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Summary
Background Current paradigms for predicting weight loss in response to energy restriction have general validity but
a subset of individuals fail to respond adequately despite documented diet adherence. Patients in the bottom 20% for
rate of weight loss following a hypocaloric diet (diet-resistant) have been found to have less type I muscle fibres and
lower skeletal muscle mitochondrial function, leading to the hypothesis that physical exercise may be an effective
treatment when diet alone is inadequate. In this study, we aimed to assess the efficacy of exercise training on mito-
chondrial function in women with obesity with a documented history of minimal diet-induced weight loss.

Methods From over 5000 patient records, 228 files were reviewed to identify baseline characteristics of weight loss
response from women with obesity who were previously classified in the top or bottom 20% quintiles based on rate
of weight loss in the first 6 weeks during which a 900 kcal/day meal replacement was consumed. A subset of 20
women with obesity were identified based on diet-resistance (n=10) and diet sensitivity (n=10) to undergo a 6-week
supervised, progressive, combined aerobic and resistance exercise intervention.

Findings Diet-sensitive women had lower baseline adiposity, higher fasting insulin and triglycerides, and a greater
number of ATP-III criteria for metabolic syndrome. Conversely in diet-resistant women, the exercise intervention
improved body composition, skeletal muscle mitochondrial content and metabolism, with minimal effects in diet-
sensitive women. In-depth analyses of muscle metabolomes revealed distinct group- and intervention- differences,
including lower serine-associated sphingolipid synthesis in diet-resistant women following exercise training.

Interpretation Exercise preferentially enhances skeletal muscle metabolism and improves body composition in
women with a history of minimal diet-induced weight loss. These clinical and metabolic mechanism insights move
the field towards better personalised approaches for the treatment of distinct obesity phenotypes.
Abbreviations: DR, diet-resistant with obesity; DS, diet-sensitive with obesity; ETC, electron transport chain; FFM, fat-free mass;

IMTG, intramuscular triglycerides; OXPHOS, oxidative phosphorylation; RER, respiratory exchange ratio; ROS, reactive oxygen

species; UCP3, uncoupling protein 3 3KS, 3-keto-sphinganine; CDase, ceramidase; CerS, ceramide synthase; CGT, ceramide galac-

tosyltransferase; CerK, ceramide kinase; DAG, diacyl-glycerol; DES, desaturase; GalTase, galactosyltransferase; GCase, glucocere-

brosidase; GCS, glucosylceramide synthase; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; HexCer, hexosyl-

ceramide; Pase, phosphatase; S1P, sphingosine 1-phosphate; SK, sphingosine kinase; SM, sphingomyelin; SMase, sphingomyeli-

nase; SMS, sphingomyelin synthase
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Research in context

Evidence before this study

The aim of the weight loss phase of most clinical weight
management programs is to induce negative energy
balance primarily through the prescription of hypo-
caloric diets. However, subsets of program-adherent
individuals fail to achieve expected degrees of weight
loss, even in intensively supervised weight loss pro-
grams. We have previously demonstrated that individu-
als with impaired weight loss exhibit profoundly
different skeletal muscle characteristics as compared to
age- sex- and initial body weight- matched patients
who achieve weight loss success.

Added value of this study

By mining clinical data from over 5000 clinical records,
we show that female patients who exhibit impaired
weight loss have lower body (gynoid) adiposity. Con-
versely, those who achieve high degrees of diet-
induced weight loss exhibit visceral (android) adiposity
and are at greater risk for metabolic diseases. Remark-
ably, we also demonstrate that exercise training prefer-
entially decreases fat mass and adiposity, and improves
skeletal muscle bioenergetic function in women with a
diet-resistant phenotype. Using extensive bioinformat-
ics and machine learning approaches to analyse the
metabolome and sphingolipidome of skeletal muscle,
we establish mechanisms that could explain the greater
benefits of exercise in diet-resistant obesity.

Implications of all the available evidence

Taken together, these findings confirm and substantially
extend the notion of highly variable metabolic pheno-
types in obesity that mandate personalised obesity
therapies. In particular, exercise should be prioritised in
patients resistant to diet-induced weight loss.
Introduction
The obesity epidemic is a major public health burden
and is associated with multiple cardiometabolic comor-
bidities and an increased risk of all-cause mortality.1

The cause of obesity is primarily attributed to a
sustained positive energy balance combined with
genetic, environmental, and behavioural factors that
result in slow-progressing increases in body weight and
adiposity.2 Weight loss treatments aim to induce nega-
tive energy balance and commonly focus on decreasing
energy intake through medically supervised low-calorie
diet programs. Additional treatment strategies include
behavioural and exercise interventions, a limited reper-
toire of approved prescription medications, and various
types of bariatric surgery. Weight loss in response to
these treatments often yields a notable variation in suc-
cess, which is frequently attributed to a lack of adher-
ence to prescribed treatments.3,4 However, variations in
weight loss capacity still exist even after controlling for
adherence.4,5 As such, determining the complex factors
that influence interindividual weight loss success
could improve outcomes for individuals with obesity
that does not respond well to diet-induced weight loss
interventions.

Diminished weight loss capacity is thought to be an
evolutionarily conserved adaptation in energy expendi-
ture that compensates for prolonged energy deficits.6�9

The underlying mechanisms that drive these adapta-
tions in energy-expenditure and weight loss susceptibil-
ity have been associated with differences in hormonal
mediators,10 tissue and cellular bioenergetics,7,11,12 and
genetic factors.13�15 Skeletal muscle is a major site of
metabolic activity accounting for »20% of resting meta-
bolic rate and representing 40�50% of total body
weight. Therefore, identifying differences within skele-
tal muscle metabolism that lead to resistance or sensitiv-
ity in weight loss capacity could be key to understanding
individual variations in weight loss response. Our group
has demonstrated that diet-adherent individuals who
lose weight rapidly in a clinically supervised hypocaloric
meal-replacement program have several advantageous
differences in skeletal muscle size, composition, and
metabolism that could enhance capacity for weight loss.
Specifically, muscle from diet-adherent patients in the
top 20% for rate of weight loss (ROWL) (diet-sensitive;
DS) have increased oxidative type I muscle fibres,
higher mitochondrial proton leak, a greater antioxidant
capacity, and increased expression of genes involved in
glucose and fatty acid metabolism compared to patients
in the bottom 20% who lose weight slowly in response
to caloric restriction (diet-resistant; DR).11,12,16,17 Here,
www.thelancet.com Vol 83 September, 2022
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we aimed to assess the efficacy of exercise training on
body composition and mitochondrial function in
women with obesity identified as diet-resistant or diet-
sensitive. Based on integrative approaches spanning
from clinical databases to omics analyses in plasma and
muscle, we report that the diet-sensitive phenotype is
associated with factors that increase risk of metabolic
disease, and that exercise training preferentially
improves body composition, mitochondrial bioenerget-
ics, skeletal muscle metabolism, and primary muscle
cell oxidative capacity in DR women with obesity.
Methods

Review of patient records
Participants were previously classified into quintiles
based on rate of weight loss (ROWL) calculated using
serial measures in the first 6 weeks of a 26-week pro-
gram, in which a 900 kcal/day meal replacement (Opti-
fast 900; Nestl�e Health Sciences) was consumed.11

Comprehensive adherence to the Ottawa Hospital
Weight Management Program (OHWMP) was deter-
mined as previously described,11,16 where only diet-
adherent women who had previously completed the
OHWMP were strictly classified into quintiles based on
ROWL classification by software developed by the
clinic.18 In brief, patients were excluded from quintile
characterisation in the OHWMP and further metabolic
studies if: they did not meet the adherence criteria; they
were absent for >2 visits during the initial 6 weeks on
meal replacement; physician notes expressed reserva-
tions about self-reported compliance; and/or there was
inadequate completion of the laboratory testing proto-
col. Records of highly adherent women (BMI
30�50 kg/m2, age 30�60 y, weight) were screened for
eligibility by quintile (top 20%, diet-sensitive (DS), and
bottom 20%, diet-resistant (DR)), and missing/incom-
plete data. 228 DR and DS patient records were paired
based on age (§5 years), weight (§10 kg), and BMI
(§3.5 kg/m2) for analyses, resulting in 114 pairs.
Evaluation of body composition. Serial measurements
of body composition were taken weekly on patients
enrolled in the OHWMP using bioimpedance analysis
(BIA; Tanita Corporation, Arlington Heights, IL). A sub-
set of 40 patients were recruited for body composition
analysis by dual x-ray absorptiometry (DEXA; GE Lunar,
Prodigy Model).
Exercise intervention

Exercise intervention subject details and sample size
calculation. Program adherent women from the
OHWMP were contacted to participate in a supervised
exercise intervention. Participants were screened prior
www.thelancet.com Vol 83 September, 2022
to enrolment and excluded from the study for prior bar-
iatric surgery and medications known to affect weight
loss including: medications that affect glucose homeo-
stasis, appetite suppressants, steroids, and/or medica-
tions/supplements that may affect muscle biology. All
participants were non-smokers, and free from patholo-
gies such as diabetes, cardiovascular disease, cancer,
and musculoskeletal conditions that result in impaired
movement. We previously showed that the characteris-
tic feature between individuals who have obesity and
sensitive vs. resistant to a very-low calorie nutritional
intervention is a significant inter-group difference in
non- phosphorylating (state 4) mitochondrial respira-
tion, also referred to as mitochondrial proton leak11

(effect size =1.24, SD=48�52 nmol¢min�1¢mg protein-1,
n=12). To ensure that our cohort exhibited the same
characteristic features before beginning the exercise
intervention, we calculated that 12 participants would be
required for a power > 80%, at a two-sided alpha level
of 0.05 or at least 10 participants for a power >90%, at
a one-sided alpha level of 0.10.

Nine DS and 9 DR women were matched at the time
of enrolment for age (§5 years), body mass (§20 kg)
and BMI (§3.5 kg/m2). One additional pair of women
were matched based on age and BMI, but not body
mass (for a total of n=10 DS, n=10 DR). The participants
were instructed to maintain their normal lifestyle and
eating habits. Subjects underwent a muscle biopsy and
exercise testing (detailed below) before and after the
exercise intervention (Figure 2a).
Exercise intervention study design. The exercise inter-
vention consisted of 18-supervised progressive exercise
sessions performed 3 times per week on non-consecu-
tive days for six weeks. Each exercise session consisted
of 30 minutes of treadmill walking followed by a resis-
tance-based circuit. Participants performed the tread-
mill walking at the same relative workload of six
metabolic equivalents (METs) at week 1 (estimated from
the treadmill test), which increased by 10% weekly.
However, the absolute workload was »25% higher in
DS women than DR (6 METs for DS=1.85§0.49 L of
O2¢min�1, DR=1.49§0.21L of O2¢min�1; P=0.047, t-
test). Following the treadmill walk, participants com-
pleted three sets (eight to twelve repetitions per set) of
resistance-based exercises and one core exercise at
60�80% of their predicted one-repetition maximum.19
Assessment of physical activity. Self-reported physical
activity was determined using an approved question-
naire with a 5-point Likert scale with a value of 1 defined
as an “inactive” (e.g., seated almost exclusively) and a
value of 5 defined as a “very active” (e.g., walking nearly
continuously). Participants were instructed to maintain
their typical physical activity throughout the study.
3
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Physical activity was monitored with a wrist-worn accel-
erometer (Fitbit Charge, San Francisco, CA) to track lev-
els of activity throughout the study.
Evaluation of body composition. Body weight was
measured in light clothing to the nearest 0.010 kg. Height
was determined using a wall-mounted stadiometer. Body
composition was assessed by DEXA (GE Lunar, Prodigy
Model). Daily calibration procedures were performed
according to manufacturer’s instructions. DEXA scans
were analysed by a single blinded-operator.

Participants reported to the University of Ottawa Behav-
ioural andMetabolic Research Unit. Restingmetabolic rate
was measured in the morning, following a minimum
10�12 h overnight fast using a flow-through open circuit
respirometry system with a ventilated hood (Field Meta-
bolic System, Sable Systems International, Las Vegas, NV,
USA) while participants rested quietly in a semi-supine
position for 60 min at ambient temperature. Whole-body
RMR and substrate utilisation were calculated using the
rates of oxygen consumption and carbon dioxide produc-
tion, as described previously.20

Participants performed a graded submaximal tread-
mill test to determine the incremental increase in
energy expenditure in response to increasing workloads.
After a 3-min warm-up at 5 W, the workload was
increased by 20 W every 3 min for 4�5 stages. Oxygen
consumption and carbon dioxide production were mea-
sured continuously throughout the exercise period
using a flow-through open circuit respirometry system
with a mask (Field Metabolic System, Sable Systems
International, Las Vegas, NV, USA). These data were
then used to determine the starting workloads for the exer-
cise sessions. Heart rate was also collected continuously
throughout the exercise period, and perceived exertion was
recorded every 3 min using the Borg scale.21 Substrate uti-
lisation and energy expenditure were calculated using the
rates of oxygen consumption and carbon dioxide produc-
tion, as described previously.20

Muscle function. Muscle function was determined by
maximal voluntary isometric contraction (MVC) and
1RM. Three 5 s unilateral knee extension MVCs were
measured on a Biodex dynamometer (Shirley, NY) at a
knee angle of 60° with 1 minute of rest between con-
tractions. Predicted one repetition maximums were esti-
mated using the Brzycki equation.19

Blood biochemistry. Blood samples were collected after
an overnight fast, and routine analyses were carried out
in the Clinical Biochemistry Laboratory at the Ottawa
Hospital (Ottawa, Ontario, Canada).
Skeletal muscle sampling, tissue collection and prepa-
ration. Vastus lateralis muscle biopsies were collected
from fasting subjects using a Bergstrom needle
modified for manual suction under local anaesthesia.
Subjects were asked to refrain from physical activity for
48 h prior to the biopsy, with the post-exercise training
(PET) biopsy collected 72 h following the last exercise
session. The obtained sample was dissected clean from
visual adipose and subsequently divided for analysis
based on priority and tissue availability. One portion of
tissue was placed in culture media for isolation of satel-
lite cells, one portion was snap frozen in liquid nitrogen
and stored at �80 °C for later analyses. If sample size
permitted, one portion was OCT embedded and one
portion was placed in ice-cold BIOPS for mitochondrial
respiration analysis (BIOPS, pH 7.1 (5.77 mM Na2ATP,
10 Ca-EGTA buffer (0.1 µM free Ca2+) 6.56 mM
MgCl2�6H2O, 20 mM taurine, 60 mM K-lactobionate,
15 mM phosphocreatine, 20 mM imidazole, 0.5 mM
DTT, 50 mMMES).
Fasting plasma biochemical analysis. Fasted blood
samples were analysed by the Ottawa Hospital Labora-
tory Services. Homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated from fasting glu-
cose and insulin concentrations.
Muscle fibre type and cross-sectional area. Muscle
samples embedded in OCT were cut into 10 mm
cross�sections at �20 °C on a cryostat and mounted on
microscope slides. Air-dried cross-sections were blocked
for 60 min in 10% goat serum with phosphate buffered
saline (PBS) before incubation overnight at 4 °C in pri-
mary antibodies against type I myosin (mouse IgG2b;
DSHB, BA�F8, RRID:AB_10572253, 1:50), type II myo-
sin (mouse IgG1; DSHB, SC�71, RRID:AB_2147165,
1:300), and dystrophin (mouse IgG2a; DSHB,
MANDYS1(3B7), RRID:AB_528206, 1:12.5).22 The fol-
lowing morning, sections were washed in PBS and then
incubated at room temperature for 60 min with the
respective secondary antibodies at a 1:500 dilution in
PBS (goat anti�mouse IgG1, Alexa Fluor 488 (Invitro-
gen, A-21121, RRID:AB_2535764) to detect SC�71; goat
anti�mouse IgG2b, Alexa Fluor 350 (Invitrogen,
A�21147, RRID:AB_2535777) to detect BA�F8; and
goat anti�mouse IgG2a Alexa Fluor 647 (Invitrogen,
A�21241, RRID:AB_2535810) to detect MANDYS1
(3B7)). Images were acquired on a Thermofisher FL
Auto 2 microscope and analysed semi-automatedly
using ImageJ software.
High resolution respirometry in permeabilised muscle
fibres. High-resolution respirometry on saponin-per-
meabilised vastus lateralis was conducted using an
Oxygraph-2k system with an attached fluorometer
(OROBOROS Instruments, Innsbruck, Austria). Experi-
ments were performed in duplicate at 37 °C in 2 mL of
mitochondrial respiration media [MiR05 (in mM): 110
www.thelancet.com Vol 83 September, 2022
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sucrose, 60 K-lactobionate, 20 HEPES, 20 taurine, 10
KH2PO4, 3 MgCl2, 0.5 EGTA, and 1 mg/ml fraction V
BSA, pH 7.1 at 37 °C]. H2O2 emission was determined
simultaneously using 50 mM Amplex Ultra Red in the
presence of 5 U/mL superoxide dismutase (SOD), and
horseradish peroxidase (HRP). The assay protocol con-
sisted of consecutive additions of: 2 mM malate, 5 mM
pyruvate, 10 mM glutamate (CI substrates), 5 mM ADP
(CI OXPHOS), 10 mM succinate (CI+II OXPHOS),
2.5 µM oligomycin (CI+II Leak), 0.5 µM titrations of car-
bonyl cyanide p-trifluoromethoxyphenyl hydrazine (FCCP)
(maximal respiration, ETS) and 2.5 µM antimycin A. Val-
ues were adjusted for non-mitochondrial oxygen consump-
tion (i.e., that in the presence of AA), and expressed relative
to tissue wet weight. Citrate synthase (CS)-normalised oxy-
gen flux (pmol O2/U/CS) was calculated to account for
potential variations in mitochondrial mass.
Isolation of primary myoblasts. Satellite cells were iso-
lated from vastus lateralismuscle and purified via immu-
nomagnetic sorting using CD56 MicroBeads (Miltenyi
Biotec). Myoblasts were cultured on Matrigel-coated
dishes in Ham’s F10 media supplemented with 15%
BGS, 1% antibiotic-antimycotic, 2.5 m/mL gentamycin,
826 nM dexamethasone, 8.3 ng/mL human epidermal
growth factor, and 25 pmol of insulin. For differentia-
tion into myotubes, cells were cultured in low glucose
DMEM supplemented with 2% horse serum, 1% antibi-
otic-antimycotic, and 2.5 m/mL gentamycin.
Seahorse analysis of cellular bioenergetics. Cellular
bioenergetics was assessed with the Seahorse XFe96
Analyzer (Agilent). Myoblasts were plated at
15,000 cells/well onto Matrigel-coated Seahorse plates
and differentiated in low glucose DMEM for 7 days.
One hour prior to experimentation, cells were washed
and incubated in HCO3-free DMEM media supple-
mented with 4 mM l-glutamine, 1 mM Na-pyruvate and
5 mM D-glucose, pH 7.4. Myotubes were treated with
sequential injections of oligomycin [2 mg/mL], FCCP [2
mM], antimycin A [1 mM] with rotenone [1 mM], and
monensin [20 mM]. Following completion of the assay,
Seahorse XF Media was removed, and cells were washed
with PBS followed by lysis with RIPA Lysis Buffer (0.5
M Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid,
10% NP-40, 10 mM EDTA). The amount of protein per
well was determined by the BCA assay method using
the PierceTM BCA Protein Assay Kit (Thermofisher,
23225). Bioenergetic capacity and fuel flexibility were
investigated by graphing glycolytic and oxidative ATP
production as previously described.23
Immunofluorescence of primary myoblast mitochon-
drial length. Primary myoblasts seeded on coverslips
were fixed with 4% paraformaldehyde. Mitochondrial
www.thelancet.com Vol 83 September, 2022
length was determined by staining with TOM20 (Santa
Cruz Biotechnology, sc-11415, RRID:AB_2207533, 1:100)
in PBS buffer containing 0.1% Triton X-100 and 1%
BSA. Goat anti-rabbit (H+L) secondary antibody, Alexa
Fluor 488 (Thermofisher, A-11008, RRID:AB_143165,
1:100) was diluted in 1x PBS containing Hoechst
counter-stain. Images were obtained using a Zeiss Axio-
limager Z1 microscope. Blinded analysis was conducted
by quantifying 50 mitochondrial lengths from 3 to 5
fields of view.

Protein extraction. Frozen muscle was homogenised
using a bead mill homogeniser (Fisherbrand Bead Mill
24 Homogenizer) in ice-cold RIPA buffer (Millipore) sup-
plemented with 0.5 mM Na3VO4 and protease inhibitor
cocktail (Sigma). Protein concentration was determined
using a commercially available bicinchoninic acid kit
according to the manufacturer’s protocol (Thermofisher).
Immunoblotting. Proteins were separated by SDS-
PAGE under reducing conditions and transferred to
PVDF membranes and incubated overnight with pri-
mary antibodies against: PGC1a (Millipore, ST1202,
RRID:AB_2237237, 1:1000), ANT (Santa Cruz Biotech-
nology, sc-9299, RRID:AB_671086, 1:2000), UCP3
(Abcam, ab3477, RRID:AB_2304253, 1:2000), SPTLC1
(Proteintech, 15376-1-AP, RRID:AB_2286678, 1:1000)
SPTLC2 (Proteintech, 51012-2-AP, RRID:AB_2195870,
1:1000), and vinculin (Abcam, ab129002, RRID:
AB_11144129, 1:5000). Protein bands were visualised
using the ChemiDocTM MP Imaging System (Bio-Rad).
Densitometry band analysis was performed using
Image J software. Abundance of target proteins are pre-
sented normalised to vinculin.
Enzyme activities. Enzymatic activities for citrate syn-
thase (CS) and succinate dehydrogenase (SDH) were
performed using the BioTek Synergy Mx Microplate
Reader (BioTek Instruments, Inc., Winooski, VT) as
previously described.24 Briefly, CS activity was deter-
mined by measuring absorbance at 412 nm in 50 mM
Tris-HCl (pH 8.0) with 0.2 mM DTNB, 0.1 mM acetyl-
CoA and 0.25 mM oxaloacetate SDH activity was deter-
mined by measuring the reduction of dichlorophenolindo-
penol (DCPIP) through decreased absorbance at 600 nm
at 25 mM potassium phosphate buffer (pH 7.5), 20 mM
succinate, 80 µM DCPIP, 50 µM decylubiquinone,
1 mg/ml FAF-BSA, and 300 µM KCN. Rate of change of
absorbance and pathlength of each well were determined
and enzyme activities were calculated using extinction coef-
ficients of e=13.6 mM�1cm�1 for CS and e=19.1 for SDH.
Mitochondrial supercomplex analysis. Vastus lateralis
samples were assessed for ETC supercomplexes by blue
native PAGE (BN�PAGE). Samples were minced and
5
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dounce homogenised on ice in sucrose buffer (250 mM
sucrose, 20 mM imidazole/HCl, pH 7.0) and centri-
fuged for 10 min at 10,000 xg. The membrane fraction
containing mitochondria was then resuspended in
extraction buffer [50 mM imidazole/HCl pH 7.0,
50 mM NaCl, 5 mM 6�aminohexanoic acid, 1 mM
EDTA with 1.5% w/v digitonin (experimentally deter-
mined, final digitonin to tissue ratio of 1:10 w/w)], and
gently solubilized with agitation for 30 min, and then
subsequently cleared by centrifugation 30 min at
14,000 xg. Myotube pellets assessed for ETC supercom-
plexes were resuspended in extraction buffer with
1.5% w/v digitonin, followed by gentle solubilization
with agitation for 30 min, and then subsequently
cleared by centrifugation for 30 min at 14,000 xg.

The supernatant containing solubilized membrane
proteins for both muscle homogenate and primary myo-
tubes were mixed with glycerol (5% v/v final) and 5%
Coomassie blue G-250 solution to achieve a 1:4 dye:digi-
tonin ratio. Samples were separated on 3�13% gradient
gels and then transferred to nitrocellulose membrane.
Membranes were probed using the following primary
antibodies: NADH dehydrogenase (ubiquinone) 1a sub-
complex subunit 9, mitochondrial (NDUFA9; Thermo-
fisher, 459100, RRID:AB_2532223, 1:2000), complex II
(Fp) succinate dehydrogenase complex, subunit A, fla-
voprotein variant (SDHA; Thermofisher, 459200,
RRID:AB_2532231, 1:20000), complex III ubiqui-
nol�cytochrome c reductase core protein II, (UQCRC2;
Abcam, ab14745, RRID: AB_2213640, 1:2000); complex
IV (subunit I) (MTCO1; Thermofisher, 459600, RRID:
AB_2532240, 1:2000), and complex V (ATP synthase
subunit a, mitochondrial) (ATP5A; Abcam, ab14748,
RRID:AB_301447, 1:2000). ETC supercomplexes were
analysed based on their banding pattern, as previously
confirmed by 2D�BN�PAGE.25
Metabolite extraction from skeletal muscle and LC-MS
analysis. Frozen vastus lateralis was quickly homoge-
nised with using a bead mill homogeniser at 4 °C (Fish-
erbrand Bead Mill 24 Homogenizer) in �20 °C
equilibrated solution containing methanol, water, and
acetonitrile (OmniSolv, Sigma). Homogenates were
then incubated with a 2:1 dichloromethane:water solu-
tion on ice for 10 min. The polar and non-polar phases
were separated by centrifugation at 4000 xg for 10 min
at 1 8C. The upper polar phase was dried using a refrig-
erated CentriVap Vacuum Concentrator at �4 8C (Lab-
Conco Corporation, Kansas City, MO). Samples were
resuspended in water and run on an Agilent 6470A tan-
dem quadrupole mass spectrometer equipped with a
1290 Infinity II ultra-high performance LC (Agilent
Technologies) utilising the Metabolomics Dynamic
MRM Database and Method (Agilent), which uses an
ion-pairing reverse phase chromatography.26 This
method was further optimised for phosphate-containing
metabolites with the addition of 5 µM InfinityLab deacti-
vator (Agilent) to mobile phases A and B, which
requires decreasing the backflush acetonitrile to 90%.
Multiple reaction monitoring (MRM) transitions were
optimised using authentic standards and quality control
samples. Metabolites were quantified by integrating the
area under the curve of each compound using external
standard calibration curves with Mass Hunter Quant
(Agilent). No corrections for ion suppression or
enhancement were performed, as such, uncorrected
metabolite concentrations are presented.
Plasma amino acid analysis. Fasted plasma samples
were extracted as previously described.27 Briefly, sam-
ples were diluted 1:100 in 0.5 mM tridecafluorohepta-
noic acid solution containing a commercially available
internal standard solution (A9906, Sigma Aldrich). Liq-
uid chromatography was performed using a Xevo TQD
Tandem Mass Spectrometer (Water, Milford, MA),
fitted with an ACCQ-TAG Ultra C18 1.7 um (2.1 £
100 mm) column.
Lipidomic analysis. Sphingolipids were extracted by a
modified Bligh and Dyer method28 as described in
Granger et al. (2019).29 Deuterated lipid standards were
from Avanti Polar Lipids (Alabaster, USA) (Cer(d18:1/
16:0-D31, GlcCer(d18:1/8:0), GalCer(d18:1/8:0), and SM
(d18:1/18:1-D9)) and were added at the time of extrac-
tion. The chloroform phase containing the lipids was
dried under a constant stream of nitrogen, and lipids
were then re-solubilized in 300 µL of 100% ethanol,
flushed with nitrogen, and stored at -80 °C.

The samples were analysed on an Agilent 1290
Infinity II liquid chromatography system coupled to a
QTRAP 5500 triple quadrupole-linear ion trap mass
spectrometer with Turbo V ion source (AB SCIEX, Con-
cord, Canada). 5 µL of sample was loaded in 96-well
plates in 2.5 µL of 100% ethanol and 16 µL of solvent A
(water with 0.1% formic acid and 10 mm ammonium
acetate). 3 µL of sample was picked up from the well
and injected with the system operating at a flow rate of
10 ml/min. Reverse phase chromatography was per-
formed using a 100 mm £ 250-mm (inner diameter)
capillary column packed with Reprosil-Pur 120 C8 and
a binary solvent gradient with solvent A (described
above) and solvent B consisting of acetonitrile and iso-
propanol in a ratio of 5:2 v/v with 10 mm ammonium
acetate and 0.1% formic acid. Each sample ran for
50 min, with the gradient starting at 30% B and reach-
ing 100% B at 5 min, which was maintained for another
30 min. The gradient then ramped down to 30% B for
1 min and remained at this composition until the end of
the run to re-equilibrate the column. Data were acquired
in positive ion mode using selected reaction monitoring
(SRM), monitoring transitions from protonated
www.thelancet.com Vol 83 September, 2022
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molecular ions with Q3 ions of either m/z 264.3 (sphin-
gosine backbone) or 184.1 (phosphocholine head
group).

The molecular identities of lipid species were con-
firmed through an information-dependent acquisition
(IDA)-enhanced product ion (EPI) experiment, where
EPI spectra were analysed for structural determination.
Data acquisition was performed using Analyst software
version 1.6.2 (AB SCIEX) and quantification analysis of
SRM data was done in MultiQuant 3.0.2 software ver-
sion 3.0.8664.0 (SCIEX). Raw peak areas were normal-
ised to the appropriate internal standards to account for
extraction efficiency and instrument response, as well
as to the tissue wet weight.
Data mining and network analysis. Machine learning
and network analysis were performed using Matlab
2021 (Matworks, Inc). Feature selection used ReliefF
(command relief running under Matlab) and repre-
sented using in-house routines. Briefly ReliefF predicts
classification rank, i.e., within the group significance,
for each feature.30 This method ranks predictor features
by weight and contribution to the regression to response
vector (in this case 4 cohort groups). Negative weight
indicates that feature is not a good predictor and large
positive weight indicates an important predictor with fea-
ture weight depending on the level of difference between
a given feature and other features in nearby instances of
the same class relative to the instances of the other class.
Feature selection was performed using Euclidean distan-
ces as a metric for feature similarity and 4 nearest neigh-
bours were used for weight assessment.

Correlation analysis uses distance correlation calcu-
lation performed under Matlab using an in-house rou-
tine, based on the method presented by Szekely and
Rizzo31 with P-values calculated using Student’s t cumu-
lative distribution function (TCDF function in Matlab).
Although distance correlation, by definition, provides
only positive values, we have introduced signed distance
correlation by deriving and associating correlation signs
from Pearson correlation calculation. Distance correla-
tion was calculated between all metabolites separately in
four groups.

Determinations of functional features and metabo-
lite changes between subject groups were based on the
network results and obtained using linear regression
comparisons between the two groups for each metabo-
lite, comparing values of edges to all other metabolites
between the two groups. Linear regression comparisons
were performed between distance correlations for each
metabolite with all other metabolites calculated for each
subject cohort. The level of change is reported as a slope
of linear regression. The major changes were identified
as the largest divergences from the slope of 1 that would
be obtained for the identical trends in correlations.
www.thelancet.com Vol 83 September, 2022
Ethics
All participants provided informed oral and written con-
sent. This study was approved by the Ottawa Health Sci-
ence Network Research Ethics Board (Protocol
#1998133-01H and #2011658) and the University of
Ottawa Council of Research Ethics Board (Protocol
#H01-12-06).
Statistical analysis
Statistical analysis was performed using SigmaPlot for
Windows version 14.5 (Systat Software Inc., San Jose,
CA). Statistical significance of DS vs DR was determined
using a two-tailed Student’s t-test. To assess the effect of
the exercise intervention between DS and DR, a two-
way ANOVA with repeated measures with exercise as a
repeated factor and ROWL quintile (DS/DR) as a
between-subjects factor was used with Holm-Sidak post
hoc tests. While the participants were matched at the
time of recruitment to balance patient characteristics
that have been associated with rate of weight loss, a
matched study analysis was not used for the statistical
analysis of the data given that sample availability ren-
dered us unable to perform some molecular analyses
from all the participants. Data were checked for normal-
ity of the residual error distribution and log10 trans-
formed where appropriate. Statistical differences were
considered significant when the P value was <0.05.
Prism software (GraphPad Software Inc., La Jolla, Cali-
fornia, USA) was used to generate graphs. Data are pre-
sented as means§SD unless otherwise specified.
Role of funders
This work was supported by the Canadian Institutes of
Health Research. The funder had no influence on the
conceptualisation, data collection, analysis, or interpre-
tation of data presented within the manuscript.
Results

Diet-sensitive obesity is associated with visceral
adiposity and greater cardiometabolic risk
Differences in ROWL in highly-adherent individuals
were previously reported as part of an intensively super-
vised clinical weight loss program in which a cohort of
over 5000 patients with obesity followed a 6-week hypo-
caloric meal replacement of 900 kcal/day with intensive
weekly supervision and educational programming.11 We
have shown that ROWL varies »2�3 fold between DS
and DR patients with obesity after controlling for factors
currently known to affect weight loss, including thyroid
function, specific medications and pathologies, obesity-
related surgeries, and mobility issues. Here, we began
by reviewing patient records prior to the start of the
hypocaloric meal replacement diet to identify character-
istics that might predict differences in ROWL. The 228
7
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patient records that were included in the review are
reflective of the female population in the OHWMP
(Figure 1a). We included women with BMI 30�60, and
age 30�70, as based on our own observations, that is
when rate-of-weight-loss is consistently stable. We
acknowledge that there are multiple socio-economic
parameters that may cause barriers for certain demo-
graphics to not seek medical care for obesity treatment,
however, this was not examined in this study.

In a subset of 228 DS and DR women with obesity
matched based on age, weight, and BMI (Figure 1a), 213
were of European descent (93.4%), 4 were of African
descent (1.8%), 2 were of Asian descent (0.9%), 7 were
other (3%), and 2 were unknown (0.9%). Bioelectrical
impedance analysis (BIA) of body composition revealed
that initial body fat (%) was higher in DR individuals
compared to DS (P<0.01, two-tailed Student’s t-test,
Table S1, Figure 1b). However, waist circumference,
which is highly correlated with visceral adipose tissue,32

was higher in DS women (P<0.05, two-tailed Student’s
t-test, Figure 1c). Visceral adipose tissue is preferentially
lost in subjects with obesity on a low calorie diet as
intraabdominal adipocytes readily undergo lipolysis.33

Supporting this, DS women also exhibited a higher rate
of fat mass loss throughout the weight loss program
compared to DR women (P<0.01 and P<0.001 respec-
tively, two-tailed Student’s t-test, Figure 1e and 1f).

Blood biochemistry profiles revealed that DS individ-
uals had higher fasting insulin concentrations
(Figure 1d), higher HOMA-IR, elevated triglycerides
(TG), and lower levels of TSH and HDL cholesterol
(P<0.05 for all, two-tailed Student’s t-test, Table S1).
While all DR and DS women had TSH values within
normal range, even small elevations in TSH are associ-
ated with the increased occurrence of obesity.34 The
higher waist circumference, fasting insulin, HOMA-IR
and TGs in DS women suggest that women with obesity
who lose weight rapidly in response to diet restriction
may be at greater risk of metabolic syndrome (MS).
Therefore, we next assessed the prevalence of MS using
the ATP-III criteria.35 DS women had a greater number
of ATP-III MS criteria compared to DR women
(P<0.01, two-tailed Student’s t-test, Table S1), indicat-
ing that DS obesity may confer a greater risk for cardio-
metabolic disease.

BIA accuracy is influenced by factors such as hydra-
tion status, patient ethnicity, hormonal fluctuations,
and tends to underestimate fat mass and overestimate
lean mass in individuals with obesity.36 Thus, we next
sought to confirm the differences in body composition
between DR and DS women by dual-energy X-ray
absorptiometry (DEXA) in 20 matched pairs. Consistent
with our BIA data, DR individuals with obesity had a
greater body fat (%) compared to DS women (P<0.001,
two-tailed Student’s t-test, Figure 1g). Interestingly, DR
women exhibited less lean body mass compared to DS
women (P<0.05, two-tailed Student’s t-test, Figure 1h
and 1i). Regional analysis of fat distribution revealed
that android fat (%) did not differ between groups, but
DR women had greater gynoid and leg fat (%) compared
to DS women (P<0.01 and P<0.001 respectively, two-
tailed Student’s t-test, Figure 1j and 1k, Table S1). These
regional differences resulted in a lower ratio of android
to gynoid fat in DR women (P<0.05, two-tailed
Student’s t-test, Figure 1l).
Exercise training improves body composition in
diet-resistant women with low resting metabolism
and muscle strength
Exercise has well recognised benefits to muscle function
and structure that can enhance capacity for maintained
weight loss and improve clinical prognosis.37,38 Consid-
ering our findings of decreased FFM in DR women
with obesity, as well as our previous findings of lower
muscle cross-sectional area (CSA),16 we hypothesised
that a combined aerobic and resistance exercise training
intervention may confer greater benefits to DR individu-
als. To test this hypothesis, we conducted a 6-week
supervised, progressive, combined aerobic and resis-
tance exercise intervention with 9 DS and 9 DR women
matched at the time of enrolment for age, weight, and
BMI, with an additional pair of 1 DS and 1 DR women
matched for age and BMI but not weight (Figure 2a;
details of the exercise protocol are provided in the Meth-
ods). The DS and the DR groups were similar with
regard to age (P=0.9, two-tailed Student’s t-test), weight
(P=0.2, two-tailed Student’s t-test) and BMI (P=0.7,
two-tailed Student’s t-test). However, despite similar lev-
els of self-reported physical activity between groups
(P=0.6, two-tailed Student’s t-test, Table 1), accelerome-
ter data revealed that DR women were walking on aver-
age 2000 fewer steps per day compared to DS women
throughout the 6-week intervention (main effect of DS
vs. DR P<0.05, two-way ANOVA for repeated-meas-
ures, Figure S1).

Consistent with our analysis of patient records from
the cohort of 228 patients with obesity, DR women had
higher body fat (%) and lower lean mass compared to
DS prior to exercise training (group within BL p<0.05,
two-way ANOVA for repeated-measures with Holm-
Sidak post hoc test, Table 1). Plasma biochemistry analy-
ses confirmed our findings of elevated fasting insulin
(main effect of DS vs. DR P<0.05, two-way ANOVA for
repeated-measures, Table 1), and revealed that DS
women had higher creatine kinase (main effect DS vs.
DR P<0.01, two-way ANOVA for repeated-measures),
indicative of greater muscle mass.

Analysis of resting metabolic rate by indirect calo-
rimetry revealed »20% lower energy expenditure in DR
women compared to DS women at BL (group within BL
P<0.05, two-way ANOVA for repeated-measures with
Holm-Sidak post hoc test, Figure 2c, Table 1). Since
RMR is positively correlated with lean body mass and
www.thelancet.com Vol 83 September, 2022



Figure 1. Diet-sensitive women with enhanced weight loss capacity have lower body fat (%), but are more at risk of cardio-
metabolic diseases associated with obesity. (a) Summary of screening patient records for eligibility. Patient records from the
Ottawa Hospital Weight Management Clinic were assessed for adherence (as previously described), and screened for missing data.
Records from patients with obesity in the top 20% for weight loss success (diet-sensitive, DS) were reviewed and compared to well-
matched women in the bottom 20% of rate of weight loss (diet-resistant, DR). (b-d) Body composition and blood biochemistry of
228 matched DS and DR women with obesity (n=114). (b) DR women have greater body fat (%) as assessed by bioelectrical impend-
ence analysis (BIA). (c) DR women had a smaller waist circumference, and (d) lower fasting insulin compared to DS women with obe-
sity. (e-f) DR women with obesity lost less fat mass in 12 weeks while on a 900 kcal/day hypocaloric diet. (e) Fat mass across 12-
weeks; (f) Rate of fat mass loss. (g-l) Body composition analysed by DEXA of 40 well-matched DR and DS women with obesity,
(n=20). (g) Body fat (%) was higher in DR women with obesity. (h) Fat mass was similar between groups, whereas (i) lean mass was
lower in DR women. Regional analyses showed no difference between groups in android fat (j), but revealed greater gynoid fat in
DR women (k). The regional differences in fat mass resulted in a higher ratio of android:gynoid fat in DS obesity (l). Comparisons
between groups were as determined using a two-tailed Student’s t-test. *P<0.05, **P<0.01, *** P<0.001. Values are means§SD.
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Figure 2. Exercise training preferentially improves body composition in diet-resistant women with low resting metabolism
and muscle strength. (a) Schematic summary of the time points for sample collection, testing procedures, and intervention. Briefly,
10 diet-sensitive (DS) and 10 age-, weight-, and BMI-matched diet-resistant (DR) women with obesity were recruited to undergo a 6-
week supervised exercise training intervention. Baseline (BL), post-exercise training (PET). (b) Exercise training did not induce weight
loss or alter fat-free mass in either group, but selectively lowered body fat (%) and fat mass in DR women, (n=10, two-tailed Stu-
dent’s t-test *P<0.05). See also Table 1. (c) DR women had lower resting energy expenditure at BL compared to DS women with
obesity, but not PET, (n=10). (d) DS and DR did not differ in energy expenditure during exercise when assessed using a graded sub-
maximal exercise; However, DR women had a higher respiratory exchange ratio (RER) at greater workloads (40W), and higher heart
rates (HR) throughout the exercise test. Exercise training lowered RER and HR in both groups, (n=10). (e) Isometric strength during
knee extension was lower in DR women regardless of exercise training. Exercise training improved strength in both groups, (n=10
DS, n=9 DR). (f) Exercise training increased skeletal muscle protein concentration per mg tissue in DR women only, (n=9�10). (g) DR
muscle exhibited fewer type I fibres than DS muscle, regardless of exercise training, (n=8 DS, n=7 DR). All values are presented as
means § SD. Unless otherwise stated, a two-way ANOVA for repeated-measures with Holm-Sidak post hoc test was used. y Main
effect of DS vs. DR (P<0.05), zMain effect of exercise (P<0.05). *P<0.05, **P<0.01 ***P<0.001.
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negatively associated with fat mass,39 RMR and VO2

were corrected for body mass using an analysis of
covariance (ANCOVA). A trend persisted at BL for
lower energy expenditure in DR women (P=0.11 for
RMR and P=0.10 for VO2), even when correcting for
body mass. Moreover, the absolute rate of lipid uti-
lisation was higher at BL in DS women with obesity
compared to DR (Figure S1). These findings are fur-
ther strengthened by recent studies on the spend-
thrift vs. thrifty phenotypes,8 and results from an
independent cohort demonstrating that DR individu-
als with obesity have a greater adaptation in whole-
body energy expenditure than DS after a 4-week
hypocaloric diet.40
www.thelancet.com Vol 83 September, 2022



Baseline Post-exercise training Main effect P-value

Variable Diet-sensitive Diet-resistant Diet-sensitive Diet-resistant Group Time

n 10 10

Age (years) 53.7 § 7.3 53.2 § 9.3 - -

Self-reported activity 1.55 § 0.69 1.70 § 0.68 - -

Height (cm) 165.85 § 7.34 158.55 § 4.99 - -

Body weight (kg) 110.67 § 28.85 96.87 § 17.55 111.07 § 29.30 96.27 §17.68 0.19 0.78

BMI (kg/m2) 39.92 § 8.00 38.66 § 7.56 40.03 § 8.20 38.38 § 7.66 0.68 0.56

Waist circumference (cm) 123.6 § 18.5 116.1§11.5 121.7§16.1 112.7§10.5b 0.28 <0.01

Body composition by DEXA

Fat mass (kg) 53.5 §19.0 50.5 § 13.7 53.6§ 19.3 49.6 § 14.1b 0.64 0.13

Lean mass (kg) 52.9 § 6.5 43.8 § 4.1a 52.6§ 6.5 44.2 § 4.9a <0.01 0.84

Body fat (%) 49.2 § 5.4 53.0 § 4.7a 49.3§ 5.6 52.0 § 5.2a,b <0.05 0.09

Fasting blood biochemistry

Fasting glucose (mmol/L) 5.2 § 0.5 5.1 § 0.6 5.5 § 0.7 5.3 § 0.6 0.53 0.14

HbA1c (%) 5.8 § 0.4 5.6 § 0.3 5.6 § 0.4b 5.5 § 0.3b 0.46 <0.001

Fasting insulin (pmol/L) 91.2 § 50.4 61.4 § 8.6 103.0 § 58.3 60.4 § 25.2a <0.05 0.47

HOMA-IR 3.06 § 1.78 2.00 § 0.89 3.65§ 2.40 2.08 § 1.01a 0.11 0.31

Fasting triglycerides (mmol/L) 1.38 § 0.49 1.54 § 0.52 1.25§ 0.42 1.35 § 0.58 0.53 0.06

Total cholesterol (mmol/L) 5.30 § 0.86 5.09 § 0.89 5.33§ 0.83 5.26 § 0.93 0.71 0.34

HDL-cholesterol (mmol/L) 1.54 § 0.26 1.47 § 0.36 1.54§ 0.094 1.50 § 0.39 0.66 0.65

LDL cholesterol (mmol/L) 3.13 § 0.77 2.95 § 0.72 3.36§ 0.74 3.22 § 0.86 0.61 0.09

Creatine kinase (U/L) 127.8 § 81.1 68.7 § 22.0a 110.5 § 37.3 72.9 § 30.7a <0.01 0.79

Metabolic and Fitness Testing

Resting heart rate (BPM) 65 § 9 69 § 8 62 § 10 69 § 8 0.14 0.19

RMR (kcal/h) 91.7 § 24.3 74.0 § 10.9a 84.4§ 13.7 76.7 § 10.1 0.06 0.48

Resting VO2 (mL/min) 308.5 § 82.4 247.8 § 35.7a 284.9 § 47.2 255.4 § 36.7 <0.05 0.47

Resting respiratory exchange ratio (RER) 0.80 § 0.04 0.82 § 0.07 0.78§ 0.05 0.82 § 0.04 0.17 0.63

Bench press (kg) 28.4 § 4.0 23.9 § 9.5 37.7§ 6.5b 32.1 § 9.5b 0.15 <0.001

Lateral pulldown (kg) 54.8 § 7.8 44.4 § 5.3a 61.9§ 6.6b 49.1 § 5.8a,b <0.001 <0.001

Seated row (kg) 48.5 § 9.4 41.3 § 6.9a 65.2§ 8.1b 50.2 § 6.5a,b <0.001 <0.001

Leg Press (kg) 80.3 §17.2 62.5 § 9.9a 106.6 § 19.4b 83.4 § 13.6a,b <0.01 <0.001

Table 1: Exercise training selectively improves body composition in diet-resistant women with obesity.
BMI, body mass index; HOMA-IR, homeostatic model assessment for insulin resistance; RMR, resting metabolic rate. Values are means§SD. Two-way

ANOVA for repeated-measures with Holm-Sidak post hoc test.
a DS vs. DR (P<0.05).
b Effect of exercise (P<0.05).
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The exercise intervention did not induce weight loss
in either group, but exercise training decreased fat
mass, waist circumference, and body fat (%) in DR
women only (all exercise within DR P<0.05, two-way
ANOVA for repeated-measures with Holm-Sidak post
hoc test, Table 1, Figure 2b). Energy expenditure during
an exercise bout, as assessed by a graded exercise test,
did not differ between groups (Figure 2d and S1).
However, heart rate was higher in DR women
regardless of exercise training (main effect DS vs.
DR P<0.05, two-way ANOVA for repeated-measures,
Figure 2d). Furthermore, despite similar mass-spe-
cific cost of transport (amount of energy required to
move 1 meter, Figure S1), the respiratory exchange
ratio (RER), the absolute rate of substrate utilisation,
and the relative contribution of these fuel sources to
energy expenditure (%EE) indicated that DS women
www.thelancet.com Vol 83 September, 2022
relied more on FA oxidation at higher work outputs
compared DR women (main effect DS vs. DR
P<0.05, two-way ANOVA for repeated-measures,
Figure 2d and S1).

Measurements of muscle strength by isometric knee
torque and predicted one-repetition maximum (1RM)
revealed relative deficiencies in strength in DR women
prior to the intervention (group within BL P<0.01, two-
way ANOVA for repeated-measures with Holm-Sidak
post hoc test, Figure 2e; Table 1). The combined aerobic
and resistance exercise intervention improved muscle
strength in both DR and DS groups (main effect exer-
cise P<0.001, two-way ANOVA for repeated-measures,
Figure 2e, Table 1). To determine if the improved mus-
cle strength was due to muscle hypertrophy or changes
in muscle fibre composition, we next examined muscle
cross-sectional area (CSA) and muscle fibre type.
11
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Consistent with our previous findings,16 skeletal muscle
from DR women at BL had significantly fewer type I
fibres, with a trend for smaller CSA than DS women
(P=0.06, two-way ANOVA for repeated-measures with
Holm-Sidak post hoc test, Figure 2g and S1). Exercise
training tended to increase % type I fibres in both
groups (P=0.066, two-way ANOVA for repeated-meas-
ures with Holm-Sidak post hoc test, Figure 2g) but did
not induce hypertrophy (Figure S1). Six weeks of exer-
cise training is relatively short to observe changes in
muscle CSA that result from increases in muscle pro-
tein synthesis. Thus, to determine if skeletal muscle
hypertrophy was initiated, we quantified muscle protein
concentration relative to muscle weight and observed
that the exercise training increased muscle protein con-
tent in DR (exercise within DR P<0.001, two-way
ANOVA for repeated-measures with Holm-Sidak post
hoc test, Figure 2f).
Exercise training improves mitochondrial content and
function in diet-resistant obesity
Obesity is associated with skeletal muscle mitochondrial
dysfunction and remodelling which leads to lower mito-
chondrial content and impaired bioenergetic
function.41,42 In individuals with obesity, exercise stim-
ulates skeletal muscle mitochondrial biogenesis and
confers greater improvements in mitochondrial func-
tion compared to caloric restriction.43 One of our pri-
mary aims was to determine the efficacy of exercise in
improving skeletal muscle mitochondrial function in
DR women. Markers of mitochondrial content, citrate
synthase (CS) and succinate dehydrogenase activity,
were lower in DR muscle compared to DS prior to exer-
cise training (group within BL P<0.05, and main effect
DS vs. DR P<0.05, two-way ANOVA for repeated-meas-
ures with Holm-Sidak post hoc test, Figure 3a; S2). Fol-
lowing the exercise intervention, CS activity increased
in DR muscle (exercise within DR P<0.05, two-way
ANOVA for repeated-measures with Holm-Sidak post
hoc test). The exercise-induced increases in CS activity
were not exclusively due to PGC1a-mediated mitochon-
drial biogenesis, as the exercise intervention increased
muscle PGC1a expression in both DR and DS women
(main effect of exercise P<0.05, two-way ANOVA for
repeated-measures, Figure 3b).

Using high-resolution respirometry to assess mito-
chondrial function in biopsied vastus lateralis fibres, we
next confirmed our previous findings of lower mito-
chondrial OXPHOS, oligomycin-induced leak respira-
tion, and maximal respiration at BL in DR (group
within BL P<0.05, two-way ANOVA for repeated-meas-
ures with Holm-Sidak post hoc test, Figure 3c). When
normalising respiration to CS activity there were no dif-
ferences at BL between groups (Figure S2), which sug-
gests the differences in mitochondrial function at BL
may partially be driven by mitochondrial content.
Exercise training increased OXPHOS and maximal res-
piration in DR but not DS individuals (exercise within
DR P<0.05, two-way ANOVA for repeated-measures
with Holm-Sidak post hoc test, Figure 3c). These exer-
cise-induced improvements of mitochondrial function
in DR muscle were cell autonomous, as these results
were recapitulated in primary myotubes isolated from
participants. Cultured myotubes from DR women
exhibited increased basal, ATP-coupled, and maximal
oxygen consumption following exercise training (all
exercise within DR P<0.01, two-way ANOVA for
repeated-measures with Holm-Sidak post hoc test,
Figure 3d; S2). Moreover, exercise training resulted in a
more fused mitochondrial reticulum in DR myotubes,
as indicated by an increase in mitochondrial length
(exercise within DR P<0.05, two-way ANOVA for
repeated-measures with Holm-Sidak post hoc test,
Figure 3e). Fluorometric-based analysis of H2O2 emis-
sion was conducted simultaneously with respiratory
measurements in biopsied myofibers and revealed no
differences between DS and DR per mg muscle (Figure
S2). However, H2O2 emissions were »38% higher in
DR muscle during oligomycin-induced proton leak at
BL, which was attenuated after exercise training (group
within BL P<0.05, exercise within DR P<0.05, two-way
ANOVA for repeated-measures with Holm-Sidak post
hoc test, Figure 3f).

Skeletal muscle mitochondrial proton leak contrib-
utes significantly to metabolic rate and is achieved
through mitochondrial inner membrane carrier pro-
teins including uncoupling protein-3 (UCP3) and ade-
nine nucleotide translocator (ANT).44�47 We previously
reported lower mitochondrial proton leak in muscle
from DR women across three separate study
cohorts.11,12,17 We detected lower muscle UCP3 gene
expression in DR women,11 but failed to detect differen-
ces in UCP3 protein expression in primary myotubes
derived from DR and DS women.12 Here, we did not
observe differences in UCP3 protein expression between
groups, but the relative protein expression of adenine
nucleotide translocase (ANT) was lower in DR muscle
independent of exercise training (main effect DS vs. DR
P<0.05, two-way ANOVA for repeated-measures,
Figure 3g). ANT accounts for approximately 50% of
basal proton leak in muscle,47 suggesting that differen-
ces in proton leak between DS and DR individuals may
be attributable to differential expression and activity of
ANT.

The mitochondrial electron transport chain (ETC)
complexes I, III, and IV can form higher-order super-
complexes (SCs) to facilitate efficient energy transduc-
tion and decrease ROS production.48 We sought to
determine if the improvements in mitochondrial func-
tion in DR muscle were attributable to reorganisation
and enhanced formation of ETC SCs that can occur
with exercise training.49 Muscle from DR women con-
tained lower amounts of CIII and CIV containing SCs,
www.thelancet.com Vol 83 September, 2022



Figure 3. Exercise training preferentially improves mitochondrial content and function in diet-resistant women with obe-
sity. (a) Citrate synthase activity (CS) tended to be lower in vastus lateralis from DR women compared to DS at BL (P=0.066). CS activ-
ity increased in DR muscle only at PET. Succinate dehydrogenase activity was lower in DR muscle regardless of exercise training,
(n=10). (b) PGC1a protein expression increased in both DS and DR muscle following exercise training, (n=9 DS, n=8 DR). (c) High-res-
olution respiratory flux per mg of saponin-permeabilised vastus lateralis muscle. Exercise training enhanced complex I (CI) oxidative
phosphorylation (OXPHOS) and CI+II OXPHOS, and improved FCCP-induced maximal respiration in DR muscle. However, oligomy-
cin-induced leak respiration was lower in DR muscle, regardless of exercise training. (n=9 DS, n=7 DR). (d) Seahorse analysis on
biopsy-derived primary myotubes demonstrated that basal and maximal oxygen consumption was enhanced with exercise training
in DR women, (n=9). (e)Mitochondrial length increased with exercise training in primary myoblasts isolated from DR women. Repre-
sentative images are shown beside the graph; scale bars, 20 µm, (n=8). (f) Fluorometric quantification of H2O2 emission demon-
strated that oligomycin-induced H2O2 was higher at BL in DR vastus lateralis when corrected for mitochondrial content using citrate
synthase (CS) activity. Exercise training decreased H2O2 emission in DR muscle, (n=7). (g) Immunoblot analyses revealed protein
expression of the adenine nucleotide translocase was lower in DR vastus lateralis compared to DS regardless of exercise training. In
contrast, protein expression of UCP3 did not differ, (n=9 DS, n=8 DR). (h) Skeletal muscle biopsies were solubilized with 1.5% vol/wt
digitonin prior to separation via BN-PAGE. Vastus lateralis from DR women had lower expression of CIII-containing SC and CII mono-
mer regardless of exercise training. Exercise training enhanced CIII and CIV supercomplex formation, as well as CII and CV monomer
expression in both groups. (i)When normalising SCs to CII, no differences were observed in CIII or CIV supercomplex formation (n=9
DS, n=8 DR). All values are presented as means § SD. A two-way ANOVA for repeated-measures with Holm-Sidak post hoc test was
used. yMain effect of DS vs. DR (P<0.05), z Main effect of exercise (P<0.05). *P<0.05, **P<0.01 ***P<0.001.
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but not CI SCs (main effect of DS vs. DR P<0.01 for
CIII and P<0.05 CIV, two-way ANOVA for repeated-
measures, Figure 3h). CII levels also trended lower in
DR muscle at BL (P=0.062, two-way ANOVA for
repeated-measures with Holm-Sidak post hoc test).
Exercise training increased muscle CIII and CIV SCs
and CII levels in both DR and DS women (main effect
of exercise P<0.05, two-way ANOVA for repeated meas-
ures), with a trend for increased CI SCs (main effect
exercise P=0.068, two-way ANOVA for repeated meas-
ures). Consistent with the observation of lower mito-
chondrial content in DR individuals, these effects
disappear when SC levels were expressed relative to CII
(Figure 3i). These results were similar in patient-derived
primary myotubes, as DR myotubes had lower CI, CIII,
and CIV SCs at BL (group within BL P<0.05 for all,
two-way ANOVA for repeated-measures with Holm-
Sidak post hoc test, Figure S3). However, when SCs
were normalised to CII, exercise training increased CIV
SCs in DR primary myotubes only (exercise within DR
P<0.05 two-way ANOVA for repeated-measures with
Holm-Sidak post hoc test, Figure S3).
Exercise training alters the DR metabolite network
A few studies have assessed metabolic signatures in
plasma/serum from obese individuals following weight
loss,50�53 with the hypothesis that baseline energy
metabolites in plasma are reflective of whole-body
metabolism, and indicate capacity for weight loss. We
propose that the muscle metabolome may be more
reflective of whole-body energy metabolism as muscle is
an important contributor to metabolism. Here, we used
rigorous liquid chromatography mass spectroscopy
(LCMS) approaches paired with bioinformatics and
machine learning analyses to determine differences in
the muscle metabolism between DR and DS women at
BL and after exercise training.

We first quantified 89 metabolites in skeletal muscle
using ion-pairing LCMS. Consistent with previous
attempts in identifying plasma biomarkers that predict
weight loss susceptibility,51 we failed to detect statisti-
cally significant differences at baseline in discrete
metabolites between DS and DR muscle (Figure 4a). Of
note, L-g-glutamyl-L-cysteine was lower in DR muscle
at BL (P<0.05, two-tailed Student’s t-test); however, this
failed to achieve significance after FDR correction. L-
g-glutamyl-L-cysteine is the immediate precursor to glu-
tathione (GSH), and we have consistently detected
impaired GSH redox in separate cohorts of DR
individuals.12,17 Following the exercise intervention, ser-
ine was significantly higher in DR muscle compared to
DS (group within PET P<0.01, two-way ANOVA for
repeated-measures with Holm-Sidak post hoc test,
Figure 4a and 4b). Serine is a non-essential amino acid
that acts as a central metabolic node in 1-carbon metabo-
lism (1C) that links folate and methionine cycles to
support the synthesis of sphingolipids, phospholipids,
purines, and GSH redox.54,55

We coupled muscle metabolomics analyses with MS/
MS analysis of plasma amino acids to determine if the
alterations in muscle serine concentrations were reflected
in circulation. Similar to the muscle metabolome, we
failed to detect differences in single circulating analytes at
BL; however, sarcosine was higher in DR individuals fol-
lowing exercise training (group within PET P<0.001,
two-way ANOVA for repeated-measures with Holm-Sidak
post hoc test, Figure 4c). Sarcosine is closely linked to ser-
ine through mitochondrial 1C reactions.54

We next employed the machine learning feature selec-
tion method, ReliefF, to identify metabolites in muscle
and plasma that are most relevant for differentiating
between the cohorts of DR and DS women at BL and fol-
lowing the exercise intervention. The individual metabo-
lites with a high discrepancy between DR and DS plasma
and muscle were serine and branched-chain amino acids
(BCAAs), which suggests that pathways involving these
metabolites are instrumental in driving the differing met-
abolic phenotypes (Figure 4b muscle; 4c plasma).

To further dissect the differences in metabolism
between DS and DR women, we subsequently com-
pared the distance correlations between metabolites
(Figure S5-S7).31 Metabolite distance correlation net-
works can identify the key metabolic pathways that are
dysregulated between distinct disease phenotypes, even
before changes in discrete metabolites occur.56 At BL,
ADP was ranked as the largest functional difference in
the muscle correlation network (Figure 4d). However, it
is the ratio of ATP, ADP, and AMP pools that reflect cel-
lular energy status and is crucial in controlling anabolic
and catabolic metabolic pathways; Thus, we analysed
the correlation network between energy charge [(ATP
+0.5*ADP)/(ATP+ADP+AMP)]57 and muscle metabo-
lites (Figure 4f). At BL, the pathways with enriched
metabolites correlating with energy charge exclusive to
DS muscle were BCAA catabolism, butyrate metabo-
lism, and O-phosphorylethanolamine (PE) biosynthesis
(Figure 4f). In contrast, enriched metabolites correlat-
ing to energy charge exclusive to DR were histidine
and pyruvate metabolism. After exercise training, corre-
lation analyses indicated a shift in the pathways driving
energy metabolism in DR muscle towards the profile
exhibited by DS muscle, with enriched metabolite sets
centering around the citric acid cycle, and amino acid
and propanoate metabolism in both DR and DS muscle.
Moreover, the biosynthesis of cardiolipin, a strong bio-
marker for mitochondrial content,58 and metabolites
involved in the mitochondrial electron transport chain
were exclusively enriched in DR muscle after exercise
training, which supports the exercise-induced increase in
mitochondrial content in DR muscle. Taken together, the
shift in the metabolome profile in DR muscle suggests
that exercise training preferentially enhances oxidative
capacity in DR women (Figure 4g).
www.thelancet.com Vol 83 September, 2022



Figure 4. Exercise training improves the skeletal muscle metabolite network in diet-resistant women with obesity. (a-f)
Metabolomic analyses of vastus lateralis and plasma samples from DR and DS women with obesity at BL and PET. (a) Volcano plots
of metabolite profiles from vastus lateralis at BL and PET. Significant features (P<0.05, Student’s t-test) highlighted. Serine was higher
in DR muscle following exercise training (with FDR correction), (n=9 DS, n=8 DR). (b) Selection of the most significantly different fea-
tures between DR and DS at BL and PET from metabolomics measurements in vastus lateralis. Shown are all features with ReliefF
weight measure over 0 (significant contributors to a classification model), (n=9 DS, n=8 DR). (c) Selection of the most significantly
different features between DR and DS plasma at BL and PET. Shown are all features with ReliefF weight measure over 0 (significant
contributors to a classification model). Sarcosine was lower in DR plasma after exercise training. *P<0.05 with FDR correction,
(n=10). (d) Selection of metabolites with the largest change in their distance correlation network in skeletal muscle (n=9 DS, n=8
DR). See also Figure S5 and S6. (e) Selection of metabolites with the largest change in their distance correlation network in plasma
(n=9 DS, n=8 DR). See also Figure S5 and S7. (f) Selection of skeletal muscle metabolites with the largest change in their distance
correlation network with adenylate energy charge [(ATP+0.5*ADP)/(ATP+ADP+AMP)], with pathway enrichment analysis based on
these metabolites. Shown are metabolite partners with distance correlation > 0.7; P<0.02, (n=9 DS, n=8 DR). (g) Proposed pathway
differences in skeletal muscle energy metabolism related to the adenylate correlation network.
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Serine metabolism is differentially regulated between
diet-resistant and diet-sensitive obesity following
exercise training
The machine learning analyses identified serine as a
significant feature in both plasma and muscle metabo-
lites. Metabolite distance correlation networks in
plasma suggest that the route for serine production
www.thelancet.com Vol 83 September, 2022
and/or utilisation differed significantly between DS and
DR women, despite similar concentrations in plasma
(Figures 4e, 5a). Serine is involved in the first step of de
novo sphingolipid synthesis, in which serine palmitoyl-
transferase (SPT) catalyses the major-controlling reac-
tion involving the condensation of serine and palmitoyl-
CoA.59 The accumulation of sphingolipids in skeletal
15



Figure 5. Exercise training differentially alters the serine-sphingolipid muscle metabolite networks in diet-sensitive and
diet-resistant women with obesity. (a-e) Enriched metabolite networks reveal differing profiles in vastus lateralis from DR and DS
individuals at BL and PET. (a) The correlation network for plasma serine. Shown are partners with distance correlation > 0.7; P<0.02,
(n=10). (b) Selection of the most significantly different sphingolipid features in vastus lateralis. Shown are features with ReliefF
weight measure over 0.03 (major contributors to a classification model), (n=5). (C) Immunoblot analyses revealed relative protein
expression of SPTLC1 did not differ between DR and DS, whereas expression of SPTLC2 was lower in DR skeletal muscle following
exercise training. (*P<0.05, Two-way ANOVA for repeated-measures with Holm-Sidak post hoc test, n=9). (d) Heatmap clustering of
relative sphingolipid level changes compared to the total sample mean in the DS and DR groups before and after exercise. Data
were log-transformed and z-scored. (e) Sphingolipid metabolic pathway indicating network correlations are distinct in DR and DS
groups at baseline. Direction of arrows indicates direction of correlation; arrow colours indicate correlations between sphingolipid
species at the beginning (serine) or end (O-phosphorylethanolamine (PE)) of the sphingolipid metabolic pathway in either the DR or
DS groups. The number of species with significant correlations in each subclass (absolute correlation level over 0.6 with P<0.05) are
indicated. Data in bar graphs represent mean § SEM. (*P< 0.05, t�test with Welch’s correction, n=5). See also Figure S4.
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muscle has been implicated in the development of insu-
lin resistance by interfering with insulin-stimulated glu-
cose uptake,60,61 which could contribute to the
emerging metabolic phenotype in DS women. Thus, we
analysed the sphingolipid profile of vastus lateralis from
a subset of samples to determine if there were
differences in sphingolipid metabolism. Since limited
sample availability rendered us unable to include age-,
weight-, and BMI-paired sets of DR and DS samples, we
concentrated on distance correlations of sphingolipids
and serine to identify differences in sphingolipid metab-
olism between groups. Distinct d18:1 species of
www.thelancet.com Vol 83 September, 2022
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sphingomyelins (SM) were higher in DS vastus lateralis
when collapsing across timepoints, with ReliefF analy-
ses also identifying this set of sphingomyelins as the
most significant features for classification between
groups (main effect DS vs. DR P<0.05, two-way
ANOVA for repeated-measures with Holm-Sidak post
hoc test, Figure 5b). Heatmap clustering of log-trans-
formed and z-scored lipid levels showed clustering of
the majority of SM species, with SM abundance greater
in DS muscle compared to DR, regardless of exercise
(Figure 5d). SM levels have been shown to be higher in
obese patients with type 2 diabetes and to inversely cor-
relate with insulin resistance in mice.60,62,63 Exercise
training lowered all detected hexosyl-ceramide species
in DR muscle, whereas there was no change in relative
lipid levels in the DS muscle following the exercise
intervention.

To further explore differences in the sphingolipid
metabolic network between the DR and DS vastus latera-
lis, we calculated the correlation network for all mea-
sured sphingolipids with serine, involved in the first
step of sphingolipid synthesis, and PE, the catabolic exit
point of sphingolipids. Serine was positively associated
with several species of ceramides and sphingomyelins
both at BL and PET in DS muscle, and only at BL in DR
muscle (Figure 5e and S4). Immunoblot analysis
revealed that DS muscle had augmented protein expres-
sion of the SPTLC2 subunit of SPT following exercise
training, but not the SPTLC1 subunit (group within
PET P<0.05, two-way ANOVA for repeated-measures
with Holm-Sidak post hoc test, Figure 5c), supportive of
increased sphingolipid synthesis. Furthermore, PE neg-
atively correlated with nearly every sphingolipid sub-
class except PE-Cer and lactosylceramides in DS muscle
(both BL and PET), suggesting degradation via the mod-
ification pathway (Figure 5e and S4). In contrast, nearly
all sphingolipid correlations with both serine and PE
disappeared at the presented level of significance in DR
vastus lateralis after exercise training. Of note, there was
a negative correlation between PE and ceramide phos-
phoethanolamine PE-Cer(d18:1/24:0) in DR muscle at
BL, suggesting that in the DR group de novo synthesised
ceramides are preferentially shunted towards PE-Cer
rather than SM.
Discussion
Despite extensive knowledge of the overarching causes
and consequences of obesity, individual weight loss suc-
cess in response to caloric restriction, medication and
surgery is extremely variable [reviewed in Dent et al.
20204]. Here, we provide evidence that capacity for
rapid diet-induced weight loss in women with obesity is
associated with central adiposity and increased risk of
metabolic syndrome prior to weight loss. Furthermore,
we demonstrate that women with a documented history
of minimal diet-induced weight loss accrue greater
www.thelancet.com Vol 83 September, 2022
benefits from exercise training compared to women
who lose weight rapidly from caloric restriction. Our
integrated analysis of the m. vastus lateralis metabolome
and sphingolipidome identified distinct differences in
metabolism that further distinguished the DR and DS
phenotypes, and corroborate the differential responses
to exercise training. Taken together, these findings have
significant implications for the development of more
effective and personalised treatment strategies for
obesity.

BMI is a widely used, but flawed method to assess
and classify the extent of obesity. However, it is well
accepted that BMI per se is a poor predictor of individual
risk for cardiometabolic diseases. A recent meta-analysis
of 72 cohorts consisting of over 2 million participants
demonstrated that central adiposity is positively associ-
ated with a higher risk of all-cause mortality, indepen-
dent of overall adiposity.64 It should be acknowledged
that the cohorts of women recruited for the DEXA scans
and the exercise intervention were on average 7 years
older and had a BMI of 4.9 kg/m2 (12%) lower than the
overall population of women in the OHWMP. Mecha-
nistic studies have demonstrated that visceral adipocytes
express greater levels of hormone-sensitive lipase and
are more resistant to the anti-lipolytic effects of
insulin.65,66 The increased sensitivity to lipolytic
stimuli67,68 contributes to hypertriglyceridemia due to
the release of fatty acids into circulation in close proxim-
ity to the portal vein.65,69 Consistent with our findings,
our machine learning network-based feature selection
approaches of the skeletal muscle metabolome and
sphingolipidome suggest that DS ceramide synthesis and
utilisation are enhanced in DS muscle as indicated by the
serine/PE correlation networks, which supports a greater
risk of metabolic syndrome in DS individuals.60,70 There-
fore, despite the weight loss benefits of a diet-sensitive
phenotype, these individuals are at a greater risk for the
metabolic complications of obesity.

Studies assessing the efficacy of exercise as a thera-
peutic treatment to induce weight loss have produced
inconsistent results and collectively have contributed to
the generally diet-focused approaches to treat obesity.
While it is established that exercise in combination with
caloric restriction elicits both greater initial, and sus-
tained weight loss,71�73 the idiom “you cannot outrun a
bad diet” is based on a decade of research demonstrat-
ing that decreased energy intake generally leads to
greater weight loss than increased energy expenditure
through exercise.73�75 In theory, energy expenditure
must exceed energy intake to induce successful weight
loss. Attempts to explain inadequate weight loss in
response to exercise interventions have focused on the
low doses of prescribed exercise, heterogeneity in exer-
cise response,76 and the commonly observed compensa-
tory increase in caloric intake.77 However, in cases in
which diet-adherent individuals fail to achieve success-
ful weight loss through caloric restriction, exercise may
17
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preferentially enhance their weight loss capacity by
reprogramming skeletal muscle metabolism to enhance
oxidative processes, consistent with our findings in
biopsied muscle and derived primary muscle cells.

Our findings of a higher body fat (%) and lower lean
mass in DR individuals support the use of exercise to
enhance weight loss capacity in diet-resistant obesity, as
exercise-induced weight loss significantly decreases
total fat mass to a greater extent than diet-induced
weight loss.78 Exercise when combined with caloric
restriction attenuates the loss of muscle mass, improves
myofiber composition, and stimulates muscle protein
synthesis in individuals with obesity.79,80 Type II fibres,
which are more abundant in DR muscle, adapt first to
exercise training by recruiting satellite cells for regener-
ation.81 Moreover, gene set enrichment analysis in rectus
femoris muscle previously demonstrated decreased
expression of ribosomal proteins from DR individuals
with obesity as compared to DS,16 for which resistance
exercise has been shown to induce ribosomal biogene-
sis.82 While the relatively small sample size is a limita-
tion of our study and a longer training intervention
would be required to observe myofiber hypertrophy, our
findings demonstrate that exercise may be a clinically
important intervention in individuals with diet-resistant
obesity. Of note, occasionally limited sample availability
rendered us unable to perform all molecular analyses
on skeletal muscle from all participants, and we were
unable to conduct multivariate analysis to adjust for
baseline characteristics due to the low sample size.

While rapid weight loss and improvements in insu-
lin sensitivity are observed with diet-induced weight
loss, energy restriction does not induce mitochondrial
biogenesis or improve mitochondrial function.43 In con-
trast, exercise elicits rapid improvements in mitochon-
drial bioenergetic function and content in as little as
5 days.43,83 Here, we demonstrate that the impaired skel-
etal muscle mitochondrial function that we have consis-
tently observed in the diet-resistant phenotype is partly
attributable to lower mitochondrial content, which is
preferentially enhanced in DR muscle with exercise
training. The exercise-induced increases in oxidative
capacity and ETC supercomplexes, as measured in both
skeletal muscle and biopsy-derived primary myotubes,
further suggest that exercise reprograms satellite cells
in diet-resistant obesity through epigenetic mecha-
nisms, as even a single bout of exercise decreases the
methylation of promotors for PPARGC1A, PDK4 and
PPARD and increases the expression of these genes.84

In summary, exercise training improves body com-
position and skeletal muscle bioenergetic function in
individuals with obesity who do not respond adequately
to energy restriction. In addition, although the diet-sen-
sitive phenotype would appear inherently preferable to
a diet-resistant state, the same metabolic characteristics
that enable rapid lipolysis and loss of visceral adipose
tissue make DS individuals more susceptible to
metabolic diseases prior to weight loss. Altogether, our
findings are supportive of current guidelines for exer-
cise and cardiometabolic health, and demonstrate pref-
erential improvements in metabolism for diet-resistant
obesity with exercise training.
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Figure S1. (a) Average daily steps differed between DR and DS women at BL and throughout the 
exercise intervention, (n=10). (b and c) Substrate utilization at rest, (n=10). (b) Calculated 
absolute rates of carbohydrate (CHO) and fatty acid (FA) oxidation at rest. (c) Relative 
contribution of substrate utilization to energy expenditure at rest. (d-h) Measurements during a 
graded exercise test, (n=10). (d) VO2, (e) Rating of perceived exertion (RPE) (using the Borg) and, 
(f) Muscle-specific cost of transport (amount of energy required to move 1 meter) did not differ 
between DS and DR women with obesity. (g) Calculated carbohydrate (CHO) and fatty acid (FA) 
oxidation. (h) Relative contribution of substrate utilization to energy expenditure during a graded 
exercise test. (i) Vastus lateralis CSA tended to be lower in DR skeletal muscle (P=0.062) (n=8 
DS, n=7 DR). A two-way ANOVA for repeated-measures was used to analyse exercise and diet 
sensitivity group differences. † Main effect of DS vs. DR (P<0.05). Holm-Sidak post hoc tests 
were performed for multiple comparisons. *P<0.05. All values are presented as means±SD. 

 

Figure S2. (a) Respiratory flux per citrate synthase activity (per mg) of vastus lateralis at baseline 
(BL), after 6 weeks of exercise training (PET), (n=9 DS, n=7 DR). (b) H2O2 emissions per mg 
vastus lateralis, (n=7). (c-e) Cellular respiration is increased in DR myotubes following exercise 
training. Primary myotubes were analyzed using a Seahorse XFe96 analyzer (Agilent) with serial 
injections of oligomycin (Oligo), FCCP, rotenone with antimycin A (Rot&AA), and monensin 
(Mon). (c) Quantification of the indicated parameter of respiration (main text figure 3e). (d) ECAR 
of primary myotubes. (e) Cellular bioenergetic analyses of the data presented in a&b. The rate of 
ATP produced by OXPHOS and glycolysis (JATPox and JATPglyc respectively) were calculated 
following the Mookerjee et al., 2017 method (see STAR methods). A two-way ANOVA for 
repeated-measures was used to analyse exercise and diet sensitivity group differences. † Main 
effect of DS vs. DR (p<0.05), ‡ Main effect of exercise (P<0.05). Holm-Sidak post hoc tests were 
performed for multiple comparisons. *P<0.05, **P<0.01 ***P<0.001. All values are presented as 
means±SD, (n=9). 

 

Figure S3. Primary myotubes supercomplex analyses. Analysis of ETC supercomplex levels by 
BN-PAGE. Intensities of complex I, III and IV related SC relative to complex II in primary 
myotubes from DR and DS individuals before (BL) and after exercise training (PET). A two-way 
ANOVA for repeated-measures was used to analyse exercise and diet sensitivity group differences. 
† Main effect of DS vs. DR (P<0.05), ‡ Main effect of exercise (P<0.05). Holm-Sidak post hoc 
tests were performed for multiple comparisons. *P<0.05. All values are presented as means±SD, 
(n=8). 

 

Figure S4. Distance correlation network for muscle serine/PE and sphingolipids. Signed distance 
correlation analysis of serine and O-phosphorylethanolamine (PE) with sphingolipids showing 
major change between groups. Shown are partners with distance correlation > 0.7; P<0.02, (n=5). 

 

Figure S5. Comparison of distance correlation networks for metabolites. (a) Vastus lateralis 
muscle metabolite profiles at baseline (BL) and post-exercise training (PET). Shown are 



correlation > 0.6, P< 0.01, (n=9 DS, n=8 DR). (b) Comparison of distance correlation networks 
for plasma metabolites. Shown are correlation > 0.8, P< 0.01, (n=10). 

 

Figure S6. Distance correlation networks of vastus lateralis from DS and DR women at baseline 
(BL) and post-exercise training (PET) (profiles at correlation > 0.8, P< 0.01), (n=9 DS, n=8 DR).  

 

Figure S7. Distance correlation network for plasma sample metabolomics in four groups. Shown 
are positive (black) and negative (red) correlations (profiles at correlation >0.8, P<0.02), (n=10). 

















Table S1. Clinical factors associated with high vs. low capacity for diet-induced weight loss. 

Variable DS DR P-value  

n 114 114  

Age (years) 46.3 ± 8.5 45.8 ± 8.2 - 

Height (cm) 165.0 ± 6.3 165.0 ± 5.7 - 

Weight (kg) 114.0 ± 18.2 114.5 ± 17.9 - 

BMI (kg/m2) 41.87 ± 6.06 42.24 ± 5.78 - 

% Weight loss 11.88 ± 1.35 6.59 ± 1.18* <0.001 

Systolic BP (mmHg) 137 ± 17 128 ± 17* <0.001 

Diastolic BP (mmHg) 84 ± 9 81 ± 10* <0.05 

Waist Circumference 119.3 ± 14.6 115.5 ± 14.0 <0.05 

ATP-III criteria for 
Metabolic Syndrome 

3.34 ± 1.19 2.86 ± 1.30* <0.01 

Body composition by bioelectrical impedance  

Fat mass (kg) 54.7 ± 12.6 56.7 ± 12.1 0.21 

Fat free mass (kg) 58.9 ± 7.3 57.8 ± 6.8 0.22 

Total body water (kg) 43.1 ± 5.3 42.3 ± 5.0 0.25 

Body fat (%) 47.7 ± 4.3 49.2 ± 3.5* <0.01 

Fasting blood biochemistry 

Glucose (mmol/L) 5.7 ± 1.3 5.7 ± 1.8 0.44 

HbA1c (%) 5.6 ± 0.6 5.7 ± 1.0 0.25 

Insulin (pmol/L) 106.0 ± 81.4 85.8 ± 45.6* <0.05 

HOMA-IR 3.89 ± 3.30 3.01 ± 2.23* <0.05 

HOMA-β 163.7 ± 114.5 151.8 ± 81.0 0.41 

Triglycerides 
(mmol/L) 

1.80 ± 0.73 1.59 ± 0.85* <0.05 

Total cholesterol 
(mmol/L) 

4.93 ± 0.92 4.94 ± 1.07 0.91 

HDL-cholesterol 
(mmol/L) 

1.13 ± 0.27 1.29 ± 0.31* <0.001 

LDL cholesterol 
(mmol/L) 

2.96 ± 0.87 2.93 ± 0.94 0.81 

TSH (mIU/L) 2.04 ± 0.98 2.33 ± 1.11 <0.05 



Free T3 (pmol/L) 4.46 ± 0.71 4.50 ± 0.77 0.66 

Body composition by DEXA 

n 20 20  

Age (years) 53.81 ± 6.60 52.52 ± 7.81 - 

Height (cm) 163.0 ± 5.7 161.7 ± 6.6 - 

Body weight (kg) 98.4 ± 17.4 98.3 ± 17.4 - 

BMI (kg/m2) 36.9 ± 5.5 37.6 ± 6.3 - 

Fat mass (kg) 45.9 ± 12.0 50.4 ± 12.5 0.24 

Lean body mass (kg) 49.5 ± 5.6 45.1 ± 5.8* <0.05 

Body fat (%) 47.5 ± 4.1 52.3 ± 4.9* <0.001 

Android fat (%) 55.0 ± 5.9 56.7 ± 6.1 0.39 

Gynoid fat (%) 48.5 ± 5.6 53.9 ± 5.6* <0.01 

Android/Gynoid fat 1.15 ± 0.17 1.06 ± 0.12 <0.05 

Leg fat (%) 44.8 ± 5.6 53.6 ± 6.7* <0.001 

Leg fat (kg) 13.3 ± 4.5 17.6 ± 4.8* <0.001 

Leg lean mass (kg) 15.8 ± 1.2 14.9 ± 2.5 0.17 

 

DS, diet-sensitive obesity; DR, diet-resistant obesity; BMI, body mass index; BP, blood pressure. 
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