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FIG 8 AGO2 is essential for heterochromatin formation. (A) AGO2 interacts with endogenous NS. AGO2 immune complexes were isolated from HeLa cells
treated with nocodazole (manipulated) or DMSO (unmanipulated) and immunoblotted with anti-NS and anti-AGO2 antibodies. IB, immunoblot. (B) hTERT
does not interact with endogenous AGO2. FLAG-hTERT immune complexes were immunoblotted with anti-AGO2 antibody. (C) BRG1 does not interact with
endogenous AGO2. AGO2 immune complexes were immunoblotted with anti-BRG1 antibody. (D) AGO2 interacts with NS. Schematic representation of
full-length FLAG epitope-tagged NS and truncation mutants where consensus motifs are represented by boxes. 293T cells were transiently transfected with either
an empty vector (Control) or FLAG-tagged NS expression vectors. Immune complexes were isolated using anti-FLAG-M2 antibody and immunoblotted with
anti-FLAG M2 and anti-AGO?2 antibodies. Asterisks indicate the migration of deletion mutants. Other signals in the upper panel are degradation products. (E)
Immunofluorescence of GFP-hTERT, a-tubulin, and AGO2. HeLa-GFP-hTERT cells were immunostained with antibodies against a-tubulin and AGO2
followed by DAPI staining. Mitotic cells are shown. Scale bar, 5 wm. (F) A model for hTERT-mediated heterochromatin regulation in repetitive chromosomal
regions. A nascent RNA transcribed from heterochromatic regions in cycling cells interacts with the TBN complex in mitosis. Antisense RNAs synthesized by the
RARP activity of hTERT are targeted to the heterochromatic regions to suppress the expression in mitosis.

and the Cajal bodies during assembly and associates with telo- tromeres and maintains heterochromatin at the centromere. In-
meres during S phase while forming hTERC-independent com-  hibition of RARP activity leads to loss of siRNAs that are associated
plexes with BRG1 and NS during mitosis. with the RITS complex and correlates with loss of transcriptional

TBN and RdRP activity. In S. pombe, RARP localizes to cen-  silencing and heterochromatin at centromeres (3). In addition,
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when RdRP activity is inhibited, siRNAs that are usually associ-
ated with the RITS complex are lost (4). In C. elegans, the RARP
localizes to chromosomes and is required for proper chromosome
segregation (5, 6). In both S. pombe and C. elegans, the RNAI
pathway is crucial for heterochromatin assembly at centromeres
and is required for the accurate segregation of chromosomes dur-
ing mitosis.

The S. pombe RDRC contains the RARP Rdp1 and the RNA
helicase Hrrl (2). BRG1 has helicase (43) and ATPase (44) activity
and is a component of the SNF/SWI chromatin remodeling com-
plex (11). NS is a GTPase and is essential in pre-rRNA processing
(45). In addition, we found that AGO?2 interacts with NS and is
required for the regulation of hLINEI and alphoid expression.
Since hTERT also exhibits RARP activity separate from its func-
tion as telomerase (10), these observations suggest that the TBN
complex contains proteins with similar functions to those found
in the RARP complexes involved in the regulation of heterochro-
matin in S. pombe and C. elegans.

Prior attempts to identify mammalian RARPs based on homol-
ogy to RARP components in other organisms failed to identify
homologous proteins. However, recent work suggests that pro-
teins that are not direct homologs may serve similar functions in
different organisms. For example, RNA polymerase II has been
predicted to exhibit RARP activity (46). These observations sug-
gest that the TBN complex may function in a manner analogous to
the RDRC/RITS complex in S. pombe.

Moreover, we found that AGO?2 is involved in heterochroma-
tin maintenance through its interaction with the TBN complex
(Fig. 8A and D). In contrast, DICERI is dispensable for the het-
erochromatin maintenance mediated by TBN-RARP activity.
Since Dicer-independent secondary siRNAs generated by RARP in
a de novo pathway have been reported in C. elegans (21, 47, 48), we
speculate that the TBN complex maintains heterochromatin dur-
ing mitosis using de novo-synthesized short RNAs in an AGO2-
dependent but a DICER1-independent manner. Since prior re-
ports showed that deletion of Dicer affects the maintenance of
heterochromatin in human and murine cells (49, 50), other
siRNA-dependent mechanisms may also regulate heterochroma-
tin separate from hTERT.

In consonance with these observations, we found that suppres-
sion of components of the TBN complex affects the status of het-
erochromatin at alphoid and hLINEI elements. Specifically, we
found that hTERT binds to ssRNA transcribed from these regions
and produces dsRNAs that are processed into siRNAs. Similar to
what has been observed in yeast and worms, these siRNAs play a
key role in regulating the status of heterochromatin in these re-
gions. To confirm that the TBN complex is essential for the regu-
lation of heterochromatin in these regions, we confirmed that
deletion of TERT also affects the expression of RNAs transcribed
from IAP, mLINEI Type A, and mLINEI Type Tf (Fig. 4E and E)
and used the telomerase inhibitor (-rubromycin to inhibit
hTERT. Together, these genetic and pharmacologic observations
support the notion that hTERT has functional roles at nontelo-
meric regions, which are essential for heterochromatin formation.
We note that suppression of NS failed to affect the transcription of
alphoid repeats (Fig. 7K). NS is closely related to GNL3L, which
has been reported to have redundant functions with NS (15, 51).
Indeed, we have confirmed that GNL3L physically interacts with
hTERT and BRG1 and forms a complex that maintains tumor
initiating cells (15).
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Prior work has demonstrated that the maintenance of centro-
meric heterochromatin is necessary for proper chromosomal seg-
regation during mitotic progression in both S. pombe (28) and
human cells (29), and regulation of expression of alphoid tran-
scripts is required for mitosis (49). Since both centromeric alphoid
regions and transposable elements are maintained in a hetero-
chromatic state during mitosis (Fig. 3 and 4), we speculate that the
regulation of heterochromatin at alphoid regions and/or hLINEI
is directly connected to proper progression of mitosis. Moreover,
since these repetitive elements have been implicated in centrom-
ere maintenance (49, 52), disrupting these functions may pro-
mote genomic instability (53). Indeed, prior work suggested that
TERT promotes genome stability by providing capping functions,
only some of which involve the maintenance of telomeres (8, 13).

Taking these result together, we propose a model for hetero-
chromatin regulation through the RNAi pathway mediated by the
TBN complex (Fig. 8F). Specifically, the TBN complex is upregu-
lated in M phase and binds to nascent RNA from alphoid and
KLINEI transcripts. These RNAs serve as templates for dsRNA
synthesis by hTERT-RARP and are further processed in an AGO2-
dependent manner to produce siRNAs that regulate the state of
heterochromatin at these loci.

Epigenetic modifications link the TBN complex with tumors
or TICs. TERT, BRGI, and NS are upregulated in malignant
cells (40, 54, 55). Thus, the upregulation of TERT, BRG1, or NS
may lead to aberrant heterochromatin formation due to the
enhanced RARP activity. We speculate that defective hetero-
chromatin caused by enhanced RARP activity may also contrib-
ute to tumor initiation and/or progression. Moreover, the TBN
complex maintains the functions of tumor initiating cells
(TICs) (15). These observations suggest that inhibiting these
various hTERT functions may prove useful in sensitizing can-
cer stem cells to cytotoxic therapies such as radiation and che-
motherapy.
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Abstract

Background Accurately evaluating liver fibrosis in
patients with non-alcoholic fatty liver disease (NAFLD) is
important for identifying those who may develop compli-
cations. The aims of this study were (1) to measure serum
Wisteria floribunda agglutinin-positive Mac-2 binding
protein (WFA*-M2BP) using the glycan sugar chain-based
immunoassay and (2) to compare the results with clinical
assessments of fibrosis.

Methods Serum WFA'-M2BP values were retrospec-
tively evaluated in 289 patients with NAFLD who had
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undergone liver biopsy. Histological findings were evalu-

ated by three blinded, experienced liver-specific
pathologists.
Results  For stages 0 (n = 35), 1 (n = 113),2 (n = 49),3

(n=41), and 4 (n = 51) of liver fibrosis, the serum
WFA'T-M2BP cutoff indexes were 0.57, 0.70, 1.02, 1.57,
and 2.96, respectively. Multivariate regression analysis
showed that serum WEAT-M2BP values were associated
with the stage of fibrosis (>stage 2). The areas under the
receiver operating characteristic curve (AUROC), sensi-
tivity, and specificity of serum WFAT-M2BP were 0.876,
85.9, and 74.6 %, respectively, for severe fibrosis (>stage
3) and were 0.879, 74.6, and 87.0 %, respectively, for
cirrhosis. When compared with six non-invasive conven-
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tional markers, serum WFA1T-M2BP had the greatest
AUROC for diagnosing severe fibrosis and cirrhosis.
Conclusions Serum WFA1-M2BP values are useful for
assessing the stage of liver fibrosis in patients with
NAFLD.

Keywords Mac-2 binding protein - Glycoprotein -
Non-alcoholic fatty liver disease - Fibrosis marker -
Cirrhosis

Introduction

Non-alcoholic fatty liver disease (NAFLD) is one of the
most common liver diseases worldwide and is recognized
as the hepatic manifestation of metabolic syndrome [1-3].
NAFLD can be classified as simple steatosis or non-
alcoholic steatohepatitis (NASH), a progressive form of
chronic liver disease (CLD), resulting in cirrhosis, hepatic
failure, and hepatocellular carcinoma. Accurately evalu-
ating liver fibrosis in NAFLD patients is important for
identifying those who may progress to severe clinical
conditions such as liver cirrhosis and hepatocellular car-
cinoma [4-7]. Liver biopsies are the gold standard for
diagnosing NASH and associated liver fibrosis [8].
However, there is controversy surrounding the active use
of liver biopsies for these purposes, because they have
several drawbacks [9, 10]. A liver biopsy is highly costly
and invasive with rare but potentially life-threatening
complications [11]. In addition, sampling errors may
occur, because a standard liver biopsy sample represents
only 1/50,000 of the whole liver [12]. Furthermore, inter-
and intra-obsérver variability also poses serious problems
for the pathological diagnosis of NAFLD [13-17].
Accordingly, there is an urgent need for a non-invasive
method for estimating the stage of liver fibrosis in NA-
FLD patients. Several methods using serum markers [18§,
19], scoring systems [20-23], and imaging techniques,
such as transient elastography [24-26], have been
developed. Although each method has been reported as
useful, few have been independently validated. Several
problems also remain unaddressed, such as the methods’
complexities, reproducibilities, and costs for routine
clinical use.

Recently, we developed a new glyco-marker for liver
fibrosis using the glycan sugar chain-based immunoassay.
The FastlLec-Hepa system was used to determine the serum
values of sweet-doughnut hyperglycosylated Wisteria flori-
bunda agglutinin-positive Mac-2 binding protein (WEA™-
M2BP) for the assessment of liver fibrosis [27-29]. Toshima
et al. [30] and Yamasaki et al. [31] reported that this assay
offered a feasible means of assessing liver fibrosis in patients
with CLD due to the hepatitis C virus (HCV). However, the
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progressive patterns of fibrosis may differ for CLD due to
HCV and CLD due to NAFLD. Indeed, liver specimens from
NAFLD patients show pericellular fibrosis around the cen-
tral vein in the early stages, with gradual progression to
fibrosis when central veins become connected to surrounding
lobules. In contrast, central vein involvement in patients with
CLD due to HCV is generally preceded by portal tract
damage with pathological changes to the portal vein.

We investigated the clinical usefulness of serum WFA™-
M2BP values in patients with well-characterized NAFLD.
First, we confirmed the efficacy of serum WFA-M2BP
values for assessing the stage of fibrosis. Second, we
compared the diagnostic performances of serum WFA™-
M2BP and other non-invasive fibrosis markers and tests
that are used to estimate the stage of liver fibrosis.

Methods
Patients

We retrospectively reviewed 325 NAFLD patients who
underwent liver biopsy at Ehime University Hospital (Ehime,
Japan), Tkeda Municipal Hospital (Osaka, Japan), Kawasaki
Medical School Hospital (Okayama, Japan), or Sapporo Kosei
General Hospital (Hokkaido, Japan). The exclusion criteria
were as follows: a history of other liver diseases, including
hepatitis B virus or HCV infection; administration of drugs
that influence the activity of the disease, such as tamoxifenora
glucocorticoid; or a history of alcohol abuse (defined
as >20 g of alcohol daily). Written informed consent was
obtained from all patients who participated. The study pro-
tocol conformed to the ethical guidelines of the 1975 Decla-
ration of Helsinki, as reflected by each institutional review
committee’s a priori approval of this study.

Histological evaluation

Each NAFLD patient received a liver biopsy under lapa-
roscopy or ultrasonography between July 2003 and Sep-
tember 2013. The biopsied liver samples were fixed in
formalin and were embedded in paraffin according to the
standard procedure at each institution. Slices (4 pm thick)
were stained with hematoxylin and eosin (H&E), Azan-
Mallory, silver, and Elastica van Gieson at Keio Univer-
sity. Liver samples <15 mm long were excluded, because
the detection of liver fibrosis may be affected by sampling
errors with such samples. A minimum of six portal tracts in
the specimen was required for diagnosis. All liver samples
were independently evaluated by three experienced liver-
specialized pathologists (M.S., G.Y., and M.K.) who were
blinded to the clinical data, and all evaluations were vali-
dated through discussion. The liver fibrosis stages were
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assessed according to Brunt’s criteria {32]. Significant and
severe fibrosis was defined as >stage 2 and =stage 3,
respectively. Thirty-six patients were excluded because of
clinical and/or histological reasons; thus, 289 patients were
included in the final analysis.

Clinical and biochemical data

Relevant clinical data were recorded, including the
patient’s age, sex, weight, and height. Body mass index
(BMI) was calculated as weight (kg) divided by height
(m) squared. Venous blood samples were obtained in the
morning after overnight fasting, either immediately before
or no more than 2 months after liver biopsy. The blood
samples were stored at —80 °C until analysis.

The biochemical variables were measured using a con-
ventional automated analyzer at the respective hospitals. We
analyzed the serum levels for the following: platelet count,
prothrombin time, bilirubin, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), gamma-glutamyl-
transpeptidase, albumin, cholesterol, triglyceride, fasting
plasma glucose (FPG), ferritin, and hyaluronic acid. The
AST-to-platelet ratio index (APRI) was calculated as fol-
lows: [AST (U/L)YUNL x 100)/platelet count. In this
equation, UNL is the upper limit of the normal AST [33]. The
FIB-4 index was calculated as follows: age (years) x AST
(U/L)/platelet count (x10°/L) x v/ALT (U/L) [20]. The
NAFLD fibrosis score was calculated as follows: —1.675 +
0.037 x age (years) + 0.094 x BMI (kg/m?) + 1.13 x
impaired fasting glycemia or diabetes (yes = 1;no = 0) +
0.99 x AST/ALT ratio — 0.013 x platelet (x 10%/L)
— 0.66 x albumin (g/dL) [21].

Serum Wisteria floribunda agglutinin-positive Mac-2
binding protein value

The WFAT-M2BP value in sera was measured by a WFA-
antibody immunoassay using a chemiluminescence enzyme
immunoassay machine (HISCL-2000i; Sysmex, Kobe,
Japan), as previously reported [27, 28, 30, 31]. The measured
values of WFAT-M2BP using the conjugated WFA were
indexed with the obtained values using the following
equation: cutoff index (COI) = ([WFA““-MZBP]sampxe -
[WFAT-M2BP]lnc) = ([WFAT-M2BP]pc) — [WFA™-
M2BP]nc). In this equation, [WFAT-M2BP]x denotes the
[WFA + -M2BP] count of the serum sample (x = sample),
positive control (y = PC), or negative control (y = NC).

Statistical analysis

Quantitative values are presented as mean =+ standard
deviation, unless otherwise noted. The Steel-Dwass test

was used for multiple comparisons of continuous vari-
ables among the different groups. Univariate and multi-
variate analyses were performed using a logistic
regression model. Each cutoff value was determined from
the receiver operating characteristic (ROC) curve analy-
ses. The diagnostic performances of the markers were
expressed as the diagnostic specificity, sensitivity, posi-
tive predictive value, negative predictive value, and area
under the ROC (AUROC) curve. p values <0.05 were
considered statistically significant. All statistical analyses
were performed using JMP, version 11 software (SAS
Institute, Tokyo, Japan).

Results

Cross-sectional association between Wisteria
Sfloribunda agglutinin-positive Mac-2 binding protein
values and the fibrosis stage

The patients’ characteristics are summarized in Table 1.
The mean age of the 289 patients (159 men and 130
women) was 54.8 &= 14.6 years old. Figure 1 shows the
serum WFA™-M2BP values for each fibrosis stage. The
serum WFA'-M2BP values measured by glycan-based
immunoassay ranged from 0.12 to 11.06 (COI). The

Table 1 Patients’ clinical characteristics and laboratory data

Features Total (n = 289)
Male/female 159/130

Age (years) 54.8 £ 14.6
Body mass index (kg/m?) 27.6 £ 4.7
Platelet count (10°/1) 189 £ 6.8
Prothrombin time (%) 99.3 £ 16.7
Bilirubin (mg/dl) 097 £ 0.6
AST (UN) 61.4 + 48.9
ALT (UN) 85.5 + 68.9
GGT (U/) 92.3 £ 89.9
Albumin (g/dl) 42+ 04
Cholesterol (mg/dl) 1954 £ 41.1
Triglyceride (mg/dl) 1444 £ 77.2
FPG (mg/dl) 115.2 £+ 384
Ferritin (ng/ml) 261.2 + 258.5
WFA*-M2BP (COI) 1.26 £ 1.44
Fibrosis stage (0/1/2/3/4) 35/113/49/41/51

Values are expressed as mean =+ standard deviation

AST aspartate aminotransferase, ALT alanine aminotransferase, COI
cutoff index, GGT gamma-glutamyl transpeptidase, FPG fasting
plasma glucose, WEAT-M2BP Wisteria floribunda agglutinin-posi-
tive Mac-2 binding protein
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Fig. 1 The serum Wisteria 8 —
Sfloribunda agglutinin-positive

Mac-2 binding protein (WFA*- i
M2BP) values for each fibrosis
stage. The top and bottom of
each box represent the first and
third quartiles, respectively,
with the height of the box
representing the interquartile
range, covering 50 % of the
values. The line across each box
represents the median. The
whiskers show the highest and
lowest values. All pairs of

WFA*-M2BP (COI)
S
i

s

groups are significantly 21
different, as assessed using the
Steel-Dwass test (p < 0.01). ] %
COI cutoff index
0 T
stage 0
(n=35)

stage 1
(n=113)

stage 2
(n=49)

stage 3
(n=41)

stage 4
(n=51)

Table 2 Variables associated with the fibrosis stage according to multivariate regression analyses

Stage O vs. stages 14

Stages 0-1 vs. stages 24

Stages 0-2 vs. stages 3-4 Stages 0-3 vs. stage 4

Odds ratio p value Odds ratio p value Odds ratio p value Odds ratio p value
95 % CI) 95 % CI) 95 % CD 95 % CI)
Age (years) 1.049 0.006
(1.014-1.087)
BMI (kg/m?) 1.228 0.002
(1.089-1.412)
Platelet count (10°/ 0.864 0.895 0.017
L) (0.787-0.941) (0.814-0.978)
Prothrombin time  0.948 0.004  0.957 0.007 0.963 0.028
(%) (0.914-0.982) (0.925-0.986) (0.927-0.993)
AST (UN) 1.078 0.008 1.036 <0.001
(1.023-1.144) (1.022-1.052)
FPG (mg/dl) 1.013 0.007 1.014 1.012 0.013
(1.004-1.024) (1.004-1.024) (1.002-1.022)
WEAT-M2BP 5.875 <0.001 8471 2.390 0.002
(COI) (2.339-16.369) (3.562-22.725) (1.463-4.423)

CI confidence interval, BMI body mass index, AST aspartate aminotransferase, FPG fasting plasma glucose, WFA™-M2BP Wisteria floribunda

agglutinin-positive Mac-2 binding protein, COI cutoff index

WFAT-M2BP value in patients with stages 0 (n = 35), 1
(n=113), 2 m=49), 3 (n=41), and 4 (n =51) of
fibrosis had COIs of 0.57, 0.70, 1.02, 1.57, and 2.96,
respectively, demonstrating a stepwise increase with an
increasing severity of liver fibrosis (Fig. 1). All pairs of
groups differed significantly according to the Steel-Dwass
test (stage O vs. stage 1, p = 0.012; stage O vs. stage 2,
p < 0.001; stage O vs. stage 3, p < 0.001; stage O vs. stage
4, p < 0.001; stage 1 vs. stage 2, p = 0.002; stage 1 vs.
stage 3, p < 0.001; stage 1 vs. stage 4, p < 0.001; stage 2
vs. stage 3, p = 0.014; stage 2 vs. stage 4, p < 0.001; and
stage 3 vs. stage 4, p = 0.008).
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Comparisons of variables associated with the diagnosis
of the fibrosis stage

The variables associated with each stage of liver fibrosis
were assessed by univariate and multivariate analyses
(Tables S1, 2).

Variables associated with the presence of fibrosis
(=stage 1)

According to univariate analysis, eight variables (age,
BMI, platelet count, prothrombin time, AST, ALT,
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albumin, and the WFA'T-M2BP value) were associated
with the presence of fibrosis (Table S1). Multivariate
analysis showed that the BMI [odds ratio (OR) 1.228, 95 %
confidence interval (CI) 1.089-1.412], prothrombin time
(OR 0.948; 95 % CI 0.914-0.982), and AST (OR 1.078;
95 % CI 1.023-1.144) were independently associated with
the presence of fibrosis (Table 2).

Variables associated with the presence of significant
fibrosis (=stage 2)

Univariate analysis identified ten variables (sex, age,
platelet count, prothrombin time, bilirubin, AST, albumin,
cholesterol, FPG, and the WFEAT-M2BP value) that were
associated with the presence of significant fibrosis (Table
S1). However, multivariate analysis showed that age (OR
1.049; 95 % CI 1.014-1.087), prothrombin time (OR
0.957; 95 % CI 0.925-0.986), AST (OR 1.036; 95 % CI
1.022-1.052), ALT (OR 1.036; 95 % CI 1.022-1.052),
FPG (OR 1.013; 95 % CI 1.004-1.024), and the WFA™-
M2BP value (OR 5.875; 95 % CI 2.339-16.369) were
independently associated with the presence of significant
fibrosis (Table 2).

Variables associated with the presence of severe fibrosis
(>stage 3)

According to univariate analysis, ten variables (sex, age,
platelet count, prothrombin time, bilirubin, albumin,
cholesterol, triglyceride, FPG, and the WFA™T-M2BP
value) were associated with the presence of severe fibrosis
(Table S1). However, multivariate analysis showed that
the platelet count (OR 0.864; 95 % CI 0.787-0.941), FPG
(OR 1.014; 95 % CI 1.004-1.024), and the WFA+-M2BP
value (OR 8.471; 95 % CI 3.562-22.725) were indepen-
dently associated with the presence of severe fibrosis
(Table 2).

Variables associated with the presence of cirrhosis
(stage 4)

Univariate analysis identified 11 variables (sex, age,
platelet count, prothrombin time, bilirubin, ALT, albumin,
cholesterol, triglyceride, FPG, and the WFAT-M2BP
value) that were associated with the presence of cirrhosis
(Table S1). Multivariate analysis identified that the platelet
count (OR 0.895; 95 % CI 0.814-0.978), prothrombin time
(OR 0.963; 95 % CI 0.927-0.993), FPG (OR 1.012; 95 %
CI 1.002-1.022), and the WFA™-M2BP value (OR 2.390;
95 % CI 1.462-4.423) were independently associated with
the presence of cirrhosis (Table 2).

Diagnostic power of the Wisteria floribunda agglutinin-
positive Mac-2 binding protein values for each fibrosis
stage

The WFA*-M2BP ROC curves for diagnosing each
fibrosis stage are presented in Fig. 2. The AUROC curve
values (95 % CI) for the prediction of >stage 1, >stage
2, =stage 3, and stage 4 using the serum WFAT-M2BP
values were 0.788 (0.736-0.833), 0.838 (0.790-0.879),
0.876 (0.832-0.911), and 0.879 (0.835-0.914), respectively
(Table 3). The optimal cutoff values were 0.59 for >stage
1, 0.90 for >stage 2, 0.94 for >stage 3, and 1.46 for stage
4 (Table 3). The sensitivities for the prediction of >stage
1, =stage 2, >stage 3, and stage 4 were 74.8, 77.3, 85.9,
and 72.6 %, respectively; whereas, the specificities were
74.3, 81.1, 74.6, and 87.0 %, respectively (Table 3).

Comparisons of AUROC curve values for diagnosing
the fibrosis stage

The AUROC curve values for diagnosing each fibrosis
stage are shown in Table 4. Compared with the other sur-
rogate markers and scoring systems, the serum WFA™-
M2BP was the most useful marker for differentiating stages
0-2 from stages 3-4 and stages 0-3 from stage 4. The
AUROC curve values for differentiating stages 0-1 from
stages 2-4 were compatible with the serum WFAT-M2BP
(0.838), hyaluronic acid (0.833), and the FIB-4 index
(0.844).

Discussion

Clinically, it is very important to identify patients who
have NASH with advanced fibrosis, because these patients
have more liver-related complications and a greater mor-
tality rate than patients who have NASH without liver
fibrosis [4-7]. Although a liver biopsy is the gold standard
for diagnosing and assessing the stages of fibrosis, research
on noninvasive methods for assessing the fibrosis stages
have rapidly evolved over the last decade [17-26]. In this
study, we found that the serum WFAT-M2BP values
measured using a glycan-based immunoassay provided a
useful diagnostic factor for assessing the liver fibrosis stage
in NAFLD patients (Fig. 1). The glycan-based immuno-
assay was previously developed as a simple system for
automatically detecting unique fibrosis-related glycoalter-
ations [27-31]. Moreover, the accuracy of the serum
WFA*-M2BP values for diagnosing severe fibrosis and
cirrhosis was superior to that offered by other surrogate
markers and tests (Table 4).

M2BP is a secreted glycoprotein that is found in the
serum of healthy individuals, but its concentration
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Fig. 2 The diagnostic capabilities of the seram Wisteria floribunda
agglutinin-positive Mac-2 binding protein (WFAT-M2BP) values for
assessing the stage of liver fibrosis. The areas under the receiver

increases in patients with various cancers and viral infec-
tions, including HCV [34, 35]. This protein binds galectin-
3, B-1 integrins, collagens, and fibronectin and has some
relevance to cell—cell and cell-extracellular matrix adhe-
sion [36, 37]. Therefore, it is reasonable to assume that
M2BP reflects the progression of fibrosis in cases of CLD.
Indeed, using proteome analysis, Cheung et al. [38] found
that serum M2BP is a potential marker of fibrosis pro-
gression in HCV patients.

In this study, we found that the serum WFAYT-M2BP
value can be used to distinguish the fibrosis stages in
NAFLD patients (Fig. 1; Tables S1, 2, 3). Recently, Ka-
mada et al. [39] reported that the serum M2BP value (the
whole M2BP protein measured by enzyme-linked immu-
nosorbent assay) can be used for predicting the fibrosis
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operating characteristic curve of serum WFA-M2BP for diagnosing
liver fibrosis were as follows: a 0.788 for stage >1; b 0.838 for
stage >2; ¢ 0.876 for stage >3; and d 0.879 for stage 4

stage in NAFLD patients. However, there are several dif-
ferences between the present study and Kamada et al.’s
study. In our study, the serum WFA1-M2BP value (the
altered M2BP with fibrosis-related N-glycans measured by
glycan-based immunoassay) increased stepwise with the
increasing severity of liver fibrosis, whereas a stepwise
increase was not found in Kamada et al.’s study. Further,
our method can distinguish between the fibrosis stages
more clearly, not only in patients with advanced fibrosis
stage but also in those with earlier fibrosis stages of NA-
FLD (Fig. 1). In our previous study [27], we found that
both the quantity and quality of M2BP were altered during
the progression of fibrosis of CLD due to HCV. Since the
N-glycosylation of M2BP was dramatically altered during
the progression of liver fibrosis, we considered that the
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Table 3 Serum Wisteria floribunda agglutinin-positive Mac-2 binding protein values for assessing liver fibrosis

Stage AUC (95 % CI) Cutoff level Sensitivity (%) Specificity (%) PPV (%) NPV (%) Predictive accuracy (%)
>Stage 1 0.788 0.59 74.8 74.3 95.5 28.9 74.7
(0.736-0.833)
>Stage 2 0.838 0.90 713 81.1 79.6 78.9 79.2
(0.790-0.879)
>Stage 3 0.876 0.94 85.9 74.6 61.2 91.9 78.2
(0.832-0.911)
Stage 4 0.879 1.46 72.6 87.0 54.4 93.7 84.4

(0.835-0.914)

AUC area under receiver operating characteristic curve, Cf confidence interval, PPV positive predictive value, NPV negative predictive value

Table 4 Comparisons of the areas under the receiver operating
characteristic curves for each fibrosis marker and scoring system

Marker and score >Stage 1  >Stage 2 >Stage 3 Stage 4
WFAT-M2BP 0.788 0.838 0.876 0.879
Platelet count 0.649 0.719 0.810 0.815
Hyaluronic acid 0.757 0.833 0.856 0.858
AST/ALT ratio 0.607 0.733 0.770 0.752
APRI 0.867 0.804 0.758 0.745
FIB-4 index 0.793 0.844 0.857 0.849
NAFLD fibrosis score  0.766 0.811 0.808 0.824

WFAY-M2BP Wisteria floribunda agglutinin-positive Mac-2 binding
protein, AST aspartate aminotransferase, ALT alanine aminotransfer-
ase, APRI AST-to-platelet ratio index, NAFLD non-alcoholic fatty
liver discase

WFAT-M2BP reflects the fibrosis status more precisely
than the whole M2BP protein. Further, the quantification of
the WFA'-M2BP may offer a better marker for assessing
the liver fibrosis stage than does the quantification of the
M2BP protein. Currently, the N-glycan structures of
WFA™-M2BP and WFA'-M2BP are being analyzed using
mass spectrometry in our laboratory. Moreover, our system
has been converted to a fully automated immunoassay
analyzer for clinical use, featuring a measurement time of
only 17 min, which has clear practical implications [27, 28,
30, 31].

Numerous non-invasive panels of the tests have been
developed to assess the liver fibrosis stages [17-26]. In this
study, the serum WFA™T-M2BP values offered a superior
AUROC curve for the diagnosis of severe fibrosis and
cirrhosis compared with the FIB-4 index and five other
markers and scoring systems (Table 4). In a study of a
large Japanese cohort, the FIB-4 index was the most useful
index for diagnosing patients with advanced fibrosis [40].
Although the American Association for the Study Liver
Diseases’ guidelines [3] recommend the NAFLD fibrosis
score [21] when deciding whether to perform a liver
biopsy, the usefulness of this score remains questionable in

Asian patients [40, 41]. Consistent with these studies, the
NAFLD fibrosis score yielded lower AUROCs than the
WFAT-M2BP values and the FIB-4 index for diagnosing
fibrosis in our cohort (Table 4).

There are two main strengths of the present study’s
cohort. First, the sample size (n = 289) was relatively
large, and the patients’ clinical backgrounds were well
characterized. Second, the pathological diagnoses were
performed and validated by three experienced liver-spe-
cific pathologists. Currently, the definitive diagnosis of
NAFLD and the distinction of its phenotypes rely on the
pathologist’s interpretation of the liver biopsy [8]; there-
fore, an accurate and reproducible consensus regarding
the pathological findings is necessary for diagnosing
NAFLD. However, in practice, the interpretation of NA-
FLD’s histology varies substantially. In this study, we
excluded patients whose liver samples were inadequate
for histological evaluation (e.g., because of insufficient
sample size). Moreover, the considerable rate of inter-
observer variation is one of the major problems in the
histological diagnosis of NAFLD [13-17]. Our strategy
mainly focused on reducing this variation, and our study
may provide a reliable cohort for identifying surrogate
markers and for investigating the management of NAFLD
patients.

This study also has several limitations. First, we inves-
tigated the usefulness of the serum WFAT-M2BP values in
a cross-sectional study. Therefore, the use of the serum
WFA'-M2BP values for monitoring natural history, pre-
dicting outcomes, and predicting responses to therapeutic
interventions remain unknown. In fact, the prevalence of
NAFLD is high among individuals with diabetes or dysli-
pidemia [1-3], and some patients have already managed
their condition through lifestyle interventions and/or med-
ication at the time of liver biopsy. Further prospective
studies are necessary to address these issues. In addition,
since the biochemical analyses were performed separately
at the respective hospitals, any variations among each
institution cannot be ruled out. Moreover, several selection
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biases may be present, because all the patients had been
diagnosed and had received liver biopsies at hepatology
centers, which may have caused referral bias. Therefore,
validation studies are necessary in the general population.

In conclusion, the measurement of the serum WFA™-
M2BP values using a glycan-based immunoassay provides
an accurate and reliable method for assessing the liver
fibrosis stage in NAFLD patients. This method appears
quite promising as a means for evaluating the natural
course of the disease, therapeutic effects, and the suitability
of liver biopsies.
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Hepatitis C virus (HCV) causes acute and chronic hepa-
titis, cirrhosis, and hepatocellular carcinoma (HCC) (1).
New direct-acting antiviral treatments are expected to
eliminate this virus in about 90% of patients (2), but
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Abstract

Background & Aims: Branched-chain amino acids (BCAA) reduce the inci-
dence of hepatocellular carcinoma (HCC) in patients with cirrhosis. How-
ever, the mechanisms that underlie these effects remain unknown.
Previously, we reported that oxidative stress in male transgenic mice that
expressed hepatitis C virus polyprotein (HCVTgM) caused hepatic iron accu-
mulation by reducing hepcidin transcription, thereby leading to HCC devel-
opment. This study investigated whether long-term treatment with BCAA
reduced hepatic iron accumulation and oxidative stress in iron-overloaded
HCVTgM and in patients with HCV-related advanced fibrosis. Methods:
Male HCVTgM were fed an excess-iron diet that comprised either casein or
3.0% BCAA, or a control diet, for 6 months. Results: For HCVTgM, BCAA
supplementation increased the serum hepcidin-25 levels and antioxidant sta-
tus [ratio of biological antioxidant potential (BAP) relative to derivatives of
reactive oxygen metabolites (AROM)], decreased the hepatic iron contents,
attenuated reactive oxygen species generation, and restored mitochondrial
superoxide dismutase expression and mitochondrial complex I activity in the
liver compared with mice fed the control diet. After 48 weeks of BCAA sup-
plementation in patients with HCV-related advanced fibrosis, BAP/dROM
and serum hepcidin-25 increased and serum ferritin decreased compared
with the pretreatment levels. Conclusions: BCAA supplementation reduced
oxidative stress by restoring mitochondrial function and improved iron
metabolism by increasing hepcidin-25 in both iron-overloaded HCVTgM
and patients with HCV-related advanced fibrosis. These activities of BCAA
may partially account for their inhibitory effects on HCC development in cir-
rhosis patients.

therapies that could reduce disease progression in chron-

ically infected individuals would be highly beneficial.
Valine, leucine and isoleucine are essential branched-

chain amino acids (BCAA). A decreased ratio of serum

© 2014 The Authors. Liver International Published by John Wiley & Sons Ltd. 1

— 387 —



BCAA reduces HCV-linked hepatic iron overload

BCAA relative to aromatic amino acids, a hallmark of
cirrhosis, is caused by several factors, including reduced
nutritional intake and ammonia detoxification in skele-
tal muscles (3). BCAA supplementation can improve
the nutritional status and albumin synthesis by activat-
ing the mammalian target of rapamycin signalling cas-
cade (4, 5) and glucose metabolism in skeletal muscles
(6, 7). Long-term oral BCAA supplementation decreases
the frequency of HCC in male obese patients with cir-
rhosis (8). BCAA also had an antihepatocarcinogenic
activity in an animal model of insulin resistance (9, 10).
In addition, glucose intolerance is closely linked to he-
patocarcinogenesis. However, the mechanisms that
underlie these effects remain unknown.

Hepatic oxidative stress and iron overload have been
implicated in liver injury and hepatocarcinogenesis in
HCV-associated chronic liver diseases (11, 12). The HCV
core protein inhibits mitochondrial complex I and gener-
ates reactive oxygen species (ROS) in vivo (13). Previ-
ously, we reported that HCV-induced ROS increases the
hepatic iron concentration by reducing hepcidin tran-
scription in transgenic mice that express HCV polypro-
tein (14), where even modest iron supplementation in
these mice resulted in the development of liver tumours,
including HCC, because of mitochondrial injury (15).
Thus, hepatic iron overload and oxidative stress via mito-
chondrial injury are critical during HCC pathogenesis.

In the present study, we examined whether long-term
BCAA supplementation could prevent the development
of hepatic iron accumulation and oxidative stress in
HCV transgenic mice fed an excess-iron diet and in
patients with HCV-related advanced fibrosis.

Materials and methods

Animals and experimental design

The pAIbSVPA-HCV transgene contains the full-length
HCV polyprotein-coding region under the control of
the murine albumin promoter/enhancer (16, 17). HCV
polyprotein is processed into individual proteins in the
liver and expressed at biologically relevant levels in FL-
N/35 transgenic mice (HCVTgM) (17). In the present
study, male HCVTgM (8 weeks old) were fed a normal
rodent diet, including carbonyl iron (45 mg/kg; control,
n = 6), or an excess-iron diet (carbonyl iron, 225 mg/
kg) that contained either 3.0% BCAA (BCAA/iron;
n = 5) or casein (casein/iron; n = 7). Six months later,
the mice were sacrificed by CO, asphyxiation after a 12-
h fast, according to the criteria outlined in the Guide for
the Care and Use of Laboratory Animals.

Clinical chemistry tests

The serum concentrations of alanine aminotransferase,
aspartate aminotransferase (AST), albumin, glucose,
insulin, BCAA, tyrosine and hepcidin-25 were deter-
mined in blood samples collected from the inferior vena
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cava of sacrificed mice at 12 h after fasting. The blood
glucose levels were periodically measured using a glu-
cometer (OneTouch Ultra, Lifescan, Inc., Milpitas, CA,
USA). The serum insulin levels were measured using an
ultrasensitive mouse insulin ELISA kit (Morinaga Milk,
Kanagawa, Japan). The serum hepcidin-25 levels were
determined by LC/MS/MS (18).

Hepatic iron and triglyceride contents

The hepatic iron concentrations were measured by
atomic absorption spectrometry, as described previously
(15). The liver tissue was homogenized and the lipids
were extracted (19), and the triglyceride levels were
measured using a TGE-test Wako kit (Wako Pure
Chemicals, Tokyo, Japan), according to the manufac-
turer’s instructions. The protein concentrations were
determined by the Lowry method (20) using a DC pro-
tein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA).

In situ ROS detection

In situ liver ROS production was assessed by staining
with dihydroethidium (Invitrogen Corp., Carlsbad, CA,
USA), as described previously (14). Dihydroethidium is
oxidized to ethidium bromide in the presence of ROS,
which stains the nuclei bright red via DNA intercalation
(21). The intensity of the fluorescence was quantified
using the NIH Image analysis program in three ran-
domly selected areas of the digital images for each
mouse.

Derivatives of reactive oxygen metabolites and biological
antioxidant potential levels

The derivatives of reactive oxygen metabolites (dAROM)
and biological antioxidant potential (BAP) levels were
measured using a Free Radical Elective Evaluator (Wis-
merll Co. Ltd, Tokyo, Japan) (22, 23). The dROM mea-
surements were determined based on the ability of
transition metals to catalyse the formation of coloured
free radicals (detection at 505 nm). The results were
expressed in Cartelli units (U.CARR), where 1
U.CARR = 0.8 mg/L of H;O,. To obtain the BAP mea-
surements, the blood samples were added to a solution
containing FeCl; bound to a chromogenic substrate
(AT, a derivative of thiocyanate). Fe®* reduction to Fe?*
caused a chromatic change that was directly propor-
tional to the plasma ROS reduction, which was mea-
sured at 505 nm using a photometer. Blood aliquots
(10 pl) were mixed with the FeCl; solution and incu-
bated for 5 min at 37°C before the photometric analysis.

Histological staining

Part of each liver sample was snap-frozen immediately
in liquid nitrogen to determine the hepatic triglycerides
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and iron concentration. The remaining liver tissue was
fixed in 4% paraformaldehyde in phosphate-buffered
saline and embedded in paraffin for use in the histologi-
cal analysis. The liver sections were stained with haemat-
oxylin and eosin.

Real-time reverse transcriptase-PCR

One-step real-time real-time reverse transcriptase-PCR
(RT-PCR) was performed, as described previously
(14), where the results were expressed as the hepci-
din, interleukin 6 (IL6), BMP6 and superoxide
dismutase 2 (SOD2) gene mRNA levels relative to B-
actin mRNA.

Extraction of nuclear and histone deacetylase activity
assay

For isolation of nuclear proteins from mice liver,
Nuclear Extraction Kit 1 (Epigentek, Farmingdale, NY,
USA) was used. Histone deacetylase (HDAC) activity
was assessed using HDAC Activity/Inhibition Direct
Assay Kit (Epigentek) according to the manufacturer’s
instruction.

Isolation of mitochondria and complex I activity
determination

Liver mitochondria were isolated and the activity of
complex I was assayed (at 25°C) as described previously
(3, 24).

Protein extraction and Western blotting

The liver lysate and mitochondrial lysate proteins were
separated by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis. These proteins were then transferred
to polyvinylidene difluoride membranes (Millipore,
Bedford, MA, USA) and blocked overnight at 4°C with
1-3% skim milk and 0.1% Tween 20 in Tris-buffered
saline, which was followed by incubation at room tem-
perature for 1 h with a primary antibody. Anti-rabbit
carnitine palmitoyl transferase I (CPT I), anti-rabbit
CPT II (Alpha Diagnostic International, San Antonio,
TX, USA), anti-rabbit SREBP1 (Santa Cruz Biotechnol-
ogy Inc, Santa Cruz, CA, USA), or anti-bacterially
expressed mouse CCAAT/enhancer-binding protein
homology protein (CHOP) fusion protein (Abcam,
Cambridge, England) were used for the liver lysate pro-
teins. Anti-SOD2 (Abcam), anti-Grp75 (mitochondrial
heat shock protein70; Abcam), or anti-NDUFB8 (mito-
chondrial complex I) antibody (Abcam) were used for
the mitochondrial lysates. The proteins were blocked for
1 h at room temperature and then incubated overnight
at 4°C with a Phospho-stat3 (pSTAT3) antibody (Cell
Signaling Technology Inc., Danvers, MA, USA) and a
Phospho-Smad1/Smad5/Smad8 (pSMAD1/5/8) anti-
body (Cell Signaling Technology Inc.).The anti-acetyl-
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histoneH3K9 and anti-histoneH3 (Cell Signaling
Technology Inc,) were used for the nuclear lysates.

Human BCAA supplementation study design

We screened 68 HCV RNA-positive patients who were
aged >65 years (Fig. S1). We enrolled 25 patients with
HCV-related advanced fibrosis who satisfied the follow-
ing criteria: serum albumin = 3.5-4.2 g/dl; platelet
counts <15 x 10*yul; amino acid imbalance [based on
the ratio of BCAA relative to tyrosine (BTR) <4.40,
which was lower than the normal limits]; and no HCC
or symptoms of chronic liver failure such as ascites, var-
ices or hepatic encephalopathy. Advanced fibrosis
defined liver specimens (METAVIR fibrosis staging:
>F3,4) or Fib-4 index (>3.25). The patients were
assigned randomly to receive BCAA supplementation
(BCAA group; n = 12) or follow-up without treatment
(non-BCAA group; n = 13). BCAA group were given a
4 g BCAA preparation (LIVACT Granules; Ajinomoto,
Tokyo, Japan) administered orally three times daily after
meals. We measured the plasma oxidized/reduced albu-
min and serum dROM and BAP as oxidative stress
markers at 12, 24 and 48 weeks after starting the treat-
ment. We also measured the levels of serum iron, ferri-
tin, transferrin saturation (TSAT) and hepcidin-25 to
evaluate the oxidative stress-associated iron metabolism.
Moreover, type IV collagen 7s, type III procollagen pep-
tide (PIIP) and Fib-4 index were measured to confirm
the degree of hepatic fibrosis.

Written informed consent was obtained from each
study participant. This study was conducted in accor-
dance with the provisions of the 1975 Declaration of
Helsinki and it was approved by the Institutional Ethics
Committee of Kawasaki Medical School.

Statistical analysis

The results were expressed as mean £ SD. The group
results were compared using Levene’s or Welch’s tests.
The changes in the levels of the iron metabolism and oxi-
dative stress markers between the BCAA and the non-
BCAA groups were analysed using Wilcoxon rank-sum
tests. Pearson’s product moment correlation coefficient
was used to assess associations between the dihydroethi-
dium-positive areas and the BAP and dROM ratios. Dif-
ferences were considered statistically significant at
P < 0.05. The statistical analyses were performed using
spss software (IBM SPSS Statistics 20.0 for Windows).

Results

AST, fasting blood sugar, plasma BCAA and tyrosine
levels in HCVTgM

The dietary intake and body weight did not differ signifi-
cantly between the three groups of mice. BCAA adminis-
tration for 6 months significantly reduced the serum
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AST (P < 0.05) and fasting blood sugar (FBS) levels
(P < 0.05) compared with HCV TgM fed the excess-iron
diet with casein (casein/iron group) (Table 1). However,
the FBS levels remained higher in the HCVTgM fed the
excess-iron diet with BCAA (BCAA/iron group) com-
pared with the HCV TgM fed a normal rodent diet (con-
trol group) (P < 0.05). The casein/iron group had
significantly lower plasma BCAA and the ratio of BCAA
relative to tyrosine (BTR) levels (P < 0.05) compared
with the BCAA/iron and control groups (Table 1). The
tyrosine levels were significantly higher in the casein/iron
group than the control group (P < 0.05).

Hepatic iron contents and hepcidin-25 levels in HCVTgM

The hepatic iron contents of HCVTgM fed the excess-
iron diet with casein were significantly higher than those
of HCVTgM fed an excess-iron diet with BCAA or a
control diet at 6 months after the treatment com-
menced (Fig. 1A). The hepcidin levels of HCVTgM fed
the excess-iron diet with BCAA were significantly higher
than those of HCVTgM fed the excess-iron diet with
casein or the control diet (Fig. 1A). The serum hepcidin
to ferritin ratio was lower in patients with HCV (25).
The serum hepcidin-25 to hepatic iron ratio was signifi-
cantly higher in HCVTgM fed the excess-iron diet with
BCAA compared with those fed the excess-iron diet
with casein or the control diet.

ROS generation

BCAA administration resulted in significantly lower
dROM levels and an increased BAP to dROM ratio
(BAP/dROM) compared with casein administration
(P < 0.05; Fig. 1B). Hepatic ROS production, which

Table 1. Effects of casein/iron and branched-chain amino acids
(BCAA)/iron diets on the liver to body weight ratios and blood
chemistry results in hepatitis C virus transgenic mice

Control Casein/iron BCAA/iron
Mice (V) 6 7 5
Liver weight/ 3.32+£030 350£060 297 +0.28

Body weight (%)

AST (JU/L) 61 + 23 92 + 47 39 + 7%
ALT (IU/L) 14+4 61 + 60 16 £4
FBS (mg/dl) 115+ 11 299 =+ 49% 184 + 47%1
Insulin (ng/mi) 0.89+£036 1.19£0.20 0.93 + 0.39
Albumin (g/dl) 2.82 +£0.04 277 £0.15 2.96 +0.15
BCAA (nmol/ml) 313 £22 275 + 31% 318 + 353
Tyrosine {(nmol/mi) 63 +5 82 £ 11% 69+ 11
BTR 501020 3.41+0.40f 4.67 +0.40%

*Results are mean = SD.

+P < 0.05 vs. transgenic mice expressing hepatitis C virus polyprotein
(HCVTgM) on control diet for 6 months.

1P < 0.05 vs. HCVTgM on excess-iron diet with casein for 6 months.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; FBS,
fasting blood sugar.
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was determined by dihydroethidium staining, was sig-
nificantly higher in HCVTgM fed the excess-iron diet
with casein compared with those fed the excess-iron diet
with BCAA or the control diet (Fig. 1C). The BAP/
dROM ratios were negatively correlated with hepatic
ROS production in all mice (r= 0.8985 n = 15;
P < 0.01; Fig. 1D).

Factors that affected hepcidin upregulation

HCV-induced ROS production downregulates hepcidin
transcription by inhibiting the C/EBPo. DNA-binding
activity of CHOP (14). Thus, we examined CHOP
expression and the hepcidin mRNA levels. Hepatic
CHOP expression was significantly lower and hepatic
hepcidin  expression was significantly higher in
HCVTgM fed the excess-iron diet with BCAA compared
with the levels in HCVTgM fed the excess-iron diet plus
casein (Fig. 2A,B). The IL-6-gp130/signal transducer
and activator of transcription are involved in the regula-
tion of hepcidin transcription (26). Another pathway
that regulates hepcidin expression involves the TGF-f3/
bone morphogenetic protein superfamily (27, 28). Thus,
we examined the STAT-IL6 and SMAD-BMP signalling
pathways. There were no differences in the phosphate
STAT3, IL6, phosphor- SMAD1/5/8 and BMP6 expres-
sion levels between the BCAA and casein groups
(Fig. 2C). In addition, HCV-induced oxidative stress
inhibited hepcidin expression through increased histone
deacetylase (HDAC) activity in cell culture system (29).
HDAC activity of HCV TgM fed the excess-iron diet
with BCAA was significantly lower than those of
HCVTgM fed the excess-iron diet with casein or the
control diet (Fig. S2). These results suggested that BCAA
induced the upregulation of hepatic hepcidin by
enhancing the antioxidant potential.

Hepatic steatosis and CPT1 expression

HCVTgM fed the excess-iron diet developed severe stea-
tosis, including the centrilobular microvesicular type
(15, 17). Previous studies showed that the antioxidant
drugs N-acetylcysteine (NAC) and Stronger Neo-
Minophagen C (SNMC) reduce the hepatic triglyceride
levels in a dose-dependent manner (30, 31). In the pres-
ent study, BCAA administration tended to reduce the
hepatic triglyceride levels (P = 0.055; Fig. 3A).

Thus, we examined the effects of BCAA on CPT1 and
CPT2, which are proteins that regulate long-chain fatty
acid oxidation in mitochondria, and SREBP1 expres-
sion, which is a transcription factor that activates genes
required for lipogenesis. Our previous study indicated
that decreased CPT1 and increased SREBP1 expression
contribute to the development of hepatic steatosis in
HCVTgM fed an excess-iron diet (30). In the present
study, CPT1 expression increased significantly in
HCVTgM fed the excess-iron diet with BCAA after
6 months (P < 0.05, Fig. 3C), whereas CPT2 expression
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Fig. 1. (A) Hepatic iron contents, hepcidin-25 levels, and hepcidin-25 to iron content ratios (hepcidin/iron). (Left) Hepatic iron contents in
mice at 6 months after starting treatment for the control (n = 6), casein/iron (n = 7) and BCAA/iron groups (n = 5). (Centre) Serum hepci-
din-25 levels. (Right) The hepcidin/iron ratios were used as an index of the sensitivity of hepcidin upregulation against iron overload. (B) Oxi-
dative stress markers in serum. (Left) dROM and (centre) BAP were measured at 6 months after starting treatment. (Right) The antioxidant
status was determined as the BAP to dROM ratio. (C) Dihydroethidium fluorescence intensity was quantified for three randomly selected
areas in digital images for the control (n = 3), casein/iron (n = 7), and BCAA/iron groups (n = 5) at 6 months after starting treatment. (D)
Correlations between the BAP/dROM ratios and fluorescence-positive areas in liver. *P < 0.05 vs control group; *P < 0.05 vs casein/iron
group.
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Fig. 2. (A) Immunoblots for CHOP after 6 months of treatment. (B) Liver hepcidin expression was determined for four mice in each group
(C) Immunoblots for p-SMAD1/5/8 and (C) p-STAT3 after 6 months of treatment. (C) BMP6and (C) IL6 mRNA expression was determined
for four mice in each group. The protein expression levels were normalized against that of B-actin. *P < 0.05 vs control group; P < 0.05 vs

casein/iron group.

did not increase significantly. However, SREBP1 expres-
sion did not decrease in HCVTgM fed the excess-iron
diet with BCAA (P = 0.082; Fig. 3B). These results sug-
gest that the administration of BCAA was insufficient to
prevent iron-induced steatosis in HCVTgM because
BCAA failed to reduce SREBP1 expression.

SOD?2 expression and mitochondrial complex I activity

CPT1 is localized to the mitochondrial outer mem-
brane. Decreased CPT1 expression may be related to the
HCV core protein’s association with the mitochondrial
outer membrane. The HCV core protein interacts with
mitochondria complex I, which generates ROS (13).
Alterations in the mitochondrial ultrastructure were
observed in HCVIgM fed the excess-iron diet after
6 months, as described previously (15, 30). We exam-

ined whether BCAA supplementation reduced iron- and
HCV-induced mitochondrial injury.

The mitochondrial SOD2 mRNA levels were signifi-
cantly higher in HCVTgM fed the excess-iron diet with
BCAA compared with those fed the excess-iron diet
with casein or the control diet. The SOD2 expression
levels in mice fed the excess-iron diet with casein were
significantly lower than those fed the control diet. How-
ever, the SOD2 expression levels were restored by BCAA
supplementation (Fig. 4A). After 6 months, the mito-
chondrial complex I expression levels were significantly
lower in mice fed the excess-iron diet with casein
compared with those fed the control diet. Similar to
SOD2, the mitochondrial complex I expression levels
were restored by BCAA supplementation (Fig. 4B).

The enzymatic activity of mitochondrial complex I
was significantly lower in mice fed the excess-iron diet
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Fig. 3. (A) Hepatic steatosis in HCVTgM fed the excess-iron diet with BCAA and HCVTgM fed the excess-iron diet with casein after treat-
ment for 6 months (haematoxylin and eosin, original magnification x 100). The hepatic triglyceride levels were determined. (B) Immunoblots
of SREBP1, (C) CPT1, and (C) CPT2 in the livers of three mice from each group. *P < 0.05 vs control group; *P < 0.05 vs casein/iron group.

with casein compared with those fed the control diet.
The activity was restored by BCAA supplementation
(Fig. 4C). Thus, these improvements in the mitochon-
drial complex I activity and CPT1, SOD2, and mito-
chondrial complex I expression indicate that BCAA may
protect against the mitochondrial injury induced by
HCV proteins and iron overload.

Antioxidant effects of BCAA supplementation in patients
with HCV-related severe fibrosis

Next, we determined whether oral BCAA supplementa-
tion reduced oxidative stress and affected iron metabolism
in patients with HCV-related advanced liver fibrosis. We
assigned 25 patients to receive either BCAA supplementa-
tion (BCAA group; n = 12) or follow-up without treat-
ment (non-BCAA group; #n = 13). There were no
differences in the clinical characteristics, oxidative stress

Liver International (2014)
© 2014 The Authors. Liver International Published by John Wiley & Sons Ltd.

markers, or iron metabolic markers at baseline between
these groups (Table 2). Serum albumin and AST levels in
BCAA group tended to be lower than those in non-BCAA
group, although these differences were not statistically sig-
nificant (P = 0.071 and P = 0.074 respectively).

The dROM levels increased significantly at weeks
24 and 48 in the non-BCAA group, whereas they did
not in the BCAA group. The BAP levels also increased
at weeks 12 and 24 in the non-BCAA group, and at
weeks 12, 24 and 48 in the BCAA group (Table 3).
The BAP/dROM ratio, an indicator of antioxidant
potential, decreased significantly at week 48 in the
non-BCAA group, but increased at weeks 24 and 48
in the BCAA group. This suggests that the BAP levels
of the non-BCAA group increased in response to
oxidative stress, while the increased BAP levels in the
BCAA group indicated enhanced antioxidant
potential.
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