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Infectious diarrhea kills more children each day than AIDS, malaria, and measles combined
[1]. In humans, the leading causes of virally induced diarrhea include rotavirus, norovirus,
sapovirus, astrovirus, adenovirus, and poliovirus, prior to a global vaccination program, all of
which pose significant risks particularly to young children and the immunocompromised pop-
ulation [1]. Here, we summarize shared and distinct mechanisms employed by these viruses to
cause diarrheal diseases. This brief review aims not only to serve and inform clinical and
research communities but also paves the path for developing therapies and countermeasures
to mitigate the impact of the diarrhea caused by these pathogens.

Disruption of intestinal homeostasis

Rotavirus and norovirus are both capable of disrupting intestinal epithelial barriers but
through different mechanisms. Rotavirus mainly infects mature non-proliferative enterocytes
at the tip of villi in the small intestine and causes structural changes such as villus blunting in
humans [2]. Breakdown of barrier function does not seem to be observed in mouse models of
rotavirus infection, which could be due to increased stem cell division or neurotropic factor
production [3,4]. This selective cell tropism towards mature absorptive enterocytes can lead to
disruptions in normal intestinal physiology. Rotavirus infection also depresses the function of
key apical transport proteins, such as sodium-D-glucose, sodium-hydrogen exchanger 3, and
cystic fibrosis transmembrane conductance regulator, which are crucial for sodium and chlo-
ride transport in the small intestine [5]. Additionally, diacylglycerol O-acyltransferase 1
(DGAT1) is degraded in rotavirus antigen positive cells [5]. This degradation disrupts the
localization of key ion transporters and reduces the expression of various intestinal proteins,
leading to impaired nutrient absorption and malabsorptive noninflammatory diarrhea [5].

Human norovirus-induced diarrhea is associated with significant histopathological changes
within the small intestine, despite minimal visible damage or inflammation. Key changes
include the broadening and blunting of intestinal villi, vacuolization of epithelial cells, and
hyperplasia of crypt cells [6]. These alterations, along with observed lacteal dilation, suggest
impaired fat absorption and contribute to the malabsorptive aspect of diarrhea. Because
human norovirus does not infect mice due to host range restriction, many of the disease stud-
ies stem from experimental murine noroviruses, whose cell tropism is strain dependent and
largely found in subepithelial cells of the small intestinal gut-associated lymphoid tissue and
lamina propria. Furthermore, the involvement of lymphocytes indicates a complex interplay
where these cells help control viral replication but also exacerbate disease severity, highlighting
a dual role in the pathogenesis of murine norovirus diarrhea [7]. Interestingly, murine norovi-
rus infection only induces diarrhea in neonatal but not adult mice [7].

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012414  August 8, 2024 1/5


https://orcid.org/0000-0002-5338-260X
https://doi.org/10.1371/journal.ppat.1012414
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1012414&domain=pdf&date_stamp=2024-08-08
https://doi.org/10.1371/journal.ppat.1012414
https://doi.org/10.1371/journal.ppat.1012414
http://creativecommons.org/licenses/by/4.0/

PLOS PATHOGENS

Murine astrovirus primarily infects goblet cells within the small intestine, a process that
increases mucus production significantly [8]. This heightened mucus secretion likely disrupts
normal intestinal function and alters the gut microbiome towards mucus-associated bacteria,
potentially affecting the host susceptibility to other pathogens. Enhanced mucus production
and altered gut microbiota can contribute to the malabsorption and disrupted electrolyte bal-
ance, leading to diarrhea. The infection driven increase in mucus can also modify the intestinal
environment, affecting the overall homeostasis and immune responses, further contributing to
diarrheal outcomes [8]. Human astrovirus infects different lineages of intestinal epithelial cells
and infection induces significant alterations in the actin cytoskeleton and tight junction pro-
teins, leading to increased cell permeability [9]. Astrovirus-infected cells display disrupted
actin stress fibers and physical separation at the apical surface, indicating a breakdown in cell-
cell adhesin. Moreover, occludin, a key component of tight junction, is redistributed to the
cytoplasm, resulting in breaks in the cobblestone staining pattern characteristic of intact tight
junctions [10]. These findings suggest a direct role of astrovirus in disrupting intestinal barrier
integrity.

Activation of the enteric nervous system

In addition to epithelial and immune cells, the enteric nervous system is involved in enteric
virus-associated diarrhea development. Rotavirus infection primarily activates the secretion of
serotonin from enterochromaffin cells, a subset of enteroendocrine cells [11]. This process is
largely mediated by the viral nonstructural protein 4 (NSP4), which has been identified as a
viroporin, which we will discuss below, and viral infection induced extracellular purinergic sig-
naling [11]. The released serotonin acts on the serotonin receptors, which are key players in
the gastrointestinal system, leading to increased intestinal motility and enhanced fluid secre-
tion [11]. Studies have shown that blocking the serotonin receptors with small-molecule antag-
onists such as Ondansetron significantly reduces the severity and duration of diarrhea in
infected mice, particularly in mouse pups more susceptible to rotavirus [11]. Moreover, seroto-
nin receptors blockade also appears to reduce overall viral shedding and improves weight gain
during infection, suggesting a direct link between serotonin signaling and viral replication
[11]. The role of the enteric nervous system extends beyond just motility and fluid secretion; it
also influences the viral impacts on electrolyte balance and intestinal inflammatory responses,
further highlighting its critical role in the pathophysiology of rotavirus-induced diarrhea and
presenting potential new avenues for therapeutic intervention. In a similar manner, enteric
adenovirus, through its short fiber knob and hexon proteins, engages with enterochromaffin
cells and stimulates serotonin release [12].

Activities of viroporins

Viroporins are virally encoded proteins that oligomerize in the host membranes and form
hydrophilic pores [13]. The mechanisms of diarrhea induced by the viroporin activities of
rotavirus NSP4 and rhesus calicivirus Tulane virus NS1-2 highlight yet another shared viral
strategy involving the manipulation of cellular calcium signaling to facilitate viral replication
and induce gastrointestinal symptoms. As a viroporin localized to the endoplasmic reticulum
(ER), NSP4 is the first viral enterotoxin discovered. It interacts with the stromal interaction
molecule 1, depletes ER calcium stores, and triggers the activation of plasma membrane cal-
cium influx channels [13]. Furthermore, rotavirus NSP4-induced calcium dysregulation is
necessary for activation of purinergic intercellular calcium waves [14]. The resultant elevation
in cytoplasmic calcium levels is crucial for viral replication and contributes to diarrhea by dis-
turbing cellular functions and promoting secretory processes in intestinal cells. Similar to
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rotavirus NSP4, Tulane virus NS1-2 protein also functions as a viroporin within the ER,
enhancing intracellular calcium signaling by facilitating the release of calcium from ER stores
[15]. The NS1-2 protein specifically activates this process through its viroporin domain, which
is essential for the effective replication of the viruses [15]. Increased cytoplasmic calcium, a
direct outcome from NS1-2 activity, supports viral replication dynamics and is linked to the
pathogenesis of diarrhea through disruption of cellular and systemic calcium balance. Three
other examples of viroporins are Ebola virus delta peptide [16], astrovirus XP protein [17], and
poliovirus 2B protein [18]. This highly convergent mechanism of diarrhea induction under-
scores the critical role of viroporins in viral life cycles and their impact on host gastrointestinal
physiology. By inducing calcium imbalance, both NSP4 and NS1-2 not only ensure an envi-
ronment conducive to viral replication but also contribute to the diarrheal output seen in
infections, making these viroporin functions potential targets for therapeutic interventions
aimed at mitigating disease symptoms and curtailing viral spread.

Importantly, SARS-CoV-2, a noncanonical enteric virus, also causes gastrointestinal symp-
toms. One potential mechanism is through an enterotoxin-like spike protein [19]. In a loop
injection model, direct administration of SARS-CoV-2 spike protein induces intestinal lumen
fluid accumulation, inflammation, mucosal histoarchitecture disruption, and altered innate
immunity activation [19]. However, this has not been interrogated in the context of live virus
infection nor the new variants and the underlying mechanisms are unclear.

Induction of diarrhea by nonreplicating viral particles

There is one intriguing report that after psoralen UV treatment, transcription- and replica-
tion-defective rotaviruses can still cause diarrhea in suckling mouse pups [20]. This finding
challenges the paradigm that diarrhea results solely from rotavirus replication-induced cell
destruction and/or NSP4, which is only produced from cells with actively replicating viruses,
highlighting a potentially alternative mechanism of viral attachment and entry into intestinal
cells in diarrheal pathogenesis. Rotavirus-specific IgA response in the gut was not observed in
mice receiving the oral inoculation of inactivated rotavirus [20], suggesting that if immunopa-
thology is driving the diarrheal disease, it is more likely on the innate immune arm of the host
response. These findings open new avenues for understanding the pathogenesis of rotavirus-
induced diarrhea and suggest potential targets for therapeutic intervention.

Conclusions

The multifaceted mechanisms by which enteric viruses induce diarrhea emphasize the com-
plex interaction between the enteric viruses and the host gastrointestinal system. From the dis-
ruption of intestinal barriers to the activation of the enteric nervous system, the pivotal role of
viroporins and the nonreplicating viruses (Table 1), these findings illuminate novel avenues

Table 1. Mechanisms of diarrhea induction by viruses.

Causes of diarrhea | Enteric viruses Cellular mechanisms

Gut homeostasis Rotavirus, norovirus, and astrovirus Intestinal villus blunting, apical transporter

disruption protein mis-localization, and tight junction
protein alteration

Enteric nervous Rotavirus, adenovirus, and SARS-CoV- | Intestinal serotonin secretion and altered gut

system activation 2 motility

Viroporin function | Rotavirus, rhesus calicivirus, astrovirus, | Cellular calcium signaling dysregulation and
Ebola virus, poliovirus, and SARS-CoV- | beyond
2?

Host immune Non-replicating rotavirus Unknown
response?

https://doi.org/10.1371/journal.ppat.1012414.t001
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for prophylactic and therapeutic interventions. Thus, continued exploration of mechanisms of
viral pathogenesis holds promise for the development of broad-spectrum antivirals and vac-
cines, with the goal of reducing overall infection-associated diarrheal illness and sequelae.

References

1.

10.

11.

12

13.

14.

15.

16.

Liu J, Platts-Mills JA, Juma J, Kabir F, Nkeze J, Okoi C, et al. Use of quantitative molecular diagnostic
methods to identify causes of diarrhoea in children: a reanalysis of the GEMS case-control study. Lan-
cet. 2016; 388(10051):1291-1301. https://doi.org/10.1016/S0140-6736(16)31529-X PMID: 27673470;
PubMed Central PMCID: PMC5471845.

Davidson GP, Barnes GL. Structural and functional abnormalities of the small intestine in infants and
young children with rotavirus enteritis. Acta Paediatr Scand. 1979; 68(2):181-186. https://doi.org/10.
1111/j.1651-2227.1979.tb04986.x PMID: 217231

Zou WY, Blutt SE, Zeng XL, Chen MS, Lo YH, Castillo-Azofeifa D, et al. Epithelial WNT Ligands Are
Essential Drivers of Intestinal Stem Cell Activation. Cell Rep. 2018; 22(4):1003-15. Epub 20180128.
https://doi.org/10.1016/j.celrep.2017.12.093 PMID: 29386123; PubMed Central PMCID: PMC5798462.

Hagbom M, De Faria FM, Winberg ME, Westerberg S, Nordgren J, Sharma S, et al. Neurotrophic Fac-
tors Protect the Intestinal Barrier from Rotavirus Insult in Mice. MBio. 2020; 11(1). Epub 20200121.
https://doi.org/10.1128/mBio.02834-19 PMID: 31964731; PubMed Central PMCID: PMC6974565.

Liu Z, Smith H, Criglar JM, Valentin AJ, Karandikar U, Zeng XL, et al. Rotavirus-mediated DGAT1 deg-
radation: A pathophysiological mechanism of viral-induced malabsorptive diarrhea. Proc Natl Acad Sci
U S A.2023; 120(51):€2302161120. Epub 20231211. https://doi.org/10.1073/pnas.2302161120 PMID:
38079544; PubMed Central PMCID: PMC10743370.

Gastroenteritis AIN. Intestinal Histopathology. Ann Intern Med. 1973; 79(1):18-25. https://doi.org/10.
7326/0003-4819-79-1-18%m4721173

Roth AN, Helm EW, Mirabelli C, Kirsche E, Smith JC, Eurell LB, et al. Norovirus infection causes acute
self-resolving diarrhea in wild-type neonatal mice. Nat Commun. 2020; 11(1):2968. https://doi.org/10.
1038/s41467-020-16798-1 PMID: 32528015

Cortez V, Boyd DF, Crawford JC, Sharp B, Livingston B, Rowe HM, et al. Astrovirus infects actively
secreting goblet cells and alters the gut mucus barrier. Nat Commun. 2020; 11(1):2097. Epub
20200429. https://doi.org/10.1038/s41467-020-15999-y PMID: 32350281; PubMed Central PMCID:
PMC7190700.

Kolawole AO, Mirabelli C, Hill DR, Svoboda SA, Janowski AB, Passalacqua KD, et al. Astrovirus repli-
cation in human intestinal enteroids reveals multi-cellular tropism and an intricate host innate immune
landscape. PLoS Pathog. 2019; 15(10):e1008057. Epub 20191031. https://doi.org/10.1371/journal.
ppat.1008057 PMID: 31671153; PubMed Central PMCID: PMC6957189.

Moser LA, Carter M, Schultz-Cherry S. Astrovirus increases epithelial barrier permeability indepen-
dently of viral replication. J Virol. 2007; 81(21):11937-45. Epub 20070815. https://doi.org/10.1128/JVI.
00942-07 PMID: 17699569; PubMed Central PMCID: PMC2168760.

Bialowas S, Hagbom M, Nordgren J, Karlsson T, Sharma S, Magnusson KE, et al. Rotavirus and Sero-
tonin Cross-Talk in Diarrhoea. PLoS ONE. 2016; 11(7):e0159660. Epub 20160726. https://doi.org/10.
1371/journal.pone.0159660 PMID: 27459372; PubMed Central PMCID: PMC4961431.

Westerberg S, Hagbom M, Rajan A, Loitto V, Persson BD, Allard A, et al. Interaction of Human Entero-
chromaffin Cells with Human Enteric Adenovirus 41 Leads to Serotonin Release and Subsequent Acti-
vation of Enteric Glia Cells. J Virol. 2018; 92(7). Epub 20180314. https://doi.org/10.1128/JVI1.00026-18
PMID: 29367250; PubMed Central PMCID: PMC5972892.

Hyser Joseph M, Utama B, Crawford Sue E, Broughman James R, Estes MK. Activation of the Endo-
plasmic Reticulum Calcium Sensor STIM1 and Store-Operated Calcium Entry by Rotavirus Requires
NSP4 Viroporin Activity. J Virol. 2013; 87(24):13579-13588. https://doi.org/10.1128/JV1.02629-13
PMID: 24109210

Gebert JT, Scribano FJ, Engevik KA, Philip AA, Kawagishi T, Greenberg HB, et al. Viroporin activity
from rotavirus nonstructural protein 4 induces intercellular calcium waves that contribute to pathogene-
sis. bioRxiv. 2024:2024.05.07.592929. https://doi.org/10.1101/2024.05.07.592929 PMID: 38765992

Strtak Alicia C, Perry Jacob L, Sharp Mark N, Chang-Graham Alexandra L, Farkas T, Hyser Joseph M.
Recovirus NS1-2 Has Viroporin Activity That Induces Aberrant Cellular Calcium Signaling To Facilitate
Virus Replication mSphere. 2019; 4(5):10.1128/msphere.00506—19. https://doi.org/10.1128/msphere.
00506-19 PMID: 31533997

Melnik LI, Guha S, Ghimire J, Smither AR, Beddingfield BJ, Hoffmann AR, et al. Ebola virus delta pep-
tide is an enterotoxin. Cell Rep. 2022; 38(1):110172. https://doi.org/10.1016/j.celrep.2021.110172
PMID: 34986351.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012414  August 8, 2024 4/5


https://doi.org/10.1016/S0140-6736%2816%2931529-X
http://www.ncbi.nlm.nih.gov/pubmed/27673470
https://doi.org/10.1111/j.1651-2227.1979.tb04986.x
https://doi.org/10.1111/j.1651-2227.1979.tb04986.x
http://www.ncbi.nlm.nih.gov/pubmed/217231
https://doi.org/10.1016/j.celrep.2017.12.093
http://www.ncbi.nlm.nih.gov/pubmed/29386123
https://doi.org/10.1128/mBio.02834-19
http://www.ncbi.nlm.nih.gov/pubmed/31964731
https://doi.org/10.1073/pnas.2302161120
http://www.ncbi.nlm.nih.gov/pubmed/38079544
https://doi.org/10.7326/0003-4819-79-1-18m4721173
https://doi.org/10.7326/0003-4819-79-1-18m4721173
https://doi.org/10.1038/s41467-020-16798-1
https://doi.org/10.1038/s41467-020-16798-1
http://www.ncbi.nlm.nih.gov/pubmed/32528015
https://doi.org/10.1038/s41467-020-15999-y
http://www.ncbi.nlm.nih.gov/pubmed/32350281
https://doi.org/10.1371/journal.ppat.1008057
https://doi.org/10.1371/journal.ppat.1008057
http://www.ncbi.nlm.nih.gov/pubmed/31671153
https://doi.org/10.1128/JVI.00942-07
https://doi.org/10.1128/JVI.00942-07
http://www.ncbi.nlm.nih.gov/pubmed/17699569
https://doi.org/10.1371/journal.pone.0159660
https://doi.org/10.1371/journal.pone.0159660
http://www.ncbi.nlm.nih.gov/pubmed/27459372
https://doi.org/10.1128/JVI.00026-18
http://www.ncbi.nlm.nih.gov/pubmed/29367250
https://doi.org/10.1128/JVI.02629-13
http://www.ncbi.nlm.nih.gov/pubmed/24109210
https://doi.org/10.1101/2024.05.07.592929
http://www.ncbi.nlm.nih.gov/pubmed/38765992
https://doi.org/10.1128/msphere.00506-19
https://doi.org/10.1128/msphere.00506-19
http://www.ncbi.nlm.nih.gov/pubmed/31533997
https://doi.org/10.1016/j.celrep.2021.110172
http://www.ncbi.nlm.nih.gov/pubmed/34986351
https://doi.org/10.1371/journal.ppat.1012414

PLOS PATHOGENS

17.

18.

19.

20.

Lulla V, Firth AE. A hidden gene in astroviruses encodes a viroporin. Nat Commun. 2020; 11(1):4070.
Epub 20200813. https://doi.org/10.1038/s41467-020-17906-x PMID: 32792502; PubMed Central
PMCID: PMC7426862.

Agirre A, Barco A, Carrasco L, Nieva JL. Viroporin-mediated membrane permeabilization. Pore forma-
tion by nonstructural poliovirus 2B protein. J Biol Chem. 2002; 277(43):40434—41. Epub 20020814.
https://doi.org/10.1074/jbc.M205393200 PMID: 12183456.

Nascimento RR, Aquino CC, Sousa JK, Gadelha KL, Cajado AG, Schiebel CS, et al. SARS-CoV-2
Spike protein triggers gut impairment since mucosal barrier to innermost layers: From basic science to
clinical relevance. Mucosal Immunol. 2024. https://doi.org/10.1016/j.mucimm.2024.03.009 PMID:
38555027

Shaw RD, Hempson SJ, Mackow ER. Rotavirus diarrhea is caused by nonreplicating viral particles. J
Virol. 1995; 69(10):5946-5950. https://doi.org/10.1128/JV1.69.10.5946-5950.1995 PMID: 7666499;
PubMed Central PMCID: PMC189489.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012414  August 8, 2024

5/5


https://doi.org/10.1038/s41467-020-17906-x
http://www.ncbi.nlm.nih.gov/pubmed/32792502
https://doi.org/10.1074/jbc.M205393200
http://www.ncbi.nlm.nih.gov/pubmed/12183456
https://doi.org/10.1016/j.mucimm.2024.03.009
http://www.ncbi.nlm.nih.gov/pubmed/38555027
https://doi.org/10.1128/JVI.69.10.5946-5950.1995
http://www.ncbi.nlm.nih.gov/pubmed/7666499
https://doi.org/10.1371/journal.ppat.1012414

