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A B S T R A C T

Background and aims: The pathophysiology of SARS-CoV-2-associated diarrhea is unknown. Using an experimental
model validated for rotavirus-induced diarrhea, we investigated the effects of SARS-CoV-2 on transepithelial ion
fluxes and epithelial integrity of human intestinal cells. The effect of the antidiarrheal agent diosmectite on
secretion was also evaluated following its inclusion in COVID-19 management protocols.
Methods: We evaluated electrical parameters (intensity of short-circuit current [Isc] and transepithelial electrical
resistance [TEER]) in polarized Caco-2 cells and in colonic specimens mounted in Ussing chambers after exposure
to heat-inactivated (hi) SARS-CoV-2 and spike protein. Spectrofluorometry was used to measure reactive oxygen
species (ROS), a marker of oxidative stress. Experiments were repeated after pretreatment with diosmectite, an
antidiarrheal drug used in COVID-19 patients.
Results: hiSARS-CoV-2 induced an increase in Isc when added to the mucosal (but not serosal) side of Caco-2 cells.
The effect was inhibited in the absence of chloride and calcium and by the mucosal addition of the Ca2þ-activated
Cl– channel inhibitor A01, suggesting calcium-dependent chloride secretion. Spike protein had a lower, but
similar, effect on Isc. The findings were consistent when repeated in human colonic mucosa specimens. Neither
hiSARS-CoV-2 nor spike protein affected TEER, indicating epithelial integrity; both increased ROS production.
Pretreatment with diosmectite inhibited the secretory effect and significantly reduced ROS of both hiSARS-CoV-2
and spike protein.
Conclusions: SARS-CoV-2 induces calcium-dependent chloride secretion and oxidative stress without damaging
intestinal epithelial structure. The effects are largely induced by the spike protein and are significantly reduced by
diosmectite. SARS-CoV-2 should be added to the list of human enteric pathogens.
1. Introduction

SARS-CoV-2 is recognized as a lung-tropic virus, but a substantial
number of patients with COVID-19 experience a range of gastrointestinal
(GI) symptoms, including anorexia, nausea, vomiting, diarrhea, and
abdominal pain [1]. Diarrhea is the most common
SARS-CoV-2-associated GI symptom, reported in up to 50% of patients in
some studies [2]. Presentation of SARS-CoV-2-associated diarrhea is
orm 25 February 2022; Accepted
is an open access article under t
typically mild and characterized by loose or watery stools [2], but it can
be more severe, with 18–30 diarrhea stools per day reported in some
patients [3]. Also of note is that SARS-CoV-2 has been detected in fecal
samples of COVID-19 patients with negative nasopharyngeal swabs [4],
suggesting prolonged fecal–oral transmission as a plausible route of
infection [5].

The pathogenesis of SARS-CoV-2-associated diarrhea is still under
investigation. SARS-CoV-2 needs angiotensin-converting enzyme 2
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(ACE2) and transmembrane protease serine 2 (TMPRSS2) to enter
enterocytes (sites of viral replication) after spike protein binding,
cleavage, and internalization [6]. Both are localized on the apical surface
of the human GI epithelium, with a high density in the distal tract [7, 8].
Typically, the pathophysiology of diarrhea involves one of two distinct
mechanisms. The first is characterized by cytopathic damage often
leading to cell death, a reduction in the digestive-absorptive surface and
passive water flux into the intestinal lumen driven by unabsorbed nu-
trients, resulting in osmotic diarrhea. The second is characterized by a
functional (rather than structural) pathogenic mechanism, and involves
active ion secretion triggered by enterotoxins, which influences ion
transport. It was initially proposed that cell death may be the pathogenic
mechanism implicated in SARS-CoV-2-associated diarrhea as a conse-
quence of SARS-CoV-2 entry and replication within enterocytes [9].
However, although there is evidence of invasion and destruction by
actively replicating SARS-CoV-2 in some non-intestinal cell lines (e.g.,
Vero E6 cells), minimal cytopathic effects were observed in in-
vestigations of human-derived intestinal (Caco-2) cells [10]. Further, an
ex vivo study showed that SARS-CoV-2 replicates less efficiently and
induces less cytopathology than SARS-CoV in human intestinal tissue, but
considering the short experimental infection time (24 h) a role for
cytopathology in GI symptoms development cannot be excluded [11].

In the absence of clear causal evidence of structural damage in pa-
tients with SARS-CoV-2-associated diarrhea, a functional pathology
could be implicated. This hypothesis is supported by evidence of virus-
induced dysfunction of ACE2 receptors, leading to an imbalance in
membrane ion channels (i.e., dysfunction in Naþ-dependent glucose
transporter [8] and Naþ/Hþ exchanger and neutral amino acid trans-
porter [12] mechanisms, and in Ca2þ-activated Cl– channels [CaCC]
[13]). SARS-CoV-2 has also been shown to induce the production of
reactive oxygen species (ROS) [14], suggesting a pathogenic mechanism
potentially involving alteration of the intracellular redox state and pro-
motion of chloride secretion in enterocytes, as observed for rotavirus
[15]. Alterations of gut microbiota may also contribute to
SARS-CoV-2-associated diarrhea [9], as could the prolonged presence of
SARS-CoV-2 in the GI tract. Indeed, pediatric patients affected by
Multisystem Inflammatory Syndrome (MIS-C), a later complication of
COVID-19, showed persistent fecal viral shedding and an alteration in gut
permeability, leading to trafficking of SARS-CoV-2 antigens into the
bloodstream with consequent systemic hyperinflammation [16].

We previously developed a model of rotavirus-associated diarrhea,
describing the sequence of the underlying pathogenic functional and
structural viral effects. Briefly, rotavirus induced a sequence of events
leading to diarrhea, including early electrogenic chloride secretion via its
nonstructural protein 4 (NSP4) enterotoxin followed by cytotoxic dam-
age. These effects were identifiable in vitro by electrical parameters in
polarized intestinal cells, with the initial electrogenic chloride secretion
being characterized by an increase in the intensity of the short-circuit
current (Isc), and cytotoxic damage being detectable by transepithelial
electrical resistance (TEER) in Ussing chambers [15]. This in vitro model
has been used to investigate the pathophysiology of diarrhea associated
with a number of enteric pathogens and also the mechanisms of action of
a number of antidiarrheal agents (e.g., modified oral rehydration solu-
tions [17], probiotics [15], and dioctahedral smectite [diosmectite]
[18]).

In the present study, we used this experimental model of rotavirus-
associated diarrhea to investigate the pathogenic effects of a viral prep-
aration of SARS-CoV-2 and the pure spike protein in vitro using Caco-2
cells, and ex vivo using human intestinal specimens. We then
compared the results to those obtained for rotavirus (using the same
model). Because diosmectite was shown to neutralize the effects of
rotavirus in this model of secretory diarrhea [18], and has been included
as a treatment option in several protocols for the management of
COVID-19-associated diarrhea [19, 20, 21], we assessed the effect of
diosmectite on the potentially pathogenic effects induced by SARS-CoV-2
and pure spike protein.
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2. Results

2.1. Effect on ion secretion (In Vitro)

Addition of the heat inactivated (hi) SARS-CoV-2 preparation to Caco-
2 cell monolayers resulted in a significant increase in Isc compared with
control cells, indicating ion flux (P < .0001). The effect was dose-
dependent, with a lowest effective hiSARS-CoV-2 dose of 0.01 ng/mL
(change in Isc [ΔIsc], 2.9 � 1.4 μA/cm2, P < .0001). Maximum Isc in-
crease was observed with a hiSARS-CoV-2 dose of 1 ng/mL (ΔIsc, 4.1 �
2.0 μA/cm2, P < .0001). No further increase in Isc was induced by viral
doses greater than 1 ng/mL (Figure 1A).

The greatest electrical effect, indicated by the area under the curve
(AUC) of the ΔIsc–time plot, was similar for hiSARS-CoV-2 preparation
doses of 1 ng/mL and 10 ng/mL, suggesting saturation beyond 1 ng/mL
(Figure 1B).

An increase in Isc was observed only when the hiSARS-CoV-2 prepa-
ration was added to the mucosal but not the serosal side of the Caco-2 cell
monolayers (ΔIsc, 0.5 � 0.8 μA/cm2, P < .0001; Figure 1C), indicating a
polarized effect. To assess whether the electrical effect was dependent on
anion secretion rather than cation absorption, experiments were per-
formed using Cl–-free Ringer's solution. The electrical effect was largely
eliminated by use of Cl–-free Ringer's solution (ΔIsc, 0.6 � 1.1 μA/cm2)
rather than the Cl–-containing Ringer's solution control (P < .0001).
Changes in Isc was also strongly reduced by pretreatment of cells with the
intracellular calcium chelator bis(2-aminophenoxy)ethane N,N,N0,N0-tetra-
acetic acid/acetoxymethyl ester (BAPTA/AM; 0.2 � 1.2 μA/cm2, P <

.0001). This effect is related to the activity of CaCC, considering the ability
of CaCCinh-A01 to inhibit the secretory effect (P < .0001) (Figure 1C).

To define the role of spike protein in determining the electrical effect
induced by hiSARS-CoV-2, we measured Isc changes in response to addi-
tion of spike protein to the mucosal side of the Caco-2 cell monolayers.
Addition of pure spike protein induced anion secretion with a maximal
effective dose of 1 ng/mL (ΔIsc, 2.7 � 1.2 μA/cm2, P < .0001; AUC, 84 �
41 μA*min, P < .0001). Higher doses of spike protein did not induce a
further increase in effect (Figure 2A–B). Spike protein induced a smaller
increase in Isc than the hiSARS-CoV-2 preparation (Figure 3A). Peak effect
on ion secretion (i.e., maximum ΔIsc) occurred 45–50min after addition of
the hiSARS-CoV-2 preparation and after spike protein addition. Peak Isc
was sustained for 10–15 min before decreasing slowly (Figure 3B). The
temporal pattern of electrical effect observed with the hiSARS-CoV-2
preparation was similar to that seen for the enterotoxic effect of rota-
virus and NSP4 using the same model (Figure 3C); these findings are
consistent with previously published data for rotavirus [15,17,18].

In both hiSARS-CoV-2 and spike protein experiments performed in
Ussing chambers, the serosal addition of theophylline induced an in-
crease of Isc comparable to controls, indicating cell survival at the end of
the experiment (Figure 4A).

2.2. Effects on cell viability and apoptosis (In Vitro)

The cell viability was assessed by trypan blue staining. One hour after
exposure to the hiSARS-CoV-2 preparation and spike protein, the number
of viable cells were comparable in both groups compared to untreated
cells (P > .05) (Figure 4B).

The increase of intracellular cleaved caspase 3 was assessed by flow
citometry as a marker of apoptosis induction. As shown in Figure 5, cell
treatment with hiSARS-CoV-2 and spike protein did not activate the
apoptotic pathway. Increase of cleaved caspase 3 level is instead shown
by treatment with the cytotoxic agent Sodium Arsenite (ARS) at 1 h and
further increase at 24 h.

2.3. Effects on epithelial integrity (In Vitro)

A reduction in transepithelial electrical resistance (TEER) indicates a
breakdown in epithelial integrity. In this model, no cytotoxic effect was



Figure 1. Effect of the hiSARS-CoV-2 prepa-
ration on transepithelial circuit current in
Caco-2 cells. (A) hiSARS-CoV-2 induced a
dose-dependent increase in Isc with a trend
towards saturation at 1 ng/mL. (B) Potency of
the effect (assessed as the AUC) showed a
dose-dependent increase. (C) No changes in
Isc were observed in the absence of hiSARS-
CoV-2 or when hiSARS-CoV-2 was added to
the serosal side (rather than the mucosal side)
of the Caco-2 cell monolayer, or when chlo-
ride was removed from the Ringer's solution,
or when the cells were pretreated with the
calcium chelator BAPTA/AM or after mucosal
addition of CaCCInh-A01. In (A) and (B) fig-
ures the second line of X-axis indicates the
amount of spike protein contained in viral
preparation for each concentration (about 5%
of total protein content). *P < .05 vs control;
**P < .0001 vs control. ANOVA, analysis of
variance; AUC, area under the curve of the
ΔIsc–time plot; BAPTA/AM, bis(2-
aminophenoxy)ethane N,N,N0,N0-tetra-acetic
acid/acetoxymethyl ester; CaCCInh-A01,
Ca2þ-activated Cl– channel inhibitor A01;
hiSARS-CoV-2, heat-inactivated SARS-CoV-2
preparation, Isc, intensity of short-circuit
current.

Figure 2. Electrogenic effects induced by spike protein in Caco-2 cells. (A) Spike protein induced a dose-dependent increase in Isc with effect saturation at a dose of 1
ng/mL. (B) The potency of the effect (assessed as the AUC) showed a dose-dependent increase with a saturation pattern reached at a dose of 1 ng/mL. *P < .05 vs
control; **P < .0001 vs control. ANOVA, analysis of variance; AUC, area under the curve of the ΔIsc–time plot; Isc, intensity of short-circuit current.
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observed for the hiSARS-CoV-2 preparation or the spike protein. This
absence of effect was maintained over 72 h following exposure
(Figure 6). The lack of apparent effect of hiSARS-CoV-2 or spike protein
on epithelial integrity (as judged by TEER measurements) was consistent
with that seen for NSP4 in the model of rotavirus-associated secretory
diarrhea, but contrasted with that for living rotavirus in the same model,
which showed a progressive TEER decrease from 24 h after incubation;
these findings are consistent with previously published data [15,17].

2.4. Effects on electrical parameters in human intestinal specimens (ex
vivo)

To assess the reproducibility of the results of the in vitro model in
human intestinal cells, we repeated the experiments using human spec-
imens of colonic mucosa in Ussing chambers. The ex vivo results were
similar to those observed in the Caco-2 cells, although higher doses of the
hiSARS-CoV-2 preparation and spike protein were required to achieve
similar, statistically significant changes in Isc (100 ng/mL) (Figure 7).

2.5. Effects on intestinal epithelial oxidative stress (In Vitro)

To test the hypothesis that the enterotoxic effect induced by SARS-
CoV-2 involves oxidative stress, intracellular levels of ROS were
3

evaluated in Caco-2 cells stimulated with the hiSARS-CoV-2 preparation
(1 μg/mL) and pure spike protein (1 μg/mL). A 2.5–3-fold increase in
ROS was observed as early as 15 min after exposure to either preparation
(P < .0005). For the hiSARS-CoV-2 preparation, ROS levels had returned
to control values by 30 min, but reduced more gradually for spike pro-
tein, with peak value halving by 30 min and normalizing completely by 1
h, after exposure (Figure 8). Lower doses (1–100 ng/mL) were able to
induce a minimal (1.5-fold) increase of ROS production 15 min after
exposure to both preparations (Figure 9).

The effect on intracellular levels of ROS was consistent with previous
findings with rotavirus and NSP4 [15]; although ROS increased more
gradually with rotavirus and was sustained at 60 min.

2.6. Effects of Diosmectite on Electrogenic ion secretion and Oxidative
Stress (In Vitro)

Pretreatment of both hiSARS-CoV-2 and spike protein with dio-
smectite (100 mg/mL for 1 h at 37 �C) virtually eliminated the effect on
Isc (Figure 10A). ROS production was also significantly reduced by pre-
treatment with diosmectite (P < .05) (Figure 10B), suggesting that dio-
smectite effectively abrogates the electrogenic ion secretion as well as
oxidative stress effects induced by the hiSARS-CoV-2 preparation and the
spike protein in this experimental model.



Figure 3. Electrogenic effects induced in
Caco-2 cells by hiSARS-CoV-2 and spike
protein. (A) Maximal change in Isc. (B) Time-
course analysis of Isc (represents three ex-
periments). Isc was measured every 5 min for
60 min. Cells were stimulated at 10 min
(arrow). (C) and (D) Electrogenic effects
induced by rotavirus. The electrical effects
induced by the hiSARS-CoV-2 preparation
and spike protein were similar to those ob-
tained with rotavirus and NSP4 using the
same experimental model. *P < .05 and **P
< .0001 (t-test). yP < .05 and yyP < .01
(ANOVA). ANOVA, analysis of variance; Isc,
intensity of short-circuit current; NSP4,
nonstructural viral protein 4; RV, rotavirus.

Figure 4. Caco-2 cell survival evaluated in Ussing chambers (A) and by trypan
blue staining (B) after hi-SARS-CoV-2 and spike protein exposure (A) Cell sur-
vival in Ussing chambers was evaluated at the end of each experiment by
measuring the electrical response to the serosal addition of the theophylline (5
mmol/L). The serosal addition of theophylline induced an increase of Isc com-
parable to controls in cells previously treated with both hi-SARS-CoV-2 (1 ng/
mL) and spike protein (1 ng/mL), indicating cell survival (B) Cell viability was
assessed by trypan blue staining 1 h after exposure to the hiSARS-CoV-2 prep-
aration (1 ng/mL) and spike protein (1 ng/mL). Untreated cells were used as
negative controls. The data represent three separate experiments. No significant
statistical differences were obtained. hiSARS-CoV-2, heat-inactivated SARS-CoV-
2 preparation, Isc, intensity of short-circuit current.
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3. Discussion

The effects of SARS-CoV-2 on the respiratory tract are well recog-
nized, but a substantial proportion of patients report GI complaints, most
commonly diarrhea [2]. Although cases of SARS-CoV-2-associated diar-
rhea are often mild or moderate, they can be severe and require hospi-
talization and parenteral rehydration [2,3]. Also of importance for
infection control are data suggesting that fecal shedding of the virus may
be more prolonged than respiratory shedding and could contribute to
potential risk of SARS-CoV-2 fecal-oral transmission [4, 5]. Viral removal
from the GI lumen by drugs capable of binding viral particles may reduce
4

the spread of infection among enterocytes and the release of new virions,
potentially decreasing fecal viral shedding time and stopping fecal-oral
transmission.

There are two main pathophysiological mechanisms for diarrhea. The
first leads to osmotic diarrhea, resulting from cell damage and a marked
reduction in the digestive-absorptive surface. The second leads to
secretory diarrhea, induced by active ion secretion in response to
enterotoxic effects. In cholera, for example, little or no damage is
observed in the intestinal epithelium, but massive electrogenic ion
secretion is observed as reflected by changes of parameters in Ussing
chambers. Rotavirus-associated diarrhea is caused by a combination of
these osmotic and secretory diarrhea mechanisms [15, 22]. Active
chloride secretion induced by NSP4 is observed in the early phase of
rotavirus infection, followed by extensive epithelial damage; this aligns
well with the clinical course in children.

The present work found evidence that SARS-CoV-2 induces anion
secretion in a model of human intestinal cells. Spike protein is known to
act through ACE2 binding in cooperation with TMPRSS2, allowing the
virus to enter intestinal cells [6]. The density of ACE2 is greatest in the
human body's small intestine, and ACE2 are located on the luminal side
of polarized enterocytes [2]. Consistent with this topographical distri-
bution, the electrical effect observed in our experiments was seen when
the viral preparations were added to the mucosal but not the serosal side
of polarized epithelium.

The increase in Isc seen after exposure of the Caco-2 cells to the
hiSARS-CoV-2 preparation and the pure spike protein is independent
from cell death or apoptosis and is explained by an increased cation flux
from the luminal side to the basolateral side of the cells, or (conversely)
by enhanced anion secretion. Consistent with the pattern seen for other
enterotoxins, such as rotavirus-NSP4, the effect on Isc was eliminated by
the removal of chloride and calcium and was dependent by CaCC. The
electrogenic effect induced by the viral preparations was relatively rapid
and dose dependent (until the point of saturation). Potency of the



Figure 5. Cleaved caspase-3 levels in Caco-2 cells
after hiSARS-CoV-2 and spike protein exposure. FACS
analysis of Caco-2 untreated cells (Control) and
treated with hiSARS-CoV-2, spike protein, and ARS.
Representative flow cytometry plot indicating intra-
cellular cleaved caspase-3 level. Figure is representa-
tive of three different experiments. ARS, sodium
arsenite; FACS, fluorescence activated cell sorter;
FITC-A, Fluorescein isothiocyanate area; FSC-A, for-
ward scatter area; hiSARS-CoV-2, heat-inactivated
SARS-CoV-2; SSC-A, side scatter area.

Figure 6. Transepithelial electrical resistance in
Caco-2 cells following addition of hiSARS-CoV-2
or spike protein (A) and rotavirus or NSP4 (B).
Cell monolayers were exposed to the hiSARS-CoV-
2 preparation or spike protein at the mucosal side.
The data are representative of three separate ex-
periments. TEER results obtained with rotavirus
and NSP4 are shown on the right for comparison.
*P < .01 (ANOVA). ANOVA, analysis of variance;
NSP4, nonstructural viral protein 4; RV, rotavirus;
T0, TEER prior to exposure; TEER, transepithelial
electrical resistance.
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electrical effect was similar to that observed for rotavirus-NSP4 in the
same experimental model, although comparisons were based on extrap-
olations from log-books of previous experiments rather than on parallel
experiments of specific viral preparations. Data from the rotavirus ex-
periments are consistent with previously published results [15,17,22].

The effects on Iscwere also shown to be calcium-dependent, suggesting
that calcium rather than cAMP or cGMPmay be a mediator of the observed
hiSARS-Cov-2-induced chloride secretion. The SARS-CoV-2 spike protein
has been shown to lead to the activation of TMEM16 proteins, part of the
CaCC family that is essential in syncytia formation from infected
5

pneumocytes [23]. Modulation of these transmembrane channels may also
be involved in the development of secretory diarrhea [13]. Consistent with
this, our results suggest that CaCC is implicated in SARS-CoV-2-induced
anion secretion. These pathways have also been shown to be activated
by NSP4 in a model of rotavirus-induced diarrhea [15].

The present analyses suggest that the spike protein, which is essential
for SARS-CoV-2 binding and internalization, exhibits the typical features
of an enterotoxin, similar to those of NSP4 in models of rotavirus-induced
diarrhea [15,17]. Indeed, the results of our experiments with pure spike
protein were consistent with those using the hiSARS-CoV-2 preparation,



Figure 7. Electrogenic effects of hiSARS-
CoV-2 (A-B) and spike protein (C-D) in
human colonic specimens. Ussing chamber
studies were performed, mounting human
specimens of colonic mucosa after 1 h of in-
cubation with different doses of hiSARS-CoV-
2 (1–100 ng/mL) and spike protein (1–100
ng/mL). Change in Isc (A–C) and potency of
the effect (assessed as the AUC) (B–D)
showed a dose-dependent increase. In (A)
and (B) figures the second line of X-axis in-
dicates the amount of spike protein con-
tained in viral preparation for each
concentration (about 5% of total protein
content). *P < .05 vs control; **P < .005 vs
control. ANOVA, analysis of variance; AUC,
area under the curve of the ΔIsc–time plot;
hiSARS-CoV-2, heat-inactivated SARS-CoV-2;
Isc, intensity of short-circuit current.

Figure 8. ROS induced in Caco-2 cells by
hiSARS-CoV-2 or spike protein (A) and
rotavirus or NSP4 (B). Intracellular ROS
levels were evaluated by DCFH-DA fluor-
ometry 15, 30, and 60 min after exposure to
the hiSARS-CoV-2 preparation (1 μg/mL)
and spike protein (1 μg/mL). Untreated cells
and H2O2-treated cells were used as negative
and positive controls, respectively. The data
represent three separate experiments. Re-
sults obtained with rotavirus and NSP4 are
shown on the right for comparison. ANOVA
analysis of the time-course of hiSARS-CoV-2,
spike protein, RV and NSP4 showed a P
value <.0005 for all preparations. *P < .05
vs control; **P < .0005 vs control. ANOVA,
analysis of variance; DCFH-DA, 79-dichloro-
fluorescein diacetate; hiSARS-CoV-2, heat-
inactivated SARS-CoV-2; NSP4, nonstruc-
tural viral protein 4; ROS, reactive oxygen
species; RV, rotavirus.

Figure 9. ROS induced in Caco-2 cells by
different doses of hiSARS-CoV-2 and spike
protein. Intracellular ROS levels were eval-
uated by DCFH-DA fluorometry 15 min after
exposure to different doses of hiSARS-CoV-2
preparation (1–1000 ng/mL) and spike pro-
tein (1–1000 ng/mL). Untreated cells were
used as negative controls. The data represent
three separate experiments. The highest ef-
fect on ROS production was observed at 1
μg/mL for both preparations. *P < .05 vs
control; **P < .0005 vs control. ANOVA,
analysis of variance; DCFH-DA, 79-dichloro-
fluorescein diacetate; hiSARS-CoV-2, heat-
inactivated SARS-CoV-2; ROS, reactive oxy-
gen species.
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indicating that spike protein is directly implicated in the enterotoxic
effects of SARS-CoV-2. When we compared the effects on Isc and on the
AUC of the ΔIsc–time plot, the overall electrogenic effects were slightly
higher for the hiSARS-CoV-2 preparation than for the pure spike protein.
6

Whether this is due to additional secretory moieties in the viral prepa-
ration or minor quantitative differences in the response of Caco-2 cells to
the different preparations in a highly sensitive experimental system is
unclear.



Figure 10. Effects of diosmectite on
enterotoxicity and oxidative stress
induced in Caco-2 cells by hiSARS-CoV-2
and spike protein. (A) Pretreatment with
diosmectite (100 mg/mL) almost elimi-
nated (DSþ vs DS–) the enterotoxic ef-
fects of the hiSARS-CoV-2 preparation
and spike protein. (B) Pretreatment with
diosmectite (100 mg/mL) strongly
reduced ROS production (DSþ vs DS–) 15
min after exposure to the hiSARS-CoV-2
preparation and to spike protein. *P <

.05; **P < .005. DS, diosmectite;
hiSARS-CoV-2, heat-inactivated SARS-
CoV-2; Isc, intensity of short-circuit cur-
rent; ROS, reactive oxygen species.
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Our experiments in human colonic specimens were consistent with
the findings in the model, although the effects were generally less potent
and higher concentrations of both viral preparation and spike protein
were needed to achieve similar results. This is as expected when
comparing experiments in intestinal cell lines with those in human
specimens.

Intestinal cells showed a 2.5─3-fold increase in ROS production after
exposure to the hiSARS-CoV-2 preparation and spike protein; increases in
ROS production have also been reported in endothelial [24] and respira-
tory [25] cells after exposure to SARS-CoV-2. These findings are consistent
with oxidative stress being a major factor in the development of acute
respiratory distress syndrome and multiple organ dysfunction in acute
COVID-19 [14]. The extent to which ROS increase is involved with ion
secretion is not fully understood, but a similar pattern of ROS increase and
ion secretion has been observed in a model of rotavirus-induced secretory
diarrhea [15]. In addition, an increase of cytoplasmic Ca2þ concentration
is induced by the oxidative stress [26]. These findings support the hy-
pothesis that SARS-CoV-2, likely via the spike protein, exerts direct
enterotoxic effects by modifying the cellular redox state, which leads to an
increase of the intracellular Ca2þ concentration and to the subsequent
CaCC activation. Given the early increase in ROS and rapid resolution (in 1
h) observed in our studies, oxidative stress may be a precursor to the
pathogenetic mechanisms involved in the SARS-CoV-2-induced diarrhea.

Recently, Donowitz et al. reported CaCC-dependent Cl– secretion
induced by spike protein in a preliminary in vitro study using human
enteroids from healthy individuals [13]. Their findings differ from our
results in that they only observed a spike-protein-induced electrical
response and secretion in the presence of preexisting inflammation
(induced by IL-6 plus IL-8 pretreatment), which suggests that an in-
flammatory response may be a prerequisite for secretion. Such differ-
ences in results may be due to the sensitivities of the experimental
systems used in the respective studies and our use of a viral preparation
of hiSARS-CoV-2 rather than virus-like particles.

In addition, we saw no short-term decrease (1 h) or long-term change
(72 h) in the TEER of the Caco-2 cells, suggesting an absence of
measurable damage to the mucosal architecture. A limitation of the study
is the use of a heat-inactivated viral preparation instead of live SARS-
CoV-2. Therefore, a structural damage induced by the live virus and
measurable in terms of TEER reduction cannot be excluded. Neverthe-
less, this finding is consistent with the generally mild or moderate nature
of SARS-CoV-2-associated diarrhea [2], although this is less true for rarer
severe cases, such as those reported in children with MIS-C [27]. It may
be that there are two distinct pathogenic mechanisms involved in
SARS-CoV-2-induced diarrhea, the first being Cl–-dependent secretory
diarrhea (similar to that involved in rotavirus-associated diarrhea, which
causes more mild or moderate symptoms in patients with COVID-19),
and the second being characterized by inflammation, as described by
Donowitz et al. [13] (which results in more severe symptoms).

In addition to investigating the pathogenic mechanisms of SARS-CoV-2
and spike protein in our model of secretory diarrhea, we also assessed the
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effect of diosmectite on the observed anion secretion and ROS production.
Our selection of diosmectite for evaluation was informed by its inclusion
within several protocols for themanagement of COVID-associated diarrhea
[19, 20, 21]. Itwas also guidedby in vitro studies demonstrating the effect of
diosmectite in rotavirus-associated diarrhea [17], including ability to
significantly reduce stool volume in children with rotavirus and acute
watery diarrhea [28], and its inclusion as a recommended management
option for acute gastroenteritis [29]. The doses of diosmectite used in our
experimentalmodel (100mg/mL) are similar to those shown to be effective
in the prevention of rotavirus-induced chloride secretion and oxidative
stress [17]. Similar to its effect in rotavirus studies, diosmectite inhibited the
chloride secretion andoxidative stress inCaco-2 cellmonolayers inducedby
the hiSARS-CoV-2 preparation and spike protein. These effects could be
linked to the properties of diosmectite and its ability to adsorb the virus and
its active enterotoxin, preventing subsequent interactionswithACE2on cell
surfaces, as previously demonstrated with rotavirus and NSP4 [17].

Yonker et al. recently demonstrated that pediatric patients with MIS-
C have high levels of spike antigenemia and persistent fecal SARS-CoV-2
shedding, suggesting that prolonged presence of SARS-CoV-2 in the gut
could impair intestinal permeability targeting zonulin, thereby allowing
SARS-CoV-2 antigens into the bloodstream and the development of sys-
temic inflammation [16]. We hypothesize that the ability of diosmectite
to bind SARS-CoV-2 may reduce viral load and virion release from
infected cells within the gut, and may also reduce viral elimination time.
Efficient viral removal from the GI tract has the potential to reduce
infection risk, and the risk of systemic complications and MIS-C
development.

In summary, our results provide novel insights into SARS-CoV-2-
associated diarrhea. Similar to other infective diarrheas, particularly
rotavirus diarrhea, SARS-CoV-2 induces chloride secretion through a
calcium-dependent mechanism, suggesting the involvement of CaCCs.
The secretory effect appears to be induced by the spike protein, which
acts as an enterotoxin through mechanisms similar to those described for
rotavirus gastroenteritis. Diosmectite reduced chloride secretion, likely
via a trapping mechanism of the enterotoxic spike protein. Several
reference centers have included diosmectite in their COVID-19 man-
agement protocols [19, 20, 21] and our results provide experimental
support for consideration of its use for the management of
COVID-associated diarrhea. In conclusion, SARS-CoV-2 should be
considered as an enteric pathogen capable of inducing secretory diarrhea
in children and adults and diosmectite could be listed among re-purposed
drugs able to reduce SARS-CoV-2-induced effects.

4. Methods

4.1. Cell culture, specimens, virus and reagents

4.1.1. In Vitro model
Caco-2 cells derived from human colon carcinoma were used because

of their ability to differentiate into enterocytes of the upper villus,
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forming monolayers featuring ACE2 [30]. The cells (passage: 9–12) were
grown in high glucose (4.5 g/L) Dulbecco's modified Eagle minimum
essential medium (DMEM; Gibco, Thermo Fisher Scientific, Oxfordshire,
UK) supplemented with fetal calf serum (FBS) (10%; Gibco), nonessential
amino acids (1%), and penicillin-streptomycin (100 U/mL; Gibco). In all
experiments using Caco-2 cell monolayers, each filter was seeded with a
density of 5 x 105 cells/filter and grown for 18 days (with medium
changed every 48 h).

A serum-free viral preparation of SARS-CoV-2 was obtained from the
National Institute of Health (ISS, Rome, Italy) [31]. SARS-CoV-2 virus
was amplified in Vero C1008 (Vero E6) cell culture. Cells were grown at
37 �C with 5% CO2. Inoculation of Vero E6 cells with SARS-CoV-2 was
carried out directly in DMEM. Medium harvested from infected cells 4
days after inoculation was clarified by centrifugation and heat inacti-
vated at 56 �C for 30 min in a thermostatically-controlled water bath.
Virus propagation and manipulation occurred in a BSL-3 laboratory
setting at the National Institute of Health (ISS, Rome, Italy).

Liquid chromatography-mass spectrometry was used to confirm the
total protein and spike protein concentrations in the hiSARS-CoV-2
preparation. The protein concentration of the hiSARS-CoV-2 prepara-
tion was 523 μg/mL; it contained 26 μg/mL of spike protein (i.e.,
approximately 5% of total protein).

The hiSARS-CoV-2 preparation and (separately) a commercial spike
protein (RBD [V367F, SPD-S52H4]; ACRO Biosystems, Newark, DE,
USA) were added to the apical or basolateral side of the Caco-2 cell
monolayer at increasing doses in the absence or presence of diosmectite
(Ipsen Consumer HealthCare, France). For diosmectite, the doses selected
were the same as those used previously in experiments in rotavirus
models of secretory diarrhea [18].

4.2. Ex vivo specimens

Human specimens of distal colon were obtained from 12 adult pa-
tients who underwent surgery for colon cancer. All specimens were taken
from macroscopically normal areas of intestinal tissue and were
confirmed as normal by histological analysis. The seromuscular layer was
stripped to isolate colonic mucosa. Colonic mucosa specimens were
washed with NaCl 0.9%, examined by stereomicroscope to exclude tissue
necrosis, and treated with gentamicin 40 mg/mL to minimize bacterial
contamination.

The hiSARS-CoV-2 preparation (1, 10 and 100 ng/mL) and spike
protein (1, 10 and 100 ng/mL) were added to a DMEM with a high
glucose concentration (4.5 g/L) supplemented with 0.5% FCS, 1%
nonessential amino acids, 2% penicillin (50 mU/mL), and streptomycin
(50 mg/mL). After 1 h of incubation at 37 �C with 5% CO2, samples were
mounted in Ussing chambers (filter area, 1.18 mm2) and Isc was moni-
tored for 1 h. Untreated specimens incubated with medium in same
conditions were used as controls.

4.3. Assessments

4.3.1. Ion transport
Caco-2 cells were grown on uncoated polycarbonate Transwell filters

and used for intestinal transport studies 18 days after confluence. The
filter area was 1.18 cm2. Each filter was mounted in a Ussing chamber
(Physiological Instruments, San Diego, CA, USA) between the mucosal
and serosal compartments. Each compartment contained 5 mL of Ringer's
solution with the following composition (in mmol/L): 114 NaCl; 5 KCl;
1.65 Na2HPO4; 0.3 NaH2PO4; 1.25 CaCl2; 1.1 MgCl2; 25 NaHCO3, and 10
glucose. The buffer was constantly gassed with 95% O2 and 5% CO2, and
was connected to a thermostat-regulated circulating pump to maintain a
temperature of 37 �C.

Ion transport was studied by measuring modification in Isc, where an
increase is an indication of active luminally-directed anion secretion. As
ΔIsc is a precise marker of enterotoxic effects, maximal ΔIscwas recorded
as an indicator of mucosal ion secretion. The potency of the effect was
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assessed as the integrated response of the Caco-2 cell monolayers under
experimental conditions, evaluated as the AUC of the ΔIsc–time plot,
calculated by numerical integration with the baseline Isc subtracted.

The hiSARS-CoV-2 preparation was added to the mucosal and serosal
side of Caco-2 cell monolayers at different doses (0.01–10 ng/mL of total
protein content). Cell viability was evaluated at the end of each experi-
ment by measuring the electrical response to the serosal addition of
theophylline (5 mmol/L). To investigate the extent to which spike pro-
tein contributed to the electrical effect induced by the hiSARS-Cov-2
preparation, the experiments were repeated with the hiSARS-CoV-2
preparation replaced by pure spike protein at different doses (0.1–10
ng/mL). Untreated cells mounted in Ussing chamber were used as
controls.

To investigate the role of Cl– in the observed electrical response, Cl–

was substituted with SO4
– at an equimolar concentration. To investigate

the role of Ca2þ in the electrical response, 1,2-bis(2-aminophenoxy)
ethane N,N,N0,N0-tetra-acetic acid/acetoxymethyl ester (BAPTA/AM 20
μM Enzo Life Sciences, Inc., NY, USA) was used as a calcium chelator.
Caco-2 cells were pretreated with BAPTA/AM on both the mucosal and
serosal sides 30 min before being mounted in Ussing chambers. The role
of CaCC in Isc response was studied using the CaCC inhibitor A01 (10 μM,
Tocris Bioscience, Bristol, UK), added to the mucosal side of Caco-2 cells
15 min before hiSARS-CoV-2 addition.

The results were compared with those of data on the electrical effects
induced in Caco-2 cells infected by the simian rotavirus strain SA11
(multiplicity of infection, 25), or after the serosal addition of the rota-
virus enterotoxin NSP4 (200 ng/mL) taken from log books of previous
experiments; the methods used were as described in previous publica-
tions [15, 17, 18].

To test the effects of diosmectite on anion secretion, the hiSARS-CoV-
2 preparation (1 ng/mL) and the pure spike protein (1 ng/mL) were
pretreated with 100 mg/mL of diosmectite for 1 h at 37 �C followed by
centrifugation. The cells were then stimulated using supernatants, as
previously described.

4.4. Cell viability and apoptosis

Cell viability and apoptosis experiments were performed to ensure
that electrical changes were linked to ion secretion and were indepen-
dent of cell death, testing hiSARS-CoV-2 and spike protein at same doses
(1 ng/mL) and conditions (1 h exposure at 37 �C) effective in Ussing
chambers studies.

For cell viability experiment, 1 � 106 cells were seeded in 35 mm
culture dishes for overnight attachment. Next day, cells were exposed to
hiSARS-CoV-2 or spike protein for 1 h at 37 �C in serum-free medium.
Cells exposed to fresh serum-free medium were used as control. At the
end of incubation, cell viability was assessed by trypan blue dye exclu-
sion assay, which is based on the microscopic quantitation of live cells
(unstained) and dead cells (blue cytoplasm). Cells were automatically
counted using the Countess Automated Cell Counter (Thermo Fisher
Scientific, Milan, Italy).

To verify the apoptosis induction through caspase pathway activation
we performed a quantitative analysis of the cleaved caspase 3 by Fluo-
rescence activated cell sorter (FACS) analysis. Caco-2 cells were plated at
a density of 2 � 104 cells/cm2, after 24 h were treated with hiSARS-CoV-
2 (1 ng/mL) and spike protein (1 ng/mL) for 1 h. Sodium Arsenite (ARS)
(50 μM) treatment for 1 h and 24 h was used as positive control of
apoptosis induction through caspase pathway activation. Cells were de-
tached and suspended in 4% paraformaldehyde to prevent the cells
forming clumps. After incubation for 20 min on ice, the cells were
washed with 1 mL of IFA-TX buffer (Sodium chloride 0.9% at 4% fetal
calf serum, 1% Hepes 1M, 0.1% Triton X-100), centrifugated at 300g for
5 min and suspended in primary antibody mix (anti-cleaved caspase-3 -
cell signaling 9661) for 60 min on ice. Cells were then washed, re-
suspended a 488 Alexa Fluor anti-rabbit secondary antibody mix (Invi-
trogen Corporation, Carlsbad, CA, USA) for 30 min on ice. After
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centrifugation, cells were resuspended in PBS and filtered through 70 μm
filcons (BD Biosciences Pharmingen, San Jose, CA, USA). The BD Bio-
sciences FACS Aria III (BD Biosciences Pharmingen, San Jose, CA, USA)
was used for analysis.
4.5. Epithelial integrity

Cytopathic effects of hiSARS-CoV-2 preparation and spike protein
were assessed by measuring electrical resistance of Caco-2 cell mono-
layers mounted in Ussing chambers. TEER of cell monolayers grown on
filters was measured using a Millicell-ERS resistance monitoring appa-
ratus (Millipore, Merck Life Science S.r.l., Milan, Italy). The net TEER (in
Ohms/cm2) was calculated by subtracting the background level from the
actual value and then multiplying the resultant value obtained by the
area of the filter (4.9 cm2). TEER was measured every 24 h for 3 days
after mucosal addition of the hiSARS-CoV-2 preparation (100 ng/mL)
and spike protein (100 ng/mL). Cells exposed to fresh serum-free me-
dium were used as control.
4.6. Reactive oxygen species

ROS production was measured by 79-dichlorofluorescein diacetate
(DCFH-DA, D6665; Sigma-Aldrich, St. Louis, MO, USA) spectrofluorom-
etry. Caco-2 cells were grown in DMEM in 24-well plates for 18 days post
confluence. Cell monolayers were treated with the hiSARS-CoV-2 (1 μg/
mL) preparation and the spike protein (1 μg/mL) for 15, 30, and 60 min
at 37 �C. The cells were then treated with DCFH-DA (20 μM) for 30min at
37 �C in the dark. Intracellular ROS production was measured with a
spectrofluorometer (SFM 25; Kontron Instruments, Tokyo, Japan). As
positive controls, cells were incubated with H2O2 (10 mM) for 5 min and
DCFH-DA for 30 min. As negative controls, cells were incubated with
DCFH-DA in absence of stimuli. Same experiments were conducted after
15 min exposure to lower doses of hiSARS-CoV-2 and spike protein.

To assess the neutralization potential of diosmectite on ROS pro-
duction, the hiSARS-CoV-2 preparation (1 μg/mL) and the pure spike
protein (1 μg/mL) were preincubated with 100 mg/mL of diosmectite for
1 h at 37 �C followed by centrifugation. The cells were then stimulated
using supernatants for 15 min, treated with DCFH-DA (20 μM) for 30 min
at 37 �C in the dark, and tested by spectrofluorometry.

Statistical analysis

Descriptive results were reported as means and standard deviations.
Between-group comparisons were performed by two-sided unpaired
Student t-test and one-way analysis of variance (ANOVA), using Prism
Software (GraphPad 6, San Diego, CA, USA). Bonferroni post-hoc test was
performed for multiple testing correction. Statistical significance was
defined as a P value of less than .05.

All experiments were repeated at least three times, and error bars
indicate the standard deviation.
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