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Aging induces physiological decline in human skeletal muscle func-
tion and morphology, including type II fiber atrophy and an increase
in type I fiber frequency. Resistance exercise training (RET) is an
effective strategy to overcome muscle mass loss and improve strength,
with a stronger effect on type Il fibers. In the present study, we sought
to determine the effect of a 12-wk progressive RET program on the
fiber type-specific skeletal muscle hypertrophic response in older
adults. Nineteen subjects [10 men and 9 women (71.1 * 4.3 yr)] were
studied before and after the 12-wk program. Immunohistochemical
analysis was used to quantify myosin heavy chain (MyHC) isoform
expression, cross-sectional area (CSA), satellite cell abundance, myo-
nuclear content, and lipid droplet density. RET induced an increase in
MyHC type II fiber frequency and a concomitant decrease in MyHC
type I fiber frequency. Mean CSA increased significantly only in
MyHC type II fibers (+23.3%, P < 0.05), but myonuclear content
increased only in MyHC type I fibers (P < 0.05), with no change in
MyHC type II fibers. Satellite cell content increased ~40% in both
fiber types (P > 0.05). RET induced adaptations to the capillary
supply to satellite cells, with the distance between satellite cells and
the nearest capillary increasing in type I fibers and decreasing in type
II fibers. Both fiber types showed similar decrements in intramuscular
lipid density with training (P < 0.05). Our data provide intriguing
evidence for a fiber type-specific response to RET in older adults and
suggest flexibility in the myonuclear domain of type II fibers during a
hypertrophic stimulus.

NEW & NOTEWORTHY In older adults, progressive resistance
exercise training (RET) increased skeletal muscle fiber volume and
cross-sectional area independently of myonuclear accretion, leading to
an expansion of the myonuclear domain. Fiber type-specific analyses
illuminated differential adaptation; type II fibers underwent hypertro-
phy and exhibited myonuclear domain plasticity, whereas myonuclear
accretion occurred in type I fibers in the absence of a robust hyper-
trophic response. RET also augmented satellite cell-capillary interac-
tion and reduced intramyocellular lipid density to improve muscle
quality.
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INTRODUCTION

Aging induces a decline in human skeletal muscle function
and mass, with age-associated maladaptations to muscle mor-
phology accompanying sarcopenia. On a myocellular level,
advanced age results in smaller fiber size, specific to type Il
fibers (46), in addition to reduced capillary content (42) and an
overall change in fiber type distribution with an increase in
type I fiber frequency (29, 52). From a functional perspective,
type 1I fibers produce greater relative and absolute force with
a relatively shorter contraction time (4, 21). An emerging body
of literature has drawn attention to the fiber type-specific
effect(s) of aging on muscle deterioration. Aging has been
shown to promote type II fiber denervation (9, 31, 35), atrophy,
and reduced satellite cell (SC) content (60). The preferential
atrophy of type II fibers reduces older adults’ muscle strength
and power compared with younger subjects. Preserving type II
fiber size with age is a key target to optimize, or at least
maintain, muscle function in older adults to improve quality of
life. With a better understanding of the processes that promote
type II fiber hypertrophy, it would be possible to develop
targeted interventions to mitigate age-related functional de-
cline.

Resistance exercise training (RET) is an effective strategy to
overcome age-related atrophy and weakness. Previous studies
have shown that older adults can increase the relative fre-
quency and cross-sectional area (CSA) of type II fibers follow-
ing RET (30, 41, 59). Skeletal muscle fiber hypertrophy is
accompanied by the addition of new myonuclei within existing
fibers. SCs are the primary muscle stem cells that contribute
new myonuclei. During resistance training, SCs are stimulated
to proliferate, differentiate, and ultimately fuse into fibers,
adding new myonuclei that support enhanced ribosomal func-
tion and thus myofiber hypertrophy (46, 47, 64). The addition
of new myonuclei from SCs during hypertrophy maintains a
constant myonuclear domain (MND). The ‘MND theory’ is
defined as the sarcoplasmic volume that is transcriptionally
governed by an individual myonucleus and an expansion of
sarcoplasmic volume during hypertrophy that is accompanied
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by concurrent myonuclear accretion to maintain a relatively
constant MND (44, 51). However, more recent studies have
challenged this theory and suggested that the MND can be
flexible and adaptations to exercise may occur in a fiber
type-specific manner (10, 12, 57).

It has been observed that SC proximity to capillaries facil-
itates their activation in response to exercise (8). This finding
suggests that local perfusion supports SC activity and subse-
quent muscle growth. Capillaries are responsible for the deliv-
ery of nutrients, oxygen, and hormones to skeletal muscle to
help govern its adaptation during resistance training. We and
others have shown that a reduction in capillary density and/or
a greater distance between SCs and their nearest capillary may
impair skeletal muscle adaptation in older adults (40, 53).
However, controversy exists surrounding the ability of RET to
improve capillary density in older adults, with some studies
showing positive adaptation (17, 61) and others showing an
equivocal effect of RET on capillary density (15, 40, 53).

Additionally, recent studies have advanced the hypothesis
that the accumulation of intramyocellular lipids (IMCLs) may
also promote muscle dysfunction during aging (7, 16). Because
of their oxidative capacity, type I fibers have greater lipid
droplet density (14), and perturbations in the accumulation of
IMCLs may influence the fast-to-slow fiber transition and
muscle fiber atrophy (36).

Physiological and metabolic attributes of glycolytic and
oxidative characteristics underpin their sensitivity to specific
anabolic/catabolic stimuli. Resistance exercise training is
known to promote muscle growth, but our understanding of the
molecular mechanisms governing muscle hypertrophy contin-
ues to be refined. Recent research underscores a greater gap in
knowledge regarding the fiber type-specific response to exer-
cise. Additionally, as compared with type I fibers, type II fibers
are more vulnerable to age-related atrophy. Thus, a greater
comprehension of the mechanisms directing fiber type adapta-
tion to resistance training is of clinical relevance to support
evidence-based strategies to overcome sarcopenia. In light of
these considerations, the aim of this study was to investigate
fiber type-specific adaptations to myonuclear content, SC
abundance, and muscle fiber structure and quality in sedentary
older adults after 12 wk of progressive resistance exercise.

METHODS
Subjects

The present study is an analysis of secondary data from a recently
published study from our group (39). Nineteen older adults (10 male,
9 female) participated in the study [age 71.1 = 4.4 yr; body mass
index (BMI) 29.7 =+ 3.1 kg/m?]. Volunteers were considered eligible
with an age between 65 and 80 yr and BMI < 30 kg/m?. All subjects
were healthy; BMI > 35 kg/m?, frailty and any significant chronic
disease, active infection, or cancer served as exclusion criteria for
subjects in our study based on a physical examination and laboratory
tests. Additionally, subjects were classified as nondiabetic by an oral
glucose tolerance test and classified as nonactive based on their daily
steps (<<10,000 steps/day) and not engaging in any form of structured
exercise training (<2 weekly sessions of moderate intensity exercise).
Before enrollment, all subjects read and signed a written informed
consent form approved by the Institutional Review Board of the
University of Texas Medical Branch (UTMB, Galveston, TX), which
is in accordance with the standards set by the latest revision of the
Declaration of Helsinki.

FIBER TYPE-SPECIFIC MYONUCLEAR ADAPTATION TO EXERCISE

Study Design

After enrollment, participants reported to the UTMB Clinical
Research Center for an initial biopsy (pretraining). Pre- and post-
biopsies were collected after an overnight fast and 72 h following the
last training session. Percutaneous muscle biopsies were obtained
from the vastus lateralis using a Bergstrom 5-mm muscle biopsy
needle with suction. The following week, subjects underwent a
familiarization week of training before starting a 12-wk progressive
RET program. Training was performed at the exercise training facility
located in the UTMB Center for Recovery, Physical Activity and
Nutrition. The RET protocol consisted of three sessions per week of
a total body workout at a progressive intensity. Exercises involving
the vastus lateralis were the leg press and leg extension. Training
volume and intensity adapted over the course of the 12 wk; initially,
subjects completed 3 sets of 15 reps at 60% of 1 repetition maximum
(RM), and at the end of the training program subjects were completing
3 sets of 10 reps at 70% of 1 RM. The relative load was adjusted to
ensure that all exercises during every session were performed to
failure. A 6 RM test was performed monthly before increasing the
intensity of the training (from 60 to 65 to 70% of 1 RM). For complete
details of the RET protocol, please see Moro et al. (39). To minimize
any possible acute effect of training on our outcomes (i.e., satellite cell
activation), a second muscle biopsy (posttraining) was collected 72 h
following the last acute exercise bout.

Muscle Processing

Approximately 20 mg of well-oriented muscle tissue was placed on
a cork with Tissue Tek optimal cutting temperature (OCT; Thermo
Fisher Scientific, Rockford, IL) and frozen in liquid nitrogen-cooled
isopentane. Samples were then stored at —80°C until analysis. Sec-
tions (7-wm thick) were cut in a cryostat and allowed to air dry for 1
h. Approximately 10 mg of muscle tissue was fixed immediately in
4% paraformaldehyde for single fiber isolation.

Immunohistochemistry

Fiber typing and grouping. Unfixed slides were incubated over-
night at room temperature with specific antibodies against anti-myosin
heavy chain (MyHC) isoforms type I (DSHB; BA.DS5, IgG2b) and
laminin (no. L9393; Sigma Aldrich, St. Louis, MO). The following
day, slides were incubated with immunoglobulin-specific secondary
antibodies: goat anti-mouse 1gG2b AF647 (Invitrogen; A21242, type
I) and goat anti-rabbit AF350 (Invitrogen; A21068, laminin). After
being postfixed in methanol for 5 min, slides were mounted with
fluorescent mounting media (Vectashield, no. H-1000; Vector Labo-
ratories, Burlingame, CA). Whole cross-sectional images of the mus-
cle biopsies were captured at X100 total magnification using the
mosaic and stitching functions on an Axioimager MI upright micro-
scope (Zeiss). We quantified fiber type distribution as MyHC type I+
and MyHC type I— (type II fibers) as relative frequency by quanti-
fying the number of MyHC+ relative to the total number of fibers.
The prevalence of type I and II fiber grouping was then assessed as
two contiguous fibers of the same type surrounded by only fibers of
the same type to constitute a grouping of that fiber type, which is
similar to analysis reported by Messi et al. (37). We also assessed
CSA (pm?) of type I and II fibers. Type I fiber CSA has been
previously published (39).

Satellite cell, myonuclei, and capillary assessment. After 10-min
fixation in ice-cold acetone, slides had endogenous peroxidases
blocked with 3% H->O» and were then blocked for 1 h in 2.5% normal
horse serum (no. S-2012; Vector Laboratories). Slides were then
incubated overnight with the following antibodies and reagents: anti-
MyHC type I IgG2b BA.D5 (DHSB Iowa), anti-laminin (no. L.9393;
Sigma Aldrich, St. Louis, MO), anti-Pax7 (DHSB), and rhodamine-
labeled Ulex Europaeus agglutinin I (no. RL- 1062; Vector Labora-
tories), a human endothelial cell marker (18). The following day,
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slides were incubated in secondary antibodies: goat anti-rabbit IgG
AF647 (no. A21245; Invitrogen, laminin), goat anti- mouse IgG2b,
AF647 (no. A21242; Invitrogen, type I), and goat anti-mouse IgG
biotinylated antibody (no. 115-065-205; Jackson ImmunoResearch,
West Grove, PA) for 1 h. After 1 h of incubation in streptavidin-
horseradish peroxidase and a reaction with AF488 tyramide included
with the TSA kit (no. T20935; Invitrogen), slides were stained with
DAPI (4',6-diamidino-2-phenylindole, no. D35471; Invitrogen) be-
fore being mounted with fluorescent mounting media. Whole cross-
sectional images of the muscle biopsies were captured at X100 total
magnification using the mosaic and stitching functions on an Axio-
imager MI upright microscope (Zeiss). SC abundance was analyzed
by quantifying Pax7+/DAPI+ nuclei residing within the laminin
border. SC abundance was subdivided by fiber type: MyHC type 1+
and MyHC type I— (type Il fibers), as we have previously published
(2, 12). Myonuclear number was analyzed by quantifying Pax7—/
DAPI+ nuclei residing within the laminin border and subdivided by
fiber type. Additionally, capillary-to-fiber ratio and the distance be-
tween SC and their nearest capillary was measured using Fiji software
(https:/fiji.sc/), as reported by Nederveen et al. (42).

Intramuscular lipid droplet analysis. Fresh-cut (without air drying)
slides were fixed in 4% paraformaldehyde for 7 min at room temper-
ature. Sections were then permeabilizated in 0.5% Triton-X100 in
PBS (T8787; Sigma Aldrich, St. Louis, MO) for 10 min. Slides were
then incubated for 2 h with primary antibody for anti-MyHC type I
(M8421, Sigma Aldrich, St. Louis, MO), followed by 1 h in secondary
antibody (goat anti-mouse IgGl AF555; no. A21127; Invitrogen).
Slides were then stained with Bodipy (D3922; ThermoFisher) and
Wheat Germ Agglutinin AF350 conjugate (W11263; ThermoFisher)
before being mounted with fluorescent mounting media. Slides were
kept in a dark container and protected from light exposure until
imaging, and the time between mounting and imaging was kept
consistent between samples. It is worth noting that the use of Triton-
X100 may have led to some lipid extraction, impacting our IMCL
quantification. This is a limitation of our lipid droplet analysis;
however, all samples underwent the same procedure, allowing for
qualitative IMCL analysis before and after RET in our subjects.
Whole cross-sectional images of the muscle biopsies were captured at
X100 total magnification using the mosaic and stitching functions on
an Axioimager MI upright microscope (Zeiss). Quantification of
intramyocellular lipid droplets (IMCL) was performed using Fiji
software. Individual muscle fibers were manually delineated as indi-
vidual regions of interest, and an intensity threshold was uniformly
selected and applied to represent a positive signal for IMCL droplets.
At least 50 fibers of each type from each biopsy were analyzed for
IMCL droplet density. The density of IMCL droplets was expressed as
the positively stained area fraction relative to the single fiber area of
each muscle fiber, and results were subdivided by fiber type: MyHC
type I+ and MyHC type I— (type II fibers).
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Single Fiber Analyses

Muscle samples in 4% paraformaldehyde were allowed to fix for 48
h, and they were then stored at room temperature in PBS. Individual
fiber bundles were isolated, and the bundles were digested in 40%
NaOH solution for 2 h. Single fibers were then mechanically separated
through pipette trituration and washed with PBS before being stained
with DAPI for nuclear visualization. Suspended fibers were mounted
with Vectashield fluorescent mounting media (Vector Laboratories).
Images were captured at X200 magnification using Z-stacking to
combine multiple images taken at focal distances separated by 1 pm
to provide a composite image with a greater depth of field on an
Axioimager MI upright microscope (Zeiss). All fiber and nuclear
measurements were made using AxioVision Rel software (version
4.8). A minimum of ten fibers from each subject was measured for
fiber width (wm), and Z-stack analysis was used to count total
myonuclei. Myonuclei per fiber volume (myonuclear domain, MND)
were then calculated by dividing the fiber segment volume (um?),
which was calculated by multiplying one-half the fiber width
(radius)®> X m X length of the measured fiber segment, and then
dividing by the total number of myonuclei to obtain MND (wm?® per
myonucleus). Fiber type-specific MND was estimated in two dimen-
sions by expressing fiber CSA relative to myonuclear content (pum?
per myonucleus) as previously described (2, 38).

Statistical Analysis

After normality of the data distribution was assessed with a Kol-
mogorov—Smirnov test, a two-way ANOVA with repeated measures
was used to identify the relationship between training and muscle fiber
type (training X fiber type); in instances where significant main ef-
fects or interactions occurred, Bonferroni post hoc testing was per-
formed. Dependent variables were compared pre- versus posttraining
by performing a Student’s paired ¢ test with significance set at P <
0.05. Sex differences at baseline and posttraining were tested with
fiber type X sex ANOVA. All analyses were done with GraphPad
Prism 7.0 (GraphPad Software, La Jolla CA, https://www.graphpad.
com/).

RESULTS
Fiber Typing and Grouping

After 12 wk of RET, we observed a shift in fiber type
distribution. There was a main effect of RET on fiber type
distribution (P = 0.02), with a decrease in type I fiber fre-
quency (from 49 = 17% to 42 = 15%) and a concomitant
increase in type II fiber frequency (from 51 * 18% to
58 *£ 15%) (Fig. 1A). The percentage of type I fibers that were

Fig. 1. Resistance exercise training (RET)
induces a shift in fiber type distribution and
reduced grouping of type I fibers in older
adults. A: quantification of fiber type from
immunohistochemical analysis; data are pre-
sented as mean fiber frequency = SE. B:
quantification of spatial distribution of myo-
fiber type grouping, presented as relative
percentage = SE. #Significantly different
from type I fiber frequency (P < 0.05).
*Significantly different from pretraining
(pre-RET) value (P < 0.05).
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grouped significantly decreased after RET (P = 0.03), whereas
type II fiber grouping did not change (Fig. 1B). No significant
sex difference was observed in fiber type distribution at base-
line or in response to training.

Myonuclear Domain and Cross-Sectional Area

Isolated, single fibers from each subject were analyzed to
determine fiber volume and MND, without distinction for fiber
type. After 12 wk of RET, fiber volume increased by 42% (Fig.
2B, P = 0.05). Total myonuclear content per 100 pm of fiber
length did not change (Fig. 2C, P = 0.76). As a result, MND
was significantly higher (45%, P = 0.04) in response to
training (Fig. 2D).

To assess the fiber type-specific response to training, we
estimated the MND in 2 dimensions by expressing fiber CSA
relative to myonuclear content. Pooled muscle fiber CSA
(irrespective of fiber type) showed a statistical tendency toward
hypertrophy (20.6% increase, P = 0.09, Student’s ¢ test). When
segregated into type I and type II fibers, there was a significant
main effect for both fiber type and training (Fig. 3A). Post hoc
analyses revealed that pretraining type I fiber CSA was greater
than type II fiber CSA (P = 0.04) and that with training, only
MyHC type II fiber CSA significantly increased (23.3% in-
crease, P = 0.03). As shown in Fig. 3B, the number of
myonuclei per fiber significantly increased after 12 wk of RET
in type I fibers (38.1% increase, P = 0.01) but not in type II
fibers (9.5% % increase, P > (.05 fiber X training interaction,
P = 0.08). As a result (Fig. 3C), the two-dimensional MND
decreased in type I fibers (—8.5%) and increased in type II
fibers (24.1%, interaction: training X fiber type, P = 0.03;

A

Fig. 2. Resistance exercise training (RET)
increases single fiber volume in the absence
of myonuclear accretion in older adults. A:
representative immunohistochemical image
demonstrating a single fiber with associated
myonuclei (turquoise). B: mean fiber volume
(pm?). C: myonuclear density presented as
mean number of myonuclei per 100 pm. D: G
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main effect for fiber type, P = 0.006). These data provide
evidence for fiber type-specific myonuclear accrual following
RET, with type II fibers showing greater flexibility in their
two-dimensional MND.

Before training, a main effect for sex was found in myonu-
clei associated with type II fibers and in both type I and type II
fiber CSA. In particular, women were noted to have fewer
myonuclei than men in type II fibers (1.69 = 0.18 vs. 1.13 =
0.05, P = 0.01); moreover, type I and II fibers were ~30-50%
smaller in women compared with men (P < 0.05). As a result,
MND was smaller in women compared with men, but this
difference was not statistically significant (P = 0.35). Addi-
tionally, the effect of training on the fiber type-specific re-
sponse to myonuclear density, fiber size, and MND was similar
between sexes (Table 1). It is worth noting that type I fiber
myonuclear accretion post-RET was driven by men, as post
hoc tests revealed that men, and not women, increased their
myonuclear density.

Satellite Cells and Capillaries

Quantification of SC abundance demonstrated a similar but
nonstatistically significant (47.9% type I, P = 0.25; 56.2% type
I, P = 0.25) increase after RET in both fiber types (Fig. 3D).
The number of capillaries per fiber increased only in type II
fibers, but the difference was not statistically significant after
12 wk of RET (type I: 1.43 £ 0.1 pre-RET to 1.44 = 0.1
post-RET; type II: 1.03 = 0.1 pre-RET to 1.21 = 0.1 post-
RET, P > 0.05). Additionally, at baseline, the distance
between an SC and its nearest capillary showed a trend to be
greater in type II fibers compared with type I fibers (P =
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0.06). We did observe a training by fiber type interaction
(P = 0.04), with the distance increasing between capillaries
and type I SC and decreasing between capillaries and type 11
SC following RET (Fig. 44). We did not find any significant
sex difference in our outcome measures at baseline or in
response to training.

Intramuscular Lipid Droplet

At baseline, quantification of IMCL droplets showed that
type I fibers had a higher IMCL density in the subsarcolem-
mal region compared with type II fibers (P < 0.001). After
RET, both fiber types showed a similar decrease in IMCL
density (—7.6% type I; —5.4% type II; P < 0.001), which
maintained fiber type-specific differences in IMCL density
post-RET (Fig. 5A). We did not find any significant sex

Table 1. Sex differences

difference in our outcome measures at baseline or in re-
sponse to training.

DISCUSSION

Our findings of the differential adaptation of oxidative and
glycolytic skeletal muscle fibers following 12 wk of progres-
sive RET support fiber type-specific flexibility of the MND in
older adults. In addition to the restorative effects of RET on
type II fiber size, we observed that the hypertrophic response of
type II fibers was accompanied by remodeling of satellite cells
and capillaries but no discernible myonuclear accretion. By
comparison, type I fibers exhibited less dramatic hypertrophy
that was sufficient to promote myonuclear accrual, leading to a
reduction in their respective MND. These findings expand
upon observations made in younger adults (12) and aged mice

Male Female
Pre-RET Post-RET Pre-RET Post-RET
n 10 10 9 9
Fiber cross-sectional area, pm?
Fiber type I 5,173.85 = 516.19 5,083.99 *+ 596.32 3,614.85 = 208.72# 4,318.74 £ 716.19

Fiber type II 4,042.67 = 427.67
Myonuclei/fiber
Fiber type 1
Fiber type II
Myonuclear domain, wm?/myonucleus
Fiber type 1
Fiber type II

1.30 = 0.14
1.69 = 0.18

4,212.55 = 447.51
2,590.19 = 362.15

4,517.13 + 540.38

3,003.93 = 325.21
2,710.33 = 263.79

2,180.97 = 86.07# 2,945.45 = 370.56#

1.46 = 0.13
1.23 £ 0.13#

1.24 = 0.16
1.13 = 0.05#

1.78 = 0.20*
1.69 = 0.14

3,169.74 = 584.21
2,566.17 = 345.38

3,408.49 = 595.26
1,976.30 = 138.56

Values are means = SE. RET, resistance exercise training. *Significantly different from pretraining value (P < 0.05); #Significantly different from male

subjects (P < 0.05).
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Fig. 4. Resistance exercise training (RET) alters the distance between satellite
cells and their nearest capillary. A: satellite cell distance to nearest capillary in
type I and type II fibers; data are expressed as mean wm = SE. At baseline, the
difference between the distance of satellite cells and their capillaries in each
fiber type trended toward statistical significance (P = 0.06). B: representative
immunohistochemical image demonstrating Laminin and type I fibers (pink),
capillaries (yellow), myonuclei (blue), and satellite cells (green). A blue arrow
denotes a Pax7+ satellite cell and a yellow arrow points to its closet capillary.
#Significant interaction type X training (P < 0.05). Scale bar = 50 wm.

(32) in which relatively limited type I fiber hypertrophy oc-
curred concurrently with an increase in myonuclear content,
leading to a reduction in MND.

Aging induces a progressive loss of muscle mass and qual-
ity, which resolves on a myocellular level with decreased type
II fiber frequency and CSA. In addition to well-defined atro-
phy, older adults show a greater incidence of grouped type I
fibers (27, 34, 58). This phenomenon is likely related to
progressive denervation of type II fibers seen during aging. To
overcome reduced neural input to type II fibers, the nearby
axons of type I fibers reinnervate the fiber, promoting a
transition in phenotype from type II to type I (27). As a result,
the number of type I fibers increases, and the type I fibers
appear ‘grouped’ together with minimal infiltration of type II
fibers. RET has been shown to increase type II fiber CSA and
frequency both in young (23, 45, 46) and older adults (46, 59).
Prior to RET, subjects in our study had similar frequencies of
type I and type II fibers. After 12 wk of RET, we show a
difference in fiber type distribution with greater frequency of
type II fibers in conjunction with a significant decrease in the

FIBER TYPE-SPECIFIC MYONUCLEAR ADAPTATION TO EXERCISE

frequency of grouped type I fibers. It has been shown that RET
increases the relative proportion of type II fibers (in particular,
MyHC IIa) in young adults (1, 11) due to metabolic demands
and neuronal activity required during weight lifting. The pres-
ence of fiber type grouping in older skeletal muscle is a
well-established marker of motor unit remodeling (26, 27), as
higher type I grouping is associated with greater neuromuscu-
lar junction deterioration and motor unit activation, which has
been shown to precede functional decline (26). The reduction
we observed in type I fiber frequency and grouping may
suggest an attenuation or reversal of age-related neuromuscular
degeneration. It may be possible that some of the myofibers
were in an ambiguous denervation/reinnervation state and
exercise training stimulated the transition of grouped type I
fibers into type II (26). Moreover, mean fiber CSA increased
after RET, with a greater hypertrophic response in type II fibers
(+23% type 11, +8% type I). However, it is worth noting that
type I fiber CSA remained larger than type II fiber CSA even
after training.

The results presented in this study suggest differential
growth mechanisms between different fiber types. Although
we also confirmed that resistance training is an effective
strategy to address aging-related muscle atrophy, our findings
show some inconsistencies to those obtained after longer train-
ing protocols in older adults (3, 46) or in younger subjects (24,
49). Interestingly, recent work from Verdijk et al. (59) shows
a greater effect of 12-wk resistance training on the magnitude
of muscle hypertrophy in older adults compared with our
results. If we compare pre-RET fiber size, however, our sub-
jects have a smaller pre-RET CSA (59). The discrepancies in
the hypertrophic capacity of older adults may suggest that older
adults with smaller fiber size require a longer period of RET to
induce robust hypertrophy.

Muscle hypertrophy is accompanied by the addition of new
myonuclei into preexisting fibers from the activation and fu-
sion of satellite cells. Previous studies have shown that RET
induces an expansion in SC content resulting in an increase in
myonuclei (22). Fry et al. (12) show that this relationship holds
true in type I fibers, but hypertrophy of type II fibers was not
associated with myonuclear accrual after aerobic training in
young and middle-aged adults. Our current data confirm this
fiber type-specific response to training in older adults. In the
present study, SC density increased nonsignificantly by ~40%
in both fiber types, but myonuclear content was only increased
in type I fibers. The degree of hypertrophy in type II fibers was
also far greater than type I (23% vs. 8%, respectively), high-
lighting the discordant relationship between hypertrophy and
myonuclear accrual. Myonuclei have been shown to be crucial
in supporting ribosome activity during muscle hypertrophy: in
a recent study published by Stec et al. (55), myonuclear
addition correlated with muscle hypertrophy and rRNA accu-
mulation in older adults. Similarly, in a rodent model of
overload-induced hypertrophy, increased myonuclear tran-
scription rates accompanied greater RNA synthesis during
hypertrophy (28). Given these data, our findings would suggest
that type II fiber myonuclei are capable of supporting increased
transcriptional activity to sustain RET-induced hypertrophy.
Support for this idea was observed during mechanical overload
of the plantaris (enriched for type II fiber content), where
hypertrophy in the absence of myonuclear fusion resulted in
existing myonuclei upregulating transcriptional activity to sup-
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Fig. 5. Resistance exercise training (RET) induces a decrease in intramyocellular lipid droplet density in type I and II fibers. A: quantification of lipid droplet
density in type I and II fibers: individual muscle fibers were manually delineated and lipid droplet abundance assessed within each fiber. B: representative
immunohistochemical image demonstrating lipid droplets (green), type I fibers (red), and Wheat Germ Agglutinin (blue). C: representative immunohistochemical
image demonstrating lipid droplet (green) and Wheat Germ Agglutinin (blue): fibers with a greater lipid droplet density (brighter green) correspond to type I fibers
in B. Data are expressed as mean droplet density = SE. Scale bar = 50 wm. *Significantly different from pretraining (pre-RET) value (P < 0.05); #Significantly

different from type I fiber (P < 0.05).

port muscle growth (28). Type II fibers may have a greater
‘ceiling’ for their MND than type I fibers, allowing for hyper-
trophy in the absence of SC fusion/myonuclear accrual. The
MND is commonly presented as the sarcoplasmic volume
under transcriptional control by a single myonucleus (6). Cur-
rent research indicates that the MND can be flexible until
existing fibers undergo hypertrophy of ~25%, at which point
SC-mediated myonuclear addition occurs (55). Growth beyond
this point would then necessitate SC activation and fusion to
continue supporting further hypertrophy. In our study, type II
fiber CSA increased by 23% without a concomitant increase in
myonuclear content, approaching the ‘ceiling theory’ and pro-
viding support for a flexible MND within type II fibers (46, 47,
59). Intriguingly, type I fibers showed a relatively limited
hypertrophic response associated with a surprisingly robust
addition of myonuclei. These data provide further support for
a fiber type-specific response of SC to training-induced hyper-
trophy (12). Additional evidence is seen in isolated single
fibers, which show increased volume following RET with no
increase in myonuclear content, leading to an elevated MND
after training. Although our single fiber data do not provide
information on fiber type, it can be assumed that the majority
of isolated fibers expressed type II MyHC, as our single fiber
data mirror the adaptation observed in type II fiber cross-
sectional analyses.

Recent studies have also underscored the importance of
capillaries on SC proliferation and muscle hypertrophy (42).
After acute exercise, SCs become activated in part due to local
cytokines present in the interstitial muscle space (5, 54).
Cytokines and other anabolic hormones are delivered to fibers
and SCs through capillaries and microvascular flow. Recent
work in aging muscle has shown that type II fiber SCs are
located at a greater distance from the nearest capillary com-
pared with younger adults (42). Similar studies have also
shown that when activated in young adults, the distance be-
tween SCs and the nearest capillary decreases (42, 43); sug-
gesting that the distance between SCs and the capillary likely
plays an important role in governing the muscles’ response to
exercise. Snijders and colleagues (53) report that in older
adults the distance between type II fiber-associated SC and
their nearest capillary was greater than that associated with

type I fibers, and this relationship was maintained after 24 wk
of training with no significant alteration over time. Consis-
tently with Nederveen and others (42), in our subjects the
pre-RET distance between type I fiber SCs and their nearest
capillary was smaller than type II fiber-associated SC; how-
ever, our results show that the gap between type I and II SC
was reduced by 12 wk of RET. Moreover, Leenders et al. (33)
[using the same subjects as those reported by Snijders et al.
(53)] observed an increase in myonuclear content in type II
fibers but not type I fibers with training. On the contrary, we
observed that the distance between type I fiber SCs and
capillaries exhibited a nonsignificant increase concomitantly
with an increase in SC content and significant myonuclear
addition, which would challenge the necessity of this relation-
ship to facilitate myonuclear accretion (53). On the other hand,
type II fiber SC-capillary distance decreased after RET, which
may have supported type II fiber remodeling and hypertrophy
apart from the traditional addition of a new myonucleus.
Indeed, this phenomena has been reported before, where the
contribution of satellite cells is thought to perhaps aid in fiber
type transition during high-intensity interval training (20). The
discrepancy between our study and the others may have several
explanations. First, the intensity of exercise used in our study
was lower compared with the one used by Snijders et al. (53)
(from 60% to 75% 1 RM vs. from 60% to 80% 1 RM,
respectively). Higher-intensity exercise may have caused
greater muscle damage, promoting an increase in SC activation
and proliferation (50). Additionally, although not significant,
we observed an increase in type II fiber capillarization (~30%)
whereas Snijders et al. (53) reported no change in capillary
density. The emergence of new capillaries may have resulted in
a reduced distance between them and type II fiber SCs, which
may help explain differences between our two studies. More-
over, as recently confirmed by Kargl et al. (25), the cross-talk
between endothelial cells and satellite cells seems to be crucial
for the mitogenesis of both cells. It may be possible that in
older adults, capillary expansion has to occur first to attract
SCs and stimulate their activity. Another consideration is the
influence of habitual physical activity on myonuclear adapta-
tion to training. Our subjects were less active (as assessed by
daily step count) compared with those in the study by Leenders
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et al. (33); thus, the initial aerobic demands after training may
be greater than those in more active subjects. This may have
resulted in a nonhypertrophic remodeling of type I fibers, with
greater fusion of SC and increased myonuclear content, which
may support additional nonmyofibrillar transcriptional de-
mands (19). Conversely, in more active older adults, this early
metabolic adaptation may not be required, and resistance
training may directly increase SC activation and myonuclear
accrual preferentially in type II fibers (33, 53).

Additionally, recent work has proposed that greater intra-
muscular accumulation of lipid with aging negatively affects
the contractile capacity of skeletal muscle (48) and may predict
mobility limitations in older adults (62). Computed tomogra-
phy studies have clearly shown an association between fat
infiltration and attenuated muscle strength and quality (13, 62,
63). Because of differences in oxidative capacity, lipid accu-
mulation is not homogenous across different muscles (56) or
fiber types (7, 14), with type I fibers having greater IMCL
density. With aging-associated type II fiber atrophy and greater
fat infiltration within muscle, it has been proposed that aging-
related lipid accumulation may contribute to the transition of
type 1I fibers to type I (36). In our study, type I fibers had
greater IMCL density in the subsarcolemmal region compared
with type II fibers (~20%). However, the lipid density de-
creased equally for both fiber types following 12 wk of RET,
delineating a non-fiber type-specific response to training.
These results confirm the positive effect of exercise to restore
muscle quality, and the reduced IMCL density may enhance
contractile capacity of both type I and type II fibers in older
adults following RET.

In conclusion, after 12 wk of RET, older adults exhibited
type II fiber hypertrophy that was not associated with myonu-
clear accretion. Conversely, progressive resistance training
induced a significant increase in myonuclear content in the
absence of a robust hypertrophic response in type I fibers. Our
findings support plasticity of the MND in aging muscle as well
as fiber type-specificity in the hypertrophic response to train-
ing.
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