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mortality right from the beginning of the COVID-19 pandemic as it has been reported in most countries affected

One of the pathophysiological hallmarks of COVID-19 is the overactivation of the immune system with a
prominent IL-6 response, resulting in severe and systemic damage involving also cytokines such as IL2, IL4, IL8,

IL10, and interferon-gamma were considered strong predictors of COVID-19 severity. Thus, in this mini-review,
we try to describe the inflammatory state, the alteration of the adipokine profile, and cytokine production in the
obese state of infected and not infected patients by SARS-CoV2 with the final aim to find possible influences of

COVID-19 on CMD and CVD.

The immunological-based discussion of the molecular processes could inspire the study of promising targets
for managing CMD patients and its complications during COVID-19.

1. Introduction

Infection with the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the pathogen that causes coronavirus disease 2019
(COVID-19) illness in humans, is often characterized by a systemic in-
flammatory host response. Pre-existing cardiovascular comorbidities are
known risk factors that increase the severity of COVID-19. They are
usually present alone or in combination in COVID-19 patients and
include chronic respiratory, cardiovascular, and kidney disease, type 2
diabetes (T2DM), and nonalcoholic Fatty liver disease (NAFLD) [1,2].
These conditions are identified as independent risk factors for poor
prognosis in COVID-19, each playing a role in its pathophysiology
through a number of different mechanisms [3,4]. The presence of hy-
pertension (HTN), diabetes, obesity, and atherosclerosis predispose to
disease severity and are correlated with higher mortality in hospitalized
patients with COVID-19 [5-8]. In more advanced cases, disease severity
is characterized by hyperactivation of the immune system causing a
“cytokine storm” responsible for cytokine release syndrome (CRS) [9].
The aggressive inflammatory response begins with a local release of
cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a), which can spread systemically, evolving to acute respiratory
distress syndrome (ARDS) and multiple organ injury such as brain
damage [10,11].

To bind COVID-19 and CMD are also the expression of genes related
to inflammation (eleven genes) found overlapping among hypertension,
DM, coronary artery disease (CAD) and that are considered predictors of
susceptibility and severity of COVID-19 [12]. The core gene was IL6 that
interconnect the phenomena associated to inflammatory responses by
CMD and infection by SARS-CoV-2. These data explain why some in-
dividuals become more severely affected by SARS-CoV2 exacerbating
symptoms for the expression of a regulator of the immune response,
cytokine activity, and viral infection. The identification of key genes
among genes associated with COVID-19 and comorbidities, have sug-
gested combinatory therapies based on dexamethasone and vitamin D.
Dexamethasone treatment, a corticosteroid with effectiveness immu-
nosuppressive role, in moderate to severe COVID-19 patients was
correlated with improving clinical outcome, while Vitamin D shown
antimicrobial effects regulating the expression of TLR2 and TLR4 and
reducing IL6 levels [13]. Moreover, Vitamin D is an effective renin in-
hibitor leading the reduction ARDS risk, myocarditis, or heart injury in
patients with COVID-19 [14].

The interplay of risk factors that determine the course of COVID-19 is
not fully understood. In this review, we focus our attention on the effect
of COVID-19 disease in patients with cardiometabolic disease (CMD),
with particular attention to the molecular aspects and proinflammatory
processes that are prevalent in these conditions. We detail the features of
the immune system in the context of CMD in patients without and with
SARS-CoV2 infection and review current knowledge regarding their
impact on clinical outcomes as summarized in Table 1.

2. Cardiometabolic disease and COVID-19

Obesity, T2DM, HTN, and Cardiovascular Disease (CVD) often clus-
ter together as the “Metabolic Syndrome” (MeS) and increase the risk of

morbidity and mortality. CMD is multidimensional and involves genetic,
behavioral, and environmental factors. There is growing evidence that
healthy lifestyle and patient education can greatly reduce the risk of
adverse outcomes in CMD [15]. While it is not clear whether MeS and
CMD have an underlying pathophysiology or are merely an assemblage
of risk factors, the identification of its elements is important for appro-
priate management.

Several reports have examined the components of CMD and their
relationship to COVID-19 patients from an epidemiological, risk factor,
prognostic or management perspective [16]. A common limitation of the
studies was that they reported the recurrence of symptoms compared
with normal conditions, likely underestimating the true prevalence of
COVID-19 patients, and limiting the capacity to really estimate the risk
of SARS-CoV-2 infection in CMD. It was evident at the onset of the
pandemic that just under 50 % of patients had at least one of the major
comorbidities mentioned previously [17]. The high prevalence of
comorbidities related to CMD has been reported in most countries
affected by the pandemic. Another common observation was the higher
disease severity and fatality rate in COVID-19 patients with these
comorbidities [18]. Conversely, HTN, CVD, T2DM, and obesity were all
associated with increased susceptibility to SARS-CoV-2 infection
[19,20]. Furthermore, there has been a link of SARS-CoV-2 infection and
its subsequent inflammation can lead to the development of new onset
prediabetes and diabetes [21,22].

Previous researchers have demonstrated that patients with CMD
have enhanced levels of proinflammatory factors suggesting an immune
dysregulation, resulting in an altered immune response. Components of
CMD such as excess fat mass are known to upregulate the levels of key
immune factors such as C-reactive protein (CRP), tumor necrosis factor
alpha (TNF-a), interleukin-6 (IL-6) and numerous other adipokines
involving in chronic inflammation. One of the pathophysiological hall-
marks of COVID-19 is overactivation of the immune system with a
prominent IL-6 response [23], resulting in severe inflammation, che-
mokine storm, and systemic damage. Other cytokines are considered
biomarkers and strong predictors of COVID-19 severity such as IL2, IL4,
IL8, IL10, and interferon-gamma [24]. Thus, the levels of proin-
flammatory cytokines and other inflammatory factors are already high
in patients with CMD and COVID-19 increases their expression, inducing
the phenomenon of “cytokine storm”. There seems to be compelling
reasons to argue that to guide the Future Management of Diabetes pa-
tients, we can search for relevant notions from recent experiences of
COVID-19 pandemia [25]. Both obesity and CVD are the predominant
comorbidities in the CMD spectrum that are present in COVID-19 pa-
tients and are discussed in more detail in the ensuing sections.

3. Pathophysiologic mechanisms of immune dysregulation in
obesity

Obesity is characterized by adipose tissue remodeling; the latter
being classified as white (WAT) and brown adipose tissue (BAT). Adi-
pose tissue is considered an endocrine organ producing several bioactive
molecules that act in a pleiotropic manner. Adipocytokines (“adipo-
kines”) are WAT-derived compounds that exert variegate functions, one
of them being immune system regulation. There is an alteration of the
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Table 1
Short description of the roles of main mediators in the outcomes of COVID-19
infection.

Mediators Clinical outcome of COVID-19 patients

Cytokines storm:
IL-6, TNF-q, IL-1p, ferritin and
CRP, CXCL10, MCP-1

IL-2, IL-4, IL-8, IL-10, and IFN-y

High serum concentrations were correlated
with severe COVID-19

Considered strong predictors of COVID-19
severity

Contribution to acute respiratory distress
syndrome (ARDS) in patients with COVID-19
Considered significantly decreased in COVID-
19 patients and are related with pathogenesis.
Increased level was associated with severe
COVID-19

Decreased level were associated with severe
COVID-19

Leptin
Anti-inflammatory adipokines:
chemerin, omentin and vaspin

Angiotensin II (Ang II)

Angiotensin (1-7)

adipokine profile and cytokine production in the obese state, with an
increased propensity to develop insulin resistance, T2DM, HTN, and
CVD. Inflammation in obesity is characterized by the secretion of
proinflammatory cytokines induced by adipocytes and produced by
adipose tissue-resident activated macrophages.

The severity of inflammation is not only dependent on the quantum
of body weight but more on the location and distribution of body fat
[26]. Higher inflammation has been reported in individuals with high
body fat despite normal weight, a phenotype that is commonly seen in
the south Asian region [27,28].

It has been observed that in the obese state, normal immune cells like
M1 macrophages, Th1, Th17, and CD8+ T cells secrete proinflammatory
cytokines such as IL-1f, IL-6, IL-17, and IFN-y replacing regulatory T
cells (Treg), M2-type macrophages, type 2 innate lymphoid cells (ILC2)
and T-helper (Th)2 populating non fatty tissue [29]. In parallel, there are
circulating systemic immune adaptations such as elevated levels of
proinflammatory cytokines, increased numbers of monocytes, neutro-
phils, Th1, Th17, Th22 and, in contrast, decreased circulating Treg with
anti-inflammatory effects. The resulting imbalance between pro and
anti-inflammatory adipokines is an important risk factor for acute lung
injury [30]. Proinflammatory cytokines such as TNF-a, IL-1$ and IL-6,
IL-8 and C-reactive protein (CRP), and monocyte chemotactic protein-
1 (MCP-1) in patients with obesity and in various animal models of
obesity have been shown to impact the immune response to infections.
In addition, adiponectin has a relevant role in the suppression IFN-y
production in macrophages upon LPS-stimulation leading to inadequate
antiviral immunity. The release of IL-1p is considered responsible for the
enhanced myelopoiesis in the bone marrow. In fact, obesity is linked to
the activation of myelopoiesis, demonstrated by the enhanced numbers
of myeloid progenitor cells and the resulting neutrophilia and mono-
cytosis in animal models.

It is generally accepted that metabolic stress induces both local and
systemic immune alterations in adipose tissue [29]. Locally, there is a
decrease in diffusion/exchange of gas (02/C0O2) with progressive local
hypoxia and, consequently, stimulation of hypoxia-inducible factor
lalpha (HIF-1a) and NF-xB expression. The HIF-1a activities include the
expression of the leptin gene that in turn, induces Th1, Th17 cell dif-
ferentiation and inhibits T regulatory cells (Treg cells). Leptin can
directly stimulate Dendritic Cells, macrophages, and Natural Killer cells
to secrete inflammatory cytokines such as IL-6, IL-1, and TNF-a and,
through autocrine signaling, induces adipocytes to produce the same
pattern of cytokines [31]. In light of these observations, it is reasonable
to assume that obesity predisposes to an increased risk of pneumonia,
and COVID-19 could worsen the outcome. The following sections sum-
marize the consequences of COVID-19 in patients with obesity.

BBA - Molecular Basis of Disease 1868 (2022) 166559

4. Impact of COVID-19 on the immune response of patients with
obesity

Individuals with COVID-19 and obesity have a 6-fold higher risk of
hospitalization compared with adults of normal weight [32,33].
Although individuals with obesity might not be more susceptible to in-
fections, obesity still confers an element of risk for more serious diseases
and for increased lung complications due to respiratory viruses such as
coronavirus, influenza, parainfluenza, meta-pneumovirus and rhino-
virus. Interestingly, the ‘obesity paradox’ refers to the phenomenon in
which critical ill patients with obesity may have worse morbidity out-
comes, but their mortality rates are not increased. To date, the mecha-
nism remains unclear even though it has been affirmed in several clinical
studies and meta-analyses. Unexpectedly, both during the 2009 H1N1
and the current COVID-19 pandemic, this phenomenon has not been
observed. Obese Intensive Care Unit (ICU) patients with coronavirus
infection lose the survival advantage when they are infected by the
virus, except for only two studies [34,35]. A well-studied aspect of
SARS-CoV2 infection is the dysregulated immune response that impairs
T-cell-mediated immunity and produces abnormal levels of proin-
flammatory cytokines. Both children with obesity [36] and adult pa-
tients [37] are exposed to an increased risk of pneumonia and worse
outcomes in COVID-19 [38] due to the enhanced secretion of proin-
flammatory cytokines that are involved in chronic low-grade inflam-
mation [39]. Chronic inflammation and impaired T-cell immunity could
be considered the key processes linking obesity and COVID-19. Thus,
increased mortality in SARS-CoV2 infected patients with obesity is
caused by a potential increase in the inflammatory response to COVID-
19 infection (“cytokine storm”) and disturbances in T-cell-mediated
immunity [37].

Leptin and adiponectin modulate lung inflammation [40]. Many
studies have analyzed adipokines activities suggesting their possible
influence in pathogenesis and SARS-CoV2-infection course [41]. In a
study of 70 COVID-19 patients demonstrated that serum concentrations
of chemerin and omentin were significantly decreased compared to
healthy volunteers, but there were no correlations between these levels
and frequency of symptoms and disease severity [42]. Adiponectin is an
anti-inflammatory adipokine usually reduced in obesity. It is regulated
in an opposite manner to leptin, which has been found in higher con-
centrations in COVID-19 patients admitted to the ICU [43]. However, a
nonsignificant increase in adiponectin levels in patients with severe
COVID-19 was reported [44]. Another study demonstrated that the ratio
of adiponectin/leptin could be related to the pathogenesis of COVID-19
[45]. Indeed, a group of patients with mild disease showed a lower
adiponectin/leptin ratio reflecting milder inflammation, while moder-
ate COVID-19 patients had the highest ratio associated with an adequate
response and better outcome. Surprisingly, severe ill patients showed a
similar ratio as the mild patients [45]. The reason for this apparent
discrepancy could be due to the dysregulated immune response in severe
COVID-19 patients with obesity.

Not all studies have found a significant correlation between adipo-
kine levels with most inflammatory mediators and the severity of the
disease [46]. Plasma cytokine levels between patients with or without
obesity found significant differences only in the baseline IL-1p levels,
which were lower in metabolic syndrome (MeS) than non-MeS patients,
with a specific cytokine pattern having been identified that correlated
with mechanical ventilation [47]. Thus, the poor prognosis in obese or
MeS patients with COVID-19 pneumonia could be influenced by factors
other than the “cytokine storm”. CXCL10, a Th-1 chemokine and cyto-
kines such as TNF-o, IL-2, IL-1f or IL-6, IFN-y, protein inducible by
interferon 10 (IP-10) and monocyte chemoattractant protein-1 (MCP-1)
were found in high concentration in alveolar and plasma of COVID-19
patients [48]. Leptin is a regulator of proinflammatory response by
the innate and adaptive immune systems regarding Th1-like differenti-
ation. Leptin receptor was found in lungs both from human and animals
directly modulating inflammatory responses that contribute to the
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SARS-CoV-2
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Fig. 1. Molecular mechanisms linking obesity, typified by a state of low-grade inflammation, to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) infection.

pathophysiology of COVID-19. Indeed, macrophages recruited by leptin
into adipose tissue secrete an abnormal quantity of IL-6 and TNF-«
during SARS-CoV-2 infection in patients with obesity [49]. In this
manner, leptin-related adipocyte dysfunction could contribute to acute
ARDS in patients with COVID-19 and concomitantly, SARS-CoV2
infection could contribute to enhance systemic hyperinflammation in
patients with obesity [50]. The cumulative data suggest that there are
potential common mechanisms in obesity and COVID-19 disease [51]
such as 1) efflux of proinflammatory cytokines contributing to the
“cytokine storm” of COVID-19; 2) altered immune function; 3) dimin-
ished pulmonary function with a low expiratory reserve volume and
respiratory system compliance and 4) higher expression of ACE2 re-
ceptors in fatty tissue that can favor infection in patients with obesity
[52,53]. These latter show high levels of expression of several molecules
for host cell entry of SARS-CoV-2 into visceral adipose tissue, such as the
spike protein processing enzyme (FURIN) and CD147, DPP4, neuropilin-
1 [54], suggesting that adipose tissue could act as a reservoir for the
virus. In conclusion, COVID-19 enhances the secretion of inflammatory
cytokines that together with leptin dysfunction, determine the severity
of COVID-19 illness as explained in Fig. 1.

The pathophysiology of SARS-CoV-2 primarily includes cell tropism
with respect to adipocytes showing increased expression of ACE2,
TMPRSS2, and CD147. SARS-CoV-2 determines the dysregulation of the
immune response that is characterized by the so-called “cytokine storm”
with high levels of IL-6, TNF-«, IL-1p, ferritin and CRP, CXCL10, MCP-1,
macrophages Thl-like and, low level of lymphocytes differentiated as
Treg and Th2. In turn, patients with obesity infected by SARS-CoV2 have
shown leptin dysfunction with amplification of cytokine production and
immune system unbalance at the systemic level. Angiotensin-Converting
Enzyme 2 (ACE2); TransMembrane Serine Protease type 2 (TMPRSS2);
transmembrane glycoprotein receptor (CD147). interleukin-6 (IL-6);
tumor necrosis factor-o (TNFa); interleukin-1p (IL-1p); C-reactive pro-
tein (CRP).

5. Pathophysiology basis of immune dysregulation in
cardiovascular disease

CVD is conditioned by fat accumulation. Indeed, obesity amplifies
the effects of multiple CV risk factors by 1) accelerating their develop-
ment; an adverse myocardial effect is known to occur due to obesity-
mediated activation of the renin-angiotensin-aldosterone system
(RAAS) with the overexpression of angiotensin; 2) increasing the risk of
thrombosis caused by chronic inflammation resulting in the down-
regulation of the antithrombin, C-protein and TFPI (some of the anti-
coagulant regulatory proteins), overexpression of the tissue clotting
factors and P-selectin, which increase adhesion, thrombin synthesis, and
platelet activation [9].

The immune system plays a critical role in the pathophysiology of
CMD, in which chronic inflammatory defects promote the progression of
complex abnormalities. Indeed, the high frequency of macrophages
within the vascular wall is generally indicative of atherosclerosis. They
scavenge lipoprotein particles and oxidize LDL in the subendothelial
space, eventually becoming foam cells secreting inflammatory mole-
cules and sustaining the progression of atherosclerosis. In chronic
advanced lesions, the clearance of apoptotic macrophages is mediated
by slow phagocytes [7]. This last process generates a gradual accumu-
lation of apoptotic debris with necrotic core formation and triggers
further inflammation and thrombosis. Macrophage subtypes have been
found in atherosclerotic lesions with the following characteristics: 1) M1
macrophages release proinflammatory cytokines TNF-a, IL-6, IL-12; 2)
Mox macrophages show an antioxidant gene expression profile; 3) M2
macrophages are not influenced by lipid accumulation, possess iron
manipulation capabilities, and show anti-inflammatory functions, 4) M4
macrophages are similar to M1 macrophages in their proinflammatory
effects but lack the ability of phagocytosis. Sequential space-time
recruitment of M1 and M2 macrophages occurs within the plaque. Pla-
ques of symptomatic patients exhibit macrophages with M1 phenotype,
while asymptomatic patients predominantly express markers of M2
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SARS-CoV-2

Cytokine storm

Increase of IL1beta, IL18
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inflammasome

Spike
protein

receptor

Fig. 2. Cardiovascular complication in SARS-CoV-2 infection.

polarization [18]. Moreover, M1 macrophages are predominant in pla-
ques with an unstable phenotype that could be the mirror of an imbal-
ance between M1 and M2 phenotypes. Reduced numbers and function of
Treg cells may be present in a variety of cardiovascular diseases,
although the precise molecular mechanisms underlying the car-
dioprotective effects of them have yet to be clarified [23].

Interestingly, patients with CMD and animal models with induction
of CMD showed a high number of mast cells with enhanced activity in
the involved tissues. Mast cell mediators impede vascular cell function,
affecting extracellular matrix integrity as well as the functions of other
inflammatory cells, thus determining the pathobiology of multilayered
conditions [4].

6. Impact of COVID-19 on the immune response of patients with
cardiovascular disease

The presence of CVD predisposes to serious infections and has a
greater risk of morbidity when infected with SARS-CoV-2 [55]. Heart
failure (23 %) detected in hospitalized COVID-19 patients was not found
to be based on preexisting cardiomyopathies [56], and acute myocar-
ditis was the definitive cause of death in 7 % of COVID-19 patients [57].
The direct pathophysiological link between COVID-19 and CVD, how-
ever, has not yet been fully clarified. Cardiac biomarkers such as Hs-cTn-
high-sensitive cardiac troponin, Creatine kinase MB isoenzyme, and
others, have been indicated as prognostic elements for patients with
COVID-19, but doubts remain on their efficacy in actual clinical prac-
tice. Several reports based on autopsy samples from COVID-19 patients
demonstrate direct SARS-CoV-2 virus effects on the myocardium and
vascular endothelial cells in the pathophysiology of CVD [58,59].
Intracellular entry of the SARS-CoV-2 virus increases angiotensin II (Ang
II) levels and downregulate ACE/Ang-(1-7) in severe COVID-19 patients
[41], which in turn has been shown to increase tissue factors in mono-
cytes. Moreover, circulating Ang-(1-7)/Ang II ratio was three-fold
higher in COVID-19 patients suggesting also other Ang-(1-7)-forming
activity [60].

Indeed, while Ang (1-7) exerts protective effects on cardiovascular
and lung organs, Ang II elicits pro-inflammatory and promotes fibrosis

with detrimental effects by binding to the angiotensin type 1 receptor
(AT1R). Therefore, AT1R blockers (ARBs) and Ang (1-7) agonists seem
to be a good treatment options since they alleviate the harmful effects
associated with Ang II upregulation [61].

In addition, damage mediated by angiotensin-converting enzyme 2
(ACE2) [62], hypoxia, microvascular thrombosis, and systemic inflam-
mation contributes to clinical outcomes [41,63]. SARS-CoV-2 viral
infection also leads to activation of a proinflammatory state [59], which
worsens endothelial dysfunction. Robles and colleagues demonstrated
that the SARS-CoV-2 spike protein activates the EC inflammatory
phenotype in a manner dependent on integrin a5p1 signaling [64]. This
finding suggested that spike protein is responsible for vascular leakage
and leukocyte adhesion in endothelial dysfunction by activation of NF-
kB target gene expression (such as procoagulant genes).

Increased levels of the proinflammatory cytokines IL-6, IL-8, and
TNF-a directly cause upregulation of inflammation and endothelial
damage [65]. They also cause injury to the lung infrastructure and
further induce harmful lesions in the pulmonary blood vessels [66]. In
addition, the viral effect in suppressing host antiviral immunity and
inducing cell death in infected epithelia/endothelium and virus-bound
platelets causes excessive inflammation and is amplified in the cyto-
kine release syndrome (CRS), leading to cardiovascular injury [67].
Clearly, the scale and intensity of virus-host interaction are heteroge-
neous and lead to different manifestations of COVID-19. Thus, the
hyperinflammatory state dysregulates platelet factors [68] and induces
hypoxia that further upregulates inflammation by activating IL-6 and
TNF-a in a spiral circuit. The hyperinflammatory cytokine response in
various tissues leads to acute inflammation such as septic shock and/or
multiple organ failure, which can cause further damage to the endo-
thelial lining.

P2X7 purinergic receptors have been shown to play an important
role in a variety of cardiovascular diseases due to the activation of the
NLRP3 inflammasome, resulting in the release of IL-1p and IL-18 [69].
Indeed, the precursors of IL-1f and IL-18 (pro-IL-1p and pro-IL-18) are
inactive and are regulated by post-transcriptional mechanisms involving
the activation of the inflammasome. In the same fashion, P2X7R/NLRP3
axis could participate in the immune dysregulation caused by the SARS-
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CoV-2 infection [70,71]. Coronavirus has been demonstrated to activate
the NLRP3 inflammasome [72].

A closer look at the molecular detail indicates that TLR4 contributes
to the pathogenesis of atherosclerosis in several ways. Indeed, many cell
types in atherosclerotic vessel walls are enriched in TLR4 expression.
TLR4 is also expressed in macrophages and after its activation triggers a
cascade of signaling events that activates inflammatory cytokines pro-
duction and proteases. Another consequence of this activation is to
promote the instability of atherosclerotic plaques and enhance their
vulnerability to physical damage and acute thrombosis. An in-silico
study demonstrated a link between TLR4 and the spread of SARS-
CoV2 infection [73], raising the hypothesis that the TLR pathway may
play a role in the exacerbation of inflammation in patients with CVD by
induction and activation of the NLRP3-mediated inflammasome [74].
SARS-CoV-2 spike glycoprotein binds to TLR4 and activates signaling to
increase cell surface expression and facilitate entry of ACE2. Thus,
counteracting the action of SARS-CoV-2 induced endothelial dysfunc-
tion by inflammasomes or TLR4 activation is a promising target for
managing CVD in COVID-19, as shown in Fig. 2.

Endothelial cell damage and thrombi-inflammation are amplified in
cardiovascular patients infected by SARS-CoV2. The consequences are
related to increasing the entry of the virus in endothelial cells through
higher expression of TLR4 and ACE on the cell surface. By P2X7R, the
virus activates the NLRP3 inflammasome resulting in the release of IL-1p
and IL-18 that accumulate along with other cytokines in the cytokine
storm phenomenon.

7. Conclusions

A number of studies have expounded on the relationship between
CMD and COVID-19 since the beginning of the global pandemic. The
former increases susceptibility to SARS-CoV-2 infection, with an
increased likelihood of developing severe illness requiring intensive care
and mechanical ventilation. Additionally, CVD, HTN, T2DM, and
elevated BMI have consistently been reported as major risk factors for
mortality in COVID-19 patients. The pathogenesis of COVID-19 is
related to increased inflammation with dysregulation of the immune
response and the triggering of a “cytokine storm.” These factors increase
the proinflammatory immune response already present in subjects with
CMD, significantly affecting the health of patients with COVID-19
illness. This is the reason why in clinical practice it has been noticed a
bidirectional impact between COVID-19 and diabetes as well as obesity
[16,75]. Targeting of inflammatory biomarkers could be promising for
early identification of patients at risk of adverse outcomes.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

None reports was provided by none. None reports a relationship with
none that includes: None has patent pending to none. None.

Data availability

No data was used for the research described in the article.

References

[1] A. Clark, M. Jit, C. Warren-Gash, B. Guthrie, H.H.X. Wang, S.W. Mercer,

C. Sanderson, M. McKee, C. Troeger, K.L. Ong, F. Checchi, P. Perel, S. Joseph, H.
P. Gibbs, A. Banerjee, R.M. Eggo, Global, regional, and national estimates of the
population at increased risk of severe COVID-19 due to underlying health
conditions in 2020: a modelling study, Lancet Glob. Health 8 (2020), https://doi.
org/10.1016/52214-109X(20)30264-3 €1003-e17.

A. Ceriello, A.P. Stoian, M. Rizzo, COVID-19 and diabetes management: what
should be considered? Diabetes Res. Clin. Pract. 163 (2020), 108151 https://doi.
org/10.1016/j.diabres.2020.108151.

[2

[}

[3]

[4]

[5]

(6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

BBA - Molecular Basis of Disease 1868 (2022) 166559

S. Richardson, J.S. Hirsch, M. Narasimhan, J.M. Crawford, T. McGinn, K.

W. Davidson, The northwell COVID-19 research consortium. Presenting
characteristics, comorbidities, and outcomes among 5700 patients hospitalized
with COVID-19 in the New York city area, JAMA 323 (2020) 2052-2059, https://
doi.org/10.1001/jama.2020.6775.

Y. Tiantian, R. Xiao, N. Wang, R. Shang, G. Lin, Obesity and severe coronavirus
disease 2019: molecular mechanisms, paths forward, and therapeutic
opportunities, Theranostics 11 (17) (2021) 8234-8253, https://doi.org/10.7150/
thno.59293.

L.B.S.S. Costa, C.S. Bittar, S.I. Rizk, A.E. Aratjo Filho, K.A.Q. Santos, T.I.

V. Machado, F.T.A. Andrade, T.B. Gonzalez, A.N.G. Arévalo, J.P. Almeida, F. Bacal,
G.M.M. Oliveira, M.V.G. Lacerda, S.H. Barberato, A.C.P. Chagas, C.E. Rochitte, J.A.
F. Ramires, R. Kalil Filho, L.A. Hajjar, The heart and COVID-19: what cardiologists
need to know, Arq. Bras. Cardiol. 114 (5) (2020) 805-816.

E. Lo Presti, A. De Gaetano, G. Pioggia, S. Gangemi, Comprehensive analysis of the
ILCs and unconventional T cells in virus infection: profiling and dynamics
associated with COVID-19 disease for a future monitoring system and therapeutic
opportunities, Cells 11 (2022) 542, https://doi.org/10.3390/cells11030542.

A.A. Rizvi, A. Janez, W. Al Mahmeed, M. Rizzo, Diabetes and COVID-19: a tale of 2
pandemics, J. Cardiovasc. Pharmacol. 78 (1) (2021) el-e2, https://doi.org/
10.1097/FJC.0000000000001047.

D. Nuzzo, S. Vasto, L. Scalisi, S. Cottone, G. Cambula, M. Rizzo, D. Giacomazza,
P. Picone, Post-acute COVID-19 neurological syndrome: a new medical challenge,
J. Clin. Med. 10 (9) (2021) 1947, https://doi.org/10.3390/jcm10091947.

X. Sun, T. Wang, D. Cai, Z. Hu, J. Chen, H. Liao, L. Zhi, H. Wei, Z. Zhang, Y. Qiu,
J. Wang, A. Wang, Cytokine storm intervention in the early stages of COVID-19
pneumonia, Cytokine Growth Factor Rev. 53 (2020) 38-42, https://doi.org/
10.1016/j.cytogfr.2020.04.002.

D. Nuzzo, P. Picone, Potential neurological effects of severe COVID-19 infection,
Neurosci. Res. 158 (2020) 1-5, https://doi.org/10.1016/j.neures.2020.06.009.
D. Nuzzo, G. Cambula, I. Bacile, M. Rizzo, M. Galia, P. Mangiapane, P. Picone,
D. Giacomazza, L. Scalisi, Long-term brain disorders in post Covid-19 neurological
syndrome (PCNS) patient, Brain Sci. 11 (4) (2021) 454, https://doi.org/10.3390/
brainsci11040454.

S. Feng, F. Song, W. Guo, J. Tan, X. Zhang, F. Qiao, J. Guo, L. Zhang, X. Jia,
Potential genes associated with COVID-19 and comorbidity, Int. J. Med. Sci. 19 (2)
(2022) 402-415, https://doi.org/10.7150/ijms.67815.

J. Villar, C. Ferrando, D. Martinez, A. Ambréds, T. Munoz, J.A. Soler, G. Aguilar,
F. Alba, E. Gonzalez-Higueras, L.A. Conesa, C. Martin-Rodriguez, F.J. Diaz-
Dominguez, P. Serna-Grande, R. Rivas, J. Ferreres, J. Belda, L. Capilla, A. Tallet, J.
M. Anén, R.L. Fernandez, J.M. Gonzalez-Martin, Dexamethasone in ARDS network.
Dexamethasone treatment for the acute respiratory distress syndrome: a
multicentre, randomised controlled trial. Lancet, Respir. Med. 8 (3) (2020)
267-276, https://doi.org/10.1016/52213-2600(19)30417-5.

M.Y. Peng, W.C. Liu, J.Q. Zheng, C.L. Lu, Y.C. Hou, C.M. Zheng, J.Y. Song, K.C. Lu,
Y.C. Chao, Immunological aspects of SARS-CoV-2 infection and the putative
beneficial role of vitamin-D, Int. J. Mol. Sci. 22 (10) (2021) 5251, https://doi.org/
10.3390/ijms22105251.

J. Ralston, R. Nugent, Toward a broader response to cardiometabolic disease, Nat.
Med. 25 (11) (2019) 1644-1646, https://doi.org/10.1038/541591-019-0642-9.
W. Al Mahmeed, K. Al-Rasadi, Y. Banerjee, A. Ceriello, F. Cosentino, M. Galia, S.
Y. Goh, P. Kempler, N. Lessan, N. Papanas, A.A. Rizvi, R.D. Santos, A.P. Stoian, P.
P. Toth, M. Rizzo, CArdiometabolic panel of international experts on syndemic
COvid-19 (CAPISCO). Promoting a syndemic approach for cardiometabolic disease
management during COVID-19: the CAPISCO international expert panel, Front.
Cardiovasc. Med. 15 (8) (2021 Dec), 787761, https://doi.org/10.3389/
fcvm.2021.787761.

C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu,
Z. Cheng, T.Y. Yu, J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H.L. Li, M. Liu, Y. Xiao,
H. Gao, L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical
features of patients infected with 2019 novel coronavirus in Wuhan, China, Lancet
395 (2020) 497-506, https://doi.org/10.1016/50140-6736(20)30183-5.

P.S. Anca, P.P. Toth, P. Kempler, M. Rizzo, Gender differences in the battle against
COVID-19: impact of genetics, comorbidities, inflammation and lifestyle on
differences in outcomes, Int. J. Clin. Pract. 75 (2) (2021 Feb), e13666, https://doi.
org/10.1111/ijcp.13666.

M. Ionescu, A.P. Stoian, M. Rizzo, D. Serban, D. Nuzzo, L. Mazilu, A.I. Suceveanu,
A.M. Dascalu, L.R. Parepa, The role of endothelium in COVID-19, Int. J. Mol. Sci. 22
(21) (2021) 11920, https://doi.org/10.3390/ijms222111920.

Y. Cheng, L. Yue, Z. Wang, J. Zhang, G. Xiang, Hyperglycemia associated with
lymphopenia and disease severity of COVID-19 in type 2 diabetes mellitus,

J. Diabetes Complicat. 35 (2) (2021), 107809, https://doi.org/10.1016/j.
jdiacomp.2020.

T. Sathish, N. Kapoor, Y. Cao, R.J. Tapp, P. Zimmet, Proportion of newly diagnosed
diabetes in COVID-19 patients: a systematic review and meta-analysis, Diabetes
Obes. Metab. 23 (3) (2021) 870-874, https://doi.org/10.1111/dom.14269.

T. Sathish, Y. Cao, N. Kapoor, Newly diagnosed diabetes in COVID-19 patients,
Prim. Care Diabetes 15 (1) (2021) 194, https://doi.org/10.1016/j.
pcd.2020.08.014.

E.A. Coomes, H. Haghbayan, Interleukin-6 in COVID-19: a systematic review and
meta-analysis, Rev. Med. Virol. 30 (2020) 1-9, https://doi.org/10.1002/rmv.2141.
H. Akbari, R. Tabrizi, K.B. Lankarani, H. Aria, S. Vakili, F. Asadian, S. Noroozi,
P. Keshavarz, S. Faramarz, The role of cytokine profile and lymphocyte subsets in
the severity of coronavirus disease 2019 (COVID-19): a systematic review and
meta-analysis, Life Sci. 258 (2020), 118167, https://doi.org/10.1016/j.
1fs.2020.118167.


https://doi.org/10.1016/S2214-109X(20)30264-3
https://doi.org/10.1016/S2214-109X(20)30264-3
https://doi.org/10.1016/j.diabres.2020.108151
https://doi.org/10.1016/j.diabres.2020.108151
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.1001/jama.2020.6775
https://doi.org/10.7150/thno.59293
https://doi.org/10.7150/thno.59293
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260134295874
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260134295874
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260134295874
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260134295874
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260134295874
https://doi.org/10.3390/cells11030542
https://doi.org/10.1097/FJC.0000000000001047
https://doi.org/10.1097/FJC.0000000000001047
https://doi.org/10.3390/jcm10091947
https://doi.org/10.1016/j.cytogfr.2020.04.002
https://doi.org/10.1016/j.cytogfr.2020.04.002
https://doi.org/10.1016/j.neures.2020.06.009
https://doi.org/10.3390/brainsci11040454
https://doi.org/10.3390/brainsci11040454
https://doi.org/10.7150/ijms.67815
https://doi.org/10.1016/S2213-2600(19)30417-5
https://doi.org/10.3390/ijms22105251
https://doi.org/10.3390/ijms22105251
https://doi.org/10.1038/s41591-019-0642-9
https://doi.org/10.3389/fcvm.2021.787761
https://doi.org/10.3389/fcvm.2021.787761
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1111/ijcp.13666
https://doi.org/10.1111/ijcp.13666
https://doi.org/10.3390/ijms222111920
https://doi.org/10.1016/j.jdiacomp.2020
https://doi.org/10.1016/j.jdiacomp.2020
https://doi.org/10.1111/dom.14269
https://doi.org/10.1016/j.pcd.2020.08.014
https://doi.org/10.1016/j.pcd.2020.08.014
https://doi.org/10.1002/rmv.2141
https://doi.org/10.1016/j.lfs.2020.118167
https://doi.org/10.1016/j.lfs.2020.118167

E. Lo Presti et al.

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

A.P. Stoian, Y. Banerjee, A.A. Rizvi, M. Rizzo, Diabetes and the COVID-19
pandemic: how insights from recent experience might guide future management,
Metab. Syndr. Relat. Disord. 18 (4) (2020) 173-175, https://doi.org/10.1089/
met.2020.0037.

T. Sathish, N. Kapoor, Normal weight obesity and COVID-19 severity: a poorly
recognized link, Diabetes Res. Clin. Pract. 169 (2020), 108521, https://doi.org/
10.1016/j.diabres.2020.108521.

N. Kapoor, M. Lotfaliany, T. Sathish, K.R. Thankappan, N. Thomas, J. Furler,

B. Oldenburg, R.J. Tapp, Prevalence of normal weight obesity and its associated
cardio-metabolic risk factors - results from the baseline data of the Kerala diabetes
prevention program (KDPP), PLoS One 15 (8) (2020), e0237974, https://doi.org/
10.1371/journal.pone.0237974.

N. Kapoor, Thin Fat Obesity: The Tropical Phenotype of Obesity. 2021; Endotext
[Internet], South Dartmouth (MA): MDText.com, Inc, 2000.

H. Kane, L. Lynch, Innate immune control of adipose tissue homeostasis, Trends
Immunol. 40 (2019) 857-872, https://doi.org/10.1016/.it.2019.07.006.

E.C.M. Meira, M. Miyazawa, D. Gozal, Putative contributions of circadian clock and
sleep in the context of SARS-CoV-2 infection, Eur. Respir. J. 55 (2020), 2001023,
https://doi.org/10.1183/13993003.01023-2020.

R. Maurya, P. Sebastian, M. Namdeo, M. Devender, A. Gertler, COVID-19 severity
in obesity: leptin and inflammatory cytokine interplay in the link between high
morbidity and mortality, Front. Immunol. 12 (2021), 649359, https://doi.org/
10.3389/fimmu.2021.649359.

W. Yu, K.E. Rohli, S. Yang, P. Jia, Impact of obesity on COVID-19 patients,

J. Diabetes Complicat. 35 (3) (2021), 107817, https://doi.org/10.1016/j.
jdiacomp.2020.107817.

G. Sidhu, R. Samson, S.H. Nedunchezian, S. Srivastav, N. Dixit, T.H. Le Jemtel,
COVID 19 in-hospital mortality, body mass index and obesity related conditions,
J. Diabetes Complicat. 35 (12) (2021), 108054, https://doi.org/10.1016/j.
jdiacomp.2021.108054.

R. Dana, A. Bannay, P. Bourst, C. Ziegler, M.R. Losser, S. Gibot, B. Levy,

G. Audibert, O. Ziegler, Obesity and mortality in critically ill COVID-19 patients
with respiratory failure, Int. J. Obes. 45 (9) (2021) 2028-2037, https://doi.org/
10.1038/541366-021-00872-9.

L. Deng, J. Zhang, M. Wang, L. Chen, Obesity is associated with severe COVID-19
but not death: a dose-response meta-analysis, Epidemiol. Infect. 149 (2021), e144,
https://doi.org/10.1017/50950268820003179.

A.A. Kara, E. Boncuoglu, E. Kiymet, K.O. Arikan, S. Sahinkaya, M. Duzgol, E. Cem,
M. Celebi, H. Agin, S.N. Bayram, B. Ozkan, I. Devrim, Evaluation of predictors of
severe-moderate COVID-19 infections at children: a review of 292 children, J. Med.
Virol. 93 (2021) 6634-6640, https://doi.org/10.1002/jmv.27237.

B.M. Popkin, S. Du, W.D. Green, M.A. Beck, T. Algaith, C.H. Herbst, R.F. Alsukait,
M. Alluhidan, A. Alazemi, M. Shekar, Individuals with obesity and COVID-19: a
global perspective on the epidemiology and biological relationships [published
correction appears in Obes Rev. 2021 Oct;22(10):e13305], Obes. Rev. 21 (11)
(2020), e13128, https://doi.org/10.1111/0br.13128.

Y. Chu, J. Yang, J. Shi, P. Zhang, X. Wang, Obesity is associated with increased
severity of disease in COVID-19 pneumonia: a systematic review and meta-
analysis, Eur. J. Med. Res. 25 (1) (2020) 64, https://doi.org/10.1186/s40001-020-
00464-9.

G. Muscogiuri, S. Bettini, M. Boschetti, S. Savastano, A. Colao, L. BArrwa, OPERA
group, Low-grade inflammation, CoVID-19, and obesity: clinical aspect and
molecular insights in childhood and adulthood, Int. J. Obes. (Lond.) 1 (2022) 8,
https://doi.org/10.1038/s41366-022-01111-5.

R.W. O'Rourke, C.N. Lumeng, Pathways to severe COVID-19 for people with
obesity, Obesity (Silver Spring) 29 (2021) 645-653, https://doi.org/10.1002/
oby.23099.

C. Baigent, S. Windecker, D. Andreini, E. Arbelo, E. Barbato, A.L. Bartorelli,

A. Baumbach, E.R. Behr, S. Berti, The Task Force for the Management of COVID-19
of the European Society of Cardiology, European Society of Cardiology guidance
for the diagnosis and management of cardiovascular disease during the COVID-19
pandemic: part 1-Epidemiology, pathophysiology, and diagnosis, Eur. Heart J.
(2021), ehab696, https://doi.org/10.1093/eurheartj/ehab696.

M. Kukla, T. Menzyk, M. Dembinski, M. Winiarski, A. Garlicki, M.B. Jasik,

M. Skonieczna, D. Hudy, B. Maziarz, B.K. Cabala, L. Skladany, I. Grgurevic, M.
W. Bugajska, T. Grodzicki, D. Stygar, T. Rogula, Anti-inflammatory adipokines:
chemerin, vaspin, omentin concentrations and SARS-CoV-2 outcomes, Sci. Rep. 11
(1) (2021) 21514, https://doi.org/10.1038/541598-021-00928-w.

P.H.J. van der Voort, J. Moser, D.F. Zandstra, A.C. Muller Kobold, M. Knoester, C.
F. Calkhoven, I. Hamming, M. van Meurs, Leptin levels in SARS-CoV-2 infection
related respiratory failure: a cross-sectional study and a pathophysiological
framework on the role of fat tissue. 2020, Heliyon 6 (8) (2020), e04696, https://
doi.org/10.1016/j.heliyon.2020.e04696.

M. Caterino, M. Gelzo, S. Sol, R. Fedele, A. Annunziata, C. Calabrese, G. Fiorentino,
M. D’Abbraccio, C. Dell’Isola, F.M. Fusco, R. Parrella, G. Fabbrocici, I. Gentile,

1. Andolfo, M. Capasso, M. Costanzo, A. Daniele, E. Merchese, R. Polito, R. Russo,
C. Missero, M. Ruoppolo, G. Castaldo, Dysregulation of lipid metabolism and
pathological inflammation in patients with COVID-19, Sci. Rep. 11 (1) (2021)
2941, https://doi.org/10.1038/541598-021-82426-7.

L. Di Filippo, R. De Lorenzo, C. Sciorati, et al., Adiponectin to leptin ratio reflects
inflammatory burden and survival in COVID-19, Diabetes Metab. 47 (6) (2021),
101268, https://doi.org/10.1016/j.diabet.2021.101268.

M. Blot, David Masson, M. Nguyen, A. Bourredjem, , LYMPHONIE study group,
C. Binquet, L. Piroth, Are adipokines the missing link between obesity, immune
response, and outcomes in severe COVID-19? Int. J. Obes. (Lond.) 45 (9) (2021)
2126-2131, https://doi.org/10.1038/541366-021-00868-5.

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

BBA - Molecular Basis of Disease 1868 (2022) 166559

C. Perpinan, L. Bertran, X. Terra, C. Aguilar, J. Binetti, M.L. Dupla, A. Rull,

L. Reverte, E. Yeregui, F.G. Bertomeu, J. Peraire, T. Auguet, On behalf of Covid-
stufy group. Resistin and IL-15 as predictors of invasive mechanical ventilation in
COVID-19 pneumonia irrespective of the presence of obesity and metabolic
syndrome, J. Pers. Med. 12 (3) (2022) 391, https://doi.org/10.3390/
jpm12030391.

E. Liu, D. Marin, P. Banerjee, H.A. Macapinlac, P. Thompson, R. Basar, L. Nassif
Kerbauy, B. Overman, P. Thall, M. Kaplan, V. Nandivada, I. Kaur, A.N. Cortes,

K. Cao, M. Daher, C. Hosing, E.N. Cohen, P. Kebriaei, R. Mehta, S. Neelapu,

Y. Nieto, M. Wang, W. Wierda, M. Keating, R. Champlin, E. Shpall, K. Rezvani, Use
of CAR-transduced natural killer cells in CD19-positive lymphoid tumors, N. Engl.
J. Med. 382 (2020) 545-553, https://doi.org/10.1056/NEJMoal910607.

S. Cinti, L. Graciotti, A. Giordano, COVID-19 and fat embolism: a hypothesis to
explain the severe clinical outcome in people with obesity, Int. J. Obes. 44 (8)
(2020) 1800-1802, https://doi.org/10.1038/541366-020-0624-5.

C.J. Rebello, J.P. Kirwan, F.L. Greenway, Obesity, the Most common comorbidity
in SARS-CoV-2: is leptin the link? Int. J. Obes. 44 (9) (2020) 1810-1817, https://
doi.org/10.1038/541366-020-0640-5.

D. Dicker, S. Bettini, N. Farpour-Lambert, et al., Obesity and COVID-19: the two
sides of the coin, Obes. Facts 13 (4) (2020) 430-438, https://doi.org/10.1159/
000510005.

P.M. Ryan, N.M. Caplice, Is adipose tissue a reservoir for viral spread, immune
activation, and cytokine amplification in coronavirus disease 2019? Obesity 28 (7)
(2020) 1-4, https://doi.org/10.1002/0by.22843.

J. Moreno-Fernandez, J. Ochoa, M.L. Ojeda, F. Nogales, O. Carreras, J. Diaz-Castro,
Inflammation and oxidative stress, the links between obesity and COVID-19: a
narrative review [published online ahead of print, 2022 Mar 22], J. Physiol.
Biochem. (2022) 1-11, https://doi.org/10.1007/s13105-022-00887-4.

G. Friihbeck, V. Catalan, V. Valenti, R. Moncada, J. Gomez-Ambrosi, S. Becerril,
C. Silva, P. Portincasa, J. Escalada, A. Rodriguez, FNDC4 and FNDC5 reduce SARS-
CoV-2 entry points and spike glycoprotein S1-induced pyroptosis, apoptosis, and
necroptosis in human adipocytes, Cell Mol Immunol. 18 (2021) 2457-2459.

S. Peiris, P. Ordunez, D. DiPette, R. Padwal, P. Ambrosio, J. Toledo, V. Stanford,
T. Lisboa, S. Aldighieri, L. Reveiz, Cardiac manifestations in patients with COVID-
19: a scoping review, Glob. Heart 17 (1) (2022) 2, https://doi.org/10.5334/
gh.1037.

F. Zhou, T. Yu, R. Du, G. Fan, Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu,
L. Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao, Clinical
course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan,
China: a retrospective cohort study, Lancet 395 (2020) 1054-1062, https://doi.
org/10.1016/50140-6736(20)30566-3.

Q. Ruan, K. Yang, W. Wang, L. Jiang, J. Song, Clinical predictors of mortality due
to COVID-19 based on an analysis of data of 150 patients from Wuhan, China,
Intensive Care Med. 46 (2020) 846-848, https://doi.org/10.1007/s00134-020-
05991-x.

Z. Varga, A.J. Flammer, P. Steiger, M. Haberecker, R. Andermatt, A.S. Zinkernagel,
M.R. Mehra, R.A. Schuepbach, F. Ruschitzka, H. Moch, Endothelial cell infection
and endotheliitis in COVID-19, Lancet 395 (10234) (2020) 1417-1418, https://
doi.org/10.1016/S0140-6736(20)30937-5.

D. Lindner, A. Fitzek, H. Brauninger, G. Aleshcheva, C. Edler, K. Meissner,

K. Scherschel, P. Kirchhof, F. Escher, H.P. Schultheiss, S. Blankenberg, K. Puschel,
D. Westermann, Association of Cardiac Infection with SARS-CoV-2 in confirmed
COVID-19 autopsy cases, JAMA Cardiol. 5 (11) (2020) 1281-1285, https://doi.
org/10.1001/jamacardio.2020.3551.

A.L. Valle Martins, F.A. da Silva, L. Bolais-Ramos, G. Capanema de Oliveira,

R. Cunha Ribeiro, D.A. Alves Pereira, F. Annoni, M. Monique Lana Diniz,

T. Granato Fonseca Silva, B. Zivianni, A. Carvalho Cardoso, J. Carvalho Martins,
D. Motta-Santos, M.J. Campagnole-Santos, F.S. Taccone, T. Verano-Braga, R.

A. Souza Santos, Increased circulating levels of angiotensin-(1-7) in severely ill
COVID-19 patients, ERJ Open Res, 7 (3) (2021) 00114-02021, https://doi.org/
10.1183/23120541.00114-2021.

H. Issa, A.H. Eid, B. Berry, V. Takhviji, A. Khosravi, S. Mantash, R. Nehme,

R. Hallal, H. Karaki, K. Dhayni, W.H. Faour, F. Kobeissy, A. Nehme, K. Zibara,
Combination of angiotensin (1-7) agonists and convalescent plasma as a new
strategy to overcome angiotensin converting enzyme 2 (ACE2) inhibition for the
treatment of COVID-19, Front. Med. 8 (2021), 620990, https://doi.org/10.3389/
fmed.2021.620990.

A.C. Cismaru, L.G. Cismaru, S.F. Nabavi, I. Berindan-Neagoe, E. Clementi,

M. Banach, S.M. Nabavi, Game of "crowning" season 8: RAS and reproductive
hormones in COVID-19 - can we end this viral series? Arch. Med. Sci. 17 (2) (2021)
275-284, https://doi.org/10.5114/aoms.2020.96604.

J. Lewek, I. Jatczak-Pawlik, M. Maciejewski, P. Jankowski, M. Banach, COVID-19
and cardiovascular complications — the preliminary results of the LATE-COVID
study, Arch. Med. Sci. 17 (3) (2021) 818-822, https://doi.org/10.5114/aoms/
134211.

Juan Pablo Robles, Magdalena Zamora, Elva Adan-Castro, Lourdes Siqueiros-
Marquez, Gonzalo Martinez de la Escalera, Carmen Clapp, The spike protein of
SARS-CoV-2 induces endothelial inflammation through integrin a5p1 and NF-kB
signaling, J. Biol. Chem. 298 (2022) 3, https://doi.org/10.1016/j.
jbc.2022.101695.

M. Catanzaro, F. Fagiani, M. Racchi, E. Corsini, S. Govoni, C. Lanni, Immune
response in COVID-19: addressing a pharmacological challenge by targeting
pathways triggered by SARS-CoV-2, Signal Transduct. Target. Ther. 5 (2020) 1-10,
https://doi.org/10.1038/s41392-020-0191-1.


https://doi.org/10.1089/met.2020.0037
https://doi.org/10.1089/met.2020.0037
https://doi.org/10.1016/j.diabres.2020.108521
https://doi.org/10.1016/j.diabres.2020.108521
https://doi.org/10.1371/journal.pone.0237974
https://doi.org/10.1371/journal.pone.0237974
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260136575781
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260136575781
https://doi.org/10.1016/j.it.2019.07.006
https://doi.org/10.1183/13993003.01023-2020
https://doi.org/10.3389/fimmu.2021.649359
https://doi.org/10.3389/fimmu.2021.649359
https://doi.org/10.1016/j.jdiacomp.2020.107817
https://doi.org/10.1016/j.jdiacomp.2020.107817
https://doi.org/10.1016/j.jdiacomp.2021.108054
https://doi.org/10.1016/j.jdiacomp.2021.108054
https://doi.org/10.1038/s41366-021-00872-9
https://doi.org/10.1038/s41366-021-00872-9
https://doi.org/10.1017/S0950268820003179
https://doi.org/10.1002/jmv.27237
https://doi.org/10.1111/obr.13128
https://doi.org/10.1186/s40001-020-00464-9
https://doi.org/10.1186/s40001-020-00464-9
https://doi.org/10.1038/s41366-022-01111-5
https://doi.org/10.1002/oby.23099
https://doi.org/10.1002/oby.23099
https://doi.org/10.1093/eurheartj/ehab696
https://doi.org/10.1038/s41598-021-00928-w
https://doi.org/10.1016/j.heliyon.2020.e04696
https://doi.org/10.1016/j.heliyon.2020.e04696
https://doi.org/10.1038/s41598-021-82426-7
https://doi.org/10.1016/j.diabet.2021.101268
https://doi.org/10.1038/s41366-021-00868-5
https://doi.org/10.3390/jpm12030391
https://doi.org/10.3390/jpm12030391
https://doi.org/10.1056/NEJMoa1910607
https://doi.org/10.1038/s41366-020-0624-5
https://doi.org/10.1038/s41366-020-0640-5
https://doi.org/10.1038/s41366-020-0640-5
https://doi.org/10.1159/000510005
https://doi.org/10.1159/000510005
https://doi.org/10.1002/oby.22843
https://doi.org/10.1007/s13105-022-00887-4
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260144060251
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260144060251
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260144060251
http://refhub.elsevier.com/S0925-4439(22)00230-7/rf202209260144060251
https://doi.org/10.5334/gh.1037
https://doi.org/10.5334/gh.1037
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1007/s00134-020-05991-x
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1016/S0140-6736(20)30937-5
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.1183/23120541.00114-2021
https://doi.org/10.1183/23120541.00114-2021
https://doi.org/10.3389/fmed.2021.620990
https://doi.org/10.3389/fmed.2021.620990
https://doi.org/10.5114/aoms.2020.96604
https://doi.org/10.5114/aoms/134211
https://doi.org/10.5114/aoms/134211
https://doi.org/10.1016/j.jbc.2022.101695
https://doi.org/10.1016/j.jbc.2022.101695
https://doi.org/10.1038/s41392-020-0191-1

E. Lo Presti et al.

[66]

671

[68]

[69]

[70]

[711

M.Z. Tay, C.M. Poh, L. Rénia, P.A. MacAry, L.F.P. Ng, The trinity of COVID-19:
immunity, inflammation and intervention, Nat. Rev. Immunol. 20 (2020) 363-374,
https://doi.org/10.1038/s41577-020-0311-8.

R. Karki, B.R. Sharma, S. Tuladhar, E.P. Williams, L. Zalduondo, P. Samir,

M. Zheng, B. Sundaram, B. Banoth, R.K.S. Malireddi, P. Schreiner, G. Neale,

P. Vogel, R. Webby, C.B. Jonsson, T.D. Kanneganti, Synergism of TNF-a and IFN-y
triggers inflammatory cell death, tissue damage, and mortality in SARS-CoV-2
infection and cytokine shock syndromes, Cell 184 (1) (2021) 149-168, https://doi.
org/10.1016/j.cell.2020.11.025, el7.

L. Nicolai, A. Leunig, S. Brambs, R. Kaiser, T. Weinberger, M. Weigand,

M. Muenchhoff, J.C. Hellmuth, S. Ledderose, H. Schulz, C. Scherer, M. Rudelius,
M. Zoller, D. Hochter, O. Keppler, D. Teupser, B. ZwiBler, M. von Bergwelt-Baildon,
S. Kaab, S. Massberg, K. Pekayvaz, K. Stark, Immunothrombotic dysregulation in
COVID-19 pneumonia is associated with respiratory failure and coagulopathy,
Circulation 142 (2020) 1176-1189, https://doi.org/10.1161/
CIRCULATIONAHA.120.048488.

J. Zhou, Z. Zhou, X. Liu, H.Y. Yin, Y. Tang, X. Cao, P2X7 receptor-mediated
inflammation in cardiovascular disease, Front. Pharmacol. 12 (2021), 654425,
https://doi.org/10.3389/fphar.2021.654425.

P.A.F. Pacheco, R.X. Faria, The potential involvement of P2X7 receptor in COVID-
19 pathogenesis: a new therapeutic target? Scand. J. Immunol. 93 (2) (2021),
€12960 https://doi.org/10.1111/5ji.12960.

J. Garcia-Villalba, L. Hurtado-Navarro, A. Penin-Franch, C. Molina-Lopez,

L. Martinez-Alarcén, D. Angosto-Bazarra, A. Baroja-Mazo, P. Pelegrin, Soluble

[72]

[73]

[74]

[75]

BBA - Molecular Basis of Disease 1868 (2022) 166559

P2X7 receptor is elevated in the plasma of COVID-19 patients and correlates with
disease severity, Front. Immunol. 13 (2022), 894470, https://doi.org/10.1101/
2022.03.04.483019.

C.S. Shi, N.R. Nabar, N.N. Huang, J.H. Kehrl, SARS-coronavirus open Reading
frame-8b triggers intracellular stress pathways and activates NLRP3
inflammasomes, Cell Death Discov. 5 (2019) 101, https://doi.org/10.1038/
s41420-019-0181-7.

A. Choudhury, S. Mukherjee, In silico studies on the comparative characterization
of the interactions of SARS-CoV-2 spike glycoprotein with ACE-2 receptor
homologs and human TLRs, J. Med. Virol. 92 (10) (2020) 2105-2113, https://doi.
0rg/10.1002/jmv.25987.

H. Chen, M. Yuan, C. Huang, Z. Xu, M. Li, C. Zhang, Z. Gao, M. Zhang, J. Xu,

H. Qian, J. You, B. He, G. Wang, M. Hu, Endothelial cell inflammation and barriers
are regulated by the Rab26-mediated balance between p2-AR and TLR4 in
pulmonary microvessel endothelial cells, Mediat. Inflamm. 2019 (2019), 7538071,
https://doi.org/10.1155/2019/7538071.

N. Kapoor, S. Kalra, W. Al Mahmeed, K. Al-Rasadi, K. Al-Alawi, M. Banach,

Y. Banerjee, A. Ceriello, M. Cesur, F. Cosentino, A. Firenze, M. Galia, S.Y. Goh,
A. Janez, P. Kempler, N. Lessan, P. Lotufo, N. Papanas, A.A. Rizvi, A. Sahebkar, R.
D. Santos, A.P. Stoian, P.P. Toth, V. Viswanathan, M. Rizzo, CArdiometabolic Panel
of International experts on Syndemic COvid-19 (CAPISCO), The dual pandemics of
COVID-19 and obesity: bidirectional impact, Diabetes Ther. (2022 Aug 27) 1-14,
https://doi.org/10.1007/513300-022-01311-2. Online ahead of print.


https://doi.org/10.1038/s41577-020-0311-8
https://doi.org/10.1016/j.cell.2020.11.025
https://doi.org/10.1016/j.cell.2020.11.025
https://doi.org/10.1161/CIRCULATIONAHA.120.048488
https://doi.org/10.1161/CIRCULATIONAHA.120.048488
https://doi.org/10.3389/fphar.2021.654425
https://doi.org/10.1111/sji.12960
https://doi.org/10.1101/2022.03.04.483019
https://doi.org/10.1101/2022.03.04.483019
https://doi.org/10.1038/s41420-019-0181-7
https://doi.org/10.1038/s41420-019-0181-7
https://doi.org/10.1002/jmv.25987
https://doi.org/10.1002/jmv.25987
https://doi.org/10.1155/2019/7538071
https://doi.org/10.1007/s13300-022-01311-2

	Molecular and pro-inflammatory aspects of COVID-19: The impact on cardiometabolic health
	1 Introduction
	2 Cardiometabolic disease and COVID-19
	3 Pathophysiologic mechanisms of immune dysregulation in obesity
	4 Impact of COVID-19 on the immune response of patients with obesity
	5 Pathophysiology basis of immune dysregulation in cardiovascular disease
	6 Impact of COVID-19 on the immune response of patients with cardiovascular disease
	7 Conclusions
	Declaration of competing interest
	Data availability
	References


