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What′s known
The pandemic of coronavirus disease 2019 (COVID-19) is still ongoing throughout the world and has resulted in considerable fatality. It is urgent to find new therapeutic strategies that target the virus. Vitamin C is significant to human body and plays a role in preventing inflammatory response in viral agents.
What′s new
Clinical efficacy of high-dose vitamin C intravenous infusion in COVID-19 is still controversial. In this study, 45.1% of patients was administrated with high-dose vitamin C. Importantly, high-dose vitamin C led to decrease of high-sensitivity troponin I. Meanwhile, the levels of inflammatory markers decreased in patients treated with high-dose vitamin C. In addition, changes in levels of the inflammatory markers displayed a tendency of significant decrease at 14 days after treatment related to baseline in patients receiving high-dose vitamin C. Therefore, this is the first study showing the novel information that high-dose vitamin C therapy may be potential benefit in improving cardiac injury through preventing hyper-inflammatory response in the severe and critically ill COVID-19, it has shown promise as an adjunct therapy strategy for COVID-19 with cardiac injury.
Abstract
Aim: To assess effect of high-dose vitamin C on cardiac injury in coronavirus disease 2019 (COVID-19).
Methods: The study was designed based on the severe and critically ill COVID-19 with cardiac injury. Demographics and baseline clinical characteristics were collected and analyzed in addition to laboratory examinations including inflammatory markers on admission and at 14 days after treatment from the electronic medical records. Participants were followed-up for 14 days after treatment with high-dose vitamin C in addition to conventional therapy.
Result: The patients (n = 113) were categorized into the improved cardiac injury (ICI) group (n = 70) and the non-improved cardiac injury (NICI) group (n = 43). Overall, 51 (45.1%) patients were administrated with high-dose vitamin C, the percentages of patients treated with high-dose vitamin C were higher in the ICI group than that in the NICI group (52.8% vs 32.5%, P = 0.035). Further analysis showed that concentrations of high-sensitivity C-reactive protein (hs-CRP), tumor necrosis factor (TNF)-α, interleukin-2 receptor (IL-2R), IL-6 and IL-8 significantly decreased at 14 days after treatment in patients treated with high-dose vitamin C compared with those in patients administrated without high-dose vitamin C. Meanwhile, similar results were also observed regarding changes in inflammatory markers from baseline to 14 days after treatment in patients receiving high-dose vitamin C.
Conclusion: High-dose vitamin C can improve cardiac injury through preventing hyper-inflammatory response in severe and critically ill COVID-19.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a global health care issue caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).1 It has been reported that cardiac injury is commonly observed in severe and critically ill cases and associated with fatality.2 Cytokines have been thought to play a pivotal role in regulating inflammatory response during virus infections.3 Accumulating evidences revealed that the patients with severe illness might have a high inflammatory burden; particularly, increase of pro-inflammatory cytokines, which predicted adverse clinical events in COVID-19.2,4 In our previous study, we found that pro-inflammatory cytokines were dramatically increased as independent risk factors for cardiac injury in those patients. Therefore, hyper-inflammatory response may highly involve in cardiac injury among patients with COVID-19.

  Given this background, it is urgently needed to study new therapeutic options to prevent hyper-inflammatory response for attenuating cardiac injury and reducing fatality. At present, there is a lack of antiviral agents with proven efficacy, and symptomatic supportive treatment is still the current main treatment strategy in COVID-19. Vitamin C is significant to human body and plays a role in preventing inflammatory response. In addition, The use of intravenously vitamin C arises from experimental evidence of its anti-inflammatory properties.5 A recent study has demonstrated the effectiveness of vitamin C administration in terms of reducing fatality in patients with sepsis.6 Therefore, we hypothesized that high-dose vitamin C infusion could help to improve cardiac injury through preventing hyper-inflammatory response in COVID-19.
SUBJECTS, MATERIALS AND METHODS
Study design and population 
This retrospective study was designed based on the severe and critically ill COVID-19 with cardiac injury hospitalized at Tongji Hospital of Huazhong University of Science and Technology, Wuhan, China, which was assigned responsibility for treatment of patients with severe and critically ill cases by the Wuhan government from February 1, 2020 to March 10, 2020. All patients tested positive for SARS-CoV-2 by use of real-time reverse-transcriptase polymerase-chain reaction (RT-PCR) on throat swab specimens. Identification of disease condition were achieved in accordance with the criteria in the Seventh Revised Trial Version of the Novel Coronavirus Pneumonia Diagnosis and Treatment Guidance published by the National Health Commission of China.7 We excluded patients who had hospitalization length-of stay of < 14 days after treatment; lacked medical records; had history of renal insufficiency; were not laboratory-confirmed SARS-CoV-2 infection up to March 24, 2020; lacked measurements of serum high-sensitivity troponin I (hs-cTnI) and inflammatory markers on admission and at 14 days after treatment.

The study was conducted in accordance with the principles of the declaration of the National Health Commission of China and approved by the Research Ethics Commission of Tongji Hospital of Huazhong University of Science and Technology (Approval number WDRY2020-K061) and written informed consent was waived by the Ethics Commission of the designated hospital for patients due to the rapid emergence of this infectious disease.

Treatment 
For the patients, they were recommended the combination regimen of high-dose vitamin C administration in addition to conventional therapy including oxygen therapy, vasoconstrictive agents, antiviral agents, antibacterial agents, corticosteroids, and immunoglobulin, mechanical ventilation, and symptomatic supportive treatment by the Seventh Revised Trial Version of the Novel Coronavirus Pneumonia Diagnosis and Treatment Guidance published by the National Health Commission of China.7 Briefly, high-dose vitamin C was administered under two varying dosage in excess of (1) 100 mg/kg of body weight vitamin C diluted in 50 mL of saline solution to infuse within 30 min every 6 hours within 1 day and (2) following 100 mg/kg of body weight vitamin C diluted in 50 mL of saline solution to infuse within 30 min every 12 hours within for 5 days.6
Data collection 
Demographics and baseline clinical characteristics were extracted from the electronic medical records including age, sex, current smoker, heart rate, systolic blood pressure (SBp), diastolic blood pressure (DBp), cardiovascular comorbidities, time from illness onset to admission, main clinical symptoms at onset of illness such as fever (temperature ≥ 37.3℃), cough, sputum, dyspnea, fatigue, diarrhea, myalgia. Simultaneously, we collected the laboratory data on leukocyte counts, lymphocyte counts, erythrocyte counts, platelet counts, haemoglobin, albumin, alanine aminotransferase (ALT), aspartate aminotransferas (AST), urea nitrogen, serum creatinine, N-terminal pro-B-Type natriuretic peptide (NT-proBNP) on admission. Biological markers of inflammation including high-sensitivity C-reactive protein (hs-CRP), tumor necrosis factor (TNF)-α, interleukin-2 receptor (IL-2R), IL-1β, IL-6, IL-8, IL-10, hs-cTnI and hs-cTnI were obtained on admission (before the first infusion of high-dose vitamin C) and repeated 14 days after treatment. The completion time was 14 days following treatment.
Definitions 
The clinical spectrum of COVID-19 ranges from mild, common, severe to critically ill cases. Those who met the criteria as follow were defined as severe illness: (1) Respiratory distress with respiratory rate over 30 times per minute; (2) Oxygen saturation ≤ 93% in the resting state; (3) Arterial blood oxygen partial pressure / fraction of inspired oxygen ≤ 300 mm Hg.7 Critically ill patients were defined as those admitted to the hospital who required mechanical ventilation or shock or other organ dysfunction.7 The therapeutic efficacy of high-dose vitamin on cardiac injury was assessed by screening the changes of hs-cTnI from baseline to 14 days after treatment. Cardiac injury was evidenced by the serum level of hs-cTnI above the 99th percentile upper reference limit (26.2 pg/mL).2,8 Improved cardiac injury (ICI) was defined as the serum level of hs-cTnI at 14 days after treatment below 26.2 pg/mL; non-improved cardiac injury (NICI) was defined as the serum level of hs-cTnI at 14 days after treatment above 26.2 pg/mL and that of baseline. Hyper-inflammatory response was determined by the elevated concentrations of inflammatory markers.9
Statistics analysis
Continuous variables were expressed as median with interquartile range (IQR), and were compared using 2-sample independent group t test for continuous variables that were normally distributed, or Mann-Whitney U test for continuous variables that were not normally distributed. Categorical variables were presented as number with percentage and used chi-square test. Two-sided P value < 0.05 was considered statistically significant. All analysis were performed using SPSS software, version 16.0 for Windows (SPSS Inc, Chicago, IL, USA). Statistical graphs were applied to GraphPad Prism 5 (GraphPad software, La Jolla, CA).

RESULTS
Demographics and baseline clinical characteristics 
In total, 113 patients were enrolled in the study. The median age was 68 (IQR: 62-77) years, and there were 52 (46.0%) men. There were no significant between-group differences regarding demographics and baseline clinical characteristics. Meanwhile, in terms of the profiles of inflammatory markers on admission, similar results were also observed between the two groups (TABLE 1).

As shown in FIGURE 1, the serum level of hs-cTnI displayed no significant difference between the ICI group and the NICI group at baseline [43.7 (30.9-83.3) pg/mL vs 51.4 (33.1-91.8) pg/mL, P = 0.902]. In contrast, the concentration of hs-cTnI at 14 days after treatment appeared significantly lower in the ICI group than that in the NICI group [17.6 (12.2-22.9) pg/mL vs 76.5 (49.2-126.5) pg/mL, P < 0.001].

Effect of high-dose vitamin C on cardiac injury
Overall, 51 (45.1%) patients were administrated with high-dose vitamin C, the percentages of patients treated with high-dose vitamin C were 52.8% (n = 37) in the ICI group and 32.5% (n = 14) in the NICI group, respectively. Fortunately, high-dose vitamin C can improve cardiac injury in the severe and critically ill patients with COVID-19 (χ2 = 4.432, P = 0.035; FIGURE 2).
Effect of high-dose vitamin C on inflammatory markers 
Changes in inflammatory markers from baseline to 14 days after treatment were shown in TABLE 2 and FIGURE 3. No statistical significances were found in levels of inflammatory markers at baseline between patients treated with and without high-dose vitamin C. However, concentrations of hs-CRP, TNF-α, IL-2R, IL-6 and IL-8 at 14 days after treatment in patients administrated with high-dose vitamin C significantly decreased compared with those among cases treated without high-dose vitamin C except IL-10 (P = 0.696) and IL-1β (P = 0.530). Furthermore, changes in levels of hs-CRP, TNF-α, IL-2R, IL-6 and IL-8 displayed a tendency of significant decrease at 14 days after treatment related to baseline in patients receiving high-dose vitamin C except IL-10 (P = 0.562) and IL-1β (P = 0.531). Unfortunately, this significant difference was not observed in patients treated without high-dose vitamin C.
DISCUSSION
The pandemic of COVID-19 is still ongoing throughout the world, there are not yet effective treatments that target the SARS-CoV-2, it is urgent to find new preventive and therapeutic strategies as soon as possible to potentially protect from the virus or to alleviate its effects once caught. One such medication that is being touted in the media is high-dose vitamin C intravenous infusion. However, the clinical efficacy of high-dose vitamin C intravenous infusion in COVID-19 is still controversial. In this study, our endeavor had focused on the high-dose vitamin C that targeted hyper-inflammatory response leading to cardiac injury. Our choice of the agent was based on the fact that this therapeutic approach was readily available for clinical use, and high-dose vitamin C has been shown to provide significant cardioprotective effect in a variety of disease states.10,11 There are also indications that high-dose vitamin C may be effective in critically ill patients with sepsis, in which the hyper-inflammatory response caused by sepsis is activated. However, high-dose vitamin C can effectively prevent this process. Moreover, vitamin C can help to reduce lung damage by preventing the activation of inflammatory cytokines.12 Although there is no universally adopted dosage definition, we recommended administration of 100 mg/kg every 6 hours within 1 day and every 12 hours within for 5 days as the optimum dosage of vitamin C therapy as described in the recently published randomized controlled trial to study sepsis-related severe acute respiratory failure.6
There is a high prevalence myocardial injury, as evidenced by elevation in hs-cTnI.8 A large body of evidence suggests cardiac injury is an important cause of mortality in critically ill patients with COVID-19.8,13,14 We performed an analysis of the current data to investigate whether high-dose vitamin C therapy may help to improve cardiac injury in severe and critically ill patients. Fortunately, the percentages of patients receiving high-dose vitamin C therapy were 52.8% in the ICI group and 32.5% in the NICI group, respectively, the difference was statistically significant. Therefore, the strength of our data supported the issue of clinical efficacy of intravenous high-dose vitamin C infusion on cardiac injury. The properties for cardioprotective effect of high-dose vitamin C had been suggested by the fact that high-dose vitamin C infusion showed a positive impact on recovery from cardiac injury in this study. To reduce the risk of cardiac injury, it is recommended that intravenous high-dose vitamin C infusion is administered if possible and continues treatment for a short period of time.
  To better understand the cardioprotective mechanism of high-dose vitamin C, we assessed the impact of high-dose vitamin C therapy on inflammatory markers in the subjects. We measured the serum inflammatory markers levels of the patients treated with or without high-dose vitamin C on admission and at 14 days after treatment. The results indicated high-dose vitamin C intravenous infusion led to decrease of inflammatory markers in patients treated with high-dose vitamin C compared with those receiving other treatment without high-dose vitamin C. In addition, the changes in biological markers of inflammation displayed a tendency of significant decrease at 14 days after treatment related to baseline in patients treated with high-dose vitamin C. On all these counts, we demonstrated the elevated levels of inflammatory markers that might result in hyper-inflammatory response significantly decreased in patients administrated with high-dose vitamin C, which indicated that high-dose vitamin C may be helpful in improving cardiac injury through preventing hyper-inflammatory response. As shown by the data available, COVID-19 is frequently encountered conditions in which hyper-inflammatory response characterized by a cytokine storm resulting from an exaggerated response of the systematic inflammation to the presence of the virus, and considered to represent one of independent risk factors for the cardiac injury in patients infected with SARS-CoV-2.13 Moreover, this overwhelming inflammatory stress contributes to the development of myocardial damage and urgent need for cardioprotective treatment.13 Additionally, cardiac injury is common in those critically ill patients, which has been thought to the result of inflammatory response.8 Therefore, we postulated that hyper-inflammatory response may play a crucial role in the pathogenesis of cardiac injury. First, hyper-inflammatory response can lead to ischemia of myocardium. The inflammatory activity within coronary atherosclerotic plaques is exacerbated during systemic inflammatory response, making them prone to rupture.14 Second, hyper-inflammatory response also increases the procoagulant activity of the blood and inducts haemodynamic changes, which can contribute to the formation of an occlusive thrombus over a ruptured coronary plaque predisposing cardiac injury.15 Third, the cytokines storm can contribute to development of endothelial dysfunction, which leads to the formation of reactive oxygen and associated reduction of nitric oxide. Also, the activation or enhanced release of these inflammatory cytokines can lead to apoptosis or necrosis of myocardial cells.16
Limitations to the present study include small sample size and conduct at a single center. Also, the study was a nonrandomized observational study and hence suffered from potential selection and ascertainment biases. The measurements of inflammatory markers should be very detailed at additional time points during and following treatment, but we only collected at baseline and 14 days after treatment, it was thus uncertain whether high-dose vitamin C may have had an effect on IL-8, IL-10 and IL-1β levels. Furthermore, medications such as corticosteroids usage may affect the levels of inflammatory markers. Importantly, We had no standardized protocol for high-dose vitamin C administration, the dosage of intravenous vitamin C infusion used in this study may be insufficient for optimal care of SARS-CoV-2 infection. Further research on vitamin C dosages and longer administration times may need optimization.
In conclusion, our analysis of data from the patients treated with high-dose vitamin C, along with our tests of inflammatory markers, showed the novel information that high-dose vitamin C therapy may be potential benefit in improving cardiac injury by reducing inflammatory markers, which was associated closely with preventing hyper-inflammatory response. Therefore, our study support the hypothesis that high-dose vitamin C intravenous infusion can improve cardiac injury through preventing hyper-inflammatory response, it has shown promise as an adjunct therapy strategy in the severe and critically ill COVID-19 with cardiac injury.
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TABLE 1 Demographics and baseline clinical characteristics

	Characteristics
	All patient

(n=113)
	The improved cardiac injury group (n=70)
	The non-improved cardiac injury group (n=43)
	P value

	Demographics
	
	
	
	

	Age, years
	68 (62-77)
	68 (59-77)
	71 (63-77)
	0.557

	Male gender, n (%)
	52 (46.0)
	32 (45.7)
	20 (46.5)
	0.934

	Current smoker, n (%)
	32 (28.3)
	17 (24.3)
	15 (34.9)
	0.225

	Heart rate, beats per min
	91 (80-108)
	90 (82-107)
	91 (78-110)
	0.946

	Systolic blood pressure, mm Hg
	136 (122-146)
	136 (122-146)
	134 (121-146)
	0.679

	Diastolic blood pressure, mm Hg
	78 (74-87)
	79 (76-87)
	77 (70-88)
	0.329

	Cardiovascular comorbidities
	
	
	
	

	Hypertension, n (%)
	42 (37.1)
	24 (34.2)
	18 (41.8)
	0.419

	Coronary heart disease, n (%)
	22 (19.5)
	10 (14.3)
	12 (27.9)
	0.076

	Diabetes, n (%)
	27 (23.9)
	13 (18.6)
	14 (32.6)
	0.090

	Time from illness onset to admission, days
	10 (7-14)
	9 (6-13)
	11 (7-15)
	0.078

	Main clinical symptoms at onset of illness
	
	
	
	

	Fever (temperature ≥ 37.3℃), n (%)
	89 (78.8)
	57 (81.4)
	32 (74.4)
	0.376

	Cough, n (%)
	62 (54.9)
	38 (54.3)
	24 (55.8)
	0.874

	Sputum, n (%)
	22 (19.5)
	13 (18.6)
	9 (20.9)
	0.758

	Dyspnea, n (%)
	28 (24.8)
	20 (28.6)
	8 (18.6)
	0.233

	Fatigue, n (%)
	28 (24.8)
	17 (24.3)
	11 (25.6)
	0.877

	Diarrhea, n (%)
	19 (16.8)
	13 (18.6)
	6 (14.0)
	0.524

	Laboratory parameters
	
	
	
	

	Leukocyte counts, cells × 109/L
	9.16 (6.57-11.92)
	9.15 (5.84-11.16)
	9.27 (7.53-12.73)
	0.176

	Lymphocyte counts, cells × 109/L
	0.64 (0.47-0.97)
	0.65 (0.51-0.97)
	0.55 (0.41-1.01)
	0.917

	Erythrocyte counts, cells × 1012/L
	3.98 (3.57-4.50)
	3.91 (3.61-4.48)
	4.04 (3.49-4.54)
	0.753

	Platelet counts, cells × 109/L
	212 (147-256)
	217 (149-260)
	196 (134-240)
	0.317

	Haemoglobin, g/L
	126 (107-141)
	126 (109-141)
	127 (101-141)
	0.465

	Albumin, g/L
	31.6 (29.1-34.6)
	31.5 (29.5-34.9)
	31.8 (28.7-34.6)
	0.520

	Alanine aminotransferase, U/L
	28 (17-39)
	30 (16-41)
	25 (17-36)
	0.429

	Aspartate aminotransferas, U/L
	35 (25-55)
	37 (25-57)
	34 (24-55)
	0.761

	Urea nitrogen, mmol/L
	7.5 (5.3-9.3)
	7.5 (5.3-9.2)
	7.5 (5.3-9.5)
	0.390

	Serum creatinine,μmol/L
	85 (63-104)
	85 (61-99)
	84 (72-113)
	0.118

	NT-proBNP, pg/mL
	953 (342-2605)
	961 (362-2424)
	790 (307-2828)
	0.743

	Inflammatory markers
	
	
	
	

	High-sensitivity C-reactive protein, mg/L
	66.4 (27.0-105.2)
	66.3 (27.6-103.8)
	70.4 (23.0-112.6)
	0.282

	Tumor necrosis factor-α, pg/mL
	11.7 (8.3-19.9)
	11.6 (7.9-20.0)
	12.9 (8.4-19.9)
	0.355

	Interleukin-2 receptor, U/mL
	858.0 (552.5-1303.0)
	792.5 (554.2-1347.0)
	882.0 (522.0-1265.0)
	0.740

	Interleukin-6, pg/mL
	71.5 (31.3-146.6)
	67.4 (33.4-124.1)
	77.2 (26.9-183.8)
	0.269

	Interleukin-8, pg/mL
	36.0 (19.0-84.9)
	38.8 (18.8-90.9)
	33.8 (19.4-67.0)
	0.754

	  Interleukin-10, pg/mL
	6.1 (5.0-9.2)
	7.0 (5.0-9.9)
	5.0 (5.0-7.5)
	0.516

	Interleukin-1β, pg/mL
	5.0 (5.0-5.0)
	5.0 (5.0-5.0)
	5.0 (5.0-5.0)
	0.434


Abbreviations: COVID-19, coronavirus disease 2019; NT-proBNP, N-terminal pro-B-Type natriuretic peptide. Continuous data were expressed as median with IQR, and categorical data were presented as number with percentage. IQR, interquartile range.

TABLE 2 Changes in inflammatory markers from baseline to 14 days after treatment

	Inflammatory markers
	High-dose vitamin C (n=51)
	
	Other treatment without high-dose vitamin C (n=62)

	
	Baseline
	14 days after treatment
	
	Baseline
	14 days after treatment

	hs-CRP, mg/L
	72.5 (31.5-112.6)
	27.7 (7.3-47.5)
	
	63.0 (22.7-98.6)
	29.5 (10.0-79.4)

	TNF-α, pg/mL
	11.7 (8.5-19.9)
	8.5 (6.0-11.1)
	
	11.7 (7.7-21.2)
	10.0 (7.1-17.2)

	IL-2 receptor, U/mL
	787.0 (497.0-1416.0)
	661.0 (494.0-897.0)
	
	886.5 (637.2-1250.7)
	778.5 (459.2-1204.7)

	IL-6, pg/mL
	69.4 (31.7-165.5)
	27.0 (9.7-82.2)
	
	75.4 (30.3-122.4)
	40.5 (20.3-124.6)

	IL-8, pg/mL
	36.0 (19.4-88.0)
	12.6 (8.6-37.6)
	
	36.8 (16.3-77.4)
	27.7 (10.2-80.3)

	IL-10, pg/mL
	5.8 (5.0-8.4)
	6.6 (5.0-11.5)
	
	6.2 (5.0-9.3)
	5.7 (5.0-10.6)

	IL-1β, pg/mL
	5.0 (5.0-5.0)
	5.0 (5.0-5.0)
	
	5.0 (5.0-5.0)
	5.0 (5.0-5.0)


Abbreviations: hs-CRP, high-sensitivity C-reactive protein; TNF-α, Tumor necrosis factor-α; IL, Interleukin. Data were expressed as median with IQR; IQR, interquartile range.
