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Abstract

Heart failure with preserved ejection fraction (HFpEF) is a complex and increasingly
prevalent syndrome closely linked to obesity, metabolic dysfunction, and inflammation, yet lacks
effective therapies. HFpEF is characterized by visceral adiposity, coronary microvascular disease
(CMD), and diastolic dysfunction, with the metabolic alteration-driven phenotype -
cardiometabolic HFpEF — emerging as the most prevalent form*2. Epicardial adipose tissue (EAT)
— the visceral fat depot in direct contact with the myocardium and sharing an unobstructed
microcirculation — has emerged as a key mediator of the adverse cardiac effects of systemic
metabolic and inflammatory conditions, making it a potential therapeutic target®.

The overarching goal of this dissertation was to develop and apply advanced magnetic
resonance imaging (MRI) methods to: (1) establish noninvasive biomarkers of proinflammatory
EAT and their relationships to underlying tissue biology, (2) investigate how sodium-glucose
cotransporter-2 (SGLT2) inhibition modulates EAT inflammation in the setting of cardiometabolic
HFpEF, and (3) identify the role of macrophage-derived inducible nitric oxide synthase (NOS2)
in HFpEF pathogenesis.

The goal of Aim 1 (Chapter 2), was to develop an accelerated MRI method for
simultaneous mapping of EAT fatty acid composition (FAC) and T relaxation time in mice. This
technique enabled spatially resolved quantification of saturated (SFA), monounsaturated (MUFA),
and polyunsaturated fatty acid (PUFA) content along with Ti relaxation time in EAT and
subcutaneous adipose tissue (SAT). In mouse models of diet-induced obesity, increased EAT SFA

fraction and reduced T: values were associated with histologic and molecular features of



inflammation, including greater macrophage infiltration, proinflammatory cytokine expression,
and adipocyte hypertrophy.

The goal of Aim 2 (Chapter 3), was to use cardiac MRI (CMR) to assess the impact of
early versus late empagliflozin (EMPA) treatment in a mouse model of -early-stage
cardiometabolic HFpEF induced by a high-fat high-sucrose diet (HFHSD). Early EMPA treatment
prevented EAT accumulation, improved myocardial perfusion reserve (MPR), preserved diastolic
function, and reduced markers of adipose tissue inflammation, including NOS2* M1 macrophages.
In contrast, late EMPA treatment prevented EAT expansion but did not reverse impairments in
MPR, diastolic function, or EAT inflammatory status, highlighting the importance of early
intervention with SGLT2 inhibitors.

The goal of Aim 3 (Chapter 4), was to test hypothesis that NOS2 in macrophages mediates
CMD and diastolic dysfunction in a mouse model of early stage cardiometabolic HFpEF. Using a
LysM-Cre Nos2 knockout mouse model (Nos2-YsMK0) fed an HFHSD, we found that macrophage-
specific deletion of NOS2 preserved coronary vasodilation in response to adenosine and
myocardial perfusion despite the presence of obesity and glucose intolerance. However, diastolic
dysfunction persisted, suggesting that NOS2 drives microvascular, but not diastolic, dysfunction
and implicating additional non-macrophage sources of NOS2 in HFpEF pathogenesis.

Together, these studies support a model in which proinflammatory EAT — marked by
elevated SFA, increased macrophage infiltration, and adipocyte hypertrophy — may contribute to
myocardial and vascular dysfunction. This work highlights the utility of MRI for noninvasively
assessing proinflammatory EAT, establishes early EMPA treatment as a modulator of EAT

biology and an effective therapy in preventing CMD and diastolic dysfunction in cardiometabolic



HFpEF, and identifies macrophage NOS2 as a key contributor to coronary microvascular

dysfunction in cardiometabolic HFpEF.
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1.1 Magnetic resonance imaging (MRI)
MRI is a noninvasive imaging technique based on the principles of nuclear magnetic resonance
(NMR), widely used in both clinical and preclinical settings. Unlike imaging modalities that use
ionizing radiation, MRI provides excellent soft tissue contrast and enables both anatomical
visualization and quantitative functional imaging, making it a powerful tool for diagnosis and
research.
1.1.1 MR physics
The phenomenon of NMR arises in atoms with an odd number of protons and/or neutrons, which
possess the property known as spin angular momentum. Atoms with spin have an associated
magnetic dipole moment, i, analogous to a charged sphere spinning about its axis, giving rise to a
current loop and corresponding magnetic moment*. While several atoms in the human body exhibit
nuclear spin, *H is the is the most commonly used for in vivo imaging due to its abundance in the
human body — primarily in the form of water and fat. The source of the MR signal is due to the
interaction of these nuclei with a static magnetic field (Bo) and a radiofrequency (RF) field (B1).
When nuclear spins are subjected to a Bo field in the z (longitudinal) direction, the spins align in
the direction of Bo, giving rise to a bulk magnetization vector M.

At thermal equilibrium, M and Bo will be oriented in the same direction. If M is made to
point in a different direction than Bo, precessional behavior of M about Bo will occur at the Larmor
frequency (in Hz), given by

_r
f= > Bo (1.1)

where 7 is the gyromagnetic ratio unique to each nuclear species and for *H, y/2m = 42.58 MHz/T.

Application of an oscillating RF pulse at the Larmor frequency enables magnetization “excitation”,
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which classically, is the rotation of M by some flip angle, a, away from its equilibrium position
along the z-axis. The magnitudes of the magnetization after the RF excitation are
M,, = M, sin(a) (1.2)
M, = Mycos (@) (1.3)
where Mo is the longitudinal magnetization (M;) prior to excitation*. Following excitation, M
eventually returns to its equilibrium state. Thus, the transverse component Myy decays away while
the longitudinal component M; regrows. The relaxation time constants, T1 and T2, characterize this
return to equilibrium®.
1.1.2 Relaxation
Longitudinal (T1)
The longitudinal component of the magnetization following an excitation pulse can be described

using a solution to the Bloch equation, which governs the dynamics of the nuclear magnetization

M, = M, + (M(0) — Mo)e_TL1 (1.4)

where M, (0) is the longitudinal magnetization at time zero, directly following the RF pulse.
Figure 1 plots the longitudinal magnetization when M, (0) = 0 (i.e., 90° excitation pulse). Thus,
T1is approximately the time it takes for M, to regrow to 63% of its original value®.

Physically, the longitudinal relaxation time, T1— also referred to as the thermal or spin-
lattice time constant — involves the exchange of energy between spins and their external
environment. Energy transfer occurs through collisions, rotations, and other interactions between
nuclei that take place at the resonant frequency of the spins. Since greater energy exchange is
required at higher frequencies, this relaxation effect will take longer at higher field strengths, thus,
T values lengthen with increasing Bo. It is important to note that fat (lipids), with closely packed

molecules and slow molecular tumbling rates, will have more efficient energy exchange and thus,
13



shorter T1. Whereas water, with further spaced molecules and fast tumbling, will have less efficient
energy exchange and thus, longer Ti.
Transverse (T2)

The transverse component of the magnetization is

M,y = Mxy(O)e_T_tz (1.5)
where T», the spin-spin time constant, characterizes the time it takes the transverse component to
decay or dephase®. Following a simple exponential decay, T, is the time it takes the transverse
component of the magnetization to fall to 37% of its original value (Figure 1). The same processes
that contribute to T relaxation also contribute to T, relaxation. However, in addition to energy
exchange with its external environment, spins can experience local static magnetic field
disturbances resulting in a spread of resonant frequencies and dephasing. These effects often
dominate the T, relaxation process, therefore T2 < T1. Slow molecular tumbling in large, dense
solids results in rapid dephasing and short T decay, whereas relatively mobile spins, such as those

in liquid form, exhibit much slower decay and have a long To.
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(A) ] Longitudinal Relaxation (B) ] Transverse Relaxation
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Figure 1 — Simulated (A) longitudinal and (B) transverse relaxation curves following a 90° excitation pulse for tissues

with different T, and T times.

In practice, transverse relaxation is further influenced by additional dephasing from local
Bo field inhomogeneities leading to an accelerated decay of the transverse magnetization
characterized by T;. This effective relaxation time (T) is always shorter than T> and represents
the combined effects of spin-spin interactions and reversible magnetic field variations’.
1.1.3 Imaging acquisition
In order to generate an image, the MR signal must contain spatial information. The spatial
distribution information comes from the addition of three gradient fields — Gy, Gy, and G; — that
vary both spatially and temporally and enable the imaging of the nuclear magnetization. These
gradient fields create a linear variation in the longitudinal magnetic field strength such that the
magnetic field will vary with time and position and can be expressed as B(x,y,z,t) = B, +
Gx(D)x + G, (D)y + G, (t)z.

For 2D imaging, the received time signal from an excited plane can be expressed as:
s(t) = f fm(x, y)e~2mlkx(Ox+ky(OY] gy gy (1.6)
X<y
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where

t
®) = o f G, ()dr (1.7)
0

and

t

(D) = o fo G, (D) dr (1.8)

are the integrals of the gradient waveforms that are expressed in units of spatial frequency
(cycles/mm)*,

To construct an MR image, the goal is to measure appropriate s(t) such that m(x,y) can
be determined. Equation 1.6 reveals that at any given time, s(t) equals the 2D Fourier transform
(FT) of m(x, y) at some spatial frequency, (kx, ky). Therefore, the total recorded signal maps to a
trajectory through spatial frequency (Fourier) space as determined by the time integrals of the

gradient waveforms. This frequency space is referred to as “k-space” (Figure 2).
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k-Space Reconstructed MRI Image

X

Figure 2 — MRI data are acquired in sptial frequency space (k-space), and the final image is reconstructed via an

inverse fast Fourier transform (iFFT).

1.1.4 K-space sampling

K-space is an array of numbers representing spatial frequencies in an image. Sufficient sampling
of k-space is necessary for proper image generation. The image field of view (FOV) is governed
by the sampling rate along kx and ky, whereas the image resolution is governed by the maximum
spatial frequencies, kxmax and kymax, which determine the width of k-space sampling. A “fully
sampled” acquisition follows the Nyquist-Shannon sampling rule, therefore acquiring less data —
“undersampling” — results in aliasing artifacts in the image.

The cartesian grid of k-space has axes kx and ky which correspond to x and y axes of the
image, but individual points in k-space don’t map to individual pixels in an image. Instead,
locations in k-space map to spatial frequencies in the MR image with data near the center of k-
space containing information about the general shapes and contours in the image (low frequency)
and data near the edges containing information about the edges and details of the image (high
frequency)®. Filling this grid of k-space is commonly done by acquiring data along the cartesian

17



grid. However, non-Cartesian sampling trajectories, such as radial sampling, have also been widely
applied as they offer many advantages over Cartesian sampling often due to the varying phase-

encoding direction and dense sampling of the center of k-space (Figure 3).

Cartesian

Radial (Linear) Radial (Golden Angle)

Figure 3 - Examples of k-space sampling trajectories: Cartesian (left), radial with linear angular increments (center),
and radial with golden angle increments (right). Radial trajectories oversample the center of k-space and reduce motion

sensitivity and aliasing artifacts.

Golden angle radial sampling

Radial acquisitions offer flexibility in the design of how radial spokes are rotated from one to the
next. Whereas traditional radial imaging rotates the spokes linearly so they are evenly spaced with
each increment, golden angle radial sampling rotates each spoke by a “golden angle” (e.g. 111.25°

for 2D radial sampling)®, therefore the i spoke out of Ny spokes is calculated as

0; = mod| (i —1)*m=*

V5 -1
|, i=12, N, (1.9)

When the number of golden angle radial spokes equals one of the Fibonacci numbers, the acquired

k-space has uniform coverage (Figure 4)°. A major advantage of this type of trajectory is the
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incoherent undersampling property. Incoherent undersampling in this context implies that
undersampling-induced artifacts resemble added noise, such that the bulk image can still be
visualized in the presence of these artifacts®. This can enable faster, undersampled image
acquisitions with advanced denoising techniques used during image reconstruction. Despite the
advantages, golden angle sampling has its limitations, including prolonged reconstruction time
(due to k-space regridding prior to FT), and susceptibility to gradient delay and eddy current

artifacts.

5 spokes 8 spokes 13 spokes
85
S E
=
22
4 spokes 7 spokes 11 spokes

Non-Fibonacci
Number

Figure 4 - Golden angle radial sampling produces uniform k-space coverage when the number of spokes corresponds

to a Fibonacci number (top row), while non-Fibonacci numbers (bottom row, arrows) result in uneven coverage.

Recently, the rotated stack-of-stars trajectory has emerged as a more advanced golden
angle radial sampling scheme?®. In this trajectory, radial sampling is employed in-plane (k« — ky)
and a smaller golden-angle rotation is implemented along the partition-encoding direction, thus

creating additional varying aliasing patterns along the partition direction which improves the
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incoherent undersampling property. The partition angle offsets for a given partition index j out of

Npe partitions are given by

) n V5-1m
¢; = mod (]_1)*N_r* 2 N,

,j=1,2,..Npg (1.10)
1.1.5 Pulse sequences

MRI pulse sequences are specific combinations of RF pulses and gradient waveforms that are used
to generate images with different contrasts. Generally, pulse sequences have three components:
(1) preparatory modules that alter the properties of the magnetization prior to acquisition, (2)
acquisition pulse(s) and gradients that generate an MR signal, and (3) recovery time involving
gradient spoilers or rewind gradients to eliminate remaining phase coherence before the sequence
repeats.

Gradient echo (GRE) imaging

Gradient echo (GRE) imaging is the basis of many applications in MRI. Pulse sequence elements
used to generate an MR signal in GRE imaging are a single RF excitation pulse in combination
with systematic gradient dephasing of the transverse magnetization and subsequent rephasing such
that the net gradient area is zero at each echo time (TE), corresponding the zero-crossing of k-

space!l. Mechanisms of dephasing such as field inhomogeneity or susceptibility are not refocused

with the gradient echo. Therefore, GRE imaging is sensitive to T, effects.

Inversion recovery (IR) prepped sequences

For inversion recovery (IR) prepped sequences, a 180° RF pulse is applied prior to acquisition that
inverts the initial longitudinal magnetization of all tissues in the imaged slice or volume
antiparallel to the main magnetic field. During an interval T1 (inversion time), the inverted tissues

undergo T relaxation. When signal acquisition occurs at T1, the initial longitudinal magnetizations
20



of different tissues are separated based on their different intrinsic T relaxation times, thus creating
T1-weighted image contrast*2,

1.1.6 T1 mapping

T1 mapping is a pixel-by-pixel method of quantifying T relaxation time of soft tissues. It has
shown promise in characterizing diffuse and focal myocardial diseases, including edema, fibrosis,
and infiltrative diseases, and is thus used commonly in cardiac applications. While numerous
techniques have been developed for the purpose of T: mapping, the methods described by Look
and Locker have been the basis for several commonly used cardiac T1 mapping sequences today*2.
In the Look-Locker approach, signals are acquired repeatedly after an inversion pulse with a
distinct TI, to obtain different T1 weighted images. The image acquisition process is repeated after
5*T: to allow for complete recovery of the magnetization between each inversion pulse. These
images are then fit to an exponential inversion recovery curve on a pixel-wise basis (Figure 5).
The signal recovers with an apparent T1 time, T;, due to repetitive RF excitations and readouts
altering the magnetization as it recovers. Therefore, the true T1 is determined analytically by
applying a Look-Locker correction factor®,

Cardiac motion necessitates the use of modified Look-Locker inversion recovery (MOLLI)
techniques that use electrocardiographic (ECG) gating and single-shot or segmented acquisitions
at end-diastole in consecutive cardiac cycles separated by multiples of the RR interval®®. Figure 5
illustrates an example MOLLI sequence with Ty differences between myocardium, blood, and fat
surrounding the heart seen as signal intensity differences in the images at different Tls and in the

rate of signal regrowth in the exponential recovery curves®®.
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Figure 5 - T; mapping using a modified Look-Locker inversion recovery (MOLLI) sequence. Multiple images are
acquired at different inversion times (T1) following an inversion pulse, and pixel-wise signal intensities are fit to an
exponential recovery curve to calculate Ty values. The example shows distinct T relaxation curves for blood (blue

box), myocardium (red box), and fat (black box). Schematic adapted from Reiter et al.*6

1.1.7 Chemical shift-encoded MRI

Chemical shift

In MRI, the resonance frequency of a nucleus is determined not only by the external magnetic
field, but also by the local magnetic environment created by surrounding electrons. This
phenomenon, known as chemical shift, arises because electrons partially shield the nucleus from
the external magnetic field. This shielding factor o, gives way to an induced magnetic field B;,,q =
0B, such that the local effective magnetic field experienced by the nucleus is B;,. = Bo(1 — o).

The extent of this shielding depends on the molecular environment in which a nucleus resides. As
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a result, nuclei in different chemical environments resonate at slightly different frequencies, even
within the same magnetic field.

Chemical shift is the basis for magnetic resonance spectroscopy and imaging. It enables
the discrimination of distinct molecular species based on their unique resonant frequencies. The
chemical shift (3) is typically measured in parts per million (ppm) such that the frequency shift Af

in Hz scales linearly with the strength of the magnetic field’

Af = %Bo x AS[ppm] X 10~ (1.11)

For example, a chemical shift of 3.5 ppm between two species corresponds to a frequency shift of
approximately 448 Hz at 3T or 1400 Hz at 9.4T.

In biological tissues, the chemical shift between water and fat protons is especially relevant.
Water molecules contain hydrogen atoms bound to oxygen, while fat is composed mainly of
triglycerides with hydrogen atoms in a variety of chemical environments. These environments
provide greater electron shielding in fat than in water, which causes fat protons to resonate at a
slightly lower frequency. The main fat resonance, from methylene protons, is typically about 3.5
ppm lower than the water resonance (Figure 6).
Fat/Water MRI
The frequency offset between fat and water species leads to a difference in their phase evolution
over time. By acquiring MR images at specific TEs when the signals from fat and water are either
in-phase or out-of-phase, it is possible to separate the signal based on their relative signal
contributions (Figure 6). This concept is the basis of Dixon-based imaging techniques, first
introduced in the 1980s'®. Early implementations used two echo times corresponding to phase
shifts of 0 and = (in-phase and out-of-phase). This evolved into three-point Dixon methods, which

add a third echo with phase shift of -n to account for off-resonance effects!®. Modern approaches
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use multiple (>3) echoes and apply complex signal models to generate separate fat-only and water-

only images, with corrections for confounding effects such as T, decay and Bo inhomogeneities.
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Figure 6 — Water and the main fat resonance (methylene) precess at different frequencies (~3.5 ppm apart), enabling
signal separation based on their phase differences at specific echo times (TEs). TEs correspond to in-phase and out-

of-phase conditions at 9.4T.

Importantly, fat/water MRI techniques allow not only qualitative separation but also
quantitative estimation of tissue fat content. The proton density fat fraction (PDFF) — defined as
the ratio of fat signal to the combined fat and water signal, corrected for confounding factors — is
a widely used metric that reflects the fraction of hydrogen nuclei attributable to fat within a voxel.
PDFF serves as an established biomarker of tissue triglyceride content, most commonly used to
assess intracellular fat in the liver?.

To accurately estimate the PDFF, several confounding factors must be addressed, including
Bo inhomogeneity, T, decay, and the spectral complexity of fat?l. Traditional models often

represent fat as a single resonance near 1.3 ppm, but this captures only about 65% of the total fat
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proton signal®?. In reality, fat stored as triglycerides produces multiple resonance peaks from
chemically distinct proton groups. Multi-peak spectral models more accurately reflect this

complexity, reducing bias in PDFF quantification?,

Multi-resonance model of fat

Fat in tissues is primarily stored as triglycerides, which consist of a glycerol backbone esterified
with three fatty acid chains. These chains vary in carbon length and degree of unsaturation—
classified as saturated (no double bonds), monounsaturated (one double bond), or polyunsaturated
(two or more double bonds). This molecular variability alters the local chemical environment of
hydrogen nuclei, giving rise to a complex fat spectrum composed of multiple resonance peaks

rather than a single fat peak (Figure 7).

Each peak corresponds to protons in a specific chemical environment, such as methyl,
methylene, or olefinic, among others (Figure 7). The number of protons in each group—and thus
the relative amplitude of each peak—is determined by the composition of the triglyceride.
Specifically, the number of double bonds per molecule (ndb), number of methylene-interrupted
double bonds (nmidb), and average chain length (cl) govern the distribution of these protons. For
example, each triglyceride contains nine terminal methyl protons (A), five glycerol protons (four
G and one H), and 12 carbonyl-adjacent protons (six E and six C). Double bonds add olefinic (I)
and allylic (D) protons, and each methylene-interrupted double bond adds diallylic (F) protons.

The remaining methylene protons (B) scale with chain length.
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Figure 7 - Triglyceride structure and corresponding fat spectrum with nine distinct resonance peaks (A—I). Each peak
represents a chemically distinct proton group. Their relative amplitudes vary with fatty acid composition, characterized
by the number of double bonds (ndb), methylene-interrupted double bonds (nmidb), and chain length (cl). Gray =

carbon atoms; red = oxygen atoms.

Traditional PDFF models use a fixed fat spectrum, assuming constant ndb, nmidb, and cl
values?!. In contrast, composition-dependent fat models allow these parameters to vary, enabling
the relative amplitudes of each peak to reflect the actual fatty acid profile. These flexible models
improve the accuracy of fat quantification and support noninvasive estimation of fatty acid
composition.

Fatty acid composition (FAC) mapping

FAC mapping builds on these models to estimate triglyceride composition from MRI data.

This goes beyond measuring fat quantity, providing insight into the types of fatty acids stored in

tissues. The FAC has growing relevance in metabolic disease, with polyunsaturated fatty acid
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(PUFA)-, monounsaturated fatty acid (MUFA)-, and saturated fatty acid (SFA)-rich triglycerides
having different implications in conditions such as obesity, insulin resistance, and nonalcoholic
fatty liver disease. FAC also reflects dietary intake and lipid metabolism.

Different fatty acids have distinct spectral signatures: saturated fats are rich in methylene
protons (~1.3 ppm), monounsaturated fats contribute olefinic peaks (~5.3 ppm), and
polyunsaturated fats produce diacyl peaks (~2.75 ppm). These peaks can be detected using
chemical-shift-encoded MRI, which acquires multiple gradient echo images at different echo times
to capture the phase evolution of fat and water signals. Compared to MR spectroscopy, this enables
spatially resolved FAC maps across tissues.

The general MR signal model from water (W) and fat (F) substances incorporates multiple
fat peaks (with relative amplitudes p,, and frequencies f,, relative to water), Bo off-resonance (),
and transverse relaxation (T, = 1/R3), as follows:

I
S(t) = (W +F z pmam(t)> e (i2mp=R3)t (1.12)
m=A,B,C...
A more detailed discussion of this topic appears in Chapter 2. The outputs of FAC MRI include
estimates of ndb and nmidb per triglyceride, which are then used to compute the relative

proportions of SFA, MUFA, and PUFA within each image voxel (Figure 8).

These techniques have been applied to liver?*?®, bone marrow?%?’, and adipose tissue?®?°

(subcutaneous and visceral) in both preclinical®®3! and clinical settings®?®. Their use in spatially
mapping fat composition has opened new opportunities for studying metabolic disease and tissue-

specific lipid biology.
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Figure 8 — Simplified illustration of fatty acid composition (FAC) MRI metrics in adipose tissue. Each voxel contains
a mixture of triglycerides with varying saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty
acid content. SFA, MUFA, and PUFA are reported as fractions of fatty acids, while the number of double bonds (ndb)
and methylene-interrupted double bonds (nmidb) are calculated per triglyceride. Proton density fat fraction (PDFF)

reflects the proportion of fat protons relative to total proton signal.

1.2 Heart failure with preserved ejection fraction (HFpEF)

Heart failure (HF) affects approximately six million people in the United States®?, with heart failure
with preserved ejection fraction (HFpEF) accounting for about 50% of all HF cases. HFpEF is
defined by an ejection fraction (EF) greater than 50% and is associated with a poor prognosis, with
a five-year survival rate of only 35%°%3. The prevalence of HFpEF has increased over recent
decades. Data from the Framingham Heart Study show that the ratio of HFpEF to heart failure

with reduced ejection fraction (HFrEF) shifted from 41:59 between 1985 and 1994 to 56:44
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between 2005 and 20143, This increase is partly due to improved recognition and diagnostic
criteria but also reflects broader epidemiologic trends, including the rising prevalence of metabolic
syndrome.

Clinically, HFpEF most commonly presents with dyspnea on exertion and signs of volume
overload, including peripheral edema, jugular venous distension, and ascites. A third heart sound
(S3 gallop) may also be present3. Unlike HFrEF, where systolic dysfunction is prominent, HFpEF
is characterized by diastolic dysfunction, where the heart muscle becomes stiff and fails to relax
normally.

HFpEF is increasingly recognized as a heterogeneous, multiorgan syndrome driven by
systemic comorbidities such as obesity, diabetes, and hypertension®*. Cardiac abnormalities in
HFpEF include left ventricular (LV) hypertrophy or remodeling, impaired LV relaxation,
myocardial microvascular dysfunction, fibrosis, elevated LV filling pressures, left atrial
enlargement, and increased epicardial adipose tissue (EAT). While uncontrolled hypertension has
long been considered a key driver of myocardial hypertrophy and fibrosis in HFpEF®, studies
show that fewer than 50% of HFpEF patients meet criteria for LV hypertrophy, and myocardial
fibrosis is typically only mildly increased®*.

An emerging pathophysiological paradigm suggests that systemic inflammation,
particularly in the context of metabolic comorbidities, plays a central role in HFpEF progression.
Chronic low-grade inflammation, oxidative stress, and myocardial microvascular dysfunction
contribute to increased myocardial stiffness, fibrosis, and reduced perfusion reserve®. Given this,
the interplay between inflammation and microvascular dysfunction has become an area of

increasing interest in HFpEF research.
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1.2.1 Coronary microvascular disease (CMD) and its role in HFpEF

Coronary microvascular disease (CMD) refers to dysfunction of the coronary microvasculature,
which includes pre-arterioles (100-400 pm) and arterioles (<100 pum) that regulate myocardial
blood flow®”. Because myocardial oxygen extraction is near maximal at rest, coronary blood flow
must increase to meet higher metabolic demands. Impaired vasodilation or microvascular
structural abnormalities can lead to myocardial ischemia®’. CMD encompasses both structural and
functional impairments. Structural abnormalities include vascular remodeling, rarefaction, luminal
obstruction, and perivascular fibrosis, while functional impairments involve endothelial and
vascular smooth muscle dysfunction. Specifically, endothelial dysfunction may stem from reduced
nitric oxide (NO) production, whereas vascular smooth muscle dysfunction results from impaired
NO-mediated vasodilation®®, CMD presents as two overlapping endotypes: functional CMD,
characterized by normal minimal microvascular resistance and increased resting coronary blood
flow, often linked to neuronal nitric oxide synthase (nNOS) dysfunction; and structural CMD,
which is defined by heightened minimal microvascular resistance and impaired stress-induced
coronary blood flow, associated with endothelial nitric oxide synthase (eNOS) dysfunction®®.

In clinical practice, both endotypes often coexist. CMD is associated with cardiovascular
comorbidities, including diabetes, metabolic syndrome, dyslipidemia, hypertension, obesity, and
smoking®. It presents with exertional or rest angina, dyspnea, and, in some cases, HF. However,
because conventional coronary angiography cannot visualize the microcirculation, CMD diagnosis
relies on measuring coronary microvascular function via direct myocardial blood flow changes at
rest and during stress. Noninvasive imaging modalities such as positron emission tomography

(PET), cardiac magnetic resonance (CMR), and Doppler echocardiography assess coronary flow
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reserve (CFR) or myocardial perfusion reserve (MPR), defined as the ratio of hyperemic to resting
myocardial blood flow,

CMD plays a major role in HFpEF pathophysiology, such that a CMD-HFpEF endotype
has been described®. Patients with CMD and diastolic dysfunction have a more than five-fold
increased risk of HFpEF hospitalization*:. The PROMIS-HFpEF trial found that approximately
75% of HFpEF patients had CMD?. It has also been shown that the presence of CMD is associated
with greater disease severity and worse clinical outcomes>*2. Emerging evidence suggests that
microvascular endothelial dysfunction, reduced NO bioavailability, and inflammatory cytokine
signaling drive microvascular rarefaction and myocardial fibrosis in HFpEF*344, It is thought that
cardiovascular risk factors, such as obesity and diabetes, induce systemic inflammation, leading to
endothelial dysfunction via eNOS uncoupling and NO depletion. Impaired NO-cGMP-PKG
signaling disrupts ventricular relaxation and contributes to subendocardial ischemia, which in turn
promotes HFpEF development.

1.2.2 Inducible nitric oxide synthase (NOS2) in CMD and HFpEF

Inducible nitric oxide synthase (NOS2, formerly iNOS) is an enzyme responsible for producing
NO in response to inflammatory stimuli*>¢. While moderate levels of NO produced by eNOS and
nNOS maintain normal biological function including cardiac contractility and vasodilation, in
healthy conditions, NOS2 expression is minimal*’*, NOS2 production increases under
inflammatory conditions and leads to 100-1,000 times more NO production than other NOS
isoforms and contributes to tissue damage*®. Dysregulated NOS2 activity has been implicated in
several chronic diseases, including diabetes, atherosclerosis, and HFpEF*>48-51,

NOS2 upregulation has been observed in human HFpEF hearts and in preclinical models.

In a “two-hit” mouse model of HFpEF, in which metabolic stress was induced by a high-fat diet
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(HFD) and mechanical stress by L-NAME (a NOS inhibitor), Schiattarella et al. identified a central
role for nitrosative stress in HFpEF progression®!. Because L-NAME preferentially inhibits eNOS
and nNOS over NOS2, it paradoxically induces NOS2 upregulation. Similarly, NOS2 is elevated
in rodents exposed to HFD®2. Consistent with this, Schiattarella et al. found that their HFpEF
model triggered systemic inflammation alongside increased NOS2 levels in the myocardium, a
finding mirrored in left ventricular samples from human HFpEF hearts. Inhibition of NOS2 via
genetic deletion improved diastolic function and exercise tolerance, while short-term
pharmacological inhibition with the NOS2 inhibitor L-NIL partially improved ventricular
relaxation and exercise performance, although through a different mechanism. These findings
underscore the role of NOS2 in HFpEF pathophysiology and suggest that the specific mechanisms
by which NOS2 contributes to HFpEF remain largely unknown.

NOS?2 also contributes to CMD and diastolic impairment in a high-fat, high-sucrose diet
(HFHSD) mouse model®. NOS2 genetic deletion preserved coronary arteriolar and myocardial
perfusion responses to adenosine, which are otherwise impaired by HFHSD-induced obesity,
glucose intolerance, metabolic inflammation, and oxidative stress. Pharmacological inhibition
partially restored myocardial perfusion and fully preserved the vascular perfusion response to
adenosine. NOS2 deletion also improved longitudinal myocardial strain compared to HFHSD
controls.

Despite the findings that metabolic inflammation drives production of NOS2, the specific
cell type responsible for NOS2 production in HFpEF remains unidentified. Notably, NOS2 is
known to be expressed in almost every cell type. Given the failure of NO-inducing therapies for
HFpEF**%, targeting NOS2 and other proinflammatory mediators may offer a more promising

therapeutic approach.
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1.2.3 Obesity and inflammation in HFpEF

The increasing prevalence of HFpEF mirrors the global obesity epidemic, with projections
indicating that nearly half of U.S. adults will have obesity (BMI > 30 kg/m?) and one in four adults
will have severe obesity (BMI > 35 kg/m?) by 2030°¢. Central obesity and metabolic syndrome are
highly prevalent among patients with HFpEF and are now recognized as major drivers of its
pathophysiology. This has led to the classification of a cardiometabolic HFpEF phenotype, which
is the most common among HFpEF phenotypes and carries the worst prognosis>®’.
Cardiometabolic HFpEF is characterized by low-grade, systemic inflammation, accompanied by
dysregulation of inflammatory and immune responses, adipose tissue accumulation and
dysfunction, microvascular impairment, and metabolic abnormalities, which together, directly

affect myocardial structure and function®® (Figure 9).
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Figure 9 - Excess visceral adiposity in contributes to the development of cardiometabolic heart failure with preserved
ejection fraction (HFpEF) through multiple related mechanisms including oxidative stress, chronic inflammation,

coronary microvascular dysfunction, diabetes, diastolic dysfunction, and epicardial adipose tissue dysfunction.

Adipose tissue distribution

A major driver of cardiometabolic HFpEF is the accumulation of visceral adipose tissue (VAT).
Although obesity is a well-established risk factor for HFpEF, BMI alone is an imprecise measure
of obesity-related cardiovascular risk. BMI does not account for differences in fat distribution,
which is critical since VAT is far more metabolically active and inflammatory than subcutaneous
adipose tissue (SAT)®®. VAT expansion is more strongly associated with an adverse metabolic risk

profile. Thus, measurement of VAT may provide a more complete understanding of cardiovascular
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risk than total adipose tissue mass®®. The PARAGON-HF trial highlighted the limitations of BMI
and the significance of VAT in HFpEF, showing that while only 49% of HFpEF patients in the
trial were classified as obese by BMI, 96% had central (abdominal/visceral) adiposity when
assessed by waist-to-hip ratio (WHtR)®!. This suggests that VAT-driven metabolic dysfunction is
intrinsic to HFpEF, even in individuals who do not meet traditional BMI criteria for obesity. Unlike
BMI, WHtR is a more accurate marker of obesity-related inflammation and cardiometabolic risk

because it better reflects VAT accumulation.

Adipose tissue as an endocrine and inflammatory organ

In addition to adipose tissue distribution, adipose tissue quality plays a role in the development of
cardiometabolic HFpEF. Adipose tissue is more than just a fat depot—it is a highly active
endocrine organ that regulates systemic metabolism and inflammation. In the context of obesity,
the VAT is a prominent site of adipose tissue dysfunction and inflammation. VAT dysfunction in
obesity is characterized by adipocyte hypertrophy, hypoxia, oxidative stress, production of
proinflammatory cytokines, and subsequent infiltration of immune cells, especially
macrophages®?. Infiltrating macrophages may be recruited in response to death of hypertrophied
adipocytes and form “crown-like structures” surrounding the adipocytes®?®®. Furthermore,
macrophages undergo a phenotypic shift in response to inflammatory signals from an anti-
inflammatory M2 phenotype to a pro-inflammatory M1 phenotype, leading to increased secretion
of proinflammatory cytokines and a decrease in anti-inflammatory cytokines®. It has been shown
that macrophage infiltration is associated with tissue specific-changes in lipid metabolism and
cytokine production®. It has been proposed that the action of inflammatory molecules from
adipose tissue macrophages may represent the link between adipose tissue and the cardiometabolic
complications of obesity®?.
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1.2.4 Epicardial adipose tissue (EAT): function and dysfunction

EAT has gained increasing attention due to its unique anatomical and functional properties,
distinguishing it from other visceral fat depots. Unlike other adipose tissues, EAT sits directly atop
the myocardium without a physical barrier or fascial layer, allowing unobstructed crosstalk
between EAT and the heart via paracrine and vasocrine signaling®. While EAT plays a protective
metabolic and structural role in healthy conditions, it undergoes pathological transformation in
disease states such as obesity, metabolic syndrome, and HFpEF, where it becomes pro-
inflammatory, pro-fibrotic, and contributes to myocardial dysfunction®. This has positioned EAT
as a key transducer of systemic inflammation in cardiovascular diseases, including atherosclerosis,

atrial fibrillation, and HFpEF®’ (Figure 10).

EAT in health

Under healthy conditions, EAT serves as an energy reservoir, supplying the heart with fatty acids
while also acting as a metabolic buffer, preventing excess free fatty acids from accumulating in
the coronary circulation. Healthy EAT has brown and beige fat-like properties, with small
adipocytes and increased thermogenic capacity, acting as a source of heat and protecting the heart
during ischemic or hypoxic stress>%. Studies suggest that EAT accounts for approximately 20%
of total ventricular weight in individuals who died of non-cardiovascular causes, with men
generally having greater EAT volume than women®. EAT may also serve as a mechanical cushion,

protecting the coronary arteries during cardiac contraction®®.

Pathological transformation of EAT

In pathological states such as obesity and metabolic syndrome, EAT undergoes maladaptive
remodeling, shifting from a metabolically active, brown-like fat depot to a white adipose-like
phenotype characterized by larger, unilocular adipocytes primed for fat storage. While this
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transition occurs naturally with aging, metabolic stress further exacerbates these changes, leading
to increased inflammation, fibrosis, and myocardial dysfunction®’.

One contributor to this transformation may be adipose tissue hypoxia. As EAT expands,
oxygen delivery becomes insufficient, leading to chronic hypoxic stress. Despite this growth,
angiogenesis remains impaired, and hypertrophied adipocytes can exceed the normal oxygen
diffusion limit (100200 pum)®"°. This state triggers the release of pro-inflammatory cytokines
from adipocytes and the recruitment of immune cells, perpetuating local and systemic
inflammation®®.

The FAC of EAT has also been proposed as a mediator of its inflammatory properties’?.
SFAs activate toll-like receptor 4 (TLR4), inducing NF-«B signaling and increasing the production
of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-
6)"2" (Figure 10). These cytokines promote oxidative stress, microvascular dysfunction, and
myocardial remodeling”™, contributing to diastolic dysfunction and HFpEF progression. In
contrast, MUFAs and PUFAs exhibit anti-inflammatory properties by suppressing NF-xB
activation and reducing cytokine production”. Compared to SAT, EAT is disproportionately
enriched in SFAs, while MUFAs and PUFAs are less abundant, further promoting a pro-
inflammatory and pro-fibrotic environment’®. While diet influences adipose tissue FAC, depot-
specific factors such as differential fatty acid mobilization, deposition rates, and endogenous

synthesis also contribute to metabolic differences between EAT and other adipose depots’®.
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Figure 10 - Epicardial adipose tissue (EAT) contributes to heart failure with preserved ejection fraction (HFpEF)
through its direct proximity to the myocardium and shared microcirculation, promoting inflammation through
adipocyte hypertrophy, saturated fatty acid (FA) overload, and immune cell (macrophage) polarization and

infiltration”.

Role of EAT in HFpEF

Excess EAT accumulation is strongly associated with HFpEF, contributing to myocardial fibrosis,
ventricular hypertrophy, and elevated cardiac filling pressures, all hallmark features of the
disease’®. Studies have demonstrated that patients with HFpEF have increased EAT thickness and
volume, even when adjusting for BMI17%8, Higher baseline EAT is predictive of new-onset
HFpEF, suggesting a causal role in disease progression®. Additionally, EAT volume is
independently associated with worse clinical outcomes, including reduced exercise capacity and
increased risk of hospitalization, regardless of BMI or New York Heart Association class®>®. EAT
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also plays a role in CMD which is closely linked with HFpEF, with elevated EAT volume strongly
associated with the presence of CMD?®,

The role of EAT in HFpEF pathophysiology is likely multifactorial. Accumulation of EAT
physically restricts myocardial expansion, impairing diastolic function®. Infiltration of EAT-
derived fatty acids and inflammatory mediators into the myocardium may induce cellular toxicity
and metabolic dysregulation, contributing to worsening cardiac function®. Indeed, patients with
HFpEF exhibit higher levels of intramyocardial fat, which correlate with the severity of diastolic
dysfunction®. Additionally, dysfunctional EAT secretes pro-inflammatory cytokines and
adipokines, exacerbating local inflammation, which is central to obesity-related HFpEFS®,

1.2.5 Assessing EAT

EAT can be evaluated using several noninvasive imaging techniques, including echocardiography,
CT, MRI, and PET. Each modality provides distinct information on EAT volume, distribution,
composition, and potential inflammatory activity.

BE.-FDG-PET, can detect metabolic activity within EAT, which may indicate
inflammation®”. However, its use is limited due to cost and availability. Echocardiography is
widely available and identifies EAT as a hypoechoic space between the myocardium and the
visceral pericardium. It allows for thickness measurement but is limited by inter- and intra-operator
variability and does not provide volumetric data®’.

CT offers higher spatial resolution and enables volumetric assessment of EAT, which has
been associated with clinical outcomes®®®. Additionally, CT-derived fat attenuation index (FAI),
expressed in Hounsfield units, provides information on fat composition. FAI has been proposed as
a biomarker of EAT and perivascular inflammation, with higher values linked to coronary artery

disease, atrial fibrillation, and microvascular dysfunction®,

39



MRI provides volumetric and thickness measurements while also characterizing tissue
properties. It can assess relaxation properties that may reflect inflammation® and measure EAT
PDFF and fat composition, including its fatty acid profile?®3L. These capabilities may help identify
triggers of inflammation and changes in adipose tissue morphology. These noninvasive imaging
modalities provide insights into EAT structure and function. Ongoing research continues to refine
their applications in assessing cardiovascular risk.

1.3 Sodium-glucose cotransporter-2 (SGLT2) inhibitors

In healthy individuals, nearly all glucose filtered at the glomerulus is reabsorbed into the
bloodstream, thus no glucose is detected in the urine. However, when a threshold of glucose in the
plasma is exceeded, urinary glucose excretion increases®®. This process of glucose transport across
epithelial cells is mediated by sodium-glucose transporters (SGLTs). SGLT2, located primarily in
the proximal tubule and at much lower concentrations in the brain, liver, thyroid, and skeletal
muscle, is responsible for >90% of the glucose reabsorption, while SGLT1 is more widely
distributed and responsible for remaining glucose reabsorption®.

SGLT2 inhibitors lower blood glucose levels by blocking renal glucose reabsorption,
leading to increased urinary glucose excretion (Figure 11). Despite near-complete SGLT2
inhibition, only 50-60% of filtered glucose is excreted due to compensatory SGLT1 activity in
more distal tubule segments®®. Several selective SGLT2 inhibitors have been developed and
approved for clinical use, including canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin.
These agents effectively reduce hyperglycemia in type 2 diabetes mellitus and provide additional

benefits such as weight loss and improved cardiovascular outcomes®.
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Figure 11 - Mechanism of action of SGLT2 inhibitors. (A) Under normal conditions, SGLT2 transporters in the
proximal tubule reabsorb the majority of filtered glucose back into the bloodstream, preventing glucose loss in urine.
(B) SGLT2 inhibitors block glucose reabsorption in the proximal tubule, leading to increased urinary glucose excretion

and reduced blood glucose levels.

1.3.1 Therapeutic efficacy in HFpEF

Treating HFpEF has been challenging due to its complex pathophysiology and diverse phenotypes.
SGLT?2 inhibitors were initially found to provide unexpected cardiovascular benefits in patients
with HFpEF and diabetes, leading to further investigation in patients with HFpEF regardless of
diabetes status®. Recent Phase 11l trials, DELIVER®" and EMPEROR-Preserved®, evaluated the
effects of 10 mg dapagliflozin or empagliflozin daily in patients with HFpEF and demonstrated
significant clinical benefits. These studies, along with others, have shown that SGLT2 inhibitors
reduce the composite outcome of heart failure hospitalizations and cardiovascular death across the
full spectrum of ejection fraction, including in patients with worsening or acute heart failure, and
in both diabetic and non-diabetic populations. The reduction in heart failure hospitalizations was

the primary driver of these benefits.
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1.3.2 Mechanisms of cardiovascular benefit

The mechanisms underlying the beneficial effects of SGLT2 inhibitors in HFpEF are complex and
likely multifactorial. While improvements in traditional HF risk factors such as diabetes,
hypertension, and chronic kidney disease may contribute, the rapid onset of clinical benefit and
cardiac remodeling observed with SGLT2 inhibitors suggests additional mechanisms are
involved®®. Translational research continues to explore how these agents exert their
cardioprotective effects. Below are a few proposed mechanisms through which SGLT2 inhibitors

exert their cardiovascular benefit.

Blood pressure, blood sugar, and diuresis

SGLT?2 inhibitors improve several traditional risk factors for HFpEF, including lowering blood
pressure and blood sugar, and improving renal function, but these effects alone do not fully explain
their cardiovascular benefits®®%, While SGLT2 inhibitors have been shown to reduce blood
pressure, in the EMPEROR-Preserved trial, empagliflozin had similar benefits in patients
regardless of baseline systolic blood pressure®. With regard to blood sugar, the magnitude of the
blood glucose-lowering effect is modest, other agents that exert greater antihyperglycemic effects
have not shown the same beneficial effects in HF!. Furthermore, these benefits are seen in
patients both with and without diabetes, suggesting that the blood glucose lowering effects are not
primarily responsible for the cardiovascular benefits®®%2. Similarly, while SGLT2 inhibitors slow
the decline of kidney function, these mechanisms do not entirely account for their efficacy, as
benefits are seen across all levels of kidney function®. Natriuresis and diuresis may contribute,
particularly in acute HF, where empagliflozin has been shown to increase urine output and fluid
loss and have a rapid time-course benefit. However, diuresis is unlikely to be the primary

mechanism in chronic HF, as studies have not demonstrated greater efficacy in volume-overloaded
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patients’®®, Instead, sustained weight loss associated with SGLT2 inhibitors is thought to result
from glycosuria and reductions in visceral fat, potentially playing a role in their long-term

benefits103.104,

Metabolism, autophagy, and cardiac energetics
SGLT?2 inhibitors may exert cardioprotective effects by inducing metabolic adaptations that mimic
fasting and hypoxia®1921% By promoting glycosuria, they create a perceived nutrient deficit,
triggering increased ketone production, which serves as an alternative energy source for the failing
heart!®. Since fatty acid oxidation is impaired in heart failure, ketones may improve cardiac
efficiency and function. However, the benefit is likely not attributed to ketogenesis, since SGLT2
inhibition does not predicably increase ketone body utilization in the myocardium, and evidence
that these drugs increase ketone production is primarily seen in patients with diabetes!®. Yet,
benefits of SGLT2 inhibitors are observed in patients with and without diabetes®’. Additionally,
SGLT2 inhibitors enhance autophagy, a cellular process that recycles damaged organelles/proteins
and reduces inflammasome activation, which is typically impaired in heart failure!®®. This may
help reduce oxidative stress and inflammation while supporting overall cellular function®.
Beyond metabolism, SGLT2 inhibitors also influence iron regulation and erythropoiesis,
which may contribute to their cardiovascular benefits'®’. Iron deficiency is common in heart failure
and is associated with poor outcomes'®. These agents appear to improve iron mobilization and
utilization, potentially by reducing inflammatory mediators and altering iron storage proteins®.
They also consistently increase erythropoietin levels within weeks of treatment, which may
enhance red blood cell production and improve oxygen delivery®. However, while SGLT2
inhibitors enhance red blood cell mass, increased erythropoiesis does not favorably influence HF

outcomes®®1%, While further research is needed to fully understand these mechanisms, these
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metabolic and cellular effects likely contribute to the broader benefits of SGLT2 inhibitors in heart

failure.

Adipose Tissue

SGLT?2 inhibitors may exert cardioprotective effects, in part, by modulating EAT. Meta-analyses
have shown that these agents reduce EAT volume without significantly affecting overall body
mass index'®. This reduction is thought to mitigate myocardial inflammation and fibrosis,
potentially through altered adipokine signaling. SGLT2 inhibitors increase adiponectin, an insulin-
sensitizing and anti-inflammatory hormone, while decreasing leptin, a hormone linked to cardiac
fibrosis and microvascular dysfunction®*?,

Beyond reducing EAT volume, SGLT2 inhibitors appear to directly influence adipose
tissue function. Studies in EAT-derived preadipocytes have shown that SGLT2 is expressed in
these cells, and empagliflozin treatment affects lipid accumulation and suppresses pro-
inflammatory cytokines such as IL-1a, IL-1pB, and IL-6, but only when administered before
differentiation into mature adipocytes®'!. This suggests a role in adipose tissue remodeling rather
than just volume reduction. In the same study, cardiomyocytes co-cultured with empagliflozin-
treated adipocytes exhibited lower oxidative stress and reduced natriuretic peptide expression,
though the clinical significance of these findings remains uncertain. Additionally, SGLT2
inhibitors have been associated with a shift in adipose tissue macrophage polarization, reducing
pro-inflammatory M1-like macrophages and increasing anti-inflammatory M2-like macrophages,

further supporting their role in promoting a healthier adipose tissue environment!2,

Inflammation and oxidative stress
SGLT?2 inhibitors reduce oxidative stress and inflammation through multiple mechanisms. They
lower circulating pro-inflammatory markers (C-reactive protein, TNF-o, IL-6) while also
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decreasing myocardial oxidative stress and reactive oxygen species'*®. These effects may be driven
by reductions in uric acid, epicardial fat, and adipokine alterations. Additionally, SGLT2 inhibitors
inhibit activation of the NLRP3 inflammasome, a protein complex in macrophages that plays an
important role in chronic inflammation in heart failure!*!>, Since oxidative stress is a strong
modulator of the inflammatory response through ROS-induced expressions of NLRP3
inflammasome and NF-kB, these effects may be closely related. This inhibition reduces
macrophage infiltration and pro-inflammatory cytokine release, with potential systemic

benefits'14,

Diastolic function and cardiac remodeling

SGLT1, but not SGLT2 is expressed in the heart suggesting that the potential effect of SGLT2
inhibitors on LV structure and function is likely to be indirectly mediated by hemodynamic and
systemic metabolic improvements®*16, SGLT2 inhibitors have been shown to improve diastolic
function and cardiac remodeling, likely through multiple mechanisms. Clinical studies have
demonstrated improvements in LV diastolic function and reductions in LV hypertrophy after just
a few months of SGLT2 inhibitor treatment!'*8, Diastolic dysfunction in HFpEF has several
components, including myofilament stiffness and extracellular matrix-related stiffness/myocardial
fibrosis''®. SGLT2 inhibitors may reduce diastolic dysfunction by improving NO bioavailability,
modulating titin phosphorylation — a myofilament in cardiac muscle with a large role in diastolic
function'? — and decreasing myocardial stiffness'®. Beyond direct cardiomyocyte effects, SGLT2
inhibitors have been shown to reduce inflammation which can have beneficial effects on
myocardial fibrosis. Specifically, SGLT2 inhibitors have been shown to reduce macrophage
infiltration, regulate macrophage polarization, and inhibit cardiac fibroblast differentiation, thus

attenuating fibrosis and adverse cardiac remodeling®.
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1.4 Preclinical methods to investigate HFpEF

The heterogeneity of HFpEF presents challenges in developing mouse models that accurately
replicate its complex pathophysiology. HFpEF is characterized by typical HF symptoms alongside
a combination of cardiac features—such as LV hypertrophy, diastolic dysfunction, fibrosis, atrial
enlargement, and microvascular dysfunction—and extra-cardiac comorbidities, including
hypertension, obesity, and type 2 diabetes mellitus. Given the rising prevalence, poor prognosis,
and lack of effective therapies, preclinical models are essential for studying HFpEF mechanisms
and potential treatments.

However, most preclinical models capture only specific aspects of the syndrome, and even
multifactorial models fail to fully replicate its heterogeneity*??2, Ideally, an HFpEF model should
encompass key clinical features, including elevated natriuretic peptide levels, impaired exercise
capacity, lung congestion, preserved systolic LV function, concentric hypertrophy, diastolic
dysfunction, and microvascular dysfunction along with relevant comorbidities'?!. While no single
model fully represents HFpEF, various approaches have been developed to study different aspects
of the disease.

1.4.1 Overview of HFpEF mouse models

Angiotensin-11 infusion models

Chronic activation of the angiotensin Il type 1 receptor through osmotic mini-pump infusion
induces HF characterized by cardiac hypertrophy and remodeling*?. In C57BL/6 mice, ANGII
infusion leads to lung congestion, exercise intolerance, concentric remodeling with fibrosis, and
elevated natriuretic peptides'?-?4, While ANGII-induced hypertension models share many cardiac
features with human HFpEF, they do not account for aging or obesity, limiting their relevance as
HFpEF models. As a result, these are considered low-probability HFpEF models*?!,

46



Genetic models
Genetically modified mouse models may also serve as preclinical HFpEF models, particularly in
the context of cardiometabolic disease. The leptin receptor-deficient (db/db) model is widely used

to study type 2 diabetes!?

, as young db/db mice develop obesity and hyperglycemia without
hypertension?®, However, disease onset occurs at an early age, which does not align with the
gradual disease progression seen in humans. With age, db/db mice develop diastolic dysfunction,
atrial enlargement, concentric hypertrophy, and fibrosis, making them a potential HFpEF
mOde|121’127.

Similarly, leptin-deficient (ob/ob) mice develop obesity and diabetes within four weeks'?2,
These mice exhibit concentric hypertrophy and diastolic dysfunction with preserved EF but do not
show exercise impairment, congestion, or natriuretic peptide elevation. Because leptin deficiency
is rare in human HFpEF, ob/ob mice are likely do not accurately depict the clinical
pathophysiology of HFpEF*?L,
Aged mice (24-30 months)
Aging is a major contributor to HFpEF pathophysiology, and aged mice naturally develop key
disease features even without dietary or pharmacologic intervention'?. By 24-30 months, mice
exhibit diastolic dysfunction, concentric hypertrophy with fibrosis, reduced exercise capacity, lung
congestion, and elevated natriuretic peptides'?®**°. However, they do not always develop common

HFpEF comorbidities such as hypertension or diabetes. While aged mice closely model clinical
HFpEF, they lack the full comorbidity burden seen in patients®?!.

Diet-induced models

Since obesity is a major HFpEF comorbidity and is present in most HFpEF patients, diet-induced
obesity models may provide a promising approach for studying HFpEF pathophysiology. High-fat
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diets (HFD, >60% kcal from fat) and Western/high-fat high-sucrose diets (HFHSD, 36-40% kcal
from fat, 36-40% kcal from sucrose) induce obesity and glucose intolerance, with phenotypes
worsening over time'*!. These models develop concentric LV hypertrophy with preserved EF,

moderate diastolic dysfunction, pulmonary hypertension, and increased cardiac fibrosis*2.

However, they generally lack pulmonary congestion and natriuretic peptide elevation®??.
Mice on these diets exhibit reduced exercise capacity, likely due to obesity rather than intrinsic
skeletal muscle dysfunction®!. Because these models better replicate HFpEF-related comorbidities
than genetic or ANGII models, they may be more physiologically relevant. However, they still

remain imperfect HFpEF models due to inconsistencies in natriuretic peptide elevation and lung

congestion®??,

Multifactorial models

Multifactorial models incorporate multiple stressors to better replicate human HFpEF. The
deoxycorticosterone acetate salt-sensitive model, which combines deoxycorticosterone acetate
administration, high salt intake, and uninephrectomy, and the uninephrectomy with aldosterone
infusion model have been evaluated as possible as HFpEF models, yet they do not completely
capture the complex pathophysiology of clinical HFpEF*?!. A more recent two-hit model,
developed by Schiattarella et al., shows promise as it combines an HFD with L-NAME, a nitric
oxide synthase inhibitor, to induce HFpEF®!. Mice subjected to both stressors develop lung
congestion, reduced exercise tolerance, and increased natriuretic peptides. Another multifactorial
approach pairs an HFD with ANGII infusion, leading to hypertension, obesity, and diabetes in
young male mice'®. While these mice exhibit preserved LV function, diastolic dysfunction,
concentric hypertrophy, fibrosis, and elevated natriuretic peptides, lung congestion is absent, and
the effect on exercise capacity is unclear'??.
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1.4.2 High-fat high-sucrose mouse model

The HFHSD mouse model (40% kcal from fat, 40% kcal from sucrose) used in this work induces
cardiometabolic comorbidities, including glucose intolerance, obesity, and elevated mean arterial
pressure after 18 weeks. Compared to standard diet (SD)-fed mice, HFHSD-fed mice gain
approximately 50% more body weight (30 g SD vs. 45 g HFHSD) and exhibit persistently elevated
blood glucose levels following a glucose tolerance challenge®?.

C57BL/6J mice fed an HFHSD for 18 weeks develop key cardiac features of HFpEF,
including impaired systolic strain, diastolic dysfunction, and microvascular dysfunction®.
Specifically, they exhibit reduced coronary microvascular dilation in response to adenosine,
indicating endothelial-independent microvascular dysfunction. MRI strain imaging detects
impaired systolic strain and diastolic strain rate despite preserved EF. Myocardial oxidative stress
is also elevated in these mice.

In addition to cardiac dysfunction, HFHSD-fed mice develop metabolic alterations and
chronic low-grade inflammation characteristic of cardiometabolic HFpEF***. They accumulate
significant visceral adipose tissue, particularly epicardial adipose tissue, which has been implicated
in HFpEF pathophysiology®'. While this model does not fully recapitulate clinical HFpEF
symptoms such as pulmonary congestion or elevated natriuretic peptides'?!, it closely resembles
the earlier stages of the cardiometabolic HFpEF phenotype, making it a valuable tool for studying
the relationship between adiposity, coronary microvascular dysfunction, and diastolic dysfunction.

1.4.3 Preclinical cardiac MRI

CMR is a powerful noninvasive imaging modality used to assess cardiac anatomy, function,
perfusion, and metabolism. In preclinical research, CMR enables high-resolution, serial in vivo

characterization of cardiovascular structure and function in mouse models of disease, making it a
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valuable tool for both basic and translational studies. However, the small size of the mouse heart
(<1 cm) and its rapid rate (>600 bpm) pose significant technical challenges that require high spatial

and temporal resolution®®,

Most preclinical CMR studies are performed on dedicated small-bore, high-field MRI
scanners (4.7-9.4 T or higher), which provide the signal-to-noise ratio and gradient performance
necessary for sub-millimeter resolution. High field strengths, however, come with trade-offs,
including greater magnetic field inhomogeneity and gradient imperfections. Physiological gating
is essential to reduce motion artifacts: ECG gating synchronizes acquisition to the cardiac cycle,
while respiratory motion is managed through gating or retrospective correction, since breath-
holding is not feasible in mice. Consistent anesthesia and careful physiological monitoring are also

critical, as variations in agents like isoflurane can affect vascular tone and heart rate.

The imaging protocols used in this work include advanced methods to assess cardiac and
vascular function—Dblack-blood cine imaging, displacement encoding with stimulated echoes
(DENSE), and arterial spin labeling (ASL)—along with newly developed techniques for

characterizing adipose tissue properties.

Black-blood cine

Black blood cine imaging is a CMR technique that enables assessment of myocardial structure and
function by suppressing signal from circulating blood. In the preclinical setting, it is commonly
implemented using a double inversion recovery (DIR) preparation followed by a gated cine
acquisition, typically with a FLASH (Fast Low Angle Shot) readout'*®. The DIR sequence begins

with a non-selective inversion pulse that inverts all magnetization, followed immediately by a

50



slice-selective inversion pulse that re-inverts only stationary spins within the imaging slice. As
inverted blood flows into the slice during the inversion time, it passes through the null point at the
time of image acquisition, resulting in minimal signal, while stationary tissue recovers and appears
bright. This blood suppression enhances contrast at the myocardial borders for improved definition
of the endocardial border. Cine images are acquired across the cardiac cycle and through the short-
axis stack of the left ventricle, enabling calculation of standard functional and morphological
parameters, including ejection fraction (EF), end-diastolic (EDV) and end-systolic (ESV)
volumes, end-diastolic (EDWT) and end-systolic (ESWT) wall thickness, and myocardial mass'®.
Accurate contouring of endocardial and epicardial borders, with attention to papillary muscles, is

critical for deriving these measurements (Figure 12).

Slice 3w

Slice 5™

Figure 12 - Short-axis stack of black blood cine images from base to apex, with segmented endocardial (red) and

epicardial (green) contours. Endocardial contours include papillary muscles for quantification of ejection fraction and
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ventricular volumes. Additional contours excluding papillary muscles are used for calculating myocardial mass and

wall thickness.

Myocardial Perfusion with Arterial spin labeling (ASL)

ASL is a noninvasive MRI technique that enables absolute quantification of myocardial blood flow
(MBF) without contrast agents and has been applied to both cerebral®®” and cardiac perfusion
imaging'®. Cine-ASL combines ECG-gated cine gradient-echo imaging with steady-pulsed
arterial labeling. Following each ECG trigger, a series of gradient echoes is acquired, with one
replaced by a spatially selective inversion pulse to label coronary blood before it enters the
myocardium. A control scan using a symmetrically placed slab accounts for magnetization transfer
effects. Figure 13A shows the tag slab placed at the base of the heart to label the coronary arterial
blood prior to its entry into the myocardium, and the control slab below the apex. Also included
are representative images from a single cardiac phase include the control, tag, difference map, and
quantified MBF map. The perfusion signal is derived from the difference between tag and control

images and reflects MBF.
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Figure 13 — Cine-ASL setup and resulting myocardial perfusion maps. (A) Long-axis view illustrating the positioning
of the tagging (TAG) and control (CTRL) slabs relative to the mid-ventricular imaging slice. Short axis (B) control
image, (C) tag image following arterial inversion, (D) difference image used to determine the myocardial blood flow

(MBF), and (E) quantified MBF map.

By alternating tag and control scans across the cardiac cycle, cine-ASL generates high-
resolution, temporally resolved perfusion maps. A typical protocol includes rest MBF acquisition,
followed by a 10-minute intraperitoneal infusion of adenosine for stress imaging (Figure 14).
Myocardial perfusion reserve (MPR), calculated as the ratio of stress to rest MBF, averages ~2.1
in healthy mice but is reduced to ~1.4 in HFHSD-fed models of coronary microvascular
dysfunction. Figure 14 illustrates impaired stress perfusion in an HFHSD-fed mouse compared to

a healthy control.
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Figure 14 - Myocardial blood flow (MBF) maps at rest and after adenosine-induced stress in a standard diet-fed mouse
(top row) and an HFHSD-fed mouse (bottom row). Stress-induced perfusion increases markedly in the healthy control,
whereas the HFHSD-fed mouse shows a blunted response, consistent with impaired coronary microvascular function.

Color bar indicates MBF in mL/g/min.

Myocardial strain imaging with displacement encoding with stimulated echoes (DENSE)
Myocardial strain imaging provides a sensitive measure of ventricular function by quantifying
tissue deformation—specifically, the shortening, lengthening, and thickening of myocardial
fibers—throughout the cardiac cycle. Unlike traditional metrics such as ejection fraction, strain
can detect subclinical dysfunction earlier and has been shown to predict adverse cardiovascular
outcomes®,

DENSE is a CMR technique that encodes tissue displacement directly into the phase of the
MR signal using a stimulated echo acquisition!4%-142, DENSE enables pixel-wise quantification of

myocardial motion and has been adapted for use in small animal models'*!**, Commonly
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measured myocardial strains, including LV longitudinal and circumferential shortening and radial
thickening, are depicted in Figure 15A2, Strain metrics include peak systolic strain, which
reflects maximum contractile function, and peak diastolic strain rate, a load-independent marker
of myocardial relaxation. Longitudinal strain maps in systole and global longitudinal strain-time
curves from a HFHSD-fed obese mouse and a healthy mouse are shown in Figure 15B-D.
Impaired diastolic strain rates, particularly in the longitudinal direction, have been associated with
early diastolic dysfunction and adverse outcomes in heart failure with preserved ejection fraction

(HFpEF)™.
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Figure 15 - Myocardial strain analysis using DENSE MRI. (A) Schematic of myocardial strain directions: radial,

circumferential, and longitudinal.(B—C) DENSE-derived strain maps showing impaired strain in a HFHSD-fed mouse
vs a healthy mouse. (D) Example global longitudinal strain curves across the cardiac cycle for a HFHSD-fed and

healthy mouse highlighting peak systolic strain and diastolic strain rate differences.
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Chapter 2: MRI of proinflammatory epicardial adipose tissue:
Accelerated methods for simultaneous fatty acid composition and T:

mapping and relationships to tissue biomarkers
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2.1 Introduction

Epicardial adipose tissue (EAT) is a metabolically active visceral fat depot surrounding the heart
which has emerged as a key player in the pathophysiology of various heart diseases, including
atrial fibrillation, coronary artery disease, coronary microvascular disease, and heart failure with
preserved ejection fraction (HFpEF)%¢782 Notably, recent studies have shown that increased
visceral adiposity is a near-universal feature of HFpEF, highlighting its integral role in disease
pathophysiology®. Unlike other visceral fat depots, EAT is in direct contact with the myocardium
and coronary arteries, without a fascia or other physical barrier to separate it from the heart. This
unique anatomical feature allows for direct crosstalk between EAT and the myocardium through
a shared microcirculation®. In healthy conditions, EAT supports cardiac function by providing fatty
acids as an energy source, buffering excess circulating lipids, and maintaining features of brown
and beige adipose tissue that support thermogenesis and cardiometabolic health®. However, in
obesity and metabolic disease, EAT undergoes pathological remodeling, characterized by
adipocyte hypertrophy, oxidative stress, and a shift in fatty acid composition (FAC) toward a
proinflammatory profile’>46147  Specifically, EAT in obesity becomes enriched with saturated
fatty acids (SFAs) which activate toll-like receptor 4 (TLR4) signaling and the NLRP3
inflammasome’>#8, This cascade promotes macrophage recruitment, polarization toward a
proinflammatory M1 phenotype, and secretion of proinflammatory cytokines into the coronary
microcirculation'®. In contrast, monounsaturated (MUFASs) and polyunsaturated fatty acids
(PUFASs) have been shown to impede NLRP3 inflammasome activity and mitigate inflammation,
highlighting the FAC as a key mediator of EAT-driven cardiometabolic dysfunction’, Given
the role of proinflammatory EAT in cardiovascular disease, it is emerging as a target for therapies

such as sodium-glucose cotransporter-2 inhibitors (SGLT2i), which significantly improve
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cardiovascular outcomes in HFpEF®1%0, These drugs may exert their cardioprotective effects in
part by modulating EAT biology, decreasing macrophage infiltration and promoting adipose tissue

browning*®*

. In this context, noninvasive imaging to assess proinflammatory EAT would have
many potential applications.

MRI-based assessment of EAT has primarily focused on volume quantification, yet volume
alone may not best reflect its proinflammatory state. Beyond EAT quantity, MRI techniques such
as proton density fat fraction (PDFF) and FAC mapping enable the evaluation of adipose tissue
quality. Prior studies using MRl FAC methods have shown that EAT SFA fraction is associated
with left ventricular structural and functional impairments?® as well as coronary microvascular
dysfunction®!, suggesting their potential as biomarkers of proinflammatory EAT. Separately, T;
mapping has shown promise in detecting adipose tissue remodeling, with longer T; relaxation
times observed in adipose tissue from healthy individuals compared to those with obesity and in
visceral adipose tissue (VAT) compared to subcutaneous adipose tissue (SAT)%. While EAT FAC
MRI techniques have been applied in both preclinical® and clinical®® settings, EAT T1 mapping
remains largely unexplored, and a joint approach to estimate both EAT FAC and Ty has yet to be
developed. Currently, FAC and T1 mapping utilize separate acquisitions, which is time-inefficient.
A joint approach to EAT FAC and T1 mapping could offer a time-efficient and comprehensive
characterization of EAT beyond volume alone.

While MRI-derived biomarkers for the assessment of EAT quality show promise, their
relationships with direct histological and molecular tissue biomarkers remain largely unexamined.
Establishing these relationships is essential for validating MRI as a noninvasive tool to assess

proinflammatory EAT and its role in heart disease. In particular, showing how MRI mapping

parameters relate to adipocyte morphology, macrophage infiltration, and cytokine expression
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would establish a foundation for using MRI biomarkers for risk stratification and treatment
monitoring.

This study presents an accelerated MRI method for simultaneous FAC and T1 mapping of EAT
in mice at 9.4T, enabling a more comprehensive assessment of its proinflammatory phenotype.
Applying this novel method to diet-induced mouse models of metabolic heart disease, we
investigate relationships between MRI-derived EAT parameters and ex vivo tissue measurements
of inflammation, including macrophage presence, adipocyte morphology, and cytokine
expression. Through these studies we aim to establish MRI-based biomarkers for the noninvasive
assessment of proinflammatory EAT.

2.2 Theory
2.2.1 Signal model for joint FAC and T1 mapping
The mean triglyceride spectrum can be characterized by nine distinct hydrogen-1 (*H) resonances

( € {4, ..., 1}) with relative magnitudes p; and chemical shifts §; relative to the water proton
resonance 6&,, (Table 1)?2. The relative phase of each resonance at time, t, after excitation is given
by a;(t) = exp(ino((Sj — 6W)t), where B, is the main magnetic field strength and y is the
gyromagnetic ratio.

Water (W) and fat (F) components along with the T; relaxation time can be determined
from a set of inversion recovery (IR) gradient echo (GRE) images acquired at multiple inversion
times (T1,,, m = 1, ..., M) and echo times (TE,;, n =1, ...,N) . The complex MR signal y at a
given voxel is expressed as:

9 Tl
y(TE,,TL,) =| W + FZ p;a;(TE,) |e2™¥TEngi¢ o =RoTEn (AO — Byirre Tt )
j=1
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Here, 1 represents off-resonance frequency due to static field inhomogeneity, ¢ is the initial phase,
R; is the transverse relaxation rate, and Ty is the apparent longitudinal relaxation time that differs
from the true T due to radiofrequency (RF) pulse effects on signal recovery. The constants, A,
and By correspond to the equilibrium signal and the signal difference between the initial (post-
inversion) and equilibrium states. The true T1 can be approximated using the conventional Look-

Locker correction®®?:

B .
T, =T; (2L 1 (2.2)
1

2.2.2 Characterization of triglyceride saturation
The relative magnitude of each triglyceride resonance is determined by the (1) number of -
CH=CH- double bonds per triglyceride (ndb), (2) number of methylene- interrupted double bonds
(nmidb), and (3) the fatty acid chain length (cl) (Table 1)?2. To reduce the number of unknown
parameters, the average chain length can be estimated based on prior knowledge. These parameters
allow decomposition of the fat signal, F, into distinct triglyceride subcomponents:
F = Fpg + Frap + Fumiap (2.3)
where Fy;, is proportional to the number of triglycerides, F, 4, to the number of double bonds, and
Fymiap to the number of methylene-interrupted double bonds.
The absolute values of ndb and nmidb per “mean triglyceride” within a voxel are

calculated as:

F

ndb = 2% (2.4)
ntg
F .

nmidb = ’;}"‘db. (2.5)
ntg
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The relative fractions of unsaturated fatty acids (UFAs) and PUFAs are given by:

ndb — nmidb
UFA = — s (2.6)
nmidb
PUFA = 3 (2.7)

Relative amounts of SFAs and MUFASs are determined using the relationships UFA = MUFA +

PUFA and UFA + SFA = 100%%°.

Table 1 - Triglyceride *H resonances and their corresponding chemical shifts (§) and relative magnitudes (p). cl =

chain length, ndb = number of double bonds, nmidb = number of methylene interrupted double bonds.

Resonance Type 6 [ppm] Relative magnitude (p)
A Methyl 0.90 9
B Methylene 1.30 [(cl —4) x 6] — (ndb x 8) + (nmidb X 2)
C [-Carboxyl 1.60 6
D a-Olefinic 2.02 (ndb — nmidb) X 4
E a -Carboxyl 2.24 6
F Diacyl 2.75 nmidb X 2
G Glycerol 4.20 4
H Glycerol 5.19 1
I Olefinic 5.29 ndb X 2

2.2.3 Least squares approximation
The complex signal for N echo times and M inversion times y=
[v(TE{, TL),...,y(TEN,TL), ...,y(TE, Tly), ..., y(TEy, TI))]" can be expressed in matrix form
as

y = WAxe ?, (2.8)

where

61



1 O O 0
0 9 0 0
[ CZLLW aljle e al,l,l T 0 6(Cl - 4‘) —8 2
: : . : 0 6 0 0
0 0 4 —4
| “NvawaN1,Aa - BN
A(N*M)X4 - aLZ,W aLZ,A al‘z’l X 8 8 8 (2) (29)
. . ‘. . 0 4 O O
AN MWwaANMA - Anmid 0 1 0 O
L 0 0 2 0
p

Here, x = [W, Fyg, Frap, anidb]T is the unknown parameter vector, and W is the (N * M) x (N *

M) block-diagonal matrix:

Y = blkdiag (D, D, ... D), (2.10)

M times

where each N x N diagonal block is

D = diag(exp(i2myTE,), ..., exp(i2nyTEy)). (2.11)
The p matrix describes the relative weights of water and *H triglyceride resonances as a function
of the average fatty acid chain length, which is set to 16.12 based on prior knowledge of the visceral

adipose tissue lipidome of mice fed a high-fat high-sucrose diet'®3. The terms

Tl
Anmw = <Ao — Baisre )exp(—R’szEn) (2.12)
and
_Thy
Apm,j = <A0 — Bgisre Tt > exp(iyBo(8; — 8,,)TE,) exp(—R3TE,) (2.13)

account for transverse and longitudinal relaxation effects and chemical shift-induced frequency
changes of water and the j¢" fat resonance.
The objective is to estimate the unknown parameter T;" and the vector x containing the

water and fat components along with the confounding parameters ¥, ¢, R;, Ao, and Bg;sr. The
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longitudinal relaxation parameters A,, Bg;rr, and Ty are estimated by minimizing the squared

residual error between the signal at TE;, yrg, = [y(TEy, Tl), ...,y(TE;, TIy)], and the three

parameter model (Ao — Bg;sre~T//™) using the Levenberg-Marquart algorithm. Once Ag, Byiff,
and T, are determined, the separable nonlinear problem can be solved using variable projection?®.

The confounding parameters ¥, ¢, and R are estimated by minimizing
JR;, ¥, ¢) = |ly - ‘PA[Re(AHA)]‘1Re(AH‘PHye‘i4’)ei¢||2. (2.14)

The phase term is determined analytically as
~ 1
¢ = 5arg((AH‘PHy)T[Re(AHA)]‘l(A”‘I’”y)) (2.15)

for a given R; and 1.

2.2.4 Multicontrast image reconstruction

Images acquired at multiple TEs and Tls can be modeled as a superposition of a limited number
of spectral components. Assuming that nonlinear variations vary smoothly over small regions,
local image patches can be approximated as spectrally sparse, with signal primarily arising from
modeled water and fat components. These properties support the use of higher-order low-rank
regularization to exploit spatial similarity and redundancy through contrast dimensions.

A high-dimensionality undersampled patch-based reconstruction (HD-PROST) framework
was employed to jointly enforce data consistency and a local low-rank structure®*. The objective
is to recover denoised images X € C"*™>*N*M of size n, x n, with N TEs and M TIs from
undersampled radial k-space data ¥. Assuming that X can be represented as a higher-order low-

rank tensor on a patch scale, the reconstruction problem is formulated as:

1
argminE IEX —Y||2 + Z LlToll.  s.t.T, =P,(X) (2.16)
X p *
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Here, € = FE, where F is the nonuniform fast Fourier transform (NUFFT) **° and E is the

ESPIRIT operator'®®. The operator P, (X) extracts a patch of size P centered at pixel p, with
patches stacked along the contrast dimensions to form a tensor T,, € C**"¥*™_ The nuclear norm
|T ||, and regularization parameter 4,, promote low-rank across spatial, TE, and TI dimensions.

This problem is solved using the alternating direction method of multipliers (ADMM),
which decomposes the problem into two alternating subproblems®®’. This process is outlined in
Figure 16.
2.2.4.1 Optimization 1: Joint reconstruction
Given a denoised tensor T from Optimization 2 (as shown in Figure 16), the image X is updated
by solving a Tikhonov-regularized least squares problem to enforce consistency with the measured

k-space data:

2

1 , M b
argmin—= [|EX - Y||7 + —”T -X—— (2.17)
x 2 2 u

F

where u is a penalty parameter and b is the augmented Lagrange multiplier. The problem is solved
using the conjugate gradient algorithm. After each iteration, the Lagrange multiplier is updated as
p® = p-1 4 xO _ 7@

2.2.4.2 Optimization 2: Local low-rank denoising

The current image estimate X is divided into overlapping patches, each reshaped into a tensor Tp €
CP*NxM Duye to spatial similarity and redundancy across contrast dimensions, each tensor is
expected to exhibit low-rank structure and is denoised using higher-order singular value
decomposition (HOSVD). Orthonormal basis matrices U4y, U ,), and U 3y are computed for the
spatial, TE, and Tl modes, respectively, and used to compute the core tensor :

Sp =Tp x; Uf}y X, Uty x5 U, (2.18)
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where x; represents the i*" mode product.

Singular value hard thresholding (SVHT) is applied to the core tensor, where components
below an adaptive threshold are removed as they are assumed to primarily represent noise.
Following the method proposed by Gavish and Donoho, the optimal hard threshold for a given
patch core tensor A, is set to 2.39 times the median singular value across all dimensions®®8. The
denoised patch tensor is then reconstructed by multiplying the thresholded core tensor with the
corresponding orthonormal bases along each mode. All denoised patches are combined using
weighted averaging of overlapping voxels yielding the tensor T, which is used as the reference

image in Optimization 1.
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Figure 16 - Image reconstruction framework. The HD-PROST-based reconstruction alternates between two
subproblems to recover denoised multicontrast images from undersampled radial k-space data. Optimization 2: The
initial image estimate X, generated via NUFFT, is divided into overlapping patches. Patches from the same spatial
location across all contrast dimensions are unfolded into 3D tensors (T’,,) and denoised using higher-order singular
value decomposition (HOSVD) followed by adaptive hard thresholding. Denoised patches are reassembled into a
tensor T. Optimization 1: A joint reconstruction update enforces data consistency with the measured k-space data Y

and regularization toward the denoised image T, yielding an updated image X. The Lagrange multiplier (b) is updated
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after each iteration. This process is repeated for N,p,, iterations to produce the final reconstructed image series

Xrinai- Oopt = median(S).

2.3 Methods

2.3.1 Pulse sequence

The proposed joint FAC and T: mapping pulse sequence is shown in Figure 17A. An
electrocardiogram (ECG)-gated IR prepared interleaved multi-echo GRE pulse sequence with
radial trajectories was developed to obtain images at multiple TEs and TIs. A slab-selective
adiabatic 180° pulse was applied prior to initial excitation. Following a 15° excitation pulse, a
monopolar double-echo readout was acquired using flyback gradient pulses with 2 ms echo
spacing. Only two echoes were acquired per RF excitation because EAT in mice at 9.4T can have
T, values in the range of 5 ms, thus the signal-to-noise ratio (SNR) can be very low for additional
echoes. Monopolar readouts were used to reduce the effects of eddy currents and gradient delays.
Excitation and readout were repeated after each subsequent ECG trigger for approximately three
times the maximum Tz of interest followed by RR interval pauses for two times the maximum Ty
of interest to allow for complete magnetization recovery. Given a maximum T of interest of 1000
ms and an average mouse RR interval of 100 ms, 30 Tl acquisitions with Tly= 3.7 ms and ATI =
RR interval were acquired followed by 20 RR pauses. This acquisition scheme was repeated for
each radial spoke and again for each interleave. With each subsequent interleave, a delay of 0.2
ms was inserted prior to the double echo readout, enabling the acquisition of various echo times.
Using 10 interleaves, 20 TE images were acquired with effective echo spacing of 0.2 ms. The
choice of TEs and echo spacing were chosen to minimize the variance in the estimates of the water

and fat components as shown by Berglund et al*®°.
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To create spatiotemporally incoherent aliasing patterns at each TE and TI, a golden-angle

rotated stack-of-stars sampling scheme was implemented as shown in Figure 2B. For Ns radial

spokes, the projection angle for the i projection, n™" echo time, and m" inversion time was

calculated as:

V5 -1 T V5—-1 =
6(i,n,m)=mod| (i —1) X X 5T + mod (n—l)xN—Sx 5 Fs
T V5—-1 =
d —1) X —X ,— 19
+mod | (m = 1) X X —5— 1 (19)
A s RR Pauses N B
A - ‘ . . ~ | (B)
I,
180° 450 15° Tl
RF AYJ U vV -~ Vnﬂ ~ 000
Gz .F_\uﬂu - — &u -——— ® 0 0
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Figure 17 - Pulse sequence diagram. (A) Inversion recovery interleaved multi-echo sequence for M inversion times
(T1s) and N echo times (TEs), showing the acquisition of a single radial spoke at TE, and TEn+10 across multiple Tls,
followed by RR pauses. (B) Example k-space trajectories with golden-angle rotation in-plane and through contrast
dimensions, illustrating six spokes acquired at different TEs and TIs. Ns = number of spokes. Nte = number of total

echo times.
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2.3.2 Image reconstruction and parameter mapping

Image reconstruction and parameter mapping were implemented in MATLAB R2023a
(MathWorks, Natick, MA). First, k-space trajectories for each radial spoke at each TE and T were
corrected for gradient delays along all spatial axes using independently acquired calibration
data®®®®, Delays ranged from 2.1 to 2.6 ps, 3.2 to 3.4 ps, and -0.6 to 0.4 ps for the sagittal,
coronal, and axial axes, respectively. To enable application of the method to multi-coil arrays, coil
sensitivity maps and combination were performed using ESPIRIT with maps computed from the
first TE and TI coil images'®. Image reconstruction was performed using the HD-PROST-based
framework as detailed in Section 2.2.4. A patch size of 3 x 3 and a patch stride of 1 were used.
The reconstruction was performed over 5 ADMM iterations. The regularization parameter u =
0.75 was selected empirically and held constant across datasets.

Multi-TI images at the first TE were used to approximate Ti1. Due to heart rate (HR)
variability during the scan, the different radial spokes of each T1 image were acquired at slightly
different Tls, resulting in clusters of Tls for each image. To account for this variation, as previously
described, a fuzzy C-means (FCM) clustering algorithm was used to determine the cluster of
specific radial spokes corresponding to each TI, and the cluster centers were computed and used
as the effective TIs'®. Then, Ty, Ay, and By;¢s were computed, followed by the determination of
T1using Equation 2.2.

A conventional whole-image optimization algorithm was employed to estimate the
spatially smooth field map, ¥, by minimizing Equation 2.14%2, The transverse relaxation rate R}
was determined through a brute-force search over discretized values from 0 to 500 s*in 0.5 s
increments. The initial phase, ¢, was then calculated using Equation 2.15. The parameter vector,

x, containing water and fat components, was derived as previously described 2. Once x was
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determined, ndb, nmidb, UFA, and PUFA (Equations 2.4-2.7) were computed and used to
calculate SFA and MUFA. The proton density fat fraction (PDFF), representing the proportion of
total signal from fat protons, was calculated as F / (F + W).

2.3.3 Phantom validation and selection of acceleration rate

Two phantoms were used to validate FAC and T1 mapping. The FAC phantom consisted of five 1
mL vials containing olive, sesame, and flaxseed oils, along with a 50/50 coconut/avocado oil
mixture and a 25/75 coconut/sesame oil mixture, placed in a 5 mL conical tube of water. These
oils were selected to span a broad FAC range comparable to in vivo adipose tissue’®. The T;
phantom contained 1 mL vials of water with gadolinium (Gd) concentrations ranging from 0.1 to
0.5 mM for T1 mapping validation.

Joint FAC and T: imaging was performed at 9.4T (Biospec 94/20, Bruker Biospin,
Germany) using a 600-bpm simulated ECG signal (SA Instruments, Inc., Stony Brook, NY).
Approximately fully sampled images (202 spokes) were acquired with the following parameters:
slice thickness = 1 mm, field-of-view (FOV) = 35 x 35 mm, flip angle = 15°, acquisition matrix =
128 x 128, resolution = 0.27 x 0.27 mm?, bandwidth (BW) = 100 kHz, 30 Tls (Tl = 3.7 ms, ATI
=100 ms), and 20 TEs (TE1 = 1.3 ms, ATE = 0.2 ms). Images were retrospectively undersampled
such that the number of spokes used were Fibonacci numbers (from 144 to 1), guaranteeing
uniform coverage of k-space®. A region of interest (ROI) was drawn for each oil sample and the
mean SFA fraction, MUFA fraction, PUFA fraction, PDFF, T1 and R were calculated. The PUFA
fraction calculation assumes that fatty acids have at most two double bonds, which is valid for
approximately 98% of adipose tissue fatty acids but not for certain plant oils containing significant
triunsaturated fatty acids. To account for this, the PUFA fraction was adjusted using a fixed

triunsaturated fatty acid fraction (Frg;r4) measured by NMR for each oil, by applying the formula
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nmidb

PUFA =

— Frrira- Mean absolute error (MAE) was computed between fully sampled and

retrospectively undersampled SFA fraction, MUFA fraction, PUFA fraction, PDFF, Ty, and R}
maps for all acceleration rates. The structural similarity (SSIM) index'®® was computed between
denoised fully sampled and denoised retrospectively undersampled images over the entire oil
phantom region, excluding background pixels.

Reference SFA fraction, MUFA fraction, and PUFA fraction were determined by NMR
spectroscopy as previously described?®. Reference T1 values were determined using a conventional
ECG-gated IR T1 mapping method with the following acquisition parameters: slice thickness = 1
mm, FOV = 35 x 35 mm, flip angle = 1°, acquisition matrix = 128 x 128, resolution = 0.27 x 0.27
mm?, BW = 100 kHz, 30 TlIs (Tl1 = 3.7 ms, ATI = 100 ms). Agreement between joint FAC and T
values and reference methods across acceleration rates was evaluated using linear regression, with
Pearson’s correlation coefficients (r) and p-values assessing linearity and significance.

2.3.4 In vivo MRI protocol and image analysis

All animal studies were performed in accordance with protocols that conformed to the
Declaration of Helsinki as well as the Guide for Care and Use of Laboratory Animals'®* and were
approved by the Animal Care and Use Committee at the University of Virginia. Mice were
maintained at the University of Virginia Center for Comparative Medicine pathogen-free vivarium
facility. MRI was performed on a 9.4T system using a *H transmit-receive quadrature volume RF
coil (35 mm inner diameter, Bruker BioSpin GmbH, Germany). During imaging, mice were
anesthetized with 1.25% isoflurane, and core temperature was maintained at 36 + 0.5°C using
circulating warm air. The ECG, body temperature, and respiration were monitored (SA
Instruments, Inc., Stony Brook, NY). Localizer imaging was performed to establish a mid-

ventricular axial slice with sufficient EAT. Undersampled IR multi-echo images for joint FAC and
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T1 mapping were acquired using the pulse sequence described in Section 3.1. Acquisition
parameters included: slice thickness = 1 mm, FOV = 25 x 25 mm, flip angle = 15°, acquisition
matrix = 128 x 128, resolution = 0.2 x 0.2 mm?, BW = 100 kHz, N5 =21, 30 TIs (Tl = 3.7 ms,
ATI = RR interval ms), and 20 TEs (TE1 = 1.3 ms, ATE = 0.2 ms), with a total scan time of
approximately 17 minutes.

Images and parameter maps were reconstructed as described in Section 3.2. The EAT and
SAT were manually segmented using the images of total fat content F, excluding border pixels to
avoid partially volumed voxels. ROIs included voxels from artifact free regions with a PDFF >
50% and included at least 30 pixels per depot. The mean parameter values were calculated for each
depot, and EAT parameter indexes were computed as the ratio of the mean EAT to SAT values for
SFA fraction, MUFA fraction, PUFA fraction, and PDFF. These EAT quality metrics were
indexed to their SAT counterparts as SAT is considered a metabolically healthier adipose
depot®%185-167 Thys, the ratio utilized an intra-subject reference and accounted for inter-subject
differences in overall inherent adipose physiology (e.g., lipid metabolism, deposition, and
synthesis)’®1%, Relaxation parameters, T1 and R%, were not indexed, as they reflect more than
differences in physiology, such as local field inhomogeneities.
2.3.5 Application of joint FAC and T1 mapping to mouse models of metabolic heart disease with
differing EAT FAC and inflammatory profiles
This study applied joint FAC and T1 mapping to investigate relationships between MRI-derived
EAT parameters and tissue markers of inflammation, including adipocyte size, macrophage
infiltration, and proinflammatory cytokines. To generate a range of adipose tissue compositions,
three groups of C57BI/6J mice (n = 16-20 mice/group, Jackson Laboratories, Bar Harbor, Maine;
strain #000664) were studied: (1) mice fed a high-fat high-sucrose diet (HFHSD) (40% kcal fat,
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40% kcal sucrose; Diet 123727, Research Diets, Inc., New Brunswick, NJ), (2) mice fed an
HFHSD plus the SGLT2i, empagliflozin (EMPA) (40% kcal fat, 40% kcal sucrose, 30 mg/kg/day
EMPA,; Diet 21011406, Research Diets, Inc), and (3) mice fed a high-fat diet (HFD) (60% kcal
fat; Diet 12492, Research Diets, Inc.). Diets began at 6-8 weeks of age and continued for 18 weeks.
These groups were selected to induce varying metabolic conditions, VAT inflammation,
EAT development, and distinct FAC profiles across various adipose depots. The HFD consisted
of 245 g lard (40% SFA, 45% MUFA, 10% PUFA) and 25 g soybean oil (15% SFA, 23% MUFA,
58% PUFA), resulting in an overall composition of 39% SFA, 45% MUFA, and 16% PUFA. The
HFHSD included 135 g coconut oil (94% SFA, 5% MUFA, 1% PUFA) and 45 g soybean oil (15%
SFA, 23% MUFA, 58% PUFA), yielding 75% SFA, 10% MUFA, and 15% PUFA. HFD-fed mice
were expected to exhibit a lower SFA fraction and a higher MUFA fraction, while HFHSD-fed
mice were expected to show a higher SFA fraction and a lower MUFA fraction. Though designed
to modulate FAC composition, both HFHSD and HFD mice develop VAT inflammation and
metabolic heart disease'®®. EMPA was included due to its known effects on VAT, including
reducing inflammation, adipose tissue browning, and altering lipid metabolism via decreased
lipogenesis and increased lipolysis*®'¢°, The addition of EMPA to HFHSD-fed mice allowed for
sufficient weight gain and EAT development while modifying EAT FAC and reducing
inflammation.
2.3.6 Histology
EAT was collected after CO. induced death and fixed in 4% PFA in PBS for 7-10 days at 4°C.
EAT was paraffin embedded and cryosectioned at 5 um thickness and mounted. Slides were
deparaffinized. Briefly, sections were submerged in xylene (3 minutes), 1:1 xylene:ethanol (3

minutes) 100% ethanol (2x3 minutes), 95% ethanol (3 minutes), 70% ethanol (3 minutes), and
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50% ethanol (3 minutes). Antigen retrieval was performed using citrate-based solution (Vector
Laboratories H-330) where slides were submerged in antigen retrieval solution and heated to
boiling for 20 minutes, slides were then cooled for 1 hour at room temperature. Tissue sections
were then blocked for 1 hour in antibody blocking buffer (FGS, donkey serum) at room
temperature. Antibody blocking buffer was removed and replaced with antibody blocking buffer
containing primary antibody overnight at 4°C. Sections were then washed (PBS+FGS+Tween for
5 minutes, 2X PBS 5 minutes) and incubated in antibody blocking buffer containing secondary
antibody (1:100) for 1 hour at room temperature protected from light. Sections were washed
(3xPBS) and counterstained with DAPI (Thermo Fisher Scientific D3571) before mounting.
Sections were imaged on an Olympus Fluoview 1000 and are representative images of composite

z-stacks. Analysis (thresholding and manual counting) was performed in ImageJ.

2.3.7 Cytokine assays

Hearts and EAT were snap frozen in liquid nitrogen prior to sample preparation after CO> induced
death. Hearts and EAT were homogenized in 1:1 PBS and Cell Lysis buffer (R&D Systems
895347) by bead homogenization. 200 uL of tissue lysate was provided for Luminex analysis with
the Flow Cytometry Core at the University of Virginia School of Medicine. Mouse 32-plex panel
analysis was performed on each sample in triplicate (Table 2). Quantification was performed
relative to standard curve for each independent cytokine. Each cytokine was normalized to total

protein per individual sample.
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Table 2 — Cytokines included in the mouse 32-plex Luminex panel.

Cytokine Name Abbreviation(s)
Granulocyte colony-stimulating factor G-CSF
Eotaxin CCL11

Granulocyte-macrophage colony-stimulating
factor

GM-CSF/CSF2

Interferon-gamma IFN-y
Interleukin-1 alpha IL-1a
Interleukin-1 beta IL-1B
Interleukin-2 IL-2
Interleukin-3 IL-3
Interleukin-4 IL-4
Interleukin-5 IL-5
Interleukin-6 IL-6
Interleukin-7 IL-7
Interleukin-9 IL-9
Interleukin-10 IL-10
Interleukin-12 (p40 subunit) IL-12 (p40)
Interleukin-12 (p70 subunit) IL-12 (p70)
Interleukin-13 IL-13
Interleukin-15 IL-15
Interleukin-17 IL-17
Leukemia inhibitor factor LIF
Lipopolysaccharide-induced CXC chemokine LIX/CXCL5
Interferon-gamma-induced protein 10 IP-10/CXCL10
Keratinocyte chemoattractant KC/CXCL1
Monocyte chemoattractant protein-1 MCP-1/CCL2
Macrophage inflammatory protein-1 alpha MIP-1a/CCL3
Macrophage inflammatory protein-1 beta MIP-1B/CCL4
Macrophage colony-stimulating factor M-CSF/CSF-1
Monocyte chemoattractant protein-2 MIP-2/CXCL2
Monokine induced by gamma interferon MIG/CXCL9
Regulated upon activation normal T-cell RANTES/CCL5
expressed and secreted

Vascular endothelial growth factor VEGF

Tumor necrosis factor alpha TNF-a
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2.3.8 Statistics

All statistical analyses were performed using GraphPad Prism 10.4.0. Group comparisons for
EAT and SAT parameters were conducted using one-way analysis of variance with Fisher’s least
significant difference post-hoc tests to assess differences among groups. Spearman correlation
coefficients (r) and associated p-values were calculated to evaluate associations between MRI-
derived parameters and tissue markers of inflammation. A significance threshold of p < 0.05 was
used.
2.4 Results
2.4.1 Phantom validation and selection of acceleration rate
To determine the optimal acceleration rate, an error analysis was performed comparing accelerated
acquisitions to fully sampled images and maps. Rate-9.6 acceleration (21 spokes per image) was
identified as optimal, achieving a scan time of approximately 17 minutes while maintaining low
MAEs of 0.91% for SFA fraction, 0.82% for MUFA fraction, 0.12% for PUFA fraction, 0.40%

for PDFF, 22.36 ms for T1, and 6.26 s for R}, with an SSIM > 0.80 (Figure 18).
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Figure 18 - Error analysis of retrospectively undersampled images. Mean absolute error (MAE) between (A) SFA,
MUFA, and PUFA fractions, (B) T1, (C) R%, and (D) PDFF values computed from retrospectively undersampled
phantom images and fully sampled acquisitions. (E) Structural similarity (SSIM) index between denoised
retrospectively undersampled and fully sampled images. FAC, fatty acid composition; PDFF, proton density fat

fraction; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid.

Next, the accuracy of joint FAC and T1 estimations were validated against NMR (FAC)
and conventional MRI T1 mapping. Figure 19B shows fully sampled and rate-9.6 undersampled
parameter maps in the FAC and T1phantoms. Phantom validation demonstrated strong correlations
(r > 0.94, p < 0.05) between reference and measured values, confirming the accuracy of the joint
method (Figure 19C). For fully sampled acquisitions, regression analysis yielded slopes of 0.99,
1.17, and 1.16 with biases of -3.35, -0.55, and -7.42 for SFA, MUFA, and PUFA fractions
respectively, and a slope of 1.05 with a bias of 0.03 for T1. For rate-9.6 accelerated acquisitions,
regression slopes remained similar at 1.04, 1.16, and 1.14 with biases of -4.5, -0.53, and -7.66 for

SFA, MUFA, and PUFA fractions, and a slope of 1.03 with a bias of -0.02 for Tj.
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MAEs between fully sampled joint FAC and T: mapping values and reference
measurements were 4.02% (SFA), 10.15% (MUFA), and 6.28% (PUFA) compared to NMR, and
8.66 ms for T1 compared to reference T1 mapping. For rate-9.6 accelerated acquisitions, MAES
remained similar at 3.57% (SFA), 10.03% (MUFA), 6.49% (PUFA), and 7.71 ms for Ty,

demonstrating that acceleration maintains measurement accuracy.
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Figure 19 - Phantom layout and parameter maps. (A) Layout of oil and gadolinium (Gd) phantoms used for FAC
and T, validation, respectively. The FAC phantom consists of five 1 mL oil mixtures submerged in 5 mL of water,
while the T: phantom contains six 1 mL vials of water with Gd concentrations ranging from 0.1 to 0.5 mM. (B)
Parameter maps of PDFF, SFA/MUFA/PUFA fractions, R, and T for fully sampled and rate-9.6 accelerated

acquisitions, overlaid on the phantom images. (C) Linear regression analysis between joint FAC and T, measured
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values and reference values for fully sampled and rate-9.6 accelerated acquisitions. Pearson r values are reported.

Abbreviations as in Figure 18.

2.4.2 Accelerated in-vivo images and parametric mapping
Example NUFFT- and HD-PROST-reconstructed images at multiple TEs and Tls are shown in
Figure 20 for two different acceleration rates. While phantom imaging allowed for fully sampled
reference images, the associated scan time (~2.8 hours) was not feasible for in vivo mouse imaging.
Instead, a 55-spoke acquisition (46 min, rate-3.7) followed by a 21-spoke acquisition (17 min, rate-
9.6) was performed in the same mouse to compare image quality. This combined scan time
represented the longest feasible in vivo imaging duration. The 21-spoke acquisition was chosen
based on phantom analysis determining the optimal acceleration rate. Although the undersampled
images exhibit substantial noise-like artifacts, the reconstruction effectively reduces these artifacts
while preserving image quality. The rate-9.6 acquisition produces images comparable to the highly
sampled rate-3.7 acquisition, with an SSIM of 0.91 computed over the mouse body, supporting the
choice of rate-9.6 for in vivo imaging.

Example rate-9.6 accelerated in vivo parameter maps are shown in Figure 21. Water (W)
and fat (F) signal images, and maps of PDFF and off-resonance (i) are displayed, along with R,

T1, SFA fraction, MUFA fraction, and PUFA fraction maps overlaid on EAT and SAT regions.
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Rate 3.7 Rate 9.6
NUFFT HD-PROST

NUFFT HD-PROST

Figure 20 - Comparison of undersampled and HD-PROST reconstructed in vivo images. Non-uniform fast
Fourier transform (NUFFT) undersampled and HD-PROST reconstructed images acquired at acceleration rates 3.7
and 9.6 for (A) TEy, Tly, (B) TEy, Tlis, and (C) TE4, Tlso in the same mouse with high-fat high-sucrose diet-induced

obesity.
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Figure 21 - In vivo parametric maps from a representative HFHSD mouse. Images from a mid-ventricular axial
slice showing: (A) Ti-weighted reference image, (B) water (W) and fat (F) signal images (yellow arrows =
epicardial adipose tissue [EAT], green arrows = subcutaneous adipose tissue [SAT]), (C) maps of off-resonance (y),
R%, and Ty, and (D) fat parameter maps including PDFF, SFA fraction, MUFA fraction, and PUFA fraction.
Parameter maps are overlaid on manually contoured EAT and SAT regions. HFHSD, high-fat high-sucrose diet. All

other abbreviations as in Figure 18.

2.4.3 Joint FAC and T1 mapping detects diet and SGLT2-inhibitor induced differences in EAT
and SAT properties
Absolute EAT SFA, MUFA, PUFA, PDFF, Ti1, and R} results for each group of mice are

summarized in Figure 22A. EAT FAC profiles differed significantly across all groups. HFHSD

81



mice had the highest EAT SFA faction and lowest EAT MUFA fraction, with significantly higher
SFA fraction compared to HFHSD+EMPA (p < 0.05) and HFD (p < 0.0001) mice, and
significantly lower MUFA (p < 0.0001) and PUFA (p < 0.05) fraction compared to HFD mice.
Additionally, HFHSD+EMPA mice exhibited higher EAT SFA fraction (p < 0.01) and lower
MUFA fraction (p < 0.01) than HFD mice. HFHSD+EMPA mice exhibited significantly higher
R% (p <0.05) and Ty (p < 0.05) in the EAT compared to HFHSD mice.

SAT parameter results are summarized in Figure 22B. HFD mice had the lowest SAT SFA
fraction and highest SAT MUFA fraction with significant differences compared to HFHSD (p <
0.0001) and HFHSD+EMPA (p < 0.0001) mice. HFD mice also exhibited an elevated SAT PUFA
fraction compared to HFHSD+EMPA (p < 0.001) and HFHSD (p < 0.05) mice. SAT PDFF was
the lowest in the HFD mice compared to both HFHSD (p < 0.05) and HFHSD+EMPA mice (p <
0.05). HFD mice also exhibited the longest SAT T: compared to HFHSD (p < 0.01) and
HFHSD+EMPA (p < 0.05) mice. HFHSD mice had lower SAT R} compared to HFHSD+EMPA
(p <0.01) and HFD (p < 0.05) mice.

The EAT parameters indexed to those of SAT were compared between groups. The
indexed parameters revealed a distinct profile, with HFHSD+EMPA mice displaying significantly
reduced EAT SFA index compared to HFHSD (p < 0.01) and HFD (p < 0.05) mice (Figure 22C).
HFHSD+EMPA mice also exhibited a significantly higher MUFA (p < 0.01) and PUFA (p < 0.05)

index than HFHSD mice.
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Figure 22 - Diet and SGL T2 inhibitor-induced differences in adipose tissue MRI parameters. Tukey boxplots of

absolute SFA fraction, MUFA fraction, PUFA fraction, PDFF, Ty, and R} values for (A) EAT and (B) SAT in mice

fed an HFHSD (n=20), HFHSD+EMPA (n=17), or HFD (n=16) for 18 weeks. (C) EAT index values for SFA, MUFA,

PUFA, and PDFF in the same groups. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. HFHSD, high-fat

high-sucrose diet; EMPA, empagliflozin; HFD, high-fat diet. All other abbreviations as in Figure 18.
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2.4.4 MRI biomarkers of EAT correlate with histological and cytokine markers of inflammation
To investigate associations between EAT MRI parameters and tissue-level markers of
inflammation, we analyzed correlations between MRI-derived EAT indexes and histological and
cytokine measures in both EAT and cardiac tissue. Figure 23 presents representative EAT images
depicting varying inflammatory phenotypes from each mouse group stained for F4/80+
macrophages and hematoxylin and eosin (H&E) for adipocyte morphology. Macrophage
infiltration is higher in the HFD and HFHSD groups but reduced with EMPA. H&E reveals larger
adipocytes in HFD and HFHSD mice, while EMPA-treated mice show smaller, more uniform
adipocytes.

Significant (p < 0.05) relationships between in vivo MRI parameters (SFA, MUFA, PUFA,
PDFF indexes, R%, and T1) and ex vivo tissue measurements are shown in Figure 24. EAT SFA
index positively correlated with EAT macrophage infiltration, assessed as the ratio of macrophages
per adipocyte (r = 0.440, p = 0.022), and granulocyte-macrophage colony-stimulating factor (GM-
CSF) levels inthe EAT (r =0.764, p = 0.009). In contrast, EAT MUFA index negatively correlated
with GM-CSF levels in the EAT (r = -0.709, p = 0.018). EAT PUFA index was positively
correlated with interleukin (IL)-10 (r = 0.487, p =0.021) in the EAT, and negatively correlated
with cytokine expression in the heart, including interferon gamma (IFN-y) (r =-0.618, p =0.048),
IL-1a (r = -0.438, p = 0.037), and IL-2 (r = -0.468, p = 0.021). EAT PDFF index showed a
positive correlation with leukemia inhibitor factor (LIF) (r = 0.571, p = 0.023) levels in the EAT.
Among MRI relaxation parameters, EAT T1 negatively correlated with EAT adipocyte size (r = -
0.464, p = 0.022) and macrophage inflammatory protein 1-alpha (MIP-1a) levels in the EAT (r =
-0.422, p = 0.045). EAT R}, also negatively correlated EAT MIP-1a levels (r = -0.421, p = 0.045).

No other significant associations with inflammatory markers were observed.
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Figure 23 - Epicardial adipose tissue histology. (A) F4/80 (green) and DAPI (blue) staining show increased
macrophage infiltration in HFD and HFHSD mice, which is reduced with EMPA treatment (left column). Merged
F4/80, DAPI, and WGA (white) images highlight crown-like structures of macrophages surrounding adipocytes (red
arrows) in HFD and HFHSD conditions (middle column). Scale bar: 20 um. (B) Hematoxylin and eosin (H&E)
staining reveals larger adipocytes in HFD and HFHSD conditions, while EMPA-treatment displays smaller, more
uniform adipocytes. Images in (A) and (B) were obtained from different mice within the same experimental groups.

Scale bar: 100 um. WGA, wheat germ agglutinin. All other abbreviations as in Figure 22.
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Figure 24 - Relationships between EAT MRI parameters and tissue inflammation markers. Correlations between
EAT MRI parameters — (A) SFA index, (B) MUFA index, (C) PUFA index, (D) PDFF index, (E) R%, and (F) T1 —
and tissue measures, including macrophage density (Mg/adipocyte), adipocyte size (um?), and cytokine levels (pg/pg

total protein). Spearman’s r and p-values are reported for each plot. Abbreviations as in Figure 18 and Figure 21.
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2.5 Discussion

This study developed an accelerated method for joint FAC and T1 mapping of EAT, expanding
upon a growing body of research aimed at noninvasively characterizing EAT. By integrating T1
mapping and FAC, this method provides a more comprehensive assessment of EAT quality, as
both adipose tissue FAC and Ty are altered in chronic metabolic inflammatory states, such as
obesity. The approach exploits correlations across multiple contrast dimensions while leveraging
golden-angle radial sampling and an HD-PROST-based reconstruction framework to achieve high
acceleration rates. To our knowledge, this is the first study to correlate in vivo MRI-derived EAT
parameters with ex vivo markers of inflammation, establishing that these MRI parameters are
noninvasive biomarkers of proinflammatory EAT.

This method builds upon prior work on MRI parameter mapping of adipose tissues. While
several groups have demonstrated in vivo adipose tissue FAC mapping?%28:2231.170 jgint mapping
of longitudinal T relaxation and FAC has yet to be developed for cardiac applications. Preclinical
EAT FAC mapping at 7T demonstrated feasibility in mouse models of coronary microvascular
disease®, yet this approach relied on Cartesian sampling, limiting its robustness to motion and
requiring longer scan times. The proposed method improves upon these limitations by employing
golden-angle radial sampling, which provides increased robustness to motion artifacts and greater
incoherence of undersampling artifacts, enabling the application of a high-dimensional low-rank
reconstruction to support greater acceleration rates. Joint parameter mapping has been explored
for simultaneous quantification of tissue relaxation parameters and fat/water separation in the
heart!’*-173, though primarily for myocardial T1 mapping and EAT volume rather than EAT quality
characterization'’® 171, Ostenson et al. recently demonstrated the feasibility of joint triglyceride

saturation and water T1 mapping in periclavicular adipose depots at 3T1"4, but directly extending
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this to preclinical EAT imaging presents challenges due to cardiac and respiratory motion, high
heart rates (approximately 600-bpm), and the relatively small size of the EAT depot. Our work
addresses these challenges by developing an ECG-gated IR multi-echo sequence with golden-
angle rotation through multiple contrast dimensions with a higher-order low rank reconstruction
and FCM clustering of Tls.

The accelerated joint FAC and T1 mapping method reduced scan time from an estimated 2.8
hours (fully sampled, 202 spokes) to approximately 17 minutes (rate-9.6, 21 spokes) while
maintaining image quality and parameter mapping accuracy. A fully sampled T: map alone would
require 17 minutes, and a fully sampled FAC map would require 27 minutes. Even with a rate-2
acceleration, separate acquisitions would still take longer than the simultaneous approach, and at
rate-3 acceleration, scan times would be similar but image and parameter map quality would
degrade. The joint acquisition leverages redundant structural information across the full set of TE
x Tl images, enabling more robust denoising during reconstruction. It also improves parameter
estimation by incorporating substantially more images into model fitting than would be possible
using either TE or TI images alone. Future work could explore alternative acquisition strategies to
further improve scan efficiency, such as performing saturation recovery preparation instead of
inversion recovery, as saturation recovery eliminates the need for RR pauses.

Phantom validation studies were conducted to assess the accuracy of the method for
quantifying FAC and T1. Due to the long scan times required for fully sampled in vivo acquisitions,
direct comparisons between fully sampled and accelerated images were not feasible. Instead,
validation was performed in phantoms with simulated ECG signals, allowing fully sampled
acquisitions for accurate assessment. Phantom measurements demonstrated strong agreement with

reference values obtained from NMR spectroscopy for FAC and standard IR MRI for T1. Absolute
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error between fully sampled maps and rate-9.6 accelerated maps was minimal, demonstrating that
high acceleration rates preserved parameter mapping accuracy.

This study identified distinct diet- and EMPA-induced differences in MRI-derived EAT and
SAT parameters. Changes in adipose tissue triglyceride composition are influenced by diet, and
our method detected expected differences in absolute FAC parameters among mice fed an HFD
(high in MUFA) and an HFHSD (high in SFA), validating expected in vivo shifts in adipose tissue
composition. Indexing to SAT, which accounts for the propensity to store, mobilize, and
endogenously synthesize lipid in different depots under different conditions’®'%, revealed a
distinct EMPA-treated phenotype. HFHSD+EMPA mice exhibited a low EAT SFA index and high
EAT MUFA and PUFA indexes, consistent with known anti-inflammatory effects of SGLT2i on
adipose tissue. In contrast, HFHSD and HFD mice, both prone to developing proinflammatory
adipose tissue and metabolic heart disease, had similar indexed values, with high EAT SFA
indexes and low EAT MUFA and PUFA indexes. These findings suggest that MRI-derived
parameters may serve as modifiable biomarkers for adipose tissue inflammation.

Our findings establish MRI-derived EAT SFA, MUFA, PUFA, and PDFF indexes, along with
relaxation parameters T1and R%, as noninvasive biomarkers of proinflammatory EAT in metabolic
heart disease. The EAT SFA index positively correlated with EAT macrophage infiltration and
the proinflammatory cytokine GM-CSF. Macrophages play a central role in adipose tissue
inflammation, sustaining chronic inflammation in obesity through alternative polarization, crown-
like structure formation, cytokine secretion, and immune cell recruitment >, GM-CSF, a potent
driver of macrophage differentiation and recruitment, is elevated in inflamed adipose tissue and
may contribute to HF, as increased GM-CSF receptor expression has been detected in

cardiomyocytes of end-stage HF patients!’®1’. Additionally, the PDFF index was positively
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associated with EAT levels of LIF. Although LIF promotes adaptive cardiac remodeling under
acute stress, its sustained elevation in chronic conditions is linked to worsening heart failure®’8-18°,
The correlations between the EAT SFA and PDFF indexes and these markers suggests that a shift
toward a greater fatty acid saturation and fat density in the EAT relative to SAT is associated with
increased inflammatory signaling and macrophage infiltration, characterizing a proinflammatory
EAT phenotype with detrimental cardiovascular effects.

In contrast, higher relative fatty acid unsaturation in the EAT is associated with anti-
inflammatory properties. The MUFA index negatively correlated with GM-CSF, while PUFA
index positively correlated with the potent anti-inflammatory cytokine I1L-10 in the EAT*81182 and
negatively correlated with major proinflammatory cytokines in the heart, including IFN-y, IL-1a,
and |L-2183-185,

Relaxation parameters, T1 and R%, serve as additional noninvasive markers of EAT quality.
The observed relationship between adipocyte size and Ty is consistent with previous studies linking
T1 shortening to structural changes in adipose tissue associated with a proinflammatory state®?.
EAT T: was also negatively correlated with the proinflammatory cytokine MIP-1a (or CCL3).
MIP-1a, a macrophage-secreted chemokine, promotes adipose tissue inflammation, as evidenced
by elevated inflammatory markers in obese patients with high MIP-1a and reduced inflammation
in MIP-1a-deficient mice. It has also been associated with impaired cardiac function, with higher
levels correlating with reduced LV function in HF patients'®87, While increased lipid content
likely contributes to T:1 shortening, other biological factors such as elevated reactive oxygen
species, changes in fatty acid composition, lower temperature, and local hypoxia may also play a
role 188 EAT R}, also inversely correlated with MIP-10. This finding suggests that increases in R},

may indicate a healthier EAT phenotype. In fact, higher R’ has been identified as a biomarker of
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increased iron content in brown adipose tissue, a more metabolically active adipose subtype with
beneficial effects on obesity and metabolic inflammation*®°.

Taken together, these results indicate that increases in EAT SFA index and PDFF index,
coupled with reduced MUFA index, PUFA index, Ty, and R, characterize a proinflammatory EAT
phenotype marked by adipocyte hypertrophy, macrophage infiltration, and local inflammatory
signaling in the setting of cardiometabolic dysfunction. These relationships support the use of
MRI-based EAT parametric mapping as a tool for identifying modifiable proinflammatory EAT
in cardiovascular disease.

2.6 Limitations

Our study has several limitations. First, the imaging protocol was optimized for the
measurement of T values for adipose tissue, precluding accurate measurements in other tissues of
potential interest such as the myocardium. While not the focus of the study, future work could
optimize methods for imaging of both the EAT and myocardium. Another potential limitation is
the reliance on assumptions in the signal model. Using a fixed fatty acid chain length for all in
vivo measurements may introduce errors if actual chain lengths deviate from this assumption.
While accurate for HFHSD-fed mice, it may be less so for others. However, given the small
expected physiological variation in chain length, a single model avoids potential bias from
different assumptions for each group. Furthermore, while a Look-Locker correction was applied
for T: estimation, it remains an approximation, and T: measurements may be affected by B:
inhomogeneities, imperfect adiabatic inversion pulses, and deviations in signal relaxation due to
repetitive readouts. The proposed method does not differentiate between the T: of water and fat.
Although this was not a primary focus of the present study, future implementations could work

toward enabling independent assessment of fat and water T: contributions to EAT inflammation,
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with potential to expand this model to include different T1 values for each fat resonance. Lastly,
we used oil phantoms instead of EAT for MRI FAC validation by NMR spectroscopy. As the
amount of EAT available from mice for ex vivo studies was limited, we prioritized using this tissue
for histology and flow cytometry instead of NMR spectroscopy.

2.7 Conclusions

This study introduces an accelerated MRI approach for joint FAC and T1 mapping of EAT, offering
multiparametric assessment of adipose tissue composition. By integrating golden-angle radial
sampling across multiple time dimensions and an iterative higher-order low rank reconstruction,
the method achieves substantial scan time reduction while maintaining accuracy, as confirmed by
phantom validation and in vivo studies. The studies comparing MRI and tissue properties establish
MRI-derived EAT T1 and R%, and SFA, MUFA, PUFA, and PDFF indexes as noninvasive
biomarkers of proinflammatory EAT in metabolic heart disease. These noninvasive biomarkers
may be of use in future research seeking to evaluate therapies aimed at treating proinflammatory

EAT.
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Chapter 3: CMR for the assessment of early and late SGLT2-
inhibitor treatment in a mouse model of early stage cardiometabolic

HFpEF
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3.1 Introduction
Cardiometabolic heart failure with preserved ejection fraction (HFpEF) is the most prevalent form
of HFpEF and is marked by significant morbidity and mortality. While highly effective therapies
are still lacking, moderately effective treatments such as sodium glucose co-transporter 2 (SGLT2)
inhibitors and glucagon-like peptide-1 receptor agonists (GLP-1RAs) have recently emerged®®1%,
Central to its pathogenesis are excess visceral adipose tissue (VAT) and chronic inflammation,
with mouse models showing a critical role of inducible nitric oxide synthase (NOS2, formerly
known as iNOS) driving oxidative and nitrosative stress®>*8, Among visceral fat depots, epicardial
adipose tissue (EAT) in particular promotes myocardial inflammation due to its anatomical
proximity, shared microcirculation, and potential to infiltrate the myocardium?. In obesity, EAT
undergoes adipocyte hypertrophy and becomes enriched with proinflammatory saturated fatty
acids, initiating an inflammatory cascade marked by cytokine secretion, immune cell recruitment,
and proinflammatory macrophage polarization’>'461%1  Cytokines can be transduced to the
myocardium via paracrine and vasocrine pathways, leading to coronary microvascular and
diastolic dysfunction—Kkey features of HFpEF. Despite advances in understanding EAT and key
inflammatory mediators such as NOS2 in HFpEF, critical gaps remain, such as clarifying the effect
that SGLT2 inhibitors have on proinflammatory EAT and macrophage expression of NOS2. Also,
new noninvasive cardiac magnetic resonance imaging (CMR) biomarkers to characterize
proinflammatory EAT could help elucidate mechanisms of disease progression and therapy.
Anti-diabetic SGLT2 inhibitors are now recommended for the treatment of HFpEF as they
reduced HFpEF hospitalizations by 29% over a 26 month period in patients regardless of diabetes
status; however, they did not reduce cardiovascular death®®. Although SGLT2 inhibitors have been

shown to reduce EAT volume, suppress adipose tissue inflammation, and improve left ventricular
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(LV) diastolic function, their mechanisms of action and therapeutic use in HFpEF are not fully
understood*'’ 1192 The effect of SGLT2 inhibition on the coronary microvascular response to
adenosine receptor agonism and associated myocardial perfusion reserve (MPR) have yet to be
definitively investigated. Moreover, it is unclear whether SGLT2 inhibitors can modulate
proinflammatory EAT changes induced by a western diet, such as altered fatty acid composition
(FAC), adipocyte hypertrophy, or macrophage infiltration and polarization. Lastly, whether
SGLT?2 inhibitors can reverse established impairments in MPR, diastolic dysfunction, and EAT
inflammation remains unknown.

The purpose of the present study was to use multiparametric CMR and other methods
applied to a high-fat high-sucrose diet (HFHSD) mouse model to investigate the effects of SGLT2
inhibition on EAT quantity and quality, macrophages, coronary microvascular dysfunction and
diastolic dysfunction. The HFHSD mouse model recapitulates features of early stage
cardiometabolic HFpEF including obesity, glucose intolerance, VAT accumulation, oxidative
stress, coronary microvascular dysfunction, and diastolic dysfunction®-°31%%, We considered the
case of early treatment, where SGLT2 inhibition is initiated concurrently with the start of the
HFHSD, and late treatment, where SGLT2 inhibition is initiated later, after the establishment of
coronary microvascular and diastolic dysfunction.

3.2 Methods

3.2.1 Experimental Design

All animal studies were performed in accordance with protocols that conformed to the Declaration
of Helsinki as well as the Guide for Care and Use of Laboratory Animals'®* and were approved by
the Animal Care and Use Committee at the University of Virginia. All mice were maintained at

the University of Virginia Center for Comparative Medicine pathogen-free vivarium facility. Male
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mice were used in this study because the time course and degree of EAT accumulation and
coronary microvascular and diastolic dysfunction due to an HFHSD have been established3!53,
Experiments were performed to test the following hypotheses: (1) that early treatment with an
SGLT2 inhibitor given at the initiation of an HFHSD reduces EAT accumulation, modifies EAT
quality, improves MPR, improves diastolic dysfunction, and reduces NOS2* M1 macrophages in
the EAT and heart, and (2) that late treatment with an SGLT2 inhibitor initiated after 15 weeks of
an HFHSD can reverse established EAT accumulation, proinflammatory EAT quality, impaired

MPR, impaired diastolic dysfunction, and NOS2* M1 macrophage accumulation in the heart.

3.2.1.1 Effect of Early SGLT2 Inhibition on Cardiometabolic HFpEF

Two groups of mice were studied: (1) wild-type (WT) male C57BL/6J mice (Jackson Laboratories,
strain #000664) fed an HFHSD (40% kcal fat, 40% kcal sucrose; Diet 123727, Research Diets Inc)
(HFHSeany), and (2) WT male C57BL/6J mice (Jackson Laboratories, strain #000664) fed an
HFHSD with 30 mg/kg/day of the SGLT2 inhibitor, empagliflozin (EMPA), added to the diet
(40% kcal fat, 40% kcal sucrose; Diet 21011406, Research Diets Inc) (HFHS+EMPAeary). Either
diet was initiated at 10 weeks of age and was continued for 18 weeks (Figure 25A). Glucose
tolerance tests (GTT) were performed 17 weeks post-diet (n = 14-15/group). All mice underwent
CMR at 18 weeks post-diet (n = 15/group). After 20 weeks on diet, mice were euthanized and used
for either coronary arteriolar reactivity experiments (n = 5/group), histology (n = 8-10/group), or

macrophage flow cytometry (n = 8/group).

3.2.1.2 Effect of Late SGLT2 Inhibition on Cardiometabolic HFpEF

Two groups of mice were studied: (1) WT male C57BL/6J mice (Jackson Laboratories, strain
#000664) fed an HFHSD where the diet was initiated at 10 weeks of age and continued for 23
weeks (HFHSate), and (2) WT male C57BL/6J mice (Jackson Laboratories, strain #000664) fed
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an HFHSD diet for 23 weeks, where the diet was initiated at 10 weeks of age and 30 mg/kg/day
of EMPA was added to the diet 15 weeks after beginning the HFHSD (HFHS+EMPA ate),
providing a treatment duration of 8 weeks (Figure 25B). Prior to treatment initiation, mice
underwent GTT and CMR (n = 14/group) at 14 and 15 weeks on HFHSD, respectively, to
document the establishment of early stage HFpEF features. Post-treatment GTT was performed at
7 weeks after treatment (22 weeks on HFHSD), and post-treatment CMR was performed 8 weeks
after treatment (23 weeks on HFHSD). At 34 weeks of age (24 weeks on HFHSD), mice were

euthanized and hearts were harvested for flow cytometry (n = 5/group).

(A) Early EMPA treatment (B) Late EMPA treatment
Pre-Treatment Post-Treatment
Diet start GTT CMR Euthanize Diet start GTT CMR GTT CMR Euthanize
C57BL/BJ csreues |} l
a HEAS > a HEHS 1| HEHS >
cs7BLe) § CMPAstart 57816 §EMPA start
a | HEHS+EMPA > & | HFAS |[_AFAS*EMPA >
| ryi 1 1 1 1 ryi 1 1 ryi 1 1 1
I 7/ T T T I 7/ T T 7/ T T T
Week: 10 27 28 30 Week: 10 24 25 32 33 34

Cardiac MRI (CMR) Protocol
Session 1: EAT FAC/T1, rest & stress ASL
Session 2: Cine, DENSE

Figure 25 - Experimental design. Timeline for experiments testing (A) early and (B) late SGLT2 inhibition with
empagliflozin (EMPA) in mice fed a high-fat high-sucrose (HFHS) diet. GTT, glucose tolerance testing. FAC, fatty

acid composition; ASL, arterial spin labeling; DENSE, displacement encoding with stimulated echoes.

3.2.2 CMR Protocol
CMR studies were performed over two sessions separated by 2-3 days. CMR was performed with
a 9.4T system (Biospec 94/20, Bruker Biospin, Germany) using a *H transmit-receive quadrature

volume radiofrequency coil with 35 mm inner diameter (Bruker BioSpin GmbH, Germany).
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During CMR studies, the electrocardiogram (ECG), body temperature, and respiration were
continuously monitored (SA Instruments, Stony Brook, New York, USA). Mice were anesthetized
with 1% isoflurane and maintained at a body temperature of 36 £ 0.5°C using circulating warm
water.

For all experiments, the CMR protocol included (1) arterial spin labeling (ASL) at rest and
with adenosine vasodilation to quantify myocardial blood flow (MBF) and MPR for the assessment
of coronary microvascular function!®1%® (2) displacement encoding with stimulated echoes
(DENSE) imaging to measure global longitudinal strain and peak diastolic strain rate (PDSR) for
the evaluation of LV systolic and diastolic function', (3) cine imaging covering the entire LV to
measure cardiac structure and function parameters including LV mass, end-diastolic wall thickness
(EDWT), end-systolic wall thickness (ESWT), end-diastolic volume (EDV), end-systolic volume
(ESV), and ejection fraction (EF), and (4) FAC and T1 mapping to quantify metrics of EAT quality
(proton density fat fraction (PDFF), saturated fatty acid fraction (SFA), monounsaturated fatty acid
fraction (MUFA), polyunsaturated fatty acid fraction (PUFA), and longitudinal relaxation time,
T1) and myocardial PDFF311%:197 Rest and stress ASL, FAC, and T1 mapping were performed at
session 1 of CMR, and cine and DENSE imaging were performed at session 2 of CMR. Body
weight was recorded for all mice at the beginning of each imaging study.
3.2.2.1 EAT Fatty Acid Composition and T1 Mapping
Joint FAC and T1 mapping was performed on a mid-ventricular short-axis slice using an ECG-
triggered inversion recovery radial multi-echo gradient-echo sequence®®. Imaging parameters
included: number of echo times (TEs): 20; TE1: 1.4 ms; ATE = 0.2 ms; number of inversion times

(Tls): 30; Tl1: 3.7 ms; ATI=RR-interval; flip angle: 15°; slice thickness: 1.0 mm; number of radial
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spokes: 21; field of view (FOV): 25 x 25 mm?; matrix size: 128 x 128; resolution = 0.2 x 0.2
mm?; total scan time approximately 20 minutes.

3.2.2.2 Cine Imaging

Six to 8 short-axis slices were acquired, covering the LV from base to apex. Imaging parameters
included: repetition time (TR): 4.0 ms; TE: 1.35 ms; temporal resolution: 4.0 ms; FOV: 25 x 25
mm?; matrix size: 128 x128; flip angle: 15°; number of averages = 3; resolution = 0.2 x 0.2 mm?;
total scan time approximately 2 minutes per slice.

3.2.2.3 Myocardial Perfusion Imaging

At session 1, an intraperitoneal catheter was inserted for delivery of the vasodilator, adenosine
(Sigma-Aldrich) (18 pg/min), during imaging. Rest perfusion imaging of a mid-ventricular short-
axis slice was then performed using a respiratory-gated ASL method%. Thereafter, adenosine was
infused intravenously and 10 minutes later ASL was repeated. Imaging parameters for ASL
included: TE: 2.5 ms; TR: 10.0 ms; FOV: 25 x 25 mm?; matrix size: 128 x 128; flip angle: 7°;
slice thickness: 1.0 mm; saturation band thickness: 2.5 mm; number of averages: 9; resolution =

0.2 x 0.2 mm?; total scan time approximately 10 minutes per rest or stress scan.

3.2.2.4 Myocardial Strain Imaging

DENSE strain imaging**® was performed on a 4-chamber long-axis slice. Imaging parameters
included: FOV: 32 x 32 mm?; matrix size: 128 x 128; slice thickness: 1.0 mm; TR: 7.0 ms; TE:
2.45 ms; number of averages: 4; spatial resolution = 0.25 x 0.25 mm? total scan time
approximately 14 minutes.

3.2.3 CMR Image analysis

Image analysis was performed using MATLAB 2023a (MathWorks, Natick, MA). CMR data were

excluded from analysis if poor-quality ECG and/or respiratory signals led to severe image artifacts.

99



For MBF quantification, rest and adenosine stress perfusion images were analyzed using methods
previously described'®>. MPR was calculated as the ratio of stress perfusion to rest perfusion.
Strain analysis of DENSE images was performed using the DENSE analysis tool'*11%, Global
longitudinal strain and peak diastolic strain rate were measured as metrics of systolic and diastolic
function, respectively. Cine images were analyzed using Segment version 4.1.0.1 R14284b
package. Specifically, the end-diastolic and end-systolic frames were identified, and the
endocardial and epicardial contours were manually drawn on these frames for all slices. Using
Segment, EDWT, ESWT, EDV, ESV, EF, and LV mass were calculated. Cine images were also
used to quantify EAT volume index, defined as EAT volume in microliters divided by the mouse
body weight in grams. The EAT was manually segmented at end-diastole for all slices and the
combined EAT volume across all slices was calculated as # pixels x 0.038 mm?®/pixel.

For EAT FAC, PDFF, and T1 quantification, incoherently undersampled images were
denoised using a higher-order tensor decomposition method®*. Parametric mapping was
performed using conventional magnetic field mapping and a least-squares fit to a T1-weighted
triglyceride multi-resonance signal model for computation of PDFF, SFA, MUFA, PUFA, and
T12919719  The epicardial and subcutaneous adipose tissue (SAT) depots were manually
segmented and the average PDFF, SFA, MUFA, PUFA, and T1 were calculated for each depot.
Regions of interest (ROIs) for each depot included pixels with a PDFF > 50%. Additionally, to
assess myocardial lipid, the myocardium was manually segmented and the average PDFF was
calculated. The mean PDFF, FAC, and T1 values for each depot of each mouse were calculated

from ROIs with at least 30 pixels.
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3.2.4 Glucose Tolerance Tests

For GTTs, mice were injected intraperitoneally with sterile glucose (8 g/kg body weight) in
deionized water after a 16 hour overnight fast. Blood samples were taken from the tail vein before
injection to measure the fasting blood glucose, and 10, 30, 60, 90, and 120 minutes after injection
of the glucose solution. The area under the curve (AUC) was calculated by trapezoidal
approximation to evaluate glucose tolerance®,

3.2.5 Vascular Reactivity

Mice were euthanized and coronary arterioles were isolated and freed of the surrounding cardiac
myocytes. Using an arteriography system (Danish MyoTechnology), the arterioles were
cannulated at both ends and pressurized to 40 mm Hg as previously described?®:2%, Arterioles
were pre-constricted with 10 pumol/L phenylephrine. Vessel relaxation measurements are reported
as a percent dilation of the initial vessel diameter. Cumulative dose responses to endothelial-
independent vasodilators — adenosine and the vascular smooth muscle cell (VSMC)-specific
dilator sodium nitroprusside (SNP) — were measured as previously described?%1-2%,

3.2.6 Flow cytometry

Primary infiltrating leukocytes were isolated from cardiac tissue by non-Langendorff perfusion as
previously described?®. Briefly, hearts were sequentially perfused with EDTA buffer, perfusion
buffer, and digestion buffer containing collagenase until hearts appeared soft. Hearts were then
mechanically dissociated with scissors and pipetted up and down. Cells were washed through a
100 um cell strainer to create a single cell suspension. Myocytes were isolated by centrifugation
at 120 x g for 5 minutes. Supernatants (containing non-myocyte cells) were transferred to clean
tubes and pelleted by centrifugation at 300 x g for 5 minutes, then resuspended in 1 mL of FACS

buffer (PBS, 2 mM EDTA, and 1% BSA). Splenocytes were isolated by grinding through a 100
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um cell strainer and washing with PBS containing 2 mM EDTA, then treated with ACK Lysis
buffer for 5 minutes. EAT was digested with collagenase 2 containing DMEM with gentle shaking
at 37°C for 30 minutes. Samples were centrifuged at 700 x g for 5 minutes and stromal vascular
fractions (SVF) were collected. All samples were then counted and resuspended at 100 pL per
100,000 cells in PBS. Cells were stained with LIVE/DEAD Yellow (1:1000) (Thermo Scientific
L34967) for 30 minutes on ice. Fc-receptors were then blocked for 15 minutes using FcBlock
(BioRad — BUF041A). Cells were pelleted by centrifugation (300 x g, 5 minutes) and resuspended
in FACS buffer (100 pL per 100,000 cells) and stained with fluorophore-conjugated antibodies

(1:100) for 1 hour on ice (Table 3).

Table 3 - List of antibodies used for flow cytometry and tissue staining.

CD45 - Flow eFluor 605 Invitrogen 69-0451-82 2892626
CD68 - Flow PE Invitrogen 12-0681-82 2925560
CD163 - Flow FITC Invitrogen 11-1631-82 2653045
INOS (NOS2) - PerCP-eFluor Invitrogen 46-5920-82 2626673
Flow 710
HMOX1 - Flow CoraL.ite 594 Proteintech CL594-66743 21017731
Live/Dead Invitrogen L34967A 2775959
Yellow - Flow
Wheat Germ Texas Red Invitrogen W21405
Agglutinin -
IHC
F4/80 - IHC Invitrogen MF48000 2641995

Cells were washed in FACS (x3) after staining. Intracellular staining was performed after fixation
and permeabilization using Fix and Perm Kit (BDBiosciences) per manufacturer instructions. Cells

were subsequently stained for intracellular markers using fluorophore-conjugated antibodies
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(1:100) for 1 hour on ice. Cells were washed in wash buffer (BDBiosciences) (x3) after staining.
Flow cytometry collection and deconvolution was performed on an Aurora Borealis 5 laser
Spectral Flow Cytometer. Automatic deconvolution was performed using single stains generated
from splenocytes after setting gating on unstained control cells. FMO controls were collected and
used to determine gating strategies. Gating was applied identically across all samples. Gating and
post-hoc analysis was performed with FCS-Express 7.18. Representative gating for flow cytometry

experiments is presented in Figure 26.
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Figure 26 - Gating scheme and representative gates for the identification of CD68* macrophage cells from primary
immune cells isolated from myocardium and epicardial adipose tissue. Cells were gated for live singlet leukocytes

and then CD45* and CD68* cells were identified.

3.2.7 Histology

Hearts and EAT were collected after CO> induced death. Hearts were fixed for 4 hours in NFB
prior to being moved to 70% ethanol. Hearts were not arrested prior to harvest. Hearts were
paraffin embedded and cryosectioned to 7 um thickness and mounted. EAT was fixed in 4% PFA
in PBS for 7-10 days at 4°C. EAT was paraffin embedded and cryosectioned at 5 um thickness
and mounted. Slides were deparaffinized. Briefly, sections were submerged in xylene (3 minutes),

1:1 xylene:ethanol (3 minutes), 100% ethanol (2x3 minutes), 95% ethanol (3 minutes), 70%
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ethanol (3 minutes), and 50% ethanol (3 minutes). Antigen retrieval was performed using citrate-
based solution (Vector Laboratories H-330) where slides were submerged in antigen retrieval
solution and heated to boiling for 20 minutes, slides were then cooled for 1 hour at room
temperature. Tissue sections were then blocked for 1 hour in antibody blocking buffer (FGS,
donkey serum) at room temperature. Antibody blocking buffer was removed and replaced with
antibody blocking buffer containing primary antibody overnight at 4°C. Sections were then
washed (PBS+FGS+Tween for 5 minutes, 2x PBS 5 minutes) and incubated in antibody blocking
buffer containing secondary antibody (1:100) for 1 hour at room temperature protected from light.
Sections were washed (3x PBS) and counterstained with DAPI (Thermo Fisher Scientific D3571)
before mounting. Sections were imaged on an Olympus Fluoview 1000 and are representative
images of composite z-stacks. Analysis (thresholding and manual counting) was performed in
ImageJ.

3.2.8 Statistics

All data are presented as mean * standard error of the mean. Statistical analyses were performed
using GraphPad Prism version 10.4.0. Variance was assessed using an F-test, and normality was
tested with the Shapiro-Wilk test. A p-value < 0.05 was considered statistically significant.

For the study investigating early EMPA treatment, a repeated measures (RM) two-way analysis of
variance (ANOVA) with Sidak’s multiple comparisons test was used to evaluate differences in
blood glucose levels and vascular reactivity between groups (HFHSeary VS HFHS+EMP Aearty) at
each time point and vasodilator dose, respectively. Flow cytometry data were analyzed using the
Mann-Whitney test. For all other comparisons, normality was confirmed, and a two-tailed
Student’s t-test was applied. If significant variance differences were detected, a t-test with Welch’s
correction was used.
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An RM two-way ANOVA with Siddk’s multiple comparisons test was used to detect
differences between groups (HFHSae vs HFHS+EMPAae) and between pre- and post-treatment
time points.

3.3 Results
3.3.1 Empagliflozin Applied at the Initiation of HFHSD Improves Key Features of Early Stage

Cardiometabolic HFpEF

3.3.1.1 Early Empagliflozin Treatment Reduces Obesity and Prevents Glucose Intolerance

To determine the impact of early intervention with EMPA on mice fed an HFHSD, markers of
cardiometabolic syndrome were assessed including body weight and glucose tolerance. After 18
weeks on the diet, HFHS+EMPAeay mice weighed significantly less than HFHSeary controls
(41.20 £ 0.88 g vs 44.67 £ 1.07 g, p = 0.019) (Figure 27A). Glucose tolerance tests and
corresponding AUC measurements (Figure 27B) demonstrated that EMPA significantly reduced
the severity of glucose intolerance after 18 weeks of HFHSD (AUC: (43.46 = 1.69) x 103

min-mg/dL vs (55.84 + 1.86) x 102 min-mg/dL, p < 0.0001).
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Figure 27 - Effect of early EMPA treatment on body weight, GTT, myocardial PDFF, and EAT quantity and
quality measurements. (A) Body weight in grams for HFHSeary (n=15) and HFHS+EMPAeany (n=15) mice after 18
weeks of diet. (B) Average glucose tolerance curves and corresponding AUC values for HFHSeary (n=14) and
HFHS+EMPA:ay (n=15) mice after 17 weeks of diet. (C) Short-axis black-blood cine images at end-diastole of
HFHSeary and HFHS+EMPAa1y mice after 18 weeks of diet showing greater EAT volume (red arrows) in HFHSeary
mice compared to HFHS+EMPAea1y mice. (D) Example PDFF, T1, SFA, MUFA, and PUFA maps overlayed on SAT
and EAT of a mouse after 18 weeks of an HFHSany diet. (E) EAT volume index (HFHSeary: n = 14, HFHS+EMPAgqy:
n = 15), (F) myocardial PDFF (HFHSeay: n = 13, HFHS+EMPAgany: n = 12), and (G) EAT PDFF, T1, and FAC
(SFA/MUFA/PUFA) (HFHSeary: n = 13, HFHS+EMPAeany: n = 8) measurements in HFHSeary and HFHS+EMP Acary
mice after 18 weeks of diet. Data are shown as mean + SEM and compared using a two-tailed Student’s t-test.*P<0.05
and **P <0.01 for indicated groups. GTT, glucose tolerance testing; PDFF, proton density fat fraction; SFA, saturated
fatty acid fraction; MUFA, monounsaturated fatty acid fraction; PUFA, polyunsaturated fatty acid fraction, EAT,

epicardial adipose tissue. All other abbreviations as in Figure 25.
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3.3.1.2 Early Empagliflozin Treatment Reduces EAT Accumulation

Representative mid-ventricular short-axis end-diastolic images demonstrate lower EAT volume in
HFHS+EMPAcary mice compared to HFHSeary mice (Figure 27C). CMR showed a 40.8%
reduction in EAT volume index in HFHS+EMPAeary mice compared to HFHSeariy controls (0.36

+ 0.05 pL/g vs 0.61 £ 0.07 uL/g, p = 0.0043) (Figure 27E).

3.3.1.3 Early Empagliflozin Treatment Modifies the Myocardial PDFF and the FAC,

PDFF, and T1 of EAT but Not SAT

To assess the effect of EMPA treatment on preventing myocardial fat accumulation and on
biomarkers of proinflammatory EAT, we used CMR to quantify myocardial PDFF and EAT FAC,
T1, and PDFF. Example parametric maps overlayed on the EAT and SAT of a mouse fed an
HFHSD for 18 weeks are shown in Figure 27D. Myocardial PDFF values were lower in the
HFHS+EMPAeany mice compared to HFHSeany controls (14.26 = 1.65% vs 20.85 + 2.31%, p =
0.032) (Figure 27F). CMR also demonstrated significant EAT quality changes in
HFHS+EMPAeany mice compared to HFHSeary controls, including a lower EAT SFA (39.59 +
2.64% vs 47.90 £ 1.50%, p = 0.008) and a higher EAT PUFA (19.95 £ 2.14% vs 15.23 + 1.07%,
p = 0.041) (Figure 27G). There was a trend towards a lower EAT PDFF (78.24 + 2.92% vs 85.23
+ 2.17%, p = 0.066) and EAT T1 was significantly longer (0.812 + 0.028 s vs 0.733 £ 0.017 s, p
=0.020) in HFHS+EMPAeariy mice compared to controls. For comparison, we quantified the FAC,
PDFF, and T1 of SAT from the HFHS+EMPAeay and HFHSeay mice. SAT metrics
(SFA/MUFA/PUFA, PDFF, and T1) showed no differences between groups (Figure 28). These
findings show the potential of early EMPA treatment to improve EAT quality by reducing
proinflammatory SFA, increasing anti-inflammatory PUFA, prolonging T1, and preventing

myocardial lipid accumulation.

107



(A) (B) (C) Subcutaneous Adipose Tissue
100+ 1.25+

[=:]
o
1

* ol o ® SFA
—_ . o o MUFA
X 90 5 1.00] ‘;eo— e o + PUFA
iy - 5 :
S 804 '|: 0.75- L 40
- 3 % ° M
< 70+ 0.50- = 20- :
© i l | A
\o
60 T T 0.25- ° 0 T T T T T
HFHS o, HFHS HFHS oy HFHS o QW’)\‘\ o Q\,f* e»w“’@q &
+EMPAary +EMPA 4y Qgi“ oS ng* oS Qg?* P
22 22 22
XN X
& & &

Figure 28 - SAT (A) PDFF, (B) T1, and (C) fatty acid composition (SFA/MUFA/PUFA) in mice (n=15/group) fed
an HFHS or HFHS+EMPA for 18 weeks. Data are shown as mean + SEM. All other abbreviations as in Figure 25

and Figure 27.

3.3.1.4 Early Empagliflozin Treatment Prevents HFHSD-Induced Coronary Microvascular
Dysfunction
To evaluate coronary microvascular function, we conducted rest and adenosine-induced ASL
myocardial perfusion imaging in HFHS+EMP Aearly and HFHSeary control mice. Example rest and
adenosine-stress myocardial perfusion maps are shown in Figure 29A. Rest MBF was similar
between groups (Figure 29B). HFHS+EMPAeary mice had significantly higher adenosine-induced
stress MBF compared to controls (9.91 £ 0.60 mL/g/min vs 7.72 + 0.76 mL/g/min, p = 0.031),
resulting in a higher MPR (2.00 + 0.14 vs 1.37 £ 0.12, p = 0.0039) (Figure 29C-D).

To confirm the in vivo CMR perfusion results, we performed ex vivo vasoreactivity testing

of isolated coronary arterioles in response to adenosine and SNP. The cumulative dose-response
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curves to adenosine (p < 0.0001) and SNP (p < 0.05) show significant impairment in dilatory

capacity for HFHSeary mice that is prevented with early EMPA treatment Figure 29E-F).
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Figure 29 - Effect of early EMPA treatment on myocardial perfusion, MPR, and coronary arteriole
vasoreactivity. (A) Example myocardial perfusion maps acquired at rest and during adenosine-induced stress in a
mid-ventricular short-axis slice of an HFHS+EMPAca1y mouse. (B) Rest perfusion, (C) stress perfusion, and (D) MPR
measurements for HFHSeany (n=11) and HFHS+EMPAcaiy (n=14) mice after 18 weeks of diet. Cumulative arteriolar
dose-response curves to (E) adenosine and (F) sodium nitroprusside in HFHSeany (n=5) and HFHS+EMP A1y mice
(n=5) after 20 weeks of diet. Dose-response curves are shown as mean + SD and compared using an RM two-way
ANOVA with Sidak’s multiple comparisons test. All other data are shown as mean + SEM and compared using a two-

tailed Student’s t-test.*P<0.05, **P <0.01, ***P<0.001, ****P<0.0001 for indicated groups. MPR, myocardial

perfusion reserve. All other abbreviations as in Figure 25.
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3.3.1.5 Early Empagliflozin Treatment Prevents HFHSD-Induced Diastolic Dysfunction,
and Provides Lower LV Mass and Diastolic Wall Thickness and Higher EF

We evaluated the effect of EMPA treatment on systolic and diastolic cardiac function using
DENSE CMR. There was a trend toward improved peak global longitudinal end-systolic strain in
the HFHS+EMPAeary mice compared to controls, though it was not significant (Figure 30B,
representative curves Figure 30A). The diastolic strain rate was higher in the HFHS+EMPAeary
mice compared to controls (3.25 +0.23 s vs 1.96 + 0.34 s, p = 0.0038) (Figure 30C), indicating
better diastolic function.

Cine imaging showed that HFHS+EMPAearly and HFHSeary mice had similar EDV, ESV,
and ESWT (Figure 30D). LV mass was lower in HFHS+EMPAeary mice compared to HFHSeary
mice (82.84 £ 2.39 mg vs 88.64 + 1.25 mg, p = 0.043) (Figure 30D). EDWT was lower in
HFHS+EMPAeany mice compared to controls (0.88 + 0.02 mm vs 0.95 + 0.02 mm, p = 0.026)
(Figure 30D). HFHS+EMPAeary mice had a higher EF compared to HFHSearly mice (72.42 + 1.85
% vs 64.90 + 2.07 %, p =0.011), although both groups maintained a preserved EF (>50%) (Figure

30D).
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Figure 30 - Effect of early EMPA treatment on systolic strain, diastolic strain rate, and LV structure and
function. (A) Example global longitudinal strain curves in an HFHSeany and HFHS+EMP Acay mouse after 18 weeks
of diet showing improvements in diastolic function with EMPA. (B) Global longitudinal strain and (C) PDSR
measurements in HFHSeany (n=10) and HFHS+EMPAeary (n1=13) mice after 18 weeks of diet. (D) Cine-derived cardiac
structure and function parameters including LV mass, EDWT, ESWT, EDV, ESV, and EF in HFHSca1y (n=14) and
HFHS+EMPAcay (n=15) mice after 18 weeks of diet. Data are shown as mean + SEM and compared using a two-
tailed Student’s t-test.*P<0.05 and **P <0.01 for indicated groups. PDSR, peak diastolic strain rate; LV, left
ventricular; EDWT, end-diastolic wall thickness; ESWT, end-systolic wall thickness; EDV, end-diastolic volume;

ESV, end-systolic volume; EF, ejection fraction. All other abbreviations as in Figure 25.

3.3.1.6 Early Empagliflozin Treatment Reduces Myocyte and Adipocyte Hypertrophy

To evaluate the impact of early EMPA treatment on cardiomyocyte size and adipocyte hypertrophy
as indicators of cardiac hypertrophy and proinflammatory EAT quality in HFpEF, respectively,
we analyzed WGA-stained sections of heart tissue and H&E-stained sections of EAT from

HFHS+EMPAeary and HFHSeariy mice. Representative histological sections of myocardial tissue
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(Figure 31A) showed that HFHS+EMPAeary mice exhibited reduced cardiomyocyte hypertrophy
compared to HFHSeary controls, as indicated by smaller mean cardiomyocyte cross-sectional area
(263.1 + 17.77 um? vs 314.1 + 15.46 um?, p = 0.044) (Figure 31B). Representative histological
sections of EAT (Figure 31E) showed that HFHS+EMPAeany mice exhibited reduced adipocyte
hypertrophy compared to HFHSeariy controls, as indicated by smaller mean adipocyte area (1,031.6
+ 123.7 um? vs 2,529.9 + 160.8 um?, p < 0.0001) (Figure 31F). These findings align with CMR
data showing reduced proinflammatory EAT and cine-derived LV mass and wall thickness, further
highlighting the ability of early EMPA treatment to mitigate pathological changes in both EAT

and myocardial tissue.
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Figure 31 - Effect of early EMPA treatment on cardiomyocyte and EAT adipocyte hypertrophy and

macrophage polarization. (A) WGA (red) staining of cardiac myocytes and (B) quantification and distribution of

myocyte size in HFHSeany (n=10) and HFHS+EMPAca1y (n=10) mice after 20 weeks of diet. (C) Flow cytometry

histograms depicting higher levels of NOS2* macrophages isolated from the hearts of mice fed an HFHSeay Or

HFHS+EMP Acany for 20 weeks. (D) Flow cytometry analysis of NOS2* cells, CD163* cells, and HMOX1* cells as a

percentage of CD68* cells isolated from the hearts of mice fed an HFHS (n=8) or HFHS+EMPA (n=8) for 20 weeks.

(E) H&E staining of EAT and (F) quantification and distribution of adipocyte size in HFHSeay (n=9) and

HFHS+EMPAcany mice (n=8) after 20 weeks of diet. (G) Flow cytometry histograms depicting higher levels of NOS2*
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macrophages isolated from the EAT of mice fed an HFHS or HFHS+EMPA for 20 weeks. (H) Flow cytometry analysis
of NOS2* cells, CD163* cells, and HMOX1* cells as a percentage of CD68* cells isolated from the EAT of mice fed
an HFHS (n=8) or HFHS+EMPA (n=8) for 20 weeks. Data are shown as mean + SEM. Flow cytometry data are
compared using Mann-Whitney test and histological data are compared using a Student’s t-test. P<0.05 and ****p

<0.0001 for indicated groups. NOS2, inducible nitric oxide synthase. All other abbreviations as in Figure 25.

3.3.1.7 Early Empagliflozin Treatment Reduces EAT Macrophage Infiltration, and Shifts
Heart and EAT Macrophage Polarization Toward a Less Proinflammatory State

To investigate the relationship between CMR findings, early EMPA treatment, and shifts in
macrophage infiltration and polarization, we performed histopathological analysis of F4/80"
macrophages, a pan macrophage marker, in the EAT. Histopathological analysis revealed a
significantly lower number of macrophages (F4/80* positive puncta) in the EAT of

HFHS+EMPAca1y mice compared to HFHSearty mice (Figure 32).
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Figure 32 - Effect of early EMPA treatment on EAT macrophage infiltration. Images of EAT from a mouse fed
an (A) HFHSeay or (B) HFHS+EMPAcay for 18 weeks stained with DAPI (blue), F4/80 (green) for macrophage
identification, and WGA (white) for adipocyte cell membrane identification. (C) Quantified F4/80* puncta per 20X
field and per adipocyte show reduced macrophage infiltration with EMPA (n=10/group). Data are shown as mean £

SEM and compared using a Student’s t-test. WGA, wheat germ agglutinin. All other abbreviations as in Figure 25.

To quantify inflammatory infiltrates, flow cytometry of select macrophage populations
(CD68") in the hearts and EAT of HFHS+EMP Aearly and HFHSeary mice was performed. Analysis
revealed a significantly lower percentage of NOS2" (M1 — proinflammatory) macrophages in
HFHS+EMPAeany mice in both the heart (37.87 £ 1.85 % vs 50.81 + 4.57 %, p = 0.038) (Figure
31C-D) and EAT (32.50 + 3.57 % vs 48.79 £+ 4.21 %, p = 0.015) (Figure 31G-H) compared to
HFHSeany controls. Meanwhile, no significant differences were observed in CD163" (M2 —
proresolving/anti-inflammatory) macrophage levels in the hearts (Figure 31D) or EAT (Figure

31H) between the two groups. Interestingly, in the hearts of HFHS+EMP Aeariy mice we identified
115



a higher population of HMOXZ1* (Mox) macrophage levels compared to HFHSear1y mice (30.29 +
3.79 % vs 16.94 + 1.84 %, p = 0.010) (Figure 31D). Overall, lower macrophage levels combined
with a shift to a less inflammatory and more antioxidant macrophage population in the heart and
EAT highlights the anti-inflammatory benefits of early EMPA treatment.

3.3.2 Empagliflozin Applied After 15 weeks of HFHSD Halts Weight Gain, Worsening Glucose
Intolerance, and EAT Accumulation, but Does Not Improve Biomarkers of EAT Quality, M1

Macrophage Polarization, Impaired Adenosine MPR, or Worsening Diastolic Dysfunction

3.3.2.1 Late Empagliflozin Treatment Halts Weight Gain and Worsening Glucose
Intolerance

Given that early EMPA treatment was effective for preventing HFHSD induced cardiac
dysfunction measures, we next investigated whether EMPA treatment could reverse impaired
MPR and diastolic dysfunction after they have been established by a prolonged HFHSD applied
without treatment. Before treatment, after 15 weeks on an HFHSD, both groups had similar weight
gain and comparable levels of glucose intolerance (Figure 33A-B). After treatment, at 23 weeks
on an HFHSD, HFHSie mice exhibited significantly greater weight gain compared to
HFHS+EMPAate mice (48.00 £ 0.87 g vs 43.25 + 1.60 g, p = 0.023) and greater glucose intolerance

(AUC: (53.52 + 2.85) x 10®min-mg/dL vs (42.57 +1.78) x 10° min-mg/dL, p = 0.0007).
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Figure 33- Effect of late EMPA treatment on body weight, GTT, and EAT quantity. (A) Body weight in grams
for HFHSae or HFHS+EMPA e mice (n=14/group) after 15 weeks on HFHS diet (pre-treatment) followed by an
additional 8 weeks of HFHS or HFHS+EMPA diet (post-treatment). (B) AUC values derived from GTT curves for
HFHS/ate and HFHS+EMPA 4 mice (n=14/group) pre- and post-treatment. (C) EAT volume index (HFHS)ae: N=13,
HFHS+EMPAa: n=14) for HFHS)a and HFHS+EMPA 4 mice pre- and post-treatment. Data are shown as mean £
SEM and compared using an RM two-way ANOVA with Sidak’s multiple comparisons test.*P<0.05,**P <0.01, ***P

<0.001, and ****P <0.0001 for indicated groups. All other abbreviations as in Figure 25 and Figure 27.

3.3.2.2 Late Empagliflozin Treatment Reverses EAT Accumulation

Both groups had similar EAT volume index before treatment at 15 weeks on HFHSD (Figure
33C). After treatment, at 23 weeks on an HFHSD, EAT volume index was lower in the
HFHS+EMPAae mice compared to HFHSae control mice (0.41 £ 0.07 pL/g vs 0.82 + 0.06 uL/g,
p = 0.0003). In HFHS+EMPAIae mMice, post-treatment EAT volume index trended lower than pre-
treatment, while EAT volume index in HFHSae mice significantly increased from 15 to 23 weeks

on the HFHSD (0.61 + 0.07 pL/g vs 0.82 + 0.06 pL/g, p = 0.009).
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3.3.2.3 Late Empagliflozin Treatment Does Not Improve Myocardial PDFF, or the FAC,
PDFF, and T1 of EAT

EAT CMR biomarkers (PDFF, T1, SFA, MUFA, PUFA) were similar between HFHS+EMPA jate
and HFHSate mice both before and after treatment (Figure 34A-C). Similarly, myocardial PDFF
was similar between HFHS+EMPA s and HFHS ate mice at 15 and 23 weeks on HFHSD (Figure
34D). Both groups showed an increase in EAT SFA and a decrease in MUFA from 15 to 23 weeks
on HFHSD. These results indicate that EMPA reduced EAT volume but did not improve EAT

quality or myocardial fat.
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Figure 34 - Effect of late EMPA treatment EAT quality and myocardial PDFF. EAT (A) SFA, MUFA, and
PUFA, (B) T1, and (C) PDFF for HFHS)ae and HFHS+EMPA e mice (n=12/group) after 15 weeks on HFHS diet
(pre-treatment) followed by an additional 8 weeks of HFHS or HFHS+EMPA diet (post-treatment). (D) Myocardial

PDFF for HFHS e and HFHS+EMPAae mice (n=14/group) pre- and post-treatment. Data are shown as mean + SEM
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and compared using an RM two-way ANOVA with Sidak’s multiple comparisons test.*P<0.05 and **P <0.01 for

indicated groups. All other abbreviations as in Figure 25 and Figure 27.

3.3.2.4 Late Empagliflozin Treatment Does Not Reverse Impaired Coronary Microvascular
Dysfunction

MPR at 15 weeks of HFHSD for HFHS+EMPAJae and HFHSae mice was 1.53 and 1.49,
respectively, indicating impaired myocardial perfusion as our group has previously shown that
healthy SCD-fed mice display MPR values greater than 2°3. MPR was comparable between the
groups at 15 and 23 weeks of HFHSD and remained unchanged for both groups from 15 to 23

weeks on HFHSD (Figure 35A).
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Figure 35 - Effect of late EMPA treatment on MPR, systolic strain, diastolic strain rate, and LV structure and
function. (A) MPR (n=12/group), (B) global longitudinal strain (HFHSae: N=12, HFHS+EMPA |2 n=14), and (C)
PDSR (HFHS/ate: =12, HFHS+EMPA jate: N=14) for HFHS.e and HFHS+EMPA ..« mice pre- and post-treatment. (D)
Cine-derived cardiac structure and function parameters including LV mass, EDWT, ESWT, EDV, ESV, and EF in
HFHSa.e and HFHS+EMPA i mice (n=13/group) pre- and post-treatment. Data are shown as mean + SEM and
compared using an RM two-way ANOVA with Sidak’s multiple comparisons test.*P<0.05 and **P <0.01 for

indicated groups. All other abbreviations as in Figure 25, Figure 29, and Figure 30.
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3.3.2.5 Late Empagliflozin Treatment Does Not Reverse Worsening Diastolic Dysfunction
Peak global longitudinal end-systolic strain was similar between HFHS+EMPA ate and HFHS)ate
mice at 15 and 23 weeks on HFHSD (Figure 35B). Both groups showed a worsening of peak
global longitudinal end-systolic strain from 15 to 23 weeks on HFHSD. PDSR was similar between
the groups at 15 and 23 weeks on HFHSD and remained unchanged for both HFHS+EMPAjate and
HFHS/ae groups from 15 to 23 weeks on HFHSD (Figure 35C). These findings indicate that
EMPA did not reverse established coronary microvascular and diastolic dysfunction. Similarly, no
differences in cine-derived cardiac structure or function metrics were observed between groups or
across time points (Figure 35D).

3.3.2.6 Late Empagliflozin Treatment Does Not Shift Macrophage Polarization in the Heart
Flow cytometry analysis revealed no significant differences in the percentage of NOS2* (M1) or

CD163" (M2) macrophages in the heart between HFHS+EMPA aie and HFHS)a mice (Figure 36).
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Figure 36 - Effect of late EMPA treatment on macrophage polarization in the heart. (A) NOS2* M1 cells and
(B) CD163" M2 cells isolated from the hearts of mice fed an HFHS for 23 weeks or an HFHS for 15 weeks followed

by HFHS+EMPA for an additional 8 weeks (n=5/group). All other abbreviations as in Figure 25.
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3.4 Discussion

The major findings of these studies utilizing an HFHSD-induced mouse model of early stage
cardiometabolic HFpEF are that: (a) SGLT2 inhibition initiated concurrently with the start of an
18 week HFHSD improved MPR and diastolic dysfunction, and reduced EAT volume, CMR
proinflammatory EAT biomarkers, and NOS2" macrophage M1 polarization, and (b) SGLT2
inhibition initiated after the establishment of impaired MPR and diastolic dysfunction due to 15
weeks of an HFHSD failed to reverse these HFpEF features and failed to reverse CMR
proinflammatory EAT biomarkers and NOS2* macrophage M1 polarization.

These results are consistent with a disease mechanism model where obesity drives the
accumulation of proinflammatory EAT and myocardial lipid, which promote myocardial and
vascular dysfunction. Saturated fatty acid overload in hypertrophic adipocytes leads to TLR4
pathway activation causing proinflammatory cytokine secretion by adipocytes and macrophage
recruitment and M1 polarization in the EAT’®. Inflammatory cytokines are secreted into the shared
microcirculation and transmitted to the myocardium via vasocrine and paracrine signaling®. This
leads to an increase in NOS2* M1-polarized macrophages in the myocardium where they
exacerbate oxidative and nitrosative stress. These processes collectively contribute to myocardial
and vascular dysfunction, linking EAT inflammation to the pathophysiology of cardiometabolic
HFpEF.

This study shows the potential of new CMR adipose tissue imaging methods, recently
developed for mice3! and humans?®, that quantify biomarkers of proinflammatory EAT and
myocardial lipid, including EAT FAC (SFA, MUFA, PUFA), PDFF, and T1, as well as myocardial
PDFF. Our findings suggest that high SFA, low PUFA, and short T1 values reflect a

proinflammatory state in EAT. Early EMPA treatment reduced EAT SFA, increased PUFA, and
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prolonged T1, while leaving the FAC and T1 of SAT unchanged, underscoring the specific effects
of EMPA on VAT, particularly EAT. The FAC changes are consistent with known effects of
SGLT?2 inhibitors on lipid metabolism, including reduced lipogenesis and increased lipolysis'®®.
The T1 changes, which are consistent with findings of higher VAT T1 in healthy individuals

compared to those with obesity®® and after bariatric surgery?®®

, may reflect reduced reactive
oxygen species, altered FAC, adipose tissue browning, or morphological changes such as smaller
adipocytes and fewer crown-like structures. These findings align with our observation of decreased
macrophage infiltration and reduced adipocyte size following early EMPA treatment.
Furthermore, early EMPA treatment significantly reduced myocardial PDFF, indicating less
myocardial fat accumulation. In contrast, late EMPA treatment failed to improve myocardial
PDFF, consistent with findings from another group who reported that EMPA treatment, initiated
after established myocardial fat accumulation, did not attenuate myocardial fat in an HFHSD
mouse model®®. While previous studies consistently show that SGLT2 inhibitors reduce EAT
volume?’-2% and adipose tissue inflammation®®129-212 our results provide further insight into
EAT-specific FAC changes, including reduced SFA and increased PUFA, as well as prolonged T1
relaxation times detectable through non-invasive CMR.

This study highlights the importance of earlier vs later intervention with SGLT2 inhibitors.
While early treatment with EMPA reduced EAT volume, CMR proinflammatory EAT biomarkers,
and NOS2* macrophage M1 polarization leading to improved MPR and diastolic function, late
treatment with EMPA also reduced EAT volume, but did not impact CMR proinflammatory EAT
biomarkers, decrease NOS2" macrophage M1 polarization, or reverse impaired MPR or diastolic

dysfunction. These results suggest that metrics of EAT quality (FAC, PDFF, and T1) may be more

relevant biomarkers of proinflammatory EAT in the context of HFpEF than EAT volume, and that
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initiation of SGLT2 inhibitor treatment early in disease progression may offer improved
therapeutic efficacy.

Our study adds to the growing evidence that SGLT2 inhibitors promote a shift in
macrophage polarization toward an anti-inflammatory state. To our knowledge, the present data
are the first to show a decrease in macrophage M1 polarization in the EAT with EMPA treatment.
We observed a similar anti-inflammatory shift in the heart after early EMPA treatment, with fewer
M1 macrophages and more Mox macrophages. These findings align with prior research showing
that EMPA reduces M1 macrophages in the epididymal adipose tissue®!, and other research
showing that the SGLT2 inhibitor, dapagliflozin, increases M2 macrophage infiltration in infarcted
rat hearts?®®. Interestingly, the increase in myocardial antioxidant Mox macrophages with early
EMPA treatment is a novel finding that may reflect enhanced antioxidant capacity, helping to
counteract the elevated oxidative stress induced by an HFHSD?*, Failure of late EMPA treatment
to reduce proinflammatory M1 macrophages in the heart underscores the importance of early
intervention for the anti-inflammatory and cardiovascular benefits of SGLT2 inhibitors.

These experiments firmly established that early treatment with EMPA improves the
coronary microvascular response to adenosine receptor agonism. While previous studies have
presented results related to this effect, our results unambiguously show that EMPA improves the
response of the coronary microvessels to adenosine receptor agonism without complication from
obstructive coronary artery disease (CAD)?*°. In a study of patients with stable CAD, Leccisotti
et al.?!® reported improved myocardial flow reserve with dapagliflozin treatment using adenosine-
induced hyperemia and PET/CT imaging. Adingupu et al.?'® demonstrated that EMPA improved
coronary flow velocity reserve based on isoflurane-induced hyperemia and ultrasound imaging in

an ob/ob”- mouse model of obesity. Unlike these studies, we used adenosine—a clinically relevant
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vasodilator—in a model of coronary microvascular disease without atherosclerosis. This allowed
us to directly measure the improved coronary microvascular response to adenosine receptor
agonism, as reflected in the increased MPR. This finding was supported by ex vivo coronary
microvascular reactivity experiments, which are the first to directly quantify enhanced adenosine-
induced dilation of small coronary vessels with EMPA treatment.

We observed improvements in diastolic function with early, but not late, EMPA treatment.
Quantitative assessments of myocardial strain-time curves showed a significant increase in peak
diastolic strain rate with early EMPA treatment. These findings are in line with prior preclinical
and clinical studies investigating SGLT2 inhibitor treatment and cardiac diastolic function. Habibi
et al.?% found that EMPA improved diastolic function using Doppler echocardiography in female
diabetic mice, and Verma et al.!*’ identified a similar improvement in tissue Doppler-derived
diastolic function in diabetic patients treated with EMPA. Additionally, a randomized, controlled
trial in patients with diabetes found that dapagliflozin treatment was associated with a significant
improvement in LV diastolic dysfunction assessed with diastolic stress echocardiography
compared with placebo!®. Given that diastolic dysfunction is central to HFpEF, and diastolic
function metrics are independent predictors of heart failure incidence®”-?'8, our findings highlight
the potential of early EMPA treatment to improve outcomes in individuals at risk for HFpEF.

3.5 Limitations

Despite its insights, this study has limitations. The specific molecular mechanisms by which
EMPA improves EAT quality, myocardial perfusion, and diastolic function were not the focus of
this study, emphasizing the need to further investigate the interplay between adipose tissue
quantity and composition, macrophage-driven inflammation, and cardiovascular dysfunction. The

duration of late EMPA treatment may have been insufficient to fully assess its potential to reverse
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HFHSD-induced cardiovascular impairments. Lastly, blood pressure measurements were not

included in the protocol, precluding the ability to consider its role in the findings.

3.6 Conclusion

Multiparametric CMR and other experimental methods were used to show the efficacy of early
EMPA administration in improving EAT proinflammatory biomarkers, shifting macrophage
polarization toward a less proinflammatory state, reducing myocardial lipid, and preventing
impaired MPR and diastolic dysfunction in an HFHSD mouse model. Similar studies evaluating
the use of EMPA to reverse established MPR impairments and diastolic dysfunction resulted in
negative findings, as this therapy did not improve MPR and diastolic function in this context. In
these contexts, novel CMR biomarkers such as EAT FAC and T1 and myocardial PDFF show

utility for detecting key and modifiable adipose-related features of cardiometabolic HFpEF.
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Chapter 4: Macrophage-specific inducible nitric oxide synthase
(NOS2) as a mediator of coronary microvascular dysfunction in a

mouse model of early stage cardiometabolic HFpEF
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4.1 Introduction

Nitric oxide (NO) is synthesized by nitric oxide synthase (NOS) enzymes and is produced by
nearly all cell types*®. The inducible member of the NOS family, NOS2 (formerly iNOS), is
activated in response to bacterial endotoxins, inflammatory cytokines, and nutrient overload?®.
Unlike the constitutively expressed endothelial NOS (eNOS) and neuronal NOS (nNOS), which
generate small amounts of NO under physiological conditions, NOS2 is absent in healthy tissues
but, when induced, produces large quantities of NO over prolonged periods*®?2°, While this
sustained NO production is essential for host defense, excessive NOS2 activity contributes to
oxidative and nitrosative stress, promoting tissue damage??’. NOS2 has been implicated in a range
of inflammatory and cardiometabolic diseases, including diabetes, myocardial infarction, coronary
microvascular disease (CMD), and heart failure with preserved ejection fraction (HFpEF)#:51221,

Cardiometabolic HFpEF is driven by obesity and metabolic stress, which promote a
chronic, low-grade inflammatory state and dysregulated immune responses®?2. CMD, present in
up to 75% of patients with HFpEF, is a major contributor to HFpEF disease progression. Increased
NOS2 expression has been observed in both human HFpEF hearts and preclinical models, and is
upregulated in response to high-fat diets>*?%, While the importance of NOS2 in obesity-induced
HFpEF and CMD is increasingly recognized, the specific cellular source of NOS2 in CMD and
HFpEF remains unclear.

Macrophages are key regulators of inflammation in obesity and cardiovascular disease,
contributing to coronary artery disease, myocarditis, cardiomyopathy, heart failure, and
atherosclerosis, among other diseases?®. They also play a central role in adipose tissue
inflammation, shifting from an anti-inflammatory M2 phenotype to a pro-inflammatory, NOS2-

expressing M1 phenotype, where they produce cytokines that amplify local and systemic
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inflammation®”®. Notably, NOS2 is induced in multiple metabolic tissues during obesity, with
macrophages serving as a predominant source in adipose tissue??°2%*, Macrophages also infiltrate
the myocardium in HFpEF, where they drive myocardial fibrosis and dysfunction??®. Since visceral
adipose tissue is a hallmark feature of HFpEF®' and macrophages are a major source of NOS2
within adipose depots??, it is plausible that macrophage-derived NOS2 contribute to disease
progression. Epicardial adipose tissue (EAT) is particularly relevant as it shares a microcirculation
with the underlying myocardium and serves as a reservoir for inflammatory macrophages and
cytokines that can influence myocardial function through vasocrine and paracrine signaling®.
Additionally, studies in Chapter 3 demonstrated that sodium-glucose cotransporter-2 (SGLT2)
inhibition reduced NOS2+ macrophages in both the EAT and myocardium, while improving
coronary microvascular and diastolic function in a mouse model of cardiometabolic HFpEF. These
factors suggest that macrophage-derived NOS2 may be a key mediator of coronary microvascular
and diastolic dysfunction in HFpEF.

In this study, we use a myeloid-specific NOS2 knockout mouse model (Nos2YsM-KO) to
investigate the role of macrophage-derived NOS2 in HFHSD-induced CMD and diastolic
dysfunction. Using multiparametric cardiac magnetic resonance (CMR), including rest and
adenosine stress arterial spin labeling (ASL) to quantify myocardial blood flow and myocardial
perfusion reserve, and displacement encoding with stimulated echoes (DENSE) to assess
myocardial strain and diastolic function, we test the hypothesis that NOS2 produced by
macrophages is a contributor to coronary microvascular and diastolic dysfunction. Understanding
the cell-specific contributions of NOS2 to CMD and HFpEF pathophysiology may provide insights

into new therapeutic strategies targeting inflammation and microvascular dysfunction in HFpEF.
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4.2 Methods
4.2.1 Experimental Design
All animal studies were performed in accordance with protocols that conformed to the Declaration

of Helsinki as well as the Guide for Care and Use of Laboratory Animals'®

and were approved by
the Animal Care and Use Committee at the University of Virginia. All mice were maintained at
the University of Virginia Center for Comparative Medicine pathogen-free vivarium facility.
Experiments were performed to test the hypothesis that macrophages are the NOS2-expressing
cell type responsible for the development of coronary microvascular and diastolic dysfunction
resulting from 18 weeks of an HFHSD.

Male Nos2 LysM-Cre (Nos2-Y*M-K0) mice and homozygous Nos2 floxed (Nos2™™ control
mice were studied. Nos2"*M-X© mice were generated using the Cre-lox system by breeding Nos2/
mice with LysM-Cre mice. Genotyping was performed by Transnetyx (Cordova, TN) to confirm
the presence of the LysM-Cre transgene and Nos2 floxed alleles. Four groups of mice were studied:
(1) Nos2™ mice fed a standard chow diet (SCD) (SCD-Nos2™™), (2) Nos2™ mice fed an HFHSD
(HFHSD-Nos2™™) (3) Nos2-*M-KO mijce fed an SCD (SCD-Nos2-YsMKO) and (4) Nos2-ysMKO
mice fed an HFHSD (HFHSD-Nos2-sM-KO) A timeline for the experiment is shown in Figure 37.
Diets were initiated at 10 weeks of age and were continued for 18 weeks. GTT was performed at
17 weeks post-diet (n = 9-13/group). All mice underwent CMR at 18 weeks post-diet (n =

15/group). After 20 weeks on diet, mice fed a HFHSD were euthanized and used for coronary

arteriolar reactivity (n = 5/group).
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Figure 37 - Experimental design. Timeline for assessing the role of macrophage NOS2 in HFHSD-induced cardiac
dysfunction using Nos2-MK0 and Nos2™® control mice fed either a high-fat high-sucrose diet or standard chow for

18 weeks.

4.2.2 CMR Protocol

CMR studies were performed over two sessions separated by 2-3 days. CMR was performed on
both a 9.4T system (Biospec 94/20, Bruker Biospin, Germany) and a 7T system (Clinscan,
Bruker/Siemens) using a *H transmit-receive quadrature volume radiofrequency coil with 35 mm
inner diameter (Bruker BioSpin GmbH, Germany). During CMR studies, the electrocardiogram
(ECG), body temperature, and respiration were continuously monitored (SA Instruments, Stony
Brook, New York, USA). Mice were anesthetized with 1% isoflurane and maintained at a body
temperature of 36 + 0.5°C using circulating warm water.

For all experiments, the CMR protocol included (1) arterial spin labeling (ASL) at rest and
with adenosine vasodilation to quantify myocardial blood flow (MBF) and MPR for the assessment
of coronary microvascular function!®1%® (2) displacement encoding with stimulated echoes
(DENSE) imaging to measure global longitudinal strain and peak diastolic strain rate (PDSR) for
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the evaluation of LV systolic and diastolic function*°

, and (3) cine imaging covering the entire
LV to measure cardiac structure and function parameters including LV mass, end-diastolic wall
thickness (EDWT), end-systolic wall thickness (ESWT), end-diastolic volume (EDV), end-
systolic volume (ESV), and ejection fraction (EF). Rest and stress ASL and cine imaging were

performed at session 1 of CMR at 9.4T, and DENSE imaging was performed at session 2 of CMR

at 7T. Body weight was recorded for all mice at the beginning of each imaging study.

4.2.2.1 Cine Imaging

Six to 8 short-axis slices were acquired, covering the LV from base to apex. Imaging parameters
included: repetition time (TR): 4.0 ms; TE: 1.35 ms; temporal resolution: 4.0 ms; FOV: 25 x 25
mm?; matrix size: 128 x128; flip angle: 15°; number of averages = 3; resolution = 0.2 x 0.2 mm?;

total scan time approximately 2 minutes per slice.

4.2.2.2 Myocardial Perfusion Imaging

At session 1, an intraperitoneal catheter was inserted for delivery of the vasodilator, adenosine
(Sigma-Aldrich) (18 pg/min), during imaging. Rest perfusion imaging of a mid-ventricular short-
axis slice was then performed using a respiratory-gated ASL method%. Thereafter, adenosine was
infused intravenously and 10 minutes later ASL was repeated. Imaging parameters for ASL
included: TE: 2.5 ms; TR: 10.0 ms; FOV: 25 x 25 mm?; matrix size: 128 x 128; flip angle: 7°;
slice thickness: 1.0 mm; saturation band thickness: 2.5 mm; number of averages: 9; resolution =

0.2 x 0.2 mm?; total scan time approximately 10 minutes per rest or stress scan.

4.2.2.3 Myocardial Strain Imaging
DENSE strain imaging!*® was performed on a 4-chamber long-axis slice. Imaging parameters

included: FOV: 32 x 32 mm?; matrix size: 128 x 128; slice thickness: 1.0 mm; TR: 7.0 ms; TE:
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2.45 ms; number of averages: 4; spatial resolution = 0.25 x 0.25 mm?; total scan time

approximately 14 minutes.

4.2.3 CMR Image analysis

Image analysis was performed using MATLAB 2023a (MathWorks, Natick, MA). CMR data were
excluded from analysis if poor-quality ECG and/or respiratory signals led to severe image artifacts.
For MBF quantification, rest and adenosine stress perfusion images were analyzed using methods
previously described'®>. MPR was calculated as the ratio of stress perfusion to rest perfusion.
Strain analysis of DENSE images was performed using the DENSE analysis tool*11%, Global
longitudinal strain and peak diastolic strain rate were measured as metrics of systolic and diastolic
function, respectively. Cine images were analyzed using Segment version 4.1.0.1 R14284b
package. Specifically, the end-diastolic and end-systolic frames were identified, and the
endocardial and epicardial contours were manually drawn on these frames for all slices. Using

Segment, EDWT, ESWT, EDV, ESV, EF, and LV mass were calculated.

4.2.4 Glucose Tolerance Tests

For GTTs, mice were injected intraperitoneally with sterile glucose (8 g/kg body weight) in
deionized water after a 16 hour overnight fast. Blood samples were taken from the tail vein before
injection to measure the fasting blood glucose, and 10, 30, 60, 90, and 120 minutes after injection
of the glucose solution. The area under the curve (AUC) was calculated by trapezoidal

approximation to evaluate glucose tolerance®.

4.2.5 Vascular Reactivity
Mice were euthanized and coronary arterioles were isolated and freed of the surrounding cardiac

myocytes. Using an arteriography system (Danish MyoTechnology), the arterioles were
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cannulated at both ends and pressurized to 40 mm Hg as previously described?®:2%, Arterioles
were pre-constricted with 10 umol/L phenylephrine. Vessel relaxation measurements are reported
as a percent dilation of the initial vessel diameter. Cumulative dose responses to endothelial-
independent vasodilators — adenosine and the vascular smooth muscle cell (VSMC)-specific

dilator sodium nitroprusside (SNP) — were measured as previously described?%1-2%,

4.2.6 Statistics
All data are presented as mean + standard error of the mean. Statistical analyses were performed
using GraphPad Prism version 10.4.0. Variance was assessed using an F-test, and normality was
tested with the Shapiro-Wilk test. A p-value < 0.05 was considered statistically significant.
Vascular reactivity curves were analyzed using an RM two-way ANOVA with Sidak’s
multiple comparisons test to compare responses between groups (HFHSD-Nos2WsM-KO ys
HFHSD-Nos2™) at each vasodilator dose. Blood glucose curves were analyzed with an RM three-
way ANOVA. Following a significant three-way interaction, an RM two-way ANOVA with
Sidak’s multiple comparisons test was used to assess differences at individual time points (0-120
minutes). For all other comparisons, an ordinary two-way ANOVA with Sidak’s multiple
comparisons test was performed. When significant variance differences were detected, a t-test with

Welch’s correction was used.

4.3 Results

4.3.1 Genetic Suppression of Macrophage NOS2 Does Not Affect HFHSD-Induced Weight
Gain or Glucose Intolerance

After 18 weeks, both HFHSD groups showed similar weight gain and glucose intolerance, with
significantly greater weight gain (Nos2"Y*M-O HFHSD vs Nos2"Y*M-KO SCD: 40.05 + 1.71 g vs

29.57 + 0.77 g, p = <0.0001; Nos2"" HFHSD vs Nos2™" SCD: 42.95 + 1.66 g vs 30.71 + 0.49 g,
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p = <0.0001) and elevated glucose intolerance (Nos2-M*O HFHSD AUC vs Nos2sM-KO sCcpD
AUC: (48.84 + 3.72) x 10° min-mg/dL vs (32.67 + 2.45) x 10° min-mg/dL, p = 0.0034; Nos2™™
HFHSD AUC vs Nos2™ SCD AUC: (51.13 + 5.01) x 10° min-mg/dL vs (32.58 + 1.18) x 10°

min-mg/dL, p = 0.0005) compared to their respective SCD groups (Figure 38).
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Figure 38 - Effect of macrophage NOS2 on body weight and GTT. (A) Body weight in grams for Nos2™f and
Nos2-sM-KO mice (n=15/group) fed an HFHS diet or SCD for 18 weeks. (B) Average glucose tolerance curves and
(C) corresponding AUC values for Nos2™" (SCD: n=13, HFHS: n=10) and Nos2-sM-KO (SCD: n=9, HFHS: n=12)
mice fed an HFHS diet or SCD for 17 weeks. Data are shown as mean £ SEM. Blood glucose curves were analyzed
with an RM three-way ANOVA followed by an RM two-way ANOVA with Sidak’s multiple comparisons test to
assess differences at individual time points (0-120 min). All other comparisons are made using an ordinary two-way
ANOVA with Sidak’s multiple comparisons test .**P <0.01, ***P <0.001, and ****P <0.0001 for either HFHS group
vs SCD group. GTT, glucose tolerance test; AUC, area under the curve. HFHS, high-fat high-sucrose; SCD, standard

chow diet. Other abbreviations as in Figure 37.
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4.3.2 Genetic Suppression of Macrophage NOS2 Prevents HFHSD-Induced Coronary
Microvascular Dysfunction

Rest myocardial blood flow was similar across all groups (Figure 39A). However, after 18 weeks
of an HFHSD, while stress perfusion was significantly reduced in Nos2™" mice compared to SCD
controls (7.07 £ 0.60 mL/g/min vs 10.89 + 0.61 mL/g/min, p = 0.0003), it was preserved in the
Nos2-sM-KO mice compared to SCD controls mice (9.77 + 0.63 mL/g/min vs 9.43 + 0.76
mL/g/min) (Figure 39B). Accordingly, MPR was reduced in Nos2™" mice on an HFHSD
compared to SCD controls (1.39 + 0.10 vs 2.21 + 0.08, p < 0.0001), but maintained in Nos2-YsM-
KO mice compared to SCD controls (1.90 + 0.12 vs 2.07 + 0.15) (Figure 39C). These results
indicate that suppressing NOS2 specifically in myeloid cells prevents the impaired MPR under
HFHSD conditions.

Ex vivo vasoreactivity tests showed preservation of coronary arteriolar dilation in
Nos2Y*M-KO mice compared to Nos2™™ control mice on a HFHSD, as reflected in cumulative dose-
response curves to adenosine (p < 0.05) and SNP (p < 0.05) (Figure 39D-E). These ex vivo
findings support the in vivo CMR results, demonstrating that macrophage-specific NOS2

suppression improves coronary arteriolar dilation under HFHSD conditions.
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Figure 39 - Effect of macrophage NOS2 on myocardial perfusion, MPR, and coronary arteriole vasoreactivity.
(A) Rest perfusion, (B) adenosine-induced stress perfusion, and (C) MPR for Nos2™f (SCD: n=15, HFHS: n=14) and
Nos2-sM-KO (n=15/group) mice fed an HFHS diet or SCD for 18 weeks. Cumulative arteriolar dose-response curves
to (D) adenosine and (E) sodium nitroprusside in Nos2™ and Nos2-*M&© mice (n=5/group) after 20 weeks of HFHS
diet. Data are shown as mean £ SEM. Dose-response curves are compared using an RM two-way ANOVA with
Sidak’s multiple comparisons test. All other data is compared using an ordinary two-way ANOVA with Sidak’s

multiple comparisons test. *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001 for indicated groups. MPR,

myocardial perfusion reserve. All other abbreviations as in Figure 37.
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4.3.3 Genetic Suppression of Macrophage NOS2 Does Not Prevent HFHSD-Induced Diastolic
Dysfunction

Trends of reduced peak global end-systolic strain were seen in HFHSD groups compared to SCD
groups (Figure 40A), but peak global end-systolic strain was similar between HFHSD-Nos2MYsM-
KO and HFHSD-Nos2™™ mice. After 18 weeks of HFHSD, there was a trend toward a decrease in
PDSR in HFHSD mice compared to SCD controls (Figure 40B). No differences in PDSR were
observed between HFHSD-Nos2Y*MKO and HFHSD-Nos2™f mice. These results suggest that
myeloid-specific NOS2 does not significantly impact diastolic or systolic dysfunction under
HFHSD conditions. Trends of small increases in LV mass, EDWT, and ESWT were seen in both
HFHSD groups compared to SCD groups, however no significant differences in cine-derived
metrics of cardiac structure or function were observed between groups after 18 weeks on either

diet (Figure 40C).
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Figure 40 - Effect of macrophage NOS2 on systolic strain, diastolic strain rate, and LV structure and function
parameters. (A) Global longitudinal strain and (B) PDSR for Nos2™" (SCD: n=15, HFHS: n=12) and Nos2-ysM-KO
(SCD: n=15, HFHS: n=15) mice fed an HFHS diet or SCD for 18 weeks. (C) Cine-derived cardiac structure and
function parameters including LV mass, EDWT, ESWT, EDV, ESV, and EF for Nos2™f (SCD: n=15, HFHS: n=13)
and Nos2WsM-KO (SCD: n=11, HFHS: n=14) mice fed an HFHS diet or SCD for 18 weeks. Data are shown as mean +
standard error and compared using an ordinary two-way ANOVA with Sidak’s multiple comparisons test.*P<0.05 for
indicated groups. PDSR, peak diastolic strain rate; LV, left ventricular; EDWT, end-diastolic wall thickness; ESWT,
end-systolic wall thickness; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction. All other

abbreviations as in Figure 37.
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4.4 Discussion

This study investigated the role of macrophage-derived NOS2 in CMD and diastolic dysfunction
using a myeloid-specific Nos2 knockout in an HFHSD model of early stage cardiometabolic
HFpEF. The major findings of this study are that knockout of Nos2 from macrophages had no
effect on glucose tolerance or weight gain, yet led to preserved adenosine MPR but not to preserved
diastolic function after 18 weeks of an HFHSD.

Our results contribute to a deeper understanding of the critical roles of NOS2 in CMD and
HFpEF. Prior work from our group showed that global Nos2 deletion completely preserved
myocardial perfusion reserve and diastolic function by CMR, which are otherwise impaired by an
HFHSD®3. Additionally, treatment with 1400W, an in vivo inhibitor of NOS2, applied after the
establishment of impaired MPR and diastolic function, partially reversed CMD and prevented
worsening diastolic dysfunction caused by an HFHSD?®. These findings were consistent with those
of Schiattarella et al., where pharmacological or genetic suppression of NOS2 ameliorated LV
diastolic dysfunction and exercise intolerance in a high-fat diet + L-NAME mouse model of
HFpEF®L. In the present study, macrophage-specific NOS2 knockout restored MPR but failed to
alleviate diastolic dysfunction caused by an HFHSD. These findings show the role of macrophage
NOS?2 in obesity-driven coronary microvascular dysfunction, while suggesting that other NOS2
sources may play a role in diastolic dysfunction.

These findings add to the growing body of research defining the specific roles of
inflammatory cell-derived NOS2. Our findings are in agreement with those of Lu et al., identifying
that disruption of NOS2 in myeloid cells did not protect against high-fat diet-induced obesity and
insulin resistance??’. While myeloid-derived NOS2 does not play a role in insulin resistance, it has

been implicated in a range of cardiovascular diseases. Myeloid NOS2 plays a critical role in
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vascular inflammation, particularly in atherosclerosis, where it is abundantly expressed by
macrophages and smooth muscle cells in advanced lesions??®. Specifically, myeloid NOS2
deficiency reduces advanced but not early atherosclerosis??®. In ischemic heart failure, leukocyte-
derived NOS2 drives chronic inflammation and adverse remodeling, with NOS2 deficiency
reducing fibrosis, oxidative stress, and myocyte hypertrophy while shifting macrophages toward
an anti-inflammatory M2 phenotype®?®. Additionally, myeloid NOS2 plays a distinct role in
pulmonary hypertension, where its deletion prevents smoke-induced pulmonary hypertension yet
does not protect against emphysema, highlighting vasculature-specific effects?®. Owverall, our
findings are consistent with prior studies demonstrating that myeloid NOS2 contributes to vascular
dysfunction across multiple disease states, further supporting its role as a mediator of
inflammation-driven microvascular impairment.

The failure of macrophage NOS2 deletion to improve diastolic dysfunction suggests that
other NOS2-expressing cells contribute to cardiac function in HFpEF. NOS2 is produced by
various cell types, including cardiomyocytes, vascular smooth muscle cells, and adipocytes,
making it likely that other sources contribute to HFpEF pathology. In diet-induced obesity, NOS2
is induced in adipose tissue, and given its ability to diffuse across tissues and modulate metabolic
and inflammatory signaling, adipocyte-derived NOS2 may influence cardiac dysfunction through
paracrine effects??%224, Additionally, NOS2 is upregulated in the failing heart, raising the
possibility that myocardial NOS2 contributes to HFpEF®L. However, cardiomyocyte-derived
NOS2 has not been consistently linked to adverse cardiac effects, and some studies suggest it may
even have protective roles in ischemic heart failure. Notably, mice with constitutive cardiac-
specific NOS2 overexpression and a substantial increase in NOS2 activity do not develop cardiac

dysfunction®?, in the setting of chronic ischemic heart failure, intramyocardial NOS2 has been
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shown to improve regional fibrosis and contractility?®?. Future work should continue to investigate

cell-specific sources of NOS2 in the context of obesity-induced HFpEF.

4.5 Limitations

Despite its insights, this study has limitations. Studies were performed in male mice, thus potential
sex differences were not investigated. This study used a LysM-Cre mouse strain to selectively
knockout NOS2, and while this strain is an effective tool to target macrophages, other myeloid
cells (e.g., neutrophils, granulocytes, dendritic cells) may also be affected, leaving open the
possibility that non-macrophage myeloid cells contribute to NOS2-driven microvascular
dysfunction. However, macrophages remain the primary contributors to inflammation in both
adipose tissue and the myocardium?3*2%, The roles of non-myeloid NOS2 sources such as vascular
smooth muscle cells and cardiomyocytes in diastolic dysfunction were not explored. Future studies
should address other cell types to provide a more comprehensive understanding of NOS2 in

HFpEF pathophysiology.

4.6 Conclusion

Using multiparametric CMR and a myeloid-specific NOS2 knockout model, this study
demonstrated a key and novel role of macrophage NOS2 in coronary microvascular dysfunction
in the setting of HFHSD-induced obesity and microvascular dysfunction, contributing to our

overall understanding of NOS2 in HFpEF.
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Chapter 5: Conclusions and future directions

5.1 Summary of Findings

Aim 1 (Chapter 2) developed and validated an accelerated MRI method for simultaneous in vivo
mapping of epicardial adipose tissue (EAT) fatty acid composition (FAC) and Ty relaxation time
at 9.4T, enabling comprehensive assessment of EAT quality. The technique employed an inversion
recovery multi-echo gradient echo acquisition with golden-angle radial sampling and interleaved
echoes, achieving rate 9.6 acceleration. Images were reconstructed using higher-order singular
value decomposition (HOSVD) denoising. Quantitative estimation of saturated (SFA),
monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA), as well as number of double
bonds (ndb) and number of methylene-interrupted double bonds (nmidb), and T relaxation times,
was Vvalidated across acceleration rates in phantoms. Application of the method to drug- and diet-
induced mouse models of various metabolic phenotypes revealed that a higher SFA index
(EAT/SAT ratio), PDFF index, and lower T1 index, ndb index, and R’ in EAT were associated
with histologic and molecular markers of inflammation, including increased F4/80" macrophage
infiltration, elevated proinflammatory cytokines, and adipocyte hypertrophy. These findings
support the use of multi-parametric FAC and relaxation mapping as noninvasive biomarkers of
proinflammatory adipose tissue.

Aim 2 (Chapter 3) applied cardiac magnetic resonance imaging (CMR) to evaluate the
effects of early versus late empagliflozin (EMPA) treatment in a high-fat high-sucrose diet
(HFHSD) mouse model of early-stage cardiometabolic heart failure with preserved ejection
fraction (HFpEF). Early EMPA treatment, initiated concurrently with the HFHSD, prevented EAT
accumulation, shifted EAT toward a less proinflammatory profile — characterized by reduced SFA

content, increased PUFA content, and elevated T1 — preserved myocardial perfusion reserve
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(MPR), maintained diastolic function, and reduced NOS2" M1 macrophage infiltration in both
EAT and myocardium. In contrast, EMPA treatment initiated after 15 weeks of HFHSD mitigated
further weight gain and EAT expansion but did not reverse impairments in MPR or diastolic
function and failed to prevent continued deterioration of the EAT inflammatory profile. These
findings underscore the importance of early treatment with EMPA and suggest that the
cardioprotective effects of EMPA in HFpEF may be mediated, in part, through modulation of EAT
quality, thus improving microvascular and myocardial function.

Aim 3 (Chapter 4) tested the hypothesis that macrophage-derived inducible nitric oxide
synthase (NOS2) contributes to coronary microvascular and diastolic dysfunction in
cardiometabolic HFpEF. In an HFHSD mouse model, myeloid cell-specific knockout of the Nos2
gene preserved coronary vasodilation in response to adenosine and maintained myocardial
perfusion despite the presence of obesity and glucose intolerance. However, macrophage NOS2
suppression did not protect against diastolic dysfunction, indicating that macrophage NOS2
contributes to microvascular, but not myocardial, impairments. These findings enhance
mechanistic understanding of the cellular sources of oxidative and nitrosative stress in HFpEF.
5.2 Future Directions
5.2.1 Joint MRI FAC and T1 mapping of EAT
The method established in Chapter 2 provides a foundation for noninvasive characterization of
EAT quality in vivo. However, several opportunities exist to further refine the pulse sequence,
reduce sources of modeling bias, and expand the biological insight gained from these
measurements.

Modifications to the pulse sequence and k-space trajectory could improve temporal

efficiency and reduce redundancy in sampling. Implementation of a bipolar readout could shorten
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echo spacing such that a third echo could be added to the echo train, thus reducing the total scan
time. Replacing the inversion recovery preparation with a saturation recovery preparation could
eliminate the need for multiple RR interval pauses. Additionally, redesigning the golden-angle
sampling scheme to avoid repeating trajectories along either the echo time or inversion time
dimensions would allow for more variable k-space coverage and potentially improve
reconstruction by increasing sampling incoherence. These approaches, in combination with an
iterative reconstruction method such as HD-PROST, may reduce noise, improve parameter
estimation, and allow for higher acceleration rates™*,

The current signal model assumes a single Ty and R?, for all spectral species, introducing
potential bias due to known differences in the relaxation properties of water and individual fat
resonances. A more accurate model could include separate T1 and R’ values for fat and water.
While previous studies suggest that T1 differences between water and fat may minimally affect
fatty acid composition estimates?®®, the water and fat-specific T1 values may still provide relevant
biological information. One potential approach would involve separating fat and water signals at
each Tl and performing independent T1 mapping of each component. Although preliminary
implementation of this strategy was explored, further work is needed to assess its biological
relevance, validity in fat/water/T1 emulsion phantoms, and robustness in vivo.

To strengthen biomarker validation, future studies should increase the sample size for
cytokine profiling, particularly in EAT, where limited tissue availability can limit the number of
analyzable samples. Investigating additional, larger fat depots may enable more robust detection
of inflammatory markers and help clarify relationships with MRI-derived metrics such as FAC
and relaxation parameters. It would also be valuable to correlate EAT imaging parameters with

flow cytometry-based quantification of macrophage subpopulations to determine how these

145



markers reflect the balance of proinflammatory (M1) and anti-inflammatory (M2) macrophages.
Performing flow cytometry in the same animals used for imaging would allow for direct
correlation between immune cell phenotypes and MRI biomarkers.

5.2.2 SGLT2-inhibition in the treatment of cardiometabolic HFpEF

The current study evaluated an 8-week EMPA treatment window following 15 weeks of
HFHSD to model disease reversal. Future studies should explore whether longer treatment
durations can elicit therapeutic effects. A longer reversal timeline may be necessary to observe
improvements once disease is more established.

Additional studies should examine the effects of other pharmacologic agents shown to
benefit patients with HFpEF, including glucagon-like peptide-1 receptor agonists (GLP-1RAS),
which have been associated with weight loss and reduced inflammation!®®2%, Investigating how
these agents compare to or synergize with SGLT2 inhibitors in modulating EAT quality and
cardiac function could inform therapeutic approaches to HFpEF.

In the reversal arm, EAT saturation increased in both EMPA-treated and untreated groups
from week 25 to week 33, despite divergent trends in EAT volume. This suggests that changes in
EAT quality may occur independently of changes in EAT quantity and could be dynamic over
time. Future work should perform longitudinal imaging of EAT FAC and link these changes to
evolving microvascular and cardiac function. Identifying whether alterations in EAT composition
precede the development of coronary microvascular dysfunction or diastolic impairment would
provide insight into the role of EAT as a transducer of metabolic inflammation.

This study was limited to male mice, but future work should include female cohorts to
assess sex-specific responses to EMPA. Clinical data suggest that the cardioprotective effects of

SGLT2 inhibitors are less pronounced in women, with smaller reductions in major adverse
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237 and a diminished benefit on

cardiovascular events (MACE) in women with diabetes
cardiovascular death and heart failure (HF) hospitalizations in women with HF compared to
men?%®, These differences may reflect true biological sex-based variability or may stem from the

underrepresentation of women in clinical trials?®

. Given that women typically have greater total
body fat percentage and distinct fat distribution, including females is crucial in future studies and
may uncover sex-specific EAT quantity and quality changes and provide insight into differential
therapeutic responsiveness?¢2%,

5.2.3 Role of macrophage-NOS2 in cardiometabolic HFpEF

Chapter 4 identified macrophage-derived NOS2 as a key contributor to coronary microvascular
dysfunction in cardiometabolic HFpEF. However, several questions remain. First, although this
work demonstrated preserved vasodilation in macrophage-specific NOS2 knockout mice, the
downstream mechanisms by which NOS2 impairs microvascular function remain unclear. Further
investigation is needed to determine how NOS2-derived reactive nitrogen species affect
microvascular structure, signaling, and inflammatory pathways in the context of metabolic disease.
Second, NOS2 is also expressed in other cell types, including adipocytes, vascular smooth muscle
cells, and cardiomyocytes. Future studies using cell type—specific knockout models could clarify
the relative contributions of these sources to nitrosative stress and to both vascular and myocardial
dysfunction in HFpEF.

5.3 Conclusions

In conclusion, the studies presented in this dissertation highlight the potential of CMR to
noninvasively assess EAT quality in the context of cardiometabolic disease. By integrating

imaging with cellular and molecular analyses, this work aimed to understand how changes in the

physical properties of adipose tissue relate to underlying tissue structure, biology, and function.
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Additionally, these findings offer insight into how SGLT2 inhibition may modulate the
inflammatory phenotype of EAT and improve microvascular function, and identify macrophage-
derived NOS2 as a contributor to coronary microvascular dysfunction, suggesting new directions

for mechanistic and therapeutic investigation in cardiometabolic HFpEF.
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Nuclear magnetic resonance
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Fourier Transform
Field-of-view

Gradient echo

Echo time
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