1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2018 May 01.

-, HHS Public Access
«

Published in final edited form as:
J Stroke Cerebrovasc Dis. 2017 May ; 26(5): 962-968. doi:10.1016/j.jstrokecerebrovasdis.2016.11.003.

Resistive Training and Molecular Regulators of Vascular-
Metabolic Risk in Chronic Stroke

Alice S. Ryan, Ph.D., Guoyan Li, M.D., Charlene Hafer-Macko, M.D., and Frederick M. Ivey,
Ph.D.

Baltimore Veterans Affairs Research and Development Service, University of Maryland School of
Medicine, Department of Medicine, Division of Gerontology and Geriatric Medicine and
Department of Neurology, GRECC and MERCE

Abstract

Background—~Proliferator activator receptor (PPAR)-y coactivator (PGC-1a) gene and Sirtuin-1
(SIRT1) respond to physiological stimuli and regulate insulin resistance. Inflammatory markers
TNF-a, interleukin-6, C-reactive protein (CRP) and the soluble forms of intracellular adhesion
molecule (sSICAM-1) and vascular CAM-1 (sVCAM-1) are associated with increased risk of
diabetes and coronary heart disease. Resistive training reduces hyperinsulinemia and improves
insulin action in chronic stroke. Yet, the molecular mechanisms for this are unknown. This study
will determine the effects of RT on skeletal muscle PGC-1a and Sirtuin-1 (SIRT1) mRNA
expression and inflammatory and vascular markers.

Methods—Stroke survivors (50-76 years) underwent a fasting blood draw for measurement of
TNF-a, IL-6, CRP, serum amyloid A, sSICAM-1, sVCAM-1 and bilateral vastus lateralis biopsies
before and after RT. Participants were also assessed using bilateral multi-slice thigh CT scans from
the knee to the hip, a total body scan by DXA, and one-repetition (1-RM) strength testing.
Subjects performed two sets of three lower extremity RT exercises 3x/week for 12-weeks.

Results—Bilateral leg press and leg extension strength increased ~30-50% with RT (P<0.001).
Body weight, total body fat mass, and fat-free mass did not change. Thigh muscle area and volume
increased in both legs (P<0.05). Non-paretic muscle PGC-1a mRNA expression increased 14%
(P<0.05) after RT and SIRT1 mRNA decreased 24% (P<0.05) and 31% (P<0.01) in paretic and
non-paretic muscle. There were no significant changes in plasma inflammation with training.

Discussion—RT in chronic stroke induces changes in key skeletal muscle regulators of
metabolism, without effecting circulating inflammation.
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Introduction

Methods

Subjects

Inflammation is a risk factor for stroke and contributes to the progression of cardiovascular
diseasel. Moreover, low-grade inflammation is a pathophysiological mechanism underlying
sarcopenia?. The paretic thigh of stroke survivors has 20% lower muscle area and 25%
higher intramuscular fat than the non-paretic thigh® demonstrating substantial atrophy and
muscle composition change®. We have previously reported that resistive training (RT) results
in muscle hypertrophy and loss of intramuscular fat in chronic stroke, while reducing
skeletal muscle expression of myostatin®, a member of the transforming growth factor beta
family of secreted growth factors, and a significant regulator of skeletal muscle development
and sizeS. To our knowledge, no studies have examined RT-induced changes to key
inflammatory and metabolic biomarkers in the circulation after stroke or their role in paretic
muscle wasting.

C-reactive protein (CRP) and the soluble forms of intracellular adhesion molecule
(sICAM-1) and vascular CAM-1 (sVCAM-1) are vascular inflammatory markers associated
with increased risk of diabetes and coronary heart disease’: 8. Elevated circulating
concentrations of TNF-a and interleukin-6 also occur in type 2 diabetes and predict its
development in middle-aged and elderly adults®: 10. In addition, PPAR-y coactivator
(PGC-1a) and Sirtuin-1 (SIRT1) respond to physiological stimuli and regulate insulin
resistance though distinct mechanisms!!. Regular aerobic exercise modulates intracellular
pathways to improve glucose uptake, in part by attenuating epigenetic modifications on
PGC-1la and its downstream regulators?.

We showed that resistive training can reduce hyperinsulinemia and improve insulin action in
chronic strokel3, a population with a high prevalence of insulin resistance and diabetes’?.
Herein, we test the hypothesis that resistive training reduces systemic inflammation and
alters the gene expression of PGC-1a and SIRT1 in paretic and non-paretic skeletal muscle.
Thus, the purpose of this study was to determine the effects of resistive training (RT) on
systemic inflammatory and vascular markers, and paretic (P) and non-paretic (NP) skeletal
muscle PGC-1a and SIRT1 mRNA expression in chronic stroke.

Of the 24 ischemic stroke subjects enrolled (>six months latency), six individuals did not
complete the study due to time constraints or medical issues unrelated to study participation.
The 18 individuals (12 men, 6 women) who completed the study were between 55-76 years
with BMIs between 21-39 kg/m2. All 18 underwent either a blood drawn for assessment of
circulating inflammatory markers, or bilateral-skeletal muscle tissue biopsies for gene
expression analysis. Fifteen came from our previously published study® but the blood and
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tissue biomarkers covered in this paper were not part of the prior work. All stroke survivors
had mild to moderate hemiparetic gait deficits and had completed conventional rehabilitation
therapy. Evaluations included medical history, physical examination, fasting blood profile,
and screening for demential® and depression?® to ensure adequate informed consent.
Subjects were excluded for unstable angina, congestive heart failure (NYHA I1), severe
peripheral arterial disease, major post-stroke depression, dementia, severe receptive aphasia,
and orthopedic or chronic pain conditions.

All tests were performed before and after the three-month training intervention. All methods
and procedures were approved by the Institutional Review Board of the University of
Maryland as well as the VA R&D committee. Each participant provided written informed
consent.

VO, peak and Body Composition

Exercise testing with open circuit spirometry was conducted to measure VOspeak using a
graded submaximal treadmill testl’. Height and weight were measured. Fat mass, lean tissue
mass and %body fat were determined by DXA (Prodigy LUNAR GE version 7.53.002).
Thigh CT scans were performed every 4 cm starting at the patella and ending at the femoral
head (Siemens Somatom Sensation 64 Scanner) and a single mid-thigh slice was used to
quantify skeletal muscle area, total fat area, low density lean tissue area3, and muscle
attenuation in both the paretic and non-paretic thighs. Scans were analyzed using MIPAV
(Medical Image Processing, Analysis and Visualization, v.7.0, NIH).

Strength Testing

Bilateral 1 repetition maximum (1-RM) strength tests were conducted on pneumatic leg
press and leg extension RT equipment built for single leg movement (Keiser, Fresno, CA), to
account for strength discrepancies between the paretic and non-paretic limbs. Two
familiarization sessions were included prior to baseline 1-RM testing to avoid the
confounding effects of learning on baseline strength measures.

Blood Draw and Analysis

Subjects underwent an overnight 12-hour fast and the following morning had a blood draw
(n=15) and two-hour oral glucose tolerance test. Blood samples were collected in
heparinized syringes, placed in pre-chilled test tubes containing 1.5 mg of
ethylenediaminetetraacetic acid per mL of blood, centrifuged at 2,000 x g for 10 minutes at
4°C, and aliquoted for storage at —80°C until analysis. Plasma glucose concentrations were
measured in duplicate using the glucose oxidase method (2300-STAT Plus, YSI, Yellow
Springs, OH). Plasma insulin was determined in duplicate using radioimmunoassay
(Millipore, Billerica, MA). Fasting plasma for CRP, SAA, sICAM-1, and sVCAM-1 was
measured in duplicate, with CV less than 10% according to electrochemiluminescence using
a multi-spot microplate (SECTOR Imager-2400, Meso Scale Discovery, Gaithersburg, MD).
Fasting plasma for TNF-a, IL-6, IL-1p, and IL-8 was measured in triplicate also using a
multi-spot microplate (SECTOR Imager-2400, Meso Scale Discovery, Gaithersburg, MD).
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Skeletal Muscle Biopsies, RNA extraction and Reverse transcription for Real-time RT-PCR

Percutaneous needle biopsies were obtained from the vastus lateralis muscle. These were
done ~12-13 cm above the patella on the anterolateral aspect of each thigh using a
Bergstrom needle (Stille, Solna, Sweden) with a suction-enhancement technique. The
biopsies were performed before and after training under local anesthesia from 10 subjects
after a 12-hour fast for the measurement of gene expression for PGC-1a and SIRT-1. Post-
training biopsies occurred 24-36 hours after the last bout of RT. The acquired tissue was
used to measure PGC-1a and SIRT-1 gene expression (paretic and non-paretic). Muscle was
immediately freeze-clamped and stored at —80°C. Approximately 50-80 mg of muscle was
used for RNA isolation.

Total RNA was extracted from skeletal muscle by the guanidinium isothiocyanate/phenol/
chloroform method developed by Chomcynski and Sacchil®. The RNA pellet was
resuspended in RNAsecure Resuspension solution (Cat. #7010, Ambion Inc.) and RNA
concentrations were measured in a spectrophotometer. One pg of total RNA for each sample
was reverse transcripted (R7) into first strand cDNA using Transcriptor First Strand cDNA
Synthesis Kit (Cat# 04 896 866 001, Roche Applied Science) according to the detailed
manufacturer’s protocol and as previously described®. Quantitative Real-time PCR (qPCR)
and data analysis for PGC-1a and SIRT-1 were performed in a LightCycler 480 Real-Time
PCR System with LightCycler® 480 software (Roche Applied Science). LightCycler 480
Multiwell plate 384 (Cat# 04 729 748 001), LightCycler 480 Probes Master kit (Cat# 04 887
301 001) and Tagman gene expression primer/probe set (Thermo Fisher Scientific Inc.
Applied Biosystems, Foster City, CA.) were used. Each qPCR reaction was carried out in a
final volume of 10ul, consisting of 2ul 1:4 diluted template cDNA, 5ul LightCycler 480
Probes Master. 0.5ul Tagman gene expression primer and probe mix, and 2.5ul nuclease-free
water. Water instead of cDNA served as the no template control. According to the
manufacturer’s instruction, the gPCR protocol was adopted for all samples: after incubation
at 95°C for 10 min to activate the DNA polymerase, 45 cycles of 95°C for 10s and 60°C for
30s each were performed to facilitate the PCR reaction. 36B4 served as an internal control
for normalization. Data acquisition occurred at real time during the annealing/elongation
incubation at 60°C. All samples were amplified in triplicate from the same RNA
preparation. Gene expression data were analyzed by Roche LightCycle 480 system Software
version 1.5 advanced relative quantification program. The average of three determinations
for each sample and the normalized ratio of Target/Reference was used in statistical
analyses.

Resistive Training Protocol

The training protocol was designed to provide a high volume, high intensity training
stimulus for maximal adaptation in skeletal muscle mass across a 3 month period. Subjects
trained 3x/week for 12 weeks, performing two sets of 20 unilateral repetitions on the leg
press, leg extension and leg curl machines (Keiser, pneumatic resistance, Fresno, CA) at
every session. Generally, resistance was set at a level that would cause muscle failure
somewhere between the 101" and 15t repetition. Resistance would then be gradually
reduced to allow completion of the full 20 repetition set. Participants trained each leg
separately to account for differences in strength and progression requirements between
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limbs. Resistance was gradually increased every two to three weeks to account for strength
gains and to maximize the intensity of the training.

Statistical Analyses

Baseline gene expression levels were compared between paretic and non-paretic legs using
paired Student #tests. Training-induced changes for all circulating biomarkers as well as
within leg gene expression levels were assessed across time using repeated measures
ANOVA. All data were analyzed using SPSS 12.0. Data are presented as means + SD. P
values <0.05 are statistically significant.

Results

Physical Characteristics (Table 1)

Stroke survivors (n=18) were predominately male (67%) and split along racial lines (56%
Caucasian and 44% African-American). Six had impaired glucose tolerance upon study
entry but none had type 2 diabetes. VO,peak did not significantly change with RT. As
expected, muscle leg press strength improved by 27% in the non-paretic leg (P<0.0001) and
26% in the paretic leg (P<0.005). Leg extension increased 27% and 47% in non-paretic and
paretic legs, respectively (P<0.001). A between leg effect reflected a greater increase in
paretic leg extension strength across the RT intervention (P<0.001). There were no
significant changes in body weight, total body fat mass, fat-free mass, and %fat by DXA
with RT.

Paretic mid-thigh muscle area was lower than non-paretic muscle area before (P<0.005) and
after (P<0.0001) RT. Paretic subcutaneous fat area was higher than non-paretic fat area at
post-testing but not before training. Low density lean tissue was greater in the paretic than
non-paretic leg before training (P<0.01) but was not different between legs after training.
Mid-thigh muscle area of the paretic and non-paretic thigh increased 17% (P<0.005) and
10% (P<0.01), respectively after RT. There were no significant changes in subcutaneous fat
area and low density lean tissue area with RT. Muscle attenuation of the mid-thigh cross-
section tended to increase after RT in both the paretic (15%, P=0.08) and non-paretic thigh
by (12%, P<0.05), representing a decrease in intra-muscular fat.

Glucose Metabolism, Cytokines and Vascular Markers (Table 2)

There were no significant changes in fasting or two-hour glucose and insulin levels. In
addition, two-hour glucose AUC (978 £ 169 vs. 918 + 197 mmol/L per 120 min) and insulin
levels AUC (76,190 + 24,587 vs. 72,909 * 40,762 pmol/L per 120 min) did not significantly
change. Concentrations of IL-6, IL-8, II-1f, and TNF-a did not change with RT. Although
CRP levels decreased 12%, the change was not significant. In addition, there were no
significant changes in SAA, sSICAM-1 and sVCAM-1 levels after RT.

Skeletal Muscle PGC-1 and SIRT1 Levels

The mRNA levels of PGC-1a were not different between the paretic and non-paretic muscle
prior to training (88.8 £ 43.8 vs. 90.0 £ 28.1 AU). There was a 17% increase in PGC-1la
mRNA levels in the non-paretic muscle (P<0.05, Figure 1). PGC-1a gene expression
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increases did not reach statistical significance in paretic muscle (+4%). Similarly, SIRT1
mRNA was not different between paretic and non-paretic muscle prior to RT (80.9 + 33.8
vs. 75.2 + 18.4 AU). SIRT1 levels decreased 24% in paretic (P<0.05) and 31% in non-
paretic (P<0.01) muscle after RT (Figure 2).

Relationships

Prior to training, those individuals with the highest TNF-a had the highest IL-8 levels
(r=0.62, P<0.05) and CRP concentrations (r=0.91, P<0.0001). Baseline SAA was related to
baseline IL-1 (r=0.72, P<0.01) and IL-6 (r=0.85, P<0.0001). sSICAM-1 was related to IL-1p
(r=0.56, P<0.05) and IL-6 (r=0.76, P<0.005). Likewise, sSVCAM-1 correlated with IL-1p
and IL-6 (r=0.78 and r=0.88, both P<0.005). Cytokines were not related to any measures of
glucose metabolism. Baseline muscle area did not correlate with muscle attenuation or
baseline levels of circulating inflammatory cytokines. Likewise, muscle area change did not
relate to changes in attenuation or cytokines. However, prior to training, fasting glucose and
insulin correlated with non-paretic intramuscular fat (r=0.70, P=0.05 and r=0.86, P<0.05,
respectively). Similar associations were observed between fasting glucose and insulin and
paretic intramuscular fat (r=0.76 and r=0.90, P<0.05). Fasting glucose and insulin were not
related to paretic PGC-1a and SIRT-1 mRNA expression. However, non-paretic PGC-1a
expression was negatively associated with glucose AUC (r=—0.88, P<0.01) but not insulin
AUC.

Discussion

The present study is the first to show increases in PGC-1a mRNA expression with RT after
stroke. Further, we provide initial evidence that SIRT1 mRNA expression decreases with RT
with no differences in gene expression between the paretic and non-paretic skeletal muscle.
We also demonstrate that circulating inflammatory markers do not change with RT in stroke.

We and others report that resistance training increases muscle strength in stroke

survivors® 19-22 Our data indicating that paretic and non-paretic muscle volume is
associated with peak eccentric muscle torque® suggests that the muscle wasting
accompanying stroke has functional consequences. Although mechanisms for stroke-related
muscle atrophy are unclear, muscle loss and sarcopenia, in general, are linked to several
proteolytic systems, including the ubuiquitin-proteasome, lysosome-autophagy, and the
TNFa/nuclear factor-kappaB systems23. TNF-a may result in muscle weakness by directly
compromising contractile function of limb muscles in a murine model?4. Muscle atrophy in
type 2 diabetes is reportedly due to a defect in the insulin signaling pathways secondary to
inflammation, including NF-kB activation and elevated TNF-a, IL-1 and 11-6 levels2®. We
proposed a role for inflammatory processes in stroke-induced atrophy and insulin resistance,
but were unable to support this as there was lack of an association between cytokines and
muscle area or muscle strength (data not shown) or with glucose metabolism. It has been
reported that plasma TNF-a and CRP are negatively associated with leg and arm strength,
respectively in COPD patients?5. Yet, the same group of COPD patients exhibited no
relationship between circulating inflammation and muscle mass26, thus similar to our current
findings in a stroke population.

J Stroke Cerebrovasc Dis. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ryan et al.

Page 7

We did not find changes in the vascular inflammatory markers for endothelial dysfunction
(sICAM-1, sVCAM-1 and CRP), which are associated with coronary heart disease and risk
for stroke in large population studies? 7. Moreover, SAA which stimulates the production of
inflammatory cytokines in coronary artery endothelial cells?” did not change with RT. We
have previously shown in overweight and obese postmenopausal women that aerobic
exercise training combined with weight loss results in a decrease in vascular markers of
inflammation28: 29, It is possible that an intervention of RT plus caloric restriction and
subsequent loss of body weight may be more effective in reducing inflammation than RT
alone as conducted in this study.

Our RT intervention resulted in a significant increase in PGC-1a mRNA levels in the non-
paretic but not the paretic limb. These results corroborate investigations showing PGC-1a
mRNA expression increases after aerobic exercise in animal models3%-32 and in
humans33-35, Although acute cycling exercise increased skeletal muscle PGC-1a. mRNA
expression in young healthy men, the effect of the acute exercise bout was attenuated after
10-days of cycling38 suggesting an adaptation to training. To our knowledge, no studies have
examined the effects of resistive training on PGC-1a expression in healthy subjects.
Furthermore, it remains to be determined whether PGC-1a expression in stroke skeletal
muscle is modified by aerobic exercise training.

We observed a negative relationship between non-paretic PGC-1a expression and glucose
area under the curve, indicating lower mitochondrial function among those with more
impaired glucose metabolism. Our results confirm findings that PGC-1a levels are
associated with insulin resistance as shown in subjects with type 2 diabetes and nondiabetic
subjects with a family history of diabetes3’. Our small sample size likely precluded
observing relationships between changes in skeletal muscle PGC-1a and changes in glucose
tolerance.

SIRT-1 activity increases after exercise training in rat cardiac muscle38 and electrical
stimulation in rat skeletal muscle3°. Very few papers have examined changes in human
skeletal muscle SIRT-1 with exercise training with inconsistent results. For example, acute
cycling exercise increases PGC-1a and SIRT-1 mRNA?0, but another study of high intensity
interval training showed a significant decrease in SIRT-1 protein levels, contrasting the
increases in SIRT-1 activity#L. Thus, our data indicating a decline in SIRT-1 gene expression
with resistive training in stroke aligns with a prior published decrease in SIRT-1 protein
levels, despite the different populations and exercise modes studied. Clearly, more research
is needed if the role of SIRT-1 in exercise-induced cardiometabolic adaptation is to be fully
understood in those with and without neurologic disability.

Limitations include a small sample size, absence of quantification of PGC-1a and SIRT-1
protein levels, and lack of comparison between circulating inflammatory markers and
skeletal muscle inflammatory markers. It is possible that local changes in inflammation
could have occurred with the training considering our previous report of increased TNF-a
mRNA levels in paretic skeletal muscle compared to non-stroke controls®2.
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We provide preliminary evidence that resistive training in chronic stroke induces changes in
the gene expression of key skeletal muscle regulators of metabolism, including an increase
in PGC-1a and reduction in SIRT-1. Despite the lack of change in systemic inflammatory
markers, future investigations should continue to examine the role of local inflammation and
insulin resistance in chronic stroke in a larger sample size. It is also important to evaluate
muscle inflammation as a potentially modifiable factor in the context of exercise training
after stroke.
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Figure 1.

Skeletal muscle PGC1 mRNA levels in the paretic and non-paretic legs before and after
resistive training (n=10, X+ SD) * P< 0.05
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Figure 2.

Skeletal muscle SIRT1 mRNA levels in the paretic and non-paretic legs before and after

resistive training (n=10, X+ SD) * P< 0.05. 1 P < 0.01
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Table 1

Characteristics of stroke survivors before and after RT.

Variable Pre Post
Age (years) 64+6 e
Latency since stroke (years) 8+x6 -
BMI (kg/m?) 275+44 e
Weight (kg) 820+168  81.7+164
VO,peak (ml.kg.min™1) 21.2+7.0 21.4+6.6
Paretic 1RM Leg Extension (Ibs) 57+35 84+397
Non-paretic 1RM Leg Extension (lbs) 110+ 36 140+317
Paretic 1IRM Leg Press (Ibs) 299 £ 145 378 + 151
Non-paretic 1RM Leg Press (Ibs) 439 + 136 556 + 1197
Percent body fat 35277 349+81
Fat mass (kg) 30.2+9.2 29.7+9.6
Fat-free mass (kg) 55.0 +10.5 55.6 + 10.6
Paretic muscle area (cm?) 63.2+1064 737+131774
Non-paretic muscle area (cm2) 839+16.1 g918+212™
Paretic subcutaneous fat area (cm?) 85.7+41.2 83.3 + 42.2C
Non-paretic subcutaneous fat area (cm?) 81.1+415 77.0+38.3
Paretic low density lean tissue area (cm?) 255+11.10 257122
Non-paretic low density lean tissue area (cm?) ~ 23.4+10.3 239+111
Paretic muscle attenuation (HU) 25.2 + 439 29.1 + 2.4€
Non-paretic muscle attenuation (HU) 31.9+39 3B57+24"

Page 13

Note Ibs for strength levels are derived from pneumatic resistance equipment. BMI = body mass index; VO2peak = peak oxygen consumption.

Values are means + SD.
pre vs. post,
P<0.05,
Ak
P<0.01 and

fP<0.0001

paretic vs. non-paretic,
%<0.005;

bP<0.0l;

“p<0.05;

dP=0.06
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Inflammatory and Vascular Markers before and after RT in stroke survivors.

Variable Pre Post
Fasting glucose (mg/dl) 97 +8 96 +8
Fasting insulin (pmol/L) 118 £ 54 122 + 88
Glucose;yo (mg/dl) 138 + 46 137+ 49
Insuling,g (pmol/L) 690 +250 667 +330
IL-6 (pg/ml) 109+111 12.0+126
IL-8 (pg/ml) 13.6+153 16.0+133
TNF-a (pg/ml) 163+59 165+8.2
IL-1B 2632 35+49
CRP (mg/L) 6.5+85 57+73
SAA (mg/L) 83+119  47+45
SICAM-1 (ng/mL) 580 +215 536+ 140
sVCAM-1 (ng/mL) 1064 + 607 1002 + 351

Values are means + SD.
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