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ABSTRACT

Alzheimer's Disease and Alzheimer's Disease-related dementias (AD/ADRD) pose
major global healthcare challenges, with diabetes mellitus (DM) being a key risk factor.
Both AD and DM-related ADRD are characterized by reduced cerebral blood flow,
although the exact mechanisms remain unclear. We previously identified compromised
cerebral hemodynamics as early signs in TgF344-AD and type 2 DM-ADRD (T2DN) rat
models. Genome-wide studies have linked AD/ADRD to SNPs in soluble epoxide
hydrolase (sEH). This study explored the effects of sEH inhibition with TPPU on
cerebral vascular function and cognition in AD and DM-ADRD models. Chronic TPPU
treatment improved cognition in both AD and DM-ADRD rats without affecting body
weight. In DM-ADRD rats, TPPU reduced plasma glucose and HbA1C levels.
Transcriptomic analysis of primary cerebral vascular smooth muscle cells from AD rats
treated with TPPU revealed enhanced pathways related to cell contraction, alongside
decreased oxidative stress and inflammation. Both AD and DM-ADRD rats exhibited
impaired myogenic responses and autoregulation in the cerebral circulation, which were
normalized with chronic sEH inhibition. Additionally, TPPU improved acetylcholine-
induced vasodilation in the middle cerebral arteries (MCA) of DM-ADRD rats. Acute
TPPU administration unexpectedly caused vasoconstriction in the MCA of DM-ADRD
rats at lower doses. In contrast, higher doses or longer durations were required to
induce effective vasodilation at physiological perfusion pressure in both control and
ADRD rats. Additionally, TPPU decreased reactive oxygen species production in
cerebral vessels of AD and DM-ADRD rats. These findings provide novel evidence that
chronic sEH inhibition can reverse cerebrovascular dysfunction and cognitive

impairments in AD/ADRD, offering a promising avenue for therapeutic development.
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INTRODUCTION

Alzheimer's Disease and Alzheimer's Disease-Related Dementias (AD/ADRD)
affect 6.9 million Americans at age over 65 years in 2024, with projections indicating a
potential rise to 13 million by 2050.* This staggering increase underscores the urgent
need for effective pharmacotherapies for AD/ADRD. However, despite extensive efforts,
such treatments remain elusive, emphasizing the critical importance of gaining a deeper
understanding of the underlying cellular and molecular mechanisms driving the onset
and progression of the diseases.?* Brain hypoperfusion has been recognized as one of
the primary contributors to AD/ADRD-related neuronal damage, occurring prior to the
onset of amyloid beta (AB) and tau pathologies and preceding cognitive decline in both
AD and ADRD, which is often associated with hypertension and diabetes (DM).*®
Currently, none of the U.S. Food and Drug Administration (FDA)-approved treatments
have targeted cerebral vasculature, and AD/ADRD has not been proven curable largely
due to an incomplete understanding of the precise underlying mechanisms.*?

Reduced brain perfusion in AD/ADRD has been reported to arise from impaired
cerebral blood flow (CBF) autoregulation, blood-brain barrier (BBB) damage,
neurovascular uncoupling, and diminished venous and neurovascular-glymphatic
function.®®*® Inflammation and oxidative stress are intricately linked to cerebral vascular
dysfunction in AD/ADRD, involving diverse mechanisms and phenotypes.'*** The
myogenic response is pivotal for maintaining CBF autoregulation. Mural cells situated
on the vessel wall, including vascular smooth muscle cells (VSMCs) and pericytes
expressing alpha-smooth muscle actin (a-SMA), are instrumental in modulating the

myogenic response of cerebral arteries and arterioles, including the middle cerebral
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arteries (MCAs) and penetrating arterioles (PAs).*****® |n AD/ADRD patients and
animal models, the VSMCs shift from their typical contractile state to a phenotype
resembling that of macrophages. This shift is accompanied by the presence of
additional neurodegenerative markers, highlighting the central role of these VSMCs in
driving disease progression.’*?*® The loss of contractility in VSMCs, in turn, can
negatively affect the ability of CBF autoregulation in AD/ADRD.'?*?® We previously
observed impaired cerebral hemodynamics preceding cognitive deficits in both TgF344-
AD and type 2 DM-related ADRD (T2DN) rat models.”**?* The diminished myogenic
response and CBF autoregulation, as well as compromised functional hyperemia, are
associated with reduced contractility in cerebral VSMCs and a-SMA positive pericytes,
enhanced production of reactive oxidative species (ROS) and mitochondrial-derived
superoxide, and diminished adenosine triphosphate production and elevated
inflammation.” %42

The soluble epoxide hydrolase (sEH) is an enzyme that transforms arachidonic
acid-derived epoxyeicosatrienoic acids (EETs) to corresponding diols
dihydroxyeicosatrienoic acids (DHETS) and linoleic acid-derived epoxyoctadecenoic
acids (EpOMESs) to dihydroxyoctadecenoic acids (DiIHOMES).?® The sEH enzyme is
widely distributed in neurons, glial cells, VSMCs, and endothelial cells in the
brain.?**® Recent studies suggest that SEH inhibitors show promise in treating a range

29-31

of conditions in animal models, including cardiovascular diseases, renal

31,32 33,34 35-37

diseases, neurodegenerative diseases, and pain-related disorders.
Cognitive function was also improved in cerebral hypoperfusion animal models treated

with sEH inhibitors, though the underlying vascular mechanisms remain not fully
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understood.*®** In the present study, we compared the transcriptomic profiling of
primary VSMCs isolated from AD rats treated with a highly selective seH inhibitor 1-(1-
Propanoylpiperidin-4-yl)-3-[4-(trifluoromethoxy)phenyllurea (TPPU) and evaluated the
impact of sEH inhibition on myogenic response, CBF autoregulation, VSMC contractility,

oxidative stress, and cognition in AD and DM-related ADRD rats.
MATERIALS AND METHODS

General

Experiments were conducted in age-matched diabetic T2DN (DM or DM-ADRD) vs.
Sprague Dawley (SD) and TgF344-AD (AD) vs. Fischer 344 (F344) rats. TPPU was
kindly provided by Dr. Hammock. TPPU was dissolved in 100% polyethylene glycol,
molecular weight 400 (PEG-400; 91893, MilliporeSigma, Burlington, MA) then further
diluted in drinking water to achieve a final PEG-400 concentration of 1%. The
concentration of TPPU in the PEG-400 solution was adjusted based on body weight and
daily water intake, with the values averaged over a pre-measured three-day period. The
rats were treated with either a vehicle (1% PEG-400 in drinking water) or TPPU (1
mg/kg/day in the vehicle) *>** for 9 weeks, beginning at 15 months of age for SD and
T2DN rats, and 9 months of age for F344 and AD rats. The rats were sourced from
inbred colonies at the University of Mississippi Medical Center and Augusta University.
Standard laboratory animal conditions were maintained, including a 12-hour light-dark
cycle and ad libitum access to food and water throughout the study. The animal care
facilities hold accreditation from the American Association for the Accreditation of
Laboratory Animal Care. All animal experiments adhered to protocols approved by the

Institutional Animal Care and Use Committees.
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Body Weight, Plasma Glucose, and Glycated Hemoglobin Alc (HbAlc)
Measurements

Conscious rats were weighed every three weeks, and blood samples were collected
from the tail vein three hours after the lights-on cycle. Following our previously
described protocols, *® plasma glucose levels were determined using a Contour Next
glucometer (Ascensia Diabetes Care, Parsippany, NJ), and HbAlc levels were
assessed with a PTS Diagnostics ALCNow+ device (Fisher Scientific, Hampton, NH).
Eight-Arm Water Maze

Spatial learning and short- and long-term memory were assessed with an eight-arm
water maze.'” Rats were initially trained to locate a platform marked with a visual cue in
one of the eight arms of a pool for escape. Subsequently, four memory trials were
conducted at 2- and 24-hour post-training, each consisting of four consecutive swims.
The latency to reach the platform was recorded.”?®
Bulk RNA-seq Analysis

Primary VSMCs were obtained from the MCAs of 3-week-old male AD and F344
rats. The isolation process involved digestion with protease dithiothreitol (2 mg/mL) and
papain (22.5 U/mL), followed by collagenase (250 U/mL), elastase (2.4 U/mL), and
trypsin inhibitor (10,000 U/mL), as previously described in our report. *"?**3% Early
passages (P2-4) of cells from 3 rats were cultured in Dulbecco's modified Eagle's
medium (DMEM, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal
bovine serum (Thermo Scientific) at 37°C with 5% CO,. The cells were treated with
TPPU (10 uM) or vehicle (0.1% DMSO) for 40 hours. The dosage and duration of TPPU

treatments in VSMCs were established through preliminary cell contraction studies. *
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Total RNA from vehicle- or TPPU-treated AD cerebral VSMCs was extracted using
Trizol reagent (Thermo Fisher Scientific) followed with Purelink RNA mini kit (Thermo
Fisher Scientific). RNA quality assessment, RT-qPCR, library preparation, and RNA
sequencing were all performed in the Integrated Genomics Shared Resource at the
Georgia Cancer Center. High-throughput RNA sequencing raw reads were obtained.
The initial processing of the raw data involved trimming and removing adapters using
Cutadapt 4.0.*° Sequences were aligned to the rat genome (rn7) using STAR 2.7.10a,
" and read counts were obtained. The differential expression and enrichment analysis
were performed using DESeq2*® and clusterProfiler, *° respectively. The KEGG (Kyoto
Encyclopedia of Genes and Genomes) database was used for enrichment analysis.
Cerebral Vascular Myogenic Reactivities

Vessel Preparation

The MCAs and PAs were isolated following our established protocol.?°%%! Rats
were euthanized under 4% isoflurane anesthesia. Brains were rapidly removed and
placed in a dish containing ice-cold calcium-free physiological salt solution (PSSoca),
composing 119 mM NaCl, 4.7 mM KCI, 1.17 mM MgSQO,, 0.03 mM EDTA, 18 mM
NaHCOs;, 5 mM HEPES, 1.18 mM NaH,PO,, and 10 mM glucose (pH 7.4).°*>* The
branch-free M2 segments of the MCAs and the downstream PAs were dissected in ice-
cold PSSoca supplemented with 1% bovine serum albumin.

Impact of Chronic sEH Inhibition on Myogenic Response in Cerebral Vasculature

The branch-free segment of the MCA-M2 was cannulated onto glass micropipettes
(1B120-6, World Precision Instruments, Sarasota, FL) and mounted in a pressure

myograph chamber (Living System Instrumentation, Burlington, VT).***® The chamber
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was filled with PSSc, and aerated with a gas mixture of 21% O,, 5% CO,, and 74% N
to maintain pH 7.4 at 37 °C. The pressure myograph chamber was connected to an
IMT-2 inverted microscope (Olympus, Center Valley, PA) outfitted with a digital camera
(MU1000, AmScope, Irvine, CA). The cannulated vessels were adjusted to their in situ
length at an intraluminal pressure of 40 mmHg and allowed to equilibrate for 30 minutes
to develop spontaneous tone. ****°" Vascular viability was confirmed by ensuring a
vasoconstrictive response of more than 15% to 60 mM KCI in PSS containing 1.6 mM
CaCl, (PSSca) within the bath.>® Vessels failing to meet this criterion were excluded
from the study. After preconditioning, the inner diameters (IDs) of MCAs were measured
in rats treated for 9 weeks with either vehicle or TPPU. The myogenic response was
assessed by recording the pressure-diameter relationships in response to transmural
pressures ranging from 40 to 180 mmHg in increments of 20 mmHg. Similarly, the
myogenic response of PAs in rats treated for 9 weeks with either vehicle or TPPU was
assessed by recording the pressure-diameter relationships in response to transmural
pressures ranging from 10 to 60 mmHg in increments of 10 mmHg.

Impact of Chronic sEH Inhibition on Acetylcholine (Ach)-Induced Vasodilation

To assess endothelial-related vasodilation, the MCAs were pressurized to 40
mmHg and precontracted with 5-HT (10 M). The changes of IDs of the MCA in vehicle
or TPPU-treated DM-ADRD rats in response to Ach (10®to 10 M) were evaluated.

Impact of Acute sEH Inhibition on Myogenic Response in Cerebral Vasculature

These experiments were conducted using male rats aged 24-36 weeks for TgF344-
AD vs. F344 and 24-48 weeks for T2DN vs. SD, chosen based on our previous findings

indicating the development of cerebral vascular and cognitive impairments in these AD
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and DM-ADRD models at these time points.”?®> Freshly isolated intact MCAs were
pressurized from 40 to 120 mmHg. The vessels were superfused with either vehicle
(0.1% DMSO) or TPPU (1 uM and 10 pM) in the bath at 120 mmHg. The TPPU dosage
was established via a pilot study, which tested 0.1, 1, and 10 uM TPPU in DMSO in SD
rats. Data for the 0.1 pM concentration are not presented. ID changes were recorded
every 5 minutes for 30 minutes.
CBF Autoregulation

The impact of chronic inhibition of sSEH on CBF autoregulation was accessed using
laser Doppler flowmetry with our established protocol.'”?* Rats underwent tracheal,
femoral vein, and artery cannulation after anesthesia induction with inactin (50 mg/kg;
i.p.) and ketamine (30 mg/kg; i.m.). The head was immobilized in a stereotaxic device
(Stoelting, Wood Dale, IL), and an end-tidal Pco, of 35 mmHg was maintained using a
CO; Analyzer (CAPSTAR-100, CWE Inc., Ardmore, PA). Mean arterial pressure (MAP)
was measured using a pressure transducer connected to the cannulated femoral artery.
A thin, translucent close cranial window was created 2 mm posterior and 6 mm lateral to
the bregma using a low-speed air drill. A fiber-optic probe (91-00124, Perimed Inc., Las
Vegas, NV) connected to a laser Doppler flowmetry device (PF5010, Perimed Inc.) was
positioned over the cranial window. Baseline CBF was recorded at 100 mmHg.
Perfusion pressure was then increased to 180 mmHg in increments of 20 mmHg by
infusing phenylephrine (P6126; MilliporeSigma) at doses of 0.5 to 5 pg/min. After
recording the response to pressure elevations, a new baseline CBF at 100 mmHg was
established by withdrawing phenylephrine. CBF was recorded at each MAP level down

to 40 mmHg through graded hemorrhage in 20 mmHg steps.
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VSMC Contraction Assay

The myogenic response, an intrinsic property of VSMCs, plays a crucial role in
regulating CBF autoregulation. The effect of sEH inhibition was evaluated on the
contractile capabilities of cerebral VSMCs in F344 and AD rats.

Primary cerebral VSMCs were isolated from the MCA of F344 and AD rats using
our established protocol. *?* The rats were euthanized with isoflurane, and the
dissected MCAs were incubated with a combination of protease papain (22.5 U/mL) and
dithiothreitol (2 mg/mL), followed by elastase (2.4 U/mL), collagenase (250 U/mL), and
trypsin inhibitor (10,000 U/mL). TPPU was initially dissolved in 100% DMSO to a
concentration of 100 uM (1,000 X). The contractile capability of cerebral VSMCs from
AD rats, treated with either vehicle (0.1% DMSO) or TPPU (0.1 uM), was assessed
using a collagen gel-based assay kit (CBA-201, Cell Biolabs, San Diego, CA), as
previously described.?!??

Cells (2 x 10° cells/mL), suspended in Dulbecco's Modified Eagle's Medium
(Thermo Scientific, Waltham, MA) supplemented with 20% fetal bovine serum and pre-
treated with vehicle (0.1% DMSO) or 0.1 uM TPPU for 30 minutes, were mixed with four
times the volume of a collagen gel working solution on ice. The cell-gel mixture (500 L)
in each well of a 24-well plate was initially incubated at 37°C for 1 hour. Subsequently, 1
mL of additional culture medium containing either vehicle (0.1% DMSO) or TPPU (0.1
MM) was added and incubated for 24 hours at 37°C in a 5% CO, atmosphere to induce
contractile stress. To initiate contraction, the stressed matrix was dislodged from the
well wall using a sterile needle. Gel sizes were measured at this point as control values.

Following initial contraction, 1 mL of DMEM containing vehicle (0.1% DMSO) or TPPU
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(0.1 uM) was applied to the collagen gel. Changes in gel size were then imaged and
guantified at 120 minutes.
Determination of ROS Production

ROS production in MCAs of SD and F344 rats, as well as T2DN and AD rats
treated with either vehicle or TPPU, was evaluated using dihydroethidium (DHE, 10 uM)
staining and the MitoSOX™ Red Mitochondrial Superoxide Indicator kit (10 pM,
M36008, Thermo Scientific), according to our established protocols. ?*** After staining,
the vessels were fixed with 3.7% paraformaldehyde, mounted with VECTASHIELD
Antifade Mounting Medium (H-1000, Vector Laboratories, Burlingame, CA), and imaged
using a Nikon Eclipse 55i fluorescence microscope (Nikon, Melville, NY) with
excitation/emission wavelengths of 480/576 nm (DHE) and 405/590 nm (MitoSOX).
Quantification was performed by comparing the mean intensities of red fluorescence in
vessels from control and drug-treated animals using Image J software.
Statistics

The results are expressed as mean values * standard error of the mean (SEM).
Differences among continuously measured groups were analyzed using a two-way
ANOVA for repeated measures, followed by a Holm-Sidak post hoc test. To assess
differences between two groups or treatments, paired or unpaired t-tests were used, or
a one-way ANOVA followed by a Tukey post hoc test was performed. Statistical
analyses were conducted using GraphPad Prism 10 (GraphPad Software, Inc., La Jolla,
CA). Statistical significance was defined as p < 0.05 for most analyses. For the bulk
RNA-seq analysis, significance was determined using a threshold of g < 0.05, where g-

values represent False Discovery Rate (FDR)-adjusted p -values.
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RESULTS

Impact of Chronic sEH Inhibition on Body Weight, Plasma Glucose, and HbAlc
Levels in AD/ADRD Rats

As depicted in Figure 1 (upper panel), similar to our previous findings in 18-month-
old male DM rats, *>*® the baseline body weights of 15-month-old male DM rats (408.0
+ 6.5 g, n =12, p <0.0001) were significantly lower than those of non-diabetic controls
(487.0 £ 18.8 g, n = 6). Body weights remained consistently lower in TPPU-treated DM-
ADRD rats compared to SD rats, with no further reduction observed. Sustained sEH
inhibition for 9 weeks reduced elevated plasma glucose (from 316.4 + 14.8 mg/dL to
273.3 £ 16.1 mg/dL, n = 12, p < 0.0001) and HbA1c levels (from 10.5 £ 0.3% to 9.9 +
0.4%, n = 12, p = 0.0013) in DM rats (Figure 1, middle and lower panels). Notably,
plasma glucose and HbAlc levels showed further reductions starting from the 3-week
time point of TPPU treatment in DM-ADRD rats, continuing through the 6-week and 9-
week treatments. In contrast, TPPU treatment did not result in any alteration in body
weight, glucose, and HbA1c levels in AD rats throughout the 9-week treatment period.
Inhibition of sEH Improves Cognition in AD/ADRD rats

Spatial navigation abilities and hippocampus-dependent memory cognition were
evaluated with an eight-arm water maze study. As presented in Figure 2, in vehicle-
treated groups, DM-ADRD (upper panel) and AD (lower panel) rats took significantly
longer to escape compared with related wild-type controls, indicating cognitive
impairments. However, TPPU treatment reversed cognitive decline in both AD and DM-
ADRD rats. In contrast, cognitive function was not altered in TPPU-treated controls.

Bulk RNA-seq Analysis

11
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Transcriptomic profiling analysis revealed that 2,178 genes are upregulated (p <
0.05), and 2,202 genes are downregulated (p < 0.05) in primary cerebral VSMCs from
AD rats compared to F344 control rats. In contrast, 3,218 genes are upregulated (p <
0.05), and 3,330 genes are downregulated (p < 0.05) in AD rats treated with TPPU
compared to those receiving the vehicle control (see volcano plots in Figures 3A, B).
The top pathways significantly altered (FDR-adjusted p < 0.05) by KEGG pathway
enrichment analysis in primary cerebral VSMCs from AD rats compared to F344 control
rats, and in TPPU-treated AD rats compared to vehicle-treated AD rats, are displayed in
bar graphs in Fig. 3A and 3B. These pathways are essential for regulating cellular
contraction (e.g., Vascular Smooth Muscle Contraction, Regulation of Actin
Cytoskeleton, AGE-RAGE Signaling Pathway, Focal Adhesion, cAMP Signaling
Pathway), oxidative stress (e.g., Oxidative Phosphorylation, AMPK Signaling Pathway,
cAMP Signaling Pathway, cGMP-PKG Signaling Pathway, Fluid Shear Stress,
Pathways of Neurodegeneration), and inflammation (e.g., AGE-RAGE Signaling
Pathway), all of which are crucial mechanisms in the regulation of CBF Relative gene
expression levels crucial for regulating these processes are compared in Fig. 3C and
3D. Generally, AD cells exhibit reduced expression of genes related to cellular
contraction and increased expression of genes associated with oxidative stress and
inflammation, while TPPU treatment in AD cells reverses these effects.

Chronic sEH Inhibition Enhances Myogenic Responses in the Cerebral
Vasculature of AD and ADRD Rats
The impact of 9 weeks of sEH Inhibition on the myogenic responses of the MCA

and PA was assessed by comparing age-matched DM-ADRD vs. SD rats, as well as

12


https://doi.org/10.1101/2024.08.30.610540
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.30.610540; this version posted August 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

AD vs. F344 rats. As presented in Figure 4A, in non-diabetic SD and F344 controls, the
MCA constricted by 14.9 £ 1.6% and 16.9 + 1.2%, respectively, when perfusion
pressure elevated from 40 to 140 mmHg indicating an intact myogenic response. The
myogenic response of the MCA was significantly impaired in DM-ADRD and AD animals,
with vessels dilating by 40.5 £ 7.3% and 17.8 + 5.9%, respectively, under the same
conditions. Forced dilatation was observed at 120 mmHg in both DM and AD rats.
However, the myogenic response of the MCAs was restored in TPPU-treated DM-
ADRD and AD rats with constriction values of 22.2 + 1.6% and 16.9 * 3.8%,
respectively, when perfusion pressure increased from 40 to 140 mmHg. In contrast, this
restoration was not observed in their respective controls. Similarly, the myogenic
response of the PAs was restored in TPPU-treated DM-ADRD and AD rats, but not in
their respective controls (Figure 4B).
Acute sEH Inhibition Induces Vasodilation in the MCAs of Control Rats

We next evaluated whether TPPU directly impacts the MCAs. The IDs of the MCAs
isolated from 24-36 weeks for TgF344-AD vs. F344 and 24-48 weeks for T2DN vs. SD
rats were compared at 120 mmHg. As shown in Figure 5A, a higher dose of TPPU (10
MM) significantly induces vasodilation in SD rats within 20 minutes of treatment,
whereas a low dose (1 uM) causes vasodilation starting at 30 mins. TPPU (10 uM) also
induces vasodilation in the MCAs of DM-ADRD rats within 20 minutes, while TPPU (1
MM) causes MCA constriction at 30 minutes. On the other hand, high-dose TPPU dilates
the MCAs in F344 rats but not in AD rats (Figure 5B).
Chronic sEH Inhibition Enhances Acetylcholine-Induced Vasodilation in the MCA

of DM-ADRD rats
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Since acute sEH inhibition induces vasodilation in endothelial-intact MCAs of SD
and F344 rats, the effects of TPPU on endothelial-dependent vasodilation were
assessed. Figure 6 shows that vehicle-treated MCAs in DM-ADRD rats exhibit
significant endothelial dysfunction, failing to dilate to Ach. In contrast, TPPU-treated
DM-ADRD rats showed dose-dependent dilation, similar to vehicle-treated SD rats.
Chronic sEH Inhibition Improves CBF Autoregulation of AD and ADRD Rats

The impact of 9 weeks of sEH Inhibition on CBF autoregulation was assessed by
comparing age-matched DM-ADRD vs. SD rats, as well as AD vs. F344 rats using laser
Doppler flowmetry with our established protocol.'”*> Our results align with previous
findings, demonstrating that both AD and DM-ADRD rats have impaired CBF
autoregulation. "1#13255%80 Eyrther, as shown in Figure 7, sEH inhibition improves CBF
autoregulation in both AD and DM-ADRD rats. CBF increased by 11.3 + 5.0% in
vehicle-treated SD rats, 63.9 + 9.3% in vehicle-treated DM-ADRD rats, and 27.1 + 3.3%
in TPPU-treated DM-ADRD rats when perfusion pressure rose from 100 to 140 mmHg.
Conversely, when perfusion pressure decreased from 100 to 40 mmHg, the CBF
decreased 19.5 + 5.7% in vehicle-treated SD rats, 34.3 + 4.7% in vehicle-treated DM-
ADRD rats, and 33.5 = 4.1% in TPPU-treated DM-ADRD rats. Similarly, CBF
autoregulation was restored in TPPU-treated AD rats compared to vehicle-treated AD
and control rats.

Effects of Inhibition of sEH on Contractile Capability of Cerebral VSMCs Isolated
from AD and F344 Rats

The results from acute and chronic seH inhibition indicate that TPPU may enhance

VSMC-dependent myogenic responses and autoregulation at low doses, as well as
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endothelial-dependent vasodilation at high doses. To validate this finding, the effect of
low-dose TPPU was evaluated on the contractile capacity of VSMCs of AD compared to
control rats. The optimal dosages (0.1, 1, and 10 uM) and duration of the treatment
were first examined using cerebral VSMCs isolated from AD rats (data not shown). As
depicted in Figure 8, TPPU-treated AD cells display enhanced contraction compared to
untreated or vehicle-treated AD cells.

Chronic sEH Inhibition Diminishes the Production of ROS and Mitochondrial

Superoxide in the MCA of AD and ADRD Rats

As shown in Figure 9, the fold change in DHE fluorescence intensity was
significantly higher in freshly isolated MCAs from DM-ADRD (8.58 = 1.36, n = 4) and AD
(6.71 £ 0.40, n = 5) rats compared to control SD (1.00 = 0.08, n = 5) and F344 rats (1.00
+ 0.05, n = 6). TPPU treatment reduced DHE intensity in DM-ADRD (2.02 + 0.21, n =
17) and AD (0.83 £ 0.09, n = 6) vessels to statistical control levels, specifically.
Similarly, as shown in Figure 10, the fold change in MitoSOX fluorescence intensity
was higher in DM-ADRD (3.84 = 0.18, n = 8) and AD (2.77 + 0.44, n = 4) rats compared
to SD (1.00 £ 0.32, n = 4) and F344 rats (1.00 + 0.13, n = 6). TPPU treatment reduced
MitoSOX fluorescence intensity in DM-ADRD (1.49 + 0.18, n = 13) and AD (1.42 + 0.28,

n = 11) vessels to statistical control levels, specifically.

DISCUSSION

AD/ADRD poses a major public health challenge, with a significant rise in cases
predicted due to an aging population. Millions of individuals over 65 are affected in the

U.S., with numbers expected to double by 2060. In 2023, AD/ADRD costs totaled $345
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billion in the U.S., and global dementia care costs amount to $1.3 trillion annually.!
Kisunla™ (donanemab-azbt) received FDA approval in July 2024 for the treatment of
early symptoms of AD.?! It is the third FDA-approved drug targeting AP, joining
aducanumab and lecanemab.® Despite these advancements, amyloid-targeting
therapies are associated with side effects such as amyloid-related imaging
abnormalities, severe headaches, and anaphylaxis.® Furthermore, the long-term
effectiveness of these anti-amyloid drugs remains to be fully established. Overall, there
is still no effective cure for AD/ADRD.

The most prevalent form of dementia involves a comorbidity of AD and vascular
disease.®® DM is a major cardiovascular risk factor for ADRD.** DM-ADRD shares
several pathological features with AD, characterized by a complex interplay of
mechanisms, including the accumulation of AP plaques, tau tangles, and
neuroinflammation.®® Reduced CBF significantly contributes to AD/ADRD development,
with cerebrovascular dysfunction like impaired CBF autoregulation, BBB damage, and
neurovascular uncoupling leading to brain hypoperfusion. This hypoperfusion often
precedes AR and tau abnormalities, initiating neuronal damage. Inflammation related to
cerebrovascular dysfunction also plays a crucial role, and brain hypoperfusion worsens
cognitive decline, particularly in individuals with risk factors such as hypertension and
diabetes.

EETSs, the substates of sEH in the AA pathway, reduce inflammation and act as
endothelial-derived hyperpolarizing factors until they are converted to DHETSs by the
SEH.®® DIHOMEs, the metabolites of SEH in the LA pathway, function as both

markers and contributors to tissue inflammation in several diseases.®’®® Recent
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animal studies have shown that inhibiting sEH protects various conditions, >3’

%839  Genome-wide studies have identified

including cognitive impairments.
associations between single nucleotide polymorphisms in the sEH-encoding gene
EPHX2 and AD/ADRD. 2 Genetic deletion “° or inhibition of SEH improved cognition
in AD “%%™ and DM-related ADRD. """ While most of these studies showed that
cognitive protection by sEH inhibition was due to its anti-inflammatory and neuronal
protective effects, its vascular contribution to AD/ADRD has been largely unknown.

In the present study, the effects of sEH inhibition with TPPU, which has cognitive

protection due to its anti-inflammatory and neuronal protective effects,**%%"

were
assessed on cerebral vascular function and cognition in rat models of AD and DM-
related ADRD. First, we evaluated the impact of TPPU treatment on body weight,
glucose levels, and HbA1C. We found that 9 weeks of TPPU treatment did not affect
body weight but significantly improved cognitive function in AD and DM-ADRD rats.
Notably, reductions in plasma glucose and HbA1C levels were observed only in DM-
ADRD rats. Luo et al. found that sEH inhibition lowered blood glucose levels in obese
mice fed a high-fat, high-salt diet but not in non-obese mice.”® This effect was linked to
improved insulin resistance, reduced hypertension, and decreased renal SGLT2
expression, attributed to the inhibition of the IkB kinase a/B/NF-kB inflammatory
pathway in obese mice. While sEH inhibition has been shown to improve glucose

7980 gome studies

homeostasis and insulin resistance in other obese-diabetes models,
report inconsistencies, potentially due to variations in compounds and treatment

durations. &
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Chronic sEH inhibition enhances the myogenic response and CBF autoregulation in
the cerebral circulation of both AD and DM-ADRD rats. The myogenic response is an
intrinsic property of VSMCs that regulates CBF by causing constriction of cerebral
arteries and arterioles in response to increases in blood pressure. * These reactivities
play a crucial role in regulating brain perfusion and maintaining stable blood perfusion to
the brain, which is essential for normal brain function. When blood pressure increases,
cerebral arteries can constrict to prevent excessive blood flow and maintain stable
perfusion pressure. Conversely, when blood pressure decreases, these arteries can
dilate to increase blood flow and ensure adequate oxygen and nutrient delivery to brain
tissue. We previously observed reduced contractile capabilities in cerebral VSMCs in
both AD’ and DM-ADRD,?* with AB directly impairing VSMC constriction.’
Additionally, we reported elevated ROS and mitochondrial superoxide production in
primary cerebral VSMCs and freshly isolated cerebral vessels from AD and DM-ADRD
rats, which impair their contractile capabilities.”?*? Thus, our results afford a
mechanistic hypothesis that the observed benefits of chronic SEH inhibition might be
due to reduced ROS and mitochondrial superoxide levels, as indicated by decreased
DHE and MitoSOX staining in the MCAs of AD and DM-ADRD rats. From this
perspective, it appears that sEH inhibition may enhance cerebral VSMC function by
mitigating oxidative stress. This observation was validated by assessing the contractile
function and transcriptomic profiling of primary VSMCs isolated from AD rats treated
with TPPU. We found that AD cells treated with TPPU exhibited improved contraction
compared to untreated or vehicle-treated AD cells. Bulk RNA-seq results revealed that,

in AD VSMCs, the expression of genes regulating cellular contraction was lower, while
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genes associated with oxidative stress and inflammation were higher. TPPU treatment
reversed these changes. Among these genes, Tagin or Sm22a (transgelin),?* Acta2 (-
SMA),?! Actn4 (ACTN4),% Arpclb (ARP2/3 1B),%* Gsn (GSN),® Limk2 (LIMK2),%® Myl9
(MYL9),%” Cacnalc (CACIC)® play a crucial role in regulating smooth muscle cell
contraction and cytoskeletal organization. Ccl2 (MCP1),%*® Mt-nd3 (ND3),*° Ndufb11l
(NDUFB11),”* Ugcrc2 (UQCRC2),** and Ubc (Ubiquitin C)* are involved in
inflammation and oxidative stress, which may affect VSMC function in AD/ADRD.
Additionally, Atp6vlc2 (ATP6V1C2), which regulates intracellular pH balance, and
Baiap2 (BAIP2), which influences endothelial and VSMC dynamics, also showed
significant alterations.

Acute sEH inhibition induces vasodilation in the MCAs of SD rats, with a higher
dose of TPPU (10 uM) showing effects within 20 minutes, and a lower dose (1 uM)
taking 30 minutes to show its effects. Interestingly, TPPU (10 uM) also induces
vasodilation in the MCAs of DM-ADRD rats within 20 minutes, while TPPU (1 uM)
causes MCA constriction at 30 minutes. High-dose TPPU dilates the MCAs in F344 rats
but not in AD rats. Furthermore, chronic sEH inhibition enhances Ach-induced
vasodilation in the MCA of DM-ADRD rats. These results suggest that lower doses or
shorter durations of sEH inhibition enhance VSMC function, while higher doses or
longer durations are required to fully achieve the endothelial-derived hyperpolarizing
effects of EETs. Although our study alone does not sufficiently make this conclusion, it

aligns with findings by Ostermann et al.,*

who observed a steady-state blood
concentration of ~0.9 uM TPPU after 8 days of oral treatment at 0.5 mg/kg/day in SD

rats. Based on this, we speculate that the relatively “low” TPPU levels achieved with our
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9-week treatment at 1 mg/kg/day could explain the observed enhancement in VSMC
function.

Notably, in this study, key experiments on vascular and cognitive functions were
conducted at 15 months of age for DM-ADRD rats and 9 months of age for AD rats,
compared to age-matched controls. In contrast, primary VSMCs were isolated from 3-
week-old AD and F344 rats. The TgF344-AD rat model, which is genetically modified to
overexpress mutated human amyloid precursor protein (APP) with the Swedish
mutation and human presenilin 1 (PS1) with the A exon 9 mutation on an F344
background, exhibits age-dependent increases in AR levels®® and is thus expected to
show elevated AR expression even at a young age. We have reported that AR (1-42)
reduced cerebral cell contraction of primary VSMCs isolated from 3-week-old F344 rats,
similar to those from AD rats at the same age. ROS production and mitochondrial ROS
were enhanced, and mitochondrial respiration and ATP production were reduced in AD
VSMCs compared with F344 cells.” However, in this AD model, vascular and cognitive

dysfunctions were observed at 16 and 24 weeks, respectively,®%

suggesting that
disease progression is gradual, even with genetic predispositions related to AB. This
gradual progression might explain the lack of significant changes in EPHX2 expression
observed in our bulk RNA-seq studies, despite a trend indicating higher levels in AD
versus F344 and AD-TPPU groups. Nevertheless, the findings from our cell contraction
assays and bulk RNA-seq are consistent with the observed vascular and cognitive

function outcomes. Future studies will focus on analyzing primary VSMCs isolated from

TPPU-treated AD rats at the age when these functional studies are performed.
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We acknowledge several limitations of the present study. Notably, we did not
assess the impact of sEH inhibition on blood pressure, even though our previous
research indicated no significant baseline differences in blood pressure between
AD/ADRD models and their respective controls.”?>** This omission is relevant because
increased levels of EETs, which may induce vasodilation and lower blood pressure,
have been observed in both animal and human studies.”® Additionally, we could not
determine whether the vascular and cognitive benefits of TPPU in DM-ADRD rats are
directly attributable to sEH inhibition or if they result from downstream effects of reduced
plasma glucose and HbAlc levels, as hyperglycemia itself can damage cerebral
vascular cells.**#2239 while we validated the contractile function of primary cerebral
VSMCs and performed oxidative stress staining using DHE and MitoSOX on isolated
vessels, we did not assess the differential mMRNA expression of genes identified through
bulk RNA-seq in response to sEH inhibition. Future research should also explore drug
concentration and BBB permeability to further clarify our findings. Despite these
limitations, our study provides valuable insights into the effects of SEH inhibition on
VSMC function and cerebral vascular health in AD and DM-ADRD models, highlighting
both its potential benefits and the need for further investigation to refine treatment
strategies. For instance, while approximately 20% of TPPU crosses the BBB in AD

3340 modifying TPPU to reduce its BBB permeability could decrease neuronal

mice,
toxicity”” and enhance its benefits for endothelial cells and VSMCs. Furthermore, our
findings could inform the use of EC5026,%” a compound structurally similar to TPPU but

with higher potency for human seEH enzymes. EC5026 has completed several clinical

trials, including two Phase la studies (NCT04228302 and NCT04908995) and a Phase
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1b Multiple Ascending Dose study (NCT06089837), confirming its safety, tolerability,
and pharmacokinetics in healthy volunteers. Given its efficacy in rodent models and the
absence of notable side effects in humans, EC5026 is expected to offer comparable
benefits for vascular, neuronal, and cognitive functions in AD/ADRD patients,

positioning it as a promising candidate for future clinical trials.
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FIGURE LEGENDS

Figure 1. Impact of Chronic sEH Inhibition on Body Weight, Plasma Glucose, and
Glycated Hemoglobin Alc (HbAlc) Levels in AD/ADRD Rats

Comparison of body weight (upper panel), plasma glucose (middle panel), and
HbAlc (lower panel) in age-matched diabetic T2DN (DM) vs. Sprague Dawley (SD) and
TgF344-AD (AD) vs. F344 rats. These rats were treated with either a vehicle (1% PEG-
400 in drinking water) or a sEH inhibitor TPPU (1 mg/kg/day) for 9 weeks. Mean values
+ SEM are presented, with 6-12 rats per group. * denotes p < 0.05 from the
corresponding values in AD or DM-ADRD rats compared to their respective control rats.
Tt denotes p < 0.05 in corresponding values from TPPU-treated rats compared to

untreated rats (week 0) within the same strain.

Figure 2. Inhibition of sEH Improves Cognition in AD/ADRD rats

Spatial navigation abilities and hippocampus-dependent memory cognition were
evaluated with an eight-arm water maze. Mean values = SEM are presented, with 6-12
rats per group. * denotes p < 0.05 from the corresponding values in AD or DM-ADRD
rats compared to their respective control rats. T denotes p < 0.05 in corresponding

values from TPPU-treated rats compared to vehicle-treated rats within the same strain.

Figure 3. Comparison of Transcriptomic Profiling by Bulk RNA-seq in Primary
Cerebral Vascular Smooth Muscle Cells (VSMCs) from TgF344-AD (AD) Rats
Compared to F344 Control Rats

A, B. KEGG pathway enrichment analysis of the top significantly altered pathways

(FDR-adjusted p < 0.05). Volcano plots show differential gene expression between AD
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and control rats. The x-axis represents the log2 fold change in gene expression, and the
y-axis represents the -log1l0 p-value. Genes with |log2FC| > 1 and an FDR-adjusted p-
value < 0.05 (or g-value) are highlighted in red (upregulated) or blue (downregulated).
C, D. Relative gene expression levels crucial for regulating cellular contraction,
oxidative stress, and inflammation. * indicates p < 0.05 for comparisons between cells
isolated from AD rats and F344 control rats. t indicates p < 0.05 for comparisons

between TPPU-treated AD cells and vehicle-treated AD cells.

Figure 4. Impact of Chronic sEH Inhibition on Myogenic Responses in the
Cerebral Vasculature of AD/ADRD rats

A. Comparison of the impact of chronic sEH inhibition on myogenic responses of
middle cerebral arteries (MCASs). B. Comparison of the impact of chronic sEH inhibition
on myogenic responses of parenchymal arterioles (PAs). Both comparisons are made
between age-matched diabetic T2DN (DM) vs. Sprague Dawley (SD) rats and TgF344-
AD (AD) vs. F344 rats. The rats were treated with a vehicle (1% PEG-400 in drinking
water) or the sEH inhibitor TPPU (1 mg/kg/day) for 9 weeks. Mean values + SEM are
presented, with 6-16 rats per group. * denotes p < 0.05 for comparisons between the
corresponding values in AD or DM-ADRD rats compared to their respective control rats.
T denotes p < 0.05 for comparisons between the corresponding values obtained from

TPPU-treated rats compared to vehicle-treated rats within the same strain.

Figure 5. Impact of Acute sEH Inhibition on Myogenic Responses in the Cerebral

Vasculature of AD/ADRD rats
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A. Comparison of the impact of acute sEH inhibition on myogenic responses of
middle cerebral arteries (MCAs) between age-matched diabetic T2DN (DM) vs.
Sprague Dawley (SD) rats. B. Comparison of the impact of acute sEH inhibition on
myogenic responses of MCAs between age-matched TgF344-AD (AD) vs. F344 rats.
The vessels were treated with either a vehicle (0.1% DMOS) or the sEH inhibitor TPPU
(2 and 10 pM) for 30 minutes at a perfusion pressure of 120 mmHg. Mean values *
SEM are presented, with 4-10 rats per group. * denotes p < 0.05 for comparisons
between the corresponding values in TPPU-treated vessels at the same dosage in AD
or DM-ADRD rats compared to their respective control rats. T denotes p < 0.05 for
comparisons between values from TPPU-treated rats and vehicle-treated rats within the
same strain. # denotes p < 0.05 for comparisons between values from TPPU (10 pM)-

treated rats and TPPU (1 puM)-treated rats within the same strain.

Figure 6. Impact of Chronic sEH Inhibition on Acetylcholine (Ach)-Induced
Vasodilation in the Middle Cerebral Artery (MCA) of Diabetic-ADRD rats
Comparison of the impact of chronic sEH inhibition on Ach-induced vasodilation in
the MCAs of TPPU-treated versus vehicle-treated DM-ADRD and Sprague Dawley (SD)
rats. The rats were treated with a vehicle (1% PEG-400 in drinking water) or the sEH
inhibitor TPPU (1 mg/kg/day) for 9 weeks. Mean values + SEM are presented, with 4-6
rats per group. * denotes p < 0.05 for comparisons between the corresponding values in
DM-ADRD rats and SD rats. 1t denotes p < 0.05 for comparisons between the
corresponding values obtained from TPPU-treated rats and vehicle-treated rats within

the same strain.
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Figure 7. Impact of Chronic sEH Inhibition on Autoregulation of the Cerebral
Blood Flow (CBF) in AD and Diabetic-ADRD rats

A. Comparison of the impact of chronic sEH inhibition on CBF autoregulation in
TPPU-treated versus vehicle-treated DM-ADRD and Sprague Dawley (SD) rats. B.
Comparison of the impact of chronic sEH inhibition on CBF autoregulation in TPPU-
treated versus vehicle-treated AD and F344 rats. The rats were treated with a vehicle
(1% PEG-400 in drinking water) or the sEH inhibitor TPPU (1 mg/kg/day) for 9 weeks.
Mean values + SEM are presented, with 4-10 rats per group. * denotes p < 0.05 for
comparisons between the corresponding values in AD rats compared to F344 rats. T
denotes p < 0.05 for comparisons between the corresponding values obtained from

TPPU-treated rats and vehicle-treated rats within the same strain.

Figure 8. Impact of Chronic sEH Inhibition on Contractile Capability of Primary
Cerebral Vascular Smooth Muscle Cells (VSMCs) Isolated from F344 and AD rats
Comparison of the impact of chronic sEH inhibition on contractile capability on
cerebral VSMCs of AD and F344 rats. Mean values + SEM are presented, with 3 rats,
and experiments were repeated three times per group. ** denotes p < 0.01 and ****
denotes p < 0.0001 for comparisons between the indicated values and their respective

controls.

Figure 9. Impact of Chronic sEH Inhibition on the Production of Reactive Oxygen
Species (ROS) in the MCA of AD and ADRD Rats
A. Representative images of DHE staining in MCA freshly isolated from age-

matched diabetic T2DN (DM) vs. Sprague Dawley (SD) rats and TgF344-AD (AD) vs.
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F344 rats. The rats were treated with either a vehicle (1% PEG-400 in drinking water) or
the sEH inhibitor TPPU (1 mg/kg/day) for 9 weeks. B. Quantitative analysis of the fold
change of DHE fluorescence. Mean values + SEM are presented, with 4 -17 rats per
group. **** denotes p < 0.0001 for comparisons between the indicated values and their

respective controls.

Figure 10. Impact of Chronic sH Inhibition on the Production of Mitochondrial
Superoxide in the MCA of AD and ADRD Rats

A. Representative images of MitoSOX staining in MCA freshly isolated from age-
matched diabetic T2DN (DM) vs. Sprague Dawley (SD) rats and TgF344-AD (AD) vs.
F344 rats. The rats were treated with a vehicle (1% PEG-400 in drinking water) or the
SEH inhibitor TPPU (1 mg/kg/day) for 9 weeks. B. Quantitative analysis of the fold
change of MitoSOX fluorescence. Mean values + SEM are presented, with 4 -13 rats
per group. * denotes p < 0.05, ** denotes p < 0.01, and **** denotes p < 0.0001 for

comparisons between the indicated values and their respective controls.
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Figure 3A-B
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Figure 8
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