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Abstract

:

Obese patients with non-alcoholic steatohepatitis (NASH) are prone to severe forms of COVID-19. There is an urgent need for new treatments that lower the severity of COVID-19 in this vulnerable population. To better replicate the human context, we set up a diet-induced model of obesity associated with dyslipidemia and NASH in the golden hamster (known to be a relevant preclinical model of COVID-19). A 20-week, free-choice diet induces obesity, dyslipidemia, and NASH (liver inflammation and fibrosis) in golden hamsters. Obese NASH hamsters have higher blood and pulmonary levels of inflammatory cytokines. In the early stages of a SARS-CoV-2 infection, the lung viral load and inflammation levels were similar in lean hamsters and obese NASH hamsters. However, obese NASH hamsters showed worse recovery (i.e., less resolution of lung inflammation 10 days post-infection (dpi) and lower body weight recovery on dpi 25). Obese NASH hamsters also exhibited higher levels of pulmonary fibrosis on dpi 25. Unlike lean animals, obese NASH hamsters infected with SARS-CoV-2 presented long-lasting dyslipidemia and systemic inflammation. Relative to lean controls, obese NASH hamsters had lower serum levels of angiotensin-converting enzyme 2 activity and higher serum levels of angiotensin II—a component known to favor inflammation and fibrosis. Even though the SARS-CoV-2 infection resulted in early weight loss and incomplete body weight recovery, obese NASH hamsters showed sustained liver steatosis, inflammation, hepatocyte ballooning, and marked liver fibrosis on dpi 25. We conclude that diet-induced obesity and NASH impair disease recovery in SARS-CoV-2-infected hamsters. This model might be of value for characterizing the pathophysiologic mechanisms of COVID-19 and evaluating the efficacy of treatments for the severe forms of COVID-19 observed in obese patients with NASH.
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1. Introduction


Coronavirus disease 2019 (COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)) is still a global health problem, with millions of infected individuals and deaths worldwide [1]. In most individuals, SARS-CoV-2 infections are generally asymptomatic or induce only mild symptoms. However, the infection can lead to severe pneumonia, acute respiratory distress syndrome, and death in patients with risk factors such as old age, male sex, hypertension, diabetes, chronic lung disease, heart, liver, and kidney diseases, and cancer [2]. Importantly, non-alcoholic fatty liver disease (NAFLD) and obesity are known to be major risk factors for severe COVID-19 [3,4].



The links between obesity, NAFLD, and severe COVID-19 can be viewed in the context of greater urbanization, low physical activity, and constantly available, energy-dense food, which are driving a dramatic increase in the prevalence of obesity and type-2 diabetes worldwide [5]. The prevalence of NAFLD is also increasing because the disease is strongly correlated with both obesity and type-2 diabetes [6]. NAFLD covers a spectrum of disorders, ranging from liver steatosis to non-alcoholic steatohepatitis (NASH). NASH is associated with inflammatory infiltrates, hepatocyte “ballooning”, and fibrosis, all of which increase the likelihood of disease progression to cirrhosis and hepatocellular carcinoma [7]. Although the causal nature of the relationships has not yet been confirmed, NAFLD and liver fibrosis are also associated with an elevated risk of cardiovascular events and functional cardiac abnormalities [8].



It is still not clear how the abovementioned metabolic comorbidities drive the severity of COVID-19. Adipose tissue inflammation and immune impairments might contribute to disease severity [9] and compromise vaccine efficacy in obese individuals [10]. Furthermore, angiotensin II (the pro-inflammatory and pro-fibrotic effector of the activated renin-angiotensin system (RAS)) might influence the severity of COVID-19 [11]. Today’s vaccines are available to prevent SARS-CoV-2 infection and/or to lower the severity of COVID-19, and several drugs with antiviral and/or anti-inflammatory activities are also being repositioned or developed for the prevention or treatment of severe COVID-19 [12]. Preclinical animal models are required to rapidly validate these therapeutic strategies and thus counter the still-present threat of COVID-19. However, the use of non-human primates as preclinical animal models raises ethical concerns and has a low throughput [13]. Since the SARS-CoV-2 spike protein does not bind to the murine angiotensin-converting enzyme 2 (ACE2) entry receptor, the transgenic expression of human ACE2, or virus adaptation, is required in murine models. This can result in major differences; for example, SARS-CoV-2 infection leads to lethal encephalitis in transgenic human ACE2-expressing mice, which limits the translation of the results to the clinic [14]. The impact of obesity on COVID-19 outcomes has been studied in C57BL/KsJ-db/db mice, using a mouse-adapted SARS-CoV-2 strain [15]. However, leptin receptor deficiency does not replicate the human context, i.e., the prevalence of leptin receptor deficiency is only 0–3% [16]. Furthermore, mice do not have the same lipid/lipoprotein metabolism [17,18], bile acid profile [19], and diet-induced NASH characteristics as humans; for example, hepatocyte ballooning is not observed in these animals [20]. These differences further limit the use of murine models for the evaluation of the putative links between COVID-19, obesity, and NASH. In contrast, the golden hamster has emerged as a useful model of SARS-CoV-2 infection.



The SARS-CoV-2 spike protein binds to hamster ACE2, and the resulting lung disease shares several features with COVID-19 [21,22,23]. In the golden Syrian hamster model, however, SARS-CoV-2 infection does not lead to severe clinical symptoms [22,24]. This experimental model can be improved through the use of nutritional approaches. For instance, relative to controls, the dyslipidemia and fatty liver induced by a Western (i.e., high-fat, high-sugar) diet increase the severity of the lung disease and delay functional lung recovery from a SARS-CoV-2 infection [25]. The latter study did not describe the impact of SARS-CoV-2 infection in terms of liver damage. To better replicate the human context, a better preclinical hamster model (i.e., developing obesity, NASH, and liver fibrosis) is urgently needed. We have recently established the free-choice-diet-induced obese hamster model, which develops obesity, dyslipidemia, NASH, and liver fibrosis [26,27]. Our recent data validated the interest in developing this preclinical model of COVID-19 [28]. Relative to the control animals, albeit with an identical viral load, more lung and liver inflammation developed during the acute phase of SARS-CoV-2 infection in this hamster model of obesity with metabolic comorbidities. In the present study, we investigated the long-term effects of SARS-CoV-2 infection on obese NASH hamsters. The results indicate that obesity and NASH impair disease recovery in SARS-CoV-2-infected hamsters (higher levels of lung fibrosis and failure to recover the initial body weight) and sustain the dyslipidemic, inflammatory profile and liver damage, which are indicative of long-term sequelae. Hence, this nutritional model might be valuable for the further investigation of mechanisms leading to sustained disease outcomes and drug efficacy in order to control COVID-19 in obese NASH patients.




2. Materials and Methods


2.1. Animals, Diet, Virus, and Infection


Male golden Syrian hamsters (age at the start of the study: 4 weeks) were purchased from Janvier Labs (Le Genest-St-Isle, France). A first set of experiments were performed on non-infected animals (Experiment #1, Supplementary Figure S1A). After a five-day acclimation period, ten golden hamsters were fed for up to 20 weeks with either a control chow diet (5.1% fat, 19.3% protein, 55.5% carbohydrates, minerals 4.6%, fiber 4%, and humidity 11.5%, SAFE Diets, Augy, France) with access to regular laboratory animal drinking water, or a free-choice diet (Supplementary Figure S2). The latter consisted of a choice (within the same cage) between control chow and regular drinking water or a previously described high-fat/high-cholesterol diet with vegetable oils as the fat source (55% control chow (SAFE Diets), 20% peanut butter paste (Skippy, Hormel Foods Corporation, Austin, MN, USA) and 25% hazelnut paste (Nustikao, Leclerc, Ivry-sur-Seine, France); 40.8% fat, 14.8% protein, 44.4% carbohydrates, and 0.5% cholesterol, overall) and 10% fructose-enriched drinking water [26]. After 20 weeks of the diet, hamsters were fasted for 6 h and anesthetized with isoflurane. A retro-orbital blood sample was collected for biochemical assays. The animals were then euthanized and exsanguinated with saline prior to organ collection (the lung and the liver) for biochemical assays and histologic assessments.



In a second set of experiments (Experiment #2, Supplementary Figure S1B), thirty golden hamsters were fed with either a control chow diet or a free-choice diet for 20 weeks and then transferred to the Institut Pasteur de Lille biosafety level 3 (BSL3) facility (Lille, France) for infection with SARS-CoV-2. Animals were infected intranasally with a sublethal dose of the SARS-CoV-2 clinical isolate BetaCoV/France/IDF/0372/2020 strain (Wuhan origin), supplied by the French National Reference Center for Respiratory Viruses (hosted by the Institut Pasteur, Paris, France) [29]. The SARS-CoV-2 isolate had been passaged three times on Vero cells and once on Vero E6 cells before the infection. The virus had been checked by sequencing to ensure that the original seed virus had not mutated. Animals were anesthetized by the intraperitoneal injection of 300 µL of phosphate-buffered saline (PBS), containing ketamine (100 mg/kg), atropine (0.75 mg/kg), and Valium (2.5 mg/kg), and were then infected intranasally with 100 µL of Dulbecco’s Modified Eagle’s medium (DMEM) with or without SARS-CoV-2 (2 × 104 50% tissue culture infectious dose, TCID50). The TCID50 corresponded to the viral titer at which 50% of the infected cells displayed a cytopathic effect. Body weight was monitored after SARS-CoV-2 infection. All animals were infected and kept in isolators within the BSL3 facility. For the tissue collection, animals were euthanized by the intraperitoneal injection of 140 mg/kg pentobarbital sodium. Blood, lung, and liver samples were collected from non-infected (mock) hamsters and from SARS-CoV-2-infected hamsters 4, 7, 10, and 25 days post-infection (dpi). The right lobes of the lung were used to quantify the viral load and gene expression levels and the left lobe was used in histologic analyses. Between 5 and 8 lean and obese NASH hamsters were analyzed per time point.




2.2. Determination of the Viral Load and the Median Tissue Culture Infectious Dose


Infectious viral titers and viral RNA levels were, respectively, quantified with the Reed & Muench TCID50 assay and quantitative reverse-transcription PCR (RT-qPCR) tests. The titration of live infectious virus was performed as follows. Tissue was homogenized in Lysing Matrix D tubes containing 1 mL of PBS, using the mixer mill MM 400 (Retsch, Haan, Germany) (15 min, 15 Hz). After centrifugation at 15,000× g for 5 min, the clarified supernatant was harvested for live virus titration. For the TCID50 assay, the supernatant was serially diluted in DMEM containing 1% penicillin/streptomycin, and the dilutions were transferred onto Vero E6 cells on 96-well plates. Briefly, serial 10-fold dilutions of each sample were inoculated onto a Vero E6 cell monolayer in duplicate and cultured in DMEM supplemented with 2% fetal bovine serum (Invitrogen, Waltham, MA, USA) and 1% penicillin/streptomycin and L-glutamine. The cultures were observed for cytopathic effects daily for 5 or 6 days. Viral RNA in the lung tissue was quantified as follows. Briefly, the tissue was homogenized in 1 mL of RA1 buffer from the NucleoSpin RNA Kit, containing 20 mM of tris(2-carboxyethyl) phosphine (Macherey Nagel, Hoerdt, France). Total RNA in the tissue homogenate was extracted with the NucleoSpin RNA Kit (Macherey Nagel, Hoerdt, France) and eluted in 60 µL of water.




2.3. Assessment of the Gene Expression (RT-qPCR Assays)


RT-qPCR assays was performed on lung and liver samples collected on dpi 0, 4, 7, and 10. The RNA was reverse-transcribed with the High-Capacity cDNA Archive Kit (Life Technologies, Courtaboeuf, France). The resulting cDNA was amplified using SYBR Green-based real-time PCR and QuantStudio™ 12K Flex Real-Time PCR systems (Applied Biosystems™, Villebon-sur-Yvette, France), according to the manufacturer’s instructions. The expression was normalized against the ACTG1 housekeeping gene encoding γ-actin. Specific primers were designed using Primer Express software (Applied Biosystems) and ordered from Eurofins Scientifics (Ebersberg, Germany) (Table 1). Relative mRNA levels (2−∆∆Ct) were determined by comparing the respective PCR cycle thresholds (Ct) for the gene of interest and the housekeeping gene (∆Ct) and those for the infected vs. mock groups (∆∆Ct). Viral RNA loads were normalized against γ-actin expression levels (∆Ct).




2.4. Histopathology


Lung tissue was fixed in PBS with 4% formaldehyde for 7 days, rinsed in PBS, transferred to a 70% ethanol solution, and embedded into paraffin blocks. Tissue sections (thickness: 4 µm) were stained with hematoxylin and eosin (H&E) and scanned with a Nanozoomer (Hamamatsu Photonics, Massy, France). Morphologic changes in the lungs were rated semi-quantitatively using a dual histopathology scoring system adapted from Imai et al. [30] and Meyerholz and Beck [31]. A total of nine parameters ((i) cellular death/necrosis, (ii) alveolar and/or perivascular edema, (iii) hyaline membranes or fibrin, (iv) inflammation, (v) thrombi, (vi) congestion, (vii) hemorrhage, (viii) type-II hyperplasia, and (ix) syncytia) were qualitatively assessed with a score from 0 to 4 (0 = absent; 1 = 1–10% of the lung section affected; 2 = 11–25% affected; 3 = 26–50% affected; 4= >50% of the lung section affected) and ranked. To evaluate the presence of pulmonary fibrosis on dpi 0 and 25, the Sirius-Red-stained area on scanned sections from Experiment #2 was measured using a computer-assisted, automated, whole-section histomorphometric image analysis technique (Visiopharm, Hørsholm, Denmark). The morphometric evaluation was performed on virtual whole sections at a magnification of 20 (corresponding to 0.46 μm/pixel). An algorithm for Sirius Red morphometric measurements of lung-stained sections was generated with the Bayesian linear segmentation tool in the software package, which was further refined through training on a subset of sections from 5 animals. Major histology section artefacts, such as large vascular and peribronchiolar structures, and alveolar lumen were automatically dissected and removed from the area of interest. The Sirius-Red-positive area (in mm2) was measured and expressed as a percentage of the area of interest. The accuracy of the morphometric evaluation was checked for each individual image. The liver histology assessments (H&E and Sirius Red staining), NAFLD activity scoring, and Sirius Red labeling have been described previously [27].




2.5. Biochemical Assays and Measurement of Circulating ACE2, ACE, and Renin Activities


Serum samples were assayed with a Pentra 400 machine and the corresponding assay kits (Horiba France SAS, Longjumeau, France), as described previously [26,27]. Serum equilibrium levels of angiotensin peptides (Ang I, Ang II, Ang-[1–7], and Ang-[1–5]) were measured using a liquid chromatography–tandem mass spectrometry (LC–MS/MS) technique (Attoquant Diagnostics, Vienna, Austria), as described previously [32]. Serum ACE activity (Ang II/Ang I) and serum renin activity (Ang I + Ang II) were calculated from the angiotensin peptide levels. Serum ACE2 activity was measured using a fluorometric assay kit (BioVision, Milpitas, CA, USA). Commercial ELISA kits were used to assay interleukin (IL)-6 (Fine Test, Wuhan, China) and monocyte chemoattractant protein-1 (MCP-1) (MyBiosource, San Diego, CA, USA).




2.6. Statistical Analyses


The data are expressed as the mean ± standard deviation (SD) unless stated otherwise. Statistical analyses were performed using GraphPad Prism software (version 6). Data were tested for normality using the D’Agostino–Pearson normality test. An unpaired, two-tailed Student’s t-test or a Mann–Whitney U test was used to compare the group of lean hamsters with the groups of obese NASH hamsters. Three or more groups were compared in a one-way analysis of variance, followed by Dunn’s post-test or the nonparametric Kruskal–Wallis test. Sidak’s multiple comparison test was used to detect significant differences in the percentage change from the initial body weight. The threshold for statistical significance was set to p < 0.05.





3. Results


3.1. Free-Choice-Diet-Induced Obesity in Hamsters Is Associated with Dyslipidemia, NASH, and Inflammation


Compared with the chow-fed animals, the golden hamsters fed on a free-choice diet for 20 weeks developed metabolic disorders, which were characterized by excess body weight (mean value: 42% greater than in lean hamsters) and marked dyslipidemia, with higher serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglycerides (Table 2). The free-choice-diet-fed hamsters also presented elevated serum alanine aminotransferase (ALT) levels, indicative of liver damage and/or inflammation. Compared with the lean animals, the obese hamsters had heavier livers and higher total cholesterol, triglyceride, and fatty acid levels, features that are indicative of liver steatosis (Table 2). Indeed, a histologic assessment of the liver (Figure 1A–D) and the histopathology score (Table 2) confirmed the presence of hepatic steatosis and inflammation in the obese hamsters but not in the lean hamsters. Obese hamsters also displayed hepatocyte ballooning, as evidenced by cytokeratin-18 immunostaining (Figure 1E,F). Relative to the lean hamsters, obese hamsters had a substantially higher fibrosis score (ranging from a score of 2 for perisinusoidal/periportal fibrosis to a score of 3 for bridging fibrosis), as reflected by the higher percentage of Sirius Red labeling (Table 2 and Figure 1C,D). Overall, the total NAFLD activity score was markedly higher in obese hamsters than in lean hamsters, confirming that free-choice-diet-induced obesity was associated with NASH and liver fibrosis. Free-choice-diet-induced obesity and NASH were also associated with elevated systemic inflammation, as reflected by higher serum MCP-1 and IL-6 levels (Figure 1G). Interestingly, the obese NASH hamsters also presented elevated protein levels of IL-6 in the lungs (Figure 1H). Taken as a whole, these data show that a 20-week free-choice diet induces obesity, dyslipidemia, liver inflammation, and fibrosis (i.e., NASH) in the golden hamster. The blood and lung levels of inflammatory cytokines were higher in the obese NASH hamsters than in lean hamsters. Collectively, the obese NASH hamsters displayed not only the expected metabolic comorbidities (dyslipidemia and NASH/liver fibrosis) but also a pro-inflammatory profile with elevated serum levels of IL-6 and MCP-1 in the steady state, both of these inflammatory biomarkers being linked to the severity of COVID-19 in humans.




3.2. Obese NASH Hamsters Show High Levels of Lung Damage and Fibrosis and Fail to Recover Their Initial Body Weight during the Late Stages of SARS-CoV-2 Infection


Our recent data indicate that obese NASH hamsters develop more lung inflammation during the acute phase response of SARS-CoV-2 infection (until dpi 10) [28]. Here, we sought to determine the long-term effects of a SARS-CoV-2 infection on free-choice-diet-induced obese NASH hamsters. Lean and obese NASH animals showed substantial body weight loss, starting on dpi 1 and peaking on dpi 7 (Figure 2A). The two groups did not differ with regard to weight loss and clinical symptoms (including ruffled fur and labored breathing). Whereas the lean hamsters had returned to their initial body weight by dpi 25, obese NASH hamsters had not, suggesting a weaker recovery from SARS-CoV-2 infection. On dpi 4, the lung viral load (according to a TCID50 assay) was similar in the two groups of animals (Figure 2B), in line with our previous findings [28]. No infectious virus particles (in a TCID50 assay) were detected on dpi 7 and thereafter (data not shown). These data were confirmed by quantification of the viral RNA-dependent RNA polymerase (RdRp) expression in a qRT-PCR assay on dpi 4 (Figure 2C). Trace amounts of viral RNA were detected on dpi 7 (Figure 2C) but not on dpi 10 or 25 (data not shown). In line with these findings, the lean hamsters and obese NASH hamsters did not differ in their expression of the interferon (IFN)-stimulated genes (ISGs) Isg15, the IFN-induced GTP-binding protein Mx1 on dpi 4 and 7 (Figure 2D and Supplementary Figure S3A), and the anti-inflammatory genes Infg, Il10, and Il6 (Supplementary Figure S3B–D).



We next examined the signs of lung disease in SARS-CoV-2-infected animals. By dpi 4, both groups had developed acute bronchointerstitial pneumonia, with moderate necrotizing bronchiolitis, congestion, discrete alveolar hemorrhage, intra-alveolar and interstitial infiltrations by neutrophils and macrophages, and bronchiolar epithelial cell death/necrosis (Supplementary Figure S3F–I). On dpi 7, more than 75% of the lung sections showed signs of subacute bronchointerstitial pneumonia. This was characterized by extensive and intense hyperplasia of the bronchiolar epithelial cells and type-II alveolar pneumocytes, as well as interstitial, perivascular, and intra-alveolar mixed-cell inflammation. Infection was also associated with alveolar collapse, some hyaline membranes, hemorrhage, microvasculitis, and discrete thrombi. On dpi 4 and 7, the histopathologic score was similar in lean hamsters and obese NASH hamsters (Figure 2I). On dpi 10, the histopathologic damage ranged from subacute to chronic (Figure 2E,F). In lean hamsters, we observed mild to- moderate hyperplasia of the type-II pneumocytes and inflammation due to lymphocytes and macrophages. The pulmonary changes were similar in obese NASH hamsters, although the inflammation, syncytial and alveolar hemorrhages, and hyperplasia of type-II pneumocytes were more extensive and more severe than in lean hamsters. On dpi 10, the histopathologic score was higher in obese NASH hamsters compared to lean hamsters (Figure 2I). On 25 dpi, the histopathologic scoring was markedly lower and had a more chronic profile than at earlier time points for both lean hamsters and obese NASH hamsters (Figure 2I). The lesions corresponded to mild or very mild perivascular, peribronchiolar, and septal lymphohistiocytic inflammation, thickening of the inter-alveolar septa, and mild or very mild hyperplasia of type-II pneumocytes. Lung fibrosis was assessed as the percentage of areas stained by Sirius Red dye (Figure 2G,H). In the steady state, the level of lung fibrosis was slightly higher in obese NASH hamsters than in lean hamsters (Figure 2J and Supplementary Figure S4). Infection with SARS-CoV-2 enhanced Sirius Red labeling in both the lean and NASH obese groups. Interestingly, on dpi 25, relative to the infected lean hamsters, lung fibrosis was markedly higher in obese NASH hamsters, with Sirius Red staining lining the alveolar ducts and inter-alveolar septa (Figure 2G,H,J).



Taken as a whole, the results show that obese NASH hamsters and lean hamsters displayed similar viral loads and levels of lung inflammation during the early phase of a SARS-CoV-2 infection. At later time points, however, the recovery phase was delayed in the obese NASH hamsters. This delay translated to higher levels of lung fibrosis and failure to recover the initial body weight, which are indicative of long-term sequelae.




3.3. The Dyslipidemic, Pro-Inflammatory Profile of Obese NASH Hamsters Is Sustained during SARS-CoV-2 Infection


Compared with the lean hamsters, obese NASH hamsters had higher serum ALT levels before SARS-CoV-2 infection (day 0) (Table 2 and Figure 3A). The serum ALT levels in lean hamsters did not rise over the course of infection, whereas a nonsignificant trend towards elevated serum ALT levels was observed on dpi 4 and 7 in obese NASH hamsters, which was suggestive of greater liver damage during SARS-CoV-2 infection. In humans, obesity and NASH are associated with elevated circulating levels of free fatty acids (FFAs) [33]. Serum FFA levels were significantly higher in the obese NASH hamsters than in lean animals both before SARS-CoV-2 infection and afterwards (except on dpi 25) (Figure 3B). Although the infection had no impact on the FFA levels in lean hamsters, a significant increase was observed on dpi 7 in the obese NASH hamsters. Serum triglyceride levels were higher at baseline in the obese NASH group but had fallen significantly by dpi 4 in both groups (Figure 3C). Total cholesterol levels did not change significantly during the course of the infection but were significantly higher in the obese NASH hamsters than in lean hamsters (data not shown). While the obese NASH hamsters had significantly higher baseline levels of anti-atherogenic HDL cholesterol, SARS-CoV-2 infection was associated with significantly reduced HDL cholesterol concentrations in both the lean hamsters and obese NASH hamsters on dpi 4 and 7 (Figure 3D). Furthermore, SARS-CoV-2 infection was associated with an increase in the pro-atherogenic LDL cholesterol levels in obese NASH hamsters (but not in lean hamsters) on dpi 4 and 7 (Figure 3E). Both the HDL cholesterol and LDL cholesterol levels had returned to basal levels in the lean and obese NASH animals by dpi 25. In line with the systemic inflammation associated with obesity and NASH, the blood levels of the pro-inflammatory cytokine MCP-1 were significantly higher in the obese NASH hamsters than in lean hamsters both before and after SARS-CoV-2 infection. The MCP-1 levels were found to be increased on dpi 4 and 7 in obese NASH animals, but the increase was not statistically significant (Figure 3F). The IL-6 concentration did not change over the course of the infection (not shown).



Taken as a whole, our results indicate that obese NASH hamsters infected with SARS-CoV-2 sustained pro-inflammatory and dyslipidemic profile, with higher FFA and LDL cholesterol levels and lower HDL cholesterol levels.




3.4. SARS-CoV-2 Infection in Obese NASH Hamsters Is Associated with Differences in Serum RAS Activity and Notably Higher Levels of Angiotensin II


ACE2 (the receptor for SARS-CoV-2 [34]) is a potent inhibitor of RAS activation, which involves a cascade of vasoactive and inflammatory peptides [11]. ACE2 cleaves the vasoconstrictive, proinflammatory peptide angiotensin II into the vasodilatory, anti-inflammatory peptide angiotensin (1-7) [11]. The effect of SARS-CoV-2 infection on circulating ACE2 activity in humans is subject to debate. The activity was found to stay constant in some studies [32,35] and to increase in others [36]. Compared with the lean hamsters, obese NASH hamsters had a significantly lower baseline level of circulating ACE2 activity (Figure 4A). Whatever the timepoint post-infection, SARS-CoV-2 had no impact on the circulating ACE2 activity, which remained lower in the obese NASH hamsters than in the controls. The ACE activity was then calculated by measuring the equilibrium levels of angiotensin peptides using an LC-MS/MS technique. The circulating ACE activity increased (albeit not significantly) during the early stages of the infection and was slightly but significantly higher (p = 0.002) in the obese NASH animals than in lean controls on dpi 25 (Figure 4B). We next quantified the serum renin activity, the rate-limiting step in the conversion of angiotensin I to angiotensin II. At baseline, the serum renin activity was slightly but not significantly higher in the obese NASH hamsters than in lean hamsters (Figure 4C and Table 3). The activity fell as early as dpi 4 in both groups and remained low until dpi 25, at which time it was slightly higher in the obese NASH hamsters than in lean hamsters. The lower level of serum renin activity during SARS-CoV-2 infection explains the substantial fall in the levels of all the circulating angiotensins (Table 3). It is noteworthy that the angiotensin II levels (which fell during infection) were higher in the obese NASH hamsters than in lean animals before and after infection (Figure 4D).




3.5. Obese NASH Hamsters Show Inflammation, Fibrosis, and Impaired Liver Metabolism after SARS-CoV-2 Infection


We next explored the potential effects of SARS-CoV-2 infection on the liver metabolism, NASH, and fibrosis. Compared with the lean animals, obese NASH hamsters expressed high mRNA levels of fatty acid synthase (Fasn) in the liver (Figure 5A). Although the hepatic level of Fasn mRNA remained constant during the infection in lean hamsters, it decreased strikingly in the obese NASH hamsters. In contrast, the mRNA expression of cholesterol 7α-hydroxylase (Cyp7a1, the rate-limiting enzyme in bile acid metabolism) had increased significantly in the lean hamsters by dpi 25 (and, to a lesser extent, by dpi 7) but remained constant in obese NASH hamsters (Figure 5B). In the obese NASH hamsters, in line with Sencio et al. [28], SARS-CoV-2 infection was associated with greater hepatic mRNA expression of the pro-inflammatory factors IL-1β, MCP-1, and IL-6 (particularly on dpi 4 and 7). Figure 5C–E shows the fold inductions relative to the mock-infected animals. In contrast, SARS-CoV-2 infection did not modulate the hepatic mRNA expression of these pro-inflammatory factors in the lean animals. On dpi 4, the hepatic expression of the profibrogenic cytokine TGF-β was significantly greater in the obese NASH hamsters than in lean controls (Figure 5F). As expected, H&E and Sirius Red staining revealed that the steady-state liver lesions were more intense and widespread in the obese NASH hamsters, i.e., with steatosis, inflammation, hepatocyte ballooning, and fibrosis (representative histology images are shown in Supplementary Figure S5, and scores are shown in Figure 5K). In NAFLD patients, weight loss of at least 10% results in the resolution of non-alcoholic steatohepatitis and a reduction in fibrosis by at least one stage [37]. It is noteworthy that, despite the early weight loss induced by SARS-CoV-2 infection and the incomplete body weight recovery, exposure to the virus was not associated with a lower NAFLD activity score in the obese NASH hamsters (Figure 5G,H,K). Furthermore, levels of hepatic fibrosis were substantially higher in the obese hamsters than in lean hamsters (Figure 5I,J,L). Taken as a whole, the data indicate that SARS-CoV-2 infection in the obese NASH hamsters was associated with greater inflammation and fibrosis and differences in the liver metabolism (gene expression).





4. Discussion


Recent clinical studies have shown that obesity and NASH influence the severity of COVID-19 [3,4]. The hamster is a valuable preclinical model of SARS-CoV-2 infection and suitably replicates some of the metabolic features seen in humans with underlying conditions such as obesity, dyslipidemia, and NASH. Although the hamster model shares some features with the human model with regard to lung disease [22,23,24], the use of “healthy” hamsters (with normal physiologic parameters) limits our understanding of the potential links between metabolic comorbidities and the severity of COVID-19. We have recently proposed that obese NASH hamsters might be a valuable model of COVID-19, at least during the acute phase response of SARS-CoV-2 infection [28]. The present study describes the main long-term consequences of SARS-CoV-2 infection in obese NASH hamsters.



We sought to determine whether metabolic disorders could predispose hamsters to severe COVID-19 and worse recovery. The diet-induced obese hamster model displayed not only the expected metabolic comorbidities (dyslipidemia and NASH/liver fibrosis) but also a pro-inflammatory profile (with elevated serum levels of IL-6 and MCP-1) in the steady state. Both of these inflammatory biomarkers have been linked to the severity of COVID-19 in humans. It has been suggested that the IL-6 level is an independent predictor of the disease risk [38], while MCP-1 has been linked to a higher mortality rate [39]. We next investigated the consequences of SARS-CoV-2 infection in obese NASH hamsters. The lung viral loads on dpi 4 were similar in the lean hamsters and obese NASH hamsters. Both groups showed a similarly robust antiviral (ISG-related) response, as reported previously [28]. This might explain why the groups’ lung histopathologic scores during the early phase of infection were also similar. However, the resolution of the lung damage was delayed in the obese NASH hamsters on dpi 10 (relative to the controls), and a high level of pulmonary fibrosis was evidenced on dpi 25. These findings are in line with Port et al.’s report, stating that Western-diet-induced dyslipidemic (non-obese) hamsters had higher levels of lung damage and delayed functional lung recovery after a SARS-CoV-2 infection [25]. In the latter model, a delayed viral clearance and, in line with the present manuscript, a delayed body weight recovery was reported. The reason for this delayed recovery in our setting is not clear. One can hypothesize that, along with pre-existing metabolic comorbidities, the lower systemic levels of ACE2 activity and the higher angiotensin II levels drive a shift towards pro-inflammatory and pro-fibrotic pathways [40]. Pulmonary fibrosis is a potential sequela of COVID-19 survivors. This raises the question of whether antifibrotic treatments might mitigate post-viral fibrosis [41]. The potential benefits of these treatments could perhaps be evaluated using the obese NASH hamster model.



In humans, dyslipidemia is associated with more severe COVID-19 and a higher mortality rate, although the underlying mechanisms have yet to be elucidated [42]. In contrast to the mouse [17,18], the golden hamster differs less from humans with regard to the lipid and lipoprotein metabolism [43]. Hence, the hamster model is appropriate for investigating the impact of dyslipidemia on the severity of COVID-19. During SARS-CoV-2 infection, obese NASH hamsters showed a sustained dyslipidemic profile. The elevated serum FFA levels observed in obese NASH hamsters might especially favor liver damage during the infection. In humans, serum FFA levels are correlated with the presence of NAFLD [33]. In diet-induced obese rats, FFAs and/or their metabolites are responsible for liver damage via an elevation in oxidative stress [44]. The higher levels of pro-atherogenic LDL cholesterol seen in obese NASH hamsters might favor the production of oxidized LDL particles, which in turn might stimulate inflammation and apoptosis [45]. In hamsters, inflammation and infection also induce LDL oxidation in vivo [46]. Furthermore, the low levels of HDL cholesterol in the obese NASH hamsters seen on dpi 4 and 7 might limit the HDL cholesterol’s anti-inflammatory, antithrombotic, anti-oxidant, and anti-apoptotic effects [47].



The RAS is believed to play a role in severe COVID-19 [11]. Although the blood equilibrium RAS peptide concentrations in patients with COVID-19 have been reported, the potential impacts of metabolic disorders (dyslipidemia) and/or liver disease have not been investigated [35]. The present study is the first to show that SARS-CoV-2 infection in obese NASH hamsters influences the serum RAS peptide concentrations. In line with clinical studies [36], SARS-CoV-2 infection in the hamsters was associated with a dramatic drop in the serum angiotensin peptide levels, including those of the protective RAS components angiotensin 1-5 and angiotensin 1-7. It is noteworthy that the enzymatic activities of ACE and ACE2 (the two main RAS modulators) were not affected by the infection, whereas the level of renin activity fell dramatically (in line with Kutz et al.’s clinical observations [35]). Interestingly, there were significant differences in the levels of angiotensins I and II (the central players in the RAS) between the obese NASH hamsters and lean hamsters. It remains to be seen whether this difference influences lung and liver damage and, thus, the severity of COVID-19.



The diet-induced preclinical model developed in the present study is of value for evaluating the impacts of COVID-19 on NASH and liver fibrosis. One of the major findings was the sustained high NAFLD activity score of obese NASH hamsters during SARS-CoV-2 infection, despite substantial weight loss (~18% on dpi 7) and incomplete body weight recovery. Hence, the weight loss induced by SARS-CoV-2 infection does not lead to a reduction in liver damage in obese NASH hamsters. In parallel, the expression of pro-inflammatory genes was upregulated in the liver, especially in the early stages of the SARS-CoV-2 infection. Although low ACE2 protein levels in the liver of obese NASH hamsters might well favor a pro-inflammatory and profibrotic profile [48], the underlying mechanisms remain unclear. It remains to be determined how the changes in the expression of the Fasn (involved in FFA synthesis) and Cyp7a1 (involved in bile acid synthesis) genes in obese NASH hamsters influence the liver metabolism, NASH, and fibrosis. At present, there are no conclusive data for humans. The hypothetical mechanisms of liver damage in COVID-19 patients include the direct infection of the hepatocytes by SARS-CoV-2 and indirect effects of systemic inflammation [49,50,51]. In the model developed in the present study, an RT-PCR assay did not detect any viral RNA-dependent RNA polymerase transcripts (data not shown). SARS-CoV-2 infection impairs the insulin/insulin-like growth signaling pathway genes [52]. It would be interesting to determine whether this pathway is more significantly altered in infected obese NASH hamsters relative to infected lean animals.



The present study had a number of limitations. Firstly, the hamster model reproduces some but not all of the features of COVID-19; the hamster is infected by SARS-CoV-2 but survives and rapidly resolves the COVID-19-like disease, although post-acute sequelae persist [53]. Moreover, it does not replicate the non-respiratory symptoms (particularly those affecting the intestines) observed in patients with severe COVID-19. People with type-2 diabetes and COVID-19 require more medical interventions and are significantly more likely to die [54]. As the present diet-induced obese NASH hamster model does not develop type-2 diabetes, per se [26,27], it might be interesting to investigate the impact of SARS-CoV-2 infection on hamsters with streptozotocin-induced diabetes [55]. Lastly, we assessed the serum markers during the infection and can only speculate that the measured circulating concentrations (e.g., those of the RAS components) are associated with tissue concentrations and disease outcomes. Despite these limitations, we reported on a novel obese NASH hamster model, in which metabolic comorbidities, a pro-inflammatory profile, altered ACE2 activity, and higher angiotensin II levels were associated with impaired recovery from a SARS-CoV-2 infection. As the hamster model (lean) has recently been demonstrated to be an attractive model of long COVID-19 [53], this preclinical model of obesity and NASH should be of value for investigating the mechanisms of long COVID-19 in co-morbid individuals and for evaluating novel therapies mitigating long-term sequelae, both in terms of pulmonary and extra-pulmonary dysfunction and metabolism.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14092067/s1. Figure S1: Design of (A) Experiment #1 and (B) Experiment #2. Figure S2: Cage setting for hamsters given a free-choice diet. Figure S3. Lung gene expression and histologic features on dpi 4 and 7. (A) Changes in body weight (in g) are depicted. (B–E) The lungs of mock-infected and SARS-CoV-2-infected lean hamsters and obese NASH hamsters were collected on dpi 4 and 7. mRNA copy numbers were quantified by qRT-PCR. The data are expressed as the fold increase over the expression level in mock-treated animals (n = 6–8 animals/group). It should be noted that there were no significant differences between mock-treated lean hamsters and mock-treated obese NASH hamsters (day 0) (not shown) (F–I). Representative lung histology images (H&E staining). Scale bars: 500 µm. Figure S4. Histopathologic assessment of lung samples from lean hamsters and obese NASH hamsters at baseline. Representative images of sections stained with Sirius Red are shown. Figure S5. Histopathologic assessment of liver sections from lean hamsters (A,C) and obese NASH hamsters (B,D) at baseline. Representative images of sections stained with H&E and Sirius Red are shown.





Author Contributions


F.B. and F.T. designed the study, supervised the research, and wrote the manuscript. V.S., C.R., S.H., L.D., A.M., J.B., G.B., E.H., O.D., A.C., V.R., V.P., R.N., F.I., I.W., F.P. and T.S. performed the experiments and collected the data. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by Physiogenex, the Institut National de la Santé et de la Recherche Médicale (INSERM), the Centre National de la Recherche Scientifique (CNRS), the University of Lille, the Institut Pasteur de Lille and the React-EU COVID2I (programme opérationnel FEDER/FSE/IEJ Nord-Pas de Calais 2014-2020).




Institutional Review Board Statement


All animal protocols were reviewed and approved by two local animal care and use committees (Comité d’Éthique en Expérimentation Animale de la Fédération de Recherche en Biologie de Toulouse, reference: CEEA-122–2014-15 and APAFIS#23428-2019070815255735; Comité d’Éthique en Expérimentation Animale Nord Pas-de-Calais) and a national animal care and use committee (Ministère de l’Enseignement Supérieur et de la Recherche, Paris, France; reference: CEEA-122–2014-15 and APAFIS#25041-2020040917227851 v3). All SARS-CoV-2 infection experiments complied with current national and institutional regulations and ethical guidelines (Institut Pasteur de Lille/B59-350009).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data generated in this study were deposited at https://doi.org/10.5281/zenodo.




Acknowledgments


We thank Nicolas Vandenabeele, Robin Prath, and Séverine Marin for their technical assistance in the BSL3 laboratory, Florent Sebbane for the loan of the BSL3 isolator, and the Lions Club in Marcq-en-Baroeul (France) for the purchase of the BSL3 isolator.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



To, K.K.; Sridhar, S.; Chiu, K.H.; Hung, D.L.; Li, X.; Hung, I.F.; Tam, A.R.; Chung, T.W.; Chan, J.F.; Zhang, A.J.; et al. Lessons learned 1 year after SARS-CoV-2 emergence leading to COVID-19 pandemic. Emerg. Microbes Infect. 2021, 10, 507–535. [Google Scholar] [CrossRef]

	



Pathangey, G.; Fadadu, P.P.; Hospodar, A.R.; Abbas, A.E. Angiotensin-converting enzyme 2 and COVID-19: Patients, comorbidities, and therapies. Am. J. Physiol. Lung Cell. Mol. Physiol. 2021, 320, L301–L330. [Google Scholar] [CrossRef]

	



Aghili, S.M.M.; Ebrahimpur, M.; Arjmand, B.; Shadman, Z.; Sani, M.P.; Qorbani, M.; Larijani, B.; Payab, M. Obesity in COVID-19 era, implications for mechanisms, comorbidities, and prognosis: A review and meta-analysis. Int. J. Obes. 2021, 45, 998–1016. [Google Scholar] [CrossRef] [PubMed]

	



Portincasa, P.; Krawczyk, M.; Smyk, W.; Lammert, F.; Di Ciaula, A. COVID-19 and non-alcoholic fatty liver disease: Two intersecting pandemics. Eur. J. Clin. Investig. 2020, 50, e13338. [Google Scholar] [CrossRef] [PubMed]

	



Apovian, C.M. Obesity: Definition, comorbidities, causes, and burden. Am. J. Manag. Care. 2016, 22 (Suppl. S7), s176–s185. [Google Scholar]

	



Hardy, T.; Anstee, Q.M.; Day, C.P. Nonalcoholic fatty liver disease: New treatments. Curr. Opin. Gastroenterol. 2015, 31, 175–183. [Google Scholar] [CrossRef]

	



Anstee, Q.M.; Reeves, H.L.; Kotsiliti, E.; Govaere, O.; Heikenwalder, M. From NASH to HCC: Current concepts and future challenges. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 411–428. [Google Scholar] [CrossRef]

	



Tana, C.; Ballestri, S.; Ricci, F.; Di Vincenzo, A.; Ticinesi, A.; Gallina, S.; Giamberardino, M.A.; Cipollone, F.; Sutton, R.; Vettor, R.; et al. Cardiovascular Risk in Non-Alcoholic Fatty Liver Disease: Mechanisms and Therapeutic Implications. Int. J. Environ. Res. Public Health 2019, 16, 3104. [Google Scholar] [CrossRef]

	



Reiterer, M.; Rajan, M.; Gómez-Banoy, N.; Lau, J.D.; Gomez-Escobar, L.G.; Ma, L.; Gilani, A.; Alvarez-Mulett, S.; Sholle, E.T.; Chandar, V.; et al. Hyperglycemia in acute COVID-19 is characterized by insulin resistance and adipose tissue infectivity by SARS-CoV-2. Cell Metab. 2021, 33, 2174–2188. [Google Scholar] [CrossRef]

	



Townsend, M.J.; Kyle, T.K. COVID-19 Vaccination and Obesity: Optimism and Challenges. Obesity 2021, 29, 634–635. [Google Scholar] [CrossRef] [PubMed]

	



Yan, T.; Xiao, R.; Lin, G. Angiotensin-converting enzyme 2 in severe acute respiratory syndrome coronavirus and SARS-CoV-2: A double-edged sword? FASEB J. 2020, 34, 6017–6026. [Google Scholar] [CrossRef]

	



Salian, V.S.; Wright, J.A.; Vedell, P.T.; Nair, S.; Li, C.; Kandimalla, M.; Tang, X.; Porquera, E.M.C.; Kalari, K.R. COVID-19 Transmission, Current Treatment, and Future Therapeutic Strategies. Mol. Pharm. 2021, 18, 754–771. [Google Scholar] [CrossRef]

	



Cleary, S.J.; Pitchford, S.C.; Amison, R.T.; Carrington, R.; Cabrera, C.L.R.; Magnen, M.; Looney, M.R.; Gray, E.; Page, C.P. Animal models of mechanisms of SARS-CoV-2 infection and COVID-19 pathology. Br. J. Pharmacol. 2020, 177, 4851–4865. [Google Scholar] [CrossRef]

	



Rathnasinghe, R.; Strohmeier, S.; Amanat, F.; Gillespie, V.L.; Krammer, F.; García-Sastre, A.; Coughlan, L.; Schotsaert, M.; Uccellini, M.B. Comparison of transgenic and adenovirus hACE2 mouse models for SARS-CoV-2 infection. Emerg. Microbes Infect. 2020, 9, 2433–2445. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.N.; Zhang, Z.R.; Zhang, H.Q.; Li, X.D.; Li, J.Q.; Zhang, Q.Y.; Liu, J.; Li, Q.; Deng, C.L.; Shi, Z.L.; et al. Increased morbidity of obese mice infected with mouse-adapted SARS-CoV-2. Cell Discov. 2021, 7, 74. [Google Scholar] [CrossRef] [PubMed]

	



Clément, K.; Vaisse, C.; Lahlou, N.; Cabrol, S.; Pelloux, V.; Cassuto, D.; Gourmelen, M.; Dina, C.; Chambaz, J.; Lacorte, J.M.; et al. A mutation in the human leptin receptor gene causes obesity and pituitary dysfunction. Nature 1998, 392, 398–401. [Google Scholar] [CrossRef] [PubMed]

	



Damsteegt, E.L.; Davie, A.; Lokman, P.M. The evolution of apolipoprotein B and its mRNA editing complex. Does the lack of editing contribute to hypertriglyceridemia? Gene 2018, 641, 46–54. [Google Scholar] [CrossRef] [PubMed]

	



Tsutsumi, K.; Hagi, A.; Inoue, Y. The relationship between plasma high density lipoprotein cholesterol levels and cholesteryl ester transfer protein activity in six species of healthy experimental animals. Biol. Pharm. Bull. 2001, 24, 579–581. [Google Scholar] [CrossRef] [PubMed]

	



Takahashi, S.; Fukami, T.; Masuo, Y.; Brocker, C.N.; Xie, C.; Krausz, K.W.; Wolf, C.R.; Henderson, C.J.; Gonzalez, F.J. Cyp2c70 is responsible for the species difference in bile acid metabolism between mice and humans. J. Lipid Res. 2016, 57, 2130–2137. [Google Scholar] [CrossRef]

	



Denk, H.; Abuja, P.M.; Zatloukal, K. Animal models of NAFLD from the pathologist’s point of view. Biochim. Biophys. Acta Mol. Basis Dis. 2019, 1865, 929–942. [Google Scholar] [CrossRef]

	



Sia, S.F.; Yan, L.M.; Chin, A.W.H.; Fung, K.; Choy, K.T.; Wong, A.Y.L.; Kaewpreedee, P.; Perera, R.A.P.M.; Poon, L.L.M.; Nicholls, J.M.; et al. Pathogenesis and transmission of SARS-CoV-2 in golden hamsters. Nature 2020, 583, 834–838. [Google Scholar] [CrossRef]

	



Chan, J.F.; Zhang, A.J.; Yuan, S.; Poon, V.K.; Chan, C.C.; Lee, A.C.; Chan, W.M.; Fan, Z.; Tsoi, H.W.; Wen, L.; et al. Simulation of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model: Implications for Disease Pathogenesis and Transmissibility. Clin. Infect. Dis. 2020, 71, 2428–2446. [Google Scholar] [CrossRef]

	



Sencio, V.; Machelart, A.; Robil, C.; Benech, N.; Hoffmann, E.; Galbert, C.; Deryuter, L.; Heumel, S.; Hantute-Ghesquier, A.; Flourens, A.; et al. Alteration of the gut microbiota following SARS-CoV-2 infection correlates with disease severity in hamsters. Gut Microbes 2022, 14, 2018900. [Google Scholar] [CrossRef]

	



Gruber, A.D.; Osterrieder, N.; Bertzbach, L.D.; Vladimirova, D.; Greuel, S.; Ihlow, J.; Horst, D.; Trimpert, J.; Dietert, K. Standardization of Reporting Criteria for Lung Pathology in SARS-CoV-2-infected Hamsters: What Matters? Am. J. Respir. Cell Mol. Biol. 2020, 63, 856–859. [Google Scholar] [CrossRef]

	



Port, J.R.; Adney, D.R.; Schwarz, B.; Schulz, J.E.; Sturdevant, D.E.; Smith, B.J.; Avanzato, V.A.; Holbrook, M.G.; Purushotham, J.N.; Stromberg, K.A.; et al. High-Fat High-Sugar Diet-Induced Changes in the Lipid Metabolism Are Associated with Mildly Increased COVID-19 Severity and Delayed Recovery in the Syrian Hamster. Viruses 2021, 13, 2506. [Google Scholar] [CrossRef] [PubMed]

	



Briand, F.; Brousseau, E.; Quinsat, M.; Burcelin, R.; Sulpice, T. Obeticholic acid raises LDL-cholesterol and reduces HDL-cholesterol in the Diet-Induced NASH (DIN) hamster model. Eur. J. Pharmacol. 2018, 818, 449–456. [Google Scholar] [CrossRef] [PubMed]

	



Briand, F.; Maupoint, J.; Brousseau, E.; Breyner, N.; Bouchet, M.; Costard, C.; Lasserre-Leste, T.; Petitjean, M.; Chen, L.; Chabrat, A.; et al. Elafibranor improves diet-induced nonalcoholic steatohepatitis associated with heart failure with preserved ejection fraction in Golden Syrian hamsters. Metabolism 2021, 117, 154707. [Google Scholar] [CrossRef]

	



Sencio, V.; Benech, N.; Robil, C.; Deruyter, L.; Heumel, S.; Machelart, A.; Sulpice, T.; Lamazière, A.; Grangette, C.; Briand, F.; et al. Alteration of the gut microbiota’s composition and metabolic output correlates with COVID-19-like severity in obese NASH hamsters. Gut Microbes 2022, 14, 2100200. [Google Scholar] [CrossRef]

	



Sokol, H.; Contreras, V.; Maisonnasse, P.; Desmons, A.; Delache, B.; Sencio, V.; Machelart, A.; Brisebarre, A.; Humbert, L.; Deryuter, L.; et al. SARS-CoV-2 infection in nonhuman primates alters the composition and functional activity of the gut microbiota. Gut Microbe 2021, 13, 1893113. [Google Scholar] [CrossRef]

	



Imai, M.; Iwatsuki-Horimoto, K.; Hatta, M.; Loeber, S.; Halfmann, P.J.; Nakajima, N.; Watanabe, T.; Ujie, M.; Takahashi, K.; Ito, M.; et al. Syrian hamsters as a small animal model for SARS-CoV-2 infection and countermeasure development. Proc. Natl. Acad. Sci. USA 2020, 117, 16587–16595. [Google Scholar] [CrossRef] [PubMed]

	



Meyerholz, D.K.; Beck, A.P. Histopathologic Evaluation and Scoring of Viral Lung Infection. Methods Mol. Biol. 2020, 2099, 205–220. [Google Scholar] [PubMed]

	



Kintscher, U.; Slagman, A.; Domenig, O.; Röhle, R.; Konietschke, F.; Poglitsch, M.; Möckel, M. Plasma Angiotensin Peptide Profiling and ACE (Angiotensin-Converting Enzyme)-2 Activity in COVID-19 Patients Treated with Pharmacological Blockers of the Renin-Angiotensin System. Hypertension 2020, 76, e34–e36. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Zhao, Y.; Xu, C.; Hong, Y.; Lu, H.; Wu, J.; Chen, Y. Association between serum free fatty acid levels and nonalcoholic fatty liver disease: A cross-sectional study. Sci. Rep. 2014, 4, 5832. [Google Scholar] [CrossRef] [PubMed]

	



Scialo, F.; Daniele, A.; Amato, F.; Pastore, L.; Matera, M.G.; Cazzola, M.; Castaldo, G.; Bianco, A. ACE2: The Major Cell Entry Receptor for SARS-CoV-2. Lung 2020, 198, 867–877. [Google Scholar] [CrossRef]

	



Kutz, A.; Conen, A.; Gregoriano, C.; Haubitz, S.; Koch, D.; Domenig, O.; Bernasconi, L.; Mueller, B.; Schuetz, P. Renin-angiotensin-aldosterone system peptide profiles in patients with COVID-19. Eur. J. Endocrinol. 2021, 184, 543–552. [Google Scholar] [CrossRef]

	



Patel, S.K.; Juno, J.A.; Lee, W.S.; Wragg, K.M.; Hogarth, P.M.; Kent, S.J.; Burrell, L.M. Plasma ACE2 activity is persistently elevated following SARS-CoV-2 infection: Implications for COVID-19 pathogenesis and consequences. Eur. Respir. J. 2021, 57, 2003730. [Google Scholar] [CrossRef]

	



Romero-Gómez, M.; Zelber-Sagi, S.; Trenell, M. Treatment of NAFLD with diet, physical activity and exercise. J. Hepatol. 2017, 67, 829–846. [Google Scholar] [CrossRef] [PubMed]

	



Liu, F.; Li, L.; Xu, M.; Wu, J.; Luo, D.; Zhu, Y.; Li, B.; Song, X.; Zhou, X. Prognostic value of interleukin-6, C-reactive protein, and procalcitonin in patients with COVID-19. J. Clin. Virol. 2020, 127, 104370. [Google Scholar] [CrossRef]

	



Herr, C.; Mang, S.; Mozafari, B.; Guenther, K.; Speer, T.; Seibert, M.; Srikakulam, S.K.; Beisswenger, C.; Ritzmann, F.; Keller, A.; et al. Distinct Patterns of Blood Cytokines Beyond a Cytokine Storm Predict Mortality in COVID-19. J. Inflamm. Res. 2021, 14, 4651–4667. [Google Scholar] [CrossRef]

	



Sarzani, R.; Giulietti, F.; Di Pentima, C.; Giordano, P.; Spannella, F. Disequilibrium between the classic renin-angiotensin system and its opposing arm in SARS-CoV-2-related lung injury. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 319, L325–L336. [Google Scholar] [CrossRef] [PubMed]

	



George, P.M.; Wells, A.U.; Jenkins, R.G. Pulmonary fibrosis and COVID-19: The potential role for antifibrotic therapy. Lancet Respir. Med. 2020, 8, 807–815. [Google Scholar] [CrossRef]

	



Liu, Y.; Pan, Y.; Yin, Y.; Chen, W.; Li, X. Association of dyslipidemia with the severity and mortality of coronavirus disease 2019 (COVID-19): A meta-analysis. Virol. J. 2021, 18, 157. [Google Scholar] [CrossRef]

	



Briand, F. The use of dyslipidemic hamsters to evaluate drug-induced alterations in reverse cholesterol transport. Curr. Opin. Investig. Drugs 2010, 11, 289–297. [Google Scholar] [PubMed]

	



Liu, J.; Han, L.; Zhu, L.; Yu, Y. Free fatty acids, not triglycerides, are associated with non-alcoholic liver injury progression in high fat diet induced obese rats. Lipids Health Dis. 2016, 15, 27. [Google Scholar] [CrossRef]

	



Walenbergh, S.M.; Koek, G.H.; Bieghs, V.; Shiri-Sverdlov, R. Non-alcoholic steatohepatitis: The role of oxidized low-density lipoproteins. J. Hepatol. 2013, 58, 801–810. [Google Scholar] [CrossRef]

	



Memon, R.A.; Staprans, I.; Noor, M.; Holleran, W.M.; Uchida, Y.; Moser, A.H.; Feingold, K.R.; Grunfeld, C. Infection and inflammation induce LDL oxidation in vivo. Arterioscler. Thromb. Vasc. Biol. 2000, 20, 1536–1542. [Google Scholar] [CrossRef]

	



Wang, G.; Deng, J.; Li, J.; Wu, C.; Dong, H.; Wu, S.; Zhong, Y. The Role of High-Density Lipoprotein in COVID-19. Front. Pharmacol. 2021, 12, 720283. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Ma, X.; Xuan, X.; Deng, H.; Chen, Q.; Yuan, L. Liraglutide Attenuates Non-Alcoholic Fatty Liver Disease in Mice by Regulating the Local Renin-Angiotensin System. Front. Pharmacol. 2020, 11, 432. [Google Scholar] [CrossRef] [PubMed]

	



Nardo, A.D.; Schneeweiss-Gleixner, M.; Bakail, M.; Dixon, E.D.; Lax, S.F.; Trauner, M. Pathophysiological mechanisms of liver injury in COVID-19. Liver Int. 2021, 41, 20–32. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, S.; Liu, H.; Li, W.; Lin, F.; Jiang, L.; Li, X.; Xu, P.; Zhang, L.; Zhao, L.; et al. SARS-CoV-2 infection of the liver directly contributes to hepatic impairment in patients with COVID-19. J. Hepatol. 2020, 73, 807–816. [Google Scholar] [CrossRef]

	



Marjot, T.; Webb, G.J.; Barritt, A.S., 4th; Moon, A.M.; Stamataki, Z.; Wong, V.W.; Barnes, E. COVID-19 and liver disease: Mechanistic and clinical perspectives. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 348–364. [Google Scholar] [CrossRef]

	



Shin, J.; Toyoda, S.; Nishitani, S.; Onodera, T.; Fukuda, S.; Kita, S.; Fukuhara, A.; Shimomura, I. SARS-CoV-2 infection impairs the insulin/IGF signaling pathway in the lung, liver, adipose tissue, and pancreatic cells via IRF1. Metabolism 2022, 133, 155236. [Google Scholar] [CrossRef]

	



Frere, J.J.; Serafini, R.A.; Pryce, K.D.; Zazhytska, M.; Oishi, K.; Golynker, I.; Panis, M.; Zimering, J.; Horiuchi, S.; Hoagland, D.A.; et al. SARS-CoV-2 infection in hamsters and humans results in lasting and unique systemic perturbations post recovery. Sci. Transl. Med. 2022, eabq3059. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; She, Z.G.; Cheng, X.; Qin, J.J.; Zhang, X.J.; Cai, J.; Lei, F.; Wang, H.; Xie, J.; Wang, W.; et al. Association of Blood Glucose Control and Outcomes in Patients with COVID-19 and Pre-existing Type 2 Diabetes. Cell Metab. 2020, 31, 1068–1077. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Liu, X.; Zhu, H.; Huang, L.; Liu, Y.; Ma, C.; Qin, C. Insulin resistance in insulin-resistant and diabetic hamsters (Mesocricetus auratus) is associated with abnormal hepatic expression of genes involved in lipid and glucose metabolism. Comp. Med. 2009, 59, 449–458. [Google Scholar] [PubMed]








[image: Viruses 14 02067 g001 550] 





Figure 1. Free-choice-diet-induced obesity, NASH/liver fibrosis, and lung inflammation. (A–D) Representative liver histology images after H&E staining (A,B) and Sirius Red staining (C,D) of lean hamsters (A,C) and obese NASH hamsters (B,D), respectively. Blue dashed squares indicate inflammatory foci and hepatocyte ballooning, and green arrows indicate liver fibrosis. (E) Cytokeratin-18 (CK18) immunostaining of liver samples from obese NASH hamsters. Black dashed squares indicate clusters of ballooned hepatocytes lacking cytokeratin-18. (F) Hepatocyte ballooning is shown at a higher magnification. (G) Serum levels of MCP-1 and IL-6 and (H) lung levels of IL-6 protein in lean hamsters and obese NASH hamsters. Data are shown as the mean ± SD (n = 10 animals per group). Significant differences were determined using an unpaired, two-tailed Student’s t-test or a Mann–Whitney U test (* p < 0.05; ** p < 0.01; *** p < 0.001). Scale bars: 250 µm (A–F). 
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Figure 2. Impact of SARS-CoV-2 infection on lean hamsters vs. obese NASH hamsters. Hamsters were inoculated intranasally with 2 × 104 TCID50 of the clinical SARS-CoV-2 isolate hCoV-19/France/lDF0372/2020. (A) Changes in body weight (as the mean ± SD percentage of the initial body weight). Sidak’s correction for multiple comparisons was used to detect significant differences (*** p < 0.001). (B) Determination of the infectious viral load in the lungs on dpi 4 (TCID50 assay). The data are expressed as the number of infectious virus particles per lung. (C) Viral RNA-dependent RNA polymerase (RdRp) transcript levels in the lungs, as quantified in a qRT-PCR (dpi 4 and 7). The data are expressed as the delta Ct (normalized against γ actin). The bottom line corresponds to the detection threshold. The results are expressed as the mean ± SD. (D) Isg15 mRNA transcripts were quantified by qRT-PCR (lung). The data are expressed as the mean ± SD fold increase over the level observed in the mock-treated lean hamsters. It should be noted that there were no significant differences between the mock-treated lean hamsters and mock-treated obese NASH hamsters (day 0) (not shown). (A–D) n = 5–8 animals/group. (E,F) Histopathologic assessment of lung sections from lean hamsters (E) and obese NASH hamsters (F) on dpi 10. Representative images after H&E staining) are depicted. (G,H) Representative lung histology images after Sirius Red staining (25 dpi). (I) The lung histopathologic score following SARS-CoV-2 infection (on dpi 4, 7, 10, and 25) (n = 5–8 animals/group). (J) The percentage of lung tissue labeled by Sirius Red on day 0 and on dpi 25. The data are quoted as the mean ± SD or (panel I) the median (n = 6–11 animals/group). Significant differences were determined using the Mann–Whitney U test (* p < 0.05; ** p < 0.01, *** p < 0.001, **** p <0.0001). The values of the various groups were also compared with those of mock-infected animals (### p < 0.001). Scale bars: 500 µm (E–H). 
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Figure 3. Effects of SARS-CoV-2 infection on serum variables in lean hamsters vs. obese NASH hamsters. Blood from the mock-infected and SARS-CoV-2-infected hamsters was collected at different timepoints post-infection. Serum levels of (A) ALT, (B) free fatty acids, (C) triglycerides, (D) HDL cholesterol, (E) LDL cholesterol, and (F) MCP-1 on dpi 4, 7, and 25 are shown. The data are expressed as the mean ± SD (n = 6–8 animals/group). Significant differences between lean hamsters and obese NASH hamsters were determined using the Mann–Whitney U test (* p < 0.05; ** p < 0.01, *** p < 0.001, **** p < 0.0001). The effect of SARS-CoV-2 infection is also depicted. The values were compared with those of mock-infected animals using a Kruskal–Wallis test and Dunn’s post-test (# p < 0.05, ## p < 0.01, and ### p < 0.001). 
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Figure 4. Effects of SARS-CoV-2 infection on serum ACE2, ACE, and the renin-angiotensin system activity levels in lean hamsters vs. obese NASH hamsters. Blood from mock-infected and SARS-CoV-2-infected lean hamsters and obese NASH hamsters were collected at the indicated timepoints post-infection. Serum ACE2 (A), ACE (B), and renin angiotensin (C) activities are depicted. Angiotensin II levels are shown in (D). The data are expressed as the mean ± SD (n = 6–8 animals/group). Significant differences were determined using the Mann–Whitney U test (* p < 0.05; ** p < 0.01, *** p < 0.001). The effect of SARS-CoV-2 infection is also depicted. The values were compared with those of mock-infected animals using a Kruskal–Wallis test and Dunn’s post-test (#p < 0.05, ## p < 0.01, and ### p < 0.001). ACE-S, angiotensin-converting enzyme activity (Ang II/Ang I); PRA-S, serum renin activity (Ang I + Ang II). 
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Figure 5. Effects of SARS-CoV-2 infection in terms of liver damage and fibrosis in lean hamsters vs. obese NASH hamsters. The livers of mock-infected and SARS-CoV-2-infected hamsters were collected on dpi 4, 10, and 25. (A–F) mRNA copy numbers were quantified by qRT-PCR. The data were expressed as the fold increase over the expression level in mock-treated lean animals. (G–J) Representative liver histology images after H&E staining (G,H) or after Sirius Red staining (I,J) of lean hamsters and obese NASH hamsters. (K) The total NAFLD activity score. (L) The percentage of the liver section stained by Sirius Red on day 0 and dpi 25. Data are shown as the mean ± SD (n = 6–8 animals/group). Significant differences were determined using the Mann–Whitney U test (* p < 0.05; ** p < 0.01, *** p < 0.001). The effect of SARS-CoV-2 infection is also depicted. The values of SARS-CoV-2-infected hamsters were compared with those of mock-infected animals using a Kruskal–Wallis test and Dunn’s post-test (# p < 0.05, ## p < 0.01, and ### p < 0.001). Scale bars: 250 µm (G–J). 
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Table 1. The qPCR primer sequences.






Table 1. The qPCR primer sequences.





	Gene
	GenBank ID
	Forward Sequence (5′-3′)
	Reverse Sequence (5′-3′)





	Ccl2
	XM_005076967.4
	TGCTAACTTGACGCAAGCTCC
	AAGTTCTTGAGTCTGCGGTGG



	Cyp7a1
	XM_005066730
	AGCAACTGACTGTGCCTAGGAAA
	GGAACTCAGGCAGTGAGAACAGA



	Fas
	XM_013112078
	GGCAACTCCTGGTATGTTCACTTC
	CCTTCTGGCCATTTTACCTTTTCT



	Il1b
	XM_005068610
	GAAGTCAAAACCAAGGTGGAGTTT
	TCTGCTTGAGAGGTGCTGATGT



	Il6
	XM_005087110
	CCATGAGGTCTACTCGGCAAA
	GACCACAGTGAATGTCCACAGATC



	Il10
	XM_005079860.3
	GGTTGCCAAACCTTATCAGAAATG
	TTCACCTGTTCCACAGCCTTG



	Infg
	NM_001281631.1
	TGTTGCTCTGCCTCACTCAGG
	AAGACGAGGTCCCCTCCATTC



	Isg15
	XM_013119951.3
	CTG GTG CCC CTG ACT AAC T
	CTG TCA TTC CGC ACC AGG AT



	Mx1
	XM_021229467.1
	GGTATCGTTACCAGGTGCCC
	GGTCTGGAACACTTGGGGAG



	RdRp
	/
	GTGARATGGTCATGTGTGGCGG
	CARATGTTAAASACACTATTAGCATA



	Tgfb1
	XM_013125593
	CGGGATCAGCCTCAAACG
	TGAGGAGCAGGAAGGGTCTGT



	Srebf1
	XM_005067680
	TTAGGGACCTTTGTCACTGGCT
	AGGTCGGCATGATCCTGATT
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Table 2. Clinical and biochemical parameters in lean and obese NASH hamsters. Data are shown as mean ± SD, n = 10 hamsters per group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 lean vs. obese NASH. Statistical analysis was performed using an unpaired 2-tailed Student t-test or a Mann–Whitney test.
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	Parameter
	Lean
	Obese NASH





	Body weight (g)
	137 ± 9
	194 ± 11 ****



	Serum total cholesterol (mmol/L)
	2.68 ± 0.43
	5.57 ± 0.79 ****



	Serum HDL cholesterol (mmol/L)
	2.14 ± 0.47
	4.70 ± 0.91 ****



	Serum LDL cholesterol (mmol/L)
	0.40 ± 0.22
	0.79 ± 0.20 ***



	Serum triglycerides (mmol/L)
	1.61 ± 0.53
	3.92 ± 1.22 ****



	Serum ALT (U/L)
	97± 17
	128 ± 35 *



	Serum AST (U/L)
	81 ± 29
	75 ± 38



	Liver weight (g)
	5.4 ± 0.4
	10.7 ± 1.0 ****



	Hepatic total cholesterol (mmol/g liver)
	14.7 ± 2.1
	157.6 ± 20.6 ****



	Hepatic triglycerides (mmol/g liver)
	12.8 ± 2.7
	58.9 ± 12.7 ****



	Hepatic fatty acids (µmol/g liver)
	6.5 ± 1.3
	21.9 ± 4.4 ****



	Hepatic Steatosis score
	0.0 ± 0.0
	2.3 ± 0.5



	Inflammation score
	0.0 ± 0.0
	1.0 ± 0.0



	Ballooning score
	0.0 ± 0.0
	1.0 ± 0.0



	Fibrosis score
	1.0 ± 0.0
	2.6 ± 0.5 ****



	Liver %Sirius Red labelling
	0.31 ± 0.03
	0.52 ± 0.05 **



	Total NAFLD score
	1.0 ± 0.0
	6.9 ± 0.6 ****
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Table 3. Equilibrium levels of circulating angiotensin peptides. Values are expressed in mean ± SD (n = 6–8 animals/group).
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Angiotensin Peptides

	
Angiotensin I (1-10) (pmol/L)

	
Angiotensin II (1-8) (pmol/L)

	
Angiotensin 1-7 (pmol/L)

	
Angiotensin 1-5 (pmol/L)




	
Days Post-infection/Diet

	
Lean

	
Obese

	
Lean

	
Obese

	
Lean

	
Obese

	
Lean

	
Obese






	
0

	
218.5 ± 147.4

	
285.3 ± 112.3

	
488.9 ± 369.3

	
655.0 ± 177.6

	
77.5 ± 45.0

	
81.2 ± 27.1

	
108.6 ± 63.7

	
99.7 ± 24.7




	
4

	
24.2 ± 11.1

	
79.8 ± 51.2

	
56.0 ± 32.0

	
215.5 ± 159.3

	
12.8 ± 4.9

	
21.4 ± 12.9

	
11.8 ± 5.1

	
21.3 ± 9.0




	
7

	
27.8 ± 9.4

	
68.7 ± 35.6

	
73.9 ± 36.3

	
188.1 ± 82.9

	
9.9 ± 5.7

	
19.9 ± 10.9

	
13.7 ± 6.1

	
21.5 ± 12.0




	
25

	
23.4 ± 22.8

	
33.5 ± 32.8

	
71.9 ± 58.0

	
131.8 ± 123.6

	
11.0 ± 9.8

	
12.3 ± 11.0

	
17.4 ± 11.4

	
31.9 ± 28.9
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