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Abstract

Background/Objective: Less muscle mass has been associated with greater insulin resistance,
but whether the association is independent of deleterious adipose depots in young adults with
overweight/obesity who are at high risk for type 2 diabetes (T2DM) but are otherwise
metabolically healthy is not known. The objective of this study was to determine whether muscle
mass is independently associated with insulin sensitivity (I1S) in young adults with overweight/
obesity.

Subjects/Methods: Cross-sectional Clinical Research Center study of 132 adults, 21-45yo,
BMI 225 kg/m? and metabolically healthy without T2DM. Primary independent variable: percent
ideal appendicular lean mass (ALM) calculated as measured ALM divided by predicted ALM for
age, weight, and height, calculated using validated NHANES data-based equation. Primary
dependent variable: IS by Matsuda index.

Results: Mean age was 34.3+6.8 years, and mean BMI 35.8+5.8 kg/m? (mean+SD). Individuals
in the highest % ideal ALM tertile had mean IS 45% higher than the lowest tertile [6.94+0.85 vs
4.80+0.56 (mean+SEM), p=0.008](sex interaction p=0.003). Men in the highest % ideal ALM
tertile had mean IS twice the lowest tertile (5.47+0.68 vs 2.68+0.34, p=0.001), which remained
significant controlling for visceral/subcutaneous and intermuscular adipose tissue, and
intramyocellular and intrahepatic lipids (p=0.03). The association was not significant in women.

Conclusions: Muscle mass is associated with IS independent of detrimental adipose depots in
young men with overweight/obesity, at risk for T2DM but currently metabolically healthy. Muscle
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mass relative to sex, age, weight, and height-specific norms may be used to ascertain individual
T2DM risk associated with low muscle mass.
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Introduction

Methods

The worldwide increase in the incidence of type 2 diabetes (T2DM) has largely been
attributed to the obesity epidemic. However, T2DM prevalence varies considerably among
individuals of similar BMI, which is partially attributable to differences in detrimental
adipose depots. For example, visceral adipose tissue (VAT) is more strongly associated with
cardiometabolic risk than subcutaneous adipose tissue (SAT) (1, 2), which actually may be
relatively protective (3). Intrahepatic lipids (IHL) are another known T2DM risk factor (4).
Differences in skeletal muscle may also contribute to T2DM risk independent of adiposity.
Preclinical and clinical models suggest that impaired insulin-stimulated glucose transport
and glycogen synthesis in skeletal muscle contribute to insulin resistance (IR) and T2DM (5,
6). Less skeletal muscle mass (7-11), higher intermuscular adipose tissue (IMAT) (12-14),
and higher intramyocellular lipids (IMCL) (15-18) have been associated with insulin
resistance in adults of various ages, weights, and co-morbidities.

However, the association between muscle mass itself and insulin sensitivity (1S),
independent of VAT/SAT, IMAT, IMCL, and IHL, in young adults with overweight/obesity
who are otherwise metabolically healthy (without T2DM, hypertension, or hyperlipidemia)
has not been studied. This is an important population to study because its lifetime risk of
T2DM is high (19), age-related changes in skeletal muscle are yet to occur, and traditional
methods to reduce T2DM risk such as weight loss are difficult to implement and maintain.
In addition, no standard criterion exists on how best to define relative muscle mass given its
dependence on age, sex, race, weight, and height. If greater muscle mass is independently
associated with greater IS in this population without T2DM, muscle may be a modifiable
T2DM risk factor.

We hypothesized that relatively more skeletal muscle mass is associated with greater IS
independent of VAT/SAT, IMAT, IMCL, and IHL in young otherwise healthy men and
women with overweight/obesity. We also explored whether there were sex and race
differences. An association between % ideal ALM and IS has not been previously reported.

This study was Partners Human Research Committee institutional review board-approved
and Health Insurance Portability and Accountability Act-compliant. Data were acquired
after written informed consent was obtained from all subjects prior to the study.

The cross-sectional study was performed on a Clinical Research Center. The study group
was comprised of 132 consecutive subjects (60 men, 72 women) with overweight or obesity
(BMI =25 kg/m?) who were recruited over 8 years through advertisements seeking
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participation in an NIH-funded study. In order to be included in this substudy, participants
had to be age 18 to 45 years and metabolically healthy as defined in previous studies (19),
including no self-reported hypertension or hypercholesterolemia, no use of anti-hypertensive
or lipid-lowering medications, and no T2DM. T2DM was defined as a fasting plasma
glucose =126 mg/dL, a 2-hour plasma glucose =200 mg/dL on 75g oral glucose tolerance
test (OGTT), self-reported T2DM, or use of hypoglycemics, including insulin. Additional
exclusion criteria included cardiac disease or other chronic illness; amenorrhea in
premenopausal women; smoking; estrogen, growth hormone or glucocorticoid use; and
routine MRI contraindications.

All studies were performed after an 8-hour overnight fast. Participants underwent the
following tests for body composition assessment: dual-energy x-ray absorptiometry (DXA)
for measurement of ALM, computed tomography (CT) scan for assessment of VAT and SAT,
IMAT and thigh muscle cross sectional areas, and proton magnetic resonance spectroscopy
(*H-MRS) for quantification of IMCL and IHL. All subjects underwent a 75 g, 2-hour
OGTT. The Matsuda Index, a measure of IS, was calculated from the OGTT (20). Although
a standard cut-off for IS using the Matsuda index has not been defined, the 25" percentile in
a Caucasian population was reported as 5.0 (21), and was therefore used as a cut-off in this
study. Impaired fasting glucose was defined as a fasting plasma glucose between 100 and
125 mg/dL, and impaired glucose tolerance was defined as a two-hour plasma glucose
during a 75 g OGTT between 140 and 199 mg/dL. Exercise was assessed using the
Paffenbarger Questionnaire, and hours of vigorous activity (=6 METSs) a week was recorded
(22).

Clinical characteristics, VAT, SAT, IMCL, and IHL from subjects in this cohort have been
published in other reports (11, 17, 18, 23-27). However, % ideal ALM has not been
calculated or reported.

Appendicular lean mass (ALM)

Since appendicular lean mass (ALM) is known to vary by sex, age, height, and weight, we
used a measure of ALM relative to ideal ALM based on each subject’s sex, age, height, and
weight (ALM/ideal ALM), calculated using a validated National Health and Nutrition
Examination Survey (NHANES) equation, as follows. All subjects underwent DXA
(Discovery A; Hologic Inc., Bedford, MA, USA) for measurement of ALM. Coefficient of
variation of DXA in our laboratory is 2.4% for lean mass. After obtaining each subject’s
measured ALM, each subject’s ideal ALM for sex, age, height, and weight was calculated
using an anthropometric prediction equation for ALM. This prediction equation was
developed and validated in 1999-2004 NHANES (28), and was chosen because it is well-
established that ALM is dependent on sex, age, height and weight (29). Each subject’s %
ideal ALM was then calculated as the ratio of measured ALM divided by ideal ALM
multiplied by 100.

Computed Tomography (CT)

Subjects underwent single slice CT (LightSpeed Pro, GE Healthcare, Waukesha, WI, USA)
of the abdomen through the mid-portion of the L4 level and the left mid-thigh (Supplemental
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Figure). Scan parameters were standardized: 144 mm table height, 80 kV and 70 mA for the
abdomen, 120 kV and 170 mA for the thigh, scanning time of 2 seconds, 1 cm section
thickness, and 48 cm field of view. Abdominal and thigh adipose tissue was identified using
a threshold set for =50 to —250 Hounsfield units (30). Manual delineation was used to
separate SAT, VAT, IMAT and muscle and cross-sectional areas (cm2) were obtained. The
relative distribution of body fat in the abdomen was assessed using VAT/SAT ratio. Analyses
were performed using Osirix software version 3.2.1 (www.osirix-viewer.com/index.html).
The coefficient of variation of CT in our laboratory is 2.5% for VAT cross sectional area.

Proton MR Spectroscopy (*H-MRS)

Subjects underwent IH-MRS of the soleus muscle to determine IMCL and of the liver to
determine IHL after an overnight fast using a 3.0-T MR imaging system (Siemens Trio,
Siemens Medical Systems, Erlangen, Germany) as previously described (11). Subjects were
asked to avoid moderate or vigorous exercise or a high-fat diet 72 h prior to scanning. CV
for measurements at our institution are 6% for IMCL and 8% for IHL quantification. Fitting
of all IH-MRS data was performed using LCModel (version 6.3-0K; Stephen Provencher,
Oakville, Ontario, Canada) (31). For soleus muscle, IMCL (1.3 ppm) and extramyocellular
lipids (1.5 ppm) methylene estimates were automatically scaled to unsuppressed water peak
(4.7 ppm) and expressed as lipid-to-water ratio. Fitting algorithms specific for liver lipid
estimates (0.9, 1.3, and 2.0 ppm) were scaled to unsuppressed water peak (4.7 ppm) and
expressed as lipid-to-water ratio. A total of 82/132 subjects had IMCL data, and 71/132
subjects had IHL data.

Biochemical Analysis

Serum samples were run in real time or stored at —80°C. Serum glucose levels were run in
real time using commercially available standardized assays. Serum insulin levels were
measured using a radioimmunoassay (Linco, Research, Inc., St. Charles, MO, USA).

Statistical Analysis

JMP Statistical Database Software (version 12; SAS Institute, Cary, NC) was used for
statistical analyses. Variables were assessed for normality using the Shapiro-Wilk test, and if
non-normal or a small N (analyses within adults), variables were log-transformed. Percent
ideal ALM was divided into tertiles, and t-testing was used to compare IS between the
highest and lowest tertiles. Linear regression analyses with Pearson’s correlation coefficients
were used to investigate associations between % ideal ALM and IS. Multivariate standard
least squares and stepwise regression analyses were constructed to control for VAT/SAT,
IMAT, IMCL, and IHL. An interaction term (sex*muscle) was included in all models given
known sex differences in muscle, e.g. healthy men have more muscle mass than healthy
women (29, 32). If the interaction term was significant, sex-stratified analyses were reported.
Statistical significance was defined as a 2-tailed p<0.05. Data are reported as mean + SD, or
n (%), unless otherwise noted. With an N=60, the probability was 80% that the study would
detect a relationship between the dependent and independent variable at a 2-sided 0.05
significance level of 0.05 if the true difference in the dependent variable was 0.368 SD per 1
SD change in the dependent variable.
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Clinical characteristics

Clinical characteristics are shown in Table 1. The cohort was 56% female and 44% male,
77% White (n=101), 18% Black (n=24), 2% Asian (n=3), and 3% other or unknown (n=4).
Mean age was 34.3 + 6.8 years and mean BMI was 35.8 + 5.8 kg/m? (range 25.1-53.7 kg/
m?2). Mean % ideal ALM was 102.2 + 9.5%. Mean Matsuda index was 5.7 + 4.4, with 60%
of subjects having a Matsuda index <5.0. Three percent of subjects had impaired fasting
glucose, and 17% of subjects had impaired glucose tolerance.

Association of skeletal muscle mass with insulin sensitivity

Individuals in the highest tertile of % ideal ALM had mean IS 45% higher than the lowest
tertile [6.94+0.85 vs 4.80+0.56 (mean + SEM), p=0.008] (Figure 1a), which was not
significant after controlling for VAT/SAT, IMAT, IMCL, and IHL (p=0.36). There was a sex
interaction (p interaction=0.003), which remained significant after controlling for VAT/SAT,
IMAT, IMCL, and IHL (p interaction=0.008), indicating a greater effect in men than women.
Men in the highest tertile of % ideal ALM had mean IS twice as high as the lowest tertile
[5.47+0.68 vs 2.68+0.34 (mean + SEM), p=0.001], which remained significant after
controlling for VAT/SAT, IMAT, IMCL, and IHL (p=0.03) (Figure 1a). The association was
not significant in women (p=0.83) (Figure 1a).

In the whole cohort, percent ideal ALM was positively associated with IS (R=0.29,
p=0.0008) (Table 2), which was not significant after controlling for VAT/SAT, IMAT, IMCL,
and IHL (p=0.26). There was a sex interaction (p interaction=0.01), which remained
significant after controlling for VAT/SAT, IMAT, IMCL, and IHL (p interaction=0.006),
indicating a greater effect in men than women. In men, % ideal ALM was positively
associated with IS (R=0.41, p=0.001), which remained significant after controlling for VAT/
SAT, IMAT, IMCL, and IHL (B4= 0.32, p=0.008) (Table 2). There was no significant
association in women (p=0.99) (Table 2).

Skeletal muscle mass as an independent determinant of insulin sensitivity

Association

In the whole cohort, IHL explained 49% of the variance in IS in a stepwise regression model
including % ideal ALM, VAT/SAT, IMAT, IMCL, and IHL. In men, IHL explained 38%, and
% ideal ALM explained 17%, of the variance in IS. In women, IHL explained 48% of the
variance in IS; % ideal ALM was not a significant determinant of IS.

of skeletal muscle mass with insulin sensitivity in White adults

White adults in the highest tertile of % ideal ALM had mean IS 50% higher than the lowest
tertile [6.96+1.01 vs 4.63+0.68 (mean + SEM), p=0.005] (Figure 1b), which was not
significant after controlling for VAT/SAT, IMAT, IMCL, and IHL (p=0.46). There was a sex
interaction (p interaction=0.007), indicating a greater effect in men than women. Men in the
highest tertile of % ideal ALM had mean IS more than twice as high as the lowest tertile
[5.88+0.77 vs 2.52+ 0.41 (mean + SEM), p<0.0001], which remained significant after
controlling for VAT/SAT, IMAT, IMCL, and IHL (p=0.002) (Figure 1b). The association was
not significant in women (p=0.50) (Figure 1b).
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In white adults, percent ideal ALM was positively associated with 1S (R=0.31, p=0.002)
(Table 2). There was a sex interaction (p interaction=0.007), indicating a greater effect in
men than women. In men, % ideal ALM was positively associated with 1S (R=0.46,
p=0.001), which remained significant after controlling for VAT/SAT, IMAT, IMCL, and IHL
(B1=0.42, p=0.008) (Table 2). The association was not significant in women (p=0.48)
(Table 2).

Association of skeletal muscle mass with insulin sensitivity in Black adults

Black adults in the highest tertile of % ideal ALM (N=8) trended towards having higher
mean IS than the lowest tertile (N=8) [1.96+0.28 vs 1.23+0.27 (mean + SEM), p=0.06]
(Figure 1c), which was not significant after controlling for VAT/SAT, IMAT, IMCL, and IHL
(p=0.17). There was no sex interaction (p interaction=0.18). Percent ideal ALM trended
towards being positively associated with 1S (R=0.34, p=0.099) (Table 2). There was no sex
interaction (p interaction=0.43).

Discussion

Our data suggest that greater muscle mass is associated with greater insulin sensitivity in
young adults, and the association is independent of detrimental adipose depots in young
men, with overweight/obesity at risk for T2DM but who are currently in good metabolic
health. Previous studies have demonstrated that lower muscle mass (7-11), higher IMAT
(12-14), and higher IMCL content (15-18) are associated with greater IR in adults of
various ages, weights, and co-morbidities. Although previous studies have reported that
greater muscle mass may be relatively protective against T2DM, the association between
muscle mass and IS independent of VAT/SAT, IMAT, IMCL, and IHL in young men and
women with overweight/obesity who are otherwise metabolically healthy (without T2DM,
hypertension, or hyperlipidemia) has not been reported. We demonstrate that in men, greater
muscle mass is associated with greater IS independent of detrimental adipose depots that are
thought to contribute to T2DM risk in obesity.

Muscle mass relative to sex, age, weight, and height-specific norms may be used to ascertain
individual T2DM risk associated with low muscle mass and may be a modifiable T2DM risk
factor. Muscle mass is greater in men than women, declines beginning at the end of the fifth
decade of life, is linearly associated with height, and is nonlinearly associated with weight
(i.e. muscle mass does not increase as much at higher weights) (29). Previous studies that
investigated the association between relative muscle mass, defined as ALM/weight (8, 9) or
ALM/BMI (7), and IS did not consistently control for sex, age, weight and height, which
could have confounded the relationship between muscle mass and IS. Our findings are
consistent with a previous study in older Native American adults that found that lower %
ideal fat-free mass (defined as fat-free mass measured by bioelectrical impedance divided by
predicted fat free mass) was associated with higher IR (33). Although large studies have
demonstrated the effectiveness of lifestyle interventions and weight loss in the prevention of
diabetes (34), the American Diabetes Association current clinical practice guidelines on the
prevention of T2DM does not explicitly include lifestyle recommendations on maintaining
or increasing muscle mass, although it does suggest that exercise regimens may include
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resistance training (35). Our data suggest that weight loss may be less effective in the
prevention of T2DM if it results in the loss of both fat and muscle mass. Two studies in
Korean adults reported that less muscle mass was associated with an increased risk for
incident T2DM (36, 37), although other longitudinal studies investigating the association
between muscle mass and incident T2DM have yielded inconsistent results (38, 39). This is
an area that warrants further investigation.

The possible sex differences observed also warrant further study. In addition to having more
muscle mass than women (29), men are diagnosed with T2DM at a lower mean age and
BMI (40). Although some studies have reported relatively lower muscle mass is associated
with IR or T2DM in men, but not women (9, 11, 41), no study had reported an interaction
between sex and muscle in its association with 1S, independent of adipose depots, in young
adults with overweight/obesity but without T2DM, hypertension, or hyperlipidemia. Men in
our cohort had a wider range of ALM than women (25.1 — 50.8 kg vs 16.7-31.6 kg) and a
lower mean Matsuda index (4.0 £ 2.6 vs 7.2 + 5.0), which may have enabled us to see
significant associations in men, but not women. Therefore, we cannot rule out the possibility
that we might have observed significant associations in women had we studied a larger
cohort with a wider range of ALM and IS. It is also plausible that muscle may have evolved
as a protective mechanism against T2DM in men, but not women, because women have
more gluteofemoral fat, which may be relatively protective. If sex differences are replicated
in future studies, they suggest that muscle mass may be a more modifiable T2DM risk in
young men than women with overweight/obesity.

In a sub-analysis in which we stratified the cohort by race, we demonstrated that greater
muscle mass independent of adipose depots is associated with greater insulin sensitivity in
young White men. We cannot rule out the possibility that we might have observed
significant associations in Black adults had we studied a larger cohort. Although racial
differences in obesity and non-biological factors contribute to the higher incidence and
prevalence of T2DM in Blacks vs Whites in the U.S. (42), differences in body composition
may also play a causative role. Paradoxically, despite having greater muscle mass and lower
VAT at a similar BMI, Blacks have higher insulin resistance than Whites (43). No study to
date has investigated racial differences in the association between muscle mass and insulin
sensitivity independent of adipose depots in young adults with overweight/obesity; our
findings warrant further study.

The strengths of this study include its use of sophisticated imaging methods to characterize
muscle and its strict criteria to select young adults with overweight/obesity who are
otherwise metabolically healthy. Should sex, age, height and weight norms for appendicular
skeletal muscle measurements by CT or MRI become available, studies investigating the
relationship between measures of muscle mass and muscle characteristics with insulin
sensitivity using these imaging modalities would be warranted. Exclusion of adults with
diagnosed hypertension or taking lipid-lowering drugs also removed potential confounding
as both hypertension (44) and statin use (45) have been associated with incident T2DM. A
limitation of our study is its cross-sectional nature, such that the directionality of the
relationship between muscle and IS cannot be determined. However, excluding adults with
T2DM enabled us to minimize confounding by reverse causation, i.e. T2DM leading to loss
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of muscle mass. A second limitation is that we did not perform hyperinsulinemic
euglycemic clamps, the gold standard for measuring skeletal muscle IS. However, IS as
estimated by the Matsuda index correlates well with the euglycemic clamp (20). Finally, we
cannot rule out a type 2 error as the explanation for the negative results in women. It is
possible that an association between ALM and IS would have been detected in a larger
cohort. Further studies are warranted to determine whether an association is present in
women.

In conclusion, our data suggest that more muscle mass is associated with greater insulin
sensitivity in young adults, and the association is independent of detrimental adipose depots
in young men, with overweight/obesity at risk for T2DM, but currently in good metabolic
health. Percent ideal ALM may be used to standardize muscle mass to sex, age, weight, and
height-specific norms and to ascertain individual T2DM risk associated with low muscle
mass. Given known sex differences in muscle mass and T2DM risk, the sex differences in
our findings warrant further investigation in order to determine whether muscle may be a
modifiable T2DM risk factor.
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Figure 1.
(a) Individuals with the highest tertile of % ideal appendicular lean mass (ALM) had mean

insulin sensitivity (IS) 45% higher than the lowest tertile (p=0.008). There was a sex
interaction (p interaction=0.003). Men in the highest tertile of % ideal ALM had mean IS
twice as high as the lowest tertile (p=0.001). (b) White adults in the highest tertile of % ideal
ALM had mean IS 50% higher than the lowest tertile (p=0.005). There was a sex interaction
(p interaction=0.007). Men in the highest tertile of % ideal ALM had mean IS more than
twice as high as the lowest tertile (p<0.0001). (c) Black adults in the highest tertile of %
ideal ALM trended towards having higher mean IS than the lowest tertile (p=0.06). There
was no sex interaction (p interaction=0.18). Data reported as mean + SEM.
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Table 1.

Clinical characteristics of 132 adults with overweight/obesity

mean + SD

Clinical characteristics

Female (%) 56%

Caucasian (%) 7%

Age (y) 34.3+6.8

Body mass index (BMI) (kg/m?) 35.8+5.8

Physical activity (hrs/week) 46+52
Dual-energy x-ray absorptiometry

Appendicular lean mass (ALM) (kg) 29174

% ideal appendicular lean mass (%) 102.2+95
Computed tomography

Visceral adipose tissue (cm?) (VAT) 130.4 +62.7

Abdominal subcutaneous tissue (cm?) (SAT) 461.6 +138.7

VAT/SAT 0.29+0.16

Thigh muscle area (cm?) 52+0.2

Thigh muscle density (HU) 48.3+4.9

Thigh intermuscular adipose tissue (IMAT) (cm?) 88+38
Magnetic resonance spectroscopy

Soleus intramyocellular lipids (lipid/water) 0.04 +0.02

Intrahepatic lipids (lipid/water) 0.15+0.24
Glucose homeostasis

Matsuda Index 57+44

Impaired fasting glucose (%) * 3%

Impaired glucose tolerance (%) 17%

*
Impaired fasting glucose defined as fasting plasma glucose between 100 and 125 mg/dL

Hok

Impaired glucose tolerance defined as two-hour plasma glucose during a 75g oral glucose tolerance test between 140 and 199 mg/dL
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Association between % ideal appendicular lean mass and Matsuda index

Unadjusted model

Adjusted model”

R p By p

Whole cohort

Men + Women 0.29 0.0008 0.26

Men 0.41 0.001 0.32 0.008

Women 0.99 0.29
White adults

Men + Women 0.31 0.002 0.5

Men 0.46 0.001 0.42 0.008

Women 0.48 -0.35 0.03
Black adults

Men + Women 0.34 0.099 0.36

*
Adjusted for visceral/subcutaneous adipose tissue, intermuscular adipose tissue, intramyocellular lipids, and intrahepatic lipids
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