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Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has spread across the

world and impacted global healthcare systems. For clinical patients, COVID-19 not only

induces pulmonary lesions but also affects extrapulmonary organs. An ideal animal

model that mimics COVID-19 in humans in terms of the induced systematic lesions

is urgently needed. Here, we report that Syrian hamster is highly permissive to SARS-

CoV-2 and exhibit diffuse alveolar damage and induced extrapulmonary multi-organs

damage, including spleen, lymph nodes, different segments of alimentary tract, kidney,

adrenal gland, ovary, vesicular gland and prostate damage, at 3–7 days post inoculation

(dpi), based on qRT-PCR, in situ hybridization and immunohistochemistry detection.

Notably, the adrenal gland is a novel target organ, with abundant viral RNA and antigen

expression detected, accompanied by focal to diffuse inflammation. Additionally, viral

RNA was also detected in the corpus luteum of the ovary, vesicular gland and prostate.

Focal lesions in liver, gallbladder, myocardium, and lymph nodes were still present

at 18 dpi, suggesting potential damage after disease. Our findings illustrate systemic

histological observations and the viral RNA and antigen distribution in infected hamsters

during disease and convalescence to recapitulate those observed in humans with

COVID-19, providing helpful data to the pathophysiologic characterization of SARS-

CoV-2-induced systemic disease and the development of effective treatment strategies.

Keywords: SARS-CoV-2, COVID-19, Syrian hamsters, pathological changes, systemic damages, adrenal gland,

alimentary system, animal model

INTRODUCTION

The golden Syrian hamster (Mesocricetus auratus) is a commonly used experimental animal model
that has been recorded to support the replication of SARS-CoV (Roberts et al., 2005) and SARS-
CoV-2 (Sia et al., 2020) but not MERS-CoV (deWit et al., 2013), which capitalizes on the dipeptidyl
peptidase-4 (DPP4) protein as the central receptor for viral entry. Syrian hamster have been put
to use as animal models for other respiratory system related viruses (Wang et al., 2019), including
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SARS-CoV, influenza virus, and adenovirus (Hammer and
McPhee, 2014; Song et al., 2019; Wang et al., 2019). In silico
comparison of the angiotensin-converting enzyme 2 (ACE2)
sequence of humans known to interact with the SARS-CoV-2
spike glycoprotein receptor-binding domain (RBD) with that of
hamsters (Chan et al., 2020) implied that Syrian hamsters might
be susceptible to SARS-CoV-2 infection. Recently, the hamster
has been widely used as a small animal for building up the model
of SARS-CoV-2 infection and developing countermeasure. After
experimental intranasal infection, Syrian hamsters exhibit mild
to moderate disease with progressive body weight loss starting
very early after infection [1–2 days post inoculation (dpi)].
All animals inoculated by different SARS-CoV-2 isolates and
with different groups consistently show respiratory symptoms,
including labored breathing (Boudewijns et al., 2020). Additional
features of morbidity include lethargy, ruffled fur and hunched
posture (Chan et al., 2020). Two weeks after infection, hamsters
typically recover. SARS-CoV-2 disease in hamsters is related
to high levels of virus replication and pathological changes in
respiratory tract (Chan et al., 2020).

Clinically, persistent symptoms in patients during and after
recovery from COVID-19, such as diarrhea, hepatic damage,
renal failure, fatigue, dyspnea, joint pain, chest pain (Carfì et al.,
2020) and neurologicmanifestations (Mao et al., 2020), are found.
However, at present, there are many unknowns, and few reports
have observed extrapulmonary and systemic lesions in animal
models to mimic the potential pathogenic process in real patients
with COVID-19. On the other hand, histopathological findings
have only been collected in fatal cases. The critical period for
disease development and convalescent pathology is still unclear.
As a small animal model for SARS-CoV-2 infection, Syrian
hamsters display efficient SARS-CoV-2 replication in their lungs
and exhibit severe pathological changes in the lungs similar to
generally reported imaging features of patients with COVID-
19. However, previous reports demonstrated that among non-
respiratory tract tissues, only intestinal tissue demonstrated viral
antigen expression in combination with severe epithelial cell
necrosis, intestinal villi damage and deformation, and increased
lamina propria mononuclear cell infiltration (Boudewijns et al.,
2020; Imai et al., 2020). At the whole-body level, understanding
the relationship between extrapulmonary organ injury and
COVID-19 is crucial but still not clear.

Here, Syrian hamsters were challenged with SARS-CoV-2 and
observed for 37 days, and the pathological characteristics of the
infected hamsters during disease and recovery were recorded
to provide systemic pathological data for understanding the
pathogenesis of COVID-19 in patients. Remarkably, we found
that the adrenal gland is an important target organ of SARS-
CoV-2, based on observation by hematoxylin and eosin (H&E)
staining, examination of viral RNA by in situ hybridization
(ISH), and detection of viral antigen by immunohistochemistry
(IHC). Viral RNA was also detected in the corpus luteum
of the ovary, vesicular gland and prostate. Overall, hamsters
provide a commercially available small animal model in which
the clinical, virological, and histopathological hallmarks of
SARS-CoV-2 infection appear to recapitulate those observed in
humans with COVID-19.

MATERIALS AND METHODS

Ethics Statement
At the Institute of Laboratory Animal Science (ILAS), the
animal biosafety level 3 (ABSL3) facility was used to accomplish
all the research with Syrian hamsters (male and female, aged
12 weeks old). All experiments were implemented according to
the Animal Welfare Act and other regulations associated with
animals and experiments. The Institutional Animal Care and
Use Committee (IACUC) of the ILAS, Peking Union Medical
College, evaluated and gave permission to all the protocols in
these studies, including animal experiments (LJN20004).

Cells and Viruses
The SARS-CoV-2 virus (accession number isMT093631.2, SARS-
CoV-2/WH-09/human/2020/CHN) (Deng et al., 2020a) was put
to use in this research and seeded in Vero E6 cells incubated
in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad,
United States) supplemented with 10% fetal bovine serum
(Gibco, Grand Island, United States) and incubated at 37◦C and
five percent carbon dioxide.

Syrian Hamsters Experiments
To monitor viral replication and histopathological changes,
eighteen hamsters were inoculated intranasally with SARS-CoV-
2 stock virus at 106 50% tissue culture infectious dose (TCID50)
per mL (0.2 mL per animal) used as SARS-CoV-2 challenge
group. Three hamsters were inoculated intranasally with an equal
volume of PBS were used as a mock control group. The infected
and mock-infection hamsters were continuously observed to
record clinical symptoms, body weight, responses to external
stimuli, and death. Throat swabs were collected and incubated in
1mL of DMEM containing 50µg/mL streptomycin and 50 U/mL
penicillin on 0, 1, 3, 5, and 7 dpi. The main organs were collected
in the SARS-CoV-2 challenge group at 1, 3, 5, 7, 18, and 37 dpi
(N = 3/group) and in the mock control group at 7 dpi (N = 3).

RNA Extraction and Quantitative
Real-Time Polymerase Chain Reaction
(qRT-PCR)
Utilizing the RNeasy Mini Kit (Qiagen, Hilden, Germany), total
RNA was extracted from all the collected tissues and organs.
According to the manufacturer’s explanations of the PrimerScript
RT Reagent Kit (TaKaRa, Japan), reverse transcription was
completed (Deng et al., 2020a; Gao et al., 2020). Putting to use
the PowerUp SYBR Green Master Mix Kit (Applied Biosystems,
United States), qRT-PCR was implemented, and then all the
samples were prepared in duplicate followed the cycling protocol:
50◦C for two min; 95◦C for two min; 40 cycles of 95◦C for
15 s, 60◦C for thirty s, and 95◦C for 15 s; 60◦C for 1 min;
and 95◦C for 45 s. The primer sequences directed at qRT-PCR
targeted the envelope protein (E) gene of SARS-CoV-2 and
were as follows: forward: 5′-TCGTTTCGGAAGAGACAGGT-
3′, reverse: 5′-GCGCAGTAAGGATGGCTAGT-3′. Using an ABI
3730 DNA sequencer (Applied Biosystems, CA, United States),
the PCR products were confirmed by sequencing with the
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dideoxy method. During the sequencing course, amplification
was completed with specific primers. The obtainable sequencing
reads were linked with DNAMAN. In the DNAStar software
package, the results were compared with the MEGALIGN
module. The sequences of the primers prepared for this program
were available upon request.

Homogenate Supernatant Preparation
For preparing the tissue homogenates (1 g/1 mL), an electric
homogenizer was performed by maintaining in 1 mL of DMEM
for 2.5 min. At 825 × g at 4◦C for 10 min, the homogenates were
centrifuged (Bao et al., 2020b; Deng et al., 2020a).

TCID50 Assay
The TCID50 assay was performed as following (Bao et al., 2020a;
Deng et al., 2020b), briefly, to mensurate the SARS-CoV-2 titers,
10-fold serial dilutions of the virus were applied to seed Vero
E6 cell monolayers in DMEM including two percent fetal bovine
serum, which were maintained in 37◦C for 4 days. The cytopathic
effect (CPE) was recorded. Via the Reed andMuenchmethod, the
TCID50 values were calculated.

Hematoxylin and Eosin (HE) Staining
A ten percent buffered formalin solution was applied to fix
all the collected tissues and organs, and paraffin sections (3–
4 µm in thickness) were applied following the routine operating
procedure. All the tissue and organs sections were stained with
HE. The pathological findings in diverse tissues and organs were
carefully observed using an Olympus microscope.

Immunohistochemistry (IHC)
A 10 percent buffered formalin solution was applied to fix all the
collected tissues and organs, and paraffin sections (3–4 µm in
thickness) were completed routinely as described in a previous
report (Deng et al., 2020a; Yu et al., 2020). Briefly, reagent
(Boster, AR0022) from an antigen retrieval kit was prepared
to treat the sections at 37◦C for one min. A three percent
solution of H2O2 in methanol was used to quench endogenous
peroxidases for 10 min. With anti-SARS spike glycoprotein
mouse monoclonal antibody (Abcam, ab273433, 1:1000),
the slices were maintained in 4◦C overnight, synaptophsin
rabbit monoclonal antibody (Abcam, ab32127, 1:1000), CD31
rabbit polyclonal antibody (Abcam, ab28364, 1:100), or CD19
rabbit monoclonal antibody (Abcam, ab245235,1:1000) after

FIGURE 1 | Clinical characteristics and viral load in the collected organs. (A) Body weight changes in Syrian hamsters after viral infection at 0, 1, 3, 5, 7, 9, 11, 13,

14, 18, 21, 30, 33, 35, and 37 days post inoculation (dpi). The mock-infected hamsters were examined at 0, 1, 3, 5, and 7 dpi. (B) Viral RNA (log10 RNA copies/mL)

by qRT-PCR assay detected in the throat swabs at 0, 1, 3, 5, and 7 dpi. (C) Viral RNA (log10 RNA copies/g) by qRT-PCR assay detected in the respiratory tract

tissues and extrapulmonary organ tissues of SARS-CoV-2-challenged hamsters at 3, 5, and 7 dpi. Statistical significance in (A,B) was calculated between infected

and mock-infected animals within each group. The data shown are the mean ± SEM. Statistical significance between groups was calculated by Student’s t-test

(nsP > 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001).
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blocking in one percent normal goat serum. The goat anti-
mouse IgG secondary antibody labeled with HRP (Beijing
ZSGB Biotechnology, ZDR-5307, 1:200) or the goat anti-
rabbit IgG secondary antibody labeled with HRP (Beijing
ZSGB Biotechnology, ZDR-5306, 1:200) was added and
incubated at 37◦C for 60 min. The slices were treated with
3,3′-diaminobenzidine tetrahydrochloride (DAB) to observe
the results. The sections were counterstained with hematoxylin,
dehydrated, and observed under an Olympus microscope. The
sequential sections from all the collected tissues and organs were
directly incubated with the goat anti-mouse IgG or goat anti-
rabbit IgG secondary antibody labeled with HRP and prepared
as the omission control for viral antigen staining. The sequential
sections from these tissues were maintained in a recombinant
anti-mouse IgG antibody [RM104] (Abcam, ab190475, 1:1000)
or a recombinant anti-rabbit IgG antibody [SP137] (Abcam,
ab208334, 1:1000) as the negative control for testing the level
of viral antigen.

In situ Hybridization (ISH)
To examine SARS-CoV-2 genomic RNA in FFPE tissues, ISH
was applied by the RNAscope

R©

2.5 HD Reagent Kit-RED

(Advanced Cell Diagnostic, ACD, Cat No. 322310) depending
on the manufacturer’s instructions (Hecht et al., 2020; Liu
et al., 2020). Briefly, ISH Probe-V-nCoV2019-S (Advanced Cell
Diagnostic, ACD, Cat No. 848561, positive-sense RNA probe)
(Genomic RNA fragment 21631-23303, RefSeq #NC_045512.2)
was prepared and synthesized by ACD. With xylene, the tissue
sections were deparaffinized, underwent a series of ethanol
washes and peroxidase blocking, and then were heated in an
antigen retrieval buffer provided by the kit and digested in
the proteinase provided by the kit. Sections were incubated
in ISH target probe at 40◦C in a hybridization oven for
2 h. After rinsing, ISH signal was amplified by the pre-
amplifier provided by the kit and amplifier conjugated to
alkaline phosphatase and incubated with DAB for visualization
at room temperature. Then, the sections were stained with
hematoxylin, air-dried, mounted, and stored at 4◦C for
observation and analysis.

Statistical Analysis
The experimental data were analyzed with GraphPad
Prism 8.0 software (GraphPad Software Inc., San Diego,
CA, United States).

FIGURE 2 | Histopathological changes of the lung at 5, 7, 18, 37 dpi. The viral pathology in the lungs was observed by hematoxylin and eosin (H&E) staining. Viral S

protein was examined by immunohistochemistry (IHC). Viral RNA was detected by in situ hybridization (ISH). The black frames in the corners are a magnification of

the region in the respective panel of IHC and ISH. Exudation was tested by periodic acid-Schiff (PAS) staining. Collagenous fibers were stained by modified Masson

staining. Data are representative of three independent experiments.
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RESULTS

Clinical Features, Viral RNA Distribution,
and Histopathological Changes in Lung
SARS-CoV-2-infected but not mock-infected animals exhibited

progressively body weight loss from 1 to 9 dpi. The infected
animals exhibited severe weight loss at 5 days dpi (8.91%), which

peaked at 9 dpi (18.02%), then gradually regained their weight
by 14 dpi (5.04%). In contrast, the body weight of mock-infected

hamsters gradually increased by 7 dpi (Figure 1A). The viral
load was detected from throat swabs and peaked at 1 dpi (3.96
log10 RNA copies/mL) (Figure 1B). Next, viral RNAwas detected
by qRT-PCR in the respiratory tract (nasal turbinate, lung, and

trachea) and extrapulmonary organs (brain, heart, liver, spleen,
lymph nodes, intestine, kidney, adrenal gland, and reproductive

organs) to investigate the dissemination of SARS-CoV-2 in
hamsters. Infection of hamsters with SARS-CoV-2 resulted in

a high mean viral RNA load in the nasal turbinate (4.05 log10

RNA copies/g), lung (5.91 log10 RNA copies/g), and trachea (4.33
log10 RNA copies/g) at 3–7 dpi (Figure 1C). For extrapulmonary
organs, viral RNA was detectable in different organs at different
days, the detectable rate progressively decreased from 3 to
7 dpi (Figure 1C).

We further examined the histopathological changes in the
respiratory organs along with the period of disease. Consistent
with previous reports (Imai et al., 2020; Sia et al., 2020), after
3 dpi, hamsters infected with SARS-CoV-2 developed moderate
to severe lung lesions. At 5 and 7 dpi, the lesions progressed
into multifocal and coalescent lesions throughout the lung lobes.
Diffuse alveolar destruction, marked infiltration of inflammatory
cells including macrophages, lymphocytes, and neutrophils, in
the alveolar septum, cell debris filling bronchiolar lumina, and
alveolar collapse with hemorrhage were observed. Viral S protein
was abundantly expressed in bronchiolar epithelial cells, alveolar
epithelial cells, and alveolar macrophages. Selected IHC results
were further confirmed by ISH. Robust viral RNA expression
was detected by RNAscope

R©

probe in the lungs at 5 and 7 dpi

TABLE 1 | The infectious multi-organs in hamsters with COVID-19.

Organ system Days post inoculation

3 5 7 18 37

Detection methods

qPCR IHC ISH qPCR IHC ISH qPCR IHC ISH qPCR IHC ISH qPCR IHC ISH

Respiratory system

Nasopharynges + + + + + + + + + – – – - - -

Trachea + + + + + + + + + – – – - - -

Lungs + + + + + + + + + – – – - - -

Immune system

Spleen + + + + + + – + + – – – – – –

Lymph nodes + + + + + + – + + – – – – – –

Digestive system

Liver + ± ± – – – – – – – – – – – –

Small intestine + + + + + + – – – – – – – – –

Colon + + + + + + – – – – – – – – –

Gallbladder ND – – ND ± ± ND – – ND – – ND – –

Pancreas ND – – ND ± ± ND – – ND – – ND – –

Urinary and genital systems

Kidneys + + + + + + + + + – – – – – –

Ovary – – – + + + – – – – – – – – –

Testis + – – – – – – + + – – – – – –

Vesicular gland ND – – ND – – ND + + ND – – ND – –

Prostate ND – – ND – – ND + + ND – – ND – –

Cardiovascular system

Heart + – – – – – – – – – – – – – –

Endocrine system

Adrenal glands – – – + + + + + + – – – – – –

Nervous system

Cerebrum – – – + ± ± – – – – – – – – –

Cerebellum – – – + – – – – – – – – – – –

PCR, polymerase chain reaction; IHC, immunohistochemistry; ISH, in situ hybridization; ND, no detection; +, positive result; –, negative result; ±, positive result

to be confirmed.
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FIGURE 3 | Observation and examination of the spleen and lymph nodes. (A,B) White and red pulp depletion with a reduction in the follicle number and size in

infected hamsters at 7 dpi. (C–E) Low viral RNA expression was detected by ISH in the splenic marginal zone and red pulp compared with the control group at 7 dpi.

The black frames in the corner of (D) is the magnification of the arrowed region. (F–I) The germinal center of the affected mandibular lymph node had disappeared

and been displaced by massive necrotic areas at 5 dpi. (J–L) Some viral RNA expression was detected by ISH in the parenchyma of the medulla compared with the

mock control group at 5 dpi. Sequential sections were stained by H&E and subjected to ISH. Data are representative of three independent experiments.
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(Supplementary Figures S1A,B). No detectable viral antigen
or RNA was present in the lungs collected at 18 or 37 dpi
or from the mock control hamsters. Next, periodic acid-Schiff
(PAS)-positive exudate could be observed in the alveolar lumina,
alveolar septum and bronchiolar lumina at 5 and 7 dpi but not at
18 or 37 dpi. A small amount of collagen could be observed focally
in the thickened alveolar interstitium by modified Masson’s
trichrome staining at 5 dpi, and the amount of collagen was
increased andmore scattered at 7 dpi. Compared with the control
mice, the infected hamsters showed a slight increase in the
amount of collagen at 18 dpi. No substantial difference could

be observed in the lungs between 37 dpi hamsters and control
hamsters (Figure 2).

SARS-CoV-2 Infects Multiple
Extrapulmonary Organs in Hamsters
Including Urogenital Organs and Adrenal
Gland
At 5 and 7 dpi, all the infected hamsters displayed severe
systemic inflammatory responses that led to severe interstitial
pneumonia and different degrees of multiple organs lesions by

FIGURE 4 | Observation and examination of the alimentary system at 5 dpi. (A–E) Observation of the duodenum by H&E and examination by ISH. (F–H)

Observation of the jejunum by H&E and examination by ISH. (I–P) The ileum, colon, Peyer’s lymph nodes, and pancreas tissues from the infected group and mock

control group were examined by IHC. The black frames in the corners are a magnification of the arrowed region in the respective panel. Sequential sections were

stained by H&E and subjected to ISH and IHC. Data are representative of three independent experiments.
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H&E observation. All the collected tissues and organs were
examined for both viral antigen (IHC) and RNA (ISH). The
mainly results detected by qRT-PCR, IHC, and ISH were
summarized in Table 1.

The significance of secondary lymphoid organs containing the
spleen and lymph nodes (LNs), for resisting against infection is
well defined. Tissue-resident macrophages placed in the splenic
marginal zone are among the first cell types to bring up against
invading pathogens (Aichele et al., 2003; Feng et al., 2020).
Likewise, the resident macrophages of the subcapsular sinus
and hilar LNs have been suggested to function as a protective
role against viral infections by taking viral particles (Junt et al.,
2007). Previous reports have demonstrated that lymphocytopenia
is prevalent in patients with COVID-19 (Feng et al., 2020; Xu
et al., 2020). Here, we observed white and red pulp depletion
with reductions in follicle number and size in infected hamsters
at 5 and 7 dpi (Figure 3A). Marked phagocytosis of debris or
affected cells with swelling, degeneration, or necrosis was present
around white pulp. Inflammatory cells and megakaryocytes were
observed in the splenic vein (Figure 3B). A small amount
of viral RNA was detected by ISH in the MZ and red pulp
compared with that from the mock control group (Figures 3C–
E). For one hamster at 5 dpi, the affected mandibular LN
had been destroyed; the germinal center had disappeared and
been displaced by massive necrotic areas (Figure 3F). The
retropharyngeal LNs draining the nasal cavity, with acute
rhinitis (Supplementary Figures S1C–E), may develop acute
lymphadenitis. The LNs were markedly congested, and the
sinuses were filled with blood. The sinuses and the parenchyma
of the cortex and medulla showed coalescing foci of neutrophilic
inflammation, necrosis, and fibrin deposition (Figure 3G). Some
veins were filled with swollen and degenerative inflammatory
cells or debris (Figure 3H). The affected submandibular glands
were also surrounded by inflammatory cells and necrosis,
and some debris or exudate filled the lumen of the glands
(Figure 3I). Some viral RNA expression was detected by ISH
in the parenchyma of the medulla compared with that from the
mock control group (Figures 3J–L).

Consistent with previous report, viral antigen was detected
in the alimentary tract. Furthermore, different segments of the
alimentary system, including the duodenum (Figure 4A, HE;
Figures 4B–E, ISH), jejunum (Figure 4F, HE; Figures 4G,H,
ISH), The ileum (Figures 4I,J), colon (Figures 4K,L), Peyer’s
LNs (Figures 4M,N), and pancreas tissues (Figures 4O,P) from
the infected group and mock control group were examined by
IHC. Most of the intestinal mucosal epithelial cells were intact.
Focal mononuclear or neutrophilic cell infiltration was observed
in the lamina propria. Although there were no marked lesions
present in the alimentary system, rare weak viral RNA and
antigen expression was detected by ISH and IHC, mainly in the
lamina propria or submucosa, in a patchy distribution. Some viral
antigen was also observed in Peyer’s LNs in the ileum, implying
that the virus might spread from the initial entry through gut-
associated lymphoid tissues.

For kidney, we found that some glomeruli were atrophied,
and renal tubules were damaged, characterized by acute tubular
necrosis, mainly in the renal cortex (Figures 5A,B). This

FIGURE 5 | Observation and examination of the kidney and adrenal glands at

5 dpi. (A–D) The kidney lesions were characterized primarily by coagulation

necrosis with occasional detachment of the epithelium from the tubular

basement membrane. Some proteinaceous debris was present in the dilated

proximal and distal tubules or collecting tubules. (E,F) Low viral RNA

expression was also detected by ISH in the renal tubules. (G–I) Scattered

inflammatory cells, mainly including neutrophilic cells (black circle in H,I) and

lymphocytes (green circle in H), in the adrenal cortex and medulla. (J,K)

Robust viral RNA expression was detected by ISH in the adrenal medulla.

(L,M) Abundant viral S protein expression was detected by IHC in the

cytoplasm. The black frames in the corner of L is the magnification of the

framed region. Sequential sections were stained by H&E and subjected to

ISH, IHC, and IF. Data are representative of three independent experiments.

lesion was characterized primarily by coagulation necrosis with
occasional detachment of the epithelium from the tubular
basement membrane, nuclear pyknosis, karyorrhexis, and
karyolysis. Some proteinaceous debris was present in the dilated
proximal or distal tubules. Infiltration by inflammatory cells,
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including monocytes, lymphocytes and neutrophilic cells, was
observed in the renal interstitium (Figure 5C). The lumen of
some of the collecting tubules was also filled with proteinaceous
debris (Figure 5D). Consistently, low viral RNA expression was
also detected by ISH in the renal tubules (Figures 5E,F).

During this research, we also collected the adrenal gland,
which was named for its position just craniomedial to the kidney.
The adrenal cortex is derived from mesodermal origin, and
adrenocortical cells produce corticosteroids (steroid hormones)
from cholesterol, whereas the adrenal medulla has a neural crest
ectoderm origin, and its cells synthesize catecholamines from
tyrosine. The adrenal medulla is enclosed by the adrenal cortex,
so medullary cells are incubated in cortisol-rich blood. This close
anatomic combination between the adrenal cortex and medulla
is crucial because the phenylethanolamine-N-methyltransferase
that converts norepinephrine to epinephrine is corticosteroid
hormone-dependent (Zachary and McGavin, 2012).

First, we observed scattered inflammatory cells, mainly
including lymphocytes and neutrophilic cells, in the adrenal
cortex and medulla in one infected hamster at 5 dpi. Some
chromaffin cells were swollen or necrotic. The adrenal medulla
appeared to have become atrophied (Figures 5G–I). Next, we
examined this adrenal tissue by ISH and IHC. To our surprise,
there was robust viral RNA expression in a dense distribution
(Figures 5J,K). The viral protein was mainly expressed in the
cytoplasm of some spindle or triangle cells, according to staining
for SARS-CoV-2 S protein (Figures 5L,M). At 7 dpi, all adrenal
glands from the three hamsters were tested by IHC and ISH.
Two-thirds of them exhibited weak viral RNA expression in the
adrenal medulla.

The above findings brought this organ to our attention.
Initially, we collected and embedded the adrenal glands together
with the kidney; this gland was so small that it could not be
well presented in sections together with other larger organs.
Therefore, an independent set of 15 adrenal gland samples at
7 dpi was collected. All tissues were embedded separately and
observed by H&E staining and examined by IHC and ISH
(Table 2). Remarkably, in 15/18 hamsters, focal to multifocal
inflammation was observed in the adrenal cortex and medulla.
Among the 15 hamsters, 13 of them exhibited viral RNA as
detected by ISH and viral antigen as detected by IHC. Six of the
detectable adrenal glands tested positive for viral RNA not only
in the adrenal medulla but also throughout the adrenal cortex.
As the adrenal medulla is derived from neural crest ectoderm,

one marker protein of the adrenal medulla, synaptophysin, which
is expressed in vesicles of various neuroendocrine cells of both
neuronal and epithelial phenotypes, was used to examine the
viral distribution in this case. Compared with the adrenal gland,
which displayed mild or rare pathological changes (Figures 6A–
C), the adrenal gland, which presented severe inflammation
throughout the organ, also exhibited adrenal medulla atrophy
(smaller area of medulla stained by synaptophysin in Figure 6F)
and swelling, along with degenerative or necrotic adrenocortical
cells and chromaffin cells (Figures 6D–I). In the center of
the adrenal medulla, the small vessels seemed to be increased
in number, and there were masses of inflammatory cells,
including neutrophilic cells, lymphocytes, and mononuclear cells
(Figures 6G,J–N). Next, staining for CD31, the biomarker of
vascular endothelial cells, was performed to clearly observe the
small vessels (Figures 6O,P) compared with those in animals
with mild changes (Figure 6Q). Furthermore, CD19-positive
cells were aggregated in the inflammatory foci (Figures 6R,S)
compared with those in animals with mild changes (Figure 6T).
In a word, adrenal gland is a target organ vulnerable to
infection by SARS-CoV-2.

The female andmale reproductive systems were both observed
by H&E staining and examined by ISH and IHC. Normally,
the cortex of the ovary contains different stages of developing
follicles. When the follicle ruptures, ovulation occurs, releasing
the ovum and allowing the space to be swarming with blood
and then with luteal cells to form the corpus hemorrhagicum
and corpus luteum, respectively. However, in one infected
hamster at 5 dpi, oophoritis was present, characterized by
focal necrosis and the presence of mononuclear cells and
lymphocytes in the stromal connective tissue. Some follicles
even displayed necrosis, including granulosa cells. No mature
follicles were found (Figures 7A,B). Notably, robust viral RNA
expression was detected in the area of the corpus luteum
(Figures 7C,D). Regarding the male reproductive system, no
substantial pathological changes were observed in the testis, while
rare weak expression of viral RNA was detected by ISH in Sertoli
cells (Supplementary Figure S1F); this anti-inflammatory result
is perhaps due to the blood-testis barrier, which results in an
altered immunologic environment in the testis. There were some
lesions in the prostate and the vesicular gland (Figure 7E).
Prostatitis (Figures 7F,G) and inflammation of the vesicular
gland (Figure 7H) were present. The glands and interstitium
contained large numbers of inflammatory cells, including

TABLE 2 | Summary of lesions in adrenal glands induced by SARS-CoV-2 at 7 dpi.

Degree H&E ISH IHC Notes

Normal (3/18) No substantial pathological

change (3/18)

No detectable viral RNA

(3/18)

No detectable viral S

protein (3/18)

The ratings of the three

hamsters were the same.

Mild (2/18) to moderate (7/18) Focal (2/18) to multifocal

(7/18) inflammation

Low viral RNA expression in

the adrenal medulla (7/18)

Weak viral S protein

expression in the adrenal

medulla (7/18)

In 2/18 hamsters, there

was focal inflammation

without detectable viral

RNA or antigen.

Severe (6/18) Diffuse inflammation (6/18) Robust viral RNA

expression in the adrenal

cortex and medulla (6/18)

Viral S protein detected

mainly in the adrenal

medulla (6/18)

The ratings of the three

hamsters were the same.
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FIGURE 6 | The adrenal gland was severely affected, and SARS-CoV-2 was detected throughout the adrenal gland at 7 dpi. (A–C) Mild adrenal gland changes

accompanied by few inflammatory foci were observed in one infected hamster at 7 dpi. (D,G,J,K) Multifocal inflammatory cells, mainly including neutrophilic cells and

lymphocytes, were scattered in the adrenal cortex and medulla. (E,H) Robust viral RNA expression was detected by ISH in the adrenal cortex and medulla. (F,I) The

adrenal medulla was atrophied, as confirmed by synaptophysin protein staining. (L–N) The expression of viral S protein was further confirmed by IHC, mainly in the

cellular cytoplasm. (O–Q) Abundant vascular endothelial cells were stained for a biomarker, CD31. (R–T) A mass of CD19-positive cells was stained, confirming the

aggregation of B lymphocytes. Sequential sections were stained by H&E and subjected to ISH and IHC. Data are representative of three independent experiments.

lymphocytes, mononuclear cells, and neutrophils. Some debris
was desquamated into the lumen of the prostate. The epithelium
of the vesicular gland was vacuolated, swollen and degenerated.

Remarkably, robust viral RNA expression (Figure 7I) was
detected in a patchy distribution in the interstitium of the
prostate (Figure 7J and Supplementary Figures S1G,H) and
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FIGURE 7 | Observation and examination of the reproductive system. (A–H) The female reproductive system at 5 dpi. (A,B) Oophoritis was present, characterized

by focal necrosis and the presence of mononuclear cells and lymphocytes in the stromal connective tissue. No mature follicles were found. (C,D) Robust viral RNA

expression was detected in the area of the corpus luteum. (E–L) The male accessory sexual gland at 7 dpi. (E–H) Prostatitis and inflammation of the vesicular gland.

(I–L) Robust viral RNA expression was detected in a patchy distribution in the interstitium of the prostate and the epithelium of the vesicular glands. Sequential

sections were stained by HE and subjected to ISH. Data were representative of three independent experiments.

the epithelium of the vesicular gland (Figures 7K,L). There
were no detectable viral RNA could by examined in the
collected tissues from the normal control hamsters by ISH
(Supplementary Figures S1I–K).

Convalescent Pathology of Infected
Hamsters
At 18 dpi, there were a few pathological changes can be observed
in the hamsters. There were no viral RNA or viral S protein can
be detected at 18 and 37 dpi. Notably, there were regeneration
present in the adrenal glands, which suggesting that if the
hamster passed the crisis, the damaged adrenal glands might
be recovery slowly (Figures 8A–C). Additionally, there were
a random distribution of hepatocellular necrosis in the liver
with rare inflammation, which similar like other viral infection
in the liver, such as herpesvirus infection in many species
(Zachary and McGavin, 2012) (Figures 8D,E), compared with

the normal control liver (Figure 8F). Cholecystitis, inflammation
of the gallbladder, was present in the hamster. The mucosa and
submucosa of the gallbladder were edema. The inflammatory
cells were mainly lymphocytes, neutrophils, and mononuclear
cells in the submucosa (Figures 8G,H), compared with the
normal control gallbladder (Figure 8I). The heart showed mild
focal myocardial degeneration and inflammatory (Figures 8J,K),
compared with the normal control myocardium (Figure 8L).
Additionally, there was chronic lymphadenitis accompanied with
fibrosis present in one hamster (Figures 8M,N), compared with
the normal control LN (Figure 8O).

DISCUSSION

Albeit extrapulmonary infection perhaps less common in mild or
subclinical disease and not easy to examine for clinical patients,
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FIGURE 8 | Observation and examination of infected hamsters at 18 dpi. (A–C) Regeneration was present in the adrenal glands at 18 dpi. (D–F) Compared with the

normal control liver, there was focal hepatocellular necrosis in the liver. (G–I) Compared with the normal control gallbladder, there were inflammatory cells in the

submucosa of the gallbladder. (J–L) Compared with the normal control myocardium, the heart showed mild focal myocardial degeneration and inflammation. (M–O)

Compared with the normal control lymph node, chronic lymphadenitis accompanied by fibrosis was present in one hamster at 18 dpi.
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it is unknown whether active extrapulmonary infection can be
present in a patient without concurrent infection of respiratory
system. Our findings of systemically multi-organs involvement
of SARS-CoV-2 provide significant data to support the clinical
symptoms found in patients with COVID-19 during periods of
disease and convalescence.

Recently, a report of clinical trials that measured the
impact of corticosteroids compared with standard care or
a placebo on patients with COVID-19 displayed statistically
significant difference. Corticosteroids are both affordable and
easily available medicine with anti-inflammatory outcomes that
trials have recommended could resist dangerous COVID-19
complications (McIntosh, 2020). Of 628 patients who received
the treatment of steroid, the analysis, conducted by the WHO
and posted in the Journal of the American Medical Association
on September 2,2020, demonstrated that approximately thirty-
three percent passed away over a 28-day observation period.
Approximately 41% of 1,025 patients who received standard
care or a placebo died during the same period. Using meta-
analyses, statistical modulations, reflected an absolute mortality
risk reduction of approximately 30% when corticosteroids
were applied (Zha et al., 2020). It is well known that the
adrenal gland is responsible for producing mineralocorticoids,
aldosterone, and glucocorticoids by adrenal medullary cells
producing the catecholamine hormones norepinephrine and
epinephrine from tyrosine. Our findings demonstrate serious
injury to the adrenal gland in 6/18 hamsters at 7 dpi. In severe
cases, diffuse inflammatory cells mainly included lymphocytes
and neutrophilic cells in the adrenal cortex and medulla.
A mass of viral RNA was detected at 5 dpi in the adrenal
medulla and then spread throughout the adrenal gland at
7 dpi. Functionally, the adrenal medulla and the cortex are
two relatively independent organs with connected anatomy,
but they share the same blood supply, suggesting a potential
pathway for the spread of pathogens. Our research found serious
pathological changes in approximately 33% of the adrenal glands
collected from infected hamsters at 7 dpi. These hamsters
might lose the ability to produce mineralocorticoids, aldosterone,
glucocorticoids, catecholamine hormones, norepinephrine and
epinephrine by themselves. Consistently, the adrenal glands of
patients with clinically severe COVID-19 may have been affected,
accompanied by dysfunctional hormone production and disorder
of the endocrine system. Additionally, not all adrenal glands
from hamsters were detectable affected by SARS-CoV-2, which is
consistent with the recommendations of the WHO emphasizing
that corticosteroid treatment, while apparently beneficial for
patients suffering from severe cases of COVID-19, does not
appear to have an effect on patients with non-critical cases of
the disease in the same way. Under normal conditions, the body
has different degrees of physiological compensation, regeneration
and repair activity during stress or injury. SARS-CoV-2 not
only induces severe respiratory system lesions but also damages
multiple extrapulmonary organs (Bradley et al., 2020). In severely
affected patients who also had significant comorbidities, the
adrenal gland is much more vulnerable.

The adrenal cortex includes the zona glomerulosa,
fasciculata, and reticularis. The zona glomerulosa produces

mineralocorticoids, primarily aldosterone. Aldosterone
regulates blood pressure and extracellular fluid volume by
operating at the distal and collecting tubules of the kidney to
facilitate sodium retention and potassium excretion. The zona
fasciculata, located in the middle, is the largest layer of the
cortex. Its cells synthesize cortisol and other glucocorticoids;
therefore, it responds to stimulation by adrenocorticotrophic
hormone (ACTH) released into the systemic circulation by
the adenohypophysis (anterior pituitary gland) (Zachary and
McGavin, 2012). Glucocorticoids have different effects on many
tissues and organs throughout the body, but generally, they
are inclined to enhance glucose production, reduce lipogenesis,
restrain the immune response, and suppress inflammation
and its repair by fibroplasia (Hammer and McPhee, 2014).
Adrenal medullary cells synthesize the catecholamine hormones
norepinephrine, epinephrine, and dopamine. Catecholamines
help to regulate metabolism, cardiac and smooth muscle
contractility, and neurotransmission. Physiologic stimuli affect
medullary secretion through the nervous system. Catecholamine
secretion is low in the basal state and is reduced even further
during sleep. In emergency situations, there is increased
adrenal catecholamine secretion as part of a generalized
sympathetic discharge that serves to prepare the individual
for stress. Hypoglycemia and certain drugs are also potent
stimuli for catecholamine secretion. Patients who have combined
deficiencies of the adrenal cortex and medulla will suffer an
increased risk for COVID-19. These functions of the adrenal
gland, which might normally be compensatory, are particularly
important after viral infection but are so vulnerable and
susceptible that they may aggravate disease progression and
even lead to death.

Previous reports have mainly focused on the respiratory
system. Among non-respiratory tract tissues, only intestinal
tissue demonstrated viral antigen expression. Here, we found
damage in multiple extrapulmonary organs. The mass of viral
RNA expression in the corpus luteum of the ovary, vesicular
gland and prostate suggests that SARS-CoV-2might affect human
and animal reproduction and development, which requires
further research. Low viral RNA expression was also detected in
tubular cells accompanied by acute tubular cell necrosis. In fact,
one of the first events in renal tubular cell damage is changed
ion transport at the luminal surface (uptake). This course leads
to reduced sodium absorption and enhanced sodium ions in the
lumina of the distal tubules, which activate the renin-angiotensin
mechanism, inducing vasoconstriction and reduced blood flow,
in turn resulting in ischemia and tubular cell damage. In severe
cases, the renin-angiotensin mechanism related to the adrenal
cortex also aggravates kidney injury.

The lesions in multiple organs induced by SARS-CoV-
2 in hamsters need to be further research whether there
exist disorder of their function during disease and even
after recovery. Our findings illustrate systemic histological
observations and the viral RNA and viral S protein distribution
in infected hamsters, contributing to the pathophysiologic
characterization of SARS-CoV-2-induced systemic disease and
hopefully providing evidence supporting the development of
effective treatment strategies for clinical patients.
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Supplementary Figure 1 | Observation and examination of lung, nasal cavity,

testis, and accessory sexual gland at 7 dpi. (A,B) There were amounts of viral Rna

in the coalescent lesions throughout the lung lobes by Ish. (C–E) The epithelium of

the nasal cavity were tested a mass of viral Rna by Ish. (F) Rare weak expression

of viral Rna was detected by Ish in the Sertoli cell. The black frames in the corner

is a magnification of the arrowed region in (F). (G,H) Robust expression of viral

Rna were detected in a patchy distribution in the lumen and interstitium of the

prostate. The black frames in the corner is a magnification of the arrowed region in

(H). (I–K) The mock control tissues from the testis, prostate, and nasal cavity were

examined by Ish. Sequential sections were stained by He and subjected to Ish.

Data were representative of three independent experiments.
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