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Abstract: Post-COVID syndrome, also known as long COVID, includes a range of symptoms that
persist for months or even years after initial infection such as fatigue, shortness of breath, joint pain,
chest pain, muscle aches, and heart palpitations, among others. In addition, long COVID is related
with new-onset diseases such as diabetes mellitus. The association between SARS-CoV-2 infections
and the development of diabetes mellitus is complex and not fully understood. Therefore, the
objective of this article was to summarize the state of the art in possible mechanisms involved in the
development of diabetes mellitus in the post-COVID-19 era, particularly the impact of SARS-CoV-2
variants on molecular mimicry, the role of viral m6A RNA methylation, and the potential associations
between these factors. A better understanding of the combinatorial effects of these mechanisms
is paramount for both clinicians and researchers alike because it could help tailor more effective
treatment strategies, enhance patient care, and guide future research efforts.
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1. Introduction

Coronavirus disease-19 (COVID-19) is caused by Severe Acute Respiratory Syndrome-
Coronavirus-2 (SARS-CoV-2) in humans. The entry of the virus into the cells is favored by
the affinity of the spike protein to the angiotensin-converting enzyme 2 (ACE2) receptors
in the host [1]. Most SARS-CoV-2 mutations detected worldwide are found within the
viral spike protein and to a lesser degree in other structural and non-structural proteins [2].
Multiple variants of SARS-CoV-2 have emerged worldwide and have been associated with
greater transmissibility and/or severity [3–5]. According to the Centers for Disease Control
and Prevention (CDC), these variants are classified as variants of concern (VOC), variants
of interest (VOI), variants of high consequence (VOHC), or variants being monitored
(VBM) [6].

Post-COVID syndrome is characterized by persistent symptoms following the acute
phase of COVID-19 infection [7]. While COVID-19 symptoms typically resolve within
weeks [8], long COVID manifestations can persist for months or years [9], and include con-
ditions such as cardiovascular diseases, thrombotic events, cerebrovascular diseases [10],
myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) [11], and diabetes melli-
tus [10]. Diabetes mellitus requires careful management as it can produce serious health
consequences if not properly controlled [12]. It is a chronic disease associated with the
destruction or dysfunction of beta pancreatic insulin-secreting cells. The three main classes

COVID 2024, 4, 481–494. https://doi.org/10.3390/covid4040032 https://www.mdpi.com/journal/covid

https://doi.org/10.3390/covid4040032
https://doi.org/10.3390/covid4040032
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/covid
https://www.mdpi.com
https://orcid.org/0000-0003-4649-1354
https://orcid.org/0000-0002-1214-1586
https://orcid.org/0000-0002-4496-2434
https://doi.org/10.3390/covid4040032
https://www.mdpi.com/journal/covid
https://www.mdpi.com/article/10.3390/covid4040032?type=check_update&version=1


COVID 2024, 4 482

of diabetes are Type 1 (T1DM), Type 2 (T2DM), and gestational diabetes mellitus (GDM).
Worldwide, approximately 1 in 11 adults live with diabetes mellitus, with around 90% of
them diagnosed with T2DM; nevertheless, the occurrence of T1DM has been rising globally,
accounting for approximately 5% of all diagnosed diabetes cases [13].

Recent findings from a systematic review involving insights from 20 selected articles
suggest a possible connection between SARS-CoV-2 infection and the development of new-
onset diabetes after COVID-19 (NODAC). This association operates as a pathophysiological
mechanism supported by epidemiological data and by the clinical and biological obser-
vations obtained from the affected individuals [14]. In another study, the rate of NODAC
was reported to be 29 cases per 1000 person-years over an average monitoring period of
4.6 months [15]. Moreover, a systematic review and meta-analysis, encompassing nine
investigations with nearly 40 million participants, demonstrated a significant correlation
between COVID-19 infection and an increased risk of diabetes. The incidence of diabetes
following COVID-19 was 15.53 per 1000 person-years, exhibiting an elevated relative risk
of 1.62 (1.45–1.80). Type 1 diabetes showed a relative risk of 1.48 and type 2 diabetes
a relative risk of 1.70 compared to non-COVID-19 patients, with statistically significant
positive associations across all age groups and a higher risk observed in patients with
severe COVID-19, particularly within the first three months post-infection [16].

Chourasia et al. [17] performed another systematic review focusing on NODAC pa-
tients, using the following diagnostic criteria: hemoglobin A1C ≥ 6.5%, fasting blood
glucose ≥ 126 mg/dL, and two-hour blood glucose ≥ 200 mg/dL with the oral glucose
tolerance test (OGTT). For the review, the authors included adult patients who developed
diabetes mellitus at least four weeks after the initial COVID-19 infection; all studies in-
cluded sample sizes >35,000, with statistical and/or clinical significance. Patients with a
pre-existing diagnosis of diabetes or diabetes diagnosed earlier than four weeks after the
initial COVID-19 infection were excluded. The major findings of this study included an
increased risk of new-onset diabetes mellitus four weeks after acute COVID-19 infection,
especially within the first six months, and this was correlated with the severity of the initial
infection. Another study reported that the diagnosis of new-onset diabetes after COVID-19
requires confirmation that there is no history of diabetes, that HbA1c is normal at the time
of diagnosis, and that there is persistent hyperglycemia after infection [18]. According to a
new-onset diabetes mellitus post-COVID-19 study in India, individuals who developed
diabetes during the pandemic exhibited elevated glycemic indices and C-peptide levels
compared to those who developed diabetes before the pandemic. This underscores the
impact of SARS-CoV-2 on glucose metabolism [19].

Based on the current evidence reported, individuals with documented COVID-19
exhibited a higher incidence of T2DM compared to those with acute respiratory infection
(AURI), with an incidence rate ratio (IRR) of 1.28 (95% CI 1.05, 1.57) per 1000 person-years,
while no significant increase in incidence rate ratio was observed for other forms of diabetes,
after matching for demographic and clinical characteristics [20]. Qeadan et al. [21] reported
that individuals diagnosed with COVID-19 in the United States had a 42% higher risk of
developing new-onset T1DM compared to those without COVID-19, with males exhibiting
a slightly higher risk than females. A study carried out by Xie et al. [22] reported that
patients with COVID-19 (n = 181,280) had a 40% higher risk of new diabetes compared
with the control population (n = 4,118,441) after 1 year. This is consistent with another
meta-analysis, which showed a 66% higher risk of developing diabetes in people who had
COVID-19 (n = 4,270,747) compared with the control group (n = 43,203,759) [23].

Several uncertainties exist due to study limitations and the dynamic nature of the
pandemic [24,25]. The multifactorial etiology involves host characteristics, social determi-
nants, and various pandemic-related factors (e.g., psychosocial stress). For example, GDM
prevalence was significantly higher in 2020 than in 2019, probably due to the stress induced
by the pandemic that may have led to chronic inflammation [26] and greater gestational
weight gain [27]. Changes in lifestyle and dietary habits during the pandemic, such as the
increased consumption of processed foods, comfort foods, and sugary beverages, may have
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contributed to a higher calorie intake [28]. Excess calorie consumption, especially from
high sugar processed foods, could contribute to insulin resistance, obesity, and, ultimately,
the development of T2DM [29]. Furthermore, the lockdowns implemented during the
pandemic may have led to increased sedentary behavior among individuals; this behavior
is a known risk factor for the development of T2DM and GDM, and can lead to weight
gain, insulin resistance, and other metabolic disturbances [30,31]; therefore, there is a need
to consider diabetes mellitus as a post-COVID-19 syndrome for proper prevention and
management [32].

2. Molecular Mechanisms Involved in NODAC Development

Different molecular mechanisms have been proposed to explain NODAC. For in-
stance, the pathogenesis of T2DM has been associated with dysregulation of non-coding
RNA expression, as well as alterations in epigenetic modifications to DNA or RNA [33].
Particularly, N6-methyladenosine (m6A) RNA methylation is one of the most relevant
modifications of coding and non-coding RNAs, which consists of the addition of a methyl
group in position 6 of the adenine of the RNA [34].

In a study carried out by De Jesus et al. [35], m6A RNA sequencing in human T2DM
islets revealed several hypomethylated transcripts involved in insulin secretion; in addition,
the depletion of m6A methylation levels in beta cells induced cell cycle arrest, decreased
beta cell proliferation, and impaired insulin degranulation and secretion. We previously
reported that m6A levels were significantly lower in individuals infected with SARS-CoV-2
variants delta and omicron compared to other variants and uninfected individuals [36];
however, the possible alterations to m6A RNA methylation levels by SARS-CoV-2 variants
in beta cells have not been reported yet, even though RNA methylation is a potential key
player in understanding and treating COVID-19 [37].

RNA methylation and the expression levels of m6A regulators may be altered in
autoimmune diseases, and these changes may contribute to the initiation and progression
of the disease. Wang et al. [38] analyzed the expression of m6A regulators and methylation
patterns in immune cells obtained from T1DM patients (14–25 years old, n = 12, 6 with
T1DM and 6 controls) and found that the increase in m6A methylation levels was accom-
panied by upregulated gene expression, while the decrease was accompanied by reduced
gene expression.

Molecular mimicry is another suggested mechanism attempting to explain viral
infection-related autoimmunity. Molecular mimicry involves the activation of T cells
and the production of autoantibodies, which cross-react with host antigens. This process
can be initiated by the presence of dual T-cell receptors, which can react to both foreign
and self-antigens [39,40]. This mechanism is particularly relevant in the context of autoim-
mune diseases such as insulin-dependent diabetes [41], including those cases triggered by
SARS-CoV-2 [42–44]. Thus, this review offers a more holistic understanding of the possible
mechanisms involved in the development of NODAC, focusing on m6A RNA methylation,
molecular mimicry, and inflammatory processes.

2.1. Alterations of m6A RNA Methylation Patterns

RNA methylation and demethylation are mediated by a series of enzymes, such as
methyltransferases (or “writers” that transfer methyl groups to the nitrogen 6 of the adeno-
sine of the RNA) and demethylases (or “erasers” that remove methyl groups), and have
been associated with multiple functions within the cell such as RNA splicing, translocation,
degradation, and stability, as well as the translation and regulation of non-coding RNAs [34]
(Figure 1). Diabetic patients show alterations in the m6A methylation machinery in both
immune and beta cells, which could be aggravated by SARS-CoV-2 infection, though the
information available is scarce.
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Figure 1. Functions related to m6A RNA modifications and participating enzymes. These modifica-
tions are dynamically regulated by methyltransferase enzymes (“writers” such as methyltransferase-
like 3 and 14 (METTL3 and METTL14) that transfer methyl groups to the nitrogen 6 of the adenosine
of the RNA) and demethylases (“erasers” such as fat mass and obesity-associated protein (FTO) and
alkB homolog 5 (ALKBH5) that remove methyl groups).

2.1.1. Alterations in Immune Cells from Diabetic Patients

Information regarding alterations to RNA methylation in immune cells from diabetic
patients is scarce. One study by Wang et al. [38] reported that the genes involved in the
regulation of m6A modifications showed notable changes in patients with T1DM (n = 6)
compared to healthy individuals (n = 6). Specifically, the writer methyltransferase-like 3
(METTL3) and the reader insulin-like growth factor 2 binding protein 2 (IGF2BP2) showed
decreased expression, while the readers YTH N6-methyladenosine RNA binding protein
C1 (YTHDC1) and the heterogeneous nuclear ribonucleoprotein A2B1 (HNRNPA2B1) had
increased expression. In addition, a microarray analysis showed that hypermethylated
transcripts were enriched in the Janus kinase/signal transducers and activators of the
transcription (JAK/STAT) signaling pathway, hypomethylated transcripts were enriched in
the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway, and
both methylation patterns were enriched in the mitogen-activated protein kinase (MAPK)
pathway. Another study carried out by Yang et al. [45] reported a reduced level of m6A
methylation in white blood cells from individuals with T2DM (n = 102) compared to healthy
patients (n = 107). That study also revealed an increased expression of the demethylase fat
mass and obesity-associated protein (FTO), and variations in expression levels of other m6A
methyl-esterases. Specifically, there were elevated levels of METTL3, METTL14, and Wilms’
tumor 1-associating protein (WTAP) in T2DM patients compared to healthy individuals.
Although more studies are needed, these findings suggest potential associations between
m6A methylation and demethylation processes and the development of T1DM and T2DM.

2.1.2. Alterations in Beta Cells from Diabetic Patients

Research has shown that METTL3, a key component of the m6A methyltransferase
complex, is crucial for maintaining beta cell function. Li and coworkers [46] demonstrated
that a decrease in METTL3 under inflammatory and oxidative stress conditions leads to
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beta cell failure and hyperglycemia. This is likely due to decreased m6A modifications and
the reduced expression of insulin secretion-related genes. Similarly, Liu et al. [47] found
that the deletion of METTL14 results in glucose intolerance, decreased beta cell mass, and
impaired insulin secretion. Furthermore, Cheng and coworkers [48] showed that METTL3
ameliorates the methylglyoxal-induced impairment of insulin secretion in pancreatic beta
cells by regulating MAF BZIP transcription factor A (MAFA) expression. This suggests that
METTL3 is a potential drug target for the treatment of beta cell failure in diabetes. Other
authors have shown that FTO, a gene product associated with obesity and diabetes, plays
a crucial role in maintaining beta cell function. Russell and Morgan [49] found that FTO
protein enhances glucose-induced insulin secretion in pancreatic beta cells. However, Fan
et al. [50] discovered that FTO overexpression inhibited insulin secretion and promoted
nuclear factor kappa B (NF-κB) activation, potentially contributing to beta cell dysfunction.

In the context of T2DM, the impact of m6A methylation on the regulation of the
biological function(s) of human beta cells has been recognized. m6A-sequencing of human
T2DM islets revealed several hypomethylated transcripts involved in cell cycle progression
and insulin secretion [35]. Moreover, beta cell-specific Mettl14 knockout mice, which
displayed reduced m6A methylation levels, mimicked the islet phenotype in human T2DM
with early diabetes onset and mortality due to decreased beta cell proliferation and insulin
degranulation [35]. Decreased levels of METTL3, METTL14, alkB homolog 5 (ALKBH5), and
YTH N6-methyladenosine RNA binding protein F1 (YTHDF1) in beta cells from individuals
with T2DM (n = 7) compared to non-diabetic counterparts (n = 5) were reported before
the COVID-19 pandemic [35]. Additionally, both METTL3 and METTL14 protein levels
were reduced in the entire islets of T2DM patients. These findings suggest that the m6A
methylation content might serve as a specific biomarker for predicting the risk of T2DM
and its associated complications. However, it is crucial to note that these results warrant
replication and validation in larger populations and through diverse experiments.

2.1.3. Alterations in m6A Methylation Induced by mRNA Vaccines

Some studies suggest a potential association between COVID-19 vaccination and the
risk of causing elevated blood glucose or an exacerbation of pre-existing diabetes [51]. It has
been reported that COVID-19 mRNA vaccination can induce T1DM in some individuals
with a genetic predisposition [52], even in adults [53]. According to Alsudais et al. [52],
eight studies in 12 patients diagnosed with T1DM post-vaccination were analyzed. The
Pfizer-BioNTech vaccine was the most commonly administered (7/12), followed by the
Moderna mRNA-1273 vaccine (2/12), CoronaVac (1/12), ChAdox1-s (1/12), and Pfizer-
BioNTech/CoronaVac (1/12). The diagnostic criteria of T1DM included low C-peptide
levels, and positive antibodies (e.g., anti-glutamic acid decarboxylase antibodies, anti-
GAD) and/or HbA1c levels. Only five patients had reliable HbA1c data before vaccination;
however, all patients showed significantly higher HbA1c levels after vaccination with an
average level of 9.96%. Fifty percent of the patients (6/12) developed T1DM after the
second vaccine dose; diabetic ketoacidosis occurred in 41.7% of cases, mostly within eight
days post-vaccination. Genetic susceptibility was found in 41.7% of patients, with notable
mutations in RNA binding motif protein 45 (RBM45)/Major Histocompatibility Complex,
Class II, DR Beta 1 (DRB1) and Major Histocompatibility Complex, Class II, DQ Beta 1
(HLA-DQB1). Some limitations of that review include the lack of crucial information such
as baseline body mass index (BMI) and HbA1c levels in some case reports, making it
difficult to identify vaccine-induced diabetes and link vaccination to T1DM. Therefore, the
authors did not rule out the possibility of diabetes onset due to COVID-19 infection.

In another study, Moon et al. [53] reported a case of a 56-year-old woman who ex-
perienced hyperglycemia following the second dose of the COVID-19 mRNA vaccine
(Moderna) despite no previous diabetes history. This is an important finding of T1DM
development post-vaccination with an mRNA vaccine, and notably the oldest patient
under such circumstances. Nevertheless, in a much larger cohort of individuals from
Hong Kong, Xiong et al. [54] found no evidence of an increased risk of diabetes following
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COVID-19 vaccination (CoronaVac (Sinovac) n = 5760 and BNT162b2 (Pfizer-BioNTech)
n = 4411). In the BNT162b2 group, 2109 diabetes cases occurred after SARS-CoV-2 infection,
and infection was associated with a higher risk of diabetes, mainly T2DM, irrespective of
variants, although the risk was lower with Omicron.

We previously reported that vaccinated individuals showed significantly lower m6A
methylation levels than unvaccinated individuals (n = 8 and 52, respectively), and that
differences in m6A methylation levels across variants in unvaccinated individuals were
significant; however, no significant correlation was observed between m6A methylation
levels and viral load (nucleocapsid gene expression) or age [36]. According to the study,
a complete vaccination scheme denoted the administration of one or two doses (depend-
ing on the vaccine specifications) of authorized vaccines in Mexico, including AZD1222,
CoronaVac, BNT162b2, Ad5-nCOV, and mRNA-1273, developed by AstraZeneca, Sinovac,
Pfizer-BioNTech, CanSinoBio, and Moderna, respectively. Although variation in m6A levels
across variants could not be explained by the vaccination status alone, this first report
of potential vaccination-mediated m6A methylation is intriguing and warrants further
investigation, in particular regarding the possibility that COVID-19 vaccines (though gen-
erally considered safe) may induce an autoimmune response in susceptible individuals by
mediating a decrease in m6A levels.

2.2. Diabetes Mellitus: Beta Pancreatic Cell Destruction and Dysfunction

T1DM is an autoimmune disease associated with the destruction of beta pancreatic
cells. During the disease, several autoantibodies are produced such as those directed against
insulin, tyrosine phosphatase, glutamic acid anti-decarboxylase enzymes, and the zinc
transport protein [55]. The presence of these autoantibodies in an individual’s blood serum
is an indication that the immune system is attacking the pancreatic beta cells that produce
insulin [56,57]. The pathogenesis and progression of T1DM has been linked (among other
factors) to viral infections. Viruses may lead to T1DM through a direct cytolytic activity on
beta cells or by triggering autoimmune responses against beta cells.

Beta cell dysfunction and insulin resistance are key factors in the pathogenesis of
T2DM [58]. The interplay between beta cell dysfunction and insulin resistance is complex,
with both states influencing each other and potentially exacerbating diabetes. Insulin
resistance is caused by alterations in insulin receptors in the cells and precedes T2DM [58].
Reiterer et al. [59] proposed that SARS-CoV-2 might induce dysfunction in adipose tissue,
leading to insulin resistance. The authors analyzed a COVID-19 patient cohort without
prior metabolic conditions (n = 4102), observing new-onset insulin resistance and hyper-
glycemia in 47% of the patients. In addition, SARS-CoV-2 infection was found to elevate the
expression of the RE1-silencing transcription factor (REST), influencing the transcriptional
regulation of key metabolic factors (such as myeloperoxidase, apelin, and myostatin) and
contributing to the disruption of glucose metabolism [60]. Beta cell dysfunction impairs
insulin secretion and is a critical determinant of the disease. This dysfunction is influenced
by genetic and metabolic abnormalities, which affect glucose homeostasis [58].

Currently, there is no evidence supporting the notion that SARS-CoV-2 infection
during pregnancy results in permanent diabetes for mothers or their offspring through
autoimmunity or beta cell destruction. The heightened prevalence of GDM observed during
the pandemic is likely attributed to lifestyle changes during lockdown. Nevertheless, severe
COVID-19 cases may contribute to the development of GDM by exacerbating glucose
tolerance [61]. GDM and T2DM share insulin-related challenges, affecting both obese and
lean women. Obesity contributes to pre-existing insulin resistance, while lean women
predominantly face impaired first-phase insulin secretion. Pregnancy-induced insulin
resistance is influenced by factors such as placental hormones and pro-inflammatory
cytokines. Ultimately, by the third trimester, insulin resistance during pregnancy reaches
levels similar to T2DM [62].
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2.3. Direct SARS-CoV-2 Invasion of Beta Cells

The expression of ACE2 in the pancreas (mainly in islet cells) is higher than in the
lungs, and ACE2 is overexpressed in diabetic/hyperglycemic islets compared to non-
diabetic/normoglycemic [63,64], so it is possible that SARS-CoV-2 could bind to this recep-
tor and enter beta cells, producing cellular dysfunction and acute hyperglycemia [65–67].
Viral replication within beta cells can lead to their destruction, reducing insulin produc-
tion. SARS-CoV-2 can cause direct damage to the pancreas, potentially inducing T1DM
in previously non-diabetic subjects [68–70]. Even though this is a non-cytolytic virus, it
has been reported that SARS-CoV-2 could induce cell injury mediated by different cell
death mechanisms such as apoptosis, autophagy, and necrosis [71]. These mechanisms
triggered by SARS-CoV-2 might facilitate viral clearance as part of the host’s antiviral
immunity and also contribute to virus-induced tissue injuries and disease progression.
SARS-CoV-2 may negatively affect human pancreatic islet function and survival by creating
inflammatory conditions, which may in turn lead to metabolic abnormalities observed in
patients with COVID-19. A direct tropism of SARS-CoV-2 for beta cells was suggested with
the detection of SARS-CoV-2-specific viral RNA from pancreatic sections of newly hyper-
glycemic deceased patients who had COVID-19 [72]. The diabetogenic effect induced by
SARS-CoV-2 infection can also be mediated by a possible direct viral cytotoxic mechanism
against human pancreatic islets [72].

2.4. Immune Responses (Autoimmunity and Inflammation) Induced by SARS-CoV-2

The autoimmune responses induced by viral infections are mediated by peripheral
blood mononuclear cells (PBMCs) such as T, B, natural killer (NK), dendritic cells (DCs),
and monocytes. These responses are attributed to the structural similarity between vi-
ral antigens and motifs found in proteins of beta cells [73]. Boddu et al. [13] proposed
that antigen exposure triggers the activation of autoreactive lymphocytes, initiating an
autoimmune response. Then, an autoimmune reaction progresses to the destruction of the
remaining beta cell mass, leading to the onset of insulin-dependent T1DM. This theory may
not fully elucidate the immediate onset of diabetes during the acute phase of COVID-19
infection. However, it could explain the later emergence of diabetes in the weeks or months
following recovery from COVID-19 [74]. Figure 2 shows the possible mechanisms of beta
cell destruction induced by SARS-CoV-2 infection.
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mimicry. The immune cross-reactivity between a SARS-CoV-2 protein and one or various human
proteins occurs when an immune cell recognizes both the antigen and the auto-antigen due to their
sequence similarity [75]. Human antibodies against SARS-CoV-2 could have cross-reactivity with
the Zinc Transporter 8 (ZnT8), Glutamic Acid Decarboxylase (GAD), Insulinoma Antigen-2 (IA-2),
or other highly expressed pancreatic proteins. T Lymphocytes (CD8+) recognize, through the T-cell
receptor (TCR), the peptides derived from SARS-CoV-2 proteins that are presented by the Major
Histocompatibility Complex I (MHC-I) of infected beta cells. Beta cells can also be destroyed by
innate immune cells, such as dendritic cells, macrophages, and natural killer cells, through different
mechanisms that involve pro-inflammatory cytokines.

2.4.1. Molecular Mimicry

The spike protein from SARS-CoV-2 contains mimotopes that resemble human antigen
epitopes, potentially leading to antigenic mimicry and the activation of immune recep-
tors [76]. Computational methods revealed that the spike protein of SARS-CoV-2 contains
clusters of molecular mimics with significant autoimmune potential. Within these clus-
ters, multiple molecular mimics share motifs that are recurrently present in the human
proteome [77]. This computational study provided insights into the autoimmune potential
of SARS-CoV-2 for a therapeutic intervention or vaccine design, to avoid any autoimmune
interference. During SARS-CoV-2 infections, the host immune system can activate ex-
pression of the apolipoprotein B editing catalytic polypeptide 3G and F (APOBEC3G/F)
and adenosine deaminase RNA1-specific (ADAR1) genes, which leads to editing the viral
RNA and host transcriptome. This response can trigger the production of autoantigens,
perceived as foreign by the immune system, and therefore promotes the production of
autoantibodies and potentially induces transient or chronic autoimmune diseases [78].
Thus, the viral infection could activate T cells that recognize pancreatic antigens, leading to
an autoimmune attack on beta cells and the subsequent development of T1DM. Autoim-
munity is also related to molecular mimicry between peptides of the SARS-CoV-2 spike
protein and human antigens mainly expressed by endocrine glands such as the pituitary,
adrenal [79], thyroid, and pancreas [80]. It is possible that the similarity of spike peptides
with the membrane receptors in pancreatic beta cells in humans could be related to the
development of T1DM in previously non-diabetic patients.

Moody et al. [75] employed in silico immuno-informatic tools to predict B-cell epitopes
of eight SARS-CoV-2 variants and the original Wuhan variant. Subsequently, they studied
the similarity between the predicted B-cell epitopes and human proteins. The authors
reported an association between human proteins with sequences shared with SARS-CoV-2
and autoimmune diseases such as T1DM, systemic lupus erythematosus (SLE), and multiple
sclerosis (MS), among others. For example, histone H3 shares an identical six amino acid
sequence with the SARS-CoV-2 protein Orf8 and is in a region identified as an epitope in
COVID-19 patients. Furthermore, autoantibody-targeting proteins found in autoimmune
diseases, such as SLE and T1DM, among others, share similar sequences with some of
the new predicted epitopes of SARS-CoV-2. Additionally, the authors identified 11 new
predicted B-cell epitopes in host proteins, explaining key aspects of the extrapulmonary
pathology of COVID-19. In another study, de Oliveira et al. [81] reported the potential
similarity between the amino acid sequences of human insulin (4F0N) and glutamic acid
decarboxylase-65 (GAD65) (2OKK) with SARS-CoV-2 proteins, such as the spike protein
(6ZB5), to explain the possible trigger of T1DM. The authors found a sequence identity from
5 to 45.45%. The data suggest a possible pathogenic link between T1DM and SARS-CoV-2.
Collectively, these studies (Supplementary Table S1) suggest that molecular mimicry may
play a significant role in the pathogenesis of autoimmune diseases such as T1DM in the
context of SARS-CoV-2.
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2.4.2. Cytokine Storm

A cytokine storm can lead to inflammation and immune system dysfunction, poten-
tially contributing to the destruction of pancreatic beta cells. During severe COVID-19, there
is an increased release of counter-regulatory hormones and proinflammatory cytokines,
including interleukin 6 (IL-6) and tumoral necrosis factor alpha (TNF-alpha), collectively
referred to as a cytokine storm. This overwhelming surge of cytokines is recognized for
its ability to induce insulin resistance, leading to elevated blood sugar levels or hyper-
glycemia [82]. Viral infections in diabetic animal models trigger natural killer cells and T
cells to release inflammatory cytokines, destroying beta cells [83]. In COVID-19 patients, a
dual immune response occurs, with T helper (Th) 1 cells activated by interferon-gamma
(IFN-gamma) and monocyte chemoattractant protein-1, and Th2 cells expressing IL-4 and
IL-10 to suppress inflammation. Macrophage activation syndrome in COVID-19 involves
elevated levels of IL-6, IL-1-beta, TNF-alpha, INF-gamma, and ferritin [84]. Additionally,
Th17 cells are activated in the cytokine storm, releasing IL-17 and granulocyte-colony
stimulating factor. Th17 cells are abundant in the pancreas of T1DM patients [85]. In
T2DM, elevated IL-17 levels are linked to adipose tissue inflammation, regulating pro-
inflammatory cytokines, and contributing to insulin resistance [86]. The cytokine storm
induced by SARS-CoV-2 in diabetic patients exacerbates the systemic immune imbalance,
potentially worsening their clinical condition [87,88].

2.5. Alterations in m6A Methylation by Different SARS-CoV-2 Variants

Rangu et al. [89] suggested that new SARS-CoV-2 variants might have differential
effects on the development of diabetes due to mutations associated with an alternative
route of entry into beta cells, or the maintenance of higher infection loads and high levels
of circulating cytokines. The authors recommended determining invasion mechanisms of
SARS-CoV-2 variants in beta cells, as well as the differential effects on insulin secretion. The
lack of reliable markers of in vivo beta cell death limits the studies of the potential effects
induced by the different viral variants. Further research is needed to comprehensively
investigate the functional consequences of changes in m6A RNA methylation patterns
within beta cells caused by distinct SARS-CoV-2 variants.

We previously reported that the m6A levels of nasopharyngeal samples were signifi-
cantly lower in individuals infected with SARS-CoV-2 variants delta and omicron compared
to other variants and uninfected individuals [36]. Vaid et al. [90] reported that SARS-CoV-2
variants could cause a global loss of m6A methylation levels in cellular RNAs of air/liquid
interface cultures of human airway epithelia, while viral RNA remains m6A-modified.
METTL3 showed an unusual cytoplasmic localization post-infection. The B.1.351 variant
presented a less pronounced effect on METTL3 localization and loss of m6A than the
B.1 and the B.1.1.7 variants. Furthermore, transcripts with m6A modifications were pref-
erentially downregulated post-infection [90]. Altogether, this information suggests that
SARS-CoV-2-related m6A alterations could (hypothetically) lead to beta cell dysfunction
(Figure 3). SARS-CoV-2 variants may differently alter the m6A methylation enzymatic
machinery in pancreatic beta cells, affecting the global levels of m6A methylation of insulin-
related gene transcripts. Further research is needed to confirm this hypothesis. On the
other hand, the genetic background and the epigenetic status of the host pancreatic cells
could also contribute to the outcome following viral infection. Epigenetic marks before
viral infection may differ between individuals depending on lifestyle (e.g., physical activity
or diet), previous viral infections, pharmacological treatments, and exposure to pollutants,
among other factors.
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Figure 3. A simplified model illustrating hypothetic functional consequences of changes in RNA
(m6A) methylation patterns within beta cells caused by SARS-CoV-2 variants. SARS-CoV-2 variants
could impact the m6A methylation process in pancreatic beta cells of susceptible individuals with
certain genetic and epigenetic backgrounds. These variants could reduce the global levels of m6A
methylation of cellular RNAs, particularly those associated with insulin secretion-related genes,
which could result in reduced expression and further beta cell dysfunction. Moreover, the m6A
methylation of viral RNAs could facilitate immune escape, enhance viral replication, and ultimately
contribute to beta cell dysfunction. Hence, the interplay between viral RNA methylation, cellular
RNA demethylation, and genetic and epigenetic factors in pancreatic cells could collectively influence
the dysfunction of beta cells following viral infection.

3. Concluding Remarks

The onset of diabetes mellitus following COVID-19 infection appears to be influenced
by a complex interplay of factors, including the emergence of SARS-CoV-2 variants, in-
flammation, molecular mimicry, and m6A RNA methylation. The evolving landscape of
SARS-CoV-2 variants introduces new challenges in understanding their potential impact
on the development of diabetes. Molecular mimicry, wherein viral components resemble
host tissues, may contribute to autoimmune responses triggering diabetes in susceptible
individuals. Additionally, the involvement of m6A RNA methylation, a crucial epigenetic
modification, suggests a potential role in dysregulating gene expression and insulin sen-
sitivity. As research continues, it is essential to unravel the intricate mechanisms linking
COVID-19 to diabetes onset. This understanding would guide public health strategies,
early detection, and targeted interventions to mitigate the long-term consequences of the
pandemic on metabolic health. Furthermore, an interdisciplinary collaboration between
virologists, immunologists, geneticists, and epigenetic researchers is crucial for a compre-
hensive grasp of the multifaceted relationship between COVID-19 and diabetes mellitus.
Addressing these complexities will not only enhance our understanding of pathophysiol-
ogy but will also pave the way for more effective prevention and management strategies
for individuals at risk. Further research related to global, viral, and host RNA methylation
is required, as well as in vivo trials assessing beta cell death, auto-antibody titers, insulin
production and secretion, and the expression of insulin-related genes, pro-inflammatory
cytokines, and RNA methylation-related genes.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/covid4040032/s1, Table S1: Molecular mimicry of SARS-CoV-2
and the pathogenesis of autoimmune diseases.
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