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Abstract

Objectives: Adequate muscle perfusion supports the transport of nutrients, oxygen and
hormones into muscle fibers. Aging is associated with a substantial decrease in skeletal muscle
capillarization, fiber size and oxidative capacity, which may be improved with regular physical
activity. The aim of this study was to investigate the relationship between muscle capillarization
and indices of muscle hypertrophy (i.e. lean mass; fiber cross sectional area (CSA)) in older adults
before and after 12 weeks of progressive resistance exercise training (RET).

Design: Interventional study

Setting and Participants: 19 subjects (10 male and 9 female; 71.1+4.3 years; 27.6+3.2 BMI)
were enrolled in the study and performed a whole body RET program for 12 weeks. Subjects
where then retrospectively divided into a LOW or HIGH group, based on their pre-RET capillary-
to-fiber perimeter exchange index (CFPE). Physical activity level, indices of capillarization
(capillaries-to-fiber ratio, C:Fi; CFPE index and capillary-to-fiber interface, LC-PF index), muscle
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hypertrophy, muscle protein turnover and mitochondrial function were assessed before and after

RET.

Results: Basal capillarization (C:Fi; CFPE and LP-CF index) correlates with daily physical
activity level (C:Fi, r=0.57, p=0.019; CFPE index, r=0.55, p=0.024; LC-PF index, r=0.56,
p=0.022) and CFPE and LC-PF indices were also positively associated with oxidative capacity
(respectively r=0.45, p=0.06; r=0.67, p=0.004). Following RET, subjects in the HIGH group
underwent hypertrophy with significant improvements in muscle protein synthesis and muscle
fiber CSA (p<0.05). However, RET did not promote muscle hypertrophy in the LOW group, but
RET significantly increased muscle capillary density (p<0.05).

Conclusion/Implications: Muscle fiber capillarization before starting an exercise training
program may be predictive of the muscle hypertrophic response to RET in older adults. Increases
in muscle fiber size following RET appear to be blunted when muscle capillarization is low,
suggesting that an adequate initial capillarization is critical to achieve a meaningful degree of
muscle adaptation to RET.

Brief summary

Skeletal muscle capillarization is a key factor governing muscle plasticity and targeted strategies to
address the age-related decline in muscle capillaries are crucial to promote an optimal
hypertrophic response to exercise.

Keywords

capillary; muscle protein synthesis; muscle hypertrophy; aging; fiber cross-sectional area

Introduction

The progressive loss of muscle mass and function that occurs with aging is associated with
morphological and structural alterations within skeletal muscle. For example, aged muscles
have smaller fibers (Arentson-Lantz and others 2016; Miljkovic and others 2015; Schiaffino
and Reggiani 2011), a phenomenon that is particularly evident in type 1 fibers, along with a
decrease in capillary content (Gueugneau and others 2016). The decline in skeletal muscle
mass (sarcopenia) advances slowly with healthy aging but can be greatly accelerated by
concurrent diseases resulting in mobility limitation, disability, frailty and loss of
independence (Beaudart and others 2015; Cosquéric and others 2006). Appropriate
nutritional interventions and habitual physical activity are often employed to counteract the
onset of sarcopenia (Dickinson and others 2013; Fiatarone and others 1994). Resistance
exercise training (RET) is the most effective strategy to increase skeletal muscle mass and
strength (Bechshgft and others 2017; Raymond and others 2013). However, the muscle
protein anabolic response to exercise in older adults is blunted when compared to younger
adults (Fry and Rasmussen 2011; Kumar and others 2012; Kumar and others 2009; Mayhew
and others 2009). The underlying mechanism(s) contributing to a blunted age-related
anabolic response is not fully understood, but emerging data credit a crucial role for muscle
perfusion (Charifi and others 2004; Snijders and others 2017a; Verdijk and others 2016).
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Capillaries have the important function of delivering oxygen, nutrients and hormones to
tissues. Adequate skeletal muscle capillarization can enhance muscle protein synthesis by
ensuring the transport of amino acids and growth factors to muscle fibers (Christov and
others 2007; Snijders and others 2017a). We have previously demonstrated that a moderate
acute increase in physical activity can improve nutritive blood flow and stimulate the
anabolic response to nutrient intake (Timmerman and others 2012). These findings, in
conjunctions with others (Fujita and others 2009; Snijders and others 2017a; Timmerman
and others 2010; Timmerman and Volpi 2013), led to the hypothesis that muscle
capillarization above a threshold may be necessary to promote increases in protein turnover
and anabolic signaling following exercise training.

It is well establish that aerobic training has an angiogenetic effect (Gavin and others 2004;
Ryan and others 2006; Saltin and others 1968), promoting skeletal muscle oxidative
adaptation and increasing the expression of vascular endothelial growth factor (VEGF) and
angiopoietin 2 (Ang2), which are the major growth factors involved in the proliferation and
stabilization of endothelial cells (Papetti and Herman 2002; Tang and others 2004; Wagner
and others 2006). Increased VEGF mRNA and protein expression are also stimulated by
resistance exercise training, and the acute effect of resistance exercise training on angiogenic
growth factors seems to be comparable to that of endurance exercise (Gavin and others
2007a). These findings reflect a similar increase in the number of capillaries surrounding
skeletal muscle fibers observed both after aerobic (Adair and others 1990; Andersen and
Henriksson 1977; Kondo and others 2015) and resistant training (Gavin and others 2007a;
Green and others 1999). However, due to the increase in fiber cross-sectional area that
normally occurs with resistance training, increases in capillary density may be masked while
increases in capillary density are generally observed after aerobic training (Green and others
1999; Snijders and others 2017a).

Recently, Snijders at al. (Snijders and others 2017a) observed, in a group of older men, that
the increase in fiber size and satellite cell content in response to 24 weeks of progressive
resistance exercise training was mainly driven by subjects’ preexisting muscle
capillarization. The authors concluded that muscle perfusion might be a critical factor in the
hypertrophic response to exercise. However, muscle capillarization didn’t change after
training in that particular study (Snijders and others 2017a) but was found to increase in
response to 12 weeks of RET in another study (\Verdijk and others 2016). The observed
discrepancy between the two studies may partially be explained by the training volume used
(whole-body vs a lower limb targeted exercise protocol), which may have affected the
angiogenic response to exercise. However, is worth noting that the two studies utilized
subjects with similar characteristics (age, BMI) but different baseline myocellular features
(fiber size, capillary-to-fiber ratio) which also may explain the different capillarization
response to training.

Regular exercise can prevent a decline in muscle quality with advancing age, partially
through mitigating the declines in muscle mass and insulin sensitivity (Cartee and others
2016). As such, physical activity status is crucial in determining myocellular characteristics.
The most recent report from the World Health Organization shows that 32.4% of Americans
and 24.5% of Europeans are physically inactive (Organization 2016). Based on the above
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observations, we hypothesized that reduced habitual physical activity levels in older adults
would be associated with smaller muscle fiber CSA and a lower degree of muscle
capillarization. The mechanisms contributing to sarcopenia are not clearly understood, and it
is important to continue elucidating the cellular underpinnings of exercise adaptation in
older muscle, as this will lead to more targeted strategies to improve muscle function and
quality of life in older adults. Therefore, the aim of the current study was to determine
whether RET alters muscle capillarization in low active (<8000 steps/day) healthy older
adults and if basal muscle capillarization is predictive of the hypertrophic response to
progressive resistance training.

We performed a secondary data analysis on a study recently published from our group
(Moro and others 2018) which aimed to study the acute muscle protein anabolic response to
essential amino acid in older adults (registered at www.clinicaltrials.gov as ). The intent of
the current secondary analysis is to explore the association between skeletal muscle
capillarization and the muscle response to RET. Nineteen healthy older adults (Male, N=10,
Female, N=9; age: 71.1+4.3 years; BMI: 27.6+3.2 kgem’~2) underwent 12 weeks of RET
(details of the exercise program are presented in Appendix 1). Briefly, a whole-body
exercise program was performed 3 times per week for 12 weeks. Training intensity gradually
increased from 60% (3 set x 15 reps) to 75% of 1RM (3 set x 10 reps), based on 1RM tests
which were performed every 4 weeks (week 0, 4 and 8). A resting period of 60-75 seconds
was allowed between sets and a maximum of 2 minutes rest between exercises. All
participant read and signed a written informed consent form approved by local IRB before
enrollment. Participants were asked to come to our facility after an overnight fast; body
composition was assessed by DXA scan (dual-energy X-ray absorptiometry; Lunar iDXA,
GE Healthcare, Madison, WI) and their daily activity was assessed through a step activity
monitor (StepWatch activity monitors, Orthocare Innovations LLC) that subjects were
wearing for 7 consecutive days the week before the infusion study day. All tests were
repeated at the end of 12 weeks of RET as previously described (Moro and others 2018).
Body composition was measured as total body lean and fat mass, in addition, leg lean mass,
appendicular skeletal muscle (ASM) and skeletal muscle index (SMI=ASM/height?) were
calculated in order to better describe the effect of exercise on limb hypertrophy and
sarcopenic index.

All participants were admitted to the UTMB Institute for Translational Sciences Clinical
Research Center the evening before the study. The morning of the study a background blood
sample was collected and a primed-continuous infusion of L-[ring-13Cg] phenylalanine
(priming dose: 2 umol/kg; infusion rate: 0.05 pmol-kg-~*min~1) was started in order to
measure muscle protein synthesis rates as previously described (Brightwell and others 2019;
Moro and others 2018; Reidy and others 2013).

Two and a half hours following the initiation of the tracer infusion, after a steady state of
enrichment was achieved, we collected two biopsies (3 hour apart) from the vastus lateralis
muscle using a Bergstrdm needle, aseptic technique, and local anesthesia. Approximately 50
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mg of muscle was oriented and embedded in Tissue Tek optimal cutting temperature (OCT,
Thermo Fisher Scientific, Rockford, IL) on a cork and frozen in liquid nitrogen-cooled
isopentane for immunohistochemical analysis. The remaining sample was rinsed with ice-
cold saline, blotted, frozen in liquid nitrogen, and stored at =80 °C for muscle protein
synthesis and western blot analysis. Post-RET muscle tissue collection was performed 72
hours after the final exercise bout, in order to avoid any acute effect of exercise on sample
analysis.

To assess the impact of muscle capillarization on the hypertrophic response to training,
participants were retrospectively divided into two groups based on their capillary-to-fiber
perimeter exchange index (CFPE) at baseline; the partition was made based on the median
value of all subjects as previously reported by other groups (Snijders and others 2017a;
Snijders and others 2017b). Quantification of muscle capillarization was performed in both a
mixed and fiber type-specific manner. After assessing no difference in the subdivision using
the two different medians (Supplemental Figure 2), we decided to report data specific to type
Il fibers to allow a better comparison with other studies using a similar method. Based on
type Il muscle fiber CFPE values, this subdivision allowed us to have two groups with a
relative HIGH (N=10; 6 Male, 4 Female, CFPE: 5.62+1.78 capillaries - 1000 um~1) and a
relative LOW (N=9; 4 Male, 5 Female, CFPE: 3.23+1.08 capillaries - 1000 um1) level of
capillarization (Supplemental Figure 3).

Immunohistochemistry analysis

7 um-thick sections were cut in a cryostat, and sections were allowed to air dry for >1 hour.

Samples were fixed in ice cold acetone for 10 min and then blocked for 1 hour in 2.5%
normal horse serum (no. S-2012; Vector Laboratories). Slides were then incubated overnight
with specific antibodies against anti-myosin heavy chain | IgG2b BA.D5 (DHSB lowa),
anti-laminin (no. L9393; Sigma Aldrich, St. Louis, MO) and rhodamine-labeled Ulex
Europaeus agglutinin I (no. RL- 1062; Vector Laboratories), a human endothelial cell
marker (Holthofer and others 1982). For immunofluorescent detection, slides were incubated
in secondary antibody: goat anti-rabbit AF647 (no. A21245; Invitrogen, laminin), goat anti-
mouse 1gG2b, AF647 (no. A21242; Invitrogen, type 1) for 1 hour, before being mounted
with fluorescent mounting media.

Images were captured at 20x magnification with a Zeiss upright microscope (Axiolmager
M1;Zeiss,Oberkochen,Germany) and analysis completed using the AxioVision Rel software
(v4.9). For each time point at least 200 muscle fibers (pre-RET, 352+43 fiber per subject;
post-RET, 376+48 fiber per subject) were included in the analysis for fiber size and
characterization; a subset of at least 50 fibers per subject per time-point were used to
quantify the CFPE index (Snijders and others 2017a; Snijders and others 2017b).

Relative frequencies of MyHC type | were determined by quantifying all positively stained
fibers (MyHC type 1+), with the remaining unstained fibers counted as MyHC type I- and
referred to as MyHC type II.
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Muscle capillarization indices

Quantification of capillary density and CFPE index was determined as previously described
(Hepple and others 1997; Snijders and others 2017a). Capillary density was determined as
the number of capillaries counted per mm?2, and the capillary-to-fiber ratio (C:Fi) assessed as
the total number of capillaries normalized by the capillary sharing factor and divided by the
number of fibers counted in each biopsy section. The CFPE index was used as an expression
of the capillary supply relative to the perimeter of each fiber and was calculated as the ratio
between the number of capillaries of each fiber corrected for capillary sharing factor and
muscle fiber perimeter. In addition, an index of the diffusion capacity was estimated using
the capillary-to-fiber interface (LC-PF index) (Gueugneau and others 2016); the LC-PF
index was calculated as the percentage of the muscle fiber perimeter in contact with the
capillary wall and gives information on the diffusion capacity between the capillary network
and the muscle fiber. The C:Fi, CFPE index and LC-PF index were all calculated using 50
total fibers for each time point as described by Hepple et al. 1997 and others (Charifi and
others 2004; Gavin and others 2007b; Hepple and others 1997; Snijders and others 2017a;
Verdijk and others 2016). A schematic of each capillary index calculation is presented in
supplemental Figure 4.

Muscle protein synthesis and E3 ubiquitin ligase protein expression

Details on the specific procedure to analyze fractional synthetic rate (FSR) of mixed-muscle
proteins have been previously described (Moro and others 2018). Briefly, basal muscle
protein synthesis was calculated by measuring incorporation of L-[ring-13C6] phenylalanine
into bound protein using the precursor-product method, where muscle intracellular free
amino acids serve as the precursor:

ESR = (AEp /1) / [[E )+ Epgip)) / 21+ 60 - 100

with AEp is the difference in protein- bound enrichment and t is the time between two
consecutive biopsies. EM(1) + EM(2) are the phenylalanine tracer enrichments in the free
intracellular pool. FSR was calculated as percent per hour (%/h).

Expression of proteins involved in the ubiquitin- proteasome pathway were used to
indirectly investigate muscle protein breakdown. Immunoblotting analysis was performed as
previously described (Brightwell and others 2019; Moro and others 2018). Muscle tissue
samples were used to measure expression of Muscle RING- finger protein- 1 (MuRF1;
MP3401; ECM Biosciences, Versailles, KY) and Atrogin- 1 (AP2041; ECM Biosciences).
Proteins were run in duplicate and normalized to - tubulin (2146; Cell Signaling). Donkey
anti-rabbit horseradish peroxidase-conjugated 1gG (1:2000; GE Healthcare ECL #NA934V)
was used as secondary antibody and protein bands were visualized via chemiluminescent
detection with Super Signal Dura West (Thermo Scientific, #80196). Data are expressed as
arbitrary unit (AU).
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Citrate Synthase (CS) activity

CS activity was analyzed as previously described (Porter and others 2015). Briefly, muscle
lysates were diluted 1:270 in a 100-mM Tris-HCI buffer (pH, 8.1) containing 30 mM acetyl-
CoA and 10 mM of DTNB (5,5” -dithiobis-2-nitrobenzoic acid). Oxaloacetate (final
concentration of 50 mM) was then added to each well to initiate the CS reaction. Light
absorbance at 415 nM was then recorded every 30 s for 5 min at 37°C (BioRad, Hercules,
CA).

CS activity (umol/g/min) was calculated from the linear change in absorbance over time as

the change in light absorbance is proportional to the reaction of DTNB with free thiol groups
(coenzyme A production after the condensation of oxaloacetate and acetyl-CoA). CS activity
was normalized to the protein content of the muscle lysate determined using Bradford assay.

Statistical Analysis

Results

Statistical analysis was conducted with the statistical software GraphPad Prism version 7.0
for Mac OS X (GraphPad Prism version 8.0.0 for Mac, GraphPad Software, San Diego,
California USA). Our present study was insufficiently powered to identify sex differences,
however subject gender was equally distributed in the two groups. For correlation analysis
the Spearman correlation coefficient was used. After assessing the normal distribution
(Shapiro-Wilk W test) of CFPE measurement, a two-way ANOVA model with repeated
measurements was used to the test the differences among LOW and HIGH group (condition)
and the pre and post-training (time), and their interaction. To assess main effects and
interactions between particular time points we used pairwise comparisons. When the
ANOVA model produced significant main or interaction effects, Tukey’s post hoc paired t
test was used to identify specific intragroup differences. Level of significance was set at
p<0.05. All values are reported as mean = standard error (SE).

Muscle fiber capillarization

Basal capillary-to-fiber ratio (C:Fi), the perimeter exchange index (CFPE index) and the
diffusion capacity (LC-PF index) between capillaries and muscle fibers were all positively
correlated with the number of steps per day (Figure 1, C:Fi, Spearman r = 0.57; p=0.019;
CFPE index, Spearman r = 0.55; p=0.024; LC-PF index, Spearman r = 0.56; p=0.022).

Overall, no significant change was observed pre-post RET for C:Fi, capillaries/mm?,
capillary contacts (CC), CFPE or LC-PF indices. When participants were retrospectively
partitioned into two groups based on their baseline CFPE index, we observed a significant
interaction (p=0.038) for C:Fi, that showed a differential response in the capillary-to-fiber
ratio following training in the LOW group compared to HIGH group. Only the LOW group
showed an increase in C:Fi following RET (44%, p=0.087) with C:Fi in the HIGH group
showing no change after RET (Figure 2B). Similar results were found with the CFPE index,
which showed a significant interaction (p=0.049), and an effect for increased capillary fiber
exchange capacity only in the LOW group (Figure 2C). We also observed a time by
condition interaction (p=0.003) in the LC-PF index, with the percentage of the fiber
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perimeter directly in contact with a capillary wall significantly different between LOW and
HIGH groups, and only the LOW group showing an increase in the LC-PF index following
RET (Figure 2D, p=0.016).

Fiber type distribution was not different following 12 weeks of RET: both groups
experienced a moderate increase in type Il fiber frequency with training (LOW: + 25%;
HIGH: +33%), however the shift from type I to type Il was not statistically significant pre-
post RET (p>0.05) nor was any statistical difference found between the LOW and HIGH
groups (p>0.05). Overall type | fibers had greater indices of capillarization compared to type
Il fibers (Table 2). Following RET, type I fiber-specific changes in muscle capillarization
were similar to changes observed for type 11 fibers. In the LOW group, we observed an
increase in CFPE (type I: 23%, p<0.001; type Il: 36%), C:Fi (type I: 28%, p=0.04; type II:
52%) and LC-PF (type I, 24%, p=0.09; type I, 66%), with no significant changes occurring
in the HIGH group (p>0.05) (table 2). Also in the LOW group, we observed a fiber type-
specific main effect in the LC-PF index (p=0.001), with a greater increase in the LC-PF ratio
in type 1l fibers compared to type | fibers , with no significant differences observed in the
HIGH group. However, no differences were detected when comparing capillary indices
expressed in a fiber type-specific or mixed fiber type manner (p>0.05).

Muscle fiber citrate synthase capacity

Skeletal muscle mitochondrial protein abundance, measured by CS activity, is presented in
Figure 3. The response of CS activity to RET was not different between the LOW
(+20+10%) and HIGH groups (+30+18%). We observed a positive correlation between CS
activity and CFPE index (r=0.45, p=0.06) and LC-PF index (r=0.65, p=0.004) pre-RET.

Muscle hypertrophy

After 12 weeks of RET appendicular skeletal muscle and leg lean mass both significantly
increased (Table 3, p=0.001). When divided by CFPE index, we observed a main effect for
time in appendicular skeletal muscle (time effect p=0.004) and leg lean mass (time effect
p=0.011), but post-hoc analyses reveal that only the HIGH group significantly improved in
both indices of muscle hypertrophy (p=0.008). Similar results were found for type 11 fiber
CSA (main effect of time, p=0.04), where only the HIGH group showed significant
improvement in fiber CSA (LOW: +15%, HIGH +54%; p=0.049). Supportive of our data
showing preferential improvements in muscle mass/fiber hypertrophy within the HIGH
group, we show that the rate of basal mixed-muscle protein synthesis increased significantly
following RET only in the HIGH group (Table 3, p=0.048). Muscle protein breakdown was
not directly assessed, however we investigated pre- and post-RET MuRF-1 and Atrogin-1
protein expression as markers of protein degradation (Table 3). LOW and HIGH group
participants had similar responses to exercise: basal levels of MuRF-1 were unchanged post-
RET (LOW: 2%; HIGH -4%) while atrogin-1 expression decreased non-significantly to a
similar extent in both groups post-RET (LOW: —10%; HIGH: —11%). Representative images
of western blot are presented in supplemental Figure 5.
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Discussion

Our data provide evidence that muscle fiber capillarization may predict the hypertrophic
skeletal muscle response to RET in older adults. RET is the most effective strategy to
improve skeletal muscle mass and strength in both young (Kumar and others 2009; Reidy
and others 2017) and older adults (Kumar and others 2012; Moro and others 2018).
However, the response to training is not always homogenous, and older adults in particular
show variability in their response to training (Mayhew and others 2009; Moro and others
2017). For example, in a recent study from our lab, older adults showed significant increases
in leg muscle mass (+2%) and type Il fiber CSA (+23%); however, there was significant
heterogeneity among participants (i.e., differences in leg lean mass ranged from —4% to
+9%; differences in type Il fiber CSA ranged from —42% to +86%) (Moro and others 2018).
The concept of muscle protein anabolic resistance is often used to describe the blunted
hypertrophic response shown in older adults, yet the underlying mechanisms remain poorly
understood. Previous studies have demonstrated a relationship between muscle
capillarization and fiber hypertrophy (Snijders and others 2017a; Verdijk and others 2016).
This is supportive of our data, where the increase in fiber size after RET was greater in
individuals with higher pre-exercise muscle capillarization.

Exercise-induced angiogenesis normally occurs to increase oxygen diffusion and to enhance
the removal of metabolites during muscle contraction (Hoier and Hellsten 2014). Three
physiological factors promote skeletal muscle angiogenesis: increased blood flow, associated
increase in endothelial shear stress, and enhanced oxidative metabolism. Due to its anaerobic
nature, resistance exercise training primarily promotes muscle angiogenesis by stimulating
blood flow and inducing mechanical shear stress. These two mechanisms stimulate the
activation of specific signaling pathways (PECAM-1, VEGFR, etc.) and promote endothelial
cell proliferation which leads to capillary growth (Gavin and others 2007a; Hudlicka and
others 2006). Resistance exercise increases the capillary-to fiber ratio; however the
concomitant accrual of fiber cross-sectional area may mask the improvement in capillary
density, which often remains unchanged (Green and others 1999; Snijders and others
2017a). Moreover, resistance exercise protocols can differ in terms of intensity, volume,
contraction type and duration (Paoli 2012; Paoli and Bianco 2012). Exercise programs with
comparable intensity and volume have similar effects on muscle capillarization (Green and
others 1999; McCall and others 1999; Snijders and others 2017a). However, levels of shear
stress are mediated by specific mechano-sensors (Hoier and Hellsten 2014), and thus
different contraction modalities may modify the tension applied from the sarcomere to the
endothelial cell, resulting in different shear stress intensities. Some early studies suggest that
muscle hypertrophy in trained individuals may occur without a parallel increase in muscle
capillarization (Tesch and others 1989; Tesch and others 1984); however capillary density
and capillary-to-fiber ratios are lower in untrained/sedentary individuals when compared to
trained individuals (Brodal and others 1977; Zoladz and others 2005). Additionally,
endurance athletes present higher capillarization when compared to power or strength
athletes (Zoladz and others 2005).

We stratified our participants based on their muscle fiber capillarization (CFPE index) at the
time of recruitment. A similar approach has been utilized by others (Snijders and others
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2017a; Verdijk and others 2016), but, to our knowledge, this is the first time that several
indices of capillarization have been studied together to comprehensively describe the role of
capillaries on the muscle protein anabolic response to RET. Specifically, we assessed
capillaries per mm? in addition to C:Fi, as indices of capillary density; the CFPE index, as
an estimation of capillary exchange capacity between the muscle cell and capillary bed
(Hepple and others 1997; Lithell and others 1981; Tesch and Wright 1983); and the LC-PF
index as an additional measure of direct fiber-to-capillary interaction (Charifi and others
2004; Gueugneau and others 2016; Sullivan and Pittman 1987). We found that subjects with
a lower pre-RET CFPE index underwent an increase in C:Fi, CFPE and LC-PF indices
following 12 weeks of RET, without a significant increase in muscle fiber CSA or leg/whole
body lean mass. Intriguingly, the HIGH group did not show any improvement in various
muscle capillarization indices yet demonstrated a significant improvement in leg muscle and
fiber size. Supportive of these results is the increase in the basal rate of muscle protein
synthesis following training in the HIGH group (Table 3, LOW: +18%; HIGH: +36%). As
protein breakdown was not directly assessed, we utilized the expression of two markers of
protein degradation as a proxy for breakdown: muscle specific ring finger protein 1
(MuRF1) and atrogin-1. These two proteins mediate the ubiquitin-proteasome pathway
which is actively involved in the breakdown of myofibrillar proteins (Fry and others 2013;
Masiero and others 2009). Human exercise studies have reported an acute increase in
MuRF1 expression but relatively little change in the expression of atrogin-1 or other E3
ubiquitin ligases (Borgenvik and others 2012; Nedergaard and others 2007). However,
longitudinal RET studies have shown a reduction in both MuRF1 and atrogin-1 expression
demonstrating that protein breakdown, and thus protein degradation, is reduced with
exercise training (Stefanetti and others 2014; Stefanetti and others 2015). Our results support
these findings, with a subtle decrease in atrogin-1 expression observed following RET.
Importantly though, we didn’t find any difference in E3 ubiquitin ligase expression between
the LOW and HIGH groups. Several studies have shown that chronic RET modulates
muscle-protein turnover (Phillips and others 1999; Tang and others 2008; Wilkinson and
others 2008) and elevates the rate of basal post-absorptive MPS compared to pre-training
levels (Damas and others 2016; Reidy and others 2017). Recently Reidy et al. demonstrated
that the changes in basal post-absorptive MPS correlate positively with indices of muscle
hypertrophy following RET (Reidy and others 2017). Further, vastus lateralis thickness and
integrated MPS are positively correlated in the early training adaptation period in young men
(Brook and others 2015), and integrated MPS over several weeks of RET is strongly
associated with indices of muscle hypertrophy (Damas and others 2016). These studies
suggest that the adaptation of muscle protein turnover to RET may contribute to muscle
hypertrophy. Thus, the greater increase in the basal rate of muscle protein synthesis observed
in the HIGH group and the similar expression of markers of protein degradation in both
groups, provides support for our hypothesis that pre-existing capillarization could be a
significant predictor of positive muscle protein adaptation following RET.

Previous studies have reported similar response to RET on muscle size between male and
female participants (Abe and others 2000; Markofski and others 2015). Our present study
was insufficiently powered to identify sex differences, but male and female participants were
equally distributed in the two groups. As expected, male and female participants in our study
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had different lean body mass and fiber CSA pre-RET, similar to what others have shown
(Bea and others 2011; Haizlip and others 2015; Staron and others 2000). Our exploratory
analysis of sex-based differences in basal CFPE failed to detect a statistically significant
difference between the sexes (data not presented). To our knowledge capillary distribution
seems to be similar between males and females, but the influence of sex on the correlation
between muscle capillarization and the hypertrophic response to RET needs to be addressed
with future research.

While Snijders and colleagues report that muscle fiber growth was not accompanied by a
concomitant increase in capillary density, we show that individuals with LOW muscle
capillarization do undergo angiogenesis (increased C:Fi) and improve their capacity of
exchange and diffusion between capillaries and myofibers following 12 weeks of training.
These results were particularly evident in type Il fibers, but were also confirmed in type |
fibers as well. The discrepancy between our results and those reported in Snijders et al.
could be explained by the difference in the baseline characteristics of our two LOW groups
(Snijders and others 2017a), as our subjects show a much lower basal capillarization level
compared to those published by Snijders et al. (Supplemental Figure 2; CFPE index: 3.2+0.3
in our LOW group vs 4.4+0.2 in (Snijders and others 2017a)). We also observed a strong
correlation between physical activity and capillarization indices at baseline (Figure 1), which
may help to address the differences between our subjects and those observed by Snijders et
al. (Snijders and others 2017a). Their study was conducted in northern Europe, and the
northern European population is on average more active than the typical American adult
(Hallal and others 2012; Van Deveire and others 2012). Also, leg blood flow has been shown
to be better preserved in trained subjects compared to sedentary (Anton and others 2006;
Tanimoto and others 2009), and even a moderate acute increase in physical activity can
enhance leg blood microperfusion and, thus, increase the response to anabolic stimuli in
older adults (Fujita and others 2009; Timmerman and others 2012; Timmerman and others
2010). These observations, together with the results of the present study, suggest that
habitual physical activity level can alter the muscle phenotype and help promote RET
adaptation. Moreover, as the CFPE index was not significantly different between LOW and
HIGH groups after RET, this could suggest that a longer period of training could generate a
similar hypertrophic response in both groups, as the LOW group will have acquired the
requisite capillarization level to support optimal muscle growth.

Many studies investigating the effect of training on muscle capillarization have utilized
aerobic training (Charifi and others 2004; Gavin and others 2015; Prior and others 2014;
Prior and others 2016), as aerobic training is known to promote increases in maximum
oxygen uptake and microvasculature improvements. However, growing evidence suggests
that progressive resistance exercise training can improve muscle oxidative capacity by
increasing both qualitative and quantitative mitochondrial adaptations (i.e., increased VO,
peak, VO,max, CS activity and mitochondrial function) (Ades and others 1996; Jubrias and
others 2001; Porter and others 2015; Sparks and others 2013). Endurance performance and
metabolic health are strongly impacted by skeletal muscle mitochondrial content
(Goodpaster 2013; Maclnnis and others 2017). While increased activity of mitochondrial
enzymes is an important adaptation to improve muscle performance and oxygen uptake,
another important factor supporting VO2max adaptations is an delivery of O2 to the muscle
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(Bassett and Howley 2000). As suggested by Charifi et al. (Charifi and others 2004), older
adults may respond to training by increasing their pre-existing capillary length rather than
promoting angiogenesis. Their group shows a strong relationship between the LC-PF index
and citrate synthase (CS) activity, demonstrating that the fiber-capillary exchange surface
area responds strongly to the increased oxygen demand of muscle to exercise, as the
increment in the LC-PF index post-exercise was more pronounced than the increase in CS
activity (Charifi and others 2004). In our study, this relationship was partially confirmed: the
LC-PF index increased only in the LOW group (LOW +34%, HIGH —4%), while CS activity
increased similarly in both groups (Figure 3, LOW: +20%, HIGH +30%). Our results
suggest that the early adaptive cellular response is to increase the available exchange surface
area between capillaries and muscle fibers. Only when muscle fibers have an adequate
capacity to exchange and diffuse nutrients/oxygen (increase in CFPE and LC-PF index) an
induction in the rate of protein synthesis can occur to induce muscle growth (increase in
muscle FSR and fiber CSA).

Conclusions and Implications

Our data imply that a minimal level of muscle capillarization is needed to achieve muscle
hypertrophy in older adults. Our data suggest the need for more targeted strategies to address
capillarization deficits in older adults that appear to be integral in the response to RET. We
conclude that muscle capillarization plays a crucial role in regulating muscle adaptation. We
are unable to physically define a minimal thresholds for capillarization that can predict the
hypertrophic response to training in older adults; however, our data underscore the role for
capillaries in regulating positive muscle adaptation. For example, in an individual with lower
level of capillarization, perhaps a targeted aerobic regimen could be useful to improve the
available exchange surface area between muscle and capillaries prior to the initiation of a
resistance training program to better support the hypertrophic response to RET.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Relationship between the level of physical activity (steps/day) and C:Fi, CFPE index and

LC-PF index. C:Fi, capillary-to fiber ratio; CFPE, capillary-to-fiber perimeter exchange;
LC-PF capillary-to-fiber interface.
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Muscle fiber capillarization indices before and after 12 weeks of RET. Muscle fiber
capillarization indices before and after 12 weeks of RET (A-D) and representative
immunohistochemical image demonstrating merged imaged (E), capillaries only (F) and
Laminin and MyHC type | only (G). Data on fiber-type specific capillarization can be found
in Table 2. (HIGH, relative high baseline CFPE index; N=9; LOW, relative low baseline
CFPE index; N=10). RET, resistance exercise training; CFPE, capillary-to-fiber perimeter
exchange; LC-PF capillary-to-fiber interface. Data represent mean+SE.

* significantly different from pre-RET (p<0.05).

+ main effect of condition (HIGH/LOW group) (p<0.05).

Exp Gerontol. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Moro et al.

Figure 3.
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Relationship between microvascular supply and oxidative capacity. A) Citrate synthase
activity after 12 weeks of training in relative LOW (N=9) and relative HIGH (N=10) group.
B) Correlation between LC-PF index and citrate synthase activity. C) Correlation between
CFPE index and citrate synthase activity. CS, citrate synthase; LC-PF capillary-to-fiber
interfaced; RET, resistance exercise training; HIGH, relative high baseline CFPE index. Data

represent mean=SE.
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Anthropometric Data of Participants, Grouped by basal CFPE index.

Table 1.

LOW
(N=9, 4 male, 5 female)

HIGH
(N=10, 6 male, 4 female)

Age (years) 72.245.2 70.0£3.3
Body height (m) 1.7+0.1 1.7+0.1
Body mass (kg) 77.1£14.9 83.1+11.4

BMI (kg/m2) 27.543.0 28.0+3.1

Fat mass (%) 40.445.5 36.2+9.9

ASM (kg) 20.245.4 22.7+4.8

SMI (kg/m?) 7.241.3 7.6£1.2

Leg Lean Mass (kg) 15.4+4.1 16.943.2

Page 21

Note: BMI = Body mass index, CFPE = capillary-to-fiber perimeter exchange index; ASM, appendicular skeletal muscle; SMI, skeletal muscle

index (ASM/heightz). LOW and HIGH represent the two groups obtained with the retrospective subdivision based on the median value of all

subject’s CFPE index. Values are means + SD.
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Table 2.

Muscle fiber capillarization and muscle hypertrophy indices Pre- and Post-Intervention, grouped by basal
CFPE index.

LOW HIGH

Pre-RET Post-RET Pre-RET Post-RET

Capillaries/mm? 206937531  34524+124.25  334.37+72.77 318.00+103.36
Capillaries per fiber (C:Fi) 0.78+0.18 1.08+0.41 % 1.70+0.37% 1.57+0.30
Fiber type | 0.94+0.08 1.2040.15* 18740117 1.69+0.16
Fiber type 11 0.68+0.057 0.98+0.10%* 1.35+0.12%# 1.42+0.10
CFPE index (capillaries/1000um) 3.5040.73 4.34+0.69 6.39+1.15% 5.88+1.62
Fiber type | 3.87+0.15 4.76+0.22 " 6.80+0.32% 6.55+0.84
Fiber type I1 3.24x0.287 4.10%0.24” 5.61+0.357% 5.33+0.38
LC-PF index (%) 9.67+0.83 12.74+0.89™ 18.25+1.25% 15.99+1.08
Fiber type | 11.94+0.87 14.25+0.99 20.27+1 53% 16.93+0.84
Fiber type Il 8.18+0.967 1174+080°  15.74+118%# 15.761.34
Capillary contact (CC) 2.25+0.53 2.99+0.85 4.53+0.82% 4.10+0.54
Fiber type | 2.7040.20 3.3340.29™ 4.93+0.23% 4.28+0.24
Fiber type I1 1.95+0.157 2712022™F 37140327 3.890.17

Fiber area (um?) 3686.14+385.83  3065.16+604.04 375152451502  4697.06+562.41

Fiber type | 4455.80+514.89  4288.11+813.58  4244.50+596.18 5156.71+620.22

Fiber type II 3135.73+407.367  3428.264526.17 3081 224536.437  4131.364557.05%7 "

Note: Values are means + SE. CFPE, capillary-to-fiber perimeter exchange; HIGH, relative high baseline CFPE index; ASM, appendicular skeletal

muscle; SMI, skeletal muscle index (ASM/heightz); CSA, cross sectional area; FSR, fractional synthetic rate. N=9; LOW, relative low baseline
CFPE index; N=10.

*
significantly different from pre-RET (p<0.05).
#significantly different compared to LOW group (p<0.05).

’tsignificantly different compared to type I fibers (p<0.05).
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Table 3.

Muscle hypertrophy indices Pre- and Post-Intervention, grouped by basal CFPE index.

LOW HIGH
(N=9, 4 male, 5 female) (N=10, 6 male, 4 female)
Hypertrophy indices Pre-RET Post-RET Pre-RET Post-RET
ASM (kg) 20.2+2.3 20.622.4 22.72.7 233+23*
SMI (kg/m?2) 7.240.7 7.3x0.7 7.620.9 7.8+0.7%
Leg Lean Mass (kg) 15.4+1.7 15.5+1.7 16.9+2.0 17.4+16%

Fiber type Il CSA (um?) 3135.7+407.4  3496.5+519.5 3081.2+509.8 4131 445571

FSR (%/h) 0.06+0.01 0.07+0.01 0.06+0.01 0.09+0.01%

Protein breakdown indices

MuRF-1 (AU) 0.28+0.13 0.29+0.08 0.38+0.10 0.19+0.04

Atrogin-1 (AU) 1.38+0.40 1.10+0.27 0.91+0.34 0.68+0.22

Note: Values are means + SE. CFPE, capillary-to-fiber perimeter exchange; HIGH, relative high baseline CFPE index; ASM, appendicular skeletal

muscle; SMI, skeletal muscle index (ASM/heightz); CSA, cross sectional area; FSR, fractional synthetic rate; MuRF-1, Muscle RING- finger
protein-1; AU, arbitrary unit. N=9; LOW, relative low baseline CFPE index; N=10.

*
significantly different from pre-RET (p<0.05).

#significantly different compared to LOW group (p<0.05).
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