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T
he COVID-19 outbreak, caused by the novel coronavirus 
(CoV) called severe acute respiratory syndrome (SARS) 
coronavirus 2 (SARS-CoV-2), was first detected in late 

December of 2019 in Wuhan, China. The first cases outside China 
were reported in January 2020, and in March, the World Health 
Organization (http://who.int/) declared the outbreak a pandemic. 
At the time of writing of this Perspective, more than 200 countries 
have reported COVID-19 cases, and nearly seven million cases and 
400,000 deaths have been reported globally, according to the World 
Health Organization.

The immediate response to any infectious-disease outbreak is to 
approach it from the pathogen perspective, because disease severity 
is assumed to be a direct function of pathogen burden1. However, 
the complexities of SARS-CoV-2 infection serve as an important 
reminder that this perspective is not sufficient for understanding 
the survival of infectious diseases2. Like that of most infections, the 
virulence of SARS-CoV-2 exists on a continuum: most individuals 
who acquire the infection experience mild disease, whereas a subset 
of individuals progress to severe or critical disease3. These severe and 
critical cases are driven by the host response to the infection, thus 
resulting in multisystem dysfunction and pathology. The patholo-
gies seen in patients with COVID-19 are not necessarily new among 
infectious diseases. For example, extreme clotting and multiorgan 
damage can be consequences of a diverse array of infectious con-
ditions that progress to critical stages. Instead, this pandemic has 
highlighted the necessity to change our perspective towards infec-
tious diseases so that we can understand how to survive infections2. 
For COVID-19 and all other infectious diseases, this perspective 
will require an understanding of (1) the pathogenesis, pathology and 
pathophysiology of the infection; (2) how the pathology and result-
ing pathophysiology of preexisting conditions (beyond changes in 
immune function) influence susceptibility to developing disease 
once infection occurs; (3) the intrinsic defence mechanisms of the 
body that protect against damage and the resulting pathophysiol-
ogy; and (4) how to develop treatments that alleviate the pathology 
and pathophysiology and complement antiviral-based approaches. 

Because COVID-19 is a multisystem condition, understanding the 
recovery and rehabilitation process in infectious-disease survivors 
is also important; however, this aspect of infectious-disease treat-
ment is highly neglected. Survivors of severe or critical COVID-19 
will exhibit an array of morbidities, possibly years after the infec-
tion. We must understand how the damage resulting from the 
infection and any patient treatments influences the development of 
new conditions in the recovery phase. If we can step beyond our 
focus on the virus, we will learn how to survive the infection and 
enable full recovery of patients, to maximize their healthspan and  
quality of life.

Metabolism will emerge as a critical regulator of susceptibility 
to, recovery from and survival after COVID-19. Infectious diseases 
and host metabolic processes are intimately connected, and changes 
in host metabolism occur at all levels—cellular, tissue, organ and 
physiological—during infection4–6. For COVID-19, these changes 
are clearest at the cellular level, at which the virus hijacks the host 
cell machinery to support viral replication and promote pathogen-
esis. However, host metabolic responses at the tissue, organ and 
physiological levels also occur during viral infections, and some of 
these responses are likely to reflect the adaptive mechanisms of the 
host to defend against the infection4,5. Although most attention has 
been paid to understanding how metabolism influences the host 
resistance response that destroys pathogens, recent evidence from 
other infectious diseases has demonstrated that metabolic processes 
are important mediators of host defence mechanisms that protect 
against the physiological damage that occurs during infections and 
consequently enable survival5,7–10. Furthermore, early clinical data 
on COVID-19 have demonstrated that people with type 2 diabe-
tes (T2D) and other metabolic conditions that compromise over-
all metabolic health have greater risk of developing a more severe 
infection course than people who are metabolically healthy before 
acquiring the infection11. Although this finding has been largely 
attributed to these individuals’ being more permissive to viral 
infection and replication, the physiological complications caused 
by metabolic syndrome and T2D also probably render individuals 
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more susceptible to developing COVID-19-associated pathologies 
independently of viral burden. Finally, people who survive SARS 
infections and other critical illnesses are predisposed to develop-
ing metabolic complications during their recovery process, thus 
suggesting that these infections, and potentially their treatments, 
might cause long-lasting collateral damage to metabolic health. In 
this Perspective, I discuss the relationship between metabolism and 
COVID-19. I discuss why preexisting metabolic abnormalities that 
compromise metabolic health, such as T2D and hypertension, may 
be important risk factors for severe and critical cases of infection, 
highlighting parallels between the pathophysiology of these meta-
bolic abnormalities and the disease course of COVID-19. I also dis-
cuss how metabolism at the cellular, tissue and organ levels might 
be harnessed to promote defence against the infection, with a focus 
on disease-tolerance mechanisms, and I speculate on the long-term 
metabolic consequences for survivors of COVID-19.

Metabolic health and COVID-19 disease course
The effects of SARS-CoV-2 infection on host health are complex, 
and substantial variation is observed in the severity of disease  
(Fig. 1). COVID-19 cases can be classified as either asymptomatic 
or symptomatic. Asymptomatic individuals account for 25–50% 
of infected individuals and comprise carriers who test positive for 
SARS-CoV-2 and show no symptoms, as well as those who test 
negative for the virus but show seroconversion indicating a prior 
infection without ever having shown symptoms12 (http://CDC.
gov/). During infection, these people maintain their health over 
time, exhibiting a maintenance-of-health phenotype6. Symptomatic 
individuals include those who exhibit sickness after a presymptom-
atic phase with no symptoms. Approximately 80% of these people 
exhibit a ‘mild’ disease course, whereas the other 20% progress to 
severe and critical stages associated with pneumonia, acute respira-
tory distress syndrome (ARDS) and respiratory failure, septic shock 
and multiorgan failure3.

The clinical course for symptomatic individuals can be divided 
into four stages (Fig. 1). Stage 1 begins when an individual becomes 
symptomatic3. Individuals typically develop a dry cough and fever, 

and they may lose their senses of taste and smell, and feel general 
malaise. For most people, with adequate self-care, the infection is 
limited to this stage3. Stage 2 describes the pulmonary phase of the 
infection3. People who enter this stage develop pulmonary inflam-
mation and pneumonia, either without hypoxia (stage 2a) or with 
hypoxia (stage 2b)3. These people require hospitalization. Patients 
with prolonged hypoxia tend to require mechanical ventilation3. 
Patients can then progress to stage 3. These patients are in criti-
cal condition and can develop ARDS and extrapulmonary systemic 
hyperinflammation syndrome. In addition, they can develop shock, 
vasoplegia, respiratory failure, cardiopulmonary collapse, myo-
carditis, acute kidney injury and other extrapulmonary complica-
tions3. The prognosis for these patients is poor, and some continue 
to decline toward mortality, whereas the others enter stage 4, the 
recovery stage, and survive and exhibit a resilience-of-health phe-
notype4 (Fig. 1).

The metabolic health of an individual is represented by the proper 
functioning of organismal metabolic processes coordinated by 
multiple physiological systems. Disruption of these systems causes 
dysfunctional organismal metabolic processes and a decline in met-
abolic health (Fig. 2). The major risk factor for severe COVID-19 is 
poor metabolic health (Fig. 2). In past coronavirus outbreaks, T2D 
was one of the most common comorbidities in infected individu-
als13,14. In agreement with this finding, T2D, obesity and hyperten-
sion appear to be major comorbidities in people with COVID-19 
and are associated with more severe and critical COVID-19 disease 
courses15–17. The reasons for this finding are likely to be multifacto-
rial and are conventionally thought to involve immune dysfunction. 
For example, individuals with metabolic syndrome and T2D have 
impaired immune function in general18, and their antiviral response 
against SARS-CoV-2 may consequently be impaired. Moreover, the 
physiological complications of T2D and metabolic syndrome are 
also likely to have a synergistic role in SARS-CoV-2 pathogenesis, 
thus making patients more susceptible to developing severe pathol-
ogy independently of viral burden. Similarly, among people with 
COVID-19 in the United States, obese younger individuals are more 
likely to require hospitalization and to develop more severe and criti-
cal disease19. This finding suggests that obesity may shift COVID-19  
towards more severe and critical cases in younger adults. One pos-
sible explanation may be that obesity causes physical stress on ven-
tilation by obstructing diaphragm excursion. Furthermore, diabetes 
increases the risk of pulmonary fibrosis, chronic obstructive pulmo-
nary disorder and reduced respiratory function (Fig. 2). As patients 
with COVID-19 progress to the pulmonary stages of the infection 
and develop pneumonia and ARDS, these conditions further com-
plicate patients’ breathing and hypoxic conditions, which lead to 
multiorgan damage.

Additional physiological changes caused by metabolic syndrome 
and T2D are likely to synergize with COVID-19, thereby further 
complicating the disease course. Metabolic syndrome and T2D are 
chronic inflammatory states (Fig. 2). Because the severe and criti-
cal phases of COVID-19 are driven by an excessive inflammatory 
response to the infection (cytokine storm), the heightened base-
line inflammatory state in patients with preexisting compromised 
metabolic health may increase the likelihood that the inflammatory 
response will reach pathogenic levels, as well as the likelihood of 
physiological damage20 (Fig. 2). Similarly, diabetes and hypertension 
alone are risk factors for kidney disease. Diabetes leads to diabetic 
kidney disease, in which a decrease in kidney function21,22 leads to a 
build-up of toxic metabolites that can damage other organs (Fig. 2). 
The damage to the blood vessels caused by hypertension decreases 
blood flow to the kidneys and consequently results in kidney 
injury (Fig. 2). Because kidney injury is a common complication of 
COVID-19 (ref. 23), the kidney damage caused by these preexisting 
metabolic conditions may render the kidneys more susceptible to 
damage during SARS-CoV-2 infection.
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Fig. 1 | the disease phases of patients with COVID-19. After infection, 

patients can remain healthy and show no signs of sickness (maintenance of 

health). For patients who become symptomatic, the disease course can be 

described by four stages. Stage 1 is mild, and patients exhibit fever, malaise 

and a dry cough. Stage 2 is characterized by a pneumonia phase without or 

with hypoxia (2a and 2b). Patients who progress further along the disease 

course develop acute respiratory distress syndrome, shock or multiorgan 

failure (stage 3 III). Patients who recover (stage 4) from the infection show 

a resilience phenotype. Some patients may never return to their original 

health state, thus establishing a new baseline for health. Patients who peak 

in stages 1 or 2 will bypass stage 2 or 3, respectively, and enter into their 

recovery phase.
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Obesity, diabetes and hypertension increase the risk of stroke 
and cardiovascular complications, which are also observed in severe 
and critical cases of COVID-19 (refs. 24,25 and Fig. 2). Sustained 
hyperglycaemia and obesity damage the blood vessels and are 
risk factors for plaque build-up, which itself is sufficient to cause 
blood clots. People with COVID-19 exhibit an exacerbated coagu-
lation response, which, in combination with preexisting damaged 
blood vessels with plaques, may increase the likelihood of stroke 
or pulmonary embolism. The effects of obesity and diabetes on the 
blood vessels can lead to hypertension, which in turn affects hae-
modynamics and alters the heart structure (Fig. 2). These changes 
can make the heart more susceptible to damage due to the host 
inflammatory response, hypoxia caused by ARDS, infection of 
the heart by the virus or other cardiac consequences in response 
to extrapulmonary multiorgan damage, thus potentially explain-
ing why some people with COVID-19 exhibit cardiac damage and 
heart-attack-like signs of disease. Finally, in the brain, damage to 
blood vessels and nerves in people with diabetes causes vascular 
cognitive impairment, dementia and stroke. The dysregulated gly-
caemia in diabetics also causes seizures26. People with COVID-19 
experience seizures, strokes and brain inflammation, and those with 
poor metabolic health may be more susceptible to developing these 
conditions because of the preexisting factors negatively affecting 
brain health (Fig. 2).

The prevalence of hypertension, cardiovascular disease, nephrop-
athy and retinopathy in people with diabetes has implicated the 

renin–angiotensin system (RAS) in the pathogenesis of these disor-
ders. Angiotensin II, the active RAS metabolite and a potent vaso-
constrictor that increases peripheral vascular resistance, also causes 
insulin resistance and regulates sodium absorption in the kidneys. 
Treatment with RAS inhibitors in clinical trials has been found 
to decrease the vascular complications in people with diabetes27. 
Angiotensin-converting enzyme 2 (ACE2), the receptor that medi-
ates entry of SARS-CoV-2 into host cells, antagonizes the effects of 
angiotensin II, inducing vasodilation. In people with T2D, ACE2 
expression is elevated in multiple target tissues of SARS-CoV-2  
(ref. 28), and this elevation has been proposed to be an adaptive 
mechanism that protects the body against diabetes-associated phys-
iological dysfunction29. This increased expression may enhance 
SARS-CoV-2’s entry and subsequent replication, as well as its 
spread within the body in individuals with T2D. Thus, a physiologi-
cal defence strategy used to support metabolic health in T2D may 
be maladaptive in the context of COVID-19.

Whereas chronic hyperglycaemia in diabetes leads to damage 
that can complicate the disease course in COVID-19, new evidence 
suggests that dysregulated glucose alone is detrimental in people 
with COVID-19 and T2D. A retrospective study of a cohort of more 
than 7,000 people with confirmed COVID-19 in China has sug-
gested that controlled glycaemia is associated with improved out-
comes in patients with COVID-19 and T2D30. Glycaemic control is 
likely to be necessary to regulate the host inflammatory response, 
to limit tissue susceptibility to inflammatory damage signals and to 
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Fig. 2 | the parallels among metabolic syndrome, t2D and COVID-19. COVID-19, metabolic syndrome and T2D are multisystem diseases. The pathologies 

and pathophysiologies of metabolic syndrome and T2D affect the same systems that are damaged by COVID-19, thus probably predisposing patients to 

developing more severe pathology during the infection. Importantly, whereas we traditionally think about how metabolic syndrome and T2D make individuals 

more susceptible to infections because of diminished immune function, an understanding of the parallels between these conditions from a physiological 

perspective suggests that the greater susceptibility of these individuals to COVID-19 is likely to be partly because of an increased susceptibility to pathology 

and the resulting pathophysiology, rather than an inability to control the viral infection. COPD, chronic obstructive pulmonary disease.
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sustain physiological function during the severe and critical stages 
of infection. Thus, in addition to contributing to understanding of 
the pathophysiology of COVID-19 and how poor metabolic health 
predisposes individuals to a more severe disease course, manipulat-
ing organismal metabolic variables in patients may be sufficient to 
alter the disease course towards a more favourable one.

long-lasting metabolic-health complications in survivors 
of severe or critical COVID-19
Patients with severe or critical COVID-19 who do survive may 
have a long road to recovery while experiencing the lasting effects 
of the infection and treatments31 (Fig. 1). One such lasting effect is 
likely to be the development of organismal metabolic abnormali-
ties. Studies of patients who recovered from SARS-CoV or other 
critical illnesses support this idea. In one study from China, meta-
bolic abnormalities were detected in people with SARS-CoV infec-
tion 12 years after recovery from the infection; these abnormalities 
included hyperlipidaemia and cardiovascular abnormalities as well 
as signs of abnormal glucose metabolism, such as hyperinsulinemia, 
insulin resistance, hyperglycaemia, type 1 diabetes or T2D32. Serum 
metabolomics showed that these individuals had disruptions in 
free fatty acids, phosphatidylinositol, lysophosphatidylcholine 
and lysophosphatidylinositol (LPI). LPIs have been suggested to 
regulate glucose homeostasis, including insulin release and activa-
tion of G-protein-coupled receptor 55 (GPR55), thus suggesting a 
possible mechanism for the abnormal glucose metabolism in the 
patients after recovery from SARS32. In another study of patients 
with SARS in China, 50% of individuals who had no prior history of 
T2D developed T2D during infection, and after 3 years, 5% of the 
patients still had diabetes33. Critically ill patients exhibiting similar 
pathologies to those of patients with COVID-19 generally experi-
ence long-lasting metabolic abnormalities34. For example, in one 
study, critically ill patients who experienced acute kidney injury 
had a higher incidence of new-onset diabetes than matched-control 
individuals during the recovery phase35.

The underlying cause of any long-lasting metabolic abnormality 
among survivors of critical or severe COVID-19 will probably be 
complex and multifactorial, involving mental, emotional and physi-
ological factors that are consequences of both the infection and med-
ical interventions (Fig. 3). Mentally, survivors of ARDS can exhibit 
long-term cognitive impairment that may be caused by the hypoxic 
and inflammatory states of the condition, as well as ventilation and 
sedation36. Individuals with poor episodic memory tend to experi-
ence uncontrolled eating because they have a diminished sensitivity 

to internal hunger states and satiety, thereby leading to weight gain 
and a high body mass index37. Emotionally, ARDS survivors have 
high rates of depression and post-traumatic stress disorder that tend 
to negatively influence metabolism and are driven by binge and com-
pulsive eating, as well as a lessened motivation for physical activity38 
(Fig. 3). Cognitive training and efforts to promote emotional health 
will be necessary for rehabilitation of survivors of severe or critical 
COVID-19 to maximize metabolic health and increase their likeli-
hood of returning to their preinfection baseline health.

Physiologically, damage to endocrine and metabolic organs 
including the pancreas, skeletal muscle, adipose tissue and liver may 
contribute to the development of new-onset metabolic syndrome in 
survivors of COVID-19 (Fig. 3). People with COVID-19 have been 
reported to develop pancreatic damage during the infection, as 
indicated by elevated levels of circulating pancreatic enzymes. The 
pancreas expresses ACE2, and binding of the SARS-CoV virus to 
its receptor damages islets of the pancreas, thus decreasing insulin 
release33, which in turn may contribute to the long-lasting diabetes 
observed in people who have recovered from SARS (Fig. 3).

People with ARDS and other critical conditions exhibit dramatic 
muscle wasting caused by metabolic dysregulation and the inflam-
matory response to the infection, as well as medical interventions 
including feeding tubes and immobilization (Fig. 3). Within the first 
week after admission to an intensive care unit, these patients can lose 
approximately 20% of their body mass39. In the United States, most 
survivors return to their prehospitalization weights within the first 
year after discharge; however, body-composition analysis has shown 
that the weight gain is due to an increase in adipose tissue without a 
gain in lean mass. ARDS survivors also experience myopathies that 
cause muscle weakness due to muscle-fibre dysfunction39. In survi-
vors of sepsis, long-term muscle weakness and wasting are due to 
impaired mitochondrial and metabolic alterations in satellite cells 
that are necessary for muscle regeneration40. These changes may 
explain the overall decline in physical health associated with muscle 
weakness and changes in exercise capacity in survivors of critical 
illness41. The decreased exercise capacity and lean muscle mass can 
diminish insulin sensitivity in survivors. Although cachexia has 
not yet been reported in people with COVID-19, it may be likely in 
severe and critical cases. Rhabdomyolysis, a breakdown of skeletal 
muscle due to damage, has been reported in patients with COVID-19  
(ref. 42) and is likely to contribute to long-term abnormalities in 
muscle health.

Stroke is a reported complication of COVID-19 (ref. 24). During 
recovery, patients with stroke are at risk of future vascular events43. 
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Fig. 3 | long-lasting effects of COVID-19 on metabolic health. Damage caused by COVID-19 and related treatments can harm various systems in the body 

and may have long-lasting mental, emotional and physiological effects; these effects may result in metabolic abnormalities that hinder the recovery process.
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Long-lasting changes in metabolism and energy balance appear 
to be important drivers of these future events. Weight loss and 
malnutrition are frequently observed in patients recovering from 
stroke43. This weight loss has traditionally been assumed to be due 
to cachexia; however, recent data suggest that sustained loss of adi-
pose tissue may also contribute. In a stroke model, mice have been 
found to exhibit prolonged changes in body composition character-
ized by an initial loss of adipose tissue mass, which is subsequently 
sustained at lower levels43. This effect is associated with prolonged 
changes in the levels of plasma lipids including free fatty acids and 
triglycerides43. Sustained elevated levels of free fatty acids and tri-
glycerides can lead to cardiovascular abnormalities in people who 
have recovered from SARS and potentially COVID-19 (Fig. 3).

Given the similarities among COVID-19, SARS-CoV and other 
critical illnesses, an association is likely to be found between the 
development of new-onset metabolic syndrome and a history of 
COVID-19 in the years to come. Because these potential long-term 
consequences are largely dependent on the types of medical inter-
ventions that a patient receives, as well as the societal variables that 
influence metabolic health, determining which consequences are 
specific to certain regions or countries and which consequences 
are more generalizable will be important. Thus, a focus on meta-
bolic health must be integrated into patient rehabilitation programs 
using mental, emotional and physiological strategies to promote 
metabolic health and return patients to their baseline metabolic- 
health states.

Harnessing metabolism for defence against COVID-19
The disease pathogenesis of COVID-19 is dependent on the direct 
effects of the virus on the host and the collateral damage of the 
host response to the infection1. An examination of the relationship 
between the clinical disease course and the virus dynamics as well 
as the host response to COVID-19 can help to conceptualize the 
different defence strategies that will be most effective for promot-
ing patient survival in different stages of infection (Figs. 4 and 5). 
Systematic studies of the viral dynamics in patients with COVID-19  
have shown that the viral load peaks within the first week of symptom 
onset and is followed by a steady decline over the second week44–47. 
There is no association between disease severity and viral load. As 
viral loads decline, the host-driven hyperinflammatory phase is ini-
tiated, thus driving severe and critical stages of infection. Resistance 
strategies, including the host immune response and antiviral therapies 
that destroy the virus, will be most effective for COVID-19 treatment 
if they are implemented when patients are asymptomatic or in stage 1 
when viral loads peak. As patients progress to stage 2, when viral bur-
dens decline, addressing the collateral damage of the host response to 
the infection through disease-tolerance and antivirulence strategies is 
more important, to sustain patients’ physiological functions and there-
fore their lives (Figs. 4 and 5). Clinical data for patients with influenza 
have demonstrated the importance of targeting the host rather than 
the virus in patients in severe or critical condition. Approximately 25% 
of critically ill patients who receive optimal antiviral therapy still die48. 
This finding suggests that the host response to the virus is a major 
factor determining the outcome of influenza, and this conclusion is 
also likely to be true for COVID-19. Furthermore, in mouse studies 
on SARS, promoting cooperation with the host and the virus has been 
found to confer 100% survival despite compromised antiviral immu-
nity49. Clinical parameters and biomarkers will be important for deter-
mining a patient’s phase of disease and the most appropriate method 
for intervention6.

The current candidate strategies for COVID-19 therapeutics 
involve traditional antiviral-based strategies as well as immu-
nomodulatory strategies to neutralize the host inflammatory 
response2. Recent evidence from studies on respiratory pathogens 
and other insults has provided strong support for targeting host 
metabolic processes for the effective treatment of patients with 

COVID-19. Below, I discuss how manipulation of host metabolism 
at the cellular, tissue and organ levels can be targeted at each stage 
of COVID-19 to help patients fight, survive and recover from the 
infection. I also discuss the consequences of defensive strategies for 
the metabolic health of the host. Although I largely focus on har-
nessing metabolism in the pulmonary environment, I speculate on 
how metabolism can be targeted to protect against the extrapulmo-
nary damage that can occur in COVID-19.

Avoidance defences prevent COVID-19. Self- and 
government-initiated avoidance mechanisms have been essential 
for combating the COVID-19 pandemic. These include hand wash-
ing, avoiding touching the face, moving away from people who are 
sick, and wearing masks and other personal protective equipment. 
For COVID-19, avoidance mechanisms including quarantines and 
physical distancing have also been essential public-health measures 
to prevent the infection of naive individuals and in the movement 
to ‘flatten the curve’, aiming to decrease the amount of infection and 
to distribute the occurrence of infection over a greater time period 
to prevent the healthcare system from being overwhelmed (Figs. 4 
and 5). Although avoidance defences are likely not to be driven by 
metabolic processes, some avoidance mechanisms may come at a 
substantial cost to the metabolic health of an individual (Fig. 6). 
For example, with physical distancing, there is substantial collateral 
damage to the organismal metabolism of an individual. In animal 
and humans studies, social isolation has been associated with the 
development of weight gain or obesity, increased adiposity, and a 
loss of lean mass and insulin resistance; socially isolated humans are 
also more likely to have newly diagnosed T2D50–53 (Fig. 6).

The underlying mechanisms leading to the development of the 
metabolic consequences for physical distancing are complex, involv-
ing physiological, mental and behavioural factors. The transition 
from an active to a more sedentary lifestyle caused by the inability 
to go outside or by depressive states negatively affects organismal 
metabolism52,53. An acute sedentary lifestyle causes loss of muscle 
mass, and greater glucose levels, insulin resistance and adipos-
ity in humans52,53. Social isolation can limit individuals’ ability to 
consume a healthy diet; this limitation can be driven by emotional 
states of fear, such as the belief that leaving the home will result in 
contraction of a viral infection. Social isolation in experimental 
animals and in humans triggers hyperphagic and binge-feeding 
behaviour, as well as comfort feeding triggered by anxiety, fear or 
depression50,52,53. This response is likely to be due to the induction 
of various neurotransmitters involved in feeding and satiety, includ-
ing serotonin, neuropeptide Y, α-melanocyte-stimulating hormone 
and cocaine- and amphetamine-regulated transcript peptide; these 
pathways may constitute the molecular mechanism underlying 
social-isolation-induced hyperphagia50. Indeed, central adminis-
tration of cocaine- and amphetamine-regulated transcript (CART) 
during social isolation has been found to protect rats against hyper-
phagia, and blockade of CART prevents the effects of resocializa-
tion on feeding behaviour50. Finally, the stress response induced by 
social isolation causes behavioural and physiological changes that 
lead to unhealthful metabolic responses. For example, cortisol can 
intensify emotions and motivation for binge feeding; trigger insu-
lin resistance and muscle atrophy; and directly alter lipid, glucose 
and amino acid metabolism50,54. Therefore, I propose that after 
the COVID-19 pandemic ends, our avoidance tactics will cause 
more people to develop metabolic syndrome, thus exacerbating 
the already existing pandemic of metabolic diseases. An additional 
important concern is that, because people with COVID-19 with 
preexisting metabolic diseases are more susceptible to developing 
severe or clinical disease courses11, if a second wave of the COVID-19  
pandemic occurs, might a higher fraction of patients experience a 
more severe disease course because of our avoidance defences in 
the first wave of the pandemic? Therefore, people practicing these  
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necessary avoidance behaviours must maintain a routine of exercise 
and healthful eating to promote metabolic health.

Avoidance defences practiced by individuals infected with 
COVID-19 may also have complications in patient disease course. 
Social isolation and quarantines will contribute to differences in 
metabolic health during the infection. Although whether these 
metabolic changes caused by social isolation will affect the dis-
ease course is unknown, the metabolism of a host is well estab-
lished to dictate infection outcome6,9,10, and social interactions are 
known to be important for defence against infection55. Whether 
the effects of social isolation on infection defence are due to 

metabolic perturbations remains to be determined. Therefore, a 
potential conundrum exists between avoidance behaviours, such 
as quarantining and physical distancing, and infection defence. 
We must consider facilitating social interactions for patients while 
containing the infection. We also must understand the metabolic 
consequences of public-health and medical interventions for 
COVID-19 disease outcomes on people who become infected.

Resistance fights the fight against COVID-19. Avoidance mech-
anisms are not 100% effective, even in the most successful cases, 
and so other defensive strategies must be implemented. Resistance 
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Fig. 4 | relationship between disease stage and therapy for patients with COVID-19. After SARS-CoV2 infection, the virus replicates and reaches 

peak levels during stage 1, after which the levels steadily decline44–47. As viral levels decline, the host inflammatory response increases during the 

hyperinflammatory phase. Eventually this response decreases, and the recovery phase of the disease begins. An examination of the relationships among 

these parameters and the clinical course of the infection dictates which defence strategies will be most effective. Before infection, avoidance is the most 

clear defence strategy. After infection, patients will be in a presymptomatic (presymp.) phase of the infection, which is followed by stage 1 with fever, 

malaise and other mild symptoms. The viral levels peak and continue to decline as patients exit stage I, independently of whether patients will recover or 

progress to a severe or critical stage of infection. Antivirals are most effective for asymptomatic individuals and patients in stage 1. By stage 2, the host 

inflammatory response drives the disease, which continues into stage 3. Disease-tolerance and antivirulence strategies are most effective for patients in 

stages 2 and 3. Should patients survive, the host inflammatory response subsides, and the resolution phase begins; patients proceed toward recovery in 

stage 4. Disease-tolerance drugs are most effective for patients in stage 4. Patients who peak in disease severity in stages 1 or 2 can bypass stage 2 or 3, 

respectively, and enter into the recovery phase.
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strategies protect the host by destroying the virus and are effec-
tive early in the course of COVID-19, when the viral levels peak 
(Figs. 4 and 5). Three strategies can be used to promote resistance 
against SARS-CoV-2 at this early phase: (1) preventing viral entry 
into host cells, (2) targeting the infected epithelial cells that the 
virus has hijacked to prevent replication and (3) targeting the host 
immune response to destroy the virus. No effective antiviral agents 
for COVID-19 treatment are currently available, and developing 
such therapies has been the priority in the therapeutic discovery 
response to the virus. The potential antiviral COVID-19 treatments 
currently being tested involve the traditional logic for combating 
viral infections56. However, evidence suggests that targeting host 
metabolism at both the host cell and immune cell levels may be 
effective antiviral strategies for treating COVID-19.

Recent studies on RNA viruses have demonstrated the poten-
tial for targeting host cell metabolism as an antiviral strategy to 
treat infections. CoV pathogenesis involves entry of the viral RNA 
genome into host cells, in a process driven by interactions between 
the spike protein of the virus and ACE2 on the host cell, followed by 
proteolytic cleavage of the spike protein and endocytosis-mediated 
viral entry into the host cell. The RNA genome is deposited into 
the host cell and translated, and the replication and transcription 
complexes necessary for translation and replication then form. 
Subsequently, virions are packaged, assembled and released, and 
subsequently infect new cells57. In epithelial cells infected with 
human CoV, lipidomic analyses have shown an accumulation of sat-
urated and unsaturated fatty acids and phospholipids, thus suggest-
ing that these changes in the lipid profiles of infected cells may be 
important for viral replication58,59. In agreement with this idea, inhi-
bition of proteolytic processing of the transcription factor SREBP 
through treatment with the compound AM580 in epithelial cells 

in vitro, and in infected mice in vivo, has been found to inhibit viral 
replication by acting on multiple steps including decreasing intra-
cellular lipid-droplet formation, double-membrane-vesicle forma-
tion and palmitoylation of viral proteins59,60. Furthermore, AM580 
decreases palmitolyation of the surface glycoprotein haemaggluti-
nin of the RNA virus HIN1, thereby impairing replication of influ-
enza59,60. This finding suggests that targeting lipid metabolism in 
infected epithelial host cells may be a potential antiviral strategy for 
COVID-19 treatment (Fig. 6).

Children diagnosed with respiratory viral infections have ele-
vated glucose uptake in their lungs61. In agreement with this finding, 
analyses of influenza-infected human bronchial epithelial cells from 
paediatric donors have indicated increased c-Myc, glycolysis and 
glutaminolysis, which are required for viral replication. Treatment 
with the drug BEZ235, an inhibitor of the PI3K–mTOR signalling 
pathway, decreases viral titres and infection-associated pathologies, 
owing to the ablation of c-Myc induction and the restoration of 
PI3K–mTOR pathway homeostasis61. In Caco-2 cells, infection with 
SARS-CoV-2 has been found to upregulate carbon metabolism. 
Treatment with the glycolysis inhibitor 2-deoxy-d-glucose (2DG) 
prevents replication of SARS-CoV-2 in Caco-2 cells, thus suggesting 
that targeting glucose metabolism of the host may be a viable antivi-
ral strategy for treating COVID-19 (ref. 62 and Fig. 6).

With SARS and MERS, there is a delayed antiviral response with 
respect to viral load49. Similarly, with SARS-CoV-2, a reduced anti-
viral response is observed with respect to viral load63. Induction 
of type I interferon (IFN), an important component of the anti-
viral response of the host, is triggered in response to recognition 
of pathogen-associated molecular patterns by the innate immune 
system. In BALB/c mice, SARS-CoV infection reaches nearly max-
imal viral load by 16 hours after infection, with a delayed type I 
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Fig. 5 | A framework for defence strategies against COVID-19. The ability of an infection to cause disease is largely dependent on the host response 

to the infection. Defensive health mechanisms evolved to promote maintenance or resilience in people challenged with infections6. These inducible 

mechanisms operate by enabling organisms to antagonize or withstand the pathogen. Antagonizing the pathogen is mediated by avoidance and resistance 

strategies. Avoidance mechanisms are innate and learned behavioural mechanisms that are largely triggered by sensory cues and prevent a host from 

becoming infected with a pathogen6. Resistance mechanisms are encoded by the immune system and destroy the pathogen after it has infected the 

host1. Withstanding the pathogen is mediated by disease-tolerance and antivirulence strategies—physiological defences that alleviate the fitness costs 

of the infection by limiting physiological damage and promoting health in the presence of the pathogen1. Antivirulence mechanisms are a neutralization 

strategy based on changes in host physiology that limit pathogenic signals during infection without affecting the pathogen’s ability to infect or replicate 

in the host6,9,10. Disease-tolerance mechanisms limit damage during infection by minimizing tissue susceptibility to damage cues, thus supporting 

maintenance of physiological function and promoting repair1,6. A critical distinction is the ways in which these strategies affect the health trajectory with 

respect to pathogen fitness: avoidance and resistance mechanisms promote maintenance or resilience by avoiding or eradicating the pathogen, whereas 

disease-tolerance and antivirulence mechanisms promote health by allowing the presence of the pathogen to be withstood6. This same framework is 

important for understanding public-health and medical interventions for COVID-19 that will influence patient disease course. For COVID-19, progression 

into severe and critical stages of the disease is driven by the hyperinflammatory response resulting from host resistance defences against the infection. 

Antivirulence strategies will neutralize these pathogenic signals to minimize damage. Disease-tolerance strategies will provide physiological defence in the 

face of these signals. Quarantines, physical-distancing and hygienic measures serve as avoidance strategies.
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IFN response. Intranasal administration of the type I IFN IFN-β 
6 hours after infection promotes resistance, decreasing viral load 
early in the infection and increasing survival in mice49. This finding 
suggests that controlling viral load early is necessary for preventing 
disease progression and that promoting the IFN-I response early in 
the infection course may be an effective antiviral-based strategy in 
patients with COVID-19 (Fig. 6). A recent report has shown how 
the antiviral response to RNA viruses can be metabolically tar-
geted to promote an IFN-I response64. The retinoic-acid-inducible 
gene I–like receptor (RLR) family detects cytosolic viral RNA and, 
after activation, leads to the induction of the mitochondrial antivi-
ral signalling protein (MAVS), which is required for activation of 
interferon-regulatory transcription factor (IRF3) and IFN-I. MAVS 
localizes to the mitochondria and interacts with hexokinase-2 (HK-2).  
RLR activation abolishes this interaction, thus decreasing the levels 
of glycolytic intermediates downstream of HK-2. Growth of cells in 

low-glucose conditions or with a hexokinase inhibitor enhances the 
type I IFN response, whereas lactate produced by glycolysis sup-
presses the IFN-I response by binding directly to MAVS. In mice, 
fasting-induced hypoglycaemia increases IFN-I. Treatment of mice 
with a lactate dehydrogenase A inhibitor results in a more robust 
IFN-I response and greater resistance to RNA viruses64.

The studies above provide several demonstrations of how manip-
ulating host metabolism to promote resistance defences by target-
ing the immune response or viral replication within the host cell 
may be an effective treatment strategy for patients with COVID-19. 
Several excellent reviews describe immunometabolism and antivi-
ral defence, and suggest additional ways to potentially manipulate 
host metabolism to promote resistance defences65–67. These treat-
ments may be effective for COVID-19 if they are implemented early 
in the infection to minimize disease severity.

Physiological defences promote survival and recovery. Although 
antiviral agents will be effective for asymptomatic and stage 1 
patients with mild clinical symptoms, promoting the ability of 
patients to withstand the virus will be necessary after patients enter 
stages 2 and 3 (Figs. 4 and 5). As patients enter these phases, the 
infection transitions from a viral-driven disease to one driven by 
the host response. The inflammation caused by pneumonia in stage 
2 leads to a hyperinflammatory phase characterized by the release 
of cytokines from alveolar macrophages and recruitment of neutro-
phils to the pulmonary environment. These immune cells release 
platelet-activating factor and proteases that damage the pulmonary 
environment by acting on the alveolar epithelial–capillary endothe-
lial barrier. Disruption of this barrier causes fluid and debris accu-
mulation in the alveoli, decreased surfactant secretion and alveolar 
collapse, thus decreasing gas exchange and leading to hypoxia, dys-
pnoea, confusion, cyanosis and tachypnoea. At later stages, fibrosis 
in the lung can occur because of dysregulated repair responses. The 
systemic inflammation and hypoxia cause extrapulmonary patholo-
gies in vital organs including the brain, heart and kidneys.

Physiological defences enable patients to withstand the infec-
tion by (1) blocking the pathogenic responses that cause damage 
with antivirulence-based strategies and (2) limiting tissue, organ 
or physiological susceptibility to damage and maintaining physi-
ological function in the face of damage with disease-tolerance strat-
egies1,6 (Fig. 5). The host response during the hyperinflammation 
phase that drives pathology is well understood. This understanding 
has informed the current pursuit of candidate treatments that act 
as antivirulence mechanisms by blocking the cytokine storm that 
leads to ARDS and extrapulmonary pathologies such as anti-IL-6 
therapy68. Less is known about the mechanisms of disease toler-
ance, and treatment therefore has been limited to supportive care 
to improve disease tolerance by promoting lung function to meet 
oxygen demands, as well as to maintain blood pressure and prevent 
clotting2. However, on the basis of knowledge of other lung infec-
tions and lung injury conditions, as well as normal lung physiology, 
predictions can be made as to how disease tolerance to COVID-19 
might be induced. In both cases, recent studies have demonstrated 
that disease tolerance and antivirulence defences are largely driven 
by metabolic processes7–10. Below, I discuss ways in which host 
metabolism can be targeted to promote the physiological defences 
of the host, focusing largely on antivirulence and disease-tolerance 
methods to limit susceptibility to damage and promote repair in 
the pulmonary environment. I also address how metabolism can be 
leveraged to defend against extrapulmonary damage in people with 
COVID-19.

Antivirulence metabolic strategies to block pathogenic signals. 
Metabolic programming is essential for regulating inflammatory 
responses, and targeting host cellular metabolism is a clear way to 
promote antivirulence in patients with severe or critical COVID-19. 
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Fig. 6 | targeting host metabolism to defend against COVID-19. 

Individuals can use four defence strategies against COVID-19. Avoidance 

mechanisms prevent an individual from acquiring the infection. Although 

these mechanisms are likely not to be driven by metabolic processes, 

the collateral damage from using some avoidance mechanisms can 

detrimentally affect metabolic health. Resistance strategies protect the 

host by destroying the infection. Various aspects of host metabolism 

can potentially be targeted to inhibit viral replication in the host cell 

and to boost the immune response of the host to destroy the pathogen. 

Targeting host metabolism may also be a viable strategy to promote both 

antivirulence defences to protect against pathogenic signals induced during 

the infection and disease-tolerance defences that limit tissue susceptibility 

to damage signals and enable them to function despite potentially 

experiencing damage, as well as to recover from the damage. T2AECs, type 

II alveolar epithelial cells; ROS, reactive oxygen species.
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In a mouse model of lipopolysaccharide (LPS)-induced lung injury, 
inhibition of glutamine metabolism with the glutamine analogue 
6-diazo-5-oxo-l-norleucine (DON) decreases lung inflammation, 
as characterized by diminished neutrophil infiltration, and lower 
levels of interstitial macrophages and proinflammatory cytokines 
and chemokines. These effects are associated with earlier expression 
of the growth factor amphiregulin and faster recovery from lung 
damage69. In agreement with this finding, in mice with LPS-induced 
lung injury, glutamine treatment exacerbates cytokine produc-
tion and neutrophil recruitment to the pulmonary environment. 
However, in other models with various methods of lung injury 
induction and routes of glutamine administration, glutamine has 
been found to be protective against ARDS. The differences in effects 
on disease pathogenesis are likely to be explained by the differences 
in the route of glutamine administration, timing and specific insult 
triggering ARDS70 (Fig. 6).

Targeting mitochondria may serve an important antivirulence 
mechanism for surviving ARDS. Reactive oxygen species regulate 
the activation of the transcription factor NF-κB and the inflamma-
tory response. Treatment of LPS-exposed neutrophils with either 
rotenone, an inhibitor of complex I of the mitochondria, or met-
formin results in increased intracellular superoxide and hydro-
gen peroxide. These effects are associated with the inhibition of 
LPS-induced NF-κB activation and proinflammatory-cytokine pro-
duction. In a mouse model of LPS-induced lung injury, treatment 
with rotenone or metformin results in inhibition of complex I in the 
lung and protection against lung injury, including decreased neutro-
phil infiltration, proinflammatory cytokines and lung oedema, thus 
suggesting that targeting mitochondrial function in neutrophils 
may promote antivirulence defence during COVID-19. Metformin 
also induces autophagy, and CoVs may use autophagy for replica-
tion71; consequently, the timing of metformin treatment in patients 
with COVID-19 may be tricky in severe and critical cases, because 
the treatment may promote viral replication if it is administered too 
early in the infection course (Fig. 6).

The cytokine storm seen in patients with SARS has been sug-
gested to be driven by a delayed IFN-I response72. A robust 
anorexic response has been reported patients with COVID-19 (ref. 
73). Because fasting-induced hypoglycaemia affects the cellular 
antiviral response, activating MAVS and an IFN-I response dur-
ing viral infections, a potential cellular metabolic target to suppress 
IFN-I during these late stages may involve activation of HK-2, for 
example by feeding or glucose administration, or by treatment 
with lactate. Indeed, in a mouse model of influenza infection, 
overriding the anorexic response or oral administration of glucose 
has been found to be sufficient to protect mice against infection7. 
The relationship between glycolysis and IFN-I in the lungs dem-
onstrates the complexities of promoting antivirulence defences. 
Inhibiting glycolysis would theoretically be beneficial early in the 
course of COVID-19 because it might induce the IFN-I response, 
thus promoting resistance defences; however, later during the 
host-response phase of the disease, IFN-I should be downregulated 
by promoting glycolysis, in an antivirulence mechanism to inhibit 
the cytokine storm (Fig. 6).

The differential effects of glycolysis on the induction of different 
proinflammatory cytokines will further complicate the candidacy of 
glycolysis as an antivirulence target for COVID-19. IL-1β is a pro-
inflammatory cytokine that is elevated in people with COVID-19 
(ref. 74). Treatment of mice with the glycolysis inhibitor 2DG has 
been found to inhibit IL-1β maturation during LPS treatment75. 
Furthermore, treatment of LPS-treated mice with 2DG protects 
against LPS-induced death7. Glycolysis supports IL-1β maturation 
in vivo through generation of 3-phosphoglycerate, a precursor for 
de novo serine synthesis76. Treatment of LPS-challenged mice with 
PH-739-005N, a small-molecule inhibitor of phosphoglycerate 
dehydrogenase (a substrate in de novo serine synthesis) is sufficient 

to protect mice against LPS-induced lethality and maturation of 
IL-1β (ref. 76 and Fig. 6).

In addition to undergoing glycolysis, glucose flows through the 
hexosamine-biosynthesis pathway. The end product of this path-
way is uridine diphosphate N-acetylglucosamine (UDP-GlcNAc). 
O-linked β-N-acetylglucosamine transferase (OGT) mediates the 
transfer of UDP-GlcNAc to serine or threonine residues on tar-
get proteins. During influenza A virus infection, OGT is induced; 
OGT then binds interferon regulatory factor-5 (IRF5), and IRF5 
is subsequently O-GlcNacylated. This process is necessary for 
K63-linked ubiquitination of IRF5 and subsequent cytokine pro-
duction, thereby leading to the cytokine storm induced by influ-
enza infection. Genetic analyses in mice have confirmed that OGT 
mediates the influenza-induced cytokine storm via IRF5 in vivo77. 
Thus, inhibition of the hexosamine-biosynthetic pathway may be a 
feasible antivirulence strategy for respiratory infections including 
SARS-CoV-2 (Fig. 6).

Peroxisome proliferator-activate receptor γ (PPARγ), is a nuclear 
receptor that regulates various aspects of metabolism and inflam-
mation, including polarization of M2 macrophages and restric-
tion of excessive production of inflammatory cytokines. During 
influenza A infection in mice, PPARγ is downregulated in alveo-
lar macrophages in an IFN-I-dependent manner78. Mice deficient 
in PPARγ in macrophages and other Lyz2-positive cells exhibit a 
greater inflammatory response during influenza A infection than 
wild-type mice, as well as increased death78. In agreement with these 
findings, mice treated with prophylactic or therapeutic agonists 
of PPARγ, exhibit decreased morbidity and mortality when chal-
lenged with influenza infection79. Interestingly, in obesity, PPARγ 
is dysregulated, thus suggesting that the increased susceptibility to 
SARS-CoV-2 in people with metabolic diseases may be partly due 
to a dysregulated inflammatory response mediated by defects in 
PPARγ activity, and that targeting PPARγ in these patients may be a 
therapeutic option (Fig. 6).

The studies above provide some examples of how manipulating 
host cellular metabolism may be an effective strategy for promot-
ing antivirulence defences against COVID-19. However, because 
the antivirulence strategies are directly linked to resistance strate-
gies, antivirulence strategies have inherent complexities and might 
potentially compromise resistance defences and trigger more severe 
disease. Several recent reviews on immunometabolism and meta-
bolic reprogramming in immune cells provide additional examples 
of how to target metabolism to downregulate the inflammatory 
response for antivirulence purposes65–67 (Fig. 6).

Disease tolerance limits susceptibility to damage. There are two 
potential concerns regarding antivirulence-based approaches. 
First, these approaches may increase patient susceptibility to the 
virus or secondary bacterial infections, because they block immune 
responses2,80. Second, there is an important temporal aspect to 
the infection that must be considered. To be effective, antiviru-
lence strategies must be implemented early and before damage has 
occurred. Thus, focusing on promoting disease tolerance seems rea-
sonable to limit tissue susceptibility to damage, sustain physiologi-
cal function in the presence of this damage and initiate a recovery 
response2. Timing will certainly be important, and combinatorial 
strategies are likely to be most effective in patients with COVID-19.

One way to potentially limit susceptibility to the inflammatory 
damage during COVID-19 is to limit epithelial cell sensitivity by 
adapting and surviving in the presence of pathogenic signals6. In a 
mouse model of acute pulmonary endotoxemia–induced damage, 
alveolar epithelial cells show decreased expression of genes involved 
in mitochondrial biogenesis and fatty acid oxidation, includ-
ing Ppargc1a and Cpt1a, as well as impaired fatty acid oxidation.  
The deletion of Ppargc1a, the gene encoding PGC-1A, from alveo-
lar epithelial cells renders mice more susceptible to pulmonary  
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damage caused by intranasal treatment with LPS, an effect asso-
ciated with increased caspase-3 cleavage in epithelial cells, thus 
suggesting that the absence of fatty acid oxidation in the alveolar 
epithelial cells is necessary for the survival of these cells in response 
to acute lung injury81. PGC-1A cooperates with PPARα in the tran-
scriptional control of nuclear genes encoding mitochondrial fatty 
acid oxidation enzymes, thereby inducing fatty acid oxidation82. 
The treatment of mice with a PPARα agonist is sufficient to pro-
tect against LPS-induced lung injury; consequently, PGC-1A may 
promote disease tolerance in response to acute lung injury by pro-
moting fatty acid oxidation in alveolar epithelial cells and conse-
quently protect against cell death81. Therefore, promoting fatty acid 
oxidation in alveolar epithelial cells may be useful for increasing 
survival in patients with COVID-19 by maintaining the epithelial 
barrier. Similarly, repair of the lung epithelium and restoration of 
lung epithelial function is necessary for the repair of pulmonary 
damage caused by ARDS. This process involves proliferation of 
type II alveolar epithelial cells and their differentiation into type I 
alveolar epithelial cells. Promoting the survival of type II epithelial 
cells through fatty acid oxidation may be necessary for the repair 
process by sustaining the number of cells that can differentiate into 
type I cells and therefore may be important for the recovery phase 
of COVID-19 (Fig. 6).

PGC-1A performs many additional functions in cellular metab-
olism, including mitochondrial biogenesis, oxidative phosphoryla-
tion, gluconeogenesis and glycogenolysis; these functions may be 
important for promoting disease tolerance in acute lung injury. 
The glucose catabolism associated with these functions may con-
tribute to the protective effects of PGC-1A. In a mouse model of 
mechanical-stretching injury of the lung, stretching of pulmonary 
epithelial cells has been found to result in inhibition of succinate 
dehydrogenase, thus leading to increased levels of succinate83. 
Succinate activates hypoxia-inducible factor (HIF) 1α in a nor-
moxic manner in alveolar epithelial cells83 and consequently facili-
tates the adaptation of these epithelial cells to mechanical stress by 
increasing the glycolytic capacity of the cells, tricarboxylic acid flux 
and mitochondrial respiration, thus increasing in the amount of 
ATP produced by alveolar epithelial cells. Treatment of mice with 
dimethyl-oxaloglycine, a pharmacological stabilizer of HIF1α, 
protects against lung inflammation and pulmonary oedema, 
and improves gas exchange, thereby increasing survival83. These 
data suggest that targeting glycolysis in alveolar epithelial cells in 
COVID-19 during the ARDS stage may be a useful strategy to pro-
mote disease tolerance during infection. Furthermore, this strategy 
may be useful to protect against the collateral lung damage caused 
by the use of mechanical ventilators, which can contribute to lung 
injury. Although these data suggest that glycolysis may be beneficial 
for tolerance during the ARDS phase of COVID-19, as discussed 
earlier, targeting glycolysis in patients with COVID-19 will be com-
plicated by the differential effects that glycolysis appears to have on 
multiple aspects of host defence, including resistance, antivirulence 
and disease tolerance. Therefore, there are important temporal and 
cellular target considerations for drugging this process for COVID-
19 treatment (Fig. 6).

Beyond maintaining the alveolar epithelial barrier, maintaining 
the integrity of the capillary endothelial barrier is also essential for 
preventing lung vascular permeability. Dysfunction of the endothe-
lial cell barrier in ARDS results in accumulation of fluid and mac-
romolecules in the interstitium and alveolar space, thus leading to 
pulmonary oedema. The kinase AMPK is a critical regulator of nor-
mal endothelial cell function and maintenance of endothelial barrier 
integrity. AMPK is also a critical regulator of cellular metabolism. In 
a mouse model of LPS-induced acute lung injury, AMPK activity is 
inhibited in the lung. AMPKα-knockout mice, deficient in AMPK, 
are more susceptible than wild-type mice to LPS-induced acute 
lung injury and to increased barrier dysfunction, thereby resulting 

in inflammation, oedema and congestion. Treatment of mice with 
the drug AICAR, which activates AMPK, increases barrier integ-
rity, and decreases pulmonary vascular permeability and overall 
morbidity in response to acute lung injury84. Thus, to promote sur-
vival of patients with COVID-19 via improving disease tolerance by 
maintaining barrier integrity in response to the hyperinflammatory 
state, targeting metabolism in pulmonary endothelial cells in addi-
tion to alveolar epithelial cells may be an important strategy (Fig. 6).

Pulmonary surfactant is a lipoprotein complex, composed of 90% 
lipids and 10% proteins, that is secreted by epithelial cells and coats 
the alveolar surface of the lung. It promotes ventilation by decreas-
ing the surface tension between air and fluid, thus facilitating gas 
exchange and preventing alveolar collapse. Alveolar surface tension 
increases during ARDS, and collapse can occur and subsequently 
contribute to poor gas exchange and hypoxia. This response is due 
to changes in the amount of surfactant secreted into the pulmo-
nary environment, and in phospholipid, fatty acid, neutral lipid and 
surfactant-apoprotein composition85. In patients with ARDS, profil-
ing of the phospholipid composition of the bronchoalveolar lavage 
fluid has shown that the composition changes, with decreased phos-
phatidylglycerol levels and a compensatory increase in the amounts 
of minor components86. Levels of palmitate, the most abundant 
fatty acid in surfactant, are also diminished in people with ARDS86. 
Work in animal models of acute lung injury suggests that changes 
in surfactant metabolism may be responsible for these alterations 
during ARDS87. These findings suggest that manipulating surfac-
tant metabolism in pulmonary epithelial cells to maintain proper 
composition and secretion may be beneficial for promoting disease 
tolerance in COVID-19 by maintaining alveolar integrity and struc-
ture (Fig. 6).

Surfactant physiology appears to also be regulated metabolically 
at the organismal level. Mice deficient in leptin have diminished 
lung expression of parathyroid-hormone-related protein, a criti-
cal regulator of surfactant production by alveolar epithelial cells88. 
However, whether leptin is protective in the context of ARDS is 
questionable. In a mouse model of bleomycin-induced fibrosis, 
leptin-receptor-deficient (db/db) mice are protected against devel-
oping lung fibrosis. This protection is correlated with elevated levels 
of PPARγ, which inhibits the transcriptional response to TGF-β1, 
a cytokine that contributes to the pathogenesis of ARDS fibrosis89. 
Interestingly, obese animal models, compared with control animals 
with healthful weight, have altered pulmonary lipid deposition, sur-
factant levels and composition90. Furthermore, obese rats show an 
increase in lung size, thus causing a surfactant deficiency relative to 
the lung surface area, along with changes in respiratory function90. 
These findings suggest that leptin may be protective during the 
survival phase of ARDS but maladaptive in the recovery phase of 
ARDS. Moreover, alterations in surfactant physiology may contrib-
ute to the increased risk associated with metabolic syndrome and 
COVID-19 (Fig. 6).

Alveolar-fluid accumulation occurs in both pneumonia and 
ARDS, and people with COVID-19 that progresses to ARDS have 
pulmonary oedema, which contributes to hypoxia. Type II alveolar 
epithelial cells substantially contribute to the resolution of oedema 
by mediating fluid reabsorption. This process is dependent on the 
active transport of Na+ across the alveolar epithelium, in a pro-
cess primarily mediated by apical sodium channels and basolateral 
Na/K-ATPase. Transport of Na+ and K+ across the cell maintains 
the ionic gradients and consumes ~40% of the cellular ATP. The 
hypoxic environment in the alveoli during ARDS and pneumonia 
decreases the amounts of these transporters at the plasma mem-
brane, thus impairing fluid reabsorption. The hypoxic environment 
leads to mitochondrial reactive-oxygen-species-mediated activation 
of the CRAC channel, thereby leading to Ca2+/CaMKKb-dependent 
AMPK activation and subsequent endocytosis of Na/K-ATPase 
transporters and impaired alveolar fluid clearance91. Therefore, 
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maintaining the levels of Na/K-ATPase transporters at the epithe-
lial cell plasma membrane may be an important disease-tolerance 
mechanism to promote fluid reabsorption. This maintenance 
may be achieved via HIF. Endocytosis of Na/K-ATPase is medi-
ated by PKCζ. During hypoxia, HIF upregulates the ubiquitin 
ligase HOIL-1L, which targets the kinase PKCζ for degradation. 
Consequently, the amount of Na/K-ATPase transporters at the 
plasma membrane is stabilized, thus resulting in protection against 
hypoxia-induced lung injury92 (Fig. 6).

Patients who survive the inflammatory phase of ARDS enter the 
repair phase of the condition. Repair of pulmonary tissue is essen-
tial for restoring lung function and is mediated by disease-tolerance 
mechanisms; however, dysregulation of this process can cause pul-
monary fibrosis—an ‘out-of-control’ wound with a scar that forms 
around the alveoli, which can lead to lung malfunction and stiff-
ness, thereby causing a disruption in gas exchange and potentially 
death from respiratory failure. This phase is often called the late 
fibrotic stage. Approximately 20–30% of patients with COVID-19 
have decline in lung function after surviving severe or critical stages 
of the infection, thus suggesting that they may be experiencing pul-
monary fibrosis93. There is no cure for fibrosis, but if it is identified 
early, therapies including anti-inflammatory agents and anti-growth 
factors may be effective for decreasing fibrosis development. Drugs 
that target host metabolism may also protect against pulmonary 
fibrosis. Mitochondrial dysfunction and altered lipid metabolism 
in alveolar type II epithelial cells are associated with the pathogen-
esis of pulmonary fibrosis. In a mouse model of bleomycin-induced 
pulmonary fibrosis, the levels of elongation of long-chain fatty 
acid family member 6 (Elovl6), the rate-limiting enzyme catalys-
ing the elongation of fatty acids, is decreased in fibrotic lungs. 
ElovI6 deficiency increases susceptibility of lung fibrosis associated 
with alveolar-wall thickening94. In the fibrotic lung, expression of 
the mitochondrial lipid-remodelling enzyme lysocardiolipin acyl-
transferase, is decreased. Overexpression of this enzyme protects 
against lung fibrosis95. In fibrotic lungs, epithelial cells accumulate 
large aggregates of misfolded proteins, which cause endoplasmic 
reticulum stress. Similarly, inhibition of stearoyl-CoA desaturase, 
an enzyme involved in the desaturation of fatty acids, causes endo-
plasmic reticulum stress and pulmonary fibrosis in mice96, thus 
suggesting that epithelial cell metabolism may control the endo-
plasmic reticulum stress in fibrotic lungs. Chu et al. have reported 
that fibrotic patients have higher palmitate levels in their lungs than 
control individuals. In mice fed a palmitate-rich Western-type diet, 
mice have a more severe response to bleomycin-induced lung injury, 
and also show elevated expression of endoplasmic reticulum stress 
markers and lung fibrosis. In vitro palmitate is directly toxic to lung 
epithelial cells by causing endoplasmic reticulum stress. Deletion of 
the CD36 lipid receptor abolishes these toxic effects, thus demon-
strating that sensing of lipids by pulmonary epithelial cells can trig-
ger endoplasmic reticulum stress, which in turn may facilitate the 
fibrotic response in lungs during lung injury. However, deletion of 
the CD36 lipid receptor abolishes these toxic effects97. Thus, target-
ing pulmonary metabolism may be an additional therapeutic option 
in patients with COVID-19, to promote their recovery and increase 
their likelihood of returning to their original health state before the 
infection (Fig. 6).

Targeting pulmonary physiology in patients with COVID-19 
will be essential for the treatment of severe or critically ill patients, 
and although disease-tolerance strategies will probably be most use-
ful, antivirulence strategies may provide some benefit in a narrow 
therapeutic window. The effectiveness of disease-tolerance strate-
gies is not limited to patients who reach severe or critical points 
in their disease course. For example, drugs that target the alveolar 
epithelial cells and limit their sensitivity to inflammatory damage 
could be administered early to limit damage to the lung. This is an 
underappreciated aspect of infectious-disease defence and therapy 

in general, and is likely to be the strategy most amenable to meta-
bolic targeting strategies.

extrapulmonary events in patients with COVID-19
Although this discussion has focused on the pulmonary effects of the 
hyperinflammatory phase of COVID-19, extrapulmonary effects 
also occur in patients, including damage to the heart and other 
components of the cardiovascular system, skeletal muscle, brain and 
kidney, as well as gastrointestinal effects (Fig. 2). The causes of these 
extrapulmonary events are not clear, but many non-exclusive expla-
nations exist for these events. First, many of these tissues express 
ACE2, and therefore the organ damage in these patients may be the 
direct consequence of SARS-CoV-2 infecting these tissues. Second, 
the damage can be a consequence of the direct effects of the host 
inflammatory response. Third, the damage can be a consequence of 
the organ dysfunction and the resulting decline in the physiological 
function of other organs. For example, the respiratory failure causes 
hypoxia, which can damage other physiological systems. Similarly, 
cardiovascular damage can limit the delivery of oxygenated blood to 
other systems. Acute kidney injury can lead to the accumulation of 
metabolites in the blood that are toxic to other systems. Regardless 
of the cause, the most logical defence strategy for patients present-
ing with these complications is disease tolerance to (1) limit the 
damage; (2) enable the organ to perform its physiological function 
despite experiencing damage; and (3) promote repair of the organ6. 
Targeting metabolism is a viable option to mediate these goals6.

In COVID-19, studies from Wuhan have indicated that 20–45% 
of patients experience heart damage from the infection98. Similar 
percentages of patients have been reported to have abnormal blood 
clotting during the infection99. Cardiac damage can decrease the 
capacity of the heart to provide oxygenated blood to the rest of the 
body. This effect, combined with blood clotting, can contribute to 
the extrapulmonary hypoxia that leads to organ failure. Because the 
heart and cardiovascular system express ACE2, this effect can be 
due to direct infection by the virus or to the collateral damage of the 
host response during the infection (Fig. 2). The heart has an excel-
lent capacity to adapt to pathogenic signals and injury by modulat-
ing cardiac metabolism. Fatty acid oxidation is the primary energy 
substrate for the heart under homeostatic conditions. During heart 
failure, cardiomyocyte energetics is altered, with a shift from fatty 
acids to glucose as the preferred substrate. During ischaemic injury, 
the heart remodels and exhibits hypertrophy to adapt to the injury, 
and this response is associated with an upregulation of glycolysis 
in cardiomyocytes100. This important disease-tolerance mechanism 
enables the heart to perform its physiological functions in the pres-
ence of pathogenic signals despite being damaged6. Shifting to glu-
cose metabolism promotes myocardial contractile efficiency, thus 
optimizing the ratio of ATP production to oxygen consumption. In 
a porcine model, increasing glucose oxidation and decreasing fatty 
acid metabolism improves cardiac efficiency101 and may serve as a 
method to promote disease tolerance in patients with COVID-19 by 
facilitating the adaptation of the heart to the diseased state (Fig. 6).

Patients with COVID-19 have been reported to exhibit symp-
toms in the brain and central nervous system, including stroke and 
seizures102 (Fig. 2). Cells in specific regions of the brain express 
ACE2, but whether the virus actually infects the brain is unclear. 
Certainly, stroke and seizures can be a consequence of the collat-
eral damage of the host response, including respiratory failure and 
damage to the cardiovascular system. In a mouse model of poly(I:C) 
to mimic viral inflammation, glucose metabolism by the brain is 
necessary to facilitate neuronal adaptation to the unfolded-protein 
response occurring during infection7. Decreased glucose availability 
to the brain due to fasting results in lethal seizures7. This finding 
is consistent with observations in people with epilepsy, whose sei-
zures are associated with impairments in oxidative glucose metabo-
lism103. Therefore, targeting glucose metabolism in the brain may be 
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a viable disease-tolerance strategy for a broad range of diseases that 
cause central symptoms, including COVID-19 (Fig. 6).

Like other organs, the kidneys exhibit mitochondrial dysfunc-
tion and decreased levels of intracellular ATP during severe or 
critical illness caused by acute inury104,105. In a sepsis mouse model 
involving caecal ligation and puncture, renal phosphorylation 
of AMPK is elevated. Activation of AMPK with the AMP analog 
AICAR protects mice against acute kidney injury induced by caecal 
ligation and puncture, and this effect is associated with decreased 
inflammation and endothelial cell activation and injury106. In this 
case, AMPK appears to act as an antivirulence mechanism, because 
AMPK activity downregulates the inflammatory and endothelial 
cell response that serves as the damage signal to the kidney. Because 
AMPK is also a critical regulator of energy, part of the renal protec-
tion mediated by AMPK activity in response to acute kidney injury 
might involve regulating energy balance and promoting disease tol-
erance of the organ, thus enabling the kidneys to function during 
the disease phase (Fig. 6).

Skeletal muscle atrophy is a complication of hypercapnia that 
results from poor gas exchange in the lung. Rhabdomyolysis, a 
form of atrophy due to the breakdown of damaged muscle, has 
been reported in patients with late stages of COVID-19 (ref. 42 and 
Fig. 2). This condition is life threatening and may be related to the 
acute renal injury observed in people with COVID-19. In a mouse 
model of acute lung injury caused by bacterial pneumonia, induc-
tion of IGF-1 in the white adipose tissue promotes disease toler-
ance to bacterial pneumonia via signalling to the skeletal muscle, 
thus maintaining skeletal muscle size8 (Fig. 6). These examples 
demonstrate how metabolism in organs can be regulated to pro-
mote an individual’s physiological defences during an infection. 
Elucidation of the full spectrum of physiological defence mecha-
nisms and how metabolism can be targeted to exploit these mecha-
nisms during COVID-19 and other diseases will be important in 
further investigations6.

Immediate clinical consequences
Data from the COVID-19 pandemic, past SARS outbreaks and 
other viral and critical illness settings demonstrate that host 
metabolism must be considered. Metabolic abnormalities are a 
risk factor for severe and critical conditions, thus demonstrat-
ing that metabolic parameters must be managed to control the 
COVID-19 disease course. Glycaemic management is associated 
with better outcomes in COVID-19. Management through mea-
sures such as insulin administration or GLP1 for hyperglycaemic 
cases and glucose for hypoglycaemic cases may be beneficial for 
patient care. Metabolic strategies that promote patient disease tol-
erance may also have therapeutic potential, and strategies that can 
have beneficial effects in multiple systems would be ideal. Because 
the regulation of fatty acid oxidation appears to be important for 
promoting disease tolerance in various organ and physiologi-
cal systems, one such potential candidate would be administra-
tion of PPAR agonists. PPAR agonists have been shown to have 
tissue-protective roles in the heart during ischaemic challenge, in 
the kidneys in acute-injury settings and against pulmonary dam-
age in ARDS models107,108. Other drugs that modulate fatty acid 
oxidation, such as trimetazidine or perhexiline, also have protec-
tive effects in the heart, kidneys and lungs107,109, and may be viable 
avenues to pursue. Because COVID-19 is a new infection, the most 
effective metabolic targets to treat the infection are not yet known. 
Although this pathogen is new, the pathologies are old and gen-
eralizable for several severe and critical conditions. Although the 
upstream pathways activated by SARS-CoV-2 will be distinct from 
those in other diseases, they are likely to ultimately converge on 
the same pathways that lead to pathology and death6, thus suggest-
ing that some commonalities are likely between COVID-19 and 
other diseases that cause similar pathologies.

Conclusions
The relevant way to think about infectious-disease pandemics is 
in the context of when the next pandemic will occur rather than 
whether there will be another pandemic. With the next outbreak, it 
is unlikely that effective vaccine- or antimicrobial-based strategies 
will be available to fight the infection; the ‘enemy’ will be unknown 
until it is upon us. In each pandemic, the first line of defence has 
been supportive care to promote patient disease tolerance and to 
gain time for patients to recover from the infection. An examina-
tion of the pathologies of infectious-disease outbreaks over the 
past century demonstrates that although the pathogens are differ-
ent, the pathologies are the same. The COVID-19 pandemic has 
served as an important reminder that we must broaden our focus 
in how we think about infectious diseases. We must approach infec-
tious diseases from a more holistic viewpoint to understand how 
pathology occurs; how physiological function changes as a conse-
quence of the damage; what methods we can use to defend against 
the pathology and physiological dysfunction and the immune 
response; and how to destroy the pathogen. We must begin devel-
oping disease-tolerance-based strategies so that when the next pan-
demic occurs, we will be better equipped to treat infected people 
before effective vaccines are developed. We must understand how 
the pathophysiologies of preexisting conditions influence the dis-
ease course of COVID-19 and other infections, and how these con-
ditions may render patients more susceptible to infection-induced 
damage. We also must understand the recovery process of patients 
with infectious diseases and how the infection sequelae can make 
patients susceptible to developing other conditions. Evidence from 
COVID-19, past SARS outbreaks and critical infectious conditions 
in general highlight the importance of understanding the relation-
ship between metabolic processes and health for infection suscep-
tibility, treatments and recovery. Targeting host metabolism at the 
cellular, tissue, organ and physiological levels is a viable approach 
to promoting defence against COVID-19 at various stages along the 
disease course. Once we think beyond the traditional view of infec-
tious diseases, we will be better able to treat them.
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