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Abstract

:

An intermittent fasting regimen is widely perceived to lead to various beneficial health effects, including weight loss, the alleviation of insulin resistance, and the restructuring of a healthy gut microbiome. Because it shares certain commonalities with this dietary intervention, Ramadan fasting is sometimes misinterpreted as intermittent fasting, even though there are clear distinctions between these two regimens. The main purpose of this study is to verify whether Ramadan fasting drives the same beneficial effects as intermittent fasting by monitoring alterations in the gut microbiota. We conducted a study involving 20 Muslim individuals who were practicing Ramadan rituals and assessed the composition of their gut microbiomes during the 4-week period of Ramadan and the subsequent 8-week period post-Ramadan. Fecal microbiome analysis was conducted, and short-chain fatty acids (SCFAs) were assessed using liquid-chromatography–mass spectrometry. The observed decrease in the levels of SCFAs and beneficial bacteria during Ramadan, along with the increased microbial diversity post-Ramadan, suggests that the daily diet during Ramadan may not provide adequate nutrients to maintain robust gut microbiota. Additionally, the notable disparities in the functional genes detected through the metagenomic analysis and the strong correlation between Lactobacillus and SCFAs provide further support for our hypothesis.
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1. Introduction


Ramadan is a period of fasting and spiritual reflection observed by Muslims, who comprise roughly 20% of the global population [1]. The holiday occurs during the ninth month of the Islamic calendar and is considered one of the Five Pillars of Islam, a set of fundamental religious obligations [1,2]. Exceptions to the fast are made for individuals who are sick, elderly, pregnant, nursing, or traveling. Children are also not required to fast until they reach puberty [1,3,4,5]. While those who are exempt from fasting are encouraged to make up the missed fasts at a later time, or to engage in acts of charity instead, Muslims generally abstain from food, drink, and other physical pleasures from sunrise to sunset during Ramadan [1]. This period of fasting occurs at regular intervals, leading to it occasionally being referred to as a form of intermittent fasting.



Intermittent fasting involves alternating periods of either consuming or abstaining from food [6]. The duration of the fast can be adjusted according to the individual’s objectives [7,8]. The primary purpose of intermittent fasting is weight loss, but further research is also being carried out to investigate its potential benefits for individuals with type 2 diabetes. For instance, a study published in the journal Diabetes Care suggests that intermittent fasting improves blood sugar control and diminishes the risk of heart disease in individuals with type 2 diabetes [9]. Another study by Suleiman et al. discovered that intermittent fasting enhanced insulin sensitivity and decreased blood pressure in type 2 diabetic patients [10]. However, despite their divergent objectives and approaches, a number of previous studies have overlooked the distinction between Ramadan and intermittent fasting and regarded them as equivalent [11,12,13,14,15,16]. Muslims undergo significant lifestyle changes during Ramadan, such as altered sleep patterns, water scarcity, and mealtimes. Under unfavorable conditions, such as during the hot summer, fasting can increase the risk of hypoglycemia, diabetic ketoacidosis, dehydration, and thrombosis [17,18,19,20]. Despite these potential risks, however, Ramadan has sometimes been believed to have benefits that are similar to intermittent fasting, as it does not appear to have any external effects on healthy individuals. However, such strict adherence to the regimen can disrupt the balance of microbes in the intestine, and dysbiosis has been linked to a wide range of diseases [21,22,23,24].



Dietary changes significantly modulate gut microbiota composition, an essential factor influencing host health. The gut microbiome, a complex community of trillions of microorganisms, responds dynamically to the nutrients we consume, underscoring its pivotal role in nutrition absorption, immune system modulation, and even behavioral influences. One such change that has been extensively studied is intermittent fasting, which has been shown to promote the growth of beneficial bacteria while reducing the abundance of pathogenic bacteria. This effect is exemplified by the proliferation of microorganisms, such as Bifidobacterium and Lactobacillus, which are known to produce SCFAs [13,25,26,27,28,29]. These compounds perform a crucial role in preserving gut homeostasis and have been associated with a decreased incidence of several diseases, including colon cancer, obesity, and type 2 diabetes [30]. In order to determine whether the Ramadan fast has equivalent health benefits to intermittent fasting, herein, we have conducted the first longitudinal investigation of the microbiome and SCFA levels both during and after Ramadan. Specifically, our findings provide unprecedented insights into the effects of Ramadan fasting in terms of gut health.




2. Materials and Methods


2.1. Subject Recruitment and Specimen and Data Collection


A total of 20 Muslims, comprising 15 Pakistanis and 5 Nigerians, were enrolled during the 2020 Ramadan period, from 23 April to 23 May. For 31 days of the Ramadan period, volunteers performed Ramadan fasting from sunrise to sunset (approximately 16 h per day). The study population comprised employees and students affiliated with Kyungpook National University, South Korea, from where the participants were selectively recruited. The study exclusively involved male participants who, based on their BMI, were categorized as having a healthy weight or being overweight. The comprehensive demographic data of the participants are detailed in Supplementary Table S1. Three exclusion criteria were employed in the recruitment of the participants: (1) individuals who had used antibiotics within the previous 3 to 6 months; (2) individuals who had been consistently taking probiotics for a minimum of 3 to 6 months; (3) individuals with medical conditions, including autoimmune diseases, irritable bowel syndrome, inflammatory bowel diseases, and diabetes. From all individuals, fecal samples were collected 5 times for 3 months. Sample collections were conducted three times during the Ramadan period (first, second, and last week), and once each at 4 weeks and 8 weeks after Ramadan, respectively. In this study, the samples acquired during the month of Ramadan were designated as R1, R2, and R4, while those obtained following Ramadan were labeled PR4 and PR8, respectively. To prevent contamination, we applied water-soluble recycling paper before collection, and a medical container (SPL Life Sciences, Gyeonggi-do, Republic of Korea) was used for storing the stool sample. After fecal sampling at their respective locations, all collected samples were immediately stored in a freezer at temperatures below −20 °C. They were then delivered to the lab within 24 h and stored at −80 °C until further experiments. In addition, the entire diet intake information was collected in the first, second, and last weeks of Ramadan, and in the fourth week after Ramadan. The acquisition of fecal samples was successful; however, several individuals had difficulty fulfilling the requirements of the PR8 survey pertaining to dietary intake due to personal reasons stemming from the COVID-19 pandemic. Caloric intake was calculated based on the dietary information on the MyFitnessPal website (https://www.myfitnesspal.com/ (12 July 2022)). Ethical approval for this study was obtained from the Bioethics Review Committee of Kyungpook National University (2020-0047). All volunteers provided written informed consent in accordance with the Helsinki Declaration prior to recruitment.




2.2. Measurement of Short-Chain Fatty Acid in Fecal Samples


To measure the levels of SCFAs in the fecal samples, we followed the methods by Han et al. [31]. First, to measure the dry weight of the fecal samples, 2 g was homogenized with 5 mL of acetonitrile and dehydrated using a high-speed vacuum centrifuge. The samples were then stored at −80 °C at a concentration of 2 mg/mL until further analysis. After being centrifuged at 4000× g, 20 °C for 10 min, the clear supernatants were collected for measuring the concentrations of SCFA. The supernatant was then combined with 3-nitrophenylhydrazine (3-NPH), N-(3-dimethylaminopropyl)-N′-ethyl carbodiimide (EDC), and an internal standard solution and heated to 40 °C for 30 min to derivatize the clear supernatant. The derivatized sample was pretreated for fecal SCFA analysis by adding formic acid to stop the reaction. The SCFAs were then determined using an Agilent 6460 Triple Quadruple Mass Spectrometer (Agilent Technologies, Santa Clara, CA, USA) and a 1260 Infinity UPLC system (Agilent Technologies, USA). The samples were separated using a Poroshell 120 SB-C18 column (Agilent Technologies, USA) with the mobile phase A being water containing 0.1% formic acid and mobile phase B being acetonitrile containing 0.1% formic acid, with a total flow rate of 200 L/min. The temperature of the thermostat column compartment was maintained at 60 °C throughout the analysis.




2.3. DNA Extraction and 16S rRNA Gene Amplicon Sequencing


Microbial DNAs from the fecal samples were extracted from approximately 200 mg of each stool sample using the QIAamp PowerFecal Pro DNA kit (Qiagen, Valencia, CA, USA) by following the manufacturer’s protocol. To construct sequencing libraries, the V4 to the V5 hypervariable region in the 16S rRNA gene was amplified using the 515 F (5′-barcode-GTGCCAGCMGCCGCGGTAA-3′) and 907 R (5′-barcode-CCGYCAATTCMTTTRAGTTT-3′) indexed reverse primers. The specific PCR conditions are described in a previous study [32]. Afterward, gel electrophoresis and a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) were used to confirm the quality and quantity of the library DNA. The library DNAs were then pooled equally and then purified using an AMPure XP bead (Beckman Coulter, Brea, CA, USA). The libraries were sequenced using an Ion Torrent PGM platform for 1250 flows with the Ion PGMTM Hi Q Sequencing Kit (Thermo Fisher Scientific, USA).




2.4. Analysis of Bioinformatics


Quantitative Insights into Microbial Ecology2 (QIIME2) pipeline (version 2020.11) was used for the data processing of the amplicon sequencing data [33]. According to individually designated barcodes, raw sequence reads were assigned to the samples. Samples with an average Phred quality score of less than Q30 (Phred Q30) were eliminated. A trimmed length of 250 bp was chosen to ensure both a quality score above Q30 and sufficient length for accurate taxa identification. and chimeric sequences were removed using DADA2 in order to yield amplicon sequence variations (ASVs) [34]. ASVs were selected using a naive Bayes QIIME2 classifier based on a distance of 0.01 (≥99% identity), and taxonomy assignment was performed using the SILVA database (silva-138-99-515-806-nb-classifier.qza). The sequences that were identified as either mitochondria, chloroplast, or were not assigned to any specific group, were excluded from the dataset. After this filtering process, all samples were standardized to the same sequencing depth of 2643 reads, leaving a total of 3587 ASVs.




2.5. Statistical Analysis


Among the five groups, the Friedman test was performed for multiple comparisons of the total calorie intake and nutritional components (protein, carbohydrate, and fat). In general, R studio software version 4.1.2 (https://www.rstudio.com/) was used to examine the gut microbiota of the participants. Individual alpha diversity indices (observed ASV and Shannon) were also computed using the Friedman test. Following multiple comparisons, Dunn’s test was applied as a post-hoc test, and statistical significance was accepted when the adjusted p-value was lower than 0.05. We employed Bray–Curtis dissimilarity for β-diversity to identify differences in composition among the groups. The distances were then visualized using two-dimensional principal coordinate analysis (PCoA), and statistical tests were conducted using permutational multivariate analysis of variance (PERMANOVA). In addition, the beta diversities of each group included their respective centroids, and box plots on two axes illustrate the dispersion. Significant differences in dispersion on the axes were simultaneously calculated using one-way analysis of variance (one-way ANOVA), and the p-values were adjusted by Holm correction. The statistical significance is represented by different letters. For the analysis of the microbial diversities, the “phyloseq” [35], “vegan” [36], and “ggplot2” [37] R packages were employed. The prevalence of ASVs in each group is shown as a heatmap using the “gplots” [38] R package according to the presence of ASVs in every sample. Taxonomic classifications were assessed at the phylum, family, and genus levels using the “phyloseq” [35] and “microbiome” [39] R packages. To be specific, in the pre-processing of the raw ASV data generated from QIIME2, taxa with less than 1% relative abundance and prevalence in the samples were excluded. The relative abundance at the phylum and family levels were generated as bar plots, and 47 genera are presented with their prevalence and phylum information on a heatmap. The Friedman test for multiple comparisons and the Wilcoxon test with Benjamini–Hochberg (BH) adjustment were used to discover the taxa with statistically significant differences among the groups. In addition, accessory and unique bacteria exclusively detected in the post-Ramadan groups were identified by core microbiome analysis using the “eulerr” [40], “microbiome” [35], and “microbiomeutilities” [41] R packages. To better understand, unassigned ASVs were removed and ASVs precisely assigned to genera were adopted. For the prediction of the microbial functional gene in each group based on 16S rRNA gene sequencing data, the ASVs were aligned to reference sequences from Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) version 2.4.1 [42]. We then conducted a correlation analysis to determine the association between SCFAs and the gut microbiome.





3. Results


3.1. Participant and Nutritional Characteristics during Ramadan


A total of 20 participants were requested to not control their diet, and entire regimens were conducted ad libitum. Their personal information, including age, gender, height, weight, BMI (body mass index), and mealtime, is summarized in Supplementary Table S1. The dietary questionnaire and caloric information are attached in Supplementary Tables S2 and S3. The participants ingested significantly more total calories following Ramadan (Dunn’s, * p < 0.05, ** p < 0.01; Figure 1A). Specifically, except for R2, the volunteers did not show a significantly different proportion of carbohydrate intake between the Ramadan and post-Ramadan period (Dunn’s, *** p < 0.001, **** p < 0.0001; Figure 1B). In addition, the calorie consumption of fat and protein exhibited an identical pattern to that of carbohydrate intake. However, protein consumption in R2 was significantly higher than in the other groups, while the pattern of fat consumption was the opposite (Dunn’s, ** p < 0.01, *** p < 0.001, **** p < 0.0001; Figure 1C,D). The specific caloric intake information is attached in Supplementary Table S4.




3.2. Ramadan Fasting Drives Substantial Change in Fecal Microbial Diversity


To discriminate how the fecal bacterial structures of the participants were different during Ramadan fasting, we monitored the patterns of the alpha and beta diversities based on the amplicon sequencing of the 16S rRNA gene. PCoA of Bray–Curtis dissimilarity revealed distinct microbial communities between the R (R1, R2, R4) and PR (PR4, PR8) groups. A total of five groups, including R1, R2, R4, PR4, and PR8, had significant differences in the microbial distance (Adonis, p = 0.05, Figure 2A). In addition, statistical analysis showed that the dissimilarity in the gut microbiome of Muslims during Ramadan was significant (Holm correction, p < 0.05, Figure 2A). The results demonstrate that Ramadan fasting affects the alpha diversity, the diversity of taxonomically different unicellular microorganisms, as evidenced by the distinct pattern observed. The observed ASV index was confirmed to be 70.5 as the median value of the microbial diversity in R1 and showed a tendency to decrease slightly during Ramadan. However, the post-Ramadan groups PR4 and PR8 revealed the opposite pattern. In the eight weeks following the conclusion of Ramadan, the observed ASVs of the volunteers increased considerably to 113 and 155.5, respectively. The changing pattern of the Shannon index was parallel to the observed ASV. The Shannon value of the individuals declined progressively as the four weeks of Ramadan continued but increased significantly to 4.49 once Ramadan was over (Dunn’s, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001; Figure 2B). Furthermore, we detected a consistent loss of intestinal microbial ASVs in the Ramadan groups (Figure 2C).




3.3. Ramadan Fasting Causes Decline of Specific Taxa and Metabolic Functions


Contrary to the change in microbial diversity, no statistical significance was found in the relative abundance at the phylum and family levels. The microbial compositions of the individual Muslim fasting participants showed varying proportions of Bacteroidota, Firmicutes at the phylum level, and Lachnospiraceae, Prevotellaceae, Ruminococcaceae, and Bacteroidaceae at the family level. Interestingly, Spirochaetota, including several pathogenic species, were detected in a small proportion of the microbial community’s participants (Supplementary Figure S1A,B). Nonetheless, after Ramadan, the population of this phylum dropped substantially. In addition, throughout the observation period, during and after Ramadan fasting, the majority of the participants’ bacterial compositions consistently comprised Prevotella, Blautia, Faecalibacterium, and others (Figure 3A). Among the entire gut microbial community genera, the Coprococcus and Lachnospiraceae NK4A136 group showed significant reductions during Ramadan (BH, * p < 0.05; Figure 3B). Via core microbiome analysis, several ASVs belonging to beneficial bacteria were only identified in the post-Ramadan population. Bacteroides, Lactobacillus, and Sutterlla were observed in PR4, Ruminococcaceae UCG-005, and Agathobacter were found in PR8, and Fusicatenibacter and Lachnoclostridium were observed in both PR4 and PR8 (Figure 3C). Moreover, we implemented PICRUSt2 to investigate the significant change in the metagenome functional contents, and the top 10 of increased and decreased Kyoto Encyclopedia of Genes and Genomes (KEGG) orthologs ranked as level 3 were obtained. According to the results of the DESeq2 statistical analysis, the cystathionine beta-synthase (CBS, K01697) gene in R4 was the only functional characteristic revealed to be significantly enriched when compared to the PR8 group (FDR adjusted p = 0.02; Figure 3D).




3.4. Significant Alteration in Taxa from Ramadan Are Associated with Reduction of Short-Chain Fatty Acids and Microbial Diversity


The computed SCFAs, including acetate, butyrate, and propionate, showed a consistently decreasing tendency during Ramadan fasting, which lasted until PR4. However, these metabolites showed a recovery pattern in PR8 (Figure 4A). To examine the association between the gut microbiota and SCFAs, particular microorganisms (Coprococcus and Lachnospiraceae NK4A 136 group) and a functional gene (Cystathionine β synthase) that changed significantly before and after Ramadan, and observed taxa in only the post-Ramadan groups (Bacteroides, Lactobacillus, Sutterlla, Fusicatenibacter, Lachnoclostridium, Ruminococcaceae UCG-005, and Agathobacter), SCFAs (acetate, butyrate, and propionate) and alpha diversity indexes (observed ASV and Shannon) underwent correlation analysis. Remarkably, a strong association between Lactobacillus and SCFAs was discovered, and for a better understanding, the association is described using scatter plots with linear correlation (Rho = 0.64, p = 0.0024 for acetate; Rho = 0.62, p = 0.0034 for butyrate; Rho = 0.71, p = 0.0004 for propionate, respectively; Figure 4B,C).





4. Discussion


In recent decades, Ramadan fasting has been equated with intermittent fasting, and thus, has been promoted for its potential health benefits [43,44,45]. Preliminary studies investigating the potential relationship between Ramadan fasting and the gut microbiome have employed either a cross-sectional design comparing a fasting group (those participating in Ramadan fasting) with a group refeeding after Ramadan [11,12,13], or have used a longitudinal design monitoring changes in the gut microbiota over the course of the Ramadan month [14,15,16]. To the best of our knowledge, this is the first study to track changes in the gut microbiome throughout and then after Ramadan. Moreover, our academic achievements provide insight into the potential effects of Ramadan fasting on the gut microbiome and associated metabolic changes, highlighting the need for a more comprehensive understanding of this practice. In this study, we followed the gut microbial structure of individual participants for 12 weeks, including the mid- and post-Ramadan periods. The study cohort consisted of a single gender and a narrow age range, which helps to minimize confounding variables for gut microbiome exploration and increases the reliability of the results. We also recorded the food and nutrient intake of the study volunteers during the period of Ramadan fasting. Except for the total caloric, carbohydrate, and protein intake at a specific point, the ratio of ingested nutrient contents did not show a significant change, and the total amount of calories consumed after Ramadan was slightly higher. The caloric intake during Ramadan, which constitutes 75% of the caloric intake after Ramadan, conflicts with the primary goal of weight loss in intermittent fasting. In addition, equating Ramadan fasting with intermittent fasting requires consideration of the study participant characteristics. A review study conducted by Stephanie et al. [46] revealed that most of the individuals participating in the intermittent fasting study were obese, with an initial BMI above 30 kg/m2, with an average BMI of 34.7 kg/m2 across 16 studies. Conversely, the participants in our study were physically and mentally healthy individuals who could adhere to periodic fasting for a month, with an average BMI of 24.78 kg/m2, and only one participant had a BMI above 30 kg/m2 (Supplementary Table S1). As a result, it is challenging to identify the advantages of intermittent fasting in Ramadan fasting, which was conducted for subjects without the need for or goal of weight loss.



While fasting regimens varied among the participants, there was no significant difference in the beta diversity over the same period. After Ramadan, however, we detected a considerable microbial dissimilarity and an increase in the alpha diversity. In addition to the alpha diversity, the difference in ASV prevalence by diet may be interpreted as a result of ASV loss due to irregular eating habits and inadequate nutrition delivery during Ramadan. These findings suggest that the perturbation of microbial diversity during Ramadan warrants further investigation to determine the potential influence of fasting on the gut microbiome.



The comparison of shifts In the relative abundance of genera and an analysis of the core microbiome allowed for a better understanding of the diversity, and the loss of ASVs confirms our assumptions. Although the microbial composition of the total groups mostly consisted of Prevotella, Blautia, and Faecalibacterium regardless of regimen, we found a notable drop in the relative abundance of the Coprococcus and Lachnospiraceae NK4A136 groups following Ramadan fasting. The genus Coprococcus, comprising anaerobic cocci, has been extensively studied for its potential to promote microbial homeostasis in the host through synergistic interactions with beneficial endogenous microbiota [47]. Additionally, Coprococcus has been shown to exert antipathogenic effects through mechanisms such as competitive exclusion, the enhancement of epithelial barrier function, and the production of antimicrobial compounds [48]. Similarly, the Lachnospiraceae NK4A136 group, a member of the Lachnospiraceae family, plays a significant role in the intestinal environment. For the most part, of those beneficial effects, the strong potential of the Lachnospiraceae NK4A136 group, which is producing SCFAs, including butyrate and acetate, has been made apparent by previous studies [49]. The loss of beneficial bacteria is reflected in trends seen in key microbiome assays. A number of taxa, including Bacteroides [50], Lactobacillus [51], Sutterella [52], Fusicatenibacter [53], Lachnoclostridium [54], Ruminococcaceae UCG-005 [55], and Agathobacter [56], which were present only in the post-Ramadan group, have been studied for their role in SCFA production. Moreover, Lactobacillus has been found to influence immune system regulation and metabolic function, along with other Clostridia families, such as Fusicatenibacter, Lachnoclostridium, Ruminococcaceae UCG-005, and Agathobacter [57]. Notably, the role of Sutterella in human health has been debated, but its recent identification as a potential regulator of blood sugar levels aligns with the findings of this study [58].



The gut microbiome underwent significant changes in the predicted functional genes following Ramadan fasting, as demonstrated by the log2 fold change in the metabolic profiles via PICRUSt2 analysis. This analysis revealed extremely low levels of CBS in the microbial community, an enzyme coded by the CBS gene that is involved in the production of hydrogen sulfide (H2S). Previous research in animal models has shown that high concentrations of H2S in the gut are associated with increased microbial abundance, while low levels of H2S have been linked to inflammatory bowel disease and other gastrointestinal disorders [59]. H2S is thought to have various physiological roles in the gut, including in the regulation of blood flow, protection against oxidative stress, and the modulation of the immune system [60,61]. Therefore, it is possible that the decreased levels of H2S in the intestine resulting from Ramadan fasting may have various negative impacts on a person’s health.



With these alterations in the microbiome taxa and function, we examined the relationship between the microbiome and SCFAs. SCFAs, including butyrate, acetate, and propionate, serve as a vital energy source for colonocytes and are directly involved in cell differentiation [62]. They can improve epithelial permeability by strengthening the intestinal barrier and can promote ion absorption [63] by decreasing the pH in the intestinal environment [63,64,65,66]. SCFAs have been associated with the alleviation of various diseases and conditions, including obesity, hypertension, autism, colorectal cancer, and cardiovascular disease [67,68]. Our findings indicate that Ramadan fasting leads to a loss of SCFA-producing microbes and a significant reduction in metabolic function, which is crucial for human health. Interestingly, these results are consistent with changes in SCFAs, including acetic acid, butyric acid, and propionic acid. Although the limited sample size for the SCFA assessment did not allow for the calculation of statistical p-values among the groups, the apparent decrease in the three SCFAs during the Ramadan fasting period and their return to normal levels after refeeding confirm our findings and also contradict previous studies [11,12,13,14,15,16]. Furthermore, the association between the three assessed SCFAs and microorganisms has helped us understand the health-related roles of microbial communities. For example, the strong positive correlation between Lactobacillus and SCFAs not only confirms the previously established role of Lactobacillus in improving the intestinal environment but also highlights the importance of the Ramadan dietary strategy for Muslims [69]. The remarkable association between the microorganisms affected by Ramadan fasting and SCFAs also allowed us to gain greater insight into microbial communities. Bacteroides, Fusicatenibacter, and Sutterella, which have a highly positive correlation of over 0.65 with each other, are all strictly or facultatively anaerobic, commensal bacteria in the intestinal environment, and are widely known to produce SCFAs, such as Lactobacillus [50,53,54]. Additionally, the increase in fiber intake, which is the primary energy source for SCFA-producing anaerobic microorganisms, can be emphasized even more during Ramadan, when the total calorie intake is restricted.



There are several limitations to the current study due to various external and internal conditions. First, the fecal collection and survey were conducted during the COVID-19 pandemic, and some Islamic participants were unable to complete the questionnaire. As this study serves as a pilot study, with the presence of a baseline group and dietary information in PR2, it would have been possible to explore the relationship more thoroughly between the regimen and the gut microbiome. Additionally, the identification of microorganisms at the genus level using 16S rRNA sequencing may not accurately capture the full range of microorganisms and functional genes correlated with SCFAs, and further studies using shotgun metagenomic sequencing may be necessary. However, despite these limitations, the current study provides unprecedented insights into the effects of Ramadan fasting through a detailed investigation of the changes in metabolites and the gut microbiome. In conclusion, our findings suggest that the health of Ramadan fasting participants may be associated with significant disruptions to the gut microbiota, including the loss of microbial diversity, ASVs, and SCFA-producing bacteria. This novel understanding of microbial perturbation and shifts in metabolites highlights the potential benefits of interventions, such as increasing fiber intake during Ramadan fasting, and emphasizes the importance of further research on the gut microbiome in relation to Muslim health.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms11082106/s1, Figure S1: Taxonomic classifications of individuals; Table S1: Physical measurements of participants; Table S2: Information of diet survey during Ramadan; Table S3: Dietary information during Ramadan. Table S4: Caloric information of proteins, fats, carbohydrates and total per each sample.





Author Contributions


Conceptualization, Y.J., S.L. and J.-H.S.; methodology, M.-J.K., A.S. and S.A.; software, Y.J., K.K., S.-E.L. and M.-J.K.; data curation, G.L. and H.S.; writing—original draft preparation, Y.J.; writing—review and editing, J.-H.S.; visualization, Y.J. and G.L.; funding acquisition, J.-H.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Korea Basic Science Institute (National Research Facilities and Equipment Center) grant funded by the Ministry of Education (2021R1A6C101A416), and this research was supported by biological materials Specialized Graduate Program through the Korea Environmental Industry & Technology Institute (KEITI) funded by the Ministry of Environment(MOE).




Data Availability Statement


All of the raw 16S rRNA gene sequence data for this current study were deposited with the National Center for Biotechnology Information’s Bio Project under accession number PRJNA927276.




Acknowledgments


We appreciate KNU NGS center’s cooperation with the microbiome sequencing and Bio-Health Materials Core-Facility, Jeju National University, for their collaboration in gas chromatography.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sakr, A.H. Fasting in Islam. J. Am. Diet. Assoc. 1975, 67, 17–21. [Google Scholar]

	



Richards, E.G. Mapping Time. The Calendar and Its History; Oxford University Press: Oxford, UK, 1999. [Google Scholar]

	



Angel, J.; NE, S. Metabolic changes resulting from decreased meal frequency in adult male Muslims during the Ramadan fast. Nutr. Rep. Int. 1975, 11, 29–38. [Google Scholar]

	



Chandalia, H.; Bhargav, A.; Kataria, V. Dietary pattern during Ramadan fasting and its effect on the metabolic control of diabetes. Pract. Diabetes Int. 1987, 4, 287–290. [Google Scholar] [CrossRef]

	



El Ati, J.; Beji, C.; Danguir, J. Increased fat oxidation during Ramadan fasting in healthy women: An adaptative mechanism for body-weight maintenance. Am. J. Clin. Nutr. 1995, 62, 302–307. [Google Scholar] [CrossRef]

	



De Cabo, R.; Mattson, M.P. Effects of intermittent fasting on health, aging, and disease. N. Engl. J. Med. 2019, 381, 2541–2551. [Google Scholar] [CrossRef]

	



Tinsley, G.M.; La Bounty, P.M. Effects of intermittent fasting on body composition and clinical health markers in humans. Nutr. Rev. 2015, 73, 661–674. [Google Scholar] [CrossRef] [PubMed]

	



Trepanowski, J.F.; Kroeger, C.M.; Barnosky, A.; Klempel, M.C.; Bhutani, S.; Hoddy, K.K.; Gabel, K.; Freels, S.; Rigdon, J.; Rood, J. Effect of alternate-day fasting on weight loss, weight maintenance, and cardioprotection among metabolically healthy obese adults: A randomized clinical trial. JAMA Intern. Med. 2017, 177, 930–938. [Google Scholar] [CrossRef] [PubMed]

	



Arnason, T.G.; Bowen, M.W.; Mansell, K.D. Effects of intermittent fasting on health markers in those with type 2 diabetes: A pilot study. World J. Diabetes 2017, 8, 154. [Google Scholar] [CrossRef] [PubMed]

	



Furmli, S.; Elmasry, R.; Ramos, M.; Fung, J. Therapeutic use of intermittent fasting for people with type 2 diabetes as an alternative to insulin. Case Rep. 2018, 2018, bcr-2017-221854. [Google Scholar] [CrossRef]

	



Mohammadzadeh, A.; Roshanravan, N.; Mesri Alamdari, N.; Safaiyan, A.; Mosharkesh, E.; Hadi, A.; Barati, M.; Ostadrahimi, A. The interplay between fasting, gut microbiota, and lipid profile. Int. J. Clin. Pract. 2021, 75, e14591. [Google Scholar] [CrossRef] [PubMed]

	



Ozkul, C.; Yalinay, M.; Karakan, T. Structural changes in gut microbiome after Ramadan fasting: A pilot study. Benef. Microbes 2020, 11, 227–233. [Google Scholar] [CrossRef]

	



Özkul, C.; Yalınay, M.; Karakan, T. Islamic fasting leads to an increased abundance of Akkermansia muciniphila and Bacteroides fragilis group: A preliminary study on intermittent fasting. Turk. J. Gastroenterol. 2019, 30, 1030. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.; Li, F.; Wang, Y.; Su, Y.; Verhaar, A.; Ma, Z.; Peppelenbosch, M.P. Investigating Ramadan Like Fasting Effects on the Gut Microbiome in BALB/c Mice. Front. Nutr. 2022, 9, 832757. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.; Wang, Y.; Zhang, X.; Ma, M.; Xie, Z.; Pan, Q.; Ma, Z.; Peppelenbosch, M.P. Remodeling of the gut microbiome during Ramadan-associated intermittent fasting. Am. J. Clin. Nutr. 2021, 113, 1332–1342. [Google Scholar] [CrossRef] [PubMed]

	



Zouhal, H.; Bagheri, R.; Triki, R.; Saeidi, A.; Wong, A.; Hackney, A.C.; Laher, I.; Suzuki, K.; Ben Abderrahman, A. Effects of Ramadan intermittent fasting on gut hormones and body composition in males with obesity. Int. J. Environ. Res. Public Health 2020, 17, 5600. [Google Scholar] [CrossRef]

	



Aslam, M.; Healy, M. Compliance and drug therapy in fasting Moslem patients. J. Clin. Hosp. Pharm. 1986, 11, 321–325. [Google Scholar] [CrossRef]

	



Karaagaoglu, N.; Yucecan, S. Some behavioral changes observed among fasting subjects, their nutritional habits and energy expenditure in Ramadan. Int. J. Food Sci. Nutr. 2000, 51, 125. [Google Scholar]

	



Prentice, A.; Lamb, W.H.; Prentice, A.; Coward, W. The effect of water abstention on milk synthesis in lactating women. Clin. Sci. 1984, 66, 291–298. [Google Scholar] [CrossRef]

	



Qaisi, V.G. Increasing awareness of health care concerns during Ramadan. J. Am. Pharm. Assoc. 2001, 41, 511. [Google Scholar] [CrossRef]

	



Aron-Wisnewsky, J.; Vigliotti, C.; Witjes, J.; Le, P.; Holleboom, A.G.; Verheij, J.; Nieuwdorp, M.; Clément, K. Gut microbiota and human NAFLD: Disentangling microbial signatures from metabolic disorders. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 279–297. [Google Scholar] [CrossRef] [PubMed]

	



Cai, L.; Wu, H.; Li, D.; Zhou, K.; Zou, F. Type 2 diabetes biomarkers of human gut microbiota selected via iterative sure independent screening method. PLoS ONE 2015, 10, e0140827. [Google Scholar] [CrossRef] [PubMed]

	



Temraz, S.; Nassar, F.; Nasr, R.; Charafeddine, M.; Mukherji, D.; Shamseddine, A. Gut microbiome: A promising biomarker for immunotherapy in colorectal cancer. Int. J. Mol. Sci. 2019, 20, 4155. [Google Scholar] [CrossRef]

	



Wang, Y.; Ouyang, M.; Gao, X.; Wang, S.; Fu, C.; Zeng, J.; He, X. Phocea, Pseudoflavonifractor and Lactobacillus intestinalis: Three potential biomarkers of gut microbiota that affect progression and complications of obesity-induced type 2 diabetes mellitus. Diabetes Metab. Syndr. Obes. Targets Ther. 2020, 13, 835. [Google Scholar] [CrossRef] [PubMed]

	



Beli, E.; Yan, Y.; Moldovan, L.; Vieira, C.P.; Gao, R.; Duan, Y.; Prasad, R.; Bhatwadekar, A.; White, F.A.; Townsend, S.D. Restructuring of the gut microbiome by intermittent fasting prevents retinopathy and prolongs survival in db/db mice. Diabetes 2018, 67, 1867–1879. [Google Scholar] [CrossRef]

	



Khan, M.N.; Khan, S.I.; Rana, M.I.; Ayyaz, A.; Khan, M.Y.; Imran, M. Intermittent fasting positively modulates human gut microbial diversity and ameliorates blood lipid profile. Front. Microbiol. 2022, 13, 922727. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Wang, Y.; Sun, Y.; Zhang, X. Intermittent Fasting and Physical Exercise for Preventing Metabolic Disorders through Interaction with Gut Microbiota: A Review. Nutrients 2023, 15, 2277. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, F.C.; Silva, A.A.; Souza, S.L. Repercussions of intermittent fasting on the intestinal microbiota community and body composition: A systematic review. Nutr. Rev. 2022, 80, 613–628. [Google Scholar] [CrossRef]

	



Angoorani, P.; Ejtahed, H.-S.; Hasani-Ranjbar, S.; Siadat, S.D.; Soroush, A.R.; Larijani, B. Gut microbiota modulation as a possible mediating mechanism for fasting-induced alleviation of metabolic complications: A systematic review. Nutr. Metab. 2021, 18, 105. [Google Scholar] [CrossRef]

	



Kaczmarczyk, M.M.; Miller, M.J.; Freund, G.G. The health benefits of dietary fiber: Beyond the usual suspects of type 2 diabetes mellitus, cardiovascular disease and colon cancer. Metabolism 2012, 61, 1058–1066. [Google Scholar] [CrossRef]

	



Han, J.; Lin, K.; Sequeira, C.; Borchers, C.H. An isotope-labeled chemical derivatization method for the quantitation of short-chain fatty acids in human feces by liquid chromatography–tandem mass spectrometry. Anal. Chim. Acta 2015, 854, 86–94. [Google Scholar] [CrossRef] [PubMed]

	



Jo, Y.J.; Tagele, S.B.; Pham, H.Q.; Jung, Y.; Ibal, J.C.; Choi, S.; Kang, G.-U.; Park, S.; Kang, Y.; Kim, S. In situ profiling of the three dominant phyla within the human gut using TaqMan PCR for pre-hospital diagnosis of gut dysbiosis. Int. J. Mol. Sci. 2020, 21, 1916. [Google Scholar] [CrossRef] [PubMed]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef] [PubMed]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef] [PubMed]

	



McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data. PLoS ONE 2013, 8, e61217. [Google Scholar] [CrossRef]

	



Dixon, P. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 2003, 14, 927–930. [Google Scholar] [CrossRef]

	



Wickham, H.; Chang, W.; Wickham, M.H. Package ‘ggplot2’. Create Elegant Data Visualisations Using the Grammar of Graphics. Available online: https://search.r-project.org/CRAN/refmans/ggplot2/html/ggplot2-package.html (accessed on 15 August 2023).

	



Warnes, M.G.R.; Bolker, B.; Bonebakker, L.; Gentleman, R.; Huber, W. Package ‘Gplots’. Various R Programming Tools for Plotting Data. Available online: https://cran.r-project.org/web/packages/gplots/index.html (accessed on 15 August 2023).

	



Lahti, L.; Shetty, S. Introduction to the Microbiome R package. Available online: https://microbiome.github.io/tutorials/ (accessed on 15 August 2023).

	



Larsson, J.; Godfrey, A.J.R.; Gustafsson, P.; Eberly, D.H.; Huber, E.; Slowikowski, K.; Privé, F.; Larsson, M.J. Package ‘Eulerr’. Available online: https://cran.r-project.org/web/packages/eulerr/index.html (accessed on 15 August 2023).

	



Shetty, S.A.; Lahti, L.; de Vos, W.M.; Smidt, H. microbiomeutilities: An R Package for Utilities to Guide In-Depth Marker Gene Amplicon Data Analysis. Ecophysiological Insights into the Human Intestinal Microbiota: From Single Strains to Defined Consortia. Ph.D. Thesis, Wageningen University, Wageningen, The Netherlands, 2018. Volume 95. [Google Scholar]

	



Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [Google Scholar] [CrossRef] [PubMed]

	



Clifton, K.K.; Ma, C.X.; Fontana, L.; Peterson, L.L. Intermittent fasting in the prevention and treatment of cancer. CA Cancer J. Clin. 2021, 71, 527–546. [Google Scholar] [CrossRef]

	



Freire, R. Scientific evidence of diets for weight loss: Different macronutrient composition, intermittent fasting, and popular diets. Nutrition 2020, 69, 110549. [Google Scholar] [CrossRef]

	



Patterson, R.E.; Sears, D.D. Metabolic effects of intermittent fasting. Annu. Rev. Nutr. 2017, 37, 371–393. [Google Scholar] [CrossRef]

	



Welton, S.; Minty, R.; O’Driscoll, T.; Willms, H.; Poirier, D.; Madden, S.; Kelly, L. Intermittent fasting and weight loss: Systematic review. Can. Fam. Physician 2020, 66, 117–125. [Google Scholar]

	



Reichardt, N.; Vollmer, M.; Holtrop, G.; Farquharson, F.M.; Wefers, D.; Bunzel, M.; Duncan, S.H.; Drew, J.E.; Williams, L.M.; Milligan, G. Specific substrate-driven changes in human faecal microbiota composition contrast with functional redundancy in short-chain fatty acid production. ISME J. 2018, 12, 610–622. [Google Scholar] [CrossRef]

	



van de Merwe, J.P.; Stegeman, J.H. Binding of Coprococcus comes to the Fc portion of IgG. A possible role in the pathogenesis of Crohn’s disease? Eur. J. Immunol. 1985, 15, 860–863. [Google Scholar] [CrossRef] [PubMed]

	



Wu, M.-R.; Chou, T.-S.; Huang, C.-Y.; Hsiao, J.-K. A Potential Probiotic-Lachnospiraceae NK4A136 Group: Evidence from the Restoration of the Dietary Pattern from a High-Fat Diet. 2020. Available online: https://www.researchsquare.com/article/rs-48913/v1 (accessed on 15 August 2023).

	



Wrigley, D.M. Inhibition of Clostridium perfringens sporulation by Bacteroides fragilis and short-chain fatty acids. Anaerobe 2004, 10, 295–300. [Google Scholar] [CrossRef]

	



Stewart, M.L.; Savarino, V.; Slavin, J.L. Assessment of dietary fiber fermentation: Effect of Lactobacillus reuteri and reproducibility of short-chain fatty acid concentrations. Mol. Nutr. Food Res. 2009, 53, S114–S120. [Google Scholar] [CrossRef]

	



Peterson, C.T.; Perez Santiago, J.; Iablokov, S.N.; Chopra, D.; Rodionov, D.A.; Peterson, S.N. Short-Chain Fatty Acids Modulate Healthy Gut Microbiota Composition and Functional Potential. Curr. Microbiol. 2022, 79, 128. [Google Scholar] [CrossRef] [PubMed]

	



Nishiwaki, H.; Ito, M.; Hamaguchi, T.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Ueyama, J.; Yoshida, T.; Hanada, H.; Takeuchi, I. Short chain fatty acids-producing and mucin-degrading intestinal bacteria predict the progression of early Parkinson’s disease. npj Park. Dis. 2022, 8, 65. [Google Scholar] [CrossRef] [PubMed]

	



Nogal, A.; Louca, P.; Zhang, X.; Wells, P.M.; Steves, C.J.; Spector, T.D.; Falchi, M.; Valdes, A.M.; Menni, C. Circulating levels of the short-chain fatty acid acetate mediate the effect of the gut microbiome on visceral fat. Front. Microbiol. 2021, 12, 1943. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, S.; Wang, X.; Xing, T.; Li, J.; Zhu, X.; Zhang, L.; Gao, F. Microbiota populations and short-chain fatty acids production in cecum of immunosuppressed broilers consuming diets containing γ-irradiated Astragalus polysaccharides. Poult. Sci. 2021, 100, 273–282. [Google Scholar] [CrossRef]

	



Oh, J.K.; Vasquez, R.; Kim, S.H.; Hwang, I.-C.; Song, J.H.; Park, J.H.; Kim, I.H.; Kang, D.-K. Multispecies probiotics alter fecal short-chain fatty acids and lactate levels in weaned pigs by modulating gut microbiota. J. Anim. Sci. Technol. 2021, 63, 1142. [Google Scholar] [CrossRef]

	



Ding, Y.-H.; Qian, L.-Y.; Pang, J.; Lin, J.-Y.; Xu, Q.; Wang, L.-H.; Huang, D.-S.; Zou, H. The regulation of immune cells by Lactobacilli: A potential therapeutic target for anti-atherosclerosis therapy. Oncotarget 2017, 8, 59915. [Google Scholar] [CrossRef]

	



Wang, C.; Zhang, H.; Liu, H.; Zhang, H.; Bao, Y.; Di, J.; Hu, C. The genus Sutterella is a potential contributor to glucose metabolism improvement after Roux-en-Y gastric bypass surgery in T2D. Diabetes Res. Clin. Pract. 2020, 162, 108116. [Google Scholar] [CrossRef]

	



Buret, A.G.; Allain, T.; Motta, J.-P.; Wallace, J.L. Effects of hydrogen sulfide on the microbiome: From toxicity to therapy. Antioxid. Redox Signal. 2022, 36, 211–219. [Google Scholar] [CrossRef] [PubMed]

	



Ganster, F.; Burban, M.; De La Bourdonnaye, M.; Fizanne, L.; Douay, O.; Loufrani, L.; Mercat, A.; Calès, P.; Radermacher, P.; Henrion, D. Effects of hydrogen sulfide on hemodynamics, inflammatory response and oxidative stress during resuscitated hemorrhagic shock in rats. Critical Care 2010, 14, R165. [Google Scholar] [CrossRef]

	



Guo, F.-F.; Yu, T.-C.; Hong, J.; Fang, J.-Y. Emerging roles of hydrogen sulfide in inflammatory and neoplastic colonic diseases. Front. Physiol. 2016, 7, 156. [Google Scholar] [CrossRef]

	



Wächtershäuser, A.; Stein, J. Rationale for the luminal provision of butyrate in intestinal diseases. Eur. J. Nutr. 2000, 39, 164–171. [Google Scholar] [CrossRef]

	



Kim, C.H.; Park, J.; Kim, M. Gut microbiota-derived short-chain fatty acids, T cells, and inflammation. Immune Netw. 2014, 14, 277–288. [Google Scholar] [CrossRef]

	



Thananimit, S.; Pahumunto, N.; Teanpaisan, R. Characterization of Short Chain Fatty Acids Produced by Selected Potential Probiotic Lactobacillus Strains. Biomolecules 2022, 12, 1829. [Google Scholar] [CrossRef] [PubMed]

	



Van Baarlen, P.; Wells, J.M.; Kleerebezem, M. Regulation of intestinal homeostasis and immunity with probiotic lactobacilli. Trends Immunol. 2013, 34, 208–215. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, H.; Chen, T.; Shi, L.; Wang, D.; Tang, D. Regulatory role of short-chain fatty acids in inflammatory bowel disease. Cell Commun. Signal. 2022, 20, 64. [Google Scholar] [CrossRef] [PubMed]

	



Markowiak-Kopeć, P.; Śliżewska, K. The effect of probiotics on the production of short-chain fatty acids by human intestinal microbiome. Nutrients 2020, 12, 1107. [Google Scholar] [CrossRef]

	



Yang, Q.; Ouyang, J.; Sun, F.; Yang, J. Short-chain fatty acids: A soldier fighting against inflammation and protecting from tumorigenesis in people with diabetes. Front. Immunol. 2020, 11, 590685. [Google Scholar] [CrossRef] [PubMed]

	



Dempsey, E.; Corr, S.C. Lactobacillus spp. for Gastrointestinal Health: Current and Future Perspectives. Front. Immunol. 2022, 13, 840245. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 11 02106 g001] 





Figure 1. Total calories and macronutrient intake during and post-Ramadan. (A) Total calories. Proportions of carbohydrates (B), fat (C), and protein (D). The Friedman test was applied to determine the significance of multiple comparisons, and Dunn’s test was employed for post-hoc analysis; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 






Figure 1. Total calories and macronutrient intake during and post-Ramadan. (A) Total calories. Proportions of carbohydrates (B), fat (C), and protein (D). The Friedman test was applied to determine the significance of multiple comparisons, and Dunn’s test was employed for post-hoc analysis; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.



[image: Microorganisms 11 02106 g001]







[image: Microorganisms 11 02106 g002] 





Figure 2. Ramadan fasting induces significant alteration in gut microbial diversity. (A) Dissimilarity of gut microbiome through analysis of beta diversity. Principal coordinates analysis of microbial communities based on Bray–Curtis between Ramadan and post-Ramadan (Adonis, p = 0.05), including distance of gut microbiome at two axes. The statistical significance among the 5 groups was described using alphabet (Holm correction, p < 0.05). (B) Dynamic changes in alpha diversities following Ramadan. Friedman’s tests for multiple comparisons and p-values were adjusted using the Holm–Bonferroni method for post-hoc test; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (C) Prevalence of ASVs during and post-Ramadan. ASVs presented are sorted by microbial richness within groups and filtered with less than 90% of individual samples. 
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Figure 3. Ramadan model of gut microbiota and metabolic functions. A comparison of the microbial and functional gene profiles was conducted between the groups observing Ramadan (R1, R2, and R4) and those post-Ramadan (PR4 and PR8). (A) Heatmap showing the distribution of the genera that were over at least 10% of the relative abundance and 90% of prevalence. (B) Tracking the taxa that had statistical significance after Ramadan (Wilcoxon test with Benjamini–Hochberg post-hoc adjustment, * p < 0.05). (C) Core, accessory, and unique ASVs among 5 groups comprising 3 Ramadan and 2 post-Ramadan groups. (D) Bar plot illustrating functional metabolic prediction. Comparison conducted between R4 and PR2 (FDR adjusted p < 0.05). 
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Figure 4. Alterations in SCFAs and correlations with specific taxa. (A) The results of SCFA assessment. Acetate, butyrate, and propionate showed a reducing pattern during Ramadan and rebounded at PR8. (B) Correlations among assessed SCFAs, microbial diversity, specific taxa, and genes. Each variable is described using a different color. (C) Scatter plots with linear correlation between Lactobacillus and SCFAs (Rho = 0.64, p = 0.0024 for acetate; Rho = 0.62, p = 0.0034 for butyrate; Rho = 0.71, p = 0.0004 for propionate). 
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