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1. INTRODUCTION

Background: Severe injury results in physiologic and musculoskeletal changes to the patient that
are immediate and long lasting. Reduced mobility from bed rest and injury severity affect muscle
and bone health and are detrimental to rehabilitative success. We propose to determine if the
combination of exercise and the use of insulin or oxandrolone will further improve muscle and
bone strength and subsequent function for improved quality of life. The specific aims of this
study are to: 1) Characterize the effect of resistance exercise on muscle and bone health in a
validated model of burn and disuse. 2) Evaluate the effect of resistance exercise in combination
with currently used pharmacological therapies (insulin or oxandrolone) on muscle and bone
health in a validated model of burn and disuse. 3) Determine the interrelationship between
muscle and bone after re-ambulation following pharmacological interventions and exercise. To
accomplish these aims we will use our established rat model of burn and disuse for a 14 day
period. Rats will be assigned to vehicle or drug treatment and will be further randomized into
either exercise or no exercise groups. After 14 days, additional studies will examine the effects
of re-ambulation. Analysis will be completed on blood, tissues, and bones of the study animals.
This proposed project will delineate the synergistic effects of current therapy that will be directly
translational to the clinical care of military polytrauma victims.
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3. OVERALL PROJECT SUMMARY

Specific Aim 1 was to characterize the effect of resistance exercise on muscle and bone health in
a validated model of burn and disuse. The milestones for Year 1 of the project, included
beginning and completing experiments for Aim 1, including animal, assay work and data
analysis. There were eight major tasks associated with this milestone.

Specific Aim 2 was to evaluate the effect of resistance exercise in combination with currently
used pharmacological therapies (insulin or oxandrolone) on muscle and bone health in a
validated model of burn and disuse. The milestone for Year 2 of the project was to begin and
complete experiments for Aim 2, including animal assay work and data analysis. There were six
major tasks associated with this milestone.

Specific Aim 3 was to evaluate the effect of resistance exercise in combination with currently
used pharmacological therapies (insulin) on muscle and bone health in a validated model of
burn and disuse and then continuing with re-ambulation. The milestone for



Year 3 of the project was to begin and complete experiments for Aim 3, however, due to
unforeseen circumstances and delays in getting IACUC renewal in place, a no-cost extension
was requested and granted to be able to complete AIM 3 in FY17. Aim 3 experiments were
completed in Year 4.

Results (Wade):
Specific Aim 1:

All local Institutional Animal Care and Use Committee and USAMRMC ACURO approvals
were obtained prior to initiation of the study (YEAR 1, TASK 1). Male, Sprague-Dawley rats
were randomized into four groups: Sham Ambulatory (SA), Burn Ambulatory (BA),
Sham/Hindlimb unloaded (SH) and Burn/Hindlimb unloaded (BH), with daily resistance
exercise (EX) or no exercise (NEX) (N=6/group). Rats were introduced to resistance exercise by
adding weight to each tail during repetitive ladder climbing ten days prior to injury. Rats were
then weight-matched into treatment groups, either daily exercise or no-exercise. Daily resistance
exercise was completed on a 1m ladder at 85° incline. Each rat completed 5 climbs 2x/day. At
the conclusion of the experimental period, samples were collected for further analysis (YEAR 1,
TASKS 2-6). Statistical analysis using ANOVA with significance at p<0.05 was used.

Body mass during Aim 1 showed a similar response as seen during our previous work (Wade et

al, 2013). There were no differences in Table 1

initial body mass between treatment [ SA | BA | SH | BH
groups, however, differences were D14 Body Mass (q)

apparent by day 14 (TABLE 1). NEX | 336%7 | 307%7 | 305t6 | 282+4"
BA and SH showed similar reductions in EX 319+6* | 287+5% | 294+7 578+4"
body mass, and BH had the most dramatic

decfe.ase over time, accentuated'by an Caloric Intake (kcal/100g BM/day)

addltl_ve effect when burn and disuse were NEX 505+0.8 | 213204 | 217406 | 22.120.0%
combined. At day 14, NEX-SA and NEX- EX 107204 | 21.020.6 | 202205 | 23.040.9°
BA body mass were significantly greater < = v = =
than EX-SA and EX-BA, but there were p<0.05 from NEX; *p<0.05 from SA

no differences in SH or BH. BH rats were

significantly smaller than other treatment

groups. Compared to other treatment

groups, there was a significant increase in ase Oy M

average kcals consumed over the last 5 - s .|

days in BH, irrespective of = 41T T

exercise. No other differences in food sl M ,.-ff_"_f[_,/__;_,...—_— _/k___*
intake between NEX and EX within each Figure 1. DL e e I
treatment group were observed. Percent 0 ‘"*\.\__‘q_______ 3 —’*“‘!\:

body mass decrease over time was the
greatest in BH rats at day 14 (p<0.001).
There was an exercise effect in body mass $ : 3 2 I 2 $ 3 2 2
in all treatment groups (FIGURE 1). No

differences in body mass were observed

between any groups at the time of injury.

Fat mass was significantly reduced in the

disuse groups, with an additive effect of burn with disuse (p<0.001).

——SANE — SAE -=-BANE —» BAE —» SHNE SHE — BHMNE BHE

Experimental Day



Plasma interleukin-6 (IL-6) was significantly elevated in the burn groups, irrespective of exercise
(p>0.03).
Free Fatty Acids (FFA) was significantly reduced in the burn groups, irrespective of exercise
(p>0.03).
Bone strength parameters, including peak force, ultimate stiffness, bending failure energy and
ultimate bending stress were measured (YEAR 1, TASK 7). We found that there was a

disuse effect, irrespective of exercise, in peak force and ultimate bending stress (p>0.05).

Results (Wolf):
Specific Aim 1:

Muscle tissue wet weight from hind limb muscle including tibialis anterior (TA), extensor
digitorum longus (EDL), plantaris (Plant), soleus (SL), gastrocnemius medialis (GM),
gastrocnemius lateralis (GL) were weighed (YEAR 1, TASKS 2-5). Tissue weight was
further normalized by body mass (per 100mg) to eliminate individual variation.

Table 3. Animal body mass and muscle tissue wet weight in right hind limb (g)

SA
SH
BA
BH
SA
SH
BA
BH

SA
SH
BA
BH
SA
SH
BA
BH

SA
SH
BA
BH
SA
SH
BA
BH

Mean
NX
NX
NX
NX
EX
EX
EX
EX

SEM
NX
NX
NX
NX
EX
EX
EX
EX

Mean
NX
NX
NX
NX
EX
EX
EX
EX

SEM

Body
Mass

334.4
298.2
306.9
273.3
315.1
289.5
284.7
270.5

Body
Mass

7.15
6.14
7.20
3.45
6.14
7.24
5.55
4.13

Body
Mass

334.4
298.2
306.9
273.3
315.1
289.5
284.7
270.5

Body
Mass

TA

0.639
0.597
0.642
0.537
0.651
0.617
0.609
0.560

TA

0.036
0.022
0.035
0.014
0.006
0.028
0.026
0.013

TA

0.639
0.597
0.642
0.537
0.651
0.617
0.609
0.560

TA

TA per
100g

0.191
0.201
0.210
0.196
0.207
0.213
0.214
0.207

TA per
1009

0.010
0.008
0.014
0.005
0.003
0.009
0.008
0.006

TA per
100g

0.191
0.201
0.210
0.196
0.207
0.213
0.214
0.207

TA per
100g

EDL
0.181
0.129
0.131
0.120
0.164
0.122
0.129
0.125

EDL
0.039
0.012
0.008
0.016
0.007
0.007
0.007
0.004

EDL
0.181
0.129
0.131
0.120
0.164
0.122
0.129
0.125

EDL

EDL per
100g

0.055
0.043
0.043
0.044
0.052
0.042
0.045
0.046

EDL per
1009

0.014
0.003
0.003
0.006
0.003
0.003
0.002
0.002

EDL per
100g

0.055
0.043
0.043
0.044
0.052
0.042
0.045
0.046

EDL per
100g

PL
0.394
0.290
0.365
0.289
0.408
0.294
0.349
0.296

PL
0.025
0.014
0.017
0.009
0.016
0.009
0.013
0.010

PL
0.394
0.290
0.365
0.289
0.408
0.294
0.349
0.296

PL

PL per
100g

0.117
0.098
0.119
0.106
0.130
0.102
0.123
0.109

PL per
100g

0.007
0.006
0.004
0.003
0.006
0.002
0.005
0.004

PL per
1009

0.117
0.098
0.119
0.106
0.130
0.102
0.123
0.109

PL per
1009

SL
0.142
0.069
0.122
0.078
0.147
0.084
0.143
0.086

SL
0.005
0.005
0.007
0.007
0.009
0.002
0.007
0.004

SL
0.142
0.069
0.122
0.078
0.147
0.084
0.143
0.086

SL

SL per
100g

0.043
0.023
0.040
0.028
0.047
0.029
0.050
0.032

SL per
1009

0.002
0.002
0.002
0.003
0.002
0.001
0.002
0.002

SL per
1009

0.043
0.023
0.040
0.028
0.047
0.029
0.050
0.032

SL per
1009

GM
0.916
0.652
0.826
0.616
0.881
0.673
0.795
0.666

GM
0.026
0.028
0.025
0.036
0.031
0.018
0.023
0.026

GM
0.916
0.652
0.826
0.616
0.881
0.673
0.795
0.666

GM

GM per
100g

0.274
0.218
0.269
0.225
0.279
0.233
0.280
0.247

GM per
1009

0.009
0.008
0.006
0.011
0.006
0.008
0.013
0.012

GM per
100g

0.274
0.218
0.269
0.225
0.279
0.233
0.280
0.247

GM per
100g

GL
1.088
0.824
0.989
0.722
1.131
0.815
0.976
0.760

GL
0.032
0.054
0.050
0.025
0.029
0.018
0.014
0.041

GL
1.088
0.824
0.989
0.722
1131
0.815
0.976
0.760

GL

GL per

100g

0.326
0.276
0.322
0.265
0.359
0.282
0.343
0.281

GL per

100g

0.012
0.014
0.013
0.011
0.006
0.007
0.008
0.014

GL per

100g

0.326
0.276
0.322
0.265
0.359
0.282
0.343
0.281

GL per

100g



Tissue wet weight decreased significantly in TA, EDL, SL, GM, GL under HLU condition.
There were significant changes of wet tissue weight in TA, PL, GL and GM after burn. There
was not a significant change in tissue wet weight of all muscle. After normalized with body
mass (BM), we still observed that the ratio values still significantly decreased in PL, SL, GL
and GM after HLU, and values in soleus and GL increased with exercise treatment (Almost all
of means increased after exercise by looking the table above, TABLE 3).

Muscle dry tissue weight decreased significantly in GM and GL under HLU condition, burn
decreased dry weight only in GL. No significant changes were observed in SL and PL.

Muscle Isometric Force Measurement

Isometric force was measured from the left side of plantaris (PLANT) and soleus (SL) muscle.
Results showed that twitch force (Pt) decreased in both SL and PLANT in HLU group. No
significant difference was observed in Pt between exercise and no exercise.

In rat soleus, tetanic (Po) and specific Po (sPo) force were also significantly lower in the HLU
group (p<0.001). The burn/hind limb (B/H) group had a significantly higher Pt in the exercise
group (p=0.04). Burn/ambulatory (B/A) rats had a lower tetanic force in the exercise group
versus no exercise (p=0.02). sPo in the B/H group was significantly higher in exercise (p<0.01).

Fatigue index Soleus Weight and Isometric Contractile Function

o  Tables

ISIQHIfIFaf:rt]W _ No Exercise Exercise

ower In the s e BH SA SH BA BH SA SH
ambulatory 200 (10) 170(40) 210(20) 140(40) 190(10) 110(10) 190(10) 120(4)
(55%) and 36(4.4)  8(2.0) 31(2.8) 14(2.1) 27(2.0) 14(2.1) 30(2.6) 11(0.6)
exercise 165(9)  42(5) 159(18) 56(4) 118(14) 54(5)  150(16) 66(8)
(529%) groups 25(2) 7(1) 25(3) 12(2)  20(2) 14(2)  23(2) 17(2)

66(6)  82(11)  37(11) 58(13) 52(11)  63(8)

versus 69(6)  76(3)
hindlimb

(69%) and no BA: Burn Ambulatory; BH: Burn Hindlimb; SA: Sham Ambulatory; SH: Sham Hindlimb

exercise (73%)
groups
(p=0.03,
p=0.002
respectively)
(TABLE 4).

Specific Force calculated from maximum tetanic force (N)/ physiological cross sectional area (cm2

Fatigue Index: (minimum force at 4 minutes/maximum force) x 100

Skeletal Muscle Protein Content

Muscle proteins were extracted from rat gastrocnemius media (GM), soleus (SL) and plantaris
(PL) following T-PER Tissue protein extraction procedure (Thermo Fisher Scientific). Protein
concentration was measured with DC Protein Assay (Bio-Rad Laboratories Inc.).There was
significant protein content loss in SL in rats with HLU (p=0.001), and protein yield in GM
significantly increased in rats with exercise training (p=0.003).

Skeletal Muscle Histology and Myofiber Type Change



Morphology of soleus in H&E staining: the area of single myofiber decreased under hind limb
unloading significantly; exercise increased myofiber size significantly (FIGURE 2). No change
was observed in rat soleus 14 days after burn.

My0ﬁber type in soleus: by Counting 5 Figure 2 Myofiber size in rat soleus = NX
random microscopic views under 10x
magnifications, the positive stained 2000 - ) "X
myofiber with fast twitch myosin antibody. 3500 -
(FIGURE 3). 3000 1
__ 2500 -
‘€ 2000 -
= 1500 -
1000 -
500
0 1 T T T
SA BA SH BH
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The following table showed the number of muscle cell stained with fast twitch myosin
antibody and the percentage of positive cells increased in HLU group (TABLE 5). The total
number of myofiber was less in exercised group. Value presented as Mean £ SEM.

TABLE | Total Cell Positive %
5 # Cell # Positive
Cells

Non- Exercise | Non- Exercise | Non- Exercise

exercise exercise exercise
SA 314428 27319 37+12 33+11 11.4+3.1 | 11.8+3.6
BA 274126 306+7 27111 30+19 9.1+35 10.3+4.5
SH 392+30 316+£32 | 89+4 69123 23.2+2.7 | 21.5+3.8
BH 40017 23884 | 76+16 71+35 19.3+4.5 | 24.6+10.7

Results (Wade):
Specific Aim 2:

All supplies were ordered for Aim 2, including disposable, assays and controlled substances.
(YEAR 2 TASK 1). Each experiment (Insulin and Oxandrolone) were run independently. For
each experiment, male, Sprague-Dawley rats were randomized into four groups: Burn/Hindlimb
unloaded-Vehicle (BHV), Burn/Hindlimb unloaded-Treated (INS or OXAN) with daily
resistance exercise (EX) or no exercise (NEX) (N=6/group). Rats were introduced to resistance
exercise by adding weight to each tail during repetitive ladder climbing ten days prior to injury.
Rats were then weight-matched into treatment groups, either daily exercise or no-exercise.
Following injury, rats were administered daily subcutaneous (SQ) doses of either the vehicle or
drug. In addition, daily resistance exercise was completed on a 1m ladder at 85° incline. Each rat
completed 5 climbs 2x/day. At the conclusion of the experimental period, samples were collected
for further analysis (YEAR 2 TASKS 2-6). Statistical analysis using ANOVA with significance
at p<0.05 was used.



Body mass during Aim 2 for both the insulin study and oxandrolone study showed a similar
response as seen during our previous work looking specifically at the burn/hindlimb unloading
groups (Wade et al, 2013). There were no differences in initial body mass between treatment
groups, however, we did observed differences by day 14 as a result of exercise or treatment.
(FIGURE 4/TABLE 6).

In both studies, at day 14, exercise and

drug treatment body mass were

significantly reduced compared to the
other treatment groups. Compared to
other treatment groups, there was an

increase in average food consumed over |

the last 5 days in the exercise groups,
irrespective of treatment.

Fat mass was significantly reduced in
the disuse groups, with an additive
effect of burn with disuse (p<0.001).

Insulin Study:

Plasma insulin was not different between

IEEEEREEEEREEE RN

Figure 3
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groups, irrespective of treatment or exercise. Insulin

dosing was discontinued 36 hours prior to

Table 6 BH-VEH BH-INS . . .
D14 Body Mass (@) (7=63) | | bloc_)d colleptmn to av0|_d hypogl_ycemla
NEX I 27033 | 271 during fasting. Circulating insulin has a
- - half-life of approximately 24 hours, which
Food Intake (Last 5 days-g/100g BM/day) (n=63) H H : H
N P 7awz— May be contributing to no differences being
MINEX [ 74x01r | 7802 observed.
Fat Mass (per 100g BM) (n=63)
NEX 0.62+0.03 0.69+0.04
EX 0.66+0.03 0.65+0.05
Total Hindlimb Muscle Mass (per 100g BM) (n=63)
NEX 0.88+0.01 0.90+0.02¢
EX 0.95+0.01* 0.99+0.02*

Free Fatty Acids (FFA) was significantly increased in EX-INS as compared to NEX-VEH. We
found no differences between the other groups (p>0.05) (FIGURE 5).

Figure 5
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When we looked at gene expression in subcutaneous white adipose tissue (SCWAT) for fatty acid
metabolism and mitochondrial activity (FFA, Cd36, Pgcla and Ldha), in the hindlimb unloading,
exercise vs no exercise, we found that exercise restored these genes in the fat (p<0.05)
(FIGURE 6).

Figure 6

FFA Cd36 Pgcila Ldha
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No differences were found in body mass between groups, irrespective of treatment. Food intake

was significantly increased as a function of exercise, but was not affected by pharmacological
treatment (TABLE 6).

Plasma Osteocalcin was increased in NEX-VEH as compared to the other groups (p=0.09)
(FIGURE 7).

Figure7 Osteocalcin
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Bone strength parameters, including peak force, ultimate stiffness, bending failure energy and
ultimate bending stress were measured (YEAR 2, TASK 5). We found that there was a disuse
effect, irrespective of exercise, in peak force and ultimate bending stress (p>0.05) (TABLE 7).
In addition, we measured mineral content in ashed bone. We found no significant changes in Ca,
P, Mg or Zn.

Table 7 I Vehicle Insulin
Ca (mg/mg bone)
NEX 215.946.8 213.946.3
EX 228.3¢13.9 223.414.3
P (mg/mg bone)
NEX 97.5+3.1 98.4+2.5
EX 100.7+2.3 102.0+1.4
Mg (mg/mg bone)
NEX 4.4+0.1 4.4+0.2
EX 4.31+0.1 4.4+0.1

Zn (mg/mg bone)
NEX 0.19+0.01 0.18+0.01
EX 0.2110.02 0.20+0.02

11



Oxandrolone Study:

Sample analysis continuing.

Body mass during Aim 2 for the oxandrolone study showed a similar response as seen during
our previous work looking specifically at the burn/hindlimb unloading groups (Wade et al,
2013). There were no differences in initial body mass between treatment groups, however, we
did observed differences by day 14 as a result of exercise or treatment.

Body Mass (g)
N
-]
-]

= 2 I T T X ® °:
o= o @ @ @ m @ @ ] o )

B#10

Plasma Osteocalcin was increased, but not significantly different in EX-OXAN as compared to
the other groups (FIGURE 8).

Figure 8
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Oxandrolone is a derivative of testosterone, so plasma testosterone was measured to determine
circulating testosterone at the conclusion of the study. No significant differences were observed
in plasma testosterone, however NEX-OXAN was increased as compared to the other treatment
groups.

Bone strength parameters, including peak force, ultimate stiffness, bending failure energy and
ultimate bending stress were measured (YEAR 2, TASK 8). We found that there was a disuse
effect, irrespective of exercise, in peak force, bending failure and ultimate bending stress
(p>0.05) (FIGURE 9). In addition, we measured mineral content in ashed bone, including Ca, P,
Mg, and Zn. No significant differences were observed in any measured bone minerals (TABLE
8).

12



Figure 9.
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Table 8

| Mean+SEM Vehicle Oxandrolone
Ca (mg/mg bone)
NEX 199.6+2.5 186.6+12.1
EX 193.4+5.0 202.2+5.6
P (mg/mg bone)
NEX 87.1+1.0 83.7+5.5
EX 87.5+1.5 89.1+1.2

Mg (mg/mg bone)
NEX 3.8+0.1 4.1+0.6
EX 3.9+0.1 3.9+0.1

Zn (mg/mg bone)
NEX 0.13+0.02 0.12+0.01
EX 0.15+0.02 0.14+0.01

Results (Wolf):
Specific Aim 2:

The reversal effect of exercise training on muscle genomic profile in rats with burn and
hind limb

Micro RNA (miRNA) is a class of non-coding RNA that regulates gene expression by silencing
messenger RNA. We pooled 3 animal muscle samples from each treatment group for RNA
extraction. We measured miRNA expression by using Affymetrix miRNA 4.0 Arrays and gene
expression by using Affymetrix rat gene 2.0 chips.

MiRNAs and gene profiles are distinguished in response to burn, hindlimb unloading and
exercise respectively. There are 1,218 rat spice miRNAs in a total 36,222 miRNAs detected in
each group. We identified 703 (57.7%) up-regulated miRNAs and 515 (42.3%) down-regulated
MIiRNASs in the burn group compared to sham. Thirty-five up-regulated and 12 down-regulated
genes after burn in rat plantaris. 623 miRNAs were upregulated and 587 were down regulated
with exercise. Forty-one gene transcript probes were identified including 40 down-regulated
and 1 up- regulated between the exercise or non-exercise in BH rats.

Burn and hind limb unloading contribute respectively. However, there are overlaps in both
miRNA and transcript gene levels between burn and hindlimb unloading. MiR-182 increased
12.81 fold in burn, 23.82 fold in hindlimb unloading respectively, and increased 35.35 fold in
burn and hindlimb unloading group. Nr4a3 gene expression increased 2.45 in burn and 3.59 fold
in hindlimb unloading respectively, and increased 6.31 fold in BH rats.

One targeted gene could be regulated by a group of miRNAs. For instance, miR-409a-3p was the

most down-regulated miRNA in response to burn (-2.95 fold change). It functions with up-
regulated miRNA-182 to inhibit muscle Colla2 gene expression after burn. Gene-related
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pathways are activated after a burn, such as inflammation response, oxidative stress, cell
cycle, cell apoptosis, calcium regulation, and striated muscle contraction.

The effect of exercise alleviated miRNA and gene expression in BH rats. miR-182 decreased -
7.04 fold in BH rats with exercise training; gene expressions of Fgl2 in blood clotting cascade
and Collal in inflammatory response pathway decreased in response to exercise training as well.
In summary, miRNAs and transcript gene profiles were affected in burn and hindlimb unloading,
those changes are associated with muscle pathophysiological changes, including muscle mass
loss and function impairment. The muscle improvement with exercise training were also
observed in gene levels with miRNA alterations.

The improvement of exercise and insulin pharmacological combination in rat muscle

Twenty Four animals received burn and hindlimb unloading procedure (as previous experiment)
and were randomly assigned (n=6) to vehicle without exercise (V/N), insulin (pro zinc 40U
daily) without exercise (I/N), vehicle with exercise (V/E), or insulin with exercise (I/E). On day
14 muscle functions were tested and tissue collected.

In summary, we observed that muscle functions including tetanic (Po) and twitch (Pt) were
significantly elevated in both plantaris and soleus with insulin and excise combined treatment.
No function improvement with solely insulin treatment was found. (Data values presented as
mean +SEM listed the following table).

Muscle Dimensions and Isometric Muscle Function

Parameter Plantaris Soleus
Group No Exercise Exercise No Exercise Exercise
Vehicle  Insulin Vehicle  Insulin Vehicle Insulin Vehicle  Insulin
Muscle Wet weight (mg)  332+18329+9 348 +6.3354 + 14 119+2143+23 151+32131+7
Lo (mm) 35+£231+03 32+1  3R2z*1 33+£1.429+04 31+£0930+04
PCSA (mm?) 27+3 30+2 30+£2 312 50+0269+23 6.7+136.0+03
Twitch Force Pt (g) 89+9 85+ 3 92+21102+8 10+2 10+ 2 14+2*18+1
Tetanic Force Po (g) 430 + 31459 + 12 508 + 14 1522 + 17 38+8 38+9 59+5*69+5
Po/CSA (N/cm?) 16+2 15%2 16+x1 17+1 74+2 70%1 10£2312+1
Pt/Po (%) 211 19+1 18+ 0.4 20+1 26+1 24+ 2 242 26+ 2
Fatigue Maximum (g) e _— e _— 33+6 34+9 53+4*64+4
Minimum (g) J— J— J— J— 2146 27+6 146 + 4 %54 + 4
Index (%) e e e e 81+7 84+5 87+5 84+5
Lo = optimal muscle length *vs. No Exercise (ANOVA, p<0.05)
PCSA = Physiological Cross Sectional Area T vs. Vehicle No Exercise (ANOVA, p<0.05)
Po/CSA = Tetanic force normalized to PCSA #vs. Vehicle No Exercise (one-tailed t-test p<0.05)
Pt/Po (%) = Ratio of twitch to tetanic force ¥ vs. Other groups combined (two-tailed t-test, p=0.05)

Fatigue Index = Ratio of fatigue minimum to maximum

The effect of exercise and oxandrolone pharmacological combination in rat muscle function

Twenty Four animals received burn and hindlimb unloading procedure (as previous experiment)
and were randomly assigned (n=6) to vehicle without exercise (V/N), oxandrolone (daily)
without exercise (O/N), vehicle with exercise (V/E), or insulin with exercise (O/E). On day 14
muscle functions were tested and tissue collected.
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Two way ANOVA statistical analysis showed that there is a significant decrease in fatigue

index (FI) with exercise training, like we observed in previous study. There is no significant

changes with oxandrolone treatment. (Data values presented as mean £SD listed the following

table).
Plantaris NX E Soleus NX EX
X
VEH OXD VEH OXD VEH OXD VEH OXD
Tissue 033034t 0312+ 0331x 0300+ Tissue 0109+  0100% 0102+ 0110+
weight(g) 0.018 0.028 0.042 0.033 weight(g) 0.015 0.031 0.014 0.016
Lomm) | 222+18 2252'21 23+11  223+12 Lo(mm) | 21.8+24 220430 | 214434  208+08
0.0166 + 00169+ | 00187+ 00165+ 4780+ 5230+ 64.95 + 4882+
12RT(s) 0.001 0.001 0.001 0.001 Pi(g) 29.44 1413 39.77 11.19
ot 98.00 + 115.85 + 11240+ 10586 + . 11349+ 12602+ | 10630+ 124.09 +
@ 13.39 27.13 22.47 1151 © 69.89 49.97 18.62 17.81
Po(g) 42667+  469.08 + 489.74 555.44 + o 2643+ 2724+ 15.56 + 16.08 +
g 137.64 47.16 + 45.41 1179%  13.02% 7.75% 6.36%
58.13
417+ Fatigue 7980+ 95075+ | 10025+ 10471+
Po/Pt 429+101 e 4(.)4341 5.31+055 (o) hrr o 0= o
6.787 + 8.969 + 7853+ 8187+ 9693+ 10814+ | 14.055+ 9.521 +
sPUNICm2) | "5 g4 2974 1.449 1.020 sPN/ecm2) | "5 549 4.504 8.328 1.741
20686+ 35212+ | 34733+ 38251+ 2671+ 20082+ | 23413+ 24.459 +
sPo(Nfem2) | "1 058 7.434 6.979 11.784 sPo(Nfem2) | 14 044 13.787 6.091 4.136

CONCLUSIONS (WOLF):

e Immobilization significantly decreases muscle mass and strength in both burned and non-
burned conditions

e Burn has less effect on decreasing muscle mass and strength than immobilization in the
current animal model

e Exercise improves muscle size and strength after burn and immobilization, primarily in
slow twitch muscles

e Insulin and exercise have additive effects of muscle function improvement in the current
burn and hindlimb unloading animal model.

Aim 3 Methods:

Twenty Four rats received 40% TBSA burn and hindlimb unloading (HLU) as described
previously. All rats were pre-trained 10 days prior to injury. Immediately following injury, all
rats were put into HLU, and continued exercise training for 14 days. Rats were divided into 2
treatment groups, either daily subcutaneous injections of pro zinc insulin 5U/kg or vehicle saline
injection. At day 14, all rats were removed from HLU, and all injections stopped. Rats within
each treatment group were separated into exercise (EX)/no exercise (NEX) (n=6) for an
additional 14 days.

At the conclusion of the reloading period, muscle function testing was completed, blood was
collected and selected tissues were removed and stored for further analysis.

Results (Wade):
16



Specific Aim 3:
Body mass during unloading/daily injection and exercise period.

During the unloading period, there were no differences in body mass between the saline vehicle
injection plus exercise group, and the insulin injection plus exercise group until day 14. The
change in body mass is illustrated in the graph insert below.
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Soleus mass on Day 28. Insulin injections throughout the unloading period with exercise had an
effect during the reloading period, irrespective of exercise.
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Plasma insulin on Day 28. Insulin injections had an effect throughout the unloading period
primarily in the no exercise group. Exercise has a slight effect.
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Plasma Free Fatty Acids on Day 28. FFA showed a slight increase between groups at the end of
the unloading period, but were not significantly different.
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Preliminary plasma analysis shows that at the conclusion of the reloading period, daily insulin
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injections with exercise, the reloading plus exercise had minimal effect on various indices.

Though exercising resulted in a persistent reduction in body mass measurements of bone
function, morphology and mineral composition demonstrated no significant differences

between treatment groups.
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4. KEY RESEARCH ACCOMPLISHMENTS

The milestone for Year 1 was the completion of Aim 1. There were 8 major tasks associated with
this aim. See Appendix 1 for project timeline. The tasks and completion status are included

below:

Major Task 1 was to obtain protocol approval from the University of Texas Health
Science Center at Houston. This task was completed before any associated animal work
could be completed (Wade).

Major Tasks 2 and 3 included training personnel, acquiring any equipment needed for the

experiments associated with Aim 1 and setting up for the animal testing. These tasks
were completed prior to any work being done. Coordination with investigators from the
other institutions was initiated and timelines were able to be generated experiment
completion (Wade/Wolf).

Major task 4 includes starting and completing Aim 1 experiments. All pre-training and
experimental procedures were completed according to the timeline. Samples were
collected and stored appropriately for further analysis (Wade/Wolf).

Major task 5 was completed at the conclusion of each experiment. Muscle function was
completed on all animals in all groups for Aim 1. Plasma and tissue were collected and
stored for processing at a later time (Wade). Muscle function testing was completed
(Wolf).

Major task 6 is complete. Specific ELISA kits were ordered and assays have been
completed. Additional ELISA Kits were purchased for repeating of data and were
completed (Wade). Muscle tissue weight measurement completed. Muscle protein
extraction, histology and immunohistology staining of muscle tissue, muscle tissue
protein electrophoresis and analysis of these data are complete. Muscle tissue RNA
extraction, genomic profile analysis are complete (Wolf).

Major task 7 bone analysis is complete. Bone strength and mechanical testing has been
completed on all bones collected during this aim. Microcomputer topography (uCT) is
complete. Data analysis of uCT scans is complete (Wade).

Major task 8 is complete. Six abstracts have been submitted to professional scientific
meetings detailing this work to-date. Three manuscripts have been published in a peer-
reviewed journal detailing this work to-date (Wade/Wolf).
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The milestone for Year 2 was the completion of Aim 2. There were 6 major tasks associated with
this aim. See Appendix 1 for project timeline. The tasks and completion status are included

below:

Major Task 1 was to order supplies, animals and set-up for the completion of Aim 2
experiments. Coordination with investigators from the other institutions was initiated and
timelines were able to be generated experiment completion. This task was completed
prior to the start of the two separate experiments (Wade/Wolf).

Major task 2 includes starting and completing all Aim 2 experiments. All pre-training and
experimental procedures were completed according to the timeline. Samples were
collected, and stored appropriately for further analysis (Wade/Wolf).

Major task 3 was completed at the conclusion of each experiment. Muscle function was
completed on all animals in all groups for Aim 2. Plasma and tissue were collected and
stored for processing at a later time (Wade). Muscle function testing was completed
(Wolf).

Major task 4 is complete. Specific ELISA kits were ordered, and assays have been
completed. Muscle tissue weight measurement completed. Muscle protein extraction,
histology and immunohistology staining of muscle tissue, muscle tissue protein
electrophoresis, and analysis of these data are complete. Muscle tissue RNA extraction,
genomic profile analysis are complete (Wolf).

Major task 5 bone analysis is complete. Bone strength and mechanical testing has been
completed on all bones collected during this aim. Microcomputer topography (uCT) is
complete. Data analysis of uCT scans is complete (Wade).

Major task 6 is complete. Two abstracts have been submitted to professional
scientific meetings detailing this work to-date (Wade/Wolf).

The milestone for Year 3 was the continuation of analyzing data from Aim1 and Aim 2, as well
as completion of the animal experiment and sample collection for Aim 3. There were 6 major
tasks associated with this aim, and major tasks 1-3 were completed in Year 2. See Appendix 1
for project timeline. The tasks and completion status are included below:

Major task 4 is complete. Specific ELISA kits were ordered and have been completed.
Muscle tissue weight measurement completed. Muscle protein extraction, histology and
immunohistology staining of muscle tissue, muscle tissue protein electrophoresis, and
analysis of these data are complete. Muscle tissue RNA extraction, genomic profile
analysis are complete (Wolf).
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e Major task 5 bone analysis is complete. Bone strength and mechanical testing has been
completed on all bones collected during this aim. Microcomputer topography (uCT) is
complete. Data analysis of uCT scans is complete. A delay occurred with the departure
of the primary individual tasked for conducting all of the uCT measurements. A
compatible source has been identified and analysis has been completed (Wade).

e Major task 6 is currently on-going. Nine abstracts have been submitted to professional
scientific meetings detailing this work to-date (Wade/Wolf).

e Major task 8 is currently on-going. Twelve abstracts have been submitted to professional
scientific meetings detailing this work to-date. Three manuscripts have been published in
a peer-reviewed journal detailing this work to-date (Wade/Wolf).

5. CONCLUSION

Both Aim 1 and Aim 2 used our validated rodent model of burn and disuse, with a daily
resistance exercise regimen started before injury and continuing for the duration of the
experimental period. Aim 2 focused on the addition of daily doses of either vehicle or a
pharmacological agent (insulin or oxandrolone), in unison with the daily resistance exercise
regimen. For both aims, all rats were able to complete the exercise program after injury, and no
rats were excluded from the experiment at any time. Data presented, irrespective of resistance
exercise and daily dosing, are comparable to previous studies. Daily resistance exercise resulted
in a significant decrease in body mass, which can be attributed to the reduction in fat mass. The
changes in muscle and bone support our previous research. Bone was affected primarily by the
disuse component. Exercise alone did not seem to contribute to the overall changes. Muscle
changes, however, were a result of the addition of resistance exercise. All eight major tasks for
Year 1 have been completed. All six major tasks for Year 2 have been completed.

In both Aim 1 and Aim 2, uCT analysis is complete despite change in personnel and availability
of the equipment to complete the scanning and analysis of the bones. In both Aim 1 and Aim 2,
abstract and manuscript submissions are currently on-going as they are actively being drafted and
submitted.

The animal experiment portion of Aim 3 was completed and data analysis is complete. The
primary focus will be determining the interrelationship between muscle and bone following re-
ambulation following pharmacological interventions and exercise. Assay work and data analysis
IS on-going and abstracts/manuscripts are actively being prepared for submittal.

22



6. PUBLICATIONS, ABSTRACTS AND PRESENTATIONS

a. All publications resulting from this project
(1) Lay Press: Not applicable
(2) Peer-Reviewed Scientific Journals:

Threlkeld MRS, Wolf SE, Song J. Muscle function improved in injured mice with a
biological de-cellularized matrix application. Submitted to J. Surgical Res in 2018
March.

Hernandez P, Buller D, Mitchell T, Wright J, Liang H, Manchanda K,

Welch T, Huebinger RM, Carlson DL, Wolf SE, Song J. Severe Burn-Induced
Inflammation and Remodeling of Achilles Tendon in a Rat Model. Shock. 2018
Sep;50(3):346-350. doi: 10.1097/SHK.0000000000001037. PMID: 29065066;
PMCID: PMC6072366.

Song J, Saeman MR, Baer LA, Cai AR, Wade CE, Wolf SE. Exercise Altered the
Skeletal Muscle MicroRNAs and Gene Expression Profiles in Burn Rats With
Hindlimb Unloading. J Burn Care Res. 2017 Jan/Feb;38(1):11-19. doi:
10.1097/BCR.0000000000000444. PMID: 27753701; PMCID: PMC5179292.

Saeman MR, DeSpain K, Liu MM, Carlson BA, Song J, Baer LA, Wade CE, Wolf
SE. Effects of exercise on soleus in severe burn and muscle disuse atrophy. J Surg
Res. 2015 Sep;198(1):19-26. doi: 10.1016/j.jss.2015.05.038. Epub 2015 Jun 12.
PMID: 26104324; PMCID: PMC4542145.

(3) Invited articles: Not applicable
(4) Abstracts:

Baer LA, Song J, Wolf SE, Wade CE. Effects of resistance exercise on caloric intake
and body mass in rats following burn and disuse. Poster presented at: 47" American
Burn Association (ABA) Annual Meeting; 2015 Apr 21-24; Chicago, IL.

Carlson BA, Song J, Saeman MR, DeSpain K, Baer LA, Wade CE, Wolf SE.
Exercise alleviates skeletal muscle protein loss after severe burn and hindlimb
disuse. Poster presented at: 47" American Burn Association (ABA) Annual Meeting;
2015 Apr 21-24; Chicago, IL.

Song J, Baer LA, Saeman MR, Liu MM, Carlson B, Wolf HE, DeSpain K, Wade
CE, Wolf SE. Skeletal muscle fiber type changes in severe burn rats with muscle
disuse atrophy. Poster presented at: 47" American Burn Association (ABA) Annual
Meeting; 2015 Apr 21-24; Chicago, IL.
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Saeman MR, DeSpain K, Liu M, Carlson B, Baer LA, Song J, Wade CE, Wolf SE.
The effects of exercise on soleus function in severe burn with muscle disuse atrophy.
Poster presented at: 10" Annual Academic Surgical Congress Meeting; 2015 Feb 3-
5; Las Vegas, NV.*

Saeman MR, Song J, Baer LA, DeSpain K, Wade CE, Wolf SE. Plantaris miRNA
and target gene profile after exercise training in an animal model of hindlimb
unloading and severe burn. Poster presented at: 38" Annual Shock Society
Conference; 2015 Jun 6-9; Denver, CO.

Saeman MR, Song J, Baer LA, DeSpain K, Wade CE, Wolf SE. Plantaris microRNA
and target gene profile after exercise training in an animal model of bed rest and
severe burn. Poster presented at: 38" Annual Shock Society Conference; 2015 Jun 6-
9; Denver, CO.

Song J, Saeman MR, DeSpain K, Baer LA, Wade CE, Wolf SE. Muscle microRNA
profile alteration following severe burn. Poster presented at: 38" Annual Shock
Society Conference; 2015 Jun 6-9; Denver, CO.

Baer LA, Song J, Stanford KI, Wolf SE, Wade CE. Burn and disuse with resistance
exercise effects on fibroblast growth factor-21 and eNOS in rats. Poster presented at:
Cell Symposia Exercise Metabolism Annual Meeting; 2015 Jul 12-14; Amsterdam,
Netherlands.

Baer LA, SongJ, Wolf SE, Wade CE. Effects of resistance exercise and daily insulin
on body mass, food intake, fat mass and total hindlimb muscle mass in rats following
burn and disuse. Poster presented at: 48" American Burn Association (ABA) Annual
Meeting; 2016 May 3-6; Las Vegas, NV.

Cai A, Song J, Kumar P, Sehat A, Saeman MR, Baer LA, Wade CE, Wolf SE.
Exercise treatment reversed micro RNA profile in burn rats with hindlimb unloading.
Poster presented at: 48" American Burn Association (ABA) Annual Meeting; 2016
May 3-6; Las Vegas, NV.

Song J, DeSpain K,Baer L, Wade CE, Wolf SE. Combined effects of oxandrolone
and exercise on muscle function recovery in rats with severe burn and hindlimb
unloading. Poster presented at: 39" Annual Shock Society Conference; 2016 Jun 11-
14; Austin, TX.

Saeman MR, DeSpain K, Song J, Baer LA, Wade CE, Wolf SE. Combined effects of
insulin and exercise on muscle function in severe burn. Poster presented at: 11th
Annual Academic Surgical Congress; 2016 Feb 2-4; Jacksonville, FL.

Baer LA, Stanford KI, Song J, Wolf SE, Wade CE. Resistance exercise effects on
body mass, free fatty acid concentration and fatty acid metabolism in sSQWAT
following burn and disuse in rats. 49" American Burn Association (ABA) Annual
Meeting; 2017 Mar 21-24; Boston, MA.
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Baer LA, Harris J, Sindeldecker D, Song J, Wolf SE, Stanford KI, Wade CE.
Moderate resistance exercise improved the metabolic profile of adipose tissue in a
model of disuse. Poster presented at: 49" American Burn Association (ABA) Annual
Meeting; 2017 Mar 21-24; Boston, MA.

Baer LA, Harris J, Sindeldecker D, Song J, Wolf SE, Stanford KI, Wade CE.
Moderate resistance exercise improved the metabolic profile of adipose tissue in a

model of disuse. Poster presented at: Experimental Biology Annual Meeting; 2017
Apr 22-26; Chicago, IL.

Song J, Baer L, Saeman M, Wade CE, Wolf SE. Transcriptomic profile alterations in
burn/hindlimb unloaded rats with insulin and exercise combination treatment. Poster
presented at: 40" Annual Shock Society Conference; 2017 Jun 3-6; Fort Lauderdale,
FL.

b. Presentations made during the last year

Baer LA, Nutall K, Burchfield J, Vincent S, Stanford KI, Song J, Wolf SE, Wade
CE. Effects of the combination of daily insulin plus resistance exercise during the
unloading and reloading phases following burn and disuse in rats on body mass, food
intake and fat mass. Poster presented at: 50" American Burn Association (ABA)
Annual Meeting; 2018 Apr 10-13; Chicago, IL.

Geng CX, Karbhari N, Song J, Baer L, Wolf SE, Wade C. Insulin and exercise
combination therapy recovers muscle function in a burn and disuse rat model by
activating protein synthesis and inhibiting proteolysis. Oral presentation presented at:
50" American Burn Association (ABA) Annual Meeting; 2018 Apr 10-13; Chicago,
IL.

Song J, DeSpain K, Baer L, Burchfield J, Nutall K, Vincent S, Wade C, Wolf SE. A
long-term of resistant exercise decreased rat muscle function in fast twitch myofiber
dominated plantaris. Poster presented at: 50" American Burn Association (ABA)
Annual Meeting; 2018 Apr 10-13; Chicago, IL.

Hernandez P, Fa A, Mitchell T, Buller D, Huebinger R, Van Hal M, Wolf SE, Song
J. Molecular and structural changes in Intervertebral Discs following Severe Burn in
Rats. Poster presented at: 50" American Burn Association (ABA) Annual Meeting;

2018 Apr 10-13; Chicago, IL.

DeSpain K, Song J, Rosenfeld CR, Wolf S. Vascular smooth muscle dysfunction
after burn. Poster presented at: 50" American Burn Association (ABA) Annual
Meeting; 2018 Apr 10-13; Chicago, IL.
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INVENTIONS, PATENTS AND LICENSES
Nothing to report.

REPORTABLE OUTCOMES

Nothing to report.

OTHER ACHIEVEMENTS

Nothing to report.
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ABSTRACT: 250

Introduction: skeletal muscle injury with muscle mass loss leads to the concerns of muscle
function recovery later time after life threaten rescue. The novel bio-scaffold application of
porcine derived Urinary Bladder Matrix (UBM) is beneficial of tissue regeneration. However the
significance of UBM application in animal models was limited due to the treatment time. The
purpose of the study is to investigate whether UBM treatment 14 days after injury improves
muscle function recovery in injured mice. Methods: C57BL/6 male adult mice received bilateral
laceration injuries on the gastrocnemius muscle under anesthesia, following treated with 150ug
of UBM nanoparticle or vehicle injection. The treatment was applied either right after injury or
14 days after injury. Muscle isometric force was measured at 49 days after injury. A second
experiment was separately performed to investigate the effect of UBM on muscle function
recovery in injured mice at 49 and 90 days. Results: Twitch (Pt) and tetanic (Po) significantly
decreased about 25% in injured mice at day 49. Muscle fatigue maximum force significantly
increased at later time treatment compared to either vehicle treatment or UBM treatment right
after injury. (p<0.05) The second experiment showed that Pt and Po significantly increased in
treated mice at day 49. However, there is no further of muscle function improvement observed in
injured mice with treatment at day 90. Conclusion: We observed muscle function recovery in
injured mice with UBM treatment 49 days after injury. The current model is suitable to test other

therapeutic strategy for muscle function improvement.

Key words: muscle isometric force, porcine derived Urinary Bladder Matrix (UBM), laceration

injury

2| Page



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Introduction:

Skeletal muscle represents the largest tissue mass in the body, with 40% to 45% of total
body weight providing supportive and locomotive function *. Loss of skeletal muscle from
direct injury can present debilitating effects to an individual. Later time after life threaten rescue
focused on function recovery and quality improvement. For those with loss of muscle from
direct injury, such as projectile fragments or crush injury, current management options
include functional free muscle transfer and the use of advanced bracing 2 which have limited
efficiency on functional recovery. Recent reports describe functional free muscle
transplantation in the forearm 2 and elbow *, has limitation with insufficient of function recovery.
Improvement in direct muscle re-growth therefore becomes a much more suitable option, if
possible, for patients with severe muscle injury and loss.

Novel regenerative medicine technologies has been applied in clinical studies of skeletal
muscle regeneration in trauma and burn patients ® ® 7. Aside from studies of cell viability itself,
the extracellular environment is considered one of the most important factors related to cell
growth into functional tissue. Extracellular matrix provides a robust cell growth
microenvironment based on its structure, and contains activation factor components to
engender cell migration, localization, and differentiation 8 into functional tissue components.

A type of extracellular matrix derived from de-cellularized porcine urinary and bladder mucosa ®
(UBM) has been shown to improve different types of tissue regeneration in vivo ° **, UBM
contains over 90% type I, 111, IV and V collagens with other components including
glycosaminoglycan (GAG), transforming growth factor (TGF), basic fibroblast growth factor

(bFGF), and vascular endothelial growth factor (VEGF). UBM provides a suitable
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microenviroment for regeneration, and also has putative bio-active growth factors for progenitor
cell recruitment and propagation 12,

A clinical case was shown the significant muscle mass improvement and function
recovery with implantation of porcine derived extracellular matrix for volumetric muscle loss
(VML) in a severely injured patient. In this clinical trial , muscle mass increased by 15% and
muscle function over 20% via leg extension torque test comparing data obtained 5 months prior
to UBM implantation and 9 months after 3. Implantation of extracellular matrix was not
performed until after strength was maximised through resistance training, and these
improvements were in addition to these. Another clinical study revealed that function
improvement with UBM treatment is associated with increased innervated muscle tissue islands
14 However, the mechanisms of which UBM treatment improves muscle regeneration are still
investigated.

We seek a suitable animal model to address the clinical questions. Most bench studies of
muscle injury animal models were applied matrix treatment right after injury ** ¢, which are not
fully mimic clinical treatment and thus limit the data interpretation and translational significance.
In general the processing of tissue healing and recovery including injury acute inflammation,
subacute repair and late remodeling phases. The muscle function outcome could be altered if the
treatment is applied at different stages. We hypothesized that muscle function is further
improved when UBM is treated after the acute phase of injury. In the current study we treated
injured animals with UBM nanoparticle 14 days after injury, and we examined muscle isometric

function 49 and 90 days.

Methods:
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C57BL/6 male adult mice (7 weeks old, from Jackson Laboratory, Bar Harbor, ME) were
acclimated one weeks in the animal facility at UTSW and then enrolled in the study. The animal
procedure was followed NIH guideline and the animal protocol was approved by IACUC at UT
Southwestern Medical Center (UTSW). Mouse was housed individually with free access of
water and food during the experiment.

Experiment 1 was to compare muscle function recovery with the treatment at the

different stage after injury. Twenty mice received bilateral laceration injuries procedure on the
gastrocnemius muscle under anesthesia, and were randomly grouped with treatment right after
injury (E) or 14 days (L) after injury. At each time point, injured animals were further grouped
with either vehicle (V, n=4) or UBM (U, n=6) treatment. Four additional animals were housed
paired without any procedure served as the baseline.

Experiment 2 was to confirm muscle function improvement with treatment over time.

Sixteen mice received bilateral laceration injuries procedure on the gastrocnemius muscle under
anesthesia, and were randomly grouped with vehicle (V, n=8) or UBM (U, n=8) treatment
applied 14 days later. Four animals from each group were examined for function recovery at day
49 and 90 after injury. Eight additional animals were housed paired without any procedure
served as the baseline (n=4/time point).

Muscle laceration procedure Animal was anesthetized with 2% isoflurane inhalation,

weighed and hair removed from both hindlimb. Mice was on prone position with aseptic
preparation. The skin above the gastrocnemius area was incised using a surgical blade (no. 11,
SteriSharps, Mansfield, MA). Gastrocnemius (GN) was blunted isolated from adjacent tissue

after upfolding biceps femoris and semitendinosus. GN was separated from soleus by inserting a

steel scalpel handle end (Brad-Parker, size 4) and two parallel full muscle thickness incisions

were made longitudinally in the middle of gastrocnemius with 3mm-width and 7mm-length. The
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whole pieces of muscle was cut off with a fine scissor and leads to over 20% weight loss of
gastrocnemius muscle. After laceration, the skin was closed with simple interrupted suture. A
dose of buprenorphine SR 0.05mg/kg was given subcutaneously. Fully recovered animals were
housed individually at the animal facility with food and water ad libitum during the experiment.
UBM/Vehicle treatment procedure  Animals were under anesthesia with 2% isoflurane
inhalation. 150 pg of UBM was suspended in 15 pl of Dulbecco’s Modified Eagle Media
(DMEM) (ATCC, Manassas, VA) and injected intramuscularly using 1ml syringe with 23g %
needle (BD Bioscience, San Jose, CA). MatriStem MicroMatrix (UBM) was purchased from
ACell Inc (Columbia, MD). Vehicle treatment was given to animals with the same amount of
DMEM. Animal was fully awaken and housed at animal facility till the end of experiment.
Isometric force measurement Isometric contractile properties of the gastrocnemius
muscles were measured by 1305A whole animal system (Aurora Scientific, ON, Canada) and the
procedure described as previously *’. Under anesthesia, animal was secured on the 37°C platform
which is connected with a circulated water bath. The gastrocnemius muscle in left limb was
gently dissected free of surrounding tissue and the Achilles tendon was secured with 4-0 surgical
suture and attached to the lever arm of a dual mode servo muscle lever system (mod #305c,
Aurora Scientific, Inc). Electrodes were implanted into the distal end of severed sciatic nerve and
the twitch, tetanic and fatigue isometric functions of the muscle were analyzed after optimal
length (Lo) of the muscle was achieved. A single twitch (Pt) was stimulated with a 200 Hz
impulse at 20mA while the muscle was then stretched 0.2 mm every 25s. The optimal length

(Lo) of the muscle was reached when there was less than 2% change between twitches. The
isometric tetanic force (Po) was stimulated at 150 Hz with impulse duration of 0.2ms, 75 pulses
per train for a total of 1s. Fatigue measurement was at 40Hz with impulse duration of 0.2 ms, 14

pulses per train, 10 mA, for a total of 240s.
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Muscle sample harvest and histology processing Animal was euthanized after in situ
muscle function test and gastrocnemius from both limbs were collected and weighed. Muscle
tissue were fixed in 10% neutral buffered formalin and histological processed for paraffin
embedding. Tissue sections (5um) were deparaffinized and rehydrated following the standard
Hematoxylin & Eosin (H&E) staining procedure. The image was taken by a Nikon Eclipse Ti
microscope under a 10x objective using NIS-Elements v4.60 software.

Statistical analysis  Statistical analysis was performed using two-way analysis of variance
(ANOVA) with Bonferroni post hoc tests, and paired student’s t-test where appropriate. All data

are presented as mean + stand error of the mean (SEM). Significance was accepted at p<0.05.
nn

Results:

Experiment 1

Normalized to mouse body weight at day 0, there was not significant body weight change

in injured mice between treatments at day 49. We corrected tissue weight of gastrocnemius
muscle (at day 49) by plusing lacerated tissue weight (at day 0), then normalizing with the body
mass. We found that the corrected tissue weight normalized to body mass in animals was greater
with later treatment. The corrected tissue weight was greater in mice treated 14 days later
compared to those treated right after injury, (p<0.05) suggesting the importance of treatment
time following injury. [Table 1]

The twitch (Pt), tetanic (Po), and fatigue isometric functions were analyzed in situ at day

49 after injury when the muscle stretched to the optimal length (Lo). Pt and Po significantly
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decreased in injured mice at day 49 compared to normal mice. (p<0.05) Lo was significantly
greater in late time treatment than earlier time point. (p<0.05) Muscle fatigue maximum force
significantly increased in mice at later time treatment compared to those either with vehicle
treatment, or treatment right after injury. (p<0.05) [Table 2]
Experiment 2

In the 2" experiment, isometric force Pt and Po decreased with tissue weight loss in
injured mice significantly at day 49 compared to no-injured mice. (p<0.05) Pt, Po, and sPo
significantly increased in UBM treated mice compared to vehicle treated mice. (p<0.05) [Table
3] The results again confirmed the effect of later time treatment from Experiment 1. At day 90,
there was not difference of body weight and tissue weight between injured and non-injured mice.
In addition, there was no muscle function improvement observed in injured mice with treatment

at day 90. [Table 4]

DISCUSSION:

In the current animal model with direct muscle laceration, muscle mass loss leads to
muscle function impairment with over 23% of maximum tetanic force reduction in 49 days, and
no significant decreased muscle force was observed at 90 days after injury. We further found that
the nanoparticle form of UBM sped up muscle function recovery at day 49. This result was
confirmed from two separated experiments in the current study.

There are several animal models of direct injury pattern to study the muscle recovery,
including cryoinjury 8, chemical cardiotoxin injection *°, physical contusion 2° and sharp

laceration. Wu developed the massive muscle loss with laceration injury in rat model which was
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fully described the healing time process 1. We chose the current model with similar laceration
injury to test our therapeutic strategy.

Merritt EK observed that injured rats with homologous extracellular matrix implantation
was only presented as tissue regeneration morphologic improvement but kept about 20% force
loss till 42 days ?2. We thus designated our observational time at 49 days after injury. We didn’t
observe the changes with treatment applied right after injury either (E-U vs. E-V). Surprisingly
an increased fatigue maximum force was observed in injured mice when UBM given 14 days
later. The result is more convincible when mice muscle function with UBM treatment was
repetitively improved in the second separated experiment.

We observed that the benefit of UBM has been diminished at day 90 and we speculated
that was due to biomaterial depletion and animal model self-recovery limitation. The current
format of UBM is nanoparticle which designs to be absorbed. UBM contains several growth
factors, and when UBM is decomposed with depleted of growth factors, tissue self-regenerating
finally covers the effect of UBM.

We noticed that the force value at day 90 re lower compared to other time points, and that
was due to the system calibration before each experiment. The animal posture and its
interrelationship of transducer could affected the value reading mainly. We previously noticed
that difference of value reading in left and right limb from one single animal because of animal
testing posture change related to the transducer. In this study, we measured muscle force onlyin
left limb from animals. Also, we set up a non-injury and no-treatment group as the baseline to
validate each single experiment.

In the current study, we focused on the muscle physiological improvement with isometric

force measurement. Beattie et al reported that UBM treatment improved tendon repair, which is
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associated with chemotaxis of multipotential progenitor cells to wound site 2%, and this benefit
might be related with bioactive components released from UBM 24, Though we did not focus the
cellular mechanism of muscle function improvement with UBM application, we speculate that
the time of UBM intervention could be the key because there is distinguishable cell population in
muscle tissue along with tissue injury-recovery period. Immune cells participate tissue wound
healing process, and there are two phenotypes of macrophage participating tissue regeneration 2.
UBM application later after injury might match the time of phenotype changed macrophage or
monocytes, further facilitate the muscle regeneration and function improvement. The next step
we will investigate how UBM interact with M1 and M2 macrophage during the tissue recovery
period.

The cellular mechanism of UBM in mediating muscle cells with function recovery is
complicated. There are studies showing that UBM worsen co-grafted muscle cells 25, or improve
the muscle cell presentation. Also another study showed that biological matrix not improved
muscle cell but jut fibroblast 2”. Walters’ group reported multiple layers wrapped in rat right after
laceration improves muscle function and fibrotic tissue remodeling, but there is no evidence of
muscle tissue regeneration at day 28. We observed that increased myogenesis in cryo-injured
mice with UBM treatment 8. In vitro we further found that UBM increased proliferation marker
PCNA expression in mouse myoblast C2C12 cell, supporting the direct effect of UBM on
muscle cells. [Data shown/no shown]. In the current study, tissue trichrome staining showed that
a prominent of fibrosis formation in muscle tissue with UBM treatment, especially treated right
after injury. Meanwhile the central localized myotube also were observed in UBM treatment
group. [Figure 1] The different outcome might be argued with different experimental settings

especially treatment time. We used nanoparticle form of UBM given to animals 14 days after
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injury. The specific treatment condition could alter the interaction among different types of cells
involved muscle tissue regeneration.

In conclusion, the current study provides a reliable and clinical relevant model to
investigate muscle function recovery for therapeutic development. The data from the current
study showed that UBM nanoparticle accelerates muscle function recovery in injured mice;

furthermore, the limited effect of UBM demands us to optimize the therapy strategy in future.
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TABLE AND FIGURE LEGENDS:
Table 1 Animal body change and muscle tissue changes 49 days after injury
A, p<0.05, late (L) vs. Earlier treatment (E ); W, p<0.05, L-U vs. E-U group, two-way ANOVA.

TW-Gastrocnemius tissue weight; BM-body weight at day 49.

Table 2 Isometric force in mouse right gastrocnemius 49 days after injury
+, p<0.05, vs. N-C, Student’s t-test. * , p<0.05, vs. E-V; A, p<0.05, vs. E-U; ¢, p<0.05, vs. L-V,

two-way ANOVA. TW- tissue weight; Lo- optimal length; ¥2 RT-half relaxation time; Pt- twitch

force; Po- tetanic force; sPo-specific tetanic force; Ft-Fatigue

Table 3 Isometric force in mouse right gastrocnemius 49 days after injury in Experiment 2
+, p<0.05, vs. N-C; A p<0.05, vs. V group, Student’s t-test. BM- body weight; TW- tissue weight; Lo-
optimal length; %2 RT-half relaxation time; Pt- twitch force; Po- tetanic force; sPo-specific tetanic force;

Ft-Fatigue

Table 4 Isometric force in mouse right gastrocnemius 90 days after injury in Experiment 2

BM- body weight; TW- tissue weight; Lo- optimal length; %2 RT-half relaxation time; Pt- twitchforce;

Po- tetanic force; sPo-specific tetanic force; Ft-Fatigue

Figure 1
Trichrome staining of mouse gastrocnemius muscle tissue. N-C: normal control; E-D: DMEM
treatment right after injury; E-U: UBM treatment right after injury; L-D: DMEM treatment at 14

days after injury; L-U: DMEM treatment at 14 days after injury.
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Table 1

Treatment time Body weight TW/BM Corrected
after Injury Treatment  Group (n) change W (e) (mg/g) TW/BM (mg/g)
No injury No N-C(n=5) | 1.18+0.01 | 0.138+0.002 [5.21+0.11 5.21+0.11
Vehicle E-V (n=4) 1.16+0.02 0.091+0.009 (3.41+0.33 4,39+0.45
0 day (E)
UBM E-U (n=6) 1.17+0.02 0.092+0.003 (3.47+0.09 4.24+0.09
Vehicle L-V (n=4) 1.21+£0.01 0.110+0.011 4.14+0.49 5.13+0.43
14 days (L)
UBM L-U(n=6) | 1.19+0.05 | 0.102+0.007 [3.84+0.23 5.04+0.13 A u




Table 2

No-injury No-treatment Treatment at 0 day Vehicle Treatment at 14 days Vehicle
N-C (n=5) UBM UBM

E-V (n=4) E-U (n=6) L-V (n=4) L-U (n=6)
Tissue
weight (g) 0.152+0.010  0.143+0.009 0.122+0.005 0.124+0.007 * 0.132+0.008
Lo (cm) 1.51+0.04 1.54+0.097 1.55+0.04 1.75+0.04 * 1.54+0.05 f
% RT (s) 0.0165+0.0016 0.0142+0.0006 0.01656+0.0008 0.01561£0.0009  0.0156+0.0009
Pt (g) 101.50+3.74  78.14+7.69 + 83.91+3.88 72.24+5.96 + 89.57+4.60
Po (g) 272.96+17.84 235.9317.44 212.36123.43 184.62+9.34 + 230.95+16.87
Pt/Po 0.36+0.01 0.32+0.02 0.40+0.02 0.37+0.03 0.44+0.03
sPo/PCSA 282.68+18.33 270.74430.89  282.08+33.38 293.99+37.85 279.03+13.99
Ft-max 178.56+27.08 133.19416.90  127.47+18.38 108.96+19.00 176.12+14.85¢ A




Table 3

D 49 No-injury Treatment
No-treatment Vehicle UBM
N-C (n=4) V (n=4) U (n=4)
BM (g) 27.1440.88 25.01+0.96 26.3310.20
TW (g) 0.171£0.007 0.14310.001 + 0.150+0.006
TW/BM (mg/g) 6.28+0.20 5.75+0.21 5.68+0.20
Lo (cm) 1.69+0.07 1.55+0.08 1.52+0.05
% RT (s) 0.0156+0.002 0.0142+0.001 0.0143+0.001
Pt (g) 91.39+2.84 61.21+4.18 + 82.85+7.24 A
Po (g) 324.52+49.54 251.25+16.53 300.161£4.29 A
sPo (N/cm?) 34.0615.21 24.36+2.05 30.86+1.83 A
Ft-max (g) 176.25+17.02 147.48+13.33 163.97+17.58
Ft-min (g) 8.88+0.64 9.25+4.09 8.37+3.18




Table 4

D90 No-injury Treatment
No-treatment Vehicle UBM
N-C (n=4) V (n=4) U (n=4)
BM (g) 31.41+1.17 30.11+1.17 28.84+1.46
TW (9) 0.192+0.006 0.157+0.015 0.164+0.0016
TW/BM (mg/qg) 6.13+0.29 5.21+0.46 5.67+0.43
Lo (cm) 1.65+0.03 1.58+0.07 1.50+0.09
% RT (s) 0.0141+0.0006 0.0148+0.0005 0.0132+0.0004
Pt (9) 68.59+6.14 54.24+5.20 44.59+5.92
Po (g) 175.64+31.85 163.76+42.89 154.69+45.78
sPo (N/cm2) 20.68+2.57 14.64+3.34 16.20+4.82
Ft-max (g) 72.92+13.17 83.43+29.08 63.27+28.35
Ft-min (g) 3.4240.65 6.16+3.56 3.06+1.34
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ABSTRACT
Go to:

INTRODUCTION

Severe burn is defined as a full-thickness burn of greater than 30% of total body surface area
(TBSA). It occurs at a rate of approximately 5/100,000 persons per year globally and may affect
multiple organs, even those distantly located from the burn site (1). In the musculoskeletal
system, severe burn induces hypercatabolism in muscle and bone due to the activation of
systemic inflammation, and disuse from long immobilization periods (2—6). Muscle loss and
atrophy postburn have been associated with increased levels of TNF-a (7), whereas bone mass
loss has been associated with circulating TNF-a, IL-1p, and IL-6, which are increased shortly
after burn (8-10). Despite the findings of mass loss in both skeletal muscle and bone, there are
limited studies on the molecular and structural effects of burn injury on tendon.

Tendon injuries are common events occurring in sports and other activities (11-13). Tendons are
mostly composed of type I collagen fibrils aggregated together into fibers to provide tensile
strength (14). There are also type 111 collagen fibrils intercalated into the collagen | fibers (14).
When tendon experiences remodeling or injury, collagen Il content increases, resulting in a
decrease in tensile strength (15). On the contrary, metalloproteinases such as the collagenase
MMP13 can cleave the collagen triple helix, creating fragments that are further degraded by
gelatinases such as MMP9 (16). In addition, modulators of musculoskeletal growth and
differentiation, such as TGFB1, have been reported to coincide with scar formation and healing
in tendon (17).

In this study, we hypothesize that the systemic inflammation caused by severe burn will induce
molecular and structural changes in Achilles tendon that ultimately debilitate this tissue. By
understanding the local changes produced in tendon, it is possible to adopt additional preventive
measures to improve healing and to aid with physical therapies that target muscle and bone.

Go to:

MATERIALS AND METHODS
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Animals

The animal protocol was approved by the Institutional Animal Care and Use Committee at the
University of Texas Southwestern Medical Center at Dallas in accordance with the Institutional
and Association for Assessment and Accreditation of Laboratory Animal Care guidelines and in
accordance with NIH guidelines. All animal procedures were carried out at the UT Southwestern
animal facility. A total of 40 adult male Sprague—Dawley rats (Charles Rivers), 270-300g, were
acclimated in an animal facility a week before the experiment. Animals were fed a pellet diet
(Harlan Teklad #2018) ad libitum and housed in a reversed 12-h light/dark cycle with maintained
room temperature.

Burn procedure

Animals were randomly divided into five groups: control (n=11), and 1 day (n=6), 3 days
(n=06), 7 days (n=6), and 14 days (n=11) postburn. Under 2% to 4% isoflurane inhalation
anesthesia, animal hair was removed from the dorsal and lateral surfaces and the animals were
secured in a specifically constructed template device with opening size of 10cm length and 7cm
wide (curved). Dorsal skin amounting to 40% of TBSA was exposed through the device aperture
and immersed in 95°C to 100°C water for 10s. The burned animals then received
intraperitoneally 4mL/kg body weight/TBSA% of lactated Ringer's solution for resuscitation
immediately after injury. Animals were given analgesia intraperitoneally (buprenorphine HCI
0.05mg/kg) immediately and 12h postburn. Control animals received sham treatment with the
procedure of hair removal, anesthesia, and submersion in room temperature water. Control
animals were not subjected to resuscitation procedure because injecting this amount of liquid
intraperitoneally will cause cardiac failure and/or abdominal compartmentalization syndrome
that would be fatal.

Tissue harvesting

Animals were euthanized with anesthetic overdose. Achilles tendons were isolated from
surrounding tissue and dissected from both sides of hind limbs. The proximal ends of the
Achilles tendons were disconnected at the end of the gastrocnemius, plantaris, and soleus, and
the distal ends at the calcaneus. Left leg tendons of eight control rats and six burn rats for each
time point (1, 3, 7, and 14 days) were stored in RNAlater (Qiagen), whereas right leg tendons
were snap frozen for protein extraction. Samples were stored in —80°C for further analysis.
Tendon RNA was obtained with RNAeasy Universal kit (Qiagen). cDNA conversion was done
with iScript kit (Bio-Rad), and qPCR with SsoFast Eva Green kit (Bio-Rad). Primers for I1L-6,
TNF, IL-1B, collal, col3al, MMP9, MMP13, and TGFB1 were purchased from QuantiTect
Primers (Qiagen). Gene expression was calculated using the AACt method with 18s as
housekeeping.

For protein extraction, tendon tissue was homogenized in RIPA buffer (Invitrogen) with
proteinase inhibitor cocktail (Sigma). Protein quantification was performed with BCA assay
(Pierce); 10 ug of total protein was used for Western blot. Antibodies included anti-collagen |
(Abcam), anti-collagen 111 (Abcam), goat anti-mouse HRP (Pierce), and goat anti-rabbit HRP
(Pierce), which were prepared in 2% BSA. Blots were developed with ECL (Pierce) using a
CCD camera system.



Histology

Right leg Achilles tendons were dissected from three control rats and five burn rats (14 days).
Parts of the calcaneus bone and gastrocnemius muscle were included. Tendons were fixed in
10% neutralized buffer formalin and decalcified with 10% formic acid. Paraffin sections of 5pum
were processed for hematoxylin and eosin (H&E) staining, as well as Picrosirius red staining.
Samples were visualized in a Nikon Eclipse Ti microscope or in an Olympus BH2-RFCA using
polarized light. The image analysis for Picrosirius red was performed using ImageJ (National
Institutes of Health (18)). Several regions of 320 x 320 pixels were selected from the central area
of each tendon. After converting the image into 8-bit and 256 color, the measurements of red,
green, and blue colors were postprocessed in Excel. For each piece, the (green+blue)/red values
were calculated and grouped as control vs. 14 days postburn, where green+blue represent more
organized fibers compared with red.

Biomechanics

Three tendons from the control group and five tendons from the burn rats at 14 days postburn
were dissected, leaving part of muscle and foot, and wrapped with cold PBS-soaked gauze to
prevent dehydration. Sandpaper was fixed to both tendon extremities. Specimens were then
clamped and tested using an Instron 5565 universal testing system (Instron Corp., Norwood,
MA) equipped with a 5-kN load cell. After precondition using a cyclic load oscillating from 0%
to 2.5% strain for 20 cycles, samples were finally pulled until failure at a crosshead speed of
6mm/min collecting force and deformation data throughout the test. Tendon material properties,
ultimate tensile force, and stiffness were calculated from the force-deformation curve.

Statistics

Data are presented as mean+error propagation for gene expression and mean+standard deviation
elsewhere. Data were analyzed in GraphPad Prism 7 with one-way ANOVA and Fisher LSD
posthoc test, or by unpaired Student t test when comparing two variables (P<0.05 being
significant).

Go to:

RESULTS

Changes in gene expression of cytokines, MMPs, and TGF(1 in Achilles tendon after
burn

The gene expression of the proinflammatory cytokines in tendon tissue IL-1p and IL-6 was
affected by severe burn. Both increased and reached a peak level at 3 days postburn, being
significantly higher compared with control group, P<0.05. The expression of TNF was also
higher than control but did not reach a significant level. After 7 days, all three genes decreased
back to control levels (Fig. (Fig.11A).
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Changes in expression of proinflammatory cytokines, metalloproteases, and collagens in Achilles tendon
after severe burn.

(A) Gene expression of cytokines IL-1p, IL-6, and TNF (B) metalloproteinases MMP9 and MMP13, (C)
TGFB1 and (D) collagens collal and col3al were examined with qPCR. (E) Protein levels of collagen I
and collagen 111 obtained by Western blot and normalized to total protein (F). Collagen I/111 protein ratio
was calculated from the Western blot results. Data are shown as mean with error propagation in (A) and
(B). Data are shown as mean=SD in (C) and (D). *P <0.05 vs. control.

We next analyzed whether the expression of the matrix metalloproteinases commonly affected in
tendinopathy were altered by burn. The results showed that the expression of both MMP9 and
MMP13 continually increased after the injury and reached significantly higher levels at 3 days
postburn compared with the control group, pP<0.05 (Fig. (Fig.1B).1B). MMP9 showed a second
significant increase at 14 days postburn by more than 20-fold compared with control, P<0.05
(Fig. (Fig.11B).

TGFp1, which has been linked to tendon repair and healing, was also analyzed. We found a
significant upregulation at day 14 postburn (P<0.05) (Fig. (Fig.11C).

Changes in collagen expression and collagen I/1ll ratio

The gene expression of col3al significantly increased at day 3 postburn, whereas collal did it at
day 7 postburn (Fig. (Fig.1D).1D). Protein levels of collagen | were significantly lower at day 7
postburn, P<0.05 (Fig. (Fig.1E)1E) and were restored back to control levels by day 14. Collagen
I11 protein, on the contrary, increased significantly at day 14 postburn, P<0.05 (Fig.
(Fig.1E).1E). The protein ratio of collagens I/111 showed a significant decrease at day 14
postburn (Fig. (Fig.11F).
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Histological and biomechanical evidence of tendon remodeling

We analyzed the control and 14-day postburn tendons stained with H&E to further investigate
signs of remodeling. Tenocytes and extracellular matrix fibers were found aligned with the
longitudinal axis in the control group. Most of the nuclei of tenocytes showed an elongated
shape. In contrast, tendons from animals at 14 days postburn showed less parallel organization of
cells and fibers, as well as hypercellularity with cell aggregation and round nuclei (Fig.
(Fig.2A).2A). To observe collagen organization in more detail, tendon sections were stained with
Picrosirius red and analyzed under polarized light. A representative image of a control rat
showed that collagen fibers were more organized and well aligned compared with 14 days
postburn, where tendon fibers showed less organization (Fig. (Fig.2B).2B). Our method of
quantification of green, blue, and red colors showed that the (green+blue)/red ratio significantly
decreased 14 days postburn, P<0.05 (Fig. (Fig.22C).

Control 14 days post burn

Fig. 2
Histological evidence of changes in Achilles tendon after severe burn.

(A) Tendons from control rats (upper panel) and 14-day postburn rats (lower panel) were stained with
hematoxylin and eosin to show cell morphology and gross fiber organization. (B) Slides from the same
tendons were used for Picrosirius red staining and analyzed with polarized light to show fiber
organization of control (upper panel) vs. 14-day postburn rats (lower panel). (C) Quantification of (green
+ blue)/red of the Picrosirius red images under polarized light was used to determine organization of
fibers. Scale bars=200um. %P <0.05 vs. control.

To assess tendon function in parallel with histological changes, we measured the ultimate force
of the left tendons of the same control and 14-day postburn rats utilized for histology (Fig.
(Fig.3A).3A). Data obtained from three control rats and five burn rats showed that control
tendons had a higher ultimate tensile force or maximum force before failure (Fig. (Fig.3B).3B).
The average ultimate force for the control group was 43.7+3.0N, whereas tendons of the 14-day
postburn group showed an average ultimate force of less than half that of the controls at
19.949.7N, P<0.05.
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Fig. 3
Biomechanical changes in Achilles tendon after severe burn.

(A) Example of tendon set-up for biomechanical testing. Tendons are pulled until failure. (B) Maximum
load values obtained from the force-deformation curve of three control rats and five injured rats 14 days
postburn. (C) Stiffness values calculated from force-deformation curves comparing no-burn vs. 14-day
postburn tendons. P <0.05, xxP<0.001 vs. control.

We also calculated tendon stiffness, which is the amount of measured deformation from an
applied force. Control tendons had an average stiffness of 19.38+0.16 N/mm that is significantly
different from 14-day postburn rats with an average stiffness of 9.18+0.99N/mm, P<0.001 (Fig.
(Fig.33C).
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DISCUSSION

In accordance with an induction of acute inflammation, we observed a significant increase in
gene expression of the proinflammatory cytokines IL-1p and IL-6 as well as the matrix
metalloproteinases involved in remodeling, MMP9 and MMP13. We observed a decrease in
collagen I/III protein expression, upregulation of TGFB1, histological signs of remodeling, and a
decrease in ultimate tensile strength of tendon 14 days postburn. Taken together, these results
demonstrate, for the first time, the presence of inflammation and remodeling in tendon distant
from the burn site after severe burn. This is consistent with similar findings in the literature for
both skeletal muscle and bone (1-4, 7).

Serum levels of IL6 have been previously reported to increase rapidly after burn and stay higher
than nonburn for several days (10, 19). The local increase in IL-1pB and IL-6 expression that we
observed in tendons indicates an inflammatory response in this tissue. IL-6 has been suggested to
also act as a growth factor by stimulating the synthesis of collagen in response to mechanical
loading (20). Therefore, the rise of both IL-1p and IL-6 levels points toward the initiation of
acute inflammation in the tendon with a concomitant induction of collagen synthesis.
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Previous reports have shown the involvement of IL-1p in the upregulation of MMPs and tissue
remodeling in tendon (21, 22). Even though MMPs are necessary for normal tissue homeostasis,
an imbalance in the activity of these metalloproteases has been shown to be detrimental to tissue
healing after injury, as an improvement of Achilles tendon repair can be obtained by the use of
the nonselective MMP inhibitor, doxycycline (23). More investigation is needed to assess
whether the increase in proinflammatory cytokines is mediated by tenocytes or by macrophage
infiltration into the tissue after generation of the systemic response and to evaluate chronic
inflammation at later time points.

Our results revealed a significant decrease in the collagen | protein level at 7 days postburn, with
a subsequent increase akin to the control level by day 14. We propose that the initial decrease in
collagen I can be explained by the upregulation of MMP13 and MMP9, generated by IL-1p.
Along with this, an analysis of gene expression of collagens showed that collagen 11l mRNA was
upregulated at day 3, whereas its protein was detected elevated at day 14 postburn. Collagen |
showed significantly lower protein level at day 7, together with an upregulation of its MRNA on
the same time point and followed by restored protein levels similar to control by day 14
postburn. The protein ratio collagen I/111 was significantly reduced by day 14. A similar shift in
collagen expression at early time points has been observed for tendon-to-bone healing in rotator
cuff injury (17). Analysis of gene expression of TGFB1 showed significant upregulation at day
14. This is an important factor involved in musculoskeletal tissue differentiation that has been
reported to correlate with formation of scar tissue and less organized fibers in healing tendon
(17). The synthesis of collagen III protein, upregulation of TGFB1, and the decrease in the
collagen I/111 protein ratio suggest an induction of scar tissue or remodeling (15). Another
proinflammatory cytokine that is upregulated in rheumatic diseases and present in tendon
enthesis is IL-17a (24). This is produced by entheseal CD3+ lymphocytes, peripheral blood
CD4+ T cells, and entheseal y/d T cells. We analyzed its gene expression throughout the time
course, but did not find statistical significance (data not shown). This could be explained due to
the chronic nature of rheumatic diseases compared with this more acute response.

Histological observations of collagen alignment and tenocyte distributions showed less tissue
organization 14 days postburn compared with control. H&E staining showed less fiber
alignment, cell aggregations, and even round nuclear morphology on some cells. This, together
with the observation of changes in collagen composition, further indicates cellular events for
tissue remodeling and possible weakening of the tendon. Collagen distribution and alignment are
crucial for the transmission of forces in the tendon (14). In mature tissues, fibrils can be found
parallel to the axial direction of tissue and also interwoven with the presence of a crimp pattern
that provides its tensile properties (14, 15, 25). This anisotropy will derive into nonuniform
strains on the cells, which can alter the cell morphology and response to differential mechanical
forces. To address whether molecular changes in tissue structure will also affect its functional
mechanics, the tensile force and deformation were measured. Overall, our findings showed that
ultimate force and stiffness were reduced at 14 days postburn compared with controls. These
biomechanical results correlate with histological findings of less organized fibers. It is possible
that the initial loss in collagen | followed by an induction of synthesis of both collagens I and 111
results in fiber disorganizationbecause collagen 111 has been previously reported as accumulated
at the rupture site in tendon (15). Although previous reports have shown that Achilles tendon
could react to an inflammatory event produced in surrounding tissue (26), this study is the first to
report that remote systemic inflammation is capable of inducing a local inflammatory response
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and remodeling in the tendon. Other models of trauma that generate systemic inflammation, such
as fracture hematoma, have reported a similar pattern of circulating cytokines (27-29). Fracture
hematoma with additional chest trauma has shown that systemic inflammation is capable of
interfering with the normal inflammatory process on fracture healing (30). This evidence is
supportive to the hypothesis that a trauma-generated systemic inflammation is potentially
detrimental for soft tissues like tendon.

Severe burn patients suffer skeletal muscle and bone mass loss that can be attenuated by the
introduction of physical activity. Considering the tendon as the connector and force transmitter
between skeletal muscle and bone, it is essential to understand tendon's behavior in response to
severe injury. Future investigation regarding the modulation of the inflammatory cascade and
MMP inhibition accompanied by regulated physical therapy that allows proper tissue loading to
prevent disuse, but also prevent overuse (31-35) may be promising for the improvement of
recovery after severe burn and other traumatic injuries.
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Introduction

Following a severe burn, patients suffer a hypercatabolic state in response to cytokine and stress
hormone challenges. These stress signals, such as cortisol, catecholamine, and TNF-a, induce a
catabolic/anabolic imbalance.r The body's flood of catabolic signals increases muscle breakdown
and metabolism in muscle to call upon its role as an energy reservoir. Patients with severe burn
showed 83% muscle protein degradation and a 50% increase in protein synthesis. Alongside
protein degradation, skeletal muscles demonstrate a net loss of amino acids, with a 50%
increased transport into the blood and a 40% decreased transport from the blood.?

Scientists explored a robust bi-phase genomic profile in response to burn and sepsis from
animals and patients.2 In this multicenter study, they found that circulating leukocytes increase
production of these inflammatory signals via a “genomic storm” of transcriptional changes.
Genomic networks constructed for several major pathways such as inflammation and proteolysis
are precisely demonstrated in burn patients.

Epigenetic changes are caused by external environmental stimulations which regulate the
transcriptome but not the DNA sequence directly. Mechanisms of epigenetics include DNA
methylation, histone modification microRNA (miRNA), etc. The miRNA is a conserved class of
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small (20-25 bases), abundant RNA-interfering (RNAIi) molecules that inhibit gene expression at
the translational level. It acts by transiently binding to the 3’ UTR of messenger RNA (mMRNA)
with partial complementarity and by blocking their translation. At least 20%-30% of protein-
encoding genes in human are regulated by miRNAs, and these genes are often targeted by
multiple miRNAs.* Clinically, miRNAs have been studied as markers for cancer progression,
which are related to tumor cell growth or death through tumor-suppressor gene silencing.
mMiRNAs are also involved in other disease states, such as type 2 diabetes, and PTSD neural
trauma injury.c The alteration of miRNA profiles were related to muscle disuse and atrophy,tand
further affected with exercise.” Particularly in the area of burn, Liang et al. previously studied the
miRNA profile of cells in burned dermis and found 66 miRNAs that were significantly up- or
downregulated.t However, there is little information regarding the mechanism of miRNAs
mediating skeletal muscle atrophy after burn.

Due to the injury, burn patients are often in bed for extended periods of time.2 Wu demonstrated
that rat muscle function decreased after burn and hindlimb unloading in an animal model.2> We
speculated that miRNA changes in skeletal muscle after burn and bed rest contribute to muscle
atrophy due to its abundance and sweeping range of actions on different genes.

Exercise studies have shown to positively mitigate muscle atrophy. In pediatric burn patients,
beneficial improvement of muscle mass was achieved with a combination of aerobic and
resistance exercise training.:22 We recently studied the effects of resistance exercise on muscle
function recovery in burn rats with hindlimb unloading.* There was the question of whether
gene expression alteration with exercise training is correlated with miRNA regulation. Therefore,
we further hypothesized that exercise improves muscle pathophysiological change that is
associated with epigenetics-regulated gene expression after burn and muscle disuse. The purpose
of the current study was to characterize the miRNA and genomic profile in burn and hindlimb
unloaded animals with exercise training.

Go to:

Methods

Forty-eight adult male Sprague-Dawley rats (Envigo [Harlan Labs], Indianapolis, IN) were used
in this study. The animals' protocol was approved by the Institutional Animal Care and Use
Committee at the University of Texas Health Science Center at Houston in accordance with NIH
guidelines. All animal procedures were carried out at UT Houston and fully described
previously.** The experiment flow chart is presented in Figure 1 and briefly addressed below.
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Figure 1

Flow chart of animal experiment that outlines the size of animal and the order of operation

e Burn procedure: All animals received a full-thickness scald burn of 40% total body
surface area under 2%-4% isoflurane anesthesia. The burned animals (B) were
resuscitated with 20 ml of intraperitoneal lactated Ringer's with buprenorphine for
analgesia treatment. Sham animals (S) received the same procedure except for the scald
burn.

e Hindlimb unloading: Animals were placed in a hindlimb unloading system described by
Morey-Holton and Globus after burn or sham injury.X> Rats were able to freely access
regular chow (Harlan Teklad #2018) and water without the hindlimbs contacting the
walls of the cage. Animals in the ambulatory groups (A) were housed in similar cages but
without hindlimb unloading.

« Resistance exercise: On the day of injury, animals were trained (E) to climb 1 meter at an
80-degree incline with tail weights five times twice daily. Weights were calculated as
percent body mass of each individual rat and gradually increased in increments of 10%
every few days as tolerated with a maximum weight of 50% body mass. All animals
including the non-exercised group (N) were pre-trained 10 days prior to injury.

Total RNA extraction and genomic analysis

On day 14 after injury, all animals were euthanized, and the hindlimb muscles on the right were
harvested and weighed. Half the plantaris tissue was immersed in RNA stabilization reagent
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(Qiagen, Hilden, Germany) and stored at -80°C. Tissue samples from 3 animals in each group
were pooled, and total RNA was extracted using Qiagen miRNeasy Mini Kit (Qiagen, Hilden,
Germany). RNA purity was over 99%, and 1 ug of RNA sample was processed at the UT
Southwestern microarray core facility for the following miRNA and gene expression
measurements.

The Affymetrix miRNA 4.0 Arrays chip (Santa Clara, CA) was applied for miRNA detection.
The chips' reproducibility (intra and inter-lot) is greater than 0.95. A total of 36,333 small non-
coding RNA probes, including varied species and controls coated in one chip for each sample.
Rat gene expression from each pooled sample was detected in triplicate using the Affymetrix Rat
Gene 2.0 chip (Santa Clara, CA). The chips contains 30,429 rat gene probes. Raw signal
intensity data was normalized with robust multi-array average (RMA) from the Affymetrix data
bank. The raw intensity values ratio of signal intensity were background corrected, log 2
transformed, and then quantile normalized. A linear model was then fitted to the normalized data
to obtain an expression measure for each probe set on each array. The linear fold change of
signal data was analyzed with Affymetrix Transcriptome Analysis Console 3.0 software.
Threshold filters were set as the default value for both miRNA and gene expression data
analysis. The absolute linear fold change value was greater than 2. For triplicated genomic
sample data analysis, a one-way between-subject ANOVA (unpaired) was further applied with
significant acceptance of p < 0.05. The interaction of miRNA and target genes, gene ontology
(GO) biological processing, and related pathways were also analyzed.
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Results

General description of mMIRNA and gene expressions

There were 1218 rat species miRNAs in a total of 36,333 miRNAs detected in rat muscle
samples, including 728 rat mature miRNA probe sets and 490 pre-miRNA probes. Most signal
intensities were lower than 2 in all groups. The highest probe signal intensity (binary log ratio)
was 15.4 for miRNA-206-3p in all groups. We observed 74.5% of transcripts in the S/A/N group
and 73.9% of the B/A/N group with a signal intensity of less than 2. There were 73, 79 and 80
miRNAs altered in the B/A/N, S/H/N, and B/H/N groups, respectively, compared to S/A/N
group. Over 70% of the miRNAs were upregulated in response to burn and hindlimb unloading,
while about 60% of miRNAs were upregulated in B/H rats with exercise training (Figure 2 A).
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Figure 2

Stacked bar figures showing the number of miRNA (2A) and genes (2B) in rat plantaris altered in
response to burn (B/A/N vs. S/A/N), hindlimb unloading (S/H/N vs. S/IA/N), combination of burn and
hindlimb unloading (B/H/N vs. S/A/N), exercise in normal rats (S/A/E vs. SIA/N), and exercise in burn
and hindlimb unloaded rats (B/H/E vs. B/H/N).

There were 30,429 rat genes detected using the Rat Gene 2.0 chip. GAPDH (transcript cluster ID
17799923) demonstrated the greatest signal intensity (13.5 binary log ratio). Filtered by default
threshold values, there were 47 and 135 genes altered in rat muscle with burn or hindlimb
unloading, respectively, while 239 genes were disturbed in combined burn and hindlimb
unloading rats. There were 2, 20, and 22 genes that increased greater than fourfold in the B/A,
S/H, and B/H groups separately. In contrast, 62 out of 71 genes decreased in the B/H/E versus

B/H/N groups (Figure 2 B).

MiRNA and gene expression profiles are distinguished in response to burn, hindlimb unloading,
and exercise and described separately as follows:

The miRNA and gene expression profile in response to burn (B/A/N vs. S/A/N)

In all, 79.4% of 73 miRNAs were upregulated in burn animals. The amplitude of upregulated
miRNAs was higher than that of downregulated ones. There were 14 miRNAs upregulated more
than fourfold, including the 3 most upregulated miRNAs, miR-182 (12.81), miR-184 (10.50) and
miR-155-5p (8.82). Fold changes were less than 3 in all 15 downregulated miRNAs. The miR-
409a-3p was the most decreased (-2.95) in burn animals (Supplemental Table 1-1).

There were 47 genes changed, 12 down- and 35 upregulated, in the B/A/N group compared to
the S/A/N group (Supplemental Table 1-2). Thirty-two changed genes were associated with
multiple GO biological processes, and 6 signal pathways were altered. The ketone body
metabolism, inflammatory response, and striated muscle contraction pathways were most
activated (Supplemental Table 1-3).

In viewing the interaction network, the most upregulated miRNA, miR-182, decreased
the colla2 gene, which collaborates with downregulated miR-409-3p. MiR-182 also works with
miR-193-3p and 125-b-1p to downregulate the neu2 gene, which participates in muscle cell
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differentiation. The second most upregulated miRNA, miR-184, was associated with the
decreased obp3 and chad genes (which are associated with GO biological processes of small
molecular transportation and cartilage condensation, respectively), and also collaborates with
other miRNAs (Figure 3).
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Figure 3

The network of miRNA and related genes after burn (B/A/N vs. S/A/N). Square shape stands for miRNA,
oval shape stands for gene. Pseudo-color from green to red stands for fold change from -16 to 16.

The miRNA and gene expression profile in rats with hindlimb unloading (S/H/N vs.
S/AIN)

There were 79 total altered miRNAs, including 19 downregulated and 60 upregulated ones. The
amplitude of upregulated miRNAs was greater than that of the downregulated. Eighteen of the
miRNAS' linear fold changes were upregulated over fourfold, and 10 miRNAs even changed
over eight-fold; in contrast, downregulated miRNAs were all changed less than fourfold. MiR-
182 (23.83), miR-184 (17.73), miR-183-5p (16.61), and miR-122-5p (14.19) were the most
upregulated in the S/H/N group, and the most downregulated miRNAs included miR-489-3p (-
3.54), miR-665 (-3.21), and miR-675-5p (-3.19) (Supplemental Table 2-1).

There were 135 genes, 100 up- and 35 downregulated, in rat muscle in response to hindlimb
unloading. In all, 20 genes increased more than fourfold; only 2 genes decreased more than
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fourfold (Supplemental Table 2-2). Seventy-nine genes had varied biological process functions
involving 9 pathways, with the 3 most prominent pathways being the MAPK cascade, the blood-
clotting cascade, and fatty acid synthesis (Supplemental Table 2-3).

In viewing the interaction network, a large complex network was constructed between miRNAs
and genes demonstrating altered expression. The most increased miRNA, miR-182, upregulated
the cInd19 gene (for neuronal action potential propagation) in collaboration with decreased miR-
489-3p. MiR-182 also worked with other miRNAs such as miR-335 and -484 to decrease

the neu2 gene (for myotube differentiation positive regulation). The second most upregulated
miRNA, miR-184, worked with miR-342 and miR-484 to increase obp3 and

decrease cib2 and plcd4 genes, which are both for calcium ion binding (Figure 4).
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Figure 4

The network of miRNA and related genes after hindlimb unloading (S/H/N vs. S/A/N). Square shape
stands for miRNA, oval shape stands for gene. Pseudo-color from green to red stands for fold change
from -16 to 16.

The miRNA and gene expression profile in rats with combined burn and hindlimb
unloading (B/H/N vs. S/A/N)

We found 80 miRNAs, including 61 upregulated miRNAs and 19 downregulated miRNAs, with
only 3 downregulated over fourfold. There were 17 miRNAs upregulated over fourfold, and
miR-182 even increased 35-fold (Supplemental Table 3-1).

There were 239 genes altered between the B/H/N versus S/A/N group. Only 3 of 115
downregulated genes changed more than fourfold, whereas there were 22 out of 124 genes
upregulated more than fourfold (Supplemental Table 3-2). Overall, 165 genes related to multiple
GO biological processes were involved in 14 pathways. Oxidative stress, the MAPK cascade,
fatty acid synthesis, and the blood-clotting pathway were activated, and cardiovascular signaling
and the p53 signal pathway were inhibited (Supplemental Table 3-3).
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In viewing the interaction network, there were independent and additive effects in miRNA and
gene expression levels when comparing the effects of burn and hindlimb unloading factors.
While miR-409a-3p decreased 2.95-fold in B/A/N without detection in S/H/N mice, in B/H/N,
miR-409a-5p decreased 2.03-fold. MiR-92b-3p only demonstrated an 8.04-fold upregulation in
the S/H/N group but increased to a 9.46-fold upregulation in the B/H/N group. Most strikingly,
miR-182 has an additive increased effect with combined burn and hindlimb unloading (35.35)
compared to burn (12.81) and hindlimb unloading (23.82) individually. At the transcriptional
level, Fmod only increased in burn rats but not in rats with hindlimb unloading; the Mbp gene
increased in an opposite manner; while Nr4a3 had an additive effect in response to the
combination of burn and hindlimb unloading (Supplemental Table 4).

The miRNA and gene expression profile in rats with burn and hindlimb unloading
response to exercise training (B/H/E vs. B/H/N)

There were 52 miRNAs altered, including 21 down- and 31 upregulated, in burn and hindlimb
unloading rats with exercise training. There were 9 miRNAs downregulated over fourfold, while
7 were upregulated over fourfold. The most upregulated miRNAs include miR-1843-3p (8.52),
miR-495 (5.92), and miR-6324 (5.78) (Supplemental Table 5-1).

In viewing the interaction network, there were 71 gene changes, with 62 downregulated genes
and only 9 genes upregulated less than fourfold in transcriptional level (Supplemental Table 5-2).
Overall, 54 genes partook in different biological processes and 7 pathways. The MAPK cascade,
fatty acid synthesis, and the inflammation response pathway were the top 3 alleviated pathways
(Supplemental Table 5-3).

We further estimated the different effect of exercise between burn rats with hindlimb unloading
and sham controlled rats. In S/A/E rats, there were 66 miRNAs altered, with 11 down- and 55
upregulated. We found that miR-182 increased 10.06-fold in S/A/E. There were only 12 genes
altered, with 7 upregulated and 5 downregulated. Though 9 of these genes had functions in
various biological processes, no pathway change was observed in normal rats with exercise
training.

Go to:

Discussion

In this study, we characterized the miRNA and gene profiles in rat plantaris under conditions of
burn, hindlimb unloading, and resistance exercise. The complexity of this regulation's network is
displayed at both the epigenetic and transcriptome levels. Those consequent changes of
biological processing and involved signal pathways reflect muscle pathophysiological changes in
response to burn and hindlimb unloading. Hyper-metabolic response ketone bodies KEGG and
glucose, and inflammation response were activated after burn injury; oxidative stress, MAPK
cascade, and fat acid synthesis pathways were stimulated by hindlimb unloading; and striated
muscle contraction and blood clotting pathways were stimulated by both burn and hindlimb
unloading. Resistance exercise altered the transcriptome profile associated with muscle structure
and function improvement (Figure 5).
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Figure 5

The scheme of affected signal pathways in response to burn, hindlimb unloading and exercise training.
Red arrows indicated activated pathways. Green arrows indicates inhibited pathways.

Cells respond to the body's stress signals by making coordinated changes in gene expression.
Padfield et al. reported the genomic profile in mice mouse muscle by 3 days after burn, including
muscle development and function, inflammation and acute-phase immune response, amino acid
and protein synthesis, and energy metabolism pathways.X® Vemula et al. verified this, linking
28% of the changed genes to metabolism. These included genes responsible for triglyceride
utilization, fatty acid import, and acute phase proteins.:” Merritt reported that the inflammatory
response activated stat/NF«kp to calcium-mediated proteolysis and ubiquitin-proteasome with
absence of protein synthesis inhibition.:2 In addition, we found that muscle mass loss is
associated with insufficient myogenesis in response to burn and that TNF-a. as a pro-
inflammatory cytokine plays an important role in inhibiting muscle myogenesis L. Though
samples were collected 14 days after burn in the current study, we still observed increased
numbers and amplitudes of gene and miRNA profile changes. Furthermore, we found those
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affected genes were mainly related to the metabolic and inflammatory response signal pathways.
We are therefore not surprised by Jeschke's previous report that the hypermetabolic status can
even last for years in burn patients.2

In human patients with bed rest, a gene profile reveals changes in energy pathways: oxidative
phosphorylation, TCA cycle, organic compound usage, and carbohydrate metabolism.2 Bonaldo
and Sandri revealed the intracellular mechanism by which hindlimb unloading activates cell
apoptosis in an NF-KB dependent manner.2 In the current study, we found that burn mainly
affects inflammation and metabolic pathways in rats, such as ketone bodies synthesis and
degradation, inflammatory response, striated muscle contraction, and glucose metabolism;
hindlimb unloading affects muscle signal pathways, including oxidative stress, MAPK cascade,
fatty acid synthesis, and blood clotting cascade pathways; and Mal, Hmox1 and Btg2 genes are
directly related to GO biological process of cell apoptosis. Severe burn and disuse have
independent roles in body composition change.2 Therefore, it is logically believed that burn and
hindlimb unloading might activate different major pathways with distinguishable characteristic
profiles.

Muscle disuse amplified muscle function impairment in severely burned rats. In plantaris, the
tissue's wet weight significantly decreased in response to burn and hindlimb unloading,
respectively. Normalized to body mass, the tissue weight still decreased between the ambulatory
and hindlimb unloading with decreased twitch and tetanic forces.2® In our current study, we
observed that muscle disuse affects more genes in rat muscle than burn, so hindlimb unloading
could be more closely associated with muscle impairment and function loss than burn.
Furthermore, an overlap of miRNA and gene changes were observed in burn rats with hindlimb
unloading. The double factors of burn and hindlimb unloading could amplify the signal strength
and extend the pathophysiological phenotype in muscle.

The current study is the first to investigate miRNA profiles related to their target genes in muscle
atrophy after burn. The miRNA differs from a similar class of RNAI, short interfering RNA
(SIRNA), in that it does not usually cleave the complement mMRNA or affect gene transcription.
The importance of miRNAs has been observed in regulating skeletal myogenesis. MiRNAs are
highly-enriched in skeletal muscle and participate in skeletal myogenesis and muscle
regeneration.2 In addition, miRNA-1 improves myogenic differentiation by inhibiting histone
deacetylate 4, and miR-133a increases myoblast proliferation by repressing serum response
factor. Cardiomyocyte hypertrophy can be induced by miR-195, and miR-195 with other 4
mMiRNAs increased in human heart failure and upregulated during cardiac hypertrophy in vivo.z

Exercise affects gene expression through miRNA changes. Following 90 minutes of exhaustive
endurance exercise (forced treadmill running) in mice, miR-1 and miR-181, both thought to
increase muscle differentiation and development, and miR-107, were increased.” Resistance
exercise training reduced anabolic signaling with gene alteration, including hypertrophic growth,
protein degradation, and angiogenesis.2 In another clinical study, investigators distinguished an
miRNA profile from human vastus lateralis with a 5 day/week resistance exercise for 12 weeks,
and speculated those miRNAs served as compensatory mechanisms.22 We observed that there
was a complicated network of epigenetic regulation in the current study. Not just one but several
miRNAs control one single gene, and a single miRNA is also involved in multiple genes'
regulation. It is therefore better to examine the whole profiles of miRNA and the related genes,
and furthermore understand the protein structure and function change.
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Previous studies showed that miR-182 has multiple-functions as a regulator of apoptosis, growth,
and differentiation programs. Kouri reported that the injection of synthesized miR-182-based
spherical nucleic acids suppressed tumor glioma burden and increased animal survival.22 More
interestingly, miR-182 was shown to prevent skeletal muscle atrophy by interfering with
forkhead box O3 (FoxO3) mRNA. The miR-182 decreased Foxo3 expression in C2C12 with
further inhibition of atrohgin-1 and ATG12.22 Overall, miR-182 was the most phenomenally
affected microRNA within all treatment groups in the current study. It increased 12.8- and 23.8-
fold in burn and hindlimb unloading, respectively, and additively 35.5-fold in B/H/N rats.
Exercise training decreased its expression 7.8-fold afterwards.

Burn causes a hypermetabolic status with a hyper-inflammation response, and muscle is a key
participant in the systemic metabolic response. The current study could provide novel insight
into potential target treatment at the epigenetic level. For instance, we have shown insulin
resistance in animal models and burn patients.2 One review paper discussed the possibility of
targeting miRNA to treat insulin resistance in burn patients.:

In summary, miRNAs and transcript gene profiles in rat plantaris were affected in burn and
hindlimb unloading. These changes seen in signal pathways are associated with muscle
pathophysiological changes, including muscle mass loss and function impairment. The muscle
improvement observed with exercise training was also observed at the gene level with miRNA
and genomic pathway alterations. The current exploration of regulation networks involving
epigenetics- and gene-pathophysiological changes might aide the development of future
biomarkers and potential therapeutic development in patients with muscle atrophy.
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Abstract
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1. Introduction

Severe burn is accompanied by a hypermetabolic state resulting in the loss of body mass [1].
Studies of protein kinetics and DEXA imaging after severe burn have shown that protein
catabolism and the resulting loss of lean muscle mass continues after wound healing and can
persist 9 to 12 months after injury [2]. Severe muscle loss can increase the risks of sepsis and
mortality, cause prolonged recovery times, lead to longer hospitalizations, and increase costs [3].
Given limitations in movement typically present in severe burn, the majority of patients are
initially bed bound, which also has been shown to contribute to muscle atrophy [4]. Studies in
healthy volunteers have demonstrated that muscle loss during bed rest is exacerbated by elevated
serum cortisol, a physiological response to burn; this suggests that the effects of bed rest could
be worse in burn [5]. An animal model was recently created to mimic bed rest after burn by
placing severely burned rats in a tail suspension system to cause hindlimb unloading. The
animals are able to move around the cage freely without bearing weight on their hindlimbs,
leading to disuse. This investigation found that hindlimb disuse had an additive effect on muscle
atrophy with decreased muscle mass and muscle function [6]. This experiment was the first to
closely model the prolonged metabolic changes with muscle atrophy and resultant decrease in
function similar to the changes observed in humans after severe burn [6,7]. This newly
developed model of bed rest in burn has created the opportunity to closely study treatments
aimed at diminishing muscle atrophy and loss of muscle function after severe burn.
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It is well established that disuse muscle atrophy can be mitigated with concurrent resistance
exercise training [4,5,8-13]. Initiation of resistance exercises at the start of bed rest in healthy
volunteers was shown to be protective against loss of muscle protein synthesis [12]. The use of
exercise training in burn patients is variable and incompletely evaluated. Practice patterns in the
rehabilitation of burn patients typically focus on range of motion, manual muscle testing, and
quality of life with less emphasis on exercise training [14]. It has been documented that a
combination of aerobic and resistance exercise training improves lean muscle mass in pediatric
burn patients [15-17]. A study of burned adults randomized into control groups or exercise
groups with supervised isokinetic leg exercise 3 times per week demonstrated a significant
increase in strength [18]. These investigations of exercise training in burn patients have only
evaluated its efficacy after recovery from the acute phase, typically as outpatients or 6 months
after injury. No studies have evaluated the effects of exercise training during the initial acute
phase of recovery. We hypothesize that early initiation of resistance training in burn with bed
rest will mitigate muscle atrophy due to disuse. The aim of this study is to evaluate the effects of
exercise on muscle mass and function in an animal model of burn with hindlimb unloading.

Go to:

2. Materials and Methods

Approval was granted for all procedures from the Institutional Animal Care and Use Committee
(IACUC) at the University of Texas Health Science Center at Houston. All animal procedures
were performed at this location. Forty-eight adult male Sprauge-Dawley rats (Charles Rivers,
Wilmington, MA, USA) were assigned to four groups (n = 12): sham ambulatory (S/A), burn
ambulatory (B/A), sham hindlimb unloading (S/H), or burn hindlimb unloading (B/H). Animals
were assigned to groups randomly after weight matching for a block design to allow for an even
distribution of body mass between groups. These groups were then subdivided into exercise or
no exercise (n = 6) for a total of eight groups. On arrival, animals were approximately 300g.
Animals were placed in standard cages upon arrival and were then housed in specialized
metabolic cages (144 in? of usable floor area) with a traction system for hindlimb unloading [11]
for 5 days prior to burn procedures. Animals were fed a powder diet (Harlan Teklad #2018) ad
libitum and housed in a reversed 12-hour light/dark cycle, to allow for exercise training during
the animal's dark phase. Room temperature was maintained at 262 °C, with a relative humidity
of 30% to 80% to simulate, as closely as possible, the ambient temperature maintained in a
standard burn unit.

2.1 Thermal Injury

All animals were anesthetized with isoflurane (2-3% in 100% O,). Each rat was shaved on the
dorsal and ventral surface. Rats randomly assigned to the burn treatment groups (B/A or B/H
with and without exercise) received a full-thickness scald burn of 40% total body surface area as
previously described [19]. The burned animals were resuscitated with 20 ml of intraperitoneal
Lactated Ringer's [20]. Animals randomized to the sham treatment groups (S/A or S/H with or
without exercise) were submerged in room temperature water after shaving. All animals were
given buprenorphine (0.05 mg/kg subcutaneous) at 8 hours after injury for analgesia after burn.

2.2 Hindlimb Unloading
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Animals randomized to the S/H or B/H (with and without exercise) groups were placed in a tail
harness and attached to a hindlimb unloading system described by Morey-Holton and Globus
[11]. After animals fully recovered from anesthesia, the harness was attached to a hook and
pulley traction system on top of the cage with a fish-line swivel device. The rats were positioned
at a 30° head-down angle from the floor unloading the hindlimbs only. The system rides along
two parallel sides of the cage and allows the animals to have 360° access within the cage and to
move on an x-y axis. Rats were able to freely access food and water without their hindlimbs
contacting the walls of the cage. Animals were observed for signs of distress immediately after
unloading and several times a day throughout the study period. Animals in the ambulatory
groups were housed in similar cages but without hindlimb unloading.

2.3 Exercise

All animals were pre-trained 10 days prior to injury. Animals were trained to climb 1 meter at an
80° incline. The 6-inch climbing lanes were covered in % inch plastic mesh. During the pre-
training period, rats were trained daily (a.m. only) for the first 6 days and then twice daily
(a.m./p.m.) once acclimated. Each session consisted of 5 climbs from bottom to top with a 10
second rest between repetitions. On the day of injury, rats were randomly assigned to exercise
groups, with the exclusion of rats that outright refused to climb (n=14) during the pre-training
period. After injury, weights in a plastic bag were attached with Velcro to the base of the tail
during exercise. Weights were calculated as percent body mass of each rat and gradually
increased by 10% every few days as tolerated with a maximum weight of 50% body mass.

2.4 Muscle Function

On day fourteen after burn or sham, all animals were anesthetized with isofluorane (2-3% in
100% O,). The soleus and plantaris on the left leg were isolated and prepared for in situ isometric
muscle function as previously described by Wu et al. [21]. The plantaris tendon was attached
with a suture loop to the lever arm of a dual-mode servo muscle lever system (Aurora Scientific,
Inc., model 305c). The isometric force of the plantaris muscle was then measured and recorded
using the ASI muscle lever system with dynamic muscle control and analysis software (Aurora
Scientific, Inc., 615A). The optimal length of the muscle was determined with a series of
twitches and interval stretches. Initially, the muscle was put on 20 g of stretch. A single 200 Hz
twitch was stimulated with impulse duration of 0.2 msec at 10 mA. The muscle was then
stretched 0.3 mm and stimulated again with 25 seconds between stimulations. This pattern was
continued until there was less than 2% change in force between twitches, indicating the optimal
length (Lo) of the muscle. The length of the muscle at optimal stretch was measured with
calipers. The maximum twitch (Pt) and tetanic (Po) parameters were then measured at optimal
length. Isometric tetanic function was stimulated at 150 Hz with impulse duration of 0.2 msec,
75 pulses per train, at 10 mA, for a total of 1 second. Po was measured three times with an off-
tension recovery period of 2 minutes between stimulations. This same procedure was then
performed on the soleus; however, initial tension was started at 2 g of stretch. After completion
of a rest period, following the third tetanic force measurement, the soleus fatigue function was
measured for a total of 240 seconds at 40 Hz with impulse duration of 0.2 msec, 14 pulses per
train, at 10 mA.
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High-throughput Dynamic Muscle Analysis software (Aurora Scientific, Inc., 615A) was used to
determine the time to peak tension (TPT) and half-relaxation time (1/2 RT) from the twitch
response curves. The three tetanic force (Po) measurements were averaged. The tetanic force was
converted to specific force (N/cm?) using the physiologic cross sectional area (CSA) with the
formula CSA = (muscle mass x cos #)/ (coefficient of muscle density x muscle fiber length)
[22]. The coefficient of muscle density is 1.06, and #is the muscle fiber pennation angle of 16.4
and 3.9 for the plantaris and soleus in rats [22]. Muscle fiber length was calculated from
measured muscle length at Lo using the reference ratio of 0.34 and 0.69 for plantaris and soleus
in rats, respectively. Reference pennation angle, muscle density, and fiber-to-muscle length
ratios were based on measurements from Eng et al. [22]. The fatigue minimum was considered
the absolute force after 4 minutes of the fatigue function test. The fatigue index is the minimum
reported as a percentage of the maximum force during the fatigue test.

2.5 Tissue Analysis

Following muscle function analysis, animals were euthanized by exsanguination. The hindlimb
muscles on the right were harvested, weighed, snap frozen in liquid nitrogen, and stored at
—80°C for protein analysis. The left hindlimb muscles were harvested, weighed, placed in 10%
neutral-buffered formalin for 24-48 hours, and stored in 70% ethanol. Samples were paraffin
embedded prior to microtome sectioning. Hematoxylin and eosin staining was performed.
Quantitative analysis of soleus muscle fiber size was performed with blinded random cluster
sampling of the muscle fiber cross-sectional area. Image analysis was performed using ImageJ
software.

2.6 Statistical Analysis

Statistical analysis was performed with one-tailed or two-tailed Student's t-test, Mann
Whitney U test, or three-way ANOVA using the Holm-Sidak method for pairwise multiple
comparisons where appropriate using Systat Sigma Plot®. Numbers reported as mean = SEM.

Go to:

3. Results

3.1 Animal Body Mass

We found a significant difference in animal body mass between treatment groups at day 14
(p<0.001). Using pairwise multiple comparison procedures and controlling for the other
treatment levels, we found that body mass was lower in the burn (284+4 vs. 3095 g, p<0.001),
hindlimb-unloaded (283+ 3 vs. 311+ 5 g, p<0.001), and exercise treatments (290+4 vs. 3035, p
= 0.004). Evaluating the effects of exercise within groups showed a significantly (p<0.05) lower
body mass in B/A and S/A compared to no exercise with a two-tailed and one-tailed t-test,
respectively (Fig.1). The decrease in body mass with exercise was not seen in the B/H and S/H
groups.
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Abbreviations used: S/A = sham ambulatory, B/A = burn ambulatory, S/H = sham hindlimb unloading,
B/H = burn hindlimb unloading. Animals were weighed on day 14 after burn or sham. Exercise was
compared to No Exercise within treatment groups. # p< 0.05 with one-tailed t-test and * p< 0.05 with
two-tailed t-test. Please refer to the results section for significant differences between other factors.

3.2 Plantaris Mass and Protein Content

We found decreased right plantaris muscle mass in burn (B/A, 358+ 11 mg) and hindlimb-
unloaded (S/H, 292 + 8 mg) compared to sham (S/A, 401+ 14 mg); hindlimb (B/H, 293+ 6 mg)
was lower than B/A (p<0.01, all comparisons). Within hindlimb unloading, there was no
difference between burn and sham. There was no significant difference between groups with or
without exercise. When plantaris tissue weight was normalized to body mass, a significant
difference was seen only between the ambulatory and hindlimb treatments (p<0.001). There was
no difference in plantaris total protein content between groups. (Table 1)

Table 1
Muscle Mass, Myofiber Size, and Protein Content (Right)
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Group Plantaris Soleus

Wet Weight (mg)  Protein Wet Weight (mg)  Protein Myofiber
Weight per 100g Content Weight per 100g Content  Size (um?)
(mg) Body Mass (ng) (mg) Body Mass (ng)
SIA 394124 117 +7 246+74 14215 43 +2 713+ 2187 + 488
0.72
No
Exercise
B/A  365+17 119+ 4 243+24 1227 40+2 295+ 2395 + 291
0.60
SIH 290+14 98+6 28.4+3.6 6915 23+2 117+ 1499 + 89
4.62
B/H 289+9 106 £ 3 20.3+ 3.7 777 28+3 3.82+ 1079+ 79
1.67
S/IA 408+ 25 130+ 6 241+31 14719 47 +2 8.55+ 3739+ 43
0.93
Exercise
B/A  349+13 123+5 19.8+0.7 14317 50+2 424 + 3146 + 305
0.75
SIH 294+14 102 +2 31.2+15 84+2 29+1 993+ 1648 + 130
0.52
B/H 296+10 109+ 4 229+3.0 86+ 4 32+2 459 + 1985 + 170
0.93

Abbreviations used: S/A = sham ambulatory, B/A = burn ambulatory, S/H = sham hindlimb unloading, B/H = burn
hindlimb unloading. All numbers reported as mean + standard error of the mean. Please refer to results section for
statistical significance.

3.3 Soleus Mass and Protein Content

The right soleus mass was significantly lower in hindlimb-unloaded (79 + 13 mg) versus
ambulatory (139 £ 19 mg, p<0.001) and no exercise (103 + 7 mg) versus exercise (115 + 7,
p<0.01). There was no difference between burn and sham. This difference persisted when
normalized to body mass. There was a significantly lower soleus whole muscle protein content in
the hindlimb compared to the ambulatory groups (4.5 £ 1.1 vs. 8.4 £ 1.1 mg, p<0.05). (Table 1)

3.4 Plantaris Muscle Function

The left plantaris muscle function demonstrated a significantly lower maximum twitch force (Pt)
in the hindlimb-unloaded group (89 £ 6.5 g) versus the ambulatory group (111 = 6.8 g, p<0.05).
The absolute tetanic force (Po) was also lower in the hindlimb group (505 + 20 g vs. 565 + 21g,
p<0.05). There was no significant effect in the burn or exercise treatments. There was no
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significant difference between groups in the plantaris specific tetanic force (Po/CSA), the half
relaxation time (1/2 RT), the time to peak tension (TPT), or the twitch to tetanic ratio (Pt/Po).
We also found no difference in the plantaris physiologic cross sectional area (CSA) or optimal
muscle length (Lo). (Table 2)

Table 2
Plantaris Dimensions and Isometric Muscle Function (Left)
Parameter No Exercise Exercise
SIA B/A SIH B/H SIA B/A S/H B/H
Muscle Wet weight 459 £ 22 383+ 22 341+ 16 337+13 405+ 27 410+ 24 347+ 14 390 + 61
(mg)
Lo (mm) 39+09 39+1.0 3711 35+0.7 39+1.0 40+18 38+0.8 40+14
PCSA 31+09 26+19 25+14 26+13 28+2.1 29+27 24+1.1 27+56
(mm?)
Twitch Force Pt (g) 102 +12 117+ 15 93+7.3 89+903 129 + 27 97 +13 95+11 80+7.8
TPT (ms) 28+13 30+0.9 30+13 29+12 30+0.6 31+1.0 30+18 32+0.7
1/2RT 18+17  20+10  19%12 18+14 1821  16+21  17+12 1812
(ms)
Po (g) 565 + 42 602 + 39 539+ 30 517 + 37 603+ 72 492 £54 511+13 452 £ 29

Tetanic Force

Po/CSA 182+14 232+23 21916 202+18 203+17 179+23 214+05 186zx24
(N/cm?)

19+17 20+£25 17+0.5 17+12 21+21 20+14 18+1.8 18+2.6

PUPO (%)

Abbreviations used: S/A = sham ambulatory, B/A = burn ambulatory, S/H = sham hindlimb unloading, B/H = burn

hindlimb unloading, Lo = optimal muscle length, PCSA = physiologic cross sectional area, Pt = twitch force, TPT =
time to peak twitch, %2 RT= half relaxation time, Po = absolute tetanic force, Po/CSA = specific tetanic force, Pt/Po

= twitch/tetanic ratio. All numbers reported as mean + standard error of the mean. Please refer to results section for

statistical significance.

3.5 Soleus Muscle Function

The left soleus isometric twitch force was significantly lower in the hindlimb-unloaded group
(31+£1.5vs. 12 £1.5¢, p<0.001). Compared to no exercise, the B/H exercise group had a
significantly higher twitch force (14 + 2.1 g vs. 8 £ 1.9 g, p<0.05). Across all other factors, there
was no significant difference in the soleus twitch force between exercise and no exercise. There
was a longer ¥2 RT in the B/A versus B/H groups (83 £ 9 ms vs. 48 £ 8 ms, p<0.05). There was a
longer soleus TPT in the ambulatory versus hindlimb group (61 £ 4 ms vs. 49 £ 5 ms, p<0.05).
(Table 3)

Table 3

Soleus Dimensions and Isometric Muscle Function (Left)
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Parameter No Exercise Exercise

SIA B/A S/H B/H SIA B/A S/H B/H

Muscle Wet weight (mg) 204+16 205+11 13915 174+36 175+13 197#12 12710 114%7.0
Lo (mm) 44+13 43+20 39+17 37+04 41+19 44+22 40x10 41=x11

PCSA (mm?) 63+04 65+04 50+06 63+14 60+06 60+x04 43+03 3804

Twitch Force Pt (g) 31+28 36+44 14+21 80+20 30+26 27+20 11+06 14z%21
TPT (ms) 58+80 66+55 50+66 48+7.0 49+11 73+53 48+14 49+45

1/2 RT (ms) 57+12 90+6.0 65+x11 51+11 58+17 80+x40 60+17 45%51

Tetanic Force  Po (g) 159+18 165+93 56+44 42+55 150+16 118+14 66+83 54+49
Po/CSA (N/cm?) 25+28 25+17 12422 7.0+13 23+24 20+19 17+20 14%17

Pt/Po (%) 20x14 22+15 24+67 19+25 26+52 23+18 21+37 26%49
Fatigue Minimum 105+15 100+10 35+4.0 24+28 76+21 4816 31+10 32+11
Index (%) 66+59 69+63 82+11 76+30 52+11 37x11 63%6.3 58+ 13

Abbreviations used: S/A = sham ambulatory, B/A = burn ambulatory, S/H = sham hindlimb unloading, B/H = burn

hindlimb unloading, Lo = optimal muscle length, PCSA = physiologic cross sectional area, Pt = twitch force, TPT =
time to peak twitch, ¥ RT= half relaxation time, Po = absolute tetanic force, Po/CSA = specific tetanic force, Pt/Po

= twitch/tetanic ratio. All numbers reported as mean + standard error of the mean. Please refer to results section for

statistical significance.

There was a significantly lower soleus tetanic force in the hindlimb-unloaded group (55 £ 5 vs.
148 £ 6 g, p<0.001). B/A had a lower tetanic force in the exercise group versus no exercise (118
+ 14 vs. 165 + 9 g, p=0.02). In B/H, no difference in soleus absolute tetanic force was seen with
or without exercise. All hindlimb groups had significantly lower specific tetanic force than
ambulatory (12 + 1.2 vs. 22 + 1.3 N/cm?, p<0.001). The specific tetanic force in B/H was
significantly higher in exercise versus no exercise (14 + 1.7 vs. 7 £ 1.3 N/cm?, p<0.01); this
effect was not seen in S/H or B/A groups. There was no difference in soleus Pt/Po between
groups.

The soleus fatigue index was significantly lower in the ambulatory (55%) and exercise (52%)
groups versus hindlimb-unloaded (69%) and no exercise (73%) groups (p=0.03, p=0.002
respectively). The soleus fatigue minimum was significantly lower in the hindlimb groups and in
the ambulatory exercise group. The soleus CSA was significantly lower in the exercise (5.1 £ 0.3
vs. 6.1 £ 0.3 mm?, p<0.05) and hindlimb (4.8 + 0.3 vs. 6.4 £ 0.3, p<0.001) compared to no
exercise and ambulatory respectively.

3.6 Soleus Myofiber Size

Myofiber size of the soleus was significantly decreased in the hindlimb unloaded versus
ambulatory (1552 + 36 um? vs. 2866 + 38 um?, p<0.001) and no exercise versus exercise (1790 +
36 um? vs. 2630 + 38 um?, p<0.001) groups. There was not a significant difference in soleus
myofiber size between the burn and sham groups in the ambulatory animals. However, within the
no exercise group, soleus myofiber size was significantly decreased in B/H compared to S/H
(means reported in Table 1, p<0.05). Exercise had a greater impact on soleus muscle fiber size
recovery in B/H compared to S/H (Fig. 2).
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Soleus Myofiber Size

Abbreviations used: S/A = sham ambulatory, B/A = burn ambulatory, S/H = sham hindlimb unloading,
B/H = burn hindlimb unloading. Exercise was compared to No Exercise within treatment groups. # p<
0.05 with one-tailed t-test and * p< 0.001 with two-tailed t-test. Please refer to the results section for
significant differences between other factors.
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4. Discussion

In our investigation of muscle function after burn and hindlimb disuse, we found that resistance
exercise in the acute recovery period significantly increased the mass, myofiber size, and
function of the soleus. We did not find significant changes after exercise in the predominately
fast-twitch plantaris muscle. These findings are important given that the majority of critically
injured patients are subject to prolonged muscle disuse due to bed rest. This is especially true of
severely burned patients, who typically require prolonged ventilation, multiple surgical
procedures, and decreased mobility as a result of injury patterns.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4542145/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4542145/
https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4542145_nihms-705141-f0002.jpg

It is established that muscle loss after burn is a result of a net increase in protein breakdown [2].
Studies in rodents have found decreased fiber size [23] with a greater impact on the fast-twitch
muscle groups after burn [21]. It is also known that muscle disuse results in significant atrophy
leading to a smaller fiber size with a greater effect on slow-twitch muscle groups [8]. In burn
patients, it is unknown what degree of muscle atrophy is caused by disuse compared to burn
alone. An animal model of thermal injury with hindlimb unloading was developed to mimic
prolonged bed rest after burn. This model was found to demonstrate a closer approximation of
the metabolic response and muscle atrophy after severe burn in humans [6,7]. These findings
suggest that disuse is a contributing factor to the loss of muscle mass in burn patients. Many
investigations have established that exercise diminishes atrophy due to muscle disuse. [4,5,8-
13][14][15-17][18]Various forms of exercise have been studied in rat models of hindlimb
unloading including treadmill [24], direct sciatic stimulation [25,26], isometric resistance
training [25,27], flywheel resistance training [28], and climbing [29]. Dynamic resistance
training in hindlimb suspension has been shown to attenuate soleus atrophy with increased mass
and muscle protein [30]. Resistance training activates the PI3-AKT-mTOR pathway increasing
protein synthesis [9].

Our aim was to evaluate the effects of a resistance exercise program initiated immediately
following thermal injury in an animal model of muscle disuse with hindlimb unloading. We
chose to evaluate a climbing protocol after burn because it is a voluntary dynamic resistance
training model previously shown by Herbert et al. to attenuate muscle atrophy in hindlimb-
unloaded rats [29,30]. We measured the change in muscle properties and function of the plantaris
and soleus muscles because both are plantar flexor muscles, one predominantly fast-twitch and
the other slow-twitch, respectively. Plantar flexor muscles and slow-twitch muscles have been
shown to have a greater response to hindlimb unloading; whereas fast-twitch muscles have been
shown to have a greater loss of mass in response to burn [10,21,31].

4.1 Animal Body Mass and Muscle Characteristics

Consistent with prior findings, animal mass was lower with burn, hindlimb unloading [25,29,32]
and decreased further in B/H [6,7]. Exercise did not significantly alter body mass in the hindlimb
groups [27,33,34]. B/A was found to have the greatest decrease in body mass with exercise.
However, the maintenance of relative soleus and plantaris mass in this group suggests the
decrease in mass is not from the loss of lean muscle.

Our findings of decreased plantaris but not soleus mass after burn are consistent with prior
experiments identifying a loss of fast-twitch muscle mass after burn [6,21,35]. The plantaris
mass was further reduced with hindlimb unloading, similar to findings by Wu et al. using this
model [6]. However, we did not find a difference between the plantaris mass in S/H and B/H
groups as was previously reported by Wu et al. [6]. It is possible that pre-training could have
contributed to this difference. When the plantaris was normalized to body mass, there was only a
significant decrease in the hindlimb treatments compared to ambulatory. We did not observe an
effect of exercise on plantaris mass in any treatments. These findings are not surprising given
that prior investigations found little effect of exercise on fast-twitch muscles in hindlimb
unloading [27,29]. There was no difference in the plantaris total protein content between groups.
These findings suggest that hindlimb unloading has a greater impact on plantaris mass than burn
and the current exercise protocol utilized does not compensate for the loss of plantaris mass.
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There was a significant decrease in the soleus absolute and normalized mass as well as protein
content with hindlimb unloading consistent with prior findings [10,27,29,32]. Similarly
Herbert et al. and other groups found exercise remediated some of the soleus muscle mass loss
but did not recover to ambulatory levels in the hindlimb groups [27,29,36]. Similar to prior
reports, the soleus myofiber size was decreased with hindlimb unloading [37]. We also found
that the soleus myofiber size was lowest in B/H. Exercise partially recovered fiber size; this
effect was greater on B/H but did not return to normal levels. Exercise increased myofiber size
across all conditions.

4.2 Muscle Function

The maximum twitch and absolute tetanic forces were lower in the plantaris of the hindlimb-
unloaded groups, similar to prior findings [38]. We did not observe a difference in plantaris
muscle function between ambulatory burn and sham. This is similar to findings by Wu et

al., except that we did not appreciate a difference between B/H and S/H absolute tetanic (Po) and
the twitch/tetanic (Pt/Po) ratio [6]. We did not identify differences in any other plantaris muscle
function parameters. These findings are consistent with the changes observed in the plantaris
muscle mass. The lack of changes in specific force is consistent with prior findings [6,38] and
suggests that decline in plantaris function is related to a decrease in quantity of muscle tissue
predominantly as a result of hindlimb unloading. Exercise did not appear to impact muscle
atrophy from hindlimb disuse in the plantaris. Prior experiments have shown a mild
improvement in muscle function of fast-twitch muscle groups with exercise training during
hindlimb suspension [27,29,33]. It is possible that we did not see an effect on the plantaris with
exercise training due to differences in duration, frequency, and type of training.

The soleus demonstrated lower twitch force in the hindlimb-unloaded groups as previously
not to control levels. The increased speed to peak (TPT) and relaxation time (1/2 RT) observed
in the soleus of hindlimb groups is similar to prior findings and could reflect an increased
relative proportion of fast-twitch fibers [6,38].

The absolute and specific tetanic soleus forces were lower across all hindlimb groups consistent
with prior findings [6,10,27,32]. The soleus specific tetanic force was doubled with exercise in
the burn hindlimb treatment only; however, this increase was not sufficient to return to
ambulatory levels. Prior studies of exercise in hindlimb unloading have demonstrated variable
results, but many did show improvement in the soleus [27]. The lack of improvement in the S/H
group after exercise suggests that a more rigorous regimen could be used and may demonstrate
an even larger change in the B/H group. There was no difference in the twitch to tetanic ratio
(Pt/Po) across treatments; this is in contrast to prior findings by Wu et al. [6]. A possible
explanation for the differences in Pt/Po could be differences in the protocol of isometric muscle
function testing such as sequential instead of simultaneous muscle testing and a truncated
protocol to obtain Lo. This difference in protocols could have led to altered muscle ATP levels
between the two methods at the time of tetanic force testing. Also the pre-training period could
have created a protective effect accounting for differences in our findings.

The soleus fatigue index observed in the hindlimb-unloaded group was higher than the
ambulatory group, but the minimum force after 4 minutes was significantly lower than the
ambulatory groups. The fatigue index in the exercise hindlimb groups was similar to ambulatory
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levels. The alteration in the contraction times and fatigue properties is suggestive of a change in
the relative fiber types in the soleus muscle with hindlimb unloading. We did find a relatively
increased percentage of fast-twitch fibers in the soleus muscle after hindlimb unloading. Exercise
in B/H further increased the ratio of fast-twitch fibers (data not shown). The soleus is known to
have a decrease in the percentage of slow-twitch fibers with unloading [32], and our histological
and functional findings suggest that resistance exercise does not diminish the loss of slow-twitch
fibers.
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5. Conclusions

Consistent with prior investigations of this burn animal model, we found that hindlimb unloading
contributed to the loss of muscle mass, myofiber size, and function in severe burn [6]. We have
shown that exercise did not impact changes in the plantaris characteristics or muscle function in
this model. We did demonstrate some changes in the soleus with an exercise regimen; however,
this did not result in a return to normal levels of function. We found that exercise increased
soleus force only in the burn hindlimb group. Exercise remediated the loss of muscle mass from
hindlimb unloading across groups but was not fully compensatory. Similarly, exercise correlated
with an increase in soleus myofiber size across all treatments, with the greatest impact on the
burn hindlimb group. These findings suggest that resistance exercise can be protective in sparing
some muscle function in burn injury with muscle disuse. Exercise appears to have an increased
compensatory effect on hindlimb unloading in the presence of burn. Our histological and
functional findings in the soleus suggest that resistance exercise increases myofiber size but does
not prevent the loss of slow-twitch fibers. Our current findings suggest that resistance training
does not completely ameliorate the loss of function and will likely need to be part of a regimen
aimed at reducing muscle atrophy. Further investigations with exercise regimens that include
aerobic and/or pharmacological components are needed.
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3. Abstracts



Effects of Resistance Exercise on Caloric Intake and Body Mass in Rats Following Burn and
Disuse

Baer LA, Song J, Wolf SE, Wade CE

Introduction: The treatment and recovery of patients with severe traumatic injuries is impacted
by a pronounced increase in metabolism. Injury induces a systemic catabolic response with
increased energy expenditure and loss of body mass. The ability to resume normal activities is
compromised due to inactivity associated with bed rest and the catabolic response due to burn
injury. Exercise and nutritional interventions have been used independently with limited success.
Using a combined severe burn and hindlimb unloading rodent model with no exercise,
hypermetabolism was observed associated with a significantly reduced body mass combined
with increased food intake. The purpose of this study was to determine if body mass and caloric
intake are affected by daily resistance exercise following burn and disuse.

Methods: Male, Sprague-Dawley rats were randomized into four groups: Sham Ambulatory
(SA), Burn Ambulatory (BA), Sham/Hindlimb unloaded (SH) and Burn/Hindlimb unloaded
(BH), with daily resistance exercise (EX) or no exercise (NEX) (N=6/group). Rats were
introduced to resistance exercise by adding weight to each tail during repetitive ladder climbing
ten days prior to injury. Rats were then weight-matched into treatment groups, either daily
exercise or no-exercise. Statistical analysis using ANOVA with significance at p<0.05.

Results: No differences in body mass were observed between any groups at the time of injury.
At day 14, NEX-SA and NEX-BA body mass were significantly greater than EX-SA and EX-
BA, but no differences in SH or BH. BH rats were significantly smaller than other treatment
groups. Compared to other treatment groups, there was a significant increase in average kcals
consumed over the last 5 days in BH, irrespective of exercise. No other differences in food intake
between NEX and EX within each treatment group were observed.

Conclusions: Disuse showed no significant changes in body mass due to exercise. Irrespective
of exercise, BH demonstrated a hypermetabolic response with increased caloric intake in
conjunction with significantly reduced body mass. Burn injury, accompanied by long-term
disuse results in complex metabolic changes early after the initial injury. With disuse, exercise
did not affect body mass and alterations in caloric intake were independent of exercise. Different
underlying factors seem to be influencing the acute metabolic changes offering opportunities for
early intervention resulting in positive long-term outcomes.

Grant Information: US Army MRMC CDMRP W81XWH-13-1-0489

| SA BA SH BH

D14 Body Mass (g)
NEX 3367 307+7 3056 282+4¥
EX 319+6* | 287+5* | 29447 278+4*

Caloric Intake
(kcal/100g
BM/day)
NEX 20.5+0.8 | 21.3+0.4 | 21.7+0.6 | 22.1+0.9*
EX 19.7+0.4 | 21.0+0.6 | 20.2+0.5 | 23.0+0.9*




Exercise Alleviates Skeletal Muscle Protein Loss After Severe Burn and Hindlimb Disuse
Carlson BA, Song J, Saeman MR, DeSpain K, Baer LA, Wade CE, Wolf SE

Introduction: Muscle atrophy is common after severe burn which is associated with muscle
disuse. In a rat model of hindlimb unloading after burn supports the contention that bedrest
contributes significantly to catabolism and muscle atrophy. The aim of our study was to evaluate
whether exercise mitigates the protein content loss in this animal model.

Methods: Forty-eight Sprague-Dawley male adult rats were randomly assigned to burn
ambulatory (BA), burn hindlimb unloading (BH), sham ambulatory (SA), or sham hindlimb
unloading (SH). Rats received a full thickness scald burn of 40% total body surface area (TBSA)
or sham, and were allowed to ambulate or placed in a tail traction system for hindlimb unloading.
Half of them were trained to exercise twice a day; another group had no exercise. On day 14
skeletal muscles in hind limb were harvested for tissue weight. Muscle proteins were extracted
from rat gastrocnemius media (GM), soleus (SL) and plantaris (PL) following T-PER Tissue
protein extraction procedure (Thermo Fisher Scientific). Protein concentration was measured
with DC Protein Assay (Bio-Rad Laboratories Inc.). Statistical analysis was performed with
Sigma Plot using three-way ANOVA. Significance was accepted with p<0.05.

Results: Muscle tissue wet weight in rat GM, SL, PL significantly decreased after hindlimb
unloading; only PL and GM (but not the SL) had significantly decreased protein content in rats
14 days after burn without hindlimb unloading. The ratio of soleus to body mass significantly
increased with exercise treatment in rats (p<0.001). There was significant protein content loss in
SL in rats with HLU (p=0.001), and protein yield in GM significantly increased in rats with
exercise training (p=0.003). (Table 1) Western blotting results showed that the absorbance ratio
of desmin to GAPDH in tissue lysate from GM significantly decreased in BH group (p<0.05),
which was attenuated with exercise as there was no difference between BH and SA groups after
exercise.

Summary: Skeletal muscle mass loss was significantly affected by hind limb immobilization.
Exercise increased protein yield in rat GM muscle. Western blot data confirmed muscle specific
protein loss was alleviated in the GM through exercise treatment in severe burn rats with hind
limb unloading.

Applicability of Research to Practice: The current study demonstrates the benefit of physical
therapy in burn victims with muscle disused atrophy



Skeletal Muscle Fiber Type Changes in Severe Burn Rats with Muscle Disuse Atrophy
Song J, Baer LA, Saeman MR, Liu MM, Carlson B, Wolf HE, DeSpain K, Wade CE, Wolf SE

Introduction: Muscle atrophy is common in severe burned patients with limited movement. In a
rat model of hindlimb unloading after burn supports the contention that bedrest in the severe
burn contributes significantly to muscle atrophy. The aim of our study was to evaluate if exercise
in the setting of bedrest affected myofiber type in this burned animal model.

Methods: Male rate were assigned to four treatments: sham ambulatory (SA), sham hindlimb
unloading (SH), burn ambulatory (BA), or burn hindlimb unloading (BH). Rats received 40%
total body surface area (TBSA) scald burn or sham. Animals grouped to either ambulate or were
placed in a tail traction system for hindlimb unloading. Within each treatment half of rats (n=6
per group) performed twice daily exercises of climbing 1 meter with 5 repetitions (EX) with the
others did not exercise (NX). On day 14 skeletal muscles in hind limb were harvested. Myofiber
type in plantaris (PL) and soleus (SL) muscles were determined using Immunohistochemistry
methods (IHC) staining with anti-myosin heavy chain (MHC) Slow, type | and Fast, Type 1l
antibodies (Sigma Aldrich, MO). The positive stained myofiber number was counted blinded to
treatment under light microscopy at 10 x magnification. Statistical analysis was performed with
Sigma Plot using 3-way ANOVA method, and significance was accepted by p<0.05.

Results: Type | MHC myofiber was predominate in the soleus with only 11.4% type 1l
myofibers in the sham ambulatory group. Burn had no effect on myofiber type, while the number
of type Il myofibers increased significantly in the soleus 14 days after hind limb unloading
(p=0.004). No significant change in soleus myofiber type was found between exercise and non-
exercise groups. Type Il MHC myofiber was predominant (91£1.2 %) in the plantaris. the
interior of the muscle on cross-section had significantly decreased type | fibers after burn
(p=0.047); no difference was found after HLU or exercise.

Summary: Following severe burn, muscle immobilization increased the proportion of fast twitch
myofiber in the soleus, while the burn injury had more effect on the predominately fast-twitch
plantaris. No effect of exercise on myofiber type change in both PL and SL muscle was
observed. Changes in myofiber type may occur independently due to injury or disuse, and do not
responds to exercise training. Myofiber type distribution might be related with metabolic
changes in burn patients and muscle disused dystrophy.

External Funding support: US Army MRMC CDMRP, NIH T32 Training Grant



The Effects of Exercise on Soleus Function in Severe Burn with Muscle Disuse Atrophy
Saeman MR, DeSpain K, Liu M, Carlson B, Baer LA, Song J, Wade CE, Wolf SE.

Introduction: Muscle loss is a known sequela of severe burn and critical illness that increases
the risk of complications such as sepsis and prolonged recovery time. A prior study in a rat
model of hindlimb unloading after burn supports that bedrest contributes significantly to muscle
atrophy. The aim of our study was to evaluate if exercise mitigates the loss of muscle in this
animal model.
Methods: Two groups of 24 Sprague-Dawley rats were randomly assigned to burn ambulatory
(B/A), burn hindlimb unloading (B/H), sham ambulatory (S/A), or sham hindlimb unloading
(S/H). One group was trained to perform twice daily weighted resistance climbing of 1 meter
with 5 repetitions; the other group had no exercise. Rats received a full thickness scald burn of
40% total body surface area or sham and were allowed to ambulate or were placed in a tail
traction system for hindlimb unloading. On day 14 in situ isometric forces were measured on the
left soleus muscle. Statistical analysis was performed with Sigma Plot using Student’s t-test,
Mann Whitney, or ANOVA with Holm-Sidak method where appropriate.
Results: The soleus wet weight was lower in the hindlimb (144 mg) and the exercise (136 mg)
versus the ambulatory (190 mg, p<0.001), and no exercise (180 mg, p=0.01) groups. There was
no difference in weights between burn and sham. Twitch was significantly lower in the hindlimb
group: 31 vs 12 g (p<0.001). Compared to no exercise, the B/H exercise group had a
significantly higher twitch force 14 vs. 8 g (p=0.04). Across all other factors there was no
significant difference in the twitch between exercise and no exercise. There was a significantly
lower tetanic force in the hindlimb group: 55 vs 148 g (p<0.001). B/A had a lower tetanic force
in the exercise group versus no exercise: 118 vs 1659 (p=0.02). In B/H no difference in tetanic
force was seen with or without exercise. All hindlimb groups had significantly lower specific
tetanic force than ambulatory: 12 vs. 22 N/cm? (p<0.001). The specific tetanic force in B/H was
significantly higher in exercise versus no exercise: 14 vs. 7 N/cm? (p=0.008). Fatigue index was
significantly lower in
the ambulatory (55%)
and exerCiSE (52%) No Exercise Exercise

BA BH SA SH BA BH SA SH

groups versus hindlimb
(69%) and no exercise 200 (10) 170(40) 210(20) 140(40) 190(10) 110(10) 150(10) 120(4)

- 36(4.4)  8(20) 31(28 14(21) 27(20) 14(2.1) 30(26) 11(08)
(73%) groups (p_—0.03, 165(9)  42(5) 159(18) S6(4) 118(14) 54(5) 150(16)  66(8)
p=0.002 respectively). 5(2) 7))  25(3) 1220 2002) 1420 23@2) 170
Muscle function of all 69(6) 76(3)  66(6) 82(11) 37(11) 58(13) 52(11) 63(5)
groups included in

BA: Burn Ambulatory; BH: Burn Hindlimb; SA: Sham Ambulatory; SH: Sham Hindlimb

table.
Conclusion: Hindlimb
unloading is a

significant factor in muscle atrophy with or without burn. Exercise increased soleus twitch and
specific force in this model. However, there was a surprising decrease in muscle mass with
exercise in all groups and a decrease in the fatigue index. These findings suggest that exercise
contributes to a functional muscle change in a model of disuse and critical illness.



Plantaris microRNA and Target Gene Profile After Exercise Training in an Animal Model of
Hindlimb Unloading and Severe Burn

Saeman MR, Song J, Baer LA, DeSpain K, Wade C, Wolf SE

Muscle atrophy in severe burn is exacerbated with bed rest. Exercise is known to ameliorate
disuse atrophy. MicroRNAs (miRNAs) are small non-coding RNAs that regulate post-
transcriptional gene expression. The study aim was to investigate if exercise alters the muscle
epigenetic profile in burn with bed rest using a clinically relevant animal model. Male Sprague-
Dawley rats received 40% total body surface area (TBSA) scald burn and were placed in a
hindlimb unloading traction system. Half (n=6) exercised twice daily by climbing 1 meter 5
times (EX) the others did not exercise (NX). On day 14, plantaris was harvested and stored in
RNA later at -80°C. Samples from each group were pooled. Total RNA was extracted with
Qiagen miRNeasy Mini kit. MicroRNA profiles were measured using Affymetrix miRNA 4.0
Array chips at our institutional microarray core facility. One chip, including 363,353 small non-
coding RNA probes with varied species and controls, was used per sample. Chip reproducibility
(intra and interlot) was greater than 0.95. Genomic profile was examined from RNA samples
running with Affymetric Rat gene 2.0 ST arrays. Raw data was normalized with Robust Multi-
array Average (RMA). Data was analyzed with Transcriptome Analysis Console (TAC 2.0). In
each group 36,222 miRNAs were detected; 1,218 miRNAs were rattus norvegicus. 623 miRNAs
were upregulated and 587 were down regulated in exercise. 31 probes increased over 2 fold and
21 probes decreased over 2 fold with exercise. Of these, 6 upregulated and 7 down regulated
mMiRNAs corresponded with target gene profile changes (Table). All gene expression except
Rrm2 was down regulated. Type | collagen gene was associated with several miRNAs. Down
regulation of mir-182, mir-92b-3p and up-regulation of mir 409a-3p together inhibits Col1a2
expression; mir-138-5p inhibits Collal expression. Exercise in disuse atrophy after burn altered
the miRNA profile with down regulation of target genes. Mechanisms of miRNA regulation are
complicated. Redundant epigenetic pathways provide flexibility to adapt to injury. Targeting
mMiRNA could be useful as a therapeutic approach.



Plantaris microRNA and Target Gene Profile After Exercise Training in an Animal Model of
Bed Rest and Severe Burn

Saeman MR, Song J, Baer LA, DeSpain K, Wade C, Wolf SE

Muscle atrophy in severe burn is exacerbated with bed rest. Exercise is known to ameliorate
disuse atrophy. MicroRNAs (miRNAs) are small non-coding RNAs that regulate post-
transcriptional gene expression. The study aim was to investigate if exercise alters the muscle
epigenetic profile in burn with bed rest using a clinically relevant animal model. Male Sprague-
Dawley rats received 40% total body surface area (TBSA) scald burn and were placed in a
hindlimb unloading traction system. Half (n=6) exercised twice daily by climbing 1 meter 5
times (EX) the others did not exercise (NX). On day 14, plantaris was harvested and stored in
RNA later at -80°C. Samples from each group were pooled. Total RNA was extracted with
Qiagen miRNeasy Mini kit. MicroRNA profiles were measured using Affymetrix miRNA 4.0
Array chips at our institutional microarray core facility. One chip, including 363,353 small non-
coding RNA probes with varied species and controls, was used per sample. Chip reproducibility
(intra and interlot) was greater than 0.95. Genomic profile was examined from RNA samples
running with Affymetric Rat gene 2.0 ST arrays. Raw data was normalized with Robust Multi-
array Average (RMA). Data was analyzed with Transcriptome Analysis Console (TAC 2.0). In
each group 36,222 miRNAs were detected; 1,218 miRNAs were rattus norvegicus. 623 miRNAs
were upregulated and 587 were down regulated in exercise. 31 probes increased over 2 fold and
21 probes decreased over 2 fold with exercise. Of these, 6 upregulated and 7 down regulated
mMiRNASs corresponded with target gene profile changes (Table). All gene expression except
Rrm2 was down regulated. Type | collagen gene was associated with several miRNAs. Down
regulation of mir-182, mir-92b-3p and up-regulation of mir 409a-3p together inhibits Col1a2
expression; mir-138-5p inhibits Collal expression. Exercise in disuse atrophy after burn altered
the miRNA profile with down regulation of target genes. Mechanisms of miRNA regulation are
complicated. Redundant epigenetic pathways provide flexibility to adapt to injury. Targeting
mMiRNA could be useful as a therapeutic approach.



Muscle microRNA Profile Alteration Following Severe Burn
Song J, Saeman MR, DeSpain K, Baer L, Wade C, Wolf SE

Introduction: Injury causes systemic epigenetic changes associated with clinical outcomes.
MicroRNAs (miRNAS) are a class of small non-coding RNAs that function in RNA silencing
and post-transcriptional regulation of gene expression. Muscle is significantly involved in the
metabolic response after severe burn; however, the miRNA profile in this state is unknown. The
aim of the study is to outline the microRNA profile in response to severe burn in an animal
model.

Methods: Twelve male Sprague-Dawley rats were randomly assigned to sham and burn groups.
Rats received 40% total body surface area (TBSA) scald burn or sham. On day 14, hindlimb
skeletal muscles were harvested. plantaris tissue samples from three animals were pooled in each
treatment group for total RNA extraction. The microRNA profile of each biological sample was
measured using Affymetrix miRNA 4.0 Arrays chips at our institutional microarray core facility.
Each chip contained a total of 36,353 small non-coding RNA probes, and the chip reproducibility
is greater than 0.95. The raw data signal intensity was normalized with Robust Multi-array
Average (RMA). Data was analyzed with Transcriptome Analysis Console (TAC 2.0) software.
Results: A total of 36,222 miRNAs were detected in each grouped sample, of these 1,218 rattus
norvegicus miRNAs probes were identified. The highest probe signal intensity (binary log ratio)
was 16 for miRNA-206-3p in both groups. There were 74.5% transcripts in the sham group and
73.9% in the burn group, with a signal intensity less than 2. We identified 703 (57.7%) up-
regulated miRNAs and 515 (42.3%) down-regulated miRNAs in the burn group compared to
sham. Among the up-regulated profiles, 8 miRNAs were increased over 5 fold. All of the down-
regulated miRNAs were within a -3 fold change (tablel). MiR-182 was the most up-regulated
miRNA following burn. It increased 12.81 linear fold (log ratio 6.14 in BA, 2.46 in SA). It
inhibits Colla2 gene (for type I collagen) and promotes NEU2 gene (for Sialidase-2). MiR-409a-
3p was the most down-regulated miRNA in response to burn (-2.95 fold change). Interestingly, it
functions with miRNA-182 to inhibit muscle Colla2 gene expression after burn.

Conclusion: In summary, we describe the miRNA profile in muscle 14 days after burn f Up-
regulation predominated in response to burn. The interaction network between epigenetics and
genomic profile confirmed with biological response is under investigation.



Burn and Disuse with Resistance Exercise Effects on Fibroblast Growth Factor-21 and eNOS in
Rats

Baer LA, Song J, Stanford KI, Wolf SE, Wade CE

Severe burn and disuse cause metabolic alterations associated with changes in fat metabolism,
with exercise showing a similar effect. Using our rodent model of burn and disuse with
resistance exercise, circulating FGF-21 and eNOS protein content were measured. Rats
randomized into Sham Ambulatory (SA), Burn Ambulatory (BA), Sham/Hindlimb unloaded
(SH) and Burn/Hindlimb unloaded (BH), with (EX) or without (NEX) daily exercise. BH rats
were significantly smaller. Burn rat groups had the greatest reduction in subcutaneous adipose
fat. FGF-21 was higher in EX-SA compared NEX-SA, but showed no differences within other
groups. In comparison, eNOS showed an upregulation in burn rats compared to SA, showing a
burn effect. It seems that the injury state may be overriding exercise and may be causing other
shifts to occur. This increase may be associated with improved glucose metabolism and
mitochondrial function, indicating a previously unrecognized role for resistance exercise and
improved adipose tissue function. (US Army MRMC W81 XWH-13-1-0489)



Effects of Resistance Exercise and Daily Insulin on Body Mass, Food Intake, Fat Mass and Total
Hindlimb Muscle Mass in Rats Following Burn and Disuse

Baer LA, Song J, Wolf SE, Wade CE

Introduction: Treatment and recovery of patients with severe traumatic injuries is impacted by
an increase in metabolism. Injury induces a systemic catabolic response with increased energy
expenditure and loss of body mass. After burn injury, the ability to resume normal activities is
compromised due to inactivity associated with bed rest as well as the catabolic response.
Exercise and nutritional interventions have been used independently with limited success. The
purpose of this study was to determine following burn and disuse how body mass, food intake
and total hindlimb muscle mass are affected by a combination of daily resistance exercise and
daily insulin.

Methods: Male, Sprague-Dawley rats were randomized into four groups: Burn/Hindlimb
unloaded (BH) with daily resistance exercise (EX) or no exercise (NEX) and vehicle control
(VEH) or insulin-treated (INS). Daily resistance exercise began ten days prior to injury by
adding weight to the tail during repetitive ladder climbing. Rats were then weight-matched into
treatment groups, either daily exercise or no-exercise, VEH or INS. Body mass, food intake was
collected daily throughout the study. Fat mass and total hindlimb muscle
(TA+EDL+PIlantaris+Soleus+Medial and Lateral Gastroc) mass was measured on D14. Data are
mean+SEM and an ANOVA was used with significance at p<0.05.

Results: No differences in body mass were observed between any groups at the time of injury or
day 14. Exercise caused a significant increase in mean food over the last 5 days independent of
daily insulin. Fat mass was not different between any of the groups. Exercise significantly
increased total muscle mass irrespective of insulin. Total hindlimb muscle mass was further
increased with the combination of daily insulin and exercise.

Conclusions: Exercise independently and with insulin elicited a significant increase in food.
However, the increase in food intake did not result in differences between treatment groups in
either body mass or fat mass, supporting a hypermetabolic effect. Muscle wasting was reduced
with daily exercise. When daily exercise was combined with daily insulin, there was a greater
attenuation of muscle wasting, suggesting the combination of exercise and insulin may be a
contributing factor in reversing wasting as a result of burn injury. Different underlying factors
seem to be influencing the acute metabolic changes offering possible opportunities for
combinations of early interventions resulting in positive long-term outcomes.

Applicability of Research to Practice: The combination of exercise and pharmacological
agents immediately following severe injury is anticipated to improve long-term outcome.



Exercise Treatment Reversed Micro RNA Profile in Burn Rats with Hindlimb Unloading
Cai R, Song J, Kumar PB, Sehat AJ, Saeman MR, Baer LA, Wade CE, Wolf SE

Introduction: Micro RNA (miRNA) is a class of non-coding RNA that regulates gene
expression by silencing messenger RNA. Burn induces muscle breakdown that is made worse by
bed rest, while exercise has been found to alleviate this muscle atrophy. We hypothesize that the
alteration of miRNA and target gene profiles contributes to skeletal muscle mass loss after burn,
and exercise reverses the muscle atrophy. The purpose of our study was to characterize the
miRNA profile correlated to gene expression in an animal model for burn and disuse, as well as
miRNA changes seen with exercise.

Methods: Forty-eight Sprague-Dawley rats were randomly assigned to sham ambulatory (SA),
burn ambulatory (BA), sham hindlimb unloading (SH), and burn hindlimb unloading (BH)
groups. Rats received 40% total body surface area scald burns or sham treatment, and they were
placed in hindlimb unloading by tail harness, a model for bed rest, or ambulatory. Half of each
group received twice daily resistance exercise for eight total groups (n=6 per group). After the
14-day treatment period, the plantaris muscles were harvested for miRNA and genomic data
analysis.

Results: Our results show that compared to the SA group, BA and SH independently upregulate
3- to 4-fold more miRNAs and genes than they downregulate. miRNA-182, -187-3p, and -155-
5p rank among the most upregulated. Comparing the combination of B and H (BH) to SA reveals
that miRNA-182, miRNA-187-3p, and gene Nr4a3 receive additive contributions from B and H.
With exercise, miRNA-182 increased 10.06-fold, and miRNA-138-1-3p decreased 2.14-fold. In
comparison, exercise in the BH group strongly downregulated miRNA-182 7.04-fold and miR-
138-1-3p 6.57-fold. In a similar fashion, exercise upregulated genes Chad and Cpxm2 in SA,
then downregulated them in BH.

Conclusions: Burn and disuse additive contributions to miRNA and gene changes may explain
the additional muscle atrophy burn patients experience with bed rest. Furthermore, exercise
demonstrates a greater downregulation of miRNA and genes in BH compared to the SA group.
Applicability of Research to Practice: Elucidating specific miRNAS’ roles in muscle atrophy
secondary to burn and bed rest opens the possibility of new markers and treatments targets.



Combined Effects of Oxandrolone and Exercise on Muscle Function Recovery in Rats with
Severe Burn and Hindlimb Unloading

Song J, DeSpain K, Baer L, Wade CE, Wolf SE

Introduction: Muscle mass loss and function impairment worsens with restricted mobility in
severe burn patients. We previously showed exercise training improved muscle function
recovery in severely burned rats with hindlimb unloading. The aim of the study was to evaluate
if the combination of daily oxandrolone with resistance exercise mitigates the loss of muscle
function in this animal model.
Methods: Twenty Four Sprague-Dawley rats received a full thickness 40% total body surface
area (TBSA) burn and were randomly assigned to vehicle (corn oil) without exercise (V/NEX),
oxandrolone (0.1mg/kg/day) without exercise (O/NEX), vehicle with exercise (V/EXx), or
oxandrolone with exercise (O/Ex) (n=6/group). All animals were placed in a tail traction system
for hindlimb unloading to mimic bed rest after burn. The exercise groups completed resistance
training twice a day. On day 14 in situ isometric forces of the left plantaris and soleus muscles
were measured by using the ASI muscle lever system with dynamic muscle control and analysis
software (Aurora Scientific, Inc). Fatigue measurement was only performed in the soleus.
Statistical analysis was performed with Sigma Plot using Student’s t-test or ANOVA where

appropriate.

Results: Tetanic (Po) muscle function were significantly elevated in the plantaris with exercise
(p=0.038), but not with oxandrolone treatment alone. Fatigue index (FI) was lower and
integration was significantly elevated in the soleus after exercise (p<0.05) with or without
oxandrolone treatment [Tablel]. A generalized estimating equation linear regression model was
applied to further analyze data of fatigue in the soleus. Results showed that average max force
was achieved in the soleus either with oxandrolone treatment or resistance exercise
independently. The max force for the O/Ex group was significantly higher than that for the
V/NEX group (p=0.01).
Conclusion: Resistance exercise improves muscle function in burned rats with hindlimb
unloading. Oxandrolone treatment increases strength in the soleus, but is not additive to the
effects of exercise.
Support: DOD funding W81 XWH-13-1-0462

Table 1
NEX Ex NEX Ex
Plantaris Soleus
\% 0 \% (0] \% (0] \% 0
Tissue weight Tissue weight
0.119+0.015{0.133+0.013 | 0.122+0.019 | 0.133+0.011 0.028+0.010 | 0.032+0.006 | 0.034+0.003 |0.037+0.006
(g)/100g BM (g)/100g BM
Lo (mm) 22.2+1.8 22.2+25 22.3+1.1 22.3+1.2 Lo (mm) 21.8+2.4 22.0£3.0 21.4+34 20.8+0.8
12 RT (s) 0.0166+0.001/0.0169+0.001/0.0187+0.001/0.0165+0.001 Pt (9) 47.8+29.4 52.3+14.1 64.9+39.8 | 48.8x11.2
Pt (9) 98.0+13.4 | 115.8+27.1 | 112.4+22.5 | 105.9+11.5 Po (g) 113.5+69.9 | 126.0+49.9 | 106.3+18.6 | 124.1+17.8
Po (g) 426.7+137.6 | 469.1+47.2 | 489.7+58.1 |555.4+45.4* Fl 26.4+11.8% | 27.2+13.0% | 15.6%7.7% |16.1+6.4%*
Po/ Pt 4.29+1.01 | 4.17+0.70 | 4.48+0.94 | 5.31+0.55 Fatigue(max) 79.9+456 | 951+36.4 | 100.2+135 |104.7 +11.3
sPt(N/cm2) 6.79+0.80 | 8.97+2.97 | 7.85+1.45 | 8.19+1.02 Integration 4837.4+2608.6|4830.8+2371.4/6614.2+1864.5(7985.4+727*
sPo(N/cm2) 29.69+10.06 | 35.21+7.44 | 34.73+6.98 |38.25+11.78 sPt(N/cm2) 9.69+555 [ 10.81+4.50 | 14.05+8.33 | 9.52+1.74




*, p<0.05, exercise vs. non exercise, two way ANOVA, presented as

meanxSD

sPo(N/cm2)

22.67 £ 14.04

29.08 £ 13.79

23.41+6.09

2446 +4.14




Combined Effects of Insulin and Exercise on Muscle Function in Severe Burn
Saeman MR, DeSpain K, Song J, Baer LA, Wade CE, Wolf SE

Introduction: Muscle loss is a known sequela of severe burn and critical illness that increases
the risk of complications such as sepsis and prolonged recovery time. A prior study in a rat
model of hindlimb unloading after burn supports that bedrest contributes significantly to muscle
atrophy. The aim of our study was to evaluate if exercise combined with insulin in the immediate
recovery period mitigates the loss of muscle function in this animal model.

Methods: Twenty Four Sprague-Dawley rats received a full thickness 40% total body surface
area (TBSA) burn and were randomly assigned (n=6) to vehicle without exercise (V/No), insulin
(pro zinc 40U daily) without exercise (I/No), vehicle with exercise (V/EX), or insulin with
exercise (I/Ex). All animals were placed in a tail traction system for hindlimb unloading to
mimic bed rest immediately following burn. The exercise group was trained to perform twice
daily weighted resistance climbing of 1 meter with 5 repetitions. On day 14 in situ isometric
forces of the left soleus and plantaris muscles were measured. Fatigue measurement was
performed in only the soleus. Statistical analysis was performed with Sigma Plot using Student’s
t-test or ANOVA where appropriate.

Results: There was no significant change in animal body mass between treatments. The
physiological cross sectional area (PCSA) of the plantaris increased with combined insulin and
exercise. The tetanic (Po) and twitch (Pt) muscle functions were significantly elevated in the
plantaris of I/Ex. However, there was no change in the tetanic force when normalized to PCSA
(Po/CSA). The soleus had significant elevation of Po, Pt, Po/CSA, fatigue maximum, and fatigue
minimum in I/Ex. Please refer to the table for specific values and significance.

Conclusion: Insulin and resistance exercise have a positive combined effect on the hindlimb
muscle function in this model of critical illness. The plantaris muscle demonstrated increased
physiological cross sectional area with increased force suggesting a net increase in muscle fibers
as the cause of this change. The soleus demonstrated a change in the specific force of the muscle
and fatigue functions indicating a change in the composition of muscle fiber types.

Muscle Dimensions and Isometric Muscle Function

Parameter Plantaris Soleus
Group No Exercise Exercise No Exercise Exercise
Vehicle Insulin Vehicle Insulin Vehicle Insulin Vehicle Insulin
Muscle Wet weight (mg) 332+18329+9 348+6.3354+14 119+2143+23 151+32131+7
Lo (mm) 35+231+0.3 32+132+1 33+1429+04 31+0930+04
PCSA (mm?) 27+330+2 30+£2%31+2 50+0269+23 6.7+136.0+0.3
Twitch Force Pt (g) 89+985+3 92+21102+8 10+210+2 14+£2*18+1
Tetanic Force Po (g) 430+£31459+ 12 508 + 14 1522 + 17 38+838+9 59+5*69+5
Po/CSA (N/cm?) 16+215+2 16+£117+1 74+£270x1 10+21$12+1
Pt/Po (%) 21+£119+1 18+0.420+1 26+124+2 24£226+2
Fatigue Maximum (g) _— _ 33+634+9 53+4*64+4
Minimum (g) _ _ 27+627+6 46 + 4 *54 + 4
Index (%) _— _ 81+784+5 87+584+5

Lo = optimal muscle length * vs. No Exercise (ANOVA, p<0.05)

PCSA = Physiological Cross Sectional Area T vs. Vehicle No Exercise (ANOVA, p<0.05)

Po/CSA = Tetanic force normalized to PCSA * vs. Vehicle No Exercise (one-tailed t-test p<0.05)

Pt/Po (%) = Ratio of twitch to tetanic force 1 vs. Other groups combined (two-tailed t-test, p=0.05) Fatigue Index = Ratio of fatigue
minimum to maximum



Resistance Exercise Effects on Body Mass, Free Fatty Acid Concentration and Fatty Acid
Metabolism in sqW/AT Following Burn and Disuse in Rats

Baer LA, Stanford KI, Song J, Wolf SE, Wade CE

Introduction: Severe burn induces a catabolic response with increased energy expenditure and
loss of body and white adipose tissue (WAT) mass. Burn induces WAT lipolysis, increasing
intracellular free fatty acid (FFA) turnover, but despite increased lipolysis, circulating FFA can
either increase or decrease. The ability to resume normal activities after burn injury is
compromised due to the catabolic response and inactivity associated with bed rest. Exercise,
improves insulin sensitivity and decreases circulating FFA, likely due to adaptations in adipose
tissue. We investigated how resistance exercise in a combined rodent model of burn and disuse
affects circulating FFA, WAT mass and expression of genes involved in fatty acid transport and
metabolism.

Methods: Male SD rats randomized into 8 groups: Sham/Amb (SA), Burn/Amb (BA), Sham
Unloaded (SH), Burn Unloaded (BH) with (EX) or without (NEX) exercise. Daily resistance
exercise by repetitive ladder climbing. Body mass was collected daily throughout the study.
Blood was collected and subcutaneous white adipose tissue (SQWAT) was collected on D14.
Circulating FFAs were measured in plasma. Enzymatic pathways of fatty acid metabolism were
measured in 84 key genes.

Results: Significant decrease in body mass in SAEX and BAEX vs. SANEX and BANEX.
Exercise significantly reduced circulating FFA and sqWAT in SA, BA, and BH. SHNEX &
BHNEX had a decrease in expression of SQWAT genes involved in fatty acid metabolism
compared to SANEX & BANEX. Exercise increased expression of SQWAT genes in fatty acid
metabolism (SAEX, BAEX vs. SANEX, BANEX). Exercise restored genes involved fatty acid
metabolism to that of SANEX. Overall, hindlimb unloading decreased genes involved in
SqQWAT fatty acid metabolism, while the expression was increased with burn injury. In all cases,
resistance exercise restored expression of genes involved in fatty acid metabolism to that of the
SANEX.

Conclusions: Burn injury with disuse is affected by exercise. Exercise reduced body mass in
ambulatory groups, but maintained body mass when combined with unloading. Reductions in
circulating FFAs is an indication of possible intracellular breakdown. Alterations in fatty acid
metabolism gene expression are often associated with metabolic syndrome, resultants of burn
injury and disuse. Fatty acid metabolism in sQWAT is decreased by both burn and unloading,
independently and in combination, however, with the incorporation of daily resistance exercise,
it appears to be restored. Gene pathway data may help to shed some light on molecular changes
that may be occurring and these data suggest the incorporation of a daily exercise program may
be an effective treatment resulting in positive long-term outcomes.

Grant Information: US Army MRMC CDMRP W81XWH-13-1-0489.

| sA | BA SH BH
D14 Body Mass (g) (n=6/group)
NEX 33447 3064 29816 273+3¥
EX 3156 26515 289+7 270+4*
Free Fatty Acid (nmol/L) (n=6/group)
NEX | 2.45+0.17 [ 1.740.16 | 1.89+0.23 | 1.62+0.09¥




EX 1.89+0.14% | 1.59+0.20 | 2.06+0.38 | 1.39+0.09%

sqWAT Fat Mass (n=6/grp)
NEX 1.97+0.18 | 1.47+0.16 | 1.32+0.17 | 1.18+0.07¥
EX 1.59+0.14 | 1.08+0.11 | 1.31+0.12 | 1.02+0.11¥

Mean + SEM; ¥ p<0.05 from SANE




Moderate Resistance Exercise Improves the Metabolic Profile of Adipose Tissue in a Model of
Disuse

Baer LA, Harris J, Sindeldecker D, Song J, Wolf S, Stanford KI, Wade CE

Treatment of trauma and several other maladies requires patient immobilization and restriction of
physical activity, which can result in impaired metabolic health. In contrast to physical
immobilization, physical activity and exercise improves metabolic health. Using a rodent model
of disuse (hindlimb unloading) combined with resistance exercise, we determined if moderate
resistance exercise could negate the effects of disuse on the metabolic profile of white adipose
tissue (WAT). Male rats were assigned to four groups 1) Ambulatory No Exercise (ANE); 2)
Ambulatory Exercise (AE); 3) Hindlimb Unloaded No Exercise (HUNE); 4) Hindlimb Unloaded
Exercise (HUE). All rats completed a 10-day pre-training resistance exercise regiment prior to
random group assignments. HUNE and HUE animals were placed in a tail traction system with
their hindlimbs unloaded and were followed for 14 days. Animals designated to AE or HUE
groups exercised for 14 days. At day 14, plasma and tissue samples were collected and
analyzed. Resistance exercise resulted in a decrease in body mass in the ambulatory animals
(AE vs. ANE), and hindlimb unloading significantly decreased body mass compared to
ambulatory animals (HUNE and HUE vs. ANE and AE), but there was no additive effect of
exercise on body mass (HUNE vs. HUE). Hindlimb unloading reduced hindlimb muscle mass
(ANE and AE vs. HUNE and HUE), and resistance exercise partially restored soleus mass in the
hindlimb unloaded animals (HUNE vs. HUE). Total white adipose tissue mass (WAT),
perigonadal WAT (pgWAT) mass, and subcutaneous WAT (scWAT) mass and adipocyte size
were significantly reduced in response to both exercise and hindlimb unloading. Expression of
genes and proteins in SCWAT involved in fatty acid oxidation and glucose metabolism were
significantly increased with exercise (ANE vs. AE), reduced with hindlimb unloading (ANE vs.
HUNE), and restored with exercise in the hindlimb unloaded animals (HUNE vs. HUE). In
conclusion, these data indicate that moderate resistance exercise improves the metabolic profile
of both pgWAT and scWAT in both the ambulatory state and in an animal model of disuse,
providing a novel therapeutic benefit for the bed rest patients.

Support or Funding Information

US Army MRMC CDMRP W81 XWH-13-1-0489



Transcriptomic Profile Alterations in Burn/Hindlimb Unloaded Rats with Insulin and Exercise
Combination Treatment

Song J, Baer LA, Saeman MR, Wade CE, Wolf SE

We previously demonstrated changes in miRNA related gene profiles in burn and hindlimb
unloaded (B/H) rats. We also found that exercise training reversed those gene profiles which was
principally related to diminished oxidative stress and inflammatory signaling. Insulin treatment
has also shown positive effects in burns; we recently observed that insulin additively improved
muscle function when combined with exercise treatment in burn and hindlimb unloaded rats. We
wondered whether transcriptome profiles reflect skeletal muscle pathophysiological changes in
this event. Twenty-four Sprague-Dawley rats received a full thickness 40% total body surface
area (TBSA) burn and placed in a tail traction system for hindlimb unloading to mimic bed rest
immediately following burn. Half were trained to perform twice daily weighted resistance
climbing of 1 meter with 5 repetitions, while the other half was not. Six rats the exercise and no
exercise groups received insulin injection subcutaneously (5 U/kg daily). On day 14 plantaris
muscles were harvested and tissues were grouped for RNA extraction and genomic data analysis
applied with Affymetrix Analysis Console 3.0 software. With threshold for absolute fold change
greater than 2, we found 59, 48 and 93 miRNAs altered in rat muscle with insulin, exercise, and
combination treatment respectively; miR-499-5p was the most increased with 15 fold in the
combination group. For gene expression, we found 122, 119 and 170 changes in insulin, exercise
and combination treatment respectively. Actl, SIn, Tecrl were the most upregulated, and Mbp,
Pmp2, Mpz were the most down-regulated genes with exercise and insulin treatment.
Wikipathway analysis showed that striated muscle contraction pathways were improved with
both exercise and insulin treatment, and directly correlated with the muscle function
improvement. Meanwhile, TGF beta and TLR signaling pathways were inhibited with both
treatments. In conclusion, exercise and insulin contribute additively to miRNA and gene
expression changes after burn and immobilization, and reflect physiologic muscular
improvement. The finding of the study identifies the specific pathway signals affected by insulin
and exercise.



Effects of the Combination of Daily Insulin Plus Resistance Exercise During the Unloading and
Reloading Phases Following Burn and Disuse in Rats on Body Mass, Food Intake and Fat Mass

Baer LA, Nutall K, Burchfield J, Vincent S, Stanford KI, Song J, Wolf SE, Wade CE

Introduction: Treatment and recovery of patients with severe traumatic injuries is impacted by
an increase in metabolism. After burn injury, the ability to resume normal activities is
compromised due to inactivity associated with bed rest as well as the catabolic response.
Following discharge, a major goal is the ability to execute a long-term recovery plan. Previously
we found daily exercise combined with SQ insulin improved body mass loss during the
unloading period. The purpose of this study was to determine immediately following burn and
disuse injury how a combination of daily resistance exercise and daily insulin injections during
the unloading phase followed by daily resistance exercise during the reloading phase affects
body and fat mass and food intake.

Methods: Male, Sprague-Dawley rats were used. Injury was induced by a 40% TBSA burn
injury and hindlimb unloaded immediately following injury. Rats were weight-matched into
either saline vehicle (VEH; N=12) or insulin (INS; 5U/kg; N=12) for 14 days with daily
resistance exercise. Daily resistance exercise was completed prior and following injury by
adding weight to the tail during repetitive ladder climbing (5 climbs, 2X/days). Following
removal from unloading at 14 days, rats were re-distributed within the original VEH or INS to
exercise (EX; N=6) or no exercise (NEX; N=6) for 14 days. Body mass and food intake was
collected daily throughout the study. Fat mass was collected at the end of the study.

Results: No differences in body mass were observed between any groups at the time of injury or
day 14. Daily insulin showed a decrease in mean food intake over the last 5 days of the
unloading phase with no differences in body mass. During the reloading phase, a steady increase
in body mass was shown in all groups, however, INS, irrespective of exercise had a greater body
mass increase. In addition, mean food intake was significantly increased in the INS + EX group
during the reloading phase. Fat mass was not different between any of the groups.

Conclusions: During the unloading phase, daily exercise with insulin elicited a decrease in food
intake, however, the decrease in food intake did not result in differences between treatment
groups in either body mass or fat mass, possibly showing additional mechanisms are causing
overall metabolic changes. Possible metabolic changes during the reloading phase, indicate
improvements may be occurring following removal from disuse. Different underlying factors
seem to be influencing the acute metabolic changes offering possible opportunities for
combinations of early interventions resulting in positive long-term outcomes.

Applicability of Research to Practice: An exercise program may improve metabolic health
following discharge.



Insulin and Exercise Combination Therapy Recovers Muscle Function in a Burn and Disuse Rat
Model by Activating Protein Synthesis and Inhibiting Proteolysis

Geng C, Karbhari N, Song J, Baer L, Wolf SE, Wade C

Introduction Burn injuries bring about a hypermetabolic state that results in a loss of muscle
mass and function. Like burns, disuse of muscle also results in muscle loss. Resistance exercise
and insulin have individually been shown to attenuate burn and disuse induced muscle atrophy,
though neither is fully compensatory. To date, there is no data on the efficacy of insulin and
exercise as a combination therapy to recover muscle mass and function. This project investigates
the molecular mechanisms behind musculoskeletal pathophysiological improvements in a burn
and disuse rat model given these treatments. Muscle function, protein synthesis/proteolysis
pathway protein levels, and genomic profiles are examined.

Methods. 24 Sprague-Dawley rats received full thickness 40% total body surface area burns and
hindlimb unloading and were randomly grouped into vehicle without exercise (V/N), pro zinc
5U/kg of insulin without exercise (I/N), vehicle with exercise (V/E), and insulin with exercise
(I/E) groups. 14 days after injury, hindlimb muscle function was measured and muscle tissues
were harvested for genomic profile and western blot analysis.

Results. The isometric force including tetanic (Po) and twitch (Pt) were significantly elevated in
the plantaris of I/E rats. The soleus also had significant elevation of Po, Pt, fatigue maximum,
and fatigue minimum in I/E rats. Affymetrix transcriptome analysis determined that 70, 62, and
116 genes were upregulated more than 2 fold in insulin, exercise, and combination treatment,
respectively. Western blots showed that pPDK 1, which activates AKT activity, was significantly
increased in all treatment groups compared to control. . p-AKT S473 was significantly increased
in the combination group eEF2 controls the elongation step in translation and was increased in
the exercise and combination. Muscle RING-finger protein-1(MuRF-1), an E3 ubiquitin ligase,
was reduced in the combination group.

Conclusions Insulin and resistance exercise have a positive combined effect on muscle function
recovery. Signal pathway examination showed that the combination treatment decreased protein
degradation and increased protein synthesis. The observed changes at the transcriptional and
protein levels are supported by muscle function improvements.

Applicability of Research. to Practice Muscle loss is a sequela of burn and disuse that increases
cost and risk of complications. By identifying the molecular basis of these changes, treatments
that target critical proteins can be developed to mitigate muscle loss and improve patient
outcomes.



A Long-Term of Resistant Exercise Decreased Rat Muscle Function in Fast Twitch Myofiber
Dominated Plantaris

Song J, DeSpain K, Baer L, Burchfield J, Nutall K, Vincent S, Wade C, Wolf SE

Introduction: We previously showed muscle function was impaired with hindlimb unloading in
burned rats which was alleviated by insulin treatment and resistance exercise. In the current
study, we investigated the role of continued resistance exercise to further improve function in a
model designed to mimic the late recovery period akin to the rehabilitation phase in patients.
Methods: Twenty-four Sprague-Dawley rats received a full thickness 40% total body surface
area (TBSA) burn and hindlimb unloading (HLU) to mimic severe burn with muscle disuse. All
animals underwent exercise training twice a day with 5 climbs per training session. Resistance
exercise was achieved by adding weight to the base of the tail and increased every 3 days. All
rats were given a subcutaneous injection of either saline or pro zinc insulin 5U/kg daily. On day
14, all rats were removed from HLU and all injections stopped. Then, rats within each treatment
group were separated into no exercise (NEX) and exercise (EX) groups (n=6 per group) for an
additional 14 days. On day 28, in situ isometric forces of the left soleus and plantaris muscles
were measured. Values are presented as mean + SD. Statistical analysis was by two-way
ANOVA.

Results: Plantaris isometric twitch tension force (Pt) and muscle optimal length (Lo)
significantly decreased with exercise treatment for 28 days (149.40+£16.95g NEX vs Pt:
131.99+17.84g EX) (p=0.028); (39.42+1.77mm NEX vs Lo: 37.08£1.99mm EX) (p=0.008).
However, soleus tetanic force (Po) increased significantly in those treated with insulin previously
with or without continued exercise (183.01+33.33g vehicle vs 220.61+26.01g insulin) (p=0.01).
Further, the ratio of single twitch force to maximal tetanic force (Pt/Po) significantly decreased
in the soleus with exercise treatment (0.32+0.08 NEX vs. 0.26£0.02 EX) (p=0.037).
Conclusions: In our previous study, we found the combination of insulin treatment and exercise
after burn and hindlimb unloading improved muscle function in both plantaris and soleus. In the
current study, the effect of previous insulin treatment further augments improvements at 28 days
after injury in slow twitch muscle. However, continued resistance exercise actually decreased
muscle isometric force in the fast twitch myofiber dominated plantaris with no change in the
slow-twitch soleus. The decrease in Pt/Po ratio in slow-twitch myofiber dominated soleus
suggests a myofiber type change in response to continued resistance exercise.

Applicability of Research to Practice: The current study provides evidence of appropriate type
of exercise in burn patient rehabilitation.



Molecular and Structural Changes in Intervertebral Discs Following Severe Burn in Rats
Hernandez P, Fa A, Mitchell T, Buller D, Huebinger R, VVan Hal M, Wolf SE, Song J

Introduction: Intervertebral discs (IVD) connect to the spinal vertebrae. 1D impairment and
dysgenesis are clinically relevant to pain management and movement restriction. Severe burn
disrupts skeletomuscular metabolic status. VD response following severe burn is currently
unknown. Transient receptor potential cation channel subfamily V member 4 (TRVP4) protein is
a Ca?*-permeable, nonselective cation channel which has been recently reported to be elevated in
human disc degeneration. The aim of this study is to investigate the role of TRVP4 in rat IVDs
following thermal injury.

Methods: Under a UTSW IACUC approved protocol, 40 adult male Sprague-Dawley rats were
examined in this study. Animals received 40% of total body surface area (TBSA) scald burn with
the standard procedure under anesthesia and randomly grouped: Control (n = 11), 1 day (n = 6),
3 days (n =6), 7 days (n = 6), and 14 days (n = 11) post burn. Total RNA was extracted from
whole 1VDs and analyzed for expression of IL-6, TNF, IL-18, MMP9, MMP13 and TRPV4 by
gPCR. Lumbar 1D was also fixed for histological analysis. Data are presented as mean +
standard deviation. Data were analyzed in GraphPad Prism 7 with one-way ANOVA and
Fisher’s LSD post hoc test, or by unpaired Student’s t test when comparing two variables, (p <
0.05 being significant).

Results: Gene expressions of IL-6, TNF and IL-1p were not altered in rat [IVD after burn.
ILMMP9 and MMP13 gene expression showed a significant upregulation in thoracic IVD at day
1 after burn. Histological analysis of lumbar IVVD showed an increase in nucleus pulposus (NP)
height in discs at days 1 and 3 after burn compared to control discs, indicating tissue swelling
following thermal injury. The gene expression of the calcium-permeant channel TRPV4,
activated by osmotic changes, showed a significant upregulation in both thoracic and lumbar
IVD at day 3 after burn.

Summary: Local response of IVD was observed with the increased height of NP and the
increased gene expression of MMP9 and MMP13. The elevation of TRPV4 gene expression after
burn indicates local mechanical/osmotic changes in IVDs. Future investigations will focus on
the acute structural changes and if these alterations lead to late degeneration of the 1\VVDs in the
current animal model.

Clinical relevant: Patients start experiencing back pain and disc degeneration long after trauma
occurs, it is crucial to understand the early events occurring at the cellular level in IVD triggered
by trauma.

Acknowledgements: Funded by Hofmann funds for Resident research from the Department of
Orthopaedic Surgery. TM and DB were funded by UT Southwestern Summer Research program.
Baxter Surgery Department Funding. DOD- W81 XWH13-1-0462



Vascular Smooth Muscle Dysfunction After Burn
DeSpain K, Song J, Rosenfeld CR, Wolf S

Introduction: Hypotension is a major complication after large surface area burns. Increased
systemic vascular permeability causes hypovolemic shock in server burn patients. Historically
the volumetric loss of fluid through leaking capillaries has been treated by replacement with
fluids. However important, this is not the sole answer and often times the patient remains
hypotensive. We proposed to determine if this hypotensive condition was solely due to fluid loss
during the leaky vessel condition seen after burn, or if there were other contributing factors. The
purpose of study is to investigate the physiological profile of vascular smooth muscle in response
to severe burn.

Methods: Adults Sprague-Dawley male rats were enrolled in the study. 34 rats received a 40%
total body surface area (TBSA) scald burn and fluid resuscitation using the Parkland formula (V
=4mL x TBSA % x kg. At time points of 6 hrs, 24 hrs, 3 days, 7 days and 14 days post burn,
animals were euthanized and endothelial intact carotid arteries were dissected for ex vivo test in
organ baths containing 37°C PBS. The force measurement of artery ring were collected under
the Optimal length (Lo) as the vessels were exposed to the vasoconstrictors Norepinephrine (NE)
and Angiotensin 11 (Angll), and vasodilator Acetylcholine (ACh) consequently. Force was
measured in grams and converted to Stress (N/m?) taking into account Lo and the weight of the
vessel (grams).

Results: A cumulative dose response was used for NE (108M — 10°°M) and on average at each
dose there was a 50% decrease in stress generated by the vascular smooth muscle (VSM) at 6hrs
(P=0.012). We saw a very similar response to a single dose of Angll (10'M) in that there was a
70% decrease in stress generated at 6hrs (P<0.001). The arteries were preconstricted with NE
10°M, allowed to reach a steady state and then were exposed to a cumulative dose response of
ACh (10'M - 10*M). The 3 day, 7 day and 14 day arteries relaxed (specify for the force
change) significantly more than the 6hr post burn arteries (P=0.001).

Conclusion: In this study we have shown that at 6 hrs after burn there is a significant decrease in
responsiveness to both Norepinephrine, which works through adrenergic receptor, and
Angiotensin Il, which works through the angiotensin type Il receptor. At 24 hrs after burn, these
responses have returned to control levels. Acetylcholine binds to a receptor on the cell membrane
of the vascular smooth muscle endothelial cell. This causes the endothelial cell to generate nitric
oxide (NO) through the activation of the nitric oxide synthase (NOS) pathway. The newly
created NO diffuses into the VSM and initiates dilation. We administered ACh into the baths to
determine if this NOS pathway also may contribute to a hypotensive state after burn. This could
explain why one may see persistent hypotension days after burn possibly through an increase in
NOS activity.

Applicability of Research to Practice: We believe that this study will help physicians
understand the mechanism related to the hypotensive phenomena seen in patients after burn and
how to treat that patient through the administration of pressors to attain a normotensive status.
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Combination Therapies for the Mitigation of Muscloskeletal Pathologic Damage in a

Novel Model of Severe Injury and Disuse

OR120033/OR120033P1 Award Number W81XWH-13-1-0489/W81XWH-13-1-0462
Pl: Charles Wade, PhD and Juquan Song, MD Org: UTHealth, Houston, UTSouthwestern, Dallas/UTMB, Galveston Award Amount: $1,081,066

Study/Product Aim(s)
«Aim 1: Characterize the effect of resistance exercise on muscle and
bone health in a validated model of burn and disuse.
«Aim 2: Evaluate the effect of resistance exercise in combination with
currently used pharmacological therapies (insulin or oxandrolone) on
muscle and bone health in a validated model of burn and disuse.
*Aim 3: Determine the interrelationship between muscle and bone
after re-ambulation following pharmacological interventions and
exercise.

Approach

A 40% TBSA severe burn will be induced followed by disuse for 14
days. Rats will be assigned to vehicle or drug treatment and further
into exercise or no exercise groups. We will examine effects of re-
ambulation with or without further resistance exercise after the 14
days. Blood and select organs, muscles and bones will be removed
and weighed for testing of mechanical properties, typing, bone
morphology, mineral content, and microarchitecture measurements.
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Fig. 2 — Soleus myofiber size. E ise was P d to no
exercise within treatment groups. #F < 0.05 with one-
tailed t-test and ‘P < 0.001 with two-tailed t-test. Please
refer to the results section for significant differences
between other factors.

Timeline and Cost*

Activities CY 14 15 16/17 18/19

Aim 1 — Burn/Disuse + Exercise

Aim 2 —Burn/Disuse + Exercise +
Pharmacological Therapy

Aim 3 — Burn/Disuse + Exercise +
Pharmacological Therapy +
Exercise

Estimated Budget (SK) $399  $348  S$278 $56

* Combined Institutional Budgets

Goals/Milestonesfor Current Award Year

CY14 Goals

v" Obtain all animal approvals and order supplies

v Aim 1 animal experiments and sample collecticns

v Complete muscle function testing, uCTs and bone testing

v Complete ELISAs

CY15/116 Goal

v Aim 2 animal experiments and sample collections

v Complete muscle function testing, ELISAs, uCTs and bone testing
CY17/18Goal

v Aim 3 animal experiments and sample collections

o *Complete muscle function testing, ELISAs, uCTs and bone testing (/n Process)
o *Complete data analysis (In Process)

o *Submission of final results manuscript (/n Process)
Comments/Challenges/issues/Concemns

v Requested and received no-cost extension for FY17/18 to complete AIM3
Budget Expenditure to Date

o $664,759.34 Final Expenditures for UTHealth

o *UTMB has outstanding expenditures

*Qutstanding UTMB Goals/Budget Updated: 9 Jan 2019
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