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Defects in muscle branched-chain amino acid
oxidation contribute to impaired lipid
metabolism
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ABSTRACT

Objective: Plasma levels of branched-chain amino acids (BCAA) are consistently elevated in obesity and type 2 diabetes (T2D) and can also
prospectively predict T2D. However, the role of BCAA in the pathogenesis of insulin resistance and T2D remains unclear.

Methods: To identify pathways related to insulin resistance, we performed comprehensive gene expression and metabolomics analyses in
skeletal muscle from 41 humans with normal glucose tolerance and 11 with T2D across a range of insulin sensitivity (S;, 0.49 to 14.28). We
studied both cultured cells and mice heterozygous for the BCAA enzyme methylmalonyl-CoA mutase (Mut) and assessed the effects of altered
BCAA flux on lipid and glucose homeostasis.

Results: Our data demonstrate perturbed BCAA metabolism and fatty acid oxidation in muscle from insulin resistant humans. Experimental
alterations in BCAA flux in cultured cells similarly modulate fatty acid oxidation. Mut heterozygosity in mice alters muscle lipid metabolism in vivo,
resulting in increased muscle triglyceride accumulation, increased plasma glucose, hyperinsulinemia, and increased body weight after high-fat
feeding.

Conclusions: Our data indicate that impaired muscle BCAA catabolism may contribute to the development of insulin resistance by perturbing

both amino acid and fatty acid metabolism and suggest that targeting BCAA metabolism may hold promise for prevention or treatment of T2D.
© 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION [6], reactive oxygen species [7], pro-inflammatory signals [8], and

endoplasmic reticulum stress [9].

The global epidemic of type 2 diabetes (T2D) impacts both individual
and public health and highlights the urgent need for improved un-
derstanding of T2D pathophysiology to facilitate new approaches to
prevention and therapy. A key feature of T2D risk is insulin resistance,
a metabolic phenotype which can both precede and predict the
development of diabetes decades later in high-risk individuals [1,2].
Emerging data underscore important links between energy metabolism
and insulin resistance [3]. Potential contributors to insulin resistance
include alterations in lipid oxidative metabolism leading to accumu-
lation of acylcarnitines and other lipid intermediates [4,5], ceramides

Branched-chain amino acids (BCAAs) have been identified as potential
contributors to insulin resistance [10]. Plasma concentrations of amino
acids, including BCAA, are increased in obesity [11] and in parallel with
glycemia in patients with T2D [12]. Unbiased metabolomics ap-
proaches have confirmed the association between plasma amino acids
and metabolic disorders [10,13—15]. Newgard and colleagues re-
ported elevated plasma BCAAs in obese insulin resistant humans and
demonstrated that increased BCAA intake contributes to insulin
resistance in high fat diet-fed rodents [10]. Conversely, BCAA levels are
reduced after bariatric surgery or weight loss, paralleling improve-
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Table 1 — Clinical characteristics of study subjects.

IS IR T2D p value
Subjects n=18 n=22 n=11 =
Age (years) 357 +£23 394126 50.7 4 3.9° 0.005
Females 10 (56%) 12 (55%) 7 (64%) —
BMI (kg/m?) 258+1.0 279412 315+ 27 0.067
Fasting Glucose (mmol/l) 4.89 + 0.07 5.27 +0.09 7.25 + 0.85° <0.0001
Fasting Insulin (pmol/l) 28 +£3 58 £7 137 + 46° 0.001
HbA1c (%) 5.0 + 0.1 514+ 0.1 6.9 + 0.4  <0.0001
Triglycerides (mmol/l) 0.69 + 0.09 1.07 = 0.10* 1.16 & 0.17° 0.013
Cholesterol (mmol/l) 442 + 019 443 +014 4.05+0.24 0.333
HDL-Cholesterol (mmol/l) 1.48 4 0.08 1.23 4+ 0.09 1.00 + 0.07° 0.004
LDL-Cholesterol (mmol/l) 2.60 &+ 0.24 2.94 4+ 0.14 2.58 + 0.27 0.356
S, (IVGTT) 812 + 056 2.81 +0.27° 1.69 + 0.45° <0.0001
Leucine 0.97 £ 0.05 1.02+0.03 0.97 + 0.04 0.560
Isoleucine 1.03 +£ 0.06 1.14 +0.04 1.00 + 0.05 0.135
Valine 0.98 + 0.04 0.98 +0.05 1.00 + 0.04 0.793

Subjects were metabolically characterized and insulin sensitivity (S;) was determined
by intravenous glucose tolerance test (IVGTT). Subjects without T2D were categorized
as insulin sensitive (IS) or resistant (IR) based on S, values above or below the median
value of 4.78 for a larger population of normoglycemic individuals at the Joslin Dia-
betes Center. Relative quantitation of fasting plasma BCAA was performed; levels are
relative to the median of the IS group. Data are mean = SEM. One-Way ANOVA was
applied to detect statistical significance between groups; statistical significant features
were further analyzed by post-hoc Dunnet’s test: 3p < 0.05, % < 0.01, °p < 0.005,
9p < 0.0001 vs IS.

Bold indicates p < 0.05.

ments in insulin sensitivity [16,17], and changes in BCAA are corre-
lated with improved insulin sensitivity after exercise training [18]. El-
evations in branched-chain and aromatic amino acids can predict T2D
[19] and are also associated with progression of insulin resistance in
children in longitudinal cohort studies. Despite these intriguing asso-
ciations, it remains incompletely understood whether elevations in
BCAA in insulin resistant humans reflect chronically increased intake,
altered gut microbiome [20], resistance to insulin’s ability to suppress
proteolysis, or alterations in their metabolism [21], possibly mediated
in part by hypothalamic insulin resistance [22]. Furthermore, increases
in BCAA may directly modulate insulin action or Tor-dependent nutrient
signaling, as seen in cultured cells and animals [23,24].

Emerging data suggest that perturbations in metabolism of BCAA may
not only promote increases in plasma BCAA levels but also contribute
to insulin resistance [10,21,25]. BCAA are converted into their corre-
sponding branched-chain o-ketoacids (BCKA) by the BCAA trans-
aminase. BCKA are further catabolized within the mitochondrial matrix
by the branched-chain a-ketoacid dehydrogenase (BCKDH) complex; a
subsequent series of metabolic reactions yield acetyl-CoA (from
isoleucine and leucine) and methylmalonyl-CoA (from valine and
isoleucine). Methylmalonyl-CoA is then converted by methylmalonyl-
CoA mutase (MUT) to succinyl-CoA, which can be incorporated into
the tricarboxylic acid (TCA) cycle or enter complex Il of the electron
transport chain. Thus, altered BCAA metabolism may impact ana-
plerotic flux into the TCA. Indeed, Adams and colleagues demonstrated
elevations in BCAA, but reductions in amino acid-derived carnitine
species, in plasma from insulin resistant women and suggested that
“anaplerotic stress” could contribute to incomplete fatty acid oxidation
[12,26]. Interestingly, recent metabolomics studies revealed correla-
tions between plasma levels of the three BCKA derived from BCAA and
both insulin resistance and elevated fasting plasma glucose [27]. Thus,
alterations in BCAA oxidative metabolism rather than BCAA concen-
trations per se may be more closely associated with insulin resistance.
Using an integrative approach to analyze gene expression in parallel
with metabolite profiling in skeletal muscle of insulin resistant humans,
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we now demonstrate that insulin resistance is associated with alter-
ations in both BCAA and lipid metabolism. Moreover, experimental
modulation of BCAA metabolism in cultured cells and in mice also
perturbs lipid metabolism. Together these studies provide novel in-
sights into the mechanisms underlying the association of BCAA with
dysregulated metabolism in skeletal muscle.

2. METHODS

2.1. Study design

The aims of the observational human study were to test the hypothesis
that muscle gene expression patterns would differ in individuals with
established T2D in comparison to healthy controls. Participants with or
without T2D were recruited based on family history of T2D (either or
both parents with T2D). Results from these analyses were previously
reported [28]. In secondary analyses, we aimed to identify genes and
pathways correlating with insulin sensitivity and thus potentially
pathogenic for T2D risk. We now report data from these analyses,
which formed the basis of the hypotheses further tested in animal and
cell culture models in the current report. The demographic and clinical
characteristics of the participants are shown in Table 1. The Joslin
Diabetes Center Institutional Review Board approved the human study;
written informed consent was received from participants prior to in-
clusion in the study.

2.2. Human metabolic characterization and muscle biopsies
Written informed consent was obtained from participants. All sub-
jects had normal coagulation, liver function, and no other major
systemic illness. Individuals with and without established T2D were
recruited for the study. Subjects with diabetes were treated with
dietary measures and exercise, and were drug-naive for diabetes
medication. All participants without a history of diabetes underwent
a 75 g glucose tolerance test to exclude impaired glucose tolerance
or diabetes, analyzed according to World Health Organization criteria
[29]. An intravenous glucose tolerance test was performed on a
non-sequential day on all subjects without diabetes; data were
analyzed using Minimal Model software (MINMOD) [30] for calcu-
lation of S,. Subjects without diabetes were classified as insulin
sensitive or insulin resistant on the basis of S, values above or
below median (4.79) for a larger population of normal glucose
tolerant individuals studied at Joslin [31]. Since S, values were not
normally distributed over the subject population, values were log-
transformed, and log S, was chosen as the primary metabolic
variable for correlation analyses. Fasting blood samples were ob-
tained for insulin, glucose, cholesterol and liver enzymes. Following
local anesthesia with 1% lidocaine, percutaneous biopsies of vastus
lateralis muscle were performed, using a triport cannula and
Bergstrom needle. Samples were blotted free of blood, connective
tissue and visible fat, frozen in liquid nitrogen, and stored at —80 °C
until further analysis.

2.3. RNA isolation and microarray analysis

Total RNA was isolated from frozen muscle after homogenization with
a Polytron (Brinkmann Instruments) in TRizol® (Invitrogen, Carlsbad,
CA), using high-salt precipitation modification. RNA was purified using
RNeasy® columns (Qiagen, Chatsworth, CA). An equal number of
samples from all three groups were included at all steps to minimize
risk of technical bias. Five 1g of DNAse I-treated total RNA from each of
these samples was used to generate double-stranded cDNA (Super-
Script Choice, Invitrogen), followed by in vitro transcription (ENZO
BioArray RNA labeling kit, Affymetrix, Santa Clara, CA). Five pg of
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adjusted, fragmented cRNA were hybridized to Affymetrix HG-U133 2.0
Plus arrays. Arrays were washed, stained, and scanned (GeneChip®
Scanner 3000). Remaining total RNA was utilized for cDNA synthesis
and subsequent qRT-PCR. Microarrays were preprocessed and scaled
using Affymetrix MAS 5.0, and log2-transformed. Primary data from
microarrays have been deposited into GEO (GSE25462). Pearson
correlation of probe sets to log S; was performed in the R software
(www.r-project.org). Gene Set Enrichment Analysis (http://www.broad.
mit.edu/gsea/) was used to identify gene sets overrepresented in
correlation with logS,.

2.4. Animal care and treatment

Mice were housed 4 per cage in an OLAW-certified animal facility, with
12 h light cycle. For dietary analyses, six week old C57BL/6 male mice
were obtained from Jackson Laboratory and placed on a chow diet
(10% calories from fat, D12450, Research Diets, Inc.) or HF diet (45%
calories from fat, D12451, Research Diets, Inc.) for 4 months. Mice
were fasted overnight for 16 h before anesthesia (intraperitoneal
pentobarbital, 50 mg/kg) and harvest of skeletal muscle. For exercise
training experiments, Sprague—Dawley rats were maintained with or
without wheel cage for 4 weeks on a chow diet as previously described
[32]; triceps muscle was harvested after anesthesia with pentobarbital
(50 mg/kg, intraperitoneal). For denervation studies, C57BL/6J mice
(age 16 weeks) were denervated by surgical removal of 5—6 mm of
sciatic nerve from one hind limb; the intact contralateral limb was used
as a control. After nine days of daily monitoring, mice were anes-
thetized with pentobarbital (50 mg/kg, intraperitoneal) prior to
dissection of muscle from both limbs. For analysis of
pharmacologically-induced insulin resistance, mice were treated with
vehicle (saline) or the insulin receptor antagonist S961 (10 nmol),
infused via osmotic pump (Alzet 2001) implanted subcutaneously in
the dorsal interscapular region. S961-treated mice were hyper-
insulinemic as compared with saline-infused mice (108 ng/ml vs. 5 ng/
ml, p = 0.004), consistent with prior studies demonstrating insulin
resistance with this protocol [33]. After 1 week, mice were fasted
overnight for 16 h and refed for 5 h prior to anesthesia with pento-
barbital (50 mg/kg, intr) and muscle isolation. All animal protocols
were approved by the Joslin Institutional Animal Care and Use Com-
mittee and the National Human Genome Research Institute Animal
Care and Use Committee.

2.5. Mut mouse generation and analysis

Generation of Mut™~ and Mut~’~ mice has been previously described
[34]. Genotyping was performed by PCR using tail DNA and two primer
pairs. Littermate wild-type and Mut"™ /~ 5 week-old male mice were fed
a HF diet (45% kcal from fat, D12451, Research Diets, Inc.) for 4
months. Blood glucose was measured and insulin levels determined by
ELISA (Crystal Chem, Inc.). Glucose tolerance was analyzed after an
overnight fast by intraperitoneal injection of glucose (1.5 g/kg). Insulin
tolerance testing was performed after a 4 h fast (insulin 0.65 U/kg,
intraperitoneally). For tissue collection, mice were fasted overnight and
anesthetized prior to dissection of quadriceps muscle. RNA was iso-
lated and cRNA was prepared for hybridization to Affymetrix M430 2.0
microarrays (GEO, GSE66766).

2.6. Cell culture

Mouse C2C12 myoblasts were maintained in DMEM supplemented with
10% FBS. To initiate differentiation, confluent C2C12 cells were incu-
bated in DMEM containing 2% horse serum (HS). Full differentiation
was observed by day 5. Mouse embryonic fibroblasts (MEFs) were

isolated from wild-type and Mut™ ~ mice as described [34]. MEFs were
maintained in DMEM with 10% FBS. For fatty acid exposure experi-
ments, palmitate and oleate (Alltech) were complexed with BSA (3:1
ratio) and dissolved in DMEM at the indicated final concentration.

2.7. RNA isolation and expression analysis

Total RNA was isolated from cells and mouse tissues with Trizol
(Invitrogen). cDNA was synthesized and analyzed by RT-PCR (ABI
Prism 7000 or 7700 Sequence Detection System, Applied Biosystems),
using SYBR Green. Primer sequences are available upon request.

2.8. Comprehensive metabolic profile

Untargeted metabolomic profiling was performed using multi-platform
mass spectroscopy (Metabolon, Durham, NC). Detailed descriptions of
sample preparation, mass spectroscopy, and automated metabolite
identification procedures have been previously published [27]. We ob-
tained semi-quantitative concentrations (expressed in arbitrary units) for
348 biochemicals in human muscle biopsies. We excluded from anal-
ysis 33 metabolites with undetectable values in >75% of samples in
any of the groups, metabolites with undetectable values, or outliers
(defined as values deviating more than two standard deviations from the
mean).

2.9. Valine and fatty acid oxidation and TAG accumulation

For valine oxidation, cells were incubated with Dulbecco’s Phosphate
Buffered Saline (dPBS) with 0.2% BSA in the presence of 0.1 mM
0.5 mGi/ml L-[U—“‘C]Valine for 2 h. For fatty acid oxidation (FAO)
experiments, cells were grown in 12-well plates and incubated over-
night with DMEM with 5 mM glucose, 1 mM carnitine and 0.1 mM oleic
acid; [1—"C]-oleic acid was then added at a concentration of 1 uCi/ml
(5 mCi/mmol) for 2 h. FAO assay in MEFs was performed by incubating
cells with dPBS supplemented with 2.5 mM glucose, 0.5 mM carnitine,
0.1 mM oleic acid, and 1 pCi/ml (5 mCi/mmol) [1—"4C]-oleic acid for
4 h. For all oxidation experiments, the reaction was terminated by
addition of 100 pl of perchloric acid to each well, and a filter paper
soaked with 100 p of phenylethylamine was placed over each well to
capture 14002. For analysis of cellular TAG content, lipids were
extracted using chloroform/methanol and TAG content was determined
using the Triglyceride Assay Kit (Sigma).

2.10. Oxygen consumption

Oxygen consumption rates (OCR) were measured using a Seahorse
XF24 Flux Analyzer. MEF cells were grown for 24 h in DMEM with 10%
FBS. The following day, cells were incubated with DMEM with 1% FBS
and basal OCR was measured. C2C12 cells were incubated in KRB
buffer supplemented with 2.5 mM glucose and 0.5 mM carnitine for
1 h. Half of the samples were then incubated with 0.2 mM CI-IC, and
OCR was measured. Finally, 0.2 mM oleate was injected into each
well, and OCR was monitored.

2.11. Statistics

Unless otherwise stated, data are presented as mean & SEM. Two-
tailed Student t-test was used to assess significance. Where three
or more groups were present, a one-way ANOVA test was applied.
p values < 0.05 were considered statistically significant. Partial least
squares discriminant analysis was implemented in XLSTAT (version
2013.6.03) using autoscaled data and leave-one-out cross-validation.
Variable Importance to Projection (VIP) scores higher than 1.5 and
p < 0.05 in the IR vs IS comparison were used to identify metabolic
classifiers between groups.
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Figure 1: Skeletal muscle BCAA gene expression correlates with insulin sensitivity. (A) Pathways positively correlating with logS; (false discovery rate (FDR) q < 0.25),
identified through gene set enrichment analysis of microarray data from human skeletal muscle. (B) mRNA levels from human muscle biopsies of insulin-sensitive (IS, white bars),
insulin-resistant (IR, gray bars) and subjects with diabetes (T2D, black bars) normalized to cyclophilin levels. (G) mRNA levels from mouse gastrocnemius muscle after 4 months on
a HFD (black bars, n = 8) compared to chow diet (white bars, n = 8). (D) C2C12 myotubes were incubated in the presence (black bars) or absence (white bars) of a mixture of oleic
and palmitic acid 0.25 mM each for 18 h, before mRNA levels were determined (data from one representative experiment of three independent experiments, each with n = 4
replicates). (E) mRNA levels from C2C12 myotubes treated with (black bars) or without (white bars) 0.5 mM hydrogen peroxide (H20,) for 2 h, followed by 2 h recovery in
differentiation media (one representative of two independent experiments, each with n = 4 replicates). (F) mRNA levels from rat triceps muscle after 1 month of voluntary wheel
training (black bars, n = 10) compared to sedentary controls (white bars, n = 9). (G) mRNA levels from mice subjected to unilateral denervation, comparing control (white bars,
n = 3) and denervated limbs (black bars, n = 3). Data are presented as mean + SEM. # indicates one-way ANOVA p < 0.05. *, p < 0.05 and **, p < 0.01 after a two-tail +test.

3. RESULTS

3.1. Expression of genes related to BCAA oxidation correlates
positively with insulin sensitivity in human subjects

To identify gene expression and metabolomic patterns associated with
insulin resistance, we recruited 40 individuals with normal glucose
tolerance verified by oral glucose tolerance testing, and 11 with T2D
(Table 1). All subjects underwent insulin-modified intravenous glucose
tolerance tests analyzed using the Bergman minimal model (MinMod)
[30] to quantify insulin sensitivity (S)) (range 0.49—14.28). Participants
with normal glucose tolerance were categorized as insulin sensitive
(IS) or resistant (IR) based on S; values above or below the median
value of 4.78 for a larger population of normoglycemic individuals
studied at the Joslin Diabetes Center [31]. Consistent with their insulin
resistant phenotype, IR subjects had higher fasting plasma glucose,
insulin, and triglyceride concentrations; age, BMI, and HbA1c levels did
not differ from insulin sensitive individuals (Table 1). Individuals with
T2D were older, had higher BMI and, as expected, had increased
HbA1c levels, higher fasting plasma glucose and insulin concentra-
tions, and lower insulin sensitivity (S) as compared with IS and IR
subjects. Plasma levels of BCAA did not differ in this population with
only modestly increased BMI. Quadriceps muscle biopsies were per-
formed after an overnight fast in all subjects and processed for
microarray-based gene expression and mass spectrometry-based
metabolomic analyses.

To identify potential pathways affecting insulin sensitivity, gene
expression was correlated with insulin sensitivity (log Sy) for individual
patients. Correlation coefficients for all probe sets were used as a
ranking metric, and gene set enrichment analysis (GSEA) was per-
formed to identify pathways correlating with insulin sensitivity. Path-
ways related to inflammation and immune activation were inversely
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correlated with insulin sensitivity (FDR < 0.25, Table S1), consistent
with the established links between inflammation and insulin resistance
[8]. Conversely, pathways positively correlating with insulin sensitivity
(FDR < 0.25) included fatty acid metabolism, malate exchange, BCAA
degradation, and propanoate/propionate metabolism (Figure 1A). BCAA
degradation genes contributing to pathway enrichment included
proximal (BCKDHB, DBT, DLD), middle (/VD, ACADSB, MCCC1/2,
ECHS1, EHHADH, ACAA2), and distal genes (HMGCS2, OXCTI,
ALDH6A1/ALDH3A2, PCCA/B, MUT), indicating downregulation in
multiple steps of the pathway in insulin resistant individuals
(Figure S1). Furthermore, both BCAA and propanoate pathways
showed a significant overlap; most of the distal BCAA metabolic genes
contributed to propanoate pathway enrichment (Figure S1), including
MUT and ALDH6AT1. These genes also showed the highest correlation
with insulin sensitivity among BCAA degradation genes (Table S2).
Given the strong associations between plasma BCAA and insulin
resistance, we analyzed expression of genes within the BCAA oxidative
pathway by RT-PCR. MUT and ALDH6AT were downregulated in both
insulin resistance and established T2D (Figure 1B), confirming the
downregulation of these genes observed in the microarray analysis.

We next examined whether BCAA gene expression patterns are also
altered in skeletal muscle of mice with diet-induced insulin resistance.
Mut mRNA levels were downregulated by 27% in high fat (HFD)-fed
mice (p < 0.005), and expression of other BCAA metabolism genes
Bckdhb and Ivd was also decreased (Figure 1C). Furthermore, expo-
sure of C2C12 myotubes to a mixture of palmitate and oleate (0.25 mM
each) downregulated expression of Mut and /vd by 30% and 40%
(p < 0.05 and p < 0.01, respectively, Figure 1D). Interestingly, in-
cubation of myotubes with H,0o, mimicking an increase in reactive
oxygen species, also decreased expression of these BCAA degradation
pathway genes (Figure 1E), suggesting a role for oxidative stress in the
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Figure 2: Skeletal muscle metabolomic analysis reveals reduced BCKA and TCA cycle intermediates and altered acylcarnitine levels. (A) PLS-DA score plot
(R2Y = 0.897, Q2 = 0.574) of the metabolomics dataset with IS (blue circles) and IR subjects (red squares). (B) Known metabolites arising from the PLS-DA model with a VIP
score > 1.5 and p < 0.05 for the IR vs. IS group comparison. Levels of BCAAs and BCKAs (C), TCA cycle intermediates (D) and acylcarnitines (E) from IS (white bars) and IR (black
bars) subjects are shown. Data are mean + SEM, normalized to the median of the IS group. *p < 0.05 (&test). KIC, ketoisocaproate; KIV, ketoisovalerate; KMV, ketomethylvalerate;
a-KG, alpha ketoglutarate; Cit, citrate; Fum, fumarate; Mal, Malate; OAA, oxaloacetate; Suc, succinate.

downregulation of these genes. However, insulin resistance induced by
the insulin receptor blocker S961 did not decrease expression of BCAA
pathway genes in skeletal muscle (Figure S2), suggesting systemic
insulin resistance and hyperinsulinemia per se does not drive regu-
lation of BCAA pathway expression. Expression of genes within this
pathway was also modulated in response to activity. One month of
voluntary exercise training, an intervention known to improve meta-
bolic health [32], increased skeletal muscle mRNA levels of Bckdhb
and Mut by 50% and 30% (p < 0.05 and p < 0.005, respectively) in
rats compared to sedentary controls (Figure 1F). Conversely, dener-
vation of mouse hind limb markedly decreased expression of Mut,
Bckdhb, and Ivd in soleus muscle as compared with the control limb
(Figure 1G). Together, these results indicate that muscle expression of
BCAA degradation genes can be downregulated by lipid excess (both
in vivo and in vitro) and inactivity, and upregulated in response to
exercise.

3.2. Human insulin resistance is associated with alterations in
skeletal muscle BCAA metabolism, TCA cycle intermediates, and
acylcarnitine levels

To identify new molecular signatures of early insulin resistance, we
performed comprehensive non-targeted mass spectrometry to analyze
the muscle metabolome of IS and IR humans. Limited amount of
muscle sample was available; thus, this analysis was done on a subset
of the larger cohort for which adequate biopsy material was available
(10 IS and 13 IR subjects; demographic and metabolic characteristics
provided in Table S3). Using a combination of UHPLC-MS/MS and GC—

MS, 315 metabolites were detected, with 145 unidentified and 170
named metabolites (complete data provided in Data File S1). Unsu-
pervised principal component analysis revealed no discrimination
between IS and IR groups. Supervised partial least squares discrimi-
nant analysis (PLS-DA) was next employed to identify metabolic var-
iables discriminating between IS and IR groups (Figure 2A), and
variable importance to projection (VIP) scores to identify metabolites
contributing to between-group discrimination. Known compounds with
a VIP score >1.5 and p < 0.05 for comparison of IS vs. IR groups are
shown in Figure 2B. Consistent with the gene expression analysis
suggesting alterations in skeletal muscle BCAA metabolism, all three
branched chain ketoacids (BCKA), ketoisovaleric acid (KIV), ketome-
thylvalerate (KMV), and ketoisocaproate (KIC) contributed to group
discrimination (VIP scores of 1.85, 1.74, and 1.73, respectively). While
tissue BCAA (Val, lle, and Leu) were similar between groups, all three
BCKA were significantly decreased in IR compared with IS muscle
(Figure 2C).

Additional oxidative pathways were also altered in insulin resistant vs.
sensitive muscle. The TCA cycle intermediates fumarate and o-keto-
glutarate also contributed to group separation (VIP scores 1.93 and
1.88, respectively), and were significantly reduced in insulin resis-
tance, with similar trends for oxaloacetate and succinate (Figure 2D).
Interestingly, skeletal muscle levels of fumarate, a.-ketoglutarate, KIC,
and KMV also correlated with insulin sensitivity (Table S4). Moreover,
and consistent with data from high fat-fed rodents [5], the medium/
short-chain acylcarnitines octanoylcarnitine, valerylcarnitine, and
hexanoylcarnitine, were also selected in the PLS-DA model (VIP scores
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of 1.74, 1.63, and 1.57, respectively). These medium-chain acylcar-
nitines were increased by 2—3 fold in IR muscle (Figure 2E), sug-
gesting defects in complete fatty acid oxidation. Together, these data
indicate that both BCAA and lipid metabolism are altered in skeletal
muscle from insulin resistant humans.

3.3. Alterations in BCAA oxidative metabolism contribute to
impaired fatty acid oxidation in cultured cells

Given the emerging and robust links between BCAA levels and insulin
resistance, the major role for skeletal muscle in mediating BCAA
catabolism, and the association of muscle BCAA and lipid oxidative
gene expression with insulin sensitivity in our cohort, we asked whether
alterations in BCAA flux might be a primary contributor to disordered
lipid metabolism in muscle. We first tested whether modulating the
Bckdh complex would alter fatty acid oxidation in cultured skeletal
muscle cells. C2C12 myotubes were treated with either KIC or chlor-
oisocaproic acid (CI-IC), a non-metabolized KIC mimetic. Both KIC and
CI-IC are inhibitors of the branched-chain ketoacid dehydrogenase ki-
nase (Bckdk), resulting in strong activation of the Bckdh complex and
increased flux through the BCAA oxidative pathway [35]. Treatment with
either KIC or CI-IC increased oxidation of valine in C2C12 myotubes by
5- and 7-fold respectively, as predicted (Figure 3A). In parallel, KIC and
CI-IC both increased complete fatty acid oxidation by 1.5 fold
(p < 0.05), as measured by CO, production after incubation with [1—
14C]-oleic acid (Figure 3B). CI-IC also resulted in an 89% higher in-
crease in oxygen consumption in response to oleic acid (p < 0.05,
Figure 3C), indicating that increasing BCAA oxidative metabolism en-
hances both fatty acid oxidation and cellular respiration.
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To confirm that these effects were indeed mediated by increased flux
through BCAA oxidative pathways, we analyzed metabolism in mouse
embryonic fibroblasts (MEFs) derived from wild type mice or mice null
for the mutase (Mut) gene, the distal step in oxidative metabolism of
Val and lle. Both KIC and CI-IC increased complete fatty acid oxidation
in wild type MEFs, as in myotubes (Figure 3D). By contrast, MEFs
derived from Mut~'~ mice had decreased complete fatty acid oxidation
in the basal state, and no increase was observed after incubation with
KIC or CI-IC (Figure 3D). Furthermore, basal oxygen consumption was
reduced by 60% (p < 0.01) in Mut™"~ MEFs, as compared with wild
type (Figure 3E). Together, these data indicate altered flux through
BCAA oxidative pathways and reduced expression of Mut may
contribute to impaired fatty acid oxidation and reduced total cellular
respiration.

3.4. Mut heterozygous mice have increased body weight and
impaired muscle lipid metabolism

To test whether alterations in BCAA metabolism could affect systemic
metabolism in vivo, we analyzed mice with heterozygous disruption of
Mut. Homozygous mutations in this gene cause methylmalonic
aciduria (MMA), a severe metabolic disease characterized by increased
plasma concentrations of methylmalonic acid. Deletion of the Mut gene
in mice results in early neonatal lethality and induces significant
mitochondrial dysfunction [36,37]. In contrast, heterozygous Mut" ~
mice are viable and show normal growth. We evaluated whether Mut™ /
~ mice would develop metabolic defects when challenged with a high-
fat diet (45% calories from fat). Mut" ~ mice gained more weight in
response to high-fat feeding than their wild-type littermates
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Figure 3: Alteration of BCAA pathway flux modulates complete fatty acid oxidation. (A) C2C12 myotubes were treated with 2 mM ketoisocaproate (KIC, gray bar) or 0.5 mM
chloroisocaproate (CI-IC, black bar) for 30 min and valine oxidation was measured as "#CO, produced from [U—"4C]-valine (n = 4 replicates). (B) C2C12 myotubes were treated
with 2 mM KIC or 0.2 mM CI-IC for 30 min before complete fatty acid oxidation was measured as "“C0, produced from [1—"4C]-oleic acid. Shown are data from one representative
experiment, from two independent experiments, each with n = 4 replicates. (C) C2C12 cells were incubated in the presence (black bar) or absence (white bar) of 0.2 mM CI-IC.
Oxygen consumption rate was assessed before and after cells were exposed to 0.1 mM oleic acid (n = 5 replicates). (D) Mouse embryonic fibroblasts (MEFs) derived from wild-
type or Mut™"~ mice were incubated with 2 mM KIC or 0.2 mM CI-IC and fatty acid oxidation was measured. Shown are data from one representative experiment, from two
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(Figure 4A). In addition to higher body weight, these mice had a 43%
increase in fasting insulin concentrations as compared with wild type
controls (p < 0.05, Figure 4B) and increased fasting glucose
(Figure 4C). Glucose tolerance tended to be impaired in Mut" = mice
compared to wild-type littermates (Figure 4D). Interestingly, insulin
tolerance testing revealed significantly higher blood glucose at each
time point in Mut™ = mice, but no difference in glycemic response (%
decrease) following insulin (Figure 4E).

To further examine the effects of decreased Mut expression, we
analyzed skeletal muscle gene expression in wild-type and Mut" -~
mice. As anticipated from the deletion of one copy of Mut, expression
of Mut was reduced by 50% in heterozygous muscle (Figure S3A).
Reduced Mut also decreased expression of multiple mitochondrial
genes regulating oxidative metabolism, including Sdha, Cs, Acadl, and
the ATP synthase subunit Atp5d (Figure S3A), with a trend for reduced
Pgcia (Ppargcia). In contrast, the lipid synthesis gene Scd2 was
increased, with similar trends for upregulation of Fasn, Fads3, and
Fabp5 (Figure S3B).

To evaluate additional metabolic effects of decreased Mut expression,
we analyzed metabolites in muscle in the fasting state. Although we
observed no significant changes in muscle BCAA levels (Figure S4),

acylcarnitine patterns were altered in response to Mut heterozygosity.
Palmitoylcarnitine (C16:0) levels were more than 2-fold higher in
muscle from Mut™~ versus wild-type mice (p < 0.05), and levels of
other acylcarnitines tended to be increased in Mut™ "~ as well
(Figure 4F), indicating disordered fatty acid oxidation. Finally, muscle
triglyceride content was 30% higher in Mut™ ~ mice (Figure 4G),
further confirming that downregulation of Mut alters lipid metabolism
in muscle.

4. DISCUSSION

Recent unbiased metabolomics analyses have demonstrated robust
links between insulin resistance, obesity, and T2D and alterations in
circulating metabolites, indicating major dysregulation of systemic
metabolism. These metabolic disorders are associated with changes in
plasma amino acids [11], including BCAA, phenylalanine, tyrosine, and
glycine, branched-chain ketoacids, and other metabolites such as 2-
hydroxybutyrate, 2-aminoadipidic acid, lysophosphatidylcholine
(18:2), and medium- and short-chain acylcarnitines [10,12,27,38—
43]. Among these, increased plasma BCAA concentrations also pre-
dict progressive insulin resistance and T2D [19]. In this manuscript, we
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Figure 4: Mut"/~ mice show increased weight, impaired glucose homeostasis, and increased triglyceride accumulation after high fat diet. (A) Wild-type (Wt, white
circles, n = 16) and Mut™~ (black circles, n = 16) male mice were fed a 45% high fat diet for 20 weeks and body weight was monitored. (B) Overnight (16 h) fasting insulin and
(C) 4 h and overnight (16 h) fasting glucose levels were determined. (D) Intraperitoneal glucose (1.5 g/kg) and (E) insulin tolerance tests (0.65 U/kg) were performed in Wt and
Mutt’~ mice. (F) Acylcarnitine levels in skeletal muscle, normalized to the median of the Wt group (n = 8 per group). (G) Triglyceride content was measured in quadriceps of Wt
and Mut™~ mice (n = 16 per group). Data are mean + SEM. *p < 0.05 (t-test). AUC, area under the curve.
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identify a muscle BCAA-related dual transcriptomic and metabolomics
signature of human insulin resistance using unsupervised analysis of
muscle biopsies from a normoglycemic population across a broad
range of insulin sensitivity. mRNA for multiple genes regulating BCAA
metabolism are inversely correlated with insulin sensitivity. These
gene expression patterns are most striking for distal steps of valine and
isoleucine metabolism, including propanoate/propionic acid and
methylmalonyl-CoA metabolism. Similar reductions in genes related to
BCAA metabolism were observed in mice made insulin resistant by
high-fat feeding, indicating these changes can be acquired.

To identify metabolic pathways associated with insulin sensitivity, the
metabolome was analyzed in IS and IR human subjects without T2D.
Notably, this cohort of insulin resistant subjects had normal glucose
tolerance, fasting glucose and HbA1c levels, and only slightly higher
BMI compared to insulin sensitive controls. Despite this mild degree of
metabolic dysfunction, key differences in muscle metabolic profiles
concordant with gene expression pathway differences in insulin
resistance were observed. All three BCKA were reduced in insulin
resistant muscle, despite similar tissue and plasma BCAA levels. This
pattern may be potentially due to altered enzymatic activity of the
branched-chain aminotransferase or the reduced levels of its substrate
o-ketoglutarate. Indeed, both o-ketoglutarate and fumarate were
reduced in insulin resistant muscle, with similar trends for several
other TCA cycle metabolites. Conversely, medium-chain acylcarnitines
(including C5, C6, and C8) were more than 2-fold higher in insulin
resistant muscle; increases in C5 species may reflect dysregulation of
BCAA and propanoate metabolism. These patterns are also concordant
with those observed with BCAA supplementation in high-fat diet-fed
mice [10], where BCAA-driven elevations in muscle short-chain acyl-
carnitines of both odd and even chain length were especially promi-
nent. Increased C5 acylcarnitine levels also suggest alterations in
amino acid metabolism, as these metabolites are markedly elevated in
humans with reduced activity of IVD or short/branched chain acyl CoA
dehydrogenase [44,45]. While cross-sectional tissue metabolite data
cannot allow us to determine which of these defects are primary to the
insulin resistant phenotype in humans, it is possible that reduced
valine and isoleucine catabolism could reduce TCA anaplerosis and
flux, further decreasing oxidative capacity and fatty acid oxidation, and
promoting incomplete lipid oxidation, as proposed by Adams et al.
[46,47]. Furthermore, acylcarnitines resulting from incomplete oxida-
tion or other perturbations in both amino acid and fatty acid meta-
bolism could promote oxidative stress and insulin resistance [4]. Taken
together, our data support the hypothesis that multiple steps of muscle
BCAA metabolism are impaired in insulin resistant humans, and that
these defects may not only contribute to concomitant alterations in TCA
cycle activity but also interact to perturb lipid metabolism.

To determine whether changes in BCAA metabolism observed in hu-
man muscle could contribute to the pathogenesis of dysregulated
metabolism associated with insulin resistance, we experimentally
modulated BCAA oxidative metabolism and analyzed the metabolic
impact. While our studies in cultured myotubes and MEFs cannot fully
recapitulate the complexity or tissue-specific regulatory patterns of
intact skeletal muscle, these studies demonstrate that experimental
modulation of BCAA oxidation exerts robust effects on cellular meta-
bolism. Firstly, activation of the BCKDH complex by either KIC or
chloroisocaproic acid not only increases BCAA catabolic flux, as pre-
dicted, but also increases fatty acid oxidation, potentially via increases
in TCA activation. Conversely, reduced flux (e.g. deletion of Mut) im-
pairs fatty acid oxidation and reduces cellular respiration. These data
are also consistent with recognized effects of exercise to promote
increases in both BCAA and fatty acid oxidation [48,49]. While the
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mechanisms responsible for these effects are still not fully understood,
our data support the hypothesis that reduced flux through the BCAA
pathway leads to incomplete oxidation and reduced availability of
BCAA-derived anaplerotic TCA intermediates; in turn, this may reduce
complete fatty acid oxidation and increase accumulation of acylcar-
nitines and mitochondrial stress [26,47].

We now demonstrate that chronic alterations in tissue BCAA meta-
bolism also impact systemic metabolism in vivo. Indeed, mice with
heterozygous deletion of the Mut gene, which have decreased
expression of Mut, have increased weight gain, hyperinsulinemia,
elevated blood glucose levels, and impaired lipid metabolism in
skeletal muscle in response to high-fat feeding. These phenotypes are
especially striking given that Mut heterozygous mice have only a 50%
reduction in a single enzyme within the BCAA metabolic pathway.
Furthermore, MUT deficiency affects degradation of only two out of the
three BCAA (lle and Val, but not Leu). Thus, it is likely that alterations in
expression and metabolic flux at multiple steps of the BCAA and other
key pathways, as observed in our human cohort, will be necessary to
fully recapitulate human disease phenotypes. Furthermore, lifestyle
factors such as increased dietary BCAA [10] or inactivity, could further
magnify the metabolic impact of isolated MUT deficiency or more
global alterations in BCAA oxidative flux. In addition to Val and lle,
catabolism of Thr, Met, and odd-chain fatty acids can also provide
methylmalonyl-CoA, the substrate for Mut, therefore, we cannot
exclude the possibility that Mut heterozygosity could also affect
metabolism of these compounds. Finally, we recognize that the Mut™ /
~ mice harbor a whole-body knockout, and effects in tissues other
than skeletal muscle (e.g. adipose, liver) may also contribute to
impaired glucose tolerance and lipid metabolism. Collectively, how-
ever, these data demonstrate that alterations in distal BCAA oxidative
metabolism, when combined with lipid excess, can not only perturb
cellular oxidative mitochondrial metabolism, but also contribute to
dysregulation of systemic metabolism in vivo.

Perturbations in cellular metabolism can result from dysregulation at
multiple levels. These include not only transcriptional dysregulation but
also allosteric regulation, substrate availability, and posttranslational
modifications (e.g. phosphorylation and acetylation), all of which have
been shown to be important contributors to regulation of BCAA
metabolism [50,51]. At a transcriptional level, perturbed expression of
genes related to BCAA metabolism has now been identified in both
adipose and muscle tissue from several distinct cohorts. For example,
genes regulating BCAA catabolism are downregulated in omental
adipose from obese insulin resistant individuals, as compared with
obese, yet insulin sensitive, individuals [52] and in mice with trans-
genic expression of GLUT4 in adipose [21]. Downregulation of BCAA
catabolic genes in the heart was recently reported in a mouse model of
experimental pressure overload-linked heart failure [53].

The importance of environmental factors independent of DNA
sequence has been underscored by studies of human monozygotic
twins; obese [54] and less active [55] members of twin pairs have
reduced BCAA gene expression, as compared with their non-obese co-
twin. Similar patterns are observed at the protein level, with reduced
ALDH6A and PCCB in mitochondria isolated from muscle of lean insulin
resistant individuals. Moreover, interventions which modify insulin
sensitivity or metabolism also impact BCAA expression in humans. For
example, BCAA-related gene expression is increased (including
ALDH6A1) in adipose tissue after weight loss induced by gastric
bypass [25,56] and in response to the thiazolidinedione class of insulin
sensitizers [52,57].

Our data demonstrate that diet-induced obesity or denervation-induced
inactivity in mice, and exposure to fatty acids or H»0- in cultured
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myocytes, can potently downregulate expression of BCAA metabolic
genes. Conversely, expression of BCAA metabolic genes can be
increased by exercise training in rodents. BCAA-related expression
patterns also can be modulated in response to acute CNS infusion of
insulin [22]. Given that each of these stimuli modulate insulin sensi-
tivity (e.g. reduced with obesity, inactivity, lipid excess, and ROS;
improvement with exercise, weight loss, and centrally-delivered in-
sulin), it is possible that transcriptional regulation of muscle BCAA gene
expression is mediated by insulin resistance per se. Interestingly, in-
cubation with 2-deoxyglucose, but not insulin, decreased expression of
BCAA metabolism genes in 3T3 adipocytes [52]. Furthermore, these
patterns are not observed in mice made insulin resistant by genetic
deletion of the insulin receptor in muscle (MIRKO) [58] or by infusion
with the insulin receptor antagonist peptide S961, suggesting
receptor-mediated impairments in insulin action are not the sole
determinant of these patterns. Rather, we hypothesize that down-
regulation of this pathway in muscle could represent a regulated
transcriptional response to excessive oxidative stress under conditions
of sustained nutrient load or inactivity, thus serving to redirect BCAA
flux away from oxidative metabolism. Unfortunately, reduced flux
through this pathway may ultimately be detrimental, reducing maximal
anaplerotic flux and TCA cycle activity and overall cellular oxidative
capacity. Consistent with this hypothesis, mice with Mut mutations
have reduced tissue succinate levels [59] while mice with knockout of
Ppm1k, resulting in reduced Bckdh activity and BCAA oxidative flux,
have reduced oxidative capacity and increased reliance on glycolytic
metabolism, ultimately contributing to contractile failure [53]. Re-
ductions in alpha-ketoglutarate may further limit capacity for trans-
amination, thus perpetuating a vicious cycle of impaired amino acid
oxidative metabolism and reduced capacity for ATP production.

Our data and recent mouse studies demonstrate that alterations in both
muscle and adipose tissue BCAA utilization can perturb systemic
metabolism. For example, reduced adipose tissue BCAA gene
expression not only reduces BCAA oxidation, but also results in
increased circulating concentrations of BCAA in vivo [21]. BCAA like-
wise play important roles in skeletal muscle, serving as substrates for
the TCA cycle and ultimately as fuels for the electron transport chain
(e.g. via ETFDH). Interestingly, we recently identified ETFDH as a key
contributor to altered energetics in a computational model of muscle
insulin resistance [60], while BCKDHA was also predicted as an obesity
and diabetes candidate gene using a suite of bioinformatics predictive
tools [61]. Furthermore, genetic disruption of the first step of BCAA
catabolism (Bcat2) alters metabolism during exercise [62]. Conversely,
dietary supplementation with BCAA mixtures improves exercise per-
formance [63], and activation of BCKDH activity improves cardiac
performance in the failing heart, even without changing systemic levels
of BCAA [53]. Thus, when energy demands are high (e.g. exercise
training, sustained contraction), this pathway may play a pivotal role in
metabolic adaptation. Thus, increases in either expression of BCAA
oxidative enzymes and/or flux may be an important mechanism
regulating oxidative (aerobic) capacity.

We acknowledge several limitations of our study. Firstly, gene
expression is one of many determinants of pathway flux [50,51].
Secondly, we utilized a nontargeted metabolomics platform to discover
perturbations in metabolic pathways; while coverage of the metab-
olome is extensive, identification of all potential cellular metabolites is
not available. Thirdly, our primary analysis was conducted in biopsies
of the vastus lateralis (quadriceps muscle), a mixed fiber muscle,
obtained in the fasting state; as a result, we cannot fully assess the role
of fiber type or postprandial regulation to observed transcriptomic and

metabolomic patterns [64,65]. Moreover, muscle patterns may differ
from those in other tissues also contributing to whole-body BCAA
metabolism (e.qg. liver). Finally, while our metabolomics data do provide
support for alterations in flux within this pathway in insulin resistant
states, future targeted metabolomics analyses will be required to
quantify metabolites of interest and to assess pathway flux in muscle.
In conclusion, this study demonstrates defects in skeletal muscle
BCAA-related gene expression and metabolism in insulin resistant
humans. Furthermore, experimentally-induced defects in BCAA
metabolic flux can reduce cellular respiration and lipid oxidation in
cultured cells, particularly in the setting of lipid excess, and promote
weight gain, muscle lipid accumulation, and insulin resistance in vivo.
Taken together, these data suggest that perturbations in BCAA
metabolism may contribute to metabolic phenotypes associated with
insulin resistance and T2D risk. This study also suggests that
searching for metabolic phenotypes in carriers of MUT mutations
would be relevant for understanding disease pathogenesis and guiding
clinical management strategies. Furthermore, targeting BCAA meta-
bolism may hold promise for prevention or treatment of T2D.
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