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Background and aims: Renal damage in severe coronavirus disease 2019 (COVID-19) is highly associated with mortality. Finding relevant therapeutic candidates that can alleviate it is crucial. Angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin-receptor blockers (ARBs) have been shown to be harmless to COVID-19 patients, but it remains elusive whether ACEIs/ARBs have protective benefits to them. We wished to determine if ACEIs/ARBs had a protective effect on the renal damage associated with COVID-19, and to investigate the mechanism.
Methods: We used the envelope (E) protein of severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) to induce COVID-19-like multiple organ damage and observed renal fibrosis. We induced the epithelial–mesenchymal transformation of HK-2 cells with E protein, and found that olmesartan could alleviate it significantly. The protective effects of olmesartan on E protein-induced renal fibrosis were evaluated by renal-function assessment, pathologic alterations, inflammation, and the TGF-β1/Smad2/3 signaling pathway. The distribution of high-mobility group box (HMGB)1 was examined after stimulation with E protein and olmesartan administration.
Results: E protein stimulated HMGB1 release, which triggered the immune response and promoted activation of TGF-β1/Smad2/3 signaling: both could lead to renal fibrosis. Olmesartan regulated the distribution of HMGB1 under E protein stimulation. Olmesartan inhibited the release of HMGB1, and reduced the inflammatory response and activation of TGF-β1/Smad2/3 signaling. Olmesartan increased the cytoplasmic level of HMGB1 to promote the autophagic degradation of TGF-β1, thereby alleviating fibrosis further.
Conclusion: Olmesartan alleviates E protein-induced renal fibrosis by regulating the release of HMGB1 and its mediated autophagic degradation of TGF-β1.
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1 INTRODUCTION
Severe acute respiratory syndrome-coronavirus 2 (SARS-CoV-2) has caused a worldwide pandemic and led to coronavirus disease-2019 (COVID-19). In COVID-19, damage to multiple organs caused by SARS-CoV-2 infection hampers treatment and nursing, and increases the mortality risk (Puelles et al., 2020; Xu et al., 2020). Discovering relevant therapeutic candidates that can alleviate such organ damage is a very challenging and unmet need.
Angiotensin-converting enzyme (ACE)2 is the main receptor for SARS-CoV-2 (Hoffmann et al., 2020). ACE2 is also one of the key components of the renin–angiotensin system (RAS) (Danilczyk and Penninger, 2006). Thus, there are valid concerns that use of RAS inhibitors, especially angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin-receptor blockers (ARBs), which are the most commonly used in the clinic, will promote the invasion of SARS-CoV-2 into host cells and aggravate organ damage (Battistoni and Volpe, 2020; Fang et al., 2020). Several studies have investigated the effect of ACEIs/ARBs on SARS-CoV-2 infection and the pathologic process. Some meta-analyses (Zhang P. et al., 2020), single-center/multicenter studies (Zhang X. et al., 2020; Baral et al., 2021; Tetlow et al., 2021) and small-scale clinical trials (Mackey et al., 2022) have shown that use of ACEIs or ARBs does not increase the mortality risk of patients suffering from COVID-19. However, whether ACEIs/ARBs are associated with protective benefits for patients with COVID-19 is unknown.
The envelope (E) protein is one of the main structural proteins of SARS-CoV-2. E protein has been reported to cause inflammation and multi-organ damage as an independent virulence factor (Xia et al., 2021; Zheng et al., 2021). We used the E protein from SARS-CoV-2 to simulate SARS-CoV-2-related organ damage. We found that E protein alone could cause damage to multiple organs, among which renal damage was the most severe (Figure 1). The kidney is one of the main organs damaged by SARS-CoV-2 infection, and renal complications in COVID-19 are associated with an increased risk of death (Pei et al., 2020; Puelles et al., 2020). Various studies have shown that SARS-CoV-2 has renal tropism and can infect the kidney directly to cause renal damage, especially renal-tubule injury and fibrosis (Braun et al., 2020; Puelles et al., 2020; Jansen et al., 2022). Moreover, the kidney is also a key organ of the RAS and an important target of ACEIs/ARBs (Yang and Xu, 2017). Hence, we chose the kidney as a representative organ to study the beneficial effect of ACEIs/ARBs on the organ damage caused by SARS-CoV-2. Then, utilizing an E protein-induced renal-cell model in vitro, we screened olmesartan as the most efficacious candidate for a follow-up study (Supplementary Figure S1). Olmesartan belongs to ARBs class of drugs. Like other ARBs, it functions as an angiotensin receptor blocker to undermine the renin-angiotensin-aldosterone system. In clinical practice, olmesartan is mainly used as therapy for hypertension (Kerndt & Soos, 2022).
[image: Figure 1]FIGURE 1 | Multiple organ damage induced by E protein. Comparison of histopathological features (H&E staining) of (A) kidney (blue arrow: vacuolar degeneration in renal tubular epithelium black arrow: necrosis in renal tubular epithelium), (B) heart (black arrow: fibrotic-like structures), (C) lung, (D) spleen and (E) liver. Scale bar = 50 μm.
High-mobility group box (HMGB)1 is a nuclear protein. If released into the extracellular environment, it triggers the immune response and leads to organ damage as damage-associated molecular patterns (DAMPs) (Schaper et al., 2016; Andersson et al., 2018; Zhao et al., 2020). The serum HMGB1 in COVID-19 patients is increased and positively correlated with disease severity (Chen et al., 2020). HMGB1 could be a potential therapeutic target of COVID-19 (Andersson and Tracey, 2011; Bailly and Vergoten, 2020). However, the role of HMGB1 in renal damage associated with COVID-19 is still unclear.
Therefore, we investigated whether olmesartan has a protective effect on the renal damage associated with COVID-19, and demonstrated the role of HMGB1 in it.
2 MATERIALS AND METHODS
2.1 Reagents
Rabbit anti-α-smooth muscle actin (α-SMA; #ab124964; 1:10,000 dilution) and fibronectin (FN; #ab2413; 1:5,000) antibodies were purchased from Abcam (Cambridge, UK). Rabbit anti-beclin-1 (#3738; 1:1,000), glyceraldehyde 3-phosphate dehydrogenase (GAPDH; #5174; 1:5,000), lamin B1 (#13435; 1:1,000), phosphorylated (p)-beclin-1 (#54101; 1:1,000), p-Smad2/3 (#8828; 1:1,000), Smad23 (#3102; 1:2000), vimentin (#5741; 1:2000) and LC3A/B (#4108; 1:2000) antibodies were purchased from Cell Signaling Technology (Danvers, MA, United States). Rabbit anti-HMGB1 (#A19529; 1:1,000), His tag (#AE086; 1:3,000), P62 (#A19700; 1:1,000) and transforming growth factor (TGF)-β1 (#A16640; 1:1,000) antibodies were purchased from ABclonal Technology (Wuhan, China).
2.2 Purification and validation of proteins
Protein purification was carried out as described previously (Xia et al., 2021). In brief, the gene encoding the E protein of SARS-CoV-2 with 6× His tag was cloned in pET28a. Then, the plasmid was transferred into the Escherichia coli BL21 (DE3) plysS strain (TransGen Biotech, Beijing, China) to express the full-length E protein. This plasmid was generously provided by Professor Zhaobing Gao (Shanghai Institute of Materia Medica, Chinese Academy of Sciences). The expressed envelope-6×His fusion protein was purified by Ni-NTA resin (Yeasen, Shanghai, China) and eluted with Tris-buffered saline (TBS; Tris-base (20 mM), NaCl (150 mM), pH 8.0) containing imidazole (300 mM). Then, we used the endotoxin removal agarose resin (Yeasen) to remove the endotoxin. The eluent with purified protein was concentrated using centrifugal filter units (Amicon® Ultra, MilliporeSigma, Burlington, MA, United States) and validated by comparison with standard products (Supplementary Figure S2).
2.3 Animals and treatment
The protocol for animal experiments was approved by the Animal Care and Use Committee of the School of Pharmacy of Fudan University (Shanghai, China). Twenty-four male C57BL/6 mice (8 weeks) were divided randomly into four groups of six. The mock group was injected with TBS (eluent for purified protein) through the tail vein. The E-protein group was injected with purified E protein (10 mg kg−1 body weight) through the tail vein as described previously (Xia et al., 2021). The prophylaxis group was given olmesartan (10 mg kg−1 d−1 body weight; #HY-17004; MedChemExpress, Monmouth Junction, NJ, United States) by gavage for 4 days before injection with purified E protein. Four days after injection with purified E protein, olmesartan (10 mg kg−1 d−1 body weight) was administered by gavage to simulate clinical administration. The treatment group was given olmesartan (10 mg kg−1 d−1 body weight) by gavage 4 days after injection with purified E protein.
On day 32 of the experiment, the mice were anesthetized via inhalation of 5% isoflurane to harvest the blood and various organs as described previously (Wang et al., 2022). Animal studies complied with ARRIVE 2.0 guidelines (Percie Du Sert et al., 2020).
2.4 Culture and treatment of cells
RAW 264.7 (mouse leukemia cells of monocyte macrophage, RRID:CVCL_0493) cells were cultured in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific, Waltham, MA, United States) containing 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, United States). HK-2 (human kidney proximal tubular epithelial cells, RRID:CVCL_0302) cells were cultured in RPMI 1640 medium (Thermo Fisher Scientific) containing 10% FBS (Gibco) and penicillin/streptomycin (100 units∙mL−1; Gibco).
To detect the effect of E protein on renal cells in vitro, HK-2 cells (5×105) were seeded in six-well plates with complete medium for 12 h. Then, cells were starved in medium without FBS for 12–16 h. After starvation, cells were stimulated with E protein (ABclonal Technology) at a series of concentrations for 24 h. To detect the efficacy of several representative ACEIs/ARBs, the treatment group also received the corresponding ACEIs/ARBs (20 μM) upon stimulation with 2 μg/mL E protein.
We wished to determine the effect of E protein on macrophages in vitro and verify the activity of E protein purified by our research team. RAW 264.7 cells (1×106) were seeded in six-well plates with complete medium for 24 h and stimulated with E protein (ABclonal Technology) or E protein purified by our research team at a final concentration of 1 μg mL−1 or 5 μg mL−1 for 4 h.
To define the role of HMGB1 in the regulation of autophagy by olmesartan, HK-2 cells were transfected with HMGB1 small interfering (si)RNA (target sequence: CCC​AGA​TGC​TTC​AGT​CAA​CTT; GenePharma, Shanghai, China) by Lipofectamine™ 2000 (Life Technologies, Carlsbad, CA, United States) in Opti-MEM (Gibco). After transfection for 6 h, cells were removed and placed in medium containing 10% FBS for further studies.
2.5 Evaluation of renal function
For urine samples, renal function was evaluated by proteinuria, which is quantified by calculating the protein: creatinine ratio in urine (Hada et al., 2022). For blood samples, renal function was evaluated by serum creatinine (SCr) and blood urea nitrogen (BUN) (Wang et al., 2022).
The protein level in urine was measured by a urinary protein test kit. The creatinine level in urine was measured by a creatinine assay kit. The BUN level was measured by a urea assay kit. All kits were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
2.6 Histology
Organ specimens were fixed in 4% paraformaldehyde for 48 h at room temperature. Then, fixed specimens were embedded in paraffin and sectioned into slices (thickness = 4 μm) for Masson trichrome (kidney specimens only) and hematoxylin and eosin (H&E) staining.
2.7 Determination of cytokine concentrations
Cell culture medium and mice serum were harvested for centrifugation (5,000 × g. 10 min, 4°C) to remove insoluble materials, and the supernatants were collected. The level of cytokines in supernatants was determined using ELISA kits (Multi Science Biotech, Hangzhou, China) according to manufacturer instructions.
2.8 Western blotting
Proteins from kidney tissue or cells were analyzed by Western blotting as described previously (Wang et al., 2022). To determine the total amount of protein, kidney tissue or cells were lysed in RIPA buffer containing 1% phosphatase and a protease inhibitor cocktail (Beyotime Institute of Biotechnology, Shanghai, China) for 30 min on ice.
For fractionation of nuclear/cytosol protein, kidney tissues or cells were treated with nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific) following manufacturer instructions.
After quantifying the protein content with BCA protein assay kit (Beyotime Institute of Biotechnology), the lysate was added to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (Yeasen) and denatured at 95°C for 10 min. Then, samples underwent SDS-PAGE as described previously (Wang et al., 2022). Densitometry was done using ImageJ (US National Institutes of Health, Bethesda, MD, United States).
2.9 Real-time reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted from whole kidney tissue or cells using RNAIso Plus (Takara Biotechnology, Shiga, Japan). Then, complementary-DNA was synthesized using Hifair®Ⅱ cDNA Synthesis SuperMix (Yeasen). RT-qPCR was done using TB Green Premix Ex Taq (Takara Biotechnology) following manufacturer instructions. Expression of target genes was normalized to that of GAPDH. The primers for RT-qPCR are listed in Supplementary Table S1.
2.10 Ad-GFP-LC3B transfection
HK-2 cells were transfected with ad-GFP-LC3B (HanBio Therapeutics, Shanghai, China) according to manufacturer instructions. Then, they were cultured for 72 h in an atmosphere of 5% CO2 at 37°C for subsequent experimental treatment.
2.11 Immunofluorescence staining
HK-2 cells were cultured in glass-bottom culture dishes and, after the corresponding treatment, fixed in Immunol Staining Solution (Beyotime Institute of Biotechnology) for 15 min and permeabilized in 0.5% Triton X-100 for 15 min at room temperature. After blockade with Blocking Buffer for Immunol Staining (Beyotime Institute of Biotechnology) for 45 min at room temperature, samples were incubated with a primary antibody at 4°C overnight, and then incubated with secondary Alexa Fluor 594 goat anti-rabbit IgG antibody (1:200; Cell Signaling Technology) for 90 min at room temperature. Nuclear morphology was visualized with 4′,6-diamidino-2-phenylindole (Beyotime Institute of Biotechnology) for 2 min. Images were taken using a confocal microscope (SpinSR10; Olympus, Tokyo, Japan) and processed using FV31S-SW Viewer.
2.12 Statistical analyses
Data are the mean ± standard deviation (SD). Results were analyzed using Prism 9.4 (GraphPad, La Jolla, CA, United States). One-way ANOVA was employed to analyze intergroup differences. p < 0.05 was considered significant.
3 RESULTS
3.1 E protein causes severe renal damage
Four weeks after the injection of E protein, several major organs were removed to analyze their histopathological features by H&E staining (Figure 1).
In the kidney, vacuolar degeneration and even necrosis occurred in the epithelial cells of renal tubules. In the spleen, there was obvious edema with a significantly increased number of lymphocytes. In the lung, infiltration of inflammatory cells and thickening of alveolar septa could be observed. In the heart, a few fibrotic-like structures could be observed. In the liver, obvious histopathological changes were not observed.
To summarize, stimulation with E protein at the dose we used caused the most severe damage to the kidney. The renal tubular epithelium was the site that incurred the greatest damage. Therefore, the kidney became the main focus of our study. Renal tubular epithelial cells were employed for mechanistic research.
3.2 Olmesartan alleviates the renal damage caused by E protein
Renal function was evaluated by calculating the ratio of urinary protein: urinary creatinine. E protein could increase the proportion of urinary protein significantly (Figure 2C): renal function was seriously damaged. Prophylactic administration of olmesartan did not alleviate the acute damage of renal function directly, but subsequent therapeutic administration (simulated clinical administration) treated proteinuria and alleviated the damage to renal function (Figures 2C,F; Supplementary Figure S3). These data indicated that olmesartan had a therapeutic role after renal damage rather than a preventive role. Olmesartan also alleviated the damage to other organs caused by E protein (Supplementary Figure S4).
[image: Figure 2]FIGURE 2 | Olmesartan alleviates renal damage caused by E protein. (A) Chemical structure of olmesartan (Olm). (B) Schematic models show experimental design for animals treatments. (C–E) Renal function evaluation (n = 6). Proteinuria was quantified by the ratio of urinary protein to creatinine. On day 32 of the experiment, renal function was evaluated by serum creatinine (SCr) and urea nitrogen (BUN). (F) Representative H&E images of kidney samples on day 32 of the experiment (blue arrow: vacuolar degeneration in renal tubular epithelium black arrow: necrosis in renal tubular epithelium scale bar = 50 μm). All the values are means ± SD one-way ANOVA. ###p < 0.001 vs. the mock group and ***p < 0.001 vs. the E group. PS: physiological saline.
At the end of modeling, we measured the levels of BUN and SCr in the blood of mice in each group (Figures 2D,E). Levels of BUN and SCr in the E-protein group were increased compared with those in the mock group whereas, in the prophylaxis group and treatment group, they were lower compared with those in the E-protein group. These findings were confirmed by H&E staining of kidney tissue (Figure 2F). E protein affected renal function mainly by damaging renal tubular epithelial cells, and olmesartan had a significant protective effect upon renal tubular epithelial cells. Taken together, these results indicated that olmesartan alleviated the renal damage caused by E protein.
3.3 Olmesartan improves E protein-induced renal fibrosis
Renal fibrosis is one of the manifestations of end-stage renal disease, but is also a complication of COVID-19. Hence, we detected the mRNA and protein expression of the fibrosis markers: α-SMA, vimentin, and FN in the kidney.
Treatment with E protein upregulated the mRNA and protein expression of fibrosis markers (Figures 3A–C), which indicated that renal fibrosis had occurred. In the prophylaxis group and treatment group, the level of fibrosis markers was decreased significantly, but there was no significant difference between these two groups, which was consistent with the results shown in Figure 2. Masson trichrome staining also revealed consistent results (Figure 3D). Collagen deposition in the E-protein group was obvious, whereas that in the prophylaxis group and treatment group was alleviated. We also detected activation of the TGF-β1/Smad2/3 signaling pathway stimulated by E protein, which was inhibited significantly by olmesartan (Supplementary Figure S5). Taken together, these data suggested that E protein can induce renal fibrosis in vivo, whereas olmesartan could alleviate it effectively.
[image: Figure 3]FIGURE 3 | Olmesartan improves E protein-induced renal fibrosis. (A) Representative Western blot analysis and (B) the relative quantitation of protein expression of fibronectin (FN), vimentin, and α-smooth muscle actin (α-SMA) in the kidneys from each group (n = 6). (C) The mRNA expression levels of FN, collagen I, vimentin, and α-SMA in the kidneys from each group (n = 6). (D) Representative Masson trichrome images of kidney samples (scale bar = 50 μm). (E, F) E protein induced the epithelial mesenchymal transformation (EMT) of HK-2 cells in a dose-dependent manner (n = 5). (G, H) Olmesartan inhibited the epithelial mesenchymal transformation (EMT) of HK-2 cells induced by E protein in a dose-dependent manner (n = 5). All the values are means ± SD one-way ANOVA. ns p > 0.05, #p < 0.05, ###p < 0.001 vs. the mock or control group and ***p < 0.001 vs. the E protein group.
In vitro, we stimulated HK-2 cells with E protein, and found that E protein could stimulate HK-2 to undergo epithelial–mesenchymal transformation (EMT) in a dose-dependent manner (Figures 3E,F). Olmesartan could inhibit EMT in vitro in a dose-dependent manner (Figures 3G,H).
To summarize, these results demonstrated that olmesartan improved E protein-induced renal fibrosis in vivo and in vitro.
3.4 Olmesartan alleviates inflammation by inhibiting HMGB1 release
E-protein stimulation could induce an inflammatory response in multiple organs (Figure 1). Long-term inflammation often leads to organ damage. HMGB1 can trigger an inflammatory response and subsequent organ damage as DAMPs only after it has been released into the extracellular environment (Schaper et al., 2016; Andersson et al., 2018; Zhao et al., 2020). Therefore, we tested the effect of E-protein stimulation and olmesartan treatment on HMGB1 release.
Stimulation with E protein promoted the release of HMGB1 significantly, whereas olmesartan inhibited its release and reduced the level of proinflammatory cytokines in serum (Figures 4A, D–F). Moreover, E protein could stimulate HMGB1 release in a dose-dependent fashion. The contrary effect of olmesartan was also dose-dependent (Figures 4B,C). These results indicated that HMGB1 was probably a key factor in the inflammation caused by E protein, and also the key factor in the therapeutic role of olmesartan.
[image: Figure 4]FIGURE 4 | Olmesartan alleviates inflammation by inhibiting HMGB1 release. (A) The level of released HMGB1 in mouse serum (n = 6). (B) The level of released HMGB1 in HK-2 cell culture medium after 24 h of stimulation with a series of concentrations of E protein (n = 5). (C) In the presence of 2 μg mL-1 E protein, the level of HMGB1 released in HK-2 cell culture medium after 24 h of treatment with a series of concentrations of olmesartan (n = 5). The level of (D) IL-1β, (E) IL-6 and (F) TNF-α in mouse serum (n = 6). (G) Schematic diagram of experimental treatment for (H). (H) mRNA expression of inflammatory cytokines in RAW264.7 cells (n = 3). E protein (Sup) group: after the HK-2 cells were stimulated by E protein for 24h, the culture medium supernatant was collected and treated with RAW264.7 cells for 2 h with or without Glycyrrhizic acid. Ctrl group: E protein was added to in cell-free culture medium and simulated to cultured for 24 h, the supernatant of the medium was collected and treated with RAW264.7 cells for 2 h. All the values are means ± SD one-way ANOVA. ns p > 0.05, ##p < 0.01, ###p < 0.001 vs. the mock or control group and *p < 0.05, **p < 0.01, ***p < 0.001 vs. the E protein or E protein (Sup) group. Sup: culture medium supernatant. GA: Glycyrrhizic acid, inhibitor of HMGB1.
To further demonstrated the role of released HMGB1 in inflammation, we stimulated HK-2 cells with E protein and gathered the supernatant of the culture medium. Then, we treated mouse macrophages (RAW 264.7 cells) with the supernatant. The supernatant could stimulate expression of the proinflammatory cytokines of macrophages compared with that in the control group. Importantly, glycyrrhizic acid (HMGB1 inhibitor) could inhibit expression of proinflammatory cytokines in a dose-dependent manner (Figure 4H).
To summarize, olmesartan alleviated inflammation by inhibiting HMGB1 release.
3.5 Olmesartan promotes the autophagic degradation of TGF-β1 by increasing the cytoplasmic level of HMGB1
HMGB1 release was inhibited by olmesartan, and its level in the cytoplasm increased accordingly (Figures 5A,B, Supplementary Figure S6). Furthermore, under E-protein stimulation, the upregulation of cytoplasmic HMGB1 expression by olmesartan was dose-dependent (Figures 5C,E). The results of immunofluorescence staining confirmed this phenomenon (Figure 5D). Under stimulation by E protein, olmesartan increased the distribution of HMGB1 in the cytoplasm significantly. Interestingly, use of olmesartan alone did not affect the distribution of HMGB1. Hence, olmesartan only inhibited the release of HMGB1 stimulated by E protein, and did not promote its translocation from the nucleus to the cytoplasm.
[image: Figure 5]FIGURE 5 | Olmesartan upregulates the cytoplasmic level of HMGB1. (A) The distribution of HMGB1 in nucleus and cytoplasm of kidneys and (B) the relative quantitation. (C) In the presence of 2 μg mL-1 E protein, the protein level of HMGB1 in the cytoplasm of HK-2 cells after 24 h of treatment with a series of concentrations of olmesartan (n = 5). (D) Representative fluorescent images of HMGB1 distribution under different treatment (scale bar = 100 μm). (E) The relative quantitation of (C). All the values are means ± SD one-way ANOVA. ns p > 0.05 #p < 0.05, ###p < 0.001 vs. the mock group and ***p < 0.001 vs. the E protein group.
Cytoplasmic HMGB1 can activate autophagy by interacting with beclin-1 (Tang et al., 2010; Cadwell, 2016). Ding and colleagues showed that TGF-β1 (key factor in fibrosis) was degraded by autophagy in the cytoplasm (Ding et al., 2014): our data validated their result (Supplementary Figure S7). Thus, we detected the activation of autophagy and TGF-β1 level in the kidney. Olmesartan activated autophagy significantly and downregulated protein expression of intracellular TGF-β1 (Figures 6A,B). To further investigate if olmesartan downregulated TGF-β1 expression by activating autophagy, we used BafA1 (inhibitor of autophagy degradation) to interfere with the effect of olmesartan. The presence of BafA1 increased the expression of TGF-β1 and fibrosis-related proteins significantly (Figures 6C,E). Immunofluorescence staining also showed that BafA1 increased the relative fluorescence intensity of intracellular TGF-β1 significantly, and that TGF-β1 and GFP-LC3 were strongly co-located (Figure 6D). These data indicated that olmesartan promoted the autophagic degradation of TGF-β1.
[image: Figure 6]FIGURE 6 | Olmesartan promotes autophagic degradation of TGF-β1 in renal tubular epithelial cells. (A) Autophagic degradation of TGF-β1 in the kidneys from each group (n = 6) and (B) the relative quantitation. (C) The level of EMT and autophagy-related proteins in HK-2 cells (n = 5) and (E) the relative quantitation. (D) Expression and distribution of GFP-LC3B and TGF-β1 was detected. HK-2 cells were transfected with ad-GFP-LC3B in different treatment. Representative immunofluorescence images were shown (scale bar = 20 μm). All the values are means ± SD one-way ANOVA. ns p > 0.05, ##p < 0.01, ###p < 0.001 vs. the control group and *p < 0.05, **p < 0.01, ***p < 0.001 vs. the E protein group. BafA1: Bafilomycin A1, autophagy degradation inhibitor.
Olmesartan promoted the phosphorylation of beclin-1 (Figure 7), which is a vital step in autophagy. This phenomenon occurred because increased numbers of cytoplasmic HMGB1 molecules interacted with beclin-1 and promoted its phosphorylation (Tang et al., 2010; Xue et al., 2020). To further confirm the key role of HMGB1 in the regulation of autophagy by olmesartan, we used siRNA targeting HMGB1 to interfere with HMGB1 expression in HK-2 cells. Then, the cells continued to be treated with E protein and/or olmesartan. As shown in Figure 7, after interfering with HMGB1 expression, the regulation autophagy by olmesartan was diminished. Meanwhile, the effect of olmesartan on downregulating expression of TGF-β1 and fibrosis markers was also diminished. These results revealed that HMGB1 had an indispensable role in the regulation of autophagy by olmesartan.
[image: Figure 7]FIGURE 7 | The regulation of Olmesartan on autophagy is mediated by HMGB1. (A) Effect of interfering HMGB1 expression on olmesartan regulating EMT and autophagy-related proteins and (B, C) the relative quantitation (n = 5). All the values are means ± SD one-way ANOVA. ns p > 0.05 **p < 0.01, ***p < 0.001 vs. the E protein + Olm (NC) group. NC: siRNA for negative control si: siRNA targeting HMGB1.
Taken together, these results indicated that olmesartan could promote the autophagic degradation of TGF-β1 by increasing HMGB1 level in the cytoplasm.
4 DISCUSSION
Using a model of E protein-induced renal damage in mice, we provided convincing evidence for using olmesartan to treat patients with renal fibrosis associated with COVID-19. E protein stimulates the release of HMGB1, which can promote activation of the TGF-β1/Smad2/3 signaling pathway (Zou et al., 2021) and trigger the inflammatory response (Li et al., 2021), both of which contribute to renal fibrosis. Notably, olmesartan could inhibit the release of HMGB1 induced by E protein, thereby reducing the inflammatory response and activation of TGF-β1/Smad2/3 signaling. Olmesartan could also increase the HMGB1 level in cytoplasm to promote the autophagic degradation of TGF-β1, which further alleviates fibrosis. Taken together, our findings provide a strong support for the hypothesis that ACEIs/ARBs are beneficial for COVID-19 patients.
Xia and colleagues showed that stimulation with E protein alone could cause acute respiratory distress syndrome-like damage in vitro and in vivo. The main damage detected in their study was pulmonary congestion and spleen edema, which was due to an excessive inflammatory response (Xia et al., 2021). We detected the pathologic damage to several major organs induced by E protein. The kidney was the most severely damaged organ, and was characterized by necrosis of renal tubular epithelial cells, renal interstitial inflammation, and fibrosis. The reason for this difference is the modeling dosage and time. Xia and colleagues used a high dose of E protein (25 mg kg−1 body weight) and observed outcomes after 4 days. We used a low dose of E protein (10 mg kg−1 body weight) and continued observation for 28 days before collecting various organs for analyses. High-dose administration focuses on acute injury, so the long-term effects of E protein cannot be observed. We focused more on the long-term impact of SARS-CoV-2 infection on human health and the role of E protein in it, which could be meaningful for COVID-19 treatment. Furthermore, the renal damage induced by E protein is similar to that of COVID-19 detected clinically (Han and Ye, 2021; Nie et al., 2021; Jansen et al., 2022), and the renal complications in COVID-19 are associated with higher risk of mortality (Pei et al., 2020; Han and Ye, 2021). Our data revealed the key role of E protein in the pathology of SARS-CoV-2 infection and the importance of kidney studies for COVID-19.
The most significant findings of our study were the discovery and validation of the regulatory effect of olmesartan on HMGB1 under stress (E-protein stimulation). HMGB1 is a chromatin-associated nuclear protein. It can translocate from the nucleus to the cytoplasm under certain types of stress, and then be secreted into the extracellular space in active or passive manners (Volchuk et al., 2020; Kim et al., 2021). Nuclear HMGB1 regulates the repair of DNA damage and genome stability as a non-histone, chromatin-associated protein and DNA “chaperone” (Wang and Zhang, 2020). Cytoplasmic HMGB1 can interact with beclin-1 and activate its phosphorylation to induce autophagy (Tang et al., 2010; Xue et al., 2020). HMGB1 released into the extracellular environment is a risk factor for triggering the immune response (Schaper et al., 2016; Andersson et al., 2018; Zhao et al., 2020). HMGB1 is found in high concentrations in the serum of patients with severe COVID-19 (Chen et al., 2020). The same change is also observed in chronic kidney disease (CKD). (Leelahavanichkul et al., 2011). Released HMGB1 can ultimately lead to renal fibrosis by triggering inflammation (Li et al., 2021) and activating TGF-β1/Smad2/3 signaling (Zou et al., 2021). Therefore, HMGB1 is considered to be a potential therapeutic target for COVID-19 and CKD (Andersson and Tracey, 2011; Bailly and Vergoten, 2020; Zhao et al., 2020).
The protective effect of ARBs on the kidney is well known, but studies on how ARBs regulate HMGB1 are still blank. We found, for the first time, that olmesartan can regulate the distribution of HMGB1 under the stimulation of E protein. Olmesartan can inhibit the release of HMGB1 under stress significantly, thus inhibiting the excessive immune response and long-term inflammation, which promotes the development of CKD and ultimately leads to renal fibrosis. Furthermore, with the inhibition of HMGB1 release, olmesartan increased the level of HMGB1 in the cytoplasm significantly, thus activating autophagy. Notably, HMGB1-mediated autophagy promoted the autophagic degradation of TGF-β1, which inhibits the secretion of TGF-β1 and activation of TGF-β1/Smad2/3 signaling, thereby alleviating fibrosis further. These effects were greatly diminished after interfering with HMGB1 expression. These findings indicate that HMGB1 is an indispensable factor in olmesartan’s remission of renal damage induced by E protein.
Olmesartan is a traditional antihypertensive drug, so we also monitored the blood pressure, heart rate, and body weight of mice during experiments (Supplementary Figure S8). E-protein stimulation could reduce the blood pressure and heart rate of mice temporarily, reduce the vitality of mice significantly, and lead to body weight loss. After 4 days, the heart rate and blood pressure of mice in the E-protein group increased gradually and were not different from those in the mock group. However, their body weight was significantly lower than that in the mock group, which further displayed the damage of E protein caused to organs. Olmesartan can restore the weight of mice, and has no effect on heart rate. At the experimental dose, olmesartan kept the blood pressure of mice low, but no adverse events were observed in heart, liver, spleen and lung (Supplementary Figure S4). This is consistent with clinical practice. Olmesartan has been known for its relatively mild side effect. In clinical practice, the most common side effect of olmesartan is headache, which up to 7% of patients may experience, and 3% may have associated with dizziness. And side effects on other organs are relatively rare (Kerndt & Soos, 2022).
5 CONCLUSION
We provided the first evidence that olmesartan regulates the distribution of HMGB1 under stress. Stimulation using E protein could trigger HMGB1 release, induce renal damage and development into CKD and, finally, lead to renal fibrosis. This scenario is similar to the pathologic process of renal fibrosis associated with COVID-19. Olmesartan inhibited the release of HMGB1, thereby blunting inflammation. With the inhibition of HMGB1 release, olmesartan increased the level of HMGB1 in the cytoplasm, thus mediating the autophagic degradation of TGF-β1 and inhibiting renal fibrosis further. Olmesartan is a potential candidate for preventing the development of renal fibrosis associated with COVID-19, and HMGB1 is an important therapeutic target.
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