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Abstract


Doxorubicin is an effective chemotherapeutic agent, but it causes gastrointestinal toxicity that impairs treatment efficacy and quality of life. This study investigated the effects of liraglutide, a GLP-1 analog, on acute doxorubicin-induced gut toxicity in rats. Sixty male Wistar rats were assigned to four groups: Control (C), Doxorubicin (D), Liraglutide (L), and Doxorubicin + Liraglutide (DL). Groups L and DL received liraglutide (0.6 mg/kg, s.c.) for two weeks. D and DL were given a single dose of doxorubicin (20 mg/kg, i.p). After 48 h, the distal colon, feces, and blood were collected. Results: Doxorubicin caused crypt disruption, goblet cell loss, apoptosis, and reduced fecal short-chain fatty acids. Levels of TNF-α, NF-κB, Bcl-2, TLR4, and antioxidant enzymes were unchanged among groups. Microbiota analysis showed similar α-diversity but altered β-diversity. Doxorubicin reduced Bacteroidetes and increased Proteobacteria, with higher Arcanobacterium and Clavibacter genera abundance. Liraglutide alone decreased Bacteroidetes and increased Corynebacterium and Actinobaculum genera. Combined treatment showed no significant effects. We conclude that acute doxorubicin administration induces intestinal structural damage, reduces short-chain fatty acids, and changes microbiota composition. Although liraglutide alters microbial profiles, it does not attenuate doxorubicin-induced gut toxicity.
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1. Introduction


Cancer is a highly prevalent disease and a leading cause of death worldwide, accounting for almost ten million deaths in 2020. Doxorubicin is a very potent chemotherapy agent used for more than forty years in the treatment of several types of solid and hematological cancers [1].



However, in addition to its anti-tumoral effect on neoplastic cells, it may also affect healthy cells in various organs and tissues, such as the heart, kidneys, liver, bone marrow, and gastrointestinal tract, limiting its use [2].



The gastrointestinal (GI) tract is particularly vulnerable to the cytotoxic effects of doxorubicin due to its rapid cellular turnover. It is estimated that around 40% of individuals undergoing chemotherapy experience GI-related adverse effects [3]. Among the most frequently reported complications are nausea, vomiting, abdominal discomfort, and diarrhea, all of which can significantly impair nutritional intake and quality of life [4]. These gastrointestinal disturbances may contribute to extended hospital stays, increased need for parenteral nutrition, and a higher risk of infections, ultimately exacerbating patient morbidity and mortality [5,6].



The pathophysiology of chemotherapy-induced intestinal toxicity is multifactorial and involves both direct epithelial injury and indirect alterations in gut microbiota composition and function [7]. The gut microbiota consists of a highly dynamic population of microorganisms that plays a crucial role in maintaining intestinal barrier integrity and metabolic homeostasis. These microorganisms contribute to host health through multiple mechanisms, including vitamin synthesis, competitive exclusion of pathogenic bacteria, modulation of immune responses, regulation of mucin production, and reinforcement of epithelial junctional proteins such as occludins, claudins, junctional adhesion molecules (JAM), and zonula occludens (ZO-1). In addition, the gut microbiota is essential for the digestion of complex macromolecules and for the production of short-chain fatty acids (SCFAs), including acetate, propionate, and butyrate, which serve as key energy substrates for colonocytes and play a fundamental role in maintaining mucosal integrity [8,9].



Disruption of this microbial ecosystem, commonly referred to as dysbiosis, has been associated with increased production of pro-inflammatory cytokines, reduced SCFA synthesis, and impairment of intestinal barrier function [10,11]. Under physiological conditions, the intestinal epithelium acts as a selective barrier that prevents the translocation of bacteria and endotoxins into the systemic circulation. However, when epithelial integrity is compromised, luminal microorganisms and microbial-derived products may reach the bloodstream, triggering systemic inflammatory responses. This process has been implicated not only in intestinal pathology but also in the exacerbation of extra-intestinal complications, including doxorubicin-induced cardiotoxicity [12,13,14].



Emerging evidence further indicates that gut microbiota alterations are closely linked to the pathogenesis of several cardiovascular and metabolic disorders, such as hypertension, obesity, dyslipidemia, insulin resistance, atherosclerosis, and heart failure. Consequently, strategies aimed at preserving intestinal barrier function and maintaining microbiota homeostasis have gained increasing attention as potential approaches to attenuate systemic inflammation and reduce treatment-related complications [13,14,15].



Liraglutide, a glucagon-like peptide-1 (GLP-1) receptor agonist, is widely used in the management of type 2 diabetes mellitus and obesity [16]. Beyond its metabolic actions, growing experimental evidence indicates that GLP-1 analogs may exert protective effects on the gastrointestinal tract. These agents have been associated with the preservation of intestinal epithelial integrity through multiple complementary mechanisms, including the promotion of deeper intestinal crypt architecture, enhancement of epithelial cell turnover, and strengthening of intercellular junctional complexes, thereby contributing to reduced intestinal permeability. In addition, GLP-1 receptor activation has been linked to increased mucus secretion and improved barrier function, which may help maintain mucosal homeostasis under conditions of metabolic or inflammatory stress.



Furthermore, recent studies suggest that GLP-1 analogs may influence the composition and metabolic activity of the gut microbiota, potentially modulating host–microbe interactions that are relevant to intestinal physiology and systemic metabolic regulation. Collectively, these findings support the concept that GLP-1–based therapies may have broader biological effects extending beyond glucose metabolism, including a potential role in protecting intestinal structure and function [17,18,19,20,21,22,23,24].



Numerous studies have investigated the impact of various agents on the intestinal microbiota with the goal of mitigating or preventing toxicity induced by doxorubicin [25,26,27,28,29,30,31,32,33,34]. Nevertheless, to date, no research has specifically explored the role of GLP-1 analogs in modulating the gut microbiota to counteract or reduce doxorubicin-associated intestinal damage.



In this study, we proposed that liraglutide attenuates doxorubicin-induced intestinal toxicity and restores the composition and function of the gut microbiota in rats. Therefore, the aim of our study was to evaluate the effects of liraglutide on intestinal histology, oxidative stress, inflammation, and apoptosis, as well as on gut microbiota function and composition in rats with acute doxorubicin-induced intestinal toxicity. Detailed results for myocardial morphometric evaluation, oxidative stress analyzes, and protein expression have been previously published [35,36,37].




2. Materials and Methods


2.1. Study Design


Sixty male Wistar rats, each weighing between 250 and 300 g, were randomly divided into four groups of 15 animals: control (C), doxorubicin (D), liraglutide (L), and a combination of doxorubicin and liraglutide (DL). All animals were housed under controlled conditions with a 12-h light/dark cycle at a temperature of 23 ± 2 °C, with free access to standard chow and water. Groups L and DL received liraglutide (Novo Nordisk, Brazil) at a dose of 0.6 mg/kg subcutaneously once daily for 14 days. In contrast, groups C and D received equivalent volumes of saline. On the 12th day, groups D and DL were given a single intraperitoneal injection of doxorubicin (Eurofarma, São Paulo, Brazil) at 20 mg/kg, while groups C and L received an intraperitoneal injection of saline in the same volume (Figure 1).



Fecal samples from each animal were collected the day before the start of the experiment and at the end of the experimental period. The rats were individually placed on a sanitized bench with 70% ethanol until evacuation, and the feces samples were immediately collected and stored at −80 °C.



At the conclusion of the experiment, the animals were euthanized using thiopental administered intraperitoneally at a dose of 120 mg/kg. Blood samples were obtained via decapitation and subsequently centrifuged at 1300× g for 10 min at 21 °C. The resulting serum was collected and stored at −80 °C for later analysis. Sections of the large intestine were excised and rinsed in cold saline solution. One portion of the tissue was processed for histological examination, while the other was frozen in liquid nitrogen and preserved at −80 °C.




2.2. Microbiota Analysis


Fecal microbial profiling was conducted through sequence comparison of the V6 region of the 16S rDNA gene (16SV6rDNA) from each sample against reference sequences available in public databases.



2.2.1. Polymerase Chain Reaction (PCR) and Amplicon Sequencing


Primers were specifically designed to include adapter sequences; the reverse primers also incorporated unique barcodes for sample identification. The resulting amplicons were assessed via electrophoresis on a 1% agarose gel (Sigma St. Louis, MO, USA) prepared with Tris-acetate-EDTA buffer. A DNA ladder was used as a molecular weight reference to confirm successful and specific amplification.



Purification of the amplicons was carried out using the AMPure XP magnetic bead system (Beckman Coulter, Brea, CA, USA), followed by DNA quantification with a Qubit 3.0 Fluorometer (Invitrogen, Waltham, MA, USA) and the Qubit dsDNA HS Assay Kit (Invitrogen). A pooled amplicon library was then constructed at a final concentration of 26 pM, ensuring equimolar representation of each sample.



This library underwent emulsion PCR, in which primers and other PCR reagents were combined with Ion Sphere Particles (ISPs) and oil, then amplified in an Ion OneTouch Thermocycler (ThermoFisher, Waltham, MA, USA). Unsuccessful ISPs and residual reagents were removed, enriching the preparation with ISPs containing amplified DNA suitable for sequencing.



Following enrichment, sequencing primers were annealed to the DNA, and the mixture was combined with Taq DNA polymerase. The final preparation was loaded onto a 314 v2-BC chip, which was inserted into an Ion Personal Genome Machine (PGM) sequencer. The sequencer was preconditioned, with pH balance and incorporation of necessary reagents (dNTPs). Sequencing output was automatically stored as *.fastq files on a dedicated server.




2.2.2. Processing and Analysis of Sequences


Raw sequencing data were processed to remove low-quality reads, chimeric sequences, and residual primer, barcode, and adapter fragments. Quality metrics were reported by the server, including QC20 scores, DNA fragmentation patterns, sequence length distribution, read counts, chip loading efficiency, and ISP enrichment levels. A separate *.fastq file was generated for each individual sample.



Data analysis proceeded in two stages. The first involved sequence organization and operational taxonomic unit (OTU) assignment. The sequencing depth was 1.5 ± 0.9 million bases and we used relative abundance for normalization. Sequences were demultiplexed and analyzed on the Qiita platform, then compared against the Silva 119 database (Bremen, Germany) for taxonomic identification. In the second stage, the OTU data were compiled into a *.csv file. Due to formatting errors, the file initially contained inconsistencies; after correction, the dataset was subjected to statistical analysis. The data for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under the accession number PRJEB90078 (https://www.ebi.ac.uk/ena/browser/view/PRJEB90078, accessed on 5 June 2025).





2.3. Short-Chain Fatty Acids (SCFAs)


After thawing, 100 mg of feces was suspended in 1 mL of 0.5% phosphoric acid, homogenized using a vortex for approximately 1 min, and then centrifuged for 10 min at 17,950× g. Each mL of the supernatant was combined with 1 mL of ethyl acetate for 1 min and centrifuged for 10 min at 17,950× g. Prior to the analysis, 1 mL of the organic phase was transferred into a tube, and octanoic acid was added as an internal standard (IS) at a final concentration of 755 µg/mL. The IS was used to correct for injection variability between samples and minor changes in instrument response. Three independent replicate extractions were performed for each sample, with two injections per extraction.



Chromatographic analysis was conducted using a FOCUS Thermo Scientific Gas Chromatography Mass Spectrometry, equipped with an automatic liquid sampler (Thermo-Triplus DUO), and coupled to a Thermo ISQ 230ST mass detector (ThermoFisher, MA, USA). The Gas Chromatograph (GC) was fitted with a high-polarity polyethylene glycol fused silica capillary column (TG-WAXMS, 30 m, 0.25 mm id, 0.25 μm film thickness), with helium as the carrier gas. Here, the injection was done in split mode with an injection volume of 1 µL, a split flow of 300 mL/min, and a temperature of 250 °C. A glass liner with a glass wool plug at the lower end was used to prevent contamination of the GC column with non-volatile fecal material. After every ten fecal samples injected, a blank sample containing ethyl acetate was inserted to check for memory effects. The column temperature was initially set to 80 °C, then increased to 120 °C at 50 °C/min, to 160 °C at 70 °C/min, and held at that temperature for 50 s. It was then increased to 180 °C at 70 °C/min and held for 1 min, and finally to 210 °C at 70 °C/min and held for 1 min. The solvent delay was set to 3.5 min, and the detector was operated in electron impact ionization mode (electron energy 70 eV), scanning in the 30–250 m/z range. SCFA identification was based on the retention times of standard compounds and the assistance of the National Institute of Standards & Technology 08 and online libraries. The peaks were quantified as the relative abundance of the total ionic count using the internal standard. The concentration (mg/mL) of each SCFA was calculated using the linear regression equations (R2 ≥ 0.99) from the corresponding standard curves obtained from 12 different concentrations.




2.4. Lipopolysaccharides


The serum concentration of lipopolysaccharides (LPS) was determined by enzyme-linked immunossorbent assays (ELISA) using the commercial kit from ELK Biotechnology (Sugar Land, TX,, USA). LPS are components of the bacterial cell membrane and serve as damage markers to intestinal barrier integrity. Serum protein concentrations were measured using the Bradford method (Biorad, Hercules, CA, USA). Briefly, 96-well plates were coated with a solution containing purified capture antibodies, diluted in phosphate-buffered saline (PBS) and incubated at room temperature overnight. After successive washes with PBS-Tween 20 (0.05%), 300 μL of blocking solution, consisting of PBS containing 1% albumin, was added, and the plates were incubated for 2 h at room temperature. The plates were then washed again and incubated for a further 2 h at room temperature with the samples and respective LPS standard curves diluted 2-fold in PBS buffer containing 1% albumin. After this incubation, the plates were washed and incubated with biotinylated rat antibodies for another 2 h at room temperature. Afterward, the plates were incubated with streptavidin, diluted 1:200 in PBS buffer containing 1% albumin, for 20 min at room temperature. Finally, the plates were washed and developed with o-phenylenediamine dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA). The reaction was stopped by adding 16% sulfuric acid, and the reading was performed at 450 and 490 nm.




2.5. Histology


Segments of the large intestine were fixed in 10% buffered formalin and subsequently embedded in paraffin. Tissue sections of 5 µm thickness were obtained and stained with hematoxylin and eosin (H&E) for histological evaluation. Morphological assessments were carried out using a light microscope at 40× magnification, equipped with a video camera connected to a computer for image capture and analysis. The histological evaluation was performed by an experienced pathologist that did not known the groups.




2.6. Oxidative Stress


Oxidative stress in intestinal tissue was evaluated by quantifying malondialdehyde (MDA), a marker of lipid peroxidation, and protein carbonyl content, indicative of protein oxidation.



MDA levels were determined using the thiobarbituric acid reactive substances (TBARS) assay. In brief, 200 µL of tissue homogenate supernatant was mixed with 500 µL of a reagent containing 0.67% thiobarbituric acid, 10% trichloroacetic acid, and 0.25 M hydrochloric acid. The mixture was centrifuged at 13,285× g for 10 min, after which the supernatant was incubated in a water bath at 100 °C for 45 min. Following incubation, 200 µL of the reaction mixture was transferred to a microplate, and absorbance was measured at 532 nm and 600 nm using a Spectra Max 190 microplate reader (Molecular Devices, San José, CA, USA).



Protein carbonylation was measured by reacting 100 µL of tissue supernatant with 100 µL of 2,4-dinitrophenylhydrazine (DNPH). After a 10-min incubation at room temperature, 50 µL of 6 M sodium hydroxide (NaOH) was added, followed by another 10-min incubation. Absorbance was recorded at 450 nm using the same microplate reader. Protein oxidation levels were calculated using a molar extinction coefficient of 22,000 M−1·cm−1.




2.7. Antioxidant Enzymes


The technique for assessing superoxide dismutase (SOD) activity was based on the inhibition of the reaction between the superoxide anion radical and pyrogallol. Samples of 100 mg of intestinal tissue were homogenized in a 0.01 M sodium phosphate buffer at a pH of 7.4 and centrifuged for 30 min at −4 °C. Afterward, a buffer solution (Tris base 50 mmol/L; EDTA 1 mmol/L at pH 8.5) and pyrogallol 2.6 mmol/L (in hydrochloric acid at 10 mmol/L) were added. Oxidation of pyrogallol leads to the formation of a colored product, detected by spectrophotometry at 420 nm allowing the evaluation of SOD activity. The results were expressed in U SOD/mg of protein.



Catalase activity was measured by evaluating hydrogen peroxide consumption. The decrease in absorbance was assessed at a wavelength of 240 nm, where hydrogen peroxide exhibits the highest absorption. The following reagents were used: sodium phosphate buffer 50 mmol/L + EDTA 1 mmol/L (pH 7.0) and hydrogen peroxide 0.3 mol/L. Concentration was expressed in mol/mg of protein.




2.8. Western Blot


Samples of large intestine tissue (100 mg) were homogenized using glass beads in an extraction buffer containing 100 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 10% glycerol, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM NaF, and a protease inhibitor cocktail (P2714, Sigma-Aldrich, MO, USA). Homogenization was performed using a Bullet Blender (Next Advance, Troy, NY, USA). The homogenate was centrifuged at 150,000× g for 20 min at 4 °C, and the supernatant was collected for analysis. Total protein concentration was determined using the Bradford assay. Protein samples were mixed with Laemmli buffer (Sigma-Aldrich) and subjected to SDS-PAGE using a Mini-Protean 3 Electrophoresis Cell (Bio-Rad, Hercules, CA, USA). Stacking and resolving gels were prepared with Tris-HCl buffer (240 mM, pH 6.7 and 8.9, respectively), polyacrylamide, glycerol, APS, and TEMED. Electrophoresis was carried out initially at 50 V for 30 min, followed by 120 V for 2.5 h at 4 °C using a running buffer composed of 0.25 M Tris, 192 mM glycine, and 1% SDS. Proteins were transferred onto nitrocellulose membranes using the Mini-TransBlot system (Bio-Rad) in a transfer buffer containing 25 mM Tris, 192 mM glycine, 20% methanol, and 1% SDS. To block nonspecific binding, membranes were incubated in a 5% skim milk solution prepared in a basal buffer (1 M Tris, 5 M NaCl, and Tween 20, pH 8.0). Primary antibodies against tumor necrosis factor-α (TNF-α), total and phosphorylated nuclear factor kappa B (NF-κB), toll-like receptor 4 (TLR-4), and B-cell lymphoma 2 (BCL-2) (Santa Cruz Biotechnology, Dallas, TX, USA) were diluted in the same basal solution and incubated with the membranes overnight at 4 °C. After washing three times, membranes were incubated for 1.5 h at room temperature with a rabbit anti-mouse IgG secondary antibody (ab6728, Abcam, Cambridge, UK ), followed by additional washes. Detection was performed via chemiluminescence using the ImageQuant LAS imaging system (General Electric, Boston, MA, USA). Densitometric analysis was carried out using Gel-Pro 32 software (Media Cybernetics, Rockville, MD, USA). Regarding normalization, the constitutive proteins GAPDH and β-tubulin were altered in this experimental model; therefore, we could not use them. Thus, the normalization of the proteins was performed by dividing the protein of interest by the total protein content obtained through Ponceau staining, as previously described in the literature.




2.9. Statistical Analysis


Data are expressed as means ± standard deviation. Group comparisons were conducted using a generalized linear model (GLM) with a gamma distribution, considering the treatment groups as independent variables. This model allows the evaluation of the isolated effect of each treatment, regardless of the influence of the other factor, as well as the assessment of potential interaction effects between treatments. Three p-values were reported: pDxL for the interaction between doxorubicin and liraglutide, pD for the main effect of doxorubicin, and pL for the main effect of liraglutide. When a significant interaction between factors was detected (D × L < 0.05), post hoc multiple comparisons were performed to identify specific group differences. In the absence of a significant interaction (D × L > 0.05), marginal results were analyzed to determine the independent effects of doxorubicin and liraglutide. For microbiota α-diversity, we used the paired t-test, while for β-diversity, we performed the principal coordinate analysis (PCoA) at the species level with Bray–Curtis’s distance followed by PERMANOVA. Afterward, LDA (linear discriminant analysis) was performed to identify bacterial species contributing to alterations in gut microbiota composition. We used the free access Jamovi software, Version 2.3, at https://www.jamovi.org for GLM and t-test and the QIITA platform (San Diego, CA, USA), which relies on QIIME 2 workflows, for microbiota analyses.





3. Results


3.1. Body Weight and Food Ingestion


As previously reported in our first paper on this topic [35], initial body weight did not differ between groups (C 287 ± 22; D 288 ± 29; L 289 ± 31; DL 290 ± 31 g; pD = 0.86; pL = 0.77; pDxL = 0.98). However, the final body weights were smaller in rats treated with doxorubicin (D and DL) and treated with liraglutide (L and DL) (C 332 ± 26; D 300 ± 34; L 303 ± 25; DL 268 ± 28; pD < 0.001; pL < 0.001; pDxL = 0.87). After doxorubicin administration, the rats had a significantly lower food intake than those that did not receive the drug [35]..




3.2. Histology


Qualitative histological evaluation of the colon performed by a pathologist using hematoxylin and eosin staining revealed doxorubicin-associated epithelial injury in the D and DL groups (Figure 2). These animals exhibited altered crypt architecture, characterized by crypt shortening and focal crypt loss, along with a reduced number of goblet cells and an increased presence of epithelial cells with apoptotic morphology, including cell shrinkage, hypereosinophilic cytoplasm, and pyknotic or fragmented nuclei. In contrast, colonic sections from the C and L groups showed preserved crypt organization and epithelial morphology, with abundant goblet cells and no evident increase in apoptotic figures. Liraglutide treatment alone did not result in detectable histological alterations compared with controls.




3.3. Serum LPS


Serum LPS levels did not differ between groups (C 0.43 ± 0.21; D 0.37 ± 0.16; L 0.27 ± 0.16; DL 0.30 ± 0.25 ng/mL; pD = 0.860; pL = 0.150; pDxL = 0.620).




3.4. Western Blot


We evaluated proteins related to inflammation and apoptosis by Western blot. Expression of the inflammation-related proteins TNF-α, NFκB and TLR4, and BCL-2 (an anti-apoptotic protein) did not differ between groups (Figure 3).




3.5. Oxidative Stress and Antioxidant Enzyme Activities


MDA concentration reflects lipid peroxidation of cell membranes, and carbonylation protein damage. Protein carbonylation in the large intestine was higher in the rats treated with liraglutide than those that did not receive liraglutide. In addition, MDA concentration and SOD and catalase enzyme activities did not differ between the groups (Figure 4).




3.6. Gut Microbiota


A total of 1090 OTUs were obtained from the 60 samples. At the beginning of the experiment, the composition of the gut microbiota was similar between the groups (Figure S1). At the end of the experiment, the relative abundance of Bacteroidetes was lower in groups D and L compared to C, but Proteobacteria was more abundant in the animals treated with doxorubicin (Figure 5).



The Shannon index, an indicator of community richness, did not differ between the groups before and after the treatments (Figure 6). Before the treatment, β-diversity was similar between the groups (Figure S2) and after the treatment, it was different between groups C and D, C and L, L and DL. Also, there was a trend toward modulation of the gut microbiota in D group with the administration of liraglutide (Figure 7).



A total of 103 phylotypes were identified as high-dimensional biomarkers. The order Micrococales, the Intrasporangiaceae family, the Acidobacteria phylum, and the genera Arcanobacterium and Clavibacter were more prevalent in group D than C (Figure 8). In addition, the abundance of the Acidobacteria phylum and the genera Corynebacterium and Actinobaculum were higher in group L than C (Figure 9). Finally, the abundance of the order Micrococales, the families Brevibacteriaceae and Kineosporiaceae, the Acidobacteria phylum, and the genus Arcanobacterium was higher in group DL than L (Figure 10).




3.7. Fecal SCFAs


The concentrations of acetic, propionic, and butyric acid were measured in the feces before and after the treatments. Before treatment, fecal SCFA did not differ between the groups (Figure S3). After treatment, fecal concentrations of acetic, propionic, and butyric acids were lower in the rats treated with doxorubicin (D and DL) in comparison to those that did not receive doxorubicin (C and L; Figure 11).





4. Discussion


Doxorubicin is a widely utilized chemotherapeutic agent with proven efficacy against various malignancies. However, its use is frequently associated with both acute and chronic adverse effects, which can compromise patient compliance and ultimately reduce the overall effectiveness of treatment [38].



Pathophysiology of doxorubicin-induced toxicity is complex and involves multiple mechanisms, including inflammation, oxidative stress, mitochondrial dysfunction, apoptosis, intracellular calcium transient changes, and matrix metalloproteinase activation [39,40,41,42]. The most studied side effect is cardiotoxicity due to its association with the development of heart failure. The side effects on the gastrointestinal tract are less studied, but are also of great importance, possibly contributing to the maintenance and propagation of systemic inflammation [5].



In our study, we observed significant structural changes in the intestinal epithelium of doxorubicin-treated rats, as previously observed by other authors. Fan et al. observed partial loss of intestinal mucosal integrity, edema, glandular atrophy, and inflammatory infiltrate in rats with chronic doxorubicin toxicity [43]. Here, a single, acute doxorubicin dose of 75 mg/m2 increased intestinal permeability in pigs [44]. Zhen et al. observed increased levels of LPS and ZO-1 in patients treated with doxorubicin and degeneration of intestinal villi and crypts in mice treated chronically with the drug [45].



Doxorubicin-induced intestinal injury has been associated with inflammation [46], apoptosis [47], and oxidative stress [48]. However, in our work, the damage to the intestinal epithelia did not appear to have been predominantly mediated by apoptosis, inflammation, or oxidative stress, as the expression of Bcl-2, NFκB, TNF-α, TLR-4 and antioxidant enzymes remained unchanged. It is important to note that inflammatory responses are dynamic and may vary according to factors such as the dosing regimen, timing of tissue collection, and experimental conditions. Therefore, the absence of detectable changes in these markers at the evaluated time point does not necessarily exclude the occurrence of inflammatory processes but may reflect a different temporal profile or involvement of alternative pathways. Moreover, additional molecular mediators related to these mechanisms were not assessed in the present study.



As mentioned earlier, the gut microbiota has increasingly attracted the attention of researchers recently, as it appears to be associated with diseases such as inflammatory bowel disease, diabetes, atherosclerosis, obesity, and heart failure [14]. Studies have also evaluated the effects of different substances on doxorubicin-induced gut and cardiovascular toxicity [29,31,32,49,50]. As an example, donepezil administration increased ZO-1 and occludin levels and changed the gut microbiota β-diversity in doxorubicin-treated rats, suggesting an improvement in the integrity of the intestinal barrier [30].



In our study, α-diversity did not differ before and after treatment within each group. α-diversity is used to analyze variety and abundance of microbial species within specific groups, describing the richness, the total number of different species, and the evenness—in other words, how the species are distributed. Therefore, α-diversity represents the internal population diversity [51]. Our results are similar to the findings of studies in acute and chronic doxorubicin models, but other authors have shown that doxorubicin reduced α-diversity [31,32,43,52,53]. These differences in α-diversity may occur due to the diversity of the microbial community in different models, animals, and locations.



β-diversity refers to the difference in microbiota composition between groups, measuring the degree of dissimilarity [54]. Before treatment, β-diversity did not differ between groups, but at the end of the experiment, β-diversity was different between groups C, L, and D. Similar results have also been observed in other experimental studies with doxorubicin [32,52].



Interestingly, liraglutide alone altered the β-diversity, but no effect was seen when combined with doxorubicin. We did not find any studies that evaluated the effects of liraglutide or other GLP-1 analogs on the gut microbiota in relation to doxorubicin-induced toxicity. Researchers have shown that GLP-1 analogs modulate β-diversity in different conditions. For example, administration of liraglutide modulated β-diversity in diabetic patients [19], in high-fat-diet-fed mice [55], and in dehydroepiandrosterone-induced polycystic ovary syndrome mice [56]. Our study is the first to evaluate the effects of a GLP-1 analog on the gut microbiota in a model of doxorubicin toxicity.



Relative abundance refers to the proportion of specific bacteria in a bacterial community [57]. As expected, the predominance of the Firmicutes and Bacteroidetes phyla was initially observed in all groups. After treatment, the abundance of the Bacteroidetes phylum was lower in the rats in groups L and D compared to C. The Bacteroidetes phylum is constituted mainly of Gram-negative bacteria, which are important for digesting complex polymers, facilitating food digestion, and nutrient absorption [58]. They produce butyrate, a short-chain fatty acid that helps maintain the intestine barrier. Bacteroidetes also participate in T cell immunomodulation, interleukin-8 down-regulation, and a reduction in pathogenic bacteria colonization [59,60]. Thus, a decrease in this phylum may have contributed to the intestinal injury.



Our study is one of the first to show that doxorubicin reduces the abundance of the Bacteroidetes phylum in the gut microbiota. Previous studies have shown that depletion of Bacteroidetes was associated with inflammatory bowel disease [61], coronary artery disease [62], atherosclerosis [63] and heart failure [64]. The effect of liraglutide on the Bacteroidetes phylum is unclear, as liraglutide reduced its abundance while increasing the prevalence of Firmicutes in polycystic ovary syndrome mice [56]. On the other hand, liraglutide had no effect on Bacteroidetes, while reducing Proteobacteria and increasing Verucomicrobia in high-fat-diet-fed mice [65].



Additionally, the abundance of Proteobacteria was higher in the rats that received doxorubicin, as seen previously in rodents chronically treated with doxorubicin [31,32]. This phylum increases in gut inflammation models, particularly inflammatory bowel disease [66]. Proteobacteria are the greatest producers of LPS, molecules present in the outer cell membrane of Gram-negative bacteria [67], and responsible for initiating local and systemic inflammatory responses through the activation of toll-like receptors. Thus, considering the increase in Proteobacteria in animals treated with doxorubicin and the intestinal barrier damage observed in histology, we expected an increase in serum LPS, as previously reported [46]. However, we did not observe differences in LPS serum concentration in our study. It is possible that other microbial products, including nucleic acids, can activate toll-like receptors and contribute to intestinal inflammation and injury [46]. For example, novel markers have recently been introduced to evaluate intestinal barrier damage, such as the zonulins, proteins that participate in the tight junctions [68].



In our LDA score analyses, the treated groups had a higher abundance of the phylum Acidobacteria than the control. This phylum is composed mainly of Gram-negative bacteria. Although there is limited research on the role of Acidobacteria in organisms, they have been identified in inflammatory bowel disease patients [69]. In groups D and DL, the genus Arcanobacterium predominated, Gram-positive bacteria known for causing upper respiratory tract infections. However, we did not identify any studies that characterized this genus in the context of gastrointestinal disease [70]. In group D, the genus Clavibacter, aerobic Gram-positive bacteria, predominated, which has only ever been associated with changes in agricultural products without any pathogenic significance in humans to date. Finally, group L had a higher predominance of the genera Corynebacterium and Actinobaculum than group C; both are composed of Gram-positive bacteria. The first genus colonizes the skin and mucous membranes in humans, while the second is associated with urinary tract infections [71,72].



The animals treated with doxorubicin presented lower fecal concentration of butyric, acetic, and propionic acids than the rats that did not receive doxorubicin, as similarly seen by Wu et al. in mice with acute doxorubicin toxicity. SCFAs are metabolites of dietary products produced by the gut microbiota, especially bacteria from the phylum Firmicutes, followed by Actinobacteria, Bacteroidetes, Proteobacteria, and Verrucomicrobia [31]. SCFA play important roles in providing energy to enterocytes, attenuating production of pro-inflammatory mediators, and modulating innate immune cell’s function, mucin production, and expression of cell junction proteins [15]. Thus, they ensure the integrity of the intestinal barrier [9,73].



The reduction in fecal SCFA concentrations observed in doxorubicin-treated animals should be interpreted within a multifactorial physiological context. Doxorubicin administration was associated with marked reductions in food intake and body weight, which may have decreased the availability of fermentable substrates in the intestinal lumen and thereby contributed, at least in part, to lower SCFA production. Nevertheless, SCFAs are widely recognized as key functional indicators of gut microbial metabolic activity and intestinal homeostasis. Therefore, the observed decrease likely reflects not only indirect effects related to treatment-induced hypophagia, but also a broader disruption of intestinal metabolic balance and host–microbiota interactions associated with chemotherapy-induced toxicity.



Importantly, animals treated with liraglutide also exhibited reduced body weight at the end of the experimental period, yet fecal SCFA levels remained unchanged in this group. This finding suggests that body weight reduction alone may not fully account for the SCFA decline observed following doxorubicin exposure. Rather, the results support the interpretation that doxorubicin-induced intestinal injury and microbiota alterations may have contributed to impaired microbial metabolic output. In contrast, liraglutide administration did not significantly modify fecal SCFA concentrations under the experimental conditions evaluated. To date, evidence regarding the effects of GLP-1 receptor agonists on fecal SCFA levels remains limited, and further mechanistic studies are warranted to clarify the physiological significance of these observations.



This study has some limitations that should be acknowledged. First, classical functional markers of intestinal barrier integrity, such as direct assessment of intestinal permeability were not evaluated, which limits a more comprehensive understanding of the physiological mechanisms underlying the observed findings. Second, the experimental design focused on an acute model of doxorubicin-induced intestinal toxicity, and therefore the long-term effects of liraglutide on intestinal structure, microbiota dynamics, and systemic outcomes could not be determined. In addition, although alterations in gut microbiota composition and metabolic activity were identified, the present study was not designed to establish causal relationships between microbial changes and intestinal injury or recovery. Future investigations incorporating mechanistic approaches, longitudinal analyses, and functional validation strategies will be important to further elucidate the role of host–microbiota interactions in chemotherapy-induced toxicity and to better define the therapeutic potential of GLP-1 receptor agonists in this context.




5. Conclusions


Acute doxorubicin toxicity was associated with marked structural injury to the large intestine, disruption of gut microbiota composition, and reduced fecal short-chain fatty acid production, highlighting the multifactorial nature of chemotherapy-induced intestinal toxicity. Although liraglutide pretreatment was associated with modulation of gut microbiota profiles, it did not mitigate the histological intestinal damage observed in this acute experimental model. To the best of our knowledge, this is the first study to investigate the potential influence of a GLP-1 receptor agonist on gut microbiota and intestinal toxicity in the context of doxorubicin administration.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/antiox15050538/s1, Figure S1: Relative abundance in the gut microbiota at the phyla level before treatment. Figure S2: β-diversity before treatment. Principal Coordinate Analysis (PCoA). Figure S3: Measurement of fecal short-chain fatty acids (SCFAs) before treatment.





Author Contributions


Conceptualization: B.F.P.; Data curation: C.R.T., M.G.M., P.S.B., A.S.S.F., M.A.M.R., N.F.F., N.M.V., L.P.C., J.R., L.A.J., L.C.D.S., A.S. and D.O.M.; Formal analysis: C.R.T. and B.F.P.; Funding acquisition: B.F.P.; Investigation: C.R.T. and B.F.P.; Methodology: B.F.P.; Project administration: B.F.P.; Resources: B.F.P.; Supervision: B.F.P.; Writing—original draft preparation: C.R.T.; writing—review and editing: B.F.P., M.P.O., L.A.M.Z., M.F.M. and S.A.R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo, FAPESP (process number 15954-9/2022) and Conselho Nacional de Desenvolvimento Científico e Tecnológico, CNPq (process number 407201/2021-1).




Institutional Review Board Statement


This study was registered and approved by the Ethics Committee of São Paulo State University, UNESP, Botucatu, under the protocol Nº 1285/2019 at 1 December 2021. It was performed in accordance with the National Council for Animal Experimental Control standards and ARRIVE guidelines.




Data Availability Statement


The data for this study have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI under the accession number PRJEB90078 (https://www.ebi.ac.uk/ena/browser/view/PRJEB90078) (accessed on 5 June 2025).




Acknowledgments


We thank Rebecca Shilling for the helpful language review of this paper.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



Kciuk, M.; Gielecińska, A.; Mujwar, S.; Kołat, D.; Kałuzińska-Kołat, Ż; Celik, I.; Kontek, R. Doxorubicin—An agent with multiple mechanisms of anticancer activity. Cells 2023, 12, 659. [Google Scholar] [CrossRef]

	



Sheibani, M.; Azizi, Y.; Shayan, M.; Nezamoleslami, S.; Eslami, F.; Farjoo, M.H.; Dehpour, A.R. Doxorubicin-induced cardiotoxicity: An overview on pre-clinical therapeutic approaches. Cardiovasc. Toxicol. 2022, 22, 292–310. [Google Scholar] [CrossRef] [PubMed]

	



Boussios, S.; Pentheroudakis, G.; Katsanos, K.; Pavlidis, N. Systemic treatment-induced gastrointestinal toxicity: Incidence, clinical presentation and management. Ann. Gastroenterol. 2012, 25, 106–118. [Google Scholar] [PubMed]

	



Shen, R.L.; Pontoppidan, P.E.L.; Rathe, M.; Jiang, P.; Hansen, C.F.; Buddington, R.K.; Heegaard, P.M.H.; Müller, K.; Sangild, P.T. Milk diets influence doxorubicin-induced intestinal toxicity in piglets. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G324–G333. [Google Scholar] [CrossRef] [PubMed]

	



Oh, B.; Boyle, F.; Pavlakis, N.; Clarke, S.; Guminski, A.; Eade, T.; Lamoury, G.; Carroll, S.; Morgia, M.; Kneebone, A.; et al. Emerging evidence of the gut microbiome in chemotherapy: A clinical review. Front. Oncol. 2021, 11, 706331. [Google Scholar] [CrossRef]

	



Galloway-Peña, J.R.; Shi, Y.; Peterson, C.B.; Sahasrabhojane, P.; Gopalakrishnan, V.; Brumlow, C.E.; Daver, N.G.; Alfayez, M.; Boddu, P.C.; Khan, A.W.; et al. Gut microbiome signatures are predictive of infectious risk following induction therapy for acute myeloid leukemia. Clin. Infect. Dis. 2020, 71, 63–71. [Google Scholar] [CrossRef]

	



Sheahan, B.J.; Theriot, C.M.; Cortes, J.E.; Dekaney, C.M. Prolonged oral antimicrobial administration prevents doxorubicin-induced loss of active intestinal stem cells. Gut Microbes 2022, 14, 2018898. [Google Scholar] [CrossRef]

	



Kho, Z.Y.; Lal, S.K. The Human Gut Microbiome—A potential controller of wellness and disease. Front. Microbiol. 2018, 9, 1835. [Google Scholar] [CrossRef]

	



Xiong, R.G.; Zhou, D.D.; Wu, S.X.; Huang, S.Y.; Saimaiti, A.; Yang, Z.J.; Shang, A.; Zhao, C.-N.; Gan, R.-Y.; Li, H.-B. Health benefits and side effects of short-chain fatty acids. Foods 2022, 11, 2863. [Google Scholar] [CrossRef]

	



Iebba, V.; Totino, V.; Gagliardi, A.; Santangelo, F.; Cacciotti, F.; Trancassini, M.; Mancini, C.; Cicerone, C.; Corazziari, E.; Pantanella, F.; et al. Eubiosis and dysbiosis: The two sides of the microbiota. New Microbiol. 2016, 39, 1–12. [Google Scholar]

	



Nagpal, R.; Yadav, H. Bacterial translocation from the gut to the distant organs: An overview. Ann. Nutr. Metab. 2017, 71, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Hollander, D.; Kaunitz, J.D. The “leaky gut”: Tight junctions but loose associations? Dig. Dis. Sci. 2020, 65, 1277–1287. [Google Scholar] [CrossRef] [PubMed]

	



Yamashita, T.; Kasahara, K.; Emoto, T.; Matsumoto, T.; Mizoguchi, T.; Kitano, N.; Sasaki, N.; Hirata, K.-I. Intestinal immunity and gut microbiota as therapeutic targets for preventing atherosclerotic cardiovascular diseases. Circ. J. 2015, 79, 1882–1890. [Google Scholar] [CrossRef] [PubMed]

	



Tang, W.H.W.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig. 2014, 124, 4204–4211. [Google Scholar] [CrossRef]

	



Kitai, T.; Tang, W.H.W. Gut microbiota in cardiovascular disease and heart failure. Clin. Sci. 2018, 132, 85–91. [Google Scholar] [CrossRef]

	



D’Alessio, D. Is GLP -1 a hormone: Whether and When? J. Diabetes Investig. 2016, 7, 1:50–1:55. [Google Scholar] [CrossRef]

	



Su, Y.; Liu, N.; Zhang, Z.; Li, H.; Ma, J.; Yuan, Y.; Shi, M.; Liu, J.; Zhao, Z.; Zhang, Z.; et al. Cholecystokinin and glucagon-like peptide-1 analogues regulate intestinal tight junction, inflammation, dopaminergic neurons and α-synuclein accumulation in the colon of two Parkinson’s disease mouse models. Eur. J. Pharmacol. 2022, 926, 175029. [Google Scholar] [CrossRef]

	



Abdalqadir, N.; Adeli, K. GLP-1 and GLP-2 orchestrate intestine integrity, gut microbiota, and immune system crosstalk. Microorganisms 2022, 10, 2061. [Google Scholar] [CrossRef]

	



Shang, J.; Liu, F.; Zhang, B.; Dong, K.; Lu, M.; Jiang, R.; Xu, Y.; Diao, L.; Zhao, J.; Tang, H. Liraglutide-induced structural modulation of the gut microbiota in patients with type 2 diabetes mellitus. PeerJ 2021, 9, e11128. [Google Scholar] [CrossRef]

	



Madsen, M.S.A.; Holm, J.B.; Pallejà, A.; Wismann, P.; Fabricius, K.; Rigbolt, K.; Mikkelsen, M.; Sommer, M.; Jelsing, J.; Nielsen, H.B.; et al. Metabolic and gut microbiome changes following GLP-1 or dual GLP-1/GLP-2 receptor agonist treatment in diet-induced obese mice. Sci. Rep. 2019, 9, 15582. [Google Scholar] [CrossRef]

	



Liu, Q.; Cai, B.Y.; Zhu, L.X.; Xin, X.; Wang, X.; An, Z.M.; Li, S.; Hu, Y.-Y.; Feng, Q. Liraglutide modulates gut microbiome and attenuates nonalcoholic fatty liver in db/db mice. Life Sci. 2020, 261, 118457. [Google Scholar] [CrossRef] [PubMed]

	



Charpentier, J.; Briand, F.; Lelouvier, B.; Servant, F.; Azalbert, V.; Puel, A.; Christensen, J.E.; Waget, A.; Branchereau, M.; Garret, C.; et al. Liraglutide targets the gut microbiota and the intestinal immune system to regulate insulin secretion. Acta Diabetol. 2021, 58, 881–897. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Xiao, X.; Zheng, J.; Li, M.; Yu, M.; Ping, F.; Wang, T.; Wang, X. Featured article: Structure moderation of gut microbiota in liraglutide-treated diabetic male rats. Exp. Biol. Med. 2018, 243, 34–44. [Google Scholar] [CrossRef] [PubMed]

	



Duan, X.; Zhang, L.; Liao, Y.; Lin, Z.; Guo, C.; Luo, S.; Wang, F.; Zou, Z.; Zeng, Z.; Chen, C.; et al. Semaglutide alleviates gut microbiota dysbiosis induced by a high-fat diet. Eur. J. Pharmacol. 2024, 969, 176440. [Google Scholar] [CrossRef]

	



Zhou, J.; Hao, J.; Zhong, Z.; Yang, J.; Lv, T.; Zhao, B.; Lin, H.; Chi, J.; Guo, H. Fecal microbiota transplantation in mice exerts a protective effect against doxorubicin-induced cardiac toxicity by regulating Nrf2-mediated cardiac mitochondrial fission and fusion. Antioxid. Redox Signal 2024, 41, 1–23. [Google Scholar] [CrossRef]

	



Hu, S.; Zhou, J.; Hao, J.; Zhong, Z.; Wu, H.; Zhang, P.; Yang, J.; Guo, H.; Chi, J. Emodin ameliorates doxorubicin-induced cardiotoxicity by inhibiting ferroptosis through the remodeling of gut microbiota composition. Am. J. Physiol. Cell Physiol. 2024, 326, C161–C176. [Google Scholar] [CrossRef]

	



Liu, X.; Liu, Y.; Chen, X.; Wang, C.; Chen, X.; Liu, W.; Huang, K.; Chen, H.; Yang, J. Multi-walled carbon nanotubes exacerbate doxorubicin-induced cardiotoxicity by altering gut microbiota and pulmonary and colonic macrophage phenotype in mice. Toxicology 2020, 435, 152410. [Google Scholar] [CrossRef]

	



Sheikh, R.A.; Nadem, M.S.; Asar, T.O.; Almujtaba, M.A.; Naqvi, S.; Al-Abbasi, F.A.; Almalki, N.A.R.; Kumar, V.; Anwar, F. ZZamzam water mitigates cardiac toxicity risk through modulation of gut microbiota and the renin-angiotensin system. Curr. Pharm. Des. 2024, 30, 1115–1127. [Google Scholar] [CrossRef]

	



Wu, R.; Mei, X.; Wang, J.; Sun, W.; Xue, T.; Lin, C.; Xu, D. Zn(II)-Curcumin supplementation alleviates gut dysbiosis and zinc dyshomeostasis during doxorubicin-induced cardiotoxicity in rats. Food Funct. 2019, 10, 5587–5604. [Google Scholar] [CrossRef]

	



Suparan, K.; Sriwichaiin, S.; Thonusin, C.; Sripetchwandee, J.; Khuanjing, T.; Maneechote, C.; Nawara, W.; Arunsak, B.; Chattipakorn, N.; Chattipakorn, S.C. Donepezil ameliorates gut barrier disruption in doxorubicin-treated rats. Food Chem. Toxicol. 2024, 189, 114741. [Google Scholar] [CrossRef]

	



Wu, X.; Zhang, N.; Kan, J.; Tang, S.; Sun, R.; Wang, Z.; Chen, M.; Liu, J.; Jin, C. Polyphenols from Arctium lappa L ameliorate doxorubicin-induced heart failure and improve gut microbiota composition in mice. J. Food Biochem. 2022, 46, e13731. [Google Scholar] [CrossRef]

	



Lin, H.; Meng, L.; Sun, Z.; Sun, S.; Huang, X.; Lin, N.; Zhang, J.; Lu, W.; Yang, Q.; Chi, J.; et al. Yellow wine polyphenolic compound protects against doxorubicin-induced cardiotoxicity by modulating the composition and metabolic function of the gut microbiota. Circ. Heart Fail. 2021, 14, e008220. [Google Scholar] [CrossRef] [PubMed]

	



Huang, K.; Liu, Y.; Tang, H.; Qiu, M.; Li, C.; Duan, C.; Wang, C.; Yang, J.; Zhou, X. Glabridin prevents doxorubicin-induced cardiotoxicity through gut microbiota modulation and colonic macrophage polarization in mice. Front. Pharmacol. 2019, 10, 107. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Liu, S.; Ma, J.L.; Chen, C.; Huang, P.; Ji, J.H.; Wu, D.; Ren, L.-Q. Apocynum venetum leaf extract alleviated doxorubicin-induced cardiotoxicity through the AKT/Bcl-2 signaling pathway. Phytomedicine 2022, 94, 153815. [Google Scholar] [CrossRef] [PubMed]

	



Tonon, C.R.; Monte, M.G.; Balin, P.S.; Fujimori, A.S.S.; Ribeiro, A.P.D.; Ferreira, N.F.; Vieira, N.M.; Cabral, R.P.; Okoshi, M.P.; Okoshi, K.; et al. Liraglutide pretreatment does not improve acute doxorubicin-induced cardiotoxicity in rats. Int. J. Mol. Sci. 2024, 25, 5833. [Google Scholar] [CrossRef]

	



Reyes, D.R.A.; Gomes, M.J.; Rosa, C.M.; Pagan, L.U.; Damatto, F.C.; Damatto, R.L.; Depra, I.; Campos, D.H.; Fernandez, A.A.; Martinez, P.F.; et al. N-acetylcysteine influence on oxidative stress and cardiac remodeling in rats during transition from compensated left ventricular hypertrophy to heart failure. Cell Physiol. Biochem. 2017, 44, 2310–2321. [Google Scholar] [CrossRef]

	



Fujimori, A.S.S.; Ribeiro, A.P.D.; Pereira, A.G.; Dias-Audibert, F.L.; Tonon, C.R.; Dos Santos, P.P.; Dantas, D.; Zanati, S.G.; Catharino, R.R.; Zornoff, L.A.M.; et al. Effects of pera orange juice and moro orange juice in healthy rats: A metabolomic approach. Metabolites 2023, 13, 902. [Google Scholar] [CrossRef]

	



Bisht, A.; Avinash, D.; Sahu, K.K.; Patel, P.; Das Gupta, G.; Kurmi, B.D. A comprehensive review on doxorubicin: Mechanisms, toxicity, clinical trials, combination therapies and nanoformulations in breast cancer. Drug Deliv. Transl. Res. 2025, 15, 102–133. [Google Scholar] [CrossRef]

	



Sangweni, N.F.; Gabuza, K.; Huisamen, B.; Mabasa, L.; Van Vuuren, D.; Johnson, R. Molecular insights into the pathophysiology of doxorubicin-induced cardiotoxicity: A graphical representation. Arch. Toxicol. 2022, 96, 1541–1550. [Google Scholar] [CrossRef]

	



Ribeiro, A.P.D.; Pereira, A.G.; Todo, M.C.; Fujimori, A.S.S.; Santos, P.P.; Dantas, D.; Fernandes, A.A.; Zanati, S.G.; Hassimotto, N.M.A.; Zornoff, L.A.M.; et al. Pera orange (Citrus sinensis) and Moro orange (Citrus sinensis (L.) Osbeck) juices attenuate left ventricular dysfunction and oxidative stress and improve myocardial energy metabolism in acute doxorubicin-induced cardiotoxicity in rats. Nutrition 2021, 91–92, 111350. [Google Scholar] [CrossRef]

	



Monte, M.G.; Tonon, C.R.; Fujimori, A.S.; Ribeiro, A.P.D.; Zanati, S.G.; Okoshi, K.; Camacho, C.R.C.; Moretto, M.R.; de Paiva, S.A.R.; Zornoff, L.A.M.; et al. Omega-3 supplementation attenuates doxorubicin-induced cardiotoxicity but is not related to the ceramide pathway. Food Sci. Nutr. 2024, 12, 9198–9211. [Google Scholar] [CrossRef] [PubMed]

	



Polegato, B.F.; Minicucci, M.F.; Azevedo, P.S.; Carvalho, R.F.; Chiuso-Minicucci, F.; Pereira, E.J.; Paiva, S.A.R.; Zornoff, L.A.M.; Okoshi, M.P.; Matsubara, B.B.; et al. Acute doxorubicin-induced cardiotoxicity is associated with matrix metalloproteinase-2 alterations in rats. Cell Physiol. Biochem. 2015, 35, 1924–1933. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Y.; Liang, L.; Tang, X.; Zhu, J.; Mu, L.; Wang, M.; Huang, X.; Gong, S.; Xu, J.; Liu, T.; et al. Changes in the gut microbiota structure and function in rats with doxorubicin-induced heart failure. Front. Cell Infect. Microbiol. 2023, 13, 1135428. [Google Scholar] [CrossRef] [PubMed]

	



Shen, R.L.; Rathe, M.; Jiang, P.; Pontoppidan, P.E.L.; Heegaard, P.M.H.; Müller, K.; Sangild, P.T. Doxorubicin-induced gut toxicity in piglets fed bovine milk and colostrum. J. Pediatr. Gastroenterol. Nutr. 2016, 63, 698–707. [Google Scholar] [CrossRef]

	



Li, Z.; Xing, J.; Ma, X.; Zhang, W.; Wang, C.; Wang, Y.; Qi, X.; Liu, Y.; Jian, D.; Cheng, X.; et al. An orally administered bacterial membrane protein nanodrug ameliorates doxorubicin cardiotoxicity through alleviating impaired intestinal barrier. Bioact. Mater. 2024, 37, 517–532. [Google Scholar] [CrossRef]

	



Wang, L.; Chen, Q.; Qi, H.; Wang, C.; Wang, C.; Zhang, J.; Dong, L. Doxorubicin-induced systemic inflammation is driven by upregulation of toll-like receptor TLR4 and endotoxin leakage. Cancer Res. 2016, 76, 6631–6642. [Google Scholar] [CrossRef]

	



Rigby, R.J.; Carr, J.; Orgel, K.; King, S.L.; Lund, P.K.; Dekaney, C.M. Intestinal bacteria are necessary for doxorubicin-induced intestinal damage but not for doxorubicin-induced apoptosis. Gut Microbes 2016, 7, 414–423. [Google Scholar] [CrossRef]

	



Skrypnyk, R.І.; Maslova, G.S.; Skrypnyk, I.N. The effect of doxorubicin-induced oxidative stress on citrulline concentration in the small intestinal mucosa and plasma blood in rats with non-alcoholic steatohepatitis. Wiad. Lek. 2021, 74, 1317–1321. [Google Scholar] [CrossRef]

	



An, L.; Wuri, J.; Zheng, Z.; Li, W.; Yan, T. Microbiota modulate Doxorubicin induced cardiotoxicity. Eur. J. Pharm. Sci. 2021, 166, 105977. [Google Scholar] [CrossRef]

	



Huang, C.; Li, X.; Li, H.; Chen, R.; Li, Z.; Li, D.; Xu, X.; Zhang, G.; Qin, L.; Li, B.; et al. Role of gut microbiota in doxorubicin-induced cardiotoxicity: From pathogenesis to related interventions. J. Transl. Med. 2024, 22, 433. [Google Scholar] [CrossRef]

	



Klimenko, E.S.; Belkova, N.L.; Rychkova, L.V.; Darenskaya, M.A.; Tugarinova, O.A.; Semenova, N.V.; Savinova, Y.S.; Bugun, O.V.; Balzhirova, D.B.; Kolesnikova, L.I. Alpha diversity indices as indicators of the variability of gut microbiota in obese adolescents of different ethnicities. Bull. Exp. Biol. Med. 2024, 176, 591–594. [Google Scholar] [CrossRef]

	



Huang, J.; Wei, S.; Jiang, C.; Xiao, Z.; Liu, J.; Peng, W.; Zhang, B.; Li, W. Involvement of abnormal gut microbiota composition and function in doxorubicin-induced cardiotoxicity. Front. Cell Infect. Microbiol. 2022, 12, 808837. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Liu, M.; Liu, T.; Li, L.; Wang, C.; Wang, X.; Rong, S.; Zhou, X. Alterations in the gut microbiome and metabolism with doxorubicin-induced heart failure severity. Front. Microbiol. 2024, 15, 1348403. [Google Scholar] [CrossRef] [PubMed]

	



Su, X. Elucidating the beta-diversity of the microbiome: From global alignment to local alignment. mSystems 2021, 6, e0036321. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Qiu, Y.; Zhang, P.; Wu, X.; Zhao, Z.; Deng, X.; Yang, L.; Wang, D.; Yuan, G. Gut microbiota mediates positive effects of liraglutide on dyslipidemia in mice fed a high-fat diet. Front. Nutr. 2022, 9, 1048693. [Google Scholar] [CrossRef]

	



Xiong, C.; Wu, J.; Ma, Y.; Li, N.; Wang, X.; Li, Y.; Ding, X. Effects of glucagon-like peptide-1 receptor agonists on gut microbiota in dehydroepiandrosterone-induced polycystic ovary syndrome mice: Compared evaluation of liraglutide and semaglutide intervention. Diabetes Metab. Syndr. Obes. Targets Ther. 2024, 17, 865–880. [Google Scholar] [CrossRef]

	



Lin, H.; Peddada, S.D. Analysis of microbial compositions: A review of normalization and differential abundance analysis. Npj Biofilms Microbiomes 2020, 6, 60. [Google Scholar] [CrossRef]

	



Pan, X.; Raaijmakers, J.M.; Carrión, V.J. Importance of Bacteroidetes in host–microbe interactions and ecosystem functioning. Trends Microbiol. 2023, 31, 959–971. [Google Scholar] [CrossRef]

	



Price, C.E.; Valls, R.A.; Ramsey, A.R.; Loeven, N.A.; Jones, J.T.; Barrack, K.E.; Schwartzman, J.D.; Royce, D.B.; Cramer, R.A.; Madan, J.C.; et al. Intestinal Bacteroides modulates inflammation, systemic cytokines, and microbial ecology via propionate in a mouse model of cystic fibrosis. mBio 2024, 15, e0314423. [Google Scholar] [CrossRef]

	



Thomas, F.; Hehemann, J.H.; Rebuffet, E.; Czjzek, M.; Michel, G. Environmental and gut bacteroidetes: The food connection. Front. Microbiol. 2011, 2, 93. [Google Scholar] [CrossRef]

	



Quaglio, A.E.V.; Grillo, T.G.; Oliveira, E.C.S.D.; Stasi, L.C.D.; Sassaki, L.Y. Gut microbiota, inflammatory bowel disease and colorectal cancer. World J. Gastroenterol. 2022, 28, 4053–4060. [Google Scholar] [CrossRef] [PubMed]

	



Choroszy, M.; Litwinowicz, K.; Bednarz, R.; Roleder, T.; Lerman, A.; Toya, T.; Kamiński, K.; Sawicka-Śmiarowska, E.; Niemira, M.; Sobieszczańska, B. Human gut microbiota in coronary artery disease: A systematic review and meta-analysis. Metabolites 2022, 12, 1165. [Google Scholar] [CrossRef] [PubMed]

	



Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; MetaHIT Consortium; et al. Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Lin, Y.; Ding, X.; Lin, S.; Li, X.; Yan, W.; Chen, M. Alteration of the gut microbiome in patients with heart failure: A systematic review and meta-analysis. Microb. Pathog. 2024, 192, 106647. [Google Scholar] [CrossRef]

	



Moreira, G.; Azevedo, F.; Ribeiro, L.; Santos, A.; Guadagnini, D.; Gama, P.; Liberti, E.; Saad, M.; Carvalho, C. Liraglutide modulates gut microbiota and reduces NAFLD in obese mice. J. Nutr. Biochem. 2018, 62, 143–154. [Google Scholar] [CrossRef]

	



Alam, M.T.; Amos, G.C.A.; Murphy, A.R.J.; Murch, S.; Wellington, E.M.H.; Arasaradnam, R.P. Microbial imbalance in inflammatory bowel disease patients at different taxonomic levels. Gut Pathog. 2020, 12, 1. [Google Scholar] [CrossRef]

	



Lin, T.L.; Shu, C.C.; Chen, Y.M.; Lu, J.J.; Wu, T.S.; Lai, W.F.; Tzeng, C.-M.; Lai, H.-C.; Lu, C.-C. Like cures like: Pharmacological activity of anti-inflammatory lipopolysaccharides from gut microbiome. Front. Pharmacol. 2020, 11, 554. [Google Scholar] [CrossRef]

	



Vancamelbeke, M.; Vermeire, S. The intestinal barrier: A fundamental role in health and disease. Expert. Rev. Gastroenterol. Hepatol. 2017, 11, 821–834. [Google Scholar] [CrossRef]

	



Dahal, R.H.; Kim, S.; Kim, Y.K.; Kim, E.S.; Kim, J. Insight into gut dysbiosis of patients with inflammatory bowel disease and ischemic colitis. Front. Microbiol. 2023, 14, 1174832. [Google Scholar] [CrossRef]

	



Alrwashdeh, A.M.; Saluja, P.; Hasan, L.; Kocurek, E.; Dare, R.K. Arcanobacterium haemolyticum bacteremia presenting as severe sepsis: A case report and review of the literature. IDCases 2023, 31, e01645. [Google Scholar] [CrossRef]

	



Yamamuro, R.; Hosokawa, N.; Otsuka, Y.; Osawa, R. Clinical Characteristics of corynebacterium bacteremia caused by different species. Emerg. Infect. Dis. 2021, 27, 2981–2987. [Google Scholar] [CrossRef]

	



Cattoir, V. Actinobaculum schaalii: Review of an emerging uropathogen. J. Infect. 2012, 64, 260–267. [Google Scholar] [CrossRef]

	



Tsai, H.J.; Tsai, W.C.; Hung, W.C.; Hung, W.W.; Chang, C.C.; Dai, C.Y.; Tsai, Y.C. Gut microbiota and subclinical cardiovascular disease in patients with type 2 diabetes mellitus. Nutrients 2021, 13, 2679. [Google Scholar] [CrossRef]








[image: Antioxidants 15 00538 g001] 





Figure 1. Experimental design. C: control; D: doxorubicin; L: liraglutide; DL: doxorubicin + liraglutide; SC: subcutaneous; IP: intraperitoneal. Created by the authors (Power Point, Microsoft). 
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Figure 2. Hematoxylin and eosin-stained histological sections of the large intestine. Optical microscopy with 40× magnification. C: control; D: doxorubicin; L: liraglutide; DL: doxorubicin + liraglutide. 
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Figure 3. Protein expression by Western blot in the large intestine. C: control (n = 6); D: doxorubicin (n = 6); L: liraglutide (n = 7); DL: doxorubicin + liraglutide (n = 7). TNF-α: tumor necrosis factor α; Bcl-2: B-cell lymphoma 2; NFκB: nuclear factor kappa B; p-NFκB: phosphorylated nuclear factor kappa B; TLR-4: Toll-like receptor 4. Values are expressed as mean ± standard deviation; GLM. pDxL: p-value for doxorubicin vs liraglutide interaction; pD: p-value for doxorubicin factor; pL: p-value for liraglutide factor. 
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Figure 4. C: control (n = 6); L: liraglutide (n = 7); D: doxorubicin (n = 6); DL: doxorubicin + liraglutide (n = 6). MDA: malondialdehyde, SOD: superoxide dismutase. Data are expressed as means ± SD; GLM; pD: p-value for doxorubicin effect; pL: p-value for liraglutide effect; pDxL, p-value for the interaction between doxorubicin and liraglutide; * different for the liraglutide factor. 
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Figure 5. Relative abundance of the gut microbiota at the phyla level after treatment. C: control; D: doxorubicin; L: liraglutide; DL: doxorubicin + liraglutide. Data are expressed as means ± standard deviation; GLM; p < 0.05: * Different from comparing group. 
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Figure 6. α-diversity. C: control (n = 8); D: doxorubicin (n = 8); L: liraglutide (n = 8); DL: doxorubicin + liraglutide (n = 8). Data are expressed as means ± SD. Paired t test; p < 0.05: before vs. after treatment. 
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Figure 7. β-diversity after treatment using Principal Coordinate Analysis. C: control; D: doxorubicin; L: liraglutide; DL: doxorubicin + liraglutide. Sample size: 8 per group. p-value: PERMANOVA. pCxD: p-value for the comparison of control vs doxorubicin; pCxL: p-value for the comparison of control vs. liraglutide; pDxDL: p-value for the comparison of doxorubicin vs doxorubicin + liraglutide; pLxDL: p-value for the comparison of liraglutide vs doxorubicin + liraglutide. 
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Figure 8. Linear discriminant analysis (LDA) score: overall structure and composition of the gut microbiota differences between control and doxorubicin groups after treatment. Positive and negative LDA scores indicate the dominant species in groups D and C, respectively. The histogram shows the lineages with LDA values > 2.0 and with p < 0.05. 
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Figure 9. Linear discriminant analysis (LDA) score: overall structure and composition of the gut microbiota and differences between control and liraglutide groups after treatment. Positive and negative LDA scores indicate the dominant species in groups L and C, respectively. The histogram shows the lineages with LDA values > 2.0 and with p < 0.05. 
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Figure 10. Linear discriminant analysis (LDA) score: overall structure and composition of the gut microbiota differences between control and doxorubicin + liraglutide groups after treatment. Positive and negative LDA scores indicate the dominant species in groups DL and C, respectively. The histogram shows the lineages with LDA values > 2.0 and with p < 0.05. 
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Figure 11. Measurement of fecal short-chain fatty acids (SCFAs) after treatment. C: control; D: doxorubicin; L: liraglutide; DL: doxorubicin + liraglutide. Sample size: 5 per group. Values are expressed as mean ± standard deviation. GLM; pDxL: p-value for the interaction between doxorubicin and liraglutide; pD: p-value for the doxorubicin factor; pL: p-value for the liraglutide factor; * different for the doxorubicin factor. 
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