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Covid-19 infection.

This review portrays the metabolic consequences of Covid-19 infection at different stages of the clinical
syndrome. It also describes how events can change when patients with metabolic problems are infected
and the effects that diet and nutrition might play to influence the outcome of infection. We also discuss
the types of maneuvers that could be used to reshape metabolic events and question if this approach
could be a practical therapy used alone or in combination with other approaches to reduce the burden of

© 2021 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

In the past year, the whole world has become aware of SARS-
CoV-2 (Covid-19). Thus perhaps around September 2019, humans
became infected by a novel passenger coronavirus of bats, Covid-19
and this has led to a pandemic, which as of early January 2021, has
led to 84 million confirmed infections with at least 1.8 million
deaths [1]. No country that tests for Covid-19 has escaped infection
and currently the virus is spreading dramatically in most places.
This state of affairs is likely to continue unless the recently devel-
oped vaccines, or other ways to control the infection, prove effec-
tive. The main mission of this review is to describe metabolic
changes set into play when viruses infect us and to discuss the
various ways host metabolism affects the outcome of infection
focusing on Covid-19. We also evaluate if manipulating metabolism
at various stages of the Covid-19 induced syndrome provides a
useful approach to limit the consequences of the infection.

As with all infections, the outcome following exposure to Covid-
19 is highly variable with inapparent effects the most frequent, but
all too commonly a severe debilitating often lethal consequence.
We, and others, have discussed the many variables that impact on
the consequences of virus infection with different agents [2,3], but
so far there is minimal information with respect to Covid-19. This
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situation is likely to change rapidly given the astonishing pace of
research on Covid-19 (almost 80,000 articles on Covid-19 in
PubMed < 9 months after the first report) [4]. However, the topic
we cover in this review, namely the interplay between Covid-19
and host metabolism, has received less attention to date although
at least one outstanding review has been written on this topic [2].
The topics covered in this review include the changes that Covid-19
infection imposes on cells they infect, changes in metabolism that
occurs in host cells that respond to infections, the influence of host
metabolism on the outcome of virus infection at different stages of
Covid-19 disease, the production of host molecules that impact on
infections by changing metabolic events, as well the value of
manipulating metabolism by drugs and dietary changes or to speed
the recovery and control the outcome of Covid-19 infections.

1. The variable consequences of Covid-19 infection

Covid-19 infection normally occurs by exposure of the respira-
tory tract to virus-containing aerosols and droplets. Depending on
the size of these particles, they either become trapped in the upper
respiratory tract where they can infect mainly ciliated cells of the
nasal epithelium, or can pass deep into the lungs where the main
cell types infected are alveolar epithelial type II cells and their
massive cell death results in pneumonia [5]. In both situations, cell
infection requires binding of the viral spike protein to the angio-
tensin converting enzyme 2 (ACE2) receptors on target cells (Fig. 1).
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Fig. 1. Schematic representation of some changes in cellular metabolism attributed to Covid-19 infection. ACE2; angiotensin-converting enzyme 2 and TMPRSS2; transmembrane
protease serine 2 [6], FAS; fatty acid synthesis [15], IDO; indoleamine 2,3-dioxygenase [15,16], HIF-1a; hypoxia inducible factor 1 subunit alpha [18,19], ROS; reactive oxygen species

[19], PPARY; peroxisome proliferator-activated receptor gamma [20].

This results in activating the transmembrane cell membrane
TMPRSS2 and in some cases the metalloproteinase ADAM17, to
cause access to the cell’s cytoplasm, after which the viral replication
program begins [6]. New virus is assembled and released and the
infected cell dies. Newly formed virus is expelled by coughing and
can infect other persons, but also disseminates to other parts of the
respiratory tract and in addition can spread to infect ACE2 positive
cells in extrapulmonary tissues [7]. These include adipose tissue,
the kidneys, the myocardium, the liver, the gastro-intestinal tract
and occasionally the brain [6,7].

The majority of infected persons do not show symptoms and
some might not even seroconvert, perhaps reflecting infection
with a minimal dose that is controlled effectively by innate im-
mune mechanisms [8,9]. The clinical consequences of infection
can be divided into several stages with the majority (perhaps
80%) developing mild lesions that quickly resolve. Stage 1 disease
is typified by a dry cough, often loss of taste and smell, and
general malaise, but usually rapid recovery. During stage one,
which largely involves the upper respiratory tract, levels of viral
secretion may be high. Stage 2 involves the lower respiratory
tract with patients developing pulmonary inflammation and
hypoxia that may require hospitalization. Viral secretion levels
are usually less than during stage 1, and patients either recover
or pass into stage 3 [10]. This stage involves severe inflammatory
lesions in the lungs and usually also in several extrapulmonary
tissues. The lesions represent reactions by the host immune
system, which generate a tissue damaging, so-called cytokine
storm [11,12]. The damage to extrapulmonary tissues is likely not
the result of viral replication, although ACE2 positive infectible
cells occur in many extrapulmonary tissues [7]. Stage 3 patients
often die, but improvements in management, particularly the use
of dexamethasone and monoclonal antibodies to some cytokines,
are permitting recovery for many patients, although long term
damage to the lungs and other organs may occur. The recovery
phase, where infectious virus has disappeared can be referred to
as stage 4 [10].

2. Metabolic changes set into play by Covid-19 infection

All viruses lack metabolic processes of their own and depend on
the cells they infect to generate the components needed to
assemble new virions. Many viruses markedly change the meta-
bolism of infected cells and at the end some shut down all cellular
metabolism and the cell dies. This is the usual fate of cells infected
with Covid-19 and cells such as alveolar epithelial cells must be
replaced or their function, which involves gas exchange and pro-
duction of surfactants needed for lung function, will cease [13].
Recording the metabolic consequences of Covid-19 infection in vivo
is beginning to be assembled. Some studies have compared the
metabolic profile of Covid-19 patients with uninfected persons, but
these studies are limited in value since they often do not clarify
what stage of infection, or its severity, is being studied [14]. What is
still needed are longitudinal studies that record metabolic events in
infected patients at multiple times after they become Covid-19
positive and to ascertain if metabolic changes correlate with the
severity and outcome of the disease process.

From so far published studies on in vivo effects on metabolism,
it appears that Covid-19 infected patients may have elevated blood
glucose and fatty acid levels and also show changes in amino acid
metabolism. With regard to the latter, genes involved in tryptophan
metabolism, such those encoding kyneurine and indoleamine 2,3-
dioxygenase (IDO) were upregulated [15,16]. Additional in-
termediates involved in arginine, aspartate, tyrosine and lysine may
also be changed in infected patients [15,17]. These patient studies
indicate that several aspects of normal metabolism can be affected
during the disease process presenting a challenge for any therapy
used to restore metabolic equilibrium. The topic of targeting
metabolic events to control the outcome of Covid-19 infection is
covered in the final section.

Another approach used to record the metabolic consequences of
Covid-19 infection has been to perform ex vivo studies on bronchial
lavage cells and blood monocytes from Covid-19 patients
comparing any metabolic changes to normal controls using a range
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of measurements that include single cell RNA-seq, metabolomics
and transcriptomic. One such study using single cell RNA-seq on
bronchial alveolar cells revealed significant increases in metabo-
lites involved in glycolysis that included HIF-1« and genes involved
in the induction of oxidative stress (Fig. 1) [18,19]. This indicates
that the infected cells need to elevate cellular energy levels which is
accomplished via glycolysis. Other studies have reported changes in
lipid metabolism, as well as changes in tryptophan metabolism
similar to those referred to previously in patient studies also occur
[15].

One notable change reported in one ex vivo study was reduced
expression of the enzyme PPAR involved in both glucose and lipid
metabolism. PPARy deregulation was demonstrated using single
cell transcriptomics on bronchial lavage monocytes (Fig. 1) [20].
Curiously, in a model study where PPARy expression was ablated in
mouse adipocytes, animals developed fatty livers and several
metabolic changes. These included elevated levels of blood glucose,
insulin resistance, as well as increased plasma free fatty acids (FFAs)
and triglyceride levels [21,22]. In another mouse study, when
PPARY gene expression was deleted in mononuclear cells, mice
became more susceptible to influenza virus infection (Covid-19 was
not studied) and this outcome could be rescued by therapy with a
PPARY agonist [22]. We anticipate that switching on and enhancing
PPAR function might be a useful approach to reduce the burden of
Covid-19 disease.

It is evident that our understanding of the metabolic conse-
quences of Covid-19 infection from ex vivo studies is advancing, but
with most studies it was not clear if the cells being evaluated were
actively infected with virus or not. Moreover, the relevant issue of
the stage of disease being studied was usually not mentioned.

To record the direct effects that Covid-19 infection has on
metabolic events in target cells, studies have been done using
permissive or semi-permissive cells infected in vitro, then
comparing the metabolic consequences to events in uninfected
cells. One study with peripheral blood monocytes reported multi-
ple metabolic differences. These included increases in HIF-1a pro-
tein levels, and increased transcriptional activity of molecules such
as GLUT-1, PFKFB3, PKM2, and LDH-A [19]. However, with this
study, all cells would not have been virus infected. Moreover, more
potentially informative information might derive from longitudinal
studies that measure metabolic changes at different times after
synchronized infection in a system where all cells were shown to be
infected. Accordingly, it is still not clear what direct effects Covid-19
infection has on cellular metabolism, and if this information would
be useful to reshape events to achieve a more favorable outcome
once the infection has been initiated.

A further approach being used to comprehend how Covid-19
infection interferes with metabolism is to infect susceptible cells
in vitro and to measure the influence of manipulating metabolic
events on the outcome of infection. Several studies have evaluated
the consequences of interfering with glucose utilization using the
drug 2-Deoxy-p-glucose (2DG) [19,23]. This approach produces a
marked reduction in viral replication and the infected cells sur-
vived. A similar outcome was obtained using drugs that targeted
cholesterol metabolism (fenofibrate) or mitochondrial oxidative
phosphorylation (mitoquinole) events (Fig. 2) [19,24]. Usually, the
design of experiments was to add the metabolism modulating
drugs before, or from the onset of infection, but perhaps of more
therapeutic interest will be to discover procedures that can change
the outcome of infection when given at a later time period when
replication events are underway after infection. This experimental
design might better simulate what would be useful during active
infections in patients to limit the severity of their infection.
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3. Metabolic events during severe disease and chronic
sequelae

As mentioned previously, the severe tissue damaging phase of
Covid-19 infection (Stage 3) is attributed mainly to the host
response to infection and at this stage viral levels are usually low
or even undetectable [10]. However, the driving force for the
dramatic hyperinflammatory response, which usually involves a
cytokine storm, remains uncertain. Thus, the process could be
orchestrated largely by innate immune recognition and activation
events, either responding directly or indirectly to the infection.
Alternatively, the hyperinfammation could represent a process
mainly orchestrated by T cells recognizing viral or conceivable
host derived components [25]. Several reports have described
events that occur in the Covid-19 associated cytokine storm and
the value of several therapeutic procedures that counteract event
that occur [12,26]. Nevertheless, currently there is minimal in-
formation about the metabolic consequences of the hyper-
inflammatory stage of Covid-19 infection.

Patients with the hyperinflammatory syndrome usually recover,
especially if treated with dexamethasone and/or mAb to inflam-
matory cytokines, and receive supplemental oxygen [27,28]. How-
ever, many patients die or develop a chronic multisystem syndrome
that involves the respiratory tract and several other extrapulmo-
nary organs [7]. The extent of damage and its duration, which in-
cludes major effects on tissue metabolic events and on metabolic
health in general, was elegantly discussed by Ayres [2]. This article
also elaborated on the various therapeutic modalities that could be
used to potentially correct the metabolic problems, although this
information was largely derived not from Covid-19 patients with
chronic multisystem inflammatory syndrome, but from animal
model studies.

Damage to several extrapulmonary organs, which can be
chronic, is not uncommon, especially in those that suffer severe
clinical signs. The organs involved include the heart and other
cardiovascular components, skeletal muscle, the brain and kid-
ney, as well as the pancreas and gastrointestinal tissues [6]. The
cause of the damage is still not clear, but many of these organs
contain ACE2 positive cells so could be infected and damaged by
virus. However, a more likely mechanism is that the damage
results from direct effects of inflammatory reactions, although
the actual molecular mechanisms are yet to be explained. Some
long term consequences can result from damage to the affected
organs. For example, damage to the respiratory tract itself can
result in hypoxia with widespread consequences. The damaged
respiratory tract may also undergo fibrosis and diminished sur-
factant production, issues difficult to reverse by therapy [25,29].
Damage to the kidney can lead to accumulation of toxic metab-
olites such as ketone bodies which cause systemic problems [30].
Damage to the pancreas, the source of insulin, can result in
diabetes and hyperglycemia as well as hyperlipidemia [31]. Both
have long term pathological consequences and in one study of
patients that succumbed to fatal severe Covid-19 infection, 22%
showed damage to the pancreas [32]. The liver, brain and car-
diovascular tissues can also manifest chronic damage that pro-
vide a challenge to therapeutic control. It has also been observed
that some patients are left with chronic functional problems with
their immune systems [33]. The widespread damage to respira-
tory and extrapulmonary organs likely involves changes in their
metabolic activities such as changes in mitochondrial meta-
bolism [2]. However, reversing these effects with future therapies
could prove to be very challenging. The issue merits far more
study.
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Fig. 2. Cellular metabolism map showing pathways that could be targeted with metabolic drugs and inhibitors to reduce the burden of infection. Mitoquinol; ROS (reactive oxygen
species) inhibitor [19], BAY87; HIF-10. (hypoxia inducible factor 1 alpha) inhibitor [19], 2DG (2-Deoxy-p-glucose); inhibits glycolysis [19,23], fenofibrate; reduce lipid level and
accumulation [24], statin; HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-CoA) inhibitor [ 73], PF-05175157; acetyl-CoA carboxylase 1 and 2 inhibitor [78], DON (6-Diazo-5-0x0-
L-norleucine); inhibits glutaminolysis [79], metformin; ETC (electron transport chain) complex I inhibitor [85], TCA; tricarboxylic acid cycle, FAS; fatty acid synthesis.

4. Influence of nutrition on outcome of infection

There is abundant evidence from studies done on several viral
infections that the nutritional status of a person can affect the
susceptibility and course of events following infection [3]. The
effects are most evident when the diet is deficient in certain
nutrients, such as vitamin A. For example, children receiving a
vitamin A deficient diet are more susceptible to measles infection
[34] and the same consequence also might apply to Covid-19
infection [28,34]. Dietary effects, such as fiber and fat content,
can also impact on susceptibility to some virus infections. These
effects may be mediated largely by influencing the balance of
microbial species in the gastrointestinal tract, that in turn in-
fluence the quality of the immune response generated. Excellent
reviews have been written on this topic [35,36]. Currently, there
is minimal information as to whether or not diet affects either
the susceptibility to, or course of events following Covid-19
infection, but such information is likely to accrue with time.
Some studies on nutritional effects have reported that patients
fed a diet supplemented with a variety of substances, that
include the amino acid L-glutamine, vitamins such as A, D and C,
derivatives of omega 3 fatty acid such as icosapent ethyl, as well
as minerals such as zinc can favorably influence the outcome
[37—42]. Some clinical trials are in progress, such as exploring
the value of omega 3 fatty acid and its derivative on the outcome
of Covid-19 infection [43].

To date trials on the value of diet supplements have been limited
in scope and are usually unconfirmed. Nevertheless, from what we
know from studies with other viruses, it seems likely that modest
effects of nutrition, particularly fiber content, fat composition and
calorie intake will influence the outcome of Covid-19 infection and
perhaps also responses to vaccines. Curiously, there are reports that
the presence of Covid-19 in a community may cause persons to
change their dietary habits such as adopting a Mediterranean diet
or changing the quantities of different dietary components they
consume [44]. Lockdown and boredom also can cause many
changes in behavior! One common consequence is becoming more
obese and its consequences [45,46], which, as discussed subse-
quently, increases susceptibility to the dire consequences of Covid-
19 infection.

5. Metabolic diseases and Covid-19 infection

When Covid-19 infection emerged, it soon became evident that
a risk factor was the presence of a metabolic disease [47,48]. The
most common comorbidities were diabetes and obesity along with
hypertension and cardiovascular also involved [49]. In the case of
diabetes, it is still not clear if diabetics are more susceptible to
initial infection, but it is evident those who are infected are likely to
experience more severe disease consequences. Thus, 20% or more
of patients admitted to the ICU can be diabetics [50] and one third
or more of those dying from Covid-19 suffer from diabetes type 1 or
2 [51]. In fact, in the UK, serious complications were 50% more
prevalent in diabetics than in healthy infected persons [52]. These
complications include a more severe cytokine storm, death and
more frequent longtime consequences. The hyperglycemia, char-
acteristic of diabetes, is made worse by Covid-19 infection and
many patients require more insulin to control their disease [53]. In
some instances, Covid-19 infection may actually trigger the onset of
diabetes [54], although whether or not this is a direct consequence
of virus infection, or a secondary consequence of inflammatory
events, is not clear [54]. Obesity, which is a common clinical
problem in diabetes, is discussed in a different section of this
review.

Whereas both diabetes type 1 and 2 are definite risk factors to
develop lesions following Covid-19 infection, understanding at a
mechanistic level how the effects of diabetes are mediated needs
clarification. Several suggestions have been advocated and it is
likely that reasons for the heightened susceptibility are multifac-
torial. A favored idea is that the deterioration of innate and adaptive
immunity that occurs in diabetics contributes to the problem
[55,56]. It is also evident that changes in expression levels of the
ACE2 receptor on pancreatic beta cells could make those cells more
susceptible to virus infection [57].

With regard to diminished innate immune activity during dia-
betes, reports have described reduced NK cell responses [58] and
reduction in neutrophil functions caused by the hyperglycemia. The
latter effects include reduced neutrophil extracellular trap forma-
tion, diminished superoxide responses and reduced production of
elastase, myeloperoxidase and beta defensins [55,59—62]. Addi-
tional effects include reduction in several proteins involved in
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innate immunity that include interferon-y-induced protein-10,
monocyte chemoattractant protein-1 and macrophage inflamma-
tory proteins MIP-1o. and MIP-1f [63]. Since innate defenses are
those first encountered by infection and can function alone to
control infection one might expect diabetics to be more susceptible
to Covid-19 infection. However, currently there is no clear evidence
for this, although we would suspect that the dose of virus needed to
establish infection could be less than in non-diabetics.

Diabetics also show changes in the efficiency of adaptive aspects
of immunity. For instance, the largely T cell mediated hyper-
inflammatory reaction that results in the cytokine storm during
severe disease, is more intense in diabetics with high levels of
circulating inflammatory cytokines such as IL-17, IFN-vy, TNF-a and
GM-CSF present in plasma. Diabetics may also have less CD39+
Treg cells (responsible for suppression of Th17 cell) and their CD4
and CD8 T cells may show phenotypic changes such as chemokine
receptor expression, so reducing their responses to inflammatory
mediators [63,64].

6. Effect of obesity on susceptibility and outcome of Covid-19
infection-

Being obese, especially when morbidly so, is not good news if
infected with Covid-19. Several hospital-based studies in different
locations have shown that persons with a body mass index that
equals or exceeds 30 account for 40% or more of those who contract
Covid-19 [65]. Moreover, compared to non-obese persons, obese
individuals are more likely to develop severe disease and mortality
[66]. One study observed a direct correlation between progression
of disease with obesity and ICU admittance for ventilation [67,68].
Moreover, compared to non-obese persons, obese people had more
symptoms, such as cough and fever, and had a 3.4-fold greater
chance of developing severe Covid-19 disease that included
pneumonia [69].

The fact that obesity is a susceptibility factor for Covid-19
morbidity and mortality is well accepted, but why this is the case
is not fully understood. However, it is well known that adipocytes
can express ACE2 receptors making them potential targets for
Covid-19 infection, acting perhaps to increase the amount of virus
produced [70]. Against this idea, the severe consequences of Covid-
19 infection during obesity occur mainly in non-adipose tissues,
especially the respiratory tract. Conceivably greater susceptibility
could be explained by fat deposits causing mechanical problems
that interfere with breathing and other organ functions [71].
Alternatively, obesity could result in metabolic changes that inter-
fere with the development or activity of antiviral defense mecha-
nisms. Support for this notion comes from studies on human
influenza virus infections where immune responses are diminished
in obese persons and poor immunity results from vaccination [72].
The balance of immune responsiveness may also be different in
obese persons with them often responding with a pattern that is
proinflammatory rather than protective. Further support for the
detrimental effects of obesity also comes from experimental
influenza virus infections in mice. For example, obese mice,
compared to lean controls, show several changes and these are
listed in Table 1.

As regards obesity and Covid-19 infection, the issue arises as
to how patients should be managed therapeutically. Accord-
ingly, many obese patients take medications to control obesity,
but responses to them might change during some stages of
Covid-19 infection. Curiously, the use statins, commonly used in
obese persons to lower cholesterol levels, might be beneficial
since cholesterol is part of the cell entry system for the virus
and lowering cholesterol could increase resistance to infection
[73].
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7. Are there practical approaches to manipulate metabolism
and constrain Covid-19 lesions?

This question currently has no simple answer and needs far
more exploration before solutions can be advocated. Moreover,
counteracting metabolic events in any disease syndrome is subject
to Faustian consequences to bystander tissues if the therapy is not
highly focused on the problem lesions. The concept of targeting
metabolism to shape the outcome of any viral infection is in its
infancy and almost unexplored in the case of Covid-19. As we have
documented, Covid-19 infection does cause a range of metabolic
changes in infected cells and tissues and is more of a problem when
the host’s metabolism is compromised in some way, such as occurs
in diabetes. Furthermore, Covid-19 infection can result in long term
damage to several organs where metabolic changes are character-
istic [2]. Even though Covid-19 disease does involve short term and
long term changes in metabolism, the question remains whether it
is practical to change the metabolic environment and if so how
might such manipulations best be achieved.

Although it recently became evident that Covid-19 may be
effectively controlled by vaccines, any approach that increases the
resistance of persons to infection would be welcome, particularly in
societies that have many citizens who refuse to use vaccines or are
opposed to social distancing and wearing masks. With regard to
changing metabolic events to increase resistance to the untoward
effect of virus infections, a simple way may be dietary manipula-
tion. Thus, as we discussed in the section on nutrition diet
composition can impact on resistance to many virus infections
acting in some cases by causing changes in the bacterial composi-
tion at mucosal surfaces. High fiber diets and diets rich in some
types of fatty acids favor the induction of responses to infections
that are less tissue-damaging and encourage lesion resolution
[74,75]. In support of this concept, we recently showed in an in-
flammatory viral disease model that feeding mice extra short chain
fatty acids resulted in markedly reduced ocular lesions in response
to herpes simplex virus (HSV) infection [76]. Other studies showed
that diets enriched in fiber led to reduced inflammatory lesions
caused by infections [74]. However, the nutritional modification
approach is only useful for minimizing problems if the diet change
is used some time before infection. To deal with ongoing viral
induced inflammatory reactions by manipulating metabolism
provides more of a challenge. Some have achieved this objective in
model systems, but few if any studies have reported success using
such strategies in virus infected patients. For example, working
with an inflammatory lesion in eyes set off by HSV infection, our
group showed that therapy from around the time of lesion onset
with 2DG, which compromises glucose utilization and energy
generation by the main cell types responsible for tissue damage,
resulted in mild lesions [77]. Other model studies showed that the
impact of West Nile fever virus infection in mice was minimized
using drugs to reduce fatty acid synthesis and in another model
study using Sindbis virus infection, blocking glutamine metabolism
protected mice against inflammatory brain lesions [78,79].
Currently, the approach of shaping the outcome of viral infections
by manipulating some component of metabolism is very much in
its infancy and has seen little or no use in clinical situations,
particularly against Covid-19 infections. We expect, this scenario to
change with manipulating one or even multiple aspects of meta-
bolism becoming part of the therapeutic armamentarium to control
Covid-19 and other infections (see Fig. 2). However, lest we become
too enthusiastic, there are many caveats to consider. Metabolic
pathways are very much intertwined and are involved in many
other physiological events that would be hazardous to unsettle.
With infections, for example controlling one agent such as Covid-19
could result in heightened susceptibility to another such as
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Table 1
Immunological changes reported in obese mice.

Microbes and Infection 23 (2021) 104780

Mice strain studied Effect induced by

Outcome of respective diet

C57BL/6 High-fat diet (45% of calories from fat)
Standard diet (4.5% fat)

High fat diet (60 Kcal% fat)

Normal chow diet (13 Kcal% fat)
C57BL/6 ] and RAG mice High fat diet (60% Kcal from fat)
Normal chow diet (13% kcal from fat)
C57BL/6 High fat diet (60% calories from fat)
Low fat diet (4.5% fat)
High fat diet (60% calorie)

Adipose tissue increases M1 macrophages and higher expression of TNF-a, IL-6 and iNOS.
Adipose tissue mainly has M2 macrophages that express arginase-1, and IL-10.

Lower level of hematopoiesis, higher level of oxidative stress and overexpression of Growth
factor independence 1.

Expresses higher level of hematopoiesis, reduced oxidative stress and normal expression of Gfil.
Reduced lymphatic flow and migration of dendritic cell to local lymph nodes. Low level of CD4
and CD8 T cells and higher level of B and macrophages in lymph nodes.

Normal lymphatic flow and migration of dendritic cell to local lymph nodes. High level of CD4
and CD8 T cells and low level of B and macrophages in lymph node.

Low level of naive and CD4 T cells, reduced levels of IFN-v, IL-6, TNF and TGF-p1.

High levels of naive and CD4 T cells, higher levels of IFN-v, IL-6, TNF and TGF-betal.

More prone to reinfection by influenza due to lower level of memory T cells in lungs.

bacterial and fungal infections. Undoubtedly timing the use of
metabolic changes will be especially critical as we observed in our
studies on controlled HSV ocular infections in mice. Thus, if 2DG
therapy was used early after infection when abundant viral repli-
cation was still occurring, the virus could readily access the nervous
system and cause a lethal encephalitis [77]. There would likely be
problems too of systemic toxicity if metabolic reshaping was used
for prolonged time periods.

8. Conclusions

In this review, the metabolic changes that occur in response to
Covid-19 infection at different stages in the host are summarized.
We also discuss differences that can occur if the infected host has
abnormal metabolism when infected. The effects of nutrition on the
outcome of infection was also summarized. Finally, we evaluate
how reshaping metabolism might be used as a therapeutic
approach to help reduce the consequences of Covid-19 infection, as
well as mention some limitations.
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