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Abstract

Rodent models of Duchenne muscular dystrophy (DMD) often do not recapitulate
the severity of muscle wasting and resultant fibro-fatty infiltration observed in DMD
patients. Having recently documented severe muscle wasting and fatty deposition in
two preclinical models of muscular dystrophy (Dysferlin-null and mdx mice) through
apolipoprotein E (ApoE) gene deletion without and with cholesterol-, triglyceride-rich
Western diet supplementation, we sought to determine whether magnetic resonance
imaging and spectroscopy (MRl and MRS, respectively) could be used to detect, char-
acterize, and compare lipid deposition in mdx-ApoE knockout with mdx mice in a diet-
dependent manner. MRI revealed that both mdx and mdx-ApoE mice exhibited ele-
vated proton relaxation time constants (T5,) in their lower hindlimbs irrespective of
diet, indicating both chronic muscle damage and fatty tissue deposition. The mdx-
ApoE mice on a Western diet (mdx-ApoE V) presented with greatest fatty tissue infil-
tration in the posterior compartment of the hindlimb compared with other groups, as
detected by MRI/MRS. High-resolution magic angle spinning confirmed elevated lipid
deposition in the posterior compartments of mdx-ApoE*Y mice in vivo and ex vivo,
respectively. In conclusion, the mdx-ApoE "V model recapitulates some of the extreme
fatty tissue deposition observed clinically in DMD muscle but typically absent in mdx
mice. This preclinical model will help facilitate the development of new imaging
modalities directly relevant to the image contrast generated in DMD, and help to
refine MR-based biomarkers and their relationship to tissue structure and disease

progression.

KEYWORDS
Duchenne muscular dystrophy, fibro-fatty infiltration, magnetic resonance imaging and
spectroscopy, mouse, muscle tissues, time domain nuclear magnetic resonance

Abbreviations used: AC, anterior compartment; ANOVA, analysis of variance; ApoE, apolipoprotein E; BMRB, Biological Magnetic Resonance Bank; DMD, Duchenne muscular dystrophy;

gastroc, gastrocnemius; HR-MAS, high-resolution magic angle spinning; KO, knockout; MC, deep medial compartment; MD, muscular dystrophy; mdx W mdx mice on a Western diet; mdx-
ApoE W, mdx-ApoE mice on a Western diet; mdx R, mdx mice on a regular diet; mdx-ApoE R, mdx-ApoE mice on a regular diet; NOESY, nuclear Overhauser effect spectroscopy; PC, posterior
compartment; PROJECT, periodic refocusing of J evolution by coherence transfer; STEAM, STimulated Echo Acquisition Mode; TDNMR, time domain nuclear magnetic resonance.
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1 | INTRODUCTION

Animal models that reliably mimic and replicate the pathophysiological processes found in human diseases are crucial for the study of disease pro-
cesses and the testing of therapeutic interventions. More than 60 different animal models have been generated and characterized in an attempt
to better understand the muscle wasting and damage in Duchenne muscular dystrophy (DMD), the most common type of X-linked muscular dys-
trophy.? It is well established that myofiber damage, inflammation, and fibro-fatty infiltration are early hallmarks of this disease, which progresses
to cardiac or respiratory failure by the second or third decade of life.?

Because of low costs and availability, the murine models of DMD have been the most extensively studied. One of the first dystrophin-
deficient mice described is the mdx mouse, a spontaneous mutant with a premature stop codon in exon 23 of its DMD gene, leading to
loss of dystrophin expression.® Although the mdx mice model on the C57BL/10 background is widely studied, these mice present with a
milder pathology and significant skeletal muscle hypertrophy attributable, in part, to enhanced regenerative capacities of murine muscle.* By
contrast, DMD patients show some degree of early compensatory hypertrophy, but this is followed by severe and irreversible muscle
degeneration.2 A number of strategies have been employed to generate mice more reflective of patients with DMD, including the hetero-
and homozygotic ablation of utrophin in mdx mice® (mdx/utrophin double mutant), genetic ablation of the Cmah gene (encoding cytidine
monophosphate-sialic acid hydroxylase),® backcrossing onto different mouse strains, and adoption of alternate mutations in dystrophin to
prevent revertant fibers.” 1 While these strategies exacerbate muscle fragility and fibrosis, none of these models exhibit the overt fatty tis-
sue replacement in muscles that characterizes DMD. To model these multiple dystrophic pathologies,** we used mdx-4CV mice, which have
reduced revertant fibers, and inactivated their apolipoprotein E (ApoE) gene (mdx-ApoE mice), which predisposes the mice to heightened
circulating cholesterol. These mice, when subjected to high-fat Western diet supplementation (mdx-ApoE ™Y mice),!? have presented with ele-
vated plasma lipid levels that are more representative of a human lipid profile.!? Histological analyses of mdx-ApoE mice have revealed
greater similarities with the human condition when compared with mdx mice retaining expression of ApoE. Because DMD may also be a
new type of primary genetic dyslipidemia,® modulating lipid levels in mice further enhances the similarity of human and rodent disease
pathology.*!

MR imaging is a highly sensitive, noninvasive alternative for characterizing whole muscle wasting and additional pathological features
associated with disease progression in DMD.'*1> The current study aimed to determine if mdx-ApoE mice recapitulated the MR biomarkers
observed in DMD related to water T, and fatty tissue deposition. To achieve this, mdx and mdx-ApoE mice were fed either Western or
normal chow diets and underwent MRI and in vivo MRS to quantify focal regions of fatty deposits in skeletal muscle. The results obtained
were further validated ex vivo by quantifying fatty deposits in gastrocnemius (gastroc) muscle using high-resolution magic angle spinning
(HR-MAS) *H-NMR.

2 | MATERIALS AND METHODS
21 | Animals

The research was conducted according to the rules and guidelines provided by the Institutional Care and Use Committee, University of Florida,
Gainesville, and the UBC Committee for Animal Care. Twenty-six mdx and mdx-ApoE mice were bred as previously described.** Nine mice (mdx R
[n = 4] and mdx-ApoE R [n = 5]) were fed with regular Envigo 7917 chow diet (Madison, WI, USA), and 17 mice (mdx " [n = 8] and mdx-ApoE W
[n = 9] were fed a Western high-fat diet (Harlan, TD88137 consisting of 0.2% cholesterol, 21% total fat, and 34% sucrose by weight). Diets were
started at the age of 8 weeks and continued until 32 weeks of age. Both male (n = 19) and female mice (n = 7) were utilized in this study. All
imaging protocols and time domain nuclear magnetic resonance (TDNMR) were performed at 32 weeks of age. Following imaging protocols, the
mice were euthanized to extract muscles of interest for histology and HR-MAS.

2.2 | Time domain nuclear magnetic resonance

TDNMR was used to quantify whole-body fat and lean body mass in these mice. The body composition of conscious mice was determined via a
LF90 Minispec TDNMR analyzer (Bruker, Spring, TX, USA). A Plexiglas sample holder (90 mm in diameter and 250 mm in length) equipped with
ventilation holes was used to hold the mice. The sample holder containing the mouse was loaded into the 0.5-T magnet bore, and measures were

acquired (in triplicate) with a total measurement time of about 2 min per mouse.
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23 | MRIT,

MRI T, was used to evaluate pathological changes in muscles of the hindlimb, and was acquired on a 4.7-T (Agilent, Santa Clara, CA, USA) magnet
system as previously described.'® Animals were anesthetized during MR scanning using isoflurane (3% induction, 0.75%-1% maintenance). The
respiratory rate and temperature were continuously monitored during the scanning period to ensure the maintenance of anesthesia, and a heating
system with flexible water pads was used to keep the animals warm during the scans. A custom-built 200-MHz *H solenoid coil with 1.5 cm inter-
nal diameter was used to image both hindlimbs together.

Proton T,-weighted spin-echo images were acquired for lower hindlimb muscles (repetition time [TR]: 2000 ms; echo time [TE]:14 and
40 ms; field of view: 10-15 mm x 10-15 mm; slices: 12; slice thickness: 1 mm; acquisition matrix: 256 x 128). Regions of interest (ROls) rep-
resenting muscle groups in the posterior compartment (PC), anterior compartment (AC), and deep medial compartment (MC) were manually traced
over 5-8 slices using Horos (Horos is a free and open source code software program that is distributed free of charge under the LGPL license at
Horosproject.org and sponsored by Nimble Co LLC d/b/a Purview in Annapolis, MD, USA) to calculate signal intensity. T, was calculated assum-

ing a single exponential and two echoes as previously described.”8

24 | Magnetic resonance muscle spectroscopy

Magnetic resonance muscle spectroscopy was acquired on a 11.1-T MR horizontal bore magnet (Bruker Biospin, MA, USA) using a single-voxel
1H-MRS STimulated Echo Acquisition Mode (STEAM) sequence localized to the PC (nominally the gastroc/plantaris complex). The localized pulse
sequence was single-voxel STEAM®?721 with acquisition time (at) = 0.34 s, TR = 2 s, TE = 5 ms, spectral width (sw) = 6009.6 Hz, number of sig-
nal averages (NSA) = 256, voxel size =2 x 2 x 2 mm?®, and 2048 complex spectral datapoints with VAPOR for water suppression and outer-
volume suppression. Water linewidths were in the range of 20-30 Hz. For consistency, STEAM spectra were acquired from a consistent region

within all the mouse hindlimbs.

2.5 | !H high-resolution magic angle spinning NMR on ex vivo muscle tissue samples

1H HR-MAS experiments were conducted with an 800-MHz Bruker spectrometer (Topspin 3.5pl7 software) for intact gastroc tissue samples. The
preparation of samples was performed following the protocols reported previously.?>?® Centralization of the tissue sample on the rotor was
achieved by using a 3.2-mm inner diameter plastic insert that can confine about 50-ul volume. Two sets of experiments—1D nuclear Overhauser

2428 and 1-D periodic refocusing of J evolution by coherence transfer (PROJECT) spectra?’ were conducted on

effect spectroscopy (NOESY),
each sample by spinning them with 5 KHz speed at 4°C, maintaining the magic angle of 54.7°. Both types of experiments were acquired using a
90-degree flip angle with sw = 6009.6 Hz and 256 scans. For the 1D NOESY spectra, a TR of 3.63 s was used (with a relaxation delay “d1” of
0.8 s and acquisition time [at] of 2.73 s) along with a mixing time of 100 ms.2®> The PROJECT spectra were collected with a TR of 3.53 s with

32 loops (L4).

2.6 | Chemical shift-encoded imaging

Chemical shift imaging sequences were used to perform fat water imaging. A standard multislice gradient echo imaging sequence (Bruker/FLASH)
was acquired with individual TEs (1.8, 2.0, 2.5, 3.0, 4.0 ms), flip angle = 30, FOV = 15.0 x 15.0 mm?2, matrix = 192 x 192, TR = 200 ms, NSA = 4,
slice thickness = 0.7 mm, sw = 150 KHz, and 16 slices. Fat and water maps were calculated using the MatLab toolbox®® with a multipeak model

reported in Triplett et al.3! after adjusting the frequencies for different magnetic field strengths.

2.7 | Muscle histology

Hindlimb muscles were harvested within 24 hr of imaging for histology and HR-MAS. Muscles were extracted and embedded in TissueTek OCT
compound (Sakura Finetek, Torrance, CA, USA) and frozen using isopentane chilled in liquid nitrogen for histology. Frozen sections (8-10-pum
thick) were obtained from the midbelly region of gastroc muscle using a cryostat (Leica Microsystems, Solms, Germany). Multiple sections were

taken and kept at room temperature for 20 to 30 min before staining them with H&E working solution.3?
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2.8 | Data processing and analysis

All the HR-MAS and in vivo spectra were processed on a MestReNova 14.0.1-23559 (Mestrelab Research, S.L., Santiago de Compostela, Spain).
Before applying Fourier transformation, the spectra were phased, baseline-corrected (with Spline), and the exponential line was broadened to
0.5 Hz. These spectra were calibrated with a lactate quartet at 4.11 ppm. Integration areas for the selected peaks were used to generate box and
whisker plots using Prism (GraphPad Prism, version 8.4.2 for Windows, GraphPad Software, San Diego, CA, USA; www.graphpad.com). For the
HR-MAS spectra, muscle wet weight correction was performed before carrying out any analysis. Assignment of the metabolites was performed as

12,33-35

recommended in the literature and Biological Magnetic Resonance Bank (BMRB) data.2¢ Dixon reconstructions were performed on magni-

tude and phase images using the ISMRM fat-water toolbox.>°

2.9 | Statistical analysis

Two-way analysis of variance (ANOVA) followed by a Tukey's multiple comparison test was performed to determine the statistical significance
between the normal and Western high-fat diet groups. A p value of 0.05 or less was considered significant (with p < 0.05 indicated by [*/+],
p < 0.01 by [**/4++], and p < 0.001 by [***/4+4+]). The values are reported as the mean * standard deviation. An asterisk indicates significantly
different than regular/high-fat diet within the same strain, a hash tag indicates significantly different than the other strain within the high-fat diet
groups, and plus indicates significantly different than regular/high-fat diet of the other strain.

3 | RESULTS
31 | TDNMR

Whole-body TDNMR was performed on a subset of mice (n = 21). ApoE knockout (KO) mice on both diets presented with no significant differ-
ence in overall body weight (mdx-ApoER [37.6 + 1.2 g; n = 5] and mdx-ApoE ™ [38.32 + 5.3 g; n = 7]). Mdx " (n = 5) presented with significantly
higher body weight compared with mdx® (n = 4). Mdx " showed an increase in overall percentage body fat and decreased percentage lean muscle
mass compared with the other three groups (Figure 1). This increase in whole-body fat deposition contrasts with the overt fat deposition in the

gastroc muscle, highlighting the regional deposition of intramuscular fat.

TDNMR ° mgX-ApoE
[ ] X
(A) Body weight (B) % Fat (C) % Lean mass
60- ) 30+ g — 90-
°\° *
’(I? —_— ~ 80‘ #H#
n
g40—5' Eégzo— a2 ~é +
- N N
) -~ £ 704
g 204 I.I“., 104
= % 60-
a5 g
0 T T O T T 50 T T
RCD HFD RCD HFD RCD HFD

FIGURE 1 Box and whisker plots showing the (A) Body weight, (B) Fat percentage, and (C) Lean mass percentage of the mice among four
different groups obtained from TDNMR. Significance was determined by two-way ANOVA with Tukey's multiple comparisons, and is considered
significant if p < 0.05; p < 0.05 is denoted with */#/7; p = 0.01-0.001 is denoted with **/#*#/%*: and p < 0.001 is denoted with ***/###/+++
Asterisk(s) mean significantly different within the same strain, the hash tag sign means significantly different than the other strain within the
regular diet group, and the plus sign means significantly different than the HFD of the other strain. The number of samples per group were: mdx-
ApoER (n = 5), mdx-ApoE™ (n = 7), mdx® (n = 4), and mdx"¥ (n = 5). ANOVA, analysis of variance; HFD, high-fat diet; RCD, regular chow diet;
TDNMR, time domain nuclear magnetic resonance
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FIGURE 2 Representative T,-weighted MRI images of mdx and mdx-ApoE mice on a Western high-fat diet or normal chow diet. (A) mdx-
ApoE", (B) mdx-ApoER, (C) mdx"Y, and (D) mdx® groups. The number of samples per group were as follows: mdx-ApoER (n = 5), mdx-ApoE¥(n = 7),
mdx®(n = 3), and mdx"(n = 5). Arrows indicate the areas of T, hyperintensity.

3.2 | T, measurement

MRI T, experiments were performed to visualize muscle damage in the lower hindlimb muscles. On visual examination of T,-weighted images,
hyperintense areas (depicted by arrows) were present in both the PC and the AC of all four groups of mice (Figure 2). On quantification, MRI T,
from the PC (mdx-ApoE ™" = 27.85 £ 1.8 ms; mdx® = 25.96 + 0.66 ms; mdx-ApoE® = 25.55  2.93 ms; mdx "V = 24.64 + 1.11 ms) and the AC
(mdx-ApoE™ = 25.0 £ 1.0 ms; mdx R = 24.3 + 0.3 ms; mdx-ApoE R = 24.6 + 2.6 ms; mdx W = 24.9 + 1.4 ms) was highest in mdx-ApoE %Y, but was
not significantly different in comparison with the other three groups.

3.3 | Lipid deposition in dystrophic muscle

In vivo proton spectra were acquired using single-voxel *H MRS localized to the PC (the gastroc/soleus/plantaris complex), as shown in
Figure 3A-C. In comparison with the three other groups, mdx-ApoE" presented with the highest lipid CH,/creatine ratio, a marker of
myosteatosis®’ (Figure 3B). Lipid CH,, which represents lipoproteins, showed a ~ 57- and 32-fold increase in mdx-ApoE " compared with mdx-
ApoE R and mdx R, respectively, and a ~ 22-fold increase compared with mdx V. Further, the lipid CH,/creatine ratio in the mdx-ApoE " group dis-
played a 66-, 37-, and 26-fold increase compared with the mdx-ApoE R, mdx R, and mdx " groups, respectively. These findings suggest increased

lipid infiltration of the muscles in the PC of hindlimbs of mdx-ApoE mice on a high fat diet.

3.4 | MRI: Chemical shift-encoded images

Clear areas of fat deposition were observed on fat fraction (FF) Dixon maps of lower hindlimb muscle in mdx-ApoE Y (Figure 4, top row; indicated
by the arrow). This was further confirmed in the water maps, where a loss of signal can be appreciated in fat deposition areas (Figure 4, second

row). Fatty deposition was present across multiple axial slices. Localized proton spectra from the PC further confirmed these findings showing
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FIGURE 3 Invivo 1D H spectra showing lipid CH,, creatine, and taurine peaks. The lipid CH, level is elevated in the mdx-ApoE" group.
(A) The green square in the insert shows the location of the voxel utilized. (B) Box and whisker plot for lipid CH,/creatine, and C) a portion of

in vivo 1D H spectra showing aliphatic regions. Significance was determined by two-way ANOVA with Tukey's multiple comparisons, and is
considered significant if p < 0.05; p < 0.05 is denoted with */#/*; p = 0.01-0.001 is denoted with **/*#/*; and p < 0.001 is denoted with

ek i 1+ Asterisk(s) mean significantly different within the same strain, the hash tag sign means significantly different than the other strain
within the regular diet group, and the plus sign means significantly different than the HFD of the other strain. The mdx-ApoE" group was found
statistically different than everybody else. The number of samples per group were: mdx-ApoER (n = 5), mdx-ApoE" (n = 7), mdx® (n = 4), and
mdx™ (n = 5). All the spectra were normalized to the creatine resonance at 3.02 ppm. ANOVA, analysis of variance; HFD, high-fat diet; RCD,
regular chow diet.

greater lipid content in the mdx-ApoE mice on a high-fat diet (mdx-ApoE V) in comparison with the other three groups (Figure 4, right to the third
row).

To quantify FF across different regions of the hindlimb, similar to T,, manual ROIs were drawn around the posterior, medial, and anterior
compartments. As was the case with T, there was a trend toward increased muscle FF in the PC of mdx-ApoE ", but it was not significant

(Figure 5).

3.5 | HR-MAS of gastrocnemius muscles

Based on the findings of in vivo results, *H HR-MAS spectra were acquired from the gastroc muscle ex vivo to further quantify metabolite
changes in high-fat diet mice. A portion of *H HR-MAS spectra from the gastroc muscles capturing a subset of lipid and metabolite reso-
nances are shown in Figure 6. High levels of lipids were clearly observed in the representative spectrum of the mdx-ApoE" group
(Figure 6A) compared with all the other groups, with the spectra from the mdx" group (Figure 6D) displaying the second most prevalent
lipid signature.

Of all the groups, lipid-CH3 (integration of resonances from 0.83 to 0.96 ppm) and lipid-CH, (integration of resonances from 1.19 to
1.40 ppm) were significantly higher in malx-ApoEW (Figure 7A,B). Lipid-CH3 was ~7-, ~18-, and ~4-fold higher in mdx-ApoEW compared with the
mdx-ApoE R, mdx R, and mdx " groups, respectively. Similar findings were observed for -CH, resonances of fatty acids, unsaturated fatty acid (lipid
-CH=CH-, integration of resonances from 5.27 to 5.42 ppm) and glyceryl moiety (resonances from 1.52 to 1.67 ppm and from 1.91 to 2.14 ppm
for fatty acids, and from 4.22 to 4.35 ppm for glyceryl moiety) (Figure 7C-F). All the lipid classes mentioned above were significantly elevated in
mdx-ApoE Y compared with the other groups (with p values ranging from 0.05 to 0.0001; Figure 7). These findings noninvasively confirm the his-
tology findings from a previous study conducted by Milad et al., in which they found increased in oil red O staining in the gastroc muscle of mdx-
ApoE KO mice.*?
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FIGURE 4 Representative chemical shift-encoded fat fraction and water maps (fat fraction: top row; water: second row) from the mdx®,
mdx*V, mdx-ApoER, and mdx-ApoE" groups. The white arrow in mdx_ApoE" indicates areas of fat deposits, which were visible on multiple images
from each individual animal of that group. The third row shows the localized proton spectra, scaled to the total creatine resonance at 3.02 ppm,
from the posterior compartment of each mouse.
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FIGURE 5 Box and whisker plots showing muscle fat fraction (%) in the entire posterior, anterior, and middle compartment of the lower hind-
limb. (A) Fat fraction (%) in gastroc (posterior), (B) In TA (anterior), and (C) In MID (medial). Significance was determined by two-way ANOVA with
Tukey's multiple comparisons, and is considered significant if p < 0.05; p < 0.05 is denoted with */#/*; p = 0.01-0.001 is denoted with **/##/*+:
and p < 0.001 is denoted with ***/###/+++ Asterisk(s) mean significantly different within the same strain, the hash tag sign means significantly
different than the other strain within the regular diet group, and the plus sign means significantly different than the HFD of the other strain. The
number of samples per group were as follows: mdx-ApoER (n = 4), mdx-ApoE" (n = 7), mdx® (n = 3), and mdx"" (n = 3). ANOVA, analysis of
variance; gastroc, gastrocnemius; HFD, high-fat diet; RCD, regular chow diet; TA, tibialis anterior.
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FIGURE 6 A portion of 1D *H HR-MAS representative spectra for gastrocnemius muscles showing some lipids and metabolite resonances.
The elevation in lipid level can be clearly seen on Western high-fat diet samples. HR-MAS, high-resolution magic angle spinning.
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FIGURE 7 Box and whisker plots showing relative abundance of lipids for gastrocnemius samples via *H HR-MAS spectra. Significance was
determined by two-way ANOVA with Tukey's multiple comparisons, and is considered significant if p < 0.05. p < 0.05 is denoted with */*/*: p =
0.01-0.001 is denoted with **/#/%*; and p < 0.001 is denoted with ***/### %%+ Asterisk(s) mean significantly different within the same strain,
the hash tag sign means significantly different than the other strain within the regular diet group, and the plus sign means significantly different
than the HFD of the other strain. The mdx-ApoE"Y group was found statistically different than other three groups. The number of samples per
group were as follows: mdx-ApoER (n = 5), mdx-ApoE" (n = 8), mdx® (n = 4), and mdx"" (n = 8). ANOVA, analysis of variance; HFD, high-fat diet;
HR-MAS, high-resolution magic angle spinning; RCD, regular chow diet

4 | DISCUSSION

In this study, we used a combination of different MR parameters to visualize and quantify lipid deposition in key muscles of a new preclinical
model of DMD. Using the MRI proton relaxation time constant (T,) and chemical shift-encoding imaging (also known as Dixon), we were able to
visualize large areas of fatty tissue deposits in the muscles of mdx-ApoE ¥V, similar to what is observed in DMD.®® Localized in vivo *H-MRS and
1H HR-MAS of isolated gastroc muscles confirmed elevated fatty tissue infiltration in mdx-ApoE Y mice compared with the other groups. We

found that not only does the mdx-ApoE " model recapitulate many of the MRI characteristics of human DMD pathology, but it also provides a
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preclinical dystrophic model in which noninvasive imaging methods of muscle damage and fatty tissue deposition can be tested and validated

alongside histology (Supplementary Figure S1).

T, elevation has been shown to be associated with inflammation augmentation and lipid deposition in both preclinical*® and clinical DMD
models.*>3? In this study, elevated T, was observed for the lower hindlimbs for all mdx models irrespective of diet, indicative of both chronic mus-
cle damage and/or fatty tissue deposition in dystrophic muscle. Chemical shift-encoded MR images, in vivo *H-MRS, and ex vivo *H HR-MAS all
confirmed that elevated MRI T, in mdx-ApoE W was caused by increased fatty infiltration, as was evident through visual inspection of MR images
and the higher percentage of fat in the PC of mice in this group. It is believed that in both DMD and in dystrophic ApoE KO mice, chronic rounds
of muscle damage lead to replacement of muscle tissues with fat deposits.3>4°

Ex vivo *H HR-MAS showed increased fat infiltration in gastroc muscle for the mdx-ApoE W group, supporting our in vivo and other MR find-
ings. Several classes of lipids were significantly increasing in mdx-ApoE V, indicating greater disease severity in this mice group.** A previous study
performed by our group showed a greater extent of fat infiltration in the skeletal muscles of C57BL/10ScSn-DMD mdx mice compared with age-
matched wild mice,* and the fat infiltration was seen to be dramatically more exacerbated in the mdx-ApoE ™Y group used in this study compared
with the previous study from our laboratory. Triglycerides were significantly elevated in the mdx-ApoE Y group, but we could not separate other
classes of lipids such as cholesterol, phospholipids, phosphatidylcholines, lipoproteins, fatty acids, and their ester forms using *H HR-MAS for the
gastroc tissue.** The greater lipid accumulation in the gastroc muscle of mdx-ApoE W crossvalidated the lipid deposition, as observed with Dixon
imaging and elevated T, in the PC of hindlimbs in mdxApoE ¥ mice. In this study, we have only investigated gastroc muscle.

It is of interest to note that, compared with other well-known models of DMD, the mdx-ApoE mice seem to better mimic the disease severity
of human DMD. In this study, we showed that the new mdx-ApoE "W mice recapitulate fat infiltration that is very similar to human DMD patients
but that is typically absent in mdx mice. DMD affects the muscle in boys by replacing it with noncontractile and adipose tissue.? We believe that
the new mdx-ApoE Y mouse model will help develop novel imaging modalities in preclinical models and refine biomarkers obtained via MR and, in
turn, lead to more effective noninvasive evaluation of therapies targeting fatty infiltration.

Despite the fact that the current study relies on well-controlled mouse models of dystrophin deficiency and dyslipidemia, several limitations
remain. For instance, factors such as diets, medications, surrounding environment, and genetic components can all contribute to dyslipidemia and
muscle wasting in DMD patients*? and these were not investigated in this study. Another limitation is the absence of longitudinal measurements,
and thus no critical conclusions can be drawn regarding the rate of age-related lipid infiltration in these muscles under study. The muscle hetero-
geneity is another factor that needs to be considered in future studies, because the rate of lipid infiltration may vary in the different muscle types.
Because of the low-fat content and relatively high metabolite content (creatine, taurine, and choline) in the areas that lack fat infiltration, the
spectral model used to separate fat from water using chemical shift-encoded MRI may be more complex than typically used in human muscle
and/or liver, and thus warrants further investigation. The serum and HR-MAS data clearly show elevated lipid numbers; however, the inability to
precisely localize the in vivo measures to the areas of the highest lipid deposition may have decreased the magnitude of the difference between
the mdx-ApoE" and the other groups because of partial volume contribution from muscle/muscle fibers with low fat content. Future studies
focused on additional muscles known to show massive fatty tissue replacement in this mouse model (i.e., the triceps'') and using a new high cho-

lesterol diet*® could increase the total volume of muscle lipid deposition and increase the potential for in vivo detection.

5 | CONCLUSIONS

Our findings suggest that noninvasive MRI along with MRS and HR-MAS spectroscopy are effective techniques with which to image and validate
fat infiltration and lipid deposition in the hindlimbs of dystrophic mouse models. The hyperlipidemic mdx-ApoE ¥ model used in this study recapit-

ulated many of the MRI biomarkers observed with DMD and can serve as a preclinical model for DMD and imaging biomarker development.
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