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Abstract: Supplementation with arginine in combination with atorvastatin is more efficient 

in reducing the size of an atherosclerotic plaque than treatment with a statin or arginine 

alone in homozygous Watanabe heritable hyperlipidemic (WHHL) rabbits. We evaluated 

the mechanism behind this feature by exploring the role of the arginine/asymmetric 

dimethylarginine (ADMA) ratio, which is the substrate and inhibitor of nitric oxide synthase 

(NOS) and thereby nitric oxide (NO), respectively. Methods: Rabbits were fed either an 

arginine diet (group A, n = 9), standard rabbit chow plus atorvastatin (group S, n = 8), 

standard rabbit chow plus an arginine diet with atorvastatin (group SA, n = 8) or standard 

rabbit chow (group C, n = 9) as control. Blood was sampled and the aorta was harvested 

for topographic and histological analysis. Plasma levels of arginine, ADMA, cholesterol 

and nitric oxide were determined and the arginine/ADMA ratio was calculated. Results: 

The decrease in ADMA levels over time was significantly correlated to fewer aortic  
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lesions in the distal aorta and total aorta. The arginine/ADMA ratio was correlated to 

cholesterol levels and decrease in cholesterol levels over time in the SA group. A lower 

arginine/ADMA ratio was significantly correlated to lower NO levels in the S and C group. 

Discussion: A balance between arginine and ADMA is an important indicator in the 

prevention of the development of atherosclerotic plaques. 
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1. Introduction 

Atherogenic risk factors, such as smoking, diabetes mellitus, hypertension and dyslipidemia, harm 

the endothelium and make it dysfunctional [1]. Endothelial nitric oxide (NO), released by the intact 

and healthy endothelium plays a very important role in the maintenance of vascular tone and structure [1]. 

NO has a number of intracellular effects that lead to vasorelaxation, endothelial regeneration, 

inhibition of leukocyte chemotaxis, and platelet adhesion. Therefore, decreased NO levels lead to 

endothelial dysfunction and this is an initial event in the development of atherosclerosis [2,3]. 

The formation of atherosclerosis can be overcome by increasing the synthesis of NO and providing 

its precursor arginine as a substrate to the endothelial cell [3]. Arginine is a semi-conditionally amino 

acid, which in its turn is the substrate for nitric oxide synthase (NOS) (see Figure 1). NOS converts 

arginine into NO and citrulline [4]. It has been shown that arginine supplementation increases NO 

availability, improves vascular responsiveness and reduces atherosclerosis in animals and patients [3,5]. 

Furthermore, endogenously produced inhibitors of the enzyme NOS, in particular asymmetric 

dimethylarginine (ADMA), also have an important role in NO metabolism [6,7]. ADMA and other 

methylarginines are continuously formed from intracellular proteolysis of methylated arginine residues 

in the nucleus of the cell, by enzymes called protein arginine methyltransferases (PRMTs) [8]. 

Whereas the structure of ADMA is similar to arginine, it competes with arginine for NOS binding, 

hereby blocking the formation of NO from arginine by NOS directly. NOS is mainly localized in the 

cell, thus the intracellular ADMA and arginine levels regulate NOS activity [9]. In addition, 

extracellular ADMA is an antagonist to extracellular arginine on cell membrane transporter level, 

whereas they are both transported into the cell via the cell membrane by the cationic amino acid 

transporter (y+ system), a high-affinity, Na+-independent transporter of the basic amino acids and 

therefore also compete with each other on this level [10]. Since ADMA competes with arginine for 

NOS and for cell transport via CAT-2, the bioavailability of NO depends on the balance between the 

two, the so-called arginine/ADMA ratio [11]. The arginine/ADMA ratio is an important indicator of 

NO bioavailability and therefore of the risk of formation of atherosclerotic plaques [11]. 

Statins are widely prescribed all over the world to treat hypercholesterolemia in current clinical 

practice. Statins are inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA 

reductase), the rate limiting enzyme in the biosynthesis of cholesterol. Prospective clinical trials have 

demonstrated that reductions in low-density lipoprotein (LDL) cholesterol with statins decrease 

morbidity and mortality rates in particular in coronary artery disease and stroke [12,13]. A therapy  

that up-regulates NOS and subsequently NO through dietary manipulation of arginine, combined with 
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a statin, would be the exquisite method to prevent and treat the formation of atherosclerotic plaques. 

Rasmusen et al. were the first to demonstrate that diet supplementation with arginine associated with 

atorvastatin was more efficient in reducing lesion size than treatment with arginine or statin alone  

in hypercholesterolemic rabbits [14]. The mechanism behind this feature remains unclear. The 

arginine/ADMA ratio is gaining more interest in the field of research as a potential marker of those of 

cardiovascular diseases [15–17]. Therefore, we hypothesized, as an ancillary study of Rasmusen et al., 

that this ratio and changes in NO availability, could be the underlying factors of the positive effects of 

arginine combined with a statin on the development of atherosclerotic plaques in hypercholesterolemic 

rabbits. We investigated whether there was a (cor)relation between the ratio, levels of arginine and 

ADMA and the occurrence of atherosclerotic plaques as demonstrated in the study of Rasmusen et al. [14]. 

 

Figure 1. Schematic overview of the interactions between arginine, asymmetric 

dimethylarginine (ADMA), dimethylarginine dimethylaminohydrolase (DDAH), and nitric 

oxide synthase (NOS). PRMTs, protein arginine methyltransferases. 

2. Results and Discussion 

2.1. Results 

2.1.1. Effect of Treatment on L-Arginine Levels 

At baseline (T0), mean plasma levels of arginine did not significantly differ between the groups. 

After eight weeks of treatment, arginine plasma levels increased significantly compared to T0 in the 

groups supplied with arginine (group A and SA, p < 0.001) (see Table 1). 

2.1.2. Effect of Treatment on ADMA and NO Levels 

At T0 and T8, ADMA and NO levels did not significantly differ between groups. At the end of 

treatment (T8) ADMA levels decreased in all groups, but not significantly. The decrease in ADMA 
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levels over time (T0–T8), when analyzing all groups together, showed to be significantly correlated  

to less aortic lesions in the distal aorta (r = 0.677, p = 0.01) and total aorta (r = 0.599, p = 0.03). Thus, 

the bigger the decrease in ADMA levels over time, the smaller the amount of arteriosclerotic lesions in 

the distal aorta (see Figure 2). 

2.1.3. Effect of Treatment on Arginine/ADMA Ratio and Relation with Other Parameters  

At T0, no significant difference between groups was found in arginine/ADMA ratio levels. The 

ratio was significantly increased at T8 in group A and SA (p < 0.05). A Pearson’s correlation test 

revealed the correlation between the arginine/ADMA ratio and cholesterol levels at T8, most 

pronounced in the SA group (r = −0.462). The arginine/ADMA ratio and cholesterol levels at T8 

correlated positively (r = 0.279) in group A. In addition, the decrease in cholesterol over time was 

strongly correlated to the arginine/ADMA ratio in the S and SA group (S: r = 0.461, SA: 0.699) (see 

Figure 3). A lower arginine/ADMA ratio was significantly correlated to lower NO levels in the S and 

C group (S: r = 0.709, p = 0.049, C: r = 0.697, p = 0.056) (see Figure 4). 

Table 1. Effect of different treatments on arginine levels, ADMA levels, arginine/ADMA 

ratio, and atherosclerotic lesions in the aorta. 

Group 
A (n = 9)  S (n = 8)  SA (n = 8)  C (n = 9) 

Mean SEM  Mean SEM  Mean SEM  Mean SEM

Plasma levels L-arginine (µmol/L)  
T0 463 39  367 33  371 13  460 51 
T8 388 a 47  243 b 28  476 a 58  265 b 14 

Plasma levels ADMA (µmol/L) 
T0 ∞ 1.14 0.11  1.02 0.03  1.15 0.05  1.11 0.05 
T8 0.88 0.05  0.97 0.05  1.03 0.05  0.99 0.03 

Arginine/ADMA ratio  
T0 ∞ 347 19  304 42  317 23  374 43 
T8 442 a 46  252 b 26  476 a 54  261 b 16 

NO levels   
T0 110 20  88 9  103 10  108 16 
T8 156 35  82 8  104 10  105 10 

Total lesions in aorta (%) 
– 15.1 3.2  12.2 1.4  9.0 1.1  13.8 1.6 

Distal lesions in aorta (%) 
– 9.8 2.6  5.4 1.3  3.0 0.7  6.8 1.3 

Mean values with their standard errors. A, L-arginine group; S, statin group; SA, statin-L-arginine group;  

C, control group. T0, at the beginningof treatment; T8, after 8 weeks of treatment; NO, nitric oxide.  
a,b mean values within a row with different superscript letters are significantly different (p < 0.05) 

(independent samples test). Data about plasma arginine and NO are adapted from [14]. ∞ these plasma levels 

are based on n = 4 per group. 
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Figure 2. Pearson correlation between ∆ADMA (T0–T8, n = 4 per group) and aortic 

lesions in the distal aorta (r = 0.677, p = 0.01) and total aorta (r = 0.599, p = 0.03). 

 

Figure 3. Pearson correlation between arginine/ADMA ratio and the difference in 

cholesterol levels over time in the statine (n = 8) and statine-arginine group (n = 8)  

(S: r = 0.461, SA: r = 0.699). 

 

Figure 4. Pearson correlation between arginine/ADMA ratio T8 and NO levels at T8 in the 

statine (n = 8) and control group (n = 9) (S: r = 0.709, p = 0.049, C: r = 0.694, p = 0.056). 
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2.2. Discussion 

The purpose of the present study was to determine the contribution of the arginine/ADMA ratio in 

the explanation of the positive effect from the combined therapy of arginine and a statin in the 

prevention of atherosclerosis as we reported previously [14]. In the present part of the study, we 

showed that arginine/ADMA ratio has a correlation to cholesterol, development of plaques and levels 

of NO in this model and could be a sensitive marker in the prevention of atherosclerosis by arginine 

and statin. 

The arginine/ADMA ratio is gaining more interest in the field of research as a potential marker of 

cardiovascular diseases [15–17]. It is well-known that arginine is an important mediator in vascular 

flow and the integrity of the vascular wall by being the substrate of NO. Since ADMA inhibits NO 

production by competing with arginine for NOS binding, the net amount of NO production is indicated 

by the ratio between substrate and inhibitor, the arginine/ADMA ratio. Endothelium-derived NO  

plays a central role in normal vascular homeostasis. Impaired NO bioavailability causes endothelial 

dysfunction and not only contributes to the initiation and progression of atherosclerosis but is also 

associated with long-term risk of cardiovascular events [18]. NO is essential for flow-mediated 

dilatation. Richir et al. demonstrated that low arginine plasma levels in combination with high ADMA 

plasma levels deteriorates systemic hemodynamics and reduces blood flow through the kidney and 

spleen and liver [19]. 

Supplementation of arginine in a diet or intravenously, may contribute to higher levels of NO  

and maybe a nullification of the detrimental effects of ADMA. It was shown that dietary L-arginine 

reduces the progression of atherosclerosis and improves endothelium-dependent vasodilatation in 

cholesterol-fed rabbits [5,20–22]. Oral supplementation of L-arginine in hypercholesterolemic patients 

increases endothelial dependent vasodilatation in forearm conduit arteries [20,23]. Although L-arginine 

deficiency has never been documented in hypercholesterolemia, it seems that NO bioavailability is 

partly restored after L-arginine administration in hypercholesterolemic subjects [11,24]. Supplementation 

of dietary L-arginine can increase NO-mediated bloodflow [25,26]. In our study, arginine supplementation 

caused a two-fold increase in plasma arginine, which is consistent with previous studies [22,23]. 

However, just providing a substrate for NOS by supplementation of arginine cannot explain the 

positive effects on vasculature. All cells produce ADMA, the inhibitor of NO. It was shown that 

ADMA directly affects the integrity and function of vasculature itself by damaging the endothelial gap 

junction function, induction of smooth muscle cell migration, foam cell formation and apoptosis of 

smooth muscle cells and endothelial cells [27]. This was confirmed in our study setting in which  

we demonstrated that a decrease in ADMA levels over time showed to be significantly correlated to 

less aortic lesions in the distal aorta and total aorta. Thus, decreased ADMA levels may prevent the 

development of arteriosclerotic lesions in the aorta. It was shown that levels of ADMA are high in 

hypercholesterolemia, whereas levels of arginine have been found to be in the normal range [28]. This 

causes a shift in the arginine/ADMA ratio and results in diminished NOS activity and subsequently 

less NO bioavailability. This implicates the importance of the ratio above the sole levels of arginine in 

plasma. In the current study, lower levels of NO in the groups not supplied with arginine and/or statin, 

were correlated to the arginine/ADMA ratio. This confirms that a low arginine/ADMA low ratio 

deteriorates NO metabolism and therefore vascular flow in hypercholesterolemic rabbits. 
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The endothelial cell transporter that facilitates uptake of both arginine and ADMA is cationic amino 

transporter 1 (CAT1). ADMA inhibits not only NOS, but also this CAT transporter, that mediates 

cellular uptake of arginine. However, in normal physiological concentrations, ADMA cannot impair 

the CAT1-mediated transport of arginine [9,29]. Conversely, high (but still physiological) concentrations 

of arginine can inhibit CAT1-mediated cellular uptake of ADMA [20]. 

Rasmusen et al. confirmed the positive effects of statins on atherosclerotic plaques, because  

lower cholesterol levels after 8 weeks of treatment correlated significantly to less aortic lesions in the 

total and distal aorta [14]. In the present ancillary study, we revealed a positive correlation between the 

arginine/ADMA ratio and decrease of cholesterol levels over time and at the end of the treatment, 

primarily in the SA group. So when the ratio increases, cholesterol levels decrease, or inversely. In 

addition, a decrease in ADMA levels over time was significantly correlated to less aortic lesions in the 

distal aorta and total aorta. Statins are inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(HMG-CoA reductase) and reduce the amount of circulating LDL-cholesterol. Currently, seven types  

of statins are available: atorvastatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin and 

simvastatin. Besides lowering levels of circulating LDL-cholesterol, statins exhibit different effects on 

NO-mediators. One study found that treatment with statins elevates levels of DDAH, which 

metabolizes ADMA [30]. Moreover, statins have shown to be able to decrease plasma levels of 

ADMA in different types of study settings [31–36]. Atorvastatin specifically is demonstrated to 

increase levels of DDAH in rats and humans and thereby to decrease plasma ADMA levels [37–39]. 

However, the effect of statins on ADMA concentrations is ambiguous, whereas some studies found 

that statins had no effect on ADMA levels in hypercholesterolemic subjects [40–44]. However, other 

intriguing experimental data have shown that statins exhibits pleiotropic effects beyond their lipid-lowering 

actions, including up-regulation of eNOS and thereby enhancement of endothelial NO production, 

inhibition of smooth muscle proliferation and anti-inflammatory and anti-oxidative actions [45,46]. 

Therefore, the exact combination of statins and arginine supplementation could have caused the 

correlation between the arginine/ADMA ratio and the decrease in cholesterol over time. Moreover, we 

did not find a correlation of arginine and ADMA alone with levels of cholesterol, so the combination 

of the two seems to determine the level of cholesterol in the arteries. This is supported by recently 

published data in which the arginine/ADMA ratio seemed to be a sensitive marker in the in the progression 

of atherosclerosis in means of intima-media thickness, rather than arginine or ADMA alone [16]. 

The limitation of the present study needs to be addressed. The number of Watanabe rabbits was 

relatively small in order to be a representative group. In order to transfer the effects measured to a clinical 

benefit, it needs to be researched in a clinical trial. We also suggest for upcoming studies to measure 

NOS and ADMA levels in response to the combination of statin and arginine in the vascular wall. 

3. Experimental Section 

This study is based on the results and dataset from the study of Rasmusen et al. [14]. 

3.1. Treatment of Animals 

Thirty-four six-week-old homozygous Watanabe heritable hyperlipidaemic rabbits were assigned to 

one of four treatment groups: during 8 weeks, rabbits in the L-arginine group (group A; n = 9) were fed 
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by a 1.5% L-arginine in 1 g/kg of bodyweight/d chow diet. This diet contained 16% crude protein, 

3.2% fat, 49.3% carbohydrates, 13.6% fibre and 8.03 MJ gross energy/kg. Details of feeding regime 

were as described by Rasmusen et al. [14]. Arginine content in the diet was 0.98%. The statin group 

(group S; n = 8) consisted of rabbits receiving standard rabbit chow diet plus 2.5 mg/kg/d of 

atorvastatin in their drinking water [47]. In the L-arginine plus statin group (group SA; n = 8), rabbits 

received the L-arginine enriched rabbit chow together with atorvastatin in their drinking water. The 

control group (group C; n = 9) was fed with standard rabbit chow. Blood samples were collected at the 

vein of the ear of the rabbit into sodium heparinate (Sanofi, Winthrop Industry, Gentilly, France) and 

immediately centrifuged at +4 °C for 15 min at 4500× g. Blood samples were taken at the beginning of 

the treatment (T0) and at the end of the treatment period after eight weeks (T8). Due to ethical reasons 

and to prevent a hypovolemic situation, we were only allowed to take a limited amount of volume at 

T0. Because the inter- and intra essay variations are the smallest for ADMA, the number of plasma 

ADMA levels at T0 are determined in 4 rabbits per group. 

Animal care and experimentation and the Council of Europe Guidelines agreed with the rules of the 

laboratory of Nutrition Biology of the Descartes University, Paris, France. Animal care and 

experimentation complied with the rules of our institution and with Council of Europe Guidelines. 

Chantal Martin (No. 75-10) and Christophe Moinard (No. 75-522) are licensed to conduct experimental 

studies on living animals, and we had received approval for the use of animal facilities (agreement  

No. A75-06-02, February 2006, Veterinary Service Directorate, Prefecture de Police de Paris, France). 

3.2. Anatomy and Histological Analysis 

For topographic and histological analysis the full length of the cervico-thoracic region of the aorta 

of the rabbits were obtained by Rasmusen et al. [14]. In brief, the areas of lesions were determined by  

using NIH Scion Image Software (Scion, Frederick, MD, USA). The areas were measured three times. 

The aorta was then prepared to 2 mm-thick fragments transversely cut into four segments (aortic arch, 

thoracic aorta, abdominal aorta and bifurcation), which were classified into distal lesions and lesions of 

the total aorta. 

3.3. Biochemical Analysis 

The concentrations of ADMA were determined simultaneously by high-performance liquid 

chromatography (HPLC). Plasma L-arginine levels were assessed on a JEOL automated amino acid 

analyzer (Tokyo, Japan) using ion-exchange chromatography [48]. The L-arginine over ADMA ratio 

was calculated. At T0, the arginine/ADMA ratio was only calculated from the rabbits of which ADMA 

was determined in plasma (n = 4 per group). To indicate the total NO production the products of NO, 

nitrite and nitrate, were measured in plasma as described in the Griess method [49]. Plasma total 

cholesterol was determined by routine enzymatic method on a Hitachi 911 analyzer (Roche, Meylan, 

France) [50]. 
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3.4. Statistical Analysis 

Results were tested upon distribution using Kolmogorov-Smirnov Test and QQ-plots. When 

normally distributed, results are presented in mean ± standard error of the mean (SEM) and in median 

and interquartile range when data were not normally distributed. The Student’s t-test or Mann Whitney 

U (according to data distribution) test was used to determine significant differences in arginine and  

ADMA concentrations between groups. The one-sample t-test was used to test whether the values  

were significantly different from the beginning of the treatment. Correlations between the continuous 

variables were assessed by using bivariate analysis to estimate the Pearson’s coefficient. SPSS for 

Windows software was used to perform statistical analysis. p < 0.05 was considered to indicate a 

significant difference. 

4. Conclusions 

In conclusion, supplementation of both arginine and a statin in hypercholesterolemic rabbits induces 

a high arginine/ADMA ratio and this is correlated to lower cholesterol levels after 8 weeks of 

treatment. The decrease in ADMA levels over time correlated to less aortic lesions in the distal  

aorta and total aorta. When hypercholesterolemic rabbits were not fed with arginine, a lower 

arginine/ADMA ratio was significantly correlated to lower NO levels. These results support the 

hypothesis that a balance between arginine and ADMA, being the substrate and inhibitor of NOS 

respectively, might contribute to better understanding of the development of atherosclerotic plaques. 

Further research on the combination of statins and L-arginine, preferably in clinical trials, is necessary 

to confirm our findings and translate them to a clinical setting. 
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