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ARTICLE INFO ABSTRACT

Keywords: Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the current
ACE2 coronavirus disease 2019 (COVID-19). The main organ affected in this infection is the lung and the virus uses the
CQVID-19 angiotensin-converting enzyme 2 (ACE2) as a receptor to enter the target cells. In this context, a controversy
E::;tgfocka de raised regarding the use of renin-angiotensin system (RAAS) blockers, as these drugs might increase ACE2
Lung expression in some tissues and potentially increase the risk for SARS-CoV-2 infection. This is specially concerning

in diabetic patients as diabetes is a risk factor for COVID-19.

Methods: 12-week old diabetic mice (db/db) were treated with ramipril, or vehicle control for 8 weeks. Non-
diabetic db/m mice were included as controls. ACE2 expression and activity were studied in lung, kidney and
heart of these animals.

Results: Kidney ACE2 activity was increased in the db/db mice as compared to the db/m (143.2% =+ 23% vs
100% =+ 22.3%, p = 0.004), whereas ramipril had no significant effect. In the lung, no differences were found in
ACE2 when comparing db/db mice to db/m and ramipril also had no significant effect. In the heart, diabetes
decreased ACE2 activity (83% =+ 16.8%, vs 100% + 23.1% p = 0.02), and ramipril increased ACE2 significantly
(83% + 16.8% vs 98.2% + 15%, p = 0.04).

Conclusions: In a mouse model of type 2 diabetes, ramipril had no significant effect on ACE2 activity in either
kidneys or in the lungs. Therefore, it is unlikely that RAAS blockers or at least angiotensin-converting enzyme
inhibitors increase the risk of SARS-CoV-2 infection through increasing ACE2.

1. Introduction

The pandemic caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) that began in December 2019 in Wuhan, China,
has led to a worldwide sanitary crisis. The lung is the main affected
organ in coronavirus disease-19 (COVID-19). SARS-CoV-2 uses the
transmembrane protein angiotensin-converting enzyme 2 (ACE2) as one
of the receptors to enter the target cells (Hoffmann et al., 2020), a
feature shared with SARS-CoV (the virus that caused the SARS epidemic

in 2002) (Li et al., 2003). ACE2 is a carboxypeptidase that transforms
angiotensin-I (Ang-I) and angiotensin-II (Ang-II) into angiotensin-1-9
(Ang-1-9) and angiotensin-1-7 (Ang-1-7), respectively. This enzyme is
part of the alternative pathway of the renin-angiotensin-aldosterone
system (RAAS). Its activation has vasodilator effects per se and regu-
lates in a negative way the classical arm of the RAAS (vasoconstrictor)
(Obukhov et al., 2020; Romero et al., 2015). ACE2 is widely expressed in
the proximal tubular cells of the kidney (Lely et al., 2004). In a lesser
extent it is also expressed in the lung (in pneumocytes type 2) (Hamming
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et al., 2004; Serfozo et al., 2020) and the heart (in cardiomyocytes)
(Oudit et al., 2009).

The insights provided by the first SARS-CoV pandemic in 2002,
revealed that SARS-CoV infection induced a decrease in ACE2 expres-
sion in the lung. In acute lung injury, ACE2 deficiency has been related
with enhanced tissue damage, which may be ascribed to an over-
activation of the vasoconstrictor arm of the RAAS (ACE/Ang-1I/Angio-
tensin-II type 1 receptor axis) (Kuba et al., 2006). Therefore, the RAAS
seems to play an important role in the severity of lung injury related to
SARS-CoV-2 infection. Further, deregulation of the RAAS is classically
seen in diabetes and changes in ACE2 expression have been identified in
the kidney and the heart of diabetic patients (Reich et al., 2008).
Meta-analysis data have revealed that SARS-CoV-2 infected patients do
not have a higher prevalence of diabetes, although diabetic patients
show an increased risk to suffer severe forms of SARS-CoV-2 infection
and worse outcomes (Fadini et al., 2020). Approximately a 40% of type
2 diabetic patients are hypertensive (“Hypertension in diabetes study
(HDS): I. Prevalence of hypertension in newly presenting type 2 diabetic
patients and the association with risk factors for cardiovascular and
diabetic complications,” 1993) and are therefore treated with RAAS
blockers: angiotensin-converting enzyme inhibitors (ACEis) or
angiotensin-II type 1 receptor blockers (ARBs). In addition, these drugs
are also widely used to treat non-diabetic hypertension and proteinuria
in several renal diseases (Garcia-Carro et al., 2019).

During the first wave of the COVID-19 pandemic a controversy raised
regarding the use of RAAS blockers as some studies in experimental
models have shown that the treatment with this drugs increased ACE2
expression in cardiac tissue (Ferrario et al., 2005; Ishiyama et al., 2004;
Ocaranza et al., 2006) and in the renal vasculature (Soler et al., 2009).
Due to this preclinical evidence it has been suggested that the treatment
with RAAS blockers could increase the susceptibility to SARS-CoV-2
infection creating a paradox as increased ACE2 levels are normally
considered tissue-protective (Aleksova et al., 2020; Sparks et al., 2020;
Wang et al., 2020). Despite the results of the aforementioned studies
(Ferrario et al., 2005; Ishiyama et al., 2004; Ocaranza et al., 2006; Soler
et al., 2009) there is not enough evidence to affirm that these drugs
promote ACE2 expression as other authors using similar experimental
models have not observed ACE2 modulation induced by RAAS blockers
(Burchill et al., 2012; Burrell et al., 2005). Furthermore, the effects of
RAAS blockers upon lung ACE2 modulation have been scarcely evalu-
ated. In a recent report, Wysocki and collaborators described ACE2
modulation in kidney and lung of mice (C57BLKS/J) treated with RAAS
blockers (telmisatan or captopril) (Wysocki et al., 2020). Here we study
the effects of an ACEi (ramipril) on kidney, lung and heart ACE2 in a
mouse model of type 2 diabetes.

2. Materials and methods
2.1. Animal procedures

Eight-week-old male leptin receptor deficient diabetic mice (db/db)
and the non-diabetic heterozygote littermates (db/+) were purchased
from Charles River (BKS.Cg-Dock7™+/ +Leprde . Strain Code: 607). The
mice were housed in groups of 4 per cage as maximum with ad libitum
access to regular mice Chow and water under a 12 h light:12 h dark
cycle. After 4 weeks (12-week-old mice) a group of db/db (n = 7) were
treated with ramipril (8 mg/kg/day) diluted in drinking water (20 mg/
L) during 8 weeks. Vehicle db/db (n = 7) and db/m (n = 7) were used as
controls. Weight and blood glucose were monitored biweekly and blood
pressure before and after the treatment (see supplemental methods).
After the treatment period, the animals were sacrificed under sodium
pentobarbital anesthesia. Mice were then perfused with cold PBS 1x and
whole blood was obtained by cardiac puncture. The blood samples were
collected in tubes with clotting activator gel (41.1378.005, Sarstedt,
Germany) to obtain the serum. Afterwards kidney, heart and lung were
removed, snap-frozen in liquid nitrogen and maintained at —80 °C until
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use. Additionally, a portion of kidney and heart was fixed in 10%
formalin and paraffin embedded for histological analyses.

The experimental protocol was approved by the Ethical Committees
of Animal Experimentation of the Vall d’Hebrén Research Institute
(47.18 CEEA). All procedures were conducted according to the guide of
the Generalitat de Catalunya in the framework of the European Council
Directives for the protection and care of the animals used for research
and other scientific purposes (2010/63/EU).

2.2. ACE2 analysis

ACE2 gene and protein expression as well as ACE2 activity were
analyzed in kidney, lung and heart extracts. In serum only ACE2 activity
was assessed. ACE2 gene expression was measured by RT-qPCR and the
AACT method was applied for relative quantification using the Hypo-
xanthine Phosphoribosyltransferase 1 (HPRT) as housekeeping gene.
ACE2 protein levels were assessed by Western blot and ACE2 activity
was determined via a fluorescent enzymatic assay using an ACE2-
quenched fluorogenic substrate (Mca-Ala-Pro-Lys (Dnp)-OH; Enzo Life-
Sciences) as described previously (Riera et al., 2016). Additionally, in
the kidney and in the heart we detected ACE2 by immunohistochem-
istry. The methodology is detailed in the supplemental methods.

2.3. Statistical analyses

Normal distribution was checked by comparing our data with the
predicted normal distribution by quantil-quantil (Q-Q) plot and
confirmed with normality tests (Shapiro-Wilk and/or Kolmogorov-
Smirnov). The groups were compared (db/m vs db/db and db/db vs
db/db + Ramipril) by Welch t-tests when normality was met or by
Mann-Whitney test when the data followed a non-normal distribution.
Data are always expressed as mean + standard deviation (SD). The p-
values are detailed to estimate the confidence of the comparisons and
statistical significance was considered when p < 0.05. All statistical
analyses and graphs were performed with GraphPad Prism Version
8.2.1.

3. Results
3.1. Ramipril decreases blood pressure in db/db mice

The final aims of the present study were to assess (1) how the dia-
betic context modulates renal, pulmonary and cardiac ACE2 (SARS-CoV-
2 receptor to infect target cells), and (2) whether the ACEi treatment
could modify the ACE2 behavior in diabetes. To this end, 12-week-old
diabetic mice (db/db) were treated with ramipril (8 mg/kg/day), an
ACEi, during 8 weeks. Vehicle db/db and non-diabetic mice (db/m)
were included as controls. As expected, all diabetic mice, both the
treated with ramipril and the vehicle, showed hyperglycemia and
increased weight at the end of the experiment as compared to db/m mice
(Table 1). In our experimental setting, the db/db mice depicted
decreased systolic and diastolic blood pressure as compared to control
db/m mice (see Table 1). As expected, Ramipril administration for 8
weeks significantly decreased systolic blood pressure when compared to
the vehicle db/db and/or the db/m group (Table 1) demonstrating that
ramipril treatment was effective.

3.2. ACE2 is increased in the kidney of the db/db mice that was not
modified by ramipril

We studied the modulation of ACE2 in the kidney from the db/m, the
vehicle db/db and the db/db mice treated with ramipril using two ap-
proaches: (1) expression of the ACE2 gene by qPCR and (2) ACE2 ac-
tivity assay using a fluorescent substrate. The vehicle db/db mice
showed increased renal ACE2 gene expression when compared to the
db/m (1.011 + 0.16 vs 1582 + 0.18, p < 0.0001), this effect was
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Table 1
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Weight, blood glucose levels, blood pressure (systolic and diastolic) and heart rate of the db/m, the db/db and the db/db treated with ramipril after the follow-up

period. Data are expressed as mean + SD.

db/m db/db db/db + ANOVA or Kruskal- db/m db/m db/db Statistical Test
Ramipril Wallis test Vs Vs Vs
db/db db/db + db/db +
Ramipril Ramipril
Weight (g) 28.46 + 41.36 + 40.39 + 4.96 p = 0.0003 p= p = 0.0004 p=0.75 Welch’s t-test
2.11 6.03 0.0009
Glycemia (mg/dl) 150 + 509.4 + 542.6 + 95.23 p < 0.0001 = p = 0.0006 p=0.12 Mann-Whitney
22.54 92.33 0.0006 test
Systolic Blood Pressure 101 +6 94+ 6 82+7 p < 0.0001 p=0.03 p = 0.0001 p = 0.004 Welch’s t-test
(mmHg)
Diastolic Blood Pressure 78 £5 71 +8 64 + 10 p=0.013 p =0.09 p = 0.008 p=0.15 Welch’s t-test
(mmHg)
Heart Rate (bpm) 555 + 59 523 + 50 551 + 34 p=0.43 p=0.29 p=0.90 p=0.24 Welch’s t-test

reversed with ramipril administration (1.280 + 0.18, p = 0.01) (Fig. 1,
A). Renal ACE2 activity (100% + 14.2% vs 114% =+ 31.9%, p = 0.2) also
tended to increase in the vehicle db/db, however ramipril did not
modify its activity (114% =+ 31.9% vs 109.3% =+ 18.6%) (Fig. 1D)). In
membrane-enriched protein extracts, it became evident that the db/db
animals had increased ACE2 activity as compared with the db/m (100%
+ 22.3% vs 143.2% + 23.1%, p = 0.004) and, again, ramipril did not
modify ACE2 activity in kidney membrane-enriched extracts (Fig. 2A).
In the kidney tissue sections, ACE2 expression was localized in the brush

A B

border of the tubular cells and the staining was more prominent in the
db/db when compared to the db/m (Fig. 3). We noted no major changes
in ACE2 distribution in the kidney of ramipril treated animals when
compared to the untreated db/db (Fig. 3).

3.3. Ramipril did not modify pulmonary ACE2 in the db/db mice

In the lung, we performed the same approach as in the kidney to
study ACE2. We found no differences between the db/m and the vehicle
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Fig. 1. ACE2 gene expression and activity in kidney (A and D, respectively), lung (B and E, respectively) and heart (C and F, respectively) of the db/m, db/
db and db/db treated with ramipril mice. ACE2 mRNA significantly increased in the kidney (A) and decreased in the heart (B) of the db/db when compared to the
db/m. Ramipril treatment restored ACE2 mRNA in the kidney (A) and had no effect on ACE2 gene expression in the lung and in the heart (panels B and C,
respectively). Ramipril treatment did not affect ACE2 activity in the kidney and in the lung of the db/db (panel D and E, respectively). In the heart (F), ACE2 activity
was significantly decreased in the db/db (vs db/m) and ramipril normalized ACE2 activity. The data are represented as mean + SD (n = 7) and significance is
considered when p < 0.05. The ACE2 activity obtained in kidney (A), lung (B) and heart (C) expressed in RFU/mg/h is shown in supplemental Figure S1.
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Fig. 2. ACE2 activity in membrane-enriched extracts of kidney (A), lung (B) and heart (C) of the db/m, db/db and db/db treated with ramipril mice. ACE2
activity increased in kidney (A) and decreased in heart (C) of the db/db when compared with db/m. There were no differences between the db/m and the db/db
regarding ACE2 activity in lung membrane-enriched extracts (B). Ramipril had no effect in the kidney (A) and in the lung (B) and tended to normalize ACE2 activity
in the heart (C). The data are represented as mean =+ SD (n = 7) and significance is considered when p < 0.05. The ACE2 activity obtained in kidney (A), lung (B) and

heart (C) expressed in RFU/mg/h is shown in supplemental Figure S2.

db/db regarding the ACE2 gene expression (Fig. 1, B) mainly related to
the high variability in ACE2 mRNA expression (0.97 + 0.8 vs 1.07 +
0.71, p =0.63). We were not able to find differences among the lung and
ACE2 activity (nor in total protein extracts or in membrane-enriched
extracts) (Figs. 1E and 2B, and Supplemental Figure 1 and 2, respec-
tively). Furthermore, in the lung of the db/db, ramipril treatment did
not induce changes in ACE2 gene expression and activity (Fig. 1B and E,
Fig. 2B and Supplemental Figure 1 and 2).

3.4. ACEZ2 is decreased in the heart of the db/db and ramipril normalizes
ACE2 levels

We also analyzed ACE2 in the heart. In cardiac tissue, ACE2 signif-
icantly decreased in the db/db vs the db/m attending to both, the mRNA
levels (1.01 +0.12vs 0.84 + 0.16, p = 0.05) (Fig. 1C) and ACE2 activity
(100% + 23.1% vs 83% =+ 16.8%, p = 0.02) (Fig. 1F). In membrane-
enriched extracts ACE2 activity also significantly decreased in db/db
when compared to db/m (Fig. 2C). Ramipril treatment significantly
restored ACE2 activity to the observed in the control db/m mice (83% +
16.8% vs 98.2% =+ 15%, p = 0.04) (Fig. 1E). However, ramipril was not
able to modify ACE2 gene expression in the heart (Fig. 1C). Further, we
assessed ACE2 distribution in cardiac tissue where ACE2 staining
showed a diffuse distribution with increased ACE2 staining in some
areas. We noted that the intensity of the staining was milder in db/db
when compared to db/m. Ramipril seemed to restore staining intensity
(Fig. 3).

3.5. Serum ACE2 activity is increased in the db/db and it was not
modified by ramipril

Finally, we measured ACE2 activity in serum samples of the db/m,
db/db and db/db treated with ramipril. Serum ACE2 activity was
significantly increased in the db/db when compared to the db/m
(99.9% =+ 29.3% vs 146% + 57.2%, p = 0.03) and ramipril did not
mitigate this effect (146% + 57.2% vs 128% =+ 55.7%, p = 0.5) (Fig. 4).

4. Discussion
The current pandemic caused by SARS-CoV-2 has arisen a contro-

versy related to the use of RAAS blockers in COVID-19 patients. Despite
the demonstrated benefits of the use of ACEi or ARBs in cardiovascular

patients (Fegan et al., 2000; Romero et al., 2015) it has been suggested
that these drugs may increase the expression of ACE2, the receptor for
SARS-CoV-2, and hence increase the risk and severity of COVID-19
(Aleksova et al., 2020; Sparks et al., 2020; Wang et al., 2020).

With the present study we aimed to shed light upon this controversy
and to this end we analyzed ACE2 in kidney, lung, heart and serum
samples of a diabetic mice model (db/db) treated with ramipril during 8
weeks. We used a diabetic model to determine the effect of RAAS
blockade as the diabetic milieu is per se a risk factor for poor prognosis in
COVID-19 patients (Fadini et al., 2020; Williamson et al., 2020). We
found increased kidney ACE2 gene expression and activity in membrane
extracts in the db/db mice (Figs. 1A and 2A, respectively). Previous
studies have also demonstrated tubular renal ACE2 increase in the
db/db diabetic mice (Wysocki et al., 2006; Ye et al, 2004, 2006) as well
as in other diabetic mouse models (Riera et al., 2016; Wysocki et al.,
2006). Ramipril was able to revert the increase of ACE2 at the gene
expression level, suggesting that its administration was protective
against the deleterious effect of diabetes within the kidney. Our findings
in the kidney contrast with the results published in the recent report of
Wysocki and collaborators (Wysocki et al., 2020) as they described that
the RAAS blockade in C57BLKS/J mice promotes a decrease of ACE2
expression together with internalization of the protein. In our study
using the db/db mice model, we did not find that ramipril reduced ACE2
activity in the kidney (Figs. 1D and 2A) and we neither observed protein
internalization (Fig. 3). Even so, we found that ramipril treatment
induced a decrease of ACE2 gene expression in db/db (Fig. 1A). Gene
and protein expression may not correlate due to different timings be-
tween protein synthesis and degradation, but the results obtained in
ACE2 gene expression (Fig. 1A) suggest that RAAS blockade would
promote decrease of ACE2 in the kidney as suggested by Wysocki and
collaborators (Wysocki et al., 2020). Our approach, unlike the study of
Wysocki and cols.(Wysocki et al., 2020), mimicked the patients with
diabetes that usually receive RAAS blockers to delay the progression of
diabetic nephropathy (Garcia-Carro et al., 2019). In line, a recent work
of Batchu et al. has clearly shown in kidney and lungs of comorbid
diabetes mice (aging, high fat diet and streptozotocin-induced diabetes)
that ACE2 is upregulated, however RAAS blockade was not able to
modify it (Batchu et al., 2020). Thus, at least for the kidney, our results
do not sustain the idea that the RAAS blockade would favor ACE2
overexpression. In human, two independent studies described that
tubular ACE2 gene and protein expression were decreased in diabetic
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nephropathy as compared to healthy individuals (Mizuiri et al., 2008;
Reich et al., 2008), although another author was not able to find any
differences (Lely et al., 2004). Regarding the effect of RAAS blockade in
human, there is some evidence that it affects ACE2 expression in the
kidney (Lely et al., 2004; Reich et al., 2008).

We also analyzed ACE2 in lung and heart tissues where ACE2 pres-
ence is much lower than in the kidney (Supplemental Figure S1 and S2).
Regarding the lung, we obtained high interindividual variability in
ACE2 gene expression (Fig. 1) that might be in part explained by the fact
that ACE2 expression in the lung is very low and restricted to pneu-
mocytes type 2 (Ziegler et al., 2020). We obtained sound results when
ACE2 was estimated by enzyme activity measurement. Lung ACE2 ac-
tivity was similar between the control db/m and the diabetic db/db and
no differences were seen in the db/db treated with ramipril as compared
to the vehicle db/db (Figs. 1E and 2B). Although ACE2 in lung has not
been widely studied in animal models, it has been reported that the NOD
mice and their non-diabetic littermates have similar ACE2 activity in the
lung (Roca-Ho et al., 2017). Oppositely, streptozotocin and high-fat diet
induced diabetic mice showed increased lung ACE2 activity as compared
to non-diabetic mice (Batchu et al., 2020). Regarding the effect of the
RAAS blockade on pulmonary ACE2, our results are consistent with the
reports of Wysocki et al. and of Batchu et al. as they neither found dif-
ferences in lung ACE2 activity when the mice were treated with ARBs or

Heart
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Fig. 3. ACE2 localization in kidney and heart
tissue of the db/m, db/db and db/db treated
with ramipril mice. ACE2 was immunodetected
in kidney and heart sections. In the kidney, ACE2
is located at the brush border of the tubular cells
with a more prominent staining in db/db than in
db/m. Ramipril did not induce major localization
changes. ACE2 in heart showed a diffuse distri-
bution with increased ACE2 staining in some
areas. The staining intensity seemed to decrease
in the db/db when compared to the db/m.

ACEi (Batchu et al., 2020; Wysocki et al., 2020). In human, a study in
1051 patients revealed that lung ACE2 gene expression was down-
regulated by long-term ACEi treatment whereas it was not altered by
ARBs (Milne et al., 2020), although no data regarding ACE2 protein
levels or activity were available.

Cardiac ACE2 gene expression and activity was significantly
decreased in the db/db mice when compared to the db/m (Fig. 1C and F,
respectively). In this case, the treatment with ramipril increased ACE2
activity (Fig. 1F). These results suggest that in the db/db model the
diabetic profile promotes a decrease of cardiac ACE2 that is restored
under RAAS blockade. In db/db diabetic mice, the decrease of cardiac
ACE2 seems to happen over time as younger animals (8 week-old) do not
show decreased ACE2 activity in the heart (Ye et al., 2004). Cardiac
ACE2 is also decreased in streptozotocin induced-diabetic rats (Qiao
et al., 2015; Shin et al., 2017) although other diabetic mouse models
show rise of heart ACE2 when compared to their non-diabetic litter-
mates (Patel et al., 2012; Roca-Ho et al., 2017). Even so, in vitro ex-
periments suggest that glucose can directly downregulate ACE2 in
cardiac vascular smooth muscle cells (Lavrentyev and Malik, 2009).
ACE2 modulation in the heart as well as the effect of the RAAS blockade
has been mostly studied in myocardial infarction (MI) both in rat models
and in human. In a MI rat model, Ocaranza and collaborators showed
that heart ACE2 activity was decreased in MI and the RAAS blockade
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Fig. 4. ACE2 activity is increased in serum of the db/db and Ramipril has
no effect. Serum ACE2 activity of the db/m, db/db and db/db treated with
Ramipril. Serum ACE2 activity was increased in the db/db when compared to
the db/m but ramipril had no effect. Data are represented as mean + SD (n = 7)
and significance is considered when p < 0.05. The ACE2 activity obtained in
serum expressed in RFU/pL/h is shown in supplemental Figure S3.

with enalapril reversed it (Ocaranza et al., 2006), similarly to what
happens in our study. However, other studies performed in similar MI
rat models have not reached the same conclusions (Burrell et al., 2005;
Ishiyama et al., 2004). In humans, ACE2 seems to be increased in the
heart after MI (Burrell et al., 2005) and in idiopathic and ischemic
cardiomyopathy (Goulter et al., 2004). To our knowledge, the effect of
RAAS blockade on cardiac ACE2 expression has not been studied in
human.

Finally, we analyzed ACE2 activity in serum. ACE2 can be found both
in cell membranes of the tissue cells and soluble (SACE2); which origins
from shedding of the membrane bound ACE2 by the ADAM metal-
lopeptidase domain 17 (ADAM17) (Lambert et al., 2005). ACE2 only
works as a receptor for SARS-CoV-2 at the organ level but it has been
suggested that SACE2 could diminish the infection capacity of the virus
by acting as a decoy (Batlle et al., 2020; Monteil et al., 2020; Wysocki
etal., 2021), although the low sACE2 blood levels would hardly produce
this beneficial effect. Even so, it is interesting to know if serum ACE2
levels are modulated (or not) in diabetes or by RAAS blockers as it could
be a signal of variations in tissue ACE2. In this sense, it has been
postulated that ADAM17 could play an important counteracting role by
competing for ACE2 cleavage with the serine-protease Transmembrane
Serine Protease 2 (TMPRSS2), a fundamental protease for SARS-CoV-2
internalization (Palau et al., 2020). We found that serum ACE2 was
increased in the db/db when compared to the db/m and ramipril did not
revert this effect (Fig. 3). Other studies have also described rise of blood
ACE2 in diabetic mouse models (Riera et al., 2016; Roca-Ho et al., 2017;
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Wysocki et al., 2013) and in type 1 diabetic patients (Soro-Paavonen
et al., 2012) although the effect of RAAS blockade has not been widely
studied. In this regard in human the evidence is not homogenous. In the
study of Soro-Paavonen and cols. (Soro-Paavonen et al., 2012), ACEi
therapy increased ACE2 blood levels in both male and female patients
and ARB treatment only in woman. In contrast, in a recent preprint a
slight decrease of blood ACE2 was noted with ARB treatment but ACEi
induced no change (Emilsson et al., 2020).

Due to the above mentioned discrepancies regarding ACE2 modu-
lation among different diabetic animal models and in humans it is
difficult to obtain a definitive answer for the question: “Does the RAAS
blockade induce overexpression of ACE2?“. In an overall overview,
attending to our data, and to evidence from other authors, the impres-
sion is that the diabetic context in most cases modifies ACE2 expression
both in kidney and in heart (down- or upregulates, depending on the
model or specie) and, that RAAS blockade: (1) decreases or does not
modify kidney ACE2 (both in experimental models and in human), (2)
does not modify lung ACE2 (although more evidence is needed here), (3)
promotes ACE2 expression in heart (in most experimental models) and
(4) has variable effects on blood ACE2 levels (depending on the cohort
and the type of RAAS blocker). Hence, the made plane premise “The
RAAS blockade induces ACE2 overexpression and, consequently, increases
the risk of SARS-CoV-2 infection” does not stay true for the heart, the
kidney and, more important, not for the lung. Although, this assumption
is a moot point as it provides only a simplistic vision of the regulation of
ACE2 expression and does not take into account that ACE2 is protective
in most contexts (Batlle et al., 2012; Oudit et al., 2010; Zhong et al.,
2010). It has been demonstrated that ACE2 is beneficial in experimental
models of lung injury induced by H7N9 flu virus (Yang et al., 2015) or
LPS (Ye and Liu, 2020). In a mice model with lung injury, SARS-CoV
infection decreased lung ACE2 expression but a treatment with los-
artan ameliorated the lung injury and ACE2 expression increased at the
same time (Kuba et al., 2005) suggesting that ACE2 was beneficial to
resolve the viral infection. Moreover, the inflammatory context such as
the cytokine storm that happens in a subset of COVID-19 patients (Mehta
et al., 2020) can also regulate ACE2 expression although it is unclear in
which direction (de Lang et al., 2006; Wu et al., 2020). In any case, both
upregulation and downregulation of ACE2 could potentially be detri-
mental during SARS-CoV-2 infection suggesting that ACE2 levels should
be in an equilibrium range (South et al., 2020).

In conclusion, here we demonstrate in a diabetic mice model that
ACE inhibition only produces ACE2 upregulation in the diabetic heart,
where ACE2 is decreased secondary to diabetes. This does not happen in
the kidney or in the lung reinforcing the idea that in most tissues the
RAAS blockade does not increase ACE2 expression levels. Even the re-
sults we obtained in the heart, it is discussable whether the treatment
with ARB or ACEi confers a real risk for increased COVID-19 infection
and worsened its prognosis. RAAS blockade has clear cardiovascular
benefits (Fegan et al., 2000; Romero et al., 2015), while it is unlikely
that low levels of ACE2 are beneficial for COVID-19 resolution.
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