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Abstract

Although weight loss ameliorates many of the metabolic abnormalities associated with obesity,
there has been reluctance to prescribe weight loss in obese, older individuals because of the fear
that it will cause debilitating loss of muscle mass and impair physical function. To gain insight
into the mechanisms responsible for the weight loss-induced changes in muscle mass, we
measured the rate of muscle protein synthesis (by using stable isotope labeled tracer methodology)
during basal, post-absorptive conditions and during mixed meal ingestion in eight obese, older
adults: i) before weight loss therapy, ii) ~3 months after starting the weight loss intervention (i.e.,
during the active weight loss phase), when subjects had lost ~7% of their initial body weight and
iii) after they had lost ~10% of their body weight and maintained this new body weight for ~6
months (~12 months after starting the weight loss intervention). The basal muscle protein
fractional synthesis rate was not affected by weight loss. Mixed meal ingestion stimulated the rate
of muscle protein synthesis, and the anabolic response (i.e., increase in the protein synthesis rate
above basal values) was greater (P<0.05) during negative energy balance and active weight loss at
3 months (0.033 % 0.012 %:-h"1, mean = SEM) than during weight maintenance before and at 12
months of weight loss therapy (0.003 + 0.003 and 0.008 + 0.012 %:h™1, respectively). We
conclude that during dietary calorie restriction and weight loss in older adults, the rate of muscle
protein synthesis is not impaired. Thus, the loss of muscle mass must be mediated predominately
by adverse effects of dietary calorie restriction on muscle proteolysis.
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Introduction

The increasing prevalence of obesity in older adults is a major public health problem (1).
Not only does obesity cause serious metabolic abnormalities but it also worsens the age-
related decline in physical function that leads to frailty (2). Nevertheless, there has been
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reluctance to prescribe weight loss in obese older individuals because of the fear that it will
cause further loss of muscle mass (3). To help design treatment strategies to counteract the

weight loss-induced changes in muscle mass, it is necessary to understand the mechanisms

responsible for the loss of muscle mass that accompanies the loss of fat mass during dietary
energy restriction.

The results from studies in obese rats indicate that both muscle protein synthesis and
breakdown are depressed during dietary calorie restriction and muscle loss occurs because
protein synthesis is depressed to a greater extent than protein breakdown (4-6). As far as we
know, only one study has examined the effect of diet-induced weight loss on muscle protein
synthesis in obese human subjects. In contrast to results from the rodent studies, it was
reported that 11-weeks of dietary energy restriction /ncreasedthe rate of muscle protein
synthesis (7). Thus, increased muscle protein breakdown must have caused the loss of
muscle mass. It is possible, but not known, that the difference in results is due to the fact
that, unlike the rodents, the obese human subjects were studied during a short weight
maintenance period at their reduced body mass rather than during calorie restriction
(negative energy balance).

The purpose of our study therefore was to examine both the effect of negative energy
balance during dietary energy restriction and consequent weight loss as well as the effect of
energy balance at the reduced body weight on the rate of muscle protein synthesis in obese
older adults. To this end, subjects were studied: i) before undergoing weight loss therapy, ii)
after ~3 months of dietary energy restriction, after subjects have lost ~7% of their body
weight and were continuing to lose weight, and iii) after subjects have lost ~10% of their
body weight (which required ~ 3 additional months of calorie restriction) and have
maintained their new weight for ~6 months (i.e., ~12 months after the initiation of weight
loss therapy). We measured the rate of muscle protein synthesis both during basal, post-
absorptive conditions and during mixed meal intake.

Methods and Procedures

Subjects

We studied eight obese men (n = 3) and women (n = 5) between the ages of 65 and 80 y
(mean age: 69 + 2 'y, mean + SEM). All subjects were sedentary (i.e., did not participate in
regular exercise for more than 30 min, more than twice a week) and weight-stable (i.e., no
more than + 2 kg change in body weight during the past year). None of the subjects reported
excessive alcohol intake or smoked. All participants were considered to be in good health
after completion of a comprehensive medical evaluation which included a medical history
and physical examination, standard blood and urine tests, and a graded treadmill exercise
stress test. None had severe cardiopulmonary disease, neuromuscular impairments, sensory
or cognitive deficits, cancer diagnosis within the last 5 years, or had used corticosteroids, or
androgen- or estrogen-containing or mimicking compounds within the last year. Subjects
who were treated for hypertension and/or hypercholesterolemia had been on a stable drug
regimen for at least six months before beginning the study. Written informed consent was
obtained from each subject before participation in the study, which was approved by the
Human Studies Committee at Washington University School of Medicine in St. Louis, MO.

Experimental protocol

Each subject was scheduled to undergo body composition analyses and muscle protein
synthesis rate measurements on three occasions: i) at the beginning of the trial (~1-3 weeks
before starting the weight loss therapy), ii) ~3 months after starting the weight loss therapy
(i.e., during the active weight loss phase), and iii) after they have lost ~10% of their initial
body weight and maintained their new body weight for ~6 months (~12 months after
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starting the weight loss therapy). Two of the eight subjects (1 man and 1 woman) were lost
to follow-up for the third protein metabolism study (i.e., weight maintenance phase at 12-
months after initiation of the weight loss therapy). Since the results at the 3 month time point
were not different irrespective of whether we used n = 6 or n = 8, we decided to present only
the data obtained in 6 subjects for all three time points (before, during and after weight loss)
in the paper and the data obtained in all 8 subjects before and after 3 months of weight loss
in an online supplement.

Body composition analysis—Total body mass, total and trunk fat masses (FM), total
fat free mass (FFM) and appendicular lean mass were determined by using DXA (Hologic
Delphi 4500/w, Waltham, MA) as previously described (8, 9).

Muscle protein synthesis rate measurements—Subjects were admitted to the
Clinical Research Unit on the evening before each protein metabolism study after being
instructed to refrain from vigorous exercise or other strenuous activities for at least three
days. At 2000 h, they consumed a standard meal providing 12 kcal per kg body mass (55%
of the total meal energy as carbohydrates, 30% as fat, and 15% as protein) and then rested in
bed and fasted (except for water) until completion of the protein metabolism study the next
day. At ~0600 h on the following morning, a cannula was inserted into an antecubital vein
for the infusion of a stable isotope labeled leucine tracer (purchased from Cambridge Isotope
Laboratories Inc, Andover, MA); another cannula was inserted into a vein of the
contralateral hand for blood sampling. At ~0800 h, a muscle tissue sample from the
quadriceps femoris was obtained to determine the background leucine tracer-to-tracee ratio
(TTR) in muscle tissue fluid and muscle protein. Muscle tissue was obtained under local
anesthesia (lidocaine, 2%) by using a Tilley-Henkel forceps. Immediately afterward, a
primed, constant infusion of [5,5,5-2H3] L-leucine (priming dose: 4.8 wmol-kg body wt2,
infusion rate: 0.08 wmol-kg body wt-1-min-1) was started and maintained until completion of
the study ~6 h later. At 210 min after the start of the leucine tracer infusion, a second muscle
biopsy was obtained to determine the basal rate of muscle protein synthesis (as incorporation
of [5,5,5-2Hs]leucine into muscle protein) as previously described (10, 11). Immediately
after the second biopsy, a liquid meal (Ensure®, Abbott Laboratories, Abbott Park, IL,
USA, containing 15% of energy as protein, 55% as carbohydrate and 30% as fat) was given
intermittently in small boluses every 10 minutes for 150 min so that every subject received a
priming dose of 23 mg protein-kg FFM-1 and 70 mg protein-kg FFM-1.h-1 during the 2.5 h
feeding period (~10-15 g of protein in total). At the onset of feeding, the infusion rate of
labeled leucine was increased to 0.12 pmol-kg body wt1-min-1 to adjust for the increased
plasma leucine availability. A third muscle biopsy was obtained at 360 min (i.e., 150 min
after the first meal aliquot) to determine the muscle protein synthesis response to feeding.
The second and third biopsies were obtained from the leg contralateral to that biopsied
initially - through the same incision, but with the forceps directed in proximal and distal
directions, so that the two biopsies were collected ~5-10 cm apart. Blood samples (4 ml
each) were obtained at baseline, before beginning the isotope infusion, and then every 30
min during the entire study period to determine leucine, glucose and insulin concentrations
and the a—ketoisocaproic acid (KIC) enrichment in plasma. One milliliter of blood was
collected in pre-chilled tubes containing heparin, plasma was separated immediately by
centrifugation and plasma glucose concentration was measured; the remaining blood was
collected in pre-chilled tubes containing EDTA, plasma was separated by centrifugation
within 30 min of collection and then stored at -80°C until final analyses were performed.
Muscle tissue was rinsed in ice-cold saline immediately after collection, cleared off all
visible fat and connective tissue, and then frozen in liquid nitrogen and later transferred to a
-80°C freezer for storage until final analyses were performed.
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Sample processing and analyses: Plasma glucose concentration was determined on an
automated glucose analyzer (Yellow Spring Instruments, Yellow Springs, OH). Plasma
insulin concentration was determined by radioimmunoassay (Linco Research, St. Louis,
MO). Plasma leucine concentration, plasma a-KIC tracer-to-tracee ratio (TTR), and the
leucine TTR in muscle proteins and muscle tissue fluid were determined by using gas-
chromatography/mass-spectrometry (GC-MS; MSD 5973 System, Hewlett-Packard) and
standards of known isotope enrichment (10-13). Briefly, a known amount of norleucine was
added to the plasma, proteins were precipitated, and the supernatant, containing free amino
and keto acids, was collected to prepare the +butyldimethylsilyl (¢BDMS) and O-+
butyldimethylsilyl quinoxalinols derivatives of leucine and a-KIC, respectively. Muscle
samples (~20 mg) were homogenized in 1 ml trichloroacetic acid solution (3% wi/v),
proteins were precipitated by centrifugation, and the supernatant, containing free amino
acids, was collected. The pellet containing muscle proteins was washed and then hydrolyzed
in 6 N HCI at 110 °C for 24 h. Amino acids in the protein hydrolysate and supernatant
samples were purified on cation-exchange columns (Dowex 50W-X8-200, Bio-Rad
Laboratories, Richmond, CA) to prepare the #BDMS derivative of leucine.

Calculations: Leucine rate of appearance (Ra) in plasma was calculated by dividing the rate
of [5,5,5-2Hg]leucine infusion by the average plasma a-KIC TTR during basal,
postabsorptive conditions (60 — 240 min) and feeding (270 — 360 min). Leucine Ra during
basal, postabsorptive conditions represents the rate of leucine release into plasma from
proteolysis; during feeding, leucine Ra represents the sum of the rate of leucine release into
plasma from proteolysis plus the rate of transfer of absorbed leucine from the meal into the
systemic circulation. The mixed muscle protein fractional synthesis rate (FSR) during basal
conditions and mixed meal consumption was calculated based on the incorporation rate of
[5,5,5-2H3]leucine into muscle proteins by using a standard precursor-product model as
follows: FSR = AEp/Ejc x 1/t x 100; where AEj, is the change in enrichment (TTR) of
protein-bound leucine in two subsequent biopsies (i.e., the first and second and the second
and third, respectively), E;j. is the enrichment of the leucine precursor pool (i.e., leucine in
muscle tissue fluid of the second [end of basal period] and third [end of feeding] biopsies,
respectively), and t is the time between biopsies (14). We also calculated muscle protein
FSR values by using the plasma a-KIC TTR as the enrichment of the precursor pool and
this did not affect the results from our study. Therefore, we chose to not present these
values. The homeostatic model assessment of insulin resistance (HOMA-IR) score was
calculated as 1/22.5 x [plasma glucose concentration (in mg/dl) x plasma insulin
concentration (in wU/mL) during basal, post-absorptive conditions] (15).

Supervised weight loss program

After completion of the initial body composition and muscle protein synthesis rate
assessments, subjects underwent a supervised weight loss program and received instructions
for an energy-reduced diet and behavior therapy. The goal was to achieve 10% weight loss
at 6 months and to maintain the new body weight for an additional 6 months. To achieve this
goal, subjects were prescribed a balanced diet (according to the recommendations by the
American Heart Association) to provide an energy deficit of 500-750 kcal/day and 1.0 g of
protein per kg body weight per day (2). They met weekly as a group with a study dietician to
monitor body weight, discuss standard behavioral strategies (problem-solving skills,
identification of high-risk situations, and relapse prevention training) aimed at modifying
eating habits, to review food diaries, and to adjust their caloric intake to achieve their weight
loss target of ~10% body mass loss within 6 months. After subjects achieved the targeted
10% weight loss, they were prescribed a balanced weight maintenance diet, containing 1.0 g
protein per kg body weight per day and continued to meet with the dietician every other
week to monitor body weight and ensure weight maintenance. Body weight changes in
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response to the prescribed energy intakes and targeted weight loss therapy are shown in
Figure 1.

Statistical analysis

Results

All data sets were tested for normality and the changes over time in body composition,
whole-body leucine Ra, and HOMA-IR were evaluated by using one-way repeated measures
analysis of variance (ANOVA), followed by Tukey's post-hoc procedure. Two-way repeated
measures ANOVA and Tukey's post-hoc procedure were used to evaluate changes over time
in plasma glucose, insulin, and leucine concentrations, and the mixed muscle protein FSR
during basal, post-absorptive and fed conditions. All values are reported as mean + SEM.

Body weight, body composition and HOMA-IR (Figure 1, Table 1 and Supplemental Table

1)

Subjects progressively reduced their body weight during the first 6 months of weight loss
therapy and then maintained their newly reduced body weight for an additional 6 months.
After 3 months, they lost an average of ~7% of their initial body weight; by 6 months, they
had further reduced their body weight to ~90 % of their initial weight. The loss of total body
mass included significant decreases in total body and trunk FM, FFM, and appendicular lean
mass. The HOMA-IR score decreased by ~24% after 3 months of weight loss therapy and
then remained unchanged until the end of the study at 12 months.

Plasma glucose, insulin and leucine concentrations during basal, post-absorptive
conditions and feeding

Plasma glucose concentration was not different before and after weight loss, neither during
basal, post-absorptive conditions nor during feeding, which increased plasma glucose
concentration by ~1.5 mM above basal values before, during, and after weight loss therapy
(Table 2 and Supplemental Table 2). For plasma insulin concentration (Table 2 and
Supplemental Table 2), ANOVA revealed significant main effects of time and feeding (all P
< 0.05); i.e., plasma insulin concentrations were greater in the fed state and less during/after
than before weight loss. Post-hoc analysis indicated that both the plasma insulin
concentrations at 3 months and 12 months were ~20-30% lower (P < 0.05) compared with
the corresponding baseline (before weight loss) values. Plasma leucine concentration was
not different before and after weight loss, neither during basal, post-absorptive conditions
nor during feeding, which increased plasma leucine concentration by ~20 M above basal
values (Table 2 and Supplemental Table 2).

Plasma a-KIC and muscle free leucine enrichments, whole-body leucine Ra and muscle
protein synthesis rate during basal, post-absorptive conditions and feeding

Plasma a-KIC enrichments were steady between 60 min and 210 min during the basal state
and changed minimally (<15 %) between 240 min and 360 min during feeding (Table 2 and
Supplemental Table 2). Average a-KIC enrichments were not different before and after 3
months of weight loss therapy but were ~20% lower (P < 0.05) at 12 months (i.e., during
weight maintenance at the reduced body weight). Accordingly, the muscle free leucine
labeling was not different before and after 3 months of weight loss therapy but was ~20%
lower (P < 0.05) at 12 months (muscle free leucine TTR in the 2" and 3'd biopsies at 0, 3,
and 12 months: 0.0511 + 0.0061 and 0.0741 + 0.0033; 0.0485 + 0.0057 and 0.0716 +
0.0060; 0.0407 + 0.0044 and 0.0639 + 0.0028).

Total whole-body leucine Ra (expressed in wmol-min-1) was ~8% lower after 3 months of
weight loss therapy (active weight loss phase), both during basal, postabsorptive conditions
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and mixed meal feeding; this difference was significant with n = 8 ( Supplemental Table 3)
whereas it did not reach statistical significance with n = 6 (Table 3). Whole-body leucine Ra
relative to FFM or body mass was not different, neither during basal, postabsorptive
conditions nor during mixed meal feeding (Table 3 and Supplemental Table 3). At 12
months, during maintenance of the new reduced body weight, whole body leucine Ra was
~15% greater than before weight loss, both during basal, postabsorptive conditions and
during mixed meal consumption, irrespective of whether it was expressed as total Ra or
relative to FFM or body mass (Table 3).

The basal muscle protein FSR was not affected by weight loss (Figure 2 and Supplemental
Figure 1). Mixed meal ingestion stimulated the rate of muscle protein synthesis (main effect
of feeding, P < 0.05) and the anabolic response (i.e., increase in the protein synthesis rate
above basal values) was greater (P<0.05) during negative energy balance and active weight
loss at 3 months (0.033 + 0.012 %-h"1) than before weight loss and during weight
maintenance of the reduced body weight at 12 months (0.003 £+ 0.003 and 0.008 £+ 0.012
%:h1, respectively).

Discussion

Dietary calorie restriction to induce weight loss is the cornerstone of treatment to improve
health in obese persons because it increases insulin sensitivity and reduces cardiovascular
risk (16, 17). One of the “side-effects” of calorie restriction, however, is loss of muscle
mass. The calorie restriction-induced loss of muscle mass has minimal clinical implications
in young obese individuals but it is feared that it may impair physical function and increase
the risk of becoming frail in older obese adults because it accelerates the normal age-
associated loss of muscle mass and function (3, 18). A better understanding of the
mechanisms responsible for the loss of muscle mass during calorie restriction is therefore
necessary to devise adequate treatment strategies to overcome this problem. Our results
suggest that the root cause for loss of muscle mass during dietary calorie restriction and
weight loss lies in accelerated muscle protein breakdown, which results in net negative
muscle protein balance, because muscle protein synthesis is either not affected or even
increased (i.e., in the fed state during the acute weight loss phase).

These findings are in general agreement with the results obtained in postmenopausal women
who underwent weight loss therapy (7), which as far as we can tell is the only other study to
date on human subjects to have examined this. However, they contrast those obtained from
studies on obese rats in which muscle protein synthesis is depressed during dietary calorie
restriction (4-6). The reason(s) for the discrepancy is not clear but may be related to the fact
that calorie restriction in the rats was much more severe (i.e., starvation) than in the present
study and the study in postmenopausal women by Campbell et al. (7). Nevertheless, it
appears that ultimately the loss of muscle mass both in human subjects and rodents is due to
inappropriately high rates of proteolysis (relative to the rate of protein synthesis).

Another key finding in our study was that during a state of negative energy balance (acute
weight loss phase) but not during energy balance after significant (~10%) weight loss, the
anabolic response to feeding is increased. This suggests that muscle protein synthesis, in
particular the response to anabolic stimuli such as feeding, may be sensitive to changes in
the cells energy status and changes in energy balance can potentially overcome the age-
associated resistance to feeding (11, 19-21). We deliberately provided only a small meal and
an amount of protein (~10-15 g) that would sub-maximally stimulate the rate of muscle
protein synthesis (19, 22, 23) to avoid a potential “ceiling effect”. Thus, the anabolic effect
of the meal at the beginning of the study was very small and not statistically significant,
consistent with the small meal/amount of protein (~10-15 g) provided and anabolic
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resistance of muscle in older adults (11, 19-23). It is possible but unlikely that the improved
anabolic response to feeding in our study was related to the dietary calorie restriction-
induced improvement in insulin sensitivity because plasma glucose and insulin
concentrations during basal, postabsorptive conditions and feeding and the HOMA-IR score
were not different at the 3- and 12-month time points whereas the anabolic response to
feeding was improved only at the 3-month time point, when subjects were studied while
actively losing weight. Although, HOMA-IR values provide only a crude measure of whole-
body insulin sensitivity and it is possible that we may have missed subtle differences in
muscle insulin sensitivity.

There are several limitations that need to be considered when interpreting our results. First,
we did not include a control group and as such a potential placebo effect or changes in
muscle protein metabolism that may occur over time, independent of weight loss, are not
accounted for. However, we consider this an unlikely scenario because we (11) and others
(24) have shown that muscle protein metabolism in a placebo/no intervention control group
is steady over several weeks to months. Secondly, we did not measure the rate of muscle
protein breakdown and therefore can only speculate (on the basis of the observed changes in
muscle mass and the muscle protein synthesis rate) how calorie restriction affects it.
Consistent with earlier studies, we found that calorie restriction reduced total whole-body
leucine Ra (expressed as wmol-min-1 (25-27)), and the reduction in leucine Ra appeared to
be proportional to the loss of lean and total body mass. In contrast, maintenance of the
newly reduced body weight for several months was associated with an increase in leucine
flux, indicative of a greater whole-body proteolytic rate after than before weight loss.
However, whole-body leucine flux is not a robust surrogate measure for muscle proteolytic
activity because muscle protein breakdown contributes only ~25-30% to whole-body
leucine Ra (28).

In summary, dietary calorie restriction and weight loss in older adults have no adverse effect
on the muscle protein synthesis process; in fact, the anabolic response to feeding is
improved during the acute weight loss phase. We therefore conclude that the loss of muscle
mass must be mediated predominately by adverse effects of dietary calorie restriction and
weight loss on muscle proteolysis, which results in net negative muscle protein balance and
muscle loss. Furthermore, an increase in the anabolic response to nutritional stimuli during
negative energy balance limits the net loss of muscle protein. Therapies to reduce or prevent
the loss of muscle mass during dietary calorie restriction should probably focus on limiting
proteolysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Muscle protein metabolism studies
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Figure 1.

Body weight changes in response to the prescribed energy intakes and targeted weight loss
therapy (n = 8 during the first 6 months; n = 6 during the final 6 months). Values are means
+ SEM. Arrows on top indicate the time of the muscle protein metabolism studies (before
weight loss therapy, after ~3 months of weight loss therapy during the active weight loss
phase, and during weight maintenance at the reduced body weight at 12 months).
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Figure 2.

Skeletal muscle protein fractional synthesis rate (FSR) during basal, post-absorptive
conditions (white bars) and small bolus feeding of a liquid mixed meal (black bars) in obese
older adults before, during and after weight loss (n = 6). Values are means = SEM. *
ANOVA revealed a significant time by feeding interaction and Tukey's post-hoc analysis
indicated that this was due to the 3 month fed FSR value, which was significantly different

from all other values (P < 0.05).
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Table 1

Subject characteristics before and after weight loss.

Page 12

Before weight loss therapy

During and after weight loss therapy

3 months (active weight loss)

12 months (weight maintenance)

N (male, female)

Body mass index (kg/m?)
Body mass (kg)

Fat-free mass (kg)
Appendicular lean mass (kg)
Fat mass (kg)

Trunk fat mass (kg)

HOMA-IR score

6(2,4)
383+ 16

107.6+6.4
59.8+5.1
26.1+2.7
479+24
245+21

19+05

6(2,4)
355+13"
99.9+69"
57.0+52"
241424
429+29"
2114217

13+05%

6(2 4)
348+16"
97.7+77"
57.6+54"
242+26"
402+32"
202+237

13+04%

Values are means + SEM.

*
ANOVA revealed a significant main effect of time and Tukey's post-hoc analysis indicated that values marked with an asterisk are significantly
different from before weight loss (P < 0.05). HOMA-IR, homeostasis model assessment of insulin resistance.
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Table 3

Whole-body leucine rate of appearance (Ra) during basal, post-absorptive conditions and during mixed meal
consumption before, during and after weight loss therapy (n = 6).

Before weight loss therapy During and after weight loss therapy

3 months (active weight loss) 12 months (weight maintenance)

Basal state
}LmOl'min-l 124 + 14 110+ 15 137 +15 a
pmol-kg FFM-1.mint 2.07+0.12 1.92+0.11 2.38+0.06 9
wmol-kg BML.mint 1.15+£0.09 1.10+0.10 1.39+0.04 &0
Mixed meal feeding
pmol-min't 152+16 14315 170 20 &b
pwmol-kg FFM-1.mint 257+0.17 252+0.11 239 +0.08 &b
pwmol-kg BM-1.:min 142+0.11 1.43 +£0.09 1.72 +0.08 &b

Values are mean £ SEM. ANOVA revealed a significant main effect of time. Tukey's post-hoc analysis indicated the following differences:
a\/alue significantly different from corresponding value at 3 months (P < 0.05).

bVaIue significantly different from corresponding value before weight loss therapy (P < 0.05). BM: body mass; FFM: fat-free mass.
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