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Abstract  

L-Arginine is taken up via the cationic amino acid transporters (system y+/CATs) and 

system y+L in human umbilical vein endothelial cells (HUVECs). L-Arginine is the substrate 

for endothelial NO synthase (eNOS) which is activated by intracellular alkalization, but 

nothing is known regarding modulation of system y+/CATs and system y+L activity, and 

eNOS activity by the pHi in HUVECs. We studied whether an acidic pHi modulates L-

arginine transport and eNOS activity in HUVECs. Cells loaded with a pH-sensitive probe 

were subjected to 0.1-20 mmol/L NH4Cl pulse assay to generate pHi 7.13-6.55. Before pHi 

started to recover, L-arginine transport (0-20 or 0-1000 µmol/L, 10 s, 37ºC) in the absence or 

presence of 200 μmol/L N-ethylmaleimide (NEM) (system y+/CATs inhibitor) or 2 mmol/L L-

leucine (systemy+L substrate) was measured. Protein abundance for eNOS and serine1177 or 

threonine495 phosphorylated eNOS was determined. The results show that intracellular 

acidification reduced system y+L but not system y+/CATs mediated L-arginine maximal 

transport capacity due to reduced maximal velocity. Acidic pHi reduced NO synthesis and 

eNOS serine1177 phosphorylation. Thus, system y+L activity is downregulated by an acidic 

pHi, a phenomenon that may result in reduced NO synthesis in HUVECs.  

 

Keywords: L-arginine transport; intracellular pH; system y+L; system y+; endothelium 
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Abbreviations 

 

pHo  Extracellular pH 

pHi  Intracellular pH 

4F2hc  Heavy chain of the cell surface antigen 4F2 

HUVECs Human umbilical vein endothelial cells 

HPAEC Human pulmonary artery endothelial cells 

RAEC  Rat aorta endothelial cells 

hENT1/2 human equilibrative nucleoside transporters 1 and 2  

GDM  Gestational diabetes mellitus 

hCATs  Human cationic amino transporters 

NO  Nitric oxide 

NOS  Nitric oxide synthase 

eNOS  Endothelial nitric oxide synthase 

NH4Cl  Ammonium chloride  

DAF-FM 4-amino-5-methylamino-2',7'-difluorofluorescein 

L-NAME NG-nitro-L-arginine methyl ester 

BCECF-AM Bicarboxyethyl-5,6-carboxyfluorescein acetoxymethyl ester 

NEM  N-ethylmaleimide 
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1. Introduction 

 A variety of membrane transport systems removing metabolic substrates from the 

extracellular medium are expressed in the foetoplacental endothelium [1-4]. The activity of 

some of these transport systems is modulated by changes in the extracellular (pHo) and 

intracellular (pHi) pH [5,6]. The cationic amino acid L-arginine, the substrate for the synthesis 

of nitric oxide (NO) via the endothelial NO synthase (eNOS) [7,8], is taken up mainly by the 

cationic amino acid transporters (CATs, also referred as system y+ or system y+/CATs) family 

[4] and system y+L in human umbilical vein endothelial cells (HUVECs) [2,9,10]. System 

y+/CATs corresponds to a family of five proteins of which mainly the high affinity (Km ~100-

250 µmol/L) hCAT-1 and hCAT-2B isoforms are expressed in HUVECs [4,11]. System y+L 

activity results from heterodimers formed by the interaction of the heavy chain of the cell 

surface antigen 4F2 (4F2hc) with the light chains 4F2-lc2 (or y+LAT-1) or 4F2-lc3 (or y+LAT-

2) [1,11-14]. System y+L activity accounts for L-arginine transport with a very high affinity 

(Km ~1-20 µmol/L) and small and large neutral amino acids, such as L-leucine, requiring 

extracellular sodium in HUVECs [4,9]. System y+/CATs and system y+L activity are reported 

as independent of a change in pHo in mammalian cells [11,14]. However, there are no reports 

addressing whether the activity of these membrane transport systems is modulated by the pHi.  

Increased L-arginine transport mediated by system y+/CAT-1 [15] and system y+L [10] 

results in higher eNOS activity in HUVECs and other cell types [16,17]. Interestingly, 

intracellular alkalization activates eNOS in HUVECs [18], human pulmonary arterial 

endothelial cells (HPAECs) [19], and rat aorta endothelial cells (RAECs) [20]. However, it is 

unknown whether eNOS activation in response to a change in the pHi leading to an alkaline or 

acidic intracellular environment associated with system y+/CATs and system y+L transport 

activity in human endothelial cells. Intracellular alkalization due to lower NHE1 activity 
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reduced the transport of the endogenous nucleoside adenosine in HUVECs [6]. Since 

adenosine is a vasodilator in most vascular beds including the foetoplacental circulation [21] 

via increasing the L-arginine transport and NO synthesis in HUVECs [22], and dysfunction of 

the foetoplacental vasculature is addressed as the cause of altered umbilical vein blood flow in 

growth restricted foetus [23,24], it is likely that changes in the pHi in HUVECs alters the 

dynamics of NO-dependent dilation mechanisms of the umbilical vein therefore limiting the 

delivery of nutrients to the foetus [25]. This study aimed to characterise the role of a change in 

pHi on L-arginine transport mediated via system y+/CATs and system y+L and on NO 

synthesis in HUVECs.  

 

2. Material and methods 

2.1 Antibodies and materials 

Primary monoclonal mouse anti-eNOS phosphorylated at serine1177, anti-eNOS 

phosphorylated at threonine495, and anti-ß-actin were from Sigma Aldrich (St Louis, MO, 

USA). Primary monoclonal mouse anti-total eNOS antibody and secondary horseradish 

peroxidase-conjugated goat anti-mouse antibodies were from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). For isolation of HUVECs from umbilical cords, Collagenase Type II 

from Clostridium histolyticum (Boehringer, Mannheim, FRG) was used. Medium M199, 

newborn (NBCS) and fetal calf (FCS) sera, L-glutamine, and penicillin-streptomycin were 

from Gibco Life Technologies (Carlsbad, CA, USA). L-[3H]Arginine and D-[3H]mannitol 

were from NEN (Dreieich, FRG). NG-Nitro-L-arginine methyl ester (L-NAME) was from 

Sigma Aldrich, Immobilon-P polyvinylidene difluoride membranes from BioRad Laboratories 

(Hertfordshire, UK), and the fluorescent dye 4-amino-5-methylamino-2',7'-difluorofluorescein 

(DAF-FM) from Molecular Probes (Leiden, The Netherlands). 
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2.2 Study group 

 This study included samples collected from 23 full-term normal pregnancies from the 

Hospital Clínico UC-CHRISTUS (HCUC-C) in Santiago de Chile and Clínica de la Mujer 

(CLM) in Antofagasta (Chile). Pregnant women included in this study did not smoke or 

consume drugs or alcohol and had no intrauterine infection or any other medical or obstetrical 

complications. The ethnicity of patients involved in this study was Hispanic. The investigation 

conforms to the principles outlined in the Declaration of Helsinki. Ethics Committee approvals 

from the Faculty of Medicine of the Pontificia Universidad Católica de Chile and CLM and 

informed written consent of patients were obtained.  

 

2.3 Human placenta and umbilical cords  

 Placentas were collected at delivery on ice and transferred to the laboratory until use 

15-30 min later. Middle sections of umbilical cords (100-120 mm length) were dissected into 

200 mL phosphate-buffered saline (PBS) solution (mmol/L: 130 NaCl, 2.7 KCl, 0.8 Na2HPO4, 

1.4 KH2PO4, pH 7.4, 4ºC) until use 6-12 h later for isolation of endothelial cells [6,26]. 

 

2.4 Cell culture 

 This study was done in primary cultures of HUVECs from normal pregnancies. The 

reason why selecting this type of cells is because (i) they are from the umbilical vein which 

carries feotal blood after crossing the placenta circulatory bed towards the foetus body with 

the umbilical vein blood being rich in oxygen and nutrients and unloaded of toxins and waste 

from the foetus circulation, (ii) umbilical vein blood carries signalling molecules that are 

transferred from the mother through the placenta into the foetal circulation, (iii) molecules 
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synthesised and released within the placenta tissue are available at the umbilical vein blood 

thus transferring regulatory signals from the placenta to this vessel by changing, for example, 

the offering of nutrients to the growing foetus, and (iv) HUVECs release extracellular vesicles, 

including exosomes, that could potentially alter the downstream vasculature (i.e., the foetal 

circulation) altering or changing the function or phenotype of the endothelium in the foetal 

vascular bed [27,28]. HUVECs were isolated by collagenase digestion (0.25 mg/mL 

collagenase) from umbilical cords obtained at delivery from normal pregnancies and cultured 

(37°C, 5% CO2) in 1% gelatin-coated Petri dishes (100 mm diameter) up to passage 3 in 

primary culture medium (PCM; M199 containing 5 mmol/L D-glucose, 10% NBCS, 10% 

FCS, 3.2 mmol/L L-glutamine and 100 U/mL penicillin-streptomycin) as reported [6,26]. 

Sixteen hours prior experiments the incubation medium was changed to M199 medium 

containing 0.25% NBCS and 0.25% FCS. Experiments were in the absence or presence of NG-

nitro-L-arginine methyl ester (L-NAME, 100 μmol/L, NOS inhibitor) and cell viability was 

assayed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide assay (Sigma-

Aldrich) as reported [6].  

 

2.5 pHi measurement and recovery  

 Cells were loaded (10 min, 37°C) with the fluorescent pH-sensitive probe 2,7-

bicarboxyethyl-5,6-carboxyfluorescein acetoxymethyl ester (BCECF-AM, 12 mol/L) as 

described [6]. Probe excess was removed rinsing (x3) with control solution (CS) (mmol/L: 

NaCl 145, KCl 5, NaH2PO4 1 Na2SO4 1, CaCl2 1.8, MgCl2 1, HEPES 30, D-glucose 5, pH 7.4, 

37ºC). Fluorescence ratios were registered every 0.5-seconds interval. The pHi was estimated 

using standard calibration curves with 10 µmol/L nigericin and high-K+ in a calibrating 
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solution (pH 6.2, 7.2, 8.2) as described [6]. The pHi recovery was examined by the NH4Cl 

pulse technique [6]. After the basal pHi was stabilized (3 min) cells were exposed (2 min) to 

CS with 0.1, 1, or 20 mmol/L NH4Cl (NH4Cl/CS solution). Cells were then rinsed with 

NH4Cl-free CS, and cell viability assayed as above.  

 

2.6 Uptake of L-arginine 

 Since pHi recovery started after 25 s of removal of NH4Cl/CS, transport assays in CS 

were performed at 20 s (37ºC). To identify the involvement of system y+/CATs and system 

y+L on L-arginine transport the cells were incubated with CS with or without 200 µmol/L N-

ethylmaleimide (NEM) (a general inhibitor of system y+/CATs) [1,11], 2 mmol/L L-leucine (a 

neutral amino acid that competes with L-arginine for system y+L) [1,11], or NEM + L-leucine 

as previously described [10]. Overall uptake at 2 and 100 μmol/L L-arginine (6 μCi/mL L-

[3H]arginine, 20 s, 37°C) for system y+L and system y+/CATs, respectively, was measured in 

confluent cells in CS as described [10,26]. The fraction of uptake inhibited by NEM was 

considered as system y+/CATs mediated, and the portion of uptake inhibited by L-leucine in 

cells coincubated with NEM to block system y+/CATs contribution was regarded as system 

y+L mediated [1,10,11]. 

 

2.7 Kinetics of L-arginine transport 

Overall 0-20 μmol/L or 0-1000 μmol/L L-arginine transport (for system y+L and 

system y+/CATs, respectively) was measured in CS as above. Overall transport of L-arginine 

was defined as the sum of a saturable component plus a non-saturable, linear component of 

transport in the ranges of L-arginine concentrations used in this study (hereafter referred as a 
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KD value defined by m•[Arg], where m corresponds to slopes of lineal phases of transport at a 

given L-arginine concentration [Arg]) [26]. Cell monolayers were rinsed with ice-cold CS to 

terminate tracer uptake.  

The initial rate of transport (i.e., linear uptake up to 10 s) was derived from the slope of 

the linear phases of L-arginine transport. Values for transport were adjusted to the one phase 

exponential association equation considering the least squares fit: 

 

𝑣𝑖 = 𝑉𝑚 ∙ (1-𝑒-(k∙t)) 

 

where vi is initial velocity, Vm is mayor velocity at a given time (t) and L-arginine 

concentration, and e and k are constants. Overall L-arginine transport at initial rates was 

adjusted to the Michaelis-Menten hyperbola plus a nonsaturable, linear component (KD) as 

described [26]. The saturable transport of L-arginine was derived by subtracting the m•[Arg] 

components from overall transport, and the transport kinetic parameters maximal velocity 

(Vmax) and apparent Michaelis-Menten constant (Km) of transport were calculated [26].  

The relative contribution of system y+L and system y+/CATs (y+L/y+F) to total transport 

(i.e., y+L plus y+/CATs mediated transport) in cells non-treated (–NH4) or treated (+NH4) with 

NH4Cl was estimated from Vmax/Km values by: 

 

𝐹 −𝑁𝐻4 
𝑦+𝐿/𝑦+ =

𝑉 𝑚𝑎𝑥 ∙ 
𝑦+𝐿 𝐾 𝑚 

𝑦+

𝐾 𝑚 ∙ 
𝑦+𝐿 𝑉 𝑚𝑎𝑥 

𝑦+
 

 

or 
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𝐹 +𝑁𝐻4 
𝑦+𝐿/𝑦+ =

𝑉 𝑚𝑎𝑥 ∙ 
𝑦+𝐿 𝐾 𝑚 

𝑦+

𝐾 𝑚 ∙ 
𝑦+𝐿 𝑉 𝑚𝑎𝑥 

𝑦+
 

 

where y+LVmax and y+LKm are kinetic parameters for system y+L-saturable transport, and y+Vmax 

and y+Km for system y+/CATs saturable transport.  

The relative effect of NH4Cl on transport activity via system y+L (1/-NH4/+NH4Fy+L) or 

system y+/CATs (1/-NH4/+NH4Fy+) was estimated by: 

 

1

𝐹 𝑦+𝐿 
−𝑁𝐻4/+𝑁𝐻4

=
𝑉 𝑚𝑎𝑥 ∙ 

+𝑁𝐻4 𝐾 𝑚 
−𝑁𝐻4

𝑉 𝑚𝑎𝑥 ∙ 
−𝑁𝐻4 𝐾 𝑚 

+𝑁𝐻4
 

 

or  

1

𝐹 𝑦+ 
−𝑁𝐻4/+𝑁𝐻4

=
𝑉 𝑚𝑎𝑥 ∙ 

+𝑁𝐻4 𝐾 𝑚 
−𝑁𝐻4

𝑉 𝑚𝑎𝑥 ∙ 
−𝑁𝐻4 𝐾 𝑚 

+𝑁𝐻4
 

 

where -NH4Vmax and -NH4Km, or +NH4Vmax and +NH4Km are kinetic parameters for transport in cells 

non-treated or treated with NH4Cl, respectively [6].  

 The efficiency of the effect of a change in the pHi (EpHi) on the uptake at a fixed 

concentration (UEpHi) or the maximal transport capacity (Vmax/KmEpHi) for a range of 

concentrations of L-arginine via system y+/CATs and system y+L was estimated by: 

 

  
𝑈 𝐸 𝑝𝐻𝑖 =

  
−𝑁𝐻4 𝑈 −  𝑈 

+𝑁𝐻4

  −𝑁𝐻4 𝑝𝐻𝑖 −   +𝑁𝐻4 𝑝𝐻𝑖
 

 

or 
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𝑉𝑚𝑎𝑥/𝐾𝑚 𝐸 𝑝𝐻𝑖 =

  
−𝑁𝐻4 𝑉𝑚𝑎𝑥/𝐾𝑚 −   

+𝑁𝐻4 𝑉𝑚𝑎𝑥/𝐾𝑚

  −𝑁𝐻4 𝑝𝐻𝑖 −   +𝑁𝐻4 𝑝𝐻𝑖
 

 

where uptake (U) at a given concentration of L-arginine (2 or 100 µmol/L in this study) was 

measured in the absence (–NH4) or presence (+NH4) of NH4Cl at basal pHi (-NH4pHi) or pHi in 

the presence of NH4Cl (+NH4pHi). For a range of concentrations of L-arginine (0-20 or 0-1000 

µmol/L in this study), the values for Vmax/Km were used. Each transport assay was run in 

duplicate with transport activity expressed as pmol/µg protein/minute. Values for UEpHi and 

Vmax/KmEpHi are expressed as a change in the pmol/µg protein/minute relative to 1. Radioactivity 

in 0.5 N KCl cell digests was determined by liquid scintillation counting, and uptake was 

corrected for D-[3H]mannitol disintegrations per minute (d.p.m.) in the extracellular space 

[26]. 

 

2.8 NOS activity 

NOS activity was assayed by quantification of the intracellular content of L-citrulline 

by high-performance liquid chromatography in confluent HUVECs in the absence or presence 

of 100 μmol/L L-NAME, as reported [15,26].  

 

2.9 Western blot for eNOS 

Total protein was obtained from confluent cells washed twice with ice-cold PBS and 

harvested in 100 μL of lysis buffer composed by 63.7 mmol/L Tris/HCl (pH 6.8), 10% 

glycerol, 2% sodium dodecylsulphate, 1 mmol/L sodium orthovanadate, 50 mg/mL leupeptin, 

and 5% 2-mercaptoethanol, as described [26]. Cells were sonicated (6 cycles, 5 s, 100 Watts, 
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4ºC), and total protein was separated by centrifugation (14000 g, 15 min, 4°C). Proteins (60 

µg) were separated by polyacrylamide gel (10%) electrophoresis and transferred onto 

Immobilon-P polyvinylidene difluoride membranes. The proteins were then probed against 

total eNOS (1:500 dilution, 12 h, 4ºC), eNOS phosphorylated at serine1177 (PSer1177-eNOS, 

1:1000 dilution, 12 h, 4ºC), eNOS phosphorylated at threonine495 (PThr495-eNOS, 1:1000 

dilution, 12 h, 4ºC), and ß-actin (1:3000, 1 h, room temperature). Membranes were rinsed in 

Tris buffer saline-Tween (TBS-T) and incubated (1 h) in TBS-T/0.2% BSA containing 

secondary horseradish peroxidase-conjugated antibodies. Proteins were detected by enhanced 

chemiluminescence (film exposure time was 1 min) in a ChemiDoc-It 510 Imagen System 

(UVP, LCC Upland, CA, USA) and quantified by densitometry [26]. 

 

2.10 Statistical analysis 

 The sample size was estimated considering a power of 80% to detect a difference 

between groups (by a two-sided alpha level of 0.05). Values for clinical parameters are given 

as mean ± S.D. For in vitro assays the values were mean ± S.E.M., where n indicates the 

number of different biological samples and corresponding cell cultures with 3-4 replicates per 

experiment. Comparisons between two groups were performed using Student’s unpaired t-test 

and between more than two groups by analysis of variance (ANOVA, two-ways). If the 

ANOVA demonstrated a significant interaction between variables, post hoc analyses were 

performed by the multiple-comparison Bonferroni test. The statistical software GraphPad 

InStat 3.1 and GraphPad Prism 7.0d (GraphPad Software Inc., San Diego, CA, USA) was used 

for data analysis. P<0.05 was considered statistically significant.    
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3. Results 

3.1 Study group 

Pregnant women included in this study were with normal pregnancy, normotensive, 

normal fasting glycaemia at delivery, singleton, and of similar age and height (Table 1). 

Weight and body mass index (BMI) at delivery were higher compared with the first 

determination early in pregnancy (9-16 weeks of gestation) where women were normoweight 

(BMI <25 kg/m2). The total gestational weight gain between early in pregnancy and delivery 

was 11.9 ± 0.7 kg with a BMI variation of 0.6 kg/m2 reaching BMI values that were >25-29.9 

kg/m2.  

 

3.1. Basal pHi  

 Exposure of cells to 20 mmol/L NH4Cl increased the pHi value, and NH4Cl removal 

caused rapid acidification (~1 second, pHi = 6.51 ± 0.04) lasting for ~25 s before a significant 

pHi recovery started reaching initial pHi value in ~6 min (Figure 1A). The basal pHi value 

(7.19 ± 0.03) was reduced by NH4Cl in a concentration-dependent manner (half-maximal 

effective concentration (EC50) = 1.29 ± 0.03 mmol/L NH4Cl, equivalent to pHi = 6.75 ± 0.02) 

(Figure 1B), without altering the cell survival (97-99% alive cells between 0.1-20 mmol/L 

NH4Cl) (not shown), confirming previous observations in this cell type [6].  

 

3.2. System y+/CATs and system y+L mediated uptake of L-arginine 

 In the absence of NH4Cl (i.e., at basal pHi), the overall uptake of 100 µmol/L L-

arginine was inhibited mainly by NEM (69 ± 6%), with a minor inhibition caused by L-leucine 

(25 ± 3%) but blocked in cells coincubated with NEM + L-leucine (Figure 1C). In cells 

exposed to 20 mmol/L NH4Cl and washed with CS solution (i.e., pHi ~6.5), the overall uptake 
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was reduced compared with cells in the absence of NH4Cl in a proportion (0.14 ± 0.02 

pmol/µg protein/minute) that was similar in cells incubated with L-leucine in the absence of 

NH4Cl (0.15 ± 0.06 pmol/µg protein/minute). In the presence of NH4Cl, the uptake of L-

arginine was inhibited by NEM or NEM + L-leucine in a similar proportion (0.42 ± 0.02 and 

0.44 ± 0.02 pmol/µg protein/minute, respectively), but NH4Cl did not alter the uptake of L-

arginine inhibited by L-leucine in the absence of this salt. Uptake of L-arginine mediated by 

system y+/CATs predominates over a minor contribution of system y+L at 100 µmol/L L-

arginine (Figure 1D).  

The overall uptake at 2 µmol/L L-arginine (0.17 ± 0.05 pmol/µg protein/minute) in the 

absence of NH4Cl was lower (67 ± 3%) compared with 100 µmol/L L-arginine (Figure 1E). 

The uptake detected at this concentration of L-arginine was similar to the fraction of uptake 

inhibited by L-leucine in 100 µmol/L L-arginine (0.15 ± 0.06 pmol/µg protein/minute). 

Overall uptake was unaltered by NEM but blocked by L-leucine or NEM + L-leucine. In the 

presence of NH4Cl the 2 µmol/L L-arginine uptake was abolished in all experimental 

conditions. Uptake of L-arginine mediated by system y+L accounted for 2 µmol/L L-arginine 

in HUVECs (Figure 1F). NH4Cl did not alter 100 or 2 µmol/L L-arginine uptake via system 

y+/CATs. However, the system y+L activity in the presence of NH4Cl at these two 

concentrations of L-arginine was abolished.  

 

3.3. pHi-dependent uptake of L-arginine via system y+L/CATs and system y+L 

Overall uptake of 100 µmol/L L-arginine was unaltered by 0.1 or 1 mmol/L NH4Cl in 

the absence of NEM and by 0.1 mmol/L NH4Cl in the presence of NEM, but reduced by 20 

mmol/L NH4Cl in the absence or presence of NEM (Figure 2A). Incubation of cells with NEM 

resulted in a NH4Cl concentration-dependent inhibition of uptake (EC50 = 0.32 ± 0.04 mmol/L 
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NH4Cl). Overall uptake of 2 µmol/L L-arginine in the presence of NEM was inhibited by 

NH4Cl (EC50 = 0.31 ± 0.0.3 mmol/L NH4Cl), but uptake was unaltered in cells incubated with 

NEM + L-leucine (Figure 2B). Uptake mediated by system y+/CATs was not significantly 

altered by NH4Cl (Figure 2C) and independent of the resulting pHi (Figure 2D). However, 

uptake mediated by system y+L was reduced in a concentration-dependent manner by NH4Cl 

(EC50 = 0.29 ± 0.03 mmol/L NH4Cl) and the resulting acidic pHi (EC50 = 6.89 ± 0.11 pHi).  

The efficiency of inhibition of a change in pHi (∆pHi) on 2 µmol/L L-arginine uptake 

(UEpHi) mediated via system y+L was higher at the smaller variation of pHi (∆pHi 0.06 in this 

study) and less pronounced but reaching comparable values at higher variations of pHi (∆pHi 

0.38 and 0.69 in this study) from the basal pHi value in HUVECs (Figure 2E). However, the 

UEpHi for uptake via system y+/CATs was unaltered by the pHi. The UEpHi for system y+L 

compared with system y+/CATs mediated uptake was higher at pHi 7.19 compared with 

uptake at pHi 6.81 or 6.5 (Figure 2F).  

 

3.4. pHi-dependent system y+/CATs and system y+L transport kinetics 

 In the absence of NH4Cl, the overall transport of L-arginine in the range of 0-1000 

µmol/L was semi-saturable, inhibited mainly by NEM but marginally inhibited by L-leucine, 

and blocked by NEM + L-leucine (not shown) as previously reported [10]. The derived 

transport obtained after subtracting the linear, non-saturable component from overall transport 

(i.e., KD), was saturable in all experimental conditions and adjusted to a first order linear 

regression in Eadie-Hofstee plots as reported [10,15]. Incubation of cells with increasing 

concentrations of NH4Cl did not alter the KD for overall transport and the Vmax, Km, or Vmax/Km 

for saturable transport in this range of L-arginine concentrations (Table 2). 
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  Overall transport of L-arginine in the range of 0-20 µmol/L L-arginine was semi-

saturable, unaltered by NEM but abolished by L-leucine or NEM + L-leucine (not shown) as 

previously reported [10]. The derived saturable L-arginine transport was unaffected by NEM 

but blocked by L-leucine and NEM + L-leucine (Figure 3A). A first-degree regression line 

well fitted saturable transport at different pHi values in Eadie-Hofstee plots (Figure 3B). 

Increasing concentrations of NH4Cl did not alter the KD for overall transport but reduced the 

Vmax (Table 2) and Vmax/Km (Figure 3C) without changing the Km for saturable transport.   

The efficiency of inhibition of a given ∆pHi in 0-20 µmol/L L-arginine transport 

kinetic parameters (Vmax/KmEpHi) for system y+L was also higher at the smaller variation of pHi 

(∆pHi 0.06) and less pronounced but reaching comparable values at higher variations of pHi 

(∆pHi 0.38 and 0.69) from the basal pHi (Figure 3D). The pHi unaltered the Vmax/KmEpHi for 

transport via system y+/CATs. The Vmax/KmEpHi for system y+L compared with system y+/CATs 

mediated transport was higher at all pHi used in this study (Figure 3E).  

 

3.6 NOS activity 

 In the absence of NH4Cl, total synthesis of L-citrulline in cells incubated with 100 

µmol/L L-arginine was partially reduced by NEM and L-leucine but abolished by NEM + L-

leucine (Figure 4A). NH4Cl similarly inhibited L-citrulline synthesis in the absence or 

presence of L-leucine but blocked by NEM and NEM + L-leucine. Incubation of cells with L-

NAME blocked L-citrulline synthesis in all experimental conditions. The NOS-dependent 

fraction of synthesis of L-citrulline was reduced by NEM or L-leucine but abolished by NEM 

+ L-leucine (Figure 4C). In the presence of NH4Cl, NOS-dependent L-citrulline synthesis was 

decreased partially reaching similar values to those in the presence of L-leucine. However, it 

was abolished in the presence of NEM or NEM + L-leucine.  
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In the absence of NH4Cl, total synthesis of L-citrulline in cells incubated with 2 

µmol/L L-arginine was unaltered by NEM but abolished by L-leucine and NEM + L-leucine 

(Figure 4B). NH4Cl and L-NAME also abolished L-citrulline synthesis. The NOS-dependent 

synthesis of L-citrulline in the absence of NH4Cl was unaltered by NEM but blocked by L-

leucine and NEM + L-leucine (Figure 4D). NH4Cl reduced, but NEM, L-leucine, and NEM + 

L-leucine blocked the NOS-dependent synthesis of L-citrulline. 

  

3.7 eNOS expression and activation 

 Total eNOS protein abundance was unaltered by an acidic pHi (Figure 5A,B). 

Phosphorylation of eNOS at Ser1177 was reduced in a pHi-dependent manner (EC50 = 0.77 ± 

0.03 pHi) (Figure 5C); however, eNOS phosphorylation at Thr495 was unaltered by acidic pHi 

(Figure 5D).   

 

4. Discussion 

 This study shows that pHi is a factor that modulates the L-arginine transport in primary 

cultured HUVECs from normal pregnancies. Intracellular acidification causes a reduction in 

the L-arginine transport via system y+L but not via system y+/CATs, and in the activity of 

eNOS due to lower activator phosphorylation in Ser1177 at this enzyme. Since NO is involved 

in a broader range of biological effects other than regulation of vascular tone, intracellular 

acidification may have significant implications in diseases associated with endothelial 

dysfunction, such as gestational diabetes mellitus and cancer, where the pHo and pHi are 

altered [6,27–29].  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

18 

 HUVECs show a pHi 7.19 as previously reported (pHi ~7.21) [6,30,31], and is close 

to the pH reported in the human umbilical vein blood (pH 7.35) [25,32-34]. Intracellular 

acidification downregulates the transport activity of the human equilibrative nucleoside 

transporters 1 and 2 in HUVECs [6], and Na+/H+ exchanger 1 in human lymphoblasts [34] and 

the human colonic carcinoma T84 cell line [35]. Since overall L-arginine transport was reduced 

as the pHi changed to acidic in HUVECs, L-arginine transport mechanisms are responsive to a 

change in the pHi in this cell type. Inhibition by the acidic pHi was partial and similar to that 

induced by L-leucine at basal or acidic pHi in the presence of 100 µmol/L L-arginine. 

Considering the apparent Km for L-arginine uptake via hCAT-1 (Km ~120 µmol/L) and hCAT-

2B (Km ~250 µmol/L) in this cell type [1,2,36] it is likely that these isoforms were involved in 

this phenomenon. L-Arginine transport via system y+/CATs is independent of pHo in 

mammalian cells [2,11,37]. However, there are no studies addressing modulation of L-

arginine transport by pHi in endothelium or other cell types [2,11,34,37]. Our results suggest 

that system y+/CATs activity (likely hCAT-1 and hCAT-2B) is independent of intracellular 

acidification up to ∆pHi ~0.69 from the basal pHi since the effect of the ∆pHi on 100 µmol/L 

L-arginine uptake (UEpHi 0.022 ± 0.012, range 0.01-0.06) or the Vmax/Km for transport 

(Vmax/KmEpHi 0.0037 ± 0.0011, range 0.002-0.005) of this amino acid was unaltered. 

 Uptake of L-arginine is also mediated by system y+L in HUVECs [9,10]. Uptake of 2 

µmol/L L-arginine was almost exclusively mediated via system y+L meanwhile at higher 

levels (100 µmol/L) transport was via system y+/CATs and system y+L. The results show that 

system y+L transport activity was sensitive to acidic pHi in HUVECs [34,38], an effect that 

was higher at smaller changes from the basal pHi. Thus, system y+L seems more efficiently 

modulated by a discrete change in pHi (∆pHi 0.06 in this study) from the physiological pHi in 
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HUVECs. Similar changes were seen with 2 mol/L or a broader concentration of L-arginine 

(UEpHi / 
Vmax/KmEpHi ~0.8). Thus, pHi modulation of system y+L activity results from changing 

the Vmax/Km for system y+L, an effect that results from reduced Vmax. Several possibilities may 

explain this finding, i.e., (i) reduced number of transporters available at the plasma membrane 

due to lower expression or recycling with no change in their transport capacity, (ii) decreased 

transport capacity of a fixed number of membrane transporters, or (iii) both phenomena. Since 

pHi effect on transport was assayed for 15 s and system y+L half-life is most likely unaltered 

at this incubation time, the reduced L-arginine transport may result from a lower activity 

rather than expression of system y+L in HUVECs.  

 An increase in the activity of system y+L associated with a higher synthesis of NO in 

HUVECs [1,10], human platelets [16,17], and rat cortical astrocytes [39]. Also, since system 

y+L may be located close to eNOS in the plasma membrane [2], the pHi-decreased system y+L 

transport activity may result in lower eNOS activity in HUVECs. Our results show that L-

NAME–inhibited L-citrulline formation from L-arginine (index of NOS activity) [8] was 

lower at acidic pHi. This phenomenon was associated with a reduced activity of system y+L, 

but not system y+/CATs and abolished at 2 µmol/L but partially reduced at 100 µmol/L L-

arginine. Interestingly, eNOS activity seems linked to system y+/CATs (particularly hCAT-1 

and hCAT-2) in HUVECs [2,40–42]. However, an intracellular L-arginine pool not fed from 

this amino acid extracellular content is also a supplying source for eNOS in this cell type 

[40,42]. Thus, CATs transport activity could be unaltered, up or downregulated and these 

changes will not necessarily lead to parallel changes in NOS activity. Indeed, HUVECs from 

late-onset preeclampsia show increased hCAT-1–mediated L-arginine transport but reduced 

eNOS activity [43,44]. Potential explanations for this phenomenon include the possibility that 
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system y+/CATs activity may deliver L-arginine for NOS activity and NO generation, arginase 

activity for the synthesis of polyamines, or for protein synthesis [43,44]. 

The reduced NOS activity seen in HUVECs in an acidic pHi was likely due to lower 

eNOS activation since its lower activator phosphorylation at serine1177 [8,18,26] instead of an 

increased inhibitory phosphorylation of threonine497 [8,18,26]. Since intracellular alkalization 

activates eNOS in HUVECs [18], and other endothelium including human pulmonary aortic 

[19] and rat aortic [20] endothelial cells, intracellular acidification may result in reduced NO 

synthesis in HUVECs. Interestingly, a change in pHi from 7.5 to ~6.5 resulted in a more 

significant reduction of NOS activity compared with a pHi shift from 6.5 to 5.5 [18], thus 

complementing similar findings for system y+L activity in HUVECs. Thus, a change in pHi 

causing intracellular acidification is a phenomenon involved in downregulation of the system 

y+L/eNOS activity in HUVECs. The possibility that intracellular acidification inhibited NOS 

was not related to L-arginine uptake is unlikely since incubation of cells with NEM + L-

leucine abolished L-arginine uptake and NO synthesis. This proposal is supported by studies 

in rat astrocytes knockdown for system y+/LAT-2 expression where system y+L activity and 

NO generation was reduced [39]. 

 In summary, intracellular acidification results in reduced membrane transport of L-

arginine mediated via system y+L but not via system y+/CATs in HUVECs (see Figure 6). 

Diminished transport resulted from lower maximal transport capacity due to reduced Vmax 

without significant alterations in the apparent Km for transport. Therefore, an acidic pHi seems 

not to alter the intrinsic properties of system y+L but the activity of membrane transporters in 

HUVECs. Interestingly, the pHi sensitivity of L-arginine transport was higher as smaller the 

change in the pHi from the basal pHi in this cell type. Additionally, intracellular acidification 

also reduced the synthesis of NO and activator phosphorylation of eNOS, which seems to 
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result from reduced system y+L activity and lower activation of eNOS. Interestingly, 

preliminary results show that basal pHi is alkaline in HUVECs exposed to an A2A adenosine 

receptors antagonist (L Sobrevia, unpublished), suggesting that basal pHi is potentially 

maintained by activation of this type of adenosine receptors in HUVECs. We hypothesise that 

changing the pHi into an acidic intracellular environment is a phenomenon likely involved in 

the lower adenosine-mediated relaxation of foetoplacental vasculature via reducing the 

endothelial system y+L/eNOS activity as seen in diseases of pregnancy such as preeclampsia 

[44,45], obesity [46,47], or gestational diabetes mellitus [21,27,28].  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

22 

Conflict of interest 

 There is no conflict of interest. 

 

Acknowledgements  

 Authors thank Mrs Amparo Pacheco from the Cellular and Molecular Physiology 

Laboratory (CMPL) at Division of Obstetrics and Gynaecology, Faculty of Medicine, 

Pontificia Universidad Católica de Chile, for excellent technical and secretarial assistance, and 

the personnel of the Hospital Clínico UC-CHRISTUS (Santiago de Chile) and Clínica de la 

Mujer (Antofagasta, Chile) labour ward for the supply of placentas. This work was supported 

by the Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT) [grant number 

1150377] and Semillero Dirección de Investigación, Universidad de Antofagasta [grant 

number 5309, 5313], Chile. 

 

 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

23 

References 

[1] R. Devés, C.A. Boyd, Transporters for cationic amino acids in animal cells: discovery, 

structure, and function, Physiol. Rev. 78 (1998) 487–545.  

[2] G.E. Mann, D.L. Yudilevich, L. Sobrevia, Regulation of amino acid and glucose 

transporters in endothelial and smooth muscle cells, Physiol. Rev. 83 (2003) 183–252, 

http://dx.doi.org/10.1152/physrev.00022.2002.  

[3] F. Gaccioli, I.L.M.H. Aye, S. Roos, S. Lager, V.I. Ramirez, Y. Kanai, T.L. Powell, T. 

Jansson, Expression and functional characterisation of System L amino acid 

transporters in the human term placenta, Reprod. Biol. Endocrinol. 13 (2015) 57, 

http://dx.doi.org/10.1186/s12958-015-0054-8. 

[4] E. Guzmán-Gutiérrez, A. Armella, F. Toledo, F. Pardo, A Leiva, L. Sobrevia, Insulin 

requires A1 adenosine receptors expression to reverse gestational diabetes-increased L-

arginine transport in human umbilical vein endothelium. Purinergic Signal. 12 (2016) 

175–190, http://dx.doi.org/10.1007/s11302-015-9491-2. 

[5] K. Barnes, H. Dobrzynski, S. Foppolo, P.R. Beal, F. Ismat,  E.R. Scullion, S.A. 

Baldwin, Distribution and functional characterization of equilibrative nucleoside 

transporter-4, a novel cardiac adenosine transporter activated at acidic pH. Circ. Res. 

99 (2006) 510–519, http://dx.doi.org/10.1161/01.RES.0000238359.18495.42. 

[6] N. Celis, J. Araos, C. Sanhueza, F. Toledo, A.R. Beltran, F. Pardo, M. Ramírez, L. 

Sobrevia, Intracellular acidification increases adenosine transport in human umbilical 

vein endothelial cells, Placenta 51 (2017) 10-17, 

http://dx.doi.org/10.1016/j.placenta.2017.01.120. 

[7] G. Wu, S.M. Morris. Arginine metabolism: nitric oxide and beyond, Biochem. J. 336 

(1998) 1–17. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

24 

[8] I. Fleming. Molecular mechanisms underlying the activation of eNOS, Pflugers Arch. 

459 (2010) 793–806, http://dx.doi.org/10.1007/s00424-009-0767-7. 

[9] R. Sala, B.M. Rotoli, E. Colla, R. Visigalli, A. Parolari, O. Bussolati, G.C. Gazzola, V. 

Dall’Asta, Two-way arginine transport in human endothelial cells: TNF-alpha 

stimulation is restricted to system y+. Am. J. Physiol. Cell. Physiol. 282 (2002) C134–

C143. 

[10] Y. Arancibia-Garavilla, F. Toledo, P. Casanello, L. Sobrevia, Nitric oxide synthesis 

requires activity of the cationic and neutral amino acid transport system y+L in human 

umbilical vein endothelium, Exp. Physiol. 88 (2003) 699–710, 

http://dx.doi.org/10.1113/eph8802647. 

[11] S. Bröer, A. Bröer, Amino acid homeostasis and signalling in mammalian cells and 

organisms, Biochem. J. 474 (2017) 1935–1963, 

http://dx.doi.org/10.1042/BCJ20160822. 

[12] B.F. Haynes, M.E. Hemler, D.L. Mann, G.S. Eisenbarth, J. Shelhamer, H.S. 

Mostowski, C.A. Thomas, J.L. Strominger, A.S. Fauci, Characterization of a 

monoclonal antibody (4F2) that binds to human monocytes and to a subset of activated 

lymphocytes, J. Immunol. 126 (1981) 1409–1414.  

[13] D. Torrents, R. Estévez, M. Pineda, E. Fernández, J. Lloberas, Y.B. Shi, Identification 

and characterization of a membrane protein (y+L amino acid transporter-1) that 

associates with 4F2hc to encode the amino acid transport activity y+L. A candidate 

gene for lysinuric protein intolerance, J. Biol. Chem. 273 (1998) 32437–32445, 

http://dx.doi.org/10.1074/jbc.273.49.32437. 

[14] F. Verrey, E.I. Closs, C.A. Wagner, M. Palacín, H. Endou, Y. Kanai, CATs and HATs: 

The SLC7 family of amino acid transporters, Pflügers Arch. 447 (2004) 532–542, 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

25 

http://dx.doi.org/10.1007/s00424-003-1086-z. 

[15] M. González, S. Rojas, P. Avila, L. Cabrera, R. Villalobos, C. Palma, C. Aguayo, E. 

Peña, V. Gallardo, E. Guzmán-Gutiérrez, T. Sáez, R. Salsoso, C. Sanhueza, F. Pardo, 

A. Leiva, L. Sobrevia, Insulin reverses d-glucose–increased nitric oxide and reactive 

oxygen species generation in human umbilical vein endothelial cells. PLoS One 10 

(2015) e0122398, http://dx.doi.org/10.1371/journal.pone.0122398. 

[16] M.G. Signorello, R. Pascale, G. Leoncini, Transport of L-arginine and nitric oxide 

formation in human platelets, Eur. J. Biochem. 270 (2003) 2005–2012, 

http://dx.doi.org/10.1046/j.1432-1033.2003.03572.x. 

[17] M. Kakoki, H.S. Kim, C.J. Edgell, N. Maeda, O. Smithies, D.L. Mattson, Amino acids 

as modulators of endothelium-derived nitric oxide, Am. J. Physiol. Renal Physiol. 291 

(2006) F297–F304, http://dx.doi.org/10.1152/ajprenal.00417.2005. 

[18] I. Fleming, M. Hecker, R. Busse, Intracellular alkalinization induced by bradykinin 

sustains activation of the constitutive nitric oxide synthase in endothelial cells, Circ. 

Res. 74 (1994) 1220–1226, http://dx.doi.org/10.1161/01.RES.74.6.1220. 

[19] S. Mizuno, Y. Demura, S. Ameshima, S. Okamura, I. Miyamori, T. Ishizaki. Alkalosis 

stimulates endothelial nitric oxide synthase in cultured human pulmonary arterial 

endothelial cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 283 (2002) L113–L119, 

http://dx.doi.org/10.1152/ajplung.00436.2001. 

[20] V.K. Capellini, C.B.A. Restini, L.M. Bendhack, P.R.B. Evora, A.C. Celotto, The effect 

of extracellular pH changes on intracellular pH and nitric oxide concentration in 

endothelial and smooth muscle cells from rat aorta. PLoS One 8 (2013) e62887, 

http://dx.doi.org/10.1371/journal.pone.0062887. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

26 

[21] L. Silva, M. Subiabre, J. Araos, T. Sáez, R. Salsoso, F. Pardo, A. Leiva, R. San Martín, 

F. Toledo, L. Sobrevia, Insulin/adenosine axis linked signalling, Mol. Aspects Med. 55 

(2017) 45–61, http://dx.doi.org/10.1016/j.mam.2016.11.002. 

[22] R. San Martín, L. Sobrevia, Gestational diabetes and the adenosine/L-arginine/nitric 

oxide (ALANO) pathway in human umbilical vein endothelium, Placenta 27 (2006) 1–

10, http://dx.doi.org/10.1016/j.placenta.2005.01.011. 

[23] A.A. Baschat, Venous Doppler evaluation of the growth-restricted fetus, Clin. 

Perinatol. 38 (2011) 103–112, vi. http://dx.doi.org/10.1016/j.clp.2010.12.001. 

[24] A. Najafzadeh, J.E. Dickinson, Umbilical venous blood flow and its measurement in 

the human fetus, J. Clin. Ultrasound. 40 (2012) 502–511, 

http://dx.doi.org/10.1002/jcu.21970. 

[25] J. Araos, L. Silva, R. Salsoso, T. Sáez, E. Barros, F. Toledo, J. Gutiérrez, F. Pardo, A. 

Leiva, C. Sanhueza, L. Sobrevia, Intracellular and extracellular pH dynamics in the 

human placenta from diabetes mellitus, Placenta 43 (2016) 47–53, 

http://dx.doi.org/10.1016/j.placenta.2016.05.003. 

[26] M. Subiabre, L. Silva, R. Villalobos-Labra, F. Toledo, M. Paublo, M.A. López, R. 

Salsoso, F. Pardo, A. Leiva, L. Sobrevia, Maternal insulin therapy does not restore 

foetoplacental endothelial dysfunction in gestational diabetes mellitus, Biochim. 

Biophys. Acta – Mol. Basis Dis. 1863 (2017) 2987–2998, 

http://dx.doi.org/10.1016/j.bbadis.2017.07.022.  

[27] T. Sáez, P. De Vos, L. Sobrevia, M. M. Faas, Is there a role for exosomes in 

foetoplacental endothelial dysfunction in gestational diabetes mellitus? Placenta 61 

(2018) 48–54, http://dx.doi.org/10.1016/j.placenta.2017.11.007. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

27 

[28] T. Sáez, R. Salsoso, A. Leiva, F. Toledo, P. De Vos, M.M. Faas, L. Sobrevia, Human 

umbilical vein endothelium-derived exosomes play a role in foetoplacental endothelial 

dysfunction in gestational diabetes mellitus, Biochim. Biophys. Acta 1864 (2018) 499–

508, http://dx.doi.org/10.1016/j.bbadis.2017.11.010. 

[29] C. Sanhueza, J. Araos, L. Naranjo, F. Toledo, A.R. Beltrán, M.A. Ramírez, J. 

Gutiérrez, F. Pardo, A. Leiva, L. Sobrevia, Sodium/proton exchanger isoform 1 

regulates intracellular pH and cell proliferation in human ovarian cancer, Biochim. 

Biophys. Acta – Mol. Basis Dis. 1863 (2017) 81–91, 

http://dx.doi.org/10.1016/j.bbadis.2016.10.013.  

[30] T. Tamagaki, S. Sawada, H. Imamura, Y. Tada, S. Yamasaki, A. Toratani, T. Sato, S. 

Komatsu, N. Akamatsu, M. Yamagami, K. Kobayashi, K. Kato, K. Yamamoto, K. 

Shirai, K. Yamada, T. Higaki, K. Nakagawa, H. Tsuji, M. Nakagawa, Effects of high-

density lipoproteins on intracellular pH and proliferation of human vascular endothelial 

cells, Atherosclerosis 123 (1996) 73–82, http://dx.doi.org/10.1016/0021-

9150(95)05774-9. 

[31] V. Huck, A. Niemeyer, T. Goerge, E.M. Schnaeker, R. Ossig, P. Rogge, M.F. 

Schneider, H. Oberleithner, S.W. Schneide, Delay of acute intracellular pH recovery 

after acidosis decreases endothelial cell activation, J. Cell. Physiol. 211 (2007) 399–

409, http://dx.doi.org/10.1002/jcp.20947. 

[32] E.R. Yeomans, J.C. Hauth, L.C. Gilstrap, D.M. Strickland, Umbilical cord pH, pCO2, 

and bicarbonate following uncomplicated term vaginal deliveries. Am. J. Obstet. 

Gynecol. 151 (1985) 798–800, http://dx.doi.org/10.1016/0002-9378(85)90523-X.  

[33] M. Pietryga, J. Bra̧zert, E. Wender-Oegowska, R. Biczysko, M. Dubiel, S. 

Gudmundsson, Abnormal uterine Doppler is related to vasculopathy in pregestational 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

28 

diabetes mellitus, Circulation 112 (2005) 2496–2500, 

http://dx.doi.org/10.1161/CIRCULATIONAHA.104.492843. 

[34] F.J. Bernardez-Zapata, C. Moreno-Rey, Normal values of gases in the vein of the 

umbilical cord during the postpartum period and postcesarea immediately in normal 

fetuses to term, Ginecol. Obstet. Mex. 82 (2014) 170–176.  

[35] A.R. Beltrán, L.R. Carraro-Lacroix, C.N.A. Bezerra. M. Cornejo, K. Norambuena, F. 

Toledo, J. Araos, F. Pardo, A. Leiva, C. Sanhueza, G. Malnic, L. Sobrevia, M. 

Ramirez. Escherichia coli heat-stable enterotoxin mediates Na+/H+ exchanger 4 

inhibition involving cAMP in T84 human intestinal epithelial cells. PLoS One 10 

(2015) e0146042, http://dx.doi.org/10.1371/journal.pone.0146042.  

[36] R. San Martín, L. Sobrevia, Gestational diabetes and the adenosine/L-arginine/nitric 

oxide (ALANO) pathway in human umbilical vein endothelium, Placenta 27 (2006) 1–

10, http://dx.doi.org/10.1016/j.placenta.2005.01.011. 

[37] E.I. Closs, A. Simon, N. Vékony, A. Rotmann, Plasma membrane transporters for 

arginine, J. Nutr. 134 (2004) 2752S–2759S.  

[38] D. Fotiadis, Y. Kanai, M. Palacín, The SLC3 and SLC7 families of amino acid 

transporters, Mol. Aspects Med. 34 (2013) 139–158, 

http://dx.doi.org/10.1016/j.mam.2012.10.007. 

[39] Zielinska 2015 M. Zielińska, K. Milewski, M. Skowrońska, A. Gajos, E. Ziemińska, 

A. Beręsewicz, J. Albrecht, Induction of inducible nitric oxide synthase expression in 

ammonia-exposed cultured astrocytes is coupled to increased arginine transport by 

upregulated y+/LAT2 transporter, J. Neurochem. 135 (2015) 1272–1281, 

http://dx.doi.org/10.1111/jnc.13387. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

29 

[40] E.I. Closs, J.S. Scheld, M. Sharafi, U. Förstermann, Substrate supply for nitric-oxide 

synthase in macrophages and endothelial cells: role of cationic amino acid transporters, 

Mol. Pharmacol. 57 (2000) 68–74. 

[41] P. Casanello, L. Sobrevia, Intrauterine growth retardation is associated with reduced 

activity and expression of the cationic amino acid transport systems y+/hCAT-1 and 

y+/hCAT-2B and lower activity of nitric oxide synthase in human umbilical vein 

endothelial cells, Circ. Res. 91 (2002) 127–134, 

http://dx.doi.org/10.1161/01.RES.0000027813.55750.E7. 

[42] A. Simon, L. Plies, A. Habermeier, U. Martiné, M. Reining, E.I. Closs, Role of neutral 

amino acid transport and protein breakdown for substrate supply of nitric oxide 

synthase in human endothelial cells, Circ. Res. 93 (2003) 813–820, 

http://dx.doi.org/10.1161/01.RES.0000097761.19223.0D. 

[43] R. Salsoso, E. Guzmán-Gutiérrez, T. Sáez, K. Bugueño, M.A. Ramírez, M. Farías, F. 

Pardo, A. Leiva, C. Sanhueza, A. Mate, C. Vázquez, L. Sobrevia, Insulin restores L-

arginine transport requiring adenosine receptors activation in umbilical vein 

endothelium from late-onset preeclampsia, Placenta 36 (2015) 287–296, 

http://dx.doi.org/10.1016/j.placenta.2014.12.007. 

[44] R. Salsoso, M. Farías, J. Gutiérrez, F. Pardo, D.I. Chiarello, F. Toledo, A. Leiva, A. 

Mate, C.M. Vázquez, L. Sobrevia, Adenosine and preeclampsia, Mol. Aspects Med. 55 

(2017) 126–139, http://dx.doi.org/10.1016/j.mam.2016.12.003.   

[45] D.I. Chiarello, R. Salsoso, F. Toledo, A. Mate, C.M. Vázquez, L. Sobrevia, 

Foetoplacental communication via extracellular vesicles in normal pregnancy and 

preeclampsia, Mol. Aspects Med. 2018 (In Press), 

http://dx.doi.org/10.1016/j.mam.2017.12.002. 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

30 

[46] F. Pardo, R. Villalobos-Labra, D.I. Chiarello, R. Salsoso, F. Toledo, J. Gutiérrez, A. 

Leiva, L. Sobrevia, Molecular implications of adenosine in obesity, Mol. Aspects Med. 

55 (2017) 90–101, http://dx.doi.org/10.1016/j.mam.2017.01.003.  

[47] F. Pardo, R. Villalobos-Labra, B. Sobrevia, F. Toledo, L. Sobrevia, Extracellular 

vesicles in obesity and diabetes mellitus, Mol. Aspects Med. 2018 (In Press), 

http://dx.doi.org/10.1016/j.mam.2017.11.010. 

 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

31 

Figure 1. Effect of cell pHi on L-arginine uptake in HUVECs. A. Cells were preloaded 

with BCECF-AM and transferred into a spectrofluorometer. After basal pHi 

stabilisation, the cells were exposed (2 min) to a control solution containing 20 mmol/L 

NH4Cl (+NH4Cl). Cells were then rinsed with a NH4Cl-free solution (–NH4Cl) and left 

in this medium for pHi recovery (see Materials and methods). A typical record is shown. 

The insert indicates the data for the first 55 s after removal of NH4Cl. The grey area 

indicates the time (10 s) used for overall uptake of 2 or 100 µmol/L L-arginine (6 

μCi/mL L-[3H]arginine, 37°C). B. pHi values for cells exposed to a Na+-free solution 

without (0) or with NH4Cl. C. Overall 100 µmol/L L-arginine uptake in +NH4Cl or –

NH4Cl solution in the absence (–) or presence (+) of N-ethylmaleimide (NEM) or L-

leucine. D. L-Arginine uptake mediated via system y+/CATs derived from data in C. E. 

Overall 2 µmol/L L-arginine uptake as in C. F. L-Arginine uptake mediated via system 

y+L derived from data in E. In B, *P<0.05 versus without or with 0.1 mmol/L NH4Cl. In 

C, *P<0.05 versus all other values, †P<0.05 versus corresponding values in the presence 

of NEM or NEM + L-leucine. ‡P<0.05 versus values in –NH4Cl in the presence of 

NEM. In D, *P<0.03 versus corresponding values in 2 µmol/L L-arginine. In E, 

*P<0.03 versus all other values except for –NH4Cl in the presence of NEM. In F, 

*P<0.03 versus corresponding values in +NH4Cl. Values are mean  S.E.M. (n = 18). 
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Figure 2. Effect of pHi on L-arginine uptake in HUVECs. A. L-Arginine (100 mol/L) 

uptake (6 μCi/mL L-[3H]arginine, 10 s, 37ºC) in primary cultures of HUVECs non-

treated (0) or treated with increasing concentrations of NH4Cl as described in Materials 

and methods. Cells were in the absence (Control) or presence of 200 µmol/L N-

ethylmaleimide (NEM). B, L-Arginine (2 mol/L) uptake as in A in the presence of 200 

µmol/L NEM (i.e., Control for this concentration of L-arginine) or NEM plus 2 mmol/L 

L-leucine (NEM + L-leucine). C. L-Arginine uptake via system y+/CATs and system 

y+L derived from data in A and B, respectively, in the absence of presence of NH4Cl. D. 

L-Arginine uptake against pHi values in cells as in C. E. Efficiency of a change in the 

pHi (∆pHi) on the uptake of L-arginine (UEpHi) via system y+/CAT and system y+L from 

data in D. Values for UEpHi are expressed as a change in the pmol/µg protein/minute 

relative to 1 (see Materials and methods). F. Relative UEpHi for system y+/CAT and 

system y+L from data in E. In A, B, and C, *P<0.05 versus corresponding values 

without NH4Cl. In D, *P<0.05 versus corresponding values at pHi 7.13 and pHi 7.19. In 

E, *P<0.03 versus all other corresponding values, †P<0.05 versus corresponding value 

at ∆pHi = 0.69 pHi units. In F, *P<0.03 versus all other values, †P<0.05 versus values at 

pHi = 6.5. Values are mean  S.E.M. (n = 19). 
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Figure 3. Effect of NH4Cl on L-arginine saturable transport in HUVECs. A. Saturable L-

arginine transport (6 μCi/mL L-[3H]arginine, 10 s, 37ºC) was measured in primary 

cultures of HUVECs non-treated (Control, i.e., pHi 7.19) or treated with 0.1, 1, or 20 

mmol/L NH4Cl reaching pHi 7.13, 6.81, or 6.5, respectively (see Materials and 

methods). Cells at pHi 7.19 were in the absence or presence of 200 µmol/L N-

ethylmaleimide (NEM) or NEM plus 2 mmol/L L-leucine (NEM + L-leucine). Cells in 

pHi 7.13, 6.81, or 6.5 were exposed to NEM. B. Eadie-Hofstee plots for transport data in 

cells in the presence of NEM as in A. C. Maximal transport capacity (Vmax/Km) for 

systems y+/CATs and system y+L from data in A (see also Table 2). D. The efficiency of 

a change in the pHi (∆pHi) on maximal transport capacity for L-arginine (Vmax/KmEpHi) 

via system y+/CATs and system y+L from data in A. Values for Vmax/KmEpHi are expressed 

as a change in the pmol/µg protein/minute relative to 1 (see Materials and methods). E. 

Relative Vmax/KmEpHi for system y+/CAT and system y+L from data in D. In C, *P<0.05 

versus corresponding values at pHi 7.13 and 7.19. In D, *P<0.05 versus all other values. 

Values are mean  S.E.M. (n = 19). 
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Figure 4. pHi dependency of NOS activity in HUVECs. A. Intracellular L-citrulline level 

was determined by H.P.L.C. in primary cultures of HUVECs not treated (–NH4Cl) or 

treated (+NH4Cl) with 20 mmol/L NH4Cl in the absence or presence of 100 µmol/L NG-

nitro-L-arginine methyl ester (L-NAME) as described in Materials and Methods. Assays 

were in cells in 100 µmol/L L-arginine in the absence or presence of 200 µmol/L N-

ethylmaleimide (NEM) or NEM plus 2 mmol/L L-leucine (NEM + L-leucine). B. The 

intracellular L-citrulline level in HUVECs in 2 µmol/L L-arginine as in A. C. Nitric 

oxide synthase (NOS) activity-dependent L-citrulline synthesis derived from data in A. 

D. Nitric oxide synthase (NOS) activity-dependent L-citrulline synthesis derived from 

data in B. In A, *P<0.05 versus all other values, †P<0.05 versus corresponding values 

except in the presence of L-leucine. ‡P<0.05 versus all other corresponding values. All 

values in the presence of L-NAME are significantly different (P<0.03) from values in 

the absence of this inhibitor. In B, *P<0.03 versus all other values. In C, *P<0.05 versus 

all other values, †P<0.05 versus all other corresponding values except in the presence of 

L-leucine, ‡P<0.05 versus all other corresponding values except in the presence of NEM 

+ L-leucine, §P<0.03 versus corresponding values in the presence of L-leucine. In D, 

*P<0.05 versus all other values except for –NH4Cl in the presence of NEM, †P<0.05 

versus all other corresponding values, ‡P<0.05 versus corresponding values in –NH4Cl. 

Values are mean  S.E.M. (n = 19). 
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Figure 5. pHi dependency of eNOS expression and phosphorylation in HUVECs. A. 

Western blot for total (Total eNOS) or phosphorylated at Serine1177 (P-Ser1177eNOS) or 

Threonine495 (P-Thr495eNOS) eNOS protein in primary cultures of HUVECs non-treated 

(Control, i.e., pHi = 7.19) or treated with 0.1, 1, or 20 mmol/L NH4Cl reaching pHi 7.13, 

6.81, or 6.5, respectively (see Materials and methods). ß-Actin is the loading control. 

Total eNOS/ß-actin (B), P-Ser1177eNOS/Total eNOS (C) or P-Thr495eNOS/Total eNOS 

(C) protein ratios from cells as in A. *P<0.05 versus values at pHi 7.19 and 7.13. Values 

are mean  S.E.M. (n = 19). 

  

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

 

36 

Figure 6. Modulation of L-arginine/NO signalling pathway by intracellular pH in the 

human foetoplacental endothelium. The physiological intracellular pH (pHi) value in 

human umbilical vein endothelial cells (HUVECs) from normal pregnancies (pHi 7.2) 

maintain the L-arginine transport via the very high affinity transport system y+L with a 

maximal transport capacity (Vmax/Km) of ~0.2 pmol/µg protein/minute/(µmol/L). L-

Arginine is metabolised by the endothelial nitric oxide synthase (eNOS) into L-

citrulline and nitric oxide (NO). When pHi value is acidic (pHi 6.5), the Vmax/Km is 

reduced () to ~0.02 pmol/µg protein/minute/(µmol/L) resulting in lower uptake of L-

arginine (dotted lines). The reduced uptake in L-arginine transport and its subsequent 

lower bioavailability to eNOS leads to minor NO generation likely due to lower 

activator phosphorylation at serine 1177 (Ser1177) residue at eNOS. 
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Table 1. Clinical variables in pregnant women and newborns. 

   

Mother  

 Age (years) 31.4 ± 3.9 (26.2 – 37.5) 

 Height (cm) 161.7 ± 3.9 (154.1 – 163.2) 

 Weight (kg)  

  9-16 weeks of gestation 56.2 ± 3.4 (54.6 – 59.5) 

  Delivery 68.1 ± 3.9 (64.2 – 69.1) * 

 BMI (kg/m2)  

  9-16 weeks of gestation 21.5 ± 1.7 (20.1 – 22.3) 

  Delivery 26.1 ± 0.9 (25.1 – 29.3) * 

 Mean arterial pressure (mm Hg)  

  9-16 weeks of gestation 77.1 ± 3.5 (75.5 – 79.2) 

  Delivery 81.7 ± 6.1 (79.8 – 89.2) 

 Glycemia fasting (mg/dL) 83.1 ± 6.9 (74.9 – 89.5) 

 OGTT (mg/dL)  

  Glycemia basal 82.7 ± 3.2 (78.2 – 85.3) 

  Glycemia 2 hours after glucose 83.3 ± 4.1 (82.1 – 89.0) 

    

Newborn  

 Sex (female/male) 13/10 

 Gestational age (weeks) 38.3 ± 0.7 (38.0 – 38.9) 

 Birth weight (grams) 3182 ± 210 (3051 – 3346) 

 Height (cm) 49.7 ± 1.2 (48.1 – 52.2) 

 Ponderal index (grams/cm3 x 100) 2.59 ± 0.12 (2.12 – 2.63) 

   

 

Legend for Table 1 in the next page 
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Legend for Table 1 

 

Women that coursed with normal pregnancies (n = 23) were included in this study. Weight, 

body mass index (BMI), and blood pressure were determined at the first interview with the 

obstetrician (9-16 weeks of pregnancy) and at delivery. BMI was calculated by weight in 

kilograms divided by the square of the height in meters. Ponderal index was calculated by 

weight in grams divided by the cube of height in centimeters multiplied by 100. Oral glucose 

tolerance test (OGTT) was measured at the 1st trimester of pregnancy in all women with a 

normal glycaemia (see Materials and methods). *P<0.05 versus corresponding values at 9-16 

weeks of gestation. Values are mean ± S.D. plus range in brackets. 
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Table 2. Effect of intracellular pH on the kinetic parameters for L-arginine transport in HUVECs  

 

Saturable transport 
 

Overall transport 

Vmax 

(pmol/µg 

protein/ 

minute) 

 Km 

(µmol/L) 

 Vmax/Km 

(pmol/µg 

protein/ 

minute/(µmol/L)) 

 KD  

(pmol/µg 

protein/ 

minute/(µmol/L)) 

 vi  

(pmol/µg 

protein/ 

0.5 

seconds) 

 

           

System 

y+/CATs 

          

Without NH4Cl 

pHi 7.19 

 0.60 ± 

0.18  

 79 ± 49   0.008 ± 0.004  0.0025  0.0002  0.00279 ± 

0.00022 

 

With NH4Cl 

(mmol/L) 

     

 

     

 0.1  pHi 

7.13 

 0.61 ± 

0.11 

 97 ± 29  

0.006 ± 0.002 

 0.0022 ± 0.0002  0.00258 ± 

0.00022 

 

 1  pHi 

6.89 

 0.58 ± 

0.12 

 73 ± 31  

0.008 ± 0.003 

 0.0022 ± 0.0002  0.00279 ± 

0.00018 

 

 20  pHi 

6.50 

 0.53 ± 

0.08 

 84 ± 32  

0.006 ± 0.002 

 0.0023 ± 0.0003  0.00240 ± 

0.00021 

 

              

System y+L            

Without NH4Cl 

pHi 7.19 

 0.38 ± 

0.11  

 1.98 ± 

1.06  

 0.192 ± 0.079   0.0492  0.0048  0.00159 ± 

0.00019 

 

With NH4Cl 

(mmol/L) 

     

 

     

 0.1  pHi 

7.13 

 0.33 ± 

0.08  

 2.01 ± 

0.91 

 

0.164 ± 0.057 

 0.0511 ± 0.0041  0.00137 ± 

0.00019 

 

 1  pHi 

6.89 

 0.21 ± 

0.09 * 

 2.12 ± 

0.99 

 

0.099 ± 0.044 * 

 0.0488 ± 0.0052  0.00084 ± 

0.00011 * 

 

 20  pHi 

6.50 

 0.04 ± 

0.02 *† 

 1.99 ± 

0.12 

 

0.020 ± 0.003 *† 

 0.0479 ± 0.0048  0.00017 ± 

0.00008 *† 

 

 

Legend for Table 2 in the next page. 
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Legend for Table 2 

 

Transport of L-arginine (20 s, 37ºC) was measured in HUVECs from normal pregnancies. 

Transport assays were done in cells not treated (Without NH4Cl) or treated (With NH4Cl) in a 

NH4Cl-acid pulse as described in Materials and methods. The resulting intracellular pH (pHi) 

values are indicated. Maximal velocity (Vmax) and apparent Michaelis-Menten constant (Km) of 

saturable transport in the range of 0-20 µmol/L (for system y+L) or 0-1000 (for system 

y+/CATs) L-arginine were calculated assuming a single Michaelis-Menten hyperbola. Vmax/Km 

represents maximal L-arginine transport capacity. The lineal phase of overall transport of L-

arginine (KD) was obtained from transport data fitted to a Michaelis-Menten equation 

increased in a lineal component. Initial velocity (vi) was calculated for 0.5 s with 100 or 2 

μmol/L L-arginine transport. All values for Vmax, Km, and vi for system y+L are lower (P<0.05) 

and values for Vmax/Km and KD were higher (P<0.05) than corresponding values for system 

y+/CATs. *P<0.05 versus corresponding values in cells without or with 0.1 mmol/L NH4Cl. 

†P<0.05 versus corresponding values in cells without or with 0.1 mmol/L NH4Cl. Without 

insulin. †P<0.05 versus corresponding values in cells with 1 mmol/L NH4Cl. Values are mean 

± S.E.M. (n = 19). 
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Highlights 

 

 HUVECs show a basal intracellular alkaline pH (pHi ~7.2). 

 Intracellular acidification inhibits L-arginine transport via system y+L, but not the 

system y+/CATs activity. 

 Nitric oxide synthesis (NO) is reduced by intracellular acidification. 

 Reduced system y+L activity associated with lower endothelial NO synthase (eNOS) 

activation. 

 Intracellular pH regulates system y+L/eNOS signalling in HUVECs. 
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