
 1

Butyrate Protects against SARS-CoV-2-induced Tissue Damage in 1 

Golden Hamsters 2 

 3 

Huan Yu,a Lunzhi Yuan,b# Zhigang Yan,a Ming Zhou,b Jianghui Ye,b Kun Wu,b 4 

Wenjia Chen,a Rirong Chen,a Ningshao Xia,b Yi Guan,a,c,d# Huachen Zhua,c,d# 5 

 6 

aGuangdong-Hong Kong Joint Laboratory of Emerging Infectious Diseases / 7 

Joint Laboratory for International Collaboration in Virology and Emerging 8 

Infectious Diseases (Ministry of Education), Joint Institute of Virology (Shantou 9 

University/The University of Hong Kong), Shantou University Medical College, 10 

Shantou, Guangdong, China 11 

bState Key Laboratory of Vaccines for Infectious Diseases, National Institute of 12 

Diagnostics and Vaccine Development in Infectious Diseases, NMPA Key 13 

Laboratory for Research and Evaluation of Infectious Disease Diagnostic 14 

Technology, School of Public Health, Xiamen University, Xiamen, Fujian, China 15 

cState Key Laboratory of Emerging Infectious Diseases (SKLEID), School of 16 

Public Health, Li Ka Shing Faculty of Medicine, The University of Hong Kong, 17 

Hong Kong SAR, China 18 

dEKIH (Gewuzhikang) Advanced Pathogen Research Institute, Futian District, 19 

Shenzhen, Guangdong, China 20 

 21 

Running Head: Butyrate protects against SARS-CoV-2 infection 22 

 23 

#Address correspondence to Huachen Zhu, zhuhch@hku.hk; Yi Guan, 24 

yguan@hku.hk; and Lunzhi Yuan, yuanlunzhi@xmu.edu.cn.   25 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.27.550811doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.27.550811
http://creativecommons.org/licenses/by-nc-nd/4.0/


 2

ABSTRACT  26 

Butyrate, produced by gut microbe during dietary fiber fermentation, plays 27 

anti-inflammatory and antioxidant effects in chronic inflammation diseases, yet 28 

it remains to be explored whether butyrate has protective effects against viral 29 

infections. Here, we demonstrated that butyrate alleviated tissue injury in 30 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-infected 31 

golden hamsters with supplementation of butyrate before and during the 32 

infection. Butyrate-treated hamsters showed augmentation of type I interferon 33 

(IFN) response and activation of endothelial cells without exaggerated 34 

inflammation. In addition, butyrate regulated redox homeostasis by enhancing 35 

the activity of superoxide dismutase (SOD) to inhibit excessive apoptotic cell 36 

death. Therefore, butyrate exhibited an effective prevention against 37 

SARS-CoV-2 by upregulating antiviral immune responses and promoting cell 38 

survival.  39 

 40 

IMPORTANCE  41 

Since SARS-CoV-2 has caused severe disease characterized by acute 42 

respiratory distress syndrome (ARDS) in humans, it is essential to develop 43 

therapeutics based on relieving such severe clinical symptoms. Current 44 

therapy strategies mainly focus on individuals who have COVID-19, however, 45 

there is still a strong need for prevention and treatment of SARS-CoV-2 46 

infection. This study showed that butyrate, a bacterial metabolite, improved the 47 

response of SARS-CoV-2-infected hamsters by reducing immunopathology 48 

caused by impaired antiviral defenses and inhibiting excessive apoptosis 49 
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through reduction in oxidative stress.  50 

 51 

KEYWORDS 52 

butyrate, SARS-CoV-2, golden hamster, type I IFN, apoptosis, oxidative stress  53 

 54 

Word count:  55 

Abstract: 114 words;  56 

Importance: 83 words;  57 

Main text: 3049 words. 58 

 59 

 60 

  61 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 28, 2023. ; https://doi.org/10.1101/2023.07.27.550811doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.27.550811
http://creativecommons.org/licenses/by-nc-nd/4.0/


 4

INTRODUCTION 62 

Short-chain fatty acids (SCFAs) are the most abundant metabolites mainly 63 

produced by the gut microbiota in colon via fermentation of dietary fiber (1, 2). 64 

Among SCFAs, butyrate is a primary energy source for colonocytes and a 65 

well-known anti-inflammatory mediator, which can be activated by binding to G 66 

protein-coupled receptors (GPRs), mainly GPR41 and GPR43 (3), or inhibit the 67 

activity of histone deacetylase (HDAC) (4). Butyrate can not only regulate 68 

mucosal barrier function and mucosal immunity, but also mediate the 69 

communication between colonic microbiota and other organs such as brain, 70 

lung and liver (5-8).  71 

Lower respiratory infections are reported the 4th leading cause of death 72 

with 2.6 million global deaths in 2019 (9). Since December 2019, severe acute 73 

respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused more than 6.9 74 

million deaths of coronavirus disease 2019 (COVID-19) by July 2023 (10). 75 

SARS-CoV-2 can replicate both in the upper and lower respiratory tract (11, 76 

12). SARS-CoV-2 infection, alongside individual susceptibility and host 77 

immunity, can even progress to severe and life-threatening pneumonia, which 78 

is responsible for increased morbidity and mortality in COVID-19 (13). Patients 79 

with either acute COVID-19 or Post-acute COVID Syndrome (PACS) were 80 

reported to have gastrointestinal symptoms such as abdominal pain, diarrhea, 81 

nausea and vomiting (14, 15). Interestingly, patients with PACS at 6 months 82 

showed gut microbiome dysbiosis compared with non-COVID-19 controls and 83 

patients without PACS, while the PACS development was not significantly 84 

correlated with viral load both in respiratory and stool (16). Therefore, there is 85 
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growing emphasis on how butyrate maintaining intestinal homeostasis and 86 

reducing lung disruption in SARS-CoV-2 infection.  87 

So far, many therapeutic approaches have been developed for COVID-19 88 

including the use of antiviral drugs, monoclonal antibodies, immunomodulators 89 

and convalescent plasma (17-21). However, it is still unclear whether the 90 

interventions based on gut microbe and metabolites are effective for the 91 

prevention and treatment of respiratory viral infection. As mentioned above, 92 

butyrate, a major metabolite of gut microbiota and a fuel for colonocytes, can 93 

regulate immune response and mediate gut-lung communication. We 94 

hypothesized that oral administration of butyrate protects against SARS-CoV-2 95 

infection. Here, we investigated the effects of butyrate on colon mucosal barrier 96 

and lung injury in SARS-CoV-2-challenged golden hamsters. The results 97 

showed that butyrate can significantly increase the number of goblet cells in the 98 

colon. More importantly, supplementation of butyrate boosted the antiviral 99 

immune responses and promoted cell survival in the lung, as a result, alleviated 100 

lung injury of SARS-CoV-2-infected hamsters. 101 
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RESULTS 102 

Body weight change and viral load in hamsters. To assess whether 103 

microbial metabolites protect against virus-induced inflammation and tissue 104 

injury, golden hamsters were orally administrated with butyrate before and 105 

during the course of SARS-CoV-2 infection (Fig. 1A). From 2 to 5 days post 106 

inoculation (dpi), hamsters in the virus-inoculated groups, either 107 

butyrate-treated or untreated, showed significant decrease in body weigt, while 108 

the mock-infected group showed slight body gain. There was no significant 109 

difference between the control and the butyrate-treated groups in weight loss 110 

(Fig. 1B). To further investigate the effect of butyrate on SARS-CoV-2 111 

replication, we assessed the viral load in trachea, lung and colon of the 112 

hamsters. The highest viral RNA load was detected in the lungs of 113 

virus-inoculated individuals throughout the infection (Fig. 1C). The mock 114 

infected group had no virus infection (data not shown). From 3 to 5 dpi, viral 115 

RNA in the lung was trending higher both in control and butyrate-treated 116 

hamsters in contrast to a gradual decrease in the trachea (Fig. 1C). At 5 dpi, 117 

viral RNA in the lung of butyrate-treated hamsters was slightly higher than that 118 

in the control (P > 0.05) as well as that in the trachea (P > 0.05) (Fig. 1C). Low 119 

copies of viral RNA were detected in the colon at 3 and 5 dpi (Fig. 1C). No 120 

statistical significance was observed in the viral load between butyrate-treated 121 

hamsters and the control (P > 0.05).   122 

Pathological changes in hamsters. At 5 dpi, gross observation showed 123 

pulmonary hemorrhage and edema in 50-75% in control hamsters, while 124 

10-50% in butyrate-treated hamsters (Fig. 2A). Histopathological analysis of 125 

the lung revealed that hamsters treated with butyrate had significantly lower 126 
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pathological scores with fewer inflammatory cells infiltration, reduced alveolar 127 

structure damage and less hemorrhage at 5 dpi (Fig. 2B and C). 128 

immunohistochemistry (IHC) for SARS-CoV-2 N Protein (NP) detection 129 

showed that there was fewer viral antigen in the lung of butyrate-treated 130 

hamsters in comparison to the control (Fig. 2B). As above mentioned, butyrate 131 

protected against SARS-CoV-2 by eliminating viral antigen and reducing tissue 132 

destruction.  133 

Expression levels of representative genes in hamsters. To elucidate 134 

how butyrate influences antiviral innate immunity, we assessed the expression 135 

levels of genes involved following SARS-CoV-2 infection (see Table 1 for 136 

primer sequences). First, a marked reduction in interferon alpha and beta 137 

receptor subunit 1 gene (Ifnar1) was observed in the control compared with 138 

both mock and butyrate-treated hamsters at 5 dpi, indicating an inhibited type I 139 

interferon (IFN) signaling induced by SARS-CoV-2 (Fig. 3A). Inflammatory 140 

cytokines such as interleukin 6 (Il6), Il1b and tumor necrosis factor alpha (Tnfα) 141 

were both upregulated in two virus-inoculated groups with higher levels in 142 

butyrate-treated hamsters (Fig. 3B). So did the proinflammatory interefone 143 

gamma (Ifng) (Fig. 3D). Next, to test whether butyrate can influence the 144 

immunomodulatory functions of endothelial cells, we assessed mRNA 145 

expression of cellular adhesion molecules. Intercellular adhesion molecule 1 146 

(Icam1) was marginally downregulated in the control compared with the mock, 147 

whereas an increased expression was observed in butyrate-treated hamsters 148 

(Fig. 3C). Vascular cell adhesion molecule 1 (Vcam1) and selectin E (Sele) 149 

were both upregulated after SARS-CoV-2 stimulation, but no significant 150 

upregulation were seen in Vcam1 between mock and control hamsters (Fig. 151 
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3C). Determination of these adhesion molecules showed that endothelial cells 152 

in the lung of butyrate-treated hamsters were activated at 5 dpi. Finally, we 153 

found endothelial nitric oxide synthase (eNOS, Nos3) as well as inducible NOS 154 

(iNOS, Nos2) was significantly decreased in the control compared with the 155 

mock, indicating deficient nitric oxide (NO) inside blood vessels upon infection, 156 

which thus leads to endothelial dysfunction and suppressed NO signaling in 157 

regulating inflammation (Fig. 3D). However, butyrate reversed the 158 

downregulation of these two nitric oxide synthases in the lung at 5 dpi (Fig. 3D). 159 

Taken together, these results showed that butyrate regulated inflammation by 160 

activating antiviral response and promoting homeostasis and activation of 161 

endothelial cells.  162 

Oxidative status in hamsters. To further determine the pathogenesis of 163 

inflammation, we assessed oxidative stress at 5 dpi. The expression level of 164 

NADPH oxidase 2 (Nox2) showed slight increase in the control and 165 

butyrate-treated hamsters, which probably pointed toward the production of 166 

reactive oxygen species (ROS) (Fig. 4A). Compared with the mock, the level of 167 

malondialdehyde (MDA) in the plasma of the control was markedly elevated, 168 

indicating lipid peroxidation subsequent to oxidative stress (Fig. 4B). Moreover, 169 

the activity of superoxide dismutase (SOD), a key antioxidant enzyme in redox 170 

signaling, was significantly decreased in the control compared with 171 

butyrate-treated hamsters (Fig. 4C). Therefore, butyrate contributed to 172 

anti-inflammatory effects through reduction of oxidative stress mainly by 173 

regulating redox signaling. 174 

Apoptosis in hamsters. To determine the consequences of oxidative 175 

stress and whether structural integrity of the lung was also affected by butyrate, 176 
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we assessed SARS-CoV-2-induced apoptosis at 5 dpi. Hoechst staining 177 

showed that the lung of butyrate-treated hamsters compared with the control 178 

had significantly fewer apoptotic cells (Fig. 5A and B). In line with this, 179 

caspase-8 (Casp8), a crucial initiator in apoptotic pathway, was significantly 180 

increased in the control, but no significant difference between mock and 181 

butyrate-treated hamsters (Fig. 5C). Executioner caspase, especially Casp3, 182 

was upregulated in virus-inoculated groups either butyrate-treated or untreated, 183 

indicating apoptosis upon SARS-CoV-2 infection (Fig. 5C). However, the 184 

expression of Bcl2, an antiapoptotic signature gene, showed significant 185 

increase when hamsters were treated with butyrate (Fig. 5C). Thus, butyrate 186 

alleviated lung injury by preventing excessive apoptotic cell death and 187 

promoting cell survival mediated by an antiapoptotic gene.  188 

Goblet cells and Muc2 expression in hamsters. As butyrate is the 189 

metabolite mainly produced in colon, we also assessed whether butyrate 190 

regulated the development of mucosal barrier. Compared with butyrate-treated 191 

hamsters, there were significantly fewer goblet cells in the colon of the control 192 

(Fig. 6A and B). Similarly, crypts were elongated (P<0.001) and mucin 2 (Muc2) 193 

expression was somewhat increased (P>0.05) in butyrate-treated hamsters 194 

(Fig. 6B and C). Thus, SARS-CoV-2 infection impaired the colon mucosal 195 

barrier and butyrate played a role in goblet cell development.   196 
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DISCUSSION 197 

Here, we demonstrated that butyrate could protect the 198 

SARS-CoV-2-infected hamsters by enhancing antiviral response and 199 

promoting cell survival to maintain tissue homeostasis. In severe and critical 200 

COVID-19 patients, low or no type I IFNs levels were observed, suggesting a 201 

highly impaired type I IFN response in these patients (22, 23). Similarly, the 202 

expression of IFNB1 and IFN-stimulated genes (ISGs) such as MX1, ISG20 203 

and OASL failed to be activated in SARS-CoV-2-infected golden hamsters and 204 

ferrets respectively (23, 24). At the same time, IFN-I/II 205 

receptors-double-knockout mice have increased viral titers and higher 206 

congestion scores of the lungs following SARS-CoV-2 infection (25). We found 207 

that butyrate activated innate immune response in the early phase of 208 

SARS-CoV-2 infection, characterized by upregulated type I IFN signaling and 209 

increased proinflammatory cytokines, which contributed to rapid viral antigen 210 

clearance and avoided immunopathology in the lungs. This was also 211 

supported by a recent study which showed that antiviral factors such as IL1b, 212 

IRF7, TNF and IFNAR1 were upregulated in butyrate-treated gut epithelial 213 

organoids (26).  214 

Another feature of severe COVID-19 patients was lymphopenia and 215 

immunosuppression, which was responsible for hyperinflammation in the late 216 

stage of disease (27, 28). As innate immune response alone may be 217 

insufficient to viral clearance, recruitment of lymphocytes appeared a more 218 

effective defense in virus infection. Alveolar capillary endothelial cells not only 219 

functioned as gas change, but were capable of recruiting immune cells through 220 

adhesion molecules and activating CD4+ T cells (29). By binding to T cell 221 
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integrin, ICAM1 increased T cell receptor (TCR) signaling to mediate activation, 222 

adhesion and migration of T cells (30, 31). Patients with COVID-19 showed 223 

pulmonary vascular injury associated with intracellular presence of 224 

SARS-CoV-2 and endothelial cell destruction (32). In a SARS-CoV-2-infected 225 

vascularized lung-on-chip model, despite unproductive viral replication, lower 226 

CD31 expression and decreased barrier integrity were observed (33). These 227 

evidences indicated endothelial injury might lead to impaired immune cell 228 

recruitment and thus increased hyperinflammation in the lung. In our study, 229 

SARS-CoV-2-infected hamsters had decreased gene expression levels of 230 

adhesion molecules (Icam1 and Vcam1), suggesting suppression of 231 

endothelial cells activation. NOS3 was mainly expressed in endothelial cells 232 

and NOS3-derived NO was involved in maintaining vascular homeostasis, like 233 

vasodilation, inhibition of vascular inflammation and preventing endothelial 234 

cells apoptosis (34). Together with NOS2, endogenous NO produced also 235 

regulated T cell differentiation and activation (35). Our data showed that 236 

butyrate reversed the expression of Nos3 and Nos2 induced by SARS-CoV-2. 237 

Thus, butyrate offered endothelial protection and promoted endothelial cells 238 

activation.  239 

Further exploring the effect of butyrate on reducing tissue damage, we 240 

observed that butyrate played anti-oxidative and anti-apoptotic effects. 241 

Increasing evidences suggested that pathological responses in COVID-19 242 

patients was probably caused by oxidative stress (36). Excessive ROS and 243 

subsequent MDA, a lipid peroxidation product, were both oxidative markers 244 

(37, 38). Moreover, there is decreased expression of the antioxidant enzyme 245 

SOD3 in the lungs of elderly COVID-19 patients (39). Not only that, the link 246 
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between oxidative stress and apoptosis has been proven (40). Apoptosis 247 

induced by SARS-CoV-2 was associated with disease severity and inhibition 248 

of intrinsic apoptosis could markedly ameliorated the lung damage in 249 

transgenic mice that expressed human angiotensin-converting enzyme 2 250 

(hACE2) (41, 42). BCL2 is known to suppress apoptosis by regulating ROS 251 

levels in cytoplasm and mitochondria (40). Thus, our findings suggested that 252 

butyrate might inhibit SARS-CoV-2-induced apoptosis by improving 253 

antioxidant capacity in the lung.  254 

In summary, we demonstrated that butyrate protected against 255 

SARS-CoV-2-induced tissue damage in golden hamsters. Among respiratory 256 

diseases, butyrate has previously been associated with regulation in chronic 257 

pulmonary disorders and no significant effects are observed in treating 258 

SARS-CoV-2-infected hamsters with a combination of SCFAs (i.e. acetate, 259 

propionate and butyrate) (43, 44). Our study highlighted the beneficial effects 260 

of butyrate on boosting antiviral immune response and reducing oxidative 261 

stress to promote cell survival in the disease. 262 
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MATERIALS AND METHODS 263 

Virus. The SARS-CoV-2 D614G variant AP62 (hCoV-19/China/AP62/2020, 264 

GISAID accession No. EPI_ISL_2779638) was used in this study. Virus stocks 265 

were prepared by three passages in Vero (ATCC CCL-81) in Dulbecco’s 266 

modified Eagle Medium (DMEM) (Gibco) with 1% Penicillin-Streptomycin 267 

(Gibco). Virus titers were measured by plaque assay. 268 

Experimental animal and study design. 8-10-week-old male golden 269 

hamsters were derived from Charles River Laboratories (Beijing Vital River 270 

Laboratory Animal Technology Co., Ltd.) and raised at the specific 271 

pathogen-free animal feeding facilities. For butyrate-treated group, sodium 272 

butyrate (Sigma-Aldrich) was supplemented in the drinking water at a final 273 

concentration of 500 mmol/L 12 days prior to virus inoculation and until the end 274 

of the experiment (3 or 5 days post-inoculation, dpi) (Figure 1). Control 275 

hamsters were supplied with water without butyrate during the experiment. 276 

Hamsters were anaesthetized with isoflurane and intranasally inoculated with a 277 

dose of 1×104 plaque forming units (PFU) of SARS-CoV-2 diluted in 200 μL 278 

phosphate-buffered saline (PBS). Mock animals were inoculated with 200 μL 279 

PBS. Body weight of each hamster was measured daily during the course of 280 

the experiment. At day 3 and 5 post-inoculation, three and eight hamsters 281 

were euthanized respectively. Blood samples were collected to prepare 282 

plasma.  After gross observation and pathological examination, trachea, lung 283 

and colon were collected to determine viral load or levels of host gene 284 

expression. Lung and colon tissues were also fixed in 10% formalin for 285 

histologic analysis. All experiments with the infectious virus were performed in 286 

biosafety level 3 (BSL-3) and animal biosafety level 3 (ABSL-3) containment 287 
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facilities. The animal experiment was approved by the Medical Animal Care 288 

and Welfare Committee of Shantou University Medical College (Ref No. 289 

SUMC2023-058).  290 

Determination of viral load. Fresh trachea, lung and colon tissues were 291 

collected and homogenized in PBS (100 mg/mL) respectively and RNA was 292 

extracted using the RNA Extraction Kit (Wantai Beijing). Quantitative real-time 293 

PCR (RT-qPCR) was performed to detect the ORF1ab and N gene of 294 

SARS-CoV-2 using the SARS-CoV-2 RT-qPCR Kit (Wantai Beijing) on a 295 

SLAN-96S real-time PCR system (Hongshi Shanghai).  296 

Determination of host gene expression level. Tissues kept in 297 

InvitrogenTM RNAlaterTM Stabilization Solution (Thermo Fisher Scientific) were 298 

homogenized in buffer RLT Plus (Qiagen). Total RNA from lung and colon 299 

samples was extracted using RNeasy Plus Mini Kit (Qiagen) according to the 300 

manufacturer's instructions. For determination of target gene expression level, 301 

cDNA was synthetized from total RNA using PrimeScript II 1st Strand cDNA 302 

Synthesis Kit (Takara) and amplified using ChamQ Universal SYBR qPCR 303 

Master Mix (Vazyme Biotech) on a SLAN-96S real-time PCR system (Hongshi 304 

Shanghai). Primer sequences used for amplification were listed in Table 1. For 305 

each sample, the host gene expression level was normalized to the house 306 

keeping gene γ-actin (Actg) and calculated using 2-ΔΔCt method.  307 

Histologic analysis. After being fixed in 10% formalin, lung and colon 308 

tissues were then embedded into paraffin and sectioned into 3-5 μm slices. The 309 

fixed lung sections were stained with hematoxylin and eosin (H&E) for 310 

histopathological analysis. Lung injury was evaluated according to pathological 311 

changes as follows: 1) alveolar septum widened and consolidation; 2) 312 
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pulmonary hemorrhage and edema; and 3) inflammatory cell infiltration. Score 313 

each pathological change on a scale of 0 to 4: 0＝no damage; 1＝mild injury; 2314 

＝moderate injury; 3＝severe injury; and 4＝very severe (45). For one lung 315 

lobe, the pathological score was the sum of these pathological changes. For 316 

each hamster, the comprehensive pathological score was averaged over the 317 

pathological score of 3 or 4 lung lobes. To elucidate the distribution of viral 318 

antigen in lung tissues, immunohistochemistry (IHC) was used to detect the N 319 

protein (NP) of SARS-CoV-2. A murine anti-SARS-CoV-2 NP specific 320 

monoclonal antibody (15A7-1) was applied (45). The colon sections were 321 

stained with Alcian Blue (AB) to analyze goblet cells and crypt length. For each 322 

hamster, the number of goblet cells and the crypt length were averaged over at 323 

least 5 well-defined crypts (46). Images were taken using a ZEISS Axio Imager 324 

A2 microscope. 325 

Apoptosis assay. Formalin-fixed lung sections were stained with Hoechst 326 

33258 (Beyotime) and the images were captured using a fluorescence 327 

microscope (ZEISS, Axio Imager A2). Apoptotic cells are characterized by 328 

condensed chromatin, so the cells which showed higher fluorescence intensity 329 

in nuclei were considered as Hoechst positive cells. The percentage of Hoechst 330 

positive cells was measured in ImageJ (NIH).  331 

Malondialdehyde (MDA) and superoxide dismutase (SOD) assays. 332 

Plasma prepared was used for MDA measurement with Lipid Peroxidation 333 

MDA Assay Kit (Beyotime). Freshly collected lung samples were homogenized 334 

in lysis buffer (Beyotime) for SOD detection by Superoxide Dismutase (SOD) 335 

Assay Kit (Nanjing Jiancheng). One unit of SOD is defined as the amount of 336 
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enzyme that causes 50% inhibition of the reduction reaction between 337 

water-soluble tetrazolium salt-1 (WST-1) and superoxide anion. 338 

Statistics. All results were presented as mean ± standard deviation (SD). 339 

Student’s t test (two tailed) and two-way analysis of variance (ANOVA) was 340 

used for comparison of treatment groups. Mann-Whitney test was used to 341 

calculate the P value in the case of non-normal distribution of the data. P﹤0.05 342 

was statistically significant. *P﹤0.05, **P﹤0.01, *** P﹤0.001. NS＝no 343 

significance. Graph generation and statistical analysis were performed in 344 

GraphPad Prism 8.0.1 (GraphPad Software).   345 
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Figure legends 520 

FIG 1 Body weight change and viral load in golden hamsters intranasally 521 

challenged with SARS-CoV-2. (A) study design. Hamsters were supplied with 522 

or without butyrate in the drinking water since day 12 prior to the virus 523 

inoculation till the endpoint of the experiment. Mock animals were hamsters 524 

which received pure drinking water and no virus inoculation with SARS-CoV-2. 525 

Control indicated hamsters which received drinking water and intranasal 526 

inoculation of 1×104 plaque forming units (PFU) of SARS-CoV-2. Butyrate 527 

indicated hamsters receiving 500 mmol/L of sodium butyrate supplemented in 528 

their daily drinking water and SARS-CoV-2 inoculation. At days 3 (n=3) and 5 529 

(n=8) post-inoculation (dpi), hamsters were euthanized and samples were 530 

collected for further analysis. (B) Body weight change after virus inoculation. 531 

(C) Viral RNA detected in the trachea, lung and colon of hamsters at 3 and 5 532 

dpi. Data are represented as mean ± SD. Statistical significance were 533 

analyzed with two-way ANOVA. *P﹤0.05, **P﹤0.01, ***P﹤0.001. The body 534 

weight change and viral load had no significant difference between 535 

butyrate-treated hamsters and the control. 536 

FIG 2 Pathological changes in the lung of golden hamsters intranasally 537 

inoculated with SARS-CoV-2. (A) Gross lung images of hamsters at 5 dpi. 538 

Scale bars, 1 cm. (B) Histopathological examination of the lungs at 5 dpi. 539 

Detection of SARS-CoV-2 NP-positive cells are indicated by black arrows. 540 

Scale bars, 200 μm. (C) Comprehensive pathological scores of the lungs at 5 541 

dpi. Data are represented as mean ± SD. Statistical significance were 542 

analyzed with Student’s t test. *P﹤0.05, **P﹤0.01, ***P﹤0.001. 543 
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FIG 3 Expression levels of representative genes in golden hamsters 544 

intranasally challenged with SARS-CoV-2. Relative mRNA expression for 545 

representative genes in (A) type I interferon (IFN) signaling, (B) 546 

proinflammatory effect, (C) endothelial cells activation and (D) nitric oxide 547 

production in the lungs at 5 dpi. The mRNA level was normalized to the house 548 

keeping gene γ-actin and calculated using 2-ΔΔCt method. Data are represented 549 

as mean ± SD. Statistical significance was analyzed with Student’s t test. *P﹤550 

0.05, **P﹤0.01, ***P﹤0.001. 551 

FIG 4 Oxidative status in golden hamsters intranasally challenged with 552 

SARS-CoV-2. (A) Relative mRNA expression for NADPH oxidase 2 (Nox2) in 553 

the lungs at 5 dpi. (B) Malondialdehyde (MDA) levels in the plasma at 5 dpi. (C) 554 

Superoxide dismutase (SOD) activity in the lungs at 5 dpi. Data are 555 

represented as mean ± SD. Statistical significance was analyzed with 556 

Student’s t test. *P﹤0.05, **P﹤0.01, ***P﹤0.001.  557 

FIG 5 Apoptosis in golden hamsters intranasally challenged with 558 

SARS-CoV-2. (A) Hoechst staining of the lungs at 5 dpi. Scale bars, 50 μm. (B) 559 

Quantification of Hoechst positive cells in the lungs. (C) Relative mRNA 560 

expression for representative genes in apoptosis pathways in the lungs at 5 dpi. 561 

The mRNA level was normalized to the house keeping gene γ-actin and 562 

calculated using 2-ΔΔCt method. Data are represented as mean ± SD. Statistical 563 

significance was analyzed with Student’s t test. *P﹤0.05, **P﹤0.01, ***P﹤564 

0.001. 565 

FIG 6 Goblet cells and Muc2 expression in the colon of golden hamsters 566 

intranasally challenged with SARS-CoV-2. (A) AB-stained sections of colon. (B) 567 
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Quantification of AB+ cells and crypt length in the colon at 5 dpi. Scale bars, 568 

100 μm. (C) Muc2 expression in the colon at 5 dpi. Data are represented as 569 

mean ± SD. Statistical significance was analyzed with Student’s t test. *P﹤0.05, 570 

**P﹤0.01, ***P﹤0.001.  571 
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TABLE 1 Primer sequences used for RT-qPCR 572 

Gene Forward primer (5'->3') Reverse primer (5'->3') 

Ifnb1 TACTGGCAGCTGGGAAGGTA TGCCTGCAACCATTATCCAGT 

Ifnar1 TCAGCAAGTGTCGCAAGCTA TGTGGCTGCAAGTTCTCGAT 

Ifnar2 AATTCGGGGTTGTCGGCTTT AGGTGACGTTCCCAGTGATG 

Il6 AGACAAAGCCAGAGTCATT TCGGTATGCTAAGGCACAG 

Il1b GAGAGTGTGGACCCCAAACA TAAATCCTGGCCGCTGTTGT 

Tnfα TGAGCCATCGTGCCAATG AGCCCGTCTGCTGGTATCAC 

Icam1 CCGTGAGCTCCCATGGAAAT TGAGGCTGAGGAGGTCTGAT 

Vcam1 CCTTTCCCTCTGAGAGCGTC TATGCGCCGTCAATGGACTT 

Sele AAGCTATGACACACCCTGCC ATTCTGAGCTCCAACTCGCC 

Nos3 CACCTCACCGTAGCTGTGTT GTCCCTGGACCCACTAGGAT 

Nos2 GACCATGGAGCATCCCAAGT AAATTCAAGGCCACCCACCT 

Ifng TGTTGCTCTGCCTCACTCAGG AAGACGAGGTCCCCTCCATTC 

Nox2 TTGATGGACCCTTTGGCACA AACCACTCGAAGGCATGTGT 

Casp8 AATGCCGGAAGTGTGTGACT CGTTCTTCCTCGCCTTGCTA 

Casp3 AAGATCCCTGAACTCCATGTCC CTGTGCTGGATGTTCTCCAAGT 

Casp6 AGATGCCGATTGCTTCCTGT TTCCAACCAGGCTCTGACAC 

Casp7 GACCAGAGTGAACGACAGGG ATGGTCAACGGCCGAAGTAG 

Bax TTGCTACAGGGTTTCATCCAGG TCTCCGATTCGCCTGAGACA 

Bcl2 AAATCGCCGAGAAGAAGCGA GTTCCACGGTTTGGCTTCAC 

Muc2 CAGACAATGGTGGCTGGCTA TTGTGGATGCAGGGACACTC 

Actg ACAGAGAGAAGATGACGCAGATAATG GCCTGAATGGCCACGTACA 
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FIG 1 Body weight change and viral load in golden hamsters intranasally challenged with 
SARS-CoV-2. (A) study design. Hamsters were supplied with or without butyrate in the drink-
ing water since day 12 prior to the virus inoculation till the endpoint of the experiment. Mock 
animals were hamsters which received pure drinking water and no virus inoculation with 
SARS-CoV-2. Control indicated hamsters which received drinking water and intranasal inocu-
lation of 1×104 plaque forming units (PFU) of SARS-CoV-2. Butyrate indicated hamsters 
receiving 500 mmol/L of sodium butyrate supplemented in their daily drinking water and 
SARS-CoV-2 inoculation. At days 3 (n=3) and 5 (n=8) post-inoculation (dpi), hamsters were 
euthanized and samples were collected for further analysis. (B) Body weight change after virus 
inoculation. (C) Viral RNA detected in the trachea, lung and colon of hamsters at 3 and 5 dpi. 
Data are represented as mean ± SD. Statistical significance were analyzed with two-way 
ANOVA. *P﹤0.05, **P﹤0.01, ***P﹤0.001. The body weight change and viral load had no 
significant difference between butyrate-treated hamsters and the control.
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FIG 2 Pathological changes in the lung of golden hamsters intranasally inoculated with 
SARS-CoV-2. (A) Gross lung images of hamsters at 5 dpi. Scale bars, 1 cm. (B) Histopatho-
logical examination of the lungs at 5 dpi. Detection of SARS-CoV-2 NP-positive cells are 
indicated by black arrows. Scale bars, 200 μm. (C) Comprehensive pathological scores of 
the lungs at 5 dpi. Data are represented as mean ± SD. Statistical significance were ana-
lyzed with Student’s t test. *P﹤0.05, **P﹤0.01, ***P﹤0.001.
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FIG 3 Expression levels of representative genes in golden hamsters intra-
nasally challenged with SARS-CoV-2. Relative mRNA expression for repre-
sentative genes in (A) type I interferon (IFN) signaling, (B) proinflammatory 
effect, (C) endothelial cells activation and (D) nitric oxide production in the 
lungs at 5 dpi. The mRNA level was normalized to the house keeping gene 
γ-actin and calculated using 2-ΔΔCt method. Data are represented as mean ± 
SD. Statistical significance was analyzed with Student’s t test. *P﹤0.05, 
**P﹤0.01, ***P﹤0.001. 
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FIG 4 Oxidative status in golden hamsters intranasally challenged with 
SARS-CoV-2. (A) Relative mRNA expression for NADPH oxidase 2 (Nox2) in the 
lungs at 5 dpi. (B) Malondialdehyde (MDA) levels in the plasma at 5 dpi. (C) 
Superoxide dismutase (SOD) activity in the lungs at 5 dpi. Data are represented
 as mean ± SD. Statistical significance was analyzed with Student’s t test. *P< 
 0.05, **P﹤0.01, ***P﹤0.001. 
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FIG 5 Apoptosis in golden hamsters intranasally challenged with SARS-CoV-2. (A) Hoechst 
staining of the lungs at 5 dpi. Scale bars, 50 μm. (B) Quantification of Hoechst positive cells 
(cells with higher fluorescence intensity in nuclei) in the lungs. (C) Relative mRNA expression 
for representative genes in apoptosis pathways in the lungs at 5 dpi. The mRNA level was 
normalized to the house keeping gene γ-actin and calculated using 2-ΔΔCt method. Data are 
represented as mean ± SD. Statistical significance was analyzed with Student’s t test. *P﹤
0.05, **P﹤0.01, ***P﹤0.001. 
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A

FIG 6 Goblet cells and Muc2 expression in the colon of golden hamsters intrana-
sally challenged with SARS-CoV-2. (A) AB-stained sections of colon. (B) Quantifi-
cation of AB+ cells and crypt length in the colon at 5 dpi. Scale bars, 100 μm. (C) 
Muc2 expression in the colon at 5 dpi. Data are represented as mean ± SD. 
Statistical significance was analyzed with Student’s t test. *P﹤0.05, **P﹤0.01, 
***P﹤0.001.
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