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Abstract

Obesity has reached epidemic proportions in the United States and in much of the westernized world,
contributing to considerable morbidity. Several of these obesity-related morbidities are associated with
greater risk for death with coronavirus disease 2019 (COVID-19). Severe acute respiratory syndrome
coronavirus 2 penetrates human cells through direct binding with angiotensin-converting enzyme 2
receptors on the cell surface. Angiotensin-converting enzyme 2 expression in adipose tissue is higher
than that in lung tissue, which means that adipose tissue may be vulnerable to COVID-19 infection.
Obese patients also have worse outcomes with COVID-19 infection, including respiratory failure, need
for mechanical ventilation, and higher mortality. Clinicians need to be more aggressive when treating
obese, especially severely obese, patients with COVID-19 infection.

© 2020 Mayo Foundation for Medical Education and Research ® Mayo Clin Proc. 2020;95(7):1445-1453

INTRODUCTION

besity is at epidemic levels in the

United States and most of the

westernized ~ world."  Nearly
three-fourths of adults older than 20 years
in the United States meet criteria for being
overweight or obese, and 42% are obese
(body mass index [BMI; calculated as the
weight in kilograms divided by the height
in meters squared] >30 kg/mz). More than
9% of the US adult population meet criteria
for morbid or severe (class III) obesity,
with BMI of 40 kg/m? or greater. Other west-
ernized countries have also noted an
increasing prevalence of obesity.”

Obesity is known to influence most ma-
jor cardiovascular disease (CVD) risk fac-
tors, including dysglycemia, metabolic
syndrome (MetS) and type 2 diabetes melli-
tus (T2DM), elevated blood pressure and hy-
pertension (HTN), with adverse effects on
cardiovascular structure and function.’”
Additional morbidity includes chronic lung
disease, asthma, and systemic inflamma-
tion.”” Not surprisingly, almost all forms
of CVD are increased in the setting of
increased adiposity,® especially heart failure
(HF), especially HF with preserved ejection

fraction, as well as HTN, coronary heart dis-
ease (CHD), atrial fibrilladon (AF), and
peripheral arterial disease.™”"®

Many reports identified obesity and se-
vere obesity as risk factors for hospitalization,
mechanical ventilation, and mortality from
HIN1 influenza.” Obesity increases the dura-
tion of virus shedding of influenza A virus."’
Based on currently available information and
clinical expertise, the Centers for Disease
Control and Prevention has identified severe
obesity (ie, BMI >40 kg/mz) as a common
clinical risk factor for worse prognosis and
higher mortality in patients with coronavirus
disease 2019 (COVID-19) infection.'!
Furthermore, any degree of obesity (BMI
>30 kg/m?>) has been associated with poor
prognosis in patients with COVID-19."”

OBESITY PARADOX VS ANTIPARADOX IN
COVID-19 INFECTION

We and others proposed the “obesity
paradox,” which suggests that overweight
and those obese with established CVD
appear to have a better short- and medium-
term prognosis compared with their lean
counterparts. We believe that this obesity
paradox is “heavily” influenced by physical
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activity (PA) and fitness because generally
those with high PA and fitness have a good
prognosis regardless of weight, whereas the
leaner patients with CVD and low PA/fitness
have a particularly poor prognosis.””>"'*!*
Nevertheless, many obesity and CVD prog-
nosis reports do not include data for PA/
fitness. We have demonstrated this obesity
paradox in patients with lung diseases,
including chronic obstructive pulmonary
disease and pulmonary embolism,'”'® as
well as in patients with advanced renal dis-
ease.'” However, evidence suggests that
obesity may be detrimental in patients with
COVID-19 infection,'® with the potential
for more development of disease; worse out-
comes, including respiratory and multiple
organ failure; and higher mortality
(Figure 1).1:12:19.20

Interestingly, aging and obesity share
numerous causative mechanisms largely
linked to dysfunctional adipose tissue, such
as metabolic dysfunction, multiorgan dam-
age, endocrine disruption, impaired immune
function, and chronic inflammation.”’

POTENTIAL OBESITY IMPLICATIONS AND
MECHANISMS IN COVID-19 INFECTION
Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) penetrates human cells
through direct binding with angiotensin-
converting enzyme 2 (ACE2) receptors on
the cell surface. The obese demonstrate insu-
lin resistance and overactivity of the renin-
angiotensin-aldosterone system (RAAS),
which is implicated with worse outcomes
in COVID-19 infection (Table)**.*> The
ACE2 expression in adipose tissue is higher
than that in the lung, a major target organ
affected by COVID-19,** suggesting that ad-
ipose tissue may be more vulnerable to
COVID-19 infection. The obese population
have more adipose tissue and consequently
higher ACE2 levels (Figure 2, right panel).”*
The affinity between ACE2 and SARS-
CoV-2 is several-fold higher than the affinity
between ACE2 and the former SARS-CoV.”
The presence of ACE2 may enable the entry
of SARS-CoV-2 into adipocytes, which makes
adipose tissue an important viral reservoir.”’
Accordingly, adipose tissue might also be

infected by SARS-CoV-2 and allow spread to
other organs.”® Moreover, obesity, along with
low PA/fitness, is the leading cause of T2DM,
and T2DM is also causally linked with elevated
ACE2 expression.”” Cell's expressing ACE2
are also connected to progression of idiopathic
pulmonary fibrosis.*’

Obesity may induce alterations in the
RAAS that promote further derangement in
COVID-19 infection. Adipocytes may sub-
stantially contribute to the production of
circulating angiotensinogen, which after
metabolism by renin and ACE, produces
angiotensin 11 (Ang 11).”® As such, obesity
may lead to an overactive RAAS (Figure 2,
left panel). In a small study by Liu et al,” pa-
tients with COVID-19 infection were shown
to have elevated Ang II levels that correlated
with severity of lung injury measured by
PaO, to fraction of inspired oxygen ratio.
High Ang II levels in the lung can induce
pulmonary vasoconstriction leading to venti-
lation/perfusion mismatch and hypoxemia,
as well as inflammation and oxidative dam-
age, promoting acute lung injury.BO’31 In
obese individuals with T2DM, Ang II levels
were shown to positively correlate with
body weight.”> Thus, the elevated baseline
Ang 1I levels in the obese may exacerbate
COVID-19—induced Ang II level increase,
leading to more severe lung injury. Interest-
ingly, Ang II levels decreased in response to
dietary weight loss.’” As such, dietary modi-
fication and PA may be beneficial at reducing
this potential mechanism of enhanced
COVID-19 infection in obesity.

CVD is significantly increased with
obesity,”” which represents an important risk
factor for CHD and more so for HF. Obesity
is also linked to other numerous risk factors
for CHD; that is, T2DM, high low-density lipo-
protein cholesterol levels, triglyceride levels,
HTN, and MetS.>” Importantly, T2DM and
HTN themselves also represent a frequent co-
morbid condition in patients with COVID-19
infection. The risk for CHD is higher in people
with “central” or “visceral” obesity (concen-
trated in the abdomen).

Likewise, obesity is one of the leading
risk factors for AF; in many cases, AF is pre-
sent in the obese with HF, especially HF
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respiratory system compliance; SARS-CoV-2 = severe acute respiratory syn-

with preserved ejection fraction.”” Accord-
ingly, the pathways among obesity, HF,
and AF are all closely related.” In effect,
AF is a common comorbid condition present
in severe forms of COVID-19 infection,”
which may lead to a worse prognosis or
even higher mortality. In a report published
by the Italian National Institute of Health,
approximately one-quarter of patients who
died of COVID-19 infection had AF, which
was hence the fourth most common condi-
tion in these patients.5 ° Moreover, data pro-
vided by the New York State Department of
Health also reported that AF is among the
top 10 COVID-19 comorbid conditions, spe-
cifically occupying the seventh position.””
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Additionally, obesity is associated with
impaired pulmonary function, with decreased
expiratory reserve volume, functional capac-
ity, and respiratory system compliance.’
Increased abdominal obesity compromises
pulmonary function in supine patients by
decreased diaphragmatic excursion, while
the base of the lung ventilation is also
impaired, resulting in reduced oxygen-
saturated blood levels.” Furthermore, chronic
low-grade inflammation and increased levels
of circulating proinflammatory cytokines asso-
ciated with obesity, such as leptin, tumor ne-
crosis factor o, and interleukin 6, may impair
immune response and affect the lung paren-
chyma and bronchi, thus contributing to the
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TABLE. Obesity-Associated Comorbid Conditions Potentially Implicated in Worsening Prognosis in Patients

With Coronavirus Disease 2019

Endocrine and metabolic

- Insulin resistance, prediabetes, and type 2 diabetes mellitus

- Dyslipidemia including hypertriglyceridemia

Autonomic nervous system

- Chronic and excessive activation of the sympathetic nervous and

renin-angiotensin-aldosterone systems
- Systemic arterial HTN, CVD, and chronic kidney disease

Immune system

Cardiovascular

- Chronic inflammatory reaction

- Atherosclerotic and nonatherosclerotic CVD and cerebrovascular disease

- HTN, including treatment-resistant HTN

Pulmonary and sleep apnea
sleep apnea

- Sleep-disordered breathing, obesity hypoventilation syndrome, and obstructive

- Secondary chronic hypoxia, pulmonary arterial hypertension, and cor

pulmonale

- Systemic arterial HTN, which may be treatment resistant

Hematologic

Cancer

- Hypercoagulability and a tendency to thromboembolic disease

- Increased risk for cancer: colon, gastric, esophageal, hepatic, biliary duct,

pancreatic, and renal cell

CVD = cardiovascular disease; HTN = hypertension.
Adapted from Prog Cardiovasc Dis** with permission.

increased morbidity associated with obesity in
COVID-19 infection.

There is evidence of endothelial dysfunc-
tion in obesity,” as well as renal disease,””
and this may lead to more potential for
endothelial cell infection in obesity, as dis-
cussed mnext. Obesity-related endothelial
dysfunction is caused by several mecha-
nisms, such as low-grade inflammation pro-
duced by either perivascular adipose tissue
or the vasculature itself.”® Endothelial
dysfunction results from an imbalance in
the production of vasodilatory and vasocon-
stricting agents.’” These alterations prompt
the vascular endothelium toward prothrom-
botic and proatherogenic states, reflected
by platelet hyperactivation, enhanced leuko-
cyte adhesiveness, vasoconstriction, pro-
oxidation, mitogenesis, vascular inflamma-
tion, impaired hemostasis, atherosclerosis,
and thrombosis, with subsequent increased
CVD.” These factors all provoke the devel-
opment of and the further progression to
vascular endothelial dysfunction, with sub-
sequent damage to some vital organs.

Varga et al™ recently demonstrated the
involvement of endothelial cells of different
organs in a series of patients with COVID-19
infection. They found endothelial cells

infected with SARS-CoV-2 and diffuse endo-
thelial inflammation, suggesting that because
ACE2 receptors are widely expressed on endo-
thelial cells of multiple organs, SARS-CoV-2
infection may result in extensive endothelial
dysfunction related with apoptosis, which ulti-
mately leads to induction of endotheliitis in
several organs. For that reason, the authors hy-
pothesized that anti-inflammatory anticyto-
kine drugs, ACE inhibitors (ACEis), and
statins may represent relevant strategies in
COVID-19 treatment, particularly for more
vulnerable patients with worse prognosis (ie,
patients with preexisting endothelial dysfunc-
tion associated with male sex, chronic respira-
tory diseases, HIN, T2DM, obesity, and
established CVD).*

Chronic kidney disease (CKD) is also
among the top 10 COVID-19 comorbid condi-
tions.””*' Obesity provokes structural and
functional changes at the nephron level,
including  podocyte  dysfunction  with
decreased podocyte density and number,
podocyte hypertrophy, glomerular capillary
hypertension and glomerular hypertrophy,
glomerulomegaly, and a secondary adaptive
form of focal and segmental glomerulosclerosis
in the long term.”” Also, central adiposity de-
creases estimated glomerular filtration rate

Mayo Clin Proc. ® July 2020;95(7):1445-1453 m https://doi.org/10.1016/j.mayocp.2020.05.006

www.mayoclinicproceedings.org


https://doi.org/10.1016/j.mayocp.2020.05.006
http://www.mayoclinicproceedings.org

OBESITY AND COVID-19

—>
ACE

—-=9

Ang (1-9) Ang (1-7)

Increased Angiotensin Il to Ang (1,7) ratio

Vasoconstriction, Inflammation, Fibrosis, Oxidation

1
4>Angiotensinogen :

1

l Renin :

4Angl :

1

@ !
g l ACE :
B ) 1
<Angll - @ ATR '

1

1

1

1

1

COVID-19 COVID-19 :
ABE2 !

1

Atz P |
1

1

v !

v 1
1

1

1

1

1

1

]

1

T 1 ACE2

¥ L TTTY

a
w genome
/ (+ sense)

AP
\

Viral

polymerase Translation of viral

polymerase protein

®

RNA genome
(- sense)

Reservior
1 1 Viral Clearance

Genomic and
subgenomic RNA
(+ sense)

Sy

S

Adipocyte

@ Release of viral genome

Adipose
tissue

O

00aY
@)
©

COVID-19

FIGURE 2. Scheme of the effects of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in obese individuals.
Increased production of angiotensinogen by adipose tissue leads to elevated angiotensin (Ang) Il levels in obesity. SARS-CoV-2
attenuates Ang Il metabolism by binding to angiotensin-converting enzyme 2 (ACE2), promoting a system imbalance. High Ang I
levels lead to pulmonary vasoconstriction and inflammation that contributes to acute lung injury (left side of figure). ACE2 expression
in adipose tissue is higher than that in the lung, a major target organ affected by coronavirus disease 2019 (COVID-19). Increased
ACE2 expression in adipocytes may make them more vulnerable to SARS-CoV-2 infection and a potential viral reservoir leading to
prolonged viral clearance (right side of the figure). AT |R = angiotensin Il type | receptor; MasR = G-protein coupled Mas receptor.

and effective renal plasma flow, as well as in-
creases filtration fraction, leading to subneph-
rotic proteinuria\.22

Opverall, obesity increases the odds of
developing 2 of the major risk factors with
direct impact on the progress to CKD, that
is, T2DM and HTN, and end-stage renal dis-
ease.”” Again, therapy with ACFis and angio-
tensin receptor blockers (ARBs) has been
shown to protect the kidneys and delay pro-
gression of CKD in patients with T2DM, be-
ing the preferred drugs in patients with
CKD." For that reason, and in agreement
with Varga et al,"” ACFis/ARBs may be

recommended as part of the treatment arma-
mentarium for COVID-19 infection.™

Finally, immune dysfunction is also
linked to obesity, with increased susceptibil-
ity to infection or bacteremia.””** Functions
of T lymphocytes and their subpopulations
are impaired in obese individuals.’

OBESITY—SARS-COV-2—
HYPERCOAGULABILITY/THROMBOSIS: THE
LETHAL TRIAD OF COVID-19

Patients with COVID-19 infection are at risk
for venous thromboembolism (VTE), even
when using systemic anticoagulation therapy,
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and/or are at risk for disseminated intravas-
cular  coagulation.”® The severity of
COVID-19 infection is intimately connected
with a hypercoagulable status and throm-
bosis, " the so called “COVID-19—associ-
ated coagulopathy” or “sepsis-induced
coagulopathy.” Fulminant activation of
coagulation and consumption of clotting fac-
tors reflected by moderate to severe thrombo-
cytopenia, prolongation of the prothrombin
time and activated partial thromboplastin
time, elevation of b-dimer levels, and decreased
fibrinogen values has been observed in severe
COVID-19 infection.”" Abnormal coagulation
parameters are associated with poor prognosis
in all patients with severe coronavirus pneu-
monia.”” Many patients with COVID-19 infec-
tion who die during hospitalization also show
criteria for disseminated intravascular coagula-
tion.”” Notably, p-dimer has been associated
with the severity of COVID-19 infection and
thus represents a useful index for identifying
patients at higher risk for developing VTE.”’
Anincreased incidence of VTE among patients
with COVID-19 with severe pneumonia has
also been reported, which may be related to
poor prognosis.”* Importantly, obesity and
overweight have been consistently associated
with increased risk for developing VTE.”””’
Hypercoagulability has been found in over-
weight patients without MetS and increases
with the severity of obesity.”® Numerous
mechanisms are implicated in obesity-related
hypercoagulability = and/or  thrombosis,
including action of adipocytokines (eg, leptin
and adiponectin), coagulation factor hyperac-
tivity (fibrinogen, factor VII, factor VIII, and
von Willebrand factor), hypofunctional fibri-
nolysis (plasminogen activator inhibitor),
increased inflammation (tumor necrosis factor
and interleukin 6); elevated Ang II levels
(endothelial dysfunction and elevated plas-
minogen activator inhibitor 1), increased
oxidative stress and endothelial dysfunction,
and lipid and glucose tolerance disorders
together with MetS, as well as venous stasis
and impaired venous return.’”®" Therefore,
increased hypercoagulability and thrombosis
in patients with COVID-19 infection may be
the result of additive effects of obesity and
SARS-CoV-2 infection.

CLINICAL EVIDENCE LINKING OBESITY TO
WORSE OUTCOMES IN PATIENTS WITH
COovID-19

Qingxian et al'” reported for the first time
that obesity increased the risk for developing
severe pneumonia in patients with COVID-19
infection. These authors examined the associ-
ation of obesity with severity COVID-19
infection in 383 patients with COVID-19
admitted to the Third People’s Hospital of
Shenzhen, China, from January 11 to
February 16, 2020. Compared with normal
weight, the obesity group showed 2.42-fold
higher odds of developing severe pneumonia
after adjusting for potential confounders. The
odds ratios (ORs) for severe pneumonia in
overweight and obese men were 1.96 (95%
CI, 078498 and 570 (95% (I,
1.83-17.76), respectively.

Simonnet et al®” described that obesity
represented a risk factor for severity in pa-
tients with COVID-19 infection. These au-
thors retrospectively analyzed BMI and
other outcomes among 124 consecutive pa-
tients with COVID-19 infection consecu-
tively admitted to the intensive care unit.
Patients with COVID-19 infection with BMI
greater than 35 kg/m® had more than
7-fold greater risk for invasive mechanical
ventilation than patients with BMI less than
25 kg/m”> (OR, 7.36; 95% CI, 1.63-33.14;
P=.02). Overall, 47.5% of patients with
COVID-19 infection admitted to the ICU
had BMI of 30 kg/m” or greater, 13.7% had
BMI between 35 and 39 kg/m? and 14.5%
had BMI of 40 kg/m” or greater, respectively.

Petrilli et al'’ carried out a cross-
sectional analysis of all patients with
laboratory-confirmed COVID-19 infection
in New York City between March 1, 2020,
and April 2, 2020. Among 4103 patients
with COVID-19 infection, 445 required me-
chanical ventilation, 162 (36.4%) of whom
finally died. A total number of 1100 patients
with COVID-19 infection (26.8%) had
obesity, whereas hospitalized patients were
also more likely to be obese (39.8%
vs 14.5%). Moreover, BMI greater than 40
kg/m?* was found to be the strongest risk fac-
tor for hospitalization (OR, 6.2; 95% ClI,
4.2-9.3).
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Lighter et al®” performed a retrospective
analysis of BMI stratified by age in symptom-
atic patients with COVID-19 infection who
tested positive and who presented to a large
academic hospital system in New York City
between March 4 and April 4, 2020. Of the
3615 symptomatic patients who tested posi-
tive, 775 (21%) had BMI between 30 and 34
kg/m?* and 595 (16%) had BMI greater than
35 kg/m®. Patients younger than 60 years
with BMI between 30 and 34 kg/m” were
2-fold (95% CI, 1.6-2.6; P<.0001) and
1.8-fold (95% CI, 1.2-2.7; P=.006) more
likely to be admitted to acute and critical
care, respectively, compared with individ-
uals with BMI less than 30 kg/m?*. Moreover,
patients with COVID-19 infection with BMI
greater than 35 kg/m” and younger than 60
years were 2.2-fold (95% CI, 1.7-2.9;
P<.0001) and 3.6-fold (95% CI, 2.5-5.3;
P<.0001) more likely to be admitted to acute
and critical care compared with patients in
the same age category and with BMI less
than 30 kg/m?.

Additionally, Goyal et al”” performed a
retrospective case series study that included
confirmed COVID-19—positive cases consec-
utively admitted at a referral hospital in New
York City (Manhattan) between March 5 and
March 27, 2020. Among the patients finally
included in the study, 136 of 380 (35.8%)
were obese and 43.4% needed invasive me-
chanical ventilation. Interestingly, these au-
thors underlined that the number of patients
who received invasive mechanical ventilation
was more than 10 times higher compared
with China.

1()4

IMPROVING PA, EXERCISE, AND FITNESS
FOR THE NEXT PANDEMIC

There is a large amount of evidence support-
ing the role of PA or exercise training (ET)
in decreasing inflammation in overweight
or obese individuals.'"* PA/ET prevents
CVD and improves the prognosis of patients
with CVD, particularly CHD and HF. In
obese patients with CHD and/or HF, survival
rates are excellent regardless of adiposity
when fitness is preserved. Thus, improving
fitness through PA/ET is needed for primary
and secondary prevention of CVD and all-

cause mortality in obese populations.'”

Maintaining body weight and remaining fit
represent a crucial goal for possible future
pandemics.

CONCLUSION

Obesity represents a risk factor for higher
severity and worse prognosis in patients
with  COVID-19 infection. Likewise,
obesity-induced adipose tissue inflammation
and its effects on the immune system play a
crucial role in the pathogenesis of COVID-19
infection. Moreover, it also results in meta-
bolic dysfunction, which may lead to dyslipi-
demia, insulin resistance, CVD, MetS/T2DM,
and HTN. Older age also represents a risk
factor for poor prognosis in patients with
COVID-19 infection. Clearly, prevention of
obesity in the first place and especially its
progression to more severe forms is desper-
ately needed throughout the health care
system and society. These efforts are also
needed to help improve prognosis in the
next pandemic, as well as for primary and
secondary prevention of CVD and diabetes
mellitus. In the ongoing COVID-19
pandemic, clinicians should recognize that
the obese, and more so the more severely
obese, are at higher risk for clinical deterio-
ration with COVID-19. As such, these
patients need to be carefully monitored and
treated more aggressively to reduce
morbidity and mortality.

Abbreviations and Acronyms: ACE = angiotensin-con-
verting enzyme; ACEi = angiotensin-converting enzyme
inhibitor; AF = atrial fibrillation; Ang Il = angiotensin II;
ARB = angiotensin receptor blocker; BMI = body mass
index; CHD = coronary heart disease; CKD = chronic
kidney disease; COVID-19 = coronavirus disease 2019;
CVD = cardiovascular disease; ET = exercise training; HF =
heart failure; HTN = hypertension or hypertensive; MetS =
metabolic syndrome; OR = odds ratio; PA = physical
activity; RAAS = renin-angiotensin-aldosterone system;
SARS-CoV-2 = severe acute respiratory syndrome coro-
navirus 2; SNS = sympathetic nervous; T2DM = type 2
diabetes mellitus; VTE = venous thromboembolism
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