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Unraveling the Role of ACE2, the Binding Receptor for SARS-
CoV-2, in Inflammatory Bowel Disease

Mariana Ferreira-Duarte, MSc**, Maria Manuela Estevinho, MD*$, Margarida Duarte-Aratjo, MV, PhD"”,
Fernando Magro, MD, PhD*", and Manuela Morato, PharmD, PhD**

Angiotensin-converting enzyme 2 (ACE2) has been highlighted for its role as a receptor for SARS-CoV-2, responsible for the current COVID-
19 pandemic. This review summarizes current knowledge about ACE2 as a multifunctional protein, focusing on its relevance in inflammatory
bowel disease (IBD). As an enzyme, ACE2 may be protective in IBD because it favors the counter-regulatory arm of the renin-angiotensin system
or deleterious because it metabolizes other anti-inflammatory/repairing elements. Meanwhile, as a receptor for SARS-CoV-2, the impact of
ACE2 expression/activity on infection is still under debate because no direct evidence has been reported and, again, both protective and delete-
rious pathways are possible. Research has shown that ACE2 regulates the expression of the neutral amino acid transporter B’AT1, controlling
tryptophan-associated intestinal inflammation and nutritional status. Finally, intact membrane-bound or shed soluble ACE2 can also trigger
integrin signaling, modulating the response to anti-integrin biologic drugs used to treat IBD (such as vedolizumab) and fibrosis, a long-term com-
plication of IBD. As such, future studies on ACE2 expression/activity in IBD can improve monitoring of the disease and explore an alternative
pharmacological target.
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INTRODUCTION

The COVID-19 pandemic has brought angiotensin-
converting enzyme 2 (ACE2) to scientific and public discus-
sion since it was identified as the receptor for SARS-CoV-2.!
This protein is multifunctional and has physiological and
pathophysiological relevance. It is better known for its role as
an enzyme of the renin-angiotensin system (RAS), although
it also acts as a chaperone molecule for amino acid transport
and the integrin ligand and, as noted, a receptor for SARS-
CoV-2. The expression of ACE2 is prominent in the intestine,
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and its actions have been reported to be relevant for inflamma-
tory status, such as that of inflammatory bowel disease (IBD).

Research has reported that IBD is highly prevalent and
negatively affects patients’ quality of life because of general
discomfort, urge to defecate, diarrhea (sometimes bloody),
chronic abdominal pain, and weight loss.>? The disease com-
prises Crohn disease (CD) and ulcerative colitis (UC). In
CD, the inflammation may affect any region of the GI tract,
is transmural, and usually has a discontinuous pattern. On
the other hand, UC is characterized by a continuous colonic
distal-to-proximal inflammation but one that is limited to the
colonic mucosa.? The etiopathology of IBD remains unclear,
but uncontrolled bacterial colonization, disruption of the ep-
ithelial barrier, dysregulation of the homeostatic balance, and
unregulated immune response play a role.? Actual evidence is
still scarce, but it is hoped that further understanding of the
role of ACE2 in IBD pathology and therapeutic response
modulation will ground its use as a biomarker of disease ac-
tivity and/or treatment response and will ideally contribute to
refine and develop new therapeutic strategies.

ACE2 AS A REGULATORY ENZYME—ALTERED
CATALYTIC ACTIVITY IN IBD?

Catalytic Activity of ACE2

The RAS cascade (Fig. 1) starts with angiotensinogen
(traditionally secreted by the liver) that is cleaved by renin
(mostly derived from the kidney) into angiotensin (Ang) I,
which is further cleaved by ACE (highly expressed by pulmo-
nary endothelial cells) into Ang II, the major effector peptide
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FIGURE 1. Current simplified view of the RAS. Ang II, the major effector peptide of this system, exerts its functions mainly via AT1R, and the op-
posite via the angiotensin type 2 receptor. ACE2 converts Ang Il in Ang 1-7 that via the Mas receptor exerts effects opposite of those mediated by
AT1R. ADAM17 cleaves both ACE and ACE2 in their soluble forms, sACE and sACE2, respectively, that maintain their catalytic activity.

of the system. Ang II can activate Ang II type 1 receptors
(ATIR) and type 2 receptors (Fig. 1). Generally, Ang II type
2 receptors mediate effects that are the opposite of those me-
diated by ATIR. The first physiological effect attributed to the
RAS is the regulation of fluid homeostasis and blood pressure,
which is also its best-characterized function (Fig. 1).> Research
has shown that Ang I is a potent vasoconstrictor and promotes
sodium/water reabsorption; these effects are of high clinical rel-
evance because drugs that block the RAS (ie, ACE inhibitors
[ACEi] and ATI1R antagonists/blockers [ARB]) are first-line
therapeutic options for the treatment of hypertension and as-
sociated organ damage.

This initial view of the RAS has been expanded, and it
is now accepted that Ang II is also a key player in inflamma-
tion, tissue damage and immunity.> Moreover, other identified
peptides, enzymes, and receptors increase the complexity of
the RAS cascade (Fig. 1). From these, the so-called counter-
regulatory arm of the RAS is relevant for the current review.
About 30 years ago, Chappell and colleagues*identified the pep-
tide Ang (1-7), with effects opposite of those caused by Ang II
(Fig. 1). By the change of the century, 2 research groups™¢iden-
tified a homologue of ACE—ACE2, with carboxypeptidase
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activity, a high affinity to Ang II, and resistance to ACE inhi-
bition. A few years later, Ang (1-7) was identified as an endog-
enous ligand of the Mas receptor (Fig. 1). Meanwhile, ACE2/
Ang (1-7)/Mas was characterized as a counter-regulatory arm
of the RAS because its activation induces effects that are the
opposite of those of the classical ACE/Ang II/AT1R.? These
findings revealed a metabolic pathway that regulates the bal-
ance between Ang II (a vasoconstrictor, proinflammatory,
proliferative, and pro-oxidant peptide) and Ang 1-7 (a vaso-
dilator, anti-inflammatory, anti-proliferative, and anti-oxidant
peptide).?

Whereas ACE2 is a type I transmembrane glycoprotein
that has its catalytic active site in the extracellular amino (N’)-
domain and the binding sites for SARS-CoV-2 and integrins,
the binding site for the neutral amino acid transporter B°’AT1 is
located in the carboxy (C’)-domain (Fig. 2). Research has shown
that ACE2 shares approximately 42%, 60%, and 40% of its iden-
tity with the catalytic N- and C- domains of human ACE,> ¢
respectively. This glycoprotein is a zinc carboxypeptidase;
thereby, in the presence of zinc, it cleaves a single amino acid
from the C-terminal of its substrate.> ¢ It cleaves Ang II into
Ang 1-7 and, although it does so with less catalytic efficiency, it
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FIGURE 2. Domain structure of ACE2. TM indicates transmembrane.

cleaves Ang I into Ang 1-9 that is then converted into Ang 1-7
by ACE (Fig. 1).>37

Outside the RAS, ACE2 also cleaves the C-terminal
amino acid of peptides like ghrelin, apelin-13, and apelin-36’.
Moreover, ACE2 circulates in the bloodstream in a soluble
form (SACE2) that results from the shedding of the ectodomain
of ACE2 by TNF-a convertase (also named ADAM17)® and
preserves its catalytic activity.’

Catalytic Effect of ACE2 in the Gut

Researchers’ initial view of the endocrine elements of the
RAS gave place to the view that all RAS components are ex-
pressed ubiquitously, with local autocrine/paracrine tissue RAS
being regulated independently from circulating RAS. Relevant
for this review, there is an intestinal RAS.! Although ACE2
expression in the lung is concentrated in a small population of
type II alveolar cells,'! its expression in the gastrointestinal (GI)
system seems to be higher and more diffuse,'’ being expressed
in the oral mucosa, esophagus, stomach, pancreas, duodenum,
ileum, colon, and rectum.!® In the intestine, ACE2 is expressed
in the epithelial brush border, muscularis mucosa, muscularis
propria, microvascular endothelium, and vascular smooth
muscle cells, with marked expression in the ileum, colon, and
mesenteric microvascular endothelium (see Garg, Angus, et al'’
for an extended review). In human intestinal biopsies, the cat-
alytic activity of ACE2 is higher in the terminal ileum when
compared with that in the colon.'”” Most substrates of ACE2
are also present in the GI tract. Research has found Ang IT in
the crypt and crypt-villus junction epithelial cells of the small
intestine.”® Ghrelin and apelin are more abundant in the sto-
mach, but they also exist in the duodenum and, at lower levels,
in the ileum, cecum, and colon of the rat.'%1°

In addition, ACE2 has an important role in limiting Ang
II-mediated effects and favoring Ang 1-7 production and ef-
fects. In the intestine, ACE2 controls bicarbonate secretion
and the absorption of electrolytes and glucose.!’ In the colon,
Ang II regulates motility, promoting colonic contraction.!
However, Ang 1-7 has anti-inflammatory'® and antifibrotic'? ef-
fects. By metabolizing ghrelin,” ACE2 decreases the levels of this

anti-inflammatory intestinal peptide.”” Finally, ACE2 hydrolyzes
apelin’, which has proliferative effects on colonic epithelial cells.'®

Catalytic Effect of ACE2 in IBD

In addition to its physiological role, ACE2 participates in
pathological mechanisms in the GI tract, and there is evidence
from both experimental and clinical studies of ACE2 activity
having a role in the pathophysiology of IBD. This has been
shown in studies with pharmacological or genetic manipula-
tions and through the effects of Ang II and Ang (1-7) (Fig. 1).

Clinical studies evaluating ACE2 in IBD are just starting
to be published. A recent proteomic analysis of intestinal tissue
found no alteration in ACE2 between samples from patients
with IBD or control patients, although the authors reported a
higher level of ACE2 and ACE in patients with CD than in
those with UC." Recently, Garg, Royce et al'? characterized the
RAS in samples from patients with IBD. They found similar
mRNA levels of ACE2 between intestinal samples from healthy
control patients and patients with IBD but higher ACE2 pro-
tein levels (and the ACE2/ACE ratio) in samples from patients
with IBD," suggesting that the inflammatory trigger differ-
entially regulates transcription and translation. In addition,
ACE2 was found to be more expressed in intestinal samples
from noninflamed regions of patients with IBD than in those
from healthy control patients, and this finding was associated
with a higher expression of Ang (1-7)."> Moreover, whereas the
intestinal expression of ACE2 inversely correlated with fibrosis,
ACE and fibrosis were positively correlated.”> Finally, those
authors found that plasma ACE2 activity® of the ACE2/ACE
ratio'? was increased in patients with IBD and that the ACE2/
ACE activity ration was related to inflammation, because the
difference from the control patients was blunted when adjusted
to fecal calprotectin levels, a marker of intestinal inflammation.

Overall, although these data require more explanation,
the findings of Garg et al'? suggest a reduction in the functional
activity of mucosal ACE2 particularly in the areas of active in-
flammation, prompting a decrease in residual Ang 1-7 levels
but an increase in circulating ACE2 activity. This variation may
reflect the shedding of mucosal ACE2 (forming sACE2) by
ADAM 17, which is highly expressed in inflammation presum-
ably to promote resolution.'?

Few studies have assessed the impact of RAS-blocking
drugs (ACEi or ARB) on the outcomes of patients with IBD.
One study enrolling 222 patients (minimum 6 months fol-
low-up) showed that patients on RAS blockers had better
outcomes (fewer hospitalizations, surgeries, or corticosteroid
prescriptions) than patients who were not under RAS blockade
therapy.”' Similarly, another study (296 patients, minimum fol-
low-up of 2 years)'?> showed that concomitant treatment with
RAS blockers was associated with fewer hospitalizations—that
is, less need for surgery. However, this study failed to identify
differences in those outcomes when ACEi and ARB were intro-
duced to a cohort of individuals who were followed up for
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6 months.”! A study that enrolled more patients (764 patients,
of whom 104 were on ACEi or ARB)* reported a tendency
toward lower rates of disease-related adverse outcomes (rate
of flares; need for corticosteroid treatment, hospitalization, or
surgery). Although none of these studies related ACE2 levels
and/or their activity with the outcomes or use of RAS-blocking
drugs, both ACEi and ARB are associated with increased
ACE2 activity (lower Ang II availability). Further clinical trials
are needed, particularly with more representative populations
of patients with IBD, to clarify the usefulness of ACEi or ARB
in IBD management and to explore the possibility of ACE2
being a prognostic marker.

Preclinical data with RAS-blocking drugs also show
improvement in macroscopic and microscopic alterations
and control of inflammation, oxidative stress, and apop-
tosis.?® In addition, Khajah et al'® described enhanced ACE2/
Ang 1-7/Mas expression in a dextran sodium sulfate (DSS)-
induced experimental model of colitis and colitis improve-
ment after Ang 1-7 administration, suggesting activation of
the counter-regulatory arm of the RAS with protective ef-
fects. Furthermore, although genetic deletion of ACE2 causes
minor? or no® morphological and ultrastructure alterations in
mice, it promotes a massive inflammatory reaction when IBD
is experimentally induced with DSS.»

Given all the data mentioned above, one could say
that ACE2 has a protective role in clinical or experimental
IBD and that its pharmacological or genetic blockade
would worsen colitis. Intriguingly, one study points to
the opposite conclusion. In the DSS model of experi-
mental colitis, pharmacological inhibition of ACE2 with

SARS-CoV-2

Spike protein

(S,S)-2-(1-Carboxy-2-(3-(3,5-dichlorobenzyl)-3H-imidazol-4-
yl)-ethylamino)-4-methylpentanoic acid (GL1001) attenuated
the severity of experimental colitis, improved the pathologic
alterations, and decreased myeloperoxidase levels in a similar
manner as sulfasalazine treatment.?

Other substrates of ACE2 are also associated with
IBD. Ghrelin has a protective anti-inflammatory role in ex-
perimental colitis,” and its levels are increased in patients
with IBD with active disease, likely to control the TNF-a-
mediated inflammatory response.”® As such, ghrelin receptor
agonists are being tested as a new therapeutic approach in
IBD'". In addition, apelin production is increased in experi-
mental and clinical IBD' and probably contributes to tissue
repair because it stimulates the proliferation of colonic epi-
thelial cells.'

Thus, considering the scarce data available to date, ACE2
may exert a dual role in IBD: a protective role in the RAS be-
cause it decreases the levels of predominantly proinflammatory
Ang I1, and a deleterious role in the case of ghrelin and apelin
levels because ACE2 metabolizes these anti-inflammatory/re-
pairing elements.

ACE2 AS CORONAVIRUS RECEPTOR—ARE

PATIENTS WITH IBD AT INCREASED RISK?
Research has shown that ACE2 is the binding re-
ceptor for coronaviruses including SARS-CoV (Fig. 3A)*
and SARS-CoV-2, currently causing the COVID-19 pan-
demic.! Coronaviruses are single-strand RNA viruses with a
bilayer envelope with multiple surface spike glycoproteins.*
The S1 and S2 subunits of these spike proteins are essential

FIGURE 3. Noncatalytic functions of ACE2. A, ACE2 as a receptor for SARS-CoV-2. Upon binding, both SARS-CoV-2 and ACE?2 are internalized. In the
shedding of membrane ACE2, producing sACE2 may be a strategy to avoid SARS-CoV-2 infecting the cell. B, ACE2 as a chaperone for the B’AT1 neu-
tral amino acid receptor. The metabolism of tryptophan is essential in maintaining gut microbiota, controlling gut inflammation.
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for host cell entry: the S1 subunit allows interactions with
the host cell, and the S2 subunit promotes membrane fu-
sion, resulting in the release of the virion into the host cell
cytosol (Fig. 3A).%° Transgenic mice overexpressing human
ACE2 are more susceptible to SARS-CoV infection and de-
velop more severe disease than the correspondent wild-type
controls.’! The binding site for the SARS-CoV and SARS-
CoV-2 spike protein is located at the N-terminal domain of
ACE2, close to the catalytic site (Fig. 3A),* but the binding
of coronaviruses to ACE2 does not affect its catalytic pep-
tidase activity. Indeed, researchers have assessed that cells
expressing catalytic inactive mutants of ACE2 can still be
infected by SARS-CoV and that ACE2 substrates can still
interact with the catalytic pocket of ACE2 when the spike
protein of the coronaviruses is bounded, which has also
been shown in the structure of SARS spike protein-bound
ACE2.* Interestingly, the interaction between SARS-CoV-2
and ACE2 is stronger than that between SARS-CoV and
ACE2,* which may explain why COVID-19 quickly af-
fected all continents, being declared a pandemic by the
World Health Organization on March 11, 2020 (https://
www.who.int/docs/default-source/coronaviruse/situation-
reports/20200301-sitrep-51-COVID-19.pdf).

In addition, the mechanism associated with viral entry to
the host cell may be associated with disease prognosis. Research
has shown that ACE2 can be internalized together with the
receptor-binding domain of the spike protein of SARS-CoV-2
(Fig. 3A).% As a result, ACE2 is removed from the cell mem-
brane, disrupting the balance between the classic and counter-
regulating arms of the RAS in favor of the ACE/Ang II/AT1R
axis.*® This process will perpetuate Ang II-mediated effects
such as vasoconstriction, inflammation, and fibrosis, possibly
leading to severe acute lung failure.’” Heurich et al* observed
that TMPRSS2, a transmembrane serine protease, facilitates
viral internalization while cleaving ACE2 somewhere in its
C’-domain, forming an intracellular fragment that signals for
internalization (Fig. 3A). Meanwhile, ADAMI17 (competing
with TMPRSS2) can facilitate®® or cannot facilitate® the in-
ternalization of the coronavirus, but it sheds ACE2 to the
extracellular space, where ACE2 retains its catalytic activity
and may function as a decoy receptor for the coronavirus.?®
Therefore, it is possible that the expression of ACE2 and of
TMPRSS2 and ADAM17 determines whether patients with
COVID-19 will have mild disease or progress to multiorgan
dysfunction. Further studies are needed to understand if the
cleavage of ACE2 and its consequent downregulation upon
infection may contribute to SARS pathogenesis.

The broad expression of ACE2 may also justify some
less-frequent signs of COVID-19. For instance, ACE2 has al-
ready been found in the salivary glands* and saliva,* and
SARS-CoV-2 can cause sialadenitis.*® Recently, the presence
of SARS-CoV-2 mRNA has been detected in stool* and anal/
rectal swabs,* for long periods of time.** This finding may

explain some GI symptoms reported in patients with COVID-
19 such as diarrhea, vomiting, and abdominal pain.* Moreover,
it opens the door for potential fecal-oral transmission, even
though this event has not yet been reported.

Risk for COVID-19 in Patients With IBD

The COVID-19 pandemic has imposed changes on the
treatment and follow-up of patients with IBD to minimize the
increased risk of infection associated with some IBD treat-
ments.* For example, in Beijing, alternative methods of com-
munication with patients with IBD were adopted to assure
proper follow-up of their disease course.*® Similarly, the IBD
unit from the Centro Hospitalar Sao Jodo, in Oporto, Portugal,
has set up a strategy to minimize the risk of infection.” More
recently, Su et al*® specified a list of recommendations regarding
the clinical management of patients with IBD during this pan-
demic that should be adapted and followed by physicians world-
wide. A study with 522 patients with IBD from Bergamo (Italy)
found no patients with COVID-19.% Mazza et al® reported
the first COVID-19 pneumonia death in a female patient aged
80 years with left-sided UC. In addition, as of March 26, 2020,
7 patients with pediatric IBD and COVID-19 were reported
by the Pediatric IBD Porto group of the European Society
of Pediatric Gastroenterology, Hepatology, and Nutrition
(ESPGHN).’! Considering the increased expression of ACE2 in
the epithelial cells of noninflamed areas of patients with IBD,
12 these patients may be more likely to be infected with SARS-
CoV-2. However, in 3 mouse models of colitis, epithelial ACE2
and TMPRSS2 were found to be stable or downregulated in
the colonic tissue.> Furthermore, in colonic biopsies from pa-
tients with UC and with CD, ACE2 and TMPRSS?2 levels were
similar to those of control patients, suggesting that patients
with IBD are not more susceptible than patients without IBD
to SARS-CoV-2 infection.

The SECURE-IBD database facilitates the reporting
and monitoring of outcomes of COVID-19 occurring in pa-
tients with IBD. Indeed, as of August 1, 2020, 1830 patients
with IBD (55% with CD, 45% with UC) who were infected
with SARS-CoV-2 were reported according to the database.
Notably, 56% of the reported patients with SARS-CoV-2 infec-
tion were patients with IBD in remission. In addition, a recent
study supported the SECURE-IBD initiative, having assessed
that age, smoking, and disease status are related to ACE2 and
TMPRSS2 expression and potential risk factors of suscepti-
bility to COVID-19 in patients with IBD.>

In addition, patients with IBD patients have been,
globally speaking, advised not to change their current medi-
cation. However, a recent study reported that TNF-a antag-
onists may have a protective effect against severe COVID-19
and that S5-aminosalicylates/sulfasalazine could be poten-
tially harmful to patients with IBD regarding SARS-CoV-2
infection.® However, Magro, Dias, et al® pointed out some
methodological drawbacks of that study and emphasized
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that data should be interpreted with care and need further
studies. Indeed, the mechanism of action of 5-ASAs in-
cludes binding to peroxisome proliferator—activated receptor
gamma, which is present in the intestinal epithelium and in-
creases the expression of ACE2 but also decreases the expres-
sion of TMPRSS2.

Much controversy has been raised around ACEi and
ARB and their putative detrimental or beneficial effect in
the setting of COVID-19.° Some animal studies reported an
upregulation of ACE2 after treatment with ACEi or ARB,
justifying the concern that taking such medications could
promote viral entrance, leading to exacerbated viral load in
cells and higher susceptibility to COVID-19.% Animal studies
are predominantly directed to quantifying tissue expres-
sion of ACE2 and not as much the circulating/soluble form
of ACE2, which despite being cleaved from the cell surface
preserves its protective catalytic activity.” Nevertheless, the
downregulation of ACE2 induced by SARS-CoV-2 infection
can be very detrimental because it can compromise the gen-
eration of beneficial peptides, such as Ang (1-7). However,
there are no targeted studies in humans to confirm or reject
this hypothesis. An Italian study with 6272 patients revealed
that the use of ACEi or ARB was more frequent among
participants with COVID-19 than in noninfected matched
controls, but there was no associated risk with COVID-19
disease.’” Considering the existing evidence, cardiology and
hypertension societies worldwide have supported the mainte-
nance of previously prescribed ACEi and ARB, unless there
is an alternative clinical reason for suspension.’

There is accumulating evidence that RAS dysfunction
may have a central role in the pathophysiology of COVID-
19, with Ang II contributing to organ injury.” Indeed, the
outcomes of COVID-19 have been reportedly worse in pa-
tients with diabetes, hypertension, and cardiovascular di-
sease,'! conditions associated with reduced baseline levels
of ACE2 expression.” Research has shown that Ang II pro-
motes pulmonary vasoconstriction and inflammatory organ
damage, ultimately progressing to acute lung injury.®® In ad-
dition, in vitro studies have revealed that SACE2 may be a
competitive interceptor of SARS-CoV-2, thereby preventing
the binding of the viral particle to the mucosal full-length
ACE2, contributing to decreasing the probability of infection
(Fig. 3A).%! This condition would also preserve membrane-
bounded ACE2 and its associated beneficial actions. The ad-
ministration of recombinant SACE2 reduced Ang II levels in
a phase 2 trial enrolling patients with acute respiratory dis-
tress syndrome® and reversed lung-injury processes in pre-
clinical models of other viral infections.®* The downregulated
ACE2 may also decrease cardioprotection, favoring COVID-
19-associated myocardial injury.* Therefore, ACE2 can be
protective in patients with COVID-19,% particularly in those
patients with severe lung injury. In this context, the results
of ongoing clinical trials assessing the safety and efficacy
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of RAS modulators (including ACEi, ARB, and recombi-
nant human sACE2) in the setting of COVID-19 are eagerly
awaited.

Overall, the current evidence suggests that high levels of
ACE2 may increase SARS-CoV-2 infection, but on the other
hand they may benefit the course of the disease by limiting the
deleterious effects of Ang II. As noted earlier, the balance be-
tween the expression of ADAM17 and TMPRSS2 is also a key
point in this puzzle.

ACE2 AS A REGULATOR OF AMINO ACID
TRANSPORT—A BASE FOR MALNUTRITION
IN IBD?

Part of the amino acids needed for normal functions
comes from the diet and is absorbed and metabolized by en-
terocytes of the small intestine.* The gut epithelial barrier is the
first line of defense against harmful pathogens producing anti-
microbial proteins,* for example, and is important for protein
metabolism and host immune responses. As such, malnutrition
represents a risk for developing uncontrolled immune responses
and, possibly, immune disorders of the GI tract, as in IBD.

Tryptophan is an essential neutral amino acid that is
mainly derived from the diet, and its metabolism is crucial
for maintenance of gut microbiota, gut-brain axis function-
ality, and immune response.®’ Relevant to this process are
probiotics, which exert important beneficial effects on tryp-
tophan metabolism because they directly convert tryptophan
in serotonin.®

The question of how ACE?2 relates to these conditions
remains. Several studies using different approaches have sup-
port the notion that ACE2 is an auxiliary protein for the expres-
sion of BYATI, a neutral amino acid transporter (Fig. 3B).”
Kowalczuk et al® showed that ACE2 markedly increases intes-
tinal B°AT1 activity, trafficking it to the apical surface, where
both proteins collaborate to digest peptides and transport the
resultant amino acids. Furthermore, it has been possible to
identify ACE2 as the specific auxiliary protein of B°ATI in
the small intestine of the mouse using immunofluorescence,
co-immunoprecipitation, and functional data.”” In ACE2-
knockout mice, the expression of B’AT1 mRNA was not af-
fected but protein expression was decreased, as were serum
levels of neutral amino acids.” In these mice, the induction of
colitis with DSS was associated with a more severe disease and
tryptophan administration was able to improve the colitis.”
Notably, treatment with SACE2 did not reduce the severity of
colitis, suggesting that anchorage to the cell membrane (and the
intracellular domain) are crucial for tryptophan absorption.”
Finally, Hashimoto et al*® described that susceptibility to co-
litis increased in mice subjected to a tryptophan-free diet and
that administration of Glycyl-tryptophan (to bypass the loss of
B°AT1) restored serum tryptophan levels and reduced colitis
susceptibility.
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Thus, evidence suggests that ACE2 plays a key role in
the expression of B’AT1 and, therefore, in tryptophan absorp-
tion and intestinal inflammation. Regarding IBD, alterations
in tryptophan metabolism have been associated with its patho-
genesis.®® In fact, fecal tryptophan levels are reduced in patients
with IBD and negatively correlated with disease activity.”!

ACE2 AS A LIGAND FOR INTEGRINS—A
MECHANISM OF FIBROSIS IN IBD?

Integrins are heterodimeric transmembrane receptors
that bind to extracellular matrix, cell-surface, or soluble lig-
ands and signal to and from the cell cytoplasm.” They are
very important in cell processes such as inflammation because
they play a role in gene expression and cell adhesion, prolif-
eration, differentiation, migration, and apoptosis.”” In 2004,
it was reported for the first time that ACE2 binds integrins.
Indeed, Lin et al” described the interaction between (31 and
ACE2. The authors showed that ACE2 forms a complex with
integrin 31 and indicated that the catalytic activity of ACE2 is
preserved while in the complex. In a later study, Clarke et al’™
confirmed the binding of ACE2 to integrin 31, unraveling an
ACE2-integrin o5 binding. Moreover, they clarified that these
interactions are independent of an RGD motif because ACE
(which does not have an RGD motif) also binds to integrin
aS. They further investigated whether membrane-bound
ACE2 could act as a ligand for cell adhesion and observed
that indeed, Hu7 cells adhere to cells overexpressing ACE2
more than to their mock transfected controls.” Moreover, the
authors observed that sSACE2 significantly reduced the phos-
phorylation levels of FAK (a kinase involved in the primary
steps of cell adhesion), and increased Akt expression levels,
a prosurvival pro-proliferative protein.” The study confirmed
that ACE2 is a ligand for integrins capable of inducing in-
tegrin signaling, thus regulating cell adhesion.” However, fur-
ther studies are needed to clarify this regulatory effect and the
particular role for ACE2 and sACE2.

Integrins are present in the human large and small intes-
tine.” Interactions between integrin integrin alpha 4 beta 7 and
the microvascular cell-adhesion molecule MAdCAM-1 or be-
tween integrin integrin alpha 4 beta 1 and the microvascular cell-
adhesion molecule VCAM-1 can induce chronic inflammation
in the gut, leading to the migration of T-lymphocytes and the
production of inflammatory mediators, such as interleukin-17
or interferon-y.” In patients with IBD, there is an upregulation
of the microvascular cell-adhesion molecules ICAM-1, VCAM-
1, and MadCAM-17, leading to an increased recruitment of o4
integrin-expressing leukocytes. On the other hand, in a recent
study using a mouse model of IBD, the genetic deletion of the
B7 integrin or the antibody blockade of an a437-MAdCAM-1
interaction worsened colitis.”

Given their relevance in intestinal inflammation, integrins
have become a target for IBD therapy. The first drug targeting

integrins approved for IBD was vedolizumab, a monoclonal
antibody directed against the a4p37 heterodimer, which shows
clinical efficacy and effectiveness comparable to anti-TNF-a
antibodies.” Currently, several other molecules targeting a4 or
7 integrin or the a4p37 heterodimer are under clinical develop-
ment or have been recently approved. Research has reported
that sSACE2 suppressed integrin signaling by lowering the pro-
portion of phosphorylated Akt,”* which is usually increased in
the intestinal mucosa of patients with UC.* This finding seems
to suggest that ACE2, through the modulation of integrin
pathways, may have a role in the treatment of IBD, but further
studies are required to explore this hypothesis.

CONCLUSIONS

Knowledge of the physiologic and pathophysiologic roles
of ACE2 is still scarce. Its catalytic activity is well characterized
in the cardiovascular and renal systems, but little information
exists regarding other organ systems, such as the GI tract. In
addition, an understanding of the role of the ACE2/Ang 1-7/
Mas axis in pathologic conditions was classically limited to car-
diovascular diseases. Notwithstanding this research, the view
for ACE2 as a multifunctional protein has achieved importance
recently. The current COVID-19 pandemic has highlighted the
role of ACE2 as a receptor for coronaviruses, but research is
needed to understand whether ACE2 levels contribute to the
pathogenesis of COVID-19 or could benefit the course of the
disease by decreasing the deleterious effects of Ang II. In ad-
dition, the association between ACE?2, intestinal amino acid
transport, and IBD deserves further attention with the expecta-
tion of better understanding the malnutrition that is common
in patients with IBD. Finally, the binding of ACE2 to integrins
raises concerns and hopes, although by the time of this review
there were only 2 published articles on the subject.

In conclusion, exploring the multifunctional roles of
ACE2 in IBD (by characterizing its expression/activity in the
blood, gut, and/or feces of patients with IBD and healthy con-
trol patients) will deepen the knowledge about the pathophys-
iology of this disease. In line with this goal, the identification
of a new biomarker of disease activity, treatment response, and
new drug target, thereby triggering the development of new
therapeutic options, is expected to impact patient care.
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