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A B S T R A C T

Objectives: The nose and mouth are the primary entry points for upper respiratory severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infection; however, the influence of different entry routes on viral spread 
remains unclear. Oral and nasal infection routes in terms of viral distribution and presence of inflammation were 
compared.
Methods: Syrian hamsters were inoculated with SARS-CoV-2 via three routes: nasal inoculation (NI), simulating 
conventional upper respiratory infection; lingual (supra-lingual) inoculation (LI), simulating exposure during 
speaking and eating; and sublingual inoculation (SI), simulating exposure to the salivary glands. After three days, 
the lungs, submandibular glands, nasal turbinates, liver, and brain were examined histologically and immuno
histochemically. To assess direct access to the lungs, India ink was administered via each route and analyzed 
after tissue clearing.
Results: NI resulted in infection in the nasal olfactory sensory epithelium of the nasal cavity and in the lungs. 
India ink studies suggest that the virus is likely to have infected the nasal mucosa first, followed by secondary 
infection of the lungs. LI resulted in marked infection of the submandibular glands with vascular involvement. In 
the LI and SI groups, no viral antigen was detected in the lungs; however, there was inflammation of the lungs, 
suggesting cytokine-mediated effects.
Conclusion: Different upper respiratory entry routes produced distinct pathological patterns. While nasal infec
tion is well recognized, our findings indicate that salivary gland infection via SI may suggest an alternative 
pathway for systemic viral dissemination.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 
causative agent of coronavirus disease 2019 (COVID-19), emerged in 
late 2019 and led to profound public health and economic consequences 
[1]. The clinical presentation of COVID-19 is diverse, ranging from mild 
to severe illness, although most cases are mild and characterized by 

symptoms such as fever, cough, fatigue, and loss of taste or smell. Older 
adults and individuals with underlying conditions such as cardiovas
cular disease, hypertension, and chronic lung disease are at increased 
risk of developing severe respiratory illness and acute respiratory 
distress syndrome [2]. Acute respiratory distress syndrome is a frequent 
complication of severe coronavirus infections and is closely linked to the 
development of cytokine storms [3].
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Since the onset of the COVID-19 pandemic, numerous animal models 
have been developed to study the pathogenesis of the disease and to 
explore potential preventative and therapeutic strategies. These models 
provide valuable translational relevance, as they enable comprehensive 
evaluation of host–virus interactions and host immune responses, both 
of which play a critical role in the course of viral infection and disease 
progression [4]. SARS-CoV-2 is classified as an airborne pathogen that 
spreads through exposure to virus-containing aerosols, primarily via the 
upper respiratory tract, including the oral cavity. The oral cavity, which 
serves as the entry point to both the digestive and respiratory systems, 
plays an essential role in eating, speaking, and breathing [5–7]. More
over, several tissues in the upper respiratory tract, including the tongue, 
nasal cavity, pharynx, and salivary glands, express coronavirus receptor 
proteins such as angiotensin-converting enzyme 2 [8–10]. Conse
quently, the nasal and oral cavities are considered major routes of 
SARS-CoV-2 infection. However, most animal studies have focused on 
the nasal route, with only a limited number investigating oral trans
mission [9,11–13].

In this study, we used a Syrian hamster model with three viral 
inoculation routes to examine whether the route of viral entry influences 
viral dissemination and the degree of inflammation: nasal inoculation 
(NI), representing conventional upper respiratory tract infection; lingual 
(supra-lingual) inoculation (LI), simulating exposure during speaking 
and eating; and sublingual inoculation (SI), designed to induce salivary 
gland infection.

2. Materials and methods

2.1. Viruses

The SARS-CoV-2 strain SARS-CoV-2/Hu/DP/Kng/19–020 (GenBank 
accession no. LC528232; lineage B) was kindly provided by the Kana
gawa Prefectural Institute of Public Health. All experiments involving 
SARS-CoV-2 were conducted in a biosafety level 3 laboratory, in 
accordance with standard biosafety protocols approved by the Research 
Institute for Microbial Diseases at the University of Osaka.

2.2. Animals

Seven-week-old male Syrian hamsters were purchased from Japan 
SLC (Shizuoka, Japan). All animal experiments that did not involve the 
use of viruses were approved by the Committee on the Ethics of Animal 
Experiments of the University of Osaka Graduate School of Dentistry and 
were conducted in strict accordance with the guidelines of the Univer
sity of Osaka Graduate School of Dentistry for the care and use of lab
oratory animals.

2.3. Viral inoculation

For viral inoculation, twelve hamsters were randomly divided into 
four groups of three: three viral inoculation groups (NI, LI, and SI) and 
one control group. Following inhalational isoflurane anesthesia (Viatris, 
Canonsburg, PA, USA), each hamster was inoculated with a total of 5 ×
105 TCID50/30 μL of SARS-CoV-2 culture supernatant using 20–100 μL 
pipettes (Thermo Fisher Scientific, Carlsbad, CA, USA) fitted with 200 μL 
tips (Thermo Fisher Scientific, Carlsbad, CA, USA). For NI, the pipette tip 
was carefully inserted into the right nostril, ensuring that no culture 
supernatant leaked into the mouth. For LI, the culture supernatant was 
applied over the tongue into the pharyngeal cavity. For SI, a pipette tip 
was inserted beneath the tongue to deliver the culture supernatant to the 
sublingual area (Fig. 1A). Three days after infection, the hamsters were 
euthanized and fixed by transcardial perfusion with 4 % para
formaldehyde phosphate buffer (Fujifilm Wako Pure Chemical Co., 
Tokyo, Japan). The lungs, head, submandibular glands (SMGs) and liver 
were removed and immersed in 4 % paraformaldehyde (Fujifilm Wako 
Pure Chemical Co., Osaka, Japan) for 24 h.

Fig. 1. Comparison of severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) localization and expression in the lungs across different inoculation 
routes. 
(A) Schematic diagram of the inoculation routes. (B) Representative immuno
histochemical images of SARS-CoV-2 in the lungs following the three inocula
tion routes. Scale bar: 100 μm. (C) Representative immunohistochemical 
images of the pulmonary artery and vein adjacent to the infected bronchiole. 
(D) Immunofluorescence images of hamster lungs after the three inoculation 
routes. Upper panels: SARS-CoV-2 (red); lower panels: merged images of SARS- 
CoV-2 and DAPI (blue). (E) Percentage of SARS-CoV-2-positive area in the lungs 
after each inoculation method. ****p < 0.0001; **p < 0.01; *p < 0.05. (B–D) 
Br: bronchiole; *: alveolar area; A: pulmonary artery; V: pulmonary vein; 
arrowhead: alveolar capillary. (B–E) Control: no virus; NI: nasal inoculation; LI: 
supra-lingual inoculation; SI: sublingual inoculation.
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2.4. Tissue processing and histopathological analysis

After fixation, the head, lung, salivary glands, brain, and liver were 
processed and embedded in paraffin, and tissue sections were prepared 
for immunohistochemical and hematoxylin-eosin (HE) staining. 
Detailed procedures are provided in the Supplementary Materials and 
Methods.

2.5. Immunohistochemistry and immunofluorescence

For immunohistochemistry, tissue sections were incubated with 
either a rabbit anti-SARS-CoV-2 nucleoprotein antibody (Sino Biolog
ical, Beijing, China) or a rabbit anti-cleaved caspase 3 antibody (Cell 
Signaling Technology, Danvers, MA, USA). For immunofluorescence, 
sections were incubated overnight at 4 ◦C with a rabbit anti-CD45 
antibody (Abcam, Cambridge, UK) alone or with a rabbit anti-SARS- 
CoV-2 antibody (Sino Biological) combined with a goat anti-olfactory 
marker protein antibody (Fujifilm Wako Pure Chemical Co.) or with a 
goat anti-CD31 antibody (R&D systems, Minneapolis, MN, U.S.A.). 
Nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole). 
Detailed procedures are provided in the Supplementary Materials and 
Methods.

2.6. Evaluation of immunohistochemistry and immunofluorescence

SARS-CoV-2 expression in the bronchial epithelium, ductal epithe
lium of the SMG, and vessel wall of the SMG was analyzed by quanti
fying SARS-CoV-2-positive signals (pixels) within the area of each 
structure (μm2). For immunofluorescence, regions of interest were 
captured from each specimen using a confocal laser microscope. The 
resulting images were analyzed with the ImageJ 1.53 software (National 
Institutes of Health, Bethesda, MD, USA [14]). Detailed procedures are 
provided in the Supplementary Materials and Methods. The number of 
evaluated areas was as follows: bronchial epithelium, five fields per 
animal; ductal epithelium of the SMG, 10 fields per animal; and vessel 
wall of the SMG, a total of 27 vessels across 10 fields per animal.

The numbers of CD45-positive and cleaved caspase 3-positive cells 
were also counted as described in the Supplementary Materials and 
Methods.

2.7. Analysis of bronchial inflammation

Bronchial inflammation was evaluated after HE staining using a light 
microscope, based on the established scoring system for influenza virus- 
associated lung inflammation [15,16]. Detailed procedures are provided 
in the Supplementary Materials and Methods.

2.8. India ink inoculation and tissue clearing

To assess whether the viral inoculum could reach the lungs, India ink 
was administered via three inoculation routes (NI, LI, and SI). Lung 
distribution of the ink was evaluated by stereomicroscopic imaging after 
tissue clearing, and quantitative analysis was performed using ImageJ 
[17,18]. Detailed procedures are provided in the Supplementary Mate
rials and Methods.

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 10 
(GraphPad Software, San Diego, CA, USA). Data are presented as mean 
± standard deviation. The Kruskal–Wallis one-way analysis of variance 
was used to assess differences among groups, and Dunn's post hoc test 
was applied for pairwise comparisons. A p-value of less than 0.05 was 
considered statistically significant.

3. Results

3.1. NI caused acute bronchitis with SARS-CoV-2 infection

To investigate how the route of viral transmission influences infec
tion, we tested three upper respiratory inoculation routes in golden 
Syrian hamsters (Fig. 1A): NI, LI, and SI. Expression of coronavirus re
ceptor proteins was confirmed by western blotting and immunohisto
chemistry (Supplementary Fig. S1) [19]. Because NI is known to induce 
lung infection, we confirmed the presence of SARS-CoV-2 in the lungs 
[12,20,21]. Immunohistochemistry using an anti-SARS-CoV-2 antibody 
revealed strong and widespread positive signals in the bronchiolar 
epithelium of the NI group, with weaker signals in the LI and SI groups 
(Fig. 1B). Although inflammatory cell infiltration was evident in the 
alveolar area, no viral signals were detected in any experimental group 
(asterisk in Fig. 1B). Viral signals were also absent in bronchial arteries, 
veins, and alveolar capillaries (Fig. 1C). Immunofluorescence was per
formed for quantitative assessment (Fig. 1D). The percentage of 
SARS-CoV-2-positive area was significantly higher in the NI group 
compared with the LI and SI groups (Fig. 1E).

3.2. LI and SI induced non-viral pneumonia and bronchitis

Because SARS-CoV-2 was undetectable in the lung of LI and SI group, 
we further evaluated and compare the severity of inflammation in lung 
tissue (Fig. 2A). Compare to control and SI groups, inflammation score, 
which reflects expansion and severity of inflammation, were signifi
cantly higher in NI group (Fig. 2B). Also, LI and SI group showed sig
nificant higher inflammatory score when compare to control group 
(Fig. 2B). Inflammatory cell infiltration in alveoli were assessed by 
measuring the number of CD45-positive cells (Fig. 2C). Among 3 
experiment groups and control group, number of CD45-positive cells in 
the alveoli area was significantly higher in NI group, followed by SI and 
LI group (Fig. 2D). Because apoptosis of bronchial epithelium has been 
reported as one of characteristics during SARS-CoV-2 infection [22,23], 
bronchial apoptosis was assessed by evaluating the expression of 
Cleaved caspase-3 protein which serve as a key marker for apoptosis 
(Fig. 2E). The number of apoptotic cells was significantly higher in NI 
group when compare to other experiment group (Fig. 2F).

These results indicate that, among the three inoculation routes, NI 
caused the most severe SARS-CoV-2 infection and pulmonary inflam
mation, whereas the LI and SI routes induced non-viral pulmonary 
inflammation.

3.3. NI induced SARS-CoV-2 infection in the olfactory sensory epithelium 
(OSE)

Previous studies have visualized olfactory SARS-CoV-2 infection to 
explain loss of smell in patients with COVID-19 [24,25]. To determine 
whether all three inoculation routes induce infection in the nasal mu
cosa, frontal sections of the nasal cavity were histologically analyzed. 
HE staining revealed severe erosive inflammation of the nasal mucosa, 
including the OSE [26], in the NI group but not in the control, LI, or SI 
groups (Fig. 3A and B). Immunohistochemistry confirmed SARS-CoV-2 
infection in the OSE of the NI group, but not in that of the control, LI, 
or SI groups (Fig. 3B). Pathological evaluation of the nasal cavity in the 
NI group also showed inflammatory cell infiltration with SARS-CoV-2, 
not only in abscesses within the turbinate passages but also in nasal 
glands adjacent to the OSE (Fig. 3C and D). Furthermore, immunohis
tochemistry using an anti-cleaved caspase 3 antibody revealed apoptotic 
cells in both the OSE and nasal glands (Fig. 3E). Immunofluorescence 
confirmed that olfactory marker protein-positive terminal dendritic 
trees of olfactory sensory neurons were embedded in the OSE, where 
viral signals were localized (Fig. 3F). Notably, viral signals were also 
detected within olfactory marker protein-positive olfactory sensory 
neurons (Fig. 3F, white arrowhead). These findings suggest that loss of 
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smell may be associated with olfactory sensory neuron infection and can 
be reproduced in the hamster model following NI.

3.4. SI induced SMG infection with vascular SARS-CoV-2 invasion

We previously reported that angiotensin-converting enzyme 2 is 
expressed in the ductal epithelium of the mouse SMG [10]. To examine 
whether SARS-CoV-2 infects the salivary glands, we histologically 
analyzed SMGs obtained from the control, NI, LI, and SI groups. In
flammatory cell infiltration was observed in all three inoculation groups 

but not in the control group (Fig. 4A). SARS-CoV-2 was visualized by 
fluorescent immunohistochemistry, with the strongest signal detected in 
the ductal epithelium of the SI group (Fig. 4B). Unexpectedly, viral 
signals were also observed in the lumen near the duct (Fig. 4B, arrow
head), which was histologically confirmed as venous vessels (Fig. 4C, 
arrowhead). To precisely localize viral signals, fluorescent immunohis
tochemistry using anti-CD31 and anti–SARS-CoV-2 antibodies was per
formed in combination with differential interference contrast (DIC) 
imaging (Fig. 4D and Supplementary Fig. S2A). After coverslip removal, 
the same sections were subjected to HE staining. Viral signals associated 

Fig. 2. Comparison of pulmonary inflammation across different inoculation routes. 
(A) Representative histological images of lungs after severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) inoculation via the three routes. Br: bronchiole; 
V: pulmonary vein; arrowheads: acute bronchitis; *: alveolar area. (B) Bronchial inflammation scores. (C) Immunofluorescence images of the alveolar area stained 
with anti-CD45 antibody. Upper panels: CD45 (red); lower panels: merged images of CD45 (red) and DAPI (blue). (D) Number of CD45-positive cells per area. (E) 
Immunohistochemistry using anti-cleaved caspase 3 antibody across the three inoculation routes. (F) Number of cleaved caspase 3-positive cells per area. (A–F) 
Control: no virus; NI: nasal inoculation; LI: supra-lingual inoculation; SI: sublingual inoculation. (B, D, F) ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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with blood vessels were localized to the vascular wall rather than the 
endothelial layer (white arrowhead in Fig. 4D and Supplementary 
Fig. S2A). Weak viral signals were also detected in both ducts and acini 
(white arrow). In addition, CD31-positive signals were observed in 
ductal structures (yellow arrowhead in Supplementary Fig. S2A), likely 
reflecting the role of CD31 (PECAM-1) as an adhesion molecule involved 
in tight junctions that prevent saliva leakage [27]. ACE2 expression in 
salivary gland vasculature was also confirmed (Supplementary Fig. S2B) 

[28,29]. Quantification of viral signal in the ductal epithelium of the 
SMG showed that, although all inoculated groups had increased signal 
compared with the control group, the SI group had significantly higher 
levels than the NI and LI groups (Fig. 4E). A significantly greater number 
of CD45-positive inflammatory cells was also found in the SI group 
compared with the NI and LI groups (Fig. 4F). Cleaved caspase 3-positive 
apoptotic salivary duct cells were not observed in any group 
(Supplementary Fig. S3). Moreover, evaluation of vascular viral signals 

Fig. 3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) distribution in the nasal cavity following nasal inoculation. 
(A) Overview image of the nasal cavity. White arrowhead: olfactory sensory neuron; broken line: olfactory sensory epithelium (OSE); yellow box B: higher 
magnification across different inoculation routes shown in panel B; yellow box C: abscess shown in panel C; yellow box D: higher magnification shown in panel D. (B) 
Immunohistochemical detection of SARS-CoV-2 in the OSE across different inoculation routes. Upper panels: hematoxylin–eosin (HE); lower panels: immunohis
tochemistry; V: vessel. SARS-CoV-2 signal is undetectable. (C) Immunohistochemical detection of SARS-CoV-2 in an abscess following nasal inoculation (NI). Left 
image: HE; right image: immunohistochemistry. (D) Immunohistochemical detection of SARS-CoV-2 in the nasal glands following NI. Left image: HE; right image: 
immunohistochemistry. (E) Immunohistochemical detection of cleaved caspase 3 in both the OSE (upper) and nasal glands (lower) following NI. (F) Double 
immunofluorescence using anti-olfactory marker protein antibody and anti-SARS-CoV-2 antibody (red), with DAPI counterstain (blue).
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revealed that the SI group showed significantly higher levels than both 
the NI and LI groups (Fig. 4G).

3.5. Comparison of lung delivery across three inoculation routes

Although the NI group showed the highest viral signal in the lungs, 

CD45-positive inflammatory cells were present in all three inoculation 
groups (Fig. 1E and 2D). Based on these findings, we hypothesized that 
the inflammatory cells observed in the lungs of the LI and SI groups 
resulted from indirect effects of viral infection rather than direct viral 
entry. To investigate whether the virus might directly reach the lungs 
through the three inoculation routes, we administered an India 

Fig. 4. Comparison of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) localization and expression in the submandibular gland (SMG) across different 
inoculation routes. 
(A) Histological images of the SMG across different inoculation routes. (B) Immunofluorescent detection of SARS-CoV-2 in the SMG. Upper panels: SARS-CoV-2 (red); 
lower panels: merged images of SARS-CoV-2 (red) and DAPI (blue). (C) Immunohistochemical detection of SARS-CoV-2 in the salivary gland duct and vessel in the SI 
group. Arrowhead: SARS-CoV-2-positive signal in the vessel wall. (D) Immunofluorescence using anti-CD31 antibody (Green) and anti-SARS-CoV-2 antibody (Red) in 
SARS-CoV-2 sublingual inoculation (SI). White arrowhead: SARS-CoV-2-positive signals in vessel wall, White arrow: SARS-CoV-2-positive signals in acinus. (E) 
Percentage of SARS-CoV-2-positive area (pixels) in salivary gland ducts across the three inoculation routes. (F) Number of CD45-positive cells per area. (G) Per
centage of SARS-CoV-2-positive area (pixels) in SMG vessels across the three inoculation routes. (A–G) Control: no virus; NI: nasal inoculation; LI: supra-lingual 
inoculation; SI: sublingual inoculation. (B–D) HE: hematoxylin and eosin staining; DIC: Differential interference contrast image; Dct: salivary gland duct; V: 
venous vessel; A: Arterial vessel. (D–F) ****p < 0.0001; **p < 0.01; *p < 0.05.
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ink–phosphate-buffered saline solution in place of virus and analyzed 
lung distribution after tissue clearing. The extent of India ink deposition 
was greatest in the LI group and was scarcely observed in the NI and SI 
groups (Fig. 5A and B).

3.6. Comparison of liver and brain responses across three inoculation 
routes

Finally, we performed histological analyses to compare the systemic 
effects of the three inoculation routes on the liver and brain. Although 
SARS-CoV-2 was not immunohistochemically detected in the liver 
(Fig. 6A), CD45-positive immune cell infiltration was observed in the 
portal areas of the NI and SI groups, but was minimal in the LI and 
control groups (Fig. 6B). Notably, hepatocellular injury is frequently 
observed in patients with SARS-CoV-2 infection, supporting the notion 
that hepatic inflammation may occur independently of direct viral 
localization [30,31]. Quantitative comparison of infiltrating immune 
cells among the three inoculation routes revealed that the NI group 
exhibited the highest level of immune cell infiltration, which was 
comparable to that observed in the SI group, whereas the LI group 
showed significantly lower infiltration (Fig. 6C).

In the brain, no SARS-CoV-2 signals were detected (data not shown). 
CD45-positive immune cell infiltration was observed only in the NI 
group (Fig. 6D and E), including infiltration in the meninges (Fig. 6F). 
Such findings are consistent with reports of aseptic meningitis or 
meningoencephalitis associated with systemic inflammation following 
SARS-CoV-2 infection [32,33].

A schematic summary of these findings is provided in Fig. 7A and B.

4. Discussion

The primary route of SARS-CoV-2 transmission is thought to be close 

contact and respiratory droplets released during coughing, sneezing, 
breathing, and even normal speech [34]. Accordingly, the nasal and oral 
cavities are considered major entry sites for infection. In this hamster 
model, we tested three viral inoculation routes—NI, LI, and SI—which 
respectively mimic conventional upper respiratory tract infection, 
exposure during speaking and eating, and salivary gland infection. Our 
findings showed that even when infection originates in the same region 
of the upper respiratory tract, the pathological outcomes vary depending 
on the route of viral entry.

In this study, we demonstrated clear differences between the sub
lingual (SI) and lingual routes (LI) of SARS-CoV-2 infection. Differences 
between SI and LI were evident in SMG infection: the LI group showed 
infection at a level comparable to the NI group, whereas the SI group 
produced significantly higher viral signals in the ductal epithelium of 
the SMG. In addition, weak viral-positive signals were also observed in 
acinar cells in the SI group. Previous studies have shown that SARS-CoV- 
2 can infect the salivary glands including both ductal and acinar com
ponents, and viral RNA has been detected in saliva [13]. Furthermore, in 
a follow-up of 122 hospitalized patients with COVID-19, several 
exhibited persistent oral symptoms an average of three months after 
recovery, including salivary gland ectasia (38 %) and xerostomia (30 %) 
as part of the long COVID syndrome [35]. These findings may reflect 
ongoing inflammation in the salivary glands.

Although endothelial infection has been described previously, our 
hamster model showed viral signals predominantly in the vascular wall 
rather than in CD31-positive endothelial cells. This difference may 
reflect organ-specific expression of viral entry factors. While ACE2 is 
expressed in pulmonary endothelial cells, it is mainly detected in peri
cytes in organs such as the brain, heart, and pancreas [36,37]. Although 
endothelial infection has been described previously, our hamster model 
showed viral signals predominantly in the vascular wall rather than in 
CD31-positive endothelial cells. Although endothelial infection has been 
described previously, our hamster model showed viral signals predom
inantly in the vascular wall rather than in CD31-positive endothelial 
cells [28,29]. In SMG, ACE2 expression was observed not only in 
endothelial cells but also in cells within the vascular wall. Although the 
salivary glands and lungs differ in structure and function, both possess 
dense capillary networks essential for fluid exchange [38,39]. These 
findings suggest that following SI, the virus may infect the SMG and 
subsequently access the vasculature via the vascular wall [29]. In 
contrast, systemic dissemination via the bloodstream warrants further 
investigation, including quantitative analyses of viral load in blood and 
more detailed molecular assessments such as PCR-based approaches, in 
addition to immunohistochemical analyses.

Another important finding is that SARS-CoV-2 inoculated through 
the nasal cavity (NI) may not directly reach to the lungs but may first 
infect the nasal mucosa and subsequently spread to the lungs. To 
replicate severe SARS-CoV-2-induced acute lung injury and acute res
piratory distress syndrome in humans, various animal models have been 
proposed, with nasal administration being the most widely used because 
of its ability to produce such lesions in the lungs [4,12,20]. However, 
our replication experiment using India ink–phosphate-buffered saline 
inoculation through the nasal cavity, which was designed to evaluate the 
possibility that the virus could reach to the lungs, failed to demonstrate 
the presence of ink in the lungs. India ink is a mixture of soot and animal 
glue. Particle size analysis by photon correlation spectroscopy and 
scanning electron microscopy revealed particle diameters ranging from 
130 to 240 nm [40]. These particles are smaller than cough-generated 
SARS-CoV-2-containing aerosols, which carry the highest viral load at 
0.5–100 μm in diameter [41], and they are also smaller than the ter
minal bronchioles of the Syrian hamster (0.1–0.2 mm in diameter [42]). 
Our results are consistent with studies of SARS-CoV-2-containing aero
sols; Madas et al. speculated that inhalation of cough-generated particles 
containing SARS-CoV-2 leads primarily to upper airway infection, which 
can later progress to pneumonia [41]. Our findings are also supported by 
virological studies showing that even in patients with mild COVID-19, 

Fig. 5. Lung delivery of India ink via three inoculation routes. 
(A) Representative images of lungs after administration of India ink through the 
three inoculation routes. (B) Percentage of India ink-positive area (pixels) in the 
lungs following each route. Three hot spots measuring 9000 pixels were 
selected for each sample, and the percentage of India ink within these regions 
was calculated. **p < 0.01.
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very high concentrations of viral RNA are detectable in early throat 
swabs [43]. Moreover, clinical studies have reported that some patients 
with initially mild symptoms experience sudden clinical deterioration 
approximately one week after symptom onset [2,44]. Together, these 
experimental and clinical findings suggest that infection and replication 
in the upper airways are essential for viral spread, and without high viral 
concentrations in the upper respiratory tract, SARS-CoV-2 would be far 
less pathogenic.

In our histological analyses, viral signals were detected in the lungs 
of the NI group, whereas immune cell infiltration was also observed in 
the lungs of the LI and SI groups. In the liver, immune cell infiltration in 
the portal areas was observed not only in the NI group, which represents 
a commonly used infection route [9,11–13], but also in the SI group. 
These findings suggest the involvement of systemic inflammation, often 
referred to as a cytokine storm [45,46]. Notably, aseptic meningitis was 
observed only in the NI group, indicating that the magnitude of systemic 
cytokine responses may differ depending on the route of infection. Given 
that cytokines released from the salivary glands can enter the circula
tion, as reported in Sjögren's syndrome, the SI route and salivary gland 
infection may also contribute to systemic inflammation [47,48]. How
ever, because circulating viral load and cytokine levels were not directly 

assessed, further studies are required to clarify systemic viral dissemi
nation and immune responses.

A wide spectrum of clinical manifestations has been reported in 
SARS-CoV-2 infection [2]. Our analysis suggests that this variability in 
symptoms may be influenced by the route of viral entry. The infection 
model developed in this study, which reproduces three possible routes of 
infection, may provide a valuable tool for understanding the patho
physiology of future emerging infectious diseases transmitted through 
the upper respiratory tract. Furthermore, the present findings reaffirm 
that infection prevention measures blocking the viral entry into the oral 
cavity and upper respiratory tract, such as the use of face masks, are 
crucial for limiting community spread of upper respiratory tract in
fections, including SARS-CoV-2.

5. Conclusion

This study demonstrates that the route of viral entry influences both 
the site and severity of infection. In addition to the well-recognized nasal 
mucosal route, salivary gland infection may also contribute to systemic 
viral dissemination. Preventing infections in the upper respiratory tract, 
including the oral cavity, is therefore likely to be essential. The infection 

Fig. 6. Liver and brain responses across three inoculation routes 
(A) Immunohistochemical detection of SARS-CoV-2 in the liver. Bar = 100 μm. (B) Immunofluorescent detection of CD45-positive immune cell infiltration (red) in 
the liver. Bar = 50 μm. (A, B) P: portal area; C: hepatic central vein. (C) Number of CD45-positive cells per area. ****p < 0.0001; ***p < 0.001; **p < 0.01; ns: No 
significant change. (D) Histological images of the brain across different inoculation routes. Representative images of cortical areas with superficial pia mater are 
shown. Bar = 100 μm. Box in NI: thicken pia mater with immune cell infiltration (higher magnification in F). (E) Immunofluorescent detection of CD45-positive 
immune cell (red) infiltration in the brain. Bar = 50 μm. Arrow: CD45-positive cells. (F) Higher magnification of box F in (D). Arrow: CD45-positive cells. Bar =
100 μm.
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model presented here provides a useful tool for analyzing the relation
ship between transmission routes of pathogenic microorganisms and 
their pathological consequences, including patterns of dissemination 
and effects on different organs. This model may also help guide pre
paredness and decision-making in the event of future zoonotic 
spillovers.
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