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Coronavirus disease 2019 (COVID-19) is triggered by the SARS-CoV-2, 

which is able to infect and cause dysfunction not only in lungs, but also in 

multiple organs, including central nervous system, skeletal muscle, kidneys, 

heart, liver, and intestine. Several metabolic disturbances are associated 

with cell damage or tissue injury, but the mechanisms involved are not yet 

fully elucidated. Some potential mechanisms involved in the COVID-19-

induced tissue dysfunction are proposed, such as: (a) High expression and 

levels of proinflammatory cytokines, including TNF-α IL-6, IL-1β, INF-α and 

INF-β, increasing the systemic and tissue inflammatory state; (b) Induction of 

oxidative stress due to redox imbalance, resulting in cell injury or death induced 

by elevated production of reactive oxygen species; and (c) Deregulation of 

the renin-angiotensin-aldosterone system, exacerbating the inflammatory 

and oxidative stress responses. In this review, we discuss the main metabolic 

disturbances observed in different target tissues of SARS-CoV-2 and the 

potential mechanisms involved in these changes associated with the tissue 

dysfunction.
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Introduction

At the end of 2019, in Wuhan (Hubei Province, China), the 
burgeon of a severe acute respiratory syndrome caused by the 
SARS-CoV-2 coronavirus reached the condition of pandemic 
(COVID-19; Singhal, 2020), which caused unprecedented damage 
to worldwide public health and global economy. Several research 
groups all over the world embraced the hard task to study and 
understand the cellular mechanisms by which the coronavirus 
interacts and fuse with its target cells. The SARS-CoV-2 
coronavirus enters target cells through molecular interactions of 
the spike protein (S protein, encoded by SARS-CoV-2 RNA), with 
angiotensin-converting enzyme receptor-2 (ACE-2) enzyme 
receptor of the target cell, precisely in the plasma membrane. The 
N-terminal domain of the S1 subunit (S1-NTD) can be the central 
point that SARS-CoV-2 uses to connect to the cell membrane in 
different tissues (Li, 2015). This domain creates hidden binding 
sites for glycans containing sialic acid. This may be important for 
infection and the ability of the virus to localize and interact with 
ACE2, the main host cell surface receptor (Robson, 2020). 
Currently, it is not completely understood if high blood glucose 
levels further increase or facilitate S1-NTD interaction to the host 
cell membrane, but there is some evidence that the affinity of the 
S protein is modulated by glycation of the ACE2 receptor, as 
demonstrated by in silico and computational analysis (Sartore 
et al., 2021). This modulation can shift or facilitate the virus entry 
into host cells by alternative pathways. When diabetic patients are 
early treated with insulin during COVID-19, they present a better 
diagnosis disease prognosis, with alleviation of the COVID-19-
induced lung injury (Nakhleh and Shehadeh, 2020). Further 
studies will be  fundamental to fully comprehend the effect of 
hyperglycemia on SARS-CoV-2 infection and the subsequent 
metabolic modulation.

Neuropilin-1 (NRP-1), expressed mainly in the respiratory 
and gastrointestinal tissues, can act in conjunction with ACE2 as 
a gateway to SARS-CoV-2 (Viana et al., 2022). After cleaved by 
furin, the fragment S1 containing the C-terminus (CendR) binds 
to the domain b1 of NRP1, contributing to the elevated virus 
infection process (Cantuti-Castelvetri et  al., 2020). The 
mechanisms involved in this pathway may be associated with 
angiogenesis and vascular permeability (Daly et al., 2020). The 
high expression of NRP1  in olfactory epithelial cells can 
be observed in patients with COVID-19, suggesting its role in 
potentiating viral infection and being the target of therapies to 
control the disease (Cantuti-Castelvetri et al., 2020). In the initial 
stage of infection, SARS-CoV-2 acts mainly on lung cells. The 
effects on this tissue have been extensively studied and they are 
associated with a severe and chronic inflammatory condition, 
lastly leading to the “cytokine storm,” which dramatically 
increases the neurosusceptibility of the lung tissue. This 
pathological condition is commonly observed in patients with 
hypoxia, associated to progressive tissue injury caused by the 
impairment of the vascular network and peripheral nerves  
(Li et al., 2020b).

However, COVID-19 is not restricted to the lungs and 
respiratory manifestations, but also leads to dysfunction in heart, 
liver, kidneys, central nervous system (CNS), intestine and skeletal 
muscles. Therefore, the disease is better described as a multiorgan 
disease with multiple and/or persistent sequels, even after the 
disease cure. Complications derived from the SARS-CoV-2 were 
observed mainly in patients affected by comorbidities, such as 
type 2 diabetes mellitus (DM2), hypertension, cardiovascular 
diseases and, especially, older individuals (Huang et al., 2020). In 
this review, we  describe the main molecular and cellular 
mechanisms involved in the SARS-CoV-2 metabolic modulation 
in different tissues.

Potential mechanisms involved in 
metabolic modulation

SARS-CoV-2, metabolism and 
inflammation

Cellular metabolism encompasses several pathways that 
function in synchrony to maintain cellular homeostasis and 
ensure adequate energy supply under different conditions. Several 
metabolic pathways are continuously modulated during the 
initiation and progression of infectious diseases, especially the 
intermediary metabolism pathways, e.g., glycolysis, the 
tricarboxylic acid cycle coupled with oxidative phosphorylation, 
mitochondrial and peroxisomal beta oxidation, the phosphate 
pentose pathway (PPP), proteogenesis/proteolysis, among others 
(Andrade Silva et al., 2021).

Some studies have shown that virus infections normally lead 
to cellular reprogramming, particularly involving glucose, amino 
acid/protein, and lipid metabolism in immune cells (Heaton and 
Randall, 2010; Vastag et  al., 2011; Thai et  al., 2014; Moreno-
Altamirano et al., 2019; Thaker et al., 2019; Andrade Silva et al., 
2021). These metabolic changes comprise viral strategies to 
circumvent the protective responses elicited immune cells under 
viral attack. However, due to the plasticity of immune cells, the 
initial viral infection induces an even more severe tissue 
inflammation, as observed in most patients infected with SARS-
CoV-2 (Huang et al., 2020; Lucas et al., 2020; Andrade Silva et al., 
2021). The COVID-19 affects both systemic and local homeostasis 
in circulating cells and infected tissues, compromising the 
function of various organs and, thus, aggravating symptoms and 
contributing to the severity of the disease (Bruzzone et al., 2020; 
Wu et al., 2020a; Andrade Silva et al., 2021).

COVID-19 patients regularly exhibit increased glycolytic 
activity in epithelial and immune cells (Codo et al., 2020; Andrade 
Silva et al., 2021). Monocytes infected with coronavirus also show 
increased ACE-2 expression and viral load dependence on glucose 
concentration, as well as increased glycolytic capacity and glucose 
reserve. These changes are not observed in monocytes infected 
with other viruses, such as influenza A and respiratory syncytial 
virus (RSV; Codo et  al., 2020). The gene expression for 
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inflammatory cytokines, including tumor necrosis factor-alpha 
(TNF-α), interleukin-6 (IL-6), interleukin-1beta (IL-1β), 
interferon-alpha and-beta (INF-α and INF-β), is dependent on the 
dose of glucose and viral replication. However, when the glucose 
uptake is blocked (by 2-deoxy-D-glucose-2-DG, for example), the 
expression of ACE-2 and cytokines decreases. Blocking ATP 
synthase, which results in an increased glycolytic pathway activity, 
concomitant increases in viral load are also observed, 
demonstrating that glycolysis is essential for viral replication in 
monocytes, and apparently in epithelial cells, as well (Bojkova 
et al., 2020; Codo et al., 2020; Andrade Silva et al., 2021).

Andrade Silva et al. (2021) suggested that this modulation in 
glucose metabolism in infected cells is protagonized by hypoxia-
inducible factor-1 alpha (HIF-1α), which is responsible for the 
regulation of genes involved in the transport and processing of 
glucose, but also with the expression of lactate dehydrogenase-A 
(LDH-A), 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase-3 (PFKFB-3), glucose transporter-1 (GLUT-1) 
and pyruvate kinase-M2 (PK-M2). It has been shown that these 
genes are overexpressed in monocytes infected by SARS-CoV-2, 
and again, with a very distinguished metabolic pattern than other 
viral infections (Codo et al., 2020; Andrade Silva et al., 2021).

Diabetic patients usually present higher severity of 
COVID-19 symptoms and disease progression than patients 
with normal. This can be explained, at least in part, by the 
close interplay between the infection-induced glycolysis and 
SARS-CoV-2 replication itself (Ceriello, 2020; Codo et  al., 
2020). Poor glycemic control also predicts an increased need 
for medications and hospitalizations with proportional 
mortality rates (Cai et  al., 2020; Liu et  al., 2020a; Shauly-
Aharonov et al., 2021; Yang et al., 2021b). According to this 
assumption, the hyperglycemia observed in DM is recognized 
as an independent predictor of morbidity and mortality in 
patients with SARS-CoV-2. In addition, hyperglycemia leads 
to the overproduction of reactive oxygen species (ROS), which 
can impose oxidative stress to the infected organism 
(Al-Kuraishy et al., 2021). Reactive nitrogen species (RNS) 
and advanced glycation end products (AGEs) are also related 
to this harmful stress condition (Chernyak et  al., 2020). 
Indeed, it has been described that diabetic patients present 
increased risk of general infections (Shah and Hux, 2003; 
Casqueiro et al., 2012; Chavez-Reyes et al., 2021) and a much 
worse prognosis for COVID-19, with a high risk of morbidity 
and mortality (Lim et al., 2021; Gorjao et al., 2022).

Some studies have also reported a high number of immune 
cells in the infected lung, which is related to the fatality of the 
disease (Youngs et al., 2021). These findings support the hypothesis 
that a subclinical inflammatory state is one of the hallmarks of 
COVID-19 pathology (Rahmani-Kukia and Abbasi, 2021). Some 
patients also present a pathophysiological condition called 
“cytokine storm.” In this sense, several mechanisms have been 
proposed to explain why virus-induced inflammation supposedly 
increases insulin resistance (IR; Gangadharan et al., 2021). One of 
the proposed ideas indicates that the activation of inflammatory 

cells affects the functions of the skeletal muscle and liver, which 
are the main insulin-responsive organs accountable for most 
hormone-mediated glucose uptake (Gangadharan et al., 2021). In 
addition to muscle asthenia, patients with severe COVID-19 have 
increased liver enzyme activity, which may suggest multiple organ 
failure, especially during cytokine storms (Groop et al., 1989). 
Undoubtedly, a multitude of metabolic factors connects DM 
pathophysiology with the development and progression of 
COVID-19.

The term “cytokine storm” is used to describe the exacerbated 
production of proinflammatory cytokines accompanied by a weak 
IFN-γ response. SARS-CoV-2 can quickly activate Th1 cells, 
stimulating the cytokine secretion, such as IL-6 and the 
granulocyte-macrophage colony-stimulating factor (GM-CSF). 
This factor is responsible for activating CD14+ and CD16+ 
inflammatory monocytes to produce large amounts of IL-6, 
TNF-α, and other cytokines (Hu et al., 2021). Membrane-bound 
immune receptors, such as Fc and toll-like receptors, can 
contribute for a deregulated inflammatory response, and a weak 
induction of IFN-γ, which may additionally amplify the 
proinflammatory cytokine production. NETosis, a program for 
formation of neutrophil extracellular traps (NETs), may also 
contribute to the release of proinflammatory cytokines and, thus, 
to the “cytokine storm.” NETs comprehend extracellular nets of 
DNA, histones, microbicide proteins, and oxidizing enzymes, 
which are released by neutrophils. When the release of NETs is not 
properly regulated, these molecules can potentially initiate and 
propagate inflammatory responses and thrombosis process (Porto 
and Stein, 2016; Twaddell et al., 2019). Although there are no 
direct assessments that NETs contribute to the cytokine storm in 
the respiratory failure in patients with severe COVID-19, although 
evidence indicates that proinflammatory cytokines, such as IL-1β 
and IL-6, are closely linked to NET production during severe 
infection. In addition, during dynamic cytokine storm, T-cell 
lymphopenia and NETs have been associated with the severity of 
COVID-19 (Hu et al., 2021).

Infection and inflammation induce changes in the lipid and 
lipoprotein profile, leading to impaired immune responses (Stasi 
et al., 2021). Evidence shows that bacteria, fungi and even viruses 
can modulate lipid metabolism pathways, affecting lipogenesis 
and storage, as well as immune signaling and the efficiency of 
tissue repair (Khovidhunkit et  al., 2004; Stasi et  al., 2021). 
Numerous studies have shown that the predisposition to the worst 
forms of COVID-19 (with higher mortality rates) is related to 
chronic diseases, such as hypertension, cardiovascular diseases 
and DM (Stasi et al., 2021). Interestingly, patients infected with 
coronavirus were shown to have lower levels of apolipoprotein A1 
(Apo-A1) and high-density lipoprotein (HDL; Stasi et al., 2021). 
It is known that a decrease in serum HDL is a predictive factor for 
the severity of COVID-19 and its worse prognosis, which is 
considered a risk factor that requires more attention and more 
intensive treatments (Stasi et al., 2021). More studies addressing 
the effects of dyslipidemia and lipid metabolism in COVID-19 
pathology are truthfully necessary.
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There are few studies that establish the relationship between 
metabolism and age or sex, most of which are directed to the risk 
of infections (Chew et al., 2021; Kautzky-Willer et al., 2022). It is 
important to point out that metabolic alterations are different in 
the acute stage of SARS-CoV-2 infection and after it, as for 
example during long-COVID-19 (Sykes et al., 2021). A study 
conducted Pasini et al. (2021), in elderly of both sexes affected by 
long-COVID-19, with a mean age of 72 years, showed an increase 
in ferritin and D-dimer concentration, as well as a reduction in 
hemoglobin and albumin levels. Dillard et al. (2022) conducted 
a study capable of showing differences in tryptophan metabolism 
in samples of patients affected by COVID-19  in a non-acute 
manner, which may be associated with a decreased inflammation. 
In the same study, patients with the severe COVID-19 presented 
increase in the histidine and ketone metabolism, which can 
be linked to musculoskeletal damage. However, the comparison 
between gender and age was not performed. Thus, further studies 
addressing the association between the cellular metabolic 
modulation and age or sex are required to completely understand 
the effects of these parameters during acute or chronic 
COVID-19.

SARS-CoV-2 and oxidative stress

Reactive oxygen and nitrogen species (ROS/RNS) are natural 
products of the cellular oxidative metabolism and are also fully 
engaged in cellular homeostasis: from activation factors of cellular 
defensive systems to promoters of oxidative and nitr(osyl)ative 
modifications in biomolecules causing cellular dysfunction 
(Zarkovic, 2020). In fact, the rate of ROS/RNS production and 
accumulation is counteracted by the antioxidant activity in situ, 
and this pro−/antioxidant balance dictates the redox status in all 
cellular or extracellular compartments. Every organelle or 
extracellular environment has its particular redox state (or redox 
potential) for optimized functionality, e.g., peroxisomes and 
mitochondria are notably highly oxidizing compartments, 
whereas endoplasmic reticulum works under much more 
reductive conditions (Benhar, 2020). It is now understood that 
these intracellular redox circuits are fully integrated (also with 
extracellular interplays) in a redox network that performs through 
the diffusion of freely diffusible ROS/RNS (hydrogen peroxide and 
nitric oxide; H2O2 and NO•, respectively) (Sies, 2017; Chachlaki 
and Prevot, 2020), some sulfur-dependent metabolites, such as 
sulfidic acid (H2S; Nishida et al., 2016), or even more complex 
molecules, like 8-nitroguanosine 3′,5′-cyclic monophosphate 
(8-nitro-cGMP; Fujii and Akaike, 2013). All these redox 
microcircuits are real-time sensed and adjusted by several thiol 
(SH)-responsive proteins (cystein-dependent redox switches) 
e.g.Keap1-Nrf2, peroxiredoxins, thioredoxins, glutathione 
(Moldogazieva et al., 2018). These redox sensors are linked to 
transcription factors and redox-signaling cascades in order to 
regulate specific gene expressions that will adjust the overall redox 
status, cellular metabolism, protein turnover, and cell survival of 

that particular cell to those specific physiological conditions 
(Jones and Sies, 2015; Radzinski et al., 2021).

The rupture of redox homeostasis and alterations in thiol-
dissulfide ratio (SH/SS) were already observed in host cells during 
viral infection (Li et al., 2017). Several studies have suggested that 
the overproduction of ROS/RNS and unbalanced cellular 
antioxidant-oxidant processes are determinant molecular events 
in the pathogenesis of respiratory viral infections, including the 
SARS-CoV-2 infection (Camini et  al., 2017). The induced 
unfavorable redox condition imposed by viral infection in hosting 
cells, in fact, propagate towards vicinal uninfected cells by the 
diffusion of prooxidant agents, such as lipid hydroperoxides 
(LOOH) and peroxynitrite (ONOO−), or by triggering local 
inflammation processes with the release of chemotactic cytokines 
(Bartolini et  al., 2021). As aforementioned, recent studies 
published during the recent pandemic period suggest that other 
pathologies with redox imbalance, such as diabetes, hypertension, 
and pulmonary, cardiac, and kidney diseases, severely increase the 
lethality of respiratory viral infections, mainly because of the 
pre-existent redox imbalances imposed by those comorbidities 
(Abdi et al., 2020; Lee et al., 2020).

Robust evidence has now shown that specific (SH/SS) balance 
is crucial for SARS-CoV-2 viral entry and fusion into hosting cells 
(Suhail et al., 2020). The redox conditions in hosting cells are 
determinant since specific thiol (-SH) groups of membrane 
proteins in hosting cells act as chemical anchors for molecular 
interactions with viral envelope glycoproteins (Lavillette et al., 
2006). It has also been shown that thiol-disulfide rearrangements 
within viral envelopes can cause conformational changes of the S 
peptide, with variable affinities for viral glycoproteins and, 
consequently, varied fusion and engulfment capacities into a 
hosting cell (Fenouillet et al., 2007). Accordingly, recent studies 
have been exploring thiol-based chemical probes that act as 
reducing agents (P2119 and P2165) and antioxidants as potential 
inhibitors of infection by human coronaviruses, including SARS-
CoV-2 (Fernandes et al., 2020; Shi et al., 2022).

ACE-2 is the host cellular receptor that locks onto the surface 
S protein of the highly transmissible (and deadly) SARS-CoV-2, 
the virus responsible for the COVID-19 pandemic (Baughn et al., 
2020). ACE-2 is a membrane-bound protein and it is responsible 
for the hydrolysis of angiotensin II (a vasoconstrictor; Ang II) to 
angiotensin 1–8 (a vasodilator; Ang 1–7; Morris et al., 2020). Ang 
II produces ROS/RNS by stimulating membrane-bound NADPH 
oxidase (Wen et al., 2012). The transformation of Ang II to Ang 
1–7, catalyzed by ACE-2, mitigates oxidative stress as it inhibits 
NADPH oxidase, and therefore, also limits ROS/RNS 
accumulation (Kim et al., 2012). Interestingly, the ☐-glutamyl-
tripeptide glutathione (GSH) is a protagonist of the thiol-
dependent antioxidant defenses in mostly all biological systems, 
and its reduced/oxidized ratio (GSH/GSSG) is fully dependent on 
NADPH levels and the Pentose Phosphate Pathway activity in cells 
(Perez-Torres et al., 2022). All these mechanisms shed light on the 
key participation of the renin-angiotensin-aldosterone system 
(RAAS) in the redox imbalances associated with viral respiratory 
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diseases (Morris et al., 2020). If ACE-2 is bound to the S protein, 
the cellular concentration of Ang II will increase, leading to 
overproduction of superoxide radicals (O2•−) and other ROS/RNS 
that will exacerbate the oxidative conditions in situ and, ultimately, 
increasing the risk of severe illness from COVID-19.

Renin-angiotensin-aldosterone system

The renin-angiotensin-aldosterone system (RAAS) acts 
mainly on the cardiovascular and renal systems, with strong links 
with inflammatory processes, and has both a classical and a 
nonclassical pathway with opposite effects (Powers et al., 2018). 
In the classical pathway, the angiotensinogen released by the liver 
is cleaved in the circulation by renin and released in the kidney 
to form angiotensin I; this, in turn, forms angiotensin II (Ang II) 
through the action of the angiotensin-converting enzyme (ACE). 
Ang II acts predominantly on the type 1 receptor (AT1R), 
resulting in physiological actions such as vasoconstriction, 
sympathetic activation, water and sodium retention, 
inflammation and fibrosis (Cabello-Verrugio et al., 2015; Hersh 
et al., 2022). However, Ang II can also act on the AT2R receptor 
and promote vasodilation, apoptosis and anti-inflammatory, anti-
proliferative and antioxidative actions. In the nonclassical 
pathway, ACE-2 is responsible for the cleavage of Ang I (1–10) 
and Ang II (1–8), leading to the formation of the derivatives Ang 
(1–9) and Ang (1–7). The latter binds to the MAS receptor, 
promoting effects similar to those triggered by AT2R in addition 
to diuretic, natriuretic, antifibrotic and antihypertrophic effects. 
ACE-2 has additional affinity for other vasoactive substrates, 
including apelin-13 and bradykinin (Gao et al., 2020; Oz and 
Lorke, 2021).

ACE-2 is an enzyme bound to cell membranes in the lungs, 
CNS, skeletal muscle, endothelium, heart, liver, kidneys, and 
intestine. SARS-CoV-2 infection begins mainly through the 
interaction between the virus S protein and the ACE-2 receptor, 
which promotes proteolytic cleavage, viral entry and 
internalization of ACE-2. The ectodomain of ACE-2 is cleaved by 
the ADAM17 and the cytoplasmatic domain by the 
transmembrane protease serine protease-2 (TMPRSS-2), both 
enzymes are important for the viral infection (internalization and 
shedding de ACE2). The activity of ADAM17 is promoted by Ang 
II, leading to a reduction in the expression of ACE-2 in tissues, 
although high circulating levels are still present (Gonzalez et al., 
2020; Bekassy et al., 2022).

SARS-CoV-2 contagion and the internalization of ACE-2 
induce a decrease in the activity of ADAM17, promoting an 
imbalance of the renin angiotensin system (RAS) with greater 
activation of the ACE-2/AngII/AT1R axis, as well as reduction of 
the ACE-2 axis/Ang 1-7/MAS, favoring the most inflammatory, 
fibrotic, and apoptotic state (Gonzalez et al., 2020). In addition to 
the oxidative stress, which also activates the NFkB pathway, the 
inflammatory response is exacerbated. RAAS is present in several 
tissues, including skeletal muscle, which is also linked to the 

regulation of muscle mass and may contribute to muscle atrophy 
as a result of the disease (Frantz et al., 2018; Powers et al., 2018).

In addition, the RAAS interacts with other systems, such as 
the complement system and the kallikrein–kinin system (KKS), 
which also acts in the inflammatory process, contributing to the 
cytokine cascade, endothelial dysfunction, injury and tissue 
remodelling, as well as increased vascular permeability 
accompanied by edema and thrombosis after infection by SARS-
CoV-2 (Bekassy et al., 2022). Finally, the proinflammatory process 
generated by the activation of these systems and direct 
disturbances caused by the virus will have metabolic consequences.

Effects of SARS-CoV-2 on endocrine 
function, clotting, and thrombosis

Several endocrine glands, such as the pancreas, pituitary, 
thyroid, adrenals, tests, and ovaries, express TMPRSS2 and ACE2, 
two main receptors for the SARS-CoV-2 virus, suggesting that the 
virus can infect and modulate the function of these endocrine 
glands (Kazakou et al., 2021). It has been observed that the SARS-
CoV-2 infection impairs glucose homeostasis (Kazakou et  al., 
2021) and increased blood glucose level is found in COVID-19 
patients who were admitted and hospitalized, including patients 
with or without diabetes, which can worsen the prognosis, severity 
of the disease, and mortality from these patients (Bode et al., 2020; 
Kim et al., 2020; Wu et al., 2020b; Wang et al., 2020c; Kazakou 
et al., 2021; Lazarus et al., 2021). In addition, inflammation caused 
by the virus infection can induce insulin resistance, contributing 
to the hyperglycemia associated with counterregulatory hormonal 
dysregulation (Dungan et al., 2009; Kazakou et al., 2021). Similarly 
to the effects observed in other respiratory syndromes, activation 
of inflammatory cells during SARS-CoV-2 infection can modulate 
the function of liver and skeletal muscle, two important tissues 
involved in glucose homeostasis, which can result in 
hyperinsulinemia and hyperglycemia (Channappanavar and 
Perlman, 2017; Kazakou et  al., 2021). Additionally, prolonged 
hospitalization of critically ill patients results in physical inactivity, 
muscle loss and weakness, contributing to decreased insulin 
response, especially in patients who survive after sepsis and acute 
respiratory distress syndrome (ARDS; Rocheteau et al., 2015; Pfoh 
et al., 2016; Kazakou et al., 2021). Cases of rhabdomyolysis during 
viral infection have been also reported, which may exacerbate 
glycolytic dysregulation (Jin and Tong, 2020; Kazakou et al., 2021). 
Evidence showing that SARS-CoV-2 infection is associated to 
death of pancreatic β cell death, deficiency of insulin release, and 
consequently hyperglycemia has been found (Hollstein et  al., 
2020; Kazakou et al., 2021).

Increased production of chemokines and cytokines by the 
immune system during COVID-19 also can harm pancreatic β cell 
function, instilling insulin-glucose-dependent dose sensitivity 
(Rubino et al., 2020; Li et al., 2020a; Kazakou et al., 2021). The 
cellular damage of pancreatic islets is facilitated by the increased 
expression of ACE2 by these cells during infection (Letko et al., 
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2020; Liu et al., 2020b; Kazakou et al., 2021; Akarsu et al., 2022). 
This increase is retated to the release of inflammatory cytokines, 
cell death by apoptosis of β cells, and consequently decreased 
insulin secretion (Yang et al., 2020; Kazakou et al., 2021). Culture 
of pancreatic islet cells from post-mortem biopsies has shown that, 
after SARS-CoV-2 infection, several changes occur in these cells, 
including altered morphology, transcription, and function, and 
decreased hormone secretory granules, mainly compromising 
insulin release (Kazakou et al., 2021; Muller et al., 2021; Tang et al., 
2021; Wu et al., 2021). In diabetic patients, the decrease in insulin 
secretion is exacerbated due to the reduction in ACE2 expression, 
which leads to decreased angiotensin II degradation, increased 
aldosterone, and renal hypokalemia (Pal and Bhansali, 2020; 
Kazakou et al., 2021).

Both hypothalamus and pituitary gland express ACE2, thus 
these tissues are potential targets for SARS-CoV-2 and it is known 
that about 40% of respiratory syndrome survivors had mild 
secondary hypocortisolism and 5% central hypothyroidism 
(Chiloiro et al., 2019; Kazakou et al., 2021). About 20–50% of 
hospitalized patients present hyponatremia. These effects can 
be related to the syndrome of inappropriate antidiuretic hormone 
secretion, due to the high levels of interleukins that can induce 
vasopressin release (Berni et al., 2020; Kazakou et al., 2021).

Hospitalized COVID-19 patients have to be  routinely 
evaluated in relation to the coagulation profile, including D-dimer, 
thromboplastin, platelets, fibrinogen, and thromboplastin, since 
they present increased risk to clotting and thrombosis. This risk is 
elevated between 7 and 11 days after the appearance of the first 
symptoms or 4 and 10 days after hospitalization (Connors and 
Levy, 2020; Thachil et  al., 2020; Gomez-Mesa et  al., 2021). 
Approximately half of patients admitted to hospitals present 
changes in coagulation parameters, including elevated D-dimer, 
prolonged prothrombin time, low fibrinogen levels, and/or 
thrombocytopenia, which are associated with elevated risk for 
episodes of thrombosis than hemorrhagic (Gomez-Mesa 
et al., 2021).

The combination of prolonged prothrombin time, 
thrombocytopenia, and elevated D-dimer is indicative of 
disseminated intravascular coagulation (DIC). Coagulopathy in 
COVID-19 patients occurs through the combination of DIC and 
pulmonary thrombotic microangiopathy, which can have major 
impacts on organ dysfunction in most patients with the severe 
form of the disease (Thachil et al., 2020; Gomez-Mesa et al., 2021). 
In the lung microvasculature, there is a large deposit of thrombin 
and fibrin, which can contribute to respiratory distress syndrome 
and coagulopathy, especially in patients who die. Additionally, the 
occurrence of hypoxia can worsen thrombosis, not only by 
increasing blood viscosity, but also by activating the 
HIF-dependent signaling pathway (Tang et al., 2020; Wang et al., 
2020b; Gomez-Mesa et al., 2021).

As observed in coagulopathy during sepsis, the 
endotheliopathy during SARS-CoV-2 infection seems to 
contribute to the pathophysiological changes in the 
microcirculation. The ACE2 receptor can cause inflammatory cell 

infiltration, endothelial apoptosis, and prothrombotic pathway 
activation (Connors and Levy, 2020; Tang et al., 2020; Gomez-
Mesa et  al., 2021). Other relevant coagulation abnormalities 
include decreased fibrinogen, increased lactate dehydrogenase 
(LDH) activity, and high serum ferritin, the latter observed in only 
a few hospitalized patients (Gomez-Mesa et al., 2021). Other acute 
phase reagents present in COVID-19 patients (e.g., factor VIII, 
Von Willebrand Factor, and fibrinogen) are associated with 
increased thrombosis risk. In critically ill patients, the increase in 
inflammatory cytokines (e.g., IL-6) can induce tissue factor 
expression in macrophages, generating thrombin and activating 
clotting. Meanwhile, IL-1 seems to suppress the endogenous 
coagulation cascade (Marietta et al., 2020; Thachil et al., 2020; 
Gomez-Mesa et al., 2021).

Metabolic changes induced by 
SARS-CoV-2   in different tissues

Changes in the central nervous system

The global increase in the number of cases of individuals 
infected with SARS-CoV-2 showed how this virus also 
substantially affects the CNS (Abdullahi et al., 2020). Some of the 
neurological manifestations include headache, dizziness, acute 
cerebrovascular disease, ataxia, seizures, loss of taste, vision 
problems, neuromuscular pain and impaired consciousness, 
which occur concomitantly or even before the onset of respiratory 
symptoms (Iadecola et al., 2020). The spectrum of neurological 
diseases associated with SARS-CoV-2 infection is also evident, 
including acute disseminated encephalomyelitis (Parsons et al., 
2021), meningoencephalitis (Bernard-Valnet et  al., 2020), 
encephalitis (Pilotto et  al., 2020), Guillain-Barré Syndrome 
(Alberti et al., 2020), and encephalopathies (Garg et al., 2021).

Harapan and Yoo (2021) propose that the neurotropic 
mechanisms by which COVID-19 leads to neuropathologies can 
be based on ACE2 receptor expression. This receptor is expressed 
in neurons and several glial cells of the brain, including astrocytes, 
oligodendrocytes, black substance, ventricles, medium temporal 
gyre, and olfactory bulb. For example, damage in the olfactory 
epithelium, which express ACE2 and TMPRSS2, becomes 
vulnerable to SARS-CoV-2 infection, which can lead to the 
anosmia and other related disorders in odor perception, as 
frequently observed in COVID-19 diagnosed patients (Brann 
et al., 2020).

Among patients with a positive diagnosis for COVID-19, 37% 
of those admitted to the ward (Mao et al., 2020) and 84% of those 
admitted to the intensive care unit (ICU) (Helms et al., 2020) 
displayed neurological symptoms, and these were not restricted to 
the severe form of the disease. Markers of axonal damage, such as 
neurofilament light chain protein, and activation of astrocytes, 
including glial fibrillary acidic protein (GFAP), have been found 
to be  increased in the serum of patients infected with SARS-
CoV-2, both in mild to moderate (Ameres et  al., 2020) and 
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moderate to severe cases (Kanberg et al., 2020). At least three 
forms of access to the CNS by SARS-CoV-2 are possible: (1) 
through the bloodstream, where the virus infects endothelial cells, 
it is internalized in the nerve terminals by endocytosis, and 
transported (in a retrograde manner) and disseminated to other 
regions of the brain (Abdullahi et  al., 2020); (2) via axonal 
transport of the olfactory tract (Butowt and Bilinska, 2020); and 
(3) through the infiltration of infected immune cells not resident 
in the CNS (Butowt and Bilinska, 2020). Once in brain tissues, the 
S protein present in SARS-CoV-2 interacts with ACE-2 receptors 
present in the membrane of neurons and glial cells, initiating 
infection and replication in these cells (MadaniNeishaboori 
et al., 2020).

Although these possibilities of brain invasion by the SARS-
CoV-2 virus exist, the presence of viral genetic material in the 
cerebrospinal fluid (CSF) of infected patients with neurological 
manifestations was not regularly confirmed (Matschke et  al., 
2020). In addition, a histopathological study of the brain tissue of 
deceased COVID-19 patients barely detected RNA or viral protein 
in those brain samples (Lee et  al., 2021). In contrast, recent 
findings actually demonstrated the presence of immune activation 
and inflammatory processes in the CSF and brain tissue related to 
neurological symptoms in acute COVID-19 (Song et al., 2021).

Specific structural and metabolic patterns in the brain of 
infected patients have been studied by magnetic resonance 
imaging (MRI) and functional imaging evaluations using positron 
emission computed tomography18 fluorodeoxyglucose (FDG-PET/
CT) (Chougar et al., 2020; Kas et al., 2022). The local consumption 
of glucose, which is proportional to the FDG uptake by brain 
tissues, strongly correlates with local synaptic and neuronal 
activity (Berti et al., 2014).

A study with four older patients (+60 y) with COVID-19-
related encephalopathy and, acute cognitive dysfunction (but no 
virus presence and/or abnormalities in the CSF), demonstrated a 
similar (image) metabolic pattern of prefrontal and orbital-frontal 
hypometabolism, with cerebellar hypermetabolism, detected by 
FDG-PET/CT analyses18 (Delorme et  al., 2020). These results 
differ from those in patients with delirium, whom showed global 
cortical hypometabolism (Haggstrom et al., 2017). In encephalitis, 
cortical hypometabolism may be  a consequence of various 
neuropathological mechanisms, such as direct blocking of 
receptors or ion channels by antibodies, structural pathogenic 
damage or post infection recovery mechanisms (Delorme et al., 
2020). In contrast, cerebellar hypermetabolism has been reported 
in paraneoplastic cerebellar degeneration (Choi et al., 2006). The 
increase in FDG uptake may represent compensatory mechanisms 
(Ritz et al., 2019), electroconvulsive phenomena or inflammatory 
processes (of infectious or immune origin) that increase the 
energy requirement of affected cells (Delorme et al., 2020).

Similarly, the evaluation of 15 young COVID-19 patients (+ 
18 y), with two or more neurological symptoms in the subacute 
stage of the disease, showed predominant frontoparietal 
hypometabolism (Hosp et  al., 2021). The analysis of seven 
COVID-19 patients with acute encephalopathy also identified 

hypometabolism in the prefrontal cortex, anterior cingulate, 
insula and caudate nucleus regions, which persisted mildly or 
severely 6 months after the disease onset (Kas et  al., 2022). 
Dysfunctions in the insular region may be related to the failure of 
respiratory perception in patients with COVID-19 (Nouri-Vaskeh 
et  al., 2020). Symptoms of anxiety and depression were also 
observed concomitantly with hypometabolism in the cerebral 
insular region in patients with posttraumatic stress (Guedj 
et al., 2021).

In cases of severe COVID-19, cognitive dysfunctions were 
associated to other factors, including hypoxia encephalopathy, 
metabolic disorders, and/or sedation side effects in the case of 
patients admitted to the ICU (Espindola et  al., 2021). The 
diagnosis of encephalitis or encephalopathy related to COVID-19 
can be confused with the acute delirium underlying cognitive 
deficits or epilepsy (Kas et  al., 2022). Thus, it is necessary to 
analyze brain metabolism in COVID-19 patients with acute CNS 
dysfunction, in order to determine the pathophysiological basis of 
such peculiar cortical hypometabolism and cerebellar 
hypermetabolism, aiming to elucidate whether these abnormalities 
are due to transient or irreversible brain damage. The Figure 1 
summarizes the metabolic effects of SARS-CoV-2 on CNS and the 
potential mechanisms involved.

Modulation in skeletal muscle

The skeletal muscle tissue expresses ACE-2 and is potentially 
vulnerable to SARS-CoV-2 and direct myotoxicity from the 
infection (Ferrandi et al., 2020; Li et al., 2020b). However, some 
studies did not find immunohistochemical evidence of viral 
infiltration in skeletal muscle obtained from autopsy, despite 
histological evidence of muscle inflammation and damage 
(Aschman et al., 2021; Suh et al., 2021). Nevertheless, the skeletal 
muscle of COVID-19 patients may be affected by other aspects of 
the disease, suffering from muscle atrophy, weakness and reduced 
tolerance to exercise (fatigue), which are amongst the most 
common symptoms of acute and “long COVID” (Post-Acute 
Sequelae of SARS CoV-2 infection – PASC; Nasiri et al., 2020; 
Aiyegbusi et al., 2021; Ali and Kunugi, 2021; Han et al., 2022; 
Montes-Ibarra et al., 2022; Rao et al., 2022; Wang et al., 2022).

The systemic inflammation elicited by COVID-19, increases 
the levels of several inflammatory molecules, including C-reactive 
protein, IL-1β, IL-2, IL-6, IL-8, IL-10, and TNF-α (Tay et al., 2020; 
Mulchandani et al., 2021). The specific effects of this COVID-
induced cytokine storm on skeletal muscle are yet to be elucidated, 
but it is known that sustained inflammation can promote insulin 
resistance, reduce protein synthesis and increase proteolysis, 
leading to muscle loss (Kanova and Kohout, 2022). COVID-
associated physical inactivity and muscle disuse due to bed rest or 
quarantine, low nutrient intake, and nutrient loss by vomiting and 
diarrhea could also be factors intensifying muscle atrophy (Ali and 
Kunugi, 2021; Montes-Ibarra et  al., 2022; Soares et  al., 2022). 
Moreover, exacerbated or prolonged exposure to proinflammatory 
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cytokines may impair proliferation and differentiation of satellite 
cells, while stimulating deposition of extracellular matrix, 
reducing regenerative capacity and causing fibrosis (Disser et al., 
2020). Inflammation can also promote oxidative stress and 
mitochondrial dysfunction, reducing the oxidative capacity of 
muscle fibers (Kanova and Kohout, 2022). Indeed, a 
histopathological analysis of the biceps brachii muscle of 
participants recovered from COVID-19 but experiencing fatigue/
weakness or myalgia for at least 3 months, showed signs consistent 
with inflammation, fiber atrophy, fibrillar damage, altered 
mitochondrial structure, and vascular degeneration (Hejbol 
et al., 2022).

Blood vessels are affected by inflammation, oxidative stress 
and RAAS imbalance, resulting in endothelial injury and 
dysfunction, and formation of microthrombi (Jin et al., 2020). 
Ratchford et al. (2021) showed altered vascular function in healthy 
young adults 3–4 weeks after testing positive for COVID-19, with 
a reduction in femoral artery blood flow response and brachial 
artery flow-mediated dilation, and an increase in carotid artery 
stiffness. Such deterioration of vascular function can lead to 
skeletal muscle hypoperfusion and hypoxia, potentially increasing 
muscle wasting and altering substrate utilization in the tissue, with 
increased reliance on glycolytic metabolism (Soares et al., 2022). 
Peripheral nerve damage by viral infection and inflammation may 
also negatively impact motoneuron function, contributing to 
muscle atrophy and weakness (Vanhorebeek et al., 2020; Soares 

et al., 2022). Those effects are well-described for critical illness 
myopathy (Shepherd et al., 2017; Vanhorebeek et al., 2020) but it 
remains to be  determined if the same occurs with 
COVID-19 patients.

The RAAS imbalance during COVID-19, favoring the 
activation of ACE/AngII/AT1R axis in the expense of the ACE-2/
Ang (1–7)/MAS axis (Gonzalez et al., 2020) is likely to have direct 
effects the occurrence of skeletal muscle anabolic resistance and 
muscle atrophy. Ang II signal transduction promotes serine 
phosphorylation of the insulin-1 receptor substrate (IRS-1), 
decreasing the activation of the IGF1/Akt/mTOR pathway, one of 
the main anabolic pathways controlling protein synthesis and 
degradation in muscle (Frantz et al., 2018). Additionally, AngII 
and AT1R activate inflammatory pathways and induce ROS 
formation, contributing to insulin resistance, protein degradation 
and skeletal muscle loss and fibrosis (Cabello-Verrugio et al., 2015; 
Delafontaine and Yoshida, 2016; Frantz et  al., 2018; Gonzalez 
et al., 2020). The ACE-2/Ang 1-7/MAS axis, in an antagonistic 
way, could directly inhibit AT1R activation, improving insulin 
signaling and glucose uptake (Cabello-Verrugio et  al., 2015; 
Powers et al., 2018). However, the ACE-2/Ang (1–7)/MAS axis is 
suppressed during COVID-19 (Gonzalez et  al., 2020), and its 
activation may become a potential therapeutic strategy to patients 
affected by the disease (Shete, 2020). The Figure 2 summarizes the 
metabolic effects of SARS-CoV-2 on skeletal muscle and the 
potential mechanisms involved.

FIGURE 1

SARS-CoV-2-induced metabolic disturbances in central nervous system. CNS, central nervous system.
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Kidney changes

The kidneys have a high content of ACE-2 receptors, which 
are expressed in several renal cells, such as the proximal tubules 
and podocytes, at even higher numbers than the lung cells, 
making the kidneys one of the main targets for SARS-CoV-2 (Ye 
et al., 2006; Hassanein et al., 2020; Vaduganathan et al., 2020). 
Particles of the virus were detected in the tubular epithelium and 
podocytes in autopsies of patients with the disease (Hassanein 
et al., 2020; Su et al., 2020).

Changes in systemic metabolism, as well as renal cell 
metabolism, are reported as crucial events in the decline of renal 
function (Andrade Silva et al., 2021). The kidneys of patients with 
COVID-19 show tubular lesions and necrosis, loss of brush border 
and decreased megalin expression. The decrease in this protein 
may hinder the catabolism of renal HDL, which may influence the 
plasma concentrations of HDL and Apo-A1 (Smith, 2020).

Infection of the renal tissue can trigger increased proteinuria, 
hematuria and, in more severe cases, acute kidney injury (AKI), 
considerably increasing the mortality and morbidity rate of these 
patients, especially those requiring ICU admission (Braun et al., 
2020; Cummings et al., 2020; Hirsch et al., 2020; Andrade Silva 
et al., 2021). The effects of COVID-19 on the kidneys are still not 
completely clear, and its pathogenesis is multifactorial and may 
involve mechanisms such as interruption of RAAS homeostasis, 

hemodynamic instability, cytokine storms and viral cytopathic 
damage through ACE-2 (Stasi et al., 2021).

The occurrence of AKI in patients with COVID-19, according 
to the criteria of the Global Guidelines for Improvement of Kidney 
Diseases (KDIGO), is 36% (Stasi et al., 2021). A study with 701 
patients showed that 43.9% had proteinuria, 26.7% hematuria and 
13% had altered renal function (Cheng et al., 2020). In the most 
severe cases of the disease, kidney damage requires dialysis, and 
when this happens, the incidence of mortality increases 
considerably. In addition, patients with AKI triggered by COVID-
19, even after discharge, have persistent kidney injury (Stasi 
et al., 2021).

There are reports of COVID-19 patients with renal failure 
(Zhou et al., 2020), which may be associated with an alteration in 
the expression of ACE-2 during the initial phases of the disease. 
For example, when the conversion of Ang II into Ang (1–7) by 
ACE-2 becomes impaired by the viral infection, high levels of Ang 
II accumulate and are associated with persistent vasoconstriction, 
heart disease, apoptosis and oxidative processes that contribute to 
renal failure and accelerate the progression of the disease (Soler 
et al., 2013; Kai and Kai, 2020; Stasi et al., 2021).

In addition, infection by SARS-CoV-2 increases glycolytic 
activity and the expression of inflammatory genes such as TNF-α, 
IL-6, IL-1β, INF-α and INF-β (Andrade Silva et al., 2021), and this 
inflammatory response is potentially harmful to renal tissue (de 

FIGURE 2

SARS-CoV-2-induced metabolic disturbances in skeletal muscle. AT1R, angiotensin II type 1 receptor; FA, fatty acid; HIF-1α, hypoxia-inducible 
factor-1 alpha; RAAS, renin-angiotensin-aldosterone system; ROS, reactive oxygen species.
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Rivero Vaccari et al., 2020). IL-6 is increased in several animal 
models of AKI, leading to endothelial cell activation and 
dysfunction, IL-8 production, neutrophil recruitment and 
increased endothelial permeability (Faubel and Edelstein, 2016; 
Singbartl et al., 2019). Additionally, it is already known that IL-6 
may be  a possible biomarker for the early diagnosis and 
development of AKI (Su et al., 2017; Stasi et al., 2021). Additionally, 
TNF-α and its receptor are positively regulated in AKI in ischemia 
and reperfusion (IR) models, causing proinflammatory changes 
in several remote tissues in addition to endothelial dysfunction 
and apoptosis of endothelial cells (Hoke et al., 2007; Faubel and 
Edelstein, 2016). Some in vitro studies suggest that tubular cells 
also generate inflammatory cytokines during AKI (Bijuklic 
et al., 2007).

Another issue that has been studied is the interaction between 
inflammation and oxidative stress (Saleh et  al., 2020). TNF-α 
induces an increase in mitochondrial ROS, also modulated by 
IL-6, which impairs the activity of the electron transport chain 
and further stimulates the production of proinflammatory 
cytokines (Li et al., 2013; Saleh et al., 2020). The cytokines present 
in patients during coronavirus infection may prevent oxidative 
phosphorylation and ATP in cellular mitochondria, which could 
cause membrane permeabilization, changes in mitochondrial 
dynamics, ROS production, and cell death by apoptosis (Naik and 
Dixit, 2011; Jo et al., 2016; Saleh et al., 2020).

ROS are elevated in the mitochondria of the injured kidney, 
even with decreased oxygen consumption, as observed by 
González-Flecha and Bovertis (Gonzalez-Flecha and Boveris, 
1995). The production of ROS, in turn, is accompanied by 
increased NFκB pathway activation, imbalance of cytoplasmatica 
calcium levels, and release of mitochondrial DNA into the cytosol, 
which can lead to the production of inflammatory cytokines, such 
as IL-1β, activating the inflammasome/NLRP3 and inducing the 
production of IL-6 (Naik and Dixit, 2011; Nakahira et al., 2011; 
West et al., 2015; Jo et al., 2016; Kozlov et al., 2017). These data 
suggest that both the inflammation can lead to oxidative stress and 
vice versa. In addition to apoptosis and unbalanced calcium 
concentrations, lipid peroxidation is also a result of excess ROS 
(Aksu et al., 2011).

During AKI, the kidneys can exposed to the hypoxia due to 
vascular damage, heart failure, pneumonia, RAAS imbalance, 
endothelial inflammation, thrombosis, and/or hipercoagulation. 
The proximal tubules are the cells most susceptible to 
mitochondrial dysfunction, since these cells depend on oxidative 
metabolism and their mitochondria are in a more oxidative state 
than the cells of the distal tubule, which can use the glycolytic 
pathway (Venkatachalam et al., 2010; Zuk and Bonventre, 2016). 
These damaged tubules may contribute to the inflammatory state 
by releasing proinflammatory cytokines, such as TNF-α, IL-1β, 
IL-6, IL-8, TGF-β and MCP-1, while leukocytes active in this 
outcome produce IL-1β, IL-6, IL-8, MCP-1 and ROS, exacerbating 
inflammation in a positive feedback cycle and increasing the 
lesion and inflammation in already compromised renal tissue 
(Bonventre and Zuk, 2004; Basile et al., 2012), which can worsen 

the state of the patient infected by coronavirus. Oxidative stress 
limits the glycolytic capacity in tubular cells during injury, making 
these cells unable to sustain normal production of ATP (Bastin 
et al., 1987; Uchida and Endou, 1988; Basile et al., 2012). It is 
noteworthy that both ATP depletion and cell damage can 
be reversible, as long as there is reestablishment of the energy 
substrate and the machinery for ATP generation is not 
compromised (Basile et al., 2012).

In addition, COVID-19 may increase the expression of 
hypoxia-inducible factor-1 (HIF-1α), a nuclear protein first seen 
in cells cultured in oxygen-deprived environments (Semenza and 
Wang, 1992; Wang and Zhang, 2020). Patients with COVID-19 
may have respiratory failure, which may result in hypoxemia and, 
consequently, peripheral tissue ischemia, explaining the increase 
in HIF-1α. Additionally, the impact of hypoxia on this tissue can 
lead to lipotoxicity, contributing to kidney damage in patients 
affected by this disease (Ruidera et al., 1988; Bobulescu et al., 2008; 
Andrade Silva et  al., 2021). Studies show that HIF-1α is 
renoprotective during the progression and repair phases of AKI, 
reducing apoptosis and necrosis of tubular cells (Hill et al., 2008; 
Wang and Zhang, 2020). Since acute tubular necrosis is one of the 
most common changes observed in patients with AKI triggered 
by COVID-19 (Sharma et al., 2020; Su et al., 2020; Stasi et al., 
2021), the increase in HIF-1α may be  protective against the 
nephrological damage caused by the disease. In addition, another 
protective mechanism of HIF-1α is to improve the cellular 
microenvironment, smoothing the infiltration of macrophages 
and inflammatory mediators (Wang and Zhang, 2020), which are 
evident during SARS-CoV-2 infection (Andrade Silva et al., 2021; 
Stasi et al., 2021).

It was observed that HIF-1α can also influence the function of 
mitochondria and regulate the oxidation of mitochondrial fatty 
acids (Wang and Zhang, 2020), in addition to regulating glucose 
metabolism (Eckardt et al., 2005). In general, HIF-1α mediates the 
transition from oxidative to glycolytic metabolism, thus generating 
ATP independently from oxygen and the conversion of the 
cytochrome C oxidase subunit to improve the efficiency of 
electron transfer during hypoxia (Fukuda et al., 2007; Shu et al., 
2019). The Figure 3 summarizes the metabolic effects of SARS-
CoV-2 on kidneys and the potential mechanisms involved. 
However, the precise mechanisms involved in metabolic 
dysfunction in COVID-19 are still scarce in the literature, 
especially when related to renal metabolism, which makes future 
studies and discussions necessary to elucidate this issue (Andrade 
Silva et al., 2021).

Metabolic changes induced in cardiac 
tissue

It has been well demonstrated that patients with COVID-19 
may present several cardiovascular manifestations, including chest 
discomfort and palpitation as initial symptoms. As described 
above, ACE-2 is an important functional receptor for the input of 
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SARS-CoV-2 and is highly expressed in the heart. The 
susceptibility of the human heart to SARS-CoV-2 infection was 
evidenced by Chen et  al. (2020), who showed the consistent 
persistence of ACE-2 in cardiac tissue, with even higher levels of 
expression than in the lung. ACE-2 plays an important role in the 
regulation of homeostasis of the cardiovascular system. The 
expression of high levels of ACE-2 in the heart makes it attractive 
for viral infection. RNA-seq analyses showed that more than 7.5% 
of human cardiac cells are positive for ACE-2. Ang II has the 
function of increasing sympathetic activity, reabsorbing 
electrolytes, retaining water, and inducing vasoconstriction to 
increase blood pressure (Ashraf et al., 2021).

The severity of COVID-19  in patients with preexisting 
cardiovascular diseases is higher than that in healthy individuals 
and it is associated with increased secretion of ACE-2 inhibitors 
(Zheng et al., 2020; Liu et al., 2021). According to Liu et al. (2021), 
the incidence of myocardial injury (MI) can vary from 7.2 to 
19.7% in patients with COVID-19, with high serum levels of 
cardiac biomarkers or abnormalities in echocardiograms and 
electrocardiograms. Conversely, Shi et al. (2020) demonstrated 
that the association between cardiac injury and mortality is 
statistically significant and that cardiac injury is a common 
complication, comprising approximately 19.7% of cases, and it is 
associated with a high risk of mortality during hospitalization. In 
addition to the cytokine storm involving the activation and 

proliferation of lymphocytes and macrophages, an increase in 
systemic inflammatory response markers, such as C-reactive 
protein and procalcitonin, was also observed in patients with 
cardiac injury in this study. Increased release and activation of 
these markers may lead to apoptosis or necrosis of myocardial 
cells (Guan et al., 2020; Huang et al., 2020; Liu et al., 2021).

Studies have shown that inflammatory responses mediated by 
COVID-19 infection are divided into two categories: primary and 
secondary. The primary response begins after viral infection, and 
the secondary response begins with adaptive immunity and 
neutralization by antibodies. Myocardial damage is aggravated in 
patients with increased inflammatory activity, platelet activation 
and increased thromboxane synthesis. In addition to the increase 
in cellular inflammation induced by imbalance in the Th1 
(T-helper 1) and Th2 responses, the levels of some inflammatory 
mediators, such as IL-10, IL-4 and IL-6, are elevated in tissue 
samples (Tajbakhsh et al., 2021). This cytokine storm seems to 
be involved in the effects observed in the cardiovascular system, 
including damage to the myocardium and greater disease severity. 
Patients with severe COVID-19 infection show increased 
concentrations of IL-1β, IFN-γ, TNF-α, monocyte chemotactic 
protein-1 and granulocyte colony stimulating factor (G-CSF).

In addition to the high expression of ACE-2, Shao et al. (2021) 
proposed that endothelial cells (ECs) express four types of 
coronavirus receptors already identified, such as membrane 

FIGURE 3

SARS-CoV-2-induced metabolic disturbances in kidneys. FA, fatty acid; HIF-1α, hypoxia-inducible factor-1 alpha; RAAS, renin-angiotensin-
aldosterone system; ROS, reactive oxygen species.
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alanylaminopeptidase (ANPEP, CD13, a receptor for human 
coronavirus), cell adhesion molecule of the carcinoemory antigen 
family 1 (CEACAM1), dipeptidyl peptidase-4 (DPP4) and cellular 
serine protease 2 (TMPRSS2). These four types of coronavirus 
receptors are expressed in ECs in the human heart. SARS-CoV-2 
preferentially uses the ACE-2 receptor to enter host cells and uses 
TMPRSS2 to initiate the S protein. In addition, the four types of 
coronavirus receptors were also expressed in the aortic ECs of 
mice. It was also observed that SARS-CoV-2 can use cathepsin B 
(CTSB) and cathepsin L (CTSL) to enter TMPRSS2-negative cells, 
meaning that CTSB and CTSL can replace TMPRSS2  in their 
function (Shao et al., 2021).

A study by Yang et al. (2021a) suggests that cardiomyocytes 
have high susceptibility to SARS-CoV-2 and this may be one of 
the cellular mechanisms of cardiac injury in patients with COVID-
19. In this study, the RNA expression of ACE-2, CTSB and CTSL 
in the human embryonic heart at unicellular resolution was 
analyzed. The results suggest that atrial and ventricular 
cardiomyocytes are potentially susceptible to SARS-CoV-2 and 
that the virus can enter ventricular cardiomyocytes using CTSB/
CTSL. It was also observed that differentially expressed and 
positively regulated genes were associated with the regulation of 
cardiac muscle contraction, transmembrane transport, positive 
regulation of ATPase activity, mitochondrial respiratory chain 
complex I, mitochondrial respiratory chain III and NADH 
dehydrogenase (ubiquinone). Conversely, differentially expressed 
and negatively regulated genes were also observed in the 
organization of the extracellular matrix, generation of extracellular 
exosomes and binding to structural constituent proteins of the 
cytoskeleton (Yang et al., 2021a).

Studies have shown that SARS-CoV-2 infection alters 
mitochondrial morphology in multiple organs and cell lines of 
humans, especially cardiac tissue (Guarnieri et al., 2022). The 
analysis of transcriptional changes related to mitochondrial 
bioenergetics, particularly mitochondrial oxidative 
phosphorylation (OXPHOS) and protein synthesis genes reveals 
the downregulation of virtually all OXPHOS genes in the heart. 
The OXPHOS structural genes and assembly factors for 
complexes I, II, III, IV and V stand out, as well as mitochondrial 
ribosomal proteins. This was not simply the product of terminal 
destruction of cardiac cells, since assembly genes for complex IV 
(COX16, COX20, COA6, SCO2 and PET100) were also regulated 
(Guarnieri et al., 2022). It is noteworthy that although the most 
striking metabolic changes at the onset of infection are observed 
in the lungs, the host also responds with the coordinated 
induction of bioenergetic gene expression in other tissues, but 
this process is blocked by viral action at critical transcriptional 
control points. While in the final stages of infection the lung is 
able to fully induce mitochondrial transcription, this does not 
occur in the heart, resulting in the generalized suppression of 
gene expression in cardiac mitochondria. This may explain why 
cardiac dysfunction is a prominent finding in COVID-19 
(Nambiar et al., 2022; Xie et al., 2022). The Figure 4 summarizes 
the metabolic effects of SARS-CoV-2 on heart and the potential 

mechanisms involved. Even after the disease cure, there is 
increased risk of cardiovascular complications, including 
cardiovascular diseases, arrhythmias, and thromboembolism. 
Because the heart is highly dependent on mitochondrial 
bioenergetics, prolonged inhibition of mitochondrial 
bioenergetics may be  an important factor that contributes to 
deaths associated with COVID-19.

Modulation of hepatic metabolism in 
COVID-19 patients

The SARS-CoV-2 might affect the liver in two ways: direct 
infection from the gut to the liver (hepatic portal system) or 
indirect effects due to systemic inflammation, pre-existing liver 
disease, oxygen deprivation, and drug-related injury (Mendez-
Sanchez et al., 2020; Portincasa et al., 2020; Caterino et al., 2021; 
Shousha et al., 2022). SARS-CoV-2 binds to the ACE-2 receptor 
and infects hepatocytes, which show endoplasmic reticulum 
expansion, mitochondrial swelling (Metawea et al., 2021), lipid 
metabolism alterations that include fatty degeneration, increase in 
lysophospholipids and fatty acids synthesis (Yan et al., 2019), and 
decreased glycogen granules. However, ACE-2 receptors are found 
in only 2.6% of the hepatocytes and in 59.7% of the cholangiocytes 
(Metawea et al., 2021; Shousha et al., 2022). Thus, it is more likely 
that the liver injury present in COVID-19 patients is caused by 
indirect action on hepatocytes than direct infection of the virus 
(Portincasa et al., 2020; Shousha et al., 2022). The main changes 
found in liver injury were hypoalbuminemia and an increase in 
serum gamma-glutamyl transferase (GGT) (Wang et al., 2020a; 
Kumar et  al., 2020b; Metawea et  al., 2021), alanine 
aminotransferase (ALT), and aspartate aminotransferase (AST; 
Kaneko et  al., 2020; Kumar et  al., 2020b; Wang et  al., 2020d; 
Martinez and Franco, 2021; Metawea et al., 2021; Shousha et al., 
2022), decreased CD4+ T cells and B lymphocytes (Wang and 
Zhang, 2020), and the relative risk of these abnormalities was 
higher in patients with more severe disease (Wang and Zhang, 
2020; Kumar et al., 2020b).

Inflammation could be an important factor in liver damage. 
Cytokines, such as IL-1β, IL-6, IFN-γ-induced protein 10 (IP-10), 
TNF-α, IFN-γ, macrophage inflammatory protein-1α and-1β 
(MIP-1α and-1β), and vascular endothelial growth factor (VEGF) 
are raised in COVID-19 patients (Martinez and Franco, 2021). 
The observed high levels of IL-6 and its circulating receptor have 
been responsible for the deleterious effects on the liver sinusoidal 
endothelial cells, and blood clotting, and for contributing to liver 
injury in COVID-19 patients (McConnell et  al., 2021). The 
occurrence of cytokine storm can result in hepatocellular 
immune-mediated damage due to viral-induced cytotoxic (CD8) 
T cells, and a dysregulated innate immune response (Metawea 
et al., 2021). In addition, this cytokine storm could be involved 
with changes in nitrogen metabolism, once a metabolome study 
in COVID-19 patients showed a positive correlation between 
asparagine, isoleucine, leucine, and valine with TNF-α, proline 
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with IL-17 A and IL-17RA, threonine with IL-26, and a negative 
correlation of tryptophan with IL-26 (Caterino et al., 2021).

Patients with pre-existing liver disease may be  more 
susceptible to liver damage from SARS-CoV-2. For example, 
nonalcoholic fatty liver disease (NAFLD) represents a risk factor 
for the greater severity of SARS-COV-2 infection (Portincasa 
et  al., 2020; Martinez and Franco, 2021). About 2–11% of 
COVID-19 patients had underlying chronic liver disease, and 
hepatic dysfunction has been seen in 14–53% of patients with 
COVID-19, particularly in severe disease cases (Jothimani et al., 
2020). In the other hand, ineffective gas exchange causes a hypoxic 
environment, and this oxygen imbalance can lead to lactate 
accumulation. Caterino et  al. (2021) identified a pattern of 
increasing serum levels of lactate according to the severity of 
SARS-COV-2 infection in a cohort of 52 hospitalized COVID-19 
patients, classified mild, moderate, and severe. The serum 
metabolome indicates alterations of glycolysis/gluconeogenesis, 
D-glutamine e D-glutamate metabolism, nitrogen metabolism, 
and purine and pyrimidine metabolism in the three populations 
of COVID-19 patients. Moreover, a positive correlation between 
the increase of serum lactate and the increase of succinic acid, 
xanthine, ornithine, and glutamate on the three levels of severity 
of disease suggests a connection between hypoxemia, oxidative 
stress, and dyslipidemia in COVID-19 patients, which can 
negatively affect the mitochondrial energy metabolism and 

detoxification process in the liver. The Figure 5 summarizes the 
metabolic effects of SARS-CoV-2 on liver and the potential 
mechanisms involved. Furthermore, according to the authors, the 
increased levels of ornithine, the main metabolite of the urea 
cycle, and the high levels of aspartate and glutamate observed in 
moderate and severe COVID-19 patients, which showed a positive 
correlation with serum lactate levels, could be signs of altered 
hepatic nitrogen metabolism, oxygen imbalance and tissue injury 
induced by SARS-COV-2 infection (Caterino et al., 2021).

Gastrointestinal changes in COVID-19

The proper functioning of the gastrointestinal tract (GIT) 
helps to protect against the invasion of pathogenic microorganisms 
(Oliva et al., 2021). However, impairments in GIT function are 
associated with worsening in the progression of several diseases 
and infections, including COVID-19. Studies indicate an 
association between gastrointestinal symptoms (e.g., diarrhea, 
nausea, loss of appetite, gastrointestinal bleeding, abdominal 
discomfort) and the severity of COVID-19.

Giron et al. (2021) conducted a study with 80 patients (20 
control individuals without COVID-19 and 60 patients with 
COVID-19, being 20 with severe, 20 with moderate, 20 with mild 
symptoms). They measured plasma markers of intestinal 

FIGURE 4

SARS-CoV-2-induced metabolic disturbances in heart. ATP adenosine triphosphate; CRP, C-reactive protein; ETC, electron transport chain; FA, 
fatty acid.
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permeability, translocation of microorganisms, and inflammation 
and how these markers correlate with the severity of the disease. 
The authors observed that the disease severity is related to an 
increased concentration of zonulin (a tight junction protein) in 
the plasma of the severely ill group. The increase in intestinal 
permeability could facilitate the translocation of microorganisms 
and their metabolites, confirmed by the rise in lipopolysaccharide-
binding protein (LPB) and beta-glucan, which showed high 
concentrations in individuals in a severe condition compared with 
those in a mild illness and group control. In addition, elevated 
inflammatory markers and immune system activation correlate 
with microorganism translocation and intestinal barrier 
impairment (Giron et al., 2021).

Oliva et  al. (2021) reported increased intestinal 
permeability during SARS-CoV-2 infection. The present study 
recorded the plasma concentration of zonulin and LPS in 81 
patients with COVID-19 and 81 controls with thrombotic 
events. Positive COVID-19 patients had high concentrations 
of zonulin and LPS. Among the 81 patients in the infected 
group, 14% had thrombotic events. The results suggested that 
increased intestinal permeability and endotoxemia are 
associated with thrombosis during the new coronavirus 
infection (Oliva et al., 2021).

The intestinal inflammation observed in COVID-19 patients 
is associated with the SARS-CoV-2 S protein. Intestinal tissue 

samples from positive patients who had gastrointestinal symptoms 
were analyzed. The inflammatory condition was highly 
pronounced in the small intestine and accompanied by interstitial 
edema, vasodilation, and hemorrhage. In patients with 
gastrointestinal symptoms, there was an increase in VEGF 
concentration. It was also observed that VEGF was associated 
with vasodilation and interstitial edema, disease progression even 
at its early stage in the COVID-19 group with gastrointestinal 
symptoms (Zeng et al., 2022).

One of the reasons that potentially explain the role of 
intestine in the progression of a disease that mainly affects the 
respiratory tract is the intestine-lung axis. This bidirectional 
communication axis allows for interaction between the two 
organs, and although the mechanisms remain not fully 
elucidated, various studies point out the participation of 
intestinal and pulmonary microbiota (Allali et  al., 2021). In 
addition to the inflammatory condition and alteration of 
intestinal permeability, infection with the new coronavirus 
affects the intestinal microbiota (Kim, 2021). Studies that 
evaluated the composition of the microbiota of individuals 
positive for COVID-19 point out some changes, in particular, 
to a picture of dysbiosis and decreased diversity, which can 
extend even after the end of the infection (Yeoh et al., 2021).

COVID-19 can also contribute to the hyperglycemia 
development observed during the SARS-CoV-2 infection. It 

FIGURE 5

SARS-CoV-2-induced metabolic disturbances in liver. ROS, reactive oxygen species.

https://doi.org/10.3389/fmicb.2022.1037467
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Santos et al. 10.3389/fmicb.2022.1037467

Frontiers in Microbiology 15 frontiersin.org

has been observed that ACE2 regulates the sodium-glucose-
linked transporter-1 (SGLT1) activity in the intestine, which 
affects glucose absorption and, therefore, directly impacts 
glycemia (Kumar et al., 2020a). SGLT1 inhibitors are one of 
the drug classes used to treat diabetes mellitus through 
reducing glucose absorption in the small intestine (Song et al., 
2016). During coronavirus infection, there is a reduction of 
ACE2 receptor expression in cell membrane as a result of virus 
binding (Imai et  al., 2008). The downregulation of ACE2 
receptor expression promotes SGLT1 upregulation in 
gastrointestinal epithelial cells, increasing intestinal glucose 
absorption and consequently blood glucose levels (Koufakis 
et al., 2021). This mechanism negatively impacts the prognosis 
of newly diagnosed diabetes mellitus induced by COVID-19 
(Lim et al., 2021; Gorjao et al., 2022).

Dysbiosis, or imbalance, of the intestinal microbiota in 
patients with COVID-19, was characterized by a decrease in 
immunomodulatory microorganisms and associated not only 
with an increase in plasma markers of inflammation and tissue 
damage but also with the severity of the disease (Yeoh et al., 
2021). The results also suggest a decrease in butyrate-
producing microorganisms, such as Faecalibacterium 
prausnitzii (Zuo et al., 2020; Yeoh et al., 2021). Concerning the 
changes reported in the gastrointestinal tract, SARS-CoV-2 
infection is related to alterations in the intestinal microbiota, 

with a decrease in its diversity and dysbiosis, an increase in 
inflammation and intestinal permeability, and markers of 
translocation of microorganisms. These changes in the 
intestine may contribute to systemic inflammation, which 
would explain the relationship between gastrointestinal 
symptoms and COVID-19 severity. The Figure 6 summarizes 
the metabolic effects of SARS-CoV-2 on gastrointestinal 
system and the potential mechanisms involved.

Concluding remarks

COVID-19 is a multifactorial disease affecting several organs 
and systems, including lungs, kidneys, skeletal muscle, heart, 
intestine, and liver. Studies are underway to identify the main 
deleterious effects on metabolism in these different organs affected 
by SAR-CoV-2. It is known that its pathogenesis occurs through 
different mechanisms, including activation of inflammatory 
pathways, oxidative stress, and the RAAS. Metabolic disturbances 
are exacerbated when these mechanisms are associated, potentially 
resulting in tissue injury or dysfunction. The key points of the 
effects of SARS-CoV-2 on cell metabolism and tissue/organ 
dysfunction are summarized in the Figure 7. Therefore, one of the 
focuses for combating the disease is the understanding of the 
mechanisms involved in the modulation of cellular metabolism 

FIGURE 6

SARS-CoV-2-induced metabolic disturbances in gastrointestinal system. LPS, lipopolysaccharide.
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FIGURE 7

Key points of the effects of SARS-CoV-2 on cell metabolism an tissue/organ dysfunction. ATP adenosine triphosphate; HIF-1α, hypoxia-inducible 
factor-1 alpha; RAAS, renin-angiotensin-aldosterone system; ROS, reactive oxygen species.

(with potential reflex in its function), aiming at the development 
of interventions to attenuate the deleterious metabolic effects 
caused by the virus.
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