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Abstract

Background: Angiotensin-converting enzyme inhibitors (ACEIs) and angi-
otensin-II receptor blockers (ARBs) have been an arguable risk factor for
COVID-19 diseases because they could upregulate Angiotensin Converting
Enzyme-2 (ACE2) expression, facilitating SARS-CoV2 entry to the lungs.
Several retrospective clinical studies, however, found no such effect. Here, we
explore how the use of ACEIs and ARBs links to COVID-19 across all coun-
tries of the world. Methods: Data on the availability of ACEIs and ARBs for
200 countries and on the number of cases and number of deaths per country
by 28 December 2020 were extracted from WHO and Worldometer website,
respectively. Data on life expectancy at age 65 years as a measure of ageing
were from WHO and on Gross Domestic Product Per Capita (GDP PPP) and
the percentage of urbanization were from the World Bank. Excel and SPSS v
26 software were used for statistical analyses. Results: In linear regression and
logistic conditional regression analysis, GDP correlates with COVID-19 pre-
valence (rho = 0.66, p > 0.001) and deaths from COVID-19 (rho = 0.55, p <
0.001) while urbanization and life expectancy do not when GDP influence is
controlled for. After statistically removing the effects of GDP on the preva-
lence and mortality from COVID-19, we found that countries without ACEI
and ARB availability had lower COVID-19 cases and deaths (p < 0.02). Con-
clusions: Our study based on the global data contradicts findings of most
published clinical studies at regional levels. We found that GDP positively
correlates with prevalence of and mortality related to COVID-19. ACEI and
ARB use increases COVID-19 infectivity and mortality.
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1. Introduction

SARS-CoV-2 causes high fatality in those who have pre-existing condition of
hypertension, cardiovascular disease, and diabetes. Because these conditions are
recommended by mainstream guidelines to use renin-angiotensin-aldosterone
system (RAAS) inhibitors to improve cardiovascular and renal health [1] [2] [3]
[4] and that RAAS blockade increases Angiotensin Converting Enzyme-2
(ACE2) expression in the lungs, heart and kidneys [5] [6], there has been a spec-
ulation that RAAS inhibitors contribute to COVID-19 infectivity and mortality.
ACE2 protein in the respiratory tract serves as the invading target of SARS-CoV-2
virus [7] [8] [9]. ACE2 protein expression in humans is mainly in the respirato-
ry, gastrointestinal tissues and cardio-and-vascular system with remarkably high
amounts in the epithelial linings of the pulmonary alveolus and small intestine
[10].

Soon after these doubts arose, several retrospective clinical studies at regional
scale suggested the otherwise [11] [12] [13]. Along the same lines, several pro-
fessional societies in early stage of pandemic jointly put forward statements that
no solid evidence indicates a contributory role of RAAS inhibitors in COVID-19
disease and that RAAS inhibitors should be continuously used as guideline sug-
gested [14] [15] [16]. However, those clinical studies and also nearly all observa-
tional studies published thus far have approached this issue using superiority
studies with null hypothesis that “RAAS inhibitors do not increase COVID-19
infectivity and mortality” [11] [12] [13]. This subjects their findings to the type 2
error, where they falsely accepted the null hypothesis which was actually untrue.
Given COVID-19 pandemic has entered the third phase and shows no sign to stop
anytime soon; we here revisited the association between RAAS inhibitors use and
health impacts on COVID-19 among countries using the public data provided by
WHO, Worldometer, and the World Bank. We designed a non-inferiority study
with a hypothesis that availability of ACEIs and ARBs increases prevalence of
COVID-19 and deaths related to COVID-19 to test if RAAS inhibitors do no ad-
ditional harm to COVID-19 patients.

2. Methods

WHO provided data on the availability of RAAS inhibitors-angiotensin-converting
enzyme inhibitors (ACEIs) and angiotensin-II receptor blockers (ARBs) in pub-
lic sector by country for 200 countries in 2020. Data on the number of COVID
cases, number of deaths and numbers of tests per country by 28 December 2020
were extracted from the website of Worldometer. This date was chosen to avoid
differences between countries in the influences by COVID-19 vaccination. Sub-
stantial amounts of vaccination started to be introduced to humans from the
early of 2021 according to the website of Our World in Data. In addition, we
have obtained data on life expectancy at age 65 years as a measure of ageing
from WHO and on Gross Domestic Product Per Capita (GDP PPP) and the
percentage of urbanization from the World Bank. The hypothesis tested was that
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availability of ACEIs and ARBs increases prevalence of COVID and deaths re-
lated to COVID-19. We have used Excel and SPSS v 26 software to run statistical
analyses, specifically descriptive analyses of distribution of variables, compari-

sons of distributions, non-parametric correlations, linear regressions.

3. Results

Due to the obvious variation in health care based on the wealth of a country and
its urbanization we have first studied relationships between COVID-19 preva-
lence and deaths from COVID and GDP, Urbanization and the life expectancy at
old age (Table 1, Figure 1 & Figure 2). There was a reasonably strong relation-
ship between GDP and COVID-19 prevalence (rho = 0.66, p > 0.01) and deaths
from COVID-19 (rho = 0.55, p < 0.01). Relationships of the two COVID va-
riables to Urbanization and life expectancy were similarly strong, but after

Table 1. Non-parametric (Spearman’s rho) correlation coefficients among variables stu-
died.

Tot Deaths/1M GDP PPP  Urban % Life e65
Cases/1M 2015 2015 (2010-2015)
Tot Cases/1M 1 0.920** 0.658** 0.609** 0.535%*
Deaths/1M 0.920** 1 0.550** 0.520** 0.510%*
GDP PPP 2015 0.658** 0.550** 1 0.738** 0.767**
Urban% 2015 0.609** 0.520** 0.738** 1 0.645%*
Life e65 (2010-2015) 0.535** 0.510** 0.767** 0.645** 1

**Correlation is significant at the 0.01 level (2-tailed).
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Figure 1. Relationship of the total cases of COVID-19 per 1 million population to the Gross Do-

mestic Product per capita.
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Figure 2. Relationship of the deaths from COVID-19 per 1 million population to the Gross Do-
mestic Product per capita.

influence of GDP was kept statistically constant, they explained less than 5% of
variance each as is obvious from their strong correlations with GDP. Thus their
separate influence on COVID has not been studied further.

For further analyses we have transformed prevalence and mortality from
COVID to remove effects of GDP. This was done by calculating residuals of the
two variables around their power regression lines on GDP (power curves pro-
vided the best regression fit—Figure 1 and Figure 2).

Using non-parametric tests of significance (Kolmogorof-Smirnov), distri-
butions and medians and means of GDP standardised numbers of COVID
cases and COVID deaths were compared between countries where ACEIs
and ARBs were available and those that did not have availability in the public
sector.

Clearly, means and medians of COVID cases and deaths due to COVID were
much lower in countries without ACEI and ARB availability irrespective wheth-
er raw numbers per 1 million people or numbers standardized on GDP were
considered (Table 2).

4. Discussion

Using the public data provided by WHO, Worldometer, and the World Bank, we
found GDP is strongly associated with COVID-19 prevalence (r = 0.62, p >
0.001) and deaths from COVID-19 (r = 0.57, p < 0.001) (Figure 1 and Figure 2).
Moreover, prevalence of COVID-19 cases was much lower in countries without
ACEI and ARB availability. Death related to COVID-19 disease showed a trend

to be lower in countries not using ACEI and ARB.
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Table 2. Statistical parameters of distribution of studied variables. “Corrected for GDP” means residuals of actual values around
the regression line on GDP (Figure 1 and Figure 2).

cases/1 million Cases/1 million Deaths/1 millon Deact:}:)sr/rle::;lion GDP PPP, oU1r111>aatrilon Lifeate)acp :c;t:ncy
(rough) corrected for GDP (rough) for GDP 2015 USS, P 2%15 % 2010g_201’5
no yes no yes no yes no yes no yes no yes no yes
ACEI available
N 30.0 150.0 31.0 150.0 26.0 140.0 28.0 141.0 29.0 146.0 32.0 153.0 32.0 149.0
average 3465.1 17,276.9 1224.4 8125.5 87.9 329.0 33.5 168.8 6303.8 20,859.5 42.2 61.2 14.2 16.2
median 465.5 10,238.0 -61.8 1972.0 18.0 169.0 -4.7 24.3  4081.3 13,991.8 43.3 63.5 13.8 15.8
St.dev. 6967.5 19,481.6 6439.5 17,825.6 177.6 384.4 158.4 3719 7577.3 19,625.1 199 225 2.3 2.5
skewness 2.5 1.3 1.6 1.4 2.6 1.2 2.3 0.9 2.7 1.6 0.5 -0.2 0.9 0.2
kurtosis 10.4 1.8 5.8 5.0 10.4 0.3 7.5 0.5 10.9 3.0 -04 -1.0 0.3 -1.1
ARB available
N 40.0 132.0 40.0 130.0 36.0 123.0 36.0 123.0 39.0 128.0 42.0 136.0 42.0 130.0
average 4069.2 19,0959 2274.4 8493.2 94.5 364.5 55.5 174.2  5570.7 23,414.9 41.0 64.9 13.8 16.7
median 736.5 12,636.5 131.5 3585.2 19.5 203.0 -0.4 36.4 3388.7 16,204.7 35.0 68.0 13.7 16.5
St.dev. 7622.1 20,021.9 6764.1 18,806.7 191.9 403.4 169.9 388.6 5269.1 19,868.9 21.0 21.7 1.7 2.4
skewness 2.7 1.2 2.2 1.3 3.2 1.2 3.1 0.8 1.9 1.5 0.7 -0.4 1.0 0.0
kurtosis 7.6 1.5 5.8 4.4 11.2 0.5 10.4 0.3 3.7 2.6 -0.3 -0.7 2.2 -1.0

Differences between distributions of COVID-19 cases and deaths corrected for GDP in countries with and without ACEI and ARB availability are significant
at p < 0.02 (Kolmogoroff-Smirnov test SPSSv26). Differences between distributions of other variables in countries with and without ACEi and ARB availa-
bility are also highly significant by the same tests, but those are largely a result of economic differences between countries.

Our findings contradict nearly all observational clinical studies approaching
the same issue thus far. The main reason should be as follows. Different from
previous studies most of which, if not all, were based on regional data and used
superiority tests with null hypothesis that RAAS inhibitors do not increase
COVID-19 infectivity and mortality, we used the global data and non-inferiority
test with null hypothesis of RAAS inhibitors increasing COVID-19 infectivity
and mortality. Because the initial concern came from the upregulating effects on
ACE2 in respiratory epithelial cells of RAAS inhibitors and thus their contribu-
tion to COVID-19 infectivity, having an inferiority test with null hypothesis of
RAAS inhibitors increasing COVID-19 infectivity and mortality in the study
should be more appropriate. This could avoid the type 2 error where studies
falsely accept the untrue hypothesis [17]. Furthermore, our study participants
include the whole world and different populations so individual biases balance
themselves. GDP is a rough indicator of participation in health systems. The
lower the GDP, the less participation in health systems. We have statistically
corrected for GDP. So our analysis uses data where GDP is held constant as if
there is no difference in participation.

Of course, same as other retrospective observational studies, our work has

several limitations. Availability of ACEI and ARB in a country at the time point
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of 2020 only means people there have higher chance to be influenced by ACEI
and ARB. It does not reflect directly how ACEI and ARB affect quantitatively a
country’s COVID-19 infectivity and mortality. The earlier ACEI and ARB were
introduced to a country, the longer people there were exposed to ACEI and
ARB. Also, the prevalence of hypertension and cardiovascular diseases which
mainstream guidelines suggest to use ACEI and ARB vary from country to
country and so does patients’ medication compliance.

Our finding that GDP levels positively associate with COVID-19 infectivity
and mortality was surprising. GDP levels usually highly correlate with how well
a country is developed and their investment in preventive care, which includes
the healthcare system, sanitation and education [18]. Therefore, countries with
higher GDP levels theoretically should be less affected by COVID-19. It may be
that better funded health systems diagnosed and reported more COVID-19 cases
than systems in poorer countries. This is indicated by the correlation (rho =
0.835) between GDP and the number of tests per 1 million population. However,
in our analyses we have corrected for this source of error by considering resi-
duals of infections and deaths around regressions on GDP, thus removing at
least a part of inequalities of health systems. SARS-CoV-2, same as SARS-CoV
and MERS belonging to Betacoronavirus genus, coronaviridae [19] are recog-
nized as important emerging respiratory infectious diseases [20]. Phylogenic
studies tracing the origins of COVID-19 suggest that it came from wild animals,
including bats and pangolins [21]. Zoonotic infectious diseases involve patho-
gens that typically circulate unobserved in nature in reservoir animals. For a
zoonotic infectious disease to emerge, it typically requires several interacting
factors to co-exist, including increased pathogen amounts in the reservoir host
communities, pathogen exposure and the within-human factors that affect sus-
ceptibility to infections [22]. Global environmental changes, land use for busi-
ness including deforestation, agriculture and farming expansion certainly could
increase SARS-CoV-2 load in reservoir animals, like bats and pangolins and the
exposing opportunities for humans to them.

As for factors that increase susceptibility to COVID-19, RAAS inhibitors may
play an important role. We previously described how RAAS inhibitors increase
the susceptibility to and mortality in SARS-CoV-2 infection by increasing venti-
lation as respiratory compensation for reduced renal acid excretion and by pre-
disposing the users to develop metabolic acidosis during infection [23]. That
work was based on our previous study in aldosterone synthase knockout mice
where we found reduced RAAS activity burdens respiration and increased sus-
ceptibility to metabolic acidosis [24]. Metabolic acidosis weakens cellular im-
munity, which is required to effectively defend SARS-CoV-2 infection and other
respiratory viruses [25]. Cellular immunity serves to detect and mount the cyto-
toxic response to remove the virus-infected cells. Also, ACEIs prevent the anti-
gen processing and presentation in virus-infected cells, further compromising
cell-mediated immunity [26]. As for the effects of RAAS inhibitors on ACE-2
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levels, they are rather complex to study. ACE2 levels in plasma and tissue are subject
to change by age, sex, medications, diseases and different disease courses. Plasma
ACE2 comes from the cell surface by metalloproteinase ADAM17-dependent clea-
vage of the membrane-bound ectodomain of ACE2 [27]. Males, older subjects
(>55 years old), insulin resistance stage are all associated with higher circulating
ACE2 proteins levels [28]. Diabetic nephropathy is correlated with a reduced
ACE2 abundance in the kidney [29] [30] but with an increased urine ACE2 le-
vels. On the other hand, inconsistent findings on ACE2 protein expression in the
heart between failing heart and non-failing heart were reported [31] [32]. Re-
cently, it was reported that heart failure patients on RAAS inhibitors and those
not on RAAS inhibitors do not differ in plasms ACE2 levels [33]. As these car-
diovascular, metabolic and renal issues are frequently co-present and that ACE2
levels are likely changing dynamically along diseases courses, it may be difficult
to dissect the influence of RAAS inhibitors on ACE2 expression in humans who
have multiple comorbidities and on many medications. Moreover, the amount
of ACE2 in respiratory epithelial lining is of particular importance in this regard,
but, it requires the collection of human lung biopsy specimens which imposes

another layer of technical challenge to the study.

5. Conclusion

Previous clinical studies on SARS and Middle East Respiratory Syndrome also
revealed medicated hypertension as a factor predicting high mortality in infected
patients [34] [35]. As three coronavirus outbreaks have already emerged in hu-
mans since 2000 being temporally associated with hypertension medications
gaining popularity [36] [37], the possibility of RAAS inhibitors contributing to
COVID-19 should be carefully assessed. In parallel, several randomized clinical
trials (RCT) are underway assessing influences of RAAS inhibitors in COVID-19
disease outcome. Cohen ef al reported that discontinuation of RAAS inhibitors
in patients who have been using RAAS inhibitors prior to hospitalization does
not influence the disease outcome. This result certainly is reassuring to medical
communities and to patients who are on RAAS inhibitors but keep in mind that
this is a small trial, where only a total of 152 patients were included [38]. Given
that the COVID-19 pandemic is already entering the third waves, showing no
signs to cease soon and that there are still many people taking RAAS inhibitors
to control cardiovascular risks, role of RAAS inhibitors in COVID-19 diseases
should be carefully assessed and recommendations to continuously using RAAS

inhibitors during COVID-19 may require reconsiderations.
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