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ABSTRACT

Introduction: Guanidino compounds, including 1-homoarginine (1-hArg), sym-

metric dimethylarginine (SDMA), asymmetric dimethylarginine (ADMA) and 1-arginine (1-Arg) are associated with mortality, fatal strokes, stroke incidence, and
atherosclerosis.

Objectives: We aimed to study the association of guanidino compounds (1-hArg/ADMA and 1-hArg/SDMA) with stroke etiology, internal carotid artery (ICA) stenosis
and CHA,DS,-VASc score in patients with cerebrovascular disease.

Methods: We analyzed 1-hArg, SDMA, ADMA, 1-Arg, and compound molar ratios, i.e. .-hArg/ADMA and 1-hArg/SDMA, in 272 patients with cerebrovascular disease
in a cross-sectional discovery cohort and two cross-sectional validation cohorts of acute stroke patients from Germany (n = 137) and UK (n = 394). The guanidino
compound levels were compared with clinical, imaging, and ultrasound parameters.

Results: Low 1-hArg/ADMA and 1-hArg/SDMA molar ratios predicted territorial infarcts (OR 1.74; 95% CI 1.34-2.26 and OR 1.64; 95% CI 1.26-2.15, respectively)
and were associated with stroke subtypes due to large vessel disease or cardio-embolism (OR 1.52; 95% CI 1.12-2.06 and OR 2.01; 95% CI 1.35-3.00, respectively) in
meta-analysis of the discovery and validation cohort data. In line with these results, a low .-hArg/ADMA and 1-hArg/SDMA molar ratio was found in patients with
ICA stenosis (OR 0.73; 95% CI 0.55-0.97 and OR 0.69; 95% CI 0.50-0.94, respectively) in the discovery and validation cohort. Furthermore, guanidino compound
ratios (i.e. 1-hArg/ADMA and 1-hArg/SDMA) were strongly correlated with CHA,;DS,-VASC score (p < .001) in all three cohorts.

Discussion: The results from these three cross-sectional studies reveal that guanidino compound ratios (i.e. .-hArg/ADMA and 1-hArg/SDMA) can discriminate stroke
etiologies, predict ICA stenosis and estimate risk prediction in patients with cerebrovascular disease.

strong correlation between r-Arg and its derivatives, such as ADMA,
SDMA, and 1-hArg with stroke and cardiovascular events [2,3]. Al-
though multi-factorial mechanisms are responsible for atherogenesis,

1. Introduction

1-Arginine (1-Arg), 1-homoarginine (i-hArg), symmetric dimethy-

larginine (SDMA), and asymmetric dimethylarginine (ADMA) are gua-
nidino compounds involved in nitric oxide (NO) metabolism and vas-
cular function. NO is produced from 1-Arg by NO-synthase (NOS) and is
a crucial modulator of vascular function, i.e. elicit vasodilatation, de-
crease atherosclerosis, reduce platelet aggregation, and modulate in-
flammatory processes [1]. Numerous clinical studies underline the

experimental in vitro and animal models as well as clinical studies have
shown the importance of NO metabolism in these processes [4].

In clinical studies, ADMA levels were associated with progression of
carotid intima media thickness (IMT) [5]. However, whilst some studies
revealed a positive association of SDMA with carotid IMT [6,7] others
did not validate this correlation [5,8]. Both, SDMA and 1-hArg are
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associated with vascular remodeling, but in contrast to SDMA, 1-hArg
showed an inverse correlation with measures of aortic atherosclerosis
[9,10], and low 1-hArg levels were associated with progressive carotid
atherosclerosis assessed by IMT [11]. Given that ADMA and SDMA are
risk factors for cardiovascular disease, it is presumed that they promote
atherosclerotic disease [12]. But the association of guanidino com-
pounds between each other is less well understood. Recently, a low t-
hArg/ADMA molar ratio was reported to significantly correlate with
aortic IMT in a single cross-sectional study and therefore suggested as
composite biomarker in the cardiovascular system [13,14]. Further-
more, low 1-hArg/ADMA and 1-hArg/SDMA molar ratios were asso-
ciated with cardiovascular mortality and events in patients with lower
extremity arterial disease [15]. At present, it is unclear if i-hArg/ADMA
and 1-hArg/SDMA molar ratios predict parameters of atherosclerosis
(i.e. carotid IMT, carotid artery stenosis and occlusion) in stroke pa-
tients.

With respect to stroke subtypes, low 1-hArg levels have been asso-
ciated with territorial infarcts in patients with acute ischemic stroke
[16]. Different stroke etiologies underlie ischemic stroke events (e.g.
small and large vessel disease, cardio-embolism), which require dif-
ferent stroke treatments. But associations of guanidino compounds with
stroke subtypes, stroke etiologies and their underlying diseases (i.e.
carotid artery stenosis, atrial fibrillation) have not been evaluated yet.

In three independent cross-sectional studies we tested the hypoth-
esis that guanidino compounds and their ratios are associated with
stroke subtype, stroke etiology and risk prediction scores (i.e. CHA,DS,-
VASc score). The concentrations of circulating 1-Arg, 1-hArg, ADMA,
and SDMA were determined and associated with clinical parameters in
a discovery cohort of 272 patients with stroke risk recruited at a
German neurological outpatient clinic (UKE cohort) and two validation
cohorts of 137 acute stroke patients at a German neurological clinic
(Harburg Stroke Study) and 394 hospitalized acute stroke patients re-
cruited in Leeds, United Kingdom (Leeds Stroke Study).

2. Materials and methods
2.1. Study design

For the UKE discovery cohort 274 patients were recruited from the
neurovascular outpatient clinic at the University Medical Center
Hamburg-Eppendorf from October 2015 wuntil September 2016
(Supplementary Fig. 1). The inclusion criteria were as follows: age >
18 years, diagnosis of prior stroke or patients at stroke risk, patient
provided informed consent. Previous history of myocardial infarction,
stroke, hypertension, diabetes mellitus, hypercholesterolemia, atrial
fibrillation, and coronary artery disease, was determined from case
notes, as were current use of antihypertensive, hypoglycemic and lipid-
lowering medication use. Two patients were excluded due to missing
data for ACI stenosis and therefore 272 patients were included in this
study. 226 subjects (83%) had experienced prior stroke. Blood samples
were taken directly after inclusion, serum and plasma samples were
obtained by centrifugation and subsequently subjected to biochemical
analyses. Written informed consent was obtained from all participants.
The study protocol conforms to the ethical guidelines of the 1975
Declaration of Helsinki. The study protocol has been priorly approved
by the Ethics Committee of the Hamburg Board of Physicians (PV4715).
The two other study cohorts, i.e. Harburg and Leeds Stroke Study, have
been described elsewhere [16,17].

2.2. Biochemical analyses

Cholesterol, LDL, HDL, serum creatinine, glutamic oxaloacetic
transaminase (GOT), glutamic pyruvic transaminase (GPT), creatine
kinase, and C-reactive protein (hsCRP) were determined with routine
laboratory assays after inclusion of participants. Estimated glomerular
filtration rate (eGFR) was calculated with the MDRD formula. The
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laboratory assessors were blinded to clinical data. Biochemical analyses
of the Harburg and Leed Stroke cohorts have been described elsewhere
[7,16].

Additional plasma samples were stored at —20 °C for the UKE dis-
covery cohort, at —40 °C for the Leeds Stroke Study, and — 80 °C for the
Harburg Stroke Study. -hArg, 1-Arg, ADMA, and SDMA measurements
were performed batch-wise using a previously described liquid chro-
matography-tandem mass spectrometric (LC-MS/MS) assay [18,19].
Even though sample analyses were performed with the same analytical
platform, patient specimens were harvested at different time points and
storage conditions were not identical. Briefly, 25 puL aliquots of plasma
were spiked with internal standards, i.e. stable isotope-labelled 1-hArg,
1-Arg, and ADMA (stable isotope-labelled ADMA being used to quantify
unlabelled ADMA and SDMA). By adding 100 uL methanol proteins
were precipitated. After filtrating the samples through a 0.22 um hy-
drophilic membrane (Multiscreen HTS™, Millipore, Molsheim, France),
compounds were derivatized to their butylester derivatives with buta-
nolic 1N HCl, and analyzed by LC-MS/MS (Varian 1200 MS, Agilent
Technologies, Santa Clara, USA).

2.3. Stroke subtype classification

According to the Oxfordshire Community Stroke Project (OCSP)
classification, ischemic stroke was subclassified as lacunar, partial
anterior, total anterior, or posterior circulation infarction based on
cranial computed tomographic (CT) or magnetic resonance (MR) scans,
as previously described [16]. Lacunar infarction represents stroke of
probable small-vessel origin; partial anterior and total anterior circu-
lation infarctions represent stroke of probable large-vessel origin; and
posterior circulation infarction represents stroke of mixed vascular
pathology. According to TOAST (Trial of Org 10,172 in Acute Stroke
Treatment) criteria, all patients with ischemic stroke were further
classified into different stroke subtypes: small-vessel atherosclerosis,
large-vessel atherosclerosis, cardioembolic, other determined etiology
and undetermined etiology. Electrocardiography, echocardiography,
imaging of extracranial and intracranial arteries, computed tomo-
graphy, magnetic resonance imaging, and laboratory assessments were
determined from case notes and were performed after admission for
acute stroke. Classification of stroke subtype was based on the detailed
review of patient's clinical symptoms and results of diagnostic tests.

2.4. Carotid artery ultrasound

Carotid arteries were evaluated with high-resolution B-mode and
Duplex ultrasound using a GE Logiq7 system with a 7.5-MHz linear-
array transducer (GE Healthcare, Solingen, Germany) as previously
described [20,21]. Ultrasound assessment of the severity of carotid
stenosis was evaluated by using combined Doppler acoustic standard
criteria. IMT was evaluated based on the Mannheim IMT Consensus
[20]. The IMT was measured at the far wall as the distance from the
leading edge of the first echogenic line to the leading edge of the second
echogenic line with 10 mm proximal to the reference point at its
thickest point in a region free of plaques. The greatest IMT measured in
the right and left common carotid artery was used to define individual
IMT. All carotid ultrasound studies were performed by two in-
vestigators, and offline analysis of all frozen ultrasound images were
performed by the same experienced reader, who was blinded to clinical
data.

2.5. Statistics

The sample size for the discovery cohort was estimated to be 240 on
the basis of previous studies with P value of 0.001, mean values of 1.48
and 1.93umol/L and standard deviation of 1pmol/L r-hArg [16].
Continuous variables are given as mean * standard deviation (SD) if
normally distributed, otherwise as median [25th-75th percentile], and



K. Cordts et al.

categorical variables are given as number (percentage) of participants.
Relationships between guanidino compounds and continuous variables
were assessed by Spearman correlation analyses (correlation coefficient
p) or linear regression analyses (beta coefficient and 95% confidence
interval, CI). Statistical comparisons of two groups were made by Stu-
dent's t-test (two-tailed) or by logistic regression analyses and odds
ratios (OR) and corresponding 95% CI are given. We calculated beta
coefficients and ORs for different models: unadjusted (model 1), ad-
justed for age and sex (model 2), and additionally adjusted for the
cardiovascular risk factors hypertension, diabetes, hypercholester-
olemia, eGFR, and smoking status (model 3). Model 3 was calculated by
the backward elimination method based on the likelihood-ratio statis-
tics. For the meta-analysis all models additionally included the study
cohort as adjustment. A p value < .05 was considered as statistically
significant. Due to the explorative nature of the study we did not adjust
for multiple testing. Statistical analysis was performed with IBM SPSS
Statistics (version 22, IBM Corp., Armonk, NY) and GraphPad Prism
(version 5 for Windows, La Jolla, USA).

2.6. Data availability

De-identified participant data, related documents such as study
protocol and statistical analysis will be shared by request from any
qualified investigator for 3 years after the date of publication.

3. Results
3.1. Baseline characteristics

The baseline characteristics of the UKE discovery cohort and the
two validation cohorts (Harburg Stroke Study and Leeds Stroke Study)
are summarized in Supplementary Tables 1, 2 and 3 respectively. In the
UKE stroke cohort, 1-hArg positively correlated with renal function
(estimated glomerular filtration rate) and negatively with age
(Supplementary Table 4). In contrast, ADMA and SDMA levels were
negatively correlated with renal function and positively with age.
Previous studies suggested a strong association of 1-hArg/ADMA levels
with vascular risk factors [13], but we did not observe a correlation
with body mass index, blood pressure, or total cholesterol (Supple-
mentary Table 4).

3.2. Guanidino compounds and stroke subtype

We explored the association of guanidino compounds with stroke
subtypes and etiology assessed by brain imaging, ultrasound and car-
diological assessment. In the UKE discovery cohort, the 1-hArg/ADMA
and r-hArg/SDMA molar ratios were able to differentiate lacunar from
territorial infarcts in unadjusted and adjusted models of logistic re-
gression analyses (model 3: OR 1.95; 95% CI 1.26-3.02 and OR 1.74;
95% CI 1.15-2.62, respectively) (Supplementary Table 5). In the
Harburg Stroke Study, the OR (95% CI) was also significantly increased
in unadjusted (model 1) and adjusted models (model 2 and 3). Similar
results were observed in a combined analysis of both studies in crude
and adjusted models for L.-hArg/ADMA and r-hArg/SDMA (model 3: OR
1.74; 95% CI 1.34-2.26 and OR 1.64; 95% CI 1.26-2.15, respectively).
Guanidino compounds were also associated with stroke etiology ac-
cording to the TOAST classification. In the UKE discovery cohort, lower
1-hArg/ADMA and 1-hArg/SDMA were observed in stroke patients due
to large vessel disease or cardio-embolism compared with small vessel
disease in unadjusted and fully adjusted models (model 3: OR 1.58;
95% CI 1.04-2.41 and OR 1.87; 95% CI 1.13-3.12, respectively)
(Supplementary Table 6). A similar association was found in the
Harburg Stroke Study in unadjusted model 1, but not after adjustment.
The combined analysis of discovery and validation cohort revealed a
significant association with stroke etiology in crude and adjusted
models for L.-hArg/ADMA and 1-hArg/SDMA (model 3: OR 1.52; 95% CI
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TOAST
OR(95%Cl) P value
L-hArg Model 1+ —_—— 1.68 (1.23-2.29)  0.001**
L-hArg Model 3- —— 1.96 (1.36-2.82)  0.0003**
L-Arg Model 1 —— 1.01(0.60-1.70)  0.97
L-Arg Model 3 —— 098 (0.58-1.68) 0.96
ADMA Model 14 —er—i 0.92 (0.63-1.33) 0.65
ADMA Model 3 —— 095(0651.38) 0.79
L-hArg/ADMA Model 14 ——i 151(1.14-200) 0,004
L-hArg/ADMA Model 3 —— 1.52 (1.12-2.06)  0.007
SDMA Model 14 —— 099 (0.70-1.41)  0.96
SDMA Model 3 —o—i 1.09 (0.76-157) 0.64
L-hArg/SDMA Model 14 | —e——o 1.54(1.16-2.05)  0.003"
L-hArg/SDMA Model 3 | —— 201 (1.35-3.00) 00006
1

0 2 3 4

Odds ratio (95% Cl)
for small-vessel disease

Fig. 1. Associations of guanidino compounds with TOAST classification in
meta-analysis of UKE cohort and Harburg Stroke Study. Logistic regression
analyses with odds ratios (OR) with 95% confidence intervals (CI) per SD in-
crease of guanidino compounds for small-vessel disease compared to cardi-
oembolic or large-vessel disease (model 1: adjusted for the study cohort; model
3: additionally adjusted for age, sex, hypertension, diabetes, hypercholester-
olemia, estimated glomerular filtration rate, and smoking; model 3 was calcu-
lated by backward elimination). ADMA indicates asymmetric dimethylarginine;
CI, confidence interval; 1-Arg, r-arginine; 1-hArg, r-homoarginine; OR, odds
ratio; SDMA, symmetric dimethylarginine; TOAST, Trial of Org 10172 in Acute
Stroke Treatment.

1.12-2.06 and OR 2.01; 95% CI 1.35-3.00, respectively) (Fig. 1).

3.3. Guanidino compounds and atherosclerosis

In the UKE discovery cohort, 1-hArg/SDMA was negatively corre-
lated in linear regression analyses with IMT in the common carotid
artery (model 1: beta coefficient — 0.06; 95% CI -0.12-0.00), but did
not remain significant after adjustment for age, sex and vascular risk
factors (Supplementary Table 7). 1.-hArg/ADMA did not correlate with
IMT in the common carotid artery. Correspondingly, .-hArg/SDMA was
lower in patients with ICA stenosis compared with patients without ICA
stenosis in the UKE discovery cohort (3.09 = 1.78 vs 3.61 + 2.18,
p < .05). Similar results were observed in logistic regression analysis,
which did not reach statistical significance due to a low number of
patients with ICA stenosis (model 1: OR 0.75; 95% CI 0.55-1.02)
(Supplementary Table 8). In the Harburg Stroke Study and combined
analysis of both studies, 1-hArg/SDMA was significantly lower in pa-
tients with ICA stenosis or occlusion compared with patients without
any ICA stenosis in unadjusted and adjusted models (Fig. 2,

Internal Carotid Artery Stenosis

OR(95%Cl)  Pvalue
. 4 ——l 0,79(0,61-1,02) 0,07
L hArgd Model 31 —— 075(056-101) 0,06
: J —_ 1,07 (0.74-1,53) 0,72
L Arg Modal 3 e 110(076-159) 0,60
1,22 (0,98-1,52) 0,08
ADMA Model 1+ —
ADMA Model 31  -— 122(097-154) 0,09
0,76 (0,59-0,98) 0,03
L-hArg/ADMA Model 1 4 ——i "
L-hArg/ADMA Model 3 —a—i 0,73(0,55-0,97) 0,03
- 1,45(1,18-1,79)  0,0005***
SDMA Modai 3 e 145(116-181) 0001
0,70 (0,53-0,92) 0,01*
L-hArg/SDMA Model 1 4 —— "
L hArg/SDMA Model 3 —_— . | 089(050094) 002
0.0 0.5 1.0 1.5 2.0

Odds ratio (95% Cl)
for ICA stenosis

Fig. 2. Associations of guanidino compounds with ICA stenosis/occlusion in
meta-analysis of UKE cohort and Harburg Stroke Study. Logistic regression
analyses with odds ratios (OR) with 95% confidence intervals (CI) per SD in-
crease of guanidino compounds for stenosis or occlusion of the internal carotid
artery (model 1: adjusted for the study cohort; model 3: additionally adjusted
for age, sex, hypertension, diabetes, hypercholesterolemia, estimated glo-
merular filtration rate, and smoking; model 3 was calculated by backward
elimination). ADMA indicates asymmetric dimethylarginine; CI, confidence
interval; 1-Arg, i-arginine; r-hArg, r-homoarginine; OR, odds ratio; SDMA,
symmetric dimethylarginine; ICA, internal carotid artery.
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Supplementary Table 8) (model 3: OR 0.69; 95% CI 0.50-0.94).

3.4. Guanidino compounds and atrial fibrillation

In the UKE discovery cohort, low -hArg/ADMA and 1-hArg/SDMA
ratios were found in patients with large vessel or cardio-embolic
etiologies. In addition to large vessel disease, we also studied correla-
tions of L.-hArg/ADMA and 1-hArg/SDMA with cardio-embolic stroke. -
hArg/ADMA was lower in patients of the Leeds Stroke Study with atrial
fibrillation (AF) compared to patients without AF (1.86 = 0.99 vs
2.35 = 1.19, p < .001), whereas no difference was found in patients
of the UKE cohort and Harburg Stroke Study (3.01 * 1.69 vs
3.62 * 1.87and 3.13 * 1.46 vs 3.35 = 1.72; p = n.s. for both) In all
three cohorts, 1-hArg/SDMA was significantly lower in patients with AF
compared with patients without AF (UKE cohort: 2.70 = 1.57 vs

3.52 = 212, p < .05; Harburg Stroke Study: 3.38 + 1.57 vs
4.28 £ 2.6, p < .05; Leeds Stroke Study: 1.84 = 1.04 vs
2.56 * 1.50, p < .001). A logistic regression analysis of all three co-

horts revealed a significantly lower 1-hArg/ADMA and 1-hArg/SDMA
ratio in patients with AF in a crude logistic regression model (model 1:
OR 0.70; 95% CI 0.53-0.92 and OR 0.60; 95% CI 0.45-0.80, respec-
tively), but this association did not remain significant after adjustment
for age, sex, and vascular risk factors (Fig. 3, Supplementary Table 9).

3.5. Guanidino compounds and risk of stroke recurrence

We analyzed whether compound molar ratios, i.e. 1-hArg/ADMA
and 1-hArg/SDMA, were associated with CHA,DS,-VASc score in the
UKE cohort, Harburg and Leeds Stroke Studies, which is a well-estab-
lished risk prediction score used to estimate the annual stroke risk.
Spearman correlation analysis revealed significant associations of i-
hArg, ADMA, 1-hArg/ADMA, SDMA and 1-hArg/SDMA with CHA,DS,-
VASc score in all three stroke cohorts (Table 1). In the Harburg Stroke
Study, and Leeds Stroke Study we found the strongest and most sig-
nificant correlation with CHA,DS,-VASc score for .-hArg/SDMA. These
data indicate that especially a low -hArg/SDMA ratio associates with a
higher risk of stroke recurrence in patients with established cere-
brovascular disease.

4. Discussion

Our results from three cross-sectional studies of cerebrovascular
disease indicate that low guanidino compound ratios (i.e. 1-hArg/

Atrial fibrillation

OR (95% CI) P value
L-hArg Model 14 ——i 0,67 (0,51-0,88)  0,004**
L-hArg Model 34 —— 0,88 (0,66-1,17) 0,38
L-Arg Model 14 ——i 0,73(0,56-0,95)  0,02*
L-Arg Model 34 ——t—i 0,88 (0,67-1,16) 0,37
ADMA Model 14 —o—i 1,05(0,85-1,30) 0,64
ADMA Model 3 - ——i 0,96 (0,76-1,22) 0,76
L-hArg/ADMA Model 1 4 ——i 0,70(0,53-0,92)  0,01*
L-hArg/ADMA Model 3 1 —e— 0,96 (0,72-1,27) 0,76
SDMA Model 14 o—oy 1,05(0,87-1,27) 0,61
SDMA Model 34 =+ 0,85 (0,67-1,07) 0,16
L-hArg/SDMA Model 1 i 0,60 (0,45-0,80)  0,0004***
L-hArg/SDMA Model 3 ' ——i r r . 086(064-1,15) 032
0.0 0.5 1.0 1.5 2.0 25

0Odds ratio (95% Cl)

for atrial fibrillation
Fig. 3. Associations of guanidino compounds with atrial fibrillation in meta-
analysis of UKE cohort, Harburg Stroke Study and Leeds Stroke Study. Logistic
regression analyses with odds ratios (OR) with 95% confidence intervals (CI)
per SD increase of guanidino compounds for atrial fibrillation (model 1: ad-
justed for the study cohort; model 3: additionally adjusted for age, sex, hy-
pertension, diabetes, hypercholesterolemia, estimated glomerular filtration
rate, and smoking; model 3 was calculated by backward elimination). ADMA
indicates asymmetric dimethylarginine; CI, confidence interval; 1-Arg, r-argi-
nine; t-hArg, r-homoarginine; OR, odds ratio; SDMA, symmetric dimethylargi-
nine.
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ADMA and 1-hArg/SDMA molar ratios) are associated with 1) territorial
infarcts, 2) cardio-embolic or large vessel stroke, 3) internal carotid
artery stenosis/occlusion, 4) atrial fibrillation and 5) CHA,DS,-VASC-
score.

4.1. ICA stenosis and atrial fibrillation

Predictive blood-based biomarkers, which could support the diag-
nostic process to determine stroke subtype and etiology, are currently
unavailable. Guanidino compounds and ratios thereof have been pre-
viously associated with endothelial (dys)function and atherosclerotic
burden in different vascular segments as well as vascular disease
[22-26]. Our data now add that a low .-hArg/ADMA and 1-hArg/SDMA
molar ratio is associated with common carotid artery atherosclerosis
and ICA stenosis/occlusion, which underlie ischemic strokes due to
larger vessel disease. Compared with 1-hArg/ADMA, 1-hArg/SDMA was
more consistently and stronger associated with ICA stenosis/occlusion
and carotid IMT. 1-hArg/ADMA and 1-hArg/SDMA are both associated
with atherosclerotic disease. But in line with our findings, other studies
have also revealed associations of SDMA with parameters of athero-
sclerosis (i.e. IMT, aortic wall thickness), but not with ADMA [6,10]. In
addition to large vessel disease, a low 1-hArg/ADMA and 1-hArg/SDMA
molar ratio predicted the presence of atrial fibrillation in all three cross-
sectional studies. Correspondingly, a recent study revealed increased
ADMA and SDMA plasma concentrations in patients with permanent
atrial fibrillation [27]. Interestingly, missense variants of alanine-
glyoxylate aminotransferase 2 (AGXT2) — the only enzyme capable of
metabolizing all three guanidino compounds at least to some extent, i.e.
hArg, ADMA and SDMA - were associated with chronic atrial fibrilla-
tion in coronary angiography patients [28]. This finding is in line with
our association of 1-hArg/ADMA and 1-hArg/SDMA with atrial fi-
brillation and might indicate an involvement of NO bioavailability in
the pathogenesis of atrial fibrillation. Taken together, a low r-hArg/
ADMA and 1-hArg/SDMA is a marker for large vessel disease and pos-
sibly atrial fibrillation, which are main causes of ischemic strokes.

4.2. Stroke subtype

In patients with acute ischemic stroke, low 1-hArg is a risk factor for
territorial infarcts [16]. Even though similar associations of ADMA or
SDMA with stroke subtypes are not available, we previously reported a
weak association of AGXT2 gene variants with territorial infarcts [29].
The main causes of territorial infarcts are large vessel disease and
cardio-embolism. Therefore, it is not surprising that reduced 1-hArg/
ADMA and 1-hArg/SDMA ratios were found in patients with stroke
presumably due to large vessel disease or cardio-embolism. No differ-
ence was found for ADMA and SDMA only, therefore the effect for -
hArg/ADMA and 1-hArg/SDMA was primarily driven by 1-hArg. Despite
different pathophysiological mechanisms of atrial fibrillation and large
vessel disease, L.-hArg/ADMA and 1-hArg/SDMA were able to predict
both. In line with these results, the AGXT2 gene variant rs16899974
was associated with large vessel atherosclerosis, but not with small
vessel disease stroke subtype [28].

4.3. CHA,DS>-VASc score

In addition to stroke subtype and etiology, precise estimation of
stroke recurrence risk is essential for individualized stroke manage-
ment. Risk prediction is commonly assessed with the CHA,DS,-VASc
score in patients with atrial fibrillation. Recent studies extend the im-
portance of the CHA,DS,-VASc score beyond patients with atrial fi-
brillation predicting vascular function, thromboembolism and cardio-
vascular mortality in patients without atrial fibrillation [30-35]. Our
data reveal that low 1-hArg/ADMA and 1-hArg/SDMA are associated
with an increased CHA,DS,-VASc Score possibly indicating an in-
creased risk for vascular events and death. SDMA plasma
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Table 1
Spearman correlation of arginine derivatives with CHA,DS,-VASc-Score.
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UKE cohort Leeds stroke cohort Harburg stroke cohort

Spearman-Rho P value Spearman-Rho P value Spearman-Rho P value
1-hArg -0.13 0.03 -0.34 6 X 107120 -0.27 0.001,
L-Arg -0.08 0.18 -0.26 1 X 107 7= -0.11 0.21
ADMA 0.17 0.004** 0.09 0.06 0.16 0.07
1-hArg/ADMA -0.22 3 X 107 Heu -0.35 2 x 10712 -0.28 0.001**
SDMA 0.32 7 X 10 8exr 0.28 1 x 107 8= 0.33 8 X 107>
1-hArg/SDMA -0.27 5 X 1076 -0.41 8 x 107 17+ -0.37 1 X 107 %=

ADMA indicates asymmetric dimethylarginine; 1-Arg, 1-arginine; 1-hArg, 1-homoarginine; SDMA, symmetric dimethylarginine. *p < .05, *'p < .01, ***p < .001.

concentrations increased with CHA,DS»-VASc Score in anticoagulated
patients with AF in the ARISTOTLE substudy [27]. Given that increased
CHA,DS,>-VASc Score predict vascular events and death, it is not sur-
prising that low L-hArg/SDMA ratios were associated with increased
cardiovascular events in patients with lower extremity arterial disease
[15]. Therefore, a low 1-hArg/SDMA ratio might help to differentiate
patients at high risk and proximal embolic stroke. In the light of current
research, we suggest that a low L-hArg/SDMA ratio in patients with
embolic strokes of undetermined source (ESUS) might therefore be
helpful to further differentiate patients with underlying proximal em-
bolic sources and high risk for vascular events.

4.4. Biochemical associations of guanidino compounds

The studied guanidino compounds 1-hArg, ADMA and SDMA are all
involved in NO metabolism. ADMA inhibits NO synthase and therefore
reduces NO availability [36]. Similarly, SDMA competes with 1-Arg at
the cationic amino acid transporter to enter the cell and subsequent
substrate reduction indirectly reduces NO synthesis [37]. Consequently,
impaired NO signaling was supposed to underlie the association of
ADMA and SDMA with cardiovascular disease. In contrast, 1-hArg is a
substrate for NO synthase [38]. Furthermore, 1-hArg is a competitive
inhibitor of arginase, which could indirectly increase substrate avail-
ability of the NO synthase [39]. Therefore, the current notion is that 1-
hArg would facilitate NO availability [2]. Generally, ADMA and SDMA
might act antagonistically to 1-hArg in the vascular system (Graphical
Abstract). Others have also suggested that 1-hArg/AMDA and possibly 1-
hArg/SDMA might be more useful than using a single guanidino com-
pound alone [14].

4.5. Strengths and limitations

The strength of our study is the analysis of three independent cross-
sectional studies. Furthermore, one study of patients at cerebrovascular
risk and two studies of patients with acute ischemic stroke were in-
cluded, which broadens the clinical relevance. Even though sample
analyses were performed with the same analytical platform, specimen
of participants were harvested at different time points and storage
conditions were not identical. The limitation of our study is the cross-
sectional design, therefore no statement about long-term follow-up and
no causal conclusion can be made.

5. Conclusion

In summary, low 1-hArg/ADMA and 1-hArg/SDMA ratios were as-
sociated with territorial infarcts, internal carotid artery stenosis and an
increased stroke risk prediction (i.e. CHA,DS,-VASc score). Our find-
ings suggest that these novel guanidino compound ratios, especially L-
hArg/SDMA, are useful as biomarkers for stroke patients to facilitate
diagnosis and prognosis. We conclude that prospective clinical trials are
required to establish their significance for patients with cerebrovascular
disease and experimental studies are needed to further elucidate the
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(patho)physiological role of 1-hArg/ADMA and 1-hArg/SDMA in animal
models.
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