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A B S T R A C T   

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is involved in a global outbreak 
affecting millions of people who manifest a variety of symptoms. Coronavirus disease 2019 (COVID-19) caused 
by SARS-CoV-2 is increasingly associated with cardiovascular complications requiring hospitalizations; however, 
the mechanisms underlying these complications remain unknown. Nitric oxide (NO) and hydrogen sulfide (H2S) 
are gasotransmitters that regulate key cardiovascular functions. 
Methods: Blood samples were obtained from 68 COVID-19 patients and 33 controls and NO and H2S metabolites 
were assessed. H2S and NO levels were compared between cases and controls in the entire study population and 
subgroups based on race. The availability of gasotransmitters was examined based on severity and outcome of 
COVID-19 infection. The performance of H2S and NO levels in predicting COVID-19 infection was also analyzed. 
Multivariable regression analysis was performed to identify the effects of traditional determinants of gaso
transmitters on NO and H2S levels in the patients with COVID-19 infection. 
Results: Significantly reduced NO and H2S levels were observed in both Caucasian and African American COVID- 
19 patients compared to healthy controls. COVID-19 patients who died had significantly higher NO and H2S 
levels compared to COVID-19 patients who survived. Receiver-operating characteristic analysis of NO and H2S 
metabolites in the study population showed free sulfide levels to be highly predictive of COVID-19 infection 
based on reduced availability. Traditional determinants of gasotransmitters, namely age, race, sex, diabetes, and 
hypertension had no effect on NO and H2S levels in COVID-19 patients. 
Conclusion: These observations provide the first insight into the role of NO and H2S in COVID-19 infection, where 
their low availability may be a result of reduced synthesis secondary to endotheliitis, or increased consumption 
from scavenging of reactive oxygen species.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) caused by severe acute res
piratory syndrome coronavirus 2 (SARS-CoV-2) has affected over 77.8 
million people in over 220 countries during the recent worldwide 

pandemic, approximately 18.5 millions of whom are in the United 
States. Although COVID-19 causes significant morbidity and mortality 
when it manifests as ‘viral pneumonia,’ available evidence suggests that 
COVID-19 is associated with cardiovascular complications. These are 
rapidly emerging as a key threat, leading to increasing hospitalizations 
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accompanied by a host of complications, including myocarditis, 
thrombo-embolism, acute coronary syndrome, and resultant cardiac 
arrhythmias, together referred to as Acute COVID-19 Cardiovascular 
Syndrome (ACovCS)[1,2]. The complications of COVID-19 are signifi
cantly exacerbated due to preexisting comorbidities, including pulmo
nary and cardiovascular disease. Studies of the SARS and SARS-CoV-2 
viruses reveal a potential role for cytokine storm, altered blood pressure 
regulation, and thrombosis in the pathogenesis of COVID-19 [3-5]. 
Moreover, COVID-19 has been shown to directly target endothelial cells 
and cause endotheliitis, thus affecting downstream functions that may 
contribute to cardiovascular complications[6]. However, the link be
tween cardiovascular complications and COVID-19, along with the un
derlying molecular mechanisms, remains poorly understood. 

Nitric oxide (NO) and hydrogen sulfide (H2S) are ubiquitous 
signaling molecules popularly referred to as gasotransmitters that play 
protective roles in limiting the severity of cardiovascular disease[7,8]. 
NO acts as a vasodilator and an antiviral agent in patients with SARS and 
can inhibit in vitro replication of SARS-CoV-2 [9, 10]. While several 
recent reviews also suggest an association between H2S and 
SARS-CoV-1/2, they provide little evidence of any of such relationship 
[11–14]. Consistent with these suppositions is the possibility that 
endothelial dysfunction concomitant with COVID-19 infection is likely 
to result in reduced NO and H2S metabolite availability. However, no 
studies have been reported to date evaluating specific levels of gaso
transmitters in relation to COVID-19. In this study, we assessed the 
relationship between NO and H2S metabolite availability in patients 
with COVID-19 and further evaluated them as prognostic biomarkers in 
severely ill COVID-19 patients. 

2. Methods 

2.1. Study design 

This was a case-control study approved by the Institutional Review 
Board (IRB) of Louisiana State University Health Sciences Center at 
Shreveport (LSUHSC-S) (STUDY00001501). Consecutive patients 
admitted with COVID-19 viral pneumonia to Ochsner-LSU hospital in 
Shreveport were approached for inclusion in the study. Patients who 
tested positive for COVID-19 by rapid testing or by PCR within 14 days 
were included. Pregnant women, prisoners, and patients younger than 
18 years of age or older than 89 years of age were excluded from the 
study. Among those who met the inclusion criteria, a total of 73 patients 
were consented; two patients withdrew their consent, we could not 
obtain blood samples from two other patients, and one sample was 
inadequate for performing analysis. Volunteers were invited to enroll in 
the study using flyers and by word of mouth. Blood samples from 
healthy race- and sex-matched volunteers with no prior history of 
COVID-19 infection were also obtained in the cardiology clinic at 
Ochsner-LSU Hospital in Shreveport after the volunteers provided an 
informed consent. 

2.2. Human blood collection 

After obtaining an informed consent, blood samples were collected 
from human healthy subjects and COVID-19 patients into 6 mL BD 
vacutainer tubes with lithium heparin. Samples were transported to the 
lab within 15 min on ice and were centrifuged at 1500 RCF for 4 min at 
4 ◦C; plasma was collected and snap frozen for further analyses. Medical 
record data pertaining to baseline characteristics and comorbidities of 

healthy subjects and COVID-19 patients were collected and compared 
(Tables 1 and 2). 

2.3. NO metabolite measurements 

NO metabolites (NOx) were measured using an ozone-based chem
iluminescence assay (Sievers Nitric Oxide Analyzer 280i, Weddington, 
NC) as described previously[15]. Plasma samples were collected in NO 
stabilization buffer (1.25 mol/L potassium ferricyanide, 56.9 mmol/L 
N-ethylmaleimide, 6% Nonidet P-40 substitute in PBS), or free nitrite 
and S-nitrosothiol (SNO) preservation buffers (Zysense, Weddington, 
NC), respectively. Aliquots of samples were injected into the analyzer 
and tested for total NO and for individual NO metabolites. 

2.4. Measurement of biological pools of H2S 

Plasma samples were analyzed for free sulfide, acid-labile sulfide 
(ALS), bound sulfane sulfur (BSS), and total sulfide levels using the 
monobromobimane (MBB) method reported previously[16]. Free sul
fide was measured using 30 μL of plasma with MBB; for detection of ALS 
and BSS, 50 μL of plasma was processed separately in two 4 mL BD 
vacutainer tubes with 100 mM phosphate buffer (pH 2.6, 0.1 mM DTPA) 
for the ALS reaction, and 100 mM phosphate buffer (pH 2.6, 0.1 mM 
DTPA) containing 1 mM TCEP for the total sulfide reaction. Following a 
30-minute incubation on a nutator mixer, to trap the evolved sulfide gas 
and incubation with 100 mM Tris-HCl buffer (pH 9.5, 0.1 mM DTPA) for 
30 minutes on a nutator mixer, the trapped sulfide was then measured 
using the MBB method and calculations performed to determine total 
sulfide and its pools as previously described [16]. 

2.5. Measurement of nitrotyrosine 

Quantitative determination of nitrotyrosine in the plasma of control 
subjects and COVID-19 patients was performed by a competitive ELISA 
kit (Cell biolabs, Inc.) as per manufacturer’s instructions. 

Table 1 
Demographics of COVID-19 cases and healthy controls included in the study.   

Mean Age (range) Total (N) Caucasians (C) African Americans (AA) Other Race Males Females 

Controls 43.09 (22–68) 33 19 (58%) 13 (39%) 1 (3%) 18 (54%) 15 (45%) 
Covid-19 Patients 58.19 (27–85) 68 21 (31%) 45 (66%) 2 (3%) 35(51.5%) 33 (48.5%)  

Table 2 
Patient and disease characteristics of COVID-19 cases included in the study.  

Patient 
Characteristics 

Total Number (% of 
Total Number) 

African 
Americans (AA) 

Caucasians 
(C) 

Comorbidities    
DM 29/68 (42.6%) 21/45 (46.7%) 6/21 

(28.5%) 
Hypertension 51/68 (75%) 39/45 (86.6%) 11/21 

(52.4%) 
BMI>30 41/68 (60%) 27/45 (60%) 12/21 

(57.1%) 
COPD 6/68 (8.8%) 5/45 (11.1%) 1/21 (4.7%) 
CVD 18/68 (26.4%) 12/45 (26.7%) 6/21 

(28.6%) 
Severity    
Mild-Moderate 46/68 (67.6%) 33/45 (73.3%) 12/21 

(57.1%) 
Severe 22/68 (32.3%) 12/45 (26.7%) 9/21 

(42.8%) 

DM = Diabetes Mellitus; BMI= Body Mass Index; COPD = chronic obstructive 
pulmonary disease; CVD = cardiovascular disease. Two patients in the study 
were Hispanic. 
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2.6. Statistical analyses 

Levels of NO and sulfide metabolites were assessed by group means 
and standard deviations with subsequent pairwise comparison using 
analysis of variance (ANOVA). Receiver-operating characteristic anal
ysis (ROC) was conducted to assess the predictive accuracy in corre
lating NO and sulfide levels with COVID-19 infection. Cutoff values for 
positive classification were included in the curve, with a nonparametric 
distribution assumption and a confidence level of 95%. These statistical 
analyses were performed using GraphPad Prism 5.0. We also conducted 
multivariable regression analyses to estimate the effect of various pre
dictor variables on NO and H2S in separate models with 95% confidence 
intervals. A descriptive analysis of study variables was performed using 
SPSS Version 26.0 (IBM Corp., Armonk, NY). A Chi-square test of in
dependence was used to determine associations between categorical 
variables. For continuous variables, means of two independent groups 
were compared using the independent samples Student’s t-test. For all 
analyses, a p-value of <0.05 was considered statistically significant. We 
assumed equal variance for the independent samples Student’s t-test 
result when Levene’s test had a p-value <0.05. Otherwise, we used the 
results from equal variance not assumed. 

3. Results 

3.1. NO metabolites are reduced with COVID-19 infection 

A total of 68 COVID-19 cases and 33 controls were included in the 
study. Plasma NO availability was measured and compared between 
control subjects and COVID-19 patients (Fig. 1). We found a significant 
reduction in the total NO levels in the plasma of COVID-19 patients 
compared to that of healthy controls (Fig. 1A; 418.84 ± 153.03 nM vs 
286.69 ± 140.39 nM, p<0.0001). In addition, to observe the effect of 
COVID-19 infection on individual NO metabolites, we measured free 
nitrite (Fig. 1B) and bound SNO fractions (Fig. 1C) using commercially 
available stabilization buffers. Free nitrite (292.63 ± 141.67 nM vs 
179.945 ± 164.0 nM, p = 0.0017) and SNO fractions (243.19 ± 91.60 
nM vs 152.89 ± 85.39 nM, p<0.0001) were significantly reduced in the 
plasma of COVID-19 patients compared to that of the controls (Fig. 1 B 
and C). 

3.2. Sulfide pools are reduced with COVID-19 infection 

We next examined the impact of COVID-19 infection on sulfide 
metabolites. Fig. 2 illustrates free, acid labile, bound sulfide, and total 

sulfide pools that were quantified in plasma samples from healthy 
controls and COVID-19 patients. Sulfide levels, including free (0.31 ±
0.14 μM vs 0.18 ± 0.05 μM, p<0.0001; Fig. 2A), ALS (0.59 ± 0.23 μM vs 
0.45 ± 0.24 μM, p = 0.008; Fig. 2B) and total (1.37 ± 0.31 μM vs 1.15 ±
0.21 μM, p = 0.001; Fig. 2D), were significantly reduced in COVID-19 
patients compared to the healthy controls. No significant differences 
were observed in BSS (0.53 ± 0.32 μM vs 0.59 ± 0.19 μM; Fig. 2C). 

3.3. Race-based comparison of NO metabolites in COVID-19 patients 

The association of plasma NO levels were compared between COVID- 
19 patients and control subjects based on race. Analysis by race revealed 
a significant reduction in plasma total (451.8 ± 158 nM vs 286.35 ±
120.55 nM; p = 0.0005), free nitrite (301.16 ± 128.37 nM vs 229.55 ±
79.09 nM; p = 0.03), and SNO (259.56 ± 115.10 nM vs 131.80 ± 83.98 
nM; p<0.0001) metabolites in Caucasian COVID-19 patients compared 
to race matched controls (Fig. 3A–C), whereas NO metabolites in African 
Americans (AA) showed a significant reduction in total NO (384.8 ±
157 nM vs 287.6 ± 150.3 nM; p = 0.0494) and SNO levels (222.62 ±
44.57 nM vs 164.7 ± 85.06 nM; p = 0.013) in COVID-19 patients 
compared to AA controls (Fig. 3D and F). Although a trend towards 
decreased free nitrite (281.58 ± 171.04 nM vs 224.1 ± 85.37 nM; p =
0.275) was seen in AA COVID-19 patients compared to AA controls, no 
statistical significance was observed (Fig. 3E). Moreover, no race-based 
differences were observed when NO levels were compared between 
control and/or COVID-19 groups in Caucasians vs AA. 

3.4. Race-based comparison of sulfide metabolites in COVID-19 patients 

We next compared subjects based on race for sulfide metabolites 
(Fig. 4A–D). A significant reduction was seen in free sulfide pools (0.31 
± 0.08 μM vs 0.19 ± 0.06 μM, p<0.0001) and total sulfide levels (1.37 ±
0.40 μM vs 1.19 ± 0.24 μM, p = 0.075) in Caucasian COVID-19 patients 
compared to healthy subjects (Fig. 4A and D). The reduced levels of ALS 
and BSS in Caucasian COVID-19 patients were not statistically signifi
cant. In the AA population, a significant decrease was seen in free (0.25 
± 0.08 μM vs 0.18 ± 0.05 μM, p<0.0001), acid labile (0.67 ± 0.23 μM vs 
0. 43 ± 0.250 μM, p = 0.003), and total sulfide levels (1.37 ± 0.13 μM vs 
1.13 ± 0.19 μM, p<0.0001), while no significant changes were seen in 
the levels of BSS (Fig. 4G). When sulfide levels were compared between 
Caucasian and AA controls, there was a significant reduction in free 
sulfide levels (0.31 ± 0.08 μM vs 0.25 ± 0.08 μM; p = 0.04) in AA 
subjects. No significance was seen in other pools of sulfide in compari
sons between these races in either the control or COVID-19 groups. 

Fig. 1. Plasma NO availability in COVID-19 patients. Results show significantly reduced total NO (A), free nitrite (B), and s-nitrosothiol (C) metabolites in COVID-19 
patients (n = 68) compared to control subjects (n = 33). 
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3.5. Nitrotyrosine levels are elevated in COVID-19 patients 

To determine NO-derived oxidants, we measured systemic levels of 
nitrotyrosine in the plasma from healthy controls and COVID-19 pa
tients (Fig. 5). Nitrotyrosine levels were significantly higher among 
patients with COVID-19 compared to healthy controls (107.049 ± 7.907 
nM vs 44.7606 ± 12.85 nM; P<0.0001; Fig. 5A). Analysis by race 
showed a significant increase in nitrotyrosine levels both in Caucasian 
COVID-19 patients (108.2 ± 13.62 nM vs 48.54 ± 16.92 nM; p = 0.01; 
Fig. 5B), and in African Americans COVID-19 patients (106.2 ± 10.01 
nM vs 40.69 ± 22.01 nM; p = 0.006; Fig. 5C) compared to respective 
race matched controls. 

3.6. A case-study of a single COVID-19 patient – association between 
CRP and gasotransmitters 

C-reactive protein (CRP) levels have been shown to be an early 
prognosticator in COVID-19 pneumonia and can indicate disease 

severity, whereas the gasotransmitters NO and H2S are known for their 
anti-inflammatory properties[17]. We measured nitrotyrosine, CRP as 
well as NO and H2S levels in a single subject who was initially a control 
subject, but 9 days later contracted a COVID-19 infection (Fig. 6). The 
subject’s CRP levels, which were significantly elevated with COVID-19 
infection (1.35 mg/dL, normal range 0.3–1.0 mg/dL), were further 
elevated (1.77 mg/dL) within 3 days of infection, and then returned to 
the normal range (0.78 mg/dL) following antiviral therapy with 
remdesivir for 5 days (Fig. 6, middle panel). Total NO and sulfide levels 
were significantly reduced during COVID-19 infection (280 nM and 
0.8523 μM, respectively) in this individual from pre-infection baseline 
(400 nM and 1.11039 μM, respectively) (Fig. 6, bottom panel). How
ever, both the NO and sulfide levels were elevated following remdesivir 
antiviral therapy coinciding with decreased COVID-19 symptoms (5 
days post-treatment: 200 nM and 1.07555 μM; 14 days post-treatment: 
280 nM and 1.44706 μM). The subject’s level of nitrotyrosine, an 
oxidant marker, was significantly increased with COVID-19 infection 
and at day-5 post COVID-19 infection (22.52 nm and 133.99 nM 

Fig. 2. Plasma sulfide pools in COVID-19 patients. Scatter bar graphs showing plasma free sulfide (A), acid labile sulfide (B), bound sulfane sulfur (C) and total 
sulfides (D) in Control and COVID-19 subjects. Results show significantly reduced sulfide metabolites with the exception of bound sulfane sulfur in COVID-19 patients 
(n = 68) compared to Controls (n = 33). 
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Fig. 3. NO availability by race. Total NO, free nitrite, and s-nitrosothiol metabolites are significantly reduced in Caucasian (A–C) COVID patients (n = 21) compared 
to controls (n = 19). There was a trend towards lower free nitrite levels and significantly reduced total NO and s-nitrosothiol metabolites in African American (D–F) 
COVID-19 patients (n = 44) compared to control subjects (n = 13). 

Fig. 4. Sulfide pools by race. Free sulfide, acid labile sulfide, bound sulfane sulfur and total sulfides in Caucasian (A–C) and African American (D–F) COVID-19 
subjects compared to control subjects respectively. Scatter bar graphs show a significantly reduced total and free sulfide levels but not bound sulfane sulfur and 
acid labile sulfide levels in Caucasian COVID-19 patients (n = 18) compared to controls (n = 19); and significantly reduced total, free and acid labile sulfide levels but 
comparable bound sulfane sulfur levels in African American COVID-19 patients (n = 46) compared to controls (n = 13). 
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respectively) compared to the baseline (2.56 nM) (Fig. 6, top panel), in 
close alignment with the increasing CRP levels and decreasing NO and 
H2S levels. Nitrotyrosine level then steeply decreased at day-14 post 
COVID-19 infection (52.97 nM) with corresponding increase in NO and 
H2S levels. 

3.7. Nitric oxide as an indicator of COVID-19 infection 

We performed receiver-operating characteristic analysis (ROC) 
(Fig. 7, Suppl Fig 1) to determine the accuracy of reduced NO levels as an 
indicator of COVID-19. Analysis of plasma NO and its metabolites be
tween COVID-19 patients and controls revealed areas under the curve 
(AUC) of 0.776 (p<0.0001), 0.640 (p = 0.02), and 0.785 (p<0.0001) for 
total NO, free nitrite, and SNO, respectively (Fig. 7A and B; Suppl. 
Fig.1A). Plasma NO metabolites were then analyzed based on race in 
Caucasian and AA subjects, and found to be a stronger indicator of 
COVID-19 infection in Caucasian patients (AUC of 0.810, p<0.0001; 
0.703, p = 0.03; and 0.856, p<0.0001 (Fig. 7D and E; Suppl. Fig.1B) for 
total NO, free nitrite, and SNO, respectively) compared to AA (AUC 
0.731, p = 0.012 and 0.727, p = 0.014 total and SNO, respectively 
(Fig. 7G, I)). However, free nitrite levels in AA subjects did not show any 
significant predictability for COVID-19 infection (AUC of 0.547, p =
0.625, Suppl. Fig. 1C). 

3.8. Sulfide pools as indicators of COVID-19 infection 

We next performed ROC with sulfide and its metabolites by 
analyzing the AUC in healthy controls and COVID-19 patients. Free 
sulfide with an AUC of 0.8697 (95% CI - 0.7878- 0.9517, p < 0.0001) 
was a strong predictor of COVID-19 in the overall study population 
(Fig. 8A). A free sulfide of 0.30 μM or below had a sensitivity of 96% and 
a specificity of 33% of predicting COVID-19 infection and a level of 0.24 
μM or below had a sensitivity of 91% with a specificity of 67%. Total 
sulfide was also fairly able to predict COVID-19 infection with an AUC of 
0.753(p<0.0001, Fig. 8B). We further analyzed the accuracy of reduced 
sulfide levels as a predictor of COVID-19 based on race in Caucasian and 
AA subjects. We found that free sulfide was a powerful predictor of 
COVID-19 infection in Caucasians with an AUC of 0.915 (p<0.0001, 
Fig. 8C). A free sulfide level of 0.30 μM or less was 94% sensitive and 
58% specific in predicting COVID-19 infection in Caucasians. Total 
sulfide with an AUC of 0.8041 (p = 0.0016) in Caucasians was a fair 
predictor of COVID-19 infection in this population. Total and free sulfide 
with an AUC of 0.7873 (p<0.0001) and 0.8276 (p<0.0001) respectively 
were good predictors of COVID-19 infection in AA patients (Fig. 8E and 
F). With a free sulfide level of 0.30 μM or below, the sulfide levels were 
able to predict COVID-19 with 95% sensitivity and 14% specificity in 
AA. 

3.9. Correlation and regression analyses between COVID-19 severity and 
gasotransmitters 

Independent sample Student’s t-tests were performed to study the 
association between biomarkers (cardiac injury, thrombosis, and in
flammatory) and NO and H2S levels in the COVID-19 cases (Table 3). 

Fig. 5. Nitrotyrosine levels in controls vs COVID-19 patients. Nitrotyrosine levels are significantly increased in COVID-19 patients (n = 68) compared to healthy 
controls (n = 33) in the overall study population (A); There was a similar increase in nitrotyrosine levels in the Caucasian (n = 21 vs 19) (B) and African American (n 
= 44 vs 13) COVID patients compared to race matched controls. 

Fig. 6. Single case of COVID-19 infection and its association with CRP, NO and 
sulfide levels. Nitrotyrosine levels of the subject pre-COVID, during and post- 
COVID at 5 days and 14 days (top panel); CRP levels during and post-COVID, 
3 days and 5 days (middle panel); NO and sulfide levels before, during and 
post-COVID at 5 days and 14 days (bottom panel). 
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Fig. 7. Receiver-operating characteristic analysis (ROC) of NO metabolites in controls vs COVID. ROC curves with area under the curve of Total NO, free nitrite and 
S-nitrosothiol – altogether (A–C); Caucasians (D–F) and African American (G–I) populations respectively. 
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Fig. 8. Receiver-operating characteristic analysis (ROC) of Sulfide in controls vs COVID. ROC curves with area under the curve of Free and total sulfides of COVID-19 
subjects altogether (A, B); Caucasian population (C, D); and African American populations (E, F) respectively. 

P. Dominic et al.                                                                                                                                                                                                                                



Redox Biology 43 (2021) 101982

9

LDH levels ≤260 U/L compared to LDH >260 U/L showed significant 
differences in NO levels (210.50 ± 64.41 nM vs 323.16 ± 167.63 nM; p 
= 0.004) (Table 3). In addition, there was a trend towards a difference in 
NO levels in patients with low and high levels of lactate (235.65 ± 64.79 
nM vs 311.26 ± 177.96 nM, p = 0.052) and procalcitonin (251.34 ±
102.73 nM vs 334.70 ± 165.37 nM, p = 0.053). Based on the level of 
respiratory support, COVID-19 patients were categorized as mild-to- 
moderately ill or severely ill. Compared to patients with mild-to- 
moderately severe COVID-19 illness, patients with severe illness had 
slightly elevated NO (274.02 ± 133.67 nM (n = 46) versus 314.68 ±
154.25 nM (n = 22), p = 0.299). Similarly, patients who died had 

significantly higher levels of NO compared to levels in patients who 
survived (263.65 ± 124.34 nM (n = 60) versus 464.43 ± 137.41 nM (n 
= 8), p<0.0001). 

We further analyzed the relationship between biomarkers and H2S 
levels in the COVID-19 patients and found a significant increase in H2S 
levels (1.10 ± 0.17 μM versus 1.23 ± 0.24 μM, p = 0.009) in patients 
with severe COVID-19 illness compared to those with mild-to- 
moderately severe COVID-19 illness. Levels of H2S significantly 
increased in expired patients compared to levels in those who survived 
(1.11 ± 0.17 μM versus 1.40 ± 0.25 μM, p<0.013). To assess if the 
higher NO and H2S levels in sicker COVID-19 patients and COVID-19 
patients who expired reflected a higher demand due to advanced 
oxidant stress, we compared nitrotyrosine levels in mild to moderately 
ill COVID-19 patients and patients who survived the COVID-19 infection 
to severely ill COVID-19 patients and COVID-19 patients who suc
cumbed to their illness. Severely ill COVID-19 patients had significantly 
higher nitrotyrosine levels compared to mild to moderately ill patients 
(128.76 ± 55.55 nM versus 93.51 ± 60.95 nM, p = 0.04). Similarly, 
patients who died from COVID-19 infection had a trend towards a higher 
nitrotyrosine level compared to patients who survived (139.45 ± 59.26 
nM versus 99.96 ± 60.40 nM, p = 0.11). The patients who had higher 
levels of cardiac, inflammatory, and thrombosis biomarkers had higher 
NO and H2S levels although most were non-significant (Table 3). 

We performed multivariable regression analysis to identify any as
sociation between comorbidities and total NO and sulfide levels 
(Table 4). It is worth noting that we did not find any further association 
between NO and H2S levels and cardiovascular risk factors, including 
age, race, sex, diabetes, and hypertension (Table 4). 

4. Discussion 

The gasotransmitters NO and H2S have overlapping pathophysio
logical roles with significant influence in regulating cardio– and vaso– 
protective functions and possessing anti-inflammatory, anti-thrombotic, 
and antiviral properties[7,18–21]. While researchers have pondered the 
possible use of NO and H2S in the treatment of COVID-19, studies 
exploring the availability of these two gasotransmitters in COVID-19 
patients are limited[11,13,14,22–24]. For the first time, our study 
analyzed and compared both NO and sulfide metabolites in healthy 
subjects and COVID-19 patients and observed a significant and parallel 
reduction in both NO and sulfide metabolites in the COVID-19 patients 
compared to controls (Figs. 1 and 2). 

NO plays a key protective role in limiting the severity of cardiovas
cular disease (CVD), and as a selective pulmonary vasodilator, improves 
pulmonary function in subjects with acute and chronic pulmonary hy
pertension [24]. Previously, NO has been negatively associated with 
viral replication in severe acute respiratory syndrome (SARS/SAR
S-CoV) [10,25,26]. In vitro studies with SARS-CoV suggested that NO 

Table 3 
NO and H2S levels based on biomarkers and disease severity.   

NO Levels (nM) p- 
Value 

H2S Levels 
(μM) 

p- 
Value  

Mean (n) ±SD Mean 
(n) 

±SD 

Troponin   0.14   0.64 
Troponin ≤0.04 

ng/ml 
273.87 
(30) 

137.36 1.17 
(31) 

0.21 

Troponin >0.04 
ng/ml 

347.54 
(13) 

176.18 1.14 
(15) 

0.25 

D-Dimer   0.08   0.85 
D-Dimer ≤1000 

ng/ml 
240.00 
(14) 

111.99 1.14 
(15) 

0.15 

D-Dimer >1000 
ng/ml 

326.45 
(31) 

163.98 1.13 
(36) 

0.24 

Ferritin   0.43   0.94 
Ferritin ≤600 ng/ 

ml 
266.12 
(17) 

141.11 1.14 
(18) 

0.13 

Ferritin >600 ng/ 
ml 

300.94 
(35) 

153.24 1.14 
(40) 

0.23 

CRP   0.56   0.76 
CRP ≤ 1.8 mg/dl 325.33 

(9) 
138.17 1.15 

(9) 
0.21 

CRP > 1.8 mg/dl 294.62 
(37) 

141.57 1.18 
(43) 

0.21 

LDH   0.004   0.22 
LDH ≤ 260 U/L 210.50 

(10) 
64.41 1.08 

(11) 
0.17 

LDH > 260 U/L 323.16 
(31) 

167.63 1.17 
(35) 

0.22 

BNP   0.21   0.11 
BNP ≤ 1000 pg/ 

ml 
255.00 
(15) 

131.61 1.09 
(16) 

0.12 

BNP > 1000 pg/ 
ml 

322.53 
(17) 

163.45 1.19 
(20) 

0.21 

RDW   0.16   0.92 
RDW ≤ 14.5% 265.86 

(36) 
109.38 1.14 

(37) 
0.23 

RDW > 14.5% 323.17 
(24) 

174.51 1.15 
(30) 

0.18 

Lactate   0.05   0.10 
Lactate ≤ 1.25 

mmol/L 
235.65 
(17) 

64.79 1.08 
(17) 

0.22 

Lactate> 1.25 
mmol/L 

311.26 
(27) 

177.96 1.19 
(31) 

0.21 

Procalcitonin   0.05   0.14 
Procalcitonin 
≤0.5 ng/ml 

251.34 
(29) 

102.73 1.12 
(31) 

0.23 

Procalcitonin 
>0.5 ng/ml 

334.70 
(20) 

163.57 1.21 
(23) 

0.19 

Severity of COVID   0.29   0.009 
Mild - Moderate 274.02 

(46) 
133.67 1.10 

(46) 
0.17 

Severe 314.68 
(22) 

154.25 1.23 
(22) 

0.24 

Outcome   <0.001   0.013 
Alive 263.65 

(60) 
124.34 1.11 

(60) 
0.17 

Expired 464.43 
(8) 

137.41 1.40 
(8) 

0.25 

CRP - C-Reactive Protein; LDH - Lactate Dehydrogenase; BNP - Brain Natriuretic 
Peptide; RDW - Red cell Distribution Width. 

Table 4 
Multivariable regression analysis of association of demographics and comor
bidities with total NO and sulfide levels.  

Multivariable Regression analysis in COVID positive cases- Total Nitric Oxide 

Risk Factor Coefficient±SD p-Value 
Age 0.35 ± 1.45 0.81 
Race -2.31 ± 38.76 0.95 
Gender 51.41 ± 40.3 0.21 
Diabetes Mellitus -32.29 ± 44.62 0.47 
Hypertension 27.03 ± 49.1 0.58  

Multivariable Regression analysis in COVID positive cases- Total Sulfide 
Risk Factor Coefficient±SD p-Value 
Age 0.0 0.8 
Race -0.02 ± 0.06 0.68 
Gender -0.04 ± 0.06 0.49 
Diabetes Mellitus 0.04 ± 0.06 0.5 
Hypertension -0.07 ± 0.07 0.31  
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has anti-viral properties as shown by its specific inhibition of the viral 
replication cycle [25,26]. Chen et al. demonstrated the favorable effect 
of inhaled NO on arterial oxygenation in patients with acute respiratory 
distress syndrome [10]. Similar to SARS-CoV-1, SARS-CoV-2 infects the 
upper respiratory tract, but with increased complications mediated 
through vascular inflammation and injury. It has been predicted that 
COVID-19 mortality could be associated with decreased endothelial NO 
production and availability [27]. Based on earlier reports from studies of 
SARS-CoV-1, the inhibitory effect of NO on SARS-CoV-2 has been 
evaluated recently in vitro and found to promote significant reduction in 
SARS-CoV-2 protease activity [9]. Although there are now quite a few 
clinical trials using NO therapy to alleviate viral pneumonia and the 
bronchopulmonary effects of SARS-CoV-2 [28], interestingly, there have 
been no reports suggesting a decrease in NO availability in COVID-19 
patients. Recently, a study by Alamdari et al. showed a significant in
crease in NO levels in 25 COVID-19 patients in ICU compared to 
non-infected controls [28] but did not include data from mildly ill 
COVID-19 patients. In contrast, our study found significantly lower NO 
metabolites in patients with COVID-19 infections of different severities 
compared to controls. 

H2S is another gasotransmitter with antiviral properties that is car
dioprotective, anti-inflammatory, and antioxidant [8,29,30]. Consid
ering its varied functions, it has been contemplated as a possible therapy 
in COVID-19 infection [11,22,31]. We have previously reported H2S 
availability as a predictive biomarker for cardiovascular disease in a 
race- and sex-based manner [16]. A recent study has suggested a cor
relation between the severity of SARS-CoV-2 infection, cytokine pro
duction, and H2S plasma levels [13]. H2S levels were significantly 
reduced in deceased patients compared to those who survived following 
COVID-19 infection, suggesting a possible role of H2S in the outcome of 
pneumonia caused by SARS-CoV-213. However, that study was limited 
to COVID-19 patients with viral pneumonia and did not include 
non-infected controls. In a biological system, H2S can be present in 
various forms including free, acid labile, and bound sulfane sulfur that 
regulate and contribute to the total amount of bioavailable sulfide [16]. 
For the first time, we demonstrate that all of these sulfide biochemical 
forms are significantly reduced in COVID-19 patients compared to 
healthy controls (Fig. 2). The interaction between H2S and NO can be 
complex and could range from synergism, based on evidence from the 
cardiovascular disease models [32,33] to antagonistic regulation of each 
other found in inflammatory cells [34], especially in pulmonary in
fections [35]. Our finding that both H2S and NO are reduced in 
COVID-19 infection simultaneously hints at a more synergistic role for 
these two gasotransmitters in this context. 

There are known variations in NO and H2S levels based on race in 
vascular disease patients [16,36]. ROC analyses with NO showed a 
significantly predictable relationship between COVID-19 and NO levels, 
including total NO, free nitrite, and SNO metabolites in all of the 
COVID-19 subjects, irrespective of race (Fig. 6A–C). Interestingly, sul
fide metabolites, especially total sulfide and free sulfide, were more 
predictive of COVID-19 infection than NO metabolites. ROC analysis of 
free sulfide showed that a free sulfide level of 0.30 μM was 96% sensitive 
and 33% specific in predicting COVID-19 infection in the general pop
ulation; >94% sensitive and 58% specific in the Caucasian population; 
and 95% sensitive and 14% specific in the AA population. Assuming a 
roughly 10% prevalence of COVID-19 infection in the United States, free 
sulfide levels of 0.30 μM predicted COVID-19 infection with a positive 
predictive value (PPV) of 14% but a negative predictive value (NPV) of 
99% in the general population and a PPV of 20% and a NPV of 99% in 
Caucasians, suggesting that higher free sulfide levels can rule out 
COVID-19 infection with certainty. The majority of the control popu
lation in this study was healthy and did not have significant comor
bidities, while 25% of COVID-19 cases had CVD. Previously, we have 
shown that while the levels of other sulfide metabolites in the plasma are 
decreased with cardiovascular disease, free sulfide levels are elevated in 
these patients [37,38] Therefore, the finding that free sulfide levels are 

significantly reduced in and are the best predictors of COVID-19 infec
tion in the COVID-19 cases with 25% CVD prevalence assumes 
prominence. 

Elevated levels of multiple biomarkers including lactate dehydro
genase (LDH) and procalcitonin were associated with poor outcomes in 
COVID-19 infection [39]. We therefore analyzed the effects of various 
inflammatory and cardiovascular biomarkers on NO and H2S in 
COVID-19 patients (Table 3). We saw a significant association between 
LDH and NO levels in COVID-19 infected subjects (Table 3). Surpris
ingly, patients with LDH levels >260 U/L had higher total NO levels 
compared to patients with LDH levels ≤260 U/L. NO also showed a 
significant association with mortality, with increased NO levels in 
expired COVID-19 subjects compared to patients who survived. This is in 
agreement with the findings in the study by Alamdari et al. [28] Simi
larly, COVID-19 patients who were severely ill or expired had a signif
icantly higher plasma H2S levels compared to patients who were 
mild-to-moderately ill or survived. Although the gasotransmitter levels 
were significantly reduced in COVID-19 patients compared to controls, 
it is unclear why sicker COVID-19 patients had relatively elevated levels 
compared to less sick patients. One possible explanation is that the 
elevated NO and H2S levels in sicker COVID-19 patients is a last-ditch 
compensatory response to the severely noxious effects of the 
COVID-19 infection. Another reason could be a hypothetical inability to 
utilize or underutilization of NO and H2S to reduce oxidative stress 
leading to poor outcomes. NO-derived oxidant generation can also 
reduce NO availability, thereby reducing its levels. Peroxynitrite is one 
such oxidant that promotes nitration of protein tyrosine residues such as 
nitrotyrosine [40]. We observed a significant increase in nitrotyrosine 
levels in the plasma of COVID-19 patients (Fig. 5) in conjunction with 
reduced NO levels. In addition, severely ill COVID-19 patients had 
significantly higher nitrotyrosine levels compared to mild-moderately ill 
COVID-19 patients and COVID-19 patients who died had a trend to
wards higher nitrotyrosine levels compared to COVID-19 patients who 
survived, lending credibility to this hypothesis. Finally, changes in 
circulating NO levels could reflect alterations in nitric oxide synthase 
(NOS). Decreased NO availability generally can be attributed to reduced 
eNOS; whereas, iNOS is correlated with high NO production [41,42]. A 
direct association of eNOS and iNOS, including eNOS polymorphisms 
have been proposed to critically regulate defense against SARS-CoV-2 
and COVID-19 severity [42]. While iNOS is likely activated by the 
inflammation and cytokine storm caused by COVID-19, our finding that 
total NO levels in patients with COVID-19 is low could suggest an 
overwhelming effect of COVID-19 on endothelial NOS, resulting in high 
oxidant stress which in turn could possibly result in NOS uncoupling. 
The variations in the level of iNOS between moderately and severely ill 
COVID-19 patients could also explain the differences in NO levels in 
these patient groups and the findings in our study compared to the study 
by Alamdari et al. However, future studies focusing on the enzyme 
expression and activity, and their polymorphisms, including their sub
strate availability in COVID-19 patients are warranted. 

Comorbidities in COVID-19 patients may be associated with 
increased hospitalizations, complications, and mortality [43–45]. 
Therefore, we used multivariable regression analyses to find the asso
ciation between the gasotransmitters NO and H2S and other risk factors 
(Table 3) in COVID-19 positive cases. Remarkably, there were no further 
differences in either NO or sulfide metabolites with patient de
mographics or cardiovascular comorbidities known to affect their levels, 
including age, race, sex, diabetes, and hypertension (Table 4), suggest
ing that the effect of COVID-19 on these gasotransmitters was over
whelming, leaving no room for variations. 

5. Conclusion and future directions 

In summary, our findings reveal that the availability NO and sulfide 
metabolites is significantly reduced in individuals with COVID-19 
infection but is not affected by comorbidities. In addition, reduced 
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free sulfide levels have a high sensitivity in predicting COVID-19 
infection in the study population regardless of race. Based on a case 
study within the cohort, inflammatory and oxidative stress markers CRP 
and nitrotyrosine, were inversely related to and NO/H2S availability 
with the onset of COVID-19 infection, which should be studied in a 
wider population. Overall, our study further substantiates the need for 
NO as a therapeutic modality for COVID-19, consistent with ongoing 
clinical trials. Additionally, our study also suggests exogenous H2S 
therapy as a pharmacological strategy at least in mild to moderate 
COVID-19 disease, to restore its availability and counteract the severe 
consequences of COVID-19 infection. Finally, based on this association 
of decreasing NO and H2S availability with COVID-19 infection, it is 
worth exploring these gasotransmitters as potential protective factors 
and novel therapeutic alternatives. 

Clinical implications  

• NO and H2S are prognostic biomarkers in COVID-19 infection.  
• Supplementation with H2S-based drugs as a therapeutic approach 

may have potential protective effects in COVID-19 infection. 
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