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ABSTRACT 

Despite evidence demonstrating risks of developing type 2 diabetes mellitus (T2DM) because of 

SARS-CoV-2, there is however insufficient scientific data available to elucidate the relationship 

between T2DM and COVID-19. The occurrence of multiple organ failure in COVID-19 patients 

highlights the importance of comprehending the cellular and molecular mechanisms of host cell 

factors exploited by SARS-CoV-2 to increase the risk of developing diabetes mellitus. Current 

literature associates obesity, inflammation and stress with insulin resistance, conditions that 

COVID-19 is known to induce suggesting a possible link to T2DM. Additionally, SARS-CoV-2 

infection is associated with persistent organ damage due to systemic inflammation, which may 

contribute to long-term metabolic disruptions. Therefore, this in vitro study explored the perceived 

relationship between SARS-CoV-2 and diabetes mellitus by utilizing the SARS-CoV-2 Main 

protease (Mpro) to investigate its effects on key insulin-sensitive cells, C2C12(skeletal muscle) and 

HepG2(liver) cell lines. The aim was to uncover specific molecular mechanisms that may 

contribute to the development of the new-onset diabetes mellitus observed in patients post- 

COVID-19.  

 

Methodology 

This study was an in vitro laboratory-based experimental investigation that utilized C2C12 and 

HepG2  cell lines. This study was divided into seven distinct sections. The first part focused on 

examining how the viability of skeletal muscle and liver cell lines will be impacted by the exposure 

of SARS-CoV-2 Mpro. In the second section, the study investigated how Mpro affected the baseline 

glucose uptake and insulin-stimulated glucose uptake. The study further explored the expression 

and translocation of Glucose transporter type 4 (GLUT4) in the C2C12 cell line therefore assessing 

any potential insulin resistance. Next, the study focused on the expression of protein kinase B 

(AKT) in HepG2 and C2C12 cell lines. Thereafter, the study investigated the effect of Mpro on 

DPP4, MMP1 and IL-6 in C2C12 and HepG2 cells, including an assessment of the level of these 

proteins in cell culture medium. The sixth part of this study examined the reactive oxygen species 

(ROS) through the quantification of medium malonaldehyde (MDA) and an assessment of 

intracellular ROS . A solid-phase assay was conducted to assess any potential binding between 
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Mpro and insulin. Finally, in-silico studies were undertaken to assess the potential molecular 

binding between key proteins involved in the insulin signaling pathway. 

 Results 

The baseline and insulin-stimulated glucose uptake was impaired in both HepG2 and C2C12 cell 

lines. Mpro also compromised GLUT4 translocation and expression in the C2C12 cell line. Insulin-

stimulated AKT was also significantly reduced in the presence of Mpro for the HepG2 cell line. 

Mpro increased extracellular IL-6 levels and DPP4 shedding in the C2C12 cell line. An increase in 

ROS was observed in C2C12 cells, while MDA levels were elevated in both C2C12 and HepG2 

cells, indicating increased oxidative stress. Lastly, our in-silico studies provided different models 

of the interaction between Mpro and various proteins involved in the insulin signaling pathway, 
with GLUT4 being the protein with the lowest binding energy.  

Conclusion 

These observations suggest that the SARS-CoV-2 Mpro may be inducing an insulin-resistant state, 

contributing to the dysregulation of glucose metabolism and therefore potentially being one of the 

contributors of new-onset diabetes mellitus seen in patients post-COVID-19. With the disturbances 

observed in glucose handling, GLUT4 translocation, and inflammatory markers, it is reasonable 

to propose that Mpro’s effect is predominantly indirect, likely disrupting intracellular signaling 

proteins and pathways critical for insulin signaling, rather than directly interacting with insulin 

itself. This hypothesis is supported by the minimal binding observed in the solid-phase analysis 

and the highest binding energy for molecular docking. Further studies are warranted to fully 

elucidate the mechanisms underlying the development of new-onset diabetes mellitus in patients 

with a history of COVID-19 since there is insufficient research to draw any definitive conclusions 

about whether Mpro is solely responsible. 
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ARRANGEMENT OF THESIS 

Chapter 1: This chapter included the introduction, study rationale, aim and objectives of the 

research. Its purpose was to offer a brief overview of the research topic, provide a background on 
the problem being investigated and emphasize the significance of the study. 

Chapter 2: This chapter presents the literature review, which aims to discuss the current 

information, situate the research study within the context of existing literature and provide a 

compelling rationale for the need for further research.  

Chapter 3: This chapter outlines the study materials, equipment and methodology used to conduct 

the research. It provides a detailed explanation of how the study was designed, the tools and 

methods employed and the rationale behind the chosen approaches. The purpose of this chapter is 

to give the reader an understanding of how the research was carried out and to allow for replication 
of the study. 

Chapter 4: This chapter presents the experimental results. This chapter aims to report the findings 

of the research study, highlighting the results using figures and tables. Additionally, it offers a clear 

interpretation of the findings, identifying trends and patterns that emerged during the experiments.  

Chapter 5: This chapter consists of a discussion of the results. The purpose of this chapter is to 

interpret and elaborate on any new insights gained from the research and explore how the results 

contribute to the understanding of the topic. Additionally, this chapter examines any discrepancies 

between the findings and previous studies, providing possible explanations for these differences. 

Chapter 6: This chapter includes the study conclusion, limitations and future recommendations. 

The purpose of this chapter is to summarize the conclusions drawn from the study's results, 

highlight potential limitations and offer recommendations for future research. It also suggests areas 

for further investigation to build upon the findings.
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CHAPTER 1:  INTRODUCTION  

1.0  Background 
 

The COVID-19 pandemic created a significant public health crisis, with long-term socioeconomic 

consequences including the exacerbated burden on public health systems due to increased 

incidences of other non-communicable diseases such as diabetes mellitus (DM) (1). With the 

prevalence of DM increasing worldwide, it is prudent to explore the pathophysiology involved in 

COVID-19-induced DM. Risk factors of DM such as sedentary lifestyles, high-fat diets, 

unbalanced diets and obesity contributing to insulin resistance and beta-cell failure have 

heightened during this COVID-19 era. However, the damage which the COVID-19 pandemic left 

on the metabolic systems and related diseases remain elusive. 

Diabetes mellitus refers to a group of chronic endocrine metabolic disorders that are characterized 

by loss of glycaemic control, leading to elevated blood glucose concentration due to either insulin 

resistance or inadequate insulin production (2). The hallmark symptoms of DM include polydipsia, 

polyphagia, and polyuria (3). Studies indicate that DM is one of the primary causes of both 

morbidity and mortality in developing countries such as South Africa (4). Globally, it is projected 

that the prevalence of DM will increase from 415 million individuals in 2015 to 642 million 

individuals by the year 2040, indicating a significant rise in the burden of DM (5). DM is classified 

into different categories. The main two types are: Type 1 Diabetes Mellitus (T1DM) which is 

characterized by insulin dependence and Type 2 Diabetes Mellitus (T2DM) which is characterized 

by insulin resistance (6). According to the World Health Organisation (WHO), T2DM is projected 

to rank seventh among global causes of death by 2030 (7). This predicted rise is due to the increase 

in sedentary lifestyles and obesity (7). Globally T2DM accounts for the majority of cases, 

approximately 90-95% of cases (8). The other types of diabetes include Gestational diabetes, 

Maturity onset diabetes of the young, Neonatal diabetes and Latent Autoimmune diabetes in 
Adults (9).  

However, a significant number of individuals may have undiagnosed prediabetes, a condition that 

is characterized by impaired fasting glucose and/or impaired glucose tolerance that is frequently 
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linked with low-level inflammation (10). Research conducted in the past thirty years has 

demonstrated that, in addition to pre-diabetes and DM, obesity can also contribute to low-grade 

inflammation, which increases the risk of systemic insulin resistance and the development of DM 

(2). Individuals with pre-diabetes and insulin resistance due to obesity can often maintain normal 

glucose tolerance for several years before transitioning abruptly to T2DM (11,12). Some 

researchers have suggested that viral infections may play a role in triggering this transition from 

pre-diabetes to T2DM (2,12). 

 Literature evidence has linked DM with susceptibility to SARS-CoV-2 and developing severe 

COVID-19 complications. On the other hand, COVID-19 has been associated with DM induction. 

In 2003, amidst the outbreak of SARS-CoV-1 which has been described by Pal and Banerjee et al. 

as “the cousin” of SARS-CoV-2, a study was conducted on 39 patients who had no previous history 

of DM (13,14). The results of this study showed that during their hospitalization, 20 of these 

patients developed DM. Despite glycaemic management during the three years of follow-up, 2 of 

those patients had persistent DM (13). Since this disruption in glycaemic management occurred 

due to the less virulent and less efficiently transmitted SARS-CoV-1, it is therefore not far-fetched 

to contend that the impact of SARS-CoV-2 will be far greater. 

Indeed, COVID-19 has been associated with glycaemic aberrations, with reports of hospitalised 

patients demonstrating hyperglycaemia (15,16). Despite this knowledge, there is still a paucity of 

consensus on the mechanisms associated with SARS-CoV-2-induced glycaemic abnormalities. 

This in vitro study therefore aims to elucidate the mechanisms associated with SARS-CoV-2 in 
key insulin sensitive cell lines.  

1.1 Research rationale 
 

The relationship between DM and COVID-19 remains an ongoing area of research due to the 

limited amount of scientific data currently available. Although clinical evidence linking COVID-

19 and DM is still emerging, current literature suggests that conditions such as obesity, chronic 

inflammation and metabolic stress are key contributors to insulin resistance, a precursor to T2DM. 

These conditions, which are exacerbated by COVID-19, could further heighten the risk of 

developing T2DM, particularly in individuals with underlying comorbidities. The SARS-CoV-2 
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virus triggers a systemic inflammatory response that may impair glucose metabolism, but the long-

term effects of this inflammatory cascade on insulin sensitivity and glucose tolerance are not yet 

fully understood. Consequently, it is essential to consider these new factors when predicting the 

prevalence of  DM in the future, especially since the incidence of DM was already on the rise 

before the pandemic. The envisaged impact of this research lies in its potential to uncover specific 

pathways through which SARS-CoV-2 induces insulin resistance or impairs glucose metabolism.  

If Mpro is found to be the culprit in this induction of new-onset DM, understanding the molecular 

mechanisms that this component of the virus utilizes could pave the way for developing targeted 

therapeutic strategies to prevent or mitigate DM in post-COVID-19 populations. Furthermore, 

these findings could provide a foundation for integrating COVID-19-related metabolic risks into 

broader public health strategies, addressing the rising incidence of DM with more informed, 

precise interventions. 

1.2 Aim 
 

The aim of this study was to investigate the impact of the SARS-CoV-2 protein, Mpro on glucose 

metabolism in C2C12 and HepG2 cell lines in vitro. This aim was achieved by the following 

objectives: 

1.3 Objectives of the study 
 

a. Perform in vitro cytotoxicity assay to evaluate the impact of Mpro on cell viability 

in: 

➢ Skeletal muscle (C2C12) cell lines 

➢ Hepatic (HepG2) cell lines 

b. Investigate glucose utilization to assess how Mpro may influence glucose 

metabolism in: 

➢ Skeletal muscle (C2C12) cell lines 

➢  Hepatic (HepG2) cell lines 
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c. Investigate the effect of Mpro on insulin-stimulated glucose uptake in: 

➢ Skeletal muscle(C2C12) cell lines 

➢ Hepatic (HepG2) cell lines 

d. Investigate the effect of Mpro on the expression of the key proteins, AKT and DPP4 
that are involved in glucose metabolism and insulin signaling in: 

➢ Skeletal muscle (C2C12) cell lines 

➢  Hepatic (HepG2) cell lines 

e.  Investigate the effect of Mpro on the expression of MMP1 protein in:  

➢ Skeletal muscle (C2C12) cell lines 

➢  Hepatic (HepG2) cell lines 

f. Investigate the effect of Mpro on the expression of the proinflammatory cytokine, 

interleukin-6 (IL-6) in: 

➢ Skeletal muscle (C2C12) cell lines 

➢  Hepatic (HepG2) cell lines 

g. Investigate the effect of Mpro on GLUT4 expression and translocation in  

➢ Skeletal muscle (C2C12) cell lines 

h. Evaluate the effect of Mpro on oxidative stress status through a lipid peroxidation 

assay following exposure to Mpro in: 

➢  Skeletal muscle (C2C12) cell lines 

➢  Hepatic (HepG2) cell lines 

i.  Evaluate the effect of Mpro on reactive oxygen species levels in: 

➢ Skeletal muscle (C2C12) cell lines 
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j. Perform in silico studies to assess for interactions of Mpro with human insulin, 

insulin receptor kinase domain, GLUT4 and PI3K using computational methodologies to 
assess any potential interactions.  
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CHAPTER 2: LITERATURE REVIEW 
To ensure a comprehensive and well-structured review, a systematic literature search was 

conducted using databases and search engines such as PubMed, Scopus, Google scholar and Web 

of Science. The search focused on peer-reviewed articles published in English, covering the 

relationship between SARS-CoV-2 and diabetes mellitus, particularly its effects on insulin 

resistance and metabolic function. Keywords including "COVID-19," "SARS-CoV-2," "diabetes 

mellitus," "insulin resistance," "metabolic syndrome," and "inflammation" were used in various 

combinations with Boolean operators to refine results. Additional relevant studies were identified 

through reference mining of key articles.  

2.0 SARS-CoV-2 infection  
 

Since December 2019, millions of individuals worldwide have been impacted by the COVID-19 

pandemic caused by SARS-CoV-2 (17). SARS-CoV-2 had such a profound global impact that 

millions of lives were lost. As of the 21st of June 2023, the World Health Organisation (WHO) 

reported 768,187,096 confirmed cases of COVID-19 globally and a staggering 6,945,714 deaths 

(18). Although these numbers are significantly high, they unfortunately do not account for 

unreported cases and deaths. The data available only inform us about recorded infections and 

deaths but provides no information on the long-term effects of COVID-19 such as “long COVID-

19”. "Long COVID" refers to signs and symptoms that persist or develop after acute COVID-19 

(19). Owing to this, we can safely say that the totality of the damage caused by the COVID-19 

pandemic is still unknown. Coronaviruses have been responsible for three epidemics in the last 15 

years. Approximately 26 countries were affected by the SARS-CoV-1 epidemic that occurred in 

2003 in Guangdong, China (20). The largest outbreak is the most recent one which started in 2019. 

SARS-CoV- 2 is a highly infectious novel coronavirus that emerged in 2019, causing a global 

pandemic of respiratory illness known as COVID-19 (17). Coronaviruses belong to a vast group 

of RNA viruses enclosed in a membrane envelope (20,21). This virus is also a single-stranded 

positive-sense RNA virus that infects both humans and animals such as bats (20,22). The 

transmission of this virus occurs when an infected person releases respiratory droplets that contain 

the virus and they enter the orifices such as the nose and mouth to ultimately reach the respiratory 
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tract. SARS-CoV-2 enters the host cell by binding to angiotensin-converting enzyme 2 (ACE-2) 

via the spike protein. ACE-2 is the functional receptor for Spike protein in SARS-CoV-2 that is 

found primarily in the upper respiratory tract, the heart, endothelial cells, pancreas, kidney tubular 

epithelium and enterocytes (22–24). This explains why the effects that SARS-CoV-2 has are 

widespread in the body. Research has shown that SARS-CoV-2 can infiltrate cells that possess 

ACE-2 receptors and it cannot enter cells that express different coronavirus receptors like 

aminopeptidase N and dipeptidyl peptidase 4 (DPP4) (25). Surface S (spike) proteins have a 

receptor-binding domain that initiates endocytosis of virions. Once the virus enters the host cell, it 

hijacks the host cell machinery to produce more virions. The translation of viral proteins and 
copying of the genome are both required to create new virions.  

The genetic makeup of SARS-CoV-2 consists of a single-stranded RNA genome that spans a 

length of approximately 29.9 kilobases. The genetic assembly can be divided into two: structural 

proteins and non-structural proteins (NSP), with two-thirds of the genome encoding non-structural 

proteins (26). This genome is non-segmented and possesses 14 open reading frames (ORFs), that 

encode a total of 27 structural and 16 NSPs (27). In the host cell, structural proteins envelop the 

new viral genome and contribute to its morphology while NSPs constitute the genome replication 

complex and polymerase proteins that are involved in viral genome replication. 

Within the first 20 kb of the genome's 5' end, there are two significant open reading frames (ORF1a 

and ORF1b) that give rise to two overlapping polyproteins known as polyprotein 1a and 

polyprotein 1b (pp1a and pp1b) (27–29). Proteases are then required to cleave the polyproteins 

into non-structural proteins. Within ORF1a, there are two viral cysteine proteases responsible for 

cleaving it at 14 specific sites, leading to the release of 16 NSPs. These are the papain-like protease 

(PLpro) and the 3C-like cysteine protease (3CLpro) (27,28,30). The generation of non-structural 

proteins occurs through the enzymatic action of these two. These NSP proteins are responsible for 

the formation of the viral replication complex, which is essential for viral genome replication and 

the production of new virus particles (31). Specific SARS-CoV-2 NSPs such as NSP12, the RNA-

dependent RNA polymerase, NSP13 and helicase, combine to form an RNA replication complex 

(32).  

Structurally, coronavirus is made up of four proteins, which are Spike (S), membrane (M), 

envelope (E) and nucleocapsid (N) that ensure the formation of mature virions (22,23). The Spike 
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protein, a transmembrane glycoprotein is responsible for host infection ability and recognition 

(26). The S protein, which is approximately 150 kDa in size exists as a monomer that can 

disintegrate to produce S1 and S2 subunits that have different functions (26,33). The S1 domain is 

responsible for binding the virus to ACE2 while the S2 domain allows the virus to fuse with the 
host cell receptor (26). 

The M protein is a relatively small protein that is approximately 25-30 kDa. The M protein is 

composed of three transmembrane domains. It accounts for the highest proportion of protein in the 

virion and is believed to contribute to the virion's structural shape (33). Neuman et al reported that 

within the virion, the M protein can exist as a dimer as it has the ability to assume two distinct 

conformations. This property enables it to contribute to membrane curvature and also facilitates 
its binding to the nucleocapsid (34). 

The E protein, which is relatively small in size (approximately 8-12 kDa), is present in limited 

quantities within the virion (33). The E protein ensures the progress of viral assembly and release 

of the virus. Within infected cells, E proteins are primarily found in the endoplasmic reticulum, 

Golgi apparatus and endoplasmic reticulum-Golgi intermediate compartments where several 

aspects of the viral life cycle take place (35). Lastly, the N protein is exclusively found in the 

nucleocapsid. This protein is divided into two distinct domains: the N-terminal domain and the C-

terminal domain (33). The primary role of the N protein is to wrap the viral genomic RNA into 

helical structures within the cytoplasm. Additionally, it interacts with the M protein to guide the 

assembly and release of fully developed virions (33,35). Due to the devastating impact that 

COVID-19 has had, scientists have pursued various strategies with the aim of pinpointing 

medications that would provide optimum treatment. As of now, the treatments focus on three 

specific viral targets which are the spike glycoprotein, the RNA-dependent RNA polymerase and  
Mpro (36). 

2.1 COVID-19 Main protease 
 

A typical protease cleaves substrates based on various physical properties, with each protease 

requiring different substrate properties for cleavage to occur. The chymotrypsin-like cysteine 

protease of SARS-CoV-2 plays a vital role in allowing the virus to reproduce within host cells and 



9 
 

is therefore essential for the replication of the virus itself  (21). The name "main protease" 

highlights its essential role in coronavirus gene expression and replicase processing (37). It is also 

referred to as "3C-like protease"  due to its resemblance to 3C proteases found in picornaviruses, 

sharing similar substrate specificities and core structural features (37). Research has revealed that 

SARS-CoV-2 Mpro, is critical for the virus’s replication process, making it an important target for 

drug development to treat SARS infections (38). Mpro is considered one of the most prominent 

drug target against the coronavirus that it is often referred to as the virus's "Achilles' Heel” (30). 

 Studies on SARS-CoV-1, the virus responsible for the 2003 SARS outbreak, have contributed 

significantly to our structural and enzymatic understanding of SARS-CoV-2 Mpro (39). Several 

researchers made a comparison between the sequences of SARS-CoV-1 and SARS-CoV-2 Mpro 

revealing only a difference of 12 amino acid residues (40–42). SARS-CoV-2 Mpro, however, 

exhibits greater structural flexibility and plasticity (40,42). According to literature, Mpro is 

approximately 34.21 kDa per monomer (43). The enzyme is a homodimer with three domains: 

domain I (residues 8-101), domain II (residues 102-184) and domain III (residues 201-306) in each 

monomer (44,45). The hydrolytic activity of 3CLpro is dependent on the formation of 

3CLpro dimers. A cleft exists between domain I and domain II where the active site can be found 

(27). A chymotrypsin-like fold resembling the picornavirus 3C proteinase is found at the active 

site of SARS-CoV-2 Mpro, which is composed of the catalytic dyad Cys145 and His41 as shown 

in Figure 2.1  (27,28,37). Accordingly, analysing the cellular factors that are used by the dimer 

should provide insight into the mechanism of action that might cause new-onset DM.  

The COVID-19 Mpro's main role is the cleavage of viral polyproteins required for viral replication. 

The enzyme identifies certain amino acid sequences (Leu, Phe, Met, Val)-Gln↓(Ser, Ala, 

Gly) (where the arrow is indicative of the cleavage site) inside viral polyproteins and cleaves them 

between the P1 and P1' locations, resulting in two smaller peptides (29,44). Researchers have noted 

that the expression of viral proteases can induce cellular toxicity in yeast and mammalian cells 

(36). Thus, it becomes prudent for us to assess whether Mpro is responsible for the alterations that 
are causing new-onset DM.  
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Figure 2.1: Structural representation of the COVID-19 main protease (Mpro), highlighting its 

active site, domains and key amino acid sequence  The highlighted section represents the catalytic 

dyad and the amino-acid residues that form this dyad which are the cysteine residue (Cys145) and 

histidine residue (His41). Image adapted from Ferreira et al (27). 

The Mpro of SARS-CoV-2 has been implicated in brain pathology. In a study conducted by Wenzel 

et al. the SARS-CoV-2 Mpro was stated to cause microvascular brain pathology. The SARS-CoV-

2 Mpro does this by cleaving the nuclear factor (NF)-κB essential modulator (NEMO), the critical 

modulator of nuclear factor-B and by eliminating NEMO, Mpro causes the death of human brain 

endothelial cells (46). Several hypotheses have been suggested based on the available data, but the 

exact mechanisms underlying this phenomenon are still unclear. Wenzel et al also reported that 

Mpro induced apoptosis and oxidative stress in rat cortex neurons, resulting in neuronal damage 

(46). Observed neurological symptoms in COVID-19 patients may be caused by this neurotoxic 

effect. As of now, there are no studies that have reported on the potential hazards on Mpro of 

COVID-19 in DM predisposition. By this virtue, this is an area of research that is not fully 

understood and more research needs to be conducted so we can fully elucidate the effect that Mpro 

and other associated proteins on the possible development of poor glycaemic control. In this study, 

we intended to study the effect of Mpro on glucose metabolism and associated molecular pathways 
in insulin-responsive cell lines.  
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2.2 Diabetes mellitus and SARS-CoV-2 infection 
 

Type 1 diabetes mellitus is a chronic autoimmune disorder that results in the destruction of 

pancreatic beta cells in the islets of Langerhans. This results in a deficiency of insulin production 

and subsequently, hyperglycaemia (2). The primary aetiology has been attributed to the infiltration 

of the pancreas by T-cells (47). An alternative model, however, states that beta cells may have a 

role in propagating the development of T1DM beyond merely being passive victims of an 

autoimmune attack (48). Children with T1DM are usually diagnosed when they are four or five 

years old or in their teens or early adulthood. Diagnosis of T1DM can be assessed by measuring 

the biomarkers of T1DM in the serum which are insulinoma-associated protein 2, zinc transporter 

8 and 65 kDa glutamic acid decarboxylase (47). Environmental triggers may precipitate T1DM in 

genetically susceptible individuals and the currently implicated susceptible genes are HLA, 

insulin, CTLA4, PTPN22 and IL2Ra (47,49). Soon after the discovery of insulin in the early 1920s, 

it was viewed by patients and health workers as a potential cure for DM, despite being merely a 

replacement therapy with no curative effects on the chronic condition. Unfortunately, a perception 

that persists today is that insulin therapy is a temporary Band-Aid solution rather than a definitive 

treatment (50). The goal of treatment with insulin is to prevent complications by managing blood 

glucose levels through insulin administration, diet and lifestyle changes. For managing T1DM, 

insulin is the primary treatment option, while in T2DM, it becomes necessary when glycaemic 

control is not achieved through oral antidiabetic drugs (51). It is typically administered 

subcutaneously, with various types available for clinical use: short-acting insulin (regular), 

intermediate-acting insulin (isophane NPH), rapid-acting insulin analogues (aspart, lispro, 

glulisine), long-acting insulin analogues (glargine, detemir, degludec) for basal insulin 

replacement and premixed insulin, which combines basal and prandial components (52).The 

differences between the different types lie in their differences in pharmacokinetics, 

pharmacodynamics and clinical uses (53). The short, intermediate and rapid-acting insulins are 

categorized as bolus or prandial insulins, designed to manage post-meal glycaemic spikes. In 

contrast, long-acting insulin (basal insulin) helps maintain stable blood glucose levels during 

fasting by suppressing hepatic glucose production (53). The combination therapies aim to mimic 
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the body's natural insulin response more closely and provide more flexibility and control for 

individuals managing T1DM. However, a significant adverse effect of insulin therapy is 

hypoglycaemia and it remains the primary obstacle to achieving glycaemic targets in type 1 

diabetes patients and patients on insulin for T2DM (53). 

T2DM is a chronic metabolic disorder characterised by poor regulation of carbohydrate and lipid 

metabolism, beta cell dysfunction and insulin resistance leading to glucose intolerance (2). T2DM 

is generally prevalent in the older demographic although recently it has been reported to affect 

juveniles (6). It can be diagnosed by the elevated levels of glycosylated haemoglobin , fasting 

plasma glucose , or by measuring postprandial blood glucose level after 2 hours (3). T2DM is 

frequently related to obesity, inactivity and hereditary predisposition (2). Glycaemic control is 

initially  maintained by compensatory hyperinsulinemia at the beginning of T2DM (54). Due to 

the desensitization of beta cells to insulin as the condition progresses, it unfortunately 

compromises glucose uptake in the target tissues such as adipose and skeletal muscle. Fazakerley 

et.al reported that these target tissues gradually become insensitive to insulin (55). The substantial 

increase in the incidence of T2DM can be attributed to the adoption of Westernized lifestyles that 

feature reduced physical activity due to sedentary habits and high-fat diets (11). These factors have 

been exacerbated by the emergence of SARS-CoV-2 (56). These changes in lifestyle result in an 

upsurge in insulin resistance, obesity, compensatory hyperinsulinemia and eventually beta-cell 

failure, all of which ultimately lead to the onset of T2DM (10).  

T2DM poses significant risks to numerous individuals as it can affect the quality of life of an 

individual. Due to the potential consequences of this illness, such as the impact of medications on 

the quality of life referred to as glycaemic disutility, the prevention of T2DM becomes crucial 

(57). The management of T2DM is a bit more complex when compared to the management of 

T1DM. There are different classes of drugs therefore treatment agents should be selected to 

achieve glucose control, minimize treatment burden and reduce the risk of microvascular and 

macrovascular disease (58). Table 2.1  presents a summary of the different classes of drugs utilized 
for the management of T2DM. 
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 Table 2.1: Antihyperglycaemic agents used clinically, with their mechanisms of action, examples  

and side effects (52,59–69). 

Drug class Primary mechanism of 

action 

Common side effects 

Biguanides (Metformin) Decrease hepatic glucose 
production 

Increase glucose uptake in 

muscle 

Weight loss 

Sulphonylureas (Glimepiride) Increase insulin secretion Hypoglycaemia 

Thiazolidinedione 

(Pioglitazone)  

Increase glucose uptake in 

muscle and fat 

Decrease hepatic glucose 
production 

Heart failure 

Meglitinides (Nateglinide) Promote pancreatic beta-cell 
insulin secretion 

Hypoglycaemia 

SGLT2 inhibitors 
(Dapagliflozin) 

Increase urinary excretion of 
glucose 

Urinary tract infection (UTI) 

DPP4 inhibitors 

(Sitagliptin)  

 

Increase glucose-dependent 

insulin secretion 

Decrease glucagon secretion 

Headache 

Alpha-glucosidase inhibitors 
(Acarbose) 

Delay the absorption of 

glucose by delaying 

carbohydrate breakdown 

Diarrhoea 

 Flatulence 
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Insulin (glargine) Promote glucose uptake Hyperinsulinemia 

GLP-1 receptor agonist 

(Liraglutide) 

Increase glucose-dependent 

insulin secretion, slows 
gastric emptying 

GIT disturbances  

 

 

Various studies have reported enhanced fatality in diabetic subjects who have been infected with 

COVID-19 (17,70–72). Those with comorbidities such as DM have been demonstrated in studies 

to be more vulnerable to catastrophic COVID-19 results (17,71,72). Studies have also observed 

that elevated levels of glucose directly promote the replication of the SARS-CoV-2 virus in human 

monocytes (73). DM was linked to the first three deaths caused by COVID-19 in Hong Kong's 

initial wave (74). Wu et al. conducted a study on 52 individuals in intensive care and discovered 

that among the 32 individuals who did not survive, 22% had DM as a comorbidity (71). In a 

separate study conducted by Yang et al, the authors found that the incidence of DM among patients 

in intensive care was twice as high compared to both non-intensive care patients and those with 

COVID-19 (72). Similarly, in a study by Yang and colleagues (2020), 62% of ICU patients had 

DM, showing that diabetic patients predominate amongst ICU admissions (70). For heightened 

compression, in the next section, we are going to provide an overview of the key glucose-handling 

process, to contextualize SARS-CoV-2-induced hyperglycaemia or DM. Subsequently, we will 

explore cellular and molecular mechanisms linking SARS-CoV-2 infection with the risk of the 
development of DM.  

Insulin was used to treat patients with T2DM during the COVID-19 era. Since then, there have 

been different retrospective studies conducted that have implicated insulin as the causative agent 

for the increase in mortality while others have disagreed. A retrospective study carried out by Yu 

et al presented findings that indicated a notable increase in mortality among individuals with both 

COVID-19 and T2DM who were undergoing insulin therapy. This association was observed 

regardless of the severity of the COVID-19 infection (75). Riahi et al also supported the 

aforementioned findings (76). The authors reported a significant association between inpatient 

mortality and peak insulin requirements. It was found that despite patients having comparable 

steroid doses and glycated haemoglobin levels, the hospitalized patients who died had used 
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significantly higher insulin doses (76). Furthermore, a meta-analysis of 6 studies conducted by 

Wang et al is supporting this hypothesis as the results unveiled a connection between insulin usage 

and higher mortality rates in individuals with both DM and COVID-19 (77). Yang et al also 

conducted a meta-analysis of eighteen articles and concluded three main things. Firstly, insulin 

treatment in COVID-19 patients resulted in a significantly higher mortality rate and COVID-19 

complications. Furthermore, there was an observed trend that indicated an increased likelihood of 

hospital admission for patients with both COVID-19 and DM (78). 

However, there has been resistance to this hypothesis as other authors have stated that confounding 

variables may be attributed to this noted trend. The findings by Sardu et al. contradict previous 

findings as the researchers reported that insulin infusions may improve patient outcomes and help 

them achieve their glycaemic targets (79). This comes after the patient group receiving insulin 

infusions experienced a significant reduction in plasma glucose after the treatment period 

compared to the patient group without the insulin infusion (79). By exploring the underlying 

mechanisms that insulin potentially uses to trigger mortality, the hypothesis can gain more 

credibility. This hypothesis also opens questions like : is new onset DM that post-COVID-19 

patients are experiencing as a result of insulins deleterious effect on host cells? From our 

perspective, an increase in insulin in COVID-19 patients could allude to a state of insulin 

resistance, possibly instigated by the inflammatory state induced by SARS-CoV-2 infection. 

However, we also cannot rule out psychological stress which could also favour an insulin 

resistance state, therefore necessitating higher insulin dose requirements. 

2.3 Virus-induced glucose homeostasis alteration 
 

The primary energy source for most cells and the main substrate for many biochemical reactions 

is glucose. For glucose to be utilized by cells, it needs to cross the cell membrane and reach the 

cytoplasm (80). Glucose metabolism involves an intricate series of processes by which cells 

transform glucose into energy and various metabolic compounds. These processes include 

glycolysis, gluconeogenesis, glycogenolysis and glycogenesis (80). Glycolysis is the first step in 

this process that produces vital molecules that are required in cellular respiration. The molecules 

produced are either glycogen for storage or adenosine triphosphate (ATP), a source of cellular 
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energy and pyruvate (80,81). There are significant implications on health that come with 

disruptions to glucose metabolism.  

 Owing to its high molecular weight and polar nature, glucose cannot easily enter a cell through 

diffusion and thus relies on facilitated diffusion via glucose transporters (GLUTs) to facilitate 

cellular entry. GLUTs are categorized based on their affinity, structure and functions into different 

classes, resulting in the following: glucose transporters (GLUT1, GLUT2, GLUT3, GLUT4) and 

sodium/glucose cotransporter 1 (SGLUT1) (82). GLUT1 is found in all cells but is particularly 

abundant in endothelial cells that form protective barriers like the blood-brain barrier and human 

erythrocytes while GLUT4 is a glucose transporter that is stimulated by insulin and is present in 

the heart, skeletal muscle, adipose tissue and the brain. Insulin stimulation enhances the recycling 

of GLUT4 while slowing its endocytosis, leading to a net increase in GLUT4 accumulation at the 
plasma membrane (83).  

Viruses activate host signaling pathways from the moment they attach to host cells. This marks the 

earliest interaction between the virus and the host (84). Viruses manipulate host metabolism by 

disrupting essential metabolic pathways and targeting key regulatory proteins. Metabolic signaling 

pathways serve as primary decision-making processes that coordinate cell signaling, gene 

transcription and precise modulation, all of which are crucial for organism survival. Viral 

adaptation has enabled viruses to target these pathways, modifying cellular metabolism to their 

advantage (81). To facilitate replication, the virus utilizes the host’s metabolic activity, which 

explains why it induces a reprogramming of the cell's metabolism (85). Viruses have been shown 

to alter glucose metabolism in host cells through various mechanisms. Fontaine et al reported that 

a DENV infection in primary human foreskin fibroblast (HFF) cells results in an amplification of 

glycolysis and changes in the levels of glycolytic intermediates when compared to uninfected cells 

(86). Additionally, DENV infection causes an increase in GLUT1 protein levels and an elevation 

in both hexokinase 2 mRNA and protein levels (86). Cells infected with Human Cytomegalovirus 

(HCMV) have been reported to present a heightened reliance on glucose, leading to an 

upregulation of glycolysis and increased production of lactate (85). The infected cells also promote 

glycolysis by activating AMP-activated protein kinase.  Additionally, it has also been observed 

that in HCMV-infected cells there is a substantial increase in the expression of carbohydrate 

response element binding protein (ChREBP), which results in the upregulation of GLUT4 
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expression (85). A substantial body of circumstantial evidence has implicated enteroviruses, 

specifically coxsackieviruses, as prime viral candidates responsible for precipitating T1DM (49). 

In 1967, an outbreak of the Coxsackie B4 virus hit a group of islands in the Bering Sea, thus 

providing an opportunity to assess whether contracting this virus might be linked to an increased 

likelihood of developing DM. Five years after the outbreak, the results revealed no signs of a 

higher prevalence of DM (87). Researchers, however, persisted in their exploration despite these 

results. Three years later, in 1978, it was shown by Yoon et al that certain inbred strains of mice 

can be infected by Coxsackie virus B4 and the virus can destroy the pancreatic beta cells thus 

precipitating hypoinsulinemia and subsequently lead to T1DM (88). In addition to coxsackievirus, 

rotavirus and cytomegalovirus have also been implicated in T1DM development (48,89,90). Dotta 

et al. provided compelling evidence that revealed the direct involvement of Coxsackie B4 

enterovirus and pancreatic β cells of individuals with T1DM (90). This viral infection was shown 

to induce inflammation and functional impairment in type 1 diabetic patients. Support for the 

conclusions drawn in the previous study was reinforced by Honeyman et al. who reported that 
rotaviruses may exacerbate pancreatic islet autoimmunity and thus cause T1DM (89).  

In pre-diabetic individuals, Sestan et al. highlighted a potential mechanism by which viral 

inflammation can lead to T2DM in a prediabetic mouse model (12). By exposing the pre-diabetic 

mice to different viral pathogens, the researchers reported that viral infections independently pose 

a risk for the onset of DM in pre-diabetic obese mice. Viral-induced Interferon-γ has been 

recognized as the culprit in the emergence of insulin resistance in skeletal muscle, especially in 

the context of obesity. Given the important role of skeletal muscles in maintaining normoglycemia 

and the widespread occurrence of insulin resistance in individuals with obesity, it becomes prudent 

to combat these effects in humans (12). Sestan et al. also reported that in humans, acute infections 

did not impact plasma glucose concentration but it only temporarily reduced systemic insulin 

sensitivity (12). Despite the virus-induced interferon- γ directly targeting skeletal muscles leading 

to the downregulation of the insulin receptor, glycaemic control was unaffected due to 

hyperinsulinemia. The same was also observed in the mice model that was not obese (12). With 

this background, we will now consider unpacking plausible mechanistic insights associated with 
SARS-CoV-2-induced glycaemic abnormalities. 
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2.4 Insulin secretion 
 

Insulin is a peptide hormone that is secreted by the beta-cells in the Islets of Langerhans of the 

pancreas in response to an increase in post-prandial glucose levels in the blood. This process is 

referred to as glucose-stimulated insulin secretion (91,92). Insulin helps to regulate fasting glucose 

levels by blocking gluconeogenesis and glycogenolysis in the liver (93,94). This hormone also 

stimulates uptake of glucose by the adipose tissue, the liver and the skeletal muscles (92). Insulin 

further inhibits hepatic glucose production and release through promoting gluconeogenesis and 

glycogenolysis. Aside from glucose homeostasis, insulin promotes lipid metabolism, DNA 

synthesis, gene transcription, amino acid transport, protein synthesis and degradation (92). As a 

result, Duvnjak L et al. has described insulin as the most powerful anabolic hormone in our body 

since it plays a vital part in regulating glucose, protein and fat metabolism, endothelial function, 
differentiation and cellular growth (95). 

In a healthy individual, a normal fasting serum insulin assay level should not exceed 25.0 mU/L, 

while maintaining a normal fasting euglycemic range of 3.60 to 5.99 mmol/L. Similarly plasma 

insulin levels should also remain below 25.0 mU/L within 3 hours after a meal and the normal 2-

hour postprandial euglycemia should be below 7.8 mmol/L (96) . Normal serum insulin levels and 

plasma glucose levels must be observed in healthy individuals in both normal fasting and normal 

postprandial states (96). These values should fall within the standardised values as healthy 

individuals should have normal insulin sensitivity and fully functional beta cells.  

Insulin biosynthesis and secretion is an intricate and multifactorial process that is triggered by an 

increase in plasma glucose concentration. Glucose is transported into beta cells facilitated by 

GLUT1 and GLUT2 transporters (97). Upon entry, glucose phosphorylation is then carried out by 

the glucokinase enzyme to produce glucose 6-phosphate and ultimately pyruvate, which is the end 

product of glycolysis (98). When extracellular glucose concentrations are low, the resting 

membrane potential of the beta cells is between −70 to −80 mV which is maintained by ATP-

sensitive potassium (KATP) channels that are open (99). The oxidation of pyruvate in the 

mitochondria of the beta cells results in an increase in ATP which subsequently leads to the closure 

of these voltage-sensitive KATP channels. The closure of the voltage KATP channels triggers a 

gradual depolarization of the membrane potential. This comes about due to an accumulation of 
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potassium ions (K+) inside the cell, making the inside of the cell more positive than the outside. 

This difference leads to a depolarization of the plasma membrane due to the increase in the 

adenosine triphosphate/adenosine diphosphate (ATP/ADP) ratio in the mitochondria as shown in 

Figure 2.2  (97–99). When this depolarization reaches approximately −40 mV, it promotes the 

opening of voltage-dependent Na+ and T-type Ca2+ channels. Subsequently, more Na+ and Ca2+ 

enter the cells, leading to additional depolarization (97,98). The elevation of intracellular Ca2+ 

levels, coupled with the activation of protein motors and kinases, prompts the fusion of insulin 

vesicles with the plasma membrane. This fusion facilitates the exocytosis of the insulin-containing 

granules into the bloodstream (97).  

Insulin secretion is also mediated by the two incretin hormones, glucagon-like peptide-1(GLP-1) 

and gastric inhibitory polypeptide (GIP) to give rise to GSIS via activation of cyclic adenosine 

monophosphate (cAMP) signaling in pancreatic beta cells (97). This phenomenon is estimated to 

be responsible for approximately 50 to 70% of the insulin response to glucose (100). GLP-1 and 

GIP are peptide hormones originating from the gut. They are secreted specifically from 

enteroendocrine L cells and K cells in the gastrointestinal tract, respectively (97,101). Interaction 

with their receptors on pancreatic beta cells leads to an increase in cAMP levels. This elevation 

causes an increase in the intracellular calcium concentration, ultimately potentiating the exocytosis 

of granules containing insulin (101). However, plasma levels of many gut hormones experience a 

rapid increase within minutes after nutrient intake, followed by a swift decline primarily attributed 

to renal clearance and enzymatic inactivation by DPP-4 therefore making incretin effects a 

secondary mechanism of insulin secretion. DPP4 is a serine protease that acts on various substrates 

throughout the body. It exists in two forms: a soluble form, found primarily in plasma and 

interstitial fluid and a membrane-bound form, present in vascular smooth muscle and endothelium, 

as well as in locations like the blood, kidneys and intestines (102–104). DPP4 inactivates different 

substrates, notably GLP-1 and GIP (105). Inhibiting DPP4 activity extends the half-life of GLP-1 

and GIP, stimulating pancreatic insulin secretion, suppressing glucagon production and ultimately 

helps to improve glycaemic control (106). The main focus of the research on DPP4 has been in the 

context of T2DM treatment (105). However, there has been research that suggests that DPP4 is an 

adipokine (103,104,107). Alternatively, Mpro might also interfere with DPP4 glycosylation. The 

primary structure of DPP4 contains nine N-glycosylation sites and proper glycosylation is essential 

for its enzymatic activity, correct protein folding and accurate cellular trafficking (104). Research 
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has shown that the addition of a sugar molecule to murine DPP4 at the Thr330 position acts as a 

significant block to MERS-CoV infection, but without this sugar attachment, DPP4 can serve as a 

receptor, allowing the virus to enter the cell (108). A key question therefore arises whether 

hyperglycaemia and Mpro could affect the glycosylation of DPP4, potentially changing its activity. 

Research conducted by Sebastián-Martín et al on the role of DPP4 on COVID-19 pathophysiology 

showed that DPP4 interacts via protein-protein interactions with various partners such as 

fibronectin and collagen (104). It is therefore plausible to hypothesize that DPP4 might interact 

with Mpro potentially leading to functional interferences that influence disease progression. These 

hypotheses warrant more research to understand the exact mechanisms that Mpro potentially 
utilizes.  

  

 

Figure 2.2: The beta cell takes in glucose through glucose transporters and the glucose undergoes 

metabolic processes in the Krebs cycle, resulting in elevated ATP levels (or a change in the 

ATP/ADP ratio). This increase leads to the closure of ATP-sensitive K+ channels which are open 
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to maintain a resting potential. This closure leads to membrane depolarization in the beta cell and 

the opening of voltage-dependent Ca2+ channels, enabling the entry of Ca2+. Consequently, there 

is a surge in intracellular Ca2+ concentration which provides a signal to the Golgi apparatus and 

ultimately triggers the secretion of insulin into circulation (97–99). 

EFFECT OF SARS-COV-2 ON INSULIN SECRETION 

Although the respiratory system is the major target of SARS-CoV-2, there is accumulating 

evidence that the virus can also impact other organ systems, including the endocrine system (11). 

COVID-19 may directly or indirectly damage other systemic organs including the pancreas. This 

can be via direct invasion by SARS-CoV-2 via the ACE-2 receptor or indirect damage caused by 

the cytokine storm (109). Interestingly, clinical data established that normal individuals possess 

ACE2 in their pancreas, which was marginally higher compared to that in the lungs. Kelesidis et 

al. reported that SARS-CoV-2 can directly invade pancreatic endocrine cells and trigger indirect 

responses within the body such as autoimmune and inflammatory reactions which may contribute 

to additional harm to the endocrine cells (110). This was further supported by reports by Liu et al, 

where patients with severe COVID-19 presented with pancreatic injury (109,111). Valuable 

evidence suggests that SARS-CoV-2 infects and replicates in cells of the human endocrine and 

exocrine pancreas (112–114). A study conducted by Müller et al. revealed that SARS-CoV-2 

induces changes in the morphology and function of human pancreatic cells such as the beta cells. 

This results in impaired glucose-stimulated insulin secretion and a reduction in the insulin-

secretory granules (112). Similarly, Morris et al. also reported that SARS-CoV-2 replicates within 

the islets of Langerhans thus causing disruptions in insulin secretion (113). Qadir et al. provided 

additional evidence that potentially implicates SARS-CoV-2 infection and new-onset DM (114). 

The above literature evidence research suggest that SARS-CoV-2 may trigger both acute and 

chronic pancreatic dysfunction, directly through pancreatic invasion (114). Furthermore, emerging 

evidence associated COVID-19 with autoimmunity, as anti-pancreatic antibodies have been 

observed (109). The entirety of these findings suggests that SARS-CoV-2 can potentially 

contribute to the metabolic dysregulation observed in patients with COVID-19. The pancreatic 

damage particularly the beta cells is a plausible explanation linking COVID-19 with acute 

hyperglycaemia and DM.  
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T1DM has been studied in the past as far back as 1991 and indisputable evidence suggests viruses 

are etiologic agents. A study conducted by Wagenknecht et al. revealed that there was a statistically 

significant increase in the incidence of T1DM following an epidemic of Coxsackievirus B5 (115). 

The study explored several possible mechanisms through which T1DM could be precipitated by 

the presence of the virus and these were similar to what we are observing with COVID-19. The 

mechanisms observed all focused on the destruction of beta cells. The simplest of the three was 

via direct action on the cells, whereas the other two observed relied on either an immune 

recognition of altered beta cells or the virus acting as a trigger for genetically susceptible 

individuals (115). This study was conducted in Alabama and the researchers found that their results 

were consistent with findings from other regions such as the US Virgin Islands and Poland (115). 

A study more recently conducted in 2018, confirmed previous observations that enterovirus 

infections (including CVB) may increase diabetes type 1 islet autoimmunity (116). A significant 

proportion of type 1 diabetics had enterovirus in their pancreatic beta cells, suggesting a persistent 

viral infection in these individuals (116). This might be the case with COVID-19 and thus more 

research is warranted to elucidate the clinical significance of the involvement of the pancreas in 

COVID-19 patients.  

2.5 Insulin signaling pathway 
 

Insulin plays a pivotal role in promoting glucose uptake primarily by translocating GLUT4 from 

an intracellular storage reservoir to the cell's plasma membrane. Glucose uptake is stimulated by 

insulin in two ways: by promoting GLUT4 translocation to the plasma membrane and by altering 

glucose metabolism enzyme activities (117). GLUT4 translocation to the plasma membrane is 

mediated by insulin, increasing glucose uptake primarily in skeletal cells and adipocytes thus 

facilitating glucose uptake (117).  

 When insulin enters the bloodstream, insulin-receptor complexes are formed in a few target tissues 

such as adipose and skeletal muscle to elicit a biological response (118). When insulin binds to its 

tyrosine kinase receptor on the cell surface, it triggers a conformational change that results in 

autophosphorylation of the tyrosine residues in the intracellular domain of the receptor as 

summarised in Figure 2.4 below (94,119–121). Phosphorylated tyrosine residues on the receptor 

create a molecular interaction site for insulin receptor substrates (IRS) proteins. The IRS proteins 
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activate phosphatidylinositol-3-kinase (PI3K) (120). This enzymatic interaction stimulates the 

production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3). The PIP3 subsequently activates 

AKT. When AKT is activated it promotes the translocation of GLUT4 to the plasma membrane 

which in turn facilitates insulin-driven glucose uptake and glycogen synthesis in the skeletal 

muscle and liver (121). Hepatic insulin signaling is primarily responsible for reducing 

gluconeogenesis, which occurs through AKT-induced phosphorylation of forkhead box O1 

(FOXO1). This phosphorylation excludes FOXO1 from the nucleus, preventing the transcriptional 

activation of gluconeogenic genes like glucose-6-phosphatase and PEPCK enzyme (92,94). Insulin 

also enhances hepatic glycogen synthesis through its actions on the glycogen synthase enzyme 

(GYS2) and glycogen phosphorylase through GSK3 and PP1, similar to its effects on skeletal 

muscle (94). 

 

Figure 2.3: Upon insulin binding to the insulin receptor (IR), the receptor undergoes 

autophosphorylation at tyrosine residues, leading to the activation of insulin receptor substrate-1 

(IRS-1). IRS-1 is then phosphorylated, which activates phosphoinositide 3-kinase (PI3K). PI3K 

catalyzes the conversion of phosphatidylinositol 4,5-bisphosphate (PIP2) into phosphatidylinositol 

3,4,5-trisphosphate (PIP3), triggering the activation of protein kinase B (AKT). Phosphorylated 
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AKT promotes the translocation of glucose transporter type 4 (GLUT4) vesicles to the plasma 

membrane, enabling glucose uptake into the cell (119–121).  

Insulin is also a potent activator of the PI3K/AKT signaling pathway in skeletal muscles and 

adipose tissue (122,123). Phospho-inositol kinase, AKT and GLUT4 proteins play essential roles 

in controlling glucose metabolism and insulin signaling pathways. Luo et al further identified that 

the deletion of Pik3r1 and Pik3r2, which encode isoforms of the PI3K subunit in the skeletal 

muscle of mice, inhibits insulin-stimulated glucose transport (124). Insulin signaling enhances 

glycogen synthase activity by prompting AKT to phosphorylate glycogen synthase kinase 3 

(GSK3) (94). In cases such as obesity or insulinoma, there is a downregulation of insulin receptors, 

resulting in insulin resistance and, ultimately T2DM (125). Therefore, AKT expression was 

analyzed in this study using an enzyme-linked immunosorbent assay (ELISA) to identify potential 

disruptions in the insulin signaling pathway.  

Studies have shown that SARS-CoV-2 proteins manipulate host signaling pathways, creating an 

environment favourable for viral replication (32). Approximately 100 human kinases involved in 

cellular physiology, metabolism and immune responses can be upregulated or downregulated by 

SARS-CoV-2 proteins (32). Shin et al. played a pivotal role in presenting one of the initial 

scientific findings that demonstrate how SARS-CoV-2 disrupts the insulin/insulin-like growth 

factor (IGF) signaling pathway in the respiratory tract as well as in metabolic and endocrine tissues 

such as the liver, adipose tissue and pancreas (126).  As previously mentioned, the insulin signaling 

pathway is critical for glucose homeostasis. The authors reported that SARS-CoV-2 infection 

resulted in the downregulation of genes significantly associated with insulin signaling, mammalian 

target of rapamycin (mTOR) signaling and mitogen-activated protein kinase (MAPK) signaling 

(126). The authors also revealed that there was a diverse array of deficiencies in insulin/IGF 

signaling components, encompassing disruptions in IRS, PI3K, AKT and mTOR molecules. As 

also described in the insulin signaling pathway, these proteins are essential for the maintenance of 

cellular homeostasis. 

2.6 Insulin resistance pathophysiology 
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Many studies have revealed that problems within the insulin signaling pathway at different stages 

result in reduced glucose uptake leading to insulin resistance (127–129). The exact mechanisms 

behind the development of insulin resistance remain unclear and may occur at different stages of 

insulin signaling. Teff et al. suggested that the main issue seems to be a significantly reduced 
capacity to phosphorylate the post-receptor insulin receptor substrate (130). 

Studies have demonstrated that insulin resistance partially disrupts muscle glucose uptake by 

impairing the translocation of GLUT4 to the cell surface (94). Han and Bonen et al. reported that 

s changes in glucose transport have been directly linked to two main things; cell surface expression 

of GLUT4 and alterations in the accessibility of glucose to the GLUT4 transporter on the cell 

surface (131).When the insulin signaling pathway is disrupted, GLUT4 primarily stays in 

intracellular compartments known as GLUT4 storage vesicles (GSVs) (132). This impairment is 

particularly concerning because literature states that insulin resistance is associated with impaired 

insulin-stimulated GLUT4 translocation in key insulin-sensitive tissues like muscles, which is a 

major risk factor for metabolic diseases and T2DM (122). Given this critical role of GLUT4 in 

maintaining glucose homeostasis, we assessed GLUT4 expression and translocation using the 

ELISA assay in the C2C12 cell line. 

DM and insulin resistance are associated with elevated glucose levels in the systemic circulation, 

which promote the formation of free radicals/ROS (reactive oxygen species). Free radicals and 

oxidative stress damage lipids, proteins and DNA in the body (133). Oxidative stress, which occurs 

when there is an imbalance between oxidant production and antioxidant defences within cells and 

the bloodstream, can play a role in the induction of insulin resistance in the body (134–136). 

Various studies have shown that oxidative stress inhibits insulin action on glucose transport  

(137,138). Research conducted by Ding et al. concluded that insulin-stimulated glucose uptake 

was inhibited by chronic oxygen stress resulting in ROS-induced insulin resistance in C2C12 

myotubes (137). The same effect was observed in cultured rat L6 muscle cells that had undergone 
oxidative stress (138). Thus, we assessed the generation of intracellular ROS in C2C12 cells. 

Research also indicates that disruptions in lipid metabolism lead to the buildup of lipotoxic 

compounds, which trigger oxidative stress in both skeletal muscle and the liver (139). Over time, 

it has become clear that increased levels of free fatty acids adversely impact insulin sensitivity and 

ultimately leads to T2DM (140). Research has shown that toxic intracellular fatty acid metabolites 
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such as ceramides and diacylglycerols are linked to the activation of TNF-α and several stress-

related kinases, including NF-kB, c-Jun N-terminal kinases and atypical isoforms of protein kinase 

C in skeletal muscle. These enzymes disrupt the insulin signaling pathway by promoting 

serine/threonine phosphorylation of IRS1 (141–145). Ultimately, the generation of ROS disrupts 
the activation of the insulin signaling cascade. 

 Lipid peroxidation, which is the reaction between oxygen and unsaturated lipids, generates a 

diverse range of oxidation products (146). This process plays a critical role in cellular damage and 

contributes significantly to oxidative stress in biological systems. The primary products of lipid 

peroxidation are lipid hydroperoxides. Among the various aldehydes produced as secondary 

products, malondialdehyde (MDA) is one of the most notable (147). Lipid peroxidation assays are 

often used to assess oxidative status in vitro since lipids and lipoproteins are the primary targets of 

peroxidation in biological membranes. MDA, a key product of lipid oxidation, serves as an 

important and widely used biomarker for lipid peroxidation (136). 

Hyperglycaemia is associated with massive production of ROS which exacerbates oxidative stress 

and promotes lipid peroxidation (148). Scientific evidence shows that SARS-CoV-2 infection 

causes ROS overproduction, oxidative stress and hyperinflammation, leading to endothelial layer 

damage and dysfunction. These effects can, in turn, impair insulin signaling and disrupt glucose 

metabolism (149). Endothelial dysfunction contributes to reduced glucose uptake by tissues, 

increased insulin resistance and chronic inflammation which are key factors in the development of 

T2DM. SARS-CoV-2 infection, by amplifying ROS production and endothelial dysfunction, 

emerges as a significant contributor to this cascade. The link between oxidative stress and SARS-

CoV-2 infection establishes a critical connection in understanding metabolic dysregulation. Thus, 

there is a clear cause-and-effect relationship between the development of DM and oxidative stress.  

Individuals with a history of SARS-CoV-2 infection may face an increased risk of developing DM 

due to these interconnected metabolic disruptions. We therefore examined the production of MDA 
in response to SARS-CoV-2 Mpro in C2C12 and HepG2 cells. 

EFFECT OF SARS-COV-2 ON THE INSULIN SIGNALLING PATHWAY 

The mechanism of the impairment of the insulin/IGF signaling pathway was seen to be facilitated 

by heightened interferon responses, especially the upregulation of interferon regulatory factor-1 

(IRF-1) (110,126). This was also an observation that Sestan et al. shared in their proposed model 
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of how viruses potentially trigger new-onset DM (12). IRF-1 can both activate and repress gene 

transcription to finely tune the immune response, ensuring an appropriate and controlled reaction 

to various stimuli. A SARS-CoV-2 infection was reported to cause an increase in the gene 

expression of IRF-1 and this mediated impairments in the insulin/IGF signaling pathway (126). 

The insulin/IGF signaling pathway is important in various biological processes, including energy 

metabolism and the preservation of cell viability. This dysfunction of the insulin/IGF signaling 

pathway in metabolic organs and tissues can lead to insulin resistance, cellular death and metabolic 

abnormalities. This, in turn, contributes to the development of various metabolic disorders, 

including hyperglycaemia, DM, hyperlipidaemia and obesity (126). Additional clinical research is 

imperative to address these aspects to prevent new-onset DM and other complications that may 

arise from future coronaviruses.  

Yang et al. conducted a study comparing SARS patients without a history of T2DM. In their 

investigation over a 3-year follow-up, more than 50% of the patients’ developed DM while in 

hospital for SARS-CoV-1 infection. However, after three years of recovery from the viral infection, 

only 5% of patients remained diabetic (72). Considering, the similarities between SARS-CoV-1 

and SARS-CoV-2, it is highly likely that new-onset DM will also be a manifestation of long 
COVID-19. 

2.7 SARS-CoV-2-induced glycolytic and hepatic gluconeogenic 

pathway 
 

The liver is essential for metabolic balance, detoxification and immune function, but these roles 

make it susceptible to various stressors that can lead to cell damage and impaired function (150). 

Liver injury and regeneration are closely tied to intricate extracellular matrix (ECM) pathways 

(151). Post-mortem studies in patients infected by SARS-CoV-2 have revealed clues indicating 

traces of viral proteins, which could be indicative that SARS-CoV-2 can be classified as a 

hepatotropic virus (152). Indeed, in vitro studies have demonstrated hepatocytes express ACE-2 

receptors and transmembrane serine protease which are crucial for viral entry. Interestingly, the 

entry and replication of SARS-CoV-2 is without cytopathic changes. In the hepatocytes, studies 

indicate the virus promotes hepatic-glucose production through the gluconeogenic pathway (153). 

This, therefore, can in part explain hyperglycaemia observed in COVID-19. Mechanistically, 
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molecular analysis suggests the virus promotes the activity of key gluconeogenic enzyme, 

phosphoenolpyruvate kinase (PEPCK) (154). PEPCK is a rate-limiting enzyme that is inhibited by 

insulin whilst stimulated by glucagon and other hormones including glucocorticoids and 

catecholamines. Studies report the activity of PEPCK was not associated with genetic transcription 

(153). This therefore suggests that SARS-CoV-2 may modulate this enzyme through acetylation, 

thus promoting its activity. In a COVID-19 context, the virus aims to promote its propagation and 

host weakness by ensuring glucose availability in infected immune cells (155,156). To efficiently 

utilize glucose to its benefit, SARS-CoV-2 has been reported to reprogram glucose metabolism, 

favouring the glycolytic pathway over oxidative phosphorylation (157). The reprogramming 

involves forcing the infected cells, particularly monocytes to oxidise glucose through glycolysis 

for immediate ATP generation to support cell proliferation and synthesis of molecules of pro-

inflammatory cytokines (158). To ensure glycolytic oxidation dominates over the oxidative 

phosphorylation, the virus has been reported to induce mitochondrial oxidative damage. 

Furthermore, studies have reported increases in lactate dehydrogenase over pyruvate 

dehydrogenase, further supporting the metabolic shift toward hyper glycolysis (159). From a 

biochemical perspective, favouring hyper glycolytic pathways could ensure sustainable production 

of lactate (154). Lactate amongst other metabolic substrates including alanine and glutamate are 

the main precursors for glucose in gluconeogenesis. Hyper glycolysis could therefore afford the 

availability of substrates required for the hepatic gluconeogenic pathways, which is a major source 

of glucose. In a COVID-19 setting, the glycolytic pathway may also be induced by hypoxic 

conditions either due to limited ventilation or septic shock due to cytokine storm. The increases in 

gluconeogenesis could therefore be part of the mechanisms associated with SARS-CoV-2-induced 

hyperglycaemia. Furthermore, the overproduction of lactate could also be associated with the 

induction of an insulin resistance state. Studies have reported that direct exposure to lactate to 

insulin-sensitive cells induces insulin resistance (160). On the contrary to our argument, clinical 

studies analysing acid-base balance in COVID-19 reported a lack of plasma lactate accumulation 

(161). The possible explanation behind this observation was ascribed to the utilisation of lactate in 
the gluconeogenic pathway (158).  
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2.8 SARS-CoV-2 and inflammation  
 

The SARS-CoV-2 infection elicits an immune response due to the damage in the respiratory 

system. This response calls upon specialized immune cells like macrophages and monocytes to 

combat the infection. These cells not only combat the virus but also release signaling molecules 

called cytokines, which in turn, prepare the body's immune system by activating T and B cells for 

a more tailored defence. During infection, the virus also triggers the activation of specific host 

Toll-like receptors, leading to the release of a wide range of proinflammatory cytokines. These 

include interleukin IL-7, IL-2, IL-6, interferon-gamma (IFN-γ) and TNF-α (32). However, this 

response can become dysregulated and will result in a phenomenon known as the cytokine storm 

that results in extensive inflammation in the lungs (162). The cytokine storm caused by COVID-

19 is not only localized to the lungs but it causes widespread systemic inflammation which 
damages different organs including the insulin-producing organ, the pancreas (163).  

A cytokine storm is an exaggerated and uncontrolled immune response that results in a large 

number of cytokines such as IL-6, IL-4 and TNF-α being released in a short period, resulting in 

widespread inflammation and tissue damage (164,165). According to Chen et al., COVID-19 

patients who died had higher levels of IL-2 receptors, IL-10, TNF-α, IL-6 and IL-8, when 

compared to those who recovered (166). In a study conducted by Queiroz M et al, the findings 

indicated that a long COVID-19 cytokine profile appears to be characterized by high levels of IL-

17 and IL-2, low levels of IL-4 and IL-10 (167). The take-home message is that elevated cytokine 

levels lead to multiple organ systems failure as endothelial dysfunction, metabolic dysregulation 

and vascular damage occur (164,165). Studies conducted both in vitro and in vivo have 

demonstrated that increased expression of TNF-α is linked to a reduction in insulin sensitivity in 

both skeletal muscle and adipose tissue (168–170). IL-6 enhances insulin-stimulated glucose 

disposal in humans and promotes glucose uptake and fatty acid oxidation in rat myotubes in vitro 
(165). This can be postulated to be a propagating agent in the development of new-onset DM.  

Several authors have reported on the connection between insulin resistance and inflammation 

(171–173). Furthermore, increased levels of TNF-α have also been shown to cause conditions like 

septic shock and the failure of multiple organs (162). Steinberg et al. also reported that elevated 

TNF-α would cause insulin resistance via a decrease in insulin sensitivity in the skeletal muscles 
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and adipose tissue (169). Another study conducted on healthy human subjects by Ploomgaard et 

al. also confirmed that TNF-α induced skeletal muscle resistance (170). The clinical significance 

of this study’s data was that even a small increase in TNF-α concentration can negatively affect 

peripheral insulin action and also affect the ability of skeletal muscle cells to store glucose in 

response to insulin (170). This phenomenon was observed because TNF-α decreases GLUT4 

expression, which is essential for glucose transport in insulin-sensitive tissues (91). Since 1997, it 

has been hypothesized that chronic low-grade inflammation is closely linked to the aetiology of 

DM (163). Since that time over a dozen studies have revealed that pro-inflammatory cytokines are 

responsible for the body's acute-phase response and that IL-6, TNF-α and interferons present in 

the bloodstream can serve as reliable indicators for predicting the onset of  T2DM (111,163,174). 

Another key cytokine that has also been implicated in long COVID-19 is IL-6. Several factors 

trigger the production of IL-6 including TNF-α, IL-1, bacterial products (LPS) and viral infections 

(175). IL-6 binds to either the membrane-bound IL-6 receptor or the soluble IL-6 receptor, forming 

a complex that acts on glycoprotein130. This complex regulates IL-6 levels through the Janus 

kinase-signal transducer and activator of transcription (JAK-STAT) pathway, thereby sustaining 

inflammatory processes (164,175). In insulin-resistant conditions like obesity and 

T2DM, circulating IL-6 levels are notably elevated (165). 

T2DM is linked to chronic low-level inflammation and COVID-19 triggers an excessive 

inflammatory response, the interaction between these inflammatory conditions may amplify the 

harm caused by inflammatory agents (176). As the immune response plays a substantial role in the 

evolution of COVID-19, assessing the inflammatory mediators at a cellular level may provide 

better insight into how the host's response may be attributed to new-onset DM. Research has shown 

that inflammation in adipose tissue, especially within visceral fat depots, plays a significant role 

in the development of systemic insulin resistance, impaired glucose tolerance and T2DM (177). 

This additive effect would therefore increase the propensity of new-onset DM. 

Chronic low-grade inflammation is thought to play a key role in DM aetiology (163). In various 

cell types, high glucose levels activate signaling pathways that disrupt the balance between the 

synthesis and breakdown of ECM (178). MMPs and their specific inhibitors, called tissue 

inhibitors of metalloproteinases (TIMPs), play a crucial role in maintaining ECM homeostasis in 

healthy livers (179). Normal ECM degradation plays a key role in tissue repair and remodelling, 
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but abnormal ECM turnover is associated with various liver diseases (180). A study conducted by 

Duarte et al revealed that MMP-1, MMP-2, MMP-3, MMP-11and MMP-13 are constitutively 

expressed in healthy livers, whereas other MMPs are typically associated with pathological 

conditions, including acute or chronic liver injury (180). Given the importance of MMP regulation 

in liver function, we aim to investigate whether the SARS-CoV-2 Mpro affects MMP production, 

potentially contributing to ECM imbalances in liver injury and disease. Besides their well-known 

functions in ECM protein degradation, MMPs also target non-ECM substrates, including cytokines 

and chemokines, playing key roles in regulating inflammation and immune responses (181). Many 

cell types do not exhibit continuous expression of MMPs; rather, they are stimulated by growth 

factors cytokines such as TNF-α (182). Research has shown that MMP expression and activity can 

be influenced by glucose levels in certain cell types, highlighting the potential role of glucose in 

regulating MMP-related processes within these cells (183,184). In 2003, Death and colleagues 

utilized hyperglycaemic culture for macrophages and endothelial cells and found that MMP1, 

MMP2 and MMP9 expression and activity were increased while MMP3 activity decreased (178). 

Additionally, various studies have reported that MMP1, MMP2, MMP9 and MMP14 are involved 

in shedding a wide range of substrates, highlighting that a single MMP can act on multiple 

substrates (106,185). Given the role of MMPs in both inflammation and ECM remodelling, we 

hypothesize that SARS-CoV-2 Mpro could influence MMP expression and activity, further 

modulating the inflammatory environment and potentially exacerbating the risk of new-onset DM. 

Figure 2.4 summarizes the potential mechanisms through which SARS-CoV-2 infection may 

induce metabolic disturbances and new-onset DM.  
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Figure 2.4: A depiction of the possible mechanisms of how viruses potentially result in new-onset 

DM. The possible mechanisms are pancreatic beta cell destruction, TNF-induced insulin resistance 

in the skeletal muscle and adipose tissue as well as sustained hyperglycaemia due to hepatic 

gluconeogenesis.SARS-CoV-2 binds to angiotensin-converting enzyme 2 (ACE2), triggering an 

immune response that upregulates interferon regulatory factor 1 (IRF-1) and inflammatory 

cytokines (TNF-α, IL-6, IL-4). This leads to beta-cell destruction, reduced insulin production 

(hypoinsulinemia), and decreased insulin sensitivity. In the liver, ACE2 interaction increases 

phosphoenolpyruvate carboxykinase (PEPCK) activity, promoting gluconeogenesis and 
hyperglycemia. (126,154,157,168,170). 

2.9 COVID-19 and New-onset diabetes mellitus: Outcomes with new-onset 

hyperglycaemia with or without diabetes mellitus in people who have suffered 

from COVID-19 
 

While the long-term effects of SARS-CoV-2 virus are still being studied, there is growing evidence 

suggesting a bidirectional relationship between COVID-19 and DM (13,14,112,186,187). Several 
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studies have reported a potential link between SARS-CoV-2 infection and disturbances in glucose 

metabolism. However, not all research supports this relationship and some have failed to 

demonstrate a clear link between COVID-19 infection and new-onset DM (188,190,191). Despite 

these discrepancies, understanding this potential connection is critical, particularly given the rising 

prevalence of DM worldwide. Table 2.1 below summarises key findings form studies exploring 

this relationship, highlighting the effects of COVID-19 on DM incidence and progression. 

Table 2.2: A summary of the key findings on the relationship between COVID-19 and new-onset 

diabetes mellitus 

Study Reference Study Design and 

Data 

Key Findings Associated Effect 

and Remarks 

Unsworth et al. 

2020 (186) 

 Multi-centre 

regional study: data 

on new-onset T1DM 

for 30 children aged 

23 months to 16.8 

years that developed 

new-onset T1DM. 

The first report to outline 

a noticeable rise in the 

occurrence of new-onset 

T1DM among children 

during the COVID-19 

pandemic, with 

indications of SARS-

CoV-2 infection or 

exposure identified in a 

portion of the individuals 
tested.  

The study supports 

the bidirectional 

relationship between 

COVID-19 and new-

onset DM. 

Müller et al. 2021 

(112) 

 ACE2 pancreatic 

islet cells  

SARS CoV-2 infects and 

replicates in cultured 
human islets 

 Supports the 

bidirectional 

relationship between 

COVID-19 and new-
onset DM 
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Coppelli et al. (15) Cohort study of 271 

hospitalized 

COVID-19 patients 

with DM and no 

DM.  

 COVID-19 patients who 

developed 

hyperglycaemia without 

having preexisting DM 

had a higher mortality rate 

when compared to those 
with normoglycemia. 

Hyperglycaemia- 

indicative of a link 

between COVID-19 
and DM. 

Iacobellis et al. (16) 85 COVID-19 

patients (27 of the 

sample population 

had DM). 

Hyperglycaemia on 

admission serves as the 

most reliable indicator for 

detecting radiographic 

signs of SARS-CoV-2 

infection, irrespective of 

an individual's prior 

history of DM. 

Hyperglycaemia-

indicative of a link 

between COVID-19 

and DM. 

Fadini et al. (187) Retrospective 

study:21 COVID-19 

patients with new-
onset DM.  

A higher rate of ICU 

admission and mortality 

among COVID-19 

patients with new-onset 

DM than among those 

with preexisting DM and 

normoglycemia. New-

onset DM had the worst 
prognosis out of the three.  

New onset DM- 

Supports the 

bidirectional 

relationship between 

COVID-19 and new-

onset DM. 

Singh and Khunti et 

al. (188) 

Literature review New-onset 

hyperglycaemia and new-

onset DM have been 

increasingly recognized in 
the context of COVID-19. 

 There is no 

conclusive evidence 

of SARS-CoV-2 

directly infecting 
pancreatic islets 
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Bode et al. (189) Retrospective 
observational study  

Individuals with new-

onset hyperglycaemia 

have poorer outcomes 

than those with pre-

existing DM. 

New-onset 

hyperglycaemia 

without DM had 

poorer outcomes 

than pre-existing 

DM. 

Drucker et al.(190) Mass literature 

review 

 No significant increase in 

T1DM incidence rates 

between 2020 and before 

COVID-19. 

There was no 

evidence to support 

the association 

between increased 

T1DM cases during 

the COVID-19 

pandemic. 

Ibrahim et al. 2021 

(191) 

Mass literature 

review 

There is no direct link 

between COVID-19 beta 

cell injury being the direct 
cause of new-onset DM. 

 Long-term follow-

up research is 

needed, since 

damage to the beta 

cells may prolong 

DM or autoimmunity 

over time. 

 

In the following sections, we will focus on the use of cell lines as experimental models, such as 

C2C12 and HepG2, which are pivotal in studying insulin sensitivity and glucose uptake under 

controlled conditions. Additionally, we will discuss the role of protein-protein interactions, 

particularly in disrupting cellular processes that regulate glucose metabolism. By examining these 

aspects, we can gain valuable insights into the molecular mechanisms by which SARS-CoV-2 may 

contribute to insulin resistance and the development of DM. 

 



36 
 

2.10 Skeletal muscle cell line 
 

The skeletal muscle system makes up about 40% of the body weight of a young man, which makes 

it the largest organ system in the body (192). Skeletal muscle cells play an important role in 

maintaining glucose homeostasis, storage of essential molecules, such as amino acids, glycogen 

and generation of heat to help regulate body temperature (193). Additionally, myokines are 

released by the skeletal muscle, making it an active endocrine organ (107). Approximately 80% of 

postprandial glucose utilization from the circulation is attributed to skeletal muscle (192,194). 

Consequently, insulin resistance can be brought on by skeletal muscle cell defects. However, in 

the case where insulin resistance has been brought on primarily by skeletal muscles, whole-body 

insulin resistance can be reversed by reversing skeletal muscle insulin resistance (192). Skeletal 

muscles are also susceptible to immune cell invasion in both human and murine models. These 

immune cells such as T cells and macrophages exert a pro-inflammatory effect in T2DM and 

obesity (192). Considerable attention has been devoted to understanding the impact of COVID-19 

on the respiratory system which has left a knowledge gap on how COVID-19 affects other body 

systems such as the skeletal system. For studying metabolic diseases, the C2C12 cell line has been 

extensively used as an in vitro model (133). This cell line is derived from mice and is regarded as 

a valuable model for studying metabolic conditions such as DM, obesity, growth disorders and 

hyperlipidaemia (133,192). C2C12 cells start as mononucleated, spindle-shaped myoblasts. As 

they grow, these cells fuse together to form multinucleated structures and then rapidly differentiate 

into long, fibre-like myotubes within 3–5 days, once the culture reaches confluence and is supplied 

with a differentiation medium (133). In a review article by Wong et al., the authors reported that 

there is well-documented evidence that using the C2C12 cell line model one can effectively 

explore various factors such as glucose metabolism, insulin signaling pathways, insulin resistance, 

oxidative stress, reactive oxygen species and glucose transporters both at a cellular and molecular 

level (133). This cell line also expresses GLUT4 transporter proteins, similar to human skeletal 

muscles which are essential in insulin-stimulated glucose uptake. As a result, our study utilized 

this cell line to assess any possible up or down-regulation of these transporter proteins. This 

therefore rationalized the choice of this cell line model in exploring the mechanistic insights that 
Mpro may be utilising in causing new-onset diabetes mellitus. 
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2.11 Hepatic (HepG2) cell line 
 

The liver has a regenerative ability and carries out a wide range of complex functions such as 

replenishing and storing easily accessible energy in the form of glycogen, regulating carbohydrate 

metabolism and detoxifying and eliminating metabolic byproducts from the body (195). 

Additionally, the liver regulates blood glucose concentration in humans by controlling glycogen 

breakdown (glycogenolysis) and de novo glucose production (gluconeogenesis) (196). This organ 

plays a key role in storing energy as glycogen and triglycerides, while also exporting glucose when 

energy levels are depleted. In 1975, HepG2 cells were the first to exhibit the characteristics of 

hepatocytes and were described as hepatocellular carcinomas (195). The HepG2 cell line was 

derived from human hepatoma, specifically from the liver tissue of a 15-year-old Caucasian male 

with well-differentiated hepatocellular carcinoma (195). Despite their cancerous origin, HepG2 

cells retain several key characteristics of differentiated hepatocytes, including albumin secretion, 

insulin-stimulated glycogen synthesis and glutathione-based detoxification (197,198). 

Additionally, they have a stable phenotype, normal liver cell genetic characteristics, high glucose 

consumption and active energy metabolism (199). These features make them a widely used model 

for studying liver functions. However, it is important to note that HepG2 cell lines have an 

extremely low expression of the relevant human CYP450 enzymes involved in phase 1 and 2 

metabolism such as CYP3A4, CYP2A6 and CYP2C9 (197,198). Research showed that by 

culturing HepG2 cell lines in EMEM compared to DMEM, there was upregulation of the 

expression of CYP1A and CYP2B therefore EMEM was the medium of choice (200). 

Due to its broad applications in scientific research such as in pharmacological and toxicological 

studies, the HepG2 cell line is highly popular (198). HepG2 cell lines are widely utilized not only 

in cancer research but also in the study of hepatitis B, drug-induced liver injury, hepatitis D viral 

infections (195,197). Pancreatic beta cells release insulin after a meal in response to an increase in 

blood glucose levels. Insulin then acts directly and indirectly on the liver (196). A disruption in 

hepatic glucose production has been shown to exacerbate T2DM hyperglycaemia (196). Therefore, 

using this cell line will be crucial in the assessment of the impact of Mpro on insulin resistance and 

glucose metabolism. 
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2.12 Protein-protein interaction 
 

Proteins are essential in cellular functions, encompassing metabolism, information processing, 

decision-making, transport and structural organization (201). They interact with other proteins and 

a range of molecules, including nucleic acids, lipids and metabolites. When performing their 

functions in vivo, most proteins rarely act as isolated species. This is based on research conducted 

in the past that has shown that more than 80% of proteins don't function independently; instead, 

they often form protein complexes (202). The environment in which proteins are found typically 

has an abundance of potential binding partners, each possessing different potential binding sites 

and surface properties (203). 

Protein folding, protein assembly and subsequently the protein-protein interactions (PPI) are all 

dependent on the non-covalent connections formed between the side chains residues (202). While 

physical protein interactions were recognized early on, going as far back as 1838, as well as 

antibodies and antigens interactions, the early 1900s saw relatively little exploration of them (204). 

As increasing numbers of protein interactions became apparent in the 1940s, there was a gradual 

recognition of the importance of PPIs as well as an improved understanding of their significance  

(201). Because protein interactions are so crucial, it is essential to assess the interactions if any, 

that Mpro  has with other proteins in the host cell.  A variety of biological functions are made 

possible by PPIs. These include facilitating communication between cells and regulation of 

metabolic and developmental processes (202). 

PPIs play different roles in biology depending on various factors such as permanent or transient 

connections, affinity and their composition (203). There are various ways that PPIs can be 

classified owing to their contrasting structural and functional characteristics. The stability that the 

PPIs possess can categorize them as either obligate or non-obligate, while their duration of the 

complex labels them as transient or permanent (202,203). They can also be further classified based 

on the surfaces involved during the interactions since PPIs can occur on both identical and non-

identical chains which result in homo-oligomeric or heterooligomeric interactions (202,203). 

Nevertheless, numerous protein-protein interactions do not neatly fit into distinct categories.  

Often, a single PPI may exhibit a combination of these characteristics, with stability being 

dependent on the prevailing physiological conditions and environmental factors (202,203). 
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Therefore, analysis at a molecular level becomes prudent to enable a deeper understanding of how 

the Mpro might interact with other proteins pertinent to glucose homeostasis. 

The only computational approach that models physical interactions between proteins directly is 

protein-protein docking. A signaling pathway's interactions, for example, the insulin signaling 

pathway, are expected to be transient since their functionality is not permanent. Insulin binds to 

the extracellular domain of insulin receptor tyrosine kinase (IRTK), triggering a conformational 

change that results in the autophosphorylation of IRTK tyrosine residues and activation of 

phosphotyrosine-binding proteins such as IRS (94). IRTK-induced phosphorylation of IRS is 

primarily responsible for insulin's effects on glucose and lipid metabolism. As such it becomes 

prudent to assess whether Mpro binds to both insulin and the insulin receptor substrate. 

Kinetic experiments undertaken by Northrup et al. gave evidence that when proteins collide, they 

don't disperse immediately but rather loosely adhere to one another, rolling on each other's surfaces 

(205). This enables the two proteins to cover a significantly larger surface area than they would 

through a single elastic collision. This extended interaction time allows for reorientation and 

reshaping on the surface, facilitating a tighter fit between the proteins as shown by Figure 2.5 
below. 

 

Figure 2.5: This figure illustrates the stages of interaction between two proteins (blue and green). 

(a) The initial encounter complex forms as the two proteins approach each other. (b) Multiple 

reversible associations occur facilitating complex stabilization. (c) The proteins bind to each other 

with the most stable conformation (d) A stable protein-protein complex is formed, completing the 

interaction process. The arrows indicate the reversibility of certain interaction steps, reflecting the 
dynamic nature of protein-protein binding. Adapted from Northrup et al. (205). 
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Protein-protein docking has emerged as a crucial computational approach to predict and analyze 

molecular interactions, providing insights into complex biological processes such as signal 

transduction. Protein-protein docking can be accomplished using the ClusPro server which 

requires just two PDB files in the Protein Data Bank (PDB) format (206). The ClusPro docking 

server has been reported to be a consistently top-performing server in the Critical Assessment of 

Predicted Interactions, a double-blinded protein-protein docking experiment (207,208). The server 

operates through three main computational steps which are rigid body docking, clustering and 

refinement. Rigid-body docking involves the sampling of billions of conformations to explore the 

possible protein-protein interactions. Clustering involves using root-mean-square deviation to 

group the 1000 lowest-energy structures into clusters, with the largest clusters representing the 

most likely models of the complex. Lastly, energy minimization is used to refine the selected 

structures (207). ClusPro utilizes fast Fourier transforms, which allow for the rapid calculation of 

energy functions. This therefore enables an efficient and exhaustive sampling of billions of 

conformations by evaluating interaction energies at each grid point, facilitating protein docking 

without requiring prior structural information about the complex (207). This is possible as a 

negative binding energy means there is a spontaneous reaction and high affinity between the two 

proteins for binding. In contrast, a positive binging energy means there is a lower probability of 

bond formation. With and without experimental data, Jones et al. demonstrated that ClusPro can 

predict high-accurate protein complex structures (207). Protein-protein docking using ClusPro was 

performed to investigate potential interactions between Mpro and key proteins involved in insulin 

signaling and glucose metabolism. This computational approach helps identify high-affinity 

binding partners and predicts mechanistic insights into how Mpro might disrupt these pathways that 

may potentially contribute to new-onset DM observed in post-COVID-19 cases. By modelling 

these interactions, molecular docking complements experimental findings and provides a 

framework for understanding the molecular basis of metabolic dysfunction induced by Mpro. 

However, it is vital to validate the outcomes we derive from computer-based simulations by 

conducting real-world experiments. 

The solid-phase protein-binding assay was designed as an alternative approach to evaluate the 

binding and release dynamics of protein-protein interactions. This method requires only minimal 

amounts of protein and eliminates the need for specialized equipment, making it a more accessible 

and efficient option (209). Mould et al. described the solid-phase assay as a straightforward, quick 
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and reliable approach to studying protein-protein interactions, such as whether protein X interacts 

with protein Z (210). In this method, protein X, referred to as the "receptor," is immobilized on the 

wells of a high-binding ELISA plate, creating a solid phase. The wells are then blocked with bovine 

serum albumin (BSA) to prevent nonspecific binding. Next, biotin-labelled protein Z, termed the 

"ligand," is added to the wells. After washing away any unbound ligand, the bound ligand is 

detected using a conjugate, followed by a colorimetric reaction for visualization (210). The solid-

phase protein-binding assay is based on ELISA methodology, leveraging its foundation in 

measuring antibody-antigen interactions, which are fundamentally protein-protein interactions 

(209). Building on this established methodology, we conducted a solid-phase analysis using high-

binding plates to assess the binding interactions between insulin and the SARS-CoV-2 Mpro. The 

findings will not only corroborate docking results but also provide a foundation for further 

investigations into the molecular mechanisms underlying Mpro's contribution to metabolic 

disturbances observed in post-COVID-19 patients. 

 

2.13 Justification of the study 
 

This study is justified by the urgent need to address the potential long-term health impacts of 

COVID-19, particularly those with pre-existing comorbidities such as DM. With the rising 

prevalence of DM even before the pandemic, understanding how SARS-CoV-2 exacerbates 

conditions like chronic inflammation, metabolic stress and insulin resistance is crucial for 

predicting and mitigating future public health challenges. Given the complex interactions between 

SARS-CoV-2 and metabolic pathways, understanding how the virus impacts glucose metabolism 

and insulin sensitivity is of paramount importance. The importance of this study also lies in its 

potential to uncover new insights into the molecular interactions between SARS-CoV-2 and 

glucose metabolism. Identifying these pathways could lead to the development of more targeted 

therapies aimed at preventing or managing DM in individuals affected by COVID-19. 

Additionally, these findings would fill a critical gap, inform public health strategies, providing a 

foundation for more effective and tailored interventions to address the rising global incidence of 

DM, especially in the wake of the pandemic. By integrating COVID-19-related metabolic risks 

into broader healthcare strategies, this research could help reduce the long-term burden of DM on 
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individuals and healthcare systems alike. The findings could offer insights into targeted 

interventions to mitigate the risk of DM in post-COVID-19 populations, advancing both clinical 
care and public health strategies (209).  
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CHAPTER 3: MATERIALS AND METHODOLOGY  

3.0 Chemicals 
 

All chemicals and reagents utilized in this study were of analytical grade and purchased from 

Sigma Aldrich Chemical Corporation ,St Louis, USA: Dulbecco’s modified eagle’s medium 

(DMEM), Eagles minimum essential medium (EMEM), fetal bovine serum (FBS), COVID-

19 Mpro, murine anti-insulin primary antibody, anti-mouse secondary antibody,anti-GLUT-4 

primary antibody, penicillin-streptomycin, Fluorometric Intracellular ROS Kit, Sodium chloride 

(NaOH), hydrochloric acid (HCL), dimethyl sulfoxide (DMSO), Triton X-100, potassium 

chloride, sodium phosphate dibasic (Na2HPO4), Monopotassium phosphate (KH2PO4) 

hydrogen peroxide, phosphate-buffered saline (PBS), Horseradish peroxidase (HRP), 

Hydrogen peroxide (H2O2), bovine serum albumin (BSA), 3,3’,5,5’-

tetramethylbenzidine (TMB), paraformaldehyde, Tween-20, Anti-Akt antibody produced in 

rabbit, Rabbit polyclonal anti-IL-6, Anti-Rabbit polyclonal anti-GLUT4 antibody, Rabbit 

polyclonal anti-DPP4 antibody,anti-PITRM1, Citric acid, Phosphoric acid (H3PO4), 

Thiobarbituric acid (TBA), butylated hydroxyl toluene (BHT), butanol. Insulin was purchased 
from NoVo Rapid®, Johannesburg, South Africa. 

3.1 Equipment 
Incubator (FSOH4)(220/240V 50Hz, 0.5kW; Labcon (pty) ltd 15 Aschenberg street Chamdor 

Krugersdorp Transvaal); SpectraMax M3 multi-mode microplate reader (100 – 240V ̴ 3.5A 50 

– 60Hz; manufactured in China, designed in California, USA); BV1000 vortex mixer (230VAC 

50Hz, 0.75amps; Benchmark Scientific Inc. PO BOX 709, Edison, NJ 08818, USA; made in 

Taiwan), Varioskan LUX type spectrophotometer 3020 100-240VAC 50/60Hz 200VA (Thermo 

Scientific, Waltham, MA, USA), Multi-channel pipet; Microplate shaker Intl 

plug(888610242),150-1000rpm, AC100-240V.50/60Hz,71VA, L9CF61024008,(Fisher 

brand), Assembled in China; Inverted microscope BS-2092,200-240V 50/60HZ,0.8A 

Lasec,(BIO38RAD)TC20; Automated cell counter (508BR09575, 30W, made in Singapore); 

Centrifuge,166145,1-14, Made in Germany(SIGMA); Labotec Ecobath model 207 40 Litre 

reciprocal shaking bath 230V~50Hz,1600W, Accu-Check Performa glucometer and contour 
plus test stipes. 
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3.2  Mpro preparation for in vitro testing 
Covid-19 Mpro (CAE0172-200UG) was purchased from Sigma-Aldrich St Louise, USA. The 

vial contained 0.2 mg of Mpro in powder form. To prepare the working solutions, the 

concentration was calculated using the molar mass of Mpro. Since 1 mole of Mpro is equivalent 

to 34,000 g (or 34 kDa), the concentration was determined to be 5,900 nmol/mL. The stock 

solution was prepared by dissolving Mpro in DMSO (1 mL). Using the dilution formula 

(C1V1=C2V2), we prepared various concentrations of Mpro: 2.5, 5, 10, 20, 40, 80 and 160 

nmol/mL. The solution was filtered through a 0.22 µm membrane filter and stored at -20ºC 

until use. Several precautionary measures were taken in preparing the working solution of 

COVID-19 Mpro for the cell-based assay. Personal protective equipment such as a lab coat, 

gloves, a face mask and safety goggles were always worn. Sterile techniques were employed, 

including using a biosafety cabinet (BSC) to maintain a sterile environment and prevent 

contamination. Sterile pipette tips, tubes and other consumables were used and work surfaces 
were disinfected before and after the experiment. 

3.3 Insulin preparation 
A vial of insulin from NovoRapid® was obtained with a known concentration of 100 units/mL 

where 1 unit of insulin aspart corresponds to 6 nanomoles. Before use, the insulin vial was 

gently shaken to ensure homogeneity. Thereafter, 10 mL of DMEM was placed into a 15 mL 

sterile container. Using a sterile syringe and appropriate pipetting techniques, 5µL of insulin 

solution was carefully withdrawn and placed into the 15 mL container. The solution was then 

mixed thoroughly using the Vortex that induced agitation and inversion to ensure uniform 

distribution of insulin throughout the media. The final concentration of the stock solution was 

estimated to be 0.05 units/mL. The solution was filtered using a 0.22 µm membrane filter and 

properly stored at 2°C to 8°C. 

3.4  Cell culture 
The two cell lines used in this study were C2C12 and HepG2 cell lines which were kindly 

donated by Dr Mlungisi Ngcobo at Traditional Medicine, Howard Campus, University of 
KwaZulu Natal.  
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To culture the skeletal (C2C12) muscle and hepatocarcinoma (HepG2) cell lines, their 

respective media DMEM AND EMEM were supplemented with 10% fetal bovine serum 

(FBS), L-glutamine (1%) and penicillin-streptomycin (1%). The frozen cell lines were then 

transferred into sterile 25cm3 flasks for growth and incubated at 37 ºC in an incubator in the 

presence of CO2 (5%). The cells were cultured over a brief period until they became confluent 

in their respective flasks. The cells were washed three times with a phosphate buffer solution 

(PBS) before being trypsinized with 1 mL of trypsin (for detachment from the bottom of the 

flask) and sub-cultured into new flasks. Subsequently, the cell lines were plated into 24-well 

and 96-well plates depending on the experiment to be performed. 

3.5  Skeletal muscle differentiation 
For the C2C12 cell line, a differentiation process was conducted for the estimation of media 

glucose uptake assays. C2C12 myoblasts were seeded in 24-well plates at a seeding density of 

3.5 × 105 at 37°C in a 5% CO2 atmosphere. The C2C12 myoblasts were cultured in high 

glucose-containing DMEM. When the myoblasts reached 80% confluence, the cells were 

rinsed with PBS (250 µL) and the growth medium was replaced with differentiation medium 

[DMEM supplemented with FBS (2%) and penicillin/streptomycin (1%)]. For 3-4 days 

following differentiation induction, the differentiation medium was replaced every 24 hours to 

allow for myotube growth. The differentiation progress was monitored under a microscope by 

checking for the presence of elongated multinucleated cells. 

3.6  Cell Viability Assay: MTT Assay 
Principle 

The MTT assay is a colourimetric assay used to assess cell viability and proliferation. It 

measures the metabolic activity of living cells, which is an indirect indicator of cell health. The 

cytotoxic assay was performed using the MTT protocol. The MTT assay was firstly described 

by Mosmann in 1983 as a rapid quantitative colorimetric assay that assesses the cell’s survival 

and proliferation (211). This assay relies on the mitochondrial dehydrogenase found in viable 

cells that break down the tetrazolium rings of the light yellow MTT reagent. This process 

produces purple formazan crystals that cannot pass through cell membranes. The quantity of 

metabolically active cells correlates directly with the amount of formazan produced (deep 

purple colour) and this can be measured using a spectrophotometric method. Simply put, the 
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deeper the intensity of the purple, the more viable and metabolically active cells are. In this 

study, the MTT assay was used to assess the viability of both the C2C12 cells and HepG2 cells 

when exposed to varying concentrations of Mpro and inherently assess whether Mpro is cytotoxic 

on C2C12 and HepG2 cell lines. The reaction responsible for the colour formation of the MTT 
assay is shown in Figure 3.1 below. 

 

Figure 3.1: MTT is converted into formazan crystals by the mitochondrial reductase enzyme. 

The chemical reaction illustrates the reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) to Formazan (5-(4,5-dimethylthiazol-2-yl)-1,3-

diphenylformazon) by mitochondrial reductase. The reduction process involves the conversion 

of NADH to NAD+, which facilitates the formation of the coloured formazan product, 

commonly used in cell viability assays.(Adapted from Farooq et al.) (212). 

Protocol 

C2C12 and HepG2 cells were plated in the 96 well plates at a density of (4.55 ×104) cells/mL 

and (4.15 × 104) cells/mL, respectively until they reached approximately 80% confluence. Cells 

were then treated with the different concentrations of Mpro (2.5,5 ,10 ,20 ,40 ,80 and 160 

nmol/mL). Some wells containing cells were left untreated and contained media only to serve as 

the control group. The cells were incubated for 24 hours at 37°C. After the treatment with the 

different concentrations of Mpro, the culture medium was gently removed and the MTT solution 

was prepared by dissolving 1mg of MTT powder in PBS (10%) and FBS-free media (90%). 
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Filter-sterilization was conducted followed by the addition of (1 mg/mL, 100 µL) of the MTT 

solution to each well. The plates were incubated for 3 hours at 37°C in the dark. Thereafter, the 

MTT solution was discarded from each well followed by the addition of DMSO (100 µL/well) 

to dissolve the formazan crystals formed by the MTT solution. Subsequently, the cells were 

incubated for 10 minutes and the absorbance of the purple-coloured crystals was read using a 

spectrophotometer at a wavelength of 570nm. The assay was performed in duplicate and each 

concentration was tested in sextuplicate. An overview of the methodology is summarized in 

Figure 3.2 below. Cell viability was calculated as a percentage of the absorbance of the control 

group using the following equation: 

Percentage cell viability =  (
Average  absorbance of treated  wells  

Average  absorbance of control
)  × 100 

 

 

Figure 3.2: Schematic overview of cell viability assay. Figure 3.2 illustrates the principle of the 

MTT assay, which measures cell viability by quantifying the conversion of the yellow MTT dye 
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to a purple formazan product by living cells. The absorbance of the solubilized formazan is 

measured spectrophotometrically, providing an indirect assessment of cell viability and metabolic 
activity. (Created by Bio Render) 

 

3.7 Estimated glucose utilization assay 
 

Accu-Check Performa glucometer appraisal and validation for glucose uptake measurement  

The Accu-Chek Performa glucometer is a widely used robust device for monitoring blood glucose 

levels in clinical and home settings. When considering its application for glucose uptake 

measurements in research, especially in in vitro or ex vivo studies, it is crucial to assess its 

accuracy, precision and suitability to provide accurate readings in the specific experimental 

context. A validation experimental procedure was carried out to ensure accurate glucose 

measurement in cell culture medium using glucometers and glucose strips. The glucose 

concentration of the cell culture medium was determined by assessing its composition, after which 

the values were converted to mmol/L, the unit used by the glucometer. A 4ml of medium was 

diluted to obtain theoretical concentrations of 24.97, 12.48, 6.24, 3.12 and 1.56 mmol/L. The 

glucometer was then employed to measure the actual glucose concentrations in the diluted 
samples, as shown in Figure 3.3. Each sample underwent triplicate testing for consistency.  

The graph illustrates the correlation between theoretical glucose values (mmol/L) and the 

glucometer readings obtained during the validation assay. The linear regression equation was 

y=0.8263x + 0.6393 with an R2 value of 0.9972. The high R2 value indicates a strong linear 

relationship between the theoretical and measured glucose values, suggesting that the glucometer 
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provides consistent readings across the tested range. 

 

Figure 3.3: The graph depicts the relationship between theoretical glucose concentrations 

(mmol/L) and glucometer readings. Error bars represent the standard deviation of glucometer 

readings at each glucose concentration, highlighting variability across the tested range. 

Principle 

 Glucose uptake measurement is an assay used to evaluate the ability of cells to transport glucose 

from the extracellular environment. When the cells are metabolically active, they utilize glucose 

for energy. Measuring media glucose is one way that we can estimate glucose uptake in cells, i.e. 

as the cells absorb and utilize glucose, media glucose concentration decreases. In this study, the 

Accu-Check Performa glucometer and contour plus strips were used to measure media glucose 

uptake. Therefore, this experiment aimed to assess whether Mpro would induce a shift in glucose 
handling in the cell lines.  

Protocol 

The glucose utilization assay was carried out following the methodology outlined by Ventera et al 

with some modifications (213). C2C12 (3.92 ×104) cells/mL and HepG2 cells (3.79 ×104) cells/mL 

were separately seeded and placed into 24 well plates, cultured and allowed to attach and obtain 

confluency of about 80% in an incubator at 37ºC and 5% CO2. The cells were incubated in their 
respective culturing media which were DMEM AND EMEM respectively. 

y = 0.8263x + 0.6393
R² = 0.9972
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After cell preparations were ready for experimentation, the old cell media was discarded and 250 

µL of Mpro (2.5, 5, 10, 20, 40, 80 and 160 nmol/mL) was placed into the wells. A control group of 

cells was incubated with media only. The initial glucose readings were measured at time = 0 hours. 

After an incubation time of 24 hours, media glucose concentrations were recorded, again. To assess 

the effect of Mpro exposure on insulin sensitivity and its effect on the cell lines, the cells were 

incubated with Mpro for 24 hours. Thereafter, the cells were treated with media containing insulin 

(250µL, 0.05 units/mL). Subsequently, a glucometer was used to read the media glucose 

measurements at t=0 and 24 hours. Each concentration was tested in quadruplicate and the assay 

was repeated three times. 

The estimation of glucose uptake was determined using the following equation: 

Glucose uptake (%) =(
Medium glucose(T0)−Medium glucose  (T24)

Medium glucose  (T0 )
)  × 100 

 

 

3.8 In cell ELISA: Semi-Quantitative expression of GLUT4, 

AKT, IL-6, DPP4 and MMP1 
Principle 

ELISA is a sensitive biochemical technique used to detect and quantify specific proteins, antigens 

or antibodies in a sample through antigen-antibody interactions and enzyme-mediated signal 

amplification. Enzyme immunoassays operate by utilizing an antigen-primary antibody, enzyme-

conjugated secondary antibody, an appropriate substrate and chromogen which leads to a 

detectable colour change, observable both visually and spectrophotometrically. The primary 

antibodies selectively bind to specific antigenic epitopes found on proteins through non-covalent 

interactions like hydrogen bonds and electrostatic forces. Secondary antibodies, often anti-

immunoglobulin antibodies such as IgG, are utilized in immunoassays as labelled or conjugated 

entities thus facilitating the detection of antigen-primary antibody interactions. The binding of the 

antigen and antibody is detected because of the enzyme-linked to a secondary antibody, which 

turns the antigen-antibody complex into a coloured product when the enzyme substrate is added. 
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There are various methodologies which have been utilized to measure cytokines and glucose 

transporters and presently, immunoassays are the most frequently used. Notably, the solid-phase 

ELISA owing to its heightened specificity and sensitivity was employed for these biochemical 

assays.  

Protocol 

All solutions were freshly prepared and used immediately for each assay. C2C12 and HepG2 cells 

were seeded in a 96-well plate and cultured in their respective media DMEM AND EMEM for 

each ELISA experiment. After 24 hours, the cells were treated with 100 μL of the different 

concentrations of Mpro (40, 80and 160 nmol/mL) and incubated overnight. The following day, the 

media was aspirated and placed in vials for storage at 4°C.  

The control wells were set up to have a blank and negative control. The blank consisted of growth 

medium only and no cells and the Mpro. The negative control consisted of cells that had the primary 

antibody and secondary antibody, but without the addition of Mpro. While both controls aim to 

measure non-specific binding, the blank control assesses the background signal from the growth 

medium or any potential contaminants in the reagents used, without the influence of cells or Mpro, 

while the negative control evaluates any potential background noise from the interaction of 

antibodies with cells in the absence of Mpro.  

For the in-cell ELISA, paraformaldehyde (8%, 100 µL) solution was used to fix and cross-link the 

cells to the microplate for 15 minutes at room temperature whilst shaking with a microplate shaker 

at 300 rpm. The paraformaldehyde was aspirated and following this, a wash step was performed 

to eliminate any residual solution using 1XPBS (200 mL). The wash step was conducted by placing 

200 µL per well of wash buffer and repeated three times. After the final wash, the plates were 

blotted dry on a paper towel. The next step was the permeabilization of the cells using a 

permeabilization buffer (250 µL Triton X-100 in 24.75 mL 1XPBS) for 30 minutes at room 

temperature on the plate shaker. After 30 mins, the permeabilization buffer was aspirated from the 

wells and a blocking buffer (200 mL, prepared by adding 2g of bovine serum albumin in 20 mL of 

1XPBS) was added and incubated at room temperature for 2 hours whilst shaking the plate at 

300rpm. After aspirating the blocking buffer, 100 µL of the primary antibody (AKT, GLUT4, IL-

6, MMP1 and DPP4) diluted at 1:5000 was added to each well separately. The plate was then 
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incubated overnight at 4ºC. Following incubation, the primary antibody was aspirated and the 

wells were washed three times with 250 µL of wash buffer (prepared by adding 625 µL Tween-20 
to 250 mL of 1XPBS) to remove excess and unbound antibody.  

Next, 100 µL of a secondary antibody (anti-rabbit IgG, diluted 1:5000) specific to the primary 

antibody was added to each well. The plate was incubated at room temperature for 2 hours with 

gentle shaking. After the incubation, the wells were washed four times with 250 µL of wash buffer, 

followed by the addition of 100 µL of TMB horseradish peroxidase substrate. The plate was 

incubated in the dark for 30 minutes. To stop the reaction, 100 µL of 0.1M HCl was added, resulting 

in a colour change from blue to yellow. The absorbance was then measured at 450 nm using a UV-

VIS spectrophotometer. The assay was performed in duplicates, with each concentration tested in 

triplicate. For GLUT4 translocation, the same procedure was used, except the cell permeabilization 

step was omitted to detect only GLUT4 found across the membrane. GLUT4 expression and 

translocation were studied exclusively in C2C12 cells. 

The relative expression of each protein was calculated as follows: 

Relative percentage expression = (
Average absorbance of treated wells

Average  absorbance of control
) × 100 

The schematic diagram of ELISA is presented in Figure 3.4 .  
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Figure 3.4: Stepwise workflow of an ELISA assay to assess protein expression in treated cell 

lines. Cells are seeded, treated, fixed and incubated with primary and secondary antibodies. The 

assay concludes with substrate addition, reaction termination and absorbance measurement to 
quantify protein levels. Adopted from AssayGenie.com and modified. 
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3.9 Cell culture medium ELISA for IL-6, DPP4 and MMP1 
 

The harvested media was used for extracellular assessment of DPP4, MMP1 and IL-6. The samples 

were centrifuged at a low speed of 300-500 xg and the supernatant was collected. A high-binding 

96-well plate was prepared by adding 50 µL of DMEM and EMEM aspirated from the C2C12 and 

HepG2 cell lines, followed by incubation at room temperature for 6 hours. After the incubation 

period, the media was removed and the plate was blotted dry. No fixation or permeabilization steps 

were performed; however, the subsequent steps followed the same procedure as previously 

described in the in-cell ELISA above. The percentage expression of each protein was also 
calculated using the previously mentioned formula. 

3.10 Computational prediction of Mpro -protein interactions 
 Principle 

In silico protein docking experiments serve as invaluable tools in predicting and understanding 

molecular interactions that might occur between different proteins. This computational assay aims 

to explore the binding affinities and potential structural conformations of the key proteins whose 

interaction with Mpro could lead to insulin resistance. In silico protein docking offers a cost-

effective and efficient means to predict protein-protein binding which may be challenging to 

achieve experimentally. ClusPro is a web-based server for the direct docking of two interacting 

proteins. By simulating the docking process computationally, we can potentially identify the 

interactions with the highest likelihood of biological relevance and thus perform experimental 
assays such as solid-phase binding to validate these interactions. 

 Protocol 

After the identification of 4 proteins of interest through the literature review, the 3D structures 

were retrieved from the RCSB Protein Data Bank. These were Mpro (PDB ID:7CAM), insulin 

receptor kinase domain (PDB ID:1IRK), Human insulin PDB ID (3I40), PI3K (PDB ID:4JPS) and 

GLUT4 (PDB ID:7WSM). The first step involved the preparation of the proteins using Auto Dock 

software. This involved the elimination of native ligands such as co-crystallized waters and hetero 

atoms. The next step involved the addition of solvation parameters such as polar hydrogen atoms 

and Kollman charges by utilizing the Auto Dock software tool. ClusPro was utilized for the 
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docking simulations therefore the outcomes of the protein preparation were saved as a PDB file 

format to ensure compatibility with ClusPro. Each protein of interest underwent a docking 

experiment with Mpro, with each ligand being rotated 70,000 times. Based on the protein size, Mpro 

was designated as either the receptor or the ligand. Mpro was larger than GLUT4, insulin receptor 

and PI3K and was the ligand. For the docking of Mpro and human insulin, Mpro was the receptor. 

For each rotation, ClusPro translated the ligand in x, y and z relative to the receptor on a grid to 

ultimately give the translations with the best score from each rotation. We assessed the results 

based on binding free energies. ClusPro produced 30 clusters ranked according to the number of 

members in each cluster. Next, we ranked the protein-protein complexes according to their docking 

energies. ClusPro provides the ligand-receptor binding energy based the sum of the van der Waals, 

desolvation energy and electrostatic interaction energies. Since we have no prior knowledge of the 

nature of the interaction of the proteins, we used the balanced coefficient models. We selected the 

cluster with the greatest number of members as this represents the near-native structure and would 

therefore be the most biologically relevant structure. The next step involved visualization and 

analysis with PyMOL software. This was achieved by importing the protein-protein complex 

structure into PyMOL, followed by utilizing PyMOLs and visualization tools to highlight the key 

residues that are directly involved in binding to the ligand. The images that illustrated the binding 
interactions between the ligand and receptor were exported to Microsoft Word to report the results.  

  

3.11 Solid phase binding analysis: Detection of Mpro -insulin- Mpro 

interactions 
Principle  

Solid-phase assays are used in the detection of biomolecular interactions through the assessment 

of binding affinity. The assay utilizes a solid support such as the high-binding ELISA plate to 

immobilize one interaction partner on its surface followed by the capture of the second interaction 

partner from the solution as depicted in Figure 3.5 below. The interacting partners can be identified 

by performing assays such as the Western blot or by quantitative detection such as enzyme-linked 

immunosorbent assay (ELISA). Molecular docking software (ClusPro) provided computational 

models that predicted binding interactions and potential conformations that may result from insulin 
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and Mpro. In this experiment, the aim was to experimentally validate the docking results by 

analyzing solid-phase interactions between insulin and Mpro. 

 

Figure 3.5: Overview of the principle of the detection of any potential insulin and Mpro interaction. 

The primary antibody binds to the target protein, followed by an enzyme-conjugated secondary 

antibody. The addition of a substrate generates a detectable colorimetric signal proportional to the 

protein quantity. (adapted from AssayGenie.com) 

Protocol 

The different concentrations (40, 80 and 160 nmol/mL) of the Mpro were immobilized by placing 

them into a high-binding 96-well plate at a volume of 50 μL/well. The plate was incubated for 6 

hours at 25°C to allow for coating of the plate with the protein. After the 6 hours lapsed, the media 

containing the Mpro was discarded. The next step involved the blocking step which was 

accomplished by adding the blocking solution (100 μL/well). This step was essential to obstruct 

the non-specific binding sites left on the plate. After two hours of incubation, the remaining 

blocking solution was discarded as before. The plates were blotted dry on a sterilized paper towel. 

The next step involved incubation with the second protein, insulin (50 μL/well, 0.05 units/mL). 

Two different control groups were incubated comprising wells with no insulin added but only the 

Mpro and wells with only the media and no Mpro and insulin. The wash buffer (250 mL/well) was 
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utilized 3 times to remove any unbound antigen. After the final wash, the plates were blotted dry 

on a sterilized paper towel. The plate was then incubated with anti-insulin primary antibody 

solution (100 mL/well) overnight stored at 4°C. After 12 hours, the plate was then rewashed four 

times using the wash buffer to remove any unbound primary antibody. After the final wash, the 

plates were blotted dry on a sterilized paper towel. The HRP-conjugated secondary antibody was 

then added and the plate was incubated at room temperature on a plate shaker for 2 hours. 

Following a final wash step to remove any unbound secondary antibody, the HRP substrate, TMB 

(100 mL/well) was added and after a few minutes, a colour change was observed from colourless 

to blue. A stop reagent of 0.1M HCL (100 mL/well) was added to halt the reaction. Lastly, ELISA 
plates were read at 450 nm using the UV-VIS Spectrophotometer reader. 

3.12 Reactive oxygen species by a fluorometric assay 
Principle 

The intracellular ROS assay is a highly sensitive and rapid one-step cell-based assay designed for 

the detection of reactive oxygen species such as superoxide and hydroxyl radicals in viable cells. 

Detecting intracellular reactive oxygen species (ROS) is accomplished by using cell-permeable 

fluorescent probes or dyes that react with ROS to produce a measurable signal. To detect ROS, the 

assay utilizes a cell-permeable, reduced form of the Mito Tracker Red CM-H2XROS dye. This 

dye remains non-fluorescent until it is oxidized by ROS, at which point it becomes fluorescent, 

allowing the direct measurement of ROS activity. Upon oxidation, the dye produces a fluorescence 

signal that can be measured. The strength of the fluorescence is directly proportional to the 
concentration of ROS present, providing a quantitative measure of intracellular oxidative stress.  

Protocol 

 The intracellular ROS fluorescence assay followed the manufacturer’s instructions (Fluorometric 

Intracellular ROS Kit, CN: MAK143-1KT, Saint Louis, USA), with some modifications. C2C12 

cells were seeded at a density of 4.67 × 10⁴ cells/mL in a solid black 96-well plate and incubated 

for 24 hours to allow for them to be confluent. Cells were treated with Mpro (40, 80 and 160 

nmol/mL) for 24 hours, while untreated wells served as controls. After treatment, 50 mL of the 

master reaction mix containing the ROS detection reagent was added to each well. The plate was 

then placed in the incubator (5% CO2, 37 °C) for one hour. Absorbance was measured using the 
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Varioskan Lux Microplate Reader, with excitation set at 490 nm and emission at 525 nm. The assay 

was conducted in duplicate. The relative fluorescence was expressed as a percentage of the control. 

There was no measurement of ROS conducted in the HepG2 cell line, due to assay kit reagents 

being limiting. 

 

3.13 Lipid peroxidation: Media malondialdehyde concentration 
TBARS Method 

Principle 

Oxidative stress arises when there is an imbalance between the production of reactive oxygen 

species (ROS) and the cell’s ability to detoxify them, leading to damage to lipids, proteins and 

DNA. The ROS levels were measured following the technique outlined by Nagiah et al, which 

uses lipid peroxidation to indicate oxidative stress specifically, extracellular malondialdehyde 

(MDA), a byproduct of lipid peroxidation (214). The Thiobarbituric Acid Reactive Substances 

(TBARS) assay is a well-established method for quantifying MDA, making it an indirect but 

reliable indicator of oxidative stress. The assay works by reacting MDA with thiobarbituric acid 

(TBA) under acidic and high-temperature conditions to form an MDA-TBA adduct, which 

produces a coloured complex as outlined in Figure 3.6 below. The amount of MDA in a sample 

and therefore the degree of lipid peroxidation can be assessed through spectrophotometric analysis 

at 532 nm. By measuring MDA in this way, the TBARS assay measures oxidative stress. 

 

2-Thiobarbituric Acid + MDA        MDA-TBA adduct (λmax =532nm) 
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Figure 3.6: Formation of a TBA-MDA Chromogen: This figure illustrates the reaction between 

TBA and MDA to form a chromogen, which is commonly used to measure lipid peroxidation 

levels. The resulting chromogen emits a characteristic colour that can be quantified 

spectrophotometrically.  

The absorbance from these wavelengths was used to calculate the concentration of MDA using the 
Beer-Lambert law as follows: 

MDA concentration = (
Final absorbance−Blank

MDA coefficient (156mmol−1)   
) 

Protocol 

C2C12 and HepG2 cell lines were seeded in the 24 well plates at a density of 3.62×104 cells/well 

and 4.54×104 cells/well respectively and treated using the same protocol (time of incubation and 

concentrations) used for the ELISA. Following each treatment, 250 µL of supernatant was 

aspirated and used for the TBARS assay. The working solutions consisted of 2% H3PO4, 7% 

H3PO4, 1M HCl, 20mmol BHT solution and 50mL of the TBA/BHT solution (0.1g of NaOH,0.5g 

of TBA,250 µL of the 20Mm BHT solution and deionized water up to 50mL) were prepared. After 

preparing working solutions, 13 graduated plastic tubes were taken and labelled as control,160, 

80,40 and blank in triplicates for each concentration. In each test tube, the following solutions 

were added as displayed in Table 3.1 below: 

 

Table 3.1: The experimental setup and composition of each test solution 

Test tube 1-12 (Treatment test tubes) Test tube 13 (blank)  

100 µL of samples/supernatant from the 250 

µL sample 

100 µL of DMEM and EMEM 

200 µL of 2% of H3PO4 200 µL of 2% of H3PO4 

400 µL of 7% of H3PO4 400 µL of 7% of H3PO4 
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400 µL of TBA/BHT 200 µL of 1M HCl 

200 µL of 1M HCl  

 

All test tubes were boiled at 100˚C for 15 minutes using the Labotec shaking Eco Bath water bath. 

They were then left to cool to room temperature for 10 minutes. After cooling, 1.5 mL of butanol 

was added to each test tube, which was then vortexed for 10 seconds. The test tubes were left to 

stand until the butanol phase (the top layer) became visible. Then, 200 mL of the butanol phase 

was added in triplicate to a 96-well plate. The optical density of the samples was measured 

spectrophotometrically at 532 nm, with a reference wavelength of 600 nm, using the Varioskan 

Lux microplate reader. MDA concentrations (Mm) were calculated by dividing the average 

absorbance of the samples by the absorption coefficient (156 Mmˉ1). 

3.14 Statistical analysis  
 

The data were expressed as the mean ± SD of three replicates. Graphs were generated using 

GraphPad Prism software (Version 8, GraphPad Software, San Diego, CA, Canada, 2019).  Firstly, 

a normality test was conducted on the data using normality and log-normality tests in GraphPad 

Prism. Depending on the results, if the data adhered to a normal distribution, a one-way ANOVA 

followed by Tukey’s multiple comparison test for comparing the different concentrations of Mpro 

with the control was performed. For data that did not follow a normal distribution, the Kruskal-

Wallis test was utilized. Subsequently, statistical significance was evaluated using the one-way 

ANOVA or the Kruskal-Wallis test. Despite the use of a non-parametric test for non-normally 

distributed data, mean and standard deviation were reported for consistency across all datasets. 

While median and interquartile range (IQR) are typically preferred for non-parametric data, mean 

± SD was retained as a descriptive measure due to the small sample size (n=3), where individual 

variation within replicates is still relevant for interpretation. However, all statistical conclusions 

were based on the appropriate tests (ANOVA or Kruskal-Wallis) to ensure robust 

analysis.Subsequently,significant differences between the treatment and control are indicated by 

asterisks (*). The significance levels were predetermined as follows: (*) p < 0.05, (**) p < 0.01, 

(***) p < 0.001 and (****) p < 0.0001. 
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CHAPTER 4: RESULTS  

4.0 Cytotoxic assay 
 

A cytotoxicity study was conducted on C2C12 and HepG2 cell lines using various concentrations 

of 2. 5, 5,10, 20,40, 80 and 160 nmol/mL of Mpro, as depicted in Figures 4.1 A and B, respectively. 

All concentrations generally demonstrated a decrease in cell viability by comparison to the control.  

For C2C12, there was no concentration-dependent decrease observed however, the highest 

concentration of Mpro showed a statistically significant decrease by comparison to the control. For 

the HepG2 cells, the first four concentrations (2.5-20 nmol/mL) showed a decrease in cell viability, 

however, there was no significant statistical difference from the control. The concentrations of 40 

nmol/mL and 80 nmol/mL exhibited a decrease in cell viability which was of statistical 
significance compared to the control(untreated cells). 

 

 

Figure 4.1: Cell viability was assessed after treating C2C12 and HepG2 cell lines with Mpro 

(2.5,5,10 ,20,40, 80 and 160 nmol/mL) for 24 hours at different concentrations. Results are 

expressed as a percentage of viable cell count. Untreated cells were used as the control group. The 
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Fig 4.1A: Cell viability in C2C12 cells Fig 4.1B:  Cell viability in HepG2 cells 



62 
 

values are expressed as mean ± standard deviation represented with error bars, (n = 3). The asterisk 

(*) represents the statistical difference between the test compounds and the control at * (p < 0.05), 
(***) p < 0.001, (****) p < 0.0001. 

 

4.1 Effect of Mpro on non-insulin stimulated glucose uptake 
 

The relative glucose uptake was measured after treating C2C12 and HepG2 cell lines with different 

concentrations of Mpro (2.5,5,10 ,20,40,80 and 160 nmol/mL) for 24 hours. The results are 

presented in Figures 4.2 A and B, respectively. The insulin-treated control exhibited higher glucose 

uptake compared to the untreated control in both C2C12 and HepG2 cells, indicating that the 

insulin was effectively stimulating glucose uptake as expected. This response is consistent with 

insulin’s known role in promoting glucose transport into cells, thereby validating the experimental 

conditions and the responsiveness of the cell lines to insulin treatment. 

In C2C12 cells, there was a significant statistical difference from the control (untreated) cells 

observed for all the concentrations of Mpro. The control (untreated) cells exhibit baseline glucose 

uptake, with no interference from Mpro. Insulin-treated cells show significantly enhanced glucose 

uptake compared to the control (untreated) cells, indicating insulin sensitivity and promoting 

glucose uptake. Mpro treatments at increasing concentrations (from 2.5 to 160 nmol/mL) caused a 

progressive reduction in glucose uptake compared to the insulin-treated and control groups. There 

is a dose-dependent decrease in glucose uptake with an increase in Mpro concentration, with the 
most significant reduction observed at 160 nmol/mL. 

In HepG2 cells, a significant statistical difference from the control (untreated) cells was observed 

only for insulin treated cells, 80 nmol/mL and 160 nmol/mL concentrations of Mpro. The glucose 

uptake results show a similar trend as in C2C12 cells, with a concentration-dependent reduction in 

glucose uptake across the different concentrations tested (2.5 to 160 nmol/mL) except that the 

inhibitory effect of Mpro is not as pronounced as in the C2C12 cell line. As the concentration of 

Mpro increases from 2.5 to 160 nmol/mL, glucose uptake progressively declines, with the most 

substantial reduction observed at the highest concentrations (80 and 160 nmol/mL). Overall, the 

results suggest that Mpro impairs glucose uptake in skeletal muscle and hepatic cells. 
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Figure 4.2: The relative glucose uptake was estimated after treating C2C12 and HepG2 cell lines 

with the different concentrations of Mpro (2.5,5,10 ,20,40,80 and 160 nmol/mL) for 24 hours. 

Results are expressed as a percentage. Untreated cells are presented as 0 while 0’ represents 

insulin-treated cells. Untreated cells were used as the control group.  The values are expressed as 

mean ± standard deviation represented with error bars, (n = 3). The asterisk (*) represents the 

statistical difference between the test compounds and the control at (***) p < 0.001 and (****) p 
< 0.0001. 
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 Fig 4.2A: Baseline Glucose uptake in C2C12 cells 
Fig 4.2B: Baseline Glucose uptake in HepG2 
cells 

 



64 
 

4.2 Effect of Mpro on insulin-stimulated glucose uptake 
 

 The effect of Mpro on insulin-stimulated glucose uptake was also performed. Different 

concentrations of Mpro (2.5 nmol/mL- 160 nmol/mL) for the C2C12 and HepG2 cell lines. Graphs 

4.3A and 4.3B below illustrate the effects of the co-administration of insulin and Mpro on glucose 

uptake thus insulin is the relative control to assess for statistical differences. The data indicates 

that insulin significantly stimulates glucose uptake at low concentrations Mpro for both cell lines 

compared to the normal control. However, as the concentrations of Mpro increase, there is a 

noticeable decrease in glucose uptake. For the C2C12 cell line, there was a gradual decrease in 

insulin-stimulated glucose uptake from 2.5 to 160 nmol/mL. Insulin-stimulated glucose uptake 

remains high for the 2.5 to 20 nmol/mL Mpro concentrations although slightly reduced compared 

to insulin alone (statistically significant at 10 nmol/mL). Glucose uptake decreases further, with 

the most significant reduction observed at 160 nmol/mL. The HepG2 cell line, the results show 

a similar trend to C2C12 cells, with higher concentrations of Mpro (40 to 160 nmol/mL) causing 

a significant decrease in glucose uptake (statistically significant from 40 to 160 nmol/mL), except 

that the overall effect is less pronounced compared to C2C12. Lastly, the results suggest that 

while low levels of Mpro do not seem to affect the efficacy of insulin in stimulating glucose 

uptake, higher concentrations may inhibit this effect. 
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Figure 4.3: The relative glucose uptake was estimated after treating C2C12 and HepG2 cell lines 

with Mpro (2.5,5,10 ,20,40,80 and 160 nmol/mL) for 24 hours at the different concentrations. 

Untreated cells are presented as 0 while 0’ represents insulin-treated cells. Insulin-treated cells 

were used as the control group. The values are expressed as mean ± standard deviation represented 

with error bars, (n = 3). The asterisk (*) represents the statistical difference between the test 
compounds and the control at (*) p < 0.05, (**) p < 0.01 and (****) p < 0.0001. 

N.B: There is a decrease in the number of concentrations of Mpro being used for the subsequent 

assays to increase optimization and efficiency. The subsequently used concentrations induced a 

notable response in the cell lines with a statistically significant difference and therefore were more 

likely to reflect the threshold at which cellular pathways are activated or modulated. Furthermore, 

these concentrations (40, 80 and 160 nmol/mL) demonstrated noticeable responses in prior assays.  
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Fig 4.3A: Insulin-stimulated glucose uptake in C2C12 
cells 
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Fig 4.3B: Insulin-stimulated glucose in HepG2 
cells   
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4.3  In-cell and medium ELISA 
 

4.3.1  Relative GLUT4 expression 

To investigate GLUT4 expression in C2C12 cells, we analyzed relative GLUT4 levels after Mpro 

treatment of concentrations of 40 to 160 nmol/mL under both baseline and insulin-treated 

conditions. Figure 4.4 illustrates GLUT4 expression in C2C12 cells under baseline conditions 

(Mpro treatment only-no insulin activation). The insulin treatment showed a significant increase in 

GLUT4 expression compared to the control(untreated) cells, indicating that insulin upregulates 

GLUT4 expression in skeletal muscle cells. For Mpro treatment, GLUT4 expression is comparable 

to the control (untreated), except for 80 nmol/mL where we observed a slight decrease in GLUT4 

expression. No statistically significant difference was observed relative to the control (untreated 

cells). There was a statistically significant difference between insulin and the control (untreated 
cells). 

 

 

 

 

 

 

 

 

 

Figure 4.4: GLUT4 expression was estimated after treating the C2C12 cell with Mpro for 24 hours 

at the different concentrations of 40,80 and 160 nmol/mL. The values are expressed as mean ± SD 

represented with error bars, (n = 3). Results are expressed as a percentage.Untreated cells are 

presented as 0 while 0’ represents insulin-treated cells.  Untreated cells were used as the control 
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Fig 4.4: Relative GLUT4 expression in C2C12 cells 
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group. The asterisk (*) represents the statistical difference between the test compounds and the 

control at (****) p < 0.0001.  

Figure 4.5 below depicts GLUT4 expression in C2C12 cells following insulin treatment. Insulin 

treatment failed to significantly elevate GLUT4 expression levels across all Mpro-treated cells. 

Statistical analysis revealed significant differences in GLUT4 expression between the insulin -
treatment and Mpro-treated groups, ****p<0.0001.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: GLUT4 expression was estimated after treating the C2C12 cell with Mpro for 24 hours 

at the different concentrations of 40,80 and 160 nmol/mL. Following Mpro treatment, insulin was 

administered for 6 hours. The values are expressed as mean ± SD represented with error bars, (n = 

3). Results are expressed as a percentage. Untreated cells are presented as 0 while 0’ represents 

insulin-treated cells.  The insulin group cells were used as the control group. The asterisk (*) 

represents the statistical difference between the test compounds and the control at (****) p < 
0.0001.  
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Fig 4.5: Insulin-stimulated GLUT4 expression for C2C12 cells 
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4.3.2 Relative GLUT4 translocation  

 

The relative appearance of GLUT4 at the surface of the cell was assessed following treatment 

with Mpro at different concentrations of 40 to 160 nmol/mL as shown in Figure 4.6. There is a 

slight decrease in the appearance of GLUT4 for 40 nmol/mL and 80 nmol/mL Mpro treatment 

groups, followed by a slight increase for the 160 nmol/mL concentration compared to the 

control (untreated) cells. There was no statistically significant difference between the control 

(untreated cells) and all treatment conditions. Overall, the results suggest that Mpro does not 

affect the availability of cell surface GLUT4. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.6: GLUT4 translocation was estimated after treating the C2C12 cell line with Mpro for 

24 hours at the different concentrations of 40, 80 and 160 nmol/mL. The values are expressed as 

mean ± SD represented with error bars, (n = 3). Results are expressed as a percentage. Untreated 

cells are presented as 0 while 0’ represents insulin-treated cells. Untreated cells were used as the 

control group. The asterisk (*) represents the statistical difference between the test compounds and 

the control at (***) p < 0.001 and (****) p < 0.0001. 
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Fig 4.6: Relative GLUT4 translocation in C2C12 cells 
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Following Mpro treatment, insulin treatment was done for 5 hours to activate GLUT4 translocation.  

Figure 4.7 below displays the percentage of the GLUT4 that translocated to the plasma membrane 

for the C2C12 cell line. Insulin-treated group (insulin only) showed a significant increase in 

GLUT4 translocation compared to the control (untreated) cells. Statistically significant differences 

were observed between the Mpro treatment +insulin compared to insulin-treated 

group. Overall, insulin was unable to effectively allow for GLUT4 translocation in the presence of 

Mpro at all concentrations.  

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.7: GLUT4 translocation was estimated after treating the C2C12 cell line with Mpro for 

24 hours at the different concentrations of 40, 80 and 160 nmol/mL. The values are expressed as 

mean ± SD represented with error bars, (n = 3). Results are expressed as a percentage. Untreated 

cells are presented as 0 while 0’ represents insulin-treated cells.  Insulin-treated cells were used as 

the control group. The asterisk (*) represents the statistical difference between the test compounds 

and the control at (*) p < 0.05.  
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Fig 4.7 : Insulin-stimulated GLUT4 translocation in C2C12 cells 
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4.3.3 Effect on AKT expression 
 

To assess any disturbances in the insulin signaling pathway, baseline expression of AKT 

production were analyzed in the C2C12 and HepG2 cell lines after Mpro treatment at concentrations 

of 40 to 160 nmol/mL as illustrated in Figures 4.8A and 4.8B, respectively. In the C2C12 cell line, 

Figure 4.8A shows a steady decline in AKT production levels, as the concentration of Mpro 

increased. The decrease suggests a dose-dependent relationship, with the highest concentration of 

Mpro showing the most significant reduction in baseline AKT expression when compared to the 

control (untreated) cells. At 80 and 160 nmol/mL, there is a slight decline in AKT expression, 

though this change is not statistically significant. This suggests that Mpro does not drastically alter 

baseline AKT expression in C2C12 cells. In contrast, the HepG2 cell line exhibits AKT levels 

maintained close to the control (untreated) cells, as shown in Figure 4.8B. For both cell lines, there 

was no statistically significant difference from the control. 
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Fig 4.8B: Baseline AKT expression in HepG2 

cells 
Fig 4.8A: Baseline AKT expression in C2C12 
cells 
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Figure 4.8: The relative AKT expression was estimated after treating C2C12 and HepG2 cell lines 

with Mpro for 24 hours at 40 ,80 and 160 nmol/mL concentrations. The values are expressed as 
mean ± SD represented with error bars, (n = 3). Results are expressed as a percentage.  

4.3.4 Effect on insulin stimulated AKT expression 
 

Insulin is a known activator of the AKT pathway, making insulin-treated cells an effective positive 

control to confirm the robustness of the experimental setup and detection methods. To provide a 

comprehensive understanding of how treatments affect AKT expression under different conditions, 
a co-administration of insulin and Mpro was performed.  

To assess the pathway-activated levels of AKT production, we analyzed the relative expression of 

AKT in the C2C12 and HepG2 cell lines after co-treatments of insulin and Mpro, as shown in 

Figures 4.9A and 4.9B, respectively. In the C2C12 cell line, the insulin control, showed that there 

was a significant enhancement of AKT expression, confirming the activation of the insulin 

pathway. Figure 4.9A shows that the AKT levels remain relatively consistent across all 

concentrations of Mpro (40, 80 and 160 nmol/mL) when co-administered with insulin-only control 

No significant change was observed compared to insulin control indicating that in C2C12 muscle 

cells, Mpro does not seem to significantly impair insulin's ability to activate the AKT pathway, even 

at higher concentrations. In contrast, Figure 4.9B shows a decrease in insulin-stimulated AKT 

production in the HepG2 cell line with increasing concentrations of Mpro. At 40 nmol/mL, AKT 

expression is significantly lower compared to insulin control (p < 0.01) and this reduction becomes 

even more pronounced at 80 and 160 nmol/mL, with the latter showing a highly significant 

decrease (p < 0.0001). 
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Figure 4.9: The relative expression of AKT was estimated after treating C2C12 and HepG2 cell 

lines with Mpro (40,80 and 160 nmol/mL). The values are expressed as mean ± SD represented 

with error bars, (n = 3). Results are expressed as a percentage. Untreated cells are presented as 0 

while 0’ represents insulin-treated cells.  Insulin-treated cells were used as the control group. The 

asterisk (*) represents the statistical difference between the test compounds and the control at (**) 

p < 0.01 and (****) p < 0.0001. 

 

 

4.3.5 Relative cellular DPP4 expression 
 

Intracellular DPP4 levels were assessed in the C2C12 and HepG2 cell lines after 24-hour treatment 

with Mpro at the different concentrations of 40,80 and 160 nmol/mL, with the results presented in 

Figures 4.10A and 4.10B, respectively. In the C2C12 cell line, there is a decline in DPP4 

expression as the concentration of Mpro increases by comparison to the control (untreated) 

cells. Statistically significant differences were observed between all the Mpro treatment and control 

groups at * p< 0.05 for 40 nmol/mL, **p < 0.01 for 80 nmol/mL and ***p < 0.001 for 160 nmol/mL 
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Fig 4.9A: Insulin-activated AKT expression 
in C2C12 cells 

Fig 4.9B: Insulin-activated AKT expression 
in HepG2 cells 
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revealing a relatively more pronounced effect of Mpro with increasing concentrations. Conversely, 

in the HepG2 cell line, there is an increase in DPP4 expression with higher Mpro concentrations by 

comparison to the control (untreated) cells. Statistically significant differences were observed 

between all the treatment and control groups at ****p<0.0001. 
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Figure 4.10: The relative expression of DPP4 was estimated after treating C2C12 and HepG2 cell 

lines with Mpro for 24 hours at the different concentrations of   40, 80 and 160 nmol/mL. The values 

are expressed as mean ± SD represented with error bars, (n = 3). Results are expressed as a 

percentage. Untreated cells were used as the control group. The asterisk (*) represents the 

statistical difference between the test compounds and the control at (*) p < 0.05, (**) p < 0.01, 
(***) p < 0.001 and (****) p < 0.0001.  

 

4.3.6 Relative medium DPP4 concentration 
 

To further evaluate DPP4 shedding, cell culture media was collected and an ELISA was performed 

to assess the release of the membrane-bound form of DPP4 after treating with Mpro. Figures 4.11A 
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 Fig 4.10A: DPP4 expression in C2C12 cells Fig 4.10B: DPP4 expression in HepG2 cells 
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and 4.11B illustrate the relative percentage of DPP4 released into cell culture medium in the 

C2C12 and HepG2 cell lines, respectively. In the C2C12 cell line, there is a sharp increase in 

medium DPP4 levels at lower concentrations of Mpro, followed by a decline at higher 

concentrations which still above the control group. DPP4 release into the medium increases with 

the 40 nmol/mL concentration of Mpro, peaking at this point, although the difference is not 

statistically significant compared to the control. 

For the HepG2 cell line, there is a decrease in DPP4 levels for all treatment concentrations when 

compared to the control. No statistically significant differences were found between the treatment 

and control groups. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 4.11: The relative expression of medium DPP4 was estimated after treating C2C12 and 

HepG2 cell lines with Mpro for 24 hours at 40, 80 and 160 nmol/mL concentrations. The values are 

expressed as mean ± SD represented with error bars, (n = 3). Untreated cells were used as the 

control group. 
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Fig 4.11A: Medium DPP4 level in C2C12 cells Fig 4.11B: Medium DPP4 level in HepG2 cells 
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4.3.7 Medium interleukin-6 (IL-6) concentration 

 

Figures 4.12A and 4.12B depict the relative percentage medium expression of IL6 in C2C12 and 

HepG2 cell lines treated with Mpro at concentrations of 40, 80 and 160 nmol/mL, respectively. For 

the C2C12 cells, the results show an increase in the cellular expression of IL-6 compared to the 

control(untreated) cells with the highest peak being for the highest concentration of Mpro. No 

statistically significant difference was found between the control and treatment groups, except at 
the 160 nmol/mL concentration. 

In HepG2 cells, the results show a dose-dependent increase in intracellular expression of IL-6 

showing a substantial rise compared to the control (untreated) cells. Statistically significant 

differences were observed between the control and the higher treatment groups (80 and 160 
nmol/mL) at ***(p<0.001).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.12: The relative expression of IL-6 in cell medium was estimated after treating C2C12 

and HepG2 cell lines with Mpro for 24 hours at the different concentrations of 40, 80 and 160 

nmol/mL respectively. The values are expressed as mean ± SD represented with error bars, (n = 

3). Results are expressed as a percentage. Untreated cells were used as the control group. The 
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Fig 4.12B: Medium IL-6 level in HepG2 cells Fig 4.12A: Medium IL-6 level in C2C12 cells 



76 
 

asterisk (*) represents the statistical difference between the test compounds and the control at (*) 

p < 0.05 and (***) p < 0.001. 

 

4.3.8 Cellular interleukin-6 (IL-6) expression 
 

An intracellular ELISA was conducted to gain insight into IL-6 expression within cells and 

understand cytokine production at the cellular level. Figures 4.13A and 4.13B illustrate the relative 

percentage in-cell expression of IL-6 in the C2C12 and HepG2 cell lines. In Figure 4.13A, a notable 

upregulation of IL-6 expression is observed in the C2C12 cells for all the different treatment 

concentrations compared to the control (untreated) cells. Statistically significant differences were 

observed between the treatment and control groups, ***p<0.001 suggesting that Mpro upregulates 

the expression of IL-6 in C2C12 cells. Conversely, the HepG2 cell line in Figure 4.13B exhibits a 

modest increase in IL-6 expression with the 80 and 160 nmol/mL concentrations showing a 

statistical difference compared to the control at ***p<0.001 and ****p<0.0001. However, the 

results show that Mpro does not result in a significant upregulation of IL-6 synthesis in HepG2 

cells. Unlike in C2C12 cells, the expression of IL-6 in HepG2 cells is significantly lower, 

suggesting that even Mpro induces an inflammatory response differently in the different cell lines. 
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Figure 4.13: The relative cell expression of IL-6 was estimated after treating C2C12 and HepG2 

cell lines with Mpro of 40, 80 and 160 nmol/mL respectively. The values are expressed as mean ± 

SD represented with error bars, (n = 3). Results are expressed as a percentage. Untreated cells were 

used as the control group. The asterisk (*) represents the statistical difference between the test 

compounds and the control at (***) p < 0.001 and (***) p < 0.001. 

4.3.9 Relative cellular MMP1 expression 
 

The relative expression of MMP1 was estimated after treating C2C12 and HepG2 cell lines with 

Mpro for 24 hours at the different concentrations of 40,80 and 160 nmol/mL as shown in Figures 

4.14A and 4.14B, respectively. In the C2C12 cell line, Figure 4.14A depicts a decrease in MMP1 

expression with increasing concentrations of Mpro. MMP1 expression remains close to the control 

level, showing a slight but non-significant reduction for the lowest Mpro concentration,40 

nmol/mL. There is a significant decrease (p <0.01) in MMP1 expression. A more pronounced 

reduction in MMP1 expression is observed for 160 nmol/mL (***p <0.001), suggesting a strong 

effect of Mpro on MMP1 expression at high concentrations. Statistically significant differences 
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Fig 4.13A: IL-6 expression in C2C12 cells 

 

Fig 4.13B: IL-6 expression in HEPG2 cells 
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were observed between the treatment and control (untreated) cells at (**p<0.01) and 

(***p<0.001). In contrast, Figure 4.14B shows no significant change in MMP1 expression from 

the control in the HepG2 cell line for all concentrations of Mpro. No statistically significant 

difference was observed for the HepG2 cell line.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: The relative expression of MMP1 was estimated after treating C2C12 and HepG2 

cell lines with Mpro at the different concentrations of 40,80 and 160 nmol/mL. The values are 

expressed as mean ± SD represented with error bars, (n = 3). Results are expressed as a percentage. 

Untreated cells were used as the control group. The asterisk (*) represents the statistical difference 
between the test compounds and the control at (**) p < 0.01 and (***) p < 0.001.  

4.3.10 Relative medium MMP1 concentration 
 

To further evaluate extracellular MMP1, cell culture media was collected and an ELISA was 

performed to assess the release of the membrane-bound MMP1. Figures 4.15A and 4.15B illustrate 

the relative percentage expression of MMP1 in the media of C2C12 and HepG2 cell lines, 
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Fig 4.14A: Relative MMP1 expression in 
C2C12 cells 

Fig 4.14B: Relative MMP1 expression in 
HepG2 cells 
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respectively. In the C2C12 cell line, there is a slight decrease in MMP1 levels for the treatments 

compared to the control (untreated) cells. In contrast, the HepG2 cell line shows a sharp increase 

in MMP1 levels, with the highest increase observed at 160 nmol/mL when compared to the control 

(untreated) cells. For the C2C12 cell line, no statistically significant differences were found 

between the treatment and control groups. However, for the HepG2 cell line, statistically 

significant differences were observed between the 160 nmol/mL treatment and control group at 

p<0.05.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: The relative concentration of medium MMP1 was estimated after treating C2C12 

and HepG2 cell lines with Mpro for 24 hours at the different concentrations of 40,80 and 160 

nmol/mL. The values are expressed as mean ± SD represented with error bars, (n = 3). Results are 

expressed as a percentage. Untreated cells were used as the control group. The asterisk (*) 

represents the statistical difference between the test compounds and the control at *(p< 0.05). 
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 Fig 4.15A: Medium MMP1 level in C2C12 
cells 

Fig 4.15B: Medium MMP1 level in HepG2 
cells 
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4.4 Relative MDA concentration  
 

Figures 4.16A and 4.16B depict the relative percentage medium malondialdehyde (MDA) 

concentration in C2C12 and HepG2 cell lines treated with Mpro at concentrations of 40, 80 and 160 

nmol/mL, respectively. In C2C12 cells, MDA levels in the medium increase with an increase in 

Mpro concentration with 40 nmol/mL Mpro resulting in a slight, non-significant increase. At 80 

nmol/mL, MDA levels rose further, although not statistically significant, compared to the control 

(untreated) cells. The highest concentration of Mpro (160 nmol/mL) led to a statistically significant 

increase in MDA levels (p < 0.01), indicating enhanced oxidative stress at this concentration. This 

dose-dependent rise in MDA suggests that Mpro treatment induces oxidative stress in C2C12 cells, 

especially at higher concentrations. 

A similar trend was observed in HepG2cells.The MDA levels also exhibit a dose-dependent 

increase with Mpro concentration. The findings for the HepG2 cell line showed no statistically 

significant differences between the treatment groups (40 and 80 nmol/mL) and the control group 

except at 160 nmol/mL* p<0.05.  
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Fig 4.16B: Medium MDA level in HepG2 cells Fig 4.16A: Medium MDA level in C2C12 cells 
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Figure 4.16: The relative concentration of medium MDA was estimated after treating C2C12 and 

HepG2 cell lines with Mpro for 24 hours at the different concentrations of 40,80 and 160 nmol/mL. 

The values are expressed as mean ± SD represented with error bars, (n = 3). Results are expressed 

as a percentage. Untreated cells were used as the control group. The asterisk (*) represents the 
statistical difference between the test compounds and the control at *(p< 0.05) and **(p<0.01). 

 

4.5 Relative fluorescence of ROS in C2C12 
 

Figure 4.17 indicates a concentration-dependent increase in relative fluorescence in the C2C12 

cell line. At the lowest concentration (40 nmol/mL), there is a modest increase in fluorescence 

compared to the control (untreated cells), though this increase is not statistically significant. 

However, at higher concentrations (80 and 160 nmol/mL), the fluorescence significantly increases, 

with statistical significance denoted by ** (p < 0.01) and **** (p < 0.0001), respectively when 
compared to the control (untreated cells). 
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 Fig 4.17: Relative fluorescence in C2C12 cells 
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Figure 4.17: The fluorescence level of the C2C12 cell line was estimated after treatment with 

Mpro for 24 hours at the different concentrations of 40,80 and 160 nmol/mL. The values are 

expressed as mean ± SD represented with error bars, (n = 3). Results are expressed as a 

percentage of the control group. The asterisk (*) represents the statistical difference between 

the test compounds and the control at **(p< 0.01) and ****(p<0.0001). 

 

4.6 Relative insulin/Mpro Interaction 
 

Figure 4.18 illustrates a solid-phase analysis designed to investigate potential interactions 

between Mpro and insulin. Two conditions were assessed: Mpro-only (solid bars) and Mpro in 

the presence of insulin (striped bars). The Mpro-only condition served as a form of a control 

to test whether the anti-insulin antibody non-specifically binds to Mpro. Across all 

concentrations tested (40, 80 and 160 nmol/mL), we see a relatively modest binding compared 

to the insulin-only control, although non-specific binding could be observed as the Mpro 

concentrations increase. There was no statistically significant difference between the insulin -

only control solid bars, except at the 40 nmol/mL concentration, where a slight reduction in 

anti-insulin antibody non-specific interaction signal was observed. For the analysis of Mpro-

insulin binding, insulin as introduced in plate coated with different Mpro concentration, 

followed by capturing the complex with an insulin antibody. The results (the stripped bars) 

suggest that the insulin could bind to Mpro. However, considering the observation was like the 

non-specific binding of insulin antibody on Mpro, the results can be interpreted as very 

minimal interaction took place between insulin-Mpro.  
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Figure 4.18: Solid-phase analysis of Mpro-insulin interaction at varying concentrations. The graph 

displays the interaction levels of Mpro with insulin at concentrations of 40, 80 and 160 nmol/mL. 

For the solid-phase analysis, the insulin only was the control. The asterisk (*) represents the 

statistical difference between the test compounds and the control at * p<0.05. 

 

 

4.7 In-silico studies 
 

Computational docking of PI3K, GLUT4, insulin receptor kinase domain and insulin yielded 30 

different cluster conformations and binding strengths for each protein. The different clusters were 

ranked based on the number of poses per cluster. The interactions resulting in the lowest binding 

energy among the given model clusters were identified and visualized using the PyMOL tool. The 

structure of Mpro is shown in Figure 4.19 highlighting the near-native structure found 
physiologically. Fig 4.19 helps to aid the visualization of the different chains of Mpro. 
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Fig 4.18: Solid phase analysis of Mpro and insulin 
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 Docking simulations between SARS-CoV-2 main protease (PDBID 7CAM) and insulin (PDBID 

3I40) identified Cluster 0, the most populated cluster, containing 138 poses, reflecting high 

stability and consistency in the binding orientation. The cluster centre had a weighted score of -

654.4, while the lowest energy pose recorded a weighted score of -795.9, indicating a strong and 

favourable binding interaction. The docking simulation between Mpro and insulin was the most 

favourable out of all the proteins tested. The interaction is shown in Figure 4.20 below. 

 The docking results for SARS-CoV-2 main protease (PDBID 7CAM) and the insulin receptor 

kinase domain (PDBID 1IRK) revealed that the top-ranked cluster, Cluster 0 contained 63 poses, 

indicating a relatively strong conformation. Weighted scores, reflecting binding energy, ranged 

from -794.0 for the cluster centre to -827.4 for the lowest-energy pose. The interaction is shown 

in Figure 4.21 below. 

The docking results for SARS-CoV-2 main protease (PDBID 7CAM) and PI3K (PDBID 4JPS) 

yielded Cluster 0 which was characterized by 68 poses. The cluster centre had a weighted score of 

-804.6, while the lowest energy pose exhibited a significantly favourable binding energy of -

1144.0. This suggests a relatively stable interaction between the two molecules. The interaction is 
shown in Figure 4.22 below. 

Lastly, the docking analysis for SARS-CoV-2 main protease (PDBID 7CAM) and GLUT4 (PDBID 

7WSM) revealed that Cluster 0 contained 52 poses, therefore representing the protein with the 

lowest probability of interaction with Mpro. The cluster centre had a weighted score of -1322.0, 

with the lowest energy pose achieving a weighted score of -1391.0, indicative of a strong and 

favourable interaction between Mpro and GLUT4.The interaction is shown in Figure 4.23 below. 

Table 4.1 provides a summary of the different protein-protein interactions as well as the binding 
energies.  

Table 4.1: The binding energies of each protein-protein interaction 

Protein (Receptor) Protein  

(Ligand) 

Binding energy 

Mpro(7CAM) Insulin(3I40) -795.9 
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Figure 4.19: Dimer structure of the SARS-CoV-2 Mpro (PDB 7CAM) with the three domains 

shown. The black arrows and the dimerization interface labelled show the orientation of the two 

dimers. Yellow stars denote the catalytic site where the catalytic dyad residues (His41 and Cys145) 

are found. D1 represents domain 1, D2 represents domain 2 and D3 represents domain 3. 

Insulin receptor(1IRK) Mpro(7CAM) -827.4 

PI3K(4JPS) Mpro(7CAM) -1144.0 

GLUT4(7WSM) Mpro(7CAM) -1391.0 



86 
 

 

Figure 4.20: Protein-protein docking using ClusPro. Docking of human insulin domain (PDB 

ID:3I40) and SARS-CoV-2 Mpro (PDB ID:7CAM). The binding site of SARS-CoV-2 3CLpro 

(orange ribbons) with computationally docked insulin alpha (red chain) and beta chains (blue 

sticks). 

 

 

 Figure 4.21: Protein-protein docking using ClusPro. Docking of the insulin receptor kinase 

domain (PDB ID:3I40) and SARS-CoV-2 Mpro (PDB ID:7CAM). The binding site of SARS-CoV-
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2 Mpro (green ribbons) with the insulin receptor kinase domain (blue ribbons). The binding site of 

the complex is highlighted with grey-white sticks. 

 

 

 Figure 4.22: Front and back view docking of the PI3K and SARS-CoV-2 Mpro. The binding site 

of SARS-CoV-2 Mpro (green and orange surface) with computationally docked PI3K (red ribbons). 

The binding site of the complex is highlighted with grey-white sticks.  

. 

 

 

Figure 4.23: The front view and back view of the docking of GLUT4 and SARS-CoV-2 Mpro. The 

binding site of SARS-CoV-2 Mpro (green and orange ribbons) with computationally docked 

GLUT4 (purple ribbons). The binding site of the complex is highlighted with grey-white.  
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CHAPTER 5: DISCUSSION 
 

Almost half of the COVID-19-related deaths occurred in patients with underlying metabolic and 

vascular disorders, especially metabolism and endocrine disorders (215). It has been suggested 

that COVID-19 may adversely affect survivors' endocrine and metabolic systems, including the 

brain, liver, skeletal muscle and adipose tissue, which could result in new-onset hyperglycaemia 

or insulin resistance (215). As of yet, COVID-19 remains controversial as to whether it can 

indirectly or directly lead to new-onset diabetes mellitus, undiagnosed diabetes mellitus, or 

prediabetes. The increase in diabetic cases, however, post the COVID-19 pandemic has prompted 

this research into the mechanistic pathways that the SARS-CoV-2 potentially utilizes in inducing 

DM. Research indicates a link between DM, inflammation and insulin resistance. This therefore 

makes it imperative to elucidate the mechanisms that are causing the rapid transition from 

prediabetes to DM in patients with a history of COVID-19 infection. Where such insights are shed, 

necessary steps and strategies could be employed to stop the transition. Furthermore, elucidating 

the exact mechanisms that the SARS-CoV-2 virus is utilizing to cause new-onset DM, will help 

researchers currently exploring new therapies to target DM in compound selection and target site 

selection. Therefore, this study aimed to assess the tissue-specific effects of SARS-CoV-2 Mpro on 

glucose handling in vitro and determine whether any factors would accelerate the transition from 
prediabetes to DM. 

SARS-CoV-2 Mpro plays a crucial role in viral replication by proteolytically cleaving the 

overlapping pp1a and pp1ab into functional proteins. This process is essential for the virus to 

complete its replication cycle (216). Proteases are not only responsible for cleavage. The use of 

proteases as receptors, rather than for their proteolytic function is also observed in several other 

coronaviruses, therefore assessing Mpro binding interactions is key (217). From the cytotoxicity 

study, both cell lines resist Mpro-induced cytotoxicity, maintaining relatively high viability at low 

to moderate concentrations. HepG2 cells, on the other hand, showed a more pronounced dose-

dependent decline in viability, particularly at moderate to high concentrations. Hepatic cells may 

be more vulnerable to protease-induced damage, likely because of their central role in metabolism 

and detoxification (151). Several theories have been proposed to potentially explain the 

mechanism of liver injury and failure in COVID-19 patients. One of the theories suggested by Tan 
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et al speaks to apoptosis of the liver cells via overexpression of one of the SARS-CoV-2 

proteins, specifically protein 7a (218). Understanding how viral infections like COVID-19 affect 

specific tissues would help in guiding targeted therapeutic strategies to protect the more vulnerable 

organs like the liver. The differences in cytotoxic effects between C2C12 and HepG2 cells 
highlight how viral protease exposure impacts each tissue type uniquely.  

Since DM is characterized by hyperglycaemia, assays to measure the glucose uptake by HepG2 

cells and C2C12 were pertinent indicators of glucose handling. Glucose transport is widely 

regarded as the rate-limiting step in skeletal muscle glucose utilization (131). Skeletal muscles 

utilize approximately 80% of postprandial glucose from the circulation (192,194). A dose-

dependent inhibition of baseline glucose uptake was evident in C2C12 cells with increasing 

concentrations of Mpro. Due to its primary localization on muscle cell surfaces, GLUT1 is 

considered the key glucose transporter isoform responsible for basal and  non-insulin-stimulated  

glucose transport in skeletal muscle tissue (219). Mpro might directly or indirectly affect GLUT1 

activity by interacting with GLUT1, altering its structure and function. This could impair the 

ability of GLUT1 to transport glucose into cells, leading to reduced glucose uptake. Alternatively, 

Mpro might affect signaling pathways that regulate GLUT1 expression or activity leading to 

downregulation of the transporter. Research has shown that DM is associated with a 

downregulation of GLUT1 expression in some tissues (220). Therefore, research would be 
warranted to explore the effect of Mpro on GLUT1. 

In addition to understanding how Mpro affects glucose uptake in basal conditions, we assessed 

whether Mpro would affect insulin-stimulated glucose uptake. Insulin's primary physiological 

action is to enhance glucose disposal via skeletal muscle glucose transport therefore, it is 

imperative to understand the extent of the disturbance in the insulin signaling pathway. To 

investigate this phenomenon, insulin was administered in cells in the presence of Mpro. The 

observations suggest that insulin was unable to effectively mediate glucose uptake as expected, 

where cells we co-exposed to Mpro. As previously stated, the skeletal muscle is capable of reversing 

whole-body insulin resistance if the insulin resistance is brought on via skeletal muscles (192). 

Therefore, if Mpro is inducing an insulin-resistance state in C2C12 cells, this might be a 

precipitating factor in the induction of new-onset DM leading us to further evaluate the effect of 

Mpro on the insulin signaling pathway. 
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 Insulin resistance in skeletal muscle has been shown to stem from issues early in the insulin 

signaling pathway, such as reduced activities of IRTK, IRS1, PI3K and AKT (94,221). Upon 

activation, the insulin receptor phosphorylates several intracellular substrates, triggering specific 

signaling pathways. Tyrosine phosphorylation of certain substrates activates PI3K, which 

generates polyphosphoinositides that interact with protein kinases and ultimately activates the 

kinase AKT (92,222). PI3K/AKT signaling downstream of insulin receptors plays an important 

role in glucose uptake and glycogen synthesis in skeletal muscles, according to research (93). 

Fröjdö et al reported that defects in IRS1-associated PI3K and IRS1 tyrosine phosphorylation 

activity occurred in insulin-resistant skeletal muscle (221). The results from our in-silico models 

showed relatively high binding between Mpro and PI3K with a binding energy of -1144.0 which 

could in part suggest that this virus protein could impair the activity of P13K, an important 

mediator in the insulin signaling pathway. Although detailed residue-specific interactions were not 

analyzed, the binding energy indicates that the interaction is thermodynamically favourable, 

potentially leading to functional consequences for PI3K activity. As previously noted, various 

steps of the insulin signaling pathway are essential for ensuring the correct biological responses to 

insulin across different tissues. Consequently, disruptions at any point in signal transduction play 

a significant role in the development of insulin resistance. As such, the Mpro-PI3K complex could 

possibly affect the activation of AKT, resulting in the poor glucose handling observed. As 

previously mentioned, Akt phosphorylation plays a crucial role in the insulin response mediated 
by PI3K. To explore this possibility, we evaluated AKT expression in the C2C12 cell line.  

The reduction in insulin-stimulated glucose uptake in C2C12 cells could be attributed to various 

factors such as Mpro's interference with the phosphorylation of the downstream effector, AKT in 

the insulin signaling cascade resulting in impaired translocation of GLUT4 to the plasma 

membrane or disruption in plasma GLUT4 (133). In the insulin signaling cascade, AKT 

phosphorylation leads to GSVs release, controlling various stages in the GLUT4 trafficking 

process such as approaching, tethering, docking and fusing vesicles with the cell membrane (132). 

Different molecules may help coordinate changes in GLUT4 trafficking when insulin is present, 

but we focused mainly on AKT for our cell-based assay as it is the upstream regulator of GLUT4 

translocation. Researchers have reported that AKT activation alone, unlike other pathways, is 

enough to drive GLUT4 translocation to the cell membrane, mimicking insulin's effect (132).  
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The relative cellular expression of AKT in C2C12 cells showed a dose-dependent decrease in AKT 

expression with an increase in Mpro concentration. However, the results showed that Mpro has a 

minimum inhibitory effect on baseline AKT expression since there was no statistical significance. 

Observations of stable baseline levels of AKT allowed us to further explore Mpro's effects in insulin-

stimulated AKT expression to ascertain the exact disruption in the insulin signaling pathway. 

Insulin is also a known activator of AKT and the results for insulin-stimulated AKT expression 

revealed no significant differences compared to insulin control indicating that in C2C12 muscle 

cells, Mpro does not seem to significantly impair insulin's ability to activate AKT phosphorylation, 

even at higher concentrations. These findings suggest that the inhibitory effects in the insulin 

signaling pathway for C2C12 cells could not therefore be fully attributed to AKT. Our results are 

not surprising as insulin resistance has been documented even in the absence of reduced 

phosphorylation of AKT and its activation sites across various models, including insulin-resistant  

3T3-L1 adipocytes, L6 myotubes and human muscle both ex vivo and in vivo (122,123,223). 

Secondly, research by Jaiswal and colleagues on 3T3-L1 adipocytes and mouse muscle has shown 

that only a small portion of the total cellular pool of AKT needs to be active to achieve maximal 

phosphorylation of its substrates (224). In other words, if one of the isoforms of AKT is still 

active, insulin signaling will not be affected. Jaiswal and colleagues further postulated that changes 

in signaling molecules beyond AKT in skeletal muscle are required to disrupt glucose tolerance 

and insulin sensitivity in vivo (224). Despite the observed interactions between PI3K and Mpro, the 

downstream effector AKT showed to be unaffected. Our results indicated that the poor glucose 

handling could not be attributed to the impairment of PI3K and AKT, leading us to speculate about 

a disruption at GLUT4 level. 

Since the observed poor glucose handling in the C2C12 cell line remains unexplained, this 

prompted an investigation into the transporters responsible for facilitating glucose uptake. Several 

studies have demonstrated that the GLUT4 transporter mediates insulin-stimulated glucose 

transport in skeletal muscles (225–228). Stockli et al reported that identifying the main factors that 

cause problems with GLUT4 trafficking will bring significant benefits for treating metabolic 

diseases (132). The results for the baseline GLUT4 expression showed that there was no significant 

difference in GLUT4 between the control (untreated) cells and Mpro-treated cells. A plausible 

explanation for the reduction that was observed in insulin-stimulated glucose uptake in the face of 

relatively unaltered GLUT4 content is a reduction in the translocation of GLUT4. This distinction 
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between GLUT4 expression and translocation is critical. While expression refers to the total 

cellular content of GLUT4, translocation reflects the functional redistribution of GLUT4 to the 
plasma membrane, where it facilitates glucose uptake.  

 Early research in skeletal muscle showed that GLUT4 levels on the cell surface did not correspond 

to glucose transport rates, leading researchers to suggest that both GLUT4 translocation and its 

intrinsic activity regulate glucose transport (229). The idea was initially abandoned but has 

recently gained renewed attention. With this background, GLUT4 translocation was assessed in 

baseline and insulin-stimulated conditions. The baseline GLUT4 translocation showed a slight 

decrease compared to the control (untreated) cells with no statistical difference, suggesting that 

Mpro does not affect the basal translocation of GLUT4. However, upon insulin stimulation, there 

was no significant increase in GLUT4 presence at the membrane for Mpro treatments was observed 

in contrast with the insulin-only treatment. These observations therefore suggest that Mpro presence 

hindered insulin-stimulated GLUT4 translocation, which may explain reduced glucose uptake 
when the cells are exposed to the viral protein, Mpro. 

Studies from as early as 1993 have observed that in both human skeletal muscle and adipose tissue, 

insulin resistance, characterized by impaired insulin-stimulated glucose transport, is believed to 

result from decreased delivery of GLUT4 to the cell surface (230,231). Additionally, Vannucci et 

al proposed that a decrease in glucose transport can be attributed to reduced effectiveness of 

translocated GLUT4 transporters caused by their reorientation (232). Mpro could potentially be 

affecting the orientation of the GLUT4 transporters or affecting any of the aforementioned factors. 

Insulin-stimulated GLUT4 levels on cell surfaces are generally reduced by impaired GLUT4 

trafficking rather than a decrease in the total GLUT4 (122). This could be the case with our results 
as we observed a relatively unaltered GLUT4 expression and a decrease in GLUT4 translocation.  

Van Gerwen however summarized a few issues from various studies that hypothesized what could 

lead to a decrease in GLUT4 translocation. Firstly, newly produced or internalized GLUT4 may 

end up directed away from glucose GSVs (230,231,233). Secondly, insulin’s ability to move GSVs 

to the cell membrane could be impaired, meaning less GLUT4 would be available for insertion 

into the plasma membrane (234). Additionally, processes of tethering, docking and fusing GSVs 

could also be less efficient, resulting in a lower amount of GLUT4 making it into the cell 

membrane(235). Finally, the spread and concentration of GLUT4 within the membrane itself 
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might be diminished (122,236). Our findings align with the in silico docking studies as they 

revealed a strong binding interaction between the Mpro and the glucose transporter GLUT4, with a 

binding affinity suggesting the most stable complex out of all the proteins that underwent docking. 

This interaction was evidenced by the notable binding energy of -1391, suggesting potential 

interactions that could alter the transmembrane structure of GLUT4, thereby hindering glucose 

transport. This interaction could also be responsible for the decrease in GLUT4 available for 

glucose uptake. Mpro might potentially be inducing an insulin-resistant state which might be one 

of the precipitating factors of the new-onset DM seen in long COVID-19. As a therapeutic strategy 

to mitigate SARS-CoV-2-induced insulin resistance, researchers can potentially focus on novel 

drug designs to develop inhibitors of this interaction as this might help restore GLUT4 function 

and improve glucose metabolism. 

Another plausible explanation for the decrease in insulin-stimulated glucose uptake is due to Mpro-

induced dephosphorylation of insulin and its substrate. Research has shown that insulin action is 

weakened when the insulin receptor and its substrates are dephosphorylated  (199). If we have Mpro, 

for instance, binding to one of the pockets of the insulin receptor, we will have diminished insulin 

action, leading to insulin resistance. Our in-silico models showed that there was binding between 

human insulin and Mpro. The binding energy of this interaction was -795.9. Furthermore, there is 

possibility that Mpro could interact or complex with insulin in the extracellular space, thus 

diminishing the amount of bioactive insulin. These changes might prevent insulin from binding to 

its receptor, effectively neutralizing its activity. The solid-phase analysis provided critical insights 

into the disturbances in the insulin signaling pathway that we have seen with our data thus far. The 

similarity in binding signals between the Mpro-only and Mpro + insulin conditions strongly suggests 

that Mpro does not directly bind with insulin at a significant level as seen with our in-silico work. 

The slight reduction observed at 40 nmol/mL in the Mpro + insulin condition may be attributed to 

2 things: insulin and Mpro binding are favoured at lower concentrations of Mpro or experimental 

variability rather than a specific interaction occurring as the difference was not observed at higher 

concentrations. The findings show that Mpro unlikely disrupts insulin function directly through 

binding interactions, reinforcing the idea that any disturbances in insulin signaling caused by Mpro 

might occur through indirect mechanisms. However, given the absence of a positive control, such 

as an insulin-insulin receptor complex, these results should be interpreted with caution. These 

findings suggest the need to explore alternative pathways through which Mpro could impact insulin 
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signaling. Further research, including kinetic analyses, is essential to determine whether Mpro 

indirectly affects insulin-associated pathways, potentially contributing to the glucose metabolism 

dysregulation observed in COVID-19 and the insulin resistance that would lead to new-onset 

T2DM.  

The disruption of insulin signaling was further corroborated by heightened oxidative stress, 

indicated by increased levels of intracellular ROS and MDA in the C2C12 cell lines. In skeletal 

muscles, it has been shown that elevated blood glucose concentrations and increased free fatty 

acids trigger substantial production of ROS in the mitochondria. This ROS buildup causes serine 

phosphorylation and degradation of the IRS1 protein, which weakens the insulin response and 

ultimately contributes to insulin resistance (137). Ding and colleagues showed that chronic 

oxidative stress could impair GLUT4 translocated to the cell surface in insulin-treated skeletal 

muscle cells (137). The mitochondrion is the main source of reactive oxygen species, as the 

respiratory chain generates a significant amount of free radicals during oxidative phosphorylation  

(237). Further chemical assays such as the assessment of ATP levels and mitochondrial 

depolarization would assist in investigating the cellular effects of oxidative stress and 

mitochondrial dysfunction. Any one of these issues, or a combination of them, could have led to 
the disruption in glucose uptake observed in the C2C12 cell line.  

The liver also plays an important role in glucose metabolism. Mpro treatment showed a similar 

trend for baseline hepatic glucose uptake as in C2C12 cells, with a concentration-dependent 

reduction in glucose uptake across the different concentrations of Mpro (2.5 to 160 nmol/mL). 

However, the inhibitory effect of Mpro in HepG2 cells was less pronounced than in C2C12 cells. 

This inhibition indicates that Mpro may interfere with key pathways involved in glucose transporter 

regulation differently in different tissues. GLUT2 is the major glucose transporter in the plasma 

membrane of hepatocytes (238). In hepatocytes, GLUT2 is responsible for over 97% of glucose 

transport (238). Under normal conditions, GLUT2 is responsible for glucose uptake into the cell 

using glucokinase as a glucose sensor. This partnership ensures that the glucose concentration on 

both sides of the cell membrane is balanced (238). Research conducted on mice lacking GLUT2 

revealed that GLUT2 was required for the bidirectional glucose uptake into and out of cells (239). 

We can therefore assume that Mpro induced a disturbance in GLUT2 availability or a disruption of 

the communication between glucokinase and GLUT2. Studies also suggest that when GLUT2 on 
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the liver cell surface is inactivated or expressed at lower levels, other transporters can compensate, 

making the impact on blood glucose balance less significant (238). This might explain why HepG2 
cells experience a milder disruption in glucose uptake compared to C2C12 cells. 

Similar to C2C12 cells, HepG2 cells also showed the disruption of the insulin signaling pathway 

especially at higher concentrations of Mpro (40-160 nmol/mL). Post-hoc tests revealed a 

statistically significant difference with the highest Mpro concentration, indicating that high Mpro 

concentrations potentially disrupt insulin-stimulated glucose uptake in HepG2 cells. In the liver, 

insulin activates IRTK, leading to the phosphorylation of IRS1, IRS2 and the activation of AKT2. 

This subsequently reduces hepatic glucose production, enhances glycogen synthesis and stimulates 

lipogenesis (94). Furthermore, insulin signaling, especially through the PI3K/AKT pathway, 

promotes GLUT2 activity and translocation in hepatocytes, enabling glucose uptake (240). 

 Individuals with T2DM usually have impaired, insulin signaling, including the activation of the 

insulin receptor tyrosine kinase. This disruption leads to insulin resistance, contributing to 

hyperglycaemia and other metabolic complications associated with the disease (241). In the 

absence of insulin, the IR adopts an inhibitory conformation that ensures a minimum distance 

between its two intracellular tyrosine kinases. This separation prevents the activation of the 

tyrosine kinase activation loop (242). Research has shown that people with obesity or DM often 

exhibit reduced insulin receptor kinase (IRK) activity and decreased surface expression of insulin 

receptors (243). As such by assessing the binding of Mpro to the insulin receptor kinase domain 

PDB ID(1IRK) and monomeric form of human insulin PDB ID (3I40), we can elucidate any 

disruptions that may result in insulin resistance. Studies have shown that insulin primarily exists 

in hexameric and dimeric forms during production, delivery and circulation; however, it interacts 

with its receptor in its monomeric form (243). By utilizing the monomeric form of insulin we 

obtained a more accurate insight into the binding interactions and mechanisms as it more closely 

represents the form of insulin that interacts with its receptor under physiological conditions (244).  

Our in-silico models showed binding between the insulin receptor tyrosine kinase domain which 

would potentially have a profound impact on cellular signaling, glucose metabolism and overall 

metabolic health. The tyrosine kinase domain of the insulin receptor is essential for its activation 

(222). The receptor undergoes autophosphorylation on specific tyrosine residues in the kinase 

domain upon insulin binding therefore Mpro might prevent or reduce autophosphorylation, 



96 
 

inhibiting receptor activation. Considering the kinase domain's crucial role in insulin-regulated  

glucose control, the observed binding suggests that Mpro could disrupt phosphorylation processes, 

potentially contributing to metabolic issues like insulin resistance. This would have negative 

effects as an impairment of downstream signaling will occur. Key pathways such as the PI3K/AKT 

would be disrupted, reducing glucose uptake and metabolism.  

Similar to the pattern observed in C2C12 cells, the baseline AKT expression in HepG2 cells 

showed no significant difference from the control (untreated) cells for all the treatment 

concentrations. This consistency across both cell lines suggests that Mpro does not affect AKT 

expression in baseline conditions. However, in contrast to C2C12 cells, we observed significant 

differences in insulin-stimulated AKT expression in the HepG2 cells. A significant reduction in 

AKT expression was seen with increasing Mpro concentrations suggesting an inhibitory effect of 

Mpro on insulin-stimulated AKT in HepG2 cells at higher concentrations. Ultimately, both cell 

lines demonstrate a clear dose-dependent reduction in glucose uptake with increasing Mpro 

concentrations, with a greater degree of inhibition in C2C12 cells. The differences in sensitivity 

might reflect tissue-specific roles in glucose metabolism, where the skeletal muscle plays a larger 

role in systemic glucose regulation and thus will be more severely impacted by disruptions in 

insulin signaling. Based on these findings, researchers may be able to investigate Mpro inhibitors 

as potential dual therapies to reduce both viral replication and metabolic disruptions. To validate 

the stability of these in-silico interactions and confirm whether they have a biological impact, 

future studies could include molecular dynamics simulations. We hypothesize that this could be 

one of the ways that Mpro might be affecting the insulin signaling pathway. 

While the effects of Mpro on glucose uptake, AKT signaling, GLUT4 translocation and expression 

shed light on its metabolic implications, its role extends beyond these parameters. COVID-19 has 

been implicated in inflammatory processes, with potential crosstalk involving key players such as 

DPP4 and MMP1, which are known to mediate both tissue remodelling and systemic 

inflammation. Viruses can trigger chronic inflammation, which may lead to cellular transformation 

(162). Furthermore, a study by Queiroz and colleagues on cytokine profiles in acute and long-term 

COVID-19 syndrome highlighted IL-6 as a key cytokine influencing the outcome of COVID-19, 

including the disease's duration and severity (167). Inflammation has also been noted to induce 

insulin resistance hence this could be another potential mechanism in which Mpro is inducing 

glycaemic aberrations. 
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Our data shows that Mpro induces a dose-dependent increase in IL-6 expression in the C2C12 

cells, with the highest levels observed at 160 nmol/mL. This means Mpro induced an increase in 

cytokine production at a cellular level. To assess whether IL-6 would have a role in systemic 

signaling, the extracellular level of IL-6 was measured. In C2C12 cells, the release into the 

medium was not as pronounced as expected. Skeletal muscles are localized producers of IL-6 

under specific conditions such as injury or exercise (245), but they may not engage in the same 

aggressive inflammatory response under viral protease stress. Therefore, we can postulate that 

Mpro-induced inflammation was not contributing to the glycaemic dysregulation being observed in 

the C2C12 cell line. However, in contrast to C2C12 cells, Mpro did not induce an increase in 

intracellular IL-6 expression in HepG2 cells but there was a significant release of IL-6 into the 

medium. Our results corroborate literature as viruses have been shown to induce the production of 

IL-6 in the liver (175,246). Ulrich Spengler reported that in addition to viruses that are labelled as 

"hepatitis" viruses, other viruses such as influenza and coronaviruses can also cause hepatitis 

ranging from mild asymptomatic elevations of aminotransferases to liver failure (247). A study 

conducted by Lepiller and colleagues demonstrated that infection of HepG2 cells with HCMV 

caused the production of IL-6 in the supernatants of HepG2 cells starting as early as 2 hours post-

infection (175). Carlquist et al. studied an in vitro induction of IL-6 by human lung fibroblasts in 

response to HCMV and found that both IL-6 gene transcription and IL-6 protein expression were 

similarly stimulated (246). This suggests that during viral infections, the liver may act as a cytokine 

producer, contributing to systemic inflammation without necessarily increasing intracellular 

cytokine levels.  

In addition to its enzymatic role in glucose homeostasis, DPP4 exhibits diverse immunoregulatory 

properties, primarily mediated through protein-protein interactions (104). Research has shown that 

DPP4 associates with adenosine deaminase (ADA) on the T cell surface which in turn facilitates 

the interaction of ADA with adenosine receptors, forming a ternary complex. This complex is 

believed to play a crucial role as a co-stimulatory signal that promotes lymphocyte proliferation 

and cytokine production, leading to a significant increase in the production of pro-inflammatory 

cytokines, including IFN-γ, TNF-α and IL-6 (104). This in turn means that DPP4 can influence 

IL-6 levels by promoting its release, exacerbating muscle inflammation. The observed increase in 

both extracellular IL-6 and sDPP4 levels with Mpro exposure in C2C12 cells, suggests a connection 

between DPP4 and inflammation. Research has shown that there is a well-established relationship 
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between DPP4 and IL-6 (248). In C2C12 cells, Mpro gradually lowered intracellular DPP4 

expression and increased sDPP4 shedding into the cell medium. Rohrborn and colleagues shed 

light on the enzymes involved in DPP4 shedding, identifying that MMP1, MMP2 and MMP14 

play a role in regulating this process (106). Cell culture and rodent models have shown that DPP4 

is shed from skeletal muscle membranes through the action of MMPs but the pathway for release 

of DPP4 and its function remains unclear (106). In C2C12 cells, we observed a decrease in both 

MMP1 and DPP4 intracellular expression, suggesting a potential regulatory relationship. Given 

that MMP1 is involved in extracellular matrix remodelling and DPP4 plays a role in metabolic 

regulation, one possibility is that the reduction in both proteins reflects a coordinated response to 

cellular stress or signaling alterations. Mpro might suppress MMP1 production and the consequence 

of this can be an impairment in the muscle's ability to remodel the ECM effectively resulting in 

pathophysiology of muscle-wasting conditions. 

In contrast to C2C12 cells, Mpro could be inducing a stress response in HepG2 cells that triggers 

the downregulation of sDPP4 despite increased extracellular IL-6. In conditions such as 

inflammation or metabolic stress such as insulin resistance or liver injury, inflammatory mediators 

induce hepatic acute-phase protein synthesis (249). Upon Mpro exposure which has shown to 

increase the inflammatory mediator IL-6, HepG2 cells may prioritize acute-phase protein synthesis 

and the regulation of inflammation over the shedding of proteins like DPP4. This shift in cellular 

focus could lead to decreased DPP4 shedding despite increased IL-6 levels. In the liver, decreased 

sDPP4 might serve as a regulatory mechanism to limit excessive inflammation. Since sDPP4 is 

associated with immune activation, HepG2 cells may retain DPP4 to avoid exacerbating 

inflammation, especially if extracellular IL-6 is already elevated (104). Therefore, the increase in 

intracellular DPP4 in HepG2 cells could be a protective mechanism. By limiting DPP4 shedding, 
HepG2 cells may be attempting to control sustained systemic inflammation.  

While no specific studies are focusing on viruses or proteases affecting enzymes that cause DPP4 

shedding, research has shown that MMPs can regulate DPP4 shedding and activity (104). Our data 

showed high levels of extracellular MMP1 which should translate to high levels of sDPP4 in the 

HepG2 cell line. However, this was not the case, leading us to speculate that Mpro was affecting 

the cleavage process. Therefore, the observed decrease in sDPP4 in the medium could be due to 

altered cell-cell interactions, which could subsequently reduce the proteolytic activity of MMPs, 
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thereby affecting the production of sDPP4. Inflammatory or fibro genic stimuli like Transforming 

Growth Factor (TGF-β) or IL-6 can induce MMP1 expression in HepG2 cells (179). Given that 

our data assessing IL-6 expression in HepG2 cells showed low levels of the inflammatory 

mediator, this could also explain the low level of cellular MMP1 expression. The implications of 

this release of MMP1 into the extracellular matrix of the liver result in the promotion of 

extracellular matrix remodelling in the liver, possibly contributing to tissue restructuring. This 

would also further help explain why Mpro has had a less severe effect on HepG2 cells in terms of 

cell viability and glucose uptake. However, more studies need to be conducted to ascertain the 

degree of ECM remodelling occurring as excessive remodelling would lead to pathological 

conditions (180). In conclusion, these findings highlight the intricate interplay between 

inflammation and proteolysis, warranting further research to elucidate these pathways and their 

broader physiological and pathological impact on new-onset DM. Taken together, our study 

demonstrates that, SARS-CoV-2 Mpro presents itself as a risk factor for developing T2DM, 

possibly through the induction of insulin resistance. The potential mechanisms we have 

highlighted in the preceding sections should also bring into light the question of whether anti-

hyperglycaemic are still as effective in managing hyperglycaemia during or after post-SARS-CoV-

2 infection. With risks of pancreatic damage during SARS-CoV-2 infection, T2DM patient is at 

risk of losing the ability to produce and secrete insulin. In such a scenario, such patients would not 

benefit from sulphonyl urea-based therapy and in this case, insulin therapy would suffice as a 

substitute. Similarly, having highlighted the risk of developing insulin resistance, T1DM patients 

may have a challenge in affording tight glycaemic control using insulin alone; in such a case, an 

insulin sensitizer may be required. Indeed, in the prior section, we have alluded to cases where 

higher insulin doses were required to achieve glycaemic control. From what we have highlighted 

above, clinicians and authorities should consider SARS-CoV-2 infection as a risk factor for the 
ineffectiveness of anti-hyperglycaemic. 
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CHAPTER 6: CONCLUSION 
 

The rise in the silent pandemic that is diabetes mellitus was already expected without COVID-19-

induced DM. COVID-19, despite its devastating impact on human life, has, however, provided 

several lessons and has further accelerated our understanding of the aetiology and pathogenesis of 

DM. It has further solidified the impact of viral infections and their role in metabolic 

reprogramming in inducing glycaemic aberrations. Understanding the cellular and molecular 

mechanical insights pertaining to glucose metabolism is crucial as it consolidates the links between 

the diseases, therefore allowing us to contemplate preventative therapeutic interventions, not only 

for preventing DM but also for combating the virus itself. This study highlights the potential 

impact of COVID-19 Mpro on glucose metabolism which appears to disrupt the insulin signaling 

pathways in both skeletal muscle and hepatic cell lines to different degrees. Collectively our 

observations reveal the impairment of glucose uptake, downregulation of GLUT4 translocation 

and increased DPP4 shedding coupled with alterations in the AKT pathway, suggesting that 

COVID-19 may exacerbate insulin resistance, a key factor in the development of DM and other 

metabolic disorders. Additionally, the observed increase in inflammatory markers like IL-6 

provides further evidence that systemic inflammation contributes to these metabolic disturbances. 

These findings highlight the importance of gaining a deeper understanding of how viral infections, 

such as COVID-19, may impact metabolic processes and potentially elevate the risk of the 

transition from prediabetes to DM. While there is currently insufficient evidence in this study and 

the literature to conclusively state that Mpro is responsible for hyperglycaemia observed in long-

COVID-19 patients, we can effectively state that Mpro is causing some disturbances to the insulin 

signaling pathway. Given the disturbances seen in glucose handling, GLUT4 and inflammatory 

markers only in the data, it is reasonable to propose that Mpro’s effect is predominantly indirect. 

Mpro likely disrupts intracellular signaling proteins and pathways critical for insulin signaling 

rather than directly interacting with insulin itself, as supported by the minimal binding observed 

in the solid-phase analysis. While extensive progress has been made, numerous gaps remain in our 

understanding of the precise molecular events involved in new-onset DM post-COVID-19 

infection. Additional research is needed to validate these in vitro results and investigate therapeutic 

approaches to alleviate these effects in COVID-19 patients. 
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6.1 Study limitations and recommendations for future work 
 

The present study provided valuable insights into the extent to which Mpro affects glycaemic 

regulation. However, there were limitations to this study. In vitro and in vivo results differ 

considerably, highlighting the importance of extreme caution when comparing laboratory results 

with clinical outcomes. These studies typically involve continuously growing, tumour-like cells 

that differ substantially from normal, resting, non-neoplastic cells derived from patients. C2C12 

and HepG2 cell lines are commonly used to assess the pathogenesis of T2DM. However, these 

models have significant limitations, as they cannot fully replicate the intricate genetic profiles and 

metabolic dysfunctions characteristic of human conditions. Furthermore, the study did not include 

long-term observations to evaluate the sustained effects of treatments on insulin signaling, glucose 

uptake, or oxidative stress, potentially overlooking delayed or cumulative effects. We therefore 

recommend conducting in vivo studies (animal studies) as well to provide a complete picture of 

the effect of Mpro and thus understand the clinical implications while offering a more 
comprehensive insight into the development of T2DM. 

A key limitation of this research was the utilization of Mpro rather than using the SARS-CoV-2, 

which might not fully replicate the complexity of SARS-CoV-2's effects on the insulin signaling 

pathway. Future studies utilizing live or inactivated virus models could provide a more accurate 

understanding of how the virus impacts cellular mechanisms. Additionally, exploring whether 

insulin-sensitizers could help manage the disruptions in the insulin signaling pathway is an exciting 

direction for future research. This could shed light on their potential as therapeutic opt ions to 
counteract the metabolic disturbances linked to SARS-CoV-2 infection. 

Due to the unavailability of Triton X, a key positive control used for validating cytotoxicity in the 

assay, its absence may have affected the interpretation of results. This reagent is commonly used 

to assess maximum toxicity levels, providing a baseline to compare the effects of Mpro and without 

it, the full scope of cytotoxicity may not have been accurately captured in this experiment.  

Incorporating a robust positive control in future experiments will help validate the results and 
provide a reference for maximum cytotoxicity. 
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Proteomic techniques can be utilized in the future to analyze the broader effects on the insulin 

signaling pathway. Changes in phosphorylation states of multiple pathway components beyond 
Akt were not utilized. This may have missed potential mechanistic insights.  

Furthermore, studies have shown that high glucose concentrations (25 mM) in the medium can 

desensitize insulin-dependent signaling, leading to reduced glucose uptake in C2C12 cells (250). 

This underscores the necessity of conducting in vivo assays to fully understand the role of skeletal 

muscles in insulin resistance. Notably, the medium used in our study contained a high glucose 

concentration, which may have influenced the results. 

The inclusion of Mpro-only controls was crucial in confirming that the anti-insulin antibody non-

specifically binds to Mpro. However, we observed interactions between Mpro and the anti-insulin 

body making the control less robust. Future studies could employ an insulin receptor control to 

ensure higher accuracy. This approach would provide a more precise assessment of antibody 

specificity and minimize potential confounding interactions with Mpro. 

This study faced significant financial constraints, limiting the scope of biochemical analyses. For 

example, intracellular ROS analysis was performed only for C2C12 cells. Furthermore, the assay 

for intracellular ROS could not be repeated thrice. Assays such as ATP bioluminescence, 

mitochondrial depolarization and lactate assessment would have provided critical insights into 

Mpro-induced disturbances. Additionally, several studies have suggested a potential role of TNF-α 

in insulin resistance, highlighting the importance of including this marker in future investigations  
(91,170,251). 

Quantitatively measuring proteins is challenging because of their varied size, interactions with 

other molecules, length, amino acid sequences and post-translational modifications therefore the 

exact binding regions could not be stated. Detailed analysis of the docking poses would have 

revealed whether Mpro interacts with critical residues within the catalytic domain of our proteins 

and assess whether Mpro, potentially obstructs the active site or disrupts substrate binding. Future 

advancements in proteomics, such as the use of more refined mass spectrometry techniques or 

advanced computational modelling, may help address these limitations and provide more precise 

insights into protein interactions and binding regions. Despite these advancements, challenges still 

remain in accounting for protein flexibility, dynamic conformational changes and the effects of 
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the cellular environment, which may limit the translatability of in silico predictions to biological 

systems(252). 
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