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Neuromuscular Electrical Stimulation Combined
with Protein Ingestion Preserves Thigh Muscle Mass

But Not Muscle Function in Healthy Older Adults
During 5 Days of Bed Rest
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Mark Supiano,3,4 Paul C. LaStayo,1 and Micah J. Drummond1,2

Abstract

Short-term bed rest in older adults is characterized by significant loss in leg lean mass and strength posing
significant health consequences. The purpose of this study was to determine in healthy older adults if the daily
combination of neuromuscular electrical stimulation and protein supplementation (NMES+PRO) would protect
muscle mass and function after 5 days of bed rest. Twenty healthy older adults (*70 years) were subjected to
5 days of continuous bed rest and were randomized into one of two groups: NMES+PRO (n = 10) or control
(CON) (n = 10). The NMES+PRO group received bilateral NMES to quadriceps (40 minutes/session, 3 · /day;
morning, afternoon, and evening) followed by an interventional protein supplement (17 g). The CON group
received an isocaloric equivalent beverage. Before and after bed rest, vastus lateralis biopsies occurred before
and after acute essential amino acid (EAA) ingestion for purposes of acutely stimulating mechanistic target of
rapamycin (mTORC1) signaling, a major regulator of muscle protein synthesis, in response to bed rest and
NMES+PRO. Baseline (pre and post bed rest) muscle samples were also used to assess myofiber characteristics
and gene expression of muscle atrophy markers. Thigh lean mass and muscle function were measured before
and after bed rest. Five days of bed rest reduced thigh lean mass, muscle function, myofiber cross-sectional area,
satellite cell content, blunted EAA-induced mTORC1 signaling, and increased myostatin and MAFbx mRNA
expression. Interestingly, NMES+PRO during bed rest maintained thigh lean mass, but not muscle function.
Thigh muscle preservation during bed rest with NMES+PRO may partly be explained by attenuation of
myostatin and MAFbx mRNA expression rather than restoration of nutrient-induced mTORC1 signaling. We
conclude that the combination of NMES and protein supplementation thrice a day may be an effective ther-
apeutic tool to use to preserve thigh muscle mass during periods of short-term hospitalization in older adults.
However this combined intervention was not effective to prevent the loss in muscle function.
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Introduction

The hallmark sign of disuse in older adults as a result
of hospitalization, injury, or illness is the rapid deteri-

oration of skeletal muscle mass and strength. Repeated cy-
cles of disuse-induced atrophy followed by incomplete
muscle recovery1,2 has been suggested to be a contributor to

the development of age-related sarcopenia.3,4 Therefore,
interventional strategies are needed to offset deficits in
muscle function with disuse in older adults, thereby halting
the cascade of deleterious physical and health consequences
associated with sarcopenia.

A primary mechanism of muscle atrophy during short-term
disuse (e.g., bed rest, limb immobilization, reduced activity)
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in healthy young and older adults is the reduced acute amino
acid stimulation of muscle protein synthesis5–7 regulated by
the mechanistic target of rapamycin (mTORC1) signaling
pathway.8,9 It is well known that muscle contraction and es-
sential amino acids (EAAs) are powerful anabolic stimuli to
activate mTORC1 signaling and fundamental to maintain
skeletal muscle mass and possibly strength.10 Therefore,
practical therapeutic strategies capitalizing on these core
principles of maintaining muscle mass and strength may be
effective in preserving muscle health in older adults during
short-term disuse periods in which ambulation may not be
feasible or possible such as hospitalization, the most common
form of muscle disuse in aging.

Leucine or the leucine metabolite, b-hydroxyl-b-
methylbutyrate, provided daily to middle age and older
adults for 10–14 days of bed rest has been shown to partially
preserve muscle mass and function.11,12 However, preven-
tative strategies to preserve muscle mass and function dur-
ing shorter periods of disuse (e.g., 5 days) akin to what
occurs during acute hospitalization,13 have been largely
unexplored in older adults especially during bed rest. In a
recent study, Dirks et al. found that a provision of protein
(*20 g) twice daily was not effective to limit leg muscle
atrophy in older adults during 5 days of cast immobiliza-
tion14 suggesting that more potent interventions are needed
during the early periods of disuse.

Neuromuscular electrical stimulation (NMES) has a long
history of being a safe and effective intervention to enhance
muscle size and strength during disuse and rehabilitation.15–

19 More recently, NMES has been used as an inpatient in-
tervention to offset muscle, strength, and physical function
associated with muscle deconditioning in critically ill pa-
tients.20–22 In healthy young adults, the positive effects of
NMES on muscle may occur by activation of mTORC1
signaling,23 stimulation of muscle protein synthesis,24 and/
or enhancement of protein synthesis before pre-sleep protein
feeding.25 In addition, NMES may attenuate molecular
regulators associated with muscle atrophy. For example,
Dirks et al. showed that daily NMES delivered twice daily
during 5 days of cast immobilization protected against

disuse-induced leg muscle losses, but not strength, and this
corresponded with the attenuation of mRNA markers of
muscle atrophy, namely myostatin and MAFbx.26 Un-
fortunately, practical and robust strategies to moderate
muscle loss and strength in older adults during short-term
bed rest (e.g., 5 days) have not been investigated.

The purpose of this study was to test if the combination of
daily NMES and protein supplementation would be a potent
two-pronged approach to preserve the loss of muscle and
strength in older adults confined to 5 days of bed rest. We
hypothesized that daily NMES and protein supplementa-
tion during 5 days of bed rest in older adults would pre-
serve lower extremity muscle mass and strength. Second,
we hypothesized that molecular readouts of muscle protein
synthesis (nutrient-induced mTORC1 signaling) and pro-
tein breakdown would relate to changes in muscle mass
and strength with and without NMES+PRO after 5 days of
bed rest.

Methods

Participants

Twenty healthy older adults (60–80 years; BMI <30 kg/
m2) (Table 1) were recruited from around the Salt Lake City
area utilizing radio advertisement and word of mouth. Par-
ticipants were excluded during screening if they had: un-
controlled hypertension, diabetes, HIV, hepatitis B and/or C,
hyper/hypothyroidism, cardiovascular, kidney, respiratory,
vascular and liver disease, history of DVT, neurological
disorders, recent cancer treatment (within 1 year of enroll-
ing), osteopenia, depression, and alcohol or other substance
abuse. Enrolled participants were modestly physically active
as defined as weekly walks, hikes, bike rides, and/or partici-
pation in approximately 2 sessions of aerobic or resistive-type
activities/week. All subjects read and signed the informed
consent form. The study took place at the University of Utah
(November 2014–May 2016) and was approved by the Uni-
versity of Utah Institutional Review Board, which is in
agreement with the Declaration of Helsinki. This study is
registered at www.clinicaltrials.org (NCT02566590).

Table 1. Participant Characteristics and Body Composition Before and After 5 Days

Bed Rest in CON and NMES+PRO Groups

CON NMES+PRO

PreBR PostBR D (%) PreBR PostBR D (%)

Age (years) 69.0 – 2.0 — — 70.0 – 2.0 — —
M/F 9/1 — — 8/2 — —
Activity level (steps/day) 6588 – 241 — — 6299 – 265 — —
Height (m) 1.75 – 0.02 — — 1.72 – 0.04 — —
Weight (kg) 77.3 – 2.7 76.3 – 2.7* -1.5 – 0.5 76.5 – 3.6 75.5 – 3.5* -1.3 – 0.4
BMI (kg/m2) 25.3 – 1.0 24.9 – 1.0* -1.4 – 0.4 25.7 – 0.8 25.4 – 0.8* -1.3 – 0.4
Lean mass (kg) 52.2 – 1.9 51.0 – 1.9* -2.3 – 0.7 49.9 – 2.9 49.1 – 2.9* -1.6 – 0.7
Trunk lean mass (kg) 26.4 – 1.1 25.6 – 1.1* -2.9 – 0.8 25.5 – 1.5 24.9 – 1.4* -2.3 – 1.1
Leg lean mass (kg) 16.8 – 0.6 16.2 – 0.5* -2.9 – 1.1 15.6 – 11.1 15.3 – 10.8 -1.8 – 1.0
Fat mass (kg) 22.3 – 2.0 22.4 – 2.1 0.6 – 0.8 23.9 – 1.1 23.7 – 1.1 -0.8 – 1.1
Leg MQ (Nm/kg) 11.7 – 0.3 10.1 – 0.2* -10.6 – 1.7 10.1 – 0.5 9.3 – 0.4* -14.2 – 1.9

Values are mean – SEM. Leg MQ was determined as the ratio of leg isometric strength (Nm) relative to thigh lean mass (kg). One subject
was unable to complete post bed rest strength tests; therefore leg strength and muscle quality were n = 9 for the NMES+PRO group.

*Different than respective PreBR ( p < 0.05).
BR, bed rest; MQ, muscle quality; NMES+PRO, neuromuscular electrical stimulation and protein supplementation.
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Experimental design

Enrolled participants were randomized (blocked and bal-
anced by sex) into one of two groups: neuromuscular electrical
stimulation in addition to protein supplementation (NME-
S+PRO) or control (CON) and underwent a 5-day bed rest
study (Fig. 1). Tissue composition (through dual energy X-ray
absorptiometry [DXA]) and muscle function (leg strength and
power) were determined before and immediately after bed rest.
Participants in the intervention group (NMES+PRO) received
40 minutes of NMES (3 · /day) followed by protein supple-
mentation. A nutrient anabolic sensitivity study was conducted
before and after bed rest in which thigh muscle biopsies were
sampled in the fasted condition (for purposes of measuring
fiber characteristics) and after ingestion of EAA for purposes of
capturing EAA induced muscle mTORC1 signaling.

Tissue composition and muscle and physical function

Lean mass (whole body and isolated thigh region), fat
mass, knee extensor isometric strength, and leg power oc-
curred within 1 week before bed rest and repeated the next
day following completion of the 5-day bed rest period.
However, to be consistent with our previous 5-day bed rest
study,8 lean mass (through DXA) was determined at day 4 of
bed rest. The DXA (Hologic) scan was measured in the
morning after an overnight fast and immediately before a 60-
minute supine rest period.27 DXA encompassed whole body
analysis and isolated thigh. The isolated thigh region was
defined as the end plate of the femur and top of the iliac crest.
Isometric strength was assessed with a maximal voluntary
isometric contraction effort developed by the knee extensors
(at a 60� knee angle) on a HUMAC NORM (CSMi) dyna-
mometer system. Both legs were assessed and averaged for
final analysis for DXA and strength testing. DXA measure-
ment and strength testing conditions were similar for all
participants before and after each of their bed rest periods.

Physical function was determined following the strength
and power tests using three tests: (1) distance covered in the

6-minute walk (6 MW) test, (2) timed up and go (TUG), and
(3) gait speed (GS). These performance tests were chosen to
represent mobility function and have been shown to be both
valid and reliable in older adults.28–30 The 6 MW test, a
measure of the distance the subject was able to walk without
running in 6 minutes, was recorded in meters.29 The TUG
test required participants to rise from a seated position, walk
out 3 m, turn around, and return to the seated position as
quickly and safely as possible. Self-selected GS (m/s) was
measured over a 10 m course. Individuals were instructed to
walk at a comfortable pace over a 10 m path and timed with
a stop watch. The TUG and GS were conducted three con-
secutive times, and the average was recorded.

Nutritional and physical activity assessment

Before bed rest, participants were given specific instruc-
tion to record food intake over 5 days (including 1 weekend
day). Caloric intake was later calculated using the Food
Processor Nutrition Analysis software and reported in Ta-
ble 2. At the same time, participants were provided a step
activity monitor (Orthocare Innovations) to measure daily
habitual physical activity (Table 1). Participants were given
a prepackaged dinner to consume the night before the bed
rest protocol. The meal consisted of a standard caloric and
macronutrient density based on the individuals’ body weight
as we have done previously for bed rest studies.8,9 All
participants reported eating the standardized meal.

5-day bed rest

Total caloric intake during bed rest was predetermined by
the research dietician using the Harris–Benedict equation
adjusted for no physical activity (physical activity level: 1.2).
Daily caloric intake was evenly distributed over three meals
(at hours 0800, 1300, and 1800) and composed of a macro-
nutrient distribution of 15% protein, 55% carbohydrate, and
30% fat (Table 2). Participants were also provided water or
noncaloric flavored beverages ad libitum throughout the

FIG. 1. Experimental design. Participants underwent 5 days of bed rest and were randomized into a CON or NMES+PRO
group. The NMES+PRO treatment group was given NMES and a protein supplement thrice a day (morning, afternoon, and
evening) for a total of 12 sessions. The first NMES+PRO treatment session was provided immediately after the first acute nutrient
study experiment. Muscle strength and power were measured before and after bed rest. Tissue composition using DXA scan was
determined before and at day 4 of bed rest. CON, control; DXA, dual energy X-ray absorptiometry; NMES+PRO, neuromuscular
electrical stimulation and protein supplementation.
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5 days of bed rest. All enrolled participants took part in a
short-term (5 days) supervised bed rest study at the University
of Utah Center for Clinical and Translational Science (CCTS)
using an identical protocol and safety guidelines as we have
described previously.8 The bed rest protocol was designed so
that the participants spent a majority of their time in bed for 5
straight days and consistent with other recent bed rest studies,
including studies conducted in our laboratory.8,9,31–35 We did
not incorporate a head-down tilt approach as this study was
not designed to simulate microgravity, but instead was used as
a model to study acute periods of whole body disuse and
nonweight bearing typically as a result of hospitalization.
Specifically, during bed rest, the participant was allowed to
adjust the hospital bed head height for reading, eating,
browsing the internet, and watching television, but otherwise
spent a majority of their time in bed with the bed flat for
sleeping and napping. Bathing and hygiene activities were
performed at the sink in a wheel chair. Participants also ac-
cessed the bathroom using a wheel chair assisted by nursing
staff. Adherence to bed rest was monitored by nursing staff
24 hours a day. As part of standard of care for hospitalized
patients, participants were treated with intermittent serial
compression devices and were required to wear compression
stockings on their lower limbs. In addition, participants were
provided with daily (1 · /day; 20 minutes/visit) passive range
of motion (by a physical therapist or physical therapy student)
to the major lower extremity joints.

Acute nutrient muscle anabolic sensitivity experiment

After an overnight fast (10 hour fast), a muscle biopsy
was sampled from the vastus lateralis using a modified
Bergstrom needle approach with manual suction36 after
application of 1% lidocaine (Fig. 1). Afterward, participants
consumed an EAA drink (2.4 g leucine, 1.6 g histidine, 1.0 g
isoleucine, 3.1 g lysine, 0.8 g methionine, 1.0 g phenylala-
nine, 1.2 g threonine, and 1.5 g valine) mixed in a low-
calorie flavored water (5 kcal; Crystal Light). An additional
muscle biopsy was sampled at 45 and 90 minutes after EAA
ingestion. The second and third muscle biopsies were taken
from a separate incision (*7 cm from first incision) on the
same leg. The biopsy needle for the second and third bi-

opsies was angled such that the biopsies were sampled
*5 cm from each other.

The follow-up nutrient anabolic sensitivity experiment
was repeated after bed rest (day 5) under identical cir-
cumstances as the experiment on day 1 except muscle bi-
opsies occurred on the opposite leg. Muscle tissue used for
western and RNA analysis was immediately washed with
cold saline and dissected of visible nonmuscle tissue, flash-
frozen in liquid nitrogen, and stored at -80�C for later
analysis. For histochemical analysis, a portion of the baseline
muscle biopsy (not washed with saline) was carefully
mounted on cork in OCT then frozen in liquid nitrogen
cooled in isopentane. Samples were placed in dry ice then
transported to a -80�C freezer for later sectioning and im-
munofluorescence.

Daily inpatient intervention

The NMES+PRO group underwent a dual contraction and
nutrition intervention thrice a day (after each meal at 10AM,
2PM, and 7PM) on days 1–4 of bed rest for a total of 12
sessions. However, two subjects at the initiation of the study
received NMES+PRO twice a day during bed rest, but no
difference was found between these two subjects and the
remaining subjects in this group so we pooled them together.

For the NMES protocol, neoprene sleeves were tightly
wrapped around each thigh of the participant, while a towel
roll was placed under the knees to set the knee angle at
*30�. Three large (7.6 · 12.7 cm) self-adhesive surface
electrodes, assisted by a trained nurse or investigator, were
embedded on the sleeve and carefully placed on the vastus
lateralis, vastus medialis, and rectus femoris of both legs.

The NMES protocol (EMPI Phoenix biphasic rectangular
waveform stimulator) began with a 2 minute warm-up (6 Hz,
300 microseconds) in which the muscle twitched comfort-
ably but did not contract. Immediately after, the protocol
moved to the ‘‘work phase’’ for 20 minutes (75 Hz, 300
microseconds). The work phase consisted of an intermittent
contraction (4 seconds) and rest period (10 seconds). The
work phase was followed by a 3-minute cool down phase
(3 Hz, 300 microseconds). The NMES protocol was repeated
twice in a row for a total work phase time per session of 40

Table 2. Caloric and Macronutrient Intake Before (Habitual) and During Bed Rest

CON NMES+PRO

Habitual diet Bed rest diet Habitual diet Bed rest diet

Calories (kcal) 2619 – 75.2 1631 – 19.7 2500 – 83.9 1707 – 28.4
Fat (% of energy) 37 – 0.6 36 – 0.3 31 – 0.3 31 – 0.1
CHO (% of energy) 49 – 0.6 53 – 0.5 57 – 0.5 56 – 0.1
Protein (% of energy) 16 – 0.3 14 – 0.3 16 – 0.2 16 – 0.1
Fat (g) 107 – 2.2 57 – 0.5* 100 – 3.1 58 – 1.0*
CHO (g) 327 – 13.2 232 – 1.7* 331 – 12.8 236 – 4.1*
Protein (g) 104 – 2.8 65 – 0.5* 85 – 2.7 66 – 1.1*
Protein breakfast (g) 25 – 0.8 24 – 0.3 13 – 0.7# 23 – 0.5*
Protein lunch (g) 62 – 3.2 24 – 0.2* 32 – 1.3# 23 – 0.3*
Protein dinner (g) 77 – 0.8 23 – 0.1* 40 – 1.6# 25 – 0.4*

Data are mean – SE.
*Different than habitual diet.
#Different than CON.
CHO, carbohydrate.
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minutes. The intensity of the stimulus during the work phase
was gaged by the investigators or CCTS nursing staff and
defined as a visual muscle contraction yet set at a maximal
intensity that the participant was able to tolerate. To be
pragmatic with a goal of implementing NMES with hospi-
talized patients and for the participant to tolerate a higher
NMES intensity with minimal discomfort,37 the participant
was instructed to isometrically contract their quadriceps
during each contraction phase since evidence suggests that
NMES intensity is correlated with strength gains.38 To
maintain the intensity level of the stimulus with each ses-
sion, the participant was encouraged to manually increase
the intensity during and with each subsequent session to the
highest tolerable level. This NMES protocol was modified
based upon previous NMES protocols used to acutely
stimulate muscle protein synthesis rates in older type 2 di-
abetic patients,24 preserve muscle mass in young healthy26

and intensive care patients,20–22 and increase strength in
older adults recovering from total knee replacement.18,19

Daily leucine-enriched whey protein supplementation
(PRO) (BCAA PepForm; Glanbia Nutritionals) was pro-
vided thrice a day to the NMES+PRO group. The whey
protein beverage/serving (80 kcal, 1 g fat, 3 g carbohydrate
[CHO], 1 mg iron, and 160 mg sodium) was made up of 17 g
of protein and enriched in leucine (4.5 g Leu). The protein
supplement was dissolved in water by CCTS staff and in-
gested by the participant within 1 hour following each
NMES session. To account for extra calories consumed by
the NMES+PRO group, the CON group also received a
beverage mixed in water thrice a day consumed at the same
time of day and was similar in calories (80 kcal, <1 g fat,
19 g CHO, <1 g protein, 1 mg iron, 40 mg sodium) as the
whey protein supplement, but nearly absent of protein. CON
group did not receive the NMES intervention.

Immunohistochemistry

Skeletal muscle satellite cell content was quantified using
traditional immunohistochemical methods adapted from
Arentson-Lantz et al.39 Only n = 9 was used in each group
due to methodological and tissue constraints. Day 1: Slides
were fixed in 4% paraformaldehyde for 7 minutes then
subsequently underwent epitope retrieval protocol using
sodium citrate (10 mM, pH 6.5) at 92�C. Slides were washed
in phosphate-buffered saline (PBS) and incubated overnight
at 4�C in primary antibodies directed against myosin heavy
chain 1 (BA.D5C, 1:75; Developmental Studies Hybridoma
Bank) and laminin (No. L9393, 1:200; Sigma-Aldrich). Day
2: Following a wash in PBS, endogenous peroxidase activity
was blocked with a 7-minute wash in 3% H2O2. Slides were
then washed in PBS and incubated for 1 hour with appro-
priate secondary antibodies (MyHC I: goat anti-mouse
IgG2b, Alexa Fluor 647, 1:250, Invitrogen A21242; Lami-
nin: Goat anti-rabbit IgG1, Alexa Fluor 555, 1:500, In-
vitrogen A21429). Next, slides were washed in PBS and
subsequently blocked in 2.5% normal horse serum (NHS)
(Vector, S-2012) for 1 hour at room temperature, followed
by an overnight incubation (4�C) with Pax7 primary anti-
body (Pax7-concentrate, 1:100; Developmental Studies
Hybridoma Bank). Day 3: Slides were then incubated for
1 hour at room temperature in goat anti-mouse biotinylated
secondary antibody (Cat No. 115-065205, 1:1000 in 2.5%

NHS; Jackson Immuno Research). Utilizing a Tyramide
Signal Amplification (TSA) Kit (T20932; Life Technolo-
gies), slides were incubated for 1 hour in streptavidin-
horseradish peroxidase (1:100) and then for 20 minutes in
AF488 tyramide (1:200). Finally, slides were counterstained
with DAPI (No. D35471, 1:10,000; Invitrogen), washed in
PBS, and mounted with fluorescent mounting media (H-
1000, Vector).

Slides were analyzed using an upright fluorescent mi-
croscope (Nikon Eclipse Ti-E inverted microscope equipped
with an automated stage). Images were captured at
20 · magnification and subsequently merged to seamlessly
visualize the cross section in its entirety. Objects that were
Pax7+/DAPI+ within a laminin border were counted as
satellite cells. Myonuclei were assessed by counting objects
stained DAPI+ that were also under the laminin border.
Myonuclei were manually counted using ImageJ software to
determine the number of myonuclei per fiber. Objects that
were Pax7+/DAPI+ were not included in the myonuclear
count. Captured images in each filter block were overlaid
using NIS Elements software (Nikon). MyHC I, Pax7+/
DAPI+ cell counting was performed using ImageJ software
(U.S. National Institutes of Health), while myofiber cross-
sectional area (CSA) analysis was performed using
SMASH.40 For each image, the number of muscle fibers for
pure MHC type I (purple converted to blue in FUJI for
analysis in SMASH) and MHC II (negative stain) was
counted, and CSA for MHC type I and II fibers was mea-
sured. Approximately 350 – 140 fibers were analyzed for SC
counting/fiber-type distribution and *158 – 99 suitable
muscle fibers were included for myofiber CSA analysis.

Immunoblotting

Proteins related to the mTORC1 signaling pathway were
determined in fasted (0 minute) and EAA-stimulated (45
and 90 minutes) muscle biopsy samples using standard
western blotting procedures as we have done previously.8,31

Frozen muscle biopsy samples (*30 mg) were homoge-
nized 1:10 (w/v) using a glass tube and mechanically driven
pestle grinder in an ice-cold buffer containing 50 mM Tris
(pH 7.5), 250 mM mannitol, 40 mM NaF, 5 mM pyrophos-
phate, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100
with a protease inhibitor cocktail. Homogenates were
centrifuged for 10 minutes at 4�C. After centrifugation, the
upper phase (supernatant) was collected and the protein
concentration determined using a modified Bradford protein
assay and measured by a spectrophotometer (EPOCH;
BioTek). Proteins from the supernatant fraction were sepa-
rated by polyacrylamide gel electrophoresis (7.5% or 12%),
transferred onto a polyvinylidene difluoride membrane, and
incubated with primary and secondary antibodies directed
against the proteins of interest.

Chemiluminescence reagent (ECL Plus; Thermo Scien-
tific) was applied to each blot for 5 minutes. Membranes were
exposed on a ChemiDoc XRS (Bio-Rad) and quantified with
Image lab software (Bio-Rad). Membranes containing
phospho-detected proteins were stripped (25 mM glycine, pH
2.0, and 1% SDS) of primary and secondary antibodies then
reprobed for total protein. Pre and post bed rest samples from
a single subject (six samples in replicate) were loaded on a
single gel. We also included the same loading CON on each
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gel (loaded in duplicate) to correct for gel-to-gel variability.
In the case for phospho-specific proteins, data were normal-
ized to total protein levels of the target protein (i.e., S6K1
[Thr389]/total S6K1). REDD1 and REDD2 were normalized
to GAPDH. Figures are reported as fold change from baseline
levels (0 minute), and therefore, baseline was set to 1.

Antibodies

The specific antibodies (Cell Signaling Technologies),
diluted in 5% bovine serum albumin or 2% non-fat dry milk,
used to detect target proteins were: phospho-S6K1 (Thr389,
1:500; No. 9205), total S6K1 (1:1000, No. 9202), phospho-
4EBP1 (Thr37/46, 1:1000; No. 9459), total 4EBP1 (1:1000;
No. 9452), phospho-rpS6 (Ser240/244, 1:500; No. 2215),
total rpS6 (1:1000; No. 2217), and GAPDH (1:10,000).
REDD1 was purchased from Proteintech Group (1:1000;
10638-1-AP), and REDD2 was purchased from Abcam
(1:2000; ab67431). Secondary antibodies (1:6000) were
purchased from Santa Cruz Biotechnology.

Real-time PCR

Step-by-step methods for RNA isolation, cDNA synthe-
sis, and real-time PCR can be found in a previous publica-
tion.41 Total RNA was isolated by homogenizing *15 mg
tissue with a handheld homogenizer in a solution containing
TRI Reagent RT (RT111; Molecular Research Center). The
RNA was separated by Bromoanisole then precipitated us-
ing isopropanol. Extracted RNA was washed with ethanol
then suspended in a known amount of nuclease-free water
with EDTA. RNA concentration was determined using the
EPOCH (Take3; BioTek) spectrophotometer. The average
260/280 ratio was 1.95 – 0.003. RNA (1 lg) was synthesized
into cDNA using a commercially available kit (iScript; Bio-
Rad). All isolated RNA and cDNA samples were stored at
-80�C until analyzed.

Real-time qPCR was carried out with a CFX Connect
real-time PCR cycler (Bio-Rad) in combination with SYBR
green fluorescence (iQ SYBR Green Supermix; Bio-Rad).
Cycle threshold values of target genes were normalized to
the geometric mean of beta 2-microglobulin, GAPDH, and
b-actin, then fold change values were calculated (2-DDCt).
Forward and reverse primer sequences for human MURF-1,
MAFbx, myostatin, and MyoD have been published previ-
ously.42,43 Independently and as geometric means, the
housekeeping remained stable with bed rest and between
groups. One subject had poor quality RNA and was removed
from this analysis in the NMES+PRO group.

Statistical analysis

Data were analyzed with an unpaired t-test (subject
characteristics), a two-way ANOVA (BED REST, GROUP)
for body composition, muscle function, fiber characteristics,
and proteolytic markers or three-way ANOVA (BED REST,
GROUP, EAA) for nutrient-induced mTORC1 signaling.
Analysis was followed up with Tukey post hoc multiple
comparison adjustment. Spearman correlations were used to
determine relationships between Pax7+ cells and fiber CSA
and between the change in protein intake (from habitual to
bed rest) and change in thigh lean mass after bed rest. Data
are presented as mean – SE, and p £ 0.05 was considered to

be statistically significant. Analysis was carried out by
GraphPad Prism version 7.0.

Results

Subject characteristics, tissue composition, nutritional
information, and NMES

There were no baseline differences in demographics be-
tween the CON and NMES+PRO groups (Table 1). In re-
sponse to bed rest, body weight ( p < 0.001), BMI ( p < 0.001),
whole body ( p < 0.001) and trunk ( p < 0.01) lean mass, and
leg muscle quality ( p < 0.01) decreased in both groups with
no group differences. Furthermore, leg lean mass decreased
in the CON group after bed rest, but there were no group
differences. Interestingly, thigh lean mass only decreased in
the CON group after bed rest ( p < 0.05) and this was different
than NMES+PRO ( p < 0.05; Fig. 2). There were no differ-
ences in fat mass as a result of bed rest or by group.

As designed, caloric and macronutrient intake was less
during 5 days of bed rest (vs. habitual diet) (Table 2).
However, the decrease in protein intake from habitual to the
bed rest period was greater in the CON versus the NME-
S+PRO group, but this was not associated with loss in thigh
lean mass (r = 0.11, p = 0.64). With regards to NMES in-
tensity during bed rest, NMES intensity averaged 15.3 mA
on the first day and by the last day of bed rest (day 4)
increased *14% to 18.5 mA.

Muscle and physical function

Leg isometric strength (Fig. 3A) and power (Fig. 3B)
decreased in both groups after bed rest ( p < 0.01). However,
there were no differences between the groups. Furthermore,
there were no changes in the 6 MW (CON Pre: 677 – 12 m,
CON Post: 668 – 11 m) (NMES+PRO Pre: 613 – 6 m,
NMES+PRO Post: 634 – 9 m), TUG (CON Pre: 4.3 – 0.1
seconds, CON Post: 4.5 – 0.2 seconds) (NMES+PRO Pre:

FIG. 2. NMES+PRO effects on thigh lean mass. Figure
denotes the change in thigh lean muscle after 5 days of bed
rest in the CON (n = 10) and NMES+PRO (n = 10) groups
and are reported as mean – SEM. Data are reported as the
percent change in thigh lean mass from pre-bed rest levels.
*Different from PreBR ( p < 0.05). #Different from NME-
S+PRO ( p < 0.05). BR, bed rest.
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4.9 – 0.1 seconds, NMES+PRO Post: 5.3 – 0.2 seconds), or
GS (CON Pre: 1.14 – 0.02 m/s, CON Post: 1.14 – 0.02 m/s)
(NMES+PRO Pre: 1.27 – 0.02 m/s, NMES+PRO Post: 1.25 –
0.2 m/s) after bed rest or between the groups.

Muscle fiber characteristics

Histological muscle samples collected during the fasted
state were used to assess fiber size, fiber type distribution,
and satellite cell and myonuclear content after 5 days of bed
rest in both groups (Table 3). Driven largely by MyHC I
fiber types, CSA and SC content robustly decreased in both
groups ( p < 0.05 and p < 0.01, respectively), while myo-
nuclear content tended to decrease *7% ( p = 0.08). No
differences were detected between groups. Finally, a posi-
tive correlation was detected between fiber CSA and satel-
lite cell content (MyHC I: r = 0.34, p = 0.05; MyHC II:
r = 0.34, p = 0.05).

Nutrient-induced muscle mTORC1 signaling readouts

Muscle biopsies sampled in the fasted and after EAA
ingestion were used to assess surrogates of muscle mTORC1
signaling since we have previously shown that nutrient-
induced mTORC1 signaling was blunted in conjunction
with muscle protein synthesis after 5 days of bed rest in
older adults (Fig. 4).8,9 As expected there was a main effect
of EAA for S6K1 (Thr389; Fig. 4A), rpS6 (Ser240/244;

Fig. 4B), and 4EBP1 (Thr37/46; Fig. 4C) ( p < 0.01) such
that there was an increase in phosphorylation as a result of
EAA ingestion. Interestingly, EAA also increased REDD2
(Fig. 4D) protein expression (main effect of EAA; p < 0.05)
and a tendency to increase REDD1 (Fig. 4E) protein ex-
pression ( p = 0.07). Finally, NMES+PRO reduced REDD2
( p < 0.01) expression, and there was tendency for bed rest to
reduce S6K1 (Thr389; p = 0.08) and for bed rest to reduce
EAA-induced rpS6 phosphorylation (Ser240/244; p = 0.09).

Gene expression

To add insight into possible modulatory effects of
NMES+PRO preservation on leg lean mass with bed rest,
we evaluated several mRNA markers associated with mus-
cle atrophy and proteolysis (Fig. 5). Interestingly, bed rest
only increased MAFbx (Fig. 5A; p < 0.05) and myostatin
(Fig. 5C; p = 0.01) mRNA expression in the CON group
( p < 0.05). The myostatin mRNA response in the CON
group after bed rest was different than the NMES+PRO
group ( p < 0.05). In addition, NMES+PRO increased
MURF-1 (Fig. 5B; p = 0.01) mRNA expression after bed
rest, a response that was different than the CON group after
bed rest ( p = 0.05). There were no changes in MyoD
(Fig. 5D) mRNA expression as a result of bed rest or be-
tween groups, although there was a tendency ( p = 0.08) for
an overall decrease with bed rest.

Discussion

The primary finding of this parallel group, randomized
clinical trial in healthy older adults, was that daily NMES to
the thigh combined with protein supplementation (NMES+
PRO) was effective to offset the loss in thigh lean tissue
during 5 days of bed rest. Interestingly, the changes ob-
served in thigh lean mass did not translate to the preserva-
tion of muscle function and acute stimulation of mTORC1
signaling. However, the increase in myostatin and MAFbx
mRNA abundance with bed rest was inhibited with NME-
S+PRO, suggesting a possible mechanism for protection of
whole thigh muscle lean mass. NMES in addition to protein
supplementation daily (three sessions/day) may be a feasible
option to preserve thigh lean tissue in healthy older adults
who undergo muscle disuse for a short-term period. Future
investigations are needed to improve muscle function while
concurrently maintaining muscle mass during short-term
periods of disuse.

Our findings are the first to show an effective, yet prac-
tical therapeutic strategy to halt *4% thigh muscle loss
during 5 days of bed rest in healthy older adults. During bed
rest, a total of twelve 40-minute sessions of NMES with
each session followed by protein supplementation were an
adequate anabolic dose necessary to preserve thigh muscle
mass in older adults. Electrical stimulation has demonstrated
positive benefits on leg muscle and strength during disuse
and on limiting muscle function deficits during orthopedic
and controlled circumstances of limb immobilization.44,45

However, until recently, electrical stimulation had not been
investigated as a therapeutic strategy during short-term bed
rest (<1 week) when muscle atrophy and strength decre-
ments are suggested to be the most rapid3,46 as this has
tremendous application to older patients who are acutely
hospitalized (<5 days).13 In a previous study in young

FIG. 3. NMES+PRO effects on leg muscle function.
Figure denotes the change in (A) leg isometric strength and
(B) leg power after 5 days of bed rest in the CON (n = 10)
and NMES+PRO (n = 10) groups and are reported as
mean – SEM. Data are reported as the percent change from
pre-bed rest levels. *Different from PreBR ( p < 0.05).
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healthy older adults, Dirks et al. showed that 10 sessions of
NMES (two sessions/day) during 5 days of leg immobili-
zation were capable of preventing *3.5% loss in quadriceps
CSA. Similarly, protein supplementation in middle-age and
older adults during longer periods of bed rest (i.e., 10–
14 days) has demonstrated protective effects on lean
mass,11,12 but this strategy was not effective to maintain
muscle size of healthy older adults during 5-days of cast
immobilization.14 These later data infer that NMES in our
current study may have been the driving intervention al-
tering muscle over short-term bed rest.

A limitation of our study was that we are not able to de-
cipher if the independent effects of NMES and protein sup-
plementation during 5 days of bed rest would have similar
effects on muscle compared to the combined therapy herein.
However, our goal in designing this study was to take a ro-
bust approach on mitigating muscle atrophy and strength loss
in healthy older adults since we previously observed that
5 days of bed rest resulted in *4% decrease in leg muscle
mass and *15% decrease in leg isometric strength,8 yet
NMES alone during 5 days of cast immobilization was unable
to prevent leg muscle weakness.26 Taken together, a com-
bined NMES and PRO intervention was capable of offsetting
thigh muscle atrophy during 5 days of bed rest in older adults;
however, the independent treatment effects on muscle during
short-term bed rest warrant further exploration.

Another major finding was that the dual anabolic ap-
proach of NMES combined with protein supplementation
did not slow the decline in muscle function (*15% and
10% decrease in strength and power, respectively) with
short-term bed rest. Limited ability of these independent
interventions to preserve strength are consistent with short-
term leg immobilization studies that have used NMES and
PRO independently,14,26 but this is the first study to test the
combined intervention on preventing losses in muscle
function with bed rest. We have come up with a couple of
considerations for the lack of muscle function preservation
with our intervention: First, it is possible that these specific
interventions (NMES and PRO) may be more effective in
preserving muscle function when applied over a longer
duration of time, like what has been observed with leucine or
HMG supplementation in middle and older aged adults over
10 days11 and 14 days12 of bed rest, respectively. Second, it is
worth noting that NMES training is specific to the joint angle
in which it was applied47 or NMES training may be more
effective on muscle function when targeted at multiple joint
angles. In this study, a knee angle of 30� was used during the
NMES sessions, while isometric strength was assessed at a
knee angle of 60�. Finally, it is possible that the maintained
thigh lean mass detected in the NMES+PRO group may not
be contractile tissue, but rather noncontractile extracellular
tissue or water, as our myofiber CSA data would infer.

Table 3. Muscle Fiber Characteristics of Older Adults in Response to 5 Days Bed Rest

in CON and NMES+PRO Groups

MyHC

CON (n = 9) NMES+PRO (n = 9)

PreBR PostBR PreBR PostBR

Myofiber CSA (lm2)
I* 4449 – 478 3623 – 247 4257 – 500 3689 – 446
II 4069 – 700 3279 – 207 3643 – 406 3274 – 276
Pooled* 4324 – 535 3411 – 142 3994 – 401 3493 – 389

% Change % Change

Myofiber CSA % change (post-pre)
I -26.3 – 17.2 -18.3 – 10.1
II -19.6 – 12.0 -10.9 – 6.8
Pooled -25.6 – 16.4 -16.6 – 8.3

% Fiber (number)
I 52.8 – 4.1 47.4 – 5.5 48.7 – 5.1 47.0 – 4.3
II 47.2 – 4.1 52.6 – 5.5 51.3 – 5.1 53.0 – 4.3

Myonuclei/myofiber
I# 2.7 – 0.1 2.5 – 0.2 2.6 – 0.1 2.4 – 0.2
II 2.5 – 0.1 2.3 – 0.1 2.7 – 0.4 2.3 – 0.2
Pooled# 2.6 – 0.1 2.4 – 0.2 2.6 – 0.3 2.4 – 0.2

Myonuclear domain (lm2/myonuclei)
I 1612 – 130 1540 – 168 1636 – 195 1528 – 128
II 1680 – 287 1417 – 84 1442 – 146 1461 – 129
Pooled 1661 – 176 1459 – 95 1566 – 158 1496 – 130

SC content/myofiber
I* 0.092 – 0.008 0.057 – 0.015 0.083 – 0.019 0.057 – 0.008
II 0.076 – 0.007 0.060 – 0.013 0.062 – 0.011 0.054 – 0.008
Pooled* 0.085 – 0.005 0.06 – 0.01 0.074 – 0.014 0.056 – 0.007

Data are reported as mean – SE. A histochemical sample for one subject was not obtained while a methodological issue occurred on
another histochemical sample. Therefore, data are n = 9 in each group.

*Different as a result of bed rest ( p < 0.05).
#Different as a result of bed rest ( p £ 0.08).
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FIG. 4. NMES+PRO effects on muscle mTORC1 signaling. Figure denotes the skeletal muscle protein expression for (A)
S6K1 (Thr389), (B) rpS6 (Ser240/244), (C) 4EBP1 (Thr37/46), (D) REDD1, and (E) REDD2 before and after 5 days of bed
rest in the CON (n = 10) and NMES+PRO (n = 10) groups. Participants consumed a bolus of EAA in the fasted state, and
protein expression for mTORC1 signaling proteins was determined at 0 (Basal), 45, and 90 minutes after EAA ingestion.
Data (mean – SEM) are reported as fold change from basal. Phosphorylated targets were normalized to total protein levels of
the target protein. REDD1 and REDD2 were normalized to GAPDH. EAA, essential amino acid; mTORC1, mechanistic
target of rapamycin.
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Although strength was not preserved in the current study, we
speculate that the maintenance of thigh lean mass during disuse
may serve other beneficial purposes in older adults such as
regulating postprandial glucose disposal48 or used as a substrate
during injury or disease.49 Investigating optimal nutritional and
novel, more aggressive contractile strategies (i.e., assisted
walking and/or bed side squats) to combat muscle function
deficits following short-term inactivity are needed.

To add a possible mechanism to explain the protective
effects of muscle due to our intervention, we targeted key
molecular pathways associated with muscle protein syn-
thesis and breakdown. First, we measured EAA-induced
mTORC1 signaling after a single dose of EAA ingestion; a
dose well known to acutely stimulate muscle protein syn-
thesis.8,9 Interestingly, NMES+PRO did not reverse the
nutrient-induced mTORC1 signaling attenuation typically
seen after 5–7 days of bed rest.8,24 However, we did not
measure muscle protein synthesis (MPS) as this may have
limited our current interpretation.

Next, we evaluated mediators of muscle atrophy to add in-
sight to our primary finding since we and others have observed
that mRNAs of key E3 ubiquitin ligases involved in proteolysis
(MURF-1, MAFbx) are transiently elevated during 2–5 days of
leg immobilization or bed rest.8,50,51 In agreement with these
prior studies, we found that mRNA abundance of MAFbx
was significantly elevated by *50% in the CON subjects
only. Similarly, myostatin mRNA, a potent negative regu-
lator of muscle growth, was also significantly increased by
*100% following bed rest in CON, but not in the NMES+

PRO group. Strikingly, these data closely resemble mus-
cle molecular outcomes observed by Dirks et al. who
showed that 5 days of NMES in young adults prevented leg
immobilization-induced increases in skeletal muscle MAFbx
and myostatin mRNA.26 This study (in combination with ours)
further provides evidence that NMES may be the key inter-
vention (rather than PRO) positively influencing muscle in
healthy older adults during short-term bed rest. Together, these
data suggest that the muscle protective effects of NMES+PRO
during 5 days of bed rest in healthy older adults may target
regulators of muscle atrophy (MAFbx, myostatin) rather than
restore impaired nutrient-induced protein anabolic signaling
(mTORC1).

An interesting finding was that the beneficial effects of
NMES+PRO at the myofiber level during bed rest did not
fully reflect what we report with the whole muscle. Instead,
we observed robust myofiber atrophy and depletion of sat-
ellite cells in both groups following bed rest; a relationship
that was correlated (r = 0.34, p = 0.05) as others have dem-
onstrated.39,52 Myofiber atrophy is consistent in older adults
after 4 days of cast immobilization.51 However, it is impor-
tant to point out that several short-term immobilization
studies (5 days)14,26,50 and even some longer bed rest studies
(7 days)53 failed to show atrophy at the fiber level as a result
of disuse but rather noticed differences at the whole muscle
level using CT and/or DXA.

There are several potential explanations for the incon-
sistencies between whole muscle and myofiber CSA: (1)
small intervention-related differences in myofiber CSA

FIG. 5. NMES+PRO effects on muscle gene expression. Figure denotes the skeletal muscle mRNA expression for (A)
MURF-1, (B) MAFbx, (C) myostatin, and (D) MyoD before and after 5 days of bed rest in the CON (n = 10) and
NMES+PRO (n = 9) groups and are reported as mean – SEM. There was insufficient muscle tissue for RNA isolation for one
of the NMES+PRO participants; therefore data are only reported in n = 9 for this group. *Different from PreBR ( p < 0.05).
#Different from NMES+PRO ( p < 0.05).

458 REIDY ET AL.



within a single muscle biopsy sample were below the de-
tection limits of this assay, but if added all together may be
more consistent with whole muscle size, (2) the inherent
variability of biopsy sampling and that pre and post biopsies
occurred on opposite legs,54,55 and (3) myofiber atrophy was
the same in both whole muscle and at the fiber level, since
we cannot exclude the possibility that water or extracellular
lean tissue (as opposed to intracellular sarcoplasmic or
myofibrillar protein) was altered/maintained due to the in-
tervention.56,57 To reduce variation and increase sensitivity,
future investigations should place greater emphasis on as-
sessing as many fibers as possible within each biopsy
sample, as well as assessing whole muscle size.

We conclude that daily delivery of NMES and protein
supplementation (three times/day) was effective to maintain
thigh lean mass but not muscle function in healthy older
adults during 5 days of bed rest. Furthermore, our data
support that the attenuation of molecular markers associated
with protein breakdown may help explain the protective
effects of the NMES+PRO on skeletal muscle tissue. Ad-
ditional research is warranted to study practical and feasible
interventions to protect muscle function in older adults
during short-term periods of disuse.
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