
Lactiplantibacillus plantarum dfa1 
reduces obesity caused by a high 
carbohydrate diet by modulating 
inflammation and gut microbiota
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Given the potential of probiotics to counteract obesity induced by high glucose diets (HGD) and the 
beneficial effects of high-fiber diets, this study explored the impact of Lactiplantibacillus plantarum 
dfa1 (Lp dfa1) in mice consuming modified diets, including a unique high-carbohydrate biscuit diet 
(HBD) featuring Prachuap Khiri Khan’s Pineapple Cheese Cake Biscuit for its rich fiber content. Notably, 
the fruit-derived soluble fiber HBD might have a synbiotic effect (the enhanced beneficial bacteria 
in the gut) different from HGD. in The standard mouse diet (RD) with a carbohydrate: protein: fat (C: 
P:F) ratio of 56:13:31 served as the base, which was then modified with either glucose to form the 
HGD (C: P:F at 60:25:15) or blended with the high-fiber dessert to create the HBD (C: P:F at 70:9:21). 
Over 12 weeks, mice were fed HGD or HBD with and without daily oral administration of Lp dfa1 at 
1 × 109 CFU. This study aimed to assess the effects on obesity indicators (weight gain, lipid profiles, 
fat deposition), prediabetes markers (fasting glucose, insulin, oral glucose tolerance test, and 
Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)), intestinal health (FITC-dextran 
assay for enterocyte injury, serum cytokines TNF-α, IL-10, and IL-6), and liver health (enzymes, weight, 
histology, carbohydrate and fat components, and oxidative stress). Both HGD and HBD induced 
similar obesity metrics, prediabetic conditions, enterocyte injury, altered serum cytokines, and liver 
damage. Remarkably, Lp dfa1 administration mitigated these adverse effects with an elevation in fecal 
short-chain fatty acids. Microbiome analysis revealed diet-induced dysbiosis, with a notable difference 
between HGD and HBD impacts, particularly in the Fermicutes/Bacteroides ratio and Akkermansia 
spp. abundance, which was significantly elevated in the HBD + Lp group. Actinomycota with a lower 
Proteobacteria in HBD compared with HGD group indicate the possible different impacts between 
the mixed sugar with fruit-derived soluble fiber versus pure glucose. Interestingly, Lp dfa1 elevated 
Akkermansia spp. (a well-known beneficial probiotic against obesity) only in mice with HBD but not 
HGD, despite an obesity attenuation by Lp dfa1 in both HGD and HBD groups, implying the different 
anti-obesity mechanisms. In vitro experiments revealed Lp dfa1’s supernatant reduced inflammation 
in Caco-2 and HepG2 cell lines, evidenced by improved transepithelial electrical resistance (TEER), 
expression of occludin-1 (a tight junction molecule), decreased inflammatory mediators (NF-κB, TNF-α, 
IL-8, IL-6, and IL-10), and elevated mucin gene. Conclusively, Lp dfa1 demonstrates a dual mechanism 
in preventing sugar-induced intestinal injury and supporting metabolic health: direct cellular protection 
and microbiome modulation. These findings highlight the additive effects of Lp dfa1 and high-fiber 
diets, particularly emphasizing the Pineapple Cheese Cake Biscuit-based diet’s role in enhancing gut 
microbiota and addressing diet-induced health issues.
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Obesity-induced diabetes mellitus stands as a formidable global health issue, intimately associated with additional 
complications such as cardiovascular and dyslipidemia disease, which pose dire consequences, especially for 
patients in a critical state of health1. The consumption of high-carbohydrate diets contributes to the prevalence 
of metabolic syndrome, a condition marked by a constellation of risk factors—impaired fasting blood glucose 
(FBG), reduced high-density lipoprotein (HDL) levels, elevated triglycerides, hypertension, and obesity2 and 
affects 20–25% of the global population. The syndrome often progresses, to pre-diabetes condition (characterized 
by high FBG but not reaching diabetes diagnostic levels) or overt type 2 diabetes mellitus, underscoring the risks 
associated with unhealthy dietary patterns3.

The pathophysiology of obesity-induced inflammation is multifaceted, involving adipocyte hypertrophy 
and apoptosis due to hypoxia4,5, alterations in adipokines such as adiponectin reduction and leptin 
increase6mitochondrial damage7 and metabolic endotoxemia resulting from gut barrier dysfunction8. These 
mechanisms contribute to serious vascular complications of obesity, including atherosclerosis9. As such, the 
translocation of pathogen molecules from the gut into the blood circulation due to the intestinal permeability 
defect, referred to as “leaky gut or gut leakage”10are mentioned in several conditions, including obesity and 
diabetes11–14. The immune responses against pathogen-associated molecular patterns (PAMPs) that are 
translocated from the intestines induce the severe response towards the host partly due to the foreignness of the 
molecules compared to the host molecules15.

Dietary composition, particularly high carbohydrate intake, plays a crucial role in shaping gut microbiota 
dysbiosis16—an alteration of organisms in the intestine17—is developed partly though the different carbohydrate 
metabolisms among different groups of bacteria18,19, resulting in the selective growth of some bacteria over 
other microbial groups. This dysbiosis exacerbates gut mucosal damage in obesity and diabetes, evident from 
increased levels of lipopolysaccharide (LPS; a major component of Gram-negative bacteria), referred to as 
metabolic endotoxemia20,21, that can lead to steatohepatitis and systemic inflammation.

Glucose is widely recognized for its detrimental effects, whereas fructose syrup and sucrose are commonly 
employed in a multitude of beverages, soft drinks, and commercial ready to eat dessert22. Although there are 
apparent differences between glucose and fructose concerning hepatic lipogenesis and insulin signaling23, we 
recently demonstrate a similar adverse impact of both carbohydrate in obesity and pre-diabetes condition in 
mice24. Additionally, the consumption of both glucose and fructose directly induce intestinal inflammation that 
leads to gut barrier defect and metabolic endotoxemia with systemic inflammation24,25.

Interestingly, the inclusion of non-carbohydrate components, such as fruit-derived soluble fiber, in commercial 
desserts could modulate the impact of high carbohydrate diets. Specifically, fruit-derived soluble fiber may foster 
the growth of microbiota, such as the bacteria in phylum Firmicutes (Bacillota) and Bacteroidetes, known for 
their fiber-fermenting capabilities and subsequent production of beneficial metabolites for the enterocytes 
in several members of the phylum26. However, the additional carbohydrates in these fruits could potentially 
aggravate obesity. Pineapple, a common dessert ingredient in Thailand, presents an intriguing case for study due 
to its fiber content.

Due to the attenuation of leaky gut from several causes20 by host-beneficial probiotics27–29, partly through the 
anti-inflammation to intestinal integrity and Lactiplantibacillus plantarum (previously known as Lactobacillus 
plantarum) are lactic acid-producing bacteria that are frequently used30. As such, L. plantarum has several 
beneficial properties, including (i) the well-tolerance against both acid and bile31, (ii) the well-known synergy 
between L. plantarum with other probiotics32, (iii) the relatively easy preparatory procedure, and (iv) very 
less adverse effect (reported only in the immune-compromised hosts33). Although there are several non-
pharmacologic strategies to attenuate obesity (lifestyle modifications, exercise, dietary fiber, and probiotics)34, 
L. plantarum dfa1 (Lp dfa1) is the probiotics the probiotics that are isolated from the Thai population35 that 
needs to explore the use in several health conditions. As such, Lp dfa1 previously demonstrates several beneficial 
effects in high fat diet-induced obesity mice24 which might be also helpful in carbohydrate-induced obesity. 
This study hypothesizes that the adverse effects of a high glucose diet (HGD) and high-carbohydrate biscuit diet 
(HBD; biscuit cheesecake with pineapple fiber) might be improved by Lp dfa1 partly through anti-inflammatory 
property and microbiome alteration. Notably, there might be a synbiotic effect from the fermentable fibers in 
HBD that might enhance the benefits of probiotics. Hence, we tested our hypothesis both in vivo and in vitro 
experiments.

Materials and methods
Animals and procedures
In accordance with US National Institutes of Health guidelines, the animal care and use procedure (SST 025/2563) 
at Chulalongkorn University Faculty of Medicine in Bangkok, Thailand, was authorized. Male C57BL/6 mice, 
aged 8 weeks, were procured from Nomura Siam (Pathumwan, Bangkok, Thailand). The standard laboratory 
chow (Mouse Feed Food No.082, C.P. Company, Bangkok, Thailand) served as the basis for the normal diet 
(RD), composed of 55.5% carbohydrate (sugar-free), 31.3% protein, and 13.2% fat, with an energy content of 
3.04 kcal/g. The high glucose diet (HGD) was a modified version of the usual mouse chow (23.5% protein and 
10.0% fat), containing 66.5% carbohydrates and 24.8% glucose, equating to the same energy content of 3.04 kcal/g 
as the regular diet. For high-carbohydrate biscuit diet (HBD; biscuit cheesecake enriched with pineapple fiber), 
the high carbohydrate diet was formulated as a modified version of the standard mouse chow (9% protein and 
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21% fat)36,37. Additional information has been provided in the supplementary table description section. In this 
modified high carbohydrate diet, the energy content was adjusted to match that of the regular diet, calculated 
at 3.04 kcal/g. This ensured that the energy intake from the high carbohydrate diet was equivalent to that of the 
standard diet, providing a fair basis for comparison between the two dietary regimens. To determine intake 
of mice, mouse food was weighed every 3 days and the intake was calculated by the reduction of food weight 
divided by number of mice in the box.

The probiotic strain Lp dfa1 was isolated from fecal samples obtained from Thai volunteers at Chulalongkorn 
University’s Faculty of Medicine. This isolation was made possible through funding provided by the Thailand 
Science Research and Innovation (TSRI: RDG6150124)25. Prior to use, the bacterial stock culture was grown 
on deMan Rogosa Sharpe (MRS) agar under anaerobic conditions using gas generation sachets (Anaero Pack-
Anaero, Mitsubishi Gas Chemical, Japan) at 37 °C for 48 h. Subsequently, it was preserved in MRS broth (Oxoid, 
Hampshire, UK) supplemented with 20% (vol/vol) glycerol and stored at -80 °C. Then, the spectrophotometer 
(Bio-Rad, Smart Spec 3000; Bio-Rad, Hercules, CA, USA) was utilized at an optical density of 600 nm wavelength 
(OD600) of 0.15 in 0.5 mL phosphate buffer solution (PBS) or PBS alone, compatible with approximately 
1 × 10^9 CFU of bacteria, and orally administered once daily for 12 weeks before being sacrificed with a cardiac 
puncture under isoflurane anesthesia. The fasting blood of mice (12-hour fasting with free access to drinking 
water) was tested for glucose (FBG), fructose, insulin, and lipid profile (cholesterol and triglyceride) using 
several procedures, including the Homeostatic Model Assessment for Insulin Resistance (HOMA-IR or HOMA 
index), oral glucose tolerance test (OGTT), insulin tolerance test (ITT), and gut leakage, which were performed 
3 days prior to sacrifice according to a previous publication24. At sacrifice, mouse organs (livers and skin) were 
promptly flash-frozen in liquid nitrogen and stored at -80 °C until further use and subsequent analysis. For fecal 
collection, the 3 mice were separated a cage and only the feces of a mouse in the cage were collected for the 
microbiome analysis to avoid the impact of coprophagy (the ingestion of feces from other mice). The feces from 
total parts of the colon mouse were collected and combined for microbiome analysis at sacrifice.

The both of glucose and fructose levels were determined using the colorimetric assay kits (Cayman Chemical, 
Ann Arbor, MI, USA), while insulin levels were assessed using the mouse Ins1/insulin ELISA kit (Sigma-
Aldrich, St. Louis, MO, USA). Total cholesterol and triglyceride concentrations were evaluated using the lipid 
quantification kit (Sigma-Aldrich), while low-density lipoprotein cholesterol (LDL) and high-density lipoprotein 
cholesterol (HDL) were measured using lipid profile assays (Crystal Chem Inc., Downers Grove, IL, USA). Liver 
damage, as indicated by serum cytokine levels, and serum alanine transaminase levels were assessed using the 
EnzyChrom Alanine Transaminase Assay (EALT-100; BioAssay Systems, Hayward, CA, USA) and enzyme-
linked immunosorbent assays (ELISA) for mouse cytokines (Invitrogen, Carlsbad, CA, USA), respectively. The 
Homeostatic Model Assessment (HOMA) score was calculated using the formula: HOMA = [fasting insulin 
in µU/mL × fasting blood glucose in mmol/L]/ 22.5. For the oral glucose tolerance test (OGTT), mice were 
fasted overnight (18  h) and then orally administered glucose (2  mg/kg body weight) prior to blood glucose 
measurement. For the insulin tolerance test (ITT), mice fasted for 6 h were intraperitoneally administered human 
insulin (HumulinR, 0.75 unit/kg body weight), and blood glucose measurements were subsequently taken at 0, 
15, 30, 60, 90, and 120 min. The results were calculated into the area under the curve (AUC) for both OGTT and 
ITT using the trapezoidal rule. Concurrently, a fluorescein isothiocyanate dextran (FITC-dextran) assay was 
conducted to assess gut permeability, following methods outlined in previous publications38–40 This procedure 
entailed orally administering 12.5 mg of FITC-dextran, a nonabsorbable molecule with a molecular mass of 
4.4 kDa (Sigma-Aldrich), and then detecting FITC-dextran in serum using a Fluorospectrometer (NanoDrop 
3300; ThermoFisher Scientific, Wilmington, DE, USA) 3 h post-administration. Serum endotoxin (LPS) levels 
were measured using the HEK-Blue LPS Detection kit (InvivoGen, San Diego, CA, USA).

Intervention groups
In this 12-week study, 40 male C57BL/6 mice were allocated into five distinct groups to investigate the effects 
of dietary composition and Lp dfa1 supplementation on various health parameters. The groups were as follows:

•	 Group 1 (Control - RD): Served as the control group, receiving a regular diet with a carbohydrate: protein: fat 
(C: P:F) ratio of 56:13:31, representative of standard laboratory chow.

•	 Group 2 (High Glucose Diet - HGD): Fed a high glucose diet with an adjusted C: P:F ratio of 60:25:15, de-
signed to simulate a high carbohydrate intake.

•	 Group 3 (HGD + Lp): Received the same high glucose diet as Group 2, supplemented with 1 × 109 colo-
ny-forming units (CFU) of Lp dfa1 daily, to assess the probiotic’s impact on mitigating high glucose diet 
effects.

•	 Group 4 (High-carbohydrate Biscuit Diet - HBD): Consumed a high-fiber dessert diet, specifically including 
a high-fiber biscuit to adjust the regular diet to a C: P:F ratio of 70:9:21, aimed at evaluating the influence of 
dietary fiber.

•	 Group 5 (HBD + Lp): Given the high-carbohydrate biscuit diet with daily supplementation of 1 × 109 CFU of 
Lp dfa1, to study the combined effect of high dietary fiber and probiotic intervention.

Abundance of probiotics and short-chain fatty acid (SCFA) in feces
To determine the abundance of Lactiplantibacillus spp. in feces, the real-time polymerase chain reaction (PCR) 
was performed according to a previous protocol41. Briefly, the total DNAs from feces (20 mg per mouse) were 
extracted by a QIAamp fast DNA Stool Mini Kit (Qiagen, Hiden, Germany) following manufacturer’s instructions 
with the primers for variable regions of 16S rRNA gene sequence of L. plantarum; Lplan-vreg (forward; 5’-​T​T​
A​C​A​T​T​T​G​A​G​T​G​A​G​T​G​G​C​G​A​A​C​T-3’) and Lplan-vreg (reverse; 5’-​A​G​G​T​G​T​T​A​T​C​C​C​C​C​G​C​T​T​C​T − 3’)42. 
The quantification of fecal bacteria was evaluated by real-time PCR using a QuantStudio™ Design & Analysis 
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Software v1.4.3 and bacterial abundance was represented by cycle threshold (Ct value). For fecal SCFA, the fecal 
fatty acids were extracted before the analyzing by gas chromatography–mass spectrometry (GC-MS) according 
to previous publications43,44. Briefly, feces (20 mg in 500 µL normal saline) were added with 10% H2SO4 before 
fatty acids separation by anhydrous ether (800 mL) and centrifuged (18,000 g for 15 min). Then, the upper ether 
phase was mixed with 0.25 g of anhydrous Na2SO4 for 30 min, centrifuged (18,000 g for 5 min), and SCFA 
in the upper diethyl ether phase was determined by GC-MS using the headspace solid-phase microextraction 
method with an Agilent6890 GC equipped with an Agilent 5973 mass selective detector (Agilent Technologies). 
The dimension of the column was 0.25  mm×30  m×0.25  mm with Helium carrier gas at 13.7  ml/min. The 
temperature program was 10 min isothermal at 50 °C, 10 min rising to 240 °C with 15 °C per min. The injection 
port temperature is 200 °C while the detector port temperature is 250 °C. The mass spectrometer was operated 
in the electron impact mode at 70 eV with a scan range was 40–200 amu. A standard curve was obtained for the 
calculation of each SCFA concentration.

Liver analysis and fecal Microbiome analysis
For liver analysis, 4 µm thick paraffin-embedded sections of liver tissue, stained with Hematoxylin and 
Eosin (H&E) from 10% formalin-fixed samples, were examined using the following scoring system: lobular 
inflammation (0–3), hepatocellular ballooning degeneration (0–2), and steatosis (0–3)45. The subcutaneous fat 
thickness was determined through direct measurement46. For the detection of components in the liver, liver 
samples were sonicated (using a High-Intensity Ultrasonic Processor, Newtown, CT, USA) in 500 µL of ice-
cold PBS containing protease inhibitor Cocktail (I3786) (Sigma-Aldrich). The measured components (glucose, 
fructose, and lipids) were then quantified from the supernatant using the assays mentioned above. Oxidative 
stress was identified through the malondialdehyde (MDA) assay (Cayman Chemical Company)47. For the 
evaluation of antioxidant molecules, liver samples were sonicated in 2-(N-morpholino) ethane sulfonic acid 
(MES) buffer (Sigma-Aldrich) before measuring glutathione (GSH) levels (Cayman Chemical Company) from 
the supernatant. As for the brief fecal microbiome analysis, fecal samples (0.25 g per mouse) were processed 
according to a previously established protocol48. Metagenomic DNA extraction was performed using the 
QIAamp PowerFecal Pro DNA Kit (Qiagen, Hilden, Germany), with the quality of the extracted DNA assessed 
using the DeNovix QFX Fluorometer. The prokaryotic 16S rRNA gene at the V3V4 region was then amplified 
using the Qiagen QIAseq 16S/ITS Region panel (Qiagen, Hilden, Germany). Subsequently, the 16S rRNA 
amplicons were labeled with different sequencing adaptors using the QIAseq 16S/ITS Region Panel Sample Index 
PCR Reaction (Qiagen, Hilden, Germany). The resulting approximately 630 bp DNA libraries were evaluated 
for both quality and quantity using the QIAxcel Advanced (Qiagen, Hilden, Germany) and the DeNovix QFX 
Fluorometer, respectively. The Universal prokaryotic primers 341F (5’-CCTACGGNGGCWGCAG-3’) and 805R 
(5’-GACTACHVGGGGTATCC-3’) were utilized to amplify the V3–V4 regions of the 16 S rRNA, followed by 
sequencing using an Illumina Miseq600 platform (Illumina, San Diego, CA, USA) at Porcinotec Company, 
Nonthaburi, Thailand. The raw sequences were subjected to operational taxonomic unit (OTU) classification 
using Mothur’s standard operating platform procedures49,50. Subsequently, various bioinformatic analyses were 
conducted, including assessment of Good’s coverage, alpha diversity metrics (e.g., Chao index), beta diversity, 
Linear discriminant analysis effect size (LEfSe), and meta-stats49,51. The (LEfSe) method with pairwise Kruskal–
Wallis and Wilcoxon tests to identify the microbial metabolic biomarker representing healthy and disease groups. 
This method was applied using default parameter, LDA score cutoff greater than 4, and alpha significance of 0.05. 
The false discovery rate for microbiome analysis was calculated using the Benjamini-Hochberg procedure in the 
SPSS.

Responses of hepatocytes and enterocytes
HepG2 (hepatocyte) and Caco-2 (enterocyte) cell lines were selected for the in vitro tests due to their relevance 
to the potential impact of high carbohydrate content on both the gut and liver. Hence, prior to experimentation, 
HepG2 (HB-8065) or Caco-2 (HTB-37) cells sourced from the American Type Culture Collection (ATCC) 
(Manassas, VA, USA) were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5.5 mM 
of glucose, and maintained at 37°C under 5% CO2. The cells were then seeded at a density of 1 × 106 cells/well 
and exposed to an additional 25 mM/well of glucose, either with or without 100 µg/mL of lipopolysaccharide 
(LPS) derived from E. coli O26:B6 (Sigma-Aldrich). Subsequently, the supernatant cytokines were quantified 
utilizing the Quantikine Immunoassay method (R&D Systems, Minneapolis, MN, USA). In enterocytic 
experiments, gene expression of occludin and nuclear factor kappa B (NF-κB) in relative to glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (a house keeping gene) was evaluated using the 2-ΔΔCp method52 with the 
following primers; occludin, forward 5’- ​C​C​A​A​T​G​T​C​G​A​G​G​A​G​T​G​G​G-3’, reverse 5’-​C​G​C​T​G​C​T​G​T​A​A​C​G​A​G​G​
C​T-3’; NF-κB, forward 5’- ​A​G​C​A​C​A​G​A​T​A​C​C​A​C​C​A​A​G​A​C​C − 3’, reverse 3’-​G​G​G​C​A​C​G​A​T​T​G​T​C​A​A​A​G​A​T-
5’; MUC2, forward 5’-​C​C​T​G​C​C​G​A​C​A​C​C​T​G​C​T​G​C​A​A-3’, reverse 5’- ​A​C​A​C​C​A​G​T​A​G​A​A​G​G​G​A​C​A​G​C​A​C​C​T 
− 3’; GAPDH, forward 5’-​G​C​A​C​C​G​T​C​A​A​G​G​C​T​G​A​G​A​A​C-3’, reverse 5’-​A​T​G​G​T​G​G​T​G​A​A​G​A​C​G​C​C​A​G​T-3’.

In parallel, transepithelial electrical resistance (TEER) measurements were performed using Caco-2 cells 
seeded at a density of 5 × 10^4 cells per well on the upper compartment of a 24-well Boyden chamber trans-well 
plate. The cells were cultured in DMEM-high glucose supplemented with 20% Fetal Bovine Serum (FBS), 1% 
HEPES, 1% sodium pyruvate, and 1.3% Penicillin/Streptomycin for 15 days to establish a confluent monolayer. 
Subsequently, glucose (25 mM) with or without 1 µg/mL of lipopolysaccharide (LPS) from E. coli O26:B6 (Sigma-
Aldrich) was added and incubated at 37 °C under 5% CO2 before TEER measurement. TEER was measured 
using an epithelial volt-ohm meter (EVOM-2, World Precision Instruments, Sarasota, FL, USA) with electrodes 
positioned in the supernatant at both the basolateral and apical chambers. The TEER value in ohm (Ω) x cm2 of 
the media culture without cells acted as a blank and was subtracted from all measurements. A lower TEER value 
indicates greater permeability damage of Caco-2 cells.
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Statistical analysis
The data were presented as mean ± standard error (SE) and analyzed utilizing one-way analysis of variance 
(ANOVA) followed by Tukey’s post-hoc analysis. The false discovery rate for microbiome analysis was calculated 
using the Benjamini-Hochberg procedure in the SPSS 11.5 software (SPSS, IL, USA) and the adjusted p value 
(q value) less than 0.05 was used as an accepted hypothesis. Statistical analyses were performed using SPSS and 
GraphPad Prism version 10 software (La Jolla, CA, USA). A p-value less than 0.05 was deemed statistically 
significant.

Results
Mitigation of obesity and prediabetes by Lp dfa1 in mice on HGD and HBD
Both HGD and HBD diets induced a prediabetic state, demonstrated by altered fasting blood glucose, fructose, 
insulin levels, insulin resistance (HOMA-IR), and impaired OGTT (Fig. 1A-E). The negative impact on intestinal 
health was also parallel, with both diets increasing gut permeability (FITC-dextran assay) and serum endotoxin 
levels (serum lipopolysaccharide) (Fig. 1F, G), leading to higher systemic inflammation (elevated IL-6, TNF-α, 
and IL-10 levels) in comparison to the RD group (Fig. 1H-J). Also, the lower serum cytokines in probiotic-
administered mice may be due to the increased fecal SCFA (acetate, butyrate, and propionate) (Fig.  1K-M). 
Notably, the elevated abundance of Lp dfa1 was also supported by increased abundance of probiotics in feces as 
determined by PCR from feces (Fig. 1N), while the daily intake of mice in all groups was not different (Fig. 1O). 
Administration of both HGD and HBD resulted in comparable elevations in obesity markers, evidenced 
by increases in body weight by the 12th week, changes in serum lipid profiles (including triglycerides, total 
cholesterol, HDL, and LDL levels), and visceral fat deposition across several sites such as the retroperitoneum, 
mesentery, perirenal, and subcutaneous areas (Fig. 2A-J). Liver assessments further showed no difference between 
the two diets in exacerbating liver damage, as indicated by the liver’s biochemical composition (glucose, fructose, 
cholesterol, and triglycerides), oxidative stress markers (glutathione for antioxidants, malondialdehyde for pro-
oxidant, liver enzyme activity (alanine transaminase), liver weight, and histological injury scores (Fig. 3A-J).

However, the introduction of Lp dfa1 led to a marked improvement across all measured parameters of 
obesity, prediabetes, and liver health in both HGD and HBD groups (Figs. 1, 2 and 3), underscoring its protective 
effect against dietary-induced metabolic impairments. Specifically, Lp dfa1 supplementation was effective in 
strengthening intestinal integrity, reducing gut permeability, and mitigating the severity of endotoxemia, which, 
in turn, decreased systemic inflammatory cytokine levels (Fig. 1F-J). Because (i) Gram-negative bacteria in the 
gut is a source of endotoxin (LPS)10 which could enter blood circulation (obesity-induced endotoxemia)14 and 
(ii) gut dysbiosis causes gut barrier defect is well-known48,53,54 the effect of Lp dfa1 on gut barrier strengthening 
(serum FITC-dextran assay) might be, partly, due to the impact on gut dysbiosis.

Gut microbiota altertion and the impact of Lp dfa1
The fecal microbiome analysis revealed distinct patterns of bacterial abundance across phyla, classes, orders, 
families, and genera between control mice and those with carbohydrate-induced obesity (Supplement Fig. 1A-
F). Notably, the alpha diversity, as measured by the Chao1 index, showed only a mild difference, with the highest 
diversity observed in mice on the HGD + Lp diet, while the Shannon index remained unaffected (Supplement 
Fig.  1G-H). Non-metric multidimensional scaling (NMDS) illustrated the group-specific clustering of 
microbiome compositions, indicating distinct microbial communities associated with each dietary regimen 
despite sample collection from various cages (Supplement Fig. 1I).

Comparative analysis underscored a nuanced shift in microbial populations between the RD and HGD 
groups, with a notably closer NMDS proximity between these groups than others (Supplement Fig. 1I). Detailed 
dysbiosis patterns, when comparing HGD and RD, included reduced Bacteroidota and Proteobacteria phyla, 
diminished Bacteroides spp., and an increase in Clostridium spp. (genus) (Fig. 4A-L). The HBD group, relative 
to RD, exhibited lower Bacteroidota, an increased Firmicutes/Bacteroides (F/B) ratio, decreased Proteobacteria, 
elevated Actinobacteriota at the class level, and higher Bifidobacterium spp. and Clostridium spp. at the genus 
level (Fig. 4A-L). Comparing HBD to HGD, the findings were similar in terms of lower Bacteroidota and higher 
F/B ratio, with additional distinctions at the genus level, including lower Bacteroides and higher Bifidobacterium 
and Lactobacillus (Fig. 4A-L).

Lp dfa1 supplementation in HGD diets modulated the microbiota by increasing F/B ratio, decreasing 
Clostridial spp., and increasing Lactobacilli populations (Fig.  4A-L). In HBD diets, Lp dfa1 supplementation 
led to increases increases in Bacteroides (phylum level), Verrucomycobiota, Akkermansia spp., Bacteroides spp., 
Parabacteroides spp., alongside a reduction in the F/B ratio and Clostridial spp. (Fig. 4A-L). With LEfSe analysis 
identifying unique bacterial signatures for each group: control (dominated by Bacteroides), HGD (characterized 
by Rombutsia), and HBD (predominantly Firmicutes). Notably, Lp dfa1 shifted the bacterial landscape in 
HBD towards Allobaculum55 and Akkermansia, known for their beneficial roles in obesity56 while in HGD, 
Lactobacilli became more prevalent (Fig. 4M). Additionally, heat map analysis further delineated genus-level 
bacterial abundance changes and the Cladogram showed the evolutionary relationships among bacteria in our 
experimental groups (Supplement Fig. 2A, B).

Additive cell damage from lipopolysaccharide and glucose and attenuation by probiotioc 
supernatant
Enterocytes naturally resist LPS, a prevalent microbial molecule from Gram-negative bacteria found in feces57. Yet, 
the combination of high dietary glucose levels and gut LPS concentration may exert additive pro-inflammatory 
effects. Specifically, high concentration of LPS, unlike glucose, compromised enterocyte permeability, as reflected 
by reduced transepithelial electrical resistance (TEER) measurements (Fig. 5A). An additive detrimental effect 
was observed with LPS and glucose-co-exposure, shown by decreased TEER, reduced occludin expression (a 
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Fig. 1.  Metabolic and inflammatory responses to dietary interventions, including regular diet (RD), high 
glucose diet (HGD), or high-carbohydrate biscuit diet (HBD), with or without Lactiplantibacillus plantarum 
(Lp) dfa1: Fasting glucose, fructose, and insulin levels (A-C), Homeostatic Model Assessment for Insulin 
Resistance (HOMA-IR index) (D), Oral glucose tolerance test (OGTT) with the area under the curve (AUC) 
(E), Gut permeability assessed by FITC-dextran assay (F), Serum LPS (endotoxemia) (G), Serum cytokines 
(IL-6, TNF-α, and IL-10) (H-J), and Fecal short-chain fatty acid (acetic acid, butyric acid, and propionic acid) 
(K-M), Fecal abundance of Lactiplantibacillus spp. (N), and Daily food intake (O).
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Fig. 2.  Obesity-related outcomes in mice under different dietary conditions, including regular diet (RD), high 
glucose diet (HGD), or high-carbohydrate biscuit diet (HBD), with or without Lactiplantibacillus plantarum 
(Lp) dfa1: Body weight at 12 weeks (A), Serum triglyceride, total cholesterol, high-density lipoprotein (HDL), 
and low-density lipoprotein (LDL) (B-E), Visceral and subcutaneous fat deposition (F-J). Representative 
figures of subcutaneous fat thickness were captured using an original magnification of 100x are demonstrated.
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Fig. 3.  Liver injury and oxidative stress in response to different dietary conditions, including regular diet 
(RD), high glucose diet (HGD), or high-carbohydrate biscuit diet (HBD), with or without Lactiplantibacillus 
plantarum (Lp) dfa1: Liver content of glucose, fructose, cholesterol, and triglycerides (A-D), Oxidative stress 
(MDA) and antioxidant (GSH) levels (E-F), and liver injury parameters including serum alanine transaminase 
(ALT) levels, histological injury score for steatosis and inflammation, and liver weight with representative 
histological images (G-J) are demonstrated.
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Fig. 4.  Taxonomic changes in gut microbiota composition (in the graph presentation) in mice with regular diet 
(RD), high glucose diet (HGD), or high-carbohydrate biscuit diet (HBD), with or without Lactiplantibacillus 
plantarum (Lp) dfa1: Relative abundance of key bacterial in phylum level, including Firmicutes, Bacteroidota, 
Firmicutes/Bacteroidota ration (F/B ratio), and Proteobacteria (A-D), in class level (Actinobacteriota and 
Verrucomicrobiota) (E, F), and in genus level (Akkermansia spp., Bacteroides spp., Bifidobacterium spp., 
Clostridium spp., Parabacteroides spp., and Lactobacillus spp.) (G-L) together with the Linear discriminant 
analysis Effect Size (LEfSe) discriminant features (the representative bacteria) among experimental groups (M) 
are demonstrated.
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tight junction protein), and increased NF-κB expression alongside elevated supernatant cytokine levels and 
decreased mucin compared to LPS alone in enterocytes (Caco-2 cells) (Fig. 5A-F). The diminished TEER and 
heightened NF-κB and cytokine levels without occludin alteration post-LPS challenge suggest a lesser sensitivity 
of occludin as a damage indicator relative to other metrics (Fig. 5A-F). Despite enterocyte resistance against LPS, 
the selected dose of LPS can damage enterocytes as indicated here by all of these parameters except for occludin 
and supernatant IL-8 (Fig. 5A-F). With the probiotic condition media, all of these parameters were attenuated 
when compared with non-probiotic activation (Fig. 5A-F).

The introduction of probiotic-conditioned media ameliorated these effects showcasing a protective role 
against LPS and glucose-inducing damage (Fig.  5A-F). This finding underscores the previously documented 
glucose-driven enterocyte integrity compromise58 and highlights the beneficial impact of probiotics in 
maintaining gut health.

In hepatocytes, glucose alone did not induce inflammatory responses. However, the combination of LPS 
and glucose elicited more severe injury, as indicated by increased supernatant cytokine levels, compared to 
LPS exposure alone (Fig. 5G-I). Probiotic-conditioned media reduced TNF-α and IL-6 levels, though not IL-
10, in response to LPS and glucose, indicating that probiotics exert similar anti-inflammatory effects on both 
enterocytes and hepatocytes (Fig. 5G-I).

Fig. 5.  In vitro effects of the activation by media control (DMEM), lipopolysaccharide (LPS), glucose, glucose 
with LPS (LPS + Glucose), or LPS + Glucose with supernatant of probiotics (LPS + Glucose + Lp) in enterocytes 
and hepatocytes: Transepithelial electrical resistance (TEER) measurements in Caco-2 cells (A), Occludin (a 
tight junction molecule), nuclear factor kappa B (NF-κB), mucin (MUC2) gene expression, cytokine release 
(IL-8, TNF-α) (B-F), HepG2 cytokine responses to glucose + LPS with and without probiotic-conditioned 
media (G-I).
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Discussion
Both high glucose diet (HGD) and high-carbohydrate biscuit diet (HBD) similarly induced severity of obesity 
and liver injury with different alteration in fecal microbiome analysis and L. plantarum dfa1 (Lp dfa1) attenuated 
obesity, partly through an anti-inflammatory effect and microbiome alteration.

Similar impact of glucose from both diets in obesity but not in fecal Microbiome analysis
The diets provided, HGD and HBD, with their distinct carbohydrate: protein: fat (C: P:F) ratios of 60:25:15 and 
70:9:21 respectively, both led to obesity and prediabetes, despite having the same calculated energy content 
(3.04 kcal/g) as the regular mouse diet (RD; C:P: F of 56:13:31). Despite the lower fat ratio in HGD and HBD 
compared with RD, obesity in the experimental mice was a result of the sugars but not from the fat component 
of the diet. Interestingly, both glucose in HGD and the sugar components of HBD (sucrose and, possibly 
fructose from the pineapple ingredient) could induce indistinguishable obesity and prediabetes in mice, as 
indicated by several parameters, such as body weight, lipid profiles, fasting plasma glucose and OGTT. In the 
intestine, glucose primarily enters the bloodstream through the Na+/glucose cotransporter 1 (SGLT1), followed 
by GLUT259, Conversely, fructose is absorbed via glucose transporters 5 (GLUT 5) and then diffuses into the 
bloodstream primarily through GLUT2 (and to a lesser extent, GLUT 5), independent of sodium absorption 
and ATP hydrolysis. This process leads to significant fructose uptake by the liver60,61. Dietary sucrose is digested 
by sucrase and splits sucrose molecule into glucose and fructose. The fructose absorbed in the small intestines 
and liver is usually altered into glucose through a well-known process called fructose-induced gluconeogenesis 
in the liver62,63 which might be responsible for the increased blood glucose levels after fructose absorption. 
In contrast, the conversion from glucose into fructose in the body (endogenous fructose production) is also 
possible via the activation of the polyol pathway, as demonstrated in metabolic syndrome and renal disease64,65. 
The glucose-fructose interchangeable supports the importance of both sugars in the pathogenesis of metabolic 
syndrome66–68 and a similar ration of carbohydrate in HGD and HBD at 60 and 70%, respectively, might be 
the major factor inducing obesity and prediabetes in our mice. Because the percentage of fructose in HBD 
might not obviously high, there was similar impacts of HGD (glucose alone) and HBD (glucose with fructose). 
Nevertheless, we previously report the difference between high glucose versus fructose administration24 as there 
was more prominent hepatic adverse effect (non-alcoholic fatty liver)67 with less severe enterocyte toxicity58 
from fructose than glucose.

There was a well-known data on gut dysbiosis from the selective growth of some group of bacteria with 
different carbohydrate in the gut content69; for example, the responses against sucrose of Bacillus atrophaeus 
and Acinetobacter nectaris are different70. Also, different carbohydrate might induce different effects on some 
organisms. As such, the presence of glucose enhances the sensitivity toward bacteriocin of Listeria monocytogenes, 
while sucrose increased the resistance71. Here, there was some differences in gut dysbiosis between both diets 
which might, at least in part, due to the fruit-derived soluble fiber in HBD because the major component of 
both HGD and HBD should be glucose. As such, the fruit-derived soluble fiber might partly be responsible for 
the elevation of Firmicutes/ Bacteroides ration (F/B ration) as the ability to digest plant biomass (cellulose) of 
Firmicutes are possibly more prominent than Bacteroides, especially at an initial stage of the decomposition72. 
As such, several Firmicutes, including Bacillus, Clostridium, Rumminococcus, and Acetivibrio, and a few 
bacteria in other phylum; such as Bacteroides (Bacteriodes succinogenes), Actinomycetota (Cellulomonas), and 
Proteobacteria (Alteromonas) are cellulolytic bacteria (Fig.  4B-D)73. Here, the elevated Actinobacteriota in 
HBD compared with HGD might be a result from the fruit-derived soluble fiber in HBD (Fig. 4B). Hence, the 
dessert containing fruit-derived soluble fiber might have some benefit on the gut microbiota compared with 
the dessert with pure carbohydrate. However, the similar severity of obesity and prediabetes between HGD and 
HBD, despite some difference in fecal microbiome, suggested a less impact of gut microbiome on the clinical 
syndrome. Although the fruit-derived soluble fiber has some helpful impacts on the selection of beneficial 
bacteria, the adverse effect on glucose on enterocytes might overcome benefits from fruit-derived soluble fiber. 
Indeed, leaky gut (FITC-dextran assay) and endotoxemia were not different between HGD and HBD.

Lactiplantibacillus plantarum dfa1, microbiome, and anti-inflammatory impact
The attenuation of obesity by probiotics through several mechanisms, including more efficient energy utilization, 
promotion of intestinal hormones, and reduction in lipid absorption within the host14,54,74,75 are well known. 
Also, the effectiveness of L. plantarum dfa1 against intestinal damages from lipid are also mentioned35. Here, 
Lp dfa1 similarly attenuated all aspects of obesity from both HGD and HBD with some differences in fecal 
microbiota from both diets. As such, the growth of Lactiplantibacillus in feces of mice with high glucose seems 
to be better than the mice with HBD (Fig. 4L); however, the administered Lactiplantibacillus elevated several 
beneficial bacteria, especially Akkermansia (Fig. 4G). As such, the anti-obesity impacts of Akkermansia is well-
known through several mechanisms, including the improved energy metabolism and energy consumption of 
the host25. Although the growth of the administered Lactiplantibacillus in HBD seems to be lower than in HGD 
(Fig. 4L; HGD + Lp vs. HBD + Lp), the anti-obesity effect of probiotics in HBD was similar to HGD. This might 
be due to the compensatory elevation of the increased Akkermansia. Notably, Bifidobacterium, another beneficial 
bacterium76 in HBD was also higher than other groups which might also be due to the fruit-derived soluble 
fiber supporting the well-digestive property on fiber-riches diet by this bacterium77. Indeed, Lactobacillus, 
Bifidobacterium, Clostridium, and Akkermansia are beneficial bacteria against insulin resistance and obesity 
though several possibly mechanisms, including reduced carbohydrate absorption, improved energy utilization, 
facilitated some intestinal enzymes, and anti-inflammation78,79. Hence, the beneficial effects of L. plantarum 
dfa1 might be due to an indirect impact (the elevation of other beneficial bacteria in the gut) and a direct effect 
from an improved energy utilization and anti-inflammation24. For the enhanced Akkermansia effect of Lp when 
administered with HBD (HBD + Lp) but not HGD + Lp, we hypothesize that this is partly due to the activation 
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of mucin production by some molecules excreted by Lp as the Lp condition media upregulated MUC2 gene 
in Caco2 enterocytes (Fig.  5F). The elevated mucin production may enhance the growth of Akkermansia (a 
mucin-degrading bacterium)80. Because of the lower abundance of Akkermansia in HGD + Lp than in HBD + Lp, 
some gut bacteria that are elevated by HBD; for example, Actinobacteriota and Bifidobacterium (Fig. 4E and I), 
which consist of some bacteria with mucin-enhancing properties81,82 might also be important. More studies are 
interesting.

For the carbohydrate-induced pro-inflammation, impacts of hyperglycemia-induced cell injury distribute to 
all cells in the body, despite the main sugar absorption site at the small intestine83. Unsurprisingly, hyperglycemia 
induces hyper-inflammatory activation, liver injury, and the enterocyte damage (throughout the intestinal 
tract) as indicated by gut permeability defect (FITC-dextran assay and metabolic endotoxemia) supporting 
previous publications24,84. Here, the activation of glucose in a high dose additively elevated LPS-induced pro-
inflammation and induced permeability defect (TEER) in Caco-2 enterocytes which were compatible with 
leaky gut and increased pro-inflammatory cytokines in mice. Likewise, the pro-inflammatory synergy between 
glucose and LPS was also demonstrated in HepG2 hepatocytes from the elevated supernatant TNF-α and IL-6. 
Despite the additive hyper-inflammation of glucose plus LPS compared with LPS alone, condition media of 
the probiotics attenuate the inflammation in both enterocyte and hepatocytes. Indeed, the exopolysaccharides 
are one of the possible anti-inflammatory molecules in the condition media that are secreted from Lp dfa135. 
Although the supernatant of Lp dfa1 can attenuate hepatocyte inflammation in vitro, these results could not 
explain the beneficial impact on mouse liver because the molecular weight of the exopolysaccharide might be 
too high to pass through the gut barrier to be delivered to the liver. However, the probiotic molecules that equal 
to or smaller than LPS (approximately molecular weight at 30–60 kDa)10,85 might possibly be delivered to the 
liver to demonstrate beneficial effects. Despite a necessity for the more detail mechanistic studies, our proof-of-
concept data demonstrate a synergy between LPS and glucose on the injury in both enterocytes and hepatocytes 
that was attenuated by the probiotics. More studies are interesting.

There were several limitations due to the study’s “proof of concept” characteristics, particularly with regard 
to the mechanical interpretation of the observed data. It would be interesting to see further research on 
metagenomic, metabolomic, and functional microbiota studies. Although our data support the use of probiotics 
for a prevention of high carbohydrate-induced prediabetes, more research on these subjects is necessary for the 
upcoming clinical translation.

Conclusions
Both glucose alone (HGD) and glucose with fruit-derived soluble fiber (HBD) induced similar damages on 
the intestinal integrity (leaky gut) and obesity-related parameters; however, with different impact on gut 
microbiota as higher Firmicutes/ Bacteroides ration (F/B), Actinobaceriota, and Bifidobacterium in HBD 
and higher Lactiplantibacillus in HGD. Then, probiotics attenuated condition in both diets, partly through 
increased Akkermansia in HBD and elevated Lactiplantibacillus in HGD, with other non-microbiome related 
effects. The additive pro-inflammatory effect of LPS with glucose was attenuated in enterocytes and hepatocytes 
supported an anti-inflammation of the probiotics. Hence, we encourage the use of probiotics for the prevention 
of carbohydrate-induced obesity.

Data availability
Data is provided within the manuscript or supplementary information files.
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