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Aims/hypotheses—Obesity is associated with decreased insulin sensitivity (I1S) and elevated
plasma branched-chain amino acids (BCAAS). The purpose of this study was to investigate the
relationship between BCAA metabolism and IS in overweight (OW) individuals during exercise
intervention.

Methods—Whole-body leucine turnover, IS by hyperinsulinaemic—euglycaemic clamp, and
circulating and skeletal muscle amino acids, branched-chain a-keto acids and acylcarnitines were
measured in ten healthy controls (Control) and nine OW, untrained, insulin-resistant individuals
(OW-Untrained). OW-Untrained then underwent a 6 month aerobic and resistance exercise
programme and repeated testing (OW-Trained).

Results—IS was higher in Control vs OW-Untrained and increased significantly following
exercise. 1S was lower in OW-Trained vs Control expressed relative to body mass, but was not
different from Control when normalised to fat-free mass (FFM). Plasma BCAAs and leucine
turnover (relative to FFM) were higher in OW-Untrained vs Control, but did not change on
average with exercise. Despite this, within individuals, the decrease in molar sum of circulating
BCAAs was the best metabolic predictor of improvement in IS. Circulating glycine levels were
higher in Control and OW-Trained vs OW-Untrained, and urinary metabolic profiling suggests
that exercise induces more efficient elimination of excess acyl groups derived from BCAA and
aromatic amino acid (AA) metabolism via formation of urinary glycine adducts.

Conclusions/interpretation—A mechanism involving more efficient elimination of excess
acyl groups derived from BCAA and aromatic AA metabolism via glycine conjugation in the
liver, rather than increased BCAA disposal through oxidation and turnover, may mediate
interactions between exercise, BCAA metabolism and IS.

Trial registration—Clinicaltrials.gov NCT01786941
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Branched-chain amino acids; Exercise; Insulin resistance; Metabolomics; Obesity; Protein

Introduction

Obesity is characterised by metabolic aberrations, including insulin resistance (IR) and
impaired macronutrient metabolism. Traditionally, attention has focused on the interplay of
glucose and lipid metabolism in obesity-associated metabolic diseases. More recently,
studies involving comprehensive metabolic profiling—or ‘metabolomics’—have highlighted
the importance of protein metabolism in the aetiology of such disorders [1]. Although
obesity is associated with elevated plasma levels of certain amino acids (AAs), including the
branched-chain AAs (BCAAS), phenylalanine and tyrosine [2-4], their source and
contribution to the development of IR remain unclear.

We previously identified a plasma signature composed of the BCAAs, their acylcarnitine
metabolites (C3 and C5), and aromatic AAs phenylalanine and tyrosine that distinguishes
lean from obese individuals, is strongly associated with IR and implicates altered flux
through BCAA catabolic pathways in obesity [5-7]. Further, a similar group of metabolites
measured at baseline predicts improvement of IR in response to moderate weight loss [8]
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and is prognostic for future development of type 2 diabetes in normoglycaemic individuals
[9]. In muscle, a commonly observed signature of obesity and IR is the accumulation of a
broad array of acylcarnitines, derived from mitochondrial oxidation of lipids, glucose and
AAs [10, 11]. One model proposes that diet-induced obesity leads to a compensatory
increase in -oxidation in skeletal muscle, but without a coordinate increase in capacity of
the tricarboxylic acid (TCA) cycle and electron transport chain (ETC), resulting in
accumulation of incompletely oxidised lipid species (represented by acylcarnitines) in
muscle mitochondria [10, 11]. Further, accumulation of acylcarnitines is associated with
mitochondrial stress and impaired insulin action [10, 11]. Consistent with this model, BCAA
consumption potentiates high-fat diet-induced accumulation of acylcarnitines in rodent
skeletal muscle [5].

Skeletal muscle is a major site of insulin action [12], and thus, a practical target for
therapeutic interventions to improve insulin sensitivity (1S). Exercise is a readily available
and effective intervention for improving metabolic dysfunction in obesity [7, 13]. Both
aerobic and resistance exercise have been shown to enhance oxidative potential by
increasing mitochondrial density and/or function [14, 15], and resistance exercise stimulates
muscle protein turnover, generally improving net protein balance [16]. We designed a study
to test the impact of a combined aerobic and resistance exercise regimen on BCAA and
acylcarnitine homeostasis and IS in overweight (OW), insulin-resistant individuals. We
hypothesised that the combined exercise programme would drive BCAAs into exercising
muscle for oxidation in response to both components, and for protein synthesis in response
to the resistance component, consuming excess plasma AAs and improving plasma and
muscle AA and acylcarnitine profiles, with associated improvements in IS.

We studied 23 individuals who qualified as lean controls (Control; BMI <24.9, no activity
restrictions) or overweight, insulin-resistant and untrained (OW; BMI 25-<35.4, exercise <2
days/week). Experimental procedures were approved by the Institutional Review Board at
Duke University Medical Center (which is in compliance with the Declaration of Helsinki,
revised in 1983). All participants provided informed, written consent prior to enrolment.
Participants completed testing at baseline (Control, OW-Untrained), and OW repeated
testing following a 6-month exercise intervention (OW-Trained). Four OW participants (one
man and three women) did not complete the exercise intervention and were only included in
OW-Untrained. See Electronic Supplementary Materials (ESM) Methods.

Experimental design

Screening visits and study timeline are shown in ESM Fig. 1. Participants underwent an
OGTT to qualify for the Control (BMI1<24.9, no activity restrictions, fasting plasma glucose
[FPG] <5.5, 2 h plasma glucose <7.72 mmol/l) or OW (BMI 25 to <35.4, exercise <2 days/
week, FPG 5.83 to <7 mmol/l, 2 h glucose 7.8 to <11.1 mmol/l) groups. On separate days
(=13 days apart), whole-body leucine turnover was measured, and hyperinsulinaemic—
euglycaemic clamps were used to assess IS.
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Protein turnover

Following ingestion of a standardised evening meal and overnight fast, participants reported
to the clinic at 08:00 hours (Fig. 1). A basal urine sample was obtained. Catheters were
inserted into an antecubital vein for stable-isotope tracer infusion and in a vein of the
opposite hand for heated (arterialised) blood sampling. Following collection of baseline
blood and breath samples, primed, continuous infusions of 1-[}3C]leucine and ring-
[2Hs]phenylalanine were initiated and continued through the study. Nutrition assessment
and other details can be found in ESM Methods.

Hyperinsulinaemic—euglycaemic clamp

Procedures were standard for hyperinsulinaemic—euglycaemic clamp. See ESM Fig. 2 and
ESM Methods.

Plasma and breath analyses

A targeted, MS-based platform (MS-MS) was used to measure a total of 15 AAs and 45
acylcarnitines in plasma [5, 17]. Alpha-keto acids of leucine (a-keto-isocaproate, a-KIC),
isoleucine (a-keto-B-methylvalerate, a-KMV) and valine (a-keto-valerate, KIV) were
measured as previously described [18]. Plasma a-KIC, leucine and phenylalanine tracer-to-
tracee ratios were determined on their tert-butyldimethylsilyl derivatives by GC-MS (6890
GC/5975B inert XL EI/CI MSD; Agilent Technologies, Santa Clara, CA, USA) [19, 20].
See Methods for additional plasma analyses information. 13CO, isotopic enrichments in
breath samples were measured by a GC-isotope ratio MS (DeltaP!us XP with Gas Bench II;
Thermo Scientific, Waltham, MA, USA).

Muscle and urine analyses

Following saline rinse and removal of visible fat and connective tissue, muscle biopsies
were immediately flash frozen in liquid nitrogen and stored at —80°C. Fifteen AAs, 66
acylcarnitines, 26 ceramides and seven acyl-CoAs were analysed by MS-MS, and seven
organic acids by GC-MS [21-23]. ATP, creatine and phosphocreatine content were
determined as described [24]. Urine samples were analysed by GC-MS using a non-targeted
approach [25, 26]. See ESM Methods.

Calculations

Calculations were made in the steady state. During hyperinsulinaemic—euglycaemic clamp,
glucose infusion rate (GIR) was averaged over 30 min of steady state euglycaemia,
generally the final 30 min. Standard equations were used to calculate leucine rate of
appearance (R,), leucine oxidation and non-oxidative leucine disposal (NOLD) [20, 27]. See
ESM Methods.

Exercise training

OW individuals participated in a 6 month training programme that included aerobic training
three to four sessions/week (50,201 kJ/week at 65-80% peak oxygen consumption

[VQQPM]) and whole-body resistance training on eight machines. The adherence goal was
80% for both components. See ESM Methods.
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Statistical methods

Results

Values are expressed as means+SEM. Unpaired Student’s t tests were used to compare OW
groups to Controls, and paired t tests were used to compare OW-Untrained to OW-Trained.
As this type of analysis is exploratory in nature and measures large numbers of metabolites,
two-sided p values unadjusted for multiple comparisons are presented [8, 28, 29]. For
metabolic profiling data with large numbers of comparisons (conventional metabolites, AAs,
acylcarnitines, etc.), p<0.01 was considered significant. For statistical tests of other
measures (protein turnover, creatine, clamp, a-keto acids, etc.), p<0.05 was considered
significant. Alpha levels are indicated in table and figure legends.

Principal components analysis (PCA) was used to reduce the large number of metabolites to
a smaller number of factors [5, 8, 29, 30]. Factors that were correlated (r2 > 0.3) with
HOMA-IR and/or clamp GIR were retained for further analysis. Pearson’s correlation
coefficients were used to assess the correlation between HOMA-IR and GIR with metabolic
factors and groups of metabolites. If a variable was not normally distributed, Spearman’s
correlation test was used. Statistical analyses were performed using SAS version 9.3 (SAS
Institute, Cary, NC, USA). See ESM Methods.

Physical characteristics and physiological measures

OW-Untrained participants were OW or class | obese (BMI 25.00-29.99 or 30.00-34.99 kg
m~2) (Table 1). Other physical characteristics are reported in Table 1.

Exercise training

Baseline and training outcomes are presented in Table 1 and ESM Table 1.

Glucose control

OW-Untrained had higher FPG and insulin, HOMA-IR and 2 h OGTT glucose levels than
Control (p<0.01, Table 1). Fasting insulin, HOMA-IR, and 2 h OGTT glucose were lowered
by exercise (p<0.01), but remained greater than Control. FPG was not altered by exercise
(p=0.14). OW-Untrained had greater glucose and insulin excursions during OGTT than
Control (Fig. 2a—c), which improved in OW-Trained, but remained greater than Control.
Hyperinsulinaemic—euglycaemic clamp studies indicated a moderate degree of IR in OW-
Untrained vs Control (p<0.01, Fig. 2d). IS (GIR) improved by an average of 54% in OW-
Trained (p<0.01 vs OW-Untrained), but did not normalise completely vs Control when
expressed relative to body mass (p<0.01). However, expressed relative to fat-free mass
(FFM), OW-Trained GIR was not different from Control (Fig. 2e).

BCAA and a-keto acid levels during hyperinsulinaemic—euglycaemic clamp

BCAA:s and their corresponding a-keto acids are reported prior to insulin infusion, and at 90
and 180 min of hyperinsulinaemic—euglycaemic clamp in Fig. 2h, i. Expressed as % change
from 0-180 min, all BCAA and a-keto acids except a-KIV were lowered to a greater extent
in Control vs OW groups, but there were no differences between groups when expressed as
absolute change. Absolute values of the OW groups were generally higher than Control. All
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three BCAAS were greater in OW-Untrained compared with Control at 90 and 180 min, and
were not lowered on average by exercise. At Time 0, plasma levels of the BCAA-derived a-
keto acids were greater in OW-Untrained vs Control. Basal a-KIC and a-KMV were
reduced following exercise. The molar sum of BCAAs was elevated in OW-Untrained and
OW-Trained vs Control (Fig. 2j), whereas the molar sum of the BCAA a-keto acids was
elevated in OW-Untrained vs Control (p<0.05) and significantly reduced by exercise (Fig.
2k).

Hormones, cytokines and conventional metabolites

Compared with Control, OW-Untrained had greater levels of metabolites shown in Table 2
and decreased levels of adiponectin. C-peptide, leptin and glucose-dependent insulinotropic
peptide (GIP) were significantly lowered by exercise (p<0.01). Other metabolites are
reported in ESM Table 2.

Protein turnover

Relative to body mass, there were no differences between groups for endogenous whole-
body leucine R,, oxidation or NOLD (Fig. 3a). Relative to FFM, leucine R,, oxidation and
NOLD were greater in OW-Untrained and OW-Trained compared with Control, with no
effect of exercise (Fig. 3b). In studies of mixed muscle, protein fractional synthesis rate
(FSR), venous phenylalanine and leucine concentrations reached steady state by 90 min and
were not different between groups (Fig. 3e, f). Phenylalanine incorporation into total protein
(FSR) was not different between OW-Untrained and Control (p>0.05), but increased
significantly following exercise (p<0.05 OW-Trained vs Control; Fig. 3c, d).

Plasma metabolites

Plasma AAs and acylcarnitines are shown in Figs 4a, d and 5a—d. Glycine and serine were
significantly lower, and BCAAs, phenylalanine, tyrosine and glutamate/glutamine
significantly higher in OW-Untrained vs Control. Glycine and citrulline increased in OW-
Trained (p<0.05 vs OW-Untrained). The sum of BCAA was greater in both OW groups
compared with Controls (p<0.05). Among plasma acylcarnitines, only C8:1 was
significantly greater in OW-Untrained vs Control (p<0.01).

Muscle metabolites

Muscle AAs and acylcarnitines are shown in Figs 4b, c, e and 5e-h. Arginine was
significantly lowered by exercise in OW (p<0.01). No individual muscle acylcarnitines were
significantly different between groups (p>0.01), but the sum of C8-C18 even-chained,
saturated species was elevated in both OW groups compared with Control (p<0.05).

Urinary metabolites

BCAA-related urine metabolites are shown in Fig. 4f, g. Glycine conjugates of BCAA
catabolites (isobutyrylglycine, isovalerylglycine, tiglylglycine) were significantly lower in
OW-Untrained vs Control (p<0.05), and tended to increase or significantly increased
following exercise. Similarly, gentisic acid, 4-hydroxybenzoic acid (PHBA) and
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hydroquinone were lower in OW-Untrained vs Control and increased following exercise
(p<0.05).

Baseline levels and training-induced changes in metabolites correlate with IS

ESM Table 3 reports individual components of factors generated from PCA analyses. The
plasma BCAA-related factor, conventional metabolite factor, sum of isoleucine/
phenylalanine/tyrosine and sum of the BCAA a-keto acids were most strongly associated
with measures of IS (GIR, HOMA-IR) (ESM Fig. 3, ESM Table 4). At baseline, the sum of
medium-long chain muscle acylcarnitines was the best predictor of improvement in GIR by
exercise, with lower levels being associated with the largest improvements (Fig. 6e).
Baseline plasma BCAAs and a-keto acids were not predictive of AGIR (Fig. 6a, c), but
change in the sum of BCAAs showed a strong positive correlation (Fig. 6b). These analyses
were performed on the basal blood sample collected on the morning of the clamp procedure
using liquid chromatography (LC)-MS/MS to separate leucine and isoleucine peaks (as
opposed to a single leucine/isoleucine peak when measured by flow-injection-MS/MS). In
contrast, change in sum plasma BCAA a-keto acids was not correlated with AGIR (Fig. 6d).
The small changes that occurred in body mass, fat mass or FFM were not correlated with
AGIR or metabolite levels reported in Fig. 6 (data not shown).

Discussion

In this study, we sought to understand the relationships between whole-body leucine flux,
muscle protein synthesis (MPS), small molecule metabolites and glucose homeostasis in
lean, insulin sensitive and OW, insulin-resistant individuals, and to understand the effects of
a combined aerobic and resistance exercise intervention in the OW participants on these
variables. We hypothesised that the combined exercise programme would drive BCAAs into
exercising muscle for oxidation in response to both components, and for protein synthesis in
response to the resistance component, and that the resultant lowering of plasma BCAAs in
the OW individuals would be correlated with improvements in glucose handling and
homeostasis.

Our hypotheses were based on known adaptations that occur in muscle during aerobic and
resistance exercise. Independently, aerobic and resistance exercise training can improve the
oxidative potential (i.e. number and/or function) of muscle mitochondria [14, 15]. Because
significant portions of BCAA and fatty acid catabolism occur in mitochondria, improvement
in mitochondrial oxidative capacity will likely impact these processes. We did not directly
assess mitochondrial density or function, but measures of aerobic fitness and endurance

including Vngcﬁk and time to exhaustion (TTE) were improved, comparable with previous
findings in participants completing a similar exercise programme [28]. Despite aerobic
improvements, the rate of whole-body leucine oxidation was not altered following training.
Instead, leucine oxidation relative to FFM was elevated at baseline in OW-Untrained vs
Controls, suggesting that a compensatory increase in muscle BCAA oxidation may have
been activated in the OW state [31]. This is consistent with an increase in BCAA-derived
metabolites in obese compared with lean individuals that we have reported previously [5], as
well as other studies reporting increases in mitochondrial oxidation of substrates in obese
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states [10, 31]. However, increases in 7 Oqp..y following training in this cohort were
moderate, suggesting a more intense aerobic component may have elicited a larger change in
aerobic capacity with a more pronounced impact on substrate oxidation.

Resistance exercise is a potent stimulator of MPS [32, 33]. We observed an increase in MPS
(FSR) in OW-Trained, likely driven in part by the acute response to the last exercise session.
As might be predicted, increases in FSR were correlated with increases in FFM (R=0.881,
p=0.004). However, changes in body composition including body mass, fat mass and FFM
did not correlate to changes in BCAA levels or IS. This is most likely explained by the fact
that changes in body composition measures were relatively small compared with changes in
variables correlating with improved IS, such as the change in molar sum of BCAAs.
Participants were asked not to change their diets, and dietary records collected throughout
the study indicate caloric intake and macronutrient distribution did not change, nor were any
of these variables associated with changes in protein turnover or IS. Nevertheless, we
acknowledge the limitations of dietary assessment methodologies, and we cannot rule out
that other factors, such as energy balance state and protein intake, could affect adaptive
responses to training [34]. In particular, energy deficit may be required to induce more
favourable metabolic outcomes. However, we note that estimated energy requirements vs
actual intake (less estimated energy cost of exercise) in our participants were not correlated
with protein turnover or IS measures (data not shown).

Although exercise did not affect fasting measures of whole-body leucine breakdown,
synthesis or oxidation, it is possible that exercise could have resulted in an improved
response of proteolysis to insulin and/or better AA disposal in the postprandial state. In
terms of metabolic flexibility, exercise did not significantly alter respiratory exchange ratio
(RER), fasting glycerol or NEFA, or glycerol/NEFA responses (AUCs) during OGTT.
However, glycerol and NEFA AUCs during hyperinsulinaemic—euglycaemic clamp
decreased in OW-Trained towards Control values (ESM Fig. 4), indicating lipolysis is more
responsive to the suppressive effects of insulin following exercise. While we cannot
speculate on the response of protein metabolism to glucose and insulin, OW-Trained exhibit
improved metabolic flexibility with regard to lipid metabolism.

Our understanding of the mechanisms contributing to elevated circulating BCAAs in OW/
obese states has improved as tissue-specific roles in BCAA homeostasis become clearer.
Obesity is associated with downregulation of BCAA catabolic enzymes in adipose tissue,
which may contribute to accumulation of BCAA in plasma [31, 35]. In liver, expression of
branched-chain a-keto acid dehydrogenase kinase is increased with obesity, resulting in
increased phosphorylation of branched-chain keto acid dehydrogenase (BCKDH) and
inhibition of its enzyme activity [31]. Our finding that OW-Untrained individuals had
increased plasma levels of all three branched-chain a-keto acids—the substrates of BCKDH
—is consistent with this idea. Because liver is the tissue that has the largest quantitative
impact on BCAA oxidation, our findings suggest that obesity-related suppression of
BCKDH activity may have been partially reversed in response to exercise, as the
intervention caused mean levels of two branched-chain keto acids to fall in plasma. Obesity
does not appear to alter expression of BCAA catabolic genes or their post-translational
modification in skeletal muscle [31], suggesting that rates of BCAA oxidation in muscle
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could increase in concert with increases in circulating BCAA. Our previous observation of
increases in circulating C3 and C5 acylcarnitines in a more obese cohort than the current one
are consistent with this idea [5]. The current study shows that exercise intervention had no
impact on measures of whole-body leucine catabolism. The dominant role of the liver in
BCAA catabolism could have obscured significant increases in adipose or muscle BCAA
oxidation that contributed to the relationship between AGIR and ABCAA. Further studies
are required to resolve the relative contributions of BCAA metabolism in liver, muscle and
fat to overall BCAA homeostasis.

Acylcarnitines in metabolic profiles report on the pool of mitochondrial CoA metabolites
and the B-oxidative pathway, and skeletal muscle is thought to be a principal contributor to
the plasma acylcarnitine pool [10, 36]. A cluster of medium- to long-chain acylcarnitines is
elevated in the fed state in skeletal muscle of obese and/or insulin-resistant animals and
humans [10, 36, 37]. Rodent studies demonstrate that BCAA supplementation of high-fat
diets exacerbates accumulation of these lipid metabolites in muscle [5]. In the current study,
we observed trends for decreases in these metabolites in muscle and plasma of Control and
OW-Trained participants compared with OW-Untrained, but no decrease in the average
molar sum of muscle C8-18 species. Instead, there was a modest association between
increases in muscle sum of C8-18 acylcarnitines and improvement in GIR. This is
consistent with a recent report in which various exercise regimens produced increases in
several even-chain muscle acylcarnitines, which positively correlated with increased
expression of genes involved in uptake and oxidation of fatty acids in muscle and improved
IS [28]. Elevated levels of these by-products of f-oxidation in the fasted state in OW-
Trained suggest an improvement in metabolic flexibility [38]. Improvement of GIR with
exercise was greater in those with lower baseline C8—C18 levels in muscle, which may
indicate these individuals had the least constraint to increase flux from C18 to C2 in
response to exercise.

Consistent with previous reports, we found decreased levels of circulating glycine in the
OW-Untrained group, which increased towards Control values following exercise [5, 39].
Glycine is important for Phase 11 detoxification in the liver, where excess metabolites are
conjugated to glycine for excretion [40]. Consistent with this, several glycine conjugates
(products of BCAA catabolism: isobutyrylglycine, 2-methylbutyryl-glycine/
isovalerylglycine and tiglylglycine) were decreased in urine of OW-Untrained individuals
compared with Controls, but not in OW-Trained. Levels of other urinary metabolites were
also decreased in OW-Untrained vs Control, and increased following exercise. These
changes might reflect alterations in gut-microbial catabolism of tyrosine, phenylalanine and
dietary polyphenolic compounds [41, 42]. A recent study supports an important role of the
gut microbiota in regulation of BCAA and aromatic AA homeostasis, demonstrating
increases in these AAs and their metabolites in germ-free mice that received microbiota
transplants from obese compared with lean human twins [43]. These data suggest an
important role for glycine and the microbiome in eliminating excess acyl groups derived
from BCAA and aromatic AA metabolism. Our data suggest that these processes are more
efficient in Controls vs OW-Untrained, and that they improve following exercise. Thus, the
main finding of our study is that rather than increasing BCAA disposal through oxidation
and turnover, exercise may mediate interactions between BCAA metabolism and IS via
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more efficient elimination of BCAA- and aromatic AA-derived acyl groups through
formation of glycine adducts.

We acknowledge several limitations of our study. Our small sample size may limit the
power to detect certain differences between groups, limiting extrapolation of our findings to
a wider population without confirmatory cohorts. We chose to assess post-training measures
24-36 h after the last bout of exercise. While it is known that exercise has acute effects on
measures of 1S and protein turnover [32, 44], the participants were exercising 3 days/week.
Therefore, 24-36 h after an exercise session represents their ‘new normal’ metabolic state
on days they were not exercising and represents a combination of chronic and acute exercise
effects. With regard to nutrition, we acknowledge that diet could influence the individual
response to training, and we also appreciate the limitations of dietary assessment
methodologies. It is possible that the energy content and macronutrient composition of
individual dietary practices influenced study outcomes.

In summary, a decrease in the molar sum of circulating BCAAs was the best predictor of
improvement in 1S induced by a combined resistance and aerobic exercise intervention.
High levels of circulating glycine in lean individuals and increased glycine in the OW group
with exercise training, along with altered levels of several urinary glycine adducts and other
metabolites, suggest that exercise induces more efficient elimination of excess acyl groups
derived from BCAA and aromatic AA metabolism by urinary excretion. These findings,
coupled with other reports of strong negative associations between glycine and insulin-
resistant states [5, 45], suggest that stimulation of glycine adduct formation may be
responsible for part of the exercise-induced changes in whole-body insulin action. A better
understanding of the contributions of liver, muscle, adipose tissue and the gut microbiota to
these processes during nutrient excess and with exercise will further our understanding of
the systemic changes that occur during the development of IR and may help to identify
novel targets for therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a-KIV a-Keto-valerate
a-KMV a-Keto-p-methylvalerate
AAs Amino acids
BCAAs Branched-chain amino acids
BCKDH Branched-chain keto acid dehydrogenase
FFM Fat-free mass
FPG Fasting plasma glucose
FSR Fractional synthesis rate
GIP Glucose-dependent insulinotropic peptide
GIR Glucose infusion rate
IR Insulin resistance
IS Insulin sensitivity
MPS Muscle protein synthesis
NOLD Non-oxidative leucine disposal
ow Overweight
PCA Principal components analysis
Ra Rate of appearance
RER Respiratory exchange ratio
VOseak Peak oxygen consumption
pea.
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Fig. 1.
Protocol for measurement of whole-body protein turnover. X indicates muscle biopsy and

arrows below the figure show time points for blood, breath and urine samples
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Fig. 2.

Glucose and BCAA homeostasis. OW-Untrained (black bars/squares); OW-Trained (white
bars/squares); Control (striped bars/black triangles). OGTT plasma glucose (@), insulin (b),
glucose and insulin AUC (c). Steady state GIR during hyperinsulinaemic—euglycaemic
clamp relative to body weight (d) and FFM (€). Clamp glucose (f), insulin (g), BCAA (h)
and BCAA a-keto acid (i) concentrations. Basal plasma molar sum of BCAAs (j) and
BCAA a-keto acids (k). a=0.05. *p<0.05 vs Control; Tp<0.05 vs OW-Untrained; *p=0.095
vs OW-Untrained at 0 min; 8p=0.054, Tp-0.088 vs Control. Means+ SEM. n=9, OW groups;
n=10, Controls. 3Glucose AUC as (mmol/Ixmin)/100, Insulin AUC as pmol/lxmin (x1073).
bstatistical symbols apply to OW-Trained vs Control and OW-Untrained across all time
points.

CStatistical symbol applies to OW-Trained vs OW-Untrained across all time points

Diabetologia. Author manuscript; available in PMC 2016 March 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Glynn et al.

Fig. 3.
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relative to body mass (a) and FFM (b). Mixed muscle protein FSR group averages (c) and
individual changes in OW groups (d). Steady state venous leucine (€) and phenylalanine (f)
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AAs and urinary metabolites. OW-Untrained (black); OW-Trained (white); Control

(striped). AA concentrations (umol/l) in plasma (a, d) and muscle (b, ¢, €). Relative
abundance of urinary metabolites (f, g). (a—c) a=0.01; (d—g) a=0.05. *p<0.05, **p<0.01 vs
Control; Tp<0.05, TTp<0.01 vs OW-Untrained. Means+SEM. n=13, OW-Untrained; n=9,
OW-Trained; n=10, Control
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Acylcarnitine concentrations in plasma (a—d) and muscle (e-h). OW-Untrained (black);
OW-Trained (white); Control (striped). a=0.01. *p<0.05, **p<0.01 vs Control; Tp<0.05 vs
OW-Untrained. Means+SEM. n=13, OW-Untrained; n=9, OW-Trained; n=10, Control
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Fig. 6.
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Table 1

Physical characteristics, physiological measures, dietary intake and exercise training

Control OW-Untrained OW-Trained

Participant characteristics n=10 n=13 n=9
Age (years) 50+3 52+2 52+2
Women (%) 50 54 44
Body mass (kg) 65.3+2.7 87.313.7** 86.315.2**
BMI (kg/m?) 226805 309408 30.3+0.8™"
FFM (%) 78+3 614£2™* 6442 1T
Fat mass (%) 22+3 3942 3642 1T

Physiological measures

FPG (mmol/l) 4.96£0.09 6 20+0.14™ 5.970.25™"
Fasting plasma insulin (pmol/l) 164 5649 41+9** 11
HOMA-IR 0.620.1 26+0.5™* 1.9+05% 11
2 hglucose, OGTT (mmol/l) 551+0.33  924+045** 7.26+0.31° " Tt
Total cholesterol (mmol/I) 4.73+0.31  5.12+0.22 5.03+0.37
Triacylglycerol (mmol/l) 0.94£0.13 1 .740.29™* 1.93+0.27
REE/kg FFM (kJ/day) 120.6+43.8  127.3+4.6 124+5.0
RER 0.80+0.01  0.78+0.01 0.79+0.01
Dietary intake n=9 n=9 n=9
Total daily intake (kJ) 7,603+481 9,551+953 9,211+1,297
Protein (% of energy) 16.3+1.0 18.0+1.1 18.0+0.8
Fat (% of energy) 37.4+25 34.1+1.8 35.0+1.9
Exercise training
Adherence (resistance exercise, %) NA 8215
Adherence (aerobic exercise, %) NA 8715
O 1 ou ke T2 25.8+1.8 28.9+2.70
kg min) pPC 26.7+1.8 30.02.211
Time to exhaustion (s) ITTd 753+60 05045611
ppe 769462 9694521t
Leg press working weight (% change) 307
Chest press working weight (% change) 55+20

Values are expressed as means+SEM

Dietary intake values averaged from 3-day dietary records and 24 h food recalls

an=7,
k:'p=0.07,
Cn:5,

dn:Q,
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e
n=7

a=0.01.

**
p<0.01 vs Control;

Ter<0.01 vs OW-Untrained

ITT, intent to treat population; PP, per protocol population; REE, resting energy expenditure
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Table 2

Hormones, cytokines and conventional metabolites

Control OW-Untrained OW-Trained
Hormones and cytokines in plasma n=10 n=13 n=9
C-peptide (nmol/1) 0.24+0.04  (5140.05* 0.37+0.05TT
Glucagon (ng/l) 1.2+0.3 5.2+0.9" 4.1+1.0°F
Leptin (ug/l) 6331  316+7.4™ 23417811
Adiponectin (ug/ml) 205830  17.8+1.4™ 9.1+1.3"
GLP-1 (pg/ml) 6.740.8  8.9+0.9 8.9+2.0
GIP (pg/ml) 336 71£10"" s6x121T
Growth hormone (pug/l) 2.5+1.0 0.2+0.1 0.9+0.5
Total IGF-1 (nmol/l) 16.2+0.6 18.1+1.6 16.01+1.4
TNF-a (pg/ml) 22401  2.740.2 2.4%0.1
hsCRP (nmol/l) 106433 39545 9% 26.144.9
Conventional metabolites in plasma
Pyruvate (mmol/l) 0.04+0.01  0.07+0.01 0.06+0.01
Lactate (mmol/l) 1.03+0.05 1.21+0.09 1.1440.13
Glycerol (mmol/l) 0.09£0.01 16+0.02™* 0.14+0.02
NEFA (mmol/l) 0.47+0.03  0.65+0.05 0.64+0.06
Ketones (umol/1) 77£13 100+23 113+46
B-Hydroxybutyrate (umol/l) 69+12 91+21 98+42
ALT (ukat/l) 0.14£0.02  0,30+0.03™* 0.24+0.02™*
AST (pkat/l) 0.46+0.04  0.59+0.07 0.53+0.03
Muscle metabolites n=8 n=7 n=7
ATP (umol 171 g tissue™) 10.9£15  10.0+0.7 10.2+1.4
Phosphocreatine (umol/l I"* g tissue™)  16.8+2.0 94542 oF 222+2.1
Total creatine (umol/l I g tissue™?) 33.1#3.1  450+4.1% 40.7+3.1

Values are expressed as means+SEM from fasting plasma sample or first muscle biopsy on protein turnover test day

Plasma a=0.01, muscle a=0.05

p<0.01 vs Control;
tt

p<0.01 vs OW-Untrained. For muscle metabolites only,

¢p<0.05 vs Control

ALT: alanine transaminase; AST: aspartate transaminase; GLP-1: glucagon-like peptide-1; hsCRP: high sensitivity C-reactive protein
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