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Aim: The experiments aimed to document the presence of the ACE2 receptor on human muscle cells and the effects of the interaction 
of these cells with the spike protein of the SARS-CoV-2 virus in terms of induction of pro-inflammatory proteins, as well as to assess 
the possibility of reducing the pool of these proteins with the use of graphene oxide (GO) flakes.
Methods: Human Skeletal Myoblast (HSkM), purchased from Gibco were maintained in standard condition according to the 
manufacturer’s instruction. The cells were divided into 4 groups; 1. C-control, 2. S-with addition of spike protein, 3. GO-with the 
addition of graphene oxide, 4. GO-S-with addition of GO followed by the addition of S protein. Protein S (PX-COV-P049) was 
purchased from ProteoGenix (France). GO was obtained from Advanced Graphene Products (Zielona Gora, Poland). The influence of 
all the factors on the morphology of cells was investigated using light and confocal microscopy. ACE2 protein expression on muscle 
cells was visualized and 40 pro-inflammatory cytokines were investigated using the membrane antibody array method. The protein 
profile of the lysate of cells from individual groups was also analyzed by mass spectrometry.
Conclusion: The experiments confirmed the presence of the ACE2 receptor in human skeletal muscle cells. It has also been 
documented that the SARS-CoV-2 virus spike protein influences the activation of selected pro-inflammatory proteins that promote 
cytokine storm and oxidative stress in muscle cells. The use of low levels of graphene oxide does not adversely affect muscle cells, 
reducing the levels of most proteins, including pro-inflammatory proteins. It can be assumed that GO may support anti-inflammatory 
therapy in muscles by scavenging proteins that activate cytokine storm.
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Introduction
The research´s motivation was to explain the role of muscle tissue as a very large pool of secretory cells in the course and 
effects of COVID-19, particularly in the induction of cytokine storm, and the search for an effective scavenger of these 
pro-inflammatory proteins.

The global problem caused by the coronavirus disease (COVID-19) pandemic is the result of not only the 
severe, unpredictable and difficult-to-treat course of the disease, but also its incalculable consequences.1,2 A key 
symptom of COVID-19 is cytokine storm (CS).3 CS is manifested by excessive secretion of pro-inflammatory 
cytokines that initiate many pathways involved in the propagation of inflammation leading to fever, impaired 
capillary permeability, acute respiratory failure, multi-organ failure, and in severe cases to death.4 According to 
these authors, the COVID-19-related cytokine storm and its comprehensive diagnosis are the basis for the 
diagnosis and treatment of this disease. The key CS chemokines and cytokines are believed to include the 
C-X-C chemokine motif 10 (CXCL10), interferon gamma (IFN-γ), interleukin 1 beta (IL-1β), interleukins: IL-2, 
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IL-6, IL-7, IL-8, IL-10, IL-12, IL-17, IL-18, tumor necrosis factor alpha (TNF-α), granulocyte colony-stimulating 
factor (G-CSF); granulocyte – macrophage colony-stimulating factor (GM-CSF) and monocyte chemoattractant 
protein-1 (MCP-1).4,5 Currently, COVID-19 is referred to as a multi-organ dysfunction promoting systemic 
inflammation.6

The most dangerous consequence of this disease is the fact that a cytokine storm can induce pro-inflammatory 
mechanisms in various organs and tissues over the next months and possibly years. 30–50% of patients show symptoms 
of the disease for many months.7 Moreover, 80% of COVID-19 infections are mild, unhospitalized and unmonitored.8 

Thus, the effects of infection, including CS, may develop in a subclinical and uncontrolled manner, and serious effects 
may become apparent after months.7

Skeletal muscle dysfunction is also observed during and after COVID-19, and may be caused by CS induced in other 
tissues.9 Research is being carried out on the potential possibility of infection of muscle tissue or skeletal muscle cells by 
the SARS-CoV-2 virus. The expression of the TMPRSS2 and ACE2 genes in human muscle tissue was analyzed and it 
was confirmed that endothelial cells, smooth muscle cells, pericytes, muscle stem cells (satellite cells), macrophages, 
immune cells (B, T or NK cells), and muscle fibers express TMPRSS2.7,10 However, according to some authors, the 
ACE2 receptor is only expressed by smooth muscle cells and pericytes.8 According to other authors, skeletal muscles has 
high expression of the ACE2 receptor,11,12 but lower than endothelial cells.10 Yamamoto et al13 argue that there is no 
evidence of direct SARS-CoV-2 invasion into skeletal muscles, moreover, no MERS-CoV-2 virus particles were detected 
in ultrastructural studies of skeletal muscles of patients.14

Muscle tissue constitutes a significant mass of human organism, in a 50-year-old male it can constitute 36.8% 
of body weight,15 and on average it accounts for about 40% of total body weight, which means that it has a huge 
pool of various proteins, including also functional. This tissue is thought to contain 50–70% of all body 
proteins.16 Although muscle cells are not primarily involved in cytokine induction, however, even their minimal 
production, given the size of the muscle mass, can provide a powerful supply of pro-inflammatory proteins. So, 
paradoxically, young, athletic men may be much more sensitive to CS. On the other hand, the pain and weakness 
of the muscles observed during and after the disease,17 and the consequent lack of physical activity, as well as the 
limitation of physical activity related to quarantine also constitute the causal mechanism of CS. Therefore, the 
search for a method to reduce the intensity of CS is necessary.

Graphene oxide (GO) is an allotropic form of carbon made of flakes 1.1 ± 0.2 nm thick, which have the 
structure of graphene, but contain numerous oxygen groups such as epoxide (= O), carbonyl (C = O), hydroxyl (- 
OH) and on the edges carboxyl (-COOH) and carbonyl (-CO) groups.18 These numerous oxygen groups make GO 
hydrophilic, and after penetration into the body, it is easily passivated by various chemical compounds, especially 
proteins, which is called the protein corona effect.19 These features of GO also make it relatively biocompatible,20 

as it is surrounded by proteins that reduce its cell-toxic effect.21 Research carried out by our team has shown that 
GO used as a nano-scaffold for muscle cells is not only non-toxic but is also preferentially chosen by cells that 
adhere and willingly inhabit the GO surface.22 Moreover, cells develop so well on the GO scaffold that they 
undergo spontaneous physiological contraction. Also, graphene administered to the breeding medium is non-toxic 
at a level below 10 μg / L.23 Studies of relatively high biocompatibility of GO have also been confirmed by us in 
experiments on rats,24,25 3D skin model26 and in studies on other biological models.27 It seems that GO, as 
a super-thin layer of carbon applied in a small amount, can, without inducing toxicity, deposit on its surface CS- 
related proteins present in the body. The use of such anti-inflammatory therapy could significantly reduce the 
dangerous, further consequences of COVID-19 disease.

The aim of the conducted experiments was to explain several important mechanisms of the COVID-19 disease and to 
initially attempt to use GO as an adjunct treatment.

First of all, we wanted to confirm the controversial presence of the ACE2 receptor on the surface of skeletal muscle 
cells, as well as determine the effects that may result from the presence of a viral fragment - the spike protein, without 
infecting the cell with the virus. Moreover, assuming that the S protein induces CS in the immunogenic muscle cells, it 
seems important which cytokines and other functional proteins would be activated. Most of all, however, for the first 
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time, we have attempted to minimize CS by using GO. This research is the world’s first experiment on the potential 
possibility of GO scavenging CS proteins.

Materials and Methods
GO Characterization
A GO water solution (4mg/mL) was obtained from Advanced Graphene Products (Zielona Gora, Poland). In the 
experiment, dilutions were prepared in deionized water and sonicated for 15 minutes before use.

The MIR spectrum of the GO water solution was registered with KRS round plates in transmission mode. Five 
separate spectra of the working sample were registered, and an averaged spectrum was calculated. The Perkin Elmer 
System 2000 spectrometer was used for spectra registration, and analysis was performed in the Pegrams software.

The morphology of the GO flakes was examined using a TEM - JEM-1220 (JEOL, Japan) at 80 kV and a TEM CCD 
Morada 11 megapixels camera (Olympus Soft Imaging Solutions, Germany). The zeta potential of the GO solution was 
measured using a ZetaSizer Nano ZS model ZEN3500 (Malvern Instruments, UK).

Cell Culture
Human skeletal myoblast cells were purchased from Gibco (Thermo Fisher Scientific, USA). The cells were maintained 
in Dulbecco’s Modified Eagle’s medium (DMEM) (Life Technologies, USA) supplemented with 2% horse serum (Life 
Technologies, USA) and 1% penicillin/streptomycin (Life Technologies, USA) according to the manufacturer’s instruc-
tions. The cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO2/95% air in a Memmert 
ICO150med incubator (Memmert, Germany). The Sars-COV-2 spike proteins (PX-COV-P049) were purchased from 
ProteoGenix (France).

The cells were divided into experimental groups: 1) control group (not treated), 2) with addition of S proteins, 3) with 
addition of a GO solution, 4) GO-S-with addition of GO followed by the addition of S proteins. The GO was mixed with 
the culture media yielding final concentrations of 100 ppm GO. In the group with GO and S proteins, a medium 
containing GO was applied first, and S proteins were added at a final concentration 5 µg/mL after one hour. During the 
experiment in the laboratory was maintained a high standard of biosafety practice, although protein S is not an infectious 
or replicating factor, with low/moderate individual risk and no community risk. The experiment was conducted in BSL-2 
laboratory with BSL-3 biosafety protocols. No formal approval from the Institute review board was required for this 
study.

The cells were examined, and their morphologies were recorded using a light optical inverted microscope (TL-LED, 
Leica Microsystems, Germany). For further visualization, the cells were fixed in ice cold methanol for ten minutes at 4°C 
and stained with eosin/hematoxylin (E+H).

Confocal Microscopy
The morphology of the cells and the presence of ACE2 receptors in muscle cells was evaluated using a confocal 
microscope (Olympus FV1000, Japan). For imaging, the cells cultured on slides were fixed using 4% parafor-
maldehyde in phosphate buffered saline (PBS) (Life Technologies, USA) for ten minutes at room temperature and 
washed with ice-cold PBS. The cells were then incubated in Tween (0.3%) and washed with PBS (Sigma-Aldrich, 
USA). Subsequently, the cells were incubated with a blocking solution – normal goat serum (5%; Chemicon 
International, USA) – for one hour at room temperature. The cell nuclei were stained with 4′,6-diamidino- 
2-phenylindole (DAPI) (Thermo Fisher Scientific, USA), actin filaments were stained with phalloidin-Atto 633 
(Sigma-Aldrich, USA), and the ACE2 receptors were stained with a polyclonal rabbit antibody anti-ACE2 
(SAB3500978, Sigma-Aldrich, USA) overnight at 4°C (dilution 1.5:100). After three series of washing, a goat 
anti-rabbit antibody (dilution 1:100) was used as a secondary antibody with Alexa FluorTM 488 (Thermo Fisher 
Scientific, USA), and the cells were incubated for one hour at room temperature. After staining, the cells were 
washed with PBS, and the slides were sealed and stored in the dark.
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The number of nuclei was analyzed using ImageJ-Cell Counter; the nuclei stained with DAPI were counted manually 
in a randomly selected field of view (n = 5/group).

The areas of actins and ACE2 receptors were analyzed using ImageJ by calculating the actin or ACE2 positive (non- 
black) pixels on binarized one-channel images obtained by confocal microscopy (n = 5/group). The mean area of actins 
and ACE2 were obtained by dividing the total area by the number of nuclei in the field of view (n = 5/group), which 
represented the relative area of actins and ACE2 receptors in a single cell.

The data were analyzed using monofactorial analysis of variance, ANOVA, with Tukey’s post-hoc test for determin-
ing the differences between the groups. Differences with a p-value ≤0.05 were defined as statistically significant. 
Differences between groups were marked with different letters above the bars (a, b).

Analyses were performed in StatGraphics Centurion version XVI (StatPoint Technologies, USA).

Human Inflammation Antibody Array
The cells were cultured according to the scheme described in section “Cell culture” and treated for 24 hours after 
confluency reached about 80%. After treatment, the cells were manually detached, collected, and centrifuged at 
1200 rpm for ten minutes. The protein extract was prepared with a PierceTM RIPA buffer (Thermo Scientific, 
USA) with protease inhibitors (Sigma-Aldrich, USA) and sonicated for three minutes with a pulse of 30 seconds 
on/off and an amplitude of 20%. The samples were centrifuged at 12,000 rpm for 25 minutes at 4°C. The 
supernatant was collected, and the total protein concentration was determined using a bicinchoninic acid kit 
(Sigma-Aldrich, USA). All samples from each experimental group were pooled before further procedure. Human 
inflammation factors were analyzed using an antibody array (ab134003; Abcam, UK). The assay was performed 
in accordance with the manufacturer’s instructions. The membranes were visualized using Azure Biosystem C400 
(Azure, USA), and analyzed using the ImageJ software. Obtained results were normalized to the control dots.

Mass Spectrometry
Cells were cultured under standard conditions, and after confluency reached around 80%, treated for 24 hours 
according to the scheme described in the “Cell culture” section. After treatment, the cells were manually 
scrapped off, collected, washed with PBS, and centrifuged at 1200 rpm for ten minutes. The protein extract 
was prepared with a PierceTM RIPA buffer (Thermo Scientific, USA) and sonicated for three minutes with 
a pulse of 30 seconds on/off and an amplitude of 20%. Protease inhibitors (Sigma-Aldrich, USA) were added to 
the PierceTM RIPA buffer. The samples were centrifuged at 12,000 rpm for 25 minutes at 4°C. The supernatant 
was collected and subsequently precipitated using chloroform/methanol protocol. Each group was analyzed in 
three independent replicates. The protein pellets of each sample were solubilized in 100 µL of 100 mM TEAB, 8 
M urea, 5 µL of TCEP mM, sonicated, and alkylated with 5 µL of MMTS for 30 minutes. The protein mixture 
was digested with a mixture of proteases LysC/Trypsin (Promega V5073, USA) in 8 M urea and 100 mM TEAB, 
in a 1:50 ratio. After four hours of digestion with shaking at 37°C, the samples were diluted to achieve a urea 
concentration of 1 M and digested overnight. The peptide mixture was purified with HL 10 mg cartridges and 
evaporated to dryness in a rotary evaporator. The pellets were dissolved with 2% acetonitrile in the presence of 
0.1% TFA. Liquid chromatography-mass spectrometry (LC-MS) analyses were performed in the Laboratory of 
Mass Spectrometry (IBB PAS, Warsaw) using a NanoAcquity UPLC System (Waters) coupled to a QExactive 
Orbitrap Mass Spectrometer (Thermo Fisher Scientific, USA). The mass spectrometer was operated in the data- 
dependent MS2 mode, and data were acquired in the m/z range of 200–2000. Peptides were separated by a 180- 
minute linear gradient of 95% solution A (0.1% formic acid in water) to 45% solution B (acetonitrile and 0.1% 
formic acid). Each sample measurement was preceded by three washing runs to avoid cross-contamination.

Data were analyzed with the PEAKS Q software and searched against the UniProt human reference proteome. The 
results were also analyzed in the Panther Classification System version 16.0.

Heat maps were prepared using the GraphPad Prism software version 8.1.2 (GraphPad Software Inc., USA).
The data were analyzed by monofactorial analysis of variance, ANOVA, and t-test, with the level of significance set at 

p ≤0.05. Analyses were performed in the StatGraphics Centurion version XVI (StatPoint Technologies, USA).
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Results
Characterization of GO
Transmission electron microscopy (TEM) was used to confirm the morphology of the GO flakes. After drying, thin sheets 
of GO formed a wrinkled surface of 1–3 layers of flakes with irregular edges (Figure 1A). The size of the flakes was 2 to 
3 μm. The zeta potential of the GO water solution (1mg/mL) was −28.3 ± 2.1 mV.

A wide characteristic band generated by the stretching of the O-H group at 3450 cm−1 was identified in middle 
infrared (MIR) analysis. The bands generated by the stretching of the C-H bond were located at 2816 cm−1. Bands 
assigned to triple bonds between carbon atoms (sp hybridization) were registered at 2363 cm−1. A very intense 
characteristic band at 1615 cm−1 was assigned to double bonds between carbon atoms (sp2 hybridization of carbon). 
Two bands located at 1371 and 1350 cm−1 were assigned to C-O or C-C stretching and/or C-H deformations, 
respectively. C-C stretching indicates the sp3 hybridization of carbon. Hence carbon was present in the sample in all 
known types of hybridization. The presence of hydrogen and oxygen was also confirmed (Figure 1B).

Cell Morphology - Light and Confocal Microscopy
The morphology of the human skeletal myoblast (HSkM) cells exposed to GO, S proteins, and S proteins together with 
GO were added to the culture medium in concentrations of 100 ppm GO and 5μg/mL S protein (Figure 2A and B) was 
analyzed using light microscopy. There were no significant differences between groups after 24 hours of treatment. An 
elongated shape characteristic of skeletal muscle cells was observed in all groups. The muscle fibers with multiple nuclei 
also were present (Figure 2B). There were no signs of apoptosis or necrosis in any of the groups. Clearly visible GO 
flakes were suspended in the culture medium and adhered to the cells in the GO group. Interestingly, the GO flakes 
adhering closely to the cells did not affect the deformation of the cells in these adhesion areas. In summary, the 

Figure 1 Transmission electron microscopy images of GO flakes (A); middle infrared (MIR) spectrum of graphene oxide (GO) registered in transmission mode in the 
spectral range of 4000–400 cm−1 (B).
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introduction of the S proteins and the use of GO in groups of cells incubated with S proteins, as well as the introduction 
of GO alone into the medium did not adversely affect the morphology of the muscle cells.

Sections with stained nuclei (DAPI), actins (phalloidin), and ACE2 receptors were observed with a confocal 
microscope (Figure 3), and the surface of the actins and ACE receptors were measured. No adverse changes were 
found in the morphological image of the actin. However, their surfaces were slightly larger in the groups where GO was 
applied, and in the case of total actin area in the GO-S group, it was significantly larger. However, no morphological 
changes indicative of cytotoxicity and no disruptions of cytoskeleton integrity or actin polymerization were observed 
(Figure 4A and B). The muscle cell samples were also stained for the ACE2 receptors. A strongly expressed presence of 
ACE2 receptors was found on muscle cells from the control group and the S, GO, and S-GO groups (Figure 3). The total 
ACE2 area and mean ACE2 area measurements did not differ between the groups (Figure 4C and D). When analyzing 
the morphology and the number of cell nuclei, no differences were observed between the groups and no pathological 
changes in the images of cell nuclei were found (Figure 4E).

Protein Analysis
The experiment analyzed the expression of 40 proteins involved in inflammation (Figure 5). Cells incubated with the 
S proteins showed an increase in ICAM-1 (A-B/9), MCP-1 (E-F/6), and IL-8 (C-D/8) proteins. The application of GO to 
the cells incubated with S proteins decreased the expression of these proteins to the level of the control group. Moreover, 
GO, when used alone, did not increase the expression of pro-inflammatory proteins.

Figure 2 Microscopy images of the morphology of fixed HSkM cells after staining with eosin (cytoplasm) and hematoxylin (nuclei) (A) and without fixation (B) in the control 
group and after 24 hours of treatment with S protein (S), graphene oxide (GO), and GO with S protein (GO-S); yellow arrows – nuclei, brown arrows – GO flakes, blue 
arrows – muscle fibers.
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Proteomic analysis was also carried out using mass spectrometry (full data available in the Supplement Material, 
Table S2). We analyzed the changes in the profile of a broad spectrum of proteins induced by the presence of S proteins, 
GO, and both factors using the Peaks Q and Panther softwares. A total of 667 proteins with significantly altered 
expression levels were found in the experimental groups compared to the control group. The analysis of the heatmap 
images (Figure 6) shows that the S proteins increased the expression of proteins relative to the control group, while the 
use of GO in the group of cells incubated with S proteins decreased their level; however, the greatest decrease of 
numerous proteins level was observed in group treated with GO.

A volcano plot analysis confirmed these trends, showing a significant up-regulation of 13 selected proteins and 
a downregulation of 13 induced by the presence of S proteins in the culture media. The addition of GO to the medium of 
cells incubated with S proteins significantly increased the levels of five proteins and decreased the levels of 638 proteins 
(Figure 7). For comparison, the addition of GO alone increased the expression of five proteins and decreased the 

Figure 3 Morphology of HSkM cells, in the control group, and after 24 hours of treatment with S protein, graphene oxide (GO), S protein with GO, visualized using confocal 
microscopy; ACE2 receptor – immunofluorescent staining (green), nuclei – DAPI (blue), actin – phalloidin (red).
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Figure 4 Cytoskeletal integrity assessment: total and mean actin area in HSkM in the control group (C) and after 24 hours of treatment with S protein (S), graphene oxide 
(GO), and S protein combined with GO (GO-S) (n = 5/group) (A and B); presence of ACE2 receptors in HSkM cells – total and mean ACE2 receptor area (n = 5/group) 
(C and D); cytotoxicity – number of nuclei in HSkM cells (n = 5/group) (E); different letters above the bars indicate significant differences between groups from Tukey post- 
hoc test analysis.
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expression of 431 proteins (Table 1). The Venn diagram (Figure 8) showed number of proteins with decreased expression 
level, which were common in S, GO and GO-S groups, in comparison to the control group. There were no similarities in 
proteins with increased expression level between S group and GO, GO-S. Only one record was common between GO and 
GO-S group.

Figure 5 Array analysis of inflammation factors in HSkM cells in the control group (C) and after 24 hours of treatment with S protein (S), graphene oxide (GO), and 
a combination of S proteins and GO (GO-S) (A); results normalized to the control dots; full array map available in the Supplementary Material (Table S1). 
Abbreviations: ICAM1, intercellular adhesion molecule 1; MCP-1, monocyte chemoattractant protein 1; IL-8, interleukin 8.

Figure 6 Heatmap representation of protein expression changes identified through the mass spectrometry analysis of HSkM cells in the control group (C) and after 24 
hours of treatment with S protein (S), graphene oxide (GO), and S protein with GO (GO-S); the heatmap only included 667 proteins with significantly altered expression 
levels identified in the mass spectrometry results analysis using the Peaks Q software; the results are presented as log10 values.
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The top ten proteins that were most significantly differentiated by the S proteins were selected (Table 2). The 
expression of these proteins increased to the greatest extent (at least two-fold) compared to the control group. Then, the 
level of these proteins was monitored following the application of GO and S proteins (GO-S group) and after using GO 
alone. We found that the S proteins increased the expression of the histone deacetylase 2 (HDAC2) protein the most, and 

Figure 7 Volcano plot representation of the expression level of proteins identified by mass spectrometry analysis; volcano plot of up- and downregulated proteins in 
HSkM cells after 24 hours of treatment with S protein (S) compared to the control group (C) (A); volcano plot of up- and downregulated proteins in HSkM cells after 24 
hours of treatment with graphene oxide (GO) compared to the control group (C) (B); volcano plot of up- and downregulated proteins in HSkM cells after 24 hours of 
treatment with S protein and graphene oxide (GO-S) compared to the control group (C) (C); volcano plot of up- and downregulated proteins in HSkM cells after 24 
hours of treatment with S protein (S) compared to the group treated with S protein and graphene oxide (GO-S) (D); the violet dots (left side) mark the proteins with 
significantly decreased expressions, the Orange dots (right side) mark the proteins with significantly increase expressions; the x-axis shows log2 fold changes in 
expression level, and the y-axis –log10 p-values; blue line - significance threshold.

Table 1 Number of Proteins with Significantly 
Altered Expression Level Identified Through the 
Volcano Plot Analysis

Number of Up- and Downregulated Proteins 
(Compared to the Control Group)

Upregulated Downregulated

S 13 13

GO 5 431

GO-S 5 638

Abbreviations: S, experimental group of HSkM cells treated 
with S protein; GO, experimental group with graphene oxide; 
GO-S, experimental group with cell treated with S protein and 
graphene oxide.
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interestingly, the addition of GO further increased the expression of this protein. The application of GO alone also 
increased its expression, but to a lesser extent. The expression of the stomatin-like protein 2 mitochondrial (STOML2) 
increased significantly under the influence of the S proteins, but the presence of GO was the reason for its reduction to 
the control group level. The S proteins also significantly increased the expression of the following proteins by more than 
two-fold: mitochondrial superoxide dismutase (SOD2), peroxisomal multifunctional enzyme type 2 (HSD17B4), 
cyclooxygenase-1 (COX-1/PTGS1), CD59 glycoprotein (CD59), calponin-3 (CNN3), caveolae-associated protein 4 
(CAVIN4), titin (TTN), and 40S ribosomal protein S3 (RPS3). Interestingly, in all cases, application of GO decreased 
the level of these proteins. The incubation of cells with S proteins also resulted in a significant, more than two-fold 
reduction in the expression of two proteins - keratin type I cytoskeletal 9 (KRT9) and hornerin (HRNR).

The application of GO significantly increased the expression of these proteins, and indeed, the level of these proteins 
was the highest in the groups with GO alone.

Figure 8 Venn diagram with numbers of proteins with significantly decreased expression level among the S, GO and GO-S groups, in comparison to the control group.

Table 2 List of the Selected Top Ten Proteins with Significantly Altered Expression Levels 
Induced by the Presence of S Proteins Relative to the Control Group Based on at Least 
2-Fold Change of Expression Level

Top Ten Proteins Up- and Downregulated Relative to the Control Group

Gene Symbol Protein Description Fold Change

Upregulated

HDAC2 Histone deacetylase 2 8.15

STOML2 Stomatin-like protein 2, mitochondrial 4.65

SOD2 Superoxide dismutase, mitochondrial 2.65
HSD17B4 Peroxisomal multifunctional enzyme type 2 2.53

COX1/PTGS1 Prostaglandin G/H synthase 1/Cyclooxogenase 1 2.38
CD59 CD59 glycoprotein 2.38

CNN3 Calponin-3 2.30

CAVIN4 Caveolae-associated protein 4 2.22
TTN Titin 2.15

RPS3 40S ribosomal protein S3 2.04

Downregulated

HRNR Hornerin 0.37
KRT9 Keratin, type I cytoskeletal 9 0.5
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Regarding the influence of GO, the levels of several proteins increased relative to the control group, especially keratin type II 
cytoskeletal 2, hornerin, and keratin type II cytoskeletal. The level of the remaining proteins was lower than in the control group.

Around one third of proteins were responsible for cellular processes and about 1/5 for metabolic changes (Figure 9A). 
With regard to molecular functions, approximately 45% of the different proteins were related to binding and as much as 
30% were associated with catalytic activity (Figure 9B).

Discussion
A Human Skeletal Myoblast (HSkM) was derived from a healthy human being and constituted the physiologically 
relevant cellular model of myoblasts. Cells taken directly from muscle tissue that have undergone few population 
doublings and have not been immortalized represent a more reliable experimental model of skeletal muscle response to 
experimental factors compared to traditionally used immortalized cells.28

In studies carried out on HSkM cells, we found a well-expressed presence of the ACE2 receptor protein localized 
around the cells, which is confirmed by the studies of other authors.11,29 The expression of the ACE2 receptor in muscle 
cells indicates the potential effect of SARS-CoV-2 on skeletal muscle17,30 and may explain the cause of muscle 
weakness, pain and dysfunction during COVID-19 disease.31 There is a significant loss of muscle mass in COVID-19 
patients.32 Among the studies documenting skeletal muscle damage related to COVID-19, the authors point to 
sarcopenia,33 cachexia, myalgia, myositis, rhabdomyolysis, atrophy, peripheral neuropathy and Guillain-Barré 
syndrome.32–35 In our research, we did not observe any pathological changes in the morphological image, especially 
the cell microstructure, the number of nuclei and the actin image. However, in our experiments we did not use the SARS- 

Figure 9 Summary classification of general molecular function (A) and biological processes (B) of proteins with significantly altered expression levels in experimental groups 
(GO, S, GO-S) relative to the control group, identified by mass spectrometry analysis.
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CoV-2 virus, but only its S spike protein. Protein S is a key determinant of the invasiveness of the virus by binding to 
ACE2, hence the inhibition of the SARS-CoV-2 S - ACE2 interaction is the basis for research on the treatment and 
prevention of COVID-19.36,37 In our research, we observed a change in the spectrum of proteins produced by muscle 
cells under short contact with the spike protein. This should be related to the situation where there is no infection of 
muscle cells but only contact with the residues of the virus. Moreover, in vitro studies on one cell line never reflect the 
real state, where the condition of muscles is also influenced by proteins and secretions synthesized in other tissues. In 
vitro studies on primary cells are carried out in a short period of time due to the mortality of HSkM cells. However, these 
studies are crucial in understanding the first signs of a cytokine storm that may occur under the influence of the S protein 
in muscle tissue. According to Seixas et al38 the mechanisms responsible for the pathological changes in skeletal muscles 
during COVID-19 are still unknown, but undoubtedly the key cause, according to these authors, seems to be a cytokine 
storm.

Thus, another study of the implications that might be associated with the presence of the viral spike protein was to 
determine the expression of proteins involved in the induction of inflammation. After incubation of HSkM cells with the 
S protein, an increase in the levels of ICAM-1, MCP-1 and IL-8, which are among the key pro-inflammatory cytokines 
and chemokines, was observed.39 Increased levels of these proteins have also been observed in COVID-19 patients.4 

Interleukin 8 is a chemokine considered to be the most potent chemotactic agent in humans, and moreover has a clear 
target specificity for neutrophils, which it attracts and activates in inflammatory areas.40 Muscle tissue shows the 
presence of many cytokines and chemokines, including IL-8,41 which is a manifestation of its immunological and 
endocrine function.42 However, some authors argue that a modest release of IL-8 by muscle cells causes not so much an 
increase in plasma IL-8 concentration as local activity, especially promoting angiogenesis.42,43 IL-8 may bind the 
CXCR1 receptor responsible for its pro-inflammatory action or the CXCR2 receptor present on microvascular endothelial 
cells responsible for angiogenesis.44 This local proangiogenic neovascularization promoting effect of IL-842 may, 
paradoxically in the case of COVID-19, increase the ACE2 receptor pool present on the endothelial cells of newborn 
vessels and thus increase the cell availability for SARS-CoV-2 virus.

Another protein whose elevated level was observed due to the presence of the S protein was the chemokine MCP-1. 
MCP-1 is responsible for the production of adhesion molecules as well as the proliferation and migration of VSMC 
vascular smooth muscle cells45,46 and may also promote the formation of atherosclerotic lesions, it is one of the most 
important cytokines responsible for venous thrombosis.47 In COVID-19 patients, a postmortem examination revealed 
thrombus in the small vessels of the lungs. The presence of a fibrin clot in small arteries indicates an increased risk of 
vascular and venous thromboembolic complications.48,49 Moreover, serum MCP-1 levels are a biomarker indicating 
a very severe course and a high risk of death in COVID-19 patients.5 Studies on mice have found that increased 
production of MCP-1 in skeletal muscle promotes inflammation in skeletal muscle.50 Moreover, MCP-1 is also called 
myokine - the exercise factor, because intense muscle effort increases its level, and it promotes the infiltration of 
macrophages after severe muscle damage. It appears that muscle, as a tissue that exhibits secretory functions and 
accounts for approximately 40% of body weight, may play a very important role in inducing and promoting inflamma-
tion, especially in COVID-19.

In the conducted studies, an increased level of ICAM-1 was also observed under the influence of the spike S protein. 
Increased blood ICAM-1 levels have been reported in patients with COVID-19, especially in severe cases, and ICAM-1 
may also be a predictor of complications related to COVID-19.51 ICAM-1 is a cell surface adhesion receptor and is 
responsible for the accumulation of white blood cells at sites of inflammation. Moreover, it stimulates the synthesis of 
cytokines that induce rhinovirus replication.52 Increased ICAM-1 expression in muscle cells and muscle satellite cells 
occurs after muscle overload, contributing to muscle hypertrophy.53 Exercise may also increase the expression of IL-8, 
increased levels of which were observed under the influence of the S protein.54 Thus, the spike protein is likely to induce 
mechanisms similar to severe muscle overload. Muscle overload reduces the antioxidant capacity, which can lead to 
oxidative stress.55 Activation of oxidative stress can be a step in the development of a cytokine storm. Analysis of the 
level of cytokines and the found increased synthesis of IL-8, MCP-1 and ICAM-1 - characteristic of COVID-19 
infection,56 induced in human skeletal muscle cells by the presence of the spike protein, clearly indicated the activation 
of the cytokine storm.
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The application of GO in the group of cells incubated in the medium with the S protein decreased the level of 
cytokines IL-8, MCP-1 and ICAM-1 to the level of the control group. Graphene oxide alone, added to the culture 
medium, did not affect the induction of any of the inflammatory proteins. These results confirm ours and other authors’ 
observations, which prove the significant biocompatibility of graphene oxide administered in a small amount.23 In 
in vitro studies on smooth muscle, found no negative effect of GO, but it was observed an increase of cell proliferation 
under the influence of GO.57 Moreover, in vitro studies on macrophages showed that GO at 1 µm / mL did not increase 
the level of pro-inflammatory cytokines IL-6 and TNF-α.58 There are also studies showing negative, including pro- 
inflammatory effects of GO,59 although the toxicity depends on the dose used and we used a safe level in our studies, also 
verified in preliminary studies.

In order to clarify the molecular causes of changes induces by the incubation of cells with the S protein and the effect 
of GO to reduce this adverse effect, we conducted a proteomic analysis of the lysate of cells from the control group and 
the S, GO-S and GO groups. We found that the S protein had the greatest effect on increasing the level of histone 
deacetylase (HDAC2), what’s more, GO increased the level of this protein even more. Takahashi et al60 indicate that 
HDAC2 increases ACE2 expression, being an important risk factor in the course of COVID-19. This is very clearly 
confirmed by our results, which moreover documented that the S protein, regardless of the presence of a virus, causes this 
mechanism in skeletal muscle cells. It can be assumed that the spike protein promotes infection by increasing the ACE2 
pool and thus increasing the availability of cells to the virus. ACE2, in addition to its function of cleaving angiotensin II, 
also affects the functioning of mitochondria,61 what is more, it regulates the activity of the mitochondrial oxidase 
NADPH 4, responsible for the production of Reactive Oxygen Forms (ROS).62 The overproduction of ROS may, in turn, 
be a factor that promotes a cytokine storm.

Another protein whose level has significantly increased is Stomatin-like protein 2 mitochondrial (STOML2). This 
protein regulates the biogenesis and activity of mitochondria by regulating mitochondrial translation, although its key 
role is to increase the activity of this translation in a state of increased cell activity.63 It can be presumed that the increase 
in HDAC2 and STOML2 levels is associated with the activation of the ROS production process by the S protein. This 
may be confirmed by a significant increase in the level of Superoxide dismutase (SOD2), Cyclooxygenase-1 (COX-1) 
and Peroxisomal multifunctional enzyme type 2 (HSD17B4) and the 40S S3 ribosomal protein (RPS3). SOD2 is an 
enzyme that catalyzes superoxide dismutation in the first line of ROS formation in mitochondria.64 SOD2 levels may be 
elevated due to overproduction of ROS.65 What’s more, increasing the level of the 40S S3 ribosomal protein, which, 
apart from involvement in translation, also performs a repair function towards DNA, and in particular has an affinity for 
the DNA adduct (7,8-dihydro-8-oxoguanine (8-oxoG), resulting from the action of ROS66 would confirm the thesis about 
the promotion of oxidative stress in skeletal muscle cells by the spike protein.

Overexpression of SOD2 also affects the aconitase activity and may inhibit the activity of pyruvate carboxylase - the 
Krebs cycle enzyme, which reduces the efficiency of energy production from glucose,67 which in turn may affect the 
activation of beta-oxidation of fatty acids, manifested by increased PMFP2 expression. Muscle weakness is 
a characteristic symptom of COVID-19 infection.17 COX-1 and COX-2 are highly expressed in inflamed tissues, 
including COVID-19.68 COX-1 is present in muscles69 and is a physiologic variant of COX enzyme which catalyzes 
the conversion of arachidonic acid to Prostaglandin H2 (PGH2), leading to the synthesis of prostaglandins and 
tromboxan, and above all to PGG2.70 Moreover, COX-1 regulates angiogenesis,71 which would seem consistent with 
the increase in IL-8 levels observed in our research and support the hypothesis of promoting infection by the spike 
protein by activating angiogenesis and thereby increasing the ACE2 receptor pool. However, confirmation of this thesis 
requires further in-depth research. Nevertheless, both an increase in SOD2 and COX-1 levels may indicate activation of 
oxidative stress, which is a cytokine storm promoter by activating the redox-sensitive transcription factor NF-kB, which 
will regulate IL-1β, IL-6, TNF-α and observed in our study, IL-8.72

The S protein also increased the expression of the CD59 membrane glycoprotein, which may also be involved in the 
regulation of inflammatory factors.73 There was also an increase in the level of CAVIN4 - a protein significantly involved 
in inflammatory signaling mechanisms related to pathogenic changes in muscles, including muscular dystrophy.74 

Interestingly, the S protein also increased CNN3 protein expression. This protein regulates the organization and 
contractility of stress fibers,75 which may suggest some influence of the spike protein on muscle function. This would 
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confirm an increase in the level of titin, a protein strongly associated with muscle activation and strength,76 which may 
also confirm the observation regarding the increase in ICAM-1 expression and support the thesis that the effect of the 
S protein is similar to the effect of muscle overload.

Analyzing the influence of GO on the expression of the discussed proteins increased by the spike protein, it should be 
stated that all these proteins, except HDAC2, were down-regulated. The decreased expression of these proteins was non- 
specific and showed no physiological relationship. The protein corona effect characteristic of GO77 may explain this 
phenomenon. GO, as a super-thin material, has a large specific surface, which exposes numerous hydroxyl, epoxy and 
carboxyl groups, enabling the formation of weak bonds, electrostatic and hydrophobic interactions.78,79 GO flakes 
introduced into the biological fluid are surrounded by proteins present in the biological environment, although this 
process is not strictly specific, there is a certain personalization characteristic of the biological fluid donor’s disease.80,81 

This regularity explains why the proteome of muscle cells treated with spike protein and GO is different compared to 
cells treated with GO alone. By analyzing the proteomic results, as well as the identification of selected inflammatory 
cytokines, it can be assumed that GO flakes bound proteins involved in promoting cytokine storm on the surface. These 
preliminary results represent the first attempt to use GO as a quencher for a spike protein-induced cytokine storm. The 
use of GO as a factor reducing the effect of CS could be of key importance for post-COVID-19 therapy.

Conclusion
It can be concluded that human muscle cells have a strongly expressed ACE2 receptor, which confirms the results of 
studies by other authors. This observation confirms the possibility of the SARS-CoV-2 virus entering muscle cells and 
stimulating them to produce pro-inflammatory proteins. In addition, the S protein of the SARS-CoV-2 virus, introduced 
into the muscle cell culture, activates some molecular mechanisms leading to the induction of a cytokine storm. 
Molecular changes under the influence of protein S may resemble the effect of muscle overload, especially the activation 
of oxidative stress and pro-angiogenic effects. This confirms the secretory function of skeletal muscle tissue and, for the 
first time, indicates the pro-inflammatory potential of this tissue in the face of COVID-19 infection. Moreover, this effect 
is independent of the presence of the virus in the cell, but only induced by the spike protein. Most importantly, however, 
we documented for the first time the possibility of reducing pro-inflammatory proteins, induced in the cell by protein S, 
with GO. As highly capable of adsorbing proteins on their surface and forming a protein corona, GO flakes can act as 
a CS protein scavenger. The conducted research may indicate the potential use of GO in supporting the treatment of 
muscle inflammation in COVID-19. Since muscles are a large part of the human body mass, their cytokine storm- 
promoting activity is likely to determine the course of the disease.
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