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Abstract

Background: Aging-related disease risk is exacerbated by obesity and physical inactivity. It is unclear how weight loss and increased activity
improve risk in older adults. We aimed to determine the effects of diet-induced weight loss with and without exercise on insulin sensitivity,
VOZpeak’
Methods: Physically inactive older (68.6 = 4.5 years) obese (body mass index 37.4 = 4.9 kg/m?) adults were randomized to health education
control (HEC; 7 = 25); diet-induced weight loss (WL; 7 = 31); or weight loss and exercise (WLEX; 7 = 28) for 6 months. Insulin sensitivity was

body composition, and physical function in older obese adults.

measured by hyperinsulinemic—euglycemic clamp, body composition by dual-energy X-ray absorptiometry and MRI, strength by isokinetic
dynamometry, and VO, _, by graded exercise test.

Results: WLEX improved (p < .05) peripheral insulin sensitivity (+75 = 103%) versus HEC (+12 = 67%); WL (+36 = 47%) versus HEC did
not reach statistical significance. WLEX increased VO, (+7 = 12%) versus WL (-2 = 24%) and prevented reductions in strength and lean
mass induced by WL (p <.05). WLEX decreased abdominal adipose tissue (=16 = 9%) versus HEC (-3 + 8%) and intermuscular adipose tissue
(=15 = 13%) versus both HEC (+9 = 15%) and WL (+2 = 11%; p < .01).
Conclusions: Exercise with weight loss improved insulin sensitivity and VO, ,, decreased ectopic fat, and preserved lean mass and strength.
Weight loss alone decreased lean mass and strength. Older adults intending to lose weight should perform regular exercise to promote

cardiometabolic and functional benefits, which may not occur with calorie restriction-induced weight loss alone.

Keywords: Aging, Exercise, Insulin sensitivity, Obesity, Weight loss

Aging is marked by increased risk for type 2 diabetes, reduced muscle ance, all of which increase risk for physical disability, morbidity, and
mass and strength (ie, sarcopenia), decreased physical function and mortality (1-3). These adverse health consequences associated with
cardiorespiratory fitness, ectopic fat deposition, and insulin resist- advanced age are exacerbated with obesity and physical inactivity.
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The prevalence of obesity in older adults has increased steadily over
the last 20 years; recent data in the United States classifies 42.8% of
older adults (>60 years) as obese (4), with comparable rates observed
in other developed nations. Similarly, physical inactivity clearly in-
creases with age (5). Thus, optimal intervention strategies that target
obesity and/or physical inactivity in older adults are critical.

Despite the evidence that aging is associated with greater
cardiometabolic risk and declining physical function, it is not clear to
what extent obesity and a lack of exercise play a direct role to accen-
tuate or accelerate these aging effects. We reported a cross-sectional
observation that obesity and physical activity probably influence
insulin resistance of aging (6). We posit that weight loss and exer-
cise interventions would provide more direct evidence to support
distinct roles for obesity and physical inactivity in age-associated
cardiometabolic risk and physical function. Thus, the primary ob-
jective of this randomized controlled trial was to determine the ef-
ficacy of calorie restriction—induced weight loss with and without
exercise in older, obese, physically inactive adults to help decipher
the detrimental effects of aging, obesity, and physical inactivity on
insulin resistance and other markers of cardiometabolic risk as well
as physical function and cardiorespiratory fitness.

A second objective of this study was to assess the potential
for diet-induced weight loss to cause unwanted loss of lean mass
and muscle weakness, which could exacerbate sarcopenia in aging
adults. Many older adults attempt to lose weight via calorie re-
striction and/or exercise. Intentional weight loss in older adults,
however, remains controversial (7); though calorie restriction re-
sults in decreased fat mass and improved cardiometabolic risk
(7-9), it can be accompanied by substantial loss of skeletal muscle
mass (10,11). The extent to which reduction in muscle mass trans-
lates to decrements in muscle function, however, including skel-
etal muscle insulin sensitivity, mobility impairments, and muscle
quality is unclear. Moreover, the addition of exercise to calorie
restriction-induced weight loss has been reported to attenuate
loss of lean body mass in both middle-aged and older adults
(10-12). Few studies, however, have demonstrated additional
exercise-induced benefits for other aging and obesity-specific con-
sequences, including skeletal muscle insulin resistance, poor car-
diorespiratory fitness, ectopic fat deposition (ie, intermuscular and
abdominal adipose tissue [AT]), and muscle strength and physical
function (8-10). This randomized controlled trial investigates the
efficacy of both weight loss and exercise on cardiometabolic risk,
physical function and fitness, as well as the potential risks for diet-
induced weight loss to cause loss of muscle mass and weakness
and to determine the extent to which exercise can mitigate or pre-
vent these effects.

Method

Participants

We conducted a 2-site, 6-month randomized controlled trial with
a parallel group design between 2012 and 2017 at the University
of Pittsburgh and the AdventHealth Translational Research Institute
(AH TRI). Eighty-six older (60-80 years of age), physically inactive
men and women with obesity were randomized into one of the 3
treatments (1:1:1 allocation ratio): control (HEC; health education),
calorie restriction-induced weight loss (WL), and weight loss with
exercise (WLEX). All participants provided informed consent prior
to participation, and all study protocols were approved by both
University of Pittsburgh Research Ethics Board and Institutional
Review Board of AdventHealth. Additionally, a Data Safety

Monitoring Board comprised of external independent investiga-
tors reviewed adverse events monthly. The ClinicalTrials.gov unique
identifier code is NCT02230839.

Participants 60-80 years of age were included if they met the
following criteria: body mass index (BMI) > 30 kg/m?; stable weight
over the last 6 months; physically inactive (<1 continuous exercise
session/week); nonsmoking; resting systolic blood pressure (SBP)
< 150 mmHg; and diastolic blood pressure (DBP) < 95 mmHg.
Exclusion criteria included clinically significant cardiovascular
disease including history of myocardial infarction within the past
year; peripheral vascular disease; hepatic, renal, muscular/neuro-
muscular, or active hematologic/oncologic disease; the presence of
bruits in the lower extremities; history of pulmonary emboli; per-
ipheral neuropathy; anemia; and substance abuse. Medication ex-
clusions included the following: anticoagulants, glucocorticoids,
thiazolidinediones, or insulin.

Randomization

Randomization was performed electronically using a random allo-
cation sequence designated by the statistician. A permuted-blocks
approach using blocks of random sizes of 4 and/or 8 was used, with
groups stratified by gender. The study coordinator was responsible
for participant enrollment and group assignment. Outcome assessors
were blinded to group assignment.

Intervention Groups

HEC group

Participants randomized to the HEC group received biweekly
general health education seminars on medication and type 2 dia-
betes management. However, they were not given specific exercise
or dietary education.

Calorie restriction-induced WL group

The goal of the WL intervention was to lose 10% of baseline body
weight. Using the Harris—Benedict equation corrected for the ac-
tivity factor, reduction of 500-1 000 kcal/d based on baseline body
weight was prescribed in addition to a low-fat (< 30% of kilocal-
ories from fat) diet. To encourage compliance, participants met indi-
vidually with the Registered Dietitian and/or designated staff weekly
to record body weight, review daily food logs, and receive updated
dietary guidelines. To eliminate the confounding effects of acute cal-
oric restriction on insulin sensitivity, participant weights were kept
stable during the last 2 weeks of intervention.

WLEX group

Participants completed a progressive 6-month exercise training pro-
gram, 4-5 d/wk, 45 minutes per session (180 min/wk) consisting of
mostly walking (outside and on an indoor treadmill) and the op-
tion to include stationary cycling, elliptical, and rowing machines.
Aerobic exercise was performed at 50%-80% HR___ All indoor
exercise was supervised by a trained monitor; aerobic exercise per-
formed outdoors was not supervised. Beginning at Week 8, parti-
cipants were also prescribed 2 nonconsecutive resistance exercise
sessions per week, 30 minutes per session, focused on major muscle
groups using resistance exercise machines. Nine exercises (2-3 sets
of 10-12 repetitions) alternating upper limbs, lower limbs, and trunk
were performed. The resistance exercises were performed at the
highest weight the participant could achieve for the given number
of reps (10-12) with proper form. When the participant reached
3 x 12 reps, the weight was increased and the number of reps was
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decreased. Participants also met with the registered dietitian and re-
ceived identical dietary instruction as the WL group.

Primary Outcomes

Insulin sensitivity

Insulin sensitivity was measured using the hyperinsulinemic—
euglycemic clamp performed 36-48 hours following the last exer-
cise bout (WLEX group) to account for the acute effect of exercise
on insulin sensitivity and to prevent detraining. Participants ar-
rived at the facility the evening prior to the clamp procedure,
consumed a standard meal, and stayed overnight in the meta-
bolic ward. After an overnight fast, an intravenous catheter was
placed in the antecubital vein for subsequent insulin, glucose, and
stable isotope infusions. A primed constant infusion of [6,6-2H2]
glucose ran throughout the clamp procedure. An additional cath-
eter was placed in the heated hand vein in the contralateral arm
to attain arterialized blood samples for blood glucose determin-
ation and for [6,6-2H2] glucose enrichment during the insulin and
glucose infusions. After a 2.5-hour baseline period, an insulin in-
fusion was started and continued for 4 hours at 40 mU/m? min.
Glucose was measured at 5-minute intervals and maintained at
90 mg/dL. A 2-mL blood sample was collected at 0, 30, 60, 100,
110, and 120 minutes and every 10 minutes during the last 30
minutes of the clamp for gas chromatography-mass spectrometry
determination of [6,6-2H2] glucose enrichment. Insulin samples
were also drawn at multiple time points. Rates of glucose disposal
(R,) and endogenous glucose production (EGP) were calculated
by nonsteady-state equations based on plasma [6,6-2H2] glucose
enrichment (13,14). Skeletal muscle insulin sensitivity (R /Insulin)
was assessed as the rate of glucose disposal (mg/kgFFM/min) ac-
counting for plasma insulin during steady state. Hepatic insulin
sensitivity was assessed as the suppression of EGP during steady
state using the glucose enrichment data.

Secondary Outcomes

Blood analyses

Lipid profiles (total, high-density lipoprotein [HDL], low-density
lipoprotein [LDL], and very-low-density lipoprotein [VLDL] chol-
esterol, and triglycerides) and HbA1C were measured by a fasting
blood draw and analyzed in the clinical chemistry laboratory at AH
TRI using standard assays.

Cardiorespiratory fitness, strength, and functional performance

A cardiopulmonary graded exercise test was conducted by an
exercise physiologist on the cycle ergometer using open-circuit in-
direct calorimetry to measure maximal oxygen uptake (VO, ).
Following a standardized warm-up, participants exercised at a
moderate intensity and resistance increased gradually until vol-
itional fatigue.

The Short Physical Performance Battery (SPPB) was used to
measure lower extremity functional capacity. The SPPB consists of
3 tasks: 5 repeated timed chair stands, timed standing balance (feet
in parallel, semitandem, and tandem positions), and a 4-m walk
to determine usual gait speed. Additionally, a timed step test was
performed.

Muscle strength and power were assessed at baseline and
6 months using a pneumatic-driven dynamometer (Biodex 4, Biodex
Medical Systems, Inc., Shirley, NY). Following a 1-minute warm-up
of free pedaling on a cycle ergometer, participants were seated on

the Biodex machine with the lateral condyle of the knee lined up
with the axis of rotation of the machine arm. Participants performed
3 tests on each leg at each resistance of 60, 120, and 180 degrees/s
with a ~2-minute rest between each adjustment and a 5-minute rest
between legs.

Body composition

Weight and height were measured pre- and postintervention, and
BMI was calculated. Waist circumference was measured using the
Gulick IT tape measure directly on the skin. Fat mass (kg) and fat-free
mass (FFM; kg) were determined by dual-energy X-ray absorpti-
ometry using a GE Lunar (GE Healthcare, UK).

Abdominal and thigh AT and muscle volume were measured
by MRI at baseline and following treatment on a 3-Tesla magnet
using multislice protocols (Philips Acheiva, Cambridge, MA) at AH
TRI. Fifteen high-resolution axial images (5 mm thickness) were
taken of the leg above and below the midpoint of the femur using
a T1-weighted turbo spin echo to quantify thigh muscle volume,
subcutaneous, and intermuscular AT (IMAT). For abdominal AT
images, a 3D fast field echo (THRIVE) of the entire abdomen was
taken to achieve 50 high-resolution axial images (8 mm thickness).
Three stacks were obtained over 3 separate breath holds to ensure
complete coverage from the dome of the diaphragm through the
pubic symphysis. Resultant images were analyzed and segmented
using Analyze 11.0 (Biomedical Imaging Resource, Mayo Clinic,
Rochester, MN). The density constants 0.92 and 1.04 g/cm® were
used to calculate AT and muscle mass, respectively.

Statistical Analysis

Power analyses were conducted a priori based on data from a previous
study conducted in our laboratory. A sample size of 63 subjects total (~20
per group) would provide 80% power to detect a medium effect size
(0.55) for statistically significant differences in R /Insulin. Accounting
for a 20% dropout rate, we aimed to randomize 76 participants.

One-way ANOVAs were performed to evaluate baseline differ-
ences between groups. In cases where the assumption of normality
(assessed using the Shapiro-Wilk test) was not met, baseline com-
parisons between groups for these specific variables were performed
using the nonparametric Kruskal-Wallis test.

Both intention-to-treat (ITT) and completers analyses were used
to explore between-group differences in the changes of the primary
outcomes. The Markov chain Monte Carlo (MCMC) method was
used to impute missing data. For variables wherein the MCMC ap-
proach could not be applied, ITT analysis was not completed.

All variables were log-transformed to approximate a normal
distribution. An ANCOVA (1 x 3) with baseline, sex, and age
(Model 1) and baseline, sex, age, and % weight change (Model 2) as
covariates and pairwise comparisons using the Tukey’s HSD test for
multiple comparisons were conducted to discriminate means fol-
lowing significant ANCOVA results. The interaction term, “group x
sex,” was added to the model to assess the effect of sex. To examine
the effect of type 2 diabetes status on intervention responses, Model
1 was also adjusted for type 2 diabetes status. Additionally, an
ANCOVA with type 2 diabetes status as the independent variable
and baseline as a covariate was applied to each group separately in
addition to the WL and WLEX groups combined to assess the effect
of type 2 diabetes on intervention responses. A p value of less than
.05 was considered significant. Analyses were performed using JMP
Version 13.2.1 (SAS Institute Inc., Cary, NC).
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Results

Study Participants and Intervention Characteristics

The flow of participant recruitment, screening, and randomization
is illustrated in Figure 1. Of the 84 participants randomized to one
of 3 intervention groups, 61 completed the follow-up assessments
(HEC, n = 20; WL, n = 21; WLEX, n = 20). Twenty-three partici-
pants did not complete the intervention and were included in the ITT
analyses. Four participants in the WLEX group experienced acute,
minor muscle and limb discomfort.

Participants who completed the WLEX intervention (1 = 20) at-
tended 84 = 14% of the prescribed exercise sessions, averaging 3.3 =
0.6 sessions per week.

Baseline characteristics of the study groups and medication
use are given in Table 1. There were no differences among study
groups in either completers or completers and noncompleters com-
bined. In the HEC and WLEX groups, one participant discontinued
metformin use during the trial period.

Insulin Sensitivity

Between-group differences in peripheral and hepatic insulin sensi-
tivity in completers are shown in Figure 2. After accounting for cir-
culating insulin concentrations, participants in WLEX, but not WL,
improved R /Insulin compared with HEC (WLEX, 0.05 = 0.04 vs
HEC, 0.0 = 0.04 [mg/kgFFM/min]/Insulin ; all p < .05). After con-
trolling for % weight loss, there were no significant between-group
differences in R /I. There were no between-group differences in EGP
suppression (p > .05).

Clinical Measures of Insulin Sensitivity and
Cardiometabolic Risk Factors

Between-group changes in secondary outcomes including anthro-
pometry, clinical variables, functional measurements, and body
composition are given in Table 2. WLEX experienced greater im-
provement than HEC in fasting insulin (=5.5 = 4.9 vs =2.0 = 3.9 mg/
dL) and HbA1C (-0.4% vs =0.1%; all p < .05). There were no dif-
ferences in change in fasting glucose (p >.05). SBP and DBP did not
change with either intervention (p > .05). Except for total choles-
terol (WLEX vs WL: -22.9 + 31.1 vs 1.5 = 38.1 mg/dL; p < .05),

Telephone Pre-Screens
(n=1211)

Excluded after a brief explanation
of study and initial eligibility
assessment (=919

f——

Eligible for Screening Visit
(n=292)
Consented to Screening
Measures (n=169)
Screen Fails or Voluntary

(n=85)

[ ized(n=84) |
I I 1
‘ Health Education Control ‘ ‘ Diet-Induced Weight Loss ‘ ‘ Weight Loss Plus Exercise

(HEC; n=25) (WL; n=31) (WL+EX; n=28)

Not Cs ancelled
Screening Visit (n=123)

T
6-Month Follow-Up

Received allocated intervention
(n=20)

Discontinued Intervention (n=5):
Withdrawal by Participant: 3
Adverse Event: 1
Physician Decision: 1

T
6-Month Follow-Up

Received allocated intervention
(n=21)

Discontinued Intervention (n=10):
Withdrawal by Participant: 9
Lost to Follow-Up: 1

T
6-Month Follow-Up

Received allocated intervention
(n=20)

Discontinued Intervention (n=8):
Withdrawal by Participant: 5
Lost to Follow-Up: 3

ITT Analysis (n=84)
Completers Analysis (n=61)

Figure 1. Patient flow diagram.

no indicators of dyslipidemia (TG, LDL, HDL, VLDL) changed fol-
lowing WL or WLEX (all p > .05).

Aerobic Fitness, Muscle Force and Power, and
Functional Performance
Between-group changes in VOZPeak
Figure 3. Relative VO, (mL/kgFFM/min) increased significantly in
WLEX compared with both WL and HEC (WLEX, 2.6 = 3.2 vs WL,
-1.2 + 4.2 and HEC, -1.4 = 4. 4 mL/kgFFM/min; p < .05). Absolute
VO, (L/min) increased significantly in WLEX compared with WL
and trended toward significance compared with HEC (WLEX, 0.1 =
0.2 vs WL, -0.1 = 0.2 and HEC, 0.0 = 0.2 L/min; p < .05). Peak
torque (nm at 120 degree/s) decreased in WL compared with HEC
(WL, -5.8 £ 4.9 vs HEC, 0.0 = 8.1 nm; p < .05).

Functional measures including the single-leg stance, 4-m walk,
repeated chair rise, step test, and SPPB did not change significantly

and peak torque are shown in

in any intervention group (all p > .05).

Body Weight and Composition

Pre- and post-values and % change in body weight and composition
are given in Table 2. WLEX and WL lost weight (-10.6 = 4.9 and
-7.1 = 4.7 kg, respectively) compared with HEC (-1.4 = 3.0%), and
WLEX lost more weight than WL (all p <.05). Only WLEX reduced
WC (Table 2; HEC, 2.3 + 4.9 vs WLEX, -8.7 + 6.2 cm) compared
with HEC. WLEX lost significantly more fat mass compared with
both HEC and WL (HEC, 1.4 = 2.6 and WL, -5.0 = 3.8 vs WLEX,
-8.6 = 4.3 kg) and WL lost more fat mass compared with HEC. WL
lost significantly more lean mass compared with HEC (WL, -1.5 =
2.1 vs HEC, 0.0 = 1.8 kg; p = .05).

WLEX, but not WL, lost significantly more abdominal SAT
(HEC vs WLEX: -0.5 = 0.9 vs =2.2 = 1.1 kg) and visceral AT (HEC
vs WLEX: -0.1 = 1.2 vs -1.4 = 1.1 kg) compared with HEC (p <
.05). Additionally, WLEX experienced greater reductions in leg SAT
(WLEX, -0.4 = 0.3 vs HEC, -0.1 = 0.1 and WL, -0.1 = 0.2 kg) and
IMAT (WLEX, -0.07 = 0.07 vs HEC, 0.03 = 0.05 and WL, 0.0 =
0.05 kg; p < .05) compared with both HEC and WL.

Findings from ITT analyses are shown in Supplementary Table
S1. With the exception of R /Insulin (both WL and WLEX improved
significantly compared with HEC), the ITT analysis corroborated
our findings in completers.

Impact of Type 2 Diabetes Status and Sex

There was no effect of type 2 diabetes status on any outcome, both
within and between groups. Additionally, there was no significant
interaction of group by sex for any outcome.

Discussion

The prevalence of prediabetes and type 2 diabetes is higher in older
adults (15). Obesity and physical inactivity can exacerbate the in-
fluence of aging on the development of type 2 diabetes, insulin
resistance, and other cardiometabolic risk factors (6). Thus, it is
paramount to understand the extent to which obesity reduction
and increased exercise can prevent or mitigate aging-associated
decline in health and function. The Diabetes Prevention Program
reported that lifestyle intervention, including a combination of
weight loss and exercise, reduced the incidence of type 2 diabetes
in older men and women (16); however, the separate effects of re-
duced caloric intake and exercise were not systematically evalu-
ated. Moreover, few studies have investigated the effects of calorie
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Figure 2. Between-group changes (mean = SD) in peripheral and hepatic
insulin sensitivity. (A) Pre- and post-values of rate of glucose disposal (R,)
adjusted for fat free mass (kg) and steady-state plasma insulin by group;
*WLEX significantly different than HEC at p < .05 (ANCOVA for change in
R, followed by pairwise comparisons). (B) Relative (%) change in R, (Img/
kgFFM/min]/insulin) by group. (C) Pre- and post-values of endogenous
glucose suppression (EGP suppression, %) by group. Sample size for R/l and
EGP suppression: HEC, n=19; WL, n= 14; WLEX, n=14.

restriction—induced weight loss, with and without an adjunct exer-
cise program, on insulin resistance and cardiorespiratory fitness,
2 of the primary factors involved in morbidity and mortality risk
(17,18). We compared the efficacy of weight loss with or without
exercise on insulin sensitivity, cardiorespiratory fitness, physical
function, and body composition in obese older adults either with
or at risk for developing type 2 diabetes. Our primary findings
strongly support the important role for exercise to improve skel-
etal muscle insulin resistance and cardiorespiratory fitness and to
prevent unwanted loss of lean tissue and muscular strength with
intentional weight loss.

This is the first randomized controlled trial to investigate the
effects of weight loss with or without exercise on skeletal muscle
insulin sensitivity, exclusively in obese older adults. Our findings sug-
gest that weight loss via calorie restriction alone is insufficient to
significantly improve skeletal muscle insulin sensitivity and requires
the addition of exercise to incur benefit, which was also true for
clinical measures of insulin resistance including HbA1C and fasting
insulin. The use of a stable isotope tracer technique in our study al-
lows for the assessment of skeletal muscle insulin sensitivity directly,
after accounting for hepatic endogenous glucose production. This is
an important advance over prior studies given that skeletal muscle is
responsible for the majority of postprandial insulin-stimulated glu-
cose disposal and plays a critical role in the pathogenesis of type 2
diabetes in older adults (19). Although it is tempting to conclude that
exercise-specific effects on skeletal muscle insulin sensitivity occur
independent of weight loss, we should consider the important caveat
that the WLEX group lost more weight than the WL only group,
and after controlling for weight loss, there were no longer between-
group differences. Studies in middle-aged adults that matched diet
and exercise interventions for weight loss observed no differences in
insulin sensitivity outcomes by clinical, OGTT, and clamp-derived
measures (20-25). Limited evidence in older (>50 years of age) obese
adults also showed similar improvements in whole-body insulin
sensitivity (insulin and glucose AUC) measured indirectly (OGTT)
following weight loss induced by diet, exercise, or the combination
(8,20). Although the additional benefit of exercise in our study may
be an extension of greater caloric deficit, it is possible that exercise
has specific salutary effects on mitochondria that weight loss alone
does not (22,25). Toledo et al. randomized obese adults to a diet and
diet plus exercise group matched for calorie deficit and found that
exercise was required for improvements in mitochondrial capacity,
despite similar between-group increases in insulin sensitivity (25).
Taken together, our findings suggest that exercise provides benefit
by either increasing caloric deficit and/or exerting separate effects on
skeletal muscle mitochondria. A larger trial is required to discern in-
dependent effects of exercise beyond weight loss in groups matched
for energy balance. Regardless, our study shows that the addition of
exercise to calorie restriction-induced weight loss promotes greater
weight loss and improves skeletal muscle insulin sensitivity.

Our study indicates that calorie restriction-induced weight loss
may exacerbate sarcopenia by simultaneously reducing lean mass
and muscle strength. The addition of moderate aerobic and resist-
ance exercise preserved lean mass and maintained muscle strength in
the face of weight loss. Loss of muscle mass and strength in addition
to increased adiposity leads to reduced functional independence,
higher incidence of illness, and increased mortality in older adults
(26-28). Furthermore, aging is associated with a decline in cardio-
respiratory fitness, an important predictor of all-cause and cardio-
vascular mortality (2,18). We found that calorie restriction alone did
not improve physical fitness and that exercise was required to elicit
this change, which is consistent with others (9). Furthermore, find-
ings in patients with type 2 diabetes who were assigned to an inten-
sive lifestyle intervention including both physical activity and calorie
restriction or a diabetes support group revealed that both weight
loss and improved fitness mediated the reduced risk of mobility loss
in the lifestyle intervention group (29). Contrary to others (9,30),
we did not observe improvements in physical function measures fol-
lowing exercise; however, inclusion criteria and participants’ higher
baseline physical function scores in our study may explain this dis-
crepancy. For example, in work from Villareal et al., participants
had mild-moderate frailty, which was not an inclusion requirement
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Figure 3. Between-group changes (mean + SD) in cardiorespiratory fitness
(VOzpeak) and muscle strength (peak torque). (A) Pre- and post-values ofVOzpeak
(I/min) by group; *WLEX significantly different than WL at p < .05 (ANCOVA
for change in VO, followed by pairwise comparisons). (B) Relative (%)
change inVOzpeak by group. (C) Pre- and post-values of peak torque (measured
at 120 degree/s) by group; 'WL significantly different than HEC at p < .05
(ANCOVA for change in peak torque followed by pairwise comparisons). (D)
Relative (%) change in peak torque by group.

for our study. Taken together, our findings prompt important con-
siderations for promoting weight loss alone in obese older adults
and suggest that exercise should be a vital component of weight loss
interventions for older obese adults to preserve and/or improve fit-
ness, muscle strength, and physical function, all factors important
for maintaining functional independence and reducing risk for mor-
bidity and mortality (31).

We investigated the effects of weight loss and exercise on ectopic
fat as a potential link to improved insulin sensitivity and physical
function. Aging is characterized by the redistribution of AT from the
periphery to ectopic fat depots including the abdomen, liver, and skel-
etal muscle (32). Higher levels of ectopic fat storage are associated
with a host of physiological and functional consequences including
insulin resistance (33), reduced skeletal muscle quality (34), and mo-
bility limitations (35). With few exceptions (36), prior findings in
middle-aged adults suggest that there is no additional benefit of exer-
cise beyond weight loss for reducing abdominal or intermuscular AT
depots (12,37,38). Although we observed that only WLEX signifi-
cantly reduced abdominal subcutaneous, visceral, and intermuscular
AT compared with controls, after adjusting for weight change, there
were no longer significant between-group differences. However, the
proportion of leg muscle composed of intermuscular AT decreased
more with exercise, independent of weight change. Intermuscular AT
in particular is associated with impaired skeletal muscle quality and
function, such that increases with aging impairs contractility and en-
hances lipotoxicity, which could lead to mitochondrial dysfunction,
insulin resistance, and mobility disability (39,40). Our finding that
the relative proportion of intermuscular AT in muscle was reduced
with combined weight loss and exercise underscores the importance
of exercise training for attenuating age-associated muscle quality
and mobility deficits.

There are limitations in our study that should be considered. The
MRI-derived body composition measures were performed in a subset
of participants; thus, the sample size may be inadequate to assess

intervention differences between WL and WLEX. Our novel finding
that exercise independently reduces the proportion of intermuscular
AT in obese older adults warrants further investigation and con-
firmation. The 1-step hyperinsulinemic—euglycemic clamp protocol
employed a high physiological insulin dose (40 mU/m?min), which
may abrogate our ability to assess liver and AT insulin sensitivity.
Interestingly, even at this high insulin dose, endogenous glucose
production was not completely suppressed in all subjects and sub-
stantial individual variability was present. This emphasizes the im-
portance of utilizing tracer methodology to confirm the source of
measured glucose and appropriately assess skeletal muscle insulin
sensitivity. Finally, our participants differed in both type 2 diabetes
status and medication use. Although adjusting for incidence of type
2 diabetes did not change our overall findings, possible intervention—
interaction effects might have influenced participant responses to the
intervention (41). Additionally, the absence of any change in select
cardiometabolic risk factors (eg, blood pressure and serum lipids)
may reflect prestudy medications.

In conclusion, calorie restriction—induced weight loss alone
caused modest improvements in insulin sensitivity and reduced lean
mass and muscle strength in older obese adults either with or at
high risk for type 2 diabetes. The addition of regular exercise, how-
ever, more robustly improved skeletal muscle insulin sensitivity and
cardiorespiratory fitness, maintained muscle mass and strength, and
reduced ectopic fat deposition, particularly intermuscular AT. These
data strongly suggest that exercise elicits important benefits for older
obese at-risk adults, many of which are not observed with calorie
restriction—induced weight loss alone. Regardless of whether the ob-
served changes are due to additional weight loss or exercise per se,
including regular exercise should be considered as a useful and man-
ageable adjunct to traditional weight loss therapies for older adults
with obesity to mitigate risk for chronic disease and maintain func-
tional independence and quality of life.
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