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Abstract

Background Nonalcoholic steatohepatitis (NASH) is a
feature of metabolic syndrome. Advanced glycation end-
products (AGEs) are formed by the Maillard reaction,
which contributes to aging and to certain pathological
complications of diabetes. A recent study has suggested
that glyceraldehyde-derived AGEs (Glycer-AGEs) are
elevated in the sera of patients with NASH. Furthermore,
immunohistochemistry of Glycer-AGEs showed intense
staining in the livers of patients with NASH. The present
study aimed to examine the effect of intracellular Glycer-
AGE:s on hepatocellular carcinoma (Hep3B) cells.
Methods Cell viability was determined by the WST-1
assay. The slot blot and Western blot were used to detect
intracellular Glycer-AGEs, and their localization was
analyzed by confocal microscopy. Real-time reverse tran-
scription-polymerase chain reaction was used to quantify
the mRNA for the acute phase reactant C-reactive protein
(CRP).

Results  Glyceraldehyde (GA), which is the precursor of
Glycer-AGEs, induced a concentration- and time-depen-
dent increase in cell death, which was associated with an
increase in intracellular Glycer-AGEs formation. Amino-
guanidine (AG), which prevents AGEs formation, inhibited
the formation of intracellular Glycer-AGEs and prevented
cell death. Among the intracellular Glycer-AGEs that were
formed, heat shock cognate 70 (Hsc70) was identified as a
GA-modified protein, and its modification reduced the
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activity of Hsc70. Furthermore, intracellular Glycer-AGEs
increased the CRP mRNA concentration.

Conclusions These results suggest that intracellular Gly-
cer-AGEs play important roles in promoting inflammation
and hepatocellular death.

Keywords Advanced glycation end-products -
Glyceraldehyde - Heat shock cognate 70 - Inflammation -
Nonalcoholic steatohepatitis

Introduction

The term nonalcoholic steatohepatitis (NASH) was initially
coined by Ludwig et al. [1] to describe histopathological
findings typical of alcoholic liver disease in patients
without a history of significant alcohol abuse. NASH is one
of a group of nonalcoholic fatty liver diseases (NAFLDs)
that range from simple steatosis to steatohepatitis [2].
However, although simple steatosis appears to be a benign
and nonprogressive condition, NASH is recognized as a
potentially progressive disease that may cause cirrhosis,
liver failure, and hepatocellular carcinoma [3, 4]. NASH is
also recognized as a component of metabolic syndrome and
is associated with insulin resistance and abnormalities in
glucose and lipid metabolism [5-7]. The development of
NASH appears to involve two pathophysiologic hits, with
the first hit being steatosis, and the second hit being oxi-
dative stress, decreased hepatic ATP production, and the
induction of pro-inflammatory cytokines producing ste-
atohepatitis [8]; however, the pathogenesis of NASH
remains poorly understood.

Advanced glycation end-products (AGEs) are formed by
the Maillard reaction, a nonenzymatic reaction between the
ketones or aldehydes of sugars and the amino groups of
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proteins, which contributes to aging and to the pathological
complications of diabetes [9, 10]. Recent studies have
suggested that AGEs can arise not only from sugars but
also from carbonyl compounds derived from the autoxi-
dation of sugars and other metabolic pathways [11, 12].
Among different AGEs, there is evidence that glyceralde-
hyde-derived AGEs (Glycer-AGEs) are associated with
such cytotoxicity [13-15].

We have demonstrated that Glycer-AGEs are elevated in
the sera of patients with NASH. Furthermore, immuno-
histochemical staining of Glycer-AGEs showed intense
staining in the livers of patients with NASH [16]. These
observations led us to speculate that extracellular and
intracellular Glycer-AGEs may play roles in the patho-
genesis of NASH. In fact, the interaction of Glycer-AGEs
with the receptor for AGEs (RAGE) was found to increase
the expression of C-reactive protein (CRP) in hepatocel-
lular carcinoma (Hep3B) cells [17] as well as the expres-
sion of transforming growth factor-f and monocyte
chemoattractant protein-1 in a hepatic stellate cell line
(LI9O) [18]. In the present study, we examined the effects
of intracellular Glycer-AGEs on cultured Hep3B cells.

Materials and methods
Chemicals

All chemicals were commercial samples of high purity and
used as supplied. Glyceraldehyde (GA) was purchased from
Nakalai Tesque (Kyoto, Japan) and aminoguanidine (AG)
was obtained from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of glyceraldehyde-derived
AGEs and anti-Glycer-AGEs antibody

Glycer-AGEs-bovine serum albumin (BSA) was prepared
as described previously [19]. Briefly, 25 mg/ml of BSA
(A0281; Sigma-Aldrich) was incubated at 37°C for 7 days
under sterile conditions with 0.1 M GA and 5 mM die-
thylenetriamine-pentaacetic acid (Dojindo Laboratories,
Kumamoto, Japan) in 0.2 M phosphate buffer (pH 7.4).
The modified albumin was purified by a PD-10 column
(GE Healthcare UK, Buckinghamshire, England) chroma-
tography and dialysis against phosphate-buffered saline
(PBS). Protein concentrations were determined with the D¢
protein assay reagent (Bio-Rad Laboratories, Richmond,
CA, USA) using BSA as a standard.

Anti-Glycer-AGEs antibody was prepared and purified
as described previously [19]. Briefly, 20 ml of stock rabbit
antiserum was applied to a Glycer-AGEs-BSA-Sepharose
4B column. After extensive washing with PBS, the
adsorbed fractions were eluted with 20 mM sodium

phosphate buffer containing 2 M potassium thiocyanate
(pH 7.4). The anti-Glycer-AGEs antibody fractions were
pooled, concentrated using Centriprep-10 (Millipore,
Billeria, MA, USA), and passed through a PD-10 column.
The anti-Glycer-AGEs antibody thus obtained was loaded
onto an N-(carboxymethyl)lysine-BSA-Sepharose 4B col-
umn, which was washed with PBS to obtain the unadsorbed
fraction (anti-Glycer-AGEs antibody). The unadsorbed
fractions were pooled, concentrated with Centriprep-10,
and passed through a PD-10 column for use in this study.

Cell cultures

Hep3B cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) supplemented with 10%
fetal bovine serum (FBS; Equitech-Bio, Kerrville, TX,
USA) under standard cell culture conditions (humidified
atmosphere, 5% CO,, 37°C). The cells (1.5 x 10 cells/
cm?) were then seeded in various plates or culture dishes
(Becton-Dickinson, Franklin Lakes, NJ, USA) and incu-
bated for 24 h before the start of all experiments.

The GA and AG treatments were carried out in 2% FBS/
DMEM. The cells were incubated with various concen-
trations of GA for 24 h or 4 mM GA for 3-24 h. To
investigate the specific effects of AGEs, cells were prein-
cubated with or without 16 mM AG for 2 h and then
additionally incubated with GA.

Cell viability and apoptosis assay

Cell viability was determined by the WST-1 assay, which
measures metabolic activity. After removing the medium
from a 96-well microplate that had been used to culture
Hep3B cells as stated above, 100 pl/well of 10% FBS/
DMEM and 10 pl/well of WST-1 solution [S mM WST-1,
0.2 mM I-methoxy-5-methylphenazinium, and 20 mM
hydroxyethylpiperazine ethanesulfonic acid (HEPES) (pH
7.4); Dojindo Laboratories] were added, and the cells were
incubated for 2 h. Absorbance was then measured at 450
and 650 nm using a microplate reader (Labsystems mul-
tiskan ascent, Model No. 354; Thermo Fisher Scientific,
Kanagawa, Japan). The net difference (A450—Agso) Was
used as a measure of cell viability. Apoptosis was deter-
mined by a cell death detection enzyme-linked immuno-
sorbent assay (ELISA; Roche, Mannheim, Germany),
which measures DNA fragments. All procedures were
performed according to the manufacturers’ instructions.
The results were corrected for differences in cell number.

Preparation of cell lysate and slot blot analysis

The cells were washed with ice-cold Ca*"™ and Mg*"
free PBS [PBS (—)] and subjected to lysis buffer
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[1% TritonX-100/Nonidet P-40, 10 mM sodium fluoride,
I mM sodium orthovanadate, 5 mM sodium pyrophos-
phate, 2 mM ethyleneglycoltetraaceticacid (EGTA), 5 mM
ethylenediaminetetraacetate (EDTA), and 1x protease
inhibitor cocktail (complete, Mini; Roche)]. Subsequently,
the cell lysates were incubated on ice for 5 min and cen-
trifuged at 10,000g for 10 min at 4°C. Protein concentra-
tions were measured using the Bradford assay (Bio-Rad
Laboratories).

The resultant cell lysates (30 pg of proteins/well) were
then blotted under vacuum conditions on polyvinylidene
difluoride (PVDF; ATTO, Tokyo, Japan) membranes using
a Bio-Dot microfiltration apparatus (Bio-Rad Laborato-
ries). A biotinylated protein ladder marker (Cell Signaling,
Beverly, MA, USA) was used as a positive control. Next,
the membranes were blocked for 1 h at room temperature
using 4% skimmed milk in PBS containing 0.05% poly-
oxyethylene sorbitan monolaurate (PBS-T). After being
washed twice with PBS-T, the membranes were incubated
with rabbit anti-Glycer-AGEs antibody at a dilution of
1:250 for 1.5 h. Subsequently, the membranes were
washed twice with PBS-T and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody
(Cell Signaling) at a dilution of 1:2,000 and HRP-conju-
gated anti-biotin antibody (Cell Signaling) against the
biotinylated marker at a dilution of 1:1,000 for 1 h. After
being washed a further two times with PBS-T, the immu-
noreactive proteins were detected with ECL Western
Blotting Detection Reagents (GE Healthcare UK) using a
luminescent image analyzer (LAS-1000UVmini; Fujifilm,
Tokyo, Japan). The density of the bands was analyzed
using a Multi Gauge version 3.0 (Fujifilm). The amount of
Glycer-AGEs was calculated based on a standard curve for
Glycer-AGEs-BSA, and the results were expressed as
arbitrary units (U): 1 U corresponds to 1 pg of Glycer-
AGEs-BSA. A positive control was used to correct for
differences in density between membranes.

Neutralization of rabbit anti-Glycer-AGEs antibody

The amount of Glycer-AGEs-BSA required to neutralize
rabbit anti-Glycer-AGEs antibody was calculated based on
a standard curve of Glycer-AGEs-BSA in a competitive
ELISA. The antibody was incubated with 100 pg of Gly-
cer-AGEs-BSA for 1 h at room temperature and used for
the subsequent experiments.

Immunofluorescence staining
Cells grown on glass coverslips in a 6-well plate were
washed with ice-cold PBS (—) and fixed in methanol/ace-

tone (1:1) for 5 min at room temperature. After being
washed three times with PBS (—), the cells were blocked
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for 30 min using 4% skimmed milk in PBS-T, before being
incubated with rabbit anti-Glycer-AGEs antibody at a
dilution of 1:200 for 1 h. Subsequently, the cells were
washed three times with PBS (—) and incubated with
highly cross-adsorbed Hilyte Fluor 555-labeled goat anti-
rabbit IgG antibody (AnaSpec, San Jose, CA, USA) at a
dilution of 1:500 for 1 h. After being washed a further three
times with PBS (—), the coverslips were mounted on glass
microscope slides using VECTASHIELD mounting med-
ium (Vector Laboratories, Burlingame, CA, USA) con-
taining Hoechst 33258 solution (Dojindo Laboratories) to
label the nucleus, and confocal microscopy was performed
with a scanning confocal microscope system (LSM 510;
Carl Zeiss, Tokyo, Japan).

Western blot analysis

Cell lysates (30 pg of proteins/lane) dissolved in sodium
dodecyl sulfate (SDS) sample buffer [62.5 mM Tris—HCI
(pH 6.8), 2% SDS, 10% glycerol, and 0.01% bromophenol
blue] containing 5% 2-mercaptoethanol were boiled for
3 min at 95°C and separated by SDS-polyacrylamide gel
electrophoresis (PAGE) and electrotransferred onto PVDF
membranes. A biotinylated marker was used as a molecular
weight marker. The detection of immunoreactive proteins
was performed as described above. The primary antibodies
used were: rabbit anti-Glycer-AGEs antibody at a dilution
of 1:250, mouse anti-human heat shock cognate 70 (Hsc70)
antibody (Santa Cruz, Santa Cruz, CA, USA) at a dilution
of 1:200, and rabbit anti-human f-actin antibody (Cell
Signaling) at a dilution of 1:500. The secondary antibodies
used were: HRP-conjugated goat anti-rabbit IgG antibody
at a dilution of 1:2,000, HRP-conjugated goat anti-mouse
IgG antibody (Biosource, Camarillo, CA, USA) at a dilu-
tion of 1:5,000, and HRP-conjugated anti-biotin antibody
at a dilution of 1:1,000.

In immunoprecipitation, the cell lysates (150 pg) were
incubated for 1 h at 4°C with 2 pg of anti-human Hsc70
antibody and were captured by 40 pul of Dynabeads Protein
G (Invitrogen, Carlsbad, CA, USA) for 1 h at 4°C. The
tubes were then placed on a magnet (Dynal MPC-S;
Invitrogen) for 2 min to allow collection of the immuno-
precipitates, which were subsequently washed three times
with PBS (—), boiled with the SDS sample buffer con-
taining 10% 2-mercaptoethanol for 3 min at 95°C, and
subjected to Western blot analysis.

Real-time reverse transcription-polymerase
chain reaction analysis

Total RNA was isolated from cells with ISOGEN (Nippon
Gene, Tokyo, Japan), and 50 ng of RNA was reverse
transcribed into cDNA with the PrimeScript RT reagent kit
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Table 1 Real-time PCR primers used for this study

Gene Primer sequence

Hsc70

Forward primer 5'-CTGCTGCTATTGCTTACGGCTTA-3’
Reverse primer 5'-ACGTTTCTTTCTGCTCCAACCT-3'
CRP

Forward primer 5'-CCCTGAACTTTCAGCCGAATACA-3'
Reverse primer 5'-CGTCCTGCTGCCAGTGATACA-3’
p-Actin

Forward primer 5'-TCCACCTCCAGCAGATGTGG-3'

Reverse primer 5'-GCATTTGCGGTGGACGAT-3'

PCR Polymerase chain reaction, Hsc70 heat shock cognate 70, CRP
C-reactive protein

(Takara, Shiga, Japan) using a GeneAmp PCR System
9700 (Perkin-Elmer Applied Biosystems, Foster City, CA,
USA). Real-time PCR was performed with SYBR Premix
Ex Taq (Takara) using a Smart Cycler II System (Takara).
The reaction mixture (25 pl) contained 1x SYBR Premix
Ex Taq, 0.2 uM PCR forward primers, 0.2 uyM PCR
reverse primers, and 10 ng of cDNA as template. Primer
information is provided in Table 1. All processes were
performed according to the manufacturers’ instructions.
The expression levels of target genes were calculated using
a relative quantification method. Briefly, standard curves
were prepared for the target and control genes using serial
dilutions of a cDNA of known concentration as a template.
f-Actin was used as an endogenous control gene in order to
normalize the target gene expression values. Product
specificity was determined by melting curve analysis.
Calculation of the correlation coefficient (+?) of the linear
regression line related to the standard curve was performed
for each run, and the minimum value was 0.988.

Preparation of GA-modified Hsc70
and the chaperone assay

GA-modified Hsc70 was generated by the incubation of
3 uM recombinant human Hsc70 (StressMarq, Victoria,
BC, Canada) with 2.1 mM GA in 20 mM phosphate buffer
(pH 7.4) for 6 h at 37°C. Control Hsc70 was incubated in a
similar manner in the absence of GA. Immediately post-
incubation, the samples were subjected to an ultrafiltration
spin column (Vivaspin, 10 k; Vivascience, Hannover,
Germany) to remove any unreacted GA, and the protein
fractions were collected.

QuantiLum Recombinant Luciferase (50 nM; Promega,
Madison, WI, USA) was denatured for 15 min at 42°C in
buffer A [25 mM HEPES (pH 7.4), 5 mM MgCl,, 150 mM
KCI, 2 mM dithiothreitol (DTT), and 3 mM ATP] con-
taining either 1.7 puM BSA or the chaperone proteins
[1.7 uM Hsc70 or GA-modified Hsc70 and 2 pM Hsp40

(Stressgen, Victoria, BC, Canada)]. For renaturation, the
denatured luciferase was diluted fivefold in buffer B
[25 mM HEPES (pH 7.4), 5 mM MgCl,, 50 mM KCl,
2mM DTT, 3 mM ATP, and 50% rabbit reticulocyte
lysate (Promega)], and the reaction mixtures were incu-
bated for 1 h at 30°C. Luciferase activity was measured
using the luciferase assay system (Promega) and a lumi-
nometer (AB-2200; ATTO). An equal amount of native
luciferase was measured and defined as 100%.

Statistical analysis

All experiments were performed in duplicate and repeated at
least two to three times, with each experiment yielding
essentially identical results. Data were expressed as
mean £ SD. The significance of difference between group
means was determined by one-way analysis of variance.
P values <0.05 were considered to be statistically significant.

Results

Effect of glyceraldehyde on cell viability
in Hep3B cells

We first examined the effect of GA on cell viability in
Hep3B cells. Cell viability was determined by a WST-1
assay after 24 h incubation with GA. 1, 2, and 4 mM of GA
significantly decreased cell viability to 81.1, 46.1, and
8.4%, respectively, of the control (Fig. 1a). Furthermore,
apoptosis was determined by a cell death detection ELISA.
Two and 4 mM of GA significantly increased apoptosis to
4.8 and 6.0 times, respectively, of the control (Fig. 1b).

We next investigated whether Glycer-AGEs were
formed during GA-induced cell death. AG effectively
inhibits the formation of AGEs in vitro and in vivo [20,
21], and it is thought to act via its chelating, antioxidant,
and carbonyl trapping activities [22, 23]. The GA-induced
decrease in cell viability was almost completely restored by
pretreatment with 16 mM of AG (Fig. 1a).

GA enhanced the formation of intracellular
Glycer-AGEs in Hep3B cells

We next examined whether intracellular Glycer-AGEs
were detected by slot blot analysis, and such products were
evident at 24 h (Fig. 2a). In cells treated with 4 mM GA,
Glycer-AGEs were strongly detected, whereas few immu-
noreactive Glycer-AGEs were detected after AG pretreat-
ment. After incubation in 4 mM GA for 6 and 12 h, cell
viability was significantly decreased, to 64.6 and 11.1%,
respectively, of the control (data not shown). Intracellular
Glycer-AGEs formation also increased during this period:
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Fig. 1 Effects of glyceraldehyde (GA) in Hep3B cells. a Cell
viability was determined by the WST-1 assay. Cells were preincu-
bated with or without 16 mM of aminoguanidine (AG) for 2 h and
additionally incubated with 0—4 mM of GA for 24 h. b Apoptosis was
determined by cell death detection enzyme-linked immunosorbent
assay (ELISA). Cells were incubated with 0—4 mM of GA for 24 h.
Data are shown as the mean £ SD (an = 6, bn = 3) **P < 0.01 vs
0 mM GA

treatment with 4 mM GA for 6, 12, and 24 h increased the
amount of Glycer-AGEs to 6.9, 13.1, and 28.0 mU,
respectively (Fig. 2b). Intracellular Glycer-AGEs forma-
tion was also prevented by AG pretreatment.

In immunofluorescence staining, intracellular Glycer-
AGESs were evident after treatment with 2 or 4 mM GA and
were localized in the cytosol and nucleus (Fig. 2c). In
particular, after 4 mM GA treatment, these AGEs were
stained strongly, and morphologic changes were also evi-
dent in the nucleus.

To investigate the composition of GA-modified pro-
teins, intracellular Glycer-AGEs were analyzed by Wes-
tern blot analysis. No intracellular Glycer-AGEs were
detected after incubation with 1 mM GA for 24 h, but
some were weakly detected at 73 kDa after treatment
with 2 mM GA. After incubation with 4 mM GA, Glycer-
AGEs with three different molecular weights were
detected (84, 73, and 45 kDa). In addition, cross-linking
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and aggregation, which are characteristics of AGEs, were
observed at high molecular weights, and no immunore-
activity was evident in the presence of the AGEs inhibitor
AG (Fig. 3).

Identification of the GA-modified proteins

With respect to the nature of the major 73 kDa species of
GA-modified protein, we hypothesized that it was heat
shock protein 70 (Hsp70), based on its molecular weight
and past reports [24, 25]. The Hsp70 family consists of four
proteins. The localization of glucose-regulated proteins 78
and 75 is confined to the endoplasmic reticulum and the
mitochondria, respectively, whereas the constitutively
expressed heat shock cognate (Hsc70) and the stress-
inducible Hsp70 protein reside mainly in the cytosol and
nucleus, respectively [26]. The appearance of Hsc70 was
increased in a time-dependent fashion by 4 mM GA
(Fig. 4a, right panel), whereas the level of Hsc70 mRNA
was not changed by GA (Fig. 4b). These results provide
evidence for the reduced degradation and the acquisition of
protease tolerance by glycation. High-molecular-weight,
Hsc70-containing complexes were also evident and their
distribution closely resembled that of immunoreactive
Glycer-AGEs (Fig. 4a, left panel).

To identify GA-modified proteins, Hsc70 was immu-
noprecipitated with anti-Hsc70 antibody and probed with
an anti-Glycer-AGEs antibody. Glycer-AGEs were detec-
ted at 73 kDa as well as in the high-molecular-weight
complexes (Fig. 4c).

Effects of GA modification on the chaperone
activity of Hsc70

We generated GA-modified Hsc70 by incubating Hsc70
with GA and confirmed AGEs modification with an anti-
Glycer-AGEs antibody. Unmodified Hsc70 was not
detected under these conditions. Furthermore, GA-modi-
fied Hsc70 was present in high-molecular-weight com-
plexes (Fig. 5a), which was similar to the pattern observed
in the cell lysates (Fig. 4a, right panel).

The functional effect of the modification of Hsc70 by
GA was assessed by measuring the extent of luciferase
refolding. Luciferase was denatured in the presence of
BSA, Hsc70, or GA-modified Hsc70. In the presence of
BSA, the addition of reticulocyte lysate led to a 19%
recovery in luciferase activity after 1 h. The presence of
Hsc70 led to a significant restoration of luciferase activity
to 39% of the control, whereas GA-modified Hsc70 only
restored the activity to 26% of the control (Fig. 5b). Thus,
GA modification reduced the functional activity of Hsc70
with respect to protein refolding.
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Fig. 2 Slot blot analysis of
intracellular glyceraldehyde-
derived advanced glycation end-
products (Glycer-AGEs). The
cells were preincubated with or
without 16 mM AG for 2 h and
additionally incubated with

0—4 mM GA for 24 h (a) or

4 mM GA for 6-24 h (b). Cell

>
w
=

lysates (30 pg of protein/well)
were blotted under vacuum
conditions onto polyvinylidene
difluoride (PVDF) membranes,
and the proteins were probed
with anti-Glycer-AGEs
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curve for Glycer-AGEs-BSA.
One mU corresponds to 1 ng of
Glycer-AGEs-BSA standard.

¢ The cells were incubated in
various concentrations of GA
for 24 h. Immunofluorescence
staining of the nucleus (Hoechst
33258, blue), Glycer-AGEs
(HiLyte Fluor555, red), and
merged images (pink) are
shown. x800. a 0 mM GA,

b 1 mM GA, ¢ 2 mM GA,

d 4 mM GA

Effect of intracellular Glycer-AGEs
on the mRNA expression of CRP

Finally, to investigate whether GA modification influenced
the inflammatory function of hepatocytes, which is a
prominent feature of NASH, we examined the expression
of CRP mRNA. The expression of CRP mRNA was sig-
nificantly increased by 4 mM GA at 6 h (Fig. 6a), whereas
it was significantly suppressed by pretreatment with the
AGEs inhibitor AG (Fig. 6b).

Discussion

Insulin resistance and diabetes mellitus (DM) are common
features of the metabolic syndrome associated with obesity
and probably contribute to comorbid liver disease. Several
recent studies have indicated an enhanced prevalence and
severity of liver disease in diabetic patients [27, 28].

C--

However, the susceptibility to NASH in diabetic patients
and its precise mechanisms have not been fully addressed.

One potential mechanistic link between DM and NASH
involves AGEs. The formation of AGEs is enhanced during
DM, and compared to healthy controls or patients with
simple steatosis, serum and hepatic Glycer-AGE levels are
significantly elevated in patients with DM [16]. The
interaction of Glycer-AGEs with the AGEs receptor,
RAGE, has been linked to the induction of oxidative stress,
as well as the enhanced fibrogenic potential of cultured
human stellate cells [18]. Thus, Glycer-AGEs signaling via
RAGE and the resulting generation of reactive oxygen
intermediates may contribute to the increase in hepatic
pathology found in diabetic patients.

The present studies were designed to examine the
hypothesis that the formation of intracellular Glycer-AGEs,
induced by an excess intracellular concentration of GA due
to abnormalities in glucose and fructose metabolism, might
contribute to the development of NASH. We observed that
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Fig. 3 Western blot analysis of intracellular Glycer-AGEs. Cells
were preincubated with or without 16 mM AG for 2h and
additionally incubated with 0-4 mM GA for 24 h. Cell lysates
(30 pg of proteins/lane) were loaded onto a 10% polyacrylamide gel.
Glycer-AGEs in the protein were determined by Western blot analysis
using anti-Glycer-AGEs antibody. Size markers (kDa) are shown on
the left. Equal protein loading was estimated using anti-f-actin
antibody

GA induced concentration- and time-dependent cell death
and increased the intracellular concentration of Glycer-
AGE:s in Hep3B cells. AG, which is an inhibitor of AGEs
formation, reduced the formation of intracellular Glycer-
AGEs and prevented GA-induced cell death (Figs. 1a, 2a,
b). Furthermore, when cells were cultured in 2% FBS/
DMEM, GA did not increase the extracellular Glycer-
AGEs concentration (data not shown). Consequently, the
formation of intracellular Glycer-AGEs is associated with
cell death. In addition, this cell death occurred via apop-
tosis (Fig. 1b). Of note, some authors have reported that
hepatocyte apoptosis is a prominent feature of NASH
[29, 30].

In the liver, GA, which is a precursor of Glycer-AGEs, is
considered to be formed by two pathways: (1) the glycolytic
pathway and (2) the fructose metabolic pathway [31]. (1) In
glycolysis, the intermediate glyceraldehyde-3-phosphate
(G-3-P) is metabolized by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), eventually forming pyruvate.
With a decline in GAPDH activity, G-3-P accumulates
intracellularly. G-3-P metabolism then shifts to another
route, and the amount of GA is increased. (2) Fructose
metabolism involves fructokinase and is especially impor-
tant in the liver after a meal. Fructose is phosphorylated to
fructose-1-phosphate (F-1-P) by a specific kinase, and the
liver aldolase aldolase B can cleave F-1-P. In this case, the
products are dihydroxyacetone phosphate and GA. There-
fore, the liver more readily accumulates GA than other
organs.
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Whether the in vitro addition of GA to hepatocytes is
physiologically relevant is an important issue for further
study. Taniguchi et al. [32] demonstrated that islets
exposed to 20 mM glucose accumulated 0.025 pmol/islet
GA, whereas exposure to 10 mM GA caused an accumu-
lation of 0.12 pmol/islet GA. Based on this report,
Takahashi et al. [33] used 2 mM GA in their experiments,
which is a concentration similar to that observed using
20 mM glucose. Indeed, we observed that 2 mM GA
markedly increased the intracellular concentration of Gly-
cer-AGEs. In addition, it also has been reported that long-
term exposure to high glucose concentrations decreases
GAPDH activity in islets, which could lead to excess GA
accumulation [34].

We showed that a Glycer-AGEs modified protein of
73 kDa, which we identified to be Hsc70, was detected
earliest and in greatest abundance in GA-treated hepato-
cytes (Figs. 3, 4, 5). This Glycer-AGEs may play a critical
role in GA-induced cytotoxicity, and it is well known
that AGEs modification adversely alters protein function
[35, 36].

It has been previously reported that the Hsp family of
proteins are readily modified by reducing sugars [37, 38], and
Hsp70 has been identified as a methylglyoxal-modified
protein in yeast [38]. Furthermore, the post-translational
modification (tyrosine nitration) of Hsc70 and Hsp70 by
D-galactosamine has been shown to participate in the
induction of apoptosis and necrosis in cultured human
hepatocytes [25]. Hsc70 and Hsp70 act as molecular chap-
erones that assist in the proper folding, assembly, and
intracellular trafficking of newly synthesized proteins, as
well as in the regulation of cellular homeostasis and the
promotion of cell survival [26]. We also demonstrated that
GA modification reduced the ability of Hsc70 to refold
denatured luciferase. These data, taken together, suggest that
Hsc70 loss of function by glycation may induce cell death.

Finally, we showed that intracellular Glycer-AGEs
increased the expression of the mRNA of the acute phase
reactant CRP (Fig. 6). Recent studies have shown that the
concentration of high-sensitivity CRP is elevated in the
plasma of patients with NASH compared to that in patients
with simple steatosis and that in healthy subjects [39, 40].
The severity of liver histology in NASH patients was
strongly associated with increasing plasma hs-CRP con-
centration [40], and it was suggested that intracellular
Glycer-AGEs may trigger an inflammatory response,
which is one of the prominent features of NASH.

In summary, we demonstrated that the formation of
intracellular Glycer-AGEs induced hepatocyte cell death
and triggered an acute phase inflammatory response. These
results suggest that intracellular Glycer-AGEs may play a
critical role in the pathogenesis of NASH and may serve as
potential targets for therapeutic intervention.
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Fig. 5 Effects of glyceraldehyde modification on the chaperone
activity of Hsc70. a Three pM Hsc70 was incubated with or without
2.1 mM GA for 6 h at 37°C. The samples (0.75 pg of proteins/lane)
were loaded onto a 10% polyacrylamide gel and probed with anti-
Glycer-AGEs antibody (left panel) and anti-Hsc70 antibody (right
panel). b Luciferase was denatured for 15 min at 42°C in the presence
of 1.7 uM BSA, Hsc70, or GA-modified Hsc70. The luciferase
activity was measured after 1 h incubation at 30°C with 50%
reticulocyte lysate. The mean of three independent measurements is
given. Data are shown as mean + SD **P < 0.01 vs B, P <0.05 vs
H. H Hsc70, G GA-modified Hsc70, B BSA

GA(mM) +AG
Fig. 6 Effects of intracellular Glycer-AGEs on the mRNA expres-
sion of C-reactive protein (CRP). a Cells were incubated with 4 mM
GA for 3 or 6 h. b Cells were preincubated with or without 16 mM
AG for 2 h and additionally incubated with 4 mM GA for 6 h. The
levels of mRNA expression were analyzed by a real-time RT-PCR
method, and the result was normalized to the f-actin mRNA level.
Data are shown as mean £ SD (n = 3) *P < 0.05, **P < 0.01 vs
0 mM GA, #P < 0.01 vs 4 mM GA
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