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Abstract

Increased adiposity is associated with reduced skeletal muscle function in older adults, but the mechanisms underlying this relationship remain
unclear. To explore whether skeletal muscle properties track with adiposity, whole-muscle, cellular, and molecular function were examined
in relation to adiposity measured at various anatomical levels in healthy older (60-80 years) men and women. Although women had greater
absolute and relative body and thigh fat than men, quadriceps muscle attenuation, an index of intramuscular lipid content, was similar between
sexes. At the whole-muscle level, greater quadriceps attenuation was associated with reduced knee extensor function in women, but not men.
In women, decreased myosin heavy chain I and IIA fiber-specific force was associated with higher intramuscular lipid content, which may
be explained, in part, by the reduced myofilament lattice stiffness found in myosin heavy chain ITA fibers. Longer myosin attachment times
in myosin heavy chain I fibers from men and women were associated with greater amounts of adipose tissue, suggesting that fat deposits
lead to slower myosin—actin cross-bridge kinetics. Our results indicate greater quantities of adipose tissue alter myofilament properties and
cross-bridge kinetics, which may partially explain the adiposity-induced decrements in single-fiber and whole-muscle function of older adults,
especially women.

Keywords: Adiposity, Human, Muscle fiber, Myosin heavy chain

Altered body composition is a hallmark of human aging, charac-
terized by a reduction in skeletal muscle mass (sarcopenia) and an
increase in adiposity (1, 2). Age-related increases in adiposity are
not confined to classical adipose tissue depots as lipids accumu-
late within various organs and tissues, including skeletal muscle
(3). Accompanying these changes in body composition is a reduc-
tion in physical functional capacity (4, 5). Although reductions in
muscle mass are thought to drive age-related functional deterior-
ation, increasing adiposity may also contribute, as physical func-
tion is reduced among overweight and obese older adults relative to
normal-weight counterparts (4, 5). Currently, nearly 40% of adults
at least 60 years of age are classified as obese (6), a number that is

likely to rise in coming decades. Thus, understanding how excess
adiposity contributes to poor physical performance and disability in
older adults has important public health implications.

A critical determinant of physical performance in older adults is
skeletal muscle function (7), and a growing body of evidence indi-
cates that muscle force and power is lower in overweight (body mass
index [BMI] = 25.0-29.9 kg/m?) and obese (BMI > 30 kg/m?) older
adults relative to their normal-weight counterparts per unit muscle
size (8—11). The loss of function per unit muscle size in older adults
is associated with a lower thigh muscle density (12), a marker of
lipid accumulation, suggesting that lipid stored in the muscle reduces
contractile function. One recent study showed that reduced specific
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power and unloaded shortening velocity in myosin heavy chain
(MHC) I and IIA fibers correlated with greater intramyocellular
lipid content in older adults (10), indicating a link between adiposity
and muscle cell function. Elucidating the mechanisms responsible for
impaired muscle contractility at the molecular level, such as altered
myofilament mechanical properties and myosin—-actin cross-bridge
kinetics, will be important to identifying potential mechanisms
whereby fat may alter muscle performance and in developing tar-
geted countermeasures for obesity-induced skeletal muscle weakness
and disability.

Skeletal muscle function scales up through various anatomical
levels, as interactions between the primary myofilament proteins
actin and myosin dictate single-fiber contractile properties (force,
velocity, and power), which, in turn, influence whole-muscle func-
tion (strength and power) (13). Therefore, it is necessary to study
the effects of adiposity at the molecular (myofilament mechanical
properties and myosin-actin cross-bridge kinetics), cellular (single
fiber—specific force), and whole-muscle (isometric and isokinetic
torque/power) levels to elucidate how lipid alters muscle contract-
ility. Toward this goal, the aim of the present study was to examine
whole-body, thigh, quadriceps, and cellular adipose tissue depos-
ition and its relationship with whole-muscle, cellular, and molecu-
lar contractile function in older adults. Because we have observed
differences between older men and women in muscle structure and
function at multiple anatomical levels (14-16), and in light of well-
characterized sex differences in adiposity and tissue fat deposition
(17, 18), we included sex in our analytical model.

Methods

Participants

Forty-four older men (7 = 20) and women (1 = 24) were evaluated
in this study. This population of older adults was obtained by com-
bining three data sets from our laboratories: (a) 12 older adults (5
men, 7 women) from our investigation into the effects of aging (14,
16); (b) 15 older controls (8 men, 7 women) from our investigation
into the effects of disuse (15, 19); and (c) pre-exercise data from
the 17 older adults (7 men, 10 women) from our investigation into
the effects of moderate-intensity resistance exercise (20). Volunteers
were recruited contemporaneously for these studies from 2008 to
2014. Participant activity level was discussed during screening and
was confirmed by accelerometry to be sedentary (14, 16, 20) to mod-
erately physically active (15, 19), with the exception of two older
men for whom accelerometry was not performed. No volunteer
was engaged in a structured exercise program and all women were
postmenopausal. The 17 pre-exercise participants had radiographic
and symptomatic evidence of knee osteoarthritis, but were other-
wise healthy (20), and no participants had signs or symptoms of
cardiovascular disease, diabetes, pulmonary disease, or neuromus-
cular disease, or a history of malignancy within the past 10 years
(excluding nonmelanoma skin cancer). All participants provided
written informed consent prior to enrollment in these studies. The
protocols were approved by the Committees on Human Research at
the University of Vermont.

Whole-Body and Thigh Composition

Body mass was measured using a digital scale (ScaleTronix,
Wheaton, IL) and total and regional body composition was assessed
via dual-energy x-ray absorptiometry (GE Lunar, Madison, WI).
Thigh and quadriceps composition, including cross-sectional areas

of muscle and intermuscular adipose tissue, and quadriceps attenu-
ation were determined by computed tomography, as described (16).
Intermuscular adipose tissue was defined as adipose tissue located
beneath the deep fascia of the thigh and between the quadriceps and
hamstrings muscle groups, consistent with the approach used in pre-
vious research (3). Quadriceps attenuation was used as a proxy for
intramuscular lipid content (21).

Knee Extensor Muscle Function

Knee extensor torque and power were measured under isometric and
isokinetic conditions using a dynamometer (Humac Norm, CSMi,
Stoughton, MA). Isometric torque was measured during a maximal
voluntary contraction at 70° of knee flexion and the peak torque
from two attempts was used for analysis. Isokinetic power was
measured during four repeated maximal voluntary contractions at
180°/s and peak power output was calculated during the isovelocity
phase of the contraction.

Muscle Biopsy and Processing

A percutaneous needle biopsy of the vastus lateralis muscle was per-
formed under lidocaine anesthesia and in the fasted state. The mus-
cle tissue was processed and stored at ~20°C until isolation of single
fibers for mechanical measurements, which occurred within 4 weeks
of the biopsy, as previously described (22).

Single-Fiber Mechanical Measurements
On the day of the experiment, muscle bundles were removed from
storage and prepared for experiments, as described (22), including
performing top- and side-diameter measurements at three positions
along the length of the fiber to calculate average cross-sectional area.
An initial maximal Ca?* activation was performed to verify fiber
integrity (maintenance of normal sarcomere register) and was per-
formed at either 15°C and 0.25 mM P, or 25°C and 5 mM P, depend-
ing upon the study. Our aging study (14, 16) included an initial set
of specific force measurements at 15°C and 0.25 mM P, before
sinusoidal analysis experiments at 25°C and $ mM P, whereas our
later studies (15, 19, 20) performed specific force measurements at
25°C and 5 mM P, before sinusoidal analysis experiments under the
same conditions. After initial maximal Ca** activation, the fiber was
returned to relaxing solution and sarcomere length reset to 2.65 pm
if necessary. Subsequent maximal Ca?* activations went through the
same procedure.
Myofilament properties and myosin-actin cross-bridge
mechanics and kinetics were derived using sinusoidal analysis,
as previously described (22), and were performed at 25°C under
maximal Ca**-activated conditions (pCa 4.5). This analysis yields
three characteristic processes, A, B, and C, which relate to various
mechanical (A, B, C, and k) and kinetic (27tb and 27c) properties
of the cross-bridge cycle, as described in detail (22). Briefly, the
A-process (characterized by parameters A and k) describes a linear
relationship between the viscous and elastic moduli that has no
kinetic or enzymatic dependence (23). Under Ca?*-activated condi-
tions, where myosin—actin cross-bridges are formed, the A-process
represents the underlying stiffness of the lattice structure (myofila-
ment lattice stiffness) and the attached myosin heads in series (23).
The parameter A indicates the magnitude of a viscoelastic modulus
and k describes the degree to which measured viscoelastic mechan-
ics represents purely elastic (k = 0) versus purely viscous (k = 1)
mechanical responses. The B- and C-process magnitudes (B and C)
are proportional to the number of myosin heads strongly bound
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to actin and the cross-bridge stiffness (24). The frequency por-
tion of the B-process (27tb) has been interpreted as the apparent
(observed) rate of myosin force production or, in other words, the
rate of myosin transition between the weakly bound and strongly
bound states (25). The reciprocal of the frequency portion of the
C-process, or (2mc)™!, represents the average myosin attachment
time to actin, £ (24).

Myosin Heavy Chain Isoform Distribution

Following sinusoidal analysis measurements, single fibers were
placed in 30 pL loading buffer, heated for 2 minutes at 65°C
and stored at -80°C until determination of MHC isoform com-
position by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis to identify fiber type, as described (22). In addition,
myofibrillar proteins were extracted from tissue homogenates and
MHC isoform distribution determined by gel electrophoresis, as
described (15, 19).

Intramyocellular Lipid Content

As quadriceps attenuation is a proxy for lipid infiltration, we meas-
ured intramyocellular lipid content using oil-red-o (ORO) immu-
nohistochemistry, as described previously (26). Baseline samples (at
least 4 images per participant) from 12 adults (7 = 6 for men and
n = 6 for women) enrolled in our prior study (20) were examined
for cross-sectional area of individual lipid droplets, number of lipid
droplets per area, and relative area occupied by lipid droplets, as the
samples from other subgroups of this cohort were processed in a
manner that precluded ORO experiments from being performed or
had insufficient tissue for this analysis.

Intramyocellular lipid (cross-sectional area of individual lipid
droplets, number of lipid droplets per area, and relative area occu-
pied by lipid droplets) was also measured on samples of intact
skeletal muscle fiber bundles using electron microscopy (EM), as
described previously (27). For these analyses, 7 = 42 (data were miss-
ing for one male and one female participant) and at least 6 images
were analyzed for each participant. Intramyocellular lipid droplets
were identified according to the following criteria: a gray/white
interior, somewhat circular in shape, contains a gray outline, lack
of multiple membranes or debris, and typically located adjacent to
mitochondria. The ORO and EM measurements were performed to
yield overall lipid content and not determined for individual fiber
types (eg, MHC I).

Statistical Analysis

Data are expressed as means = SE. Normality of data was deter-
mined via skewness and kurtosis statistics and visual inspection of
histograms and boxplots. An independent samples #-test was used
to examine the main effect of sex on clinical characteristics and
contractile properties of MHC I and IIA single fibers. Sex-specific
Pearson correlations were conducted between measures of whole-
muscle (isometric torque and isokinetic power), cellular (single fiber—
specific force) and molecular (A, k, B, C, 2mb, and ¢t ) contractile
function, and amount of adipose tissue (percent body fat, thigh, and
quadriceps intermuscular adipose tissue, quadriceps attenuation,
and indices of intramyocellular lipid). Partial correlations adjusted
for percent body fat were conducted to determine if relationships
between regional adiposity and muscle function were independent of
overall body fat. All statistical analyses were conducted using SPSS
for Windows version 23.0 (IBM, Armonk, NY) and significance was
considered p < .05.

Results

Clinical Characteristics

Older women were shorter, weighed less, and had reduced habit-
ual physical activity levels and knee extensor function compared to
men (Table 1). Older women also had greater absolute and rela-
tive whole-body and intermuscular fat than men (Table 1). Despite
greater adiposity, women had lower BMI than men, highlighting
BMI as a relatively poor index for distinguishing adiposity between
sexes. For this reason, we have restricted correlation analysis to
more direct estimates of adiposity. Although women had greater
thigh intermuscular adipose tissue, there was no difference between
sexes in the relative quadriceps intermuscular adipose tissue, quadri-
ceps muscle attenuation, or intramyocellular lipid content (Table 1).

Relationships Between Whole-Muscle Function and
Adiposity

For comparison with previous studies (8-11), we first explored
whether adiposity was associated with measures of whole-muscle
function. When men and women were pooled, greater percent body
fat was associated with lower isometric torque (r = —.47, p < .01)
and isokinetic power (r = -.38, p = .01). Greater thigh intermuscu-
lar adipose tissue was also negatively correlated with whole-muscle
function and had a similar strength of association (r range = -.40
to -.41, p < .01). Quadriceps attenuation was not associated with
whole-muscle function until sex-specific analyses were conducted.
In women, greater quadriceps attenuation was associated with
higher peak isometric torque at 70° as well as isokinetic power at
180°/s; however, these relationships were not present in older men
(Figure 1). Likewise, in women, percent body fat was negatively cor-
related with both isometric torque (r = -.55, p < .01) and isokinetic
power (r = -.43, p = .04). In contrast, measures of adiposity were not
associated with reduced whole-muscle function in older men.

Cellular and Molecular Contractile Properties

In MHC I fibers, specific force, myofilament lattice stiffness (A),
cross-bridge number and stiffness (C), and myosin—actin cross-bridge
kinetics (myosin attachment time [z ] and rate of myosin force pro-
duction [27th]) were similar between men and women (Table 2). In
contrast, in MHC IIA fibers, specific force and myofilament lattice
stiffness were higher in women, whereas myosin attachment time
and rate of myosin force production remained unchanged compared
to men (Table 2). As previous work in animals (28) and humans
(29) has shown a slow-to-fast MHC isoform shift with obesity, we
examined whether increasing levels of adiposity may affect changes
in myofilament function, in part, by modulating myofilament pro-
tein expression. To accomplish this, we examined tissue homogenate
MHC isoform composition. In addition to a similar MHC isoform
distribution between sexes (Table 2), there were no relationships
between any measure of adiposity and the percentage of MHC
I (range of p values for men = .50-.85 and women = .08-.80) or
MHC IIA (range of p values for men = .36-.84 and women = .31-
.65) fibers in our cohort.

Relationships Between Cellular Function and

Adiposity

The relationships between cellular contractile function and adiposity
(quadriceps, thigh, and whole body) were examined with older men
and women pooled, but no relationships were evident. However,
correlation analyses performed within each sex produced numerous
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Table 1. Clinical Characteristics, Whole-Muscle Function, and Measures of Adiposity in Older Men (n = 20) and Women (n = 24)

Men ‘Women
Average Range Average Range P
Age (y) 68.8 1.0 61.6-76.0 68.8 1.0 61.3-78.6 .99
Height (cm) 174.5+1.3 162.1-182.8 158.5+1.3 144.1-171.8 <.01
Weight (kg) 82.6 2.5 61.9-104.2 61.8+2.2 48.2-83.9 <.01
Physical activity (kcal/d)* 464.8 +43.0 206.9-784.9 337.5+28.8 135.1-692.1 .02
Isometric torque at 70° (Nm)* 188.9 = 12.1 101.2-274.9 109.0 7.3 39.5-188.7 <.01
Isokinetic power at 180°/s (W) 282.0 = 20.9 168.8-484.7 161.3 = 10.3 61.5-314.5 <.01
Body mass index (kg/m?) 271 0.6 21.9-31.7 24.6 £0.9 18.6-34.9 .04
Percent body fat (%) 282=+1.4 14.1-38.9 37.7 1.7 21.9-52.3 <.01
Thigh IMAT (cm?) 84.1+4.2 49.4-118.9 137.6 = 10.0 71.3-229.2 <.01
Relative thigh IMAT (%) 36312 23.9-43.1 58.0=1.9 41.2-72.4 <.01
Thigh muscle (cm?) 145.3 +3.7 113.7-182.9 93.1+2.6 68.7-120.4 <.01
Quadriceps IMAT (cm?) 4104 1.2-9.2 2.6 0.2 1.2-5.0 <.01
Relative quadriceps IMAT (%) 6.2=+0.7 1.8-14.3 6.2+0.6 2.5-14.5 1.00
Quadriceps muscle (cm?) 62.4 2.2 47.1-79.9 40.3 1.4 27.8-52.0 <.01
Quadriceps attenuation (HU) 51407 42.5-55.0 50.3+0.8 42.8-57.8 33
# of lipid droplets/Tum?, EM 0.027 = 0.003 0.007-0.058 0.021 = 0.003 0.007-0.054 .16
Area fraction (%), EM 0.60 = 0.08 0.06-1.17 0.46 = 0.37 0.04-1.68 21
Lipid droplet size (um?), EM 0.21 = 0.02 0.10-0.37 0.19 = 0.01 0.04-0.33 42
# of lipid droplets/Tum?, ORO 0.037 = 0.004 0.021-0.052 0.028 = 0.004 0.016-0.043 A2
Area fraction (%), ORO 4.30 = 0.48 2.38-5.78 3.00 = 0.46 1.85-5.06 .08
Lipid droplet size (um?), ORO 1.17 = 0.10 0.86-1.45 1.07 = 0.04 0.95-1.19 .39

Notes: Data are presented as mean = SE; EM: 7 = 19 for men and 7 = 23 for women; ORO: 7 = 6 for men and 7 = 6 for women. EM = electron microscopy;

HU = Hounsfield units; IMAT = intermuscular adipose tissue; ORO = oil-red-o; # = number.
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Figure 1. Relationships that (left) knee extensor function in older men (n=19)
and women (n = 24) and (right) specific force in myosin heavy chain (MHC)
I and IIA single muscle fibers in older men (n = 18) and women (n = 21) had
with intramuscular lipid content. *p <.05; **p < .01.

sex-specific relationships. In older women, lower maximally Ca**-
activated specific force in MHC I and IIA single fibers was associated
with increased intramuscular fat, as reflected by reduced quadriceps
attenuation (Figure 1). In addition, reduced specific force in MHC
ITA fibers was associated with greater thigh intermuscular adipose
tissue (r = =.55, p = .01) and percent body fat (r = -.67, p < .01),
but not quadriceps intermuscular adipose tissue (p = .41). Specific
force in MHC I fibers from older women did not correlate with thigh
(p =.29) or quadriceps (p = .82) intermuscular adipose tissue or per-
cent body fat (p = .37). In older men, specific force in MHC I and
ITA fibers was not associated with quadriceps attenuation (p = .78-
.87, Figure 1), thigh (p = .63-.67) or quadriceps (p = .63-.88)

intermuscular adipose tissue, or percent body fat (p =.16—.44). Thus,
in older women, force generation decreased in MHC I and IIA fibers
with increased fat deposition in muscle and in MHC IIA fibers with
amount of thigh and overall body fat, whereas, in older men, there
were no relationships between force generation and any adiposity
index.

Relationships Between Molecular Function and
Adiposity

If adiposity impairs cellular function, we would predict effects on the
underlying molecular determinants, such as myofilament and myosin—
actin cross-bridge mechanic and kinetic properties. In keeping with
this notion, in older women, myofilament lattice stiffness in MHC
ITA fibers was reduced with lower quadriceps attenuation (Figure 2).
Importantly, myofilament lattice stiffness is strongly related to specific
force production in MHC I and IIA fibers in both sexes (Figure 2).

We also examined the relationship between cross-bridge kinetics
and measures of whole-body and regional adiposity. Myosin attach-
ment time was the only measure related to adiposity when men and
women were examined as a single group; specifically, myosin attach-
ment time in MHC 1 fibers was negatively related to quadriceps
attenuation (r = -.33, p = .03) and positively related to percent body
fat (r = .38, p = .01). When sex-specific correlations were performed,
myosin attachment time (¢ ) in MHC I fibers was related to thigh
intermuscular adipose tissue (r = .51, p = .02, Figure 3) in older
men, and showed a trend toward being related to percent body fat
(r =.39, p = .06, Figure 3) in older women. No additional relation-
ships between molecular function and regional (quadriceps attenua-
tion or thigh and quadriceps intermuscular adipose tissue) adiposity
for either fiber type were found in men (p = .07-.97) or women
(p = .08-.90).
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Table 2. Contractile Properties of Myosin Heavy Chain (MHC) | and IIA Single Muscle Fibers From Older Men and Women

MHCI MHC ITA

Men Women p Men Women P
Specific force (mN/mm?) 99.1 £3.3 106.1 = 3.6 17 128.3 £ 4.6 1472 5.2 .01
Myofilament lattice stiffness (N/mm?) 945 + 41 1,000 = 40 .34 2,092 =79 2,474 = 124 .02
Cross-bridge number and stiffness (N/mm?) 11.6 = 1.1 12.6 = 0.8 46 263+ 1.4 293+ 1.4 15
Myosin attachment time (ms) 33.5+1.3 34.8+1.4 .50 16.5 £ 0.4 16.2 £ 0.3 .60
Rate of myosin force production (Hz) 16.5 0.6 16.9 = 0.6 .65 50.3=+1.1 49.7 £ 1.0 72
MHC isoform composition (%) 36.3 1.0 37.3+0.9 45 39.8 0.7 39.3+1.0 .69

Note: MHC I: 7 = 20 for men and 7 = 23 for women. MHC IIA: 72 = 18 for men and 7 = 21 for women.
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Figure 2. Relationships between (left) myofilament lattice stiffness
(parameter A from sinusoidal analysis) in myosin heavy chain (MHC) | and IIA
single muscle fibers and intramuscular lipid content and (right) specific force
and myofilament lattice stiffness in older men (n = 18) and women (n = 21).
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Figure 3. Relationships between myosin attachment time in myosin heavy
chain (MHC) | and IlA single muscle fibers and adiposity in older men (n=18)
and women (n = 21). IMAT = intermuscular adipose tissue. *p < .05; °p = .06.

Relationships Between Thigh Composition and
Whole-Body Adiposity

Relationships of molecular and cellular functional indices with local
adiposity measures may simply reflect the fact that local fat tracks
with whole-body adiposity. To begin to explore this possibility, we

evaluated the relationship between local and total adiposity meas-
ures. Quadriceps attenuation was strongly correlated to percent
body fat (r = -.77, p < .01) in women, but not men. Notably, thigh
intermuscular adipose tissue was positively correlated with percent
body fat in both men (r = .71, p < .01) and women (r = .84, p < .01),
whereas quadriceps intermuscular adipose tissue only correlated
with percent body fat in women (r = .47, p < .05). Thigh muscle size
did not correlate (men: p = .97; women: p = .08) with increasing
whole-body adiposity in either sex.

Partial Correlations

Considering the correlations between local and total adiposity
measures, we sought to determine if the sex-specific relationships
of inter- and intramuscular fat to molecular and cellular functional
indices were independent of total adiposity. To accomplish this, we
evaluated partial correlations between local fat indices and func-
tional measures with statistical adjustment for percent body fat.
The relationship between quadriceps attenuation and specific force
in fibers from older women remained in MHC I (r = .42, p = .05),
but not MHC IIA (r = .24, p = .31) fibers. In addition, associations
between thigh intermuscular adipose tissue and cellular and molecu-
lar function were diminished following adjustment for percent body
fat. Thigh intermuscular adipose tissue was no longer associated
with specific force in MHC IIA fibers (r = -.09, p = .70) from older
women nor with myosin attachment time in MHC I fibers from
older men (r =.38,p = .11).

Relationships Between Intramyocellular Lipid and
Contractile Function

Similar to relationships observed for other measures of body fat, the
associations between intramyocellular lipid and cellular and molecu-
lar contractile function were sex-specific. In agreement with findings
using measures of whole-body and regional adiposity, a greater num-
ber of lipid droplets from ORO was associated with longer myosin
attachment times (7 = .81, p = .05) in MHC I fibers from older men.
Likewise, in older women, greater relative area occupied by lipid
droplets from EM trended toward reduced specific force (r = -.41,
p =.06) in MHC I fibers. Notably, values we obtained are similar to
others performing ORO (10) and EM (30) in older adults.

Discussion

A growing body of evidence indicates that adiposity negatively
affects in vivo skeletal muscle function in older adults (8-10), with
recent evidence suggesting a possible influence of sex (11). Seminal
work from the Health, Aging, and Body Composition study showed
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that lower muscle attenuation was independently associated with
reduced specific strength (12) and incident mobility limitations (31)
in older adults, and more recent work found relationships between
quadriceps attenuation and knee extensor rate of torque develop-
ment and peak torque in a large cohort of nearly 5,000 older adults
(32). In this study, lower quadriceps attenuation was associated with
reduced knee extensor torque and power, but only in older women,
suggesting that adiposity may affect whole-muscle function in a sex-
specific manner. Despite these observations, a mechanism by which
lipid may impair cellular and molecular contractility is unclear.

To the best of our knowledge, only one study has examined the
impact of fat deposition on in vitro skeletal muscle mechanics in
older humans (10). Choi and colleagues (10) compared in vivo knee
extensor function and in vitro single muscle fiber contractile prop-
erties between 13 normal-weight (BMI = 22 kg/m?) and 24 over-
weight/obese (BMI = 30 kg/m?) older men and women. Specific force
of MHC I and TIA fibers was reduced in the obese group relative
to normal-weight adults. Moreover, in a subgroup (five normal-
weight and five overweight/obese) analysis, both single-fiber short-
ening velocity and normalized power were inversely associated with
intramyocellular lipid content (lipid droplet area) in the obese group
when all fiber types were pooled. Another subgroup analysis (nine
overweight/obese) showed a negative relationship between quadri-
ceps ultrasound echo intensity, a marker of skeletal muscle lipid con-
tent, and specific force of pooled MHC I and IIA fibers. Our results
extend this work to make two novel observations: (a) intramuscular
lipid content may have sex-specific effects on whole-muscle and cel-
lular contractile function (Figure 1), and (b) identification of poten-
tial molecular mechanisms for these effects of fat (Figures 2 and 3).

Sex-Specific Associations Between Adiposity and
Skeletal Muscle Function

Relationships between skeletal muscle function and adiposity were
first examined with men and women combined as a single sample.
Although we did observe some correlations at various anatomical
levels, adiposity was not consistently related to muscle function
in the pooled cohort. However, when we performed sex-specific
analyses, a number of relationships between muscle function and
whole-body, regional, and cellular adiposity were revealed. Notably,
although quadriceps attenuation was similar between the sexes
(Table 1), lower values were associated with reduced knee extensor
torque and power (whole-muscle level) and specific force in MHC
I and ITA muscle fibers (cellular level) among older women, but not
men (Figure 1). We also observed a trend toward reduced specific
force in MHC I fibers from older women with a greater relative area
occupied by lipid droplets (measured via EM). In the context of age-
related changes in body composition (1, 2), impaired muscle func-
tion in the presence of adiposity could manifest in a cyclical fashion,
whereby lower physical performance results in decreased physical
activity and/or exercise, ultimately leading to greater adiposity and
more pronounced declines in muscle function. Thus, from a clini-
cal standpoint, reducing adiposity may improve physical perfor-
mance (eg, stair climbing, gait speed) through better skeletal muscle
strength and power.

Potential Molecular Mechanisms for Reduced Single
Fiber-Specific Force

Although the detrimental effects of body fat on whole-muscle func-
tion in older adults are becoming increasingly apparent (8-12, 32),
knowledge of the mechanisms underlying how fat may affect

contractility is limited (10). However, as cellular and molecular con-
tractile properties contribute to whole-muscle strength and power
(13), our current results suggest that fat could possibly impair skel-
etal muscle function by: (a) reducing myofilament lattice stiffness,
and/or (b) slowing myosin—actin cross-bridge kinetics. Greater myo-
filament lattice stiffness increases maximal Ca?*-activated specific
force, as shown in modeling work (33), the present study (Figure 2),
and previous work by others (34). If adiposity decreases myofila-
ment stiffness, which, in turn, will reduce force transmission, this
could lead to lower single fiber—specific force. Regarding myosin—
actin cross-bridge kinetics, we observed longer myosin attachment
times in MHC 1 fibers with greater thigh intermuscular adipose
tissue in older men, and a trend with greater percent body fat in
older women. Likewise, a greater number of lipid droplets derived
via ORO was associated with longer myosin attachment times in
MHC I fibers from older men. As shortening velocity is inversely
proportional to myosin attachment time (35), our observations may
partially explain the correlation between reduced unloaded short-
ening velocity and number of lipid droplets in obese older adults
observed by Choi and colleagues (10), providing a molecular basis
for their results. As whole-muscle function is partly determined by
contractile properties of the underlying muscle fibers (36), altera-
tions in molecular and cellular function observed in this study may
partially explain the previous observations of reduced whole-muscle
strength and power with greater adiposity in older women (8-12).
Of note, the association between quadriceps attenuation and spe-
cific force of MHC I fibers in older women remained after statistical
control for whole-body adiposity, suggesting a possible unique effect
of local fat stores on fiber contractility. Further mechanistic studies
will be required to determine if these relationships reflect detrimen-
tal effects of local fat stores or an effect of greater overall adiposity.

Intermuscular Adipose Tissue

A number of studies suggest that age-related increases in intermus-
cular adipose tissue (3) may contribute to muscle dysfunction and
mobility disability (37). We found that thigh intermuscular adipose
tissue was associated with cellular (specific force in MHC IIA fibers
in women) and molecular (myosin attachment time in MHC T fib-
ers from men) muscle function. However, these relationships were
no longer significant following adjustment for whole-body adipos-
ity. Diminution of this relationship may reflect the fact that thigh
intermuscular adipose tissue tracked closely with percent body fat in
both sexes. Studies that investigate the independent effects of differ-
ent fat depots (intramuscular lipid, intermuscular adipose tissue, and
overall adiposity) on muscle function at various anatomical levels
(molecular, cellular, and whole muscle) will be necessary to better
understand how adiposity regulates muscle contractility.

How might local or total adiposity regulate contractility? One
potential pathway is through the effects of excess adiposity to
increase oxidative stress (38). Indeed, we have shown that chemical
modifications that mimic oxidative modification of myofilaments
can produce the phenotypes observed with increased adiposity in
the current study, such as slowed cross-bridge kinetics (15), and oth-
ers have shown that oxidants can reduce maximal force (39). Why
such effects differ by sex, however, is uncertain, although recent
evidence suggests sex-specific relationships between markers of
oxidative stress and muscle strength in older adults, with stronger
associations in women (40). One possible explanation is variation
in sex hormone levels. Menopause is characterized by a decrease in
ovarian hormone levels in women and these hormones may regulate
skeletal muscle function. For instance, estradiol is an independent



Journals of Gerontology: BIOLOGICAL SCIENCES, 2019, Vol. 74, No. 12 1885

predictor of whole-muscle strength and power in pre- and postmen-
opausal women (41), but is not related to muscle strength in older
men (42). Studies in rodents have shown that estradiol deficiency
reduces myosin regulatory light chain phosphorylation (43), which
regulates force in striated muscle (44). These preclinical results are
in accordance with data from our laboratory in older women (14).
Moreover, in humans, hormone replacement therapy increased spe-
cific force of MHC I and IIA fibers in postmenopausal monozygotic
female twins compared to nonusers (45). Loss of the regulatory
effects of estrogen on single fibers with menopause may allow for
other factors, such as lipid content, to assert a more powerful effect
on function in older women. In addition to our results, others have
shown that sex affects the relationship between whole-body adi-
posity and physical function, such that older women are affected
to a greater extent than men (18, 46). Thus, evidence continues to
emerge that suggests adiposity influences muscle function of older
adults in a sex-specific manner.

Limitations

Several limitations to our study need discussion. First, we cannot
discern cause and effect from correlation analysis, as it is equally
plausible that reduced muscle function could predispose individu-
als to increased adiposity, and ectopic fat deposition within skel-
etal muscles specifically. Further mechanistic studies are needed to
discern a role for intramuscular fat and its sequelae in contractile
function. Second, although altered myosin-actin cross-bridge kinet-
ics and reduced specific force are plausible contributors to cellular
and whole-muscle level dysfunction, other factors may play a role in
obesity-related functional impairments. For example, adiposity can
influence muscle fiber—type composition (29), specifically, promoting
a more fast-twitch phenotype. In this study, however, we found no
evidence of a phenotypic shift toward a faster fiber-type composition
with greater whole-body or regional adiposity, suggesting that this
would not mediate sex differences in whole-muscle/body function.
Third, other factors that may be altered with adiposity, including
systemic inflammation (47), neuromuscular activation (48), and bio-
active lipid metabolites (eg, ceramide) (49), could partially explain
the effects of obesity on muscle function. Finally, although we did
measure intramyocellular lipid content using two approaches, we
had a reduced sample size for ORO measurements (7 = 12), which
was similar to the study by Choi and colleagues (10), but limited our
statistical power for sex-specific analyses. Nonetheless, we observed
associations between intramyocellular lipid and cellular/molecular
contractile function that were consistent with our primary results
(eg, reduced specific force in MHC 1 fibers from older women),
suggesting that adiposity may exert sex-specific effects on muscle
function.

Conclusion

In conclusion, our results suggest relationships between thigh intra-
muscular lipid content and whole-muscle, cellular, and molecular
contractile function in older adults, with stronger associations in
women. As obesity reduces physical function among older adults
(4, 5) and older women are at greater risk for obesity-related dis-
ability than men (50), understanding the cellular and molecular
underpinnings of obesity-induced decrements in whole skeletal—
muscle function, and the sex-specific nature of these relationships,
may aid in developing interventions that forestall the onset of
disability.
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