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Recent studies implicate a strong association between
elevated plasma branched-chain amino acids (BCAAs)
and insulin resistance (IR). However, a causal relationship
and whether interrupted BCAA homeostasis can serve as
a therapeutic target for diabetes remain to be established
experimentally. In this study, unbiased integrative pathway
analyses identified a unique genetic link between obesity-
associated IR and BCAA catabolic gene expression at the
pathway level in human and mouse populations. In genet-
ically obese (ob/ob) mice, rate-limiting branched-chain
a-keto acid (BCKA) dehydrogenase deficiency (i.e., BCAA
and BCKA accumulation), a metabolic feature, accompa-
nied the systemic suppression of BCAA catabolic genes.
Restoring BCAA catabolic flux with a pharmacological
inhibitor of BCKA dehydrogenase kinase (BCKDK) ( a sup-
pressor of BCKA dehydrogenase) reduced the abundance
of BCAA and BCKA and markedly attenuated IR in ob/ob
mice. Similar outcomeswere achieved by reducing protein
(and thus BCAA) intake, whereas increasing BCAA intake
did the opposite; this corroborates the pathogenic roles of
BCAAs and BCKAs in IR in ob/ob mice. Like BCAAs,
BCKAs also suppressed insulin signaling via activation
of mammalian target of rapamycin complex 1. Finally,
the small-molecule BCKDK inhibitor significantly attenu-
ated IR in high-fat diet–induced obese mice. Collectively,
these data demonstrate a pivotal causal role of a BCAA

catabolic defect and elevated abundance of BCAAs and
BCKAs in obesity-associated IR and provide proof-of-
concept evidence for the therapeutic validity of manipu-
lating BCAA metabolism for treating diabetes.

The three branched-chain amino acids (BCAAs) are leucine,
isoleucine, and valine. A strong association between ele-
vated plasma BCAAs and insulin resistance (IR) has been
repeatedly observed in human and rodent models (1–9).
Moreover, longitudinal studies suggest that a high plasma
BCAA level is predictive of the future onset of diabetes
(10–13). Circulating BCAAs are also a significant prognos-
tic marker associated with outcomes of diabetes interven-
tions (4,10,14–16). On the other hand, elevated plasma
branched-chain a-keto acids (BCKAs), the products of
BCAA transamination, are also associated with IR and
are potentially better biomarkers for diabetes (8,9). These
observations strongly suggest a causal role of disrupted
BCAA homeostasis in IR, which remains to be established
experimentally.

BCAAs are essential amino acids derived from protein-
containing foods. The BCAA catabolic pathway, consisting
of more than 40 enzymes in mitochondria, plays a pivotal
role in maintaining BCAA homeostasis in mammals (2).
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BCAA catabolism is initiated by branched-chain amino-
transferase (BCAT), which facilitates a reversible
transamination reaction generating BCKAs including
a-ketoisocaproic acid (from leucine), a-keto-b-methylvaleric
acid (from isoleucine), and a-ketoisovaleric acid (from
valine). Mitochondrial BCAT (BCAT2) is expressed ubiq-
uitously and plays a main role in peripheral BCAA catab-
olism (2,17). The subsequent irreversible decarboxylation
of BCKAs by BCKA dehydrogenase (BCKD) is the rate-
limiting step in BCAA catabolism, giving rise to CoA
moieties that feed into the citric acid cycle after several
reactions. In addition to substrate-dependent allosteric
modulation, BCKD activity is also regulated by posttrans-
lational modifications. Phosphorylation of the BCKD E1a
subunit by BCKD kinase (BCKDK) inhibits BCKD, whereas
dephosphorylation by protein phosphatase 2Cm (PP2Cm)
activates BCKD. Loss-of-function mutations in BCAA cat-
abolic genes encoding BCKD subunits and PP2Cm lead to
BCKD deficiency, BCAA and BCKA accumulation, and
maple syrup urine disease (18–21).

Given the critical role of the BCAA catabolic pathway in
maintaining BCAA homeostasis and the strong association
between diabetes and elevated BCAAs and BCKAs, the
BCAA catabolic pathway may play an important role in
IR pathogenesis. Individual genes (BCKDHA and PP2Cm)
of the BCAA catabolic pathway have been genetically linked
with IR (22–25). In this study, integrated genomic analyses
revealed a unique association between BCAA catabolic gene
expression at the pathway level and obesity-associated IR
in human and mouse populations. We then examined the
causal role of suppressed BCAA catabolism in IR in both
ob/ob and high fat–induced obese mice and the therapeutic
potential of targeting BCAA catabolism to treat type 2
diabetes.

RESEARCH DESIGN AND METHODS

Human Genome-Wide Association Studies for Insulin-
Related Traits
Publicly available human genome-wide association study
(GWAS) data sets for fasting glucose, fasting insulin,
and IR (unadjusted and adjusted for BMI) were retrieved
from large meta-analysis consortia including MAGIC (the
Meta-Analyses of Glucose and Insulin-related Traits Con-
sortium) (26) and the GENESIS (Genetics of Insulin Sen-
sitivity) Consortium (27). After retrieving summary-level
statistics for all single nucleotide polymorphisms (SNPs),
we removed SNPs with a weak association (,80%). The
remaining SNPs with high linkage disequilibrium (r2. 0.5)
were filtered by using a previously described method (28).
Linkage disequilibrium data for European ancestry was
obtained from HapMap3 (29) and the 1000 Genomes
Project (30). Comprehensive lists of human cis–expression
quantitative trait loci (eQTL) from human adipose, liver,
and muscle tissues were accessible from our Mergeomics
web server (31). Cis-eQTL were defined as eQTL in which
the associated SNP and gene pairs are within 1 MB of each
other. Details of the eQTL data sets used in the study are

listed in Supplementary Table 1. A total of 1,690 coex-
pression modules were constructed from adipose, liver,
and muscle tissue samples generated from multiple human
and mouse studies (Supplementary Table 1) by using the
WGCNA package in R software (32).

Amino Acid Pathways and Other Canonical Pathways
We retrieved BCAA catabolism pathways and 11 pathways
for amino acids that are not BCAAs from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) Database
(33). PPM1K and BCKDK were manually added into the
KEGG BCAA pathway, which was further categorized into
groups of genes specific to the degradation of leucine,
valine, and isoleucine. For non-BCAA pathways, we also
removed genes overlapping with BCAA.We used the amino
acid pathways, along with other pathways from the KEGG
Database, to annotate all 1,690 coexpression modules;
we tested the enrichment of pathway genes using the
Fisher exact test. Statistical significance was indicated
by Bonferroni-corrected P , 0.05, fold enrichment .5,
and .2 overlapping genes.

Integrative Genomics Analysis Using the Mergeomics
Pipeline
We used the Marker Set Enrichment Analysis (MSEA)
library in Mergeomics to determine the association of
coexpression networks with human insulin traits by
leveraging human GWAS and eQTLs (34) (Fig. 1A). Spe-
cifically, coexpression modules were first mapped to adi-
pose, liver, and muscle eQTLs in order to derive the
corresponding representative expression SNP sets. The
P values indicating the association of the expression
SNPs with disease were then extracted from the filtered
summary-level statistics as described above. We assessed
the significance of enrichment for SNPs indicating mod-
erate to strong risk for a trait within each module using
a x2 like statistic followed by multiple-testing correction in
order to estimate false discovery rate (FDR) (34). Modules
with an FDR ,5% and P , 0.05 were considered to be
significantly or suggestively associated with the respective
trait.

To test whether BCAA genes play key regulatory roles in
the trait-associated BCAA modules, we used the weighted
Key Driver Analysis library in Mergeomics to identify key
drivers of the significant modules. Key drivers of a given
module were defined as genes whose neighboring sub-
network exhibited significant enrichment (FDR ,1%) for
member genes in that module. Adipose Bayesian networks
used in key driver analysis were constructed through the
use of a previously developed method (35,36).

Gene-Trait Correlation in the Hybrid Mouse Diversity
Panel
Pearson correlations of the expression of BCAA genes
in liver, adipose, and muscle tissues with fasting glu-
cose, fasting insulin, and HOMA-IR measurements
were retrieved from the Hybrid Mouse Diversity Panel
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(HMDP) (https://systems.genetics.ucla.edu/data/hmdp),
which comprises ;100 strains of mice fed a high-fat diet
(HFD) (37,38).We assessed clinical traits using 8–12mice per
strain, whereas we profiled gene expression using 3 mice per
strain per tissue.

Animals
Male ob/ob mice or male wild-type C57BL/6 mice were
purchased from The Jackson Laboratory or SLAC Laboratory

Animals Co. Ltd, Shanghai, China. Animals from The
Jackson Laboratory were used for our investigation of 3,6-
dichlorobenzo[b]thiophene-2-carboxylic acid (BT2), and ani-
mals from SLAC were used for other studies. All mice were
housed at 22°C under a 12-h light/12-h dark cycle, with free
access to water and standard chow. An isocaloric normal
protein diet (NPD) (20% protein; TD.91352) and a low-
protein diet (LPD) (6% protein; TD.90016) (Supplementary
Table 5) were purchased from Envigo Teklad Diet. A normal

Figure 1—Integrative genomic analyses associate the BCAA catabolic pathway with IR-related traits in human populations. A: The
integrative genomics workflow we used to investigate the association of BCAAs with IR-related traits in humans. Specifically, human GWAS
were integrated with eQTLs and coexpression networks matched by tissue, and then analyzed using the Mergeomics pipeline in order to
identify coexpression modules that showed significant genetic association with IR-related clinical traits. Coexpression modules with
significant over-representation of BCAA genes among the module genes were then annotated as BCAA modules. B: Number of BCAA
modules with significant trait association (FDR ,5% or P , 0.05, as assessed by using MSEA in the Mergeomics pipeline). Numbers in the
bars indicate the fold enrichment of BCAA modules among all significant coexpression modules for the corresponding trait. Statistical
significance of enrichment of BCAA modules among all significant modules was determined by using the Fisher exact test. Details of
enrichment test are in Supplementary Table 2. C: Comparison of tissue origin distribution of BCAA modules and all coexpression modules
significantly associated with fasting insulin and IR (BMI unadjusted) at FDR ,5% and P , 0.05. Significance of differences in the mean
correlation strength between gene categories was calculated by using the Student t test. *P, 0.05; **P, 0.01; ***P, 0.001; ****P, 0.0001.
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BCAA diet (A11072001) and a low-BCAA diet (60% less
BCAAs than the normal BCAA diet; A12030802) (Supplemen-
tary Table 6) were purchased from OpenSource Diets. Tissue
samples from white adipose tissue (epididymal fat), skeletal
muscle (soleus/gastrocnemius), and liver were quickly har-
vested and frozen in liquid nitrogen andmaintained at280°C
until processed. All animal procedures were carried out in
accordance with the guidelines and protocols approved by the
Committee for Humane Treatment of Animals at Shanghai
Jiao Tong University School of Medicine, the University of
Texas SouthwesternMedical Center Institutional Animal Care
and Use Committee, or the University of California at Los
Angeles Institutional Animal Care and Use Committee.

Western Blotting Analysis
Antisera against the BCKD E1a subunit were a gift from
Dr. Yoshiharu Shimomura (Nagoya Institute of Technology,
Nagoya, Japan). We purchased other antibodies against
pBCKD E1a (Novus Biologicals); BCKDE2 (Thermo Fisher
Scientific); and phospho-Akt (Thr308), Akt, phospho-
p70S6K (Thr389), total p70S6K, tubulin, GAPDH, and
b-actin (Cell Signaling Technology). Densitometry was
performed with ImageJ software.

RNA Isolation and Quantitative RT-PCR
Total RNA was extracted from the various tissues by using
the TRIzol Reagent (Invitrogen), according to the manu-
facturer’s instructions. Total RNA (2 mg) was reverse
transcribed by using random primers and Maloney murine
leukemia virus (Promega). Each cDNA sample was ana-
lyzed in triplicate with the Applied Biosystems Prism
7900HT Real-Time PCR System using Absolute SYBR
Green (Applied Biosystems). The primer sequences are
listed in Supplementary Table 4.

Metabolomic Analysis
The global metabolomic analysis was carried out by Metab-
olon, Inc. (Durham, NC), as described previously (39). The
Welch two-sample t test was used to test whether two
unknown means were different from two independent
populations. The wild-type mice were fed the NPD (20%
protein by weight) and ob/ob mice were fed the NPD or
LPD (6% protein by weight) for 4 weeks beginning at
10 weeks of age. For the BCAA group (LPD + BCAA),
drinking water was supplemented with BCAA (3 mg/mL)
beginning after 2 weeks of eating the LPD; this supple-
mentation lasted 2 weeks.

Determination of BCAA and BCKA ConcentrationsWith
Mass Spectrometry
Plasma was precleared of protein by using ethanol. The
supernatant was lyophilized and resuspended. Standards
and samples were diluted in butanolic HCL, heated to 60°C
for 20 min, and then dried in a speed vacuum. The samples
were resuspended in distilled H2O and acetonitrile (50:50)
containing 0.1% formic acid, and analyzed by liquid
chromatography–tandem mass spectrometry in order to

measure BCAA concentrations. To determine BCKA con-
centrations, plasma, a solution of [13C] a-ketoisovaleric
acid, and o-phenylenediamine were mixed and incubated
at 80°C for 20 min. Na2SO4 and ethyl acetate were added
to the cooled solutions, which were then centrifuged. The
upper organic phase was re-extracted, pooled with the
first, and dried under mild heat (40°C). The samples were
resuspended in MeOH and 5 mmol/L NH4 acetate (50:50)
and analyzed by liquid chromatography–tandem mass
spectrometry.

Glucose and Insulin Tolerance Tests
Mice were deprived of food for 6 h. For the insulin tolerance
test, mice were injected intraperitoneally with insulin (0.75
units/kg body weight; Sigma). For the glucose tolerance test,
mice were injected intraperitoneally with D-glucose (1.5 g/kg
body weight; Sigma). Blood glucose concentrations were
measured in tail blood by using a portable glucometer
(Johnson & Johnson) at the times indicated after
injection in figures. Plasma insulin was measured with
MILLIPLEX Multiplex Immunoassay Kits (MMHMAG-
44K-14; Merck Millipore, Darmstadt, Germany). To allow
us to examine in vivo insulin signaling, mice were deprived
of food for 6 h and injected intraperitoneally with insulin
(2 units/kg body weight) for 10 min.

Mouse Treatment With the BCKDK Inhibitor BT2
The animals were fed an HFD (60% kcal from fat) (catalog
no. D12492; Research Diets) for;12 weeks starting at the
age of ;6 weeks in order to induce obesity in wild-type
mice (diet-induced obesity [DIO]). For ob/ob mice, the
treatment started at 8 weeks of age. Obese mice (DIO
mice or ob/ob mice) were randomized into two groups and
received either the vehicle or BT2 treatment. BT2 was
dissolved in DMSO and diluted in 5% DMSO, 10% Cre-
mophor EL, and 85% 0.1 mol/L sodium bicarbonate (pH
9.0) for delivery. Mice received via oral gavage daily doses
of BT2 (40 mg/kg/day) or an equal volume of vehicle for
8–10 weeks. BCKD activity was analyzed as described
previously (40).

Statistics
Unless otherwise specified, statistical analyses were per-
formed with the two-sided Student t test (two groups) and
one-way ANOVA (more than two groups) or two-way
ANOVA (tolerance tests), followed by a Tukey post hoc
test, where appropriate, using GraphPad Prism software.
Data were calculated as the mean 6 SD unless otherwise
indicated. A P value ,0.05 was considered to be statisti-
cally significant.

RESULTS

BCAA Catabolic Pathway Is Genetically Associated
With Obesity-Associated IR in Human Populations
To explore the connection between specific metabolic
pathways and IR in an unbiased manner, we leveraged
existing genetics and functional genomics data sets from
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human and mouse populations using an integrative frame-
work (Fig. 1A).

For the human-focused analysis, we mainly used GWAS
of IR from the GENESIS Consortium (27) and glycemic
traits from MAGIC (26) to capture genetic association
signals. Instead of focusing on individual genetic signals
in individual genes, we focused on the aggregate behavior
of groups of functionally related genes by integrating the
GWAS data sets with tissue-specific eQTLs and coexpres-
sion network modules containing sets of coregulated genes
in IR-relevant tissues—including adipose tissue, liver, and
muscle (Fig. 1A)—using the MSEA library in the Mergeo-
mics pipeline (34). Among all significant coexpression
modules for fasting insulin and IR traits at either an
FDR ,5% (correcting for multiple testing) or P , 0.05
(uncorrected), we observed significant over-representation
of modules annotated with the BCAA catabolic pathway,
among other well-established IR-related processes such as
glucose metabolism, oxidative phosphorylation, and in-
flammation (Fig. 1B and Supplementary Table 2). For
instance, 57 of a total of 1,690 modules were found to
be significantly associated with IR. Among these, seven
modules were enriched for BCAA catabolic genes, repre-
senting a 4.2-fold enrichment for BCAA-related modules
(enrichment P = 1.8e24) (Fig. 1B and Supplementary
Table 2). In contrast, the BCAA catabolic pathway was
not among coexpression modules associated with fasting
glucose or BMI-adjusted IR, suggesting an adiposity-
dependent association between the BCAA catabolic path-
way and IR (Fig. 1B). No association was observed for
metabolic pathways for amino acids that are not BCAAs
(Fig. 1B). Details of the BCAA catabolic genes, correspond-
ing eQTLs, and P values for trait associations for the
modules are provided in Supplementary Table 3.

After matching the tissue origin of coexpression mod-
ules and eQTLs, we found that the BCAA modules asso-
ciated with IR were primarily from the adipose tissue, not
skeletal muscle or liver (Fig. 1C). In addition, we used the
weighted Key Driver Analysis library in the Mergeomics
pipeline to pinpoint potential key drivers (28,41–43),
revealing BCAA catabolic genes as key drivers for all
BCAA modules. These results support BCAA metabolic
genes as playing a pivotal regulatory role in the
IR-associated BCAA modules (Supplementary Fig. 1). To-
gether, these unbiased genomics analyses from human
populations reveal a unique and strong association be-
tween obesity-associated IR and the BCAA catabolic
pathway.

BCAA Catabolic Gene Expression at the Pathway Level
Is Correlated With IR in the HMDP
To connect the human genomic analysis results to mouse
models in which IR is typically studied, we evaluated the
association of the expression levels of BCAA catabolic
genes in adipose, liver, and muscle with IR-relevant traits
in ;100 genetically divergent strains of mice fed with
an HFD in the HMDP (37,38) (Supplementary Fig. 2).

Consistent with the findings from the aforementioned
human studies, the expression levels of BCAA metabolic
genes in the adipose tissue exhibited a strong negative
correlation with fasting insulin level and IR (HOMA-IR),
but not fasting glucose level, in the HMDP cohort (Fig. 2A
and B). The expression levels of a smaller set of hepatic
BCAA catabolic genes showed either a positive or a negative
association with fasting glucose, fasting insulin, and IR
traits (Fig. 2B). The strength of the correlation in liver was
weaker than that in the adipose tissue (Fig. 2B) and was
not significantly different from the genes in amino acid
(non-BCAA) pathways (Fig. 2A). The muscle tissue, on the
other hand, did not exhibit specific correlations between
BCAA catabolic gene expression and glycemic traits (Fig.
2A and B). These data from the HMDPmouse cohort study
further support the association between IR and BCAA
catabolic gene expression observed in the human popula-
tion, substantiating a common genetic feature related to
the BCAA catabolic pathway in diabetes.

BCKD Deficiency and BCAA/BCKA Accumulation
Characterize BCAA Catabolic Defect in Obese ob/ob
Mice
We next investigated the relationship between the BCAA
catabolic pathway and obesity-associated IR in a well-
established experimental obese/diabetic animal model,
leptin-deficient (ob/ob) mice (Supplementary Fig. 3). Ex-
amination of gene expression revealed systemic down-
regulation of the BCAA catabolic pathway in white
adipose tissue and liver, but not in skeletal muscle, in
ob/ob mice (Fig. 3A). These expression patterns corre-
sponded to the genetic association between IR and the
BCAA catabolic pathway (particularly the negative corre-
lation in adipose tissue) identified by the genomic analyses
in human and mouse populations (Figs. 1 and 2).

We performed a targeted metabolomics analysis to
characterize BCAA catabolism in ob/ob mice by examining
the abundance of BCAAs and their metabolites in plasma
and various tissues (Fig. 3B). Fasting plasma levels of
BCAAs were unexpectedly not higher in obese mice (Fig.
3C). Mass spectrometry also detected similar specific
measurements of plasma BCAA levels in food-deprived
wild-type and ob/ob mice (Supplementary Fig. 4). BCAA
abundances were, however, higher in white adipose tissue,
lower in liver, and unchanged in skeletal muscle in food-
deprived obese mice relative to lean mice (Fig. 3C). The
fasting plasma BCKA concentrations were significantly
higher, in accordance with previous reports (8,9). Signif-
icant elevation of BCKAs in white adipose tissue and
trends of elevation in liver and skeletal muscle were
also detected in food-deprived ob/ob mice (Fig. 3C). On
the other hand, the concentrations of BCKD metabolites
were significantly lower in plasma, liver, white adipose
tissue, and probably skeletal muscle of food-deprived ob/ob
mice (Fig. 3C).

The elevation of plasma BCAA levels has been viewed as
a metabolic hallmark of IR in obesity (2,4–9). The absolute
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Figure 2—The BCAA catabolic pathway shows a strong correlation with IR in a mouse population. A: Comparison of correlation strengths of
the expression of BCAA pathway genes, non-BCAA amino acid pathway genes, and all genes with IR-related traits in mice. The correlation
data between tissue-specific expression profiling and measurements of clinical traits were extracted from the HMDP, which contains;100
strains of genetically divergent mice fed an HFD. The mean and SE of the absolute values of Pearson correlations between each gene within
a gene category (BCAA, non-BCAA, all genes) and a trait are shown. The significance of differences in themean correlation strength between
gene categories was calculated by using the Student t test. *P , 0.05; **P , 0.01; ***P , 0.001; ****P , 0.0001. B: Correlation of individual
BCAA catabolic genes in different tissues for fasting glucose, fasting insulin, and HOMA-IR in HMDP mice fed an HFD. Red indicates
a positive correlation, whereas blue indicates a negative correlation. *P , 0.05 and **P , 0.05 after Bonferroni correction for the number of
genes and traits.
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Figure 3—Systematic downregulation of the BCAA catabolic pathway leads to a BCAA catabolic defect in ob/obmice. A: Quantitative PCR
results of BCAA catabolic genes in white adipose tissue, skeletal muscle, and liver in lean wild-type (WT) mice (n = 4) and ob/obmice (n = 4)
deprived of food for 6 h. B: Illustration of the partial BCAA catabolic process with enzymes, intermediates, and derivatives. C: Relative levels
of BCAAs and their metabolites in plasma and tissues of lean WT mice (n = 6–8) and ob/ob mice (n = 8). Male mice, age 14 weeks, were
deprived of food for 6 h before being sacrificed. D: Serum concentrations of BCAAs and BCKAs in lean WT mice (n = 8) and ob/obmice (n =
10). Male mice, age 8 weeks, were deprived of food from 8:00 A.M. to 5:00 P.M. and then supplied with chow diet for 1 hour. Blood (100 mL)
was collected at 6:00 P.M. from the orbital sinus by using capillary tubes for serum collection. *P , 0.05 and **P , 0.01 vs. WT mice.
ΚΙC, a-ketoisocaproic acid; KIV, a-ketoisovaleric acid; KMV, a-keto-b-methylvaleric acid.
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increases are usually moderate, however, and they become
smaller or even disappear under fasting conditions
(6,44,45). Our data show that, in fed animals, plasma
BCAA levels are significantly higher in ob/ob obese mice
than in lean mice (Fig. 3D), and the plasma BCKA levels
were even higher in ob/ob obese mice (Fig. 3C and D). The
magnitudes of BCKA elevations were more pronounced
than those of BCAAs in different settings, reflecting BCKD
deficiency.

Therefore, although BCAA catabolic genes are sup-
pressed at the pathway level in various tissues, systemic
BCAA catabolism in obese ob/ob mice is characterized by
a deficiency of the rate-limiting enzyme BCKD, accompa-
nied by reduced catabolic flux and by BCAA/BCKA accu-
mulation. Diminished BCKD protein expression and
increased BCKD E1a phosphorylation further support
BCKD deficiency in obese ob/ob mice (Supplementary
Fig. 5), in agreement with previous studies (8,9,45–49).

A BCAA Catabolic Defect Contributes to the
Pathogenesis of IR in ob/ob Mice
BCKDK phosphorylates the E1a subunit of BCKD and
inhibits its activity (2). BT2 is a specific and potent in-
hibitor of BCKDK (39,40). We next assessed whether the
BCAA catabolic defect played a causal role in obesity-
associated IR by using BT2 to restore BCAA catabolism
in obese mice. BT2 administration significantly enhanced
BCKD activities in various tissues of ob/ob mice, including
liver, skeletal muscle, and white adipose tissue (Fig. 4A).
BT2 treatment significantly reduced plasma BCAA levels in
the obese ob/ob mice, but the magnitudes of reductions in
plasma BCKA concentrations were far more pronounced
(Fig. 4B). Importantly, BT2-treated mice displayed signif-
icantly improved glucose tolerance and insulin sensitivity
(Fig. 4C and D), accompanied by the attenuation of hyper-
insulinemia (Fig. 4E). BT2 treatment reduced the phos-
phorylation of BCKD E1a in liver and induced the
expression of BCKD E1a and BCKDK protein in skeletal
muscle (Supplementary Fig. 6). BT2 also increased the
expression of numerous distal genes in the BCAA catabolic
pathway in skeletal muscle and adipose tissue (Supple-
mentary Fig. 7). Among the 17 amino acids that are not
BCAAs, tryptophan was the only one to show a reduced
concentration in plasma in the BT2-treated mice (Supple-
mentary Fig. 8); this reduction is potentially due to in-
creased tryptophan transport into tissues when BCAA
levels are reduced (21). BT2 treatment did not affect
body weight or food intake in the ob/ob mice (Fig. 4F
and G). These results strongly support a causal role for the
BCAA catabolic defect in the onset of IR in obese ob/ob
mice.

Elevated BCAAs and BCKAs Are Pathogenic Factors
for IR in ob/ob Mice
The BCAA catabolic defect results in BCAA/BCKA accu-
mulation and impaired BCAA catabolic flux. BCAA can
enhance mammalian target of rapamycin complex

1 (mTORC1) activity, and the catabolic flux may affect
glucose and lipid oxidation, both of which have been
implicated as possible contributors to IR (2,50). We
showed that BT2 treatment reduced BCAA levels while
enhancing catabolic flux. To assess further which of these
two changes contributes to the improved insulin sensitiv-
ity in ob/ob mice, we examined the influences of various
dietary manipulations that alter BCAA abundance and the
catabolic flux in different ways. We used an isocaloric LPD
(6% protein by weight), instead of an NPD (20% protein by
weight), to reduce BCAA intake and consequently the load
to the catabolic flux. The LPD significantly reduced the
plasma levels of BCAAs and BCKAs (Fig. 5A) and markedly
improved systemic glucose tolerance (Fig. 5B). In contrast,
increasing dietary intake of BCAAs by administering them
in water increased plasma levels of BCAAs/BCKAs (Fig. 5A)
and significantly exacerbated the systemic glucose toler-
ance of ob/obmice being fed the LPD (Fig. 5B). The insulin
tolerance test showed that the LPD dramatically improved
systemic insulin sensitivity in ob/ob mice, whereas BCAA
supplementation significantly impaired insulin sensitivity
in mice fed the LPD (Fig. 5C). The hyperinsulinemia in
ob/ob mice was significantly attenuated by the LPD but
aggravated by BCAA supplementation (Fig. 5D). Fasting
plasma glucose levels were not affected by the LPD or
BCAA supplementation (Fig. 5B). The body weight of ob/ob
mice was slightly reduced by the LPD, whereas BCAA
supplementation did not affect food intake or body weight
(Fig. 5E and Supplementary Fig. 9). The LPD significantly
reduced plasma levels of multiple amino acids; BCAAs were
the only ones reversed by BCAA supplementation (Sup-
plementary Fig. 10). These results show that the BT2
treatment and reducing BCAA intake both attenuate IR
through a smaller abundance of BCAAs and BCKAs. On the
other hand, BT2 treatment enhanced the BCAA catabolic
flux, whereas reducing BCAA intake probably decreased
the flux. In addition, increasing BCAA intake promoted IR
with more BCAAs/BCKAs and higher catabolic flux. Col-
lectively, all these data are consistent with the notion that
more BCAAs/BCKAs, rather than the status of catabolic
flux, plays a key role in the onset of IR in obese ob/obmice.

Both BCAAs and BCKAs Can Impair Insulin Signaling
We next examined insulin signaling in food-deprived mice
in the aforementioned experimental settings. Compared
with the response (indicated by the fold induction of
pAKT-Thr308) in ob/obmice fed the NPD, insulin signaling
in ob/ob mice fed the LPD was significantly higher in
skeletal muscle (7.6 vs. 1.34 fold), liver (2.55 vs. 1.31
fold), and white adipose tissue (2.61 vs. 1.37 fold), in-
dicating enhanced insulin sensitivity (Fig. 6A). In contrast,
BCAA supplementation impaired insulin response in liver,
white adipose tissue, and, to a much lesser extent, skeletal
muscle in ob/ob mice fed the LPD (Fig. 6B). Similar to the
LPD, BT2 treatment significantly enhanced AKT signaling
in response to insulin, indicated by the higher fold in-
duction of pAKT-Thr308 in various tissues (Fig. 6C). The
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Figure 4—The BCKDK inhibitor restores BCAA catabolism and attenuates IR in ob/obmice. ob/obmice were treated with the vehicle (Ctrl) or
BT2 (at 10 weeks [A,B, and E] or 4–6weeks [C andD]) by oral gavage (n = 6mice in each group). We analyzed BCKD activity in various tissues
(A), fasting plasma levels of BCAAs (B, left) and BCKAs (B, right), glucose tolerance test results (C ), insulin tolerance test results (D), fasting
plasma insulin level (E), bodyweight (F ), and food intake (G). *P, 0.05; **P, 0.01; ***P, 0.005; ****P, 0.0001 vs. Ctrl.ΚΙC, a-ketoisocaproic
acid; KIV, a-ketoisovaleric acid; KMV, a-keto-b-methylvaleric acid; WAT, white adipose tissue.
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enhanced response to insulin in the LPD and BT2 groups
was primarily attributable to the lower basal AKT activity,
consistent with the lower fasting insulin levels in the same
groups (Figs. 4E and 5D).

BCAA-enhanced activation of mTORC1 has been impli-
cated as an important mechanism underlying the impairment
of insulin signaling (1). The LPD and BT2 treatment
reduced the basal or insulin-stimulated mTORC1 activity
(as indicated by p70S6K phosphorylation on Thr389), or
both, in all three tissues, consistent with an enhanced
response to insulin (Fig. 6A and C) and reduced BCAA
levels (Figs. 4B and 5A). On the other hand, BCAA sup-
plementation increased the amount of BCAAs in ob/ob
mice fed the LPD (Fig. 5A) and enhanced the insulin-
stimulated mTORC1 activity in skeletal muscle and probably
adipose tissue (Fig. 6B). Of note, BCAA supplementation
impaired insulin signaling without enhancing mTORC1
activity in liver in ob/ob mice fed the LPD.

As the abundances of BCKAs and BCAAs changed con-
cordantly (Figs. 4B and 5A), we also examined the direct
influence of BCKAs on insulin signaling in cultured cells.
Interestingly, similar to BCAAs, BCKAs impaired insulin
signaling while increasing insulin-stimulated mTORC1 ac-
tivity (Fig. 6D). Further examination showed that BCKAs
suppressed basal AKT phosphorylation while augmenting
mTORC1 activity in the absence of BCAAs in culture
medium (Fig. 6E). The mTORC1 inhibitor rapamycin abol-
ished BCKA-repressed AKT phosphorylation, indicating an
mTORC1-dependent action (Fig. 6F). These data suggest
that BCKAs, in addition to BCAAs, may also contribute to
impaired insulin signaling in obese ob/ob mice.

The Pharmacological Inhibitor of BCKDK Attenuates IR
in DIO Mice
Given the importance of the BCAA catabolic defect in the
pathogenesis of obesity-associated IR, enhancing BCKD
activity through small-molecule treatment may represent
a new pharmacological approach to treating diabetes. We
assessed the effect of the BCKDK inhibitor BT2 on insulin
sensitivity in wild-type mice with DIO, a model frequently
used to mimic the metabolic impairments of obesity in
humans. As expected, BT2 treatment augmented BCKD
activities in various tissues of DIO mice and reduced
plasma BCAA and BCKA levels (Fig. 7A and B). More
importantly, BT2 treatment improved glucose tolerance,
insulin sensitivity, and hyperinsulinemia in DIO mice (Fig.
7C–E) without affecting body weight (Fig. 7F). These
results demonstrate that restoring BCAA catabolic activity
with a small-molecule BCKDK inhibitor is effective to
improve insulin sensitivity in DIO mice. This in vivo
proof-of-concept demonstration validates targeting the
BCAA catabolic defect as a potential therapeutic approach
to attenuating obesity-associated IR and diabetes.

DISCUSSION

This study examines the causal role of disrupted BCAA
homeostasis in obesity-associated IR and the therapeutic
potential of targeting the elevated amounts of BCAAs and
BCKAs. The unbiased integrative genomic analyses reveal
a specific and robust association between the BCAA cat-
abolic pathway and obesity-related IR in both human and

Figure 5—Altering BCAA intake affects IR in ob/obmice. ob/obmice
were fed an NPD (20% protein by weight) or an LPD (6% protein by
weight) for 4 weeks beginning at 10 weeks of age. For the BCAA
group (LPD + BCAA), supplementation of BCAAs in drinking water
(3 mg/mL) was started after mice had eaten the LPD for 2 weeks and
lasted 2 weeks. We analyzed fasting plasma levels of BCAAs and
metabolites (n = 8 mice; *P , 0.05 vs. NPD; &P , 0.05 vs. LPD) (A),
glucose tolerance test results (n 5 6–13 mice; **P , 0.01, LPD vs.
NPD; &P , 0.05, LPD vs. LPD 1 BCAA) (B), insulin tolerance test
results (n 5 6 mice in each group; *P , 0.05, ***P , 0.001, LPD vs.
NPD; &P , 0.05, LPD vs. LPD 1 BCAA) (C), fasting plasma insulin
levels (n = 8–12mice; *P, 0.05; &P, 0.05) (D), and body weight (n =
14 mice in each group; **P , 0.01).
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Figure 6—BCAAs and BCKAs contribute to impaired insulin signaling in ob/obmice. A–C: Representative immunoblots for specific proteins,
created by using tissue lysates from skeletal muscle, liver, and white adipose tissue of mice without or with insulin (Ins) injection for 10 min
following 6 h of food deprivation. ob/ob mice were fed an NPD (20% protein by weight) or an LPD (6% protein by weight) for 4 weeks
beginning at 10 weeks of age (A). BCAA supplementation (LPD + BCAA or LPD/amino acids) in drinking water (3 mg/mL) was started after
mice had consumed the LPD for 2 weeks and lasted 2 weeks (B). ob/ob mice were treated with the vehicle (Ctrl) or BT2 by oral gavage for
5 weeks (C). The graphs below the immunoblots in A–C present densitometric values of the bands. D–F: Representative immunoblots for
specific proteins, created by using cell lysates. 3T3-L1 cells were treated with FBS- and BCAA-free DMEM for 1–2 h before BCAA (500
mmol/L), BCKA (500 mmol/L), or rapamycin (100 nmol/L) treatment for 1 h (D and F ) or various times (E ), followed by insulin treatment (10
nmol/L) for 1 h (D). *P , 0.05; **P , 0.01; ***P , 0.005; ****P , 0.0001.
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mouse populations. In genetically obese mice, characteristic
BCKD deficiency and BCAA/BCKA buildup accompany the
suppression of BCAA catabolic genes at the pathway level.
Correcting this BCAA catabolic defect abolishes BCAA/
BCKA elevation and attenuates IR in obese ob/ob mice,
supporting a causal role for the BCAA catabolic defect in IR
onset in obese mice. Furthermore, reducing protein (and
thus BCAA) intake effectively reduces BCAA/BCKA abun-
dances and improves insulin sensitivity, whereas BCAA

supplementation increases BCAA/BCKA abundances and
promotes IR in ob/ob mice. These results together demon-
strate the pathogenic role of elevated BCAAs/BCKAs in IR in
obese mice. Similar to BCAAs, BCKAs also can impair insulin
signaling. Finally, directly targeting the BCAA catabolic
defect with a small-molecule BCKDK inhibitor reduces
BCAA/BCKA abundances and attenuates IR in DIO mice.
These findings suggest that the BCAA catabolic defect and
elevated BCAAs/BCKAs play causal roles in the onset of

Figure 7—The BCKDK inhibitor enhances BCAA catabolism and attenuates IR in DIO mice. DIO mice were treated with the vehicle (Ctrl) or
BT2 by oral gavage for 8 weeks (n = 7 mice in each group). We analyzed BCKD activity in various tissues (A), fasting plasma levels of BCAAs
(B, left) and BCKAs (B, right), glucose tolerance test results (C ), insulin tolerance test results (D), fasting plasma insulin level (E), and body
weight (F ). *P, 0.05, **P, 0.01, ***P, 0.005, ****P, 0.0001, all vs. Ctrl.ΚΙC, a-ketoisocaproic acid; KIV,a-ketoisovaleric acid; KMV,a-keto-
b-methylvaleric acid.
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obesity-associated IR and provide a valid target for dietary
or pharmacological interventions to treat diabetes.

Several studies have established genetic links between
individual BCAA catabolic genes (BCKHA or PP2Cm) and
dysfunctional glucose metabolism (9,22–25). Instead of
individual genes, the comprehensive genomic analyses in
this study identified a genetic link between IR and the
entire BCAA catabolic pathway. The significant and unique
genetic association is based on information about both
genetics and gene expression. The latter is of particular
interest because nutritional status in obesity profoundly
affects BCAA catabolic gene expression. Numerous studies
have shown aberrant BCAA catabolic gene expression in
animals and humans that are obese and have diabetes
(4,8,9,45–49). Interestingly, a study of monozygotic twins
discordant for BMI, which aimed to profile obesity-altered
biological pathways in identical genetic backgrounds,
revealed significant downregulation of the BCAA adipose
catabolic pathway in obese cotwins, which correlated
closely with IR and hyperinsulinemia (46). Thus, BCAA
catabolism can be impaired by obesity status and linked
with IR. In the bioinformatics study, we performed both
BMI-adjusted and BMI-unadjusted analyses to look for
IR-associated pathways that are independent of BMI
(based on BMI-adjusted analysis) and that can be depen-
dent on or independent of BMI (based on unadjusted
analysis). That the genetic association between the
BCAA catabolic pathway and IR is mainly observed in
the unadjusted analysis and disappeared in the BMI-
adjusted analysis strongly supports an obesity-dependent
relationship. Our study, together with other data, indicates
that BCAA catabolism is suppressed in obesity, which con-
tributes to IR.

The special link between the adipose BCAA catabolic
pathway and IR is intriguing. Studies in humans and
rodents have indicated that an impaired adipose BCAA
catabolic pathway contributes to the rise of plasma BCAAs/
BCKAs and is associated with IR in obesity (4,8,9,45–49).
In this study, the genetic association between the BCAA
catabolic pathway and obesity-associated IR is mainly
observed when gene expression in adipose tissue is con-
sidered in the genomics analyses. In ob/ob mice, adipose
tissue shows the most dramatic loss of BCAA catabolic
genes and the most significant accumulation of intratissue
BCAAs and BCKAs, when compared with the liver and
skeletal muscle. Therefore, BCAA catabolic activity in
adipose tissue seems to play a unique role in regulating
systemic BCAA homeostasis and IR in obesity. However, it
remains unclear how adipose tissue contributes signifi-
cantly to systemic BCAA catabolism despite its relatively
low BCKD activity. It is possible that BCAA catabolic
capacity of tissue is determined not only by BCKD activity
but also by other factors such as BCAA/BCKA uptake from
blood by tissues. On the other hand, as a main contributor
to obesity-associated IR, an adipose BCAA catabolic defect
may exert its effect locally or systemically. The local
accumulation of BCAA/BCKA may trigger functional

remodeling in adipose tissue. As adipose tissue plays
a critical role in systemic lipid and glycemic metabolism,
changes in adipose physiology may in turn contribute to
local and systemic IR in obese mice. It is also possible,
however, that an adipose BCAA catabolic defect functions
as a main contributor to the systemic BCAA/BCKA accu-
mulation that in turn promotes IR in various tissues. In
either case, BT2 can enhance BCAA catabolism in heart,
liver, kidney, and other tissues, relieving the systemic and
adipose BCAA catabolic defect, irrespective of the site, and
thus improving systemic insulin sensitivity; thus, BT2
should be considered for therapy.

Hepatic BCAA metabolism demonstrates weak and in-
consistent correlations with IR. Directional discrepancies
of correlations are observed between liver BCAA catabolic
genes and fasting insulin level and IR traits. Some BCAA
catabolic genes in liver are positively correlated with
fasting glucose levels. The molecular details and functional
implications for this discrepancy are unclear. We speculate
that some positive correlations between BCAA genes in
liver and glycemic traits in the HMDP study are likely
a reactive rather than upstream causal process in the
development of hyperglycemia or IR. Indeed, it is not
uncommon to observe directional discrepancies in gene-
trait correlations in various tissues and experimental set-
tings because of feedback regulations and systems-level
interactions between tissues. Meanwhile, the key enzymes
determining the BCAA metabolic pattern are either neg-
atively (DBT) or not significantly (BCAT2, BCKHDA,
BCKDHB, BCKDK) associated with glycemic traits. In
addition, our human genetics analysis does not support
an enrichment of genetic signals in liver BCAA modules for
any of the glycemic traits examined. Therefore, although it
is possible that the BCAA catabolic pathway in liver also
plays a role in glycemic regulation, the genetic evidence is
not as strong as that for a role in adipose tissues and
requires further investigation.

A high level of BCAAs in blood has been viewed as
a metabolic hallmark of IR and diabetes in numerous
studies (2,4–9). Thus, it was unexpected that the fasting
plasma BCAA levels were not elevated in ob/ob mice.
Plasma BCAA abundances were higher in fed obese
ob/ob mice, suggesting that they are strongly affected by
both the dietary intake and degradation in tissues. Sim-
ilarly, it has been shown that BCAA levels are significantly
increased in fed obese mice, although the differences
dramatically decline or even disappear when the mice
are deprived of food (45). On the other hand, the eleva-
tions of plasma BCKAs are significant in both food-
deprived and fed obese ob/ob mice, in agreement with
previous studies indicating higher plasma BCKA as a better
biomarker for diabetes than BCAA (8,9). In addition,
BCKAs are catabolites generated by tissues. Elevated
BCKA levels in blood reflect a BCKD deficiency in tissues
of obese mice.

BCAAs can trigger different and even opposite meta-
bolic effects in mammals, depending on their catabolic and
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anabolic states (51). Thus, a causal relationship between
disrupted BCAA metabolism and obesity-associated IR can
be addressed only in animals that are already obese. Pre-
vious studies examining the effects of BCAA intake on
metabolism in obese animals have fallen short of establish-
ing this causal relationship. In obese New Zealand mice,
reducing protein intake significantly improved glucose
homeostasis, whereas BCAA repletion did not reverse it
(52). In a mouse model of preexisting DIO, reducing
dietary BCAAs improved glucoregulatory control while
reducing body weight (53). In this study, however, the
causal role of BCAAs remains unclear, because its impact
on glucose regulation could be attributed to changes in
body weight rather than BCAAs. In fatty Zucker rats, BCAA
restriction showed no impact on systemic glucose toler-
ance but improved skeletal muscle insulin sensitivity (7).
Similarly, we found that a low-BCAA diet did not affect
systemic insulin sensitivity in ob/ob mice (Supplementary
Fig. 11). However, reducing protein intake significantly
improved systemic glucose tolerance in ob/ob mice. Re-
ducing protein intake reduced the uptake of all amino acids
and the plasma levels of eight amino acids, including
BCAAs, phenylalanine, tryptophan, glutamine, tyrosine,
and proline (Supplementary Fig. 10). Increasing BCAA
intake in mice fed the LPD restored plasma BCAA levels
and significantly impaired systemic insulin sensitivity,
specifying the causal role of BCAAs. The impacts of
non-BCAA amino acids affected by the LPD remain to
be tested, whereas phenylalanine and tyrosine have been
associated with IR (1). BCAA supplementation did not
reduce glucose tolerance to the level of that in the NPD
group, suggesting that the systemic insulin-sensitizing
effect of BCAA restriction in obese ob/ob mice may need
assistance from other amino acids. Importantly, BCAA
supplementation did not change the body weight of
ob/ob mice fed the LPD. Compared with the total energy
intake (;94% from carbohydrate and fat in the LPD), the
caloric intake from BCAAs is likely very small. Thus, the
caloric contribution from BCAA oxidation is unlikely to
account for IR pathogenesis. Together with results show-
ing that BT2 attenuated IR while enhancing BCAA oxida-
tion without affecting food intake and body weight in both
obese ob/ob and DIOmice (Figs. 4 and 7), these data clearly
demonstrate the causal role of a BCAA catabolic defect in
obesity-associated IR. On the other hand, although the
effects of BT2 on ob/ob mice are similar to those recently
reported in a genetic obese rat model (54) (Fig. 4), the
beneficial impacts of BT2 in DIO mice (Fig. 7) add to the
clinical relevance of our findings, as the DIO rodents
remain the most clinically relevant model by mimicking
the common cause and metabolic impairments of obesity
in humans.

It has been suggested that, because of reduced catab-
olism by adipose tissue in obese mice, BCAA catabolism is
enhanced in liver and skeletal muscle, which “clogs” lipid
and glucose oxidation and promotes IR (50). A more recent
study showed that obese and insulin-resistant mice shunt

BCAA oxidation from the liver and fat toward muscle (55).
In this study, BT2 reduced BCAA/BCKA abundances and
improved insulin sensitivity while enhancing BCAA cata-
bolic activities in various tissues including liver and skele-
tal muscle in both obese ob/ob and DIO mice. On the other
hand, the LPD attenuated IR and BCAA/BCKA abundances
while probably reducing BCAA catabolism through lower-
ing BCAA load to the catabolic pathway in ob/ob mice.
Furthermore, increasing BCAA intake promoted IR while
elevating BCAA/BCKA abundances and probably the cat-
abolic flux. Therefore, IR is consistently attenuated by
reducing BCAA/BCKA abundances, rather than altering
the status of catabolic flux, in obese mice. One recent
independent study reported similar beneficial effects of
BT2 on insulin sensitivity in genetically obese rats (54).
Other reports have suggested that reducing BCAA intake
improves insulin sensitivity via various mechanisms in-
cluding reducing body weight or increasing energy expen-
diture (7,52,53). The common feature of these studies is
the reduced abundances of BCAAs (and probably of
BCKAs), corroborating the pathogenic roles of elevated
BCAAs and BCKAs in obesity-associated IR.

BCAA-stimulated mTORC1 activation has been widely
implicated in reducing insulin signaling (2,7,56–58). Our
data show that BCKAs are also capable of suppressing
insulin signaling. Thus, in addition to BCAAs per se, other
components of the BCAA catabolic pathway may also play
important roles in obesity-associated IR. Furthermore, our
data suggest that mTORC1 probably mediates the sup-
pression of AKT phosphorylation by BCAAs and BCKAs.
However, disconnections have been observed between
enhanced mTORC1 and impaired insulin signaling. For
example, BCAA supplementation impaired insulin signal-
ing without enhancing mTORC1 activity in liver in ob/ob
mice fed the LPD. The tissue-specific impacts of manipu-
lations of insulin signaling and mTORC1 activity by BCAA
also remain puzzling. A recent study showed that BCAAs
becoming replete while dietary protein is reduced restores
mTORC1 signaling but does not induce IR in obese New
Zealand mice (52). Thus, mTORC1 activation cannot fully
explain the effects of modulating BCAA catabolism on
insulin sensitivity, and additional mTORC1-independent
mechanisms warrant further investigation.

The roles of BCAA catabolic flux and the distal steps of
BCAA catabolism in obesity-associated IR remain to be
further investigated. In addition to the “clogging” model,
recent studies have indicated that elevated BCAA oxidation
in skeletal muscle in obese db/db mice may lead to the
production of 3-hydroxyisobutyrate from valine and pro-
mote IR (55,57). In contrast, another report suggested that
defective BCAA metabolism in muscle contributes to im-
paired lipid metabolism and thus the development of
obesity-associated IR (59). BT2 treatment enhances
BCAA catabolism in muscle in healthy mice (55), obese
rats (54), and obese mice (Figs. 4 and 7), while attenuating
IR in obese animals, supporting the detrimental effects of
impaired BCAA oxidation in muscle of obese animals.
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Interestingly, BT2 treatment increased BCKD activity
(Figs. 4A and 7A) without reducing its phosphorylation
in skeletal muscle of obese ob/obmice (Supplementary Fig.
6) and obese rats (54). But BT2 increases the expression of
BCKD subunits (Supplementary Fig. 6) and multiple distal
genes in the BCAA catabolic pathway (Supplementary Fig.
7), which may contribute to enhanced BCAA catabolic flux.
Quantitative measurements of BCAA catabolic flux at
various steps in tissues of obese animals upon BT2 treat-
ment or dietary manipulation will shed light on the roles
of BCAA catabolic flux and the distal steps in obesity-
associated IR.

Tissue-specific patterns of BCAA catabolism and
responses to BT2 treatment have been observed in various
experimental settings. In the bioinformatics analyses, the
BCAA catabolic pathway in skeletal muscle showed a much
weaker association with IR than that in adipose tissue and
liver. BCAA catabolic gene expression and phosphorylation
patterns vary dramatically in various tissues of ob/obmice.
BCAA abundances are elevated in adipose tissue, un-
changed in skeletal muscle, and reduced in liver in ob/ob
mice. Furthermore, BT2 treatment and dietary approaches
alter insulin signaling differently in liver, skeletal muscle,
and adipose tissue. Interestingly, BT2 treatment affects
BCKD activity, BCKD phosphorylation, BCKD subunits,
and distal gene expression in a tissue-specific pattern. To
make it even more complicated, one recent study showed
that acute BT2 treatment in healthy mice activates BCAA
oxidation specifically in muscle even though BCKD phos-
phorylation is significantly reduced in liver, skeletal mus-
cle, and heart (55). These intriguing patterns of BCAA
catabolism and the impacts of BT2 may be attributed to
the tissue-specific expression of BCAA catabolic enzymes
and the pharmacokinetics of BT2. For example, although
BCKDK expression is high in liver, skeletal muscle, and
adipose tissue, BCKD phosphatase (PP2Cm) expression is
lower in skeletal muscle and adipose tissue than in the
liver. The strong dephosphorylation of BCKD by BT2 in
liver might be the result of both BCKDK inhibition and
PP2Cm activation. Nevertheless, despite these tissue-
specific patterns of BCAA catabolism and BT2 effects,
systemic BCAA catabolism is defective in obese mice but
can be relieved by BT2 treatment, irrespective of the site,
in order to improve systemic insulin sensitivity. Mean-
while, more mechanistic details remain to be determined.

BT2 is a potent allosteric inhibitor of BCKDK. BCKDK
and pyruvate dehydrogenase kinases (PDKs) share similar
structures. PDKs phosphorylate and inhibit the pyruvate
dehydrogenase (PDH) complex, a key player in glucose
metabolism. However, the allosteric ligand-binding pocket
in BCKDK (volume 412Å3) is two- to fourfold larger than
its counterparts in PDKs (90Å3–213Å3) (Supplementary
Fig. 12). The larger allosteric ligand-binding volume in
BCKDK allows for the occupancy of natural inhibitors like
BCKAs or the artificial inhibitor BT2. By comparison, the
allosteric sites in PDKs can accommodate up to 3-carbon
a-keto acids such as pyruvate and its small-molecule

inhibitor dichloroacetate (Supplementary Fig. 12). The
structural constraints that preclude BT2 binding to
PDKs are reflected by the absence of PDK inhibition and PDH
activation by BT2 (data not shown). Therefore, the metabolic
phenotypes resulting from BT2 treatment are unlikely to
be related to PDK-regulated PDH activity; rather, they are
exerted via the reprogramming of BCAA catabolism.

In summary, this study provides a compelling mecha-
nistic basis for the strong association between elevated
plasma BCAAs and the onset of IR in humans, demonstrat-
ing the causal role of a BCAA catabolic defect and the
pathogenic role of elevated BCAAs/BCKAs in obesity-
associated IR. The influences of BCAA intake on insulin
sensitivity indicate the potential impact of dietary protein
on IR and diabetes in obese people, consistent with a recent
report showing that protein restriction improves glycemic
control in overweight and mildly obese humans (60).
BCKDK and its inhibitor represent new pharmacological
targets and an approach to attenuating obesity-associated
IR. Finally, the genetic link between IR and the BCAA
catabolic pathway in human populations highlights the
clinical significance of BCAA catabolism as a potential ther-
apeutic target in treating obesity-associated IR and diabetes.
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