

  jpm-13-00371




jpm-13-00371







J. Pers. Med. 2023, 13(2), 371; doi:10.3390/jpm13020371




Article



Cystatin-c May Indicate Subclinical Renal Involvement, While Orosomucoid Is Associated with Fatigue in Patients with Long-COVID Syndrome



Laszlo Zavori 1[image: Orcid], Tihamer Molnar 2[image: Orcid], Reka Varnai 3[image: Orcid], Andrea Kanizsai 4, Lajos Nagy 5, Bence Vadkerti 5, Balazs Szirmay 6,*, Attila Schwarcz 7 and Peter Csecsei 7[image: Orcid]





1



Salisbury NHS Foundation Trust, Salisbury SP2 8BJ, UK






2



Department of Anaesthesiology and Intensive Care, Medical School, University of Pecs, 7624 Pecs, Hungary






3



Department of Primary Health Care, Medical School, University of Pecs, 7624 Pecs, Hungary






4



Department of Dentistry, Medical School, Pecs, University of Pecs, 7624 Pecs, Hungary






5



Department of Applied Chemistry, University of Debrecen, 4032 Debrecen, Hungary






6



Department of Laboratory Medicine, Medical School, University of Pecs, 7624 Pecs, Hungary






7



Department of Neurosurgery, Medical School, University of Pecs, 7624 Pecs, Hungary









*



Correspondence: szirmay.balazs@pte.hu; Tel.: +36-72535900







Academic Editor: Eumorfia Kondili



Received: 6 January 2023 / Revised: 14 February 2023 / Accepted: 17 February 2023 / Published: 19 February 2023



Abstract

:

Long-COVID syndrome is associated with high healthcare costs, but its pathophysiology is not yet fully understood. Inflammation, renal impairment or disturbance of the NO system emerge as potential pathogenetic factors. We aimed to investigate the relationship between symptoms of long-COVID syndrome and serum levels of cystatin-c (CYSC), orosomucoid (ORM), l-arginine, symmetric dimethylarginine (SDMA) and asymmetric dimethylarginine (ADMA). A total of 114 patients suffering from long-COVID syndrome were included in this observational cohort study. We found that serum CYSC was independently associated with the anti-spike immunoglobulin (S-Ig) serum level (OR: 5.377, 95% CI: 1.822–12.361; p = 0.02), while serum ORM (OR: 9.670 (95% CI: 1.34–9.93; p = 0.025) independently predicted fatigue in patients with long-COVID syndrome, both measured at baseline visit. Additionally, the serum CYSC concentrations measured at the baseline visit showed a positive correlation with the serum SDMA levels. The severity of abdominal and muscle pain indicated by patients at the baseline visit showed a negative correlation with the serum level of L-arginine. In summary, serum CYSC may indicate subclinical renal impairment, while serum ORM is associated with fatigue in long-COVID syndrome. The potential role of l-arginine in alleviating pain requires further studies.
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1. Introduction


The term ‘long COVID’ is used to describe symptoms that continue or develop after an acute SARS-CoV-2 infection including both ongoing symptomatic COVID-19 (from 4 to 12 weeks) and post-COVID-19 syndrome (12 weeks or more) [1]. The symptoms of long COVID include fatigue, dyspnea, cardiac abnormalities, cognitive impairment, sleep disturbances, muscle and joint pain, concentration problems, and headache [2,3]. The pathophysiology of long-COVID syndrome has been intensively researched but not yet fully explored. Since this disease affects several organs with a wide spectrum of manifestations, the direct or indirect involvement of many organ systems can be verified [3]. Assumed mechanisms contributing to the pathogenesis of long-COVID syndrome include viral persistence after initial disease, persistent inflammation and autoimmunity [2]. Involvement of the renal system is well documented in the acute phase of SARS-CoV-2 infection [4,5], and growing evidence suggests a decline in renal function in the 6-to-12-month follow-up period even in patients without apparent signs of renal failure [6]. However, the relationship between kidney function and the number and severity of long-COVID symptoms is still unclear. Serum level of cystatin C (CYSC) is a more precise marker of kidney function than serum creatinine level [7] and has the ability to indicate ‘preclinical’ kidney dysfunction [8]. As CYSC is a proven prognostic factor in acute COVID-19 disease [9,10,11], it seems reasonable to measure it during follow-up in patients with long-COVID syndrome. Orosomucoid (ORM) or alpha-1-acid glycoprotein is an acute-phase protein. It plays a role in limiting the harmful effects of the inflammatory response by reducing tissue damage [12]. As a non-specific inflammatory marker, serum ORM concentration is elevated during infections, malignancies and autoimmune diseases [13]. The L-arginine pathway metabolites (L-arginine, asymmetric [ADMA] and symmetric [SDMA] dymetilarginine) play a pleiotropic role in many biological processes, especially in the control of endothelial and immune activities [14]. Moreover, their elevated levels are predictive of in-hospital mortality in the acute phase of SARS-CoV-2 infection [15]. We hypothesized that subclinical inflammation, renal damage, and dysregulation of the L-arginine pathway may persist for several months resulting in permanent symptoms that manifests as a long-COVID phenotype. To test our assumption, we measured serum CYSC, ORM, L-arginine, ADMA and SDMA levels in patients with long-COVID syndrome. Our primary goal was exploring potential correlations among the long-COVID symptoms and the measured molecules and describing the relationship between these markers and symptom severity. Finally, we looked for correlations between serum anti-spike immunoglobulin (S-Ig) and anti-nucleocapsid immunoglobulin (NC-Ig) levels of patients with long-COVID syndrome and the serum level of CYSC, ORM, L-arginine, ADMA and SDMA, respectively, all measured at the baseline visit.




2. Methods


2.1. Patients and Protocol


We conducted a prospective observational study at a tertiary reference hospital (University of Pecs). A total of 158 patients with long-COVID syndrome from November 2020 to September 2021 were screened. Each patient was referred by general practitioners (GP) operating in the University area, after preliminary screening. GPs checked the following inclusion criteria: the patient (i) had a confirmed SARS-CoV-2 infection (all participants had at least one positive PCR test or a positive antigen test); (ii) shows symptoms consistent with long-COVID syndrome; and (iii) at the time of recruitment, all participants were presented beyond 30 days after symptom onset and remained symptomatic after the acute phase. Eligible patients presenting with long-COVID symptoms at the GP office were referred to the post-COVID outpatient clinic (baseline visit) for assessment. Exclusion criteria were: (i) preexisting malignant or active autoimmune disease; (ii) immunosuppressive therapy; (iii) acute coronary syndrome; (iv) vaccination against SARS-CoV-2; and (v) known renal dysfunction; (vi) patients ≤ 18 years old; (vii) intensive care unit admission and (viii) any condition that might interfere with the assessment of symptoms. During the baseline visit we repeatedly checked compliance with the inclusion criteria and the patients gave their written informed consent to the study. After routine safety studies including blood pressure, ECG recording, and blood sampling for routine parameters (e.g., white blood cell [WBC], hemoglobin, glucose, creatinine, gamma-glutamyl transferase [GGT], D-dimer, C-reactive protein [CRP], hs-Troponine-T, lactate-dehydrogenase [LDH] levels), patients completed a structured questionnaire that related to the symptoms and their severity. We defined a complaint as a post-COVID symptom if it (i) persisted after the index illness; (ii) appeared after the acute period (30 days after symptom onset); (iii) was not present before the acute infection; (iv) persisted for at least 5 days; and (v) was without other obvious cause behind it.



The symptoms in the survey were systematically grouped, such as general (fatigue or easy fatigability, fever), respiratory (dyspnea, cough), cardiovascular (palpitation, chest pain), neuropsychiatric (headache, sleep disturbance, memory deficit, brain fog, depression and irritability, loss of smell), dermatologic (hair loss and rash), gastrointestinal (abdominal pain, nausea, diarrhea), and musculoskeletal system (myalgia and joint pain). To evaluate the level of impact by the symptoms, participants were asked to score each symptom from 0 (have no problem) to 10 (have extreme problem) on a visual analogue scale (VAS). Laboratory testing and measurement of antibody levels were performed by the Department of Laboratory Medicine blinded for patients’ data. Demographic and index disease related data were collected from the participants. Further information was obtained from patient’s electronic medical records, including the relevant clinical data such as the onset time of the first symptoms, details of hospitalization, in- and outpatient care, antiviral medication (favipiravir or remdesivir), need for oxygen supplementation, smoking habits, and BMI.




2.2. Blood Sampling and Assay


Serum blood samples were drawn into Vacutainer®-tubes from patients at the baseline visit to determine concentrations of ORM, CYSC, l-arginine, ADMA and SDMA. The samples were centrifuged within 10 min at 3500 rpm for 15 min. The supernatant was immediately stored in aliquot at −80 °C until further processing. L-arginine, ADMA and SDMA were measured in the plasma by high-performance liquid chromatography after derivatization in collaboration with the Department of Applied Chemistry at the University of Debrecen, Hungary. Serum ORM and CYSC were measured by automated immune turbidimetric method using commercially available kits (Tina-quant α1-Acid Glycoprotein Gen.2, Roche Diagnostics GmbH (Mannheim, Germany) and Cystatin C FS kit, DiaSys Diagnostic Systems GmbH (Holzheim, Germany), respectively) at Department of Laboratory, University of Pecs, Hungary. Antibodies against SARS-CoV-2 were assessed in the peripheral blood at baseline visit by a fully-automated cobas e801 analyzer (Roche Diagnostics, Switzerland). We used an age-matched healthy population that had not been infected with COVID as a control group.




2.3. Ethical Considerations


The study was approved by the Hungarian Medical Research Council (IV/2505-3/2021/EKU). All procedures were performed in accordance with the ethical guidelines of the 1975 Declaration of Helsinki. All participants provided written informed consent before enrollment in the study.




2.4. Statistical Analysis


Data were evaluated using SPSS (version 11.5; IBM, Armonk, NY, USA). The Kolmogorov–Smirnov test was applied to check for normality. To analyze demographic and clinical factors, the chi-square test was used for categorical data while the Student t test was applied to quantitative values. Non-normally distributed data were presented as median and interquartile range (25th–75th percentiles) and were compared with the use of Mann–Whitney test. Correlation analysis was performed by calculating Spearman’s correlation coefficient (rho). A p-value < 0.05 was considered statistically significant.





3. Results


Of the 158 patients who underwent screening, 114 were finally included in the study and 44 patients were excluded because of autoimmune/malignant disease (5), vaccination against SARS-CoV-2 (4), ongoing immunosuppressant therapy (7), chronic renal dysfunction (5), withdrawal of consent during study process (4), deviation in the routine safety laboratory test (8), unavailable biomarker measurements (8), asymptomatic on baseline visit (3). The median serum ORM (g/L) level was significantly different from the median serum level of the age-matched healthy control group (study group: 0.92, IQR: [0.76–1.07] vs. healthy control: 0.7, [0.62–0.82], p = 0.023). Serum cystatin C (mg/L) values in the patient group and in the control group: 0.95, [0.84–1.08] vs. 0.86, [0.80–0.94], p > 0.05.



The mean (SD) age was 50.5 (±12) years and 72 (63.2%) of the patients were female. Forty-one (36%) patients had a history of hospitalization related to index SARS-CoV-2 infection and the median number of post-COVID symptoms was five (interquartile range, IQR: 3–8). An overview of baseline characteristics in clusters of patients grouped based on serum ORM and CYSC median value are presented in Table 1.



The occurrence of fatigue and dyspnea in the group with higher ORM concentration is significantly more common than in the group with concentration below the median. CRP and NLR were higher in the group with ORM concentration above the median, while troponin and D-dimer were higher in the group with CYSC level above the median. The details of the correlations among baseline visit laboratory data, long COVID symptoms and serum ORM and CYSC levels are shown in Table 2.



The serum creatinine and CYSC concentrations measured at the baseline visit showed a strong positive correlation with the serum SDMA levels. On the other hand, the severity of abdominal and muscle pain indicated by patients at the baseline visit showed a negative correlation with the serum level of L-arginine. Cross-sectional analysis among L-arginine, ADMA and SDMA measured on baseline visit and clinical variables are shown in Table 3.



A binary logistic regression model was used to predict the appearance of fatigue among patients with long-COVID syndrome at the baseline visit, including several variables such as age, serum ORM, sex and hospitalization during index SARS-CoV-2 infection. Serum ORM measured at baseline visit with an OR of 9.670 (95% CI: 1.34–9.93; p = 0.025) independently predicted fatigue in patients with long-COVID syndrome (Table 4).



In univariate analysis, serum CYSC concentration positively correlated with the S-IG concentration measured at the baseline visit. In order to determine whether serum CYSC is independently associated with serum S-Ig level, we performed a binary logistic regression analysis involving all parameters. This demonstrated a significant correlation to serum S-Ig level and revealed that serum CYSC was independently associated with the level of serum S-Ig measured at the baseline visit (OR: 5.377, 95% CI: 1.822–12.361; p = 0.02) (Table 5).



Significantly higher liver function values and CYSC levels were observed in those receiving antiviral treatment during index disease, but no differences were observed in other kidney function parameters between the two groups (Table 6).




4. Discussion


The present study provided the following main results: (i) serum level of CYSC is an independent predictor of serum SARS-CoV-2-S-Ig level and indicates subclinical kidney damage associated with a more severe initial infection; (ii) the serum CYSC level shows a close positive correlation with the concentration of SDMA; (iii) serum ORM level is an independent predictor of the occurrence of fatigue reported by long-COVID patients and shows association with fatigue severity; and finally (iv) lower serum L-arginine levels showed an inverse correlation with the severity of abdominal and muscle pain in patients with long-COVID syndrome.



Significantly higher serum S-Ig levels were observed both in patients requiring hospitalization during the acute infection and in those presented with higher CYSC levels at the baseline visit. It was shown that patients with higher serum CYSC level have an increased risk for severe COVID-19 disease and higher mortality [9,10,16]. Furthermore, patients who survived COVID-19 exhibited an increased risk of kidney-related outcomes in the post-acute phase of the disease [17]. There is evidence that acute kidney injury in the acute phase of COVID-19 was closely related to the longitudinal decline of renal function up to nearly 1 year after the onset of symptoms [18]. In this study, creatinine-based estimated glomerular filtration rate (eGFR) was used, but it is known that CYSC is a much more sensitive marker of kidney function than serum creatinine level [19,20]. Moreover, elevated CYSC, which occurs earlier than serum creatinine, is helpful in the early detection of kidney dysfunction and may have a better predictive value for disease severity in COVID-19 patients [11]. In one of our previous studies, we found a significantly higher anti-S-Ig titer in long-COVID patients requiring hospitalization, while the level of anti-NC-Ig showed no correlation with hospitalization [21]. Our results were confirmed by other studies [22,23]. Based on these findings, it is likely that the renal function deviation in patients with long-COVID disease indicated by CYSC above the median and without a simultaneous increase in creatinine is the result of a more serious initial COVID-19 episode requiring hospitalization. The more severe SARS-CoV-2 infection in the acute phase may be responsible for the impairment of kidney function indicated by CYSC at the subclinical level in our study, which in contrast does not show a correlation with the strength of long-COVID symptoms. SARS-CoV-2 spike Ig levels are higher in hospitalized patients with more severe initial infection, while CYSC levels in long-term COVID patients indicate renal effects of the same more severe condition during follow-up. In this way, the serum CYSC level is an indirect sign of the previously suffered subclinical kidney damage not accompanied by increased creatinine in patients with long COVID syndrome. In our study, SDMA showed a strong positive correlation with the serum level of CYSC, but at the same time, it shows a lower degree of correlation with the frequency of hospitalization compared to CYSC. Based on a meta-analysis, SDMA is an excellent and sensitive marker of kidney function [24]. Among the three parameters measured in our study (creatinine, CYSC, SDMA), CYSC seems to be the most sensitive in terms of kidney function [25,26]. While the serum level of CYSC is an independent predictor of the S-Ig level measured at the baseline visit, no correlation was observed between serum SDMA and SARS-CoV-2 spike antibody levels. Based on these observations, we can assume that the subclinical kidney damage indicated by an increased serum CYSC level is different from the kind of kidney damage highlighted by the serum SDMA in our cohort of long-COVID patients. Since the CYSC and ORM levels were also significantly higher in the group of patients taking antiviral medication, it was suggested that the potential side effects of such medications could manifest in either impaired kidney function or other unknown organ dysfunctions. Interestingly, neither the creatinine nor the SDMA levels differed in this comparison; thus, it is likely that the increase in the level of CYSC and ORM are not associated with the drugs administered during the index disease.



The serum ORM level measured at the baseline visit proved to be an independent predictor of the occurrence of fatigue and showed a close correlation with its severity in our cohort.



ORM was identified as a predictor of the 5-year risk of death from any cause [27]. In a previous study, significantly elevated ORM levels were found in the serum of chronic fatigue syndrome (CFS) patients compared to healthy volunteers [28]. Moreover, serum cortisol levels were found to be modestly reduced in these CFS patients. This result is also consistent with previous studies reporting mild hypocortisolism in CFS patients with hypothalamic–pituitary–adrenal (HPA) axis dysfunction [29].



In another study, serum ORM was found to be an independent predictor of severe exercise-induced fatigue (EIF) [30]. Moreover, in rodent fatigue models fatigue seems to upregulate the level of ORM, which in turn functions as an anti-fatigue protein to enhance muscle endurance [31]. Glucocorticoids are known as an important regulator of ORM expression [32]; however, short-term administration of prednisolone in healthy volunteers had little effect on ORM levels [33]. The serum steroid levels were also significantly increased in fatigued rodents, indicating that it may be responsible for the increase of ORM [31]. Recent evidence suggests that a short course of corticosteroids reverted immune alterations and improved post-COVID syndrome [34], and the use of systemic steroids helps facilitate the recovery of long-COVID patients [35]. Steroid therapy seems to be useful in post-COVID conditions affecting the respiratory system as well [36,37]. There is also evidence that adrenal insufficiency might develop several weeks after an acute phase of COVID-19 [38]. CFS is very common in patients with post-COVID syndrome [39] and hypocortisolism has previously been known to be associated with CFS [40]. Considering the abovementioned evidence, it can be assumed that a certain degree of dysfunction of the glucocorticoid system is likely in patients suffering from long-COVID fatigue, which may be indicated by higher ORM levels. Unfortunately, we did not examine glucocorticoid levels in our study, so we cannot confirm the assumption with certainty. At the same time, the increase in the ORM level observed in CFS and the elevated ORM level found in our study in patients with fatigue may suggest a common pathophysiological process behind the two syndromes.



An inverse correlation was observed between the level of L-arginine and the intensity of abdominal and muscle pain observed in our patient cohort. There is evidence for the analgesic effect of L-arginine. The analgesic effect of L-arginine in patients with persistent pain has long been known [41] and L-arginine supplementation can prevent allodynia and hyperalgesia in painful diabetic neuropathic rats [42] and the nociceptive effect of L-arginine could be pronounced and persistent in rats [43]. L-arginine can improve the clinical symptoms of intermittent claudication in patients with peripheral arterial occlusive disease [44]. The background of the observed correlation between the pain level of long COVID patients and L-arginine level is not yet clear. L-arginine is a common precursor of NO and is displaying both pronociceptive and antinociceptive effects [45], while it can also affect NO levels, which may modulate spinal pain processing [42]. Another potential mechanism is that L-arginine activates the biosynthesis and release of kyotorphin followed by the increased release of met-enkephalin in the brainstem and spinal cord, which refers to its interaction with the opioid system [41]. In addition to the molecules discussed in our study, miRNAs can play an important role in the vascular pathogenetic processes of the long-COVID syndrome, a subsequent investigation of this can be recommended [46]. L-arginine was also proven to increase collagen synthesis in animal models [47]. Increasing or restoring the collagen content in the extracellular matrix (ECM) of injured tissues might contribute to reducing inflammation [48] and consequently might also affect fatigue and pain perception. It would be interesting to examine the effect of vaccination on symptoms or on the serum level of metabolites as there is evidence that the long COVID syndrome can be influenced by anti-COVID vaccines [49]. Similarly, it would be useful to perform serum cystatin c and ORM measurements in the future according to risk factors in a wider population [50].



In conclusion, we found that the serum CYSC level in long-COVID patients is an independent predictor of the SARS-CoV-2 spike IgG level measured at the baseline visit. This is probably an indirect consequence of the subclinical renal involvement caused by a more severe disease since a more severe index SARS-CoV-2-infection resulted in higher spike Ig levels in the follow-up studies. The serum ORM level proved to be an independent predictor of the fatigue observed in long COVID patients, and it also showed a close correlation with its severity. This result makes it likely that fatigue observed in long-COVID syndrome may have a similar pathophysiology to chronic fatigue syndrome. Finally, we found that L-arginine levels in patients with long-COVID syndrome were inversely correlated with lower abdominal and muscle pain severity.




5. Limitations


Our study design has several limitations to acknowledge. First, this study only included patients from a single center, which may have led to sampling bias and limits the generalizability of our findings. Multi-center research is required with higher patient numbers to confirm our results. Secondly, because of the strict exclusion criteria, we only included 114 patients, which may have limited the power of our study. For that reason, our results should be interpreted with caution and should be further corroborated with larger-scale studies. Thirdly, we did not examine our patients’ glucocorticoid levels, making interpreting our results regarding the ORM levels observed less straightforward. Another potential confounding factor is that we did not differentiate between COVID variants, and it is possible that different variants contribute to long-COVID symptoms differently.
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Table 1. Demographics and acute SARS-COV-2-infection-related variables in patients with higher and lower than the median serum cystatin-c and orosomucoid concentrations measured in long-COVID patients.
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Serum Cystatin-c † (mg/L)

	
p-Value

	
Serum ORM (g/L) †

	
p-Value




	

	

	
Median>, n = 59

	
Median<, n = 55

	

	
Median>, n = 55

	
Median<, n = 59

	






	
Age

	
years (mean ± SD)

	
45 ± 11

	
55 ± 11

	
<0.001

	
50 ± 13

	
51 ± 10

	
0.925




	
Female

	
N (%)

	
39 (66%)

	
31 (56%)

	
0.338

	
34 (62%)

	
38 (64%)

	
0.777




	
Hypertension

	
N (%)

	
15 (25%)

	
20 (36%)

	
0.211

	
15 (27%)

	
22 (37%)

	
0.407




	
NIDDM

	
N (%)

	
7 (12%)

	
9 (16%)

	
0.429

	
9 (16%)

	
7 (12%)

	
0.370




	
Smoking

	
N (%)

	
3 (6%)

	
1 (2%)

	
0.620

	
1 (2%)

	
3 (5%)

	
0.376




	
BMI

	
mean ± SD

	
26 ± 5

	
29 ± 7

	
0.06

	
26 ± 7

	
29 ± 5

	
0.007




	
Hospitalization

	
N (%)

	
13 (22%)

	
29 (53%)

	
0.001

	
15 (27%)

	
27 (44%)

	
0.063




	
O2-supplementation

	
N (%)

	
8 (14%)

	
16 (29%)

	
0.065

	
6 (11%)

	
17 (29%)

	
0.02




	
Antiviral medication

	
N (%)

	
9 (15%)

	
30 (55%)

	
<0.001

	
12 (22%)

	
27 (46%)

	
0.01




	
CTss ‡

	
median (IQR)

	
7 (0–12)

	
9 (5–13)

	
0.201

	
8 (0–12)

	
9 (5–12)

	
0.322




	
Length of hospitalization

	
(day, mean ± SD)

	
2 ± 3

	
4 ± 5

	
<0.001

	
2 ± 3

	
4 ± 5

	
0.033




	
Total number of symptoms related to index infection

	
median (IQR)

	
6 (4–7)

	
5 (4–7)

	
0.522

	
5 (3–7)

	
6 (4–8)

	
0.401




	
Duration of smell loss during index disease

	
(day, mean ± SD)

	
17 ± 22

	
9 ± 10

	
0.05

	
8 (3–21)

	
4 (0–14)

	
0.055




	
IL-6 ‡

	
pg/mL, median (IQR)

	
30 (17–31)

	
28 (20–46)

	
0.820

	
31 (19–36)

	
28 (19–42)

	
0.871




	
Ferritin ‡

	
µg/L, median (IQR)

	
469 (302–658)

	
611 (462–984)

	
0.391

	
566 (354–1366)

	
615 (422–915)

	
0.792




	
acute hs-Troponin-T ‡

	
ng/L, median (IQR)

	
7.6 (5–9)

	
8 (5–10)

	
0.998

	
9 (7–11)

	
5 (4–9)

	
0.196




	
eGFR

	
median (IQR)

	
105 (99–114)

	
94 (84–107)

	
<0.001

	
101 (86–110)

	
102 (90–109)

	
0.636








Abbreviations: N, number; NIDDM, non-insulin-dependent diabetes mellitus; BMI, body mass index; IL-6, interleukin-6; SD, standard deviation; IQR, interquartile range; ORM, orosomucoid; NLR, neutrophil-to-lymphocyte ratio; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; CTss, computer tomography severity score; hs-Troponin-T, high sensitive Troponin-T. Variables are expressed as mean (SD) or median with interquartile ranges (IQR) when continuous and counts (percentage) when categorical. Significant p-values are highlighted in italics; †, measured on follow-up visit; ‡, measured on admission related to index SARS-CoV-2 infection.
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Table 2. Associations of median serum cystatin-c and orosomucoid concentrations measured in long-COVID patients with variables measured and collected on follow-up visit.
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Serum Cystatin-c † (mg/L)

	
p-Value

	
Serum ORM (g/L) †

	
p-Value




	

	

	
Median>, n = 59

	
Median<, n = 55

	

	
Median>, n = 55

	
Median<, n = 59

	






	
Anti-SARS-CoV-2 S-Ig

	
U/mL, median, IQR

	
72 (28–147)

	
180 (116–482)

	
<0.001

	
108 (31–279)

	
143 (65–352)

	
0.098




	
Anti-SARS-CoV-2 NC-Ig

	
U/mL, median, IQR

	
54 (19–104)

	
59 (23–115)

	
0.309

	
58 (23–107)

	
54 (24–112)

	
0.710




	
Total value of post-COVID symptoms on a VAS scale *

	
median, IQR

	
16 (10–19)

	
15 (10–20)

	
0.989

	
15 (6–20)

	
16 (12–19)

	
0.338




	
Number of post COVID symptoms (median, IQR)

	
median, IQR

	
6 (3–9)

	
4 (2–8)

	
0.200

	
4 (2–8)

	
5 (3–8)

	
0.293




	
CRP

	
mg/L, median, IQR

	
1 (0.5–3)

	
2 (1–4)

	
0.052

	
0.9 (0.5–1.7)

	
3.3 (1.5–7)

	
<0.001




	
hsTroponin-T

	
ng/L, median, IQR

	
4 (3–5)

	
5.4 (4–9)

	
<0.001

	
4 (3–6)

	
4 (3–8)

	
0.288




	
NLR

	
median, IQR

	
2 (1.6–2.6)

	
2.2 (1.8–3.2)

	
0.025

	
1.9 (1.5–2.6)

	
2.1 (1.8–3.2)

	
0.036




	
WBC

	
G/L, median, IQR

	
6.1 (4.9–7.3)

	
6.6 (5.2–8)

	
0.162

	
6.1 (4.7–7.8)

	
6.6 (5.3–7.9)

	
0.131




	
Creatinine

	
µmol/L, median, IQR

	
66 (57–75)

	
72 (55–84)

	
0.081

	
70 (62–77)

	
67 (54–78)

	
0.234




	
GGT

	
U/L, median, IQR

	
17 (14–34)

	
33 (18–56)

	
0.002

	
17 (14–30)

	
33 (18–60)

	
<0.001




	
D-dimer

	
µg/L, median, IQR

	
281 (202–431)

	
374 (221–546)

	
0.028

	
352 (221–486)

	
310 (202–459)

	
0.606




	
LDH

	
U/L, median, IQR

	
328 (281–357)

	
355 (308–429)

	
0.006

	
317 (282–357)

	
355 (317–411)

	
0.001




	
Fatigue

	
N, %

	
40 (67.8%)

	
38 (69.1%)

	
0.882

	
29 (53%)

	
48 (81%)

	
0.001




	
Depression

	
N, %

	
9 (15.3%)

	
6 (10.9%)

	
0.585

	
9 (16.4%)

	
6 (10.2%)

	
0.410




	
Dyspnea

	
N, %

	
14 (23.7%)

	
13 (23.6%)

	
0.991

	
8 (15%)

	
19 (32%)

	
0.03




	
Cardiovascular

	
N, %

	
37 (62.7%)

	
28 (50.9%)

	
0.257

	
33 (60%)

	
31 (52.5%)

	
0.455




	
Neurological

	
N, %

	
28 (47.5%)

	
20 (36.4%)

	
0.259

	
23 (41.8%)

	
25 (42.4%)

	
0.952




	
Pain

	
N, %

	
19 (32.2%)

	
18 (32.7%)

	
0.952

	
15 (27.3%)

	
22 (37.3%)

	
0.318




	
Gastrointestinal

	
N, %

	
5 (8.5%)

	
7 (12.7%)

	
0.549

	
6 (10.9%)

	
7 (11.9%)

	
0.873




	
Smell loss

	
N, %

	
19 (32.2%)

	
5 (9.1%)

	
0.004

	
13 (26.6)

	
12 (20.3%)

	
0.821




	
Fatigue VAS

	
median, IQR

	
0 (0–7)

	
3.5 (0–7)

	
0.513

	
0 (0–5)

	
7 (0–8)

	
0.006








Abbreviations: N, number; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; VAS, visual analogue scale; S-Ig, spike immunoglobulin; CRP, C-reactive protein; NLR, neutrophil–lymphocyte ratio; GGT, gamma-glutamyl transferase; LDH, lactate dehydrogenase; WBC, white blood cell count. Variables are expressed as mean (SD) or median (IQR) when continuous and counts (percentage) when categorical. Significant p-values are highlighted in italics; †, measured on follow-up visit; *, the sum of the VAS score is given for the three most severe symptoms.
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Table 3. Cross-sectional analysis among L-arginine, ADMA, and SDMA measured on baseline visit and clinical variables.
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	L-Arginine c
	ADMA c
	SDMA c





	Hospitalization
	0.038
	0.161
	0.179 *



	Length of hospitalization
	−0.002
	0.119
	0.187 *



	Age
	−0.065
	0.100
	0.157



	Sex
	−0.092
	−0.159
	0.039



	Serum Cystatin-C a
	−0.039
	0.203 *
	0.350 **



	Serum ORM a
	0.031
	0.029
	−0.030



	Serum S-Ig a
	0.038
	−0.044
	0.079



	Serum NC-Ig a
	−0.094
	−0.098
	−0.119



	hsTroponine-T acute b
	−0.410 *
	−0.516 **
	−0.097



	WBC a
	−0.028
	−0.070
	−0.179 *



	Creatinine a
	0.108
	−0.104
	0.272 **



	GOT a
	0.075
	0.155
	0.184 *



	hs-Troponine-T a
	0.009
	0.026
	0.192 *



	Abdominal pain VAS
	−0.264 *
	0.055
	−0.020



	Joint pain VAS
	−0.006
	−0.104
	−0.235 *



	Muscle pain VAS
	−0.225 *
	−0.060
	−0.012



	Fatigue VAS
	−0.053
	−0.039
	−0.102



	Fatigue
	0.044
	0.028
	−0.030







Abbreviations: ORM, orosomucoid; WBC, white blood cell count; GOT, glutamate-oxaloacetate transaminase; VAS, visual analogue scale; S-Ig, SARS-CoV-2 spike immunoglobulin G; SARS-CoV-2 nucleocapsid immunoglobulin; a measured on follow-up visit; b measured on admission related to index SARS-CoV-2 infection; c µmol/L values are Spearman correlation coefficients (rho). * p < 0.05, ** p < 0.01.
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Table 4. Binary logistic regression analysis for variables independently associated with fatigue on follow-up visit in patients with long-COVID syndrome.
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	Variables
	B
	Odds Ratio
	95% CI
	p-Value





	Age
	−0.011
	0.989
	0.95–1.03
	0.564



	Serum ORM †
	2.269
	9.670
	1.34–9.93
	0.025



	Sex
	0.792
	2.209
	0.95–1.03
	0.067



	Hospitalization
	0.324
	1.383
	0.54–3.56
	0.501







ORM, orosomucoid; †, measured on baseline visit.
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Table 5. Binary logistic regression analysis assessing correlations between anti-SARS-CoV-2 spike antibody (S-Ig) level and demographic/clinical variables. In this model we assigned a binary dependent variable to serum S-Ig level based on the median value of the sample (0: ≤median, 1: >median).
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	Variables
	B
	Odds Ratio
	95% CI
	p-Value





	BMI
	0.068
	2.581
	0.985–1.164
	0.108



	Serum ORM †
	0.913
	0.782
	0.239–18.855
	0.376



	Sex
	0.167
	0.119
	0.456–3.063
	0.730



	Hospitalization
	−1.453
	8.169
	0.086–0.634
	0.004



	Serum CYSC †
	3.875
	5.377
	1.822–12.361
	0.02



	Age
	0.004
	0.026
	0.957–1.053
	0.782







ORM, orosomucoid; CYSC, cystatin-C; BMI, body mass index; †, measured on baseline visit.
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Table 6. Associations between serum renal and liver markers measured on baseline visit and antiviral medication.
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	Favipiravir (n = 29) vs. No Antiviral Medication
	Remdesivir (n = 10) vs. No Antiviral Medication





	Serum Cystatin-C a
	0.001
	0.034



	Serum Creatinine a
	0.823
	0.521



	Serum SDMA a
	0.085
	0.844



	Serum BUN a
	0.476
	0.704



	Serum GOT a
	0.015
	0.671



	Serum GPT a
	<0.001
	0.074



	Serum GGT a
	0.006
	0.059







Abbreviations: GOT, glutamate-oxaloacetate transaminase; GPT, glutamate pyruvate alanine aminotransferase; GGT, gamma-glutamyl transferase; BUN, blood urea nitrogen; SDMA, symmetric dimethylarginine; a measured at baseline visit. The comparisons between groups were performed with the Mann–Whitney U test; p-values are reported as exact numbers.
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