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Abstract

Severe acute respiratory syndrome coronavirus 2 (Sars-CoV-2) has caused a global
pandemic that has affected the lives of billions of individuals. Sars-CoV-2 primarily
infects human cells by binding of the viral spike protein to angiotensin-converting
enzyme 2 (ACE2). In addition, novel means of viral entry are currently being investigated,
including Neuropillin 1, toll-like receptors (TLRs), cluster of differentiation 147 (CD147),
and integrin a5p1. Enriched expression of these proteins across metabolic regulatory
organs/tissues, including the circulatory system, liver, pancreas, and intestine con-
tributes to major clinical complications among COVID-19 patients, particularly the devel-
opment of hypertension, myocardial injury, arrhythmia, acute coronary syndrome and
increased coagulation in the circulatory system during and post-infection. Pre-existing
metabolic disease, such as cardiovascular disease, obesity, diabetes, and non-alcoholic
fatty liver disease, is associated with increased risk of hospitalization, persistent
post-infection complications and worse outcomes in patients with COVID-19. This
review overviews the biological features of Sars-CoV-2, highlights recent findings that
delineate the pathological mechanisms of COVID-19 and the consequent clinical
diseases.

Abbreviation

aa amino acid

ACE2 angiotensin converting enzyme 2
Ang angiotensin

Cat cathepsin

CCL chemokine ligand

CD147 cluster of difterentiation 147
COVID-19  Coronavirus disease 2019

E protein envelope protein

GI gastrointestinal

HT hypertension

IBD inflammatory bowel disease
IFN interferon

IL interleukin

LDL low-density lipoprotein

M protein membrane protein

Mas mitochondrial assembly
mtDNA mitochondrial DNA

mTOR mammalian target of rapamycin
N protein nucleocapsid protein

NAFLD non-alcoholic fatty liver disease
NASH non-alcoholic steatohepatitis

NF-kb nuclear factor kappa B
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NRP neuropillin

NSP non-structural protein

ORF open reading frame

PAH pulmonary arterial hypertension

PP polyprotein

RAAS renin angiotensin aldosterone system

RdARP RNA-dependent RNA polymerase

RGD Arg-Gly-Asp

ROS reactive oxygen species

RTC replication and transcription complex

S protein spike protein

Sars-CoV-2  severe acute respiratory syndrome Coronavirus 2
SgRNA subgenomic RNA

T1D Type 1 diabetes

T2D Type 2 diabetes

TLR Toll-like receptor

TMPRSS2 transmembrane serine protease 2

TNF tumor necrosis factor

TRAF tumor necrosis factor receptor-associated factor
TRS transcription regulatory sequence

1. Genome, proteins and life cycle of Sars-CoV-2
1.1 Genome of Sars-Cov-2

Severe acute respiratory syndrome-coronavirus-2 (Sars-CoV-2) is a
positive-sense, single-stranded RNA, enveloped virus belonging to the
family Coronaviridae, subfamily Orthocoronavirinae (Masters, 2006)
Sars-CoV-2 possesses a remarkably large viral genome of ~30kb in length.
The genome is divided into fourteen open reading frames (ORFs) flanked
by cis-acting secondary RINA structures necessary for RNNA synthesis at the
5'- and 3’-untranslated regions. The fourteen ORFs of Sars-CoV-2 encode
29 viral proteins, including sixteen non-structural proteins (NSPs), which
are encoded within two overlapping polyproteins (ppla and pplab) that
span the 5’ two-thirds of the viral genome (Chen, Liu, & Guo, 2020;
Kim et al., 2020). The four canonical structural proteins (the spike, enve-
lope, nucleocapsid, and membrane proteins) are encoded within the
remaining third of the genome towards the 3/-untranslated region.
Interspersed between the structural protein genes are genes encoding
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accessory proteins which assist in viral infection and replication: ORF3a,
OREF3b, ORF6, ORF7a, ORF7b, ORF8b, ORF9b and ORF10.

2. Key proteins of Sars-CoV-2
2.1 Spike (S) protein

The spike (S) protein, a trimeric type I membrane protein, protrudes
from the Sars-CoV-2 virion surface and is necessary for recognition of
the host cells and initiation of viral fusion into host cells. The heavily
glycosylated S proteins of coronaviruses are among the largest recorded,
with that of Sars-Cov-2 being 1237 amino acids in length (180—200kDa)
(Huang, Yang, Xu, Xu, & Liu, 2020; Ou et al., 2020). This S protein is
divided into two subunits: S1 and S2.

81 subunit: S1 of the S protein possesses an N-terminal domain
and a receptor binding domain (RBD). The RBD of S1 is necessary for
host-virus interaction and exists in one of two conformations. In the low
energy state of this subunit, termed the “down” state, the RBD is concealed
by being angled towards the internal cavity of the trimeric S protein, thus
offering protection to this important domain. Upon interaction with the
host, the S1 subunit changes conformation via a hinge-like mechanism to
reveal the binding site of the RBD and promote S-protein-host-receptor
interaction.

82 subunit: S2 of the S protein composed of four distinct regions: a fusion
peptide, two heptad repeats termed HR1 and HR2, and a transmembrane
domain. The helical stalk of S2 is formed primarily of HR1 (Tang, Bidon,
Jaimes, Whittaker, & Daniel, 2020; Xia, Zhu, Liu, et al., 2020). A unique
evolved characteristic of the Sars-CoV-2 virus, compared to that of its
most closely related and well-studied counterpart, Sars-CoV, is a polybasic
cleavage site (PRRAR) at the S1-S2 boundary that permits efficient cleav-
age of the S protein by furin protease (Budhraja, Pandey, Kannan, Verma, &
Venkatraman, 2021; Peacock et al., 2021; Whittaker, 2021). Proteasomal
digestion of the S protein is essential to internalization of the virus and
the evolution of this new polybasic cleavage site may be key to the high
infectivity, pathogenicity and zoonotic transmission of Sars-CoV-2.
Within S2 is a further cleavage site termed S2’, immediately downstream
from which is a fusion peptide (Lai, Millet, Daniel, Freed, & Whittaker,
2017). Of note, S2’ cleavage, but not S1 or S2 cleavage is essential to initiate
internalization of the virus.
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2.2 Envelope (E) protein

The envelope (E) protein is the smallest structural protein of Sars-CoV-2,
being only 8—12kDa. The E protein is composed of three primary domains:
a short hydrophilic N-terminus of 7—12 amino acids; a hydrophobic trans-
membrane domain ~25 amino acids in length; and a longer hydrophobic
C-terminus (Schoeman & Fielding, 2019). The E protein assists viral lysis
and subsequent release of the viral genome upon cellular internalization
of a virion. In a host cell, the E protein localizes to the endoplasmic retic-
ulum (ER) and Golgi membranes to assist in viral assembly and budding,
and to form pentameric ion channels, with little or no selectivity, to enhance
viral replication (Corse & Machamer Carolyn, 2000; Nieto-Torres et al.,
2014). Notably, E protein mediated pumping of Ca2+ ions out of the
ER enhances cellular inflammation and may be a significant factor in
the unusually large immune response to Sars-CoV-2 infection.

2.3 Nucleocapsid (N) protein

The nucleocapsid (N) protein is the only structural protein within the
virion, which protects and localizes the RNA genome towards the mem-
brane by packaging it into a ribonucleoprotein complex (Cubuk et al.,
2021). The N protein is composed of two structurally conserved domains:
the N-terminal domain and the C-terminal domain; the prior being
a monomer, the latter being a dimer (Ye, Lu, & Corbett, 2021). The
N-terminal domain is characterized by a positively charged protrusion to
facilitate putative RINA binding. This RINA binding characteristic of
the N protein allows a degree of protection from intracellular host immune
responses as the N protein can suppress RNAi-mediated antiviral responses
(Cuti et al., 2015).

2.4 Membrane (M) protein

The membrane (M) protein is the most abundant structural protein of
Sars-CoV-2, which is the protein to which all other structural proteins
bind. The M protein spans the virion lipid membrane and leaves a short
NH2-terminal protruding from the virion and a long COOH terminus
within the virion (Thomas, 2020). It is interaction between the M and N
proteins that promote completion of viral assembly by stabilizing the
N protein RNA complex inside the virion (Bianchi et al., 2020).
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3. Lifecycle of Sars-CoV-2
3.1 Entry of Sars-CoV-2

Entry of Sars-CoV-2 into the host is initiated by the RBD within S protein
of Sars-CoV-2 that interacts with host ACE2 receptor (Yang et al., 2020;
Zamorano Cuervo & Grandvaux, 2020). Proteolytic cleavage of the S
protein by host-cell-derived proteases is essential to permit fusion of
the virus with the host cell membrane. Typically, this is facilitated by
transmembrane serine protease 2 (TMPRSS2), with optional catalysis
by endosomal cysteine protease cathepsin B (CatB) and/or cathepsin L
(CatL) (Padmanabhan, Desikan, & Dixit, 2020; Qiao et al., 2021; Zhao
et al., 2021, 2022). Furthermore, the aforementioned novel polybasic furin
protease cleavage site between subunits S1 and S2 allows efficient cleavage
of the S protein by furin in addition to TMPRSS2 and CatB/L. In vitro, it
has been demonstrated that TMPRSS?2 is preferred over CatB/L for S
protein cleavage as inhibition of TMPRSS2 alone is sufficient to block entry
of Sars-CoV-2 into primary lung cells (Hoftmann et al., 2020). Means of
Sars-CoV-2 invading host cells via relevant protein machinery are utilized
in Fig. 1.

ACE2: The ACE2 receptor is expressed across more than 15 organ
systems including the lungs, heart, kidneys, gastrointestinal (GI) tract, adi-
pocytes, and pancreas. ACE2 is a component in the renin-angiotensin-
aldosterone system (RAAS) (Reynolds et al., 2020): a homeostatic regulator
of vascular function. In the RAAS pathway, renal juxtaglomerular cells
release renin which cleaves anglotensin to angiotensin-I (Angl), which
through the action of angiotensin converting enzyme (ACE) generates
angiotensin-II (Angll); a powerful vasoconstrictor and the main eftector of
the RAAS pathway (Wu et al,, 2018). ACE2 functions as a dipeptidyl
carboxypeptidase within this system to convert Angll into Ang (1-7), Angl
into Ang (1-9), and to hydrolyze peptides (Kuba, Imai, & Penninger,
2013). The primary recognized function of ACE2 is to lower blood pressure
via its primary product Ang (1-7), an enzyme that promotes vasodilation by
binding the mitochondrial assembly (Mas) receptor (Xu et al., 2017).

TMPRSS2: TMPRSS2 is a 492 amino acid (aa) transmembrane protease
of the Hepsin/TMPRSS subfamily of type II transmembrane serine prote-
ases. TMPRSS2 contains an S1 family serine protease domain followed by a
scavenger receptor cysteine rich domain. Additionally, there is a low-density
lipoprotein receptor class A domain, a predicted transmembrane domain,
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Fig. 1 Sars-CoV-2 induces cardiovascular dysfunction via ACE2 and enhances NAFLD
(1) Sars-CoV-2 enters the body via the ACE2 expressing epithelia of the eyes, lungs,
and digestive system. (2) Sars-CoV-2 enters cells by binding between the viral
S-protein and host-cell surface proteins ACE2, CD147, or NRP1. Digestion of the
S-protein by Furin and/or TMPRSS2 is essential for viral internalization. The viral RNA
genome is released to facilitate replication and translation of viral proteins that assem-
ble as new viral particles. (3) Translation of viral proteins induces downregulation of
antiviral IFN signaling, upregulation of ROS production, mitochondrial damage, and
destabilization of calcium ion homeostasis. (4) Newly synthesized virions are released
into circulation where the S-protein of Sars-CoV-2 competes with vasoconstrictors
Angl and Angll for ACE2 causing accumulation of Angl and Angll and the consequently
chronic vasoconstriction, leading to hypertension. (5) Sars-CoV-2 infects the contractile
cardiomyocytes of the heart, inducing cardiomyopathy. (6) Sars-CoV-2 infects hepato-
cytes of the liver, enhancing inflammation and promoting fibrogenesis, particularly in
NAFLD/NASH patients. (7) Newly synthesized virions further target the eyes, lungs and
the digestive system to amplify the pathological conditions.
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and a cytoplasmic domain. TMPRSS2 is expressed across various organs
including respiratory system, gastrointestinal system, liver, kidneys, pan-
creas, prostate, and thymus (Shen, Mao, Wu, Tanaka, & Zhang, 2017).
TMPRSS2 primes the Sars-CoV-2 S protein by proteolytic cleavage
(Abbasi et al., 2021). Substantial evidence has supported the notion of
upregulation of TMPRSS2 expression by androgen may be a mechanism
for the observed greater COVID-19 severity in men compared to women,
suggesting that agents that downregulate or block androgen mediated
TMPRSS2 activity may ameliorate COVID-19 severity (Bonafe et al.,
2020; Deng, Rasool, Russell, Natesan, & Asangani, 2021; Qiao et al.,
2021; Wambier & Goren, 2020).

Cathepsin: Cathepsins are versatile protease enzymes that function
within the low pH environment of lysosomes. CatB and CatL are both
cysteine proteases: CatB is 339 aa and in its mature state is composed of a
25-26kDa heavy chain and 5kDa light chain. CatL is of similar size and struc-
ture being 333 aa in length. In addition to lysosomal activity, Cathepsins are
also secreted from cells, allowing CatL to function as a matrix-degrading
enzyme associated with chronic inflammation. Expression of CatL is
upregulated in COVID-19 and overexpression of CatL in human cell lines
increases viral pathogenicity (Zhao et al., 2021).

Furin: Furin is known to cleave some glycoproteins from wviral
enveloped and increase viral fusion into cells. Furin belongs to the family
of Ca*"-dependent protein/prohormone convertases expressed ubiqui-
tously across human tissue and recognizes the R-X-K/R-R peptide motif
(Vankadari, 2020). Furin cleavage of the Sars-CoV-2 S protein has been
demonstrated to be critical for Sars-CoV-2 replication and pathogenicity
as data showed that loss of the furin cleavage site dramatically reduces viral
pathogenicity (Johnson et al., 2020).

Neuropillin-1: The Neuropillin 1 (NRP1), a type I cell surface receptor,
is a novel means of entry for Sars-CoV-2 (Cantuti-Castelvetri, Ojha, Pedro,
et al., 2020; Cantuti-Castelvetri, Ojha, Pedro Liliana, et al., 2020; Daly
James et al., 2020). NRP1 is 130kDa and composed of 850 aa. The structure
is highly conserved among vertebrates: it is composed of five structural
motifs (a1, a2, b1, b2, and ¢) that form an ectodomain mosaic. The protein
N-terminus contains the tandem CUB domains (al/a2) adjacent to tandem
coagulation factor domains (b1/b2). The remainder of the ectodomain is
comprised of the “c” member proximal MAM domain common among
metalloproteinases and the N-termini of receptor protein tyrosine phospha-
tases (Yelland & Djordjevic, 2016). NRP1 is significant in development of
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the circulatory and nervous systems, influencing angiogenesis by stabilizing
vascular endothelial growth factor and its receptor (Lampropoulou &
Ruhrberg, 2014; Lee et al., 2002). As such, NRP1 is highly expressed in
arteries including the aorta. In vitro, it has been demonstrated that, in the
absence of ACE2, NRP1 alone is not sufficient to allow entry of Sars-
CoV-2, however, presence of NRP1 increases efficiency of Sars-CoV-2
intake (Cantuti-Castelvetri, Ojha, Pedro, et al., 2020; Daly James et al.,
2020). Thus, NRP1 expressing tissues, such as those in the circulatory
system, are of increased susceptibility to Sars-CoV-2 infection.

CD147: Similarly, the transmembrane glycoprotein, cluster of difteren-
tiation (CD147), has been identified as a novel means of host cell entry for
Sars-CoV-2 (Wang, Chen, Zhang, et al., 2020). Direct interaction between
the Sars-CoV-2 S protein and host CD147 has been observed in vitro and
overexpression of CD147 promotes viral infection. Furthermore, expression
of CD147 in a cell line that is resistant to Sars-CoV-2 infection due to
diminished ACE2 is sufficient to enable Sars-CoV-2 entry into cells
(Wang, Chen, Zhou, et al., 2020). However, these claims have been
disputed with negative results produced by a second research team (Shilts,
Crozier, Greenwood, Lehner, & Wright, 2021). Further investigation
is needed to determine the role of CD147 in Sars-CoV-2 infection.
Though, of note, CD147 expression is enhanced on cardiomyocytes orig-
inating from the hypertrophied left ventricle of transverse-aortic cons-
triction mice (Zhong et al., 2022). This enhancement of CD147 in
constricted heart tissue may promote Sars-CoV-2 infection in the cardio-
vascular system during later stages of COVID-19, and may help explain
the association between heart diseases—including hypertension (HT) and
arrhythmia—and COVID-19.

Integrin a5f1: Integrins are cell adhesion receptors that comprise 24 af
heterodimers and are capable of recognizing glycoproteins and cell surface/
extracellular matrix ligands. a5Pp1 is an Arg-Gly-Asp (RGD)-binding
integrin expressed by endothelial and epithelial cells (Schaffner, Ray, &
Dontenwill, 2013). a5p1 typically acts as a fibronectin receptor and is dem-
onstrated as a facilitator of Sars-CoV-2 cell entry by a541-R GD-Sars-CoV-
2-RBD binding (Robles et al., 2022).

3.2 Genome transcription and translation

Upon entry of the virus into the host cell, the positive-sense single stranded
RNA genome is released to allow translation. Translation of ORF1a and
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ORF1b yield two polyproteins, ppla and pplab, from which the sixteen
NPSs of the virus are cleaved. Ppla encodes NSP1-11 whilst pplab, which
is approximately 1.4 times larger, contains NSP1-10 and NSP12-16 (Chen
et al., 2020; V’kovski, Kratzel, Steiner, Stalder, & Thiel, 2021). Release of
NSPs from these polyproteins is achieved by proteolytic cleavage by cysteine
proteases located within NSP3 and NSP5; release of NSP1 occurs particu-
larly rapidly to enhance viral replication by blocking mRINA export from
the host cell nucleus: NSP1 interacts with host mRINA export receptor,
the heterodimer NXF1-NXT1 that is necessary for export of nuclear
mRNAs. This frees up host ribosomes for translation of viral genes
(Zhang et al., 2021).

NSP12-16 compose the viral replication and transcription complex
(RTC), containing the core enzymatic functions required for RNA syn-
thesis, RNNA proofreading, and RNA modification. It is NSP12, an
RNA-dependent RNA polymerase (RARP) that is essential to further
RNA synthesis whilst NSP7 and NSP8 function as cofactors (Naydenova
etal., 2021; Peng et al., 2020); NSP14 provides a 3'-5" exonuclease activity
that assists RINA synthesis with a unique proofreading function (Smith,
Blanc, Vignuzzi, & Denison, 2013).

The yet to be fully elucidated coronavirus capping machinery is
composed of NSP10 (Viswanathan et al., 2020), which functions as a
cofactor, NSP13, which provides the RNA 5'-triphosphatase activity
(Ivanov et al., 2004), and NSP14 and NSP16, which perform the functions
of N7-methyltransferase and 2'-O-methyltransferase respectively (Chen
et al., 2009; Vithani et al., 2021). One key enzyme typically involved in
the formation of the 5’ cap structure, the guanylyl transferase, has not yet
been identified in coronaviruses

3.3 Structural and accessory proteins of Sars-CoV-2

Structural protein genes are encoded in the 3/-third of the RNA genome
(Chen et al., 2020). Coronavirus structural proteins assemble and assist in
the budding of new virions at the ER-to-Golgi compartments that are
suggested to exit the infected cells by exocytosis. Some data suggests
-coronaviruses such as Sars-CoV-2 exit cells via the lysosomal trafficking
pathway (Chen et al., 2021).

Between the ORFs of structural protein genes are interspersed acces-
sory protein genes. At least five ORFs encoding accessory genes are encoded
in Sars-CoV-2: ORF3, ORF6, ORF7a, ORF7b, ORF8, and ORF9
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(Davidson et al., 2020; Finkel et al., 2021). Additionally, ORF10 is postu-
lated to be downstream of the N protein gene (Pancer et al.,, 2020).
However, not all of these are experimentally verified. Accessory genes dis-
play high variability among coronavirus groups and usually show no
sequence homology with other viral and cellular proteins. Although they
are not required for virus replication in cell culture, to some extent,
they are conserved within their respective virus species and are suspected
to have an important role in virus-host interactions. A common character-
istic among Sars-CoV-2 accessory proteins is inhibition of the host cellular
antiviral interferon (IFN) response; Sars-CoV-2 accessory proteins are
detailed below:

ORF3: ORF3 consists of three family members. ORF3a—The largest
accessory protein of Sars-CoV-2 and an integral membrane viroporin that
forms ion channels that may promote viral release. It is 275 aa in length
and consists of an N-terminal domain, transmembrane domain, and a
C-terminal domain folded as an 8-strand barrel (Yu et al., 2004; Yuan
et al., 2005). Furthermore, ORF3a presents a TRAF3-binding motif
that activates the NLRP3 inflaimmasome and is a potent stimulator of
pro-interleukin (IL)-1f transcription (Siu et al., 2019). ORF3a has been
identified as pro-apoptotic in host cells. ORF3b—Primarily localized
to the cytoplasm, and is a potent IFN antagonist of 22 aa in length.
Inhibition of IFN-1 by ORF3b is associated with disturbing the transloca-
tion of IFNI1B transcription factor IRF3 to the nucleus (Konno et al.,
2020). ORF3c—Function of ORF3c is unclear, however it possesses a con-
served transmembrane domain that might suggest lipid bilayer membrane
interaction (Jungreis, Sealfon, & Kellis, 2021).ORF3d—The nucleotide
sequence of ORF3d overlaps other ORF3 genes from the 5 of ORF3a
to the 3’ or ORF3c. ORF3d is a 57 aa protein of unknown function that
interacts with mitochondrial stomatin-like protein 2 (Redondo, Zaldivar-
Lopez, Garrido, & Montoya, 2021).

ORF6: ORF6 is composed of 61 aa in length and localizes to
membrane-bound organelles including the ER, lysosomes, and vesicles. It
acts as an IFN antagonist by interfering with migration of transcription factor
STAT to the nucleus, thus blocking IFN activation (Kopecky-Bromberg,
Martinez-Sobrido, Frieman, Baric, & Palese, 2007).

ORF7: ORF7 consists of two family members. ORF7a—A type I trans-
membrane protein formed of 121 aa in a seven-stranded f-sandwich fold.
ORF7a is polyubiquitinated at Lys 119, a modification believed to enhance
the ability of ORF7a to interfere with the IFN-1 response by inhibition
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of STAT2 (Li et al., 2020; Su et al., 2006; Xia, Cao, Xie, et al., 2020).
Furthermore, ORF7a is observed to bind CD14+ monocytes, reducing
their antigen presenting ability, but greatly inducing expression of
pro-inflammatory cytokines (Zhou et al., 2021). ORF7b—The intended
function is yet to be elucidated, but ORF7b is composed of 43 aa and local-
izes to the Golgi. It is believed not essential for viral replication and has
been shown to induce expression of INF-f, IL-6, and tumor necrosis
factor (TNF)a in addition to activating type-I IFN signaling via IF3 phos-
phorylation (Yang, Zhao, Rao, et al., 2021).

ORF8: ORFS8 is a 121 aa protein consisting of an N-terminal signal
sequence followed by a predicted Ig-like fold (Flower Thomas et al.,
2021). Whilst ORF8 expression is not essential to viral replication, it
appears to function as an organizer of protein folding in the ER: ORFS8
interacts with Torsin-1a (a protein folding quality controller in the ER).
Furthermore, ORF8 modulates the unfolded protein response by
upregulating ER-resident chaperones binding immunoglobulin protein
78 (Bip) and glucose regulated protein 94 as well as inducing activating
transcription factor-6 and inositol requiring enzyme 1, but it does not appear
to stimulate the PERK pathway (Rashid, Dzakah, Wang, & Tang, 2021;
Valcarcel, Bensussen, Alvarez—BuyHa, & Diaz, 2021).

ORFY9: ORFY consists of three family members. ORF9b—There is
conflicting nomenclature regarding ORF9b: this ORF has been inconsis-
tently referred to as ORF9a or ORF9b. However, ORF9b has been
proposed as the preferred name (Jungreis et al., 2021). Like other Sars-
CoV-2 accessory proteins, ORF9b inhibits the IFN response. ORF9b
achieves this by localizing to the mitochondrial membrane and reducing cel-
lular tumor necrosis factor receptor-associated factor (TRAF) 3 and TRAF6
levels (Shi et al.,, 2014). Additionally, ORF9 forms a complex with
mitochondrial membrane protein Tom?70, a mitochondrial import receptor,
consequently impairing cellular anti-viral response (Jiang et al., 2020).
ORF9:~0ORF9c also impairs cell antiviral response by interfering with
the IFN response. Moreover, ORF9c interacts with sigma receptors associ-
ated with lipid remodeling and ER -stress, as well as nuclear factor (NF)-xB
related proteins Nod-like receptor, proteinase activated receptor 2,
and Nedd4 family interacting protein 2. The downstream influence of
ORF9c is upregulation of MAPK/ERK2 pathway proteins and inhibited
immune response caused by impairing antigen presentation and comple-
ment signaling (Dominguez Andres et al., 2020).



Sars-CoV-2 structural proteins and host cellular receptors 255

ORF10: The protein is 38 aa in length. The function of ORF10 is
unclear, however, believed to be unessential for viral replication and trans-
mission (Pancer et al., 2020).

3.4 Replication compartments

In the early stages of Coronavirus infection, like many other positive-sense
RNA viruses, the infected host cell experiences membrane reorganiza-
tion with the formation of ER-derived and interconnected perinuclear
double-membrane structures (V’kovski et al., 2021). These include double
membraned vesicles, open double-membraned spherules, and convoluted
membranes. It is the direct interaction between coronavirus NSPs and
host cell factors that induced biogenesis of these specialized organelles ter-
med replication compartments or replication organelles. Mechanism for the
formation of replication compartments is not fully understood. In Sars-
CoV-2 infection, it is proposed that the membrane spanning NPSs,
NSP3, NSP4, and NSP6 are responsible for manipulating host membranes
into the observed replication compartments (Oudshoorn et al., n.d;
Angelini, Akhlaghpour, Neuman, & Buchmeier, 2013).

Replication compartment formation is a conserved characteristic among
coronaviruses that serves to provide a favorable niche rich in necessary
macromolecules for RNA synthesis whilst shielding viral replication inter-
mediates from cytosolic immune sensors. It is known that Sars-CoV-2 rep-
licase subunits (NSP3, NSP5, NSP8) anchor themselves to convoluted
membranes, however, the exact location of viral RINA replication remains
unknown (Ulasli, Verheije, de Haan, & Reggiori, 2010). Upon formation,
double-stranded RINA migrates to the interior of double-membrane vesicles
via NSP3 formed pores to potentially render newly synthesized viral RINAs
available for translation and encapsidation into virions (Wolft et al., 2020).
It is unclear when double-stranded viral RNA is separated to form the final
single-stranded RNA genome.

3.5 RNA transcription

NSP12-16 comprise the core functions of viral RNA synthesis, proofread-
ing, and modification. The RNNA-dependent RNA polymerase (RARP)
residing in NSP12 is the centrepiece of coronavirus RTC and has been
suggested as a promising drug target as it is a crucial enzyme in the virus
lifecycle both for replication of the viral genome and also for transcription
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of subgenomic RNAs (sgRINAs) (Naydenova etal., 2021; Peng et al., 2020).
Structure of Sars-CoV-2 NSP12 and its cofactors NSP7 and NSP8 show
high conservation and similarity with that of Sars-CoV with more than
95% similarity (Biswal et al., 2021). NSP12 is composed of three domains:
a Nidovirus RdRP-associated nucleotidyl-transterase domain, a right-
handed RARP domains, and an interface domain (Dwivedy et al., 2021).
Viral genomic replication is initiated by synthesis of full-length negative-
sense genomic copies which function as templates for the generation of
new positive-sense genomic RINA. Newly synthesized genomes are used
for translation of more NSPs and RTCs or are packaged into new virions.

Characteristic of coronaviruses, and other members of the Order
Nidovirales, is the discontinuous transcription process: in which, a set of
nested 3 to 5’ co-terminal sgRNAs are produced (Kim et al., 2020; Sola,
Almazan, Zaniga, & Enjuanes, 2015). During negative-strand RINA synthe-
sis, the RTC interrupts transcription upon encountering transcription
regulatory sequences (TRSs) located upstream to most ORFs in the third
of the genome adjacent to the 3’ end. At TRS elements (TRS body), syn-
thesis of negative-strand RINA stops and is re-initiated at the TRS adjacent
to a leader sequence (TRS-L) located ~70 nucleotides from the 5’ end of
the genome. The discontinuous step of coronavirus RINA synthesis involves
interaction between complementary TRSs of the nascent negative strand
RNA (negative sense TRS body) and the positive strand genomic RINA
(positive sense-TRS-L). Upon re-initiation of RNA synthesis at the
TRS-L region, a negative strand copy of the leader sequence is added
to the nascent RNA to complete the synthesis of the negative-strand
sgRNAs. Creation of negative-strand RNA in this discontinuous manner
occurs via production of a set of negative-strand subgenomic RINAs that
act as templates for synthesis of positive-sense subgenomic mRNAs; these
are translated into structural and accessory proteins. Although the coronavi-
rus subgenomic mRNAs are structurally polycistronic, it is assumed that
they are functionally monocistronic and only the first ORF at the 5’ end,
absent in the next smaller sgRNA, is translated from each sgRINA (Sola
et al., 2015).

4. Molecular mechanisms underlying Sars-CoV-2
induced pathological conditions

Sars-CoV-2 infection increases expression of coagulation markers
which favors development of stroke, myocardial infarction, and ischemic
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diseases, potentially inducing multiple organ dysfunction or failure (Ruiz-Ares
et al.,, 2021). More profound complications extend to thrombosis in large
parts of circulation including deep veins, arteries, and cardiac chambers
(Long, Brady, Koyfman, & Gottlieb, 2020). This is enhanced by the excep-
tionally aggressive innate immune response experienced during COVID-19,
termed the “cytokine storm”, which perpetuates a hypercoagulable state.
Individuals with coronary artery disease are at higher risk of complications
(e.g., venous thromboembolism and arterial thromboembolism) due to the
cytokine storm and exhibit inflamed plaque instability and rupture post
Sars-CoV-2 infection (Pan et al., 2021; Song, Li, Xie, Hou, & You,
2020). Additionally, myocarditis is observed in COVID-19 patients, during
and after infection, and is associated with impaired cardiac performance
that potentially persists indefinitely (Shchendrygina, Nagel, Puntmann, &
Valbuena-Lopez, 2021).

4.1 Cytokine storm induced by Sars-CoV-2

Points-of-contact for the Sars-CoV-2 virus are the ACE2 expressing mucus
membranes/epithelia of the respiratory system, gastrointestinal system, and
eyes. However, the virus has been observed penetrating organs across the
body, being identified in biopsies of heart, liver, intestinal, and pancreatic
tissues among many others, including immune privileged tissues (e.g., the
brain and testes) (Trypsteen, Van Cleemput, Snippenberg, Gerlo, &
Vandekerckhove, 2020). Sars-CoV-2 is believed to enter circulation via
lesions of the alveoli. Additionally, the virus circulates through the circula-
tory system partly protected from the immune surveillance of the immune
cells within the blood, a trait also observed in Sars-CoV which displays
high infectivity of blood cells, macrophages, fibroblasts, and pericytes
(Butler et al., 2022; Misiti, 2021). Furthermore, Sars-CoV-2 virion particles
have been found in the circulatory system within extracellular vesicles
containing the ACE2 receptor.

Upon Sars-CoV-2 tissue infection, there is a prompt infiltration of the
pericardium, myocardium, and endocardium by immune cells, including
neutrophils, pro-inflammatory monocytes, macrophages, and lympho-
cytes, converge on sites of viral infection. Cardiomyocytes infected with
Sars-CoV-2 have increased expression of chemokine ligand 2 (CCL2),
CCL3, and CXC-chemokine ligand 10, thus enhancing monocyte recruit-
ment and secretion of cytokines (Law, Lee, Cheung, Yim, & Lau, 2007;
Yang, Nilsson-Payant, Han, et al., 2021). This induces release of
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pro-inflammatory  cytokines, including monocyte chemoattractant
protein-1, IL-1f, IL-6, and TNFa. IL-1p is a key regulator of the inflam-
matory response and simulates the release of other cytokines, such as
IL-17, IL-21, and IL-22. IL-1B and TNFa, contribute to COVID-19
associated pain that often manifests as a severe headache and joint pain by
inducing cyclooxygenase-2 in the nervous system. Such pain is observed
to persist for several weeks after COVID-19 infection (Song et al., 2020).

In the myocardium, the elevated cytokines contribute to myocardial
dysfunction and cardiac disease, for example, IL-1f may promote cell pro-
liferation and contribute to cardiomyopathy by thickening layers of
heart tissue (Bujak & Frangogiannis, 2009). Activation of the thrombin
and complement system in COVID-19 has been found to induce endothe-
lial lesions via excessive accumulation of platelets and white blood cells at
sites of Sars-CoV2 infection. This contributes to coagulopathy with elevated
D-dimer and fibrin degradation products, leading to micro thrombi
(Magro et al., 2020).

The other largely released cytokines, such as TNFa, IFNy, and I1L-4,
promote cellular pro-inflammatory pathways via different cytokine recep-
tors. For example, binding of TNFa to the TNFa receptor 1 (TNFR1)
recruits several adaptor proteins, out of which TRADD-containing com-
plex activates the IKK complex, thus resulting in IxkBa phosphorylation
and subsequent ubiquitin-dependent proteasomal degradation and activa-
tion of NF-xB (Shi & Sun, 2018). Subsequently, this further activates several
well-studied inflaimmatory and apoptotic signaling pathways, including
c-Jun-N-terminal kinase and p38 mitogen activated protein kinases, caspase
8, and the NF-xB pathways that all together damage the cardiomyocytes. In
addition, the release of IL-4 is often associated with cardiac fibrosis during
HT and heart failure (Peng et al., 2015). Activation of these pathways can
further signal through the mammalian target of rapamycin (mTOR) to
initiate autophagy in cardiomyocytes.

Virus-induced cell-mediated autoimmune responses can lead to myocar-
ditis and edema of the myocardial interstitial connective tissue. Myocarditis
can progress to dilated cardiomyopathy (DCM). DCM patients who harbor
cardiotropic viruses and coupled with myocarditis have a much poorer
prognosis. Epidemiological studies show myocarditis is present in 20-30%
of COVID-19 patients (Akhmerov & Marban, 2020). Recent studies
show COVID-19 patients with cardiovascular disease possessed anti-
cardiolipin antibody (Jizzini, Shah, & Zhou, 2020), which against cardiolipin,
an inner component of the mitochondrial membrane, and considered an
indicator of cellular damage and myocardial injury (Dudek, 2017).
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4.2 Perturbation of calcium ion homeostasis by Sars-CoV-2

Calcium is a major secondary messenger in cellular physiology, regulating
countless metabolic processes and pathways. Many viruses are capable of
co-opting and manipulating host calcium ion systems to support their
own replication and survival (Chen, Cao, & Zhong, 2019; Zhou,
Frey, & Yang, 2009). The essential role of Ca®" ions in ATP synthesis
and neuronal signaling for muscle contraction suggest dysfunction of Ca>"
ion homeostasis induced by Sars-CoV-2 infection would contribute to the
reduced contractility of cardiomyocytes and general dysfunction of cardiac
muscle observed in COVID-19.

In Sars-COV-2 infected endothelial cells, there is reduced expression of
voltage-dependent anion channel (VDAC): an ion channel permeable to
small solutes such as Ca®" and a regulator of mitochondrial Ca®* flux.
Reduction in endothelial cell Ca>* concentrations override release of vaso-
dilator mediators and exacerbates endothelial dysfunction. Furthermore,
upregulation of TLR-9 induced by Sars-CoV-2 infection inhibits ER/
sarcoplasm reticulum Ca>"-ATPase (SER CA2) activity, leading to reduced
uptake of Ca®" into the ER and mitochondria of cardiomyocytes and
neurons (Costa et al., 2022; Wang et al., 2015).

4.3 Sars-CoV-2 infection induced mitochondrial
oxidative stress

Mitochondria play a central role in host immune responses to viral
infection. Mitochondrial dysfunction leads to release of mitochondrial
DNA (mtDNA) which is a serious damage associated molecular pattern
(DAMP) and the consequently significant induction of inflammation and
cytokines. Sars-Cov-2 infection induces mitochondrial dysfunction, includ-
ing increased production of reactive oxygen species (ROS) and mtDNA,
reduced plasma Ca®" concentrations and elevated circulating mtDNA
concentrations (Costa et al., 2022).

Changes in mitochondrial membrane potential during mitochondrial
dysfunction disrupts synthesis of ATP, induces membrane depolarization,
and promotes mitochondrial swelling. In vitro infection of endothelial
HUVEC cells by Sars-CoV-2 showed elevated gene expression of
several components of the electron transport chain and mitochondrial
ATP synthesis, including cytochrome B and NADH dehydrogenase.
Furthermore, injury-associated intracellular enzyme LDH was also increased
upon Sars-CoV-2 infection, suggesting the association between Sars-CoV-2
and mitochondrial damage (Costa et al., 2022).
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4.4 Activation of TLR signaling by Sars-CoV-2

COVID-19 patients display elevated plasma mtDNA concentrations which
induces immune response via activation of TLR9 (Zhang, Liu, Liu, Ren, &
Sun, 2014). TLRY also responds to unmethylated CpG repeats in RINA,
which allow TLRY to be activated by Sars-CoV-2 RNA that has
unmethylated CpG motifs within the E-ORF and ORF10 nucleotide
sequences, and mtRINA (Kumar et al., 2022). Similarly, TLR3, TLR?7,
and TLRS8 show high binding affinity to Sars-CoV-2 mRNA (Sartorius,
Trovato, Manco, D’Apice, & De Berardinis, 2021). In silico studies highlight
TLRY to have no binding affinity to the Sars-CoV-2 S protein in contrast
to the high binding affinity identified in TLR4, TLR6, and TLR1
(Choudhury, Das, Patra, & Mukherjee, 2021).

The extent to which TLR9 activation contributes to the hyper-
inflaimmation observed in COVID-19 is unclear. However, when consid-
ering association between COVID-19 and cardiovascular disease, the
exceptional enrichment of myocardial cells with mitochondria may be a
major contributing factor to Sars-CoV-2 induced myocardial dysfunction.
Further investigation is warranted to delineate the association between
Sars-CoV-2 and inflammatory responses in COVID-19 patients.

5. Sars-CoV-2 induced pathological conditions via
mediation of ACE2

5.1 Sars-CoV-2 targets the cardiovascular system

COVID-19 and hypertension: The vascular endothelium is a crucial interface
between blood and tissue, and plays a critical role in modulating angiogen-
esis, blood coagulation, and vascular toning. Under viral assault, endothelial
cells mediate important innate immune processes, promoting swelling by
increasing blood flow, regulating leakage of plasma proteins, and permitting
movement of neutrophils, monocytes, and lymphocytes to sites of tissue
damage (Rajendran et al., 2013). Sars-CoV-2 induced endothelial dysfunc-
tion observed in COVID-19 patients is associated with disrupted coagula-
tion, thrombosis, systemic endotheliitis, increased ROS production, NO
deficiency, and elevated D-dimer concentrations (Al-Samkari et al., 2020;
Green, 2020; Li et al., 2021).

HT is a major comorbidity among COVID-19 patients, this is also true
specifically for pulmonary arterial hypertension (PAH): a progressive condi-
tion characterized by abnormally high blood pressure in the pulmonary
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arteries with a median survival rate of 2.8 years from time of diagnosis if
untreated. Development of HT/PAH in COVID-19 patients is believed
to be a result of interference/co-opting of the ACE2 receptor. By compet-
ing with the ACE2 receptor against Angl and Angll, Sars-CoV-2 blocks
conversion of these vasoconstricting angiotensins to their vasodilating
metabolites Ang (1-7) and Ang (1-9), consequently promoting elevated
blood pressure (Fig. 1.) (Carey, Wang, & Siragy, 2000; Gressens et al.,
2021; Kuba et al., 2013). Clinically, this manifests with HT preceding hos-
pitalization being the leading comorbidity in non-surviving COVID-19
patients (Devaux, Rolain, & Raoult, 2020; Tudoran et al., 2021).

Sars-CoV-2 competes with Angl and Angll for ACE2 (Verdecchia,
Cavallini, Spanevello, & Angeli, 2020), thus Sars-CoV-2 directly contrib-
utes to deterioration of cardiovascular homeostasis by causing an accumula-
tion of vasoconstricting ACE2 ligand, Angll: in the absence of ACE2,
Angll will bind angiotensin II type 1 receptor (ET1R) and/or angiotensin
II type 2 receptor (AT2R) (Carey et al., 2000; Eguchi, Kawai, Scalia, &
Rizzo, 2018). The downstream impact of Sars-CoV-2-induced ACE2
reduction further increases the risk of cardiovascular disease and damage
in the form of cardiomyocyte damage/death due to elevated ROS concen-
trations, apoptosis, hypertrophy and fibrosis, in addition to the classic
alveolar damage associated with Sars-CoV viruses (Munoz et al., 2014;
Ye etal., 2007; Zhong et al., 2010). It was postulated that use of RAAS path-
way modulators (e.g., ACEi and ARBs) which inhibit production/activity
of Angiotensin II, may potentiate the upregulation of ACE2 receptor and
increase risk of COVID-19 (Gressens et al., 2021).

COVID-19 and myocarditis: Cardiomyocytes, the primary contractile
cells of the heart, are particularly vulnerable to assault by Sars-CoV-2.
Cardiomyocytes express all the necessary machinery to enable invasion by
Sars-CoV-2 including: ACE2, TMPRSS2, CatB, CatL, and novel means
of cell entry including NRP1, CD147, and integrins (a581) (Thum, 2020;
Vidak, Javorsek, Vizovisek, & Turk, 2019; Wu, Sun, Trzeciakowski,
Meininger, & Muthuchamy, 2006). Infection of the myocardium by Sars-
CoV-2 has major implications on host mortality with infected cardiomyocytes
displaying diminished contractility due to dysregulation of contractile
protein expression and dysregulated Ca®" homeostasis (Danta, 2021).

COVID-19 and Arrythmia: Arrhythmic electrocardiographic abnormal-
ities in the atria and ventricles are also observed in patients infected with
Sars-CoV-2, indicating unlocalized myocardial damage (Mountantonakis
etal., 2021). This is likely due to myocarditis or direct virus-induced damage
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to cardiomyocytes. Inflammation of the sinoatrial, atrioventricular nodes
or Purkinje may also contribute to arrhythmia. In COVID-19 patients, such
arthythmia 1s typically recorded as ST-elevation myocardial infarction
(STEMI) or NSTEMI, inverted T wave and inverted P wave (Long
et al., 2020).

5.2 COVID-19 in obesity and type-2 diabetes

Susceptibility of individuals with metabolic disease to COVID-19 is com-
plicated. For example, obese individuals and those with type-2 diabetes
(T2D) often display a weakened immune system and generally increased risk
of infection. These groups are at an increased risk of contracting COVID-19
and other infectious illnesses. COVID-19 severity, and consequently rates of
hospitalization, are higher in people with type 1 diabetes mellitus (T1D),
T2D, or obesity (Barron et al.,, 2020; Gao et al., 2020; Kwok et al.,
2020). A large population-based study including 8885 COVID-19 patients
analyzed the association between COVID-19 with various comorbid con-
ditions, such as HT, obesity, diabetes, hyperlipidemia, and non-alcoholic
steatohepatitis (NASH) has found strong association between these condi-
tions and incidence of COVID-19, with NASH having the strongest
association (Ghoneim, Butt, Hamid, Shah, & Asaad, 2020).

T2D and obesity are metabolic conditions characterized by insulin resis-
tance and chronic low-grade metabolic inflammation (Ferlita et al., 2019;
Su et al., 2009; Tam, Morais, & Santosa, 2020). Moreover, the extent of
metabolic inflammation is further modified by adipokines, hepatokines,
myokines, lipokines, branched-chain amino acids, and microbial metabo-
lites, which may circulate at abnormal levels in some people with T2D or
obesity (Stefan & Haring, 2013). Collectively, these acquired abnormalities
broadly impair cellular immune function, likely contributing to enhanced
activation of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome, and a greater susceptibility to infection in vulnerable indi-
viduals (Sharma & Kanneganti, 2021). There is considerable interest in
whether the expression of viral entry factors essential for SARS-CoV-2
infectivity is enhanced in one or more tissues in patients with T2D or obese
people; however, the available data are inconclusive.

The relationship between Sars-CoV-2 and T2D has been described as
bidirectional: Sars-CoV-2 may induce de novo T2D in previously
non-diabetic patients whilst pre-existing T2D acts as an independent predic-
tor of COVID-19 mortality (Lim, Bae, Kwon, & Nauck, 2021). This is due
to the insulin producing pancreatic B-cells expressing ACE2 which is the
target of Sars-CoV-2.
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There are conflicting reports on the expression of ACE2 in the liver of
individuals with T2D: some observing decreased/unchanged hepatic ACE2
expression (Biquard, Valla, & Rautou, 2020), and others observing increased
hepatic ACE2 expression (Meijnikman, Bruin, Groen, Nieuwdorp, &
Herrema, 2021). Additionally, the effect of T2D on Sars-CoV-2 target
proteins ACE2 and TMPRSS2 is observed to vary by sex: men with
T2D display unchanged ACE2 and TMPRSS2 expression, whilst in women
both proteins decreased compared to non-diabetic individuals. This could
partly be explained by the role of androgens in upregulating TMPRSS2
and this is in line with the increased risk of clinical COVID-19 complica-
tions observed in men (Deng et al., 2021; Gagliardi, Tieri, Ortona, &
Ruggieri, 2020).

Adiponectin (APN) is an adipocytokine that sensitizes insulin receptor
signaling, stimulating mitochondrial biogenesis and suppressing inflam-
mation. Pleiotropic effects of APN on multiple tissues are mediated through
the membrane-bound adiponectin receptors AdipoR1 and AdipoR2.
AdipoR 1 sensitizes insulin receptor by inducing calcium influx to activate
Ca”"/calmodulin-dependent kinase, AMP kinase (AMPK), and NF-kB
with mixed effects on inflammation depending on the circulating APN
isoform (Gabler & Spurlock, 2007). Meanwhile, AdipoR2 binding stimu-
lates PPAR« signaling to influence fatty acid oxidation.

Obesity is associated with hypoadiponectinemia, which is related to
APN gene variants and environmental factors. This phenotype is observed
in both insulin-resistant and non-diabetic individuals as well as various
insulin-resistant animal models (Prakash, Mittal, Awasthi, Agarwal, &
Srivastava, 2013). Conceivably, as insulin resistance progresses to chronic
T2D and APN resistance, the subsequence of compensatory hyper-
adiponectinemia might emerge, which could involve dysfunctional
AdipoR 2 signaling, a phenotype observed in an insulin-resistant transgenic
mouse model (Bauche et al., 2006). Accordingly, it has been proposed
that Sars-CoV-2 induced pattern recognition triggers complex inflamma-
tory signaling, transforming hypoadiponectinemia to pathological hyper-
adiponectinemia (Ho et al., 2021).

5.3 COVID-19 in non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a broad term encompassing a
variety of liver pathological conditions, including hepatic steatosis, NASH,
liver fibrosis and liver cirrhosis (Kumar, Duan, Wu, Harris, & Su, 2021).
Generally, NAFLD is associated with abnormal accumulation of lipids in
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the liver that results from increased de novo lipogenesis, high adipose tissue
lipolysis, and insulin resistance. As such, NAFLD is intrinsically associated
with T2D and obesity.

Frequent mild liver injury is observed in patients with COVID-19,
while patients with NAFLD had a higher chance of developing severe
COVID-19 (Sarin et al., 2020). A retrospective study conducted on
202 COVID-19 patients admitted to hospital has reported liver injury in
50% of patients during admission, which increased to 75.2% during hospi-
talization (Huang, Zhu, Xue, et al., 2020). The injury mainly occurred on
hepatocytes. Huang et al. further report that, in 280 COVID-19 patients,
30.7% of the patients had NAFLD whilst 35.7% had abnormal liver function
at the time of hospital admission. However, the patients with or without
NAFLD developed comparable complications and other clinical outcomes
and no liver failure occurred during hospitalization. A retrospective
case-control study has also reported similar observation which identified
NAFLD among 31% of COVID-19 patients (Huang, Zhu, Wang,
et al., 2020).

In a subgroup of NAFLD patients, fibrosis was reported as an additional
major risk factor (Targher et al., 2020). ACE2 exhibits anti-inflammatory
and anti-fibrotic effects, so under transition from relatively mild non-fibrotic
NAFLD such as hepatic steatosis to the more severe fibrotic NAFLD such as
NASH, ACE2 expression may change. This is consistent with observations
in which ACE2 and TMPRSS2 expression has been shown to correlate with
NAFLD disease score (Fondevila et al., 2021).

Sars-CoV-2 entry factors, including ACE2 and TMPRSS2, are differ-
ently affected by T2D compared to NAFLD. In obese women, those with
T2D have significantly lower expression of ACE2 and TMPRSS2 compared
to obese women without T2D. In contrast, obese individuals with NASH
have higher expression of both ACE2 and TMPRSS2 compared to obese
individuals without NASH. This demonstrates that different forms of
metabolic syndrome will have different effects on the susceptibility of people
to COVID-19, and that the advanced stages of NAFLD may specifically
predispose patients to COVID-19 (Fondevila et al., 2021).

5.4 COVID-19 in inflammatory bowel disease

In the gastrointestinal system, ACE2 is expressed in the oral mucosa, the
esophagus, stomach, pancreas, duodenum, ileum, colon, and rectum
(Lehmann et al., 2021). In the intestine specifically, ACE2 is expressed at
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the epithelial brush border, muscularis mucosa, muscularis propria, micro-
vascular endothelium, and vascular smooth muscle. In human intestinal
biopsies, catalytic activity of ACE2 is identified as higher in the terminal
ileum compared to the colon; ACE2 controls bicarbonate secretion and
absorption of dietary ions and glucose (Ferreira-Duarte, Estevinho,
Duarte-Aratijo, Magro, & Morato, 2020). Also, in the colon, Angll regu-
lates motility to promote contraction of the colon. ACE2 product Ang (1-7)
has anti-inflammatory and antifibrotic effects in the gastrointestinal system
(Zizzo et al., 2017).

These factors make the GI system a prime site for infection by Sars-CoV-2.
Individuals with inflammatory bowel disease (IBD) are at increased risk
of COVID-19 complications with evidence of IBD patients suffering
COVID-19 being significantly higher risk of developing venous thrombo-
embolism. There is a 2-3-fold increased risk of developing venous throm-
boembolism in IBD patients compared to the healthy population in a
hospitalized setting (Mahmud et al., 2021).

6. Conclusions

COVID-19 is most commonly associated with the characteristic
development of severe acute respiratory symptoms. However, the extensive
expression of ACE2 throughout tissues of the circulatory system and met-
abolic regulatory organs has led to growing recognition of secondary
COVID-19 complications and comorbidities including cardiovascular
disease, T2D, NAFLD, and potentially IBD. Particular attention should
be paid to the long-term and permanent impact of COVID-19 on the
cardiovascular system, in which, Sars-CoV-2 can induce exceptional
damage by disrupting the RAAS system that regulates blood pressure.
Additionally, novel interactions between the Sars-CoV-2 S protein and
cellular receptors and proteins have highlighted several potential means
of cellular entry for Sars-CoV-2, including NRP1, TLRs, and integrins.

7. Future perspective

Development of COVID-19 therapies was initially limited due to
poor understanding of the virus (Cao et al., 2020; Lopez-Medina et al.,
2021; Miga et al., 2021). However, several effective agents have since been
made available including Molnupiravir (Jayk Bernal et al., 2022), Paxlovid
(Mahase, 2021), and Remedisvir (Gottlieb et al., 2022), which have been
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endorsed by the FDA and EUA. Additionally, the corticosteroid dexameth-
asone is indicated as an effective agent for reducing the hyperinflammation
induced by the cytokine storm (Horby et al., 2021); similarly, immune treat-
ment including anti-IL-6 monoclonal antibodies, IL-1 antagonists, and
Janus kinase inhibitors are being utilized to ease COVID-19 associated
inflammation (Conti et al., 2020; Huet et al., 2020; Michot et al., 2020;
Richardson et al., 2020). Currently vaccines are being utilized as an effective
preventative measure against the development of severe acute respiratory
symptoms requiring hospitalization. However, there is controversy sur-
rounding the ability of some vaccines to predispose individuals, e.g., those
with IBD, to development of venous thromboembolism (Mahmud et al.,
2021). Since obesity is one of the major risk factors uniting COVID-19 with
metabolic disease and cardiovascular disease (Gao et al., 2020), it seems poi-
gnant to investigate the effectiveness of diet and lifestyle as a preventative
measure against COVID-19.
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