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Abstract: 

L-arginine increases myocardial nitric oxide production (NO). NO mediates many of 

the cardiovascular actions of adenosine and modulates adenosine metabolism. In this 

study we examined the effect of chronic L-arginine (5%) intake on cardiac NO 

synthase (NOS) and adenosine receptor expression and cardiac function in rat 

Langendorff isolated perfused hearts.  Our results show that 4 week chronic L-

arginine ingestion increases the weight of rat hearts by 17.6% (P<0.05). L-arginine 

treatment decreased the expression of all the cardiac adenosine receptors, with 

reductions in adenosine A1 (20 fold), A2A (7.7 fold), A2B (25.6 fold) and A3 (76 fold) 

mRNA (P<0.05).  NOS expression was variably affected with no change in the 

expression of NOS1 and 4.2 fold down-regulation of NOS3 expression with chronic 

L-arginine treatment (P<0.05). NOS2 was expressed in control tissues, however in L-

arginine treated hearts the amount of NOS2 mRNA was reduced to non-detectable 

levels. Following chronic L-arginine treatment an increase in coronary perfusion 

pressure (CPP) was observed (P<0.05). Purine efflux was used as an indicator of 

metabolic efficiency. L-arginine did not alter catecholamine-induced purine efflux 

(P>0.05), however,  noradrenaline-mediated increases in contractility and myocardial 

oxygen consumption were reduced. Vasodilator responses to 5’-N-

ethylcarboxamidoadenosine (NECA) were reduced in hearts from L-arginine treated 

rats and the NOS synthase inhibitor Nϖ-Nitro-L-arginine-methyl ester (L-NAME, 3 

μM) did not inhibit responses to NECA. In conclusion, 4 week dietary 

supplementation of L-arginine reduced the expression of cardiac adenosine receptors 

and NO synthases with a subsequent decrease in noradrenaline stimulated cardiac 

function and adenosine receptor mediated coronary vasodilation.  
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Adenosine is released in the heart during the conditions of ischemia or hypoxia [1, 2]. 

Adenosine production is stimulated by a decrease in the ratio of oxygen supply 

relative to the demands in the myocytes [3]. Adenosine release is augmented with 

increased cardiovascular work that occurs during exercise and has also been 

established in catecholamine-stimulated isolated hearts [4, 5].  

Adenosine binds to G-protein coupled receptors of which there are four subtypes. In 

the cardiovascular system, adenosine A1 receptor subtype mediates negative 

chronotropic, dromotropic, inotropic responses in the heart [6, 7], whereas adenosine 

A2 and A3 receptors are primarily involved in stimulating vasodilation and modifying 

cardiac contractility [8, 9]. Many actions of cardiac adenosine receptors occur via 

NO-cGMP pathways [10, 11, 12, 13, 14, 15]. 

Three NOS isoenzymes have been identified: the constitutively expressed, Ca2+ 

sensitive, NOS1 (neuronal or nNOS); NOS2 formed following stimulation by 

cytokines; and NOS3 previously known as endothelial or eNOS [16].  

The supplementation of L-arginine to the diet has been proven to increase serum 

levels of arginine and oxidation products of NO [17]. The addition of L-arginine to 

the diet has been demonstrated to reduce cardiac remodeling associated with 

hypertension [18, 19] and heart failure [20]. Chronic L-arginine treatment does not 

change basal cardiac levels of cGMP [19, 21] or reduce responses to isoprenaline 

[21]. However, NO affects purine uptake mechanisms [22, 23] reduces adenosine 

production [24] and can also regulate the expression of various genes [25] including 

up-regulating sarcoplasmic/endoplasmic reticulum Ca2+-ATPase expression (SERCA, 

26). 
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As NO mediates many of the actions of adenosine in the heart and can alter adenosine 

metabolism, reductions in cardiac remodeling associated with hypertension or heart 

failure following L-arginine dietary supplementation may be due to changes in 

adenosine receptor expression, function or adenosine metabolism. The effect of 

chronic L-arginine intake in normotensive rats on adenosine receptors and efflux was 

evaluated in Langendorff isolated perfused hearts.  
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Materials and Methods 

Animals 

The hearts from male Wistar rats from two different groups were used during this 

study and involved rats treated with L-arginine and aged matched control animals. 

The rats were purchased from the Central Animal House of the University of 

Queensland in Brisbane.  They were housed in controlled conditions whereby the 

temperature was maintained at 23 ± 2oC with a 12 hour light-dark cycle.  In addition, 

the rats were allowed free access to water and food at all times. L-arginine was 

administered as a 5% mixture in powdered rat food for 4 weeks prior to experiments. 

This was the equivalent of 3.6 ± 0.1 g/kg body weight/day [20]. Furthermore, all 

protocols were conducted according to the Guidelines for Animal Experimentation 

determined by the National Health and Medical Research Council of Australia, and 

approved by the University of Queensland and Griffith University Animal 

Experimentation Ethics Committees. 

 

Langendorff isolated perfused heart preparation 

Hearts from each age group were perfused in the non-recirculating Langendorff mode 

based on a method described by Rose’Meyer et al. [26].  Briefly, the hearts were 

rapidly excised and immersed into ice-cold Krebs-Henseleit solution containing (in 

mM): NaCl 118, KCl 4.7, CaCl2 1.75, MgSO4 1.2, glucose 11, EDTA 0.5 and 

NaHCO3 25.   The aorta was cannulated and heart perfused at 15-18 ml/min (to give a 

final coronary flow rate of 9.0–10.0 ml/min/gtissue) with Krebs-Henseleit solution 

gassed with 95% O2 and 5% CO2 and kept at 37°C.  Ventricular fluid accumulation 

was prevented by inserting a small piece of polyethylene tubing through the apex of 

the left ventricle to drain the cavity and ascertain aortic valve patency. A water-filled 

latex balloon was then introduced into the left ventricle and connected to a pressure 
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transducer (Gould P23-ID, Oxnard Ca, USA). End-diastolic pressure (EDP) was 

adjusted to 4-8 mmHg by inflating the balloon. Left ventricular developed pressure 

(LVDP) was monitored continuously using a MacLab data acquisition system 

(ADInstruments, Castle Hill, Australia).  Coronary perfusion pressure (CPP) was 

measured using a pressure transducer connected to a water filled probe inserted into 

the side arm of the aortic cannula and was recorded using the Maclab data acquisition 

system. The pulmonary artery was cannulated for the collection of coronary venous 

effluent to determine venous PO2 using Chiron blood gas analyser, and for the 

subsequent determination of venous purine levels by reverse–phase HPLC as 

previously described [27]. Rate pressure product (RPP) was calculated by multiplying 

heart rate (HR) by LVDP. The LVDP signal was electronically differentiated to 

measure +dP/dt and -dP/dt as time derivatives of pressure.  

Myocardial oxygen consumption (MVO2, μl O2min-1 g-1) was calculated as: 

 (PO2p – PO2v) x coronary flow x (c/760) 

 
where PO2p and PO2v refer to coronary perfusate and venous effluent PO2 values 

(mmHg), respectively, and c = 22.7 (Bunsen solubility coefficient of O2 perfusate at 

370C, μl O2 atm-1ml-1). After 30 mins equilibration, concentration-response curves to 

noradrenaline (10-9 – 10-6 M) were performed. Noradrenaline was used in these 

experiments as it preferentially binds to β1 and α1 -adrenoceptors compared to β2-

adrenoceptors [28]. β2-adrenoceptors induce coronary vasodilation and also have 

positive inotropic actions in the rat heart [29, 30]. Rat coronary resistance vessels do 

not exhibit α1-adrenoceptor mediated vasoconstriction. In our laboratory 

phenylephrine (10-9 – 10-5 M) does not induce vasoconstriction in this model (data not 

shown). At the end of the experiment, hearts were frozen in liquid nitrogen and stored 

at –700C. 
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5’-N-ethylcarboxamidoadenosine (NECA) concentration-response curves were 

obtained in control tissues and hearts from L-arginine treated rats. Following the first 

concentration-response curve, L-NAME (3 μM) was infused for 30 mins then a 

second NECA concentration-response curve was obtained in the presence of L-

NAME.   

 

RNA extraction and cDNA synthesis 

Whole hearts were homogenized using a rotar stator homogenizer in Trizol (50% 

guanidium thiocynate and 30% phenol).  Total cellular RNA was isolated using the 

RNeasy Midi RNA isolation Kit. During this process on-column DNase I 

(54.5Kunits) treatment and cleansing of the lysate using 70% ethanol was performed 

according to the RNeasy® Midi/Maxi Handbook (June 2001), and the eluted RNA 

stored at –700C. The total RNA samples were then precipitated, resuspended and 

converted into cDNA using reverse transcriptase MMLV RNaseH-(Superscript™) 

according to the method described by Rose’Meyer et al. [31]. 

 

Real time PCR 

Real time quantitative PCR analysis was performed on the cDNA samples using the 

iQ iCyclerTM real time PCR system (Bio-Rad) to allow the measurement of gene 

expression of the adenosine receptor A1, A2A, A2B and A3 mRNA, and 18S rRNA. The 

quantitative method has previously been described by Rose’Meyer et al. [31] where 

SYBR Green I was utilized to detect the increase in product as the PCR amplification 

progressed. The amplification reaction was previously optimised for MgCl2 with the 

respective primer sequences [31].  Four samples from each age group were analysed 

in quadruplicate for each adenosine receptor gene. Comparative analysis involved 
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correcting the threshold cycle values using 18S rRNA as the internal controls, 

followed by calculating a fold determination of the change in adenosine receptor 

expression with L-arginine treatment.  

NOS expression in cDNA samples was determined using the Bio-Rad iQ™ SYBR® 

green supermix. The primers used in the real time PCR are as follows: NOS1 forward 

5’-AGACCCTGTGTGAGATCTTCAA-3’ reverse 5’-GTCATACTCCTCCATGGACATT-3 (67 

base pairs); NOS2 forward 5’-GAGAGATCCGGTTCACAGTCT-3’ and reverse 5’-

GCTTCCGACTTTCCTGTCTCA-3’ (169 base pairs); NOS3 5’-

CTGGCAGCCCTAAGACCTAT-3’ and reverse 5’-CGCAGACAAACATGTGTCCTT-3’ (107 

base pairs). Real time PCR was performed using a thermal cycler (Bio-Rad gene 

cyclerTM) with the following parameters: denaturation 940C for 30 seconds, annealing 

at 590C for 45 seconds, extension at 720C for 1 min at 45 cycles. 

 

Statistical Analysis 

Unless stated otherwise, all purine efflux and functional values shown are mean ± 

S.E.M. Gene expression data is presented as relative fold expression ratio using 18S 

rRNA as the internal standard [31]. For fold data analysis between control and treated 

groups an unpaired Students t-test was implemented. Functional and efflux data at 

each stimulation rate was analysed using a 2-way repeated measures ANOVA 

(Statistica, StatSoft Inc., Tulsa, USA). To test individual comparisons the Newman-

Keuls post-hoc test was employed. Comparisons for basal periods were made using 

unpaired Student’s t-tests. Concentration-response curves to the noradrenaline and 

NECA were analysed by nonlinear regression using the program GraphPad Prism 

Software Inc., San Diego, USA. Differences were considered significant at P<0.05. 
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Chemicals and supplies 

The RT buffer, DTT, Trizol® reagent and SuperscriptTM reverse transcriptase were 

acquired from Invitrogen Life Technologies (Carlsbad, California, USA).  

Noradrenaline (Arterenol bitartrate), Nϖ-Nitro-L-arginine-methyl ester (L-NAME), 

5’-N-ethylcarboxamidoadenosine (NECA) and SYBR green I 10000x were purchased 

from Sigma Chemical Co. (St Louis, Missouri, USA). RoxTM Fluorescein Calibration 

Dye and iQ™ SYBR® green supermix were obtained from Bio-Rad (Deven 

Massachusetts, USA). Taq DNA ploymerase was purchased from Amersham-

Pharmacia Biotech (Little Chalfont, Buckinghamshire, England). Primers and random 

decamers were acquired from Geneworks (Adelaide, South Australia, Australia). The 

RNase free DNase set and RNeasy Midi RNA Isolation Kits were obtained from 

Qiagen (Germantown, Maryland, USA). RNasin® RNase inhibitor and 

deoxyribonuceotides were purchased from Promega (Madison, Wisconsin, USA). 96 

well IQ iCycler platers were obtained from Astral Scientific (Gymea, NSW, 

Australia). 
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Results 
 
 
Comparative analysis of adenosine receptors and NOS with respect to 18S rRNA 

Figure 1A shows change in fold expression of cardiac adenosine in hearts from 

chronic L-arginine treated rats when compared to control. Data analysis found a 

significant down regulation of expression all of the cardiac adenosine receptors 

studied with L-arginine treatment, (P<0.05). While moderate down-regulation was 

observed for adenosine A2A receptors (7.4 fold), a greater reduction was observed for 

adenosine A1 (20.0 fold) and A3 (25.6 fold) receptor mRNA, with the largest decrease 

in adenosine A2B (76 fold) receptor expression.  

The effect of L-arginine on NOS expression was also determined in cardiac tissue 

(see figure 1B). Results showed no change in the expression of NOS1 mRNA and a 

4.2 fold down-regulation of NOS3 expression with chronic L-arginine treatment 

(P<0.05). NOS2 was expressed in control tissues, however in L-arginine treated 

hearts the expression of NOS2 was reduced to non detectable levels.  

 
 
Purine efflux in control and treated hearts 
 
  Efflux of purines (adenosine, inosine, hypoxanthine and xanthine) during basal 

conditions is presented in figure 2. Both adenosine, inosine and purine efflux during 

equilibration was the same for control and L-arginine treated hearts (P>0.05). The 

perfusate efflux of adenosine rose with increased concentrations of noradrenaline in 

control and L-arginine treated hearts with a significant increase in adenosine and 

adenosine metabolite efflux induced by noradrenaline at 100 and 300 nM (P<0.05). 

The release of adenosine in L-arginine treated hearts during the noradrenaline 

concentration-response curve was no different to control values (P>0.05). The venous 

release of the adenosine metabolites demonstrated similar trends to adenosine efflux 
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with increasing catecholamine concentration in L-arginine treated tissues. Chronic L-

arginine treatment did not alter noradrenaline induced purine efflux from isolated 

perfused hearts. 

 
Basal functional parameters in control and L-arginine treated hearts 
 
  The body weights of L-arginine treated rats were not different to aged-matched 

control rats (P>0.05). Heart wet weight corrected for body weight data indicated that 

hearts from L-arginine treated rats were heavier than age-matched control hearts (see 

table 1). The functional hemodynamic variables during basal conditions are presented 

in table 1. All of the parameters studied except the +dP/dt, MVO2 and CPP were 

comparable in control and L-arginine treated hearts. The +dP/dt and MVO2 were 

lower in L-arginine treated preparations during equilibration while CPP values were 

increased in L-arginine treated hearts when compared to control tissues (P<0.05). 

Chronic L-arginine treatment reduced cardiac contractility and myocardial oxygen 

consumption and increased coronary resistance in isolated rat hearts.   

 
Effect of noradrenaline on heart function 
 
Noradrenaline (1-300 nM) induced concentration-dependent increases in heart rate 

(HR), left ventricular developed pressure (LVDP) and rate pressure product (RPP) in 

control and L-arginine-treated hearts (P<0.05, figure 3). Chronic L-arginine treatment 

did not affect noradrenaline concentration-responses curves on HR. Analysis of RPP 

and LVDP data indicated that chronic L-arginine treatment did not alter the sensitivity 

to noradrenaline with pEC50 values of 8.25 ± 0.50 (control hearts, n=8) versus 8.02 ± 

0.63 (L-arginine treated hearts, n=8, P>0.05).  Maximal responses to noradrenaline 

were reduced with LVDP values of 226 ± 16 mmHg (n=8) in control hearts compared 

to 190 ± 14 mmHg (n=8) in tissues following chronic L-arginine treatment (P<0.05).  
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Noradrenaline (1-1000 nM) induced concentration-dependent increases in +dP/dt and 

-dP/dt in control and L-arginine-treated hearts (P<0.05, figure 4a and b).  While 

pEC50 values were no different between control and treated hearts, a significant 

attenuation of contractile response (+dP/dt) to noradrenaline was observed in L-

arginine treated hearts (P<0.05) with no change in –dP/dt responses (P>0.05). In L-

arginine treated hearts, elevated CPP values were observed at lower noradrenaline 

concentrations (1-10 nM). At higher noradrenaline levels (30-300 nM), the CPP 

decreased significantly from 91 mmHg to 61 mmHg constituting a decrease of 30 

mmHg in CPP compared to a 13 mmHg decline in coronary resistance in control 

hearts.  Myocardial oxygen consumption was reduced throughout the noradrenaline 

concentration-response curve in hearts from L-arginine treated rats (P<0.05).  

 

Effect of NECA on coronary vasodilation  

NECA induced a concentration-dependent decrease in coronary perfusion pressure 

(CPP) in hearts from control and L-arginine treated rats (see figure 5). Chronic L-

arginine treatment caused a rightward shift in the concentration response curve to 

NECA with the pEC50 value in control tissues 9.3 ± 0.4 (n=8) compared to 8.6 ± 0.2 

(n=7) in L-arginine treated hearts (P<0.05). The efficacy of NECA was reduced with 

L-arginine treatment with maximal decreases in CPP 16 ± 3 mmHg (n=7) compared 

to 34 ± 2 mmHg (n=7) in control hearts (P<0.05). The NOS inhibitor L-NAME (3 

μM) caused a rightward shift in the NECA concentration-response curves in control 

hearts (pEC50 value 8.5 ± 0.1, P<0.05), however had no effect on responses to NECA 

in tissues from L-arginine treated rats (pEC50 value 8.4 ± 0.1, P>0.05).
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Discussion 

Currently there are four adenosine receptor subtypes that have been identified, 

A1, A2A, A2B and A3 receptors. All are found in cardiac tissue and have 

cardioprotective effects as they reduce heart rate, contractility and induce coronary 

vasodilation [31]. Adenosine receptors are clearly involved in the regulation of NO in 

the heart and many actions of adenosine occur via NO-cGMP pathways. L-arginine 

supplementation has been explored in the management of cardiovascular diseases 

arising from diabetes, hypertension, heart failure and ischemic heart disease [32]. In 

our study, dietary supplementation with  L-arginine increased heart weight 14% 

compared to control hearts. In other animal studies, L-arginine supplementation has 

been demonstrated to reduce cardiac hypertrophy in SHR [19] and DOCA-salt 

hypertensive rats [20]. While dietary L-arginine may protect against pathological 

changes, it appears to increase heart weight when used under normal physiological 

conditions.  The supplementation of L-arginine to the diet has been proven to increase 

serum levels of arginine (261%) and oxidation products of NO (70%, 17).  

This study found that chronic L-arginine treatment caused down-regulation of 

all four adenosine receptor subtypes as well as NOS2 and NOS3 in the rat heart. NO 

has been reported to alter the expression of other genes such as transcription factors 

and SERCA [25, 26]. Also in eNOS -/- mice, the loss of NO results in upregulation of 

expression of atrial natriuretic peptide (ANP), a physiological stimulator of cardiac 

guanylyl cyclase activity [33].  

Experiments investigating the effect of the adenosine receptor analogue 

NECA on coronary resistance vessels showed a reduction in vasodilator response in 

hearts from L-arginine supplemented rats. NECA induces endothelial dependent 

vasodilation via adenosine A2B receptors in rat coronary vessels [34]. Furthermore the 
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NOS inhibitor L-NAME inhibited NECA induced vasodilation in control hearts but 

had no effect in hearts from L-arginine treated rats. Changes in functional responses 

to NECA with dietary L-arginine indicate possible reductions in the protein levels of 

NOS3 or adenosine A2B receptor.  

 In our experiments, the efflux of adenosine and its metabolites during 

noradrenaline-mediated β-adrenoceptor stimulation from L-arginine treated hearts 

was no different from control tissues. Adenosine efflux during episodes of myocardial 

hypoxia/ischemia is considered cardioprotective, partially by attenuating the actions 

of catecholamines on the heart [35] and reducing myocardial noradrenaline release 

[36].  Chronic L-arginine treatment attenuates inotropic responses and myocardial 

oxygen consumption in isolated hearts without affecting the chronotropic actions of 

noradrenaline. A reduction in cardiac responses cannot be attributed to changes in 

adenosine efflux. Although, starting from lower baseline values of +dP/dt with L-

arginine treatment may account for reductions in maximal contractile responses to 

noradrenaline. Given that adenosine efflux is also governed by myocardial oxygen 

uptake and that chronic L-arginine intake reduced cardiac contractility and myocardial 

oxygen consumption with β-adrenoceptor mediated stimulation, a reduction in 

adenosine efflux could be expected but was not observed. NO plays a role in the 

metabolism and uptake systems for adenosine. Adenosine transport into endothelial 

and vascular smooth muscle cells is mediated by NO [22, 23] while a decrease in NO 

synthesis increases adenosine formation due to protein kinase C-mediated activation 

of ecto-5’ nucleotidase [24]. 

In our study, chronic L-arginine treatment did not alter diastolic relaxation 

during basal conditions or with noradrenaline-mediated stimulation. However, L-

arginine treatment increased basal CPP and reduced adenosine receptor mediated 
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vasodilation of the coronary vessels. This research suggests that short term L-arginine 

supplementation in normotensive rats reduces cardiac metabolic efficiency and 

decreases the physiological actions of the metabolic mediator adenosine.  

  In conclusion, chronic L-arginine treatment decreases the expression of cardiac 

adenosine receptors, NOS2 and NOS3. It also reduces myocardial contractility 

without altering purine efflux during noradrenaline mediated stimulation. Increased 

coronary resistance observed with L-arginine supplementation may be due to a loss of 

adenosine receptor mediated vasodilation and/or deficit of endothelial NO production. 
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Table 1. Isovolumetric parameters in control and L-arginine treated rat hearts during 

basal conditions. 

 
 
Treatment   Control      L-arginine 
 
 
Heart wet weight (g)                1.7 ± 0.1         2.0 ± 0.1* 
 
Body weight (g)  415.9 ± 9.9        440.6 ± 10.0 
 
Hrtwgt/Bodywgt (g/Kg)         4.021 ± 0.18                   4.592 ± 0.11* 
 
HR (bpm)    260.0 ± 8.7       249.8 ± 13.5 
 
LVDP (mmHg)    111 ± 10           95 ± 6 
 
+dP/dt (mmHgsec-1)   2968 ± 154       2390 ± 141* 
 
-dP/dt (mmHgsec-1)  -1824 ± 154      -1707 ± 130 
 
MVO2 (μl min-1 g-1)  100.2 ± 6.7       78.3 ± 4.9* 
 
RPP (mmHg min-1)           29020 ± 3018       22450 ± 2076 
 
CPP (mmHg)     66.6 ± 8.7         92.9 ± 5.2* 
 
 
 
 
All values are means ± S.E.M. (n= 8 per group). HR, heart rate; LVDP, left 

ventricular developed pressure; dP/dt are time derivatives of left ventricular pressure; 

MVO2, myocardial oxygen consumption; RPP, rate pressure product; CPP, coronary 

perfusion pressure. *, different from control values (P<0.05) 
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Figure 1 Panel A represents gene expression differences in adenosine receptors while 

Panel B shows fold changes in NOS in hearts from L-arginine treated rats when 

compared to control expression. *P<0.05 vs control values.  

Figure 2. The effect of chronic L-arginine treatment on adenosine (panel a), inosine 

(panel b) and purine (panel c) efflux during noradrenaline concentration-response 

curves in rat isolated perfused heart. Each data point represents mean ± SEM. † 

indicates a significant difference from basal values, n= 4-8 per group, P<0.05.  

 

Figure 3. The effect of chronic L-arginine treatment on noradrenaline concentration-

response curves in rat isolated perfused heart. Heart rate (HR, panel a) left ventricular 

developed pressure (LVDP, panel b) and rate pressure product (RPP, panel c) Each 

data point represents mean ± SEM. *denotes a significant change from untreated 

control values, n= 8 per group, P<0.05.  

 
 
Figure 4. The effect of chronic L-arginine treatment on noradrenaline concentration-

response curves in rat isolated perfused heart. Speed of contraction (+dP/dt, panel a), 

speed of relaxation (-dP/dt, panel b), coronary perfusion pressure (CPP, panel c) and 

myocardial oxygen consumption (MVO2, panel d). Each data point represents mean ± 

SEM. * indicates a significant difference from untreated control values while, n= 8 

per group, P<0.05.  

 
Figure 5. The effect of L-NAME (3 μM) on NECA concentration-response curves in 

rat isolated perfused heart in control (panel A) and chronic L-arginine (panel B) 

treated rats.  represents control values while   indicates data following L-NAME  

treatment. Each data point represents mean ± SEM. 
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