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Aim: Hepatic fibrosis and angiogenesis occur in parallel during the progression of liver disease. Fibrosis
promotes angiogenesis via inducing vascular endothelial growth factor (VEGF) from the activated hepatic
stellate cells (HSCs). In turn, increased neovessel formation causes fibrosis, although the underlying
molecular mechanism remains undetermined. In the current study, we aimed to address a role of

Keywords: . endothelial cells (ECs) as a source of latent transforming growth factor (TGF)-g, the precursor of the most
Transg);mmg growth factor-p fibrogenic cytokine TGF-B.
Liver fibrosis

Methods: After recombinant VEGF was administered to mice via the tail vein, hepatlc angmgenws and
fibrogenesis were evaluated using xmmunohlstochemlcai and biochemical analyses in addition to
investigation of TGF-§ activation using primary cultured HSCs and liver sinusoidal ECs (LSECs).

Results: In addition to increased hepatic levels of CD31 expression, VEGF-treated mice showed increased
a-smooth muscle actin (a-SMA) expression, hepatic contents of hydroxyproline, and latency associated
protein degradation products, which reflects cell surface activation of TGF-§ via plasma kallikrein
(PLK). Liberating the PLK-urokinase plasminogen activator receptor complex from the HSC surface by
cleaving a tethering phosphandylmosxtol linker with its spec:ﬁc phosphohpase C inhibited the activating
latent TGF-B. present in LSEC conditioned medium and subsequent HSC activation.

Conclusion: Neovessel formation (anglogenes:s) accelerates liver fibrosis at least in part via provision of
latent TGF-p that activated on the surface of HSCs by PLK, thereby resultant actwe TGF-B stlmulates the
activation of HSCs.

Hepatic stellate cells
Liver sinusoidal endothelial cells

© 2013 Elsevner Inc. Al rights reserved.

1. Intreduction

Liver ﬁbrééis, a common feature of almost all chronic liver
diseases, is caused by the excessive accumulation of extracellular

matrix (ECM) pmtems including. collagen produced mainly by

hepatlc stellate cells (HSCs) through the process termed activation
[1=3]. Under physmlog:cal conditions, quiescent HSCs embrace
sinusoids as liver-specific pericytes. When the liver parenchyma
is chronically injured by various causes, HSCs detach from the
sinusoids and subsequently transform into myofibroblast-like
cells. This HSC activation is characterized by a loss of lipid droplets,
the enhanced production of ECM, and the expression of activation
markers such as o-smooth muscle actin (a-SMA) [4]. The HSC acti-
vation process is regulated by both autocrine and paracrine growth

* Corresponding author. Address: Micro-signaling Regulation Technology Unit,
RIKEN Center for Life Science Technologies, 2-1 leosawa. Wako, Saitama 351-0198,
Japan. Fax: +81 48462 4675.

E-mail address: skojima@riken.jp (S. Kojima).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/5.bbrc.2013.12.074

factors [4,5], among which transforming growth factor (TGF)-B, the
most fibrogenic cytokine, plays a critical role [6,7].

TGF-B is produced as a high molecular weight latent form with
its propeptide region known as “latency associated protein (LAP)",
and thereby must be activated before exerting its biological activ-
ity [8]. Latent TGF-B.is acnvated by plasma kallikrein (PLK), which
is bound to glycophosphandylmosltol-anchored urokinase-type
plasminogen activator receptor (uPAR) on the cell surface and re-
leased by phosphatidylinositol-specific phospholipase C (PI-PLC)
{9]. PLK cleaves LAP between R58 and 159 during liver fibrosis
[10]. After cleavage, the N-terminal side LAP degradation products
ending at R58 (R58 LAP-DPs) remain within the ECM of the liver
tissues through LTBP, serving as a footprint for active TGF-B gener-
ation. We produced a specific antibody (anu-RSS antibody) that
detects a neoepitope at the cutting edge of R58 LAP-DPs [10]. |

Angiogenesis in the adult liver occurs both in pathological
settings, such as cirrhosis and tumor development, and in physio-
logical conditions such as liver regeneration [11,12]. Blood vessels
in the liver are classified into the hepatic artery, portal vein and
sinusoidal blood vessel groups. Thus, liver sinusoidal endothelial
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cells (LSECs) are the largest population of endothelial cells in the
liver,

Hepatic angiogenesis and fibrogenesis occur in parallel during
liver diseases [11,13]. Sahin et al. showed that VEGF transgenic
mice with increased serum VEGF concentrations have augmented
liver fibrosis [14]. However, how the overproduction of VEGF in-
duces liver fibrosis has not yet been determined.

The current study addressed a role of ECs as a source of latent
TGF-, the precursor of the most fibrogenic cytokine TGF-g.

2. Materials and methods
2.1. Materials

Fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse
CD31 monoclonal antibody (Clone 390) and rat anti-mouse
CD146 monoclonal antibody (Clone ME-9F1) were purchased from
Millipore (Billerica, MA, USA) and Bio Legend (San Diego, CA, USA),
respectively. FITC-conjugated mouse anti-o-SMA monoclonal anti-
body (Clone 1A4) and anti-o-SMA monoclonal antibody (Clone
1A4) were purchased from Sigma-Aldrich (St. Louis, MO, USA)
and Dako (Glostrup, Denmark), respectively. Neutralizing mouse
anti-TGF-B1 monoclonal antibody (Clone 9016) and sheep anti-
rat IgG magnetic bead-conjugated antibody (Cat. No.110-35) were
purchased from R&D'Systems (Minneapolis, MN, USA) and Invitro-
gen (Carlsbad, CA, USA), respectively. Recombinant VEGF 165 and
PI-PLC were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. An
R58 monoclonal antibody that recognizes neo-epitopes formed
via the PLK-dependent proteolytic activation of latent TGF-p1
was produced and characterized as previously reported [10].

2.2, Animal experiments

One hundred microliters of saline with or without recombinant

VEGF 165 was injected intravenously via the tail veins of three 10-

week-old C57BL/6 male mice (Japan SLC Inc,, Shizuoka ,Japan) daily
at doses of 10 or 20 ng/g body weight for 10 days. The mice were
euthanized, and the livers were harvested for biochemical and
immunohistochemical analyses. All animal experiments were per-
formed in compliance with the protocols approved by the RIKEN
Institutional Animal Use and Care Administrative Advisory
Committee.

2.3. Staining of liver a‘ssue ‘sections

Liver tissues were fixed in 4% paraformaldehyde (PFA) and
embedded in paraﬁ‘in and tissue sections (6-jim thick) were pre-
pared using a Leica shdmg ‘microtome (Lenca Microsystems, Nuss-
foch, Germany). The liver tissue sections were deparaffinized,
rehydrated and incubated for 5 min with a drop of Proteinase K
(Dako Envxslon) in'2 ml of 0.05 M Tris-HCI buffer (pH 7. 5) at room
temperature. Thereafter, endogenous peroxidase was blocked by
incubation with 3% hydrogen peroxide in methanol at room tem-
perature for 10min. The liver tissue sections were stained with
Myer’s hematoxyim solutxon and 1% Eosin Y solution (Muto Pure
Chemxcals “Tokyo, Japan) ‘For CD31 staining, liver sections were
incubated at 4°C overmght with rat anti-CD31 ‘monoclonal
antibody- (5 p.g/ml) and thereafter with the bmnnylated rabbit
anti-rat IgG annbody (1: 200) included in the Vectastain Elite ABC
kit for 30 min-at room; temperature. A 3,3’—dlammobenzxdme
(DAB) perox;dase substrate kit (Vector Laboratories, Inc., Burlin-
game, CA, USA) was used for its chromogenic substrate, which
develops as a brown precipitate, to visualize immunolabeling. For
a-SMA staining, liver sections were incubated at 4 °C overnight

with mouse anti-o-SMA monoclonal antibody(1:100) and thereaf-
ter with DAKO Envision’s polymer of antibodies labeled with per-
oxidase for 1h at room temperature. The DAB peroxidase
substrate kit was used for its chromogenic substrate. Sirius red,
which results in the red staining of all fibrillary collagen, was used
to evaluate fibrosis. The liver sections were stained with 0.05%
Fast-green FCF (ChemBlink, Inc., CAS 2353-45-9) and 0.05% Direct
red 80 (Polysciences, Inc., CAS 2610-10-18) in saturated picric acid
{Muto Pure Chemicals) for 90 min at room temperature. Positive
area analyses were performed using the WinROOF image analysis
software from 3 randomly selected fields among 3 mice for a total
of 9 samples per group. :

2.4. Measurement of hepatic hydroxyproline content

The hepatic hydroxyproline content was measured as described
by Reddy et al. [15]. Briefly, approximately 40 mg of frozen liver
tissue was hydrolyzed in 2 N'-NaOH for 10 min at 65 °C, followed
by incubation at 120 °C for 20 min. The same amount of 6 N H(l
was added and incubated at 120 °C for 20 min. Activated charcoal
solution (10 mg/ml in 4 N KOH) and 2.2 M acetic acid-0.48 M citric
acid buffer (pH 6.5) were added to adjust the pH to 7-8. After
centrifugation, 100 mM chloramine T solution was added to the
supernatant and incubated at room temperature for 25 min. After
the addition of 1 M Ehrlich’s solution (p-dimethylaminobenzalde-
hyde), samples were incubated at 65 °C for 20 min. Absorbance
was measured at 560 nm. The hydroxyproline content is expressed

-in pg/mg of sample protein.

2.5. Isolation of HSCs and LSECs

Primary HSCs were isolated from the livers of male C57BL/6
mice by collagenase/pronase digestion and the Nycodenz gradient
method as described previously [9]; the cells were then cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS).. Primary LSECs were isolated using a combina-
tion of rat anti-CD146 and sheep anti-rat IgG antibodies conju-
gated with magnetic beads from a fraction separated using the
Nycodenz gradient method after the collagenase digestion of the
livers of male C57BL/6 mice, according to the method described
by Kitazume et al. [16]. The cells were then cultured in a DMEM/
nutrient mixture F-12 (F12) containing 10% FBS.

2.6. Preparation of the LSEC conditioned medium (CM)

Briefly, 1 x 10° LSECs were seeded onto 6-well plates and pre-
cultured for 24 h with DMEMIF!2 contammg 10% FBS medium to
grow the cells to conﬂuency, followed by overnight starvation with
DMEMle containing 2% FBS at 37 °C ‘After the cells were rinsed
with phosphate ‘buffered saline (PBS), the medium was changed to
2ml of DMEMIF‘I 2 containing 2% FBS and further cultured for 24 h
fo create LSEC CM.

2.7. Immunofluorescent staining

HSCs were fixed with 4% PFA for 10 min and incubated with
0.1% Triton X-100 in PBS for 20 min at room temperature. After
blocking with 3% BSA in PBS for 40 min at room temperature, cells
were incubated with FITC-conjugated anti-mouse o-SMA mono-
clonal antibody (1:200) for 2 h at room temperature. After being
washed with PBS, the cells were mounted with Vectashield DAPI
mounting ‘medium (Vector Laboratories, Inc,, Burlmgame, CA,
USA) and observed under a Zeiss LSM 700 laser scanning confocal
microscope. The intensities of ®-SMA and R58 LAP-DPs were calcu-
lated in each panel with ZEN software for quantltzmve fluorescence
analyses.
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2.8. Determination of the TGF-g concentration in CM

TGF-p was measured using a bioassay (luciferase assay in CCL64
cells) for active TGF-B and an enzyme-linked immunosorbent assay
(ELISA) for total TGF-B. CCL64 cells, from the mink lung epithelial
cell line, stably expressing (CAGA)s-MLP-luciferase, which contains
nine copies of an Smad binding CAGA box element upstream of a
minimal adenovirus major late promoter [17], were plated at
2 x 10% cells/weli in a 96-well plate with DMEM containing 10%
FBS. On the next day, the medium was replaced with CM harvested
from HSCs. After 6 h, the cells were extracted with a lysis buffer,
and luciferase activity was measured using a Luciferase Assay Sys-
tem (Promega, Madison, W1, USA) according to the manufacturer’s
instructions. The amount of active TGF-B was calculated from a

HE
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standard curve made with recombinant TGF-p1. The total TGF-p1
levels present in the LSEC CM before and after incubating with
HSCs were determined using a TGF-B1 Emax immune Assay Sys-
tem ELISA kit (Promega, Madison, W1, USA) according to the man-
ufacturer’s instructions. Samples were acidified using 1 N HCl to a
pH of 3.0 for 15-20 min, followed by neutralization with 1 N NaOH
before they were subjected to ELISA.

2.9. Real-time RT-PCR

Total RNA isolation and real-time RT-PCR were performed as
described previously [18]. Briefly, total RNA was extracted using
the RNeasy micro kit (Qiagen, Valencia, CA) according to the man-
ufacturer's protocols. RNA (0.5 ug) was reverse transcribed to

a-SMA Sirius Red

Hepatic hydroxyprofine
(gimg protein}

200 a0 60
CO3 poslive area (%)

©«

CD31 positive ares (%)

00 a1 e 80O
Sirlus red poaitive ares (%)

Fig. 1. VEGF simultaneously induced angiogenesis and fibrogenesis in the liver. Saline (100 pl/mouse/day) with or without recombinant VEGF at the indicated doses was
injected into the tail vein of three 10-week-old C57BL{6 mice for 10 days. Their livers were removed after the animals were euthanized. (A) Liver tissue sections were
prepared and stained with HE, antibodies for CD31 and o-SMA, and Sirius red, as described in the Section 2. Scale bar is 50 um. Red arrow heads represent o-SMA positive
cells.(B) CD31, o-SMA and Sirius red-positive areas (%) were quantitated and plotted as the means + SD in the bar graphs (n=3). (C) The correlation between CD31 and Sirius
red-positive area (left panel), CD31 and &-SMA-positive area (middle panel), and Sirius red- and a-SMA-positive area (right panel). (D) The liver HDP levels were measured as

described in the Section 2. *p < 0.05 compared with vehicle-treated mice.
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cDNA using the PrimeScript® RT Master Mix (Takara Bio Inc,, Shiga,
Japan). mRNA expression levels were determined using real-time
PCR. Real-time PCR was performed with the Thermal Cycler Dice®
Real Time System using the SsoAdvanced™ SYBR® Green Supermix
(Bio-Rad Laboratories, Hercules, CA) and normalized to 185 rRNA
expression. The primer sequences used were as follows: mouse
TGF-B1 forward: 5-GCA ACA ATT CCT GGC GTT ACC-3', reverse:
5'-CCC TGT ATT CCG TCT CCT TGG T-3'; mouse PLK forward: 5'-
GAC CAG AGT ACC GGA AGA AG-3, reverse: 5-ACC TAT CTC CGA
AAG CGC AC-3'; mouse uPAR forward: 5'-GCC GCT ATC CTA CAG
AGC AC-3', reverse: 5-GCT ATG GAA ACC TGC TGT GCC-3'; and
18S rRNA forward: 5'-GTA ACC CGT TGA ACC CCA TT-3/, reverse
5'-CCA TCC AAT CGG TAG TAG CG-3".

2.10. Statistics

Statistical analyses were performed using one-way analysis of
variance, followed by the Dunnett’s or Tukey’s post hoc tests. A

two-tailed Student's t-test was used to evaluate the dlfferences be-
tween the two groups.

3. Results

3.1. Simultaneous induction of hepatic angiogenesis and fibrogenesis
in mice after injection of VEGF

VEGF administration to mice dose-dependently increased the
number of cellular infiltrations, endothelial cells (CD31 staining,
3.6-fold at 20 ng VEGF/g of BW), and active HSCs (o-SMA staining,
red arrow heads, 7.6-fold at 20 ng VEGF/g of BW), which accompa-
nied an increase in the Sirius red-positive area (4.3-fold at 20 ng
VEGF/g of BW) (Fig. 1A and B). Significant correlations were ob-
served among the positive areas of CD31, o-SMA, and Sirius red
(Fig. 1C). The hepatic hydroxyproline levels also increased 5-fold
at 20 ng VEGF/g of BW (Fig. 1D) and 10-fold at 30 ng VEGF/g of
BW (data not shown).

o
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{ng/mi) Control

C D
g
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o : . i

VEGE O 0 100 200

o/l ¢ ntrol LSEC CM
E TGF-B1 Anti-TGF-B1
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A
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Fig. 2. LSEC (M enhanced HSC activation via TGF-p. Primary HSCs were incubated. wnth 2% FBS DMEM in the presence or absence of the indicated concentrations of
recombinant VEGF (A and B), TGF—ﬁl (100 pg/m]), and LSEC CM in ‘the presence or absence of neutralmng anti-TGF-B1 (2.5 pg/ml) (E) for 5 days. Primary LSECs were
mcubated w:th 2% FBS DMEM/F12 in the presence or absence of the indicated concentrations of recombinant VEGF for 24 h(Cand D). (AandE) Cells were fixed and stained
with’ a—SMA as described in the Section 2. The relative fluorescence intensities (% of untreated control cells) are shown as the mean + SD. (B and D) The mRNA expression
levels of TGF-BI PLK, and uPAR were measured using real-time RT-PCR as described in the Sectmn 2. (C) Totalfactive TGF-p1 levels in the media were measured as described
in the Section 2. p < 0.05 compared with untreated control cells, *p< 0.05 compared with LSEC CM-treated control cells.
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3.2. The enhancement of the activation of HSCs with VEGF-treated
LSEC CM via TGF-p .

We investigated the molecular mechanism through which VEGF
induces hepatic fibrosis in mice using primary cell culture systems.
As assessed by the lack of an increase in the a-SMA levels (a mar-
ker of activated HSCs), VEGF did not directly activate isolated pri-
mary HSCs after 5days of treatment at 100 and 200 ng/ml,
concentrations that are nearly equivalent to the blood concentra-
tion of VEGF in in vivo experiments (Fig. 2A). VEGF also did not af-
fect the mRNA expressions of TGF-B1, PLK, and uPAR (Fig. 2B).
VEGF enhanced latent TGF-p1 concentration (1.1-fold at 200 ng/
ml VEGF) in LSEC CM (Fig. 2C) and mRNA expressions of TGF-p1
(2.4-fold at 200 ng/m! VEGF), PLK (2.1-fold at 200 ng/m! VEGF),
and uPAR (1.8-fold at 200 ng/ml VEGF) in LSECs (Fig. 2D). HSCs

p<0.05
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=
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were activated via incubation with recombinant TGF-§1 (100 pg/
ml) and LSEC CM, the latter of which was blocked by incubation
with neutralizing antibodies against TGF-g1 (Fig. 2E).

3.3. Latent TGF-g secreted from LSECs is activated by PLK on the
surface of HSCs

Given the ELISA and bioassay results, we found that primary
LSECs secreted only 2.5% of TGF- in the active form during 24 h
incubation (Fig. 2C), and that the active TGF-B concentrations in
LSEC CM were slightly higher than those in the control medium
(DMEM containing 2% FBS) (Fig. 2C). To investigate whether latent
TGF-B present in LSEC CM was activated by PLK as we previously
showed [9], we cultured primary HSCs with LSEC CM with or with-
out PI-PLC, which cleaves the glycophosphatidylinositol anchor, re-

R58 LAP-DP

Vehicle

mt - - = L + ‘g
Control  LSECCM s
B Control LSEC CM

Camostat

DMEM or LSEC CM in the presence or absence of PI-PLC (0.5 UImL) T esilate (500 uM) for 5 days. (A) Actave TGE-B1 Ieve)s in the medxa were measured using the
luciferase assay in (CAGA)-Luc CCL64 cells. Data are shown as the mea (B) Cells were fixed and stained with @-SMA and R58 LAP-DPs as described in the Section 2.

The relative fluorescence intensities (% of untreated control cells) are show as the means + SD. (C) The liver séctions harvested from the VEGF-mjected mice were stained
with anti-R58 LAP-DPs antibody, as described in the Section 2. The right panels show higher magnifications of the corresponding white squares in the left panels. Scale bars,
100 pm. Positive areas (%) were quantitated and shown as the means  SD (1 = 3). 'p < 0.05 compared with untreated control cells, *p < 0.05 compared with LSEC CM-treated
control cells.
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Fig. 4. The scheme of the molecular mechanism through which angiogenesis
promotes fibrosis in the liver. Increased neovessels provided with latent TGF-8,
which PLK activates on the surface of HSCs and stimulates the activation of HSCs.
Therefore, angiogenesis might accelerate liver fibrosis.

leases uPAR and its associated with PLK from the cell surface, or
with or without camostat mesilate, a serine protease mhlbltor
Both these treatments resulted in a reduction in the concentranon
of active TGF-B in the LSEC CM (Fig. 3A). LSEC M fazled to activate
the HSCs that had been incubated with exther PI-PLC or camostat
mesilate (Fig. 3B). The R58 LAP-DP levels, a footprmt of PH(»depen«
dent TGF-8 activation [9], were reduced via either PI-PLC or camo-
stat mesilate. VEGF did not affect R58 {AP-DPS expression (Relat:ve
fluorescent intensity: Control: 100 + 56; VEGF 100 ng]ml 112 +30;

VEGF 200 ng/m199 + 48). To confirm whether PLK—dependent acn~
vation might be increased along with neovessel formation in vive,

the liver sections harvested from the VEGF-administered mice
were stained with anti-R58 LAP-DPs antibody. As expected, the
R58-positive area was increased with VEGF mjectmn by 5. 9-fold
(Fig. 3C).

4, Discussion

In the present study, we addressed a role of ECs as a source of
latent TGF—B, the precursor of tbe most ﬁbrogemc cytokme TGF- ,

LSECs (compare Figs. 3A
ﬁbrosis, although the exp

activator and its recepto
thehal ce!ls and human u

creased PLK in LSECs mlght interact with HSCs and promote TG
n the surface of HSCs. At the same time, increased uP/ R
f n LSECs also might contribute to angiogenesis. W

shewad that VEGF increased the levels of hepatic CD31.by 3. S-foid i
and R58 LAP-DPs by 5.9-fold in mice and that VEGF enhanced la=

tent TGF-B production and TGF—ﬁI mRNA expression-in primary

LSECs. These data also suggest that LSECs serve as the source of
TGF-B for liver fibrosis. -

Yoshiji et al. demonstrated that VEGF receptor expression in-
creased in HSCs along with the development of fibrosis and that
a neutralizing anti-VEGF receptor antibody attenuated both angio-
genesis and fibrogenesis in the liver [22], using activated HSCs,
whereas we used quiescent HSCs. The result in Fig. 1 suggests that
VEGF promotes the growth of LSECs, which appears to serve as a
source of latent TGF-B, thereby increasing the hepatic levels of
TGF-B1, due to the increased number of LSECs in the early stages
of liver fibrosis (Fig. 4). Eventually, HSCs were activated and began
to express the VEGF receptor, respond to VEGF, and transition to a
more activated state. However, we cannot rule out the involve-
ment of other soluble factors, such as PDGF, which is also produced
from LSECs and stimulates HSC activation {11,23}.

Sorafenib, a multikinase inhibitor recently approved to treat
unresectable hepatocellular carcinoma, was beneficial in a model
of BDL-induced cirrhosis [24,25]. We have provided here evidence
that angiogenesis accelerates liver fibrosis. The anti-fibrotic effect
of sorafenib might be caused by its blocking of angiogenesis. More-
over, other anti-angiogenic treatments such as vatalanib [26] and
bevacizumab [27], are now being evaluated in clinical cancer treat-
ment trials. An implication of the current study is that anti-angio-
genic agents such as vatalanib and bevacizumab might be
beneficial for anti-fibrotic therapy in addition to sorafenib.
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Abstract

Background ¢ Aims: Precisely what type of cells mainly contributes to portal
fibrosis, especially in chronic viral hepatitis, such as hepatic stellate cells
(HSCs) in the parenchyma or myofibroblasts in the portal area, still remains
unclear. It is necessary to clarify the characteristics of cells that contribute to
portal fibrosis in order to determine the mechanism of portal fibrogenesis
and to develop a therapeutic target for portal fibrosis. This study was under-
taken to examine whether LRAT+/CRBP-1+ HSCs contribute to portal fibro-
sis on viral hepatitis. Methods: Antibodies to lecithin:retinol acyltransferase
(LRAT), cellular retinol-binding protein-1 (CRBP-1) and widely ascertained
antibodies to HSCs (alpha-smooth muscle actin, neurotrophin-3) and endo-
thelial cells (CD31) were used for immunohistochemical studies to assess the
distribution of cells that contribute to the development of portal fibrosis with
the aid of fluorescence microscopy. A quantitative analysis of LRAT+/CRBP-
1+ HSCs was performed. Results: The number of LRAT+/CRBP-1+ HSCs
was increased in fibrotic liver in comparison with normal liver in the portal
area and fibrous septa. The number of double positive cells was less than
20% of all cells/field in maximum. Conclusion: This study provides evidence
that functional HSCs coexpressing both LRAT and CRBP-1 that continue to
maintain the ability fo store vitamin A contribute in part to the development
of portal fibrogenesis in addition to parenchymal fibrogenesis in patients
with viral hepatitis.

Hepatic stellate cells (HSCs), also referred to as Ito cells
or fat-storing cells, have been regarded as essential cells
for liver fibrogenesis. In a normal liver, HSCs store 80~
90% of the hepatic retinoid in characteristic lipid drop-
lets as far-storing cells. When activated in the presence of
liver damage, HSCs release cytokines, primarily TGF-B,
and transform into myofibroblasts lacking fat droplets.
They then produce excessive extracellular matrix and
disrupt the liver cytoarchitecture, eventually leading to
cirrhosis and liver failure (1).

Hepatic myofibroblasts are transdifferentiated from
heterogeneous cell populations in response to a variety
of fibrogenic stimuli. Recently, there have been reports

Liver International (2014)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

that the cellular origin of fibrogenic myofibroblasts is

"HSCs, portal fibroblasts (6), other mesenchymal cells (6,

7), bone marrow cells (2-5), epithelial-like cells such as
hepatocytes or cholangiocytes (8-11) and endothelial
cells (12). Although these reports are credible, it is
unclear whether this cellular transformation occurs in
actual human liver diseases. The current consensus is
that hepatic myoﬁbrobiasts myofibroblasts generated in
parenchymal injury appear to originate from HSCs and
myofibroblasts generated in portal injury may originate
from portal fibroblasts (13). However, most of these
results ‘were obtained using cultured cells or rodent
models. There are few reports that examined the origin
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of myofibroblasts in actual human liver diseases, espe-
cially in portal injury. Therefore, it is important to
determine which type of cells contributes to portal
fibrosis in human diseased livers. '

One of the candidates that can serve as a marker of
quiescent HSCs, which store retinoids in the space of
Disse, is lecithin:retinol acyltransferase (LRAT). LRAT
activity is strongly expressed in the liver, retinal pigment
epithelial (RPE) cells, intestinal mucosa, basal keratino-
cytes, testis, lungs, etc. LRAT has been defined to play
the following roles: storing systemic retinoid in the liver,
incorporating retinol into the retina and adjusting its
concentration in the retinal pigment epithelium to
maintain visual function, adjusting the regional concen-
tration of retinoid to differentiate the epithelium in the
skin and lungs and regulating the concentration of
retinoid to maintain a level optimal for maturation of
spermatozoa in the testis (14-20).

Lecithin retinol acyltransferase is also the physiologi-
cal retinol esterification enzyme which stores retinoid in
the liver. Retinyl esters are biosynthesized by removing
the fatty acid at position sn-1 of lecithin, using cellular
retinol-binding protein-1 (CRBP-1)-bound retinol as a
substrate. The expression of LRAT in the liver is regu-
lated by the vitamin A status. Whereas hepatic LRAT
activity is low in the livers of vitamin A deficient rats,
the decreased LRAT activity is rapidly elevated by
repletion with retinol, retinoic acid or RAR-agonists
(21-23). Furthermore, LRAT activity is higher in the
non-parenchymal cell fraction than in the hepatocyte
fraction, and it is estimated that in the liver, the LRAT
activity -is specifically distributed in HSCs (15). We
previously generated antimouse and antihuman LRAT
antibodies using peptides of the amino acid sequence of
mouse hepatic LRAT and human RPE LRAT, respec-
tively, and reported that these proteins were expressed
in quiescent HSCs and endothelial cells of rodent and
human normal livers (24).

Cellular retinol-binding protein-1, one of retinol-
binding proteins, is present in a variety of tissues, and is
most highly expressed in the liver, kidneys and proximal
epididymis (25, 26). CRBP-1 is highly expressed in the
liver: hepatocytes account for more than 90% of hepatic
CRBP-1, while the concentration of the protein (per
protein- unit) in HSCs is 22 times greater than in
hepatocytes (27). In the liver, CRBP-1 mediates retinol
esterification to retinyl esters (28). CRBP1-bound reti-
nol is also the substrate of LRAT (29) and the interac-
tion between LRAT and CRBP-1 is required for this
enzymatic reaction (30). In an immunohistochemical
study, it was shown that quiescent rat HSCs express
CRBP-1 (31-33) and quiescent HSCs and myofibro-
blasts in human normal and diseased livers also express
CRBP-1, in addition to hepatocytes and cholangiocytes
express CRBP-1 (34, 35).

As described above, both LRAT and CRBP-1 are key
molecules involved in the retinoid metabolism in the
liver, and in this work we regarded cells coexpressing
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LRAT and CRBP-1 as functional HSCs that have the
ability to store vitamin A.

In this study, the in situ distribution of functional
HSCs that expressed both LRAT and CRBP-1 was exam-
ined in human normal and pathological livers, particu-
larly livers of patients with hepatitis C and B, in order to
clarify the contribution of HSCs to portal fibrosis.

Materials and methods
Human liver specimens

Human liver samples were obtained from 24 patients.
They corresponded either to percutaneous liver biopsies
(1 = 20) or large surgical specimens (n = 4). Four cor-
responded to histologically normal livers and 20 to
pathological specimens (Table. 1) with various fibrotic
stages. Non-tumourous areas in specimens resected for
liver metastasis of colon cancer and in specimens of hae-
mangioma of the liver were studied as histologically
‘normal’ livers. The stage of fibrosis and the grade of
inflammatory activity were classified according to the
METAVIR score (36). This work was performed with
the permission of the Ethics Committee for Biomedical
Research of the Jikei University School of Medicine.

Table 1. Pathological specimens

Age Sex Fibrosis*  Activityt  Aetiology
1 43 F Fo AD Metastatic liver tumor
2 60 F FO AD Metastatic liver tumor
3 35 F FO A0 Liver hemangioma
4 83 F FO AD Metastatic liver tumor
-5 55 M F1 Al HCV
6 63 F F1 A2 HCV
7 52 F F1 Al HCV
8 25 M F1 Al HBV
9 51 F F1 A2 HBY
10 58 F F2 A3 HCV
1 5 F F2 A2 HCV !
12 62 M F2 A2 HBV
13 40 M F2 A2 HBV
14 63 M F2 Al HCV
15 55 M F3 Al HCV
16 36 M F3 A3 HBV
17 40 M F3 A2 HBV
18 28 M F3 A2 HBV
19 64 F F3 A2 HCV
20 39 M F4 A2 HCV
21 47 M F4 A3 HCV
22 72 M F4 A2 HCV
23 57 M F4 Al HBV
24 70 M F4 A2 HCV

HBV, hepatitis B virus; HCV, hepatitis C virus.

*F0, no fibrosis; F1, portal fibrosis without septa; F2, portal fibrosis with
rare septa; F3, numerous septa without cirrhosis; F4, cirrhosis.

+A0, no activity; A1, mild activity; A2, moderate activity; A3, severe
activity. No. 1-4: non-tumourous area in the livers with metastasis or
haemangioma.

Liver International (2014)
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Tissue sampling and processing

A portion of the fresh tissue samples was routinely
utilized to prepare 10% buffered neutral formalin-
fixed and paraffin-embedded sections for liver pathol-
ogy diagnosis; these samples were also used for this
study. Three micrometer-thick paraffin sections of
each sample were stained with haematoxylin-eosin,
Masson’s trichrome and silver impregnation for the
diagnostic purposes.

Antibodies, immunostaining and observation

An antibody specific for human RPE LRAT (Immuno-
Biological Laboratories, Gunma, Japan), a rabbit poly-
clonal antibody against human cellular retinol-binding
protein-1 (CRBP-1) (PFL-135) (sc-30106; Santa Cruz
Biotechnology, Inc., California, CA, USA), a mouse
monoclonal antibody against human smooth muscle
actin (SMA) (IgG2a) (Clone 1A4; Dako A/S, Denmark),
a rabbit polyclonal antibody against neurotrophin-3
(NT-3) (N-20) (sc-547; Santa Cruz Biotechnology,
Inc., California, CA, USA) and a mouse monoclonal

portal area

©" parenchyma
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antibody against CD31 (IgGl, kappa) (Clone JC704;
Dako A/S, Denmark) were used for the immunohisto-
chemical studies.

The formalin-fixed specimens were embedded in par-
affin, and 3 pm-thick sections were cut for immunohis-
tochemical examination. After deparaffinization, the
sections of human liver were microwave-treated in
10 mM citrate buffer (pH 6.0) for 10 min at 95°C to
activate the antigens, then samples were allowed to cool
at room temperature for 15 min. The sections were then
rinsed with PBS, and endogeneous peroxidase was
inhibited by 0.3% hydrogen peroxide in methanol for
30 min at room temperature. After blocking the samples
with 5% goat whole serum (Immuno-Biological Labora-
tories)/PBS, the sections were incubated with antibodies
diluted in PBS against human LRAT (1:20), human
CRBP-1 (1:50), human SMA (1:500) and human NT-3
(1:50) for 60 min at room temperature. The sections
were then rinsed in PBS, and the epitopes were detected
with the Envision + system by horseradish peroxidase
detection of antirabbit or antimouse (Dako, Carpinteria,
CA, USA) for 60 min at room temperature. The immu-
noreaction was visualized by using 0.5% 3, 3’-diam-

“parenchymal

Fig. 1. (A, B): Masson-Trichrome staining of the normal and cirrhotic human liver sections. A total of 3 random fields each in the paren-
chyma, portal area.and fibrous septa (only F3, F4) were used for the quantitative analysis of each case. *portal area, **parenchyma,
***fibrous septa (C) Double immunofluorescence staining for LRAT (green labeliing).and CRBP-1 {red labelling) of human liver sections. Each
area was automnatically measured using a VH analyzer, using the Keyence software program for quantitative analysis, according to the
formula: all field - {(parenchyma area + portal branch area) = portal area.

Liver International (2014)
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inobenzidine tetrahydrochloride (DAB; Dojinkagaku,
Japan) and 0.1% hydrogen peroxide in 50 mM Tris buf-
fer (pH 7.6) at room temperature. The sections were
lightly washed, counterstained with haematoxylin, dehy-
drated in ethanol and mounted with Permount.

For double immunostaining of LRAT/SMA, LRAT/
CD31 and LRAT/CRBP-1, a Ventana XT System

Nagatsuma et al.

Benchmark (Ventana Medical Systems, Inc., Tucson, AZ,
USA) (automated immunohistochemical instrument)
was used. Double immunostaining was performed using
antibodies at the same dilutions as described above
except for CD31 (1:20). The immunoreaction was visual-
ized by using an i-View DAB and RED detection kit
(Ventana Medical Systems, Inc.) for each antibody.

Fig. 2. Immunostaining of normal METAVIR score FOAO (A, C, E, G) and fibrotic METAVIR score F2A2 (B, D, F, H) human liver sections.

(A, BY: Liver sections stained for CRBP-1 showed that HSCs (arrows) were positively stained in normal and fibrotic liver. (C, D): Liver sections
stained for LRAT showed that both HSCs (arrows) and endothelial cells {arrowheads) were positively stained in the normal and fibrotic liver.
The inset shows a higher magnification view of-a HSC. (E, F): Liver sections stained for smooth muscle actin (SMA) showed that the HSCs in
the space of Disse were hardly stained, while the myofibroblasts-around the portal-area and smooth muscle cells in small arteries in the portal
area were positively stained. (G, H): Liver sections stained for neurotrophin-3 (NT-3) showed that HSCs (arrows) were positively stained in
the normal and fibrotic liver. (CV; central vein, P; portal vein) magnification: A, C, E, G; 200, B, D, F, H; x 100, C (inset); x1,000.

Liver International (2014)
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Subsequently, double immunefluorescence staining
was evaluated. After antigen retrieval using a micro-
wave, the sections were incubated with the mixture of
anti-LRAT antibody labelled with FITC (Invitrogen
Corporation, Carlsbad, CA, USA) and anti-CRBP-1
antibody labelled with R-Phycoerythrin (Seikagaku
Biobusiness Corporation, Tokyo, Japan) at the same
dilutions as described previously for 60 min at room
temperature. The sectmns were lightly washed and
mounted with ProLong® Gold antifade reagent (Molec-
ular Probes, Eugene, OR, USA). As a negative control,
we used Negative Control Rabbit IgG (Biocare Medical,
Concord, CA, USA) at the same concentration as the
respective antibodies.

Finally, sections were examined by fluorescence
microscopy using a Biozero BZ-8000 microscope (Key-
ence Corporation, Osaka, Japan).

Quantitative evaluation of LRAT and CRBP-1 double
positive hepatic stellate cells

Quantitative evaluation of double immunoflucrescence
was performed using a fluorescence microscope (Biozero
BZ-8000; Keyence Corporation, Osaka, Japan). After
double immunofluorescence staining, the number of
LRAT+/CRBP-1+ cells/field was counted in 3 random
fields each in the parenchyma, portal area. and fibrous
septa (only F3, F4) in each case. Each area was automat-
ically measured using a VH analyzer (Keyence Corpora-
tion, Osaka, Japan). The average number of LRAT+/
CRBP-1+ cells/field was calculated in FO-F4 respectwely
(Fig. 1).

Statistical analysis

Comparisons between the two groups Were performed
using Student’s #-test. The difference betwcen groups -

was considered statistically sxgmﬁcant atpP ‘< 0. 05

Results

Immunohistochemical exammatmn of hver spemmens

Human liver qamples obtamed from 24 patients. wereq;
studied. The samples were from 10 females and 14 males
aged 25-83 years (average' 52 y&ts) Livers of various
fibrotic stages were clasSxﬁed into- PI-F4 accordmg to.

Five

their METAVIR score,
cases of viral hepamls' i

logical liver speamens in order to demonstra ejwhether .
HSCs were present in the fibrotic areas around the cen- ,

tral vein but also in portal fibrosis.

Human normal and fibrotic liver specnnens were im-

munostained with anti-CRBP-1, anti-LRAT, anti-SMA
and anti-NT-3 antibodies. HSCs in the space of Disse
were positively stained for both CRBP-1 and LRAT in
the normal and fibrotic liver specimens (Fig. 2A-D). In
addition, the endothelial cells of the portal vein and

Liver International (2014)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.
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sinusoids were stained with the anti-LRAT antibody
(Fig. 2C,D). Smooth muscle actin (SMA), an actin iso-
form, can be regarded as a good marker for identifica-
tion of activated HSCs (37). HSCs in the space of Disse
were barely stained for SMA, in contrast to the CRBP-1
and LRAT staining, although the myofibroblasts in the
portal area and fibrous fascicles were positively stained
(Pig. 2E,F). NT-3, a neurotrophic factor, is also

regarded to be a marker identifying HSCs (38, 39). In
this study, HSCs in the space of Disse were positively
stained for NT-3, as well as LRAT and CRBP-1, in the
normal and fibrotic liver specimens (Fig. 2G,H).
Double immunostaining for LRAT and SMA in
human cirrhotic liver specimens showed that SMA was

(brown labelling) and
a ver (METAVIR score of

| A was posmve in the fibrous fascicles. On the other hand,
afew LRAT positive cells (arrows) were observed in the parenchyma
and fibrous septa. The inset shows a higher magnification view of a

(B) Double immunostaining for LRAT (brown labelling) and CD31
(red labelling) of the human liver (METAVIR score.of F1A1). CD31

- was positive in endothelial cells in the sinusoid and portal area.

LRAT was positive in both HSCs (arrows) and endothelial cells in the
sinusoid: magnification: x200, insetx 1000.
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strongly positive in fibrous fascicles, while LRAT was
mainly positive in HSCs in the space of Disse. Some of
the LRAT positive cells in the fibrous fascicles were co-
localizated with SMA positive cells (Fig. 3A). Double
immunostaining for LRAT and CD31 in the human
liver specimens revealed positivity for CD31 in endothe-
lial cells in the sinusoid and portal area and positivity
for LRAT in both HSCs (arrows) and endothelial cells
in the sinusoid (Fig. 3B).

Double immunostaining for LRAT and CRBP-1 in
the human liver specimens showed LRAT+/CRBP-1+
cells in HSCs in the parenchyma (arrows) and myofi-
broblasts in the portal area (arrowheads) (Fig. 4A). The
double immunofluorescence staining for LRAT and
CRBP-1 in the human fibrotic liver detected by fluores-
cence microscopy showed colocalization of both mark-
ers in the HSCs in the parenchyma (Fig. 4B-D).

Subsequently, to investigate the relationship between
the distribution of LRAT+/CRBP-1+ cells and liver
fibrosis, double immunofluorescence staining for LRAT
and CRBP-1 was performed for all 24 cases. The number
of LRAT+/CRBP-1+ cells/field was counted in 3 random
fields each in the parenchylna, portal area and fibrous
septa (only F3 and F4) in each case. The numbers in the
upper left: corner of each image indicate the average
number of LRAT+/CRBP-1+ cells/mm?. In the paren-
chyma, the number of LRAT+/CRBP-1+ cells in the
space of Disse was not significantly different among
FO-F4 (Fig. 5A-E). In the portal area, LRAT+/CRBP-1+

Nagatsuma et al.

cells were hardly seen in normal liver (Fig., 5F). In F1
and F2, the LRAT+/CRBP-1+ cells were observed mainly
at the periphery of the portal area (arrows) (Fig. 5G,H).
The number of both positive cells was almost same in
F1 and F2. In F3, F4, a large number of double positive
cells were seen more than in F1 or F2 (Fig. 5L]). In
addition, in the fibrous septa in F3 and F4, a larger
number of positive cells were seen than in the portal
area of F3 or F4 (Fig. 5K,L).

Statistical analysis (Fig. 6) showed that the average
number of positive cells in the parenchyma was not sig-
nificantly different. The number of F0 in the portal area
was statistically different from the number of F1 to F4
(a-b: P <0.005; a-c: P <0.0002; a-d: P <0.03; a-e:
P < 0.04). In addition, the average number of double
positive cells was increased with the progression of
fibrosis. Moreover, the average number of fibrous septa
in F3 and F4 was statistically different from that of the
portal area in F1 and F2 (b-f: P < 0.005; c-f: P < 0.003;
b-g: P < 0.0001).

Discussion

HSCs in the space of Disse definitively contribute to
fibrogenesis in parenchymal injury, such as alcoholic
liver disease and non-alcoholic steatohepatitis, by trans-
differentiation to activated HSCs (myofibroblasts). On
the other hand, the origin of fibrogenic cells associated
with portal fibrosis was unclear. Some agree that the

Fig. 4. (A) Double immunostaining for LRAT (red labelling) and CRBP-1 (brown labelling) of the human liver (METAVIR score of F2A2).
LRAT+/CRBP-1+ cells were observed in HSCs in the parenchyma {(arrows) and myofibroblasts in the portal area (arrowheads). (B-D) Double
immunofluorescence staining for LRAT (green labelling) and CRBP-1 (red labelling) of human fibrotic liver with a METAVIR score of F2A2.
The HSC in the space of Disse showed reactivity for LRAT (8) and CRBP-1 (C), and colocalization of LRAT and CRBP-1 (ye low double label-

ling) (D). Bar 20 pm.
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()~ fibrous septa *, -

(M) . negative control

Fig. 5. Double immunofluorescence stammg for LRAT and CRBP«T in the parenchyma {A-E), portal area (F-J), and fibrous septa (K, L). The
numbers in the upper left corner of each image indicate the average number of LRAT+CRBP-1+ cells/mm?’. In the parenchyma, the number
of LRAT+/CRBP-1+ cells in the space of Disse was not significantly different among the FO-F4 tissues (A-E). In the portal area, LRAT+/CRBP-
1+ cells were hardly seen in the normal liver (F). In the F1 (G) and F2.(H) samples LRAT+/CRBP-1+ cells were seen mainly at the periphery of
the portal area (arrow). The number of both positive cells was almost the same in F1 and F2 tissues. Inthe F3 () and F4 (J) tissues, a large
number of double positive cells were seen than in the F1 (G) or F2 (H) tissues. In addition, in the fibrous septa in £3 (K) and F4 (L) tissues, a
larger number of positive cells were seen than in the portal area of F3 (1) or F4 (J) tissues. Negative contro! studies were also done using a

Negative Control Rabbit IgG (M). Bar; 20 um.

fibrogenic cells associated with portal fibrosis are portal
fibroblasts (6, 40), or the cells derived from bone mar-
row (2-5); however, a few people believe that the fibro-
genic cells are HSCs (41, 42). This study examined the
in situ distribution of HSCs that expressed: LRAT and
CRBP-1 proteins was in human normal and pathologi-
cal livers, particularly those with hepatitis B and C, to
determine their contribution to HSCs on portal fibrosis.
Some of the cells that coexpressed both LRAT and
CRBP-1 were seen in the portal area and fibrous septa,
especially in diseased liver. This result suggests that the
cells that have the characteristic profile of HSCs can

Liver International (2014)
© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd.

exist in the ﬁbrous area. This suggests that HSCs in the
space of Disse migrate from lobules to the fibrous area
or are involved with the fibrous area, since these cells
were particularly seen in fibrous expansion of the portal
area and fibrous septa than in the portal tracts. These
cells represented less than 20% of all cells/field (data not
shown). Therefore, HSCs seem to partially contribute to
a portal fibrosis. It is possible that cells other that HSCs
mainly contributed to portal fibrosis. Ramadori et al
reported that the myofibroblasts in the fibrous septa
closely resembled the (myo)fibroblasts in the portal field
according to an immunohistochemical study using
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LRAT+/CRBP1+ expression

e parenchyma f _;!_
€00 1 portal area =

5001 | afibrous septa d

400
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100 4

Fo Fi F2 F4

Fig. 6. The average ratio of the number of LRAT+/CRBP-1+ cells.
The average number of positive cells in the parenchyma (black bars)
was not significantly different. The number of FO in the portal area
(grey bars) was statistically different from the number of F1 to F4
(a-b: P < 0.005; a-c: P <-0.0002; a-d: P< 0:03;a-e: P < 0.04): In
addition, the average number of double positive cells was increased
with the progression of fibrosis. Moreover, the average number of
fibrous septa (white bar) in F3 and F4 was statistically different from
that of the portal area in F1 and F2 respectively (b-f: P < 0.005;

¢ P < 0.003; b-g: P < 0.0001).

in vivo HSC markers (6). Portal fibrogenesis may
involve HSCs as well as portal fibroblasts.
We observed that the LRAT+/CRBP-1+ cells in the

fibrous area did not contain lipid droplets in the cyto-

plasm, in contrast to the HSCs in the space of Disse.
These cells apparently do not store vitamin A. Vitamin
A from food absorbed from the small intestine is taken

up by hepatocytes (liver parenchymal cells) in the form

of retinyl ester through several metabolic steps (20).
Retinyl ester is hydrolyzed to retinol again and bound

to RBP4 in hepatocytes (43). A hlgh concentration of

retinol-bound RBP4 (holo-RBP4) in hepatocytes is

secreted into the space of Disse. Excessive retinol likely

diffuses into HSCs and becomes bound to CRBP-1.
LRAT consists of esterified retinol to retinyl esters
packed inlipid droplets in the cytoplasm. This vitamin
A storing system is-useful for maintaining the plasma
retinol level at a nearly constant concentration (~1-3 x
10 mol]L) (43) to prevent toxicity because of hypervi-
taminosis A. The concentration of retinol in the space
of Disse is apparently higher than that observed in the
plasma following its release from hepatocytes after
the ingestion of food. However, the concentration of
retinol in the fibrous area seems to be similar to the
plasma retinol level, since the blood supply in the
fibrous area is from the portal veins or hepatic arteries.
Since the retinol level as a substrate of LRAT is lower
in the fibrous area than in the space of Disse, retinyl
ester is not synthesized, even in LRAT+/CRBP-1+ cells.
There are vitamin A storing-cells in other crgans such
as the lung, kidney, intestine and pancreas (7, 44-46).
Definite lipid droplets in these sites are never seen
under normal conditions, though lipid droplets
increase in a rat hypervitaminosis A experimental
model (44). In particular, pancreatic stellate cells are
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nearly identical to HSCs and both are presumed to
share a common origin (47, 48). Stellate cells in other
organs do not store vitamin A because of the lack of
sufficient retinol as a substrate of LRAT as there is no
microenvironment like the space of Disse which pre-
sents a high concentration of retinol . This condition is
similar to the fibrous area in the human diseased liver
under normal vitamin A conditions (normal nutritive
status). Moreover, Fonseca et al. reported that fat-stor-
ing cells appear in the portal area and tibrous septa in
chronic hepatitis model using C. hepatica-infected rats
with hypervitaminosis A (42). This finding is consistent
with the hypothesis that stellate cells in lobules migrate
to the fibrous area including the portal area and con-
tribute to fibrogenesis when liver damage occurs.

In conclusion, the present results provide direct
evidence that the cells coexpressing both LRAT and
CRBP-1 proteins contribute in part to the development
of portal fibrogenesis in addition to parenchymal fibro-
genesis in patients with viral hepatitis.
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Abstract We developed an ultra-sensitive method of amino
acid analysis (AAA) for the absolute quantification of less
than 100 ng of proteins, in solution or on polyvinylidene
difluoride (PVDF) membranes using an oxygen-free chamber
for protein hydrolysis. We used a pre-label method with 6-
aminoquinolyl-V-hydroxysuccinimidyl carbamate for fluores-
cence detection, ion-pair chromatography with a reversed-
phase column, and an ultra-high-pressure high-performance
liquid chromatography. We optimized both handling- and
instrument-dependent factors for accurate quantification and
showed that the least amount of proteins to quantify was
determined by handling accuracy rather than instrumental
limit for quantification which was 0.6 fmol/amino acid. As a
new evaluation method for the handling accuracy, we adopted
the protein identification by the obtained amino acid compo-
sitions by AAA and the Swiss-Prot database search without
the restriction of species. As a result, the least amount of
starting material for AAA was 16 ng (0.24 pmol) for a solution
of bovine serum albumin (BSA), 33 ng (0.50 pmol) for BSA
on a PVDF membrane, and 44 ng (0.15 pmol) for thyroglob-
ulin on a PVDF membrane. These results demonstrate that the
ultra-sensitive AAA developed in this study is feasible for
absolute quantification of biological significant protein.
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Introduction

Amino acid analysis (AAA) is classic but plays an important
role as quantitative method in many biological, biomedical,
and food analyses. AAA has been used for determination of
absolute amount of frec amino acids, peptides, or proteins
not just for amino acid composition of proteins. The quan-
titative accuracy of AAA has recently been noted again and
many applications have been reported [1--6]. In proteomics,
mass spectrometry (MS) has become the most informative
tool and has replaced AAA as a qualitative technique and
also, most recently, as a quantitative method. Quantitative
MS requires an accurate amount of peptide or protein
calibrants; but gravimetric method based on the weighing
of solid analyte is unsuitable for the purpose since peptides
or proteins often contain unknown amount of bound salts
and/or hydrated water. AAA has become an important quan-
titative method in obtaining absolute amount of these
calibrants. Another benefit is that AAA is free of bias by
the amino acid sequence of proteins since the proteins are
completely hydrolyzed to the constituted amino acids before
AAA. Therefore, AAA is applicable to the proteins that are
not easy to be analyzed by sequence-dependent enzymatic
proteolysis plus MS such as Lys- and Arg-rich histones
(histones are inappropriate for application of MS with en-
zymatic proteolysis, because histones have many modifica-
tions on Lys and Arg residues that prevent a usage of typical
enzyme such as trypsin cleaving the carboxyl side of Lys or
Arg) or membrane proteins that possess large hydrophobic
moiety. A previously unknown histone modification, hy-
droxylation of Lys, was recently identified and quantified
by AAA [2]. In another example, the 3D structure of a
membrane protein in solution predicted by molecular dy-
namics simulations was experimentally confirmed from
quantification of intramolecular Cys-Cys bond formation
by AAA [3] (distance between two Cys residues of the
membrane protein can be estimated by quantification of
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intramolecular Cys—Cys disulfide bond formation since the
disulfide bond is formed when the two residues are posi-
tioned enough close to each other).

In the early 1950s, AAA was originally accomplished by
separation of amino acids with ion-exchange chromatography,
labeling of the amino acids with ninhydrin, and detection of
them by visible light absorbance [7, 8]. The sensitivity of the
AAA with the ninhydrin detection is not sufticient for small
amount of proteins. Therefore, many sensitive methods for
detection of amino acids have been developed based on
chemical modifications of amino acids for fluorometry
[9-12] or MS [13~15] before amino acid separation by liquid
chromatography (LC), i.e., pre-column derivatization. In the pre-
column derivatization, the hydrophobicity of amino acids can be
enhanced, facilitating their separation by reversed-phase chroma-
tography, which prevents dilution of peaks and enhances the
sensitivity of detection. These pre-column labeling methods
provide femtomole to picomole sensitivity to AAA [16, 17]. In
this study, we quantified amino acids by a pre-column derivati-
zation with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQQ) for fluorescence detection because of three reasons: the
reagent react with all amino acids including the secondary amino
acids, the derivatized amino acid are stable at room temperature,
the derivatization reaction is linear with amount of amino acids,
and the excess reagent does not disturb analysis [12].

Because of development of highly sensitive AAA, quan-
tification of free amino acids can be readily achieved in sub-
picomole level, but obtaining accurate quantity of low-
abundance proteins (less than 100 ng) after hydrolysis steps
without or less contamination from environment is far more
difficult [18, 19]. For accurate quantification of amino acids
in protein samples, following three requirements must be
satisfied.

First, protein samples must be purified and rendered
homogeneous before hydrolysis, because the amino acids
of contaminant proteins cannot be distinguished from
those of the sample proteins. A favorite method for prep-
aration of homogeneous protein samples is sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) because of its inherent high resolution and sim-
plicity. Direct hydrolysis of proteins in polyacrylamide
gels causes the liberation of large quantities of ammonia,
which hinders the use of AAA because the excessive
ammonia consumes the reagent used for the pre-column
labeling of amino acids. To circumvent this issue, the
separated proteins are electroblotted onto a polyvinylidene
difluoride (PVDF) membrane and hydrolyzed on the
membrane [20, 21]. If the protein to quantify is not
isolated from other proteins, the amount of the protein is
unknown, whereas the total amount of protein mixture can
be known by sum of multiplying amino acid amount by
the each residual mass. Second, protein samples should be
completely and quantitatively hydrolyzed to amino acids.

@ Springer

Many hydrolysis methods that utilize enzymes, strong
bases, or strong acids are available, and the proper method
depends on the aim of the analysis [22]. Hydrolysis using
hydrochloric acid (HCI) is currently universally applied to
AAA, because HCI can cleave peptide bonds completely
independent of the amino acid sequence and can easily be
removed from hydrolysates by evaporation. Except for la-
bile or inert amino acids under acidic conditions, most
amino acids are obtained quantitatively from proteins by
hydrolysis with HCI (see details in the “Experimental sec-
tion™). Furthermore, we have developed an automated hy-
drolysis system using a solid acid catalyst, which yielded
over 70 % of the amino acids recovered after conventional
hydrolysis of proteins with HCI1 [23]. Since the automated
system cannot be used for hydrolyzing electroblotted sam-
ples, HCI was used in this study.

Third, contamination from environment during many com-
plicated operations, SDS-PAGE, electroblotting, and hydroly-
sis, must be prevented or restricted. Among them, the
hydrolysis of proteins is responsible for most analysis errors
and a precise technique for handling small amounts of samples
is necessary. Then a sufficient amount of protein, typically
from one to several micrograms, has been used to overcome
the contribution from potential contaminants for obtaining an
accurate amino acid composition {17, 18]. In the previous
work, highly sensitive AAA was reviewed, in which 0.5 ug
of bovine serum albumin (BSA) in solution was hydrolyzed
and a part of them, 45 and 100 ng, was quantified [16]. Cohen
et al. investigated in detail the relationship between hydrolyzed
protein amount of sample solution and average errors in the
composition dividing the categories according to the protein
amount: trace analysis (<100 ng), high sensitivity (100-
500 ng), low intermediate (500-100 ng), high intermediate
(1,000-2,000 ng), and high (>2,000 ng) [18]. They also
showed similar investigation of dot-blotted protein solution
to membranes collected from capillary electrophoresis [24].
In both cases, a steady increase in the average error as sample
amount decreases was observed. At the high sensitivity range
for proteins on the membrane and at the trace analysis range for
protein solutions, the average errors in the composition reached
around 20 % [18, 24]. The reduction of the contamination from
environment is most critical for accurate quantification of low-
abundant proteins. The purpose of this study is that the method
to obtain meaningful results from trace analysis (the amount
hydrolyzed <100 ng of proteins both in solution and on mem-
brane) is established by improving both handling- and
equipment-dependent factors. The accuracy of AAA for less
than '100 ng of proteins was evaluated by the accuracy of
amino acid composition and by assessing whether analyzed
proteins were correctly identified from the obtained composi-
tion using the Swiss-Prot database. Only ten or a few tens of
nanograms of BSA in solution or on a blotted membrane and
thyroglobulin (TG) on a blotted membrane were correctly
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