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COVID-19 brought a scientific revolution since its emergence in Wuhan, China, in December 2019.
Initially, the SARS-CoV-2 virus came to attention through its effects on the respiratory system. However,
its actions in many other organs also have been discovered almost daily. As enzymes are indispensable to
uncountable biochemical reactions in the human body, it is not surprising that some enzymes are of
relevance to COVID-19 pathophysiology. Past evidence from SARS-CoV and MERS-CoV outbreaks pro-
vided hints about the role of enzymes in SARS-CoV-2 infection. In this setting, ACE-2 is an enzyme of
great importance since it is the cell entry receptor for SARS-CoV-2. Clinical data elucidate patterns of
enzymatic alterations in COVID-19, which could be associated with organ damage, prognosis, and clinical
complications. Further, viral mutations can create new disease behaviors, and these effects are related to
the activity of enzymes. This review will discuss the main enzymes related to COVID-19, summarizing
the findings on their role in viral entry mechanism, the consequences of their dysregulation, and the
effects of SARS-CoV-2 mutations on them.

© 2022 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. SARS-CoV-2 and COVID-19

First reported inDecember2019, it is possible to state that since its
emergence in Wuhan, Hubei Province, China, the SARS-CoV-2 virus
brought a scientific revolution in the year 2020, but not for the best
reasons [1] COVID-19 has shown in recent months how devastating
and deadly a virus can be. Initially indicated as a virus affecting the
respiratorysystem, recentstudieshavediscoveredeffects in severalof
the organs of the human body, and biological pathway [2].

Among the 10e20% of the individuals who contracted the dis-
ease require hospitalization or admission to intensive care. SARS-
CoV-2 enters the human body cells through the angiotensin-
converting enzyme 2 (ACE-2) on the cell surface, which is
responsible for controlling blood pressure, therefore they can be
found in almost every tissue of body and the number of receptors is
closely related to how the virus affects each organ [3]. After inva-
sion, the immune system reaction is responsible for the cytokine
storm, which leads to inappropriate responses that cause tissue
damage and hence multi-organ failure and death [4].

A recent report demonstrated the cleavage of humanproteins by
the SARS-CoV-2 papain-like protease (PLpro) affected proteins,
reported were: MYH7 andMYH6 (cardiac myosins linked to several
cardiomyopathies), FOXP3 (transcription factor), ErbB4 (HER4) and
plasma protein S (PROS1), an anticoagulation protein. Cleaving
these proteins reduces their activity and may be associated with
several serious complications of COVID-19 [5,6].

COVID-19 has infected up to 300 million people and have
already killed more than 5.5 million around the world (World
Health Organization) and the biggest challenge has been finding a
cure or approved treatment for the disease. Furthermore, the
detection of new variants has created a concern among the scien-
tific community since it is not yet clear as to whether newly
developed vaccines are protective against all variants.
2. Enzyme dysregulation consequences

Enzymes are indispensable to uncountable biochemical re-
actions in the human body, with roles in health and disease [7e9].
Thus, it is not surprising that some enzymes are of relevance to
COVID-19 pathophysiology.

The SARS-CoV-2 interaction with host enzymes is responsible
for a variety of physiological changes (Table 1). At the biochemical
level, severe COVID-19 patients have significant disorders such as
high levels of C-reactive protein (CRP) [10], Alanine, Aspartate
Table 1
SARS-CoV-2 related to host enzymes.

ORGAN REMARKS

BRAIN Lack of ACE-2 expression in neuronal cells. DPP4 and APN as potential viru
HEART The MYH6/7 are dysregulated by PLpro.

Elevated CK-MB were significantly increased cardiac injury and risk of COV
EYES ACE-2 is expressed in conjunctival samples at a low level, while BSG and T

intermediate levels in both conjunctiva and cornea.
LIVER Alterations in liver enzymes (ALT, AST) may correlate with worse clinical cou

to either the use of antiviral and antibacterial agents or related to a hyper-
thrombotic microangiopathy.

PANCREAS Lipase elevation is seen in COVID-19 and associated with worse disease ou
LUNGS ACE-2 acts as a receptor to enter human cells. Its expression was mainly a

acquired immune responses, and regulation of B cell mediated immunity,
expression may prolong the virus life cycle. TMPRSS2 also facilitates entry
Nonmuscle myosin MYH9 heavy chain IIA as an ACE2 coreceptor to promo

KIDNEYS ACE-2 is found in abundance in the kidney then may be one of the targets
BLOOD The viral enzyme PLpro cut Protein S, a cofactor to Protein C.

Thrombin function is affected resulting in pro-inflammatory events, venou
stroke.

Abbreviations: ACE-2- Angiotensin-converting enzyme 2; ALT- Alanine Aminotransferas
nase; DPP4- Dipeptidyl peptidase-4; LDH- lactate dehydrogenase; MYH6/7 e Cardiac myo
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aminotransferase (ALT and AST) [12e14], lipase [15e17], high levels
of changes in the level of thrombin [18] low levels of lymphocytes
(lymphopenia) [11] and protein S [5].

It's known that SARS-CoV-2 uses ACE-2 as a viral receptor to
enter the human host cell, so it is not surprising that the physio-
logical changes and ACE-2 expression increase in some organs such
as lung and stomach are present in many recent studies [19e27].
The Creatine Kinase Myocardial Band (CK-MB) elevation in some
patients with COVID-19 was associated with heart failure, was
suggest by Qin et al. [28] and Shafi et al., 2020 [29]. Enzymatic al-
terations also are evident in the brainwith DPP4 and APN, but more
studies are necessary, because it's not clear yet how these alter-
ations occur [30].

Past knowledge about SARS-CoV and MERS-CoV outbreaks
provided a start point to investigate SARS-CoV-2 infection mecha-
nisms, especially regarding viral entry mediated by enzymes, such
as ACE-2, TMPRSS2 and DPP4, both enzymes present on the
membrane surface that is also be the coronavirus receptor for cell
entry e TMPRSS2 For SARS-CoV and DPP4 for MERS-CoV [3,31,32].
A vast amount of clinical data has been revealing COVID-19 enzy-
matic alterations patterns, including cardiac, pancreatic, and he-
patic ones associated with organ damage (Fig. 1) [12,16,28]. Beyond
that, some of these alterations could have a role in prognosis [12] or
cause a clinical complication directly [33].
2.1. Angiotensin-converting enzyme-2

Angiotensin-converting enzyme 2 (EC 3.4.17.23; ACE-2) is
responsible for regulating the level of angiotensin II in the organ-
ism, in which it has a potent vasoconstrictor effect, promotes
apoptosis, angiogenesis and cell proliferation in several cell types
[34]. ACE-2 removes only the last amino acid from the protein
substrate at the carboxyl end, transforming the octapeptide
angiotensin II into angiotensin 1-7, which has the opposite action
[35].

Several studies show that to enter human cells, the SARS-CoV-2
Spike protein interacts with human ACE-2 receptor present on the
surface of alveolar epithelial cells, in venous and arterial endothe-
lial cells, in macrophages, as well as in most organs, especially the
lung, heart and kidneys [31,34,36e38].

It was observed in acute lung injury or in acute respiratory
distress syndrome (ARDS) that angiotensin II participates in wors-
ening lung damage by having a vasoconstrictor, pro-inflammatory,
thrombosis and apoptotic action [38].
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Cells infected with SARS-CoV-2 were analyzed suggesting that
ACE-2 is not only the receptor, but also acts in the post-infection
phase, with immune response, the amino-terminal head domain
of MYH9 possesses ATPase activity and facilitates entry [6], cyto-
kines and viral genome replication [1]. Then, the negative regula-
tion of ACE-2 due to the action of SARS-CoV-2 results in the
accumulation of angiotensin II in the body, aggravating the disease
and causing lung injury [38].

Li et al. [31] showed in their work that the expression of ACE-2
increased after 24 h of SARS-CoV 2 infection and that even after
48 h, the expression of ACE-2 remained at a high level, indicating
that ACE-2 acts in viral susceptibility. Still in their work, Li et al. [31]
speculated that the high expression of ACE-2 resulted in the cyto-
kine storm, further aggravating the symptoms of ARDS, as well as
increasing the expression of genes involved in viral replication,
which may increase the ability of the virus to enter host cells.
2.2. Transmembrane serine protease 2

Transmembrane serine protease 2 (EC 3.4.21; TMPRSS2) is a
serine protease that acts on the cleavage of peptide bonds that have
serine as the main amino acid at the active site. Expressed mainly
on the cell surface of the respiratory and digestive endothelium, it
can be found in heart, liver, and corneal cells [39e42].

TMPRSS2 is produced as a zymogen that undergoes catalytic
activation. The exact biological function of TMPRSS2 is still un-
known, however, several studies have been associated with phys-
iological and pathological processes such as digestion,
inflammatory responses, tumor cell invasion, apoptosis, and viral
entry [39e45].

As in influenza, SARS-CoV-2 is dependent on TMPRSS2 for viral
entry and spread in the host. For a better understanding, first, the
viral spike protein binds to the angiotensin-converting enzyme 2
(ACE-2), expressed in respiratory epithelial cells. Subsequently, the
spike is cleaved to activate the internalization of the virus. How-
ever, this step only occurs in the presence of proteases from the
host cell, particularly TMPRSS2 [39,44,45].
40
In some studies, healthy wild rats infected with coronavirus
developed acute pneumonia, lost weight, and had a strong expres-
sion of TMPRSS2. In comparison, knockout rats with negative
TMPRSS2 expression were also infected and did not develop pneu-
monia, presenting a lower viral replication in the lungs and reduced
inflammatory responses when compared with wild type mice,
suggesting that TMPRSS2 is indispensable for viral replication [46].

Also, Hoffmann et al., 2020 [44] presented a studywith evidence
of the dependence of ACE-2 and TMPRSS2 for the host cell entry of
SARS-CoV-2. The authors also found that inhibiting the serine
protease using Camostat mesylate, a drug approved in Japan for
pancreatitis treatment, can block the SARS-CoV-2 entry, suggesting
an attractive option to COVID-19 treatment.

Several studies mentioned the ACE-2 and TMPRSS2 presence
expressed highly in intestinal epithelial cells, which are the target
cells for many enteric viruses [40]. Many patients with COVID-19
have symptoms such as abdominal pain and diarrhea, often
before having respiratory symptoms.

Zang et al., 2020 [47] used CRISPR/Cas9 gene editing tool to
decrease TMPRSS2 expression in intestinal epithelial cells,
evidencing ACE-2 and TMPRSS2 higher levels are correlated with
SARS-CoV-2 infection. Also in their study, they tested the inhibition
of TMPRSS2 using Camostat mesylate, reducing the viral replication
and consequently the SARS-CoV-2 infection.

Recent studies have been found both ACE-2 and TMPRSS2
expressed in human corneal epithelium (at low and intermediate
levels respectively) suggest ocular surface cells could also be po-
tential viral entry points [41,42].

Thus, TMPRSS2 actively participates in the mechanism of viral
entry and replication and can also be contained with the use of
protease inhibitors, being the target of many future studies.
2.3. Creatine Phosphokinase-MB

COVID-19 is viral infection with predominately respiratory
manifestations, but, since patients with cardiovascular comorbid-
ities have higher mortality, and the severity of disease correlates

http://biorender.com
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with cardiovascular manifestations, it is important to understand
the interaction of COVID-19 and cardiovascular disease complica-
tions [29,48]. The cardiac myosin heavy chain (MYH6 and MYH7)
are mechanical enzymes involved in cardiac muscular contractility.
Mutations in this myosins are associated with cardio myopathies.
The new reports show the MYH6/7 are cleaved with the viral PLpro
resulting in myofibril damage after SARS-CoV-2 infection [5,49].
The presence of secondary myocardial injury was associated with
more than 50%mortality in COVID-19, increasing the importance of
monitoring cardiac biomarkers [29].

Creatine kinase or Creatine phosphokinase (EC 2.7.3.2; CK) is
responsible for the conversion of creatine and uses adenosine
triphosphate (ATP) to create phosphocreatine and adenosine
diphosphate (ADP). This enzyme is composed by the union of two
subunits: type B and/orM, which correspond to the isoenzymes CK-
BB (brain), CK-MB (heart) and CK-MM (muscle) [26]. The MB
isoenzyme has high sensitivity and specificity for the diagnosis of
cardiac injuryand the raising it correlateswith the volumeof injured
tissue and the prognosis. In clinical medicine, CK-MB is an essential
biomarker used for the diagnosis of cardiovascular diseases and has
been studied in forensic medicine for approximately 20 years [27].

Qin et al. (2020) [28] demonstrated an evaluation of cardiac
biomarkers included CK-MB related to COVID-19 mortality. The
authors related severe symptoms and disease progression associ-
ated with elevated levels of cardiac biomarkers (troponin I and NT-
pro BNP, CK-MB, and MYO) and associated those patients with
increased CK-MB and other biomarkers had a decreased survival
rate and more occurrences of heart failure, sepsis, or multiorgan
failure compared with those with normal levels.

Many studies connect CK-MB elevated in critical patients group
compared to noncritical; in 31.68%patients at admission to ICU and in
55.45% in patients at 48 h to death [29,50e52]. Thus, the authors
concluded these findings are consistent with that cardiac injury
biomarkers are associated with an increased risk of COVID-19
mortality.

2.4. Thrombin

Many reports address an altered coagulation status and the
occurrence of thrombotic events in patients with COVID-19, like
venous thromboembolism and stroke [3,31,53e55]. Thrombin (EC
3.4.21.5) is a crucial enzyme in the blood coagulation cascade, and
its excessive generation can cause thrombotic complications [56].
Several stimuli, mainly vascular injury, trigger thrombin generation
from prothrombin by the action of factor Xa [57].

Thrombin is well-known for converting fibrinogen into fibrin,
enabling fibrin clot formation, but it also acts on multiple sub-
strates. Thrombin cleaves protease-activated receptors (PARs) 1 and
4, leading to platelet activation; further, it activates the factors V,
VIII, and XI, which create a burst of its generation [58]. Moreover,
thrombin activates the fibrin-stabilizing factor (factor XIII) and the
thrombin-activatable fibrinolysis inhibitor (TAFI). All these actions
contribute to clot formation and maintenance. This enzyme yet has
an anticoagulant function e thrombin activates protein C down-
regulating the coagulation cascade [59,60].

Severe COVID-19 patients often develop a hyperinflammatory
systemic response and a cytokine storm, presenting a pronounced
increase in cytokines, chemokines, and other inflammatory
markers, like IL-6, IL-1, MCP-1, TNF-a, and G-CSF [18,28,61].
Although SARS-CoV-2 can directly affect the endothelium and
hence the thrombin generation and the coagulation state, inflam-
mation, as well, is likely to disrupt the pro-coagulant and antico-
agulant balance in these patients [62].

Besides its coagulation action, thrombin is related to inflamma-
tion, through PARs especially. Endothelial cells, platelets, leukocytes,
41
fibroblasts, and vascular smooth muscle cells express these re-
ceptors, for instance. In conforming to the cell type, PARs activation
drives the release of cytokines, chemokines, and adhesionmolecules,
such as IL-1, IL-6, IL-8, MCP-1, and P-selectin [63]. Thrombin also can
activate PARs 1 and 4 from sources other than platelets, still acti-
vating PARs 3. This allows thrombin to modulate cell responses.
Many variables, like thrombin concentration, determine whether
these effects are pro-inflammatory or anti-inflammatory [64].

Likewise, inflammation stimulates the thrombin generation by
expressing tissue factor, which activates coagulation. Inflammation
and coagulation, therefore, are linked and affect each other [65].
More, under inflammation, coagulation participates in immuno-
thrombosis, an element of the innate immune response. Immuno-
thrombosis arises with the recognition of pathogens or damaged
cells. Its pathways include an enhanced thrombin generation,
resulting in microthrombi formation as a protective and contain-
ment mechanism against pathogens [66,67]. Such complex in-
teractions corroborate to thrombin to play a role in some viral
infections [68,69]. Immunothrombosis itself has been proposed as a
mechanism in COVID-19 pathogenesis [57,70]. As the crosstalk be-
tween coagulation and inflammation is a critical element in COVID-
19, thrombin exerts a significant influence in this process [33,71].

Several articles describe thrombin generation in patients with
COVID-19. A prospective cohort study assessed thrombin generation
(prothrombin fragment 1 þ 2 (PF 1 þ 2)) in COVID-19 patients with
acute respiratory distress syndrome (ARDS) [72,73]. Elevated
thrombin generation was observed, which was similar at baseline in
survivorsandnon-survivors.At follow-up, itwasnoticedadecrease in
thrombin generation in survivors. However, patients that eventually
evolved to death (non-survivors) maintained initial levels or even
higher ones. A retrospective cross-sectional study evaluated
thrombin generation (PF 1 þ 2, thrombin-antithrombin complex
(TAT), thrombography) in critical and noncritical COVID-19 patients,
which was not significantly different between these groups [74].
These two studies possibly highlight that one could not use thrombin
generation markers to discriminate disease severity with one only
measure. Furthermore, their behavior through time could perhaps
indicate how the disease is evolving. It remains unknown whether
thrombin generation routine assessment is advantageous to COVID-
19 clinical practice and clinical outcomes, requiring further research.

Thrombin indirect inhibition by heparin has been used as
thromboprophylaxis for COVID-19 patients since it was associated
with lower mortality [75,76]. Considering also that thrombin plays
multiple roles aside from coagulation, its inhibition could maybe
present anti-inflammatory and anti-viral effects [62]. However, there
is yet a lack of evidence about appropriate anticoagulation therapy
[5,8,77]. An investigation assessed thrombin generation (thrombog-
raphy) in COVID-19 patients who received heparin thromboprophy-
laxis [78]. The analyzed parameters were normal, even in
anticoagulation. It suggests an increased thrombin generation ca-
pacity and a procoagulant state that was still uncontrolled [79]. This
result appears to agree with reports that COVID-19 patients could
present thromboembolic events, despite thromboprophylaxis
[80,81].

Additionally, regarding coagulation disorders in COVID-19,
protein S is noteworthy. Protein S is a vitamin k-dependent glyco-
protein, mainly known as an anticoagulant cofactor for activated
protein C and tissue factor pathway inhibitor [82]. Still acting as an
anticoagulant, this protein inhibits prothrombinase and intrinsic
tenase. Its influence on coagulation is palpable since protein S de-
ficiencies are related to elevated thrombotic risk [83]. Clinical data
revealed low activity of protein S in COVID-19 patients, suggesting
this may contribute to coagulopathy in COVID-19 [84,85]. Also,
backing this suggestion, SARS-CoV-2 papain-like protein cleaves a
sequence within protein S, and this cut may result in impaired
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protein S function or secretion in the course of the viral infection
[5].

2.5. Dipeptidyl peptidase 4

Dipeptidyl peptidase 4 (EC 3.4.14.5) is a serine peptidase that
exists both bound in the cell surface and as a soluble form in plasma
and other body fluids [86]. DPP4 is a functional entry receptor in
MERS-CoV, which raised questions about its role in COVID-19
[31,32]. Its catalytic activity consists of releasing N-terminal di-
peptides whenever proline or alanine is the penultimate amino
acid [87,88]. DPP4 acts on several substrates through its enzymatic
function, like chemokines, cytokines, and growth factors [89]. Its
actions on inactivating incretin hormones allow using DPP4 in-
hibitors, or gliptins, as anti-diabetic drugs in type 2 Diabetes Mel-
litus (T2DM) treatment [90].

Many cells express DPP4, such as epithelial, endothelial, and
immune cells, in kidneys, lungs, liver, spleen, bone marrow,
pancreas, and intestine [91]. Its expression on immune cells is
broad; indeed, DPP4 is also known as T-cell antigen CD26 due to its
co-stimulatory function in T-cell activation [92]. Likewise, DPP4
acts on apoptosis, chemotaxis modulation, and cell adhesion [93].
Since this enzyme participates in immune responses and inflam-
mation, DPP4 may be involved in immune and inflammatory dis-
eases [94]. Accordingly, DPP4 inhibitors have been related to some
anti-inflammatory effects [95]. As inflammation in COVID-19
immunopathogenesis is a concern, DPP4 inhibitors could narrow
disease progression to severe forms [96,97]. Further, considering
diabetes is a risk factor for COVID-19 adverse outcomes, it is of
interest to study the associations between clinical outcomes and
gliptins use [98].

Computational approaches predicted that SARS-CoV-2 spike
protein and human DPP4 could interact, hinting DPP4 may play a
role in virus entry into host cells along with ACE-2 [31,99]. Such
prediction paved the way for several hypotheses about DPP4 in-
hibitors antiviral effects in COVID-19, besides anti-inflammatory
and immunoregulatory effects already proposed [96,100,101].
Another in silico study suggested DPP4 inhibitor could also exert an
antiviral activity by inhibiting SARS-CoV-2 main protease [102].
However, functional studies demonstrated that the spike protein
and DPP4 do not bind, therefore, suggesting this enzyme does not
act as a cell entry receptor for SARS-CoV-2 [103,104]. As well,
gliptins did not experimentally inhibit the main protease [105].
Other pathways to SARS-CoV-2 interact with DPP4 are still being
hypothesized [106,107].

Many observational studies evaluated gliptins use and COVID-19
outcomes in T2DM patients, although the results are quite con-
trasting [108]. Several of them couldn't associate DPP4 inhibitors
use with COVID-19 evolution, such as clinical severity or death
[63,109e112]. Another study reported that treatment with sita-
gliptin throughout hospitalization was associated with decreased
mortality and improved clinical outcomes [113]. Also, DPP4 in-
hibitors treatment before hospitalizationwas associatedwith lower
mortality risk [114]. All these studies have limitations due to their
observational and retrospective nature, but the ones that presented
positive results [113,114] received critics regarding methodology,
confounders, or shortcomings. In this setting, there is no estab-
lished evidence of DPP4 inhibitors being beneficial to COVID-19
clinical outcomes. Randomized and prospective clinical trials are
required to assess this properly [106,109].

2.6. Aminopeptidase-N

Aminopeptidase N (EC: 3.4.11.2; APN), also known as CD13, is a
cell-surface and zinc-dependent metalloprotease [115]. It cleaves
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N-terminal amino acids from unsubstituted oligopeptides, as long
as proline is not the penultimate amino acid [116]. Several cells and
tissues express this ectopeptidase, like epithelial cells, endothelial
cells, leukocytes, fibroblasts, mucosal cells of the small intestine,
and synaptic membranes [40,115]. Also, APN exists in a soluble form
in plasma [117].

Besides its enzymatic activity, APN mechanisms include endo-
cytosis and signal transduction. These three mechanisms often
overlap to achieve a function [118]. APN is extensively present in
immune cells, regulating their development and activities. Further,
APN catalytic action on hormones, chemokines, and cytokines
modulates inflammation. Through this inflammation role, APN are
related to some inflammatory conditions [119]. Of note, HCoV-229E
is a coronavirus that causes common cold, and it uses human APN
as a receptor to enter host cells [120,121].

Considering a possible role for APN as a SARS-CoV-2 receptor, a
few studies assessed its expression in tissues, along with ACE-2.
Ocular conjunctiva expressed APN at low levels, as well as ACE-2
[122]. In chronic colitis, neither ACE-2 nor APN expression in the
gut was different compared to healthy controls [123]. However,
evidence showed that aminopeptidase N is not a SARS-CoV-2 entry
receptor [44,112]. Despite that, APN and ACE-2 coexpression in
human tissues could suggest a function as an auxiliary protein
[124]. In this regard, Devarakonda et al. [125] proposed that APN
could affect SARS-CoV-2 pathogenesis by other pathways, such as
immune response amplification and altering infectivity.

2.7. Alanine and aspartate aminotransferase

Aspartate aminotransferase (EC 2.6.1.57; AST) and alanine
aminotransferase (EC 2.6.1.2; ALT) are intracellular enzymes, found
specially in the liver. They catalyze reactions inside the cells, which
means that their presence in the systemic circulation might indi-
cate liver disfunction or damage, mainly those involved in liver cell
membrane disruption [126].

It is already clear that the COVID-19 virus enters the cell from,
among others, the ACE-2 (angiotensin-converting enzyme 2) re-
ceptor. ACE-2 helps the conversion of Angiotensin II (Ang II) in
Angiotensin 1-7 and, therefore, helps with the vascular pressure
regulation. The virus competes with Ang II and the blood pressure
control stays in deficit. It is important to notice that people with
some comorbidities, like hypertension, express more ACE-2 re-
ceptors, due to upregulation, which can augment the virus effect on
the organs. This can also happen in the liver and the bile duct:
because of ACE-2 high expression in the bile duct cells, it can lead to
damage to these cells, which can promote liver injury [22]. It is
important to point that it is still not clear while the damage to the
liver is due to the cytokine storm or the direct cell damage pro-
moted by the virus or both. Still, there is no denying the damage
that the disease can do to the liver. It is shown that SARS-CoV-2 can
produce liver damage, especially in people with other comorbid-
ities, and therefore increase ALT and AST, which can show liver
damage [12]. According to this study, the bigger the ratio between
ALT and AST, the worse is the patient prognosis, which means that
patients with ALT/AST >1 reported more hospital time and inten-
sive care unit hospitalization, demonstrating the relation between
liver damage and progression of the disease.

Other studies also correlated the elevation of serum ALT and AST
to worse prognosis and higher mortality [13,14]. It is interesting to
notice that liver abnormalities, proved by elevated ALT and AST
were found in up to 54% of patients, when comparing studies. Even
with the liver damage, there has been no reports on liver failure due
to COVID-19 [23]. According to Boregowda et al., 2020 [14], when
serum liver enzymes were analyzed among the non-survivors, they
were elevated compared to survivors.
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These results are important to help the treatment of COVID-19 in
the Intensive Care Units, so that healthcare workers can avoid
prescribing drugs that can promote liver damage and probably
worsen the patient's prognosis.
2.8. Lipase

Lipase (3.1.1.3) is an enzyme produced by the pancreas and is
responsible for hydrolyzing triacylglycerol into fatty acid and
glycerol for absorption in the duodenum [127]. It can be normally
found in the blood stream, but its elevationmay indicate pancreatic
injury. It is interesting to note that the pancreas has a great number
of ACE-2 receptors, even more than the respiratory system [16],
which would make this organ more vulnerable to SARS-CoV-2
infection, however lipase serum levels are only elevated in more
severe initial presentations of COVID-19 [17]. Up to 17% of severe
respiratory syndrome patients were reported with lipase serum
levels higher than normal in COVID-19 [15], but severe pancreatitis
has not been reported [128]. According to Wang et al., 2020 [15],
the pancreas damage can be a result to a direct viral infection, a
hypoxic injury due to respiratory failure or due to the cytokine
storm promoted by the immune system. Patel et al., 2020 [128] also
reported a pancreatic injury due to antipyretics. About the prog-
nosis, McNabb-Baltar et al., 2020 [17] correlated an increase in
lipase to severe presentations, but the outcomes were not always
bad; while Barlass et al., 2020 [16] suggested worst outcomes due
to lipase elevations.

It is interesting to notice that lipase elevations can happen
because of nonpancreatic diseases, like gastritis and enteritis [17]
due to the gastrointestinal system infection by SARS-CoV-2. This
shows why pancreatic damage is not always a COVID-19 symptom,
but elevated levels of serum lipase can help the diagnosis.
Fig. 2. Angiotensin-converting enzyme 2 (ACE-2), SARS-CoV-2 and the pathoph
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2.9. Lactate dehydrogenase

During glycolysis pyruvate can be converted into lactate in cases
of lack of oxygen, such as hypoxia and anaerobic conditions. This
reaction provides a fast source of energy and is catalyzed by lactate
dehydrogenase (EC 1.1.1.27; LDH). After that, the produced lactate is
taken to the liver, where is reconverted to glucose and can be
reused to produce more energy [126].

This enzyme was previously used to evaluate damage in cardiac
or skeletal muscles, because its serum levels increase substantially
when there is not enough oxygen for tissue. LDH levels also get
higher in severe infections [129], due to tissue damage. During
COVID-19 pandemic, some systemic reactions were noticed, such as
the cytokines storm, elevated lymphocyte levels and lung lesions,
among others [130].

Some authors also noticed an elevation of lactate dehydroge-
nase levels in severe cases of COVID-19 and that this enzyme is
related to worse outcomes [31,129,130]. This enzyme is released in
tissue damage, the cytokines storm can explain the enzyme
elevation, because the multisystemic inflammation promotes
mostly lung damage, which can lead to pneumonia, but also car-
diac, liver, and renal damage. LDH is also highly expressed in the
lung tissue, according to Henry et al., 2020 [130], so patients with
severe disease, mostly the ones affected by acute respiratory syn-
drome, have presented elevated LDH levels. These authors have
also noticed that this enzyme elevation occurred in Middle East
Respiratory Syndrome (MERS), confirming the presence of the
enzyme in lung tissue.

Another author pointed LDH as a more effective marker for se-
vere disease when compared to lymphocyte counts and D-dimer
[31], with more sensitivity and specificity. Another author studied
the LDH/lymphocyte ratio to evaluate worse COVID-19 outcomes
ysiology of coronavirus disease 2019 (COVID-19). Made by biorender.com.
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[131]. According to this study, the ratio can be used to facilitate
diagnosis, since PCR has shown a great number of false negatives.
However, it may not be used as a differential diagnosis since this
ratio is not known in other diseases. Lactate dehydrogenase has
shown to be a powerful biomarker and predictive to worse out-
comes in COVID-19 disease, which can lead to more attention to
patients presented with higher levels of the enzyme.
3. Entrance and viral enzymes

As described above, SARS-CoV-2 is a type of coronavirus which
is dependent of the successful host cell entry for their replication
and release of new virions.

It's widely known that the SARS-CoV-2 have the crown
appearance due the spike glycoprotein presents in their envelope
surface (Fig. 2). This large glycoprotein (approx. 180 kDa), Spike
Fig. 3. Schematic representation of SARS-CoV-2 host cell entr

44
protein, or S protein has two domains (S1 and S2). Initially, the S
protein binds a specific cellular receptor which leads to a series of
proteolytic events resulting in the fusion of cell and viral mem-
branes. Specifically, the receptor-binding domain (RBD) present on
S1, which is responsible for binding the cellular receptor
angiotensin-converting enzyme 2 (ACE-2) as mentioned above
(Topic 2.1), and S2 domain is responsible for start the membranes
fusion event (Fig. 3) [132,133].

For the successful viral replication occur, depending on SARS-
CoV-2 strain and host cell type, several proteases as ACE-2, trans-
membrane serine proteases 2 (TMPRSS2) Furin and Cathepsin L is
involved to active and cleavage of the S protein [134,135]. After the
SARS-CoV-2 binding onto the ACE-2 receptor (Fig. 3, step 1), the S1
subunit proteolysis may facilitated by plasma membrane-bound
serine protease TMPRSS2 and Cathepsin L [134]. As described
previously (Topic 2.2), TMPRSS2 is a cell-surface protein which has
y. Adapted for Gioia et al., 2020. Made by biorender.com.
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been involved in the proteolytic activation of S protein and
consequently facilitating the entry of the virus into the human cell
[132,133]. Cathepsin L (EC 3.4.23.25) also mediates the membrane
fusion [134].

Evidence indicates that while TMPRSS2 acts locally at the host
cell plasma membrane and possibly during the formation of
endocytic vesicle on neutral pH, the Cathepsin L terminate the S1
degradation in the acidic endosome and lysosome [134e136]. Both
process (TMPRSS2 and Cathepsin L) may continue during virus
endocytosis [134].

Mediated by cathepsin in lysosomes, cleavage induces mem-
brane fusion, forming a pore for viral passage into the cytoplasm
[132,133].

Intracellular activation of protein S can also be performed by
Endoprotease Furin (EC 3.4.21.75) in the Golgi complex (Fig. 3 step
4). Among the host proteases involved in viral infection, Furin is the
most widely present in a variety of cell types and for its ability to
activate other cellular proteins and in SARS-CoV-2.

Among host proteases involved in the viral infection, Furin is the
one most widely present in a variety of cell types. It is an endo-
protease which shows ability to activate other cellular proteins, and
in SARS-CoV-2 activation is not clear.

But in theory, Furin activates surface glycoproteins by fusion,
attacking the cleavage site facilitating the virus entry [132,133].
Moreover, acting in the virus entry, Furin also contributes during
the transport of virions improving the virus diffusion [132].

The expression profile of Furin and ACE-2 in human cells could
explain why SARS-CoV-2 is so efficient in spreading virus particles,
since they are present throughout the body in endothelial cells with
particularly increased levels in cells lying in alveoli and small in-
testine [132,133].

Once inside the host cell, the life cycle of SARS-CoV-2 started
with the viral genome translation (Fig. 3, step 6), which 75% is
translated in polyproteins accountable for the replication [132,133].

Two enzymes are involved in the cleaving viral polyproteins
process: the papain-like protease (PLpro) and the main protease
(Mpro) (Fig. 3, step 7). The two proteases have an important role in
the SARS-CoV-2 life cycle. Mpro (EC 3.4.22.69) in their active form is
a homodimer protein and their structure resembles the cysteine
protease and 3 chymotrypsin protease. PLpro (EC 3.4.22.B14) is
responsible for cleavages located at the N-terminus of the replicase
polyprotein [132,133]. Some enzymes like the PLpro recognize host
proteins such as Ubiquitin and acts preventing mutations in the
PLpro for instance.

The other 25% of viral genome is translated to accessory and
structural proteins: Spike (S), Envelope (E), Membrane (M) and
Nucleocapsid (N) (Fig. 3, step 8) [132,133]. The transcription and
replication of viral genome starts and amplifies the number of virus
genome copies. The viral protein translation starts at the endo-
plasmic reticulum (Fig. 3, step 10) and the virion assembly occurs.
After virion maturation, the newly viral particles are release
[132,133].

4. The effect virus mutation on enzymes

Mutations can happen to RNA viruses since their replicatory
enzymes, like RNA polymerase, are not fail-safe like DNA viruses or
DNA cells. Because of that, alterations in the RNA virus genome are
much more common when compared to other viruses and cells
[137,138]. SARS-CoV-2 is an RNA virus, so mutations can easily
happen. Since December 2019, a new variant of the SARS-CoV-2
virus has emerged and created some questions, such as if the
variant can alter in some way the disease in the human body.

Themost commonmutation foundwas in the spikeproteinD614G
[139]. Spike proteins are the ones that make the crown shape of the
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virus, and they are usually associated with the interaction between
thevirusand thecell [140]. Thismutationaffects thereplication speed
of the virus, but not disease severity [141,142]. It is interesting to
notice thathigher levels of viralRNAare found inpeople infectedwith
the new variant, but the new variant is not related to more severe
cases [139]. Instead, themutation only affects the replication speed of
the virus, making it much more contagious [141]. This can be
explainedbyan increase in the affinitywith theACE-2 receptors anda
more effective entry in the cells from the respiratory tract [143].

Other variants were found that justify some of the more affected
organs and systems, but the mutation in the spike protein D614G
was prevalent. According to Hu et al. (2020) [137] these other
variants can increase respiratory symptoms, heart disease, throm-
boembolic events, among others, because of the affinity with each
cell. It is important to point that it is not known yet if the new
variant affects the effectiveness of the vaccines, but we suspect
does not, since the new protein is not bind immune cells [139].
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