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Objective: Moxifloxacin (MFLX) frequently induces dysglycemia when used in the treatment of infectious diseases, particularly in patients with diabetes. However, the mechanism through which MFLX affects host glucose metabolism remains unclear. This study aimed to investigate the possible mechanism underlying MFLX-induced hyperglycemia.Methods: In this study, we investigated the short-term (3 days) and long-term (14 days) effects of MFLX on glucose metabolism in normal and type 2 diabetic GK rats. After oral administration of 40 mg/kg of MFLX, blood glucose, insulin, GLP-1, and fibroblast growth factor 15 (FGF15) levels in the blood of rats, as well as bile acids in both blood and feces, and gut microbiota, were examined. Liver and ileum tissues were promptly harvested for detecting the expression of hepatic 7α-hydroxylase (CYP7A1) and intestinal Takeda G-protein-coupled receptor 5 (TGR5) and farnesoid X receptor (FXR). In addition, we explored the effect of secondary bile acids (SBAs) on GLP-1 secretion in NCI-H716 cells, and observed the direct effect of MFLX on the expression of CYP7A1 in HepG2 cells and TGR5, FXR in NCI-H716 cells.Results: It was demonstrated that MFLX induced hyperglycemia in diabetic rats, with a more pronounced reduction in serum insulin, GLP-1, and FGF15 levels than observed in normal rats. Gut microbiota associated with SBAs metabolism were significantly reduced, leading to decreased intestinal deoxycholic acid (DCA) and lithocholic acid (LCA). In vitro studies revealed that DCA and LCA (25 μM, 50 μM, and 100 μM) promoted GLP-1 secretion in a concentration-dependent manner in NCI-H716 cells. Meanwhile, we observed that the expression of intestinal TGR5 and FXR significantly downregulated, whereas CYP7A1 expression in liver was increased in GK rats after MFLX treatment. MFLX itself (0.1 μM, 1 μM, and 10 μM) did not directly altered TGR5 or FXR expressions in NCI-H716 cells, nor did it alter CYP7A1 expression in HepG2 cells, which indicated that the impact of MFLX on glucose metabolism was primarily induced by changes in bile acids metabolism resulting from alterations in the gut microbiota.Conclusion: Our studies showed MFLX more likely to cause hyperglycemia when used in diabetic states and highlighted the critical role of gut microbiota-SBAs-TGR5/FXR pathway in MFLX-induced hyperglycemia.Keywords: bile acid, moxifloxacin, hyperglycemia, gut microbiota, GLP-1
1 INTRODUCTION
Fluoroquinolones are widely prescribed to treat a range of bacterial infections, including urinary tract infections, skin and soft tissue infections, as well as nosocomial and community-acquired pneumonia (Eckmann and Tulkens, 2021; ten Doesschate et al., 2022; Belforti et al., 2016). However, the increased use of these agents has been associated with rare yet clinically significant adverse events, including hyperglycemia and hypoglycemia (El Ghandour and Azar, 2015; Granados et al., 2018; Iguchi et al., 2020), particularly in patients with or at risk of diabetes (Singh et al., 2023; Althaqafi et al., 2021). A prospective observational study indicated that dysglycemia was more frequently encountered with moxifloxacin (MFLX) use, with hyperglycemia occurring more common than hypoglycemia; the incidence of hyperglycemia associated with MFLX was reported to be 33.3% (Kabbara et al., 2015). Furthermore, a nationwide diabetes cohort study discovered that the absolute risk of hyperglycemia per 1,000 individuals was 6.9 for those taking MFLX. Patients taking MFLX faced a significantly higher risk of dysglycemia than those receiving other fluoroquinolones (Althaqafi et al., 2021; Chou et al., 2013). Some studies have proposed several possible mechanisms by which MFLX causes dysglycemia, including stimulating histamine secretion (Ishiwata et al., 2013), inhibition of Kv11.1 channels (Juhl et al., 2023) or HERG protein (Qiu et al., 2016) in pancreatic β-cells, which impaired membrane depolarization and insulin secretion. However, it remains unclear why the extent of glucose disturbances caused by MFLX varies under different physiological and pathological conditions. In this study, we provided novel insights into MFLX-induced glucose metabolism dysregulation through the gut microbiota-bile acid (BA) metabolism axis.
BAs play a crucial role in lipid, glucose, and energy metabolism. As antimicrobial drugs, fluoroquinolones can alter the composition and activity of intestinal microbiota, with changes in the gut microbial community impacting BAs profiles in plasma and feces (Zhan et al., 2024; Behr et al., 2019; Beekman et al., 2024). Primary bile acids (PBAs), cholic acid (CA) and chenodeoxycholic acid (CDCA), are synthesized from cholesterol in hepatocytes via 7α-hydroxylase (CYP7A1) and secreted into the intestine as glycine- and taurine-conjugated forms (Jia et al., 2018). Gut microbiota play crucial roles in maintaining BAs homeostasis in vivo. In the gut, PBAs are further metabolized by microbial enzymes into unconjugated secondary bile acids (SBAs), such as deoxycholic acid (DCA) and lithocholic acid (LCA) (Chiang, 2017; Kiriyama and Nochi, 2023). Given this interaction, we aimed to investigate the potential link between MFLX-induced dysglycemia and its effect on gut microbial-BAs metabolism.
SBAs play a pivotal role in regulating energy metabolism by binding to nuclear receptors, including Takeda G-protein-coupled receptor 5 (TGR5) and farnesoid X receptor (FXR) (Perino et al., 2021; Fiorucci et al., 2021; Cariello et al., 2018; Pathak et al., 2018; Gonzalez et al., 2017; Münzker et al., 2022). Specific BAs (LCA > DCA > CDCA > CA) activates intestinal TGR5 receptor (Castellanos-Jankiewicz et al., 2021; Gao et al., 2022; Jiao et al., 2022), leading to increased intracellular cAMP synthesis and Ca2+ concentration, which promotes the release of GLP-1 from intestinal endocrine cells through the exchange protein directly activated by cAMP (Epac)-mediated signaling pathway (Zeng et al., 2024; Qi et al., 2021; Kim et al., 2014). Conversely, activation of intestinal FXR by BAs (CDCA > CA > LCA > DCA) in the intestinal epithelium induces transcription of fibroblast growth factor 19 (FGF19; FGF15 in rodents), a circulating endocrine factor involved in energy metabolism. Once secreted, FGF15/19 enters the portal circulation and travels to the liver, and suppresses CYP7A1 transcription through an SHP-dependent manner, ultimately reducing BAs synthesis (Han et al., 2023; Katafuchi and Makishima, 2022; Ye et al., 2023). Despite these established mechanisms, it remains unclear whether MFLX-induced hyperglycemia correlated with BAs pathways.
In this study, we investigated the effects of MFLX on glucose metabolism in both normal and type 2 diabetic GK rats, a well-established, non-obese, spontaneous model of type 2 diabetes closely mimicking the pathophysiology of human diabetes (Akash et al., 2013), aiming to uncover potential mechanisms underlying MFLX-induced dysglycemia.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Moxifloxacin (98%, Lot#: C15243309) were obtained from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). CA, CDCA, ursodeoxycholic acid (UDCA), DCA, LCA, taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA), tauroursodeoxycholic acid (TUDCA), taurodeoxycholic acid (TDCA), taurolithocholic acid (TLCA), glycocholic acid (GCA), glycochenodeoxycholic acid (GCDCA), glycoursodeoxycholic acid (GUDCA), glycodeoxycholic acid (GDCA), α-muricholic acid (α-MCA), β-muricholic acid (β-MCA), tauro-α-muricholic acid (TαMCA), tauro-β-muricholic acid (TβMCA), and cholic acid-d4 (internal standard) were all procured from Sigma-Aldrich (St. Louis, MO, United States). Glycolithocholic acid (GLCA) was obtained from J&K Scientific (Beijing, China). All reagents and solvents, including HPLC-grade ammonium formate (≥99%), ammonium acetate, methanol, and acetonitrile, were sourced from Merck KGaA (Darmstadt, Germany).
2.2 Animals and treatment
Male 9-week-old wistar rats and GK rats were obtained from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). Following a 1-week acclimation period under controlled conditions (12-h light/dark cycle at 21°C ± 2°C) with ad libitum access to food and water, the Wistar rats were randomly assigned to either the CT group or the CT + MFLX group, and the GK rats were assigned to the GK group or the GK + MFLX group, each group comprising 5 animals balanced by body weight. Wistar rats received a standard chow diet, whereas GK rats were provided a high-fat diet (HFD). The HFD provided to GK rats consisted of 20% crude protein, 40% fat, and 40% carbohydrates, which was obtained from Shanghai SLAC Laboratory Animal Co., Ltd. Additionally, the CT + MFLX and GK + MFLX groups were administered MFLX at a dose of 40 mg/kg via gavage for 3 and 14 days, respectively. The CT and GK groups received a 0.25% CMC-Na solution as a vehicle control. All animal experiments were approved by the Animal Ethics Committee of Soochow University (SUDA20241121A03).
2.3 Serum and tissue sample collection
After treatment with MFLX for 3 and 14 days, rats were fasted overnight for 12 h. Fecal samples were collected and stored at −80°C for subsequent analysis. Following this, a glucose dose of 2.5 g/kg was administered via gavage, and blood samples were collected from the orbit at baseline (0 min), and at 15 min and 30 min post-glucose administration. Then the serum samples were collected by centrifugation at 4,000 rpm for 10 min at 4°C and stored at −80°C for future analysis.
After 2 h of glucose loading, the rats were anesthetized with an intraperitoneal injection of sodium pentobarbital (60 mg/kg). Blood samples were collected via arterial cannulation, and ileum and liver tissues were excised. Serum samples were prepared and stored following previously described protocol, and all collected tissue samples were stored at −80°C for subsequent testing.
2.4 16S rRNA sequencing analysis
Total genomic DNA from the intestinal contents was extracted using the HiPure Stool DNA Kit (Megan, Guangzhou, China) following the manufacturer’s protocols. DNA concentration was measured using the Equalbit dsDNA HS Assay Kit (Novizan, Nanjing China). The NGS library preparation and Illumina sequencing were performed by GENEWIZ, Inc. (Suzhou, China). Approximately 20–50 ng of DNA was used to generate amplicons. The V3 and V4 hypervariable microbial 16S rRNA regions were amplified by PCR using a panel of proprietary primers designed by GENEWIZ. Subsequently, the PCR product from 16S rRNA was spliced by PCR to the end of the 16S rRNA product with an Index for NGS sequencing. The final PCR product libraries were analyzed by 1.5% agarose gel electrophoresis to detect the presence of the target fragment at 600 bp. The obtained sequencing library was subsequently purified with magnetic beads, followed by library quality control checks using a microplate reader and agarose gel electrophoresis. Library concentration was measured by enzyme assay (Tecan, Infinite 200 Pro) and sequencing was performed on PE250/FE300 double-end sequencing according to the instructions of the Illumina MiSeq/Novaseq (Illumina, San Diego, CA, United States) and PE250/FE300 double-end sequencing were performed according to Illumina’s instructions.
Double-end sequencing of positive and negative reads the first of the two joining together to filter joining together the results contained in the sequence of N, retains the sequence length is larger than 200 bp sequence. After quality filter, purify chimeric sequences, the resulting sequence for OTU clustering, use VSEARCH clustering (1.9.6) sequence (sequence similarity is set to 97%), than the 16 s rRNA reference database is Silva, 138. Then use RDP classifier (Ribosomal Database Program) bayesian algorithm of OTU species taxonomy analysis representative sequences, and under different species classification level statistics community composition of each sample.
2.5 Determination of blood glucose
Blood glucose were measured by the glucose oxidase method following the manufacturer’s instructions provided with the kits from Nanjing Jiancheng Bioengineering Institute.
2.6 Enzyme-linked immunosorbent assays
Serum insulin concentration was measured using the Mercodia Rat Insulin ELISA kit (Mercodia, Cat#10-1250-01). Serum active GLP-1 levels were assessed with the GLP1 (active) assay kit (Millipore, Cat#EGLP-35K), and serum FGF15 levels were determinated using the Rat Fibroblast Growth Factor 15 (FGF15) ELISA Kit (SAB, Cat#EK12289). All assays were performed according to the manufacturers’ protocols to ensure accuracy and consistency in the measurements.
2.7 BAs analysis
The separation of the target compounds was performed on a on Waters Xterra RP18 column (4.6 mm × 150 mm i.d., 5 μm, Waters Corp.) at 40°C with a Phenomenex Security GuardTM C18 Pre-column (4 mm × 3.0 mm) using a Aglient 1200 HPLC system. The mobile phase consisted of 10 mM ammonium acetate (A) and acetonitrile (B). The mobile phase flow rate was 0.8 mL/min and an injection volume of 20 μL. The elution gradient started with 30% phase B for 16 min, increased to 90% from 16 to 18 min, held at 90% for 5 min, and then decreased back to 30% at 23.5 min, followed by a 6.5-min equilibration at 30%.
Mass spectrometric detection was conducted in negative ion mode on an API-4000 Triple Quadrupole Tandem Mass Spectrometer (Applied Biosystem Sciex, United States). The optimal parameters were as follows: electrospray voltage: −4200 V, crash gas:4 psi, curtain gas: 30 psi, atomizing gas: 50 psi, auxiliary gas: 50 psi, ion source temperature: 500°C. Multiple reaction monitoring (MRM) mode was used for quantitative analysis. And the retention time and mass spectrometric parameters of 19 BAs were listed in Supplementary Table S1. All MS spectra were acquired and analyzed using the AB Sciex API 4000 system.
2.8 RNA extraction and real-time PCR
Intestinal mucosa scraped from the ileum and liver tissues were frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted from the frozen tissues using a standard phenol-chloroform extraction with Trizol reagent. Subsequently, cDNA was synthesized from 2 μg of total RNA using the Reverse Transcription Kit (ABM, Cat#G490). Real-time quantitative PCR was conducted on an Applied Biosystems QuantStudio Dx platform (Thermo Fisher Scientific, United States) utilizing universal SYBR Green (APE × BIO, United States) as the fluorescent dye. Primer sequences for real-time PCR are detailed in Supplementary Table S2.
2.9 Western blot analysis
Total protein was extracted from ileum and liver samples (n = 3 per group) using RIPA buffer, and these extracts were utilized to assess the expression levels of FXR, TGR5, and CYP7A1 protein. Protein concentration was determined by the BCA method (Biosharp, China). Proteins were subsequently denatured and separated by gel electrophoresis, followed by wet-transfer to a membrane. After blocking the membrane for 2 h at room temperature, primary antibodies were applied at the following dilutions: FXR (1:1,000; Proteintech, China), TGR5 (1:500; Abmart, China), CYP7A1 (1:500; Proteintech, China), and β-actin (1:2000; Proteintech, China). Membranes were incubated with the primary antibodies overnight at 4°C.
The following day, membranes were washed three times with TBST (Sangon Biotech, Shanghai, China) for 10 min each. Secondary antibodies (1:10,000; Proteintech, China) were then applied for 1 h at room temperature. After further washing, ECL reagent was used for chemiluminescent detection of protein bands, which were subsequently quantified using ImageJ software.
2.10 Cell lines
Human NCI-H716 cells and HepG2 cells were obtained from National Collection of Authenticated Cell Cultures (Shanghai, China). NCI-H716 cells were cultured in RPMI 1640 medium (Gibco, United States), supplemented with 10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 mg/mL streptomycin. To induce endocrine differentiation, cells were seeded in dishes pre-coated with Matrigel (Becton, Dickinson and Company, United States) and maintained in high-glucose DMEM (Gibco, United States) containing 10% FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin. HepG2 cells were cultured in DMEM supplemented with 10% FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin.
2.11 Effect of SBAs on GLP-1 secretion
Human enteroendocrine NCI-H716 cells were maintained in suspension culture, and differentiation was induced following the protocol described in a previous study. Two days prior to experimentation, 1.5 × 106 cells were seeded into 24-well culture plates pre-coated with Matrigel and containing high-glucose DMEM supplemented with 10%FBS, 100 IU/mL penicillin and 100 mg/mL streptomycin. On the day of experimental day, the medium was replaced with Krebs-Ringer bicarbonate (KRB) buffer, supplemented with DCA and LCA at concentrations of 25 μM, 50 μM, and 100 μM. After a 2-h incubation at 37°C, supernatants were collected, with phenylmethylsulfonyl fluoride added at 50 mg/mL to inhibit protease activity, and samples were stored at −80°C for analysis. GLP-1 levels were quantified using a GLP-1 active ELISA kit according to the manufacturer’s instructions.
2.12 TGR5 and FXR expression in NCI-H716 and CYP7A1 expression in HepG2 cells
Two days prior to the experiments, 2.5 × 105 NCI-H716 cells per well were seeded into 6-well culture plates pre-coated with Matrigel, containing high glucose DMEM supplemented with 10%FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin. On the day of the experiment, the medium was replaced with fresh medium containing MFLX at concentrations of 0.1 μM, 1 μM, and 10 μM. After a 24-h incubation at 37°C, cells were collected for protein and RNA extraction and stored at −80°C for Western blotting and RT-QPCR analysis to assess TGR5 and FXR expression.
For the HepG2 cells, 2.5 × 105 HepG2 cells per well were seeded into 6-well culture plates. Upon reaching 90% confluence, the medium was replaced with fresh medium containing MFLX at 0.1 μM, 1 μM, 10 μM concentrations. After a 24-h incubation at 37°C, cells were collected for protein and stored at −80°C for Western blotting to determine CYP7A1 expression levels.
2.13 Data analysis
Statistical analysis was performed using GraphPad Prism software, version 9.3.0 (GraphPad Software, La Jolla, CA, United States). Experimental data were presented as the mean ± standard deviation (SD). Comparisons were performed using unpaired two-tailed Student’s t-test and one-way ANOVA followed by Tukey’s multiple comparison post hoc test. We conducted an analysis of intestinal BAs and microbiota using a linear regression model incorporating interaction terms.
3 RESULTS
3.1 MFLX-induced hyperglycemia and changes in insulin, GLP-1 and FGF15 levels in normal and GK rats
It was showed that body weight of the CT rats increased from approximately 320.8 g–328.6 g (2.4%↑) over 3 days (Figure 1A), while the GK rats only grew from 318.4 g to 323.2 g (1.5%↑). Over 14 days (Figure 1B), body weight of the CT rats rose from 320 g to 344.4 g (7.6%↑), whereas the GK rats increased from 315.4 g to 326.8 g (3.6%↑). GK rats had a lower body weight than normal rats and exhibited slower weight gain. The results consistented with prior reports that adult GK rats exhibit 10%–30% lower body weight compared to normal Wistar rats (Akash et al., 2013). There was no significant effect on the body weight of normal rats or GK rats after MFLX treatment for 3 and 14 days (Figures 1A, B). After 3 and 14 days of MFLX administration, normal rats exhibited no significant changes in fasting blood glucose (FBG), insulin, or GLP-1 levels (Figures 1C, D), although FGF15 levels were significantly reduced following 3 days of treatment (Figure 1C). In contrast, GK rats showed a marked increase in FBG levels, particularly after 3 days of MFLX treatment, alongside a significant decrease in fasting insulin, GLP-1 and FGF15 levels (Figure 1C). Concurrently, the area under the curve (AUC) for the oral glucose tolerance test (OGTT) was significantly elevated (Figure 1E), and insulin secretion levels were reduced (Figure 1F). Following 14 days of MFLX treatment in GK rats, insulin and GLP-1 levels remained unaltered, whereas FGF15 levels continued to be reduced (Figure 1D). Additionally, no changes were observed in the AUC of the OGTT (Figure 1G) or in insulin secretion levels (Figure 1H).
[image: Figure 1]FIGURE 1 | The effect of MFLX on blood glucose, insulin, GLP-1 and FGF15 levels in normal and GK rats. (A, B) The body weight of rats after MFLX treatment for 3 days (A) and 14 days (B); (C, D) Changes in blood glucose, insulin, GLP-1, and FGF15 levels following MFLX administration for 3 days (C) and 14 days (D); (E, F) Oral glucose tolerance test (OGTT) results (E) and glucose-induced insulin levels (F) after 3 days of administration; (G, H) OGTT (G) and glucose-induced insulin levels (H) after 14 days of MFLX administration. Data represent n = 5 per group. Statistical significance was determined using a two-tailed Student’s t-test, with *p < 0.05 and **p < 0.01. All data are presented as the mean ± SD.
3.2 Dynamic change of BAs profiles in serum and feces
Heatmaps were generated to illustrate the effects of MFLX on serum and fecal BAs profiles in normal and GK rats (Figures 2A, B). In serum, total BAs were decreased in both CT + MFLX group (28%↓ compared with CT group) and GK + MFLX group (75%↓ compared with GK group) after 3 days treatment of MFLX (Supplementary Figure S1A). After 14 days, a slight upward trend of total BAs was observed in CT + MFLX group (10%↑), whereas a decreasing trend persisted in GK + MFLX group (30%↓) (Supplementary Figure S2A). In normal rats, the unconjugated BAs levels were decreased significantly (30%↓) after MFLX treatment for 3 days, while conjugated BAs levels and the ratios of unconjugated to conjugated BAs (Uncon/Con ratio) were not changed. After MFLX treatment for 14 days, the unconjugated BAs levels were decreased significantly (54%↓) and Uncon/Con ratio were elevated (160%↑) (Supplementary Figure S1B, S2B). In addition, SBAs levels in CT + MFLX group were significantly reduced (95%↓) and the ratios of PBAs to SBAs (PBA/SBA ratio) were significantly increased (332%↑) after MFLX treatment for 3 days (Figure 2C; Supplementary Figure S1C), while no significant changes were observed in these BAs after 14 days (Figure 3C; Supplementary Figure S2C). After 3 days of MFLX treatment, In GK + MFLX group, levels of the unconjugated BAs (78%↓), conjugated BAs (48%↓), PBAs (76%↓), and SBAs (82%↓) were significantly reduced compared with GK group. Additionally, Uncon/Con ratio declined by 58%, while PBA/SBA ratio exhibited a modest increase (8%↑) (Supplementary Figure S1B, C; Figure 2C). After 14 days of treatment, there were no significant changes in these metrics, except for a notable increase in PBA/SBA ratio (40%↑) (Supplementary Figures S2B, C; Figure 3C).
[image: Figure 2]FIGURE 2 | Dynamic change of BAs profile in serum and feces after MFLX treatment for 3 days. (A, B) Heatmaps showing 19 BAs in serum (A) and feces (B) after 3 days of MFLX treatment; (C, D) PBAs and SBAs in serum (C) and feces (D) following 3 days of MFLX treatment. Data are expressed as mean ± SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
[image: Figure 3]FIGURE 3 | Dynamic change of BAs profile in serum and feces after MFLX treatment for 14 days. (A, B) Heatmaps showing 19 BAs in serum (A) and feces (B) after 14 days of MFLX treatment; (C, D) Levels of PBAs and SBAs in serum (C) and feces (D) after 14 days of MFLX treatment. Data are expressed as mean ± SD (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
In fecal samples, total BAs levels also exhibited a decreasing trend following MFLX treatment for 3 days (normal rats 73%↓; GK rats 57%↓) (Supplementary Figure S1D) and 14 days (normal rats 43%↓; GK rats 61%↓) (Supplementary Figure S2D). In normal rats, levels of conjugated BAs decreased by 76% after 3 days and by 45% after 14 days, while unconjugated BAs showed a similar reduction (3 days 73%↓; 14 days 43%↓). However, no significant changes were observed in Uncon/Con ratio (Supplementary Figure S1E, S2E). At the same time, PBAs increased (3 days 304%↑; 14 days 67%↑) and SBAs decreased (3 days 93%↓; 14 days 44%↓), resulting in an increase in PBA/SBA ratio (3 days 95%↑; 14 days 190%↑) (Figures 2D, 3D; Supplementary Figure S1F, S2F). In GK + MFLX group, MFLX treatment significantly reduced levels of the unconjugated BAs (3 days 57%↓; 14 days 61%↓) compared with GK group, whereas conjugated BAs remained relatively unchanged. The Uncon/Con ratio was significantly reduced (3 days 48%↓; 14 days 49%↓) (Supplementary Figure S1E, S2E). Furthermore, PBAs were significantly elevated (3 days 149%↑; 14 days 130%↑), while SBAs were substantially decreased (3 days 98%↓; 14 days 56%↓) (Figures 2D, 3D), resulting in a significant increase in the PBA/SBA ratio (3 days 154%↑; 14 days 95%↑) (Supplementary Figure S1F, S2F).
3.3 Alterations in intestinal SBAs levels and the effects on GLP-1 secretion in vitro
We conducted an analysis of intestinal BAs using a linear regression model incorporating interaction terms. The results revealed that MFLX had the most significant intervention effects on the PBAs CA (Drug_ES = 2.43) and CDCA (Drug_ES = 3.49), as well as the SBAs DCA (Drug_ES = −6.78), LCA (Drug_ES = −7.95) after treatment for 3 days. Among these, DCA was unique (Inter_ES = 3.21) in showing a drug effect modified by disease status, indicating that DCA, inherently lower in diabetic status, was further reduced by MFLX intervention (Supplementary Figure S3A). However, after 14 days treatment, the intervention effect of MFLX on these BAs was reduced [DCA (Drug_ES = −3.35), LCA (Drug_ES = −2.71)] (Supplementary Figure S3B).
The levels of unconjugated PBAs CA + CDCA were significantly elevated in GK + MFLX group compared with GK group (3 days 151%↑; 14 days 144%↑) (Figures 4A, B), while unconjugated SBAs DCA and LCA were significantly reduced (3 days 98%↓; 14 days 57%↓) (Figures 4C, D), indicating that MFLX intervention inhibited the conversion of intestinal PBAs to SBAs. We found that the concentration of SBAs in the intestine was higher than that of PBAs. Since SBAs are stronger agonists of TGR5 compared to PBAs, and they significantly stimulated the secretion of intestinal GLP-1 (Castellanos-Jankiewicz et al., 2021; Gao et al., 2022; Jiao et al., 2022). We further confirmed that DCA and LCA promoted GLP-1 secretion in a concentration-dependently manner in NCI-H716 cells (Figures 4E, F). These results suggested that the inhibition of MFLX on intestinal SBAs led to a decrease in GLP-1 secretion, which was an important mechanism for MFLX-induced hyperglycemia.
[image: Figure 4]FIGURE 4 | Alterations in intestinal unconjugated PBAs and SBAs levels. (A, B) Levels of CA and CDCA, DCA and LCA in feces after 3 days (A) and 14 days (B) of MFLX treatment; (C, D) Concentrations of DCA and LCA in feces after 3 days (C) and 14 days (D) of MFLX administration; (E, F) Levels of GLP-1 after 2-h incubation with DCA (E) and LCA (F) in NCI-H716 cells. All p-values were calculated using a two-tailed Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as the mean ± SD.
3.4 MFLX-induced changes in gut microbiota and association between gut microbiota abundance and BAs profiles
Given that antibiotics primarily alter BAs composition and concentration by modifying the gut microbiota, we performed 16S rRNA sequencing on fecal samples from rats to evaluate the effect of MFLX on gut microbiota. Alpha diversity analysis revealed that Chao indices were significantly reduced in both normal and GK rats after MFLX treatment (Supplementary Figures S4A, B). Beta diversity indicated that the composition and abundance of the microbiota were more profoundly altered in GK rats compared to in normal rats after MFLX treatment (Supplementary Figure S4C, D).
At the phylum level, we observed a significant reduction in the abundance of the Firmicutes (normal rats: 3 days 28%↓,14 days 18% ↓; GK rats: 3 days 55%↓, 14 days 32%↓) and a notable increase in Bacteroidetes abundance (normal rats: 3 days 63%↑,14 days 43% ↑; GK rats: 3 days 120%↑, 14 days 72%↑) after MFLX treatment, resulting in a significantly reduced Firmicutes/Bacteroidetes ratio (Figures 5A, B).
[image: Figure 5]FIGURE 5 | MFLX-induced changes in gut microbiota. (A, B) Absolute abundance of the phylum Firmicute and Bacteroidetes in the intestine after 3 days (A) and 14 days (B) of MFLX treatment; (C, D) Correlation between fecal SBAs levels and bacterial genera identified from linear regression analysis. Legends indicate relative abundances and correlation values. Respectively. Data are presented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
At the genus level, we generated a heatmap of the relative abundance of the top 31 genera, which included 25 genera from Firmicutes and 6 from Bacteroidetes (Supplementary Figure S4E, F). Further analysis of these genera using a linear regression model with interaction terms revealed that after 3 days of MFLX treatment (Supplementary Figure S4G), the genera most affected were Prevotella (Drug_ES = −6.05), Negativibacillus (Drug_ES = 5.19), f_Oscillospiraceae_Unclassified (Drug_ES = −4.89), f_Prevotellaceae_Unclassified (Drug_ES = −3.72), f_Lachnospiraceae_Unclassified (Drug_ES = 3.3), Blautia (Drug_ES = 3.25), and Lachnospiraceae_NK4A136_group (Drug_ES = −3.04). After 14 days of treatment (Supplementary Figure S1H), the most affected genera were f_Prevotellaceae_Unclassified (Drug_ES = 4.51), Romboutsia (Drug_ES = 2.5), Ruminococcus (Drug_ES = −2.34), Turicibacter (Drug_ES = 2.26), Clostridia_UCG-004 (Drug_ES = −2.17).
We further analyzed the relationship between BAs and the genera identified from linear regression analysis. Spearman’s correlation analysis indicated that after 3 days of MFLX treatment (Figure 5C), reduced levels of DCA and LCA levels were significantly and positively correlated with three members of the phylum Firmicutes (f_Oscillospiraceae_Unclassified, f_Lachnospiraceae_Unclassified, and Lachnospiraceae_NK4A136_group) and one member of the phylum Bacteroidetes (Prevotella). After 14 days of MFLX treatment (Figure 5D), DCA and LCA levels were significantly and positively correlated with Ruminococcus, Turicibacter and Clostridia_UCG-004, all of which belonged to the phylum Firmicutes.
3.5 Effect of MFLX on ileum FXR and TGR5
Since we observed decreased DCA and LCA levels in the gut, we further examined the expression levels of pivotal BAs receptors TGR5 and FXR. After 3 days (Figures 6A, C) and 14 days (Figures 6B, D) of MFLX treatment, both protein and mRNA expression of the intestinal BAs receptors TGR5 and FXR showed a decreasing trend in CT + MFLX group compared with CT group, and the decrease was more obvious in GK + MFLX. Additionally, in NCI-H716 cells, MFLX administration was found to have no effect on TGR5 and FXR protein and mRNA expression (Figures 6E, F).
[image: Figure 6]FIGURE 6 | Effect of MFLX on ileum FXR and TGR5. (A, B) Relative expression of TGR5 and FXR proteins in the ileum of rats after 3 days (A) and 14 days (B) of MFLX treatment; (C, D) Relative expression of TGR5 and FXR mRNAs in the ileum of rats after 3 days (C) and 14 days (D) of MFLX treatment; (E, F) Relative expression of TGR5 and FXR proteins (E) and mRNAs (F) in NCI-H716 cells following 24 h of MFLX treatment.
3.6 Effect of MFLX on hepatic metabolic enzymes
Given the observed reduction intestinal FXR protein and mRNA, along with a significant decrease in serum FGF15 levels, the hepatic metabolizing enzyme CYP7A1, CYP8B1, and CYP27A1 protein were measured. Results indicated that CYP7A1 expression was elevated following MFLX treatment in GK rats (Figures 7A, B). There were no significant changes on expression of CYP8A1 and CYP27A1 in normal rats and GK rats after MFLX treatment. In vitro, MFLX did not exert a direct effect on CYP7A1 in HepG2 cells (Figure 7C).
[image: Figure 7]FIGURE 7 | Effect of MFLX on hepatic metabolic enzymes. (A, B) Relative expression of CYP7A1, CYP8B1 and CYP27A1 in the liver of rats following 3 days (A) and 14 days (B) of MFLX treatment; (C) Relative expression of CYP7A1 proteins in HepG2 cells after 24 h of MFLX treatment.
4 DISCUSSION
MFLX is widely used as a first-line anti-infective chemotherapeutic agent due to its favorable tolerability and broad-spectrum antimicrobial activity (Du et al., 2021; Wang H. et al., 2023). However, MFLX-induced hyperglycemia cannot be overlooked during the course of treatment. Therefore, a clear understanding of the mechanisms by how MFLX affects energy metabolism is essential to mitigate these adverse effects.
Growing evidence suggests that the crosstalk between BAs metabolism and the gut microbiota plays a key role in maintaining nutrient metabolism and energy balance (Li et al., 2022; Sun et al., 2018; Chen et al., 2023; Wahlström et al., 2016). In the present study, we investigated the short-term (3 days) and long-term (14 days) effects of MFLX on glucose metabolism in both normal and GK rats. Our findings revealed that MFLX induced hyperglycemia in diabetic rats, with a more pronounced reduction in serum insulin,GLP-1, and FGF15 levels than observed in normal rats. Concurrently, MFLX treatment led to alterations in the gut microbiota community that inhibited SBAs production. This suppression downregulated both protein and mRNA expression of intestinal TGR5, further reducing GLP-1 secretion, which was identified as a significant contributor to MFLX-induced hyperglycemia. Additionally, the reduction in total BAs levels, coupled with the inhibition of intestinal FXR, triggered a negative feedback mechanism, resulting in the upregulation of hepatic BAs metabolic enzyme.
The risk of dysglycemia is elevated in the diabetic state following fluoroquinolone use (Chou et al., 2013; Bartoletti et al., 2022; Saad et al., 2021), and our study confirmed that MFLX had a more pronounced impact on diabetic rats. Specifically, MFLX treatment significantly elevated blood glucose levels in GK rats, while no notable changes in blood glucose, insulin, GLP-1, or FGF15 levels were observed in normal rats. Furthermore, our study demonstrated that short-term MFLX treatment (3 days) had a more substantial effect on glucose metabolism in diabetic rats than long-term treatment (14 days). After 3 days of MFLX administration in GK rats, insulin, GLP-1, and FGF15 levels were markedly reduced. 14-day treatment of MFXL reduced FGF15 only.
In our study, both serum and fecal samples demonstrated a declining trend in total BAs levels in normal and GK rats after MFLX treatment. Intestinal SBAs levels were reduced in normal rats, and further decreased in GK rats after MFLX treatment. In GK rats, the linear model with interaction terms revealed that DCA and LCA levels in the gut exhibited the most significant reduction, with DCA decreasing by 98% after 3 days and 57% after 14 days, and LCA decreasing by 97% after 3 days and 53% after 14 days. It is well-established that DCA and LCA are metabolized from CA and CDCA through specific gut microbiota (Kiriyama and Nochi, 2023; Funabashi et al., 2020; Su et al., 2023). The 16S rRNA sequencing results showed that MFLX significantly reduced the species richness of normal and GK rats. Meanwhile, compared with normal rats, MFLX had a more significant effect on the composition and abundance of gut microbiota in GK rats. At the genus level, after 3 days of MFLX treatment, several genera f_Lachnospiraceae_Unclassified, Lachnospiraceae_NK4A136_group, and Prevotella were significantly and positively correlated with the reduced levels of DCA and LCA, and after 14 days of MFLX treatment, DCA and LCA levels were significantly and positively correlated with Ruminococcus, Turicibacter and Clostridia_UCG-004. Previous studies have showed that increased relative abundances of Prevotella, Lachnospiraceae, and Ruminococcus enhanced SBAs production (McMillan and Theriot, 2024; Lin et al., 2024; Ma et al., 2024; Zhou et al., 2023; Zhang et al., 2023). In this study, we found that the effect of short-term and long-term intervention of MFLX on intestinal bacteria was different, likely due to either the development of tolerance among gut microbiota to MFLX or the initiation of self-regulation mechanisms. This differential response may explain why changes in gut concentration of DCA and LCA were more significant after 3 days compared to 14 days.
TGR5 is a pivotal receptor involved in the regulation of BA-mediated energy homeostasis (Castellanos-Jankiewicz et al., 2021; Gao et al., 2022; Jiao et al., 2022; Lun et al., 2024). In this study, we observed that MFLX downregulated both protein and mRNA levels of intestinal TGR5, and subsequently led to decreased GLP-1 secretion and elevated blood glucose levels. It is well established that DCA and LCA are the most potent agonists of intestinal TGR5 (Gao et al., 2022; Jiao et al., 2022; Duboc et al., 2014). Numerous studies have identified BAs as robust triggers of GLP-1 release (Tian et al., 2022; Li et al., 2020; Zhai et al., 2018; Hui et al., 2020), with BAs-stimulated GLP-1 secretion significantly reduced in TGR5 knockout models (Selwyn et al., 2015; Harach et al., 2012; Brighton et al., 2015; Li et al., 2023). In our study, after MFLX intervention, the intestinal SBAs was significantly reduced, and it was further decreased in GK rats compared with normal rats. Therefore, we speculated that suppressed intestinal SBA production is a critical mechanism underlying MFLX-induced hyperglycemia.
It was also found that the expression of intestinal FXR was downregulated after moxifloxacin intervention, which was more obvious in GK rats. It has been reported that FXR activation inhibited GLP-1 secretion, which appears contradictory to the effects mediated by TGR5 activation (Zheng et al., 2021; Trabelsi et al., 2015); however, research conclusions on the regulatory effects of FXR on GLP-1 secretion are not consistent. Pathak et al. (2018) showed that intestine-restricted FXR agonist fexaramine shapes the gut microbiota to produce more LCA, and thus activates TGR5-GLP-1 signaling to improve metabolism. A recent study suggested that activation of TGR5, but not FXR, stimulated GLP-1 release in vitro and in vivo (Wang Q. et al., 2023). FXR signaling in the gut-liver axis plays an important role in maintaining glucose metabolism and BAs homeostasis. It was showed that activated hepatic FXR signaling pathway was related to promoted BA synthesis-related protein expressions, inhibited inflammation and gluconeogensis, as well as improved insulin resistance (Du et al., 2024). On the other hand, intestinal FXR activation promotes the transcription of FGF 15/19, a hormone with insulin-mimetic properties that inhibits hepatic gluconeogenesis (Sadowska et al., 2023; Jin et al., 2023; de Carvalho et al., 2024; Schaap, 2012). Intestinal bile acids as FXR ligands can directly regulate intestinal FXR expression, and also indirectly modulate hepatic FXR signaling through the enterohepatic circulation, thereby influencing glucose metabolism (Ticho et al., 2019). In our study, MFLX treatment was associated with a reduction of intestinal FXR expression, alongside decreased serum FGF15 concentrations. This downregulation in FXR-FGF15 signaling may constitute an additional mechanism contributing to MFLX-induced hyperglycemia. Recent studies have demonstrated that gut microbiota-mediated production of SBAs modulates hepatic de novo BAs synthesis through the FXR-FGF15 axis in mice (Wu et al., 2023; Liu et al., 2021; Cao et al., 2017). In our study, MFLX treatment resulted in downregulation of intestinal FXR and a reduction in serum FGF15 levels, accompanied by an observed trend of hepatic CYP7A1 upregulation in GK rats. Given that MFLX significantly reduced BAs concentrations in vivo, the inhibition of FXR likely triggered a compensatory feedback mechanism, thereby increasing the expression of CYP7A1, the primary hepatic enzyme responsible for BAs metabolism.
In the present study, we investigated the critical role of the gut microbiota-derived BAs in MFLX-induced hyperglycemia, potentially through decreased intestinal TGR5 pathway. Additionally, our findings suggested that FXR-FGF15 axis may play a contributory role modulating hepatic BAs synthesis during MFLX treatment. These results offer insights into the underlying mechanisms of MFLX-induced hyperglycemia and provide a foundational basis for guiding the clinical use of MFLX to minimize metabolic side effects.
5 CONCLUSION
To the best of our knowledge, the use of fluoroquinolone antibiotics has been linked to dysglycemia, with clinical cases documenting cases of MFLX-induced glucose dysregulation. Here, we found that MFLX posed a risk of further exacerbation of blood glucose levels in diabetic rats and investigated the possible mechanisms involving the gut microbiota-SBAs-TGR5/FXR pathway (Figure 8). Our findings provide a scientific basis for the early identification and management of dysglycemia risk associated with clinical use of fluoroquinolone antibiotics.
[image: Figure 8]FIGURE 8 | The mechanism of moxifloxacin-induced hyperglycemia in this study.
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