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ABSTRACT

Throughout the evolutionary history of Earth, viruses have persisted and exerted significant influence on
human civilization. Despite advancements in medicine, viral infections remain a leading cause of mortality.
Concurrently, there has been a concerning rise in metabolic disorders over past years. Current review aims
to reevaluate the systematic evidence to support the existence of robust two directional relationship among
various viral infections and diseases of metabolism. We delve into how the viruses may contribute to onset
or development of metabolic ailments and contrariwise, how these metabolic disorders can exacerbate viral
infection severity. Additionally, this review analyzes the practical implications of the modern understanding
of interplay among viral infections and disorders of metabolism, along with the difficulties faced by the

technical personals and public health experts, both presently and in the foreseeable future.
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Throughout the evolutionary timeline of Earth,
viruses, an infectious agents, have played an
integral role. Their impact on societal progress
has been profound, spanning from historic
scourges like smallpox and the Spanish influenza
to contemporary crises like HIV and the ongoing
SARS-CoV-2 pandemic. The occurrence and
transmission of both established and novel viral
infections are intricately tied to significant shifts in
human interactions with the natural
environment'2. We are currently traversing a
transitional phase marked by demographic,
behavioral, environmental, and technological
shifts, all of which influence viral dissemination.
Predictions suggest that climate fluctuations and
changes in land usage may facilitate the
migration of diverse species into new habitats,
heightening the probability of zoonotic spillover
events, particularly, in heavily inhabited regions3.
Centuries-worth data indicate a mounting
likelihood of infectious disease outbreaks,
exacerbated by environmental alterations that
enable disease transmission from animal hosts.
The implementation of lockdown measured
throughout the pandemic of SARS-CoV-2
coincided with a decline among respiratory viral
infections*. However, as we transition into the era
after pandemic, the frequency of other infections
appears to have reverted to levels before
pandemic. Concurrently, there has been a surge
in non-communicable metabolic disorders over
the past decades, characterized by an escalating
incidence of obesity, and its attendant
complications, including non-alcoholic fatty liver
disease (NAFLD) and type 2 diabetes®.

The repercussions of epidemics with non-
communicable nature on affected communities
are substantial, with diabetes ranking among the
important causes of mortality and significantly
contributing to deaths from other prevalent
conditions. The onset of SARS-CoV-2 pandemic
underscored the association between metabolic
disorders and disease severity, prompting a
reassessment of preventative and therapeutic
approaches?. This resurgence in interest
regarding the interplay between viral infections
and metabolic ailments have revitalized scientific
inquiry into their underlying physiological
connections and implications from human well-
beingé. This review endeavors to revisit the
evidence supporting a two directional association
among viral infections and disorders of
metabolism. Our objective is not to
comprehensively catalog all available data but
rather to illuminate the principal mechanisms
diving this association and explore emerging
concepts. Specifically, we scrutinize how viruses
can modulate lipid and glucose metabolism,
thereby influencing the onset or progression of
metabolic disorders. Additionally, we investigate
how metabolic dysregulation may exacerbate the
transmission and severity of viral infections, with
a particular emphasis on SARS-CoV-2 and
influenza. Finallyy, we examine the clinical
ramifications of these findings and outline the
challenges confronting the scientific community

and public health authorities moving forward.
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1. Promotion of Metabolic Disorders by

Viruses

Numerous research studies have revealed that
viruses possess the ability to initiate metabolic
disorders by influencing essential cellular
functions. For example, they can control the
survival of cells and critical mechanisms
associated with cellular death, de-differentiation
within viral metabolic and endocrine organs, and
proliferation’-'°. Moreover, viruses exert an
impact on cellular metabolism of glucose through
modulation of glucose transporters, changing the
uptake of glucose, controlling signaling cellular
mechanisms involved in sensing of cellular
energy, and activating glycolysis within cells.
Additionally, viruses have the capability to govern
the metabolism of lipids by promoting the
synthesis of fatty acids and lipids, formation of
lipid droplets, and reducing oxidation of fatty
acids. Many of these effects occur during virus
replication within infected cells and result from
direct viral actions intracellularly. The
manipulation of lipid and glucose metabolism by
viruses augments the availability of energy,
thereby facilitating viral replication and spread.
Furthermore, viruses are able to stimulate the
secretion of peptides from affected cells that elicit
systemic and local immune responses which
target the host cells or their neighboring cells
(known as the bystander hypothesis). Such
effects may persevere even following clearance
of virus, causing a progressive and irreversible
damage to organs, reminiscent of autoimmune
diseases subsequent to viral infection™.
Furthermore, viruses can trigger the secretion of

molecules such as adipocytokines, interferons

and miRNAs, which modulate the function of both
infected cells and cells in distant organs,
potentially influencing glucose homeostasis’2.
Finally, viruses synthesize polypeptides
homologous to immunomodulatory proteins,
hormones, or growth factors, allowing them to
mimic, cross-react, or antagonize host proteins,
thereby affecting cell survival and metabolism

through molecular mimicry”.

Infectious spatiotemporal dynamics function in
determining the chronicity and degree of the
injury caused by viruses. Post-acute infection
syndromes denote long-lasting disability after
infection and were seen in numerous patients
following viral infections, especially during
pandemics (e.g., polio, SARS-CoV-2, varicella-
zoster, Coxsackie, Ebola, Epstein-Barr, and
Post-COVID-19

associated with an enhanced frequency of

dengue)’3.14, disease is
cardiovascular conditions, obesity, dyslipidemia,

and diabetes'®. However, epidemiological
evidence indicates that numerous other viral
infection are also linked to a high risk of
developing or exacerbating metabolic disorders.
In some circumstances, the epidemiological
associations are benefited by experimental proof,
which  generates reasonable hypotheses
regarding potential reasons underlying the
chronic complications of viruses, even following
clearance of virus. In line with one hypothesis, the
viruses may develop an infection stubborn in
nature or leave the non-lethal antigens inside
organs that can function as reservoirs for chronic
pathogens'®-20, Such pathogenic constituents
may evade traditional methods of detection but

still prompt chronic and subclinical inflammation.
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Alternatively, viral infections could induce the
synthesis of autoantibodies that gradually affect
metabolic and endocrine functions with a
significant interruption from the early infection.
Another hypothesis proposes that trained innate
immunity may contribute to the chronic infectious
effects of virus on metabolism. Such stimuli may
induce continuous metabolic and epigenetic
variations in innate bone marrow progenitors and
progenitor cells, and immune cells?"22
Subsequent unrelated infections or inflammatory
stimuli may generate a second response of
inflammation in susceptible organisms, with
beneficial or detrimental effects. The trained
innate immunity is seen following live attenuated
vaccines, demonstrating its relevance as an
immune memory mechanism following viral
infection3. It remains uncertain whether acquired
adaptive immunity following viral infection may
provoke different inflammatory responses
endorsing metabolic disorders on second
stimulus exposure. Lastly, several viruses have
been related with alterations in the dysfunction of
gut and microbiome (dysbiosis), which may harm
upcoming inflammatory response difficulties and
secondary infections?*. The dysbiosis is also
seen in NAFLD, obesity, and type 2 diabetes and
is linked to progression of disease. Lastly,
although not directly caused by virus itself,
antiviral or concomitant treatment may primarily

contribute to metabolic rearrangement?5.26,

1.1. Enteroviruses

Various viral infections, primarily enteroviruses
but also encompassing rotaviruses, mumps,

human herpes virus 6, parainfluenza, and
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parechovirus, is linked to onset of diabetes
because of the damage of B-cells. Several of
such viral infections share mutual ftraits,
particularly their propensity to cause widespread
infections, often occurring during early
childhood?”. The infection timing frequently
precedes or overlaps with the islet autoantibodies
development, with insulin  autoantibodies
emerging around the age of 2 and glutamic acid
decarboxylase autoantibodies between 3 and 5
years old®. The evidence supporting this
association comes from epidemiological and
histological  studies,
between RNA levels of Coxsackie virus B (CVB)

among stool samples and the advancement to

including correlations

diabetes type 1, recognition of enteroviral islets
RNA in individuals having newly diagnosed
diabetes type 1, and presence of the enteroviral
capsid protein VP1 among B-cells of diabetes
type 1 donors. Remarkably, VP1 is found in a tiny
concentration of islets, suggesting the gradual

mechanism arising prior clinical manifestations2®-
31

Various receptors utilized by enteroviruses in
order to enter cells, also show expression in B-
cells of pancreas, with Coxsackie and adenovirus
receptor (CAR) being the most significant32. A
specific CAR (CAR-SIV) isoform on insulin
granular surface may acts as entry point for
viruses during recovery of membrane following
insulin granule exocytosis33. Conversely, three
primary mechanisms are proposed for [-cell
damage induced by Coxsackie virus34. Initially,
the replication of virus within B-cells may directly
affect cell function and survival, resulting in

apoptosis or necrosis. Moreover, enterovirus-
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related products such as polyinosinic-
polycytidylic acid may reduce the expression of (3-
cells-specific gene, potentially inducing B-cells
differentiation, secretion of insulin induced by
glucose through depletion of insulin granular
stores and changing elements involved in
membrane potential and calcium homeostasis.
The other mechanism involves the stimulation of
B-cells autoimmune response, facilitated by
peptides secreted by injured B-cells that are
accessed by antigen-presenting cells. This
response leads to the destruction of 3-cells by T-
cells, along with MHC class | molecule
expression. The third proposed mechanism
depends on the molecular mimicry, where viral
proteins contain sequence homology to islet
autoantigen and glutamic acid decarboxylase 65
(GADG65), involved in process of inflammation
causing diabetes type 1. Though, the extent of
cross-reactivity among viral peptides and T-cell
clones or autoimmune antibodies remain
uncertain. Persistent infection with enterovirus in
B-cells may exacerbate autoimmunity, with
enteroviral protein or RNA identified in islet cells,
gut mucosa, and mononuclear cells of patients
having diabetes type 134. Despite accumulating
evidence from experiments and epidemiological
studies, the hypothesis of enteroviral etiology in
diabetes type 1 has not been definitively
established due to inconsistencies among study
findings. Struggles to eliminate virus through
antiviral therapy or vaccination represent the
eventual test for establishing interconnection
between enteroviruses and diabetes type 12°.
Vaccination strategies aims to prevent viral load,
systemic spread, infiltration in pancreas, and

potential undeviating effects on B-cells infected
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by virus, thereby inhibiting self-antigens release,
triggering autoimmunity. Investigations in mice
have demonstrated that the vaccines targeting six
serotypes of CVB can encourage strong
neutralizing antibodies and confer the immunity
against CVB, potentially preventing diabetes
induced by CVB. A clinical trial is assessing a
vaccine which targets five CVB serotypes i.e.,
CVB1 to CVB5, among normal individuals. The
achievement of these results relies on safety
profile of the vaccine, which must be excellent to
permit assessments in children and before CVB
exposure®. Considering the infectious
spatiotemporal dynamics and immune responses
elicited by viruses will aid in developing more
operative therapeutic approaches and
assessment methods to measure disease

progression and treatment efficacy.

1.2. Hepatitis C Virus

The infection with the hepatitis C virus (HCV)
significantly raises the likelihood of developing
type 2 diabetes, particularly in elder individuals
with an advanced liver cirrhosis and diabetes
history in family. This increased risk is largely due
to heightened hepatic insulin resistance. HCV
impairs glucose regulation by reducing hepatic
uptake of glucose through downregulation of
glucose transporter 2 and interfering with insulin
signaling via promoting degradation of IRS-1 and
IRS-2, thus inhibiting the P13K/Akt pathway?36.
Additionally, HCV may diminish insulin receptor
expression and enhance the expression of genes
involved in gluconeogenesis. Peripheral insulin
resistance is also associated with HCV

infection®’. While the precise mechanisms are not
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completely understood, one theory suggests that
liver dysfunction alters circulating miRNAs,
decreasing sensitivity of insulin in muscles and
adipose tissues®. Additional theories indicate
that HCV-induced

dysfunction of

oxidation stress and
mitochondria lead to
overexpression and release of pro-inflammatory
cytokines, i.e., IL-6, IL-8, and TNF-a, which

additionally worsen insulin resistance?®.

HCV infection is also implicated in diabetes
because of dysfunction in B-cells. The virus
replicates in p-cell of pancreas, reducing
secretion of insulin and causing cell death. There
are occasional reports of diabetes type 1
developing after infection by HCV or interferon
therapy, indicating potential autoimmunity of
pancreatic islets, though such findings are less
constant compared to diabetes type 2.
Contrariwise, diabetes type 2 in HCV patients is
linked to quicker development to liver fibrosis and
increased risk of developing decompensated liver
cirrhosis and hepatocellular carcinoma*®4!. The
substantial impact of HCV infection on glucose
metabolism is additionally supported by
improvements in insulin sensitivity, secretion, and
glycemic control following HCV eradication with
effective  direct-acting  antiviral  agents*2.
Eliminating HCV infection decreases the risk of
diabetes type 243. In addition to diabetes type 2,
HCV infection is also related to liver steatosis,
with severity depending on the genotype of HCV.
The HCV genotype 3, which accounts for 20%
HCV infections globally, is more effectively linked
to steatosis than other genotypes, and the
severity of steatosis correlates with intrahepatic

HCV RNA levels#445 The steatosis associated

with genotype 3 may result from differences in the
core protein’s amino acid sequence, activating
various steatogenic mechanisms. This genotype
increases liver lipid accumulation by decreasing
the assembly of very low-density lipoproteins
through inhibiting transfer protein activity of
microsomal triglycerides, encouraging
lipogenesis through activation of SREBP-1¢, and
decreasing lipid B-oxidation through PPAR-a
HCV-induced

steatosis is a negative predictor for continuous

downregulation*6.  Particularly,
response of virus in early interferon-based
therapy. Direct-acting antivirals targeting viral
replication show effect in attaining sustained viral
responses in HCV and hepatic steatosis*’. While
these antivirals can improve liver fibrosis, their
impact on steatosis is mixed, with some studies
reporting improvement and others noting
progression, underscoring the need for further
research.

HCV infection’s impact on glucose and lipid
metabolism can increase cardiovascular risk.
Effects of HCV on atherosclerosis are well-
documented. The virus can enhance permeability
of endothelium, promote endothelial cellular
death, stimulate the proliferation and migration of
smooth muscle cells from tunica media to
surface, and encourage the expression of soluble
vascular cell adhesion molecule 1 through
enhanced release of chemokines and cytokines,
including TNF, IL-6, and IL-8. Direct-acting
antiviral therapy has been related to a reduction

in cardiovascular risks48-50,
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1.3. Iridoviridae

The iridoviridae family contains large double-
stranded DNA viruses known to infect the insects,
fish, reptiles, and amphibians, frequently causing
fatal outcomes. Such viruses have also been
identified in human plasma and the enteric
virome®!. Studies have shown that iridoviridae
viruses possess sequences closely resembling
those of insulin and insulin-like growth factors 1
and 252. Such viral peptides can interact with IGF-
1 or insulin receptors, influencing various
biological processes. They may promote the
uptake of glucose by enhancing the expression of
GLUT4 and Akt phosphorylation in white adipose
tissue®. Alternatively, they can function as
antagonists, thereby inhibiting the cellular growth
and proliferation usually stimulated by the IGF-1.
As a result, viral insulin-like peptides (VILPs) may
characterize a new form of molecular mimicry that
viruses alter hormonal mechanisms in humans54.
However, it remains uncertain which human cells
may be infected by and support the replication of
VILP-containing viruses. Additionally, it is yet to
be determined if VILPs have other cellular effects
beyond mimicking or inhibiting insulin and IGF-1
functions. For instance, recent research indicates
that VILPs can prevent ferroptosis, suggesting
they may play a crucial role in regulating cell
death®.

1.4. Human Immodeficiency Virus

Human immodeficiency virus (HIV) infection and
the antiretroviral therapy (ART) have intense
action on metabolism of lipids, adipose tissue

characteristics, and spreading, closely related to

metabolic diseases and hepatic steatosis. The
metabolic issues linked to HIV largely stem from
CD4+ T cell depletion and ongoing systemic
inflammation. Without treatment, HIV often
results in progressive loss of weight, or HIV
wasting, because of decreased intake of energy,
malabsorption, and heightened metabolic
demands. Malabsorptions arises from loss of T
cells of gut mucosa, which weakens the epithelial
barrier of the gut, intensifies its permeability, and
allows viruses and microbiota to translocate. The
chronic inflammatory response further raises
metabolic demands, leading to the loss of trunk
fat and increased liver fat production, resulting in
higher liver fat (steatosis) and elevated
triglycerides in the blood®5. In individuals with HIV,
adipose tissue undergoes structural and
functional changes, including decreased
mitochondrial DNA content and reduced
expression of critical genes like lipoprotein lipase,
adiponectin, GLUT4, and PPARy, which are
crucial for energy and glucose regulation. Lower
adipopectin levels can worsen liver steatosis and
inflammation%8. Additionally, adipose tissue may
act as a HIV reservoir. HIV can be identified
among CD4+ T cells within the adipose tissue
stromal vascular fraction, leading to enhanced
production of proinflammatory cytokines that
promotes viral shedding'. This inflammatory
environment in adipose tissue and systemically
contributes to insulin resistance, enhancing the

risk of hyperglycemia and liver steatosis.

Moreover, hepatic stellate cells, Kuppfer cells,
and hepatocytes can be infected by HIV. Along
with microbiota translocation, this interaction

promotes further liver inflammation and fiboris57.
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One meta-analysis indicated that 34% HIV-
infected individuals suffer from hepatic steatosis,
and 12% have liver fibrosis greater than stage
F2%. HIV also demonstrated how antiviral
treatments can disrupt metabolic homeostasis.
Early HIV treatments using combinations of three
of more antiretroviral drugs often resulted in
significant weight gain. However, these
treatments also caused fat redistribution, with fat
loss in the buttocks, face, and limbs, and fat gain
in visceral and cervical areas, known as HIV-
associated lipodystrophy%8. Individuals with this
condition showed significant lipid accumulation in
the heart, muscles, and liver. Enhanced de novo
synthesis of lipids and faster breakdown of lipids
were major factors leading to lipodystrophy
associated with HIV255859  ARTs significantly
impact function of adipose tissues, causing
compromised synthesis and maturation of
adipocytes, enhanced cellular death, and
elevated  production of  proinflammatory
cytokines. These treatments also alter the
release of key hormonal controllers of lipid and
energy homeostasis, such as decreased
adiponectin and high ANGPTL3 and PCKS960,
These changes contribute to atherosclerosis,
diabetes, and insulin resistance. Despite
advancements in ART, weight gain remains a
significant concern, necessitating monitoring of
diabetes in many therapy settings. Although ARTs
may have decreased hepatotoxicity, they can still

endorse steatosis with increased body weight8'.

1.5. Herpesvirus

Herpesviruses are widespread among humans,
but their role in metabolic diseases remains
underexplored. An investigation tracked a cohort
demonstrating that being seropositive for
cytomegalovirus (CMV) and herpes simplex virus
2 (HSV-2) was linked with a higher likelihood of
developing prediabetes or diabetes, after
accounting for multiple confounding factors®2.
Notably, HSV-2 seropositivity was also linked to
increased HbA1c levels. The initial
seroprevalence in the study was 11% for the
HSV-2 and 456% for the CMV. Providing that
such infections typically happen early in life or
during puberty period, and the serostatus of
individuals remained largely unchanged in the
period of follow-up, it is possible that these
viruses have enduring actions on the metabolism,
potentially contributing to onset or development
of metabolic disorders. It is still unclear whether
these chronic effects stem from persistent
infections in certain organs or from changed
immune responses on viral re-exposure. Another
study found that respiratory infections might
temporarily elevated plasma insulin levels without
changing fasting glucose levels, indicating
increased insulin resistance®. In mice model, the
interferon-gamma (INF-y) induced by CMV
headed to the insulin receptor downregulation in
skeletal muscles and a compensatory rise in
secretion of insulin. This hyperinsulinemia
induced by CMV directly improved functions of
CD8+ effectors T cells, enhancing antiviral
immunity but impairing glycemic control. This was

particularly problematic in obese mice, where
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CMV infection further exacerbated insulin

resistance®s.

1.6. SARS-Cov-2

Epidemiological research has identified that
individuals with metabolic diseases face a higher
risk of severe COVID-19 and an elevated
incidence of new-onset diabetes and diabetic
ketoacidosis after SARS-CoV-2 infection. The
increased risk of developing new-onset diabetes
varies from 11% to 276% depending on factors
such as age of the population studies, the
severity of infection, the risk assessment period,
and the compared groups used®. Investigations
show a stronger correlation between new-onset
diabetes and severe COVID-19 in older adults
compared to younger individuals with milder
cases. Hospitalization due to COVID-19 may
reveal pre-existing diabetes among individuals
who do not undergo regular check-ups, as
indicated by a decrease in new-onset diabetes
risk over time following COVID-19 diagnosis®.
Many studies have compared infected individuals
with those who were not severely ill but severe
infection and hospitalization can independently
enhance the diabetes incidence. A 2020 study
noted a similar rise in new-onset diabetes risk
following hospitalization for COVID-19 and
pneumoniab®, The two directional association
between COVID-19 and metabolic disorders is
still being understood with some studies yielding
contradictory results. Various pathophysiological
mechanisms might be at play®¢. B-cells are
vulnerable to the SARS-CoV-2 infection, leading
to degranulation, apoptosis, compromised

secretion of insulin, and transdifferentiation or
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dedifferentiation®”. Though, mRNA of SARS-CoV-
2 is present in tiny concentration in pancreas and
for a small duration in contrast to other cells,
suggesting that this may not completely account
for rise in new-onset diabetes®®. The broad
cellular tropism of SARS-CoV-2 implies that the
other endocrine organs could also lead to
metabolic deregulations. Adipocytes, which can
be infected by the virus, might serve as
reservoirs, producing proinflammatory cytokines
and attracting macrophages over time®°,
Furthermore, adipocytes synthesize plasminogen
activator inhibitor-1 (PAI-1), which prevents
fibrinolysis and its significantly elevated in
COVID-19
coagulopathy. The mRNA of SARS-CoV-2 is
obstinately and highly detected in hypothalamus.

patients, potentially  causing

The infection might also increase GP73
production, stimulating hepatic gluconeogenesis

and raising blood glucose levels in mice?°.

Indirect factors also lead to hyperglycemia and
new-onset diabetes. Pandemic-related lifestyle
modifications, such as weight gain and reduced
access to preventing care, could exacerbate pre-
existing metabolic conditions. Acute severe
illness can induce stress-related hyperglycemia
through enhanced breakdown of lipids and free
fatty acids in circulation. Commonly used
treatments for treating COVID-19, such as
steroid, can also trigger or worsen
hyperglycemia’'.72. Further mechanistic studies
are necessary to investigate the potential causal
links between COVID-19 and metabolic

diseases.
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2. Effect of Metabolic Disorders with

Viral Infections Severity

A significant body of epidemiological research
shows a robust correlation among metabolic
disorders and both the severity and frequency of
different viral infections. Nonetheless, the specific
nature of these correlations can be ambiguous,
leaving uncertainty about whether metabolic
disorders enhance the infection risk for all
viruses. Equally, there is strong evidence
supporting a causal link among metabolic
disorders and severity and outcomes of infectious

diseases.

2.1. Immune Response Impairment

Individuals with diabetes, insulin resistance, or
obesity undergo notable variations in their
adaptive and innate immune systems. In type 2
diabetes, innate immune functions such as
chemotaxis and neutrophil phagocytosis are
impaired”®. Natural killer (NK) cells exhibit
decreased activity, and macrophages gather in
the adipose tissues, become proinflammatory”.
The maladaptive-trained immunity leads to
myeloid cells having enhanced proinflammatory
responses on subsequent exposures.
Concerning the adaptive immune system, the
obesity results in a decrease in natural killer T
cells in adipose tissue, while B cells proliferate
and secrete more proinflammatory cytokines’®.
Multiomics investigates of various specimens i.e.,
blood, nasal, and stool swabs, reveal that
individuals having resistance of insulin exhibit
delayed immune responses to viral infections®.

Hyperglycemia is a key factor in the dysfunction

of memory CD8 T cells during viral infections in
diabetes”. In obese mouse models, influenza
infection impairs the function of T-cells because
of oxidative stress, leading to decreased
production of TNF-a and IFN-y, and an
insufficient B cell response. Such changes cause
delayed and weakened immune responses,
faster replication of virus, prolonged shedding of
virus, more severe pulmonary damage, and
enhanced mortality. Obese mice also exhibit a
delayed immune response along with decreased
type | interferon levels, encouraging viral diversity
and potentially leading to more virulent influenza

strains78-80,

For individuals having SARS-CoV-2 and obesity,
increased levels of IL-6 and leptin produced by
the adipose tissue may augment the cytokine
storm risk. Elevated levels of glucose are linked
to a decrease in the T follicular regulatory cells
and impaired monocyte and T cell function
through glycolysis or HIF-1a -dependent
mechanisms8'-83,  Overall, changed immune
system functions in metabolic disorders cause
patients to delayed and insufficient immune
responses to viral infections, heightening risk of

developing cytokine storm.

2.2. Entry of Virus into the Body

A healthy mucosa of gut epithelium is essential
for blocking the passage of virulent viruses from
gut lumen into bloodstream. Certain bacteria in
gut can strengthen this barrier or produce
compounds that Kkill viruses. In conditions
including NAFLD, type 2 diabetes, and obesity,

the gut microbiome undergoes significant
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changes, known as dysbiosis, increasing the
permeability of intestine®. This “leaky gut”
condition may heighten the risk of systemic
infections through viral transport and bacterial
superinfections due to an impaired immune
response after a viral infection. Infection by
SARS-CoV-2 has also been related with
alterations in the gut microbiome, and these
changes can persist even after recovery. The
configuration of microbiota in gut during SARS-
CoV-2 infection has been linked to levels of
inflammatory chemokines and cytokines?®.
Additionally, other aspects of metabolic diseases
can influence viral entry in the cell. For instance,
1, 5-anhydro-D-glucitol, a
metabolite, which can attach to SARS-CoV-2

spike protein and prevent viral entrance into host

glucose-like

cells, is found in low levels in diabetes type 2
patients. This deficiency may contribute to their
increased risk of severe SARS-CoV-2 infection®.
Furthermore, adipose tissue can function as a
long-term pathogen reservoirs, suggesting that
individuals having obesity and elevated amounts
of adipose tissue might be more vulnerable to
chronic effects on certain infections”. This area
requires further research to fully understand the

implications.

2.3. Endothelial Dysfunction

Vascular endothelial cells are essential for a
variety of functions, including maintaining the
integrity of blood vessels, nutrient transport,
regulating the flow of blood through
vasoconstriction and vasodilation, regulating
blood clotting, and moderating inflammatory

responses. In diabetes type 2, endothelial
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dysfunction is characterized by heightened
oxidation  stress, increased levels  of
proinflammatory and prothrombotic factors,
elevated vasoconstrictors, reduced vasodilators,
and diminished activity of nitric oxide synthase.
This condition leads to increased inflammation
and vasoconstriction, and in combination with
hyperactivity of platelets, can contribute to
atherosclerosis and thrombosis®”. As a result,
people with type 2 diabetes are at a higher risk
for vascular complications, which can be further
exacerbated during infections®. In addition to
promoting thrombosis, endothelial dysfunction
negatively impacts pulmonary function by altering
inflammatory responses. During influenza A virus
infection, endothelial cells in lungs are important
cytokine manufacturers. High glucose levels
trigger a proinflammatory cytokine response in
endothelial cells, which impairs the junctional
complex in epithelum and damage the
pulmonary barriers®,
Likewise, SARS-CoV-2 infections is also linked

with endothelial cell infection and subsequent

epithelial-endothelial

pulmonary and vascular endothelitiis, which
correlate considerably to COVID-19 related
mortality. Consequently, pre-existing dysfunction
in endothelium may worsen the viral infection
severity by enhancing the risk of thrombosis and
exacerbating pulmonary damage through

intensified inflammatory responses®.

3. Clinical Significance

The pandemic of COVID-19 has initiated
noteworthy discussions on how to adapt the

management of metabolic diseases during such
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widespread health crises. Recommendations
consistently highlight the necessity of metabolic
maintenance. This need has intensified during
the pandemic due to increased sedentary
behavior, poorer dietary habits, and reduced
access to healthcare providers. The pandemic
has also underscored the two directional
association among infectious diseases and
metabolic disorders®'. As future pandemics and
epidemics are anticipated to become common, it
is essential to better understand this relationship,
develop operative approaches for prevention to
mitigate the threat of developing or worsening
metabolic disorders following infections, reduce
the severity of infections among metabolic
disorder patients, and optimize their treatment
approaches. The long-term function of viral
infections on metabolism, even after the virus is
no longer detectable and their role in the growth
or exacerbation of metabolic disorders, are not
well-studied. This applies to both highly
pathogenic viruses and those that are
predominant in community with typically mild or
subclinical diseases, such as herpesviruses or
minimally symptomatic SARS-CoV-2. Many viral
infections result in post-acute infection
syndromes, which share common symptoms and
suggest similar underlying mechanisms?3.
However, these syndromes are often under-
recognized in clinical setting, lack clear criteria for
diagnosis, and have no specific strategies for
therapy. The mechanisms by which metabolic
disorders may have an enhanced post-viral
squeal risk, or how post-viral sequel might
encourage or worsen metabolic disease, remain
mainly unidentified. To advance the optimization

of post-viral treatment, it is necessary to develop

clear diagnostic criteria, educate healthcare
providers, establish guidelines for monitoring,

and evaluate various treatments.

Precision medicine has identified subcategories
of patients having a similar disease but diverse
disease courses. For example, in diabetes type
2, five subclasses with distinct disease
progressions and risks for complications have
been recognized®. Though, it is unclear whether
the phenotypes are also linked to high infection
severity and vulnerability, the post-acute infection
syndrome development, or the metabolic
disturbance risk throughout and subsequently
after infection. Future research should focus on
recognizing novel subdivisions of individuals
having metabolic diseases who are at higher risk
of complications during and after infections, or
contrariwise, those at higher threat of emerging
metabolic diseases after viral infections. For
instance, epidemiological studies following
infection with SARS-CoV-2 have shown that new-
onset diabetes risk varies based on age, gender,
socioeconomic factors, time since infection, pre-
existing metabolic conditions, hospitalization
status, and comorbidities?3%4. Since it is
impractical to assess the entire affected
individuals, such studies can help prioritize
monitoring the growth or advancement of
metabolic disorders in  high-risk  groups.
Identifying these categories can reduce the
failure rates, cost, and time in clinical
investigations, which may emphasize on
preventing actions or interventions to decrease
the danger of metabolic disease post-infection or
on approaches to reduce the severity of infections

in those with metabolic disorders.
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There is inadequate evidence on the role of
lifestyle interferences or treatments that target
metabolic disorders on severity and vulnerability
of infections. Utmost results comes from
epidemiological investigations, which contain
limitations because of confounding factors such
as age, comorbid conditions, and interval of
metabolic disorders, and comorbidities. More
randomized trials, for example those conducted
for metformin and dapagliflozin among SARS-
CoV-2-infected individuals, are needed to assess
the effects of anti-hyperlipidemic, anti-diabetic,
and anti-obesity therapies on severity and
vulnerability of infections®%°¢. Similarly, preclinical
studies on common infections among animal
models of NAFLD, diabetes, or obesity, and
effects different interventions, can deliver
significant systematic understandings. Likewise,
clinical and preclinical investigations should also
emphasize on assessment of the impact of
vaccines and antiviral therapies on the
development and progression of metabolic

diseases.

4. Conclusion

Significant knowledge gaps persist about the
mechanisms underlying the intricate association
between metabolic disorders and viral infections.
These gaps encompass understanding the
specific types of viruses or metabolic subtypes
involved, delineating between the immediate and
prolonged impacts of viral infections on the
metabolic well-being, and pinpointing most
effective therapeutic or preventive interventions

to mitigate the metabolic disorder risk onset or

worsening, as well as the susceptibility to severe
infection among individuals with metabolic
disorders. These gaps in understanding may
arise from a limited scientific grasp of the
connections among viruses and metabolic
conditions. The pandemic of COVID-19 has
brought about heightened awareness among the
public concerning preventive measure against
infectious diseases and the vulnerability of
individuals at elevated risk of severe or life-
threatening complications. Furthermore, it has
catalyzed interdisciplinary discussions and
collaborative research endeavors among experts
from various fields, including diabetologists,
cardiologists, immunologists, endocrinologists,
and infectiologists. Moving onward, it will be
imperative to educate a different cohort of
experts, healthcare professionals, and clinicians
who possess a comprehensive understanding of
both infectious diseases and metabolic disorders.
Such interdisciplinary training can advance our
comprehension of intricate scientific inquires
spanning diverse specialties, raise awareness
among healthcare providers and the general
public, and facilitate the development of more
efficacious

preventing and therapeutic

approaches to enhance overall health.
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