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Abstract


A key mechanism in the pathogenesis of cerebral small vessel disease (CSVD) is endothelial dysfunction associated with impaired metabolism of nitric oxide (NO) and its main substrate, L-arginine. The aim of the study was to assess parameters of L-arginine metabolism and their association with MRI-defined brain damage in CSVD patients. A total of 100 CSVD patients (according to MRI STRIVE standards) and cognitive impairment (CI) of varying severity, as well as 20 healthy volunteers, were analyzed. Levels of L-arginine and its metabolites—L-ornithine, L-citrulline, and asymmetric dimethylarginine (ADMA)—were measured; diffusion tensor MRI, MRI volumetry, and morphometry were performed. A threshold level of L-arginine (51.25 μmol/L) was identified, above which an association with CI was observed. Patients with L-arginine ≥ 51.25 μmol/L demonstrated poorer performance on cognitive tests (Stroop test, trail-making test (TMT)-B, TMT B–A, 10-word test) and more severe brain damage, reflected by greater severity of MRI markers (white matter hyperintensities, microbleeds), changes in brain component volumes, cortical atrophy in specific regions, and impairment of white matter microstructural integrity. The obtained data indicate a pathogenetic link between disturbances in L-arginine homeostasis and the development of CSVD with CI and support the need for further studies aimed at refining approaches to their correction.
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1. Introduction


Age-related cerebral small vessel disease (CSVD) is one of the most common causes of vascular and mixed neurodegenerative cognitive impairment (CI), associated with reduced work capacity and disability in the population [1]. This reflects the importance of its early diagnosis, clarification of the factors and mechanisms underlying its progression, and the development of timely preventive measures.



According to current concepts, the development and progression of CSVD are closely linked to endothelial dysfunction (ED) [2,3,4,5]. Its biological equivalent is a deficiency and/or reduced bioavailability of endothelial nitric oxide (NO). The latter is associated with disruption of vascular wall homeostasis and the development of a vasospastic, prothrombotic, and proinflammatory state of the vascular wall [6], which triggers and sustains the main mechanisms of CSVD, namely hypoxia/ischemia of brain tissue and increased blood–brain barrier (BBB) permeability, followed by neuroinflammation [7,8,9].



NO is synthesized primarily by enzymes of the nitric oxide synthase (NOS) family from the amino acid L-arginine, through its oxidative deamination to L-citrulline with the participation of oxygen, nicotinamide adenine dinucleotide phosphate (NADPH), the cofactor tetrahydrobiopterin (BH4), and heme [10,11,12,13]. NO deficiency occurs when L-arginine availability is reduced. The primary mechanisms underlying its reduction include elevated levels of asymmetric dimethylarginine (ADMA), a structural analog of L-arginine that competitively inhibits NOS and thereby reduces NO production, and increased arginase activity. Another highly significant factor contributing to NO deficiency is a lack of exogenous L-arginine or the cofactor BH4, which promotes eNOS uncoupling due to the so-called L-arginine paradox [13,14]. The central principle of this phenomenon is that, although the concentration of endogenous L-arginine (100–800 μM) greatly exceeds the concentrations required to maintain maximal eNOS activity (Km = 3 μM), only exogenous L-arginine is capable of activating eNOS and enhancing NO synthesis [14,15]. In turn, eNOS expression is substantially influenced by systemic pathological processes such as oxidative stress, chronic inflammation, hyperglycemia, hypoxia, and also by insufficient NO production [16,17,18].



Because of its high reactivity, short half-life, and complex metabolism, there are currently no reliable methods for the direct quantitative measurement of NO levels [19]. One of the proposed approaches to assessing its bioavailability is the measurement of blood levels of L-arginine and its closely related amino acid metabolites—L-ornithine, L-citrulline, and ADMA—with the calculation of ratios between them [20,21,22]. The findings for these markers have been inconsistent. Reduced L-arginine/(L-ornithine + L-citrulline) ratio has been associated with coronary artery disease, type 2 diabetes mellitus, and elevated levels of endothelial inflammatory markers VCAM-1 and ICAM-1 [23,24]; a reduced L-arginine/L-ornithine ratio has been linked to an increased 10-year risk of cardiovascular mortality [25]; and a reduced L-arginine/ADMA ratio has been associated with the risk of CSVD in older adults [26]. On the other hand, studies have shown an age-related increase in L-arginine levels [27] and increased hippocampal L-arginine concentrations in the early stages of Alzheimer’s disease and frontotemporal dementia [28]. In studies using the APPswe/PS1ΔE9 mouse model of Alzheimer’s disease, elevated plasma L-arginine levels were detected before the onset of behavioral abnormalities, whereas the development of these abnormalities was associated with increased L-arginine deposition in the prefrontal cortex, hippocampus, and parahippocampal region, as well as with its direct neurotoxic effects [29].



Given the pivotal role of ED in the development of CSVD, investigation of the NO–L-arginine system is highly justified [30]. In the available literature, we did not identify any studies clarifying the associations of circulating L-arginine and its derived indices with the development of CI in CSVD, nor any evidence-based rationale for its clinical use in this context. It should be noted that, despite the pathophysiological rationale for its use across a wide range of diseases associated with ED, the available studies remain limited and have yielded conflicting results. The VINTAGE MI study (Vascular Interaction With Age in Myocardial Infarction, 2002–2004) in post-myocardial infarction patients showed that L-arginine administration at a dose of 9 g/day was associated with higher mortality compared with placebo [31]. At the same time, P. Mone and colleagues (2022), in a cohort of patients with arterial hypertension (AH) and CI, found that 4 weeks of oral L-arginine administration led to improved cognitive performance on the Montreal Cognitive Assessment (MoCA) compared with the placebo group [32]. According to a meta-analysis of 11 randomized clinical trials (n = 387), L-arginine administration at a dose of 9 g/day for 4 weeks was associated with a statistically significant reduction in systolic and diastolic blood pressure compared with placebo [33]. Most likely, these opposing therapeutic effects are due to differences in L-arginine metabolism across the studied populations, highlighting the need for criteria to identify patients most likely to benefit from this treatment. In the present study, we examined the associations between structural brain characteristics in patients with CSVD and CI and blood levels of L-arginine and its metabolites in order to identify significant relationships reflecting their biological relevance to disease progression and to help define a target group of patients who may benefit from L-arginine administration.



The aim of this study was to assess markers of L-arginine metabolism and their association with MRI-defined brain damage in patients with CSVD and CI of varying severity.




2. Materials and Methods


The study included 100 patients with CSVD (according to MRI STRIVE standards) and CI of varying severity: 80 patients with subjective cognitive impairment (SCI) (62.5 ± 7.1 years; 72.5% women) and 20 patients with mild cognitive impairment (MCI) (65.4 ± 7.3; 65% women). The control group consisted of 20 healthy volunteers (62.6 ± 5.8 years; 55% women) without CI or MRI brain abnormalities. All participants provided written informed consent. The study was approved by the Local Ethics Committee of the Russian Center of Neurology and Neurosciences (protocol No. 10-4/22 dated 23 November 2022).



Exclusion criteria were as follows: CSVD due to other causes; stenotic atherosclerosis of the intra- and/or extracranial arteries > 50%; probable Alzheimer’s disease, defined by an amnestic type of CI and cerebrospinal fluid (CSF) biomarkers; cardiac disease associated with a reduced ejection fraction < 50%; endocrine disorders (type 1 diabetes mellitus (DM), decompensated type 2 DM, or uncontrolled thyroid dysfunction); chronic kidney disease with an estimated glomerular filtration rate < 30 mL/min; absence of somatic diseases explaining the CI; infectious disease within 1 month before blood sampling; and contraindications to MRI.



Clinical assessment included the collection of complaints, medical history, and epidemiological data (sex and age), as well as evaluation of somatic and neurological status and vascular risk factors. Global cognitive function was assessed using the MoCA [34], followed by an extended neuropsychological assessment aimed at evaluating different cognitive domains [35,36,37,38]. Emotional status was assessed using the Hospital Anxiety and Depression Scale (HADS) [39].



All participants underwent structural brain MRI (Siemens MAGNETOM Verio, 3 T and Magnetom Prisma, 3 T, Siemens Healthineers, Erlangen, Germany). The imaging protocol included sequences allowing assessment of CSVD-related MRI markers in accordance with the STRIVE criteria [40]: T2-weighted imaging, 3D T1-MPRAGE, 3D FLAIR, DWI, and SWI in the axial and sagittal planes.



Diffusion tensor MRI (spin-echo echo-planar imaging sequence; b = 0, 1000, and 2500 s/mm2; 64 directions; TE/TR 115/12600 ms; resolution 2 × 2 × 2 mm3) was performed in 18 patients with CSVD and SCI, 16 patients with CSVD and MCI, and 17 healthy volunteers. Diffusion metric maps, including fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD), were generated in MATLAB R2017a using dedicated scripts [41,42]. Microstructural changes were quantitatively assessed in 29 regions of interest (ROIs), including periventricular, deep, and juxtacortical white matter hyperintensities (WMH), as well as normal-appearing white matter (NAWM) in the frontal and parietal regions, the corpus callosum, cingulate gyrus, uncinate fasciculus, and hippocampus. ROI placement was verified in three planes.



MRI volumetry (T1-MPR; CAT version 12 and SPM version 12 software) of gray matter, white matter, cerebrospinal fluid, and ventricles was performed in 27 patients with CSVD at the SCI stage, 20 patients with CSVD and MCI, and 20 healthy volunteers. The obtained data were normalized to the total intracranial volume (TIV). In addition to visual assessment of cortical thickness, quantitative MRI morphometry of individual cortical regions was performed (T1-MPR; CAT12 and SPM12 software), including voxel-based volumetric analysis (Neuromorphometrics atlas, http://www.neuromorphometrics.com assessed on 19 June 2026) and surface-based cortical thickness analysis (Desikan–Killiany-40 atlas).



Plasma levels of L-arginine and its metabolites—L-ornithine, L-citrulline, and asymmetric dimethylarginine (ADMA)—were measured by high-performance liquid chromatography with tandem mass spectrometry in 80 patients with CSVD and SCI, 20 patients with CSVD and MCI, and 20 healthy volunteers.



Statistical analysis was performed using SPSS Statistics 26.0 software (IBM). Descriptive statistics were used to summarize the data. Categorical variables were compared using the Pearson’s chi-square test or Fisher’s exact test, whereas numeric variables were analyzed using the Mann–Whitney U test or Kruskal–Wallis test followed by pairwise post hoc comparisons with Bonferroni-corrected significance. Data were presented as “Mean ± SD” or Me [25%; 75%].



Associations between variables were assessed using correlation analysis (Spearman’s rank correlation test). Predictive performance was evaluated using binary logistic regression and receiver-operating characteristic (ROC) analysis. Differences were considered significant at p < 0.05.




3. Results


The patient groups and controls were comparable in terms of sex, age, and level of education (Table 1).



Among the assessed vascular risk factors, patients with CSVD showed a statistically significant predominance of AH, DM, and hypercholesterolemia compared with controls. At the same time, no statistically significant differences in the frequency of these vascular risk factors were found between the SCI and MCI groups.



Blood levels of L-arginine and ADMA were higher in both the SCI and MCI groups than in controls, with no significant difference between the two patient groups (Figure 1).



L-arginine levels did not differ between patients with CSVD at the SCI and MCI stages but were significantly higher than those in the control group. ADMA levels increased with increasing severity of the CI and differed significantly from those in the control group at each stage, but not between the CI severity groups. The calculated ratios of L-arginine to its amino acid metabolites, except for ADMA, were significantly higher in patients with SCI and MCI than in controls, with no difference between the two patient groups (Figure 2).



In addition, logistic regression adjusted for age and sex was used to assess the effect of L-arginine on the development of early CSVD with SCI. L-arginine remained an independent statistically significant predictor after inclusion of these covariates in the model (for age, sex, and L-arginine). The resulting model demonstrated high predictive performance in ROC analysis with an area under the curve (AUC) of 0.889 (95% CI 0.800–0.977; p < 0.05). When L-arginine was evaluated separately using ROC analysis, AUC was 0.83 (95% CI 0.70–0.90; p < 0.05), indicating its independent predictive value for early CSVD with SCI (Figure 3).



ROC analysis identified an L-arginine cutoff value of 51.25 μmol/L (sensitivity 68.9% and specificity 87.5%). Based on this threshold, patients with SCI were stratified into groups above and below this cutoff value. Comparison of these two groups revealed differences in macrostructural MRI markers of CSVD and in cognitive test performance (Table 2 and Table 3). There was no MRI evidence of acute or subacute recent small subcortical infarct in the patient groups.



Patients with L-arginine levels above the cutoff value had a greater number of cerebral microbleeds and tended to have more severe white matter hyperintensities (p = 0.062).



Comparison of cognitive test results showed that the group with L-arginine levels > 51.25 μmol/L had statistically significantly poorer performance on the Stroop test (interference), TMT-B, TMT-A, TMT B–A, and the 10-word test (trial 5 and delayed recall). The studied patient groups did not differ significantly in anxiety and depression scores or in vascular risk factors.



Further analysis of the relationships between MRI volumetric and morphometric measures and L-arginine levels, as well as their calculated ratios, revealed a statistically significant deterioration of the assessed brain parameters with increasing L-arginine levels (Table 4).



Statistically significant weak associations were identified between higher blood L-arginine levels and lower total brain volume, total gray matter volume, and the volumes of individual cortical regions, as well as greater cerebrospinal fluid volume. Higher blood ADMA levels and higher L-arginine/(L-ornithine + L-citrulline) ratio were associated with lower total gray matter volume, whereas higher ADMA levels and higher L-arginine/(L-ornithine + L-citrulline) and L-arginine/ADMA ratios were associated with atrophy in certain cortical regions.



Correlation analysis showed that elevated L-arginine levels were associated with signs of white matter microstructural damage. Inverse correlations were observed with fractional anisotropy (FA) in the frontal regions and cingulate gyrus (r = −0.4), as well as direct correlations with mean diffusivity (MD) and radial diffusivity (RD), predominantly in the frontal and temporoparietal regions and the cingulate gyrus (r = 0.3–0.5). Associations with axial diffusivity (AD) were less pronounced (r = 0.3–0.4) and were found in the posterior frontal lobe and corpus callosum (Figure 4A–D, Supplementary, Tables S1 and S2).



The derived L-arginine ratios − L-arginine/(L-ornithine + L-citrulline), L-arginine/L-ornithine, and L-arginine/L-citrulline − showed more widespread and pronounced associations. For FA, inverse correlations were observed predominantly in the frontal regions, temporoparietal area, and corpus callosum (r = −0.3 to −0.4); for MD and RD, direct correlations were found in the same regions, including the cingulate gyrus and corpus callosum (r = 0.3–0.5); for AD, the most pronounced correlations were also observed in the posterior frontal lobe (r = 0.3–0.5). The L-arginine/ADMA ratio showed a limited number of associations, mainly with RD values in the frontal and temporoparietal regions (r = 0.34) (Supplementary, Tables S3 and S4).




4. Discussion


The basis for this study was the need to identify markers associated with the mechanisms of CSVD and its progression. The main contradiction of age-related CSVD is that, despite their close association with classic vascular risk factors, there is no direct cause-and-effect relationship between them.



The central role of ED and the associated reduction in NO bioavailability in the initiation and progression of CSVD [2,3,4,5], together with the dependence of NO synthesis on L-arginine and its metabolites [10,11,12], explain the choice of these compounds for study. The study design included assessment of blood levels of L-arginine and its metabolites in patients with CSVD and CI of varying severity, with calculation of several derived ratios, and comparison of these measures with diagnostic MRI markers of CSVD, microstructural changes in WMH and NAWM, brain volumetric measures, and different cortical regions.



In our cohort, patients with CSVD had significantly higher L-arginine levels than healthy volunteers. This initially appeared counterintuitive and prompted us to review studies reporting relative L-arginine levels. L-arginine levels show considerable variability in reference values across studies [43,44,45], although an age-related increase has been consistently reported [27]. Given that aging is associated with impaired endothelial function and, accordingly, reduced NO bioavailability, one possible explanation for this phenomenon is an age-related disturbance of L-arginine metabolism, resulting in the accumulation of endogenous L-arginine as an end product.



Our comparison of L-arginine levels and derived ratios involving its metabolites across CSVD groups with different severities of CI (SCI and MCI) and healthy controls showed statistically significant differences versus controls, but no differences between the groups with different CI severity.



For the subsequent analyses, we focused on the SCI group, as these patients had less pronounced brain changes than those with MCI and therefore allowed assessment of earlier disease stages. We found that L-arginine itself was highly significant (p < 0.001), and we identified a cutoff value of 51.25 μmol/L, above which L-arginine was associated with the development of CSVD with SCI. To further clarify the associations between elevated L-arginine and brain injury, we divided patients with SCI into groups with L-arginine levels of ≥51.25 and <51.25 μmol/L. Patients with blood L-arginine levels ≥ 51.25 μmol/L showed significantly poorer performance on tests of executive function and memory, as well as a greater burden of cerebral microbleeds and WMH. Higher L-arginine levels were also associated with impaired brain microstructural integrity on diffusion tensor MRI, reflected by reduced fractional anisotropy (FA) and increased mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) in different regions of WMH and NAWM, as well as with greater brain damage based on volumetric measures of the whole brain and individual regions.



These findings may suggest more severe brain damage in patients with L-arginine levels ≥ 51.25 μmol/L. It is possible that elevated circulating L-arginine levels are associated with the accumulation of endogenous L-arginine and its potentially toxic effects on the brain. It should be emphasized that no differences were found between the groups with L-arginine levels above and below the cutoff value in the prevalence of classical vascular risk factors (AH, DM, smoking, and obesity) or in the severity of emotional disturbances (anxiety and depression).



The possibility of a direct toxic effect of elevated L-arginine levels on the brain is demonstrated by both experimental and clinical studies. Thus, in a mouse model of Alzheimer’s disease (APPswe/PS1ΔE9), elevated plasma L-arginine levels preceded the onset of behavioral abnormalities and coincided with increased L-arginine accumulation in the prefrontal cortex, hippocampus, and parahippocampal region [29]. Similar findings have also been reported in humans: patients with early Alzheimer’s disease and frontotemporal dementia were found to have increased hippocampal L-arginine levels compared with controls [28]. Indirect support for this concept also comes from emerging therapeutic strategies for certain cancers based on L-arginine depletion/deprivation in so-called “arginine-dependent cancers” [46,47].



As mentioned above, the main mechanisms underlying the accumulation of endogenous L-arginine with potential toxic effects are increased ADMA levels [48,49,50] and reduced arginase activity [51]. In our study, similarly to other reports [26,52,53], a significant increase in ADMA levels was observed in CSVD. ADMA is a competitive inhibitor of eNOS, which is associated with reduced NO synthesis and, consequently, the development of ED, as well as the emergence of the “L-arginine paradox,” that is, dependence on exogenous L-arginine despite high levels of endogenous L-arginine. A second key mechanism that may lead to elevated L-arginine levels is reduced arginase activity. This enzyme, which participates in the urea cycle, competes with eNOS for the substrate and thereby regulates NO synthesis [14]. Arginase deficiency, particularly in endothelial cells, disrupts L-arginine metabolism, leading to ED, inflammation, and increased production of reactive oxygen species [20,54]. This is further supported by the results of a recent study using a human brain capillary endothelial cell model (hCMEC/D3), in which arginase deficiency led to L-arginine accumulation, increased NO levels, and oxidative stress, thereby suppressing cell viability [51].




5. Conclusions


This study assessed blood levels of L-arginine and amino acids closely related to its metabolism in age-related CSVD and identified an L-arginine cutoff value associated with an increased risk of early CI. Higher L-arginine levels were also associated with more severe brain damage, reflected by greater severity of MRI markers (WMH and cerebral microbleeds), changes in brain structure (including brain volume, gray matter volume, cerebrospinal fluid volume, and individual cortical regions), and impaired microstructural integrity in both affected and NAWM. The identified associations between elevated L-arginine levels, CI, and brain damage support the need for further studies aimed at identifying ways to overcome these disturbances in L-arginine metabolism in CSVD, given its crucial role in NO synthesis and, consequently, in endothelial biological responses.




6. Limitations of the Study


The study focused on assessing L-arginine and its metabolites and did not include analysis or clarification of relationships with other circulating biomarkers associated with the mechanisms of CSVD development. Going forward, it seems appropriate to compare L-arginine metabolism indicators with recognized markers of ED, as well as with neuroimaging indicators of white matter microstructural integrity and BBB permeability. This will allow for a more comprehensive assessment of the role of L-arginine metabolism disorders in the development and progression of CSVD and associated CI.
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	MCI
	Mild Cognitive Impairments
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References


	



Tucker-Drob, E.M. Neurocognitive functions and everyday functions change together in old age. Neuropsychology 2011, 25, 368. [Google Scholar] [CrossRef]

	



Wardlaw, J.M.; Sandercock, P.A.; Dennis, M.S.; Starr, J. Is breakdown of the blood-brain barrier responsible for lacunar stroke, leukoaraiosis, and dementia. Stroke 2003, 34, 806–812. [Google Scholar] [CrossRef] [PubMed]

	



Bailey, E.L.; Wardlaw, J.M.; Graham, D.; Dominiczak, A.F.; Sudlow, C.L.M.; Smith, C. Cerebral small vessel endothelial structural changes predate hypertension in stroke-prone spontaneously hypertensive rats: A blinded, controlled immunohistochemical study of 5-to 21-week-old rats. Neuropathol. Appl. Neurobiol. 2011, 37, 711–726. [Google Scholar] [CrossRef]

	



Wardlaw, J.M.; Chappell, F.M.; Valdés Hernández, M.D.C.; Makin, S.D.; Staals, J.; Shuler, K.; Thrippleton, M.J.; Armitage, P.A.; Muñoz-Maniega, S.; Heye, A.K.; et al. White matter hyperintensity reduction and outcomes after minor stroke. Neurology 2017, 89, 1003–1010. [Google Scholar] [CrossRef]

	



Rajani, R.M.; Quick, S.; Ruigrok, S.R.; Graham, D.; Harris, S.E.; Verhaaren, B.F.; Fornage, M.; Seshadri, S.; Atanur, S.S.; Dominiczak, A.F.; et al. Reversal of endothelial dysfunction reduces white matter vulnerability in cerebral small vessel disease in rats. Sci. Transl. Med. 2018, 10, eaam9507. [Google Scholar] [CrossRef] [PubMed]

	



Janaszak-Jasiecka, A.; Płoska, A.; Wierońska, J.M.; Dobrucki, L.W.; Kalinowski, L. Endothelial dysfunction due to eNOS uncoupling: Molecular mechanisms as potential therapeutic targets. Cell. Mol. Biol. Lett. 2023, 28, 21. [Google Scholar] [CrossRef] [PubMed]

	



Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and reactive oxygen species in endothelial dysfunction associated with cardiovascular and metabolic diseases. Vasc. Pharmacol. 2018, 100, 1–19. [Google Scholar] [CrossRef]

	



Cyr, A.R.; Huckaby, L.V.; Shiva, S.S.; Zuckerbraun, B.S. Nitric oxide and endothelial dysfunction. Crit. Care Clin. 2020, 36, 307–321. [Google Scholar] [CrossRef]

	



Quick, S.; Moss, J.; Rajani, R.M.; Williams, A. A vessel for change: Endothelial dysfunction in cerebral small vessel disease. Trends Neurosci. 2021, 44, 289–305. [Google Scholar] [CrossRef]

	



Rafikov, R.; Fonseca, F.V.; Kumar, S.; Pardo, D.; Darragh, C.; Elms, S.; Fulton, D.; Black, S.M. eNOS activation and NO function: Structural motifs responsible for the posttranslational control of endothelial nitric oxide synthase activity. J. Endocrinol. 2011, 210, 271. [Google Scholar] [CrossRef]

	



Francis, B.N.; Salameh, M.; Khamisy-Farah, R.; Farah, R. Tetrahydrobiopterin (BH4): Targeting endothelial nitric oxide synthase as a potential therapy for pulmonary hypertension. Cardiovasc. Ther. 2018, 36, e12312. [Google Scholar] [CrossRef] [PubMed]

	



Pautz, A.; Li, H.; Kleinert, H. Regulation of NOS expression in vascular diseases. Front. Biosci. (Landmark Ed.) 2021, 26, 85–101. [Google Scholar] [CrossRef]

	



Katusic, Z.S.; d’Uscio, L.V.; Nath, K.A. Vascular protection by tetrahydrobiopterin: Progress and therapeutic prospects. Trends Pharmacol. 2009, 30, 48–54. [Google Scholar] [CrossRef]

	



Caldwell, R.W.; Rodriguez, P.C.; Toque, H.A.; Narayanan, S.P.; Caldwell, R.B. Arginase: A multifaceted enzyme important in health and disease. Physiol. Rev. 2018, 98, 641–665. [Google Scholar] [CrossRef] [PubMed]

	



Gambardella, J.; Khondkar, W.; Morelli, M.B.; Wang, X.; Santulli, G.; Trimarco, V. Arginine and endothelial function. Biomedicines 2020, 8, 277. [Google Scholar] [CrossRef]

	



Kashyap, S.R.; Lara, A.; Zhang, R.; Park, Y.M.; DeFronzo, R.A. Insulin reduces plasma arginase activity in type 2 diabetic patients. Diabetes Care 2008, 31, 134–139. [Google Scholar] [CrossRef][Green Version]

	



Santhanam, L.; Christianson, D.W.; Nyhan, D.; Berkowitz, D.E. Arginase and vascular aging. J. Appl. Physiol. 2008, 105, 1632–1642. [Google Scholar] [CrossRef]

	



Schlüter, K.D.; Schulz, R.; Schreckenberg, R. Arginase induction and activation during ischemia and reperfusion and functional consequences for the heart. Front. Physiol. 2015, 6, 65. [Google Scholar] [CrossRef]

	



Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free Radic. Biol. Med. 2007, 43, 645–657. [Google Scholar] [CrossRef]

	



Morris, S.M., Jr. Arginine: Beyond protein. Am. J. Clin. Nutr. 2006, 83, 508S–512S. [Google Scholar] [CrossRef]

	



Romero, M.J.; Platt, D.H.; Tawfik, H.E.; Labazi, M.; El-Remessy, A.B.; Bartoli, M.; Caldwell, R.B.; Caldwell, R.W. Diabetes-induced coronary vascular dysfunction involves increased arginase activity. Circ. Res. 2008, 102, 95–102. [Google Scholar] [CrossRef]

	



Notsu, Y.; Yano, S.; Shibata, H.; Nagai, A.; Nabika, T. Plasma arginine/ADMA ratio as a sensitive risk marker for atherosclerosis: Shimane CoHRE study. Atherosclerosis 2015, 239, 61–66. [Google Scholar] [CrossRef]

	



Tang, W.W.; Wang, Z.; Cho, L.; Brennan, D.M.; Hazen, S.L. Diminished global arginine bioavailability and increased arginine catabolism as metabolic profile of increased cardiovascular risk. J. Am. Coll. Cardiol. 2009, 53, 2061–2067. [Google Scholar] [CrossRef]

	



Sourij, H.; Meinitzer, A.; Pilz, S.; Grammer, T.B.; Winkelmann, B.R.; Boehm, B.O.; März, W. Arginine bioavailability ratios are associated with cardiovascular mortality in patients referred to coronary angiography. Atherosclerosis 2011, 218, 220–225. [Google Scholar] [CrossRef]

	



Ishinoda, Y.; Masaki, N.; Hitomi, Y.; Taruoka, A.; Kawai, A.; Iwashita, M.; Yumita, Y.; Kagami, K.; Yasuda, R.; Ido, Y.; et al. A low arginine/ornithine ratio is associated with long-term cardiovascular mortality. J. Atheroscler. Thromb. 2023, 30, 1364–1375. [Google Scholar] [CrossRef] [PubMed]

	



Notsu, Y.; Nabika, T.; Bokura, H.; Suyama, Y.; Kobayashi, S.; Yamaguchi, S.; Masuda, J. Evaluation of asymmetric dimethylarginine and homocysteine in microangiopathy-related cerebral damage. Am. J. Hypertens. 2009, 22, 257–262. [Google Scholar] [CrossRef] [PubMed]

	



Kouchiwa, T.; Wada, K.; Uchiyama, M.; Kasezawa, N.; Niisato, M.; Murakami, H.; Fukuyama, K.; Yokogoshi, H. Age-related changes in serum amino acids concentrations in healthy individuals. Clin. Chem. Lab. Med. 2012, 50, 861–870. [Google Scholar] [CrossRef]

	



Mein, H.; Jing, Y.; Lladó, A.; Zhang, H.; Liu, P. Brain Arginine Metabolism in Early-onset Alzheimer’s Disease and Frontotemporal Dementia. Alzheimer’s Dement. 2023, 19, e075958. [Google Scholar] [CrossRef]

	



Bergin, D.H.; Jing, Y.; Mockett, B.G.; Zhang, H.; Abraham, W.C.; Liu, P. Altered plasma arginine metabolome precedes behavioural and brain arginine metabolomic profile changes in the APPswe/PS1ΔE9 mouse model of Alzheimer’s disease. Transl. Psychiatry 2018, 8, 108. [Google Scholar] [CrossRef]

	



Dobrynina, L.A.; Shabalina, A.A.; Shamtieva, K.V.; Kremneva, E.I.; Zabitova, M.R.; Burmak, A.G.; Byrochkina, A.A.; Akhmetshina, Y.I.; Gnedovskaya, E.V.; Krotenkova, M.V. Nitric oxide availability in cerebral microangiopathy. Zh. Nevrol. Psikhiatr. Im. S. S. Korsakova 2023, 123, 47–54. [Google Scholar] [CrossRef] [PubMed]

	



Schulman, S.P.; Becker, L.C.; Kass, D.A.; Champion, H.C.; Terrin, M.L.; Forman, S.; Ernst, K.V.; Kelemen, M.D.; Townsend, S.N.; Capriotti, A.; et al. L-arginine therapy in acute myocardial infarction: The Vascular Interaction With Age in Myocardial Infarction (VINTAGE MI) randomized clinical trial. JAMA 2006, 295, 58–64. [Google Scholar] [CrossRef]

	



Mone, P.; Pansini, A.; Jankauskas, S.S.; Varzideh, F.; Kansakar, U.; Lombardi, A.; Trimarco, V.; Frullone, S.; Santulli, G. L-arginine improves cognitive impairment in hypertensive frail older adults. Front. Cardiovasc. Med. 2022, 9, 868521. [Google Scholar] [CrossRef]

	



Dong, J.Y.; Qin, L.Q.; Zhang, Z.; Zhao, Y.; Wang, J.; Arigoni, F.; Zhang, W. Effect of oral L-arginine supplementation on blood pressure: A meta-analysis of randomized, double-blind, placebo-controlled trials. Am. Heart J. 2011, 162, 959–965. [Google Scholar] [CrossRef]

	



Tsoi, K.K.; Chan, J.Y.; Hirai, H.W.; Wong, S.Y.; Kwok, T.C. Cognitive Tests to Detect Dementia: A Systematic Review and Meta-analysis. JAMA Intern. Med. 2015, 175, 1450–1458. [Google Scholar] [CrossRef]

	



Luria, A.R. Higher Cortical Functions in Man; Second Revised Edition; Moscow University Press: Moscow, Russia, 1969; p. 503. [Google Scholar]

	



Lezak, M.D. Neuropsychological assessment in behavioral toxicology—Developing techniques and interpretative issues. Scand. J. Work Environ. Health 1984, 10, 25–29. [Google Scholar] [PubMed]

	



Stroop, J.R. Studies of interference in serial verbal reactions. J. Exp. Psychol. Gen. 1992, 121, 15–23. [Google Scholar] [CrossRef]

	



American Psychiatric Assosiation (APA). Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Publishing: Arlington, VA, USA, 2013; p. 991. [Google Scholar]

	



Zigmond, A.S.; Snaith, R.P. The hospital anxiety and depression scale. Acta Psychiatr. Scand. 1983, 67, 361–370. [Google Scholar] [CrossRef]

	



Wardlaw, J.M.; Smith, E.E.; Biessels, G.J.; Cordonnier, C.; Fazekas, F.; Frayne, R.; Lindley, R.I.; O’Brien, J.T.; Barkhof, F.; Benavente, O.R.; et al. Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurodegeneration. Lancet Neurol. 2013, 12, 822–838. [Google Scholar] [CrossRef]

	



Veraart, J.; Rajan, J.; Peeters, R.R.; Leemans, A.; Sunaert, S.; Sijbers, J. Comprehensive framework for accurate diffusion MRI parameter estimation. Magn. Reson. Med. 2013, 70, 972–984. [Google Scholar] [CrossRef] [PubMed]

	



Andersson, J.L.R.; Sotiropoulos, S.N. An integrated approach to correction for off-resonance effects and subject movement in diffusion MR imaging. Neuroimage 2016, 125, 1063–1078. [Google Scholar] [CrossRef]

	



King, D.E.; Mainous, A.G., III; Geesey, M.E. Variation in L-arginine intake follow demographics and lifestyle factors that may impact cardiovascular disease risk. Nutr. Res. 2008, 28, 21–24. [Google Scholar] [CrossRef]

	



McRae, M.P. Therapeutic benefits of L-arginine: An umbrella review of meta-analyses. J. Chiropr. Med. 2016, 15, 184–189. [Google Scholar] [CrossRef]

	



Nelson, D.L.; Cox, M.M. Lehninger-Principles of Biochemistry: 6th Edition; Macmillan Learning: New York, NY, USA, 2013. [Google Scholar]

	



Zou, S.; Wang, X.; Liu, P.; Ke, C.; Xu, S. Arginine metabolism and deprivation in cancer therapy. Biomed. Pharmacother. 2019, 118, 109210. [Google Scholar] [CrossRef]

	



Feng, T.; Xie, F.; Lyu, Y.; Yu, P.; Chen, B.; Yu, J.; Zhang, G.; To, K.F.; Tsang, C.M.; Kang, W. The arginine metabolism and its deprivation in cancer therapy. Cancer Lett. 2025, 620, 217680. [Google Scholar] [CrossRef]

	



Bouras, G.; Deftereos, S.; Tousoulis, D.; Giannopoulos, G.; Chatzis, G.; Tsounis, D.; Cleman, M.W.; Stefanadis, C. Asymmetric dimethylarginine (ADMA): A promising biomarker for cardiovascular disease? Curr. Top. Med. Chem. 2013, 13, 180–200. [Google Scholar] [CrossRef] [PubMed]

	



Wijnands, K.A.; Hoeksema, M.A.; Meesters, D.M.; van den Akker, N.M.; Molin, D.G.; Briedé, J.J.; Ghosh, M.; Köhler, S.E.; van Zandvoort, M.A.M.J.; de Winther, M.P.J.; et al. Arginase-1 deficiency regulates arginine concentrations and NOS2-mediated NO production during endotoxemia. PLoS ONE 2014, 9, e86135. [Google Scholar] [CrossRef]

	



Janes, F.; Cifù, A.; Pessa, M.E.; Domenis, R.; Gigli, G.L.; Sanvilli, N.; Nilo, A.; Garbo, R.; Curcio, F.; Giacomello, R.; et al. ADMA as a possible marker of endothelial damage. A study in young asymptomatic patients with cerebral small vessel disease. Sci. Rep. 2019, 9, 14207. [Google Scholar] [CrossRef] [PubMed]

	



Wei, X.; Li, W.; Chen, Z.; Chen, J.; Chen, Y.; Cai, J.; Lin, H. Protective effects of berbamine against arginase-1 deficiency-induced injury in human brain microvascular endothelial cells. Front. Pharmacol. 2025, 15, 1497973. [Google Scholar] [CrossRef] [PubMed]

	



Pikula, A.; Böger, R.H.; Beiser, A.S.; Maas, R.; DeCarli, C.; Schwedhelm, E.; Himali, J.J.; Schulze, F.; Au, R.; Kelly-Hayes, M.; et al. Association of plasma ADMA levels with MRI markers of vascular brain injury: Framingham offspring study. Stroke 2009, 40, 2959–2964. [Google Scholar] [CrossRef]

	



Khan, U.; Hassan, A.; Vallance, P.; Markus, H.S. Asymmetric dimethylarginine in cerebral small vessel disease. Stroke 2007, 38, 411–413. [Google Scholar] [CrossRef]

	



Gogiraju, R.; Renner, L.; Bochenek, M.L.; Zifkos, K.; Molitor, M.; Danckwardt, S.; Wenzel, P.; Münzel, T.; Konstantinides, S.; Schäfer, K. Arginase-1 deletion in erythrocytes promotes vascular calcification via enhanced GSNOR (S-nitrosoglutathione reductase) expression and NO signaling in smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 2022, 42, e291–e310. [Google Scholar] [CrossRef] [PubMed]








[image: Biomolecules 16 00914 g001] 





Figure 1. Levels of L-arginine, L-citrulline, L-ornithine, and ADMA in patients with CSVD (n = 100) and in the control group (n = 20). Notes: * p < 0.05 vs. control; N.s.—non-significant. SCI—subjective cognitive impairments, MCI—mild cognitive impairment, ADMA—asymmetric dimethylarginine. 
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Figure 2. Calculated ratios of L-arginine to its amino acid metabolites in patients with CSVD (n = 100) and in the control group (n = 20). Notes: * p < 0.05 vs. control; N.s.—non-significant. SCI—subjective cognitive impairments, MCI—mild cognitive impairment, ADMA—asymmetric dimethylarginine. 
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Figure 3. ROC curve of L-arginine for SCI in CSVD. Note: SCI—subjective cognitive impairments, CSVD—cerebral small vessel disease, the blue ROC curve, the red reference line. 
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Figure 4. Associations between L-arginine levels and diffusion tensor MRI metrics in specific brain regions (ROIs): (A), fractional anisotropy (FA); (B), mean diffusivity (MD); (C), radial diffusivity (RD); (D), axial diffusivity (AD) in specific brain regions. Note: Values represent Spearman’s rank correlation coefficients (rs). NAWM — normal-appearing white matter; WMH — white matter hyperintensity. ▲—juxtacortical white matter, ■—deep white matter, ●—periventricular white matter. 






Figure 4. Associations between L-arginine levels and diffusion tensor MRI metrics in specific brain regions (ROIs): (A), fractional anisotropy (FA); (B), mean diffusivity (MD); (C), radial diffusivity (RD); (D), axial diffusivity (AD) in specific brain regions. Note: Values represent Spearman’s rank correlation coefficients (rs). NAWM — normal-appearing white matter; WMH — white matter hyperintensity. ▲—juxtacortical white matter, ■—deep white matter, ●—periventricular white matter.



[image: Biomolecules 16 00914 g004]







 





Table 1. Clinical and demographic characteristics of the study groups.






Table 1. Clinical and demographic characteristics of the study groups.





	
Parameters

	
CSVD

	
p




	
SCI

n = 80

	
MCI

n = 20

	
Control

n = 20






	
Age, years

	
62.5 ± 7.1

	
65.4 ± 7.3

	
62.6 ± 5.8

	
n.s.




	
Gender:



	▪

	
Women, (n, %)







	


58 (72.5%)

	


13 (65%)

	


11 (55%)

	
n.s




	

	▪

	
Men, (n, %)







	
22 (27.5%)

	
7 (35%)

	
9 (45%)




	
Risk factors, n (%):

	
 

	
(n, %)

	
 

	
 




	

	▪

	
Arterial hypertension







	
80 (100%)

	
20 (100%)

	
8 (40%)

	
*




	

	▪

	
Diabetes mellitus type 2







	
8 (10%)

	
6 (30%)

	
1 (5%)

	
n.s




	

	▪

	
Obesity (body mass index > 30 kg/m2)







	
34 (42.5%)

	
7 (35%)

	
5 (25%)

	
n.s




	

	▪

	
Hypercholesterolemia







	
58 (72.5%)

	
15 (75%)

	
5 (25%)

	
*




	

	▪

	
Smoking







	
13 (16.25%)

	
3 (15%)

	
1 (5%)

	
n.s




	
General level of education, years

	
14.5 ± 3.4

	
14.5 ± 2.9

	
16.6 ± 2.8

	
n.s








Note: * p < 0.05; n.s.—non-significant. The p-values correspond to the overall comparison across the three study groups.













 





Table 2. Comparison of macrostructural MRI markers of CSVD between patient groups with CSVD and SCI above and below the L-arginine cutoff value.
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	MRI Markers of CSVD
	L-Arginine

<51.25 μmol/L

n = 26
	L-Arginine

≥51.25 μmol/L

n = 54
	p





	Lacunes, (n, %)
	8 (10%)
	22 (27.5%)
	n.s.



	Microbleeds, (n, %)
	3 (3.75%)
	19 (23.75%)
	*



	White matter hyperintensity, Fazekas score (F), (n, %)
	 
	 
	 



	
	▪

	
F1






	11 (13.75%)
	13 (16.25%)
	 



	
	▪

	
F2






	12 (15%)
	19 (23.75%)
	n.s.



	
	▪

	
F3






	3 (3.75%)
	22 (27.5%)
	 







Note: * p < 0.05; n.s.—non-significant.













 





Table 3. Comparison of cognitive test results between patient groups with SCI in CSVD and L-arginine levels above and below the cutoff value.
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	Parameters
	L-Arginine

<51.25 μmol/L,

n = 26
	L-Arginine

≥51.25 μmol/L,

n = 54
	p





	TMT A (s)
	40 [30; 61]
	50 [40; 64]
	*



	TMT B (s)
	85 [73; 115]
	131 [92; 191]
	*



	TMT B-A (s)
	37 [25; 68]
	77 [45; 138]
	*



	Stroop test, interference (s)
	126 [103; 138]
	150 [130; 180]
	*



	10-word test, delayed recall (number of words)
	9 [7; 10]
	7 [6; 8]
	*



	MoCA
	28 [27; 29]
	28 [27; 28]
	n.s.







Note: * p < 0.05; n.s.—non-significant.













 





Table 4. Associations of markers of L-arginine metabolism with neuroimaging volumetric and morphometric measures.
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Parameters

	
L-Arginine

	
ADMA

	
L-Arginine/

L-Ornithine + L-Citrulline

	
L-Arginine/

ADMA






	
Volumetric measures:




	
TBV/TIV

	
−0.342

	
n.s.

	
n.s.

	
n.s.




	
GM/TIV

	
−0.388

	
−0.332

	
−0.326

	
n.s.




	
CSF/TIV

	
0.310

	
n.s.

	
n.s.

	
n.s.




	
Volumes of individual cortical regions:




	
Angular gyrus, R

	
−0.301

	
n.s.

	
n.s.

	
n.s. 




	
Operculum insulae, R

	
−0.361

	
n.s.

	
n.s.

	
−0.313




	
Middle temporal gyrus, R

	
−0.303

	
n.s.

	
n.s.

	
n.s.




	
Middle temporal gyrus, L

	
n.s. 

	
−0.303

	
n.s.

	
n.s.




	
Precentral gyrus, R

	
−0.356

	
n.s.

	
n.s.

	
n.s.




	
Precentral gyrus, L

	
−0.350

	
n.s.

	
n.s.

	
n.s.




	
Isthmus of cingulate gyrus, L

	
n.s.

	
n.s.

	
−0.336

	
n.s.




	
Isthmus of cingulate gyrus, R

	
n.s.

	
n.s.

	
−0.300

	
n.s.




	
Thickness of individual cortical regions:




	
Paracentral lobule, R

	
n.s.

	
−0.303

	
n.s.

	
n.s.




	
Insula, L

	
n.s.

	
−0.341

	
n.s.

	
n.s.








Note: values represent Spearman’s rank correlation coefficients (rs); n.s.—non-significant. TBV—Total Brain Volume, GM—Gray Matter, CSF—cerebrospinal fluid, TIV—Total Intracranial Volume, R—right hemisphere of the cerebrum, L—left hemisphere of the cerebrum.
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