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Abstract

S-nitrosothiols (SNOs) such as S-nitroso-L-cysteine (L-cysNO) are endogenous compounds with 

potent vasodilatory activity. During circulation in the blood, the NO moiety can be exchanged 

among various thiol-containing compounds by S-transnitrosylation, resulting in SNOs with 

differing capacities to enter the cell (membrane permeability). To determine whether the 

vasodilating potency of SNOs is dependent upon membrane permeability, membrane-permeable 

L-cysNO and impermeable S-nitroso-D-cysteine (D-cysNO) and S-nitroso-glutathione (GSNO) 

were infused into one femoral artery of anesthetized adult sheep while measuring bilateral femoral 

and systemic vascular conductances. L-cysNO induced vasodilation in the infused hind limb, 

whereas D-cysNO and GSNO did not. L-cysNO also increased intracellular NO in isolated arterial 

smooth muscle cells, whereas GSNO did not. The infused SNOs remained predominantly in a low 

molecular weight form during first-passage through the hind limb vasculature, but were converted 

into high molecular weight SNOs upon systemic recirculation. At systemic concentrations of ~0.6 

μmol/L, all three SNOs reduced mean arterial blood pressure by ~50%, with pronounced 

vasodilation in the mesenteric bed. Pharmacokinetics of L-cysNO and GSNO were measured in 

vitro and in vivo and correlated with their hemodynamic effects, membrane permeability, and S-

transnitrosylation. These results suggest local vasodilation by SNOs in the hind limb requires 

membrane permeation, whereas systemic vasodilation does not. The systemic hemodynamic 

effects of SNOs occur after equilibration of the NO moiety amongst the plasma thiols via S-

transnitrosylation.

Graphical Abstract

Corresponding author: Arlin B. Blood, PhD; Department of Pediatrics, Loma Linda University; 11175 Campus St, #11121 Coleman, 
Loma Linda, CA, USA, 92354; Phone: 909-558-4800; Fax: 909-558-0298; ablood@llu.edu.
1Department of Pediatrics, Division of Neonatology, Loma Linda University School of Medicine, Loma Linda, CA, USA, 92354
2Center for Perinatal Biology, Loma Linda University School of Medicine, Loma Linda, CA, USA, 92354
3Department of Respiratory Care, Loma Linda University School of Medicine, Loma Linda, CA, USA, 92354

Disclosure
None.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Free Radic Biol Med. Author manuscript; available in PMC 2017 February 01.

Published in final edited form as:
Free Radic Biol Med. 2016 February ; 91: 215–223. doi:10.1016/j.freeradbiomed.2015.12.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

S-nitrosothiol; nitric oxide; vasodilation; S-transnitrosylation; membrane permeability; in sheep

Introduction

Low molecular weight S-nitrosothiols (SNOs) such as S-nitroso-L-cysteine (L-cysNO) and 

S-nitroso-glutathione (GSNO) are endogenous compounds formed by replacing the 

hydrogen of a thiol group with a nitroso group. This can occur by reaction of the thiol with 

products of the oxidation of nitric oxide (NO) free radical. Alternatively, SNOs can be 

formed by a process known as S-transnitrosylation, whereby the nitroso group from one 

SNO is transferred to another thiol according to the following reaction[1, 2]:

where R1SH and R2SH represent different thiol containing molecules.

SNOs have NO-like bioactivity, including potent vasodilation[3–5]. In blood, many SNOs 

have elimination half lives that are several orders of magnitude longer than that of free 

NO[1, 5, 6], raising the possibility that SNOs may serve as a circulating reservoir of NO 

bioactivity contributing to cardiovascular homeostasis[1].

SNOs can cause vasodilation by the traditional NO/cGMP-dependent pathway, or by less-

characterized cGMP-independent pathways. In the cGMP-dependent pathway, SNOs are 

thought to enter the cell via the L-type amino acid transporter (LAT)[7–9], where they then 

release the NO moiety to activate soluble guanylate cyclase (sGC)[10–12]. Proposed cGMP-

independent pathways to vasodilation may involve the S-transnitrosylation of functional 

proteins in the contractile signaling pathways[3, 4, 13, 14].

One experimental approach to test whether the vasoactivity of SNOs requires their cellular 

uptake is to compare the vasodilatory effects of membrane permeable L-cysNO, which 

enters cells via the selective L-type amino acid transporter[7, 8, 15, 16], with those of its 

stereoisomer D-cysNO and also with GSNO, both of which are membrane-impermeable[7, 
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8]. Previous studies comparing the hemodynamic effects of different SNOs were performed 

by intravenous administration of the SNOs[3, 4, 13]. However, SNOs injected into the 

circulation will confront either rapid enzymatic conversion to other species or S-

transnitrosylation reactions with plasma thiols that may transfer the NO moiety to a 

molecule with distinctly different membrane permeability and bioactivity[17]. For example, 

major portions of L-cysNO and GSNO added to blood are rapidly consumed by S-

transnitrosylation reaction with albumin [1, 18, 19]. Although the kinetics of the 

consumption of L-cysNO and GSNO in the circulation are not well defined, their expected 

half lives based on bench measurements performed in the presence of excess thiols [20, 21] 

would be shorter than the time needed for blood to circulate from the venous to arterial 

circulation. As a result, a majority of intravenously infused L-cysNO and GSNO would be 

converted to other types of SNOs via S-transnitrosylation prior to the infusate reaching the 

resistance vessels of the systemic arterial vasculature. Thus, it cannot be assumed that the 

effects of intravenously administered SNOs on arterial vascular tone are specific to the SNO 

that was infused as opposed to its S-transnitrosylation products. In contrast, if a SNO is 

infused into an artery and reaches resistance vessels within three seconds, a reasonable 

estimate of the time needed to reach the downstream resistance vessels, the chances of it 

remaining in the original infused form are greatly increased and local vascular responses are 

more likely to be specific to the SNO being infused.

We reasoned that the effects of an intra-arterial infused SNO on resistance to blood flow in 

the local downstream vasculature would be a more specific measure of the vasoactivity of 

the infused SNOs. We also reasoned that considerable S-transnitrosylation would occur 

prior to systemic recirculation of the infused SNO, and thus comparison of local and 

systemic responses would enable us to detect differences in vasoactivity of the infused SNO 

versus its S-transnitrosylation products.

This study tested the hypothesis that L-cysNO would have greater local vasodilatory activity 

than D-cysNO and GSNO due to its ability to enter the vascular smooth muscle cells. We 

tested this hypothesis by infusing these SNOs into one femoral artery of adult sheep while 

measuring the difference between ipsilateral and contralateral vascular conductances, and 

systemic hemodynamic responses (mean arterial blood pressure (MAP)). In addition, to 

determine whether the differential hemodynamic effects of these SNOs correlated with their 

rates of in vivo S-transnitrosylation, we characterized the kinetics of L-cysNO and GSNO 

metabolism in vitro and in vivo. Finally, we also compared the abilities of L-cysNO and 

GSNO to increase intracellular NO in isolated vascular smooth muscle cells.

Materials and Methods

Surgical procedures and intra-arterial infusion protocol

The surgical procedures were reported before[22] and described in the supplemental 

methods. The conductances of both ipsilateral and contralateral (non-infused) femoral artery 

were recorded during a stable baseline period and then while L-cysNO, D-cysNO, or GSNO 

were infused into one (ipsilateral) femoral artery at rates of 0.2, 0.4, 0.6, and 0.8 ml/min, 

increasing every three minutes, Blood samples were collected from the ipsilateral femoral 

vein and the brachial artery before and at the end of each infusion period. To compare the 
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effects of SNOs between mesenteric and femoral arteries, in a subset of experiment, the 

conductances of superior mesenteric artery and contralateral femoral artery were recorded 

while ipsilateral infusion.

Preparation of SNOs

L-cysNO, D-cysNO, GSNO, and high molecular weight SNOs were prepared in a manner 

similar to that reported before[23, 24] and described in the supplemental methods. The 

chelator diethylene triamine pentaacetic acid (DTPA; 0.1 mmol/L) was added into all SNO 

preparations to avoid transition metal ion-mediated SNO decomposition.

Wire myography

Ovine mesenteric and femoral arterial rings (2 mm diameter and 5 mm long) were denuded 

of endothelium (verified with 1 μmol/L acetylcholine) and mounted in organ bath chambers 

as previously described[25]. Relaxation to 2.4 μmol/L high molecular weight SNOs was 

measured after constriction with 10 μmol/L 5-HT or 125 mmol/L KCl. Spontaneous changes 

in the tension of vessels that received blank control were subtracted from individual 

experiments before calculation of responses to SNOs.

Pharmacokinetics of SNOs

Results for concentration versus time were fit to one-phase decay curves to estimate half 

lives according to procedures described in supplemental methods.

Intracellular NO increase

The increase in intracellular NO and its byproducts[26] in isolated arterial smooth muscle 

cells following exposure to different concentrations of SNOs was measured by fluorescence 

as described in the supplemental methods.

Analytical methodology

Arterial blood gases were determined with an ABL-800 blood gas analyzer (Radiometer, 

Copenhagen). Concentrations of plasma nitrite and SNOs were determined by triiodide 

chemiluminescence (280i, Sievers, Boulder, CO) as previously described[27] and detailed in 

the online supplement. Briefly, plasma samples were divided into three aliquots: one used 

for direct injection (nitrite + SNOs), one for preincubation with 0.5% acid sulfanilamide 

(total SNOs), and another for preincubation with 5mmol/L HgCl2/0.5% acid sulfanilamide 

(mercury-resistant NO-adducts such as iron-nitrosyls and N-nitrosamines). An average 

accuracy of 92.5±1.4 % (calculated using the difference between the second and third 

injections) for GSNO standards spiked into plasma across the range of 10 nmol/L to 50 

μmol/L was obtained, indicating acceptable accuracy and sensitivity of the method in the 

plasma matrix. The percentage of low versus high molecular weight SNOs in plasma was 

assessed by separating the fractions using a SephadexTM G-25 column (GE Healthcare, 

Sweden; exclusion limit=5000 Mr).
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Statistics

Average values are given as mean ±SEM in the text and figures. Two-way ANOVA was 

used to compare the ipsilateral and/or mesenteric measurements with the contralateral side. 

One-way ANOVA with Bonferroni post hoc analysis was used to test significance of 

changes with time. Statistical analyses were carried out with Prism, v5.0c (Graphpad 

Software, La Jolla, CA) with significance accepted at p<0.05.

Results

Hemodynamic responses to intra-arterial infusion of SNOs

To test whether the vasoactivity of SNOs requires their cellular uptake, the hemodynamic 

effects of membrane-permeable L-cysNO were compared to those of the membrane-

impermeable D-cysNO and GSNO. Representative tracings of femoral arterial blood flow, 

conductance, and MAP) during infusion of L-cysNO are shown in supplemental Figure S1. 

The baseline values of hemodynamic parameters before infusion of SNOs are given in 

supplemental Table S1.

To test for the local vasodilation in femoral vessels, responses of ipsilateral arteries were 

compared to those of contralateral arteries (Figure 1). Blood flow and conductance of the 

ipsilateral femoral arteries increased in response to infusion of L-cysNO, becoming 

significantly higher than the contralateral side at infusion rates ≥0.4 ml/min. In contrast, 

neither D-cysNO nor GSNO infusion had a significant effect on ipsilateral blood flow or 

conductance.

Although the infused SNOs had different local effects, and despite their dilution in the 

systemic circulation, each of the SNOs decreased MAP by about 50% (Figure 2). Femoral 

artery conductances in the contralateral leg during L-cysNO infusion and in both legs during 

D-cysNO and GSNO infusion tended to increase, but the change was not significant, and 

thus blood flow decreased commensurate with the fall in MAP (Figure 1). These results 

suggest that only the membrane permeable L-cysNO had rapid local vasodilatory effects, 

whereas all three SNOs tested had similar systemic vasodilatory effects.

The decrease in MAP without increased femoral conductance suggested that significant 

dilation was occurring in vascular beds other than the hind limbs. Since the mesenteric 

arterial vasculature receives a large proportion of cardiac output (>20%) and thus is an 

important determinant of total peripheral vascular conductance [28, 29], mesenteric artery 

conductances were examined in a small separate group of sheep (n=3, 1, and 2 for L-cysNO, 

D-cysNO, and GSNO, respectively). In contrast to the lack of effect on the contralateral 

femoral artery, mesenteric artery conductance increased more than 2-fold during L-cysNO 

infusion into the ipsilateral femoral artery (Figure 3A). The effects of D-cysNO and GSNO 

infusion were similar to those of L-cysNO (data not shown).

The concentrations of plasma SNOs as well as the proportion of low versus high molecular 

weight forms therein were determined before and after the infusions (Figure 4A–B). Before 

infusion, endogenous SNO concentrations were below the limit of detection in both 

ipsilateral femoral vein and brachial artery plasma. At the end of the 0.8 ml/min infusion 
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period, plasma SNO concentrations in the ipsilateral femoral vein (assumed to closely 

approximate concentrations in the ipsilateral artery) were ~30 μmol/L (lower than 40 

μmol/L, at which L-cysNO might inhibit rather than activate sGC[10]), over 90% of which 

were in the low molecular weight fraction. In contrast, plasma SNO concentrations in the 

brachial artery (assumed to closely approximate the concentrations in the mesenteric and 

contralateral femoral arteries) were ~0.6 μmol/L and were all in the high molecular weight 

fraction, suggesting virtually complete S-transnitrosylation from low to high molecular 

weight thiols during systemic recirculation. In addition, 40 seconds after the addition of L- 

and D-cysNO and GSNO into plasma in vitro, all SNOs (107.2±4.5% recovery on average) 

were only determined as high molecular weight SNO forms (Figure 4C), confirming the 

rapid and complete conversion of SNOs by S-transnitrosylation in plasma.

Wire myography

High molecular weight SNOs relaxed mesenteric arteries but not femoral arteries, after pre-

contraction with 5-HT (Figure 3B) or KCl (data not shown). The dilation of mesenteric 

arteries was not affected by changing buffer immediately before the addition of SNOs, a 

procedure used to exclude the possible involvement of thiols or iron ion excreted from the 

vessels.

Pharmacokinetics

The metabolism of L-cysNO and GSNO, measured as the disappearance of SNOs 

(regardless of molecular weight), was slower in isolated plasma than in whole blood (Figure 

5A–B). The half-lives of L-cysNO (52±11 min) and GSNO (77±16 min) were similar 

(p=0.24) in plasma. In contrast, in whole blood the half-life of L-cysNO (14±5 min) was 

significantly shorter than that of GSNO (45±5 min, Figure 5D).

To estimate the membrane permeabilities of L-cysNO and GSNO during their first passage 

through the femoral artery, the apparent volume of distribution (dose/plasma concentration 

of SNOs) across the red blood cell membrane at 40 s after addition to whole blood was 

calculated and normalized to that determined after equimolar addition of the SNOs to PBS 

(Figure 5C). The apparent volume of distribution of L-cysNO was 111±6 % of the actual 

blood volume, indicating equilibrium across the red blood cell membrane was closely 

approached in less than 40 seconds, whereas that of GSNO was 76±4 % and similar to the 

plasma volume (~70%) of sheep whole blood, consistent with poor membrane permeation 

confining GSNO to the plasma space.

In vivo pharmacokinetics were studied by measuring rates of plasma SNO disappearance 

following discontinuation of an 18-min infusion of 5 mmol/L SNO in the sheep hind limb. 

Concentrations of plasma SNOs after 15 min of infusion were similar to 18 min (p=0.28 for 

L-cysNO; p=0.74 for GSNO; paired t-test), indicating steady state concentrations. The half-

lives of L-cysNO (4.2±0.9 min) and GSNO (5.4±1.2 min) were similar (p=0.97) and both 

were markedly shorter than those measured in vitro (Figure 5D).
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Intracellular NO increase

To test whether L-cysNO is more effective at increasing intracellular NO concentrations 

than GSNO, additional experiments were performed with smooth muscle cells isolated from 

femoral arteries. As shown in Figure 6 and Figure S2, intracellular NO concentration 

increased following exposure to both the NO donor ProliNO and L-cysNO. In contrast, 

exposure to GSNO did not affect intracellular NO concentration.

Discussion

To our knowledge, this study is the first to use an intra-arterial infusion method to 

investigate the local and systemic hemodynamic effects of low molecular weight SNOs with 

different membrane permeabilities[7, 8]. The results of this study show that membrane-

permeable L-cysNO has local vasodilatory effects in the vasculature served by the femoral 

artery, whereas membrane-impermeable D-cysNO and GSNO do not. We also show that L-

cysNO can effectively induce increases in intracellular NO in vascular smooth muscle cells 

isolated from femoral arteries, whereas GSNO cannot. Together these findings are consistent 

with the idea that the vasodilatory effects of SNOs depend upon transmembrane passage of 

the SNO to transfer the NO moiety into smooth muscle cells. Despite varying local 

vasodilatory activity and membrane permeabilities, all three tested SNOs have potent and 

similar hypotensive effects on the systemic vasculature, particularly due to pronounced 

dilation in vascular beds such as the mesenteric circulation. Sampling of local and peripheral 

circulating blood showed that the low molecular weight SNOs that had been infused into the 

femoral artery remained in a low molecular weight form during their first passage through 

the hind limb, but were converted virtually completely into high molecular weight SNO 

species in the systemic circulation. These results support the argument that the local 

vasodilatory effects, or lack thereof, of the infused low molecular weight SNOs were 

mediated by their original low molecular weight forms and were dependent upon membrane 

permeability. These results, together with the in vitro finding that high molecular weight 

SNOs cause relaxation of mesenteric arteries, also indicate that the systemic vasodilatory 

effects were mediated by the high molecular weight S-transnitrosylation products derived 

from the infused low molecular weight SNOs. These findings suggest that the hemodynamic 

effects of SNOs are dependent upon S-transnitrosylation that can occur within the time 

available during circulation of blood through the body. The experimental approach and 

findings are summarized in Figure 7.

Mechanisms for SNO-mediated vasodilation

We observed local vasodilation with infusion of L-cysNO but not with D-cysNO or GSNO 

(Figure 1). These results are consistent with a previous report that L-cysNO has stronger 

hypotensive effects than D-cysNO in the conscious rat[3]. SNOs are proposed to mediate 

vasodilation by activation of sGC within vascular smooth muscle cells[12, 30–33], although 

direct effects of SNOs on ion channels such as large-conductance Ca2+-activated K+ 

channels have also been reported[14, 34]. sGC activation requires intracellular NO[12, 30–

33], and several pathways by which extracellular SNOs are converted into intracellular NO 

have been proposed. First, SNOs may release free NO outside the cell, which would diffuse 

into the cell to activate sGC[35]. Our results are inconsistent with this possibility since no 
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difference has been observed between the rates of decomposition or release of NO from L-

cysNO and D-cysNO in either blood or cell cultures, even in the absence of metal 

chelators[3, 4]. Second, there is the possibility of stereoselective S-transnitrosylation of 

extracellular membrane thiols that then transport the NO moiety across the cell membrane[3, 

4, 13]. While stereoselective reactivity might explain the difference we observed between 

responses to L-cysNO and D-cysNO[3], the lack of vasodilation by GSNO would be 

surprising given that this tripeptide consists of L-cysNO combined with glutamate and 

glycine. We acknowledge that GSNO[17] is often considered bioactive and sometimes even 

used as a NO donor. The lack of vasodilation by GSNO possibly results from the 

ineffectiveness of decomposition, S-transnitrosylation, and enzymolysis of GSNO to 

produce NO, and permeable and active SNOs such as L-cysNO or S-nitroso-cysteinyglycine 

within the transit time of passage through the sheep hindlimb vasculature[17, 36, 37], as will 

be discussed below. Third, it has been proposed that SNOs are rapidly processed by the red 

blood cell, resulting in the release of vasodilating SNOs [38, 39]. Thus, it is possible that the 

L-cysNO was taken up by the red blood cell and released again as a different SNO that 

mediated vasodilation, all within the transit time of the femoral artery circulation. The 

identity of the vasoactive SNO released from the red blood cell is not known. However, 

GSNO, which has been proposed elsewhere[38], would seem to be eliminated as a possible 

candidate by the present experiments due to its lack of vasodilatory activity. Fourth, and 

most consistent with the present findings, L-cysNO may have entered the vascular smooth 

muscle cell via the L-type amino acid transporter, which has been reported to exclude the 

movement of D-cysNO and GSNO across the cell membrane[7, 8, 15–17, 36]. Attempts to 

test this possibility in vivo with co-infusion of the L-type amino acid transporter blockers L-

leucine and BCH were not successful due to the significant dilution of these compounds 

limiting the ability to achieve effective concentrations[8].

In contrast to the variable local vasodilatory effects, and despite their varying membrane 

permeabilities, all three tested SNOs caused potent and comparable systemic vasodilation 

(Figure 2). In the present study, all three infused SNOs were converted to high molecular 

weight species within one circulation time, indicating the NO moiety of the infused SNOs 

was rapidly transferred to more stable high molecular weight SNOs. This fast approach to 

equilibrium could explain the similar systemic hemodynamic effects of the three different 

SNOs, as each could produce the same S-transnitrosylation products. Even though we 

detected only high molecular weight SNOs in systemic circulation, we cannot exclude the 

possibility that the systemic vasodilation was mediated by trace amounts of membrane-

permeable low molecular weight SNOs (e.g. L-cysNO, HSNO (thionitrous acid)[16, 24], or 

S-nitroso-cysteinyglycine[36, 37]), or dinitrosyl-iron complexes[40] not detected by our 

assay methodology. However, the involvement of small molecules seems unlikely since the 

isolated high molecular weight SNOs dilated mesenteric arteries in the absence of small 

thiols and iron ion in the organ bath (Figure 3B). Although we did not characterize the 

identity of the high molecular weight SNOs, it is likely that they are membrane impermeable 

by virtue of their large size. The high molecular weight SNOs may cause vasodilation by 

releasing NO during S-transnitrosylation of thiols on the cell surface, such as PDI (protein 

disulfide isomerase)[41]. Alternatively, the systemic vasodilation may have been mediated 

by a NO-cGMP independent pathway, such as S-nitrosation of functionally important thiols 
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in the extracellular portions of large-conductance Ca2+-activated K+ channels on the plasma 

membrane[14, 34].

Sensitivity of SNO-mediated vasodilation

Local vasodilation by L-cysNO became apparent only with infusion rates higher than 0.4 

ml/min, which corresponds to ≥15 μmol/L in the ipsilateral femoral artery (Figures 1 and 4). 

Given that circulating concentrations of SNOs are typically measured to be < 50 nmol/L[42, 

43], this result suggests that the sensitivity of the hind limb vessels to L-cysNO is low, and 

that it is not a physiological regulator of femoral vascular tone. However, systemic MAP 

was decreased by ~40% with GSNO infusions of 0.4 ml/min, corresponding to estimated 

plasma SNO concentration of <300 nmol/L (50% of the 600 nmol/L measured at the 0.8 

ml/min infusion rate). These results indicate that SNOs may play an important role in the 

regulation of MAP under physiological conditions, and are even more likely play a role 

during pathophysiological states such as sepsis, when circulating SNO concentrations are 

elevated to >500 nM[44–46].

Reasons for hypotension include decreased cardiac output as well as increased total vascular 

conductance. We did not measure cardiac output in this study, but heart rate remained 

unchanged (Figure 2), and diminished cardiac output seems unlikely because SNOs are 

known to increase stroke volume[47]. Therefore, it is more likely that the hypotension 

resulted from increases in total vascular conductance rather than cardiac changes. 

Nonetheless, the increase in femoral conductance was much less than would be anticipated 

based on the decrease in MAP. Thus, the magnitude of hypotension observed must have 

required disproportionately greater dilation in vascular beds other than the hind limbs. 

Indeed, a more sensitive relaxation response to SNOs was observed in mesenteric arteries 

than in femoral arteries, both in vivo and in vitro (Figure 3A–B). However, assuming the 

mesenteric vasculature accounts for 20% in total vascular conductance[28, 29], the increase 

in mesenteric conductance (130%; Figure 3A) alone is not enough to account for the 50% 

fall in MAP and thus conductance was likely increased in other vascular beds as well. The 

finding of organ-specific vascular responses to SNOs throughout the body differs from 

earlier reports in rats[3, 48]. Further studies to determine the mechanism underlying the 

organ-specific vascular responses (both in vivo and in vitro) to SNOs (both low and high 

molecular weight) are underway in our lab.

Pharmacokinetics

L-cysNO and GSNO were relatively stable in isolated plasma. In contrast, in isolated whole 

blood, L-cysNO disappeared more quickly than GSNO, consistent with its greater 

membrane permeability compared to GSNO, and suggesting the red blood cell participates 

in SNO metabolism. In contrast, when introduced into the circulation the half-lives of L-

cysNO and GSNO were similar (both ~5 minutes; Figure 5D), consistent with that reported 

for high molecular weight SNOs[49]. These findings are in agreement with a model of 

distinctly different local responses to the SNO infusions based on membrane permeabilities, 

yet common systemic responses mediated by products common to both L-cysNO and GSNO 

(Figure 7).
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To be vasoactive in its own right in the ipsilateral femoral artery, cellular uptake of L-

cysNO must outpace S-transnitrosylation of plasma thiols[1, 2], by which L-cysNO can be 

converted into membrane-impermeable high molecular weight SNOs. On the other hand, 

although GSNO itself is membrane-impermeable, it may transfer its NO moiety into cells 

via membrane-permeable S-transnitrosylation products such as L-cysNO and/or HSNO[16, 

24], or enzymolysis product S-nitroso-cysteinyglycine[36, 37]. At 40 seconds after addition 

to whole blood (Figure 5C), L-cysNO demonstrated homogeneous distribution between the 

plasma and red blood cells, which, like smooth muscle cells, also have L-type amino acid 

transporters[8]. This observation suggests that S-transnitrosylation is not fast enough to out-

compete the local cellular uptake of L-cysNO. In contrast, GSNO remained predominantly 

in the plasma phase after 40 seconds, suggesting that plasma thiols and enzymes cannot 

facilitate the local membrane permeation of GSNO. Both of these results indicate that the 

membrane permeabilities of L-cysNO and GSNO were not altered by the plasma 

components during their first passage through the ipsilateral femoral artery. It is worth 

noting that the possibility of enzymatic conversion of the infused SNOs, as opposed to S-

transnitrosation reactions, may have played a significant role in the vasoactive responses we 

observed. A number of enzyme-catalyzed pathways for low molecular weight SNOs have 

been described[17], some inactivating the NO moiety entirely, and others facilitating S-

transnitrosylation or release of an NO-bioactive species. Although a majority of the low 

molecular weight SNOs infused in our experiments appear to have resulted in high 

molecular weight SNOs, the possible role of enzyme-mediated reactions facilitating this 

process or producing minor products with potent vasodilatory activity cannot be excluded.

In the systemic circulation, the impermeable plasma high molecular weight SNOs might 

equilibrate with thiols in red blood cells (such as hemoglobin and glutathione) via permeable 

PDI[41, 50], L-cysNO, HSNO[16, 24], or S-nitroso-cysteinyglycine[36, 37]. As a major 

sink and/or source of SNO[51, 52], red blood cells may provide further buffer to SNOs than 

plasma[53].

In addition to producing other SNOs by S-transnitrosylation, SNOs also form nitrite, which 

can serve as a vasodilator[54, 55]. Indeed, in this study, approximately half of the L-cysNO 

and GSNO disappearance was accounted for by increases in plasma nitrite to concentrations 

of ~0.4 μmol/L. We have recently reported, however, that in sheep nitrite is a poor 

vasodilator even at concentrations orders of magnitude greater than those observed in the 

present study[22, 56]. Thus it seems more likely that the vasodilation observed in this study 

was not due to increases in circulating nitrite.

Intracellular NO increase

The DAF-FM experiments indicated that incubation of vascular smooth muscle cells with L-

cysNO increased intracellular NO more than GSNO (Figure 6 and Figure S2). While it 

should be noted that the DAF-FM measures not only NO but also its byproducts, the 

difference noted between L-cysNO and GSNO is consistent with the greater membrane 

permeability of L-cysNO than GSNO, providing further support of the hypothesis that local 

vasodilation was brought about by the cellular uptake of L-cysNO.
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Conclusions

Our results indicate that the vasodilatory potency of SNOs on the infused hind limb arteries 

is dependent upon their membrane permeability. However, the findings also illustrate a rapid 

disappearance of the infused low molecular weight SNOs within one circulatory transit, with 

considerable conversion to a high molecular weight form. This conversion was associated 

with potent systemic vasodilation, likely caused by the high molecular weight SNO products 

via a membrane permeation-independent pathway in vascular beds such as the mesentery. 

These results suggest that the hemodynamic effects of SNOs depend upon an equilibrium of 

S-transnitrosylation in blood.
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Highlights

1. SNOs were infused intra-arterially while measuring local and systemic 

vasodilation.

2. L-cysNO caused local dilation, but D-cysNO and GSNO did not.

3. Despite varying membrane permeabilities, all three SNOs caused systemic 

vasodilation.

4. SNOs dilated the sheep mesenteric vasculature more potently than that of the 

hindlimb.

5. Hemodynamic effects of SNOs depend on an S-transnitrosylation equilibrium in 

blood.
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Figure 1. 
Responses of femoral arterial blood flow and conductance to infusions of L-cysNO, D-

cysNO, and GSNO. Following baseline (0 ml/min infusion), each S-nitrosothiol (5 mmol/L) 

was infused continuously into the ipsilateral femoral artery with stepwise increases in 

infusion rates every 3 min. Only L-cysNO had local vasodilatory effects demonstrated by 

greater ipsilateral blood flow and conductance than contralateral. *p<0.05 versus 

contralateral; #p<0.05 versus baseline.
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Figure 2. 
Effects of L-cysNO, D-cysNO, and GSNO on heart rate and MAP (mean arterial blood 

pressure). Following baseline (0 ml/min infusion), each of the three S-nitrosothiols (5 

mmol/L) was continuously infused into one femoral artery with stepwise increases in the 

infusion rate. All SNOs decreased MAP significantly with no significant effect on heart rate. 

#p<0.05 versus baseline.
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Figure 3. 
Comparison of vasodilating effects of S-nitrosothiols in mesenteric and femoral arteries. (A) 

Following baseline (0 ml/min infusion) L-cysNO (5 mmol/L) infused into the ipsilateral 

femoral artery at stepwise increasing rates, resulted in a much greater increase in 

conductance of the mesenteric artery than the contralateral femoral artery (n=3). (B) 

Responses of 5-HT pre-contracted mesenteric and femoral arteries to 2.4 μmol/L high 

molecular weight SNOs in vitro (n=5). High molecular weight SNOs caused relaxation in 

mesenteric arteries but not in femoral arteries. *p<0.05 mesenteric versus femoral; #p<0.05 

versus baseline.
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Figure 4. 
Concentrations of S-nitrosothiols in plasma and the percentage of high molecular weight S-

nitrosothiols therein after S-nitrosothiol infusion into the ipsilateral femoral artery (n=5). (A) 

Concentrations of plasma S-nitrosothiols in the ipsilateral femoral vein (left) and brachial 

artery (right). (B) Percentage of plasma S-nitrosothiols in high molecular weight form in the 

ipsilateral femoral vein (left) and brachial artery (right). (C) Percentage of S-nitrosothiols in 

high molecular weight form at 40 seconds after the addition of L- and D-cysNO and GSNO 

into PBS (left) and plasma (right). In our intra-arterial infusion model, concentration and 

molecular weight composition of plasma S-nitrosothiols in the ipsilateral femoral vein was 

assumed to closely approximate that of the ipsilateral femoral artery, while that in brachial 

artery was assumed to closely approximate that of the mesenteric and contralateral femoral 
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arteries, where the dilution and S-transnitrosylation of the ipsilaterally applied S-

nitrosothiols had already occurred during recirculation.
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Figure 5. 
Pharmacokinetics of L-cysNO and GSNO presented as plasma concentration of total S-

nitrosothiols (n=5 except for n=3 for L-cysNO in vivo). (A) L-cysNO and GSNO added to 

plasma in vitro. (B) L-cysNO and GSNO added to whole arterial blood in vitro. (C) 
Apparent volume of distribution of L-cysNO and GSNO 40 s after their addition to whole 

blood in vitro (normalized to concentrations measured after equimolar addition to PBS). The 

calculated apparent volume of distribution was compared to the plasma volume (~70%) of 

sheep whole blood. (D) Half-life of L-cysNO and GSNO after addition to plasma and whole 

blood in vitro, and intra-arterial infusion in vivo. *p<0.05 L-cysNO versus GSNO.
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Figure 6. 
Changes in intracellular NO concentrations in isolated vascular smooth muscle cells exposed 

to L-cysNO and GSNO (n=5). L-cysNO induced a larger intracellular NO concentration 

increase (normalized to control) than GSNO at concentrations higher than 16.5 μmol/L. 

#p<0.05 L-cysNO versus GSNO.
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Figure 7. 
Working model of results of the present study. Upon infusion into the femoral artery, L-

cysNO elicits ipsilateral vasodilation while D-cysNO and GSNO do not, likely due to their 

lack of membrane permeability. During transit in the circulation, by S-transnitrosylation, all 

three SNO species are converted to high molecular weight SNOs with potent vasodilation in 

the systemic vasculature, including the mesenteric artery.

LAT is L-type amino acid transporter.
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