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Abstract

In recent years, significant research has established that remdesivir and its parent nucleoside analog
(GS5-441524 substantially improve clinical outcomes and reduce viral shedding in cats suffering from
coronavirus-induced feline infectious peritonitis (FIP). Similarly, molnupiravir - another potent
nucleoside analog - has gained prominence for its dual utility in treating FIP in veterinary medicine
and COVID-19 in humans. In Japan, molnupiravir has been approved for clinical use since late 2021.
Experimental animal models have provided insights into these mechanisms. Immunohistochemical
(IHC) analysis has identified the expression of the SARS-CoV-2 nucleocapsid protein (NP) within
pancreatic islet cells of humans and in infected cats, with NP expression increasing in a time-
dependent manner following infection. Notably, IHC analysis also revealed NP staining within
pancreatic ductal epithelial cells. Given that ductal epithelial cells serve as progenitors that
differentiate into islet cells during development, this suggests a possible pathway for direct viral
invasion of the endocrine islets. While the precise mode of viral entry remain to be elucidated, these
findings underscore the potential for SARS-CoV-2 to directly compromise pancreatic integrity and
endocrine function. Hence, antiviral drugs could counteract also the diabetogenic effect of
coronaviruses in both animals and humans.
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1. Introduction

Virus-induced diabetes mellitus has been documented in numerous human cases especially
following infection with enteroviruses [1]. Recent observations suggest that cats infected with SARS-
CoV-2 may exhibit multiple forms of diabetes, including Type 1 Diabetes Mellitus (TIDM), as well
as severe metabolic complications such as diabetic ketoacidosis (DKA) and hyperosmolar state [2,3].
Experimentally infected cats in the laboratory have demonstrated significant hyperglycemia and
SARS-CoV-2 particles and antigens have been identified within pancreatic islet cells in humans [4,5].
Feline animal models of SARS-CoV-2 infection are valuable for elucidating the pathologic
mechanisms leading to TIDM.

T1DM imposes substantial subclinical, economic, and social burdens. Historical precedents for
viral etiology include a notable case of DKA in a child where Coxsackievirus B4 was isolated from
the pancreas and the viral strain was proven to be diabetogenic in murine models [6]. Similar
associations where Koch’s postulates appear applicable to virus-induced diabetes in humans have
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since been reported for Coxsackievirus B5 [7] and other enteroviruses [8]. Since the onset of the
COVID-19 pandemic, evidence has increasingly suggested a link between T1IDM and SARS-CoV-2
infection [4]. However, much of the current literature remains circumstantial or limited to case
reports. Here, we provide some data for satisfying Koch’s postulates in animal models of SARS-CoV-
2 infection.

2. Viral and Prion-Associated Diabetes Mellitus

Type 1 Diabetes Mellitus (T1DM) is mainly a disease of the youth which, if left untreated,
culminates in fatal ketoacidosis as insulin production ceases. However, contemporary research
suggests a more nuanced, slower progression toward complete insulin deficiency [9]. Alternatively,
authors propose an episodic decline, where successive bouts of beta-cell-damaging insults are
interspersed with periods of partial recovery [10,11]. The prevalence of TIDM exhibits a distinct
seasonality —peaking in winter and declining in summer—particularly in northern latitudes [12].
This geographical and temporal variation appears linked to the circulation of specific enteroviruses,
notably Coxsackievirus B1, B2, B4, and B5, as well as Echovirus 9 and 11, which some investigators
term "diabetogenic viruses". Furthermore, spatial and familial clustering of TIDM has been
documented in smaller populations [13,14].

Experimental murine models have demonstrated that inoculation with Coxsackievirus B4 leads
to acute and persistent pancreatic infection [15], a phenomenon also confirmed in the myocardium of
infected mice [16]. Similarly, human-isolated Reovirus types 1, 2, and 3 primarily target the
gastrointestinal tract; however, when passaged in primary beta-cell cultures, they induce
hypothyroidism and diabetes in neonatal mice [17]. Ultrastructural analysis has revealed crystalline
arrays of Reovirus type 1 within the cytoplasm of pancreatic islet «, (3, and 0-cells [18], illustrating
the unexpected tropism these viruses exhibit toward various endocrine organs [19]. In vitro studies
using human pancreatic organ cultures have confirmed this tropism, observing both lytic and
persistent enteroviral infections in insulin-producing and non-insulin-producing cells. In these lytic
infections, the primary mechanism of cell death is characterized by initial pyknosis followed by
delayed necrosis.

Prions represent a unique class of infectious agents devoid of nucleic acids, causing progressive
neurodegenerative diseases with prolonged incubation periods. These diseases may arise
spontaneously, through genetic inheritance, or via transmission through bodily fluids,
environmental contact, or medical intervention [20]. Pathologically, prion diseases are classified as
protein misfolding disorders (PMDs), characterized by the systemic or localized accumulation of
amyloid aggregates.

Felines are among the few species that develop a form of diabetes mellitus analogous to human
Type 2 Diabetes Mellitus (T2DM). A hallmark of feline T2DM is the deposition of amyloid within the
islets, derived from the beta-cell hormone amylin, or islet amyloid polypeptide (IAPP). Elevated IAPP
concentrations in the islet cells and plasma of diabetic cats support the pathogenic role of this
polypeptide [21]. Similarly, IAPP accumulation is a frequent finding in human T2DM. Evidence
suggests that IAPP aggregates can seed the misfolding of endogenous IAPP. For instance, the
inoculation of IAPP aggregates into transgenic mice expressing human IAPP triggers accelerated
amyloid deposition. This suggests that T2DM might be transmissible through ways reminiscent of
prion propagation in neurological diseases [22]. Notably, the nonapeptide SK9 (residues 55-63;
SFYVYSRVK) from the SARS-CoV-2 envelope has demonstrated the capacity to induce IAPP-like
structures and promote advanced aggregation [23]. However, the specific role of IAPP during
coronavirus infection remains underexplored both in human and feline diabetes.

In addition, beta-cell dysfunction and hyperglycemia have been observed in rodents infected
with “scrapie” prions [1,24]. The cellular prion protein (PrPC) is expressed in beta-cells and appears
to be a critical regulator of glucose homeostasis. Specifically, PrP¢ expression modulates pancreatic
iron stores: the silencing of PrP¢ leads to intracellular iron depletion and the subsequent upregulation
of glucose transporter 2 (GLUT2) and insulin. Conversely, iron overload downregulates GLUT2 and
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insulin in a PrP¢-dependent manner. Consequently, glucose intolerance develops in iron-overloaded
PrPc{+/+} mice but not in PrP¢{-/-} mice, indicating that PrPc-mediated modulation of intracellular
iron significantly influences both insulin secretion and the sensitivity of target organs [24,25].

3. Murine Coronavirus Infection of Pancreas Cells

The association between murine coronaviruses and pancreatic pathology was first highlighted
in 1967 by Hirano et al., who documented pancreatitis in mice infected with Mouse Hepatitis Virus-
3 (MHV-3) [26]. These pancreatic lesions exhibit unique features, and disease susceptibility is greatly
strain-dependent: DBA/2 and BALB/c mice are susceptible, whereas CFW and CD-1 strains
demonstrate resistance. Histologically, these lesions are characterized by coagulative necrosis of
acinar cells, with mild inflammatory infiltration observed at the periphery of the endocrine tissue.

While the exact mechanisms underlying these lesions remain to be fully elucidated [27], it is
well-established that murine coronaviruses naturally infect the brain, liver, and pancreas. Despite
this, detailed analyses of coronavirus-induced pancreatitis have remained scarce since the initial 1967
report. However, given their multi-organ tropism, murine coronaviruses remain strong candidates
for modeling virus-induced diabetes. Further investigations using coronavirus strains originally
isolated from wild rodents is likely necessary to better define their role in this endocrine dysfunction.

4, SARS-CoV-2 Infection in Cats and Diabetes Induction

The first natural case of SARS-CoV-2 infection in a domestic cat was reported in 2021 [28].
Serological surveys conducted during the COVID-19 pandemic revealed a higher prevalence of
antiviral antibodies in cats and dogs residing in households with COVID-19 patients [29]. However,
clinical manifestations, such as overt respiratory disease, are rarely reported in these companion
animals [30]. In a French study, respiratory swabs and serological testing identified four natural cases
of feline SARS-CoV-2 infection: three were asymptomatic, while one exhibited a coryza-like
syndrome [31]. Genome sequencing identified these isolates as the a-variant [32].

Subsequent reports documented the a-variant in pets across Texas, USA, Italy, and Spain [33-
36]. While the d-variant was initially less frequently reported in Western companion animals, a
natural infection in a Japanese cat demonstrated significant virulence, manifesting as severe
respiratory distress, sneezing, nasal discharge, and coughing [37]. These findings suggest that the d-
variant may possess enhanced pathogenicity in felines.

Experimental transmission studies, largely conducted at the BSL-4 facility of the Harbin
Veterinary Research Institute in China, have provided deeper insights [36]. Utilizing both human
prototype (Wuhan) strains and environmental isolates, researchers successfully infected cats and
dogs intranasally. In felines, the infectious virus was recovered from the nasal cavity, throat, salivary
glands, bronchi, and lungs. While viral RNA was detected in the intestines, infectious virions were
not recovered from the digestive tract. In contrast, dogs showed evidence of viral RNA in the upper
respiratory tract, but no infectious particles were detected, suggesting limited replication [36].

To assess the impact of SARS-CoV-2 on glucose metabolism, blood glucose levels were
monitored in cats following viral inoculation [38]. At 7 days post-infection (dpi), nearly all inoculated
cats exhibited significant hyperglycemia, whereas control groups remained normoglycemic.
Although gross pathological examination did not show distinct morphological changes in the
pancreas, IHC analysis revealed the expression of the SARS-CoV-2 nucleocapsid protein (NP) within
pancreatic islet cells and ductal epithelial cells. Given that ductal epithelial cells differentiate into islet
cells during development, this suggests a direct pathway for viral invasion of the endocrine pancreas.

Detailed IHC triple-staining by Zhang et al. for viral NP, glucagon, and insulin revealed a high
frequency of NP-glucagon double-positive cells, whereas NP-insulin double-positive cells were rare
[38]. These results were corroborated using S-protein-specific antibodies. Additionally, triple-
staining for NP, glucagon, and angiotensin-converting enzyme 2 (ACE2) demonstrated that these
cells were triple-positive, suggesting that o-cells are a primary target for SARS-CoV-2 entry via the
ACE2 receptor. This tropism mirrors observations in mouse encephalomyocarditis virus (EMCV)
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models, where viral infection is concentrated at the islet periphery, the region where glucagon-
producing alpha-cells are predominantly located (data not shown).

Finally, SARS-CoV-2 appears to induce apoptosis within feline islets. Transferase dUTP nick end
labeling (TUNEL) assays confirmed apoptotic signaling in both ductal epithelial and islet cells [38].
While further research is required to fully characterize these islet abnormalities, these findings likely
represent the early phases of pancreatic islet destruction and explain the observed elevations in blood
glucose levels following SARS-CoV-2 infection.

5. Possible Antivirals for Coronavirus-Induced Diabetes

For treatment of coronavirus-related manifestations, including virus-induced diabetes, this
study focuses on remdesivir, molnupiravir, ritonavir and ensitrelvir, as these agents have been
approved by the Japanese government for clinical use in humans. In addition, remdesivir and
molnupiravir are being used off-label by Japanese veterinarians to treat distinct feline coronavirus
infections.

5.1. Remdesivir

Remdesivir is widely employed in veterinary medicine for the treatment of FIP, a previously
fatal disease caused by a feline coronavirus [39,40]. Originally developed to combat the Ebola virus,
remdesivir is a prodrug of the parent adenosine analog G5-441524 that is FDA-approved for COVID-
19. Both compounds are converted by cellular enzymes into bioactive nucleoside triphosphate (NTP)
(Figure 1).

The parent nucleoside, GS-441524, has demonstrated robust antiviral activity against a spectrum
of coronaviruses, including SARS-CoV, MERS-CoV, and feline infectious peritonitis virus (FIPV) [40].
As a nucleoside analog, remdesivir functions as an inhibitor of the viral RNA-dependent RNA
polymerase (RdRp). It competes with natural ATP for incorporation into the nascent RNA strand,
leading to premature chain termination or delayed template processing, thereby halting viral genome
replication [39].

Given the genetic heterogeneity among coronavirus strains, the broad-spectrum efficacy of
RdRp inhibitors is highly relevant. This genetic diversity is driven by the large viral genome and the
unique proofreading capabilities of the viral replication machinery. However, since the RdRp
remains a highly conserved enzyme across the Coronaviridae family, remdesivir remains a good
candidate for mitigating the systemic effects of SARS-CoV-2, including its impact on pancreatic
function and glucose metabolism.

Figure 1. Structural formula of (A) Remdesivir and (B) GS-441524. Original source of image: PubChem Database,
National Center for Biotechnology Information. PubChem Database. Remdesivir, CID = 121304016,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0164.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2026 d0i:10.20944/preprints202603.0164.v1

5 of 11

https://pubchem.ncbi.nlm.nih.gov/compound/121304016 and GS-441524, CID = 44468216,
https://pubchem.ncbi.nlm.nih.gov/compound/44468216 (accessed on February 13, 2026).

5.2. Molnupiravir

Molnupiravir (EIDD-2801) is a potent orally bioavailable antiviral that has garnered significant
attention for its broad-spectrum efficacy against human coronaviruses [41]. Beyond its applications
for SARS-CoV-2, it has demonstrated effectiveness against multiple RNA viruses, including Middle
East respiratory syndrome coronavirus (MERS-CoV), seasonal influenza, and Venezuelan equine
encephalitis virus (VEEV). The mechanism of action involves the inhibition of the viral RARp. Unlike
remdesivir, which primarily acts via chain termination, molnupiravir induces a "viral error
catastrophe" or lethal mutagenesis. Once metabolized into its active form, 3-D-N*-hydroxycytidine
triphosphate, it is incorporated into viral RNA. During replication cycles, the polymerase
misinterprets the modified nucleotide(s), leading to an accumulation of transition mutations that
ultimately render the viral genome non-functional (Figure 2).

Molnupiravir has received regulatory approval for treatment of COVID-19 in several
jurisdictions, including the United Kingdom and Japan. Clinical data suggests a favorable safety
profile. While generally well-tolerated, its use is typically monitored to mitigate potential mutagenic
risks, particularly in certain patient populations [41]. Comparative studies have indicated that
molnupiravir may exhibit a potency significantly higher - estimated at 2 to 10 times - than that of
remdesivir in certain in vitro models and viral inhibition assays.

The veterinary relevance of this agent is significant, as SARS-CoV-2 can manifest in domestic
pets with symptoms mirroring human pathology, including hyperinflammation and the risk of multi-
organ failure. This clinical presentation is similar in the systemic inflammatory response seen in FIP
[42]. Consequently, molnupiravir is increasingly being investigated and utilized in feline medicine,
leveraging data from COVID-19 clinical trials to treat cats infected with both FIP virus and SARS-
CoV-2.

Figure 2. Structural formula of Molnupiravir. Original source of image: PubChem Database, National Center for
Biotechnology Information. PubChem Database. Molnupiravir, CID = 145996610,
https://pubchem.ncbi.nlm.nih.gov/compound/145996610 (accessed on February 13, 2026).

5.3. Ritonavir

Ritonavir, an aspartic protease inhibitor originally developed for the treatment of Human
Immunodeficiency Virus (HIV) and Hepatitis C virus (HCV), has been evaluated for its potential in
vitro activity against SARS-CoV and MERS-CoV [43] (Figure 3). While it targets the viral 3C-like
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protease (3CLpro), clinical data has shown that ritonavir monotherapy offers negligible therapeutic
benefit against COVID-19.

The primary pharmacological utility of ritonavir in COVID-19 treatment is its role as a
pharmacokinetic enhancer or booster. By inhibiting the cytochrome P450 3A4 (CYP3A4) enzyme,
ritonavir slows the metabolism of co-administered antiviral agents, thereby increasing their plasma
concentrations and extending their half-life. This synergy is most notably observed when used in
combination with ribavirin, interferon (3-1b, or as part of the nirmatrelvir/ritonavir (Paxlovid)
regimen.

Large-scale clinical evidence has led to a shift in how ritonavir is utilized. Specifically, the
Randomized Evaluation of COVID-19 Therapy (RECOVERY) trial—a landmark national clinical
program in the UK involving 1,596 patients—discontinued the lopinavir/ritonavir treatment arm
after observing no significant clinical benefit in hospitalized patients [43]. Despite this, research
continues globally, including initiatives sponsored by the Japanese government, to explore more
effective combination therapies.

In veterinary medicine, specifically regarding feline coronaviruses, no clinical trials have yet
been conducted to evaluate ritonavir’s efficacy or safety in cats. Given the drug’s complex metabolic
profile and significant potential for drug-drug interactions via CYP450 inhibition, its application in
veterinary species still requires investigations before considering it a viable treatment for FIP or feline
SARS-CoV-2 infections.

Figure 3. Structural formula of Ritonavir. Original source of image: PubChem Database, National Center for
Biotechnology Information. PubChem Database. Ritonavir, CID = 392622,
https://pubchem.ncbi.nlm.nih.gov/compound/392622 (accessed on February 13, 2026).

5.4. Ensitrelvir

Ensitrelvir is a potent, non-covalent, non-peptide inhibitor of the SARS-CoV-2 main protease
3CLpro which has emerged as a primary therapeutic target due to its essential role in viral
polyprotein processing [44] (Figure 4). In biochemical assays, ensitrelvir demonstrated high affinity
for the wild-type (WT) SARS-CoV-2 protease, with a half-maximal inhibitory concentration ICso =
0.049mM. This potency is comparable to that of nirmatrelvir ICso = 0.044mM, indicating that
ensitrelvir is an effective inhibitor of the viral 3CLpro in vitro.

While ensitrelvir is currently authorized only for human use, its clinical development is
expanding globally. It has moved into Phase 3 clinical trials in the United States and other regions to
evaluate its efficacy across broader populations [44]. In the context of veterinary medicine, like other
novel protease inhibitors, ensitrelvir has not yet been evaluated for its safety or efficacy in feline
populations, though the conservation of the main protease enzyme (Mrr) target across coronaviruses
appears to recommend investigations for feline-specific viral pathogens.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0164.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 March 2026 d0i:10.20944/preprints202603.0164.v1

7 of 11

Figure 4. Structural formula of Ensitrelvir. Original source of image: PubChem Database, National Center for
Biotechnology Information. PubChem Database. Ensitrelvir, CID = 162533924,
https://pubchem.ncbi.nlm.nih.gov/compound/162533924 (accessed on February 13, 2026).6. Discussion.

Recent investigations into viral structural biology have revealed that certain viruses, including
respiratory syncytial virus (RSV) and herpes simplex virus type 1 (HSV-1), can recruit host-derived
proteins to form a specialized layer known as a "protein corona" [45]. These viruses effectively bind
amyloidogenic peptides within their corona, facilitating surface-assisted nucleation and catalyzing
the formation of amyloid fibrils (Figure 5). Metwally reported that diabetes was already known to be
a key risk factor for developing severe forms of COVID-19 and people with the condition are more
likely to die from the infection. He suggested that the virus might also trigger some form of diabetes
[46].

Clinically, the intersection of COVID-19 and glucose metabolism is becoming increasingly
evident. Epidemiological data indicate that SARS-CoV-2 infection can precipitate new-onset diabetes.
This manifests as acute hyperglycemia in patients without prior history of the disease and as DKA in
patients with pre-existing diabetes [47]. The SARS-CoV-2 spike protein interacts with the renin-
angiotensin-aldosterone system (RAAS), entering host cells by binding to ACE2 receptors. These
receptors are expressed across multiple tissues, including the exocrine and endocrine pancreas.
Emerging research suggests that viral entry into pancreatic [3-cells, coupled with the subsequent
upregulation of angiotensin II, may be the primary driver of this diabetogenic effect [47]. Given the
rising incidence of post-COVID-19 metabolic complications, the integrated management of glycemic
control is essential during viral recovery and in the long-COVID syndrome.

The expression profile of ACE2 in the human pancreas remains a critical area of study. While
earlier reports suggested a widespread expression in pancreas [48], higher resolution analyses
confirm that ACE2 is specifically expressed in both a- and B-cells [49]. This tropism parallels the
affinity for the endocrine pancreas of other diabetogenic viruses such as enteroviruses [50-53],
Coxsackievirus B [54] and rotaviruses [55], that have been implicated in the pathogenesis of TIDM.
Consequently, longitudinal monitoring of post-COVID-19 patients is necessary to evaluate the virus
long-term contribution to the progression toward multiple forms of diabetes.

Drawing from previous experience with Coxsackievirus B4-related DKA [6], we propose a four-
pronged approach to investigate the role of SARS-CoV-2 in diabetes:

1. Development of robust animal models specifically designed to study the diabetogenic potential
of SARS-CoV-2.

2. Selection of highly susceptible mouse strains or transgenic models that express human ACE2
under specific promoters.

3. Isolation and cloning of potentially diabetogenic viral strains via plaque assay to identify
genomic variants endowed with (3-cell tropism.

4. Utilization of high-resolution immunofluorescence and immunohistochemistry to definitively
localize viral replication within pancreatic islets.
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Since genetic predisposition is a cornerstone of susceptibility to TIDM, studies in monozygotic
twins suggest that environmental triggers (especially microorganisms) are the most likely etiologic
agents. Common intestinal and respiratory viral infections may act as catalysts in TIDM by inducing
pro-inflammatory cytokine cascades and facilitating the aberrant activation of T-cells [56].
Understanding whether SARS-CoV-2 may act as a trigger will contribute to prevention and treatment
attempts.

’ SARS-CoV-2 ‘ » ’ Envelope protein ‘ »‘ Immature IAPP aggregation ‘ . ’ Increase of mature amyloid ‘

t* $

‘ SARS-COV-2 envelope SK9 ‘ ‘ Progress of type 2 diabetes ‘

’ Receptor ACE2 ‘ » ’ p Cell invasion ‘ »‘ Induction of type 1 diabetes ‘

Figure 5. IAPP is frequently observed in the diabetics. SARS-CoV-2 SK9 show increase of the production in the
islets for the mature forms [23]. That will develop progress of diabetes. SARS-CoV-2 interacts to ACE2 and helps
invasion to {3-cells. Feline type 1 diabetes is induced with some unknown process [38]. Secondary or bystander

effect of T cells will enhance the disease process inside the pancreatic islets [56].

7. Conclusions

Cats are one of the few species that develop a form of diabetes mellitus analogous to T2DM. The
characteristic finding in cats with T2DM is deposition within islets of amyloid derived from the [3-
cell hormone amylin (islet amyloid polypeptide, IAPP). Increased IAPP concentration has been
documented in islet cells and plasma of diabetic cats, supporting a pathogenic role for this
polypeptide. Interestingly, a part of the nonapeptide of SARS-CoV-2 envelop SK9 (residue 55-63;
SFYVYSRVK) showed the ability to induce an IAPP-like structure with an advanced increase in the
number of mature fibrils. The role of IAPP during coronavirus infection has not been well studied in
human type 2 diabetes or in cats. SARS-CoV-2 virions interact with the receptor ACE2 and help the
invasion of islet (3-cells. The mechanisms through which SARS-CoV-2 may induce islet damage and
diabetes mellitus remain under discussion and warrant further study.
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Abbreviations

ACE2 Angiotensin-converting enzyme 2

DE Definitive endothelium

DKA Diabetic ketoacidosis

EMC Encephalomyocarditis

FIP Feline infectious peritonitis

GLUT Glucose transporter

IAPP Islet amyloid polypeptide

ICso Half-maximal inhibitory concentration
IHC Immunohistochemical

Mpro Main protease enzyme

NP Nucleocapsid protein

PMDs Protein misfolding disorders

RAAS Renin-Angiotensin-Aldosterone System
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RdRp RNA-dependent RNA-polymerase

T1DM Type 1 diabetes mellitus

T2DM Type 2 diabetes mellitus

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
WT Wild type
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