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Long COVID, or Post-Acute Sequelae of COVID-19 (PASC), was characterized by persistent symptoms such as fatigue, shortness of breath, and cognitive impairments. These symptoms, emerging one to 2 months post-infection and persisting for several months, cannot be attributed to other diagnoses. The pathophysiology of long COVID remained elusive; however, emerging studies suggested multiple potential mechanisms, including the reactivation of Epstein-Barr virus, persistent SARS-CoV-2 reservoirs, neuroinflammation, and vascular damage, which may contribute to its development. Long COVID affected multiple organ systems, including respiratory, circulatory, and nervous systems, leading to a range of functional impairments. Additionally, it showed a profound impact on mental health, manifesting as anxiety and depression, which significantly degraded the quality of life. The absence of definitive treatments underscored the importance of prevention. Recent evidence indicated that early antiviral intervention—particularly with small-molecule drugs such as Metformin, Ensitrelvir, Molnupiravir, and Nirmatrelvir—may effectively reduce the incidence of long COVID. This underscored the promising role of small-molecule compounds in mitigating long-term COVID-19 consequences, offering a novel preventive strategy against long COVID and its extensive impacts on patients.
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1 INTRODUCTION
Long COVID, a chronic medical condition recognized under various synonyms including Post-Acute Sequelae of COVID-19 (PASC) and Post-COVID-19 condition, was officially classified in the International Classification of Diseases (ICD-10) on 1 October 2021, with current diagnosis code RA02 (McGrath et al., 2022; World Health Organisation, 2024). This condition, which recently gained recognition, was subject to ongoing definitional debates. The World Health Organization (WHO) described long COVID as manifesting approximately 3 months from the onset of COVID-19 with symptoms persisting for at least 2 months, without explanation by alternative diagnoses. Symptoms commonly included fatigue, cognitive dysfunction, and others, which may arise anew following initial recovery or persist from the initial infection (World Health Organisation, 2024). The National Institutes of Health (NIH) in the United States categorized long COVID as symptoms that were persistent, new, or recurring more than 4 weeks after initial SARS-CoV-2 infection (National Institutes of Health, 2024). Similarly, the United Kingdom National Institute for Health and Care Excellence (NICE) defined it as a multisystem condition with a variety of debilitating symptoms that continued or developed after acute COVID-19, persisted for more than 4 weeks, and cannot be attributed to another diagnosis (Altmann et al., 2023). There were many differences in the definition of these organizations, such as time of onset, persisting duration and symptoms, etc. These variations in definition reflected the heterogeneity and complex etiology of long COVID, leading to concerns about the specificity and sensitivity of its clinical characterization (Merad et al., 2022; Davis et al., 2023). A more precise definition awaited further clinical evidence and detailed investigation.
2 INCREASING SYMPTOMS AND POTENTIAL MECHANISMS OF LONG COVID
A prospective study named RECOVER, as outlined in Table 1, was initiated to define PASC more precisely using an array of symptoms including post-exertional malaise (PEM), fatigue, cognitive impairments (often referred to as “brain fog”) (Becker et al., 2021), dizziness, gastrointestinal reactions, palpitations, changes in sexual desire or capacity, alterations in smell or taste, increased thirst, chronic cough, chest pain, and abnormal movements (Thaweethai et al., 2023). These 12 symptoms of PASC were ranked by their frequency of occurrence from highest to lowest. The RECOVER study was notable as a convincing prospective cohort study that included an uninfected comparison group, a feature lacking in most retrospective clinical cohort studies. Crucially, this research systematized the definition of long COVID around these 12 symptoms, establishing a foundation for more specific and actionable clinical definitions.
TABLE 1 | Participant selection for RECOVER and main outcomes.
[image: Table 1]The etiology of long COVID was complex due to its broad spectrum of symptoms, suggesting multiple overlapping causes. Recent studies revealed the pathophysiology of PEM. The skeletal muscle structure of patients with long COVID would change, including metabolic disorders in skeletal muscle, severe exercise induced myopathy and tissue infiltration containing amyloid deposits, thus inducing the deterioration of PEM (Appelman et al., 2024). American researchers proposed a potential shared mechanism between PASC symptoms—such as fatigue, post-exertional malaise, and cognitive dysfunction (commonly termed as ‘brain fog’)—and myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) (Davis et al., 2023). ME/CFS, a multifaceted disorder characterized by severe, persistent fatigue lasting at least 6 months, was acknowledged as a multisystem neuroimmune condition often triggered by viral infections (Rasa et al., 2018). Viruses commonly associated with ME/CFS included Epstein–Barr virus (EBV), Coxiella burnetii (the causative agent of Q fever), Ross River virus, and West Nile virus (Choutka et al., 2022). Furthermore, emerging clinical studies linked EBV reactivation with the fatigue observed in long COVID, evidenced by an increase in EBV antibodies in patients, suggesting that this reactivation might play a role in long COVID pathogenesis (Klein et al., 2023; Peluso et al., 2023).
Studies focusing on the neuropathological mechanisms of cognitive impairment in long COVID identified potential causes such as neuroinflammation, vascular damage, and neuronal injury (Spudich and Nath, 2022). Autopsies of patients who succumbed to COVID-19 revealed widespread microthrombi—both obstructive and non-obstructive—in brain blood vessels, accompanied by neuronal loss and microglial phagocytosis (Lee et al., 2021; Lee et al., 2022). Recent study provided new evidence that the blood-brain barrier of patients with long COVID and brain fog was more permeable than that of uninfected people. Therefore, in addition to inflammatory factors, the leakage of blood-brain barrier led to some cognitive symptoms of long COVID (Greene et al., 2024).
3 SMALL-MOLECULE COMPOUNDS FOR LONG COVID PREVENTION
While the precise definition and underlying mechanisms of long COVID continued to be subjects of extensive research, identifying effective strategies to mitigate this condition remained critically important. In addition to preventive measures such as avoiding infection and vaccination, evidence-based approaches emphasized the significance of early antiviral interventions, including Metformin, Ensitrelvir, Molnupiravir, and Nirmatrelvir. Administering antiviral medications at the onset of COVID-19 was suggested to help prevent the development of long COVID. The molecular structures of these compounds were depicted in Figure 1.
[image: Figure 1]FIGURE 1 | The molecular formulas of Metformin, Ensitrelvir, Molnupiravir, and Nirmatrelvir.
3.1 Metformin
Metformin, a small-molecule drug renowned for its insulin-sensitizing properties, was typically the first-line treatment for type 2 diabetes. It operated by phosphorylating and activating AMP-activated protein kinase (AMPK) in hepatocytes, improving glucose and lipid metabolism (Sharma et al., 2020). Additionally, Metformin influenced the gut microbiome and enhanced the excretion of glucose into feces (Wu et al., 2017; Morita et al., 2020). Beyond these effects, Metformin was associated with weight reduction through increased levels of the peptide hormone growth/differentiation factor 15 (GDF15), which decreased food intake (Gerstein et al., 2017; Coll et al., 2020). It also was found to reduce the frequency of various cancers by inhibiting the mechanistic target of rapamycin (mTOR) via AMPK activation in pre-neoplastic cells, thereby hindering cell proliferation and promoting apoptosis (Chan, 2016; Demb et al., 2019; Kim et al., 2020). As a conclusion, in addition to the classic antihyperglycemic properties, Metformin improved gut microbiome, reduced food intake, and showed anti-tumor effects. In recent years, some clinical data showed that it probably had antiviral effects.
During the COVID-19 pandemic, Metformin had exhibited promising effects for patients with diabetes (Penlioglou et al., 2020; Zhu et al., 2020). Early observations in 2020 from a study involving 309 patients with both type 2 diabetes and COVID-19 revealed that those treated with Metformin had a mortality rate of 8.7%, notably lower than the prevailing COVID-19 mortality rates at the time (Shestakova et al., 2020). We all know that Metformin reduced mortality related to diabetes, and this Russian team was the first reporting trial in patients with both diabetes and COVID-19; The Metformin group had a mortality rate of only 8.9%, indicating that it also reduced COVID-related mortality then. Further evidence from a large-scale clinical trial indicated that regular Metformin treatment correlated with a better prognosis in COVID-19 patients, demonstrating decreased mortality risk and increased likelihood of discharge within 28 days (Wargny et al., 2021). These findings suggested that Metformin may act as an antiviral agent against SARS-CoV-2, although the precise mechanisms warranted further experimental exploration (Chen et al., 2023).
A Phase 3 clinical trial, COVID-OUT, testing Metformin among other drugs for preventing long COVID, reported breakthrough results (Figure 2) (Bramante et al., 2023). Enrolling 1,304 participants, all COVID-19 patients, the trial found that Metformin usage yielded a hazard ratio (HR) of 0.59 for preventing long COVID compared to placebo (95% CI 0.39–0.89; p = 0.012), indicating a 41% relative reduction in long COVID incidence. When initiated within 3 days of COVID-19 onset, the hazard ratio was further reduced to 0.37, underscoring the effectiveness of early Metformin intervention. These outcomes not only highlighted the potential of early Metformin administration in preventing long COVID but also affirmed its substantial efficacy, supporting its use in clinical practice for managing long COVID. Additionally, reports suggested that Metformin may alleviate long COVID-associated tinnitus, further endorsing its role in reducing the occurrence of long COVID symptoms (Kelleni, 2024).
[image: Figure 2]FIGURE 2 | Participant selection for COVID-OUT and main outcomes. Compared with placebo group 10.4%, Metformin group showed 6.3% long COVID incidence, decreasing 4.1% with protective effect from long COVID; Divided the overall long COVID incidence 8.3%, HR 0.59 was calculated; Compared with Ivermectin HR 0.99 as well as Fluvoxamine HR 1.36, Metformin showed obviously protective effect while Ivermectin and Fluvoxamine showed deleterious effect.
3.2 Ensitrelvir
Ensitrelvir was an oral small-molecule anti-COVID-19 drug approved by the Ministry of Health, Labour, and Welfare in Japan on 5 March 2024 (Shionogi and Co, 2024a). It worked by noncovalently inhibiting the SARS-CoV-2 3CL Protease, a viral protease crucial for viral replication. This inhibition prevented the formation of essential enzymes for replication, such as RNA-dependent RNA polymerase (RdRp) (Unoh et al., 2022).
Recently, Shionogi company provided updates from a global phase 3 study of Ensitrelvir (SCORPIO-HR) for non-hospitalized participants with COVID-19, in which Ensitrelvir did not demonstrate a statistically significant reduction in the proportion of participants with long COVID at 3 months compared to placebo (Shionogi and Co, 2024b). However last year, in SCORPIO-SR, a pivotal phase III clinical trial, additional exploratory data on the risk reduction of long COVID in patients with mild to moderate COVID-19 recruited in Japan, South Korea, and Vietnam were released (Table 2). Ensitrelvir Fumaric Acid treatment was initiated within 5 days from COVID-19 onset. At 3 and/or 6 months, long COVID symptoms were assessed (Shionogi and Co, 2023). Among a subset of patients who reported high scores on 14 COVID-19 symptoms, the incidence of long COVID was 14.5% with 125 mg Ensitrelvir and 26.3% with placebo, representing a 45% relative risk reduction (RRR, p < 0.05); The incidence of the neurological symptoms of long COVID was 29.4% versus 44.0%, representing a relative risk reduction of 33% (p < 0.05), which illustrated that the use of Ensitrelvir at the early stage of COVID-19 onset effectively prevented long COVID in patients who reported high scores on 14 CVOID-19 symptoms. Based on the above two clinical trials, it was concluded that Ensitrelvir was effective at preventing long COVID in patients with more severe, compared to milder, COVID-19.
TABLE 2 | Participant selection for SCORPIO-SR and main outcomes.
[image: Table 2]3.3 Molnupiravir
Molnupiravir was the oral prodrug of β-D-N4-hydroxycytidine (NHC), which received Emergency Use Authorizations (EUA) from the FDA for the treatment of COVID-19. The uptake of NHC by viral RdRp led to viral mutations and lethal mutagenesis (Kabinger et al., 2021).
United States researchers examined Molnupiravir and the risk of PASC through a cohort study (Table 3). A total of 229,286 COVID-19 patients between 5 January 2022, and 15 January 2023, in the United States. Department of Veterans Affairs medical database, who had at least one risk factor for progression to severe COVID-19 and survived within the first 30 days after testing positive, were enrolled. 11,472 participants were prescribed Molnupiravir within 5 days of a positive result, while 217,814 participants received no antiviral or antibody treatment. Compared with the non-treatment control group, the use of Molnupiravir within 5 days of a positive SARS-CoV-2 test was associated with a reduced risk of developing long COVID. The relative risk (RR) was 0.86 (95% CI, 0.83–0.89), and the absolute risk reduction (ARR) was 2.97% (95% CI, 2.31%–3.60%) (Xie et al., 2023b).
TABLE 3 | Patients selection and main findings.
[image: Table 3]To conclude, in COVID patients with at least one risk factor for progression to severe COVID-19, the use of Molnupiravir within 5 days from SARS-CoV-2 infection may be a viable approach to reduce the risk of PASC, with relative risk reduction (RRR) 14% [(21.55–18.58)/21.55 = 0.1378].
3.4 Nirmatrelvir
Nirmatrelvir was an orally bioavailable protease inhibitor targeting MPRO, the same drug target as Ensitrelvir. The FDA had issued an Emergency Use Authorization (EUA) for Ritonavir-boosted Nirmatrelvir for the treatment of mild to moderate COVID-19.
Investigators as in the above Molnupiravir cohort study herein utilized the same United States. Department of Veterans Affairs medical database to identify individuals who tested positive for SARS-CoV-2 between 3 January 2022, and 31 December 2022 (Table 4). These individuals were not hospitalized on the day of their positive test, had at least one risk factor for developing severe COVID-19, and survived the first 30 days of SARS-CoV-2 infection (Xie et al., 2023b). They identified patients who received oral Nirmatrelvir within 5 days after positive test (n = 35,717) and those who did not receive COVID-19 antivirals or antibodies during the acute phase of SARS-CoV-2 infection (control group, n = 246,076). They calculated the effect of Nirmatrelvir (compared with the control group) on 13 long COVID symptoms at 180 days. The hazard ratio for Nirmatrelvir compared to the control group in preventing long COVID was 0.74 (95% CI, 0.72–0.77), with an absolute risk reduction (ARR) of 4.51% (95% CI, 4.01–4.99) as well as RRR 26% [(17.51–12.99)/17.51 = 0.2581]. This also led to a decreased risk of 10 long COVID symptoms, including dysrhythmia and ischemic heart disease in the cardiovascular system, deep vein thrombosis and pulmonary embolism in coagulation and hematologic disorders, fatigue and malaise, acute kidney disease, muscle pain, neurocognitive impairment, and shortness of breath. In particular, it was ultimately concluded that in SARS-CoV-2 infected patients with at least one risk factor for progression to severe disease, treatment with Nirmatrelvir within 5 days of a positive SARS-CoV-2 test was associated with a reduced risk of PASC, regardless of vaccination status and previous infection history (Xie et al., 2023a).
TABLE 4 | Patients selection and main findings.
[image: Table 4]But there were also conflicting conclusions. In a simultaneously conducted observational cohort study within the Covid Citizen Science (CCS) study, a large online cohort study, researchers explored whether treatment with Nirmatrelvir during acute SARS-CoV-2 infection reduced the risk of long COVID. Vaccinated, non-hospitalized, and non-pregnant individuals who reported their first SARS-CoV-2 positive test result from March to August 2022 were selected. 353 treated and 1,258 untreated subjects responded to the long COVID survey (n = 1,611). At 5.4 ± 1.3 months post-infection, Nirmatrelvir treatment was not found to be associated with subsequent long COVID symptoms after adjustment for propensity (OR: 1.15; 95% CI: 0.80–1.64; p = 0.45) (Durstenfeld et al., 2024). This study found no association between Nirmatrelvir treatment and reduced risk of long COVID symptoms, contradicting other findings, which indicated that further in-depth research was needed to determine whether Nirmatrelvir treatment could reduce the risk of long COVID.
In another Molnupiravir cohort study conducted in Italy between April 2021 and March 2022 (Table 5), 649 COVID-19 patients were enrolled if they met the following criteria: (i) adults with positive SARS-CoV-2 nasopharyngeal swabs, (ii) reported mild/moderate COVID-19 symptoms onset within 5 days (oral antiviral drug) or 7 days (intravenous remdesivir or monoclonal antibody), and (iii) had at least one risk factor for COVID-19 progression (Bertuccio et al., 2023). Long COVID data at 3 months were available for 323 of these patients, with symptoms categorized as follows: general symptoms (tiredness or fatigue that interfered with daily life and fever); respiratory and heart symptoms (dyspnea, cough, pharyngodynia, chills, nasal congestion, chest pain, and heart palpitations); neurological symptoms (headache, lightheadedness, muscle pain, change in smell or taste); neurobehavioral symptoms (memory and concentration deficit, sleep problems, depression, or anxiety); gastrointestinal symptoms (vomiting, diarrhea). There were 77 patients in the small-molecule antiviral drug treatment group and 105 patients in the control group. In the small-molecule antiviral drug treatment group, 35 patients were treated with Molnupiravir, 32 patients were treated with Remdesivir, and 10 patients were treated with Ritonavir-Boosted Nirmatrelvir.
TABLE 5 | Patients selection and main findings.
[image: Table 5]The survey found that the incidence of long COVID in the control group was higher than in the small-molecule antiviral drug treatment group. Compared with the control group, the early use of antiviral drugs showed an odds ratio (OR) of 0.43 (95% CI, 0.21–0.87).
4 CONCLUSION AND OUTLOOK
By analyzing the mentioned findings, we discovered that among the four small molecule antiviral drugs, Metformin had the lowest hazard ratio (HR) value. Specifically, the hazard ratio (HR) for Metformin was 0.59 when taken within 7 days of infection and 0.37 when taken within 3 days of infection, while the values of the other three antiviral drugs were as follows: Ensitrelvir 0.55, Molnupiravir 0.86, and Nirmatrelvir 0.74. Therefore, taking Metformin during the infection period may have the best effect on preventing long COVID, and the earlier it was taken during the infection period, the better.
Secondly, in the aforementioned evidence, the studies on Metformin and Ensitrelvir were prospective placebo-controlled clinical Phase III trials, while the research on Molnupiravir and Nirmatrelvir only consisted of observational retrospective cohort studies; although both of which companies said they would continue to monitor clinical trial participants for 6 months after treatment (Ledford, 2022), as far no paper has published the clinical trial results.
Thirdly, the four drugs might have varying effects on different PASC symptoms. Observational retrospective cohort study of Nirmatrelvir had the most significant effect in preventing pulmonary embolism, with a hazard ratio (HR) value of 0.61 (Table 4), while others did not disclose effect on pulmonary embolism. In addition, this study listed in detail a good preventive effect on brain fog, while such effects of the other three antiviral drugs had not disclosed. It should be pointed out that due to lack of a universally accepted definition of long COVID, clinical trials and studies among the four drugs may adopt different definition. Therefore, the ambiguity creates challenge in comparing four drugs-studies and drawing above definitive conclusions.
As the COVID-19 pandemic winds down, most of the global population has already been infected at least once, and people in many countries have been infected multiple times. For individuals already experiencing long COVID, reinfection seems to exacerbate their existing symptoms. One survey showed that 80% of long COVID patients reported that reinfection exacerbated some of their symptoms (Willyard, 2023). The increase in the death risk of patients with long COVID may lead to a further decline in life expectancy, which may wipe out decades of progress (Willyard, 2023).
Although it was recently reported that the symptoms of long COVID would recover to some extent after 2 years, reducing the incidence of PASC had become the focus and hotspot of clinical research (Mateu et al., 2023; Ledford, 2024; Phetsouphanh et al., 2024). Early intervention with small-molecule antiviral drugs, such as Metformin, Ensitrelvir, Molnupiravir, and Nirmatrelvir, can effectively prevent the occurrence of long COVID, reduce the incidence of long COVID, and thus hinder the secondary damage of SARS-CoV-2 to the human body.
AUTHOR CONTRIBUTIONS
XH: Conceptualization, Data curation, Investigation, Methodology, Supervision, Writing–original draft, Writing–review and editing. XZ: Data curation, Investigation, Resources, Writing–review and editing. WZ: Conceptualization, Funding acquisition, Methodology, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by grant from the National Key Research and Development Program of China (2021YFC2300704 to WZ).
ACKNOWLEDGMENTS
We are very appreciative of Dr. Lixin Yang (École Polytechnique Fédérale de Lausanne, Switzerland) for his help in this work.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Altmann, D. M., Whettlock, E. M., Liu, S., Arachchillage, D. J., and Boyton, R. J. (2023). The immunology of long COVID. Nat. Rev. Immunol. 23 (10), 618–634. doi:10.1038/s41577-023-00904-7
 Appelman, B., Charlton, B. T., Goulding, R. P., Kerkhoff, T. J., Breedveld, E. A., Noort, W., et al. (2024). Muscle abnormalities worsen after post-exertional malaise in long COVID. Nat. Commun. 15 (1), 17. doi:10.1038/s41467-023-44432-3
 Becker, J. H., Lin, J. J., Doernberg, M., Stone, K., Navis, A., Festa, J. R., et al. (2021). Assessment of cognitive function in patients after COVID-19 infection. JAMA Netw. Open 4 (10), e2130645. doi:10.1001/jamanetworkopen.2021.30645
 Bertuccio, P., Degli Antoni, M., Minisci, D., Amadasi, S., Castelli, F., Odone, A., et al. (2023). The impact of early therapies for COVID-19 on death, hospitalization and persisting symptoms: a retrospective study. Infection 51, 1633–1644. doi:10.1007/s15010-023-02028-5
 Bramante, C. T., Buse, J. B., Liebovitz, D. M., Nicklas, J. M., Puskarich, M. A., Cohen, K., et al. (2023). Outpatient treatment of COVID-19 and incidence of post-COVID-19 condition over 10 months (COVID-OUT): a multicentre, randomised, quadruple-blind, parallel-group, phase 3 trial. Lancet Infect. Dis. 23 (10), 1119–1129. doi:10.1016/S1473-3099(23)00299-2
 Chan, A. T. (2016). Metformin for cancer prevention: a reason for optimism. Lancet Oncol. 17 (4), 407–409. doi:10.1016/S1470-2045(16)00006-1
 Chen, P., Wu, M., He, Y., Jiang, B., and He, M. L. (2023). Metabolic alterations upon SARS-CoV-2 infection and potential therapeutic targets against coronavirus infection. Signal Transduct. Target Ther. 8 (1), 237. doi:10.1038/s41392-023-01510-8
 Choutka, J., Jansari, V., Hornig, M., and Iwasaki, A. (2022). Unexplained post-acute infection syndromes. Nat. Med. 28 (5), 911–923. doi:10.1038/s41591-022-01810-6
 Coll, A. P., Chen, M., Taskar, P., Rimmington, D., Patel, S., Tadross, J. A., et al. (2020). GDF15 mediates the effects of metformin on body weight and energy balance. Nature 578 (7795), 444–448. doi:10.1038/s41586-019-1911-y
 Davis, H. E., McCorkell, L., Vogel, J. M., and Topol, E. J. (2023). Long COVID: major findings, mechanisms and recommendations. Nat. Rev. Microbiol. 21 (3), 133–146. doi:10.1038/s41579-022-00846-2
 Demb, J., Yaseyyedi, A., Liu, L., Bustamante, R., Earles, A., Ghosh, P., et al. (2019). Metformin is associated with reduced odds for colorectal cancer among persons with diabetes. Clin. Transl. Gastroenterol. 10 (11), e00092. doi:10.14309/ctg.0000000000000092
 Durstenfeld, M. S., Peluso, M. J., Lin, F., Peyser, N. D., Isasi, C., Carton, T. W., et al. (2024). Association of nirmatrelvir for acute SARS-CoV-2 infection with subsequent Long COVID symptoms in an observational cohort study. J. Med. Virology 96 (1), e29333. doi:10.1002/jmv.29333
 Gerstein, H. C., Pare, G., Hess, S., Ford, R. J., Sjaarda, J., Raman, K., et al. (2017). Growth differentiation factor 15 as a novel biomarker for metformin. Diabetes Care 40 (2), 280–283. doi:10.2337/dc16-1682
 Greene, C., Connolly, R., Brennan, D., Laffan, A., O’Keeffe, E., Zaporojan, L., et al. (2024). Blood–brain barrier disruption and sustained systemic inflammation in individuals with long COVID-associated cognitive impairment. Nat. Neurosci. 27 (3), 421–432. doi:10.1038/s41593-024-01576-9
 Kabinger, F., Stiller, C., Schmitzova, J., Dienemann, C., Kokic, G., Hillen, H. S., et al. (2021). Mechanism of molnupiravir-induced SARS-CoV-2 mutagenesis. Nat. Struct. Mol. Biol. 28 (9), 740–746. doi:10.1038/s41594-021-00651-0
 Kelleni, M. T. (2024). Repurposing metformin to manage idiopathic or long COVID Tinnitus: self-report adopting a pathophysiological and pharmacological approach. Inflammopharmacology 32 (2), 945–948. doi:10.1007/s10787-023-01421-8
 Kim, Y. S., Choi, E. A., Lee, J. W., Kim, Y., You, H. S., Han, Y. E., et al. (2020). Metformin use reduced the overall risk of cancer in diabetic patients: a study based on the Korean NHIS-HEALS cohort. Nutr. Metab. Cardiovasc Dis. 30 (10), 1714–1722. doi:10.1016/j.numecd.2020.05.010
 Klein, J., Wood, J., Jaycox, J. R., Dhodapkar, R. M., Lu, P., Gehlhausen, J. R., et al. (2023). Distinguishing features of long COVID identified through immune profiling. Nature 623 (7985), 139–148. doi:10.1038/s41586-023-06651-y
 Ledford, H. (2022). Long-COVID treatments: why the world is still waiting. Nature 608 (7922), 258–260. doi:10.1038/d41586-022-02140-w
 Ledford, H. (2024). Long COVID is a double curse in low-income nations — here’s why. Nature 625 (7993), 20–22. doi:10.1038/d41586-023-04088-x
 Lee, M. H., Perl, D. P., Nair, G., Li, W., Maric, D., Murray, H., et al. (2021). Microvascular injury in the brains of patients with covid-19. N. Engl. J. Med. 384 (5), 481–483. doi:10.1056/NEJMc2033369
 Lee, M. H., Perl, D. P., Steiner, J., Pasternack, N., Li, W., Maric, D., et al. (2022). Neurovascular injury with complement activation and inflammation in COVID-19. Brain 145 (7), 2555–2568. doi:10.1093/brain/awac151
 Mateu, L., Tebe, C., Loste, C., Santos, J. R., Lladós, G., López, C., et al. (2023). Determinants of the onset and prognosis of the post-COVID-19 condition: a 2-year prospective observational cohort study. Lancet Regional Health - Eur. 33, 100724. doi:10.1016/j.lanepe.2023.100724
 McGrath, L. J., Scott, A. M., Surinach, A., Chambers, R., Benigno, M., and Malhotra, D. (2022). Use of the postacute sequelae of COVID-19 diagnosis code in routine clinical practice in the US. JAMA Netw. Open 5 (10), e2235089. doi:10.1001/jamanetworkopen.2022.35089
 Merad, M., Blish, C. A., Sallusto, F., and Iwasaki, A. (2022). The immunology and immunopathology of COVID-19. Science 375 (6585), 1122–1127. doi:10.1126/science.abm8108
 Morita, Y., Nogami, M., Sakaguchi, K., Okada, Y., Hirota, Y., Sugawara, K., et al. (2020). Enhanced release of glucose into the intraluminal space of the intestine associated with metformin treatment as revealed by [(18)F]fluorodeoxyglucose PET-MRI. Diabetes Care 43 (8), 1796–1802. doi:10.2337/dc20-0093
 National Institutes of Health (2024). COVID-19 treatment guidelines panel. Available at: https://www.covid19treatmentguidelines.nih.gov/(Accessed June 27, 2024). 
 Peluso, M. J., Deveau, T. M., Munter, S. E., Ryder, D., Buck, A., Beck-Engeser, G., et al. (2023). Chronic viral coinfections differentially affect the likelihood of developing long COVID. J. Clin. Invest. 133 (3), e163669. doi:10.1172/JCI163669
 Penlioglou, T., Papachristou, S., and Papanas, N. (2020). COVID-19 and diabetes mellitus: may old anti-diabetic agents become the new philosopher's stone?Diabetes Ther. 11 (6), 1195–1197. doi:10.1007/s13300-020-00830-0
 Phetsouphanh, C., Jacka, B., Ballouz, S., Jackson, K. J. L., Wilson, D. B., Manandhar, B., et al. (2024). Improvement of immune dysregulation in individuals with long COVID at 24-months following SARS-CoV-2 infection. Nat. Commun. 15 (1), 3315. doi:10.1038/s41467-024-47720-8
 Rasa, S., Nora-Krukle, Z., Henning, N., Eliassen, E., Shikova, E., Harrer, T., et al. (2018). Chronic viral infections in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). J. Transl. Med. 16 (1), 268. doi:10.1186/s12967-018-1644-y
 Sharma, S., Ray, A., and Sadasivam, B. (2020). Metformin in COVID-19: a possible role beyond diabetes. Diabetes Res. Clin. Pract. 164, 108183. doi:10.1016/j.diabres.2020.108183
 Shestakova, M. V., Vikulova, O. K., Isakov Mcapital A, C., and Dedov, I. I. (2020). Diabetes and COVID-19: analysis of the clinical outcomes according to the data of the Russian diabetes registry. Probl. Endokrinol. Mosk. 66 (1), 35–46. doi:10.14341/probl12458
 Shionogi and Co., Ltd (2023). Shionogi presents pivotal Ensitrelvir fumaric Acid phase 3 data and exploratory long COVID data at CROI. Available at: https://www.shionogi.com/global/en/news/2023/02/20230222.html (Accessed June 27, 2024). 
 Shionogi and Co., Ltd (2024a). Shionogi announces Xocova® (Ensitrelvir fumaric Acid) obtained standard approval in Japan for the treatment of SARS-CoV-2 infection. Available at: https://www.shionogi.com/global/en/news/2024/03/20240305.html (Accessed June 28, 2024). 
 Shionogi and Co., Ltd (2024b). Shionogi provides updates from SCORPIO-HR, a global phase 3 study of Ensitrelvir for non-hospitalized participants with COVID-19. Available at: https://www.shionogi.com/global/en/news/2024/05/E_20240513_1.html (Accessed September 2, 2024). 
 Spudich, S., and Nath, A. (2022). Nervous system consequences of COVID-19. Science 375 (6578), 267–269. doi:10.1126/science.abm2052
 Thaweethai, T., Jolley, S. E., Karlson, E. W., Levitan, E. B., Levy, B., McComsey, G. A., et al. (2023). Development of a definition of postacute sequelae of SARS-CoV-2 infection. JAMA 329, 1934–1946. doi:10.1001/jama.2023.8823
 Unoh, Y., Uehara, S., Nakahara, K., Nobori, H., Yamatsu, Y., Yamamoto, S., et al. (2022). Discovery of S-217622, a noncovalent oral SARS-CoV-2 3CL protease inhibitor clinical candidate for treating COVID-19. J. Med. Chem. 65 (9), 6499–6512. doi:10.1021/acs.jmedchem.2c00117
 Wargny, M., Potier, L., Gourdy, P., Pichelin, M., Amadou, C., Benhamou, P. Y., et al. (2021). Predictors of hospital discharge and mortality in patients with diabetes and COVID-19: updated results from the nationwide CORONADO study. Diabetologia 64 (4), 778–794. doi:10.1007/s00125-020-05351-w
 Willyard, C. (2023). Are repeat COVID infections dangerous? What the science says. Nature 616 (7958), 650–652. doi:10.1038/d41586-023-01371-9
 World Health Organisation (2024). RA02 Post COVID-19 condition. Available at: https://icd.who.int/browse/2024-01/foundation/en#2024855916 (Accessed June 27, 2024). 
 Wu, H., Esteve, E., Tremaroli, V., Khan, M. T., Caesar, R., Manneras-Holm, L., et al. (2017). Metformin alters the gut microbiome of individuals with treatment-naive type 2 diabetes, contributing to the therapeutic effects of the drug. Nat. Med. 23 (7), 850–858. doi:10.1038/nm.4345
 Xie, Y., Choi, T., and Al-Aly, Z. (2023a). Association of treatment with nirmatrelvir and the risk of post-COVID-19 condition. JAMA Intern Med. 183 (6), 554–564. doi:10.1001/jamainternmed.2023.0743
 Xie, Y., Choi, T., and Al-Aly, Z. (2023b). Molnupiravir and risk of post-acute sequelae of covid-19: cohort study. BMJ 381, e074572. doi:10.1136/bmj-2022-074572
 Zhu, L., She, Z. G., Cheng, X., Qin, J. J., Zhang, X. J., Cai, J., et al. (2020). Association of blood glucose control and outcomes in patients with COVID-19 and pre-existing type 2 diabetes. Cell Metab. 31 (6), 1068–1077. doi:10.1016/j.cmet.2020.04.021
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 He, Zhang and Zhong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1457672-t003.jpg
Patients: 229,286
i. 2022.1.5-2023-1.15 in the United States. Department of veterans affairs medical database
ii. At least 1 risk factor for progression to severe COVID-19
iii. Survived within the first 30 days after testing positive

Long COVID

Incidence (%) Relative risk Absolute risk reduction (ARR) (%)

Molnupiravir (11,472)

No treatment group (217,814)





OPS/images/fphar-15-1457672-t004.jpg
Long COVID Patients: 281, 793
i. Tested positive for SARS-CoV-2 between

Event 2022.1.3-2022-12.10 in the United States.
rate (%) Department of veterans affairs medical
database
Nirmatrelvir treatment (35,717) 12.99 i ii. Not hospitalized on the day of their positive
test
No treatment control group 17.51 iii. At least 1 risk factor for progression to severe
(246,076) _COVIDv_19 .
iv. Survived the first 30 days of sars-cov-
2 infection
Hazard Event rate at 180 days after
ratio tested positive
Nirmatrelvir Control
treatment
Cardiovascular Dysrhythmia 073 363 536
Ischemic heart disease 071 158 265
Coagulation and hematologic Deep vein thrombosis 072 03 052
Pulmonary embolism 061 0.52 108
general symptoms. Fatigue and malaise 0.79 452 645
Gastrointestina Liver disease s 167 235
Kidney Acute kidney injury 067 094 154
Musculoskeletal Muscle pain 065 179 261
neurological symptoms Neurocognitive impairment | 0.74 161 251
Dysautonomia 086 125 146
respiratory symptoms Shortness of breath 089 535 654
Cough 096 462 51
i
Metabolic Diabetes 098 177 258






OPS/images/fphar-15-1457672-t001.jpg
Participants: 9,764 adults (71% female; 16% hispanic/Latino; 15% non-hispanic black; 58% fully vaccinated at the index
date; median age 47 years)
i. Enrolled in the RECOVER adult cohort before 10 April 2023
ii. Completed a symptom survey 6 months or more after acute symptom onset or test date

Frequency

PASC (%)  Post-exertional malaise (%) Fatigue (%) Brain fog

Infected (8,646) 21% (absolute difference in 21% (absolute difference in 20% | 16% (absolute difference in
frequencies) frequencies) frequencies)

Uninfected : 4%
(1,118)






OPS/images/fphar-15-1457672-t002.jpg
Patients: 1230
i. Mild/moderate COVID-19
ii. Predominantly (more than 90%) COVID-19 vaccinated
iii. Reported high scores on 14 COVID-19 symptoms

Long COVID PASC neurological symptoms

Incidence (%) Relative risk reduction (%) Incidence (%) Relative risk reduction (%)

Ensitrelvir 5 45 294 33

Placebo % 440





OPS/images/fphar-15-1457672-t005.jpg
Patients: 649

i. Between April 2021 and March 2022 COVID-19 patients

i. Adults with positive SARS-CoV-2 nasopharyngeal swabs

iii. Reported mild/moderate COVID-19 symptoms onset within 5 or 7 days
iv. Presence of at least one risk factor for COVID-19 progression

Long COVID

PASC neuro-behavioural symptoms

Percentage Odds ratio (OR) Percentage Odds ratio (OR)
Antiviral drugs (77) 208 043 182 051
Control (105) 343 257
Percentages of symptoms at 3 months after the onset of SARS-CoV-
2 infection
Antivirals Treatment (N = 77) Control (N = 105)
general symptoms Fever 000 0.00
Fatigue 1430 2190
respiratory and heart symptoms Dyspnea 520 570
Cough 000 290
Pharyngodynia 000 0.00
neurological symptoms Myalgia 130 [0
Ageusia/Dysgenusia 130 480
Anosmia 000 1.90
Headache 130 380
Neuro-behavioural symptoms (memory and concentration deficit, sleep problems and depression or | 7.80 860
anxiety)
Gastrointestinal symptoms (vomiting, diarrhea) 130 g0






OPS/xhtml/nav.xhtml
Contents

		Cover

		Emerging small-molecule antiviral agents in long COVID prevention		1 Introduction

		2 Increasing symptoms and potential mechanisms of long COVID

		3 Small-molecule compounds for long COVID prevention		3.1 Metformin

		3.2 Ensitrelvir

		3.3 Molnupiravir

		3.4 Nirmatrelvir





		4 Conclusion and outlook

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Emerging small-molecule
antiviral agents in long COVID
prevention





OPS/images/fphar-15-1457672-g001.gif
o et
T e
P
s oL, R





OPS/images/fphar-15-1457672-g002.gif
T LQVID-08T

< 4

Clinical bonofits Long Coud incidence: 834 No offect
» Mettormin63 a1
© Metormin FR 059 F

~ Wormactn HR099

» stated < 3y of symptom | = st * Ruvoxaming HR 136

» Placebo 1048 ‘
onset, HR037









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





