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Associations of muscle lipid content with physical function
and resistance training outcomes in older adults: altered
responses with metformin
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Abstract Preserving muscle mass and strength is criti-
cal for long-term health and longevity. Age-related mus-
cle lipid accumulation has been shown to be detrimental
to muscle health. In healthy older individuals, we sought
to determine whether muscle lipid content, determined
from computed tomography, is associated with self-
reported physical function, laboratory-measured perfor-
mance, and the response to progressive resistance

training (PRT), and how metformin may alter these
responses (N = 46 placebo, 48 metformin). Using mul-
tiple linear regression models adjusted for confounders
in a large cohort, we show that intermuscular adipose
tissue (IMAT) was not associated with baseline function
or response to PRT, contrary to previous reports. On the
other hand, thigh muscle density (TMD), as an indicator
of intra- and extramyocellular lipid (IMCL and EMCL),
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remained strongly and independently positively associ-
ated with physical function and performance following
adjustment. Baseline TMD was inversely associated
with gains in strength, independent of muscle mass.
Percent change in TMD was positively associated with
improved chair stand and increased type II fiber fre-
quency but was not associated with muscle hypertrophy
or overall strength gain following PRT. For the first
time, we show that metformin use during PRT blunted
density and strength gains by inhibiting fiber type
switching primarily in those with low baseline TMD.
These results indicate that participants with higher mus-
cle lipid content derive the most performance benefit
from PRT. Our results further indicate that muscle den-
sity may be as influential as muscle size for strength,
physical function, and performance in healthy older
adults. ClinicalTrials.gov, NCT02308228, Registered
on 25 November 2014

Keywords Skeletal muscle . Muscle assessment . Lipid
infiltration . Physical function . Performance . Predictors
of hypertrophy .Metformin

Introduction

Sarcopenia, the age-associated loss of skeletal muscle
mass with accompanying loss of physical function, is
frequent among older adults and compromises overall
health and quality of life [52]. Loss of muscle mass
begins as early as age 40 and can increase to a rate of
1% per year by age 75. Strength declines occur more
rapidly, and can decrease at a rate of 3–4% per year in
men and 2.5–3% per year in women by age 75 [35].
These declines may be attributed to a multitude of
factors including genetic predisposition, hormonal
changes, disease, sedentary lifestyle, and poor nutrition
with advancing age [6, 17, 21] and seem to be exacer-
bated in conditions such as insulin resistance [4, 45].

Resistance exercise is a well-established way to de-
fend against reductions in muscle size and strength [22,
28]. However, 25–40% of older persons do not gain
muscle mass or strength following resistance exercise
training (“poor-responders”) [3]. Additionally, there are
age-associated increases in the variability of mass and
strength changes in response to resistance exercise train-
ing [7, 10]. Following progressive resistance training
(PRT) in older adults, our group has observed muscle
size changes ranging from losses of approximately 10%

to gains of over 20% in thigh muscle cross-sectional
area [54]. Similarly, strength change can range from
losses of approximately 40% to extreme gains over
150% following long-term resistance training [13]. Fac-
tors that drive response heterogeneity have also been
observed with aging. These factors may include altered
myogenic gene expression, decreased satellite cell num-
bers and function, and a lower propensity for muscle
protein synthesis in response to an anabolic stimulus,
now termed anabolic resistance [3, 12, 17, 36, 38, 43,
49]. However, it is unknown whether muscle lipid is
associated with heterogeneity in strength or mass re-
sponses in healthy older people performing PRT.

Increased ectopic lipid is a consequence of aging and
can have profound negative consequences. Lipid-rich
muscle tissue leads to decreased muscle density, which
can be reliably assessed by computed tomography (CT),
and can be caused by increased lipid infiltration within
muscle fibers (intramyocellular lipid, IMCL) and/or ad-
ipocytes between muscle fibers (extramyocellular lipid,
EMCL) [27]. In fact, Goodpaster et al. were the first to
show the sensitivity of CT attenuation values with
changes in lipid content within skeletal muscle fibers
confirmed with lipid-emulsion phantoms, biochemical
extraction of triglyceride, and oil-red-o neutral lipid
staining [18]. In addition, excess adipose tissue between
muscles (intermuscular adipose tissue, IMAT) is asso-
ciated with aging. Infiltration of lipid within and be-
tween muscles has primarily been analyzed in cross-
sectional studies showing correlations with impaired
physical function, including strength, balance, and gait
speed across various populations [8, 14, 24, 47]. Insights
from limited prospective studies have related disability
costs of lower density muscle and IMAT to higher risk
of hospitalizations, loss of mobility, and reduced quality
of life [8, 52, 53]. In obese mice, intramuscular diacyl-
glycerols and ceramides increase as a function of IMCL
content and contribute to anabolic resistance [42]. Like-
wise, adipocytes have been shown to secrete inflamma-
tory mediators such as cytokines that are thought to alter
metabolic processes and the muscle architecture, which
may ultimately compromise physical function and per-
formance [1, 2, 46]. Thus, increased IMCL/EMCL and
IMAT may contribute to poor responses to resistance
exercise training in older adults via direct effects on
muscle fibers [34]. Taken together and given the path-
ophysiological relevance of lipid accumulation and its
unknown physiological role in exercise adaptation, one
or all of these depots may be potential targets to restore
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hypertrophic potential among older individuals most
susceptible to sarcopenia and functional decline.

Metformin is the first-choice treatment for lowering
glucose in type II diabetes and is the focus of many
repurposing investigations. Metformin acts by
inhibiting glucose output from the liver, but it also has
anti-inflammatory effects in other tissues [44]. Thus, our
group hypothesized that metformin would augment
muscle growth and strength gain following PRT in a
healthy aged cohort (the MASTERS trial) [29]. Con-
trary to our original hypothesis, metformin blunted the
muscle hypertrophic response, did not reverse the poor-
responder phenotype, and trended towards inhibiting
strength gains. Interestingly, metformin also blunted
average muscle density gain following PRT. In addition,
transition from slow-twitch, IMCL-rich, type I muscle
fibers to fast-twitch, low IMCL, type II fibers normally
seen following PRT was blunted by metformin [54].

In this secondary analysis, we used data obtained in
the MASTERS trial to assess the independent associa-
tions of baseline muscle density and IMAT to pre-
training muscle mass, strength, and physical function
in this healthy older population. Furthermore, we tested
the hypothesis that low muscle density and high IMAT
would be associated with reduced muscle mass and
strength gains following PRT. Finally, we determined
whether changes in IMAT and muscle density would be
associated with resistance training outcomes, and
whether any of these relationships would be altered by
metformin.

Materials and methods

Participants

Data were originally acquired from the MASTERS trial
(NCT02308228), which was conducted to determine
whether metformin could augment hypertrophy in re-
sponse to 14 weeks of PRT in healthy older adults. Full
details of the study protocol, including participant
inclusion/exclusion criteria and the overall study/PRT
protocol (designed to optimize muscle mass and
strength gains), can be found in our previous publica-
tions [29, 54]. The trial was conducted at the University
of Kentucky and the University of Alabama at Birming-
ham, and all participants signed an informed consent
approved by university IRBs prior to study enrollment.
Ninety-four participants, aged ≥ 65, completed the

exercise intervention and were included in this analysis.
A graphical overview of the study design is shown in
Fig. 1. Participants were randomized to receive either
placebo or metformin (1700 mg/day) for the duration of
the trial. Prior to beginning placebo or metformin, we
assessed physical function and performed DXA, thigh
CT scans, and muscle biopsies. Next, participants
underwent a 2-week drug wash-in period, followed by
a 2-week PRT familiarization period, and then baseline
strength testing. All participants then continued to per-
form 12 more weeks of supervised, variable intensity,
bilateral, upper, and lower body PRT. DXA, thigh CT
scans, muscle biopsies, and physical function and
strength testing were repeated 3 days after the final bout
of PRT.

Computed tomography imaging

IMAT and thigh muscle density (TMD) were obtained
from CT images prior to and following PRT using the

Fig. 1 Overall study design
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methods described previously [30]. Cross-sections of
both thighs were obtained at the mid-thigh level (the
midpoint between the inguinal crease and superior bor-
der of the patella). Participants lay supine, with feet
wrapped to avoid movement, wearing non-constrictive
clothing to reduce compression of soft tissue. In addi-
tion, legs were separated for ease of analysis. NIH
ImageJ was used to quantify tissue cross-sectional area
and density (attenuation in Hounsfield units, HU). Bone
(≥ 151 HU) and bone marrow were excluded from anal-
yses. Skeletal muscle was defined as tissue with a den-
sity of − 29 to 150 HU, and adipose tissue was defined
as tissue with a density of − 190 to − 30 HU. TMD in
HU was used as an indicator of IMCL and EMCL.
IMAT was defined as the adipose tissue inside the
muscle fascia between the muscles. An individual re-
sponse from our PRT program is depicted in Fig. 2. For
this analysis, all CT variables were calculated from the
dominant thigh, defined as the thigh with the higher
muscle mass measured by DXA.

Muscle mass and body composition

Dual-energy x-ray absorptiometry (DXA) was per-
formed to assess thigh muscle mass and body composi-
tion (whole body, regional fat, and lean mass) using a
Lunar Prodigy (UAB) and an iDXA (UK), with stan-
dardized methods for regional partitioning. Custom
analyses were performed to determine femur length
and thigh muscle and fat mass. Femur length was mea-
sured from the center of the junction of the femoral head
(at the femoral neck) and the acetabulum to the center of
the bottom of the medial condyle. Thigh muscle and fat
mass were calculated by subtracting the lower leg from
total leg mass by creating a custom region of interest
through the center of the knee joint between the tibial
plateau and the femoral condyles and encapsulating the
lower leg past the toes. Thigh muscle mass was then
normalized to femur length. DXA scanner soft tissue
percent coefficient of variation with repeat scans was <
1.0% at both sites.

Muscle fiber area

Muscle biopsies were obtained at baseline and after
PRT, from the vastus lateralis after administration of
local anesthetic (1% lidocaine premixed with bicar-
bonate) using a 5-mm Bergstrom needle with suction.
Fiber type-specific cross-sectional area (CSA) was

quantified on 7 μm cryosections, using an antibody
recognizing laminin to delineate individual
myofibers, followed by incubation with antibodies
against myosin heavy chain isoform types I and IIa/
IIax. Digital images were captured of the entire cross-
section (between 250 and 1200 fibers), and mean
myofiber CSA by fiber type was quantified using
our validated automated algorithm [55]. CSA was
not determined for samples consisting of less than
250 fibers.

Laboratory assessment of performance and self-reported
physical function

Participants completed the short physical performance
battery (SPPB) in the University of Kentucky Human
Performance Laboratory [19]. This battery of tests in-
cludes three timed standing balance tests (side-by-side,
semi-tandem, and tandem), a 3- or 4-m habitual gait
speed test performed twice, and a timed repeated chair
sit to stand (five times). Performance for each set of
tasks was scored (0–4), with a summary score of 0–12.
Individual tasks can also be used for the time to com-
pletion. Voluntary, dynamic strength for leg extension
exercises was evaluated by testing a one repetition max
(1RM), defined as the maximal load that a participant
can lift one time with proper form through a full range of
motion, via our well-established methods that have been
standardized across sites [37]. We also evaluated max-
imal voluntary isometric contraction (MVIC) knee ex-
tension strength with a knee angle of 60° using our
established methods on a Biodex System 4 Pro dyna-
mometer at both study sites [48]. To determine knee
extension concentric power, participants completed one
set of 5 reps with the Biodex set on isotonic mode to
allow for variable velocities with a constant external
load equal to 40% of MVIC. Peak power was recorded
as the highest power recorded during the 5 repetitions
over approximately 70–80° range of motion. For an
index of muscle quality, strength was normalized to
either unilateral or bilateral thigh muscle mass. Baseline
strength measures were obtained after 2 weeks of PRT
to account for neurological adaptation. For self-reported
physical function, we used the Short Form 36 (SF-36)
physical function norm-based score and the Patient-
Reported Outcomes Measurement Information System
(PROMIS) physical function T-score as indicators of
independent daily physical function [9, 33].
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Statistical analysis

Ninety-four participants completed the original exercise
intervention, with 48 randomized to placebo and 46
randomized to metformin. Baseline regression analyses
included all participants as a single group. PRT outcome
analyses were separated by group because metformin
has been shown to blunt hypertrophy, affect strength
gains, and impact muscle densities [54]. Data are de-
scribed as the mean ± standard deviation (SD) and the
median for continuous variables. Pearson’s correlation
coefficients were used for all univariate associations.
Multiple linear regression models were used to estimate
the independent effects of IMAT and TMD on changes
in muscle mass and physical performance. When appro-
priate based on the dependent variable, model covariates
may have included age, sex, total body percent fat from
DXA, and CT thigh muscle area as physiological deter-
minants of muscle mass and growth. Standardized β
coefficients and 95% confidence intervals are shown.
Thigh muscle area, fiber type frequency, and our index-
es of thigh muscle lipid were compared across three
groups of SPPB functional scores using one-way anal-
ysis of variance (ANOVA) with Fisher’s least signifi-
cant difference post hoc test. Functional groups were
chosen to keep similar numbers of individuals in each
group as our cohort was healthy and high functioning
overall, making our distribution skewed to the right.
Student’s t tests were used to compare dependent vari-
ables between high and low IMAT and TMD groups.

Statistical analyses were performed using SAS 9.4 soft-
ware with statistical significance set at p < 0.05.

Gene expression

RNA sequencing (RNA-Seq) was performed on pre-
and post-PRT vastus lateralis biopsies from a subset of
participants. Approximately 35 mg of muscle biopsy
was homogenized in Qiazol (Qiagen, Valencia, CA)
and total RNA was isolated using miRNeasy Mini Kits
(Qiagen). RNA content and integrity were determined
with a 2100 Bioanalyzer (Agilent, Santa Clara, CA). A
minimum RNA Integrity Number (RIN) of 6.5 was set
for all samples. Library preparation and sequencing
were performed at Novogene Corporation (Chula Vista,
CA) on an Illumina HiSeq 4000 system, using paired-
end 150 bp (PE150) dual indexing. Quality control,
trimming, and alignment of raw sequence reads and
normalization were performed as previously described
[26]. Raw count data are available at https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE157585.
Statistical tests were performed using JMP Genomics v.
10 statistical software (SAS Institute). First, we
compared baseline gene expression in participants with
high versus low TMD (N = 19/group). Next, we
identified genes whose fold changes were correlated to
changes in TMD in the placebo group following PRT
(N = 24) using Pearson’s product-moment correlations.
The Benjamini-Hochberg adjustment for multiple com-
parisons was applied to both RNA-Seq analyses.

Fig. 2 Cross-sectional mid-thigh region depicting intermuscular
adipose tissue (IMAT), subcutaneous fat, skeletal muscle area
(gray), and thigh muscle density (TMD). The black border (tracing
of the muscle fascia) distinguishes between subcutaneous fat out-
side the muscle fascia and IMAT located inside the muscle fascia

(both shown in white). Pixels located within the bone marrow
were subtracted out for a more accurate analysis of IMAT and
muscle. Muscle density was calculated as the mean attenuation of
the muscle defined as a Hounsfield unit (HU) range of − 29 to 150
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Results

Cohort characteristics

Baseline cohort characteristics are given in Table 1. This
cohort represents a moderately active, high functioning
group of generally healthy older individuals. Forty-three
out of 48 individuals scored high (10–12) on the SPPB
in the placebo group and 44 out of 46 individuals scored
high in the metformin group. Ninety-eight percent of
participants were Caucasian and 54% were female.
Fourteen participants (15%) were obese with a BMI ≥
30 kg/m−2. Only three individuals were classified as
sarcopenic according to Studenski et al., calculated as
the total mineral-free lean mass of the arms and legs
adjusted for BMI [50].We have previously reported that
neither total calorie intake nor total protein intake was
affected by PRT or PRT with metformin [54]. Likewise,
daily physical activity measured by step counts was not
affected by PRT or PRT with metformin.

Associations between baseline muscle lipid and body
composition, muscle area, and fiber frequency

Baseline IMAT and TMD were significantly negatively
associated (r = − 0.63, p < 0.001), providing internal
validation to our analyses (Figure s1). Thigh IMAT
was positively associated with total body percent fat
(r = 0.44, p < 0.01) but did not associate with thigh
muscle mass normalized to femur length, muscle area
from CT, fiber CSA, or fiber type frequency. On the
other hand, TMD was inversely associated with total
body percent fat (r = − 0.48, p < 0.01) and positively
associated with thigh muscle area (r = 0.23, p < 0.05).
These analyses can be seen in Table s1.

Associations between baseline muscle lipid
and physical function and performance

Table 2 shows univariate and adjusted multivariate lin-
ear regressions between baseline IMAT and TMD and

Table 1 Baseline participant characteristics

Baseline characteristic Mean (SD)/median Range min–max

Age 70.4 (4.7)/69.4 64.4–91.2

BMI 26.3 (3.2)/26.5 18.6–33.9

ALM/BMI 0.80 (0.17)/0.75 0.49–1.28

Thigh total adipose area (cm2) 26.3 (3.1)/26.6 18.5–33.9

Thigh IMAT area (cm2) 12.9 (4.8)/12.3 5.2–26.4

Thigh SKM area (cm2) 121.0 (30.0)/113.1 69.4–184.6

TMD (HU) 42.5 (4.1)/42.6 27.2–50.5

Total body fat (%) 35.0 (7.4)/34.7 18.7–50.9

Bilateral thigh muscle mass/femur length (kg/cm) 0.25 (0.05)/0.24 0.16–0.34

SPPB score 11.1 (1.2)/12.0 5–12

SF-36 physical function norm score 52.3 (5.3)/53.0 32.0–57.1

PROMIS physical function T-score 53.5 (6.2)/53.6 36.6–59.7

Gait speed (m/s) 1.1 (0.2)/1.1 0.6–1.7

Repeated chair stand (s) 11.1 (3.1)/10.9 2.8–20.0

Leg extension 1RM (kg) 45.9 (21.8)/43.2 2.3–127.3

Biodex MVIC (N/m) 151.9 (50.0)/144.2 40.0–290.0

Biodex leg extension isotonic power (W) 287.0 (129.3)/266.4 20.1–634.4

PASE 168.5 (73.7)/159.3 52.5–492.5

PA step counts 6765 (3233)/7142 1381-15,662

n = 88–94 for all outcomes except PA step counts, n = 43

BMI, body mass index; ALM, appendicular lean muscle; IMAT, intermuscular adipose tissue; SKM, skeletal muscle; TMD, thigh muscle
density; HU, Hounsfield unit; SPPB, short physical performance battery; SF-36, Short Form 36; PROMIS, patient-reported outcomes
measurement information system; RM, repetition max; MVIC, maximum voluntary isometric contraction; N, newton; W, watts; PASE,
physical activity survey for the elderly; PA, physical activity
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baseline physical function and performance variables. In
univariate regressions, IMAT was inversely associated
with the SF-36 physical function score (r = − 0.21,
p < 0.05), but it was not correlated to any other variable.
In the adjusted multivariate model, IMAT was not sig-
nificantly associated with any physical function or per-
formance outcome, although there were trends towards
inverse associations with SF-36 (p = 0.07) and repeated
chair stand (p = 0.054). In univariate regressions, TMD
was significantly associated with all physical function
and performance variables. After adjusting for covari-
ates, TMD remained significantly associated with all
variables except gait speed and leg extension.

Relationship between SPPB group, muscle size, fiber
frequency, and muscle lipid

To assess associations between muscle size, lipid con-
tent, and physical performance, we compared muscle
features across three groups of composite SPPB func-
tional scores: two high functioning groups scoring a 12
or 11, and one moderate function group scoring ≤ 10.

Skeletal muscle size measures including skeletal muscle
mass normalized to femur length and type II fiber CSA
did not differ among SPPB groups, but skeletal muscle
area (p = 0.07) (Fig. 3a) trended higher in those with
higher SPPB scores. For muscle lipid, IMAT area did
not differ among SPPB groups (p = 0.20) (Fig. 3b), but
TMD was significantly lower in the SPPB ≤ 10 group
when compared to both high functioning groups (whole
model ANOVA p < 0.01; 11 vs. ≤ 10 post hoc p =
0.007; 12 vs. ≤ 10 post hoc p = 0.001) (Fig. 3c). This
relationship was primarily driven by the repeated chair
stand component of the SPPB score, since TMD was
inversely correlated with chair stand times in both the
univariate and adjusted multivariate models (Table 2).

Mean levels of physical function and performance
by low versus high TMD

TMD was strongly associated with multiple indicators
of physical function and performance, while IMAT was
not. We therefore proceeded to compare participants
with low TMD (< 43.0 HU) versus high TMD (≥ 43.0

Table 2 Univariate and multivariate linear regressions between IMAT and TMDwith physical function and performance prior to resistance
training

Univariate correlations Adjusted MULTIVARIATE Models

Baseline (pre-training) variable Thigh IMAT area
(cm2), r

TMD
(HU), r

Thigh IMAT area (cm2),
standardized β (95% CI)

TMD (HU), standardized β
(95% CI)

Physical function and performance

SF-36 physical function norm score − 0.21* 0.41*** − 0.22 (− 0.45 to 0.02) 0.37** (0.13 to 0.60)

PROMIS physical function T-score − 0.15 0.32** − 0.06 (− 0.32 to 0.19) 0.28* (0.02 to 0.53)

Gait speed (m/s) − 0.11 0.18* − 0.07 (− 0.30 to 0.17) 0.11 (− 0.13 to 0.36)
Repeated chair stand (s) 0.19 − 0.65*** 0.23 (− 0.00 to 0.46) − 0.43** (− 0.66 to − 0.20)
Biodex leg extension isotonic
power (W)

− 0.09 0.27** − 0.10 (− 0.24 to 0.05) 0.14* (− 0.01 to 0.29)

Leg extension 1RM/bilateral thigh
mass (kg/kg)

− 0.17 0.33** − 0.05 (− 0.27 to 0.17) 0.06 (− 0.19 to 0.31)

Biodex MVIC/right thigh mass
((N/m)/kg)

− 0.10 0.43** 0.01 (− 0.23 to 0.24) 0.26* (0.02 to 0.50)

n = 88–94

Adjusted model covariates: (1) age, (2) sex, (3) total body % fat, and (4) SKM area, except for leg extension and Biodex strength measures:
(1) age, (2) sex, and (3) total body % fat only

*Significant at p < 0.05

**Significant at p < 0.01

***Significant at p < 0.0001

SF-36, Short Form 36; PROMIS, patient-reported outcomes measurement information system; RM, repetition max; MVIC, maximum
voluntary isometric contraction; W, watts
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HU), representing those with high or low intramuscular
lipid (Table 3). The high TMD group had higher levels
of physical function and performance (p < 0.05) for all
outcomes except gait speed (p = 0.16) and power (p =
0.09).

Associations between baseline muscle lipid and PRT
outcomes in the placebo group

Table s2 shows adjusted multivariate linear regressions
between baseline IMAT and TMD and PRT outcomes
with placebo. After adjusting for covariates, neither
baseline IMAT nor TMD was significantly associated
with percent changes in muscle size following PRT.
However, baseline IMAT was significantly inversely
associated with percent change in PROMIS physical
function score (β = − 0.42, p < 0.05) while baseline
TMD was significantly inversely associated with per-
cent change in power (β = − 0.38, p < 0.01) following
PRT. In addition, baseline TMD trended towards in-
verse associations with percent change in SF-36 physi-
cal function score (β = − 0.29, p = 0.08). Thus, partici-
pants with lower baseline TMD tended to derive more
functional benefit from PRT.

In participants with higher baseline muscle lipid (low
TMD or high IMAT), metformin reduces strength gains
in response to PRT

Since lower baseline TMD was associated with greater
functional gains in response to PRT, we next determined
how baseline TMD affected percent change in TMD
following PRT, and whether metformin affected this
response. In the placebo group, baseline TMD was in-
versely correlated to percent change in TMD (r = − 0.49,
p < 0.001) (Fig. 4a). However, there was no relationship
between baseline TMD and percent change in TMD in
the metformin group (Fig. 4b). Since participants with
low baseline TMD tended to have larger functional gains
in response to PRT, we next determined how metformin
affected strength gains in participants with low baseline
TMD (< 43.0). While metformin did not affect percent
change in power in those with low baseline TMD
(Fig. 5a), there was a trend towards a decreased percent
change in leg extension in the metformin group (p =
0.053) (Fig. 5b). Furthermore, percent change in MVIC
was significantly decreased (p < 0.01) in metformin par-
ticipants with low baseline TMD (Fig. 5c). Additionally,
metformin treatment blunted mean IMAT loss, although
the difference was not significant between the groups
(Figure s2). We next determined whether metformin
affected strength gains in participants with high IMAT
at baseline. In participants with high baseline IMAT,
metformin did not affect percent change in power. How-
ever, metformin participants with high baseline IMAT

Fig. 3 Baseline relationships between SPPB score and muscle
phenotype. a Muscle area and b IMAT do not differ between
SPPB groups but c thigh muscle density (TMD) is significantly
lower in participants with SPPB scores of 7–10; groups not con-
nected by the same symbol are significantly different. N = 48, 23,
and 22 for SPPB groups of 12, 11, or 7–10 respectively for CT
variables muscle area, IMAT, and TMD
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trended towards reduced gains in leg extension (p =
0.08), and they had significantly reduced gains in MVIC
(p < 0.01) (Figure s3a–c).

Associations between changes in muscle lipid
and changes in muscle size and function following PRT

We previously reported reduced gains in TMD in partici-
pants taking metformin during PRT [54]. Here, we report
that mean IMAT loss is also blunted, with placebo partic-
ipants losing an average of 9.1%± 12.8 IMAT area vs.
5.7%± 13.0 in metformin participants. We next used ad-
justed multivariate linear regressions to determine whether
changes in TMD were associated with PRT outcomes in
the placebo group (Table 4). Percent change in TMD was
not associated with gains in muscle size in the placebo

group. However, percent change in TMDwas correlated to
increased type II fiber frequency (β = 0.40, p < 0.05).
TMD gains were also significantly associated with gains
in SF-36 physical function score (β = 0.31, p < 0.05) and
improved chair stand performance (β =− 0.32, p < 0.05).
Nonetheless, percent change in TMD was not associated
with percent change in power, leg extension, or MVIC in
placebo participants. Percent change in IMAT was not
associatedwith any of the training outcomes in the placebo
group (data not shown).

In participants with higher gains in TMD, metformin
reduces strength gains in response to PRT

Lower baseline TMD was associated with greater per-
cent change in TMD following PRT, and this

Fig. 4 Baseline thigh muscle density (TMD) is significantly related to changes in thigh muscle density following training in placebo
participants (a) but this relationship is blunted with the use of metformin (b)

Table 3 Baseline physical function and performance in participants with low versus high thigh muscle density (TMD)

TMD

n = 48 n = 46
Physical function and performance Low (27.1–42.9 HU) (mean ± SD) High (43.0–50.5 HU) (mean ± SD) p

SF-36 physical function norm score 50.62 ± 6.10 54.04 ± 3.45 0.001

PROMIS physical function T-score 51.82 ± 6.49 55.39 ± 5.39 0.01

Gait speed (m/s) 1.10 ± 0.21 1.16 ± 0.22 0.16

Repeated chair stand (s) 11.95 ± 3.28 10.05 ± 2.45 0.002

Biodex leg extension isotonic power (W) 262.51 ± 113.60 322.09 ± 138.92 0.09

Leg extension 1RM/bilateral thigh mass (kg/kg) 0.009 ± 0.003 0.010 ± 0.003 0.01

Biodex MVIC/right thigh mass ((N/m)/kg) 0.027 ± 0.006 0.030 ± 0.005 0.01

SF-36, Short Form 36; PROMIS, patient-reported outcomes measurement information system; RM, repetition max; MVIC, maximum
voluntary isometric contraction; W, watts
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relationship was altered by metformin. We therefore
determined whether metformin inhibited gains in mus-
cle size and physical function in participants who had
the largest gains in muscle density. In participants with
the highest TMD gains following PRT, mean percent
change in power did not differ between drug groups
(Fig. 6a). However, percent change in leg extension
(p = 0.09) trended towards a reduction, while percent

change in MVIC was significantly reduced (p < 0.05)
in participants who were randomized to metformin (Fig.
6b, c). Compared to type I fibers, type II fibers tend to be
denser (containing less IMCL) and adaptations in type II
fibers drive strength improvements following PRT.
Both groups displayed a similar pattern of positive
association between percent change in TMD and per-
cent change in type II fiber frequency, with a non-
significant trend in the placebo group (p = 0.07) (Fig.
6a), and a significant correlation in the metformin group
(p < 0.05) (Fig. 6b). Nonetheless, metformin blunted the
typical response of type I fibers switching to type II
fibers, as we have previously reported [54]. This reduc-
tion in fiber type switching with metformin likely con-
tributed to reduced strength gains (Fig. 7).

We did not observe statistically significant relationships
between gene expression and TMD

We performed RNA-Seq of muscle biopsies to identify
genes that are associated with TMD, and to identify
gene expression changes that are correlated to change
in TMD in response to PRT. When comparing partici-
pants with high versus low TMD at baseline (N = 19/
group), only 86 genes differed with unadjusted p < 0.01,
and no genes were significantly different following the
Benjamini-Hochberg adjustment (Table s3). When gene
fold changes were correlated to percent change in TMD
following PRT within the placebo group (N = 24), only
190 gene fold changes were correlated with unadjusted
p < 0.01, and none was significantly correlated follow-
ing the Benjamini-Hochberg adjustment (Table s4).

Discussion

In older adults, resistance exercise training is highly
beneficial to long-term health. However, to our knowl-
edge, the relationship between muscle lipid content and
the response to PRT has not been investigated in detail.
In this secondary analysis of the MASTERS trial, we
hypothesized that muscle lipid content would be asso-
ciated with an anabolic resistant state and may be a
predictor of the poor-responder phenotype. However,
we did not find any association between baseline IMAT
or TMD and changes in muscle mass following PRT.
Rather, we report that baseline TMD, a proxy of IMCL
and EMCL, impairs strength and performance gains in
response to PRT in older individuals. In addition, we

Fig. 5 Metformin preferentially inhibits performance gains in
those with low baseline thigh muscle density (TMD) for (b, c)
dynamic and isometric strength but not a power with metformin
participants seeing less benefit across both low and high baseline
densities. **p < 0.01
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show that metformin preferentially inhibits PRT re-
sponses in those participants with higher baseline lipid
profiles (lower TMD or higher IMAT).

Progressively higher IMAT and lower TMD have
been observed in older individuals, regardless of chang-
es in weight [15, 16]. Furthermore, higher IMAT area
[20, 47] and lower muscle density [2, 14, 16, 24, 32]
have both been linked to decrements in self-reported
physical function and laboratory-measured performance
in various populations. Similar to the result of Khoja
et al. studying a rheumatoid arthritis population, we
found that TMD, and not IMAT, is independently asso-
ciated with many of the strength, function, and perfor-
mance measures we assessed, after adjusting for con-
founding variables known to affect muscle size and
strength [24]. Muscle density was highly related to
muscle power and repeated chair stand, which contains
elements of both strength and power. This is particularly
important since muscle power has been found to be vital
to perform tasks of daily living in older individuals [41].
We also show that baseline SPPB score is associated

with baseline TMD, with decrements of just 1 SPPB
performance point being associated with significantly
lower TMD. Furthermore, baseline TMD was a better
predictor of poor physical performance than muscle
mass or muscle area. However, IMAT did not differ
between SPPB groups. These data suggest that muscle
density, but not IMAT, may be just as important as
muscle size for the performance of physically demand-
ing activities such as PRT.

Mechanisms have been suggested which may ex-
plain the connection between increased muscle fat infil-
tration and performance. Larger quantities of chronic
adipose tissue infiltration result in greater inflammation
and architectural changes within the muscle micro-
environment that produce adverse effects on muscle
function [23]. Rahemi et al. used computational models
to suggest that intracellular lipid inclusions cause loss in
overall force and force per unit size due to mechanical
changes in the connective tissue [39]. Changes in
pennation angle have also been reported in older women
with greater levels of obesity and IMCL [40]. Pro-

Table 4 Multivariate linear regressions between percent change in thigh muscle density (TMD) and percent changes in resistance training
outcomes in the placebo group

Resistance training outcome Percent change TMD, standardized β (95% CI)

Percent change in body composition (DXA)

Bilateral thigh muscle mass (kg) 0.20 (− 0.10 to 0.48)
Bilateral thigh muscle mass/femur length (kg/cm) 0.20 (− 0.10 to 0.48)

Percent change in muscle size (CT)

SKM area (cm2) − 0.07 (− 0.40 to 0.27)
Percent change in muscle biopsy characteristics

Type 1 Fiber cross-sectional area (μm2) − 0.04 (− 0.51 to 0.42)
Type 2 Fiber cross-sectional area (μm2) 0.19 (− 0.27 to 0.67)
Type 2 Fiber frequency (%) 0.40* (0.06 to 0.74)

Percent change in physical function and performance

SF-36 physical function norm score 0.31* (0.03 to 0.57)

PROMIS physical function T-score 0.32 (− 0.07 to 0.74)
Gait speed (m/s) 0.06 (− 0.22 to 0.33)
Repeated chair stand (s) − 0.32* (− 0.63 to − 0.02)
Biodex leg extension isotonic power (W) − 0.05 (− 0.40 to 0.30)
Leg extension 1RM/bilateral thigh mass (kg/kg) 0.01 (− 0.34 to 0.36)
Biodex MVIC/right thigh mass ((N/m)/kg) 0.11 (− 0.22 to 0.43)

Adjusted model covariates for body composition, muscle phenotype, and strength: (1) age, (2) sex, (3) percent change in total body % fat

Adjusted model covariates for physical function and performance (gait speed, repeated chair stand, and power): (1) age, (2) sex, (3) percent
change total body % fat (4) percent change SKM area

SKM, skeletal muscle; RM, repetition max; MVIC, maximum voluntary isometric contraction; W, watts

*Significant at p < 0.05
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inflammatory mediators in the muscle can also lead to
increased oxidative stress, changes in metabolism due to
mitochondrial inefficiency, and reduced production of
myofilament proteins, ultimately leading to reduced
contractile capacity [11]. However, we found no signif-
icant differences in muscle gene expression in partici-
pants with high versus low baseline TMD, leading us to
hypothesize that muscle lipid storage and metabolism
are primarily regulated by lipid and protein signaling.
We also found no significant correlations between

changes in gene expression and percent change in
TMD in the placebo group following PRT, possibly
supporting our hypothesis that TMD is largely regulated
at the signaling level, or possibly indicating that we
missed a crucial time point for gene expression changes
that could alter TMD.

Resistance training can have a profound effect on
muscle density without changes in muscle volume
[51]. This is consistent with our observation that partic-
ipants with low baseline TMD had the largest strength
gains following PRT. However, neither baseline IMAT
nor TMD was associated with a hypertrophic response.
These data indicate that lipid metabolism may contrib-
ute to performance gains with PRT in older individuals
with low baseline TMD. Conversely, those with higher
baseline muscle density may derive less performance
benefit from PRT.

Our primary outcomes report from the MASTERS
trial showed that, compared to placebo, metformin
blunts hypertrophy, strength, and normal muscle density
gains following PRT [54]. Here, we show that metfor-
min preferentially blunted gains in TMD and strength in
participants with high baseline muscle lipid (low TMD
or high IMAT). Similarly, metformin individuals who
had the highest changes in TMD also had blunted
strength gains. This suggests that adaptations in lipid
metabolism are required to maximize strength gains in
response to PRT. These results are consistent with find-
ings from other studies showing that metformin blunted
responses to aerobic exercise training [25], resistance
training [5], and concurrent aerobic/resistance training
[31].

Limitations

This study is not without limitations. Our study popula-
tion consisted of moderately active, healthy older men
and women who engaged in PRT along with metformin
or placebo, but it did not include a no-PRT metformin
only group. Thus, we are unable to comment onwhether
metformin alone might affect muscle lipid, size, or
strength. Importantly, we did not study the interaction
between metformin and PRT in people with pre-
diabetes or diabetes, and we cannot comment on wheth-
er the combination of metformin and PRT would be
appropriate in this population. While we attempted to
identify increased infiltration of lipid into the muscle as
a possible determinant of anabolic heterogeneity, there
are many known other candidates contributing to

Fig. 6 Metformin blunts performance in those who had the
highest thigh muscle density (TMD) gains following training.
*p < 0.05
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muscle mass and size loss due to aging such as physical
activity, nutrition, and genetic background, which we
have not characterized. Additionally, while TMD is a
surrogate measure for IMCL and EMCL, it does not
elucidate cellular lipid localization, nor does it quantify
levels of specific lipid species.

Conclusion

In summary, we report that TMD, as a proxy for IMCL
and EMCL, is independently associated with cross-
sectional physical performance measures, as well as
longitudinal strength and power changes following
PRT in a large cohort of healthy older persons. We
demonstrate that muscle density is positively associated
with cross-sectional physical performance, but it does
not predict one’s ability to gain lean mass during PRT.
Furthermore, metformin blunts PRT outcomes preferen-
tially in older individuals with lower TMD (higher
baseline muscle lipid). Given metformin’s proven safety
and efficacy for treating pre-diabetes and diabetes, fu-
ture work should elucidate the molecular mechanisms
responsible for its interactions with exercise. Although
future work is also needed to identify molecular mech-
anisms that drive the relationships between muscle lipid
content and resistance exercise adaptation, our results
indicate that healthy older adults with higher baseline
muscle lipid derive more benefit from PRT than those
who have lower baseline muscle lipid. Our results fur-
ther indicate that muscle density, independent from
muscle mass, is strongly associated with function, per-
formance, and strength in older individuals. The work

presented here provides opportunities to determine
whether modulation of IMAT or TMD could provide
an approach to counteract PRT response heterogeneity
and restore hypertrophic potential among older
individuals.
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plementary material available at https://doi.org/10.1007/s11357-
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