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Highlights
Obesity is a strong risk factor for severe
illness and mortality from coronavirus
disease 2019 (COVID-19) infection.
Mechanisms linking obesity with severe
COVID-19 include diabetes-associated
hyperglycemia, inflammation, weakened
immune function, and metabolic
dysfunction.

Obese populations have a known history
of poor response to vaccination and it is
unknown whether this will also affect
their vaccine-induced immunity to
COVID-19. Therefore, it is important to
implement dietary and lifestyle changes
that potentially boost metabolic and im-
mune health to mitigate the impacts of
COVID-19.

Intermittent fasting (IF) is associated with
weight loss, improved glucose homeo-
Obesity is strongly and independently associated with an increased risk of se-
vere illness and death from coronavirus disease 2019 (COVID-19). The patho-
physiological changes that result from elevated body weight lead to metabolic
dysfunction, chronic inflammation, impaired immunological responses, andmul-
tisystem disorders, which increase vulnerability to severe illness from COVID-19.
While vaccination strategies are under way across the world, the second and
third waves of the pandemic, along with the emergence of novel severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) strains, continue to threaten the
stability of medical systems worldwide. Furthermore, evidence from previous
pandemics suggests that vaccines are less effective in obese individuals than
in their healthy-weight counterparts over the long term. Therefore, a consider-
ation of lifestyle changes that can boost metabolic health and immunity is critical
to reduce the risk of complications and severe illness from viral infection. In this
review, we discuss the potential mechanisms linking excess body weight with
COVID-19 morbidity. We also present evidence that intermittent fasting (IF), a
dietary program that has gained popularity in recent years, may be an effective
strategy to improve metabolic health and immunity and thus reduce the impact
of obesity on COVID-19 morbidity and mortality.
stasis, metabolic health restoration, and
strengthened immune responses.

Amid COVID-19 lockdowns, which are
associated with more-sedentary life-
styles, the incorporation of IF may be a
practical way to curb unhealthy eating
habits, maximize healthy lifestyles, and
improvemood and emotional well-being.
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Intersection of two pandemics
The COVID-19 pandemic has resulted in a major health crisis with devastating social and
economic consequences. Studies from multiple clinical cohorts have shown that obesity is
associated with increased complications, disease severity, and mortality on SARS-CoV-2 infec-
tion [1–3]. A risk assessment analysis of over 900 000 COVID-19 hospitalizations across the
USA found that almost two-thirds of these hospitalizations were attributable to cardiometabolic
conditions; namely, obesity, diabetes mellitus (DM), hypertension, and heart failure, with obesity
accounting for 30% of hospitalizations [4]. COVID-19 patients with elevated body mass index
(BMI) were reported to have significantly increased need for invasive mechanical ventilation, a ro-
bust proxy for severity of disease [3], were more likely to develop severe pneumonia, exhibited
more severe lung pathological changes and injury, and had increased risk of mortality compared
with non-obese patients (BMI <25 kg/m2), independent of age, sex, diabetes, and hypertension
[1,2,5,6].

Unlike the rapid spread of COVID-19, the obesity pandemic has been slowly gaining momentum
for decades. The global prevalence of obesity tripled between 1975 and 2016, and according to
the World Health Organization over 650 million adults aged 18 years and over worldwide were
obese in 2016 (https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight).
Excess adipose tissue is a major source of proinflammatory factors that contribute to chronic
systemic inflammation and a host of metabolic disturbances including type 2 DM (T2DM) [7].
Infection with SARS-CoV-2 elicits a wide spectrum of clinical responses (Box 1). Severe
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Box 1. Clinical characteristics of SARS-CoV-2 infection

Infection with SARS-CoV-2 elicits a wide spectrum of clinical responses, ranging from asymptomatic infection to severe
multisystem failure and respiratory distress. During the initial phase of infection, the entry of SARS-CoV-2 into the host cells
activates innate immune signaling cascades, leading to increased secretion of proinflammatory cytokines, followed by
functional adaptive immune responses that are critical for recovery and long-term immunity [93]. Approximately 1 week
after the onset of COVID-19 symptoms, SARS-CoV-2-specific B and T cell responses can be detected in the blood
[94]. These initial immune responses play a vital role in viral clearance through antibody production, the direct killing of
virus-infected cells, and the production of cytokines that aid in immune cell recruitment [93,94]. While the majority of
COVID-19 cases exhibit mild to moderate symptoms and eventually recover, approximately 15% exhibit dysfunctional im-
mune responses characterized by uncontrolled proinflammatory cytokine release [95,96]. This state of hyperinflammation,
termed a cytokine storm, is thought to be the main driver of tissue injury, resulting in acute respiratory distress syndrome
(ARDS), multiorgan failure, and ultimately death [32]. Thus, compared with individuals who experience a normal recovery,
patients with severe COVID-19 infection exhibit markedly increased serum levels of numerous proinflammatory cytokines
[e.g., IL-6, IL-1β, IL-2, IL-8, IL-17, granulocyte colony-stimulating factor (G-CSF), granulocyte–macrophage CSF (GM-
CSF), leptin, TNF-α] accompanied by immune cell impairment (e.g., higher percentages of pathogenic inflammatorymono-
cytes, which propagate cytokine storms) [8,32,97]. Decreased lymphocyte counts and abnormal lymphocyte functionality,
including T cell exhaustion, have also been associated with increased COVID-19 severity [32,93].
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complications of COVID-19 infection and cytokine storm are more pronounced in individuals with
elevated BMI and diabetes [2,8], suggesting that obesity-associated inflammation and metabolic
dysfunction exacerbate the severity of illness, thus culminating in the dangerous intersection of
two global pandemics.

Currently, a number of COVID-19 vaccine candidates have undergone regulatory approval and
are being used for vaccination. However, there remain barriers to achieving herd immunity,
which is estimated to require that 60–70% of the population achieve immunity [9]. Factors such
as vaccine hesitancy, manufacturing delays, distribution disparities, and the emergence of new,
more transmissible SARS-CoV-2 variants that may be resistant to vaccines increase the potential
for continued outbreaks [9]. Furthermore, obese populations have a known history of poor re-
sponse to vaccination [10,11]. An unhealthy metabolic profile, including elevated baseline levels
of proinflammatory cytokines and hyperglycemia, is significantly correlated with a dysfunctional
immune response to COVID-19 [12,13]. Therefore, now more than ever, the world could benefit
from the implementation of lifestyle changes that boost metabolic and immune health to mitigate
the impacts of COVID-19.

In this review, we present an overview of the relationship between obesity, adiposity, DM, and
COVID-19 severity. We also propose a lifestyle regimen that incorporates IF (Box 2) as a promis-
ing strategy to improve metabolic health and immune function, potentially reducing the risk of se-
vere illness from COVID-19. Finally, we offer our perspectives on some of the unique benefits and
challenges of adopting IF during a global pandemic.

Hyperglycemia and COVID-19 pathogenesis
Diabetes, a common comorbidity of COVID-19, is associated with a higher risk of excessive un-
controlled inflammatory responses, higher computerized tomography (CT) imaging scores indi-
cating SARS-CoV-2 pneumonia, an increased likelihood of mechanical ventilation, and a
shorter duration of survival, even after adjusting for other comorbidities (e.g., age, sex, hyperten-
sion, cardiovascular disease) [14–16]. Studies point to hyperglycemia, resulting from poor glyce-
mic control, as a driver of COVID-19 progression and poor prognosis [17–19]. In one large
retrospective, multicenter study of over 7000 patients with COVID-19 in Wuhan, China, among
a cohort with COVID-19 and T2DM, individuals with well-controlled blood glucose exhibited sig-
nificant reductions in adverse outcomes, major organ injuries, all-cause mortality, and overall co-
morbidities compared with those with poor glycemic control [18]. In other studies, elevated
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Box 2. Managing obesity through diet and exercise

Restriction of energy intake has beneficial effects on human health, including extended longevity, disease protection, and delayed aging [74,98]. To address the difficulty
of adhering to conventional, calorically restrictive weight-loss regimes, IF has gained popularity as an effective and practical alternative. Recently, IF has been shown to
be an effective intervention for body weight regulation and glycemic control in many preclinical and clinical studies [59–61,64,65]. Unlike CR, which is defined as a
chronic 20–40% reduction of total caloric intake without any changes in meal frequency or timing [74], IF involves recurring periods of fasting, alternating with AL food con-
sumption [56]. Subtypes of IF are described in Figure I.

Regular exercise of moderate to high intensity has been shown to reduce body weight and fat mass; however, evidence suggests that exercise alone generally leads
to modest or clinically insignificant weight loss [99]. One trial assessed the effects of combining IF with endurance exercise on 3 days per week for 12 weeks in obese
adults [100]. While body weight and BMI were reduced in both groups, the combination of both interventions resulted in a superior reduction in these parameters [100].
Interestingly, fat mass significantly decreased in the IF and combination group but not the exercise group, potentially highlighting the limitations of exercise alone as an
antiobesity approach [100]. By contrast, one meta-analysis found that combining IF with resistance-training exercise had either small or inconsistent effects on decreasing
body and fat mass compared with resistance training alone [101], indicating a need for further studies to validate the advantages of combining exercise with IF.

As recent evidence suggests that physical activity is protective against severe COVID-19 outcomes [102], a lifestyle that incorporates both physical activity and dietary
intervention is likely to be an ideal approach to mitigating the impacts of COVID-19. However, during the COVID-19 pandemic, evidence suggests that social distancing
has increased barriers to participation in physical activity [83]. One benefit of IF is that it is a zero-cost and -time approach to managing weight, whereas exercise
generally requires time, resources, and access to facilities – barriers associated with inactivity [103]. Thus, while exercise and IF are both attractive options for managing
weight, IF may be a more pragmatic approach for some, particularly during the global pandemic. See Figure I for a description and comparison of weight-loss
approaches.
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Figure I. Comparing healthy lifestyle approaches. Lifestyle interventions that support the management of obesity and promote metabolic health include caloric
restriction (CR), alternate-day fasting (ADF), time-restricted feeding (TRF), and physical exercise. These interventions have all been shown to improve body
composition and glucose homeostasis [56,63,98,99]. Unlike ADF and TRF [subtypes of intermittent fasting (IF)], exercise regimens require time and, often, financial
resources to implement. Depending on the circumstances, this can be a burden associated with CR regimens as well. Moreover, energy intake is chronically
restricted with CR, creating unique challenges for long-term adherence. A major benefit of ADF and TRF is that overall energy intake is not restricted, although this is
often an unintended consequence of these regimens [59]. Meal timing is, however, restricted with IF, posing distinct adherence challenges. Figure created with
BioRender.com. Abbreviation: BMI, body mass index.
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fasting blood glucose at the time of admission was associated with longer hospitalization and
higher levels of in-hospital complications and mortality [20–22]. Thus, fasting blood glucose at
the time of admission was reported to be the best predictor of radiographic imaging of
SARS-CoV-2 [21] and was an independent predictor of mortality, regardless of past medical
history of diabetes [20–22].

Mechanisms linking impaired glucose metabolism with the severity of COVID-19
Increased cellular glucose metabolism may be a key link to the severity of COVID-19 (Figure 1).
One study showed that increased hexosamine biosynthesis, a glucose metabolic pathway that
is activated by influenza infection, led to the O-GlcNAcylation of interferon regulatory factor-5
(IRF-5), which is critical for the induction of cytokine storms during viral infections [23]. Similarly,
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 1. Hyperglycemia-mediated coronavirus disease 2019 (COVID-19) pathogenesis. Hyperglycemia and
poor glycemic control are independently associated with the severity of COVID-19 and increase the risk of mortality
[17–19,21,22]. The pathophysiological mechanisms for this association may be related to increased activation of glucose
metabolic pathways. Increased hexosamine biosynthesis by viral infection contributes to cytokine storms through
upregulation of interferon regulatory factor-5 (IRF5) [23,24], a marker of metabolic inflammation that is elevated in adipose
tissues of obese individuals [25,26]. Hyperglycemia was associated with increased severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) replication in monocytes from human obese diabetic patients, leading to sustained vira
proliferation, induction of cytokine storm, and T cell dysfunction [8]. Furthermore, hyperglycemia may potentiate the
glycosylation of the SARS-CoV-2 receptor angiotensin-converting enzyme 2 (ACE2) [28,29]. Figure created with
BioRender.com. Abbreviations: ARDS, acute respiratory distress syndrome; HIF-1a, hypoxia-inducible factor-1α; ROS
reactive oxygen species.
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patients with influenza had more O-GlcNAcylation of IRF-5 and higher blood glucose levels,
which were tightly correlated with levels of circulating inflammatory cytokines [23]. Thus, interfer-
ing with glucose metabolism and/or glucose utilization pathways may prevent deadly cytokine
storms. The expression of IRF-5 and its related proinflammatory cytokines was associated with
the severity and prognosis of community-acquired pneumonia influenza virus infection [24].
Furthermore, IRF-5, a marker of metabolic inflammation, has been reported to be significantly
elevated in the subcutaneous adipose tissues of diabetic obese patients compared with diabetic
lean/overweight individuals [25] and is implicated in macrophage polarization toward a proinflam-
matory M1 phenotype [25,26] (Figure 1). Inhibition of IRF-5 signaling pathways has been pro-
posed as a potential therapy for severe COVID-19 [27].

Increased glycolysis exacerbated by elevated glucose levels was shown to promote SARS-CoV-2
replication and proinflammatory cytokine secretion in monocytes [8]. Accordingly, monocytes
isolated from obese diabetic patients who were infected with SARS-CoV-2 exhibited increased
viral load compared with monocytes from healthy controls, providing further evidence that hyper-
glycemic individuals may bemore susceptible to severe COVID-19 [8]. Furthermore, mitochondrial
reactive oxygen species production, induced by SARS-CoV-2 infection, led to the stabilization of
hypoxia-inducible factor-1α (HIF-1α), which upregulates glycolytic genes. Thus, uncontrolled
hyperglycemia may create a permissive environment for SARS-CoV-2 by increasing glycolytic
flux [8].

The relationship between expression of angiotensin-converting enzyme 2 (ACE2), the SARS-
CoV-2 receptor, and COVID-19 pathogenesis is unclear (Box 3); however, hyperglycemia
could lead to increased glycosylation of ACE2, which is thought to be important for its function
and may facilitate viral entry [28,29]. Expression of glycosylated ACE2 rather than total ACE2 is
associated with viral binding and fusion in the lung [30].
Box 3. Tissue ACE2 expression and relationship to COVID-19 pathogenesis

SARS-CoV-2 gains entry into host cells through the binding of its envelope spike protein to the human cell receptor ACE2
[104]. The serine protease transmembrane serine protease 2 (TMPRSS2) is essential for ACE2-receptor-mediated binding
and viral entry [104]. ACE2 is expressed ubiquitously, with its expression highest in the digestive system, specifically ileal
epithelial cells, as well as in the lungs, kidneys, heart, bladder, and adipose tissue [48]. In the lungs, alveolar type II
pneumocytes (AT2 cells) and transient bronchial secretory cell populations coexpress ACE2 and TMPRSS2 and are
suspected to be the main targets for SARS-CoV-2 infection [105].

ACE2 is an important negative regulator of the renin–angiotensin system (RAS) [106]. Signaling of angiotensin II (AngII)
through the AngII type 1 receptor promotes vasoconstrictive responses [106]. ACE2 catalyzes the cleavage of AngII,
producing angiotensin 1-7, a vasodilator associated with beneficial regulation of blood pressure homeostasis [106].

Adipose tissue, where ACE2 is highly expressed and is even further upregulated in obesity, has been reported to be a
reservoir for SARS-CoV-2 [107]. The relationship between adipocyte expression of ACE2 and the pathogenesis of
COVID-19, however, is unknown. ACE2 expression was significantly upregulated in lung tissue from obese mice compared
with lean mice and both ACE2 and TMPRSS2 were increased in human lung epithelial cells from obese subjects compared
with non-obese individuals [108], which could enhance the entry of SARS-CoV-2 into the cell. However, SARS-CoV-2 infec-
tion downregulates the expression of ACE2, a process theorized to contribute to lung injury and increase disease severity
[104,109]. Based on observations that conditions reported to be strongly associated with severe symptoms of COVID-19
infection show a degree of ACE2 deficiency, it has been suggested that the downregulation of ACE2 induced by the entry
of SARS-CoV-2 into the host cell may be particularly detrimental in individuals with a baseline deficiency of ACE2, who
may have a more marked imbalance of the RAS system [104]. Therapies that can increase baseline ACE2 expression
may reduce the exaggerated imbalance of the RAS system on COVID-19 infection. Notably, in mice a 4-week IF treatment
mitigated HFD-induced increases in systolic blood pressure and increased left ventricular expression of ACE2 associated
with beneficial remodeling of cardiac tissue [110]. Furthermore, human studies have also reported positive benefits of IF
on hypertension [58,63]. Evidently, the relationship between tissue ACE2 expression and susceptibility to SARS-CoV-2
infection as well as COVID-19 pathogenesis is complex and warrants further investigation.
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Obesity, immunity, and COVID-19
The accumulation of excess adipose tissue leads to a state of chronic inflammation characterized
by a phenotypic shift from an anti-inflammatory to a proinflammatory metabolic milieu with
increased secretion of proinflammatory cytokines and dysfunctional immune responses that
could play a major role in predisposing individuals to severe COVID-19 [7,31] (Figure 2). At
least one-third of circulating interleukin (IL)-6, a central driver of inflammation and a strong clinical
predictor of disease severity and mortality resulting from COVID-19 infection, is estimated to
come from adipose tissue [32,33]. Compared with patients with nonsevere COVID-19, patients
with severe COVID-19 had significantly higher baseline circulating IL-6 levels on admission,
which increased over the course of the disease, suggesting that baseline circulating IL-6 may
be a prognostic marker of COVID-19 [13]. Similarly, high serum IL-6, IL-8, and tumor necrosis
factor alpha (TNF-α) at baseline (i.e., at the time of hospitalization) are strong and independent
predictors of patient survival [12].
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 2. Impact of obesity onmetabolic and immune function. The accumulation of excess fat is characterized by a phenotypic shift from an anti-inflammatory to a
proinflammatory tissue microenvironment, including an increased ratio of proinflammatory (M1-like) to anti-inflammatory (M2-like) macrophages, enhanced polarization
toward T helper 1 (Th1), Th17, and CD8+ cytotoxic T cells, and reduced regulatory T cells [7]. These changes result in an increase in the baseline circulating levels of
proinflammatory cytokines [e.g., interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα), IL-1β, leptin] [7,33] and the frequency of monocytes. Increased proinflammatory
cytokines may exacerbate the risk of virus-induced cytokine storms and drive tissue injury, resulting in acute respiratory distress syndrome (ARDS), multiorgan failure, and
ultimately death [12,97]. Attenuated immune cell activation and impaired memory T cell responses in obese populations result in poor outcomes from viral infection and
reduce the efficacy of vaccines [10]. Obesity results in impaired gut physiology, including increased barrier permeability and microbiome dysbiosis [51]. As the gastrointes-
tinal system (GI) is thought to be a target for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) entry, poor gut health may be a predisposing factor for the
development of severe coronavirus disease 2019 (COVID-19). Figure created with BioRender.com. Abbreviation: T2DM, type 2 diabetes mellitus.
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Leptin in COVID-19 pathogenesis
Circulating leptin is well known to be elevated in obese individuals [7,31]. High levels of circulating
leptin and selective leptin resistance have been implicated in impaired immune response to viral
infection, diminished vaccine response, and chronic low-grade inflammation [34]. Leptin could
be a key contributor to acute respiratory distress syndrome (ARDS) and cytokine storms during
the advanced stages of COVID-19. Obese mice challenged with H1N1 infection developed
more extensive lung inflammation and damage as well as enhanced proinflammatory cytokine
expression compared with lean mice [35]. Importantly, leptin inhibition with an antileptin antibody
improved the cytokine profiles and survival rates of these obese mice [35]. In one cross-sectional
study of intensive care unit (ICU) patients in The Netherlands, patients with COVID-19 had sig-
nificantly higher serum leptin levels compared with BMI-matched controls (who did not have
COVID-19) [36]. Circulating leptin, together with IL-6, CXCL10, and TNF-α, has been reported
to be significantly associated with severe COVID-19 illness and inflammatory monocyte activation
[37].

Obesity impairs vaccine responses
In a recent study, obese mice inoculated with a human influenza virus showed increased disease
severity and viral spread [38]. Moreover, viruses from obese hosts had increased replicative
ability, genetic diversity, and virulence [38]. Memory T cell responses, which are critical for con-
ferring immunological memory and serve as major components of vaccination strategies, are
impaired in obese individuals [39,40]. Among adults who received influenza vaccines, those
who were obese were twice as likely to develop influenza or influenza-like disease as healthy-
weight counterparts, despite having similar antibody titers 1 month after influenza vaccination
[10]. In addition, CD4+ and CD8+ T cell activation and cytotoxicity, which correlate with disease
protection, were defective in cells taken from obese individuals compared with those taken
from healthy individuals [10,11]. Obesity was also associated with attenuated influenza vaccine
responses, reduced circulating switched memory B cells, and increased proinflammatory late/
exhausted dysfunctional B cells [41]. Leptin resistance may be implicated in these responses.
Downregulation of the leptin receptor (LEPR) and the upregulation of suppressors of cytokine
signaling (e.g., SOCS1, SOCS3), which contribute to leptin resistance, led to decreased mainte-
nance of influenza-specific CD8+ effector memory T cells in the lungs of a diet-induced obese
mouse model 84 days post-influenza infection [39].

As COVID-19 vaccines continue to gain widespread regulatory approval globally, these data
are critically relevant to the overall long-term success of COVID-19 vaccine strategies.
According to published clinical trial results, Pfizer-BioNTech’s COVID-19 vaccine was 95%
effective in preventing COVID-19 disease, including in people with obesity (BMI ≥30 kg/m2), who
comprised one-third of participants in the clinical trial [42]. Similarly, in the Moderna vaccine
trial, vaccine efficacy in participants with severe obesity (BMI ≥40 kg/m2) was comparable
(>90%) with that in other participants at low risk [43]. Thus, the evidence suggests that
this higher-risk group responds extremely well to the vaccine in the short-term. However,
it remains unclear how well obese individuals maintain long-term SARS-CoV-2 vaccine-
induced immunity (Figure 2). One recent study, published as a preprint, reported that the
Pfizer vaccine was less effective in people with obesity, as healthcare workers with obesity
had a significantly lower antibody titer in response to vaccination than those classified as
normal weight [44]. Further, compared with lean COVID-19 patients, obese patients were
reported to have significantly lower serum levels of SARS-CoV-2-specific IgG antibodies,
which negatively correlated with BMI and serum levels of proinflammatory markers [45].
These data, while preliminary, indicate that the dysfunctional immune responses in obesity
may extend to COVID-19.
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Gut health and COVID-19
Aside from the lungs, the gastrointestinal (GI) system is likely to be another target of SARS-CoV-2,
as clinical presentations of GI symptoms in COVID-19 patients have been well documented [46]
and viral fecal RNA is known to be present in a significant proportion of COVID-19 patients [47].
Relative to other human tissues, ACE2 is highly expressed in small intestinal enterocytes [48]. In
addition to the potential role of the gut as a direct entry point for SARS-CoV-2, poor gut health
could have important implications for the severity and outcomes of COVID-19. Gut barrier dys-
function and an altered gut microbiome are hallmark changes associated with obesity [49].
Changes in the composition of the gut microbiome have been postulated to play a role in abnor-
mal immune responses and the severity of COVID-19 [50,51], although substantial evidence for
this is forthcoming. Constant interactions between the mammalian host and its commensal gut
microbes are crucial for proper immune system development, maintenance, and function [52].
While gut dysbiosis has been widely observed in a number of chronic inflammatory conditions,
including obesity, dramatic dysbiosis has also been observed in critically ill patients and is hypoth-
esized to be involved in the pathogenesis of ARDS and sepsis [53]. Accordingly, patients positive
for COVID-19 exhibited significant gut dysbiosis, with decreased microbiota diversity and in-
creased opportunistic pathogens that persisted even after clearance of the virus [50,54]. Another
study found that COVID-19 patients had significantly altered microbiomes compared with non-
COVID-19 controls and that the microbiota composition was associated with disease severity
[51]. Given that persistent dysbiosis is frequently observed in COVID-19 patients, improving the
parameters of the gut microbiome could ameliorate long-term complications and accelerate re-
covery from COVID-19 [51].

Increased gut barrier permeability in individuals with obesity and T2DM is associated with leakage
of bacteria and bacterial products into the circulation, which leads to metabolic endotoxemia, a
major contributor to inflammation [49,55]. It is postulated that enhanced synergistic interactions
of bacterial and viral pathogens can potentiate lung injury, suggesting a mechanism by which
gut barrier dysfunction in obesity and T2DM may worsen the severity of COVID-19 [49].

IF improves metabolic health
Compelling evidence from human and animal studies indicates that IF regimens (Box 2) promote
numerous metabolic benefits, including weight loss, reduced adiposity, and improved glucose
homeostasis (Figure 3) [56]. One group used a mobile application to track the eating patterns
of healthy adults and found that over half of the individuals exhibited erratic eating patterns, con-
suming food for an average of 15 h/day [57]. Shifting overweight individuals to a time-restricted
feeding (TRF) regimen in which they consumed food within a daily 10–11-h window resulted in
body weight reductions [57]. Furthermore, restricting daily food intake to an 8–10-h duration re-
sulted in significant reductions in body weight and adiposity and improved glucose tolerance in
overweight/obese adults [58,59]; this intervention also reduced abdominal adiposity in individuals
who exhibited one or more components of the metabolic syndrome [60]. Similarly, 4-h and 6-h
TRF regimens were found to correspond to reductions in body weight, fat mass, markers of ox-
idative stress, and fasting insulin as well as improved insulin sensitivity in a group of obese individ-
uals [61]. A short, 4-day 6-h early TRF regimen decreased mean 24-h glucose levels in
overweight adults [62]. One study reported positive metabolic effects of IF that were independent
of weight reduction. In men at risk for T2DM, 5 weeks of 6-h early TRF (in which all calories are
consumed early in the day) resulted in improvements in insulin sensitivity, reduced markers of ox-
idative stress, and reduced blood pressure even in the absence of weight reduction and without
change in overall energy expenditure compared with individuals who consumed calories over a
12-h period [63]. Similarly, isocaloric IF improved glucose tolerance in genetically obese mice in
the absence of weight or fat mass reduction [64].
Trends in Endocrinology & Metabolism, September 2021, Vol. 32, No. 9 713
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Figure 3. Intermittent fasting (IF) and glucose homeostasis. Evidence from both preclinical and clinical studies
indicates that various IF regimens improve glucose homeostasis and insulin sensitivity, even in the absence of weight loss
or no change in overall energy expenditure [63,65]. We propose that glycemic control by IF could contribute to lowering
the risk of severe complications from coronavirus disease 2019 (COVID-19). Figure created with BioRender.com.
Abbreviation: GLP-1, glucagon-like peptide 1.
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Mice consuming an isocaloric 2:1 IF diet (2 days feeding, 1 day fasting) for 16 weeks were
protected from diet-induced obesity and exhibited improved glucose homeostasis and
increased insulin sensitivity compared with ad libitum (AL)-fed mice [65]. In mice consuming
various obesogenic diets, limiting food access to 8–9 h during the active phase prevented
body weight gain and fat accumulation, reversed pre-existing obesity and glucose intolerance,
and reduced markers of adipose tissue inflammation in obese mice, regardless of diet and
caloric intake [66].

Glucose-lowering dipeptidyl-peptidase-4 (DPP4) inhibitors, which are widely used in the treat-
ment of T2DM, have been proposed as a strategy to offset the severity of COVID-19 infection
[67,68]. However, evidence for this application is scant and more studies on this intervention
are needed. Notably, DPP4 plays a role in glucose and insulin metabolism and is positively corre-
lated with adipocyte inflammation and insulin resistance [69]. DPP4 inhibitors act as agonists of
the gut hormone glucagon-like peptide 1 (GLP-1) receptor, leading to increased circulating
GLP-1 levels, improved pancreatic islet responses, and enhanced glucose homeostasis [69]
(Figure 3). In obese mice, IF increased the secretion of GLP-1 [64], which could improve insulin
sensitivity by essentially mimicking the function of DPP4 inhibitors. Taken together, these findings
suggest that through improvements in glucose homeostasis and adiposity, IF and TRF diet
regimens could lower the risk of severe COVID-19 complications.
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IF reduces inflammation
Evidence for the prognostic role of inflammatory factors and defective immune cells in weakened
responses to SARS-CoV-2 infection raises the possibility that strategies to modulate these
circulating factors or boost memory T cells could potentially improve the immune response to
COVID-19. Concomitant with improvements in glucose homeostasis, some studies have also
reported reductions in inflammatory cytokines with IF [70,71], although others report no change
in these markers despite other metabolic improvements [58,61,63]. Ramadan fasting, observed
by millions of Muslims globally, involves daily diurnal IF for a period of 12–19 h. Both during and
outside the month of Ramadan, IF has been shown to decrease circulating TNF-α, IL-1β, and
IL-6 levels compared with non-fasting baseline levels, accompanied by significant weight loss
and improved glucosemetabolism [71,72]. Similarly, intermittent caloric restriction (CR) in rodents
significantly reduced circulating and adipose tissue levels of IL-6, TNF-α, insulin-like growth factor
1 (IGF-1), and leptin compared with AL-fed mice [70]. Fasting and IF strategies have been shown
to lower leptin levels [66,70] and correct immune defects associated with aging and other condi-
tions characterized by dysregulated leptin signaling, including obesity, metabolic syndrome, and
autoimmunity [65,73,74].

In a mouse model of a chronic inflammatory disease, a 6-week alternate-day fasting (ADF) proto-
col prior to disease onset led to reduced proinflammatory monocyte numbers during disease de-
velopment and downregulated the expression of the proinflammatory genes TNF-α, IL-1β,
CXCL2, and CXCL10 in monocytes compared with an AL feeding group [75]. In addition,
short-term fasting reduced monocyte numbers and the frequency of circulating and tissue-
resident proinflammatory monocytes in humans and mice, respectively [75].

A CR diet in mice led to the homing of memory T cells to a bone marrow (BM) niche from which
these cells were rapidly mobilized during secondary infection, providing enhanced protection
against subsequent microbial challenge and prolonging host survival compared with AL-fed
mice [76]. Given the similar responses to the CR and IF regimens, it is plausible that IF could
also promote BM storage of memory T cells. Multiple cycles of a prolonged 48-h fast led to the
renewal and regeneration of hematopoietic stem cells and reduced circulating IGF-1 levels, sug-
gesting that cycles of fasting and refeeding can alter the frequency and composition of circulating
immune cells infiltrating peripheral tissues and lead to a reset of the immune system [77]. These
findings raise the possibility that IF could potentially reverse immune deficits in obese individuals,
thus serving as a preventive, disease-mitigating approach to lower the risk of COVID-19 compli-
cations and potentially increase vaccine success (Figure 2).

IF effects on autophagy
As recently reviewed, IF may also boost the host immune system by activating pathways involved
in autophagy [78]. While obesity, hypernutrition, and associated lipotoxicity have been associated
with the attenuation of autophagic processes [79], CR regimens enhance autophagy through
AMP-activated protein kinase negative regulation of mammalian target of rapamycin (mTOR)
[78]. Autophagy improves the body’s ability to handle cellular stress and primes the host immune
system by strengthening the survival and responses of T and B cells as well as antigen-presenting
cells, which could prevent severe complications of SARS-CoV-2 infection [78]. TRF was reported
to increase markers of autophagy in overweight humans [62] and decreased oxidative stress
[61,63].

IF improves gut health
Much of what we know about the effects of IF on the gut comes from animal studies. Compared
with AL-fed controls, a fasting mimicking diet (FMD) has been shown to increase the diversity of
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Outstanding questions
Due to the relative speed at which
COVID-19 vaccines were developed,
tested, and approved, there are
currently no long-term data on their effi-
cacy in obese populations. Will long-
term immunity from COVID-19 vaccina-
tion be hampered in obese individuals,
as has been observed for other
vaccines? We predict that obese indi-
viduals would experience quicker de-
clines in vaccine-induced immunity
than lean individuals, making this popu-
lation at higher risk for infection and
resulting in negative consequences for
the overall success of COVID-19 vacci-
nation programs worldwide.

Most clinical trials of IF have examined
small samples of participants over rela-
tively short periods of time. Evidence
on whether adherence can be
sustained in the long term is forthcom-
ing. Furthermore, much of the evi-
dence for the impact of IF and/or CR
on adaptive immunity, memory T
cells, immune system reset, and gut
health, which are critical parameters
of antiviral immunity, have come from
preclinical studies. This raises the
question of whether IF strategies can
impact immunopathological mecha-
nisms specific to SARS-CoV-2. There
is a critical need for studies testing the
role of dietary strategies, including IF,
in improving antiviral immunity and re-
ducing the severity of COVID-19.

In this review, we provide evidence that
IF may help to reduce the risk of severe
COVID-19 in obese, diabetic, and/or
metabolically unhealthy individuals.
However, it is less clear whether
these putative benefits extend to lean,
metabolically healthy individuals.
Given that the risk of developing severe
COVID-19 symptoms is greatly in-
creased in older individuals as well as
in those with weakened immune sys-
tems and pre-existing conditions, it is
conceivable that IF could worsen dis-
ease conditions in these individuals
who may already be frail and vulnera-
ble to nutritional deficiencies. Ulti-
mately, further investigation is needed
to clarify whether the putative benefits
and safety profile of IF are dependent
on the host’s caloric intake and/or
baseline fat mass and metabolic
health.
the gut microbiota and decrease the Firmicutes:Bacteroidetes ratio; the resulting phenotype
is consistent with that of a healthy, lean gut [80]. At the genus level, the FMD group showed
decreases in several genera that were positively correlated with fasting blood glucose as well
as increases in genera that were negatively correlated with fasting glucose [80]. In a separate
study in HFD-induced obese mice, compared with AL-fed controls, ADF-fed mice showed sig-
nificant changes in gut microbiota composition and significant metabolic improvements that
were abolished in microbiota-depleted mice [81]. Finally, IF has been shown to reduce wide-
spread systemic inflammation in a gut-dependent manner [73]. Taken together, these studies
suggest that IF-mediated benefits for gut health could improve metabolic and immune health,
thus ameliorating outcomes for COVID-19 patients.

Concluding remarks and future perspectives
As we have reviewed, obesity and T2DM increase the incidence of severe complications, cytokine
storms, and mortality from COVID-19. Disparities in vaccine distribution, vaccine hesitancy, and the
emergence of SARS-CoV-2 variants are barriers to achieving population immunity, increasing the
potential for continued outbreaks, hospitalizations, and mortality resulting from COVID-19 illness [9].
With obesity on the rise and potential for continued COVID-19 outbreaks globally, it is more important
than ever to develop strategies that could reduce inflammation, improve glycemic control, and boost
immune health. Naturally, this necessitates curbing overnutrition and maladaptive eating habits that
lead to poor metabolic health. We have highlighted the numerous beneficial effects of IF on adiposity,
metabolic health, glucose homeostasis, the antiviral immune response, long-term immunity, inflam-
matory markers, and the gut. One critical question remains surrounding the long-term efficacy of
COVID-19 vaccination in obese individuals (see Outstanding questions), as memory T cell activation
and responses to vaccination are blunted in this population [10,11,44]. In a recent study, an obesity-
related microenvironment in mice promoted the emergence of more virulent pathogenic influenza
virus strains that induced greater disease severity in lean hosts [38]. This raises the intriguing possibility
that obese metabolic phenotypes could impact future generations of novel COVID-19 variants.

IF in the time of COVID?
As a result of the COVID-19 pandemic, billions of individuals continue to practice various
measures of social distancing and imposed lockdowns. This has resulted in increased sedentary
lifestyles and prolonged periods of social isolation, which have been reported to be detrimental to
physical and mental health [82,83]. Globally, eating habits have changed drastically during
the pandemic [84–86]. Generally, more time spent cooking and eating at home, less time spent
exercising, boredom, and stress have all given rise to overeating and mindless snacking [85–87].
Pandemic-induced lifestyle changes have also led some to increase their focus on healthy eating
and seek out strategies to boost their immunity and health [84,87]. Given the current social climate,
with limited opportunities for physical activity, dietary changes such as IF regimens may be a prac-
tical way to curb unhealthy eating habits and maximize metabolic health during the pandemic. In
particular, TRF regimens have been associated with decreased feelings of hunger throughout
the day, curbing non-hungry snacking and mindless eating [57,63]. Furthermore, IF is also asso-
ciated with improvements in mood and emotional well-being [88,89] (Figure 4, Key figure). We
propose that TRF or IF may be more sustainable than traditional diets because it allows individuals
to maintain their usual diets with shorter eating durations. In many studies, reducing the duration of
eating each day led to unintentional decreases in caloric intake, leading to weight loss and asso-
ciated metabolic benefits [57,59]. However, IF has been shown to have positive metabolic conse-
quences, such as improved glucose homeostasis, even in the absence of weight reduction and/or
no changes in overall energy expenditure [63–65]. It must be cautioned that most of the evidence
for these findings are from small controlled clinical trials, and an absence of significant effects of
TRF on weight and metabolic parameters has also been reported [90]. Importantly, IF regimens
716 Trends in Endocrinology & Metabolism, September 2021, Vol. 32, No. 9



Key figure

Intermittent fasting (IF) in the time of coronavirus disease 2019 (COVID-19)
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Figure 4. While the number of vaccine candidates for COVID-19 continues to increase, many hurdles exist surrounding
global distribution, access, and vaccine hesitancy [9]. Thus, the feasibility of tackling this global pandemic and achieving
population herd immunity remains unclear. In addition to these challenges, second and third waves of infection have
resulted in stay-at-home orders and imposed lockdowns for billions of individuals worldwide. The toll of widespread social
isolation includes a shift to more sedentary lifestyles, drastic changes in eating and lifestyle habits, and increased stress
culminating in declining physical and mental health [82,84,86,87]. We propose that the incorporation of healthy eating
strategies, such as IF, that are reported to boost immune health, restore metabolic function, and improve glucose
homeostasis is especially important during this time, particularly for obese individuals. IF strategies are particularly suited to
the unique social climate of stay-at-home orders, as they do not require major alterations in diet composition but instead
restrict eating to discrete time windows. Figure created with BioRender.com.
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have not been addressed in relation to COVID-19 illness (see Outstanding questions). Ultimately,
as outlined in Box 2, a combination of nutritional lifestyles and physical activity are likely to be
most effective.

Finally, there are some concerns about whether IF strategies are appropriate for everyone. It is
possible that certain dietary regimens involving reduced caloric intake could harness immunosup-
pressive effects, thus weakening the anti-SARS-CoV-2 immune response [91]. There are also
limited reports on the effects of IF in elderly populations. Although IF has been shown to have
Trends in Endocrinology & Metabolism, September 2021, Vol. 32, No. 9 717
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physical and mental benefits in an elderly population (>65 years of age) [92], caution must be
exercised when recommending fasting strategies to improve health for the elderly and those
with weakened immunity (see Outstanding questions).

In conclusion, while IF is an exciting and growing field of investigation, further research efforts are
needed to establish the effects of IF on antiviral immunity, particularly in the context of COVID-19.
Given that IF has shown profound promise in improving metabolic health, we argue that now is a
better time than ever to adopt this healthy lifestyle strategy (Figure 4).
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