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were monitored using flow cytometric analysis with r 123
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staining. C26 cells (1.0 = 10° cells/well) were cultured in six-well
plates for 12 h, washed twice with PBS, and incubated with PBS and
either 100 uM HSA or various concentrations of NO-HSA in medium
A for 24 h. The cells were then trypsinized, washed twice with PBS,
and incubated for 15 min with 5 pg/ml rhodamine 123, The mean
flucrescence intensity of rhodamine 123 in the cells was measured
using a flow cytometer (FACSCalibur; BD Biosciences, Franklin
Lakes, NJ).

For the determination of caspase-3 activity, cells were cultured to
confluence in six-well plates, washed twice with PBS, and incubated
with medium A containing 100 M HSA or various concentrations of
NO-HSA. Cells were incubated for 24 h, trypsinized, and washed
with 0.2 ml of ice-cold PBS. The cell pellet was resuspended in 15 pl
of cell lysis buffer, it was lysed by freeze-thawing, and then it was
incubated on ice for 15 min. The cell lysates were centrifuged at
15,000 rpm for 20 min at 4°C, and the supernatant fraction was
collected (cell extract). The caspase-3 activity in the cell extract was
assessed using the colorimetric CaspASE Assay System (Promega,
Madison, WI), according to the manufacturer’s instructions.

For the detection of DNA degradation (DNA ladder), C26 cells
(1.0 x 10° cell/well) were cultured in six-well plates. Cells were
cultured for 12 h, they were washed twice with PBS, and then they
were incubated with PBS and either 100 pM HSA or various con-
centrations of NO-HSA for 24 h. The cells then were trypsinized,
collected, and centrifuged at 4000 rpm for 10 min, After removing the
supernatant, the cell pellet was resuspended in 0.2 ml of PBS, and
then it was centrifuged at 4000 rpm for 10 min. The supernatant was
again removed, and the remaining pellet was incubated in 20 ul of 10
mM Tris-HCI buffer, pH 7.8, containing 2 mM EDTA and 0.5% SDS
(cell lysis buffer) for 10 min at 4°C, followed by centrifugation at
15,000 rpm for 5 min. The resulting supernatant (cell extract) was
collected and incubated with 1 ul of RNase A (10 pg/ml) for 30 min
at 50°C. One microliter of proteinase K (10 pg/ml) was added to the
cell extract, followed by a 1-h incubation at 50°C. The resulting DNA
extract was electrophoresed in a 2.0% agarose gel, followed by stain-
ing of the gel with ethidium br le and visualization of the DNA
bands using ultraviolet illumination.

The cell viability assay was performed using WST-8, wluch is

1 analysis and serum biochemistry. When the
mice recewed five times per day from day 3 to day 7 after inoculation
(the tumors in each group reached approximately 5 mm in diameter),
blood samples were collected from the abdominal vena cava under
diethyl ether anesthesia approximately 2 h after the daily injection,
and then the mice were sacrificed.

Tumors were dissected, they were fixed immediately with 2%
periodate/lysine/paraform-aldehyde fixative at 4°C for 5 h, and then
they were washed with a graded series of sucrose solutions in PBS
(10, 15, and 20%). After immersion in 20% sucrose in PBS to inhibit
ice crystal formation, the tissues were embedded in O.C.T. compound
(Sakura Fine Technochemieal, Tokyo, Japan), they were frozen in
liquid nitrogen, and then they were stored at —80°C. Five-microme-
ter tumor sections were prepared using a cryostatic microtome
(HMB500M; Microm, Walldorf, Germany|, and they were mounted on
poly-L-lysine-conted slides. The slides were stained using the
TUNEL method and an in situ apoptosis detection kit (Takara-Bio
Co. Ltd., Shiga, Japan). The slides were washed three times with
0.01 M phosphate buffer, pH 7.4, containing 0.9% NaCl, followed by
application of methanol containing 0.3% H,0, to inactivate endoge-
nous peroxidase and incubation at room temperature for 30 min. The
slides were washed 3 times with 0.01 M phosphate-buffered saline,
and then they were incubated in 100 ml of permeabilization buffer on
ice for 5 min. The slides were washed three times with 0.01 M
phosphate-buffered saline, and then they were incubated with 50 ml
of freshly prepared terminal deoxynucleotidyl transferase reaction
mixture (5 ml of terminal deoxynucleotidyl transferase enzyme + 45
ml of Labeling Safe buffer) at 37°C for 60 min. After the slides were
washed three times with 0.01 M PBS, they were incubated in 70 ml
of anti-flucrescein isothiocyanate-horseradish peroxidase conjugate
antibody at 37°C for 30 min. After the slides were washed three
times with 0,01 M PBS, they were incubated in 3,3-diaminobenzi-
dine-H,0, reaction buffer at room temperature for 10 min. After the
slides were washed three times with distilled water, they were
stained with 3% methyl green for 10 min, dehydrated, penetrated,
and sealed (Gavrieli et al., 1992). Each slide then was visualized
under a light microscope (Olympus, Tokyo, Japan), at a magnifica-
tion of 400x,

Serum was separated by centrifugation. Routine clinical labora-

based on the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylt

assay. C26 cells were plated in 96-well plates at 1.0 x 10“ cells/well,
and they were cultured for 32 h in medium A. Then, the cells were
washed twice with PBS and incubated in & total volume of 0.2 ml of
medium A containing various concentrations of HSA or NO-HSA.
After incubating the cultures for various lengths of time, 5 pl of
WST-8 solution was added to each well, and the cells were incubated
for an additional 2 h at 37°C. The number of surviving cells was
determined by measuring the absorbance at 450 nm. Cell viability
was calculated as the percentage of the control value (without HSA
or NO-HSA) (Ishiyama et al., 1996).

Animal Experiments. Five-week-old male BALBE/c AnNCriCrl)
mice (17-20 g) were purchased from Charles River [talica (Calco,
Italy). The mice were housed in a 12-h light/dark cycle in a humidity-
controlled room. Mice were acclimated for at least 5 days before being
used in experiments.

For tumor induction, mice were inoculated with C26 cells (1.0 x
10° cells/mouse) by a subcutaneous injection into the dorsal skin.
Three days after inoculation, C26 carcinoma-bearing mice were ran-
domly divided into three groups: control, HSA, and NO-HSA. The
mice received a daily i.v. injection of saline, HSA (10 pmolkg), or
NO-HSA (10 pmolkg! for 10 days from day 3 to day 12 after inocu-
lation, Tumor volume was caleulated using the formula 0.4 (& x b¥),
where a is the largest diameter and b is the smallest diameter of the
tumor (Shimizu et al., 2005), and volume was monitored from day 7
to day 17 after inoculation. Variance in each group was evaluated
using the Bartlett test, and differences in mean tumor volume were
evaluated using the Tukey-Kramer test.

Some animals in each of the three trentment groups were used for

tory techni were used to determine the concentrations of total
protein, serum creatinine (Cr), blood urea nitrogen (BUN), alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and al-
kaline phosphatase (ALP) in serum. Variance in each group was
evaluated using the Bartlett test, and differences were eval
using the Tukey-Kramer test,

Results

NO-HSA Induces Cell Death via Apoptosis in Vitro.
Apoptosis is induced by a variety of factors. Among them, it
is well known that intracellular accumulation of ROS, such
as H,0,, O3, and peroxynitrite, causes apoptosis. Moreover,
production of ROS also plays a major role in NO-ASA-induced
apoptosis. To examine whether NO-HSA promoted ROS pro-
duction in C26 cells, a fluorescent probe (CM-H,DCFDA),
which undergoes conversion to 2',7'-dichlorofluorescein in
the presence of intracellular ROS, was used. Addition of
NO-HSA to C26 cells increased the amount of ROS compared
with treatment with vehicle or HSA (Fig. 2). In addition, the
ROS in the C26 cell culture medium increased with time
after addition of NO-HSA. This result suggests that NO-HSA
promotes a signal cascade leading to apoptosis by increasing
intracellular production of ROS,

To evaluate the effect of NO-HSA on mitochondrial func-
tion, C26 cells were loaded with a mitochondria-selective
fluorescent cation (rhodamine 123) to monitor the mitochon-
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Fig. 2. Production of ROS in C26 cells after NO-HSA treatment. C26 cells
were pretreated with CM-H,DCFDA for uptake into C26 cells and hydro-
lysis by cellular esterase, followed by addition of either PBS (open circles),
50 uM HSA (open squares), or 50 uM NO-HSA (closed circles), Execitation
of the probes was done at 485 nm, and emission was measured at 535 nm
Change in fluorescence was calculated by subtracting the fluoreseence at
0 h from that at the indicated times. The fluorescence intensities of the
PBS, 50 uM HSA, and 50 uM NO-HSA groups at 0 h were 201.3, 166.1,
and 181.3, respectively. Results are the mean = 5.D. of three separate
l.’lpi‘ﬂml‘l'llﬂ.

drial membrane potential. Compared with vehicle, in cells
treated with 50 or 100 uM NO-HSA rhodamine 123, fluores-
cence was decreased by 75%, whereas treatment with 25 uM
NO-HSA or 100 uM HSA did not affect rhodamine 123 fluo-
rescence compared with vehicle (Fig. 3A). These observations
indicate that NO-HSA induces depolarization of the mito-
chondrial membrane.

Caspase-3 is a cell death protease that is involved in the
downstream execution phase of apoptosis. During this phase
of apoptosis, cells undergo morphological changes, such as
DNA fragmentation, chromatin condensation, and formation
of apoptotic bodies. Compared with the effect of vehicle, cells
treated with 25 or 50 uM NO-HSA had slightly increased
caspase-3 activity, and cells treated with 100 pM NO-HSA
showed a larger increase in caspase-3 activity (Fig. 3B). Cells
treated with HSA had the same level of caspase-3 activity as
cells treated with PBS.

To further confirm that NO-HSA induced apoptosis in C26
cells, DNA fragmentation, which is a typical morphological
change in the execution phase of apoptosis, was examined.
DNA fragmentation was observed in C26 cells treated with
100 uM NO-HSA, but not in C26 cells treated with 25 or
50 pM NO-HSA (Fig. 3C). Neither vehicle nor 100 uM HSA
induced DNA fragmentation in C26 cells (Fig. 3C). These
findings suggest that NO-HSA induces apoptosis by increas-
ing ROS production, activating caspase-3, and hyperpolariz-
ing the mitochondrial membrane potential.

To determine the effect of NO-HSA on cell growth, the
viability of C26 cells was examined after treatment with HSA
or various concentrations of NO-HSA. NO-HSA inhibited
growth of C26 cells in a concentration-dependent manner;
cell growth was suppressed by 71, 80, and 85% after a 48-h
incubation with 25, 50, and 100 uM NO-HSA, respectively
(Fig. 4A). The viability of C26 cells incubated with 50 uM
NO-HSA significantly decreased with increasing incubation
times (Fig. 4B). NO-HSA inhibited growth to a greater extent
than did HSA, which had only a weak inhibitory effect. These
results suggest that NO-HSA inhibits cell growth of C26 cells
by inducing apoptosis.
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Fig. 3. Induction of apoptosis of C26 cells after NO-HSA treatment. A,
alteration in the mitochondrial membrane potential after NO-HSA treat-
ment. C26 cells were cultured with PBS, 100 uM HSA, or various concen-
trations of NO-HSA for 24 h, followed by addition of rhodamine 123. The
amounts of cell-associated rhodamine 123 were determined as described
under Materials and Methods. Results are the mean = 8.D, of three separate
experiments, B, activation of caspase-3 after NO-HSA treatment. C26 cells
were incubated with PBS, 100 pM HSA, or various concentrations of NO-
HSA for 24 h. Caspase-3 activity was estimated by monitoring p-nitroaniline
{absorbance at 405 nm) released from the substrate upon cleavage by
caspase-3. Change in absorbance was calculated by subtracting absorbance
after incubation with caspase inhibitor (N-benzyloxycarbonyl-Val-Ala-Asp-
Muoromethylketone), from absorbance after incubation without caspase in-
hibitor. The absorbances among PBS-, HSA- and NO-HSA-treated cells
incubated with N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone were
almost identical (0.170 = 0.17). Results are the means = SD. of three
separate experiments. O, DNA fragmentation after NO-HSA treatment. 026
cells were incubated with PBS, 100 uM HSA or various concentrations of
NO-HSA for 24 h. DNA fragmentation was detected as described under
Materials and Methods.

NO-HSA Exerts Antitumor Effect via the Apoptotic
Pathway in Vivo. To investigate the antitumor effect of
NO-HSA in vivo, C26 tumor-bearing mice received i.v. injec-
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Fig. 4. Effect of NO-HSA on €26 cell viability. A, C26 cells were treated
for 48 h with various concentrations of HSA (open squares) or NO-HSA
iclosed circles). B, C26 cells were incubated for the indicated times with
100 uM HSA (open squares) or 100 uM NO-HSA (closed circles), Cell
viability was determined as described under Marerials and Methods.
Results are the mean = S.D. of three separate experiments.

tions with saline, HSA, or NO-HSA. Mean tumor area in-
creased with time in the saline-treated group. In the HSA-
treated group, tumor growth was suppressed, compared with
that in the control group, but the difference was not statis-
tically significant. In contrast, tumor growth was signifi-
cantly inhibited by administration of NO-HSA (Fig. 5).

To clarify whether the suppression of tumor growth by
NO-HSA is mediated via apoptosis, tumor tissues from C26
tumor-bearing mice receiving injections with NO-HSA were
examined using immunohistochemistry, In NO-HSA-treated
mice, there were more TUNEL-positive cells than in the
saline- and HSA-treated animals. In addition, the tumor
tissue architecture was less defined in animals treated with
NO-HSA than in the other groups, suggesting that NO-HSA
induced apoptosis in C26 tumor cells and thus exerted an
antitumor effect in vivo (Fig. 6).

To evaluate the side effects of NO-HSA treatment, several
serum biochemical parameters were measured in tumor-
bearing mice treated with saline, HSA, or NO-HSA (Table 1).
There were no significant differences in total protein, Cr,
BUN, AST, or ALT among the three groups, suggesting that

Tumor volume (mm')

5 10 12 15
Time (days afier tumor cell inoculation)
Fig. 5. Effect of NO-HSA on tumor growth in C26 tumor-bearing mice.

(26 tumor-bearing mice were given daily iv, injections of saline (5
mlkg), HSA (10 pmol/5 mlkg), or NO-HSA (10 umolf5 mikg) for 10 day=
from day 3 to day 12 after inoculation with tumor cells. Tumor size was
measured and tumor volume was caleulated according to the formula:
V = (.4a’h, where a is the smallest, and b is the largest, superficial
diameter, Results are means = SD; n = 10 animals per experimental
group. #, statistically significant reduction compared with saline (P <
0.01) or HSA (P < 0.05) at the corresponding time. »e, statistically
significant reduction compared with saline (P < 0.01) or HSA (P < 0.01)
at the corresponding time.
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Fig. 6. [ of tumor tissues of C26 tumor-
bearing mice receiving i.v. injections with NO-HSA using the TUNEL
method. C26 tumor-bearing mice were given daily i.v, injections of saline
(5 mlfkg) (A), HSA (10 umol/d mlkg) (B), or NO-HSA (10 pmol/5 mlkg)
(C) for 5 days from day 3 to day 7 after inoculation with tumor cells.
TUNEL staining, performed as described under Materials and Methods,
shows apoptotic cells in the tumor tissue of mice treated with NO-HSA.

TABLE 1

Serum biochemical parameters of C26 tumor-bearing mice treated with
saline, HSA, or NO HSA

C26 tumor-beari: d 1. five times per day with saline (5
mblkg), HSA (10 ;unnl.r‘ﬁ mbkg), or \O—HSA {10 pmolf5 mif‘kxt from day 3 l.o l‘ll) 7
after inoculation with tumor cells. Blood les waore eoll { from the

venn cava under anesthesia with diethyl ether approximately 2 h after the last
treatment injection, and mice were sacrificed. Serum bicchomical parameters were
mensured using routine clinical laboratory techniques

Sernm Hhachamical. Saline HSA NO-HSA
Total protein (g/dl) 523 = 0.21 533 =008 555+ 024
Cr (mg/dl) 013=004 014=001 0.16=0.01
BUN (mg/dl) 1525 = 0.96 1533+ 153 13.75 = 1.26
AST (UN) 1435 =628  91.7=394 1163 =69.1
ALT (UN) 160.8 = 1116 1100 = 812 1613 = 126.2
ALP (UN) 3853 = 183 3453 = 47° 3005 = 23.0°*"

* P < 0.06, saline vs. HSA.
** P < 0.01, saline va. NO-HSA.
" P < 0.06, HSA va. NO-HSA.

NO-HSA did not cause kidney or liver damage. However,
compared with the control group, mice treated with HSA had
significantly lower serum levels of ALP (345.3 = 4.7 versus
385.3 = 18.3 U/N). Moreover, the serum concentration of ALP
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in mice treated with NO-HSA was 300.5 = 23.0 U/, which
was significantly lower than the control (P < 0.01) and HSA
(P < 0.05) groups. In general, ALP levels increase in several
types of cancer, such as liver, lung, and bone cancer; thus, the
present findings suggest that NO-HSA is an effective anti-
cancer agent. The vasodilating effect of NO-HSA was also
evaluated in rats after i.v. injection at a dose of 10 pmol/kg
(66 uwmol of NO per kg). NO-HSA induced a decrease in the
mean arterial blood pressure immediately after i.v. injection
and the maximum reduction effect was 32.8 = 7.3 mm Hg. In
contrast, HSA had no significant effect on the blood pressure.
The fall in pressure returned to the initial levels in 30 min
(data not shown).

Katayama et al.

Discussion

There have been many trials of NO as a therapeutic agent,
because of its powerful biological activity (Moncada and
Higgs, 1993). However, the in vivo half-life of NO (~0.1 s) is
often too short to capitalize on its potential biological actions.
The half-life of NO can be prolonged by adding S-nitrosothiol
moieties with cysteine residues of proteins. For example,
nitrosated HSA seems to act as a reservoir of NO in vivo
(Stamler et al., 1992). Simon et al. (1996) incubated bovine
serum albumin (BSA) with 200-fold exeess concentration of
NaNO, under acidic condition to synthesize polynitrosylated
BSA that is highly modified at the thiol group of cysteine,
hydroxyl group of tyrosine and amines (38 mol NO/mol BSA).
The polynitrosylated BSA has been shown to exhibit anti-
platelet activity. However, polynitrosylated S-NO-BSA, an
NO-BSA conjugate prepared with the same method except
that the BSA has been reduced with dithiothreitol and it
contains 19 mol of “S-NO” per mol of BSA, was a significantly
more potent platelet inhibitor than polynitrosylated BSA
described above. These findings show that nitrosylated BSA
behaves as an NO donor; in particular, the poly(S-nitroso)
derivative could be by far the most potent compound. One
molecule of HSA contains 35 cysteine residues, 34 of which
form 17 nonreactive disulfide bonds, and one of which (Cys-
34) forms a reactive free thiol (Peters, 1985). Thus, the num-
ber of NO molecules that can be bound to HSA is limited
because only one free cysteine per HSA molecule is available
for conjugation. Ewing et al. increased the number of free
sulfhydryl groups on BSA by reduction with dithiothreitol
and thiolation with N-acetylhomocysteine, thereby preparing
polynitrosated BSA (12-15 mol NO/mol BSA) (Ewing et al_,
1997). Marks et al. (1995) produced polynitrosated BSA (5.9
mol NO/mol BSA) by adding free sulfhydryl groups to the
molecule and by treating the BSA with N-acetylhomocysteine
thiolactone. However, the polynitrosated BSAs prepared in
these studies formed aggregates as a result of intermolec-
ular disulfide formation. Aggregate formation results in
molecular heterogeneity, which limits the therapeutic ap-
plication of S-nitroso residues. In the present study, imi-
nothiolane, which reacts with primary amines to introduce
sulfhydryl groups while maintaining charge properties
similar to the original amino groups, was selected as the
thiolation reagent. lminothiolane was used to produce
polynitrosated HSA (NO-HSA) (6.6 mol NO/mol HSA),
which did not form aggregates after nonreducing SDS-
PAGE or native-PAGE (data not shown). Moreover, the
far-UV CD spectra of NO-HSA were nearly identical to

those of HSA (data not shown). Therefore, NO-HSA is
expected to be clinically applicable as a biocompatible
pharmacological agent, although further study is required
to clarify other potential issues, including the antigenicity
of this protein.

NO-NSAIDs have been extensively investigated as thera-
peutic agents for cancer due to their ability to release NO,
thereby promoting apoptosis. NO-NSAIDs are categorized as
organic nitrate esters, which are readily reduced to organic
nitrite esters by cytosolic enzymes, Subsequently, glutathi-
one reacts with organic nitrite esters to form GSNO, indicat-
ing that NO-NSAIDs release NO via S-nitrosothiol (Wong
and Fukuto, 1999). Alternatively, the transfer of NO from
NO-HSA to the cytosol could be inferred from a study by
Ramachandran et al. (2001). They reported that NO is re-
leased from extracellular S-nitrosothiols by a cell surface
enzyme (protein disulfide isomerase) and that it accumulates
in the cell membrane where it reacts with O, to produce
N,0,, which is then available for nitrosation reactions with
intracellular thiols at the membrane-cytosol interface (Ra-
machardran et al., 2001). Therefore, it is possible that NO-
HSA also releases NO by the intracellular formation of S-
nitrosothiol, suggesting that the species of NO released
within the cell by S-nitrosothiols, as well as the reactive
substances (such as ROS) derived from the released NO,
would not differ significantly between NO-NSAIDs and NO-
HSA. In support of this hypothesis, NO-HSA caused depolar-
ization of the mitochondrial membrane potential, activation
of caspase-3 and DNA fragmentation in the present study,
consistent with the effects of NO-NSAIDs. Additional studies
are needed to determine the details of the molecular events
and the systematic pathways affected by NO-HSA, but the
mechanism of action should be similar to that of NO-
NSAIDs. In a recent study, Gao et al. (2005) elucidated the
detailed mechanism of apoptosis induced by NO-ASA. Intra-
cellular accumulation of ROS is a key proximal event in
NO-ASA-induced apoptosis, and it correlates with the effect
on tumor cell growth (Gao et al., 2005). In the present study,
NO-HSA induced accumulation of ROS in tumor cells, sug-
gesting that increased ROS production may be an important
proximal event leading to induction of apoptosis.

The results of the in vivo study showed that NO-HSA
significantly suppressed tumor growth by inducing apopto-
sis, without adverse changes in serum biochemical parame-
ters in treated mice. In a recent study, Trachootham et al.
{2006), using immortahzed cell lines and their oncogenic
progeny transfected with H-RasV’®, demonstrated that can-
cer cells typically produce more ROS than normal cells.
Moreover, the pro-oxidant status of cancer cells increases
their susceptibility to treatment with agents that cause oxi-
dative stress, as demonstrated in a study using g-phenyl-
ethyl isothioeyanate (Trachootham et al., 2006). In addition,
Feng et al. (2007) reported that cyaniding-3-rutinoside selec-
tively induces accumulation of peroxides in HL-60 human
leukemie cells, but not in normal peripheral blood mononu-
clear cells (Feng et al., 2007). Schumacker (2006) has pro-
posed that ROS toxicity induced by certain chemotherapeutic
agents may be an effective means of selectively eradicating
malignant cells. In the present study, we presumed that
although NO reacts with superoxide anion to form peroxyni-
trite (a potent oxidant and nitrating agent), these highly
reactive oxidant species are probably produced at higher
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levels in C26 cells compared with normal cells. Therefore,
NO-HSA may show selective cytotoxicity for tumor cells and
not affect normal cells. These findings strongly suggest that
NO-HSA is a promising therapeutic anticancer agent, given
the unusual redox conditions typical of malignant cells.

Antiapoptotic effects of NO have been observed in a variety
of cells, including T cells, hepatocytes, endothelial cells, neu-
rons, ovarian follicle cells, eosinophils, thymoeytes, and em-
bryonic kidney cells (Liu and Stamler, 1999). In a recent
study using U937 human promonocytic cells, NO-R410C (a
genetic variant of HSA) had antiapoptotic activity (Ishima et
al., 2007). Whether NO ultimately inhibits or promotes apo-
ptosis probably depends on the cell, the signal, the source,
the molecule, the amount, and the presence or absence of
coreactants. For example, the amount of NO bound to the
carrier molecule seems to account for the discrepant results
between previous investigations and the present study. The
NO content of NO-R410C (in the previous study) and NO-
HSA (in this study) were 1.3 and 6.6 mol NO/mol HSA,
respectively, and the S-nitroso moiety concentrations in vitro
were 26 to 130 and 165 to 660 uM, respectively, Mohr et al.
(1997) reported that 10 to 100 uM GSNO inhibits the acti-
vation of caspase-3 induced by actinomycin D in U937 cells.
In contrast, apoptosis (characterized by DNA fragmentation
and morphological changes) was observed in U937 cells
treated with GSNO at concentrations in excess of 250 uM
{Messmer et al., 1996). Based on the results of the present
study and those of previously published investigations, the
critical NO threshold concentration between promotion and
inhibition of apoptosis seems to be 100 to 200 uM.

Matsumura et al. (1987) examined the accumulation of
differently sized proteins within tumor tissues of tumor-bear-
ing mice. Macromolecules containing HSA tended to accumu-
late in tumor tissues, apparently due to hypervascularization
and enhanced vascular permeability (even to macromole-
cules) of the tumors, with little export of macromolecules
from the tumor tissue via blood or lymphatic vessels (Mat-
sumura et al, 1987). Therefore, NO-HSA may be a useful
agent for targeting chemotherapeutics to tumor tissue. How-
ever, the short half-life of NO has been one of the greatest
obstacles to therapeutic application of NO donors. Conse-
quently, the pharmacokinetic properties of NO-HSA in mice
were measured to determine the biological fate of NO. The
apparent half-life of S-nitroso moieties in NO-HSA was esti-
mated to be 18.9 min (data not shown), which is similar to
that of NO-R410C, but much longer than that of the low-
molecular-weight NO donor GSNO (4.2 min) (Ishima et al.,
2007). In the present study, the difference in NO half-life
between NO-HSA and GSNO seemed to be due to reduced
renal excretion of HSA compared with glutathione due to its
larger molecular size, suggesting that HSA may be a useful
NO carrier in vivo.

In summary, NO-HSA was synthesized by inducing S-
nitrosothiol linkages using iminothiolane as a spacer. NO-
HSA generated ROS in C26 cells, and it induced intrinsic
apoptotic events, such as depolarization of mitochondrial
membrane potentials, activation of caspase-3, and induction
of DNA fragmentation. Moreover, NO-HSA inhibited prolif-
eration of tumor cells in vitro in a concentration-dependent
manner, In the in vivo experiments, NO-HSA also strongly
inhibited tumor growth by inducing apoptosig, with no side
effects. The results of the present study suggest that NO-
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HSA has promise as a new generation anticancer agent with
few side effects.
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Binding of oleate to S-nitrosylated human serum albumin
(SNO-HSA) enhances its cytoprotective effect on liver cells ina
rat ischemia/reperfusion model. It enhances the anti totic

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 experiments were performed with 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 a mixture of endogenous fatty acids, improved 5-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 binding was blocked by filipin I11. Oleate
also increased, in a dose-dependent manner, the binding of
SNO-HSA labeled with 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 I11. 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 l1L. 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)? is important, because it repre-
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sents the largest fraction of free thiols in circulation (1). In
accordance with this proposal, S-nitrosylated HSA (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 human promonocytic cells (5), and exhibits
antibacterial activity in vitro (5).

HSA is a multifunctional 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% a-helix but no
B-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, HSA can interact revers-
ibly with a large number of endogenous and exogenous ligands
(1,7,8). Thus, one of the important in vive 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 the most 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, 5-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

nine aminotransferase; AST, asparatate aminotransferase; DAF-FM DA, dia-
minofiuorescein-FM diacetate; FITC, fluorescein isothiocyanate; DTT,
1,A-dithiothreitol; DTNB, 5.5°-dithiobis-2-nitrobenzoic acid; DTPA, diethyl-
enetriaminepentaacetic acid; IAN. isoamyl nitrite; DMEM, Dulbecco’s mod-
ified Eagle’s medium.
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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 1s proposed.

EXPERIMENTAL PROCEDURES

Materials—Non-defatted HSA (96% pure) was donated by
the Chemo-Sera-Therapeutic Research Institute (Kumamoto,
lapan), and it was defatted by treatment with charcoal as
described by Chen (9). Sephadex G-25 (& 1.6 X 2.5 cm) and
Blue Sepharose CL-6B (¢ 2.5 X 20 cm) were from GE Health-
care (Tokyo, Japan). OA, caprylate, stearate, GSH, 1,4-dithio-
threitol (DTT), and filipin 111 were purchased from Sigma-Al-
drich. Isoamyl nitrite (IAN) was purchased from Wako
Chemicals (Osaka, Japan). Sulfanilamide, naphthylethylenedia-
mine-hydrochloride, HgCl,, and NaNO, 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). '''InCl, (74 MBq/ml in
0.02 v 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 um) was incubated
with DTT (molar ratio, protein:DTT = 1:10) for 5 min 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 mm DTPA 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 X 300 mm), Diol-120, YMC, Kyoto, Japan. Briefly, the
eluate from the HPLC column was mixed with a HgCl, solution
to decompose S-nitrosylated compounds to yield NO, (via
NO™). The NO, generated was then detected after reaction
with Griess reagent in the flow-reactor system. Controls per-
formed in the absence of HgCl, gave no protein-derived absor-
bency at 540 nm after reaction with the Griess reagent. There-
fore, non-covalent association of the nitrite anion with 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
Sephadex G-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 20 mm OA
was made in methanol-H,O (1:1, v/v). Aliquots of the OA stock
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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 30 min. The amount of bound OA was 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).
Male Wistar 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 30 min with a noncrushing
microvascular clip. Saline, as the vehicle control, or HSA or
SNO-HSA (0.1 pmol/rat) with or without bound OA was given
via the portal vein immediately after reperfusion was initiated.
Because the blood volume of a 200-g rat was estimated to be
about 10 ml, we expected blood levels of SNO-HSA to reach ~3
uM after administration of 0.1 wmol/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 um (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 reperfusion was 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 experiments were 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 %
10° 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 were maintained
in a humidified incubator (95% air, 5% CO,) 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 bound OA, for
6 h in the dark. The cells were then washed three times with 10
mu 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 '"'In, using DTPA anhydride as a
bifunctional chelating agent (13, 14). Labeled proteins were
injected via the tail vein into male ddY mice (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 Nal scintillation counter ARC-2000
(Aloka, Tokyo, Japan). '"'In 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 pm), 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 pusm SNO-HSA and 100 pm 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 x 10° 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 CO,
incubator with 200 pl of 10 mm phosphate-buffered saline, pH
7.4 and 100 um SNO-HSA with 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 X 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
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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 the HSA-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 with HepG2
cells (5 % 10 cells/well). After 15-, 30-, and 60-min incubation,
culture supernatant was collected, and the remaining SNO con-
tent was measured and compared with control SNO-HSA sam-
ples before incubation.

NO Uptake by HepG2 Cells—HepG2 cells (5 X 10 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
times with 10 mm phosphate-buffered saline, pH 7.4. After add-
ing phosphate-buffered saline containing 5 pm 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 um HSA or SNO-HSA
with different molar ratios of bound OA. Upon cellular uptake,
ester groups in DAF-FM DA 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 um fili-
pin I1I (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
pM) was incubated with FITC (2mm) for 3hat25°Cin 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 = 0.03 mol 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 x 10° cells/well) were
preincubated with serum-free DMEM for 2 h at 37 °C. In some
experiments, cells were further treated with 50 pum filipin 111 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-HSA with varying OA content (0, 3,5 OA/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
pg/ml. After 10 min, the cells were washed twice with phos-
phate-buffered saline to remove unbound FITC-SNO-HSA and
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 the Newman-Keuls method for more than 2 means. Data are
expressed as means = S.E. Differences between groups were
evaluated using a Student’s ¢ test. p < 0.05 was regarded as
statistically significant.

RESULTS

Effect of OA Binding on SNO-HSA-mediated Cytoprotection
against Ischemia/Reperfusion Liver Infury 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 studies with SNO-HSA showed thata
quantity of 0.1 umol/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-
centrations measured after 60 and 120 min (Fig. 1). The protec-
tion of the liver cells by SNO-HSA was 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 on OA content, e.g.
AST release was reduced significantly more by treatment with
SNO-HSA-OAS5 than with SNO-HSA-OA3 120 min after
reperfusion (Fig. 14). Evenat 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

"GEPE\

DECEMBER 12, 2008+ VOLUME 283 -NUMBER 50

LDmmh: Bsso-usa Bsvousson B svonsions l

w0 | (A) d L]

Concentration of ALT (10U}

Concemirntion of AST (111}

CAILIRIFFTFFSIIFF I

L] (L] ] (F. ] L] [} -0 e
Rrperfusion time (min) Rrprriwion time (mis)

FIGURE 1. Time profile of changes in serum levels of AST (A) and ALT (8)
after hepatic ischemia/reperfusion in rats. lschemia 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 wmol of SNO-HSA
per rat, or 0.1 umol of SNO-HSA-OA (OA/HSA = 3 or 5) per rat was adminis-
tered via the portal vein ir diately 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 < 0.05and **, 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.)

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-OAS, 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 our HepG2 cell study (data not shown).
By contrast,theadditionof SNO-HSA resulted in concentration-
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 spleen was unaffected
by OA binding (Fig. 3, B-D). These data suggest that binding of
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FIGURE 2. Antiapoptotic effect of albumin without and with 5 mol OA/mol
protein. HepG2 cells (2 x 10° cells/well) were treated with different concen-
trations (0, 6.25, 12.5, 25, 50, 100 um) 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 asmeans = S.E.(n = 6).%, p < 0.05and **, p < 0.01,
compared with the HSA-treated group. #, p < 0.05, ##, p < 0,01, compared
with the SNO-HSA-treated group.

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-34is 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-
HSA must 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
same without OA and with 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
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showed that OA binding did not result in dimerization of the
protein (data not shown).

S-Denitrosylation of SNO-HSA by GSH and by HepG2 Cells—
In Fig. 54 it can be seen that OA facilitated S-transnitrosation
from SNO-HSA to GSH. However, the effect was not depend-
enton the concentration of OA. 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, T, values for S-transnitrosation were
estimated. Ty, for S-nitrosylation of GSH by SNO-HSA was 22
min, whereas Ti, 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 of OA on the decay of SNO-HSA was 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 3 mol OA/mol protein. The T\, values decreased from
52 min to 24, 22, and 15 min 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 by HepG2 cells occurred more rapidly for SNO-HSA-hd
(+) than SNO-HSA-hd (—). When the T, 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 to OA, 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
DAEF-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,
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FIGURE 3. Plasma concentrations of '"'In radioactivity (A) and tissue accumulation of radicactivity in
liver (B), kidney (C), and spleen (D) after i.v. injection of SNO-HSA with different molar ratios of bound
OA. '"'In-SNO-HSAs with and without OA were injected via the tail vein into male ddY mice at a dose of 0.1
mag/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 Nal scintillation counter ARC-2000, Data are
expressed as means = SE. (n = 3); the bars showing 5.E. were smaller than the size of the symbols.
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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 (-1} 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 um), without and with different amounts
of bound OA, and DTNB (S 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 * SE. (n = 4).
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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 I1L.

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. 84
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
that was 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 that OA binding 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 form of 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, B). Therefore, we sought to
investigate whether ligand binding
can influence biological activities of
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FIGURE 5. of SNO-HSA by G5H (A) and HepG2 cells (B).
A, SNO-HSA (100 m), without and with different amounts of bound OA, was
incubated with GSH (100 ) 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 G5-NO formed
(dotted curves) were determined separately by a HPLC flow reactor system.
The Ty, values for the decline of SNO-HSAs are indicated by the arrows.
B, SNC-HSA (100 uum), without and with different amounts of bound OA, was
incubated with HepG2 cells (5 x 10° 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 Ty, values for the decline of SNO-HSAs are indicated. Data are
expressed asmeans = S.E.(n=3).%, p< 0.05and **, p < 0,01, compared with
SNO-HSA without OA binding.

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
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TABLE1

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.

Numb Fatty acids
Sex Albumin f
. Ry T —
pdi ma s
Nol F 29x02 4 0.070 = 0.003 0.159 = 0.003 0.000973
No2 F 3904 12 0114 = 0004 0614 = 0.006 0000624
Noe3d F 40=03 10 0.174 = 0005 0.261 = 0.003 0.000323
No4 F 36=03 4 0.182 = 0.006 0.934 = 0.007 0.000546
No5 M 41x02 3 0322 = 0.005 0.718 = 0,005 0.000478
Noé6 M 39=04 8 0.230 = 0.005 0.380 = 0.003 0.000556
No? F 41203 18 0.130 = 0.005 0651 = 0.003 0000236

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
contains Cys-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 GSH molecule (Fig. 54). By contrast, the
decay of SNO-HSA caused by incubation with HepG2 cells
increased with the OA concentration up to a SNO-HSA:0A
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 I1I-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 I1I-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.
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FIGURE 6. 5-Denitrosylation of SNO-HSA made from HSA isolated from
hemodialytic patients before (A) and after () dialysis by HepG2 cells.
HSA samples were obtained from hemodialytic patients before and after
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FIGURE 7. Int llular NO tration of HepG2 cells exposed to SNO-

HSA with different molar ratios of OA. The HepG2 cells (5 % 10° cells/well)
were first Incubated with 5 um DAF-FM DA for 1 h and then treated with 100
iy 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 um
filipin Il Intracellular NO was monitored with DAF-FM fluorescence (ex/em of
385/535 nm). Afluorescence represents DAF-FM fluorescence in cells incu-
bated with different preparations of SNO-HSA, minus the fluorescencein cells
that had been incubated with buffer only. Data are expressed as means = SE
(n = 4); the bars showing 5.E. were smaller than the size of the symbals.

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 I11, 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

dialysis. The HSA samples were S-nitrosylated using IAN, as described above.
HepG2 cells (5 x 10° cells/well) and 100 um 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 conc ion of the remaining SNO-HSA was measured by the HPLC flow
reactor system. The average T, for the S-denitrosylation is indicated, l.e. 48
min in A and 25 min in B. Data are expressed as means of four experiments.
€, relationship between the individual T, 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 correspand to the hemo
dialytic patients’ number and color in panel A and panel 8.
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FIGURE B. Effect of OA and filipin Ill on binding of FITC-SNO-HSA to
HepG2 cells. To prepare FITC-SNO-HSA, HSA was first S-nitrosylated as
described above, followed by FITC labeling. FITC-SNO-HSA (50 ug/mi) with
varying OA content (0, 3, 5 OA/HSA) was dissolved in 10 mm phosphate-buff-
ered saline (pH 7.4) and added to HepG2 cells (5 X 10° cells/well) for 10 min at
4°C. In some experiments, the cells had been pretreated with 50 g filipin 11l
for 30 min. After incubation, the cells were washed twice with the phosphate-
buffered saline to remove unbound FITC-SNO-HSA. After washing, the cells
were analyzed using a fluorescence microscope. E, four columns quantify the
FITC-fluorescence in panels A, B, C, and D, respectively, using the fluorescence
in panel A as a reference value, i.e. 100%. The values are means * S.E. (n = 3).
*,p < 0.05and **, p < 0.01, compared with the fluorescence of FITC-SNO-HSA

without OA. #, p < 0.05, compared with the fluorescence of FITC-SNO-HSA
with 3 mol of OA/HSA.

FIGURE 9. model for the OA-mediated increase in S-transnitro-
sation of HepG2 cells by SNO-HSA. The S-transnitrosation can lead to cyto-
protective effects, see Figs. 1 and 2. FA, free fatty acid.

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 and HepG2 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 Ill-sensitive mecha-
nism of the transfer of NO from SNO-HSA into the hepato-
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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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ARTICLE INFO ABSTRACT

Article history: Human serum albumin with modified plasma half-life will be useful for clinical purposes. Therefore, the
Received 19 September 2008 pharmacokinetics of three of each of the following types of genetic vaniants, and of their corresponding
Accepted 3 November 2008 normal albumin, were examined in mice: N-terminally elongated, C-terminally truncated and glycosylated

Available online 8 December 2008 albumins. Isoforms differing from the normal protein by three or more amino acids, especially two of the

truncated forms, had shorter half-lives. The effect of glycosylation depended on the position of attachment:

mﬁmm alburmin in domain Il it increased hall-life, whereas in domain | and Il it had no significant effect. Liver, kidney and
Genetic variant spleen uptake clearances were also modified. The pronounced changes in half-life of the two truncated
Pharmacokinetics variants and the glycosylated isoform could be explained. at least partly, by large changes in organ uptakes;
Hall-life in the remaining six cases, dilferent effects were registered. Such information should be useful when
Hepatic uptake designing therapeutical albumin products for, e.g., drug delivery systems, In addition to various types of cell
Renal disposition endocytosis, leading to intracellular destruction or recycling of the proteins, the metabolism of the
Spleen uptake alloalbumins could be affected by plasma enzymes. No correlation was found between mutation-induced
changes in the pharmacokinetic parameters and changes in o-helical content or changes in heat stability as

represented by AH,.
© 2008 Elsevier BV, All nghts reserved.
1. Introduction HSA in neutral solution is very similar to that observed in the crystal

Human serum albumin (HSA) is produced in the parenchymal cells
of the liver, and it is the most abundant plasma protein. It is an
important circulating depot protein and transport protein for
endogenous and exogenous ligands in the blood, and contributes to
the maintenance of osmotic pressure, plasma pH and to the Donnan-
effect in the capillaries [1,2]. The protein is formed by a single
polypeptide chain of 585 amino acids, and it has a molecular mass of
approximately 66.5 kDa [2]. According to X-ray crystallographic
analyses of HSA and of its recombinant version (rHSA), albumin has
about 67% a-helix but no [3-sheet. The analyses also showed that the
polypeptide chain forms a heart-shaped protein with three homo-
logous domains (1-111), each comprised of two subdomains (A and B)
with distinct helical folding patterns that are connected by flexible
loops [3,4]. A combined phosphorescence depolarization-hydrody-
namic modeling study has proposed that the overall conformation of

Abbreviarions: HSA, human serum alb : THSA, rec HSA; Alb,
Alb A, normal (wild-type) albumin: CD. circular dichroism; AH,, van't Holl enthalpy;
RAGE. receptar for advanced glycation end products
* Corresponding author, Tel.: +81 96 371 4150; fax: +81 96 362 7650.
E-mail address: otagirim@gpo kumamoto-uac jp (M. Otagiri).

1570-9639/% - see front marter © 2008 Elsevier BV, All rights reserved.
doi:10.1016/1.bbapap.2008.11.022

form [5].

Clinically, HSA is used for urgent restoration of blood volume.
emergency treatment of chock, acute management of burns and other
situations associated with hypoproteinemia |2]. To date, albumin has
been produced by fractionation of whole blood, However, there is the
potential risk of HSA contamination with blood-derived pathogens. In
addition, human plasma can be in limited supply. Because of these
problems, rHSA, which is highly expressed by Pichia pastoris, most
probably will be commercially available in the near future |6]. Another
benefit of this approach is that protein engineering will enable the
creation of rHSAs with modified properties such as extended half-life
in the circulation. In this connection HSA dimers seem to be useful
candidates, Marsushita et al, |7] found that rHSA dimers had a high
retention rate in the circulatory blood and a lower wvascular
permeability than native rHSA in normal rats and in mice with paw
edema. Similar observations have been made by Komatsu et al. [8],
who examined the pharmacokinetics of chemically crosslinked rHSA
dimers in the rat. On the other hand, recombinant albumin domain(s)
are cleared very fast. Sheffield et al. |9] found that recombinant
domain I, 1+11 and 1l of rabbit serum albumin all had very short mean
terminal catabolic half-lives in rabbits due to a fast elimination in the
urine,
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Because of a relatively high in vivo half-life of ca. 19 days |2, HSA is
an attractive fusion partner to extend the half-life, and potentially the
therapeutic utility, of recombinant peptides and proteins, Among
recent examples are rHSA genetically fused to type 1 interferons [10],
glucagon-like peptide-1 [11] and interleukin-2 [12], However.
although an extension of the half-life of therapeutic peptides and
proteins often is desirable, an extension to that of albumin could be
excessive,

Although HSA-preparations with a modified hali-life thus could be
very useful, not much has been done to design or find such
preparations. In our search for useful candidates, we have paid our
attention to HSA genetic vanants. Until now, 65 inherited variants of
HSA, including proalbumin variants, have been identified and
structurally characterized [13]. Usually, these genetic variants are
expressed in heterozygous form and without any known association
to disease [ 13]. Therefore, unlike lethal mutations, such may occur for
hemoglobin and coagulation factors, studying the pharmacokinetic
properties of HSA variants is a good way of gaining information which
can be used when designing recombinant HSAs, because we can
consider the effects of molecular variation without worrying about
complications such as antigenic effects,

Recently, we have studied the pharmacokinetic properties in
mice of 17 alloalbumins with single-residue mutations [14]. The
study showed that, for example, only a few of the variants had a
significantly modified half-life in the blood. In an attempt to find
genetic variants with a more pronounced impact on pharmacoki-
netics, we now have expanded that study by determining the
plasma half-lives and organ uptakes of three HSAs with a slightly
longer chain-length (proalbumin variants), three with a slightly
shorter chain-length (C-terminal variants) and three alloalbumins
N-glycosylated in domain I Il and [il. respectively. For being able
to make a more detailed comparison between molecular character-
istics and pharmacokinetic properties, we have estimated the effect
of the molecular modifications on the a-helical content of the
alloalbumins by using circular dichroism (CD). Previously, the effect
of genetic variation on the thermal stability of HSA has been
quantified in terms of, for example, changes in the van't Hoff
enthalpy (AH,) [15]. In the present work, the pharmacokinetic
results have also been related to changes in AH,.

2. Materials and methods
2.1. Protein samples

The genetic variants of HSA and their normal (wild-type)
counterpart (endogenous Alb A) were isolated from serum from
heterozygous carriers by ion-exchange chromatography. The loca-
tions of the structural changes of the nine variants are indicated in
Fig. 1. After isolation, the albumins were checked for homogeneity
by native electrophoresis, and no denaturation or significant (no
more than 5%) cross-contamination between variant and Alb A was
detected. The proteins were donated to us by Drs. M. Galliano and L
Minchiotti, University of Pavia, Pavia, Italy; Dr. S.0. Brennan,
Canterbury Health Laboratories, Christchurch, New Zealand: and
Dr. D. Donaldson, East Surrey Hospital, Redhill, UK. Before use, the
albumins were delipidated by treatment with hydroxyalkoxypro-
pyldextran at pH 3.0, as described in a previous paper [16]. After
defatting, the albumins were dialysed extensively against deionized
water, lyophilized and stored at -20 °C until used. Thus, the
albumins from a donor have been exposed to exactly the same
conditions from the time the blood samples were taken until the
present experiments were performed.

Fraction V HSA (96% pure), assumed to be Alb A, was donated by
the Chemo-Sera-Therapeutic Research Institute (Kumamoto, Japan)
and defatted using the charcoal procedure described by Chen [17],
deionized, freeze-dried and then stored at -20 °C until used,

Domain [11

Domain |

Alb Redhill
Domain Il

Fig. 1. The crystal structure of HSA indicating the locations of the mutations of the three
C-terminal variants and the three proAlb vanants used in this study. The locations of the
glycosylated 63 Asn (Alb Malmi-95), 318 Asn (Alb Redhill) and 494 Asn (Alb Casebrook)
are also shown. The subdivision of HSA into domains s marked; Nand C stand for the N-
terminal and the C-terminal ends, respectively. The broken, black line added to the N-
rerminal end indicates the prosegment of HSA.

22, Chemicals and animals

"InCl; (74 Mbq/mL in 0.02 N HCI) was donated by Nihon Medi-
Physics (Takarazuka, Japan). All chemicals were of the highest grade
commercially available, and all solutions were prepared using
deionized, distilled water.

Male ddY mice (26-32 g) were purchased from the Shizuoka
Agricultural Cooperative Association for Laboratory Animals (Shi-
zuoka, Japan), and were maintained under conventional housing
conditions. All animal experiments were conducted in accordance
with the principles and procedures outlined in the National Institute
of Health Guide for the Care and Use of Laboratory Animals,

2.3. In vivo experiments

All proteins were radiolabeled with """In using the bifunctional
chelating reagent DTPA anhydride according to the method of
Hnatowich et al. [18], as described elsewhere [19]. In previous
works, we found no significant differences in pharmacokinetic
properties among these albumins, when '"In-labeled mouse, rat,
bovine or human serum albumin was administered to mice (unpub-
lished), suggesting that immunogenic behavior does not occur in mice.
Therefore, we chose the mouse as a reasonable model for the study of
the pharmacokinetics of the HSAs. Mice received tail vein injections of
""In-labeled proteins in saline, at a dose of 0.1 mg/kg and were housed
in metabolic cages to allow the collection of urine samples. Urine
samples were collected throughout the 120 min of the experimental
period. In the early period after injection, the efflux of "in
radioactivity from organs is assumed to be negligible, because the
degradation products of '"'In-labeled proteins using DTPA anhydride
cannot easily pass through biological membranes [20]. This assump-
tion was supported by the fact thatno '''In was detectable in the urine
after 120 min. At 1. 3, 5. 10, 30, 60, 90 or 120 min after injection. blood
was collected from the vena cava under ether anesthesia and plasma
was obtained by centrifugation. After blood collection, the ammals
were sacrificed, organs were excised, rinsed with saline and weighed.
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The radioactivity of each blood and tissue sample was measured in a
well-type Nal scintillation counter {ARC-500, Aloka, Tokyo).

Pharmacokinetic analyses were performed as follows. The plasma
"M radioactivity concentrations (C,) were normalized with respect
to the percentage of injected dose and analyzed using the nonlinear
least-square program MULTI [21], The two-compartment model was
fitted according to the Akaike information criterion by Eq. (1).

Cp=Ae™+Be™ (n

The half-lives of the HSAs were determined as |4-phase elimination
within a 120-min period. The tissue distribution patterns were
evaluated using tissue uptake clearances (Clyyaie) according to the
integration plot analysis. Clypxe Was calculated using Eq. (2).

X /Gy
Clomske = R0Co-1/C =
where X, is the tissue accumulation at time t, AUCy_ is the area under
the plasma concentration time-curve from time 0 to t, and C; is the
plasma concentration at time £. CLypexe Was obtained from the slope
of the plot of X,/C; versus AUCs (/C;. We estimated the organ uptake
clearances within a 30 min period.

2.4, Far-UV CD spectra

The protein concentration was 1.5 pM, as determined by the
method of Bradford |22}, and the buffer was 67 mM sodium phosphate,
pH 7.4, 25 *C. Far-UV intrinsic spectra were recorded from 200 to
250 nm using a Jasco |-720 spectropolarimeter (Tokyo, Japan). For
calcularion of the mean residue ellipticity, [6], the molecular masses
were assumed to be 65.8 kDa for Alb Venezia, 67.1 kDa for proAlb Lille
and Tradate and 66.5 kDa for the remaining variants and Alb A. The a-
helical content of the proteins was estimated from the ellipticity values
at 222 nm as described by Chen et al. [23],

2.5. Analysis of experimental data

The effects of the molecular changes were evaluated by using the
following relationship:

(Result for variant)-(Result for Alb A) 100%

{Result for AIb A) 3

Percent change =

In Eq. (3), the result can be a value determined for plasma half-life,
organ uptake clearance, a-helical content or for AH,.

2.6. Statistical analysis

Statistical analyses were performed by using the Student r-test. A
probability value of P<0.05 was considered to indicate statistical
significance.

3. Results

3.1. The genetic variants

The alloalbumins used in this study have been named after the
place from where the first detected carrier originates, and their
molecular changes are summarized in Table 1.

Proalbumin (proAlb) is an albumin molecule to which the propep-
tide, Arg-Gly-Val-Phe-Arg-Arg-, is still bound at the N-terminus (Fig. 1).
The positions of the propeptide are numbered from =6 to -1 (the
juxtaposition to albumin}. Normally, proAlb does not occur in detectable
amounts in the circulation, because the propeptide is cleaved off by
propeptidase within the liver cells. However. substitution of -1 Arg.or - 2
Arg (as in proAlb Lille [24] and proAlb Tradate [25]) inhibits the
proteolytic cleavage of the propeptide but nor the secretion of the
protein, and such proalbumin variants, in contrast to wild-type
proalbumin, can be isolated from the serum. In vivo, the prepro-form
of proAlb Tradate (-2 Arg —Cys) is often cleaved after the mutated
residue giving rise to HSA retaining -1 Arg (Arg-Alb) [25].

Among the C-terminal variants most are truncated albumins (Table
1). Thus. Alb Catania is three amino acids shorter than Alb A, and the
three last residues in the new C-terminal end are changed from Gin-
Ala-Ala to Lys-Leu-Pro [26). Alb Venezia has been shortened by seven
amino acids, and the new C-terminal end is changed from Gly-Lys-Lys-
Leu-Val-Ala-Ala ro Pro-Thr-Met-Arg-lle-Arg-Glu |26]. Alb Bazzano has
been shortened by three amino acids, and 14 of the last 16 amino acids
in the new C-terminal end have been substituted: from Cys-Phe-Ala-
Glu-Glu-Gly-Lys-Lys-Leu-Val-Ala-Ala-Ser-GIn-Ala-Ala to Ala-Leu-Pro-
Arg-Arg-Val-Lys-Asn-Leu-Leu-Leu-Gln-Val-Lys-Leu-Pro |27). Here the
567 Cys-Ala substitution has caused the loss of the C-terminal
disulfide bridge.

It is uncommon for an amino acid substitution to result in the
formation of an oligosaccharide attachment sequence. However. that
has happened to Alb Malmo-95 [28], Alb Redhill [29,30] and Alb
Casebrook [31,32]. which are glycosylated in domain I, Il and Il
respectively (Fig. 1). In all three cases. the glycan is a disialylated
{mainly or totally) biantennary complex type oligosaccharide N-
linked to an asparagine residue [30]. Alb Redhill is unique. because it is

Table 1
Half-lives and organ uptake clearances of '"'In-labeled HSA variants and corresponding Alb A in mice
Variant name (mutation) Domain Half-life* Clearance (pd/hry"
(min) Liver Kidney Spleen
proAlb Lille (- 2Arg -~ His) ] Variant 25112431° 56132807 60.0626.76 8247+1596
Alb A 26432458 42664752 T969+8.04 90.11£797
proAlb Tradate (- 2Arg->Cys) I Variant 24942589 1119941499 BaN4100 74.83£1357
Alb A 25242762 10999+ 14.01 46.0116.89 87861636
Arg-Alb (Alb A having -1 Arg) I Variant 26211653 21.16£3.72** 9998+23.18 105.77£14.52
Alb A 2535498 594384517 1193841029 91384651
Alb Bazzano (567-582 substituted. 583-585 deleted) 11} Variant 2311531 189772611 2536913622 8466+ 700
Alb A 24521693 41352468 119.95:20.05 57942511
Alb Vi (572-578 sub d. 579-585 deleted) m Vanant 22511549 134321141 136.11£13.55%* A8.43=1015
Alb A 2472:683 4124481 BlE7+328 67.89+15.03
Alb Catania [580-582 substituted, 583-585 deleted) m Vanant 2486546 1229+118* 140092 15.01* 4597+515
Alb A 25131399 489941818 B153£12.02 52A9+764
Alb Malma-95 (63 Asp--Asn, glycosylated at 63 Asn) I Variant 26131762 14582 £ 13 B4 1139641572 53.21x4.21%
Alb A 2642464 797221174 111.64218.18 82682409
Alb Redhill (= 1 Arg retained, 320 Ala-=Thr, ] Variant 26031743 25692351 62621705 45 68+691*
glycosylated ar 318 Asn) Alh A 24522634 9349895 125841521 £439:726
Alb Casebrook (494 Asp->Asn, glycosylated at 494 Asn) 1} Variant 25122488 1347921397 14101 £8.14 56.94+610
Alb A 249112454 81452919 1487122118 57732425

* ‘The data are average values of 3-6 experiments (£50), *P< (.05, **P< 0,01 as compared with endogenous Alb A
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the only example so far of an albumin with two mutations. One is the
320 Ala— Thr, which leads to glycosylation of 318 Asn; the other is -2
Arg —Cys, which results in abnormal hydrolysis of the prepro-form
within the liver cells and to the formation of albumin still possessing
-1 Arg [29].

According to the literature cited |24-32], none of the mutations
seem to affect the oligomeric state of albumin.

3.2. Pharmacokinetic properties of HSA variants

Fig. 2 shows the time courses for radioactivity in mouse plasma
after intravenous administration of '""In-labeled preparations of the

637

variants and their corresponding Alb A. As seen, in all 9 cases the
mutation affected, to different degrees, the elimination of HSA. Table 1
gives the plasma half-lives, calculated by |5-phase using the nonlinear
least-square program MULTI and Eq.(1), and liver, kidney and spleen
uptake clearances, determined by an integration plot analysis (Eq.(2)).
As a control we have compared the pharmacokinetic results obtained
for endogenous Alb A (Table 1) with those obtained with commercial
HSA (not illustrated), because both types of preparations are assumed
to represent the normal protein, The average half-lives for Alb A and
commercial HSA are 252.5 min and 268.2 7.2 min (n=6), respectively.
The liver, kidney and spleen uptake clearances for Alb A are on an
average 70.36 pL/h, 99.51 pL/h and 74.74 uL/h, respectively, whereas

(A) ProAlb variants
100 100 100
Lille normal Tradate normal Arg-Alb vanant
% 80 ' 80
3 bow L a |
£
= 40 T 40 I 40 I
‘s
¥ 20| Lille variant 20| Trudate variant 20| Arg-Alb normal
0 0 0
0 60 120 0 60 120 0 60 120
Time (min) Time (min) Time (min)
(B) Truncated HSA variants
100 100 100
é 80 Bazzano normal 80 Venezia normal &0 Catania normal
2
(=
: . o] °l ]
-]
®
20 Bazzano variant 20 Venezia variant 20| Catania variant
0 0 0
0 60 120 0 60 120 0 60 120
Time (min) Time (min) Time (min)
(C) Glycosylated HSA variants
100 100 100
Malmd-95 normal Redhill vanant Casebrook normal
b 80 80 R0
g 60 60 60
2
) T “0 T 10 ]
s
® 20 Mulma-95 vanant 20| Redhill normal 20| Casebrook variant
0 0 0
0 60 120 0 60 120 0 60 120
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l’h, 2. Relative plasma amounts of '"'In-labeled proAlb variants (A), truncared HSA variants (B} and glycosylated HSA variants (C) and their corresponding Alb A alter intravenaous

ation in mice. ""'In-alb

was injected as a bolus dose into the tail vein. Relative amounts are plotied aganst time afier injechon. The open and closed circles represent

variant and normal albumin, respectively. Each point represents an average value obtained for 3-6 mice (£50]



