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Abstract

:

The rapid development and implementation of COVID-19 vaccines merit understanding its effects on metabolic indices. This retrospective longitudinal study investigated the influence of first-to-second-dose intervals and time since the final dose on the metabolic indices of individuals receiving COVID-19 vaccinations. A total of 318 Saudi subjects (59.7% females) aged 12–60 years received COVID-19 vaccines via the national vaccination program. We collected the anthropometric data and fasting blood samples at specific time points before vaccination and after the final vaccination dose, and biochemical metabolic indices, including glucose and lipid profile, were measured. We also collected the dates of vaccination and COVID-19 history during the study period. The participants were stratified into groups based on first-to-second-dose intervals and time since the final dose to compare pre-and post-vaccination changes in metabolic indices between the groups. Logistic regression analysis revealed no differences in pre- to post-vaccination metabolic status between groups based on first-to-second-dose intervals in either adolescents or adults. However, shorter intervals (≤6 months) between the final dose and follow-up were associated with a decrease in total cardiometabolic components, especially triglyceride levels (OR = 0.39, 95% CI: (0.22–0.68), p < 0.001) than longer intervals (>6 months) in adults. In conclusion, time duration since final dose was associated with pre- to post-vaccination changes in metabolic indices, especially triglyceride levels, indicating that post-vaccination improvements wane over time. Further research is needed to validate the observed relationship, as it may contribute to optimizing vaccine effectiveness and safety in the future.
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1. Introduction


The Coronavirus disease 2019 (COVID-19) pandemic caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) profoundly affected the global economy, society, and health [1,2]. In response to this crisis, numerous vaccines were developed and deployed in record time to curb the virus’s spread and mitigate the disease’s severity [3,4]. Among them, messenger RNA (mRNA)-based vaccines (such as Pfizer-BioNTech and Moderna) and viral vector vaccines (such as AstraZeneca and Johnson & Johnson) have shown remarkable efficacy in reducing the risk of infection, severe illness, and mortality [5,6,7]. The administration of these vaccines involves a two-dose regimen, with the second dose recommended after an interval that varies across vaccine types and national guidelines [8,9]. For instance, the United States initially recommended a 3-week interval for Pfizer-BioNTech and a 4-week interval for the Moderna vaccines. In contrast, the United Kingdom extended the interval to 12 weeks for both vaccines to prioritize initial doses [10]. Saudi Arabia adopted a 3-week interval for Pfizer-BioNTech and 4 weeks for AstraZeneca, which was later changed to ≤8 weeks [11], while India recommended 4–6 weeks for CoviShield (AstraZeneca) and 28 days for Covaxin [12]. These variations reflect diverse strategies to balance swift immunization with long-term protection.



The Kingdom of Saudi Arabia (KSA) responded swiftly to the COVID-19 pandemic with a comprehensive vaccination program to protect its residents and curb its spread [13,14]. Advised by the Saudi Ministry of Health (MOH) and international health organizations, the government launched its vaccination campaign in December 2020, adopting a phased approach that focused initially on high-risk groups and healthcare workers. In August 2021, the government opened vaccination eligibility to all adults aged 18 years and above [15]. The vaccination program involved procuring and distributing various COVID-19 vaccines as they received regulatory approval, including those developed by Pfizer-BioNTech, AstraZeneca, Moderna, and others [16]. Saudi Arabia’s program has played a crucial role in controlling the disease by significantly reducing the spread of the virus, reducing the severity of cases, and decreasing hospitalizations and deaths, thereby curbing the transmission dynamics of COVID-19 [17].



While the primary goal of COVID-19 vaccination was to prevent viral infection and its associated complications, interest has emerged in understanding the potential impact of vaccination—particularly the effects of different inter-dose intervals—on other health outcomes, including metabolic parameters [18,19,20]. Metabolic disorders, including obesity, type 2 diabetes, and cardiovascular diseases, are associated with increased vulnerability to severe COVID-19 outcomes, so understanding the potential impact of vaccination on metabolic health could have implications for disease prevention and management [21,22,23]. As the global population continues to face the dual challenges of the pandemic and the growing burden of metabolic disorders, integrating metabolic considerations into vaccination strategies can pave the way to improved health outcomes on multiple fronts.



Given the established connections between immune responses and metabolic pathways [18,24], it is plausible that vaccination may trigger metabolic changes. Some reports investigated the effect of improvement in metabolic health like weight loss and blood glucose reduction, etc., in improving the adaptive immune response induced by the COVID-19 vaccines [25,26]. Still, the specific effects of these changes in COVID-19 vaccination and its inter-dose intervals remain poorly understood. This study addressed this research gap by conducting a longitudinal investigation into the effects of inter-dose intervals and time since the final dose on metabolic parameters, including fasting glucose levels, lipid profile, body mass index (BMI), waist circumference, and blood pressure, after COVID-19 vaccination.




2. Materials and Methods


2.1. Participants and Assessment at Pre-Vaccination Visit


This retrospective longitudinal study continued an educational interventional program conducted by the Chair for Biomarkers in Chronic Diseases (CBCD), King Saud University, in collaboration with the Saudi Charitable Association of Diabetes [27,28,29,30,31]. The study utilized a cluster-randomized sampling approach for selecting 60 high and secondary schools in Riyadh city to conduct an educational program among students and teachers on the rising prevalence of metabolic disorders in Saudi Arabia, including obesity, diabetes, and metabolic syndrome (MetS). The counselling and health educational program included promotional initiatives on balanced dietary habits and curbing sedentary lifestyles through educational lectures and the distribution of educational materials, such as booklets, infographics, and videos, which were delivered physically before the emergence of COVID-19 and via online platforms during the COVID-19–related restrictions. Recruiting for the present study started in November 2020, after COVID-19 restrictions were lifted and before the drive for COVID-19 vaccination began. The pre-vaccination recruitment lasted for five months, during which 318 Saudi adolescents and adults completed the initial assessment, including sociodemographic and anthropometric information and an eight-hour fasting blood sample. There were no specific inclusion criteria, but those with chronic diseases were excluded from the study. The study was approved by the Institutional Review Board (IRB) of the College of Medicine, KSU, Riyadh, Saudi Arabia (no. E-23-7494).




2.2. Post-Vaccination Assessment


The recruitment for the post-vaccination visit started in November 2021, with a mean follow-up of 14.08 ± 3.6 months for adolescents and 13.29 ± 3.0 months for adults. At the follow-up visit, apart from the routine eight-hour fasting blood sample and anthropometric assessments, the participants were asked about the COVID-19 vaccination, including information on the type of first, second, and booster doses administered and vaccination dates. They were also asked whether and when they contracted a COVID-19 infection during the study period. The information on dates, vaccine types, and COVID-19 infection was cross-checked with the vaccination and infection records maintained by the MOH, KSA. The study participants recruited for pre- and post-vaccination visits and their COVID vaccination timeline are plotted as a time-series graph and flow chart in Figure 1.




2.3. Biochemical Analysis


Fasting blood samples were collected from each participant at pre-vaccination and post-vaccination visits. These were then processed, aliquoted, and transported to the CBCD laboratory for thorough biochemical evaluations. A chemical analyzer (Konelab 20XT, Thermo Scientific, Vantaa, Finland) was used to measure fasting glucose and the lipid profile, which included total cholesterol, HDL-Cholesterol, and triglycerides utilizing commercially available bioassay kits (reference# 981379, 981812, 981823, and 981301, respectively). The total serum 25-hydroxy-Vitamin D (25(OH)D) level was determined using commercial electrochemiluminescence by immunoassays kits from Roche Diagnostics (Indianapolis, IN, USA). The coefficients of intra- and inter-assay differences were 4.6% and 5.3%, respectively. At both visits, glycated hemoglobin (HbA1c) levels were measured using the D-10 Hemoglobin testing equipment (Bio-Rad Laboratories, Hercules, CA, USA), catalog # 220-0201, which utilizes an ion-exchange high-performance liquid chromatography method.




2.4. Data Analysis


The data were analyzed using SPSS version 28.0 (SPSS, Inc., Chicago, IL, USA). To confirm that our data were normally distributed, we utilized the Kolmogorov–Smirnov test. The mean and standard deviation of normally distributed data were reported. Non-normal variables were shown as the median (first, third quartiles). The frequencies (percentages) of categorical variables were shown. The data were separated in both adolescents and adults by first-to-second-dose intervals (≤8 weeks and >8 weeks) and by final dose to post-vaccination visit intervals (≤6 months and >6 months). The final dose was considered as either the second dose (in those participants who didn’t had booster doses) or the booster dose and differences in pre- to post-vaccination changes in metabolic indices were calculated. The pre- to post- changes were checked through paired samples t-test and the mean difference changes in the study groups were compared using independent students t-test. The prevalence of MetS and its components was calculated and presented as n (%). A logistic regression analysis was conducted with the first-to-second-dose interval and the final dose to post-vaccination visit interval as the dependent variable and the metabolic indices as independent variables and the ORs were calculated for changes (pre-vaccination to post-vaccination visit 1). The ORs were adjusted for sex, vaccine types at first and second doses, and whether or not they were infected with COVID-19. p < 0.05 was considered statistically significant. All of the figures in this research were created using MS Excel 2010.





3. Results


3.1. Study Subjects’ Baseline Characteristics


The study recruited 318 Saudi subjects, 132 (41.5%) adolescents aged 12–17 years and 186 (58.5%) adults. A total of 59 (44.7%) of the adolescents (Table 1) and 131 (70.4%) of the adults (Table 2) were females. All the subjects had taken their two COVID-19 vaccination doses before follow-up, and most took the Pfizer-BioNTech vaccine as their first (92.8%) and second doses (91.8%), similar in both adolescents and adults. Those who had taken their booster dose before follow-up accounted for 26.5% (n = 35) and 49.5% (n = 92) of adolescents and adults, respectively. A total of 10 adolescents (7.6%) and 21 adults (14.4%) reported contracting a COVID-19 infection during the study period. All the infected adolescents reported being infected between dose 1 and dose 2, but the adults were infected in equal distribution before dose 1, between dose 1 and 2, and after dose 2.



Subjects were divided based on dose 1 to dose 2 intervals; those with an interval of 8 weeks or less constituted one group, and those with an interval greater than 8 weeks included the other. The participants were also grouped based on the interval between the final COVID-19 vaccine dose and the follow-up: ≤6 months in one group and >6 months in the other. Table 1 and Table 2 show the groups’ baseline characteristics for adolescents and adults, respectively. No statistical difference was found between the groups in the proportions of vaccine types at dose 1, dose 2, or booster doses, or in the proportions of COVID-19 infections in either adolescents or adults. Furthermore, in both adolescents and adults, the groups were statistically similar in clinical characteristics, such as age, BMI, and male/female ratio.




3.2. Differences in Pre- to Post-Vaccination Changes in the Study Groups


Changes in clinical and metabolic parameters pre- and post-vaccination were compared and the differences between groups for adolescents and adults are presented in Table 3. In adolescents, a significant overall increase in weight, BMI, waist and hip circumference, systolic and diastolic pressures, and circulating triglycerides was observed, along with a significant overall increase in HDL cholesterol and vitamin D level post-vaccination. A contrasting overall change was seen in the adults after vaccination, with a significant overall increase in total cholesterol and fasting glucose levels, a significant overall reduction in waist and hip circumferences and systolic and diastolic blood pressure, and a significant overall increase in HDL cholesterol levels in the study groups. When the pre- to post-vaccination difference was compared between the groups based on the first-to-second-dose interval in adolescents and adults, neither the clinical nor the metabolic variables showed any statistically significant difference. When the pre- to post-vaccination differences were compared according to the final dose to follow-up intervals of ≤6 versus >6 months, however, an overall statistically significant reduction in systolic (−10.24 [−17.0, −3.4], p = 0.003)) and diastolic blood pressure (−7.90 [−13.4, −2.4], p = 0.004) was observed in adolescents, and a significant overall reduction in circulating triglyceride levels (−0.35 [−0.6, −0.1], p = 0.003) was observed in adults.




3.3. Difference in Pre- to Post-Vaccination Changes in the Prevalence of MetS and Its Components


The study groups’ changes in pre- and post-vaccination in the prevalence of MetS and its components are presented in Table 4. In adolescents, a significant overall increase in the prevalence of central obesity, hypertriglyceridemia, and total number of MetS components was accompanied by an overall decrease in the prevalence of low HDL cholesterol. Adults similarly experienced an overall decrease in the prevalence of low HDL cholesterol from their pre-vaccination to post-vaccination visits, accompanied by a significant decrease in the prevalence of hypertension, MetS, and total number of MetS components (all p-values < 0.01). The same trend was seen in the individual study groups, but a logistic regression analysis to compare group differences in these changes found no statistical significance in either adolescents or adults when the subjects were divided based on first-to-second-dose interval periods. When the subjects were divided based on time since the final dose, however, significantly lower odds of high circulating triglyceride levels (OR = 0.39; 95% CI: 0.22–0.68, p < 0.001) and total number of MetS components (OR = 0.60: 95% CI: 0.43–0.82, p = 0.001) were observed in adults only in the ≤6 months group compared to the >6 months group, even after adjusting for sex, vaccine types at first and second doses, and whether or not they were infected with COVID-19.





4. Discussion


This study investigated the effects of different inter-dose intervals on pre- and post-vaccination changes in cardiometabolic indices following COVID-19 vaccination and observed no statistical differences between groups based on first-to-second-dose intervals. To the authors’ knowledge, this study was the first to investigate pre- to post-vaccination changes in metabolic indices following COVID-19 vaccination in Saudi Arabia. When the subjects were categorized based on the recommended first-to-second-dose interval of ≤8 weeks versus >8 weeks, comparable pre- to post-vaccination changes in metabolic indices and number of MetS components were seen between the group in the data of both adolescents and adults, suggesting that there was no profound effect of dose interval on changes in metabolic indices. However, when categorized into groups based on final dose to follow-up interval, a statistically significant decrease in the total number of MetS components in both adolescents and adults, as well as a profound decrease in levels of circulating triglycerides in adults, were seen in the ≤6 months group compared to the >6 months group (Table 4), suggesting that vaccine-induced improvement in metabolic indices wanes over time after the last dose of vaccine.



The COVID-19 pandemic sparked a worldwide immunization campaign to limit viral transmission and severe sickness [32,33]. As the campaign progressed, researchers investigated the effects of COVID-19 vaccination on various specific health aspects, such as infection incidence, hospitalization, rate of recovery, severity, and mortality [6,34,35,36], but few studies examined the nonspecific health effects of COVID-19 vaccination [37,38,39], one of which is changes in metabolic indices after vaccination. For example, a 2021 study by Rubino et al. found that diabetic individuals who received the Pfizer-BioNTech or Moderna COVID-19 vaccines experienced transient increases, typically small, in blood glucose levels after vaccination [40]. The transient hyperglycemia after COVID-19 vaccination may be explained by vaccine-induced immunological reactions and the production of anti-insulin hormones, such as cortisol, catecholamines, etc. [41].



In contrast, adolescents with type 1 diabetes who were vaccinated with either Pfizer BioNTech (BNT162b2) or Moderna (mRNA-1273) COVID-19 vaccines did not experience a change in glycemic control [42]. Our results align with these reports, as changes in fasting glucose levels and the prevalence of hyperglycemia were not significant post-vaccination in either adolescents or adults. One explanation may be that the hyperglycemia found after COVID-19 vaccination in previous studies was short term and lasted only a few days; in our investigation, however, the median follow-up interval was over 12 months.



Some reports have found that the incidence of dyslipidemia and atherosclerotic cardiovascular disease increases after acute COVID-19 infection and for an indeterminate time afterwards [43,44]. Although the effects of chronic inflammation on lipoprotein metabolism have been widely studied [45,46], few studies have looked at changes in lipid indices after COVID-19 vaccination. A 2021 study by Ramasamy et al. [47] examined the effects of the AstraZeneca vaccine on metabolic parameters and found transient spikes in total and LDL cholesterol levels following vaccination. In the current study, post-vaccination changes in lipids, especially HDL cholesterol, were seen in adolescents and adults. These changes may be connected to the body’s immunological reaction to the vaccine, as immune activity affects lipid metabolism [48,49]. Similarly, there are only a few reported incidents of hypertension after vaccination with COVID-19 mRNA vaccines [50,51,52], and most of those studies are case studies. Variables such as pre-existing conditions, age, and genetics may impact how a person’s metabolic indices react to vaccination.



Over the past couple of years, a significant discourse has addressed the dosing intervals of the COVID-19 vaccine. Understanding the prospective ramifications of COVID-19 vaccination dosage intervals on the vaccine’s efficacy and nonspecific effects, such as metabolic indices (including blood glucose levels and lipid profiles), is essential for holistic healthcare administration. Initially, the recommended interval between doses for vaccines such as Pfizer and Moderna was 3 weeks [53]. However, due to supply and logistics factors, some countries chose to extend the interval to several weeks or even months, with a recommended ≤8-week interval [54,55], which raised concerns regarding the potential impact of an extended interval between vaccine doses on the vaccine’s efficacy [56]. However, few studies have been conducted to evaluate the influence of the dose intervals on metabolic indices. In the present study, the investigators observed no statistical difference in pre- to post-vaccination changes in the metabolic indices between the groups based on the first-to-second-dose intervals in either adolescents or adults (Table 3 and Table 4). Although the authors could find no relevant studies, a 2021 publication by Steenblock et al. [57] reports the impact of extending the interval between doses of the Pfizer-BioNTech vaccine to 12 weeks, finding no significant effect on the antibody response, which may also explain the observed nonsignificant effect on metabolic indices in the present study. In contrast, some studies have suggested that a delay of at least 9 weeks significantly reduces the risk of infection and death compared to shorter dose intervals [58].



In this study, the regression analysis conducted to explore the differences in pre- to post-vaccination changes in prevalence of MetS and its components (Table 4) was adjusted with whether or not the subject had a prior COVID-19 infection. COVID-19 infection may lead to metabolic dysregulation, possibly impacting post-vaccination outcomes, according to emerging research [23]. The virus has the ability to cause systemic inflammation and disrupt glucose metabolism, resulting in insulin resistance and metabolic dysfunction [59]. Wu et al. [60] found a link between COVID-19 and metabolic abnormalities, emphasizing the need for further research into how past infection may impact the metabolic response to vaccination. Ongoing studies, such as those looking at the post-acute sequelae of SARS-CoV-2 infection (PASC), may offer insight on the complex interaction between viral infections, metabolic changes, and vaccine-induced immune responses [18,61]. Understanding these interactions is critical for determining COVID-19’s long-term effects and improving immunization tactics.



The pre- to post-vaccination changes in metabolic indices observed in this study revealed a more significant reduction in total number of metabolic components in all participants in the group, with an interval of ≤6 months between the last dose and follow-up than the group with an interval of over >6 months. This improvement was especially prevalent in circulating triglycerides in adults, suggesting that the metabolic benefits induced by vaccinations decrease over time. One of the reasons that this effect was seen in adults and not in adolescents in this study may be because adults, generally, tend to have a more mature and experienced immune system compared to adolescents [62]. Over time, exposure to various pathogens builds immunity through the development of memory cells [63]. Although no relevant studies were found that investigated the effect of time interval since completion of COVID-19 vaccination on changes in metabolic indices, COVID-19 immunogenicity data suggest that a decrease in the levels of antibodies over time after receiving two doses of the vaccine may explain these findings [64,65]. It is well known that immune system modulation can significantly affect metabolic indices due to the interconnected nature of the immune system and metabolism [66,67,68]. Interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), inflammatory molecules released during immune responses, can induce insulin resistance in peripheral tissues, particularly adipose tissue and the liver [69]. Similarly, inflammatory cytokines can influence lipid metabolism by promoting the release of fatty acids from adipose tissue and by increasing the production of very low-density lipoproteins in the liver, which may result in dyslipidemia [70].



The reduction in triglyceride levels after COVID-19 vaccination and the waning effect over time may also be explained by the resolution phase of inflammation [71]. Vaccination aids in the restoration of the immune system to homeostasis by preparing it to react effectively to possible threats [72]. Lipid homeostasis, which contributes to maintaining proper amounts of lipids (including triglycerides and cholesterol) in the circulation, is an essential aspect of overall homeostasis [73]. As part of the body’s general homeostatic functions, triglyceride levels are closely controlled [74]. Another explanation may involve the modulation of the gut microbiota after COVID-19 vaccination, as it plays a critical role in the interplay between the immune system and metabolism [75,76,77].



The decline in lipid index improvements induced by vaccines subsequent to the final dose of COVID-19 vaccination highlights the criticality for continued research and clinical vigilance. Additionally, the results indicate the presence of a phase of recovery mediated by the immune system, specifically in lipid homeostasis, following COVID-19 vaccination. It is essential to comprehend the temporal dynamics of metabolic changes that occur after vaccination in order to maximize the long-term efficacy of vaccines. From a clinical standpoint, these results underscore the significance of customized vaccination approaches, particularly for those who experience a prolonged period of recovery after vaccination. When monitoring patients, clinicians ought to consider the temporal dimension of metabolic alterations and subsequently modify vaccination strategies. This understanding has the potential to provide valuable information for public health campaigns and aid in the improvement of vaccination procedures, thereby ensuring long-lasting metabolic benefits and comprehensive health safeguards. The aforementioned ramifications highlight the fluidity of vaccine-induced impacts and necessitate a sophisticated methodology in scientific investigations and medical environments to maximize the long-term advantages of COVID-19 vaccination on metabolic indicators. Subsequent investigations ought to examine approaches to maintain and augment these outcomes in the long run, possibly by means of targeted interventions or supplemental dosages.



The authors acknowledge some limitations. The researchers did not record specific dietary and physical activity changes at recruitment and after vaccination, which could have influenced the results. The research participants were recruited from schools in the Riyadh region as a continuation of a lifestyle change counselling program. They may not represent the overall population in Saudi Arabia or elsewhere. The national vaccination program-controlled vaccination schedules had shorter intervals between the first and second doses for adolescents than adults, resulting in a disproportionate sample size for adolescents in the study groups, which may have affected the overall results. Among the COVID-19 vaccines, Pfizer-BioNTech was used the most for doses 1 and 2 in our subjects, so inter-vaccine comparison was impossible in this study. Furthermore, this study did not record other factors, such as environmental, social, pre-existing medical conditions and genetic predispositions which may influence metabolic indices and, hence, the resulting observations. Comprehensive research considering these factors may be required to understand the broader impact of vaccination on metabolic health.




5. Conclusions


This study suggests that first-to-second-dose interval did not regulate pre- to post-vaccination changes in metabolic indices following COVID-19 vaccination. However, time since COVID-19 vaccination affects changes in metabolic indices, as a statistically significant decrease in the total number of MetS components, with a profound decrease in levels of circulating triglycerides in adults, was seen in the group with ≤6 months between the final vaccine dose and follow-up compared to the >6 months group, suggesting that vaccine-induced improvement in metabolic indices wanes over time after the last dose of vaccine. These observations support the notion of an immunity-mediated recovery phase of homeostasis, especially lipid homeostasis, post-COVID vaccination. However, more studies, especially longitudinal with multi-point follow-up post the last vaccination dose, are needed to corroborate the observed associations, which could contribute to improving vaccination efficacy and safety in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vaccines11121746/s1. Table S1: Mean and Median differences (post-vaccination—pre-vaccination) among groups based on the first-to-second-dose dose interval and time since the final dose along with p-values; Table S2: Pre- to post-vaccination changes in the prevalence of MetS and its components by study groups and the associated p-values; Figure S1: Scatterplot depicting the correlation between time since first dose and pre to post vaccination changes in triglyceride levels.





Author Contributions


Conceptualization, A.A. and N.M.A.-D.; Methodology, K.W. and A.M.A.; Formal analysis, K.W. and A.M.A.; Data curation, K.W.; Writing—original draft preparation, K.W.; Writing—review and editing, A.A. and N.M.A.-D.; Supervision, Project administration, A.A. and N.M.A.-D.; Funding acquisition, A.A. and N.M.A.-D. All authors have read and agreed to the published version of the manuscript.




Funding


The authors extend their appreciation to the Deputyship for Research and Innovation, “Ministry of Education” in Saudi Arabia for funding this research work through the project number (IFKSUDR_H177).




Institutional Review Board Statement


The research was carried out in accordance with the principles of the Declaration of Helsinki and approved by the King Saud University College of Medicine’s ethics committee on 16 February 2023 (approval no. 23/0054/IRB-A).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The corresponding author may provide the data described in this research upon request.




Acknowledgments


The authors acknowledge the research coordinators who assisted with participant recruitment and the execution of this study are acknowledged by the authors.




Conflicts of Interest


The authors declare that they have no conflicting interest.




References


	



Feng, W.; Zong, W.; Wang, F.; Ju, S. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2): A review. Mol. Cancer 2020, 19, 100. [Google Scholar] [CrossRef]

	



Kandi, V.; Thungaturthi, S.; Vadakedath, S.; Gundu, R.; Mohapatra, R.K.; Gundu, R., Sr. Mortality rates of coronavirus disease 2019 (COVID-19) caused by the novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). Cureus 2021, 13, 14081. [Google Scholar] [CrossRef] [PubMed]

	



Wouters, O.J.; Shadlen, K.C.; Salcher-Konrad, M.; Pollard, A.J.; Larson, H.J.; Teerawattananon, Y.; Jit, M. Challenges in ensuring global access to COVID-19 vaccines: Production, affordability, allocation, and deployment. Lancet 2021, 397, 1023–1034. [Google Scholar] [CrossRef] [PubMed]

	



Barouch, D.H. COVID-19 vaccines—Immunity, variants, boosters. N. Engl. J. Med. 2022, 387, 1011–1020. [Google Scholar] [CrossRef] [PubMed]

	



Firouzabadi, N.; Ghasemiyeh, P.; Moradishooli, F.; Mohammadi-Samani, S. Update on the effectiveness of COVID-19 vaccines on different variants of SARS-CoV-2. Int. Immunopharmacol. 2023, 117, 109968. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, I.; Nauman, A.; Paul, P.; Ganesan, S.; Chen, K.-H.; Jalil, S.M.S.; Jaouni, S.H.; Kawas, H.; Khan, W.A.; Vattoth, A.L. The efficacy and effectiveness of the COVID-19 vaccines in reducing infection, severity, hospitalization, and mortality: A systematic review. Hum. Vaccines Immunother. 2022, 18, 2027160. [Google Scholar] [CrossRef]

	



Rudan, I.; Adeloye, D.; Sheikh, A. COVID-19: Vaccines, efficacy and effects on variants. Curr. Opin. Pulm. Med. 2022, 28, 180–191. [Google Scholar] [CrossRef]

	



Skowronski, D.M.; Febriani, Y.; Ouakki, M.; Setayeshgar, S.; El Adam, S.; Zou, M.; Talbot, D.; Prystajecky, N.; Tyson, J.R.; Gilca, R. Two-dose severe acute respiratory syndrome coronavirus 2 vaccine effectiveness with mixed schedules and extended dosing intervals: Test-negative design studies from British Columbia and Quebec, Canada. Clin. Infect. Dis. 2022, 75, 1980–1992. [Google Scholar] [CrossRef]

	



Au, W.Y.; Cheung, P.P.-H. Effectiveness of heterologous and homologous COVID-19 vaccine regimens: Living systematic review with network meta-analysis. Bmj 2022, 377, e069989. [Google Scholar] [CrossRef]

	



Blasioli, E.; Mansouri, B.; Tamvada, S.S.; Hassini, E. Vaccine Allocation and Distribution: A Review with a Focus on Quantitative Methodologies and Application to Equity, Hesitancy, and COVID-19 Pandemic. In Operations Research Forum; Springer: Cham, Switzerland, 2023; p. 27. [Google Scholar]

	



Alhandod, T.A.; Rabbani, S.I.; Almuqbil, M.; Alshehri, S.; Hussain, S.A.; Alomar, N.F.; Mir, M.A.; Asdaq, S.M.B. A systematic review on the safety and efficacy of COVID-19 vaccines approved in Saudi Arabia. Vaccines 2023, 11, 281. [Google Scholar] [CrossRef]

	



Kashte, S.B.; Sharma, R.K.; Kadam, S. Profile of adverse events following COVID-19 vaccination: Insights from Covishield, Covaxin, and Corbevax beneficiaries in India. J. Krishna Inst. Med. Sci. (JKIMSU) 2023, 12, 86–96. [Google Scholar]

	



Shahzad, M.W.; Al-Shabaan, A.; Mattar, A.; Salameh, B.; Alturaiki, E.M.; AlQarni, W.A.; AlHarbi, K.A.; Alhumaidany, T.M. Public satisfaction with COVID-19 vaccination program in Saudi Arabia. Patient Exp. J. 2022, 9, 154–163. [Google Scholar] [CrossRef]

	



Sheerah, H.A.; Almuzaini, Y.; Khan, A. Public Health Challenges in Saudi Arabia during the COVID-19 Pandemic: A Literature Review. Healthcare 2023, 11, 1757. [Google Scholar] [CrossRef] [PubMed]

	



Alhuzaimi, A.N.; Alrasheed, A.A.; Al-Eyadhy, A.; Aljamaan, F.; Alhasan, K.; Batais, M.A.; Jamal, A.; Alshahrani, F.S.; Alenezi, S.; Alhaboob, A. Exploring Determinants of COVID-19 Vaccine Acceptance, Uptake, and Hesitancy in the Pediatric Population: A Study of Parents and Caregivers in Saudi Arabia during the Initial Vaccination Phase. Healthcare 2023, 11, 972. [Google Scholar] [CrossRef] [PubMed]

	



Hossain, M.K.; Hassanzadeganroudsari, M.; Feehan, J.; Apostolopoulos, V. The race for a COVID-19 vaccine: Where are we up to? Expert Rev. Vaccines 2022, 21, 355–376. [Google Scholar] [CrossRef] [PubMed]

	



Alam, M.M.; Melhim, L.K.B.; Ahmad, M.T.; Jemmali, M. Public attitude towards COVID-19 vaccination: Validation of COVID-vaccination attitude scale (c-vas). J. Multidiscip. Healthc. 2022, 15, 941–954. [Google Scholar] [CrossRef] [PubMed]

	



Dagla, I.; Iliou, A.; Benaki, D.; Gikas, E.; Mikros, E.; Bagratuni, T.; Kastritis, E.; Dimopoulos, M.A.; Terpos, E.; Tsarbopoulos, A. Plasma metabolomic alterations induced by COVID-19 vaccination reveal putative biomarkers reflecting the immune response. Cells 2022, 11, 1241. [Google Scholar] [CrossRef]

	



Al-Kuraishy, H.M.; Al-Gareeb, A.I.; El-Bouseary, M.M.; Sonbol, F.I.; Batiha, G.E.-S. Hyperviscosity syndrome in COVID-19 and related vaccines: Exploring of uncertainties. Clin. Exp. Med. 2023, 23, 679–688. [Google Scholar] [CrossRef]

	



Sanoudou, D.; Hill, M.A.; Belanger, M.J.; Arao, K.; Mantzoros, C.S. Obesity, metabolic phenotypes and COVID-19. Metabolism 2022, 128, 155121. [Google Scholar] [CrossRef]

	



Sudhakar, M.; Winfred, S.B.; Meiyazhagan, G.; Venkatachalam, D.P. Mechanisms contributing to adverse outcomes of COVID-19 in obesity. Mol. Cell. Biochem. 2022, 477, 1155–1193. [Google Scholar] [CrossRef]

	



Renata, R.-B.N.; Arely, G.-R.A.; Gabriela, L.-M.A.; Esther, M.-L.M. Immunomodulatory role of microelements in COVID-19 outcome: A relationship with nutritional status. Biol. Trace Elem. Res. 2023, 201, 1596–1614. [Google Scholar] [CrossRef] [PubMed]

	



Westheim, A.J.; Bitorina, A.V.; Theys, J.; Shiri-Sverdlov, R. COVID-19 infection, progression, and vaccination: Focus on obesity and related metabolic disturbances. Obes. Rev. 2021, 22, e13313. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wang, X.; Luu, L.D.W.; Chen, S.; Jin, F.; Wang, S.; Huang, X.; Wang, L.; Zhou, X.; Chen, X. Proteomic and metabolomic signatures associated with the immune response in healthy individuals immunized with an inactivated SARS-CoV-2 vaccine. Front. Immunol. 2022, 13, 848961. [Google Scholar] [CrossRef] [PubMed]

	



Iddir, M.; Brito, A.; Dingeo, G.; Fernandez Del Campo, S.S.; Samouda, H.; La Frano, M.R.; Bohn, T. Strengthening the immune system and reducing inflammation and oxidative stress through diet and nutrition: Considerations during the COVID-19 crisis. Nutrients 2020, 12, 1562. [Google Scholar] [CrossRef] [PubMed]

	



Painter, S.D.; Ovsyannikova, I.G.; Poland, G.A. The weight of obesity on the human immune response to vaccination. Vaccine 2015, 33, 4422–4429. [Google Scholar] [CrossRef]

	



Al-Daghri, N.M.; Wani, K.; Khattak, M.N.; Alnaami, A.M.; Amer, O.E.; Aljohani, N.J.; Hameidi, A.; Alfawaz, H.; Alharbi, M.; Sabico, S. Cardiometabolic Effects of a 12-Month, COVID-19 Lockdown-Interrupted Lifestyle Education Program for Arab Adolescents. Front. Pediatr. 2022, 10, 887138. [Google Scholar] [CrossRef] [PubMed]

	



Al-Daghri, N.M.; Amer, O.E.; Hameidi, A.; Alfawaz, H.; Alharbi, M.; Khattak, M.N.; Alnaami, A.M.; Aljohani, N.J.; Alkhaldi, G.; Wani, K. Effects of a 12-Month Hybrid (In-Person+ Virtual) Education Program in the Glycemic Status of Arab Youth. Nutrients 2022, 14, 1759. [Google Scholar] [CrossRef]

	



Al-Daghri, N.M.; Amer, O.E.; Khattak, M.N.; Hussain, S.D.; Alkhaldi, G.; Alfawaz, H.A.; Elsaid, M.A.; Sabico, S. Attendance-Based Adherence and Outcomes of Obesity Management Program in Arab Adolescents. Children 2023, 10, 1449. [Google Scholar] [CrossRef]

	



Al-Daghri, N.M.; Almiman, A.A.; Wani, K.; Khattak, M.N.; Aljohani, N.J.; Alfawaz, H.; Al-Hameidi, A.; Aldisi, D.; Alkhaldi, G.; Sabico, S. COVID-19 lockdown and lifestyle changes in Saudi adults with types 1 and 2 diabetes. Front. Public Health 2022, 10, 912816. [Google Scholar] [CrossRef]

	



Alfawaz, H.A.; Wani, K.; Aljumah, A.A.; Aldisi, D.; Ansari, M.G.; Yakout, S.M.; Sabico, S.; Al-Daghri, N.M. Psychological well-being during COVID-19 lockdown: Insights from a Saudi State University’s Academic Community. J. King Saud Univ. Sci. 2021, 33, 101262. [Google Scholar] [CrossRef]

	



Casas, I.; Mena, G. The COVID-19 vaccination. Med. Clin. 2021, 156, 500. [Google Scholar] [CrossRef] [PubMed]

	



Sallam, M. COVID-19 vaccine hesitancy worldwide: A concise systematic review of vaccine acceptance rates. Vaccines 2021, 9, 160. [Google Scholar] [CrossRef] [PubMed]

	



Magazzino, C.; Mele, M.; Coccia, M. A machine learning algorithm to analyse the effects of vaccination on COVID-19 mortality. Epidemiol. Infect. 2022, 150, e168. [Google Scholar] [CrossRef] [PubMed]

	



Rahmani, K.; Shavaleh, R.; Forouhi, M.; Disfani, H.F.; Kamandi, M.; Oskooi, R.K.; Foogerdi, M.; Soltani, M.; Rahchamani, M.; Mohaddespour, M. The effectiveness of COVID-19 vaccines in reducing the incidence, hospitalization, and mortality from COVID-19: A systematic review and meta-analysis. Front. Public Health 2022, 10, 2738. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, M.; Cocimano, G.; Vanaria, F.; Sessa, F.; Salerno, M. Death from COVID-19 in a Fully Vaccinated Subject: A Complete Autopsy Report. Vaccines 2023, 11, 142. [Google Scholar] [CrossRef] [PubMed]

	



Koster, K.J.; Webb, H.L.; Cirillo, J.D. COVID-19 and beyond: Exploring public Health benefits from non-specific effects of BCG vaccination. Microorganisms 2021, 9, 2120. [Google Scholar] [CrossRef] [PubMed]

	



Mosaddeghi, P.; Shahabinezhad, F.; Dorvash, M.; Goodarzi, M.; Negahdaripour, M. Harnessing the non-specific immunogenic effects of available vaccines to combat COVID-19. Hum. Vaccines Immunother. 2021, 17, 1650–1661. [Google Scholar] [CrossRef]

	



Watanabe, M.; Balena, A.; Masi, D.; Tozzi, R.; Risi, R.; Caputi, A.; Rossetti, R.; Spoltore, M.E.; Biagi, F.; Anastasi, E. Rapid weight loss, central obesity improvement and blood glucose reduction are associated with a stronger adaptive immune response following COVID-19 mRNA vaccine. Vaccines 2022, 10, 79. [Google Scholar] [CrossRef]

	



Rubino, F.; Amiel, S.A.; Zimmet, P.; Alberti, G.; Bornstein, S.; Eckel, R.H.; Mingrone, G.; Boehm, B.; Cooper, M.E.; Chai, Z. New-onset diabetes in COVID-19. N. Engl. J. Med. 2020, 383, 789–790. [Google Scholar] [CrossRef]

	



Care, D. Care in diabetes—2022. Diabetes Care 2022, 45, S17. [Google Scholar]

	



Wan, E.Y.F.; Chui, C.S.L.; Mok, A.H.Y.; Xu, W.; Yan, V.K.C.; Lai, F.T.T.; Li, X.; Wong, C.K.H.; Chan, E.W.Y.; Lui, D.T.W. mRNA (BNT162b2) and Inactivated (CoronaVac) COVID-19 Vaccination and Risk of Adverse Events and Acute Diabetic Complications in Patients with Type 2 Diabetes Mellitus: A Population-Based Study. Drug Saf. 2022, 45, 1477–1490. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Xu, E.; Bowe, B.; Al-Aly, Z. Long-term cardiovascular outcomes of COVID-19. Nat. Med. 2022, 28, 583–590. [Google Scholar] [CrossRef]

	



Iqbal, Z.; Ho, J.H.; Adam, S.; France, M.; Syed, A.; Neely, D.; Rees, A.; Khatib, R.; Cegla, J.; Byrne, C. Managing hyperlipidaemia in patients with COVID-19 and during its pandemic: An expert panel position statement from HEART UK. Atherosclerosis 2020, 313, 126–136. [Google Scholar] [CrossRef] [PubMed]

	



Sabico, S.; Wani, K.; Grant, W.B.; Al-Daghri, N.M. Improved HDL Cholesterol through Vitamin D Status Correction Substantially Lowers 10-Year Atherosclerotic Cardiovascular Disease Risk Score in Vitamin D-Deficient Arab Adults. Nutrients 2023, 15, 551. [Google Scholar] [CrossRef] [PubMed]

	



Wani, K.; AlHarthi, H.; Alghamdi, A.; Sabico, S.; Al-Daghri, N.M. Role of NLRP3 inflammasome activation in obesity-mediated metabolic disorders. Int. J. Environ. Res. Public Health 2021, 18, 511. [Google Scholar] [CrossRef]

	



Ramasamy, M.N.; Minassian, A.M.; Ewer, K.J.; Flaxman, A.L.; Folegatti, P.M.; Owens, D.R.; Voysey, M.; Aley, P.K.; Angus, B.; Babbage, G. Safety and immunogenicity of ChAdOx1 nCoV-19 vaccine administered in a prime-boost regimen in young and old adults (COV002): A single-blind, randomised, controlled, phase 2/3 trial. Lancet 2020, 396, 1979–1993. [Google Scholar] [CrossRef]

	



Thumser, A.E.; Moore, J.B.; Plant, N.J. Fatty acid binding proteins: Tissue-specific functions in health and disease. Curr. Opin. Clin. Nutr. Metab. Care 2014, 17, 124–129. [Google Scholar] [CrossRef] [PubMed]

	



Catapano, A.L.; Pirillo, A.; Bonacina, F.; Norata, G.D. HDL in innate and adaptive immunity. Cardiovasc. Res. 2014, 103, 372–383. [Google Scholar] [CrossRef]

	



Jeet Kaur, R.; Dutta, S.; Charan, J.; Bhardwaj, P.; Tandon, A.; Yadav, D.; Islam, S.; Haque, M. Cardiovascular adverse events reported from COVID-19 vaccines: A study based on WHO database. Int. J. Gen. Med. 2021, 14, 3909–3927. [Google Scholar] [CrossRef]

	



Zappa, M.; Verdecchia, P.; Spanevello, A.; Visca, D.; Angeli, F. Blood pressure increase after Pfizer/BioNTech SARS-CoV-2 vaccine. Eur. J. Intern. Med. 2021, 90, 111–113. [Google Scholar] [CrossRef]

	



Syrigos, N.; Kollias, A.; Grapsa, D.; Fyta, E.; Kyriakoulis, K.G.; Vathiotis, I.; Kotteas, E.; Syrigou, E. Significant Increase in Blood Pressure Following BNT162b2 mRNA COVID-19 Vaccination among Healthcare Workers: A Rare Event. Vaccines 2022, 10, 745. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, D.E.; Amerson, E.; Rosenbach, M.; Lipoff, J.B.; Moustafa, D.; Tyagi, A.; Desai, S.R.; French, L.E.; Lim, H.W.; Thiers, B.H. Cutaneous reactions reported after Moderna and Pfizer COVID-19 vaccination: A registry-based study of 414 cases. J. Am. Acad. Dermatol. 2021, 85, 46–55. [Google Scholar] [CrossRef] [PubMed]

	



Wallace, M.; Moulia, D.; Blain, A.E.; Ricketts, E.K.; Minhaj, F.S.; Link-Gelles, R.; Curran, K.G.; Hadler, S.C.; Asif, A.; Godfrey, M. The Advisory Committee on Immunization Practices’ recommendation for use of Moderna COVID-19 vaccine in adults aged ≥18 years and considerations for extended intervals for administration of primary series doses of mRNA COVID-19 vaccines—United States, February 2022. Morb. Mortal. Wkly. Rep. 2022, 71, 416. [Google Scholar]

	



Esposito, M.; Salerno, M.; Scoto, E.; Di Nunno, N.; Sessa, F. The impact of the COVID-19 pandemic on the practice of forensic medicine: An overview. Healthcare 2022, 10, 319. [Google Scholar] [CrossRef] [PubMed]

	



Skowronski, D.M.; Setayeshgar, S.; Febriani, Y.; Ouakki, M.; Zou, M.; Talbot, D.; Prystajecky, N.; Tyson, J.R.; Gilca, R.; Brousseau, N. Two-dose SARS-CoV-2 vaccine effectiveness with mixed schedules and extended dosing intervals: Test-negative design studies from British Columbia and Quebec, Canada. MedRxiv 2021. MedRxiv 2021.2010.2026.21265397. [Google Scholar]

	



Steenblock, C.; Schwarz, P.E.; Ludwig, B.; Linkermann, A.; Zimmet, P.; Kulebyakin, K.; Tkachuk, V.A.; Markov, A.G.; Lehnert, H.; De Angelis, M.H. COVID-19 and metabolic disease: Mechanisms and clinical management. Lancet Diabetes Endocrinol. 2021, 9, 786–798. [Google Scholar] [CrossRef] [PubMed]

	



Moghadas, S.M.; Vilches, T.N.; Zhang, K.; Nourbakhsh, S.; Sah, P.; Fitzpatrick, M.C.; Galvani, A.P. Evaluation of COVID-19 vaccination strategies with a delayed second dose. PLoS Biol. 2021, 19, e3001211. [Google Scholar] [CrossRef] [PubMed]

	



Sathish, T.; Tapp, R.J.; Cooper, M.E.; Zimmet, P. Potential metabolic and inflammatory pathways between COVID-19 and new-onset diabetes. Diabetes Metab. 2021, 47, 101204. [Google Scholar] [CrossRef]

	



Wu, Q.; Zhou, L.; Sun, X.; Yan, Z.; Hu, C.; Wu, J.; Xu, L.; Li, X.; Liu, H.; Yin, P. Altered lipid metabolism in recovered SARS patients twelve years after infection. Sci. Rep. 2017, 7, 9110. [Google Scholar] [CrossRef]

	



de Araújo, A.L.; da Silva Duarte, A.J.; Levin, A.S.; Guedes, B.F.; Kallas, E.G.; Pinna, F.R.; de Souza, H.P.; da Silva, K.R.; Sawamura, M.V.Y.; Seelaender, M. Post-acute sequelae of SARS-CoV-2 infection (PASC): A protocol for a multidisciplinary prospective observational evaluation of a cohort of patients surviving hospitalisation in Sao Paulo, Brazil. BMJ Open 2021, 11, e051706. [Google Scholar]

	



Pawelec, G. Age and immunity: What is “immunosenescence”? Exp. Gerontol. 2018, 105, 4–9. [Google Scholar] [CrossRef] [PubMed]

	



Akkaya, M.; Kwak, K.; Pierce, S.K. B cell memory: Building two walls of protection against pathogens. Nat. Rev. Immunol. 2020, 20, 229–238. [Google Scholar] [CrossRef] [PubMed]

	



Shrotri, M.; Navaratnam, A.M.; Nguyen, V.; Byrne, T.; Geismar, C.; Fragaszy, E.; Beale, S.; Fong, W.L.E.; Patel, P.; Kovar, J. Spike-antibody waning after second dose of BNT162b2 or ChAdOx1. Lancet 2021, 398, 385–387. [Google Scholar] [CrossRef] [PubMed]

	



Andrews, N.; Tessier, E.; Stowe, J.; Gower, C.; Kirsebom, F.; Simmons, R.; Gallagher, E.; Thelwall, S.; Groves, N.; Dabrera, G. Duration of protection against mild and severe disease by COVID-19 vaccines. N. Engl. J. Med. 2022, 386, 340–350. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.S.; Wollam, J.; Olefsky, J.M. An integrated view of immunometabolism. Cell 2018, 172, 22–40. [Google Scholar] [CrossRef] [PubMed]

	



Mathis, D.; Shoelson, S.E. Immunometabolism: An emerging frontier. Nat. Rev. Immunol. 2011, 11, 81. [Google Scholar] [CrossRef] [PubMed]

	



Berber, E.; Sumbria, D.; Kokkaya, S. A metabolic blueprint of COVID-19 and long-term vaccine efficacy. Drug Metab. Pers. Ther. 2022, 38, 15–29. [Google Scholar] [CrossRef]

	



Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [Google Scholar] [CrossRef]

	



Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [Google Scholar] [CrossRef]

	



Serhan, C.N. Resolution phase of inflammation: Novel endogenous anti-inflammatory and proresolving lipid mediators and pathways. Annu. Rev. Immunol. 2007, 25, 101–137. [Google Scholar] [CrossRef]

	



Laupèze, B.; Del Giudice, G.; Doherty, M.T.; Van der Most, R. Vaccination as a preventative measure contributing to immune fitness. Npj Vaccines 2021, 6, 93. [Google Scholar] [CrossRef] [PubMed]

	



Proto, M.C.; Fiore, D.; Piscopo, C.; Pagano, C.; Galgani, M.; Bruzzaniti, S.; Laezza, C.; Gazzerro, P.; Bifulco, M. Lipid homeostasis and mevalonate pathway in COVID-19: Basic concepts and potential therapeutic targets. Prog. Lipid Res. 2021, 82, 101099. [Google Scholar] [CrossRef] [PubMed]

	



Brestoff, J.R.; Artis, D. Immune regulation of metabolic homeostasis in health and disease. Cell 2015, 161, 146–160. [Google Scholar] [CrossRef] [PubMed]

	



Abumrad, N.A.; Davidson, N.O. Role of the gut in lipid homeostasis. Physiol. Rev. 2012, 92, 1061–1085. [Google Scholar] [CrossRef]

	



Seong, H.; Choi, B.K.; Han, Y.-H.; Kim, J.H.; Gim, J.-A.; Lim, S.; Noh, J.Y.; Cheong, H.J.; Kim, W.J.; Song, J.Y. Gut microbiota as a potential key to modulating humoral immunogenicity of new platform COVID-19 vaccines. Signal Transduct. Target. Ther. 2023, 8, 178. [Google Scholar] [CrossRef]

	



Wani, K.; Rahman, S.; Draz, H. The Gut Microbiome and its Impact on Metabolic Disorders. Front. Endocrinol. 2023, 14, 1265314. [Google Scholar] [CrossRef]








[image: Vaccines 11 01746 g001] 





Figure 1. A time-series graph depicting the number of participants recruited during the study period along with their COVID-19 vaccination timeline for adolescents (a), adults (b), and the flowchart of the study (c). 
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Figure 2. A scatterplot depicting the association between time since final vaccination dose in days against the pre- to post- vaccination changes in triglyceride levels in adolescents and adults. The pre- to post- vaccination changes were transformed to positive numbers by adding 1 + highest increase and then log transformed. 
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Table 1. COVID-19 vaccination data, clinical and biochemical characteristics of adolescent participants.
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All (n = 318)

	
Adolescents

(132)

	
1st to 2nd Dose Interval

	
Time since the Final Dose




	
≤8 Weeks

(95)

	
>8 Weeks

(37)

	
p-Value

	
≤6 Months

(36)

	
>6 Months

(96)

	
p-Value






	
1st to 2nd dose (months)

	
2.89 ± 2.5

	
2.23 ± 2.1

	
1.13 ± 0.4

	
5.05 ± 2.2

	
<0.001

	
2.39 ± 2.6

	
2.17 ± 1.9

	
0.60




	
Time to final dose (months)

	
6.04 ± 2.9

	
7.4 ± 1.8

	
7.4 ± 1.8

	
7.5 ± 1.8

	
0.63

	
4.8 ± 0.9

	
8.4 ± 0.8

	
<0.001




	
COVID 19 (1st dose)




	
Pfizer-BioNtech

	
295 (92.8)

	
130 (98.5)

	
95 (0.0)

	
35 (94.6)

	
0.02

	
36 (100.0)

	
94 (97.9)

	
0.38




	
AstraZeneca

	
23 (7.2)

	
2 (1.5)

	
0 (0.0)

	
2 (5.4)

	
0 (0.0)

	
2 (2.1)




	
Moderna

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)




	
COVID 19 (2nd dose)




	
Pfizer-BioNtech

	
292 (91.8)

	
128 (97.0)

	
92 (96.8)

	
36 (97.3)

	
0.89

	
36 (100.0)

	
92 (95.8)

	
0.21




	
AstraZeneca

	
21 (6.6)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)




	
Moderna

	
5 (1.6)

	
4 (3.0)

	
3 (3.2)

	
1 (2.7)

	
0 (0.0)

	
4 (4.2)




	
COVID-19 (Booster dose)




	
Pfizer-BioNtech

	
84 (26.4)

	
30 (22.7)

	
21 (22.1)

	
9 (24.3)

	
0.16

	
14 (38.9)

	
16 (16.7)

	
0.26




	
AstraZeneca

	
1 (0.3)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)




	
Moderna

	
42 (13.2)

	
5 (4.5)

	
5 (5.3)

	
0 (0.0)

	
1 (2.8)

	
4 (4.2)




	
Infected with COVID-19




	
n

	
31 (9.7)

	
10 (7.6)

	
5 (5.3)

	
5 (13.5)

	
0.11

	
3 (8.3)

	
7 (7.3)

	
0.84




	
After both doses a

	
7 (22.6)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
-

	
0 (0.0)

	
0 (0.0)

	
-




	
Between doses a

	
17 (54.8)

	
10 (100.0)

	
5 (100.0)

	
5 (100.0)

	
3 (100.0)

	
7 (100.0)




	
Before dose 1 a

	
7 (22.6)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)




	
Clinical characteristics




	
Sex (Females)

	
190 (59.7)

	
59 (44.7)

	
43 (45.3)

	
16 (43.2)

	
0.83

	
17 (47.2)

	
42 (43.8)

	
0.72




	
Age (Years)

	
28 ± 13.6

	
15.0 ± 1.2

	
15.0 ± 1.2

	
15.1 ± 1.0

	
0.59

	
15.2 ± 1.3

	
14.9 ± 1.1

	
0.29




	
Weight (Kg)

	
65.0 ± 17.9

	
55.4 ± 17.2

	
55.3 ± 17.4

	
55.7 ± 16.8

	
0.89

	
59.2 ± 16

	
53.9 ± 17.4

	
0.12




	
BMI (Kg/m2)

	
25.5 ± 6.1

	
22.7 ± 6.4

	
22.4 ± 6.5

	
23.4 ± 6.1

	
0.43

	
23.7 ± 6.2

	
22.3 ± 6.5

	
0.27




	
Overweight or obese

	
152 (47.8)

	
37 (28.1)

	
24 (25.3)

	
13 (35.1)

	
0.23

	
11 (30.5)

	
26 (27.1)

	
0.87




	
Waist (cm)

	
80.1 ± 13.8

	
74.2 ± 12.7

	
74.4 ± 12.2

	
73.7 ± 14.1

	
0.76

	
74.2 ± 10.7

	
74.2 ± 13.4

	
0.99




	
Hips (cm)

	
96.5 ± 14.9

	
87.79 ± 14.2

	
87.9 ± 13.8

	
87.6 ± 15.3

	
0.91

	
90.7 ± 11.1

	
86.7 ± 15.1

	
0.16




	
Systolic BP (mmHG)

	
119.4 ± 18

	
115.8 ± 17

	
115.8 ± 18

	
115.6 ± 16

	
0.95

	
122 ± 15.1

	
113.5 ± 18

	
0.01




	
Diastolic BP (mm HG)

	
73.3 ± 13.2

	
70.12 ± 14.2

	
69.8 ± 15.7

	
70.8 ± 9.5

	
0.73

	
73.6 ± 17.5

	
68.8 ± 12.7

	
0.09




	
Biochemical characteristics




	
Total cholesterol (mmol/L)

	
4.8 ± 1

	
4.3 ± 0.8

	
4.4 ± 0.7

	
4.3 ± 0.9

	
0.52

	
4.2 ± 0.6

	
4.4 ± 0.8

	
0.17




	
Fasting glucose (mmol/L)

	
5.4 ± 1.2

	
5.4 ± 1.1

	
5.4 ± 1.2

	
5.3 ± 0.9

	
0.75

	
5.3 ± 0.9

	
5.4 ± 1.2

	
0.69




	
HbA1c

	
5.2 ± 0.7

	
5.1 ± 0.7

	
5.1 ± 0.7

	
5.2 ± 0.6

	
0.96

	
5.2 ± 0.5

	
5.1 ± 0.7

	
0.64




	
HDL-Cholesterol (mmol/L)

	
1.0 ± 0.2

	
1 (0.9,1.1)

	
0.99 ± 0.2

	
1.0 ± 0.2

	
0.17

	
0.99 ± 0.2

	
1.01 ± 0.2

	
0.50




	
Triglycerides (mmol/L)

	
1.1 (0.8,1.5)

	
0.95 (0.7,1)

	
0.9(0.7,1)

	
0.98 (0.7,1)

	
0.67

	
0.9 (0.7,1)

	
0.95 (0.7,1)

	
0.68




	
25(OH) D (nmol/L)

	
30.6 (23.6,44)

	
29.5 (22.9,37)

	
30 (23,39)

	
28.4 (23,32)

	
0.34

	
29.8 (22,35)

	
29 (23,38)

	
0.73








Note: The data are presented as mean ± standard deviation, median (quartile 1, quartile 3), and n (%) for continuous normal, continuous non-normal, and categorical variables, respectively. The superscript a represents variables whose percentages have been calculated from those infected with COVID-19. Differences between the groups were calculated using Student’s t-test, Mann–Whitney U test, and the Chi-square test for continuous normal, continuous non-normal, and categorical variables, respectively. p < 0.05 was considered statistically significant.













 





Table 2. COVID-19 vaccination data, clinical and biochemical characteristics of adult participants.
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All Subjects

(n = 318)

	
Adults

(186)

	
1st to 2nd Dose Interval

	
Time since the Final Dose




	
≤8 Weeks

(70)

	
>8 Weeks

(116)

	
p-Value

	
≤6 Months

(118)

	
>6 Months

(68)

	
p-Value






	
1st to 2nd dose (months)

	
2.9 ± 2.5

	
3.36 ± 2.5

	
1.06 ± 0.5

	
4.75 ± 2.3

	
<0.001

	
3.62 ± 2.7

	
2.91 ± 2.2

	
0.07




	
Time to final dose (months)

	
6.04 ± 2.9

	
5.07 ± 3.1

	
5.4 ± 3.5

	
4.87 ± 2.8

	
0.26

	
3.11 ± 1.7

	
8.47 ± 1.7

	
<0.001




	
COVID 19 (1st dose)




	
Pfizer-BioNtech

	
295 (92.8)

	
165 (88.7)

	
63 (90.0)

	
102 (87.9)

	
0.67

	
104 (88.1)

	
61 (89.7)

	
0.74




	
AstraZeneca

	
23 (7.2)

	
21 (11.3)

	
7 (10.0)

	
14 (12.1)

	
14 (11.9)

	
7 (10.3)




	
Moderna

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)




	
COVID 19 (2nd dose)




	
Pfizer-BioNtech

	
292 (91.8)

	
164 (88.2)

	
63 (90.0)

	
101 (87.1)

	
0.67

	
104 (88.1)

	
60 (88.2)

	
0.74




	
AstraZeneca

	
21 (6.6)

	
21 (11.3)

	
7 (10.0)

	
14 (12.1)

	
13 (11.0)

	
8 (11.8)




	
Moderna

	
5 (1.6)

	
1 (0.5)

	
0 (0.0)

	
1 (0.9)

	
1 (0.8)

	
0 (0.0)




	
COVID-19 (Booster dose)




	
Pfizer-BioNtech

	
84 (26.4)

	
54 (29.0)

	
23 (32.9)

	
31 (26.7)

	
0.56

	
41 (34.7)

	
13 (19.1)

	
0.85




	
AstraZeneca

	
1 (0.3)

	
1 (0.5)

	
0 (0.0)

	
1 (0.9)

	
1 (0.8)

	
0 (0.0)




	
Moderna

	
42 (13.2)

	
37 (19.9)

	
13 (18.6)

	
24 (20.7)

	
28 (23.7)

	
9 (13.2)




	
Infected with COVID-19




	
n

	
31 (9.7)

	
21 (14.4)

	
7 (14.3)

	
14 (14.4)

	
0.98

	
14 (13.5)

	
7 (16.7)

	
0.62




	
After both doses a

	
7 (22.6)

	
7 (33.3)

	
3 (42.9)

	
4 (28.6)

	
0.42

	
6 (42.9)

	
1 (14.3)

	
0.42




	
Between doses a

	
17 (54.8)

	
7 (33.3)

	
1 (14.3)

	
6 (42.9)

	
4 (28.6)

	
3 (42.9)




	
Before dose 1 a

	
7 (22.6)

	
7 (33.3)

	
3 (42.9)

	
4 (28.6)

	
4 (28.6)

	
3 (42.9)




	
Clinical characteristics




	
Sex (Females)

	
190 (59.7)

	
131 (70.4)

	
48 (68.6)

	
83 (71.6)

	
0.67

	
84 (71.2)

	
47 (69.1)

	
0.77




	
Age (Years)

	
28 ± 13.6

	
37.23 ± 10.5

	
36.77 ± 10.6

	
37.51 ± 10.4

	
0.64

	
38.08 ± 10

	
35.76 ± 11.2

	
0.15




	
Weight (Kg)

	
65.0 ± 17.9

	
71.8 ± 15

	
71.9 ± 16.8

	
71.8 ± 13.9

	
0.98

	
72 ± 14.4

	
71.6 ± 16.1

	
0.87




	
BMI (Kg/m2)

	
25.5 ± 6.1

	
27.49 ± 5.1

	
27.69 ± 5.5

	
27.37 ± 4.8

	
0.68

	
27.52 ± 5

	
27.45 ± 5.2

	
0.93




	
Overweight or obese

	
152 (47.8)

	
115 (61.8)

	
41 (58.6)

	
74 (63.7)

	
0.28

	
72 (61.0)

	
43 (63.3)

	
0.34




	
Waist (cm)

	
80.1 ± 13.8

	
84.2 ± 13

	
84.5 ± 13.7

	
84.1 ± 12.6

	
0.85

	
84.8 ± 12.9

	
83.3 ± 13.2

	
0.46




	
Hips (cm)

	
96.5 ± 14.9

	
102.7 ± 12

	
102 ± 13.1

	
103 ± 11.4

	
0.70

	
103 ± 11.6

	
101 ± 12.7

	
0.27




	
Systolic BP (mmHG)

	
119 ± 18.1

	
122 ± 18.3

	
121 ± 15.2

	
122 ± 20

	
0.94

	
121 ± 16.4

	
124 ± 21.1

	
0.17




	
Diastolic BP (mm HG)

	
73.1 ± 13.2

	
75.6 ± 12

	
74.4 ± 10.6

	
76.2 ± 12.7

	
0.32

	
76 ± 12.9

	
75 ± 10.1

	
0.55




	
Biochemical characteristics




	
Total cholesterol (mmol/L)

	
4.8 ± 1

	
5.2 ± 1

	
5.1 ± 1.2

	
5.2 ± 0.9

	
0.45

	
5.1 ± 1

	
5.2 ± 1.1

	
0.77




	
Fasting glucose (mmol/L)

	
5.4 ± 1.2

	
5.4 ± 1.2

	
5.3 ± 1.1

	
5.5 ± 1.3

	
0.18

	
5.5 ± 1.3

	
5.3 ± 1

	
0.33




	
HbA1c

	
5.2 ± 0.7

	
5.2 ± 0.8

	
5.2 ± 0.6

	
5.2 ± 0.8

	
0.74

	
5.2 ± 0.8

	
5.13 ± 0.7

	
0.51




	
HDL-Cholesterol (mmol/L)

	
1.0 ± 0.2

	
1 (0.9,1.1)

	
1.02 ± 0.2

	
1.0 ± 0.2

	
0.76

	
0.99 ± 0.2

	
1.0 ± 0.2

	
0.19




	
Triglycerides (mmol/L)

	
1.1 (0.8,1.5)

	
1.2 (0.9,1.7)

	
1.2 (0.9,2)

	
1.2 (1,1.9)

	
0.36

	
1.2 (0.9,2)

	
1.18 (1,1.7)

	
0.83




	
25(OH) D (nmol/L)

	
31 (23.6,43.5)

	
32.7 (24,47)

	
32 (23,52)

	
34 (24,45)

	
0.67

	
34.4 (24,48)

	
32 (23,44)

	
0.40








Note: The data are presented as mean ± standard deviation, median (quartile 1, quartile 3), and n (%) for continuous normal, continuous non-normal, and categorical variables, respectively. The superscript a represents variables in which percentages have been calculated from those infected with COVID-19. Differences between the groups were calculated using Student’s t-test, Mann–Whitney U test, and Chi-square test for continuous normal, continuous non-normal, and categorical variables, respectively. p < 0.05 was considered statistically significant.













 





Table 3. Differences in pre- and post-vaccination changes in clinical and metabolic parameters among groups based on the first-to-second-dose dose interval and time since the final dose.
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Changes in 1st to 2nd Dose Interval

	
Changes in the Time since the Final Dose




	
≤8 Weeks

	
>8 Weeks

	
Difference Change (95% CI)

	
p

	
≤6 Months

	
>6 Months

	
Difference Change (95% CI)

	
p






	
Adolescents




	
Weight (Kg)

	
11.5

	
6.99

	
4.5 (−1.3,10)

	
0.13

	
9.1

	
10.67

	
−1.6 (−7.5,4)

	
0.60




	
BMI (Kg/m2)

	
4.83

	
3.15

	
1.7 (−0.7,4)

	
0.17

	
3.78

	
4.57

	
−0.8 (−3.2,1.6)

	
0.52




	
Waist (cm)

	
6.24

	
4.75

	
1.5 (−4.1,7)

	
0.60

	
7.60

	
5.16

	
2.4 (−3.2,8.1)

	
0.39




	
Hips (cm)

	
8.57

	
7.09

	
1.5 (−3.7,7)

	
0.57

	
6.11

	
8.92

	
−2.8 (−8.0,2.4)

	
0.28




	
Systolic BP (mmHG)

	
5.18

	
0.78

	
4.4 (−2.5,11)

	
0.21

	
−3.50

	
6.74

	
−10.2 (−17,−3.4)

	
0.003




	
Diastolic BP (mm HG)

	
3.14

	
3.03

	
0.1 (−5.5,6)

	
0.97

	
−2.64

	
5.26

	
−7.9 (−13,−2.4)

	
0.005




	
Total Chol (mmol/L)

	
0.09

	
−0.08

	
0.2 (−0.1,0.5)

	
0.29

	
0.12

	
−0.06

	
0.2 (0.1,0.5)

	
0.05




	
Fasting glucose (mmol/L)

	
−0.02

	
−0.04

	
0.02 (−0.3,0.3)

	
0.92

	
−0.13

	
0.00

	
−0.14 (−0.5,0.2)

	
0.41




	
HbA1c

	
−0.07

	
−0.11

	
0.04 (−0.3,0.4)

	
0.81

	
−0.24

	
−0.03

	
−0.21 (−0.5,0.1)

	
0.21




	
HDL-Chol (mmol/L)

	
0.27

	
0.13

	
0.14 (0.0,0.3)

	
0.11

	
0.29

	
0.21

	
0.09 (−0.1,0.3)

	
0.30




	
Triglycerides (mmol/L)

	
0.75

	
0.67

	
−0.11 (−0.4,0.2)

	
0.48

	
0.57

	
0.75

	
−0.16 (−0.5,0.2)

	
0.34




	
25(OH)D (nmol/L)

	
7.20

	
10.1

	
−4.96 (−15.5,5.6)

	
0.42

	
10.05

	
7.47

	
−2.7 (−13.3,8.0)

	
0.62




	
Adults




	
Weight (Kg)

	
2.46

	
0.96

	
1.49 (−1.2,4.2)

	
0.27

	
1.70

	
1.22

	
0.47 (−2.2,3.2)

	
0.73




	
BMI (Kg/m2)

	
0.97

	
0.40

	
0.57 (−0.4,1.6)

	
0.27

	
0.66

	
0.51

	
0.15 (−0.9,1.2)

	
0.77




	
Waist (cm)

	
−3.17

	
−3.94

	
0.77 (−3.4,4.9)

	
0.71

	
−3.57

	
−3.78

	
0.22 (−3.9,4.4)

	
0.92




	
Hips (cm)

	
−4.81

	
−8.28

	
3.48 (−1.2,8.2)

	
0.14

	
−7.42

	
−6.18

	
−1.24 (−6.0,3.5)

	
0.61




	
Systolic BP (mmHG)

	
−9.76

	
−8.03

	
−1.73 (−7.9,4.5)

	
0.58

	
−7.53

	
−10.67

	
3.13 (−3.1,9.3)

	
0.32




	
Diastolic BP (mm HG)

	
−2.64

	
−2.76

	
0.12 (−3.8,4.1)

	
0.95

	
−3.4

	
−1.53

	
−1.87 (−5.8,2.1)

	
0.35




	
Total Chol (mmol/L)

	
0.33

	
0.28

	
0.04 (−0.3,0.4)

	
0.79

	
0.36

	
0.22

	
0.13 (−0.2,0.5)

	
0.40




	
Fasting glucose (mmol/L)

	
−0.13

	
−0.07

	
−0.06 (−0.7,0.5)

	
0.84

	
−0.21

	
0.12

	
−0.33 (−0.9,0.3)

	
0.28




	
HbA1c

	
0.20

	
0.36

	
−0.16 (−0.5,0.2)

	
0.35

	
0.35

	
0.21

	
0.13 (−0.2,0.5)

	
0.44




	
HDL-Chol (mmol/L)

	
0.38

	
0.42

	
−0.04 (−0.2,0.1)

	
0.60

	
0.45

	
0.35

	
0.1 (0.0,0.2)

	
0.17




	
Triglycerides (mmol/L)

	
−0.10

	
−0.01

	
0.01 (−0.2,0.2)

	
0.95

	
−0.11

	
0.14

	
−0.4 (−0.6,−0.1)

	
0.003




	
25(OH)D D (nmol/L)

	
−4.27

	
12.48

	
−9.23 (−24,5.6)

	
0.21

	
6.75

	
0.35

	
0.03 (−15