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Abstract 

Oxidative stress by reactive oxygen species (ROS) has been hypothesized to be the major 

mediator of SARS-CoV-2-induced pathogenesis. During infection, the redox homeostasis of 

cells is altered as a consequence of virus-induced cellular stress and inflammation. In such 

scenario, high levels of ROS bring about the production of pro-inflammatory molecules like IL-

6, IL-1β, etc. that are believed to be the mediators of severe COVID-19 pathology. Based on the 

known antioxidant, anti-inflammatory, mucolytic and antiviral properties of NAC, it has been 

hypothesized that NAC will have beneficial effects in COVID-19 patients. In the current study 

efforts have been made to evaluate the protective effect of NAC in combination with remdesivir 

against SARS-CoV-2 induced lung damage in the hamster model. The SARS-CoV-2 infected 

animals were administered with high (500 mg/kg/day) and low (150 mg/kg/day) doses of NAC 

intraperitoneally with and without remdesivir. Lung viral load, pathology score and expression of 

inflammatory molecules were checked by using standard techniques. The findings of this study 

show that high doses of NAC alone can significantly suppress the SARS-CoV-2 mediated severe 

lung damage (2 fold), but on the contrary, it fails to restrict viral load. Moreover, high doses of 

NAC with and without remdesivir significantly suppressed the expression of pro-inflammatory 

genes including IL-6 (4.16 fold), IL1-β (1.96 fold), TNF-α (5.55 fold) in lung tissues. Together, 

results of this study may guide future preclinical and clinical attempts to evaluate the efficacy of 

different doses and routes of NAC administration with or without other drugs against SARS-

CoV-2 infection. 

 

Key Words: COVID‐19; Remdesivir; Lung pathology; Macrophage; Bronchoalveolar lavage 

fluid (BALF); D-Dimer (D2D). 
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Abbreviations 

ABSL-3                                Animal Biosafety Level 3 

ANOVA                               Analysis of variance 

ARDS                                   Acute respiratory distress syndrome 

BALF                                   Bronchoalveolar lavage fluid 

D2D                                      D-Dimer 

IFN-γ                                    Interferon gamma 

IL-1β                                    Interleukin 1 beta   

IL-6                                      Interleukin 6 

IL-6R                                    Interleukin 6 receptor 

I.P.                                        Intraperitoneal  

NAC                                     N-acetyl cysteine 

ROS                                      Reactive oxygen species 

SARS-CoV-2                       Severe Acute Respiratory Syndrome Coronavirus 2 

TCID50                                 Median Tissue Culture Infectious Dose 

TNF-α                                  Tumor necrosis factor alpha 
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1. Introduction 

In COVID-19 patients the dominant pathophysiology includes acute pneumonia with profuse 

radiological opacity, diffuse alveolar damage, extensive inflammatory cells infiltration and 

microvascular thrombosis in lungs (Carsana et al., 2020). In severe cases, it can lead to acute 

respiratory distress syndrome (ARDS) and life-threatening pneumonia. Although the exact 

mechanisms of pathogenesis are yet to be elucidated, the hyper-inflammatory state in severe 

COVID-19 patients is believed to promote cellular damage in multiple organs including lungs 

(Chen et al., 2020). Though in clinical cases, remdesivir has been useful to shorten the 

hospitalization period, it is not routinely recommended for patients under mechanical ventilation 

and until now, no drugs are effective in reducing the SARS-CoV-2-associated mortality (Beigel 

et al., 2020; Horby et al., 2021). Hence, continuous efforts have been made to identify effective 

antiviral and/or therapeutics to mitigate the SARS-CoV-2-associated pathologies. 

Several therapeutic interventions have been proposed to counter the inflammation-induced organ 

damage in COVID-19. Although glucocorticoid therapy has been widely adapted to control 

inflammatory organ injuries in COVID-19, its clinical usefulness has been widely debated 

(Shang et al., 2020). The Randomized Evaluation of COVID-19 Therapy (RECOVERY) trial 

showed that dexamethasone reduces 28-day mortality in COVID-19 patients who are receiving 

respiratory support (Horby et al., 2021). At the same time, it was also noticed that 

dexamethasone treatment was prominent when the patients were treated more than 7 days after 

onset of symptoms. This suggests that dexamethasone is more useful when the extent of 

inflammatory lung damage is more (Horby et al., 2021). Efficacy of corticosteroids as an adjunct 

therapy in combination with other drugs in managing severe COVID-19 conditions indicates the 

involvement of the host immune system in the manifestation of the disease severity.  
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Interleukin-6 (IL-6), proinflammatory cytokine, is expressed by various cell types like immune 

cells, endothelial cells, fibroblasts, epithelial cells and pneumocytes. The level of IL-6 is reported 

to be high in COVID-19 patients. However, its level is comparatively lower than other ARDS 

patients, and thus targeting IL-6 for COVID-19 therapy is a matter of debate (Jones and Hunter, 

2021; Sinha et al., 2020). Dysregulation of IL-6 signaling pathway has been linked to multiple 

inflammatory diseases including cytokine release syndrome linked with chimeric antigen T-cell 

therapy. Moreover, tocilizumab and sarilumab, the monoclonal antibodies against IL-6R are 

approved for the treatment of these conditions. The upregulation of IL-6 in severe COVID-19 

patients led to the hypothesis that IL-6R blocking might be beneficial. However, despite multiple 

studies so far no confirmatory conclusion has been reached yet, and variability in different trials 

has been assumed as a major hindrance in this effort (Angriman et al., 2021). 

During infection, viruses often promote a pro-oxidant microenvironment to replicate and escape 

the cellular defense. Recent study shows that SARS-CoV-2 infection impairs the metabolism and 

redox function of cellular glutathione (Bartolini et al., 2021). Virus replication leads to the 

secretion of pro-inflammatory molecules which attract neutrophils and macrophages to the site of 

infection. These infiltrations further release the pro-inflammatory signals leading to a hyper-

inflammatory state to restrict the infection and thus can induce lung damage through pneumonia 

or ARDS, which is the major cause of SARS-CoV-2-associated mortality.  Simultaneously, these 

pro-inflammatory molecules also lead to the release of ROS, which can restrict the viral 

dissemination. However, the localized release of these free radicals also damages the uninfected 

cells (Parasher, 2021). Therefore, ROS production is a necessary evil. To maintain the 

homeostasis, redox balance is essential (Chernyak et al., 2020), and is controlled through the 

release of antioxidants mainly glutathione. In the diseased state, the release of ROS surpasses the 

secretion of antioxidants, leading to oxidative stress and cellular destruction. Under these 
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conditions, the supplementary intake of antioxidants has proven to be effective, especially in the 

infectious disease models. 

N-acetyl cysteine (NAC), a precursor to glutathione, is a plant antioxidant naturally found in 

onion and garlic (Salamon et al., 2019). NAC has a protective effect in the mouse model of lethal 

influenza infection. A combination of an antiviral drug oseltamivir and NAC had a better 

outcome in this model (Garozzo et al., 2007). Infusion of NAC attenuated the lung damage, 

decreased the neutrophil influx and lung leak in rats intratracheally administered with IL-1 (Leff 

et al., 1993). Different independent clinical studies have reported the protective effects of NAC 

in suppressing lung injury (Bernard et al., 1997; Suter et al., 1994). Although multiple literatures 

have strongly suggested the potential use of NAC in COVID-19, direct evidence for the effect of 

NAC in SARS-CoV-2 is still lacking. 

Based on potent antioxidant and  mucolytic properties of NAC, it has been proposed as an 

adjunct therapy for SARS-CoV-2 treatment (Andreou et al., 2020; de Alencar et al., 2021; De 

Flora et al., 2020; Dominari et al., 2021; Ibrahim et al., 2020; Liu et al., 2020; Poe and Corn, 

2020; Shi and Puyo, 2020; Wong et al., 2021; Zhou et al., 2021). NAC showed efficacy in 

preventing the SARS-CoV-2-mediated dysregulation of cellular glutathione (Bartolini et al., 

2021). An observational study suggests that NAC in combination with antiviral drugs, can act as 

a promising medication for COVID-19 patients (Bhattacharya et al., 2020). Recently, it was also 

deciphered that NAC can bind to RBD of spike protein and can inhibit the SARS-CoV-2 entry 

(Fu et al., 2021) . However, NAC as an antiviral drug is quite controversial. In a double-blinded, 

randomized, placebo-controlled trial, NAC did not show any better clinical outcome in severe 

COVID-19 cases (de Alencar et al., 2021).  

Drugs that are believed to be effective on immune cells and other cell types are often difficult to 
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evaluate in cell culture systems and their human trials have several limitations. Thus, preclinical 

animal models are resourceful for both the drug efficacy and its associated outcome. Among 

different models, the hamster model have been successfully addressed to evaluate the drug and 

vaccine candidates for SARS-CoV-2 (Chen et al., 2021; de Melo et al., 2021; Kaptein et al., 

2020; Wang et al., 2021). 

Recently, we have established the SARS-CoV-2-Syrian golden hamster model (Suresh et al., 

2021). Like earlier reports, our model also manifested a self-limiting form of the disease in 

which the lung pathology on 4-dpi was severe clearly mimicking several clinical features of 

COVID-19. The quantitative proteomics also revealed a differential expression of host proteins 

involved in cellular redox homeostasis. In this study we investigated the effect of parenteral dose 

of NAC (high- 500 mg/kg/day; low- 150 mg/kg/day) against SARS-CoV-2-mediated infection 

and lung damage in Syrian golden hamster model. 
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2. Materials and methods 

2.1 Chemicals, Cell and Virus 

N-acetylcysteine (NAC) was procured from Sigma and reconstituted to a stock concentration of 

200 mg/ml in sterile water as per manufacturer’s instruction. The original NAC solution had 

acidic pH, hence the pH was adjusted to 7-7.4 with sodium hydroxide prior to administration. 

From the stock concentrations, NAC was administrated according to the body weight. 

Remdesivir (CIPREMI RTU) injection was purchased from Cipla India Ltd. Vero-E6 cells 

(ATCC, CRL-1586) were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco) and antibiotics (100 

U/ml penicillin and 100 μg/mL streptomycin) in 5% CO2 environment at 37°C. The SARS-CoV-

2 strain, IND- ILS 01/2020 (Genbank accession ID- MW559533.2) isolated from clinical sample 

in Odisha, India during the COVID-19 pandemic was used in the study (Suresh et al., 2021). The 

virus was propagated in Vero-E6 cells in DMEM containing 2% FBS supplemented with 

antibiotics and the end-point infectivity titre (TCID50) was determined as described (Mendoza et 

al., 2020). 

2.2 Syrian Golden Hamster study design 

All experiments were carried out in the containment facility (ABSL-3) of Institute of Life 

Science (ILS), Bhubaneswar as per the Institutional Biosafety Committee (IBSC) and 

Institutional Animal Ethical Committee (IAEC) and Committee for the Purpose of Control and 

Supervision of Experiments on Animals (CPCSEA), Govt. of India guidelines (Project No: 

ILS/IAEC-235-AH/JUN-21 and ILS/IAEC-236-AH/JUN-21). Forty eight Syrian golden 

hamsters (male and female) aged 3-4 months procured from Animal House, ILS and were 

acclimatized in the ABSL3 facility with food and water ad libitum for 4-6 days prior to the 
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experiment. Anesthetized (ketamine 200 mg/kg and xylazine 10 mg/kg) animals were infected 

with 100 µl inoculum containing 105 TCID50 of SARS-CoV-2 in PBS through intranasal route 

(50 µl/ nare) as described earlier (Suresh et al., 2021). The infected hamsters were categorized 

into six groups (each containing eight animals); two NAC (alone) groups (high dose – 500 

mg/kg, low dose - 150 mg/kg body weight), two NAC-in combination with remdesivir (15 mg/kg 

body weight), and two control groups (vehicle and only remdesivir group). Because of the 

restrictions in use of lung tissue for histopathological analysis, only three hamsters from each 

group were considered for albumin analysis from the bronchoalveolar lavage fluid (BALF) and 

these animals’ lung tissues were not included for any further analysis.  

2.3 Clinical scoring and sample collection and processing 

All animals were monitored daily till 4-day post infection (dpi) for survivability and body weight 

measurement. On 4-dpi the animals were sacrificed, blood, bronchoalveolar lavage (BAL) and 

lungs were collected for further analysis. The whole right-lobe of the lung was collected in 

RNAlater for RNA extraction and the left-lobes were collected in 10% buffered-formalin for 

histopathology. For BAL fluid, 2.5 ml of PBS was flushed twice into the lungs through trachea 

using catheter-tubing (21G) connected to a 23 G needle. 

2.4 Hematoxylin and Eosin (H&E) staining and lung pathology scoring 

The lung tissues collected in buffered-formalin were processed for H&E staining as described 

earlier (Suresh et al., 2021). Briefly, tissues were paraffin embedded and sectioned into 5 μm 

thick sections and stained with H&E solution (Sigma). For precise/ unbiased pathological 

scoring between the groups, sections were randomly assigned and were independently evaluated 

by two experts. The lung pathology was scored as per the reported parameters (Li et al., 2021; 

Suresh et al., 2021). Vasculopathy was scored considering the endothelial hypertrophy, 
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endothelialitis and vasculitis as discussed before (Becker et al., 2021). The highest score for each 

pathological lesion was set as four. The highest composite score was 12. 

2.5 RNA extraction, cDNA synthesis and qPCR 

RNA extraction was carried out as per the RNeasy Kit (Qiagen). Briefly, the whole right lung 

was homogenized with the tissue lysis buffer (supplemented with 2-Mercaptoethanol) and on-

column treated with RNase-Free DNase (Qiagen). Two microgram of RNA were reverse 

transcribed with random hexamer primer using High-Capacity cDNA Reverse Transcription 

system (Applied Biosystem) and SYBR Green qPCR was carried out.  For viral copy number 

calculation, NP gene standard curve of SARS-CoV2 was generated (data not shown). Fold-

change in host genes (cytokine/chemokine) was carried out using 1 µl of cDNA as a template. 

The Ct values of samples were normalized with β-Actin and fold-change in transcript levels were 

estimated by ΔΔCt method. Primers used in the study are listed in (Supplementary table 1). All 

reactions were carried out in triplicates and melt curve analysis was performed at the end of the 

PCR step. 

2.6 Immunofluorescence and viral antigen analysis in the lungs 

The paraffin-embedded sections were processed for antigen retrieval as mentioned earlier 

(Suresh et al., 2021; Suresh et al., 2020). Sections were deparaffinized in xylene (Sigma) and 

rehydrated in graded-ethanol (100 % to 70 %) and rinsed in distilled water as reported earlier 

(Suresh et al., 2020). The sections were blocked with 5% horse serum (in PBST) for 30 min at 

room temperature and treated with SARS-CoV-2 NP antibody (#11-2003; Abgenex, 1:200) 

overnight at 4°C in a humidified chamber. Following this, sections were washed thrice with 

PBST and treated with 1:500 dilution of anti-Rabbit Alexa Fluor-594 secondary antibody (#A-

11037; Life technologies), and incubated in dark for 45 min. After three washings, sections were 
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mounted with ProLong Gold Antifade reagent containing DAPI (#P36935; Invitrogen) and 

images were captured in Leica TCS SP8STED confocal microscope. 

2.7 Immunohistochemistry for macrophage estimation in lung tissue 

The blocks were deparaffinized, processed for antigen retrieval as performed earlier and treated 

with 3% hydrogen peroxide (prepared in methanol) for 20 min at room temperature to quench 

the endogenous peroxidase activity. Following this, sections were blocked with horse serum and 

incubated overnight at 4°C with anti-Iba1 antibody (#019-19741, Wako) diluted 1:1000 in 

PBST. After three washings, biotinylated IgG secondary antibody (Vector Laboratories) was 

added and after 45 min incubation at room temperature, these were further treated with ABC 

reagent (Vector Laboratories) for 30 min. For staining, diaminobenzidine (Vector Laboratories) 

was used as a substrate and hematoxylin was used as a counterstain. Sections were visualized 

under the microscope (Leica DM500) and images were captured at different magnifications. 

2.8 D-Dimer protein quantification in serum samples 

Three serum samples from each group were tested in duplicate for D-Dimer protein 

quantification using Hamster D-Dimer (D2D) ELISA Kit (# MBS744338, MyBioSource) as per 

the manufacturer’s instructions. Briefly, 100 μl of serum were added to each well of the plate and 

incubated with the conjugate buffer for 1 hour at 37°C. After three washings, substrate (A and B) 

solutions were added and the plate was incubated in dark for 20 min. Following the incubation, 

stop solution was added and optical density (OD) was measured at 450 nm using microplate 

reader (Thermo Scientific). Blank and D2D standard solutions were also included in the test and 

calculation was performed as described in the kit procedure. 
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2.9 PAGE, Coomassie staining of BALF for Albumin quantification  

The BALF collected from hamsters (three animals per group) were processed for albumin 

quantification by SDS PAGE. The fluids were centrifuged at 8000 rpm for 20 min at 4°C to 

remove cellular debris and 25 μl of clear supernatant was treated with 4X Laemmli buffer (to a 

final concentration of 1X). Samples were incubated in a boiling water bath for 10 min and run on 

10% SDS PAGE (gel thickness 1.5 mm) in vertical mini-slab gel (Mini-Protean III; BioRad). 

After electrophoresis, gel was stained with standard procedure of Coomassie Brilliant Blue 

solution and destained with methanol and glacial acetic acid solution as described elsewhere. 

Densitometry quantification of the albumin bands were done by using the Image J program 

(NIH). The treated groups’ albumin band intensity was normalized to vehicle group. 

2.10 CT scanning of animals  

Micro-CT scanning of only infected and treated hamsters’ lungs were carried out using Quantum 

GX-2 micro-CT imaging system (PerkinElmer) in ABSL3 facility. Hamsters were anaesthetized, 

using ketamine/xylazine cocktail, each animal was kept in a supine position in the sample bed. A 

scout view was obtained to position the animal. Animals’ correct position was checked at 90° 

and 180° and then scan was completed using QuantumGX2 software. For hamster lungs 

scanning the following parameters were used, X-ray filter: Cu+Al (0.5 mm); field of views 

(FOVs): 72 mm; Scan mode: High resolution; pixel size: 144 µm, X-ray source voltage: 90 kVp, 

current: 88 μA and projection radiographs were taken throughout the 360° gantry rotation for a 

total scan time of 4 min. 

2.11 Analysis and quantification  

The data obtained from CT scan were analyzed and quantified using the Analyze 14.0 Direct 

Software from PerkinElmer. The subregioned files were processed using the process tool, for the 
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median correction with kernel size X: Y: Z ; 3:3:3. Then the processed file was subjected to 

segmentation in the segment tool. The segmentation was performed in semi-automatic mode 

using the object extractor tool. The segmented file was further processed using the measure tool, 

where the volume of the aerated and consolidated lungs was obtained. 

2.12 Statistical analysis 

The GraphPad Prism 6.0 software was used for the statistical analysis (GraphPad Software, Inc., 

San Diego, CA). Statistical analysis performed using one-way ANOVA with Tukey's Multiple 

Comparisons Test and p<0.05 was considered statistically significant. The data were represented 

as the mean value ± SEM. 
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3. Results 

3.1 High dose of NAC reduced the clinical features and lung pathology in SARS-CoV-2 

infected hamsters 

NAC can be administered in humans and animals in multiple routes. As lung inflammation and 

damage occurs very early (within 3-4 dpi) in hamsters infected with SARS-CoV-2, we assumed 

that administration of NAC through a parenteral route will be more effective. Multiple doses of 

drug administration in this model by intravenous route in ABSL-3 facility are technically very 

challenging. Hence, the intraperitoneal route was opted to achieve the systemic effect of NAC. 

For the study, administration of NAC was performed with high dose (500 mg/kg/day) and low 

dose (150 mg/kg/day) for three consecutive days (Figure 1A). Loss of body weight during the 

early phase of SARS-CoV-2 infection in hamsters is a distinct feature of the model and our study 

also corroborated to this finding. Analysis of daily body weight in all the animals indicated an 

overall, significant loss up to 15% by 4 dpi (Figure 1B). Though the weight loss within the 

groups from 1 dpi to 4 dpi was not statistically significant, from 2 dpi onwards we observed an 

increased weight loss in high dose NAC group followed by the low dose NAC and the 

remdesivir group in comparison to the vehicle group. 

During necropsy, except for the high dose NAC groups, congestion and hemorrhages were 

clearly observed on the surface of the lung for all other groups (Figure 1C). In the vehicle, 

remdesivir and low dose NAC group, these pathological signs were more severe with large, 

widely dispersed hemorrhagic lesions covering nearly 50% of the total lung area. In the high 

dose NAC-remdesivir group, lungs were apparently clear, with mild-to-minimal focal 

hemorrhages, whereas no such gross visible lesion was noticed in high dose NAC (only) group. 

These findings also correlated to the histopathological observations, with noticeably lower 
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multifocal necrosis, infiltration of inflammatory cells and vasculatures-associated lesions such as 

endotheliitis, perivascular cuffing, etc. in high dose NAC group (with and without remdesivir). 

Scoring for vasculopathy including endothelial hypertrophy, endothelialitis and vasculitis in 

H&E stained sections showed a significant increase in vascular deformities in vehicle, 

remdesivir and low dose NAC group compared to the high dose NAC group with and without 

remdesivir (Figure 1D). 

Gross evaluation by two independent experts for lung pathology (alveolitis, bronchiolitis, and 

endotheliitis) in different H&E stained sections revealed significant lung damage in vehicle, 

remdesivir and low dose NAC treated animals (Figure 1E). Administration of high dose of NAC 

suppressed the SARS-CoV-2 associated lung inflammation and damage compared to the vehicle 

and remdesivir treated group.  

Further, the effect of different doses of NAC and remdesivir on lung damage and pathology was 

assessed by micro-CT on 4 dpi just prior to euthanasia (n=3). In the vehicle and remdesivir 

treated groups, the consolidated area in lungs (hypoaerated region) was nearly around 30%, 

whereas in the NAC high dose group the consolidation was significantly lower than the vehicle 

(Figure 2A & B). Similarly in the high dose NAC with remdesivir group the consolidation was 

low (~10%) which corroborates with the histopathological scoring for lungs damage.  

3.2 Administration of NAC alone did not suppressed the lung viral load in SARS-CoV-2 

infected hamsters 

To evaluate the effect of NAC and to rule out the difference in viral RNA copies due to variation 

in the sampling region(s) in the lungs, the whole right lobe was processed for RNA extraction. 

We estimated similar RNA copies in the vehicle group and low dose NAC treated group 

however, a marginal increase in viral copies were observed in high dose NAC group (Figure 
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3A). In concurrent to previous findings, remdesivir treatment has significant effect on viral load 

and approximately two-log10 reduction was measured compared to the vehicle groups.  

In parallel, immunofluorescence study was performed using Nucleoprotein antibody in lung 

tissue. Distinct punta pertaining to viral protein was observed in the bronchial epithelial cells and 

alveolar regions of the lungs (Figure 3B). Treatment with NAC exhibited similar viral load 

within the low and high dose of NAC. The effect of remdesivir in restricting virus replication 

was prominent, however, in presence of NAC it was suppressed.  

3.3 Administration of NAC inhibited the pro-inflammatory cytokine response and 

ameliorated the cytokine-associated lung damage in SARS-CoV-2 infected hamsters 

During virus infection, dendritic cells and macrophages mediate cytokine production through 

cell-mediated immune response to contain the intracellular pathogen. Reports suggest that, 

irrespective of the route of inoculation, cytokines genes are upregulated during SARS-CoV-2 

infection in animals (Francis et al., 2021; Lee et al., 2020), and with remdesivir treatment in the 

early time points, their expression levels are comparatively low (He et al., 2022; Ye et al., 2021). 

Our data revealed similar findings in which the pro-inflammatory cytokines, IL-6, IL-1β, TNF-α, 

and IFN-γ are significantly low in remdesivir group compared to the vehicle group (Figure 4A). 

Although the statistics associated with low dose NAC group are not significant, the mean fold-

change indicated a decreasing trend compared to the vehicle group. Additionally, we observed a 

significant reduction in these cytokines in the high dose NAC indicating their lower expression 

level. However, within the NAC groups, a dose dependent effect was observed for the pro-

inflammatory cytokines (with and without remdesivir treatment). 

It is reported elsewhere that an increase in cytokines level (IL-6, TNF-α, etc) is attributed to 

macrophage infiltration to the site of infection. Thus, we performed immunohistochemistry using 
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the anti-Iba1 antibody to monitor the macrophage infiltration into the lungs. Data analysis using 

ImageJ software revealed a higher macrophage population in the vehicle group compared to the 

remdesivir and NAC treated group (Figure 4B). These cells were significantly lower in the 

remdesivir group due the reduction in viral load and the level of associated cytokines. The high 

dose of NAC revealed a significant decrease in lung macrophages (both with and without 

remdesivir), however in the low dose, the effect was visible only in presence of remdesivir. 

During the COVID pandemic, several clinical reports have highlighted the implication of D-

Dimer protein as a biomarker for SARS-CoV-2-associated disease severity. To check its level in 

different groups of animals, we quantified the D2D protein in serum by competitive ELISA. 

Compared to the vehicle group, the quantum of D2D protein in the remdesivir group was 

significantly low (Figure 4C). We observed a significant reduction in the D2D with high dose of 

NAC, however with low dose, though the differences were inconsequential, yet a dose dependent 

trend was observed suggesting that administration of NAC can significantly alleviate SARS-

CoV-2- associated hematological complications. 

Several reports have indicated albumin as a marker of tissue damage and vascular leakage. To 

correlate this, we checked its level in BALF by SDS-PAGE and performed densitometric 

analysis of the bands. The data revealed that in the vehicle group, higher albumin levels were 

noted compared to the high dose NAC group (Figure 4D). In the low dose NAC group and 

remdesivir group the albumin quantification was almost similar. We observed a significant 

reduction in albumin level either because of the solitary effect of NAC or combinatorial effects 

of NAC with remdesivir. These results further corroborated to the total protein levels in BALF as 

estimated by BCA method (Figure S1) 
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4. Discussion 

In this study, we examined the effects of NAC (low and high dose) with and without remdesivir 

in the hamster model of SARS-CoV-2 infection. Analysis of treated and control hamsters lung 

tissues through immunofluorescence staining against viral protein and q-PCR based viral copy 

number estimation clearly showed no beneficial effect of NAC in reducing the viral load in the 

treated animals. In fact, some animals showed a minor increase in viral load, although 

statistically not significant. In the hamster model, dexamethasone boosts virus replication and 

this has been attributed to its anti-inflammatory or immunosuppressive effects (Wyler et al., 

2022). Although a high dose of NAC showed anti-inflammatory effects, but it did not enhance 

the lung viral load to a greater extent indicates that the NAC-induced immunosuppression might 

not be that severe as dexamethasone. This assumption needs further validation in different 

models. Inability of NAC to neutralize SARS-CoV-2 virus in vivo contradicts earlier prediction 

(Fu et al., 2021). The antiviral property of NAC has been proposed based on its property to 

disrupt interaction between SARS-CoV-2 RBD and human ACE2 (Fu et al., 2021). However, 

multiple studies including ours have reported no or minimal expression of ACE2 proteins in 

hamster lung tissues (Lean et al., 2022; Suresh et al., 2020). Moreover, in these animals 

involvement of other cell entry mechanisms but not through ACE2 reporter has been proposed.  

In future, the antiviral effect of NAC in animal models where ACE2 plays a significant role in 

SARS-CoV-2 pathogenesis might help in addressing these discrepancies. 

          We noticed that treatment of SARS-CoV-2-infected hamsters with NAC significantly 

reduced lung damage observed both in micro-CT and histopathological evaluation, immune cell 

infiltration and expression of inflammatory molecules in lungs. Interestingly, high dose of NAC 

significantly suppressed the D-Dimer protein level in SARS-CoV-2 infected animals, which 
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corroborates similar findings with COVID-19 patients (Assimakopoulos et al., 2021). Together, 

these findings are in line with the known anti-inflammatory properties of NAC in other 

conditions. 

The clinical outcome of COVID-19 is often complicated due to manifestation of vascular 

abnormalities like endothelial dysfunction, vasculopathy and thrombosis. The major mechanisms 

behind pathogenesis of COVID-19 associated pulmonary vasculopathy are believed due to over 

production of cytokines, chemokines and reactive oxygen species (Nicosia et al., 2021). These 

mediators induced by SARS-CoV-2 indirectly cause vascular damage. Hence, any intervention 

that could suppress these inflammatory mediators is anticipated to improve the clinical course of 

COVID-19. Various studies with hamster model of SARS-CoV2 infection including ours have 

clearly demonstrated that this model exhibits pulmonary vascular lesions as seen in COVID-19 

patients (Allnoch et al., 2021; Becker et al., 2021; Suresh et al., 2021). In the current study, high 

dose of NAC significantly suppressed the SARS-CoV-2 infection-induced pulmonary vascular 

damage and leakiness. This beneficial effect of NAC might be due to its anti-inflammatory 

properties. At the same time, NAC is known to protect endothelial cells from LPS-induced 

apoptosis (Xiong et al., 2019). Hence, in the current study the direct effect of NAC on 

endothelial cells can’t be ruled out and needs further investigation. Together, the reduced 

vascular damage conferred by NAC may be helpful to improve gas exchange in NAC-treated 

COVID-19 patients. 

In literature NAC has been used in different doses and routes in different animal species 

(Supplementary table 2). Heterogeneity observed for the NAC efficacy in different clinical trials 

is believed to be due to differences in dose, route and timing of NAC administration. In a dose 

escalation study, intravenous and intra-arterial administration of 450 mg/kg NAC has been 
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reported as the maximum tolerable dose (MTD) in adults with impaired kidney function 

undergoing digital subtraction angiography (DSA) with or without intervention (Dosa et al., 

2017). In different animal studies, through i.p. route NAC has been given at different doses and a 

high dose of 500 mg/kg have also been used in certain studies (Breitbart et al., 2011; Kurutas et 

al., 2005; Shih et al., 2018; Somdas et al., 2020). Hence, to evaluate the effect of NAC on SARS-

CoV-2 induced lung damage in hamsters, we decided to go for two different doses of NAC 

through the i.p. route in a therapeutic mode. 

Although NAC is considered as a safe drug, the findings from different studies are controversial 

or need additional information. Gastrointestinal discomfort is a known side effect of NAC in 

humans. An earlier study also reported significant gas production and bloating in rats receiving 

1200 mg/kg NAC orally for thirty days (Arfsten et al., 2004). Mild adverse reactions like 

bloating and intestinal gas formation has also been reported in some human patients treated with 

NAC (Hirai et al., 2017). In our study, although we didn’t observe any significant gross 

gastrointestinal complications in NAC treated animals, but the high dose NAC associated 

toxicities cannot be completely ruled out. 

The results of our findings suggest that parenteral administration of high dose NAC has a 

protective effect on SARS-CoV-2 induced lung damage. Effect of high doses of NAC in 

reducing vasculopathy in infected hamster lungs mimics a similar effect of NAC against LPS 

induced vascular leakage (Schmidt et al., 1998). Further studies are needed to evaluate suitable 

dose, route and time of administration to confirm NAC efficacy as an adjuvant treatment for 

severe form of SARS-CoV-2 infection. This approach is particularly appealing to individuals 

with elevated risk of respiratory complications or patients who are receiving respiratory support.  

Like dexamethasone, use of NAC along with antiviral drugs might have better clinical outcomes 
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and needs further investigation. We believe that the potential role of high-dose of N-acetyl 

cysteine in the treatment of future waves of emerging SARS-CoV-2 variants might warrant for 

further investigations. 
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Figure legends 

Figure 1: Administration of NAC reduces the clinical and lung pathology of hamsters 

infected with SARS-CoV-2. 

(A) Study design, administration of NAC and Remdesivir in SARS-CoV-2 infected hamsters. 

(B) Change in daily body weight of hamster after SARS-CoV-2 infection and treatment (n=5).  

(C) Representative digital images showing gross morphology and pathological lesions in lungs 

harvested on 4dpi. H&E stained tissue sections revealing the lung pathology and vasculopathy 

(scale bar = 200 µm). * Indicates the blood vessel. 

(D & E)  Vasculopathy and lung pathology score of only infected or treated hamsters. 

Figure 2: Micro-CT evaluation of hamster lungs on 4 dpi 

(A) Axial, coronal and sagittal lungs micro-CT images of vehicle, NAC high dose, remdesivir 

and NAC high dose with remdesivir group. The arrows indicate the consolidated/ hypo-aerated 

regions. 

(B) Micro-CT derived aerated and consolidated/ hypo-aerated lung volume relative to respective 

total lung volume (n=3). 

Figure 3: Viral load in lung tissue of only infected or treated hamsters. 

(A)  Viral RNA copy number expressed as log10 copies/mg of lung tissue (n=5). 

(B) Representative immunofluorescence images indicating the presence of viral Nucleocapsid 

(N) protein in only infected or treated lungs (scale bar = 100 µm). 

Figure 4: NAC administration and host cellular response of SARS-CoV-2 infected hamster. 

(A)  Expressions profile of pro-inflammatory cytokines in lung tissues (n=5). 

(B) Representative Immunohistochemistry images indicating the presence of Iba1 positive 
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macrophages in lungs (scale bar = 50 µm). Graph showing the quantification of the 

macrophages/field of stained sections. 

(C)  Serum D-Dimer quantification in only infected or treated hamsters (n=3). 

(D) Gel image showing albumin in the BALF (n=3). The bar diagram estimates the relative 

albumin level in only infected or treated groups. 
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Highlights 

 

• Parenteral administration of high dose NAC has a protective effect on SARS-CoV-2 

induced lung damage. 

• High doses of NAC reduced vasculopathy in infected hamster lungs 

• Coadministration of  NAC and remdesivir conferred lower viral load and lung 

pathology score 
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