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ABSTRACT

Background. There have been concerns that ACE inhibitors and Ang II receptor blockers may
cause an increase in ACE2, the main receptor for SARs-CoV-2.

Methods Kidneys from two genetic models of kidney ACE ablation and mice treated with
captopril or telmisartan were used to examine ACE?2 in isolated kidney and lung membranes.
Results. In a global ACE KO mice, ACE2 protein abundance in kidney membranes was
reduced to 42 % of wild type, p <0.05. In ACE 8/8 mice that over-expresses cardiac ACE
protein but also has no kidney ACE expression, ACE2 protein in kidney membranes was also
decreased (38 % of the WT, p<0.01). In kidney membranes from mice that received captopril or
telmisartan for 2 weeks there was a reduction in ACE2 protein (37% in captopril treated p<0.01)
and 76% in telmisartan treated p <0.05). In lung membranes the expression of ACE2 was very
low and not detected by western blotting but no significant differences in terms of ACE2
activity could be detected in mice treated with captopril (118% of control ) or telmisartan (93%
of control).

Conclusions Genetic kidney ACE protein deficiency, suppressed enzymatic activity by
Captopril or blockade of the AT1 receptor with telmisartan are all associated with a decrease in
ACE2 in kidney membranes. ACE2 protein in kidney or lungs is decreased or unaffected by
RAS blockers indicating that these medications can not pose a risk for SARS-CoV-2

infection related to amplification of ACE2 at these two target sites for viral entry.
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INTRODUCTION
Angiotensin I converting enzyme (ACE) is a dicarboxypeptidase that cleaves Angiotensin I (ANG

I) to form angiotensin (ANG) II. Its enzymatically active homologue, Angiotensin Converting
Enzyme 2 (ACE2), by contrast, degrades ANG II to form ANG-(1-7) as well as other substrates(1-
5). There is limited information on whether organ-specific ACE2 expression is altered when ACE
is decreased in genetic models where ACE is absent. If ACE2 acts indeed as a negative regulator
of the renin-angiotensin system (RAS) by regulating angiotensin II levels then ACE2 should
decrease when ACE decreases and conversely ACE2 activity should increase when ACE activity
increases. This mode of physiologic regulation, however, can be altered in pathophysiologic
conditions. For instance, it is known that in kidneys from diabetic mice ACE2 and ACE change in
the opposite direction(6-9), such that in renal cortex from diabetic db/db (6, 7) and STZ mice(6)
ACE is decreased, whereas ACE?2 is increased. Of note, within the glomeruli from db/db mice(9)
ACE and ACE2 are also altered in the opposite manner (high ACE and low ACE2) which is just
the contrary of that seen in proximal tubules(6, 9). This finding in diabetic mice was generally
confirmed in kidney biopsies from patients with diabetic kidney disease(10). To examine whether
deficiency of kidney ACE results in the expected physiologic decrease in kidney ACE2 expression
we used two different genetic models of ACE ablation . Captopril and telmisartan moreover were
used to pharmacologically inhibit ACE activity and block the AT1 receptor, respectively .

The recent recognition that ACE2 is the main receptor that facilitates coronavirus entry into cells
(11) raised concerns that treatment with renin-angiotensin system blockers (RAS ) might increase
the risk of developing a severe and fatal severe acute respiratory syndrome coronavirus-2 infection
(12). This is relevant because certain groups of patients including those with hypertension, heart
disease, diabetes mellitus, and clearly the elderly are at risk of COVID-19 and many of those
patients are treated with RAS blockers (12-14). Concerns came from previous studies showing that

angiotensin II type 1 receptor blockers and ACE inhibitors can upregulate ACE2 in certain
3
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experimental conditions (15-18). The evidence in this regard is not always consistent and differs
among the diverse RAS blockers, animal species and differing organs.(19-24).

We reasoned that this issue should be investigated by assessing ACE2 expression using membrane
membranes prepared from target organs where this protein resides. In polarized epithelia like the
lungs, kidneys and intestine, ACE2 in its full length form is anchored to the apical plasma
membrane(9). The kidney has abundant ACE2 in the apical border of the proximal tubule where
it colocalizes with ACE(9). The lungs, by contrast, have a low level of ACE2 expression such that
the metabolism of angiotensin II and formation of angiotensin 1-7 depends on enzymes other than
ACE2, namely POP(25). To determine whether deficiency of kidney ACE alters kidney ACE2
expression we used two different genetic models of ACE ablation. To mimic the clinical setting
of patients receiving RAS blockers are exposed to the current COVID -19 pandemic, captopril and
telmisartan were administered for 2 weeks to pharmacologically inhibit ACE activity and the AT1

receptor, respectively.

METHODS
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Animal Models

All studies were conducted with the review and approval of the Institutional Animal Care and Use
Committee of Northwestern University. Organs from two genetic models of ACE kidney ablation
(ACE.4 and ACE 8/8) were generously provided by Drs Hong D. Xiao and Kenneth Bernstein.
ACE.4 mice have the somatic ACE promoter replaced by the kidney androgen-regulated protein
promoter which in these mice is essentially non-functional(26); in the absence of exogenous
androgens the levels of kidney ACE are less than 1% of normal and no ACE is detected in other
organs ; this model is overtly hypotensive (26). The effect of localized kidney ACE deficiency
on kidney ACE2 levels was examined in ACE8/8 mouse which is a model lacking ACE in the
kidney or vascular endothelium, but with 100-fold normal cardiac ACE levels(27). In addition,
ACES8/8 mice have significant levels of ACE activity in the lung and in the plasma and blood (27).
In this animal model, kidney represents a major change from wild-type mice as this organ normally
expresses a substantial amount of ACE activity in both vascular endothelium and proximal tubular
epithelium(27). The ACES8/8 mice have a near normal blood pressure and do not exhibit any gross
abnormalities in kidney function(27). Both ACE models used in this study have a mixed C57/129
background(26, 27).

To examine the effect of pharmacological ACE inhibition on ACE2, two groups of 12-14 weeks
old C57BLKS/J mice were assigned to drink either tap water (n=8) or tap water with an ACE
inhibitor, captopril, (n=8) at a dose of 120 mg*kg'*day™!' for 14 days. Two other experimental
groups of 12-14 weeks old C57BLKS/J mice were randomly assigned to drink either tap water
(vehicle, n=6) or tap water with an angiotensin II receptor antagonist, telmisartan (Boehringer
Ingelheim), at a dose of 2 mg*kg'*day' (n=6) for 14 days. Before captopril and telmisartan
administration, mice were weighted and the daily fluid intake per mouse was recorded to estimate

the concentration of the compound needed to be added to the drinking water. During the drug
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administration, water consumption and body weights were also controlled to make appropriate
adjustments.

RNA isolation and reverse transcriptase real-time PCR

RNA was isolated from kidney cortex with Trizol reagent (GIBCO Invitrogen). Quantitative real-
time PCR was performed using the TagMan Gold RT-PCR kit and ABI Prism 7700 (Applied
Biosystems) sequence-detection system. Primers and probes for ACE were designed using Primer
Express software (Applied Biosystems). The sequences of forward, reverse primer, and probe for
ACE, ACE2 and Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) were the same as
described before(8). Reverse transcription was carried out for 30 min at 48°C. The ACE and ACE2
mRNA levels of the samples were normalized to their G3PDH contents. Experiments were carried
out in triplicate for each data point.

Protein extraction and measurement of enzymatic activity for ACE2

For total cell lysates, tissues (kidney cortex and lungs) were homogenized in a buffer consisting
of (in mmol/l) 50 HEPES, pH 7.4, 150 NaCl, 0.5% Triton X-100, 0.025 ZnCl;, and 1.0
phenylmethylsulphonyl fluoride and then clarified by centrifugation at 6,000g for 15 min. For
membrane fraction isolation, a previously employed protocol was used(7) but without EDTA
addition. After measuring protein concentration, tissue samples were diluted in a buffer (50 mmol/l
4-morpholineethanesulfonic acid, 300 mmol/l NaCl, 10 umol/l ZnCl,, and 0.01% Triton-X-100,
pH 6.5), containing EDTA-free tablets. The plates were read using a fluorescence plate reader
FLX800 (BIOTEK Instruments) at an excitation wavelength of 320 nm and an emission
wavelength of 400 nm. All reactions were performed at ambient temperature in microtiter plates
with a 100 pl total volume (6, 28).

Western blot analysis

Total cell lysates and isolated membrane preparations from kidney cortices and lungs were isolated

as specified above and subjected to Western blot analysis as previously described(6). For detection
6
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of ACE, nitrocellulose membranes were incubated with mouse monoclonal antibody (5C4, kind
gift from Dr. Sergei Danilov). ACE2 protein was detected using our affinity purified rabbit anti-
ACE2 antibody (obtained as described in. Signals on Western blots were quantified by
densitometry (Eagle Eye, Stratagene) and corrected for GAPDH (total cell lysates) or B-actin
(membrane fraction) loading control.

Statistical analyses

The data were expressed as relative to the control (vehicle or wild-type) animal groups, assigning
a value of 100% to the control baseline mean. The data were reported as mean =+ standard error
(SE). Significance was defined as p< 0.05. For comparisons between two independent means, the
t-test was used.

RESULTS

ACE2 in kidneys from ACE.4 mice, a model of global ACE deficiency

In ACE.4 mice, kidney ACE mRNA was about 7+4% of the mRNA levels in WT mice as
previously reported (26). Total cell lysates from ACE.4 mice kidney cortex were examined for the
presence of ACE and ACE2 protein (Figure 1). The signal for ACE protein in kidneys from WT
mice was detectable as a single band at the expected molecular weight of about 170 kD. In ACE.4
mice, ACE protein was barely detectable (equivalent of 3+1% of the WT) (Figure 1B). In ACE.4
mice, ACE2 protein abundance in kidney cortex total cell lysates and in isolated membranes was
reduced to 70 % and to 42% of the WT, p<0.05, respectively (Figure 1B and 1C).

Concordant with ACE2 protein expression, ACE2 activity was also reduced significantly in
kidneys from ACE.4 mice as compared to WT controls (58.3+12% of the WT) (Figure 1D). By
contrast , kidney cortex ACE2 mRNA levels in ACE.4 mice were not significantly different from
those of their respective WT littermates (1.24+0.71 vs. 0.69+0.18 gene expression units,

respectively) (Figure 1E).
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ACE2 in kidneys from ACES8/8 mice, a model of kidney ACE deficiency and cardiac ACE
over-expression

Consistent with results from Xiao et al.(27), in kidney cortex from ACES8/8 mice there was no
detectable ACE protein expression (Figure 2A), whereas it was clearly present in WT kidneys
(Figure 2A). ACE2 protein expression in isolated kidney membranes from ACES/8 was
significantly reduced (38+9% of WT mice) (Figure 2B). In ACE8/8 mice, ACE2 activity likewise
was lower than in the wild-type but this difference was small and not statistically significant
(90£17% of the WT) (Figure 2C). ACE2 mRNA levels in kidney cortex from ACE8/8 mice were

not different from those of their respective WT littermates (1.02+0.04 vs. 1.00+0.07, respectively).

ACE2 in Kidneys from captopril and telmisartan treated mice

kidney cortex of mice treated with captopril or telmisartan for 14 days and respective vehicle
treated controls were examined for the presence of ACE2 mRNA, protein and activity. No
significant changes in mRNA levels were found between captopril treated and control mice
(99+£21%) of control. ACE2 activity was lower in isolated membrane from captopril-treated mice
(81£8% of the vehicle-treated mice) but the difference did not reach statistical significance , (p =
0.053). ACE2 protein abundance in total lysates from captopril-treated mice was reduced to 71+£5
of vehicle-treated mice but the difference did not reach statistical significance (Figure 3A). In
isolated membranes, however, the decrease in ACE2 protein was profound and statistically
significant (37+4% of the vehicle-treated mice) (Figure 3B). A corresponding increase in cytosolic
ACE2 protein was found (Figure 3C). By confocal microscopy ACE?2 is localized in the apical
membrane where it strongly colocalizes with ACE as previously described site(9). A weak ACE2
staining can be seen in the cytoplasm of cells from a captopril treated mice suggesting
internalization of the protein whereas ACE staining remains restricted to the luminal membrane

(Figure 3C).
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ACE2 protein in lysates from telmisartan-treated mice was not significantly different from
vehicle-treated mice (114+16%)( Figure 3D) whereas in isolated membranes there was a

significant decrease in ACE2 protein (76+ 9% of the vehicle-treated mice p<0.05) (Figure 3E).

ACE2 in lungs from captopril and telmisartan treated mice

In lung tissue ACE2 protein is low as demonstrated by us recently(25) Attempts to perform
western blots with either total lysates or isolated membranes did not produce a signal. Therefore,
the results are limited to ACE2 activity which although low was consistently detected(figure 4).
Captopril treatment had no significant effect on ACE2 activity either lung lysates ( Figure 4A) or
isolated membranes ( Figure 4B) . Likewise, telmisartan had no significant effect on ACE2 activity

in either lung lysates ( Figure 4C) or isolated membranes ( Figure 4D)

DISCUSSION

Our findings in two different models of ACE genetic ablation, global in the ACE.4 mice
and restricted to the kidney in the ACES8/8 mice shows that lack of ACE protein is associated with
a significant reduction of kidney ACE2 protein. The decrease in ACE2 at the level of protein was
not accompanied by a reduction in kidney ACE2 mRNA. This confirms that ACE2 can be
regulated post transcriptionally as previously reported by us(6) and others(29). Our finding that
ACE2 mRNA was unchanged in ACE deficient mice is also consistent with a previous report in
another genetic model, the tisACE-/- knockout mice, that lacks tissue ACE and possess about 40%
of normal circulating levels of ACE(30). Similar to our results in two models of kidney ACE

deficiency, in tisACE-/- mice kidney expression of ACE2 mRNA was not altered by ACE


https://doi.org/10.1101/2020.05.20.106658

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.20.106658; this version posted May 20, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

depletion. ACE2 protein abundance or activity, however, were not determined in this previous

study(30)

Altogether, these findings suggest that changes in ACE 2 occur post transcriptionally and
are accompanied by changes in ACE2 in the same direction such a decrease in kidney ACE is apt
to be associated with a decrease in kidney ACE2. Overall the directionally observed changes are
consistent with a physiologic role of ACE2 in terms of regulating its main substrate, Angiotensin
IT (5). Given the intense interest on ACE2 as the SARS-CoV-2 receptor we next wanted to see
if a similar directional change in ACE2 occurs when an ACE inhibitor or a AT1 blocker is

chronically administered.

We reasoned that in terms of assessing ACE2 as the SARS-CoV-2 receptor what matters the
most is the relative abundance of full-length membrane bound ACE2 protein . In polarized
epithelia like the lungs, kidneys and intestine, ACE2 in its full length form is anchored to the apical
plasma membrane(9) . The effect of ACEi and ARBs on ACE2 protein expression in the lungs has
not been previously studied and previous studies in kidney and other organs gave variable
results(15-23). Here we show that captopril and telmisartan both decrease kidney ACE2 protein in
isolated membranes without significantly affecting protein abundance in total cell lysates (Figure
3). Captopril in particular produced a marked decline in ACE2 protein in isolated membranes while
increasing cytosolic ACE2(Figure 3C). The latter result was somewhat unexpected because Ang
IT has been shown to produce internalization of ACE2 in cultured cells (31) . The discrepancy
between this previous study in ACE2-transfected neuroblastoma cells and our findings with in
vivo chronic administration of captopril are not apparent to us but clearly the experimental

conditions are widely different .

In lung tissue, the expression of ACE protein is very low(25). Consistent with this previous study

we could not detect ACE2 by western analysis in lung lysates or isolated membranes. In terms
10
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of enzymatic ACE2 activity there was no significant effect by either captopril or telmisartan.
(Figure 4). Within lung tissue, ACE2 protein is detectable only in type II pneumocytes which

makes it very difficult to assess the impact of RAS blockers using lung membranes.

In conclusion, genetic ablation and inhibition of ACE are accompanied by a reduction of ACE2
protein and enzymatic activity. In a transgenic model of cardiac ACE overexpression and kidney
ACE ablation, ACE2 protein in the kidney was also decreased. This suggest that changes in the
expression in one enzyme may elicit similarly directional changes in the other homologue such
that formation and degradation of ANG II can be coupled. The administration of an ACE inhibitor
and an AT1 receptor blocker decreased ACE2 protein expression in kidney isolated membranes
and had no detectable effect on ACE2 activity in lung isolated membranes where ACE2 expression
is very low. These findings altogether suggest that two potential target sites for SARS-CoV-2
infection where ACE2 is expressed , the kidney and lung apical membrane, RAS blockers decrease
or had no effect on ACE2 expression. We conclude that these medications do not increase ACE2
expression in lung or kidney epithelia and therefore can no longer be considered to pose a risk
for COVID-19. This information supports the position of many medical societies and recent
publications expressing the view that RAS blockers should not be abandoned in COVID-19

patients or the large number of people that can be potentially exposed .
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Figure 1. ACE2 protein, enzymatic activity and mRNA in kidneys from ACE.4 mice and wild
type controls.
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Figure 2. ACE2 protein, activity and m RNA in kidneys from ACE8-8 mice and wild type
controls.
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Figure 3. ACE2 protein expression in kidney cortex in kidneys from captopril and telmisartan

treated mice.
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Figure 4. ACE2 activity in cell lysates and isolated membrane preparations from lungs of
captopril and telmisartan treated mice.
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Figure legends

Figure 1. ACE2 protein, enzymatic activity and mRNA in kidneys from ACE.4 mice and wild
type controls. Panel A shows a representative Western blot for ACE, ACE2 and B-actin for three
mice from each respective group. ACE2 protein in kidney total cell lysates (panel B), ACE2
protein in isolated membranes ( panel C ) , ACE2 enzymatic activity (panel D) and ACE2
mRNA (panel E) * p<0.05.).

Figure 2. ACE2 protein, activity and m RNA in kidneys from ACES8-8 mice and wild type
controls. Panel A shows a representative Western blot for ACE, ACE2 and B-actin for three mice
from each respective group. Panel B shows ACE2 protein in isolated membranes . Panel C
shows ACE2 enzymatic activity level and panel D ACE2 mRNA in cell lysates ** p<0.01.

Figure 3. ACE2 protein expression in kidney cortex in kidneys from captopril and telmisartan
treated mice. ACE2 protein in total lysates (Panel A) ACE2 protein in isolated membranes.
(Panel B)

Panel C . Proximal tubule confocal microscopy showing ACE2 (red) ACE (green) and merged
image ( yellow) ACE2 is the apical site (arrow), but some ACE?2 staining is also seen in the
cytoplasm (double arrow) of a captopril treated mice . The inset shows an increase in cytosolic
ACE 2 protein in captopril treated as compared to vehicle treated mice .

Panel D shows ACE2 protein in total cell lysates from telmisartan-treated mice and panel E
shows ACE2 protein in isolated membranes from telmisartan-treated mice .

* p<0.05, ** p<0.01.

Figure 4. ACE2 activity in cell lysates (A and C ) and isolated membrane preparations (B and
D) from lungs of captopril and telmisartan treated mice. No significant differences were
detected.
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