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Abstract

:

Endothelial vasodilatory function is dependent on the NO synthesis from L-arginine by endothelial NO-synthetase (eNOS). eNOS can be inhibited by asymmetric dimethylarginine (ADMA) by competitive inhibition on the binding site, and symmetric dimethylarginine (SDMA) can reduce the L-arginine availability intracellularly through competing for transport over the cellular membrane. To study the NO synthesis after prolonged exercise, we assessed circulatory L-arginine, the L-arginine/ADMA ratio, and SDMA before, after, and on the day after the Norseman Xtreme triathlon, an Ironman distance triathlon. We found significantly reduced levels of L-arginine and the L-arginine/ADMA ratio and increased levels of SDMA after the race (all p < 0.05). L-arginine rose toward baseline levels the day after the race, but ADMA increased beyond baseline levels, and SDMA remained above baseline the day after the race. The reduced levels of L-arginine and the L-arginine/ADMA ratio, and increased SDMA, after the race indicate a state of reduced capability of NO production. Increased levels of ADMA and SDMA, and reduced L-arginine/ADMA ratio, as seen the day after the race, are known risk markers of atherosclerosis and warrant further studies.
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1. Introduction


Prolonged exercise is known to induce many physiological changes, including alteration of the circulatory inflammatory biomarkers [1,2,3,4] and plasma levels of essential nutrients [5]. Our research team found a transient reduction in endothelial function in a recent study after the Norseman Xtreme triathlon, an ironman distance triathlon. Endothelial function was measured with flow-mediated dilation (FMD) [6]. FMD is measured by studying brachial artery dilatation in response to increased blood flow after a 5 min occlusion of the lower arm at rest [7]. The dilatation is dependent on the endothelium [8], as increased share forces from the blood flow activate mechanoreceptors in the endothelium [9], causing a predominantly NO-mediated relaxation of the arterial smooth muscles [10].



NO is synthesized by the endothelial NO-synthetase (eNOS) from the amino acid L-arginine [11,12]. In our previous study, we also found reduced levels of circulatory L-arginine after completion of the Ironman triathlon [6]. Previous studies of amino acids after exercise have shown a generally reduced level of amino acid-bound nitrogen in prolonged exercise [13] and reduced L-arginine after marathons [14,15]. This reduction is believed to be due to increased gluconeogenesis and enhanced NO production during prolonged exercise [13,14]. Thus, low levels of L-arginine could, in part, explain the reduced endothelial function after prolonged exercise, as described in our previous study [6].



In recent years, there has been a growing interest in the methylated forms of L-arginine: asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA), regarding their effect upon NO synthesis [16]. ADMA reduces the activity of eNOS through competitive inhibition on the binding site for L-arginine [17,18]. Therefore, the L-arginine/ADMA ratio is of importance for NO synthesis [19]. SDMA has no direct effect on eNOS [17], but there is evidence that SDMA has a weak indirect inhibition of NO synthesis [20] and L-arginine transport [21]. Elevated levels of both ADMA and SDMA have both been associated with all-cause mortality and cardiovascular death [22].



Studies of the effect of prolonged exercise on circulating ADMA and SDMA are scarce. One recent study of 14 athletes that completed a 100 km run found elevated levels of SDMA and unchanged levels of ADMA [23]. However, they did not measure L-arginine and did not calculate L-arginine/ADMA ratio, making it difficult to interpret the significance of the results for NO synthesis. Furthermore, there are no studies to our awareness on ADMA, SDMA, and L-arginine after an Ironman distance triathlon.



To further elucidate the NO synthesis after prolonged exercise, we analyzed serum samples from the Norseman Extreme triathlon 2019 for L-arginine, ADMA, and SDMA, and calculated the L-arginine/ADMA ratio before, after, and one day after the race. We hypothesized that L-arginine was transiently reduced after the race and would normalize the day after. Based on our previous findings, we further hypothesized the L-arginine/ADMA ratio to be reduced. Further, we aimed to explore the changes in levels of ADMA and SDMA after prolonged strenuous exercise.




2. Materials and Methods


2.1. Study Population


Participants in the Norseman Xtreme Triathlon 2019 were recruited through email invitation before the race. Willing participants were given information about the study and signed the informed consent. Forty participants who met for baseline measurements the day before the race and completed the race were included. The participants had blood samples taken at noon the day before the race, as soon as possible after crossing the finish line, and at noon the day after the race.



The Regional Committee for Medical and Health Research Ethics in Norway (REC) approved all experimental measurements (reference: 2016/932), and the study was conducted according to the Declaration of Helsinki.




2.2. Blood Samples


Venous blood samples were collected in vacuum containers with silica particles and gel separators. The first sample was taken within 24 h before race start, the second sample immediately after race completion, and the third sample at noon the day after the race. The blood was clotted for 30 min at room temperature, serum was separated by centrifugation at 2000× g for 10 min within 1 h, and the serum was pipetted to separate freeze-tolerant containers. All samples were transported on ice to freezing storage with a temperature of −80 °C and was analyzed ten months later by high-performance liquid chromatography (HPLC) and precolumn derivatization with o-phthaldialdehyde (OPA) (Sigma Chemicals Co, St Louis, MO, USA) for levels of L-arginine, ADMA, and SDMA (coefficients of variation: L-arginine 5.6%; ADMA 7.0%; SDMA 9.6%). The L-arginine/ADMA ratio was calculated for each time point.




2.3. Statistics and Visualization


One-way repeated ANOVA with timepoints as within-factor was conducted to test for significant changes in L-arginine, ADMA, SDMA, and the L-arginine/ADMA ratio. Missing data were assumed to be completely random, and ANOVA was conducted on the complete sets of three samples. Post hoc paired t-tests with Bonferroni corrections were used to test differences between the time points on all available measurements. A p-value of <0.05 was considered significant. All values are presented as mean ± SD. Statistics were conducted, and graphs were created in R (R version 4.0.3, R Foundation for Statistical Computing, Vienna, Austria). Figure 2 was created with an online application from biorender.com (BioRender, Toronto, ON, Canada).





3. Results


3.1. Subjects


Forty participants of the Norseman Xtreme Triathlon were included in this study. All subjects completed the race. Characteristics of the subjects are given in Table 1.




3.2. Biomarkers


Mean values with standard deviations are given for all the variables in Table 2. L-arginine and ADMA were significantly reduced at the end of the race, with a reduced L-arginine/ADMA ratio. Both plasma levels of L-arginine and ADMA inclined to the day after the race. L-arginine did not incline fully to baseline levels, while ADMA inclined beyond baseline levels the following day, causing an even lower L-arginine/ADMA ratio the following day than right after the finish.



SDMA was elevated compared to baseline levels after the race, and there were similar elevated SDMA plasma levels the day after the race without significant changes from the finish line.



Individual values and results from the statistical test are shown in Figure 1. Raw data with individual values are available in the Supplementary materials.





4. Discussion


The main finding in the present study was that the levels of L-arginine and the L-arginine/ADMA ratio were reduced immediately and the day after an Ironman distance triathlon. The reduction in L-arginine/ADMA ratio has, to our knowledge, not been previously reported after any Ironman triathlon or other prolonged exercise events.



The reduced arginine/ADMA ratio could explain our previous observation of a transient reduction in FMD in athletes immediately after completion of the Norseman Xtreme Triathlon [6]. FMD primarily depends on NO-mediated dilatation [10] and eNOS produces NO in endothelial cells [24,25]. The function of eNOS is illustrated and described in Figure 2, and as shown in the figure, L-arginine is the substrate for NO production [11,12] and ADMA is a competitive inhibitor that reduces the activity of eNOS [17,18]. A reduced L-arginine/ADMA ratio means less substrate relative to the competitive inhibitor, causing reduced activity of eNOS that could lead to less production of NO and, therefore, an impaired FMD response.



It is important to emphasize that we have only measured levels of L-arginine and ADMA in serum, while the production of NO by eNOS is intracellular. L-arginine, ADMA, and SDMA are bidirectionally transported over the endothelial cell membrane by the y+ and y + L transporter systems [26]. In vitro studies on eNOS have demonstrated the importance of the differences between intracellular and extracellular L-arginine levels. Purified eNOS from bovine endothelial cells have a Km (concentration at which the reaction rate is half of its maximal value) of 3 μM [27], while the Km determined from extracellular levels of L-arginine on the activity of intracellular levels in bovine cells has been calculated to 29 μM [28]. In the same paper, the authors also demonstrated that the inhibition of L-arginine uptake reduces the activity of eNOS [28]. The intracellular levels of L-arginine and ADMA are therefore not necessarily reduced proportionally to the levels found in serum samples, due to possible alterations in the number of y+ and y + L transporters [29] and their activity [30]. However, in vitro studies have demonstrated a covariance of intracellular L-arginine with extracellular levels under physiological conditions, even in the presence of inhibitors [26,28]. We, therefore, find it probable that there are reduced intracellular levels of both L-arginine and ADMA after the race due to the significant reductions in serum levels by 31% and 16%, respectively.



In the present study, we found increased levels of SDMA immediately after the race with continued increased levels the day after. In contrast to ADMA, SDMA has no direct effect on eNOS [17]. However, SDMA can indirectly reduce the eNOS activity by reducing intracellular L-arginine by competing for transport to the intracellular compartment over the y+ transport system in exchange for intracellular L-arginine [31]. Therefore, it is possible that the increased levels of circulatory SDMA could cause an even more considerable reduction in intracellular L-arginine after the race compared to the reduction observed in serum.



The exact mechanisms that cause exhaustion after prolonged exercise are still not completely elucidated. However several factors have been suggested, such as muscle damage [1,2,3,4,32], inflammation [1,2,3], exercise-induced bronchoconstriction [33], and reduction in essential nutrients [5,14,15]. The reduced levels of L-arginine and the L-arginine/ADMA ratio and the increased levels of SDMA observed after strenuous exercise, observed in the present study, may result in a state of reduced NO-synthesis capability. Therefore, it is plausible that part of the exhaustion after prolonged exercise is due to the reduced ability for vasodilatation, as we previously demonstrated by a blunted FMD response after an Ironman distance triathlon [6]. As L-arginine is a conditionally essential amino acid acquired through nutrition or synthesized from L-citrulline [34], it could be beneficial to increase L-arginine intake during or before prolonged exercise. Several studies have been conducted to test the effect of oral intake of L-arginine on performance, and a recent meta-analysis concluded that the oral intake of L-arginine could improve aerobic and anaerobic performance [35].



Reduced levels of L-arginine are also known to cause both pro-inflammatory and anti-inflammatory effects through effects upon macrophages, dendritic cells, and T-cells, as reviewed by Líndez and Reith [36]. It is also known that Ironman distance triathlons causes a state with increased circulatory cytokines, muscle damage markers, and leukocytosis [1,2,3,4]. Exercise-induced leukocytosis is believed to be of importance to muscle regeneration after muscle damage [37], and it is, therefore, possible that alterations in the leukocytes activity might affect recovery after prolonged exercise or diminish the immune system, making athletes more prone to disease. Therefore, we believe future studies should seek to investigate the leukocyte activity along with L-arginine levels after prolonged exercise to further elucidate the possible effects on the immune system.



L-arginine trended toward normalized levels the day after the race, and we have previously found normalized levels one week after the same race [6]. ADMA increased beyond baseline levels the day after the race, and SDMA remained elevated compared to baseline the day after the race. We believe these increased ADMA and SDMA levels the day after the race may be due to increased proteolysis due to exercise-induced muscle damage and inflammation [38]. ADMA and SDMA could also have been increased due to reduced renal clearance as ADMA is partly excreted and SDMA is predominantly excreted through the kidneys [39], and we also know that athletes have increased serum creatinine after an Ironman distance triathlon [4]. We do not believe these changes are lasting, as exercise interventions in different populations have been shown to reduce ADMA [40,41] and SDMA [42]. However, we also found a continued reduced L-arginine/ADMA ratio the day after the race. A reduced L-arginine/ADMA ratio is considered a risk marker for atherosclerosis [22,43], and increased levels of ADMA and SDMA, as found the day after the race, are also risk factors for cardiovascular disease [22]. There is evidence of sub-clinical increased artery calcification and plaques in male long-distance runners [44,45]. Therefore, it would be of great interest in future studies to evaluate the time before normalization of the L-arginine/ADMA ratio, ADMA, and SDMA after an Ironman distance triathlon, as a limitation in the current study is that we only have measurements from before the race, at the finish line, and the first day after the race. In future studies, one should seek to measure the levels in the days and weeks following the race. It would also be of interest to follow athletes prospectively to study if these episodes of negatively affected biomarkers cause atherosclerotic changes in the arteries.




5. Conclusions


We found reduced levels of L-arginine and the L-arginine/ADMA ratio and increased SDMA upon completion of an Ironman distance triathlon. These altered biomarkers indicate a state of reduced NO synthesis capability and reduced endothelial function after the race. Furthermore, increased levels of ADMA and SDMA, and the reduced L-arginine/ADMA ratio the day after the race warrant further studies, as these biomarkers are known risk markers for atherosclerosis.
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Figure 1. Individual levels of L-arginine (A), ADMA (B), SDMA (C), and L-arginine/ADMA ratio (D) before the start, at the finish line, and the day after the race with results from two-sided post hoc paired t-tests with Bonferroni corrections. * Indicates p-value < 0.05, and ns indicates p-value > 0.05. The bold lines indicate mean values for each measurement. Repeated-measures ANOVA tests for all the biomarkers showed p-value < 0.05. 
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Figure 2. The figure shows the function of endothelial NO-synthase (eNOS) in endothelial cells. Blue pathways: eNOS is regulated transcriptionally and activated post-transcriptionally by serval intra-cellular pathways activated through mechanoreceptors that are sensitive to altered share forces from the luminal blood flow. These mechanoreceptors include integrins, vascular endothelial growth factor receptor-2, ion channels, G-protein-coupled receptors, and adhesion molecules such as platelet endothelial cell adhesion molecule-1. eNOS activity can also be modulated through cytokine, acetylcholine, and bradykinin receptors (not shown). Green pathway: Activated eNOS produces NO from L-arginine, with L-citrulline as a by-product. NO then diffuses to nearby cells and activates guanylate cyclase (GC) in the periarterial smooth muscle cells, which synthesize cyclic guanosine monophosphate (cGMP) from guanosine triphosphate (GTP). cGMP causes smooth muscle relaxation through several mechanisms. Red pathway: The activity of eNOS is inhibited by asymmetric dimethylarginine (ADMA) through competitive inhibition on the binding site for L-arginine on eNOS. SDMA has no direct effect on eNOS but indirectly reduces NO synthesis and L-arginine transport (not shown). L-arginine is an amino acid involved in protein synthesis and glycolysis (not shown), in addition to serving as a NO-precursor. Protein-bound L-arginine is methylated (Me) by protein arginine methyltransferases (PRMTs), and ADMA and SDMA are produced by proteolysis. Grey pathways: About 80% of intracellular ADMA is hydrolyzed by dimethylarginine dimethylaminohydrolase (DDAH) to L-citrulline and dimethylamine (DMA), while about 20% is transported to the blood and excreted in the kidneys. Most of SDMA is transported out of the cells and excreted in the kidneys. L-arginine, ADMA, and SDMA are transported bi-directionally through the y+ and y + L transporter systems. Created with BioRender.com. 
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Table 1. Characteristics of the subjects. Values are given as mean ± SD. N = 40; * Reported average weekly exercise last year.
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	Characteristic
	Value





	Age (years)
	42 ± 8.5



	Male (n)
	33



	Female (n)
	7



	Weight (kg)
	77 ± 11



	Height (m)
	1.80 ± 0.08



	Body mass index (kg/m2)
	23.4 (22.1–24.7)



	Weekly endurance exercise * (h)
	14.0 ± 3.9



	Weekly strength exercise * (h)
	1.4 ± 1.6



	Swim time (h)
	1.2 ± 0.2



	Bike time (h)
	7.2 ± 1.0



	Run time (h)
	6.2 ± 1.0



	Finish time (h)
	14.5 ± 1.8
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Table 2. Summary of all parameters given as mean ± SD.
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	Biomarker
	Before Start
	Finish Line
	Day After





	L-arginine (uM)
	55.6 ± 8.8
	38.3 ± 6.6
	49.2 ± 9.6



	ADMA (uM)
	0.32 ± 0.05
	0.27 ± 0.05
	0.37 ± 0.05



	SDMA (uM)
	0.28 ± 0.03
	0.43 ± 0.08
	0.42 ± 0.09



	L-arginine/ADMA ratio
	55.6 ± 8.8
	38.3 ± 6.6
	49.2 ± 9.6
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