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Abstract

Plasma albumin reacts with nitric oxide (NO) to form the
bioactive adduct, S-nitroso-albumin (S-NO-albumin). The
limited intracellular access of S-NO-albumin suggests the
need for a vascular transfer mechanism of NO from a large
plasma S-NO-albumin pool to effect biologic function. To
study the role of low molecular weight (LMW) thiols in
NO transfer in vivo, we administered intravenous S-NO-
albumin (1-300 nmol/kg) to rabbits before and after an
intravenous infusion of L-cysteine or N-acetyl-L-cysteine. S-
NO-albumin produced dose-dependent hypotension that
was significantly augmented by prior infusion of either
LMW thiol. LMW thiol infusion significantly accelerated
the rate of onset and reduced the duration of action of the
hypotension induced by S-NO-albumin. The hemodynamic
effects of S-NO-albumin after pretreatment with LMW thi-
ols were mimicked by administration of the corresponding
LMW S-nitrosothiol. The transfer of NO from albumin to
L-cysteine was directly measured in rabbit plasma using a
novel technique that couples high performance liquid chro-
matography to electrochemical detection. These data dem-
onstrate that NO exchange between plasma protein thiol-
bound NO and available LMW thiol pools (transnitrosa-
tion) occurs in vivo. (J. Clin. Invest. 1994. 94:1432-1439.)
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Introduction

Since the discovery of endothelium-derived relaxing factor
(EDRF)' by Furchgott and Zawadzki in 1980 (1), much infor-
mation has become available about the biochemistry and physi-
ology of this endothelial product. Many investigators have
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found that EDRF shares similar kinetic, biochemical, and physi-
ologic properties with the nitric oxide radical (NO). Both agents
cause equipotent relaxations of arterial and venous smooth mus-
cle (2-4), inhibit platelet aggregation (5-8), and activate gua-
nylyl cyclase (3-4). At least two groups have found the half-
lives of these two agents to be identical (2, 9).

Despite these extensive similarities, several investigators
have reported important differences between EDRF and NO.
While some investigators have observed that EDRF and NO
both relax nonvascular smooth muscle (10), in some studies
EDRF fails to do so consistently (11). Myers et al. ( 12) found
that EDRF was 80-fold more potent than NO in a bioassay
system. In addition, Kelm and Schrader (13) reported the half-
life of NO in vivo to be - 0.1 s, considerably shorter than the
estimated 3-30-s half-life of EDRF ex vivo (9, 12).

Although several of these studies have been criticized for
methodologic flaws and the experimental systems used varied,
taken together these data have led to the speculation that EDRF
bioactivity may not be entirely accounted for by NO alone, but
may be evinced by a closely related NO adduct (12, 14-15).
One likely candidate class of molecular species that has been
shown to react readily with NO under physiologic conditions,
without inactivating it, is that of biologic thiols, which form
thionitrites or S-nitrosothiols (RSNOs) (14-16). We have re-
cently shown that the sulfhydryl group(s) of plasma proteins
can combine with oxides of nitrogen under physiologic condi-
tions to form stable, biologically active NO adducts (17-20).
The physiologic relevance of such protein-associated NO has
been highlighted by recent evidence that NO circulates in mam-
malian plasma primarily as S-nitroso-albumin (18) and by the
demonstration that S-nitroso-albumin possesses EDRF-like
properties in vivo (20).

Although these direct plasma measurements and in vivo
experimental data confirm the existence and biologic activity of
S-nitroso-albumin, the role of serum albumin in NO metabolism
remains imprecisely defined. It is possible that S-nitroso-albu-
min acts as an extracellular "buffer" of NO from which NO
can be transferred to the intracellular milieu by smaller, less
diffusion-limited S-nitrosothiol species. To investigate this pos-
sibility, we studied the effects of low molecular weight thiols
on the systemic hemodynamic responses to S-nitroso-albumin
in a rabbit model. Using a novel technique that couples reverse-
phase high performance liquid chromatography (HPLC) with
electrochemical detection (ECD), we also obtained direct evi-
dence for the biochemical transnitrosation ofNO from a plasma
albumin pool to a low molecular weight thiol pool in vivo.

Methods

Materials
Sulfanilamide, N-( l-naphthyl)ethylenediamine dihydrochloride, and N-
acetyl-L-cysteine were purchased from Aldrich Chemical Co. (Milwau-
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kee, WI). Sodium nitrite was obtained from Fisher Scientific (Fairlawn,
NJ) and atropine sulfate was obtained from LyphoMed Inc. (Rosemont,
IL). Xylazine was purchased from Mobay Corp. (Shawnee, KS). Keta-
mine hydrochloride was obtained from Aveco Co., Inc. (Fort Dodge,
IA) and sodium pentobarbital was purchased from Anthony Products
Co. (Arcadia, CA). Hexamethonium bromide, timolol maleate, L-Cys-
teine, bovine serum albumin, and all other reagent-grade chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO).

Synthesis of S-nitroso-serum albumin and S-nitrosothiols
S-nitroso-albumin (S-NO-albumin) was prepared as previously de-
scribed (17). Briefly, bovine serum albumin was exposed to an equimo-
lar concentration of sodium nitrite in 1.0 N HCl for 30 min at 250C and
the solution was subsequently neutralized with equal volumes of Tris-
buffered saline (TBS, 10 mM Tris, 0.15 M NaCl, pH 7.4) and 1.0 N
NaOH. The presence of an S-NO bond was confirmed and quantified
by the method of Saville (21), and synthesis of S-nitroso-BSA by this
method yielded a stoichiometry of 0.85±0.07 mol S-NO/mol BSA.
Previous studies have also confirmed the presence of an S-nitrosothiol
using ['5N]NMR spectroscopy and chemiluminescence (17).

S-nitroso-L-cysteine (S-NO-cysteine) and S-nitroso-N-acetyl-L-cys-
teine (S-NO-N-acetyl-cysteine) were synthesized by combining equi-
molar concentrations of L-cysteine (cysteine) or N-acetyl-L-cysteine (N-
acetyl-cysteine) with sodium nitrite in 0.5 N HCl at room temperature.
Synthesis of S-NO-cysteine and S-NO-N-acetyl-cysteine by this method
produces S-nitrosothiol that is 2 99% pure and stable at pH c 3 (22).
These low molecular weight S-nitrosothiols were synthesized on the
day of use and maintained at pH - 3 until immediately before adminis-
tration, at which time they were diluted with 10 vol TBS.

Bovine serum albumin (BSA), N-acetyl-L-cysteine, and L-cysteine
controls were each produced by acidification and neutralization in the
absence of sodium nitrite. Similarly, sodium nitrite was acidified and
neutralized in the absence of BSA as another control. L-cysteine and N-
acetyl-L-cysteine were dissolved in phosphate-buffered saline (PBS, 10
mM sodium phosphate, 0.15 M NaCl, pH 7.4) and titrated to a pH of
4. All doses used in the experiments described were based on the compo-
nent of mercuric ion-displaceable NO.

Measurement ofplasma S-nitrosothiols
Plasma S-NO-cysteine was measured by HPLC using a C18 reverse-
phase column coupled to an electrochemical detector with a dual Au/
Hg electrode set at both oxidizing (+0.15 V) and reducing (-0.15 V)
potentials versus a Ag/AgCl reference electrode (Bioanalytical Sys-
tems, West Lafayette, IN). The working electrodes were configured in
series with the reducing electrode upstream. Using this configuration,
S-nitrosothiols are detected at both electrodes-as S-nitrosothiols at
the reducing electrode and as reduced thiol (the product of upstream
reduction) at the oxidizing electrode. The mobile phase consisted of 0.1
M monochloroacetic acid, 0.125 M disodium ethylenediaminetetraacetic
acid (EDTA), 1.25 mM sodium octyl sulfate, and 1% (vol/vol) acetoni-
trile, pH 2.8. The flow rate was 1 cc/min. This technique can reliably
separate and detect S-nitrosothiols in the nanomolar range. Blood sam-
ples were diluted 1:10 with citrate-phosphate-dextrose (CPD) anticoag-
ulant (15.6 mM citric acid, 90 mM sodium citrate, 16 mM NaH2
P04 H20, and 142 mM dextrose, pH 7.35) and 75 mg% diethylenetri-
aminepentaacetic acid (DTPA), pH 7.4, then immediately centrifuged
at 1,000 g for 10 min at 4°C. Plasma was microfiltered using a Centrifree
microfiltration system (Amicon, Beverly, MA) with a molecular weight
cutoff of 30,000 D at 1,500 g. The resulting filtrate was injected into
the HPLC/ECD apparatus and S-nitrosothiols were identified and quan-
titated by comparison with authentic standards. Biochemical identity of
S-nitrosothiol peaks was also confirmed by augmentation of peak height
by the addition of authentic (internal) standard to the plasma samples.

Measurement ofplasma thiols
Plasma thiols were measured by HPLC/ECD. The reduction of plasma
thiols was performed by a modification of a previously described tech-
nique (23). Briefly, blood samples were diluted 1:10 with citrate-phos-

phate-dextrose (CPD) anticoagulant and 75 mg% DTPA, pH 7.4, and
immediately centrifuged at 1,000 g for 10 min at 4TC. 150 pd of plasma
were then mixed with 50 Ml 0.1 M potassium borate, pH 9.5, containing
2 mM ethylenediaminetetraacetic acid (EDTA). 20 piL of 100 ml/liter
of tri-n-butyl-phosphine was added and the sample was incubated at
40C for 30 min. The sample was then microfiltered using a Centrifree
microfiltration system at 1,500 g. The resulting filtrate was injected into
the HPLC/ECD apparatus with both electrodes set at +0.15 V config-
ured in parallel, and thiols were identified and quantitated by comparison
with authentic standards.

Animal preparation
New Zealand White rabbits (3.5-5.0 kg) were sedated with 0.1 mg/
kg atropine sulfate and 5 mg/kg xylazine intramuscularly (IM) followed
by 40 mg/kg of ketamine hydrochloride. Anesthesia was maintained by
intravenous infusion of sodium pentobarbital at 5-7 mg/kg per h with
a Harvard Pump (model 22, Harvard Apparatus Co. Inc., South Natick,
MA). Tracheostomies were performed through a midline neck incision,
and the trachea was intubated with a specifically designed endotracheal
tube. Body temperature was maintained with a homeothermic blanket
system (Harvard Apparatus Ltd., Edinbridge, KY, UK).

The femoral vein was cannulated through an inguinal incision with
polyethylene tubing (PE-90; Clay Adams, Parsipanny, NJ) for intrave-
nous access, and the femoral artery was cannulated with a 5 French
high fidelity pressure transducer (model SPC-350; Millar Instruments,
Houston, TX). A Doppler flow probe (model TIOl; Transonic Systems
Inc., Ithaca, NY) was placed on the contralateral femoral artery to
measure hindlimb blood flow. All measurements were recorded on
a Gould physiograph (model 2600; Gould Electronics Inc., Cleve-
land, OH).

Reflex responses were minimized in rabbits in groups 1-3 with
hexamethonium bromide (20 mg/kg intravenously over 20 min), timo-
lol maleate (1 mg/kg intravenous bolus), and atropine sulfate (0.2
mg/kg intravenous bolus). Autonomic blockade was maintained with
continuous infusions of hexamethonium bromide (10 mg/kg per h) and
timolol maleate (0.06 mg/kg per h).

Experimental protocols
Group 1. After the establishment of a baseline hemodynamic state,
rabbits received intravenous bolus doses of S-NO-albumin (1-300
nmol/kg) in random order of concentration. A new baseline steady-
state was established prior to the administration of each dose. After
completion of this dosage regimen, rabbits received an intravenous infu-
sion of 613 tmol/kg of either L-cysteine (n = 5) or N-acetyl-L-cysteine
(n = 6) over 20 min followed by repeated administration of S-NO-
albumin at identical doses.

Group 2. Rabbits in this group were prepared as described above
and received intravenous bolus doses of S-NO-cysteine (n = 5) or S-
NO-N-acetyl-cysteine (n = 6) (1-300 nmol/kg) in random order.
These rabbits also served as their own controls, receiving similar doses
of L-cysteine or N-acetyl-L-Cysteine after the initial dosage regimen was
completed.

Group 3. Rabbits in this group (n = 5) served as controls for group
1, and received intravenous bolus doses ( 1-300 nmol/kg) of BSA and
sodium nitrite controls in an escalating dosage regimen.

Group 4. Rabbits in this group (n = 10) were used for measurement
of S-nitrosothiols. A single 300 nmol/kg dose of S-NO-albumin was
administered intravenously to each rabbit before and after a 10-min
infusion of 400 itmol/kg L-cysteine. The S-NO-albumin used for this
group of rabbits was synthesized by combining a 1.5-fold molar excess
of bovine serum albumin with sodium nitrite to minimize free sodium
nitrite in the synthesized product (- 50 jIM). Blood samples were
drawn for measurement of plasma S-NO-cysteine at baseline, as well
as 1 min after administration of S-NO-albumin following pre-infusion
of L-cysteine.

Group 5. Rabbits in this group (n = 4) served as controls for rabbits
in group 4 and received 60 nmol/kg of acidified and neutralized sodium
nitrite as an intravenous bolus both before and after a 10-min infusion
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Figure 1. Sample tracing of the
hemodynamic effect of S-NO-al-
bumin before and after infusion of
cysteine. One hundred nmol/kg S-
NO-albumin (A) produced a rapid
fall in blood pressure followed by
a gradual asymptotic return to
baseline. After infusion of 613
,umol/kg cysteine (B), the hypo-
tensive response induced by the
same dose of S-NO-albumin was
potentiated in magnitude by 39%
(P < 0.0001) and accelerated by
58% (P < 0.003). Similarly, the
recovery half-time was reduced by
61% (P < 0.01). As demon-
strated in the figure, the rate of
onset of the hypotensive response
(onset slope) was derived from
the maximal slope of the decline
in the systolic arterial blood pres-
sure tracing, and the recovery
half-time (rec. tl/2) was calculated
by measuring the time for recov-
ery of the systolic arterial blood
pressure to half its maximal de-
crease.

of 400 umol/kg L-cysteine. This dose was chosen because it reflected
at least a 20% increase over the maximal dose of free sodium nitrite in
the bolus of S-NO-albumin administered to rabbits in group 4.

Group 6. Rabbits in this group (n = 10) were used for measurement
of plasma L-cysteine levels. A single 300 nmol/kg dose of S-NO-albu-
min was administered intravenously to each rabbit before and after a

10-min infusion of 613 yumol/kg L-cysteine. The S-NO-albumin used
for this group of rabbits was prepared as described for rabbits in group

4. Blood samples were drawn for measurement of plasma L-cysteine at
baseline, as well as 1 min after administration of S-NO-albumin after
pre-treatment with L-cysteine.

Definition of hemodynamic and time parameters
EC50 was defined as the dose of S-NO-albumin that caused a half-
maximal decrease in mean arterial blood pressure. This parameter was

determined for the dose-range tested and does not reflect an actual
pharmacologic EC50 per se. Recovery half-time was calculated by mea-

suring the time to recovery of the systolic arterial blood pressure to half
its maximal decrease (Fig. 1). This parameter was chosen as a reflection
of recovery time because of the asymptotic nature of the restoration in
blood pressure after a dose of test agent. EC10oo was defined as the dose
of S-NO-albumin that effected a recovery time of 100 s. Rate of onset
was obtained by calculating the maximal slope of the decline of the
systolic arterial blood pressure tracing (Fig. 1). EC-2 ,H./, was defined
as the dose of S-NO-albumin that effected a slope of -2 mm Hg/s.
Hindlimb resistance was calculated by dividing the nadir of mean arterial
pressure by the coincidental peak increase in mean hindlimb blood flow
after administration of a dose of test agent and is expressed in Wood
units (mm Hg min/liter).

Statistical analysis
All data are presented as the mean±SEM. All dose-response curves

were analyzed by repeated measures analysis of variance (SAS Institute,
Inc., Cary, NC). Dose-response curves were compared among agents
by the same method. Comparison of S-NO-cysteine and L-cysteine con-

centrations at baseline and after administration of S-nitroso-albumin
following pre-treatment with L-cysteine was performed using a paired,
one-tailed Student's t test. Statistical significance was accepted if the
null hypothesis was rejected with P < 0.05.

Results

Hemodynamics: bloodpressure response. A representative trac-
ing depicting the effect of an intravenous bolus dose of S-NO-
albumin on mean arterial pressure is shown in Fig. 1, and dose-
response curves for this variable are shown in Fig. 2. S-NO-
albumin produced a significant dose-dependent decrease in
mean arterial blood pressure (P < 0.0001). Infusion of L-Cys-
teine (Fig. 2 A) enhanced the vascular sensitivity to S-NO-
albumin 18-fold (EC50 before cysteine, 62.5 nmol/kg; after cys-

teine, 3.5 nmol/kg; P 0.01), while infusion of N-acetyl-L-
cysteine was associated with a three-fold enhancement of the
vascular sensitivity to S-NO-albumin (EC50 before N-acetyl-
cysteine, 62.5 nmol/kg; after N-acetyl-L-cysteine, 20 nmol/kg;
P < 0.02).

S-NO-cysteine and S-NO-N-acetyl-cysteine both produced
significant dose-dependent reductions in mean arterial blood
pressure (P < 0.0001). As shown in Fig. 2 A, S-NO-cysteine
was significantly more potent, on a molar basis, than S-NO-
albumin (ECm 7 nmol/kg vs. 62.5 nmol/kg; P < 0.005). By
contrast, after the infusion of L-cysteine (Fig. 2 A), S-NO-
albumin was nearly equipotent to S-NO-cysteine (EC50 3.5
nmol/kg vs. 7 nmol/kg, P < 0.02). As shown in Fig. 2 B, S-
NO-N-acetyl-cysteine was fourfold more potent in reducing
mean arterial pressure than S-NO-albumin (EC50 15 nmol/kg
vs. 62.5 nmol/kg, P < 0.02). After infusion of N-acetyl-L-
cysteine, however, S-NO-albumin was equipotent to S-NO-N-
acetyl-cysteine (EC50 20 nmol/kg vs. 15 nmol/kg, P = NS).
L-cysteine, N-acetyl-L-cysteine, BSA, and sodium nitrite con-

trols had no significant effect on systemic arterial blood pressure
over this concentration range (P < 0.001, data not shown).

Kinetics of the hemodynamic response: recovery half-time.
To quantify the biologic half-life of the NO adducts studied,
recovery half-times (as defined in Fig. 1) were determined for
each agent. Dose-response curves for this parameter were con-
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Figure 2. The systemic vascular responses to S-NO-albumin, S-nitroso-
cysteine, and S-nitroso-N-acetyl-cysteine. S-NO-albumin (.) produced
a dose-dependent decrease in mean arterial pressure (P < 0.0001) that
was significantly potentiated by infusion of 613 ,umoles/kg (A) L-Cys-
teine (0, P < 0.001) and (B) N-acetyl-L-cysteine (A, P < 0.02). The
dose-response curve for (A) S-NO-cysteine (o) was similar to that for
S-NO-albumin after infusion of cysteine (P < 0.02), and the dose-
response curve for (B) S-NO-N-acetyl-cysteine (v) was not signifi-
cantly different from that for S-NO-albumin after infusion of N-acetyl-
cysteine (P = NS).

structed and are shown in Fig. 3. S-NO-cysteine, S-NO-N-ace-
tyl-cysteine, and S-NO-albumin before and after infusion of
either biologic low molecular weight thiol all produced dose-
dependent increases in the time for recovery of the hypotensive
response (P < 0.03 for all dose-response curves). Infusion of
L-cysteine produced a 10-fold increase in the EC100, for S-NO-
albumin (18 nmol/kg vs. 180 nmol/kg, P < 0.01), reflecting
a significant reduction in the duration of action of S-NO-albu-
min (Fig. 3 A). At a dose of 100 nmol/kg (Fig. 1), L-cysteine
pretreatment reduced the recovery half-time of S-NO-albumin
by 61%. S-NO-cysteine administration produced recovery half-
times similar to those for S-NO-albumin after infusion of L-
cysteine (P = NS).

In contrast, N-acetyl-L-cysteine pretreatment did not pro-
duce a significant reduction in the recovery half-time or increase
in ECi0oo for S-NO-albumin (Fig. 3 B, P = NS). In concordance
with this finding, the duration of action of S-NO-N-acetyl-cys-
teine is also similar to that for S-NO-albumin (P = NS). In
addition, comparison of Fig. 3, A and B reveals that S-NO-
cysteine has a significantly shorter duration of action than S-
NO-N-acetyl-cysteine (ECi0oo 275 nmol/kg vs. 20 nmol/kg, P
< 0.03).

Kinetics of the hemodynamic response: rate of onset. The
rate of onset of the hypotensive response induced by the NO
adducts studied reflects the rate of delivery of NO to vascular
smooth muscle. This parameter increased in a dose-dependent
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Figure 3. The duration of action of S-NO-albumin, S-NO-cysteine, and
S-NO-N-acetyl-cysteine. (A) S-NO-albumin (-) produced a dose-de-
pendent increase in the recovery half-time (P < 0.0001) that was sig-
nificantly shortened by L-cysteine (0, P < 0.01). The dose-response
curve for S-NO-cysteine (o) was similar to that for S-NO-albumin after
L-cysteine pretreatment (P = NS). (B) N-acetyl-L-cysteine (A) did not
shorten the duration of action of S-NO-albumin (P = NS), and the
duration of action of S-NO-N-acetyl-cysteine (v) was similar to that of
S-NO-albumin (P = NS).

fashion for both low molecular weight S-nitrosothiols as well
as for S-NO-albumin before and after infusion of either low-
molecular-weight thiol (Fig. 4; P < 0.02 for all dose-response
curves). L-cysteine (Fig. 4 A) accelerated the rate of onset of
the hypotensive response of S-NO-albumin twenty seven-fold
(EC-2 mrHgls for S-NO-albumin before L-cysteine, 80 nmol/kg;
after L-cysteine, 3 nmol/kg; P < 0.003), while N-acetyl-L-
cysteine (Fig. 4 B) infusion was associated with a four-fold
decrease in the EC-2 mgIns (80 nmol/kg vs. 25 nmol/kg, P
< 0.02). At a dose of 100 nmol/kg, L-cysteine (Fig. 1) and N-
acetyl-L-cysteine infusions significantly accelerated the rate of
onset of hypotension by 58 and 49%, respectively.

With regard to the low molecular weight S-nitrosothiols, S-
NO-cysteine (Fig. 4 A) and S-NO-N-acetyl-cysteine (Fig. 4
B) were both significantly more potent, on a molar basis, in
accelerating the rate of onset of the hypotensive response com-
pared to S-NO-albumin before infusion of thiol. S-NO-cysteine
(Fig. 4 A) was eight-fold more potent (EC-2 n,,nHg/s, 10 nmol/
kg vs. 80 nmol/kg, P < 0.04), and S-NO-N-acetyl-cysteine
was fourfold more potent than S-NO-albumin (EC-2 .Hg/,s 20
nmol/kg vs. 80 nmol/kg, P < 0.03). S-NO-cysteine and S-
NO-N-acetyl-cysteine produced rates of onset that were similar
to those produced by S-NO-albumin after pretreatment with the
corresponding low molecular weight thiol (P = NS).

Hindlimb vascular resistance. Administration of systemic
intravenous S-NO-albumin before and after administration of
low-molecular-weight thiols produced a significant dose-depen-
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Figure 4. The rate of onset of the hypotensive effect of S-NO-albumin,
S-NO-cysteine, and S-NO-N-acetyl-cysteine. S-NO-albumin (.) caused
a dose-dependent increase in the rate of onset of the hypotensive re-

sponse (P < 0.0001) that was significantly enhanced by prior infusion
of (A) L-cysteine (o, P < 0.002) and (B) N-acetyl-L-cysteine (A, P
< 0.02). The dose-response curves for S-NO-cysteine (o) and S-NO-
N-acetyl-cysteine (v) were not significantly different from the dose-
response curves induced by S-NO-albumin after infusion of L-cysteine
and N-acetyl-L-cysteine, respectively (P = NS).

dent decrease in hindlimb resistance (Fig. 5, P < 0.03 for all
curves). Infusion of L-cysteine (Fig. 5 A) significantly potenti-
ated the decrease in hindlimb resistance induced by S-NO-albu-
min (P < 0.05). N-acetyl-L-cysteine (Fig. 5 B) also tended to
potentiate the fall in hindlimb resistance, although this potentia-
tion was not as marked (P = 0.07). Of interest, N-acetyl-L-
cysteine infusion alone caused a significant increase in hindlimb
blood flow (data not shown), and this effect may account, in
part, for the less dramatic enhancement of the effects of S-NO-
albumin on hindlimb resistance after infusion of this thiol.

Synthetic S-NO-cysteine and S-NO-N-acetyl-cysteine also
produced significant dose-dependent decreases in hindlimb re-

sistance (P < 0.02). The dose-response curves for synthetic low
molecular weight S-nitrosothiols mimicked the dose-response
curves for S-NO-albumin after infusion of the corresponding
low molecular weight thiol (P = NS for both comparisons).

Plasma S-NO-cysteine measurements. The results of S-NO-
cysteine measurements in plasma for rabbits in group 4 are

shown in Fig. 6, and a representative chromatogram is shown
in Fig. 7. Importantly, S-NO-cysteine was detected in 7 of 10
rabbits in the baseline state. The range was 30.1 nM to 873 nM
with a mean S-NO-cysteine concentration of 221.1 nM±259.7
nM. Administration of 300 nmol/kg S-NO-albumin following
infusion of L-cysteine caused an increased in S-NO-cysteine
concentration to 2.75±2.42 btM reflecting an twelve-fold in-
crease over baseline concentration (P = 0.017). Administration

-9 -8 -7
DOSE (log moles/kg)

-6

Figure 5. The response of hindlimb vascular resistance to S-NO-albu-
min, S-NO-cysteine, and S-NO-N-acetyl-cysteine. S-NO-albumin (.)
produced a dose-dependent decrease in hindlimb vascular resistance that
was significantly potentiated by L-cysteine (o, P < 0.05) and enhanced
by N-acetyl-L-cysteine (A, P = 0.07). The dose-response curves for S-
NO-cysteine (En) and S-NO-N-acetyl-cysteine (v) were not significantly
different from those for S-NO-albumin before or after L-cysteine and
N-acetyl-L-cysteine, respectively (P = NS).

of free sodium nitrite before and after L-cysteine infusion had
no effect on baseline S-NO-cysteine concentration (data not
shown). Mean plasma L-cysteine concentration increased 4.7-
fold (n = 10) after infusion of L-cysteine followed by S-NO-
albumin (P = 0.0005).
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_Figure 6. Measurement of S-ni-
troso-L-cysteine (S-NO-CYS)
concentration in vivo by HPLC
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produced a significant 12-fold
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NO-CYS) concentration com-
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A B C Figure 7. Representative
chromatograms of stan-
dards and plasma sam-
ples. A shows 200 pico-
moles of authentic S-NO-
cysteine. B and C show
chromatographic sepa-
ration of plasma from
rabbits. S-NO-cysteine
(arrow) is detected in
the baseline state (B) and

H~tLl ~
is increased approxi-

mately fourfold after the
administration of 300

LL, . L nmol/kg S-NO-albumin
0 2 4 0 2 4 o 2 4 following pretreatment

with 400 ,mol/kg cys-
Retention Time (minutes) teine (C).

Discussion

Although the origin of NO has been definitively traced to the
terminal guanidino group of L-arginine (24), the specific bio-
chemical intermediates that exist between this precursor and the
presumed site of NO action, the heme moiety of guanylyl cy-
clase, are unknown. Given the extreme lability and facile inacti-
vation of NO by heme iron, non-heme iron (25), superoxide
anion (26), oxygen (27), and other biochemical species (28-
29), it is likely that some intermediate molecular species serves

to stabilize NO and/or transfer it from its site of origin (endo-
thelial cell) to target effector sites (e.g., vascular smooth mus-

cle, platelets). Plasma thiols represent likely candidates for this
role as they readily form thionitrites (S-nitrosothiols) under
physiologic conditions by complexation with NO or by reacting
with an endogenous nitrosating species (15-16, 30), are pres-
ent in abundant quantities in vivo, and confer stability to the
NO radical (14). Furthermore, there is ample evidence that low
molecular weight S-nitrosothiols (as well as plasma protein
thiols) participate in the mechanism of action of nitrosovasodi-
lators (14-15, 31-34), and, by inference, in the mechanism
of action of NO.

We have recently shown that the S-nitrosation of albumin
at its single free thiol, cysteine 34, forms the bioactive NO
adduct S-NO-albumin. S-NO-albumin relaxes vascular smooth
muscle ex vivo (17) and in vivo (20), inhibits platelet aggrega-
tion in vitro (17) and in vivo (20, 34), and activates guanylyl
cyclase (17). The role of S-NO-albumin, present in the micro-
molar range in mammalian plasma (17), in the intermediary
metabolism ofNO is, however, unclear. With prolonged in vivo
hemodynamic effects (20) and limited (if any) intracellular
access, S-NO-albumin would be unlikely to serve as an adduct
that "presents" NO directly to the intracellular milieu. How-
ever, S-NO-albumin may serve as an extracellular buffer or

reservoir of relatively stable NO that can be transferred more

efficiently to vascular smooth muscle or to the platelet cytosol
by low molecular weight, less diffusion-limited thiol species.

NO exchange among thiols has been documented by several
investigators, including Oae and coworkers (16) and others
(35-37), under non-physiologic conditions. We have recently
reported that transnitrosation between S-NO-albumin and low
molecular weight thiols occurs rapidly and completely in vitro
under physiologic conditions (18). In addition, we have re-

cently found that NO appears to shift transiently from high
molecular-weight to low molecular-weight S-nitrosothiol pools
in vivo in response to the administration of NG-monomethyl-L-
arginine (18).

The hemodynamic data presented here provide direct evi-
dence that transnitrosation occurs in vivo. The hemodynamic
responses to S-NO-albumin after infusion of L-cysteine or N-
acetyl-L-cysteine were mimicked by administration of the corre-
sponding synthetic S-nitrosothiol. This similarity was particu-
larly striking for N-acetyl-L-cysteine (Fig. 2 B), with nearly
identical dose-response curves characterizing the hemodynamic
responses to both S-NO-N-acetyl-cysteine as well as S-NO-
albumin after infusion of N-acetyl-L-cysteine.

The kinetic data are also consistent with in vivo transnitrosa-
tion. Both L-cysteine and N-acetyl-L-cysteine accelerate the rate
of onset of the hypotensive response to S-NO-albumin. For both
low molecular weight thiols, the dose-response curves for this
variable induced by S-NO-albumin after infusion of thiol were
not significantly different from the dose-response curves for the
corresponding synthetic S-nitrosothiol. These results reflect the
more efficient and rapid delivery of NO to the vascular smooth
muscle cell by the low molecular weight S-nitrosothiols formed
by transnitrosation of NO from S-NO-albumin to the exoge-
nously administered low molecular weight thiol.

The data for recovery half-time also support the hypothesis
that transnitrosation occurs in vivo, and highlight the differences
in the stability of various low molecular weight S-nitrosothiols.
L-cysteine shortens the duration of action of S-NO-albumin, and
the dose-response curve for S-NO-albumin after infusion of L-
cysteine was nearly identical to that for synthetic S-NO-cys-
teine. Although N-acetyl-L-cysteine infusion did not shorten the
duration of action of S-NO-albumin, this finding was similarly
consistent with the occurrence in vivo of transnitrosation as the
duration of action of synthetic S-NO-N-acetyl-cysteine was also
similar to that for S-NO-albumin.

The hindlimb vascular resistance data also provide im-
portant insights into the differences among S-nitrosothiols.
While infusion of N-acetyl-L-cysteine produced a significant
increase in baseline mean hindlimb blood flow (with no change
in hindlimb resistance), infusion of L-cysteine did not (data not
shown). This increase in baseline flow induced by N-acetyl-L-
cysteine likely results from the formation of an appreciable
pool of S-NO-N-acetyl-cysteine by transnitrosation of NO from
endogenous and exogenously administered S-NO-albumin to N-
acetyl-L-cysteine. Although such an S-nitrosothiol pool is likely
formed after infusion of cysteine as well, the duration of action
of S-NO-N-acetyl-cysteine is sufficiently prolonged in the hind-
limb microcirculation that baseline hindlimb blood flow is sig-
nificantly increased only by N-acetyl-L-cysteine. This rationale
may also explain the lack of a statistically significant decrease
in hindlimb resistance induced by S-NO-albumin after adminis-
tration of N-acetyl-L-cysteine. Repeat administration of S-NO-
albumin in the presence of an appreciable, relatively long-acting
S-NO-N-acetyl-cysteine plasma pool does little to decrease the
already near maximally dilated hindlimb microcirculation.

Taken together, the similarities between the hemodynamic
properties of S-NO-albumin after pretreatment with thiol to the
hemodynamic profiles of corresponding S-nitrosothiols are con-
vincing evidence for transnitrosation. The HPLC/ECD data pro-
vide direct biochemical confirmation of this process. Using this
technique, we have detected S-NO-cysteine in plasma in 7 out
of 10 rabbits at baseline and markedly increased levels in all
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rabbits after administration of S-NO-albumin following preinfu-
sion of L-cysteine. The range of S-NO-cysteine in the basal state
varied from low nM to several hundred nM; this range was
even more variable (several hundred nM to low MM) after
infusion of S-NO-albumin and cysteine. This dramatic variabil-
ity is not unexpected given the highly reactive nature of S-
nitrosothiols in biologic systems and the fact that wide variabil-
ity in nitrite and nitrate levels, other labile molecular species
sensitive to redox conditions, have also been reported (38).

Based on these in vivo data and our in vitro observations,
we propose a hypothetical mechanism for the transnitrosation
of NO among available thiol species. The cysteine at position
34 of albumin may react with NO', nitrosonium, to form S-
NO-albumin, the dominant form of NO in plasma. This reaction
may be favored because of the anomalously low pKa (< 5) of
albumin's cysteine 34, facilitating the formation of thiolate
anion (RS-) at physiologic pH and redox modulation of NO
(39). We postulate that S-NO-albumin may serve as a buffer
and reservoir of NO in plasma from which NO can be trans-
ferred more efficiently to the intracellular milieu by transnitrosa-
tion to low molecular weight thiols forming the corresponding
low molecular weight S-nitrosothiol. These latter species may
be readily transported across cell membranes by thiol transport
mechanisms.

In these experiments, we have facilitated this proposed
transnitrosation process by adding a significant excess of low
molecular weight thiol to a supplemented S-NO-albumin plasma
pool. In the case of L-cysteine, an endogenous biologic thiol
present in the micromolar range in mammalian plasma (40),
administration of exogenous thiol augments L-cysteine concen-
trations nearly fivefold and likely alters the equilibrium balance
of endogenous NO, L-cysteine, and S-NO-albumin. Administra-
tion of L-cysteine without S-NO-albumin supplementation had
no hemodynamic effect in these animals; this is likely a conse-
quence of the complex equilibria that exist among the many
competing reactions with which L-cysteine is involved in vivo,
such as disulfide formation with cys 34 of albumin. After S-
NO-albumin supplementation, however, the demonstrated in-
crease in plasma S-NO-cysteine concentration by exogenous L-
cysteine administration results in enhanced delivery of NO to
the vasculature. This is manifested by acceleration of the rate
of onset, potentiation of the hemodynamic effect, and reduction
of the duration of action of exogenously administered S-NO-
albumin.

The transnitrosation of NO from albumin to biologic thiols
depends on the relative reactivity of the competing high and
low molecular weight thiols as well as the relative stability of
the S-nitrosothiols formed. Factors that likely contribute to the
relative reactivities of the various thiols include the pKas of the
individual thiol moieties which influence nucleophilicity, the
molecular structure of the individual thiols which influence thiol
or thiolate reactivity, and the ambient physiologic conditions of
pH and ionic strength (40). The marked difference between the
PKa of albumin's cysteine 34 (pKa < 5) (41) compared with
the pKa of the low molecular weight biologic thiols (pKa = 7-
8) (40) is one important factor that should favor the transni-
trosation of NO from albumin to low molecular weight thiol
under physiologic conditions by facilitating thiol-S-nitrosothiol
exchange.

Once transnitrosation has occurred and S-nitrosothiols have
been formed, these smaller, less diffusion-limited NO adducts
can transport NO more efficiently to the vascular smooth muscle

cell or platelet surface. Once at the cell surface, the specific
metabolic steps that lead to the activation of intracellular guany-
lyl cyclase and other target effector sites remain unclear. Possi-
ble mechanisms include the direct transport of S-nitrosothiols
into the cystosol or, alternatively, cell surface interactions with
membrane bound species bearing thiols or heme-containing
prosthetic groups (42). This contention draws support from the
findings of Malinski and Taha (43), who used a porphyrinic-
based microsensor to measure single cell NO. These investiga-
tors found that a significant NO gradient exists across the vascu-
lar smooth muscle cell and platelet membrane, suggesting that
transmembrane NO transport is not a diffusion-limited process.

The data presented here strongly support the occurrence of
transnitrosation reactions in vivo and a role for these reactions
in the transport and metabolism of NO. Alterations in transni-
trosation may be an important factor in the pathophysiology of
vascular disease.
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