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Angiotensin-converting enzyme 2 (ACE2) has been identified as the functional receptor

for Severe Acute Respiratory Syndrome—Coronavirus−2 (SARS-CoV-2). It has been

identified in the human gastrointestinal tract (GIT), and SARS-CoV-2 has been isolated

in human and animal fecal samples. The aim of the present study was to investigate

the expression of ACE2 in the gastrointestinal tract of domestic (cat) and wild (tiger)

felines. Samples of the pylorus, duodenum, and distal colon were collected from

six cats and one tiger. The tissues were processed for immunofluorescence assay

with an anti-human ACE2 antibody. Angiotensin-converting enzyme 2 was widely

expressed in the gastrointestinal mucosa of the cats and the tiger. In both the species,

ACE2-immunoreactivity (ACE2-IR) was expressed by the mucosal epithelial cells of the

GIT and by the enteric neurons. In the cats, ACE2-IR was also expressed by the smooth

muscle cells of the blood vessels and the tunica muscularis. The expression of the

ACE2 receptor in enteric neurons may support the potential neurotropic properties of

SARS-CoV-2. Although the evidence of ACE2-IR in the feline GIT does not necessarily

indicate the possibility of viral replication and SARS-CoV-2 spread with stool, the findings

in the present study could serve as an anatomical basis for additional studies considering

the risk of the SARS-CoV-2 fecal-oral transmission between cats/felids, and between

cats/felids and humans.
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INTRODUCTION

In the intestinal tract, angiotensin-converting enzyme 2 (ACE2) plays significant roles in amino
acid homeostasis, innate immune responses, and intestinal microbiota regulation (1).

In addition to its physiological roles, ACE2 has been identified as the functional receptor for
Severe Acute Respiratory Syndrome—Coronavirus−2 (SARS-CoV-2), the RNA virus responsible
for Covid-19 (2–4). The spike proteins of SARS-CoV-2 associate with the ACE2 of sensitive cells to
mediate infection of their target cells, after which viral replication begins in the cytoplasm.

The lungs seem to be the main target of SARS-CoV-2 in which the virus causes severe
respiratory syndrome (5). However, it has been shown that ACE2 is also expressed in the epithelial
cells of the human gastrointestinal tract (GIT) (6, 7). In addition, viral nucleocapsid proteins
have been found in the epithelial cells of the human stomach, duodenum, and rectum (5), and
SARS-CoV-2 has been isolated from stool samples (8). To reinforce the possibility of a fecal-oral
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route of viral transmission, it has been reported that ∼10% of
Covid-19 patients suffer from gastrointestinal symptoms which
often precede fever, dry cough, and dyspnea (8), and that
SARS-CoV-2 RNA persists in the stool specimens of about 20%
of patients after respiratory symptoms had improved (5).

Taken together, this evidence supports the hypothesis
that the digestive system, rather than the respiratory
system, may serve as an alternative route of infection
between humans and, perhaps, between infected animals
and humans.

The new coronavirus has, with high probability, a zoonotic
origin (9) and although SARS-CoV-2 is thought to have
originated in bats, its intermediate host before transmitting to
humans is not clear (10, 11). Different species of mammals (and
birds) may be potential intermediate hosts for SARS-CoV-2.
There is evidence that SARS-CoV-2 could utilize the ACE2 of
Chinese horseshoe bats, civets, and swine (4); other reports have
predicted that SARS-CoV-2 could utilize the ACE2s of other
mammals, such as ruminants, hamsters, pangolins, and also cats
(10, 12).

Domestic cats, a species in close contact with humans, are
more susceptible to SARS-CoV-2 infection in comparison with
other species, such as dogs and pigs in which the virus replicates
poorly (11). Although there are still few studies regarding
SARS-CoV-2 infection in cats, there is evidence of SARS-CoV-
2 transmission between cats (11) in which the virus has been
found in oral, nasal, and fecal samples (13). Moreover, reports
indicate the transmission of SARS-CoV-2 not only from humans
to domestic cats but also from human to lions and tigers in
zoos (11, 14). A naturally infected cat (with infection transmitted
by its Covid-19-positive owner) showed severe gastrointestinal
(diarrhea and vomiting) and respiratory (dyspnea) clinical signs
(15, 16).

Taken together, this evidence indicates the urgency of
additionally investigating the potential chain of human-cat and
also human–cat–human transmission of SARS-CoV-2. Of all
the strategies utilized in preventing the spread of the virus,
the prevention of fecal-oral transmission should be taken into
careful consideration.

Since the necessary condition for the enteric multiplication
of SARS-CoV-2 is represented by the expression of its
election receptor on the host cells, the present study
immunohistochemically investigated the localization
of ACE2 in the GIT of feline domestic (cat) and wild
(tiger) species.

METHODS

Animals
The stomachs, duodenums, and distal colons were collected
from six half-breed cats and one tiger from a zoo which
died spontaneously or were euthanized for humane
reasons due to different diseases (Table 1), and their
tissues were collected following owner permission. The
cats did not show gross alterations of the intestinal wall.
The tiger showed moderate-to-severe hyperemia, mainly in
the duodenum.

TABLE 1 | Animals included in the study.

Animals Age Sex Species Breed Cause of death

# 1 3 years M Cat (Felis catus) Half-breed Head trauma

(car accident)

# 2 4 years F Cat (Felis catus) Half-breed Head trauma

(car accident)

# 3 12 years M Cat (Felis catus) Half-breed Lymphoma

# 4 12 years M Cat (Felis catus) Half-breed Iliac thrombosis

# 5 12 years M Cat (Felis catus) Half-breed Oral neoplasia

# 6 13 years M Cat (Felis catus) Half-breed Lymphoma

# 7 17 years F Tiger (Panthera tigris) Sumatrae Chronic

proliferative

gastritis

Since the antibody anti-ACE2 employed in the present study is
human-specific, a human submucosal wholemount preparation
of descending colon was used as positive control, previous
donator consent. Wholemount preparation was analyzed using
prevalidated immunohistochemical protocols (17).

Tissue Collection
The stomachs, duodenums, and distal colons were harvested
within 1 h of the animals’ deaths and were longitudinally opened
along the great curvature (stomach) and the mesenteric border
(intestine). The tissues were then washed in phosphate-buffered
saline (PBS), gently pinned on wood board (thickness 5mm),
and fixed in 2% paraformaldehyde containing 0.2% picric acid in
0.1M sodium phosphate buffer (pH 7.0) at +4◦C for 48 h. After
rinsing in PBS, the tissues were stored in PBS containing 30%
sucrose and 0.1% sodium azide (pH 7.4) at+4◦C.

Pieces of tissues (2.0 × 0.5 cm) were subsequently cut,
transferred to a mixture of PBS–sucrose–azide and OCT
compound (Tissue Tek R©, Sakura Finetek Europe, Alphen aan
den Rijn, the Netherlands) at a ratio of 1:1 (overnight), and then
embedded in 100% OCT. The tissues were frozen, mounted in
Tissue Tek R© mounting medium, and sectioned at 14–16µm on
a cryostat. The sections were collected on poly-L-lysine coated
slides, which were later processed for immunohistochemistry.

Immunofluorescence
The cryosections were hydrated in PBS and processed for
immunostaining. In order to block non-specific bindings, the
sections were incubated in a solution containing 20% normal
donkey serum (Colorado Serum Co., Denver, CO, USA), 0.5%
Triton X-100 (Sigma Aldrich, Milan, Italy, Europe), and bovine
serum albumin (1%) in PBS for 1 h at room temperature (RT).
For single immunostaining, the cryosections were incubated in
a humid chamber overnight at RT with antibody rabbit anti-
human ACE2 (1:100; orb582208, Biorbyt, Cambridge, UK). For
double immunostaining, the cryosections were incubated with
rabbit anti-ACE and mouse anti-HuC/HuD (1:200; A-21271,
Thermo Fisher Scientific, Waltham, MA USA) antibodies. The
antibody anti-HuC/HuD was utilized as a pan-neuronal marker
in order to identify the enteric neurons. The primary antibodies
were diluted in 1.8%NaCl in 0.01MPBS, containing 0.1% sodium
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azide. After washing the sections in PBS (3 × 10min), they were
incubated for 1 h at RT in a humid chamber with the secondary
antibodies (Donkey anti-rabbit IgG Alexa 488, 1:1,000, A-21206,
Thermo Fisher; Donkey anti-mouse IgG Alexa 594, 1:500, A-
21203, Thermo Fisher) diluted in PBS. The cryosections were
then washed in PBS (3 × 10min) and mounted in buffered
glycerol at pH 8.6 with 4′, 6-diamidino-2-phenylindole—DAPI-
(Santa Cruz Biotechnology, CA, USA).

The preparations were examined by the same observer (Dr. R.
Chiocchetti) using a Nikon Eclipse Ni microscope equipped with
the appropriate filter cubes to differentiate the fluorochromes
used. The qualitative analysis of ACE2-IR was performed on
high power fields (40×, longitudinal sections). The images were
recorded using a Nikon DS-Qi1Nc digital camera and NIS
Elements software BR 4.20.01 (Nikon Instruments Europe BV,
Amsterdam, Netherlands). Slight adjustments to contrast and
brightness were made using Corel Photo Paint, and the figure
panels were prepared using Corel Draw (Corel Photo Paint and
Corel Draw, Ottawa, ON, Canada).

RESULTS

ACE2 Immunoreactivity in the Cats
Moderate and granular ACE2 immunoreactivity (ACE2-IR) was
expressed by the cytoplasm of the gastric mucosal epithelial cells
and the secretory cells of the pyloric glands (Figures 1a–c). It
was also displayed by the smooth muscle cells of the muscularis
mucosae and tunica muscularis (Figures 1d–f), myenteric plexus
(MP) neurons (Figures 1d–f), and the smooth muscle cells of the
blood vessels (Figures 1g–i).

In the duodenum, bright ACE2-IR was displayed by the brush
border (Figures 2a–c) and the cytoplasm (Figures 2d–f) of the
enterocytes, whereas it was undetectable or absent in goblet cells.
The ACE2 immunolabeling was brighter in cells distributed along
the villi than in the crypt cells. Moderate ACE2-IR was expressed
by the secretory cells of the submucosal glands (Brunner’s glands)
(data not shown). The smooth muscle cells of the muscularis
mucosae and tunica muscularis showed moderate ACE2-IR. The
cytoplasm of intramural neurons distributed in the MP and
submucosal plexus (SMP) showed moderate-to-bright ACE2-IR
(Figures 2g–i).

In the colon, ACE2-IR was expressed by the epithelial cells of
the crypts (Figures 2g–l) and by the other cell types described
above for the duodenum; however, in the colon, the ACE2
immunolabeling was weaker when compared to that observed in
the duodenum.

ACE2-IR was expressed by the cytoplasm of SMP neurons of
the human colon and by vascular endothelial cells and pericytes
(Supplementary Figure 1).

ACE2 Immunoreactivity in the Tiger
Although the tissues of the tiger showed a certain degree of
hyperemia, ACE2-IR was observed in all the tracts analyzed.
However, the ACE2 immunolabeling was weaker with respect
to the cats; ACE2-IR was not observed in the smooth muscle
cells of the muscularis mucosae, the tunica muscularis, and the
blood vessels.

In the stomach, faint ACE2-IR was expressed by the epithelial
cells of the pyloric glands (Figures 3a–c) and the MP neurons
(data not shown). In the duodenum, moderate ACE2-IR was
observed in the epithelial cells of the crypts (Figures 3d–f).
As observed in the cats, the MP and the SMP neurons
(Figures 3g–i) showed cytoplasmic ACE2-IR. In the colon,
moderate ACE2-IR was observed in the epithelial cells of the
intestinal glands (Figures 3j–l).

DISCUSSION

To the best of the Authors’ knowledge, the present study is the
first demonstration of ACE2 localization in the feline (cat and
tiger) GIT. A human-specific anti-ACE2 antibody was utilized,
also considering that a recent biomolecular study demonstrated
the homology of cat ACE2 with human ACE2 (12). The findings
of the present research were partially consistent with those
obtained in the human GIT in which ACE2-IR has been observed
in the cytoplasm of the epithelial cells, and the smooth cells
of the blood vessels, the muscularis mucosae and the tunica
muscularis (5, 7). In the current study ACE2-IR was undetectable
in the GIT goblet cells; this evidence is in contrast to what
observed in the cat respiratory tract, in which the tracheo-
bronchial goblet cells strongly expressed ACE2-IR (18) or in the
human upper airway, in which nasal goblet cells express ACE2
gene, together with a number of genes associated with immune
functions (19).

The localization of ACE2-IR in the gastrointestinal mucosa of
the cats and the tiger anatomically suggested that SARS-CoV-2
can bind to its unique receptor on host cells; however, this finding
alone did not necessarily mean that SARS-CoV-2 could replicate
in the feline GIT. Once again, the positivity of the cat and the tiger
fecal samples to SARS-CoV-2 (13, 14) confirmed that the feline
GIT could be an important replication site of the virus which
could consequently spread the infection by means of the stool.

Since SARS-CoV is completely inactivated by gastric pH (20),
it is plausible that the replication of SARS-CoV-2 in the GIT may
have become resistent to an increase in the gastric pH due to
atrophic gastritis, gastric intestinal metaplasia,Helicobacter pylori
infection, or the prolonged use of proton pump inhibitors (5, 21).
The presence of the coronavirus in the feces cannot be justified
only by the swallowing saliva containing the virus because fecal
swabs often remain positive even when pharyngeal swabs are
negative (21, 22).

The evidence of ACE2-IR in the feline and human enteric
neurons is a intriguing novelty, although not completely
unexpected, since ACE2 has already been localized in the
cytoplasm of the brain neurons of transgenic mice (23), and
that the involvement of the central and peripheral nervous
systems during Covid-19 are increasingly being recognized (24).
However, it is known that one of the first symptoms of Covid-19
is the olfactory dysfunction, due to the replication of the virus in
the olfactory mucosa, and that researchers have emphasized the
need to investigate SARS-CoV-2 spread in the nervous system
(25). Diarrhea, which was one of the most common findings
during the course of the SARS-CoV illness (26), seems to also
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FIGURE 1 | Photomicrographs of cryosections of a cat pylorus (a–i) showing angiotensin-converting enzyme 2 immunoreactivity (ACE2-IR) in the gastric mucosa

(a–c), myenteric plexus (MP) neurons (d–f) and blood vessels (g–i). (a–c) Moderate ACE2-IR was expressed by the mucosal epithelial cells (open arrow) and

secretory cells of the pyloric glands (white arrow). (d–f) White stars indicate two MP neurons expressing bright ACE2-IR which were also immunolabeled for the

pan-neuronal marker HuC/HuD. Open stars indicate three MP neurons showing weak ACE2-IR. The smooth muscle cells of the tunica muscularis also showed

moderate ACE2-IR as seen in the circular muscle layer (CML). (g–i) The smooth muscle cells (open arrows) of the blood vessels showed moderate ACE2-IR whereas

ACE2-IR was undetectable in the endothelial cells (white arrows). Bar: 100µm.

be an hallmark of Covid-19 (27). In tissue specimens of the
GITs of SARS-CoV patients, microscopic examination has not
detected any evident pathological changes in the mucosa (5,
26). The expression of ACE2-IR in the enteric neurons could
suggest that diarrhea in SARS-CoV-2 humans and cats could be
neurogenic since it is known that the enteric nervous system,
in particular the neurons of the submucosal plexus, can regulate
themajority of physiological gastrointestinal functions, including
water secretion (28, 29).

The present study described the expression of the ACE2
receptor in the stomach and intestine of the cat and tiger for the
first time and highlighted the GIT as a potential site of SARS-
CoV-2 replication. The findings in the present study could serve
as an anatomical basis for additional studies which consider the
risk of fecal-oral transmission of the SARS-CoV-2 between cats,
and between cats and humans. The expression of the ACE2
receptor in the enteric neurons could support the potential
neurotropic properties of SARS-CoV-2.
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FIGURE 2 | Photomicrographs of cryosections of a cat duodenum (a–i) and colon (j–l) showing angiotensin-converting enzyme 2 immunoreactivity (ACE2-IR) in the

duodenal mucosa (a–f) and submucosal plexus (SMP) neurons (g–i). (a–c) The arrows indicate ACE2-IR expressed by the brush border of enterocytes. (d–f) Open

arrows indicate ACE2-IR expressed by the brush border of enterocytes; white arrows indicate the cytoplasmic distribution of the ACE2 immunolabeling. (g–i) Stars

indicate the nuclei of SMP neurons showing bright and granular ACE2-IR. Bar: 100µm.
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FIGURE 3 | Photomicrographs of cryosections of the pylorus (a–c), duodenum (d–i), and colon (j–l) of the tiger showing angiotensin-converting enzyme 2

immunoreactivity (ACE2-IR). (a–c) Arrows indicate two pyloric glands in which weak ACE2-IR was expressed by the epithelial cells. (d–f) Arrows indicate two

duodenal crypts in which epithelial cells expressed moderate ACE2-IR. (g–i) Stars indicate the submucosal plexus neurons of the duodenum co-expressing ACE2-

and HuC/HuD-immunoreactivity. (j–l) Arrows indicate some epithelial cells of the colonic intestinal glands expressing moderate ACE2-IR. Bar: 100µm.
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