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Abstract

Nitric oxide (NO) participates in the cell death induced by D-Galactosamine (D-GalN) in hepatocytes, and NO-derived
reactive oxygen intermediates are critical contributors to protein modification and hepatocellular injury. It is anticipated that
S-nitrosation of proteins will participate in the mechanisms leading to cell death in D-GalN-treated human hepatocytes. In the
present study, D-GalN-induced cell death was related to augmented levels of NO production and S-nitrosothiol (SNO)
content. The biotin switch assay confirmed that D-GalN increased the levels of S-nitrosated proteins in human hepatocytes. S-
nitrosocysteine (CSNO) enhanced protein S-nitrosation and altered cell death parameters that were related to S-nitrosation of
the executioner caspase-3. Fifteen S-nitrosated proteins participating in metabolism, antioxidative defense and cellular
homeostasis were identified in human hepatocytes treated with CSNO. Among them, seven were also identified in D-GalN-
treated hepatocytes. The results here reported underline the importance of the alteration of SNO homeostasis during D-GalN-
induced cell death in human hepatocytes.
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Introduction plays an important role in the homeostatic regulation
of the central nervous, immune, and cardiovascular
systems [6—9]. In addition to its interaction with
guanylate cyclase, which results in the production of

: 5 3 1l 3 the second messenger cyclic GMP, there is now a large
[1] causing a transient arrest in the cellular transcrip- body of evidence indicating that S-nitrosation of

tion and protein synthesis, that alters hepatocellular cysteine thiols constitutes a significant route through
function. Nevertheless, the exact molecular mechan- which NO bioactivity is transduced. S-nitrosothiols
isms responsible for D-GalN-induced apoptosis and/or (SNOs), derived from proteins, peptides and aminoa-
necrosis in hepatocytes are not well understood. We  ¢ids, supply cellular compartments and extracellular
have previously shown that nitric oxide (NO) mediates ~ fluids with NO bioactivity. S-nitrosation of the
D-GalN-induced cell death in rat and human  thiol group of cysteine has emerged as the prototype
hepatocytes [2-5]. NO is a diatomic free radical that = redox-based post-translational modification that is

Hepatic injury induced by D-Galactosamine (D-GalN)
is a suitable experimental model of hepatocellular
injury. D-GalN depletes the intracellular pool of UTP
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increasingly becoming recognized as a ubiquitous
regulatory reaction comparable to phosphorylation
[10—13]. It has been proposed that disruption or
deregulation of SNOs signalling leads to impairment of
cellular function and disease [12].

Both cytoprotective and cytotoxic effects of NO
have been demonstrated in the liver and S-nitrosation
of proteins appears to be involved in some of the
mechanisms responsible for these dual roles. Thus,
NO can induce apoptosis through the accumulation of
pro-apoptotic factors like p53, ceramide or the
activation of c-jun N-terminal kinase/stress-activated
protein kinase and p38 kinase [14]. However, NO can
inhibit apoptosis in multiple types of cells, including
hepatocytes, inhibiting caspase activity through S-
nitrosation of the active site cysteine residue [15-16].
The present study was aimed to explore the role of
protein S-nitrosation during D-GalN-induced cell
death in human hepatocytes. In addition, using a
proteomic approach, we were able to identify 15 S-
nitrosated proteins, participating in metabolism,
antioxidative defense and cellular homeostasis, in
human hepatocytes treated with the cell permeable
nitrosothiol CSNO. Among them, seven were also
identified in hepatocytes treated with D-GalN.

Materials and methods
Materials

All reagents were from Sigma Chemical Co. (St Louis,
Missouri, TX, USA) unless otherwise stated. DME:
Ham-F12 and William’s E culture mediums were
obtained from Sigma Chemical Co. and Applichem
(Applichem GmbH, Darmstadt, Germany), respect-
ively. CSNO was synthesized as described elsewhere
[17] by incubation of L-cysteine with acidified
sodium nitrite and quantification by absorbance at
334nm using a molar absorption coefficient of
0.74mM 'cm™'. Antibiotics—antimycotic solution
and fetal bovine serum were from Life Technologies
Inc. (Paisley, UK). The study protocols comply with
the Institution’s guidelines.

Preparation of primary human hepatocytes, cell culture
and sample preparation

Liver resections were obtained after written consent
from 13 patients (6 women, 7 men; 45 *+ 16 years old)
submitted to surgical intervention for primary or
secondary liver tumor. Cell isolation was carried out
through ex vivo collagenase perfusion as described by
Ferrini et al. [18]. Liver was first perfused with a non-
recirculating washing solution I (20mM HEPES,
120mM NaCl, 5mM KCl, 0.5% glucose, 100 pM
sorbitol, 100 pM manitol, 100 pM GSH, 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B) pH 7.4 at a flow of 75 ml/min in
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order to remove blood cells. Afterwards, liver was
perfused with a non-recirculating chelating solution II
(0.5mM EGTA, 58.4mM NaCl, 5.4mM KCI,
0.44 mM KH,PO,, 0.34 mM NaHPO,, 25mM N-
tris(hydroxymethyl(methylglycine, 100 wM sorbitol,
100 M manitol, 100 puM GSH, 100 U/ml penicillin,
100 pg/ml streptomycin, 0.25 wg/ml amphotericin B)
pH 7.4 at a flow of 75 ml/min. Liver was further
perfused with recirculating isolation solution III
(0.050% collagenase, 20mM HEPES, 120 mM
NaCl, 5mM KCl, 0.7mM CaCl,, 0.5% glucose,
100 pM sorbitol, 100 uM manitol, 100 phM GSH,
100U/ml penicillin, 100 pg/ml streptomycin,
0.25 pg/ml amphotericin B) pH 7.4 at a flow of
75 ml/min. Cell suspension was filtered through nylon
mesh (250 ) and washed three times at 50¢ 5 min 4°C
in supplemented culture medium. DEM:Ham-F12
and William’s E mediums (1:1) were supplemented
with 26 mM NaHCO;, 15mM HEPES, 0.292 gr/l
glutamine, 50 mg/l vitamin C, 0.04 mg/l dexametha-
sone, 2mg/l insulin, 200 pg/l glucagon, 50mg/l
transferrin, 4ng/l ethanolamine). Cell viability was
consistently >85%, as determined by trypan blue
exclusion. Hepatocytes (150,000 cells/cm?) were
seeded in type I collagen-coated dishes (Iwaki,
Gyouda, Japan) and cultured in culture medium
containing 5% fetal calf serum for 4 h. Afterwards, the
medium was removed and replaced by fresh culture
medium without fetal bovine serum. The study was
initiated 24h after seeding of the cells to allow
stabilization of the culture. A kinetic study (0—48 h) of
cell damage by D-GalN (40 mM) was carried out in
cultured hepatocytes. Culture medium was collected
and stored at —80°C for the measurement of lactate
dehydrogenase (LDH) activity. Cells were washed
with PBS, scraped and resuspended in non-denatur-
ing lysis solution (50 mM Tris—HCI, pH 7.4, 300 mM
NaCl, 5mM EDTA, 0.1 mM neocuproine, 1% Triton
X-100 and 1 mM PMSF plus aprotinin and leupep-
tin), incubated on ice for 15 min, and centrifuged at
10,000g, 4°C for 15 min. Supernatant was collected
and protein was quantified with Bradford reagent
(Bio-Rad, Hercules, CA, USA).

Apoprotic cell death assay

Apoptosis was measured with cell death detection
enzyme-linked immunosorbent assay plus (Roche
Diagnostic, Barcelona, Spain) according to the
manufacturer’s instruction. Briefly, cell lysates equiv-
alent to 10> cells were incubated with both anti-
histone antibody labelled with biotin and anti-DNA
antibody conjugated with peroxidase in streptavidin-
coated microplates for 2h. Microplate wells were
washed and incubated with substrate for colorimetric
measurement at wavelength 405 nm with reference at
490 nm.
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Measurement of lactate dehydrogenase release

LDH was measured by modification of a colorimetric
routine laboratory method (17). Briefly, a volume of
culture medium or cell lysate ranging from 50—-200 p.l
was incubated with 0.2mM B-NADH and 0.4 mM
pyruvic acid diluted in PBS pH 7.4. LDH concen-
tration in the sample was proportional to the linear
decrease in the absorbance at 334 nm. LDH concen-
tration was calculated using a commercial standard.

Measurement of NO production and SNO content

The hepatocyte NO production was estimated by
measuring its stable end products, nitrite plus nitrate,
in culture medium, using a NO analyzer (NOA 280i;
Sievers Instruments, Boulder, CO, USA). Briefly, a
volume (200 l) of culture medium was deproteinated
and injected into a purge vessel where nitrite—nitrate
content was reduced back to NO with a vanadium
reducing mixture at 90°C. NO was carried on a
constant current of nitrogen gas to a reaction
chamber, and the light emitted from the chemilumi-
nescence reaction between NO and ozone was
detected by a photomultiplier tube. Calibration of
the magnitude of NO production was determined
from the signal obtained from nitrite concentration
standards. High molecular weight SNOs in hepatocyte
lysates were also detected by chemiluminescence
using a NO analyzer, following the method described
by Feelisch et al. [19]. Briefly, proteins were
precipitated with acetone for 20 min at —20°C, the
pellet was resuspended in non-denaturing lysis
solution, and 50 wl of this suspension was injected in
the purge vessel containing 5 ml of 45 mM potassium
iodide (KI) and 10 mM iodine (I,) in glacial acetic
acid, at 60°C, purged continuously with nitrogen. As a
control for detection of S-nitrosated proteins, lysates
were incubated with 4.5 mM HgCl,, which selectively
cleavages S—NO bonds, for 10 min at room tempera-
ture followed by 20 min incubation at 4°C, before
acetone precipitation. All steps were carried out
avoiding light exposure. A stock solution of nitroso-
glutathione (GSNO) was used to generate a standard
curve.

Detection of protein S-nitrosation by the biotin switch
method

The procedure was performed according to the protocol
by Jaffrey et al. [20]. Briefly, hepatocyte lysates
were incubated with 20 mM methyl methanethiosulfo-
nate (Sigma) followed by acetone precipitation.
Precipitates were centrifuged and resuspended in
HENS buffer (250mM HEPES pH 7.7, 1mM
EDTA, 0. 1 mM neocuproine, and 1% SDS) and then
incubated with 1 mM ascorbic acid and 4 mM N-[6-
(biotinamido)hexyl]-3/-(2/-pyridyldithio) propionamide

(Biotin—-HPDP, Pierce, Rockford, IL, USA) for 1h.
Because biotin—-HPDP is cleavable under the reduced
conditions, prepared samples were loaded onto SDS-
PAGE gels without dithiothreitol. All steps preceding
SDS-PAGE were carried out in the dark. Biotinylated
samples were then detected by Western Blot analysis
using a primary monoclonal anti-biotin antibody
(Sigma), a secondary antibody coupled to horseradish
peroxidase (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) and the ECL advance detection
system (Amersham Biosciences, Uppsala, Sweden).

Purification of S-nitrosated proteins

Hepatocyte lysates (3—4 mg protein) were biotinylated
as described above. Biotin—-HPDP was removed by
acetone precipitation and centrifugation, and the
pellet was resuspended in HENS buffer as above. Two
volumes of neutralization buffer (20 mM HEPES pH
7.7, 100mM NaCl, 1 mM EDTA and 0.5% Triton
X-100) was added, and EZview™ Red streptavidin—
agarose (Sigma) was added to purify biotinylated
proteins. Biotinylated proteins were incubated with
the resin for 1h at room temperature, washed five
times with neutralization buffer adjusted to 600 mM
NaCl, and then incubated with elution buffer (20 mM
HEPES pH 7.7, 100mM NaCl, 1mM EDTA and
100 mM 2-mercaptoethanol) for 20 min at 37°C with
gentle agitation to recover the bound protein.
Supernatants were collected and proteins were
separated in 10% SDS-PAGE gels, which were stained
with Sypro Ruby protein stain (Biorad).

Western blot analysis for caspase-3 processing

Proteins (100 pg) were separated in 12% SDS-PAGE
and transferred to nitrocellulose. The expression of
caspase-3 active fragment was determined by Wes-
tern-blot analysis by the incubation of membranes
with the corresponding commercial primary and
secondary antibodies coupled to horseradish peroxi-
dase (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) and revealed using the ECL Advance
detection system (Amersham Biosciences, Uppsala,
Sweden).

Assay for caspase-3-like activity

Caspase-3-like activity in lysates (25 pug) was
measured using the corresponding peptide-based
substrate (Ac-DEVD-AFC, 100 uwM) in caspase-
incubating buffer (50 mM HEPES pH 7.5, 100 mM
NaCl, 10% sucrose, 0.1% CHAPS, 1 mM EDTA and
5mM DTT) up to 100 pl total volume. The increase
in fluorescence (Ex 400 nm/Em 505 nm) of enzymati-
cally released AFC was recorded using a GENios
Reader (TECAN, Salzburg, Austria).
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Protein identification

Gel bands were excised using a robotic workstation
(Investigator™ Propic™, Genomics Solutions, Ann
Harbor, MI, USA) and were trypsin-digested using
a robotic digestion system (ProGest™, Genomic
Solutions). Tryptic digests were then analyzed on a
MALDI-ToF/ToF 4700 Proteomics Analyzer
(Applied Biosystems, Foster City, CA, USA).
Mass spectrometry data were searched against the

human protein database from MSDB using Mascot
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search engine (Matrix Science Inc., Boston, MA,
USA).

For the ESI-MS/MS analysis, microcapillary
reversed phase LLC was performed with a CapLCTM
(Waters, Milford, MA, USA) capillary system.
Reversed phase separation of tryptic digests were
performed with an Atlantis, C18, 3pum,
75 pm X 10cm Nano Ease™ fused silica capillary
column (Waters) equilibrated in 5% acetonitrile, 0.2%
formic acid. After injection of sample (18 pl) the
column was washed during 5 min with the same buffer
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Figure 1. D-GalN induces apoptosis followed by necrosis in human primary hepatocytes. Panel A, hepatocytes were treated with 40 mM D-
GalN for the indicated hours and the apoptotic level was measured by enzyme-linked immunosorbent assay for cytosolic histone-associated
DNA fragment. Using this assay, an apoptotic level of 0.478 * 0.054 was observed in hepatocytes treated for 24 h with 10 ng/ml TNF-alpha
and 15 ng/ml Actynomicin D. Data are the mean * SE of 5 different experiments. Panel B, the caspase-3 active fragment was detected by
Western blotting from the hepatocytes treated with 40 mM D-GalN for the indicated times. The image is representative of five independent
experiments. Panel C, cell necrosis was determined by measuring the release of LDH activity from hepatocytes into the culture medium. Data

are the mean * SE of five different experiments.
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Figure 2. Treatment of human primary hepatocytes with D-GalN increases NO production and SNO levels. Panel A, hepatocytes were
treated with 40 mM D-GalN for the indicated hours and the NO production was estimated by measuring its stable end products, nitrite plus
nitrate, in culture medium. The treatment of hepatocytes with interleukin 1-beta (10ng/ml), interferon gamma (25ng/ml) and
lipopolysaccharide (2 pg/ml) as a control produced a peak level of nitric oxide production (430 £ 28 uM NO,) at 24h. Data are the
mean * SE of 5 different experiments. Panel B, hepatocyte lysates were incubated in presence or absence of HgCl, and subsequently subjected
to acetone precipitation. The NO released following reduction in acidic KI/I, was detected by chemiluminescence. S-GSNO was used to
generate an standard curve. Panel C, the HgCl, sensitive NO signal was quantified as a measurement of S-nitrosated proteins in hepatocytes

treated for the indicated hours with D-GalN.

and the peptides were eluted using a linear gradient of
5-50% acetonitrile in 30 min at a constant flow rate
of 0.2 pl/min. The column was coupled online to a
Q-TOF Micro (Waters) using a PicoTip nanospray
ionization source (Waters). The heated capillary
temperature was 80°C and the spray voltage was 1.8—
2.2kV. MS/MS data were collected in an automated
data-dependent mode. The three most intense ions in
each survey scan were sequentially fragmented by
collision-induced dissociation (CID) using an isolation
width of 2.5 and the relative collision energy of 35%.
Data processing was performed with MassLynx 4 and
ProteinLynx Global Server 2 (Waters).

Statistical analysis

Results are expressed as means with their correspond-
ing standard errors. Comparisons were made using
ANOVA with least significant difference (LLSD) test.
Statistical significance was set at p = 0.05.

Results

D-GalN induced apoptosis followed by necrosis in human
hepatocytes

D-GalN has been previously shown to induce
apoptosis and necrosis in cultured rat hepatocytes
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[21]. The concentration of D-GalN (40mM),
previously described to be able to enhance intracellu-
lar oxidative stress [21], was selected. D-GalN
enhanced apoptosis (Figure 1A,B) and necrosis
(Figure 1C) in primary culture of human hepatocytes.
Treatment of human hepatocytes with D-GalN
induced a clear apoptotic response at the 6, 12, and
18-h points, decreasing at the latest time points of the
study (Figure 1A). The cell death assay detects only
the end point of apoptosis, so we did not observe
significant increases of cell death at earlier time points.
However, a pro-apoptotic signal was already evident
2h after D-GalN administration, as shown by the
presence of the active fragment of caspase-3
(Figure 1B), although this activation was not
maintained during later time points of the study.
The active fragment of caspase-3 was detected in all
samples, and we cannot exclude low levels of caspase-
3 activation slightly increasing with culture time in
control hepatocytes. However, D-GalN treated
samples showed a much lower active fragment band
intensity compared to their respective controls at 12
and 24 h. This reduction of the apoptotic response was
related to the high necrotic effect of D-GalN observed
at the longest time points of the study (24-48h)
(FigurelA,C).

D-GalN augmented the levels of nitric oxide and high
molecular weight S-nitrosothiols in human hepatocytes

Treatment of hepatocytes with D-GalN resulted in an
enhanced level of NO production, as indicated by the
higher levels of its stable end products, nitrite plus
nitrate, in culture medium (Figure 2A). Furthermore,
D-GalN treatment also increased the high molecular
weight SNO content in hepatocytes. Cell lysates
were incubated in presence or absence of HgCl, and
subsequently subjected to acetone precipitation. The
NO released following reduction in acidic KI/I, was
detected by chemiluminescence. Results in
Figure 2B,C, demonstrate increases in the NO signal
in hepatocytes treated with D-GalN, that were
sensitive to the incubation with HgCl,, consistent
with the formation of S-nitrosated proteins. Using this
approach, we were not able to detect SNO in control
hepatocytes.

D-GalN 1increased the levels of S-nitrosated proteins
in human hepatocytes

We next evaluated whether the biotin-switch method
might detect changes in the S-nitrosated protein
pattern of hepatocytes after D-GalN treatment. As
shown in Figure 3, using this method, the incubation
of hepatocytes lysates with GSNO, a reagent that can
transnitrosate protein cysteines, resulted in biotiny-
lated proteins that were detected by western blot. This
method was also capable to detect the increase in
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protein S-nitrosation in D-GalN treated hepatocytes.
This increase was observed after 12 and 24h of
treatment with the hepatotoxin (Figure 3). Endogen-
ously biotinylated proteins were detected in the
absence of ascorbate or HPDP-biotin. Importantly,
the increase in S-nitrosated proteins after D-GalN
treatment was abolished if hepatocytes were pre-
treated with L-NAME, a competitive inhibitor of the
nitric oxide synthase activity (Figure 3).

S-nitrosocysteine also enhanced protein S-nitrosation
and altered cell death parameters in human hepatocytes

To address whether the S-nitrosation of proteins
might be responsible for the alteration of cell death
parameters observed in D-GalN-treated hepatocytes,
we tested if the treatment of human hepatocytes
with CSNO could mimic this effects. CSNO is a
membrane-permeable physiological nitrosothiol [22]
that is capable to participate in transnitrosation
reactions. Hepatocytes treated with CSNO, in the
absence or presence of D-GalN, showed an increase in
S-nitrosated proteins that were detected using
chemiluminescence (data not shown) and the biotin
switch method (Figure 4). Using this latter method
the pattern of S-nitrosated proteins in CSNO-treated
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Figure 3. Detection of S-nitrosated proteins in human hepatocytes.
Hepatocyte lysates were subjected to the biotin switch assay to detect
S-nitrosated proteins. L-NAME (0.5mM) was administered 2h
before D-GalN (40 mM) to cultured hepatocytes. Lane 1, 12h
control hepatocytes lysate pre-incubated 20 min with 200 pM S-
GSNO; lanes 2 and 3, lysates from 12 h control and D-GalN-treated
hepatocytes, respectively; lanes 4 and 5, lysates from L-NAME-
pretreated 12h control and D-GalN-treated hepatocytes,
respectively; lane 6 and 7, lysates from 24 h control and D-GalN-
treated hepatocytes, respectively. In order to establish the specificity
of the assay and to detect endogenous biotinylated proteins, lysates
from 24 D-GalN treated hepatocytes were processed in the absence of
ascorbate (lane 8) or in the absence of HPDP-biotin (lane 9).
Endogenous biotinylated proteins with molecular weight higher than
100kDa were detected in all samples. The remaining specific
nitrosated proteins in the blots are indicated with arrows. The image
is representative of three different experiments.
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Figure 4. S-nitrosation of proteins in human hepatocytes after treatment with D-GalN and/or CSNO. Hepatocytes were treated for the
indicated times with 40 mM D-GalN and/or different concentrations of CSNO and the cell lysates were subjected to the biotin switch assay to
detect S-nitrosated proteins. Endogenous biotinylated proteins with molecular weight higher than 100 kDa were detected in all samples. The

image is representative of three different experiments.

hepatocytes was strikingly similar to that obtained
in D-GalN-treated hepatocytes. The increase in S-
nitrosation of proteins in hepatocytes was related to
CSNO concentration (Figure 4). CSNO also altered
cell death parameters in human hepatocytes, as shown
in Figure 5. The nitrosothiol not only did not induce
apoptosis in human hepatocytes but abolished the
apoptotic response in D-GalN-treated hepatocytes
(Figure 5A). This effect was related to an important
increase in the necrotic response observed at the late
times (12h) of the study. As shown in Figure 5B,
CSNO induced a pronounced concentration-depen-
dent necrotic effect, in the absence or the presence of
D-GalN.

S-nitrosation of caspase-3

NO interferes with apoptotic responses through S-
nitrosation of the active site cysteine of members of
the caspase family of proteins [23—28]. Therefore,
we next investigated if the alteration of cell death
parameters by treatment of human hepatocytes with
D-GalN or CSNO could be related to the S-
nitrosation of executioner caspase-3 and the con-
comitant inhibition of its catalytic activity. Treatment
of human hepatocytes with D-GalN or CSNO resulted

in inhibition of caspase-3 like activity. Furthermore,
this inhibition was partially reverted when lysates from
CSNO-treated hepatocytes were preincubated with
DTT (Figure 6A). However, in lysates from D-GalN-
treated hepatocytes, this improvement after preincu-
bation with the thiol reductant, was not significant
(Figure 6A). In agreement with these results, caspase-
3 was clearly detected among the purified S-nitrosated
proteins in lysates from hepatocytes after treatment
with 5mM CSNO, but only a faint caspase-3 band
was observed in the case of 24h treatment with
D-GalN (Figure 6B).

Identification of other S-nitrosated proteins

The results described above suggested the S-nitrosa-
tion of caspase-3 in human hepatocytes when cultured
in the presence of CSNO. However, the S-nitrosation
of caspase-3 was not so evident in D-GalN-treated
hepatocytes. Thus, it was necessary to identify the S-
nitrosated proteins arising after the addition of the
hepatotoxin. As the biotin switch assay is amenable to
a proteomic analysis, experiments were performed to
identify S-nitrosated proteins in human hepatocytes
treated with D-GalN or CSNO. Hepatocyte lysates
were subjected to the biotin-switch assay and the
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Figure 5. CSNO altered cell death in human hepatocytes. Panel A,
hepatocytes were treated with 40 mM D-GalN or the indicated
concentrations of CSNO for 6h and the apoptotic level was
measured by enzyme-linked immunosorbent assay for cytosolic
histone-associated DNA fragment. Data are the mean * SE of 5
different experiments. Panel B, the necrotic level of cell death was
determined by measuring the release of LDH activity from
hepatocytes (12h) into the culture medium. Data are the
mean * SE of five different experiments.

resulting biotinylated proteins purified by immobiliz-
ation in streptavidin-agarose and elution with 2-
mercaptoethanol. As the biotin is incorporated via a
disulfide bond and elution is carried out in reducing
conditions, endogenously biotinylated proteins are
not purified. The purified proteins were separated
by SDS-PAGE, and the coomassie-stained bands
(Figure 7) were excised from the gel, trypsin-digested
and the corresponding proteins identified by MALDI-
TOF and peptide mass fingerprinting. Alternatively,
the mixture of proteins eluted from the streptavidin—
agarose were directly analyzed using ESI-MS/MS,
obtaining protein sequence tags for the identification.
The S-nitrosated proteins identified using both
methods are listed in Table I. Fifteen S-nitrosated
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proteins, participating in metabolism, antioxidative
defense and cellular homeostasis, were identified
in human hepatocytes treated with CSNO. Among
them, seven were also identified in hepatocytes treated
with D-GalN (Table I).

Discussion

The damage induced by D-GalN in cultured
hepatocytes is an appropriate experimental model of
hepatocellular injury. We have previously shown that
oxidative stress and nitric oxide-derived reactive
intermediates are critical contributors to protein
modification and hepatocelular injury [2,4,21]. In
this sense, the treatment of human hepatocytes with
D-GalN induced the tyrosine nitration of several
proteins involved in cellular energy content and
homeostasis [4]. We hypothesized that other NO-
related post-translational modifications, such as S-
nitrosation, might also participate in the mechanisms
leading to cell death in D-GalN-treated human
hepatocytes. D-GalN caused apoptosis followed by
necrosis, and this induction of cell death by the
hepatotoxin was accompanied by an enhancement of
nitric oxide production in human hepatocytes.
Notably, D-GalN-treated hepatocytes also showed
augmented levels of detectable high molecular weight
SNOs. Furthermore, using the biotin-switch assay, we
were able to detect increased levels of S-nitrosated
proteins in the hepatocytes treated with D-GalN. The
abolition of this increase in protein S-nitrosation in L-
NAME pre-treated hepatocytes also suggested the
participation of nitric oxide synthase activity.
S-nitrosation of several critical factors in D-GalN
treated hepatocytes may be important for cell survival.
We tested whether the treatment with a physiological
nitrosothiol could also increase protein S-nitrosation
and alter death cell parameters in human hepatocytes.
CSNO is readily taken up by cells via the amino acid
transporter system L [22], and can transfer the
bioactivity of the S-nitroso functional group from the
extracellular to the intracellular space through its
participation in transnitrosation reactions. Treatment
of hepatocytes with CSNO resulted in increased
intracellular SNO formation and higher S-nitrosated
protein levels. This impairment in intracellular SNO
homeostasis may interfere with the apoptotic machin-
ery. In this sense, we observed that CSNO inhibited
the apoptotic response in D-GalN treated hepatocytes.
Furthermore, a pronounced necrotic effect was
observed in the hepatocytes treated with this
nitrosothiol. Therefore, CSNO treatment mimicked
in some extent the effects of D-GalN in human
hepatocytes and aggravated the apoptosis to necrosis
shift observed in the presence of this hepatotoxin. S-
nitrosation of several protein targets of the apoptotic
machinery may be responsible for the inhibition of
apoptosis and the shift into necrosis [27,29].
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Figure 6. S-nitrosation of caspase-3 and inhibition of its related enzymatic activity in cultured human hepatocytes. Panel A, Effect of DTTon
caspase-3 like activity. Hepatocytes were treated or not for 2 h with 5 mM CSNO or for 12 h with 40 mM D-GalN. Cell lysates were incubated
with or without 10 mM DTT on ice for 30 min and caspase-3-like protease activity was measured with Ac-DEVD-AFC using a fluorometric
assay. The caspase-3 like activity is represented as percentage related to the corresponding controls without treatment. Results are mean = SE
of three different experiments. Panel B, Detection of caspase-3 among the S-nitrosated proteins purified from human hepatocytes.
Hepatocytes were treated for the indicated times with 40 mM D-GalN or different concentrations of S-CSNO and the cell lysates were
sujected to the biotin switch assay. Afterwards, biotinylated proteins were purified using streptavidin—agarose, separated by SDS-PAGE, and
caspase-3 protein was detected by Western blot. C and P, control hepatocyte lysate; pre-incubated without and with 1 mM S-GSNO,

respectively. The image is representative of three different experiments.

Inhibition of apoptosis by S-nitrosation of the
essential cysteine residue at the active site of
caspase-3 has been demonstrated in liver [23-24],
myocardial [25] and endothelial cells [28]. In our
study, we found an inhibition of caspase-3 associated
activity in CSNO-treated human hepatocytes that was
partially recovered by a thiol reductant. Besides, the
caspase-3 zymogen was detected among the purified
S-nitrosated proteins in hepatocytes treated with
CSNO. Although the results obtained in D-GalN
treated hepatocytes were not so clear, the S-nitrosa-
tion of caspase-3 cannot be ruled out in hepatocytes
treated with the hepatotoxin.

Protein targets other than caspases could be S-
nitrosated in CSNO and D-GalN-treated hepatocytes.
The biotin switch assay, yielding biotin-labeled
proteins that can be further purified, provides a useful
platform for a proteomic analysis of S-nitrosated
proteins [30—31]. Using this approach, we were able
to identify 15 S-nitrosated proteins in human primary

hepatocytes after treatment with CSNO. These
proteins included metabolic enzymes, antioxidant
defenses and other proteins involved the response
to stress and maintenance of cellular homeostasis.
Notably, roughly half of these proteins were also
identified as S-nitrosated in D-GalN treated hepato-
cytes. It is interesting to note the identification of
several proteins that participate in the processing of
proteins, including proper folding and transport
(GRP94, GRP75, Hsp60, protein disulfide isomerase
(PDI)) and degradation (proteasome activator
protein). This can be related to the preferential
localization of S-nitrosated proteins to mitochondria
and the endoplasmic reticulum, with a comparatively
more appropriate environment favouring S-nitrosa-
tion reactions and SNOs stability than cytosol [32].
Being central regulators of assembly, transport, and
folding of other proteins, heat shock proteins (hsp)
play a major role in apoptotic signalling events [33].
Hsp60 participates in the folding of mitochondrial
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Figure 7. Purification of S-nitrosated proteins in human
hepatocytes. Hepatocytes were treated with 5mM S-
nitrosocysteine (CSNO) for 1h or with 40 mM D-GalN for 12h,
and cell lysates were subjected to the biotin switch assay. Proteins
biotinylated after the assay were immobilized with streptavidin-
agarose, eluted with 2-mercaptoetanol, and separated by SDS-
PAGE. The protein bands were trypsin-digested and the
corresponding proteins were identified by MALDI-TOF and
peptide mass fingerprinting. Numbered arrows refer to the
corresponding proteins as listed in Table I.

proteins and facilitates the proteolytic degradation of
misfolded or denatured proteins in an ATP-dependent
manner [34]. A pro-apoptotic role for mitochondrial
Hsp60 has been demonstrated in HelLa and Jurkat
cells. Both i vitro and in vivo Hsp60 was shown
to associate with procaspase-3 and to favour its
activation [35,36].Recently, it has been shown in
endothelial cells that S-nitrosation of Hsp90 inhibited
its ATPase activity [37]. The S-nitrosation of some
hsp in CSNO or D-GalN-treated hepatocytes can
compromise their connection with the apoptotic
machinery, preventing apoptosis and shifting the cell
death pathway to necrosis.

PDI is found primarily in the endoplasmic
reticulum where it catalyzes protein thiol exchange
reactions, contributing to proper folding of nascent
proteins [38]. This enzyme is secreted and may also
localize to the cell surface of several cell types
including platelets, megakaryocytes, and pancreatic
cells [39], where it catalyzes, through S-denitrosation
activity, the transfer of NO from extracellular SNOs
into the cytosol [39,40]. Recently, it has been reported
that PDI can be S-nitrosated and, acting as a NO sink,
could also be implicated in the efflux of SNO-bound
NO from cells [41]. The enzymes enolase and aldolase
B have been reported to be S-nitrosated in liver [42—
43] and the NO inhibition of alcohol dehydrogenase

S-nitrosated proteins in S-nitrosocysteine-treated human primary hepatocytes.

Table I.
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Function comments Location

D-GalINT

NCBI accession number

Protein name*

Mit

Removes excess ammonia from the cell

sp: P31327
sp: P14625

1. Carbamoyl phosphate synthase

2. GRP94 (endoplasmin)

ER
Nuc

Processing and transport of secreted proteins

Exon inclusion in tissue-specific alternative splicing

Control of cell proliferation and cellular aging

sp: Q92945
sp: P38646
sp: P10809
sp: P07237
sp: P06733
sp: P00325
sp: P05062

3. Far upstream element binding protein 2

4. GRP75 (Mortalin)

5. Hsp60

Mit

Mit

Mitochondrial protein import and macromolecular assembly

Catalyzes the rearrangement of -S—S-bonds in proteins

ER

6. Protein disulfide isomerase

7. Alpha enolase

Cit, Nuc

Cit

Glycolysis, growth control, hypoxia tolerance and allergic responses

Alcohol metabolism

Glycolysis

8. Alcohol dehydrogenase (beta chain)
9. Fructose-bisphosphate aldolase B

Cit

Cit, Nuc
Mit

Proteasome assembly

sp: QOUL46

sp: P54819
sp: P30084

sp: P08263
sp: P04179

10. Proteasome activator protein beta (PA28)

11. Mitochondrial adenylate kinase
12. Enoyl CoA hydratase

Maintenance and cell growth
Fatty acid beta-oxidation cycle

Mit

Cit
Mit
R

Inflammatory responses. Up-regulates IL-6 and TNF-alpha and induces apoptosis

Detoxification of exogenous and endogenous hydrophobic electrophiles

Antioxidative defense in mitochondria

sp: QQUHDO

* Numbers designate the corresponding bands in Figure 7; T Indicates whether the protein was also identified as S-nitrosated (+)or not (—) in D-GalN-treated human hepatocytes.

14. Manganese superoxide dismutase

13. Glutathione S-transferase Al
15. Interleukin-19 precursor
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activity in rat hepatocytes has been shown to be
associated with the disruption of the zinc/thiolate
active center due to S-nitrosation [44]. S-nitrosation
by NO donors has also been reported to be responsible
for the inhibition of enzyme activity of glutathione
transferase cytosolic isoforms in rat liver [45].
Caspase-3 was not among the S-nitrosated proteins
identified in CSNO-treated hepatocytes, probably
indicating that less abundant proteins may not be
identified using this proteomic approach. However,
this approach has been a useful tool for detection and
identification of several proteins that were S-nitro-
sated in both CSNO and D-GalN-treated human
hepatocytes, arguing for the importance of this post-
translational modification in this experimental model
of hepatocellular injury. In this sense, we have shown
elsewhere [5] that administration of prostaglandin E1
during advanced D-GalN cytotoxicity exacerbated
nitrosative stress and S-nitrosation of proteins, losing
its cytoprotective properties in cultured human
hepatocytes. The results of the present study suggest
that the S-nitrosation of proteins in D-GalN-treated
hepatocytes is responsible for the shift from apoptosis
to necrosis. However, this post-translational modifi-
cation could also participate in the mechanisms
leading to apoptosis in this experimental model.

In summary, this study underscores the importance
of the alteration of SNO homeostasis during D-GalN-
induced cell death in human hepatocytes, in agree-
ment with our previous studies showing a critical role
of NO mediating D-GalN-induced cell death in rat
and human hepatocytes [2-5]. In addition to
identifying novel targets of S-nitrosation, our results
provide a more complete description that should
facilitate future research to define specificity and
functional consequence of this post-translational
modification in human hepatocytes.
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