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Binding of oleate to S-nitrosylated human serum albumin
(SNO-HSA) enhances its cytoprotective effect on liver cells in a
rat ischemia/reperfusion model. It enhances the antiapoptotic
effect of SNO-HSA on HepG2 cells exposed to anti-Fas anti-
body. To identify some of the reasons for the increased cytopro-
tective effects, additional experimentswere performedwith glu-
tathione and HepG2 cells. As indicated by 5,5�-dithiobis-2-
nitrobenzoic acid binding, the addition of oleate increased the
accessibility of the single thiol group of albumin. Binding of
increasing amounts of oleate resulted in increasing and more
rapid S-transnitrosation of glutathione. Likewise, binding of
oleate, or of amixture of endogenous fatty acids, improved S-de-
nitrosation of SNO-HSA by HepG2 cells. Oleate also enhanced
S-transnitrosation by HepG2 cells, as detected by intracellular
fluorescence of diaminofluorescein-FM. All of the S-transnitro-
sation caused by oleate bindingwas blocked by filipin III. Oleate
also increased, in a dose-dependent manner, the binding of
SNO-HSA labeledwith fluorescein isothiocyanate to the surface
of the hepatocytes. A model in two parts was worked out for
S-transnitrosation, which does not involve low molecular
weight thiols. Fatty acid binding facilitates S-denitrosation of
SNO-HSA, increases its binding to HepG2 cells and greatly
increases S-transnitrosation by hepatocytes in a way that is sen-
sitive to filipin III. A small nitric oxide transfer takes place in a
slow system, which is unaffected by fatty acid binding to SNO-
HSA and not influenced by filipin III. Thus, fatty acids could be
a novel type of mediator for S-transnitrosation.

S-Nitrosothiols may serve as a reservoir of NO in biological
systems, and they represent a class of NO donor with many
potential biological and clinical uses. In this respect, Cys-34 of
human serum albumin (HSA)2 is important, because it repre-

sents the largest fraction of free thiols in circulation (1). In
accordancewith this proposal, S-nitrosylatedHSA (SNO-HSA)
has been reported to improve systolic and diastolic function, as
well as myocardial perfusion and oxygen metabolism, in pigs
during reperfusion after severe myocardial ischemia (2, 3) and
to reduce ischemia/reperfusion injury in rabbit skeletal muscle
(4) and rat liver (5). Among its other beneficial effects, SNO-
HSA inhibits the activation of circulating platelets (6), sup-
presses apoptosis of humanpromonocytic cells (5), and exhibits
antibacterial activity in vitro (5).
HSA is amultifunctional protein synthesized and secreted by

liver cells. It is a single, non-glycosylated polypeptide that orga-
nizes to form a heart-shaped protein with �67% �-helix but no
�-sheet (1). All but one (Cys-34) of the 35 cysteine residues are
involved in the formation of stabilizing disulfide bonds. In cir-
culation, approximately half of HSA contains Cys-34 as a free
sulfhydryl, whereas the remainder is oxidized or ligand-bound.
In addition to forming S-nitrosothiols,HSAcan interact revers-
ibly with a large number of endogenous and exogenous ligands
(1, 7, 8). Thus, one of the important in vivo functions of albumin
is to transport fatty acids, and usually the protein carries differ-
ent fatty acid anions, up to a total amount of 1–2 molar equiv-
alents. However, this value can rise to about 4 after maximal
exercise or other adrenergic stimulation (1).
In the present work, the effect of oleate (OA) on S-transni-

trosation from SNO-HSA was studied. OA was used as a rep-
resentative for the endogenous fatty acids, because quantita-
tively it is themost important fatty acid in human depot fat, and
because it is a major contributor to the albumin-bound fatty
acids. First, it was observed that co-binding of OA improved
SNO-HSA-mediated cytoprotection against ischemia/reperfu-
sion liver injury in rats and improved its antiapoptotic effect on
human hepatocellular carcinoma (HepG2) cells exposed to
anti-Fas antibody. In an attempt to explain these effects, S-tran-
snitrosation was then investigated in simpler systems, namely
from SNO-HSA to glutathione (GSH) and to HepG2 cells. The
effect of a mixture of endogenous fatty acids on the latter
S-transnitrosation was also studied. The influence of OA bind-
ing on NO transfer to the HepG2 cells and on the interaction
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between SNO-HSA and the hepatocytes was examined. Finally,
a model for the OA-induced improvement of NO transfer to
HepG2 cells is proposed.

EXPERIMENTAL PROCEDURES

Materials—Non-defatted HSA (96% pure) was donated by
the Chemo-Sera-Therapeutic Research Institute (Kumamoto,
Japan), and it was defatted by treatment with charcoal as
described by Chen (9). Sephadex G-25 (� 1.6 � 2.5 cm) and
Blue Sepharose CL-6B (� 2.5 � 20 cm) were from GE Health-
care (Tokyo, Japan). OA, caprylate, stearate, GSH, 1,4-dithio-
threitol (DTT), and filipin III were purchased from Sigma-Al-
drich. Isoamyl nitrite (IAN) was purchased from Wako
Chemicals (Osaka, Japan). Sulfanilamide, naphthylethylenedia-
mine-hydrochloride, HgCl2, and NaNO2 were obtained from
Nakalai Tesque (Kyoto, Japan). Diethylenetriaminepentaacetic
acid (DTPA), 5,5�-dithiobis-2-nitrobenzoic acid (DTNB), and
fluorescein isothiocyanate (FITC) were bought from Dojindo
Laboratories (Kumamoto, Japan). Dulbecco’s modified Eagle’s
medium (DMEM) was from Invitrogen (Rockville, MD), and
diaminofluorescein-FM diacetate (DAF-FM DA) was from
Daiichi Pure Chemicals (Tokyo, Japan). 111InCl3 (74MBq/ml in
0.02 N HCl) was a gift from Nihon Medi-Physics Co., Ltd.
(Hyogo, Japan). The other chemicals were of the best grades
commercially available, and all solutions were made in deion-
ized and distilled water.
S-Nitrosylation of HSA—S-Nitrosylated protein was pre-

pared with protection against light and according to previously
reported methods (10, 11). First, HSA (300 �M) was incubated
with DTT (molar ratio, protein:DTT� 1:10) for 5min at 37 °C.
After incubation, DTT was immediately removed by Sephadex
G-25 gel filtration and eluted with 0.1 M potassium phosphate
buffer (pH 7.4) containing 0.5 mM DTPA. Samples of 0.1 mM
DTT-treated protein (0.8 mol sulfhydryl groups/mol protein)
were then incubated with IAN (molar ratio, protein:IAN �
1:10) in 0.1 M potassium phosphate buffer (pH 7.4) containing
0.5 mMDTPA for 60 min at 37 °C. The amount of the S-nitroso
moiety of SNO-HSA was quantified by HPLC coupled with a
flow-reactor system, as previously reported (10). The HPLC
column was a gel filtration column for S-nitrosylated proteins
(� 8 � 300 mm), Diol-120, YMC, Kyoto, Japan. Briefly, the
eluate from theHPLC columnwasmixedwith aHgCl2 solution
to decompose S-nitrosylated compounds to yield NO2

� (via
NO�). The NO2

� generated was then detected after reaction
with Griess reagent in the flow-reactor system. Controls per-
formed in the absence of HgCl2 gave no protein-derived absor-
bency at 540 nm after reaction with the Griess reagent. There-
fore, non-covalent association of the nitrite anionwith albumin
can be excluded. The S-nitrosylated product (0.35 � 0.04 mol
SNO-groups/mol protein; mean� S.E., n� 53) was purified by
SephadexG-25 gel filtration, eluted with 0.1 M potassium phos-
phate buffer (pH 7.4) containing 0.5 mM DTPA, and concen-
trated by ultrafiltration (cutoff size of 7500 Da). These samples
were stored at �80 °C until use. The protein content of all pro-
tein preparations used in this study was determined using the
Bradford assay.
Binding of Fatty Acid to HSA—A stock solution of 20mMOA

wasmade inmethanol-H2O (1:1, v/v). Aliquots of theOA stock

solution were added to HSA or SNO-HSA and dissolved in
0.1 M potassium phosphate buffer (pH 7.4) to give OA:HSA
molar ratios of 1, 3, or 5; the maximal methanol concentration
in the final solutions was 1.25%. Before use, the solutions were
held at 37 °C for 30min. The amount of boundOAwas checked
using the following approach. The solutions containing albu-
min and OA were applied to a Sephadex G-25 gel filtration
column, the protein-containing fractions were pooled, and
both the protein and OA concentrations in the pooled material
were determined. The OA concentrations were determined by
a colorimetric method using a commercial kit (WAKO NEFA
kit) according to the manufacturer’s instructions. Three stand-
ards (0.5, 1.0, and 1.97 mEq/liter) supplied by the vendor were
used to establish a standard curve for determination of the con-
centration of OA.
Cytoprotective Effect of SNO-HSAs in Vivo—A rat ischemia/

reperfusion liver injury model was used to investigate the cyto-
protective effect of SNO-HSA, as previously reported (5, 11).
MaleWistar rats weighing between 200 and 230 g (Kyudo, Inc.,
Kumamoto, Japan) were used. The animals were fasted for 9 h
before surgery, but were allowed access to water. The rats were
anesthetized with ether during the operation. After the abdo-
men was shaved and disinfected with 70% ethanol, a complete
midline incision was made. The portal vein and hepatic artery
were exposed and cross-clamped for 30minwith a noncrushing
microvascular clip. Saline, as the vehicle control, or HSA or
SNO-HSA (0.1 �mol/rat) with or without boundOAwas given
via the portal vein immediately after reperfusion was initiated.
Because the blood volume of a 200-g rat was estimated to be
about 10ml, we expected blood levels of SNO-HSA to reach�3
�M after administration of 0.1 �mol/rat of SNO-HSA. This
concentration of SNO-HSA is a physiologically relevant one,
because levels of S-nitrosothiols in normal plasma are at the
most 7 �M (12). The abdomen was then closed in two layers
with 2–0 silk. The rats were kept under warming lamps until
they awakened and became active.
Because blood loss caused by frequent blood sampling could

affect liver function, the animals were euthanized by taking
whole circulating blood via the abdominal aorta under anesthe-
sia at various time points after reperfusionwas initiated. Plasma
alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) activities were measured by using a sequential
multiple AutoAnalyzer system from Wako Chemicals, with
activities expressed in international units per liter. All the ani-
mal experimentswere carried out according to the guidelines of
the Laboratory Protocol of Animal Handling, Graduate School
of Medical Sciences, Kumamoto University.
Antiapoptotic Effect of SNO-HSA in Vitro—HepG2 cells (2�

105 cells/well) were cultured in 96-well plates (16-mm diame-
ter; Falcon, Lincoln Park, NJ) with DMEM supplemented with
10% fetal bovine serum (Invitrogen). The cells weremaintained
in a humidified incubator (95% air, 5% CO2) for 12 h at pH 7.4
and 37 °C. Afterwards, they were treated with different concen-
trations of HSA or SNO-HSA, with and without boundOA, for
6 h in the dark. The cells were then washed three times with 10
mM phosphate-buffered saline (pH 7.4) to remove the remain-
ing SNO-HSA. After washing, the cells were reacted with 400
ng/ml anti-Fas antibody (Medical and Biological Laboratories,
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Nagoya, Japan). After 15 h of incubation, the cultures were
treated with 0.05% trypsin, and the cells were transferred to
Eppendorf tubes (1.5 ml). The number of apoptotic cells was
determined by an annexin V-FITC binding assay kit from BD
Biosciences (Tokyo, Japan). The fluorescence of annexin
V-FITC and propidium iodide were measured by a FACSCali-
bur flow cytometer.
Pharmacokinetic Experiments—SNO-HSA, with and with-

out OA, was labeled with 111In, using DTPA anhydride as a
bifunctional chelating agent (13, 14). Labeled proteins were
injected via the tail vein intomale ddYmice (weighing 25–27 g)
at a dose of 0.1 mg/kg. At appropriate times after injection,
blood was collected from the vena cava with the mouse under
ether anesthesia. Heparin sulfate was used as an anticoagulant,
and plasma was obtained from the blood by centrifugation.
Liver, kidney, and spleen samples were obtained, rinsed with
saline, and weighed. The radioactivity in each sample was
counted using a well-type NaI scintillation counter ARC-2000
(Aloka, Tokyo, Japan). 111In radioactivity concentrations in
plasma were normalized as a percentage of the dose per millili-
ter and analyzed using the nonlinear least-squares program
MULTI (15). Organ distribution profiles were evaluated by
relating the radioactivity per gram of tissue to the total amount
of injected radioactivity.
Accessibility of Cys-34—We determined the accessibility of

Cys-34 in reduced HSA with Ellman’s reagent, DTNB (16, 17).
HSA (300 �M), with and without OA, and DTNB (5 mM) were
mixed in 0.1 M potassium phosphate buffer (pH 7.0) at 20 °C,
and the absorbance at 450 nm was registered as a function of
time.
S-Denitrosylation of SNO-HSA by GSH and by HepG2 Cells—

Solutions with both 100 �M SNO-HSA and 100 �M GSH were
made in 10 mM phosphate-buffered saline, pH 7.4. Then 0-,
7.5-, 15-, and 30-min samples were taken, mixed with 1/10 vol-
ume of 5 mM DTPA (pH 7.4) and placed at �80 °C. The con-
centrations of the remaining SNO-HSA and the S-nitrosylated
GSH (GS-NO) formed were then determined separately by the
HPLC flow reactor system.
HepG2 cells (5� 105 cells/well) were cultured and incubated

with DMEM and fetal bovine serum, as described above. After
incubation, the culture medium was removed, and the hepato-
cytes were washed three times with 10 mM phosphate-buffered
saline, pH 7.4. Cells were further incubated at 37 °C in the CO2
incubator with 200 �l of 10 mM phosphate-buffered saline, pH
7.4 and 100 �M SNO-HSAwith different molar ratios of bound
OA. Samples were taken after incubation for 0, 15, 30, or 60
min, mixed with 1/10 volume of 5 mM DTPA, pH 7.4 and cen-
trifuged at 10,000 � g for 10 min at 4 °C. These supernatants
were stored at �80 °C until applied to the HPLC flow reactor
system.
HSA Obtained from Hemodialysis Patients—It is known that

fatty acids bound to HSA rise by dialysis. The content of fatty
acids bound to HSA isolated from hemodialysis patients before
and after dialysis was analyzed, and the influence on S-denitro-
sation of fatty acid binding was examined. HSA samples were
obtained from hemodialysis patients before (HSA-hd (�)) and
after dialysis (HSA-hd (�)) according to a previously reported
protocol (18). In brief, albumin concentrations in blood plasma

were measured using a diagnostic kit (Biotech Reagent) based
on the bromcresol green method. Non-esterified fatty acids
were measured using a diagnostic kit from Wako Chemicals
(Osaka, Japan). To isolate HSA from patient sera, polyethylene
glycol fractionation of blood plasma was followed by chroma-
tography on a Blue Sepharose CL-6B column. After isolation,
the samples were dialyzed against deionized water for 48 h at
4 °C, followed by lyophilization. The purity of theHSA-hd sam-
ples was at least 95%, and the percentage of dimers did not
exceed 7%, as evidenced by SDS-PAGE and native PAGE,
respectively. The protocol used in this study was approved by
the Institutional Review Board, and informed consent was
obtained from all subjects.
Preparation of S-Nitrosylated HSA-hd—HSA-hd (�) or

HSA-hd (�) was S-nitrosylated using IAN, as described above.
The content of SNO groups in SNO-HSA-hd was determined
to be (0.35 � 0.04 for HSA-hd (�) or 0.39 � 0.06 for HSA-hd
(�) mol SNO-groups/mol protein; mean � S.E., n � 7).
S-Denitrosylation of Hemodialysis Patient SNO-HSA by

HepG2 Cells: Effects of HSA-bound Fatty Acids—One-hundred
micromolar of SNO-HSA-hd (�) and SNO-HSA-hd (�) dis-
solved in phosphate-buffered saline was incubated withHepG2
cells (5� 105 cells/well). After 15-, 30-, and 60-min incubation,
culture supernatantwas collected, and the remaining SNOcon-
tent wasmeasured and compared with control SNO-HSA sam-
ples before incubation.
NOUptake byHepG2Cells—HepG2 cells (5� 105 cells/well)

were cultured and incubated with DMEM and fetal bovine
serum, as described above. After incubation, the culture
medium was removed, and the hepatocytes were washed three
timeswith 10mMphosphate-buffered saline, pH 7.4. After add-
ing phosphate-buffered saline containing 5 �M DAF-FM DA,
the cells were incubated for 1 h in the dark at 37 °C. The cells
were again washed three times with phosphate-buffered saline,
and further incubated at 37 °C with 100 �M HSA or SNO-HSA
with different molar ratios of bound OA. Upon cellular uptake,
ester groups in DAF-FMDA are cleaved by esterases, resulting
in the formation of DAF-FM that can react with NO to give
fluorescence. The fluorescence was determined with excitation
at 385 nm and monitored at 535 nm using a monochromator
(TECAN SPECTRA FLUOR). In some experiments, 50 �M fili-
pin III (caveolae formation inhibitor) dissolved in phosphate-
buffered saline was added after 30 min of DAF-FM DA expo-
sure (19).
Binding of FITC-HSA to HepG2 Cells—The binding of HSA

to HepG2 cells, with or without S-nitrosylation and its modu-
lation by fatty acid binding, was analyzed by means of fluores-
cent microscopy with HSA labeled with FITC. FITC-HSA was
prepared according to a previous report (20). In short, HSA (60
�M) was incubated with FITC (2 mM) for 3 h at 25 °C in 0.1 M

potassium phosphate buffer (pH 7.4). After incubation, FITC-
HSA was isolated from unreacted FITC using a Sephadex G-25
gel with the phosphate buffer, and stored at �80 °C until use.
To prepare FITC-SNO-HSA, HSA was first S-nitrosylated as
described above, followed by FITC labeling. After purification
of FITC-SNO-HSA, the SNO content was determined to be
(0.33� 0.03mol SNO-groups/mol protein;mean� S.E.,n� 3),
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suggesting that FITC labeling did not affect the SNO content to
a significant extent.
For the binding assay, HepG2 cells (5 � 105 cells/well) were

preincubated with serum-free DMEM for 2 h at 37 °C. In some
experiments, cells were further treated with 50 �M filipin III for
30 min, which inhibits caveolae formation. Cells were then
maintained at 4 °C to block the uptake of macromolecules
through energy-dependent mechanisms, including endocyto-
sis. FITC-SNO-HSAwith varyingOAcontent (0, 3, 5OA/HSA)
was dissolved in 10 mM phosphate-buffered saline, pH 7.4 and
added to the culture wells to give a final concentration of 50
�g/ml. After 10 min, the cells were washed twice with phos-
phate-buffered saline to remove unboundFITC-SNO-HSAand
fixed with 4% paraformaldehyde in phosphate-buffered saline
at 25 °C for 30 min. After washing twice in MilliQ water, these
cells were analyzed using a fluorescence microscope (Biozero-
8000, Keyence, Osaka, Japan) with the combination of excita-
tion at 385 nm and emission at 535 nm. Fluorescent intensity
was quantified using an NIH Image. Similar experiments were
conducted using FITC-HSA without S-nitrosylation.
Statistical Analysis—The statistical significance of the col-

lected data were evaluated using analysis of variance, followed
by theNewman-Keulsmethod formore than 2means. Data are
expressed as means � S.E. Differences between groups were
evaluated using a Student’s t test. p � 0.05 was regarded as
statistically significant.

RESULTS

Effect of OA Binding on SNO-HSA-mediated Cytoprotection
against Ischemia/Reperfusion Liver Injury in Rats—An ische-
mia/reperfusion liver injury model (5) was used to examine the
in vivo effect of OA binding on SNO-HSA-mediated cytopro-
tection. Because previous studieswith SNO-HSA showed that a
quantity of 0.1 �mol/rat had the greatest protective effect (5),
the same quantity was used in this study. To evaluate liver
injury, the extracellular release of the liver enzymes AST and
ALT was measured via plasma enzyme values. Injecting HSA,
OA, or HSA-OA into the portal vein immediately after reper-
fusion was initiated did not affect the plasma concentrations of
AST and ALT (data not shown). However, administration of
SNO-HSA diminished, to a significant extent, the enzyme con-
centrationsmeasured after 60 and 120min (Fig. 1). The protec-
tion of the liver cells by SNO-HSAwas more pronounced if the
protein also carried OA; the additive effect was most evident
after 120 min of reperfusion. The effect of OA on SNO-HSA-
mediated cytoprotection appears to depend onOA content, e.g.
AST release was reduced significantly more by treatment with
SNO-HSA-OA5 than with SNO-HSA-OA3 120 min after
reperfusion (Fig. 1A). Even at 12 h after reperfusion, the levels of
AST and ALT remained significantly lower in SNO-HSA-OA-
treated animals than in control animals, although the differ-
ences were not so pronounced as those observed at 120 min
after reperfusion (data not shown).We also examined the effect
of other fatty acid on cytoprotective effect for SNO-HSA. In the
ischemia/reperfusion injury model, we found that caprylate
(C8:0), a short-chain and saturated fatty acid, potentiated the
cytoprotective effect of SNO-HSA. The potentiation effect of
caprylate was slightly weaker than that of OA. AST levels at 120

min after reperfusion were 3256 � 55, 2586 � 105, 2202 � 253
for treatment with SNO-HSA, SNO-HSA-caprylate (HSA: cap-
rylate � 1:5), SNO-HSA-OA5, respectively (The values are
means � S.E., n � 4).
Effect of OA Binding on SNO-HSA-mediated Cytoprotection

of HepG2 Cells Exposed to Anti-Fas Antibody—NO and related
species reportedly induce both antiapoptotic and proapoptotic
responses in cells, the type of response depending on the con-
centration of the NO donors and on the type of cell and apo-
ptosis-inducing reagent (5). In the present study, the influence
of OA binding on the antiapoptotic effect of SNO-HSA on
HepG2 cells treated with anti-Fas antibody was examined. As
seen in Fig. 2, the presence of HSA, with or without bound OA,
had no effect on the induced apoptosis. OA alone possessed no
antiapoptotic activity in ourHepG2 cell study (data not shown).
Bycontrast,theadditionofSNO-HSAresultedinconcentration-
dependent protection of the cells. This protection was greatly
increased by binding 5 mol of OA per mol of SNO-HSA. Thus,
fatty acid binding can also improve the cytoprotective effect of
SNO-HSA in an in vitro system.
Pharmacokinetic Experiments—The pharmacokinetic char-

acteristics of SNO-HSA with and without bound OA were
determined in mice. The results in Fig. 3A indicate that OA
binding did not affect the elimination of SNO-HSA from the
circulation. The plasma half-lives were 269.3 � 1.7 min,
270.6 � 1.2 min, and 271.6 � 5.5 min for SNO-HSA, SNO-
HSA-OA3, and SNO-HSA-OA5, respectively. Likewise, the
uptake of SNO-HSA by liver, kidney, and spleenwas unaffected
by OA binding (Fig. 3, B–D). These data suggest that binding of

FIGURE 1. Time profile of changes in serum levels of AST (A) and ALT (B)
after hepatic ischemia/reperfusion in rats. Ischemia was induced by
occluding both the portal vein and hepatic artery for 30 min. After that period
of time reperfusion was established. Control (saline), 0.1 �mol of SNO-HSA
per rat, or 0.1 �mol of SNO-HSA-OA (OA/HSA � 3 or 5) per rat was adminis-
tered via the portal vein immediately after initiation of reperfusion. Blood was
collected from the portal vein at various time points after reperfusion. ALT
and AST activities were measured by using a sequential multiple AutoAna-
lyzer system. Data are expressed as means � S.E. (n � 4 at each time point). *,
p � 0.05 and **, p � 0.01, compared with control. #, p � 0.05, compared with
the SNO-HSA-treated group. (OA/HSA � 3 or 5: HSA with 3 or 5 bound OA
molecules per protein molecule.)
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as much as 5 mol of OA per mol of protein does not modify the
pharmacokinetic properties of SNO-HSA.
Accessibility of Cys-34 in HSA-OA—Crystallographic studies

have revealed the existence of seven OA binding sites in HSA,
and showed that none of these sites involve Cys-34 (21) (Fig.
4A). Cys-34 is located in a crevice on the surface of the protein
in subdomain IA (1). Therefore, the improvement effect of even
the highest OA concentration on the cytoprotection of SNO-
HSAmust be caused by indirect means. To test this hypothesis,
the effect of OA on the readiness of Cys-34 in reduced HSA to
bind DTNB was investigated. As seen in Fig. 4B, because the
amount of DTNB bound after 120 min of incubation was the
samewithout OA andwith different concentrations of OA, OA
did not mask the thiol in Cys-34. On the contrary, the OA-
induced conformational changes enhanced the accessibility of
the SH group of Cys-34, because the absorbance at 450 nm
increased in a concentration-dependent manner at shorter
incubation times. For example, the ratio between the absorben-
cies after 5 and 120 min of incubation increased from 0.171 �
0.017 (OA/HSA� 0) to 0.211� 0.057 (p� 0.05) at OA/HSA�
3 and to 0.821 � 0.054 (p � 0.01) at OA/HSA � 5; the results
are given as means � S.E. (n � 4). Non-reducing SDS-PAGE

showed that OA binding did not result in dimerization of the
protein (data not shown).
S-Denitrosylation of SNO-HSAbyGSHand byHepG2Cells—

In Fig. 5A it can be seen that OA facilitated S-transnitrosation
from SNO-HSA to GSH. However, the effect was not depend-
ent on the concentration ofOA. The amount of GS-NO formed
after 30 min of incubation was higher when OA was bound to
SNO-HSA, but the amounts were similar, whether SNO-HSA
bound 1, 3, or 5 mol of OA per mol of protein. OA also
increased the velocity with which GSH was S-nitrosylated. For
the sake of comparison, T1⁄2 values for S-transnitrosation were
estimated. T1⁄2 for S-nitrosylation of GSH by SNO-HSA was 22
min, whereas T1⁄2 was only 16 min when S-nitrosylation was
brought about by SNO-HSA binding 1, 3, or 5 mol OA/mol
protein. These findings suggest that only the protein conforma-
tional changes caused by binding of the first OA molecule are
essential for S-transnitrosation to GSH.

The effect ofOAon the decay of SNO-HSAwas also tested in
a biological system using HepG2 cells. From Fig. 5B, it is appar-
ent that the decrease in SNO-HSA caused by this cell type was
faster and quantitatively more pronounced in the presence of
OA, and that the effects increased with OA concentration.
Thus, the decrease after 60 min of incubation was significantly
greater between 0 and 1, and between 3 and 5 mol OA/mol
protein, whereas the increment was smaller when increasing
from 1 to 3molOA/mol protein. TheT1⁄2 values decreased from
52min to 24, 22, and 15min when the amount of OA increased
from 0 to 1, 3, and 5 mol/mol protein, respectively. The OA-
mediated promotion of SNO-HSA decay can be explained by
increased accessibility to the S-nitroso moiety of HSA and/or
by an intensified interaction between SNO-HSA and cell sur-
face thiols.
S-Denitrosylation of SNO-HSA using HSA Isolated from

Hemodialysis Patients—HSA samples obtained from hemodi-
alysis patients were used to study the effect of endogenous fatty
acids on S-denitrosylation of SNO-HSA. Serum fatty acid con-
centrations were significantly higher after dialysis among the
patients examined (Table 1). Previous studies have shown that
the primary fatty acid component in serum from dialysis
patients is OA, and that the increased concentration is caused
by activation of lipoprotein lipase by administered heparin (22,
23). As shown in Fig. 6, A and B, the decrease in SNO-HSA
caused byHepG2 cells occurredmore rapidly for SNO-HSA-hd
(�) than SNO-HSA-hd (�). When the T1⁄2 values of S-deni-
trosylation were plotted against the fatty acid contents in HSA,
a good linear fit was obtained (Fig. 6C). Taken together, these
findings indicate that in addition toOA, endogenous fatty acids
can also facilitate the decay of SNO-HSA by HepG2 cells.
NO Uptake of HepG2 Cells—Figs. 5B and 6 show that fatty

acid binding accelerates the SNO-HSA decomposition by
HepG2 cells. To investigate whether this decomposition is
accompanied by NO uptake by the cells, we used intracellular
DAF-FM fluorescence. From Fig. 7 it is apparent that the intra-
cellular NO concentration increases with incubation time and
with increasing OA/SNO-HSA molar ratios. Control experi-
ments performed by incubating HepG2 cells with HSA alone
showed no increase in DAF-FM fluorescence (data not shown).
To clarify the S-transnitrosation properties of other fatty acids,

FIGURE 2. Antiapoptotic effect of albumin without and with 5 mol OA/mol
protein. HepG2 cells (2 � 105 cells/well) were treated with different concen-
trations (0, 6.25, 12.5, 25, 50, 100 �M) of HSA or SNO-HSA, with and without
bound OA, for 6 h at 37 °C in the dark. After incubation, the cells were washed
three times with 10 mM phosphate-buffered saline, pH 7.4 to remove the
remaining protein. Afterwards, the HepG2 cells were treated with anti-Fas
antibody to induce apoptotic cell death. The number of apoptotic cells was
determined by means of flow cytometry with annexin V-FITC and propidium
iodide. Data are expressed as means � S.E. (n � 6). *, p � 0.05 and **, p � 0.01,
compared with the HSA-treated group. #, p � 0.05, ##, p � 0.01, compared
with the SNO-HSA-treated group.
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we tested the effect of the saturated
fatty acid stearate on NO uptake by
HepG2 cells. The results showed
that stearate has an effect on the
S-transnitrosation of SNO-HSA,
which is very similar to that of OA
(data not shown). From Fig. 7 it can
also be seen that the OA-induced
increment in the transfer of NO
from SNO-HSA into the hepato-
cytes can be completely blocked by
the addition of filipin III.
Binding of SNO-HSA to HepG2

Cells—FITC-fluorescence was used
to monitor albumin binding to the
cell membrane or membrane com-
ponents of HepG2 cells. Fig. 8A
shows a pronounced binding of
FITC-SNO-HSA to the hepato-
cytes. However, 5 equivalents of OA
more than doubled albumin bind-
ing, to an extent that was signifi-
cantly higher than that observed
upon albumin binding of 3 OA
equivalents, which again was signif-
icantly higher than that observed in
the absence of OA (Fig. 8E). Similar
results were obtained with albumin
thatwas not S-nitrosylated (data not
shown). Therefore, albumin bind-
ing to HepG2 cells is not affected by
S-nitrosylation. Finally, the influ-
ence of filipin III was investigated.
Even though a small decrease in
albumin binding was observed (Fig.
8E), the decrease was not signifi-
cant. The present data lead to the
proposal thatOAbinding enhances,
in a dose-dependent manner, the
interaction between SNO-HSA and
HepG2 cells.

DISCUSSION

The S-nitrosothiol fraction in
plasma is largely composed of SNO-
HSA (24). The biological impor-
tance of this formof albumin is illus-
trated by an increasing number of
examples of its beneficial effects
(2–6). In the present work, its cyto-
protective effect on liver cells was
used as an example. In addition to
forming SNO-HSA, albumin can
reversibly bind a large number of
endogenous and exogenous ligands
(1, 7, 8). Therefore, we sought to
investigate whether ligand binding
can influence biological activities of

FIGURE 3. Plasma concentrations of 111In radioactivity (A) and tissue accumulation of radioactivity in
liver (B), kidney (C), and spleen (D) after i.v. injection of SNO-HSA with different molar ratios of bound
OA. 111In-SNO-HSAs with and without OA were injected via the tail vein into male ddY mice at a dose of 0.1
mg/kg. At different times thereafter, mice were taken for collection of blood from the vena cava with the animal
under ether anesthesia; plasma was obtained from the blood by centrifugation. After blood collection, the
mice were euthanized, liver, kidney, and spleen samples were obtained, rinsed with saline, and weighed. The
radioactivity in each sample was counted using a well-type NaI scintillation counter ARC-2000. Data are
expressed as means � S.E. (n � 3); the bars showing S.E. were smaller than the size of the symbols.

FIGURE 4. Crystal structure of HSA showing locations of OA binding sites and the S-nitrosylated site
(Cys-34) (A), and the effect of OA binding on the accessibility of Cys-34 (B). A, as seen, OA binding results
in a more open protein structure. The subdivision of HSA into domains (I-III) is indicated. The structures were
simulated on the basis of x-ray crystallographic data for HSA and HSA-OA (PDB ID codes 1bmo and 1gni,
respectively) and modified with the use of Rasmol. B, SNO-HSA (300 �M), without and with different amounts
of bound OA, and DTNB (5 mM) were mixed in 0.1 M potassium phosphate buffer, pH 7.0 at 20 °C, and the
absorbance at 450 nm was registered as a function of time. Data are expressed as means � S.E. (n � 4).
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SNO-HSA with particular reference to its cytoprotective effects.
As seen in Fig. 1, binding of the important endogenous fatty acid
OA increased the cytoprotective effect on liver cells in a dose-de-
pendent manner. The effect may involve multiple mechanisms,
including maintenance of tissue blood flow, induction of heme
oxygenase-1 (a cytoprotective enzyme), suppression of neutrophil
infiltration and reduction of apoptosis (11).
As a first step, we tested whether binding of OA could also

increase the cytoprotective effect of SNO-HSA in an in vitro

system. This was found to be the case, because OA enhanced
the antiapoptotic effect of SNO-HSA on HepG2 cells exposed
to anti-Fas antibody (Fig. 2). One explanation for the improve-
ment effect of OA binding is an increased accessibility to the
S-nitrosothiol group of HSA (Fig. 4). From the crystal structure
analyses (16, 21, 25), it has been suggested that the reactive SH
group of Cys-34 is located in a crevice on the surface of the
HSA. Binding of oleate to HSA has been reported to induce
conformational changes in the protein, leading to the slight
opening of the interface between the two halves of the albumin
molecule and a rotation of domain I to open the crevice that
containsCys-34, results in the increase of the accessibility of the
Cys-34 SH group (25). The binding of only one mol of OA per
mol of SNO-HSA was sufficient to increase S-transnitrosation
to the relatively small GSHmolecule (Fig. 5A). By contrast, the
decay of SNO-HSA caused by incubation with HepG2 cells
increased with the OA concentration up to a SNO-HSA:OA
molar ratio of 5 (Fig. 5B). Essentially, the same effect was
observed with SNO-HSA to which a mixture of endogenous
fatty acids was bound (Fig. 6). This finding has biological and
clinical implications, because the plasma concentration of non-
esterified fatty acids can be increased in a number of situations.
In addition to hemodialysis (Table 1), the increase in fatty acids
is seen in connection with exercise and other adrenergic stim-
ulation, and in pathological conditions such as the metabolic
syndrome and diabetes mellitus.
Two additional factors in the improvement effect of OA

binding are proposed by the present work. First, the decom-
position of SNO-HSA seen in the presence of HepG2 cells is
accompanied by a pronounced filipin III-sensitive S-transni-
trosation of intracellular components (Fig. 7). A basal mech-
anism, not affected by filipin III addition, results in the slow
transfer of small amounts of NO or modifications thereof
(e.g.NO�, Fig. 7). The filipin III-sensitive system is faster and
quantitatively more important; it is activated by OA. Both
systems may involve a membrane protein, and they may
operate by transferring NO� from one thiol to another. The
second factor is an OA-mediated increased interaction
between SNO-HSA and the hepatocytes (Fig. 8). As estab-
lished by the seminal study of Stremmel et al., HSA-fatty acid
complexes possess a high affinity to the caveolae (27, 28).
Therefore, the structure of caveolae is essential for cellular
fatty acid uptake.

FIGURE 5. S-Denitrosylation of SNO-HSA by GSH (A) and HepG2 cells (B).
A, SNO-HSA (100 �M), without and with different amounts of bound OA, was
incubated with GSH (100 �M) in 10 mM phosphate-buffered saline, pH 7.4 at
37 °C. After 0, 7.5, 15, and 30 min of incubation, samples were taken, and the
concentrations of the remaining SNO-HSA (full curves) and the GS-NO formed
(dotted curves) were determined separately by a HPLC flow reactor system.
The T1⁄2 values for the decline of SNO-HSAs are indicated by the arrows.
B, SNO-HSA (100 �M), without and with different amounts of bound OA, was
incubated with HepG2 cells (5 � 105 cells/well) in 10 mM phosphate-buffered
saline, pH 7.4 at 37 °C. After 0, 15, 30, or 60 min of incubation, the concentra-
tions of the remaining SNO-HSA were determined by the HPLC flow reactor
system. The T1⁄2 values for the decline of SNO-HSAs are indicated. Data are
expressed as means � S.E. (n � 3). *, p � 0.05 and **, p � 0.01, compared with
SNO-HSA without OA binding.

TABLE 1
Plasma concentrations of HSA and fatty acids in 7 patients before
and after hemodialysis
The concentrations of albumin are after dialysis, but they were not significantly
affected by dialysis. Results are expressed as means � S.E. (n � 3–4). p values for
before and after dialysis.

Sex Albumin
Number

of
dialysis

Fatty acids
Before
dialysis

After
dialysis p values

g/dl mM mM

No.1 F 2.9 � 0.2 4 0.070 � 0.003 0.159 � 0.003 0.000973
No.2 F 3.9 � 0.4 12 0.114 � 0.004 0.614 � 0.006 0.000624
No.3 F 4.0 � 0.3 10 0.174 � 0.005 0.261 � 0.003 0.000323
No.4 F 3.6 � 0.3 4 0.182 � 0.006 0.934 � 0.007 0.000546
No.5 M 4.1 � 0.2 3 0.322 � 0.005 0.718 � 0.005 0.000478
No.6 M 3.9 � 0.4 8 0.230 � 0.005 0.380 � 0.003 0.000556
No.7 F 4.1 � 0.3 18 0.130 � 0.005 0.651 � 0.003 0.000236
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Fig. 9 proposes a model for S-transnitrosation from SNO-
HSA. Binding of OA, or of a mixture of endogenous fatty acids,
introduces conformational changes in SNO-HSA that render
the S-nitroso moiety more accessible. OA binding also facili-
tates the binding of albumin to a receptor on the hepatocytes,
perhaps the albumin binding adaptor protein gp60 (29). When
bound to the receptor, SNO-HSA-OA can S-transnitrosate to
HepG2 cells via two (or more) systems. Because OA-induced
transnitrosation could be completely blocked by filipin III, an
inhibitor of caveolae (19), it is proposed that caveolae are
important for this type of S-transnitrosation. These findings
strongly suggest that OA and NO of SNO-HSA-OA are trans-
ported by caveolae-associated proteins. Further studies are
needed to identify and clarify the mechanism of the caveolae-
associated proteins.
It is widely assumed that S-transnitrosation from SNO-HSA

to cells takes place solely or mainly via low molecular weight
thiols (6, 26, 30). In the present work, S-transnitrosation to
HepG2 cells was studied in the absence of GSH and other low
molecular weight thiols. In accordance with the assumption
mentioned above, only a slight S-transnitrosation was detected

FIGURE 6. S-Denitrosylation of SNO-HSA made from HSA isolated from
hemodialytic patients before (A) and after (B) dialysis by HepG2 cells.
HSA samples were obtained from hemodialytic patients before and after

dialysis. The HSA samples were S-nitrosylated using IAN, as described above.
HepG2 cells (5 � 105 cells/well) and 100 �M SNO-HSA having different
amounts of bound endogenous fatty acids were incubated in 10 mM phos-
phate-buffered saline, pH 7.4 at 37 °C. After 15, 30, and 60 min of incubation,
the concentration of the remaining SNO-HSA was measured by the HPLC flow
reactor system. The average T1⁄2 for the S-denitrosylation is indicated, i.e. 48
min in A and 25 min in B. Data are expressed as means of four experiments.
C, relationship between the individual T1⁄2 values and the fatty acid contents
of the HSA samples used. Samples are represented by open circles (before
dialysis) or by closed circles (after dialysis); the colors correspond to the hemo-
dialytic patients’ number and color in panel A and panel B.

FIGURE 7. Intracellular NO concentration of HepG2 cells exposed to SNO-
HSA with different molar ratios of OA. The HepG2 cells (5 � 105 cells/well)
were first incubated with 5 �M DAF-FM DA for 1 h and then treated with 100
�M SNO-HSA with different amounts of bound OA in 10 mM phosphate-buff-
ered saline, pH 7.4 in the dark at 37 °C. Some of the experiments with the
highest OA concentration were also performed in the presence of 50 �M

filipin III. Intracellular NO was monitored with DAF-FM fluorescence (ex/em of
385/535 nm). 	fluorescence represents DAF-FM fluorescence in cells incu-
bated with different preparations of SNO-HSA, minus the fluorescence in cells
that had been incubated with buffer only. Data are expressed as means � S.E.
(n � 4); the bars showing S.E. were smaller than the size of the symbols.
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in the absence of OA. However, OA binding to SNO-HSA
greatly increased the process.
In conclusion, fatty acid binding can improve the cytoprotec-

tive effect of SNO-HSA in vivo, and reinforcement of an anti-
apoptotic effect by fatty acid binding contributed to this result.
Fatty acid bound to SNO-HSA can enhance the interaction
between SNO-HSA andHepG2 cells, and the S-denitrosylation
of SNO-HSA. This results in the enhancement of NO transfer
from SNO-HSA into the hepatocytes, and to the antiapoptotic
effect. Moreover, we found a novel filipin III-sensitive mecha-
nism of the transfer of NO from SNO-HSA into the hepato-

cytes. Taken together, further study is now warranted to
explore the roles of fatty acid binding in the pharmacological
benefits of SNO-HSA, for which a clinical application is
expected as a potent NO supplementary therapy.
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