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The role of asymmetric 
dimethylarginine (ADMA) 
in COVID‑19: association 
with respiratory failure 
and predictive role for outcome
Emanuela Sozio 1,12, Juliane Hannemann 2,3,12, Martina Fabris 4, Adriana Cifù 5, Andrea Ripoli 6, 
Francesco Sbrana 7, Demetrio Cescutti 1, Luigi Vetrugno 8, Stefano Fapranzi 9, Flavio Bassi 10, 
Massimo Sponza 9, Francesco Curcio 4,5, Carlo Tascini 1,11,5,12* & Rainer Böger 2,3,12

We aimed to assess the potential role of Asymmetric dimethylarginine (ADMA) in conditioning 
respiratory function and pulmonary vasoregulation during Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS‑CoV2) infection. Within 72 h from admission, samples from 90 COVID‑19 
patients were assessed for ADMA, SDMA, L‑arginine concentrations. In addition to classical 
statistics, patients were also clustered by a machine learning approach according to similar features. 
Multivariable analysis showed that C‑reactive protein (OR 1.012), serum ADMA (OR 4.652), white 
blood cells (OR = 1.118) and SOFA (OR = 1.495) were significantly associated with negative outcomes. 
Machine learning‑based clustering showed three distinct clusters: (1) patients with low severity not 
requiring invasive mechanical ventilation (IMV), (2) patients with moderate severity and respiratory 
failure whilst not requiring IMV, and (3) patients with highest severity requiring IMV. Serum ADMA 
concentration was significantly associated with disease severity and need for IMV although less 
pulmonary vasodilation was observed by CT scan. High serum levels of ADMA are indicative of high 
disease severity and requirement of mechanical ventilation. Serum ADMA at the time of hospital 
admission may therefore help to identify COVID‑19 patients at high risk of deterioration and negative 
outcome.

Since February 2020, Europe found itself fighting against the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV2). Among the clinical parameters that turned out to be relevant for patient outcome, hypoxia 
was among the first guiding the approach both to understand and to revert the COVID-19  pathology1. Many 
patients with COVID-19 pneumonia demonstrate severe hypoxemia but do not appear to be in respiratory 
distress, configuring the strange phenomenon called “silent hypoxemia”2,3. Despite the variation in pulmonary 
pathophysiological observations made in the consecutive waves of the pandemic, this disconnection between gas 
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exchange and lung mechanics in COVID-19 pneumonia appears as a hallmark of this infection; it is characterized 
by a significant dilation of the blood vessels and capillaries of the lung in a proportion of COVID-19  patients4,5.

The major endogenous mediator of vasodilation is nitric oxide (NO); it plays a central role in vascular 
homeostasis, since it also inhibits platelet adhesion and aggregation, monocyte adhesion and smooth muscle 
cell  proliferation6. Nitric oxide synthase (NOS) enzymes catalyze the formation of NO from L-arginine and  O2, 
leading to the collateral synthesis of L-citrulline. Production of NO is oxygen-dependent, but NO also regulates 
 O2 delivery, locally through vasomotor control and centrally, through cardiovascular and respiratory responses. 
Asymmetric dimethylarginine (ADMA) is an endogenous competitive inhibitor of NOS that can replace L-argi-
nine at its binding site, antagonizing endothelium-dependent  vasodilation7,8. Therefore, the ratio of L-arginine 
(the substrate of endothelial NO synthase) and ADMA (the enzyme’s competitive inhibitor) has been suggested 
as a correlate of endothelial NO synthase substrate availability; like high ADMA concentration, low L-arginine/
ADMA ratio has been shown to be associated with all-cause mortality  rate9.

ADMA is increased in patients with pulmonary arterial hypertension and represents a risk marker for car-
diovascular events and mortality in patients with cardiometabolic diseases, but also in the general  population9. 
Elevation of circulating ADMA concentration is a common phenomenon observed in individuals exposed to 
chronic or chronic intermittent hypoxia, e.g., at high  altitude10,11. By contrast, low concentrations of ADMA may 
be an adaptation mechanism to hypoxia by maintaining normal pulmonary blood flow. Indeed, there are reports 
suggesting that populations that are adapted to living at high altitudes are less affected by severe COVID-1912. 
In vitro experiments also demonstrate that hypoxia downregulates ACE2 and heparan sulfate expression in 
lung epithelial cells, thus reducing the binding ability of the spike protein of SARS-CoV2 and virus  infectivity13. 
However, hypoxia is also a potent trigger of several molecular and cellular signals stimulating  thrombogenesis14, 
an event that dominates COVID-19  endothelialitis5,15.

ADMA metabolism is complex. It is generated during physiological turnover of methylated proteins, together 
with monomethyl-L-arginine (NMMA) and symmetric dimethylarginine (SDMA)16. ADMA and NMMA are 
competitive inhibitors of NO synthesis, while SDMA does not directly inhibit NOS  activity17. Furthermore, 
ADMA and SDMA interfere with the cellular uptake of L-arginine, potentially reducing the bioavailability of 
L-arginine as substrate for NOS  activity18.

As it shows a central role in NO regulation during hypoxemia, we hypothesized that ADMA may be involved 
in the NO-dependent altered respiratory function and inappropriate regulation of vasodilation in COVID-19. 
To assess this hypothesis, we measured ADMA, SDMA, L-arginine and L-arginine/ADMA ratio in a series of 
moderately to severely diseased COVID-19 patients within 72 h of admission to hospital.

Patients and methods
Patients. This retrospective study was conducted on 90 COVID-19 patients (70% males; mean age 
63 ± 12 years) admitted to Academic Hospital of Udine between July 2020 and March 2021 with a diagnosis of 
SARS-CoV2 infection as confirmed by a positive reverse transcriptase-polymerase chain reaction (RT-PCR) 
on nasopharyngeal swabs. Patients admitted to hospital due COVID-19 were eligible for inclusion. Exclusion 
criteria included pregnancy and being younger than 18 years of age. The spectrum of COVID-19 disease sever-
ity ranged from mild, self-limiting respiratory tract illness to severe progressive pneumonia, multi-organ failure, 
and death. Baseline characteristics included: age, gender, and blood exams noted to be related to disease sever-
ity and collected within 72 h of admission to the hospital such as white blood cell count (WBC), lymphocyte 
count, lactate dehydrogenase (LDH), Mid-Regional proadrenomedullin (MR-proADM), C-reactive Protein 
(CRP), Interleukin-6 (IL-6); a past medical history of cardiovascular disease, diabetes, chronic kidney disease, 
chronic respiratory diseases; Charlson Comorbidity Index (CCI); clinical severity with SOFA score and COVID-
19 WHO Severity  Classification19 upon hospital admission. All blood samples analyzed were collected as part of 
routine clinical care on admission to the hospital.

Sample size analysis. The sample size was computed in relation to the analysis of variance for ADMA. 
Three groups were considered: patients without respiratory failure (Group 1), patients with respiratory failure 
and no IMV (Group 2), and patients with respiratory failure and IMV (Group 3). The effect size for ANOVA was 
determined considering the ADMA values reported in the  literature20; the expected mean values of ADMA in 
the three groups were: 0.6, 0.6, 0.8 (µmol/L), while the SD was 0.2 (µmol/L), with an effect size of 0.471. A power 
of 80% and a type 1 error of 0.05 were then guaranteed by a sample of 48 patients (16 for each group). This num-
ber had to be corrected for the post-hoc comparisons. Our main interest in the difference between groups 2 and 
3, with an expected effect size of 1, a power of 80% with a type 1 error of 0.017 (Bonferroni correction, 0.05/3) 
was guaranteed by a sample of 19 subjects for each group.

Endpoints. The primary endpoint was the characterization of the parameters able to modulate hypoxic pul-
monary vasoconstriction related to a negative outcome (respiratory failure and/or death) in patients admitted 
for COVID-19 disease. This assessment was done with a cluster analysis.

The explorative secondary endpoint was the investigation of all the factors influencing COVID-19 outcome 
evaluated as composite outcome of IMV and/or in-hospital death in COVID-19 disease.

Study design and ethical approval. Patients were followed up on a daily basis until discharge or in-
hospital death for clinical outcomes such as in-hospital mortality, need for invasive mechanical ventilation 
(IMV), need for transfer to Intensive Care Unit (ICU) or the presence of respiratory failure without need for 
IMV. Results from routine clinical laboratory assays were anonymously collected. Length of hospital stay for 
COVID-9 was calculated as the number of days between admission and discharge for surviving patients. Pul-
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monary vasodilatation was assessed with computed tomography (CT) performed on A 64 slice CT scanner (GE 
VCT Scanner; GE Medical Systems, Milwaukee, WI, USA). All CT scans were performed on patients in supine 
position, possibly in maximal inhalation. Acquisition parameters 120 kV 100-400mAs (18 Noise Index) pitch 
thickness 1.4 with standard acquisition and with kerner for the lung. Two radiologists with 10 and 30 years 
of thoracic imaging experience make a blinded evaluation of the pulmonary vasodilatation using ESTENSA 
software (Esaote S.p.a). Serum samples were collected within 72 h of admission to the hospital and stored in 
aliquots, immediately frozen at − 80 °C until analyzed for ADMA, SDMA, and L-arginine. Patients were enrolled 
in accordance with the Helsinki Declaration, the study was approved by the Udine University Hospital Institu-
tional Review Board (Unique Protocol ID: Z7C2CA5837); and all methods were performed in accordance with 
the relevant guidelines and regulations. At hospital admission, patients were routinely asked for their consent 
to anonymized aggregate data analysis for research purposes through the General Electronic COnsents (GECO 
system). Additionally, we contacted survivors to confirm the permission to use their blood samples stored at 
-80 °C for the present study.

Biochemical analyses. Analysis of L-arginine, ADMA, and SDMA in serum was assessed by ultra-perfor-
mance liquid chromatography—tandem mass spectrometry (UPLC-MS/MS) using validated protocols estab-
lished in our  laboratory21. Briefly, 25  μl of serum were diluted in methanol to which stable isotope-labelled 
internal standards had been added. Subsequently, the compounds were converted into their butyl ester deriva-
tives and quantified by UPLC-MS/MS (Xevo TQ-S cronos, Waters GmbH, Eschborn, Germany). Compounds 
were separated on an Aquity UPLC BEH C18 column (2.1 × 50 mm, 1.7 µm, Waters GmbH). The coefficient of 
variation for the quality control samples was below 15% for all compounds. ADMA, SDMA, and L-arginine were 
also analyzed in 38 blood donors who served as healthy controls.

MR-proADM plasma concentrations were measured in an automated Kryptor analyzer, using the TRACE 
technology (Kryptor; BRAHMS, Hennigsdorf, Germany). IL-6 serum concentrations were measured by micro-
fluidic ultrasensitive ELISA using the Protein simple plex technology on ELLA instrument (R&D systems, Bio-
techne, USA). All other laboratory biomarkers were evaluated using routine certified diagnostic methods.

The manuscript was drafted according to the Standards for the Reporting of Diagnostic accuracy studies 
STARD  criteria22.

Statistical analyses. Variables are described as mean ± standard deviation for normally distributed vari-
ables, and as median and interquartile range or proportion for non-normally distributed variables. Accordingly, 
comparisons between patients were performed with a two-tailed unpaired t-test, Mann–Whitney test or chi-
square test with continuity correction. Moreover, the AUCs of the SOFA and ADMA were calculated.

The relationship between covariates and the probability of IMV was assessed with logistic regression. For 
multivariable analysis, only covariates with p < 0.10 at univariable logistic regression were considered; given the 
small sample size and the number of covariates to be considered, a lasso penalised method was used for the mul-
tivariable logistic regression. Risk stratification was explored using an unsupervised machine learning  approach23 
from variables strictly related to the severity of disease (COVID-19 WHO Severity Classification, SOFA score, 
 PaO2/FiO2), a random  forest24 was built to discriminate between data structure and noise; the similarity between 
each couple of patients was computed as the percentage of trees in the forest that identically classify the couple; 
by a multidimensional scaling procedure, the similarity measure was transformed in a Euclidean distance and 
the patients represented as points in a plane; finally, by a Bayesian model-based  approach25, distinct clusters 
(phenotypes) of patients were identified.

The machine learning identified phenotypes were characterized by one-way ANOVA analysis; Fisher test was 
used for normally distributed variables, Kruskal–Wallis test for non-normally distributed continuous variables, 
and Chi-square test for nominal variables; post-hoc comparisons were performed with Bonferroni correction. 
The relationship between ADMA, disease severity, and time from the onset of symptoms (≤ 10 days or > 10 days) 
was studied with a two-way ANOVA analysis. The R statistical software [R Core Team 2021] was used for all 
analyses, and a p value less than 0.05 was considered statistically significant. Negative outcome was assessed by 
the composite endpoint of IMV and/or death, due to low mortality rate.

Ethics approval and consent to participate. Informed consent was obtained from all subjects and/or 
their legal guardian(s).

Results
We enrolled 38 healthy subjects as controls for assessments of ADMA, SDMA, L-arginine. Serum concentrations 
in healthy subjects were 0.66 ± 0.10 µmol/L for ADMA, 0.36 ± 0.10 µmol/L for SDMA, and 136.1 ± 35.5 µmol/L 
for L-arginine.

Baseline characteristics of the cohort of COVID‑19 patients. Baseline characteristics of the 90 
patients are summarized in Table 1.

During hospitalization, 38/90 patients did not develop respiratory failure, 22/90 patients developed respira-
tory failure but did not require IMV, while 30/90 patients required IMV. No significant differences in age, gender, 
and comorbidity were observed between these three patient groups. In-hospital mortality was 11% (10 out of 90 
cases): all deceased patients had required IMV.

The AUCs of the SOFA score and serum ADMA levels compared to a negative outcome reveal a significantly 
higher AUC of ADMA with the respect to the SOFA one (see Fig. 1).
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As shown in Table 1, upon post-hoc pairwise analysis, factors exhibiting a significant difference between all 
the 3 groups of patients were: SOFA score, COVID-19 WHO severity Classification, length of hospitalization 
(days), and need for ICU admission.

Patients who never developed respiratory failure during hospitalization showed a significantly higher  PaO2/
FiO2 ratio and significantly lower serum LDH activity as opposed to the other two groups.

Patients who required IMV during hospitalization showed significant differences compared to the other two 
groups in the following items: proportion of deceased patients (all belonging to the group of intubated patients), 
WBC, CRP, and L-arginine/ADMA ratio.

Table 1.  Clinical characteristics and laboratory findings of study patients. °p < 0.05 in Group 1 versus Group 2; 
§p < 0.05 in Group 1 versus Group 3; *p < 0.05 in Group 2 versus Group 3.

Overall (n 90)
Patients without respiratory 
failure (n 38)

Patients with respiratory failure 
who need IMV (n 22)

Patients with respiratory failure 
who required IMV (n 30) p

Female 27 (30%) 13 (34%) 7 (32%) 7 (23%) 0.610

Age (years) 63 ± 12 62 ± 14 63 ± 11 65 ± 11 0.535

BMI 27.9 ± 3.9 28.5 ± 4.1 26.4 ± 3.2 29.1 ± 3.2 0.115

Cardiovascular disease 16 (18%) 7 (18%) 4 (18%) 5 (17%) 0.981

Diabetes 12 (13%) 3 (8%) 5 (23%) 4 (13%) 0.265

Charlson comorbidity index 2 [1–4] 3 [1–4] 2 [1–3] 3 [2, 3] 0.600

SOFA score 3 [1–3] 1 [1–3]°,§ 2 2,3* 3 [3–3]  < 0.001

COVID-19 WHO Severity Clas-
sification 3.7 ± 1.0 3.0 ± 0.8°,§ 4.0 ± 0.4* 4.5 ± 0.4  < 0.001

Length of hospital stay (days) 11 7–19 8 6–10°,§ 12 10–14* 22 14–33  < 0.001

Death 10 (11%) 0 (0%)§ 0 (0%)* 10 (33%)  < 0.001

ICU admission 37 (41%) 1 (3%)°,§ 6 (27%)* 30 (100%)  < 0.001

PaO2/FiO2 ratio 240 ± 109 314 ± 101°,§ 175 ± 64 192 ± 89  < 0.001

White blood cell (/mmc) 6.62 ± 3.09 5.33 ± 2.16§ 5.78 ± 2.28* 8.87 ± 3.23  < 0.001

Lymphocytes (/mmc) 0.72 [0.52–1.01] 0.76 [0.62–1.25] 0.84 [0.61–0.98] 0.63 [0.30–0.78] 0.084

LDH (U/L) 580 [440–812] 462 [390–579]°,§ 626 [538–766] 813 [576–981]  < 0.001

C reactive protein (mg/dl) 58.7 [26.4–103.1] 41.2 [14.6–66.4] § 52.2 [40.8–93]* 101.8 [58.5–161.1]  < 0.001

MR-proADM (nMol/L) 0.84 [0.68–1.25] 0.73 [0.61–1.03]§ 0.82 [0.75–1.02] 1.21 [0.82–1.74]  < 0.001

IL-6 (pg/ml) 29.0 [12.4–64.8] 24.0 [6.3–63.5] 42.0 [22.0–72.3] 29.5 [15.5–73] 0.321

ADMA (µmol/L) 0.62 ± 0.20 0.55 ± 0.11§ 0.52 ± 0.14* 0.79 ± 0.21  < 0.001

L-arginine (µmol/L) 146.56 ± 54.86 138.90 ± 61.51 156.60 ± 55.63 148.91 ± 44.46 0.469

L-arginine/ADMA 245.54 + / − 121.25 264.71 + / − 131.8 318.05 + / − 129.47 195.09 + / − 62.97§,*  < 0.001

SDMA (µmol/L) 0.57 [0.45–0.69] 0.57 [0.47–0.74] 0.50 [0.41–0.65] 0.58 [0.45–0.71] 0.213

Chest CT pulmonary vasodilation 51 (57%) 18 (47%) ° 18 (82%) 15 (50%) 0.023

Figure 1.  The AUCs of the SOFA and ADMA.
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CT pulmonary vasodilation was significantly higher in patients with respiratory failure as opposed to patients 
not requiring IMV (82%), when compared to patients without respiratory failure (47%).

ADMA was significantly higher in patients with respiratory failure requiring IMV (0.79 ± 0.21) when com-
pared to patients with respiratory failure without need of IMV (0.52 ± 0.14).

Primary endpoint: the characterization of the parameters able to modulate hypoxic pulmo‑
nary vasoconstriction related to a negative outcome with a cluster analysis. The possible corre-
lation between ADMA, SDMA, L-arginine values along with vasodilation at CT scan analysis (measured within 
72 h from admission) and negative clinical outcome was studied using an unsupervised Random forest-based 
similarity map. This made it possible to identify 3 clusters of patients, which are explained below.

Providing COVID-19 WHO Severity Classification, SOFA score, and  PaO2/FiO2 ratio as severity-related vari-
ables, we tried to understand if there were clusters of patients with similar features in our cohort. A model-based 
clustering approach was used to identify distinct phenotypes (Fig. 2, Panel A): Cluster 1 (n = 30; grey squares) was 
characterized by low disease severity, Cluster 2 (n = 43; yellow triangles) was characterized by moderate disease 
severity, Cluster 3 (n = 17; blue circles) was characterized by high disease severity.

The characterization of the 3 Clusters is specifically summarized in Table 2.
According to severity cluster analysis, post-hoc pairwise analysis identified the following factors exhibiting 

significant differences between the 3 groups of patients, especially when cluster 3 was compared to clusters 1 and 
2 (see Table 2): need for ICU admission, patients who required IMV, LDH levels and ADMA levels at admission. 
In particular, ADMA levels were significantly higher in patients from Cluster 3 (0.83 ± 0.24 µmol/L) compared 
to both Cluster 1 (0.54 ± 0.12 µmol/L) and 2 (0.6 ± 0.17 µmol/L). Of note, cluster 2 was also characterized by a 
greater number of patients who did not require intubation as opposed to patients within Cluster 3, whilst still 
presenting with high proportions of respiratory failure (p < 0.001) as well as a high level of vasodilation (72%, 
according to CT scan (72% in cluster 2 vs 35% in cluster 3, p = 0.014).

The relationship between ADMA levels, disease severity (identified by clustering), and time from symptoms 
onset was assessed. Results are displayed in Fig. 2—Panel B. For patients admitted to the hospital within 10 days 
from onset of symptoms, ADMA levels were significantly higher in Cluster 3 as opposed to Clusters 1 and 2. The 
latter observation no longer persisted when ADMA levels were assessed in patients hospitalized after 10 days from 
symptoms onset. Indeed, 4 patients died within the Cluster 2 group with symptom onset beyond 10 days from 
admission (21 patients overall). ADMA levels in these 4 patients were elevated, ranging from 0.71 to 1 µmol/L, 
all of which were above the median serum ADMA level of cluster 2 (0.6 µmol/L).

Figure 2.  Panel (A) Random forest-based similarity map and clustering in three groups. Each point represents 
one patient; the higher the similarity (computed by unsupervised random forest) between each subject, the 
closer they are on the plot. Clustering was performed by a fuzzy c-means algorithm. Cluster 1 (n = 30; grey 
square) is characterized by a low group of disease severity, Cluster 2 (n = 43; yellow triangles) is characterized by 
an intermedia group of disease severity, Cluster 3 (n = 17; blue circles) is characterized by a high group of disease 
severity. Legend: X1 and X2 are the first two dimensions of the embedding space. Panel (B) Effect on the ADMA 
distribution with respect to the time from the onset of symptoms (p = 0.009) and the 3 Cluster of disease severity 
detected (p < 0.001).
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Secondary endpoint: analysis of factors influencing COVID‑19 outcome. In order to better 
explore the outcome related to mortality, comparisons between survivors and deceased patients were performed 
(see Supplementary Table 1).

As shown in Supplementary Table 1, the deceased patients had a higher SOFA score and higher class of 
COVID-19 WHO Severity Classification as opposed to survivors; they required ICU admission and IMV. All 
deceased patients had lower  PaO2/FIO2 ratio, higher LDH upon admission, higher ADMA levels, and lower 
L-arginine/ADMA ratio.

A sub-analysis of the 30 patients requiring IMV was carried out, comparing the survivors with the deceased 
(see Supplementary Table 2): no statistically significant differences were found.

Since all deceased patients required ICU admission and IMV, we performed a multivariable penalisted logistic 
regression analysis to investigate the association with the composite outcome of IMV and/or death (Table 3).

The multivariable penalisted logistic regression analysis showed that two factors were significantly associated 
with negative outcome: SOFA score (OR 1.495), White blood cell (OR 1.118), C-reactive protein (OR 1.012) and 
serum ADMA levels (OR 4.652).

Discussion
The present study provides evidence that patients hospitalized with COVID 19 disease cluster into three groups 
with distinct symptoms, disease severity, and prognosis. Specifically, patients displaying signs of respiratory 
failure may or may not need mechanical ventilation; the latter group is characterized by pulmonary vasodilation 
and low ADMA concentration. Instead, ADMA levels are significantly higher in patients requiring mechanical 
ventilation.

The COVID-19 infection has been described to have three consecutive phases: early infection, pulmonary 
involvement, and severe  hyperinflammation26. During the early phase of infection, the virus infiltrates the pul-
monary parenchyma and starts replicating, causing an inflammatory response involving local vasodilation and 
increased endothelial  permeability27. Early stages of COVID-19 may be associated with silent hypoxia and poor 
oxygenation. These paradoxical findings may be explained by impaired hypoxic pulmonary vasoconstriction 
in the infected lung and hypoxemia may best be explained by the loss of regulation of perfusion, i.e. by loss of 
hypoxic  vasoconstriction28,29.

Our data suggest that this phenomenon might be related to low levels of ADMA; it may explain the increased 
pulmonary shunts and mismatch of ventilation/perfusion, observed in cluster 2 of this study.

Table 2.  Characterization of the 3 clusters of patients identified by machine learning approach. °p < 0.05 in 
Group 1 versus Group 2; §p < 0.05 in Group 1 versus Group 3; *p < 0.05 in Group 2 versus Group 3.

Cluster 1 (n = 30) Cluster 2 (n = 43) Cluster 3 (n = 17) p

Female 13 (43%) 7 (16%)° 7 (41%) 0.174

Age (years) 59 ± 14 67 ± 10° 62 ± 8 0.007

BMI 28.9 ± 4.4 26.4 ± 3.0 30.1 ± 3.7 0.935

Cardiovascular disease 2 (7%) 13 (30%)° 2 (12%) 0.038

Diabetes 3 (10%) 8 (19%) 2 (12%) 0.608

Charlson comorbidity index 1 [1–3] 3 [2–5]° 2 [1–3]*  < 0.001

SOFA score 1 [0.25–2] 3 [2, 3]° 3 [3,  4]§,*  < 0.001

COVID-19 WHO severity classification 2.6 ± 0.5 4.0 ± 0.0° 5.1 ± 0.2§,*  < 0.001

Length of hospital stay (days) 7 [6–9] 14 [10–20]° 20 [13–25]§  < 0.001

Death 0 (0%) 5 (12%) ° 5 (29%)§ 0.011

ICU admission 1 (3%) 19 (44%) ° 17 (100%)§,*  < 0.001

IMV 1 (3%) 14 (33%) ° 15 (88%)§,*  < 0.001

Patients without respiratory failure 27 (90%) 11 (24%)° 0 (0%)§,*  < 0.001

Patients with respiratory failure and without IMV 2 (7%) 18 (42%)° 2 (12%)*  < 0.001

PaO2/FiO2 ratio 342 ± 103 202 ± 69° 162 ±  65§  < 0.001

White blood cell (/mmc) 5.22 ± 2.00 6.51 ± 2.84 9.93 ± 3.46§,*  < 0.001

Lymphocytes (/mmc) 0.78 [0.69–1.27] 0.73 [0.42–0.97] 0.65 [0.56–0.79] 0.124

LDH (U/L) 480 [391–589] 619 [448–768] ° 851 [688–1012] §,*  < 0.001

C-reactive protein (mg/dl) 29.8 [11.5–75.4] 66.2 [41.2–105.3] ° 89.4 [54.3–140.2] § 0.005

MR-proADM (nMol/L) 0.70 [0.62–0.89] 0.97 [0.79–1.43] ° 1.23 [0.82–1.69] §  < 0.001

IL-6 (pg/ml) 21.0 [10.5–34.5] 50 [22–84] ° 28 [14–42] 0.006

ADMA (µmol/L) 0.54 ± 0.12 0.6 ± 0.17 0.83 ± 0.24§,*  < 0.001

L-arginine (µmol/L) 151.76 ± 64.08 139.39 ± 52.76 152.13 ± 39.91 0.846

L-arginine/ADMA 291.38 ± 140.53 250.53 ± 118.74 187.92 ± 35.45 § 0.005

SDMA (µmol/L) 0.54 [0.46–0.67] 0.54 [0.41–0.69] 0.61 [0.48–0.74] 0.736

Chest CT pulmonary vasodilation 14 (46%) 31 (72%) 6 (35%) * 0.014
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ADMA and SDMA production occur by enzymatic degradation of protein during the response to hypoxia; 
they are involved in modulating cardiovascular function and the innate immune response by decreasing cellular 
L-arginine  uptake17,30. Organ failure, cardiovascular thromboembolism, and kidney and liver failure may be 
causes and consequences of the imbalance of these biomarkers in COVID-19 disease.

The multivariable penalized logistic regression analysis, carried out to investigate the association with the 
composite outcome of IMV and/or in-hospital death, confirms that ADMA levels at admission have a prognostic 
role. Hannemann and co-workers previously still demonstrated that high levels of both, ADMA and SDMA, are 
linked to COVID-19 disease  severity20 inpatients from the first wave. This present study comprised also patients 
during the second wave and the number of patients is higher than in the previous publication.

Previous studies of ADMA in sepsis and during infections in general have given conflicting results. In vitro31 
and in vivo32,33 studies (in septic patients) suggest that inflammation and especially IL-6 have the ability to induce 
the activity of the DDAH enzyme with the result of lowering ADMA levels. By contrast, Xiao and  colleagues34 
demonstrated downregulation of DDAH2 and upregulation of protein arginine methyltransferase-1 (PRMT1; 
the enzyme that catalyzes the biosynthesis of ADMA) by LPS in rats. Böger35 proposed that downregulation or 
inactivation of DDAH may be counter-regulatory mechanisms in sepsis, limiting NO production by inducible 
NO synthase through elevated ADMA. In line with this, Zoccali and co-workers33 showed that ADMA plasma 
levels increase during the resolution of infection/inflammation. Iapichino et al.32 showed that in patients admit-
ted to ICU for sepsis, the levels of ADMA and the ADMA/SDMA ratio were inversely proportional to the 
levels of inflammatory markers (CRP and IL-6). Conversely, Ghashut and colleagues reported elevated ADMA 
concentration at admission to be associated with mortality in a large study of 104 patients with critical  illness36. 
Winkler et al. recently observed that increased plasma concentrations of SDMA and ADMA are associated with 
sepsis  severity37. A meta-analysis of six prospective clinical studies including 705 patients with critical illness 
confirmed the association between high ADMA plasma concentration at admission and mortality (pooled odds 
ratio 3.13 (95% CI 1.78–5.51)38.

The lung is a major source of ADMA; several studies revealed that the complete pathway of ADMA biosyn-
thesis by PRMTs and degradation by DDAHs is present in the  lungs16,39. In an animal model of prolonged critical 
illness, DDAH activity was the main regulator of tissue and plasma ADMA  concentrations40. This is in line with 
reports from DDAH1 knockout mice that are characterized by increased ADMA, impaired vascular NO release, 
endothelial dysfunction, and systemic and pulmonary arterial  hypertension41–43. In the lungs, experimental 
overexpression of DDAH2 attenuated LPS-induced vascular leak in acute lung  injury44. Hannemann and Böger 
recently provided evidence suggesting that regulation of DDAH1 (down) and DDAH2 (up) in the lungs during 
hypoxia is involved in modulating hypoxic pulmonary  vasoconstriction45. In an elegant study using isoform-
specific siRNAs, Wang and co-workers showed that expressional repression of DDAH1 increased circulating 
ADMA concentration but did not have a major impact on vascular function, whilst expressional repression of 
DDAH2 caused vascular dysfunction whilst leaving plasma ADMA concentration largely  unchanged46. Therefore, 

Table 3.  Multivariable penalised logistic regression analysis performed to investigate the association with the 
composite outcome of IMV and/or death in COVID-19 patients. *OR calculated for variation of 0.1 µmol/L in 
ADMA value; °Multivariable penalised logistic regression analysis furnishes the OR of the selected covariates, 
without confidence intervals.

Univariable logistic regression Multivariable penalized logistic regression °

OR 95% CI OR p OR

Female 0.56 0.196–1.467 0.253

Age 1.024 0.986–1.067 0.224

BMI 1.089 0.923–1.288 0.307

Cardiovascular disease 1.028 0.323–3.029 0.961

Diabetes 1.204 0.336–3.971 0.764

Charlson comorbidity index 1.064 0.848–1.334 0.585

SOFA score 2.837 1.814–4.951  < 0.001 1.495

COVID-19 WHO severity classification 11.941 4.365–50.062  < 0.001 –

PaO2/FiO2 ratio 0.993 0.987–0.997 0.006 –

White blood cell 1.578 1.305–1.991  < 0.001 1.118

Lymphocytes 0.39 0.119–1.128 0.097

LDH 1.004 1.002–1.006  < 0.001 –

C-reactive protein 1.017 1.009–1.027  < 0.001 1.012

MR-proADM 4.08 1.735–11.334 0.003 –

IL-6 1.005 1.001–1.011 0.04 –

ADMA * 2.563 1.801–3.953  < 0.001 4.652

L-arginine 1.001 0.992–1.008 0.924

L-arginine/ADMA 0.99 0.982–0.995 0.002 –

SDMA 1.081 0.299–3.427 0.893

Chest CT pulmonary vasodilation 0.385 0.147–0.986 0.048 –
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whilst the direct role of DDAH2 in enzymatic cleavage of ADMA has remained controversial, both isoforms 
seem to play distinct roles in regulating NO-mediated vascular function.

These observations may help to explain the relationship between ADMA and pulmonary vasodilation 
observed in COVID-19 patients with respiratory impairment in the present study. SARS-CoV-2, by binding to 
ACE2 receptor for host cell  entry47,48, has a strong organotropy towards the lung circulation, causing endothelitis 
and pulmonary vascular  dysregulation5,15. Consequences arising from this for the integrity of the pulmonary 
L-arginine/ADMA/NO pathway may result in differences in pulmonary vascular response to SARS-CoV-2 infec-
tion, and determine the clinical course and outcome of patients.

The three clusters identified by means of the unsupervised machine learning approach clearly reflect the 
clinically identified subgroups of COVID-19 patients. Cluster 1 was mainly composed of patients who did not 
develop respiratory failure; Clusters 2 and 3 comprised patients who developed respiratory failure; amongst these, 
patients in cluster 2 had no clinical need for IMV, low ADMA concentration at admission, and pulmonary vaso-
dilation in CT (72% of patients in this cluster), whilst patients in cluster 3 included almost all patients requiring 
IMV, showed significantly less pulmonary vasodilation (35% of patients), had the most critical clinical course, 
and experienced the highest mortality rate.

A difference in vasodilation status was also observed among the clusters, notably, Cluster 2 showed greater 
vasodilation according to CT scan analysis as opposed to cluster 3.

An additional observation in this study was that ADMA levels upon hospitalization for COVID-19 disease 
may depend on the time elapsed from symptoms onset. For patients admitted to hospital within 10 days, ADMA 
levels were significantly higher in cluster 3 than in cluster 2. By contrast, no differences in ADMA levels were 
observed between clusters 2 and 3 at the time of hospitalization if more than 10 days had elapsed from symp-
toms onset. This may point to the temporal pattern of regulation of the L-arginine/ADMA/NO pathway during 
SARS-CoV-2 infection. However, cluster 2 also comprised four patients displaying exceptionally high levels of 
ADMA who had been admitted later than 10 days after symptom onset, and all of whom died during hospital 
treatment. Future studies may reveal whether and how the temporal associations of ADMA plasma concentra-
tion, pulmonary vasodilation, and the patient’s ability to overcome the pathophysiological consequences of 
SARS-CoV-2 infection may determine clinical course and outcome.

With the introduction of a measure of pulmonary vasodilation, this study comes one step closer to the sug-
gested pathomechanism of ADMA effects in COVID-19 pneumonia.

Our study has strengths and limitations. We included 90 consecutive patients with moderate to severe 
COVID-19 disease requiring in-hospital treatment, and we rigorously subjected patients to pulmonary CT scan, 
biomarker measurements by the analytical gold standard, LC–MS/MS, machine learning-based cluster analysis, 
and follow-up for in-hospital course and outcome. Nonetheless, this was a retrospective single-center study, 
and the limited number of patients curtailed our ability to perform more subgroup analyses. The comparatively 
small sample size of COVID-19 patients admitted to ICU may also be a cause that we did not find differences in 
SDMA plasma concentration between the three subgroups of COVID-19 patients, which is in discrepancy to a 
previous study by Hannemann et al.20 that comprised a small group of patients with a broader range of disease 
severity. Furthermore, follow-up was limited by the duration of in-hospital treatment; we have no information on 
outcome after discharge. Finally, the molecular mechanisms underlying the regulation of ADMA in COVID-19 
patients could not be revealed in this clinical study; animal or in vitro studies will be needed to shed light on this.

Attempts to improve endothelial dysfunction in COVID-19 patients have been made. In line with the available 
literature, our study supports observations that COVID-19 is featured by an endothelial dysfunction that may be 
causally related to dysregulation of the L-arginine/ADMA NO pathway. Therapeutic approaches such as inhaled 
NO administration in order to restore NO function may provide a valid strategy in order to treat COVID-19 
disease; however, pilot studies have so far produced discrepant  results49–51. Similarly, a pilot trial using sildenafil 
to improve pulmonary ventilation/perfusion mismatch generated unclear  benefit52. In our study, low Larginine/
ADMA ratio was associated to worse outcome. Thus, intervention on endothelial dysfunction, e.g., by L-arginine 
supplementation, may reduce the need for respiratory support as well as the length of hospital stay. Indeed, in 
an interim analysis of a randomized prospective trial conducted by Fiorentino and co-workers, L-arginine sup-
plementation was shown to reduce oxygen requirement of COVID-19  patients53.

In conclusion, our study that distinct subtypes of COVID-19 patients can be identified that have different 
clinical disease severity and outcome. The combination of established clinical information with ADMA as a 
prognostic biomarker allows early identification of these subgroups. Machine learning approaches can help to 
improve the clustering of patients and clinical decision-making.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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