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Abstract: Many reports showed a dramatic decrease in the levels of physical activity during
the current pandemic of SARS-COV-2. This has substantial immunometabolic implications,
especially in those at risk or with metabolic diseases including individuals with obesity and
Type 2 diabetes. Here we discuss the route from physical inactivity to immnometabolic
aberrancies; focusing on how insulin resistance could represent an adaptive mechanism to the
low physical activity levels and/or high energy intake and on how such an adaptive
mechanism could derail to be a pathognomonic feature of metabolic diseases creating a
vicious circle of immune and metabolic aberrancies. We provide a theoretical framework to
the severe immunopathology of COVID-19 in patients with metabolic diseases. We finally
discuss the idea of exercise as a potential adjuvant against COVID-19 and emphasize how
even interrupting prolonged periods of sitting with short time breaks of very light activity

could be a feasible strategy to limit the deleterious effects of sedentary behavior.
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1. Introduction

The world is going through tough time due to the severe acute respiratory syndrome
coronavirus 2 (SARS-COV-2) pandemic. Since declared a pandemic by the World Health
Organization (WHO) on March 11, 2020, home lockdown and social distancing have become
the new standards of our daily life to limit the virus spread. These measures while important
for containing the virus, they may have exacerbated an old pandemic — physical inactivity [1].
Moreover, even though many countries start to reopen progressively, individuals who are
vulnerable to the severe forms of novel Corona virus disease (COVID-19) may prefer to not
risk themselves and may avoid crowded places including physical activity facilities in the

absence of viable vaccines.

Physical inactivity is considered the fourth leading cause of death by the WHO, and is
fuelling the risks of metabolic diseases, including obesity and type 2 diabetes (T2D) [2].
Besides being a root cause of metabolic diseases, physical inactivity may have more profound
deleterious effects on those with pre-existing chronic metabolic conditions [3]. Therefore
obesity and T2D patients may pay high prices by not being active during this global pandemic.
Here we highlight the deleterious effects of physical inactivity on glucose metabolism, and
how this may lead to metabolic and immune aberrancies. We discuss a hypothetical scenario
of the immunopathology of COVID-19 in patients with obesity and T2D and how the
immuno-metabolic dysregulations, characterizing these diseases, may perturbate immune
defenses, leading therefore to poor COVID-19 prognosis. We finally provide a theoretical
framework on how exercise by its anti-inflammatory effects may prevent the severe
complications of COVID-19 and how even reducing sedentary time by very light physical

activity may help by reducing metabolic derangements.

2. On the ruins of two pandemics: the road from couch to metabolic and immune

aberrancies

Data from activity trackers showed a dramatic decrease in step counts ranging from 7-38% in
European countries during the early weeks of the pandemic [4, 5]. Similarly, an Italian study
showed a significant decrease in weekly energy expenditure and that overweight individuals
had the lowest levels of physical activity during quarantine [6]. This may have serious health
implications since time spent sitting is now considered an independent risk factor for all cause
mortality even after adjusting for physical activity levels [7]. As such time spent sitting seems

to have deleterious effects even in those meeting the current physical activity guidelines.
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However in physically active individuals, health concerns seem to be less pronounced
compared to the non-active counterparts [8-10]. In line with this, Gennuso, Gangnon [11]
found that total sedentary time as measured by accelerometers was linearly associated to an
increase in the odds of metabolic syndrome components, and that moderate to vigorous
physical activity modified the magnitude of these associations. Conversely, more recent
reports demonstrated that 4 days of prolonged sitting (13,5 h of sitting with ~3,500-4,000
steps/day) mitigated the beneficial effects of 1-hour bout of exercise on postprandial blood
lipid, Insulin and glucose in healthy individuals [12]. van der Berg, Stehouwer [13] reported
that an extra hour increase in sedentary time increases the odds for contracting type 2 diabetes
and metabolic syndrome by 22% and 39% respectively. Mechanistically, several
interventional studies demonstrated that a decrease in insulin sensitivity and metabolic
flexibility; defined as the ability to adapt fuel oxidation to fuel availability, may underpin
these associations [14, 15]. However, acute or short term fluctuations in insulin resistance
could reflect a physiological adaptive mechanism rather than a pathological situation, to

handle excess nutrients availability and/or low energy expenditure [16].

2.1 Acute or short term sedentary behavior-induced insulin resistance: a pivotal

role?

Short term bed rest studies, as a model of sedentary behavior, conclusively showed
deteriorations of glucose metabolism and insulin sensitivity, with a duration ranging from 5-
10 days of bed rest [17-19]. However, bed rest is an extreme and an unrealistic model of
sedentary behavior in the global population; therefore many studies echoed a more realistic
model of reduced physical activity and prolonged sedentary time by reducing daily steps.
Olsen, Krogh-Madsen [20] reported that a decrease in daily steps, from 6200 to 1400,
increases insulin resistance in healthy individuals. Similarly, Two weeks reduction in daily
steps from = 10.000 to 1.500 increases peripheral insulin resistance without any effect on
endogenous glucose production, implying that peripheral insulin resistance precedes hepatic
insulin resistance [21]. Another study reported that two weeks reductions in daily steps from =
10.000 to 1.500 combined with overfeeding decreases insulin stimulated glucose uptake
without affecting inflammatory markers [22]. Importantly, because insulin sensitivity levels
are very sensitive to energy balance, this increase in insulin resistance could result from a
positive energy balance if energy intake was not matched to energy expenditure [23, 24],
which was the case in the two latter studies. In this regard Stephens, Granados [25] showed

that one day of prolonged sedentary time significantly reduced insulin sensitivity even when
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energy intake was matched to energy expenditure. However, short term decrease in insulin
sensitivity is more and more considered as a physiological defense to divert excess nutrients
from tissues with limited storage capacity (i.e. skeletal muscle and liver) to adipose tissue
with almost unlimited storage capacity — a physiological response to prevent glucolipotoxicity
[26, 27]. In line with this, Dirks, Wall [28] showed that 7 days of bed rest does not result in
ectopic fat deposition — a hallmark of pathologic insulin resistance — while in the same time
cause insulin resistance. Animal model studies of physical inactivity confirm also these
findings [29]. This is, perhaps, best reflected by the fact that healthy individuals may to some
extent tolerate the effects of physical inactivity and restore their insulin sensitivity levels once
returned to habitual physical activity [22]. On the long run, though, it is believed that the
chronic storage of excess nutrients in adipose tissue, resulting from low levels of physical
activity and/or excess food intake, leads to adipocytes enlargement (hypertrophy) and
multiplication (hyperplasia) and therefore to increased fat mass [30, 31]. This is believed to be
the critical point that initiates adipose and systemic immune and metabolic aberrancies (See
Figure 1) lipid engorged adipocytes express a stress phenotype characterized by activation of
inflammatory signaling pathways that regulate stress-induced cell death. Cell death promotes
macrophages and T cells recruitment [32, 33], polarization of macrophages and T cells
towards an inflammatory phenotype [34], blunted B cell antigen production, and expression
of a more pro-inflammatory cytokines repertoire [35, 36]. Among the pro-inflammatory
cytokines, tumor necrosis factor (TNF-o) was the first to be reported to interact with
metabolism, and to blunt insulin action through insulin receptor substrate phosphorylation at

serine residues leading thereafter to adipose and systemic insulin resistance [37, 38].
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Figure 1. Obesity and its associated metabolic and immune abnormalities. Adipose tissue expansion in obesity is
accompanied by an increase in size and number of adipocytes. This drives a shift of local immune cells homeostasis
towards a more pro-inflammatory phenotype, which communicates insulin resistance at a systemic level through pro-
inflammatory mediators. Importantly this immuno-metabolic complications create a feed forward loop that compromises
the cardiometabolic health; leading to cardio-metabolic diseases, and compromises the immune system; leading tc
increased infection risks.
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The discovery of TNF-a; as a mediator of insulin resistance, was one of the earliest clues of
metabolic and immune connection that paved the way for the birth of the Immunometabolism
field [39]. The birth of this field led to the recognition that besides the metabolic component,
obesity has an inflammatory component; featured by the subclinical elevations of many pro-
inflammatory cytokines and the polarization of many of the immune cells towards an
inflammatory phenotype [39]. Also of importance, studies in this field revealed that the
elevated nutrients characterizing obesity and its associated complications are recognized by
innate immune sensors, specifically pattern recognition receptors, and are a well documented
trigger of inflammation [40, 41]. For example Toll like receptor (TLR); a pattern recognition
receptor, is known to be activated by saturated fatty acids (SFA) [40] and glucose [42], which
leads to the activation of inflammatory signaling pathways and expression of pro-
inflammatory cytokines. Moreover, Palmitate, a SFA, activates NLPR3 inflammasome,
leading to IL-18 and IL-1p production in hematopoietic cells, and this blunts insulin signaling,
impairs glucose tolerance and insulin sensitivity in multiple other tissues [43]. Finally, the
mounting of an effective immune response to defend the host, requires glucose to be directed

towards immune cells, and this involves peripheral insulin resistance [44, 45].

At this point, it is important to distinguish between physical inactivity-induced insulin
resistance and the insulin resistance featuring chronic diseases: physical inactivity-induced
insulin resistance, is an adaptive mechanism, and is not accompanied by inflammation [46,
47], however, metabolic diseases-induced insulin resistance is a combination of both
inflammatory and metabolic aberrations. Therefore patients with metabolic diseases, with an
already abrogated immunometabolic profile may be particularly vulnerable to physical
inactivity. In support of this notion, a study demonstrated in overweight aged pre-diabetic
individuals that two weeks of step reductions impaired glucose control, insulin sensitivity and
inflammatory markers (TNF-a, IL-6, CRP) [3]. Importantly these effects did not resolve two
weeks after returning to the pre-step reduction phase, which is in contrast with the findings in

healthy adults and aged individuals [22, 47]

In conclusion, this overlap between immune and metabolic pathways determines in
metabolic diseases a feed forward loop of complications between inflammation and insulin
resistance (see figure 1), which alters metabolic health and drives obesity-associated cardio-
metabolic complications. It is noteworthy that the contribution of defective immunometabolic

profile in metabolic diseases is less well characterized in the context of infections, and could
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play an important role in the increased susceptibility and the bad prognosis in infectious

diseases [48-50].

3. Why patients with obesity and type 2 diabetes are more susceptible to the severe

COVID-19: A nutrient perspective

The presence of chronic diseases, including obesity and T2D, has been associated with
the development of the severe form of COVID-19 [51-54]. Severe COVID-19 include acute
respiratory distress syndrome (ARDS), septic choc, multiple organ failure and death [55]. The
severity of the disease is usually accompanied by elevated inflammatory cytokines: IL-2R, IL-
10, IL-6, IL-8 and TNF-a, reminiscent of the cytokines releasing syndrome [53, 56, 57]. This
is also seen in SARS-COV-1, which shares 80% homology with SARS-COV-2 [58].
Importantly, ARDS, during SARS-COV outbreak was shown to occur despite reductions in

viral load, suggesting altered host response rather than viral virulence.

In a retrospective multicentred cohort of 7,336 confirmed COVID-19 cases with or
without diabetes in Hubei Province, China, diabetics had significantly higher mortality rate
and higher multi-organ injury [59]. In this cohort, controlled blood glucose levels correlated
with improved outcomes and were associated with markedly lower mortality rate compared to
uncontrolled glucose status. In the whole cohort, as well as in the diabetic group,
lymphocytopenia, neutrocytosis, and increased circulating IL-6 correlated with blood glucose.
The group with controlled blood glucose showed lower lymphocytopenia, lower neutrocytosis,
and lower IL-6 levels, all of which correlated with the controlled glucose status [59],

suggesting an interaction between glucose and immune cells.

Pathogen associated molecular pattern (PAMPs) are recognized by the innate
microbial sensors, called pathogen recognition receptors (PRRs). In the case of SARS-COV-2,
the genomic viral RNA could be recognized by Toll like receptors, NOD-like receptors or
RIG-I-like receptors [60, 61]. This recognition activates downstream signaling and promotes
pro-inflammatory cytokines production in a nuclear factor kappa B (NF- B) and in an
interferon regulatory factor (IRF) 3/7 dependent manner [61, 62]. Importantly, IRF 3/7 are
known to upregulate Type I interferon (IFN-I) production leading to the activation of
interferon stimulated genes and to the secretion of many pro-inflammatory which constitutes
an early first line of innate immune defense that interferes with viral replication [63]. In an
elegant study, Hu, Xia [64] investigated the effect of acute and short term effects of

hyperglycemia on IFN-I production and signaling by peripheral blood mononuclear cells
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(PBMC). The study consisted in incubation of PBMC with different glucose concentrations
and Polyinosinic:polycytidylic acid (polyl:C) stimulation, with polyl:C being a double
stranded RNA (dsRNA) that stimulate IFN-I via Toll like receptor (TLR) 3. The authors
demonstrated that blood glucose levels differentially affect IFN-I production and signaling in
both acute and short term conditions: moderately elevated glucose (8 mmol) promoted IFN-I
production, however, highly elevated glucose levels (24 mmol) impaired it. These acute and
short term results have important implications; as outlined earlier, the inflammatory response
is glucose dependent, therefore acute moderate elevations in blood glucose may boost the
immune response against pathogens, in part by increased IFN-I production. Further
confirming this notion is that acute incubation with moderately elevated glucose and polyl:C
increased CD169, a sensitive IFN-I signaling marker, expression on PBMC, while acute
incubation with highly elevated glucose and polyl:C decreased CD169 expression [64].
Therefore by suppressing IFN-I, high glucose levels may promote viral replication and
persistence. Furthermore, high glucose levels, from the latter study, also increased many
cytokines, including; IFN-y, TNF-a, IL-1B, IL-6, IL-8, IL-10 [64]. Importantly most of these
cytokines were reported to be elevated in severe COVID-19 patients, suggesting that
hyperglycemia could contribute to the immunopathology of COVI-19. [53, 57].

Many mechanisms by which hyperglycemia reprogram leucocytes to an inflammatory
profile: for example advanced glycation end products (AGEs) mediate the M1 program of
macrophages by the activation of NF- B pathway, which promote IL-6 and TNF-o expression
[65]. Similarly, upregulation of glucose metabolism promotes an inflammatory phenotype of
macrophages characterized by an oxidative stress-mediated increase in pro-inflammatory

mediators [66].

Besides hyperglycemia, dyslipidemia is also a common feature of obesity and T2D.
Both diseases are characterized by increased concentrations of circulating non-esterified fatty
acids of which saturated fatty acids (SFAs) constitute the major type governing the plasma
[67]. SFAs are integral components in active microbial patterns, and the biosynthetic
replacement of SFAs by monounsaturated fatty acids in those patterns blunts the pro-
inflammatory activity [68]. Importantly SFAs can act as PAMPSs and are capable of
activating Toll like receptors (TLRs) [69], a family of transmembrane proteins known to play
an important role in innate antigen recognition [70]. For example, TLRs activation increases
the expression of many pro-inflammatory cytokines including, but not restricted to; TNF-a,

IL-1 and IL-6 in a NF- B dependent manner [71]. Patients with Obesity and overweight show
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also increased levels of TLR4 and TLR2 [72]. Moreover, high glucose levels exacerbate
SFAs-mediated TLR expression and activity on monocytes, and increase pro-inflammatory

cytokines production in a reactive oxygen species-dependent manner [73].

Obesity and T2D display increased NLRP3 inflammasome components levels which
correlate with the severity of T2D [74]. NLRP3 is a family member of NOD like receptors
that play an important role in the recruitment and activation of Caspases which in its turn
initiates the production of IL-1f and IL-18 [75]. Importantly, SARS-COV was shown to drive
inflammation in an NLRP3 dependent manner [76-78], therefore the pre-existing metabolic
derangements resulting in high levels of NLPR3 components in obesity and T2D could lead to
uncontrolled NLRP3-mediated inflammation contributing to the immunopathology of
COVID-19. In this regard, there is evidence suggesting that TLR activation by palmitate
could induce inflammasome activation which results in IL-1f expression and therefore

increased inflammation [79].

Therefore, integrative strategies that aim to improve the inflammatory and the
metabolic profile characterizing these diseases are of paramount importance at the preventive

level. One of these strategies includes physical exercise.
4. Exercise as an adjuvant: A COVID-19-centred perspective

Robert N. Butler once said: “if exercise could be packed into a pill, it would be the
single most widely prescribed, and beneficial, medicine in the nation.” [80]. Exercise is the
only intervention that has the potential to confer wide spread preventive advantages, ranging
from immuno-metabolic to mental health, against the deleterious effects of SARS-COV-2
outbreak. Since we cannot predict when the vaccine is going to be ready, when this outbreak
will end, and if there will be new waves before discovering the vaccine, we need a strong
shield — stronger than ever. Therefore we focus this section to discuss how exercise boosts our
immune shield (see Figure2.), and how even if this shield is troubled, like in chronic diseases,

exercise could restore functionality and confer some protection against COVID-19.
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Figure 2. Exercise effects on immune system. Moderate intensity exercise increase the mobilization and the anti-pathoger
activity of Natural killer (NK) cells, Neutrophils , Macrophages and T cells. In macrophages, along with increasec
mobilization of classically activated (M1) inflammatory Macrophages and decreased Toll like receptors (TLRs
expression, exercise training also increases the alternatively (M2) anti-inflammatory macrophages. In T cells, acutc
exercise increases CD4+ and CD8+ T cells subset mobilization, increase type 1 cytokines production. Chronic exercise
mitigates age related decrease in T cells. Acute exercise bouts are accompanied by a transient increase in the myokine
interleukine (IL)-6, which subsequently increases IL-10 and IL-1Ra levels, all of which have anti-inflammatory
properties.

As highlighted earlier, obesity and diabetes status are major risk factors for contracting
the severe form of COVID-19. Common to these conditions is a state of low grade
inflammation and immune depression [31, 33, 34, 81-84], which is believed to contribute to
the amplified immune response characterized by an overproduction of pro-inflammatory
cytokines, namely the cytokine storm, typical of severe COVID-19 [85]. Interestingly
exercise by its anti-inflammatory effects may confer some protection by restoring the balance

between pro and anti-inflammatory immune mediators.

A single bout of exercise is accompanied by a transient increase in IL-6 [86]. The rise

of IL-6 is known to stimulate lipolysis which promotes fatty acid utilization as a fuel source
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by muscles [87]. On the long run, physical exercise promotes the reduction of visceral adipose
tissue, which indirectly reduces the inflammatory profile accompanying these diseases. In line
with this, a study investigated the effect of tocilizumab, an I1-6 receptor antibody, on exercise-
mediated reductions in visceral adipose tissue in individuals with obesity [88].The authors
showed that IL-6 receptor blockade blunted these reductions. IL-6 anti-inflammatory effects
are not limited to the long term reductions of visceral adipose tissue; its transient elevation in
response to acute exercise is known to stimulate other anti-inflammatory cytokines such as
IL-10 and IL-1 receptor antagonist (IL-1ra) [89]. IL-10 is known to modulate the activity of
Thl cells, Natural killer cells (NK) and macrophages by moderating pro-inflammatory
cytokines expression including IL-1a and B, IL-18, IL-12, and TNF-a and chemokines
expression, including monocyte chemoattractant protein (MCP1, MCP5) [90, 91]. During
infections these effects prevent excessive immune activation and tissue damage [90]. IL-1ra is
known to interfere with the inflammatory action of the cytokine IL-1 by competitively
binding IL-1 receptor [92]. The balance between IL-1/IL1ra is very important in health, and
the disruption of this balance may lead to a broad range of diseases including insulin
resistance [92-94]. This seems also to be valid in individuals with obesity, since acute
moderate and high intensity interval exercises (HIIE) were shown to transiently increase IL-6
concentrations [95]. However, Dorneles, Haddad [96] showed that IL-6, IL-10 were only
increased after HIIE. The relatively short duration (10 min) of the moderate intensity and the
intermittent character of the exercise in this study could explain these discrepancies. The rise
in catecholamines and cortisol, and their interference with acute exercise intensity could paly
a role in theses anti-inflammatory effects [97, 98]. Besides cytokines, exercise is also a potent

inhibitor of TLRs, in health and T2D [99, 100]

Paradoxically, these anti-inflammatory effects, depending on exercise intensity and
duration, may promote immunocompetence or immunodepression [101, 102]. Acute moderate
to vigorous intensity exercise of less than 60 min enhances immunocompetence and
immunosurveillance because the rise in anti-inflammatory mediators is paralleled by an
increased mobilization and activation of cytotoxic T cells, NK cells and neutrophils [103,
104]. However, prolonged intense exercise — via the over-expression of anti-inflammatory
cytokines — promotes a state of immunodepression [102, 105]. These observations reflect that
optimal immune function requires a balance in immune cells homeostasis, and/or in pro- and
anti-inflammatory immune mediators. For instance, IL-10 is a potent modulator of Thl and

Tcl T-cells, NK cells and macrophages activity, in part by moderating pro-inflammatory
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cytokines expression, which prevents excessive inflammation and tissue damage [90, 106].
Conversely, over-abundant IL-10 impairs the inflammatory response and leads to pathogen

persistence [107, 108].

In trained athletes, Handzlik, Shaw [109] showed that high load endurance training
induces heightened IL-10 expression upon ex-vivo antigen stimulation compared to sprint
trained and sedentary counterparts. However, high training loads concern more elite athletes,
and does not concern the general and the diseased populations, for which guidelines
recommend 150 min/wk of moderate-intensity activity or 75 min/wk of vigorous-intensity
activity [110, 111], and even with such a small volume the majority of the population still not
engage in regular exercise [112]. Moreover some researchers posited that the idea of intense
exercise-mediated immunodepression is flawed, and that all the manifestations of immune
depression accompanying intense exercise in athletes may in fact reflect an enhanced immune

surveillance [113].

The balance between pro-inflammatory and anti-inflammatory immune cells sub-
populations, and pro-inflammatory and anti-inflammatory immune mediators is critical for the
immuno-metabolic health [114]. Any disruption in this balance increases susceptibility to
diseases [115, 116] . In the context of COVID-19, the severity of this disease is accompanied
by comorbid states in which this balance is disrupted towards an inflammatory state. Exercise
presents the most effective strategy that restores the anti-inflammatory component of this
balance without compromising — if not optimally enhancing — the inflammatory response
[101]. The anti-inflammatory component plays an important role during infection as it
controls the inflammatory process through anti-inflammatory cytokines [90, 102]. This
prevents excess inflammation, and in the context of COVID-19 may prevent the cytokines
storm. Of course these effects are intensity and duration dependent, but as highlighted above,
unlike elite athletes, the general population does not regularly engage in intense prolonged
exercise. Many reviews conclusively agreed that moderate to vigorous exercise of less than 60
min increases anti-pathogen activity and the mobilization of macrophages, NK cells, cytotoxic
T cells, while in the same time, increases anti-inflammatory cytokines production, an
environment that promotes metabolic health as well as optimal immune readiness [96, 101,

102].

Many reports showed that severe COVID-19 patients display reduced lymphocyte
counts, particularly CD4+ and CD8+ T cells and increased cytokine levels 1L-6, IL-10, and
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TNF-a [59, 117, 118]. CD4+ CD8+ T cells are very responsive to exercise in part because
they carry more [2-adrenergic receptors [119, 120], and display a dose dependent
mobilization with exercise intensity [121, 122]. Upon pathogen infection, the innate
component of the immune system drives CD4+ and CD8+ T-cell polarization into two main
subsets depending on their cytokines profiles: Type 1 T-cells (Thl,Tcl); exhibiting a pro-
inflammatory cytokines profile (IFN-y, IL-2), and are important in promoting intracellular
pathogen defense and type 2 T-cells (Th2, Tc2), exhibiting an anti-inflammatory cytokine
profile (IL-4, IL-10), and are important in mediating humoral immune response [123, 124].
Th1 and Th2 for type land type 2 helper T cells are CD4+ polarized T-cells that play a more
indirect role by recruiting more immune cells to the site of infection. Tcl and Tc2, for type 1
and type 2 cytoxic T cells are CD8+ polarized T-cells that play a direct role in clearing
intracellular pathogens [124, 125]. Interestingly, Exercise is also known to enhance the
functional capacity of these mature T cells in an intensity dependent manner [126]. That is,
exercise influences the cytokines production by these cells; moderate intensity exercise
increases type I cytokines production, which enhances the inflammatory response [127], while
high intensity prolonged exercise decreases type 1 cytokines production, without affecting
type 2 cytokines, which create an imbalance that may impair cellular defense [127, 128].
Along with these acute exercise effects, chronic exercise training was reported to counteract
T1 and T2 age-mediated cytokines reductions and lower the number of senescent T cells [101,
129, 130]. These changes in immune cells mobilization and function in response to exercise,
both acute and chronic, have led many researchers to use exercise as a strategy to improve
vaccine responsiveness [131]. Briefly, both acute and chronic moderate exercise were showed
to improve vaccine responsiveness and to extend vaccine seroprotection, particularly in
individuals vulnerable to immune dysfunction [131, 132]. Moreover, in animal models studies
of influenza infection, chronic exercise reduced symptoms, viral load and levels of
inflammatory cytokines and chemokines [133]. Similarly another study showed that moderate
exercise, early after influenza infection, reduced total cellular infiltration and IFN-y gene
expression in lungs, and shifted pro-inflammatory Thl towards anti-inflammatory Th2
cells[134]. In line with these preclinical studies, epidemiological studies linked low to
moderate exercise with reduced influenza mortality [135]. However this needs to be

confirmed in clinical settings.

Based on these observations we speculate that exercise may hold substantial

preventive effects against COVID-19 immunopathology. For specific physical activity
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recommendations during this period, readers are directed towards some recent articles [136,

137]

5. Breaking up sedentary behavior: Get up from the couch and enjoy some

movement

As indicated above increased sedentary time constitutes a major risk factor for many
chronic diseases, and could have been increased by shelter in place during this outbreak.
Therefore reducing time spent sedentary could be another possible strategy, very feasible, to
optimize or at least to prevent metabolic and immune health. Many studies investigated the
extent of breaking up sedentary time on metabolic outcomes. Paing, McMillan [138] found a
dose response relationship between the frequency of interrupting 7 hours of sitting by 3
minutes of light walking breaks on postprandial and 21-h blood glucose incremental area
under the curve (1IAUC) as measured by continuous glucose monitoring in T2D patients: 3
min of walking breaks every 15 min were reported to have superior effects compared to less
frequent breaks (3 min walking every 30 min or 1-h). Similarly in another study they
demonstrated that breaking up sitting time with 3 min light walking every 15 min improved
fasting blood glucose, dawn phenomenon and night-time glucose excursions in T2 diabetics
[139]. A randomized cross-over study reported that breaking up sedentary time with standing
and light intensity walking improved 24-h blood glucose profiles and insulin sensitivity to a
greater extent than structured exercise does [140]. In subjects with obesity, Climie, Grace
[141] showed that interruption of a 3,5-h TV watching with 3-min light intensity body weight
resistance activity every 20 minutes attenuate glycemic excursions during TV watching after a
high energy meal. In overweight sedentary women more frequent breaks of sedentary time
resulted in improved postprandial insulin profiles compared to less frequent breaks matched
for time and energy expenditure [142]. Even interrupting sitting with standing breaks was
reported to significantly reduce blood glucose excursions compared to uninterrupted sitting
[143]. A recent systematic review with meta-analysis concluded that breaking up sitting with
moderate physical activity reduced postprandial blood glucose and insulin [144], however,
smaller effects on triglycerides were observed. In addition, the reduction in blood glucose was
more pronounced in subjects with higher BMI. When energy expenditure was matched, more
frequent breaks of sedentary time were more consistent in reducing blood glucose levels.

Taken together, these studies suggest that interrupting prolonged sitting time with short bouts
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of light activity or even standing may have beneficial effects on various metabolic parameters
including insulin sensitivity and blood glucose levels. The more frequent the bouts are, the
more beneficial the effect is. From an immune perspective, this will indirectly have beneficial
effects on immune system by minimizing accumulation of excess nutrients in adipose tissue,
and therefore the typical inflammation in obesity and its associated comorbidities. A
combination of reducing sedentary time or at least minimizing it and increasing participation
in moderate to vigorous exercise physical activity that results in cardiorespiratory fitness
enhancement is the most beneficial strategy for enhancing cardiometabolic health, as

highlighted by a recent 10 years prospective population study [145].
6. Conclusion

Many reports showed a dramatic decrease in PA levels during the current pandemic. This is
particularly concerning in patients with pre-existing metabolic conditions, including T2D and its
associated complications. These patients may be more vulnerable to the effects of PI both
immunologically and metabolically. Moderate to vigorous physical exercise may counteract the latter
effects and further prevent progression to severe COVID-19, if the virus is contracted. Simpler
approaches, such as breaking up sedentary time, may optimize metabolic health and analogically

immune health.

Author Contributions: J.M Performed literature search designed and wrote the manuscript.
D.A and N.Y contributed to literature search, wrote parts of the manuscript and revised it in

its entirety. E.B, A.O and A.B revised, discussed and enriched the entirety of the manuscript.
Funding: This review received no external funding

Acknowledgments: The authors want thank Majid Ben Abdallah and Ahmed Gharmoul for

their assistance in making the figures.

Conflicts of Interest: The authors declare no conflict of interest.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

7. References

1. Hall, G., et al., A tale of two pandemics: How will COVID-19 and global
trends in physical inactivity and sedentary behavior affect one another? Progress in
Cardiovascular Diseases, 2020.

2. World Health Organization. Global recommendations on physical activity for
health. Geneva: .2010 November, 2018].

3. McGlory, C., et al., Failed recovery of glycemic control and myofibrillar
protein synthesis with 2 wk of physical inactivity in overweight, prediabetic older
adults. The Journals of Gerontology: Series A, 2018. 73(8): p. 1070-1077.

4. FITBIT STAFF. The Impact Of Coronavirus On Global Activity. 2020, March
23; Available from: https://blog.fitbit.com/covid-19-global-activity/.

5. Giustino, V., et al., Physical Activity Levels and Related Energy Expenditure
during COVID-19 Quarantine among the Sicilian Active Population: A Cross-
Sectional Online Survey Study. Sustainability, 2020. 12(11): p. 4356.

6. Koster, A., et al., Association of sedentary time with mortality independent of
moderate to vigorous physical activity. PloS one, 2012. 7(6).

7. Bouchard, C., S.N. Blair, and P.T. Katzmarzyk. Less sitting, more physical
activity, or higher fitness? in Mayo Clinic Proceedings. 2015. Elsevier.

8. Wilmot, E.G., et al., Sedentary time in adults and the association with diabetes,
cardiovascular disease and death: systematic review and meta-analysis. 2012,
Springer.

9. Hamilton, M.T., D.G. Hamilton, and T.W. Zderic, Sedentary behavior as a
mediator of type 2 diabetes, in Diabetes and Physical Activity. 2014, Karger
Publishers. p. 11-26.

10. Gennuso, K.P., et al., Dose-response relationships between sedentary
behaviour and the metabolic syndrome and its components. Diabetologia, 2015. 58(3):
p. 485-492.

11.  Akins, J.D., et al., Inactivity induces resistance to the metabolic benefits
following acute exercise. J Appl Physiol (1985), 2019. 126(4): p. 1088-1094.

12.  van der Berg, J.D., et al.,, Associations of total amount and patterns of
sedentary behaviour with type 2 diabetes and the metabolic syndrome: The Maastricht
Study. Diabetologia, 2016. 59(4): p. 709-718.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

13. Kelley, D.E. and L.J. Mandarino, Fuel selection in human skeletal muscle in
insulin resistance: a reexamination. Diabetes, 2000. 49(5): p. 677-683.

14.  Rynders, C.A., et al., Sedentary behaviour is a key determinant of metabolic
inflexibility. The Journal of physiology, 2018. 596(8): p. 1319-1330.

15.  Nolan, CJ., et al., Insulin resistance as a physiological defense against
metabolic stress: implications for the management of subsets of type 2 diabetes.
Diabetes, 2015. 64(3): p. 673-86.

16.  Hamburg, N.M., et al., Physical inactivity rapidly induces insulin resistance
and microvascular dysfunction in healthy volunteers. Arteriosclerosis, thrombosis, and
vascular biology, 2007. 27(12): p. 2650-2656.

17.  Sonne, M.P., et al., Effect of 10 days of bedrest on metabolic and vascular
insulin action: a study in individuals at risk for type 2 diabetes. Journal of applied
physiology, 2010. 108(4): p. 830-837.

18.  Mikines, K.J., et al., Seven days of bed rest decrease insulin action on glucose
uptake in leg and whole body. Journal of applied physiology, 1991. 70(3): p. 1245-
1254.

19. Olsen, R.H., et al., Metabolic responses to reduced daily steps in healthy
nonexercising men. JAMA, 2008. 299(11): p. 1261-3.

20.  Krogh-Madsen, R., et al., A 2-wk reduction of ambulatory activity attenuates
peripheral insulin sensitivity. Journal of applied physiology, 2010. 108(5): p. 1034-
1040.

21.  Knudsen, S.H., et al., Changes in insulin sensitivity precede changes in body
composition during 14 days of step reduction combined with overfeeding in healthy
young men. Journal of applied physiology, 2012. 113(1): p. 7-15.

22.  Braun, B. and G.A. Brooks, Critical importance of controlling energy status to
understand the effects of "exercise" on metabolism. Exerc Sport Sci Rev, 2008. 36(1):
p. 2-4.

23.  Braun, B. and A. Newman, Accounting for the Nutritional Context to Correctly
Interpret Results from Studies of Exercise and Sedentary Behavior. Nutrients, 2019.
11(9).

24.  Stephens, B.R., et al., Effects of 1 day of inactivity on insulin action in healthy
men and women: interaction with energy intake. Metabolism, 2011. 60(7): p. 941-949.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

25. Hoehn, K.L., et al., Insulin resistance is a cellular antioxidant defense
mechanism. Proceedings of the National Academy of Sciences, 2009. 106(42): p.
17787-17792.

26.  Nolan, ClJ., et al., Insulin resistance as a physiological defense against
metabolic stress: implications for the management of subsets of type 2 diabetes.
Diabetes, 2015. 64(3): p. 673-686.

27.  Dirks, M.L., et al., One Week of Bed Rest Leads to Substantial Muscle Atrophy
and Induces Whole-Body Insulin Resistance in the Absence of Skeletal Muscle Lipid
Accumulation. Diabetes, 2016. 65(10): p. 2862-2875.

28.  Appriou, Z., et al., Skeletal muscle ceramides do not contribute to physical-
inactivity-induced insulin resistance. Appl Physiol Nutr Metab, 2019. 44(11): p. 1180-
1188.

29.  Hotamisligil, G.S. and E. Erbay, Nutrient sensing and inflammation in
metabolic diseases. Nature Reviews Immunology, 2008. 8(12): p. 923.

30. Hotamisligil, G.S., Inflammation and metabolic disorders. Nature, 2006.
444(7121): p. 860-867.

31.  Nishimura, S., et al., CD8+ effector T cells contribute to macrophage
recruitment and adipose tissue inflammation in obesity. Nature medicine, 2009. 15(8):
p. 914.

32. Yang, H., et al., Obesity increases the production of proinflammatory
mediators from adipose tissue T cells and compromises TCR repertoire diversity:
implications for systemic inflammation and insulin resistance. The Journal of
Immunology, 2010. 185(3): p. 1836-1845.

33.  Lumeng, C.N., J.L. Bodzin, and A.R. Saltiel, Obesity induces a phenotypic
switch in adipose tissue macrophage polarization. The Journal of clinical
investigation, 2007. 117(1): p. 175-184.

34.  DeFuria, J., et al., B cells promote inflammation in obesity and type 2 diabetes
through regulation of T-cell function and an inflammatory cytokine profile.
Proceedings of the National Academy of Sciences, 2013. 110(13): p. 5133-5138.

35. Wilson, S.H., F.P. Kennedy, and K.N. Garratt, Optimisation of the
management of patients with coronary heart disease and type 2 diabetes mellitus.
Drugs Aging, 2001. 18(5): p. 325-33.

36.  Uysal, K.T., et al., Protection from obesity-induced insulin resistance in mice

lacking TNF-alpha function. Nature, 1997. 389(6651): p. 610-4.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

37.  Ventre, J., et al., Targeted disruption of the tumor necrosis factor-alpha gene:
metabolic consequences in obese and nonobese mice. Diabetes, 1997. 46(9): p. 1526-
31.

38.  Hotamisligil, G.S., Foundations of immunometabolism and implications for
metabolic health and disease. Immunity, 2017. 47(3): p. 406-420.

39.  Lee, JY., et al., Reciprocal modulation of Toll-like receptor-4 signaling
pathways involving MyDS88 and phosphatidylinositol 3-kinase/AKT by saturated and
polyunsaturated fatty acids. J Biol Chem, 2003. 278(39): p. 37041-51.

40. Kwon, O.S., et al., MyD88 regulates physical inactivity-induced skeletal
muscle inflammation, ceramide biosynthesis signaling, and glucose intolerance. Am J
Physiol Endocrinol Metab, 2015. 309(1): p. E11-21.

41.  Dasu, M.R,, et al., High glucose induces toll-like receptor expression in human
monocytes: mechanism of activation. Diabetes, 2008. 57(11): p. 3090-3098.

42. Wen, H., et al., Fatty acid—induced NLRP3-ASC inflammasome activation
interferes with insulin signaling. Nature immunology, 2011. 12(5): p. 408.

43.  Odegaard, J.I. and A. Chawla, Pleiotropic actions of insulin resistance and
inflammation in metabolic homeostasis. Science, 2013. 339(6116): p. 172-177.

44.  Ganeshan, K. and A. Chawla, Metabolic regulation of immune responses.
Annual review of immunology, 2014. 32: p. 609-634.

45.  Krogh-Madsen, R., et al., A 2-wk reduction of ambulatory activity attenuates
peripheral insulin sensitivity. Journal of Applied Physiology, 2010. 108(5): p. 1034-
1040.

46. Reidy, P.T., et al., Skeletal muscle ceramides and relationship with insulin
sensitivity after 2 weeks of simulated sedentary behaviour and recovery in healthy
older adults. J Physiol, 2018. 596(21): p. 5217-5236.

47.  Gupta, S., et al., Infections in diabetes mellitus and hyperglycemia. Infectious
disease clinics of North America, 2007. 21(3): p. 617-638.

48. wvan Crevel, R., S. van de Vijver, and D.A. Moore, The global diabetes
epidemic: what does it mean for infectious diseases in tropical countries? The Lancet
Diabetes & Endocrinology, 2017. 5(6): p. 457-468.

49, Korkmaz, A., et al., Glucose: a vital toxin and potential utility of melatonin in
protecting against the diabetic state. Molecular and cellular endocrinology, 2012.

349(2): p. 128-137.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

50. Yang, J., et al., Prevalence of comorbidities in the novel Wuhan coronavirus
(COVID-19) infection: a systematic review and meta-analysis. International Journal of
Infectious Diseases, 2020.

51.  Zhang, J.-., et al., Clinical characteristics of 140 patients infected with SARS-
CoV-2 in Wuhan, China. Allergy. n/a(n/a).

52.  Zhou, F., et al., Clinical course and risk factors for mortality of adult inpatients
with COVID-19 in Wuhan, China: a retrospective cohort study. The lancet, 2020.

53.  Simonnet, A., et al., High prevalence of obesity in severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) requiring invasive mechanical ventilation.
Obesity. n/a(n/a).

54. Guan, W.-j., et al., Clinical Characteristics of Coronavirus Disease 2019 in
China. New England Journal of Medicine, 2020. 382(18): p. 1708-1720.

55. McGonagle, D., et al., The Role of Cytokines including Interleukin-6 in
COVID-19 induced Pneumonia and Macrophage Activation Syndrome-Like Disease.
Autoimmunity Reviews, 2020. 19(6): p. 102537.

56.  Chen, G, et al., Clinical and immunological features of severe and moderate
coronavirus disease 2019. The Journal of Clinical Investigation, 2020. 130(5): p.
2620-2629.

57.  Lu, R., et al., Genomic characterisation and epidemiology of 2019 novel
coronavirus: implications for virus origins and receptor binding. The Lancet, 2020.
395(10224): p. 565-574.

58. Zhu, L., et al., Association of Blood Glucose Control and Outcomes in Patients
with COVID-19 and Pre-existing Type 2 Diabetes. Cell Metab, 2020.

59.  Jensen, S. and A.R. Thomsen, Sensing of RNA Viruses: a Review of Innate
Immune Receptors Involved in Recognizing RNA Virus Invasion. Journal of Virology,
2012. 86(6): p. 2900-2910.

60.  Jamilloux, Y., et al., Should we stimulate or suppress immune responses in
COVID-19? Cytokine and anti-cytokine interventions. Autoimmunity Reviews, 2020:
p. 102567.

61. Ning, S., J. Pagano, and G.N. Barber, I[RF7: activation, regulation,
modification and function. Genes & Immunity, 2011. 12(6): p. 399-414.

62. Rasmussen, S.B., L.S. Reinert, and S.R. Paludan, Innate recognition of
intracellular pathogens: detection and activation of the first line of defense. Apmis,

2009. 117(5-6): p. 323-337.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

63. Hu, R., et al., Effect of high glucose on cytokine production by human
peripheral blood immune cells and type I interferon signaling in monocytes:
Implications for the role of hyperglycemia in the diabetes inflammatory process and
host defense against infection. Clin Immunol, 2018. 195: p. 139-148.

64. Jin, X., et al., Advanced glycation end products enhance macrophages
polarization into M1 phenotype through activating RAGE/NF-kB pathway. BioMed
research international, 2015. 2015.

65.  Freemerman, A.J., et al., Metabolic reprogramming of macrophages glucose
transporter 1 (GLUTI)-mediated glucose metabolism drives a proinflammatory
phenotype. Journal of Biological Chemistry, 2014. 289(11): p. 7884-7896.

66. Li, B, et al., 4 global perspective on the crosstalk between saturated fatty
acids and Toll-like receptor 4 in the etiology of inflammation and insulin resistance.
Progress in Lipid Research, 2020. 77: p. 101020.

67.  Hoshino, K., et al., Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice
are hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene product.
The Journal of Immunology, 1999. 162(7): p. 3749-3752.

68.  Huang, S., et al., Saturated fatty acids activate TLR-mediated proinflammatory
signaling pathways. J Lipid Res, 2012. 53(9): p. 2002-13.

69. Takeda, K. and S. Akira, Toll-like receptors in innate immunity. International
immunology, 2005. 17(1): p. 1-14.

70.  Kawai, T. and S. Akira, Pathogen recognition with Toll-like receptors. Curr
Opin Immunol, 2005. 17(4): p. 338-44.

71.  Ahmad, R., et al., Elevated expression of the toll like receptors 2 and 4 in
obese individuals: its significance for obesity-induced inflammation. J Inflamm (Lond),
2012.9(1): p. 48.

72.  Dasu, M.R. and 1. Jialal, Free fatty acids in the presence of high glucose
amplify monocyte inflammation via Toll-like receptors. American journal of
physiology-endocrinology and metabolism, 2011. 300(1): p. E145-E154.

73.  Vandanmagsar, B., et al., The NLRP3 inflammasome instigates obesity-induced
inflammation and insulin resistance. Nature medicine, 2011. 17(2): p. 179.

74. Martinon, F., K. Burns, and J. Tschopp, The Inflammasome: A Molecular
Platform Triggering Activation of Inflammatory Caspases and Processing of prolL-p.
Molecular Cell, 2002. 10(2): p. 417-426.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

75.  Shi, C.-S., et al.,, SARS-Coronavirus Open Reading Frame-8b triggers
intracellular stress pathways and activates NLRP3 inflammasomes. Cell Death
Discovery, 2019. 5(1): p. 101.

76.  Nieto-Torres, J.L., et al., Severe acute respiratory syndrome coronavirus E
protein transports calcium ions and activates the NLRP3 inflammasome. Virology,
2015. 485: p. 330-339.

77.  Siu, K.-L., et al., Severe acute respiratory syndrome Coronavirus ORF3a
protein activates the NLRP3 inflammasome by promoting TRAF3-dependent
ubiquitination of ASC. The FASEB Journal, 2019. 33(8): p. 8865-8877.

78.  Snodgrass, R.G., et al., Inflammasome-mediated secretion of IL-1f in human
monocytes through TLR2 activation, modulation by dietary fatty acids. The Journal of
Immunology, 2013. 191(8): p. 4337-4347.

79.  Butler, R.N., Public Interest Report No. 23: Exercise, the Neglected Therapy.
The International Journal of Aging and Human Development, 1978. 8(2): p. 193-195.
80.  Woods, J.A., et al., Exercise, inflammation and aging. Aging and disease, 2012.
3(1): p. 130-140.

81. Mauro, C., et al., Obesity-induced metabolic stress leads to biased effector
memory CD4+ T cell differentiation via PI3K pll05-Akt-mediated signals. Cell
metabolism, 2017. 25(3): p. 593-6009.

82.  Duffaut, C., et al., Interplay between human adipocytes and T lymphocytes in
obesity: CCL20 as an adipochemokine and T lymphocytes as lipogenic modulators.
Arteriosclerosis, thrombosis, and vascular biology, 2009. 29(10): p. 1608-1614.

83. Bonacina, F., et al., The interconnection between Immuno-metabolism, diabetes,
and CKD. Current diabetes reports, 2019. 19(5): p. 21.

84.  Muniyappa, R. and S. Gubbi, COVID-19 pandemic, coronaviruses, and
diabetes mellitus. American Journal of Physiology-Endocrinology and Metabolism,
2020. 318(5): p. E736-E741.

85. Fischer, C.P., Interleukin-6 in acute exercise and training: what is the
biological relevance. Exerc immunol rev, 2006. 12(6-33): p. 41.

86. Van Hall, G., et al., Interleukin-6 stimulates lipolysis and fat oxidation in
humans. The Journal of Clinical Endocrinology & Metabolism, 2003. 88(7): p. 3005-
3010.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

87. Wedell-Neergaard, A.-S., et al., Exercise-induced changes in visceral adipose
tissue mass are regulated by IL-6 signaling: a randomized controlled trial. Cell
metabolism, 2019. 29(4): p. 844-855. e3.

88. Steensberg, A., et al., IL-6 enhances plasma IL-Ira, IL-10, and cortisol in
humans. American Journal of Physiology-Endocrinology And Metabolism, 2003.
285(2): p. E433-E437.

89. Couper, K.N., D.G. Blount, and E.M. Riley, IL-10: the master regulator of
immunity to infection. The Journal of Immunology, 2008. 180(9): p. 5771-5777.

90. Moore, K.W., et al., Interleukin-10 and the interleukin-10 receptor. Annual
review of immunology, 2001. 19(1): p. 683-765.

91. Mandrup-Poulsen, T., et al., Involvement of interleukin 1 and interleukin 1
antagonist in pancreatic f-cell destruction in insulin-dependent diabetes mellitus.
Cytokine, 1993. 5(3): p. 185-191.

92.  Arend, W.P., The balance between IL-1 and IL-1Ra in disease. Cytokine &
growth factor reviews, 2002. 13(4-5): p. 323-340.

93, Meier, C.A., et al., IL-1 receptor antagonist serum levels are increased in
human obesity: a possible link to the resistance to leptin? The Journal of Clinical
Endocrinology & Metabolism, 2002. 87(3): p. 1184-1188.

94.  de Souza, D.C., et al., Effects of High-Intensity Interval and Moderate-Intensity
Continuous Exercise on Inflammatory, Leptin, IgA, and Lipid Peroxidation Responses
in Obese Males. Frontiers in Physiology, 2018. 9(567).

95. Dorneles, G.P., et al., High intensity interval exercise decreases IL-8 and
enhances the immunomodulatory cytokine interleukin-10 in lean and overweight—
obese individuals. Cytokine, 2016. 77: p. 1-9.

96.  Cupps, T.R. and A.S. Fauci, Corticosteroid-Mediated Immunoregulation in
Man. Immunological Reviews, 1982. 65(1): p. 133-155.

97.  van der Poll, T., et al., Epinephrine inhibits tumor necrosis factor-alpha and
potentiates interleukin 10 production during human endotoxemia. The Journal of
clinical investigation, 1996. 97(3): p. 713-719.

98. Gleeson, M., B. McFarlin, and M. Flynn, Exercise and Toll-like receptors.
Exerc Immunol Rev, 2006. 12(1): p. 34-53.

99, Durrer, C., et al., Acute high-intensity interval exercise reduces human

monocyte Toll-like receptor 2 expression in type 2 diabetes. American Journal of


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

Physiology-Regulatory, Integrative and Comparative Physiology, 2017. 312(4): p.
R529-R538.

100. Nieman, D.C. and L.M. Wentz, The compelling link between physical activity
and the body's defense system. Journal of sport and health science, 2019. 8(3): p. 201-
217.

101. Gleeson, M., et al., The anti-inflammatory effects of exercise: mechanisms and
implications for the prevention and treatment of disease. Nature reviews immunology,
2011. 11(9): p. 607-615.

102. Adams, G.R., et al.,, Exercise and leukocyte interchange among central
circulation, lung, spleen, and muscle. Brain, behavior, and immunity, 2011. 25(4): p.
658-6066.

103. Bigley, A.B., et al., Acute exercise preferentially redeploys NK-cells with a
highly-differentiated phenotype and augments cytotoxicity against lymphoma and
multiple myeloma target cells. Brain, behavior, and immunity, 2014. 39: p. 160-171.
104. Nieman, D.C., Immune response to heavy exertion. Journal of applied
physiology, 1997. 82(5): p. 1385-1394.

105. Hunter, C.A., et al., IL-10 is required to prevent immune hyperactivity during
infection with Trypanosoma cruzi. The Journal of Immunology, 1997. 158(7): p. 3311-
3316.

106. van der Sluijs, K.F., et al., IL-10 is an important mediator of the enhanced
susceptibility to pneumococcal pneumonia after influenza infection. The Journal of
Immunology, 2004. 172(12): p. 7603-7609.

107. Blackburn, S.D. and E.J. Wherry, IL-10, T cell exhaustion and viral persistence.
Trends in microbiology, 2007. 15(4): p. 143-146.

108. Handzlik, M.K., et al., The influence of exercise training status on antigen-
stimulated IL-10 production in whole blood culture and numbers of circulating
regulatory T cells. European Journal of Applied Physiology, 2013. 113(7): p. 1839-
1848.

109. Health, U.D.o. and H. Services, Physical activity guidelines for Americans: be
active, healthy, and happy! http://www. health. gov/paguidelines/guidelines/default.
aspx, 2008.

110. Organization, W.H., Global recommendations on physical activity for health.
2010: World Health Organization.


http://www
https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

111. Troiano, R.P., et al., Physical activity in the United States measured by
accelerometer. Medicine & Science in Sports & Exercise, 2008. 40(1): p. 181-188.
112. Campbell, J.P. and J.E. Turner, Debunking the Myth of Exercise-Induced
Immune Suppression: Redefining the Impact of Exercise on Immunological Health
Across the Lifespan. Frontiers in Immunology, 2018. 9(648).

113.  Weinhold, M., et al., Physical exercise modulates the homeostasis of human
regulatory T cells. Journal of Allergy and Clinical Immunology, 2016. 137(5): p.
1607-1610. 8.

114. Yang, L., et al., S-Nitrosylation links obesity-associated inflammation to
endoplasmic reticulum dysfunction. Science, 2015. 349(6247): p. 500-506.

115. Ostrowski, K., et al., Pro-and anti-inflammatory cytokine balance in strenuous
exercise in humans. The Journal of physiology, 1999. 515(1): p. 287-291.

116. Liu, J., et al., Longitudinal characteristics of lymphocyte responses and
cytokine profiles in the peripheral blood of SARS-CoV-2 infected patients.
EBioMedicine, 2020: p. 102763.

117.  Zheng, M., et al., Functional exhaustion of antiviral lymphocytes in COVID-19
patients. Cellular & Molecular Immunology, 2020. 17(5): p. 533-535.

118. Campbell, J.P., et al., Acute exercise mobilises CD8+ T lymphocytes exhibiting
an effector-memory phenotype. Brain, behavior, and immunity, 2009. 23(6): p. 767-
775.

119. Pistillo, M., et al., The effects of age and viral serology on yo T-cell numbers
and exercise responsiveness in humans. Cellular immunology, 2013. 284(1-2): p. 91-
97.

120.  Walsh, N.P., et al., Position statement part one: immune function and exercise.
2011.

121.  Shek, P.N., et al., Strenuous exercise and immunological changes. International
journal of sports medicine, 1995. 16(07): p. 466-474.

122.  Preston, J.A., et al., Streptococcus pneumoniae infection suppresses allergic
airways disease by inducing regulatory T-cells. European Respiratory Journal, 2011.
37(1): p. 53-64.

123.  Mosmann, T.R., et al., Two types of murine helper T cell clone. I. Definition
according to profiles of lymphokine activities and secreted proteins. The Journal of

immunology, 1986. 136(7): p. 2348-2357.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

124. Shaw, D.M., et al., T-cells and their cytokine production: the anti-
inflammatory and immunosuppressive effects of strenuous exercise. Cytokine, 2018.
104: p. 136-142.

125.  Zhao, G., et al., Effects of moderate and high intensity exercise on TI1/T2
balance. Exercise immunology review, 2012. 18.

126. Baum, M., et al., Moderate and exhaustive endurance exercise influences the
interferon-y levels in whole-blood culture supernatants. European journal of applied
physiology and occupational physiology, 1997. 76(2): p. 165-169.

127. Steensberg, A., et al., Strenuous exercise decreases the percentage of type 1 T
cells in the circulation. Journal of Applied Physiology, 2001. 91(4): p. 1708-1712.

128. Drela, N., E. Kozdron, and P. Szczypiorski, Moderate exercise may attenuate
some aspects of immunosenescence. BMC geriatrics, 2004. 4(1): p. 8.

129.  Shimizu, K., et al., Effect of moderate exercise training on T-helper cell
subpopulations in elderly people. Exerc Immunol Rev, 2008. 14(1): p. 24-37.

130. Pascoe, A.R., M.AF. Singh, and K.M. Edwards, The effects of exercise on
vaccination responses: a review of chronic and acute exercise interventions in humans.
Brain, Behavior, and Immunity, 2014. 39: p. 33-41.

131. Woods, J.A., et al., Cardiovascular exercise training extends influenza vaccine
seroprotection in sedentary older adults: the immune function intervention trial.
Journal of the American Geriatrics Society, 2009. 57(12): p. 2183-2191.

132.  Kohut, M.L., et al., Chronic exercise reduces illness severity, decreases viral
load, and results in greater anti-inflammatory effects than acute exercise during
influenza infection. The Journal of infectious diseases, 2009. 200(9): p. 1434-1442.
133. Lowder, T., D.A. Padgett, and J.A. Woods, Moderate exercise early after
influenza virus infection reduces the Thl inflammatory response in lungs of mice.
Exerc Immunol Rev, 2006. 12(97-111).

134. Wong, C.-M., et al., Is exercise protective against influenza-associated
mortality? PLoS One, 2008. 3(5).

135. Hammami, A., et al., Physical activity and coronavirus disease 2019 (COVID-
19): specific recommendations for home-based physical training. Managing Sport and
Leisure, 2020: p. 1-6.

136.  Yousfi, N,, et al., The COVID-19 pandemic: how to maintain a healthy immune
system during the quarantine-a multidisciplinary approach with special focus on

athletes. Biology of Sport. 37(1): p. 211-216.


https://doi.org/10.20944/preprints202010.0270.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 October 2020 d0i:10.20944/preprints202010.0270.v1

137. Paing, A.C., et al., Dose-response between frequency of breaks in sedentary
time and glucose control in type 2 diabetes: A proof of concept study. J Sci Med Sport,
2019. 22(7): p. 808-813.

138. Paing, A.C., et al., Dose-response between frequency of interruption of
sedentary time and fasting glucose, the dawn phenomenon and night-time glucose in
Type 2 diabetes. Diabet Med, 2019. 36(3): p. 376-382.

139. Duvivier, B.M., et al., Breaking sitting with light activities vs structured
exercise: a randomised crossover study demonstrating benefits for glycaemic control
and insulin sensitivity in type 2 diabetes. Diabetologia, 2017. 60(3): p. 490-498.

140. Climie, R.E., et al., Regular brief interruptions to sitting after a high-energy
evening meal attenuate glycemic excursions in overweight/obese adults. Nutr Metab
Cardiovasc Dis, 2018. 28(9): p. 909-916.

141. Maylor, B.D., et al., Effects of Frequency and Duration of Interrupting Sitting
on Cardiometabolic Risk Markers. Int J Sports Med, 2019. 40(13): p. 818-824.

142. Buckley, J.P., et al., The sedentary office: an expert statement on the growing
case for change towards better health and productivity. British journal of sports
medicine, 2015. 49(21): p. 1357-1362.

143. Loh, R., et al., Effects of Interrupting Prolonged Sitting with Physical Activity
Breaks on Blood Glucose, Insulin and Triacylglycerol Measures: A Systematic Review
and Meta-analysis. Sports Med, 2020. 50(2): p. 295-330.

144. Knaeps, S., et al., Ten-year change in sedentary behaviour, moderate-to-
vigorous physical activity, cardiorespiratory fitness and cardiometabolic risk:
independent associations and mediation analysis. British Journal of Sports Medicine,

2018. 52(16): p. 1063-1068.


https://doi.org/10.20944/preprints202010.0270.v1

	1.Introduction
	7.References

