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Abstract
Syrian golden hamsters (Mesocricetus auratus) infected by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) manifests lung pathology. In this study, 
efforts were made to check the infectivity of a local SARS-CoV-2 isolate in a self-
limiting and non-lethal hamster model and evaluate the differential expression of 
lung proteins during acute infection and convalescence. The findings of this study 
confirm the infectivity of this isolate in vivo. Analysis of clinical parameters and 
tissue samples show the pathophysiological manifestation of SARS-CoV-2 infection 
similar to that reported earlier in COVID-19 patients and hamsters infected with other 
isolates. However, diffuse alveolar damage (DAD), a common histopathological 
feature of human COVID-19 was only occasionally noticed. The lung-associated 
pathological changes were very prominent on the 4th day post-infection (dpi), 
mostly resolved by 14 dpi. Here, we carried out the quantitative proteomic analysis 
of the lung tissues from SARS-CoV-2-infected hamsters on day 4 and day 14 post-
infection. This resulted in the identification of 1585 proteins of which 68 proteins 
were significantly altered between both the infected groups. Pathway analysis 
revealed complement and coagulation cascade, platelet activation, ferroptosis, and 
focal adhesion as the top enriched pathways. In addition, we also identified altered 
expression of two pulmonary surfactant-associated proteins (Sftpd and Sftpb), 
known for their protective role in lung function. Together, these findings will aid 
in understanding the mechanism(s) involved in SARS-CoV-2 pathogenesis and 
progression of the disease.
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1  |   INTRODUCTION

The recent outbreak of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) has emerged as a global public 
health crisis affecting millions of people worldwide. SARS-
CoV-2, the causative agent of the coronavirus disease 2019 
(COVID-19), primarily infects the respiratory tract resulting 
in respiratory failure consistent with the acute respiratory 
distress syndrome (ARDS). The aggressive inflammatory re-
sponse associated with infection leads to tissue damage and 
fatal lung injury. The death of the virus affected epithelial 
cells and endothelial cells, and activation of resident dendritic 
cells, monocytes, and macrophages result in the dysregulated 
inflammatory response. This triggers further activation and 
recruitment of immune cells leading to tissue damage and 
exacerbation of respiratory distress and disease severity. 
However, the levels of circulating cytokines in COVID-19 
patients are found to be lower in comparison to patients ex-
periencing ARDS due to other reasons1 and post-mortem 
investigation of COVID-19 patients revealed severe vascu-
lar injury including alveolar microthrombi.2 Virus-induced 
coagulopathy has also been implicated to trigger COVID-19 
associated pneumonia and ARDS.3 Currently, our under-
standing of COVID-19 associated lung injury is limited and 
requires further studies to elucidate the intricate and specific 
mechanisms.

Severe clinical manifestations involving multi-organ 
failure have resulted in high morbidity and mortality, thus 
demanding immediate therapeutic measures and disease 
management. In this regard, a better understanding of viral 
and host factors involved in this disease’s pathogenesis has 
paramount significance. After identifying the SARS-CoV-2 
virus, multiple genomic and proteomics-based approaches 
have been adapted to understand the host response to this 
viral infection. In the recent past, different studies have been 
conducted using proteomics technology to understand the 
virus-host protein interactome, changes in host protein ex-
pression upon virus infection, and for diagnosis of SARS-
CoV-2 infection. Most of these studies have been carried 
out with patients’ liquid specimens like serum, plasma, spu-
tum, and bronchoalveolar lavage.4-8 Clinical manifestations 
of COVID-19 are primarily related to the lung; hence clin-
ical proteomics of infected lung tissues are essential to un-
derstand and combat this disease. The information obtained 
from such studies will provide the rationale for designing 
novel diagnostic and therapeutic interventions. Using lung 
tissues obtained from a small number of deceased COVID-19 

patients, an earlier study has identified differentially ex-
pressed proteins in biological processes like blood coagula-
tion, metabolism, immune response, angiogenesis and cell 
microenvironment regulation.9 Another group has extracted 
proteins from Formalin-Fixed Paraffin-Embedded (FFPE) 
lung tissues of COVID-19 deceased patients and identified 
high expression of proteins associated with SARS-CoV-2 
entry (cathepsins B and L) and inflammatory response mod-
ulator (S100A8/A9).10 In a recent study, proteomic analysis 
of autopsy samples of nineteen COVID-19 patients showed 
the elevation of cathepsin L1, rather than ACE2 in infected 
lung tissues and highlighted the dysregulation of biological 
processes like angiogenesis, coagulation, and fibrosis in dif-
ferent organs including lungs. Most of these studies report 
the upregulation of proteins predominantly implicated in the 
hyperinflammatory state, repair state, and lung fibrosis.10,11 
However, so far no experimental controlled lung proteomics 
study is available to characterize the molecular mechanisms 
underlying COVID-19 pathogenesis at different stages of 
the disease progression. Preclinical animal models that re-
capitulate multiple sequential events associated with human 
diseases are precious tools to understand the mechanistic 
aspects of human disease progression. In human patients, 
the COVID-19 associated lung pathology is a major clinical 
concern.12,13

At present, no animal model recapitulates all aspects 
of COVID-19 in humans.14,15 Among different available 
animal models, so far hamsters have been widely uti-
lized in SARS-CoV-2 infection studies. Hamster model of 
COVID-19 mimics a mild pattern of human disease with 
full recovery.16-20 Although SARS-CoV-2 infection of 
hamsters induces lung pathologies like pulmonary edema, 
consolidation, and interstitial pneumonia, but failed to de-
velop diffuse alveolar disease, a prominent clinical feature 
noticed in COVID-19 patients experiencing severe dis-
ease.18,21 Further characterization of this model is essential 
for the development of effective therapeutics and vaccines 
against this virus. An in-depth understanding of host re-
sponse to SARS-CoV-2 infection in hamsters will elucidate 
this model's similarity or dissimilarity with human pa-
tients. Although efforts to identify differentially expressed 
proteins in diverse body fluids of COVID-19 patients were 
made, there is a dearth of evidence related to differentially 
expressed proteins in human lung tissues at acute and con-
valescent stages of SARS-CoV-2 infection. Fresh lung tis-
sues of COVID-19 patients during infection or recovery are 
ethically impossible to obtain. Hence, so far, data obtained 
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from tissues of deceased COVID-19 patients are only avail-
able. In this regard, tissues obtained from animals infected 
with SARS-CoV-2 at different days post-infection will 
prove beneficial. In this study, efforts have been made to 
quantitatively compare the lung proteome in SARS-CoV-
2-infected hamsters at various days post-infection. The dif-
ferentially expressed proteins identified in this study will 
provide information on various host proteins that might 
have a significant role in the pathogenesis of SARS-CoV-2 
infection or disease manifestation. Some of the differen-
tially expressed proteins identified in this study can also 
be validated in easily accessible patient samples such as 
body fluids as potential biomarkers for predicting the dis-
ease course.

2  |   MATERIALS AND METHODS

2.1  |  Animal ethics

In this study, attempts were made to evaluate the infectivity 
of one of the local isolates of SARS-CoV-2, IND-
ILS01/2020 (GenBank accession ID-MW559533.2) in the 
Syrian Golden Hamster model. All the experiments were 
performed with prior approval of the Institutional Biosafety 
Committee (IBSC) and Institutional Animal Ethical 
Committee (IAEC). The study was carried out adhering to 
the guidelines of the Committee for the Purpose of Control 
and Supervision of Experiments on Animals (CPCSEA), 
Govt. of India.

2.2  |  Animal studies

For this study, eleven hamsters of the age group 6-7 months 
were acclimatized at the ILS ABSL3 facility for 4-6 days prior 
to the experiments. As shown in the schematic (Figure 1A), 
on day zero, six animals were infected intranasally with 
SARS-CoV-2 (105 TCID50)18 and five animals were mock-
infected (only PBS) under intraperitoneal ketamine (200 mg/
kg) and xylazine (10 mg/kg) anesthesia. The SARS-CoV-2 
virus used in this study was isolated from a clinically 
confirmed local COVID-19 patient (IND-ILS01/2020; 
GenBank accession ID-MW559533.2). Virus stock from the 
10th passage was titrated by plaque and TCID50 (Median 
Tissue Culture Infectious Dose) assays and used for this 
animal challenge study. Out of the six infected animals, three 
animals were sacrificed on 4 dpi (day post-infection), and the 
other three were sacrificed on 14 dpi. Out of the five mock-
infected animals, three were sacrificed on 4 dpi, and the other 
two were sacrificed on 14 dpi. Throughout the experiment, 
all the animals were monitored daily, and body weights were 
recorded on alternate days. On the day of sacrifice, tissues 

from all the vital organs and other organs like the pancreas, 
spleen, and gastrointestinal tracts were harvested, preserved, 
and further processed for histopathological analysis and viral 
load estimation. All the groups had two male and one female 
animal, except the 14 dpi mock-infected group, which had 
one male and one female animal in it.

2.3  |  Sample collection, 
storage, and processing

Tissues harvested from different organs, including lungs, 
were divided into three parts. One part was stored in buffered 
formalin and further processed for histopathological analysis. 
The second part was immediately put into TRIzol RNA 
isolation buffer, and the third part was snap-frozen and stored 
at −80°C until further use. Formalin-fixed tissues were further 
processed and sectioned for Hematoxylin and Eosin (H&E), 
Immunohistochemistry (IHC), and Immunofluorescence 
analysis (IF) as reported earlier.22

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

Tissues from multiple lobes of all the animals were 
processed and stained with H&E staining. Stained lung 
sections were assigned with different numbers and 
evaluated in a blinded fashion. Lung pathology scoring was 
performed similarly as reported by Li et al23 The scoring was 
performed in a blinded fashion and cross-validated by two 
experienced evaluators. Briefly, the sections were scored 
for three major pulmonary pathological features associated 
with SARS-CoV-2 infection (bronchiolitis, alveolitis, and 
vasculitis/endotheliitis) (Supplementary Figure S1). Each 
feature was scored on a scale of 0-4 and the total score was 
obtained by adding values for each feature. The total score 
ranged between 0 and 12.

2.5  |  Immunohistochemistry

Collected tissues were processed and sectioned as 
reported previously.22,24 Sections were deparaffinized, 
rehydrated, and subjected to antigen retrieval (Vector 
Laboratories) treatment for 20  minutes followed by 
blocking the endogenous peroxidase with 3% hydrogen 
peroxide in methanol for 20 minutes. Horse serum (Vector 
Laboratories) was used for blocking the sections for 
30  minutes at room temperature and incubated with Ki-
67 antibody (#VP-RM04; Vector Laboratories, 1:100) 
or rabbit polyclonal anti-human Sftpd antibody (1:500) 
antibody overnight at 4°C.25 Sections were washed twice 
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with 1× PBS and treated with biotinylated anti-rabbit/
mouse IgG secondary antibody (Vector Laboratories) for 
45  minutes, followed by ABC reagent for 30  minutes. 
Diaminobenzidine (Vector Laboratories) was used as a 
substrate to develop the stain. Hematoxylin was used as 

a counterstain followed by dehydration with alcohol, 
clearing with xylene, and mounting with permanent 
mounting media (Vector Laboratories). Stained sections 
were observed under the microscope (Leica DM500), and 
images were taken at different magnifications.

F I G U R E  1   Syrian Golden Hamster model of SARS-CoV-2 infection by a local SARS-CoV-2 isolate. A, Study design to evaluate the 
infectivity of local-isolate in Syrian Golden Hamster infection model. B, Graph showing percent body weight change in hamsters after mock-
infection or SARS-CoV-2 infection. C, Digital images of lungs harvested from mock-infected or infected animals. At 4 dpi, infected lungs have 
massive congestions visible from the surface (highlighted with white border). No gross changes were noticed in mock-infected (4 dpi) and infected 
(14 dpi) lungs. Images showing H&E stained lung tissues harvested from mock-infected or infected (4 or 14 dpi) hamsters (scale bar = 200 µm). 
D, Immunofluorescence images of mock-infected or infected lung tissue sections showing presence of Nucleocapsid protein (N) in bronchial and 
alveolar epithelial cells. E, Immunoblot analysis showing the Nucleocapsid protein expression in the lungs previously archived lysate (normal), 
mock-infected (4 dpi), infected 4 dpi or 14 dpi lung tissues. F, Graph showing the viral RNA quantification by RT-qPCR in hamster lung tissues. 
G, Immunohistochemistry staining with Ki67 showing cell proliferation of bronchial and alveolar cells (scale bar = 50 µm). H, Graph showing 
pathology score of the lung tissues after the infection (4 and 14 dpi)

(A)

(B)

(E)

(F)

(H)

(D)

(G)
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2.6  |  Immunofluorescence

Sections were deparaffinized, rehydrated, and subjected to 
antigen retrieval treatment and serum blocking as reported 
earlier.22 Sections were incubated with SARS-CoV-2  N 
protein (Nucleocapsid) (#11-2003; Abgenex, 1:200) 
or SOD2/Mn-SOD (#NB100-1992; Novus biologicals, 
1:100) in a humidified chamber overnight at 4°C. Sections 
were washed twice with PBST for 5  minutes each and 
incubated with anti-Rabbit Alexa Fluor 594 (#A-11037; 
Life technologies, 1:500) or anti-Mouse Alexa Fluor 594 
(#A-11005; Life technologies, 1:500) for 45 minutes under 
dark conditions at room temperature. Sections were washed 
with PBST twice and mounted with ProLong Gold Antifade 
reagent with DAPI (#P36935; Invitrogen) and visualized 
using Leica TCS SP8STED confocal microscope.

2.7  |  Western blot analysis

For Western blot analysis, cells were re-suspended in 
Radioimmunoprecipitation assay (RIPA) buffer (20  mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 50 mM NaF, 1 mM Sodium 
orthovanadate (Na3VO4), 0.1% SDS, and 0.5% TritonX-100) 
containing the protease inhibitor cocktail (Thermo Scientific). 
The whole-cell lysates (WCL) were subjected to SDS-
PAGE and transferred to nitrocellulose membrane (Thermo 
Scientific), followed by blocking and immunoblotting with 
antibodies specific for SARS-CoV-2 Nucleocapsid protein 
(#11-2003, Abgenex) or β-actin (#4970, CST).26

2.8  |  qRT-PCR

RNA isolation was carried out from hamster tissue samples 
using TRizol reagent (#10296010, Invitrogen). The isolated 
RNA was subjected to qRT-PCR for determining the viral 
load. We performed one-step multiplex real-time PCR using 
TaqPath 1-Step Multiplex Master Mix (#A28526, Thermo 
Fisher Scientific), targeting SARS-CoV-2 gene with primer 
and probe set specific for nucleocapsid (N). The standard 
curve for absolute quantification of viral genome copies was 
generated using log-fold dilutions of plasmid harboring the 
SARS-CoV-2 nucleocapsid gene.27

2.9  |  Sample preparation for 
proteomics analysis

The lung tissue samples of SARS-CoV-2-infected on 4 and 
14 dpi along with mock-infected (4 dpi) were processed and 
homogenized using liquid nitrogen and lysed in lysis buffer 
containing 4% sodium dodecyl sulfate (SDS) and 50  mM 

triethylammonium bicarbonate (TEABC). The samples 
were subjected to sonication three times for 10  seconds 
storing on ice to prevent overheating between the sonication 
and were followed by heating at 90°C for 5  minutes. The 
lysates were then incubated at room temperature for cooling 
and centrifuged at 12 000 rpm for 10 minutes. The protein 
concentration present in the supernatant was determined 
using a bicinchoninic acid assay (BCA) kit (Thermo Scientific 
Pierce) and an equal amount of protein from each group was 
pooled for further analysis. LC-MS/MS approach was used 
using isotopomer labels, “tandem mass tags” (TMTs), to 
determine the relative quantification of proteins.28

2.10  |  In-solution digestion and 
TMT labeling

Protein lysate of 300 µg from pooled samples of each group 
was reduced by incubating in 10mM Dithiothreitol (DTT) 
at 60°C for 20  minutes. Alkylation was carried out in the 
dark with 20 mM iodoacetamide (IAA) at room temperature 
for 10  minutes. The lysate was further subjected to acetone 
precipitation, and the pellet was dissolved in 50 mM TEABC. 
Digestion was carried out at 37°C for 16 hours using trypsin 
(Sciex, #4326682) at a final concentration of 1:20 (w/w). The 
reaction was acidified using 0.1% formic acid, and the peptides 
were lyophilized and stored at −80°C until further use.

2.11  |  LC-MS/MS acquisition

The digested peptides were fractionated into six fractions using 
StageTip fractionation. Fractionated peptides (6 fractions in 
triplicate, total of 18 runs) were analyzed on Orbitrap Fusion 
Tribrid mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany) interfaced with EASY-nLC 1000 nanoflow liquid 
chromatography system (Thermo Scientific, Odense, Southern 
Denmark). Each fraction was reconstituted in solvent A (0.1% 
formic acid) and loaded onto trap column (75  µm × 2  cm) 
Thermo Scientific Acclaim PepMap 100 C18 (#164535; 
Thermo Scientific) (3 µm particle size, pore size 100 Å) at a 
flow rate of 5 µl/min with solvent A (0.1% formic acid in water).

The peptides were resolved on an analytical column 
(EASY-Spray C18 Reversed Phase HPLC Column, 2  μm, 
75 μm × 500 mm; Thermo Scientific) using a linear gradient 
of 7%-30% solvent B (0.1% formic acid in 95% acetonitrile) 
over 100 minutes at a flow rate of 300 nl/min. Data-dependent 
Mass Spectrometry acquisition was carried out at top speed 
mode with full scans (350-1500 m/z) acquired using an Orbitrap 
mass analyzer at a mass resolution of 120 000 at 200 m/z. For 
MS/MS, top intense precursor ions from a 3-second duty cycle 
were selected and subjected to higher-energy collision dis-
sociation (HCD) with 35% normalized collision energy. The 
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fragment ions were detected at a mass resolution of 30 000 at 
m/z of 200. Dynamic exclusion was set for 30 seconds. Lock-
mass from ambient air (m/z 445.1200025) was enabled for in-
ternal calibration as described previously.29

2.12  |  Bioinformatics and statistical analysis

The Proteome Discoverer 2.3 (Thermo Scientific, Bremen, 
Germany) was used to carry out protein identification and 
quantitation. All raw files were searched against a Mesocricetus 
auratus (Syrian Golden hamster) protein database in Universal 
Proteins Resource Knowledgebase (UniProt) (32,336 entries) 
supplemented with common contaminants (116 entries) using 
SequestHT as a search algorithm. The search parameters 
included trypsin as the proteolytic enzyme with a maximum 
allowed missed cleavages to two. Oxidation of methionine 
and acetylation of protein N-terminus were set as dynamic 
modifications. In contrast, static modifications included 
cysteine carbamidomethylation and TMT modification at the 
N-terminus of the peptide and lysine residue. Precursor mass 
tolerance was set to 10 ppm, and fragment mass tolerance was 
set to 0.05 Da. Peptide Spectrum Matches were identified at 
1% False Discovery rate. The differential expression ratios 
between the groups were calculated. Proteins with differential 
expression ratios ≥1.5 (upregulated) or ≤0.67 (downregulated) 
were considered as differentially expressed. The significance 
of differences between groups was calculated using Student’s 
t test (two-tailed), and a P-value ≤ .05 was considered 
statistically significant. All the differentially expressed 
proteins across the two groups (Infected 4 dpi and infected 
14 dpi) were compared using a Venn diagram (Venny 2.1, 
https://www.bioinfogp.cnb.csic.es/tools/venny/) and further 
analyzed with PANTHER classification system, version 
16.0 (http://www.pantherdb.org). Gene Ontology (GO) and 
pathway analysis using Kyoto Encyclopedia of Genes and 
Genomes (KEGG) were performed using the Enrichr online 
tool (http://www.amp.pharm.mssm.edu/Enrichr/).30

Principal component analysis was performed using 
sample-wise scaled unfiltered normalized protein abun-
dance data using PCAtools. Heatmaps were generated using 
protein-wise scaled and filtered protein abundance (1.5 and 
1.3 up- or down-regulation; P-value ≤ .05 in any compari-
son) and k-means clustering (k = 3).

3  |   RESULTS

3.1  |  Clinical features, viral load, and 
histopathological changes in lungs

To investigate the pathogenicity of SARS-CoV-2, Syrian 
hamsters were infected with the virus, and harvested tissue 

samples were collected at two different time points (4 & 14 
dpi) for viral load and pathological analysis (Figure 1A). 
Corroborating earlier reports, a significant weight loss was 
noticed in all the infected animals at 4 dpi. On 4 dpi, all 
the animals lost around 15% of their initial body weight 
(Figure  1B). After 6 dpi, the infected animals started 
regaining their body weight. During the course of the 
experiments, no mortality was found in both infected and 
mock-infected animals. At the time of organ isolation, 
congestion of lungs was grossly visible only in infected 
animals at 4 dpi (Figure  1C). Further histopathological 
analysis of the 4 dpi SARS-CoV-2-infected tissue samples 
showed the presence of severe pathological lesions in 
the lungs (Figure 1C and Supplementary Figure S1A-G). 
Multifocal necrosis and the desquamation of bronchial 
epithelial cells and infiltration of inflammatory cells 
were present in the SARS-CoV-2-infected lung tissues 
(Figure 1C). Around 50% lung area was affected in all the 
infected animals, and the lesions were patchy throughout 
the lungs. Necrosuppurative bronchitis and interstitial 
pneumonia were evident in all the infected animals at 4 
dpi (Supplementary Figure S1D,E). Different areas of the 
infected lung tissues showed consolidation of lungs and 
hemorrhage (Supplementary Figure S1C). These hamsters 
exhibited severe interstitial pneumonia, as evidenced by the 
thickening of the alveolar wall, altered alveolar structure, 
and immune cells’ infiltration (Supplementary Figure 
S1D). At 4 dpi, infected lungs have occasional features 
of diffuse alveolar damage (DAD) including necrosis of 
alveolar epithelial cells, presence of intra-alveolar immune 
cells, cellular debris, and protein exudates (Supplementary 
Figure S1F). However, hyaline membrane formation was 
very rarely noticed, which indicates a less severe form 
of DAD.31 Endothelium near the damaged areas was 
reactive, as evidenced by mononuclear cells’ adhesion to 
the endothelium (Supplementary Figure S1A). In certain 
instances, the immune cells have invaded the vessel wall 
and caused endotheliitis (Supplementary Figure S1B). 
In one of the infected animals (4 dpi), visceral pleural 
invasion of immune cells was also noticed (Supplementary 
Figure S1G). However, no noticeable histopathological 
changes were observed in mock-infected hamster lung at 
any time point. After 14 dpi, hamsters infected with SARS-
CoV-2 exhibited only mild inflammatory infiltration and 
tissue damage suggestive of the resolution of disease 
manifestation (Figure 1C). Histopathological evaluation of 
tracheal tissues from all the animals also showed severe 
tracheal epithelial and endothelial damage in 4 dpi-infected 
tissues compared to 14 dpi-infected or mock-infected 
tissues (Supplementary Figure S2). The significantly 
higher lung pathology score at 4 dpi-infected tissues than 
14 dpi corroborates the earlier reports and indicates the self-
limiting nature of this disease in the hamsters (Figure 1H).
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Immunofluorescence (IF) staining of lung tissue sections 
with SARS-CoV-2 nucleocapsid (N) protein showed the viral 
antigen-positive bronchial and alveolar epithelial cells at 4 
dpi, which were not detected at14 dpi tissues (Figure  1D). 
Immunoblot analysis of the lung tissue protein lysates also 
corroborated the IF findings (Figure 1E). The viral genome 
copy number estimation showed the presence of viral ge-
nome in both 4 dpi and 14 dpi-infected lung tissues; how-
ever, the copy number was significantly low in 14 dpi tissues 
compared to 4 dpi tissues (Figure 1F). Immunohistochemical 
staining for Ki67, a marker of cell proliferation, showed 
marked cellular proliferation (hyperplasia) of bronchial and 
alveolar cells at 4 dpi (Figure 1G). This finding corroborates 
with the earlier report.20

3.2  |  Quantitative proteomics analysis

3.2.1  |  Molecular alterations in pulmonary 
pathology induced by SARS-CoV-2 infection

Analysis of all the animals’ body weights, lung pathology, 
and status of viral protein in lung tissues clearly 
demonstrated normal animal health in both the 4 dpi and 14 
dpi mock-infected animals. At the same time, lung tissues 
from the 4 dpi and 14 dpi-infected hamsters manifested 
features of acute and convalescent stages of the infection, 
respectively. One of the major objectives of the current 
study was to compare the lung proteome of SARS-CoV-
2-infected hamster lung tissues at acute and convalescent 
stages of the infection. Hence, we employed a quantitative 
proteomics approach to identify the proteomic alterations 
in hamster lung tissue induced by SARS-CoV-2 at different 
time points (4 dpi and 14 dpi) compared with only 4 dpi 
mock-infected control tissues (as a representative of mock-
infected groups). The quantitative proteomics data were 
analyzed using high-resolution LC-MS/MS in triplicates 
where the raw files were searched using Proteome 
Discoverer 2.3. The search resulted in the identification of 
1585 proteins expressed across all the samples. Of these, 
50 and 18 proteins were differentially expressed (cut off 
1.5-fold, P  ≤ .05) at 4 dpi and 14 dpi, respectively. The 
50 differentially expressed proteins in 4 dpi included 33 
upregulated and 17 downregulated proteins whereas 18 
differentially expressed proteins in 14 dpi included nine 
upregulated and nine downregulated proteins. A complete 
list of the proteins identified is provided in Supplementary 
Table S1. All the differentially expressed proteins were 
further represented as a heat map using hierarchical 
clustering analysis comparing mock-infected with the 
infected samples (Figure  2A). Interestingly, the principal 
component analysis (PCA) demonstrated distinct protein 
expression patterns among the mock-infected 4 dpi and 

14 dpi-infected samples, depicting variation among them 
(Figure 2B). In PC1, we observed distinct clusters of data 
representing the 14 dpi and 4 dpi lung tissue samples, and 
separate clusters representing the mock-infected (4 dpi) 
and 14 dpi samples in PC2. Technical triplicate samples of 
the same groups are clustered together.

We compared all the identified proteins across the 
two groups (Infected 4 dpi and infected 14 dpi) to iden-
tify the number of common and differentially expressed 
proteins. This comparison was carried out using a Venn 
diagram (Venny 2.1, https://www.bioinfogp.cnb.csic.es/
tools/venny/). Upon comparison, we identified 41 proteins 
exclusive to 4 dpi tissue samples and nine exclusive to 14 
dpi tissue samples when compared with mock-infected (4 
dpi) tissue samples, while nine proteins were shared be-
tween the groups (Supplementary Figure S3). Of the total 
identified proteins, 50 proteins were differentially ex-
pressed (33 upregulated and 17 downregulated; P  ≤ .05) 
in 4 dpi-infected groups. Among these proteins, majority 
were involved in the blood coagulation, integrin signal-
ing pathway, alternative complement activation signaling 
pathway, and plasminogen activating cascade (PANTHER 
classification system, version 16.0).32 Similarly, 18 pro-
teins were differentially expressed (nine upregulated and 
nine downregulated; P ≤ .05) in the infected 14 dpi group. 
This included proteins belonging to the plasminogen acti-
vating cascade and PI3K-Akt signaling pathway. The dif-
ferentially expressed proteins are graphically represented 
as a heat map and volcano plots representing distinct pro-
teomic patterns between the two groups compared to mock-
infected (Supplementary Figure S4A-C). We also evaluated 
the altered protein expression during the acute and conva-
lescent stages of infection (14 dpi vs 4 dpi) (Supplementary 
Figure S4D).

We further compared the differentially expressed pro-
teins of statistical significance across the SAR-CoV2-
infected (4 dpi and 14 dpi) and mock-infected (4 dpi) 
groups. A comparison of the downregulated proteins and 
upregulated proteins from both groups did not result in 
any common protein. However, among the 33 proteins up-
regulated in the 4 dpi tissue samples, three proteins such 
as superoxide dismutase (Sod2), myosin-2 (Myh2), and 
calgranulin-B (S100a9) were downregulated in the 14 
dpi tissue samples. These proteins are known to regulate 
various cellular processes such as antioxidant defense, cel-
lular localization, cell adhesion, and cellular migration. 
Similarly, among the 33 proteins upregulated in the 4 dpi 
lung tissue, four proteins, including Fibrinogen beta chain 
(Fgb), Ferritin (Fth1), Calpactin I (S100a10), Thymosin 
(Tmsb4x) were found to be upregulated in a 14 dpi sam-
ple. These proteins were involved in the regulation of bio-
logical processes and exhibit catalytic activity. On further 
comparison of downregulated proteins identified across 
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F I G U R E  2   Lung tissue proteome of hamsters infected with SARS-CoV-2 at different time points. A, Heatmap of the differential expressed 
proteins (P ≤ .05; fold change cut off of 1.5) were plotted sample wise suggesting the proteomic alterations across the infected samples (4 and 
14 dpi) compared to mock-infected (4 dpi). B, Principal Component Analysis (PCA) was performed and plotted using PCAtools with technical 
replicates marked by R1, R2, and R3. The PCA plot represents the variance explained by the principal components (denoted by PC) indicating 
a clear separation of the samples among the three groups, ie, mock-infected (4 dpi), infected (4 dpi), and infected (14 dpi). C, Pathway analysis 
was performed using Enrichr online tool using the KEGG database. The enrichment analysis was performed for upregulated and downregulated 
differentially expressed proteins for all the three groups infected (4 dpi) versus mock-infected (4 dpi); Infected (14 dpi) versus mock-infected (4 
dpi); and infected (14 dpi) versus infected (4 dpi). The horizontal axis represents the enrichment score −Log10 (P-value) of the pathway and the 
vertical axis represents the pathway category. The red color represents upregulated proteins and the blue bar represents downregulated proteins

(A) (B)

(C)
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both 4 dpi- and 14 dpi-infected tissues, two proteins were 
common in both groups, the serine/arginine-rich splicing 
factor 1 (Srsf1) and Guanine nucleotide-binding protein G 
(q) subunit alpha (Gnaq).

3.2.2  |  Functional characteristic of 
significantly altered proteins

To systematically investigate the molecular differences in the 
hamster lung owing to SARS-CoV-2 infection, we carried 
out a Gene Ontology (GO) analysis of the differentially 
expressed proteins. The biological process such as “platelet 
degranulation,” “regulated exocytosis,” and “fibrinolysis” 
were enriched mainly in the proteins upregulated in infected 
(4 dpi) lung tissues, whereas “wound healing,” “collagen 
fibril organization,” and “actin cytoskeleton reorganization” 
were enriched in downregulated proteins (Supplementary 
Table S2). The proteins associated with these pathways 
include fibrinogens (Fga, Fgb, and Fgg); complement 
factors (C4a, C3); alpha-2-antiplasmin (Serpinf2); Alpha-
1-B Glycoprotein (A1bg), Apolipoprotein A1 (Apoa1), and 
Alpha-1-acid glycoprotein 1 (Orm1). Notably, the terms 
such as “regulation of substrate adhesion-dependent cell 
spreading” and “endothelial cell migration” were mostly 
observed in upregulated and downregulated proteins in 14 
dpi (Supplementary Table S3).

3.2.3  |  Pathway analysis

KEGG pathway analyses of the differentially expressed 
proteins in lung tissue at 4 dpi compared to mock-infected 
(4 dpi) tissue revealed that SARS-CoV-2-triggered the 
activation of complement and coagulation cascade and 
ferroptosis. The analysis also resulted in the identification 
of other aberrant pathways such as platelet activation, focal 
adhesion, and tight junction. Interestingly, we also observed 
an aberrant expression of proteins associated with necroptosis, 
cholesterol metabolism, ferroptosis, and interleukin-17 
signaling pathway in the 14 dpi tissue samples suggestive of 
the underlying mechanisms that lead to tissue damage and 
lung injury during SARS-CoV-2 infection (Figure 2C).

3.3  |  Secretory proteins

To investigate the amount of secretory proteins among the 
pool of differentially expressed proteins in the infected 
tissue samples, we compared our data with the proteins 
annotated as “secretory proteins (2640 proteins),” “Secreted 
in the blood (729 proteins),” “Lung enriched (13 proteins),” 
“Lung proteome (19  649 proteins),” and “Group enriched 

(61 proteins expressed in the lung)” (Supplementary Figure 
S4E). We found four proteins, Advanced Glycosylation End-
Product-Specific Receptor (Ager), secretoglobin family 1A 
member 1 (Scgb1a1), Surfactant associated protein B (Sftpb), 
and Surfactant associated protein D (Sftpd) identified in the 
current study were specific to lung proteome.

3.4  |  Validation of selected proteins’ 
expression status

To validate the hamster lung proteome data identified in 
this study, we randomly picked two proteins, SOD2 and 
Sftpd, and checked their expression through IF and IHC, 
respectively. We found a significantly higher level of SOD2 
expression in the infected 4 dpi tissues than 4 dpi mock-
infected or 14 dpi-infected tissues (Figure  3A). Similarly, 
analysis of Sftpd expression showed lower expression of 
this protein in bronchial epithelial cells of 4 dpi and 14-
dpi infected lung tissues than 4 dpi mock-infected samples 
(Figure 3B). Together, these data successfully validated the 
results of the mass spectrometry-based proteomics analysis.

4  |   DISCUSSION

Multiple studies across the globe have demonstrated that 
the hamster model of SARS-CoV-2 infection mimics the 
milder form of COVID-19 in humans. Earlier study by 
using USA-WA1/2020 (NR-52281, BEI Resources) isolate 
showed that 5  ×  104 TCID50 dose of viral infection in 
hamsters lead to weight loss and full recovery by 14 days.33 
However, an infection dose of 5 × 105 TCID50 dose induced 
severe weight loss and partial mortality.33 Similarly, in a 
different study with an infection dose of 8  ×  104 TCID50 
of BetaCoV/Hong Kong/VM20001061/2020 (GISAID# 
EPI_ISL_412028) virus, the investigators have reported a 
self-limiting model of SARS-CoV-2 with the manifestation 
of earlier lung tissue damage followed by recovery.34 All 
these studies also corroborate the self-limiting nature of 
this model as reported by others.16,18,20 In the recent study, 
Mohandas et al have used an Indian SARS-CoV-2 isolate 
(NIV-2020-770) at different infection doses and noticed that 
105.5 TCID50 and 104.5 TCID50 infection dose of the virus 
manifested a self-limiting disease with lung pathologies at 
the earlier days of infection.35 Based on the aforementioned 
studies we picked a dose of 105 TCID50 for the inoculation 
of hamsters with our isolate IND-ILS01/2020 (GenBank 
accession ID- MW559533.2). Similar to the earlier report, 
our analyses also showed a non-lethal and self-limiting model 
of SARS-CoV-2 infection in hamster. The histopathological 
and viral analysis of lung samples clearly showed that 4 dpi- 
and 14 dpi-infected animals represent acute and convalescent 
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stages of infection. The absence of the severe form of DAD 
features also corroborates earlier reports and indicates the 
limitation of this model.18

Our quantitative proteomic analysis data showed the dys-
regulation of biological processes such as “collagen fibril 
organization” and “actin cytoskeleton reorganization” in in-
fected 4 dpi and “regulation of substrate adhesion-dependent 
cell spreading” and “endothelial cell migration” in the in-
fected 14 dpi group. Collagen network organization occurs 
in response to tissue damage and is a part of the wound heal-
ing process and can trigger the onset of fibrosis. The actin 
cytoskeleton is an important cellular component, essential 
for maintaining the shape and structure of the cells. Many 
viruses promote the rearrangement of the host cell cytoskel-
eton to facilitate their dissemination.36 We observed reduced 
expression of the proteins that contribute to dysregulation in 
actin polymerization at both 4 dpi and 14 dpi (Supplementary 
Tables S2 and S3). Reports also indicate that any alteration 
in the cell-matrix adhesion and extracellular matrix during 
injury repair can disrupt lung structure, further leading to 
lung damage. Our results also indicate the dysregulation of 
collagens in the 14 dpi lung tissues. The proteins associated 
with “endothelial cell migration” include Thymosin beta-4 
(Tmsb4x) and High Mobility Group Box 1 (HMGB1), both 
of which have been reported to be potential therapeutic targets 

in drug discovery. Tmsb4x is a small and water-soluble pep-
tide known for its role in angiogenesis, wound healing, and 
increased metastatic potential of tumor cells.37,38 Its ability 
to induce fibrinolysis makes it an interesting molecular drug 
target. Recently, HMGB1 has also emerged as a potential tar-
get for therapeutic interventions for COVID-19. It is known 
to play a critical role in various infections, and its elevated ex-
pression has been reported in many viral infections, including 
COVID-19.39,40 This association further results in receptor-
dependent responses suggesting its possible role in SARS-
CoV-2 infection. Further studies are warranted to uncover the 
functional role of HMGB1 and evaluate its inhibitors in the 
COVID-19 treatment.

We also observed multiple pathways such as the dysregu-
lation of complement and coagulation cascades, platelet de-
granulation, and ferroptosis upon viral infection across both 
the groups (4 dpi and 14 dpi). Existing literature also indicates 
the critical role of the complement pathway in pathogenesis 
and disease severity of SARS-CoV-2.41,42 The complement 
system serves as the host systems’ first response to foreign 
pathogens and regulates processes such as opsonization, che-
motaxis, leukocyte recruitment, activation, and phagocytosis. 
However, unrestricted activation of this pathway contributes 
to acute and chronic inflammation, coagulation, cell injury, 
and facilitates multiple organ failure leading to death.43 

F I G U R E  3   A, Immunofluorescence images of mock-infected or infected lung tissue sections showing the expression of Sod2 in bronchial 
and alveolar epithelial cells. B, Immunohistochemistry images of mock-infected or infected lung tissues showing expression of Sftpd in bronchial 
epithelial cells
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Significant dysregulation of complement and coagulation 
cascades along with elevated levels of D-dimer, fibrinogen, 
and von Willebrand factor have been observed in SARS-
CoV-2-infected patients.44 In the current study, we identi-
fied higher expression levels of C3, Fgb, Fga, Fgg, Serpinf2, 
and Cfb in 4 dpi hamster lung tissues as compared to mock-
infected (4 dpi). The higher levels of these proteins were well 
studied as a marker of the activation of early complement and 
coagulation cascade. The significant enrichment of coagula-
tion proteins in SARS-CoV-2-infected tissues indicates the 
disruption of coagulation mechanisms during SARS-CoV-2 
infection. In addition, the higher expression of proteins such 
as Fgb, Fga, and Fgg identified in the study are also known to 
be involved in platelet activation. Platelets are non-nucleated 
cell fragments derived from megakaryocytes and essential for 
physiological hemostasis. Additionally, they are also known 
for their diverse role in inflammatory and immune response 
by acting as inflammatory effector cells.45,46 They also serve 
as an indispensable element in coagulation and inflamma-
tion and their activated state is associated with cancer pro-
gression.47 Recently, the lung has also been proposed as a 
platelet biogenesis site, accounting for almost 50% of total 
platelets.48 There are reports demonstrating the role of plate-
lets in inflammatory lung syndromes/disorders such as acute 
respiratory distress syndrome (ARDS), chronic obstructive 
pulmonary disease (COPD), cystic fibrosis (CF), aspirin-
exacerbated respiratory disease (AERD), and asthma.46

Our pathway analysis with significantly downregulated pro-
teins list also identified certain proteins involved in platelet ac-
tivation (Col1a2, Gnaq, Rhoa), focal adhesion (Col1a2, Parva, 
Rhoa), and leukocyte transendothelial migration (Cldn18, 
Rhoa) in day 4 infected vs mock-infected animals. Even though 
the pathways are commonly shared among the up and downreg-
ulated proteins, the biological properties of each protein need 
to be considered while concluding.49 The contrasting results 
from the pathway analysis of upregulated and downregulated 
proteins highlight the complex nature of these biological pro-
cesses. Together, we believe that the current pathway analysis 
only gives a preliminary idea about the differentially expressed 
proteins in each group and their known biological function. 
Thus, more studies are required to elucidate the role of each 
pathway component in the pathophysiology of COVID-19.

Ferroptosis is a form of programmed cell death associated 
with unchecked lipid peroxidation due to the accumulation 
of lipid reactive oxygen species (ROS) in cells. Its role is 
well documented in pathophysiological processes of various 
diseases, such as tumors, nervous system diseases, ischemia-
reperfusion injury, kidney injury, and blood diseases.50 Iron 
is a pivotal component of the ferroptosis pathway and dis-
ruption of iron metabolism has been reported in COVID-19 
patients.51 In our study, we observed increased ferritin (Fth1) 
levels in 4 dpi tissues sample. Its increased expression has 
also been reported in COVID-19 patients.52,53

Studies on COVID-19 patients have demonstrated the 
usefulness of inflammatory markers such as procalcitonin, 
C-reactive protein, erythrocyte sedimentation rate, and 
serum amyloid A as an indicator of disease progression, 
however, little is known about the increased ferritin levels 
(hyperferritinemia) in these patients. In our study, we ob-
served increased ferritin (Fth1) levels in both 4 dpi and 14 
dpi lung tissues sample which corroborates with the recent 
findings where its increased expression has been reported 
in COVID-19 patients.52,53 Further studies are warranted to 
evaluate its role as a pathogenic mediator in COVID-19. In 
addition, we also report here increased levels of Fgb, and 
S100a10 in both groups when compared to mock-infected. 
Fgb is a blood-borne glycoprotein, with an active role in bi-
ological functions such as angiogenesis, wound healing, and 
inflammation.54 It serves as a marker for vascular injuries 
along with other pathological conditions such as colitis, lung 
and kidney fibrosis.55 Consistent with lung fibrosis observed 
in hamster post-infection with SARS-CoV-2 in the current 
study, Fgb was higher among both groups suggesting its role 
in blood clot formation where its higher expression is also 
reported in COVID-19 patients.56 Calpactin I, belongs to the 
calcium-binding S100 family, and is ubiquitously expressed 
in the majority of cells. It is known for its role in wound heal-
ing, fibrinolysis, and angiogenesis.57,58 Binding of S100a10 
with plasminogens facilitates its conversion to plasmin which 
in turn enhances the virulence and pathogenicity of SARS-
CoV-2 by cleaving the spike protein.59 Moreover, we identi-
fied lower levels of Srsf1 and Gnaq among both the infected 
group as compared to the mock-infected. Srsf1 belongs to 
the family of splicing regulators and its interaction with dif-
ferent proteins enables it to regulate a plethora of cellular 
pathways.60 It plays a significant role in providing genomic 
stability and thus, viral infection results in the depletion of 
this protein along with other RNA binding proteins (RBPs) 
in the nucleus. Such association of the viral genome with host 
RBPs initiates apoptosis, further resulting in the release of 
viral particles during infection by compromising the host ma-
chinery.61 Gnaq, constitute the family of largest cell surface 
membrane receptors, expressed ubiquitously in mammalian 
cells, and known to be involved in multiple ways during viral 
infection.62 Studies have also demonstrated its role in regu-
lating both innate and adaptive immunity.63 Here we report 
the reduced expression of Gnaq in hamster lung tissues in-
fected with SARS-CoV-2. Similar data were also observed in 
virus-infected macrophages implicating its role as a negative 
regulator of antiviral immune responses.64

Pulmonary surfactant proteins constitute a type of lipo-
protein complex comprising 90% lipids and 10% surfactant 
proteins (Sftpa, Sftpb, Sftpc, and Sftpd). These surfactant 
proteins contribute to providing defense against pathogens 
and play a critical role in efficient gaseous exchange at the 
air-liquid interface in the alveoli and provide lung stability.65 



12 of 15  |      SURESH et al.

We observed aberrant expression of the surfactant proteins 
(Sftpb, and Sftpd) across the 4 and 14 dpi-infected samples 
compared to the mock-infected samples suggesting the de-
cline in the normal functionality of lung respiratory gaseous 
exchange owing to virus infection. The previous report has 
suggested the role of viral proteins in modulating the sur-
factant metabolism and thus, resulting in host immune 
compromise.66

As reported earlier, we also noticed distinct damage to the 
epithelial-endothelial barrier in 4 dpi-infected lung tissues. 
This barrier system’s damage is believed to be the major me-
diator of ARDS in different respiratory viral infections, in-
cluding SARS-CoV-2.67 The loss of the epithelial-endothelial 
barrier allows leakage of blood components into the alveolar 
lumen and lung interstitium. At the same time, it also allows 
the leakage of lung proteins into circulation.68 In the recent 
past, it is shown that COVID-19 patients who developed 
ARDS have significantly higher IL-6 and Sftpd circulatory 
levels compared to patients who did not have ARDS.69 These 
findings further indicate that the identification of pneumo-
proteins in circulation is an indicator of the severity of lung 
pathology. In our lung tissue proteome analysis, we noticed 
a significant downregulation of Sftpd protein in tissues with 
high lung pathology score (4 dpi), which suggests that certain 
proteins might have a differential pattern of expression level 
in circulation and at the primary site of infection (lungs). 
Based on several features of pulmonary surfactants, they are 
believed to have importance in COVID-19 pathogenesis, di-
agnosis or therapy. It has been proposed that a lower con-
centration of pulmonary surfactant is a critical risk factor for 
COVID-19.70 Studies have also reported that concentrations 
of SP-A and SP-B were low in bronchoalveolar lavage (BAL) 
of patients before and after the onset of ARDS.71 The low 
level of pulmonary surfactant proteins detected in 4 dpi lung 
tissues underscores their possible role in the COVID-19 pa-
thology. Altogether, these pulmonary lung surfactants might 
be considered as potential therapeutics to aid in COVID-19 
treatment. Secretoglobin Family 1A Member 1 (Scgb1a1) en-
codes a member of the secretoglobin family of small secreted 
proteins, a component of pulmonary surfactant, which is ex-
pressed in mucus-secreting cells. This protein is known for 
its anti-inflammatory/ immunomodulatory and anti-fibrotic 
functions.72 We identified severe downregulation of Scgb1a1 
in the lung tissue post-infection (4 dpi), suggesting respira-
tory distress owing to virus-mediated lung injury. Some liter-
ature have also reported its altered expression following lung 
injury and where its absence is marked with the greater in-
flammatory response.73-75 It is also known to regulate alveo-
lar macrophage-mediated inflammatory response upon virus 
invasion.75 However, further studies are required to study its 
effectiveness and the underlying mechanism(s) associated 
with virus infection. Further, it suggests the usefulness of the 

hamster model of SARS-CoV-2 infection in evaluating the 
therapeutic efficacies of these proteins for COVID-19.

Through an ultra-high-throughput clinical proteomics 
approach, Messner et al, identified protein expression signa-
tures in serum/plasma samples including complement factors, 
components of coagulation systems, immunomodulators, 
and proinflammatory factors that can classify COVID-19 pa-
tients based on WHO grading.4 The authors have proposed 
27 protein groups (23 upregulated and 4 downregulated) as 
potential biomarkers of disease severity. Out of these upreg-
ulated proteins, we noticed six proteins Complement factor B 
(Cfb), Fibrinogens (Fga, Fgb, Fgg), Haptoglobin (Hp), and 
Galectin-3-binding protein (Lgals3bp) are also present in the 
list of upregulated proteins at 4 dpi vs mock-infected groups 
of our study. However, albumin (Alb), and transferrin (Tf) 
whose downregulation correlated with COVID-19 severity4 
are found to be upregulated at the 4 dpi infection group of 
our study. There are multiple possibilities for this discrepancy 
like (a) blood proteome and lung proteome might be different 
in SARS-CoV-2-infected humans or animals, (b) difference 
in techniques or methods used to analyze samples, and (c) 
species-dependent differential (hamsters or human) host re-
sponse to SARS-CoV-2 infection. Similarly, proteomic and 
metabolomic profiling of serum samples obtained from 46 
COVID-19 and 53 control individuals showed deregula-
tion of three major pathways namely complement system, 
macrophage function, and platelet degranulation in severe 
COVID-19 patients.41 A study by Park et al, employed an in-
depth proteome profiling of undepleted plasma revealed sig-
natures of proteins involved in neutrophil activation, platelet 
function, and T cell suppression.6 Based on their findings, the 
authors have proposed specific plasma proteins as predictive 
biomarkers of COVID-19.6 In a different study, proteomic 
analysis of serum samples from early COVID-19 patients 
also identified differentially expressed proteins known to 
have a function in SARS-CoV-2 infection-associated inflam-
mation and immune signaling.7 The findings of our study 
also corroborate the aforementioned findings.

Efforts to investigate the alteration in bronchoalveolar 
lavage fluid (BALF) proteome in COVID-19 patients com-
pared to the non-COVID-19 controls demonstrated that 
SARS-CoV-2 infection induces alteration in BALF pro-
teome with enrichment of proteins involved in proinflam-
matory cytokine-mediated signaling and oxidative stress 
response.5 Superoxide dismutase (SOD) is vital for human 
health and upregulation of SOD2 expression upon chal-
lenge with human pathogens suggests its role in immune 
response. Antioxidant enzymes such as SOD2 are pivotal 
to protect from free superoxide anion, which can damage 
epithelial cells and impair their function. Thus, enhanced 
expression of Sod2 in SARS-CoV-2-infected hamster 
lungs, suggests the upregulation of antioxidant response 
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to prevent oxidative stress-induced tissue damage, lung in-
jury, and respiratory distress.

Taken together, the current study highlights the pro-
teomic alterations caused owing to SARS-CoV-2 infection 
during the course of infection and provides an insight on 
the molecular pathogenesis and possible therapeutic tar-
gets of COVID-19. Importantly, the current study provides 
strong molecular evidence that shows the similarities be-
tween SARS-CoV-2 infection in humans and hamsters and 
supports the clinical relevance of this model in COVID-19 
research. However, the present study has some limitations 
of the small sample size considered for the analysis and 
use of limited experimental conditions (single viral dose 
and strain). This demands similar extensive research in a 
large number of animals and different experimental con-
ditions for further validation. Moreover, due to the small 
number of animals, the effects of age, sex, and comorbidi-
ties await further investigation. The unavailability of com-
plete genome information of Syrian golden hamsters has 
also substantially restricted our findings. We hope in the 
future with the availability of complete genome sequence 
and hamster-specific reagents like antibodies will help 
in obtaining more relevant information from our current 
findings.
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