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Summary

The system L neutral amino acid transporter (LAT; LAT1, LAT2, LAT3, or LAT4) has multiple 

functions in human biology, including the cellular import of S-nitrosothiols (SNOs), biologically 

active derivatives of nitric oxide (NO). SNO formation by hemoglobin within red blood cells 

(RBC) has been studied, but the conduit whereby a SNO leaves the RBC remains unidentified. 

Here we hypothesized that SNO export by RBCs may also depend on LAT activity, and 

investigated the role of RBC LAT in modulating SNO-sensitive RBC-endothelial cell (EC) 

adhesion. We used multiple pharmacologic inhibitors of LAT in vitro and in vivo to test the role of 

LAT in SNO export from RBCs and in thereby modulating RBC-EC adhesion. Inhibition of 

human RBC LAT by type-1-specific or nonspecific LAT antagonists increased RBC-endothelial 

adhesivity in vitro, and LAT inhibitors tended to increase post-transfusion RBC sequestration in 

the lung and decreased oxygenation in vivo. A LAT1-specific inhibitor attenuated SNO export 

from RBCs, and we demonstrated LAT1 in RBC membranes and LAT1 mRNA in reticulocytes. 

The proadhesive effects of inhibiting LAT1 could be overcome by supplemental L-CSNO (S-

nitroso-L-cysteine), but not D-CSNO or L-Cys, and suggest a basal anti-adhesive role for 

stereospecific intercellular SNO transport. This study reveals for the first time a novel role of 

LAT1 in the export of SNOs from RBCs to prevent their adhesion to ECs. The findings have 

implications for the mechanisms of intercellular SNO signaling, and for thrombosis, sickle cell 

disease, and post-storage RBC transfusion, when RBC adhesivity is increased.
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Introduction

Mechanisms of red blood cell (RBC) adhesion to the endothelium have been investigated in 

sickle cell disease, retinal vein thrombosis, diabetes mellitus, malarial infection, and 

conventional RBC storage, among other settings. A variety of RBC and endothelial cell (EC) 

adhesion receptors, including ICAM-4 (intracellular adhesion molecule 4, also known as the 

Landsteiner-Weiner (LW) adhesion molecule), phosphatidyl serine, laminin, and integrins 

have been causally implicated. Nitric oxide (NO) and its derivatives can influence RBC-EC 

adhesion, reminiscent of the ability of NO to prevent or reverse leukocyte adhesion to 

endothelial cells (1). Specifically, inhibition of NOS production promoted endothelial 

adhesion of RBCs, and NO donors attenuated the excess adhesivity of RBCs in diabetes, 

malarial infection, sickle cell disease, and blood storage (2-6). The mechanistic basis of the 

antiadhesive effect of NO or its derivatives is uncertain, but could reflect inhibitory protein 

S-nitrosylation or downregulation (6) of either an adhesion receptor or a downstream 

element of signal transduction. Indeed, the depressed levels of NO derivatives, including S-

nitrosothiols (SNOs), in banked RBCs might contribute to the excess adhesivity of banked 

RBCs. But how SNOs are exported from the RBC remains undetermined. The 

deoxygenation-linked interaction between RBC SNO-hemoglobin (SNO-Hb) and anion 

exchanger 1 (AE1) localizes a SNO group to the inner RBC membrane (7), but the conduit 

by which SNOs are subsequently exported from the RBC membrane is still unknown.

To test whether and how normal human RBCs can export anti-adhesive SNO, we studied the 

system L neutral amino acid transporter, type 1 (LAT1) which in several cell types imports 

SNO across the cell membrane (8, 9). (LAT1 and LAT2, belonging to the LAT family, are 

heterodimeric proteins, each comprising a constant heavy chain 4F2hc (SLC3A2) and a 

variable light chain. LAT1 is a heterodimer comprised of the heavy chain and a light chain 

encoded by SLC7A5 (together also known as the glycoprotein CD98). LAT1 is known to 

transport large (hence “system L”), neutral amino acids, including branched-chain and 

aromatic amino acids, i.e., leucine, isoleucine, valine, phenylalanine, tyrosine, and 

tryptophan (10). LATs can also transport L-DOPA, the thyroid hormones T3 and T4, and the 

system-L-specific inhibitor 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) (11) in 

a gradient-dependent manner (12). Finally, LATs have been shown to import the small SNO, 

S-nitroso-L-cysteine (CSNO), in endothelial cells, lung epithelial cells, vascular smooth 

muscle cells, RBCs, and other cell types (8, 9, 13, 14). LAT1 operates in a sodium-

independent manner as an obligatory 1-to-1 exchanger (i.e., as an antiporter), with the 

affinity for influx about 100-fold greater than for efflux (11). Although the role of LAT in 

the import of SNO has been studied in various cells and tissues, the role of SNO export by 

LAT has not been tested in any cell type to our knowledge. We therefore tested the role of 

SNO export and LAT1 in preventing the basal adhesion of RBCs to endothelial cells. We 

propose a novel function of LAT1, namely a role in the cellular export of CSNO and 

modulation of RBC-endothelial adhesion in both in vitro and in vivo settings.

Methods

Chemicals and reagents

Chemicals and reagents were purchased from Sigma except where otherwise noted.
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Red blood cell (RBC) preparation and labeling

Using an IRB-approved protocol, fresh whole blood was obtained aseptically from healthy 

adult human donors via Transfusion Services of Duke University Medical Center. The RBCs 

were separated by centrifugation and washed three times with isotonic PBS, pH 7.4, 

containing Ca++ and Mg++ [0.01 % (w/v) each, required for adhesion studies], labeled with 

fluorescent dye PKH26, and allowed to incubate for 3 minutes. Isotonic PBS containing 1% 

(w/v) BSA was added, and after one minute, the labeled cells were washed three times in 

PBS while minimizing exposure to light. Finally 5–10 µL of labeled RBCs were suspended 

in 3 mL of PBS for adhesion assays.

HUVEC culture

Human umbilical vein endothelial cells (HUVECs, Lonza Clonetics Endothelial Cell 

Systems) were expanded to passage four or five. The cells were then plated on glass slides 

precoated with a 2% gelatin solution and grown to confluence in Lonza Clonetics EBM-2 

media with EGM-2 supplements and fungizone. The cells were incubated at 37°C at 5% 

CO2.

RBC-EC adhesion assays

The HUVECs, grown to confluence on glass slides, were placed in a graduated-height flow 

chamber. The height was measured at 7 different points along the chamber. The RBC sample 

was introduced to the chamber at a rate of 1.5 mL min−1. The RBCs were then allowed to 

dwell for 5–10 minutes, and the number of cells at each location (height) was recorded. 

After the static phase, 5–10 minutes of fluidic flow was conducted with PBS at flow rates 

calculated to produce the desired shear stress range of ~1–10 dynes/cm2. Following 

exposure to flow, the number of adhered cells at each location was counted. Shear stress and 

percent adhesion were calculated at each height. The method has been described previously 

(15). No effort was made either to superoxygenate or deoxygenate (expose to hypoxic gas) 

the perfusion medium or flow chamber.

Pharmacological LAT1 inhibition

We studied the effects of multiple, mechanistically distinct inhibitors of the transport 

function of LAT. Leu is a substrate for LAT and, at high concentration, competitively blocks 

the transport of other substrates. BCH, a synthetic amino acid analog, also acts 

competitively. Where indicated, fresh RBCs were incubated for 45 mins at 25 degrees C 

(25°C) with the non-subtype-specific LAT inhibitors BCH (10 mM) or L-Leucine (10 mM) 

(Figs. 1 and 6). In RBC-EC adhesion experiments using BCH and Leu, the competitive 

inhibitor was also included in the perfusion medium because we reasoned that when diluted 

the agent may be ineffective. Alternatively, the RBCs were incubated at 37°C with the 

LAT1-specific, noncompetitive inhibitor JPH-203 (5–50 nM), provided by J-Pharma and 

Drs. Wempe and Endou (16) in PBS/0.05% DMSO (Figs. 2, 4 and 5). Paired aliquots of 

RBCs from a given human blood donor were used for control and inhibitor-exposed 

preparations. Following RBC exposure to any of the LAT(1) inhibitors, cells were washed 

twice with 25°C PBS. In Figs. 1 and 2, the respective inhibitor was also included in the 

perfusion medium. In another series of experiments, the adhesion to HUVECs of RBCs 
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treated first (or not) with JPH-203 (Figure 5) was assessed in the subsequent presence or 

absence of the small SNO, S-nitroso-L-cysteine (L-CSNO) at two different concentrations, 

10 or 240 µM, in the perfusion medium. Alternatively, either unmodified L-Cys or the D 

isomer of CSNO, D-CSNO synthesized using D-Cys, was used (10 µM). In another series of 

experiments, fresh human RBCs exposed either to JPH-203 (1 uM) or its vehicle (0.1% 

DMSO) were suspended in PBS (with 0.1 mM DTPA) in order to measure hypoxia-induced 

SNO export (Fig. 4). The RBC suspension (20% hematocrit) was placed in a rotating glass 

tonometer and exposed to a hypoxic gas mixture (2% O2/5% CO2/balance N2) at 37 deg. C. 

After 25 mins, the suspension was sampled, gently centrifuged, and the supernatant 

(extracellular space) was assayed for NO adducts using mercury-coupled photolysis-

chemiluminescence (MPC) as described (17). Briefly, supernatant exposed to inorganic 

mercury (HgCl2) or not was injected into a photolysis device. NO bound to Cys thiols 

(SNO), heme, or nitrosamine is detected downstream by ozone-based chemiluminescence of 

the evolved NO. SNO content, which is mercury labile, is the difference in NO content in 

the presence and absence of mercury. Nitrite is inefficiently detected by this technique. 

Supernatants were aliquoted and assayed with or without an additional filtration (10 kDa) 

step to discriminate low-mass (i.e., non-protein) from other SNOs.

RT-PCR for LAT1 mRNA

Total RNA was isolated using TRIZOL (Invitrogen). Reverse transcription was performed 

using iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer’s instructions 

with forward primer 5′-atcgggaagggtgatgtgt-3′ and reverse primer 5′-

ggacagggtggtgaagtagg-3′. Conditions for amplification were: 94°C for 3 min, 60°C for 1 

min and 72°C for 2 min; then 36 cycles of 94°C for 1 min, 60°C for 1 min and 72°C for 2 

min; and a 10-min final extension at 72°C. The product was separated on a 2% agarose gel 

and stained with GelRed Nucleic Acid ethidium bromide (Phenix).

LAT1 Western blotting

RBCs membranes were prepared in RIPA lysis buffer. 50 µg was electrophoresed on 10% 

SDS-PAGE gels, and the proteins were electrophoretically transferred to PVDF membrane, 

followed by blocking in 5% nonfat milk in TBS-T for 1 hour at room temperature. The 

primary antibody, anti-LAT1 mouse monoclonal (Santa Cruz Biotechnology, #sc-374232) 

was applied at 1:200 dilution overnight at 4°C. The blot was washed with TBS-T and 

incubated with the secondary antibody, goat anti-mouse IgG horseradish peroxidase (Santa 

Cruz, #sc-2005) at 1:5000 dilution. Enhanced chemiluminescence (ECL, Amersham) was 

used according to the manufacturer’s instructions.

Murine model of RBC transfusion

All experiments in mice were approved in advance by our IACUC. Nude mice were 

anesthetized with intraperitoneal sodium pentobarbital (100 mg/kg). Tracheostomy was 

performed, and the mice were mechanically ventilated (7 mcL/g body weight, 150 breaths/

min) as we have described (18). After equilibration, mice were transfused over ~15 seconds 

via a tail-vein catheter with either fresh, untreated human RBCs (<6 hours old) (control 

group) or with fresh RBCs, treated with a LAT inhibitor (BCH or Leucine). Paired aliquots 

of RBCs from a given human blood donor were used for control and inhibitor-exposed RBC 
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preparations. The transfusate was a 35%-hematocrit RBC suspension in PBS, and 10 µL/g 

body weight was administered. The transfusate RBCs in each case were pre-labeled with the 

fluorescent cell membrane dye PKH-26 using the method described previously (18). Percent 

arterial Hb oxygen saturation (SaO2) was measured by mouse-specific pulse oximetry 

(MouseOx, Oakmont, PA) before and at multiple time points after transfusion. The mice 

were sacrificed and the lungs were perfused with PBS and harvested. Frozen sections of the 

lungs were obtained. Red fluorescence signal, corresponding to the PKH-26 dye applied to 

the RBC transfusates, was measured in sections of harvested lung, reflecting the 

sequestration of RBCs.

Statistical analyses

Paired t-tests or analysis of variance were used, as indicated. A P<0.05 was considered 

statistically significant. Comparison of the curves of percent adhesion vs. shear stress was 

performed using the Extra sum-of-squares F test after curve fitting to a power model. 

Numbers of experiments given are the number of unique biological samples studied.

Results

RBCs treated with the LAT inhibitors BCH or L-Leu adhere excessively to HUVECs

The adhesion to HUVECs of RBCs incubated with the LAT inhibitors L-leucine (L-Leu) or 

BCH, and suspended in perfusion medium containing Leu or BCH (to minimize the egress 

from treated RBCs of these competitive inhibitors), respectively, was consistently higher 

compared to that of RBCs incubated only with vehicle. One set of individual curves, 

illustrating the relationship between shear stress and the % adhesion to HUVECs of fresh 

RBCs exposed or unexposed to the LAT antagonists, is shown in Fig. 1A. A power 

regression fit was used to model the adhesion to HUVECs of fresh RBCs treated or not with 

various inhibitors of LAT1. The overall shear stress-vs.-percent adhesion curves differed 

significantly between Con and BCH conditions (p<0.0005). The effects of BCH were also 

statistically significant (p < 0.05) at shear stresses of 1 and 2 dynes/cm2 but did not reach 

significance at 5 dynes/cm2 (Fig. 1B; p= 0.0628; n=9). The adhesion to HUVECs of RBCs 

exposed to L-Leu was typically greater than of vehicle-treated RBCs, but the results were 

not statistically significant (n=4; Fig. 1C). The overall shear stress-vs.-adhesion curves 

differed significantly (p=0.0021) between Con and Leu conditions.

RBC LAT1 inhibition using JPH-203 promotes RBC-EC adhesion

LAT1-specific inhibition has been demonstrated previously in other cell types using a 

compound, JPH-203 (19). We therefore studied the adhesion of fresh vehicle- or JPH-203-

treated RBCs to HUVECs. RBC-EC adhesion was increased by pretreatment of RBCs with 

JPH-203 (and its inclusion in the perfusion medium) relative to untreated RBCs, illustrated 

by the individual adhesion curves in Fig 2A. The overall shear stress-vs.-adhesion curves for 

JPH-203-exposed RBCs differed significantly from that for control RBCs (p=0.0243). The 

result was also statistically significant at a shear stress of 5 dynes/cm2, with trends toward 

significantly increased adhesion at lower shear stresses as shown in Fig 2B. We measured 

supernatant free Hb as an index of hemolysis of exposed RBCs, and found that neither 
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JPH-203 (0.104 ±0.0141% (mean ± SEM) hemolysis) nor L-Leu (0.101 ± 0.028%) induced 

significantly greater hemolysis than did the vehicle (0.087 ± 0.005%).

LAT1 is present in human RBCs and LAT1 mRNA in human reticulocytes

We performed Western blotting of RBC membrane preparations and stained with an anti-

LAT1 antibody sc-374232. As illustrated in Fig. 3, LAT1 is present in RBCs and its 

abundance was unaltered by conventional RBC storage. To determine whether mRNA for 

LAT1 is present in RBC precursors, we isolated reticulocytes from the blood of sickle cell 

disease patients using anti-CD71 antibodies and magnetic beads, and performed RT-PCR on 

lysates. The results demonstrate the presence of LAT1 message (expected size 249; Fig. 3B).

The LAT1 inhibitor JPH-203 inhibits SNO export by RBCs

In order to test whether SNO export from RBCs can be inhibited by a LAT inhibitor, we 

measured SNO in the supernatant of RBCs during hypoxia. SNO export was consistently 

detected from control (vehicle-treated) RBCs, but was minimal from JPH-203-exposed 

RBCs (Fig. 4). Quantitatively similar results were seen regardless of whether or not (data not 

shown) the supernatant was first filtered (10 kDa cutoff) to remove the protein fraction, 

suggesting that the exported species is a low-mass SNO. The total bound NO (Including 

SNO, heme-NO, nitrosamine) appearing in the supernatant also fell significantly and to a 

comparable extent when RBCs were pre-exposed to the LAT1 inhibitor (Fig. 4).

L-CSNO, but not L-Cys or D-CSNO, rescues the proadhesive effect of JPH-203

When RBCs alone (and not the HUVECs) were exposed to JPH-203, increases in RBC-EC 

adhesion were again seen across a range of shear stresses. Figure 5A shows results from one 

set of individual of experiments, and Figure 5B illustrates the mean data at shear stresses of 

1, 2, or 5 dynes/cm2. The proadhesive effect of JPH-203 reached statistical significance at 

shear stresses of 1 and 2 dynes/cm2 but not at 5 dynes/cm2. The overall shear stress-vs.-

adhesion curves for JPH-203-exposed RBCs again differed significantly from that for Con 

RBCs (p<0.0024 for comparison of fitted curves). Additional experiments were designed to 

confirm the mechanistic basis of the effects of LAT1 inhibition. We reasoned that if the 

proadhesive effect of exposing RBCs to LAT inhibitors does in fact involve the inhibition of 

SNO export by the RBC, then applying L-CSNO (S-nitroso-L-cysteine, a small SNO) to the 

fluid used in the flow chamber and perfusing the endothelial cells should overcome the 

increased adhesivity associated with LAT inhibition. The proadhesive effect of JPH-203 was 

in fact significantly attenuated by CSNO at 1 dyne/cm2 but not at 2 or 5 dynes/cm2 (Fig. 

5B). This effect was also observed at a much lower concentration, 10µM CSNO, with a 

significant attenuation of RBC adhesion to endothelium at 1 and 2 dynes/cm2 (Fig. 5C).

In order to test whether the ability of L-CSNO to surmount the proadhesive effect of 

JPH-203 was stereospecific (and therefore consistent with movement through an amino acid 

transporter), we also studied the ability of the corresponding D isomer (D-CSNO 

synthesized from D-Cys) to attenuate increases in RBC-EC adhesion after RBC exposure to 

JPH-203. The results indicate that D-CSNO did not significantly attenuate the adhesion of 

JPH-treated RBCs (Fig. 5D). Additionally, we tested whether the ability of L-CSNO to 

reverse the increased adhesion of RBCs treated with JPH-203 might be attributable to an 

Dosier et al. Page 6

Thromb Haemost. Author manuscript; available in PMC 2018 January 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effect of L-Cys (liberated by in vitro decomposition of L-CSNO), by measuring the ability 

of L-Cys to overcome the increased adhesivity of JPH-203-treated fresh human RBCs. L-

Cys, in contrast to L-CSNO, did not significantly attenuate the adhesion of JPH-treated 

RBCs to HUVECs (Fig. 5E). Taken together, these findings indicate that the ability of L-

CSNO to reverse adhesion of JPH-203-exposed RBCs is stereospecific, consistent with 

involvement of an amino acid transporter, and is not the result of the decomposition of L-

CSNO to parent L-Cys.

In experiments examining the stability of CSNO in the presence of varying concentrations of 

JPH-203, CSNO decay over time was not accelerated (but rather was slowed) in the 

presence of JPH-203 (Fig. S1), suggesting that the CSNO effect we observed in adhesion 

assays was not the result of a degradative interaction between CSNO and JPH-203. Taken 

together, these results suggest that the mechanism by which these LAT(1) inhibitors promote 

RBC adhesion to ECs is at least in part through inhibiting the export by RBCs of a small-

molecule SNO (such as CSNO).

Leu or JPH-203 does not alter the deformability of RBCs

In order to determine whether the effects of the LAT(1) inhibitors might be mediated in part 

through rheological changes, we assayed, using an ektacytometer, the deformability of 

RBCs treated with Leu, JPH-203, or dilute DMSO (0.1%), the vehicle for JPH-203. 

Deformability did not differ significantly (Fig. S2), and was similar to that of healthy human 

RBCs in reports we and others have published previously (18, 20).

Transfusion of RBCs treated with a LAT inhibitor promotes lung morbidity

In order to determine whether SNO transport by RBC LAT may prevent the endothelial 

adhesion of transfused RBCs, we transfused human RBCs stored <6 hours and exposed to 

vehicle, L-Leu (10 mM), or BCH (10 mM) while measuring systemic blood oxygenation, 

reflecting gas exchange by the lung. Alternatively, we studied the adhesion of human RBCs 

stored for 35–42-days after transfusion into nude mice. All RBCs were first exposed to a 

cell-surface fluorescent red label. Transfusion of RBCs stored for 35–42 days, but not those 

stored <6 hours, elicited decreases in blood oxygenation (Fig 6A and 6B) and increased red 

fluorescence within the lung (Fig 6C, 6D, 6E), consistent with endothelial adhesion or 

“sequestration” of RBCs (18). Similarly, pre-transfusion incubation with LAT inhibitors 

depressed SaO2 relative to untreated fresh-RBC controls (Fig 6A and 6B), with RBC 

sequestration tending to increase (particularly with Leu exposure) within the lungs (Fig. 6C–

E). The trend approached but did not reach statistical significance (p=0.2169 for BCH, 

p=0.0583 for Leu).

Discussion

Our results show that inhibition of the amino acid transporter LAT promoted increased 

RBC-EC adhesion in vitro, tended to do so within the lung microvasculature in vivo, and 

depressed blood oxygenation in vivo. RBC exposure to either subtype-1-specific or 

nonspecific LAT inhibitors, in concentrations known to inhibit canonical LAT activity (21, 

22), promoted RBC-EC adhesion. The LAT1-specific, noncompetitive inhibitor JPH-203 
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also inhibited SNO export from RBCs. Although the extent of baseline and post-treatment 

RBC-EC adhesion and the effect sizes of the inhibitors varied considerably among 

experimental series, the proadhesive effect of inhibiting LAT was consistent. Taken together, 

the results are consistent with LAT-mediated SNO export from the RBC acting to limit the 

adhesion of RBCs basally. These findings are the first to identify cellular SNO export as a 

function of LAT1, and suggest for the first time that the conduit for RBC SNO export is 

LAT1. Because excessive and injurious RBC adhesivity to vascular endothelial cells may 

contribute morbidity and mortality in settings including transfusion, atherosclerosis, 

thrombosis or sickle cell disease, this study may have important clinical implications (18, 

23-26).

We used a well-established, non-static in vitro adhesion model in which RBCs were allowed 

to incubate on the surface of endothelial cells (ECs), then exposed RBC-EC preparations 

incrementally to a physiologically relevant range of shear stresses of fluidic flow, simulating 

in vivo conditions in order to produce physiologically relevant intercellular adhesion events. 

Strictly speaking, our in vitro experiments examine the ability of RBCs to maintain adhesion 
to HUVECs established under static conditions, as fluid flow is initiated and raised 

incrementally so as to increase the shear stress. We selected the range of shear stresses based 

on those encountered in the human microcirculation in the lung and elsewhere (27, 28). 

Postcapillary venules, where shear stress can be very low, are particularly susceptible to the 

adverse sequelae of RBC or leukocyte adhesion. Inasmuch as flow itself may influence the 

behavior of adhesion receptors, this nonstatic model is likely to be pertinent to clinical 

consequences of RBC adhesion. Increases in RBC adhesivity to endothelium during blood 

banking are well documented (18, 24, 29), but the direct role of post-transfusion RBC-EC 

adhesion in the morbidity or limited benefit of RBC transfusion is uncertain. Both 

endothelial cells (9) and RBCs are now known to contain LAT1. Our focus was on LAT1 

activity in the RBC. Pharmacological LAT(1) inhibition promoted the adhesion of RBCs, 

and this increased adhesivity could be overcome with added L-CSNO, but not with D-CSNO 

or L-Cys. The stereospecificity of the (L)-CSNO rescue effect is consistent with transporter-

dependent import by endothelial cells of antiadhesive L-CSNO. We did not study the effects 

of very low CSNO concentrations (low micromolar or submicromolar) in these experiments, 

and because physiological levels of CSNO are lower (30), our findings do not bear directly 

on signaling by CSNO. Whether close apposition of RBCs to ECs in vivo may enable high 

local fluxes of CSNO is unknown. The LAT inhibitors Leu and JPH-203 did not alter RBC 

deformability, meaning that it is unlikely that impaired flexibility could have contributed to 

the proadhesive effect we demonstrated in vitro and the sequestration of transfused RBCs in 

vivo. Together, these data suggest that EC import of SNO derived from the RBC acts to 

prevent RBC-EC adhesion.

Our approach to LAT(1) inhibition was multifaceted. The in vitro study used 3 chemically 

and mechanistically distinct known LAT inhibitors. BCH and L-Leu are competitive LAT 

inhibitors, and JPH-203 has been shown to inhibit LAT1 specifically, with little inhibition of 

LAT2 at concentrations similar to ours (16). We selected concentrations previously 

demonstrated to inhibit LAT activity, typically measured by the cellular uptake of 14C- 

or 3H-L-Leu (8, 16, 21, 31). Endothelial cell uptake of CSNO has been shown to depend on 

LAT activity (9). Given the need to include competitive inhibitors in the perfusion medium 
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(to prevent their loss from RBCs), we cannot exclude that the proadhesive effect of BCH and 

Leu in adhesion assays was due to an effect on EC LAT. However, given the multiple 

inhibitors used and the general agreement in the direction of findings (albeit with 

unexplained variation of the statistical significance of the results) with all inhibitors, it is 

unlikely that the increased adhesion seen was due to an effect other than RBC LAT1 

inhibition. Further supporting the assertion that the effect of increased adhesion after LAT(1) 

inhibition is RBC-dependent is the observation that loading the RBCs with JPH-203, a non-

competitive, LAT1-specific inhibitor, potently (at 50 nM) increased adhesivity even when 

the inhibitor was absent from the solution bathing the ECs. We showed that LAT1 is present 

in healthy human RBCs and that LAT1 mRNA is present in human reticulocytes. In vivo, we 

found a trend toward increased RBC sequestration and significantly decreased oxygenation 

in the lung after transfusion of RBCs treated with LAT inhibitors, consistent with findings in 

mice transfused with RBCs deficient in SNO after storage (18, 20). These respiratory 

changes could be expected to contribute to post-transfusion lung injury and dysfunction, 

which are seen excessively more frequently in patients transfused with more or older RBCs 

in randomized clinical trials (32-34). Our findings are consistent with impaired gas 

exchanged due to LAT1- and SNO-sensitive RBC adhesion to ECs, but other possible 

mechanisms could contribute, such as disrupted vasoregulation by the treated RBCs. The 

alternative mechanism of impaired RBC deformability was excluded.

One limitation of our study is that we did not determine definitively the specific mechanism 

whereby cellular functions involving LAT1 and SNO influence adhesion. Possible 

mechanisms include general amino acid transport as is necessary for cellular protein 

synthesis, specific cell uptake of L-arginine (the substrate for NO synthesis), and LAT-

mediated SNO import or export. We reason that, given the lack of new protein synthesis in 

the mature RBC, it is unlikely that depressed new protein synthesis via compromised amino 

acid uptake secondary to LAT inhibition was responsible. LAT (particularly LAT2) is 

capable of transporting L-arginine (35), and inhibition of its uptake could therefore in theory 

limit NO production by NO synthase (NOS) in the RBC or EC. However, intracellular RBC 

SNO content was unaltered by LAT inhibitors (data not shown). Finally, LAT1 has been 

demonstrated to be competent for transcellular transport of the NO derivative S-nitroso-L-

cysteine (L-CSNO, also termed SNO-Cys) (8, 9). NO and its derivatives such as S-

nitrosothiols (SNOs) can act as anti-adhesive molecules (1, 2, 36). We found that the 

proadhesive effect of the LAT1 inhibitor JPH-203 on RBCs was reversed when authentic L-

CSNO (10 or 240 µM) was included in the perfusion medium. This finding strengthens the 

link between LAT1 and RBC SNO export and argues against a nonspecific or SNO-

independent effect of the LAT antagonists. Specifically, the LAT system may play a critical 

role in cellular adhesion in vivo as a transporter of NO derivatives. We therefore suggest that 

the proadhesive effect of LAT1 inhibition arises because of suppressed transport of L-CSNO 

from the RBC to the endothelial cell. We did not definitively identify L-CSNO as the 

exported SNO, but LAT1 is known to import L-CSNO, functions as an antiporter, and as an 

amino acid transporter is unable to transport a larger molecule such as the tripeptide 

glutathione or S-nitrosoglutathione (8). Furthermore, the ability of L-CSNO to reverse the 

proadhesive effect of JPH-203 applied to RBCs was not replicated by equimolar D-CSNO or 

L-Cys. Our data provides support for the assertion that the SNO export function of the LAT1 
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transporter may be important in its own right, as opposed to simply passively balancing the 

import function. Future work is needed to examine the mechanistic basis of the antiadhesive 

effect of LAT1 activity and SNO transport, including whether relevant adhesion receptors 

are S-nitrosylated.

We show for the first time that LAT1 activity appears to be necessary for the export of 

endogenous SNO from human RBCs. The LAT1-specific inhibitor JPH-203 blocked the 

hypoxia-induced export of low-mass SNOs. Prior work has demonstrated the export of 

GSNO from SNO-loaded RBCs, and the export of S-nitrosylated protein disulfide isomerase 

(SNO-PDI) from the surface of nitrite-exposed RBCs (37, 38). However, our findings are the 

first to show the export of native SNO in unmodified RBCs, and its dependence on LAT1 

function.

LAT1 has been shown to play a role in atherogenesis and inflammatory diseases (39), 

vasculoproliferative disorders (40), neoplastic disorders (40-42), and recently was shown to 

play a role in integrin-mediated cell adhesion (43). The LAT1-dependent modulation of 

RBC adhesivity that we show underscores a potential role for disturbed SNO signaling or 

altered LAT1 function in the morbidity and mortality associated with red blood cell (RBC) 

transfusion that is seen even after RBC units are stored for durations as short as a few days 

(1). Randomized clinical trials demonstrating no benefit, or even harm, from more liberal 

(vs. restrictive) RBC transfusion strategies in a variety of pediatric and adult anemic 

populations suggest that the therapeutic margin could be improved (20, 44). RBC storage 

lesions that may contribute to pathophysiology and thus disappointing clinical outcomes 

include excess erythrocyte adhesion (18, 24, 29), depressed erythrocytic vasoactivity, 

decreased deformability, increased osmotic fragility, hemolysis, microparticle accumulation, 

and spheroechinocyte formation (20, 45, 46). Prior work has shown that the ability of RBCs 

to export vasoregulatory mediators, including SNOs and ATP, declines with the duration of 

RBC storage (18, 20, 47). Intracellular red blood cell (RBC) S-nitrosothiols (SNOs) decline 

early during storage (20) and these changes could contribute to disappointing outcomes with 

transfusion for moderate anemia (34, 44) because RBC SNOs are required for RBC-induced 

vasodilation (46, 48). Although RBC SNO can be restored ex vivo after blood banking (5, 

46), little is known of the effect of storage on LAT1 activity. Our findings implicating LAT1 

as a conduit for the export of SNO from RBCs raise the question of whether post-storage 

restoration of RBC SNOs, which can improve RBC deformability and reduce adhesivity (5), 

might be further enhanced by measures that optimize LAT1 stability and activity. The 

relative efficacy of RBC SNO restoration, as opposed to or in combination with other 

antiadhesive approaches, remains to be determined.
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What is known on this topic

• Increased adhesivity of red blood cells (RBCs) to endothelium characterizes 

blood storage, sickle cell disease, and thrombosis. These states can also be 

characterized by deficiency of S-nitrosothiols (SNOs), which are nitric oxide 

(NO) derivatives.

• Red blood cells export NO derivatives, but the SNO export conduit is 

unknown.

• L-type amino acid transporters can import SNOs, but their role in SNO export 

has not been tested.

What this paper adds

• A LAT1 antagonist inhibited SNO export from RBCs.

• Inhibiting LAT(1) promoted RBC adhesivity to endothelial cells (ECs) in 

vitro, decreased blood oxygenation, and tended to increase RBC sequestration 

in lungs in vivo.

• The increased adhesivity in vitro could be overcome with extracellular SNO. 

The results suggest that SNO export from RBCs acts basally to prevent RBC-

EC adhesion.
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Figure 1. Influence of treatment of RBCs with the LAT inhibitors BCH and L-leucine (L-Leu) on 
RBC-EC adhesion as a function of shear stress
The adhesion of fresh human RBCs to HUVECs exposed or not to BCH or L-Leu was 

quantified in customized flow chambers at varying shear stress. One set of individual 

adhesion curves is shown in (A) and the mean results from n=4–9 experiments at 1, 2, or 5 

dynes/cm2 (B, BCH) and (C, L-Leu). *, p<0.05 vs. Con (vehicle control) by paired t-test. #, 

p=0.0002 for comparison of full Con vs. BCH curves; ##, p = 0.0021 for Con vs. Leu curves 

(two-way ANOVA).
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Figure 2. Influence of the LAT1-specific inhibitor JPH-203 on RBC-EC adhesion as a function of 
shear stress
The adhesion to HUVECs of fresh human RBCs exposed or not to JPH-203 (50 nM) was 

quantified in customized flow chambers at varying shear stress. JPH-203 (50 nM) was also 

included in the perfusion medium. One set of individual adhesion curves is shown in (A) and 

the mean results from n=5 experiments each at 1, 2, or 5 dynes/cm2 in (B). *, p<0.05 vs. 

Con (vehicle control) by paired t-test; comparison of Con vs. JPH-203 curves is by two-way 

ANOVA.
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Figure 3. LAT1 is present in fresh and stored human RBCs
(A), Immunoblots detecting LAT1 (Santa Cruz Ab sc-374232) in human RBC membranes 

stored either 0 days or 38 days. Lower panel shows Coomassie protein staining after gel was 

stripped (loading control). Results are typical of n=4 experiments. (B), mRNA in 
reticulocytes. Magnetic beads and CD71 (transferrin) antibodies were used to isolate 

reticulocytes and RT-PCR was performed for LAT1 message. LAT1 mRNA is detected in 

reticulocytes. Left lane, PCR ladder; other lanes are sample replicates.
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Figure 4. 
RBC treatment with the LAT1 inhibitor JPH-203 blocked SNO export in hypoxia, and 

significantly attenuated the export of all NO adducts. n=4. *, p<0.01 by paired T-test.
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Figure 5. Influence on RBC-EC adhesion of treatment of RBCs alone with the LAT1-specific 
inhibitor JPH-203 (50 nM) with or without the addition of L-CSNO, D-CSNO, or L-Cys
One set of individual adhesion curves is shown in (A) and the mean results from n=9 

experiments using 240 µM L-CSNO at 1, 2, or 5 dynes/cm2 in (B). *, p<0.05 for the pair-

wise comparison at the indicated shear stress (paired t-test). #, p=0.0004 for comparison of 

full Con vs. JPH curves (by two-way ANOVA); ##, p=0.0024 for JPH vs JPH + L-CSNO 

curves. (C-E), RBCs were treated with JPH-203, 50 nM, with or without the subsequent 

addition of (C), L-CSNO (n=6 pairs); (D), D-CSNO (n=6 pairs); or (E), L-Cys (n=6 pairs), 
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10 µM final in each case. With L-CSNO only, the differences at 1 and 2 dynes/cm2 were 

significant (*, p<0.05, paired t-test), and the curves differed significantly as indicated by 

two-way ANOVA.
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Figure 6. Pulmonary responses in nude mice to transfusion of fresh human RBCs treated or not 
with the LAT inhibitors L-Leu or BCH
(A) Individual blood oxygenation tracings and (B) mean (± SEM; n=4) data are shown. The 

indicated p-values are for paired t-tests. Responses to RBCs stored 37–42 days are also 

shown. RBC transfusate exposure to either LAT inhibitor tended to promote transfused-RBC 

sequestration within the lungs, as seen in fluorescence photomicrographs (C,D); mean data 

for fluorescence intensity are summarized in (E). p=0.2169 for Con vs. BCH, and p=0.0583 

for Con vs. Leu by paired t-test. n=4 pairs in lung images and n=6 pairs for blood 

oxygenation means.
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