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Abstract

Advanced glycation end-products (AGES) non-enzymatically accumulate on skeletal muscle
collagen in old age via the Maillard reaction, causing an increase in intramuscular collagen and a
stiffening of the muscle’s microenvironment. AGEs abrogate muscle regeneration through stiffening the
muscle stem cell (MuSC) microenvironment and by binding to the receptor for advanced glycation end
products (RAGE). Stiffer substrates promote MuSC proliferation at the expense of differentiation, and
soluble AGEs are known to abrogate myogenic differentiation. Previously our group has demonstrated
that decellularized muscle matrix (DMM), a type of extracellular matrix (ECM) scaffold extracted from
skeletal muscle, encourages regeneration in a challenging rat volumetric muscle loss (VML) injury.
Clinically, most human tissue for organ transplantation is sourced from older donors. My dissertation
addresses whether old age is an important factor for DMM, and if this concern is AGE dependent. We
isolated DMM from an aged murine model, and proved that AGE cross-links are present and that they
are associated with increased stiffness. Further, we demonstrate that AGE-cross-linked collagen is
stiffer, and disrupts myoblasts’ proliferation and differentiation in a RAGE-dependent manner.
Curiously, AGE cross-links reduced RAGE in myoblasts, and RAGE inhibition shut down late
myogenesis. Impressively, when myoblasts were challenged with the RAGE agonist S100b, myofiber
formation was restored. We next proved that RAGE is significantly regulated in VML injuries, and we
could regulate this with adipose-derived stromal cell delivery. Interestingly, AGEs were reduced in VML
injuries, most likely due to an increase in new collagen deposition. Finally, we proved that an AGE-
laden DMM disrupts muscle regeneration in a VML model and promotes inflammation while
downregulating ECM synthesis. This was associated with upregulations in the AGE receptors RAGE
and Galectin-3. Altogether, this dissertation provides strong evidence that age matters in the clinical
translation of DMM, and AGEs are a prime target for rejuvenation therapies in skeletal muscle aging.
Also, future study is warranted into the role that S100b can play in countering the AGE-RAGE axis in

old age.
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Chapter 1. Specific Aims

Musculoskeletal aging in individuals over 65 years impacts independence, increases the risk for
fall-related injuries, and reduces life quality.! This is partly caused by a deterioration of the muscle's
strength and mass that culminates in sarcopenia, an age-dependent muscle wasting disease.? Closely
associated with sarcopenia is a reduced regenerative ability that is caused in part by reduced levels of
tissue-resident stem cells, called satellite cells.® Satellite cells reside underneath the basal lamina in a
prolonged quiescent state, and when activated by injury or disease, they create progeny to repair,
increase fiber size, and generate new muscle while renewing their stem cell pool.? Yet, for reasons that
are not fully understood, the number of quiescent satellite cells deplete as we age, reducing our ability
to heal, regenerate, and increase muscle mass.? One possible mechanism is the effect that aging has

on the extracellular matrix (ECM), which can alter satellite cell behavior.3-*

This proposal's primary focus is to elucidate mechanisms of skeletal muscle ECM aging
and understand how this perturbs skeletal muscle regeneration. In a young environment, skeletal
muscle ECM's anisotropic structure and biochemical composition exert a spatiotemporal regulatory role
over the activation, differentiation, and subsequent fusion of muscle progenitor cells.®>7 Satellite cells
are heavily influenced by their extracellular niche, and while intrinsic aging does impact these
multipotent cells, there is copious evidence suggesting that age-related alterations to the extracellular
space drive the decline in satellite cell number and ability typical to sarcopenia.®®-1¢ Specifically,
increased fibrosis and stiffness of aged skeletal muscle ECM dysregulates the healing process and

could hinder the ability of ECM to support myogenesis (Figure 1).617

Advanced glycation end-products (AGEs), the final derivative of the Maillard or browning reaction, are
known to accumulate in musculoskeletal tissues in old age.'82° AGEs stochastically modify proteins
and are prevalent moieties in diabetes and age-associated pathologies.?>?! The random nature of the
Maillard reaction combined with the constant presence of the precursors (glucose and proteins) causes
AGEs to preferentially accumulate on the ECM's long-lived proteins, especially the collagens, which
results in an accumulation of sugar cross-links that hinder normal ECM turnover.?! In addition to having
a long half-life, collagens are rich in repeating arginine and lysine amino acids that potentiate the
reaction between collagen and AGE precursors, further predisposing collagen to these glycation cross-
links.?! Non-enzymatic cross-linking by AGEs decreases collagen's susceptibility to degradation by

matrix metalloproteinases, causing the build-up of collagen and subsequent stiffening of the usually
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pliant skeletal muscle ECM.?! The age-related increase in ECM stiffness decreases satellite cell self-
renewal and differentiation, leading to the depletion of the satellite cell pool.® Conversely, activated
satellite cells express the receptor for advanced glycation end-products (RAGE) that promotes satellite
cell differentiation, which could explain the age increase in activated proliferating myoblasts.16:22-24 |f
ECM contains age-related modifications, then satellite cell response could be poor, leading to lower
regeneration. We hypothesize that non-enzymatic collagen cross-linking by AGEs in old age hinders

the ability of ECM to promote regeneration of skeletal muscle.

A Fibroblast B
R Resident Increased number y
Satellite cell @ macrophage of fibroblasts N
\ Fibro/adipogenic Fibrogenic-converted g@ g
o R o v 4 (@
< ] progenitor myogenic cells -
Basal lamina = L& &<

ECM deposition - — — - =%
Myofiber ~ j —-—-—‘—r
$4—\-.\ Young Auropnie myofiber "‘-'_:""\....m-‘ Old

Figure 1. The aged skeletal muscle. In young age (A) the myofiber is hypertrophic and the extracellular

matrix is thin and pliant. In old age (B) the myofiber atrophies and the ECM thickens and stiffens.

Adapted from Mann et. al.

The overall working hypothesis for this thesis is that the accumulation of advanced
glycation end-products (AGESs) in skeletal muscle extracellular matrix (ECM) modifies collagen

fibers in a way that impairs myoblast function and inhibits muscle regeneration.

Previous research in our lab has found in a murine model that there is an increase in muscle
collagen cross-linking with age, and this effect is retained in processed skeletal muscle ECM.?®
Furthermore, there is a greater presence of collagen and fibrotic mass when examined histologically in
native muscle and processed muscle ECM.?> These data indicated that muscle collagen levels might
be elevated due to reduced collagen turnover and increased cross-linking. Decoupling whether cross-
linking in muscle ECM independently activates cell receptors that sense biochemical signals or ECM
stiffness due to cross-linking has not been determined. This led us to hypothesize that collagen cross-

linking, and specifically, AGEs, limit muscle progenitor cell differentiation and regeneration.

Specific Aim 1: Characterize aging muscle and whether AGE-driven alterations to muscle ECM

are elevated.
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Old muscle ECM contains elevated levels of AGEs that compared to muscle fibers. A model of muscle
aging is used, with a focus on the gastrocnemius from 5-week (immature), 10-week (mature), and 90-
week (old mature) C57BL/6 mice. Muscles will be decellularized into a testable matrix termed
decellularized muscle matrix (DMM). Histology will be used to qualify morphology, as well as the
amount of fibrosis and collagen. Fibrosis will be assessed with scanning electron microscopy (SEM)
and atomic force microscopy (AFM). The stiffness of these muscles and DMM will be determined with
AFM. Levels of collagen cross-linking will be indirectly quantified by measuring the amount of
hydroxyproline released from tissue digest. The number of AGEs present in muscle and DMM will be
measured using an AGE enzyme-linked-immunosorbent assay (ELISA) normalized to hydroxyproline.

Specific Aim 2: Determine whether AGEs in skeletal muscle ECM impair myoblast differentiation
in vitro via the receptor for AGEs (RAGE) and integrin signaling.

We will develop a collagen membrane model of AGE cross-linking to test the hypothesis that AGE
cross-links in muscle ECM reduce muscle progenitor cell differentiation and increase proliferation via
RAGE and integrin signaling. Mouse and human myoblasts will be cultured on the AGE-collagen, and
the effect of AGEs assessed using proliferation and differentiation assays. RAGE, Nf-kB, and P38
MAPK will be measured to determine their role in the AGE-collagen model. The role of the RAGE
receptor will be tested by culturing RAGE mouse myoblasts on AGE-collagen in the presence of RAGE

inhibitors and agonist to determine if the phenotype matches control myoblasts on unmodified collagen.

Specific Aim 3: Determine the role of AGEs in skeletal muscle regeneration in vivo.

Whether the presence of AGEs will negatively impact a muscle injury model repaired with DMM will be
determined. To test this, AGEs will be measured in a VML injury site. Following this, the role of AGE
cross-linked ECM will be tested using a murine injury model repaired with DMM and AGE-DMM.
Healing and regeneration in these muscle injury models will be assessed using muscle function tests,

histology, and protein analysis.
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Chapter 2. Background

Abstract

Advanced age causes skeletal muscle to undergo deleterious changes including muscle
atrophy, fast-to-slow muscle fiber transition, and an increase in collagenous material that culminates in
the age-dependent muscle wasting disease known as sarcopenia. Advanced glycation end-products
(AGEs) non-enzymatically accumulate on the muscular collagens in old age via the Maillard reaction,
potentiating the accumulation of intramuscular collagen and stiffening the microenvironment through
collagen cross-linking. This review contextualizes known aspects of skeletal muscle extracellular matrix
(ECM) aging, especially the role of collagens and AGE cross-linking, and underpins the motor nerve’s
role in this aging process. Specific directions for future research are also discussed, with the
understudied role of AGEs in skeletal muscle aging highlighted. Despite more than a half century of
research, the role that intramuscular collagen aggregation and cross-linking plays in sarcopenia is well
accepted yet not well integrated with current knowledge of AGE’s effects on muscle physiology.
Furthermore, the possible impact that motor nerve aging has on intramuscular cross-linking and

muscular AGE levels is posited.

Introduction

Musculoskeletal injury increases due to falls and other accidental injuries in old age, and age-
dependent alterations to skeletal muscle structure and function are the primary causal factors of such
incidents.?® The etiology of muscle atrophy due to aging, or sarcopenia, includes loss in muscle
strength, muscle fiber wasting, increased intramuscular connective tissue, and a disruption of the
muscle stem cell population that results in muscle that is weaker, stiffer, and less able to regenerate.?’~
33 Muscular aging is multifactorial, involving extrinsic and intrinsic mechanisms that attack both the
cellular components and extracellular matrix (ECM). Advanced glycation end-products (AGES), the final
derivative of the Maillard or browning reaction, are known to accumulate in musculoskeletal tissues in
old age and are thought to play a role in the development of sarcopenia.'®?! AGEs preferentially accrue
on the long-lived extracellular matrix (ECM) proteins, especially collagens, since their formation relies
on its precursors’ stochastic reaction (glucose and proteins) via the Maillard reaction. In addition to
having a long half-life, collagens are rich in repeating arginine and lysine amino acids that potentiate
the reaction between collagen and AGE precursors, further predisposing collagen to these glycation

cross-links.? Non-enzymatic cross-linking by AGEs decrease collagen’s susceptibility to degradation
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by matrix metalloproteinases, causing the build-up of collagen and subsequent stiffening of the usually
pliant skeletal muscle ECM.3* There are only a handful of reviews that focus on the aging and cross-
linking of the sclerotic collagens in skeletal muscle, and even fewer that address the role of AGESs in
sarcopenic decline.®>%° Furthermore, it has been 10 years since the last time this topic was reviewed
in-depth, thus a purview of the literature in this space is warranted.*' In addition, muscle-nerve
interactions play an integral role in muscle health, and a discussion of motor neurons is included in this

review in support of the critical role that AGEs have in the aging motor endplate.

Skeletal Muscle and the Aging Extracellular Matrix

Skeletal muscle ECM is highly structured and regulated to maintain its force-bearing properties
and spatial-temporal regulation of muscle-specific stem cells, muscle fibers, and a host of other cell
types including fibroblasts, endothelial cells, and nerve fibers.3->734 The entire muscle is encased by
the epimysium, which consists of type | and Il collagen fibers that run perpendicular to the muscle and
are responsible for maintaining the muscle girth.344243 Skeletal muscle is further cordoned off by the
perimysium into muscle fiber groupings known as fascicles. The perimysium consists of type | and Il
collagen that runs both parallel to the muscle fibers, coalescing at the tendons, and perpendicular
collagen that resists fascicular expansion.2%42 Each muscle fiber is surrounded by the endomysium,
which includes the basal and reticular laminae, that contain collagen orientated perpendicular to the
muscle fibers during contraction and longitudinally orientated during relaxation.*4-47

ECM Composition Is Unique to the Muscle Fiber Type

Oxidative muscle fibers (types 1 and 2a) have a rich vascular supply, and as such have higher
amounts of collagen in their endomysium, especially type 1V, compared to glycolytic fibers (type 2b).4®
In addition, the basal lamina is made up of laminin, fibronectin, vitronectin, entactin/nidogen, collagen
type VI, and proteoglycans and is a reservoir for many soluble factors (including transforming growth
factor beta (TGF-B)).#>%° Between the basal lamina and the muscle fiber resides the satellite cell, or
the adult resident muscle stem cell, and the satellite cell modifies and maintains its basal lamina niche
through the excretion of MMPs and laminin.351-53 The reticular lamina is rich in type 1 collagen and is
in-between adjacent basal laminae and is responsible for force transfer from the fiber.34.49:54

Satellite Cells and Aging

Adult myogenesis is a series of highly coordinated events that follow a defined transcriptional
template.®® Adult muscle stem cells are known as satellite cells, and they lie quiescent between the

muscle fiber and its apposed basal lamina and highly express Pax7, a pioneering transcription factor
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that maintains the myogenic potential of the cells.>5> Upon activation due to injury or other disruptive
event, the satellite cells undergoes asymmetrical apical-basal division where the daughter cell close to
the muscle fiber begins to express MyoD and Myf5 as the cell closer to the basal lamina remains solely
a Pax7 positive cell for maintenance of the satellite cell pool (self-renewal).>>>7 Other satellite cells
undergo symmetrical division where both daughter cells either remain solely Pax7 positive to renew the
guiescent population or both become activated MyoD positive myoblasts. Due in part to Myf5
upregulation, the activated myoblasts proliferate to expand the available pool of regenerative cells.
Over time, the proliferating myoblasts sequentially lose Pax7, Myf5, and MyoD expression as Myogenin
(MyoG) begins to be upregulated. As a result, the committed myoblast phenotype emerges where the
myoblasts are less proliferative and are preparing for fusion. MyoG supports the expression of Myosin
Heavy Chain type 1 (MyHC1) and the other contractile proteins as the cells begin to fuse into muscle
fibers.58-60 Dysregulation of the myogenic program is known to occur in the aging process, resulting in
homeostatic decompensation, whereby the expression of myogenic factors such as MyoD and MyoG
are upregulated.?-%3 It is thought that homeostatic decompensation, in part, explains the aberrant
activation and depletion of the satellite cell niche. However, the mechanisms behind age-dependent
satellite cell decline are still being elucidated.

The AGE-RAGE Axis in Skeletal Muscle Aging

The receptor for advanced-glycation end-products (RAGE) is a pattern-recognition receptor
expressed in activated satellite cells and myoblasts, and was originally discovered in bovine lung
homogenate due to its ability to bind AGEs.?>%* RAGE is expressed in several cell types at a basal
level.®5-67 However, it is not normally expressed in adult muscle fibers, but is upregulated after acute
injury, in dystrophic muscles, and in cancer cachexia condition.?223.6869 Fyrther, RAGE signaling plays
a normal role in skeletal muscle maintenance and regeneration.?? Over time, other ligands in addition
to AGEs were discovered such as amphoterin (HMGB1) and S100B, and it was observed that RAGE
elicits a ligand-dependent response in cultured myoblasts.?2-2470-72 Activated myoblasts respond to
S100B via RAGE in the early phases of differentiation with enhanced proliferation via extracellular
signal-regulated kinase 1/2 (ERKZ1/2) while priming the myogenic program through p38 mitogen
activated protein kinase (MAPK).?# In the later phases of differentiation, HMGB1 upregulates myogenin
via RAGE-dependent stimulation of p38 MAPK pathways, prepping the myoblasts for fusion by
suppressing Pax7.2® In cases where AGEs are pathologically upregulated, such as in aging, AGE-
RAGE signaling dominates normal RAGE processes, leading to an aberrant increase in satellite cell

proliferation at the expense of differentiation (Figure 2).22 Moreover, systemic levels of soluble RAGE
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increase in individuals with sarcopenia.”® AGE-RAGE signaling stimulates the phosphorylation of
nuclear factor kappa B (NF-kB), upregulating extracellular matrix genes (e.g., collagen type |) and
inflammatory cytokine production.”® P-38 MAPK phosphorylation is upregulated by AGE-RAGE
signaling and elevated p-38 MAPK signaling been implicated as a factor that disrupts satellite cell

signaling in old age.22324

@  AGE

“\i Laminin AGEs in ECM
increase stiffness

M Collagen |
(\ Integrin
\

» Collagen IV

m""

AGE/RAGE
Signaling?

/ Perlecan
A

\ Fibronectin

Effect on muscle

Collagen VI fibers?

(8- satellite cell
. RAGE

Figure 2. Advanced glycation end-products (AGEs) in skeletal muscle are associated with
receptor for advanced glycation end-products (RAGE) activation and have been associated with muscle
aging. RAGE plays a normal role in supporting adult myogenesis; however, when there is a pathological
increase in RAGE activation due to AGEs, muscle wasting, increased muscular inflammation, and
deleterious satellite cell signaling occurs. What remains unclear is whether effects from AGEs are due
to soluble factors that activate RAGE signaling or from extracellular matrix cross-links that signal via
RAGE as well. This figure proposes answered questions due to AGE cross-linking in muscle ECM.

Aging of Skeletal Muscle Collagen

Collagen is the most abundant structural protein found in mammals, and is highly conserved
between species.”>’” As such, collagen aging in skeletal muscle has been investigated in humans,
rats, mice, rabbits, lizards, seals, pigs, and cows.’88 A common feature is that the total amount of
intramuscular collagen, as assayed by hydroxyproline, increases in old age.”®83 In contrast, the acid-

soluble fraction of collagen decreases in old age, indicating elevated collagen cross-linking.”>8387 As
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muscle develops, collagen is laid down and then fully cross-linked by the enzyme lysyl oxidase (LOX)
which ceases by the end of sexual maturity.# Since the mature LOX cross-links (hydroxypyridine and
pyridine) are enzymatic-dependent, they are destroyed and remade in humans following the normal 2
year half-life of skeletal muscle collagen (as determined by the 4C bomb-pulse technique).888°
Interestingly, the half-life of skeletal muscle collagen increases with age, due to a reduction in the
proteostasis of collagen.®® Altogether, these phenomena indicate either a dysregulation in LOX-
gelatinase control in the muscle or an increase in non-enzymatic cross-linking such as advanced
glycation end-product (AGE) cross-linking. Gelatinases A and B (MMP-2 and MMP-9) lose their
responsiveness to exercise-initiated ECM remodeling in old age.®! Further, LOX protein levels increase
in aged dystrophic mice, and there is a recent conference abstract reporting that LOX was increased
in old female mice.®?% In addition, these data were correlated with decreased collagen solubility.
However, there is opposing evidence found in a study on human muscle that the LOX-dependent cross-
link hydroxylysylpyridinoline is unchanged in old age, while the AGE pentosidine is increased by
200%."® Furthermore, glycation cross-links were not investigated in the studies that measured LOX
levels.

AGEs are non-enzymatic post-translational modifications to proteins in the body. AGE formation
follows the stochastic browning, or Maillard, reaction where a monosaccharide (e.g., glucose, fructose,
lactose, or ribose) in its open-ring conformation interacts with a protein to form an unstable Amadori
product.’® Over the course of a few days, the Amadori product matures and forms a very stable,
irreversible AGE. Since AGE formation is a drawn-out, random process dependent on the concentration
and probability of the monosaccharide existing in an open-ring conformation, most proteins in the body
are degraded and turned over before appreciable AGE accumulation can occur. Due to collagen’s long
life-span, AGEs are able to accumulate and have biological consequence resulting in stiffer collagen
that is resistant to enzymatic degradation.?* Furthermore, collagen is rich in lysine and arginine amino
acids that potentiate AGE formation.?! Interestingly, despite the high relevance of AGE’s role in skeletal
muscle aging, there have been only a few studies characterizing the role of AGEs in this context.?>%4

Basal Lamina Aging

Age-dependent changes to the basal laminae alter muscle health, impact force production, and
change how muscle stem cells respond to injury.** Many age-dependent changes in the composition
and organization of the basal lamina occur. Fibronectin is depleted from the basal lamina in old age,
reducing the integrin attachment points for satellite cells.>'%% Laminin increases in fast-twitch muscle

with age, while it is depleted from slow-twitch.®¢ Additionally, collagen type VI, which acts as a bridge
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between the basal lamina and reticular lamina, is aberrantly increased in old age, disrupting the overall
structure of the laminae.® Collagen type | increases significantly in the reticular laminae, and invades
the basal laminar space. Furthermore, there is an increase in aberrant glycation cross-links that stiffens
all collagens and other ECM components, which dysregulates quiescent muscle stem cells and muscle
force transmission.®7885 Collagen type IV, which forms a net-like structure in the basal lamina, serves
as a scaffolding protein for the laminins and other cell-anchoring proteins.®” Old age increases collagen
type IV levels while decreasing the ability of muscle to regulate collagen type IV following injury.6:98
AGE-modifications to ECM components reduces cell adhesion and disrupts the assembly of fibronectin
to collagen type 1V.%21%° Further, AGE-modified basal lamina proteins caused mesangial cells to
overexpress fibronectin matrix assembly, which implies that AGEs dysregulate the basal lamina
structure. 0%

ECM Aging Is Muscle-Specific

As mentioned previously, muscle ECM composition is highly dependent on the muscle fiber type.
As such, muscles that are predominantly fast-twitch will age differently than muscles that are primarily
slow-twitch. Thus, aging is dependent on the location of the muscle in the body, with the hind-limb
muscles aging at a faster rate than the forelimb.3? Fast-twitch muscles are especially sensitive to the
aging process as there is a fast-to-slow muscle fiber transition that is coordinated by the aging of the
motor neurons.2%33.71,.102-108 A immediate consequence of this is that these fast-twitch muscle become
enriched with ECM components more typical of slow-twitch muscles, namely, the collagens.03.109
Curiously, the fast-to-slow transition does not replicate the increased density of satellite cells found in
slow-twitch muscles.#110-118 |ncreases in deleterious modifications to the ECM, such as cross-linking
and an imbalance in ECM components, may be more responsible for the decrease in satellite cells
seen in the fast-to-slow transition than the actual modification to the muscle fibers themselves. Slow-
twitch muscles are more resistant to aging, and this is thought to be due to their role as postural
muscles, which are constantly activated throughout life.11® However, any fast-twitch glycolytic fibers
found in slow-twitch muscles are reduced in old age.'%® AGE cross-linking accumulation is ubiquitous
to slow and fast-twitch muscles, albeit there was a greater staining intensity observed in the myofibers
of slow-twitch muscles.*?° However, no one has examined if the increased AGE presence in slow-twitch
muscles is related to the increased collagen content, moreover, if the fast-to-slow twitch increase in

collagen is partially driven by AGE cross-linking.
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Peripheral Nerve Involvement in Aging and Atrophy

Overview and Neuromuscular Junction Anatomy

The neuromuscular junction (NMJ) is a highly regulated microenvironment maintained by cross-
talk between glial, motor nerve, and skeletal muscle. The NMJ is comprised of three major segments,
the pre-synaptic, post-synaptic, and synaptic extracellular space. Vesicle packaged acetylcholine is
localized in the pre-synaptic space inside the peripheral nerve terminal. Following membrane
depolarization, acetylcholine is released into the synaptic cleft binding to the acetylcholine receptor,
activating sodium ion channels, which results in skeletal muscle contraction.

While development of the NMJ is not completely understood, pre-patterning of acetylcholine
receptors on the muscle membrane occurs before the motor nerve reaches the immature site.1?!
Moreover, it is important to understand how the NMJ forms in order to address disruptions or
degeneration of motor endplates due to disease or even AGEs (Figure 3). Interaction between motor
nerves, leader Schwann cells, and skeletal muscle triggers the NMJ maturation and stabilization
process. The pre-patterned acetylcholine receptors then enter a pruning phase and begin to
consolidate to a centralized area on the muscle local to the motor neuron. Invaginations begin forming
that increase the synaptic surface area while the acetylcholine receptors switch to mature subunits.1??
Additionally, during the maturation process, a carefully regulated extracellular matrix comprised heavily
of collagen type IV and laminin develops in the region of the motor end plate, and is thought to contribute

to NMJ development and maturation.123124
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Figure 3. The role of AGEs at the neuromuscular junction are unclear and could have effects on
synaptic vesicle release, acetylcholine diffusion to their receptors and an effect on signaling that may
contribute to motor end-plate fragmentation and muscle aging.

Laminins play major roles in motor neuron pathfinding and are known to be critical in
synaptogenesis. Peripheral motor neurons traverse the body through their basal laminar tube
comprised of laminin a2B1y1 and a5B1y1.1%> Myelinating Schwann cells in the endoneurium cover the
peripheral nerve and use the mechano-sensitive cues from the basal laminar tube for polarization and
directionality.'?® Since mechanical queues play a critical role in Schwann cell pathfinding and
subsequent regeneration, any disruptions to the connective tissue intramuscularly (e.g., AGE cross-
linking) can drastically alter the peripheral nerve’s ability and speed of muscle innervation.*?’

Endplate Fragmentation and Aging

Endplate fragmentation is a multi-stage disassociation of the NMJ typically seen during aging.
This process is marked by a dispersal of clustered AChRs, AChR type switching, and increased
turnover rates of the receptor.1?812° As a way to compensate for fragmentation, increased enzyme
levels of acetylcholinesterase and increased levels of acetylcholine (ACh) release from the synaptic
terminal were detected.'®® Surprisingly, the receptor’s ability to bind to acetylcholine has not been
shown to be inhibited with age, suggesting that ACh release into the synaptic cleft is a critical feature
of endplate fragmentation and helps to explain increases in ACh release during fragmentation.
Moreover, research from Carlson et al. indicated that fragmentation may play a part in fiber type
switching due to age, a process referred to as homeostatic decompensation. !

There is mounting evidence that the atrophy observed during aging is caused more by signaling
disruptions than disuse. The disruption of cross-talk between the muscle and nerve can trigger
downstream activation of atrogenes Murf-1 and Fbxo32 via TNF- a activation.'3° In more severe cases
of atrophy like denervation, TNF-a synthesis increases, contributing to endplate breakdown. Similarly,
circulating levels of TNF- a increase with age, and TNF-a is a major factor associated with endplate

fragmentation and with activation of the RAGE pathway.*3!
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Insights from Diabetic Neuropathy, AGEs, and RAGE

Diabetes may support an early onset aging phenotype.'32133 Comparisons between diabetic
muscle and aging muscle may be drawn, and aging is an independent factor that is predictive of diabetic
neuropathy severity.132-134 Similar to aging, diabetes also produces a pro-AGE environment in muscle
and provides an alternative perspective for studying the impact of AGE-related changes. AGEs play a
major role in diabetic neuropathy but its effects still need to be parsed.'3>13¢ Sensory nerves are highly
affected by age-induced neuropathy, mirroring diabetic neuropathy.'3” Curiously, diabetic neuropathy
causes the muscles of the distal limbs (foot to knee) of humans to undergo atrophy whereas the
proximal limb (thigh muscles) preferentially undergo atrophy in sarcopenic individuals while the upper
limbs in both conditions are relatively unaffected.*38-14! Further, AGE levels are correlated to sarcopenic
muscle in the distal limb of older individuals with type 1 and type 2 diabetes.#2143 However, it is
unknown if the age-dependent atrophy of the lower limb is also driven by neuropathy or AGEs
independent of diabetes. Like in diabetes, the number of motor units decrease in number but increase
in size with age.**414% Intramuscular connective tissue increases in both aging and diabetes, and this
is tied to AGE accumulation (Figure 4).25146 There is untapped potential in using correlated knowledge
on geriatric and diabetic motor nerve neuropathy to elucidate the role of AGEs in age-dependent
changes to muscle-nerve interactions.

Hyperglycemic conditions in diabetes mellitus causes global AGE formation in the body, leading
to diabetic neuropathy and a host of other complications.**” Sensory neurons preferentially undergo
dysfunctional Wallerian degeneration that leads to chronic denervation, and sensory nerve deficits are
seen in 70% of diabetic patients.'#8 In contrast, motor nerve deficits are seen in only 1-6% of patients
and are confined to the distal limbs.1#°® As such, much of the diabetic body of literature focuses on
sensory neuropathy as this is the primary clinical concern, but the contributive impact of AGESs in
diabetic neuropathogenesis needs further study. It has been posited that motor neurons are partially
protected by the central nervous system blood—brain barrier from the glycolytic attack that sensory
nerve cell bodies experience in the diabetic state.1°%151 Additionally, other compensatory mechanisms
likely exist for motor nerves (e.g., single motor unit action potential enlargement) that sensory nerves
lack.152

Severe deficits in motor neurons are not seen until late in diabetic pathology where severe force
deficits and motor neuron loss is observed.®?> However, there are minute, observable changes such as
axonal sprouting, demyelination, and a decrease in both NMJ and motor unit number that occur in the

beginning stages of diabetes.'%21%3 AGEs destroy the microvasculature around motor nerves, slowing
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the conduction velocity.48154-156 However, there is little research into AGE’s direct effects on motor
neuron diabetic neuropathy due to most of the literature concentrating on sensory neurons. In vitro
study has been valuable in the effort to posit AGE-specific effects on sensory neurons. Rat sensory
neurons grown on glycated collagen type IV, collagen type I, laminin, and fibronectin show a decrease
in neurite outgrowth and dorsal root ganglion explants grown in high glucose conditions have decreased
neurite outgrowth.*>-1%° However, dorsal root ganglion explants from diabetic mice showed increased
axonal sprouting, which better mirrors the in vivo reality where excessive axonal outgrowth interferes
with successful re-innervation.'%%-164 Moreover, AGEs are known to accumulate in the peripheral
endonerium in diabetic mice.*®® Whether these results translate to motor neurons is not known.
Additionally, it is known that AGEs are highly cytotoxic to Schwann cells via the P38 MAPK and NF-kB
pathways.159:165-169 Fyrther, it is clear that the motor nerve neuropathy can be driven by AGE cross-

linked ECM components.
AGEs

Basal Lamina Collagen RAGE Vasculature
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Figure 4. AGEs support a sarcopenic disease state in muscle by altering the basal lamina,
collagen, RAGE signaling, and vasculature. These AGE-dependent changes accumulate and result in

deleterious effects to satellite cells, NMJs, Schwann cells, and the motor nerve that culminate in
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sarcopenia. Known mechanisms are indicated by solid arrows while proposed mechanisms (future

directions) are indicated with dashed arrows.

Conclusions

Skeletal muscle aging is a process influenced by deterministic and stochastic processes, and is
characterized by muscle wasting, fast-to-slow muscle fiber transition, and an increase in the skeletal
muscle collagens. AGE collagen cross-linking clearly plays a role in sarcopenia; however, much study
is warranted in further elucidating the impact of AGEs in skeletal muscle. Furthermore, age-related

changes to motor nerves drive much of sarcopenia, and may involve AGE cross-linking.
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Chapter 3. Advanced Glycation End Products Are Retained in

Decellularized Muscle Matrix Derived from Aged Skeletal Muscle

Abstract

The overall goal of these experiments was to determine whether AGEs were elevated in older
muscle and if those AGEs were specifically located in muscle ECM. While whole muscle provides a
reliable readout for AGEs, it does not specify where those AGEs are located. Thus, using decellularized
tissue allowed us to measure AGEs in muscle ECM. Decellularized tissues are also biocompatible
materials that engraft well, but the age of their source has not been explored for clinical translation.
Advanced glycation end products (AGEs) are chemical cross-links that accrue on skeletal muscle
collagen in old age, stiffening the matrix and increasing inflammation. Whether decellularized
biomaterials derived from aged muscle would suffer from increased AGE collagen cross-links is
unknown. We characterized gastrocnemius muscles of 1-, 2-, and 20-month-old C57BL/6J mice before
and after decellularization to determine age-dependent changes to collagen stiffness and AGE cross-
linking. Total and soluble collagen was measured to assess if age-dependent increases in collagen and
cross-linking persisted in decellularized muscle matrix (DMM). Stiffness of aged DMM was determined
using atomic force microscopy. AGE levels and the effect of an AGE cross-link breaker, ALT-711, were
tested in DMM samples. Our results show that age-dependent increases in collagen amount, cross-
linking, and general stiffness were observed in DMM. Notably, we measured increased AGE-specific
cross-links within old muscle, and observed that old DMM retained AGE cross-links using ALT-711 to
reduce AGE levels. In conclusion, deleterious age-dependent modifications to collagen are present in
DMM from old muscle, implying that age matters when sourcing skeletal muscle extracellular matrix as

a bio-material.
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Introduction

The deterioration of muscle’s strength and mass with increasing age culminates in a condition known
as sarcopenia, an age-dependent muscle wasting disease.?®-31.33.170 Advanced glycation end products
(AGEs) are thought to play a role in the development of sarcopenia.*®-2° AGEs preferentially accrue on
the long-lived extracellular matrix (ECM) proteins, especially collagens, decreasing collagen’s
susceptibility to degradation by matrix metalloproteinases and causing the build-up of collagen and
subsequent stiffening of the usually pliant skeletal muscle ECM.34

The endomysium ECM surrounding muscle fibers plays an important role in regulation of satellite cells,
a muscle stem cell source, and in regulation of muscle health.3-57:45 Within this endomysium are two
laminae, the basal lamina and the reticular lamina. As previously mentioned, the basal lamina is ECM
that contacts muscle fibers and is composed primarily of laminin, fibronectin, collagen type IV, and VI.
The reticular lamina is ECM that separates conjoined basal laminae and is mainly composed of type |
collagen that runs parallel to the muscle fibers, coalescing at the ends of the muscle into the tendons.3*
Skeletal muscle ECM plays a critical role in muscle function, and as such age-dependent changes in
the ECM have considerable implications for muscle performance.'’* Furthermore, the basal and
reticular laminae are important regulators of muscle regeneration by providing the appropriate
spatiotemporal cues to satellite cells.#6175! Increased fibrosis and stiffness of the aged laminae

dysregulates this healing process and could hinder the ability of ECM to support myogenesis.>’

In young muscle, satellite cells are a resident stem cell population and endow muscle with a remarkable
ability to regenerate, but there is little information about the impact of aged ECM on satellite cells and
muscle regeneration.>3172.173 Furthermore, less is known about whether AGE ECM cross-links could
play an important role in muscle regeneration in older individuals with muscle injuries. The ECM is a
critical mediator for satellite cell guidance cues and regulates the inflammatory response to determine
whether fibrosis or regeneration occurs following injury. More, the regeneration of muscle injuries is
dependent on the size of the injury itself, where larger injuries are more difficult to heal and often result
in fibrosis.'’* Decellularized muscle matrix (DMM) is ideal for studying ECM-specific effects in muscle
and as a regenerative tool to repair both small and large skeletal muscle injuries because its muscle-
specific composition and anisotropy recapitulate the basal lamina environment. Decellularization is a
method to procure an ECM scaffold rich in components specific to the tissue to which it is applied.t"®
Skeletal muscle can be decellularized through several salt, enzymatic, and detergent soaks to lyse the

cells, freeing them from the surrounding matrix, and washing them out of the tissue.’#181 The white,
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ghost-like scaffolds that result encourage myogenesis due to muscle-specific moieties and lack of
immunogenic material, making these scaffolds an ideal source to study age-dependent effects on
muscle ECM.74-181 Furthermore, DMM can be processed into versatile hydrogels useful for tissue
engineering and other cell culture strategies because of its biocompatibility, body temperature-
dependent polymerization, and potential as a cell delivery vehicle. The ability of DMM as a reviver of
the myogenic process is dependent on the host’s age and immune capacity.'82-84 However, no studies
have investigated whether deriving DMM from older individuals changed its myogenic characteristics,
an important area of research that could underpin age-dependent ECM effects on muscle. We
hypothesized that AGEs play a role in age-related collagen cross-linking and that those cross-links are
retained in DMM sourced from old muscle. The aim of this study is to characterize age-dependent

changes in AGE cross-linking in muscle and whether these changes persist in DMM.

Results

Histological Assessment of Whole Muscle

We characterized the muscle before decellularization to determine if an aging phenotype was present.
The myofiber diameter was noticeably smaller in 1-month samples compared to 2-month and 20-month.
Nuclei were counted in all samples, and we determined there to be a reduction in the number of total
nuclei with age. We also observed a lipofuscin-like deposition or tubular aggregates inside the
myofibers at 20 months of age (Figure 5A).185186 However, further histological investigations with lipid-
detecting stains are needed to positively verify the presence of lipofuscin. In Masson’s trichrome, we
did not observe any qualitative morphological differences. The variation in color shade and intensity in
the Masson’s Trichrome is a technical staining artifact. Picrosirius red stains demonstrated a significant

increase in collagen thickening and staining intensity at 20 months (Figure 5A).
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Figure 5. The gastrocnemius shows histomorphometric differences in old age. (A) Hematoxylin and
Eosin (H&E) staining (n = 3) revealed a reduction in nuclei and the presence of lipofuscin-like or tubular
aggregates inside the muscle fibers with old age. Masson’s Trichrome (n = 3) had no apparent
differences with age. Picrosirius Red staining (n = 4) displayed a pronounced increase in collagen
staining in old age. (B) When quantified histomorphometrically, the gastrocnemius had a smaller
myofiber diameter in immature muscle, an increase in the distance between muscle fibers and a
decrease in the number of nuclei in old age, and a bimodal amount of collagen staining where immature
and old have higher levels of collagen than young adult, albeit older also has higher amounts than
immature muscle. Scale bar = 10 um. Groups that do not share a letter (e.g. A, B, or C) are statistically
different according to a one-way ANOVA followed by a two-tailed Tukey’s correction (p < 0.05, n =3
for H&E and Masson’s, n = 4 for Picrosirius Red).

With histomorphometry, we confirmed an increase in muscle fiber diameter from 1-month to 2 months
of age, and we observed an increase, albeit not significant, in the distance between the muscle fibers
at 20 months of age, and there was a reduction in the number of nuclei from 1-month to 20 months of
age (Figure 5B and Table 1). The area of Picrosirius red collagen stain was significantly elevated at 20
months compared to 1 and 2 months, also 1-month was significantly higher than 2 months (Figure 5B
and Table 1). Whole muscle sections, stained using Hematoxylin and Eosin (H&E) and Picrosirius red
(Figure 6), showed an overall increase in muscle size between 1-month and 2-month, and 1-month and
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20-month samples. Picrosirius red staining also showed increased collagen staining between 2- and
20-month muscles.

# of myofibers (mean+/-SEM) | Myofiber diameter (mean+/-SEM) | # of nuclei (mean+/-SEM)

1 month 25+/-5.57 24.25+/-0.82 um 79.33+/-3.84
2 months 11.33+/-0.33 34.27+/-1.12 um 58.67+/-7.42
20 months  13.33+/-2.03 32.90+/-2.84 um 36.67+/-4.91

Table 1: Histomorphometry parameters from gastrocnemius muscles muscle of differently aged mice.

1 month 2 months 20 months

Figure 6: Whole histological cross-sections of gastrocnemius muscles muscles from differently aged
mice. A) Muscles were stained with H&E. B) Muscles were stained with Picrosirius red (red=collagen,

yellow=muscle). Scale bar= 1mm.
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Age-Associated Effects in Whole Muscle Proteins

We examined the gastrocnemius muscles at different ages using Western blotting to determine if there
was an age-dependent effect on muscle-specific proteins. Pax7 levels, a marker of satellite cells, were
unchanged with age, indicating that the satellite pool was not affected (Figure 7A). MyoD was not
detected in 1- and 2-month muscle but was upregulated at 20 months (Figure 7B). Myogenin was not
different between the age groups (Figure 7C). Interestingly, RAGE was highest at 2 months and
significantly lower at 1 and 20 months, indicating that RAGE may not play a significant role in our system
(Figure 7D).
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with age, suggesting that the satellite pool is unchanged at 20 months, while MyoD remains undetected
(n.d. indicates not detected) until 20 months, indicating homeostatic compensation of the muscle. (C)
Myogenin is marginally reduced at 20 months. (D) Curiously, RAGE (receptor for advanced glycation
end products) decreased from 2 to 20 months. (E) M-cadherin is decreased in old age. (F) Integrin a7
is increased at 20 months, which might be a compensatory response by the muscle. (G) Myosin Heavy

Chain is unchanged in old age compared to 2 months, indicating that muscle aging does not affect
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contractile units at 20 months. (H) There is no difference in the Fast-Twitch Myosin Heavy Chain, further
indicating that 20 months is not old enough to see sarcopenic effects. The red bands are GAPDH.
Groups that do not share a letter (e.g. A or B) are statistically different according to a one-way ANOVA

followed by a two-tailed Tukey’s correction (p < 0.05, n = 6).

M-cadherin was reduced, albeit not significantly, at 20 months compared to 1 and 2 months (Figure
7E), while integrin a7 was upregulated at 20 months compared to 1 and 2 months (Figure 7F).
Interestingly, myosin heavy chain was lower at 2 months and 20 months of age compared to 1-month,
but there was no difference in myosin heavy chain staining between 2 and 20-month muscle lysates
(Figure 7G). Fast-twitch, though not significantly different, had an elevated level at 20 months compared
to 1 and 2 months (Fig. 7H).

Histological Assessment of Decellularized Muscle

We assessed DMM with histology to observe age-dependent changes to porosity and collagen content.
Gastrocnemius muscles were decellularized and stained using hematoxylin and eosin. No nuclei were

observed, indicating successful decellularization (Figure 8A).
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Figure 8. Decellularized muscle matrix (DMM) had no differences in collagen staining with old age. (A)

Hematoxylin and Eosin (H&E) staining confirmed the absence of cell nuclei at all ages, indicating
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successful decellularization. Masson’s trichrome did not show age differences, while Picrosirius Red
staining shows a thickening of the collagen with age in DMM. (B) There is no difference in porosity with
age as measured with H&E staining. The amount of collagen area stained with Picrosirius Red staining
is more significant in immature muscle compared to young adult. Although the mean area in old age is
higher than in young adults, it is not statistically higher nor different from the immature muscle. Scale
bar = 100 um. Groups that do not share a letter (e.g. A or B) are statistically different according to a

one-way ANOVA followed by a two-tailed Tukey’s correction (p < 0.05, n = 6).

To confirm decellularization, we measured levels of dsDNA in the pregel of the processed DMM gel
and showed there was significantly less dsDNA in all age groups when compared to whole muscle
(Figure 9A). There was also no noticeable difference in Masson’s trichrome amongst the three age
groups; however, Picrosirius red staining demonstrated increased collagen thickening in the 20-month
group (Figure 8A) compared to 1, and 2-month decellularized muscle. Surprisingly, when we quantified
Picrosirius red staining, we observed the highest levels of collagen staining in 1-month ECM. In
contrast, sexually mature 2-month decellularized muscle staining was lower. While 20-month ECM
stains were thicker and at higher levels, there was no statistical difference between 20 and 2 -months.

ECM porosity was unchanged with age.
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Figure 9: Decellularization was successful, as confirmed by reduced DNA (A), and old age was
associated with reduced gelation kinetics (B) and reduced procollagen (C).
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Ultrastructural Properties of Whole Muscle, DMM, and DMM Gels at Different Ages

Cryosections were processed for scanning electron microscopy imaging to assess age-dependent
changes in the ultrastructure of the ECM, and whether these changes persist in DMM. Muscle fibers in
all whole muscle samples appeared normal with a polygonal morphology. We observed distinct areas
of ECM between the muscle fibers as well, demonstrating successful imaging of the endomysium.
Spacing between muscle fibers appeared to increase, however not significantly, while the endomysium
remained unchanged between ages (Figure 10A,B).
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Figure 10. Scanning Electron Imaging shows distinctions in ECM structure with age in native muscle,
decellularized muscle matrix (DMM), and processed DMM gels. (A) The muscle fibers are surrounded
by endomysium in the whole muscle images, and the space between the muscle fibers appear to
increase with age, however not significantly. DMM (n = 4 for 20-month DMM) and processed DMM
gels, there is an obvious sclerotic structure indicating the presence of polymerized ECM such as
collagen. (B) Endomysium thickness trends upwards with age but is not significantly different. (C) The
porosity of DMM is not affected by age. Groups that do not share a letter (e.g. A) are statistically different
according to a one-way ANOVA followed by a two-tailed Tukey’s correction (p < 0.05, n = 6 except the
20-month-old muscle has n = 4).
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In the processed DMM gels, we observed no differences in ultrastructure (Figure 10A). However, the
gelation rate significantly decreased with increasing age, indicating that though collagen structure is
similar differences in other age-dependent parameters such as collagen cross-linking may be at play
(Figure 9B). In addition, we measured porosity in DMM and did not observe any age-dependent
differences (Figure 10C).

Age-Dependent Effects in Collagen Are Preserved in Processed Muscle

To confirm the measured increase in Picrosirius red collagen staining with age and explore the age-
dependent changes in collagen cross-linking, we used hydroxyproline-based assays. Hydroxyproline
(the hydroxylated amino acid proline) is widely used as an indicator for the amount of collagen in
tissue.'®” We measured increased total hydroxyproline amount in 20-month samples compared to 2-
month in the whole muscle, DMM, and the processed DMM gels (Figure 11A). There was a higher
amount of hydroxyproline in 1-month whole muscle and processed DMM gels (Figure 11A). To assay
cross-linking, we digested our samples in proteinase K. Sample homogenates consisted of dissolved
supernatant and a small pellet. We observed that the size of the pellet increased with sample age.
Next, we quantified the amount of solubilized hydroxyproline in the supernatant. We detected reduced
enzymatic-soluble hydroxyproline at 20 months in the whole muscles. A similar decrease was observed
in DMM and the processed DMM gels, albeit only significant to 1-month samples in DMM gel (Figure
11B). To confirm our data, we processed the samples for SDS-PAGE and immuno-stained with a
collagen type 1 antibody (which binds to the collagen molecule) and showed a significant decrease in
the amount of collagen type 1 at 20 months compared to 1 month in the whole-muscle samples (Figure
11C). In contrast, collagen | in DMM and DMM gels was unchanged (Figure 11C). However, when we
assayed the pregel solution, we observed a decrease in procollagen in the 20-month pre-gels compared
to 2 months (Figure 9C).
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Figure 11. Total collagen is elevated in old age while soluble collagen is reduced as seen by
hydroxyproline assays and SDS-PAGE. (A) Total hydroxyproline is increased at 1 month and 20
months compared to 2 months in whole muscle (n = 5 for 1 and 20 months, n = 6 for 2 months),
decellularized muscle matrix (DMM) (n = 5 for 1-month, n = 6 for 2 and 20 months), and processed
DMM gels (n = 3 for all groups), except 1 month is not higher than 2-month levels in DMM. Furthermore,
total hydroxyproline levels are higher at 1 month in processed DMM gels compared to 20 months. (B)
The amount of hydroxyproline soluble to the enzyme proteinase K is reduced in 20 months in whole
muscle compared to 1 and 2 months and to 1 month in DMM (n = 5 for all groups) and processed DMM
gels (n = 3 for all groups), indicating increased levels of cross-linking. (C) There is a decreased amount
of proteinase K-soluble Collagen Type | at 20 months as determined by SDS-PAGE immunostaining
compared to 1 month in whole muscle, indicating an increase in cross-linking. In DMM (n = 5 for all
groups) and DMM processed gels (n = 3 for all groups), there is no difference in soluble Collagen Type
| due to age, which could be due to the processing of the collagen denaturing the structural epitopes

that the collagen antibody recognizes. Groups that do not share a letter (e.g. A, B, or C) are statistically
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different according to a one-way ANOVA followed by a two-tailed Tukey’s correction (p < 0.05, n value

is detailed in each section).
Increased Stiffness in DMM from Old Muscle

We used atomic force microscopy imaging to test for age-dependent changes to muscle and DMM
topography and stiffness. Cross-sectional muscle fiber topography was unchanged with age (Figure
12A). However, average fiber modulus was lower in 1-month muscle, and we observed a leftward shift
in the modulus frequency distribution in 1-month muscle (Figure 12B). In addition, average roughness
appeared to decline with age, and we observed an age-dependent decrease in percent maximum
height (Figure 12B). In DMM, we demonstrated increased collagen structure with increasing age and
an increased modulus with increasing age (Figure 12C). When we measured the average modulus, we
detected an age-dependent increase in stiffness which was also observed in the modulus frequency
distribution plots, where 20-month DMM was shifted toward higher moduli values compared to 1- and
2-month DMM (Figure 12D). In contrast to muscle fibers, average roughness increased in 20-month
DMM compared to 1- and 2-month DMM. Height distribution was similar for 1- and 2-month DMM, while
it appeared shifted to a lower maximum height for 20-month DMM (Figure 12D).
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Figure 12. Atomic Force Microscopy imaging shows an increase in stiffness with age in decellularized
muscle matrix (DMM). (A) The topography and modulus maps of muscle fibers show no noticeable
difference with age. (B) The modulus of immature muscle fibers is reduced compared to 2 and 20
months. The average roughness of muscle fibers decreased with age, and the peak of the height
distribution decreases with age. (C) The topography of DMM shows an increase in collagen structure
with age. The topography of modulus is increased in old age. (D) The average modulus increased with
age in DMM, and the peak of the modulus distribution is shifted to a higher value in old age. The
average roughness is increased in old age compared to immature and young adult DMM. The peak of
the height distribution is shifted slightly lower in old age. (n = 3 for all data in this figure). Scale bar =
500 nm.

Advanced Glycation End Products Are Retained in DMM

To test whether the increased cross-linking we observed in whole muscle is due to glycation cross-links
(AGESs), we used the AGE ELISA kit. We quantified the amount of mechanically soluble hydroxyproline,

and AGEs were normalized to hydroxyproline in our samples. Mechanical solubilization is not as
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effective at extracting hydroxyproline using proteinase K due to the cross-links. This is supported by
our data where we observed a decrease in the amount of mechanically soluble hydroxyproline in 2-
month and 20-month whole muscle and DMM compared to the 1-month (Figure 13A). We demonstrated
a significant increase in AGEs in 20-month whole muscle compared to 1- and 2-month muscle (Figure
13A). In contrast, we did not observe an age-dependent increase in AGEs in DMM (Figure 13B). No
differences in total AGEs were observed in whole muscle and DMM, while there was a decrease in
AGEs relative to wet weight in 2 and 20-month whole muscle and DMM samples compared to 1-month
(Figure 14A,C). A decrease in AGEs per protein was measured in whole muscle between 1-month and
20 months, while there was no difference in DMM (Figure 14E). In addition, the wet weight increased
with increasing age in whole muscle, while wet weight was reduced in 1-month compared to 2 and 20
months in DMM (Figure 14B). The same amount of protein was extracted from each age in whole
muscle, while more protein was extracted in 1-month DMM compared to the other groups (Figure 14D).
To further determine whether AGEs were responsible for reducing hydroxyproline with age, we treated
DMM with an AGE cross-link breaker (ALT-711). ALT-711 incubation increased the amount of soluble
hydroxyproline in 2-month and 20-month DMM, albeit only significant in the 2-month samples (Figure
13C). We also observed a significant decrease in the number of AGEs in the 1-month and 20-month
group compared to the untreated age-matched DMM (Figure 13C). Lastly, we treated human DMM with
ALT-711 and determined that ALT-711 reduced AGEs (relative to protein and hydroxyproline levels) in

a clinically relevant human-derived DMM (Figure 15).
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Figure 13. Advanced glycation end products (AGES) are increased on old age in whole muscle but not
in decellularized muscle matrix (DMM). However, the AGE cross-link breaker ALT-711 reduces the
amount of AGEs in aged DMM. (A) The amount of detergent and mechanically soluble hydroxyproline
is decreased in 2 and 20 months in whole muscle, indicating more cross-linking. AGEs are increased
in old whole muscle relative to hydroxyproline (n = 6 in all groups). (B) The amount of detergent and
mechanically soluble hydroxyproline is decreased in 2 and 20 months in DMM, indicating more cross-

linking. However, there is no significant difference in AGEs relative to hydroxyproline with age in DMM
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(n =5 for 1- and 2-month groups, n = 6 for 20 months). (C) After treatment with ALT-711, the amount
of detergent and mechanically soluble hydroxyproline was increased in 2-month samples compared to
untreated age-matched DMM, and there was a reduction in the number of AGEs per hydroxyproline in
1-month and 20-month DMM treated with ALT-711 compared to untreated age-matched DMM,
indicating that AGE reduction was effective at all ages. Groups that do not share a letter (e.g. A or B)
are statistically different according to a one-way ANOVA followed by a two-tailed Tukey’s correction (p
< 0.05). * = statistically different to the age-matched control group (DMM without ALT-711) according
to a two-tailed unpaired t-test (p < 0.05, n value detailed in each section).
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Figure 14: AGE levels were not different between 2 month mouse gastrocnemius muscles and 20
month gastrocnemius muscles. A) AGEs without normalization showed no difference. B) Wet weight
increased with age in whole muscle, however wet weight was higher at 2 month DMM than 1 month.
C) AGEs per wet weight was reduced from 1 month compared to 2 and 20 months. D) Protein per wet
weight was not different in whole muscle, but was reduced from 1 to 2 and 20 months in DMM. E) AGEs

per protein were reduced in whole muscle from 20 to 1 months, while there was no difference in DMM.
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Figure 15: ALT-711 treatment reduced AGEs in human DMM. A) AGEs per protein was reduced with
ALT-711 treatment. B) AGEs per hydroxyproline was reduced with ALT-711 treatment.
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Figure 16: Gastrocnemius muscles were prepared for decellularization by Achilles’ tendon (A)

removal followed by quartering (B).

Challenges

AGE cross-links, by nature, are difficult to measure since they resist homogenization, and are often
discarded as part of the irreducible matrix after centrifugation. Our initial experiments relied on total
protein as the normalization factor for AGEs in the supernatant. We were unable to reliably measure
an age-dependent increase of AGEs with age in whole muscle (data not shown). We hypothesized
that we needed a more reliable normalization factor that held explanatory power over incomplete
AGE extraction. We subsequently discovered that hydroxyproline, a proxy measurement for collagen,
produced results that were in line with previously recorded literature.
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Discussion

The overall goal of this study was to determine if collagen and AGE accumulation in skeletal muscle
was specifically found in muscle ECM and retained in DMM. We captured muscle characteristics during
various stages of maturation and aging using 1-month, 2-month, and 20-month gastrocnemius muscles
from C57BL/6J mice. Characterization of these muscle specimens was an important step to identify
whether AGE accumulation was detectable in older whole muscle and if it was specifically increased in
relation to muscle ECM. Additionally, we chose the gastrocnemius as it has a heterogeneous
distribution of fiber types to capture aspects of slow and fast-twitch muscle aging.'®18° Furthermore,
the gastrocnemius is among the hind limb muscles reported to be more susceptible to the aging process
in rats, and was shown to be affected in 70-week-old mouse models of McArdle disease.3?1% Next, we
examined how muscle ECM was affected by aging. To do so, we decellularized the muscles, confirmed
a successful decellularization, and characterized these matrices. In support of our hypothesis, we
determined that AGEs accumulated in both old whole muscle and decellularized muscle ECM,
indicating that AGE cross-links were conserved following decellularization. This was an important
finding because it demonstrated that AGE cross-links in muscle ECM were detected and could have

further implications in aged satellite cell and muscle fiber biology.

Investigation of 1-month, 2-month, and 20-month muscle captured various stages of collagen aging.
During muscle maturation, collagens are not fully cross-linked, allowing the ECM to have a soft and
spacious environment.’®:81.83 However, at sexual maturity (~ 2 months in murine models), stable lysyl
oxidase (LOX) cross-links form and persist throughout adult life. As we age, collagen cross-links slowly
accumulate, but remain at low levels relative to tissue weight. At about 20 years in humans AGEs begin
to accumulate at a constant rate, dictated by the specific collagen turn-over time of each tissue type,
and this process continues into old age.'% Furthermore, starting at about 70 years of age, AGE
accumulation on muscle collagen is correlated to loss of muscle function.”® For this reason, we selected
20-month muscle as our aging model because unlike extreme old age (geriatric) only some of the aging
features are present, which is more representative of an average older population.192-1%4 |n addition, it
was previously reported that increased levels of AGE cross-links in the body is an early indicator of

later pathological aging events.1%

Furthermore, 20-month-old C57BL/6J mice are within the published accepted range for old age (18-24
months) with the maximum of 24 months based on 85% survivorship.19:197 Selecting C57BL/6J mice

older than 24 months is not advisable because of the increased prevalence of age-specific disease that
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could lead to confounding results.1%6:1%7 18-22-month-old C57BL/6J mice have also been published as
“old” age groups in multiple tissue types, including the lung, gut, spleen, skin, ovaries, eyes, brain, nails,
tendon, meniscus, cartilage, bone, and skeletal muscle.190.198-206 Additionally, senescence-like

changes, a marker of old age, are observed between 18 and 24 months in C57BL/6J mice.1%8:207-209

Specific morphometric changes are expected in old age with skeletal muscles that reflect a reduction
in cellularity with an increase in the ECM component.?!® We did not observe a decrease in the muscle
fiber diameter with age, but there was a decrease in the number of nuclei, indicating that at 20 months
an aging phenotype was not as pronounced as has been tested in other studies that use older mice.?!!
The apparent increase in the amount of collagen at 20 months indicates changes in the ECM that
precede changes in the muscle fibers themselves, even at this earlier stage of aging. In the immature
1-month group, we showed increased collagen levels that coincided with a decrease in muscle fiber
diameter. Reduced dimensions of the muscle fibers could explain the increased amount of collagen
relative to total area. However, it is also possible that the collagen occupied a larger volume due to less
mature collagen cross-links.88210 This was confirmed quantitatively by measuring the amount of total

hydroxyproline relative to weight at each age group.

Over time, there is an age-dependent decline in satellite cells that is associated with dysregulated
differentiation and cell to cell fusion in the generation of new muscle fibers.1® These age-dependent
declines in the satellite cell pool are mirrored in the level of Pax7 detected in the tissue. Surprisingly,
we did not measure a reduction in Pax7, suggesting that the number of satellite cells has not yet
reached a sarcopenic decline at 20 months. However, another satellite and progenitor cell marker, m-
cadherin, was reduced at 20 months of age. M-cadherin plays a role in maintaining the satellite cell
niche in uninjured muscle and its decline could indicate that satellite cells may be at the beginning of
sarcopenic decrease.?1?215 The transcription factors MyoD and myogenin are known to be upregulated
in old age in a process known as homeostatic decompensation in a final attempt at recovering the
muscle late in life.1-%3 Normally the myogenic transcription factors are at a low basal level in adult
muscle, but when injury occurs, they are upregulated again and are responsible for patterning the
myogenic process. Furthermore, in cases of denervation injury these transcription factors upregulate
to form new muscle fibers in a recovery response to the atrophy and muscle fiber degradation typical
to denervated muscle.! The aging environment in muscle is multifactorial but it is conjectured that the
increase in MyoD and myogenin in aged muscle is in response to the retreat and fast-to-slow transition

of the motor nerves.®! Since MyoD was upregulated at 20 months and myogenin downregulated
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slightly, the gastrocnemius at 20 months of age may be in the beginning stages of homeostatic

decompensation.

The receptor for advanced glycation end products (RAGE) is thought to play a role in skeletal muscle
aging by mediating the proinflammatory effects of AGEs and other RAGE ligands.?? While we expected
RAGE levels to increase in older animals, RAGE levels were actually lower in 20-month lysates
compared to 2-month lysates. In muscle, RAGE is primarily expressed in activated satellite cells and
differentiated myoblasts. As myoblasts fuse with existing muscle fibers, RAGE expression decreases
dramatically, indicating that its expression in muscle is related to the progenitor cell pool.?®7! In addition,
there is a decrease in the amount of RAGE measured in human satellite cells in old age, and this is
partially due to an increase in truncation of RAGE that makes it not detectable via immunostaining.”®
Furthermore, RAGE levels in 2-month muscle could be vastly different compared to middle aged
muscle. In order to fully determine why 20-month muscle was reduced compared to 2-month would

require more study.

Integrin a7 is a transmembrane protein responsible for transmitting force, is upregulated in
differentiated myoblasts, and protects against sarcolemmal damage.?6217 Integrin signaling has been
implicated in muscle aging. Targeting B1-integrin signaling improved regeneration in dystrophic muscle
and demonstrated that its deletion resulted in sarcopenic-like muscle.?'® Muscle’s B1-integrin
counterpart, a7, has less known effects during aging. Recent evidence suggests no differences
between levels of a7B in 3- and 22-month murine muscle.?!® In contrast, our data show an increase in
total a7 at 20 months, suggesting a compensatory mechanism to protect muscle from sarcolemmal
damage. Whether differences in a7B also exist in our model was not investigated. Slow-twitch muscle
fibers are known to increase relative to fast-twitch muscle fibers with age, especially in sarcopenia.?”®
We did not observe an increase in the level of total myosin heavy chain nor did we observe a change
in fast-twitch myosin heavy chain levels in 20-month muscle compared to 2-month samples, suggesting
that the degree of age-related changes in muscle has not yet affected muscle fibers. This supports our
use of 20-month aged mice in order to assess the accumulation of AGE-crosslinks independent of other
mechanisms associated with frail, sarcopenic muscle phenotypes. In addition, changes in fiber
composition were found to be subtle and specific to fast twitch fiber type in the early stages of aging.2%°
Additionally, recent evidence reported that fast-twitch muscle from C57BL/6J mice displayed subtle

changes in myofiber type composition at 24 months of age.*8 Furthermore, C57BL/6J mice are known
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to show age-dependent loss in muscular strength at an older relative age than humans, and as such

may not be the best sarcopenic model.°:221

Since we observed age-dependent changes in ECM, we anticipated that these could carry over to
DMM. In support of our hypothesis, we observed a significant increase in collagen at 20 months in
DMM, indicating that additional age-related cross-links attenuated normal collagen turnover. Skeletal
muscle collagen is heavily cross-linked by glycation in aged muscles, stiffening the matrix and causing
it to be resistant to enzymatic turn-over.%1"20 Furthermore, no considerable differences in enzymatic
cross-linking have been observed with age.’®222 To test whether cross-links were increased in old
muscle, we digested our samples in proteinase K and measured the amount of soluble hydroxyproline.
There was a reduction in enzymatic-soluble hydroxyproline in 20-month whole muscle, implying an
increase in the amount of collagen cross-linking. Interestingly, this effect was lost after decellularization,
indicating that decellularization destroyed collagen cross-linking or otherwise caused the collagen to
be more susceptible to protease degradation. If aberrant collagen cross-linking is reduced by
decellularization, this would be an advantage as DMM would not “remember” the age of its collagen.
However, an alternative explanation is that DMM lacks intracellular proteins to inhibit the proteinase K,
thus the collagen cross-linking is overtaken by proteolytic cleavage in this case. We further processed
our DMM into a gel and observed that both 2 and 20 months had significantly less enzymatic-soluble
hydroxyproline, which could be due to a concentrating of the heavily cross-linked, irreducible parts of

the matrix.

Collagen cross-linking significantly regulates the mechanical properties of tissues.??3 In old age,
skeletal muscle stiffens and dysregulates the satellite cell niche, abrogating regeneration.®'” Whether
this increase in stiffness is related to muscle fiber stiffness or the ECM is unclear. In addition, studies
that investigate muscle stiffness in vivo rely on bulk material properties, which may miss minute
mechanical features that cells would experience.”?>* We used the AFM method to overcome these
limitations of bulk mechanical testing and we observed that the increase in stiffness with age is specific
to DMM, supporting our hypothesis that increased stiffness was ECM-related. Table 2 gives literary

context to the exact moduli values recorded in our experimentation.

Citation Method Stiffness ‘
Zhu, Yanxia et al. “Determination of collagen—chitosan (80%/20%, v/v) 3.69 kPa

mechanical properties of soft tissue scaffold; symmetric triangle tip
scaffolds by atomic force microscopy (radius= 20 nm)
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nanoindentation.” Journal of

biomechanics vol. 44,13 (2011): 2356-

61.

Lugue, T et al. “Local Cryosectioned decellularized ~20kPa

micromechanical properties of |ung (7 um), V-Shape Au-coated

decellularized  lung  scaffolds  ~antilever with a four-sided

measured with atomic force pyramidal
microscopy.” Acta biomaterialia
vol. 9,6 (2013): 6852-9.

Asgari, Meisam et al. “Revealing Cryosectioned human aorta (20 Maximum 81.9 kPa with spherical

tip on its apex

Layer-Specific Ultrastructure and m); spherical tip (radius= 2 um) tip; maximum 7.26 MPa with sharp
Nanomechanics of Fibrillar  3nd sharp tip (radius= 2 nm) tip

Collagen in Human Aorta via

Atomic Force Microscopy Testing:

Implications on Tissue Mechanics

at Macroscopic Scale” Advanced

Nanobiomed Research vol. 2,5

(2022): 85-96.

This thesis. Cryosectioned whole muscle 150-1,300 kPa
and DMM (7 um); a
SCANASYST-FLUID tip

(radius= 20 nm)

Table 2: Literature modulus values for tissue and ECM scaffolds

Furthermore, since DMM retained a stiffer microenvironment, its use as a regenerative biomaterial may
be compromised as muscle progenitor cells aberrantly proliferate on stiffer substrates. Furthermore,
stiffness is known to alter mesenchymal differentiation, with stiffer substrates supporting osteoblastic
pathways at the expense of adipogenic, chondrogenic, and myogenic pathways.?2>22% Interestingly, we
observed a rougher microenvironment in old DMM, which conflicts with the known decrease in collagen
tortuosity with age.®22” However, an overall dysregulation in the structure of the basal lamina does

occur with old age.*! These data confirm that pathological changes occurred in the old muscle ECM.

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 44



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

To determine whether the age-dependent changes we observed in DMM collagen were AGE specific
cross-links we tested levels of AGEs in our samples and detected an increase in the number of AGEs
in old whole muscle when normalized to hydroxyproline. We did not observe this increase in AGEs
when normalizing to wet weight and protein. This observation suggested that AGE crosslinks might be
concentrated in the ECM, leading us to choose collagen for normalization. A known difficulty in
measuring AGE content is that most AGEs reside in the irreducible matrix, and as such a normalization
factor (e.g., hydroxyproline) that accounts for the matrix components would account for this.??8
Interestingly, when we measured the amount of mechanically soluble hydroxyproline, it was reduced
at both 2 months and 20 months of age. Since we did not detect a reduction at 2 months in the harsher
proteinase K digestion, we suspected that collagen cross-linking at 20 months was greater than 2
months. We observed this same effect with hydroxyproline in the DMM; however, there was no increase
in AGEs with age. In our homogenization schema, it is possible that in DMM, where the intracellular
components are removed, the AGEs are in the pellet and thus are not measurable. To test this theory,
we treated DMM with ALT-711, an AGE-specific cross-link breaker, and showed that there was no
longer a reduction in hydroxyproline with age.??°® When we measured AGEs in the ALT-711 treated
DMM, there was a reduction in the 1-month and 20-month samples compared to no treatment, showing
that ALT-711 is effective in reducing elevated levels of AGEs. All of this together emphasizes that there
were AGE cross-links in the DMM below our assay’s detection limits and that ALT-711 effectively
reduced them in the aged DMM. Impressively, ALT-711 treatment was also a viable method at reducing
AGEs in human-derived DMM, pointing to its clinical relevance. Reducing AGEs on aged DMM could
restore the supple microenvironment of younger muscle ECM while eliminating the harmful effects of
aberrant RAGE signaling. Furthermore, if successful this would open the gateway for using readily
available old human muscle in decellularization applications. However, future studies are needed to

characterize this treatment on aged DMM in promoting skeletal muscle regeneration.

Materials and Methods

Animal Model: 1-month, 2-month, and 20-month-old male C57BL/6J mice were selected to represent
an immature, young adult, and old adult mouse. The gastrocnemius muscle was used for all
experiments (one n is one muscle). Gastrocnemius muscles were large enough to perform multiple
assays. All surgical procedures were performed under an IACUC-approved protocol at VCU
(AD10000675, 1 March 2019). Briefly, the mice were euthanized with CO2 asphyxiation followed by

cervical dislocation. The skin covering the limbs was bluntly dissected, and the gastrocnemius muscles
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excised, taking care to remove the overlying biceps femoris and underlying soleus and plantaris. The

Achilles tendon was also removed before experimental use.

Decellularization: Gastrocnemius from 1-month, 2-month, and 20-month-old male C57BI/6 mice were
used as a model of skeletal muscle aging. The gastrocnemius was isolated and frozen at —80 °C until
decellularization. On the day of decellularization, the muscle was thawed and cut into quarters, and
each quarter of the muscle was put into its own well of a 24-well plate and decellularized at 4 °C on a
plate shaker (Figure 16). The quarters were treated with three 10 min DI water washed, 0.25% trypsin
for 6 h, 0.1% Triton X-100 for 24 h, 0.2% sodium deoxycholate for 24 h, DNase for 1 h, and 0.1%
peracetic acid for 24 hours. There were three 15 min DI water washing steps between all steps, and
five 15 min 1xPBS washes after the peracetic acid step. All volumes were 1.5 mL, except the DNAse
was 0.5 mL. To create a DMM gel, the DMM was lyophilized and cryomilled to create a DMM powder.
This powder was digested with pepsin (2300units/mg powder) in 0.01M HCI for 6 hours, pH and salt
balanced with NaOH and 10xPBS, and gelled at 37 °C for 1 h. Decellularization was confirmed by
running the pre-gel on the picogreen dsDNA assay.?*° The gelation rate was determined by measuring
optical density at 550 nm in a 96-well plate every 2 min at 37 °C for 1 h (n = 12 for all groups). The
results were then curve-fitted using Matlab to extract the gelation rate [99]. Matlab code is available

upon reasonable request.

Histological Evaluation: Whole muscle was processed with formalin-fixed paraffin-embedded (FFPE)
tissue processing. Briefly, the tissue was fixed in 10% neutral-buffered formalin and then processed
through increasing gradients of ethanol, cleared with xylenes, and infiltrated with paraffin wax. The
samples were then embedded in paraffin wax, and 7 ym sections were taken, floated on a warm water
bath, and picked up onto charged glass slides, dried, stained, and cover slipped. Before staining, the
sections were deparaffinized with xylenes and rehydrated with decreasing gradients of ethanol. DMM
was processed with cryosectioning, where the tissue was embedded in Optimal Cutting Temperature
(OCT) compound, frozen at -80°C, sectioned in a microtome at 7 ym onto charged glass slides, and
kept at -80°C until staining. Before staining, the OCT was washed out with DI water. Hemotoxylin and
Eosin (H&E) and Masson’s Trichrome (Weigert’s Iron Hematoxylin, Biebrich Scarlet-Acid Fuchsin, and
Aniline Blue) were applied to assess the muscle (3 representative 10x images per sample) and DMM
(3 representative 10x images per sample) morphometrically. Additionally, 40% pictures were taken to
represent the whole muscle in Figure 5. Masson’s Trichrome and Picrosirius Red were used to qualify

and quantify, respectfully, the collagen content of whole muscle and DMM. Two 50x images per sample

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 46



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

were quantified in the whole muscle Picrosirius Red sections, and three 10x images for DMM. The
regions were selected based on representation (whether the image reflected the natural variation in the
muscle or not) and usability for data analysis (e.g., regions where the muscles were cut longitudinally
were not included, as it is not possible to measure the diameter). The Zen Pro software (Carl Zeiss
Meditec AG, Jena, Germany) was used to perform the histomorphometry. Minimum Feret diameter was
found for the whole muscle by using the linear measurement tool on Zen Pro to measure the minimum
diameter of the myofibers.198231 The distance between myofibers was found using the linear
measurement tool on Zen Pro. The collagen area was measured with the polygon contour tool for whole
muscle in the Picrosirius red section. For decellularized muscle, the white area from the Picrosirius red
images was measured using automatic thresholding using Zen Pro, and this was subtracted from the
total area to find the area of red stain. Porosity of H&E stained DMM was found by measuring the empty
spaces in 3 random 10x images per sample (Zeiss AxioVision Microscope; Carl Zeiss Microscopy LLC,
White Plains, New York, USA), and then the data was presented as a percentage of these spaces to
the total area of the image, averaged per sample. The same process was applied to the Picrosirius Red
samples, except the red areas (collagen-stained) were quantified and reported as a percentage of the

total area of the image, averaged per sample.

Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) was used on tissue that is
cryosectioned at 30 ym, washed with DI water to remove the OCT, lyophilized, and sputter-coated with
platinum. The sections were imaged with SEM (Hitachi SU-70 FE-SEM, Hitachi, Ltd., Tokyo, Japan)
with 5.0kV at x 350 and x 20.0k to characterize the ultrastructure. Zen Pro software (Carl Zeiss Meditec
AG) was used to quantify the thickness of the endomysium and the porosity on x350 images. The
porosity was found by measuring the total open pore area and dividing that area by the total area using
the Zen Pro linear measurement tool for endomysium thickness, and using the contour polygon area

tool.

Collagen Cross-linking: Collagen cross-linking was determined by assessing collagen’s resistance to
Proteinase K digestion. Briefly, the samples were homogenized in NP-40 lysis buffer with a 6.0 mm
zirconium bead in the beadbug homogenizer, then incubated in 800 U/mL Proteinase K (P8107S, New
England Biolabs, Ipswich, Massachusetts, USA) for 1 h at 37 °C. A protease inhibitor cocktail was
added, the samples were centrifuged at 13,000 rpm (17,949 g) (Centrifuge 5427 R, Eppendorf,
Hamburg, Germany) for 3 min, and the supernatants hydrolyzed for 24 h with 5N HCl at 120 °C before
being run on the hydroxyproline assay (6017, Chondrex, Woodinville, Washington, USA). The
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supernatants were also assessed with Western blotting, where the rabbit anti-Collagen | antibody
(ab34710, Abcam, Cambridge, UK) was used, and the results were normalized to total protein (926-
11016, LI-COR Biosciences, Lincoln, Nebraska, USA). This Western blotting approach was also
applied to the pregel of the processed DMM gel. Other samples were hydrolyzed without
homogenization to determine the total hydroxyproline amount (DMM was normalized to dry weight

before decellularization).

Atomic Force Microscopy: Atomic Force Microscopy was used on tissue that is cryosectioned at 7 pm.
The OCT was removed with DI water, and the section was hydrated with 1xPBS for the experiment’s
duration. The Dimension FastScan AFM from Bruker along with the SCANASYST-FLUID tip (20 nm
radius) was used to gather topographical and modulus measurements from the sections under 1xPBS.
Each tip was calibrated under 1xPBS using thermal tuning followed by ramping (5 curves, 200 nm ramp
height, 0.20 V ramp set point) to determine the k value. Then, the samples were probed using peakforce
guantitative nanomechanical mapping under fluid (1xPBS) with a 2 um x 2 um scan size at 400
samples/line for topographic images. The same image was taken again but at 128 samples/line to
gather individual force curves (16,384 per image). The modulus was extracted from each force curve
by applying the 2-point JKR model with taking into account positive adhesion forces (Poisson’s ratio
was assumed to be 0.5). The incalculable force curves were removed using MatLab (code available
upon reasonable request) and the data averaged, then the histograms of the modulus and height values
were plotted using GraphPad Prism (GraphPad Prism 5.04, GraphPad Software, San Diego,
California, USA).

AGEs: Muscle samples were minced and homogenized with the Minute™ Total Protein Extraction Kit
for Muscles (using the Denaturing Buffer) and ran on an AGE ELISA (STA-817, Cell Biolabs, San Diego,
California, USA) to determine AGE levels. For DMM, homogenization was done with a 6.0 mm
zirconium bead in a beadbug homogenizer (BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego,
California, USA) at 4000 rpm for 60 seconds 20 times while keeping the tubes on ice for at least 5 min
between runs, to pulverize the tough ECM, followed by centrifugation at 13,000 rpm (17,949 @)
(Centrifuge 5427 R, Eppendorf, Hamburg, Germany) for 3 min. For human DMM, homogenization was
done with NP-40 lysis buffer with a 2 mL tenbroeck glass-pot homogenizer followed by centrifugation
at 13,000 rpm (17,949 g) (Centrifuge 5427 R, Eppendorf, Hamburg, Germany) for 3 min. The Pierce™
BCA Protein Assay Kit (23,225 and 23227, Thermo Fisher Scientific, Waltham, Massachusetts, USA)

and hydroxyproline assays were used for normalization purposes. To reduce AGE cross-links, DMM
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was incubated with 10 mM of the AGE-cross-link breaker ALT-711 (Alagebrium Chloride A3166 TCI
America, Portland, Oregon, USA) in 1xPBS for 5 days at 37 °C. The DMM was then washed 3 times

with DI water for 5 min each, then frozen at —80 °C until analysis.

Western Blotting: 30 mg of gastrocnemius muscles were homogenized in NP-40 lysis buffer (BP-119,
Boston BioProducts, Ashland, Massachusetts, USA) with a Pl cocktail and 25mM NaF with a 6.0 mm
zirconium bead in a beadbug homogenizer (BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego,
California, USA) at 4000 rpm for 60 s 5 times while keeping the tubes on ice for at least 5 min between
runs. The homogenate was centrifuged 9703 rpm (10,000 g) (Centrifuge 5427 R, Eppendorf, Hamburg,
Germany) for 10 min, and the supernatant was used for Western blotting. Briefly, the supernatant was
run on the BCA assay. Equal amounts of protein were denatured with Laemmli buffer at 100 °C for 10
min, then electrophoresed on polyacrylamide gels, transferred to a PVDF low fluorescence membrane,
blocked for 1 h at room temperature, and stained overnight with primary antibodies (mouse anti-PAX7
(ab55494 Abcam, Cambridge, UK), mouse anti-MYOD (MA1-41017, Thermo Fisher, Waltham,
Massachusetts, USA), mouse anti-Myogenin (ab1835, Abcam, Cambridge, UK), mouse anti-Myosin
Heavy Chain clone A4.1025 (05-716, Sigma Aldrich, St. Louis, Missouri, USA), mouse Anti-Myosin
(Skeletal, Fast) clone MY-32 (M4276, Sigma-Aldrich, St. Louis, Missouri, USA,) rabbit anti-M Cadherin
(ab87374, Abcam, Cambridge, UK), rabbit anti-ITGA7 (PA5-37435, Thermo Fisher, Waltham,
Massachusetts, USA), rabbit anti-RAGE (ab37647, Abcam, Cambridge, UK) or rabbit anti-GAPDH
(14C10) (2118S Cell Signaling Technology, Danvers, Massachusetts, USA,). The membranes were
then incubated with secondary antibodies (926-68073, 926-32210, and 926-32211, LI-COR
Biosciences, Lincoln, Nebraska, USA) for 40 min at room temperature, then they were imaged on the
LI-COR Odyssey and quantified. 1-month and 2-month samples were run on the same gel, and 20-
month samples were run on a separate gel. Each blot was analyzed separately and results were
normalized to GAPDH levels. The normalization factor for samples on one blot was determined by
identifying the highest GAPDH signal and dividing each GAPDH signal intensity by the highest GAPDH
signal, producing a value of 1 for the strongest signal and less than 1 relative to that stronger signal.
Target protein signals were divided by the normalization factor to obtain the normalized signal. An
advantage of this normalization method is that it is not affected by variations in housekeeping proteins

as seen in old age.?%?

Statistical Analysis: Data are represented as mean + standard error of the mean. Statistical analysis is

performed using a one-way analysis of variance (ANOVA) followed by a two-tailed Tukey’s correction
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to determine significance using a = 0.05. Groups not sharing letters are statistically significant. Outliers
were removed using Grubb’s test (a = 0.05). All statistical analyses are performed using GraphPad
Prism (GraphPad Prism 5.04, GraphPad Software, San Diego, California, USA) and JMP Pro (JMP
Pro 15, SAS Institute, Cary, North Carolina, USA).

Conclusions

Skeletal muscle aging elevates the amount of intramuscular collagen, AGE cross-linking, and stiffness
at a clinically relevant age that could be deleterious to regeneration. Our data shows that these aging
alterations are preserved in DMM, providing an obstacle for the clinical translation of DMM since older
muscle is available in greater frequency. Interestingly, these changes are also retained in a more
processed DMM gel, indicating that age still affects DMM at every level of reduction. However, ALT-
711 shows efficacy in reversing AGE cross-linking in DMM, providing a pathway for future biological

studies at improving aged DMM.
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Chapter 4. S100b Treatment Overcomes RAGE Signaling Deficits in
Myoblasts on Advanced Glycation End-product Cross-linked Collagen

and Promotes Myogenic Differentiation

Abstract

Advanced glycation end products (AGES) stochastically accrue in skeletal muscle and on collagen over
an individual’s lifespan, stiffening the muscle stem cell (MuSC) microenvironment while promoting
proinflammatory, anti-regenerative signaling via the receptor for advanced glycation end products
(RAGE). We developed a novel in vitro model of this phenomenon by cross-linking a 3D collagen
scaffold with AGEs and investigated how myoblasts responded. AGEs promoted excess proliferation
in myoblasts, and this effect was successfully countered by RAGE inhibition. Additionally, the
differentiation and fusion of myoblasts were disrupted by AGEs, and this was associated with reductions
in integrins and suppression of RAGE. Surprisingly, S100b (RAGE agonist) treatment recovered
myotube formation. Our results provide novel insights into the role of the AGE-RAGE axis in skeletal
muscle aging, and future work is warranted on the potential application of S100b as a pro-regenerative

factor in aged skeletal muscle.

Introduction

The aging of skeletal muscle is fueled by deterministic and stochastic events that culminate in
sarcopenia, a muscle-wasting disease typified by the loss of muscle mass and force.?®3 Sarcopenia is
associated with a decrease in skeletal muscle’s capacity to regenerate, suggesting that the satellite cell
niche is compromised by the aging process.?®® Satellite cells are Pax7+ multipotent adult stem cells
that are located adjacent to the muscle fibers underneath the basal lamina.>1234 Injury activates these
cells causing them to proliferate, enter into the myogenic program, differentiate, and fuse to form new
muscle fibers or fuse to existing muscle fibers while also self-renewing to maintain a reservoir of satellite
cells.5235 |n aging, satellite cell number decreases while myogenic transcription factors that regulate
differentiation, MyoD and MyoG, increase. These data suggest that factors in the satellite cell niche are
aberrantly activating them while preventing self-renewal.1661.214236 The extracellular matrix (ECM)
makes up half of the satellite cell’s niche (the other half being the skeletal muscle fiber) and thus is

influential over the self-renewal and differentiation of these cells.5156.237
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A hallmark of aged skeletal muscle ECM is the upregulation of collagens that produce a fibrotic
phenotype.” Advanced glycation end-products (AGEs) are a non-enzymatic modification to proteins
that follow the Maillard reaction and may be a major driver of this phenomenon.?>238 AGEs are formed
when sugars stochastically interact with proteins, using a sugar monomer or metabolite that binds to a
protein (usually at a cysteine group) to form an Amadori product (pre-AGE).?% This product then
stabilizes over the course of a few days to form a mature AGE. Skeletal muscle ECM is a prime location
for these AGEs to accumulate, especially since collagens are long-lived and contain cysteine/lysine
groups.2%® The non-enzymatic modifications to the ECM result in a matrix that is stiffer and more
resistant to degradation by matrix metalloproteases and other enzymes.?2® During the aging process,
the number and activity of satellite cells were impacted by modifications to the ECM such as basement
membrane remodeling, loss of fibronectin, and increased laminin,31516.23% but none of these studies

explored the role of ECM glycations.

We developed and characterized an in vitro system modeling aged glycated collagen, and tested the
response of myoblasts to our system using C2C12s, a well-characterized immortalized mouse myoblast
cell line, and human primary myoblasts. Additionally, we probed the AGE-RAGE axis with known RAGE
inhibitors FPS-ZM1 and Azeliragon, and with the RAGE agonist S100b. We hypothesized that AGE

cross-links would dysregulate myogenesis and that this would be RAGE dependent.

Materials and Methods

AGE-Collagen preparation: RCT collagen tape (ACE Surgical Supply, Brockton, MA) was punched into
48-well-sized pieces with a 10 mm biopsy punch (Acuderm, Fort Lauderdale, FL) and placed in a 48-
well plate (Greiner Bio-One International GmbH). AGE formation was induced on the collagen in a
dose-dependent manner with 0, 25, 40, 100, or 250 mM ribose (Millipore Sigma, St. Louis, MO) in a
solution of 1X PBS with 44 mM NaHCO3 (Sigma-Aldrich, St. Louis, MO) and 25 mM HEPES (Sigma-
Aldrich, St. Louis, MO) buffer for 5 days. After 5 days, the membranes were washed 3 times for 5
minutes with 5 mL of DI water in 6-well plates and frozen at -80°C for long-term storage. Prior to use
membranes were lyophilized overnight. To confirm that D-ribose was washed out of the collagen, the
collagen was digested in collagenase type 1A (Sigma-Aldrich, St. Louis, MO) and ran on a colorimetric

ribose assay.?40:241
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Collagen cross-linking and AGE analysis: Collagen cross-linking was determined by assessing
collagen’s resistance to Proteinase K digestion. Briefly, the samples were homogenized in NP-40 lysis
buffer with a 6.0 mm zirconium bead in a beadbug homogenizer, then incubated in 800 U/mL Proteinase
K (P8107S, New England Biolabs, Ipswich, MA, USA) for 1 h at 37 °C. A protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO) was added, the samples were centrifuged at 13,000 rpm (17,949 g)
(Centrifuge 5427 R, Eppendorf, Hamburg, Germany) for 3 min, and the supernatants hydrolyzed for 24
h with 5N HCI at 120 °C before and then were ran on a hydroxyproline assay (6017, Chondrex,
Woodinville, WA, USA). The results were normalized to wet weight.

For AGE analysis the collagen samples were homogenized in 400 pL 1xPBS in a beadbug
homogenizer (BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego, CA, USA) at 4000 rpm for 60
seconds 5 times while keeping the tubes on ice for at least 5 min between runs. After mechanical
homogenization, collagenase type Ill (STEMCELL Technologies Inc., Vancouver, Canada) (100 pL,
4000 U/mL in 1xPBS) was added to the homogenate and incubated at 37°C for 1 hour. Then EDTA
(Sigma-Aldrich, St. Louis, MO, USA) (0.5 M, 10 pL) was added to the collagenase-treated samples to
guench the digest followed by centrifugation at 13,000 rpm (17,949 g) (Centrifuge 5427 R, Eppendorf,
Hamburg, Germany) for 3 minutes. The supernatant was used for the assays. The supernatants were
run on an AGE ELISA (STA-817, Cell Biolabs, San Diego, CA, USA) and results were normalized to
wet weight, hydroxyproline, and protein with the Pierce™ BCA Protein Assay Kit (23,225 and 23227,
Thermo Fisher Scientific, Waltham, MA, USA).

Scanning Electron Microscopy: Scanning Electron Microscopy (SEM) was used on lyophilized collagen
samples that were sputter-coated with platinum. The samples were imaged with SEM (Hitachi SU-70
FE-SEM, Hitachi, Ltd., Tokyo, Japan) with 5.0kV at x 350 and x 20.0k to characterize the ultrastructure.

Atomic Force Microscopy: Atomic Force Microscopy was used on tissue that is cryosectioned at 7 ym.
The OCT was removed with DI water, and the section was hydrated with 1xPBS for the experiment’s
duration. The Dimension FastScan AFM from Bruker along with the SCANASYST-FLUID tip (20 nm

radius) was used to gather topographical images from the sections under 1xPBS.

Bulk Mechanical Testing: Compressive and tensile mechanical properties were assessed using a Bose
ElectroForce 3200 Series Il Axial-Torsion System equipped with a 250 g load cell as previously
described.?#?-245> The compressive properties were assessed via unconfined compression using a 25

mm platen to load 10 mm diameter biopsies. The height of each sample was measured prior to testing
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and all tests were performed with hydrated constructs fully immersed in PBS at room temperature.
Constructs were pre-loaded with 0.05 g to ensure contact with the surface, and then loaded to 50%
compression at a strain rate of 0.5% strain/sec, assuming quasi-static loading.?#2243 The compressive
modulus was calculated based on the slope of the most linear region of the stress-strain curve between
10-30% strain with a linear regression fit of R>>0.99. For tensile tests, 10 mm biopsies were cut into
rectangles with dimensions of ~1-2 mm wide by 8-10 mm in length. Prior to testing, rectangles were
fully hydrated in PBS and dimensions were measured. The rectangles were secured between grips and
loaded to failure at a strain rate of 0.5%/s, assuming quasi-static loading and ensuring failure occurred
between the grips.?*424% The tensile modulus is the slope of the linear region of the stress-strain curve
as determined by a linear regression fit ensuring an R?>0.99. The strain at failure and the ultimate

tensile strength (UTS) are the maximum stress point.

Mass Spectrometry Analysis: Three collagen samples (control with no AGEs) were sent to UVA’s mass
spectrometry core, and the samples were initially solubilized (mostly) using a Bead Beater with stainless
steel balls before acetone precipitation to produce a protein pellet. The pellet was re-solubilized in
digestion buffer using heat and sonication. The protein did not all go into solution so each sample was
divided into a soluble fraction and insoluble pellet. The soluble fraction (10ug) and insoluble pellet were
digested (and ran by MS) separately. The sample were reduced with DTT for 30 minutes at RT, then
alkylated using iodoacetamide for 30 minutes at RT, followed by overnight digestion with 0.5 ug trypsin
(insoluble — second overnight trypsin digestion). The samples were cleaned up using C18 tips. The LC-
MS system consisted of a Thermo Orbitrap Exploris 480 mass spectrometer system with an Easy Spray
ion source connected to a Thermo 3 um C18 Easy Spray column (through pre-column). 1 pg of the
extract (soluble and insoluble separately) was injected and the peptides eluted from the column by an
acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.3 pL/min over 2.0 hours. The nanospray ion
source was operated at 1.9 kV. The digest was analyzed using the rapid switching capability of the
instrument acquiring a full scan mass spectrum to determine peptide molecular weights followed by
product ion spectra (Top10 HCD) to determine amino acid sequence in sequential scans. This mode
of analysis produces approximately 25000 MS/MS spectra of ions ranging in abundance over several
orders of magnitude. Not all MS/MS spectra are derived from peptides. The data were analyzed by

database searching using the Sequest search algorithm against Uniprot Bovine.

Cell culture: Collagen (0 mM) and AGE-Collagen (100 and 250 mM) collagen membranes were

prepared as described previously. The scaffolds were pre-wetted in 48-well plates with 250 uL of growth
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media (a-MEM+10% FBS+1%Pen/Strep for C2C12s, Cook Myocyte Basal Media+10%Myotonic
Growth Supplement+1%Pen/Strep for human primary myoblasts) which was removed prior to seeding.
C2C12s (originally derived from female mice) or male human primary myoblasts were seeded onto the
collagen membranes at 15,000 cells/cm? in 50 uL of growth media.?*® The collagen was placed in a
37°C incubator for 2 hours to promote cell attachment. After 2 hours, 200 yL of growth media was
added. After 24 hours, the collagen scaffolds were moved to new wells with fresh media (250 uL) using
sterile forceps, to prevent any cells that attached to the bottom of the plate from influencing the
experiment. Following this the media was changed every 48 hours. The RAGE inhibitors FPS-ZM1
(Cayman Chemical Company, Ann Arbor, Michigan, USA) and Azeliragon (MedChem Express,
Monmouth Junction, NJ, USA) were delivered in DMSO (Fisher Scientific, Hampton, NH, USA), and all
DMSO concentration was kept at 0.1%. The RAGE agonist S100b (Boster Bio, Pleasanton, CA, USA)
was delivered in 20mM Tris-HCI buffer (pH 8.0) containing 1mM DTT and 10% glycerol. S100b’s vehicle
was kept at 0.1% concentration in the growth media. When myoblasts were cultured with the inhibitors
and agonist, the cells were incubated with the respective inhibitors/agonist for 30 minutes at 37°C to
allow for receptor binding before the cells were seeded onto the scaffolds. After then, all media changes

included the inhibitors/agonist.

DNA quantification: Total DNA was analyzed either on day 2, day 4 or day 6. On the day of harvest,
the collagen/wells were washed twice with 1 mL of 1xPBS, and submerged in 250 pL of 0.05% Triton
X-100. The samples were frozen at -20°C until the day of assay. On the day of assay, the samples
were sonicated at a minimum amplitude of 40, for 5 seconds per well. The samples were lightly
centrifuged (2,000 g) for 1 minute, and the supernatant was used with the QuantiFluor® dsDNA System
(Promega, Madison, WI, USA) to determine dsDNA levels.

Fluorescent imaging: On the day of harvest, the collagen was washed twice with 1 mL of 1xPBS, and
fixed with 250 pL of 4% paraformaldehyde for 15 minutes at room temperature. The samples were
stored at 4°C until the day of assay. On the day of assay, the samples were washed two times with
1mL of 1xPBS and then were permeabilized in 0.1% Triton X-100 in 1xPBS for 15 minutes. The
samples were washed two more times with 1mL of 1xPBS. 200 pL of staining solution (Invitrogen™
Alexa Fluor™ 594 Phalloidin (Invitrogen, Waltham, MA, USA) and Hoechst 33258 (Invitrogen,
Waltham, MA, USA)) was added to the samples and allowed to incubate at room temperature for 45
minutes. The collagen was washed 3 more times with 1 mL of 1xPBS, and imaged with a 10x objective

to visualize the phalloidin (actin) and Hoechst (nuclei) in order to assess the myoblast density and
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morphology. Myotubes with 3 nuclei or more were counted to assess the total myotube number. To
reduce error, 3 representative 10x images per sample were used for the RAGE inhibitor and agonist

experiments.

Protein analysis: The collagen was homogenized in NP-40 lysis buffer (BP-119, Boston BioProducts,
Ashland, MA, USA) with a protease inhibitor cocktail and 25 mM sodium fluoride with a 6.0 mm
zirconium bead in a beadbug homogenizer (BeadBugTM Cat #: 31-212, Genesee Scientific, San Diego,
CA, USA) at 4000 rpm for 60 s 5 times. The tubes were kept on ice for at least 5 minutes between runs.
The homogenate was centrifuged at 9703 rpm (10,000x g) (Centrifuge 5427 R, Eppendorf, Hamburg,
Germany) for 5 min, and the supernatant was used for dot blotting according to the Bio-Rad
manufacturer protocol, which uses a 0.45 yM nitrocellulose membrane. Following overnight staining
with primary antibodies, the membranes were then incubated with secondary antibodies (926-68073,
926-32210, and 926-32211, LI-COR Biosciences, Lincoln, NE, USA) for 40 min at room temperature,
then they were imaged on the LI-COR Odyssey and quantified. Target protein signals were divided by
the total protein signal, and included RAGE, phospho p38, phospho JNK, phospho Nf-kB, phospho
Erk1/2, Myf5, MyoG, MyHC, integrins 1, B3, a2, a7, and aV.

Statistical Analysis: Each variable was tested using n = 6 unless otherwise specified. Data are
presented as mean + SEM with the analysis done using GraphPad Prism 6.0 (GraphPad, La Jolla, CA,
USA). Outliers were removed according to Grubb’s test (a-0.05). Analysis comparing only two groups
was performed by unpaired Student’s t-test (one-paired or two-paired), whereas analysis comparing
more than two groups using one-way analysis of variance with Tukey’s posthoc test. All p values < 0.05

were considered significant.

Results

AGEs were created on collagen in a dose-dependent manner, with 250 mM producing significantly
more AGEs than all other doses (Figure 17A). Concomitantly, soluble hydroxyproline decreased in a
dose-dependent manner, with doses 40 mM and above reduced compared to 0 and 25 mM (Figure
17B). Further, 250 mM was reduced compared to 40 mM. We verified that hydroxyproline normalized
AGE levels accurately by demonstrating that AGE-collagen digested with collagenase 1A (less specific
to collagen) and collagenase 3 (highly specific for collagen) both had similar levels of AGEs per
hydroxyproline, despite collagenase 3 releasing more hydroxyproline (Figure 18A-H). AGEs and

hydroxyproline were measured using the 250mM concentration over 5 days and demonstrated a time-
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dependent increase in AGEs per hydroxyproline (Figure 17C). Additionally, soluble hydroxyproline was
lowest on day 5 compared to all other days (Figure 17D). We confirmed that no residual D-ribose
remained in the collagen after washing with 5 mL of DI water (Figure 19A). Mass spectrometry analysis
of the control collagen revealed it was 82.4% collagen type I, with a trace amount of keratin (~8%),
collagen Il (2%), and Pancreatic trypsin inhibitor (2%) (Figure 20A-B). A sample from each D-ribose
dose was selected and imaged by SEM. There were no appreciable differences to the collagen at x350
and the ultrastructure at x20k due to AGE induction (Figure 17E).

Next, we performed an AFM analysis to verify the SEM results. Collagen fibers were visualized in AFM
topographical images at all doses, and no qualitative differences were observed (Figure 17F). We
performed bulk mechanical testing on 0, 100, and 250 mM collagens. Tensile modulus and ultimate
strain were increased at 250 mM compared to 0 mM (Figure 17G,l). Ultimate tensile strength was
increased at 250 mM compared to 0 and 100 mM (Figure 17H). Interestingly, the compressive modulus

was elevated in both 100 and 250 mM compared to 0 mM (Figure 17J).
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Figure 17. AGE cross-links were successfully induced onto collagen, which resulted in increased
mechanical properties. A) AGEs were induced on collagen in a dose-dependent method, and 250 mM
formed more AGEs than all other doses. B) Soluble hydroxyproline decreased in a dose dependent
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manner. C) 250mM of D-ribose formed AGEs in a time-dependent manner, with highest AGE formation
at 5 days. D) Additionally, soluble hydroxyproline was lowest at day 5. E) There were no appreciable
differences to the collagen according to SEM at x350 and to the ultrastructure at x20k due to AGE
induction. F) Collagen fibers were visualized by AFM and no differences were seen. G-H) Bulk tensile
modulus and ultimate strain were increased by 250 mM D-ribose treatment. I) Ultimate tensile strength

was higher in 250 mM. J) Bulk compressive modulus was increased in 100 and 250 mM collagen.
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AGE levels from both extracts correlate with hydroxyproline normalization.
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Figure 19: Washing with 5 mL of DI H20 removes residual D-ribose from AGE-collagen.
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Figure 20: Mass spectrometry confirms purity of collagen type 1 scaffold. A-B) Mass spectrometry

analysis on collagen reveals high levels of collagen, with trace amounts of keratin and pancreatic

trypsin inhibitor.

After characterizing the AGE-collagen scaffolds, we cultured C2C12s and human primary myoblasts

on them to test the effect of AGEs on myoblast proliferation, differentiation, and fusion. C2C12s grown
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on AGE-collagen resulted in dose-dependent increases in DNA, especially on day 6 (Figure 21A).
Curiously, DNA for human primary myoblasts did not increase at any time point, indicating that this
effect may be cell line dependent (Figure 21B). When C2C12s were stained and imaged for actin and
DNA on day 6, we noted increased nuclear and cellular density at 250 mM compared to 0 mM (Figure
21C).

C2C12s were then grown in differentiation conditions for 12 days to induce myotube formation on the
collagen scaffolds. Cells were imaged by staining for actin and DNA at days 6 and 12. AGEs blunted
myotube formation on day 12 (Figure 22A-B). When quantified, the 250 mM group demonstrated
reduced myotube formation at day 12 (Figure 22C). Next, we measured myogenic differentiation
markers Myf5, MyoG, and MyHC. All differentiation markers were significantly reduced by AGEs at day
12, however, MyoG was only reduced by 250 mM collagen scaffolds (Figure 22D-F). On day 6, Myf5
was reduced by 100 mM scaffolds, but not by 250 mM. MyoG was suppressed by AGEs at day 6 by
both 100 and 250 mM collagen scaffolds. Curiously, MyHC was increased in the 250 mM group on day
6, but myotube numbers demonstrated that these values did not correlate fully with fiber formation. To
determine if AGEs were regulating the integrin profile, we measured integrins a2, a7, aV, 1, and 33.
AGEs suppressed integrin levels at day 12 in all integrins measured, however, integrin a7 was only
suppressed at 250 mM (Figure 22G-K). Interestingly, integrin a7 was reduced by AGEs at day 6, and
integrin B1 showed an inverted bi-phasic response to AGEs at day 6.

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 63



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

A C2C12 B Human Primary Myoblasts
2.0- )
O3 omM 0.10 = 0mM
1.5 2 25mM 0.08- A A mm250mm
: @3 100 mM T
. 250 mM AB

ng dsDNA per well
¢ 5

ng dsDNA per well

e
=}
L

Day 2 Day 4
0 mM

Day 6

Day 6

Figure 21. AGE cross-links promote proliferation in C2C12 myoblasts. A) C2C12s show dose
dependent increases in DNA based on D-ribose treatment. B) Human primary myoblasts did not
increase in DNA. C) C2C12s present increased nuclear and cellular density at day 6 on 250 mM D-
ribose treated collagen compared to 0 mM (scale bar is 100 um).
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Figure 22. AGEs cause differentiation and fusion deficits in C2C12 myoblasts, and this is associated

with integrin signaling. A-B) C2C12s increased in density from day 6-12 and AGEs prevented normal

fusion (scale bar=100 um). C) Quantification revealed lower myotube number due to AGEs at day 12.

D-F) AGEs reduced the myogenic differentiation factors Myf5, MyoG, and MyHC at day 12, however

MyoG was only reduced by 250 mM scaffolds. (Figure 22D-F). G-K) We measured integrins a2, a7,
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aV, B1, and B3. AGEs reduced integrin levels at day 12 in all integrins, but integrin a7 was only affected
at 250 mM.

To confirm that the C2C12 data was a real effect and not cell-line specific, we cultured human primary
myoblasts on the 250 mM AGE-collagen scaffolds for 12 days. We observed slower growth on 0 and
250 mM collagen scaffolds compared to C2C12s and this was shown in our stained samples. We also
used actin and DNA staining to assay myotube formation and determined that AGEs disrupted myotube
formation on day 12 (Figure 23A-C). All differentiation markers (Myf5, MyoG, and MyHC) were reduced
by AGEs at day 12 (Figure 23D-F). Additionally, AGEs reduced Myf5 and MyHC on day 6. While AGEs
reduced integrin levels in the entire integrin panel (a2, a7, aV, B1, and B3), integrin a7 was only

suppressed at day 6 (Figure 23G-K).

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 66



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

Human Primary Myoblasts

Day 6 Day 12
0 mM 250 mM 250 mM
C Myotube Number D Myf5 E MyoG
2 20+ . 0.03 : 0.020-
.g : = 0mM = : =9 0mM = =9 0mM
5 . 250 mM §, = 250 mM E,’ 0.0154 mm 250 mM
T 0 0.02- (7]
E 3 3 0.010
o 0.01
S E E 0.005-
3 o )
e z 2
= I T I 0.00- 0.000-
Day6  Day 12 I Day 6 Il Day12| I Day 6 it Day12|
F MyHC G Integrin a2 H Integrin a7
0.025 A 0.015- : 0.03 :
= . = 0mM = . = 0mM = : = 0mM
E, 250 mM s, . 250 MM E,’ . 250 mM
2] 0 0.010 0 0.02
S o °
g £ 0.005- g 0.01
S S S
z z z
0.000- 0.00-
Day 6 Day 12 Day 6 Day 12 Day 6 Day 12
| Integrin aV J Integrin p1 K Integrin p3
0.04 : 0.15 : 0.015-
= : = 0mM = = 0mM 5 = 0mM
.g, 0.034 . 250 mM .E” = 250 mM 'E, . 250 mM
(7] @ 0.10 @ 0.010
T ° -l
N 0027 N I
g S 0.054 T 0.005
£ 0.01- £ £
) ) )
z z 2
0.00- 0.00- 0.000-
Day 6 Day 12 Day 6 Day 12 Day 6 Day 12

Figure 23. AGEs cause differentiation and fusion deficits in human primary myoblasts, and this is
associated with integrin signaling. A-B) Human primary myoblasts increased in density from day 6-12
in the 0 mM group and AGEs prevented normal fusion (scale bar=100 um). C) Quantification revealed

lower myotube number due to AGEs at day 12. D-F) AGEs reduced the myogenic differentiation factors
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Myf5, MyoG, and MyHC at day 12. G-K) We measured integrins a2, a7, aV, B1, and B3. AGEs reduced

integrin levels at day 12 in all integrins, except for integrin a7.

Next, we investigated the role of RAGE in our system. We measured RAGE levels produced by
C2C12s, and surprisingly RAGE was reduced by AGEs at day 12 and was unchanged at day 6 (Figure
24A). This effect was also observed in human primary myoblasts (Figure 24B). The RAGE pathway
members Nf-kB, JNK, Erk1/2, and P38 were investigated. Phospho Nf-kB was unaffected by AGEs in
C2C12s, but it was reduced by AGEs in human primary myoblasts at day 6 (Figure 24C-D). Phospho
JNK was not altered by AGEs in C2C12s or human primary myoblasts (Figure 24E-F). Phospho Erk1/2
produced by C2C12s was not different in the presence of AGEs; however, AGEs reduced Erk1/2 at
day 12 in human primary myoblasts (Figure 24G-H). Phospho P38 was the only factor to mirror RAGE
in C2C12s, with reduced levels in the 250 mM group at day 12 (Figure 24l). However, AGEs did not
change Phospho P38 in human primary myoblasts (Figure 24J).

To understand why RAGE was reduced in late differentiation, we challenged C2C12 myoblasts with
FPS-ZM1, Azeliragon, and S100b throughout the culturing process. Aberrant proliferation was
successfully recovered by 20 uM FPS-ZM1 and 1 pM Azeliragon, while S100b did not have an effect
(Figure 25A-C). Both FPS-ZM1 and Azeliragon suppressed myotube formation at medium and high
doses (Figure 25D-G). Impressively, the RAGE agonist S100b restored myotube formation on AGE-

collagen to control levels at 10 nM (Figure 25H-I).

We probed for RAGE, the early differentiation factor Myf5, and the late differentiation factor MyoG in
C2C12s treated with the RAGE inhibitors and agonist. FPS-ZM1 reduced RAGE production to a similar
level as produced by myoblasts grown on AGE scaffolds, and Azeliragon did not have an effect on
RAGE amount (Figure 26A, Figure 27A). Surprisingly, S100b reduced RAGE levels in the control group
down to the level produced by myoblasts grown on AGE scaffolds (Figure 26B). In control and AGE
scaffolds, Myf5 was reduced by FPS-ZM1 at the highest concentration (20uM) to levels that were similar
between control and AGE scaffolds (Figure 26C), while Azeliragon had no effect (Figure 27B). S100b
treatment recovered Myf5 levels in myoblasts grown on AGE scaffolds to levels that were similar to the
control group at 1 nM and 10 nM (Figure 26D). FPS-ZM1 reduced MyoG in myoblasts cultured on
control and AGE scaffolds that resulted in similar levels between control and AGE groups at a 20 pM
concentration (Figure 26E). MyoG was unaffected by Azeliragon (Figure 27C). Interestingly, S100b
reduced MyoG at a 10 nM concentration in myoblast grown on control scaffolds compared to 0 and 1

nM. Moreover, MyoG protein remained unchanged in myoblasts cultured on AGE scaffolds.
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Consequently, this resulted in similar levels between control and AGE groups at 10 nM concentrations
(Figure 26F).
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Figure 24. AGEs suppress RAGE in chronic cell culture conditions. A-B) AGE cross-links reduce RAGE
at day 12 in C2C12s and human primary myoblasts. C-D) The RAGE pathway was investigated.
Phospho Nf-kB was unaltered by AGEs in C2C12s, but AGEs reduced it in human primary myoblasts
at day 6. E-F) Phospho JNK was not affected by AGEs in C2C12s or human primary myoblasts. G-H)
Phospho Erk1/2 in C2C12s did not change due to AGEs. AGEs reduced Erk1/2 in human primary
myoblasts at day 12. I-J) Phospho P38 was reduced by 250 mM scaffolds in C2C12s at day 12. AGEs

did not alter Phospho P38 in human primary myoblasts.
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Figure 25. RAGE agonists reduced myoblastic proliferation and fusion, while RAGE agonist S100b
restored myotube formation on AGE-collagen. A-C) Excess proliferation was ameliorated by 20 uM
FPS-ZM1 and 1 uM Azeliragon, but S100b did not have an effect. D-G) FPS-ZM1 and Azeliragon
prevented myotube formation at middle and high doses. H-I) S100b recovered myotube formation on

AGE-collagen at 10 nM. Scale bar=100 pm.
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Figure 26. The RAGE inhibitor FPS-ZM1 and the RAGE agonist S100b reduced RAGE and
differentiation factors, however S100b also elevated Myf5 and MyoG on AGE-collagen. A-B) FPS-ZM1
and RAGE reduce RAGE. C-D) Myf5 was reduced by FPS-ZM1 to AGE levels. S100b treatment slightly
decreased Myf5 levels in the control group while slightly increasing levels in the AGE group, resulting
in no significant difference. E-F) FPS-ZM1 reduced MyoG to AGE levels. Curiously, S100b lowered

MyoG to AGE-collagen levels while elevating MyoG on AGE-collagen to control levels.

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 75



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

Azeliragon
A RAGE
0.04
] A
c T AB
_09;0.03— AB AB T
° B B
N 0.024
©
E 0011
o
e
0.00-1 T I
OpM  0.5uM 1 puM
Azeliragon
Myf5
B 0.025-
T:“ A
5 0.020 T AB rg
2 00154| | B B AB
Q
N
= 0.010
£
© 0.005-
=z
0.000-14 T T
OpM  0.5uM 1 uM
Azeliragon
MyoG
c y
0.025-
= A AB
C 0.020 T ABC
2 BC T
2 0.015- o BC
()
N
= 0.010
E
© 0.005-
z
0.000-14 T T
OpM  0.5uM 1 M
Azeliragon
D-ribose

= 0mM m 250 mM

Figure 27: A-C) Azeliragon treatment minorly reduced RAGE, Myf5 and MyoG on control collagen.
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Challenges

Culturing myoblasts on a 3D collagen surface for the purposes of measuring proliferation,
differentiation, and fusion presented several challenges. First, the myoblasts grew much slower on
collagen when compared to TCPS (data not shown). As such, we optimized the timepoints and
discovered that day 6 was best for measuring proliferation, rather than an earlier timepoint. Next, the
myoblasts presented increased apoptosis in classic differentiation conditions (serum starvation). We
hypothesized that the slower growth rate did not allow the myoblasts to reach the appropriate
confluence before differentiation induction. To circumvent this, we employed full media conditions and
relied on myoblast contact to initiate differentiation. Further, as a result the process was prolonged,

and we had to measure fusion at day 12, rather than day 6.

Discussion

We successfully created a three-dimensional in vitro model of AGE cross-linked collagen and used this
to demonstrate that myoblasts were sensitive to AGE cross-links. As far as we know, we are the first
to demonstrate that insoluble AGEs exert an aging phenotype onto myoblasts. All other reports on the
impact of AGEs on myoblasts were performed with a soluble delivery of AGEs in the form of AGE-BSA,
methylglyoxal, or other forms.?47-24° Unlike soluble AGEs, which only exert a biological impact through
receptor signaling, AGEs cross-linked on collagen mechanically stiffen the microenvironment, which
can promote deleterious outcomes.?! However, it is not clear how myoblasts respond to AGEs cross-
linked to collagen. In one scenario, AGEs could act as a ligand that signals through RAGE, or an
alternate scenario could be that increased stiffness (non-RAGE pathway) disrupted myoblast signaling.

These two potential outcomes prompted our AGE study.

When characterized, our system showed evidence of cross-linking in the presence of increased AGEs.
An increase in insoluble hydroxyproline and stronger mechanics in the presence of AGEs coupled with
the absence of ultrastructural changes indicates that our collagen system was laden with AGE cross-
links independent of other age-dependent collagen alterations.?® In vivo, collagen aging involves
increases in total amount, geometric randomness, and cross-linking.2%8 All three of these age-
dependent collagen alterations impact collagen’s function and mechanics. Here, we isolated collagen
cross-linking with AGEs by keeping the collagen amount and orientation identical.

Impressively, AGE cross-linked collagen supported C2C12 proliferation (i.e., DNA levels) at 2-3 times
the level of control collagen. While stiffer microenvironments promote myoblast proliferation, AGEs
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disrupt proliferation by promoting apoptotic pathways,?4”2°° producing a unique dichotomy that our
study aimed to elucidate. To determine if mechanics were the sole reason for increased proliferation,
we treated C2C12s with RAGE inhibitors (FPS-ZM1 and Azeliragon) and a RAGE agonist (S100b).
FPS-ZM1 allosterically blocks RAGE by binding to the V domain of the receptor.?®* While the exact
antagonistic mechanism of Azeliragon is unclear, it was also shown to block RAGE-ligand binding and
has undergone human clinical trials.?>? Both of the RAGE inhibitors reduced proliferation back to control
levels, indicating that AGE-RAGE signaling is important for this effect. The RAGE ligand, S100b did not

affect proliferation, indicating that AGEs promote proliferation through a ligand-specific RAGE pathway.

In order to study differentiation, we cultured myoblasts in full media conditions and relied on myoblast
contact to promote differentiation and fusion. The 3D microenvironment of the collagen significantly
slowed proliferation, and this combined with the lack of optical visibility made it difficult to optimize our
system.?>® Once we determined optimal conditions on days 6 and 12 (unreported data), we investigated
early and late differentiation/fusion thereafter. AGEs decidedly suppressed myotube formation, and this
result was true across cell types. Additionally, early and late differentiation markers were reduced by
AGEs. The full-scale suppression of myogenic differentiation by stiff microenvironments has been well-
characterized, and interestingly soluble AGE delivery produced a similar effect.17.146:225,247-249,254,255 Qur
system is the first to investigate this duality that more accurately represents in vivo collagen aging in
skeletal muscle.

Integrin signaling is essential for myogenic differentiation and is necessary for late differentiation.25¢
Additionally, integrin av33 levels were highly expressed in early differentiation but were downregulated
in late differentiation.?>” In cases where integrin avB3 was reduced to low levels, differentiation was
blunted.?®” Integrin a2B1 is known to bind to collagen, and while it is not normally a major integrin player
for myoblasts, we investigated it since the myoblasts were grown on collagen.?%8 Integrin B1 is known
to be a promiscuous integrin subunit, and in skeletal muscle, it dimerizes with a1, a3, o4, a5, a6, a7,
a9, and av.?®® Satellite cells expressed integrin 1, and its presence was proven to be essential to
maintaining the satellite cell niche.?® Further, restoring 1 signaling ameliorated myogenic deficits in
aged muscle. In our system, all integrins were downregulated in C2C12s with AGEs at day 12.28 In
human primary myoblasts, this held true except for integrin a7, which was only reduced at day 6. There
are several consequences to these results. First, reductions in integrin a2B1 indicated that the
myoblasts were losing sensitivity to the collagen surface in the presence of AGEs, which could be

caused by physical blockage of cell attachment sites on collagen.?®® Additionally, the broad reduction
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of multiple integrins indicated that the myoblasts may have been desensitized to the increased

mechanical stiffness caused by AGEs in addition to reducing myogenic differentiation.

While our integrin panel revealed insights into how mechanics may be modulating the myoblasts, we
also investigated the role that the AGE-RAGE axis played in our system. Surprisingly, RAGE levels
were reduced by AGEs at day 12 in both C2C12s and human primary myoblasts, and AGEs did not
alter RAGE at day 6. We are the first to report that, contrary to dogma, AGEs cross-linked on collagen
reduced RAGE in myoblasts in a chronic culturing set-up. Interestingly, there is one report of soluble
AGE delivery to myoblasts where RAGE mRNA was reduced, albeit not significantly.?4” All other
reports, that we are aware of, demonstrated that AGE delivery increased RAGE levels in
myoblasts.?2146 Only phospho-P38 in C2C12s and phospho-Erk1/2 in human primary myoblasts
mirrored the reduction in RAGE at day 12, which could have been due to the chronic AGE exposure in
our system. All the RAGE pathway members investigated are known to play broad, important roles in
many pathways related to cell cycle and differentiation, and this may have created additional noise in

our measurements.261-266

To test whether AGEs acted as ligands to bind RAGE, we used the RAGE inhibitors FPS-ZM1 and
Azeliragon to better understand if RAGE signaling played a key role in our system.?67268 Despite
reductions in RAGE protein levels, it is possible that pronounced receptor signaling was still functioning.
Surprisingly, treatment with both RAGE inhibitors was able to suppress myotube formation, even at
lower doses. Further, FPS-ZM1 reduced RAGE, Myf5, and MyoG to AGE levels at 20 uM. Azeliragon
exerted a more modest effect on protein levels, but the data supported the idea that RAGE signaling
plays an important role in myogenesis, and this has been reported elsewhere.?>-?* Since inhibiting
RAGE mimicked the AGE effect on myoblasts, we hypothesized that RAGE stimulation would recover
myoblasts on AGE-collagen. We treated C2C12s with S100b, a RAGE ligand, and demonstrated that
myotube formation increased back to control levels at the 10 nM dose. Additionally, S100b recovered

the myogenic differentiation factors Myf5 and MyoG back to control levels at 10 nM concentrations.

It was previously reported that when S100b binds RAGE in low-density myoblasts, proliferation was
stimulated via Erk1/2 and myogenic differentiation was promoted via P38 MAPK.?* However, when
S100b was delivered to high-density myoblasts, which occurred during chronic S100b treatment,
proliferation was stimulated while differentiation was inhibited because S100b blocked RAGE and
engaged basic fibroblast growth factor (b0FGF) receptor 1 (FGFR1) signaling.?* This dual S100b effect

provides a possible explanation for our data. We saw deficits in both Erk1/2 and P38 signaling caused
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by AGEs, and since S100b is known to promote pro-myogenic RAGE-dependent signaling through
these pathways, that could explain why myotube formation increased. Conversely, since the controls
did not experience these deficits, S100b may have blocked RAGE and engaged bFGF/FGFR1
signaling, causing the slight deficits in RAGE and myogenic differentiation observed in our system.

Altogether, our results indicated that our collagen scaffolds rich in AGE cross-links pathologically
promoted myoblast proliferation in a RAGE-dependent manner while disrupting myoblast differentiation
and fusion via RAGE. Impressively, while mechanically stiffer substrates, like our AGE-collagen, are
known to promote myoblast proliferation while suppressing differentiation, our data suggested that

RAGE could change myoblast sensitivity to substrate stiffness.

Conclusions

We developed a novel aging-relevant 3D glycated collagen system to investigate how mechanics and
the AGE-RAGE axis exert an aging phenotype on skeletal muscle progenitor cells. AGE cross-linked
collagen promoted myoblast proliferation while disrupting myoblast differentiation and fusion. When
challenged with RAGE inhibitors, excess proliferation by AGEs was prevented, but differentiation was
also suppressed. Interestingly, AGEs lowered RAGE levels in late differentiation and treatment with
the RAGE agonist S100b restored fusion deficits. Our data provide novel insights into the role of the
AGE-RAGE axis in skeletal muscle aging, and future study into S100b as a skeletal muscle

regenerative treatment in an aging context is warranted.
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Chapter 5. Human adipose-derived stromal cells delivered on
decellularized muscle improve muscle regeneration and regulate RAGE
and P38 MAPK

Abstract

Our goal in this chapter was to determine if AGEs were produced in response to muscle trauma, and if
they would impede commonly used cell delivery methods. This information is valuable considering the
difficulties associated with tissue regeneration in severe laceration or blast injuries that remove bulk
muscle. Volumetric muscle loss (VML) is the acute loss of muscle mass due to trauma. Such injuries
occur primarily in the extremities and are debilitating, as there is no clinical treatment to restore muscle
function. Pro-inflammatory advanced glycation end-products (AGEs) and the soluble receptor for
advanced glycation end-products (RAGE) are known to increase in acute trauma patient’s serum and
are correlated with increased injury severity. However, it is unclear whether AGEs and RAGE increase
in muscle post-trauma. To test this, we used decellularized muscle matrix (DMM), a pro-myogenic, non-
immunogenic extracellular matrix biomaterial derived from skeletal muscle. We delivered adipose-
derived stromal cells (ASCs) and primary myoblasts to support myogenesis and immunomodulation
(N=8 rats/group). DMM non-seeded and seeded grafts were compared to empty defect and sham
controls. 56 days after surgery muscle force was assessed, histology characterized, and protein levels
for AGEs, RAGE, p38 MAPK, and myosin heavy chains were measured. Overall, our data showed
improved muscle regeneration in ASC-treated injury sites and a regulation of RAGE and p38 MAPK
signaling, while myoblast-treated injuries resulted in minor improvements. Taken together, these results
suggested that ASCs combined with DMM provides a pro-myogenic microenvironment with

immunomodulatory capabilities and indicates further exploration of RAGE signaling in VML.

Introduction

Skeletal muscle makes up 40% of the body by mass, and is a highly regenerative tissue due to its
reservoir of muscle satellite stem cells (MuSCs). Extremity trauma, such as the type incurred during
warfare, car accidents, tumor resection, and other blunt trauma can result in volumetric muscle loss
(VML) injury. In VML injuries, the MuSC pool is depleted through the loss of muscle volume, infringing
on muscle’s inherent regenerative capacity.?%?27° In addition, extracellular matrix (ECM) accounts for

~10% of the skeletal muscle mass and coats muscle fibers and MuSCs.2" Loss of the ECM eliminates
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a key element in muscle regeneration. Indeed, when the ECM is present following injury, muscle’s
regenerative capacity remains intact.?’23 A strategy to overcome a loss of both the MuSC pool and
the ECM is to implant a muscle-derived ECM seeded with muscle-derived stem cells.?’4 Our lab has
previously established a method to decellularize skeletal muscle, removing the cellular components
that would induce an aberrant immune response, and using this as a platform for new cell ingrowth in
the injury area.®%184 Other research groups have also explored the use of decellularized tissues in
VML injuries and most have determined that decellularized matrices result in functional fibrosis and not
in regeneration, owing a lack luster regeneration to an inability to support MuSC pool expansion.?7>-277
However, our research showed that our DMM preparation is capable of supporting MuSCs and nascent

muscle fiber formation within the graft area.18°

Regenerative medicine strategies often use cellular therapies to enhance tissue regeneration, where
the stem and progenitor cells used are typically derived from a single source. These cell therapies have
focused on myoblasts, satellite cells, mesoangioblasts, pericytes, and mesenchymal stem cells.?7827°
Stem cell-based therapies represent a promising VML treatment option because they have the ability
to self-renew and differentiate into various types of functional progeny, including skeletal myoblasts.?8°
Muscle satellite cells are tissue resident stem cells in skeletal muscle and are the primary cell type to
regenerate new muscle fibers. In uninjured muscle, these cells reside underneath the basal lamina in
a quiescent state. Following injury, mitogenic signals activate them into a proliferating state, whereby
parent satellite cells give rise to daughter cells often referred to as myogenic precursor cells (or
myoblasts), and their activation initiates the myogenic program.* While these cells are the gold standard
for muscle regeneration studies, few have been able to effectively deliver satellite cells to VML injuries
without eliminating the inherent ability of satellite cells to proliferate and self-renew, a key advantage in

their use.

While satellite cells are crucial for effective muscle regeneration and functional recovery, the number
of cells harvested from muscle is far less than other mesenchymal tissues. This may require the addition
of other mesenchymal stem cells to regenerate enough tissue for VML. ASCs (Adipose-Derived
Stromal Cells) are a potent source of mesenchymal stem cells, but their ability to enhance muscle
regeneration has been limited.?®1-283 ASCs have been shown to support muscle repair, and our
preliminary data demonstrate expression of myogenic genes, indicating their potential to enter the
myogenic program.?84 Despite the work done to characterize an optimal biomaterial delivery system,

the current solutions available for VML have had mixed results with low rates of improvement and the
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risk of adverse immune responses.?’® Thus, the field continues to investigate a variety of potential

scaffolds, cells, and molecular signaling solutions.

The challenge with current scaffold options is that some natural polymers are easily degraded, and
synthetic materials risk stimulation of a foreign body response.?®>-287 This study will use DMM which
has been shown to provide a suitable cellular environment and remains within the wound site to allow

the native tissue to reform in a VML injury.80.184

Use of ASCs provides an alternative solution with potential to acquire an appropriate number of cells
capable of contributing to muscle regeneration. We have data that indicate an ability for ASCs to enter
the myogenic program, and these findings were supported by others?®8-2%0_ |n other recent studies,
ASCs cultured with myoblast-conditioned media increased levels of myogenic differentiation?°! or co-
cultured with muscle satellite cells stimulated ASC fusion into multinucleated myotubes?°2. In addition,
ASCs were implanted into a muscle defect with an angiotensin inhibitor that stimulated ASC fusion into
new myofibers?%3, suggesting that ASCs can communicate and fuse with muscle progenitors and aiding

in regeneration of new muscle fibers in VML injuries.

For the current study, we hypothesized that delivering either ASCs or early stage myoblasts to the injury
site using DMM would improve muscle regeneration. In addition to satellite cells, it has been shown
that ASCs participate in the myogenic process. Moreover, these cells are easy to harvest from
liposuction procedures, making their use in the clinic relevant for skeletal muscle tissue engineering.
We used human ASCs or human myoblasts to test this hypothesis in an athymic rat gastrocnemius

defect model as step toward clinical translation in humans.

Materials and Methods

Decellularized muscle preparation. All animal studies were performed in accordance with approved
VCU protocols (IACUC #AD10000675). Male Sprague Dawley rats weighing 250-300g (Envigo,
Huntingdon, United Kingdom) were euthanized using CO2. Gastrocnemius muscles were isolated
bilaterally frozen at -80°C, and shipped to MTF Biologics (Edison, NJ) to be decellularized.
Decellularization was performed via a proprietary method composed of multiple saline, detergent, and
disinfection soaks using American Association of Tissue Banking and Food and Drug Administration
approved protocols developed by MTF. The rat tissue was processed aseptically and without any
terminal sterilization. Frozen decellularized muscle matrices (DMM) were shipped back to Virginia
Commonwealth University (VCU) and were kept frozen at -80°C until surgery.
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Cell culture. Human myoblasts (Cook Myosite, NJ) were subcultured in myoblast growth media (Cook
Myosite) and passaged at 50% confluence. Cells were maintained in subculture until passage 3 and
were used for DMM seeding. Human ASCs were subcultured in aMEM supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin (P/S), and 1% L-glutamine. Cells were maintained in
subculture and passaged at 70% confluence to be seeded onto DMM scaffolds. Cell seeding on DMM
was first optimized for cell response data using both murine myoblasts and human ASCs. Murine
myoblasts (C2C12, ATCC) were cultured on DMM using DMEM supplemented with 10% FBS and 1%
P/S, and hASCs were cultured as described above. An optimal seeding density of 50,000 cells/cm?was
determined. Seeding density was checked using Live/Dead Viability staining (Thermo Scientific,
L3224). Live/Dead staining was prepared by diluting 20 pL of 2 mM EthD-1 into 10mL of 1x PBS
followed by a dilution of 5 uL of 4 mM calcein AM stock solution into the 4 uM EthD-1 solution. 100 pL
of Live/Dead stain was then added to each cell seeded sample and incubated at room temperature for
30 minutes. Labeled cells were imaged using a Zeiss AXIO Observer.Z1 fluorescence microscope.
Prior to surgery, DMM was seeded with 2,000,000 cells/scaffold and allowed to subculture for 24 hours.

At surgery, seeded DMM scaffolds were prepared by washing in 1x PBS just prior to implantation.

Volumetric muscle loss surgery. Fourty male Foxn1RNY (RNU) rats (250-300g, ~4 months old) were
obtained from Envigo (Huntingdon, United Kingdom) and were divided into five groups (N=8 rats/group
unless specified): sham surgery (n=6); empty defect surgery, DMM surgery, DMM+hASC surgery, and
DMM+h-myoblast surgery. All rats were given ad libitum access to standard pellet and water and
provided environmental enrichment. Animals were housed individually. All surgical procedures were
performed under an approved protocol at VCU (IACUC #AD10000675) as previously described?.
Briefly, rats were anesthetized using 4% isoflurane/400ml/minute O2 and prepared for surgery. Rats
were transferred to the operating table, and anesthesia was continued at 1-3% isoflurane in O2. An
oblique anterolateral incision extending from the patella to the calcaneus was made. After an incision
in the biceps femoris muscle to expose the gastrocnemius was made, the left lateral gastrocnemius
muscle was isolated, and a 1.5x1 cm defect was cut in the lateral gastrocnemius, taking care to
preserve the sural and tibial nerve. At the end of surgery, biceps femoris was sutured closed using 5-0

nylon and skin was stapled closed thereatfter.
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Sham surgeries were performed as described except when the left lateral gastrocnemius was exposed,
no incision was made to create a defect. Instead, biceps femoris and skin were closed without a defect.
Empty defect surgeries were performed as described and left untreated, closing the biceps femoris and
skin following tissue harvest. Rats that received DMM, DMM+ASC, or DMM+myoblast were sutured
into muscle defects, using a modified Kessler technique and taking care to orient the anisotropic
features in the direction of the muscle fibers. One rat from the empty defect group and one from the
DMM+ASC group died or was euthanized (due to significant weight loss) prior to the end of the study.

All remaining rats were euthanized at 8 weeks following muscle physiology tests.

Ultrasound Imaging. Rats were anesthetized with isoflurane (4% with 400ml/minute Oz) and hindlimbs
shaved. Ultrasound gel was applied to an L15-7io Broadband compact linear array transducer from
Philips (Massachusetts, USA), and the transducer was applied to the gastrocnemius muscle to visualize
the injury area (cross-sectional orientation). Suture landmarks identified the edges of the injury. A cross-
section from the injury site's center was used for analysis. We applied Heckmatt's Scale to grade the
ultrasound images qualitatively.?®* The grading criteria are as follows: Grade I- normal, darker muscle,
normal fascia thickness/brightness, and the tibia/fibula will be clearly visible; Grade II- brighter muscle,
thicker/brighter fascia, and the tibia/fibula will be clearly visible; Grade IlI- markedly brighter muscle,
much thicker/brighter fascia, and less visible tibia/fibula; Grade IV- very bright muscle, considerably
thicker/brighter fascia, and no visible tibia/fibula. Three independent, blinded observers scored each
image. The three independent ordinal scores for each image were averaged together, and the resulting
data was treated parametrically by applying one-way ANOVA with Tukey's post test (a=0.05).

Muscle physiology. Peak tetanic force, peak twitch force, maximum rate of contraction, force-time curve
integration, and maximum relaxation were measured. Rats were chosen at random and anesthetized
using a vaporizer at 4% isoflurane/400ml/minute O2. Following induction of general anesthesia, the
sciatic nerve was isolated, and sural and peroneal branches ligated. Sciatic nerve was then stimulated
using platinum electrodes connected to a Grass stimulator model SD9 (Astro-Med, Inc., Westwarwick,
RI) at 2-msec duration and 2-msec delay at varying voltages and frequencies. The knee and ankle
joints were immobilized, and the Achilles tendon was cut from its insertion and connected to a

MLT500/A force transducer (ADInstruments, Inc., Colorado Springs, CO) with 2-0 silk sutures. Output
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was collected digitally using LabChart 8 software (ADInstruments). Optimal muscle length, stimulating
voltage, and tetanic frequency were determined. During muscle lengthening, muscle was stimulated to
tetanus for 3 seconds at each interval. Once optimal length was determined, tetanic contraction was
stimulated at 3 second intervals until peak tetanic force dropped, indicating fatigue. Immediately
following this force drop, 3 separate submaximal stimulations were measured. Those stimulations were
used for muscle physiology assessments. Peak tetanic force was measured at maximum force for
optimal frequency. Peak twitch force was measured at the peak of the submaximal force-time curve.
Measurements in injured and treated limbs were the result of total force output from the posterior crural

muscles (medial gastrocnemius, lateral gastrocnemius, soleus, and plantaris).

Histology. Whole gastrocnemius muscles were removed and fixed in 10% neutral buffer formalin,
dehydrated, and embedded in paraffin. Muscles were cross-sectioned approximately 0.5 cm from the
margins. Sections (5 ym) were placed on Histobond slides (VWR, Radnor, PA), deparaffinized and
rehydrated, and stained with Masson’s trichrome using Weighert's haematoxylin (Sigma-Aldrich, St.
Louis, MO), Biebrich’s scarlet-acid fuschin (Sigma-Aldrich), and aniline blue (Sigma-Aldrich).

Coverslips were mounted with xylene-based mounting media and allowed to dry flat before imaging.

Histomorphometry. Histomorphometry was used to quantify the percent of centrally located nuclei,
myofiber diameter, and ratio of muscle to collagen. Histological sections stained with Masson’s
trichrome were imaged using a 10x and 40x objective, and were assessed as previously reported.180
Healthy muscle from sham operated animals was used as a positive control. Histological analysis was
performed on each muscle (n = 6 for sham, n = 7 for Empty, n = 7 for DMM-ASC, n = 8 for DMM, n = 8
for DMM-Myo) in 3 different locations within the graft area. Field sizes of 650x870um and 165x220um
were used for histomorphometry. DMM locations were identified by first locating the zone of injury using
injury margins. Once the zone was established, images were taken from three locations within the injury
site, one at the margin, a second within the middle of the graft, and a third within an additional area of

the graft away from the margins.
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Nanostring. Gene expression of 817 total RNAs were measured using the NanoString fluorescent RNA
hybridization and counting method. The custom panel measured genes related to muscle and nerve
expression from the mouse genome matching at least 90% homology to the rat genome of interest.
Samples were diluted to 55 ng/uL and checked for 260/280 purity using spectrophotometry. Fourteen
genes were used as reference genes while ten others were used as housekeeping normalization
genes. Counting was performed using the nCounter® Digital Analyzer while raw data analysis was
accomplished using nSolver™ Analysis Software 4.0. Background thresholding was used to eliminate
potential noise caused by low count (<20) genes followed by housekeeping normalization using
geometric means. Genes found outside of the normalization factor range of 0.1-10 were flagged for
QC. Fold change from each group was calculated against sham. Genes were considered differentially

expressed if their log2 fold change was greater than |+ 2| and p-value < 0.05.

Host Antibody, clone Cat. No. | Company

Species
1 Mouse aMyHC, A4.1025 05-716 | Sigma Aldrich, St. Louis
2 | Mouse aMyHC Fast, MY-32 M4276 | DHSB, lowa City, lowa
3 | Mouse aMyHC-I, BA-D5 BA-D5 DHSB, lowa City, lowa
4 | Rabbit aRAGE ab37647 | Abcam, Cambridge, UK
5 | Rabbit aP-38 MAPK 9212S Cell Signaling, Danvers, | Western blot.

MA 30 mg of
6 | Mouse apP-38 MAPK | 9216S Cell Signaling
(Thr180/Tyr182), 28B10

7 | Rabbit aGAPDH, 14C10 2118S Cell Signaling
Table 3. List of antibodies used for western blotting.

gastrocnemius muscles were homogenized in NP-40 lysis buffer (BP-119, Boston BioProducts,
Ashland, MA, USA) with a PI cocktail and 25 mM NaF with a 6.0 mm zirconium bead in a beadbug
homogenizer (BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego, CA, USA) at 4000 rpm for 60
s 5 times while keeping the tubes on ice for at least 5 min between runs. The homogenate was
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centrifuged 9703 rpm (10,000 g) (Centrifuge 5427 R, Eppendorf, Hamburg, Germany) for 10 min, and
the supernatant was used for Western blotting. Briefly, the supernatant was run on the BCA assay.
Equal amounts of protein were denatured with Laemmli buffer at 100 °C for 10 min, then
electrophoresed on polyacrylamide gels, transferred to a PVDF low fluorescence membrane, blocked
for 1 h at room temperature, and stained overnight with primary antibodies listed in Table 3. The
membranes were then incubated with secondary antibodies (926-68073, 926-32210, and 926-32211,
LI-COR Biosciences, Lincoln, NE, USA) for 40 min at room temperature, then they were imaged on the
LI-COR Odyssey and quantified. Each blot was analyzed separately and results were normalized to
GAPDH levels. The normalization factor for samples on one blot was determined by identifying the
highest GAPDH signal and dividing each GAPDH signal intensity by the highest GAPDH signal,
producing a value of 1 for the strongest signal and less than 1 relative to that stronger signal. Target

protein signals were divided by the normalization factor to obtain the normalized signal.

AGEs. Muscle samples were minced and homogenized with the Minute™ Total Protein Extraction Kit
for Muscles (using the Denaturing Buffer) and ran on an AGE ELISA (Cell Biolabs, STA-817) to
determine AGE levels. For DMM, homogenization was done with a 6.0 mm zirconium bead in a
beadbug homogenizer (Genesee Scientific, BeadBug™ Cat #: 31-212) at 4,000 rpm for 60 seconds 20
times while keeping the tubes on ice for at least 5 minutes between runs, to pulverize the tough ECM,
followed by centrifugation at 13,000 rpm (17,949 g) (Eppendorf, Centrifuge 5427 R) for 3 minutes. The
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 23225 and 23227) and hydroxyproline

assays were used for normalization purposes.

Statistical analysis. Each variable was tested using N = 8 independent animals. The animal humber
was chosen based on a power analysis using an alpha of 0.05 and a power of 80% (delta=5, sigma=3,
m=1) to reveal a minimum of n=7 per group to yield statistical significance. Data are presented as mean
+ SEM with analysis done using GraphPad Prism 6.0 (GraphPad, La Jolla, CA). Analysis comparing
more than 2 groups used one-way analysis of variance with Tukey post hoc test to determine
differences between rat treatments, while comparisons of 2 groups used the Students unpaired t-test.

For Heckmatt’s Scoring, the three independent ordinal scores for each image were averaged together,
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and the resulting data was treated parametrically by applying one-way ANOVA with Tukey's post hoc

test (a=0.05). All p values <0.05 were considered significant.

Results
Gene Analysis for VML Injuries Treated with DMM

The effect of DMM in injury sites was compared to injuries with no treatment and sham operated
controls. Over 700 genes were assessed using muscle lysates isolated from the VML injury sites. Heat
maps demonstrated unique gene profiles between DMM and Empty Defects (Figure 28A). Volcano
plots were examined to isolate genes that demonstrated a log 2-fold change (Figure 28B). Evidence
showed that Empty Defects had an increased number of fibrotic gene markers compared to DMM.
Moreover, one of the primary genes that was isolated during this analysis showed upregulated levels
for MAP3K, Jun, cMyc (Figure 28C). These were mapped using a pathway analysis, and indicated
increased inflammatory stimulants that were possibly regulated by RAGE and related to p38 MAPK
(Figure 28D).

Gastrocnemius

Sham vs. Treatment Groups

; o ED
. ° DMM

|

I

******** i =

P
Q
2
(1)
=
[=3 p<0.011
—
o
j=2]
Q
-l

Sham  Empty DMM Log, Fold Change
Defect 2

c Fibrotic Factors

RAGE Signaling  Growth Factors  Inflammatory
Cytokines

@
[ ] e ©

)
[ | \D ( B r »

U . -

Lubbebdepaest st \L:MA13K4—'I B

MAPK 4=——MAP2K

MAP2KT 4—] 4 Fee
JUN - MYC
—

Iner T

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 89



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

Figure 28. Gene expression analysis of VML injury sites. Nanostring analysis demonstrated unique
changes between Sham v. Empty and Sham v. DMM (A). Gene targets were identified using volcano
plots (B) and Venn diagrams (C). Venn diagram demonstrated shared genes (overlapping circles)
versus unshared genes (separate circles). Genes in green were upregulated while genes in red were
downregulated. These genes of interest in addition to pathway analysis suggested increased

inflammatory pathways which possibly included RAGE (D).

Cell Seeding onto DMM

To assess cellularization of DMM, we seeded murine myoblasts (C2C12s) or hASCs onto DMM
and stained the cells using Live/Dead. These first studies demonstrated that myoblasts and hASCs
could be successfully grown on DMM. We then determined mRNA levels in myoblasts and hASCs
cultured on DMM versus TCPS. mRNA levels in myoblasts showed increased levels for Myod (Figure
29B) and Myog (Figure 29C). All other myogenic markers were unchanged (Figure 29D-F). hASCs
cultured on DMM demonstrated elevated levels of MYF5 (Figure 29G) and levels for ITGA7 (Figure
29K) were detectable when compared to TCPS. All other measured genes were not different between
DMM and TCPS.
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Figure 29. Gene expression analysis and live/dead staining for myoblasts and ASCs cultured on DMM.
Myoblasts and ASCs were seeded onto DMM and assessed for markers of differentiation. No change
in Pax7 was detected (A) while Myod (B) and Myog (C) increased compared to TCPS. Late markers
for Myf6 (D), Myh1 (E), and a7 (F) were not different from TCPS. ASCs cultured on DMM did not
express PAX7 (G), but did express higher levels of MYF5 (H). No change in MYOD (1), MYOG (J), or
a5 (K) were detected. a7 (L) was detected in ASCs cultured on DMM while it was not detected on
TCPS. Myoblasts and hASCs were seeded onto DMM and stained for Live/Dead (M, N, O, P). Letters
not shared indicate a significant difference (p < 0.05, unpaired t-test). Expression not detected was
marked as N.D. Data shown are means + SEM of 6 samples from a representative experiment. Each
DMM was randomly selected from a different donor. Experiments were repeated to ensure validity.
Scale bar size is 500 pm.

Muscle force.
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Muscle force decreased in VML injured muscles by 23% in empty defect sites, 22% in DMM and
ASC treated sites, and 12% in myoblast treated sites when compared to sham animals (Figure 30A).
This produced a significant decrease if muscle maximum tetanic force output in the VML injured
muscles compared to sham surgeries. In addition, neither DMM treatment nor cell treatment
significantly improved muscle force. Integration of force-time curves as well as the maximum and

minimum slopes were calculated with no differences amongst any groups (Figure 30B-D).
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Figure 30. Muscle force analysis demonstrates no overall improvements after cell treatment. Maximum
muscle force output from the posterior crural muscles was analyzed and showed reduced force in
injured limbs but no improvements were detected in treated injury sites (A). Force-time integration (B),
max rate of contraction (C), and max rate of relaxation (D) also showed no differences amongst
treatment groups and no groups were different from sham surgeries. Letters not shared indicate a

significant difference (p < 0.05, Tukey). Data shown are means + SEM of 8 animals.

Magnetic Resonance Imaging.

Magnetic resonance imaging was used to characterize fibrotic areas over the time course of
healing. Heckmatt's scores demonstrated no change in echogenicity at 2 weeks, increased
echogenicity by 4 weeks in myoblast treated injury sites (Figure 31B), and echogenicity was unchanged
after 8 weeks of healing (Figure 31C). Of note, echogenicity was on average elevated in all injury sites

compared to sham animals although this was not statistically different.
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Figure 31. Echogenicity assessment using a Heckmatt's score. Muscles were evaluated for
echogenicity and scored at weeks 2 (A), 4 (B), and 8 (C). Representative images of each group are
shown in panel (D). Letters not shared indicate a significant difference (p < 0.05, Tukey). Data shown

are means + SEM of 8 animals.
Histological assessment.

VML injured sites treated with DMM with or without cells showed areas of regeneration (Figure
32). The number of muscle fibers and Feret fiber diameters were first characterized with no differences
amongst the groups (Figure 32F,G). Feret’s fiber diameter was plotted as a histogram, showing that
sham animals had larger muscle fibers than injured animals with a rightward shift in the distribution
(Figure 32H,1). As previously shown in prior research®, DMM supported de novo fiber formation within
the graft area with centrally located nuclei within the graft area. Empty defect sites also showed areas
of centrally located nuclei that were similar in number to DMM, but it should be noted these areas were
located at the margins of the injury with no grafted area. In contrast, DMM treated sites showed newly
regenerated fibers within the graft area, away from the margins. ASCs delivered to VML injuries
improved the number of regenerated fibers compared to empty injury sites, but were not different from
DMM or myoblast delivery (Figure 32J). Collagen was assessed using the aniline blue stain, and

showed increased collagen within all injured muscles compared to sham animals (Figure 32K).
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Figure 32. Histological staining and morphometric analysis for VML injuries treated with myoblasts and
ASCs. Representative images demonstrate a normal appearance of muscle in sham operated animals
(A), while a response to injury and treatment is represented in (B,C,D,E). Histomorphometry showed a
similar number of muscle fibers (F) and a similar Feret's diameter (G). Histograms reveal a slight
leftward shift in Feret's diameter (H,l). Increased central nuclei were detected in all groups compared
to sham while ASC treated injuries showed the largest increase (J). Lastly, increased collagen levels

were determined relative to sham for all injury sites (K). Letters not shared indicate a significant
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difference (p < 0.05, Tukey). Data shown are means + SEM of 8 animals. Scale bars for 10x and 40x

images are 100 um and 20 um, respectively.
Myofibrillar assessment.

Human myoblasts and ASCs behaved differently when delivered to muscle injuries. Myoblasts
delivered to VML injuries did not affect myosin heavy chain levels when compared to either empty
defects or sham animals. In contrast, ASCs delivered to VML injuries increased levels of mixed
myosins, which included both slow and fast twitch MyHC (Figure 33A). Those myosins were parsed
using more specific antibodies for fast, neonatal, and slow myosin, demonstrating a significant increase
in fast myosin that was over 4-fold higher that sham and over 7-fold higher than empty defect surgeries
(Figure 33B). Neonatal myosins were unchanged regardless of treatment, but levels in ASC-treated
sites were noteworthy with a 3-fold increase over sham and a 9-fold increase over empty defects

(Figure 33C). Lastly, slow myosin heavy chains were unchanged regardless of treatment (Figure 33D).
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analyzed for a mixed population of slow and fast myosins (A), fast myosin heavy chain (B), neonatal
myosin (C), and slow myosin heavy chain (D). Protein levels for mixed slow and fast twitch myosin
heavy chain were elevated in ASC treated injuries, and DMM was treated animals was lowest. Fast
twitch MyHC showed increased levels only in ASC treated animals. Neonatal and slow myosin levels
were unaffected. Data shown are means + SEM of 8 animals. Western blot bands are representative
bands where green represents the target antibody and red represents GAPDH for normalization.
Western blots were repeated to ensure validity. Letters not shared indicated a significant difference (p
< 0.05, Tukey).

AGEs and RAGE.

Previously, we showed that AGE crosslinks were associated with age-related fibrosis.?®> Whether
this was also the case in VML injuries had not yet been determined. Collagen levels were assessed
using hydroxyproline assays. Whilst no significant differences in collagen were detected amongst all

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 96



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

groups, average levels were more consistently elevated in DMM, ASC, and myoblast treated injury
sites (Figure 34A). Interestingly, AGEs were normalized to hydroxyproline and showed a reduction in
all treated injury sites using DMM with or without cells (Figure 34B). RAGE levels showed an increase
in ASC treated injuries compared to empty, DMM, and myoblast groups (Figure 34C), and p38 MAPK
was most elevated in DMM treated VML injuries while levels were reduced in ASC and myoblast groups
compared to DMM (Figure 34D).
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Figure 34. AGEs do not mediate fibrosis and RAGE is activated normally in VML injuries. Collagen
levels measured by hydroxyproline were unchanged across all groups (A). AGEs were normalized to
hydroxyproline and showed reduced levels in DMM, ASC, and myoblast treated groups (B). RAGE
levels were higher in ASC treated injuries, but similar to sham (C). p38 MAPK was elevated in DMM
treated sites (D). Data shown are means + SEM of 8 animals. Hydroxyproline, AGE ELISA, and
Western blots were repeated to ensure validity. Western blot bands are representative bands where
green represents the target antibody and red represents GAPDH for normalization. Letters not shared
indicated a significant difference (p < 0.05, Tukey).
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Challenges

Optimizing cell attachment to the DMM presented a challenge. We attempted a simple seeding
procedure (like plating TCPS), but the cells only coated the surface and did not penetrate the DMM.
To overcome this, we seeded the cells at a high concentration, and allowed the cells to penetrate for

24 hours. As a result, the cells had increased attachment and penetration into the DMM.

Discussion

In this study, we first assessed differences in gene expression amongst DMM-treated VML sites,
ED VML sites, and sham operated animals and determined that MAPK signaling was strongly affected
including inflammatory associated pathways. These initial studies helped to identify specific pathways
related to our injury model. DMM scaffolds were then seeded with human ASCs or myoblasts to
determine if delivery of stem cells or progenitor cells would improve muscle regeneration in a VML
model. While functional differences were unremarkable, differences in centrally located nuclei were
elevated in ASC delivered cells versus DMM and empty defect animals. In contrast, myoblast delivered
injury sites were unchanged compared to DMM and lower than empty defect animals. Western blotting
confirmed the observed increase in central nuclei in ASC treated injuries, showing increased fast twitch
myosin heavy chain. In addition, collagen levels were quantified using Masson’s Trichrome staining
and showed increased collagen across all injury sites. We hypothesized that increased fibrosis was
related to aberrant AGE/RAGE signaling based on our initial gene analysis of VML wounds treated with
DMM. Interestingly, AGE cross-links were downregulated in injured animals while RAGE signaling
increased in ASC treated sites. These data correlated with increased regenerative markers in ASC
treated injury sites, suggesting that RAGE signaling occurred in a normal physiologic manner.
Downstream p38MAPK signaling was assessed and found to be lower in DMM and myoblast treated
animals but similar to empty and sham in ASC, further confirming normal RAGE signaling. This is
significant because other studies indicated that muscle trauma aberrantly increases RAGE signaling,
contributing to a prolonged immune response; however, our data show a different effect in a rodent
VML model.??2% Qverall, our data suggest that ASCs improved levels of muscle regenerative markers
compared to myoblasts and that RAGE signaling also appears to be involved in ASC-mediated

regeneration.

ASCs are an abundant source of multipotent mesenchymal stromal cells with myogenic
potential. These cells are capable of expressing several myogenic factors including Pax7, Myf5, MyoD,

and myogenin. Indeed, Di Rocco et al. showed that a small population of ASCs was capable of
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sporadically converting into a myogenic lineage, suggesting an inherent myogenic potential.28°
Moreover, this same group demonstrated that ASCs injected into an ischemic injury model fused with
existing muscle fibers, supporting the idea that ASCs are suitable stem cell source for muscle
regeneration studies. Prior studies also compared ASCs and myoblasts to each other to determine any
differences in their regenerative potential when seeded onto decellularized bladder matrix.??¢ While the
study did not remark about ASCs versus myoblasts, they demonstrated histological evidence that ASCs

and myoblasts were identified in the decellularized matrix.

We first demonstrated that ASCs and myoblasts could be cultured on DMM, and that ASCs
expressed myogenic markers when seeded on DMM in vitro. We then determined whether ASCs or
myoblasts would change the muscle’s response to VML injury, and showed that regenerative markers
were unaffected by myoblast seeding whereas ASCs showed improvements in regeneration when

assessing MyHC I, centrally located nuclei, and RAGE signaling.

Myosin heavy chains follow a re-expression pattern during muscle regeneration that is important when
analyzing de novo muscle fiber growth in a scaffold area.?®’ In cardiotoxin-induced injury models,
neonatal MyHC was detected within 2-3 days after injury and persisted for up to 3 weeks.??® The switch
from neonatal to adult fast myosins is independent of innervation and is a likely cause for the increase
observed in ASC treated sites.?% Since, cardiotoxin injuries are a fully regenerative model, it is not
surprising for us to detect neonatal MyHC in injured critical-sized muscle injury 8 weeks after
implantation. Moreover, only in the presence of nerve is slow myosin upregulated and fast
downregulated, suggesting that while we showed elevated levels of neonatal and fast myosins in ASC

treated sites they likely remained denervated.

We explored the role of advanced glycation end-products in our VML injury model and its involvement
in fibrosis. Previously, we showed that AGEs were associated with fibrosis in older muscle.?® Those
data coupled with our pathway analysis (Figure 19) led us to hypothesize that fibrosis development in
VML was also associated with AGEs. Other research showed that AGEs were elevated following
chronic muscle injury with long-term RAGE signaling triggered by high concentrations of RAGE ligands
producing a deleterious effect.2% We first tested AGE cross-link levels and determined that AGEs per
collagen were suppressed in all VML groups. Moreover, AGEs levels in whole muscle lysates were
lower in DMM treated sites, but were at sham levels for all other groups. This suggested that RAGE
ligands were not chronically elevated as shown in prior literature studies, where RAGE ligands were

explored in myopathies.146.2%5
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Interestingly, RAGE was elevated in ASC treated injury sites compared to all other groups. These data
coupled with low AGEs and elevated levels of regenerative markers suggested normal physiologic
RAGE signaling in the newly regenerating areas. This is supported by studies that demonstrated
delayed regeneration in an acute injury model using Ager knockout mice compared to other studies
that explored chronic pathologic conditions.?®> These opposing effects were ascribed to the levels of
RAGE ligands available to activate the receptor. In addition, RAGE is highly dependent on its co-
activators that help direct a particular signaling pathway. We explored whether p38 MAPK was involved
given its known role in AGE/RAGE/p38 MAPK signaling, and determined that p38 MAPK was elevated
in DMM and ASC treated injury sites compared to empty defect while myoblast treated sites were

similar to empty.23

P38 MAPK plays a critical role in muscle regeneration.3® |t was first described as a transducer of the
response to environmental stress conditions, and in muscle was found to regulate muscle fiber
formation via satellite cell differentiation, slow myosin heavy chain gene repression, and is involved in
muscle pathologies.3°°-302 When taken into context with our observed increase in fast MyHC, centrally
located nuclei, and RAGE signaling, use of p38 MAPK as a marker of regeneration in a VML model
becomes more intriguing. As a disease mechanism, cell delivery reduced p38 levels and this could aid
in regeneration.3°® As a repressor of slow myosin heavy chain gene expression, p38 MAPK could
explain the increases observed in fast myosin heavy chain protein levels in DMM, ASC, and Myo treated
injuries compared to empty sites, but more study would be needed to fully elucidate the role of p38
MAPK in a VML model.

Conclusions

Prior research has shown that cell delivery to a VML injury site is essential to assist in muscle
regeneration, improving the number of de novo muscle fibers within the injury. Our results demonstrated
that our DMM was sufficient to improve muscle fiber regeneration and DMM was enhanced by ASCs
but not myoblasts. We also determined that AGE/RAGE is not involved in late-stage healing and fibrosis
following VML injury, indicating that AGE crosslinks do not adversely affect skeletal muscle ECM. p38
MAPK plays a critical role in muscle regeneration, and its levels were higher in DMM treated muscles
without cells compared to untreated and cell treated injury sites. We theorize this response is due to an
enhanced myogenic capacity of ASC seeded DMM, and RAGE and p38 MAPK appeared to be
regulated independent of one another. In addition, RAGE appeared to function in a pro-myogenic

Lucas C. Olson e Ph.D. Dissertation e College of Engineering e Biomedical Engineering e VCU 100



Age-associated Collagen Crosslinking and its Role in Skeletal Muscle Regeneration e Summer 2023

fashion, which was reported to occur under normal physiologic conditions. This could mean that DMM

mitigates pro-inflammatory responses and promotes a pro-myogenic environment.
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Chapter 6. Glycations on Decellularized Muscle Matrix Reduce
Regeneration and Increase Inflammation in a Sprague-Dawley

Volumetric Muscle Injury Model

Abstract

Volumetric muscle loss (VML) caused by a traumatic injury results in long-term loss of muscle
function. Treatments that use autologous grafts risk donor site complication as well as harvest site
morbidity. An alternative solution is to use allogenic tissue sources to harvest muscle for
decellularization. These decellularized muscle matrices (DMM) have shown promise and deliver
muscle-specific factors in a biocompatible scaffold. One complication is that allogenic tissue usually
comes from aged donors, and prior work from our lab demonstrated higher advanced glycation end
product (AGE) cross-links within muscle from aged donors compared to young donors. The objective
of this study was to determine whether increased AGE cross-links reduced the regenerative capacity
of DMM. We hypothesized that increased AGEs would reduce DMM-mediated muscle regeneration in
a VML rodent model. In this study, we removed 35% of the gastrocnemius and attempted to
regenerate it with either AGE-laden DMM or DMM alone with comparison to a sham operation and
empty defect. To assess graft performance, we measured muscle function, histomorphometry, and
protein content. AGEs reduced important muscle morphometrics such as muscle area, fiber number,
and fiber diameter but increased collagen area. Also, AGEs reduced key extracellular matrix (ECM)
remodeling proteins and increased inflammatory proteins. In conclusion, our data supports the idea
that AGEs reduce the myogenic potential of DMM and that old age should be carefully considered

when sourcing muscle for DMM.

Introduction

Skeletal muscle extracellular matrix (ECM) plays a pivotal role in muscle development and regeneration
via muscle-specific cues.3%4305 Decellularized muscle matrix (DMM), a processed skeletal muscle ECM,
preserves pro-myogenic characteristics by retaining an aligned architecture and chemical components
of the ECM to promote muscle regeneration.8% In addition, removing the cellular content and elements
in decellularized scaffolds eliminates an immunogenic response while not altering the intrinsic structural
benefits of the native acellular framework, enabling these scaffolds to promote regeneration.’? These

characteristics make skeletal muscle-derived ECM a bio-scaffold solution that can support muscle
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regeneration, where muscle stem cells (MuSCs), fibroblasts, macrophages, and other support cells
interact with muscle ECM to regulate regeneration.3°® However, the age of the DMM donor has not

been adequately explored for use in muscle regeneration.?®

The Organ Procurement and Transplantation Network reported that 33% of donated tissues came from
donors 50+ in age (Based on OPTN data as of March 13, 2023). Considering donor age and muscle
injuries that might occur in individuals 65 and older, our goal for this study was to explore the role of
ECM from aging donors on the regenerative capacity of DMM.?%:3%7 Previously, we determined that
increased connective tissue in old mouse muscle was related to advanced glycation end products
(AGEs), a type of collagen cross-link, and treatment with ALT-711, a glycosylated protein cross-link
breaker, reduced AGEs in aged DMM.?> AGEs are chemical cross-links that form on ECM via the
Maillard reaction, and are found in skeletal muscle aging.?*® AGEs preferentially accrue on collagen
fibers due to repeating arginine and lysine residues that potentiate the Maillard reaction via a stochastic
interaction of monosaccharides with proteins.?> These cross-links are the final derivative of the Maillard
reaction and are also implicated in the receptor for advanced glycation end-product (RAGE) activity.??
Further, the glycation cross-links result in a stiffening of the collagenous matrix, underscoring the

premise that AGE accumulation in the ECM has deleterious effects on regeneration.®®

To test the effect of AGEs on muscle regeneration, we used an established volumetric muscle loss
(VML) injury in a rodent model.'®® VML is caused by severe laceration, gunshot, blast, and tumor
resection wounds, and has been found to overwhelm muscle regeneration, resulting in loss of long-
term muscle function and increased risk of comorbidities.?’”3%8 Current treatment plans include physical
therapy as well as muscle flap transfers; however, these clinical procedures are unable to address
functional losses and cannot restore adequate muscle strength.1® Most treatments result in suboptimal
recovery, and, in extreme cases, result in donor-site morbidity relating to functional loss and volume
deficiency at the harvest site.1® To avoid autologous site complications, we used established DMM

scaffolds to encourage muscle regeneration.180.184.309

To model aged rat ECM, we used D-ribose sugar to create AGE cross-links in young DMM and
hypothesized that increased AGEs would reduce DMM-mediated muscle regeneration in a Sprague
Dawley gastrocnemius VML model. VML injuries promote a pathophysiology that enhances
fibrogenesis and inflammation, which involves a plethora of cells that respond to the injury site.?”®> The

aim of the present study is to use of a VML model appropriate to help understand how AGEs might limit
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a bio-scaffold’s regenerative capacity, and to test the extent to which RAGE might be involved due to

its role in muscle differentiation, fibrosis, and inflammation during muscle regeneration.

Materials and Methods

2.1 Decellularization and D-Ribose Incubation: The decellularization process relies on the complete
removal of all cellular elements within the cell, including DNA and associated organelles 17>. SAS
Sprague-Dawley rats (250-300 g) were obtained from Charles River (Wilmington, MA, USA),
euthanized with COz2, and the skin was bluntly dissected from the hindlimbs following a VCU-approved
protocol (IACUC #AD10000675). The biceps femoris muscles were removed, and the gastrocnemius
muscles were extracted at the Achilles tendon and proximal to the posterior knee joint. Care was taken
to separate and remove the plantaris and soleus muscles from the gastrocnemius. The gastrocnemius
muscles were frozen at -80°C and thawed in a 37°C water bath before decellularization. Both heads of
the gastrocnemius muscle were butterflied to a several mm thickness to allow for thorough penetration
of the decellularization solutions. Gastrocnemius muscles were then decellularized in 50 mL Pyrex Low
Form Griffin Beakers (Corning Inc., Corning, NY, USA) with constant stirring using a proprietary method
that included enzymes and cationic, anionic, and zwitterionic detergent treatments. Peracetic acid
(Sigma-Aldrich, St. Louis, MO, USA) was used for sterility purposes at the very end of the
decellularization process. DMMs were then frozen at -80°C, lyophilized overnight, and placed back in
the freezer at -80°C. For AGE formation, DMMs were placed in 100- and 250-mM D-ribose (Sigma-
Aldrich, St. Louis, MO, USA) solution (2.22 mL/mg dry weight) in 6-well plates for 5 days at 37°C with
5% COz2, and excess D-ribose was removed with 3 5-minute 10 mL DI water washes. DMM that was
used in the VML model (see section 2.3) were kept in 0.9% saline at 37°C with 5% CO:2 overnight after

AGE induction to avoid additional freeze-thaw cycles.

DMM Characterization: Following the decellularization process, DMMs or control muscle were
homogenized in 0.05% Triton X-100 with a 6.0 mm zirconium bead in a beadbug homogenizer
(BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego, CA, USA) at 4000 rpm for 60 s 3 times.
The resulting homogenate was centrifuged for 30 seconds on a table-top centrifuge (9g=2,000), and the
supernatant was electrophoresed on a 1% agarose gel (Sigma-Aldrich, St. Louis, MO, USA) and
stained with ethidium bromide to compare DMM DNA fragmentation from DMM to a control whole
muscle (WM) control biopsy. Once DNA removal was confirmed, a sample of DMM was fixed in 10%
neutral buffered formalin (VWR, Radnor, PA, USA), processed histologically, and stained with
Masson’s trichrome stain and Hoechst stain (Sigma-Aldrich, St. Louis, MO, USA). Masson’s trichrome
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was used to differentiate between collagen and muscle morphology, and Hoechst stain was used as

an additional tool to assess DNA presence.

VML Surgery: SAS Sprague-Dawley rats (250—300 g) were obtained from Charles River (Wilmington,
MA, USA) and were divided into sham, empty defect, DMM (DMM+ 0 mM D-ribose), and AGE (DMM+
250 mM D-ribose) experimental groups (N = 8 rats/group). All rats were given ad libitum access to
standard pellets and water and provided environmental enrichment, as well as housed individually. All
surgical procedures were performed under a VCU-approved protocol (IACUC #AD10000675). The VML
surgeries were performed as described previously.'®° Briefly, rats were anesthetized, the skin was
bluntly dissected above the right biceps femoris, and the biceps was then partially transected and
resected to expose the gastrocnemius. The right gastrocnemius muscle was carefully separated from
the soleus and plantaris. A 1.5 cm x 1 cm defect was cut in the lateral gastrocnemius, taking care to
preserve the nerve. Sham surgeries were performed as described except when gastrocnemius was
exposed, no muscle was removed. In grafted groups, the DMM or AGE-DMM was aligned to the muscle
grain and sutured to the gastrocnemius with a horizontal mattress knot at the proximal and distal ends.
The biceps femoris was sutured closed and the skin was stapled once the VML defect was created. All
animals received IP injections of 2 mL 0.9% saline with 1% DMSO (Thermo Fisher Scientific, Waltham,
MA, USA) to develop the model for future RAGE inhibitor treatments (e.g., DMSO is the delivery vehicle
for the RAGE inhibitors FPS-ZM1 and Azeliragon). Injections were done one day before surgery and
seven days after, followed by 3 times a week for the remainder of the study. All but one AGE animal
survived. After 8 weeks, the animals were placed under anesthesia and muscle force testing was done
using the Aurora Scientific 1305A 3-in-1 Whole Animal System for Rats (Aurora Scientific, Aurora, ON,
Canada). Briefly, the right hindlimbs were secured to the foot pedal, and two needle electrodes was
placed subcutaneously approximately 1 inch apart along the posterior-lateral line of the gastrocnemius,
and the posterior hindlimb muscles were stimulated at 150 Hz to achieve tetany. Force transducers
recorded the resulting torque produced on the foot pedal by plantar flexion. The animals were
euthanized under anesthesia by cervical dislocation after the muscle force testing. The gastrocnemius
muscles (right and left) were isolated, taking care to preserve any fibrosis or remaining DMM material
on the injured muscles. Top-down gross morphological images were taken of all gastrocnemius
muscles next to a surgical ruler. The right gastrocnemius muscles were then bisected perpendicular to
the muscle grain, and the top half was used for histology and the bottom half was used for AGE and
protein analysis. The top half was sliced a few mm thick against the muscle grain at the center of the

injury and at the edge (25% of the distance between the proximal and distal sutures, measured from
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the proximal suture line) of the injury, and these 2 slices were fixed in 10% neutral buffered formalin
(VWR, Radnor, PA, USA). The bottom half of the muscle was frozen at -80°C until homogenization. On

the day of homogenization, 40 mg of the muscle in the injury area was biopsied and used for the assays.

AGE Analysis: For DMM analysis (after AGE induction) 30 mg of minced DMM was homogenized in
400 pL 1xPBS in a beadbug homogenizer (BeadBug™ Cat #: 31-212, Genesee Scientific, San Diego,
CA, USA) at 4000 rpm for 60 seconds 5 times while keeping the tubes on ice for at least 5 min between
runs. After mechanical homogenization, collagenase type Il (STEMCELL Technologies Inc.,
Vancouver, Canada) (100 pL, 4000 U/mL in 1xPBS) was added to the homogenate and incubated at
37°C for 1 hour. Then EDTA (Sigma-Aldrich, St. Louis, MO, USA) (0.5 M, 10 pL) was added to the
collagenase-treated samples to quench the digest followed by centrifugation at 13,000 rpm (17,949 g)
(Centrifuge 5427 R, Eppendorf, Hamburg, Germany) for 3 minutes. The supernatant was used for the

assays.

Muscle biopsies taken from the injury area were minced and the Denaturing Buffer from the Minute ™
Total Protein Extraction Kit for Muscles was added to 10 mg of minced muscle, and homogenization
was done with a 6.0 mm zirconium bead in a beadbug homogenizer (BeadBug™ Cat #: 31-212,
Genesee Scientific, San Diego, CA, USA) at 4000 rpm for 60 seconds 20 times while keeping the tubes
on ice for at least 5 min between runs, followed by centrifugation at 13,000 rpm (17,949 g) (Centrifuge

5427 R, Eppendorf, Hamburg, Germany) for 3 minutes and the supernatant was used for the assays.

The supernatants were run on an AGE ELISA (STA-817, Cell Biolabs, San Diego, CA, USA) to
determine AGE levels. The Pierce™ BCA Protein Assay Kit (23,225 and 23227, Thermo Fisher
Scientific, Waltham, MA, USA) and hydroxyproline assays were used for normalization purposes. The
supernatants were hydrolyzed for 24 h with 5N HCI at 120 °C before being run on the hydroxyproline
assay (Chondrex, Woodinville, WA, USA).?®

Histology: The middle and edge slices of gastrocnemius muscle were removed from the fixative 24
hours after fixation, dehydrated with increasing concentrations of ethanol followed by xylene, and
embedded in paraffin blocks. Microtome sections (5 um) were taken from each histological site, and
placed on Histobond slides (VWR, Radnor, PA, USA) and were deparaffinized with xylene to allow for
proper staining. They were then rehydrated, and stained with Masson’s trichrome using Wiegert’s
hematoxylin (Sigma-Aldrich, St. Louis, MO, USA), Biebrich’s scarlet-acid Fuchsia (Sigma-Aldrich, St.
Louis, MO, USA), and aniline blue (Sigma-Aldrich, St. Louis, MO, USA). Coverslips were mounted with
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xylene-based mounting media and allowed to dry flat before imaging. Stitching images were taken of

the entire histological section using a 10x objective.

Histomorphometry: The Zen Pro software (Carl Zeiss Meditec AG, Jena, Germany) was used to
perform the histomorphometry. Healthy muscle from the sham-operated animals was used as a positive
control. Since the sections were stained with Masson’s trichrome, the red features were muscle fibers,
the blue features were collagen, and the dark purple features were nuclei. Due to the dynamic nature
of skeletal muscle injuries, we employed a conservative method to determine the injury border (the
border parallel to the muscle fibers). We based this method on the gross morphology of the contralateral
muscle. Since the injured muscles presented a smaller muscle width due to muscle loss at the injury
site, we overlayed the contralateral muscle belly outline onto the injured muscle, and measured 1 cm
(the original injury was 1.5 cm into the muscle) into the injured muscle starting at the contralateral
muscle belly for both the middle and edge histological sites. We subtracted any part of the 1 cm that
was empty space and used the resulting distance to determine the distance into the injury we needed
to measure on the histology. Histomorphometry was applied to all of the muscle tissue within this
distance. Histomorphometry was used to quantify the area of total muscle, healthy muscle, regenerative
muscle, collagen, and fat present. Each parameter was identified using the following: peripherally
located nuclei indicated healthy muscle, centrally located nuclei indicated regenerative muscle, blue
staining was collagen, and fat was identified by large vacuous white space with a surrounding
membrane and nucleus. Additionally, muscle fiber diameter was measured using the minimum Feret

diameter method.

Protein Analysis: In total, 30 mg of biopsied muscle was homogenized in NP- 40 lysis buffer (BP-119,
Boston BioProducts, Ashland, MA, USA) with a PI cocktail and 25 mM NaF with a 6.0 mm zirconium
bead in a beadbug homogenizer (BeadBugTM Cat #: 31-212, Genesee Scientific, San Diego, CA, USA)
at 4000 rpm for 60 s 5 times. The tubes were kept on ice for at least 5 min between runs. The
homogenate was centrifuged at 9703 rpm (10,000x g) (Centrifuge 5427 R, Eppendorf, Hamburg,
Germany) for 10 min, and the supernatant was used for dot blotting according to Bio-Rad manufacturer
protocol, which utilizes a 0.45 uM nitrocellulose membrane. Following overnight staining with primary
antibodies, the membranes were then incubated with secondary antibodies (926-68073, 926-32210,
and 926-32211, LI-COR Biosciences, Lincoln, NE, USA) for 40 min at room temperature, then they

were imaged on the LI-COR Odyssey and quantified. Target protein signals normalized by the total
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protein signal, and included RAGE, phosphorylated p38, Pax7, MyoD, Myf5, MyoG, neonatal myosin,

as well as myosin heavy chains.

Mass Spectrometry Analysis: 3 random samples per group were selected from Sham, DMM, and AGE,
and 40 uL of the protein isolate from the protein analysis section were sent to UVA’s mass spectrometry
core, and the samples were solubilized using a Bead Beater with stainless steel balls before acetone
precipitation to produce a protein pellet. The pellet was re-solubilized in digestion buffer using heat and
sonication. The sample were reduced with DTT for 30 minutes at RT, then alkylated using
iodoacetamide for 30 minutes at RT, followed by overnight digestion with 0.5 ug trypsin. The samples
were cleaned up using beads and C18 tips. The LC-MS system consisted of a Thermo Orbitrap Exploris
480 mass spectrometer system with an Easy Spray ion source connected to a Thermo 3 um C18 Easy
Spray column (through pre-column). 1 pg of the extract was injected and the peptides eluted from the
column by an acetonitrile/0.1 M acetic acid gradient at a flow rate of 0.3 uL/min over 2.0 hours. The
nanospray ion source was operated at 1.9 kV. The digest was analyzed using the rapid switching
capability of the instrument acquiring a full scan mass spectrum to determine peptide molecular weights
followed by product ion spectra (Topl0 HCD) to determine amino acid sequence in sequential scans.
This mode of analysis produces approximately 25000 MS/MS spectra of ions ranging in abundance
over several orders of magnitude. Not all MS/MS spectra are derived from peptides. The data were
analyzed by database searching using the Sequest search algorithm against Uniprot Rat.

Statistical Analysis: Each variable was tested using N = 8 independent animals unless specified. Data
are presented as mean + SEM with the analysis done using GraphPad Prism 6.0 (GraphPad, La Jolla,
CA, USA). Outliers were removed according to Grubb’s test (a-0.05). Analysis comparing only two
groups was performed by unpaired Student’s t-test, whereas analysis comparing more than two groups
using one-way analysis of variance with Tukey’s posthoc test. All p values < 0.05 were considered

significant.

Results

Masson’s trichrome stain revealed a collagenous matrix in DMM, and no nuclei were observed at
100x magnification (Figure 35A-B, Figure 36A). Despite elevated background Hoechst staining
compared to no stain controls, nuclei were not observed at 100x magnification, confirming the
absence of the nuclear element (Figure 36B). Agarose gel electrophoresis of DMM stained with

ethidium bromide indicated no DNA presence in the DMMs compared to whole muscle control (Figure
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36C). We successfully created AGEs in DMM at 250 mM, and this translated into reduced soluble
hydroxyproline (Figure 36D-E) as previously shown 2°. Total AGEs and AGEs per wet weight
increased in a D-ribose dose-dependent manner, while wet weight remained the same (Figure 37A-
C). Further, the protein data had a similar trend to the hydroxyproline data (Figure 37D-E).

Over 8 weeks, animal body weights increased from 300 to 400 grams, and there were no differences
amongst the groups (Figure 38). The gross morphology of the gastrocnemius after 8 weeks showed a
volumetric deficit in the empty group (Figure 39A). Although muscle weight and muscle width
decreased with VML injury, DMM treatment with and without AGEs did not recover these parameters
(Figure 39B-C). Interestingly, the AGE group had a larger width than the empty group, though not as
large as sham (Figure 39C). The maximum tetanic force was reduced in Empty from sham, validating
our VML model (Figure 39D). The maximum tetanic force did not differ in DMM and AGE-treated
injuries compared to sham and Empty. Max rate of relaxation decreased in the Empty group, while
there was not a difference in other force-time analysis outcomes (Figure 40). Graft area was
measured in the gross morphological images, and more graft material was observed in the AGE
group compared to DMM (Figure 39E). Muscle biopsies in the injury site had elevated soluble
hydroxyproline in DMM compared to AGE, which is inversely correlated to collagen cross-linking
(Figure 39F). However, the number of AGEs per hydroxyproline was not different in the AGE group
compared to DMM, despite an elevated mean (Figure 39I). Interestingly, as we have reported
previously, AGEs were higher in sham compared to the grafted groups, which may be due to the

increase of injury-related nascent collagen.3%°
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Whole Muscle

Figure 35: Whole histological sections show absence of muscle tissue in DMM. A) Whole muscle
stained with Masson'’s trichrome (red=muscle, blue=collagen). B) DMM stained with Masson’s

trichrome showed lack of muscle tissue. (Scale bar= 500 mm)
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Figure 36: Decellularizing whole muscle into DMM produced a collagenous scaffold free of the
nuclear element, and allows for AGE formation. A-B) Whole muscle and DMM were stained with
Masson’s Trichrome (red=muscle, blue= collagen, dark purple= nuclei) (A) and Hoechst nuclear stain
(B) visualized at 10x (scale bar=100 um) and 100x (scale bar=10 pm). DMM did not retain the nuclear
or cytoplasmic elements. C) Whole muscle and DMM DNA extracts were ran on an agarose gel and
DNA was visualized with ethidium bromide (lowest ladder band is 100 bp), with DMM having an
absence of genomic DNA. D-E) DMM was incubated with 0, 100, and 250 mM D-ribose for 5 days,
and AGE and hydroxyproline levels were assayed. AGEs/hydroxyproline was higher with 250 mM D-

ribose, and soluble hydroxyproline was reduced with 100 and 250 mM D-ribose.
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Figure 37: D-ribose incubation increased AGEs in DMM when normalized by wet weight and protein.
A) AGEs, without normalization, increased in DMM at 100 and 250 mM D-ribose. B) The wet weight
of the DMM biopsy after D-ribose incubation was consistent. C) AGEs normalized to wet weight
increased in DMM at 100 and 250 mM D-ribose. D) Extracted protein levels decreased with D-ribose

incubation. E) AGEs per protein was increased in the 250 mM D-ribose group only.
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Figure 38: Body weight increased throughout the study, and there was no group effect.
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Figure 39: VML injury produced pronounced muscle mass and force deficits, while AGEs produced
higher graft area associated with increased collagen cross-linking. A) Gross morphological images on
explanted gastrocnemii were taken 8-weeks post-surgery (original injury area outlined on Sham; the
edge and middle histological cuts are shown; implant area indicated by the black arrow; scale bar is
0.5 cm). Empty showed reductions in muscle mass, while this was not the case with DMM and AGE.
AGE had more visible graft material than DMM. B-C) Muscle weight and width were measured and
normalized to total body weight, and both parameters were reduced in all injury groups. D) Maximum
tetanic force, which is the peak of the tetanic force curve, was measured and Empty had reduced
force compared to Sham. E) Graft area, as visualized on the gross morphological images, was
guantified, and the AGE group had increased graft compared to DMM. F-1) Soluble hydroxyproline
and AGEs were measured in muscle tissue biopsies, and AGE had significantly less soluble
hydroxyproline than DMM, but had similar AGE levels to DMM.
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Figure 40: Tetanic muscle force curve analysis showed differenced in max rate of relaxation. A-B)
There was no difference in integration and max rate of contraction. C) Max rate of relaxation was
decreased in the Empty group compared to sham. D-H) There was no difference in minimum, time to

maximum contraction, time to 50% relaxation, time to max rate of contraction, and time to max rate of

relaxation.

Histological cross-sections were taken at the center and edge of the defect (locations shown in Figure
41B). Masson’s trichrome staining showed increased collagen levels in DMM and AGE groups and
evidence of muscle fiber regeneration (Figure 41A). Histomorphometry was analyzed and the total
muscle area at the edge and center was lower in DMM and AGE compared to the sham (Figure 41C).
Total muscle fiber number was reduced at the edge in AGE only compared to sham, while both AGE
and DMM had reduced total muscle fiber number compared to sham at the middle (Figure 41D).
Curiously, there was a reduction in total muscle fiber diameter in DMM and AGE at the edge only
(Figure 41E). AGE-treated animals possessed higher levels of collagen area compared to DMM and
sham, and this was true both at the edge and middle (Figure 41F). Further, DMM had more collagen

area than sham at both locations (Figure 41F). Healthy muscle area was reduced in DMM and AGE
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relative to sham at the edge and middle (Figure 41G). Healthy muscle fiber number was reduced in
DMM and AGE at both histological sites (Figure 41H). Healthy muscle fiber diameter was reduced in
AGE at the middle compared to the other groups (Figure 411). Curiously, fat content measured from
the edge and middle of the defect was higher in DMM compared to sham and AGE (Figure 41J).
DMM and AGE animals displayed more de novo muscle at the edge compared to the sham,
confirming active regeneration (Figure 41K). Interestingly, regenerative area was only increased in
DMM compared to sham at the middle (Figure 41K). When the middle and edge of the graft were
compared, regeneration was qualitatively reduced in the middle of the injury compared to the edge.
Regenerative muscle fiber number was increased in DMM compared to sham at the edge and middle
(Figure 41L). The regenerative muscle fiber diameter was significantly increased in DMM and AGE at
both the edge and middle (Figure 41M). Histograms and the gaussian curve for the muscle fiber

diameter data communicated similar group differences (Figure 42).
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Figure 41: Histological cross-sections were taken at the center and edge of the defect, and revealed
that the AGE group had higher collagen and reduced regeneration compared to DMM. A) Masson’s
trichrome (red=muscle, blue=collagen, scale bar= 100 um) visualized the injury site, and increased
collagen levels were observed in DMM and AGE groups, along with evidence of muscle fiber
regeneration. B) A schematic showing where the edge and middle were cut (black dashed lines) and
the original injury area (blue dashed line); scale bar is 0.5 cm. C) Total muscle area at the edge and
middle was reduced in DMM and AGE compared to sham. D) Total muscle fiber number was lower at
the edge in AGE compared to the sham control, while both grafted groups were reduced in total
muscle fiber number relative to sham at the middle. E) Total muscle fiber diameter was reduced in
DMM and AGE at the edge only. F) The AGE group had elevated levels of collagen area compared to
DMM and sham both at the edge and middle. Also, DMM presented elevated collagen area compared
to sham at both locations. G) DMM and AGE groups had lower healthy muscle area relative to sham
at the edge and middle. H) Healthy muscle fiber number was lower in grafted groups at both
histological sites. ) Interestingly, healthy muscle fiber diameter was lower in AGE at the middle
compared to sham and DMM. J) Fat area was higher in DMM compared to sham and AGE at both
locations. K) DMM and AGE had more regenerative muscle area at the edge compared to the sham,
confirming active regeneration. Also, regenerative area was increased in DMM only compared to
sham at the middle. L) Regenerative muscle fiber number was elevated in DMM compared to sham at
the edge and middle, although it was not different from the AGE group. M) Regenerative muscle fiber

diameter was higher in DMM and AGE at both the edge and middle.
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Figure 42: Muscle fiber diameter histograms clearly show that injury groups have reduced spread

and amplitude from sham, and DMM shows a higher amplitude for regenerative fibers. A-B) Total

muscle fiber histogram at the edge showed that the AGE group was reduced from DMM and sham,
while DMM was also reduced from sham. C-D) Both DMM and AGE had reduced total muscle fiber

histogram at the middle. E-H) Healthy muscle histograms showed a reduced amplitude for DMM and

AGE compared to sham at the edge and the middle. I-L) Regenerative muscle fiber histogram was
reduced in AGE compared to DMM at the edge and middle.
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The presence of various muscle differentiation and maturation markers was measured in sham,
DMM, and AGE groups. Pax7 and MyoD were higher in DMM and AGE compared to sham (Figure
43A-B). AGE muscles displayed more Myf5 compared to DMM and sham (Figure 43C). Myogenin
(MyoG) was higher in DMM and AGE compared to Sham (Figure 43D). The MyoG/Myf5 ratio, which
is positively correlated with myogenic differentiation, was increased in the DMM group compared to
AGE (Figure 43E). Neonatal myosin, fast-twitch MyHC, and slow-twitch MyHC were elevated in
grafted groups relative to sham, but AGEs did not have an effect compared to DMM (Figure 43F-H).
The total amount of RAGE was highest in sham compared to VML treated injuries (as was previously
shown) and significantly elevated in the AGE group compared to DMM alone, where RAGE was
barely detectable (Figure 431).3%° Phosphorylated p38 MAPK, a downstream member of the RAGE
pathway, was not different between DMM and AGE groups (Figure 43J).

Mass spectrometry analysis was performed on 3 randomized protein samples per group. 1994 unique
proteins were discovered and quantified. When presented as a heatmap, the DMM and AGE groups
were similar but differed from sham (Figure 44A). The data was presented with a present/absent
criterion on a Venn diagram, and all groups shared 1631 proteins, while DMM and AGE shared more
proteins (210) than either group shared with sham (Figure 44B). Interestingly, the AGE group had 38
unique proteins compared to only 9 in DMM. Next, a fisher's exact test was employed to determine
which proteins were significantly regulated by AGEs compared to the DMM group. 111 proteins were
found to be significant, and these were displayed as a Volcano plot with 58 proteins upregulated and
53 downregulated in the AGE group (Figure 44C). Further, 15 muscle-specific proteins were pulled
from the 111, and 13 were significantly downregulated by AGEs (Figure 44D). Finally, all three groups
were analyzed with an analysis of variance followed by the Benjamini-Hochberg multiple test
correction, and the significant proteins in either DMM or AGE were matched to GO pathway
terminology (biological process and cellular component), and graphed on pie charts (Figure 44E). The
immune system process was increased in the AGE group compared to DMM, and the extracellular
region was decreased in the AGE group compared to DMM.
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Figure 43: AGEs show an early differentiation phenotype and higher RAGE levels compared to

DMM. A-B) Pax7 and MyoD were elevated in grafted groups compared to sham. C) The AGE group

had more Myf5 relative to sham and DMM. D) Myogenin (MyoG) was increased in DMM and AGE.
The MyoG/Myf5 ratio was increased in DMM relative to the AGE group, indicating a later
differentiation phenotype in DMM. F-H) Neonatal myosin, fast-twitch MyHC, and slow-twitch MyHC

E)

were increased in injury groups. I) Sham had higher RAGE levels than DMM and AGE, and AGE had

higher levels than DMM. J) Phosphorylated p38 MAPK, a member of the RAGE pathway, was
increased in DMM and AGE, however levels did not differ between DMM and AGE.
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Figure 44: Mass spectrometry analysis showed critical differences between AGE and DMM,

including suppression of muscle markers, increased immune system involvement, and decreased

extracellular region by AGEs. A) 1994 unique proteins were analyzed and presented as a heatmap,

and DMM and AGE groups were differed from sham. B) Venn diagram analysis showed all groups

shared 1631 proteins, and DMM and AGE shared more proteins (210) than with sham. C) 111

proteins were significantly regulated by AGEs compared to DMM, and these were displayed on a

volcano plot. D) Further, 15 muscle-specific proteins were found, with 13 being significantly

downregulated by AGEs. E) Significant proteins in either DMM or AGE were matched to GO pathway

terminology (biological process and cellular component), and graphed. The immune system process

was larger in the AGE group compared to DMM, and the extracellular region was smaller in the AGE

group compared to DMM.
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Fisher’s exact test was used again to compare AGE and DMM groups, and proteins matching to the
immune system process and extracellular region GO terms were sorted for and visualized via volcano
plots (Figure 45A-B). A total of 11 proteins were significantly regulated by AGEs under the immune
system process umbrella, and 8 of these were increased. 20 proteins in the extracellular region
category were regulated by AGEs, and 15 of them were downregulated. Of note, the immune-
associated proteins receptor-type tyrosine-protein phosphatase C (Ptprc), Coronin-1A (Corola),
Complement component C6 (C6 protein), Actin-related protein 2 (Actr2), Monocyte differentiation
antigen CD14 (Cd14), H-2 class Il histocompatibility antigen gamma chain (Cd74), Protein NDRG1
(Ndrgl), Sphingosine-1-phosphate lyase 1 (Sgpll), and Myosin-9 (Myh9) were all upregulated by
AGEs (Figure 6C-E,I-K,0-Q). Further, the extracellular-associated proteins Collagen | alpha-2 chain
(Colla2), Adipocyte enhancer-binding protein 1 (Aebpl), Laminin subunit beta-2 (Lamb2), Cartilage
oligomeric matrix protein (Comp), Olfactomedin-like protein 1 (OlfmlI1), Fibromodulin (Fmod), C-type
lectin domain family 11 member A (Cleclla), Thrombospondin-4 (Thbs4), and Carboxylesterase 1D
(Cesld) were reduced by AGEs (Figure 6F-H,L-N,R-T).
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Figure 45: Proteins matching to the immune system process and extracellular region GO terms were
investigated. A) 11 proteins were regulated by AGEs under the immune system process GO term,
and 8 were increased. B) 20 proteins in the extracellular region GO term were impacted by AGEs,
with 15 of them were downregulated. C-E,I-K,0-Q)Specifically, the immune-associated proteins
receptor-type tyrosine-protein phosphatase C (Ptprc), Coronin-1A (Corola), Complement component
C6 (C6 protein), Actin-related protein 2 (Actr2), Monocyte differentiation antigen CD14 (Cd14), H-2
class Il histocompatibility antigen gamma chain (Cd74), Protein NDRG1 (Ndrgl), Sphingosine-1-
phosphate lyase 1 (Sgpll), and Myosin-9 (Myh9) were all increased by AGEs. F-H,L-N,R-T)
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Additionally, the extracellular-associated proteins Collagen | alpha-2 chain (Colla2), Adipocyte
enhancer-binding protein 1 (Aebpl), Laminin subunit beta-2 (Lamb2), Cartilage oligomeric matrix
protein (Comp), Olfactomedin-like protein 1 (Olfml1), Fibromodulin (Fmod), C-type lectin domain
family 11 member A (Cleclla), Thrombospondin-4 (Thbs4), and Carboxylesterase 1D (Cesl1d) were

lowered by AGEs.
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Figure 46: AGE and RAGE-specific protein analysis. A) Galectin-3, an AGE receptor, was increased
in the AGE group. E,l) Platelet glycoprotein 4 and Scavenger receptor class B member 1, two more
AGE receptors, were detected but not regulated by AGEs. B) The RAGE pathway member P38a, or
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Mitogen-activated protein kinase 14, was detected at elevated levels in the AGE group, but not at a
statistically different level. F,J) There was no change in Erkl (Mitogen-activated protein kinase 3), while
osteopontin was significantly increased in the AGE group. C-D,G-H,K-L) The RAGE ligands High
mobility group protein B1, High mobility group protein B2, Protein S100-A4, Protein S100-A6, Protein
S100-A10, and Protein S100-B were present, but only Protein S100-A4 showed a significant increase
in the AGE group. .

Next, we focused on AGE and RAGE-specific proteins. Galectin-3, a hon-canonical AGE receptor,
was increased in the AGE group (Figure 46A). Platelet glycoprotein 4 and Scavenger receptor class
B member 1, two more non-canonical AGE receptors, were detected but did not differ significantly in
the presence of AGEs (Figure 46E,l). Next, we investigated RAGE-pathway related proteins. P38a, or
Mitogen-activated protein kinase 14, was detected at higher levels with AGEs, but the difference was
not statistically noteworthy (Figure 46B). There was no difference detected in Erkl (Mitogen-activated
protein kinase 3), and osteopontin was significantly increased by AGEs (Figure 46F,J). The RAGE
ligands High mobility group protein B1, High mobility group protein B2, Protein S100-A4, Protein
S100-A6, Protein S100-A10, and Protein S100-B were detected, but only Protein S100-A4 showed a
significant difference, with higher levels due to AGEs (Figure 46C-D,G-H,K-L).

Challenges

The decellularization protocol we relied on in chapter 3 was not sufficient for the much larger rat
gastrocnemius muscles. We went through an extended optimization process, whereby we increased
the solution volumes, length of time, and concentration of the components involved. Ultimately, we
landed on a 7-day protocol that decellularized the muscles in beakers with constant stirring.
Additionally, we incorporated the zwitterionic detergents CHAPS and SB-16 to enhance the process.
Our novel decellularization process produced a rat gastrocnemius DMM large enough to repair a
1.5x1.0 cm VML injury.

Discussion

The goal of this study was to ascertain whether AGEs on DMM could be used as a model of old muscle
ECM and to determine the role of glycations in DMM-mediated regeneration. We developed a model
of aged DMM by inducing AGE cross-links on young DMM, observing a higher number of collagen
cross-links than the control DMM. The increased AGE counts per hydroxyproline were similar to aged
DMM.?> As such, we have established a model of skeletal muscle aging that solely captures AGE-
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crosslinking. The advantage of this model is that we can make declarative statements about AGEs
alone by removing other known confounding aging variables such as increases in total collagen
content, pathological increases in laminin, decreased fibronectin, and decreased ECM growth factor

presence. 15,25,239,310

We selected a challenging 1.5 x 1 cm full-thickness gastrocnemius defect in a Sprague Dawley rat as
our VML model since it was previously characterized by our group to produce a sufficient deficit to test
DMM’s regenerative capacity.® We confirmed our model by demonstrating that muscle weight, width,
and tetanic force were all reduced in untreated animals (empty defect). As we have previously shown,
DMM treatment somewhat recovered tetanic force. Interestingly, AGEs did not negatively affect muscle
force, and this could be due to the development of functional fibrosis to transmit muscle force that is
comparable to non-glycated DMM.?7® Furthermore, our model is limited by the measurement of all
posterior crural muscles instead of isolating the lateral head of the gastrocnemius, and these additional

muscles are likely contributing to overall force output.

AGEs tightly regulate collagen degradation and deposition, preventing collagen degradation via cross-
linking and challenging the immune system to promote a pro-inflammatory environment that
perpetuates fibrosis.?38:311-313 gypporting this, more collagen was measured in AGE-treated DMM
compared to non-glycated DMM with 45% at the edge and up to 71% in the middle. Collagen is
synthesized by fibroblasts, fibroadipogenic progenitor cells (FAPs), and myoblasts.3!* Collagen-specific
AGE crosslinks using methylglyoxal changed the way cardiac fibroblasts interpreted collagen fibers,
promoting a myofibroblast phenotype mediated via TGF-B signaling.3!® These results support the idea
that AGE-treated DMM could be influencing fibroblasts in our model.3® FAPs are a mesenchymal-like
cell population that have the capacity to differentiate down either an adipogenic or myofibroblast lineage
to support muscle regeneration, increase fat, or increase fibrosis.36:317 Interestingly, total fat was
highest in DMM while AGE-treated DMM suppressed total fat formation near sham levels. Prior work
demonstrated that substrate stiffness increased a-smooth muscle actin to enhance myofibroblast
differentiation in FAPs, indicating that FAPs are sensitive to surface stiffness.3'® AGEs stiffen the ECM
and could be pushing the FAPs to a more fibrotic phenotype, but more study is needed to determine
this.

Muscle regeneration is dependent on ECM, MuSCs, fibroblasts, FAPs, and macrophages and
understanding how AGE cross-links in muscle ECM regulate different cell populations is an important

step in developing regenerative bio-scaffolds.3%631° We measured muscle fiber counts in regenerating
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muscle and determined that AGEs reduced the number of de novo muscle fibers within the injury site
during muscle regeneration compared to DMM. Moreover, Feret diameter in regenerating fibers was
no different between AGE and DMM treated injuries, suggesting that AGEs were suppressing muscle
fiber formation. This is an important finding and leads to an unanswered question — do AGE-crosslinks
exert a unique effect on muscle regeneration different from soluble AGEs? Current studies in AGE-
related research have focused on soluble AGEs and not ECM-based cross-links since it is much more
difficult to deliver AGE cross-links in vivo. To further answer this question, we measured Feret diameter
in healthy muscle fibers (peripherally located nuclei) as well and found that muscle fiber diameters were
smaller in injury sites exposed to AGE cross-links compared to DMM-treated sites and those fibers from
DMM sites were similar to sham. This was another critical finding in this study since soluble AGEs have

been implicated in age-associated sarcopenia.320-322

Muscle regeneration is tightly regulated by activation and differentiation of MuSCs. Pax7 maintains the
MuSC pool and is essential for myogenesis and encourages myogenic commitment.323324 |n adults,
MuSCs are Pax7 positive when quiescent, but upon activation, they express Myf5 and MyoD.3?> Myf5
plays a role in the burst of myoblast proliferation during myogenesis before late-stage differentiation.32¢
In chronic muscle injury environments such as facioscapulohumeral muscular dystrophy 1A and
denervation, Myf5 is upregulated along with other myogenic transcription factors.3?732% The chronic
muscle fiber turnover in these states causes MuSC over-activation and limits self-renewal. Classically,
it is thought that the myogenic genes are upregulated in old age through a process known as
homeostatic decompensation.?36:32° Reports showed that Myf5 increases in aged muscle; however, in
conditions where myogenic cells are “stuck” in a Myf5 positive state, MyoG and MyHC are occluded,

blocking proper differentiation.33°

In our model, Pax7 and MyoD levels were higher in DMM and AGE, indicating that MuSCs were
activated. Interestingly, AGEs increased Myf5 levels while DMM was similar to sham, suggesting that
AGEs could be stimulating proliferation of MuSCs. Contrary to our hypothesis, MyoG and MyHCs were
similar between AGE and DMM treatments. This could be possible because we assayed a muscle
biopsy that contains a mixture of progenitor cells and muscle fibers. Thus, while we measured nascent,
fast-twitch, and slow-twitch muscle fibers, total protein from these biopsies were likely comparable to
our histological results from total muscle where there were no differences between total fiber counts or
total muscle area between DMM and AGE treated injury sites. These results suggested that our dot

blots were not sensitive enough to detect differences in myosin proteins.297:299
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The receptor for AGEs (RAGE) is involved in multiple cell types during myogenesis, including
myoblasts, fibroblasts, macrophages, and Schwann cells.58331-333 Degpite the lack of AGE levels in
explanted injury sites, the AGE group measured positive for RAGE expression, while RAGE was barely
detectable in DMM. It is not surprising that RAGE is present at baseline levels in sham muscle due to
its expression in fibroblasts, macrophages, and other cell types. Prior research in our lab showed that
the RAGE protein was suppressed in VML injuries compared to sham.3® This supports that AGE
delivery had a tangible effect on RAGE, and may still be present at 8 weeks. Thus, increased RAGE in
AGE-treated VML potentially demonstrates an AGE/RAGE axis, and which cell types regulates RAGE
expression in this context still needs to be determined. RAGE is known to be expressed in activated
myoblasts, and the RAGE ligands S100b and HMGBL1 exert proliferative and pro-myogenic pathways
via RAGE-P38-MyoG signaling.?*712% RAGE is then downregulated in late differentiation, and is not
detected after myoblasts fuse into muscle fibers.?? In our study, elevated Myf5 levels in the presence
of AGEs indicated that MuSCs are preferentially activated over self-renewed. Itis possible that elevated

levels of RAGE are due to the same phenomena, but more study is needed to prove this.

To perform a more sensitive and unbiased analysis of the proteomic profile produced by AGE delivery,
we used mass spectrometry analysis. As expected, DMM and AGE treated muscle had a much different
proteomic profile compared to sham, supporting the idea that our challenging VML model was not yet
resolved at 8 weeks. Our Venn diagram analysis highlighted this, where injured muscle was an order
of magnitude higher compared to sham. We parsed this further and determined that AGEs supported
38 unique proteins whereas DMM only had 9. Moreover, we determined that 111 proteins were
significantly regulated by AGEs, and we found that AGEs specifically suppressed muscle-specific
proteins (Myh3 and Myh8), which supports the histological reductions in regenerative muscle we
measured in the AGE group. Additionally, we explored the GO terminology under the Biological Process
and Cellular Component genres to capture if AGEs regulated specific categories. Interestingly, the
immune system response was elevated, matching a known effect of AGEs. Further, the extracellular

region was negatively impacted.

Several immune-specific proteins were clearly upregulated by AGEs further supporting the fact that
AGE cross-links regulated the innate immune response and promoted an inflammatory environment.
Major innate immune system markers included those for macrophages (Cd14, Actr2, Cd74) and mast
cells (NDRG).334-33 Macrophages are essential in skeletal muscle regeneration, but in VML injuries

are strongly activated contributing to fibrosis.3'°® Furthermore, adaptive immune cell markers such as
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the B and T cell markers PTPRC, Coronin-1A, and the T-cell promoting protein Sphingosine-1-
phosphate lyase 1 were increased by AGEs.33%-341 We previously showed that adaptive immunity
regulates skeletal muscle regeneration by comparing immunocompromised to immunointact rats.84

Finally, myosin-9 was increased due to AGEs, and this is a marker of immune cell migration.342

The ECM plays a complex spatiotemporal regulatory role in muscle repair and regeneration that can
reestablish healthy ECM following injury, or in the case of chronic inflammatory environments, promotes
aberrant fibrosis. Counterintuitively, AGEs negatively regulated the fibrotic markers of the ECM.
Reduced collagen type | indicated that while overall collagen levels were elevated collagen synthesis
was suppressed. Further, this supports that elevated collagen area in the AGE group, as seen in the
histology, is from decreased graft remodeling rather than increased collagen synthesis. However, more
study is needed to prove this. Prior literature indicated that AGEs disrupt ECM synthesis in fibroblasts,
which could explain the reduction in fibrotic factors.3*® Additionally, VML injuries in aged animals
produce less collagen, and the reductions in ECM components we measured could indicate that AGEs
promote an aged regeneration phenotype.'®3 Adipocyte enhancer-binding protein 1 (AEBP1) and
cartilage oligomeric matrix protein (COMP), which were reduced in the AGE group, are also markers
of fibrosis in non-muscle tissue and their role in skeletal muscle remains largely unclear.344:345
Carboxylesterase 1D (Cesld) is an enzyme that plays a role in lipid metabolism and inflammation and
loss of this enzyme increases inflammation.3#¢ In our model, Cesl1d was reduced by AGEs, providing
further evidence that AGEs enhanced the inflammatory response. Laminin, osteolectin, fibromodulin,
and thrombosponin-4 were all detected at lower levels in the AGE group. These 4 proteins are known
to be pro-regenerative ECM proteins, and reductions in their levels could be associated with the
reduced number of regenerating muscle fibers measured in Figure 41.347-35! |t was also noteworthy
that olfactomedin-like protein 1, which is primarily found in nerves, was reduced by AGEs and could

indicate abrogated recovery of the nerve-muscle connection.3%2

Aside from RAGE, galectin-3 acts as a separate extracellular receptor for AGEs that is present on most
innate immune cells, and plays an important role in the immune response and is associated with
musculoskeletal diseases.3%33%* While endogenous galectin-3 also plays a role in normal skeletal
muscle regeneration, its levels in AGE treated muscle were more than double DMM, suggesting its role
was beyond that of repair or regeneration.3>>3% However, more study is needed to discern which cell
types are responsible for galectin-3 increases. We next investigated RAGE-pathway members to

determine the extent to which the AGE/RAGE axis was involved. We detected P38a and Erk1; however
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they were not significantly regulated by AGEs. AGEs enhanced osteopontin levels, which is known to
be regulated by RAGE signaling and is associated with increased fibrosis.3>” Moreover, osteopontin
increases in skeletal muscle with aging and is partly responsible for age-related reductions in skeletal
muscle regeneration.®*® Further, we investigated known RAGE ligands, and several were detected.
Interestingly, only S100-A4 was increased by AGEs, suggesting that AGEs could promote a positive
RAGE signaling feed-back loop with S100-A4.3%°

Conclusions

The presence of AGEs in DMM supports a fibrotic environment and appears to dysregulate
myogenesis. AGE cross-linked DMM exhibited reduced performance in a challenging VML model.
Specifically, AGEs increased fibrosis and collagen cross-linking in the injury, while maintaining elevated
RAGE and Myf5 levels that suggest MuSC dysregulation. Also, muscle regeneration and specific ECM
remodeling factors were reduced by AGEs. Our data support that AGE accumulation on muscle ECM
derived from older donors may cause reduced efficacy compared to DMM from younger donors. Future

work investigating how to mitigate the effects of AGEs is needed.
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Chapter 7. Conclusions and Future Directions

Summary

Overall, this thesis provides critical insight into the role of AGE cross-links in skeletal muscle
regeneration. AGEs are previously thought to inhibit muscle regeneration through stiffening the MuSC
microenvironment and by signaling through the receptor for advanced glycation end-products (RAGE).
It is known that stiffer substrates promote myoblast proliferation at the expense of differentiation, while
soluble AGEs inhibit both proliferation and differentiation. We are the first to report that AGE cross-
linked 3D collagen substrates, which are stiffer and rich with AGE adducts, promote proliferation at the
expense of differentiation in a RAGE-dependent manner. These data reveal that AGE cross-links have
a unique RAGE-dependent regulatory role over myoblasts and do not act like soluble AGEs. Further,
we report that AGE cross-links negatively regulate RAGE in late differentiation, and serve to suppress
myogenesis by downregulating RAGE, rather than over-stimulating RAGE signaling. Dogma supports
that RAGE is upregulated in myoblasts by soluble AGEs, and soluble AGE-RAGE signaling is
antiproliferative and dysregulates differentiation. We provide strong evidence of a unigue, non-
canonical RAGE mechanism for AGE cross-links. Next, we investigated the role of AGE cross-links in
VML injury by inducing AGE cross-links on DMM before implantation into VML injuries. We proved that
AGE-DMM reduces muscle regeneration in a VML model, and downregulates ECM synthesis while
promoting inflammation. Further, the AGE receptors RAGE and Galectin-3 were upregulated by AGE

cross-links.

Future Directions: The AGE-RAGE axis in myogenesis

Despite over two decades of research, much is left to uncover on the role of AGE-RAGE in skeletal
muscle regeneration. Myoblasts, the primary expressor of RAGE in skeletal muscle, are regulated in
their proliferation and differentiation by canonical RAGE ligand signaling. However, it is generally
agreed that AGEs overstimulate RAGE, resulting in the disruption of myoblast proliferation and
differentiation.?? These classical AGE in vitro and in vivo studies rely on their soluble delivery via AGE-
BSA, Methylglyoxal, or other form such as CML. In the context of skeletal muscle aging, soluble AGEs
do play a role, however, AGE cross-links accrue with age on muscular ECM proteins such as the
collagens. Until this thesis, it has not been studied what role AGE cross-links play on myoblasts
independent of soluble AGEs. Our data provides novel insight into how AGE cross-links exert a pro-
proliferative, anti-differentiative effect on myoblasts that is RAGE dependent during proliferation, and
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inversely RAGE dependent in differentiation. It is well known that stiffness is positively correlated with
proliferation in myoblasts, however it is not clear how our finding of a RAGE-dependent effect
synergizes with the stiffness effect.360361 Perhaps there is an AGE integrin-RAGE interplay. Other
groups have reported that integrin aV@33 is tightly regulated with RAGE in cultured podocytes, as
evidenced by their co-precipitation.3¢? Impressively, treatment with the aV-integrin antagonist
cilengestide blocked AGE-BSA signaling in their study, indicating that signaling is strongly shared
between RAGE and integrin aVB3. In this thesis, we observed that both integrin aV and B3 were
decreased along with RAGE, and this could indicate a mechano-RAGE coupling. Interestingly, if RAGE
and integrins are this tightly co-regulated, it would obfuscate the question on whether the mechanics
or AGE-RAGE signaling have a larger role in our data. However, more study is needed to determine
this.

Curiously, our data showed that RAGE was reduced by AGE cross-links in late differentiation. It is
known that ADAM10, a disintegrin and sheddase, cleaves full-length RAGE into the decoy receptor
SRAGE (soluble RAGE).383 Further, the authors discovered that HMBG1 binding to RAGE promoted
RAGE cleavage. RAGE cleavage could explain the reductions of RAGE seen in our studies, and it
makes sense that AGE binding could act like HMBG1 and promote this process. Additionally, it is a
well-known receptor phenomenon for a receptor to become tolerant of its ligand over time, resulting in
a reduced ligand effect. This is classically observed in G protein-coupled receptors, where they are
reduced in number by endocytosis when chronically exposed to their ligands.3%* While the exact
mechanism may differ, the principle can still apply to RAGE. Ironically, while reduced RAGE may be a
protective effect against over-stimulation by AGEs, its reduction precludes the possibility for canonical
RAGE signaling, resulting in reduced myoblast function. All in all, it is clear that negative RAGE

regulation by AGEs is harmful for myoblast differentiation and fusion, and is a rich area for future study.

Future Directions: Key RAGE ligand players
Canonical RAGE signaling for myoblasts relies on two key players, HMGB1 and S100b. S100b has varied roles

based on myoblast density, but it is essentially understood to promote proliferation and the transition from
proliferation to differentiation via P38 MAPK signaling.?* HMGB1 binds RAGE and promotes myogenin through
P38 MAPK, resulting in the shutdown of proliferation with enhanced differentiation and fusion.” Interestingly,
RAGE begins to be expressed upon myoblast activation, and increases in amount until it reaches a peak at late
differentiation/early fusion, and tapers off entirely once fusion is complete.?*2* S100b plays an important role in

early differentiation, while HMGBL1 takes over later in the process. In our data, we observed a stark deficit in
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RAGE by late differentiation in the presence of AGE cross-links. Surprisingly, there was not a change in RAGE
due to AGEs in early differentiation. Since we delivered AGE cross-links to myoblasts in a chronic fashion, we
hypothesized that restoring canonical RAGE signaling from the onset of the culturing process would restore
myoblast fusion. When we delivered S100b, myoblast fusion was restored in the presence of AGE cross-links.
Further, AGE cross-links acted more as an inhibitor of canonical RAGE signaling than an activator of RAGE.
More study is warranted in vivo to determine if AGE cross-links can be overcome via RAGE ligand delivery.

Additionally, it is not known if HMGB1 treatment would have the same outcome as S100b.

Future Directions: AGE cross-links and mechano-transduction

AGE cross-links are notoriously difficult to study since their cellular impact can be exerted through both
mechanical and receptor signaling mechanisms. Our model did not completely decouple mechanics
from receptor signaling, though we were able to isolate RAGE through inhibition and activation. While
we measured increased stiffness due to AGE cross-links, the focus of the hypothesis did not address
many standard mechano-transduction signaling factors such as focal adhesion kinase and YAP/TAZ
nuclear localization.3'8365 However, our data did present as a classical stiffness effect on myoblasts,
and even though we could explain the data through RAGE inhibition and activation, it is possible that
RAGE is working with mechano-transduction in its effect. Interestingly, analysis of mass spectrometry
data from our in vivo VML study revealed upregulation of sphingosine-1-phosphate lyase 1 by AGE
cross-links, which has been known to degrade the stiffness-associated sphingosine-1-phosphate.366.367
This singular piece of data suggests that stiffness did not play a large role in AGE cross-links’ impact
in vivo. However, more study is needed to fully appreciate AGE’s mechanical role in skeletal muscle

regeneration.

Future Directions: Muscle-nerve communication

While it is known that AGESs play a role in peripheral nerve neuropathy, it is not well characterized
if AGEs promote a denervated phenotype in aged muscle, or how much they contribute to the atrophic
environment in sarcopenic muscle. Studies elucidating the role of AGE-cross-linked collagen on motor
nerve health need to be developed. Muscle and nerve signaling and their relation to the ECM has been
particularly difficult to study due to the plastic sensitivity of innervation and inability to study it ex vivo.
To date, the current standard for studying muscle-nerve interactions and endplate remodeling is in
animal models. There is currently no in vitro model that accurately re-creates muscle innervation.
Development of such a model would greatly improve reproducibility while reducing the noise, expense,
and animal sacrifice currently required. Further, while there has been increased interest in
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understanding the specialized endplate ECM, few papers have been published on the non-myelinating
Schwann cells that cover each endplate and are known to protectively regulate the intra-synaptic ECM.
It is unknown if AGEs cross-link within the synaptic cleft or how cross-linking this specialized ECM
effects acetylcholine transmission. Hence, this area of research is relatively unexplored, leaving a
possible future topic in ECM modifications and muscle to nerve signaling during aging and other
diseases that increase AGE cross-links. In addition, whether modifications to laminin change neural
pathfinding and synapse formation is still unclear and interrogating these types of questions might lead
to new discoveries in endplate development, motor nerve pathfinding, and endplate stability in the

neuromuscular junction.

Conclusions

Overall, this thesis provides novel insight into the role of AGE cross-linked collagen on myoblast
function and skeletal muscle regeneration. AGE cross-links promote myoblast proliferation and hinder
differentiation in a RAGE-dependent manner. Further, the AGE effect was restored with S100b delivery,
hinting that S100b could be a viable promotor of skeletal muscle regeneration in circumstances with
high AGE levels. It is still an open question as to how tied in mechano-transduction is to this process.
Also, whether reductions in RAGE are due to RAGE cleavage needs to be explored. AGE cross-links
on DMM promoted inflammation and hindered regeneration in a VML model, and evidence showed that
AGEs upregulated RAGE and Galectin 3. Further study is needed to ascertain which cell types express
RAGE, and what role Galectin 3 plays in the transduction of the AGE cross-link effect. Also, the data in

this thesis beckons for further study into the clinical relevance of AGE cross-links on DMM.
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