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Background: Age, sex, and body constitution may affect the shedding of membrane
bound angiotensin-converting enzyme 2 (MACE2) and lead to a relative mACE2
deficiency. However, it is unclear if differences, reflected by serum renin levels, exist in
the basal renin-angiotensin-system (RAS) between children and adults, boys, and girls
as well as young women and young men. Furthermore, it remains to be investigated
if renin and soluble ACE2 (sACE2) levels are correlated with body mass index (BMI)
in children and young adults. The aim of this observational study was to assess
age-and sex differences in serum renin, and the relationship between renin, soluble
angiotensin-converting enzyme 2, and body mass index in a prospectively followed
population-based cohort of children which were followed into young adulthood.

Study Design: We analyzed renin and sACE2 in serum in a prospectively followed
population-based cohort at 9.9 (0.6) [mean (SD)] (n = 173), 11.7 (0.6) (n = 156), 14.8
(0.8) (n = 149), 18.8 (0.3) (n = 93), and 23.5 (0.7) (n = 152) years of age. Height (cm)
and weight (kg) was measured and body mass index (BMI) was calculated as weight
(kg)/height (m)2. Sex-related differences in renin levels were calculated using analysis of
covariance, adjusted for age. Correlations were assessed by calculating the correlation
coefficient (R?) using a multivariable linear mixed model.

Results: Both sexes had low renin levels up to 12 years of age. Thereafter renin levels
increased more in boys than in girls. Males from the age of 15 had significantly higher
levels than females (p < 0.001). There was a positive linear relationship between renin
and sACE?2 levels in male and female subjects (p < 0.001), and between sACE2 levels
and BMI in males (p < 0.001).
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Conclusion: Renin levels increase with age, are higher in men than in women since
around puberty, and are correlated with sACE2 levels. Furthermore, sACE2 levels are
correlated with body mass index in males. These findings indicate that high renin levels
in males and females and a high BMI in males may activate pathways which increase
the shedding of mACE2, with possible implications for the risk of severe coronavirus

disease 2019.

Keywords: angiotensin-converting enzyme 2, body mass index, coronavirus—-COVID-19, renin, renin-angiotensin-
aldosterone system, severe acute respiratory coronavirus 2
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Graphical Abstract | Theoretical model linking renin and excessive fat tissue to the shedding of mMACE2 (membrane bound angiotensin-converting enzyme 2) and
increased levels of soluble ACE2 (sACE2). ADAM17 (a disintegrin and metalloproteinase) can induce mACE2 shedding upon angiotensin Il or pro-inflammatory stimuli.

INTRODUCTION

The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) has during 2020 caused a pandemic of Coronavirus
disease 2019 (COVID-19) (Dong et al., 2020). Severe COVID-
19 infection is most common among elderly men and rare
among children (Grasselli et al., 2020; Suleyman et al., 2020).
In young adults, the proportion with severe COVID-19 is
higher among men than women (Grasselli et al, 2020).
Comorbidities, including obesity, hypertension, cardiovascular
disease and diabetes, have been identified as important factors
for developing severe COVID-19 and COVID-19 associated
mortality (Grasselli et al., 2020; Guan et al., 2020; Popkin et al.,
2020). The pathophysiology behind these clinical observations is
still unclear. However, a relative deficiency of membrane-bound
angiotensin-converting enzyme 2 (mACE2) has been implicated
as a link between cardiovascular disease, diabetes, old age, and

male sex (Xie et al., 2006; Oudit and Pfeffer, 2020; Verdecchia
et al., 2020; Wang et al,, 2020). In line with this, it has been
proposed that a pre-existing deficiency of mACE?2 in the lung
and other organs (which can be infected by SARS-CoV-2) (Gupta
etal.,, 2020) may corroborate with increased risk to develop severe
COVID-19 (Oudit and Pfeffer, 2020; Verdecchia et al., 2020;
Wang et al., 2020).

In the basal renin-angiotensin-system (RAS) state, renin
cleaves angiotensinogen into angiotensin I (ANGI), which is
subsequently cleaved into ANGII by angiotensin-converting
enzyme, a membrane-bound metalloproteinase highly expressed
in the pulmonary circulation (Paul et al., 2006). ANGII interacts
with the angiotensin II type 1 receptor subtype (AT1R), which
leads to vasoconstriction and activation of pro-inflammatory
and pro-fibrotic pathways (Skurk et al., 2004; Oudit and Pfeffer,
2020; Wang et al., 2020). Regulating ANGII signaling, mACE2
cleaves ANGII, generating the vasodilator angiotensin 1-7, which
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induces anti-inflammatory and anti-thrombotic pathways (Oudit
and Pfeffer, 2020; Wang et al., 2020). These observations have
led to the hypothesis that individual differences in the basal
RAS signaling, which are associated with higher circulating
renin levels, may lead to increased ANGII/a disintegrin and
metalloproteinase-17 (ADAM-17) induced mACE2 shedding. An
increased shedding could then potentially contribute to a pre-
existing mACE2 deficiency with increasing age from childhood
until adulthood, preferentially in men.

However, if underlying differences in the basal RAS signaling
can explain why individuals with high age, male gender,
and overweight/obesity, have a higher risk to develop severe
COVID-19 upon SARS-CoV-2 infection is still unclear. Although
previous studies have found that circulating renin levels are
higher in middle-aged men compared to middle-aged women
(Schunkert et al., 1997) and that circulating renin levels, and
plasma renin activity correlate with plasma ANGII (Kosunen and
Pakarinen, 1978; Nystrom et al., 1997), a deeper knowledge on
differences in renin levels between children and young adults as
well as between young men and women, is lacking.

We have shown in a recent publication that soluble ACE2
(sACE2) increases with increasing age so that young adult men
have higher sACE2 compared to young women and children
(Sward et al., 2020). Complementing our findings, others have
shown that sACE2 levels are higher in elderly men compared to
women (Kornilov et al., 2020; Sama et al., 2020) and that sACE2
levels are higher among individuals with higher body mass
index (BMI) and the metabolic syndrome (Kornilov et al., 2020).
However, we are lacking studies investigating the relationship
between sACE2 and lung mACE2 protein levels, which is of great
importance (Vaduganathan et al., 2020). Hence, it is still unclear
if there are differences in the rate of ADAM-17 induced mACE2
shedding between children and young adults and between the
sexes, yet such differences are potentially of importance to
improve current treatment of COVID-19.

The aim of this observational study was to assess age-and
sex differences in serum renin, and the relationship between
renin and sACE2, and between renin, sACE2 and BMI in
a prospectively followed population-based cohort of children,
followed into young adulthood. We hypothesized that in groups
with high risk to develop severe COVID-19 (adults > children
and men > women), (i) renin levels would increase with age
and reach higher levels in adult men compared to adult women,
that (ii) renin and sACE2 levels would be positively correlated,
and that (iii) renin and sACE2 would be positively correlated
with BMI. Such findings would support the hypothesis that there
are differences in RAS signaling between adults and children,
and between men and women, and that renin levels, by affecting
ANGII levels, may induce ADAM-17 activity toward mACE2.

SUBJECTS AND METHODS

Study Population Pediatric Osteoporosis

Prevention Study
The Pediatric Osteoporosis Prevention (POP) study is a
prospective study that annually follow a population-based

cohort of children through the nine compulsory school years,
primary to evaluate development in musculoskeletal traits,
fracture incidence and academic achievement in relation to
physical activity. The study design has been reported in detail
in previous publications (Linden et al., 2007; Detter et al.,
2014; Coster et al., 2017). In short, the POP cohort includes
children from four community-based and government-funded,
neighboring elementary schools in the community of Bunkeflo,
Malmo, Sweden. All schools were located in the same city
area with similar socioeconomic status. The children were
allocated to the schools depending on their residential address.
The only registered difference between the four schools was
that one of the schools had 40 min daily physical education
(200 min/week) whereas the other three had only 60min/week
(provided in 1-2 lessons).

Children who started grade 1 (1998-2000) were invited to
participate at the time of school start. Of the children who agreed
to participate in the study, 98% were of Caucasian ethnicity.
The children were then 7.7 (0.6) years [mean (SD)] (Cronholm
et al., 2020). At baseline 349 children were included in the
study and the children were followed by annual measurements
from baseline to grade nine, corroborating with termination of
compulsory school (Cronholm et al., 2020). The POP cohort
was also evaluated by measurements at mean age 19 and 24
years. Height (cm) was measured with a Holtain Stadiometer
(Holtain LTD, Pembrokeshire, UK) and weight (kg) with an
electric scale (Avery Berkel HL 120 Electric Scale, Avery Berkel,
West Midlands, UK). Body mass index (BMI) was calculated
as weight (kg)/height (m)2. Blood samples were collected at a
mean age of 9.9 (0.6; n = 173), 11.7 (0.6; n = 156), 14.8 (0.8;
n = 149), 18.8 (0.3; n = 93), and 23.5 (0.7) (n = 152) years
of age (Sward et al,, 2020) (Figure 1). Ethical approval for the
POP study was obtained at the Regional Ethics Committee at
Lund University, Lund, Sweden (LU 471-95, LU 486-96, and
2015/118). Written informed consent was gained from parent(s)
of all children included in the study.

In a previous drop-out analysis, utilizing the general school
health data register, we found at baseline similar body weight,
body height and body mass index (BMI; kg/m?) in children who
agreed or disagreed to participate at baseline (Dencker et al.,
2006). A second drop-out analysis, comparing children who left
blood samples at 9.9 (0.6), 11.7 (0.6), 14.8 (0.8), 18.8 (0.3), 327
and 23.5 (0.6) years of age (assessments 1-5) with those who
attended at baseline but who did not donate blood is presented
in Supplementary Figures 1-5.

Laboratory Methods

Serum was prepared by letting the blood clot for 30 min at
8°C, followed by centrifugation at 1430 G for 10 min. The serum
was then stored at —70°C until analysis. All samples were
analyzed in the same batch, with subjects serum from the
four schools randomized between the plates. Renin and sACE2
were measured using the Olink® panels (Olink Proteomics AB,
Uppsala, Sweden) according to the manufacturer’s instructions.
The Proximity Extension Assay (PEA) technology used for
the Olink protocol has been described in detail (Assarsson
et al, 2014). Biomarker levels were normalized using an
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FIGURE 1 | Flow-chart of subjects included in the study, and lost to follow-up.

internal extension control and an inter-plate control, to adjust
for intra- and inter-run variation. The final assay read-out
is presented in Normalized Protein eXpression (NPX) values,
which is an arbitrary unit on a log2-scale where a high value
corresponds to a high protein expression. Detection limits, intra-
and inter-assay precision data are available on manufacturer’s
website (www.olink.com).

STATISTICAL ANALYSIS

We performed a drop-out analysis at each follow-up visit,
comparing the distribution of standardized height, weight and
BMI between subjects included in the study, and subjects lost
during follow-up. Data from the most recent visit was used
in the comparisons and distributions were compared visually.
Differences in renin levels between male and female subjects were
calculated using analysis of covariance, adjusted for age. Outlier
observations which deviated more than 3 SD from the sex-
specific mean (n = 8) were excluded from the analysis. To assess
the relationship between renin and sACE2 we calculated the
correlation coefficient (R?) using a linear mixed model taking age,
sex, and repeated measures into accounts, i.e., subjects as random
effects. Because that data from Olink’s platform have an S-
curve (sigmoid) relationship with the true protein concentration
in a sample (www.olink.com), the rank-based inverse normal
transformation was applied on the protein levels of renin and
sACE2 prior to correlation analysis. Data is presented as mean
with 95% confidence intervals (CI). The level of significance
was set at p < 0.05, and analyses were performed using R
statistical software (version 4.0.2, The R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

Drop-out analysis showed that there were no major discernable
differences when comparing the distribution of height, weight,
and BMI between subjects included in the analyses and subjects
lost during follow-up (Supplementary Figures 1-5). Baseline
characteristics are presented in Table 1.

Renin in Relation to Age and Sex

Sex explained 5.8% of the variance in renin (p = 1.6 x 107°).
Renin levels were similar in both sexes up until the age of 12 years.
Among male subjects, renin levels increased with age and the
renin levels were significantly higher among males from 15 years
of age compared to males younger than 15 years of age (Figure 2).
Also, whereas renin levels increased in males from age 12, they
decreased in females with growth/aging and males older then 15
years of age had significantly higher renin levels compared to
females (Figure 2). The mean (95% CI) renin Normalized Protein
eXpression (NPX) levels were for male and female subjects at a
mean age of 14.8 [7.1 (7.0-7.2) vs. 6.8 (6.7-6.9), p = 1.8 X 1074],
at mean age 18.8 [7.1 (7.0-7.2) vs. 6.7 (6.5-6.9), p = 4.6 X 101,
and at mean age 23.5 [7.1 (7.0-7.2) vs. 6.6 (6.5-6.8), p = 3.0 x
1077] years, corresponding to 23, 32, and 41% higher renin levels
in male compared to female subjects at ages 14.8, 18.8, and 23.5
years, respectively.

Correlations Between Renin, sACE2, and
BMI

No significant interaction effect for sACE2 levels and sex was
found in the association with renin (p = 0.37). Overall, renin
showed a positive correlation with sACE2 levels (R? = 0.072,
95% CI 0.04-0.112, p = 9.7 x 10~'2, Figure 3). The correlation
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TABLE 1 | Subject background data in relation to age and sex at repeated health examinations.

Baseline, Age 7.7 (SD 0.6) years Age 9.9 (SD 0.6) years Age 11.7 (SD 0.6) years
Boys (n = 191) Girls (n = 158) Boys (n = 92) Girls (n = 80) Boys (n = 88) Girls (n = 67)
BACKGROUND DATA
Age, years (SD) 7.7 (0.6) 7.7 (0.6) 10.0 (0.6) 9.8 (0.6) 11.8 (0.6) 11.7 (0.6)
Height, cm (SD) 128.8 (6.5) 128.0 (7.0 140.6 (6.8) 140.1 (7.3) 152.5 (8.0) 152.6 (10.0)
Weight, kg (SD) 27.7 (6.3) 27.3(6.3) 34.3 (6.9) 34.4 (6.6) 43.4 (9.2) 43.8 (9.6)
BMI, kg/m? (SD) 16.6 (2.3) 16.6 (2.4) 17.3 (2.6) 17.5(2.7) 18.5(2.9) 18.6 (3.3)
Age 14.8 (SD 0.8) years Age 18.8 (SD 0.3) years Age 23.5 (SD 0.7) years
Boys (n = 82) Girls (n = 66) Boys (n = 48) Girls (n = 44) Men (n = 75) Women (n = 74)
BACKGROUND DATA
Age, years (SD) 14.9(0.7) 14.7 (0.8) 18.8 (0.3) 18.8 (0.3) 23.5(0.7) 23.5(0.7)
Height, cm (SD) 173.2 (8.2) 165.7 (6.7) 181.8 (6.5) 168.5 (56.0) 180.6 (6.9) 168.6 (5.9)
Weight, kg (SD) 61.8(13.2) 57.6(11.0) 75.9(11.9) 64.0 (10.3) 78.9(11.8) 66.4 (12.4)
BMI, kg/m? (SD) 20.5(3.5) 20.9 (3.6) 23.0(3.4) 22.5(3.2) 24.1 (3.0) 23.3 (4.1)
BMI, body mass index; SD, standard deviation.
7.2
/s T T
7
Ve
7.04 7
7
7
7
£ =~ -~
c - -
5]
@ - - -
- -
6.8 - ey
R S
6.6
Assess;nenl 1 Assessn"nenl 2 Assessr"nenl 3 Assessn"nenl 4 Assess:"nenl 5
Mean age: 9.9 Mean age: 11.7 Mean age: 14.8 Mean age: 18.8 Mean age: 23.5
n: 171 n: 155 n: 145 n: 93 n: 152
Age
“®- Male @ Female
FIGURE 2 | Sex-specific levels of renin in relation to age. Mean and 95% confidence intervals are presented. Renin levels are presented as normalized protein
expression on a Log? scale.

between renin and sACE2 was also tested separately in males and
females. We observed a positive correlation between renin and
SACE2 in males (R*> = 0.072, 95% CI 0.031-0.128, P = 1.7 x
10~%; data not shown), and a positive correlation between renin
and sACE2 in females (R*> = 0.056, 95% CI: 0.018-0.112, P = 2.8
x 107°; data not shown).

There was a significant interaction effect for SACE2 levels and
sex in the association with BMI (p = 7.0 x 10~%). Therefore, the
association between sACE2 levels and BMI was tested separately

in males and females. We observed a significant correlation
between BMI and sACE2 levels for males (R = 0.074, 95%
CI 0.032-0.130, p = 8.8 x 107°, Figure 4) whereas no such
correlation was identified among females (R? = 0.009, 95% CI
0-0.041, p = 0.14; data not shown).

Furthermore, we identified an interaction effect for renin
levels and sex in the association with BMI (p = 0.001) but
no significant correlation between renin levels and BMI in
males (R? = 0.0002, 95% CI 0-0.014, p = 0.79) nor in females
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FIGURE 3 | Relationship between renin (REN) and soluble
angiotensin-converting enzyme 2 (ACE2). The slope (black line) and 95%
confidence intervals (shaded regions) were estimated from a linear mixed
model using age and sex as covariates as well subjects as random effects.
The obtained R? between renin and sACE2 is 0.072 (p = 9.7 x 10~ '2).
Regression lines for respective groups of assessment (assessments 1-5:
mean age 9.9, 11.7, 14.8, 18.8, and 23.5 years) are also shown.
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FIGURE 4 | Relationship between soluble angiotensin-converting enzyme 2
(ACE2) and body mass index (BMI) in males. The slope (black line) and 95%
confidence intervals (shaded regions) were estimated from a linear mixed
model using age and sex as covariates as well subjects as random effects.
The obtained R? between sACE2 and BMI in males is 0.074 (p = 8.8 x 1079).
Regression lines for respective groups of assessment (assessments 1-5:
mean age 9.9, 11.7, 14.8, 18.8, and 23.5 years) are also shown.

were identified (R*> = 0.006, 95% CI 0-0.034, p = 0.23; data
not shown).

DISCUSSION

The main finding of the present longitudinal study on a
population-based cohort followed from childhood until young
adulthood was that renin levels increased with age in boys,
reaching higher levels in young men compared to young
women from age 15 and onwards. This could imply underlying
differences in RAS signaling between young men, children,

and young women from adolescence, confirming sex-related
differences in renin levels in middle-aged subjects (Schunkert
et al., 1997). That renin levels in boys increase from around
puberty, could suggest a positive link between renin levels, sexual
maturation and increased testosterone levels. Studies in mice and
rats indicate that testosterone increases pro-renin expression, and
that anti-androgen treatment associates with reduced renin levels
(White et al., 2019), findings which adhere with those of the
present study. Also, that serum renin levels in females decrease
from around puberty could be related to a downregulation of
renin by estrogen. In line with these findings, estrogen therapy
administered to post-menopausal women, leads to decreased
plasma renin levels (White et al., 2019).

We also found that renin levels were positively correlated with
SsACE2 levels. This could imply that the higher sACE2 levels
observed in men, by us and others (Sama et al., 2020; Sward et al.,
2020), at least partly reflects increased RAS signaling/ ADAM-
17 activity toward mACE2 in men compared to women. Hence,
underlying age- and sex differences between children and adults,
and between men and women in the RAS (Fischer et al.,
2002), could thereby theoretically contribute to a pre-existing
mACE2 deficiency in young men compared to women and
children, similar to findings in rats (Xie et al., 2006). However,
this conclusion is speculative, and needs to be confirmed in
other studies.

Interestingly, in the present study we showed a tendency
toward decreasing levels of renin among female subjects from
puberty and onwards whereas we previously showed that sACE2
tends to increase among female subjects in the same age group
(Sward et al., 2020). Nevertheless, we found positive correlations
between renin and sACE2 in females. Thus, although several
factors (including estrogen levels) may affect the protein levels of
circulating renin and mACE2 (Bukowska et al., 2017; White et al.,
2019), positive correlations between serum renin and sACE2
levels in females were identified. Together this could indicate that
enhanced RAS signaling/ADAM-17 dependent mACE2 shedding
is reflected by increased levels of circulating sACE2.

One of the most prominent risk factors for severe COVID-
19 in both children and adults is obesity. Obesity has been
associated with increased risk of pneumonia, severe disease
among children (Leon-Abarca, 2020; Zachariah et al., 2020), risk
of hospitalization, intensive care unit admission and mortality
in adults (Popkin et al., 2020). Hence, our findings of a positive
correlation between sACE2 and BMI in young males may have
clinical relevance which needs to be explored further.

Furthermore, our findings are in line with a previous study
by Kornilov et al., where they showed that sACE2 correlated
to BMI and the metabolic syndrome (Kornilov et al., 2020).
Interestingly, they also found that the association between sACE2
and the metabolic syndrome was stronger among men compared
to women (Kornilov et al., 2020). On the other hand, in contrast
to a study by Goncalves et al. (2016), we did not find a significant
correlation between renin levels and BMI. The two study cohorts
are not comparable in age which could explain this difference.
If the observed association between sACE2 and BMI in boys
and young males is related to that RAS components (other than
renin), including ANG II and inflammatory mediators can be
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generated in adipose tissue (Schutten et al., 2017; Delaney et al.,
2018; Da Silva-Bertani et al., 2020), and thereby contribute to
mACE2 shedding (Jia et al., 2009; Patel et al., 2014), needs to
be explored in future studies. A complementary explanation to
the association between SACE2 and BMI in males could be that
ACE2 gene expression may be upregulated in obesity. In a recent
publication, ACE2 gene expression was found to be higher in the
lung of obese mice, and in lung epithelial cells of obese subjects,
compared to non-obese subjects (Al Heialy et al., 2020).

It has been shown that RAS blockage can induce higher
cardiac ACE2 mRNA and ACE2 activity in a rat model (Ferrario
et al., 2005). Based on these findings, there were initial concerns
that RAS blockers could increase COVID-19 risk by upregulation
of the number of SARS-CoV-2 receptors. However, if these
findings can be translated to the lung and to humans is
unclear (Vaduganathan et al., 2020; Wysocki et al., 2020). Also,
several publications have found that the treatment with ACE
inhibitors or angiotensin II receptor blockers (ARBs) is not
associated with the likelihood of a positive COVID-19 test,
the risk of severe COVID-19 nor associated mortality (Chung
et al., 2020; Lo et al, 2020; Mehta et al., 2020; Reynolds
et al, 2020). Ongoing randomized trials, on the effects of
RAS inhibition on outcome for SARS-CoV-2 infected patients
requiring/not requiring hospital admission will provide more
clarity (NCT04312009, NCT04311177).

The cumulative findings of the present study could imply
higher RAS signaling and increased mACE2 shedding in
males compared to females from adolescence and into young
adulthood. This could be of relevance for the observed
higher incidence of hypertension in young men compared
to young women (Everett and Zajacova, 2015). Also, with
potential importance for COVID-19, differences in mACE2
could contribute to differences in response to SARS-CoV-2
infection. The SARS-CoV-1 and SARS-CoV-2 viruses enter lung
cells by binding to mACE2 (Hoffmann et al., 2020), which upon
SARS-CoV-1 infection has been shown to lead to ADAM-17
induced shedding of mACE2, and increased cellular release of
tumor necrosis factor (Haga et al., 2008). This may be associated
with increased levels of ANGII and dysregulated RAS signaling
(Kuba et al., 2005). That these events are involved in the severity
of COVID-19 was implied by studies showing that ANGII levels
correlate with COVID-19 lung injury in patients (Liu et al,
2020). Therefore, it was speculated that individuals with a pre-
existing mACE2 deficiency, upon SARS-CoV-2 infection, may
be at higher risk to develop critical mACE2 deficiency in the
lung, which may lead to increased risk of acute lung injury and
mortality (Verdecchia et al., 2020).

However, the role of sACE2 levels as a potential risk marker
of severe COVID-19 is controversial (Rieder et al., 2020; Rojas
et al., 2020). sACE2 levels are higher in males, increase with
age and are associated with BMI and the metabolic syndrome
(Kornilov et al., 2020; Sama et al., 2020; Sward et al., 2020),
which are both described as risk factors for severe COVID-19
(Grasselli et al., 2020; Suleyman et al., 2020). Nevertheless, it has
been suggested that elevated sACE2 levels may have beneficial
effects on COVID-19 explained by the role of sACE2 working as
a decoy receptor and thereby theoretically inhibiting the binding

between SARS-COV-2 and mACE2 on host cells (Lei et al., 2020).
A recent large-scaled study found that sACE2 levels were higher
in patients with severe compared to non-severe COVID-19,
suggesting that the relevance of this mechanism as a protective
factor for severe COVID-19 may be insufficient (Filbin et al.,
2020).

Study strengths include the longitudinal study design, and
repeated sampling of serum in the prospectively followed
population-based cohort included in the present study. Study
limitations include that the cohort was only followed into young
adulthood, the lack of longitudinal blood pressure data and
that we cannot asses mACE2 and cell ADAM-17 activity in
serum. Therefore, any conclusions with regards to ADAM-17
activity and mACE2 protein expression in the present study
are speculative, but our findings highlight the need of studies
designed to address age- and sex-related differences in mACE2
tissue protein levels. Although ADAM-17 is believed to be of
particular importance for the shedding of mACE2 (Haga et al,,
2008; Jia et al., 2009; Patel et al., 2014), other sheddases, including
ADAM-10 can also cleave mACE2 (Jia et al., 2009). However, in
vitro studies of human airway epithelial cells showed that whereas
inhibition of ADAM-17 decreased the basal sSACE2 release into
medium, ADAM-10 inhibition did not (Jia et al., 2009), and the
shedding of mACE2 by ADAM-17 after ANGII stimulation has
been shown by others (Patel et al., 2014).

In conclusion, the present longitudinal study presents data
showing that renin levels increase with age in children, are
higher in men than in women since around puberty, and
are correlated with sACE2 levels. These data could suggest
that higher renin levels in men compared to women and in
men compared to children, could lead to increased angiotensin
II/ADAM-17 induced mACE2 shedding in men. We also
identified a correlation between increasing sACE2 and BMI in
males, but not in females. This could theoretically be related
to increased production of RAS and inflammatory mediators
in male adipose tissue, possibly combined with an adiposity-
induced increase in ACE2 gene expression. In the COVID-19
context, increased RAS signaling could lead to a pre-existing
mACE2 deficiency developing with increasing age, and more
in men than women, with possible implications for the risk of
severe COVID-19. We recommend that studies further explore
this potential relationship.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by The Regional Ethics Committee at Lund
University, Lund, Sweden. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

Frontiers in Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 622179


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Jehpsson et al.

Differences in the Renin-Angiotensin-System

AUTHOR CONTRIBUTIONS

The present study was designed and data analyzed by LJ,
JS, PN, AE, and PS. Statistical analysis was performed by
L] and JS. PS wrote the first draft of the manuscript. All
authors critically assessed the manuscript and approved the
final manuscript.

FUNDING

The research was funded by the Swedish Research Council
for Sport Science, the Herman Jarnhardt Foundation, Skéne
Regional Foundations, Kockska foundation (Fromma), and
ALF Foundations. None of the funders had any influence

REFERENCES

Al Heialy, S., Hachim, M. Y., Senok, A., Gaudet, M., Abou Tayoun, A,
Hamoudi, R., et al. (2020). Regulation of angiotensin-converting enzyme
2 in obesity: implications for COVID-19. Front. Physiol. 11:555039.
doi: 10.1101/2020.04.17.046938

Assarsson, E., Lundberg, M., Holmquist, G., Bjorkesten, J., Thorsen, S. B,
Ekman, D., et al. (2014). Homogenous 96-plex PEA immunoassay exhibiting
high sensitivity, specificity, and excellent scalability. PLoS ONE 9:¢95192.
doi: 10.1371/journal.pone.0095192

Bukowska, A., Spiller, L., Wolke, C., Lendeckel, U., Weinert, S., Hoffmann, J., et al.
(2017). Protective regulation of the ACE2/ACE gene expression by estrogen
in human atrial tissue from elderly men. Exp. Biol. Med. (Maywood) 242,
1412-1423. doi: 10.1177/1535370217718808

Chung, M. K., Karnik, S., Saef, J., Bergmann, C., Barnard, J., Lederman,
M. M, et al. (2020). SARS-CoV-2 and ACE2: the biology and clinical
data settling the ARB and ACEI controversy. EBioMedicine 58:102907.
doi: 10.1016/j.ebiom.2020.102907

Coster, M. E,, Fritz, J., Nilsson, J. A., Karlsson, C., Rosengren, B. E., Dencker, M.,
et al. (2017). How does a physical activity programme in elementary school
affect fracture risk? a prospective controlled intervention study in Malmo,
Sweden. BM] Open 7:€012513. doi: 10.1136/bmjopen-2016-012513

Cronholm, F., Lindgren, E., Rosengren, B. E., Dencker, M., Karlsson, C., and
Karlsson, M. K. (2020). Daily school physical activity from before to after
puberty improves bone mass and a musculoskeletal composite risk score for
fracture. Sports (Basel) 8:40. doi: 10.3390/sports8040040

Da Silva-Bertani, D. C. T., Vileigas, D. F., Mota, G. A. F., De Souza, S. L. B,
Santana, P. G., Freire, P. P, et al. (2020). Increased angiotensin II from
adipose tissue modulates myocardial collagen I and III in obese rats. Life Sci.
252:117650. doi: 10.1016/j.1fs.2020.117650

Delaney, K. Z., Vanstone, C. A., Weiler, H. A, and Santosa, S. (2018). Regional
adiposity and markers of inflammation in pre-school age children. Sci. Rep.
8:15204. doi: 10.1038/s41598-018-33054-1

Dencker, M., Thorsson, O., Karlsson, M. K., Linden, C., Eiberg, S., Wollmer, P.,
et al. (2006). Daily physical activity related to body fat in children aged 8-11
years. J. Pediatr. 149, 38-42. doi: 10.1016/j.jpeds.2006.02.002

Detter, F., Nilsson, J. A., Karlsson, C., Dencker, M., Rosengren, B. E., and Karlsson,
M. K. (2014). A 3-year school-based exercise intervention improves muscle
strength—a prospective controlled population-based study in 223 children.
BMC Musculoskelet. Disord. 15:353. doi: 10.1186/1471-2474-15-353

Dong, E, Du, H., and Gardner, L. (2020). An interactive web-based
dashboard to track COVID-19 in real time. Lancet Infect. Dis. 20, 533-534.
doi: 10.1016/S1473-3099(20)30120-1

Everett, B., and Zajacova, A. (2015). Gender differences in hypertension and
hypertension awareness among young adults. Biodemography. Soc. Biol. 61,
1-17. doi: 10.1080/19485565.2014.929488

Ferrario, C. M., Jessup, J., Chappell, M. C., Averill, D. B., Brosnihan, K. B,
Tallant, E. A, et al. (2005). Effect of angiotensin-converting enzyme inhibition

on study design, data collection, interpretation or writing of
the manuscript.

ACKNOWLEDGMENTS

The subjects which have participated in the POP study and
all personnel involved in in the recruitment and follow-up of
subjects in the POP study are gratefully acknowledged.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2020.622179/full#supplementary-material

and angiotensin II receptor blockers on cardiac angiotensin-converting
enzyme 2. Circulation 111, 2605-2610. doi: 10.1161/CIRCULATIONAHA.10
4.510461

Filbin, M. R, Mehta, A., Schneider, A. M., Kays, K. R., Guess, J. R., Gentili, M.,
etal. (2020). Plasma proteomics reveals tissue-specific cell death and mediators
of cell-cell interactions in severe COVID-19 patients. bioRxiv [Preprint].
doi: 10.1101/2020.11.02.365536

Fischer, M., Baessler, A., and Schunkert, H. (2002). Renin angiotensin system and
gender differences in the cardiovascular system. Cardiovasc. Res. 53, 672-677.
doi: 10.1016/S0008-6363(01)00479-5

Goncalves, ., Edsfeldt, A., Colhoun, H. M., Shore, A. C., Palombo, C., Natali,
A., et al. (2016). Association between renin and atherosclerotic burden in
subjects with and without type 2 diabetes. BMC Cardiovasc. Disord. 16:171.
doi: 10.1186/512872-016-0346-8

Grasselli, G., Zangrillo, A., Zanella, A., Antonelli, M., Cabrini, L., Castelli, A.,
et al. (2020). Baseline characteristics and outcomes of 1591 patients infected
with SARS-CoV-2 admitted to ICUs of the Lombardy Region, Italy. JAMA 323,
1574-1581. doi: 10.1001/jama.2020.5394

Guan, W. J., Liang, W. H., Zhao, Y., Liang, H. R.,, Chen, Z. S, Li, Y.
M., et al. (2020). Comorbidity and its impact on 1590 patients with
COVID-19 in China: a nationwide analysis. Eur. Respir. J. 55:2000547.
doi: 10.1183/13993003.00547-2020

Gupta, A., Madhavan, M. V., Sehgal, K., Nair, N., Mahajan, S., Sehrawat, T. S.,
et al. (2020). Extrapulmonary manifestations of COVID-19. Nat. Med. 26,
1017-1032. doi: 10.1038/541591-020-0968-3

Haga, S., Yamamoto, N., Nakai-Murakami, C., Osawa, Y., Tokunaga, K,
Sata, T., et al. (2008). Modulation of TNF-alpha-converting enzyme by
the spike protein of SARS-CoV and ACE2 induces TNF-alpha production
and facilitates viral entry. Proc. Natl. Acad. Sci. U.S.A. 105, 7809-7814.
doi: 10.1073/pnas.0711241105

Hoftmann, M., Kleine-Weber, H., Schroeder, S., Kruger, N., Herrler, T, Erichsen,
S., et al. (2020). SARS-CoV-2 Cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181, 271-280.
doi: 10.1016/j.cell.2020.02.052

Jia, H. P, Look, D. C., Tan, P, Shi, L, Hickey, M., Gakhar, L., et al
(2009). Ectodomain shedding of angiotensin converting enzyme 2 in human
airway epithelia. Am. J. Physiol. Lung Cell. Mol. Physiol. 297, 1L84-196.
doi: 10.1152/ajplung.00071.2009

Kornilov, S. A., Lucas, L, Jade, K., Dai, C. L., Lovejoy, J. C., and Magis, A. T. (2020).
Plasma levels of soluble ACE2are associated with sex, metabolic syndrome, and
its biomarkers in a large cohort, pointing to a possible mechanism for increased
severity in COVID-19. Crit. Care 24:452. doi: 10.1186/s13054-020-03141-9

Kosunen, K. J., and Pakarinen, A. (1978). Correlations between plasma renin
activity, angiotensin II, and aldosterone. J. Clin. Endocrinol. Metab. 47,
665-666. doi: 10.1210/jcem-47-3-665

Kuba, K., Imai, Y., Rao, S., Gao, H., Guo, F., Guan, B,, et al. (2005). A crucial role
of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus-induced lung
injury. Nat. Med.11, 875-879. doi: 10.1038/nm1267

Frontiers in Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 622179


https://www.frontiersin.org/articles/10.3389/fphys.2020.622179/full#supplementary-material
https://doi.org/10.1101/2020.04.17.046938
https://doi.org/10.1371/journal.pone.0095192
https://doi.org/10.1177/1535370217718808
https://doi.org/10.1016/j.ebiom.2020.102907
https://doi.org/10.1136/bmjopen-2016-012513
https://doi.org/10.3390/sports8040040
https://doi.org/10.1016/j.lfs.2020.117650
https://doi.org/10.1038/s41598-018-33054-1
https://doi.org/10.1016/j.jpeds.2006.02.002
https://doi.org/10.1186/1471-2474-15-353
https://doi.org/10.1016/S1473-3099(20)30120-1
https://doi.org/10.1080/19485565.2014.929488
https://doi.org/10.1161/CIRCULATIONAHA.104.510461
https://doi.org/10.1101/2020.11.02.365536
https://doi.org/10.1016/S0008-6363(01)00479-5
https://doi.org/10.1186/s12872-016-0346-8
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1183/13993003.00547-2020
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1073/pnas.0711241105
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1152/ajplung.00071.2009
https://doi.org/10.1186/s13054-020-03141-9
https://doi.org/10.1210/jcem-47-3-665
https://doi.org/10.1038/nm1267
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Jehpsson et al.

Differences in the Renin-Angiotensin-System

Lei, C,, Qian, K,, Li, T., Zhang, S., Fu, W., Ding, M., et al. (2020). Neutralization of
SARS-CoV-2 spike pseudotyped virus by recombinant ACE2-Ig. Nat. Commun.
11:2070. doi: 10.1038/s41467-020-16048-4

Leon-Abarca, J. A. (2020). Obesity and immunodeficiencies are the main pre-
existing conditions associated with mild to moderate COVID-19 in children.
Pediatr. Obes. 15:e12713. doi: 10.1111/ijpo.12713

Linden, C., Alwis, G., Ahlborg, H., Gardsell, P., Valdimarsson, O., Stenevi-
Lundgren, S., et al. (2007). Exercise, bone mass, and bone size in prepubertal
boys: one-year data from the pediatric osteoporosis prevention study. Scand. J.
Med. Sci. Sports 17, 340-347. doi: 10.1111/j.1600-0838.2006.00568.x

Liu, Y., Yang, Y., Zhang, C., Huang, F., Wang, F., Yuan, J., et al. (2020). Clinical and
biochemical indexes from 2019-nCoV infected patients linked to viral loads and
lung injury. Sci. China Life Sci. 63, 364-374. doi: 10.1007/s11427-020-1643-8

Lo, K. B., Bhargav, R., Salacup, G., Pelayo, J., Albano, J., Mccullough, P. A,
et al. (2020). Angiotensin converting enzyme inhibitors and angiotensin II
receptor blockers and outcomes in patients with COVID-19: a systematic
review and meta-analysis. Expert Rev. Cardiovasc. Ther. 18, 919-930.
doi: 10.1080/14779072.2020.1826308

Mehta, N., Kalra, A., Nowacki, A. S. Anjewierden, S. Han, Z. Bhat,
P., et al. (2020). Association of use of angiotensin-converting enzyme
inhibitors and angiotensin II receptor blockers with testing positive for
coronavirus disease 2019 (COVID-19). JAMA Cardiol. 5, 1020-1026.
doi: 10.1001/jamacardio.2020.1855

Nystrom, F., Karlberg, B. E., and Ohman, K. P. (1997). Serum angiotensin-
converting enzyme activity correlates positively with plasma angiotensin
II. a population-based study of ambulatory blood pressure and
the renin-angiotensin system. J. Hypertens. 11, 301-306.
doi: 10.1038/sj.jhh.1000433

Oudit, G. Y., and Pfeffer, M. A. (2020). Plasma angiotensin-converting enzyme 2:
novel biomarker in heart failure with implications for COVID-19. Eur. Heart J.
41, 1818-1820. doi: 10.1093/eurheartj/ehaa414

Patel, V. B., Clarke, N., Wang, Z., Fan, D., Parajuli, N., Basu, R,, et al. (2014).
Angiotensin II induced proteolytic cleavage of myocardial ACE2 is mediated
by TACE/ADAM-17: a positive feedback mechanism in the RAS. J. Mol. Cell.
Cardiol. 66, 167-176. doi: 10.1016/j.yjmcc.2013.11.017

Paul, M., Poyan Mehr, A, and Kreutz, R. (2006).
of local renin-angiotensin Physiol. ~ Rev. 86,
doi: 10.1152/physrev.00036.2005

Popkin, B. M., Du, S., Green, W. D., Beck, M. A., Algaith, T., Herbst, C. H,,
et al. (2020). Individuals with obesity and COVID-19: a global perspective
on the epidemiology and biological relationships. Obes. Rev. 21:e13128.
doi: 10.1111/0br.13128

Reynolds, H. R., Adhikari, S., Pulgarin, C., Troxel, A. B., Iturrate, E., Johnson, S.
B., et al. (2020). Renin-angiotensin-aldosterone system inhibitors and risk of
covid-19. N. Engl. ]. Med. 382, 2441-2448. doi: 10.1056/NEJM0a2008975

Rieder, M., Wirth, L., Pollmeier, L., Jeserich, M., Goller, L., Baldus, N., et al. (2020).
Serum ACE-2, angiotensin II, and aldosterone levels are unchanged in patients
with COVID-19. Am. ]. Hypertens. doi: 10.1093/ajh/hpaal69. [Epub ahead of
print].

Rojas, M., Acosta-Ampudia, Y., Monsalve, D. M., Ramirez-Santana, C., Anaya,
J. M., and CP-COVID-19 group (2020). How important is the assessment
of soluble ACE-2 in COVID-19? Am. J. Hypertens. doi: 10.1093/ajh/hpaal78.
[Epub ahead of print].

Sama, I. E., Ravera, A., Santema, B. T., Van Goor, H., Ter Maaten, J. M., Cleland,
J. G. E, et al. (2020). Circulating plasma concentrations of angiotensin-
converting enzyme 2 in men and women with heart failure and effects
of renin-angiotensin-aldosterone inhibitors. Eur. Heart J. 41, 1810-1817.
doi: 10.1093/eurheartj/ehaa373

Hum.

Physiology

systems. 747-803.

Schunkert, H., Danser, A. H., Hense, H. W., Derkx, F. H., Kurzinger, S.,
and Riegger, G. A. (1997). Effects of estrogen replacement therapy on the
renin-angiotensin system in postmenopausal women. Circulation 95, 39-45.
doi: 10.1161/01.CIR.95.1.39

Schutten, M. T., Houben, A. J., De Leeuw, P. W., and Stehouwer, C. D. (2017). The
link between adipose tissue renin-angiotensin-aldosterone system signaling
and obesity-associated hypertension. Physiology (Bethesda) 32, 197-209.
doi: 10.1152/physiol.00037.2016

Skurk, T., Van Harmelen, V., and Hauner, H. (2004). Angiotensin II stimulates
the release of interleukin-6 and interleukin-8 from cultured human adipocytes
by activation of NF-kappaB. Arterioscler. Thromb. Vasc. Biol. 24, 1199-1203.
doi: 10.1161/01.ATV.0000131266.38312.2¢

Suleyman, G., Fadel, R. A., Malette, K. M., Hammond, C., Abdulla, H.,,
Entz, A., et al. (2020). Clinical characteristics and morbidity associated
with coronavirus disease 2019 in a series of patients in metropolitan
detroit. JAMA Netw. Open 3:€2012270. doi: 10.1001/jamanetworkopen.202
0.12270

Sward, P., Edsfeldt, A., Reepalu, A., Jehpsson, L., Rosengren, B. E., and
Karlsson, M. K. (2020). Age and sex differences in soluble ACE2 may
give insights for COVID-19. Crit. Care 24:221. doi: 10.1186/s13054-020-
02942-2

Vaduganathan, M., Vardeny, O., Michel, T., Mcmurray, J. J. V., Pfeffer,
M. A, and Solomon, S. D. (2020). Renin-angiotensin-aldosterone system
inhibitors in patients with covid-19. N. Engl. J. Med. 382, 1653-1659.
doi: 10.1056/NEJMsr2005760

Verdecchia, P., Cavallini, C., Spanevello, A., and Angeli, F. (2020). The pivotal link
between ACE2 deficiency and SARS-CoV-2 infection. Eur. J. Intern. Med. 76,
14-20. doi: 10.1016/j.€jim.2020.04.037

Wang, K., Gheblawi, M. and Oudit, G. Y. (2020). Angiotensin
converting enzyme 2: a double-edged sword. Circulation 142, 426-428.
doi: 10.1161/CIRCULATIONAHA.120.047049

White, M. C., Fleeman, R., and Arnold, A. C. (2019). Sex differences in the
metabolic effects of the renin-angiotensin system. Biol. Sex Differ. 10:31.
doi: 10.1186/s13293-019-0247-5

Wrysocki, J., Lores, E., Ye, M., Soler, M. J., and Batlle, D. (2020). Kidney
and lung ACE2 expression after an ACE inhibitor or an Ang II receptor
blocker: implications for COVID-19. J. Am. Soc. Nephrol. 31, 1941-1943.
doi: 10.1681/ASN.2020050667

Xie, X., Chen, J., Wang, X., Zhang, F., and Liu, Y. (2006). Age- and gender-
related difference of ACE2 expression in rat lung. Life Sci. 78, 2166-2171.
doi: 10.1016/}.1f5.2005.09.038

Zachariah, P., Johnson, C. L., Halabi, K. C., Ahn, D., Sen, A. 1., Fischer,
A., et al. (2020). Epidemiology, clinical features, and disease severity
in patients with coronavirus disease 2019 (COVID-19) in a Children’s
Hospital in New York City, New York. JAMA Pediatr. 174:€202430.
doi: 10.1001/jamapediatrics.2020.2430

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Jehpsson, Sun, Nilsson, Edsfeldt and Swdrd. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org

January 2021 | Volume 11 | Article 622179


https://doi.org/10.1038/s41467-020-16048-4
https://doi.org/10.1111/ijpo.12713
https://doi.org/10.1111/j.1600-0838.2006.00568.x
https://doi.org/10.1007/s11427-020-1643-8
https://doi.org/10.1080/14779072.2020.1826308
https://doi.org/10.1001/jamacardio.2020.1855
https://doi.org/10.1038/sj.jhh.1000433
https://doi.org/10.1093/eurheartj/ehaa414
https://doi.org/10.1016/j.yjmcc.2013.11.017
https://doi.org/10.1152/physrev.00036.2005
https://doi.org/10.1111/obr.13128
https://doi.org/10.1056/NEJMoa2008975
https://doi.org/10.1093/ajh/hpaa169
https://doi.org/10.1093/ajh/hpaa178
https://doi.org/10.1093/eurheartj/ehaa373
https://doi.org/10.1161/01.CIR.95.1.39
https://doi.org/10.1152/physiol.00037.2016
https://doi.org/10.1161/01.ATV.0000131266.38312.2e
https://doi.org/10.1001/jamanetworkopen.2020.12270
https://doi.org/10.1186/s13054-020-02942-2
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1016/j.ejim.2020.04.037
https://doi.org/10.1161/CIRCULATIONAHA.120.047049
https://doi.org/10.1186/s13293-019-0247-5
https://doi.org/10.1681/ASN.2020050667
https://doi.org/10.1016/j.lfs.2005.09.038
https://doi.org/10.1001/jamapediatrics.2020.2430
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Serum Renin Levels Increase With Age in Boys Resulting in Higher Renin Levels in Young Men Compared to Young Women, and Soluble Angiotensin-Converting Enzyme 2 Correlates With Renin and Body Mass Index
	Introduction
	Subjects and Methods
	Study Population Pediatric Osteoporosis Prevention Study
	Laboratory Methods

	Statistical Analysis
	Results
	Renin in Relation to Age and Sex
	Correlations Between Renin, sACE2, and BMI

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


