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Abstract

:

The amino acids arginine (Arg), asymmetric (ADMA) and symmetric dimethylarginine (SDMA) are related to nitric oxide (NO) metabolism and potential markers of two different disease entities: cardiovascular disease such as atherosclerosis and systemic inflammation in critically ill patients with sepsis. Although very different in their pathophysiological genesis, both entities involve the functional integrity of blood vessels. In this context, large population-based data associating NO metabolites with proinflammatory markers, e.g., white blood cell count (WBC), high-sensitivity C-reactive protein (hsCRP), and fibrinogen, or cytokines are sparse. We investigated the association of Arg, ADMA and SDMA with WBC, hsCRP, and fibrinogen in 3556 participants of the Study of Health in Pomerania (SHIP)-TREND study. Furthermore, in a subcohort of 456 subjects, 31 inflammatory markers and cytokines were analyzed. We identified Arg and SDMA to be positively associated with hsCRP (β coefficient 0.010, standard error (SE) 0.002 and 0.298, 0.137, respectively) as well as fibrinogen (β 5.23 × 10−3, SE 4.75 × 10−4 and 0.083, 0.031, respectively). ADMA was not associated with WBC, hsCRP, or fibrinogen. Furthermore, in the subcohort, Arg was inversely related to a proliferation-inducing ligand (APRIL). SDMA was positively associated with osteocalcin, tumor necrosis factor receptor 1 and 2, and soluble cluster of differentiation 30. Our findings provide new insights into the involvement of Arg, ADMA, and SDMA in subclinical inflammation in the general population.
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1. Introduction


Nitric oxide (NO)-regulated processes are universal and involved in many forms of systemic chronic, acute and sterile, but also pathogen-related, inflammatory responses such as atherosclerosis or complicated infections with signs of blood pressure and immune dysregulation and septic shock. Since the systemic NO level is considered as a marker for the degree of inflammation, it cannot be directly measured due to the extremely short half-life of seconds. Therefore, one may indirectly evaluate NO synthase (NOS) activity by the substrate arginine (Arg) by levels and the balance of the direct NOS inhibitor asymmetric dimethylarginin (ADMA) and the Arg transport inhibitor symmetric dimethylarginin (SDMA). There is strong evidence that alterations in the Arg:ADMA or Arg:SDMA ratio are surrogate markers for the severity of blood pressure dysregulation in shock states observed in patients treated in intensive care units (ICU) [1,2,3].



However, markers which allow prediction of survival or morbidity in critical care, when homeostasis is severely affected and compromised, often fail in preclinical settings due to low sensitivity and specificity in early and “pre-critical” states. This is obvious in infectious disease, with a dysregulated host response leading to organ failure defined as sepsis. Screening tools for patients have been discussed for decades and, again, the latest sepsis guidelines only recommend clinical signs such as the respiratory rate, neural status and systolic BP, which are consolidated in the quick sepsis-related organ failure assessment score (qSOFA) [4,5]. Interestingly, no laboratory marker in the emergency or outpatient setting is recommended or even established to identify patients at risk. The current focus and understanding of sepsis, which is an immunological response, should motivate us to identify biomarkers, which are better reflecting a process rather than describing a clinical status. Nevertheless, general practitioners still use traditional markers such as white blood cell count (WBC), C-reactive protein (CRP) or fibrinogen to identify an apparent infection or the severity of systemic invasion. That such a marker-based screening is useful in chronic systemic inflammatory disease has been shown for high-sensitivity CRP (hsCRP) and cardiovascular risk [6]. However, no such marker exists for the most common causes of death, which are still infectious diseases triggering septic responses [7].



Arg, ADMA and SDMA are markers for sepsis severity and related to traditional markers in the ICU setting [3,8,9,10]. However, no data exist on whether inflammatory markers (e.g., WBC, hsCRP and fibrinogen) are associated with Arg, ADMA and SDMA in a population-based setting, excluding individuals taking anti-inflammatory and anti-rheumatic drugs typical for chronic inflammatory disease treatment. We previously defined reference intervals for ADMA and SDMA in the Study of Health in Pomerania (SHIP)-START study [11]. Moreover, in the SHIP-TREND cohort, we investigated the inflammatory marker sphingosine-1-phosphate (S1P), which was found to be related to atherosclerosis and periodontitis [12,13]. Finally, in a subcohort of 469 study participants of the SHIP-TREND cohort, we measured the plasma concentration of cytokines, which provided new insights into the impact of hepatic and pancreatic fat on systemic inflammation [14].



Therefore, in this study, we aim to investigate the associations between surrogate markers for NO metabolism, Arg, ADMA and SDMA, and inflammatory markers or cytokines.




2. Materials and Methods


2.1. Study Population


All SHIP participants are inhabitants of West Pomerania, a rural area nestled in the northeast of Germany. Building upon the original SHIP-START cohort, SHIP-TREND was set up as a second, distinct population-based cohort. Extensive documentation on SHIP-TREND is available elsewhere [15,16]. Out of 8826 invited inhabitants of West Pomerania handpicked at random, 4420 individuals (50.1%), 2145 men and 2275 women responded and underwent medical examinations between 2008 and 2012 [17]. The SHIP-TREND study protocol was approved by the Ethics Committee of the University Medicine Greifswald, Germany (approval BB 39/08). SHIP-TREND was conducted following the principles of the Declaration of Helsinki and informed written consent was obtained from all 4420 study participants. Out of these eligible candidates, 317 subjects were excluded due to missing values for Arg, ADMA, SDMA or classical inflammatory markers (Figure S1). Further exclusion criteria were history of cancer, an estimated glomerular filtration rate (eGFR) below 30 mL/min/1.73 m2, a left ventricular ejection fraction smaller than 40 %, intake of stomatological preparations (Anatomical Therapeutic Chemical (ATC) code: A01), antidiarrheals, intestinal anti-inflammatory/anti-infective agents (A07), 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitors (C10AA), corticosteroids, dermatological preparations (D07), corticosteroids for systemic use (H02), anti-inflammatory and antirheumatic products (M01) or glucocorticoids (R05BA), or missing data in the confounders. The final study population regarding analyses for hsCRP, WBC or fibrinogen comprised 3556 individuals. Furthermore, in a subsample of 456 SHIP-TREND participants, cytokine measurements were performed and available for analyses (see Section 2.4. cytokine measurements).




2.2. General Characteristics of the Study Population


Each participant enrolled in the SHIP-TREND study underwent a series of standardized medical examinations, including blood sampling, and an extensive computer-aided personal interview. Information on sociodemographic characteristics and medical histories was collected. Participant’s smoking status, categorized as current smoker or non-smoker, was self-reported. Standardized measurements of body weight and height were obtained with calibrated scales during physical examinations. The body mass index (BMI) was calculated by dividing the weight by the square of the height (kg/m2). Waist circumference was measured with an inelastic tape, accurate to the nearest 0.1 cm. The measurement was taken at the midpoint between the lower rib margin and the iliac crest in a horizontal plane, while the participant stood comfortably with weight evenly distributed on both feet. Blood pressure measurements were recorded from the right arm of seated participants using a digital blood pressure monitor (HEM-705CP, Omron, Tokyo, Japan). Systolic and diastolic blood pressures were recorded three times after a 5 min resting period, with each reading followed by an additional 3 min break. Hypertension was defined as systolic blood pressure exceeding 140 mmHg, diastolic blood pressure exceeding 90 mmHg, or self-reported use of antihypertensive medication based on specific ATC codes (C2, C3, C7, C8, and C9). The definition of diabetes mellitus was based on self-reported physician’s diagnosis, glycated hemoglobin (HbA1c) level of 6.5% or higher, glucose above 11.1 mmol/L, or self-reported use of antidiabetic medication within the past 7 days, specified by the ATC code A10.



Blood samples were collected from the cubital vein while participants were in the supine position between 7 a.m. and 1 p.m. These samples were stored at −80 °C in the Integrated Research Biobank (LiCONiC AG, Mauren, Lichtenstein) of the University Medicine Greifswald in compliance with the appropriate regulations [18]. High-performance liquid chromatography (LC–MS) with spectrophotometric detection (Diamat Analyzer; Bio-Rad, Munich, Germany) was applied to measure HbA1c. Total serum cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, triglycerides and hsCRP levels were quantified using the Dimension Vista 500 analytical system (Siemens AG, Erlangen, Germany). Serum creatinine levels were determined using an enzymatic method on the same analytical platform. The eGFR was calculated using the four-variable Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [19]. Fibrinogen concentrations were quantified in citrate plasma samples according to the Clauss method, employing a BCS-XP system (Siemens Healthcare Diagnostics, Eschborn, Germany). WBC concentrations were determined in EDTA whole blood samples using either the Sysmex XT 2000, XE 5000, or SE9000 analyzers (Sysmex, Kobe, Japan) or the Advia 2120i platform (Siemens Healthcare Diagnostics, Erlangen, Germany).




2.3. Quantification of Arginine, Asymmetric and Symmetric Dimethylarginine


Liquid chromatography–tandem mass spectrometric (LC–MS/MS) analyses of serum Arg, ADMA and SDMA concentrations were carried out according to previously published protocols established in our laboratory [20]. In brief, 25 μL of serum was diluted in 100 µL of methanol with internal standards added, i.e., stable isotope labeled Arg, SDMA, and ADMA. The samples were then passed through a 0.22 μm hydrophilic membrane for filtration on 96-well plates (Multiscreen HTS™, Millipore, Molsheim, France). After filtration, we evaporated the eluate to dryness and converted the analytes to their butyl ester derivatives with 1 N hydrochloric acid in butanol. After centrifugation, the eluates were dried by heating at 70 °C. Analytes were redissolved in 100 µL of a mixture of methanol and water (25/75, vol/vol) containing 0.1% ammonium formate. Samples were stored at 10 °C in a CTC combi PAL autosampler (CTC Analytics AG, Zwingen, Switzerland) and 10 µL aliquots were injected in the LC–MS/MS system (Varian 1200 MS, Agilent Technologies, Santa Clara, CA, USA) equipped with two Varian ProStar model 210 HPLC pumps. For the separation of analytes, we used a Polaris C18-Ether column (50 × 2.0 mm by Agilent Technolgies, Waldbronn, Germany,) and employed an elution gradient consisting of (A) 0.1% formic acid in water and (B) a mixture of acetonitrile and methanol (50/50, vol/vol) containing 0.1% aqueous formic acid. The elution gradient was as follows: 0:00 min—95/5 (A/B, vol/vol), 0:30 min—95/5, 2:00 min—50/50, 2:01 min—95/5, 4:00 min—95/5. The column temperature was maintained at 30 °C, and the flow rate was set at 0.3 mL/min. For nebulizing and drying, we used nitrogen gas at 250 °C with a flow rate of 90 and 180 L/h, respectively. In the positive electrospray ionization (ESI+) mode, the needle and shield voltage were set at 5000 and 600 V, respectively. To determine the concentrations of guanidino compounds analyzed, we calculated the peak area ratios of the analyte and internal standard using calibration curves based on four levels in triplicates. We also ran plate-wise quality controls (QC) at two levels in duplicates. Furthermore, we conducted a plate-wise second analysis of samples if the coefficient of variation and bias of the QC were above 15%.




2.4. Cytokine Measurements


A bead-based assay (Bio-Plex Pro™ Human Inflammation Assay Panel 1, Bio-Rad Laboratories, Hercules, CA, USA) was used to measure a total of 37 inflammatory biomarkers and cytokines in blood plasma. Following the manufacturer’s protocol, 50 μL of the coupled magnetic bead mixture was added to each well in a 96-well plate and washed twice. Subsequently, 50 µL of 1:4 diluted EDTA plasma, serial dilutions of the reconstituted standard, blanks, or controls were added. The plate was then incubated in the dark at room temperature with shaking at 850 rpm overnight. After incubation, the plates were washed three times. Next, a detection antibody mixture was added to the wells and incubated for an additional 30 min at room temperature with shaking at 850 rpm. The plates were washed three times, and streptavidin-PE was added for a 10 min incubation at room temperature with shaking at 850 rpm. The 96-well plates were washed again three times and measurements were performed on a FLEXMAP3D® (Luminex Corp., Austin, TX, USA) platform. To obtain quantitative data, a 5P-logistic regression model was applied to the standard dilution curve data (xPONENT® v4.2 software, Luminex Corp.). Of the 37 inflammatory biomarkers, six with a high number of values below the limit of detection were excluded from the analyses. The remaining biomarkers achieved a median coefficient of variation of 7.7%. As the measurements were conducted in six batches, differences between the plates were corrected using median normalization.




2.5. Statistical Analysis


Continuous data are presented as the median (25th, 75th quartile); with nominal data expressed as percentages. The Kruskal–Wallis test was applied for comparison of continuous data and the chi-square test was used to compare nominal data. Linear regression models were calculated to determine the associations between Arg, ADMA or SDMA as well as Arg/ADMA or Arg/SDMA (exposure variables) and inflammatory markers (outcomes, log2-transformed). The beta coefficient (β) and standard error (SE) was calculated for each variable. Models were adjusted for age, sex, WC, smoking status, total cholesterol, diabetes (only whole population) and hypertension. To explore possible nonlinear associations, restricted cubic splines were used. Briefly, in the case of restricted cubic splines, the independent variable is split up in segments defined by the number and location of the so-called knots. In each segment, cubic polynomials are fitted and are chosen so that the spline is continuous/smooth at each knot. For the present analyses, three knots located at the 5th, 50th, and 95th percentiles were defined [21], resulting in one component of the spline function, e.g., arginine’.



If the likelihood ratio test indicated a significant improvement in model fitness, the spline term for Arg, ADMA, SDMA, Arg/ADMA or Arg/SDMA was included in the regression model. For inflammatory markers measured by the cytokine kit, in addition to the p-value, Benjamini–Hochberg correction for multiple testing was applied, maintaining the false discovery rate (FDR) at or below 5%. Statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, USA).





3. Results


General characteristics for the whole as well as subsample of the SHIP-TREND cohort are given in Table 1. The whole study population was on average 53 years old and thus 4 years older than the subsample, in which an additional 31 inflammatory biomarkers were available. In particular, the frequency of diabetes is lower in the 456 individuals of the subsample as compared to the 3556 participants of the SHIP-TREND cohort investigated in this study (Table 1).



Multivariable linear regression analyses were used to detect possible associations between Arg, ADMA or SDMA and the investigated established inflammatory markers in the whole population (Table 2 and Figure 1). We observed significant positive associations of Arg and SDMA but not of ADMA with hsCRP as well as fibrinogen in the whole study population (n = 3556). With respect to the ratios, Arg/ADMA as well as Arg/SDMA were both positive linked to hsCRP and fibrinogen. We found that Arg, ADMA, or SDMA as well as Arg/ADMA and Arg/SDMA were not significantly associated with WBC.



In the subsample (n = 456) used for the investigation of relations between Arg, ADMA or SDMA and cytokines or markers of inflammation, various associations were detected (Figure 2 and Table S1). Arg was positively related to interleukin (IL)-19 and IL-34 as well as inversely related to osteocalcin and a proliferation-inducing ligand/tumor necrosis factor (TNF) superfamily member 13 (TNFSF13), also known as a proliferation-inducing ligand (APRIL). Regarding SDMA only positive associations were observed. Again, osteocalcin and APRIL/TNFSF13 were found with opposite direction compared to Arg. Additional, SDMA concentrations were positively linked to matrix metalloproteinase (MMP)-3, TNF receptor superfamily member 8 (TNFRSF8) also known as soluble cluster of differentiation (sCD) 30, soluble TNF receptor (sTNF-R)1 and sTNF-R2. ADMA showed similar but weaker linear associations to osteocalcin and sTNF-R2 as well as an inverse relation to MMP-1. Furthermore, ADMA showed inverted reverse J-shaped relations to sCD30 and sCD163. With respect to the Arg/ADMA or Arg/SDMA ratio, we observed significant associations with the same markers whereby the association direction is mainly triggered by arginine.




4. Discussion


In the present study, we identified Arg and SDMA but not ADMA to be positively associated with common but unspecific markers of inflammation in the general population of the SHIP-TREND study. Furthermore, in a subsample including a broad set of cytokines Arg, SDMA and ADMA were related to different pro-inflammatory cytokines. Coming from an ICU perspective, the results are difficult to interpret and our aim was challenging. The incidence of life-threatening acute disease treated in ICU in a population-based cohort such as SHIP-TREND is, per definition, zero percent. Therefore, the aim was not to answer the question whether Arg, SDMA and ADMA are associated with acute life-threating disease. This has been previously shown for an ICU cohort of sepsis patients [3]. Thus, it is more important and interesting to measure NO-related markers in this large population-based cohort for mainly two other reasons: (1) Is NO metabolism associated with common inflammatory markers often used in an outpatient setting and screening? (2) Is a cytokine-driven immune response in a non-critically ill cohort related to NO metabolism?



Answering both questions is a first step not only to define normal ranges for Arg, ADMA and SDMA to better interpret those levels in an ICU setting but also fundamental to strengthen our previous observation that Arg, ADMA and SDMA may play a role as alternative markers for acute inflammatory disease and septic shock. To our knowledge, this is the first study and approach in which lately discovered ICU biomarkers related to sepsis and shock are measured in a non-critically ill cohort and without sepsis.



Arg is a substrate of NOS while ADMA is an endogenous inhibitor of NOS. Three isoforms of NOS exists, neuronal NOS (nNOS) and endothelial (eNOS) are expressed in the vascular wall constitutively while the inducible NOS (iNOS) is expressed under inflammatory conditions [22]. Even though Arg is essential to maintain vascular homeostasis of vasodilation and vasoconstriction, under inflammatory stimulation vast NO production by iNOS may be detrimental [23]. Of note, arginine supplementation of patients after myocardial infarction was found to be a risk for mortality and morbidity in one study, whereas no effect at least on mortality rate was observed in hypertensive patients [24,25]. The association of Arg and hsCRP might therefore be indirect, identifying individuals with subclinical inflammation. This notion is in line with previous findings in atherosclerotic patients showing a positive correlation of arginine and hsCRP [26]. This might be explained at least in part by an alteration of Arg metabolism in obese individuals with mild inflammation [27]. In the subgroup of 456 SHIP-TREND participants, Arg was positively related to IL-19 and IL-34 but inversely related to APRIL/TNFSF13. The protein APRIL, which belongs to the TNF superfamily, is released into the bloodstream in response to inflammatory signals such as IFN-gamma or IFN-beta. The release is triggered by molecules associated with pathogens, i.e., damage-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), which are recognized by specific receptors called pattern recognition receptors (PRRs) including various Toll-like receptors (TLRs) [28]. In the pathophysiology of cardiovascular disease, APRIL is linked to the development of atherosclerosis [29]. Mechanistically, APRIL is atheroprotective by binding to heparan sulfate chains of heparan-sulfate proteoglycan 2. This interaction reduces the accumulation of LDL cholesterol, invasion of macrophages and thereby limits the formation of necrotic cores. Recent studies have also associated APRIL with insulin resistance, lipolysis, brown adipose tissue dependent thermogenesis and nonalcoholic fatty liver disease, suggesting a broader involvement in energy metabolism [28,30].



The link between SDMA and inflammation seems to be independent of NOS. SDMA was previously shown to induce TNFα expression in monocytes by nuclear factor (NF)-κB activation [31]. We found that SDMA also associates with soluble TNF receptor (superfamily) concentrations, i.e., sTNF-R1, sTNF-R2, and sCD30/TNFRSF8 in a subsample of the population-based SHIP-TREND study, indicating that this interaction is not only evident at higher SDMA concentrations seen in patients with chronic kidney disease but also could be relevant within the normal range of SDMA concentrations, i.e., 0.27 and 0.63 µmol/L, 2.5th and 97.5th percentile, respectively, in women and 0.30 and 0.67 µmol/L, 2.5th and 97.5th percentile, respectively, in men [11]. We previously identified a strong inverse association of sTNF-R2 with the HDL subclasses Apo-A1 and Apo-A2 in the SHIP-TREND cohort [30]. SDMA binds to Apo-A1 and Apo-A2 and thereby modifies the properties of HDL particles. In children and adults with chronic kidney disease (CKD), a population with high cardiovascular risk, Speer et al. have demonstrated that HDL from these patients, i.e., HDL(CKD), contrast to HDL from healthy donors promoted endothelial superoxide production, substantially reduced NO bioavailability, and subsequently increased arterial blood pressure [32]. Increased circulating concentrations of SDMA in these patients transformed HDL into HDL(CKD). This HDL(CKD) promoted endothelial dysfunction. Mechanistically, SDMA bound to HDL reduced endothelial NO availability via Toll-like receptor-2 (TLR-2), leading to impaired endothelial repair, increased proinflammatory activation, and hypertension. TLR2 is another well-known trigger of immune responses in the arterial wall, leading to the induction of the inflammasome including the release pro-inflammatory cytokines, such as IL-1β [33]. Furthermore, studies have shown that TLR-2 plays a significant role in driving inflammation in human atherosclerosis through a signaling adaptor called MyD88 [34]. Collectively, this evidence strongly suggests that TLR-2 is one of the most proatherogenic TLRs.



SDMA was previously found to be associated with vertebral fractures and serum osteocalcin in type 2 diabetic patients [35]. This suggests a potential role of SDMA in bone turnover. However, to date, there is no mechanistic or causative evidence for this notion. SDMA activates NF-κB (see above) and associates with several receptors of the TNF (superfamily). The TNF (superfamily) ligand interaction with the TNF (superfamily) receptor leads to a downstream intracellular signaling which is amplified by the recruitment of a number of adaptors including TNF receptor associated factor (TRAF). The receptor activator of NF-κB (RANK) to RANK ligand (RANKL) signaling pathway is mediated by TRAF6 recruitment, comprising the master regulator of the osteoclast-specific transcriptional activation [36]. Interestingly enough, recent research has identified the Jumonji C domain-containing protein (JMJD)6 to demethylate the methylation of arginine residues of the TRAF6 protein resulting in maximal activation of NF-κB and release of methylated arginine residues [37].



As compared with SDMA, ADMA showed similar but weaker associations to osteocalcin and sTNF-R2. Furthermore, an inverse relation of ADMA to MMP-1 was observed. This may suggest, that beyond a relation to the immune system, ADMA has an even stronger link to the vascular system in particular to vascular remodeling seen in intimal hyperplasia and atherosclerosis. There is evidence from several cohorts that the risk for cardiovascular events, i.e., from myocardial infarction and stroke is predicted by ADMA independently of hypertension, obesity and hypertriglyceridemia [38]. In line with this interpretation, we and others recently identified higher levels of ADMA to be associated with the presence of subclinical atherosclerosis as defined by coronary artery calcification (CAC) and carotid intimal media thickness (cIMT) in other community-based studies [39,40,41]. However, also Arg and SDMA have been linked to subclinical atherosclerosis, i.e., cIMT [42]. Taking together these observations from the SHIP-TREND cohort and other studies, this suggests that SDMA and ADMA are not only markers of atherosclerosis but are also mediators of cardiovascular impairment.



Due to the cross-sectional study design and single-time guanidino compound and cytokine measurement, we can only speculate whether our observations are based on an asymptomatic acute infection or chronic low-grade inflammation. Also no direct mechanistic evidence can be drawn from our observations and all associations seen can only foster future basic science research to provide causality.




5. Conclusions


Our findings contribute new insights into the involvement of Arg, ADMA, and SDMA in subclinical inflammation in the general population. In particular, SDMA is associated with subclinical inflammation in the general population. For Arg derivatives, mechanisms other than NO might be more relevant as triggers of subclinical inflammation and deserve further investigation. It needs to be investigated whether SDMA and Arg are also predictive for unfavorable outcomes in patients with infectious disease. In this context, a longitudinal prospective study design including patients at risk may focus on this particular aspect, e.g., in emergency departments.
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Figure 1. Association between arginine (black) or symmetric dimethylarginine (SDMA, red) as well as the ratios arginine/ADMA (green) and arginine/SDMA (orange) and (a) levels of fibrinogen or (b) high-sensitivity C-reactive protein (hsCRP) in the whole study population. Linear regression models without or with restricted cubic splines (see methods and Table 2) were adjusted for age, sex, waist circumference, smoking, total cholesterol, diabetes and hypertension. 
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Figure 2. Associations between arginine, asymmetric (ADMA) or symmetric (SDMA) dimethylarginine as well as ratios and levels of measured cytokines and inflammatory biomarkers in the subpopulation. Upper part: Color-coded p-value from linear regression models without or with restricted cubic splines (see methods and Table S1) adjusted for age, sex, waist circumference, smoking, total cholesterol and hypertension. Significant associations with p-values or corrected p-values (controlling the false discovery rate (FDR)) < 0.05) are marked with a black box. Lower part: Regression lines for significant associations (black—arginine; red—SDMA; blue—ADMA). Regression lines for significant ratios are given in Figure S1. 
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Table 1. General characteristics of the used study populations.
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	Whole Population

n = 3556
	Subpopulation

n = 456





	Men, %
	50.7
	46.7



	Age, years
	53 (40; 64)
	49 (40; 60)



	Smoking, %
	
	



	Never smoker
	36.0
	42.3



	Ex-smoker
	37.2
	34.2



	Current smoker
	26.8
	23.5



	Diabetes, %
	12.2
	3.3



	Hypertension, %
	47.8
	37.3



	Waist circumference, cm
	91 (81; 101)
	88 (80; 97)



	BMI, kg/m2
	27.6 (24.6; 31.0)
	26.9 (24.2; 30.2)



	Total cholesterol, mmol/L
	5.4 (4.6; 6.2)
	5.5 (4.8; 6.2)



	HDL cholesterol, mmol/L
	1.39 (1.16; 1.66)
	1.42 (1.20; 1.67)



	LDL cholesterol, mmol/L
	3.31 (2.67; 3.96)
	3.40 (2.78; 3.99)



	Triglycerides, mmol/L
	1.40 (0.96; 2.01)
	1.25 (0.88; 1.72)



	Creatinine, µmol/L
	70 (61; 80)
	70 (61; 78)



	eGFR, mL/min/1.73 m2
	97 (85; 108)
	98 (89; 108)



	WBC, Gpt/L
	5.8 (4.9; 7.0)
	5.5 (4.7; 6.8)



	Fibrinogen, g/L
	3.0 (2.5; 3.5)
	3.0 (2.4; 3.5)



	hsCRP, mg/L
	1.29 (0.67; 2.90)
	1.18 (0.56; 3.22)



	Arginine, µmol/L
	118 (105; 134)
	121 (107; 137)



	ADMA, µmol/L
	0.70 (0.60; 0.81)
	0.70 (0.60; 0.81)



	SDMA, µmol/L
	0.50 (0.42; 0.60)
	0.52 (0.44; 0.62)







Abbreviations: ADMA, asymmetric dimethylarginine; BMI, body mass index; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; SDMA, symmetric dimethylarginine; WBC, white blood count.













 





Table 2. Associations between arginine or arginine derivate and markers of inflammation in the whole study population.
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White Blood Count

	
Fibrinogen

	
High-Sensitivity C-Reactive Protein




	

	
β

	
SE

	
p

	
β

	
SE

	
p

	
β

	
SE

	
p






	
Arginine

Arginine’

	
2.44 × 10−4

	
2.44 × 10−4

	
0.32

	
5.23 × 10−3

	
4.75 × 10−4

	
<0.01

	
0.010

	
0.002

	
<0.01




	
-

	
-

	
-

	
−5.64 × 10−7

	
9.59 × 10−8

	
<0.01

	
−9.29 × 10−7

	
4.32 × 10−7

	
0.03




	
ADMA

	
−0.010

	
0.028

	
0.71

	
0.008

	
0.022

	
0.71

	
0.060

	
0.098

	
0.54




	
SDMA

	
−0.018

	
0.038

	
0.64

	
0.083

	
0.031

	
0.01

	
0.298

	
0.137

	
0.03




	
Arginine/ADMA

	
1.93 × 10−4

	
1.21 × 10−4

	
0.11

	
1.79 × 10−3

	
2.54 × 10−4

	
<0.01

	
2.04 × 10−3

	
4.30 × 10−4

	
<0.01




	
Arginine/ADMA’

	
-

	
-

	
-

	
−4.75 × 10−8

	
1.31 × 10−8

	
<0.01

	
-

	
-

	
-




	
Arginine/SDMA

	
1.29 × 10−4

	
7.81 × 10−5

	
0.10

	
4.44 × 10−4

	
6.28 × 10−5

	
<0.01

	
8.83 × 10−4

	
2.78 × 10−4

	
<0.01








Abbreviations: ADMA, asymmetric dimethylarginine; β, beta coefficient; SE, standard error; SDMA, symmetric dimethylarginine; Stderr, standard error. Arginine’ and arginine/ADMA’ are spline components (more details see method Section 2.5). Linear regression analyses were adjusted for age, sex, waist circumference, smoking, total cholesterol, diabetes and hypertension.
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