared to age-matched control (LETO) rats and ARB treatment
normalized the elevated SBP and plasma glucose levels. Our initial brain measurements
included quantification of oxidized and ubiquitinated proteins and glial fibrillary acidic
protein (GFAP), an astrocyte marker. No discernable differences in any of these variables
(Fig. 1A-C) were detected suggesting that at this age and stage of MetS the brain is not
susceptible to degeneration and/or defects. Given the lack of robust strain or ARB-associated
changes in these variables, no further analyses were performed.

Older animals (25 weeks of age)

MetS is associated with accumulation of oxidized and ubiquitinated proteins
in the brain and ARB treatment partially ameliorates it.—Basic metabolic changes
of OLETF rats at 25 weeks of age demonstrated advanced adiposity and hypertension and
ARB treatment normalized the elevated SBP (Table 2). We examined the brains from these
animals to assess the manifestation of neural abnormalities and the potential of chronic
ARB treatment to ameliorate these defects. The levels of oxidized and ubiquitinated proteins
in whole brain homogenates were measured to assess the degree of potential damage.
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Levels of oxidized proteins were increased in OLETF compared to control, while ARB
treatment reduced levels (Fig. 2A). Similarly, levels of poly-ubiquitinated proteins were
elevated in OLETF compared to control; however, the 31% decrease with ARB treatment
was not statistically significant but trended toward partial amelioration (p = 0.06; Fig. 2B).
To explore whether the autophagy pathway underlies the elevated levels of ubiquitinated
proteins in OLETF animals, we analyzed the autophagy markers LC3 and p62. Immunoblot
experiments showed no differences in the protein levels of 16 kDa LC3-I, which was
predominant in all groups, and 14 kDa LC3-I1, a marker for autophagosome activation (Fig.
2C) or p62 (Fig. 2D) among the groups, suggesting that dysregulation of mechanisms others
than autophagy mediate the accumulation of ubiquitinated proteins.

ARB treatment prevents neurotoxic activation of astrocytes in OLETF rats.—
Neuroinflammation was assessed by quantifying glial fibrillary acidic protein (GFAP) and
ionized calcium binding adaptor molecule-1 (Iba-1) as markers for astrocytes and microglia,
respectively. GFAP protein content was measured by Western blot in the whole brain

and by immunostaining particularly in the hippocampus based on earlier study 1° (Fig.

3A and 3B). We were also interested in the hippocampus as it a fundamental region for
cognitive processing, specifically learning and memory 2930, that is particularly sensitive

to endogenous and exogenous insults 31:32 and is a critical brain region for AD. In both
cases, whole brain and hippocampus GFAP was greater in OLETF compared to control

and ARB treatment reduced the levels (Fig. 3A and 3B). Next, the association between
increased GFAP immunoreactivity and the increased number of potentially harmful reactive
astrocytes expressing complement C3 molecule was assessed. These astrocyte populations
exhibited distinct transcriptomic signatures from either homeostatic astrocytes (C3-negative)
or displayed neurotoxic phenotypes (C3-positive) 33. We quantified the ratio of GFAP+:C3-
and GFAP+:C3+ astrocytes in the hippocampus and found that the number of C3+ astrocytes
were increased in OLETF rats compared to control rats and ARB treatment reduced

C3+ astrocytes suggesting that the homeostatic population was restored (Fig. 3C). Similar
changes were observed in cortical regions (data not shown). These results indicate that the
progression of MetS exacerbates the transformation of astrocytes to highly reactive and
neurotoxic astrocytes in the brain via, at least in part, by AT;-mediated effects.

Since C3+ neurotoxic astrocytes are reported to be triggered by activated microglia 32,

we attempted to examine characteristics of microglia using several reported markers

for homeostatic phenotype (Tmem119) and degenerative phenotype (ferritin) using
immunostaining 3435, However, we did not detect significant differences in either Tmem119
or ferritin immunoreactivity within Ibal-positive microglia in the brains from these groups
(data not shown). More sensitive analysis would be required to definitively determine a shift
toward an activated-microglia phenotype in these animals.

MetS is associated with compromised blood brain barrier.—To assess the
consequences of MetS on the BBB, we measured ZO-1 and claudin-5, the two primary
tight junction proteins essential for the maintenance and integrity of cerebrovasculature
including the BBB 7:36:37, Both ZO-1 and claudin-5 were significantly reduced in OLETF
rats compared to control (Fig. 4A—4C). While recovery of claudin-5 levels with ARB

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.
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treatment were not statistically significant, the changes are indicative of biological trends (p
=0.08; Fig. 4C). Thus, at this stage of the MetS, longer duration ARB treatment may be
necessary to detect statistically significant changes.

MetS reduced levels of postsynaptic proteins.—The reduction of BBB markers
and increase of C3+ neurotoxic astrocyte population in OLETF rats indicated that
cerebrovascular and/or BBB integrity was impaired or damaged. Thus, we next examined
whether loss of synapses was evident in these animals. The density of pre- and postsynaptic
markers were quantified in whole brain tissues by immunoblot. Synaptophysin (SYP),
postsynaptic density protein 95 (PSD-95), and the AMPA receptor subunit glutamate
receptor 2 (GIuA2) showed no significant differences among the groups (Fig. 5A-C). On
the other hand, the AMPA receptor subunit glutamate receptor 1 (GluA1) was reduced

in OLETF compared to control and ARB treatment significantly rescued GluA1 protein
levels (Fig. 5D). Next, we quantified SYP and PSD-95 protein levels specifically in the
hippocampus since changes in these proteins in this region could be indicative of impaired
cognition as previously reported by us 3840 and others 4149, While no differences in
hippocampal SYP were detected (Fig. 5E), PSD-95 was lower in OLETF compared to
control, but not altered with ARB treatment (Fig. 5F). These results are consistent with the
idea that MetS patients are susceptible to impaired cognition, which may manifest initially
from postsynaptic deficits.

ON

Metabolic syndrome, such as hypercholesterolemia, hypertension and obesity, is strongly
correlated with the risk of neurological disorders and neurodegenerative diseases 1.
However, the contributions of the MetS to the manifestation of neurological disorders
have not been examined. Here, we found that the progression of the MetS, which is a
function of age, was closely associated with the advancement of neurotoxic astrogliosis
and augmented brain and cerebrovascular injury. Important and novel findings of the
present study are that: (1) advanced onset of the MetS is associated with profound
neurological signatures such as increased neurotoxic astrocytes, cerebrovascular damage,
and synaptic loss, (2) chronic blockade of AT, ameliorated some of these MetS-associated
consequences in the brain, and (3) the ARB-associated benefits are likely independent

of hypercholesterolemia, hypertension, and obesity (adiposity, described below). These
pathological features correlated with deficits in the integrity of vessels in the brain

and reduced number of synapsis, while the link between obesity and brain dysfunction,
particularly in the hippocampus has been realized 5-52, However, the complexity of risk
factors that constitute the MetS do not likely contribute singularly but in concert to exert
deleterious effects including those observed in the present study.

The quantification of some variables of neurological defects in the younger animals was
important to demonstrate that the progressive development of MetS in the older animals is
associated with the manifestation of neural injury and potentially neurodegeneration. The
metabolic disorders that characterize the OLETF rat have been well defined 19.22-26.53-55,
however, a molecular and cellular examination of neurological aspects of this model have
not been examined in the progression of MetS. This is important because a recent review of

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.
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Limitations

rodent models of neurodegenerative diseases highlight the lack of MetS models even though
a number of models of diabetes, hypercholesterolemia, and obesity exist 1. The present
study also demonstrated that chronic treatment with olmesartan is moderately effective at
ameliorating the MetS-associated neural damage. This is consistent with previously reported
benefits of olmesartan in the brain 1237, despite being considered a non-BBB crossing ARB
56, It is suggested that the orally administered olmesartan acted on AT receptors in the
circumventricular organ and area postrema, both of which lack a blood-brain barrier and
that this may have been sufficient to mediate the direct AT, effects although this would not
discredit the potential for pleiotropic effects 12,

During obesity, elevated Ang Il promotes oxidative stress 11, which may lead to brain
pathologies including low-grade inflammation 1315 and disruption to the integrity of the
cerebrovasculature 14. However, these two neuropathological features influence each other
promoting the development of a feedback process that exacerbates disease over time.

Ang Il increases circulating inflammatory cytokines that can disrupt the function of brain
vessels 9257, Chronic administration of Ang I directly induced cerebrovascular dysfunction,
depending, in part, on local activation of ATy, leading to vascular oxidative stress 11. In
SHRSP rats, a similar duration (30 d) treatment of olmesartan at the same dose (10 mg/kg/d)
reduced the oxidative stress in the brain when provided either orally or i.c.v. 12. Additionally,
in a mouse model of AD characterized by high levels of ROS, olmesartan decreased
oxidative stress in brain vessels and alleviated memory impairments 8 further demonstrating
the effectiveness of olmesartan in ameliorating oxidative stress-related neuropathies and
substantiates the activation of ATq contributing to these conditions.

While ARB treatment did not consistently reverse or ameliorate all the neural injuries, it was
profoundly effective at completely ameliorating oxidized proteins and neurotoxic astrocytes
and tended to improve claudin-5 and ZO-1 suggesting that AT activation contributes, at
least partially, to these observed neural injuries. In obese and diabetic patients as well as
animal models of these conditions, accumulation of oxidized proteins led to dysregulation
of the ubiquitin proteasome system (UPS), a fundamental disposal mechanism of misfolded
and damaged proteins ®°. Thus, the accumulation of oxidized and ubiquitinated proteins

in the brain provides a robust metric of neural damage that appears to be associated with
overactivation of AT;.

Because this was an ex post facto (retrospective) study in which an unique opportunity to
study the potential effects of chronic ARB on ameliorating the strain-associated neural
defects, we recognize that a few study limitations require interpretation with caution.
Nonetheless, these limitations do not minimize the potential impacts of these results given
the paucity of data available in this arena. A recognized limitation is the lack of behavioral
data to help confirm the potential translation benefits of the observed improvements with
ARB treatment. We also recognize that our experimental design does not identify whether
observed rescuing effects by olmesartan is mediated by its blood pressure lowering effect or
directly via blockade of ATq or a combination of both. Further studies that include a group
treated with non-RAS targeting antihypertensives such as hydralazine could help addressed

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.
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this limitation. Furthermore, the measurement of complement factor 3 (C3), a neural,
inflammatory protein that is activated in AD, would have been a valuable contribution

to this dataset; however, our efforts to measure protein expression in our samples were
unsuccessful and samples were not collected for PCR measurements. Thus, future studies
designed specifically to analyze the potential benefits of chronic ARB treatment on markers
of neurodegeneration should include behavioral assessments, measurements of C3, and non-
RAS targeting antihypertensive drugs to extend the interpretative value of the contribution of
AT to the progression of neurodegeneration.

In summary, our results demonstrated that the early onset of MetS, which is characterized
by hypercholesterolemia, hypertension, and increased adiposity is not associated with
profound neural injury; however, advanced stage MetS is associated with astrogliosis,
accumulation of toxic protein species, and deficits in the integrity of vessels in the brain

and postsynapses. Importantly, chronic blockade of AT, ameliorated some of the MetS-
associated consequences observed in older MetS animals but not in the younger animals
suggesting that the persistence of AT, activation promotes these neural injury and defects.
Interestingly, the ARB-associated benefits are likely independent of hypercholesterolemia,
hypertension, and obesity (adiposity) individually; however, these MetS risk factors in
concert with persistent overactivation of AT1 likely contributed to the manifestation of these
neural defects and potentially to neurodegeneration in a more advanced stage of MetS. Thus,
chronic treatment of MetS patients with ARBs at an early stage may be critical at helping to
prevent or ameliorate the later onset of neural injury and neurodegeneration.

METHODS

Animals

All experimental procedures were reviewed and approved by the institutional animal care
and use committees of Kagawa Medical University (Kagawa, Japan) and the University
of California, Merced. The analyses described here complement our previous studies
designed to enhance our understanding of the contributions of AT-mediated signaling to
the manifestation of MetS and its associated pathologies in multiple tissues. A unique and
innovative aspect of the current study is leveraging the opportunity to perform additional
and complementary research of the effects of age and the manifestation of MetS on brain
pathologies. Thus, brains were used from animals previously described to represent the early
stage of insulin resistance and modest MetS phenotype (16 weeks of age, herein referred
to as “younger” animals) 1822 and the advanced MetS phenotype (25 weeks of age, herein
referred to as “older” animals) 2526 but mentioned here briefly for thoroughness.

We leveraged the use of brains from animals used in other studies to better investigate the
effects of age and the manifestation of the metabolic syndrome. Brains from the younger
animals were harvested from animals described in 1822, All lean Long-Evans Tokushima
Otsuka (LETO; strain control) and obese OLETF rats were obtained from Otsuka
Pharmaceutical Co. Ltd. (Tokushima, Japan). Younger animals were 10 week-old males
divided into the following groups: (1) untreated control + vehicle (0.5% methylcellulose by
oral gavage once daily), (2) untreated OLETF + vehicle, and (3) OLETF + ARB (ARB;

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.
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10 mg olmesartan/kg/d by oral gavage x 6 weeks) and were approximately 16 weeks

at dissection 1822, Qlder animals were 17 week-old males divided into the same three
groups with the exception that older animals were treated with ARB for 8 weeks and were
approximately 25 weeks at dissection 2526, Olmesartan was selected as the ARB of choice
in the primary studies because it is more effective at ameliorating T2D-associated renal
injury and hypertension than other ARBs 0 . Because the samples used in this study were
derived from rats originally used in independently designed studies, the duration of the ARB
treatments was different. Nonetheless, this difference did not affect the overall scope of this
study because there were no differences in the pathological outcomes measured between
control and OLETF rats at 16 weeks of age.

All animals were maintained in groups of three or four animals per cage in a specific
pathogen-free facility under controlled temperature (23°C) and humidity (55%) with a
12:12 hr cycle. All animals were given free access to water and standard laboratory rat
chow (MF; Oriental Yeast Corp., Tokyo, Japan). All animal procedures were performed in
accordance with National Institutes of Health and University of California guidelines and
Use Committee at the University of California, Merced.

Tissue preparation

Animals were decapitated and the brain was quickly collected. One hemibrain (without
olfactory bulb and cerebellum) was frozen in dry ice for immunoblot analysis. Hemibrain
lysates were prepared by homogenizing frozen tissue in T-Per extraction buffer (150 mg/mL,
Pierce), complemented with protease and phosphatase inhibitors (Thermo Fisher Scientific).
Lysates were centrifuged at 20,000 x g for 30 min at 4°C and protein concentration was
quantified by the Bradford assay (Bio-Rad Laboratories). The other hemibrain was fixed

for 48 h in PBS + 4% paraformaldehyde and then cryoprotected in 30% sucrose for
immunofluorescence analysis.

Immunoblotting

Equal amounts of protein were separated on 4-15% Bis-Tris gel and transferred to PVDF
membranes. Membranes were blocked for 1 h in Odyssey blocking solution (Li-cor). After
blocking, membranes were incubated overnight with one or two primary antibodies in
Odyssey blocking solution + 0.2% tween-20 at 4°C (for a detailed list of the primary
antibodies used in this study please refer to Table 1). After washes with TBS + 0.1%
tween-20, membranes were incubated for 1 h with the specific secondary antibodies at

a dilution of 1:20,000 (IRDye, Li-cor) in Odyssey blocking solution + 0.2% tween-20 +
0.01% SDS. In the case of ZO-1 and claudin-5, the signal was amplified after incubation
with primary antibodies with a biotinylated anti-mouse IgG (dilution 1:500; Vector Biolabs,
BA-2000) followed by 800CW streptavidin (dilution 1:1000; Li-cor, 926-32230), with both
incubations for 1 h in Odyssey blocking solution + 0.2% tween-20 + 0.01% SDS. Blots were
scanned in an Odyssey infrared imager (Li-cor). Image Studio software version 5.2 (Li-cor)
was used for protein quantification. Protein levels were normalized to GAPDH or tubulin.
For oxidized protein analysis, 20 ug of protein were derivatized with 2,4-dinitrophenyl and
detected using the oxyblot assay (Millipore) following the manufacturer’s instructions.

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.
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Immunofluorescence

Coronal sections (40 um) were baked and pretreated with sodium citrate, 50 mM (pH

6.0), for 10 min at 95°C. After washes, sections were permeabilized with TBS + 0.1%
Triton X-100 for 15 min, washed and blocked with 10% normal serum + 1% BSA

in TBS + glycine (0.3M) for 1 h. Sections were incubated overnight with primary
antibodies (1:50 dilution) at 4°C. After washes, sections were incubated with the appropriate
secondary Alexa Fluor-conjugated antibodies (1:200; Thermo Fisher Scientific) for 2 h,
washed, counterstained with DAPI (300nM for 5 min), and mounted with Fluoromount-

G (SouthernBiotech). 16-bit grayscale pictures from the dorsal hippocampus were taken
under an EVOSfl (AMG) fluorescence microscope using a 40x objective. After background
subtraction, minimum and maximum brightness/contrast levels were adjusted to remove
unspecific signal (unspecific signal was determined using a section without primary
antibody; one per rat per staining). Mean intensity was computed in the CA1 and CA3
regions of the hippocampus (three pictures per region from three to four sections per
animal). Analysis was performed using ImageJ software version 1.51j8 (NIH).

Z0-1 immunofluorescence analysis

14-bit grayscale Z-stack (pitch 0.2um) pictures from the dorsal hippocampus were taken
under a BZ-X700 Keyence fluorescence microscope using a 60x oil-immersion objective.
Surface masks were created for collagen and ZO-1 to calculate the volume occupied by
Z0-1 within vessels using Imaris (Bitplane Inc.). Five vessels per section were analyzed
(three to four sections per animal).

Statistical analysis

Means (£SEM) were compared among the groups by one-way analysis of variance
(ANOVA) followed by Fisher’s post-hoc tests if normally distributed (Anderson-Darling
test); otherwise, datasets were compared using Kruskal-Wallis test followed by Dunn’s
post-hoc test. Significance was set at p-value <0.05 All Analyses were done in Prism 9
software (Graphpad Software LLC, San Diego, CA).
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Figure 1. Younger (16 weeks) control and OLETF animals showed similar levels of toxic protein
species and the astrocyte marker, GFAP, that were not altered by ARB treatment.

A. Levels of oxidized proteins by immunoblot. ANOVA F(2,10) = 0.17, n = 4-5. B. Levels
of ubiquitinated proteins by immunoblot. ANOVA F(2,10) = 0.64, n = 4-5. C. Protein
levels of GFAP by immunoblot. ANOVA F(2,22) = 1.57, n = 8-9. The housekeeping protein
tubulin was used for normalization.
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Figure 2. Increased levels of oxidized and ubiquitinated proteinsin older (25 weeks) OLETF rats

werereduced by ARB.
A. Levels of oxidized proteins by immunoblot. ANOVA F(2,13) =

Levels of ubiquitinated proteins by immunoblot. ANOVA F(2,17)

4.49 p =0.03, n = 5-6. B.
=3.84p=0.04,n=6-7.

C. Protein levels of the autophagy markers LC3-1 ANOVA F(2,13) =1.63 p =0.23, n = 5-6,
and LC3-11 by immunoblot ANOVA F(2,13) = 0.54 p = 0.59, n = 5-6. D. Protein levels of
the autophagy marker p62 by immunoblot. ANOVA F(2,13) =1.17 p=0.34,n =5-6. The
housekeeping protein GAPDH was used for normalization. * = p < 0.05.
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Figure 3. Increased levels of neurotoxic astrocytesin older (25 weeks) OLETF ratswerereduced

by ARB.

A. Protein levels of the astrocyte marker GFAP by immunoblot. ANOVA F(2,16) =5.53 p =
0.01, n = 6-7. B. Protein levels of GFAP (green) in the hippocampus by immunofluorescent
staining. ANOVA F(2,15) = 21.92 p < 0.0001, n = 6. Nuclear DAPI counterstaining is
shown in blue. C. Protein levels of C3 (red) in the GFAP (green) positive population in the
hippocampus by immunofluorescent staining. ANOVA F(2,13) = 22.44 p < 0.0001, n = 5-6.
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Nuclear DAPI counterstaining is shown in blue. The open bars show the C3- population for
each group. *** = p <0.001, ** = p <0.01, * = p < 0.05. Scale bar = 100 um.
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Figure 4. Deficienciesin tight junction proteins were observed in older (25 weeks) OLETF rats.
A. Protein levels of the tight junction marker ZO-1 by immunoblot. ANOVA F(2,12) =

4.57 p=0.03, n = 5. B. Protein levels of the tight junction marker ZO-1 (green) in the
hippocampus by immunofluorescent staining. Kruskal-Wallis H(2) = 8.96 p = 0.005, n =
6-7. Collagen staining shows vessels in red. Scale bar = 100 um. C. Protein levels of the
tight junction marker claudin-5 by immunoblot. ANOVA F(2,13) = 7.2 p=0.007, n =
5-6 . The housekeeping protein GAPDH was used for normalization in the immunoblot

experiments. ** =p <0.01, *=p < 0.05.
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Figure 5. Decreased levels of postsynaptic proteins were observed in older (25 weeks) OLETF
rats.

A. Protein levels of the presynaptic marker synaptophysin (SYP) by immunoblot. Kruskal-
Wallis H(2) = 5.76, n = 5-6. B. Protein levels of the postsynaptic marker PSD-95 by
immunoblot. ANOVA F(2,13) = 0.002, n = 5-6. C. Protein levels of the postsynaptic marker
GluA2 by immunoblot. ANOVA F(2,15) = 0.6, n = 6. D. Protein levels of the postsynaptic
marker GluAl by immunoblot. ANOVA F(2,15) = 6.04 p = 0.01, n = 6. E. Protein levels

of SYP (green) in the hippocampus by immunofluorescence. ANOVA F(2,9) = 0.003, n =
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4. F. Protein levels of PSD-95 (green) in the hippocampus by immunofluorescence. ANOVA
F(2,15) = 5.09 p = 0.02, n = 6. Nuclear DAPI counterstaining is shown in blue. The
housekeeping protein GAPDH was used for normalization in the immunoblot experiments.
**=p<0.01, *=p <0.05. Scale bars = 100 ym.
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Table 1.

List of primary antibodies used in this study

Target Vendor & catalog number Application & dilution
GFAP MilliporeSigma, mab360 WB (1:1,000)
GFAP Dako, 20334 IF (1:500)
Iba-1 Wako, 016-20001 WB (1:1,000 )
PSD95 Cell Signaling, 3409 IF (1:100)
PSD95 Neuromab, 73-028 WB (1:500)
SYP Abcam, ab14692 WB (1:2,000), IF (1:100)

Mono- and Poly-ubiquitinated proteins (clone FK2)

Enzo lab Sciences, BML-PW8810

WB (1:1,000)

Z0-1 Invitrogen, 33-9100 WB (1:150), IF (1:50)
claudin-5 Invitrogen, 35-2500 WB (1:200)

collagen IV Invitrogen, PA1-36063 IF (1:50)

tubulin Sigma-Aldrich, B-5-1-2 WB (1:25,000)
GAPDH ProteinTech, 60004-1-1g WB (1:5,000)

C3 Hycult Biotech, HM1045-100UG IF (1:50)

LC3 Abcam, ab48394 WB (1:1,000)

p62 Abcam, ab56416 WB (1:500)

GluA2 MilliporeSigma, MAB397 WB (1:1,000 )

GluAl Cell Signaling, 13185 WB (1:1,000)

WB = western blot, IF = immunofluorescence

Clin Exp Pharmacol Physiol. Author manuscript; available in PMC 2024 March 01.

Page 21



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Rodriguez-Ortiz et al.

Table 2.

Page 22

Mean (+ SE) end of study variables provided here to demonstrate basic phenotypic and metabolic changes
associated with the strain and treatment of ARB (data published in different formats in [18,22,25,26]).

16 Weeks of Age 25 Weeks of Age

LETO OLETF OLETF + ARB LETO OLETF OLETF + ARB
Body Mass (g) 42514 | 5eg+13” 53067 46529 | 610431 598 36~
9Relative Total Fat Mass (g/100 g 31+01 63+03" 62+04" ND’ ND’ ND
BM)
SBP (mm Hg) 114 5 139 + 2 * 111 + 4# 109+1 155 + 2 * 113 + 2#
Fasting Plasma
Glucose (mg/dL) 101+4 133+47 12142 *# 90+5 135423~ 128 +2%
Insulin (ng/mL) 0754010 | 171+018% | 132+016* 0414006 | g7a+024% | 062+013
Triglycerides (mg/dL) 53+9 124+9% 89+8% 50+7 138+ 14~ 107 +13%

SBP = systolic blood pressure;

a . .
= “total” refers to retroperitoneal and epididymal fat masses;

ND = not determined.

fAIthough abdominal fat mass was not determined in 25 wk old rats, at 24 wks (similar aged) the percent abdominal fat is a 3.4% and 6.5% in
LETO and OLETF, respectively -, which is consistent with the percentages determined here for 16 wk old rats. The similar body masses between
OLETF and OLETF + ARB at 25 wks suggests that fat mass between the two groups was also similar.

*
different from LETO at p < 0.05;

#different from OLETF at p < 0.05
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