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Abstract

Congestive heart failure (CHF) is often associated with kidney and pulmonary dys-
function. Activation of the renin-angiotensin-aldosterone system (RAAS) contributes
to avid sodium retention, cardiac hypertrophy and oedema formation, including lung
congestion. While the status of the classic components of RAAS such as renin, angio-
tensin converting enzyme (ACE), angiotensin Il (Ang Il) and angiotensin Il receptor AT-1
is well studied in CHF, the expression of angiotensin converting enzyme-2 (ACE2), a
key enzyme of angiotensin 1-7 (Ang 1-7) generation in the pulmonary, cardiac and
renal systems has not been studied thoroughly in this clinical setting. This issue is of
a special interest as Ang 1-7 counterbalance the vasoconstrictory, pro-inflammatory
and pro-proliferative actions of Ang Il. Furthermore, CHF predisposes to COVID-19
disease severity, while ACE2 also serves as the binding domain of SARS-CoV-2 in
human host-cells, and acts in concert with furin, an important enzyme in the synthesis
of BNP in CHF, in permeating viral functionality along TMPRSST2. ADAM17 governs
ACE2 shedding from cell membranes. Therefore, the present study was designed to
investigate the expression of ACE2, furin, TMPRSS2 and ADAM17 in the lung, heart
and kidneys of rats with CHF to understand the exaggerated susceptibility of clinical
CHF to COVID-19 disease. Heart failure was induced in male Sprague Dawley rats by
the creation of a surgical aorto-caval fistula. Sham-operated rats served as controls.
One week after surgery, the animals were subdivided into compensated and decom-
pensated CHF according to urinary sodium excretion. Both groups and their controls
were sacrificed, and their hearts, lungs and kidneys were harvested for assessment
of tissue remodelling and ACE2, furin, TMPRSS2 and ADAM17 immunoreactivity,
expression and immunohistochemical staining. ACE2 immunoreactivity and mRNA
levels increased in pulmonary, cardiac and renal tissues of compensated, but not in
decompensated CHF. Furin immunoreactivity was increased in both compensated
and decompensated CHF in the pulmonary, cardiac tissues and renal cortex but not in
the medulla. Interestingly, both the expression and abundance of pulmonary, cardiac

and renal TMPRSS2 decreased in CHF in correlation with the severity of the disease.
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1 | INTRODUCTION

COVID-19 pandemic is associated with high morbidity and mor-
tality among susceptible patients in the absence of an effective
treatment.! Yet, the pathogenesis of SARS-CoV-2-induced injury
to vital organs, including the lungs, heart and kidneys, is not fully
understood, as is the propensity of aged patients with diabetes,
hypertension, heart failure and respiratory diseases to develop se-
vere illness.k® The common denominator of these COVID-19-target
organs is the high abundance of angiotensin converting enzyme 2
(ACE2) and activating enzymes TMPRSS2 (Transmembrane serine
protease Il)/furin, which are exploited by the SARS-CoV-2 to bind
and invade target organ cells.”'® ACE2, the binding site of the virus
in human host-cells, is a transcellular protein predominantly ex-
pressed in the heart, vasculature, kidneys, lungs, brain, intestine
and testis.*#**1% ACE2 has a physiologic role by cleaving Angiotensin
(Ang) | into Ang 1-9, which can be further converted to Ang 1-7 by
ACE.Y'517 |t also generates Ang 1-7 directly from Ang 111417 Ang
Il and Ang 1-7 have prominent opposing physiologic impact on the
regulation of microcirculation, blood pressure, inflammation, tissue
remodelling and sodium/water homeostasis, and their balanced gen-
eration and activity are tightly controlled.***” While Ang Il promotes
vasoconstriction, inflammation, fibrosis and sodium retention, Ang
1-7 exerts vasodilation, suppresses inflammation and fibrosis, and
promotes natriuresis. Interestingly, both clinical and experimental
heart failure are associated with enhancement of cardiac ACE2 and

8141618-22 5 bhenomenon that may represent a

Ang 1-7 generation,
counterbalancing compensatory response to Ang-ll-induced vaso-
constriction, cardiac remodelling and sodium retention.

The clinical presentation of patients with SARS-CoV-2 infection
has stirred the interest in Ang lI-Ang 1-7 balance, since the binding of
SARS-CoV-2 spike protein to ACE2 was found to downregulate this
organ-protective enzyme and decreasing Ang 1-7 production.*1*2
It is tempting to assume that this undesired Ang 1-7 / Ang Il imbal-
ance may underline many of the deleterious effects SARS-CoV-2

on the pulmonary, cardiac, renal and vascular systems, especially in
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Pulmonary, cardiac and renal ADAM17 mRNA levels were also downregulated in de-
compensated CHF. Circulating furin levels increased in proportion to CHF severity,
whereas plasma ACE2 remained unchanged. In summary, ACE2 and furin are overex-
pressed in the pulmonary, cardiac and renal tissues of compensated and to a lesser
extent of decompensated CHF as compared with their sham controls. The increased
expression of the ACE2 in heart failure may serve as a compensatory mechanism,
counterbalancing the over-activity of the deleterious isoform, ACE. Downregulated
ADAM17 might enhance membranal ACE2 in COVID-19 disease, whereas the sup-
pression of TMPRSS2 in CHF argues against its involvement in the exaggerated sus-
ceptibility of CHF patients to SARS-CoV2.

ADAM17, angiotensin converting enzyme 2, furin, heart, heart failure, kidney, lung, TMPRSS2

patients with chronic underlying diseases.*?% Furthermore, block-
ade of the RAAS system by ACE inhibitors (ACEi) and angiotensin
receptor blockers (ARBs) upregulates the expression of ACE2 in
patients predisposed to severe SARS-CoV-2 infection, such as indi-
viduals with heart failure, already displaying abundant ACE2 in their
COVID-19-target organs, thus potentially sensitizing patients on
these medications to the virus.?%?*2> The mechanisms underlying
the high susceptibility of CHF patients to COVID-19 remain largely
unknown. Therefore, alterations in ACE2 expression in patients with
cardiovascular diseases should be taken into account when assess-
ing their risk, morbidity and mortality related to the viral infection.
Unfortunately, the status of ACE2 has mostly been determined in
the circulation, limited to ACE2 peptides detached from cell mem-
branes.*?¢%” There is limited post-mortem data regarding its expres-
sion on cell membranes in patients with COVID-19 infection, other
than in cardiac tissues of patients with CHF,® and its expression in
pulmonary and renal tissues is largely unknown. Moreover, the sta-
tus of other principal participants in viral attachment, such as furin,
has not been studied thoroughly in target organs in patients prone
to severe COVID-19 infection, including those with CHF. Furin ac-
tivates more than 150 substrates of mammalian, viral and bacterial
origin, cleaving these substrates at basic residues with the typical
recognition motif R-Xn-K/R-R, hence given the name PACE (paired
basic amino acid cleaving enzyme). In this context, genomic char-
acterization of SARS-CoV-2 revealed that furin cleaves the S spike
of the viral envelope glycoproteins, enhancing its fusion to cellu-
lar membrane.?®3° Noteworthy, furin is ubiquitously expressed in
a broad range of cells within COVID-19-target organs, such as the

3132 \where the mature and active

lung, heart, gut and nasal mucosa,
form is present in the Golgi network and can be further transported
to the cell membrane and back through the endosomal pathway.3!
Additionally, furin can be cleaved by an unknown mechanism and
shed into the extracellular space.®® In sum, so far, information con-
cerning the expression and distribution of ACE2 and furin in target
organs of SARS-CoV-2 in individuals with CHF is, unfortunately, lim-

ited. Theimpact of CHF on the expression of TMPRSS2 and ADAM17,
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additional mediators involved in SARS-CoV-2 attachmen
in ACE2 membranal detachment,®® respectively, is also unknown.
Elucidating these issues, may provide new insights into the phys-
iology of CHF and regarding the pathologic mechanisms and sus-
ceptibility of patients with CHF to COVID-19 infection, and might
eventually pave the way for a better assessment and treatment of

such patients in general and while infected with SARS-CoV-2.

2 | METHODS
2.1 | Experimental groups

Studies were conducted on male Sprague Dawley rats weighing
300-350 g. The animals were kept in a temperature-controlled room
and fed with standard rat chow containing 0.5% NaCl and tap water
ad libitum. All experiments were approved by the Animal Care and

Use Committee of the Technion-Israel Institute of Technology.

2.2 | Experimental model

Aorto-caval fistula (ACF) was induced in these rats by surgically
creation of an incision (approximately 1.2-1.4 mm in length) between
the abdominal aorta and inferior vena cava, distal to the origin of the
renal arteries as described previously.>’” The openingin the vena cava
is then closed by a continuous suture. A matched group of sham-
operated rats served as controls. After surgery, rats were allowed
to recover and placed in metabolic cages for one week. Seven days
after the operation, rats with ACF were divided into two subgroups
according to their daily absolute rate of sodium excretion (UNaV):
rats with decompensated CHF (UNaV < 200 uEq/24 hours) and rats
with compensated CHF (UNaV > 1200 uEq/24 hours).*’

The three subgroups of animals: sham-operated rats (n = 9),
compensated (n = 9) and decompensated (n = 11) animals were
anesthetized with Nembutal (60 mg/kg, i.p.), and their hearts, lungs
and kidneys were washed via right ventricle perfusion with 120 mL
phosphate buffered saline (0.01 mol/L PBS, pH 7.4) containing hep-
arin (5 U/mL). The heart was removed and dissected, where the left
atrium, left ventricle, right atrium and right ventricle were separated.
The kidney was longitudinally cut into two halves, where one half
was homogenized for WB analyses either as a whole kidney or sepa-
rated cortex and medulla, the second half for RT-PCR. The right lung
was utilized for WB and the left one for RT-PCR analysis.

2.3 | RT-qPCR

Total RNA was isolated from snap-frozen tissue samples using
TRIzol® Reagent (Life Technologies), according to the manufacturer's
instructions, and quantified by spectrophotometry using NanoDrop
2000. After oligo (dT)-primed reverse transcription of 1000 ng total
RNA, the resulting single-stranded cDNA was used for PCR. PCR

conditions were as follows: an initial denaturation step at 95°C for
3 minutes, 30 cycles of denaturation at 95°C for 30 seconds, and
hybridization at 60°C for 30 seconds followed by elongation at 72°C
for 1 minute. Finally, the PCR reaction was terminated by incubation
at 72°C for 5 minutes. GAPDH was used as an internal standard. The
following primers were used:
ACE2 F(5'-AGAAGTTGCTCAATATGCTG-3')
R(5"-ATCCATATTCCTTGATCCTACC-3);
Furin F(5'-AGGGGTAGGCTGACATCATCT-3'),
R(5'-CCAGGGCACAGTGTTAGTTTG-3');

TMPRSS2 F(5'-TCCAGGTTTACTCATCTCAG-3’)
R(5'-CCCTTGGCTAGAATAAAAGC-3');

ADAM17 F(5'-GAGGTAAAACCTGGTGAAAG-3');
R(5'-TATCAAGGCTAAATTGCTCC-3');

GAPDH F(5'-GTGCCAGCCTCGTCTCATAG-3');

R(5-GAGAAGGCAGCCCTGGTAAC-3')

2.4 | Western Blot analysis

Lungs, heart chambers and kidneys were homogenized on ice and
centrifuged at 4°C for 5 minutes at 1000 g. The homogenized tis-
sue was then lysed in RIPA buffer (150 mmol/L NaCl, 1% NP40,
50 mmol/L Tris pH 8.0, 0.5% sodium deoxycholate and 0.1% SDS)
supplemented with a cocktail of protease inhibitors (Roche) in rota-
tion at 4°C for 20 minutes, and then centrifuged at 4°C for 10 min-
utes at 13300 g. The cleared supernatant was collected, and protein
concentration was determined (Bradford reagent, Sigma). Equal
amounts of extracted proteins (40-60 pg) were loaded and run on
a 9% SDS-polyacrylamide gel and were transferred to nitrocellulose
membrane. Membranes were incubated in blocking buffer, TBS-T
(Tris-buffered saline, 0.1% Tween 20) containing 5% (w/v) BSA, and
probed with the appropriate primary antibodies: anti-ACE2 (1:1000,
goat, AF933, R&D Systems), anti-Furin (1:1000, rabbit, ab183495,
Abcam), anti-TMPRSS2 (1:500, rabbit, ab92323, Abcam), anti-
ADAM17 (1:1000, rabbit, GTX101358, GeneTex) and anti-GAPDH
(1:500, mouse, sc-32233, Santa Cruz). After washing with TBS-T,
the immunoreactive proteins were visualized with horseradish-
conjugated goat anti-rabbit (1:25 000, 111-035-144, Jackson),
donkey anti-mouse (1:10 000, 715-035-151, Jackson) and donkey
anti-goat (1:10 000, 705-035-003, Jackson) IgG secondary antibod-
ies and chemiluminescent substrate.

2.5 | Tissue fixation and immunofluorescence

Additional groups of rats with compensated and decompensated
CHF as well as sham controls (n = 3-6) were anesthetized and their
hearts, lungs and kidneys were fixed via right ventricle perfusion,
first with 120 mL phosphate buffered saline (0.01 mol/L PBS, pH
7.4) containing heparin (5 U/mL), then with 220 mL of ice-cold 4%
paraformaldehyde in 0.01 mol/L PBS, pH 7.4 containing sucrose 4%.
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Heart, lungs and kidneys from the different experimental groups
were removed and embedded in 0.01 mol/L PBS, pH 7.4 contain-
ing sucrose 4% and paraformaldehyde 4%. The tissues were then
progressively dehydrated in graduated alcohol concentrations (70%-
100%) and embedded in paraffin. Five micrometre-thick paraffin
sections of the various tissues were deparaffinized and rehydrated.
Then slides were subjected to antigen retrieval by using Proteinase
K (ab64220, Abcam) for 5 minutes. Slides were then incubated with
5% normal donkey serum (NDS) in phosphate buffered saline (PBS)
containing 0.3% Tween-20 for 60 minutes to block nonspecific bind-
ing and incubated overnight at 4°C with primary antibodies diluted
in blocking solution and directed against ACE2 (AF933, R&D sys-
tems), Furin (ab183495, Abcam) and TMPRSS2 (sc-515727, Santa
Cruz). Cy™3 Donkey Anti-Rabbit IgG, Cy™3 Donkey Anti-Goat IgG
and Cy™3 Donkey Anti-Mouse IgG were used as secondary anti-
bodies (Jackson Laboratories) together with DAPI Fluoromount-G®
for nuclear staining. Images were captured using a Widefield Zeiss
Upright microscope and analysed with Zen software. Representative
images of the cardiac, pulmonary and renal tissues were obtained at
40x, 20x and 20x magnification, respectively.

2.6 | Plasma levels of ACE2 and furin

Plasma levels of ACE2 and furin of the various experimental groups
were determined by commercial ELISA kits from Aviva Systems
Biology, Corp.

2.7 | Serum creatinine and blood urea nitrogen

Serum creatinine (SCr) and blood urea nitrogen (BUN) in serum sam-
ples of the various experimental groups were determined using com-
mercial kits (Siemens) with an auto-analyser dedicated instrument

(Dimension RXL, Siemens).

2.8 | Statistical analysis

Data are presented as mean + SEM One-way analysis of variance
(ANOVA) for repeated measures, followed by Tukey's test for com-
parison of corresponding values between the groups. Comparisons
between two groups were done using Student's t test. A value of
P < .05 was considered statistically significant.

3 | RESULTS

In line with the distinct UNaV pattern, SCr levels were significantly
higher in compensated (1.00 + 0.026 mg/dL, P < .05) and decom-
pensated (1.04 + 0.032 mg/dL, P < .01) animals than in sham con-
trols (0.88 + 0.03 mg/dL). Similarly, BUN levels were enhanced in
compensated (25.03 + 7.44 mg/dL, P < .05) and decompensated

(38.53 + 6.71 mg/dL; P < .01) animals as compared with sham con-
trols (11.04 + 0.53 mg/dL). These results are in line with our previous
report® that rats with CHF exhibited impaired kidney function and
attenuated renal hemodynamic as compared with sham controls.
Specifically, rats with decompensated CHF have significantly lower
glomerular filtration rate (GFR) (0.89 + 0.12 mL/min, P < .01) and
renal plasma flow (RPF) (2.17 + 0.19 mL/min, P < .01) as compared
with compensated animals (1.57 + 0.21 and 2. 81 + 0.14 mL/min)
and sham controls (1.96 + 0.16 and 6.02 + 0.29 mL/min).

Rats with compensated and decompensated CHF displayed a
significant increase in heart weight in comparison with their sham
controls (1.465 + 0.05 g; P < .001, 1.405 + 0.044 g; P < .01 vs
1.175 + 0.033 g, respectively) (Figure 1A). In addition, rats with
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FIGURE 1 Impact of aorto-caval placement on heart, lung and

kidney weights as compared with sham-operated controls. Cardiac,
lung, and kidney weights expressed as absolute values (A-C,
respectively) of rats with compensated and decompensated CHF
and their sham controls (n = 9-11). Values are means + SEM
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decompensated CHF exhibited pulmonary congestion as was ev-
ident by a significant increase in lung weight as compared with
sham controls (3.80 + 0.43 g; P < .05 vs 2.08 + 0.11 g, respectively)
and even compensated CHF subgroup (2.28 + 0.097 g, P < .05)
(Figure 1B). In contrast with cardiac hypertrophy and pulmonary
congestion, kidney weight was significantly declined in correlation
with CHF severity, reaching 1.016 + 0.03 g (P < .01) in compensated
CHF and 0.871 + 0.02 g (P < .0001) in decompensated CHF animals,
as compared to sham controls (1.154 + 0.03 g) (Figure 1C).
Expression and abundance of ACE2, Furin, TMPRSS2 and
ADAM17 were determined in pulmonary, cardiac and renal tissues

of compensated and decompensated CHF rats and sham control

A Sham  Compensated Decompensated Sham

Compensated Decompensated

animals by using western blot, RT-PCR and immunohistochemical
techniques.

3.1 | Angiotensin converting enzyme-2

Higher immunoreactive levels of ACE2 were detected in the lungs
of compensated (1.82 + 0.245, P < .05), but not decompensated
rats (0.71 + 0.267), as compared to sham controls (1.0 + 0.01)
(Figure 2B). In line with these findings, pulmonary ACE2 expres-
sion was ~3-fold higher in compensated rats (2.96 + 0.47, P < .05) as
compared with control animals (1.03 + 0.04) (Figure 2C). In contrast,
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decompensated subgroup displayed significantly lower levels of
ACE2 mRNA (0.35 + 0.08, P < .001) than both compensated and
sham control animals (Figure 2C).

Like pulmonary tissue, ACE2 immunoreactivity in the left ven-
tricle (LV) was enhanced in compensated and decompensated CHF
subgroups as compared to sham controls (1.72 + 0.23; P < .05,
1.32 + 0.14; P = NS vs 1.0 + 0.01, respectively) (Figure 2D).
Similarly, ACE2 abundance in the right ventricle was enhanced in
compensated, but not decompensated CHF animals (1.7 + 0.11;
P <.01,1.53 +0.25; P = NS vs 1.0 + 0.14, respectively) (Figure 2F).
Interestingly, the expression of ACE2 in the LV and RV was upreg-
ulated in compensated CHF but downregulated in decompensated
animals (Figure 2E,G). No differences were found in atrial immuno-
reactive levels of ACE2 between sham controls, compensated and
decompensated CHF, although ACE2 mRNA was significantly higher
in compensated in both atria as compared with decompensated sub-
group and sham controls (Data not shown).

Renal ACE2 immunoreactivity was significantly higherin compen-
sated CHF animals as compared to sham (1.38 + 0.09 vs 1.0 + 0.03;
P < .05, respectively) (Figure 2H). However, the expression of ACE2
in the kidney of decompensated animals (0.57 + 0.09) was signifi-
cantly lower than that of sham controls (1.0 + 0.08; P < .05) and
compensated subgroup (1.0 + 0.08; P < .01) (Figure 2I). Interestingly,
analysis of ACE2 immunoreactivity in the renal cortex and medulla
revealed again upregulation in the renal cortical tissue (1.66 + 0.14 vs
1.0+ 0.03; P <.01) as well as in the medulla (2.2 + 0.59 vs 1.0 + 0.11;
P = NS) of compensated CHF as compared to sham controls, but not
the decompensated animals (Figure S1C,D).

Immunofluorescence staining revealed intense immunostain-
ing of ACE2 in the pulmonary, cardiac and renal tissues (Figure 6A).
Specifically, ACE2 immunofluorescence was detected mainly in the
endothelium of pulmonary small blood vessels and alveolar epithe-
lial cells of all studied subgroups. In agreement with WB analysis,
immunofluorescence of pulmonary ACE2 was explicitly enhanced in
lung tissue of compensated CHF group, but not in decompensated
CHF animals (Figure 6A). Similar pattern was observed in the cardiac
tissue, where ACE2 immunofluorescence was enhanced in compen-
sated CHF and to a lesser extent in the decompensated subgroup.
Similarly, renal immunofluorescence of ACE2 was more abundant in
compensated subgroup but not decompensated animals (Figure 6A).
It should be emphasized that ACE2 was mainly localized to the per-
itubular capillaries and almost absent in tubular epithelial cells. In
the next step, we analysed regional ACE2 immunofluorescence in
the kidney. ACE2 immunofluorescence was localized mainly to the
renal cortex (vasculature) and to lesser extent in the medulla (vasa
recta) (Figure S2A).

3.2 | Furin

Figure 3 depicts the immunoreactive levels and expression of furin
in the pulmonary, cardiac and renal tissues. Furin was detected in

significantly higher levels in lung homogenates of both compensated

CHF rats and decompensated CHF animals compared with sham
controls (3.19 + 0.5; P < .01, 5.1 + 0.66; P < .001 vs 1.0 + 0.19, re-
spectively) (Figure 3B). In line with these findings, pulmonary furin
expression was ~2.5 and ~3.5 fold higher in compensated and de-
compensated rats as compared with control group, respectively
(2.38 +0.1; P <.0001, 3.62 + 0.32; P < .001 vs 1.03 + 0.03, respec-
tively) (Figure 3C).

Like pulmonary tissue, furin immunoreactivity in the LV was sig-
nificantly enhanced in compensated and to a lesser extent in decom-
pensated CHF subgroup as compared to sham controls. Specifically,
furin immunoreactive levels in LV were 2.41 + 0.12 fold (P < .01)
and 1.92 + 0.3 fold (P = NS) in compensated and decompensated
subgroups, respectively (Figure 3D). Similar trend was detected in
RV of compensated (2.3 + 0.35; P < .01), but not of decompensated
(0.895 + 0.12; P = NS) CHF subgroup, when compared to sham-
operated rats (1.0 + 0.03) (Figure 3F).

Renal furin immunoreactive levels and expression are presented
in Figure 3H,1. Neither the abundance nor the expression of furin in
the kidney have changed following the induction of CHF. Analysis of
regional furin immunoreactivity in kidney unravelled slight upregu-
lation of cortical furin (1.36 + 0.12; P < .05), but not in the medulla
(0.93 + 0.12; P = NS) of compensated CHF as compared to sham
controls (1.0 + 0.01) (Figure S1E,F).

Immunofluorescence staining revealed intense immunostain-
ing of furin in the pulmonary, cardiac and renal tissues (Figure 6B).
Specifically, furin immunofluorescence was detected in the alveolar
epithelial cells of all studied groups. Noteworthy, immunostaining
was more intense in rats with compensated and decompensated
CHF (Figure 6B). In agreement with the WB and RT-PCR analysis,
immunofluorescence of furin was enhanced in cardiac tissue of both
compensated and decompensated CHF subgroups (Figure 6B). Renal
immunofluorescence of furin was abundant in the tubular epithe-
lial cells and vascular endothelium, where it is elevated in the com-
pensated group and to a lesser extent in the decompensated group,
compared to sham rats. (Figure 6B). Analysis of regional furin im-
munofluorescence showed abundance of this enzyme in both renal
cortex and medulla, mainly in the tubule. Induction of CHF slightly
enhanced furin immunofluorescence in the cortical and medullary
tissues (Figure S2B).

3.3 | TMPRSS2

The immunoreactive levels and expression of TMPRSS2 in the pul-
monary, cardiac and renal tissues are presented in Figure 4. The
immunoreactive levels of TMPRSS2 declined in the pulmonary tis-
sue of CHF animals in correlation with the severity of the disease,
where it reached 48.3 + 6% (P < .001) in decompensated subgroup
(Figure 4B). In parallel to these results, pulmonary TMPRSS2 mRNA
levels were significantly decreased in both compensated and decom-
pensated CHF animals (0.38 + 0.08; P < .01, 0.12 + 0.03; P < .0001
vs 1.0 + 0.07, respectively), where the decline was more profound

in the latter subgroup (Figure 4C). While LV immunoreactive levels
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of TMPRSS2 was not significantly changed following CHF induction
(Figure 4D), RV TMPRSS2 abundance was decreased in decompen-
sated CHF animals by ~ 53+9% (P < .01) (Figure 4F). In RV, and in
similarity with its behaviour in the lung and LV tissues, TMPRSS2
expression was downregulated in CHF animals, especially in the de-
compensated subgroup, in comparison with sham-operated animals
(0.15 + 0.02 vs 1.0 + 0.23; P < .01, respectively) (Figure 4G). Renal
TMPRSS2 immunoreactive levels and expression are presented in
Figure 4H,l. While the abundance of TMPRSS2 was not affected by

CHF, the expression of this enzyme in the renal tissue declined in

Comp.

analysis and RT-gPCR. A, Representative
western blot analysis of tissue lysates with
antibody for furin. Western blot analysis
quantification of furin in the lungs, LV, RV
and kidneys (B, D, F and H, respectively)
of sham, compensated CHF and
decompensated CHF (n = 3-11), where
GAPDH was used as loading control.
Quantification of RT-qPCR analysis for
furin mRNA normalized to GAPDH are
depicted in C, E, G and |. Values are
means + SEM
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correlation with CHF severity, reaching 66 + 10% (P < .05) in the
decompensated subgroup (Figure 4l). While no changes in TMPRSS2
in the renal cortex and medulla of compensated rats as compared
with sham controls were observed, decompensated animals exhib-
ited down regulation of this enzyme in both the cortex and medulla
(0.76 +0.08; P <.05vs 1.0 + 0.04,0.82 + 0.06; P < .05 vs 1.0 + 0.06,
respectively) (Figure S1G,H).

Immunofluorescence staining revealed immunostaining of
TMPRSS2 in the pulmonary, cardiac and renal tissues (Figure 6C).

Specifically, TMPRSS2 immunofluorescence was detected in the
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FIGURE 4 Immunoreactive levels
and expression of TMPRSS2 in the lungs,
LV, RV and kidneys of compensated,
decompensated CHF and sham controls
as were determined with western blots
analysis and RT-gPCR. A, Representative
western-blot analysis of tissue lysates
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alveolar epithelial cells of sham controls and CHF subgroups
(Figure 6C). Noteworthy, decompensated animals exhibited re-
markable decrease in TMPRSS2 in the lung. While immunofluores-

cence TMPRSS2 was enhanced in cardiac tissue of compensated

and to a lesser extent in decompensated CHF subgroup, in the
renal tissue it was upregulated mainly in the compensated sub-
group (Figure 6C). Analysis of regional TMPRSS2 immunofluo-

rescence showed abundance of this enzyme in the renal cortex,

FIGURE 5 Immunoreactive levels and expression of ADAM17 in the lungs, LV, RV and kidneys of compensated, decompensated CHF

and sham controls as were determined with western blots analysis and RT-qPCR. A, Representative western blot analysis of tissue lysates
with antibody for ADAM17. Western-blot analysis quantification of ADAM17 in the lungs, LV, RV and kidneys (B, D, F and H, respectively)
of sham, compensated CHF and decompensated CHF (n = 3-10), where GAPDH was used as loading control. Quantification of RT-gPCR
analysis for ADAM17 mRNA normalized to GAPDH are depicted in C, E, G and |. Values are means + SEM
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FIGURE 6 Histological changesin
lung, heart and kidney tissues from rats
with compensated and decompensated
CHF as compared to their sham controls.
Slices from lung, heart and kidneys of the
various experimental groups were stained
with primary antibodies of ACE2 (A),
Furin (B) and TMPRSS2 (C). Cy™3 Donkey
Anti-Rabbit IgG, Cy™3 Donkey Anti-
Goat IgG and Cy™3 Donkey Anti-Mouse
IgG were used as secondary antibodies
together with DAPI Fluoromount-G®

for nuclear staining. Images were
captured using a Widefield Zeiss Upright
microscope and analysed with Zen
software. Representative images of the
cardiac, pulmonary and renal tissues
were obtained at 40x, 20x and 20x
magnification, respectively
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but not in the medulla (Figure $S2C). Decompensated CHF animals 3.4 | ADAM17

displayed down regulation of cortical TMPRSS2 immunofluo-

rescence, whereas compensated CHF did not show remarkable The immunoreactive levels and expression of ADAM17 in the pul-

changes.

monary, cardiac and renal tissues are presented in Figure 5. While
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compensated animals displayed no differences in pulmonary im-
munoreactive levels of ADAM17 as compared with sham controls,
a non-significant upregulation was observed in decompensated
rats (Figure 5B). In contrast, pulmonary ADAM17 expression
exhibited distinct pattern, where this enzyme was increased by
~2 fold (1.97 + 0.39; P = .09) in compensated rats and declined
by ~40% (0.6 + 0.07; P < .01) in decompensated CHF subgroup
(Figure 5C).

While no change in ADAM17 immunoreactivity was detected in LV
tissue of the different CHF subgroups, lower levels were observed in
the RV chamber of decompensated CHF animals (0.75 + 0.07; P < .05)
(Figure 5D,F). The expression of ADAM17 in LV was significantly higher
in compensated CHF rats as compared with sham (1.47 + 0.08 vs
1.0 + 0.08; P < .01), but lower in decompensated animals (0.74 + 0.2
vs 1.0 + 0.08; P = NS), (Figure 5E). Similarly, the expression of ADAM-
17 in RV was higher in compensated CHF rats as compared with sham
(1.24 +0.09 vs 1.0 + 0.09; P = NS), but significantly lower in decompen-
sated animals (0.56 + 0.07 vs 1.0 + 0.09; P < .01) (Figure 5G).

Renal ADAM17 immunoreactivity declined in compensated
CHF and decompensated groups in correlation with CHF severity
(0.75+0.07; P <.05,0.54 + 0.19; P=.07,vs 1.0 + 0.01, respectively)
(Figure 5H,1).

3.5 | Plasma levels of ACE2 and furin

Plasma levels of ACE2 and furin of the various experimental groups
are shown in Figure 7. No change in ACE2 levels was detected
in CHF compensated (0.39 + 0.05 ng/mL) and decompensated
(0.45 + 0.11 ng/mL) subgroups as compared with their sham con-
trols (0.39 + 0.09 ng/mL). In contrast, circulatory levels of furin
increased in CHF animals in correlation with the disease severity:
0.03 +0.01 ng/mL (Compensated) and 0.03 + 0.02 (Decompensated)
vs 0.01 + 0.01 (Sham), but did not reach statistical significance.

4 | DISCUSSION

Heart failure is characterized by enhanced cardiac expression of
ACE2, a homing target for SARS-CoV-2. Since this disease state
predisposes to severe COVID-19 disease, the current study exam-

ined the impact of experimental heart failure on the expression of

A ACE2 Plasma Levels B

p=0.72

several key enzymes involved in SARS-CoV-2 attachment to target
host-cells and activation. Specifically, we determined the abundance
and expression of ACE2, TMPRSS2, furin and ADAM17 in three
vital organs vulnerable to this highly infectious virus, the lung, heart
and kidney. Our data show that ACE2 transcription and abundance
were significantly enhanced in pulmonary, cardiac and renal tissues
of compensated, but not in decompensated CHF animals. Furin im-
munoreactivity was increased in both compensated and decompen-
sated CHF in pulmonary and cardiac tissues, but not in the kidney. In
contrast, both the expression and abundance of pulmonary, cardiac
and renal TMPRSS2 decreased in CHF in correlation with the sever-
ity of the disease. Similarly, pulmonary, cardiac and renal ADAM17
mRNA levels were downregulated in rats with decompensated CHF.
The increased expression of tissue-protective ACE2 in heart failure
may serve as a compensatory response to the over-activity of the
deleterious isoform, namely, ACE. Furthermore, deteriorating fea-
tures of decompensated CHF might be explained by failure to reach
high expression of the tissue-protective and diuretic ACE2.

Our findings showing enhanced ACE2 in experimental compen-
sated CHF is in line with previous studies showing its enhanced myo-
cardial expression in patients with CHF®162025 that may represent a
cardioprotective compensatory response aimed at reducing or pre-
venting cardiac remodelling.)” In line with this assumption, targeted
overexpression of cardiac ACE2 in rats, by applying local injection
of lentiviral vector, significantly attenuated cardiac hypertrophy
and myocardial fibrosis induced by prolonged Ang Il administra-
tion.38 Similarly, overexpression of ACE2 in cardiac tissues of spon-
taneously hypertensive rats decreased cardiac remodelling as was
evident by reduced left ventricular wall thickness and perivascular
fibrosis,? probably via reduction of collagen synthesis.40 Plausible
ACE2/Ang 1-7/Mas-R -mediated protective mechanisms might in-
volve myocardial conservation, afterload-reduction, natriuresis and
diuresis.®14204142 |5 these perspectives, our current findings, show-
ing that enhanced myocardial ACE2 expression in compensated CHF
is blunted and even suppressed in rats with decompensated CHF,
suggest a role for ACE2 in maintaining viability in the setup of car-
diac dysfunction. Support for this concept emerges from previous
experimental reports demonstrating cardiac contractility defects
in rats with reduced X chromosomal-derived ACE2 expression and
heart failure with pulmonary congestion in ACE2 knockout mice
(ACE2 KO).*34% Interestingly, the hearts of animals depleted of ACE2
exhibited similar changes that occur after coronary artery disease or
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FIGURE 7 Circulatory levels of soluble
ACE2 (sACE2) and furin in rats with
compensated and decompensated CHF
and their sham controls. Plasma samples
from the various experimental groups

(n = 4-9) were collected and analysed for
ACE2 (A) and furin (B) levels by utilizing
commercial ELISA assays. Values are
means + SEM
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bypass surgery in humans.*> Subsequent studies demonstrated ex-
tended infarct size, reduced contractility, altered ventricular remod-
elling and increased mortality following myocardial infarction (Ml)
induced by ligation of the proximal LAD artery in mice with ACE2 de-
letion, as compared with their wildtype controls.*® Moreover, these
mice showed enhanced oxidative stress and concomitant upregula-
tion of proinflammatory cytokines, plausibly parallel to the observed
hypersensitive immunological response reported in patients with
SARS-CoV-2 infection.

The deleterious impact of excess Ang Il over Ang 1-7 can also
be appreciated by experimental Ang Il enhancement. We have pre-
viously demonstrated that RAAS including the classic ACE are ac-
tivated in rats with acute cardiac failure in correlation with disease
severity.>”#” The deleterious role of the RAAS in the progression
of cardiovascular, pulmonary and renal dysfunction in CHF is well
established.*® For instance, it was shown that prolonged activation
of the RAAS has direct adverse actions on the myocardium, inde-
pendent of its systemic hemodynamic effects.*’ Specifically, Ang Il
exerts hypertrophic effects on the myocytes and enhances fibrosis
and apoptosis, resulting eventually into progressive remodelling and
further deterioration in cardiac performance.>® Besides the myocar-
dium, the RAAS is profoundly involved in pulmonary oedema forma-
tion®* and kidney dysfunction,®” hallmark features of CHF.

Our findings may bear relevance to the particular susceptibility
of patients with CHF to SARS-CoV-2 infection. Overexpression of
ACE2 and furin in the pulmonary, cardiac and renal tissues of com-
pensated as compared with their sham controls, suggests their po-
tential role in viral attachment and virulence, predominantly in this
setup. By contrast, the substantial downregulation of TMPRSS2 and
ADAM17 in experimental CHF argues against the involvement of
these enzymes in the exaggerated susceptibility of CHF patients to
attract SARS-CoV-2.

Furthermore, it has been suggested that COVID-19 disease se-
verity reflects imbalanced effects of Ang II/AT-1 and Ang 1-7/Mas-R
at tissue level, promoting vasoconstriction, inflammation and co-
agulopathy. It is therefore tempting to assume that the enhanced
vulnerability of severe, decompensated CHF to COVID-19 manifes-
tations may stem from an inadequate ACE2 compensatory response
along with a depletion of the tissue-protective Ang 1-7, leading to an
unrestricted stimulation of the harmful arm of RAAS, that is, ACE/
Ang II/AT-1. Collectively, the present study provides new insights re-
garding plausible pathophysiologic mechanisms and susceptibility to
COVID-19 infection in general, and specifically in the setup of CHF.

As was already shown for SARS-CoV-1, SARS-CoV-2 viral spike
glycoprotein binds with high affinity to ACE2 where it triggers its
internalization along with the virus.?®?">> The deleterious effects of
SARS-CoV-2 are largely attributed to the deprivation of the affected
target cells from their advantageous ACE2-Ang 1-7-MasR machin-
ery. Once attachment of SARS-CoV-2 to its target cell is achieved
by binding to ACE2, facilitated by furin, a vicious feed-forward cycle
develops with TMPRSS2 facilitating internalization of the virus-
ACE2 complex and stimulation of ADAM17-mediated detachment

of ACE2 from the cell membrane into the blood stream (as detailed

WILEY--2

below), collectively leading to membranal ACE2 depletion and to the
suppression of Ang 1-7 syntheses, leaving the deleterious impact of
Ang Il unopposed.® This ultimately leads to SARS-CoV-2-induced
progressive lung injury with interstitial and non-cardiogenic pulmo-
nary oedema, inflammation, necrosis, fibrosis and disseminated clot-
ting. The same pattern of injury likely develops in other vital organs,
such as the myocardium or kidneys. Indeed, corona virus has al-
ready been shown to induce myocardial inflammation and dysfunc-
tion accompanied with adverse cardiac outcomes in patients with
SARS, assumedly due to downregulation/elimination of myocardial
ACE2.28 Noteworthy, SARS-CoV-2 and its traces were detected
in the myocardium and even the renal tissue, suggesting potential
involvement of SARS-CoV-2 in renal and cardiac manifestations of
COVID-19,%¢%? although this matter requires additional research.
Therefore, it is tempting to assume that an appropriate upregula-
tion of cardiac, pulmonary and renal ACE2, along enhanced Ang 1-7
production may represent an advantageous compensatory response
in compensated CHF facing SARS-CoV-2 infection, whereas failure
of ACE2 upregulation in decompensated CHF may contribute to the
pathogenesis of heart failure and aggravates their COVID-19 man-
ifestations due to the lack of adequate Ang 1-7 production. In this
context, a recent study by Shovlin et al®® demonstrated that failure
to suppress replication of the SARS-CoV-2 virus within five days,
results in sustained downregulation of ACE2. Hampered ACE2 up-
regulation predicts subsequent catastrophic outcomes, including im-
paired pulmonary endothelial homeostasis. These findings suggest
that downregulation of ACE2 by itself plays a harmful role during
SARS-CoV-2 infection, independently of the fact that ACE2 serves
as receptor of this virus.

As mentioned above, ADAM17 is another important player
in the control of membranal density of ACE2. Activated by Ang I,
ADAM17 increases the shedding of ACE2 to the circulation (shed-
dase activity), thereby depleting membranal ACE2 and increasing its
plasma levels.>® ADAM17 depletion in decompensated CHF might
serve in promoting membranal ACE2 availability, together with en-
hanced ACE2 synthesis. However, plasma free ACE2 levels in rats
with both compensated and non-compensated CHF were not dif-
ferent from controls, suggesting that variations in ACE2 shedding
from cell membranes did not significantly affect membrane-bound
ACE2 tissue levels, rather likely reflecting its transcription. Our find-
ings regarding ADAM17 transcription varies in the different organs
and between the CHF phenotypes. Pulmonary and cardiac ADAM17
mRNA levels were upregulated in compensated CHF but down-
regulated in decompensated subgroup. In contrast, in the kidney
ADAM17 expression/abundance was decreased in correlation with
the heart failure severity. The downregulation of renal ADAM17 in
rats with CHF, may explain the relatively limited incidence of acute
kidney injury (AKI) in COVID-19 disease, as opposed to the substan-
tial pulmonary and myocardial injuries. Perhaps, declining ADAM17
renal expression in CHF preserves abundance of ACE2 in renal tis-
sues despite its internalization and degradation, promoting Ang 1-7
excess over Ang Il in pericytes, as the upregulation of ACE2 in the

pulmonary, cardiac and renal tissues may contribute to maintain the
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integrity of these vital systems in COVID-19 disease.'”*?%! |n ad-
dition, the unopposed activity of Ang Il (by Ang 1-7) may have the
potential for deleterious effects, in patients suffering from pneumo-
nitis or background diseases such as heart failure® or diabetes.>*! It
has been demonstrated that in acute lung injury ACE2 is downregu-
lated, therefore leading to unopposed Ang Il that may enhance lung
injury.®?

Heart failure is also associated with increased expression of
furin.?® Furin presents mainly intracellularly and to a lesser extent
in the circulation,®® where it converts ventricular proBNP to active
BNP, an important physiological process in heart failure subjects.
Patients with heart failure are specifically characterized by upreg-
ulation of cardiac furin, providing an additional potential explana-
tion for their vulnerability COVID-19 infection.®® Furthermore,
CHF animals displayed high levels of circulatory furin, in correlation
with the CHF severity. This may form a feed-forward loop of furin-

facilitated coronavirus replication, leading to fulminant myocarditis,
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devastating lung injury and lethal multi-organ failure. In line with
this assumption, rats with CHF displayed upregulation of furin in the
heart and lung, but not the kidney. The upregulation was obtained in
both compensated and decompensated CHF subgroups. However, it
could not be excluded that the observed increase in furin during CHF
may represent a sole compensatory response to meet the additional
need for BNP required to counterbalance the fibrotic and sodium
retaining deleterious actions of the exaggerated levels of Ang Il and
aldosterone, characterizing this clinical setting.

Our study is descriptive and does not address mechanisms in-
volved in the changes in the transcription and expression of ACE2
and of the molecules linked to ACE2 regulation caused by CHF.
Further studies are needed to assess their status in humans with
CHF. Furthermore, there is no data regarding their expression and
role in humans during COVID-19 disease, and our relevant discus-
sion is to large extent speculative. Yet these assumptions and sug-

gestions should be further evaluated, since they may bear clinical
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FIGURE 8 SARS-CoV-2 binding, activation, invasion and replication in target cells. The initial step after the invasion of SARS-CoV-2 is
binding to membranal ACE2 widely expressed in vital organs including lung, heart and kidney. ACE2 is responsible for the conversion of Ang
Il to Ang 1-7 which exerts beneficial effects on the cardiac tissue such as vasodilation, anti-fibrosis and anti-inflammation via Mas receptor
(MasR). The binding of SARS-CoV-2 to ACE2 is preceded by TMPRSS2/furin-mediated exposure of the viral receptor binding protein (RBP)
localized to S-glycoprotein (S1 domain of the viral spike) and revealing the viral effusion site on S2 domain. Furin is expressed in these
tissues both intracellularly and in the circulation as a free enzyme, making it a key factor along TMPRSS2 in the uncovering of RBP and
eventually in SARS-CoV-2 transmission. In addition, furin enhances the affinity of the virus to ACE2, not only by exposing the viral binding
site on S1 domain but also by revealing the effusion site on the S2 domain in the viral spike. Consequently, the virus undergoes endocytosis
and massive replication accompanied by profound activation by the abundant intracellular furin and Cathepsin L (Cat-L). The activated
intracellular SARS-CoV-2 undergoes exocytosis where it binds again to ACE2 elsewhere, thus creating a vicious feed-forward devastating
cycle. According to the current study, compensated, but not decompensated congestive heart failure (CHF) is characterized by enhanced
expression of myocardial ACE2 and downregulation of TMPRSS2. ADAM17 is responsible for shedding of ACE2, a process stimulated by AT1
receptor (AT1-R) and may explain why renin angiotensin aldosterone system (RAAS) inhibitors augment ACE2 expression.
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relevance with plausible interventional implications in this devastat-
ing disease. Additional limitation of the current study is the short
follow up period (1 week), which represents acute CHF, rather than
a chronic condition that usually develops in humans in many years.
In summary, ACE2 and furin are overexpressed in pulmonary,
cardiac and renal tissues of compensated and to a lesser extent
of decompensated CHF as compared with their sham controls
(Figure 8). While upregulation of myocardial ACE2 in heart failure

816.20.25 jts enhanced ex-

has been reported in animals and humans,
pression in pulmonary and renal tissues, reported here, is a novel
finding. The increased expression of the beneficial ACE2 and of furin
in compensated heart failure may serve as a compensatory response
to the over-activity of the deleterious isoform, namely, ACE. Failure
to increase ACE2 might play a role in the development of decompen-
sated CHF, through augmented afterload, ROS-mediated myocardial
injury, cardiac remodelling and fibrosis and fluid retention (Figure 8).
In the perspective of the role ACE2 plays in SARS-CoV-2 invasion
and the likely impact of its depletion in the clinical manifestations
of COVID-19 disease, the observed additional changes in TMPRSS2
and ADAM17 tissue expression in experimental CHF may have

pathophysiologic significance.
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