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Keywords:

Coronavirus disease 2019 (COVID-19) is a highly contagious respiratory illness caused by severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2) that began spreading globally in late 2019. While most cases of
COVID-19 present with mild to moderate symptoms, COVID-19 was the third leading cause of mortality in the
United States in 2020 and 2021. Though COVID-19 affects individuals of all races and ethnicities, non-Hispanic
Black and Hispanic/Latinx populations are facing an inequitable burden of COVID-19 characterized by an in-
creased risk for hospitalization and mortality. Importantly, non-Hispanic Black and Hispanic/Latinx adults have
also faced a greater risk of non-COVID-19-related mortality (e.g., from cardiovascular disease/CVD) during the
pandemic. Contributors to the racial disparities in morbidity and mortality during the pandemic are multi-
factorial as we discuss in our companion article on social determinants of health. However, profound racial var-
iation in the prevalence of CVD andmetabolic diseasesmay serve as a key driver of worse COVID-19-related and
non-COVID-19-related health outcomes among racial and ethnic minority groups. Within this review, we pro-
vide data emphasizing the inequitable burden of CVD and metabolic diseases among non-Hispanic Black and
Hispanic/Latinx populations. We also discuss the pathophysiology of these conditions, with a focus on how
aberrant physiological alterations in the context of CVD andmetabolic diseasesmanifest to increase susceptibility
to severe COVID-19.
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Fig. 1. Illustration of the multi-factorial etiology of racial disparities in COVID-19 health
outcomes. Though overlap among these factors exists, lower socioeconomic status and
segregation/discrimination, inequities in healthcare and vaccine status, health behaviors,
(epi)genetic and environmaental variation, and an increased burden of comorbidities
such as cardiovascular andmetabolic disease synergize to increase the prevalence and se-
verity of COVID-19 among racial and ethnic minorities. This figure is also depicted in our
companion paper.7 Resused with permission.
Coronavirus disease 2019 (COVID-19) is a respiratory illness caused
by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), a
novel coronavirus discovered in December 2019 in Wuhan, China.1

SARS-CoV-2 is part of the coronavirus family, which includes common vi-
ruses that cause a variety of diseases fromhead or chest colds tomore se-
vere, but rarer, diseases such as SARS-CoV-1 and Middle East respiratory
syndrome.2 SARS-CoV-2 began spreading around the globe in 2019 and
reached the United States (US) in early 2020.1 While most cases of
COVID-19 present with mild to moderate symptoms, there is a heteroge-
neous burden of severe COVID-19 symptoms and mortality in nursing
homes, older individuals, and in individualswith pre-existing conditions.3

By December 2021, global COVID-19 cases surpassed 250 million,
and despite a less than 1% case-fatality rate, approximately 5 million
deaths worldwide were attributed to COVID-19.4 In the US, there were
more than 50million cases and approximately 800,000 deaths attribut-
able to COVID-19,making COVID-19 the third leading cause ofmortality
behind only cardiovascular (CV) disease (CVD) and cancer in 2020 and
2021.5 As the pandemic spread throughout the US, there wasmounting
evidence relatively early on that racial and ethnic minorities, as well as
socioeconomically disadvantaged groups, were bearing a dispropor-
tionate burden of severe illness and mortality from COVID-19.6 The
focus of this review is to summarize major physiological factors that
may contribute to racial and ethnic-related health disparities in
COVID-19 with an emphasis on pre-existing health conditions, particu-
larly CVD and metabolic diseases. Readers may also refer to a compan-
ion review article, which focuses on social determinants of health that
may play a role in racial and ethnic-related heath disparities and
COVID-19 outcomes.7

Data from Spring 2020 (initial COVID-19 wave in the US) indicated
non-Hispanic Black adults with confirmed COVID-19 were significantly
more likely to be admitted to the hospital compared to individuals from
other racial or ethnic groups.6 Data from the second COVID-19 wave in
Summer through Winter 2020 indicated that COVID-19-related hospi-
talizations were higher in non-Hispanic Black and Hispanic/Latinx indi-
viduals compared with non-Hispanic White individuals.8 Specifically,
the relative risk ((RR), 95% confidence interval (CI)) for hospitalizations
was 3.1 (95% CI 2.8–3.3) for non-Hispanic Black individuals and 5.9 (95%
CI 5.6–6.3) for Hispanic/Latinx individuals compared to non-Hispanic
White individuals.8 Recent data also indicated that non-Hispanic Black,
Hispanic/Latinx, and other racial/ethnic minority groups (i.e., American
Indian or Alaska Native, and Asian or Pacific Islander) were more likely
than non-HispanicWhite individuals to have a COVID-19-associated hos-
pitalization, intensive care unit (ICU) admission, or in-hospital mortality
during the first year of the COVID-19 pandemic.9 For example, compared
to non-HispanicWhite individuals, the RR for non-Hispanic Black individ-
uals was 2.9 (95% CI, 2.8–2.9) for hospitalization, 3.2 (95% CI, 3.1–3.3) for
ICU admission, and 2.6 (95% CI, 2.5–2.7) for death.9 Meanwhile, for His-
panic/Latinx individuals, the RR was 3.1 (95% CI, 3.0–3.1) for hospitaliza-
tion, 4.2 (95% CI, 4.1–4.3) for ICU admission, and 3.9 (95% CI, 3.7–4.0) for
death compared to non-Hispanic White individuals.9 The greater risk for
COVID-19-related hospitalization and death in racial/ethnic minorities is
supported by findings from a recent systematic review of 52 studies,
71% of which were from the US.10

Although racial and ethnic disparities in COVID-19 death rates are
striking, focusing on confirmed COVID-19 deaths alone may underesti-
mate the true effect of the pandemic on perpetuating, or even amplify-
ing, health disparities.11 However, excess death estimates capture
deaths both directly and indirectly caused by COVID-19. In 2020, the
12
age-adjusted death rate increased by 16% in the US.5 Overall death rates
were highest among non-Hispanic Black and non-Hispanic American
Indian or Alaska Native individuals, while COVID-19-related deaths
were highest among Hispanic/Latinx and non-Hispanic American Indian
or Alaska Native individuals.5 Between March and December 2020,
there were nearly 500,000 excess deaths compared to the same time pe-
riod in 2019, 74% of which were attributable to COVID-19.11 Age-
standardized excess death rates among non-Hispanic Black, Hispanic/
Latinx, and non-Hispanic American Indian or Alaska Native individuals
were more than double those in non-Hispanic White and Asian
individuals.11 Moreover, compared with non-HispanicWhite individuals,
age-standardizednon-COVID-19 excess deaths (i.e., diabetes, CVDand ce-
rebrovascular diseases, and Alzheimer's disease) also disproportionately
affected non-Hispanic Black, Hispanic/Latinx, and non-Hispanic
American Indian or Alaska Native individuals.11 A separate investigation
specific to excess CVD-related mortality during the COVID-19 pandemic
demonstrated that non-Hispanic Black, Hispanic/Latinx, and Asian popu-
lations each experienced a ~ 20% greater rise in mortality caused by CVD
(e.g., myocardial infarction and cardiac arrest) and cerebrovascular dis-
ease (e.g., stroke) compared to non-Hispanic White adults.12

The reasons for these alarming health disparities during COVID-19
are multi-factorial and include pre-existing health conditions, numer-
ous social determinants of health, and health behaviors7 (See Fig. 1).
Below, we will discuss the racial and ethnic disparities in pre-existing
conditions, specifically CVD and metabolic diseases, and how the path-
ophysiology underlying these disease states may be associated with
worse COVID-19 outcomes (see Fig. 2).

Disparities in CVD and COVID-19 outcomes

Common CVDs including stroke, coronary heart disease (CHD), and
heart failure (HF), are the leading cause of mortality worldwide. In the



Fig. 2. Illustration of cardiometabolic health factors that contribute to COVID-19 health
outcomes. We postulate that the greater prevalence of cardiometabolic diseases, and
their pathophysiologicalmanifestations, likely play a role in increased susceptibility for se-
vere COVID-19 and worse COVID-19-related health outcomes in non-Hispanic Black and
Hispanic/Latinx populations.
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US, theprevalence of lifetimeCVD in adults aged ≥20years is nearly 50%,
with annual healthcare costs reaching $364 billion.13 Although CVDs af-
flict individuals from all races and ethnicities, the prevalence and mor-
tality rates appear to be exacerbated in non-Hispanic Black and
Hispanic/Latinx populations compared to non-Hispanic White adults.13

For instance, the annual age-adjusted rate of first ischemic stroke per
1000 persons is greater in non-Hispanic Black (1.91) and Hispanic/
Latinx (1.49) compared to non-Hispanic White adults (0.88).14 More-
over, these disparities persist in sub-analyses comparing incidence of
various stroke types (i.e., intracranial and extracranial atherosclerotic,
lacunar, and cardiometabolic) in both non-Hispanic Black and His-
panic/Latinx adults relative to non-Hispanic White adults (RR ranges
from 1.42 to 5.85).14 Importantly, while age-adjusted stroke-related
mortality has declined by ~7% in recent decades in the general popula-
tion, mortality rates from stroke remain substantially higher in non-
Hispanic Black adults compared with non-Hispanic White adults.13

These findings warrant an improved understanding of factors that un-
derpin racial/ethnic disparities in stroke incidence and mortality.

In addition to stroke, the presence of racial/ethnic disparities in CHD
and HF have been noted. For instance, improvements in clinical care
have contributed to a decline in the incidence of CHD in the US, but
this trend is less apparent in non-Hispanic Black compared to non-
Hispanic White adults.15 Regarding COVID-19-related outcomes, pre-
existing CHD or HF exacerbates risk for negative health outcomes with
myocardial injury in patients hospitalized for COVID-19.16 To uncover
factors that may contribute to racial/ethnic disparities in the incidence
of CHD, a recent study evaluated temporal trends in the prevalence of
risk factors using a large dataset from the multicenter Atherosclerosis
Risk in Communities study.17While the contribution ofmajor risk factors,
such as hypertension and hypercholesterolemia, to the incidence of CHD
appeared to decline in recent decades in non-HispanicWhite adults, sim-
ilar findings were not observed in non-Hispanic Black adults.17 Specifi-
cally, the contribution from hypertension remained markedly higher in
non-Hispanic Black adults despite higher rates of non-Hispanic Black indi-
viduals undergoing antihypertensive treatments.17 Likewise, the contri-
bution from hypercholesterolemia was 3-fold greater in non-Hispanic
Black adults despite higher statin use.17

Recent data indicate age-adjusted hospitalization RR for CHD in His-
panic/Latinx adults relative to non-Hispanic White adults is 1.6 (95% CI,
1.2–1.9) for females and 1.4 (95% CI, 1.2–1.7) for males. However, in
2018, the age-adjusted mortality rates for CHD per 10,000 persons fe-
males was 12.9 in non-Hispanic White males and 6.5 in White females,
14.1 in non-Hispanic Black males and 8.0 in Black females, and 9.3 in
13
Hispanic/Latinx males and 5.0 in Hispanic/Latinx females.13 These find-
ings suggest males seem to exhibit lower CHD survival rates relative to
females. The RR for myocardial infarction-related in-hospital mortality
for individuals less than 65 years of age was 1.48-fold higher in His-
panic/Latinx females (3.7%) and 1.24-fold higher in non-Hispanic
Black (3.1%) compared to non-Hispanic White females (2.5%), but
non-Hispanic White females had the greatest risk after 65 years of
age.18 Taken together, these findings demonstrate a greater burden of
CHD for non-Hispanic Black adults whereas disparities in CHD among
Hispanic/Latinx populations are not as clear and may depend on age
and biological sex.

Lastly, HF currently afflicts approximately six million adults in the
US, and the prevalence of HF is projected to reach eight million by
2030.13 Compared to non-Hispanic White adults, longitudinal data
from the Multi-Ethnic Study of Atherosclerosis (MESA) suggest a 4.6-
fold greater risk in non-Hispanic Black adults and 3.5-fold greater risk
in Hispanic/Latinx adults for developing congestive HF.19 However,
HF-related mortality (per 10,000 persons) does not appear to be appre-
ciably greater in non-Hispanic Black males (12.1) or Hispanic/Latinx
males (7.2) compared to non-Hispanic White males (11.4), or in non-
Hispanic Black females (8.7) or Hispanic/Latinx females (5.0) compared
to non-Hispanic White females (8.2).13 However, males with HF seem
to exhibit lower survival rates relative to females, irrespective of race
or ethnicity.13

Themechanisms underlying racial disparities in CVD are not fully re-
solved, but involve hypertension and vascular dysfunction, which may
manifest as endothelial dysfunction of both themacro- andmicrovascu-
lature, central arterial stiffening, and autonomic dysregulation.20,21 In
the next section of this review, wewill discuss racial/ethnic-related dis-
parities in hypertension, endothelial dysfunction, central arterial stiffen-
ing, and autonomic regulation of blood pressure (BP), as well as how
each of these may impact COVID-19 outcomes. Given the large body
of literature concerning racial/ethnic-related health disparities in non-
Hispanic Black individuals, the majority of content in the following
sections will feature studies comparing non-Hispanic Black and
non-Hispanic White adults. However, we will incorporate findings in
Hispanic/Latinx populations when data are available.

Hypertension

While several traditional and non-traditional risk factors may be in-
volved in the pathogenesis and progression of CVD, hypertension is a
major modifiable risk factor. Racial differences in BP emerge early in
life,22,23 and non-Hispanic Black adults suffer from the highest rates of
hypertension of any racial/ethnic groups in the United States.13 Accord-
ing to National Health and Nutrition Examination Survey (NHANES)
data, the prevalence of hypertension (defined as systolic BP ≥140
mmHg, diastolic BP ≥90 mmHg, or self-reported use of an antihyperten-
sive medication) is 45.3% in non-Hispanic Black adults compared with
31.4% in non-Hispanic White adults.24 In persons 55 years of age or
older, the cumulative incidence of hypertension in non-Hispanic Black
adults (76%, both sexes) is also greater than non-Hispanic White males
(55%) and females (40%).25 Furthermore, fewer cases of hypertension
are controlled in non-Hispanic Black adults (39.2%) compared to non-
Hispanic White adults (49.1%).24 Hispanic/Latinx adults (31.6%) exhibit
a similar hypertensionprevalence asnon-HispanicWhite adults, although
rates of awareness, treatment, and control are lower.24

A recent study quantified the incidence of hypertension (defined as
systolic BP ≥130mmHg, diastolic BP ≥80mmHg, or use of antihyperten-
sive medication) among self-identified Hispanic/Latinx adults, aged 18
to 74 years, from fourUS communities.26 The 6-year-age-adjusted prob-
ability of incident hypertension was 21.7% (95% CI, 19.5–24.1) among
males and 19.7% (95% CI, 18.1–21.5) among females.26 When stratified
by different ethnic backgrounds, the probability of incident hyperten-
sion was markedly higher among adults of Cuban (male: 27.1% and fe-
male: 22.6%) and Dominican (male: 28.1% and female: 23.3%)
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backgrounds relative to those of Mexican American background (male:
17.6% and female: 16.0%). Collectively, these findings of racial/ethnic-
related disparities in the prevalence, awareness, and control rates of hy-
pertension underscore the need for additional targeted strategies for
preventing and combating uncontrolled hypertension.

The exact mechanisms by which racial/ethnic-related differences in
the prevalence and management of hypertension contribute to in-
creased risks of CVD-related morbidity and mortality are incompletely
understood. However, there is evidence that a high prevalence of end
organ damage in young non-Hispanic Black adults with hypertension
may contribute to worse health outcomes.27 For instance, 25%–30% of
young non-Hispanic Black adults exhibit left ventricular hypertrophy,27

an abnormality that is associated with target organ damage and has
been independently associatedwith adverse CVDevents.28 In addition, ev-
idence of left ventricular systolic dysfunction has been detected in 8–10%
of young non-Hispanic Black adults with uncontrolled hypertension,27

which is clinically alarming given that non-Hispanic Black individuals are
more likely than non-Hispanic White individuals to suffer from severe
HF and mortality.29 Likewise, concentric and eccentric left ventricular
hypertrophy are more frequently observed in Hispanic/Latinx adults
compared to non-Hispanic White individuals.30 Furthermore, in a cohort
of middle-aged to older Hispanic/Latinx adults, the prevalence of left
systolic dysfunction was 3.6% and the prevalence of left diastolic dysfunc-
tion was an alarming 50.3%, much of which appeared to be related to
hypertension.31

Observational studies repeatedly demonstrate an association be-
tween hypertension and COVID-19 infection and mortality rates. In
fact, nearly a third of patients infected with COVID-19 have underlying
hypertension.32 When admitted to the hospital with COVID-19, a
greater percentage of patients with hypertension (31.8%) than patients
with normotension (21.3%) progress to severe COVID-19. Patients with
hypertension were more likely to need mechanical ventilation.33 More-
over, the risk of COVID-19 mortality was twice as great in patients with
hypertension compared to patients with normotension, and those with
uncontrolled hypertension were more likely to die than individuals
with controlled hypertension.33

When compared to case-controls, hospitalized patients with COVID-
19 present with elevations in BP and biomarkers that are related to in-
flammation (e.g., C-reactive protein, tumor necrosis factor-α), cardiac
tissue injury (e.g., troponin, procalcitonin), and vasoconstriction
(e.g., angiotensin 2).34 The elevations in biomarkers of inflammation
and tissue damage may underlie the increased risk for myocardial an-
gina, stroke, and need for percutaneous coronary intervention among
patients with COVID-19.33 While the underlyingmechanisms responsi-
ble for COVID-19-mediated induction of hypertension are unclear, vas-
cular dysfunction and renal mechanisms may be implicated.35
Endothelial dysfunction

The endothelium is the innermost cell layer of the vasculature and
serves as a key regulator of vascular homeostasis.36 Healthy endothe-
lium produces several vasoactive substances, such as nitric oxide
(NO), prostaglandins, and bradykinin, that help to regulate vascular
tone, cellular adhesion, smooth muscle cell proliferation, vascular in-
flammation, and thrombosis.36 Conversely, endothelial dysfunction is
characterized by reduced NO bioavailability and increased production
of vasoconstrictors, such as endothelin-1 and thromboxane A2, which
contribute to impaired vasodilation.36 Thus, it is not surprising that en-
dothelial dysfunction is an early atherosclerotic event that precedes the
development and progression of several pathological conditions.36 For
instance, impaired endothelium-dependent vasodilation of coronary
arteries independently predicts the future development of CHD.37 In
addition, attenuated brachial artery flow-mediated dilation (FMD), a
non-invasive technique to assess conduit artery endothelial function,
independently predicts CVD-related morbidity and mortality.38–40
14
In fact, every 1% change in FMD confers a reciprocal ~13% change in
risk for CVD events.41

The heightened risk of CVD in non-Hispanic Black and Hispanic/
Latinx populations may be attributed, in part, to endothelial dysfunc-
tion. For instance, postmenopausal non-Hispanic Black females exhibit
a lower brachial artery FMD compared with non-Hispanic White
females.42 In contrast, multiple studies reported no group differences
in brachial artery FMD in young non-Hispanic Black compared to non-
Hispanic White males and females.43–45 Interestingly, one study dem-
onstrated that Hispanic/Latinx adults of Mexican descent exhibited
higher brachial artery FMD than non-HispanicWhite adults.46 In themi-
crovasculature, multiple studies have demonstrated blunted microvas-
cular vasodilator function in non-Hispanic Black adults compared with
non-Hispanic White adults.47–49

Regarding mechanisms underlying racial disparities in endothelial
dysfunction, lower NO bioavailability was recently detected in human
umbilical vein endothelial cells from non-Hispanic Black versus non-
Hispanic White adults, which appeared to be mediated, at least in
part, by greater oxidative stress in the cells from non-Hispanic Black
donors.50 Further evidence for reduced NO bioavailability in non-
Hispanic black adults was provided in experiments from a separate in-
vestigation demonstrating that intradermal L-arginine (key substrate
for producing NO) attenuates racial disparities in the cutaneous
microvasculature.47 Plasma concentrations of the vasoconstrictor
endothelin-1 are also elevated in non-Hispanic Black adults with hyper-
tension compared to non-Hispanic White adults with hypertension.51

Taken together, current findings suggest racial/ethnic-related dispar-
ities in endothelial function may manifest differentially along the arte-
rial tree (e.g., macro- vs microvascular function). The heterogeneous
findings regarding race and endothelial function may also be due to so-
cial determinants (e.g., adverse childhood experiences), lifestyle
(e.g., diet, exercise, and sleep), and/or biological (age and sex) differ-
ences among the cohorts and highlight a need for future studies in
this area featuring well-characterized participants. Regardless, given
the prognostic ability of endothelial health to CVD,38–40 it stands to
reason that endothelial dysfunction may be an important contributing
factor to the greater prevalence of CVD in the non-Hispanic Black
population while additional data are needed in the Hispanic/Latinx
population.

Endothelial health is also important in the development and pro-
gression of COVID-19. Angiotensin-converting enzyme 2 (ACE2) plays
a critical role in endothelial function and maintenance of blood vessel
integrity through vasodilatory, anti-inflammatory, and anti-fibrotic
pathways (via renin-angiotensin-aldosterone system signaling).52

However, ACE2 receptors ubiquitously found on the cell membranes
of various organs and tissues also serve as an entry point for SARS-
CoV-2.53 Once bound to ACE2 receptors, the coronavirus spike protein
triggers a downregulation of intracellular ACE2 expression, while ACE
levels seem to be unaffected.54 The subsequent imbalance in ACE/
ACE2 levels is thought to trigger an overactivation of the renin angioten-
sin aldosterone system and a subsequent progression of COVID-19,53

possibly contributing to vascular thrombosis.54 Indeed, a prospective
cohort study in patients with COVID-19 who were in the ICU observed
elevated levels of atherothrombotic indicators compared to age- and
sex-matched counterparts.55 Moreover, there is evidence for reduced en-
dothelial function in patients who were recovering from COVID-19.56,57

Collectively, these findings highlight that endothelial activation and
dysfunction plays an important role in the pathogenesis of COVID-19.

Large artery stiffening

Large elastic arteries (i.e., aortic and carotid) play a pivotal role in
cardiovascular health by protecting the microvasculature from expo-
sure to excessive pulsatility due to fluctuations in BP and flow with in-
termittent left ventricular ejection.58 Conversely, when large elastic
arteries become stiff, the overall buffering capacity of these arteries
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becomes impaired, enabling pulsatile energy to penetrate microvessels
yielding microvascular and end-organ (e.g., heart, kidneys, brain, eyes)
damage.58 In addition, central (aortic) BP,which ismore reflective of the
arterial pressures that the heart, brain, and kidneys are exposed to, be-
comes elevated due to central (large) arterial stiffening.59 Importantly,
elevations in central arterial stiffness (assessed via carotid-femoral
pulse wave velocity; cf-PWV), which is the gold-standard for the non-
invasive assessment of large artery stiffness, and central BP are indepen-
dently associated with increased risk of incident CVD.60,61 Therefore,
identification of factors implicated in central arterial stiffening may
serve to provide insight into potential therapeutic targets for improving
CV health.

While multiple factors, including aging and pathological conditions
(i.e., hypertension) contribute to central arterial stiffening,58 accumulat-
ing evidence indicates that race/ethnicity may play a role.20 For exam-
ple, there are data indicating that non-Hispanic Black children exhibit
significantly higher cf-PWV compared with non-Hispanic White chil-
dren even after adjustment for confounders.62 Likewise, young non-
Hispanic Blackmaleswithout hypertension also presentwith elevations
in cf-PWV compared with non-HispanicWhite males.63 Additional data
suggest non-Hispanic Black adults (inclusive of males and females) had
higher cf-PWV values than non-Hispanic White adults, though these
group differences disappeared after controlling for CVD risk factors, in-
cluding BP.64 However, in a large cohort of 2500 apparently healthy
middle-aged adults, greater central artery stiffness, assessed via carotid
ꞵ-stiffness, was observed in non-Hispanic Black compared to non-
HispanicWhite individuals after covariate adjustment.65 These findings
are consistentwith data indicatingmiddle-aged non-Hispanic Black and
Hispanic/Latinx adults exhibit greater proximal aortic stiffness, assessed
via aortic arch PWV, compared with non-Hispanic White adults.66

The higher central arterial stiffness in non-Hispanic Black and His-
panic/Latinx populations likely involves several pathways implicated
in vascular inflammation and oxidative stress. Underlying factors likely
include a combination of social determinants (e.g., adverse childhood
experiences), lifestyle (e.g., diet, exercise, and sleep) and environmental
and (epi)genetic interactions that predispose individuals to premature
vascular aging.7,67,68 Greater central arterial stiffening in non-Hispanic
Black and Hispanic/Latinx populations likely contributes to the in-
creased risk of CVD and disparities in COVID-19 health outcomes. For
example, a case-control study demonstrated significantly higher cf-
PWV and brachial-ankle PWV (peripheral arterial stiffness) in patients
with COVID-19 versus healthy controls.69 Additionally, COVID-19 was
independently associated with higher cf-PWV and brachial-ankle
PWV; PWV values were higher (i.e., worse) in non-survivors. In survi-
vors, PWV values correlated with length of hospital stay.69 Additional
studies have demonstrated elevated arterial stiffness in young healthy
patients recovering from COVID-19 relative to healthy controls.57,70 In
a large cohort of hospitalized patients with COVID-19 in Spain, esti-
mated arterial stiffness (using pulse pressure) was associated with all-
cause in-hospital mortality.71 Collectively, these data illustrate a con-
cerning bi-directional relationship between arterial stiffness and
COVID-19 outcomes whereby underlying arterial stiffness is associated
with COVID-19 severity, and COVID-19 exacerbates arterial stiffening,
likely through heightened inflammation and oxidative stress.72

Autonomic control of BP

The autonomic nervous system plays a fundamental role in the con-
trol of BP.73 Adjustments in parasympathetic and sympathetic neural
outflow to the heart result in changes in heart rate and cardiac contractil-
ity, while adjustments in sympathetic neural outflow to the peripheral
vasculature modulate vessel diameter and thus peripheral resistance.73

Autonomic imbalance is demonstrated to contribute to the development
of CVD-associated pathologies such as hypertension and HF.73,74 Impor-
tantly, both cardiac autonomic dysfunction (assessed indirectly via heart
rate variability, HRV)75 and sympathetic hyperactivity (assessed directly
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viamuscle sympathetic nerve activity,MSNA)76 have been independently
associated with an increased mortality risk. Therefore, it is possible that
racial/ethnic-related disparities in the prevalence and severity of CVDs
may be mediated, in part, by dysfunction of the autonomic nervous sys-
tem.

To our knowledge relatively few studies have sought to investigate
cardiac autonomic function in non-Hispanic Black adults, andmixed find-
ings have been observed.77–79 For instance, one study foundmiddle-aged
non-Hispanic Black adults were 3.45 fold (95% CI, 1.74–6.98) more likely
than non-HispanicWhite adults to have depressed HRV, a maladaptation
that is predictive of incident hypertension.80 In contrast, there are data
demonstrating higher cardiac parasympathetic modulation in non-
Hispanic Black teenagers compared to non-Hispanic White teenagers.78

Additionally, there are data demonstrating no racial difference in cardiac
parasympathetic modulation in non-Hispanic Black and non-Hispanic
White young adults.79 Together, these findings suggest that cardiac auto-
nomic function may be altered in non-Hispanic Black individuals in an
age-dependent manner.

Sympathetic neural control of BP in non-Hispanic Black adults has
been a topic of great interest, though mixed findings have also been
observed.21,81 For instance, no race-related differences in sympathetic
neural outflow, as measured via resting MSNA, have been detected be-
tween non-Hispanic Black adults compared with non-Hispanic White
adults in younger or older cohorts.82–85 However, young non-Hispanic
Black males exhibited greater sympathetic vascular transduction com-
pared with young non-Hispanic White males, as evidenced by greater
reductions in leg vascular conductance (i.e., leg blood flow normalized
tomean arterial BP) and greater increases in mean arterial BP following
spontaneous bursts of MSNA.83 Likewise, direct stimulation of α1-
adrenergic receptors via intra-arterial infusion of phenylephrine yields
significant reductions in forearm blood flow in young non-Hispanic
Black males compared with non-Hispanic White males, indicating aug-
mented sympathetic vasoconstrictor responsiveness in young non-
Hispanic Black males.86 In response to an orthostatic challenge induced
by lower body negative pressure, young non-Hispanic Black adults had
smaller increases in MSNA than did non-Hispanic White adults despite
similar increases in forearm vascular resistance.82 Similar observations
have been observed in older non-Hispanic Black adults during upright
tilt,85 alluding to elevated sympathetic vascular transduction in non-
Hispanic Black adults when faced with an orthostatic perturbation. Fur-
thermore,findings of heightenedMSNAandBP responses to a cold pres-
sor test in young non-Hispanic Black adults compared with non-
Hispanic White adults provide evidence for augmented sympathetic
and BP reactivity in non-Hispanic Black adults.87,88 Collectively, these
findings suggest that increased sympathetic vascular transduction and
sympathetic reactivity are more likely in non-Hispanic Black individ-
uals. It is also important to note that while studies concerning auto-
nomic neural control of BP in non-Hispanic Black populations have
increased in number, information regarding this aspect of physiology
is extremely limited in Hispanic/Latinx individuals, warranting addi-
tional studies in this population.

Racial/ethnic-related disparities in autonomic neural control may
have implications in the setting of COVID-19-related mortality. Eleva-
tions in MSNA at rest and in response to orthostatic challenge via
head-up tilt in young adults recovering from COVID-19 have been
observed.89 Furthermore, in patients infected with COVID-19 who
were admitted to a hospital, reduced HRV was found to be related to
disease severity and outcomes.90 An alarming finding warranting addi-
tional investigation is that alterations in cardiac autonomic modulation
appear to persist for at least several months in patients with long
COVID-19.91 This autonomic dysregulation is thought to be related, in
part, to systemic inflammation induced by COVID-19 infection, which
contributes tomorbidity andmortality.92,93 In the next section of the re-
view, wewill highlight how increased risk of severe COVID-19 infection
in non-Hispanic Black and Hispanic/Latinx populations, with or without
CVD, may be amplified by a greater burden of metabolic diseases.
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Disparities in metabolic disease and COVID-19 outcomes

Metabolic syndrome refers to a cluster of risk factors (i.e., abdominal
obesity, insulin resistance, dyslipidemia, and elevated BP) that are asso-
ciated with increased risk of CVD, as well as type 2 diabetes (T2D),
chronic kidney disease (CKD), and cancer. Using data from NHANES, a
recent study reported a metabolic syndrome prevalence of 34.7% in US
adults.94 While the prevalence of metabolic syndrome increases rapidly
with age, data from 2011 to 2016 indicate that the incidence of meta-
bolic syndrome is growing most rapidly in younger (20–39 years) indi-
viduals (from 16.2% in 2011 to 21.3% in 2016).94 Regarding COVID-19,
recentmeta-analyses demonstrate thatmetabolic syndromeand associ-
ated comorbidities are associated with the development of severe
COVID-19.95 Herein, we will discuss the current state of metabolic dis-
ease, with a focus on obesity, T2D, and CKD, as they relate to racial dis-
parities in COVID-19 outcomes in the US.

Obesity & T2D

Obesity, defined as a body mass index (BMI) ≥30 kg/m2, is the most
prevalent chronic disease in the US, affecting more than 40% of
Americans.96 By 2030, projections indicate that nearly one-in-two
adults will have obesity and one-in-four will have severe obesity.97

The prevalence of obesity is increasing among all age and racial/ethnic
groups, but the greatest burden is among non-Hispanic Black individ-
uals and Hispanic/Latinx populations.98 For example, data for 2017 to
2018 from the National Health and Nutritional Examination Survey
(NHANES) documented a substantially greater burden of obesity in
non-Hispanic Black (49.6%) and Hispanic/Latinx (44.8%) adults com-
pared to non-Hispanic White (42.2%) adults.96,99 Interestingly, there is
a greater disparity in obesity prevalence between females (56.9% Black
vs. 39.8% White) than males (49.6% Black vs. 42.2% White),96,100 an ob-
servation that has been attributed to racial differences in social contexts
(e.g., income, urbanicity).101,102 The public health burden of obesity is
highlighted by the multitude of comorbid conditions (e.g., CVD and
metabolic diseases) and healthcare costs associated with treating
these conditions, which were estimated at $260 billion in 2016.103

Racial and ethnic disparities in obesity are alarming as obesity is an
independent predictor of CVD and has been associated with poor
COVID-19 health outcomes.104 However, obesity is also a strong risk
factor for T2D, CKD, and other metabolic disturbances that increase
risk for premature morbidity and mortality.105

More than 90% of patients with T2D have overweightobesity.106 In
2020, CDC estimates indicate that more than one-in-ten Americans
had T2D and one-in-three had prediabetes.107 Data from the CDC and
NHANES in 2017 demonstrates that the prevalence of diagnosed T2D
in non-Hispanic Black (13.2%) and Hispanic/Latinx (12.8%) populations
exceeds that of non-Hispanic White adults (7.6%).108 In parallel with
obesity, the prevalence of T2D is rising globally, and this trend is partic-
ularly pronounced in post-industrial nations, such as the US. The rising
prevalence of T2D in the US may be explained, at least in part, by the
dramatic increase in young-onset T2D over the past 20 years,109

which is increasing by ~5% annually.110 Concerningly, this seems to be
driven by significantly greater increases in newly diagnosed Hispanic/
Latinx (+6.5% per year) and non-Hispanic Black (+6.0% per year)
children compared to non-Hispanic White (+0.8% per year) children,
suggesting a widening in the disparities gap.110

Though racial differences in obesity and body composition are a fun-
damental contributor to disparities in the prevalence of T2D, this ineq-
uity persists after adjusting for differences in BMI.111 Racial differences
in socioeconomic status are demonstrated to account for much of the
disparity in T2D.112 Regarding underlying physiological factors that
may play a role, there are multiple studies demonstrating lower insulin
sensitivity in non-Hispanic Black and Hispanic/Latinx adolescents113

and adults114 compared to non-Hispanic White adults.115 Relevant to
COVID-19, poor glycemic control may contribute to the increased
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likelihood of severe COVID-19 infection in racial/ethnic minority
groups, as diabetes (inclusive of type 1 and T2D) is estimated to account
for ~30–40% of COVID-19-related hospitalization, ICU admission, and/or
death.116Moreover, in individuals without T2D, even a small incremen-
tal increase within the normal range of fasting blood glucose is associ-
ated with a substantial increase in risk of ICU admission for patients
with COVID-19.117 Machine learning models have elucidated multiple
pathways (e.g., dysregulated immune response, cytokine storm, inacti-
vation of ACE2) throughwhich elevations in blood glucose can facilitate
the progression of COVID-19 throughout the viral lifecycle.118 Regard-
less of the underlyingmechanisms, collectively, these findings highlight
the significance of glycemic control as a keymediator of the progression
of COVID-19 and as a plausible contributor to disparities in COVID-19-
related health outcomes.

Obesity and T2D are also associated with increased inflammation
and impaired immune function, which may exacerbate the risk for se-
vere COVID-19. Derangements in the innate immune responses in pa-
tients with obesity and T2D are well-documented; these immune
modifications precipitate an altered first line of defense and immune
hyperactivation, as indicated by elevated inflammatory biomarkers.119

Subsequent alterations in lymphoid tissue integrity and alterations in
leukocyte subsets characterized by pro-inflammatory phenotypes ulti-
mately impair immune function and increase risk for chronic disease
and COVID-19.119 A diminished capacity to produce antibodies follow-
ing vaccination is another possible consequence of obesity-related im-
pairments in immune function, though initial data suggest body mass
does not impact immune response to the COVID-19 vaccine.120

Cytokine storm in patients with COVID-19 is associated with lung
injury, multi-organ failure, and unfavorable prognosis of severe
COVID-19.121 A greater likelihood of developing rapid andmore aggres-
sive cytokine storms in non-Hispanic Black adults compared to non-
Hispanic White adults has been provided as a plausible explanation
for racial disparities in COVID-19 mortality rates,122 but to our knowl-
edge, there is scant published data on this topic. What is known is that
individuals with heightened resting inflammation may be particularly
at-risk for a cytokine storm, characterized by an aggressive inflamma-
tory response that directly influences the progression of COVID-19.123

To inform therapeutic strategies attempting to mitigate cytokine-
mediated COVID-19 progression and racial disparities in COVID-19
outcomes, ongoing studies are attempting to elucidate the specific
cytokines responsible for aberrant physiological responses to COVID-19
infection.

Chronic kidney disease

Obesity and T2D, along with hypertension and CVD, are major risk
factors for CKD.124 A total of 37 million US adults are estimated to
have CKD, ~90% of whom have not been diagnosed.125 Though rates of
CKD in 2014 were reported to be similar in non-Hispanic Black and
non-Hispanic White individuals,126 2021 data from the CDC indicate a
slightly greater prevalence of CKD in non-Hispanic Black (16%) and His-
panic/Latinx (13.6%) than non-Hispanic White (12.7%) adults.125 Irre-
spective of T2D status, non-Hispanic Black adults have greater odds of
albuminuria than non-Hispanic White adults, indicating greater kidney
disease burden.127 Additionally, compared to non-Hispanic White
adults, non-Hispanic Black adults with early-stage CKD are 3.5 times
more likely to progress to end stage renal disease.128 Likewise, the risk
of developing kidney failure requiring dialysis or kidney transplantation
is 2.6-fold higher in non-Hispanic Black populations and 1.5-fold higher
in Hispanic/Latinx individuals compared to non-Hispanic White
populations.129

Of relevance to COVID-19, impaired renal function during hospital
admission is an independent predictor of poor prognosis among pa-
tients with COVID-19.130 Additionally, dialysis, organ transplantation,
and CKD represent three of the four comorbidities associated with the
highest mortality risk from COVID-19.131 This is particularly concerning
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as CKD was recently identified as the most prevalent risk factor for se-
vere COVID-19 worldwide.131 Furthermore, kidney damage is common
among patients with COVID-19; a prospective cohort study reported
that 44% of patients with COVID-19 had proteinuria and 27% had hema-
turia at hospital admission, while 5% of patients experienced acute kid-
ney injury in-hospital.132 Though the underlying pathophysiology of
COVID-19-associated acute kidney injury is uncertain, hemodynamic
instability (e.g., pulsatile blood flow due to central arterial stiffening)
and/or tissue inflammation and local immune cell infiltration have
been identified as leading candidate mechanisms.133 Elevated levels of
subclinical inflammation and kidney injury in patients with COVID-19
may persist for months after infection, resulting in a progressive decline
in kidney function that contributes to CKD.131 Like many other health
disparities, racial disparities in social, cultural, and economic factors
play a fundamental role in mediating inequities in CKD and COVID-19
related health outcomes. For example, perceived racial discrimination
is longitudinally associated with lower kidney function, assessed by
estimated glomerular filtration rate.134

Conclusion

CVD andmetabolic diseases are the number one cause of death, both
in the US and worldwide. A commonality among nearly all of these dis-
ease states is their inequitable burden on racial and ethnic minorities,
specifically in non-Hispanic Black and Hispanic/Latinx individuals in
the US. As mentioned above, the greater prevalence of cardiometabolic
diseases, and their pathophysiological manifestations, likely play a role
in increased susceptibility for severe COVID-19 and worse COVID-19-
related health outcomes in non-Hispanic Black and Hispanic/Latinx
populations (summarized in Fig. 2).

CV pathologies, such as hypertension and BP dysregulation, endo-
thelial dysfunction, and large artery stiffening greatly increase risk for
poor health outcomes in patients with CVD risk factors who become
afflicated with COVID-19. Moreover, long-lasting cardiac, vascular, and
autonomic complications associated with COVID-19 have all been ob-
served, and further insults on these already compromised physiological
systems in patients with CVDwill detract from health-related quality of
life and increase risk for premature mortality. Amplifying the deleteri-
ous impact of COVID-19 among non-Hispanic Black andHispanic/Latinx
individuals is a greater burden of metabolic diseases, specifically obe-
sity, T2D, and advanced CKD. Disparities in obesity are particularly con-
cerning, as obesity is a predictor of COVID-19 severity, and obesity
increases risk for other morbidities (e.g., T2D) that are associated with
worse COVID-19-related health outcomes. Poor glycemic control, im-
mune dysfunction, and excess inflammation are hallmarks of obesity
and T2D and exacerbate risk for severe COVID-19. Though less dis-
cussed, CKD is the most prevalent risk factor for severe COVID-19
worldwide, and CKD and CKD-associated complications (e.g., dialysis,
organ transplant, etc.) are among the leading risk factors for COVID-
19-related mortality.

Of note, the majority of applied physiology studies pertaining to ra-
cial disparities in health feature non-Hispanic Black adults but fewer in-
clude Hispanic/Latinx adults, in whom disparities in CVD andmetabolic
disease and COVID-related health outcomes are also present. More re-
search in this population, as well as other racial and ethnic minorities,
is urgently needed. Inspection of existing literature on the current
state of chronic disease in the US, and associated risk factors, also re-
vealed some alarming sex-differences, such as the far greater disparity
in the prevalence of obesity in females compared to males. Consider-
ation of biological sex as a potential moderator of health disparities, as
well as the physiological underpinnings and downstream consequences
are warranted.

There is a long history of racial and ethnic health disparities in the
US. Over the past two years, the greater burden of CVD and metabolic
diseases in non-Hispanic Black and Hispanic/Latinx individuals has
been exacerbated by the COVID-19 pandemic, which is reflected by
17
disease severity and mortality statistics. An improved understanding
of the mechanisms (biological, social, cultural, economic, etc.) underly-
ing these racial and ethnic disparities in the current state of chronic dis-
ease in the US as ameans to guide preventive and therapeutic strategies
is essential.
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