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Chapter 11

Summary and concluding remarks
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Summary

Production of the endogenous vasodilator nitric oxide (NO) from arginine 
by NO synthase (NOS) is inhibited by asymmetric dimethylarginine 
(ADMA). Because diminished NO synthesis leads to endothelial dysfunction, 
vasoconstriction, elevated blood pressure, and thrombus formation, high 
ADMA levels may enhance cardiovascular disease (CVD) risk.
Both ADMA and its inactive isomer symmetric dimethylarginine (SDMA) 
are formed during the posttranslational methylation of arginine residues 
in proteins by protein-arginine methyltransferases (PRMT), in which 
monomethylargine (MMA) is formed as intermediate. Upon proteolysis, 
free amino acids, including the methylated arginines, are released into the 
cytosol. Cellular ADMA and MMA are cleared from the cell either through 
enzymatic hydrolysis by dimethylarginine dimethylaminohydrolase (DDAH) 
or through export to the plasma via cationic amino acid transporters (CAT), 
which are also responsible for transmembrane transport of other cationic 
amino acids, such as SDMA, arginine, and homoarginine.
Although synthesis and degradation of ADMA as well as ADMA-mediated 
inhibition of NO synthesis occur intracellularly, most clinical studies on CVD 
report on plasma ADMA levels, based on the underlying assumption that 
the concentration of ADMA in plasma reflects intracellular ADMA. However, 
reports on the relation between plasma and intracellular ADMA levels in 
vascular and other tissues and organs are scarce. Therefore, the main focus 
of this thesis was to study intracellular ADMA, and its relation to plasma 
levels. In addition, the role of homoarginine as a novel risk marker for CVD 
was explored. This naturally occurring homolog of arginine may inhibit NO 
production and has been associated with CVD. 

Intracellular ADMA: metabolism and relation to plasma levels

For the accurate and precise determination of arginine, ADMA, SDMA, MMA, 
and homoarginine in plasma and intracellularly in tissues and cultured 
cells, a new method, based on stable isotope dilution liquid chromatography 
with detection by tandem mass spectrometry, was developed and validated 
(Chapter 2). Lower limits of quantification were 0.4 nmol/L for ADMA and 
SDMA and 0.8 nmol/L for MMA, arginine and homoarginine. Intra-assay 
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precision (CV%) was <3.5%, and inter-assay precision <9.6% for all analytes. 
The method proved to be suitable for quantification in small tissue samples 
and cultured cells, and was successfully applied on samples from a tracer 
study, which revealed the remarkably fast (<60 min) appearance in plasma of 
stable isotope-labeled ADMA, SDMA, and MMA during infusion of D3-methyl-
1-13C-methionine in healthy volunteers.

The contribution of proteolysis to the generation of free cellular ADMA, and 
its fast appearance in plasma was explored in the humane erythrocyte of 
critically ill subjects and healthy controls (Chapter 3). We showed that the 
erythrocyte is an important player in both storage and generation of ADMA. 
Upon erythrocyte lysis, proteolytic activity led to a rapid release of >25% 
of protein-incorporated ADMA, whereas less than 0.04% of the amino acids 
present in hemoglobin were released, showing that ADMA was released from 
proteins other than hemoglobin. Furthermore, fast bidirectional transport 
of free ADMA across the plasma membrane of intact erythrocytes led to a 
rapid equilibrium between intra- and extracellular ADMA. In line with up-
regulation of CAT during critical illness, a significant association between 
intracellular and plasma ADMA concentrations was observed in critically ill 
patients, but not in healthy controls. Additionally, despite a rapid increase 
of free ADMA during incubation of erythrocyte lysates, the total amount 
of ADMA remained constant, indicating the absence of active DDAH in the 
erythrocyte. Generation of large amounts of free ADMA upon erythrocyte 
lysis may contribute to the high ADMA levels in plasma observed in patients 
with sickle cell disease and HELLP syndrome, and possibly also in other 
hemolysis-associated diseases.

In a rabbit model of prolonged critical illness, we confirmed that DDAH 
activity is important in the regulation of circulatory ADMA (Chapter 4). DDAH 
activities in muscle, kidney, and liver were inversely associated with plasma 
ADMA, and together explained almost 50% of the variation in plasma ADMA 
concentrations. DDAH activity in heart was not predictive for plasma ADMA, 
but showed a significant negative association with the ADMA content of heart 
tissue. This suggests that cardiac DDAH is more important for regulation of 
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ADMA at the local level than of circulatory ADMA, whereas DDAH in muscle, 
kidney, and liver are more important for regulation of circulatory ADMA than 
of ADMA at the local level.

Since it is ethically impossible to obtain specimens of cardiovascular tissue 
from healthy volunteers, we explored the relations between intracellular and 
plasma concentrations of the methylated arginines and homoarginine, using 
peripheral blood mononuclear cells (PBMC), which can be easily obtained 
from whole blood (Chapter 5). Only for homoarginine a weak positive 
association was observed between concentrations in plasma and in PBMC. 
Concentrations of arginine, MMA, ADMA, and SDMA in plasma showed 
non-significant inverse associations with their respective intracellular 
concentrations in PBMC, showing that, at least in healthy individuals, plasma 
levels of these amino acids poorly reflect their intracellular levels in PBMC.

The rationale and design of a proof-of-concept trial evaluating the effect 
of uninterrupted perioperative (par)enteral nutrition supplementation on 
amino acid profile, cardiomyocytes structure, and cardiac perfusion and 
metabolism of patients undergoing coronary artery bypass grafting (CABG) 
was described in Chapter 6A. This study offered the unique opportunity to 
measure the methylated arginines and homoarginine in heart tissue, aortic 
tissue, plasma, and PBMC from patients undergoing CABG (Chapter 6B). In 
these patients, ADMA concentrations in plasma were positively related to 
intracellular ADMA in both PBMC and heart tissue. However, intracellular 
ADMA in PBMC was not significantly related to ADMA in heart tissue, 
suggesting that plasma levels of ADMA, in contrast to ADMA in PBMC, 
reflect cardiac ADMA. In addition, we observed that DDAH activities in heart 
and PBMC were positively associated with their respective local ADMA 
concentrations. Upregulation of DDAH may be a compensatory response to 
elevated intracellular ADMA levels in coronary artery disease.

Homoarginine and cardiovascular disease

Homoarginine, a homolog of arginine, may interfere with enzymes that use 
arginine a substrate, such as NOS. This may lead to reduced production of 
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NO and subsequent increased blood pressure. Low serum homoarginine, 
however, has recently been postulated as potential new risk marker for CVD. 
Because knowledge on the possible physiological role of homoarginine in 
the cardiovascular environment is limited, we reviewed current literature 
on homoarginine (Chapter 7) with emphasis on metabolic routes for 
homoarginine synthesis and utilization, bio-analytical aspects, and potential 
mechanisms underlying its association with CVD.

Analysis of circulatory amino acids, including ADMA and homoarginine, is 
performed in various fields of research. However, the impact of coagulation 
or use of anticoagulants is often disregarded. Therefore, concentrations of 
homoarginine, ADMA and other amino acids measured in serum, EDTA-
plasma and heparin-plasma, were compared (Chapter 8). Anticoagulation 
with either EDTA or heparin led to small differences in concentration 
(highest for tryptophan: 5.3%), which are clinically most likely irrelevant. 
Concentrations of amino acids, measured in serum were higher than in 
heparin-plasma, especially for taurine (42.3%), arginine (36.4%), and 
glutamic acid (16.2%). This may be caused by poorly controllable ex vivo 
release from blood cells during clotting. This study showed that heparin-
plasma and EDTA-plasma are most suitable for amino acid analysis, but 
should not be used interchangeably in a single study. 

Homoarginine is a competitive substrate for NOS, but being a less efficient 
substrate than arginine, high homoarginine levels may lead to reduced 
NO formation, resulting in endothelial dysfunction and increased vascular 
resistance. Data on the relationship between blood pressure and plasma  
levels of arginine, homoarginine, and ADMA are scarce. Therefore, we 
investigated these relationships in the Hoorn Study, a population-based 
cohort of elderly subjects (Chapter 9). The main findings of this study 
were that plasma levels of homoarginine and arginine are independently  
associated with clinically relevant differences in blood pressure in an 
antagonistic fashion, and that ADMA is not related to blood pressure.
To elucidate the underlying (patho)physiological mechanisms of  
homoarginine in CVD, it is important to understand which biochemical 
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routes are involved in homoarginine synthesis. Previous studies have 
shown that lysine is the main precursor of homoarginine in both animals 
and humans, in which both enzymes of the urea cycle and arginine:glycine 
amidinotransferase (AGAT) have been implicated. To assess the relative 
importance of both pathways in humans, we exploited rare inborn errors of 
metabolism (Chapter 10). To this end, the concentration of homoarginine in 
plasma of an argininosuccinate synthase-deficient patient was compared to 
those in age-matched controls. Furthermore, homoarginine formation was 
measured in lymphoblasts from an AGAT-deficient patient and a control cell 
line. The data showed that, at least in humans, promiscuous activity of AGAT, 
a key enzyme in the synthesis of creatine, plays a pivotal role in the synthesis 
of the novel cardiovascular risk factor homoarginine.

Conclusion

The main focus of this thesis was to study the metabolism of intracellular 
ADMA, and its relation to plasma levels. Most clinical studies report 
on plasma ADMA levels, based on the underlying assumption that the 
concentration of ADMA in plasma reflects intracellular ADMA levels. In this 
thesis we questioned the validity of this assumption. Intracellular ADMA 
concentrations in both PBMC and erythrocytes were not significantly 
associated with plasma ADMA levels in healthy volunteers. In contrast, ADMA 
concentrations in erythrocytes from critically ill patients were significantly 
associated with plasma ADMA levels, and in patients undergoing CABG, a 
significant association was observed between intracellular ADMA in PBMC 
and plasma ADMA. 
Differences between the relations in healthy subjects and critically ill 
patients or patients undergoing CABG, may reflect differences in CAT-
mediated clearance rates, DDAH activity, PRMT activity, or protein turnover 
in health and disease. For instance, CAT in erythrocytes, platelets and 
PBMC is upregulated in patients with chronic renal failure or heart failure. 
Upregulated CAT may result in faster egress of ADMA from the cell, leading to 
a closer association between intracellular and extracellular levels. This is in 
line with our study on the role of the erythrocyte in generation and storage 
of ADMA, which showed that proteolysis of ADMA-containing proteins, and 
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fast bidirectional transport of ADMA across the plasma membrane, may 
contribute to the elevation of plasma levels. 
In an animal model of critical illness, we showed that DDAH activities in 
muscle, kidney, and liver were inversely and independently associated with 
plasma ADMA, together explaining half of the variation in plasma ADMA 
concentrations. DDAH activity in heart was not predictive for plasma ADMA. 
However, for DDAH activity in heart we observed a significant negative 
association with the ADMA content in heart, suggesting that cardiac DDAH 
is more important for the regulation of ADMA at the local level, than for 
circulatory ADMA levels. Surprisingly, in heart tissue of patients undergoing 
CABG, DDAH activity showed significant positive correlations with its ADMA 
content, whereas inverse relations would be expected. The apparent reversal 
of the association between DDAH activity and ADMA content could be a result 
of the upregulation of DDAH as a reaction to the high ADMA concentrations 
in the heart, confirming the importance of DDAH in the regulation of ADMA 
in cardiac tissue during disease.
The combined results from the separate ADMA studies described in this 
thesis indicate that the question whether the level of ADMA in plasma 
adequately reflects intracellular ADMA at the tissue level, cannot be answered 
unequivocally. The relation between intra- and extracellular ADMA seems 
strongly dependent on physiological conditions. In general, the relationship 
between plasma ADMA and intracellular ADMA is weak under normal 
physiological conditions and much stronger in some pathopysiological 
states.

In addition to ADMA, homoarginine, a structural homolog of arginine and 
a competitative substrate or even inhibitor of NOS, was studied in relation 
to CVD. A literature review showed that both high and low homoarginine 
concentrations appear to be associated with increased CVD risk. To understand 
this apparent contradiction, it is necessary to understand the metabolism of 
homoarginine. For its synthesis from lysine, two major pathways have been 
suggested, catalyzed either by enzymes of the urea cycle or by AGAT, a key 
enzyme in creatine synthesis. By exploiting inborn errors of metabolism, 
we were able to confirm that promiscuous activity of AGAT, rather than the 
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urea cycle enzymes, plays a pivotal role in the synthesis of homoarginine 
from lysine. The relation between low homoarginine and CVD may reflect 
impairment of myocardial creatine synthesis, caused by low AGAT activity, 
which secondarily results in reduced homoarginine synthesis.
In the Hoorn Study, a population-based cohort of elderly subjects, we showed 
that plasma levels of homoarginine were positively associated with systolic 
and diastolic blood pressure, whereas arginine was inversely associated 
with diastolic blood pressure only. These antagonistic relationships support 
the notion that homoarginine is a competitive substrate for NOS. Because 
homoarginine is a less efficient substrate than arginine, high homoarginine 
levels may lead to reduced NO formation, resulting in endothelial dysfunction 
and increased vascular resistance and blood pressure. 
Overall, it seems that different mechanisms underlie the relations of CVD 
with high and low homoarginine levels. High homoarginine may, by impairing 
NO production, be causally involved, whereas low homoarginine may be an 
innocent bystander reflecting deficient creatine metabolism.

Future perspectives

We have shown that in healthy subjects plasma ADMA does not reflect 
its intracellular concentrations in erythrocytes and PBMC. In contrast, in 
patients with coronary artery disease or multiple organ failure significant 
correlations appeared between plasma ADMA concentrations and 
intracellular concentrations in heart, erythrocytes and/or PBMC. Increased 
proteolysis and upregulation of CAT during disease may underlie the tighter 
association between intra- and extracellular ADMA. However, to what extent 
each of these mechanisms contribute to the elevation of ADMA in plasma, 
and to what extent DDAH upregulation is able to compensate remains to be 
investigated.

Homoarginine seems to be an interesting new risk marker for CVD, but 
further mechanistic and epidemiological studies are required to determine 
whether homoarginine is causally involved in atherogenesis. If low 
homoarginine is only an innocent bystander in the failing creatine synthesis 
pathway in the heart, lowering of homoarginine may be beneficial in patients 
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with hypertension. However, more research is needed before homoarginine 
can be tested as a potential drug target in the future. Additionally, the 
consumption of certain homoarginine containing legumes, such as grass pea 
and lentil, may contribute to the endogeous homoarginine pool. However, to 
what extent homoarginine from diet contributes to plasma levels, as well as 
the effect of homoarginine intake from these legumes on CVD, is currently 
unknown and needs further investigation.


