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Abstract Nonalcoholic fatty liver disease (NAFLD) is
a globally widespread disease of increasing clinical sig-
nificance. The pathological progression of the disease from
simple steatosis to nonalcoholic steatohepatitis (NASH)
has been well defined, however, the contribution of altered
branched chain amino acid metabolomic profiles to the pro-
gression of NAFLD is not known. The three BCAAs: leu-
cine, isoleucine and valine are known to mediate activation
of several important hepatic metabolic signaling pathways
ranging from insulin signaling to glucose regulation. The
purpose of this study is to profile changes in hepatic BCAA
metabolite levels with transcriptomic changes in the pro-
gression of human NAFLD to discover novel mechanisms
of disease progression. Metabolomic and transcriptomic
data sets representing the spectrum of human NAFLD
(normal, steatosis, NASH fatty, and NASH not fatty livers)
were utilized for this study. During the transition from ste-
atosis to NASH, increases in the levels of leucine (127 %
of normal), isoleucine (139 %), and valine (147 %) were
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observed. Carnitine metabolites also exhibited signifi-
cantly elevated profiles in NASH fatty and NASH not fatty
samples and included propionyl, hexanoyl, lauryl, acetyl
and butyryl carnitine. Amino acid and BCAA metabolism
gene sets were significantly enriched among downregu-
lated genes during NASH. These cumulative alterations in
BCAA metabolite and amino acid metabolism gene pro-
files represent adaptive physiological responses to disease-
induced hepatic stress in NASH patients.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is a chronic, pro-
gressive liver disease of increasing significance worldwide.
The incidence of NAFLD in many countries is similar to
the 30-40 % prevalence estimates of NAFLD in the United
States population (Ali and Cusi 2009; Bellentani et al. 2010;
Koehler et al. 2012; Wong et al. 2012). NAFLD is currently
recognized as the hepatic manifestation of the metabolic
syndrome (Marchesini et al. 2001) and is linked to obesity,
type 2 diabetes, and cardiovascular disease (Bonora 2006;
Dam-Larsen 2004; Fabbrini et al. 2010). The pathologi-
cal progression of NAFLD is classically described by the
‘two-hit” hypothesis (Day and James 1998) in which a “first
hit’ to the liver in the form of accumulating lipids results
in simple steatosis. The excess lipid accumulation sensi-
tizes hepatocytes to additional ‘second-hits’ in the form of
increased oxidative stress and inflammation that can lead to
the development of nonalcoholic steatohepatitis (NASH).
NASH is considered the most severe stage of NAFLD and
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comprises two separate pathological designations: NASH
fatty and NASH not fatty (Day 2002; McCullough 2006).
Approximately, 5.7-17 % of the United States population
is estimated to have some form of NASH and are at risk of
progression to cryptogenic cirrhosis and hepatocellular car-
cinoma (HCC) (McCullough 2011; Rubinstein et al. 2008).
NAFLD progression has been shown to acquire gene and
protein expression alterations in phase I and II metabolism
enzymes and transport proteins which put these patients
at increased risk of hepatotoxicity (Hardwick et al. 2011;
Lake et al. 2011; Merrell and Cherrington 2011). Metabo-
lism and transport gene expression changes associated with
amino acids and BCAAs have important roles in sustain-
ing a healthy liver. These roles range from cancer stem cell
suppression to inhibition of reactive oxygen species (ROS).
BCAA supplementation is also reported to improve insu-
lin resistance and can promote liver regeneration (Miyake
et al. 2012; Nagao et al. 2012; Tajiri and Shimizu 2013;
Yoshida et al. 2012). Determining the alterations in hepatic
profiles of BCAA composition, with metabolism and sign-
aling genes will provide important mechanistic information
on the biochemical changes occurring in response to pro-
gression of this disease.

The catabolic pathway of BCAAs is reported to proceed
through a reversible transamination reaction in extrahe-
patic organs by cytosolic branched chain amino acid ami-
notransferase 1 (BCAT1) or mitochondrial BCAT2 (Adeva
et al. 2012; Suryawan et al. 1998). BCAT1 expression has
previously been limited to the brain, placenta and ova-
ries (Suryawan et al. 1998; Sweatt et al. 2004), however,
expression of the BCAT1 gene has also been shown in liver
samples diagnosed as having NAFLD (Greco et al. 2008).
Hepatic BCAA metabolite intermediates are the result of
BCAT enzyme activity in extrahepatic tissues such as mus-
cle and adipose tissue that are then shuttled to the liver
in the blood (She et al. 2007). The second step in BCAA
catabolism is an irreversible decarboxylative reaction
of the alpha-keto acids that is mediated by the branched
chain alpha-ketoacid dehydrogenase (BCKDH) complex
which is regulated and inhibited by the branched chain
ketoacid dehydrogenase kinase (BCKDK) (Adeva et al.
2012; Suryawan et al. 1998). BCAA catabolism and lipid
processing produce acylcarnitine products in the mitochon-
dria that have been shown to effect gluconeogenesis (New-
gard et al. 2009; Newgard 2012). Furthermore, high lipid
loads such as those associated with NAFLD may lead to an
increase in acylcarnitine production in tissues according to
previous studies (Schooneman et al. 2013).

The expression of transporters in the liver governs
the distribution of BCAAs between the liver and blood.
SLCI16A10 (TAT1) functions as a uniporter in the transport
of AAAs across the basolateral membrane of liver epithe-
lial cells (Mariotta et al. 2012) while SLC43A1 (LAT3) is
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involved in the efflux of BCAAs from the liver to blood
(Bodoy et al. 2012; Fukuhara et al. 2007). The transcrip-
tomic profiling of alterations in amino acid metabolism and
transporters during NAFLD progression will yield poten-
tial mechanistic clues for the biochemical alterations in
BCAA:s.

BCAA regulation of signaling pathways mediates an
array of adaptive hepatic response mechanisms during dis-
ease. Leucine supplementation has been shown to activate
the mammalian target of rapamycin (mTOR), a critical
mediator of protein synthesis regulation, cellular prolifera-
tion, and insulin sensitivity regulation (Adeva et al. 2012;
Newgard 2012). Overall, BCAAs have multiple roles in
the liver that contribute to numerous biological functions
including insulin signaling, the regulation of glucose and
the protective inhibition of cancer development.

The purpose of this study is to characterize the hepatic
profile of BCAAs and catabolism genes throughout the pro-
gressive stages of human NAFLD to provide mechanistic
insight. Metabolomic and transcriptomic assays of hepatic
samples representing the entire spectrum of human NAFLD
were utilized to analyze gene expression changes of BCAA
enzymes, transporters, and mTOR signaling components.
Amino acids, BCAAs, carnitines, and other conventional
metabolites of the liver were analyzed by a metabolomics
profiling approach to determine the downstream biochemi-
cal consequences of transcriptomic changes in progressive
NAFLD. This study will reveal unique profiles of hepatic
amino acid composition and metabolism in the progression
of human NAFLD with implications for adaptive stress
response mechanisms.

Materials and methods
Human liver samples

Human liver tissue was acquired previously from the Liver
Tissue Cell Distribution System (LTCDS) funded by the
National Institutes of Health. The LTCDS is composed of
the following institutions: the University of Minnesota,
Virginia Commonwealth University, and the University of
Pittsburgh. Clinical information and demographics on these
same liver tissue samples has been previously described
and published (Fisher et al. 2009). NAFLD activity scoring
(NAS) of each sample for categorization was completed by
an LTCDS medical pathologist (Kleiner et al. 2005). The
samples were diagnosed by pathological analysis as nor-
mal (n = 19), steatosis (n = 10), NASH fatty livers (n = 9)
and NASH not fatty livers (n = 7). The stage of steato-
sis was diagnosed as having >10 % fat deposition within
hepatocytes and no accompanying inflammation or fibrosis.
NASH fatty liver was characterized by >5 % fat deposition
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in the presence of inflammation and fibrosis. NASH not
fatty liver was distinguished by <5 % fat deposition with
inflammation and fibrosis. A portion of these liver samples
were utilized for mRNA isolation and application to Affy-
metrix 1.0 ST GeneChip microarrays as described previ-
ously (Lake et al. 2011). Samples reserved for metabolomic
analysis included fewer normal (n = 17) and steatosis
(n = 4) samples. An increased sample size of NASH fatty
liver (n = 14) and NASH not fatty liver samples (n = 23)
were utilized and applied to the metabolomics assays.

Affymetrix microarray data

Individual Affymetrix GeneChip Human 1.0 ST Arrays
(Affymetrix, La Jolla, CA) were generated from purified
mRNA isolated from each liver sample as described previ-
ously (Lake et al. 2011). Liver samples for normal (n = 19),
steatosis (n = 10), NASH fatty (n = 9) and NASH not fatty
livers (n = 7) were utilized. A total of 33,252 genes for
each sample in four pathologically defined groups (normal,
steatosis, NASH fatty and NASH not fatty) are available in
this array data set. The array data have been made avail-
able to the public in the ArrayExpress repository for micro-
array data and are accessible under the accession number:
E-MEXP-3291 (http://www.webcitation.org/5zyojNu7T).

Transcriptomic analysis

Lists of 184 amino acid genes, 53 BCAA genes, and 54
MTOR signaling genes were compiled using literature
database searches and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (http://www.kegg.jp/).
These gene sets for BCAA genes, global amino acid genes,
and MTOR signaling genes were analyzed by a gene set
enrichment tests (Supplemental Tables 2, 3 and 4). Princi-
pal component analysis (PCA) was performed on the genes
to determine differences among diagnosis groups according
to gene expression. Hierarchical clustering of the liver sam-
ples with heatmaps of BCAA and MTOR signaling genes
was also generated for the visualization of clustering pat-
terns among these liver samples.

Gene expression analysis

The log2-transformed mRNA expression of selected BCAA
genes was analyzed using the previously published human
NAFLD microarray data set (Lake et al. 2011). Selected
genes were graphed using bar plots for normal, steatosis,
and NASH fatty and NASH not fatty samples. Values were
normalized to the median value of normal samples. A one-
way ANOVA with post hoc Tukey testing was performed
in Graphpad Prism 5 Software (La Jolla, CA). Significance
was determined by p values less than or equal to 0.05.

Analytical methods for LC/MS

A total of 17 healthy, 4 steatosis, 14 NASH fatty, and
23 NASH not fatty frozen liver samples were weighed
(weights recorded between 60 and 140 mg) and homog-
enized in 10 times the tissue weight of ice-cold methanol
solution with 0.1 % formic acid for 18-20 s using a pol-
ytron homogenizer over ice. Liver samples were kept fro-
zen and on dry ice during all steps of the process. Samples
were spun for 10 min at 4 °C at 10,000 RPM in a Beck-
man Coulter Allegra 25 centrifuge with a TA 10.250 rotor
(Beckman Coulter Inc. Indianapolis, IN). Supernatants
were transferred to new tubes, gently vortexed, and 200 w1
aliquots of each sample were added to the corresponding
positions in a 96 deep well polypropylene plate (Brand-
Tech Scientific, Inc. Essex, CT). The 96 well plate was
dried using a V&P Scientific Model VP-177 96 well plate
manifold dryer (V&P Scientific Inc. San Diego, CA) with
nitrogen gas for approximately 6 h prior to storage in a
—80 °C freezer and processing for UHPLC high-resolution
LC-MS analysis. Samples were reconstituted in a 90:10
water:methanol solution. The internal standard d5-hippu-
rate was added to all samples which were then injected in
randomized fashion onto a Thermo UHPLC Accela cou-
pled to a Thermo Exactive high-resolution Orbitrap mass
spectrometer. A total of 10 amino acid and 11 acylcarni-
tine metabolites were captured in negative and positive
ion mode. Metabolite peak areas under the curve (AUC)
LC-MS measurements were calculated using expedient
data mining by Bristol-Myers Squibb scientists (Hnatyshyn
et al. 2013). Principal component analysis of amino acids,
acylcarnitines, and conventional metabolic metabolites
was performed to determine how biochemical differences
profile the different diagnosis groups of normal, steatosis,
NASH fatty and NASH not fatty.

Statistical analysis of metabolomics data

The peak area under the curve (AUC) values for the LC-
MS metabolite data were log transformed based upon a
normal distribution approximation. After log transforma-
tion a one-way ANOVA with post hoc Tukey honest sig-
nificant differences (HSD) testing was utilized for multiple
comparisons of metabolites among the different pathol-
ogy groups to test for mean differences. Significance
was defined as p values <0.05. Percent of normal values
was calculated using the raw area under the curve (AUC)
metabolite data of the steatosis and NASH sample groups.

Immunoblot protein analysis

Western blots were performed to validate the protein
expression of cytosolic BCAT1 and BCKDK in normal
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(n = 7), steatosis (n = 7), NASH fatty (n = 11), NASH
not fatty (n = 13) cytosolic liver lysates. Cytosolic liver
lysates were prepared from human liver tissue as previ-
ously described (Hardwick et al. 2012). Cytosolic lysates
were utilized at a concentration of 20 g of total protein.
All samples were prepared in Laemmli sample dye (Bio-
Rad Laboratories, Hercules, CA) with p-mercaptoethanol
and boiled for 10 min. Proteins were separated on 10 %
SDS polyacrylamide gels and transferred to methanol acti-
vated polyvinylidene difluoride (PVDF) membranes (Bio-
Rad, Hercules, CA) at 30 mA for 12.5 h. Polyclonal rab-
bit antibody (Abcam Inc., Cambridge, MA) for BCAT1
(ab107191) was utilized at a 1:3,000 dilution in 5 % nonfat
dry milk dissolved in PBST. Rabbit polyclonal BCKDK
antibody (NBP1-70814) was acquired (Novus Biologi-
cals, Littleton, CO) and used at a concentration of 1:3,000
in 5 % nonfat dry milk dissolved in PBST. Secondary goat
anti-rabbit HRP conjugate antibody (sc-2004, Santa Cruz
Biotechnology Inc., Santa Cruz, CA) was utilized for each
of the blots at a dilution of 1:55,000 in 5 % nonfat dry milk
in PBST. Blots were imaged with Femto Chemilumines-
cence Substrate (Thermo Scientific, Rockford, IL). Rela-
tive protein expression was quantified using densitometric
Image J software (National Institutes of Health, Bethesda,
MD). Cytosolic liver lysate proteins were normalized to
total ERK (C-16 and C-14, Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) as per previous descriptions (Hardwick
et al. 2012). GAPDH was not utilized as a control due to
variations in GAPDH expression in human liver samples
with inflammation (Boujedidi et al. 2012; Congiu et al.
2011). Statistical significance was determined by one-way
ANOVA with Tukey post hoc analysis in GraphPad Prism 5
software (La Jolla, CA).

Results
Principal component analysis (PCA)

Gene expression data of amino acid metabolism, transport,
and mTOR pathway signaling genes were analyzed by
PCA to determine how these expression changes differen-
tiate diagnosis in human NAFLD liver samples (Fig. 1a).
Gene expression profiles differentiated NASH-diagnosed
samples from normal or steatosis samples according to the
first principal component. Amino acid, acylcarnitine lipid
products, and conventional liver metabolites were also pro-
filed by principal components to determine if the metabo-
lomic profile was able to differentiate the different states
of NAFLD (Fig. 1b). The metabolomic profiles differenti-
ated diagnosis by the second principal component but not
the first. Therefore, another parameter other than diagnosis
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Fig. 1 Principal components analysis of amino acid genes and
metabolites in human NAFLD. In a the first principal component
distinguishes NASH from normal and steatosis amino acid gene
expression. This plot demonstrates that gene expression differences
among amino acid genes are able to differentiate between samples
with a NASH diagnosis versus those designated as normal or steato-
sis. b The metabolomics PCA profile of amino acid and acylcarnitine
metabolites distinguishes between sample diagnosis groups although
diagnosis is shown to be correlated more with the second and not the
first principal component in this plot

is responsible for the primary differences in metabolomic
profiles among these NAFLD liver samples.

Hierarchical clustering of amino acid global genes, BCAA
metabolism and MTOR signaling genes

A hierarchical clustering analysis of each gene set was per-
formed to demonstrate if liver samples clustered accord-
ing to diagnosis. Heatmaps for global amino acid genes,
BCAA associated genes, and MTOR signaling genes show
that samples diagnosed as NASH clustered together. Stea-
tosis and normal liver samples did not cluster with respect
to gene expression but grouped together separately from
NASH samples (Fig. 2a—c).
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Fig. 2 Hierarchical cluster-

ing analysis of BCAA and
MTOR signaling genes. In a
the heatmap shown for BCAA
metabolism, transport, and sign-
aling genes demonstrates the
clustering of samples diagnosed
as NASH fatty or NASH not
fatty according to gene expres-
sion changes that distinguishes
NASH liver samples as a whole
from normal and steatosis sam-
ples. In b the MTOR signaling
gene category also shows that
samples diagnosed as NASH
cluster together within the heat-
map while steatosis and normal
samples do not. Upregulation
of genes is represented by red
squares within the heatmap
while downregulation is rep-
resented by blue squares and
genes that are unchanged are
represented by yellow. Diagno-
sis groups are represented along
the tops of the heatmap as black
(normal), blue (steatosis), yel-
low (NASH fatty), and orange
(NASH not fatty) (color figure
online)

Transcriptomic analysis

Diagnosis Key
. Normal n=19

B Steatosis n=10
NASH
Fatty n=9
NASH

u Not Fatty n=7

Up No Change Down

a Heatmap of BCAA Genes

NASH Cluster

Heatmap of MTOR Signaling Genes
b NASH Cluster

No significance was found for either category in the tests for
enrichment of upregulated gene expression (Table 1).

Gene set enrichment testing was performed on compiled lists

of 183 global amino acid genes, 53 BCAA genes, and 54  Metabolomics analysis

MTOR pathway signaling genes (Supplemental Tables 2, 3

and 4). Global amino acid and BCAA gene categories were A total of 33 metabolites measured by LC-MS in nor-
significantly enriched for downregulation of gene expression.  mal, steatosis, NASH fatty and NASH not fatty human
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Table 1 Gene set enrichment tests of amino acid gene categories

Gene category p value q value Gene set size
Tests for gene downregulation

BCAA genes 0.0002 0.0006 53

Global amino acid GENES  0.0046 0.0069 183

MTOR signaling genes 0.831 0.831 54
Tests for gene upregulation

BCAA genes 1.000 1.000 53

Global amino acid genes 0.995 1.000 183

MTOR signaling genes 0.169 0.507 54

Gene set enrichment analysis. The gene set enrichment test results
for down and upregulation of the gene categories for BCAA genes,
global amino acid genes, and MTOR signaling genes are shown.
Global p values and FDR-corrected p values (g value) of significance
are reported for each gene set category

liver samples were utilized to profile hepatic composition
changes throughout the different stages of NAFLD (Sup-
plemental Table 1). The metabolomics profile included con-
ventional amino acids and BCAAs (leucine, isoleucine and
valine), together with functional liver metabolites (glucose,
glutathione) and mitochondrial lipid products (acylcarni-
tines) (Supplemental Table 1). BCAAs were significantly
changed in hepatic composition with progression to NASH.
Leucine (127 % of normal), isoleucine (139 % of normal),
and valine (147 % of normal) were significantly elevated
in both NASH fatty and NASH not fatty samples (Fig. 3;
Table 2). Aromatic amino acids (AAAs) including tyrosine
and phenylalanine were also significantly elevated in both
types of NASH. Tyrosine was significantly elevated (139 %
of normal) in NASH samples when compared to steatosis,
while phenylalanine was significantly increased (158 %
of normal) in NASH when compared to both normal and
steatosis samples (Fig. 3; Table 2). Hepatic levels of ala-
nine exhibited no change across the spectrum of NAFLD
(Fig. 3; Table 2). Several essential and non-essential amino
acids exhibited altered metabolomics profiles in NASH
samples (Supplemental Table 1).

Fatty acid and carnitine metabolite levels

The fatty acids linoleic acid (C18:2), oleic acid (C18:1),
and arachidonic acid (C20:4) were also analyzed by metab-
olomics profiling. Linoleic and arachidonic acid were
significantly elevated from normal levels in both types of
NASH. Oleic acid was only significantly elevated in NASH
not fatty Samples (Supplemental Table 1). Several acylcar-
nitine products of lipid processing and BCAA catabolism
by the mitochondria were significantly changed with pro-
gression of NAFLD to steatosis and NASH (Fig. 4; Sup-
plemental Table 1). Lauryl carnitine (403 % of normal),
acetylcarnitine (286 % of normal), hexanoyl carnitine
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(349 % of normal), and butyryl carnitine (353 % of nor-
mal) levels were all significantly elevated from normal in
NASH fatty and NASH not fatty specimens. These same
metabolites were also significantly elevated in steatosis
with the exception of hexanoyl carnitine which was signifi-
cantly decreased in steatosis samples. Propionylcarnitine
(266 % of normal) was significantly increased in NASH
fatty and NASH not fatty while stearoyl carnitine (C18)
was only significantly elevated in NASH not fatty samples
(195 % of normal). Palmitoyl carnitine (C16) was signifi-
cantly increased from normal in steatosis samples (230 %
of normal) but not NASH (Fig. 4). Isovaleryl carnitine
(C5), isobutyryl carnitine (C4), linoleoyl carnitine, and ole-
oyl carnitine (C18-1) were not significantly altered with the
progression of NAFLD (Fig. 4).

Microarray gene expression

BCAA catabolism, transporter, and MTOR signaling genes
were analyzed using a previously validated set of human
NAFLD microarray data (Lake et al. 2011). The cytosolic
BCAT1 enzyme showed significantly increased expres-
sion in NASH fatty and NASH not fatty compared to nor-
mal samples (Fig. 5). The BCKDHA complex gene was
significantly decreased in expression for both types of
NASH. The BCKDH complex inhibiting kinase, BCKDK
gene, was significantly decreased in expression in NASH
not fatty tissues but no change was evident in steatosis
or NASH fatty samples (Fig. 5). Two uptake amino acid
transporter genes of the solute carrier transporter family
(SLC), SLC6A15 and SLC16A10, were both significantly
downregulated in both NASH fatty and NASH not fatty
samples, while the efflux transporter SLC43A1 was also
significantly decreased when compared to both steatosis
and normal samples (Fig. 5). In addition to the transcrip-
tional changes in metabolism and transport genes, mTOR
and AKT gene expression was also analyzed. The gene
expression of mTOR exhibited significantly decreased
levels in both NASH fatty and NASH not fatty (Fig. 5).
AKT1 exhibited decreased expression in NASH not fatty
samples (Fig. 5). The gene for ribosomal protein S6 kinase
alpha 5 (RPS6KAS5) a positive regulator of MTORC1 and
MTORC2 pathways was significantly increased in both
types of NASH, while gene expression for another posi-
tive regulator of MTOR (RPS6KB2) was significantly
decreased in NASH (Fig. 5).

Immunoblot analysis

Protein expression of the BCAA enzyme BCAT!1 and
the kinase BCKDK that is responsible for inhibiting the
BCKDH complex were assessed against ERK control
protein in cytosolic human liver preparations of normal,
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Fig. 3 Metabolomic composition of hepatic amino acids in progres-
sive stages of human NAFLD. The metabolomics profiling results
for the BCAASs leucine, isoleucine and valine with the amino acids
tyrosine, alanine, and phenylalanine are shown as log-transformed

steatosis, NASH fatty and NASH not fatty samples. The
protein levels of BCAT1 and BCKDK exhibited signifi-
cant increases in expression for NASH not fatty samples
(Fig. 6a, b) but expression was not observed in normal and
steatosis samples and was also not significant for NASH
fatty samples.

Discussion

This study revealed significant changes in hepatic BCAA
composition and transcriptomic metabolism profiles during
the progression of human NAFLD. Significant elevations
of hepatic BCAAs in NASH together with altered profiles

area under the curve (AUC) mass spectrometry units normalized to
the median value of the normal samples + the standard deviation.
Significance from normal is shown by asterisk and significance from
steatosis is represented by pound. Significance set at p < 0.05

for several essential and non-essential amino acids demon-
strate the perturbations of systemic amino acid homeosta-
sis that occur in NAFLD patients. Results from previous
studies in the literature have also shown increased levels
of BCAAs (leucine, isoleucine and valine) in plasma sam-
ples of NASH patients that are comparable to the changes
in BCAA alterations observed in NASH liver in the pre-
sent study (Kalhan et al. 2011). Similarly, rodent models of
obesity have shown increases in BCAA levels in addition
to elevations of other critical amino acids such as tyrosine
and phenylalanine which were also elevated in our NASH
samples (She et al. 2007, 2013). Importantly, systemic
amino acid increases are reported to function as adaptive
responses against disease (Adams 2011; Kalhan et al. 2011;

@ Springer



610

A. D. Lake et al.

Table 2 Percent of normal values for BCAA and acylcarnitine
metabolites

Metabolite % Of normal in % Of normal in NASH
steatosis

Acetylcarnitine 343* 286*

Propionylcarnitine 149 266%*

Lauryl carnitine 441%* 403*

Butyryl carnitine 368% 353%

Hexanoyl carnitine 39% 349%

Stearoyl carnitine 125 (163* NASH not fatty)

Palmitoyl carnitine 230% 149

Isovaleryl carnitine 135 115

Isobutyryl carnitine 89 176

Linoleoyl carnitine 209 133

Oleoyl carnitine 248 178

Valine 60%* 147+*

Isoleucine 60 139*

Leucine 60 127

Alanine 90 80

Phenylalanine 163 158+*

Tyrosine 70 139%

Percent of normal values for metabolomics analysis. The percent of
normal values for each metabolite measured in the metabolomics pro-
filing analysis of the liver samples diagnosed as steatosis and NASH
are shown. Significantly changed metabolites are shown by asterisk
(*) for significance of normal and pound (#) for significance from
steatosis. Significance is set at p < 0.05

Newgard et al. 2009; She et al. 2007). In light of recent dis-
coveries demonstrating the clinical effectiveness of BCAA
supplementation in liver disease and cancer prevention
(Hagiwara et al. 2012; Hayaishi et al. 2011; Miyake et al.
2012), the present study provides important information for
NASH researchers and clinicians.

Elevated mRNA and protein levels of cytosolic BCAT1
were observed in liver samples diagnosed as NASH in the
present study, while no expression of BCAT1 was shown in
normal or steatosis samples. Whether or not this observa-
tion is due to increased systemic BCAT1 circulating to the
liver or if this elevation is isolated to the liver in NASH,
this finding is indicative of increased BCAA metabolism
occurring in NASH. Elevated BCAT1 gene expression
has been shown previously in NAFLD liver tissue (Greco
et al. 2008) and BCAT activity levels have been reported
for human cirrhotic livers which support our findings in the
present study. However, BCAT activity and expression was
thought to be due to other enzymatic sources in extrahe-
patic tissues (Suryawan et al. 1998; Sweatt et al. 2004).

The irreversible enzymatic step of the alpha-ketoacid
intermediate breakdown is mediated by the BCKDH com-
plex. Gene expression levels for this complex are signifi-
cantly downregulated in our NASH liver samples while
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other studies have reported on the alterations of this
complex in rodent models of obesity (She et al. 2013).
Decreased gene expression of BCKDK, the kinase which
inhibits BCKDH function was observed in NASH not
fatty livers in our study, however, BCKDK protein lev-
els, conversely, are significantly increased in the NASH
not fatty samples. Obese animal models have exhibited
elevated hepatic BCKDK protein levels. The high plasma
insulin levels in these obese rodent models are thought to
contribute to stabilization of protein BCKDK (She et al.
2007) which may also occur in humans with NASH due
to the close association of NAFLD with insulin resist-
ance and obesity. Overall, the results we have shown are
indicative of increased hepatic metabolism of BCAAs in
NASH patients which may be indicators of a hepatic stress
response mechanism.

Increased levels of hepatic acylcarnitine metabolites were
observed in the metabolomic profile analysis of our NASH
samples. Alterations in carnitine levels have been reported
in the literature to be a result of high lipid loads, mitochon-
drial lipotoxicity, and altered lipid metabolism (Schoone-
man et al. 2013). Increased levels of acylcarnitines in the
plasma of NASH patients have been previously reported
(Kalhan et al. 2011) which are comparable to the hepatic
elevations observed in the present study. An increase in
short chain acylcarnitines (C3, C4 and C5) in plasma stud-
ies that are associated with obesity and insulin resistance
(Kalhan et al. 2011; Schooneman et al. 2013) is also present
in our NASH liver samples. Accumulation of the C3 chain
propionylcarnitine is thought to be due to increased isoleu-
cine and valine catabolism, while increased C5 acylcarni-
tines in NASH (butyryl and isovaleryl carnitine) may be a
result of increases in both leucine and isoleucine catabolism
(Newgard et al. 2009). The elevated levels of long-chain
acylcarnitines in our steatosis and NASH liver samples in
the present study parallel elevated levels of long-chain acyl-
carnitines observed in other studies centered on obesity and
insulin resistance (Schooneman et al. 2013). These findings
also indicate the presence of complications such as exces-
sive fatty acid oxidation and mitochondrial lipid metabolism
(Schooneman et al. 2013). Thus, the metabolomics profile
of hepatic acylcarnitines in our samples may be a highly
sensitive indicator of mitochondrial overload amid increased
lipotoxicity in NAFLD progression.

While it is known that many compounds are transported
between the liver and the blood, BCAA transport is a critical
component of this process affected by disease status of the
liver. We have previously reported changes in the expression
several metabolizing enzymes and transporters in the same
set of human liver samples (Fisher et al. 2009; Hardwick
et al. 2011). An enrichment of downregulated uptake drug
transporter genes was reported previously for these NASH
samples (Lake et al. 2011). The gene expression of three
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Fig. 4 Metabolomic composition of acylcarnitine levels in progres-
sive stages of human NAFLD. Short, medium, and long chain hepatic
acylcarnitine levels are shown as log-transformed AUC mass spec-
trometry units normalized to the median value of the normal sam-

important amino acid transporters SLC6A15, SLC16A10,
and SLC43A1 from the NAFLD array data is included
in this study. Gene expression of the efflux transporter,
SLC43A1, was decreased in NASH liver samples and is
potentially indicative of impaired BCAA efflux from liver
to blood during NASH. SLC16A10 was also downregulated
in NASH. In previous studies, deletion of SLC16A10 in
rodent models resulted in an accumulation of plasma AAAs
and decreased metabolism of AAA in the liver (Mariotta

Normal Steatosis NASH NASH
Fatty Not Fatty

ples + the standard deviation. Significance from normal is shown by
asterisk and significance from steatosis is represented by pound. Sig-
nificance was set at p < 0.05

et al. 2012). Thus, decreased gene expression of SLC16A10
may indicate a potential mechanism for the elevation
of tyrosine and phenylalanine levels in our NASH sam-
ples. A significant decrease in hepatic gene expression of
SLC6AL1S5 in NASH samples was observed while this trans-
porter has been previously observed primarily in brain tis-
sue (Takanaga et al. 2005). Overall, these findings indicate
that uptake (SLC16A10, SLC6A15) and efflux (SLC43A1)
transporter gene expression is compromised in NASH.
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Fig. 5 BCAA metabolizing enzyme, transporter, and mTOR signal-
ing genes in progressive human NAFLD. Gene expression values of
BCAT1, BCKDK, SLC6A15, SLC16A10, SLC43A1, MTOR, AKT1,
RPS6KAS, and RPS6KB2 are shown for normal, steatosis, NASH
fatty and NASH not fatty samples. Log2-transformed values + the

BCAAs significantly contribute to and help regulate
mTOR signaling (Dodd and Tee 2012; Hagiwara et al.
2012; Newgard et al. 2009). BCAAs have been reported to
potentially promote insulin resistance and glucose dysregu-
lation through activation of the mTOR signaling pathway
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Normal Steatosis

NASH NASH
Fatty Not Fatty

standard deviation are normalized to the median of the normal sam-
ples. Significance from normal is shown by asterisk and signifi-
cance from steatosis is represented by pound. Significance was set at
p <0.05

(Dodd and Tee 2012; Newgard et al. 2009). Other studies
have shown that BCAAs are protective and beneficial to
patients with advanced liver disease (Hagiwara et al. 2012;
She et al. 2007). Importantly, chronic activation of mTOR
signaling induced by excess fatty nutrition and BCAA
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Fig. 6 Hepatic BCAA enzyme 40 « BCKDK
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supplementation is capable of exacerbating insulin resist-
ance (Newgard et al. 2009). Gene expression levels for
MTOR, AKTI1, RPS6KAS (positive regulator of MTOR)
and RPS6KB2 (positive regulator of MTOR) were ana-
lyzed in this study to determine the status of mTOR activa-
tion at the transcriptional level in hepatic NAFLD samples.
A significant decrease in mTOR gene expression among
NASH samples was observed, while AKT1 was only sig-
nificantly decreased in NASH not fatty samples. mTOR
pathway signaling has several branches and roles that may

be critical for hepatoprotection (Hagiwara et al. 2012).
The mTORCI signaling branch is activated by the BCAA
leucine, which is thought to help drive negative feedback
of the mTOR signaling pathway and inhibit development
of cancer (Hagiwara et al. 2012). The influence of altered
hepatic BCAA profiles upon MTOR signaling in human
NAFLD progression is a critical aspect of this disease that
will require future mechanistic studies.

The altered hepatic amino acid composition and BCAA
catabolism profile results reveal important biochemical
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changes in human NASH. These findings contribute an
improved understanding of the role of amino acids in
progressive human NAFLD with implications for adap-
tive response mechanisms to lipotoxicity. Elevated hepatic
BCAAs and acylcarnitines during NAFLD progression
are indicative of a hepatic stress response to the increased
inflammation and oxidative stress which characterize this
disease. Overall, this study provides a strong basis for
future mechanistic studies of amino acid homeostasis in
human NAFLD.
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