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Abstract

Duchenne muscular dystrophy is a debilitating gendisorder characterized by
severe muscle wasting and early death in affectgd.brhe primary cause of this disease
IS mutations in the dystrophin gene resulting i libss of the dystrophin protein from the
plasma membrane of muscle fibers. In the absendgstfophin, muscles undergo massive
muscle degeneration and inflammation. Inflammaisobelieved to contribute substantially
to dystrophic muscle pathology. The transcriptiastér NF- B regulates inflammatory
gene expression and provides a logical targetherajpeutic treatments. Green tea extract
and its primary polyphenol, epigallocatechin gallahave been shown to have anti-
inflammatory properties and to improve dystrophigseie pathology. The purpose of these
studies was to determine if dietary treatment vgtben tea extract or epigallocatechin
gallate administered prior to disease onset coaftlice dystrophic muscle pathology
during the early disease time course and identitgmtial mechanisms through which NF-

B may be involved.

Green tea extract has been shown to decrease nmabldogy and increase muscle
function inmdxmice, a dystrophic mouse model. These changeslerreattributed to the
antioxidant potential of epigallocatechin gallategwever, other mechanisms such as
suppression of the inflammatory response have een levaluated. In the studies reported
herein, both green tea extract and epigallocateghilate significantly decreased muscle
pathology inmdx mice when provided in their diets prior to diseasset. In green tea
extract (0.25% and 0.5%) treatewdx mice, serum creatine kinase, a systemic marker of
muscle damage, was decreased by 85% at age 42 Niaysal fiber morphology in the
tibialis anterior muscle was increased by 32% as thge (P0.05). The primary
histopathological change was a 21% decrease inneegeng fibers (P0.05). NF-B
staining in central nuclei of regenerating fiberaswdecreased by 34% (@05). In
epigallocatechin gallate (0.1%) treatedix mice, serum creatine kinase was unchanged;
however, normal fiber morphology in the tibialisenor was increased by 20% at ages 28
and 42 days (F0.05). At age 42 days, the primary histopatholdgateange was a 21%
decrease in regenerating fibers QF05). NF- B staining in central nuclei of regenerating
muscle fibers was decreased by 21% at this age.QB). Epigallocatechin gallate appears
to be the primary polyphenol of green tea extrasponsible for many of the beneficial
changes in dystrophic muscle. These data suggedt dbth green tea extract and
epigallocatechin gallate decrease NE-activity in regenerating fibers resulting in reed
muscle pathology.

Complimentary and alternative medicine approacimesiding the use of green tea,
provide important therapeutic options for ameliomgt Duchenne muscular dystrophy.
Green tea extract and epigallocatechin gallateetieetive at decreasing muscle pathology
potentially by reducing NFB activity in regenerating fibers imdx mice. Use of these
botanicals appears to elicit a beneficial responstystrophic muscle that may ultimately
lead to effective therapies for patients with thisurable disease.
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compared to C57BL/6J at both ages@®5), EGCG treateshdxmice had an increase in hormal fiber
morphology compared to untreatedixmice (P 0.05). (C) At age 28 days regenerating fibers and
immune cell infiltration iCfMdxmice were increased compared to C57BL/6D(85). (D) At age 42
days both regenerating fibers and immune celltiafibn were increased mdxmice compared to
C57BL/6J (P 0.05); however, EGCG treataadxmice had a decrease in regenerating fibers comdpare
to controlmdxmice (P 0.05). *Mean EGCG treataddxvalues were significantly different compared
to controlmdxvalues. TMean C57BL/6J values were significaniffecent compared tondxvalues.
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Figure 6.4- Macrophage infiltration (F4/80) of TA muscles) (At age 42 days, C57BL/6J mice had very
infiltrating macrophages. Both control and EGCGiteelmdxmice had macrophages throughout the
TA with dense foci (arrow) near necrotic, degeriagatand regenerating fibers. 400X (B) Macrophage
infiltration was greater imdxmice compared to C57BL/6J at both agedXP5); however, the EGCG
treatment did not result in a decrease in macropi#itration formdxmice. *Mean C57BL/6J values
were significantly less thamdxvalues. tMacrophage infiltration was significargheater at age 28
days comMpPAared t0 Age 42 QAYS. ... .. ettt e e e e et e e e e e a b e e e e e e e e e e e e e e aaanaee 113

Figure 6.5- Anti-p-NF- B (p-p65) staining of TA muscles C57BL/6J andxmice. (A) C57BL/6J muscle
sections had no cytoplasmic staining and weak auai@ining. Contraindxsections had staining in
peripheral nuclei and the cytoplasm of necrotieifiinfiltrated by inflammatory cells (arrow).
Regenerating fibers had centralized nuclei witthisttong (arrowhead) and weak (asterisk)
immunoreactivity. EGCG treataddx sections had a decrease in the percent of regfamgfibers with
strong immunoreactivity of centralized nuclei comguhto contromdx 400X. (B) Quantification of p-
NF- B (p-p65) staining revealed there were less filgtis cytoplasmic staining in C57BL/6J mice
comparedndxmice (P 0.05), but the EGCG treatment did not reduce cyspic NF- B staining in
mdxmice (P 0.05). Cytoplasmic NFB staining in muscle fibers was indicative of newrdibers. (C)
There was a decrease in the number of regenefdigrg with strong centralized nuclear stainingrro
age 28 days to 42 daysnmdxmice (P 0.05). There was also a decrease in regeneraliasfivith
strong centralized nuclear staining at age 42 &@yBGCG treatedndxmice compared to contratdx
mice (P 0.05). *Mean C57BL/6J values were significantlyslésanmdxvalues. tMean EGCG treated
mdxvalues significantly less than controtix ¥ Independent of treatment, strong centralizeslenu
staining in regenerating fibers was significanttgager at age 28 days than at age 42 days........115
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Chapter 1  Introduction

1.1 Motivation

Duchenne muscular dystrophy (DMD) is a debilitatmgscle wasting disease that
affects approximately one in 3500 new born boystgpatally results in their death by age
30 years. This disease results from mutations endysstrophin gene located on the X-
chromosome. These mutations lead to an absenbe dfystrophin protein and the proteins
that compose the dystrophin glycoprotein comple&@) in the sarcolemma of muscle
fibers. The DGC is believed to provide both mecbalnstability to the sarcolemma and act
as a scaffold for cell signaling proteins that fdage cell viability. Although the primary
cause of this disease is known the mechanismgrthger the devastating muscle wasting

have not been fully characterized and beneficgdtment options are limited.

Green tea extract (GTE) and its major polyphenplalocatechin gallate (EGCG),
have recently received much attention due to tpenceived health benefits. GTE and
EGCG are strong antioxidants that have anti-inflatary properties which may act
through the regulation of the N cell signaling pathway. Elevated NIB activation
resulting from the loss of the DGC has been inddats a possible mechanism regulating
dystrophic muscle wasting. Both GTE and EGCG hdwevs promise as treatments for
improving dystrophic muscle pathology. A furtherdenstanding of how GTE and EGCG
can improve dystrophic muscle pathology and altér B activation will provide valuable
insight into the disease process. Exploring thessipilities may lead to the development

of viable treatment options for DMD patients.



1.2 Specific Aims

DMD is characterized by progressive muscle weakaessmuscle lesions. While a
key defect in the disease is the absence of theiprdystrophin, the role of inflammatory
signaling mechanisms in the initiation of dystrapimuscle wasting has not been well
defined. Initial disease onset, characterized leyatkd serum creatine kinase levels and
massive muscle degenerationnmx mice at age 21 days, is preceded by immune cell
infiltration of muscle tissue. Inflammation and \edéed NF-B activity represent major
elements of dystrophic disease progression, andeftre may provide insight into
potential therapeutic targets. The goals of thigjgut are to determine the efficacies of
GTE and one of its derivatives, EGCG, to reduceateusathology by altering the immune

response and NFB activity when administered prior to initial disgaonset irmdxmice.

1.2.1 Specific Aim 1

Test the overarching hypothesis that GTE decreasescle pathology and
inflammation inmdx mice by decreasing NFB activation. A detailed time course of
tibialis anterior (TA) muscle histopathology wilelassessed mdxmice to determine the
disease profile during the initial disease onsafjest GTE growth diets will be fed todx
breeder pairs and pups. At age 21 days, pups wilwkaned and placed on a GTE
maintenance diet. Serum creatine kinase (CK) vallaBsessed as a systemic indicator of
muscle damage. Additionally, muscle histopatholaggcrophage infiltration, and NFB
localization will be characterized in GTE treatettix muscles and compared to age-

matchedndxand C57BL/6J mice at ages 28 and 42 days.



1.2.2 Specific Aim 2

Test the overarching hypothesis that EGCG derivenh fgreen tea extract improves
muscle pathology and inflammation mdx mice by decreasing NFB activation. EGCG
will be fed to weaned pups beginning at age 18 .d8gsum CK will be assessed as a
systemic indicator of muscle damage to determinEGCG treatments reduce muscle
pathology. TA muscle histopathology, macrophage iltiation, and NF-B
immunolocalization will be characterized in EGC@atredmdx muscles and compared to

age matchedhdxand C57BL/6J mice at ages 28 and 42 days.

1.2.3 Rationale

DMD is caused by mutations in the dystrophin geviach results in absence of the
dystrophin protein in muscle tissue. The absendkisfprotein is believed to contribute to
muscle membrane permeability and mechanical injtigwever, changes in membrane
permeability and mechanical integrity do not acedon all of the abnormalities observed
in dystrophic muscle. The inflammation triggereddbgvated NF-B activity in dystrophic
muscle may be a significant contributor to theiahitisease onset. Therapies targeted at
suppressing inflammation and NIB- activity may be the most beneficial treatments fo
DMD when initiated before disease onset. The pregaostudies will provide a detailed
time course of muscle pathology and the immun&fhatory response during initial
disease onset, and determine the benefits of ngeaidx mice with GTE or EGCG during

this early disease stage.



1.3 Specific Hypotheses

1.3.1 Specific Aim 1

H,: Normal fiber morphology will be decreasednmix mice compared to C57BL/6J

mice from ages 21 to 42 days.

H,: The histopathological features: regenerating ribemmune cell infiltration,
necrotic fibers, and degenerating fibers will ber@ased irmdx mice compared to

C57BL/6J mice from ages 21 to 42 days.

Hs: Serum CK will be decreased in GTE treatedx mice compared to controhdx

mice at ages 28 and 42 days.

H4: Normal fiber morphology will be increased in GTiftatedmdx mice compared

to controlmdxmice at ages 28 and 42 days.

Hs: The histopathological features: regenerating ribemmune cell infiltration,
necrotic fibers, and degenerating fibers will berdased in GTE treataddx mice

compared to contrahdxmice at ages 28 to 42 days.

Hs: Macrophage infiltration will be decreased in Gf&atedmdxmice compared to

controlmdxmice at age 42 days.

H7: Necrotic fibers with NF-B staining will be decreased in GTE treatadx mice

compared to contrahdxmice at age 42 days.

Hs: Centralized nuclei of regenerating fibers with-NE staining will be decreased

in GTE treatedndxmice compared to controtidxmice at age 42 days.



1.3.2 Specific Aim 2

Hi: Serum CK will be decreased in EGCG treatatkmice compared to contratdx

mice at ages 28 and 42 days.

H,: Normal fiber morphology will be increased in EG@&atedndxmice compared

to controlmdxmice at ages 28 and 42 days.

Hs: The histopathological features: regenerating ribemmune cell infiltration,
necrotic fibers, and degenerating fibers will berdased in EGCG treateddx mice

compared to contrahdxmice at ages 28 to 42 days.

H4: Macrophage infiltration will be decreased in EG@€&atedmdx mice compared

to controlmdxmice at ages 28 and 42 days.

Hs: Necrotic fibers with NF-B staining will be decreased in EGCG treatedikmice

compared to contrahdxmice at ages 28 and 42 days.

He: Centralized nuclei of regenerating fibers with-NE staining will be decreased

in GTE treatedndxmice compared to controtidxmice at ages 28 and 42 days.



1.4 Research Design
1.4.1 Specific Aim 1

A detailed time course (age 14, 21, 28, 35, andad®) of TA muscle histopathology
will be characterized fondxand C57BL/6 mice to determine the disease prdfikeng the
initial disease onset stage. Muscle histopathologgrum CK activity, macrophage
infiltration, and NF-B immunolocalization will be characterized in GTriedtedmdxmice
at ages 28 and 42 days (x 1 ddi)gure 1.1) Because early intervention may have
beneficial effectsmdxbreeder pairs will be fed a growth diet containeither 0% GTE
(control diet), 0.25 % GTE, or 0.5% GTE (w/w). C378J andmdxpups will be weaned
at age 21 days and fed a maintenance diet congaihexsame percent GTE as the breeder
pairs from which they originate@Figure 1.2). A sample size of 4-5 mice will be collected
for each genotype, treatment, and age group. Baasmwill be recorded weekly for each

mouse.

N=8 N =24

Control Control
Dist Dist

N=8 N=8 N=8 N=8
CK Activity CK Activity
Histopathology Histopathology
Macrophages Macrophages
NF-kB staining NF-kB staining

Figure 1.1 — C57BL/6J mice will be fed the control diet only. Mdx will be divided
into three diet treatment groups and assessed for differences in serum creatine
kinase, histopathology, macrophage infiltration, and NF- B staining.
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Figure 1.2 — Mdx and C57BL/6 breeder pairs and pups will be provided with
pelleted diet (7004 Harlan Teklad). At age 21 days pups will be weaned and
placed on a maintenance diet (2018 Harlan Teklad) with either 0%, 0.25%, or
0.5% GTE diet. Mice will be sacrificed at ages 28 and 42 days.

1.4.2 Specific Aim 2

A detailed time course of TA muscle histopathologgrum CK, macrophage

infiltration and NF-B immunolocalization will be characterized in EGQGféated and

untreated age-match@ddxand C57BL/6J mice at ages 28 and 42 days ( 1 (gyre

1.3). C57BL/6J andndxmice will be divided into two diet treatment graupeginning at

age 18 days which will be fed either the contra@tdi.e., AIN-93G Harlan Teklad), or

0.1% EGCG diet (w/wjFigure 1.4). Only weaned mice were provide with the EGCG diet

to eliminate variation associated with the breesledre of their pups. To ensure the mice

have reached adequate maturation, only mice agay8with a body mass greater than 8

grams will be weaned. A sample size of five torti@oe will be collected for each genotype

at each age. Body mass and food consumption wikberded weekly for each mouse.
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Figure 1.3 — C57BL/6J and mdx will be divided into control of EGCG diet
treatment groups and assessed for differences in serum creatine kinase,
histopathology, macrophage infiltration, and NF- B staining.
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Figure 1.4 — Breeder pairs and pups will be provided with pelleted AIN-93G
diet. At age 18 days pups will be weaned and placed on either a control diet, or
0.1% EGCG diet. Mice will be sacrificed at ages 28 and 42 days.
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Chapter 2  Background

2.1 Duchenne muscular dystrophy

Duchenne muscular dystrophy (DMD) is a lethal meisehsting disease affecting
approximately one in 3,500 boy$'®’. Patients appear clinically normal at birth wittet
exception of elevated serum creatine kinase levdie onset of DMD begins in early
childhood with the first observed symptoms between and five years of age. The first
symptoms usually include a delay in walking, a weddgait, difficulty climbing stairs
and difficulty running. Soon after the onset of thisease, pseudohypertrophy of the calf
muscles appears. Then, weakness in the proximal mmscles is seen; affected boys use
Gowers’ maneuver (using the hands and arms to pfisthe floor in order to raise the
posterior and then pushing or climbing up the lemserect the torso) to stand. DMD
patients typically require the use of a wheelclbgirage 12 due to the loss of lower limb
muscle strength. Progressive weakness of the anmidegs, along with kyphoscoliosis
continue through late disease progression. Maniemat die in their late teens or early
twenties due to respiratory or cardiac complicatiddeath is often a result of respiratory
infection, intercostal muscle weakness or cardigmagioy **°. A common end of life
scenario is a case of pneumonia compounded byazairdiolvement?. Currently there are

no effective means of therapy or treatment for DMD.
2.1.1 Etiology of DMD

Duchenne muscular dystrophy is caused by mutatotiee dystrophin gene which is

located on chromosome Xp2l. This gene encodes usangwomoters and isoforms of



dystrophin'®#’. The dystrophin gene, at ~2.6 million base parthe largest in the human
genome™® The 427-kDa isoform of dystrophin is a cytoskalgtrotein expressed in
muscle and brain tissue, but is absent in DMD p&ié’. In normal muscle cells,
dystrophin is a component of the dystrophin-glyodgin complex (DGC) localized in the
sarcolemma, which acts as a link between the esitrdar matrix and the cytoskeletory.

The DGC may serve to protect muscle cells from remtibn-induced injury and preserve
cell viability ****9 In the absence of dystrophin, there is a losssebciated DGC proteins,
which likely leads to muscle fragility, contractiamduced damage, necrosis and imbalance
of calcium homeostasi§™. Increased levels of intracellular calcium, alamigh increased
calcium-dependent protease activity have been wbdein dystrophic musclé®82183
Activation of calcium-dependent proteases (calpaioauses widespread myofibrillar
protein degradation, thus exacerbating the dystcopbindition*®*'#3 The DGC has also

been shown to play an important role in signal gdaction and may regulate cellular

functions including cell growth, differentiationytoskeletal organization and secretion

60,139

2.1.2 Pathophysiology

Repeated cycles of degeneration followed by regdioer in dystrophic muscle
fibers is believed to eventually deplete sateltigplacement celld’°*>?°? Depletion of
satellite cells results in the loss of the musclatslity to regenerate. Muscle tissue is
progressively replaced with adipose and fibrousnestive tissué™. The morphological
characteristics of both muscle degeneration anédn@gtion have been described in detail
5148 However, the mechanisms that initiate and pegtetthe cycles of degeneration and

regeneration are not clearly defined.
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Dystrophin deficiency does not always produce naudelgeneration at all life stages,
in all muscle phenotypes, or in all animal mod&® In dystrophin-deficient skeletal
muscle, for example, mechanical injury and proteiglynay be important factors but do not
fully explain DMD pathogenesis. Mechanisms suclthasimmune/inflammatory response
to injury appear to contribute substantially to wolaspathophysiology. Observations of
activated immune cell infiltrates in dystrophic rolés suggest that the

immune/inflammatory response may play a role irceraating the diseadg"!>>184.187:210

2.1.3 Mdx mouse model

In 1984, Bulfieldet al. identified a spontaneous mutation in C57BL/10Sctmed
mice that exhibited a disease state similar to muiB&ID. The X-chromosome-linked
mutation produced mice with high serum levels ofsole enzymes and with histological
lesions comparable to those seen in human mustysaophy. This research group named
the mutation “X-linked muscular dystrophy” omtx 2% This mutation in the murine
dystrophin gene caused an absence of dystrophgketetal muscle and this key defect

validated thandxmouse as a suitable DMD mod&f°

Histological examination of distal limb musclesagpliragm and the heart afdx
mice has shown that no lesions are observabled&fareeks of age, but by 3 weeks of age
noticeable lesions are seen. These lesions araathared by marked atrophy, variation in
fiber size, centralized nuclei and infiltrations adgenerating tissue with phagocytic cells
4 Pperiods of cyclical degeneration/regenerationiepia between 3-4 weeks of age. Mild

progressive pathology, including fibrosis, contisder the duration of the animal's life

28,45
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Compared to DMD, themdx mouse presents a mild phenotype and may not
satisfactorily model the human disedSe Greater than 90% of DMD patients develop
cardiomyopathies, buhdxmice rarely develop these complicati(hsDMD patients show
progressive physical impairment leading to deathilevmaturemdx mice are capable of
substantial muscle regeneration, exhibit little gbgl impairment and have a normal life
span®. Utrophin, a homolog for dystrophin, can replagestbphin in the DGC?*%#2
Compensation for the lack of dystrophin by upregiofaof utrophin gene activity may
effectively reduce the associated pathology andebponsible for the mild phenotype and
normal life span omdxmice compared to DMD patients. Interestingly, albtmuscles in
mdx mice present with the same pathology; for exantple,diaphragm and limb muscles
are severely affected, but the extraocular museles spared®’. Although there is
considerable variation observed in muscles ofntiax mouse, the tibialis anterior muscle
has been studied extensively and is believed toepeesentative of the severe muscle

wasting observed in DMD patierits’®8>111
2.1.4 Inflammatory mechanisms in dystrophic muscle

Inflammatory-mediated mechanisms, which result insahe cell death or lead to
fibrosis, may be important initiators of lesions dystrophin-deficient muscle. Large
populations of lymphocytes, macrophages and nehiloare present in DMD muscle
tissue'®’. T-cells and macrophages are classically thouglietoesponsible for triggering
and orchestrating the immune response, inducingetacell death, recognizing immune
stimuli and removing cellular debris. NB, an inflammatory transcription factor, has
been indicated as a potential mechanism in thelaggn of these cells and the dystrophic

inflammatory proces&®’1%12"130.2% munosuppressive therapy, such as treatment with

12



glucocorticoids, improves muscle strength and prgdoambulation in DMD patients, but
these treatments do not prevent disease progre¥sitinTherefore, new treatment options
for suppressing disease progression, like treasneatgeted for decreasing NB-

activation, are needed to improve disease progdEdD patients.

Mdx mice have been used as immune models of DMD bedheg muscle immune
cell populations resemble that of DMD muscle. Altgh, mdx skeletal muscle pathology
resolves soon after onset, immune cell infiltratthming early disease stages is considered
representative of DMDB®. Primarily, elevatedoncentrations of macrophages (> 80,000
cells/mni, normal ~1000 cells/mf and activated CD8+ and CD4+ T-cells (>1200
cells/mni, normal ~100 cells/mf have been observed in 4-8 weaklx mouse muscle,
but rapidly decrease by age 12-14 weé¥s'®?1° Both macrophages and T-cells are
believed to be key contributors to dystrophic mesegasting. Antibody-mediated depletion
of these cells results in significant reductionsmuscle pathology (macrophage, >75%;
CD8+, ~75%; CD4+, ~61%), suggesting an importanie rof these cells in the

development of lesion§®%1°

NF- B is known to regulate expression for a plethorinfi@mmatory gene&* 144

In its inactive form, NF-B is sequestered in the cytoplasm of cells; howermeiltiple
stimuli can activate NFB allowing it to enter the nucleus and induce tcaipsion of
cytokines, chemokines, adhesion molecules and eexzyihat produce secondary
inflammatory mediators®. In mdx mice, NF- B activation is elevated prior to the initial
disease onsef’®. Activation of this signaling molecule is believéd suppress muscle

regeneration and induce pro-inflammatory macrophactévity in dystrophic musclé.
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Treatments, including green tea extract and emgalechin gallate, that specifically alter

NF- B activity are promising options for the ameliooatiof DMD.
2.2 Green tea extract and epigallocatechin gallate

Complementary and alternative medicine (CAM) apphes are being perused in the
amelioration of a wide variety of incurable inflaratory diseased*'!"**>4! |n DMD
patients, the available conventional treatmentomgtiare non-curative and are associated
with many side effects’'®2 Consequently, CAM therapies are gaining recogmitis
potential treatment options for this dised$&’’? Treatments that reduce free radical
production or can alter NFB activity are shown to be highly effective mdx mice
126127.145.180.21485th green tea extract and epigallocatechin gahave shown promise as
treatments for improving muscle pathology nmdx mice; however, the mechanism by

which this occurs has not been fully identified.
2.2.1 Extracts and polyphenols derived from the greerplaiat

Green tea is a beverage consumed throughout thd f@orits many health benefits,
which are primarily attributed to its anti-oxidaand anti-inflammatory propertie$§2%
Green tea extract (GTE) is derived from the hotewabluble portion of unfermented
Camellia sinensisleaves. GTE is mainly composed of the polyphendaatechins:
gallocatechin (GC), epigallocatechin (EGC), epichie (EC), and epigallocatechin gallate
(EGCG) ®*  Due to the ability of these catechins to stabilfree radicals under
physiological conditions, they are believed to desail therapeutic candidates for quenching

reactive oxygen species (RO®)vivo %. In GTE, ~30-50% of the total polyphenols are
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comprised of EGCG which is believed to provide thajority of the beneficial effects

attributed to green tea consumptn
2.2.2 GTE and EGCG treatmentsnmdxmice

The antioxidant potential of GTE may be beneficrakreating dystrophic muscle,
because oxidative stress is believed to contributestantially to muscle pathologd§* '3
Evidence suggests that oxidative stress is invoiveghrly disease stages and occurs before
initial disease onset imdx mice °°. Buetler et al. first showed thaidx mice fed diets
supplemented with GTE (0.01% or 0.05%, w/w) fronthbhad significant reductions in
areas of necrosis and regeneration of extensotodign longus (EDL) muscles at age 28
days?. In a follow up study, they showeddx mice treated with either GTE (0.05% or
0.25%) or EGCG (0.1%) for one to five weeks aftexaming had increased antioxidant

capacity, improved contractile properties, and éased muscle pathology

More recently,mdx mice treated with GTE and who performed voluntatyeel
running for three weeks demonstrated increasedrande capacity. GTE treateadxmice
ran 128% more than untreat@ddx counterparts after three weeks of voluntary wheel
running. Independent of wheel running serum creakimase, lipid peroxidation, and
serum antioxidant potential were also decreas@iTi treatedndxmice®®. Subcutaneous
injections of EGCG iimdxmice for eight weeks after birth significantly deased markers
of oxidative stress and pathophysiology. Serum toreakinase was reduced to nearly
normal levels in these mice. In severely affectieghltragm muscles, lipofuscin granules, a
marker of oxidative stress, were significantly reel by 53%. Normal fiber morphology

was increased by two fold with connective tissud aacrosis reduced by 41% and 93%,
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respectively. Additionally, expression of utrophims increased by 1798° These studies
indicate the GTE and EGCG may provide beneficiahtiment options for reducing
oxidative stress and improving dystrophic musclinplagy; however, further research is
required to gain mechanistic insight into the rbley play in cell viability of dystrophic

muscle.
2.2.3 Potential mechanism for GTE and EGCG in dystropmiscle

Reducing oxidative stress in dystrophic muscle rbayone way in which GTE
improves dystrophic muscle pathology; however, lagopossibility is that the components
of GTE are capable of interacting with signalingaades that regulate cell viability and
inflammation in dystrophic muscle. For example, && is believed to modulate the
activity of ERK1/2, PI-3K/Akt, and IKK signaling,llaof which are involved in NFB
regulation®¢:110:160.170.175.220223rhage nathways have been identified as key regaléan
the pathophysiology of dystrophic muséf&1%>1%¢151 Ajthough EGCG is recognized as a
modulator of NF-B activity 3% the role GTE or EGCG plays in altering dystrophic
muscle wasting is unknown. Since NB-has been indicated as a regulator of the pro-

inflammatory response and muscle regeneration $trolghic musclé>"'% these extracts

may play a key role in altering this disease preces
2.3 Summary

DMD is a severe muscle wasting disease that resultsimobilization of affected
patients by age 12 and death by age 20-30. Cutrestment options do not provide an
appreciable improvement in disease prognosis ersifan. Until treatments are available

that can reverse the genetic cause of this dis€add, approaches that can greatly enhance
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muscle function by altering inflammation and musegeneration may provide significant

improvements in the lives of DMD patients.

Infiltrating immune cells are key contributors irystkophic muscle pathology.
However, their role in the regulation of muscle hoddgy has not been thoroughly
investigated, particularly during the early diseatages. Specifically, macrophages have
been shown to be key modulators of muscle damagieemyeneration. NFB appears to be
a critical component in macrophage activation angsate regeneration. GTE and EGCG
improve muscle pathology and function; potentiathgese changes result from the ability

of these extracts to alter NB activity.

In the following chapters, an initial literatureview establishes the absence of the
DGC as an important factor contributing to dysreted signaling cascades and
inflammatory gene expression. Alterations in thpathways occur prior to disease onset
indicating their role in the initiation of muscleagting (see Chapter %} In the subsequent
literature review, NF-B activation is identified as a key contributordgstrophic muscle
wasting through the expression of inflammatory geaad immune cell regulation (see
Chapter 4%, Therapeutic approaches, including the use of @& EGCG, for treating
these inflammatory processes in dystrophic museeo discussed (see Chapter 3 and 4)
889 The results of studies conducted to determineeffieacies of using GTE (Specific
Aim 1; see Chapter 5) and EGCG (Specific Aim 2; €dmapter 6) to modulate muscle
pathology and NFB in dystrophic muscle are reported. Finally, a swary of the major

findings is presented and future research direstaor identified (see Chapter 7).
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Abstract

Duchenne muscular dystrophy (DMD) is a debilitatgemnetic disorder characterized
by severe muscle wasting and early death in affebt®ys. The primary cause of this
disease is mutations in the dystrophin gene thstilran the absence of the protein
dystrophin and the associated dystrophin-glycopratemplex in the plasma membrane of
muscle fibers. In normal muscle, this complex foarsk between the extracellular matrix
and the cytoskeleton that is thought to protect aleudibers from contraction-induced
membrane lesions and to regulate cell signalingaziess. Although the primary defect is
known, the mechanisms that initiate disease onage mot been characterized. Data
collected during early maturation suggest thaaimiinatory and immune responses are key
contributors to disease pathogenesis and may h&ted by aberrant signaling in
dystrophic muscle. However, detailed time courséist of the inflammatory and immune
processes are incomplete and need to be furtheaatkazed to understand the disease
progression. The purposes of this review are tanex@ the possibility that initial disease
onset in dystrophin-deficient muscle results frorberaant inflammatory signaling
pathways and to highlight the potential clinicalexance of targeting these pathways to

treat DMD.

19



3.1 Introduction

The purposes of this review are to discuss potentechanisms of initiation and
progression of dystrophic muscle lesions in botlclianne muscular dystrophy (DMD)
patients andndx mice and to highlight the potential clinical redexce of targeting these
mechanisms to treat DMD. Disregulated inflammatsignaling processes have been
recognized in the pathogenesis of dystrophic muselsting and the identification of an
appropriate immunosuppressive therapy from thestiest may drastically improve disease
prognosis. However, a major limitation to underdtag the role of the immune response
in DMD andmdxmuscle pathology is the absence of detailed tiougse studies of disease
before, during, and after the onset of lesion dgwalent in muscle of affected
animals/humans. Review of existing studies is irtgodr to understand the role of the
immune response in the onset and progression ofdigease and to identify specific
immune targets and time points at which therapanterventions will be most effective.
Ultimately, additional detailed time course studigdl be suggested to determine the

clinical efficacy of these interventions to treaviD.

DMD is a lethal, human muscle wasting disease d#figcts approximately one in
3500 boys. DMD is caused by mutations in the dystio gene that result in the loss of the
dystrophin proteint®*®” In normal muscle cells, the dystrophin proteimisomponent of
the dystrophin-glycoprotein complex (DGQFigure 3.1), which is localized to the
sarcolemma and acts as a link between the extarethatrix (ECM) and cytoskeletdfY.
The DGC is believed to protect muscle cells fromtaction-induced injury and preserve

cell viability °®**° However, in the absence of dystrophin, there lesa of associated
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DGC proteins, which leads to muscle fragility, caction-induced damage, necrosis, and

inflammation®®.

Laminin Sarcoglycans
|
{  Sarcospan

Syntrophins

s

ECM

Cell membrane

Cytoplasm

Dystroglycans

Dystrobrevin

Figure 3.1 — The dystrophin glycoprotein complex (DGC) in normal myofibers.
lllustration of the link formed between laminin in the extracellular matrix (ECM)
and the cytoskeleton by the DGC. Also shown, interaction of DGC components
(dystrophin, dystroglycans, dystrobrevin, laminin, sarcoglycans, syntrophin, and
sarcospan) with potential signaling proteins (Grb2, SOS, RAS, NOS, CaM,
CaMKIl), and with stretch activated channels (SAC) through which calcium (Ca)
can enter the cell.

Research has suggested that “cycles” of degeneratid regeneration in dystrophic
muscle eventually deplete satellite replacemens ¢eé., muscle stem cell$)*>?%? Once
satellite cells are depleted, muscle regeneragases, promoting progressive replacement
of muscle tissue with adipose and fibrous connectissues™. The morphopathological
characteristics of both muscle degeneration anénemtion have been detailéd”
however, the mechanisms regulating the degenefeggeneration cycles have not been

clearly defined.
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Dystrophin deficiency and DGC dysfunction do nonsistently produce muscle
wasting at all life stages, in all muscle phenosyp in all animal models of DME®**’
Compared to DMD, dystrophin-deficient micead® present with a mild phenotype that
does not accurately reflect the severe nature ehtiman diseas®. Among the several
other animal models of DMD, the golden retrieversowlar dystrophy (GRMD) dog has
been the most studied and exhibits the severe pjgmof DMD patient§®. Although time
course studies of the immune responsedxmice are limited, they are even more limited

in the GRMD dog. Therefore this review focuseslanfindings froonmdxmice.

DMD patients show progressive physical impairmeatding to death by age 20-30
years, while maturendxmice are capable of substantial muscle regeneratixhibit little
physical impairment, and have a relatively norrnifal $pan (~1-2 yearsf®2 Overt onset
of clinical disease occurs between age 3-5 year®MD patients; however, muscle
degeneration and elevated serum creatine kinasdslean be observed prior to birth
(Figure 3.2A) 20:2162636711619 1, cqontrast, initial disease onsetrimdx mice, occurring at
age ~21 days, is characterized by the initiatiomatcle degeneration and elevated serum
creatine kinas&>>>'?2 The process of degenerationniilx skeletal muscles wanes by age
24 to 28 days at which time muscle regenerationdgrenates 2%°°>% Muscle
degeneration/regeneration is suppressed by age@aths, but continues at low levels for
the remainder of the animal's lif@Figure 3.2B) **>'?2 Even though thendx mouse
model exhibits considerable phenotypic variatiompared to DMD, this model continues
to be very important during early maturation fordarstanding mechanisms of disease

pathogenesis.
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Antigen presenting cells observed
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Figure 3.2 — The time course of dystrophin-deficiency in DMD patients and mdx
mice. The clinical time course of (A) DMD is well known, but only limited data
are available for the time course of immune cell infiltration, cytokine levels, and
signaling pathways. Although these have been characterized in the (B) mdx
mouse, the time course during early disease stages remains incomplete.

Mechanical injury and membrane defects are impbfetors promoting dystrophic
disease pathology, but do not fully explain DMDedise onset and progressigi>2
Aberrant intracellular signaling cascades, whicutate both inflammatory and immune
processes, appear to contribute substantially ® degenerative proces®>1%¢1%°

Observations of up-regulated inflammatory genesg.(ecomplement components,
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cytokines, and major histocompatibility complexesi)d activated immune cell infiltrates
(e.g., T lymphocytes and macrophages) during efititcsease stages in dystrophic muscle
suggest that these processes may play a criti@limanitiating and exacerbating muscle

: 28,37,150,154,157,186,210
wasting :

In this review, mechanical and signaling roles fthe DGC, the profile of
inflammatory gene expression and the intracellidgmaling pathways that could be
responsible for dystrophic disease onset and pssgne in the absence of the DGC are
described. The available literature supports theune response as an initiator of DMD,
but the available data are inadequate to fullyrgefts role. A review of available time
course studies will help to clarify the role of timemune response in the onset and
progression of the disease, and identify speaifimune targets and time points. A clearer
understanding of the role of the immune responsl/strophic muscle pathogenesis could
provide invaluable guidance to clinicians to depebnd ultimately implement effective

therapeutic interventions to treat DMD.
3.2 Mechanical and signaling roles for the DGC
3.2.1 Mechanical role

In healthy muscle, the DGC is thought to bind td atrengthen the sarcolemma by
maintaining mechanical integrity during muscle caation. In the absence of dystrophin,
the components of the DGC are not localized to ghecolemma and the connection
between the ECM and the cytoskeleton is #6tThe lack of dystrophin compromises the
mechanical integrity of myofibers, and results iamirane lesions that allow calcium ions

to freely transverse the membrane and initiate feusell injury ***. This hypothesis has
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been supported by evidence that dystrophic mydfibbave increased membrane
permeability, decreased membrane stiffness andceedforce productiofy0t121:152169.218

However, available time course data suggest thieaeges occur only after initial disease
onset is first observed in dystrophic mus@é>101121169218 thermore, the mechanical

integrity of dystrophic muscles appears to be ungkd during early disease stafes?®

Changes in dystrophic muscle membrane permealhiitye been associated with
elevated serum creatine kinase activity, elevatcgcellular calcium concentrations, and
increased fluorescent dye uptake by fibers; howethwse changes are predominantly
observed after the initial onset of muscle degeiterd %1412 Creatine kinase (CK),
usually found at low concentrations outside of neifibers, is dramatically elevated in the
serum of dystrophiendx mice during initial disease ons&t*?#?22 Serum CK levels are
10-fold higher than normal imdxmice age 21 days, but are not elevatechitx mice age
14 days'*'# Although serum CK is not elevated prior to theaiof disease onset indx
mice, it can be elevated in DMD patients prior tahband normally peaks around age 3
years. Histological muscle abnormalities are alsseoved in human fetuses with elevated
CK and suggest that the onset of muscle degenereaio occur before birfif 310191 The
possibility that inflammation is contributing toishearly onset has not been investigated in
humans. In addition, calcium (Ex content ofmdx extensor digitorum longus (EDL)
muscles is reported to be normal at age 14 daysshignificantly increased at 40 days,
when compared to wild type (WT) control mi%. Procion orange (PO), a low molecular
weight fluorescent dye that is impermeable to intaascle fibers, is commonly used to
asses sarcolemma permeabil¥jdx EDL muscles incubated in PO at resting length have

minimal dye uptake at age 14 days but increasechgedility (~15% of the fibers) is
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observed at 40 day$". Eccentric contractions increase PO uptake in Bidiscles ofmdx
mice age 90-110 days, but no difference is obsefeed?O uptake at age 9-12 days
compared to un-stretchandx muscles®*°2 Taken together, these results suggest the

dystrophic membrane does become ‘leaky”, but p@ynafter disease onset.

Differences in contractile properties have beenedoin mdx skeletal muscle
44.48,83,10L.147h a\wever maximal force output (tetanic tensionfiew normalized for muscle
mass or cross sectional area, is unchanged befiieg disease onset®*'® Compared to
WT, tetanic tension is not different imdx mice age 2 week¥°%® but is significantly
depressed imdxmice age 3 to 6 week8"'®® Dystrophin deficiency appears to result in
minimal changes in muscle function prior to initidisease onset. The reason for the

significant loss in force output only after init@dilsease onset remains unclear.

Assessments of mechanical integrity suggest thedilée strength of muscle fibers
and whole muscle stiffness values are not differentoungmdx mice 2892218 Tensjle
strength, measured as the amount of suction fageined to rupture the sarcolemma of
either dissected myofibers (from mice age 3-7 weeksultured myotubes (from mice age
7 days), is not different fomdx and WT mice”**? Sarcolemma repair in muscle fibers
damaged with a laser pulse is also similamigixand WT mice". Stiffness is a mechanical
measure of a material’'s ability to resist deforimatwhen under load and is defined as the
change of force divided by the change of lengith Muscle stiffness is an important
measure of muscle integrity and function becaus#feicts the amount of force needed for
normal limb movement. EDL muscles fromdx mice age 9-12, 14, 21, 28, and 35 days
have whole muscle stiffness values that are simidange matched WT control muscles

83218 These data suggest that mechanical integritydifidual dystrophic myofibers and
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whole muscles is unchanged during early maturatidaspite disease onset and

progression.

The absence of dystrophin/DGC proteins results iembrane fragility and
contraction-induced injury, characterized by insezhmembrane permeability and reduced
force production; however, currently available dataygest these properties are altered
only after initial disease ons&t'91121:152189n addition, mechanical properties of skeletal
muscle are unchanged during early disease procdssesdx mice ">8392218 The
mechanisms responsible for the initiation of inilesease onset in dystrophic muscle have
not been clearly identified. Further studies tced®ine if and how membrane lesions form
during early maturation are critical to determinitige mechanisms that trigger initial
disease onset in dystrophic muscle. Identifyingséhmechanisms could provide valuable
insight for clinicians because therapies could thentailored to blunt or eliminate them.
Ideally, time course studies would first focus ostelmining membrane permeability,
contractile properties and mechanical propertiemax mice age 14, 21, 28, 35, and 42
days, ages that represent early maturation anashsenset. Subsequently, studies should
be conducted in the GRMD, and finally in DMD paterat the time of overt onset to
determine if similar changes occur. On the basithefavailable literature, it is not clear if

membrane fragility is an initiator or a consequente¢he disease process. This outcome

could suggest that altered signaling may be resplen®r disease onset.
3.2.2 Signaling role

There is evidence that the DGC serves as a scdtiolgrotein signaling complexes

that regulate muscle cell viability. At least faorportant signaling proteins are known to
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associate with the DGC: calmodulin (CaM), calmodkinase Il (CaMKIl), growth factor
receptor bound protein 2 (Grb2), and neuronal mitrxide synthase (nNOS). CaM and
CaMKIl regulate the interactions of dystrophin amdophin with actin and cell-survival
cascades such as the phosphatidylinositide 3-kiAkse cascade and the
calcineurin/nuclear factor of activated T-cells (N pathway. Grb2 promotes cell
survival by initiating the Ras/mitogen activateatein kinase (MAPK) signaling cascade
through the adaptor protein son-of-sevenless (SANS produces nitric oxide, which is
believed to mediate vasodilatation during conttactttivity:*%. Recently, 1-syntrophin, a
member of the DGC, has been shown to bind with TRRE form stretch activated
channels (SAC). This may indicate that the DGOfslthng plays an important role in

regulating transmembrane ion fluxg&igure 3.1) 2%

Although the total muscle
intracellular C&" concentration is reported to increase after initiaease onsét’, SAC
activity is reported to increase before initialadise onset’® and may induce temporary
changes in intracellular €aconcentration that alter cell signaling. Notathany of these

signaling pathways activate transcription factbid regulate cell viability and the immune

responséOS,lOG,154,155,16:74

Increased activation of NFAT, activator proteinAIP¢1) and nuclear factor-kappaB
(NF- B) are observed in dystrophic muscle. These trgvgmm factors regulate cell
viability and inflammatory gene expression. Actisatof NFAT has only been assessed in
mdx mice after initial disease onset, therefore itderin this process is difficult to
determine; however, AP-1 and NIB-activity are both elevated before initial diseasset
in the mdx mouse'®*% Aberrant regulation of AP-1 and NP has been implicated in

several disease processes and the early activatitvese factors in dystrophic muscle may
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suggest a possible role in the immunopathogendsiBMD. Interestingly, activation of
AP-1 and NF-B in dystrophic muscle is augmented by mechaniratch'®®. NFAT, AP-

1 and NF-B are known to induce the transcription of inflamtorg genes that are reported
to be expressed in dystrophic muscle before indiatase onsdilable 3.1-Table 3.4).
Understanding both the changes in signaling thed ® disease pathogenesis and when
these occur could provide clinicians with the bibstrapeutic strategies to ablate muscle

wasting.
3.3 Profile of inflammatory gene expression early in dgtrophic muscle

Temporal gene expression profiles of human dystooghkeletal muscle, using
microarray technology, indicate that inflammatiana primary component of the early
disease time cours@able 3.1) ***° For example, increased expression of complement
components, human leukocyte antigens (HLA’s), aheénwkines occur during pre-
symptomatic (< age 2 years) and symptomatic (age 52 years) disease stagés>
ECM remodeling genes are also altered in both desesiages and may induce fibrotic
scarring. Many homologous inflammatory genes areegplated in thendxmouse before
and after initial disease onset at age ~21 d@gble 3.2) **>**” The time course of
inflammatory gene expression in dystrophic muscdlg play an important role in the onset

and progression of muscle wasting.

DNA microarray studies indicate elevated expressbrpro-inflammatory genes
begins before DMD patients are age 2 y€ars® Expression of HLA class | and Il (Major
Histocompatibility Complex (MHC) | and II) and cotepent components are elevated in

pre-symptomatic and symptomatic DMD patiefts>® Overall, elevated inflammatory
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gene expression does not continue to increaseglthan transition from pre-symptomatic
to symptomatic disease stages. However, expresditine following genes do increase:
HLA-A (1.6-4.4-fold), HLA-B(1.2-2.2-fold), HLA-C (12-2.2-fold), HLA-D (1.9-3.1-fold),
and complement factor D (1.4-2.5-foff)**® HLA genes code for MHC proteins that bind
and present antigens at the cell surfAceMHC class | includes HLA-A, HLA-B, and
HLA-C genes, while MHC class Il includes the six AHD genes’?. Complement
components are activated during innate and acquimedune responses and result in

disruption of the plasma membraf{&**

Although cytokine expression has not been thorougskessed during early DMD
disease stages, chemokine expression is up-redulatpre-symptomatic DMD patients
12150 9yer expressed chemokines include: CCL2/MCP-4-fdld), CCL14 /HCC-1 (1.3-
fold), CXCL12/SDF-1 (2.3-fold), and CXCL14/BRAK (fold) **°. The chemokine
CXCL14, also known as breast and kidney expreskedokine (BRAK), is chemotactic
for dendritic cells, B-cells, and monocyt€%'**and may regulate the increased infiltration
of these cells in dystrophic muscle. CCL2, or mgt@chemotactic protein 1 (MCP-1), is
likely involved in the recruitment and infiltratioof macrophages and T-cells to sites of

dystrophic muscle injury?.

The expression of genes involved in ECM remodeding fibrosis are augmented in
pre-symptomatic and symptomatic DMD patieft§° Expression of collagen type | (~4-
to 5-fold) and Ill (~4-fold) demonstrate the largedevation, but other collagen types
(types IV, V, VI, XIV, XV, and XVIII) are also upeagulated. Elevated expression of
matrix metalloproteinase 2 (MMP2; 1.41-fold) ané tMP inhibitors TIMP1 (3.31-fold)

and TIMP2 (1.22-fold) are observed. An imbalance tle expression/activation of
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MMP/TIMP has been implicated as a factor contribgtito fibrosis in DMD *°
Expression of transforming growth factor (TGFJjamily members, TGFB1 and TGFBS3,
are also elevated. TGFB1 (1.65-fold) is the pred@mily expressed isoform in
presymptomatic patients; however, both TGFB1 an#B&are over expressed in patients
after age 6 month§®. The up-regulation of TGFB1 and TGFB3 can be preted either
as a reparative mechanism or as a compensatorynflathmatory response aimed at

maintaining homeostasis at the skeletal muscld.leve

In mdx muscle, DNA microarray studies indicate that ~30%oall differentially
expressed genes may be associated with inflammzfid?f Analysis of hindlimb muscles
from mdxmice, age 14, 28, 56, and, 112 days, revealnizakers indicative of cytokine
production, complement response, major histocoriifti response, and ECM
remodeling all closely correspond witmdx disease progressiof*’. Up-regulated
cytokine-dependent gene expression (e.g., TNieceptor (p75 TNF) and Stat 6) is
reported ilfTmdxmice age 56 days, but cytokine expression is urgd when assayed with
microarray technique¥*. RT-PCR analysis indicates that elevated exprassfotumor
necrosis factor alpha (TN and Interleukin-1 beta (IL-) are detectable in diaphragm
muscles oimdxmice age 16 days. Expression of these cytokinats evident in age 60

daymdxmice®®.

Increased expression of inflammatory chemokinesg.,(e.CCL2/MCP-1,
CCL5/Rantes, CCL6/mu C10, CCL7/MCP-2, CCL8/MCP-3daCCL9/MIP-1) and
receptors (CCR1, CCR2, and CCR5) have been obsénvedlx mice with microarray
analysis as early as age 23 days with transcriggkipg at ag&6 days™>>**’ Similar to

DMD patients, BRAK (~2-fold) and its receptor (~&d) are up-regulated imdx hind
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limbs *>1>” RT-PCR analysis demonstrates that both MCP-Inan€ 10, are detectable at
elevated levels as early as age 14 days after &émthremain elevated at age 112 days in
hind limb muscles ofmdxmice*> Many of the chemokine ligands or receptors thats
increased expression mdx hind limb muscles are not increased in sparedaextular
muscles (EOM)**’, suggesting an important role for these proteinshe pathology of

affected muscles.

Genes associated with ECM remodeling are alsoealtermdx muscles. Augmented
expression of fibril-forming collagen (Colla2, Cal3 Col5a2, and Col8al) transcripts are
observed iifdxleg muscles. Osteopontin (Sppl), which is produmganacrophages to
enhance ECM synthesis, is repressedniix mice age 7 days (-22.4-fold), but is then
highly induced by age 28 days (74.1-fofd). Matrix metalloproteinase 3 (MMP3) is up-
regulated irndxmice age 56 days’, which may prove important because Spp1 activation
is dependent on MMP3 cleavaé Similar gene profiles are observed in highly etiéel
mdxdiaphragm muscles but not in EOR{*°® RT-PCR analysis indicates that expression
of TGF- 1,2,3 and TGF- receptors (TR) I, Il, lll are elevated following initial diseas
onset. Increased expression of theses genes igbsetved in quadriceps or diaphragm
muscles ofmdx mice age 21 days, but by 56 days there is a #gnif increase in
expression of these genes in both quadriceps (TI5B.4-fold, TGF-2: 1.6-fold, T RI:
1.4-fold, T RIl: 2.2-fold T RIII: 2.3-fold) and diaphragm muscles (TGE: 3.4-fold TGF-

2: 1.9-fold, TGF-3: 2.8-fold, TRI: 3.0-fold, T RIl: 2.3-fold, T RIIl: 1.2-fold) ?*4

Expression of TGF-is associated with increased fibrosis in dystropissue® %

Microarray technology has been instrumental in tifigng gene clusters and disease

time points that contribute to dystrophic muscléhpkogy. Induction of inflammatory and
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ECM remodeling gene expression occurs soon afteth bhnd remains active in
symptomatic DMD patientd”**® Increased inflammatory gene expression is obseirve
the mdx mouse before and after initial disease orlSét Approximately 67% of the
inflammatory genes induced mdx mice, display comparable behavior in DMD patients
150 Chemokines and cytokines are important regulabbrsnmune cell infiltration and
activation; however their time course has not bemmpletely characterized during early
disease stages in DMD patients radx mice *?*** RT-PCR analysis ofmdx muscles
indicate that elevated expression of chemokines FMCand mu C10) and cytokines
(TNF , and IL-1) are detectable prior to the overt onset of mudelgeneration at ~21-
days %1% The differences observed for the gene exprestime course between
microarray and RT-PCR techniques highlight discnepess in the sensitivity of these
methods and reveals the need to further validagerdle of cytokine and chemokines in
dystrophic muscle. Determining the time course ehey expression for cytokines and
chemokines is essential because these moleculesses possible therapeutic targets for
decreasing inflammation and muscle pathology. UpHaed expression of ECM
remodeling genes in pre-symptomatic and symptoniaitd patients indicates an early
initiation of inflammatory repair process&s’*> Expression of inflammatory genes is up-
regulated during unique disease stagandf muscle pathology; however, a thorough time
course evaluation of these genes should be fudhsessed imdx mice and in DMD
patients. The inflammatory transcription profifethe early dystrophic disease process is
likely driven by the transcription factors NFAT, APand NF-B, all of which contribute
to cell viability. Upstream regulation of theselpatys with already available therapeutics

may have a dramatic impact on blunting or preventite disease process.
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Table 3.1 -DMD quadriceps muscles microarray data.

Affymetrix Probe 1D Gene name Fold Change References
<2y | 512y
Complement
35822_at Complement factor B 3.2 3.0 37
40282_s_at Complement factor D 14 25 37
218232_at Complement component 1q, alpha 3.12 _ 150
202953 _at Complement component 1q, beta 2.16 _ 150
212067_s_at Complement component 1r 2.65 _ 150
208747_s_at Complement component 1s 2.29 _ 150
217767_at Complement component 3 3.69 _ 150
214428 x_at Complement component 4A 0.68 _ 150
213800_at Complement factor H 1.88 _ 150
215388_s_at Complement factor H-related 1 2.29 _ 150
Human Leukocyte Antigen (HLA)
36773_f_at HLA-DQ-beta (DR7 DQw2) 1.9 3.1 37
41723_s_at HLA-DR beta (DR2.3) 23 3.0 37
38095_i_at HLA-DP beta 24 2.8 37
38096_f_at HLA-DP beta 2.9 2.7 37
38833_at HLA-DPA1 2.0 2.7 37
37039_at HLA-DR alpha 2.2 2.6 37
36878_f_at HLA-DQ-beta (DQB1,DQw9) 2.4 2.4 37
216231_s_at Beta-2-microglobulin class | M&tE chwami 1.69 150
215313 x_at HLA-A 1.83 _ 150
209140_x_at HLA-B 1.82 _ 150
208812_x_at HLA-C 1.70 _ 150
200905_x_at HLA-E 1.46 _ 150
204806_x_at HLA-F 152 _ 150
211528 x_at HLA-G 141 _ 150
209619 _at CD74 antigen, class Il MHC invamiant chai 2.52 _ 150
217478_s_at HLA-DMA 2.39 _ 150
211990_at HLA-DPA1 3.51 _ 150
201137_s_at HLA-DPB1 2.82 _ 150
210982_s_at HLA-DRA 3.24 _ 150
209312_x_at HLA-DRB1 2.82 _ 150
215193 x_at HLA-DRB3 2.87 _ 150
Interferon (IFN)-inducible factors
208436_s_at IFN regulatory factor 7 141 _ 150
205483_s_at IFN, alpha-inducible protein ¢didig IFI 2.14 150
204415_at IFN, alpha-iducible protein (cld® IFI-6- 2.15 _ 150
208996_x_at IFN, gamma-inducible protein 16 2.64 150
214453 s_at IFN-induced protein 44 1.65 _ 150
201601_x_at IFN-induced transmembrane protein 1 6 1.7 150
201315_x_at IFN-induced transmembrane protein 2 6 16 150
212203_x_at IFN-induced transmembrane protein 3 2 1.7 150
203153_at IFN-induced with tetracopeptide repeats 1 1.44 _ 150
Chemokines
205392_s_at CCL14 (HCC-1) 13 _ 150
216598_s_at CCL2 (MCP-1) 1.4 _ 150
209687_at CXCL12 (SDF-1) 2.3 _ 150
218002_s_at CXCL14 (BRAK) 21 _ 150
Receptors
220146_at Toll-like receptor 7 11 6.6 37,150
ECM remodeling
202310_s_at Collagen, type I, alphal 4.27 _ 150
202404_s_at Collagen, type I, alpha2 5.13 _ 150
211161_s_at Collagen, type I, alphal 4.22 _ 150
211980_at Collagen, type IV, alphal 1.56 _ 150
211964 _at Collagen, type IV, alpha2 161 _ 150
214641 _at Collagen, type IV, alpha3 0.70 _ 150
212489 _at Collagen, type V, alphal 2.17 _ 150
221729 at Collagen, type V, alpha2 3.75 150
213428_s_at Collagen, type VI, alphal 1.93 _ 150
209156_s_at Collagen, type VI, alpha2 2.21 150
201438_at Collagen, type VI, alpha3 2.47 _ 150
212865_s_at Collagen, type, XIV, alpha 1 (undulin) 1.54 _ 150
203477_at Collagen, type XV, alphal 1.53 150
209082_s_at Collagen, type XVIII, alpha 1 1.32 150
201069_at Matrix metalloproteinase (MMP2) 141 150
203085_s_at Transforming growth factor, be®il} (TGF 1.65 _ 150
209747_at Transforming growth factor, beta 3 (TGFB3  1.15 _ 150
201666_at Tissue inhibitor of metalloprotelsl) ( 3.31 _ 150
203167_at Tissue inhibitor of metalloprotelsEe2® ( 1.22 150
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Table 3.2 -Mdx hindlimb muscle microarray data.

Affymetrix Probe ID | Gene name Fold Change References
7d | 14d | 23d | 28d 56d | 112d
Complement
98562_at Complement component 1q, alpha NC NC 2.79 3.61 6.21 3.06 157
96020_at Complement component 1q, beta NC NC 3.59 6.86 10.15 4.56 157
92223 at Complement component 1q, ¢ NC NC 3.10 2.53 3.79 2.25 157
93454_at Complement component 1q, receptor 1 NC NC NC NC 1.80 NC 157
93497_at Complement component 3 NC NC 2.15 NC 4.43 NC 157
103707_at Complement component 3a, receptor 1 NC NC 3.04 NC 5.31 2.92 157
103033_at Complement component 4 NC NC 1.88 NC 3.61 NC 157
101853_f at Complement factor H NC NC NC NC 1.88 NC 157
MHC-associated
anitgens
928866_at H2-Aa NC NC 4.55 15.13 9.97 3.06 157
100998_at H2-Abl NC NC 3.56 7.79 7.48 2.65 157
94285_at H2-Eb1 NC NC 2.10 1.84 3.46 1.56 157
98034_at H2-DMb1 NC NC NC NC 6.77 NC 157
97541 f_at H2-D1 NC NC 2.09 1.82 2.97 1.93 157
97540_f_at H2-D1 NC NC 1.63 171 2.50 NC 157
101886_f_at H2-D1 NC NC 1.59 1.73 2.19 NC 157
93120_f_at H2-K NC NC 1.59 1.87 2.78 NC 157
93714 _f_at H2-L NC NC 1.49 157 4.82 NC 157
102161_f at H2-Q2 NC NC 1.35 NC 2.34 NC 157
98472_at H2-T23 NC NC 1.63 NC 2.15 NC 157
Interferon (IFN)-
inducible factors
93321_at Interferon activated gene 203 (Ifi203) NC NC 1.64 NC NC NC 157
98466_r_at Interferon activated gene 204 (Ifi204) NC NC NC NC 4.00 NC 157
98465 f at Interferon activated gene 204 (1fi204) NC NC 2.22 3.29 3.65 NC 157
94224 s_at Interferon activated gene 205 (Ifi205) NC NC 231 2.49 3.82 NC 157
103634 _at Interferon dependent positive astirigticemfactor 3 gamm  NC NC 1.70 NC NC NC 157
(Isgf3g)
160933_at Interferon gamma induced GTPase (Igtp) NC NC NC NC NC 1.98 157
97444 at Interferon gamma iducible protei®) 30 (Ifi3 NC NC NC NC 5.96 NC 157
98410_at Interferon-g induced GTPase (Gtpi-pending) 1.48 NC NC 1.71 NC 2.46 157
100981_at Interferon-induced protein witlopetpditiie repeats 1 (Ifitl) NC NC 5.95 NC NC NC 157
93956_at Interferon-induced protein with pefpditfieoepeats 3 (Ifit3)  NC NC 1.97 NC NC NC 157
96764_at Interferon-inducible GTPase (ligp-pending) NC NC 2.03 NC NC NC 157
98822_at Interferon-stimulated protein (159kR) (Is NC NC 2.39 NC NC NC 157
Chemokines
102736_at CCL2 (MCP-1) NC NC 15.92 25.13 17.52 12.22 157
92849 _at CCL6 (mu C10) NC NC NC NC 3.07 NC 157
94761 _at CCL7 (MCP-3) NC NC 5.78 18.08 15.00 6.12 157
92459 at CCL8 (MCP-2) NC NC 8.51 7.71 25.54 NC 157
104388_at CCL9 (MIp-1 NC NC 3.18 3.90 5.49 2.82 157
93397_at CCR2 NC NC 14.84 14.14 5.44 2.53 157
161968_f_at CCR5 NC NC 36.90 57.95 1111 19.05 157
ECM remodeling
94305_at Procollagen, type I, alpha 1 (Collal) NC NC NC NC 2.00 2.07 157
101130_at Procollagen, type I, alpha 2 (Colla2) NC NC NC NC 2.40 2.09 157
102990_at Procollagen, type Ill, alpha 1 (Col3al) NC NC NC 1.91 4.53 3.71 157
98331_at Procollagen, type Ill, alpha 1 (Col3al) NC NC NC NC 3.07 2.87 157
161984 _f at Procollagen, type Ill, alpha 1 (Col3al) NC NC NC NC 2.47 2.74 157
101093_at Procollagen, type IV, alpha 1 (Col4al) NC NC NC NC 1.39 1.55 157
92567_at Procollagen, type V, alpha 2 (Col5a2) NC NC 1.48 1.71 3.75 3.07 157
162459 _f at Procollagen, type VI, alpha 1 (Col6al) NC NC NC NC 1.83 NC 157
95493 at Procollagen, type VI, alpha 1 (Col6al) NC NC NC NC 1.75 NC 157
93517_at Procollagen, type VI, alpha 2 (Col6a2) NC NC 1.36 NC 1.57 1.55 157
101110_at Procollagen, type VI, alpha 3 (Col6a3) NC NC 121 1.38 2.36 2.20 157
100308_at Procollagen, type VIII, alpha 1 (Col8al) NC NC 1.66 NC 3.87 NC 157
100481_at Procollagen -2.10 NC NC NC NC NC 157
95338_s_at Matrix metalloproteinase 12 (MMP12) NC NC NC NC 27.39 6.51 157
95339 r_at Matrix metalloproteinase 12 (MMP12) NC NC NC 7.46 8.70 17.25 157
100484 _at Matrix metalloproteinase 13 (MMP13) -14.09 NC NC NC NC NC 157
160118_at Matrix metalloproteinase 14 (MMP14) NC NC 1.75 NC NC NC 157
98833_at Matrix metalloproteinase 3 (MMP3) NC NC NC NC 6.47 NC 157
99957_at Matrix metalloproteinase 9 (MMP9) -34.54 NC NC NC NC NC 157
97519_at Secreted phosphoprotein 1 (Spp1) -22.42 2.35 29.58 74.09 26.16 10.44 157
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3.4 Dysregulated cell signaling in dystrophic muscle ghogenesis

Intracellular signaling pathways, particularly teo®lated to inflammation, may be
responsible for triggering initial disease onsedl aegulating disease severity in various
muscles. As noted above, expression of genegdhatate inflammatory signaling (i.e.,
cytokines, chemokines, major histocompatibility gdex and ECM remodeling genes) are
elevated early in the dystrophic muscle disease taourse®’10>1°0134155.157 Flay ated
expression of these genes has been suggestedgertaxtracellular signaling that results
in infiltration and activation of immune cells irystrophic musclé>**>>*87 populations of
lymphocytes, macrophages and neutrophils, whiclpagsent in high concentration during
early disease progression are capable of faailgadiystrophic muscle wasting, through a
process of cell injury and scarring®®*®’ Thus, these inflammatory signaling proteins may
play a critical role in the onset and progressiérbMD. Many inflammatory signaling
proteins are dependent on the activation and ictieraof the transcription factors, NFAT,
AP-1, and NF-B (Figure 3.3). Each of these plays a critical role in determgncell
viability and the expression of inflammatory molesu(Table 3.3 and Table 3.4) in
diseased myofibers. Signaling cascades that regttetse transcription factors may be
dependent on the presence of the DGC, and in gsraie become disregulated, ultimately

inducing DMD disease pathogenelig*06-114.144.194
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Figure 3.3 — Intracellular signaling pathways. (A) Potential pathways by which
mechanical stretch of normal muscle fibers with intact DGC signaling regulate
Ca” influx and transcription factors that control expression of genes for
hypertrophy/maintenance, inflammation, and cell survival. (B) Stretch -
contractions of dystrophin-deficient muscle fibers causes a large influx of Ca®*
through SAC and results in increased activation of transcription factors that
regulate fiber phenotype, inflammatory gene expression, and cell viability.
Increased activation of AP-1 and NF- B in mdx results from increased activation
of upstream signaling in response to mechanical stretch whereas increased
NFAT activation does not However, NFAT activation may be the result of
increased cytosolic ca®, but this has not yet been studied.
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Table 3.3 -Transcription factor target genes.

[ Transcription Factor | Targets Genes | Function | References
NFAT IFN- Interferon 104,114,144
TNF- and TNF- Tumor Necrosis Factor 104,114,144
CD40L 104,114
IL-2 Interleukin 104,114,144
Genes controlling slow twitch programming 104,114
Utrophin Dystrophin homologue 31,75.149
AP-1 IFN- Interferon 104,114,144
TNF- and TNF- Tumor Necrosis Factor 104,114,144
CD4OL 104,114
IL-2 Interleukin 104,124,144
Genes controlling slow twitch programming 104,114
Utrophin Dystrophin homologue 3175149
NF-B IFN- Interferon 104,114,144
IL-1 Interleukin 144
IL-1 Interleukin 144
TNF- and TNF- Tumor Necrosis Factor 104,114,144
MIP-1 and MIP-2 Macrophage inflammatory gnat&in 1 144
chemokine
Rantes Regulated upon Activation Normal T lgmphocyt 144
Expressed and Secretethemokine
c-Rel Transcription Factor 144
1B NF-B inhibitor 144
Collegenase | Matrix Metalloproteinase 144
nfkbl NF-B p100 precursor 144
nfkb2 NF-B p105 precursor 144
iINOS Nitric Oxide synthesis 144
VCAM-1 Vascular Cell Adhesion Molecule 144
MHC Class | Mouse histocompatibility antigen 144
CCR5 Chemokine receptor 144
CD48 Antigen of stimulated lymphocytes 144
MCP-1 Macrophage chemotactic protein 144
IL-2 Interleukin 104,114,144
Table 3.4 - Transcription factor inducers
[ Transcription Factor | Inducers | Description | References

Calcineurin
IGF-1

NFAT

Mechanical stretch
MAPK/PKC

AP-1

NF-B IL-1

IL-2

TNF- and TNF-
Ischemia
Physiological Stress Conditions
Physical Stress
Sheer Stress
Oxidative Stress
MHC Class |
Mechanical stretch
MAPK/PKC

104,114
5

Calcium signaling pathway

105,106,123

signaling pathway

144
144
144
144
144
144
144
144
144

Inflammatory Cytokine
Inflammatory Cytokine
Inflammatory Cytokine

Over-expressed protein

5,104114,176

105,106,123

signaling pathway

5,104114,176
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3.4.1 NFAT

NFAT is a transcription factor which is dephosphatgd and activated by

calcineurin*®

Calcineurin (Cn) is a G&CaM-dependent phosphatase that is activated by
sustained elevations of intracellular “Cand induces muscle hypertrophy mainly by
dephosphorylating and activating NFAT. CaM and several other proteins that regulate
NFAT are known to associate with the DGC and tleeefmay be affected by its absence
164208 Flevated Cn-NFAT activity has been reportedhidx mice, but its role in initial
disease onset has not been fully defined. NFAT beymportant in dystrophic disease
pathogenesis because it regulates gene expressiohypertrophy, utrophin, cytokine

production and inflammatiofFigure 3.3)%%1

In normal muscle, the DGC may regulate Cn-NFAT aling through its interaction
with TRPC1, CaM and CaMKH1**?%® CaM activates Cn/NFAT signaling, but CaMKII is
believed to inhibit NFAT expression and block Crtivty °°> SAC activity and C&
influx are increased in dystrophic muscle and amgbated to aberrant stretch activation
due to the absence of the DGE® Sustained intracellular €acontent drives Cn-NFAT
signaling and the expression of utrophin and okiggproteins®*2 In dystrophic muscle
there is an increase in the slow muscle fiber ptygr@oand an increase in utrophin which is
thought to be driven by Cn-NFAT signalirfg® Utrophin expression imdx skeletal
muscle is ~4 fold greater than in WT and is assediavith increased cell viabilit§****2
Cn-NFAT signaling facilitates a fiber type shiftttards the slow phenotype and increased

muscle hypertrophy, which improves muscle viabifty?®2°?
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The content of Cn is significantly decreased in BRit unchanged in soleus muscles
of mdx compared to WT mice age 33-34 da¥ys In maturemdxdiaphragm muscles (age
5.5 months), Cn and active NFAT protein contentsageificantly greater (~2-fold) than in
WT ¥4 Cn phosphatase activity is also increased by-falds'®*. Cn and NFAT protein
content are significantly higher in TA muscles camgul to diaphragm muscles; however,
the differences betweendxand WT TA muscles are not as great as in diaphmagscles
194 Modulation of Cn-NFAT pathway is a key regulatdrdystrophic muscle pathology.
Constitutively active Cn expression mdx mice attenuates dystrophic pathology while
inhibition of C&'/CaM signaling exacerbates the dystrophic phenotyfdh%*
Immunosuppressive drugs can both enhance (i.dgzaebrt) or inhibit (i.e., cyclosporine
A) NFAT-dependent gene expression in dystrophic aleu3*®® These divergent drug
effects may explain how NFAT is deleterious dureagly disease stages, but beneficial at
later disease stages. Youmgdx mice treated with cyclosporine A to block NFAT
activation have decreased muscle mass and fibezneegtion with increased fiber
degeneration and immune cell infiltratio¥. Whereasmdx mice treated with deflazacort
to enhance NFAT activation have increased musclesnaad fiber regeneration, with
decreased fiber degeneration and immune cell rafittn "% Therefore, muscle
degeneration during initial disease onseiix mice may overwhelm Cn-NFAT signaling
similar to treatment with cyclosporine A, so fib@egeneration is favored. During later
disease stages, elevated Cn-NFAT signaling faviler fregeneration. This possibility
could suggest that muscle regeneration with endmgeNFAT activity is not adequate to
fully compensate for degeneration in dystrophic cleiduring the early onset of the

disease, but instead exacerbates disease progréssiacreasing inflammation.
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3.4.2 AP-1

Another transcription factor that can influence e@bility is AP-1. AP-1 activity is
regulated by a multitude of stimuli including cyio&s, growth factors, and mechanical
stress #1% Mechanical stress signals in skeletal muscle racelulated by mitogen
activated protein kinase (MAPK) pathways, some dficlv associate with the DGC
89.106.164.177 Because dystrophic muscle lacks dystrophin arslsseptible to mechanical
stress, these signaling pathways may be responfblenset and progression of the
diseasé®. Therole of AP-1 in cell survival is not simply relatédl increased or decreased
activity because this signaling cascade can havk positive and negative affects on

muscle viability(Figure 3.3)%1""

Mdx diaphragm muscles from mice age 17-18 days hawecagased basal activation
of the MAPK signaling through extracellular sigmelated kinase 1/2 (ERK1/2), which are
upstream of AP-1 activation’®. ERK1/2 activation is significantly greater in thnedx
diaphragms in response to mechanical stretch tmakT. Activation of ERK1/2 requires
phosphorylation by MAPK kinase 1/2 (MEK1/2). Prettaent of bothmdx and WT
diaphragms with a MEK1/2 inhibitor results in intibn of ERK1/2 activation after
stretch. This outcome confirms the role of thishpaty in the signal transduction
mechanism of mechanical stretch. Calcium influxotiygh SAC also induces ERK1/2
activation in dystrophic muscle. WT diaphragm masaglage 17-18 days) have decreased
ERK1/2 activation when treated with the intraceltuC&" antagonist, TMB-8; however,
there is no change in ERK1/2 activation roflx muscles'®. Conversely, in a Cafree
solution, onlymdx diaphragm muscles (age 17-18 days) have reducé&d RRactivation.

Treatment ofmdx diaphragm muscles with L-type €achannel blockers (i.e., nifedipine
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and verapamil) does not significantly reduce ERKaivation following mechanical
stretch, but treatment with a SAC blocker (i.edaemium chloride) significantly decreases
ERK1/2 activation. ERK1/2 activation is believedlde responsible for most of the AP-1
activation observed in mechanically stretched dystic muscles®. Basal activation of
AP-1 is increased itmdx diaphragm muscles (age 17-18 days) and is augthénte
mechanical stretch when compared to WT. AP-1 aimtimas blocked whemdx muscles
are stretched in solution without €ar when MEK1/2 activation is inhibited, indicating
AP-1 activation is facilitated by ERK1/2 activatiamd C&" flux through SAC*®®. Many
inflammatory genes have AP-1 consensus binding sitéheir promoter regions including
cytokines and chemokingdable 3.3) 4919153 This may explain why these genes are

elevated early in the disease process.
3.4.3 NF-B

NF- B is a widely studied transcription factor thougbtcontribute to dystrophic
muscle wasting. NFB proteins are DNA-binding, dimeric transcripticactors from the
Rel family, which are involved in the inflammatorgsponsé”. NF- B is sequestered to
the cytoplasm by I-kappaB (B) inhibitor proteins. IB undergoes ubiquitin dependent
degradation upon its phosphorylation byBlkinase (IKK). IKK is composed of two
catalytic subunits: IKK, and IKK %% When I B is degraded the nuclear localization
signal is exposed allowing NFB to enter the nucleus and drive transcriptionydbkines,
chemokines, adhesion molecules and enzymes thatugeosecondary inflammatory
mediators®®. The DGC may interact with NFB through the phosphatidylinositol 3-
102,151,164.1 In

kinase/AKT cascade or the regulation of free rddicemation (Figure 3.3)

DMD patients, NF-B immunoreactivity is observed in 20-30% of nearatiuscle fibers
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and all regenerating fibef§’, suggesting an important role for this transcoiptfactor in

dystrophic muscle pathology.

Mdx diaphragm muscles have significantly higher NB7DNA binding activity at
ages 15, 18, 30, and 60 days when compared to®%/TElevated TNF and IL-1
expression is also detectable in these tissfleThe increased NFB activation and pro-
inflammatory cytokine expression prior tomdx initial disease onset may signify the
importance of immune related signaling mechanismghis process. Mechanical stretch
results in greater NFB activity in WT and mdx diaphragm muscles; however NF-

B/DNA-binding activity is increased to a greatetamt inmdxdiaphragm muscle®®. In
stretch-activated WT anadxdiaphragms, the NFB complex is mainly comprised of p50
and p65 subunit®”>. NF- B stretch activation appears to be the result ofdased IKK
activity which peaks 15 minutes post stretch. lasesl IKK activity leads to
phosphorylation and degradation oBl , which exposes the nuclear localization signal,
allowing NF- B to translocate to the nucleus where it binds MAD*. Treatment of WT
diaphragms with a G&channel blocker (nifedipine) or with a SAC blocKgadolinium
chloride) does not decrease stretch activation IBf B; however treatment with a free
radical inhibitor (N-acetyl cysteine) does decrehe B activity '°°> Therefore, during
mechanical stretch, free radical formation apptalse the primary contributor to increases
in NF- B activity and may be enhanced by increased oxidatress seen in dystrophic

muscle>®195:20 c£*

influx into cells is coupled with the formation fsée radicals such as
07, H:0,, and OH'®2 Mdx mice are known to have aberrant SAC actiffty Although

Cc&* channel blockers do not affect NB-activity in WT muscle, marginal NFB activity
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can be amplified by & signaling and could be involved in dystrophic dise onset

47,105,213

The phosphatidylinositol 3-kinase/Akt (PI3K/Akt) gsialing pathway regulates
muscle hypertrophy and NFB activation®” > PI3K/Akt's association with the DGC is
unclear, but this pathway may indirectly interaihwhe DGC through CaMKI***%* The
loss of the DGC may potentially result in the digration of the PI3K/Akt signaling
cascade. Phosporylated Akt (P-Akt) and Akt are aled inmdx mice as early as age 2
weeks™%. However, significant increases do not occur umiilx mice reach age 4 weeks
(P-Akt: ~1.9 fold and Akt: ~2.3 fold) and remaireehted in adulmdx mice ages 41-59
weeks (P-Akt: ~1.3 fold and Akt: ~1.9 fold) whemgpared to WT%. Mechanical stretch
further enhances Akt levels which are specificallgpendent on increases in PI3K
activation®’. Downstream targets of the PI3K/Akt pathway (GSK®TOR, FKHR) show
an increase in phosphorylation due to mechanicatcst®’. A PI3K specific inhibitor
prevents stretch-induced activation of NB-and IKK in mdxmice®’. NF- B can mediate
cell survival through the expression of Bcl-2 andRl. The protein levels of Bcl-2 and
clAP1 are significantly increased imdx diaphragms compared to WT, indicating a
potential role of NF-B in dystrophic muscle cell survival. Although the PI3K/Akt
activation of NF-B is implicated in cell survival in dystrophic milscthe predominant
effect of NF- B activation is to promote muscle wastiMgx mice treated with pyrrolidine
dithiocarbamate (PDTC), an N inhibitor that blocks IB degradation, from age 5 to
10 weeks have a 20% increase in forelimb strer&ft?g increase in strength normalized to
weight, and 61% lower fatigue than conmatixmice?”. A significant decrease in percent

necrotic area and increase in regenerating areglsseeported in PDTC-treatetdxmice.
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In WT mice, PDTC does not significantly change afyhese parameters. PDTC-treated
mdx mice have significantly reduced NIB binding activity and TNF expression when

compared to WT anohdxcontrol mice*?’.
3.4.4 Signaling Interactions

NFAT, AP-1, and NF-B signaling cascades not only work alone to enhayese
expression, but also interact with each other tariz cell viability and inflammation. For
example, MAPK signaling through C-Jun-N-terminatdses (JNK) may be a mechanism
of cross talk that regulates the upstream signadiciiyvity of these transcription factors
97.100.219 N B inhibits JNK activity, but JNK itself can induéeP-1 activation and inhibit
NFAT activation®*°>%'? |n dystrophic muscle tissue there is believeldan increase in
JNK activation®®**” put how changes in upstream signaling effectsteption factor
activation have not been fully studied in dystrapmuscle. These transcription factors also
directly interact in the nucleus to regulate gexgression. NFAT and AP-1 can interact by
binding to adjacent sites on DNA. This interacti@sults in ~20-fold increase in the
stability of NFAT DNA binding*®>. NFAT:AP-1 transactivation binding sites have been
indentified in the promoter/enhancer regions of yneytokine genes (e.g., IL-2, IL-4, IL-5,
and IFN-) that are subsequently increased in dystrophicctad®. AP-1 and NF-B also
interact to augment transactivation of botB and AP-1 enhancer-dependent gene
expression’*'*® AP-1 and B promoter/enhancer binding sites are found in many
inflammatory and cytokine genes that are subsefjuemtreased in dystrophic muscle
49.105.106,144.163.1691y the absence of the DGC, changes in the regnlaf NFAT, AP-1, and
NF- B may be a key mechanism that induces a shiftenbdance between cell viability

and inflammation in dystrophic muscle.
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Regulation and activation of NFAT, AP-1, and NB-may play a crucial role in
modulating the balance of cell viability and inflaratory gene expression in dystrophic
disease pathogenesf&?991%18> The DGC acts a scaffolding that binds regulatory
proteins that control signaling and activation leéde transcription factors. In the absence
of the DGC these signaling cascades appear to $regdilated resulting in aberrant
activation of these transcription factdf$*°>° |nflux of extracellular C& through SAC
may facilitate the formation of free radicals andyntontribute to altered signaling leading
to initial disease onset in dystrophic mustfe’®>1% Aberrant activation of NFAT, AP-1,
and NF-B may result in a shift in cell viability and inflanatory gene expression.
Although NFAT activation before disease onset hatsbeen studied, both AP-1 and NF-

B activity are elevated imdx mice before initial disease ons&1%1% Currently
available therapeutics may provide clinicians vilie tools they need to treat dystrophic
disease progression. However, further characteizatf these pathways is needed to
provide insight into specific disease mechanisnas tegulate initial disease onset and the
severity of muscle wasting in different muscle grewuand at different disease stages.
Future research should be focused on identifyingh@eisms by which the DGC regulates
cell viability and determining the time course aswhtent of these signals in dystrophic

muscle.
3.4.5 Currently available anti-inflammatory therapeutations

Glucocorticoids (GC) are a primary treatment for DNdatients. The most widely
used of these are Prednisone/Prednisolone andzaefle’. Several time course studies in
both DMD patients anchdxmice with these drugs show improvements in musickngth

and mobility*®#299159189Treatments initiated during early disease stag®g result in the
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greatest improvements in these paraméters? GC bind to their receptors (GCR) in the
cytoplasm, which then dimerize and translocate he hucleus where they regulate
expression of developmental, metabolic and immuaspaonse genes through both
transactivation and transrepressiof”. Transactivation occurs when the GCR-dimer binds
to glucocorticoid response elements (GRE) withineggpromoter regions and drives gene
expression (e.g. glucose-6-phosphatase, glutamym¢hetase, glucocorticoids-induced
leucine zipper, lipocortin-1, interleukin-10, ineukin-1 receptor antagonistf>® The
most prominent effect of GC is to inhibit expressaf numerous inflammatory genes, but
transactivation is unlikely to account for all betanti-inflammatory properties of GC since
GRE regions are absent in the majority of inflanonagenes”®. Activated GCR can also
interact with transcription factors to block theflammatory activity through the process
of transrepression. GC are known to alter NFAT,JARNd NF-B activities, but the exact
mechanisms by which this occurs are still unknd@t*®? The activated GCR is thought
to directly interact with AP-1 resulting in trangational interference and may also regulate
AP-1 through inhibition of JNK. In contrast, the GCR is believed to stimulatedpition

of | B which directly inhibits NF-B activity ***?° Although GC are shown to reduce
NFAT DNA-binding activity and NFAT-AP-1 complex foration, decreases in muscle
pathology and NFAT-dependent gene expression intt@&edmdx mice is thought to
result from an increase in NFAT translocation inteyonuclei 8°2%3216.217 One
interpretation of this data is that GC treatmesuls in increased translocation of NFAT
and expression of a subset of genes that decredgenuscle pathology. However, total
NFAT DNA-binding activity, NFAT-AP-1 complex form@n, and expression of

inflammatory genes are decreased. The pleiotragttions of these drugs make exclusive
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blockade of key pathways difficult. In addition,eth many negative side effects such as
weight gain, reduced bone density, and impairedage tolerance makes long term use of

these drugs problematic for DMD patiefts

Cytokines and chemokines are potential targetssfmcific therapeutic immuno-
modulation. Drugs such as infliximab (Remicade) atahercept (Enbrel) have been used
successfully to specifically block TNFactivity in inflammatory diseases such as
rheumatoid arthritis and Crohn’s dised§& Using these drugs in the treatmentnadix
mice prior to the onset of muscle necrosis resultslecreased muscle pathology and
immune cell infiltration during initial disease @$**° Blockade of TNF can reduce
activation of AP-1 and NFB along with other inflammatory factors resultimgan overall
decrease in inflammatidtt®® Other anti-cytokine drugs are also available Hate yet to

be tested idxmice or DMD patients, but may also decrease mysatieology.

Several dietary supplements with no obvious toxitiave been identified as good
anti-inflammatory agents and could potentially blded to DMD patients diets or given as
nutraceuticals to decrease muscle pathology. Hpaakchin gallate (EGCG), a
component of green tea extract (GTE), is believedlécrease the production of free
radicals and modulate the activity of both the Aktl NF- B pathwaysMdx mice treated
with either GTE or EGCG have increased antioxideapacity, improved contractile
properties, and decreased muscle patholgyhese studies indicate the GTE and EGCG
may provide beneficial treatment options for redgcioxidative stress and decreasing
dystrophic muscle pathology. EGCG has been showimhibit Akt activation *°°*"°

EGCG also inhibits NF-B activation by blocking IKK activity®?° Since NF-B activity

is elevated in dystrophic muscle and Akt may cbuoitie to NF-B activation, this may be
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one way in which EGCG decreases muscle pathologweder, the role EGCG plays in

modulating cell signaling has not been studiedystrphic muscle.

Curcumin a dietary component of the spice tumexia recognized inhibitor of NF-
B activation®’. Curcumin has been shown to have an array of djiicdd activities which
include inhibition of sarcoplasmic reticulum T#TPase, cyclooxygenase-2 expression,
and JNK activity'*>'*> In mdxmice, dietary administration of curcumin did netccease
muscle pathology or decrease NB- activity; however, intraperitoneal injection of
curcumin decreased muscle pathology and was allediace NF-B activity and iINOS
expression which catalyzes the production of 8¢J°> Additionally, serum levels of TNF
and IL-1 were also reduced® Nutraceuticals provide a low toxicity treatmeption that
may be very effective at reducing muscle patholagg inflammation by targeting specific
signaling pathways. Although the exact dose andliddministration route for EGCG and
curcumin have not been determined. Under appr@pratidance by clinicians, these

supplements could be used to treat DMD patients.

Currently there are many anti-inflammatory drugs/aceuticals available to
clinicians with strong anti-inflammatory propertie$hese drugs provide a distinct
advantage over other treatment options such astgersgpy where unknown complications
and side effects may arise. GC have been the pyidrags used to decrease DMD muscle
pathology, but have substantial side effects. Aargle understanding of the disease
mechanisms has lead to the identification of othetential treatments for DMD. Anti-
cytokine drugs which are already used for rheurdasothritis and Crohn’s disease have
highly specific targets and result in decreasethmmation and muscle pathology nmdx

mice; however, more studies should be conductedddétermine if the prolonged
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immunosuppression would be problematic for DMD guats. Nutraceuticals are promising
therapeutic options that can be used to supprdissnimation. EGCG and curcumin are
widely consumed dietary compounds that have no reppaoxicity. Both EGCG and
curcumin decrease muscle pathology and decmaasenuscle pathology. Although ideal
administration of these compounds as nutraceuticass not yet been determined, they

could be used as a dietary therapy for DMD patiants.
3.5 Conclusion

In this review, inflammatory signaling pathways ahxed in the initiation and
progression of dystrophic muscle lesions have lassessed, and potential therapeutic drug
candidates have been identified from already abiglalinically tested drugs and dietary
componds. Signaling pathways are known to be altémedystrophic muscle, but our
understanding of how the absence of the DGC chatgebalance between cell survival
and death is limited'®!%®!®* The available evidence strongly suggests thatret
activation of NFAT, AP-1, and NFB pathways alone or together could contribute to
inflammatory gene expression initiating dystroptpathogenesis. Understanding the
dynamic interactions of signaling pathways in thestcbphic disease time course will
undoubtedly provide new insight into DMD diseasegaisses and reveal the best treatment

options available for those afflicted with thisebse.

Although mechanical injury and membrane defectsraportant pathological factors
that impact dystrophic muscle wasting, these featurave only been reported after the
initiation of muscle degeneration or initial diseamset. In contrast, altered cell signaling,

elevated immune cell infiltration and expressionimfuno-regulatory proteins has been
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reported in dystrophic muscle before and duringathget of morphopathological changes.
The absence of dystrophin and DGC proteins likedpticbutes to altered mechanical
integrity of muscle fibers, but these have moreendly been linked to aberrant cellular
signaling. Greater basal activation and stretchivatobn of transcription factors, in
connection with CH influx and free radical production, involved inetfexpression of
inflammatory genes are reported in dystrophic neusieefore initial disease onset.
Specifically, increased expression of cytokines elmeimokines, which regulate infiltration
and activation of immune cell populations are obsérduring this time. Cytokines and
chemokines represent clear therapeutic targetsefgulating inflammation and could be
targeted with already available drugs. In dystrophmuscle, immune cells contribute
substantially to muscle wasting and are known todutete apoptosis, necrosis, and
fibrosis. Early therapeutic interventions, whiclsrdipt immune processes through NFAT,
AP-1, and NF-B in mdx mice result in greatly decreased muscle patholagg may
provide the most beneficial treatments for DMD.hdligh many immune-mediated disease
processes have been identified in dystrophin-daftamuscle, characterization of a detailed
time course of these mechanisms has been neglettbdth human patients and in
dystrophic models. Thus, time course studies shbtgtl focus on determining immune
cell infiltration, cytokine production, and inflanatory signaling irmdx mice at ages 14,
21, 28, 35, and 42 days to represent the perioidseheduring, and after the onset of lesion
development in muscle. Similar studies should tf@low in other animal models and
when possible in DMD patients. This information glioprovide valuable guidance for
clinicians to develop and to ultimately design s#gdo demonstrate the clinical efficacy of

these interventions to treat DMD.
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Abstract

Duchenne muscular dystrophy is a lethal muscle ingstisease that affects boys.
Mutations in the dystrophin gene result in the abseof the dystrophin glycoprotein
complex (DGC) from muscle plasma membranes. Intingahuscle fibers, the DGC forms
a link between the extracellular matrix and theosleleton to protect against contraction-
induced membrane lesions and to regulate cell brignal'he absence of the DGC results in
aberrant regulation of inflammatory signaling calesa Inflammation is a key pathological
characteristic of dystrophic muscle lesion formatibut the role and regulation of this
process in the disease time course has not be&oieutfy examined. The transcription
factor, NF- B has been shown to contribute to the disease gsamed is likely involved
with increased inflammatory gene expression, inagaytokines and chemokines, seen in
dystrophic muscle. These aberrant signaling presessay regulate the early time course
of inflammatory events that contribute to diseasset. This review critically evaluates the
possibility that dystrophic muscle lesions in bBtMD patients anandxmice are the result
of immune-mediated mechanisms that are regulatethftgmmatory signaling and also

highlights new therapeutic directions.
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4.1 Introduction

Duchenne muscular dystrophy (DMD) is a lethal, homauscle wasting disease

caused by mutations in the dystrophin gene thattresthe loss of the dystrophin protein

19197 In normal muscle cells, the dystrophin-glycopimteomplex (DGC)Figure 4.1) is

localized to the sarcolemma forming a link betwées extracellular matrix (ECM) and

cytoskeletont® This complex is thought to protect muscle caitsrf contraction-induced

injury and preserve cell viability through both rhaaical and signaling role%¥"

139
. In

DMD, dystrophin and the associated DGC proteins asent from the sarcolemmal

membrane resulting in altered mechanical and sigmdlunctions which contribute to

membrane fragility, necrosis, inflammation, andgsessive muscle wastirig’.

Laminin Sarcoglycans
\ | sarcospan
| |
| |
'I' I ‘I' |I ISyntrophins
. [ I
ECM La /
Cell membrane /
Cytoplasm

Dystroglycans

Dystrophin

Dystrobrevin

Figure 4.1 — The dystrophin glycoprotein complex (DGC) in normal myofibers.
lllustration of the link formed between laminin in the extracellular matrix (ECM)
and the cytoskeleton by the DGC. Also shown, interaction of DGC components
(dystrophin, dystroglycans, dystrobrevin, laminin, sarcoglycans, syntrophin, and
sarcospan) with potential signaling proteins (Grb2, SOS, RAS, NOS, CaM,
CaMKIl), and with stretch activated channels (SAC) through which calcium (Ca)

can enter the cell.
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Although mechanical injury and membrane defectsimportant factors promoting
dystrophic disease pathology, neither fully exgalPMD disease onset and progression
146152 Aberrant intracellular signaling cascades thegutate both inflammatory and
immune processes contribute substantially to thgederative procesd®%®1%° yp-
regulated inflammatory gene expression (e.g. cy@ki chemokines, and major
histocompatibility complexes) and activated immwed infiltrates (e.g., T lymphocytes
and macrophages) are evident during early disdagessin dystrophic muscle and play a
critical role in muscle wastingf*"1°0:154.157.186210rhe nrposes of this review are (1) to
propose and evaluate the possibility that the onfetystrophic muscle lesions in both
DMD patients anandxmice are the result of immune-mediated mechaniégo explore

the roles of NF-B, cytokines, and chemokines as regulators of tiresgine mechanisms

and, (3) to highlight therapeutic options to blthrese processes.
4.2 Immune mediated dystrophic muscle lesion formation

An understudied area to delineate the time coufdeMD pathology during early
disease onset is the contribution of immune mechagi Time course refers to the
characteristics of dystrophic pathology that anser time from pre onset through early
progression of the disease. One advantage of tlowlkedge is that it can reveal significant
information to guide treatment at a specific digeatage. For example, immune cell
infiltration in dystrophic muscle was once thoughbe a non-specific reaction to damaged
muscle fibers*®®®" put is now considered to be a specific respotise directly
contributes to muscle lesion formatitim'98%207.21%8ecause immune cell infiltration (i.e.,

neutrophils and macrophages) precedes initial séseaset in dystrophic musc&'®®*?
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it is not surprising that immunosuppressive thexggian significantly blunt muscle wasting
when administered prior to disease orrséf:°0:161:186.189.2100 1though comprehensive time
course data sets are limited, those that are d#aituggest early immune cell infiltration
in DMD patients andndx mice represent an important, but underappreciatgubct of

dystrophic muscle pathology.

Immune cells can contribute substantially to theation and progression of muscle
pathology (Figure 4.2) %1% |n dystrophic muscle, macrophages and T-cells thee
primary infiltrating immune cell types'®®124186210 Macrophages, when triggered by
inflammatory stimuli, lyse muscle fibers throughe troduction of nitric oxide®®’#
Macrophages may also engulf and present antigedscills to induce their activation;
however, this process has not been characterizelysttophic musclé®’. CD8+ T-cells
trigger muscle fiber death and CD4+ T-cells cantgbuate to this process by providing
inflammatory stimuli (i.e. cytokines) to CD8+ ce#iad other immune celt§®®” The high
concentrations of macrophages and T-cells obseimedystrophic muscle from early
disease stages and persisting through later stadiestes the importance of these cells in
the initiation and progression of dystrophic mugekions'!®¢12418.210 Adqditionally, mast
cells, eosinophils, and neutrophils are believeddatribute to dystrophic muscle fiber
wasting®"88%% The role of these cells in dystrophic musclededbrmation is less clear,

but data indicates that they are significant fectordisease progression.
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Figure 4.2 — Possible immune cell interactions in dystrophic muscle.

Macrophages, CD4+, and CD8+ cells appear to primarily interact within the
muscle tissue of mdx mice, whereas in a typical immune response, APC'’s
would engulf antigens and carry them back to draining lymph nodes to interact
with CD4+ and CD8+ T cells. Dystrophic muscle fibers likely produce antigens
which are engulfed by macrophages and are activated by additional
inflammatory stimuli. In DMD patients, T cells have specific TCR
rearrangements that may allow them to interact with APC which express MHC |
and Il. Therefore, one possibility is that macrophages (which have both MHC |
and |l proteins on their surface) could induce muscle fiber death through nitric
oxide mediated cell lysis or present antigen, bound to MHC Il, to CD4+ T cells
through their T cell receptors. Activated CD4+ T cells would then produce
cytokines to activate CD8+ T cells. When receptors on CD8+ T cells come in
contact with antigen, they bind to MHC | on the surface of muscle fibers and can
induce muscle fiber death.

4.2.1 DMD Patients.

In DMD patients, immune cells are present throughmarivascular, perimysial, and
endomysial regions of skeletal muséfe At age 2-8 years, the infiltrating mononuclear
cells are predominantly macrophages (~38%) andll$-¢e62%), with minimal B-cell
(~1%) infiltration **®© The infiltrating T-cell population is composedefgominantly of

CD4+ cells with some CD8+ celté*. Mast cells have also been implicated in theatiitn
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and progression of muscle lesions in DMD. Peak ma#tinfiltration occurs by age 3
years and there is a 10-fold increase in thess aelskeletal muscle from DMD patients

when compared to healthy individudfs

Major Histocompatibility Complex (MHC) class | peabs are expressed on most
nucleated cells, whereas MHC class Il proteinsoatg expressed on professional antigen
presenting cells (APCs) like macrophages, and B-chifiltrating mononuclear cells are
strongly reactive for both MHC class | and Il pintein DMD skeletal musclé® In
patients >1-year-old, MHC Il proteins are considienobserved on infiltrating
mononuclear cells indicating the presence of ARCthe muscle tissue from an early age
123 Skeletal muscle fibers are one of a few cell syt have very little or no detectable

MHC | proteins on their surfac@®°>98:123.124

so it is striking that muscle fibers from DMD
patients have a ~3-fold increase of these protéthdVIHC | proteins are detectable on
skeletal muscle fibers from these patients as emlgge 6 month$>*** MHC | staining

can be observed on morphologically normal musdler& , necrotic fibers, regenerating
fibers and fibers invaded by inflammatory céft§>1%3124Thjs striking pattern of MHC

production in dystrophic muscle could indicate ti@amune effector mechanisms are
targeting specific dystrophic muscle antigens awdtributing to disease pathology.

Specifically, T-cells may recognize antigens botmthe surface of MHC proteins located

on muscle fiber cell membrangs

Evidence of polyclonal expansion of T-cells hasrbeeted in DMD patients and
suggests increased immunoreactivity, albeit to omkn antigens®’*®” T-cells isolated
from DMD patients contain \2 T-cell receptor (TCR) rearrangemeft$®” The majority

of these patients exhibit a conserved amino adidiesgce in the highly variable region of
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the TCR believed to interact with antigen, whichnst observed in muscle tissue from
healthy individuals. In other inflammatory muscisehses, such as polymyositis, there is a
predominance of V15 rearrangements not the & rearrangements that occur in DMD.
These data indicate that the TCR rearrangemene\adasin DMD patients are specific for
this diseasé’®. Collectively, these data indicate that APC's dndells are present early
(e.g., age 6-12 months) and may contribute to desg@athogenesis by targeting unknown
antigens present on dystrophic muscle fibers. Hewethere is still insufficient data that
fully characterizes the immune response in DMD gudsi, and therefore, much of the
understanding about the role of the immune systethis effects on dystrophic muscle

have come from mdx mice, a reasonable but not catapihimal model for DMD.
4.2.2 Mdx mice.

Mdx mice have been used to study the muscle lesiandtion that results from
immune cell infiltration because the immune celpplations in their muscles resemble
those seen in DMD patient§®01#4184186.210 4 p\MD patients andhdxmice, muscle lesion
formation is associated with immune cell infiltcati that is clearly different from non-
specific inflammatory responses to muscle injaty® 1920 The nrimary immune
cells evident in skeletal muscle ofdx mice are macrophages, T-cells and neutrophils;
however, other inflammatory cells are also beliet@@ontribute to the observed muscle
pathology(Table 4.1) In mdxmice, immune cell infiltration is an early pathgical event

that occurs between age 2-4 weeks and then desrigaseverity by age 3 montH¥.
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Table 4.1 -Peak immune cell infiltration imdxmice.

Infiltrating Immune cells Peak Age Peak Infiltration References
Macrophages 4 -8weeks  >80,000 cellsfimm 186,210
T-cells 4 - 8 weeks >1200 cells/mm 184,186
Neutrophils ND ND %0
Eosinophils 4 weeks >4000 cells/rim 25
Mast Cells 4 weeks 30 fold increase 79

ND, No data

Macrophage infiltration is the most prominent imraufeature observed imdx
muscles. The concentration of these cells areatdevinmdx muscles as early as age 2
weeks and peak between ages 4 to 8 wéel&'829 Macrophages have a variety of
important immunoregulatory and inflammatory funoBothat are not fully understood.
Recently, two subpopulations of macrophages haea ldentified inmdx muscle tissue
that may influence muscle degeneration and reggoerdepending on the proportion of
these cells preseft’. The M1 population are pro-inflammatory and proenotuscle cell
lysis through inducible nitric oxide synthase (iINQfependent mechanisms while the M2
population enhance muscle regeneration by indudatellite cell proliferation®’.
Cytokines play an important role in the regulatairthe two populations of macrophages
present in dystrophic musct®’. TNF and IFN stimulate the expression of iINOS in M1
macrophages while IL-4 and IL-10 decrease iINOS esgion and promote M2 activation
207 |L-10 activated M2 macrophages are thought tonute satellite cell proliferation and
muscle regeneratiof”’. Although there is a population of macrophagegystrophic
muscle that supports regeneration, antibody-medlidepletion of macrophages mdx
mice, beginning at age 6 days and continuing ®odweeks, results in a >75% reduction

of injured muscle fibers, suggesting an importa¢ 10f these cells in the development of

muscle lesions?'®. Future research might focus on ways to block pheduction of
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cytokines promoting the M1 phenotype and shift baance of these cells to the M2

phenotype to dramatically improve the regenergtioeess.

Elevated concentrations of activated CD8+ and mefi@4+ T-cells are present in
affected muscles ahdxmice between age 4-8 weeks, but rapidly decreasericentration
by age 14 weeks®% Activated CD4+ (18-fold) and CD8+ (17-fold) celsre
significantly elevated in skeletal muscle fromdx mice compared to WT mice. No
increases of these cells have been observed ilargxdr inguinal lymph nodes ahdx
mice, suggesting that their activation is occuriimghe muscle tissue, and not systemically
186 T-cells may be involved in the pathogenesis of Dkrough three mechanisms that
promote cytotoxicity: perforin-induced killing, tstacid synthetase [fas]-induced killing
and cytokine-induced killing. Fas-induced killingshbeen ruled out as a main contributor
to dystrophic muscle fiber death; however, botHgrer- and cytokine-induced killing are
likely to be significant contributor8®*'8¢87 Antibody-mediated depletion of CD8+ or
CD4+ cells inmdxmice, beginning at age 6 days and continuing ®4weeks, results in
a 75% and 61% reduction in muscle histopathologgpectively®®. This positive outcome

suggests an important role for these cells in theebpment of muscle lesions.

Clusters of neutrophils are observed in the musaieadx mice as early as age 2
weeks?. Muscle injury and membrane lysis can be causedsuperoxide production
mediated by infiltrating neutrophild®®. Antibody-mediated depletion of neutrophils
starting at age 19 days significantly reduces nausetrosis (age ~21 days) and subsequent
regeneration (age ~28 day$) For example, ~17% of the tibialis anterior (TApsule is
necrotic inmdx mice during acute disease onset, while neutragéyilleted age-matched

mdxmice have less than 3% muscle necrd5ighis reduction in the early necrotic process
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indicates the importance of neutrophils as key legts of the dystrophic disease time
course and may provide insight into mechanismsnofiinopathogensis since they are one

of the earliest infiltrating cell types.

Eosinophil concentrations in quadriceps musclesndix mice age 4 weeks are
elevated (~20-fold) compared to WT contrlsBy 30 to 32 weeks, the concentration in
mdx quadriceps significantly decreases, but is stjhificantly elevated compared to age
matched WT controls (~7-fold¥. In diaphragm muscles ohdx mice age 4 weeks, the
concentration of eosinophils is only marginally veleed, but then the concentration
significantly increases by 30 to 32 weeks when camegp to WT controf>. The time
course of eosinophil infiltration in each musclepears to parallel the overall muscle
pathology time course and may indicate that thedls ©iave an unknown function in
muscle wasting. Electron micrographs ahdx hindlimb muscles show that eosinophils
infiltrate the basement membrane of muscle fibes @e found in close proximity to the
surface of necrotic fibers. Eosinophils containisles with rod-like inclusions, consisting
of major basic protein (MBP), which are orientedrgtiel to the surface of non-
pathological muscle fibers. However, eosinophiladynext to pathological muscle fibers
have MBP rods oriented perpendicular to musclerditend appear to protrude through
fiber membrane&. MBP and other cationic proteins released by emsiils form pores in
target cell membranes that result in cell swelli@g" influx, and the leakage of cytosolic

proteins™1%

Mast cells have been implicated in dystrophic disgarocesses imdx mice and in
DMD patients "®’° Mast cells contain granules filled with biogenémines (e.g.,

histamine), proteoglycans, cytokines, and otherymes, which are released upon
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stimulation’®"® Mast cell proliferation and degranulation is coomy observed in areas
of grouped fiber necrosi€’® Mast cell degranulation results in the releasg@roteases
(chymase, tryptase, carboxypeptidase), which cdoce membrane lysis of nearby cells
and promote local areas of ischerfilaAdditionally, the release of molecules like TNF
and histamine from mast cell granules can contiltata pro-inflammatory environment
that promotes muscle necro$?s Treatment ofndxmice beginning prior to acute disease
onset (age 19 days) with sodium cromoglycate (ctgm)p a blocker of mast cell
degranulation, results in ~30% decrease in cunwglaiA muscle damage by age 28 days
161 Additional research of mast cells in dystrophizsele may provide insight into
mechanisms that regulate the microenviroment acfteisic conditions that result in fiber

necrosis.

Muscle tissue from DMD patients amadx mice is infiltrated with large populations
of immune cells during the early stages of theatigé®®®""186.187.2109 5 B\MD patients and
madxmice, the high concentration of macrophages andllE-and the low concentration of
B-cells present in the muscle during inital diseasset indicate a cell-mediated immune
response’!06:123124.186.210 1n ' mdy mice, elevated concentrations of macrophages and
neutrophils are observed as early as age 2 wé&&ks® while peak mast cell and
eosinophil infiltration are observed during acutisedse onsef>’® Remarkably, the
dramatic increase in immune cell infiltration inetmdx mouse rapidly decreases after
initial disease onset and may be one mechanism lighwmdx mice are spared the
debilitating pathology suffered by DMD patiertfé. Although many studies have reported

elevated populations of immune cells, mechanism&mwhune cell infiltration and the

initiation of myonecrosis have not been fully quied in either DMD patients or imdx
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mice; this greatly limits our current understandin§ these mechanisms and their
regulation. However, because several studies danaded that depletion of inflammatory
cells results in a dramatic improvement in dystiophuscle pathology, it is likely that
inflammation is a key contributor to muscle wastitigtrue, then potential regulators of
dystrophic muscle pathology could be cytokines ahdmokines, which are known to
increase immune cell activity and may directly geg muscle cell death signals
112154155157 additionally, upregulation of cyokines and chedmes in dystrophic muscle
prior to disease onset could be due to changed-inB\activity resulting from disrupted
DGC signaling?'% As noted below, there is reasonable evidenceppart this regulatory
scheme. A clear benefit of understanding the pseEseshat regulate inflammation is that

new therapeutic strategies to ameliorate DMD magrgmn

4.3 NF- B, cytokines, chemokines, and immune mediated respsges in

dystrophic muscle

Intracellular signaling pathways are chronicallyivaated in dystrophic muscle due to
the loss of intact DGC signaling, €anflux through stretch activated channels and the
production of ROS%106164:206.2131 aqdition, it is well recognized that dystropiiuscle
membranes are susceptible to contraction-indugedyinhowever mechanical stretch can
also induce the activation of transcription factke NF- B that regulate the balance of
cell survival and cell death. NAB has been shown to regulate the expression of many
inflammatory genes, including cytokines and chemegiin both immune cells and muscle
fibers #°719°14% Cytokine inflammatory mediators are secreted franfiltrating
lymphocytes (e.g. T-cells), myeloid cells (e.g. ne@hages), and from damaged muscle

fibers to induce further immune cell infiltratiomé activation**>*** Chemokines regulate
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T-cell differentiation, leukocyte extravasation,dachemotaxis of various immune cells,
including macrophages and T-cells, to sites ofiissamage and inflammatidrr*>” The
mechanisms that orchestrate immune cell infiltratiand activation have not been
identified *"*°%1>41%> pyt evidence suggests these immune-mediated misamscould be

regulated by cytokine and chemokine signaling spomise to upregulated NB.
43.1 NF-B

NF- B encompasses the Rel family of transcription fesctand regulates the
expression of many inflammatory genes. Humans espreve different Rel/NFB
proteins which can be separated into two diffectatses. The first class is synthesized as
mature proteins and includes: RelA (p65), c-Rel &&dtB. The second class must be
proteolytically processed from large precursorgh® mature proteins p50 and p52. RelA,
c-Rel and RelB have nuclear localization signaldevp50 and p52 do not. p52 and p50
must dimerize with either RelA, c-Rel or RelB td as transcription factors. NFB dimers
containing RelA or c-Rel are sequestered to theptgsm by I-kappaB (B) inhibitor
proteins. Activation of NFB is a ubiquitin-dependent process which requires t
phosphorylation of IB inhibitor proteins by IB kinase (IKK) triggering the nuclear
localization signal. NFB is then free to enter the nucleus and activate gxpression for
inflammatory mediator&*®® The DGC appears to be involved in the regulatibhF- B
and in dystrophic muscle there is aberrant actwatf this pathway during early disease
stageqFigure 4.3). For example, NFB /DNA binding activity is significantly higher in
mdx diaphragm muscles at ages 15, 18, 30, and 60 waes compared to WT.
Increased NFB activity during the earlymdx disease time course coincides with and

appears to be involved in cytokine and chemokin@ession.
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Figure 4.3 — Possible pathways resulting in NF- B activation. (A) In WT muscle
fibers the DGC may play key role in regulating or suppressing NF- B activation
but the mechanism for how this happens has not been defined. (B) In mdx
muscle fibers, the loss of the DGC has been reported to contribute to changes
in signaling pathways that increase NF- B activation.
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NF- B activity is increased in the diaphragm, TA, amdtgocnemius muscles ofdx
mice % In these muscles, NFB is composed of the p50 and p65 subunits with p50
appearing to predominate in the TA and gastrocnefriili. Other NF-B subunits (c-Rel,
Rel-B, and Bcl-3) do not contribute significantty DNA binding activity?. Although total
p65 levels are not increasednmdxmuscles, the activated or phosphorylated (p-p&#lé
are increased in immune cells and regenerating lendibers ofmdxmice and also DMD
patients®. Heterozygous deletion of the p65, but not the, gs®unit results in decreased

muscle pathology and decreased macrophage inbitrat

Results of recent studies indicate that activabbp65 by IKK is independent of
classical I B degradatiori"*"® A conditional deletion of IKK in myeloid cells decreases p-
p65 in macrophages but not in regenerating musitderd. Deletion of IKK in
macrophages results in a 51% decrease in necomticd 58% decrease in TNFa 66%
decrease in IL-1, and a 45% decrease in MCP-1However, the reduction of pro-
inflammatory cytokines does not reduce p-p65 intrdyhic myofibers indicating that
additional factors contribute to NFB activation in muscle fibers. When IKKdeletion is
targeted for muscle, noticeable increases in r@géna occur; yet, no decreases in
immune cells are observed. A reduction in TNE reported, but no significant change in
expression of IL-1, MCP-1, RANTES, and MIP-1are apparent TNF is believed to
inhibit myogenesis by activating N, which regulates MyoD expressigrii® IKK -
deficientmdx muscles have a 41% increase in MyoD immunostajnimgjcating NF-B
activity may hinder dystrophic muscle differentoati Mdx mice treated with an IKK

specific inhibitor have an 80% decrease in macrgphafiltration and 77% reduction of
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membrane lysis of muscle tissue, emphasizing tleeabNF- B in the dystrophic disease

process.
4.3.2 Cytokines and chemokines

Cytokine and chemokine expression appears to beired with the disease time
course of dystrophic muscle in DMD patients amddx mice (Figure 4.4)
8,81,105.150.154.155.224y DMD patients, expression of chemokines, intigdMICP-1, are up-
regulated before age 2 yedr& Elevated TNF concentrations are observed in the serum
of DMD patients; however, elevated expression offFTNand IL-1 is not consistently
observed in muscle tissuét'**1 Overexpression of TGF4s observed in DMD patients
older than 6 months and likely contributes to ladsmuscle function due to fibrotic
scarring™%%* In mdx mice, pro-inflammatory cytokine and chemokine ession have
been reported prior to onset of muscle degenerammhare believed to contribute to this
process’>10°154.157.184.180F 1o\ ated expression of MCP-1 is detectable atlagelays and
112 days™°. Increased TNFand IL-1 expression are detectablenmixmice age 16 and
60 days. Muscle degeneration is followed by regatin, fibrosis, and a decrease in
immune cell infiltration®?381184224 TGE.  expression is elevated indxmice during the
time following peak muscle denegation (>age 42 Y&§5 Increased expression of TGF-
is believed to contribute to a decrease in pramfhatory immune response and the
increased muscle fibrosis following disease oA8&t>°2%* Although there is evidence to
support the role of cytokines and chemokines in tthree course of dystrophic muscle

wasting, the mechanisms have not been fully charaet.
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Figure 4.4 — Possible interactions of extracellular immune signaling pathways in
dystrophic muscle. In DMD and mdx (M) muscle tissue, elevated levels of (C)
chemokines and (P) pro-inflammatory cytokines are produced, which when
released into the ECM can act as chemoattractants for a variety of (I) immune
cells. Although the process has not been described in dystrophic muscle,
activated immune cells may travel to sites of muscle damage where they can
release pro-inflammatory and anti-inflammatory (A) anti-inflammatory cytokines.
The balance between pro-inflammatory and anti-inflammatory cytokines may
regulate the level of immune cell activation in dystrophic muscle and resulting
muscle fiber death.

MCP-1 is thought to be an important factor in stdlenuscle regeneration and
macrophage chemotaxis. MCP-1 expression incredsess muscle injury and promotes
muscle repair. In the absence of MCP-1 muscle mgdion and strength recovery are
impaired*’®1792% Macrophages respond to the release of MCP-1 aftescle injury and
contribute to muscle regeneration and the remof/aleorotic debris’®!% Satellite cells
can induce macrophage chemotaxis through the eeledsMCP-1. Once macrophages
arrive on site, they amplify chemotaxis and musagair *. In dystrophic muscle,
macrophages have been shown to significantly dartgito dystrophic muscle wastifi.
Therefore, MCP-1 and macrophage infiltration intdyghic muscle is likely an attempt at

muscle repair; however, excessive macrophage ratfdin results in additional muscle
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damage. The mechanisms that regulate macrophageatrdn and muscle damage have

not been fully assessed, but may be linked with MGPBlease.

IL-1 has been associated with inflammatory respefisenuscle™®. Both IL-1 and
IL-1 have been identified as key contributors of infla@ion in inflammatory
myopathie$®!*® In muscle of patients with inflammatory myopathit-1 is localized to
endothelial and inflammatory cells and IL-Is localized to inflammatory cells. The IL-1
receptors, IL-1RI and IL-1RIl are localized to mies@ibers®. IL-1 is thought to have
negative effects on muscle function, protein sysitheand metabolisnf®. Very low
concentrations of IL-1, have been shown to inhibit insulin-like growttctiar (IGF)-I
stimulated protein synthesis and myoblast difféation %> IGF-1 is an important
component that regulates satellite cell recruitmiennhjured muscle and the resolution of
inflammation *** so IGF-1 regulation by IL-1 may be very important in dystrophic

muscle. Increases in IL-lexpression have been noted in dystrophic musoeher, its

contribution to dystrophic muscle wasting has redrbaddressed.

TNF is responsible for mediating many immune procesaad has been
prominently studied in connection with muscle pay *°***” This cytokine is mostly
synthesized by macrophages in response to antipehgan also be produced by muscle
cells. Skeletal muscle expresses TNi#ceptors | (TNFR1) and Il (TNFR2), which bind
with TNF to initiate intracellular signaling pathways. TN known to inhibit contractile
function of skeletal muscle, induce muscle wastergg may be involved in nitric oxide
(NO) production®’. TNF /TNFR1/NF- B signaling is believed to increase the production
of reactive oxygen species (ROS) via mitochondriattron transport and increase activity

of the ubiquitin/proteasome pathwa3/. ROS can also regulate TNINF- B signaling,
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and thereby influence further catabolic processedyding protein loss, in mature muscle

fibers®®

TNF -deficientmdxmice mdX¥TNF ) have been used to determine the role of this
cytokine in dystrophic muscle patholodyy. MdXTNF  mice age 4-8 weeks display no
change in CK levels or muscle strength comparethda controls, although their body
mass and muscle mass are significantly decreasedd weeksMdxTNF " mice have
significantly lower (~2-fold) pathological marke(macrophage and neutrophil invasion,
hyaline fibers, and necrosis) in quadriceps musateage 8 weeks. In diaphragm muscles
of these mice, pathological markers are signifigaimcreased (~2-fold) at age 4 weeks,
but not at age 8 week®. Pharmacological blockade of TNRith a neutralizing antibody
(Remicade), beginning at age 7 days, significargiyuces myofiber necrosis (~17%) in
TA muscles ofmdx mice age 21 days when compared to both untreatdd and
mdXTNF 7 mice® The reason for the differences in muscle patholegulting from
the two TNF depletion techniques is unknown; however, TNippears to have a biphasic
effect by which it can stimulate myogenesis in thedentiated myocytes and increase
catabolism in mature muscle fibel®. Therefore, one possibility is that treatmentst tha
deplete the concentration of TNFinstead of eliminating gene expression, allow [ty

levels of TNF to stimulate myogenesis without inducing musclaloalism.

TGF- 1 suppresses the immune system by preventing @ratibn and function of
specific T- and B-cell subsets by down regulatingd® |1 and Il expression and
inflammatory cytokine activity’®*. Elevated expression of TGF-s associated with
increased fibrosis in dystrophic tisste?® T-cells play an important role in mediating

fibrosis in dystrophic musclé®’ 32133 The TGF- family of ligands and receptors are
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significantly elevated in the muscles of both DM&tipnts (age >6 months) antixmice
(age 56 days); however they are not elevated imgyeupatients>>??* Mdx mice depleted
of T-cells and/or B-cells have significantly lesbrésis and TGF-1 expressior%*32133
Antibody-mediated depletions of TGH- result in a significant reduction of connective
tissue to near normal levels in diaphragm musclemdx mice age 12 weeks TGF- 1
depletion also results in a significant increaseCin4+, but not CD8+ T-cells imdx
diaphragm muscle& Although CD4+ cells concentration is increased, difference in
muscle degeneration is observed at age 12 w&ekise increase in the concentration of
CD4+ cells after the removal of TGH- indicates that this molecule may be an important
suppressor of the immune response that contribiotedystrophic muscle wasting. The
decrease in fibrosis and TGH- after the removal of lymphocytes indicates andrtgmt
role for this molecule in the regulation of thesdl The induced expression of TGF-
following the initial disease onset phase may be mhibitory mechanism attempting to

suppress the immune response in dystrophic mulsatemay ultimately result in muscle

fibrosis.

Increased activation of transcription factors, IKE- B, that regulate inflammatory
genes are observed in dystrophic muscle which tanately result in the expression of
cytokines and chemokines that regulate immune inéltration and activatior?®%>1%
Immune cells play a critical role in dystrophic raleswasting'®’. In dystrophic muscle,
chemokine expression is believed to be elevatedréehitial disease onset and likely
initiates T lymphocyte and macrophage infiltratidi*>> Increased expression of TNF
and IL-1 before initial disease onset can trigger a prtamMmatory immune response in

dystrophic muscle. TNFexpression is associated with muscle wasting arztlieved to
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be involved in dystrophic muscle patholo§{°®'®> Expression of TGF- is likely a
mechanism that suppresses the pro-inflammatory memesponse that occurs during
disease onset, but results in fibro§i%*°%%?* The role of chemokines and cytokines in the
dystrophic disease time course has not been thblpugvestigated in DMD patients or
mdx mice. Expression of these genes can be difficoltnteasure because they are
transiently expressed and not representative ofctivecentrations of released proteins.
Although the role of these important regulatory exnlles has not been thoroughly studied
in DMD, they likely contribute substantially to thaitiation and progression of this
disease. Time course studies detailing cytokinedmenokine protein levels imdxmice
spanning before and after disease onset may emiableentification of potential time
points at which anti-inflammatory therapies would\pde the most beneficial results to

blunt or prevent muscle wasting.
4.4 Emerging therapeutic options

In DMD patients andmdx mice, inflammation is a large component of muscle
pathology*!2°>:6:7879.9L.18primarily macrophages and T cells are thoughdaiatribute to
muscle wasting in dystrophic muscle; however, ascidieed above other inflammatory
cells are also significant contributors to thisqass'2>°078799L188aplation or inhibition
of these cells has been shown to significantly efse dystrophic muscle patholdgy®*:
Although inflammation is a necessary part of thaling process, it can also contribute to
the injury proces$®®**° Glucocorticoids have anti-inflammatory propertiesl have been
used to treat DMD with some success; however, ttle sffects of these drugs often

outweigh their benefit134299125.159.189\ merous other anti-inflammatory therapies have

been reported to improve healing, many of which ieyseful in the treatment of DMD.
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Some of these emerging therapeutic options inclstéen cell treatment, anti-cytokine

drugs, and inhibition of NFB activity.

Stem cell therapies offer promising treatment opidbecause of their ability to
differentiate into different tissue type&'®® However, recent research has revealed that
several types of stem cells have the ability torgjty suppress the immune response.
Mesenchymal stem cells, hematopoietic stem catid, @acenta-derived multipotent stem
cells exhibit immunosuppressive properties thatleag studied for use in autoimmune
diseases'®331181%8 \When these stem cells are in the presence ofinflesnmatory
cytokines (i.e. TNF, IL-1, IFN ) they can produce chemokines that result in T-cell
migration into these area€® Once T-cells are in close proximity, their adijviis
suppressed by the production of nitric oxide, IL-48d TGF- by these stem celf§*®®
There is also data to suggest that mesenchymal aésncan regulate APC activation of
T-cells through cell to cell interactio& Although these findings are very exciting, the
use of these therapies in DMD patients will reqeixéensive research to demonstrate their

clinical efficacy.

Several anti-cytokine drugs, which are already labée for use in human patients,
are capable of decreasing dystrophic muscle pailgdid™ Infliximab (Remicade) and
etanercept (Enbrel) have been used to block ThFrheumatoid arthritis and Crohn’s
diseasé®. These drugs have also been shown to greatly epruscle pathology imdx
mice 8 Because TNFis known to inhibit contractile function of skedétmuscle and
induce muscle wasting, blockade of this cytokina iegical therapeutic option for DMD
patients'®’. Interleukin 1 receptor antagonist (Anakinra) copbtentially be used in DMD

patients and has already been used in the treatoferfteumatoid arthritis and other
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inflammatory disease$®. There are also newly developed drugs that blocRPM
(Bindarit) and TGF- (TGF- antagonist), but they are only in the initial €agof
assessmerft'?®. A thorough investigation of the cytokines respblesfor regulating the
dystrophic disease process and their regulatiothefdisease time course has not been
conducted, but will undoubtedly result in the ideecation of other targets for the
amelioration of DMD. Several anti-cytokine therapiegave been shown to improwsdx

muscle pathology and may be useful treatments D[patients.

As described above, the transcription factor NB-may be responsible for muscle
wasting®®"1%127 NF- B regulates the expression of numerous cytokindshndre shown

to be elevated in dystrophic muséf10>144

and therefore represents a suitable target for
therapy. Epigallocatechin gallate (EGCG), a congmbrof green tea extract, is a potent
antioxidant that can regulate NBB- activation®®"*%% EGCG inhibits NF-B activation by
blocking IKK activity; however, the mechanism thgbu which EGCG regulates this
pathway is not fully understooi?® Since NF-B activation is sensitive to free radicals,
EGCG’s ability to reduce their formation may beey knechanism. Although there are no
reports of DMD patients being treated with greea &xtract, treateandx mice have
increased antioxidant capacity, improved contracploperties, and decreased muscle
pathology 23?°°%13% Another inhibitor of NF-B activation is curcumin, a dietary
component of the spice tumeri&. Mdx mice treated with injections of curcumin have

reduced NF-B activation and iINOS expression. TNRand IL-1 levels in the serum of

these mice are also reducd®

The antioxidants, pyrrolidine dithiocarbamate (PDEDdN-acetylcysteine (NAC),

have been used to treat human diseases and areetefipblock NF-B activation*™. In
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mdx mice. PDTC treatment greatly improves force defi@relimb strength, and overall
body strength?’%° These mice have decreased NBactivation and TNF production in
their muscle tissu&’. Histologically, these muscles demonstrate fiicanit decreases in
necrosis and increases in regenerating fib&tsSimilar results are seen in mice treated
with NAC ?*. Encouraging results fromndx mice indicate that these inhibitors of NB-
may provide beneficial treatments for DMD patieatsd could be put to use relatively

quickly.

The development of new therapeutic options woulkeiatly benefit from thorough
time course studies in DMD patients and animal rti&t detail the signaling processes
that regulate inflammation in dystrophic muscle.c®nkey signaling processes are
identified, treatments can then be tailored toratteese processes in DMD patients.
Nevertheless several anti-inflammatory therapiaddtbave clinical relevance in the very
near future. These include the use of nutritiohakapies (i.e. EGCG and curcumin) and
anti-cytokine therapies (i.e. infliximab or etaregpt). Stem cell therapies hold great
promise to both regenerate muscle tissue and ssgpprigammation. Once fully developed,

this therapeutic approach could ultimately lead ture for DMD patients.
4.5 Conclusion

Mechanical injury and membrane defects are imporgathological factors that
impact dystrophic muscle wasting; however, thesgufes do not fully explain dystrophic
muscle lesion formation and these changes aretezgbonly after overt disease onset. In
contrast, altered cell signaling, elevated immured afiltration and expression of

immuno-regulatory proteins has been reported inrdghic muscle before and during the
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overt onset. The absence of dystrophin and DGGjm®is thought to contribute to altered
mechanical integrity of muscle fibers, but has meently been linked to aberrant cellular
signaling. Increased activation of transcriptioctéas (e.g. NF-B), in connection with
c&”" influx and ROS production, involved in the expiessof inflammatory genes are
reported in dystrophic muscle before disease ori¢Et. B regulates the expression of
numerous inflammatory genes and has been indieget key factor in the initiation and
progression of dystrophic muscle wasting. Increasegbression of cytokines and
chemokines, which regulate infiltration and activatof immune cell populations are
observed in connection to NB activation. The role of cytokines and chemokimethe
pathogenesis of DMD has not been comprehensivelyneed, but may provide valuable
insight into disease mechanisms that regulate raugathology. In dystrophic muscle,
immune cells contribute substantially to muscle twmgs and are known to modulate
apoptosis, necrosis, and fibrosis. Early therapeiatierventions, which disrupt immune
processes iMdx mice greatly decrease muscle pathology and mayigeothe most
beneficial treatments for DMD. Many of these treaits are presently in use to treat other
human diseases (e.g. rheumatoid arthritis and sotisease), and therefore could be
applied to DMD relatively quickly when comparedtteatments that still require extensive
testing (e.g., gene therapy). Although many immonesliated disease processes have been
identified in dystrophin-deficient muscle, charaiztation of a detailed time course of these
mechanisms has been largely neglected in both hyra@ents and in dystrophic models.
Specifically, time course studies that profile thtammatory/immune response in detalil
during the period before and after initial diseasset will be invaluable to identify new

therapeutic targets.
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Abstract

BACKGROUND & AIMS: Duchenne muscular dystrophy isdabilitating genetic
disorder characterized by severe muscle wastingeamty death in afflicted boys. The
primary cause of this disease is mutations in th&trdphin gene resulting in massive
muscle degeneration and inflammation. The purpdsthie study was to determine if
dystrophic muscle pathology and inflammation weserdased by pre-natal and early
dietary intervention with green tea extract. METH®MMdx breeder mice and pups were
fed diets containing 0.25% or 0.5% green tea ek@ad compared to untreatettx and
C57BL/6J mice. Serum creatine kinase was assessedsgstemic indicator of muscle
damage. Quantitative histopathological and immustolchemical techniques were used to
determine muscle pathology, macrophage infiltratenmd NF-B localization. RESULTS:
Early treatment omdx mice with green tea extract significantly decrelaserum creatine
kinase by ~85% at age 42 days QM5). In these mice, the area of normal fiber
morphology was increased by as much as ~32%.(5). The primary histopathological
change was a ~21% decrease in the area of regegdibers (P 0.05). NF- B staining in
regenerating muscle fibers was also significandgrdased in green tea extract-treatetk
mice when compared to untreatealx mice (P 0.05). CONCLUSION: Early treatment
with green tea extract decreases dystrophic mystlelogy potentially by regulating NF-

B activity in regenerating muscle fibers.
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5.1 Introduction

Duchenne muscular dystrophy (DMD) is a lethal meisghsting disease affecting
approximately one in 3,500 boy$'®” Mutations in the dystrophin gene result in thsslo
of this protein from the sarcolemma of muscle fi8r®” Dystrophin deficiency does not
consistently produce muscle degeneration at alldthges, in all muscle phenotypes, or in

all animal models®>,

In dystrophin-deficient skeletal muscle mechanicgury and
proteolysis may be important factors but do notlyfubxplain DMD pathogenesis.
Mechanisms such as the immune/inflammatory respémsejury appear to contribute
substantially to muscle pathophysiology. Observetiof activated immune cell infiltrates
in dystrophic muscle suggest that the immune/infietory response may play a role in
exacerbating the disead¥1°>184186210pacently, individual macrophage subpopulations
have been reported to influence muscle degeneratonregeneration depending on the
proportion of these cells present. M1 macrophagescgtotoxic and pro-inflammatory

while M2 macrophages promote muscle regenerafioiherefore, a shift in macrophage

phenotype may be one mechanism that can regukaigystrophic disease time coufSé

Complementary and alternative medicine (CAM) apphes, including the use of
botanicals, are being pursued in the amelioratiddMD. Green tea is a widely consumed
beverage believed to elicit anti-oxidant and amfisimmatory properties®?* Green tea
extract (GTE) is the hot water-soluble portion offermentedCamellia sinensideaves,
which contains high levels of polyphenols. The pblgnols in GTE are mainly composed
of the catechins: gallocatechin (GC), epigallodaitec(EGC), epicatechin (EC), and
epigallocatechin gallate (EGCGJ?* These catechins are strong antioxidants that can

quench reactive oxygen species (ROS) such as smyde radical, singlet oxygen,
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hydroxyl radical, peroxyl radical, nitric oxide,trigen dioxide, and peroxynitril€. In
GTE, EGCG is the most abundant polyphenol, accogritir 30-50% of total polyphenols,
and is believed to provide the majority of the Heral effects observed with green tea
consumption®®. EGCG may lead to decreased inflammation throiighantioxidant
properties or through other mechanisms. EGCG has beown to have effects on several
signaling pathways including blockade of NB-activation by inhibiting 1B kinase (IKK)

e, 36,110,160,170,175,220,223
activity :

The antioxidant potential of GTE may be beneficrakreating dystrophic muscle,
because oxidative stress is believed to contributestantially to muscle pathologd§* '3
Evidence suggest that oxidative stress is involaeghrly disease stages and occurs before
disease onset imdxmice®. In one study, diets supplemented with GTE (0.@%.05%)
were provided tondxbreeder pairs and their pups prior to and followiveaning. At age
28 days, extensor digitorum longus (EDL) muscles GFE treatedmdx pups had
significant reductions in areas of necrosis ancemegation®®. In a separate studyndx
mice treated with either GTE (0.05% or 0.25%) or(E%&5(0.1%) for one to five weeks
after weaning had increased antioxidant capacmproved contractile properties, and
decreased muscle pathology These studies indicate the GTE and EGCG may geovi
beneficial CAM modalities for reducing oxidativeess and decreasing dystrophic muscle
pathology during early disease stages, howeverrdlgeof these polyphenols in altering
muscle pathology and inflammation has not beelry tthiaracterized. This study represents
a detailed time-course characterization of patholdgnd inflammatory markers at which

pre-natal and early GTE treatmentodixmice decreases muscle wasting.
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5.2 Methods

5.2.1 Mice

C57BL/6J andndxmice, originally from Jackson Laboratories (Barlbta, Maine),
were obtained from our colony. Breeding mice antsping were maintained in a
supervised laboratory animal facility in polypropge shoebox cages. Mice were given
free access to public tap water via an automatitenvey system, and fed a standard
pelleted diet ad libitum. Decaffeinated GTE (90DTFSunphenon) [polyphenols >80%,
catechins >80%, (-)-epigallocatechin-3-gallate (E33G45%, caffeine <1%], was a kind
gift from Taiyo International (Minneapolis, MN)Mdx breeder pairs were provided
standard breeding pelleted diets (7004; Harlanadkivith no GTE, 0.25% GTE, or 0.5%
GTE.Mdx pups (n = 4-6 for each diet and age group) wer@ee at age 21 days and then
supplied with a standard maintenance diet (2018]aHaTeklad) containing the same
percentage of GTE provided to the breeder pair fndrich they came. C57BL/6J breeders
were fed the standard breeding diet and weaned (pups$-4 for each age group) were fed
the maintenance control diet without GTE. The GTigtsd correspond to a human
consuming ~ 2.5 (0.25% GTE) — 5 (0.5% GTE) gramsGOiE a day. Experimental
procedures were approved by the Institutional Ahi@ere and Use Committee of Virginia
Polytechnic Institute and State University and wreéxceeded requirements of the Public

Health Service/National Institutes of Health anel &nimal Welfare Act.

5.2.2 Tissue Collection

Mice of each genotype and treatment were seled¢teahdom from available cages.

For tissue collection and for humane euthanasiae miere sacrificed by carbon dioxide
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narcosis followed by secondary thoracotomy. Bloaas wollected via cardiac puncture.
Tibialis anterior (TA) muscles were removed andeveither flash frozen in liquid nitrogen

and stored at -80°C or fixed in 10% neutral buffiimalin until prepared for sectioning.

5.2.3 Serum Analysis

Blood collected from mice was placed directly irbcrotainer serum separator
tubes (Becton Dickinson). Whole blood samples wadlewed to clot for 30 minutes at
room temperature. The tubes were then centrifuge@ minutes at 10,000 x g to separate
serum. Serum creatine kinase (CK) assays were rpegtb in the Clinical Pathology
Laboratory at Virginia Tech, using an Olympus AU40Bemistry analyzer (Olympus

America, Center Valley, PA).

5.2.4 Histological Analysis

Formalin fixed TA muscles were prepared for lightrmscopy by dehydrating using
increasing concentrations of ethanol and xylenerassitional solvents. Tissues were
infiltrated with paraffin polymer, sectioned at 3icnometers, and stained with
hematoxylin-eosin (HE) on automated staining egeipim A quantitative analysis of
muscle histopathology was performed as follows. ddegating fibers were identified as
swollen eosinophilic, hyalinized, and pyknotic mesfibers. Regenerating muscle fibers
were identified by small diameter, centralized eu@nd basophilic cytoplasm. Necrotic
fibers were identified as swollen muscle fibershwdisrupted cell membranes, invaded by
inflammatory cells. Image analysis software (Im&ye- Plus, Media Cubernetics, Inc.
Silver Spring, MD) was used to analyze tissue eastifor pathological markers in fields

selected with battlement technique from the erdrss section of the TA muscle. A grid
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was superimposed over each selected field and uher of intersections that overlay
pathological markers was reported as a perceihteotfotal intersections that overlay muscle

tissue.

Frozen serial sections 10 micrometers thick wesestfierred to positively charged
slides for immunohistochemical staining. Sectionsravfixed in 2% formalin for five
minutes and rinsed in PBS. Macrophages were ideatidfy staining for anti-F4/80 (1:500;
Serotec). After fixation, sections to be stainedN&- B were permeabilized in 1% Triton
X-100, rinsed in PBS, and covered with anti-NBp65 specific for phosphorylated Serine
536 (1:100; Abcam). Sections were incubated witimary antibody overnight at 4°C,
rinsed in PBS, and immunodetection was performedguan anti-rat or anti-rabbit IgG
labeled with horseradish peroxidase-diaminobeneidiygstem (R&D Systems). Additional
sections were also incubated without primary amlypto ensure the presence of minimal
background staining. The sections were then mouateti cover slipped for evaluation.
The presence of macrophages and BFstaining was quantified using image analysis

software (Image-Pro Plus, Media Cubernetics, IigeSSpring, MD).

5.2.5 Statistics

Data were analyzed in a completely randomized desidjfferences in muscle
histopathology and serum CK were analyzed to deterrthe significance of the main
effects and interactions. For the histopathologyetcourse, the model was analyzed as a 2
X 5 factorial arrangement for genotype (C57BL/6d ardX versus age (14, 21, 28, 35 and
42 d). For histopathology and serum CK in GTE tre;it studies, the model was analyzed

as a 2 X 3 factorial arrangement for age (28 andl@) versus treatment (0%, 0.25%,
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0.5% GTE). To determine the significance of the elpdwo-way analysis of variance
(ANOVA) was performed using the general linear modéhen the model was significant,
the analysis was followed by Fisher’'s Least Sigaifit Difference multiple comparisons
method (JMP 6.0.2 software. SAS Institute Inc. C&N¢). Predetermined comparisons
between GTE treatettidxmice and contrandxmice were made using Dunnett’'s multiple
comparisons method. Differences in macrophagetratibn and NF-kB staining between
GTE treatment groups were analyzed with one-way XROWhen significant differences
were detected, Tukey’'s Honestly Significant Diffece post hoc test was used to determine
differences between means. Differences for all ymes were considered significant at

P 0.05 and data were presented as the mean + stagmdard

5.3 Results

5.3.1 Microscopic muscle lesions mdxmice

Muscle histopathology was quantified foxdx mice during the initial disease onset
stages to further characterize and determine timiatp that represent early disease
progression(Figure 5.1). Systematically selected fields from TA muscles fmth
C57BL/6J andndxmice were quantifiedrFigure 5.2). Mdx TA muscles had normal fiber
morphology at age 14 days, but by age 21 days t@reept area of normal fiber
morphology was decreased compared to C57BL/6J aasdfurther decreased at age 42
days (P 0.05). Degenerating muscle fibers peaked at ag#ag4 and represented 3.5% of
the mdx TA area, but declined to lower levels thereaftexmune cell infiltration of the
muscle tissue and necrotic fibers were seen aRagiays and peaked at age 28 days. At

age 28 days immune cell infiltration and necrotlefs accounted for 3.6% and 1% of
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% Area of Fields

abnormal morphology, respectively. RegeneratingahuBbers were the most abundant

histopathological feature accounting for 28% to 6dPthe TA area between ages 28 and

42 days. Ages 28 and 42 days were selected agitharp time points for determining the

effects of GTE on muscle pathology and inflammatecause they represent critical time

points in thendxdisease process.
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Figure 5.1 — Histopathological features of TA muscles from C57BL/6J and mdx

mice age 28 days. (A) Normal muscle morphology was seen in C57BL/6J
muscle sections. (B and C) Regenerating fibers (arrow), degenerating fibers
(arrowhead), necrotic fibers (asterisk) and immune cell infiltration (double arrow)
were apparent in mdx muscle sections. 400X H&E.
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Figure 5.2 — Histopathology time course for C57BL/6J and mdx TA muscles.
(A) Fiber morphology appeared normal in mdx mice at age 14 days, but by 21
days (B) degenerating fibers and (C) immune cell infiltration were evident,
followed by the formation of (D) necrotic fibers and (E) regenerating fibers by
age 28 days. Mean values not connected by the same letter were significantly
different (P 0.05). *Mean mdx values greater than C57BL/6J (P 0.05).
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5.3.2 GTE treatments imdxmice

Body mass was recorded for treatadx mice and compared to contmoldx mice to
determine how GTE supplementation affected ovéediith. GTE supplementation did not
result in a change in body mass for either treatmdr@n compared to untreatedix mice
at either age (Average body mass in grams: 28 mhax= 13.4,mdx0.25% GTE = 15.9,
mdx 0.5% GTE = 13.8; 42 dayndx= 21.6,mdx0.25% GTE = 21.8mdx0.5% GTE =

22.6).

5.3.3 Systemic indicator of muscle damage

Serum CK activity was not decreased in GTE treagck at age 28 day$igure
5.3). However, at age 42 days there was a decrease869%3 in 0.25% (1345.5 U/L) and
0.5% (1194.3 U/L) GTE treataddx mice when compared to untreatadx (7896.5 U/L)
(P 0.05). There was no difference in CK activity fgrea28 days when compared to age 42
days. CK activity for GTE treatedndx mice was still considerably elevated when

compared to C57BL/6J mice (86.8 U/L).
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Figure 5.3 — Serum CK for mdx and GTE treated mdx mice age 28 and 42
days. Mdx mice treated with 0.25% or 0.5% GTE had reduced serum CK values
when compared to untreated mdx mice at age 42 days (P 0.05). *Mean GTE
treated mdx values were significantly less than in untreated mdx mice.

88



5.3.4 Muscle lesions in GTE treateddxmice

Histopathological features of GTE treated and @té@mdxmice were not different
at age 28 days. By age 42 days, 38% of the TAiareatreatedndxmice had normal fiber
morphology, while 50% and 48% normal morphology waserved for 0.25% and 0.5%
GTE treatedndx mice, respectivelyFigure 5.4 and Figure5.5). This corresponds to an
improvement of 32% (0.25% GTE) and 26% (0.5% GTEparmal fiber morphology for
GTE treatedmdx mice (P 0.05). At age 42 days regenerating fibers were pihmary
histopathological feature that accounted for 61%hefTA area in untreateddxmice, but
only 48% in 0.25%, and 50% in 0.5% GTE treatedx mice. This is a decrease of 21%
(0.25% GTE) and 18% (0.5% GTE) in regeneratingrélvehen compared to untreatedix
mice (P 0.05). There were no changes in the percent ardamine cell infiltration,
necrosis, and degeneration. These markers do petapo contribute substantially to the

increase in normal fiber morphology observed in GiEatedndxmice.
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C57BL/6J

Figure 5.4 — Histopathology of TA muscles for C57BL/6J, mdx and GTE treated
mdx mice age 42 days. C57BL/6J muscle sections depicting normal fiber
morphology for this age. Untreated mdx sections showing a morphologically
normal fiber (asterisks), regenerating fibers (arrow), and immune cell infiltration
(arrowhead). Treated mdx sections from 0.25% GTE and 0.5% GTE had altered
muscle pathology with an increase in morphologically normal fibers (asterisks)
and fewer regenerating fibers (arrow). 400X H&E.
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Figure 5.5 — Quantification of histopathology for mdx and GTE treated mdx TA
muscles at ages 28 and 42 days. (A) Although necrotic fibers and fiber
degeneration/regeneration were apparent in mdx TA muscles by age 28 days,
there was no difference in histopathology in GTE treated mdx mice compared to
untreated mdx mice at age 28 days, (B) By age 42 days there was an increase
in normal fiber morphology and a decrease in regenerating fibers in GTE
treated mdx mice (P 0.05). *Mean untreated mdx values were significantly
different compared to treated mdx mice.
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5.3.5 Macrophage infiltration

Macrophage infiltration is a major histopathologjifsature of the dystrophic disease
processegFigure 5.6). Infiltrating macrophages are found throughoudx TA muscles
with dense foci near necrotic, degenerating andmeggating muscle fibers. GTE is thought
to reduce inflammation; however, GTE treatment &500r 0.5% did not reduce

macrophage infiltration imdxmice age 42 days.
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Figure 5.6 — Macrophage infiltration (F4/80) of TA muscles from mice age 42
days. (A) C57BL/6J muscle sections had very few infiltrating macrophages.
Untreated mdx sections had macrophage infiltration (arrow) throughout with
dense foci of macrophages. Treated mdx sections from 0.25% GTE and 0.5%
GTE had similar macrophage infiltration (arrow) compared to untreated mdx.
100X. (B) Quantification of macrophages revealed there was no difference in
the number of infiltrating macrophages for GTE treated and untreated mdx
mice.
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5.3.6 NF- B in necrotic and regenerating fibers

NF- B is a transcription factor that regulates the egpion of many inflammatory
genes™. An antibody specific for the phosphorylated pp565) subunit of NF-B was
used to determine if GTE had an effect on activatéd B immunostaining (p-NF-B)
(Figure 5.7). Activated NF-B is normally sequestered to nuclei; however, WD
patients necrotic muscle fibers have been reporteith cytoplasmic p-NF-kB
immunostaining>’. In TA muscles fronmdx mice age 42 days, fibers with cytoplasmic
staining were also observed. To confirm that cyeplic staining was specific to these
fibers, negative control sections were stained auithprimary antibody. All negative
control sections showed minimal background stainmggstaining of nuclei, and no fibers
with cytoplasmic staining were observed (data mamiwa). In tissues probed with anti-p-
NF- B, fibers with cytoplasmic staining were typicalipvaded or surrounded by
inflammatory cells that also stained positive feNp- B. The presence of inflammatory
cells in and around fibers with cytoplasmic NB-staining indicates these muscle fibers
were undergoing the process of necrosis. Therenwadifference in the number of fibers
with cytoplasmic NF-B staining for GTE treated and untreatedx TA muscles at age 42
days (~5 fibers/mm of muscle tissue). As expected, the numbemuix fibers with
cytoplasmic NF-B staining was elevated when compared to C57BLéiral (0.1/mnf
of muscle tissue). After being phosphorylated, NB-enters the nucleus to regulate gene
expression. NFB has been implicated in muscle fiber regeneradioth may contribute to
the dystrophic disease procéssluclei in C57BL/6J mice had little or no immunaising.
Both GTE treated and untreated mice had strong mastaining in peripheral and

centralized nuclei. Strong staining in regeneratiiigers was observed for 44% of
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centralized nuclei in untreateddx while only 29%and 30% were observed in 0.25% and
0.5% GTE treatedndx respectively. This was a decrease of 34% (0.25%R)@&nd 31%

(0.5% GTE) for GTE treateshdxmice when compared to untreatedxmice (P 0.05).
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Figure 5.7 — Anit-p-NF- B (p-p65) staining of TA muscles from mice age 42
days. (A) C57BL/6J muscle sections had no cytoplasmic staining and weak
nuclear staining. Untreated mdx sections had staining in peripheral nuclei and
the cytoplasm of necrotic fibers infiltrated by inflammatory cells (arrow).
Regenerating fibers had centralized nuclei with both strong (arrowhead) and
weak (asterisk) immunoreactivity. Treated mdx sections from 0.25% GTE and
0.5% GTE had the same number of infiltrated necrotic fibers with cytoplasmic
staining (arrow), but had a decrease in the percent of regenerating fibers with
strong immunoreactivity of centralized nuclei compared to untreated mdx. 400X.
(B) Quantification of p-NF- B (p-p65) staining revealed there was no difference
in the number of fibers with cytoplasmic staining for GTE treated and untreated
mdx mice. Cytoplasmic NF- B staining in muscle fibers was indicative of
necrotic fibers. (C) In regenerating fibers, GTE treated mdx mice had a
decrease in strong centralized nuclear staining (P 0.05). *Mean GTE treated
mdx values were significantly less than untreated mdx mice.
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5.4 Discussion

The objective of this study was to characterize aehtify distinct features of
dystrophic muscle pathology during the early diseisie course and determine what
features of dystrophic muscle pathology were redubg pre-natal and early dietary
intervention with GTE. Recent studies have relied the percent area of centrally
nucleated fibers and the area of necrotic musdsué to assess changes in muscle
pathology and often combine these features to mhater overall affected muscle tissue
23,58,84.90,126,127.136,161.193.210) 5y ever, these studies have not discriminatedptéireent area
of the individual fibers undergoing the histopatwtally identifiable processes of
degeneration, necrosis or regeneration. Thereifoiejmportant to note that whole muscle
tissue necrosis/degeneration values that are offgorted are not the same as the percent
area of fiber necrosis or fiber degeneration reggbltere. One limitation to this approach is
that the total area of tissue necrosis may notubly fealized. To compensate for this
limitation, areas of immune cell infiltration whetfgere was ongoing tissue necrosis outside
of intact fibers were also measured as a separa&wphthological marker and

quantification of the number of infiltrating macitogyes was also reported.

The time course of histopathology shows that tkecgnt area of normal fiber
morphology is the same for C57BL/6J amndx TA muscles at age 14 days, but by age 21
days there is a decrease in the percent area afahdibers formdx This time point
represents the onset of disease forrtgx mouse. Normal fiber morphology at all other
ages analyzed was decreased fomtide mouse. The percent area of muscle fiber necrosis,
degeneration, and immune cell infiltration représenportant features of the disease

process between ages 21 and 28 days, but ovecalliaicfor only small percentages of the

95



abnormal fiber morphology (~4.5-6%). The percemaanf regenerating fibers represents
the largest portion of abnormal fiber morphologyages 28 (28%) to 42 (61%) days. The
large percent area of regenerating fibers comp#&oedther histopathological features
indicates that the regenerative process is a sufmtaontributor to dystrophic muscle
pathology. Studies detailing the process of muselgeneration have shown that in
damaged muscle tissue, fibers are capable of maturto normal fiber morphology;
however, many regenerated fibers retain centraitated nuclei indefinitely®t3t171201
The persistence of centrally located nuclei isdwad to signify that abnormal processes
are occurring in these cells that prevent the mdobden returning to the periphery of the
cell 4131171201 prom this initial analysis, it was determinedttfar the GTE treatments

muscle pathology should be examined at ages 284amthys because these time points

represent the early degenerative and regenerdtiease stages.

Serum CK is a systemic indicator of muscle pathpld@K is normally restricted to
the cytoplasm of muscle fibers, but when the fibers damaged it is released into the
serum. Serum CK was not different for GTE treatetk mice compared to untreateablx
at age 28 days, but at age 42 days there was awwvempent in GTE treatechdx mice.
Similarly, there was no difference in normal fiberorphology for GTE treated and
untreatedndxmice at age 28 days; however, at age 42 days Wesen improvement for
GTE treatedndx mice. There was up to a 32% increase in norma finorphology for
these mice. The increase in normal fiber morpholgg largely accounted for by up to a
~21% decrease in regenerating fibers. Other higtopagical features were unchanged by
GTE treatments. Collectively this data indicatesttloverall muscle pathology was

decreased in GTE treatatidxmice.
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To further assess how GTE treatments modulatennmflation; macrophages and NF-

B immunostaining were quantified. There was no eddhce in the number of
macrophages infiltrating the TA muscles in GTE tedlaor untreatedhdx mice. Although
GTE is believed to have anti-inflammatory propesitie does not appear to decrease the
number of infiltrating macrophages mdx mice at age 42 days. However, a recent study
reported that muscle fromdxmice contains two subpopulations of macrophagesait
M2 2. M1 macrophages are thought to be cytotoxic arwiftammatory while M2
macrophages inhibit the cytotoxicity of M1 macrogés and promote muscle regeneration.
In mdx mice there was a shift in the macrophage phenotypine regenerative subset
between age 4 weeks and 12 weé¥s Although there was no change in the overall
number of infiltrating macrophages in GTE treatedkxmice age 42 days, one possibility is
that GTE induces a shift in the phenotype of irdiing macrophages. If GTE treatments
did contribute to a shift in macrophage phenotyjmenf M1 to M2 without affecting the
total numbers of macrophages, it could result inimuproved regenerative process.

However, further studies are needed to addrespdisisibility.

A component of GTE, EGCG, has been reported tdini{K activity which results
in inhibition of NF- B 3010175220 Acharyya et al. recently reporteadx muscles lacking
IKK , a subunit of the IKK complex, have an increase@generative capacity when
compared to contrahdx? They also found thandx muscles with macrophages lacking
IKK had decreased muscle pathology and a decreaséeinexpression of pro-
inflammatory makers. Their data suggest a mechanism through which BlBignaling in
macrophages and regenerating muscle fibers promdeggeneration and represses

regeneratiorf. Several studies have reported an increase imuneber of regenerating

97



fibers after treatments that reduce or block NB-activity while others have reported a
decrease in regenerating fibérg®?"14>214These differing results may stem from the way
in which the NF-B pathway is altered by treatment compounds andribnods used to
administer these compounds (i.e. age of treatmatiation and termination, route of
administration). Our findings indicate that prehagmd early dietary GTE treatment
reduces the amount of regenerating fibers poténtitdrough alterations in NFB
signaling. Past studies have also shown a decieasescle necrosis when NB activity

is inhibited®*?°*?” Our results indicate that the amount of fiberrosis is unchanged by
GTE treatment. Additionally, the number of fibersithw cytoplasmic NF-B
immunostaining was unchanged by the GTE treatnidm@.presence of inflammatory cells
infiltrating fibers with cytoplasmic NFB staining signifies these muscle fibers were
undergoing necrosis. These findings suggest thdewuscle degeneration and necrosis
initiates the process of muscle wasting, impairagcte regeneration plays a key role in

the progression of muscular dystroghy®*?’

GTE has been shown in several studies to decreasensCK levels and muscle
pathology while increasing force output, and endoeacapacity imdx mice 232628136
The antioxidant properties of GTE are believed ¢athe primary element responsible for
these improvements, other signaling pathways msy bé responsible. Previous reports
have shown that GTE treatment can result in a fsigmt decrease in muscle pathology
2358 \which is supported by this study. However, pastlies did not discriminate the
different pathological markers that were reportedteh including the finding that the

primary change was in the percent area of regangrlbers. In this and a previous study

we reported that serum CK was decreased with pd-mamd early GTE treatment.
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Serum CK is an indicator of the extent of musclmdge and a significant decrease of this
marker indicates that GTE is having an importamact on dystrophic muscle pathology.
Additionally, no other studies have attempted ttedrine the effect of dietary GTE on
inflammation. Although no change in infiltrating oraphages was observed, a decrease in
NF- B immunostaining in regenerating fibers was obsgriF- B is a known regulator

of inflammatory genes and may play an importang ral the dystrophic disease process
and the recruitment of inflammatory cells. A roler fGTE in the suppression of

inflammation may prove to be important to decraas@muscle pathology.

CAM approaches, including the use of anti-inflamomatbotanicals in general and
GTE in particular, may lead to the amelioratiorD&fiD and provide important insight into
disease processes. CAM interventions can be usedomunction with conventional
therapies in a cost-effective manner to improveaks prognosis. GTE treatmentgrafx
mice resulted in increased normal fiber morpholodgcreased regenerating fibers, and
decreased NFB staining in regenerating fibers. The detaileddpathological analysis
revealed that changes in the percent area of demgerg fibers, necrotic fibers, and
immune cell infiltration were small in comparisom the change in regenerating fibers.
These data indicates that GTE decreases Bl&etivity in regenerating fibers which may
result in changes in the regenerative process Hgath an increase in normal fiber
morphology. Detailed muscle histopathology for-pegal and early GTE treateaddxmice
has not been previously reported and reveals tid& @ay be an additional treatment
option to decrease early muscle pathology for ithesirable disease. In conclusion, GTE
decreases muscle pathology potentially by supprgshkiF- B activity in regenerating

fibers of mdx mice. While GTE did not decrease overall immun# oe macrophage
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infiltration, additional studies are needed to exanthe role of GTE in modulating the
shift of macrophage towards and M2 phenotype amdetlty ameliorate the dystrophic

disease process by favoring anti-inflammatory rasps.
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Abstract

BACKGROUND & AIMS: Duchenne muscular dystrophy ia @herited muscle
wasting disease that results in early death ofctgtl boys. Mutations in the dystrophin
gene result in massive muscle degeneration anaimflation that lead to a loss of muscle
function. The purpose of this study was to deteeminepigallocatechin gallate was the
primary component of green tea extract responsibtedecreased dystrophic muscle
pathology and inflammation imdxmice. METHODS: C57BL/6J anthidxmice were fed a
purified AIN-93G diet containing either 0% or 0.1%pigallocatechin gallate. Serum
creatine kinase was assessed as a systemic indightmuscle damage. Quantitative
histopathological and immunohistochemical technsquesre used to determine muscle
pathology, macrophage infiltration, and NB-localization. RESULTS: Early treatment of
mdx mice with epigallocatechin gallate did not deceesasrum creatine kinase; however,
the area of normal fiber morphology was increasee20% (P 0.05) over ages 28 and 42
days. The primary histopathological change was 4%-2decrease in the area of
regenerating fibers at age 42 days(®5). NF- B staining in regenerating muscle fibers
was also decreased in epigallocatechin gallateteleadx mice when compared to
untreatedndxmice. CONCLUSION: Epigallocatechin gallate decesadystrophic muscle
pathology potentially by regulating NFB activity in regenerating muscle fibers and

appears to be the foremost component of greerxtegceresponsible for these changes.
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6.1 Introduction

Duchenne muscular dystrophy (DMD) results from rate in the dystrophin gene
located on the X-chromosome. Consequently, thisadis primarily affects boys and is
reported to afflict approximately one in 358¢°’ Mutations in the dystrophin gene lead to
the absence of the dystrophin protein and the dbsse dystrophin glycoprotein complex
(DGC) at the sarcolemma of muscle fibéts?. The DGC is believed to provide a link
between the extracellular matrix and the cytoskeledaf muscle fibers which regulates
signaling pathways and sarcolemmal integfify Without the DGC muscle fibers become
susceptible to degeneration and necrosis. Althotigh muscle fibers are capable of
regeneration, DMD patients ultimately succumb teese muscle wasting leading to death

by age 30 years®*

Complimentary and alternative medicine (CAM) apptass, including extracts from
the green tea plant, are being investigated aspaltéreatment options for DMB?2628:13%
Green tea extract (GTE) is derived from the unfertee leaves of the green tea pl&rf®
GTE is composed of the catechins: gallocatechin )(Gé€pigallocatechin (EGC),
epicatechin (EC), and epigallocatechin gallate (B3&?** EGCG is the predominant
polyphenol comprising 30-50% of the total polyphierin GTE®®. Both GTE and purified
EGCG have been used to successfully reduce muathelpgy in themdxmouse model of
DMD 232658136 Tha effectiveness of GTE and EGCG to improve feus@sting in the

mdx mouse has mostly been attributed to their antamtidpotential; however, other

potential mechanisms have not been fully explored.
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Both GTE and EGCG appear to have an effect on BlFactivity. As previously
reported, early treatment with GTE decreasels muscle pathology by decreasing NB-
staining in regenerating fibers and as a resufieags to improve the regeneration process.
EGCG has been reported to inhibiBlkinase (IKK) activation and thereby block NB-
activity **1">%?% The role of GTE in improvinghdxmuscle pathology and reducing NB-
signaling in regenerating fibers has not been fallycidated; however, it is possible that
EGCG is responsible for these positive changes. dlhjective of this study was to
determine if EGCG could similarly decrease musethplogy inmdxmice and to further

characterize the role of this molecule on inflamorgtregeneration, and NF-kB regulation.
6.2 Methods
6.2.1 Mice

C57BL/6J andmdx mice were originally obtained from Jackson labarias (Bar
Harbor, Maine). Breeding mice and offspring fromr aolony were maintained in a
supervised laboratory animal facility in polypropge shoebox cages. Mice were given
free access to public tap water via an automattenvey system, and fed a purified pelleted
diet (AIN-93G; Harlan Teklad) (Table 6.1) EGCG (EGCg; Sunphenon) [(-)-
epigallocatechin-3-gallate (EGCG) 96.9%, caffein@%]), was a kind gift from Taiyo
International (Minneapolis, MN). C57BL/&hd mdxbreeder pairs were provided the AIN-
93G pelleted diet without EGC®1dx pups were weaned at age 18 days and then provided
an AIN-93G pelleted diet containing either 0% EGG0.1% EGCG. In the previous
study, the GTE used contained ~40-50% EGCG (se@t@h®). Therefore, the diet

containing 0.1% EGCG represents the approximateuamof EGCG contained in the
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0.25% GTE diet. The purified AIN-93G diets were sép for this study because they meet
the nutritional requirements required for growthdatimey limit variability related to
unpurified diet formulas®. The 0.1% EGCG diet corresponds to a human comspmil
gram of EGCG a day. Ages 28 and 42 days were impatst to parallel the previous GTE-
mdxstudy (see Chapter 5). EGCG was only providedite rafter being weaned at age 18
days, which is still considered pre-disease onsetridx mice. This protocol allows for
detection of changes directly related to dietatgrmvention provided to the mice with out
the compounding effects that may occur in dams.ithally, both mdxand C57BL/6J
mice were provided with the diet containing EGCGI &éme control diet, allowing for the
detection of interactions related to genotype. Expental procedures were approved by
the Institutional Animal Care and Use CommitteeMafginia Polytechnic Institute and
State University and met all requirements of thélieuHealth Service/National Institutes

of Health and the Animal Welfare Act.

Table 6.1 - Composition of purified diels

Ingredient Control Diet (g/kg) EGCG Diet (g/kg)
Casein 200.0 200.0
L-Cystine 3.0 3.0
Corn Starch 397.486 396.456
Maltodextrin 132.0 132.0
Sucrose 100.0 100.0
Soybean QOil 70.0 70.0
Cellulose 50.0 50.0
Mineral Mix (AIN-93GY 35.0 35.0
Vitamin Mix (AIN-93G)° 10.0 10.0
Choline Bitartrate 25 25
Tert-Butylhydropuinone (TBHQ) 0.014 0.014
Epigallocatechin gallate - 1.03

& Provides 18.8% protein, 63.9% carbohydrates, &n2P4 fat for each kilocalorie (Kcal) and 3.8 Kcalgram of diet.

® Supplied per kg of vitamin mix: 3g niacin, 1.6daiam pantothenate, 0.7g pyridoxine HCL, 0.6g thizenHCL, 0.6g
riboflavin, 0.2g folic acid, 0.02g biotin, 2.5g &min B, (0.1% in mannitol), 15g vitamin E (DL-tocopheryl acetate,
500 1U/g), 0.8g vitamin A palmitate (500,000 1U/@).2g vitamin B3 (cholecalciferol, 500,000 IU/g), 0.075¢g vitamin K
(phylloquinone), and 974.705 g sucrose.

¢ Supplied per kg of mineral mix: 357g calcium cavh®, 196g potassium phosphate monobasic, 70.8@Eggiam
citrate, 74g sodium chloride, 46.6g potassium $efa4.3g magnesium oxide, 6.069 ferric citraté5d.zinc carbonate,
0.63g manganous carbonate, 0.31g cupric carbofaddg potassium iodate, 0.01025g sodium selena@f)795g
ammonium paramolybdate, 1.45g sodium meta-silia275g chromium potassium sulfate, 0.0174g lithicimoride,
0.0815¢g boric acid, 0.0635g sodium fluoride, 0.@BI8ckel carbonate hydroxide tetrahydrate, 0.00&6gmonium
vanadate, and 220.716 g sucrose.
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6.2.2 Tissue Collection

Mice of each genotype were selected at random favailable cages. For tissue
collection, mice were sacrificed by carbon dioxadphyxiation followed by thoracotomy.
The thoracic cavity was opened to reveal the he&ldod was collected via cardiac
puncture. Tibialis anterior (TA) muscles were flasbzen in liquid nitrogen and then

stored at -80°C until analyzed.

6.2.3 Serum Analysis

Blood collected from mice was placed directly irbcrotainer serum separator
tubes (Becton Dickinson). Whole blood samples walewed to clot for 30 minutes at
room temperature. The tubes were then centrifuge® fminutes at 6,000 x g to separate
serum. Serum creatine kinase assays were perfamteé Clinical Pathology Laboratory
at Virginia Tech, using an Olympus AU400 chemistnalyzer (Olympus America, Center

Valley, PA).

6.2.4 Histological Analysis

Frozen TA muscles were sectioned with hematoxydiske (H&E) as previously
described (see Chapter 5). A quantitative analysisiuscle pathology was performed as
follows. Degenerating fibers were identified as Beo eosinophilic, hyalinized, and
pyknotic muscle fibers. Regenerating muscle fibeese identified by their small size
compared to normal fibers and presence of cend@liauclei. Necrotic fibers were
identified as swollen muscle fibers with disruptegll membranes, invaded by

inflammatory cells. Myotubes were recognized byirtsenall diameter when compared to
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regenerating fibers, plump centralized nuclei, &agophilic staining. Image analysis
software (Image-Pro Plus, Media Cubernetics, lileeESpring, MD) was used to analyze

tissue sections as previously described (see Qhapte

Immunohistochemical staining was performed on eastito determine macrophage
infiltration and NF- B localization in muscle tissue as previously dibsd (see Chapter
5). Macrophages were identified by staining fori-&4/80 (1:500; Serotec). NFB
immunolocalization was determined by anti-NB-p65 specific for phosphorylated Serine
536 (1:100; Abcam). Immunodetection was performsidgian anti-rat or anti-rabbit IgG
labeled with horseradish peroxidase-diaminobeneidigstem (R&D Systems). Control
sections were incubated without primary antibodyettsure the presence of minimal
background staining. The presence of macrophagdsN&i B staining was quantified
using image analysis software (Image-Pro Plus, Meclibernetics, Inc. Silver Spring,

MD).

6.2.5 Statistics

Data were analyzed in a completely randomized des#nalysis of variance
(ANOVA) was used to determine the main effects gé,agenotype, or treatment and any
interactions. Differences in food consumption andypmass were analyzed as a three-way
repeated measures factorial arrangement for gemotypatment, and time. Serum CK,
normal fiber morphology, and macrophage infiltratizere analyzed as a three-way
factorial arrangement for genotype, treatment, agel Histopathology was analyzed as a
two-way factorial arrangement for genotype andtinemt. NF-kB staining in regenerating

fibers ofmdxmice was analyzed as a two-way factorial arrange:tioe age and treatment.
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When the model was significant, the analysis wievi@d by Tukey’s honestly significant
difference multiple comparisons method (JMP 6.0ofware. SAS Institute Inc. Cary,
NC). Differences for all analyses were considerigphiBcant at P0.05 and data were

presented as the mean + standard error.
6.3 Results
6.3.1 Food consumption and body mass

Food consumption and body mass were recorded f@BC®BJ andmdx EGCG-
treated anandx control mice throughout the studlyigure 6.1). There was an interaction
in food consumption for genotype x time (PO5) and treatment x time (8.05), but no
difference in the genotype x treatment x time iatéon. Between ages 18 and 28 days
there was a significant difference in food consundEGCG treatedndx mice and
controlmdxmice (P 0.05). However, between ages 28 and 42 days thesenw difference
in the amount of food consumed. Between ages 284@ndaysmdx mice ate less than
C57BL/6J mice (P0.05). There was an interaction in body mass farogge x time
(P 0.05) with no difference in treatment x time or ggme X treatment x time. Although
mdx mice consumed less food than C57BL/6J mice, betvages 28 and 42 days, their

body masses were increased compared to C57BL/&IJ%).
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Figure 6.1 - Food consumption and body mass. (A) There was an interaction in
food consumption for genotype x time (P 0.05) and treatment x time (P 0.05),
with no difference in genotype x treatment x time. (B) For body mass, there was
an interaction for genotype x time (P 0.05) with no difference in treatment x
time or genotype x treatment x time. *Mean mdx EGCG treated values
significantly different than control mdx at a given age. TMean mdx values
significantly different compared to C57BL/6J at a given age.

109



6.3.2 Systemic indicator of muscle damage

For serum CK, there was a genotype effectO(P5), but no other effects or
interactions(Figure 6.2). Serum CK activity was elevated mdx mice (age 28 days:
~3500-4900 U/L; age 42 days: ~5500 U/L) when comgan C57BL/6J mice (age 28

days: ~200-400 U/L; age 42 days: ~380-580 U/L)YQ(B5).

Figure 6.2 - Serum CK for EGCG treated and untreated C57BL/6J and mdx
mice. Mdx mice had elevated serum CK levels compared to C57BL/6J mice at
age 28 and 42 days (P 0.05). However, EGCG treatment did not reduce serum
CK for mdx mice at either age. *Mean mdx values were significantly increased

compared to C57BL/6J values.

6.3.3 Muscle lesions in EGCG treated mdx mice

At both ages 28 and 42 days, TA muscles noflx mice had considerable
histopathological features which included necréibers, degenerating fibers, regenerating

fibers, immune cell infiltration and myotub@sigure 6.3). For normal fiber morphology,
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there was a genotype x treatment interactionO(@5), but no age effect or other
interactions. Inmdx mice, the percent area of normal fiber morphol¢gge 28 days:
~58%; age 42 days: ~52%) was decreased compar€®tBL/6J mice (age 28 and 42
day: ~99%) (P0.05). EGCG-treatechdx mice (age 28 days: ~63%; age 42 days:. ~55%)
had an increase of 20% in normal fiber morphologmpared to contrahdxmice (age 28
days: ~53%; age 42 days: ~46%) QFD5). At age 28 days, there was a genotype dibect
regenerating fibers and immune cell infiltration QFO5) but, there were no other effects or
interactions for any of the histopathological featu Formdx mice, the percent area of
regenerating fibers and immune cell infiltratioedenerating fibers: ~30%; immune cell
infiltration: ~4-9%) were increased compared to BBEBJ (regenerating fibers and
immune cell infiltration: <1%) (P0.05). At age 42 days there was a genotype eftact f
immune cell infiltration (P0.05) and a genotype x treatment interaction fgenerating
fibers (P 0.05). There were no other effects or interactimnsany of the histopathological
features. Inmdx mice (regenerating fibers: 41-50%; immune celiltration: ~2.5%) the
percent area of regenerating fibers and immunerddtration were increased compared to
C57BL/6J mice (regenerating fibers: 0%; immune celfiltration: 0%) (P 0.05).
Additionally, EGCG-treatedndx mice (~41%) had a decrease of ~21% in the peareat

of regenerating fibers compared to contrmlx(~51%) (P 0.05).
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Figure 6.3 - TA muscle histopathology for EGCG treated and untreated
C57BL/6J and mdx mice. (A) At age 42 days both control and EGCG treated
C57BL/6J mice showed typical muscle fiber morphology. Control mdx and
EGCG treated mdx sections both had morphologically normal fibers (asterisks)
and regenerating fibers (arrow); however, treated mice had decreased
regenerating fibers and increased normal fibers. 400X H&E. (B) Although
normal fiber morphology was decreased for mdx mice compared to C57BL/6J at
both ages (P 0.05), EGCG treated mdx mice had an increase in normal fiber
morphology compared to untreated mdx mice (P 0.05). (C) At age 28 days
regenerating fibers and immune cell infiltration in mdx mice were increased
compared to C57BL/6J (P 0.05). (D) At age 42 days both regenerating fibers
and immune cell infiltration were increased in mdx mice compared to C57BL/6J
(P 0.05); however, EGCG treated mdx mice had a decrease in regenerating
fibers compared to control mdx mice (P 0.05). *Mean EGCG treated mdx
values were significantly different compared to control mdx values. TMean
C57BL/6J values were significantly different compared to mdx values.
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6.3.4 Macrophage infiltration

Foci of macrophages were evidentnmix TA muscles at ages 28 and 42 days near
necrotic, degenerating and regenerating filjeigure 6.4). Although there was a genotype
and age effect (P.05), there was not a treatment effect or anyracteons. C57BL/6J
mice (age 28 days: ~7-9 macrophages?nage 42 days: ~1-2 macrophagesfnhad less
macrophage infiltration compared mwdxmice (age 28 days: ~170-220 macrophage$/mm
age 42 days: ~68-78 macrophagesfin(R 0.05). At age 28 days, macrophage infiltration
was greater than at age 42 daysQ®5). However, EGCG treatment did not decrease

macrophage infiltration.

Figure 6.4 - Macrophage infiltration (F4/80) of TA muscles. (A) At age 42 days,
C57BL/6J mice had very infiltrating macrophages. Both control and EGCG
treated mdx mice had macrophages throughout the TA with dense foci (arrow)
near necrotic, degenerating, and regenerating fibers. 400X (B) Macrophage
infiltration was greater in mdx mice compared to C57BL/6J at both ages
(P 0.05); however, the EGCG treatment did not result in a decrease in
macrophage infiltration for mdx mice. *Mean C57BL/6J values were significantly
less than mdx values. tMacrophage infiltration was significantly greater at age
28 days compared to age 42 days.
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6.3.5 NF- B in necrotic and regenerating fibers

NF- B staining was apparent in necrotic muscle fiberghe nuclei of regenerating
muscle fibers, and in inflammatory cellsrafixmice at ages 28 and 42 dd¥&sgure 6.5).
There was a genotype effect for NB-staining in necrotic fibers (P.05), but there were
no other effects or interactions. mdx mice (ages 28 and 42 days: ~3.0-5.5 necrotic
fibers/mnf), the number of necrotic fibers with cytoplasmitising was increased
compared to C57BL/6J (ages 28 and 42 days: <1 tieditwer/mnt) (P 0.05). For NF-B
staining in regenerating fibers, there was an auigon for treatment x age (B.05). NF-

B staining in regenerating fibers widxmice at age 28 days was increased compared to at
age 42 days (F.05). At age 42 days, EGCG treatedx mice (~34% strong staining in
centralized nuclei) had a decrease of 21% in stgioif regenerating fibers compared to

controlmdxmice (~43% strong staining in centralized nuciage 42 days (P.05).
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Figure 6.5 - Anti-p-NF- B (p-p65) staining of TA muscles C57BL/6J and mdx
mice. (A) C57BL/6J muscle sections had no cytoplasmic staining and weak
nuclear staining. Control mdx sections had staining in peripheral nuclei and the
cytoplasm of necrotic fibers infiltrated by inflammatory cells (arrow).
Regenerating fibers had centralized nuclei with both strong (arrowhead) and
weak (asterisk) immunoreactivity. EGCG treated mdx sections had a decrease
in the percent of regenerating fibers with strong immunoreactivity of centralized
nuclei compared to control mdx. 400X. (B) Quantification of p-NF- B (p-p65)
staining revealed there were less fibers with cytoplasmic staining in C57BL/6J
mice compared mdx mice (P 0.05), but the EGCG treatment did not reduce
cytoplasmic NF- B staining in mdx mice (P 0.05). Cytoplasmic NF- B staining
in muscle fibers was indicative of necrotic fibers. (C) There was a decrease in
the number of regenerating fibers with strong centralized nuclear staining from
age 28 days to 42 days in mdx mice (P 0.05). There was also a decrease in
regenerating fibers with strong centralized nuclear staining at age 42 days for
EGCG treated mdx mice compared to control mdx mice (P 0.05). *Mean
C57BL/6J values were significantly less than mdx values. tMean EGCG treated
mdx values significantly less than control mdx. 1 Independent of treatment,
strong centralized nuclei staining in regenerating fibers was significantly greater
at age 28 days than at age 42 days.
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6.4 Discussion

In this study, quantitative methods were used terdane if EGCG, like GTE, could
decrease muscle pathologynmx mice, and to further characterize the role of (M
approach for altering inflammation, regenerationg &F-kB distribution. In a previous
study (see Chapter 5), 0.25% and 0.5% GTE diet®e ied to mdx mice. Both diets
reduced muscle pathology compared to the contetl dio determine if EGCG was the
primary polyphenol in GTE responsible for the retdurcin overall muscle pathology, in

the present study we used a purified AIN-93G dwettaining 0.1% EGCG.

There were no differences in food consumption f@C& treated and control
C57BL/6J mice; however, between ages 18-28 daye there significant differences for
EGCG treateandx mice compared to contrahdx Mdx mice also consumed less between
ages 21 - 42 days compared to C57BL/6J mice. Bodysnfiormdx mice was increased
between ages 28 - 42 days; however, body mass etadfacted by treatment. These data

indicate that differences at ages 28 - 42 days ywenearily related to genotype.

Serum CK was reduced in GTE treatedxmice at age 42 days (see Chapter 5), but
not for EGCG treateandx mice. There are at least two possible explanationsvhy
EGCG did not decrease serum CK as seen with GTist, G TE contains a mixture of
polyphenols and other extracts; potentially, syistigeffects of the combined polyphenols
in GTE are required to decrease serum CK. Howeudrcutaneous injection of EGCG
prior to disease onset has been reported to reskroen CK inmdxmice age 56 days®.
Although there may be factors that alter EGCG'slitgbio reduce serum CK when

provided as a dietary treatment, this data shoas EHGCG alone is capable of reducing
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serum CK. Another possibility is that the extendehtment time when provided before
age 18 days is more beneficial for reducing serltitan treatments beginning at age 18
days. GTE treatments provided nadx mice before birth and as pups appears to be more
beneficial for reducing serum CK than treatmentst thnly begin several days prior to
disease onset. Studies have indicated that di&afy is taken up by rat fetuses utero
indicating that these polyphenols can be used éattdisease prior to birtf**°
Additionally, as the pups mature they begin to pealteted food before being weaned.
Therefore, GTE and EGCG treatments that begin betore birth may provide even more

benefits than treatments that begin just priorisease onset.

Generalized histopathological features are oftgronted formdx skeletal muscles
2358,84.90,126,127.136,161.193.21ys0 recently demonstrated the value of detailedntitative
histopathological techniques to detect alterationspecific disease features in skeletal
muscle of GTE treatechdxmice (see Chapter 5). As occurred in GTE treatedt mice,
muscle histopathology was decreased for EGCG tteaidx compared to contrandx
mice. There was a ~20% increase in normal fibempimalogy for EGCG treatechdxmice
compared to contralndx mice over ages 28 and 42 days. The primary higtopzgical
change was a ~21% decrease in regenerating mulehs fit age 42 days. The necrotic
fibers, degenerating fibers, immune cell infiltostj and myotubes were relatively small

features of overall muscle histopathology and wertechanged by EGCG treatments.

Both GTE and EGCG are believed to have anti-inflatary properties. Macrophage
infiltration is a substantial feature afdx muscle pathology, yet neither GTE nor EGCG
treatments reduced macrophage infiltration nmdx mice. Although neither treatment

decreased macrophage infiltration the treatments rhave induced a change in
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macrophage phenotype. Two populations of macrohagigh opposite effects have been
identified to play a role in dystrophic muscle pdAtlgy. M1 macrophages are pro-
inflammatory and M2 macrophages are anti-inflammaf®. EGCG is reported to inhibit
IKK activity which ultimately results in decreasbiF- B activity **1°%17>220 gpecifically,
IKK , has been shown to be an important component ioraphage regulation of
dystrophic muscle patholody Further studies using flow cytometry techniqaesld be

useful in assessing EGCG role in regulating maagplphenotype.

NF- B is believed to be a key regulator of muscle regation, although its mode
of action has not been fully characterizéd®*?"14>214As previously reported GTE did not
reduce the number of necrotic fibers with NB; but reduced the number of centralized
nuclei of regenerating fibers with strong NB- staining. EGCG treatment resulted in
similar findings. EGCG treatment did not reduce nlaenber of necrotic fibers with NF3
staining at ages 28 or 42 days. However, the nummbeentralized nuclei of regenerating
fibers with strong NF-B staining was reduced at age 42 days. As with CHECG
appears to alter NFB activity in regenerating fibers and may ultimgtegsult in a greater

area of morphologically normal fibers.

CAM approaches, including the use of GTE and EG&® promising treatments for
incurable disease because they are inexpensivecandbe used in conjunction with
conventional treatment options. Additionally, CAMayn improve disease prognosis
through specific mechanisms that are not yet fuligerstood or can not be duplicated by
other therapeutics. Both GTE and EGCG have beenrshm reduce muscle pathology and
reduce NF-B immunostaining in regenerating fibers. Althoug®&G did not decrease

serum CK, EGCG appears to elicit other beneficiééots noted for GTE, including:
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increasing normal fiber morphology, decreasing megating fibers, and decreasing
centralized nuclei in regenerating fibers with NB-staining. Therefore, EGCG is likely to
be the primary polyphenol in GTE responsible fogsth changes. In conclusion, EGCG
decreases muscle histopathology potentially by ceduNF- B activity in regenerating

fibers.
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Chapter 7  Conclusion

7.1 Summary and discussion

Current treatments for Duchenne muscular dystrof@yD) minimally improve
muscle function and longevity. For DMD patients aheir families, these treatments
produce unacceptable outcomes because they areiaasdowith many detrimental side
effects and are not curatiVé®® Inflammatory signaling pathways are thought toulpe
regulated prior to disease onset in dystrophic heusthese signaling cascades likely
initiate and regulate the disease time course ofunme mediated mechanisms in dystrophic
muscle wasting’1%>1°%1%5134 Therefore, treatments that blunt these pathwagmige to
be very beneficial to DMD patients. Specificallgneplimentary and alternative medicine
(CAM) approaches provide unique treatment optiams iasight into disease mechanisms
232638145162 Green tea extract (GTE) and epigallocatechinatml(EGCG), the primary
polyphenol in GTE, have been reported to substéntidecrease muscle pathology,
improve muscle function, and improve serum antiaridproperties in thendx mouse
model 2248 potentially, both GTE and EGCG alter NB-regulation®??° which is

believed to be a primary contributor to inflammatend dystrophic muscle wasting.

In the first literature review (see Chapter 3), B8C was shown to be an important
scaffold for signaling molecules that regulate eébility °°. Available time course studies
indicate that although mechanical integrity and meme defects are important features of
the dystrophic process, they are not evident waftér disease onset. In contrast, cell
signaling pathways that are altered in the absemdee DCG are up-regulated prior to

disease onset. Many of these signaling pathwayslaeginflammatory gene expression.
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Furthermore, both inflammatory gene expression mmohune cell infiltration are also

observed prior to disease onset. These findingsglly suggest that aberrant signaling,
leading to inflammatory disease processes, cong#ouo the initiation of muscle

degeneration. Specifically, the transcription fastNFAT, AP-1, and NFB are believed

to play a key role in dystrophic cell viability. &se transcription factors regulate gene
expression for a plethora of inflammatory geneduitiog many of those that are up-
regulated early in dystrophic muscle. Although ticwurse studies during early disease
onset are limited, data from available studies pr@vided valuable insight into disease
mechanisms. In conclusion, characterization ofeidudy disease time course allows for the
development of therapeutics that directly targedrednt pathways during critical disease
stages and may ultimately result in highly effeettreatments for ameliorating dystrophic

muscle wasting®.

In the second literature review (see Chapter 4, ¢antral role of the immune
response in dystrophic muscle lesion developmerst fargther illustrated®. Immune cell
infiltration occurs prior to disease onset and play key role in muscle damage. The
increase in MHC proteins on muscle fibers and caeseTCR rearrangements on T-cells
Is suggestive of an inflammatory response that stéom a highly coordinated disease
process. Both pro-inflammatory and anti-inflammuptoracrophage populations are present
in dystrophic muscle. The balance of these cellufdmns is responsible for either
triggering fiber lysis or regeneration. Specifigaltytokines and chemokines orchestrate
interactions between macrophages and other immeliee Pro-inflammatory cytokine and
chemokine expression is up-regulated prior to diseanset in dystrophic mice and is

indicative of a detrimental inflammatory procesgpiession of these genes is regulated by
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NF- B activation which is also elevated in dystrophigstie prior to disease onset. NB-
activity has been shown to drive macrophage inducedcle wasting and suppress
regeneration in dystrophic muscle. Therefore, dolekof NF-B is an excellent target for
therapies intended to ameliorate DMD. Treatmentoopt like GTE and EGCG, are
reported to decrease NIB activation and have the added benefit of prodyecmnimal
side effects that are observed with traditionakdpe&s. In conclusion, immune cells are
key inducers of muscle lesion formation and areilegd by signaling cascades, including
NF- B activation, which are altered prior to diseaseednSince NFB activity plays an
important role in dystrophic muscle wasting and banblunted by low risk therapeutics

(i.e. GTE and EGCG), it offers a promising treattrtarget for DMD patient®.

On the basis of the conclusions from these tweslitee reviews, NFB was chosen
as a viable target for blunting dystrophic muschplogy associated with inflammatory
processes. Because GTE and EGCG have shown dsiddspaomise in reducing muscle
pathology and are reported to inhibit NB-activity, they were selected as the therapeutics
to test in these studies reported herein. BFhRas been implicated to play a role in the
overall dystrophic muscle pathology time courset #@lso specifically through altering
macrophage activity and muscle regeneration. énphst, the importance of comparing
and examining time course studies has been ovestbokherefore, time course studies
detailing serum CK, muscle histopathology, macrgghafiltration and NF-B staining
were performed first for GTE- and then for EGCGateeimdxmice during critical disease

stages.

For Specific Aim 1 (see Chapter 5), the overarchiggothesis tested was that GTE

can decrease muscle pathology and inflammatiomnax mice by decreasing NFB
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activation. To determine the early disease timersmumuscle histopathology was
guantified for mdx mice between ages 14-42 days and compared to G6JBhice.
Characterizing the early disease time course wasiitant for identifying specific disease
stages. Ages 28 and 42 days were selected asaktitice points in degenerative and
regenerative disease stages at which treatments @ME should be evaluated. Diets
containing GTE extract (0.25% and 0.5%) were preditbmdxpups and breeder pairs as
an early intervention before disease onset whichiscat age 21 days. The GTE treatments
significantly decreased serum creatine kinase (®i)85%, increased normal fiber
morphology by 32 %, and decreased regeneratingsfimg 21% inmdxmice age 42 days;
however, no changes were observed at age 28 dagsophage infiltration of TA muscles
was not altered at age 42 days. However, BRn the centralized nuclei of regenerating
fibers was significantly reduced at this age by 34%is was the foremost finding because
these data suggested that GTE treatments decremssterpathology by modulating NB

activity in regenerating muscle fibers.

For Specific Aim 2 (see Chapter 6), the overarchimypothesis tested was that
EGCG, the primary polyphenol of GTE, decreases taysathology and inflammation in
mdx mice by decreasing NFB activation. A purified AIN-93G diet containing @1%
EGCG was provided to weaned mice beginning at &ydays. As in the previous study
with GTE treatment, the effectiveness of EGCG tremit was evaluated at age 28 and 42
days. Serum (CK) was not decreased in EGCG treatbdmice; however, normal fiber
morphology was significantly increased over agesa@8 42 days by 20%. The primary
histopathological change was a 21% decrease imeeging fibers at age 42 days. As was

observed with GTE, macrophage infiltration was @etreased by EGCG treatments. NF-
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B staining was significantly decreased by 21% inticdized nuclei of regenerating fibers.
Although serum CK was not decreased, these datgestey that EGCG is the primary
polyphenol in GTE that decreases muscle pathologymbdulating NF-B activity in

regenerating muscle fibers.

GTE and EGCG were previously reported to improvescetauipathology and muscle
function in mdx mice primarily through their antioxidant potentfa?®*® Although these
changes were noted, specific histopathological ufeat of muscle fibers were not
characterized and other potential mechanisms wetr@ssessed (e.g. NBB modulation).
The data from these two studies herein confirm BB#FE and EGCG reduce muscle
pathology. An increase in normal fiber morphologgswobserved imdx mice for both
treatment groups with the primary histopathologiadiange being a decrease in
regenerating fibers at age 42 days. NB-staining in the centralized nuclei of regenegtin
fibers was similarly decreased in GTE and EGCGtébandx mice at this age. Therefore,
the beneficial effects of GTE appear to stem froBC&; however, further tests should be
performed on the other polyphenol components of GdEconfirm this finding. The
decrease in regenerating fibers indicates an inggnant in muscle regeneration, due to
decreased NFB activity, resulting in a greater number of morlagically normal fibers.
Prior to this study, this striking benefit of GTBAREGCG supplementation had not been
identified and indicates a novel mechanism by wihiase treatments may improve DMD
muscle wasting. Although serum CK was decrease®bl, there was no decrease by
EGCG. This difference likely reflects the differdaeding strategies employed in these two
studies because the duration of the EGCG was shiide the GTE treatment. Neither

GTE nor EGCG reduced overall macrophage infiltratibowever, these treatments may
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potentially alter the phenotype of these cells. Tptenotypically distinct populations of
macrophages have been observedshdxmuscle tissue: one population is pro-inflammatory
and the other is anti-inflammatofy/. Presumably, GTE and EGCG could modulate a shift
towards the anti-inflammatory population. GTE ar@®&5’s ability to alter NF-B activity
appears to be one mechanism by which these tretgnmeprove muscle pathology mdx
mice *?% In conclusion, GTE and EGCG reduce muscle patfyopmtentially by altering

NF- B activity in regenerating muscle fibers.
7.2 Future research

Multiple studies, including those reported herendicate that GTE and EGCG are
effective for decreasing muscle wasting and imprgvinuscle functiorf>2%°813% As first
identified here, regulation of NFB appears to play a key role in the improvements
associated with these treatments. Although GTE BGCG provide promising new
treatments for DMD, our understanding of the me@raa through which these treatments
decrease muscle pathology is limited. Further mebeto elucidate how GTE and EGCG
regulate NF-B activity and ultimately muscle pathology wouldesigthen support for the
use of these treatments in DMD. Two new potentathways have been identified that
may underscore GTE and EGCG ability to decreaselmugasting. The first possibility is
that GTE and EGCG alter N activity in regenerating fibers, contributing &n
improvement in muscle regeneration. The secondilpbisis that GTE and EGCG alter
NF- B activity in macrophages, thereby inducing a sht an anti-inflammatory
macrophage population. Additionally, the pathwayvdyich GTE and EGCG alter IKK
activation of NF-B is still unclear. Some studies suggest that E@G@&S directly regulate

IKK activity **?*% however, EGCG may indirectly exert its effectsrbgiucing RO$*2%%8
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Reduction of ROS by a variety of antioxidants appéa result in decreased activation of
NF- B in dystrophic muscl|é®120127180214Thage data indicate that there may be specific
pathways by which ROS ultimately activate NB- This is a very intriguing and novel
pathway which may explain how formation of ROS ioelsl inflammatory signaling that
results in tissue damage. Research defining thehamessm through which ROS activate
the IKK/NF- B pathway will undoubtedly lead to new therapeuwicategies for the

treatment of many diseases, including DMD.
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Appendix A: Methods

H&E staining procedure for paraffin embedded and frozen tissues

1. Deparaffinize/Re-hydrate (For frozen sections $&iptep 2).
a. 2X5 minutes: xylene bath
b. 2X3 minutes: 100% ethanol bath
c. 2X3 minutes: 95% ethanol bath
d. 2X3 minutes: 70% ethanol bath
e. 3 minutes: ddkO
3 minutes: hematoxylin (Hematoxylin Gill 2x: ProodcCAT#245-654)
Wash under running tap water.
4 dips: 1% acid alcohol (1% HCI, 70% EtOH)
3 minutes: “blue” sections in 0.1% sodium bicarkiena
Wash under running tap water.
3 minutes: eosin (Eosin Y: Protocol, CAT# 245-658)
Wash under running tap water.
Dehydrate/clear
a. 3 minutes: ddkO
b. 2X3 minutes: 70% ethanol bath
C. 2X3 minutes: 95% ethanol bath
d. 2X3 minutes: 100% ethanol bath
e. 2X5 minutes: xylene bath
10.Add 2-3 drops of Mounting Medium Xylene (ProtocBT#245-691).
11.Coverslip carefully.

©CoNoOoOh~wN
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Quantification of histopathological features

a s

Use battlement technique to systematically sel@®t15 fields from the tibialis
anterior cross section. Battlement technique: $elettial field from the
periphery of muscle cross section and acquire ayé&nMove up two fields and
acquire an image. Move right two fields and acqaineimage. Move down two
fields and acquire and image. Continue this protmsthe entire cross section.
Acquire pictures of fields with Image-Pro Plus (Nedubernetics, Inc. Silver
Spring, MD).
a. Set auto exposure and white balance with the aitignismenu and set
picture resolution to 1360X1024.
b. Save pictures under the appropriate folder with ¢beresponding file
name (mouse ID_age_genotype_treatment_magnificdiedd#).
Superimpose the 10X7 grid mask over the image. tiigerand count
histopathological features with the manual tag fiomc
Export the data to excel and save tag file as befor
For each sample, calculate the field averages @t bastopathological feature in
excel.
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Immunohistochemical (IHC) staining and quantification

hown

o o

7.
8.
9.

Section tibialis anterior muscles at 10 micrometersross section and transfer to
positively charged slides.
Let slides dry at room temperature for 30 minutes.
Store at -80°C.
Before staining, warm slides at room temperature3fd minutes and fix in 2%
formalin for 5 minutes.
Rinse in PBS 2X5 minutes
For sections to be stained with anti-NB-p65.
a. Permeabilize in 1% Triton X-100 for 5 minutes.
b. Rinse in PBS 2X5 minutes.
Circle tissue with PAP pen.
Wash in PBS and blot slides dry.
Follow blocking steps in cell and tissue stainimgyR&D systems).

10.Cover tissue with primary antibody (anti-F4/80 1D5&erotec; anti-NFB-p65

1:100, Abcam) and incubate overnight at 4°C.

11.Follow secondary detection steps in cell and tistaming kit (R&D systems).
12. Counter stain, anti-F4/80 slides, with hematox§tin5 seconds.

a. Rinse in tap water.
b. Blue in 0.1% sodium bicarbonate.

13.Mount and coverslip.
14. Count features at 400X with tally counter.
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Appendix B: Specific Aim 1 Raw Data

Histopathology (percent area of fields) for C57BL&dmdxmice ages 14, 21, 28, 35,

and 42 days
Mouse | Genotype| Age Normal | Regeneration Immune Cell| Necrosis| Degeneration
(days)
7748a-1| C57BL/6J 14 99.7 0.3 0.0 0.0 0.0
7748a-2| C57BL/6J 14 100.0 0.0 0.0 0.0 0.0
7748a-3| C57BL/6J 14 99.7 0.3 0.0 0.0 0.0
8441-1 | C57BL/6J 21 100.0 0.0 0.0 0.0 0.0
8441-5 | C57BL/6J 21 99.7 0.0 0.0 0.0 0.3
8441-4 | C57BL/6J 21 99.6 0.0 0.4 0.0 0.0
7770-1 | C57BL/6J 28 97.7 2.3 0.0 0.0 0.0
8878-1 | C57BL/6J 28 99.2 0.8 0.0 0.0 0.0
8878-2 | C57BL/6J 28 99.5 0.5 0.0 0.0 0.0
1103-3 | C57BL/6J 35 100.0 0.0 0.0 0.0 0.0
1102-2 | C57BL/6J 35 100.0 0.0 0.0 0.0 0.0
1102-1 | C57BL/6J 35 100.0 0.0 0.0 0.0 0.0
1188-1 | C57BL/6J 42 99.7 0.3 0.0 0.0 0.0
1188-3 | C57BL/6J 42 99.9 0.1 0.0 0.0 0.0
1185-1 | C57BL/6J 42 99.6 0.4 0.0 0.0 0.0
1188-2 | C57BL/6J 42 100.0 0.0 0.0 0.0 0.0
7241a-1 mdx 14 99.6 0.4 0.0 0.0 0.0
7241a-4 mdx 14 99.8 0.2 0.0 0.0 0.0
7241a-3 mdx 14 98.9 0.0 1.1 0.0 0.0
7200a-1 mdx 21 91.5 1.3 24 0.0 4.7
7200a-3 mdx 21 95.8 0.0 1.9 1.3 1.0
7241a-1 mdx 21 94.2 0.6 2.3 0.0 3.0
7241a-2 mdx 21 92.9 0.4 0.9 0.4 5.3
7271-2 mdx 28 76.5 16.6 6.9 0.0 0.0
7773-2 mdx 28 62.6 35.6 0.6 1.2 0.0
7773-3 mdx 28 67.2 22.8 7.0 3.0 0.0
8841-1 mdx 28 62.7 37.3 0.0 0.0 0.0
8425-1 mdx 35 42.1 56.8 1.1 0.0 0.0
8425-2 mdx 35 47.0 52.6 0.4 0.0 0.0
8425-3 mdx 35 54.7 45.1 0.2 0.0 0.0
1251-2 mdx 42 47.0 48.7 1.9 0.0 2.3
1251-3 mdx 42 33.4 66.2 0.5 0.0 0.0
1294-1 mdx 42 36.0 62.9 0.4 0.0 0.6
1294-3 mdx 42 35.6 64.4 0.0 0.0 0.0
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Body mass for control and GTE treatedxmice ages 28 and 42 days

Mouse Age (days) Treatment Body Mass (g)
7271-1 28 Control 8.9
7271-2 28 Control 11.0
7255-1 28 Control 12.9
7255-2 28 Control 12.5
7773-1 28 Control 15.5
7773-2 28 Control 14.3
7773-3 28 Control 13.3
8841-1 28 Control 15.2
8871-1 28 Control 11.7
8871-2 28 Control 16.8
8871-3 28 Control 15.9
1315-1 28 Control 13.3
1315-2 28 Control 13.2
1315-3 28 Control 13.2
1294-1 42 Control 21.1
1294-2 42 Control 24.3
1294-3 42 Control 21.4
1251-1 42 Control 21
1251-2 42 Control 21.6
1251-3 42 Control 20.2
1172-2 28 0.25% GTE 15.6
1172-3 28 0.25% GTE 17.4
1548-1 28 0.25% GTE 14.8
1288-1 42 0.25% GTE 22.9
1288-2 42 0.25% GTE 21.7
1326-1 42 0.25% GTE 19.6
1326-2 42 0.25% GTE 22.9
1166-1 28 0.5% GTE 12.9
1166-3 28 0.5% GTE 17.4
1160-1 28 0.5% GTE 9.3
1160-2 28 0.5% GTE 15.9
1160-3 28 0.5% GTE 13.7
1225-1 42 0.5% GTE 24.3
1225-2 42 0.5% GTE 255
1225-3 42 0.5% GTE 24.7
1224-1 42 0.5% GTE 17.8
1224-2 42 0.5% GTE 22.2
1224-3 42 0.5% GTE 21
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Serum CK for control and GTE treatetixmice ages 28 and 42 days

Mouse Age (days) Treatment Serum CK (U/L)
8871-3 28 Control 776
8871-1 28 Control 9095
8871-2 28 Control 14328
1315-1 28 Control 1887
1315-2 28 Control 2217
1315-3 28 Control 4002
1294-1 42 Control 5466
1294-2 42 Control 4842
1294-3 42 Control 5982
1251-1 42 Control 5289
1251-2 42 Control 13101
1251-3 42 Control 12699
1172-1 28 0.25% GTE 1942
1172-2 28 0.25% GTE 1384
1172-3 28 0.25% GTE 1768
1172-4 28 0.25% GTE 3269
1288-1 42 0.25% GTE 1545
1288-2 42 0.25% GTE 644
1288-3 42 0.25% GTE 1483
1288-4 42 0.25% GTE 853
1326-1 42 0.25% GTE 1433
1326-2 42 0.25% GTE 2115
1166-2 28 0.5% GTE 4664
1166-3 28 0.5% GTE 4439
1160-2 28 0.5% GTE 2288
1160-3 28 0.5% GTE 6656
1225-1 42 0.5% GTE 1022
1225-2 42 0.5% GTE 780
1225-3 42 0.5% GTE 1732
1224-1 42 0.5% GTE 1120
1224-2 42 0.5% GTE 1672
1224-3 42 0.5% GTE 840
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Histopathology (percent area of fields) for conantl GTE treatethdxmice ages 28 and

42 days
Mouse | Age | Treatment | Normal | Regeneration Immune Cell| Necrosis | Degeneration
(days)

7271-2 28 Control 76.5 16.6 6.9 0.0 0.0
7773-2 28 Control 62.6 35.6 0.6 1.2 0.0
7773-3 28 Control 67.2 22.8 7.0 3.0 0.0
8841-1 28 Control 62.7 37.3 0.0 0.0 0.0
1251-2 42 Control 47.0 48.7 1.9 0.0 2.3
1251-3 42 Control 33.4 66.2 0.5 0.0 0.0
1294-1 42 Control 36.0 62.9 0.4 0.0 0.6
1294-3 42 Control 35.6 64.4 0.0 0.0 0.0
1172-1 28 0.25% GTH 70.7 28.6 0.6 0.0 0.0
1172-2 28 0.25% GTH 68.8 27.5 3.7 0.0 0.0
1172-3 28 0.25% GTH 69.9 27.1 3.0 0.0 0.0
1172-4 28 0.25% GTH 60.9 28.0 10.8 0.2 0.2
1288-1 42 0.25% GTH 51.7 46.6 1.8 0.0 0.0
1288-2 42 0.25% GTHE 43.6 55.3 0.8 0.0 0.4
1288-3 42 0.25% GTHE 52.5 47.1 0.4 0.0 0.0
1288-4 42 0.25% GTHE 55.0 44.2 0.8 0.0 0.0
1326-1 42 0.25% GTHE 52.2 46.0 1.1 0.5 0.2
1326-2 42 0.25% GTHE 46.7 51.8 0.9 0.2 0.3
1166-1 28 0.5% GTE 60.1 31.2 6.4 0.0 2.4
1166-2 28 0.5% GTE 68.3 26.3 0.8 0.0 4.6
1166-3 28 0.5% GTE 63.6 35.1 0.6 0.0 0.7
1160-1 28 0.5% GTE 83.3 15.5 0.7 0.0 0.5
1160-2 28 0.5% GTE 68.2 30.7 0.6 0.0 0.6
1160-3 28 0.5% GTE 60.1 30.2 1.4 0.0 8.3
1224-1 42 0.5% GTE 49.9 48.4 0.3 0.3 1.2
1224-2 42 0.5% GTE 45.8 52.4 0.7 0.5 0.7
1224-3 42 0.5% GTE 39.3 59.9 0.8 0.0 0.0
1225-1 42 0.5% GTE 44.8 53.4 0.2 0.5 1.1
1225-2 42 0.5% GTE 56.9 42.5 0.1 0.1 0.4
1225-3 42 0.5% GTE 49.0 45.2 0.5 0.9 4.4
Macrophage infiltration for control and GTE treatadxmice age 42 days

Mouse Treatment Macrophage/mr

1610-1 Control 189

1610-2 Control 122

1611-1 Control 75

1618-1 Control 113

1288-1 0.25% GTE 92

1288-3 0.25% GTE 49

1288-4 0.25% GTE 90

1326-1 0.25% GTE 162

1326-2 0.25% GTE 95

1224-1 0.5% GTE 153

1224-2 0.5% GTE 98

1224-3 0.5% GTE 157

1225-2 0.5% GTE 87

1225-3 0.5% GTE 93
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Necrotic fibers with NF-B staining in control and GTE treatatxmice age 42 days

Mouse Treatment Necrotic Fibers/mm
1610-1 Control 57
1610-2 Control 4.2
1618-1 Control 5.1
1288-1 0.25% GTE 6.3
1288-3 0.25% GTE 2.6
1288-4 0.25% GTE 4.2
1326-2 0.25% GTE 3.7
1224-1 0.5% GTE 15.0
1224-2 0.5% GTE 0.7
1224-3 0.5% GTE 4.7
1225-2 0.5% GTE 1.3
1225-3 0.5% GTE 6.2

Centralized nuclei with NFB staining in control and GTE treatetixmice age 42 days

Mouse Treatment % Dark Staining Centralized Nuclei
1610-1 Control 39.5
1610-2 Control 39.2
1611-1 Control 50.0
1618-1 Control 45.5
1288-1 0.25% GTE 25.4
1288-3 0.25% GTE 34.6
1288-4 0.25% GTE 25.4
1326-2 0.25% GTE 29.4
1224-1 0.5% GTE 33.1
1224-2 0.5% GTE 26.9
1224-3 0.5% GTE 22.6
1225-2 0.5% GTE 35.1
1225-3 0.5% GTE 31.6
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Appendix C: Specific Aim 1 Statistical Analyses

Normal fiber morphology for 14-42 day C57BL/6J andx

Analysis of Variance

Sum of
Source DF Squares
Model 9 18466.798
Error 24 333.716
C. Total 33 18800.513

Effect Tests

Source Nparm
Genotype 1
Age (days) 4
Genotype*Age (days) 4

Mean Square

F Ratio

2051.87 147.5651
13.90 Prob>F

Sum of

DF Squares
1 7695.0220
4 4992.0549
4  5026.1831

<.0001*

F Ratio
553.4067
89.7540
90.3676

Degeneration for 14-42 day C57BL/6J andx

Analysis of Variance

Sum of
Source DF Squares
Model 9  42.466097
Error 24 14.924849
C. Total 33  57.390947

Effect Tests

Source Nparm
Genotype 1
Age (days) 4
Genotype*Age (days) 4

Mean Square
4.71846

F Ratio
7.5875

0.62187 Prob>F

Sum of

DF Squares
1 5.684780
4  16.513786
4 14.461224

<.0001*

F Ratio
9.1414
6.6388
5.8136

Immune Cell for 14-42 day C57BL/6J anatix

Analysis of Variance

Sum of
Source DF Squares
Model 9 46.933778
Error 24 48.996412
C. Total 33  95.930190

Effect Tests

Source Nparm
Genotype 1
Age (days) 4
Genotype*Age (days) 4

Mean Square
5.21486

F Ratio
2.5544

2.04152 Prob>F

Sum of

DF Squares
1 16.197325
4 12.773116
4 12.344246

0.0322*

F Ratio
7.9340
1.5642
1.5117

Prob >F
<.0001*
<.0001*
<.0001*

Prob >F
0.0059*
0.0010*
0.0020*

Prob >F
0.0096*
0.2160
0.2303
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Necrotic fibers for 14-42 day C57BL/6J anndix

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 9 4.178466 0.464274 1.5490
Error 24 7.193337 0.299722 Prob >F
C. Total 33  11.371803 0.1876

Regeneration for 14-42 day C57BL/6J andx

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 9 17923.039 1991.45 84.4741
Error 24 565.792 23.57 Prob>F
C. Total 33 18488.831 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Genotype 1 1 64718047 2745238  <.0001*
Age (days) 4 4 5379.5984 57.0485  <.0001*
Genotype*Age (days) 4 4 5379.3641 57.0461  <.0001*

Body mass for 28 day control and GTE treatetkmice
Analysis of Variance

Sum of
Source DF Squares Mean Square FRatio Prob>F
Treatment 2 15.76705 7.88352 15237 0.2434
Error 19 98.30795 5.17410
C. Total 21 114.07500

Body mass for 42 day control and GTE treatetkmice

Analysis of Variance

Sum of
Source DF Squares Mean Square FRatio Prob>F
Treatment 2 3.201667 1.60083 0.3549  0.7078
Error 13  58.635833 451045
C. Total 15 61.837500
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Serum CK for 28 and 42 day control and GTE treateldmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 5 206340059 41268012 4.6885
Error 26 228849895 8801919 Prob>F
C. Total 31 435189953 0.0035*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Treatment 2 2 146223292 8.3063  0.0016*
Age 1 1 2060172 0.2341  0.6326
Treatment*Age 2 2 46052924 2.6161  0.0922

Dunnett’s test for 28 day serum CK
Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha

2.43642 0.05
Level Abs(Dif)-LSD  p-Value
Control -3780  1.0000
0.5% GTE -3217  0.5579
0.25% GTE -796 0.1008

Positive values show pairs of means that are significantly different.
Dunnett’s test for 42 day serum CK
Means Comparisons
Comparisons with a control using Dunnett's Method
Control Group = Control

|d| Alpha
2.43926 0.05
Level Abs(Dif)-LSD  p-Value
Control -3213  1.0000
0.25% GTE 3338 0.0003*
0.5% GTE 3489 0.0003*

Positive values show pairs of means that are significantly different.

Normal fiber morphology for 28 and 42 day contnotlaintreateandxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 5 3716.3766 743.275 18.9241
Error 24 942.6381 39.277 Prob>F
C. Total 29  4659.0147 <.0001*
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Effect Tests

Sum of
Source Nparm DF Squares FRatio Prob>F
Treatment 2 2 187.8786 2.3917  0.1129
Age 1 1 3505.2125 89.2443  <.0001*
Treatment*Age 2 2 171.0912 2.1780 0.1351
Dunnett’s test for 28 day normal fiber morphology

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha

2.52314 0.05
Level Abs(Dif)-LSD  p-Value
0.25% GTE -12.4  0.9957
0.5% GTE -11.7  1.0000
Control -12.8  1.0000

Positive values show pairs of means that are significantly different.
Dunnett’s test for 42 day normal fiber morphology
Means Comparisons
Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha
2.45876 0.05
Level Abs(Dif)-LSD  p-Value
0.25% GTE 3.729 0.0067*
0.5% GTE 1.077 0.0282*
Control -9.35  1.0000

Positive values show pairs of means that are significantly different.

Degeneration for 28 and 42 day control and untdeaidx mice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 5  33.649997 6.73000 2.5071
Error 24 64.424434 2.68435 Prob>F
C. Total 29 98.074432 0.0581

Dunnett’s test for 28 day degeneration
Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha

2.52314 0.05
Level Abs(Dif)-LSD  p-Value
0.5% GTE -0.55 0.0997
0.25% GTE -3.69 0.9994
Control -3.73  1.0000

Positive values show pairs of means that are significantly different.



Dunnett’s test for 42 day degeneration

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d| Alpha

2.45876 0.05
Level Abs(Dif)-LSD  p-Value
0.5% GTE -1.22  0.6500
Control -1.95 1.0000
0.25% GTE -1.17 0.6108

Positive values show pairs of means that are significantly different.

Immune cell for 28 and 42 day control and GTE &datdxmice
Analysis of Variance

Source
Model
Error
C. Total

Sum of
DF Squares Mean Square F Ratio
5 63.46480 12.6930 2.3246
24  131.04600 5.4603 Prob>F
29  194.51080 0.0742

Dunnett’s test for 28 day immune cell

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d| Alpha

2.52314 0.05
Level Abs(Dif)-LSD  p-Value
0.25% GTE -5.18 0.9035
Control -6.07  1.0000
0.5% GTE -3.65 0.6018

Positive values show pairs of means that are significantly different.

Dunnett’s test for 42 day immune cell

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d| Alpha

2.45876 0.05
Level Abs(Dif)-LSD  p-Value
0.25% GTE -055 0.6237
Control -0.91  1.0000
0.5% GTE -0.56 0.6303

Positive values show pairs of means that are significantly different.
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Necrotic fibers for 28 and 42 day control and Giidatedndxmice
Analysis of Variance

Source
Model
Error
C. Total

Sum of
DF Squares Mean Square F Ratio
5 3.586722 0.717344 2.5621
24 6.719508 0.279980 Prob >F
29  10.306230 0.0540

Dunnett’s test for 28 day necrotic fibers

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d| Alpha

2.52314 0.05
Level Abs(Dif)-LSD  p-Value
Control -1.32  1.0000
0.25% GTE -0.31  0.1348
0.5% GTE -0.15 0.0856

Positive values show pairs of means that are significantly different.

Dunnett’s test for 42 day necrotic fibers

Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha

2.48780 0.05
Level Abs(Dif)-LSD  p-Value
0.5% GTE -0 0.0502
0.25% GTE -0.17 0.5071
Control -0.32  1.0000

Positive values show pairs of means that are significantly different.

Regeneration for 28 and 42 day control and GTEedradxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 5 4738.7989 947.760  22.5596
Error 24  1008.2735 42.011 Prob>F
C. Total 29 5747.0724 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Treatment 2 2 188.2018 2.2399 0.1283
Age 1 1 4536.4934 107.9825  <.0001*
Treatment*Age 2 2 178.2710 21217  0.1418
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Dunnett’s test for 28 day regeneration
Means Comparisons

Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha

2.52314 0.05
Level Abs(Dif)-LSD  p-Value
0.5% GTE -11.3  0.9999
Control -12.4  1.0000
0.25% GTE -121  0.9971

Positive values show pairs of means that are significantly different.
Dunnett’s test for 42 day regeneration
Means Comparisons
Comparisons with a control using Dunnett's Method
Control Group = Control

|d] Alpha
2.45876 0.05
Level Abs(Dif)-LSD  p-Value
Control -10.5 1.0000
0.5% GTE 0.677 0.0363*
0.25% GTE 2.454  0.0155*

Positive values show pairs of means that are significantly different.

Macrophage infiltration for 42 day control and Gr&atedndxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio Prob>F
Genotype/Treatment 2 6121.569 3060.78 1.6319  0.2395
Error 11  20631.854 1875.62
C. Total 13 26753.422

NF- B staining in necrotic fibers for 42 day controba@TE treateandxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square FRatio Prob>F
Column 2 2 4.10908 2.0545 0.1316 0.8783
Error 9  140.50429 15.6116
C. Total 11  144.61337

NF- B staining in regenerating fibers for 42 day conéirod GTE treatedhdxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square FRatio Prob>F
Genotype/Treatment 2 562.24417 281.122 11.6680  0.0024*
Error 10 240.93323 24.093
C. Total 12 803.17740
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Appendix D: Specific Aim 2 Raw Data

Food consumption (g/g bm/d) for control and EGCéated C57BL/6J anthdxmice

Mouse | Genotype | Treatment 18-21 21-28 28-35 35-42
1596-1| C57BL/6J| AIN-93G 0.13 0.17 0.19 0.18
1596-2 | C57BL/6J| AIN-93G 0.13 0.16 0.16 0.15
1596-3 | C57BL/6J| AIN-93G 0.13 0.16 0.16 0.15
1597-1| C57BL/6J| AIN-93G 0.18 0.17 0.18 0.15
1642-1 | C57BL/6J| AIN-93G 0.15 0.18 - -
1642-2 | C57BL/6J| AIN-93G 0.14 0.17 - -
1643-1| C57BL/6J| AIN-93G 0.21 0.19 - -
1648-1 | C57BL/6J| AIN-93G 0.16 0.22 - -
1612-1 | C57BL/6J EGCG 0.10 0.17 0.16 0.16
1612-2 | C57BL/6J EGCG 0.09 0.17 0.17 0.16
1612-3| C57BL/6J EGCG 0.11 0.18 0.17 0.18
1613-1| C57BL/6J EGCG 0.11 0.20 0.18 0.18
1650-1 | C57BL/6J EGCG 0.19 0.18 - -
1650-2 | C57BL/6J EGCG 0.21 0.19 - -
1650-3 | C57BL/6J EGCG 0.20 0.19 - -
1651-1| C57BL/6J EGCG 0.22 0.19 - -
1651-2 | C57BL/6J EGCG 0.22 0.18 - -
1542-1 mdx AIN-93G 0.23 0.14 - -
1542-2 mdx AIN-93G 0.26 0.16 - -
1544-1 mdx AIN-93G 0.49 0.14 - -
1582-1 mdx AIN-93G 0.25 0.19 - -
1582-2 mdx AIN-93G 0.26 0.17 - -
1584-1 mdx AIN-93G 0.23 0.15 - -
1584-2 mdx AIN-93G 0.25 0.16 - -
1608-1 mdx AIN-93G 0.17 0.13 - -
1608-2 mdx AIN-93G 0.18 0.15 - -
1588-1 mdx AIN-93G 0.14 0.11 0.13 0.12
1588-2 mdx AIN-93G 0.14 0.13 0.14 0.12
1588-3 max AIN-93G 0.21 0.19 0.18 0.15
1589-1 mdx AIN-93G 0.11 0.18 0.19 0.13
1593-1 mdx AIN-93G 0.21 0.14 0.13 0.13
1593-2 mdx AIN-93G 0.24 0.15 0.14 0.14
1593-3 max AIN-93G 0.27 0.18 0.15 0.16
1545-1 mdx EGCG 0.22 0.16 - -
1545-2 mdx EGCG 0.20 0.14 - -
1545-3 max EGCG 0.20 0.16 - -
1583-1 max EGCG 0.22 0.19 - -
1583-2 max EGCG 0.22 0.17 - -
1585-1 max EGCG 0.24 0.18 - -
1585-2 max EGCG 0.22 0.17 - -
1606-1 max EGCG 0.07 0.18 - -
1606-2 max EGCG 0.08 0.16 - -
1606-3 max EGCG 0.08 0.21 - -
1603-1 max EGCG 0.08 0.15 0.16 0.14
1603-2 max EGCG 0.09 0.18 0.17 0.14
1604-1 mdx EGCG 0.09 0.17 0.16 0.15
1604-2 mdx EGCG 0.09 0.17 0.17 0.16
1609-2 madx EGCG 0.11 0.15 0.14 0.14
1609-3 madx EGCG 0.14 0.19 0.17 0.17




Body mass (g) for control and EGCG treated C57BBttdmdxmice

Mouse | Genotype | Treatment 21 28 35 42
1596-1 C57BL/6J | AIN-93G 10.8 13.4 154 16.8
1596-2 C57BL/6J AIN-93G 10.7 14.3 18.2 19.4
1596-3 C57BL/6J | AIN-93G 10.9 14.3 18 20.2
1597-1 C57BL/6J AIN-93G 11.1 17.1 21 21.2
1612-1 C57BL/6J EGCG 9.3 13.8 17.5 18.1
1612-2 C57BL/6J EGCG 10 14.2 16.9 18.2
1612-3 C57BL/6J EGCG 9 13 16.2 16.1
1613-1 C57BL/6J EGCG 8 13.5 17.5 18.5
1542-1 mdx AIN-93G 11.3 18.2 - -
1542-2 mdx AIN-93G 9.9 15.9 - -
1544-1 mdx AIN-93G 11.3 13 - -
1582-1 mdx AIN-93G 10.8 15.4 - -
1582-2 mdx AIN-93G 10.6 17.2 - -
1584-1 mdx AIN-93G 11.8 21.1 - -
1584-2 mdx AIN-93G 11.1 20.4 - -
1608-1 mdx AIN-93G 15 18 - -
1608-2 mdx AIN-93G 13.6 15.5 - -
1588-1 mdx AIN-93G 15.1 22.3 25.1 28.6
1588-2 mdx AIN-93G 14.6 19.3 24.6 27.1
1588-3 mdx AIN-93G 10 13.1 18.8 21.8
1589-1 mdx AIN-93G 12.9 16.3 21.3 24.5
1593-1 mdx AIN-93G 12.8 18.2 19.8 21
1593-2 mdx AIN-93G 11.4 16.9 18.7 20.6
1593-3 mdx AIN-93G 10.1 14.5 16.8 18
1545-1 mdx EGCG 9.2 13.9 - -
1545-2 mdx EGCG 9.9 15.8 - -
1545-3 mdx EGCG 10.2 14.7 - -
1583-1 mdx EGCG 104 14.9 - -
1583-2 mdx EGCG 10.6 16.6 - -
1585-1 mdx EGCG 9.5 16.9 - -
1585-2 mdx EGCG 10.6 17.9 - -
1606-1 mdx EGCG 9.8 13.8 - -
1606-2 mdx EGCG 9.3 15 - -
1606-3 mdx EGCG 8.5 11.7 - -
1603-1 mdx EGCG 9.8 18 24.5 26.4
1603-2 mdx EGCG 8.8 15.1 23.2 26.5
1604-1 mdx EGCG 9.8 15.3 18.5 21.1
1604-2 mdx EGCG 9.7 15.7 17.7 19.3
1609-2 mdx EGCG 12.8 16.6 19.4 21.7
1609-3 mdx EGCG 9.5 13.1 16.3 17.4
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Serum CK for control and EGCG treated C57BL/6J axgct mice

Mouse Genotype Treatment Age (days) Serum CK (U/L)
1642-1 C57BL/6J AIN-93G 28 252
1642-2 C57BL/6J AIN-93G 28 116
1643-1 C57BL/6J AIN-93G 28 201
1648-1 C57BL/6J AIN-93G 28 217
1596-1 C57BL/6J AIN-93G 42 1736
1596-2 C57BL/6J AIN-93G 42 136
1596-3 C57BL/6J AIN-93G 42 145
1597-1 C57BL/6J AIN-93G 42 315
1650-1 C57BL/6J EGCG 28 251
1650-2 C57BL/6J EGCG 28 739
1650-3 C57BL/6J EGCG 28 426
1651-1 C57BL/6J EGCG 28 347
1651-2 C57BL/6J EGCG 28 298
1612-1 C57BL/6J EGCG 42 391
1612-2 C57BL/6J EGCG 42 323
1613-1 C57BL/6J EGCG 42 421
1542-1 mdx AIN-93G 28 4911
1542-2 mdx AIN-93G 28 8069
1582-1 mdx AIN-93G 28 2811
1582-2 mdx AIN-93G 28 3198
1584-1 mdx AIN-93G 28 4318
1584-2 mdx AIN-93G 28 4046
1608-1 mdx AIN-93G 28 6502
1608-2 mdx AIN-93G 28 4993
1542-1 mdx AIN-93G 28 4911
1588-2 mdx AIN-93G 42 5904
1588-3 mdx AIN-93G 42 5471
1589-1 mdx AIN-93G 42 6033
1593-1 mdx AIN-93G 42 2410
1593-2 mdx AIN-93G 42 2907
1593-3 mdx AIN-93G 42 10093
1545-1 mdx EGCG 28 2791
1545-2 mdx EGCG 28 2986
1545-3 mdx EGCG 28 4356
1583-1 mdx EGCG 28 3376
1583-2 mdx EGCG 28 2670
1585-1 mdx EGCG 28 1574
1585-2 mdx EGCG 28 2376
1606-1 mdx EGCG 28 5308
1606-2 mdx EGCG 28 5940
1606-3 mdx EGCG 28 3260
1603-1 mdx EGCG 42 4951
1603-2 mdx EGCG 42 5537
1604-1 mdx EGCG 42 2183
1604-2 mdx EGCG 42 5882
1609-2 mdx EGCG 42 8702
1609-3 mdx EGCG 42 2539

177



Histopathology (percent area of fields) for conantd EGCG treated C57BL/6J amaix

mice
Mouse | Genotype| Treatment| Age | Normal | Regeneratior] Immune | Necrosis| Degeneration Myotube
(days) Cell
1642-1| C57BL/6J AIN 28 99.7 0.0 0.3 0.0 0.0 0.0
1642-2| C57BL/6J AIN 28 99.7 0.1 0.2 0.0 0.0 0.0
1643-1| C57BL/6J AIN 28 99.2 0.7 0.1 0.0 0.0 0.0
1648-1| C57BL/6J AIN 28 99.1 0.7 0.1 0.0 0.0 0.1
1596-1| C57BL/6J AIN 42 99.4 0.0 0.0 0.0 0.0 0.6
1596-2| C57BL/6J AIN 42 98.6 1.3 0.1 0.0 0.0 0.0
1596-3| C57BL/6J AIN 42 100.0 0.0 0.0 0.0 0.0 0.0
1597-1| C57BL/6J AIN 42 99.8 0.0 0.2 0.0 0.0 0.0
1650-1| C57BL/6J EGCG 28 98.8 0.8 0.2 0.0 0.0 0.2
1650-2| C57BL/6J EGCG 28 99.4 0.0 0.5 0.0 0.0 0.1
1650-3| C57BL/6J EGCG 28 98.4 0.7 0.4 0.0 0.0 0.5
1651-1| C57BL/6J EGCG 28 98.3 1.4 0.1 0.0 0.0 0.2
1651-2| C57BL/6J EGCG 28 98.9 1.0 0.1 0.0 0.0 0.0
1612-1| C57BL/6J EGCG 42 99.7 0.0 0.3 0.0 0.0 0.0
1612-2| C57BL/6J EGCG 42 99.8 0.0 0.2 0.0 0.0 0.0
1612-3| C57BL/6J EGCG 42 99.8 0.0 0.2 0.0 0.0 0.0
1613-1| C57BL/6J EGCG 42 98.6 1.3 0.1 0.0 0.0 0.0
1542-1 mdx AIN 28 55.6 27.3 14.5 0.0 0.0 2.6
1542-2 mdx AIN 28 48.5 43.2 7.0 0.0 0.1 1.1
1544-1 mdx AIN 28 52.2 9.5 17.8 0.0 0.6 19.4
1582-1 mdx AIN 28 73.9 22.5 2.6 0.0 0.0 1.0
1582-2 mdx AIN 28 44.0 48.3 4.9 0.0 0.0 2.7
1584-1 mdx AIN 28 53.9 38.5 6.0 0.0 0.0 1.6
1584-2 mdx AIN 28 61.4 32.5 4.2 0.0 0.0 1.9
1608-2 mdx AIN 28 36.5 15.6 24.5 11.6 7.6 4.1
1608-1 mdx AIN 28 54.7 37.0 2.9 0.2 0.6 4.6
1588-1 mdx AIN 42 48.4 49.3 1.8 0.2 0.0 0.3
1588-2 mdx AIN 42 39.9 56.9 2.4 0.4 0.0 0.5
1588-3 mdx AIN 42 52.6 40.7 4.0 0.4 1.9 0.4
1589-1 mdx AIN 42 49.8 47.0 2.6 0.0 0.0 0.5
1593-1 mdx AIN 42 45.6 52.8 14 0.0 0.0 0.2
1593-2 mdx AIN 42 38.1 58.7 2.5 0.0 0.0 0.8
1593-3 mdx AIN 42 47.2 49.7 3.0 0.0 0.0 0.1
1545-1 mdx EGCG 28 76.1 17.8 3.1 0.5 0.0 2.5
1545-2 mdx EGCG 28 70.3 17.2 8.3 3.1 0.0 1.2
1545-3 mdx EGCG 28 88.5 6.7 2.4 1.8 0.0 0.4
1583-1 mdx EGCG 28 66.8 28.8 1.9 0.7 0.0 1.4
1583-2 mdx EGCG 28 47.9 50.0 1.1 0.0 0.0 1.1
1585-1 mdx EGCG 28 53.8 45.3 0.7 0.0 0.0 0.3
1585-2 mdx EGCG 28 62.0 33.9 2.3 0.0 0.0 1.9
1606-1 mdx EGCG 28 58.6 33.5 5.1 0.5 0.0 2.2
1606-2 mdx EGCG 28 50.6 32.1 10.5 0.1 0.6 6.0
1606-3 mdx EGCG 28 53.8 19.5 4.2 0.1 0.0 22.3
1603-2 mdx EGCG 42 59.0 38.1 1.6 0.0 0.0 1.2
1603-1 mdx EGCG 42 53.6 42.5 2.7 0.4 0.0 0.9
1604-1 mdx EGCG 42 54.1 44.2 0.4 0.8 0.0 0.4
1604-2 mdx EGCG 42 58.8 39.0 2.2 0.0 0.0 0.¢
1609-2 mdx EGCG 42 57.7 40.4 1.3 0.2 0.0 0.4
1609-3 mdx EGCG 42 62.8 28.3 4.9 0.0 0.1 4.(
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Macrophage infiltration for control and EGCG treh@57BL/6J andndxmice

Mouse Genotype Treatment Age (days) Macrophages/mm
1642-1 C57BL/6J AIN-93G 28 2
1642-2 C57BL/6J AIN-93G 28 17
1643-1 C57BL/6J AIN-93G 28 6
1648-1 C57BL/6J AIN-93G 28 10
1596-1 C57BL/6J AIN-93G 42 1
1596-2 C57BL/6J AIN-93G 42 1
1596-3 C57BL/6J AIN-93G 42 0
1597-1 C57BL/6J AIN-93G 42 0
1650-1 C57BL/6J EGCG 28 13
1650-2 C57BL/6J EGCG 28 6
1650-3 C57BL/6J EGCG 28 3
1651-1 C57BL/6J EGCG 28 4
1612-1 C57BL/6J EGCG 42 4
1612-2 C57BL/6J EGCG 42 1
1612-3 C57BL/6J EGCG 42 2
1613-1 C57BL/6J EGCG 42 1
1542-1 mdx AIN-93G 28 194
1542-2 mdx AIN-93G 28 125
1544-1 mdx AIN-93G 28 497
1582-1 mdx AIN-93G 28 83
1582-2 mdx AIN-93G 28 133
1584-1 mdx AIN-93G 28 84
1584-2 mdx AIN-93G 28 90
1608-1 mdx AIN-93G 28 211
1608-2 mdx AIN-93G 28 572
1588-1 mdx AIN-93G 42 115
1588-2 mdx AIN-93G 42 50
1588-3 mdx AIN-93G 42 98
1589-1 mdx AIN-93G 42 108
1593-1 mdx AIN-93G 42 30
1593-2 mdx AIN-93G 42 90
1593-3 mdx AIN-93G 42 54
1545-1 mdx EGCG 28 208
1545-2 mdx EGCG 28 445
1545-3 mdx EGCG 28 239
1583-1 mdx EGCG 28 117
1583-2 mdx EGCG 28 96
1585-1 mdx EGCG 28 26
1585-2 mdx EGCG 28 101
1606-1 mdx EGCG 28 110
1606-2 mdx EGCG 28 205
1603-1 mdx EGCG 42 17
1603-2 mdx EGCG 42 18
1604-1 mdx EGCG 42 58
1604-2 mdx EGCG 42 61
1609-2 mdx EGCG 42 110
1609-3 mdx EGCG 42 114
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NF- B staining in necrotic fibers for control and EG@&ated C57BL/6J anthdxmice

Mouse Genotype Treatment Age (days) Necrotic Fibers/mrh
1642-1 C57BL/6J AIN-93G 28 0.7
1642-2 C57BL/6J AIN-93G 28 0.0
1643-1 C57BL/6J AIN-93G 28 0.2
1648-1 C57BL/6J AIN-93G 28 0.0
1596-1 C57BL/6J AIN-93G 42 0.2
1596-2 C57BL/6J AIN-93G 42 0.2
1596-3 C57BL/6J AIN-93G 42 0.0
1597-1 C57BL/6J AIN-93G 42 0.2
1650-1 C57BL/6J EGCG 28 0.2
1650-2 C57BL/6J EGCG 28 0.0
1650-3 C57BL/6J EGCG 28 0.2
1651-1 C57BL/6J EGCG 28 0.0
1612-1 C57BL/6J EGCG 42 0.4
1612-2 C57BL/6J EGCG 42 0.0
1612-3 C57BL/6J EGCG 42 0.0
1613-1 C57BL/6J EGCG 42 0.2
1542-1 madx AIN-93G 28 4.3
1582-1 madx AIN-93G 28 4.5
1582-2 madx AIN-93G 28 3.7
1584-1 madx AIN-93G 28 6.4
1584-2 madx AIN-93G 28 2.0
1608-2 madx AIN-93G 28 11.5
1588-1 madx AIN-93G 42 2.6
1588-2 madx AIN-93G 42 3.4
1588-3 mdx AIN-93G 42 5.0
1589-1 madx AIN-93G 42 2.2
1593-1 madx AIN-93G 42 1.7
1593-2 madx AIN-93G 42 2.9
1593-3 mdx AIN-93G 42 2.1
1545-1 madx EGCG 28 5.1
1545-2 madx EGCG 28 3.9
1545-3 mdx EGCG 28 7.1
1583-1 mdx EGCG 28 3.2
1583-2 mdx EGCG 28 15
1585-1 mdx EGCG 28 3.6
1585-2 mdx EGCG 28 1.8
1606-1 mdx EGCG 28 6.6
1606-2 mdx EGCG 28 5.1
1603-1 mdx EGCG 42 3.4
1603-2 mdx EGCG 42 1.4
1604-1 madx EGCG 42 4.1
1604-2 madx EGCG 42 1.1
1609-2 mdx EGCG 42 6.6
1609-3 mdx EGCG 42 2.9
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NF- B staining in regenerating fibers for control afd®&s treateandxmice

Mouse Treatment Age (days) % Dark Staining Centralized Nuclei
1542-1 AIN-93G 28 47.6
1582-1 AIN-93G 28 50.7
1582-2 AIN-93G 28 50.0
1584-1 AIN-93G 28 49.5
1584-2 AIN-93G 28 49.5
1608-2 AIN-93G 28 52.3
1588-1 AIN-93G 42 45.8
1588-2 AIN-93G 42 40.6
1588-3 AIN-93G 42 45.0
1589-1 AIN-93G 42 46.8
1593-1 AIN-93G 42 40.4
1593-2 AIN-93G 42 39.4
1593-3 AIN-93G 42 40.0
1545-1 EGCG 28 45.1
1545-2 EGCG 28 48.0
1545-3 EGCG 28 54.8
1583-1 EGCG 28 47.7
1583-2 EGCG 28 47.7
1585-1 EGCG 28 52.0
1585-2 EGCG 28 41.8
1606-1 EGCG 28 42.7
1603-1 EGCG 42 29.6
1603-2 EGCG 42 38.3
1604-1 EGCG 42 37.0
1604-2 EGCG 42 26.8
1609-2 EGCG 42 27.8
1609-3 EGCG 42 36.2
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Appendix E: Specific Aim 2 Statistical Analyses

Food consumption for control and EGCG treated C58Blandndxmice

All Between F Test Exact F NumDMenDF | Prob>F
Genotype 0.039116340.66497783 1 17 0.4261
Treatment 0.066106621.12381254 1 17 0.3039
Genotype x Treatment 0.01916700.32583914 1 17 0.5756
All Within F Test Exact F NumDF DenDF | Prob>F
Time 1.76294258 8.81471288 3 15 0.0013
Time x Genotype 1.20207718.0103859 | 3 15 0.0067
Time x Treatment 6.434520282.1726014 3 15 <0.0001
Time x Genotype X 0.17417562 0.87087811 3 15 0.4779
Treatment

Food consumption for 18-21 day control and EGCG@Gteé@mdxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Treatment 1 0.05200313 0.052003 8.8923
Error 30 0.17544375 0.005848
C. Total 31 0.22744688

Food consumption for 21-28 day control and EGCGteé@mdxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Treatment 1 0.00211250 0.002112 4.9951
Error 30 0.01268750 0.000423
C. Total 31 0.01480000

Food consumption for 28-35 day control and EGG@atedmdxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Treatment 1 0.00033864 0.000339 0.8935
Error 11 0.00416905 0.000379
C. Total 12 0.00450769

Food consumption for 35-42 day control and EG@&atedndxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Treatment 1 0.00033864 0.000339 0.8935
Error 11 0.00416905 0.000379
C. Total 12 0.00450769

Prob >F
0.0056*

Prob >F
0.0330*

Prob >F
0.3648

Prob >F
0.3648
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Food consumption for 18-21 day C57BL/6J amdixmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Genotype 1 0.00968806 0.009688 1.7570
Error 47 0.25915276 0.005514
C. Total 48 0.26884082

Prob >F
0.1914

Food consumption for 21-28 day C57BL/6J amdkmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Genotype 1 0.00363241 0.003632 9.2312
Error 47 0.01849412 0.000393
C. Total 48 0.02212653

Prob >F
0.0039*

Food consumption for 28-35 day C57BL/6J amdkmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Genotype 1 0.00112862 0.001129 3.9746
Error 19 0.00539519 0.000284
C. Total 20 0.00652381

Prob >F
0.0607

Food consumption for 35-42 day C57BL/6J amdikmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Genotype 1 0.00227697 0.002277  10.2560
Error 19 0.00421827 0.000222
C. Total 20 0.00649524

Prob >F
0.0047*

Body mass for control and EGCG treated C57BL/6Jraddmice

All Between F Test Exact F NumDMenDF | Prob>F
Genotype 0.420627 7.15065908 17 0.0160
Treatment 0.132440822.25149387 1 17 0.1518
Genotype x Treatment <0.0001 <0.0001 1 17 0.9993
All Within F Test Exact F NumDF DenDF | Prob>F
Time 18.4484472 92.2422358 3 15 <0.0001
Time x Genotype 0.97376762.8688381 | 3 15 0.0147
Time x Treatment 0.18606884.93034421 3 15 0.4503
Time x Genotype X 0.01775343 0.08876713 3 15 0.9651
Treatment
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Body mass for 21 day C57BL/6J amilx mice
Analysis of Variance

Source
Genotype
Error

C. Total

DF

1
38
39

Sum of

Squares Mean Square F Ratio

6.20156
105.67219
111.87375

6.20156 2.2301
2.78085

Body mass for 28 day C57BL/6J amdixmice
Analysis of Variance

Source
Genotype
Error

C. Total

DF

1
38
39

Sum of

Squares Mean Square F Ratio

27.14256
191.87719
219.01975

27.1426 5.3754
5.0494

Body mass for 35 day C57BL/6J amdixmice

Analysis of Variance

Source
Genotype
Error

C. Total

DF

1
19
20

Sum of

Squares Mean Square F Ratio

38.11000
132.03952
170.14952

38.1100 5.4839
6.9494

Body mass for 42 day C57BL/6J amdixmice

Analysis of Variance

Source
Genotype
Error

C. Total

Serum CK for control and EGCG treated C57BL/6J mugot mice

DF

1
19
20

Analysis of Variance

Sum of

Squares Mean Square F Ratio

81.34718
178.71567
260.06286

81.3472 8.6484
9.4061

Prob >F
0.1436

Prob >F
0.0259*

Prob >F
0.0302*

Prob >F
0.0084*

Sum of
Source DF Squares Mean Square F Ratio
Model 7 197972639 28281806  10.1482
Error 38 105901295 2786876.2 Prob >F
C. Total 45 303873934 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Genotype 1 1 185544016 66.5778  <.0001*
Treatment 1 1 2233024 0.8013 0.3764
Genotype*Treatment 1 1 2285604 0.8201  0.3708
Age 1 1 3827648 1.3735 0.2485
Genotype*Age 1 1 1952776 0.7007  0.4078
Treatment*Age 1 1 137568 0.0494 0.8254
Genotype*Treatment*Age 1 1 1075984 0.3861  0.5381
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Normal fiber morphology for control and EGCG treh@57BL/6J anandxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 7 22466.540 3209.51 51.0365
Error 41 2578.348 62.89 Prob>F
C. Total 48  25044.888 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares F Ratio
Genotype 1 1 21358.089 339.6290
Treatment 1 1 285.650 4.5423
Genotype*Treatment 1 1 322.748 5.1322
Age 1 1 95.737 1.5224
Genotype*Age 1 1 122.513 1.9482
Treatment*Age 1 1 6.084 0.0968
Genotype*Treatment*Age 1 1 1.749 0.0278

Regeneration for 28 day control and EGCG treatetBLHEJ andndxmice

Analysis of Variance

Prob >F
<.0001*
0.0391*
0.0288*
0.2243
0.1703
0.7573
0.8684

Sum of
Source DF Squares Mean Square F Ratio
Model 3 5093.5904 1697.86  13.8867
Error 24 2934.3790 122.27 Prob>F
C. Total 27  8027.9695 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Genotype 1 1 50529253 41.3274  <.0001*
Treatment 1 1 4.0316 0.0330 0.8574
Genotype*Treatment 1 1 8.8424 0.0723  0.7903

Regeneration for 42 day control and EGCG treatetBCEJ andmdxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 10429.987 3476.66 154.7298
Error 17 381.977 2247 Prob>F
C. Total 20 10811.965 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Genotype 1 1 9741.0850 433.5296  <.0001*
Treatment 1 1 176.9066 7.8733  0.0122*
Genotype*Treatment 1 1 177.3259 7.8919  0.0121*
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Immune cell for 28 day control and EGCG treated B158J andmdxmice

Analysis of Variance

Sum of
Source DF Squares
Model 3 382.94149
Error 24  570.46384
C. Total 27  953.40533

Effect Tests

Source Nparm
Genotype 1
Treatment 1
Genotype*Treatment 1

Immune cell for 42 day control and EGCG treated B158J andmdxmice

Analysis of Variance

Sum of
Source DF Squares
Model 3 25321762
Error 17  15.886154
C. Total 20 41.207916

Effect Tests

Source Nparm
Genotype 1
Treatment 1
Genotype*Treatment 1

Necrotic fibers for 28 day control and EGCG tredB&¥BL/6J andandxmice

Analysis of Variance

Sum of
Source DF Squares
Model 3 7.81851
Error 24  128.17855
C. Total 27  135.99705

Necrotic fibers for 42 day control and EGCG tredB&¥BL/6J anandxmice

Analysis of Variance

Sum of
Source DF Squares
Model 3 0.20805424
Error 17 0.71675345
C. Total 20 0.92480769

Degeneration for 28 day control and EGCG treatedBLEJ andndxmice

Analysis of Variance

Sum of
Source DF Squares
Model 3 5.716283
Error 24  50.443788
C. Total 27  56.160072

Mean Square F Ratio
127.647 5.3702
23.769 Prob>F
0.0057*

Sum of
DF Squares F Ratio
1 251.78888 10.5930
1 43.17568 1.8164
1 46.49883 1.9563

Mean Square F Ratio
8.44059 9.0324
0.93448 Prob>F

0.0008*
Sum of
DF Squares F Ratio

1 24626382 26.3530
1 0.055882 0.0598
1 0.233628 0.2500

Mean Square F Ratio
2.60617 0.4880
5.34077 Prob>F

0.6939

Mean Square F Ratio
0.069351 1.6449
0.042162 Prob >F

0.2164

Mean Square F Ratio
1.90543 0.9066
2.10182 Prob>F

0.4525

Prob >F
0.0034*
0.1903
0.1747

Prob > F
<.0001*
0.8097
0.6235
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Degeneration for 42 day control and EGCG treatedBL%J andndxmice
Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 0.3369768 0.112326 0.6008
Error 17 3.1781031 0.186947 Prob >F
C. Total 20  3.5150799 0.6232

Myotubes for 28 day control and EGCG treated C58Blandndxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 101.03617 33.6787 1.1952
Error 24 676.30425 28.1793 Prob>F
C. Total 27  777.34042 0.3327

Myotubes for 42 day control and EGCG treated C58Blandndxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 3.975670 1.32522 2.0146
Error 17  11.182893 0.65782 Prob>F
C. Total 20 15.158563 0.1501

Macrophage infiltration for control and EGCG treh€57BL/6J andndxmice
Analysis of Variance

Sum of

Source DF Squares Mean Square F Ratio
Model 3 292453.63 97484.5 9.5034
Error 44 451346.03 10257.9 Prob >F

C. Total 47  743799.67 <.0001*

Effect Tests
Sum of

Source Nparm DF Squares FRatio Prob>F
Geno 1 1 187218.36 18.2512  0.0001*
Treatment 1 1 5504.08 0.5366  0.4677
Age 1 1 83905.54 8.1796  0.0065*

NF- B staining in necrotic fibers for control and EG@€ated C57BL/6J anahdxmice

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 3 156.94328 52.3144  16.7692
Error 40 124.78672 3.1197 Prob>F
C. Total 43  281.73000 <.0001*
Effect Tests
Sum of
Source Nparm DF Squares FRatio Prob>F
Genotype 1 1 14148531 453527 <.0001*
Treatment 1 1 0.63891 0.2048  0.6533
Age 1 1 12.63500 4.0501  0.0509
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NF- B staining in regenerating fibers for control afd®&G treated C57BL/6J amddx

mice
Analysis of Variance
Sum of
Source DF Squares
Model 3  1157.5476
Error 24 365.8810
C. Total 27  1523.4286
Effect Tests
Source Nparm DF
Treatment 1 1
Age 1 1
Age*Treatment 1 1

Mean Square F Ratio
385.849  25.3098
15.245 Prob>F
<.0001*

Sum of
Squares FRatio P
221.46815 14.5272
895.14382  58.7171
120.27896 7.8897

rob > F
0.0008*
<.0001*
0.0097*
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