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Abstract

Purpose of Review To highlight the epidemiology and pathophysiology of hypertension and obesity in COVID-19 infection
Recent Findings Hypertension and obesity have emerged as significant risk factors for contracting the COVID-19 virus and the
subsequent severity of illness. ACE2 receptor expression and dysregulation of the RAAS pathway play important roles in the
pathophysiology of these associations, as do the pro-inflammatory state and cytokine dysregulation seen in obesity. Some of
these patterns have also been seen historically in other viral illnesses.
Summary Understanding the mechanisms behind the associations between COVID-19, hypertension, and obesity is important in
developing effective targeted therapies and monitoring vaccine response and efficacy. More research is needed to apply our
growing knowledge of the pathophysiology of COVID-19, hypertension, and obesity to prevention and treatment.
Interventions focusing on lifestyle modification in managing hypertension and obesity can potentially have a positive impact

on containing this pandemic and future viral illness outbreaks.
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Introduction

In this review, we explore the pathophysiologic links between
hypertension, obesity, and COVID-19 infection. Obesity and hy-
pertension have been shown to be associated with viral illnesses,
including influenza, HIV, and other coronaviruses [1,2,3¢¢]
Understanding the mechanisms behind these associations may
help bring this current pandemic under control, and also contain
future viral outbreaks before they reach such epic proportions.

COVID-19 and Hypertension

Hypertension is categorized as stage 1 (SBP 130-139 mm-Hg
or DBP 80-89 mm-Hg) and stage 2 (SBP > 140 mm-Hg or
DBP > 90 mm-Hg). Most of the studies in this section do not
specify the stage of hypertension, but do identify patients with
a history of hypertension at the time of COVID-19 diagnosis.
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The association between COVID-19 and hypertension was
noted in the first studies of the outbreak. Huang et al. [4]
published a case series of 41 patients in China who were
positive for SARS-CoV-2, of whom 15% had hypertension.
The median reported age was 49, and 73% were male. In an
carly publication on a COVID-19 patient cohort in New York
City, the most common comorbidity was hypertension, report-
ed to be present in 50.1% of the 393 patients [5]. Richardson
et al. [6°°] found that the presence of hypertension was the
most common comorbidity (56.6%) in a larger cohort of 5700
COVID-19 patients in New York. In a study of approximately
800 patients in New Orleans, 73.8% of those hospitalized with
COVID-19 had hypertension. Hypertension, obesity, and di-
abetes, as well as Black race, were the most common risk
factors in the hospitalized group [7].

This association between hypertension and COVID-19 is a
global phenomenon. Schonfeld et al. [8] reported hyperten-
sion in 19.2% of 207,079 patients diagnosed with COVID-19
in Argentina. They also found that hypertension, older age,
and male sex were associated with worse outcomes in this
cohort. In a meta-analysis by Ng et al. [9] of approximately
375,000 patients from 14 countries—Brazil, China, India,
Italy, Mexico, Oman, Saudi Arabia, South Korea, Spain,
Turkey, Uganda, UK, and the USA—hypertension (21.3%),
obesity (18.3%), and diabetes (18.1%) were the most preva-
lent comorbidities.
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Hypertension has also been found in patients with COVID-
19 requiring ICU admission. In a retrospective, observational
cohort study in Italy, Grasselli et al. [10] reported that, among
3988 patients with COVID-19 admitted to the ICU, hyperten-
sion was the most common comorbidity, and having hyperten-
sion increased mortality risk. This finding was also seen in a
study of COVID-19 ICU admissions in a US population [11].

COVID-19 not only affects older adults, but also has
spread rapidly among young adults (18-34 years old). In a
dataset of 3222 young adults, Cunningham et al. [12] reported
that 57% were Black or Hispanic and 16.1% had hyperten-
sion. In this group, hypertension, obesity, and male sex were
associated with greater risk of death or mechanical ventilation,
but neither race nor ethnicity increased this risk.

In summary, as evidenced by many published studies, pa-
tients with baseline hypertension were more likely to be diag-
nosed with COVID-19 and to have more severe disease, as
indicated by requiring ICU admission and mechanical venti-
lation and by having a higher mortality [4,5,6¢¢,7—11] Though
it may be possible that patients with hypertension were more
likely to express COVID-19 symptoms, and therefore more
likely to be tested and seek medical treatment, these studies
suggest that patients with underlying hypertension were more
likely to be infected and have worse outcomes.

Pathophysiology of Hypertension and the RAAS
Pathway in COVID-19

COVID-19 has been shown to cause cardiovascular and respi-
ratory complications as well as hypercoagulability in its hosts
[13+¢]. How this occurs may be related in part to the

relationship between the COVID-19 virus and the renin-
angiotensin-aldosterone system (RAAS) (see Fig. 1).

The RAAS pathway is complex and involves a cascade of
hormones and various receptors that interplay with each other,
enabling blood pressure control and maintenance of fluids and
electrolytes in the human body. Many factors are important in
the regulation of this system, including decreases in glomerular
afferent arteriole pressure and increases or decreases in sodium
concentration in the distal tubule of the nephron [13ee].

Activation of the RAAS pathway begins with
angiotensinogen from the liver being cleaved to angiotensin
I by renin, which is released by the kidney in response to
decreased sodium delivery to the juxtaglomerular apparatus.
Angiotensin I is then converted to angiotensin II by the
angiotensin-converting enzyme (ACE), which is highly
expressed in the lung tissue. Angiotensin II activates angio-
tensin 1 receptors located in the heart, vasculature, kidney, and
adrenal cortex, resulting in vasoconstriction and blood pres-
sure elevation. Angiotensin-converting enzyme 2 (ACE2)
converts angiotensin I to angiotensin 1-9 and angiotensin II
to angiotensin 1-7, which directly act on the Mitochondrial
Assembly Receptor 1, leading to vasoprotective anti-
proliferative and anti-inflammatory effects [13+e].

Earlier studies have shown that ACE2 is the entry point for
the novel coronavirus [13¢¢]. The coronavirus inserts itself
into the catalytic site of membrane-bound ACE2 for host cell
entry [14]. This causes downregulation of ACE2 expression,
such that the enzyme can no longer exert its protective effects
in various organs. Unchecked angiotensin II activity follows,
which has been hypothesized to play a major role in the var-
ious organ injuries that occur in COVID-19 [15]. In addition
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Fig. 1 The relationship between RAAS and COVID-19
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to its vasoconstrictor effects, angiotensin II is associated with
endothelial dysfunction and inflammation [13e¢]. A study by
Liu et al. [16] has found that viral load and lung injury that
occur in COVID-19 infected patients are associated with in-
creased levels of angiotensin II.

ACE2 has been found in a variety of organs, including the
liver, kidney, brain, lymph nodes, lung, and stomach. Thus,
ACE2 downregulation may be a possible explanation for the
widespread extra-pulmonary effects of COVID-19 in human
patients. The ACE2 receptor has been shown to be a target for
other coronaviruses as well, such as (SARS)-CoV and CoV-
NL63. 'V

Another recently proposed mechanism for the deleterious
effects of COVID-19 in the lung tissue is increased activation
of the bradykinin 1 and 2 receptors as a result of downregu-
lation of ACE2. Activation of bradykinin 1 and 2 receptors
leads to angioedema and vascular leakage into the lung paren-
chyma [17].

Other investigators have shown that plasma ACE2 can re-
main overexpressed in humans months after they were infect-
ed by the novel coronavirus [14]. Since the coronavirus enters
host cells via the catalytic site of membrane-bound ACE2,
Patel et al. [14] hypothesized that infection with COVID-19
will lead to shedding of ACE2 from cell membranes and in-
creased plasma levels. They showed that plasma ACE2 re-
mains elevated even in those with mild or moderate
COVID-19. This may explain the deleterious effects of
COVID-19 experienced by “long haulers,” those patients
who have persistent severe symptoms months after the origi-
nal infection [14].

Given the high prevalence of ACE inhibitor and angioten-
sin receptor blocker (ARB) use for the treatment of hyperten-
sion, studies have examined whether these medications may
have negative effects on patients with COVID-19 [18]. Ren
et al. [19] explored whether patients taking various anti-
hypertensive medications including ACE inhibitors, ARBs,
beta-blockers, calcium channel blockers, and thiazide di-
uretics were at increased risk of being diagnosed with
COVID-19 or having severe COVID-19. They did not find a
correlation between the use of any specific anti-hypertensive
medication and the increased risk of either of these conditions.
Another meta-analysis published in March 2021 also conclud-
ed that there was no mortality difference between COVID-19
patients taking ACE inhibitors and those who did not [20].

The latest research on the role of the RAAS pathway in
COVID-19 focuses on genetic variations in ACE2 expression
among individuals [21]. A publication by Lanjanian etal. [ 21]
found that some missense variants of the ACE2 receptor have
reduced affinity for the COVID-19 spike protein that gains
entry into cells. Further investigation in this area may help
target future therapies for COVID-19.

Wysocki et al. [22¢] have fused a soluble ACE2 protein
with an albumin-binding domain tag that extends the duration

of action of soluble ACE2 from about 8 to 96 h. Using this
engineered ACE2 protein as substrate “bait” for the COVID-
19 virus may have the beneficial effects of both blocking viral
entry into cells and limiting their replication, and restoring
ACE2 activity and the balance of angiotensin II and
bradykinins [22°].

The RAAS is complex, and the particular role that ACE2
plays in propagating COVID-19 infection and in the resulting
dysregulation of the RAAS pathway requires further research.
More studies on the association between the RAAS, hyperten-
sion, and COVID-19 infection may lead to more targeted ther-
apeutic interventions in the future.

COVID-19 and Obesity

Obesity is defined as excessive fat accumulation that may
impair health. The World Health Organization (WHO) uses
the following classification system for obesity: Class I is a
Body Mass Index (BMI) of 30-34.9; Class II is a BMI of
35-39.9; and Class I1I is a BMI of > 40. The WHO estimates
that approximately 13% of the world’s adult population is
obese [23]. The Centers for Disease Control (CDC) reports
an even higher prevalence of obesity in US adults, ranging
from 40.3 to 46.4% in men based on age group and 39.7 to
43.3 % in women [24]. It is estimated that worldwide obesity
rates have nearly tripled since 1975 and that more than 650
million adults are obese [24].

Early in the COVID-19 pandemic, obesity emerged as a
leading risk factor for both contracting the infection and se-
verity of illness. In a meta-analysis examining the risk factors
for COVID-19 infection in a variety of countries, 18 of 20
studies found that obesity was associated with an increased
risk of infection. Pooled data analysis showed that the odds of
obese individuals being COVID-19 positive were 46% higher
than in those who were not obese. Among COVID-19 patients
with symptoms, those who had severe or critical conditions
had higher BMIs than those with mild illness and were more
likely to require ICU admission. The majority of studies also
showed that obesity was associated with an increased risk of
in-hospital mortality [25].

In an analysis of 88 US hospitals and a total of 7602 pa-
tients, Hendren et al. [26] found that, after multivariate adjust-
ment, increasing class of obesity was associated with a higher
risk of in-hospital death or mechanical ventilation. This effect
was more pronounced in patients younger than 50 of age.
Obesity was also associated with higher risks of dialysis initi-
ation and thromboembolism [26]. Other studies have shown
similar increases in risk in the highest class of obesity and in
younger obese patients [27].

In the previously mentioned publication by Richardson
et al. [6¢] of 5700 patients in New York City hospitalized
for COVID-19 infection, the second most common comorbid-
ity after hypertension was obesity (41.7%). The average
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prevalence of obesity in New York City residents overall was
22% [6°°]. Obesity also appeared to be a risk factor for me-
chanical ventilation. The rate of mechanical ventilation was 10
times higher than that reported in a study from China [5].
Although the authors did note that this great disparity may
be related to different intubation criteria in the two settings,
it is notable that, in the study by Cai et al. [28], only 10.7% of
the 383 patients studied were considered obese. They also
described an increased risk of more severe infection in obese
patients, with an odds ratio of 2.42 of developing severe pneu-
monia [28].

More than a year into the pandemic in the USA, the asso-
ciation between obesity and COVID-19 has been further
strengthened. In a large US study of 148,494 adults testing
positive for COVID-19 in 238 hospital emergency rooms
across the country between March and December 2020,
50.8% were obese. Obesity was a risk factor for hospitaliza-
tion and death, particularly among those over 65 years old,
and the risk increased with increasing level of obesity [29°].

These epidemiological data have significant implications
for controlling the spread of COVID-19, as well as for the
prognosis and management of those affected. Communities
where obesity is more prevalent are likely to experience a
greater burden of infection and more severe cases and mortal-
ity [29¢]. Understanding the mechanism underlying obesity as
a risk factor can potentially lead to the development of more
targeted therapies and help guide vaccine recommendations.

Pathophysiology of Obesity in COVID-19

The association between obesity, viral pathogenesis, and the
course of infection is not unique to COVID-19. Research dating
back to the Spanish Influenza pandemic more than a century ago
yielded the same findings [3+¢]. More recently in the HIN1 in-
fluenza and H5N1 influenza outbreaks, obesity was again linked
to increased severity of disease and risk of mortality [3ee, 30].

Multiple mechanisms are thought to contribute to the asso-
ciation between obesity and COVID-19 infection (see Fig. 2).
The mechanical stress of morbid obesity can increase airway
resistance and reduce tidal volume, expiratory reserve volume,
and compliance of the lungs [3+¢]. These changes make the
virus’s effect on the lungs more dangerous, leading to an in-
creased requirement for intubation and a decrease in the ability
of the lungs to recover from intubation. The need for mechan-
ical ventilation due to COVID-19 has been shown to increase
mortality, especially when the patient requires it for an extend-
ed period [6°¢]. The increased work of breathing that is caused
by decreasing functional lung capacities in the setting of obe-
sity can exacerbate the acute respiratory distress syndrome
(ARDS) in patients with COVID-19 [3e¢]. Impaired ventila-
tion of the more highly perfused lower lungs in obese patients
can result in ventilation-perfusion mismatch and worsening
hypoxia [3e°].

Obesity is often associated with hypertension, type 2 dia-
betes, metabolic syndrome, and chronic kidney disease
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Fig. 2 The role of obesity in COVID-19
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(CKD), all of which have been shown to result in poorer
COVID-19 outcomes. Ischemic heart disease, stroke, diabe-
tes, and CKD are among the top ten causes of death in devel-
oped countries [31]. Each of these processes can be linked to
obesity and to each other with high levels of statistical signif-
icance, suggesting that preventing or reversing obesity is one
of the most effective means of reducing the morbidity and
mortality related to these chronic conditions.

The low-grade systemic inflammation related to obesity
can interfere with the immune system’s response to viruses,
as shown in increased mortality from the influenza virus in
obese persons. Obesity is a chronic state of inflammation
resulting from overexpression of pro-inflammatory cytokines
produced by adipose tissue [32]. This overexpression leads to
reduced macrophage activation and hence a decreased inflam-
matory response to antigen presentation. B-cell and T-cell
responses are impaired as well. In the setting of HIN1 influ-
enza, this has been linked to increased susceptibility to infec-
tions, prolonged time to clearing of infectious agents, de-
creased vaccine response, and the emergence of more virulent
strains in obese persons [32].

Obesity induces a state of chronically elevated leptin and
reduced adiponectin. This imbalance between pro-
inflammatory and anti-inflammatory adipokines leads to a
dysregulated immune response to a viral illness. Leptin also
regulates B-cell maturation, development, and function [32].
Leptin resistance has been associated with disease severity in
HINI influenza. Other pro-inflammatory cytokines produced
by adipose tissue, including tumor necrosis factor alpha
(TNF-e0), monocyte chemoattractant protein-1 (MCP-1), and
interleukin-6 (IL-6), also increase the dysregulation [26, 32].
Physical activity is currently the best known non-
pharmacological immunomodulatory intervention to improve
disease outcomes in obese persons. Exercise decreases TNF«,
MCP-1, and IL-6, thus working to correct the underlying im-
balance caused by obesity [32].

Obesity has also been correlated with lower numbers of
CD8 T-cells and poorer quality of their immune response
[32]. The impairment of CD8 T-cell response can diminish
the immune system’s ability to fight viral infection.
Reductions in the antibody response and memory T-cell mat-
uration may also negatively affect vaccine efficacy [32]. The
phenomenon of a weakened immune response in obese pa-
tients has also been observed with the influenza vaccine [3¢¢].

Adipose tissue serves as a main source of IL-6 secretion,
and IL-6 is responsible for activating multiple cytokine path-
ways, which may lead to a cascading effect or cytokine storm
[3¢]. A recent study by Ruan et al. [33] has demonstrated that
IL-6 is an independent risk factor for severe COVID-19
infection.

Adipose tissue is important for maintaining normal im-
mune, endocrine, and metabolic function in the human body
[30]. It may act as a sponge that serves as a reservoir for viral

shedding. It has been hypothesized that the hematogenous
spread of viral particles or local spread from organs proximal
to adipose deposits may place the virus in proximity to these
processes and disrupt them. Such a relationship between adi-
pose tissue and lung epithelium in H5SN1 infection has been
studied [30]. Increased adiposity has also been shown to be
related to a 42% increase in the duration of shedding of the
influenza virus compared to nonobese individuals [34].

The renin-angiotensin-aldosterone system plays a signifi-
cant role in the pathophysiology of COVID-19 infection.
COVID-19 enters cells by binding to the ACE2 receptors on
the cells of the nasopharynx. ACE2 receptors are also
expressed in the lungs, GI tract, and adipose tissue [35¢°].
As a result, the increased adipose tissue in obese patients
could have an effect on viral load and outcomes from
COVID-19 infection.

Summary

Hypertension and obesity play important roles in the COVID-
19 pandemic. As the numbers of individuals with obesity and
hypertension rise across the globe, the collision of these three
pandemics cannot be ignored. Understanding the mechanisms
behind the associations between COVID-19 infection and hy-
pertension and obesity is important in developing effective
targeted therapies.

Furthermore, as vaccines become more accessible in the
USA and abroad, the effects of RAAS and cytokine dysregu-
lation on vaccine responses in the obese and hypertensive
populations require further attention. Because it has not yet
been determined how our current vaccines will respond to
emerging variants of the COVID-19 virus, the focus on ther-
apies targeting the ACE2 receptor and various cytokines
should continue.

Since hypertension and obesity have been linked to in-
creased risks of other viral infections, these more targeted
therapies could make the healthcare community better pre-
pared for epidemics and pandemics of the future.

The problems of obesity and hypertension are themselves
of pandemic proportions. Thirty-eight million children under
the age of 5 were overweight or obese in 2019, and over 240
million children and adolescents were overweight or obese in
2016 [23]. Of the estimated 1.13 billion people who have
hypertension worldwide, fewer than 20% have controlled
blood pressure. Physical inactivity, poor diet, and smoking
are all well-established contributors to poorly controlled hy-
pertension [36]. Interventions focusing on lifestyle modifica-
tion and weight loss starting at a young age can be impactful
not only in reducing the risk of comorbidities such as cardio-
vascular disease and chronic kidney disease, but also in de-
creasing the risk of severe complications from viral illnesses.
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