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Key points

� Insulin sensitivity (as determined by a hyperinsulinaemic-euglyceamic clamp) decreased 15%
after reduced activity. Despite not fully returning to baseline physical activity levels, insulin
sensitivity unexpectedly, rebounded above that recorded before 2 weeks of reduced physical
activity by 14% after the recovery period.

� Changes in insulin sensitivity in response to reduced activity were primarily driven by men
but, not women.

� There were modest changes in ceramides (nuclear/myofibrillar fraction and serum) following
reduced activity and recovery but, in the absence of major changes to body composition (i.e.
fat mass), ceramides were not related to changes in inactivity-induced insulin sensitivity in
healthy older adults.

Abstract Older adults are at risk of physical inactivity as they encounter debilitating life events.
It is not known how insulin sensitivity is affected by modest short-term physical inactivity and
recovery in healthy older adults, nor how insulin sensitivity is related to changes in serum and
muscle ceramide content. Healthy older adults (aged 64–82 years, five females, seven males) were
assessed before (PRE), after 2 weeks of reduced physical activity (RA) and following 2 weeks of
recovery (REC). Insulin sensitivity (hyperinsulinaemic-euglyceamic clamp), lean mass, muscle
function, skeletal muscle subfraction, fibre-specific, and serum ceramide content and indices of
skeletal muscle inflammation were assessed. Insulin sensitivity decreased by 15 ± 6% at RA (driven
by men) but rebounded above PRE by 14 ± 5% at REC. Mid-plantar flexor muscle area and leg

Paul Reidy received his Bachelor’s Degree in Exercise Science from Anderson University. Subsequently, he studied Exercise
Physiology under the mentoring of Dr Matthew Harber in the Master’s program at the Ball State University Human Performance
Laboratory. Thereafter, Paul moved to Galveston, Texas, to receive his doctoral training in nutrition, human protein metabolism
and clinical trials with Dr Blake Rasmussen at the University of Texas Medical Branch. During his post-doctoral fellowship
with Dr Micah Drummond, he is studying the mechanisms behind disuse and muscle rehabilitation/recovery in ageing skeletal
muscle.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society DOI: 10.1113/JP276798

http://orcid.org/0000-0002-3068-4429
http://orcid.org/0000-0002-6336-8684
http://orcid.org/0000-0002-3173-0626
http://orcid.org/0000-0001-5961-8890


5218 P. T. Reidy and others J Physiol 596.21

strength decreased with RA, although only muscle size returned to baseline levels following REC.
Body fat did not change and only minimal changes in muscle inflammation were noted across the
intervention. Serum and intramuscular ceramides (nuclear/myofibrillar fraction) were modestly
increased at RA and REC. However, ceramides were not related to changes in inactivity-induced
insulin sensitivity in healthy older adults. Short-term inactivity induced insulin resistance in older
adults in the absence of significant changes in body composition (i.e. fat mass) are not related to
changes in ceramides.
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Introduction

Metabolic dysfunction and muscle atrophy are two
prominent consequences of physical inactivity. Older
adults have a greater probability of becoming physically
inactive as a result of unavoidable crisis events in life
(e.g. sickness, hospitalization) (Gill et al. 2001) and,
as such, are at risk of the development of diabetes
and possibly the development of muscle sarcopenia
(Gill et al. 2001; Bell et al. 2016). The molecular and
cellular events underlying these negative consequences of
physical inactivity in older adults are largely unknown,
thus impeding the development of effective therapeutic
interventions.

Our laboratory has explored the role for localized
skeletal muscle inflammation and lipid intermediate
accumulation (i.e. ceramides) as potential contributors
of some of the inactivity-induced consequences on
health (Kwon et al. 2015, 2016). These findings with
respect to physical inactivity/disuse are intriguing because
increased skeletal muscle Toll-like receptor 4 (TLR4),
inflammation and ceramide are mechanistically linked to
the pronounced metabolic disturbances, such as diabetes
and subsequent insulin resistance caused by diet (Dasu
et al. 2010; Frisard et al. 2010), as suggested by rodent
research (Summers & Goodpaster, 2016; Chaurasia &
Summers, 2018). However, such data in humans are
inconsistent (Skovbro et al. 2008; Bosma et al. 2012;
Petersen & Jurczak, 2016). Although many rodent studies
have shown ceramide accumulation with muscle disuse
(Bryndina et al. 2014; Lee et al. 2015; Kwon et al. 2016;
Bryndina et al. 2018), a recent clinical trial demonstrated
that skeletal muscle lipid intermediates did not increase
after 7 days of bed rest in young healthy adults (Dirks
et al. 2016). However, gaps with respect to unravelling the
relationship between ceramides and inactivity-induced
insulin resistance remain. First, Dirks et al. (2016)
did not provide correlative data between measures of
insulin sensitivity and these intermediates. Second, it
was recently reported that intramuscular (IM) subcellular
localization of ceramide is important for maximizing
the sensitivity of its relationship with insulin resistance
(Perreault et al. 2018) and, as such, these ceramides have

not been examined with such specificity during physical
inactivity. Insulin sensitivity using the gold standard,
hyperinsulinaemic-euglyceamic clamps, has not been
assessed during and after reduced activity (RA) in older
adults (Bell et al. 2016). Lastly, older adults have a greater
probability of accumulating skeletal muscle ceramides
compared to younger adults (Rivas et al. 2012). Thus, we
speculate that the relationship between inactivity-induced
insulin resistance and ceramides may be more apparent in
the context of ageing, as investigated in the present study
using hyperinsulinaemic-euglyceamic clamps, along with
a comprehensive evaluation of fibre-specific ceramides,
ceramide intramuscular subfractions and serum.

Therefore, the present study aimed to investigate
changes in insulin sensitivity, muscle ceramide content
and muscle inflammatory signalling (TLR4-related) after
a 2-week period of sedentary behaviour (RA) and after a
2-week period of a return to normal ambulatory activity.
As an exploratory objective, we investigated the differences
between men and women after physical inactivity and
recovery (REC) because sex-based differences following
inactivity and ambulatory REC in healthy older adults
are relatively unknown. We hypothesized that 2 weeks of
physical inactivity in older adults would reduce insulin
sensitivity and increase ceramides and inflammatory
signalling and that these responses would be restored
to baseline levels following a return to normal physical
activity. Second, changes in insulin sensitivity were hypo-
thesized to correlate with changes in serum and muscle
ceramides.

Methods

General experimental design (Fig. 1)

Healthy older adults were assessed for muscle and
metabolic end-points with respect to four periods: Before
(PRE), walking step reduction of physical activity at 7
(RA7) and 14 days (RA14: decrease of 75% of normal
activity) and following 14 days of REC to baseline physical
activity level. Measurements at each of these periods
included muscle function (isometric knee and ankle
strength and leg power), lean mass and mid-calf muscle
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area [dual-energy X-ray absorptiometry (DXA) and
peripheral quantitative computed tomography (pQCT)]
and insulin sensitivity (hyperinsulinaemic-euglyceamic
clamp) coupled with muscle biopsies for IM sphingolipids
and indices of muscle inflammatory markers associated
with the TLR4 signalling pathway. In the case of RA7, only
a muscle biopsy was collected.

Subjects

We recruited 12 (seven males and five females) healthy,
community dwelling, glucose tolerant subjects from the
Salt Lake City area between the ages of 60–85 years and
with a body mass index (BMI) <30 kg m−2. Healthy sub-
jects were recruited and screened similarly as reported
previously (Reidy et al. 2018). All subjects provided
their written informed consent. The study was approved
by the University of Utah Institutional Review Board
(no. 00084354) and conformed with the Declaration of
Helsinki and Title 45, US Code of Federal Regulations,
Part 46, ‘Protection of Human Subjects’. This study was

registered at the clinical trials registry at ClinicalTrials.org
(NCT02971098).

RA and REC period

After completion of the first hyperinsulinaemic-
euglyceamic clamp experiment (day 1 – PRE), participants
were instructed to adhere to 14 days of reduced
physical activity at their home as conducted previously
(Krogh-Madsen et al. 2010; Breen et al. 2013). The
goal was for the participant to reduce their daily step
counts by 75% of their baseline (PRE) activity levels
as determined by the accelerometer given to the sub-
ject and worn for 2 weeks before PRE. The participants
were informed that their normal diet should remain
unaltered during the RA and REC periods. Following
the hyperinsulinaemic-euglyceamic clamp study (day 14 –
RA14), all participants were asked to return to their
day-to-day habitual activities (e.g. walking). After the
14 day REC period (day 28 – REC), subjects underwent a
final hyperinsulinaemic-euglyceamic clamp study coupled
with muscle biopsies. Muscle function [strength, power

Figure 1. Experimental design and step counts
A, experimental design for the 2-week RA and REC
study. B, daily step counts in healthy older adults
(n = 12) at baseline (PRE), after the 2 week RA and
after normal ambulatory REC periods. Percentage
change, from PRE, of step counts (inset). ∗Different
from PRE (P < 0.05). #Different from RA (P < 0.05).
Data are the mean ± SEM.
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and 6 min walk test (6MW)] were re-assessed similarly
afterwards.

Physical activity monitoring and baseline dietary
record

Subjects were given a step activity monitor (Omron, Kyoto,
Japan) to measure their step count at PRE and for use as
feedback during the RA and REC periods. The habitual
dietary assessment was measured �2 weeks prior to PRE
and was recorded over a 3 day period using the Auto-
mated Self-Administered 24 h dietary recall (ASA-24)
offered by the National Cancer Institute (Rockville, MD,
USA). The participant was instructed by a research team
member on how to properly conduct this reporting.
Caloric and macronutrient intake was later calculated
using Food Processor Nutrition Analysis software (ESHA
Research Inc., Salem, OR, USA). Participants were verbally
encouraged to maintain their normal dietary habits during
the RA and REC periods.

Lean mass and mid-plantar flexor muscle area
and muscle function

Total and leg lean mass and mid-plantar flexor muscle
area were assessed via DXA and pQCT, respectively,
and were conducted by a trained technician at the
University of Utah’s Center for Clinical and Translational
Sciences, Clinical Research Unit (CCTS). These tests were
performed prior to the hyperinsulinaemic-euglyceamic
clamp studies but after the baseline muscle biopsy (Fig. 1).
Muscle function tests were performed after the biopsies
for RA and REC but not after PRE. Mid-plantar flexor
muscle area was conducted (Stevenson et al. 2009) and
muscle function was assessed via knee extension strength,
knee extension power and the 6MW. These tests occurred
before the RA protocol and were repeated within 24 h after
completing the RA and REC period. Isometric strength
was assessed unilaterally in both legs with maximal
voluntary isometric (at a 60° knee angle) contractions
produced by the knee extensors and plantar and dorsi
flexor muscles (at a 0° angle) on a dynamometer (Humac
Norm; CSMi Solutions, Stoughton, MA, USA). For lower
extremity extension power testing, a Nottingham power
rig (Queen’s Medical Centre, Nottingham, UK) was used.
Finally, the strength and power tests were followed by the
6MW (Reidy et al. 2018).

Hyperinsulinaemic-euglyceamic clamp
and muscle biopsies

For measurements of insulin sensitivity, subjects arrived
in the morning at the CCTS after an overnight fast,
completed a DXA and pQCT scan, underwent a

baseline thigh muscle biopsy (see below), and then
participated in a �3 h hyperinsulinaemic-euglyceamic
clamp (Marcus et al. 2013). To assess insulin sensitivity
during the clamp, insulin was infused at a constant rate
of 80 mU m−2 min−1 (Coker et al. 2014). This insulin
dose was used to determine insulin resistance primarily
at the skeletal muscle level (DeFronzo et al. 1981; Coker
et al. 2014). Serum blood glucose samples were assessed at
5 min intervals and the glucose infusion rate (mL min−1)
was adjusted accordingly to target a 5 mmol L−1 blood
glucose concentration. The steady-state period was
defined as a constant glucose infusion rate held for
30 min. Vastus lateralis muscle biopsies (5 mm Bergström
needle with manual suction) (Reidy et al. 2018) were
sampled (�150 mg) on the right thigh before and then on
the left thigh after the clamp for measurement of fasting
and insulin-stimulated IM sphingolipids and muscle cell
inflammatory signalling end-points associated with TLR4
signalling. A portion of the muscle sample was prepared
for histological examination (fibre-type cross-sectional
area and fibre-specific ceramide content) and frozen
in liquid nitrogen cooled isopentane. The remaining
muscle sample was quickly dissected of visible connective
tissue and fat, rinsed with saline, and then frozen in
liquid nitrogen and stored at -80°C for immunoblotting
and lipidomic analysis. The DXA and pQCT scans
and hyperinsulinaemic-euglyceamic clamp with muscle
biopsies were repeated similarly at 14 days (RA14) of
reduced-activity and following return to habitual physical
activity (REC). Insulin sensitivity data (glucose infusion
rate) are reported as mg kg−1 lean mass min−1 or percent
change.

Serum glucose and insulin

Serum collected during the clamp was assessed for glucose
using a standard glucose analyser (YSI, Yellow Springs,
OH, USA). Serum insulin (EMD Millipore, Billerica, MA,
USA) was determined at baseline and at the final time
point of the clamp.

Serum and skeletal muscle lipid extraction

Lipids were extracted from 10–30 mg of muscle tissue and
homogenized with beads in 300 μL of ice-cold PBS (pH
7.4) for 5 min at 4°C. Serum lipids were extracted from
20 μL of baseline serum mixed in in 200 μL of ice-cold
PBS. Each sample was spiked with internal standards
to quantify levels of individual lipids. These standards
were obtained from Avanti Polar Lipids (Alabaster,
AL, USA) and included C17 ceramide (d18:1/17:0)
N-heptadecanoyl-D-erythro-sphingosine (#860517), C17
sphingomyelin (d18:1/17:0) N-heptadecanoyl-D-erythro-
sphingosylphosphorylcholine (#860585), C18:1
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dihydroceramide (d18:0/18:1(9Z)) | 860624 and lactosyl
(ß) C24 ceramide N-(tetracosanoyl)-1-ß-lactosyl-sphing-
4-ene (#110762). After 15 min of incubation in chilled
methanol with a brief vortex every 5 min, samples were
pelleted at 15,000 g for 5 min at 4°C. The supernatant
was removed and mixed with 30 μL of 1 m KOH (in
methanol). Following overnight incubation at 50°C in a
sand bath, the samples were concentrated in a speedvac
at room temperature to �200–300 uL of the remaining
sample. Next, 25 μL of glacial acetic acid, 300 μL of
ddH2O and 500 μL of liquid chromatography (LC) grade
methyl tertiary-butyl ether were added, vortexed and
pelleted at 15,000 g for 2 min at 4°C. The last step was
repeated without the addition of ddH2O and then the
samples were completely dehydrated in a speedvac at RT
for 4 h and stored at −20°C until LC-mass spectrometry
(MS) analysis.

Skeletal muscle subfraction lipid extraction

Skeletal muscle subfraction lipids were extracted from
31.9 ± 12.9 mg of muscle tissue and homogenized
in a glass mortar and pestle on ice in 20× volume of
freshly made ice-cold sucrose (0.3 M) Hepes (0.5 M)
buffer. Samples were lightly homogenized in buffer
and incubated on ice for 10 min on ice. Thereafter,
samples were homogenized for exactly 45 seconds at
800 r.p.m., followed by 30 min of incubation on ice
and a repeat homogenization for 5 s at 800 r.p.m. to
ensure thorough lysis. Homogenate was centrifuged at
4°C for 10 min at 1.3 g to yield a nuclear/myofibrillar
pellet. To remove residual supernatant from the pellet
tube, excess supernatant was extracted after a repeat spin
(5 min). Supernatant collected from the initial spin was
placed in a new tube and centrifuged at 4°C for 20 min
at 20.0 g separate a mitochondrial/reticulum/plasma
membrane enhanced pellet from cytoplasmic super-
natant. To remove residual cytoplasmic supernatant
from the pellet tube, excess supernatant was extracted
after a repeat spin (5 min). The nuclear/myofibrillar
pellet was resuspended in same volume used for lysis
of tissue, whereas the mitochondrial/reticulum/plasma
membrane enhanced pellet was resuspened in 65 μL
of lysis buffer with vigorous pipetting and vortexing.
Then, 10 μL of each fraction was taken for assessment of
protein content (Bradford) and some aliquots were taken
for immunoblot verification of fraction enrichment.
Sample volumes submitted for lipid extraction were
200 μL of the nuclear/myofibrillar fraction and 50 μL
each of the mitochondrial/reticulum/plasma membrane
enhanced and cytoplasmic fractions. Each sample was
spiked with internal standards in methanol mixed
with 200 μL of ice cold PBS to quantify the levels
of individual lipids. These standards were obtained
from Avanti Polar Lipids and included C17 ceramide

(d18:1/17:0) (#860517), C17 sphingomyelin (d18:1/17:0)
(#860585), C18:1 dihydroceramide (d18:0/18:1(9Z)) |
(#860624) C16 ceramide-d7 (d18:1-d7/16:0) | (#860676),
C18 ceramide-d7 (d18:1-d7/18:0) | (#860677), C24
ceramide-d7 (d18:1-d7/24:0) | (#860678), C24:1
ceramide-d7 (d18:1-d7/24:1(15Z)) (#860679) and
diacylglycerol 15:0-18:1-d7 (#791647). Following
addition of 225 μL of ice cold methanol and 750 μL of
methyl tert-butyl ether, samples were incubated at 4°C for
15 min on an orbital shaker. Next, samples were pelleted
at 15,000 g for 10 min at 4°C. The top 70% of the upper
phase was removed and then the samples were completely
dehydrated in a speedvac at 37°C and stored at −20°C
until LC-MS analysis.

LC-MS analysis

Before analysis, lipid extracts were resuspended in 200 μL
of HPLC grade methanol, pelleted and the clear super-
natant was transferred to glass vials. Lipid extracts were
separated on an Acquity UPLC CSH C18 1.7 μm 2.1 ×
50 mm (Waters, Milford, MA, USA) column maintained
at 60°C connected to an Agilent HiP 1290 Sampler and
Agilent 1290 Infinity pump, equipped with an Agilent
1290 Flex Cube and an Agilent 6490 triple quadrupole
mass spectrometer (Agilent Technologies Inc., Santa Clara,
CA, USA). Sphingolipids were detected using dynamic
multiple reaction monitoring in positive ion mode. Source
gas temperature was set to 210°C, with a gas (N2) flow of
11 L min−1 and a nebulizer pressure of 30 psi. Sheath
gas temperature was 400°C, sheath gas (N2) flow was
12 L min−1, capillary voltage was 4000 V, nozzle voltage
was 500 V, high pressure RF was 190 V and low pressure RF
was 120 V. The injection volume was 2 μL and the samples
were analysed in a randomized order with the pooled
quality control sample injection eight times throughout
the sample queue. Mobile phase A consists of ACN:H2O
(60:40 v/v) in 10 mM ammonium formate and 0.1%
formic acid, and mobile phase B consists of IPA:ACN:H2O
(90:9:1 v/v) in 10 mM ammonium formate and 0.1%
formic acid. The chromatography gradient started at 15%
mobile phase B, increased to 30% B over 1 min, increased
to 60% B from 1–2 min, increased to 80% B from
2–10 min, and increased to 99% B from 10–10.2 min,
where it was held until 14 min. Post-time was 5 min and
the flow rate was 0.35 mL min−1 throughout. Collision
energies and cell accelerator voltages were optimized using
sphingolipid standards with dynamic multiple reaction
monitoring transitions as [M+H]+→[m/z = 284.3]
for dihydroceramides, [M-H2O+H]+→[m/z = 264.2]
for ceramides and [M+H]+→[m/z = 184.4] for
all sphingomyelins. Sphingolipids without available
standards were identified based on high resolution LC/MS,
quasi-molecular ion and characteristic product ions. Their
retention times were either taken from high resolution
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LC/MS data or inferred from the available sphingolipid
standards. The results from LC-MS experiments were
collected using an Agilent Mass Hunter Workstation
and analysed using the software package Agilent Mass
Hunter Quant B.07.00. Sphingolipids were quantitated
based on peak area ratios to the standards added to
the samples prior to extraction. Serum and skeletal
muscle subfraction lipid samples were processed as one
batch each. Because participant samples for whole homo-
genate muscle sphingolipids were processed and run as
separate batches (i.e. a batch was composed of samples
from four subjects), absolute values of lipids were not
comparable between runs. Therefore, we calculated the
data as the change across baseline and in response to
insulin stimulation. To examine baseline changes during
the intervention, data are reported as a percentage of PRE
baseline or percentage of RA baseline, with PRE or RA
baseline set to 100. Values for insulin stimulation are
reported as a percentage of baseline levels during each
period (PRE, RA and REC was set to 100).

Immunoblotting

Proteins related to the inflammation and stress
signalling pathways associated with TLR4 signalling were
determined within the baseline and insulin stimulated
muscle biopsy sample using standard western blotting
procedures as described previously (Drummond et al.
2013; Tanner et al. 2015). Frozen muscle biopsy samples
(�30 mg) were homogenized 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 pyrophosphate, 1 mM EDTA, 1 mM

EGTA and 1% Triton X-100 with a protease inhibitor
cocktail. Homogenates were centrifuged at 9.6 g for 10 min
at 4°C. After centrifugation, the upper phase (super-
natant) was collected and the protein concentration was
determined using a modified Bradford protein assay and
measured with a spectrophotometer (EPOCH; BioTek,
Winooski, VT, USA). Proteins from the supernatant
fraction were separated via PAGE (7.5% or 12%), trans-
ferred onto a polyvinylidene difluoride membrane, and
incubated with primary and secondary antibodies directed
against the proteins of interest. Chemiluminescence
reagent (ECL Plus, Thermo Scientific, Waltham, MA,
USA) was applied to each blot for 5 min. Membranes were
exposed on a ChemiDoc XRS (Bio-Rad, Hercules, CA,
USA) and quantified with Image Lab software (Bio-Rad).
Membranes containing phosphodetected proteins were
stripped (25 mM glycine, pH 2.0 and 1% SDS) of primary
and secondary antibodies and then re-probed for total
protein. PRE baseline and insulin-stimulated samples for
PRE, RA7 (only baseline), RA14 and REC were loaded
onto a single gel/participant. Additional wells on the gel

were complemented with a molecular ladder. Data from
phosphospecific proteins were normalized to total protein
levels of the target protein, whereas total proteins were
normalized to GAPDH. To examine baseline changes
during the intervention, data are reported as the fold
change from PRE baseline, with PRE baseline set to 1.
Data for insulin stimulation are reported as the fold change
from baseline levels with the baseline at each time point
set to 1.

Antibodies

The specific antibodies (Cell Signaling Technologies,
Danvers, MA, USA) (diluted in 5% BSA or 2% non-fat dry
milk) used to detect target proteins were: phospho-AKT
(Ser473, dilution 1:500; #9271), total AKT (dilution 1:1000,
#9272), phospho-p38 (Thr180/Tyr182, dilution 1:1000;
#4511), total p38 (dilution 1:1000, #8690), total Ikβα
(dilution 1:1000; #9242) and GAPDH (dilution 1:20,000).
TLR4 was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA; dilution 1:4000; sc-293072) and
SPT2 was purchased from Abcam (Cambridge, MA, USA;
dilution 1:2000; ab23696). Secondary antibodies (dilution
1:6000) were purchased from Santa Cruz Biotechnology.

Immunofluorescence

Samples were removed from the cork at −25°C in a Micro-
tome PLUS (Triangle Biomedical Sciences, Durham, NC,
USA) where they were cut into 8 μm cross-sections. Base-
line and insulin-stimulated muscle samples at PRE, RA7
(only baseline), RA14, and REC for the same subject were
placed on the same slide (Fisherbrand Superfrost/Plus
microscope slides; Fisher Scientific Co., Pittsburgh, PA,
USA). Following cutting, a hydrophobic marker (H-4000;
Vector Laboratories, Burlingame, CA, USA) separated the
sections, which were dried at room temperature and then
stored at −20°C until staining. Myofibre myosin heavy
chain (MHC) type, ceramide content and cross-sectional
areas (CSA) were then determined: slides were fixed for at
least 30 min at room temperature in 2% depolymerized
paraformaldehyde supplemented with 0.15% picric acid in
0.1 M Sorensen’s phosphate buffer. After washes, sections
were incubated for 60 min in anti-ceramide IgM antibody
(C8104; dilution 1:100; Sigma, St Louis, MO, USA) and
washed. Next, incubation for 30 min with goat anti-mouse
IgM Iconjugated to biotin (M31515; dilution 1:1000;
Invitrogen, Carlsbad, CA, USA) was followed by a washing
set and then 60 min of incubation of Streptevadin-Dylight
549 (SA-5549; dilution 1:500; Vector Laboratories) and
anti-MHC2a antibody (type 2a myofibres: SC.71 IgG1;
dilution 1:75; Developmental Studies Hybridoma Bank,
Iowa City, IA, USA). After another wash, sections were
incubated with goat anti-mouse IgG1, Alexa Fluor
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647 conjugated 2˚Ab (Cat#A21240; dilution 1:500;
Invitrogen) and WGA 488 (dilution 1:50). All antibody
dilutions and washes were conducted with immunobuffer
(50 mM glycine, 0.25% BSA, 0.03% saponin and 0.05%
sodium azide in PBS) as reported in Nordby et al. (2010).
Slides were mounted with fluorescence mounting media
(H-4000; Vector Laboratories) and dried before imaging.
All images were captured, under identical LUT settings,
at 100× magnification using a fluorescence microscope
(a fully automated Ti-E inverted widefield microscope;
Nikon, Tokyo, Japan; along with a high sensitivity Andor
Clara CCD camera; Oxford Instruments, Abingdon, UK)
with Nikon NIS-Elements multiplatform acquisition
software. Image processing and analysis was conducted
using Fiji (Image J; NIH, Bethesda, MD, USA) and
SMASH (Smith & Barton, 2014). For each image,
the numbers of muscle fibres for pure MHC type IIa
(purple-converted to blue in Fiji for analysis in SMASH)
and MHC I (negative stain) were counted, and CSA for
MHC type IIa+ and IIa− (possible MHC I) fibres were
measured. For the ceramide analysis, brightness and
contrast was set at a constant value for all the images
and ceramide intensity was quantitated with the intensity
function in SMASH. A total of 526 ± 35 muscle fibres
per section (MHC IIa–: 263 ± 17; MHC IIa+: 260 ±
20) were analysed for fibre type distribution, ceramide
intensity and CSA. In total, 83 sections were analysed
because one participant did not have sufficient tissue at
the insulin-stimulated RA14 time point.

Statistical analysis

Values are reported as raw values or change scores
expressed as the mean ± SEM. Primary outcome data were
evaluated for equal variances and normality. The main
hypothesis to be tested is that reduced physical inactivity
in older adults would decrease insulin sensitivity and
increase ceramide levels and TLR4 signalling. Second, we
hypothesized that these cellular events would be reversed
following REC. Third, changes at baseline in specific
ceramide species (C16, C18) would be correlated with
the change in insulin sensitivity (glucose infusion rate at
RA14 vs. PRE) because these species have been linked to
metabolic derangement (Summers & Goodpaster, 2016).
A priori, we set the primary comparisons of interest (i.e.
the changes from PRE to RA, RA to REC and PRE to
REC) to test for these effects using individual t tests. These
specific comparisons enabled us to test our specific hypo-
theses. To test for sex effects, statistics were conducted with
a two-way ANOVA with either Sidak or Tukey’s post hoc
tests as appropriate. P � 0.05 was considered statistically
significant. Trends were noted as 0.05 < P < 0.10. All
analyses and figures were conducted using Prism, version
6.0f (GraphPad Software Inc., La Jolla, CA, USA).

Table 1. Fasting and clamp values and metabolic clearance rate
(MCR) of insulin in older men and women before (PRE), after
2 weeks of RA and 2 weeks of REC

PRE RA REC

Fasting insulin (μU mL−1)
Men 7.6 ± 1.9 9.1 ± 2.7� 5.5 ± 1.7
Women 4.0 ± 1.8 1.8 ± 0.6 2.1 ± 0.5

Clamp insulin (μU mL−1)
Men 201.9 ± 23.0 206.7 ± 27.1 201.1 ± 31.3
Women 174.8 ± 26.0 216.9 ± 39.0 191.4 ± 21.0

MCR [mL·(BSA min)−1]
Men 445.2 ± 50.1 454 ± 65.1 469.3 ± 67.2
Women 501.3 ± 59.3 413.8 ± 60.8 441.9 ± 45.3

Data are the mean ± SEM. �P < 0.05 vs. women.

Results

Baseline subject information and physical
activity level

Healthy older adults (five females and seven males, 70 ±
2 years, 31 ± 2% fat and 49 ± 3 g of total lean mass)
participated in the study. Males were heavier (men: 82 ±
3 kg; women: 67 ± 5 kg) and had a higher resting glucose
(men: 97 ± 2 mg dL−1; women: 86 ± 3 mg dL−1). BMI
(men: 25.8 ± 0.8 kg m−2; women: 25.7 ± 0.4 kg m−2)
and HbA1c % (men: 5.6 ± 0.1; women: 5.5 ± 0.1)
and macronutrient intake were not different between
sexes. Step counts per day (Fig. 1) decreased from PRE
(9008 ± 845 steps day−1) to RA (2994 ± 417 steps day−1;
−66.3 ± 3.0% of PRE) (P < 0.0001) and this was not
recovered after REC (7723 ± 708 steps day−1; −12.5 ±
4.8% of PRE) (P = 0.041). Step counts were not different
between men and women.

Insulin sensitivity

Resting and clamp insulin, as well as insulin metabolic
clearance rate, were not changed (P > 0.10) at baseline
throughout the intervention (Table 1). However, resting
insulin was higher (P < 0.05) in men than in women,
especially after RA (Table 1). Insulin sensitivity (Fig. 2),
assessed by the glucose infusion rate (GIR) was 14.3 ±
1.4 mg kg−1 LM min−1 at PRE, decreased (15 ± 6%; P =
0.032) to 12.5 ± 1.7 mg kg−1 LM min−1 at RA followed by
a �39% rebound from RA to REC to 16.6 ± 1.9 mg kg−1

LM min−1 such that GIR was 14 ± 5% higher (P = 0.027)
than PRE (Fig. 2A). The absolute values were higher in
women than in men (Fig. 2B) regardless of how the data
were expressed (data not shown). The decrease in GIR
at RA was driven by men (−25.4 ± 6.2%; P = 0.006)
(Fig. 2B). Likewise, men (52.5 ± 9.6%; P < 0.001) but not
women (19.3 ± 10.3; P = 0.14) increased GIR from RA to
REC (P = 0.043) (Fig. 2C). Similar patterns in the change
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data were seen when the data was expressed as absolute
GIR normalized to body weight but not relative to insulin
(data not shown).

Body tissue composition, muscle morphology
and muscle function

The men had greater lean mass and less fat% (P < 0.001)
than women but similar amounts of total fat mass. Total
lean mass, trunk lean mass, fat mass and body fat% were
unchanged during the interventions. Following removal
of an outlier, leg lean mass (LLM) (Table 2) decreased
following RA (−1.3 ± 0.5%; P = 0.033). A sex effect

Figure 2. Insulin sensitivity
Insulin sensitivity (GIR; mg kg−1 FFM min−1) in healthy older adults
at PRE, following 2 weeks of RA and then 2 weeks of REC to normal
activity pooled (A) and by sex (B). Percentage changes (PRE to RA,
PRE to REC and RA to REC) in glucose infusion rate (GIR; mg kg−1

FFM min−1) in healthy older adults by sex (C). at RA and REC.
∗P < 0.05, �P = 0.052, difference from 0; #P < 0.05 sex difference;
&P < 0.05 vs. REC; %P < 0.05 vs. PRE and REC; $P < 0.05 vs. RA
and REC. Data are the mean ± SEM.

Table 2. Leg lean mass, mid-planar flexor muscle area and knee
extension (KE) strength RA (% of PRE) and REC (% of RA in
healthy older adults)

RA REC REC
% of PRE (100%) % of RA (100%)

Leg lean mass 98.7 ± 0.5∗ 99.8 ± 1.1 100.5 ± 0.7
MPF muscle area 97.6 ± 0.9∗ 99.0 ± 1.4 101.6 ± 1.7
KE strength 92.9 ± 3.8∗ 92.8 ± 1.6∗ 101.5 ± 4.8

Data are the mean ± SEM. MPF, mid-planar flexor. P value test
for difference between PRE and respective time point of interest
and between respective time points of comparison. ∗P < 0.05
significant change vs. comparator. Comparator (PRE or RA) set at
100%.

(P = 0.022) was noted such that women (+2.3 ± 0.4%)
but not men (−0.8 ± 1.0%) were able to recover LLM.
Mid-plantar flexor muscle area (Table 2) significantly
decreased (P = 0.029) at RA by 2.4 ± 0.9% (vs. PRE)
and this was primarily driven by women (P = 0.012) but
returned to PRE at REC. MHC IIa− (which describes
probable MHC I myofibres) were larger than MHC IIa+
myofibres (P = 0.016) (Fig. 4A). MHC IIa+ % was not
different across time points and was 48 ± 2% on average.
No change in myofibre-type specific cross-sectional area
or minimum diameter was observed across time periods.
Knee extension strength (Table 2) decreased (−8.0±3.5%;
P = 0.048) after RA and remained lower at REC (−7.4 ±
1.5%; P < 0.001) vs. PRE. Knee extension power and the
6MW test were unchanged across the time periods (data
not shown).

Muscle inflammation cell signalling (Fig. 3)

JNK (Thr183/Tyr185) tended (P = 0.075) to increase at
RA14 compared to PRE and was decreased (P = 0.013) in
response to insulin stimulation (vs. PRE baseline). Total
IκBα increased (P = 0.036) at RA compared to PRE.
TLR4 increased (P = 0.011) in response to RA-insulin
stimulation compared to PRE-insulin stimulation (P <
0.001). Following insulin stimulation, AKT (Ser473) was
elevated compared to baseline at all time periods (P <
0.01). Total SPT2 tended (P = 0.084) to increase following
insulin stimulation at REC (vs. REC baseline). There were
no sex differences in the muscle inflammation data (data
not shown).

Myofibre specific ceramide content

Myofibre-type specific ceramide content (Fig. 3B–C) was
not different over the time periods. However, MHC IIa−
myofibres displayed greater ceramide intensity than MHC
IIa+ myofibres (P = 0.036).
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Figure 3. Muscle and myofiber ceramide and immunoblotting
Vastus lateralis myofibre muscle cross-sectional area, myofibre type-specific ceramide content and total and
species-specific ceramide content at baseline (PRE), and at RA7, RA14 and REC, in healthy older adults (n =
12). Muscle cross-sections are immunofluorecent analysis of MHC IIa positive and negative (MHC I) myofibres for
cross-sectional area (A) and ceramide intensity (B). A representative image of sections and immunofluorescence
staining is shown (C). Basal changes (D, F and H) in intramuscular ceramide content from PRE to RA (D), RA to
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REC (F) and PRE to REC (H). Insulin stimulated changes (E, G and I) in ceramide content at PRE (E), RA (G) and
REC (I). 100% is the reference value. Vastus lateralis myofibre immunoblotting of TLR4 (J and K), phospho-JNK
(Thr183/Tyr185)/JNK (L and M), phospho-AKT (Ser473)/AKT (N and O), IκBα (P and Q) and SPT2 (R and S), as well as
phospho-p38 (Thr180/Tyr182)/p38 (T and U), during the 2 week RA and after ambulatory REC periods as the fold
change from PRE baseline (J, L, N, P, R and T), and at RA7, RA14 and REC, and the fold change in response to insulin
stimulation (K, M, O, Q, S and U) at PRE, RA14 and REC in healthy older adults (n = 12). Example immunoblotting
images are shown (M). Data are the mean ± SEM. ∗P < 0.05; %P < 0.10. Significant change vs. comparator.
Comparator (PRE, RA or REC) set at 1 or 100%. [Colour figure can be viewed at wileyonlinelibrary.com]

Sphingolipids within skeletal muscle homogenate

Total abundance of ceramide, dihydroceramide,
glucosylceramide and sphingomyelin content did not
change at baseline or in response to insulin stimulation
(data not shown), whereas only a few individual species
of ceramide were altered following the interventions
(Fig. 3D–I and Table 3) or altered by sex (data not
shown). Baseline CerC16:0 content tended to increase
(P = 0.064) at RA7 (data not shown) and at REC (P =
0.072) vs. PRE. Baseline CerC18:1 content tended to
decrease (P = 0.095) at RA14 vs. PRE and increased
from RA to REC. Following insulin stimulation (relative
to baseline), CerC14:0 tended to decrease (P = 0.074),
whereas CerC16:0 (P = 0.009) was lower at PRE; thus, the
change in insulin-simulated CerC16:0 content (relative
to baseline) was significantly less at PRE compared to
RA (P < 0.001). No other ceramide species changed
in response to insulin stimulation following the inter-
ventions. There were no sex-differences with ceramide
content or species in response to insulin stimulation
following the interventions. Total or species specific

dihydroceramide, glucosylceramide and sphingomyelin
content did not change with insulin stimulation or at
baseline across the interventions (data not shown).

Sphingolipids and diacylglycerols within skeletal
muscle mitochondrial/endoplasmic reticulum/plasma
membrane fraction

Total sphinganine (Fig. 4A), sphingosine (Fig. 4B),
sphingosine-1-phosphate (Fig. 4C), ceramide (Fig. 4D),
dihydroceramide (Fig. 4E), glucosylceramides (Fig. 4F),
sphingomyelin (Fig. 4A), diacylglycerol (Fig. 4H),
dihydro-glucosylceramides (data not shown) and
dihydro-sphingomyelin (data not shown) content did not
change at baseline and only a few individual species (values
were altered following the interventions (Figs. 4–6 and
Tables 3 and 4) or different by sex (data not shown).
Additionally, phosphatidylcholine was most abundant
in the mitochondrial/plasma membrane/endoplasmic
reticulum fraction and showed a trend to decrease from
PRE to REC (Fig. 4L).

Table 3. Changes in serum, muscle homogenate and muscle subfraction sphingolipids in healthy older men and women after
2 weeks of reduced activity (PRE to RA) and after 2 weeks of recovery (RA to REC)

Serum
Muscle

homogenate Mito/ER/PM Nuclear/myofibrillar Cytoplasmic

RA vs. PRE
Dihydroceramides NC ↑ 24:1 NC NC NC
Ceramides ↑ 22:0 NC NC ↑ 16:0 NC
Dihydro glycosylceramides NC – ↑ 24:1 NC NC
Glycosylceramides NC NC NC NC ↑ 24:0, Total
Dihydro-sphingomyelin NC – ↑ 20:0 ↑ 18:0, Total NC
Sphingomyelin NC NC ↓ 18:0 ↑ Total, 16:0 ↑ Total, 16:0
Sphingosine-1-phosphate – – NC NC NC
Sphinganine, Sphingosine NC – NC p = 0.04-0.08 to ↑ NC

REC vs. RA
Dihydroceramides NC NC NC NC NC
Ceramides NC ↑ 14:0,18:1 NC NC NC
Dihydro glycosylceramides NC – ↓ 24:1 NC NC
Glycosylceramides NC NC NC NC ↑ 18:0
Dihydro-sphingomyelin NC – NC NC NC
Sphingomyelin NC NC NC NC NC
Sphingosine-1-phosphate – – NC NC NC
Sphinganine, Sphingosine NC – NC NC NC

Only significant changes are shown for specific species or totals. NC, no change; ↑, increase; ↓, decrease. Mito/ER/PM,
mitochondrial/endoplasmic reticulum/plasma membrane.
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Sphingolipids and diacylglycerols within skeletal
muscle nuclear/myofibrillar fraction

Increases in sphingosine (P < 0.05) (Fig. 4B) and
a tendency for sphinganine (P < 0.10) (Fig. 4A)
were observed from PRE to RA and from PRE to
REC. Total diacylglycerol (Fig. 4H), dihydroceramide
(Fig. 4E), dihydro-glucosylceramides (data not shown),
glucosylceramides (Fig. 4F) or sphingosine-1-phosphate

(Fig. 4C) content did not change (P > 0.10) at baseline
and only a few individual species were altered following
the interventions (Figs. 4–6 and Tables 3 and 4) or were
different by sex (data not shown). Total ceramide (Fig. 4D)
tended to increase from PRE to RA (P < 0.1) and increased
from PRE to REC. Total dihydro-sphingomyelin (data not
shown) and sphingomyelin (Fig. 4G) increased from PRE
to RA. Total sphingomyelin tended to increase from PRE
to REC (P < 0.10).

Figure 4. Skeletal muscle subfraction lipid intermediates
Skeletal muscle mitochondrial/reticulum/plasma membrane, nuclear/myofibrillar and cytoplasmic sphinaganine
(A), sphingosine (B), sphingosine-1-phosphate (S1P) (C), ceramide (D), dihydroceramide (E), glucosylceramide
(F), sphingomyelin (G) and diacylglycerol (H) totals at PRE, RA and REC in healthy older adults. Skeletal
muscle mitochondrial/reticulum/plasma membrane (I), nuclear/myofibrillar (J) and cytoplasmic (K) ceramide
species at PRE, RA and REC in healthy older adults. Skeletal muscle mitochondrial/reticulum/plasma membrane,
nuclear/myofibrillar and cytoplasmic phosphatidylcholine (L) and representative immunoblotting image of the
fractionation (M). Data are the mean ± SEM. ∗P < 0.05 PRE vs. RA; #P < 0.05 PRE vs. REC, %P < 0.10.
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Sphingolipids and diacylglycerols within skeletal
muscle cytoplasmic fraction

Total ceramide, dihydroceramide (Fig. 4E), dihydro-
glucosylceramides, dihydro-sphingomyelin, sphingomy-
elin (Fig. 4G), sphingosine-1-phosphate (Fig. 4C),
sphingosine (Fig. 4B) or sphinganine (Fig. 4A) content
did not change at baseline and only a few individual
species were altered following the interventions (Figs. 4–6
and Tables 3 and 4) or were different by sex (data not
shown). Total diacylglycerol (Fig. 4H) increased from PRE
to REC and tended to increase from RA to REC (P < 0.10).

Total glucosylceramide (Fig. 4F) increased from PRE to
REC and from RA to REC (P < 0.05). Total sphingomyelin
(Fig. 4G) tended to increase from PRE to REC (P < 0.10).

Serum sphingolipid content

Serum total ceramide (Fig. 7A) tended to increase at
REC from PRE (P = 0.055) but no changes were seen
from RA to REC or PRE to RA. Serum total dihydro-
glucosylceramides, glucosylceramides, phytoceramides
dihydro-sphingomyelin and sphingomyelin did not

Figure 5. Skeletal muscle subfraction
diacylglycerol
Skeletal muscle subfraction [Mito (A);
Nuclear (B); Cyto (C)] diacylglycerol at PRE,
RA and REC in healthy older adults. Data
are the mean ± SEM. ∗P < 0.05 PRE vs. RA,
#P < 0.05 PRE vs. REC, �P < 0.05 RA vs.
REC, %P < 0.10.
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Table 4. Changes in muscle subfraction diacylglycerols and phosphatidylcholine in healthy older men and women after 2 weeks of
reduced activity (PRE to RA) and after 2 weeks of recovery (RA to REC)

Mito/ER/PM Nuclear/myofibrillar Cytoplasmic

Diacylglycerol
REC vs. RA ↑ (16:0 18:2), (18:0 18:2) ↑ (16:0 20:4) & (18:0 18:2) ↑ (16:0 18:1), (16:0 18:2), (18:0 18:0),

(18:0 18:2), (18:1 18:1), (18:2 18:2)
RA vs. PRE ↓ (16:0 18:0), (18:0 18:0), (18:0 18:1) NC ↑ (16:0 18:2)

Phosphatidylcholine
REC vs. RA NC NC NC
RA vs. PRE NC NC NC

Only significant changes are shown for specific species or totals. NC, no change; ↑, increase; ↓, decrease. Mito/ER/PM,
mitochondrial/endoplasmic reticulum/plasma membrane.

change at baseline (Fig. 7A). Serum ceramides with
a second double bond in the sphingoid backbone
(i.e. d18:2-Cer) also known as sphingadiene-containing
ceramides, total ceramides (trend) and dihydroceramides
were increased from PRE to REC (Fig. 7A). Serum
sphingosine and sphinganine did not change at baseline
(data not shown). Select ceramide moieties increased from
PRE to REC (Fig. 7B). Notable sex-differences in serum

ceramides were seen in response to RA (vs. PRE) (Fig. 7C).
Serum ceramide 12:0, 20:0 and 24:0 tended to change more
in men, whereas 18:0, 18:1, 22:0, 22:1, 24:1, 26:0, 26:1 and
total serum ceramide increased more in men than women
from PRE to RA. Men demonstrated significant increases
in serum ceramide 22:0, 24:0, 24:1 and total ceramide,
whereas women demonstrated a significant decrease in
ceramide 18:0 and 20:0.

Figure 6. Skeletal muscle subfraction and serum sphingolipids
Skeletal muscle subfraction (A, B, C, E, F, G, I, J and K) and serum (D, H and L) dihydroceramide (A, B, C and D),
sphingomyelin (E, F, G and H) and glucosylceramide (I, J, K and L) at PRE, RA and REC in healthy older adults. Data
are the mean ± SEM. ∗P < 0.05 PRE vs. RA, #P < 0.05 PRE vs. REC, �P < 0.05 RA vs. REC, %P < 0.10.
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Correlations

The change in GIR (mg kg−1 LM min−1) from PRE
to RA was not related to baseline total ceramide (r =
0.483; P = 0.11), CerC16:0 (r = 0.496; P = 0.10) or
CerC18:0 (r = −0.164; P = 0.61). Nor was there a
relationship with insulin-stimulated total ceramide (r =
0.246; P = 0.44), CerC16:0 (r = −0.143; P = 0.66) or
CerC18:0 ceramide (r = 0.170; P = 0.60). There were no
significant relationships between skeletal muscle homo-
genate, mitochondrial/plasma membrane/endoplasmic
reticulum, nuclear/myofibrillar, cytoplasmic and serum
CerC16:0, CerC18:0 and total ceramide (r = 0.25;
P > 0.10) (Fig. 8).

As an exploratory analysis, because insulin sensitivity
in response to the intervention was robustly different
between the sexes, we conducted these same relationships
(data not shown). Although underpowered, there was
a non-statistical pattern for divergent relationships
in CerC18:0 and insulin sensitivity between men and
women, particularly in the skeletal muscle homogenate
(men: r = −0.36, P = 0.42; women: r = 0.86, P = 0.06;
difference in slopes: P = 0.052) and serum (men: r = 0.37,
P = 0.42; women: r =−0.73, P = 0.16; difference in slopes:
P = 0.10).

There were no significant correlations between markers
of muscle inflammation and the change in insulin

Figure 7. Serum sphingolipids and
sex-specific ceramide changes
Serum sphingolipid totals (A) at PRE, RA and
REC in healthy older adults. Serum ceramide
species (B) at PRE, RA and REC in healthy older
adults. Sex-specific baseline changes from PRE
to RA (presented as RA as % of PRE) in serum
ceramide species (C) in healthy older adults.
Data are the mean ± SEM. ∗P < 0.05 PRE vs.
RA; #P < 0.05 PRE vs. REC; �P < 0.05 sex
difference. %P < 0.10.
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sensitivity following inactivity (r2 = 0.01–0.26, P =
0.09–0.90). Intriguingly, there was a very strong negative
relationship (r = −0.909; P < 0.001) between resting
glucose and the change in GIR (mg kg−1 LM min−1) from
PRE to RA.

Discussion

In the present study, we examined the effects of 2 weeks
of a modest reduction of physical activity followed by a
REC period of normal ambulation on insulin sensitivity
(via the gold-standard hyperinsulinaemic-euglyceamic

clamp), ceramides (and other sphingolipids) and muscle
inflammatory signalling in healthy older adults. The major
finding was that healthy older men and women incur
a �15% reduction in insulin sensitivity after RA which
rebounded �40% after REC despite physical activity
levels not fully returning to PRE levels. The decrease
in insulin sensitivity following step reduction was not
associated with the amount of step reduction, as has been
demonstrated previously (Krogh-Madsen et al. 2010),
suggesting that the magnitude of the decrease was not
proportional to the change in activity and that a ceiling
effect is present and probably inter-dependent. There

Figure 8. Associations between ceramide
and insulin sensitivity
Correlation analysis to test the association
between the change in insulin sensitivity during
physical inactivity (GIR % change from PRE to
RA) and the change in ceramides (ceramide
16:0. 18:0 and total) implicated in skeletal
muscle insulin resistance in serum and skeletal
muscle homogenate and subfraction
(mitochondrial/endoplasmic reticulum/plasma
membrane, nuclear/myofibrillar and
cytoplasmic enriched subfractions) from healthy
older adults.
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were minor decreases in muscle mass and strength
(and no changes in body fat) with RA but strength
loss did not reverse with REC. Exploratory examination
of sex-differences revealed startling insulin sensitivity
divergences between men and women such that women
remained metabolically resilient during these changes in
physical activity levels. Despite large changes in insulin
sensitivity following RA and REC and minor changes in
body composition, there were only modest increases in
ceramides in the nuclear/myofibrillar and serum fractions
in response to RA and REC but, overall, these changes
were not strongly associated with insulin sensitivity.
Despite relationships between ceramides and inactivity
induced-insulin resistance not being evidently present
in this study, further work is warranted to examine
sexual dimorphism in insulin resistance and the role of
ceramides.

Our primary hypothesis was that ceramide and
inflammatory levels would increase after physical
inactivity and be correlated with physical inactivity-
induced insulin resistance, as suggested previously (Kwon
et al. 2015; Kwon et al. 2016). Despite minor increases in
select ceramide species across interventions, we did not
observe a clear relationship with key ceramide species pre-
viously linked to insulin resistance (C16:0 and C18:0) or
note major changes reflective of increased inflammatory
signalling (i.e. TLR4, p38, Ikβα). However, we did observe
non-statistical sex-specific patterns for divergence in the
relationship between C18:0 in the muscle homogenate
and serum with insulin sensitivity. Even with a relatively
low sample size, we clearly demonstrated that men and
women differentially handle serum ceramides following
inactivity and that the accumulation of skeletal muscle
C18:0 may possibly be associated with a worsening of
insulin resistance following inactivity in older men but
not older women. This relationship certainly warrants
further validation in a larger clinical trial. Serum and
nuclear/myofibrillar ceramides were the most dynamic
(predominantly increased) across the interventions.
However, because most of these changes were not reversed
following REC (despite insulin sensitivity rebounding to
exceed PRE-levels), ceramides may not be strongly linked
to insulin resistance in this context. We propose several
alternative theories for this.

First, it is possible that ceramides are not linked to
early changes in insulin sensitivity with such modest, yet
rapid, alterations in metabolic function such as that seen
following reduced physical activity (present study) or bed
rest (Dirks et al. 2016), as opposed to diet and disease
states where the mechanisms of insulin resistance are more
gradual and complex. Indeed, cross-sectional examination
of exercise trained and sedentary healthy younger (Helge
et al. 2004; Chow et al. 2014), middle-aged (Skovbro
et al. 2008) or older (Amati et al. 2011) adults reveals
no difference in skeletal muscle ceramide contents or

species despite rather distinct ranges of insulin sensitivity.
Also, it has been demonstrated that healthy young men
with normal BMI placed on 7 days of bed rest show
remarkable decreases in insulin sensitivity (�29%) and
muscle mass (�3%) without any major concomitant
changes in skeletal muscle lipid species (Dirks et al.
2016). These findings suggest that the accumulation of
ceramides may not be a key factor in the development
of insulin resistance with inactivity. Second, ceramides
may be only linked to insulin resistance in cases of
extreme of body mass (Skovbro et al. 2008; Chee et al.
2016), diet-induced metabolic dysfunction (Summers &
Goodpaster, 2016; Covington et al. 2017) and severity
of metabolic disease (Bosma et al. 2012; Summers &
Goodpaster, 2016; Perreault et al. 2018). Thus, the absence
of body composition changes in the present study may
indicate minimal involvement from ceramides during
the initial stages of inactivity-induced insulin resistance.
However, other inactivity studies have demonstrated that
increased visceral fat (Thyfault & Krogh-Madsen, 2011)
and longer duration inactivity studies (>1 month of bed
rest) result in the inevitable accumulation of body fat
(Bergouignan et al. 2011). We posit that skeletal muscle
ceramide content may not be involved in the development
of insulin resistance from physical inactivity but may
rather serve as a promoter or catalyst to maintain and
worsen metabolic dysfunction. One intriguing speculation
is that longer periods of inactivity with accumulation of
visceral fat would demonstrate stronger associations with
ceramide and inactivity-induced insulin resistance. It is
also interesting to speculate that the increased ceramide
content (in the serum and nuclear/myofibrillar fraction)
following RA was not restored following REC may pre-
dispose individuals to future diet-induced metabolic
dysfunction, although this remains to be tested. Finally,
it is unclear whether this relationship would change if
ceramide flux was assessed rather than capturing static
measurements (Blachnio-Zabielska et al. 2012; Chung
et al. 2017).

We examined the skeletal muscle nuclear/myofibrillar,
mitochondrial/plasma membrane/endoplasmic reticulum
and the cytoplasmic enriched subfractions in attempt
to improve the sensitivity of the relationship of these
lipid intermediates with insulin sensitivity. Indeed, it
has been shown that ceramides contained in the muscle
subfraction enriched in the lipid membranes (sub-
sarcolemmal) are more closely associated with insulin
sensitivity in humans (Chung et al. 2017; Chung et al.
2018). This is probably because of the proximity of these
lipid intermediates to the cell membranes, thus increasing
the probability of causing inhibition of key insulin
signalling events (Bergman et al. 2012; Bergman et al.
2018; Perreault et al. 2018). Even more recent work has
validated the importance of not only plasma membrane
(subsarcolemmal), but also mitochondrial/endoplasmic
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reticulum, and nuclear enriched subfraction localization
of select ceramide and diacylglycerol species, as well as
their relationship with insulin sensitivity (Perreault et al.
2018). Our samples included plasma membrane (sub-
sarcolemmal) and mitochondrial/endoplasmic reticulum
enrichment in the same fraction but did not demonstrate
similar relationships as described previously. This may be
a result of the larger sample sizes in the cross-sectional
study by Perreault et al. (2018) vs. our longitudinal
study, although, in our opinion, we consider the
discordant findings between the studies are more
probably a result of the exclusion of obesity and
metabolic disease in the present study. For example, there
were no differences in total, mitochondrial/endoplasmic
reticulum, nuclear, sarcolemmal or cytosolic ceramide
content and composition between athletes vs. lean
controls, although the subcellular ceramide localization
of C-18:0 and insulin sensitivity was highly correlated
(Perreault et al. 2018). On further inspection, the data
reported by Perreault et al. (2018) suggest that the
relationship between ceramide and insulin sensitivity
may have been driven by the inclusion of metabolically
unhealthy participants. On the other hand, Perreault
et al. (2018) demonstrated an inverse association between
desaturated 1,2 diacylglycerol and insulin sensitivity when
athletes were excluded and a positive relationship between
mitochondrial/endoplasmic reticulum 1,2 diacylglycerol
or nuclear 1,2 diacylglycerol and IS with the inclusion
of athletes. This is further evidence for a specialization of
physical activity to unexpectedly influence the relationship
of skeletal muscle lipid storage and insulin in the context
of lipid-induced insulin resistance. Although a handful
of diacylglycerol species were observed to be influenced
by inactivity and restored upon REC, we did not find a
relationship between the localization and composition of
diacylglycerol with insulin sensitivity in this longitudinal
study of physical inactivity.

One of the most interesting, yet unexpected, findings of
the present study was the rebound of insulin sensitivity
following 2 weeks of REC such that it was �15%
higher than PRE values even though the participants
did not achieve baseline activity level status. This is
probably a result of the relatively healthy condition of our
participants, which is in contrast to pre-diabetic, over-
weight older adults who were unable to recover their
impaired glycemic control following a 2 week REC from
step reduction (McGlory et al. 2018). Similar to the
REC response in healthy younger adults (Knudsen et al.
2012), our finding is metabolically encouraging for healthy
older adults who may have restricted physical activity
because of a short-term illness or injury. This finding
is reminiscent of the super-compensation of rat skeletal
glucose uptake during early reloading following hindlimb
suspension (Henriksen & Tischler, 1988). It is tempting to
speculate that healthy skeletal muscle metabolism retains

some memory, possibly similar to the ‘epigenetic memory’
associated to the resistance training-induced regrowth
of muscle tissue following deconditioning in humans
(Seaborne et al. 2018). Yet, the exact mechanism for the
overshoot in insulin sensitivity is unknown and is an
exciting area of further investigation.

In our exploratory analysis, we noted a striking finding
that women (but not men) maintained their insulin
sensitivity following 2 weeks of reduced physical activity.
A possible explanation for the divergent sex differences in
insulin sensitivity with RA may be related to differences
in fuel homeostasis (Blanc et al. 2000b) where peripheral
glucose uptake is minimally affected in women compared
to men after bed rest (Blanc et al. 2000a). It is important
to note that the studies by Blanc et al. (2000a,b) examined
healthy premenopausal females and the sex-differences
in that study are probably, but not always (Magkos et al.
2010), related to the divergent hormonal milieu between
men and women (Blaak, 2008). This probably does not
explain our findings because the present study included
healthy postmenopausal females. Yet, even in the post-
menopausal state, females in the present study were more
insulin sensitive than men, regardless of how the data were
normalized, as supported by the results of another study
(Magkos et al. 2010). We did not observe a difference
in circulating insulin levels between the sexes during the
clamp; however, baseline levels of circulating insulin and
glucose were higher in men. Interestingly, fasting glucose
was strongly correlated (r = −0.909; P < 0.001) with
the reduction of insulin sensitivity after RA. Thus, it is
possible that higher glucose levels predisposed men to
greater alterations in insulin sensitivity following RA. It
is important to note that the remarkable sex-differences
in the present study were observed with a small sample
size; therefore, future studies with larger cohorts of men
and women will be necessary to unravel sex differences
in skeletal muscle insulin sensitivity (Magkos et al.
2010).

Finally, it is not surprising that we demonstrated
minimal muscle atrophy in healthy older adults. In a
similar population of older adults on short-term (5 days)
bed rest, we demonstrated a �4% and �10% decrease
in leg lean mass and myofibre cross-sectional area,
respectively (Reidy et al. 2018). Yet, with 2 weeks of
sedentary behaviour, and in agreement to a recent study
(McGlory et al. 2018), we report only a �1% decrease in
leg lean mass and no change in myofibre cross-sectional
area. We also assessed mid-plantar flexor muscle area
with pQCT and discovered a higher magnitude of muscle
atrophy (�3%), suggesting that the majority of the leg lean
mass changes occurred in the lower limb. Concurrently,
we observed a 7% decrease in knee extension strength
following RA that was not restored after REC. These data
suggest that more intentional rehabilitation (Devries et al.
2015) may be needed to fully recuperate strength, which

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society



5234 P. T. Reidy and others J Physiol 596.21

would be extremely important for vulnerable older adults
with low muscle volume and weakness (Bell et al. 2016).

A limitation to the present study is that we did not assess
dietary intake during the interventions (though subjects
were encouraged to maintain their normal baseline diet);
thus, dietary modifications could have influenced changes
in insulin sensitivity and ceramide accumulation during
RA and ambulatory REC periods (Krogh-Madsen et al.
2014). Typically, RA studies in older adults show that the
reduction in steps is paralleled by a reduction in energy
intake (Breen et al. 2013; Devries et al. 2015; McGlory et al.
2018) and probably involves minor changes in habitual
dietary intake (Breen et al. 2013). However, these prior
studies also show reductions in glucose tolerance and
surrogates of insulin sensitivity; therefore, the dietary
modifications in the present study were probably modest.

In conclusion, 2 weeks of RA caused reduction in
insulin sensitivity in healthy older adults, a sensitivity
level that surpassed baseline levels following 2 weeks of
ambulatory REC. These alterations were more prominent
in men than women and, although there were modest
changes in serum and muscle ceramides, they appear
to occur independent of associations with early changes
in insulin sensitivity caused by physical inactivity. It
is intriguing to speculate that the relationship between
ceramides and inactivity-induced insulin resistance may
be sex-dependent, although this is in need of further
examination.
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